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ABSTRACT

Sedimentological and paleontological investigations of the Upper Devonian
Woodford, Pennsylvanian (Missourian), and Permian (Wolfcampian) shales from the
Permian Basin of west Texas and southeastern New Mexico indicate that these shales
were deposited in deep-water environments, whereas the Atokan shales were deposited in
a shallow-water open shelf environment. Woodford, and Wolfcampian shales were
deposited as hemipelagic sediments in environments having little wave and current action,
while Canyon shales were deposited by turbidity currents and are associated with
submarine fan facies. Integrated sedimentological, paleontological and geochemical data
indicate that these Paleozoic shale sequences were accumulated in stratified water columns
and anoxic to near-anoxic conditions prevailed during their deposition. Hence, large
amounts of marine organic matter are preserved in these shales, as indicated by the
relatively high total organic content (TOC) values. TOC for all shales exceeds 5 wt% and
reaches up to 26 wt%.
Shales are classified as, lutite, granolutite, granopackite, and compackite. Lutite
is a clay-supported rock with less than 10% grains, whereas granolutite is a claysupported rock with more than 10% grains. Granopackite is a grain-supported rock,
having a texture in which grains are in contact and detrital clay is dispersed among the
grains. Compackite is characterized by a grain-supported fabric, but the grains are
separated by clay platelets which have been bent and distorted owing to compaction.
Canyon turbiditic shales exhibit much more shale rock type diversity than any of the
Woodford, Atokan, and Wolfcampian hemipelagites.
Appreciable amounts of diagenetic minerals were precipitated in these shales.
Framboidal and cubic pyrite and silica are common minerals in all shale sequences.

Dolomite, calcite, ferroan dolomite and ferroan calcite are abundant in Wolfcampian
shales and significant amounts of ferroan dolomite occur in Woodford silty black shales.
Celestite and anhydrite were detected only in the Wolfcampian shales from the Delaware
Basin and siderite is only found in the Canyon shales. The significance of abundant
authigenic minerals in these shales, is that they occur early, possibly before hydrocarbon
generation, hence producing a very impermeable medium which would obstruct migrating
pore fluids and/or oil. Clay-mineral diagenesis (conversion of illite smectite mixed layers
to illite) appears to partially have influenced the diagenesis or precipitation of the
authigenic nonclay minerals in these shales, and played an important role in the evolution
of ferroan calcite and ferroan dolomite in Woodford and Wolfcampian shales.
Petrographic analyses of the studied (Woodford, Atokan, Canyon, and
Wolfcampian) shales, in conjunction with examination of geophysical density and
porosity logs (FDC and CNL) indicate that some shales are compacted, while others are
less compacted. Compacted shales are characterized by low densities, contain flattened
palynomorphs and shale fabrics compressed around sand grains, bioclasts, and pyrite and
phosphatic nodules. Less compacted shales (Wolfcampian shales) contain appreciable
amounts of diagenetic minerals which resulted in differential cementation of these shales,
increasing their density and arresting compaction.
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CHAPTER I
INTRODUCTION

The Permian Basin is one ofthe most prolific oil and gas provinces in the United
States. Hydrocarbon accumulations occur in Cambrian to Cretaceous carbonate and
siliciclastic rocks, but most ofthe oil and gas is produced from Paleozoic strata. Oil and
gas have been relatively easy to find in the past, and at the present time, new fields are
being discovered by deepening shallow-producing reservoirs. Rising exploration costs
require the widest and most accurate range of exploration techniques and tools to be used
in the systematic search for new reserves of hydrocarbons. One of these tools is in-depth
study ofthe depositional environments, petrography, clay mineralogy, and maturation of
source rocks, along with delineation of hydrocarbon migration pathways. Inasmuch as
mature source rocks are the "hydrocarbon kitchens" in nature, the hydrocarbon potential
of a sedimentary basin is directly related to the degree of maturation of its source rocks.
Although numerous studies concerning the geochemistry and maturation of source
rocks (shales) have been conducted, their sedimentology, petrography, and diagenesis are
poorly understood. The lack of integrated studies concerning depositional environment,
and diagenesis of these fine-grained terrigenous sediments has prompted this
sedimentological and diagenetic investigation of selected Paleozoic (Woodford, Atokan,
Canyon, and Wolfcampian) shale sequences the Permian Basin.
This sedimentological study represents part of a large scale interdisciplinary,
investigation of the sedimentology, clay mineralogy, organic geochemistry and laser
fluorescence of Permian Basin source rocks. Organic geochemistry, maturation and clay
mineral diagenesis of the Woodford and Canyon shales were conducted by Landis
(1990), and diagenesis of clay minerals ofthe Atokan and Wolfcampian shales was
studied by Sivalingam (1990).
1

Objectives
The primary objective of this study is to provide a detailed sedimentologic study
of Permian Basin source rocks encompassing the following aspects:
1. Interpretation of environments of deposition, mechanisms, and conditions of
sedimentation (anaerobic or dysaerobic conditions) of these source rocks.
2. Examination of geophysical logs (gamma ray, compensated formation density, and
compensated neutron log) to determine shale parameters, such as natural radioactivity,
density, and volume of clay.
3. Interpretation of diagenesis and paragenesis of shale sequences in the Permian Basin,
through petrographic and geochemical investigations.
Upper Devonian, Pennsylvanian (Atokan and Missourian), and Permian
(Wolfcampian) shale sequences in the Permian Basin were selected for this research
because ofthe availability of cores, which make correlation with geophysical properties
more reliable. The locations of bore holes from which core samples, utilized in this
research were obtained, are shown in Figure 1. In this study, no attempt has been made
to correlate stratigraphic units. However, the stratigraphic chart (Fig. 2) synthesizes
current understanding of stratigraphic relations in the subsurface ofthe Permian Basin.

Methods of Studv
Sedimentological Investigation
Conventional shale cores were examined megascopically and with a binocular
stereoscope, and sedimentary and diagenetic structures were described. Samples were
selected for thin-sectioning, and sections were studied petrographically under a binocular
polarizing microscope with a fluorescence attachment. Thin-sections provide data on
texture, lithology, diagenesis, and micropaleontology. Supplemental information on

lithology and density was provided by geophysical logs (gamma ray, FDC, and CNL).
Following petrographic cmd petrophysical analysis, several representative samples of all
cores were selected for scanning electron microscopy (SEM) studies. The purpose ofthe
SEM investigation is to aid in identifying diagenetic minerals, especially clays, and help
interpreting the paragenetic sequences.

Paleontological Investigation
Hand-picked samples from cored intervals (each sample weighing approximately
700 grams) were disaggregated to release microfossils. The residues were washed
thoroughly over a 230-, 120-, 80-, and 35-mesh sieves, and dried. Residues (120- and
80-mesh) were concentrated by treatment with heavy liquid (tetrabromoethane) to allow
separation of conodonts. Microfossils then were identifled to species or higher taxonomic
levels. Micropaleontological data, along with trace fossil investigation, are of great
significance for this project, inasmuch as they provide a better perception of the
lithofacies, paleoecology, and depositional environments.

Organic Carbon Content
Several samples and their duplicates for the Woodford, Atokan and Wolfcampian
shales were analyzed for total organic content (T.O.C.). Sample preparation for T.O.C
was done by dissolving powdered shale samples with hydrochloric acid for 72 hours,
followed by washing with distilled water in a centrifuge and drying. Six milligrams of
each sample then was placed in a quartz tube along with 1 g of cupric oxide (Cu O) and a
silver strip. The tube was then placed on a vacuum line and sealed. Once sealed the tube
was placed in an oven and heated at 800°C for five hours to combust the sample. The
sample then was placed on the mass spectrometer for T.O.C analysis. T.O.C wt% values

for the Woodford, Atokan and Wolfcampian shales are given in the text and recorded in
Appendix A. T.O.C wt % for the Canyon shales were provided by Landis (1990).

Geologic Setting
Hills (1984, 1985) provided a concise interpretation ofthe geologic and tectonic
events which controlled the formation of the Permian Basin of West Texas and
southeastern New Mexico. A synopsis of that history is given here.
The Permian Basin is a broad tripartite geologic province on the southwestern
edge ofthe North American craton (Fig. 3). This basin covers about 164,000 square
kilometers (63,000 square miles), and extends from the Matador Uplift on the north, to
the Marathon Fold Belt on the south. On the east it is bounded by the Diablo Platform
(Hills, 1985). Structurally, the Permian Basin resulted from the development of an
asymmetric structural depression in the Precambrian basement at the sou them margin of
the North American plate. This depression has been filled with Paleozoic sediments
(Jones, 1953; Galley, 1971).
The Permian Basin encompasses the deep Delaware Basin (on the west) and the
Midland Basin (on the east). The Delaware Basin has an area of more than 33,500 square
kilometers (13,000 square miles), and contains a volume of 167,000 cubic kilometers
(40,000 cubic miles) of Phanerozoic sedimentary rocks (Hills, 1985). The basin
persisted throughout the Paleozoic as a portion ofthe stable Tobosa Basin ofthe early
Paleozoic (Galley, 1958). During the late Mississippian or early Pennsylvanian, the
Diablo and Central Basin platforms were uplifted, dividing the former Tobosa Basin into
two separate asymmetric depressions, the Delaware and Midland basins. The Delaware
Basin was bounded by both uplifts, and consequently, negative relief of the basin became
very pronounced (Galley, 1958). With the uplift ofthe Central Basin Platform, the

Midland Basin distinctly appeared for the first time. The deep axes of both basins are
adjacent to the block-faulted margins ofthe Central Platform.
Hills (1984; 1985) indicated that throughout its history, the Delaware Basin
remained unusually stable, with the most prominent tectonic activity being a slow
eastward tilting along faulted zones on its east side, during the middle Paleozoic. During
the Carboniferous, compressional forces formed several large anticlines in the older
Paleozoic rocks of the eastern part of the basin. However, during Leonardian and
Guadalupian time, the basin was remarkably free of intense tectonic activities (Hills,
1984).
Pennsylvanian and Permian sedimentation in the Delaware Basin was relatively
continuous with a few major interruptions (Hills, 1984). Thus, the stratigraphic record is
relatively complete throughout the basin. In general, carbonates predominate in the lower
Paleozoic, with shales in the middle, and thick late Permian saline deposits at the top of
the section.
Hills (1984) indicated that through much ofthe Paleozoic (e.g., late Devonian,
late Mississippian, and early Permian), marine circulation in the basin was restricted.
This resulted in deposition of organic-rich black shales, which later generated large
amounts of hydrocarbons. Deposition of thick evaporitic strata during the late Permian
formed a seal that preserved the hydrocarbons and facilitated their migration into porous
reservoirs on the surrounding shelves. Hills (1984) concluded that in the basin, deep
burial (high temperatures) converted the heavier hydrocarbons into gas in the older folds
(late Devonian, early Mississippian, and middle Pennsylvanian), whereas parafinic oils in
younger strata (early and middle Permian) accumulated in small reservoirs. Gas occurs in
structural traps created by Pennsylvanian folding, while Permian light oil is found in
moderate quantities trapped in small stratigraphic traps.

A second major geologic feature of the Permian Basin is the Central Basin
Platform (the most prolific hydrocarbon province ofthe Permian Basin), which lies
directly east ofthe Delaware Basin. This platform also was formed along ancient lines of
weakness, and was folded and faulted during early Mississippian to late Pennsylvanian
time, forming an uplift along the axis of the Tobosa Basin (Hills, 1985). Harrington
(1962) indicated that the folding ofthe Central Basin Platform occurred in two distinctly
different ways. The first type of movement took place in pre-Atokan time with faulting of
the 4,000 to 6,000 feet of sediment between the basement and the Bamett shale. This thin
skin deformation appears as a series of thrust-faulted anticlines and is believed, to have
been imposed over dextral strike-slip basement faults. The compression originated in the
Marathon-Ouachita orogeny to the south. Following this eariy phase of deformation, the
platform was essentially a geanticline subject to erosion that truncated some ofthe folds
completely to the basement. The second type of movement was part ofthe development
of the Pennsylvanian and Permian complex on top of the older rocks and faults.
Subsidence was concentrated on normal faults with differential movement between
blocks.
In the late Pennsylvanian and Permian, carbonate platforms developed around and
above the Central Basin Platform. Most of the present structures or traps which now
forms hydrocarbon reservoirs are possibly the result of carbonate buildup as well as
draping on buried hills formed by underlying structural features and synorogenic erosion
(Hills, 1984).
To the east ofthe Central Basin Platform, the Midland Basin formed from the
eastern third ofthe ancestral Tobosa Basin. The Midland Basin is slightly larger in area
than the Delaware Basin, but not as deep. This basin encompasses about 40,000 square
kilometers (15,200 square miles), and contains at the deepest point a thickness of

approximately 4573 meters (15,000 feet) of sedimentary rocks-about 67,000 cubic
kilometers (16,000 cubic miles) of Phanerozoic rocks, roughly one-third ofthe volume of
the Delaware Basin (Hills, 1985). The boundaries ofthe Midland Basin are not as
strongly faulted as the east side ofthe Delaware Basin, and are not tilted as much. Hills
(1984, 1985) indicated that the deepest part ofthe basin is on the west side, where
probably an echelon faulting affected the pre-Permian section.
Adams et al. (1951) indicated that the oldest known Pennsylvanian rocks of the
Midland Basin are Atokan in age, and that from medial Pennsylvanian through early
Permian, sedimentation in the Midland Basin was rather sparse. However, by the late
Permian the basin was gradually filled by carbonates and evaporites, which were
deposited across the entire basin. In the Midland Basin folding of early Pennsylvanian
and older rocks formed structural oil and gas reservoirs.

Southern Edge ofthe Permian Basin
The extreme southern edge ofthe Permian Basin province is quite different from
its northern boundaries in that it is transitional to a well-marked major fold belt (Feldman,
1962). South ofthe Central Basin Platform and merging into the south end of the
Midland and Delaware basins is the Val Verde Basin. This basin is a northwest-southeast
trending foredeep ofthe Marathon-Ouachita fold belt which, in Pennsylvanian and early
Permian time, was the site of deposition of detritus derived from the rising mountains to
the south, and filled with flysch deposits ofthe Tensus Formation of late Mississippian
and early Pennsylvanian age, and molasse deposits of the Haymond and Gaptank
formations (Vertrees et al., 1954; 1964; Davis et al., 1953). The Pennsylvanian rocks lie
closer to the folded belt, whereas the depocenter of early Permian (Wolfcampian) beds
lies to the north. The Wolfcampian rocks are somewhat thicker than the Pennsylvanian

strata (Hills, 1985). Sanders (1984) indicated that middle and Upper Permian strata are
not present in the central and southern portions of the Val Verde Basin, and that
Cretaceous rocks unconformably overlie Wolfcampian sediments. According to Sanders
(1984), restored estimates based on vitrinite reflectance data indicate that a minimum of
8,000 to 10,000 feet (2,400 to 3,000 m) of Pemiian rocks have been eroded.

Production Historv ofthe Permian Basin
Significant quantities of oil were first discovered in the Permian Basin of West
Texas and southwestern New Mexico in 1921 in Mitchell County, Texas, on the Eastern
Shelf. The discovery well produced at 760 meters (2,500 feet) from the Permian (Lower
Guadalupian) San Andres Formation. Data compiled by Galley (1958; 1971), Hartman
and Woodard (1971), and Dolton et al. (1979) indicate that since then, more than 4,400
oil pools and 900 gas pools have been discovered in the Permian Basin. These fields
range from sub-economic to giant accumulations with an estimation of more than 90
billion barrels of oil, and about 106 trillion cubic feet (31 trillion cubic meters) of gas in
place.
In the Permian Basin, hydrocarbons are found in Cambrian through Cretaceous
carbonate and siliciclastic rocks; however, most ofthe oil and gas production is from
Paleozoic strata. Seventy-one percent of the oil in-place and 53% of the in-place
associated gas produced from Paleozoic reservoirs occur in Permian strata. The
remainder ofthe oil and gas contained in the Paleozoic reservoirs is produced from lower
Paleozoic (predominantly Ellenburger Formation) rocks (Dolton et al., 1979). Ward
(1986) stated that 40% ofthe oil is produced from shelf limestone reservoirs, 30% from
shelf dolomites, and 30% from basinal and shelf elastics. Most of these fields produce
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from Permian rocks at depths less than 1,500 m (5,000 feet), although some may produce
from less than 150 m(500 feet), and deeper fields may reach depth 7,000 m (23,000 feet).

Environments and Origin of Black Shale Facies
Shale and mudstone form approximately 70% to 80% of all sedimentary rock
materials (Clarke, 1924; Pryor, 1983). Yet the study of shales, especially their
petrographic characteristics, depositional environments and diagenesis has lagged far
behind that of other sedimentary rocks. Inasmuch as organic-rich and thermally mature
black shales are the most important sources of hydrocarbons, as well as potential sources
of synfuels, in recent years increasing attention has been given to their origins and their
depositional environments (e.g.. Berry and Wilde, 1978; Demaison and Moore, 1980;
Potter etal., 1980; Wetzel, 1982;Pamsh, 1982; Ettensohnetal., 1985).
Scattered throughout the geologic column from the Precambrian to recent are
deposits which are, or once were, black shales (Twenhofel, 1939). The black coloration
is largely due to a high content of organic matter (Twenhofel, 1939; Wetzel, 1982) and to
finely dispersed iron sulfides (Wetzel, 1982). The main types of organic matter in ancient
shales can be recognized by studying the elemental composition H/C and O/C atomic
ratios, ofthe acid-insoluble fraction usually called kerogen (Tissot et al., 1974; 1980).
For example, by means of H/C and O/C Tissot et al. (1974; 1980) identified three main
types of kerogen. Type I is present in certain oil-rich shales and boghead coals and is
commonly deposited in lacustrine environments. Type II is derived from marine planktic
organic matter (for example Tasmanites) deposited in reducing environments, whereas
Type III is derived from terrestrial higher plants, and terrestrial humic material
accumulated in nonmarine or paralic environments. Type I and II have an original high
H/C ratio and a relatively low O/C ratio and these kerogens provide good source potential

for oil and gas. Type III has a high original oxygen content (with an O/C ratio reaching
0.2 to 0.3) and a relatively low H/C ratio. This kerogen can generate gas but it provides a
comparatively low potential for oil. In addition to these three types, Tissot et al. (1980)
indicated that a residual organic matter, either oxidized in subaerial environments and/or
during sediment transit, or recycled from older sediments may be represented. This type
of organic matter has no potential for generating hydrocarbons.
Organic matter in aquatic environments is either dissolved or suspended as fine
particles and is easily transported by water currents (Dow, 1978). Dow (1978) indicated
that some mineral particles, especially clays, adsorb certain polar organic compounds and,
therefore, convert dissolved organic matter to particulate form and reduce its residence
time in the water column. Inasmuch as clays have a greater adsorption capacity than
carbonate rocks, shales are typically more organic-rich than carbonate muds deposited
under similar conditions (Dow, 1978).
Factors capable of infiuencing organic matter accumulation in shales are both
biological and physical (Demaison and Moore, 1980). Biologic factors include primary
biologic productivity of the surface-water layers and of adjoining land masses, and
biochemical degradation of dead organic matter by metazoan and microbial scavengers.
Physical factors include modes of transit of organic matter to depositional sites, sediment
particle size, and sedimentation rates. All the previous factors interact to determine the
preservation of organic matter in shales or sediments (Demaison and Moore, 1980).
Black shales are commonly, but not invariably thinly laminated (Twenhofel, 1939;
Rhoads and Morse, 1971; Potter et al., 1980). Parallel, even lamination represents
sedimentation in quiet water, where bottom currents are too weak to sculpture the bottom
and where clay and only the finest silt are transported (Potter et al., 1980). Wetzel
(1982), however, thinks that variations in the supply ofthe sediments and organic matter
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normally lead to the typical lamination of black shales. The preservation of laminae in
black shales is due to the reduced activity or absence of benthic organisms indicated by
the scarcity or absence of bioturbation (Rhoads and Morse, 1971; Byers, 1977; Potter et
al., 1980; Thompson et al., 1985). Normally, bioturbation does not occur below 0.5
milliliters of oxygen per liter of water (0.5 ml/1) (Calvert, 1964; Cluff, 1980; Demaison
and Moore, 1980). Accordingly black shales are normally deposited in oxygen-depleted
environments.
Most organic-rich, marine black shales are thought to have accumulated in
stratified water columns defined, in part by a pycnocline, but where upwelling has been
involved, the pycnocline may not be well defined (Ettensohn et al., 1985). The former
presence of a stratified water column can be determined from the geologic record, because
oxygen content is reflected in the color, sedimentary structures, and faunal content of
shales deposited in each water layer (Rhoads and Morse, 1971; Byers, 1979; Ettensohn,
et al., 1985). Black, laminated shales devoid of shelly benthic fauna and bioturbation,
and containing abundant organic matter characterize deposition in the bottom anaerobic
layer, whereas light colored calcareous rocks with diverse shelly benthic fauna and
extensive bioturbation distinguish deposition in the surface, aerobic layer.

The

intervening pycnocline or dysaerobic layer is characterized by dark gray to gray,
bioturbated shales with few or no calcified fauna and dominance of soft-bodied infauna
that cause moderate disturbance of laminae.
Black shales can be formed in various anoxic environments; in lakes, swamps, or
in the ocean from shallow water down to the deep-sea (Wetzel, 1982). Berry and Wilde
(1978) indicated that organic-rich muds that could be precursors of black shale facies are
found today in many nearshore areas, particularly in bays and estuaries. They are found
also in areas such as the Black Sea and fjords in which circulation is restricted, commonly
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by a physical barrier. Demaison and Moore (1980) reviewed and discussed in detail the
four main settings in which black shales have deposited in the geologic past. According
to Demaison and Moore (1980) these four settings include large anoxic lakes, anoxic
silled basins with a positive water balance, anoxic layers caused by upwelling of nutrientrich water, and open-ocean anoxic layers produced by stagnation during periods of global
warming and transgression.
Black shales are geographically extensive in certain intervals of the Paleozoic,
however, no compilation has been made to document their precise extent (Parrish, 1982).
Parrish (1982) speculated on the distribution of Paleozoic black shales that formed
petroleum source beds, suggesting that these source rocks appear to correspond closely to
the distribution of predicted upwelling zones. Berry and Wilde (1978) also speculated on
the wide geographic extent of black shale facies in lower Paleozoic strata and their
reduction in extent in the latter part of the Paleozoic, by proposing a geologicoceanographic model. This model is based on variation ofthe dissolved oxygen content
of the open ocean with depths as a function of climate and time. The basic tenet of the
model is that the ocean became progressively ventilated with oxygen through time from an
initial anoxic state after the appearance of free oxygen in the atmosphere. Berry and
Wilde (1978) tentatively proposed a ventilation cycle beginning with the Precambrian
glaciation, continuing through the late Ordovician glaciation, and concluding in the Middle
Devonian or possibly later. Oxygen was introduced, according to their model, by mixing
at the surface and in cold, saline bottom waters generated by ice formation. During
interglacial times, the entire water column below the mixed zone became dysoxic through
mixing of the oxygenated bottom water and the overlying anoxic waters. Dysoxia was
less with each successive interglacial. The problem in evaluating Berry and Wilde's
(1978) model lies in the question of rates of turnover (Parrish, 1982). Broecker (1974)
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indicated that the present turnover rate for the ocean, including bottom waters, is only
1,600 years. There were at least two major glacial episodes during the Precambrian
(Frakes, 1979).

Each glacial episode presumably lasted at least as long as the

Pleistocene, although the imprecision of dating Precambrian rocks preclude precise
determination ofthe episodes timing (Parrish, 1982). If one considers only half of the
Pleistocene as glacial (Van Eysinga, 1975), and bearing in mind that the present is
interglacial and bottom waters are being generated (Parrish, 1982) then the oceans have
turned over about 500 or 600 times in the past 2 million years. With those turnover rates,
it is difficult to imagine that the oceans could have remained anoxic into the Paleozoic,
even allowing for the necessity of many cycles to complete oxygenation and for lower
initial atmospheric oxygen values (Parrish, 1982).
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SOURCE ROCK SAMPLING
IN PERMIAN BASIN

FIGURE 1.

Locations of core samples used in this study.
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CHAPTER II
LITHOFACIES AND DEPOSITIGNAL ENVIRONMENTS
OF THE WOODFORD SHALE

The Woodford Shale is an extensive, radioactive, fine-grained rock unit of Late
Devonian age that is found throughout the Permian Basin (Comer, 1988). Ellison (1950)
determined the age ofthe Woodford Shale in the subsurface of western Texas and eastern
New Mexico as Late Devonian and found no evidence of Mississippian age. However,
studies by Hass and Huddle (1965), and Over and Barrick (1990) indicate that the
Woodford Shale of Oklahoma is partly of Late Devonian and partly of Early
Mississippian (Kindeihookian) age.
The Woodford of the Permian Basin is correlated with the Woodford and
Chattanooga shales of Oklahoma, Kansas, and Arkansas, with the Percha shale of New
Mexico, and with the upper parts ofthe Caballos Novaculite of West Texas (Gibson,
1964).
The Woodford is about 650 feet thick in Winkler County, Texas, and thins to the
north and east against the Pedernal Massif and the Texas Peninsula. Gibson (1964)
indicated that westward the Woodford grades into its equivalent, the Percha shale, which
extends into Arizona.

Southward, it is represented by a portion of the Caballos

Novaculite. Gibson (1964) attributed the absence of the Woodford from the Pedernal
Massif and Texas Peninsula to nondeposition, and the absence from the Diablo Platform,
Central Basin Platform, and the Pecos Arch to truncation. The Woodford shale was
deposited upon strata ranging in age from Ellenburger (Ordovician) through Lower
Devonian and is overlain by beds ranging in age from Mississippian into Permian.
The stratigraphic equivalents ofthe Woodford Shale produce oil through fractures
in other parts of the United States; however, in the Permian Basin of West Texas and
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southeastern New Mexico, the Woodford contains no permeable beds, hence, it serves
only as a source of oil. Jones and Smith (1965) indicated that, inasmuch as the
Woodford overlies Silurian and Lower Devonian beds which are very porous, the
Woodford Shale must have served as a source rock to underlying beds rather than the
overlying Mississippian strata which are rarely permeable.
Ellison (1950) and McGlasson (1967) described the Woodford Shale as
consisting of dark brown to black, fissile, iron sulfide-rich, resinous, and spore-bearing,
laminated shale with a characteristically high radioactive reading on gamma-ray logs. In
this study, the Woodford black shale yields more than 250 API units on the gamma-ray
log. The higher radioactivity levels may be due to uranium enrichment associated with
high organic content. Swanson (1960) indicated that organic-rich marine oil shales
commonly contain higher than average uranium, copper, and nickel concentrations.
Moreover, uranium content in most marine oil shales commonly shows a positive
correlation with oil yield upon rock pyrolysis. Veeh et al. (1974) also found that uranium
concentrations in sediments ofthe south-west African shelf has a positive correlation with
organic carbon.
According to Comer (1988), the Woodford Formation consists of three
lithofacies: (1) black shale, (2) quartz siltstone and (3) dolomitic siltstone. On the basis of
lithology and radioactive and electric log patterns, Ellison (1950) divided the Woodford in
Winkler County into three units (see Fig. 4). The upper unit consists of brownish-black
shale that contains very few small resinous spores. The middle unit, which is the main
spore-bearing unit, consists of black shale and is characterized by high gamma-ray
readings. This unit probably represents the most widespread unit ofthe Woodford in the
Permian Basin (Ellison, 1950). The lower unit of the Woodford consists of limestone
and chert, and is known only from a limited area along the westem part of the Central
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Basin Platform. This unit is considered by Ellison (1950) to be Devonian of preWoodford age.
In this study, two distinct lithofacies are recognized in the Woodford Formation
ofthe Midland Basin. These are: (1) silty black shale and (2) shaly dolomite lithofacies.
Detailed descriptions of these lithofacies are given below and locations of core samples
are shown in Figure 1.

Siltv Black Shale
This shale is represented by a 30-foot thick interval in core samples obtained from
the J. F. Beaver well, Borden County, Texas (Fig. 5). This lithofacies is principally
black to grayish-black, organic-rich (TOC up to 20 wt%), thinly laminated (Fig. 6) and
predominantly composed of illite, mixed layer illite/ismectite, and minor amounts to traces
of chlorite and kaolinite. The clays have a well-developed mechanical and optical
orientation, owing to compaction, and when present, mica flakes are parallel to the
bedding.
The principal silt-sized components of this shale are quartz, mica (mainly
muscovite) and a small amount of potassium feldspar, which forms less than 4% ofthe
clay matrix and is identified as microcline from X-ray data. Silt-sized quartz grains form
over 15% of this shale. These silt gains are rounded, well sorted, and are scattered as
random grains in the shale matrix instead of in laminae. Diagenetic minerals present in
this lithofacies include abundant amounts of pyrite, and minor amounts of ferroan
dolomite and silica (microquartz). Pyrite is dispersed throughout the clay matrix, and in
many instances, high concentrations of cubic and framboidal pyrite form lenses and
nodules (Figs. 7 and 8). Pyrite also replaced or filled palynomorphs. Fine-grained
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ferroan dolomite occurs as scattered rhombs floating throughout the clay matrix.
Dolomite increases in abundance in the lowenmost portion of this lithofacies.
Fossils found in this lithofacies predominantly consist of planktic and nektic taxa.
These include Tasmanites. presumably spores of marine planktic green algae (Cluff,
1980), conodonts, mainly represented by Palmatolepis mareinifera. Palmatolepis glabra
pectinata and other Polygnathus species, and fish debris or scales. The presence of
Palmatolepis marginifera recovered from the uppermost portion ofthe cored interval is
indicative ofthe Palmatolepis marginifera Zone of Late Fammenian age.
In all the samples studied, Tasmanites comprises the greatest percentage of the
biota, and up to 5% ofthe clay matrix. The organic walls ofTasmanites are generally
thick, yellowish-orange to light yellow in color, and spherical when their internal
cavities are filled with early cement before compaction of shale (Fig. 9). However, in all
samples, most of these palynomorphs are flattened, and deformed (Fig. 10).
Alginite in the form ofTasmanites (Fig. 11) is the most abundant organic
constituent, followed in abundance by unfigured liptinite, whereas resinite, secondary
resinite, and exsudatinite are subordinate (Landis, 1990). Alginite is present as discrete
unicellular bodies preserved along bedding. This type of alginite recently has been
classified as telalginite (Hutton, 1984; Cook, 1987). Conspicuous liptodetrinite (i.e.,
fragmentary primary liptinites) also accompany the Tasmanites found in the Woodford
black shale.
Near the bottom ofthe cored interval (9702 feet), thin lags or continuous layers
of reworked and abraded conodonts, and other phosphate skeletal debris are found (Fig.
12). These lag concentrates of conodonts are in thin beds (about 1 mm thick) and are
found in layers that are coarser than the beds above and below. These lags are possibly
concentrated by bottom current action during severe storms. Ellison (1987) indicated,
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however, that conodont concentrations may represent density current deposition, and that
conodonts, with their greater resistance to weathering, assume the role of heavy minerals
both in turbidites and in basal beds of uncomformities.
The dark color, high organic carbon content, typical fine laminations, and lack of
bioturbation in the black silty shale lithofacies, suggest conditions of anoxia or nearanoxia over the sea floor, during this phase of Woodford deposition.

Shalv Dolomite
A shaly dolomite interval is recognized at the base of the Woodford black shale
southeast of Gaines County, Texas (Fig. 13). This lithofacies characteristically yields a
high radioactivity reading on the gamma-ray log, and consists of black to grayish-black
dolomite. The matrix ofthe shaly dolomite lithofacies is mainly composed of medium to
coarse, rounded to subrounded dolomite crystals, a small amount of rounded to well
rounded quartz grains, and some mica flakes. Minor quantities (less than 10%) of clay
minerals are present within this lithofacies. These clays chiefly consist of illite, mixed
layer illite/ismectite, and chlorite.
The absence of undolomitized fossils, the roundness of coarse dolomite crystals
and quartz grains, in addition to the presence of mica flakes embedded in this shaly
dolomite matrix, suggest a detrital origin for the majority of this dolomite. However,
some authigenic dolomite is also present. Ellison (1950) reported the presence of brown
to black detrital dolomite intervals at various positions within the Woodford. Comer
(1988) mentioned the presence of what he called "dolomite siltstone" within the
Woodford of the Permian Basin and indicated that detrital dolomite was derived from
contemporaneous shallow-water environments and archipelagos.
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Fragmented conodont elements, fish scales, linguloid brachiopods, significant
amounts of palynomorphs (predominantly Tasmanites) (Figs. 14 and 15), and other
unidentified calcareous and phosphatic bioclasts constitute the only fauna present in this
lithofacies (Fig. 16). Most of this biota appears to have been reworked and transported to
the site of burial. No visible burrows are detected either in core samples or in thin
sections of this lithofacies.
Diagenetic minerals detected in this lithofacies include appreciable amounts of
pyrite and minor amounts of ferroan dolomite and silica. Pyrite occurs as framboidal
masses and cubic crystals, and commonly coexists with organic matter (alginite). Pyrite
either completely fills cavities of palynomorphs, or forms rims around their perimeter.
Phosphate nodules are not abundant, but are present (Fig. 17). They are more common at
the lowermost portion of this shaly dolomite interval.

Environment of Deposition
The Woodford Shale was deposited in relatively deep-water environments, as
suggested by the absence of shallow-water marine fauna, and the abundance of
Palmatolepis conodonts. Sandberg (1976) indicated that the abundance ofPalmatolepis
among platform conodont genera is indicative of deeper waters on the continental rise,
slope, and shelf. In general, the uniformity in bedding and the absence of shallow water
sedimentary structures (e.g., ripple marks and cross lamination), and the preservation of
thin laminae in the black shale suggest deposition of this shale in environments having
little wave and current action.
Muds that formed this black shale possibly were deposited as dilute muddy
suspensions, or formed from nepheloid layers. However, coarser sediments, consisting
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of fine sand and silt grains randomly scattered throughout the clay matrix, suggest that
these grains were windblown and simply settled into the clay.
Carbonate debris, and coarse detrital dolomite found at the base ofthe Woodford
black shale may represent thick lag concentrates, or possibly suggest that sediment gravity
flow, episodic bottom currents, or both may be responsible for sweeping coarser
sediment into the basin. The fragmentary condition of fossils that are found in the
Woodford shaly dolomite interval suggest transport and reworking of these skeletal
grains.
The absence of burrows and benthic megafossils, and the preservation
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lamination in the Woodford black shale imply persistent lack of water movement, and a
lethal environment for a benthic fauna. This environment was highly reducing. The
preservation of large amounts of organic matter and the abundance of pyrite in the
Woodford sediments support this interpretation. Anoxic water is defined as water
containing less than 0.5 milliliters of oxygen per liter of water (Demaison et al., 1980).
Anoxic conditions occur where the natural demand for oxygen in water exceeds the
supply. Oxygen demand resulting from decomposition of organic material derived from
primary productivity in surface waters can exceed oxygen supply if bottom water oxygen
is not renewed. This can lead to a water column and sediment in which dysaerobic to
anaerobic decomposition processes alone operate.
Paleogeographic reconstruction of North America during Famennian time (Fig.
18) (Scotese et al., 1979; Parrish, 1982) place the Woodford epeiric seas in a warm
equatorial zone where surface waters were rarely cool enough to sink and displace colder
bottom waters. As a result, probably little vertical thermal mixing took place between
warmer, lighter, oxygenated surface water and colder, denser, oxygen depleted bottom
waters. Therefore, a nearly permanent thermocline was likely to form and bottom waters
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remained anoxic. Neumann et al. (1966) indicated that the thermocline is generally
elevated in tropical waters, particularly in the eastern parts of equatorial seas and oceans,
where it may occur at depths no greater than 20 meters due to regional wind p&ttems.
Cluff (1980) and Comer (1988) indicated that late Devonian epicontinental seas of North
America were characterized by extensive density stratification, and thus were pooriy
ventilated. Comer (1988), however, suggested that density stratification in Woodford
seas developed due to aridity of the region, and because topographic irregularities
throughout the Permian Basin prevented the exchange of bottom waters with the open
ocean. Parrish (1982), on the other hand, places the Woodford Formation in an
equatorial rigorous upwelling zone, suggesting that anoxic conditions were possibly
caused by upwelling. Upwelled water is rich in nutrients and, therefore, promotes high
biologic productivity. Recycling of dead organic matter in the water column creates a
very high oxygen demand which can trigger anoxic conditions in deeper water layers
under the upwelling (Demaison and Moore, 1980). In this study, no clear evidences of
anoxic sedimentation associated with upwelling were found. Such evidence should
include the presence of abundant phosphate nodules and phosphatic bituminous darkbrown shales. Notholt (1980) indicated that this kind of black shale is often associated
with phosphatic minerals and sometimes with chert.
The Woodford sediments deposited in these euxinic epicontinental seas are
generally organic rich. They contain kerogen assemblages dominated by marine organic
matter with high concentrations of Tasmanites. Terrestrial organic matter within the
Woodford shale is scarce or absent (Leindis, 1990). Comer (1988) suggested that during
Woodford time, adjacent lands were relatively barren.
Woodford silty black shale is characterized by high gamma-ray readings, and
contains an abundance of algal spores or cysts (Tasmanites). These algal cysts or spores
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may have been the locus ofthe radioactivity. Leckie et al. (1989) indicated that the
radioactivity of organic-rich black shale may be the result of uranium enrichment by the
algae absorbing uranium directly from sea water. Mann and Fyfe (1985) demonstrated
that modem algae contain 1 ppm uranium, and thus can make a contribution in sediments
when the algae die and settle to the sea bottom where uranium becomes concentrated.
The mean total organic carbon content in the Woodford black shale is 7%. TOC
values range from 4 wt% in the shaly dolomite lithofacies to about 20 wt% in the silty
black shale. The preservation of abundant organic matter in the Woodford Shale may
reflect relatively rapid organic sedimentation rates, thus preventing the destruction of
organic matter by sul fate-reducing bacteria.
The relationship between sedimentation rates and TOC content has been described
in numerous studies. In areas of primary production (e.g., offshore areas), organic matter
content is found to increase with sedimentation rate due to rapid burial which inhibits
oxidation (Toth and Lerman, 1977; Muller and Suess, 1979). Ibach (1982) has shown
from a study of DSDP cores that, starting at slow sedimentation rates, TOC increases
with sedimentation rate due to greater preservation ofthe organic matter with more rapid
burial. Above a critical sedimentation rate, TOC decreases with increasing sedimentation
rate due to dilution by mineral matter. Based on correlations between organic matter
concentrations map (Shimkusand Timonis, 1974), and sedimentation rates map (Ross
and Degens, 1974) for the whole Black Sea during the last 3,000 years, Ross and Degens
(1974), and Demaison and Moore (1980) indicated that there is an overall negative
correlation between sedimentation rates and organic matter concentrations. They found
that sedimentation rates on the organic-lean upper slope ofthe Black Sea are higher by a
factor of three than in the organically rich deep basin. Nixon (1973) found that in the
Lower Cretaceous Mowry Shale of Northwestern Interior ofthe United States, greatest
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amounts of organic carbon coincide, in general with areas of intermediate rates of
sedimentation. Dow (1978) indicated that if the supply of organic matter is constant, its
concentration in sediments should be inversely related to the depositional rate of mineral
particles. Therefore, areas of high sedimentation rates, such as deltas, should contain
sediments with relatively low organic-carbon concentrations. If the sedimentation rate is
too low, however, much ofthe organic matter reaching the bottom may be consumed by
heterotrophic organisms before it can be protected by burial. Intermediate sedimentation
rates which minimize the effects of both dilution and consumption commonly result in the
most organic-rich sediments (Dow, 1979). The relationships between the rates of
sedimentation, and organic matter concentrations for the Woodford sediments cannot be
clearly demonstrated in this study. However, by analogy with the previously mentioned
ideas, high concentrations of organic matter in Woodford sediments could reflect
accumulation in environments where sedimentation rates did not have possible dilution
effects.
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FIGURE 6.

Thinly laminated Woodford silty black shale is typified by cores
obtained from J.F.Beaver well, Borden County, Texas. This
black shale produces the typical Woodford gamma-ray log
signature.
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FIGURE 7.

Cubic pyrite forms lenses in the Woodford silty black shale from
the Midland Basin. J.F. Beaver well, Borden County, Texas.
Depth 9702 feet.
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FIGURE 8.

Pyrite is a very abundant diagenetic mineral in Woodford black
shale. High concentrations ofcubic pyrite form nodules. Shale
cores obtained from Borden County, Texas. Note the presence of
appreciable amounts of silt. J.F. Beaver well. Depth 9700 feet.

31

FIGURE 9.

Tasmanites (T) retained their spherical shape and were not flattened
because their interiors are filled completely by pyrite. Lack of
compaction ofTasmanites indicates that pyritization occurred early
after deposition, and before compaction ofthe shale. J.F. Beaver
well, Borden County, Texas. Depth 9692 feet.
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FIGURE 10. Rattened Tasmanites (T) are the principal visible compactional
features, detected in Woodford silty black shale lithofacies. Also
note the presence of ferroan dolomite (stains blue) rhombs
scattered throughout the clay matrix. J.F. Beaver well, Borden
County, Texas. Depth 9692 feet.
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^^r^^^^^irf ?^^5[nl r% walls and linings are not ornamented

Depth 9702 feet.
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FIGURE 12. Thin lags of reworked and abraded conodonts and other phosphate
(P) skeletal debris. Notice also the presence ofTasmanites which
are yellowish in color. Woodford silty black shale lithofacies.
J.F. Beaver well, Borden County, Texas. Depth 9702 feet.
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FIGURE 14. Tasmanites (T) resting along bedding of Woodford shaly dolomite
interval. Tasmanites are the predominant palynomorphs in this
lithofacies. H & J Section 451 #5, Gaines County, Texas. Depth
10676 feet.
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FIGURE 15. Mature Alginite exhibits reddish-orange color. Alginite in the form
ofTasmanites (T) is abundant in the Woodford shaly dolomite
interval. Samples obtained from Games County, Texas. Depth
10676 feet.
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FIGURE 16. Woodford shaly dolomite interval containing fragments of
conodonts (C), phosphatic debris and calcareous bioclasts. This
interval of detrital shaly dolomite may represent a lag concentrate.
H & J Section 451 #5, Gaines County, Texas. Depth 10676 feet.
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FIGURE 17. Phosphate nodules are more common in the lowermost portion of
the Woodford shaly dolomite interval, than in other stratigraphic
intervals. H & J Section 451 #5, Gaines County, Texas. Depth
10675 feet.
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FIGURE 18.

.

Map showing paleogeography of North America during
Fammenian (latest Devonian) time. Shading and continental outline
reconstruction after Scotese et al. (1979). Upwelling zones after
Parrish (1982).
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CHAPTER n i
LITHOFACIES AND DEPOSITIONAL ENVIRONMENTS
OF THE ATOKA FORMATION

The Atoka Formation was named by Taff and Adams (1900) for a succession of
shale with lenticular sandstone units, underiying the Hartshome Sandstone in the OzarkArkansas area, and underlying the Johns Valley shale in the Ouachita Mountain section.
No type section or area was designated by Taff and Adams (1900), but the name is
derived from the town of Atoka in Oklahoma. In studying the Lower Pennsylvanian
fusilinid sequence in central Texas, Spivey and Roberts (1946) used the name Atokan
specifically to include a post-Morrowan and pre-Desmoinesian series represented by the
post-Millerella and pre-Fusilina-Wedekindellina portions of the fusilinid zonation.
Alternatively, the Atokan was used as a stage name by Moore and Thompson (1949), and
by Cheney and Goss (1952), but those proposals never received widespread acceptance.
In the Permian Basin the time-stratigraphic term (Atoka) is used as an accepted
name for Lower Pennsylvanian strata dominantly composed of shale, and thin
discontinuous units of sandstone, and which are mostly bounded below by rocks of
Morrowan in age and overlain by Desmoinesian strata.
Pre-Pennsylvanian flexing in Texas and New Mexico split the broad
Mississippian epicontinental shelf into a series of basins and mild upwarps, and only the
most negative of these areas were submerged by the early Pennsylvanian Morrowan sea
(Adams et al., 1951). Adams et al. (1951) suggested that the following Atoka sea was
more extensive than the Morrowan sea, and areas of intermediate negativity were
invaded. Morrowan and Atokan strata are present in the Delaware Basin, however,
Atokan strata are the earliest known Pennsylvanian rocks in the Midland Basin, and their
occurrence is limited to the westem and southern portions ofthe basin (Adams et al.,
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1951). On the Northwestem Shelf, shallow marine limestone deposition predominated in
late Morrowan and early Atokan times, but, renewed uplift during medial and late Atokan
time caused deposition of an influx of elastics in the shallow marine environment (James,
1985), and resulted in clastic progradation on the northern Delaware shelf James (1985)
interpreted the Atokan sandstone lenses on the Northwestem Shelf as representing a
prograding system of beaches and bars deposited along northeast trends parallel to
ancient shorelines, and indicated that the sand trends migrated with the shorelines
basinward during Atokan time (Fig. 19). Atokan sandstone lenses produce a significant
amount of gas (James, 1985), and Atokan shales investigated in this study are organic
rich and thermally mature (Landis, 1990). Therefore, Atokan shales could have served
as source rocks for the Atokan sandstone reservoirs.
Conventional cores from the Northwestem Shelf of the Delaware Basin (see
Fig.l) were studied. Cores from the Tenneco's State LF "30" No. 1 well, in Section 30,
R34E, TIGS (Lea County, New Mexico), comprise a thickness of about 31 feet (1266112692). Lithologically these cores consist of alternating sequences of sandstone and
black marine shale. In descending order the following succession of clastic lithofacies is
represented (Fig. 20). The upper part of this section (12661-12662) consists of
fossiliferous oolitic sandstone; the middle portion (12662-12681) comprises a silty
micaceous black shale interval; whereas the lower part (12682-12691) consists of fine,
and medium-grained micaceous sandstone grading downward to conglomeratic sandstone
(Fig. 21). Descriptions ofthe various lithofacies are given below.

Fossiliferous Oolitic Sandstone
This facies comprises a thin interval about 1 to 2 feet thick, and consists of lightgray, fine- to medium-grained, moderately sorted, fossiliferous oolitic sandstone. The
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sandstone is composed of more than 80% quartz, 5-10% feldspar, about 2% rock
fragments (mainly metamorphic), and muscovite. Compositionally this sandstone is
classified as subarkose.
Quartz grains are subangular to subrounded, and most of them have composite
crystallinity or display strong undulatory extinction. Few grains are monocrystalline with
a uniform or slightly undulatory extinction. No mineral inclusions are detected in most of
these quartz grains. X-ray diffraction analyses and thin sections indicate that authigenic
chlorite is the dominant clay mineral in this sand. In the <2 ^im fraction, the chlorite
content ranges from 5 to 7%. Other authigenic clay minerals present include kaolinite and
minor amounts of illite^'smectite mixed-layer, and illite.
Chlorite, quartz overgrowths, and ferroan calcite represent the predominant
diagenetic minerals in this sandstone. Quartz overgrowths occur as cement on detrital
quartz grains and form thin euhedral terminations. Quartz overgrowths post-date chlorite
cement. This is evidenced by quartz overgrowths growing around or enveloping clusters
of chlorite cement. Other diagenetic minerals present in this lithofacies include ferroan
calcite, which replaced and filled cavities of bioclasts, and pyrite, occurring as cubic
crystals replacing bioclasts and also cementing quartz grains.
Allochems present in this lithofacies consist of carbonate skeletal fragments.
These include foraminifera, productid brachiopods, ostracods, bryozoans, crinozoans,
and significant numbers of ooids. Ooids are rounded or slightly flattened, and most of
them appear to be completely replaced by ferroan dolomite (Fig. 22).
Many skeletal components have undergone some degree of abrasion. The
presence of abraded bioclasts and significant numbers of ooids indicates that this skeletal
oolitic sandstone was deposited in a relatively high-energy environment. This sandstone
interval represents admixing of sand, from the inner shelf, and carbonate material.
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Siltv Micaceous Black Shale
This lithofacies consists of grayish black, silty, micaceous, fissile, and commonly
thinly laminated shale about 15 feet thick. This shale is highly radioactive, registering
about 130 API units on the gamma-ray log. XRD analyses indicate that the clay minerals
which form the bulk of this rock, chiefly consist of illite/ismectite mixed-layer, some illite,
and a minor amount of kaolinite and chlorite (Sivalingam, 1990).
Coarse detrital constituents found in this shale include subangular to subrounded
quartz silt grains, fine flakes of mica (mainly muscovite and some biotite), and a small
amount of unidentified metamorphic rock fragments. Silt grains are randomly scattered
throughout the clay matrix as isolated single grains, rather than concentrated in thin
laminae, and mica flakes are conspicuously oriented parallel with the bedding (Fig. 23).
Fauna present in this rock are siliceous sponge spicules (desmosponges and
hexactinellids), and a variety of other open-marine organisms. These include productid
brachiopods, reophax, and hyperammina foraminifera, crinozoans, bryozoans,
conodonts and ostracods, represented by Hollinella. Cavellina. Monoceretinas.
Seminolites. Microparaparchites. and Healdia species. Other less abundant fossils
present in this lithofacies include holothurian (sclerites), globrocingulum and
bellerophontid gastropods, and echinoid spines or debris.
Atoka shale consists of slightly burrowed or unburrowed intervals. Burrows in
this lithofacies predominantly include light-colored silt-filled and some pyritized forms.
In core samples, light-colored burrows appear as thin white wisps and "streaky" laminae
(Fig. 24). Burrow-fill consists of concentrations of silt grains and fine siliceous sponge
spicules (Fig. 25). Dark, clay-filled burrows are not common in this lithofacies. In
general, burrows are horizontal and do not exhibit bifurcation.
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As previously indicated, thin interbedding of burrowed shales with unburrowed
laminated shale intervals is noted. Alternations between burrowed shale intervals and
intervals where burrowing is absent suggest a periodic altemation between low-oxygen
and anoxic conditions at the depositional site. Savrda et al. (1984) indicated that
intermediate, partially bioturbated shale fabrics are produced by short-term fluctuation or
migration ofthe dysaerobic-anaerobic boundary in the water column.
This silty micaceous shale is organic rich (TOC equal up to 24 wt% and averages
about 13 wt%). The bulk ofthe organic matter is marine. Alginite is the most abundant
organic constituent, although members of the inertenite and exsudatinite (less common)
maceral groups (Landis, 1990) are also recognized (Fig. 26).
Diagenetic minerals precipitated in this rock consist mainly of framboidal and
cubic pyrite, small amounts of silica (microquartz), and a negligible amount of finely
crystalline ferrodolomite cement occurring in scattered to clustered grains within
burrows.
The preservation of abundant organic matter, the concentration of large amounts
of pyrite, absence of macrofauna, and scarcity of burrows in this shale are interpreted to
represent deposition under reducing anoxic (dysaerobic-anaerobic) bottom conditions,
such as under a layer of stagnant, largely unmixed sea-water.
At the base ofthe silty micaceous shale, is a basal reworked zone (12681.6 12682 feet) of shaly, very fine sandy, siltstone (Fig. 27). This zone contains black ripup shale clasts, discrete phosphate pellets, and chert and sand grains eroded from the
underlying micaceous sandstone interval. Sand grains probably were reworked or
deposited by storm wave action.
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Micaceous and Conglomeratic Sandstone
The sandstone interval that extends from 12682 to 12692 feet, exhibits an
upward-fining sequence from coarse grained conglomeratic sandstone at the bottom
(12686 to 12688 feet) to fine-grained micaceous sandstone in the upper part (12682 to
12685 feet). Micaceous sandstone is light-gray, massive, and is slightly to moderately
burrowed. Probable polychaete worm burrows are present along with other unidentifiable
burrows. Possible algal stromatolites occur at 12684 feet (Fig. 28).
Texturally this sand ranges from medium- to fine-grained. Petrographic and
XRD analyses indicate that dickite occurs as a major component ofthe sandstone, making
as much as 20% of some samples. There appears to be a negative correlation between
dickite content and feldspar content in the cores analyzed.
Abundant mica flakes, predominantly muscovite, and some biotite, form about 5
to 10% ofthe sand, with the most micaceous specimens containing as much as 15%.
Flakes are of medium to fine sand size, and average 0.9 mm in long dimension.
Generally, they are oriented parallel to bedding. Mica flakes are squashed and compacted
as evidenced by bending of these ductile flakes around neighboring quartz grains (Fig.
29). Other detrital grains found in this sandstone include metamorphic rock fragments
(mainly metaquartzite), feldspar (mainly microcline and albite), and chert.
Compositionally, this sand contains about 80% quartz, 10 - 15% feldspar and about 5%
rock fragments, and is classified as subarkose.
Diagenetic minerals precipitated in this sandstone include dickite, chlorite, minor
amounts of ferrodolomite, quartz overgrowth cements, and pyrite. Quartz overgrowths
are separated from the parent grains by eroded cutans or discontinuous films of chlorite,
but in most instances, the contact is invisible. Abundant phosphate nodules or "pellets"
(Fig. 30) are present in the uppermost micaceous sand interval and comprise about 3 to
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4% of the whole rock matrix. These nodules average 0.2 to 0.3 mm in size, and
commonly display botryoidal porphyroblastic morphology. In many instances these
nodules envelope or grow around quartz grains, or they contain inclusions of quartz and
mica (Fig. 31). This would suggest that these nodules are truly diagenetic and formed in
place as porphyroblasts, rather than being detrital.
In the lower part ofthe Atoka (12685.5 - 12691 feet), conglomeratic sandstone is
poorly sorted, subrounded to well rounded subarkose to quartz-arenite, and contains
small amounts of mica. This "clean" sandy interval contains chalky appearing white
"specks" representing dickite-cemented areas. Dickite precipitated in large secondary
pores, formed by dissolution of feldspar grains. Authigenic chlorite also is abundantly
represented.
This sandstone interval contains scour and fill structures, and low angle crossbedding. Other than indicating a current-dominated environment, these structures are not
indicative of any specific depositional environment.
Jacka (personal communication) offered two possible interpretations for the
Atoka sandstone interval in this area (Lea County, New Mexico). He indicated that the
lowermost "clean" pebbly or conglomeratic sandstone (12,685.5 - 12,691 feet)
represents either a braided river channel or a distributary channel, and following a slight
rise in sea level a transgressive tidal flat sequence was deposited on top ofthe channel. A
second interpretation suggests that the entire sandstone interval records progradation of a
tidal channel and flat complex with muddier landward higher parts building out over
lower channels and bars.
In Eddy County, New Mexico, Atokan core samples obtained from the Tenneco
State JL "36" No. 1 comprisea47-foot thick interval (10,928 - 10,975). In general, this
cored interval consists of several black shale intervals intercalated with thin sandstone
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units. In descending order, the following lithofacies are recognized: 1) calcareous
grayish black shale (10,928 - 10,937), 2) silty to sandy micaceous black shale (10,937 10,949), 3) micaceous sandstone (10,949 - 10,952), 4) brachiopod-rich black shale
(10,953 - 10,962), and 5) laminated fissile silty black shale (10,962 - 10,975).
Subdivisions of these lithofacies are shown in Figure 32. Detailed lithologic and
petrographic descriptions of these lithofacies are given below.

Calcareous Black Shale
This shale interval extends from 10,929 to 10,937 feet, and consists of highly
fossiliferous dark grayish to black shale. Faunal constituents found in this shale include
algae, brachiopods, bryozoans, crinozoans, foraminifera, nuculoid bivalves,
archeogastropods, echinoid spines, and ostracods represented by Corvellites. Cavellina.
and Holinella species. Algal components (Fig. 33) appear to be the predominant skeletal
grains at the uppermost portion of this interval, while brachiopods and bryozoans are
predominant at the middle and lowermost portion. Large numbers of these fossils either
are completely fragmented or only slightly broken. The upper part of this interval is
moderately burrowed.
XRD data (Sivalingam, 1990) indicate that the total clay fraction of this calcareous
shale interval is about 35% to 42% by weight. Clay minerals are predominantly
composed of illite/smectite mixed-layers, ranging from 22% to 24%, and discrete illite
making up to about 5% to 7%. Traces of chlorite and kaolinite also are present in this
shale. Coarser detrital grains found in this shale include small amounts of silt and fineand medium-sized sand grains scattered randomly throughout the clay matrix. Silt and
sand grains are more abundant at the lowermost portion of this shale. Sand grains are
polycrystalline and display strong undulatory extinction.
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Clay matrix is visibly

compressed or compacted around these sand grains. Several plagioclase grains also are
detected in this lithofacies. XRD analyses indicate that plagioclase content ranges from
2% to 6% by weight.
Diagenetic minerals precipitated in this shale include ferroan calcite, ferroan
dolomite, and pyrite. Ferroan carbonates are predominant, and they occur as replacement
and/or cement of calcareous bioclasts. Pyrite occurs as replacement as evidenced by the
presence of several pyritized fossils.
The presence of abundant and diverse fossils in this lithofacies possibly indicates
that this shale was deposited in more oxygenated (dysaerobic to nearly aerobic)
environment. The fragmentary and abraded conditions of these fossils and the presence
of silt and abundant medium sand grains in this shale may suggest deposition in an
environment subjected to a periodic storm turbulence.

Siltv Micaceous Black Shale
This shale interval has similar lithologic characteristics to the silty micaceous
black shale described in cores obtained from Lea County, New Mexico. The lithofacies
consists of black shale, commonly thinly laminated or occasionally bioturbated, and
contains an appreciable amount (about 20% ofthe clay matrix) of fine sand and silt sized
quartz grains. Sand consists of subrounded to well rounded grains that generally display
undulose extinction. Abundant mica fiakes (predominandy muscovite) also are present in
this shale. XRD analyses indicate that clay minerals in this shale consist predominantly
of illite, illite/ismectite mixed-layer, and some chlorite and kaolinite (Sivalingam, 1990).
Various marine invertebrate fossils are found in this lithofacies. These include
productid brachiopods, foraminifera, bryozoans, crinozoans, and ostracods represented
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by Hollinella. Healdia. and Cavellina. Other pyritized and silicified bioclasts are also
present.
This shale is slightly to moderately burrowed. Burrows include predominantly
silt and very fine sand-filled types, and a few pyritized burrows. These latter burrows
are filled with long chains or concentrations of small pyrite framboids (Fig. 34) or, more
rarely, are pyritized only along the margins. In general, burrows are horizontal to
slightly inclined to bedding and do not exhibit bifurcation.
Diagenetic minerals precipitated in this shale include abundant framboidal pyrite,
and small amounts of silica and ferrodolomite. Pyrite and silica occur as replacement of
the clay matrix and some calcitic bioclasts, and rarely occur as cement. Ferroan dolomite
occurs as cement, filling intrabiotic cavities of bioclasts. This dolomite cement appears to
have replaced clay minerals that previously filled intrabiotic cavities bioclasts.

Micaceous Sandstone
This lithofacies comprises intervals up to 5 feet in thickness, of massive or poorly
bedded sandstone that contains significant amounts of mica (predominantly muscovite).
Compositionally and petrographically, this sandstone interval is similar to the micaceous
sandstone interval described from Lea County, New Mexico. However, the high
concentration of phosphate pellets, observed in sandstone cores from Lea County are
scarce here. Only scattered individual pellets were found and these occur in only trace
amounts. Ferroan dolomite cement is abundant in this sandstone interval (Fig. 35).

Brachiopod-rich Black Shale
This interval extends from 10,953 to 10,962 feet and consists of laminated to
structureless black shale, that contains abundant productid brachiopods (Figs. 36 and
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37). Other varieties of fossils found in this lithofacies include Monoceretina and
Cavellina ostracods, foraminifera, bryozoans, nuculoid bivalves, and elements of
ramiform conodonts.
It was suggested by Bretsky (1970) that being lophophorate suspension feeders,
brachiopods create cilliary currents for feeding, and therefore, may have required less
current activity than would be required by epifaunal bivalves. Brachiopods might
therefore have been able to adapt to life in deeper, more offshore environments which
they seem to have dominated in the Paleozoic (Bretsky, 1970 and Carew, 1978).
X-ray diffraction analyses show that clay minerals forming the shale matrix
consist predominantly of illite-smectite mixed-layer, illite, and minor amounts of chlorite
and kaolinite. Silt-sized detrital components include moderate amounts of quartz grains,
and trace amounts of mica (mainly muscovite). This lithofacies is slightly to moderately
burrowed. Burrows are horizontal or inclined to bedding and most are filled by silt and
sand grains, and fragments of calcareous fossils. A few pyritized burrows also are
present, and no examples of clay-filled burrows are observed either in cores or in thin
sections.
Diagenetic minerals precipitated in this shale include significant amounts of
framboidal and cubic pyrite dispersed throughout the clay matrix or replacing calcareous
bioclasts. Other diagenetic minerals detected in this lithofacies are silica and trace
amounts of ferroan dolomite. Silica occurs as replacement of brachiopods and other
calcareous fossils, whereas, ferroan dolomite occurs mostly as cement filling bioclast
cavities. Phosphatic (apatite) nodules also are found in this lithofacies. These nodules
range up to 1 mm in size, and contain siliceous sponge spicules (Fig. 38). In many
instances phosphatic nodules either are partially replaced by ferroan calcite and dolomite,
or massively replaced by pyrite.
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Siltv Micaceous Laminated Black Shale
This shale interval extends from 10,962 to 10,975 feet and consists of silty
micaceous black shale. In almost all aspects of lithological features this lithofacies is
similar to other previously described silty micaceous black shale. However, this shale is
very fissile and the whole interval is distinctly laminated, indicating that the sediments
were essentially undisturbed by burrowing organisms. No fossils were recovered from
residues, or seen in thin sections from this shale. The preservation of lamination,
absence of burrows and fossils in this silty micaceous laminated black shale indicate that
this lithofacies was deposited in more anoxic (lower dysaerobic to anaerobic)
environment than any other silty black shale interval in this core.

Environment of Deposition
In the study area (Northwest Shelf of the Delaware Basin), the majority of the
Atoka Formation was deposited in one environment. This environment, in which the
silty micaceous shale was deposited, consisted of a relatively calm, open shelf marine
environment. Stratigraphic position of the Atokan shale (immediately above shallowwater, sandstone units) suggest deposition in a relatively shallow water environment.
Chemically the environment was reducing, as shown by the appreciable amounts of
pyrite, the presence of lightly calcified fauna, and the preservation of significant amounts
of organic matter.
Atokan seas were density stratified. Stratification ofthe water column prevented
mixing of bottom waters and oxygenated surface waters and, therefore, as underlying
waters become depleted in oxygen, stagnant

anaerobic to dysaerobic conditions

developed. This is evidenced by the deposition of organically-rich, marine black shale
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(TOC equals up to 24 wt% ), which does not exhibit current-induced sedimentary
structures.
Atoka shale consists of only slightly burrowed or unburrowed shale intervals.
Altemation between sparsely burrowed and unburrowed shale intervals suggests episodic
altemation between low-oxygen (dysaerobic) and anoxic (anaerobic) conditions at the
depositional site. Encroachment ofthe dysaerobic-anaerobic zone over marine sediments
by a rise in sea level made anoxic, euxinic conditions widespread across slope and shelf
environments.
The monotonous Atoka shale depositional environment was punctuated from time
to time by deposition of coarser sandstone beds, representing episodic increases in
current strength, and change in chemical environment to relatively less reducing. The fact
that shallow-water sandstone intervals occur in the middle ofthe formation indicates that
there was probably a minor drop in sea level or regression during deposition of the
middle Atokan, so that tongues of sandstone were able to spread into this area. Atokan
sandstone lenses were interpreted by James (1985), as representing a series of
prograding barrier bars deposited along the northeast-trending shoreline. James (1985)
inferred that Atoka marine sandstones were derived from fluvial systems transporting
sediment from the northwest.
Atoka sandstones give direct evidence of a metamorphic and older sedimentary
rock source area, and possibly indirect evidence of a minor plutonic igneous source.
Many ofthe quartz grains have undulose extinction.
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FIGURE 19. Atoka sandstone lenses interpreted by James (1985) as representing
a prograding system of beaches and bars deposited along northeast
trends parallel to ancient shorelines.
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FIGURE 20. Columnar section showing Atokan elastics lithofacies, oxygenation
interpretation, and TOC wt%. Tenneco State LF "30" No. 1 well,
Lea County, New Mexico.
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FIGURE 21. Core samples showing Atoka silty micaceous black shale, and fine
medium-grained micaceous sandstone (MSS) which grades
downward to pebbly or conglomeritic sandstones (CSS). State LF
"30" No. 1 well. Lea County, New Mexico. Depth 12677 - 12688
feet.
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FIGURE 22. Fossiliferous oolitic sandstone. Dolomitized ooids (O) and
undolomitized foraminifera (red) can be seen. Angularity of sand
grains is a result of quartz overgrowth facets which represents the
second cement after chlorite. State LF "30" No. 1 well, Lea
County, New Mexico. Depth 12661 feet.
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FIGURE 23. Silty black shale. Silt grains are randomly scattered throughout the
clay matrix, and mica flakes are conspicuously oriented parallel
with the bedding. State LF "30" No. 1 well, Lea County, New
Mexico. Depth 12670 feet.
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FIGURE 24 . Wispy white "streaks** in Atokan silty micaceous black shale
represent concentrations of siliceous sponge spicules. State LF
"30** No. 1 well, Lea County, New Mexico. Depths 12670 12679 feet.
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FIGURE 25. Burrowed silty micaceous shale interval. Burrows are horizontal
and burrow-fill consists of concentrations of silt grains and fine
siliceous sponge spicules (C). Blue-stained mineral is ferroan
dolomite. State LF "30** No.l well, Lea County, New Mexico.
Depth 12678 feet.
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FIGURE 26. Photomicrograph of microfracture exsudatinite taken in blue light
(500 X) exhibiting characteristic blue- to blue-green fluorescence
indigenous shale clasts, and flow structure (2 cm = 50 ^m) Atoka
silty micaceous black shale. State LF "30" No. 1 well Lea
County, New Mexico.
'
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tweu'Tel
FIGURE 27. Reworked zone (RZ) at tese of s^l^^f^^^f^
above lower Atoka sandstone Stote LF 30 No. 1 well, Le
County, New Mexico. Depths 12681 - 82 leet.
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FIGURE 28. Close view of possible stromatolitic interval (ST). Atokan cores
from State LF-30 No. 1 well. Lea County, New Mexico. Note
also the presence of burrows (B).
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FIGURE 29. Atoka micaceous sandstone. Mica (muscovite) is abundant, and
mica flakes are squashed around neighboring quartz grains due to
compaction. State LF "30** No. 1 well. Lea County, New Mexico.
Depth 12684 feet.
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FIGURE 30. Shaly, micaceous sandstone containing abundant dark phosphate
"pellets.** These "pellets'* average about 0.2 mm - 0.3 mm in size,
and form about 3 to 4% ofthe rock matrix. State LF "30" No. 1
well, Lea County, New Mexico. Depth 12682 feet.
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FIGURE 31. Phosphate "pellets'* grew within the sediment as porphyroblasts.
Note that these "pellets" contain inclusions of matrix material and
that micaflakesand elongate quartz grains extend from matrix into
"pellets." State LF "30" No. 1 well. Lea County, New Mexico.
Depth 12682 feet.
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Depth (ft.)

Lithofacies Description

too t0900

TOC

ESS^-10928
nnnnScI Calcareouj grayish-dark shaJe

D/A
28.3

Silcy micaceous biack shale
Micaceous sandstone
Brachiopod-rich black shale

D/AN

A

5.52

D/AN
22.47

Silly laminaled black shale
Shale is fissile and completely
laminated.

LD/AN

.10975

A •• Aerobic

D - Dysaerobic

nnnj Calcareous grayish black shale
I

LD - Lower dysaerobic

AN » Anaerobic

>I»L»Ji Drachlopod-rich black chale

I Silly micaceous black shale

Silly lominaled black shale

Micaceous sandslone

FIGURE 32. Columnar section showir^ Atokan elastics lithofacies, oxygenation
interpretation, and TOC wt%. Tenneco State JL "36" No. 1 well,
Eddy County, New Mexico.
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FIGURE 33. Atokan calcareous shale lithofacies. This shale is fossiliferous and
contains abundant algal material in uppermost portion. Intrabiotic
pores or cavities of algae are filled with ferroan dolomite (stains
blue). Also note the presence of abundant silt grains in this shale.
State JL "36" No. 1 well, Eddy County, New Mexico. Depth
10934 feet.
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FIGURE 34. Possible pyritized burrows. Burrow-fill contains concentrations of
framboidal pyrite. State JL - 36 No. 1 well, Eddy County, New
Mexico. Depth 10974 feet.
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FIGURE 35. Atokan sandstone interval. This interval contains abundant ferroan
dolomite cement (blue). Note squashed muscovite flakes around
quartz grains due to compaction of this sand. State JL "36" No. 1,
well Eddy County, New Mexico. Depth 10966 feet.
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FIGURE 36. Core samples showing abundant brachiopods. Brachiopod-rich
shale lithofacies. State JL "36" No. 1 well, Eddy County, New
Mexico. Depth 10973 feet.
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FIGURE 37. Brachiopod-rich black shale. Note abundance of brachiopod
shells. Other calcareous bioclasts such as crinoids and bryozoans
can also be seen in this photomicrograph. Note phosphatic nodule
at the bottom ofthe photomicrograph. State JL "36" No. 1 well,
Eddy County, New Mexico. Depth 10974 feet.
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FIGURE 38. Phosphatic nodule in brachiopod-rich black shale. Nodules
contains siliceous sponge spicules and (?) debris of other bioclasts.
Note the occurrence of pyrite (dark) as partial replacement to these
nodules. State JL "36** No. 1 well, Eddy County, New Mexico.
Depth 10974 feet.
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CHAPTER IV
LITHOFACIES AND DEPOSITIONAL ENVIRONMENTS
OF THE CANYON SANDSTONES

Canyon sandstones are Upper Pennsylvanian deposits found in the Val Verde and
Midland basins, and occur in a thick clastic sequence overiying the Strawn Limestone.
These sandstones were first considered to have been deposited during Pennsylvanian
(Missourian) time, and informally named after the Canyon Group deposited on the eastern
of the Permian Basin. However, a study by Bloomer (1977) suggests that these
sandstones are early Permian in age, rather than being a part ofthe Canyon Group. Direct
fossil evidence ofthe Canyon Sandstone is absent, therefore their exact age on the eastern
shelf is uncertain. Huang (1989) indicated that a portion of it is Lower Virgillian (Cisco
equivalent), but possibly some portion is Missourian (Canyon equivalent). In the
subsurface ofthe Permian Basin, these sandstones are always referred to as the "Canyon
Sands." Problems of stratigraphic nomenclature for the Canyon Sandstones have arisen
because ofthe complexity and differences in the facies ofthe subsurface strata, and the
corresponding surface equivalents in both the Canyon , and the Cisco groups.
In the Val Verde Basin, the Canyon Sandstones have been explored for gas since
the 1940's, and at present, there are about 350 square miles of gas-producing area, and
about 7,700 square miles of gas-prospective areas in the Val Verde-Sonora field (Huang,
1989). Estimated in-place gas reserves are in excess of 3,500 X 10^ scf and prospected to
have 21,160 X 10^ scf of maximum recoverable gas (Askew, 1981). However, Askew
(1981) admitted that reserve estimates are extremely difficult to make in this area and that
the previous figures can be too low.
Canyon Sandstones have been interpreted as representing deltaic sequences (Hills,
1968), turbidite deposits (Hills, 1968; Galloway and Brown, 1972; Berg and Mitchell,
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1976; Huang, 1989), and basinal deposits of undesignated origin (Rail and Rail, 1958).
Huang (1989) inferred that two major sources of sediments are possible for the Val Verde
Basin Canyon sandstones-the Eastern shelf to the northeast and the rising Central Basin
Platform to the northwest. A fluvio-deltaic system which prograded across the mixed
carbonate and terrigenous Eastern shelf was possibly a large source of elastics for these
turbidite or submarine fan deposits.
In this investigation, conventional cores from three wells-Berger No. 3, Ward
No. 4, and Shanklin No. 1-10 in Sutton and Edwards counties, Texas, were studied
(Fig.l). Core samples cover depths ranging from 2521.0 feet to 6401.0 feet. Canyon
Sandstones represented by these cores display a suite of sedimentary structures, facies
associations and biogenic features indicative of deposition by turbidity currents.
Sedimentary structures include parallel laminae, small scale cross-bedding, graded beds,
climbing ripples, load structures, rip-up clasts, microfaults, and occasional sand dikes,
whereas biogenic characteristics include deep-water trace fossil assemblages, mixed
assemblages of shallow and deep water fauna, and debris of carbonized plant fragments
of terrestrial origin (Huang, 1989).
Lithologically these turbidite deposits consist of fine-grained sand, silt, and shale
occurring within a thick sequence of elastics that was deposited as parts of submarine fans
on the shelf slope and in the Val Verde Basin. Generally, sandstone units grade upward
into silty sandstones, which in turn, grade upward into shales. This transition is
generally gradual, but in some cases the grading from relatively large grain sizes upward
into finer sizes occurs within few inches. Sedimentary sequences and structures,
lithology, and subdivisions of these submarine fan deposits are briefly discussed below.
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Sedimentarv Sequences and Stmctures
In almost in all the cores examined, sandstones display an orderly sequence of
sedimentary structures, that represent different divisions of Bouma sequences. Bedsets
are typified by occurrences of massive graded sandstone units (Ta), overiain by parallellaminated sandstones (Tb), that are succeeded by thin, cross-bedded, very fine-grained
sandstones or siltstones (Tc), and pass upward to pelitic units consisting of nonlaminated
or stmcmreless silty black shale (Te). Other intervals display rhythmic altemations of thin
sandstone or siltstone units and silty black shales. Variations of such sequences occur,
with one or more of the component divisions missing.

Common examples of

"incomplete" bedsets are massive or parallel laminated sandstone units directly overlain by
black shale (Fig. 39). The origin of internal structure in a sequence can be explained in
terms of decreasing competence and flow regime (Walton, 1967). Massive Ta and
laminated Tb sandstone divisions reflect deposition in the upper flow regime (Middleton,
1967). Rippled Tc divisions form under low flow regime conditions (Simon and
Richardson, 1961), and Td and Te divisions result from suspension deposition.

Flame Structures
Flame structures are commonly observed in both the sandstone and siltstone beds
or units. They occur most often in the very thinly bedded units and are present along the
bases of some sand and silt intervals. These stmctures range from a minimum of 0.25
inches to about 3 inches in size (Huang, 1989).

Rip-up Clasts
Rip-up clasts consist of brown and black shale clasts, and occur in both sandstone
and siltstone units (Fig. 40). They commonly occur at or near the bases of basal
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sandstone units overiying shale units, and occasionally are found in thinly interbedded
siltstone and sandstone units. These shale clasts are elongate, measuring 1 to 2 inches
along their long axes. Their long axes commonly are parallel to neariy parallel to bedding
planes. Presence of rip-up clasts indicates that the current possessed enough erosive
power to rip up small fragments ofthe black shale and incorporate them as clay clasts in
sandstone and siltstone beds.

Microfaults
Microfaults are present in the very thin interbedded and inter-laminated sands, silts
and shale units. Other various effects of sedimentary soft-sediment observed in these
turbidite deposits include shale and sand dikes. These features apparently resulted from
the combined effects of shale dewatering and overloading into the underlying sandstones.

Biogenic Stmctures
Several examples of mottled textures are observed in siltstone and shale intervals.
These mottled textures are the result of reworking of sediments by organisms which
apparently caused the destruction of the original bedding. On the bedding surfaces of
sandstone core samples several examples of biogenic stmctures were observed. These
biogenic structures mainly consist of casts on the soles of turbidites, and display
meandering characteristics on the bedding surfaces.

Submarine Fan Facies Associations
Canyon sandstone core samples obtained from Berger No. 3 and El Paso Ward
No. 4 wells consist of massive sandstone intervals about 1 to 3 feet thick with some
reaching a maximum thickness of about 5 feet. These sandstones display Tae or Tabe
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divisions, and in all beds, the massive Ta division represents the thickest unit (Huang,
1989). In general, the interbedded shales are very thin, and inconspicuous to absent, and
only a very small number of complete bed sequences is present. Most of the sandstone
units are light-gray in color, but in some instances massive Ta sandstone units display tan
to brown mottling. These mottled areas represent irregular patches of siderite cement.
Because the massive Ta sandstones are the dominant sequence in these cores, the cored
section represents stacked channel-fill sandstones, possibly ofthe inner submarine fan
(Huang, 1989).
Cores obtained from the Osbom-Hayed Shanklin No. 1-10 well, Edwards
County, Texas, display Tabce and Tbce as predominant bedsets (Fig. 41). Huang (1989)
indicated that these bedsets comprise 10% and 25% of all bedsets, respectively. The rest
are mainly Tae, Tab, Tabce. Following the Ricci Lucchi mrbidite facies classification
(1975), Huang (1989) indicated that these bedsets can be classified as D facies, E facies,
and B facies, and facies represent turbidite lower submarine fan deposits from nearby
inner-fan areas and the incomplete thicker beds of Tae, Tab, and Tabce beds possibly
represent channel deposits of these lower fans . Lower submarine fan deposits consist of
alternating sandstone and black shale units that thicken and coarsen upward.
Huang (1989) indicated that the inner fan facies is characterized by thick
sandstone intervals displaying incomplete Ta, or Tab sequences that are interbedded with
thin sandstone intervals generally exhibiting incomplete Tae or Tabce sequences. The
thick sandstone intervals are interpreted to represent channelized turbidite facies, whereas
the incomplete thin beds are interpreted as levee deposits. These overbank deposits ofthe
inner fan are even thinner than similar beds and sequences on the lower fan.
In Shanklin No. 1-10, lower-fan facies, the gamma-ray log signature displays
erratic or "nervous" character reflecting the thinly interbedded sandstone and shale units.
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Commonly, the gamma-ray readings yield or register higher than 75 API units, therefore
indicating the presence of a small amount of net clean sandstone within this section (Fig.
42).
Outer or lower fan facies recognized in Shanklin No. 1 - 1 0 , consist of finegrained, poorly sorted sandstone (quartz-arenite) interbedded with non-laminated
carbonaceous silty black shale to shaly siltstone intervals (2515 - 2561 feet). Other cored
intervals (3261 - 3347 feet, and 4087 - 4150 feet.) represent rhythmic altemations of thin
units of sandstone or siltstone (Td) and silty carbonaceous black shale (Te) divisions
(Fig. 43).
The sandstone units contain abundant carbonaceous material (Fig. 44) and the
black shale also contains what appear to be carbonized terrestrial fragments, organic
wisps, and calcareous bioclasts that include crinoidal stems, bryozoans, foraminifera, and
ostracods.
The several varieties of trace fossils observed in core samples representing
these turbidite deposits comprise the grazing trace of meandering Phvcosiphon which is
typical for turbidite and flysch deposits (Hart, 1982), the back fill stmcture of
Scolicia.(Huang, 1989) parallel to bedding (Fig. 45). Huang (1989) also identified the
trace fossil Granularia.

Sandstone Lithofacies and Petrography
Canyon sandstones are very fine grained (0.062 - 0.125 mm) to fine grained
(0.125 - 0.25 mm) and, in general, grain size decreases upwards within bed-sets. For
instance, the massive Ta divisions are typically fine to medium grained, whereas the Tb
and Tc divisions consist of very fine-grained sandstones, and the Td division is coarse
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silt. Sand grains are subrounded to well rounded, and the overall sorting ranges from
very poor to moderate.
Compositionally quartz is the major constituent of these sandstones although
quartz content decreases in some bedsets. Vertical differences in quartz content exist
between massive Ta divisions and overiying Tb and Tc divisions. Petrographic analyses
indicate that overall quartz amounts range from about 63 to 89% ofthe detrital fractions,
and grains are predominantly monocrystalline. Quartz overgrowths also are common in
these sandstones. These quartz overgrowths display euhedral termination and are in
optical continuity with the host grains. The second most abundant grains found in these
sandstones consist of detrital rock fragments and chert. These are abundantly represented
by silty, sandy and carbonaceous shale clasts (Fig. 46). Commonly these shale clasts
have the same color and texture as shale beds subjacent to the sandstones containing the
clasts. Few grains of low-grade metamorphic rocks (possibly phyllites) exhibiting wavy
texture also are present. Feldspars are the next major constituents. The estimated
percentage of feldspar is about 1 to 12% ofthe detrital fraction. Feldspars consist mainly
of plagioclase and potassium feldspar. Other constituents (forming less than 1%) found
in the sandstone intervals include macerated and carbonized "charcoal" plant material.
XRD analyses of these sandstones show that the clay mineral assemblages of all
samples are similar. The dominant clay minerals are illite, kaolinite and chlorite.
Kaolinite is as abundant as illite, and chlorite is less abundant than either kaolinite or illite
(Huang, 1989). Huang (1989) determined the mean clay content of cored intervals as
22%, and indicated that clay content within Canyon sandstones ranges from trace
amounts to 50%. In general, clay content is low in turbidite channel facies and high in
overbank levee facies or deposits.
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Maceral assemblages found in these sandstones include possible examples of
inertenite, and vitrinite. Vitrinite exhibits reddish to orange color when observed in plane
light, whereas inertinite displays grayish dark color. These macerals probably represent
redeposited vitrinite from other sedimentary sequences or environments.
The predominant skeletal grains seen in these sandstones include fusulinids,
echinoderm spines, brachiopods, bryozoans, and crinoidal stems. These faunal
components are shallow water organisms of undetermined age, and they have been
transported to deep-water environments by slumps or highly viscous, turbidity currents.
Diagenetic minerals detected in these sandstones include siderite, quartz
overgrowth, feldspar overgrowth developed on feldspar grains, kaolinite, chlorite,
mixed-layer clay, pyrite, dolomite, ferroan dolomite, and ferroan calcite. Siderite occurs
as cement and forms rims around quartz grains (Fig. 47) and in some instances occurs as
clusters of pore-filling rhombs. Precipitation of continuous siderite films around quartz
grains inhibited or precluded precipitation of quartz overgrowths and led to preservation
of appreciable pore spaces in many sandstone intervals. Siderite cement is generally
distinguished by its sucrosic, microgranular texture and its brownish appearance and
imparts a brownish color to sandstone intervals cemented by this mineral. Quartz
overgrowths are detected in most sandstone thin sections that do not contain welldeveloped siderite rims around quartz grains (Fig. 48).
Kaolinite composed of numerous booklets occurs as pore-filling cement. Ferroan
calcite occurs as cement filling pores, and as replacement of calcitic shells. This mineral
can be locally abundant in some Canyon sandstone samples. Ferroan dolomite is more
abundant than ferroan calcite. It occurs as cement filling pores (Fig. 49), or partially to
completely replacing calcitic fossils .
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Siltv Sandv and Carbonaceous Black Shale
Shale intervals associated with the Canyon sandstone consist of silty sandy and
carbonaceous black shale to shaly carbonaceous siltstone. In the Ward No. 4 and Berger
No. 3 wells this shale mainly occurs in 10 to 20 feet thick intervals (Figs. 50, 51, 52),
that are massive, stmctureless, or display highly contorted bedding (Fig. 53). The
contorted bedding indicates soft-sediment deformation. Contortion possibly resulted
from slumping or was caused by subsequent loading of the shale which had a high water
content. These shale intervals may represent overbank or starved basin hemipelagic
deposits. Starved basin deposits record times when the shelf was submerged and
nothing but hemipelagic sediments and very dilute, low volume, low velocity suspensoid
mud clouds were deposited. The presence of micrograded beds of very fine sand and silt
within the shale, the absence of deep-water and pelagic fossils, and the presence of
shallow-water fauna, including crinoids, bryozoans, echinoderms, and ostracods
recovered from residues, may suggest that these shales represent turbidite deposits, rather
than being deposited as hemipelagic mud in a starved basin. In Shanklin No. 1-10, black
shale occurs as several thin intervals totaling about 37 feet in thickness, and interbedding
with graded siltstone and fine-grained sandstone. These thin shale units are mainly
associated with lower fan facies, and occur as fine-grained thin turbidite deposits.
Sediment suspension during transport was largely the result of flow turbulence.
Within the Canyon shales clay minerals constitute approximately 70% to 80% of
the matrix. Illite and mixed-layer illite/smectite are the predominant clay minerals and
lesser or small amounts of chlorite (chamosite) and kaolinite also are present. Landis
(1990) indicated that most Canyon shales contain 30 to 40% by weight illite and illitic I/S,
and suggested that the clay mineralogy of Canyon shale represents inheritance of detrital
mica, chlorite, and kaolinite. Landis (1990) proposed two hypotheses to account for the
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presence of mixed-layer illite/smectite phase in Canyon shales: minor amounts of detrital
smectites and/or geochemical alteration of detrital illite crystallites.
Appreciable amounts of silt and very fine sand grains, and minor amounts of
mica (muscovite) flakes occur within Canyon shales. The silt and fine-sand sized quartz
grains are subrounded to well rounded (Fig. 54), and mostly are monocrystalline with a
uniform or slightly undulatory extinction. Commonly, these silt and sand grains are
randomly scattered throughout the clay matrix, and in some cases are concentrated in
clusters or lumps, which possibly represent burrows within these shales. Mica found in
these shales consists of very fine elongate flakes. TEM and SEM analyses (Landis,
1990) indicated that the dominant detrital component consists of subequant particles that
exhibit domain microstructure within the flakes and show some degree of alteration.
Other detrital components detected in most silty sandy, carbonaceous black shale, and
shaly siltstone intervals include quartzite and mica schist rock fragments (Fig. 55).
Fossils recovered from insoluble residues of these shales consist of foraminifera,
crinoids, bryozoans, and ostracods abundantly represented by Healdia and Corvellites
species. Carbonized plant fragments also are common constituents in almost all shale
sequences. Except for ostracods, most of the other fossils are commonly fragmented or
poorly preserved. This made identification of these fauna to higher taxonomic levels
impossible or extremely difficult.
Burrowing is extensive in some intervals and sparse in others. This possibly
resulted from fluctuations in the rate of sedimentation and/or the amount of oxygen at the
depositional site. Thin sections commonly show traces not otherwise visible in core
samples. Burrows are recognized by the presence of lumps or patches of tightly
cemented, well-sorted siltstone, and very fine sand grains within the clay matrix.
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In general, T.O.C. values for the Canyon shale range from 26 to 6.4 wt%, and
the mean T.O.C. is 12 wt% (Landis, 1990). Although all shale units or intervals exhibit
the same lithologic features, shale samples from Ward No.4 appear to have higher T.O.C.
values than shales from Berger No. 3, and Shanklin No. 1 - 10. T.O.C. values for the
Ward No.4 range from 26.2 to 13 wt%, and the mean T.O.C. is 17.1 wt%, whereas the
mean T.O.C. for shale samples obtained from Berger No. 3, and Shanklin No. 1 - 10 are
12.16 and 10.31 wt%, respectively. These difierences in organic matter concentrations in
these shales cannot clearly be attributed to differences in preservation conditions, or rates
of sedimentations.
The maceral assemblages recognized in these shales comprise abundant liptinite,
and some inertinite and vitrinite occurring as minor constituents. Landis (1990) indicated
that the degree of preservation of these three maceral groups is variable. Liptinite integrity
is best preserved, whereas the inertinites are generally very poorly preserved.
Diagenetic minerals present in these shales include siderite, pyrite, and silica in the
form of microquartz. Siderite can be locally important, and pyrite is less abundant in
these shales than in the Woodford, Atoka, and Wolfcampian shales. Pyrite occurs more
abundantly as isolated cubic crystals, rather than as framboids.
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FIGURE 39. Examples of turbidite incomplete bedsets consisting of massive
sandstone or parallel laminated intervals directly overlain by black
shale units. Shanklin No. 1-10 well, Edwards County, Texas.
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FIGURE 40. Black shale rip-up clasts (arrows) in fine- to mediuin-grained
sandstone units. Shale clasts show more or less imbricate
orientarion. Note bioturbated beds above and bdow sand^
Shanklin No. 1-10 well, Edwards County, Texas. Depth 2517
feet.
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FIGURE 41.
amklin No. 1-10 well, Edwards County. Texas. Depth 3324 25 feet.
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Osbom - Hayes Shanklin No. I-10
J. Bunton Survey Sec. 10
Edwards County, Texas
Canyon sandstone
Cored interval: 3251 - 3338 Feet.
GAMMA
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FIGURE 42. Diagram showing lithofacies, and sedimentary environment of
turbidite lower fan deposits in the Shanklin No. 1-10 well.
Gamma-ray readings yield higher than 75 API units, indicating the
presence of net clean sandstone (after Huang, 1989).
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FIGURE 43. Rhythmic alternations of thin units of siltstone and silty sandv
black shale «:cumng in thin turbidite deposits. Lower submarine
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FIGURE 44. Canyon sandstone unit contains carbonaceous plant or wood
fragments. Berger No. 3 well, Sutton County, Texas. Depth
6253 feet.
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FIGURE 45. Biogenic structures on the surface of a sandstone unit. Outer
submarine fan facies. Shanklin No. 1-10 well, Edwards County,
Texas. Trace fossils include Scolicia and Palaeodicton. Depth
4124.3 feet.
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FIGURE 46. Shale clasts (she) are abundant detrital constituents in many
Canyon sandstone intervals. Shanklin No 1 - 10 well, Edwards
County, Texas. Depth 2533 feet.
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FIGURE 47. Continuous and well-developed siderite films occur as cement and
formrimsaround quartz grains. Siderite is an important cement in
the Canyon sandstone. Sandstones are sub- to well-rounded.
Also note the presence of pyritized bioclasts. Shanklin No. 1-10
well, Edwards County, Texas. Depth 4048 feet.
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FIGURE 48. Quartz overgrowths are detected in most Canyon sandstones that
do not contain well-developed siderite rims around quartz grains.
Siderite films are discontinuous, but present. Shanklin No. 1-10
well, Edwards County, Texas. Depth 2515 feet.
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FIGURE 49. Ferroan dolomite occurs as cement filling pores. This mineral can
be locally abundant in some Canyon sandstone samples. Note the
presence of a metamorphic rock fragment (bottom of the
photomicrograph) displaying a wavy texture. Berger No. 3 well,
Sutton County, Texas. Depth 6394 feet.
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FIGURE 50. Thick unit of silty sandy black shale and shaly siltstone that
probably represent interfan deposit. Ward No. 4, Sutton County,
Texas.
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El Paso Natural Gas - Ward No. 4
Sec. 107, Blk. "B", HE and WT Survey
Sutton County, Texas
Canyon sandstone
Cored Interval: 5580 - 5709 Feet
GAMMA
75
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FIGURE 51. Diagram showing lithofacies and sedimentary environments of
turbidite channel deposits in the Ward No. 4 well. Thick shale
sequences probably represent interfan or overbank deposits (after
Huang. 1989).
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El Paso Namral Gas Company - Berger No. 3
Sec. 102, Blk. "B", HE & WT RR Survey
Sutton County, Texas

Canyon sandstone
Cored interval: 6255 - 6397 Feet
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FIGURE 52. Diagram representing lithofacies and sedimentary environments of
turbidite channel deposits in the Berger No. 3 well. Thick shale
sequences represent interfan or overbank deposits (after Huang,
1989).
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FIGURE 53. Shale interval displays highly contorted bedding. Contorted
bedding (cb) indicates soft-sediment deformation. Shanklin No.
1-10 well, Edwards County, Texas. Depth 2588 feet.
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FIGURE 54. Canyon black shale lithofacies contains abundant subrounded to
well-rounded silt and fine-sized quartz grains. Note the presence
of a calcareous bioclast, possibly a crinoid or a bryozoan, that has
been cemented by ferroan dolomite (stains blue). Ward No. 4
well, Sutton County, Texas. Depth 5591 feet.

101

FIGURE 55. Canyon silty sandy black shale to shaly siltstone contains quartzite
rock fragments (QR). Ward No. 4 well, Sutton County, Texas.
Depth 5616 feet.

102

CHAPTER V
WOLFCAMPIAN SHALES OF THE DELAWARE BASIN

The stratigraphic name Wolfcampian (as used here) is a time stratigraphic, i.e.,
series name, for the lower Permian strata, follow the suggested usage by Cheney et al.
(1945). The stratigraphy ofthe Wolfcampian series in the Permian Basin is complex and
is not completely understood.

The Wolfcampian series is represented on the

Northwestem Shelf by the Hueco Limestone (King, 1942). This lies with marked
unconformity on Pennsylvanian and older rocks. In the Delaware and Midland basins,
the series apparently changes into dark-gray bituminous shales, with some interbedded
dark shaly limestone and sandstone intervals that are separated by an unconformity from
the Strawn series below (Hills, 1984) and Leonardian series above (King, 1942).
Several core samples were obtained from Wolfcampian shale sequences in the
Delaware Basin. The bore holes on which this investigation is based are shown in Figure
1. A cored interval of about 150 feet (50m) obtained from the Northem Delaware Basin,
(Eddy County, New Mexico) is divisible into three distinctive lithologic facies (Fig. 56).
These are in descending order: 1) spiculitic calcareous gray shale, 2) silty black shale,
and 3) calcareous debris flow. Lithofacies were recognized on the basis of allochemical
constituents and the nature of clay matrix, color as well as texture. All lithofacies have
undergone a complex diagenetic history which is discussed in detail in Chapter VII.

Spiculitic Calcareous Grav Shale
Spiculitic calcareous gray shale is the predominant Wolfcampian lithofacies. It
represents the thickest shale facies (with intervals ranging up to several feet in thickness),
and is commonly found intercalated with thin silty spiculitic black shale intervals. The
contact between the spiculitic calcareous gray shale and silty spiculitic black shale
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intervals is commonly gradual. However, in some instances a sharp contact between both
lithofacies is observed (Fig. 57).
Spiculitic calcareous shale consists of gray to dark-gray calcareous shale, which
either appears massive and stmctureless, or displays wavy parallel lamination. This shale
contains a high concentration of fine-grained and moderately sorted siliceous sponge
spicules belonging predominantly to the desmosponge (monactinellids) and hyalosponge
(hexactinellids) groups. Other less abundant skeletal components found in this lithofacies
include brachiopods, forams, ostracods and fish scales or remains (Fig. 58). Throughout
all intervals that represent this lithofacies, most sponge spicules have been completely
replaced or filled by diagenetic ferroan calcite and, to a lesser extent, by ferroan dolomite
(Fig. 59).
The ecology of the siliceous sponges responsible for the enormous quantities of
scattered spicules throughout the spiculitic shale lithofacies of the Delaware Basin is
highly conjectural (Newell et al., 1972). Spicules become disaggregated from decay of
the supporting sponge tissues; and the fossil spicules can be scattered and transported a
considerable distance from their place of origin. Newell et al. (1972) suggested the
possibility that these sponges grew or lived most abundantly along the lower slopes at the
margins ofthe Delaware Basin, and the spicules were winnowed to lower bathymetric
levels by turbidity currents. Moreover, it is possible, that sponges ranged farther into
deep stagnant waters than other organisms. Lowenstam (1948) reported spiculites from
clear water, inter-reef areas; and they are ubiquitous in deep-water slope deposits
throughout the geologic record.
Detailed examination of core samples and thin sections ofthe spiculitic calcareous
gray shale, does not reveal any evidence (e.g., graded intervals of spicules) for turbidity
current action. In many cases, spicules appear to be reworked by bottom currents, as
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evidenced by the presence of layers of well-sorted spicules that display a preferred
directional orientation (Fig. 60). In other instances, clusters of randomly oriented
spicules are observed. The origins of these clusters is uncertain, but they may reflect
concentration by burrowing organisms (Fig. 61).
X-ray diffraction analyses indicate that the clay minerals present in this lithofacies
are predominantly illite/ismectite mixed-layer, and minor amounts of illite. Kaolinite and
chlorite are absent or occur as trace amounts (Sivalingam, 1990). The volume of clay
determined using gamma-ray methods (Asquith, 1982) ranges from 59% to 69% (see
Appendix B).
Diagenetic minerals precipitated in this lithofacies include appreciable amounts of
calcite, dolomite, ferroan calcite, ferroan dolomite, pyrite, celestite, anhydrite, and silica
(mainly microquartz). Ferroan calcite and dolomite occur as replacement and cements
within canals of siliceous sponge spicules and clay matrices, and in many instances
ferroan calcite forms isolated calcareous nodules and stringers surrounded by original clay
matrix. This observation suggests that the carbonate minerals present in the shale are
diagenetic minerals, and not the result of pelagic or hemipelagic sedimentation. Pyrite
comprises framboidal and cubic crystals, and is dispersed throughout the clay matrix. In
many cases it selectively replaces skeletal grains. Silica occurs mainly as a replacement
oi/and cement ofthe clay matrix. Anhydrite and celestite occur as replacement and cement
ofthe sponge spicules. Emplacement of appreciable amounts of authigenic minerals in
this spiculitic gray shale lithofacies increased density to the extent that these shales appear
as carbonates on the FDC log (p up to 2.74 g/cc; see Figure 56).
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Siltv Spiculitic Black Shale
The silty black shale lithofacies commonly occurs as thin intervals or beds that are
1 inch to several feet thick. Illite/smectite mixed-layer and illite are the dominant clay
minerals in this shale with kaolinite and chlorite occurring as minor constituents or traces
in neariy all ofthe samples studied (Sivalingam, 1990). Kaolinite and chlorite were
detected in appreciable amounts only at 9043 feet (Sivalingam, 1990).
Silt-sized quartz grains form over 10% of this rock type. The quartz silt grains,
averaging 0.015 mm in diameter, are subangular or subrounded and generally show
undulose extinction even in these very small grains. Folk (1960) indicated that because
quartz grains are suspended "like raisins in raisin bread" throughout the yielding clay
mass, such strain must have been induced in the source area; that is, the quartz has not
been strained by post-depositional compaction ofthe shale. The fact the silt is scattered as
random grains in the clay matrix instead of in laminae indicates lack of current action.
The silt may have been blown into the depositional site by wind and was deposited by
suspension settling. Mica (chiefly muscovite) flakes also are present in minor quantities
in this lithofacies. Generally, these flakes are parallel to bedding, indicating that the
sediment was not disturbed by currents, wave action, or burrowing organisms after
deposition.
Siliceous sponge spicules are less abundantly represented in this lithofacies, and
where present, are relatively smaller than spicules found in the spiculitic calcareous gray
shale. In most instances, the spicules have not been replaced by diagenetic minerals.
However, where they are replaced, ferroan dolomite (Fig. 62) is the most abundant
replacive mineral, followed in abundance by celestite and anhydrite (Fig. 63). Celestite
and anhydrite exhibit poikilotopic texture and replace the engulfed sponge spicules. The
occurrence of celestite and anhydrite may be related to the migration or presence of
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hypersaline pore waters enriched in sulfate ions. Several intervals of this silty spiculitic
black shale contain abundant phosphatic (apatite) "pellets." These "pellets" are commonly
spherical (Fig. 64) and range in size from 0.002 to 0.001 mm.
In addition to the occasional presence of siliceous sponge spicules, the silty black
shale facies contains a varied planktonic and benthic fauna. These include conodonts,
represented bv Streptocnathodus eloneatus (late Pennsylvanian to eariy Permian),
protoconchs, ammonoids, bactrioid cephalopods, nuculoid bivalves, pseudozygopleurid
gastropods, productid brachiopods, ammodiscoid and endothyrid forams, some pyritized
crinoidal columns, and ostracods, abundantly represented bv Healdia some Cavellina and
Corvellites. A significant number of marine palynomorphs are also found in this
lithofacies.
The amount of organic carbon in this lithofacies is abundant. TOC values (in
wt%) typically range from 17.8 to 26.4, with one sample yielding a value of 28.5.
Optical examination of organic constituents shows that alginite and exsudatinite are
dominant, with unidentified or unfigured liptinite, and vein resinite subordinate (Landis,
1990).
Biomrbation is rare, with only a few burrows being detected. Some burrows are
pyritized and in thin sections, they appear as regular black streaks that cut across the
laminae. Silt, fine sand, and sponge spicules are concentrated within some burrow
fillings (Fig. 65). Identification of burrow type is difficult in this lithofacies. Inasmuch
as the silty black shale is occasionally or partially bioturbated and because it contains a
benthic fauna, dominated by small bodied deposit feeders, this would suggest that this
lithofacies was deposited under dysaerobic conditions. This is similar to many presentday, poorly oxygenated environments, where the dissolved oxygen levels range from 0.1
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to 1.0 ml/liter (dysaerobic zones) supporting only soft-bodied or lightly calcified benthos
(Roads and Morse, 1971; Byers, 1977).

Calcareous Debris Flow
Calcareous debris flow deposits consist of poorly sorted and reworked calcareous
bioclasts, like those ofthe marginal bioherms from which they evidently were derived.
Individual beds are as much as 10 feet thick. Bioclasts include phylloid algae, fusilinids
(represented by Schwaeerina). bryozoans, ostracods, crinozoans and other unidentified
skeletal grains and lithoclasts. These bioclasts are typically suspended in a muddy matrix
(Fig. 66). In some intervals these debris flow deposits show normal grading. However,
in general, they show no internal stmcmre, and consist of a chaotic and poorly sorted
mixture of debris. The muddy matrix ofthe debris flows is composed chiefly of illitic
clay and accessory chlorite and kaolinite with a very small amount of silt-sized quartz.
Cook (1983) indicated that during the Wolfcampian, sediment-gravity flows were
common events at some shelf margins in the Permian Basin. These mass flows,
transported large volumes of shoal-water bank and reef carbonates downslope into the
Midland and Delaware basins, forming a variety of redeposited lithofacies.

Environment of Deposition
Wolfcampian shale, represented in the Welch "A" cores, was deposited in a
relatively deep water environment beyond the shelf break or at the slope ofthe Delaware
Basin. Clays were deposited as pelagic or hemipelagic sediments. Airborne dust and
muds from low-density riverine plumes or hypopycnal flows settled along with organic
material from the surface layers as a continuous pelagic rain. Silt-sized quartz grains and
coarser material were blown by wind to the site of deposition.
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Hills (1984) indicated that in the eariy Permian (Wolfcampian), the final pulse of
the Marathon Orogeny thmst geosynclinal rocks farther northward, providing a source for
a flood of muds and fine sands that filled much ofthe southem and central portion ofthe
Delaware Basin.
High concentrations of siliceous sponge spicules in the spiculitic shale lithofacies
suggest that sponges grew most abundantly on the lower slopes or on the floor of the
Delaware Basin and that spicules were not winnowed by turbidity currents, because no
evidence of turbidity current action was detected. In some cases spicules appear to be
reworked by bottom currents, as evidenced by the presence of layers of well-sorted
spicules that display a preferred directional orientation.
Wolfcampian shales (in this area) are sparsely bioturbated, and most silty black
shale lithofacies containing a benthic fauna dominated by small-bodied molluscan deposit
feeders. These organisms are so scarce, however, that none were seen in many of the
thin sections. The rarity of burrowing and benthic organisms indicates that the
Wolfcampian shales were deposited in a dysaerobic or nearly anaerobic environment.
The abundance of pyrite and undegraded organic matter in Wolfcampian shales also
indicates a reducing environment.
Stagnation in modem marine basins, as well as in those ofthe geologic past, can
be produced by a tripartite density stratification ofthe water column which isolates bottom
waters from oxygenated surface waters (Ettensohn et al., 1985). Ettensohn et al. (1985)
indicated that in these basins, the oxygenated surface layer is separated from an oxygendepleted bottom layer by an intervening discontinuity layer called the "pycnocline." The
pycnocline is a zone of rapid change in the thermohaline density gradient between
isothermal and isohaline surface waters and bottom waters with small salinity and
temperature gradients (Neumann and Pierson, 1966; Byers, 1977). The formation of
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pycnocline in the water column prevents formation of large, vertical thermal or salinity
currents which could transport oxygenated surface water to the bottom (Ettensohn et al.,
1985). Therefore, this would lead to the formation of stagnant anaerobic conditions in the
bottom waters. During Wolfcampian time the Delaware Basin was semi-enclosed basin
and Wolfcampian basinal waters were apparently density (thermocline) stratified. The
former presence of a stratified water column is reflected in the altemation between gray
and black shale intervals which show variations in color, faunal and organic contents.
Stratification ofthe Wolfcampian water column and sluggish circulation in this semienclosed basin therefore, led to minimal thermal mixing of oxygen-rich, warm and lighter
surface water, and colder, denser, oxygen-depleted bottom waters. Aerated surface
waters of the Delaware Basin were also rich in nutrients and hence, resulted of
phytoplanktons or high organic productivity. Hills (1984) indicated that circulation
through channels in the carbonate shelf and through the Hovey channel and Val Verde
Basin to the south kept the surface sea water of the Delaware Basin, aerated and
organically productive. High organic productivity at surface waters in addition to lack or
minimal vertical mixing which would otherwise transport oxygenated water from the
surface to the bottom, caused the development of anoxic bottom waters.

Major

Wolfcampian transgressions which coincided with the development of these basinal
anoxic events, resulted in encroachment of anoxic or near-anoxic water masses on slope
and some shelf areas ofthe Delaware Basin. Under these conditions, organic-rich
Wolfcampian shales are preserved. Stratification ofthe water column was dismpted from
time to time by influxes of carbonate-rich debris flow. These mass flows transported
large volumes of shoal-water bank and bioherm carbonate downslope into the Delaware
Basin. Influxes of debris flow possibly have occurred during episodes of lowering sea
levels.
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In general, the preservation of organic matter in Wolfcampian shale lithofacies
(TOC reaches up to 26 wt%) may, on one hand, reflect relatively rapid organic
sedimentation rates, hence preventing the destmction of organic matter by sul fatereducing bacteria (Morris, 1968). On the other hand, it suggests that sedimentation rates
of mineral particles are intermediate (Dow, 1978). Therefore, this resulted in minimizing
the effects of both dilution and consumption of organic matter by heterotrophic
organisms.

Wolfcampian Shales ofthe Midland Basin
Cores ofWolfcampian Shale obtained from Gaines County, Texas (Fig. 1),
display several distinctive lithofacies (Fig. 67). These are in ascending order: 1) shaly
dolomite lithofacies; 2) spiculitic black shale; and 3) silty black shale. These lithofacies
have the characteristics discussed below.

Shalv Dolomite
This lithofacies occurs at several stratigraphic horizons, interbedded with silty
black shale and spiculitic shale units, and It ranges in thickness from about two feet to
almost 12 feet. This lithofacies may have consisted originally of black shale that now has
been replaced by dolomite (Fig. 68). Replacement of clay matrix by dolomite has made
the original composition, fabric and texture difficult to reconstmct or describe in detail.
The degree of dolomite replacement ofthe original fabric varies from sample to sample.
In some samples, the replacement by dolomite is almost complete. Therefore, the whole
rock consists of mosaics of euhedral to subhedral crystals averaging 80 microns in
diameter. In other samples, eventhough dolomite extensively replaced the clay matrix,
unreplaced clay stringers or patches are still present. X-ray diffraction analyses show that
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the unreplaced minerals present in this lithofacies consist mainly of illite, illite/smectite
mixed-layer , and some chlorite and kaolinite. Small amounts of silt-sized quartz grains,
very fine mica flakes and some glauconitic pellets and glauconitic fragments also are
present.
Residues from several samples were examined for faunal content, but no fossils
were recovered. Only a few crinoid columnals, bryozoans, and other unidentified calcitic
skeletal debris (Fig. 69) were detected in a few thin sections. These skeletal grains are
broken and abraded which may suggest that they were reworked and transported to the
site of deposition.
In addition to dolomite, other diagenetic minerals found in this lithofacies include
cubic and framboidal pyrite and very minor, amounts of silica (mainly microquartz).

Spiculitic Black Shale
This represents the thinnest lithofacies in this section and comprises a single layer
4 feet in thickness. The presence of only a single interval of this spiculitic black shale
lithofacies in the cored interval may suggest that the environment became insufficiently
oxygenated and unsuitable for lasting colonization by sponges. This lithofacies consists
of grayish-black shale that contains monactinellids and some hexactinellid siliceous
sponge spicules as the most abundant skeletal constituents (Fig. 70). Spicules are
typically fine- to medium-grained, and moderately to well-sorted. Upward-fining or
coarsening grain size trends are not present. No evidence of current transport is apparent.
Faunal constituents besides sponge spicules include some palynomorphs (mainly
secondary resinite), fragments of brachiopods, and few conodonts. Bioturbation is rare
in this lithofacies, and only a few unidentifiable burrows were observed.
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The clay minerals that constitute the shale matrix consist chiefly of illite/smectite
mixed-layer, illite, and minor amounts of chlorite and kaolinite. Unlike the spiculitic
shale facies described from the Delaware Basin, this spiculitic shale also contains
significant amounts of glauconite (in the form of pellets or grains). Other constituents
present in this lithofacies include very fine muscovite flakes, and minor amounts of
organic material. The abundant diagenetic minerals found in this rock are ferroan calcite
and dolomite that have replaced and cemented sponge spicules clay matrix. Significant
amounts ofcubic and framboidal pyrite, and some silica (microquartz) also are present in
this lithofacies.

Siltv Black Shale
This lithofacies comprises units that are normally 8 to 10 feet thick, separated by
thin interbeds of sharply differentiated dolomitic-shale or spiculitic black shale. Shale
representing this lithofacies is grayish-black to black, laminated, fissile and contains very
few burrows (Fig. 71). Subrounded to subangular, fine sand and abundant silt-sized
quartz grains constimte about 15% to 20% ofthe rock. Sand and silt occur as randomly
scattered grains throughout the clay matrix. This lithofacies contains some patches and
contorted stringers of silt and sand, obviously coarser than the matrix surrounding them.
The silt and sand in these patches is moderately to well-sorted, and is probably
concentrated within burrow fillings. Other detrital constituents present in this rock
include mica (chiefly muscovite), which appears to be much more abundant in this
lithofacies compared with the other Wolfcampian lithofacies. X-ray diffraction analyses
of the clay minerals indicate that clays which compose the shale matrix consist of
illite/smectite particles and minor amounts of illite/smectite/chlorite mixed-layers
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(Sivalingam, 1990). The illite/smectite particles are highly illitic clays with greater than
70 % illite fraction.
In several cases the lowermost portion of this lithofacies contains thin layers
composed of sand grains, phosphatic skeletal debris and elliptical and rounded glauconitic
"pellets" (Fig. 72). These glauconitic peloids are broken or fractured, generally on the
order of 200 to 720 ^m in long dimension and usually have envelopes or rims of illite.
Grains detected in these thin lags represent the coarsest material found in this lithofacies.
These grains possibly were derived from the shelf area and transported to the site of
deposition by nirbidity currents .
No microfossils have been recovered from residues of this lithofacies; however,
some fragmented phosphatic skeletal debris, including conodonts and linguloid
brachiopods, siliceous sponge spicules, palynomorphs and wood fragments have been
observed in thin sections. Because of their fragmentary conditions most fossils appear to
be reworked.
Diagenetic minerals precipitated in this lithofacies include, abundant cubic and
framboidal pyrite, silica, small amounts of ferroan dolomite as rhombs suspended in the
clay matrix. Ferroan dolomite occurs as cement and as replacement ofthe clay matrix
and is most abundant in the lowermost portion of this lithofacies. Phosphate beds occur
as continuous thin phosphatic laminae (Fig. 73) (0.5 to 1.0 cm thick) and very small
phosphatic peloids.
This silty black shale is organic rich, with TOC values exceeding more than 20
wt%. and optical examination of organic constituents shows that secondary resinite is the
predominant variety of organic matter, followed in abundance by alginite (Fig. 74) and
unidentified or unfigured liptinite (Landis, 1990).
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The dark color, sparseness of benthic fauna and burrows, in addition to
preservation of abundant organic matter (TOC ranges from 9 wt% to 23 wt%), and
abundant pyrite suggest that this silty black shale lithofacies was deposited in lower
dysaerobic to anaerobic quiet water environments.
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replaced by ferroan calcile and
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FIGURE 56. Columnar section showing different Wolfcampian Shale lithofacies
and TOC wt%. Welch "A" well, Eddy County, New Mexico.
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FIGURE 57. Sharp contact between silty spiculitic black shale (sb) and spiculitic
calcareous gray shale lithofacies (sc). Note white "streaks" or
laminae in spiculitic calcareous gray shale. These "streaks"
represent concentrations of siliceous sponge spicules that have
been replaced by ferroan carbonate minerals. Welch "A" well,
Eddy County, New Mexico. Depth 9129 feet.
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FIGURE 58. Fish scales are among other varieties of skeletal components found
in Wolfcampian spiculitic calcareous gray shale lithofacies. Welch
"A" well, Eddy County, New Mexico, Depth 9069 feet.
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FIGURE 59. Wolfcampian spiculitic calcareous gray shale lithofacies containing
a high concentration of siliceous sponge spicules. Throughout this
lithofacies, most spicules are replaced or cemented by ferroan
calcite (purple) and to a lesser extent, by ferroan dolomite (blue).
Welch "A" well, Eddy County, New Mexico. Depth 9025 feet.
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FIGURE 60. Layers of well-sorted spicules that display a preferred directional
orientation. Such spicules could have been reworked by bottom
currents. Spiculitic calcareous gray shale, Welch "A" well, Eddy
County, New Mexico. Depth 9054 feet.
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FIGURE 61, Clusters of siliceous sponge spicules are common in the spiculitic
calcareous gray shale lithofacies. Such clusters possibly resulted
from concentration by burrowing organisms. Welch "A" well,
Eddy County, New Mexico. Depth 9062 feet.
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FIGURE 62. Silty spiculitic black shale. In these intervals, when siliceous
sponge spicules have been replaced, ferroan dolomite (stains blue)
is the abundant replacive mineral. Welch "A" well, Eddy County,
New Mexico. Depth 9107 feet.
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FIGURE 63. Siliceous sponge spicules have been replaced by anhydrite (A) and
celestite (C), which exhibit poikilotopic texture. Only in this silty
spiculitic black shale lithofacies has anhydrite been detected.
Welch "A" well, Eddy County, New Mexico. Depth 9012 feet.
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FIGURE 64. Wolfcampian silty spiculitic black shale interval containing
abundant rounded phosphatic (P) "pellets." Welch "A" well, Eddy
County, New Mexico. Depths 9065-66 feet.
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FIGURE 65. Occasional light-colored burrows (B) in silty spiculitic black shale.
Burrow-fill consists of concentrations of silt grains and sponge
spicules. Welch "A" well, Eddy County, New Mexico. Depth
9037 feet.
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FIGURE 66. Carbonate-rich debris flow contains abundant limestone lithiclasts
that are typically suspended in a shaly matrix. Note abundant
fusilinids (F) in this core sample. Welch "A" well, Eddy County,
New Mexico. Depth 9129 feet.
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Depth (ft)
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Lithofacies Descriptions
Silty black shale contains phosphatic pellets and
nodules.

Oxygen level
Interpretation TOCwiOo
LD/AN

26.8

IVAN

Black shaly dolomite.

23.4

11100LD/AN
11110

20.7

Lag of phosphatic skeletal debris and elliptical
and rounded glauconitic pellets.

h

D/AN
LD/AN

11120

18.7

>yyyyj

Spiculitic black shale. Spicules arc cemented and
replaced by ferroan calcite and dolomite.

D/AN
D/AN

11130

11140

Silty black shale. This shale is laminated and
fissile.

LD/AN

Crinoidal packstone/grainstone. In addition to
crinozoans this lithofacies contains fusilinids,
bryozoans, conodonts, and other bioclasts.
Limestone is partially dolomitized.

AAJD

Silty black shale

26.:

^'^I'^t'^f'^f'^ Spiculitic black shale
I I I I r

^ Shaly dolomite

D-Dysaerobic

'

-SbSc Crinoidal packstone/grainstone
,

'

^ .

•

ito

LD»Lower Dysaerobic
UD=Upper Dysaerobic
AN*Anaerobic A=Aerobic

FIGURE 67. Columnar section showing various Wolfcampian Shale lithofacies,
oxygen level interpretation, and TOC wt%. Well J.P. Chilton,
Gaines County, Texas.
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FIGURE 68. Wolfcampian shaly dolomite lithofacies. This lithofacies may have
consisted originally of black shale that now has been replaced
massively by dolomite. Amoco #1 JP Chilton well, Gaines
County, Texas. Depth 11129 feet.
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FIGURE 69. Skeletal components found in shaly dolomite comprise crinozoans,
bryozoans, and other calcitic skeletal debris. Some of these fossils
are filled with ferroan dolomite cement. Amoco #1 JP Chilton
well, Gaines County, Texas. Depth 11113 feet
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FIGURE 70. Spiculitic black shale lithofacies. Siliceous sponge spicules
constitute the most abundant skeletal components in this shale.
Note that ferroan calcite (stains purple) and dolomite (stains blue)
have replaced and cemented most of these spicules. Amoco #1 JP
Chilton well, Gaines County, Texas. Depth 11121 feet.
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FIGURE 71. Burrowed silty black shale interval. Burrow-fill consists of a
concentration of silt and fine sand grains. Amoco #1 JP Chilton
well, Gaines County, Texas. Depth 11134 feet.
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FIGURE 72. Thin layer or lag concentrate of phosphatic (P) skeletal debris and
glauconitic peloids (G). Grains detected in this lag represent the
coarsest materials in this Wolfcampian silty black shale lithofacies.
Amoco #1 JP Chilton well, Gaines County, Texas. Depth 11109
feet.
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FIGURE 73. Phosphate laminae and small phosphatic "pellets" are present in
several Wolfcampian silty black shale intervals. Cores obtained
from Amoco #1 JP Chilton well, Gaines County, Texas. Depth
11090 feet.
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FIGURE 74. Photomicrograph of alginite (Tasmanates) of mature Wolfcampian
shale (Chilton) exhibiting strong yellowish orange fluorescence.
(500X) or 2 cm = 50 ^m. Amoco #1 JP Chilton well, Gaines
County, Texas.
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CHAPTER VI
STRUCTURAL AND TEXTURAL VARIATIONS

Shale is the generally accepted class name for fine-grained clastic rocks and is
equivalent to the terms sandstone and limestone (Tourtelot, 1960; Potter et al., 1980).
Jacka (1990 in preparation) has formulated a texmral classification of shales and it was
decided to utilize this classification in this dissertation to evaluate its effectiveness in
characterizing the Devonian Woodford, Pennsylvanian (Atokan and Canyon) and
Wolfcampian shales. This textural classification is intended to serve as a convenient
vehicle for conveying textural and compositional information about shale. While this
classification recognizes the spectmm of compositions that exist between siliciclastic clay
and silt, sand, and other grains and fossils, other classifications of shale (e.g., Lundegard
and Samuels, 1980; Potter et al., 1980) exclude consideration of the proportions of
admixed mud and grains. Potter et al. (1980), for instance classified shales on the basis
of state of induration, relative amounts of clay-size constituents and silt-sized mineral
particles, bedding, and laminae thickness. These authors also extended their classification
of shales to include metamorphosed shales such as argillite, slate, and mica schist.
Lundegard and Samuels (1980) proposed a field classification of shales, based on grain
size and stratification, not on composition. Their classification is nearly identical to the
classification proposed by Potter et al. (1980). The classification of Picard (1971),
emphasized texture and composition, principally ofthe silt-sized components, modified
by the composition of clay minerals. However, his classification is very difficult to use
and extends conventional sandstone terminology into the realm of fine-grained rocks.
The proposed classification parallels Dunham's (1962) highly successful
carbonate classification. Mudstone is a carbonate rock with less than 10% grains; the
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proposed shale counterpart is lutite. Wackestone has more than 10% grains and is mudsupported; the shale counterpart is granolutite. A packstone is a grain-supported
carbonate rock with a lime mud matrix; the shale counterpart is granopackite, a texmre in
which silt or sand-sized grains are in contact and detrital clay is dispersed among the
grains. One additional rock type, compackite, is characterized by a grain-supported
fabric, but the silt or sand-sized grains are separated by clay platelets which have been
bent and distorted owing to compaction. Such fabrics result from deposition and
compaction of closely spaced clay-rich and silt- or sand-rich laminae. The four rock
terms, lutite (mudstone), granolutite (wackestone), granopackite (packstone) and
compackite are used in conjunction with appropriate terms for the siliciclastic and other
grains occurring within each rock type (see Table 1). Grains found in shales include
siliciclastic grains (e.g., silt, sand and gravel), carbonate grains (e.g., ooids, peloids, and
calcareous skeletal grains), and siliceous, or phosphatic fossils
Besides the stmctural and textural characterization and classification of these shales, an
attempt to distinguish between their mode of deposition (e.g., turbiditic versus
"nonturbiditic" origin) is made. Following Hesse (1975) the term "nonturbiditic" is used
here in a wide sense to embrace pelagic and hemipelagic shales.

Woodford Black Shale
This shale is indistinctly laminated, nonfissile, and contains appreciable amounts
of silt-sized quartz, and minor to trace amount of mica flakes and potassium feldspar.
Based on petrographic analyses, the amount of silt-sized quartz and feldspar is estimated
to constitute more than 15% ofthe rock matrix. Silt grains are moderately sorted,
randomly distributed rather than concentrated in laminae, and individual grains range in
size from 10 to 60 pm. Throughout the entire cored interval no noticeable vertical change
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in the amount of silt is observed. Clay minerals, which form the great bulk (60% or
more) of this shale, exhibit strong parallel orientation as revealed by scanning electron
microscope analysis (Fig. 75). The parallel alignment of the clay platelets produces a
strong optical orientation under the petrographic microscope (Fig. 76).
Concentration of well-sorted phosphatic skeletal grains (e.g., conodonts and fish
scales) occur as lag concentrates within the Woodford shale. The silt and clay content of
these concentrations is very low. Lag thicknesses are in millemeters. Such coarsegrained intercalations can be best explained as concentrates formed by winnowing bottom
currents. The volumetric significance of these lag concentrates within the cored shale
interval is very little.
Texturally, the Woodford shale is mud-supported, and siliciclastic silt (mica, and
feldspar) and skeletal (conodonts, and fish scales) grains constitute more than 30% of the
rock matrix, therefore this silty black shale is classified as bio silty granolutite. The
depositional and textural features of this shale are distinctive of a "nonturbiditic" (pelagic
or hemipelagic) origin. Evidence supporting this interpretation includes the absence of
graded or micrograded beds in this shale interval, and the presence of a high proportion of
silt and the relative uniformity of its distribution throughout the whole shale interval. No
displaced shallow water fauna have been found in this shale.
Clay fabric was used by O'Brien et al. (1980) to distinguish between recent
(Pliocene and Holocene) turbiditic and hemipelagic muds. These authors suggested that
random clay flake formation prevails in the turbiditic sediment, while the hemipelagic unit
has more preferred orientation. Although, as previously indicated, under SEM the clay
platelets ofthe Woodford shale display a preferred orientation (parallel to the bedding),
the criterion for distinguishing between turbiditic and nonturbiditic muds, presented by
O'Brien et al. (1980) cannot correctly or properly be applied herein as additional evidence
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testifying for a nonturbiditic origin of the Woodford shale. The Woodford shale was
subjected to considerable compaction. After deposition, clay particles can respond to the
loading pressure of compaction by geometrical arrangement orientation. Therefore, the
oriented clay flakes do not necessarily represent a depositional feature, but also can be an
effect of compaction. Oertel and Curtis (1977) for example, have demonstrated that
compaction can cause orientation of the clay flakes of shale, and experimental studies
(Singer and Muller, 1983) indicate that most ofthe reorientation of clay particles takes
place during the early stages of compaction. Very low pressures are sufficient to produce
orientation of kaolinite or illite particles (Singer and Muller, 1983). Pressures of 100
kg/cm2 or greater produce preferred orientation in the case of any platy clay minerals,
including smectite (Meade, 1968).

Atokan Siltv Black Shale
This shale is indistinctly and thinly laminated (when it is not bioturbated), fissile,
and contains appreciable amounts (15% to 30%) of silt- and sand-sized grains of quartz
and mica (mainly muscovite and some biotite). Silt grains are subrounded, moderately
sorted, and range in size between 10 and 60 \xm, whereas sand grains range from 62.5
pm to 210 ^m in size. This shale also contains scattered medium to very coarse sandsized quartz grains (300 \im to 2 mm in size). The quantity of these sand grains is small
and constitute less than 1% in the rock matrix. These grains may have been rafted.
Concentrations of dark brown organic wisps, averaging 5 to 9 mm in long dimension,
also are present. These wisps are elongate, discontinuous, and oriented parallel to the
bedding, forming thin dark brown laminar bands when seen in thin section (Fig. 77).
Clay minerals exhibit strong optical orientation and clay and mica flakes are
oriented parallel to the bedding (Fig. 78). Orientation ofthe micaceous constituents and
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clay fiakes parallel to the bedding commonly are correlated with fissility of shale. For
example, Pettijohn (1975) inferred that fissility of shale is related to the orientation ofthe
constituent micaceous minerals, and O'Brien (1970) indicated that shales with high
degrees of preferred clay flake orientation have well-developed fissility, whereas
randomly oriented clay platelets prevail in noiifissile shale. Similariy Odom (1967) noted
that the fissile stmcture in shales is usually associated with good to very good clay
orientation, and he also suggested that organic material, if concentrated into bands, can
influence fissility of shale. In a study of Carboniferous shales from East Pennine
Coalfield and from a stratigraphic sequence collected near the village of Sheffield,Wales,
Spears (1976) inferred that laminations of shale have controlled the fissility of his studied
samples. He inferred that while laminations may not be responsible for fissility in old
shales, there is a strong suspicion that its role has been underestimated and the importance
of parallel clay orientation overestimated. Studies of Upper Carboniferous fissile black
shale from neaiby Penistone, Yorkshire, England, led Curtis et al. (1980) to conclude that
the fissility of this shale is not simply related to clay orientation, but that mineral
segregation into finer laminae seems much more important in influencing fissility. Singer
and Muller (1983) suggested that low electrolyte concentrations in the mud or high
organic-matter contents, both preventing flocculation ofthe clay, may promote fissility.
As previously indicated, Atokan micaceous silty black shale is highly fissile. The
best development of fissility is seen in core samples obtained from Tenneco State JL "36"
No. 1 well, Eddy County, New Mexico. These shale samples split into paper-thin
discontinuous layers possessing irregular to nearly smooth surfaces. Clay and mica
minerals of these shale samples display nearly perfect parallelism to the bedding. By
analogy with previous interpretations concerning fissility of shale, it seems reasonable to
assume that the parallel orientation ofthe clay flakes have influenced or caused the fissility
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of this shale. If this assumption is correct, however, then one might ask why the
Woodford shale, and Wolfcampian black shales which also display nearly perfect
parallelism of the clay flakes, lack fissility. Fissility in the Atokan shale samples is
probably not simply related to the orientation of clay flakes.
In comparing the texture ofthe Woodford nonfissile shale with that ofthe Atokan
fissile shale, it appears that the important distinction is the more obvious laminar
segregation of silicates from organic wisps (Fig. 79) that characterize the Atokan shale,
but are lacking in the Woodford shale, the low content of cements, and the presence of
large amount of mica fiakes in the Atokan shale. The thinly split surfaces of the Atokan
fissile shale seem to terminate along or with the terminations of the discontinuous
segregated thin layers of organic wisps. It can, therefore, be inferred that fissility of
Atokan shale is not simply related to clay orientation, but to the presence of segregated
very thin layers of organic wisps, and possibly to the scarcity of diagenetic cements.
Texturally, Atokan silty black shales are clay-supported and contain more than 10
to 40% grains in the form of sand and silt, and skeletal components. The terreginous
sand and silt fractions include quartz, mica, and feldspar and the skeletal components
include remains of bryozoans, conodonts, crinozoans, brachiopods, ostracods, sponge
spicules and conodonts. Therefore, these shales are classified as bio sandy silty
granolutites and sandy silty granolutites (Fig. 80). Like the Woodford, the Atokan shales
are considered to be "nonturbiditic" in origin. Supportive evidence includes the absence
of graded or micrograded beds, and the almost uniform amounts of sand- and silt-sized
quartz throughout the whole shale section. Atokan shales were deposited in a shallowwater open shelf environment.
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Can von Shales
These shales are dark gray to dark, hard or indurated, commonly structureless
(nonlaminated) and in some instances display contorted bedding which represents postdepositional deformational features. Contorted beds consist either completely of thin beds
of shale (few inches in thickness) or they occur in alternating sequences of thin beds of
fine sand, silt, and shale. An example if such a sequence is illustrated in Figure 43 in
Chapter IV.
Canyon shales either occur as continuous massive stmctureless thick intervals
(about 25 feet thick or more) or they occur as thin intervals (several feet or a few inches
thick). Shale beds rest conformably on top of sand-silt layers. The sand-silt layers
represent typical turbidite deposits with well developed current ripple lamination (Cdivision), and parallel lamination (B- or D-divisions). Within the cores a rythmic
altemation also exists of fine sand, silt and thin shale layers (E-division). Commonly,
there is a continuity of composition from turbidite sand/silt layers into the thin shale layer.
Many shale layers are graded or micrograded by an upward increase of clay over silt.
This continuity implies a genetic link between the two beds, and their deposition by the
same mechanism. Such thin shale layers probably formed from tails of turbidity currents
and they represent the E-division in the Bouma notation for ancient turbidites. Shale
samples from thick intervals also display graded beds and contain examples of fine sand
and silt laminae (Fig. 81).

These laminae within the shales are micrograded,

discontinuous and their upper and lower contacts are usually sharp. Although in a few
instances the upper contact appears to be gradational. The occurrence of micro-graded
beds in the thick shale intervals suggest that these shale intervals or at least their bulk
thickness represent turbidite deposits. Additional evidence for the turbidity current origin
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of these Canyon shale intervals includes the presence of displaced shallow-water benthic
fauna (crinozoans, bryozoans, brachiopods, and ostracods).
The origin of shale layers (the E-division) in ancient turbidite successions is still a
matter of dispute (Rupke, 1975). The question is whether the shale formed from turbidity
currents or from pelagic settling or, if from both, in what proportion (Kuenen, 1964).
This question cannot be answered easily, and the differentiation between turbiditic and
nonturbiditic mudstone meets with increasing technical difliculties with increasing age and
diagenesis or metamorphism of the rocks which can obliterate or mask the original
depositional fabrics (Hesse, 1975). Hesse (1975) stated that differentiation between
mrbiditic and nonturbiditic mudstone is generally problematical in old rocks and cannot be
achieved for most Paleozoic and older turbidite basins. This is also because of the
absence or sparse occurrence of pelagic or planktic organisms (such as foraminifera,
radiolarians, and diatoms) during most ofthe Paleozoic. Only in unlithified sediment or
recent turbidites can a distinction between turbidite and hemipelagic mud be clearly made.
For example, Griggs (1969) were able to differentiate Holocene turbiditic mud from
hemipelagic mud using color, grain-size, distribution of burrows, microfauna, plant
fragments, and organic content. They found that the organic content is twice as high in
olive-green turbidite and silty clay than in gray hemipelagic clay and that this is correlated
with the amount of plant fragments. The turbiditic mud contains displaced shallow-water
benthic foraminifera, whereas the hemipelagic clay contains only deep water benthic fauna
(foraminifera) plus planktic microorganisms (foraminifera radiolaria, diatoms). The
mrbidite mud is graded, whereas the hemipelagic mud is homogeneous. Rupke (1975)
analyzed recent turbidite sediments from the Algero-Belearic Basin of the Western
Mediterranean Sea. He indicated that the distinctive properties of turbidite mud are the
stmctural, textural, and compositional continuity from the underlying sand-silt layers into
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the turbiditic mud, and grading within the finer-grained mud itself. Hemipelagic mud
displays many burrow stmctures and was observed to be coarser grained (largely due to
the presence of foraminifera and pteropods).
Texturally, the Canyon shales contain significant amounts of silt-sized, and very
fine- and medium sand-sized quartz grains. The estimated amount of terrigenous sand
ranges from 5 to 10% ofthe rock matrix, whereas the zunount of silt ranges between 15 to
20%. Terrigenous sand grains range in size from 62.5 pm and 2 mm , while silt grains
are about 20 to 60 \im in size. Minor amounts (less than 1 to 2 % ofthe rock matrix) of
silt sized mica flakes also are present in the Canyon shale.

Canyon shale also contains

carbonaceous plant fragments or remains and dark organic wisps, however, these wisps
are smaller and not as abundant as they are in the Canyon sandstone intervals or as in the
previously described Atokan shale. This , in addition to the presence of abundant siderite
cement in the Canyon shale can explain the lack of fissility in this shale.
Most Canyon shales are clay-supported and contain more than 10% terrigenous
silt, sand and bioclastic grains. Therefore, they can be classified as bio sandy silty
granolutites (Fig. 82). However, when sand and silt grains within these shale are
concentrated in layers, grain-supported fabrics exist. Grains are in contact and detrital
clay is dispersed among the grains. Such rocks are classified as bio sandy silty
granopackites (Fig. 83) compackites also are abundantly represented in Canyon shales
(Fig. 84).

Wolfcampian Shale
Wolfcampian shales consist predominantly of calcareous spiculitic gray shale and
silty spiculitic black shale, which are nonfissile and stmctureless (nonlaminated). In
addition to sponge spicules and calcitic bioclasts the black shales contain about 10% or
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more silt-sized quartz grains and a minor amount (less than 1%) of mica flakes. The clay
is optically oriented, especially in black shales, and silt grains are randomly dispersed
within the clay matrix. Black shales are indistinctly laminated to massive. Silt grains,
ranging in size from 10 to 60 jim are predominant, but very fine sand grains, ranging
from 64 to 120 jam, also are present. Small occasional elongate, discontinuous organic
wisps (Fig. 85) are present in most intervals ofthe silty spiculitic black shale. However,
these organic wisps are smaller and not as abundant as they are in the Atokan shale. In
comparison with the other shales studied(Woodford, Atokan, and Canyon shales),
Wolfcampian gray shales are more highly cemented and contain more abundant and
diverse authigenic minerals (pyrite, calcite, dolomite, ferroan calcite, ferroan dolomite,
silica, anhydrite, and celestite) and therefore, are compacted to a lesser degree and have
higher bulk densities than the other studied shales. Wolfcampian shales also are
interpreted as representing nonmrbiditic deposits, based on the absence of micrograded
beds or any other diagnostic turbidite stmctures within these shales.
Calcareous spiculitic gray shales consist predominantly of clay-supported rocks.
Grains in this shale include large concentrations of sponge spicules. Authigenic carbonate
minerals and clay minerals are dispersed among these skeletal grains, and therefore these
shales are classified as bio silty granopackites to granolutites (Fig. 86), compackites and
granopackites. The silty spiculitic black shales contain more than 10% grains (silt,
sponge spicules, and other bioclasts). However, these shales display mud -to grainsupported fabrics and are classified as bio silty granolutites and compackites (Fig. 87).

Summarv
The Woodford, Atokan and Wolfcampian black shales are inferred to have been
deposited as nonturbiditic (hemipelagites), and their textures are quite similar. Clay
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minerals have strong optical orientation and silt- sized siliciclastic grains are predominant.
The Wolfcampian shales contain much more very fine sand than the Woodford, while the
Atokan shales contain more very fine and fine-grained sands than Wolfcampian black
shales. The original textures of Wolfcampian gray shales have been obscured or
obliterated by massive replacement and cementation of clay by calcite, dolomite, ferroan
calcite and ferroan dolomite. However, in many localized areas, original textures are
preserved and the predominant grains are siliceous sponge spicules with siliciclastic silt
representing a relatively minor constituent (less than 5%) in these hemipelagites.
Granolutites are the predominant rock type in all three hemipelagic shale units.
Compackite and some granopackites are found in Wolfcampian gray and black shales.
Canyon shales represent submarine fan deposits associated with turbidites. The
sandstones exhibit classical sedimentary stmctures that characterize turbidites. Both
sandstones and shales contain displaced shallow water invertebrates, and micrograded
bedding is abundantly represented in shales.
Canyon shales exhibit much more shale rock type diversity than any of the
Woodford, and Wolfcampian hemipelagites. One thin section may contain examples of
granolutite, granopackite and compackite. Granolutites also are more diverse than those
found in hemipelagites. Many examples of silty granolutites, very fine silty granolutites
and very fine to coarse and very coarse sandy silty granolutites are represented. Parallel
optical orientation of clay minerals within Canyon granolutites is as well developed as in
the Woodford, Atokan, and Wolfcampian hemipelagites. Transported fossils may be
presented in all shale types. Micrograded beds in Canyon shales may grade upward from
sand to compackite to granolutite or from compackite to granolutite There is a greater
tendency for sand or silt grains to be segregated within laminae than in the Woodford,
Atokan, and Wolfcampian shales. Organic wisps are abundantly represented in Canyon
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sandstones, but are not as abundant in Canyon shales as they are in Atokan or
Wolfcampian black shales. Canyon shales tend to be massive and lack fissility. In all the
studied shales, only the Atokan shale is fissile, and fissility in this shale is attributed to the
presence of abundant laminae of relatively large organic wisps, and low content of
cements.
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TABLE 1.

Textural classification of shales as proposed by A.D. Jacka (1990).
This classification parallels Dunham's (1962) highly successful
carbonate classification.
Proposed Textural Classification of Shale
(A.D. Jacka, 1990)

Lutite
Granolutite
< 10% grains > 10% grains
Mud (Clay) Supported

Granopackite

Compackite

Most grains are in Most grains separated
by deformed clay
contact. Clay is
dispersed among platelets.
__grains
Framework Supported

'*' Grains include siliciclastics grains (silt, sand, gravel) glauconite, clayey peloids,
mica flakes, and carbonate grains (e.g., ooids, peloids, and calcareous skeletal
grains), siliceous and phosphatic fossils.
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FIGURE 75. Clay minerals exhibiting strong orientation parallel to the bedding.
Woodford silty black shale, J.F. Beaver well, Borden County,
Texas. Depth 9696 feet. Magnification 2000X.
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FIGURE 76. Photomicrograph illustrating how the alignment of the clay
platelets parallel to the bedding produces a strong optical
orientation of the clay minerals. This shale is classified as silty
granolutite. Woodford black shale, J.F. Beaver well, Borden
County, Texas. Depth 9696 feet.
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FIGURE 77. Concentration of elongate discontinuous organic wisps that are
oriented parallel to the bedding. Organic wisps seem to have
influenced thefissilityof the Atokan silty black shale. This shale
is classified as sandy silty granolutite. State JL "36" No. 1 well,
Eddy County, New Mexico. Depth 10945 feet.
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FIGURE 78. SEM photomicrograph showing the strong orientation of clay
minerals parallel to the bedding. Atokan black shale from the State
JL "36" No. 1 well, Eddy County, New Mexico. Depth 10962
feet. Magnification 300X.
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FIGURE 79. Photomicrograph illustrating the segregation of silicate grains from
relatively large organic wisps in Atokan black shale. Also note the
presence of mica flakes (M) and fine sand and silt grains in this
shale. Note strong parallel orientation of clay minerals. This shale
is classified as sandy silty granolmite. State JL "36" No.l well,
Eddy County, New Mexico. Depth 10945 feet.
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FIGURE 80. Atokan shale consisting of clay supported matrix that has more
than 10% sand and silt sized quartz, mica and feldspar. This rock
is classified as sandy silty granolutite State JL "36" No. 1 well,
Eddy County, New Mexico. Depth 10962 feet.
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FIGURE 81. Canyon shale sample displaying thin laminae and beds of sand and
silt. Shale is classified a sandy silty compackite. Note that sand
and silt grains are separated by deformed clay platelets and organic
wisps. Berger No.3 well, Sutton County, Texas. Depth 6277
feet.
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FIGURE 82. Canyon shale consisting of clay supported rock that contains sand
and silt grains and is classified as sandy silty granolutite. Ward
No.4 well, Sutton County, Texas. Depth 5957 feet.
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FIGURE 83. Example of silty sandy granopackite. Note that most ofthe sand
and silt grains are in contact and detrital clay is dispersed among
the grains. Rotation of grains into closer packing positions has
produced some optical orientation along grain boundaries. Canyon
shale, Shanklin No. 1-10 well, Edwards County, Texas. Depth
2523 feet.
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FIGURE 84. Example of sandy silty compackite. Note that most sand and silt
grains are separated by deformed clay. Dark laminae are organic
wisps. Canyon shale. Ward No.4 well, Sutton County, Texas.
Depth 6373 feet.
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FIGURE 85. Small scattered elongate, discontinuous organic wisps found in
Wolfcampian silty spiculitic black shale. Welch "A" well, Eddy
County, New Mexico. Depth 9048-49 feet.
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FIGURE 86. Example ofWolfcampian sandy silty granolutite with well oriented
clay matrix. Welch "A" well, Eddy County, New Mexico. Depth
9066 feet.
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FIGURE 87. Example of Wolfcampian silty bio compackite. Note that most
grains are separated by deformed clay. Skeletal grains consist
predominantly of siliceous sponge spicules. Welch "A" well,
Eddy County, New Mexico. Depth 9106 feet.
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CHAPTER VII
DL\GENESIS

The origin ofthe nonclay mineral phases in the studied (Woodford, Atokan,
Canyon, and Wolfcampian) shales is summarized in Table 2, as interpreted from thinsections and scanning electron microscopy analyses. All thin sections were stained with a
combination of alizarin red-S and potassium ferricyanide stain (Lindholm and Finkelman,
1972) to aid in distinguishing calcite from dolomite and ferroan calcite from nonferroan
dolomite. Alizarin red-S differentiates normal calcite from dolomite by staining it
pink/red.

Potassium ferricyanide distinguishes between ferroan and nonferroan

carbonates (ferroan calcite appears purple/mauve and ferroan dolomite appears blue).
General interpretations ofthe origin ofthe mineral phases in these shales, as listed
in Table 2, are as follows: Calcite is present as skeletal grains and authigenic calcite,
dolomite, ferroan calcite and ferroan dolomite are present as cements and/or replacements
of skeletal materials, and clay matrices. Framboidal and cubic pyrite are abundant and
common diagenetic phases in all studied shale sequences. Pyrite occurs as replacement
and/or cement of bioclasts, palynomorphs, and clay matrix. Pyrite as cement and
replacement also is observed in pyritized burrows.
Detrital silica occurs as silt and sand grains in all black shales, and siliceous
sponge spicules are very abundant in Wolfcampian and Atokan shales. Authigenic silica,
predominantly microquartz, and microchalcedony is present in Woodford, Atokan,
Canyon, and Wolfcampian shales, and megaquartz is abundant in Atokan black shales.
Some silica occurs as replacement ofthe clay matrix, and less commonly as replacement
of calcitic bioclasts. Silica also is present as quartz overgrowths in Atokan and Canyon
sandstones. Anhydrite and celestite were only detected in the silty spiculitic black shale
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and spiculitic calcareous gray shales ofWolfcampian core samples obtained from the
Delaware Basin. Siderite only is present in Canyon sandstone and shale intervals. In
sandstones this mineral occurs as cement, forming rims around quartz grains and in shale
intervals siderite is locally abundant as cement and/or replacement ofthe clay matrix.
Clay minerals (illite, illite/smectite mixed-layers, chlorite,and kaolinite) are present
as authegenic and detrital clay matrices in shales, or rip-up clay clasts in Canyon
sandstones. Authigenic clay minerals that occur as cements in sandstone intervals
predominantly include chlorite and dickite. Chlorite zuid dickite are dominant clay
cements in Atokan sandstones, whereas chlorite is abundant in Canyon sandstones. The
previous relations and observations of different mineral phases, including clay minerals
are described in detail for each shale sequence and demonstrated or illustrated by
photomicrographs throughout this chapter.

Woodford Shale
The dominant nonclay authigenic minerals in the Woodford shale include pyrite,
ferroan dolomite and silica. Pyrite occurs as disseminated cubic crystals ranging in size
from the most minute up to 30 jLim and in some instances crystals aggregate to form
clusters or nodules ranging in size between 150 ^im to more than 400 ^m. Framboidal
pyrite also is found in the Woodford shale; however, it is not as abundant as the cubic
form. Point count estimation indicates that the amounts of pyrite occurring in the
Woodford shale constitute more than 10% ofthe rock matrix. The amounts of pyrite in
the Woodford shale are higher than in the other studied (Atokan, Canyon, and
Wolfcampian) sequences. Pyrite occurs as cement and/or replacement of the skeletal
grains, palynomorphs and clay matrix (Fig. 88).
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Ferroan dolomite occurs as subhedral crystals (averaging 32 )im in size) that are
scattered throughout the rock matrix, or in some instances are clustered together.
Geochemical analyses (Appendix B) indicate that the amount of this mineral in the
Woodford silty black shale ranges up to 12%. Ferroan dolomite occurs as cement and/or
replacement of the clay matrix. Examples of pyrite replacing the cores or centers of
ferroan dolomite crystals were noted (Fig. 89). This petrographic association suggests
that at least some ofthe cubic pyrite post-dated the development of ferroan dolomite.
Silica, predominantly microquartz, is present in Woodford silty black shale, but it
is not as abundant as pyrite and ferroan dolomite. Silica occurs as cement and/or
replacement of the clay matrix. It is common to see pyrite replacing silica. This
petrographic relationship suggests that some ofthe pyrite post-dated the precipitation of
microquartz . The source of silica, is believed to be (at least partially) a result of the
conversion of smectite to illite/smectite mixed layers and illite. A discussion of this
process is presented in more detail throughout this chapter.

Atokan Shale
Diagenetic minerals found in the Atokan shale include framboidal,
polyframboidal, and cubic pyrite, silica, calcite, and ferroan dolomite. In all the studied
shales, framboidal and polyframboidal pyrite are best developed in the Atokan silty
micaceous black shales, and these mineral occur as replacement and/or cement of burrows
and clay matrix (Fig. 90). Polyframboidal is a term introduced by Love (1971) to
differentiate between compound texmre of framboids from the framboidal sphemle.
Polyframboidal pyrite has a higher order of complexity than the framboidal forms and
correspondingly greater size. It is, however, still a spheroid when it is not deformed.
The size in cross sectional diameter of polyframboidal pyrite detected in the Atokan silty
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black shale ranges from 40 ^im to neariy 900 ^m, therefore overiaps that of framboids,
which range in diameter from 5 jim to a rare 50 jim. Factors controlling the formation of
polyframboidal pyrite are not clearly understood, and study of some ofthe literature on
the formation of this mineral (Love, 1971) has failed to provide any illuminating
information. Cubic pyrite is present in the Atokan shale, but it is not as abundant as
framboidal forms. Cubic pyrite crystals range in size between 10 pm and 40 pm or
more. The amounts of all forms of pyrite in the Atokan shale as estimated from point
counts, range between 5 and about 10% ofthe rock material.
Authigenic carbonate minerals are scarce in most Atokan shale lithofacies. Only
one example of iron-poor calcite occurring as replacement and cement ofthe clay matrix
has been observed in the Atokan silty micaceous silty black shale, and ferroan dolomite is
detected in minor amounts in most Atokan shale lithofacies. Only in the Atokan
calcareous shales, significant to moderate (10 to about 20%) amounts of ferroan dolomite
and ferroan calcite have been detected. Ferroan dolomite crystals in Atokan shales are
anhedral to subhedral, ranging in size from 50 to 70 pm, and are coarser than ferroan
dolomite crystals found in the Woodford shale. Carbonate minerals in the Atokan shale
occur as cement within silt and sand-filled burrow stmctures and in the intrabiotic pores
of bioclasts.
Silica in the Atokan shale consists of microquartz, or microchalcedony, and
megaquartz. Microquartz occurs as replacement and/or cement in the clay matrix, and
microchalcedony and megaquartz occur as irregular crystals with undulose extinction
replacing fibrous calcite fossils, such as brachiopods (Fig. 91). In several examples
where calcareous bioclasts have been replaced by ferroan dolomite, megaquartz partially
has replaced the authigenic ferroan carbonates. This petrographic relationship suggests
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that silicification of these fossils post-dated the development of ferroan carbonate
minerals.
The paragenetic sequences of non-clay minerals for the Atokan shale, in many
cases, cannot be cleariy or consistently established. However, it appears that framboidal
and polyframboidal pyrite formed as early diagenetic minerals and before compaction of
the shale. Evidence supporting this interpretation is discussed under the compaction
section included in this chapter. Authigenic ferroan carbonate precipitation possibly postdated the formation of framboidal pyrite and pre-dated the precipitation of both silica and
cubic pyrite. Petrographic evidence reinforcing this interpretation include examples of
replacement of ferroan dolomite by cubic pyrite and silica.

Canyon Shale
Diagenetic minerals detected in the Canyon shale include pyrite, siderite and silica.
Pyrite formed as either individual cubic crystals ranging in size from 40 pm to 60 pm, or
as clusters of these crystals. Siderite is present in the Canyon shale, and it is locally very
abundant in some intervals (Fig. 92). This mineral occurs as very fine dessiminated
crystals cementing and replacing the clay matrix, and in some cases forming layers and
nodules. Canyon sandstones, which intercalate with the shale units, are abundantly
cemented by siderite. The necessary ions for the formation of this mineral in the sand
was possibly originated within the shale (mud) and migrated to the sandstones which
possibly acted as drains for all fluids generated by the compacting shales.
Silica (predominantly microquartz) is present in most Canyon shales, and it is
more abundant in some intervals than in others. No clear explanation ofthe variation in
the amount of silica within the different Canyon shale intervals can be made. A partial
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source of silica is believed to be due to the diagenesis of clay minerals (i.e., conversion of
smectite to illite/smectite mixed-layers and to illite).

Wolfcampian Shale
Authigenic minerals in Wolfcampian shale are more abundant and diverse than in
the other studied shale sequences. These authigenic minerals include pyrite, calcite,
dolomite, ferroan calcite, ferroan dolomite, silica, anhydrite, and celestite.
Pyrite predominantly cubic is present in all Wolfcampian shale lithofacies,
however, it is more abundant in the silty spiculitic black shale. The point counted amount
of pyrite in the silty spiculitic black shale ranges up to 10%, whereas its amount in the
calcareous spiculitic gray shale is estimated as forming 2 to 5% ofthe rock matrix. There
appears to be a negative relationship between the amount of pyrite and the amount of
ferroan carbonate minerals on one hand, and a positive relationship between the amount
of pyrite and the amount of organic matter (TOC) in the Wolfcampian shale on the other
hand. For example, the silty spiculitic black shale, which contains less ferroan carbonate
minerals and has higher TOC than the calcareous spiculitic gray shale, has a greater
amount of pyrite than the latter lithofacies. The previous observation may suggest that a
competition existed between the ferroan carbonate minerals and pyrite for iron.
Petrographic evidence reveals that much pyrite in the Wolfcampian shales occurs as
replacement ofthe ferroan carbonate minerals (Fig. 93) and hence, this petrographic
relationship or association supports the previous interpretation. Alternatively the
difference in the amounts of pyrite in the Wolfcampian shale lithofacies may be due to the
relative difference in the level of oxygenation that existed between the silty spiculitic black
shale and the calcareous spiculitic gray shale, i.e., the silty spiculitic black shale was
deposited under more anoxic condition (or in more reducing environment) than the
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calcareous gray shale, and therefore, more decay of organic matter by sulfate reducing
bacteria has occurred, and resulted in the production of more sulfur needed for the
formation of pyrite . Another third possible explanation, is that the silty spiculitic black
shale, which contains more organic matter than the spiculitic calcareous gray shale, was
able to supply more iron needed for the formation of pyrite. Picard and Felbeck (1976),
for example, suggested that iron may be released directly from organic matter as it
complexes with humic acids, and Irwin (1980) indicated that the association of iron with
organic matter, particularly humic acids, cannot be ignored. This process is very complex
and is not adequately understood.
Silica (predominantly microquartz) occurs in Wolfcampian shales as replacement
and cement of the clay matrix, and rarely as replacement of skeletal grains. The
conversion of smectite to illite/smectite mixed layers and to illite may have contributed
partially to the precipitation of silica in these shales. Several studies (Boles and Frank,
1979a; Hower et al., 1976; Pollastro, 1983, 1985) suggest that during the conversion of
smectite to illite, silica is released from the reaction. This silica then can be precipitated as
fine-grained quartz. In the Wolfcampian shales, inasmuch as some siliceous sponge
spicules do show dissolution (Fig. 94), they obviously could also have provided a partial
source of silica.
Carbonate minerals are more abundant in Wolfcampian shales than in the other
studied (Woodford, Atokan, and Canyon) shale. Geochemical analysis (Appendix B)
indicates that the amounts of carbonate minerals in Wolfcampian shales from the Delaware
Basin range from about 60% in the calcareous spiculitic gray shale to 10% in the silty
spiculitic black shale (Fig. 95). In the calcareous spiculitic gray shale, ferroan calcite
constitutes more than 70% ofthe carbonate minerals present in this shale, whereas in the
silty spiculitic black shale, ferroan dolomite is the more abundant diagenetic carbonate
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mineral. The origin and evolution of these authiginic carbonate minerals is discussed later
in this chapter.
Anhydrite and celestite are detected only in the silty spiculitic black shale and the
spiculitic calcareous gray shale ofWolfcampian core samples obtained from the Delaware
Basin. These minerals exhibit poikilotopic textures and occur as cement and replacement
ofthe siliceous sponge spicules and the clay matrix. The occurrences of anhydrite and
celestite may be related to the migration or presence of hypersaline pore waters enriched in
sulfate, calcium and strontium ions. Petrographic analyses indicate that celestite and
anhydrite occur as replacement of ferroan calcite and/or ferroan dolomite (Fig. 96). This
suggests that anhydrite and celestite post-dated the precipitation of ferroan carbonate
minerals.

Clay Mineralogy
The clay mineralogy of Woodford, Atokan, Canyon and Wolfcampian shale
intervals is described below.
The dominant clay mineral in Woodford shales is illite, and followed in abundance
by illite/smectite mixed-layers. No discrete smectite was observed. Traces of chlorite and
kaolinite also are present in these shales. XRD semiquantitative analyses indicate that the
amounts of illite or illitic clay in the Woodford silty black shale range from 75% to 60%
by weight (Landis, 1990).
Atokan shale lithofacies, predominantly consist of (23% to 30%) illite/smectite
mixed-layers and variable amounts of illite, ranging from 7% to 14% (Sivalingam, 1990).
Minor amounts of kaolinite and chlorite ranging from 3% to 4% occur throughout the
shale intervals. About 50% to 60% of the clay fraction is composed of illite/smectite
mixed layers. Discrete illite contributes about 20% to 30% with the remainder ofthe clay
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minerals being composed of kaolinite and chlorite occurring in about equal amounts.
Traces of chlorite in these shales, perhaps represent a detrital inheritance (Sivalingam,
1990). The illite/smectite mixed layers in the Atokan shales occur as randomly
interstratified mixed illite/smectite particles (RO phase), with about 45 to 60% illite
fraction, coexisting with ordered Rl phase illite/smectite with about 60 to 70% illite
(Sivalingam, 1990).
Within Canyon shales, clay minerals form approximately 70% to 80% ofthe rock
matrix. Illite/smectite mixed-layers and illite are the predominant clay minerals, and lesser
amounts of Fe-rich chlorite (chamosite) also are present (Landis, 1990). Landis (1990)
indicated that most Canyon shales contain 30% to 40% by weight illite and mixed layers
illite smectite, and he suggested that the clay minerals of Canyon shales largely represent
detrital mica, chlorite, and kaolinite.
Wolfcampian shale lithofacies (e.g., spiculitic calcareous gray shale, and silty
black shale) contain illite/smectite mixed-layers , and illite as predominant clay minerals,
with minor amounts to traces of chlorite and kaolinite (Sivalingam, 1990). Wolfcampian
shales average 60% illite, 30% illite/smectite mixed-layers and about 4% chlorite and 5%
kaolinite. The majority of illite/smectite mixed layers in Wolfcampian shales are ordered
phase, R3 with about 70% to 90% illite (Sivalingam, 1990), and as diagenesis
progresses, the proportion of illite in illite/smectite particles increases.

Clav Mineral Diagenesis
The present clay mineralogy ofthe Woodford, Atokan, Canyon and Wolfcampian
shales is in part a result of detrital origin, and in part a result of deep burial diagenesis, as
evidenced by XRD, SEM, and TEM analyses (Landis, 1990; Sivalingam, 1990). The
major clay mineral reaction that occurs during the progressive burial of sedimentary rocks
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(shales and sandstones) is the conversion of smectite to illite (Hower, 1981). This
reaction has been illustrated and discussed by Pollastro (1985), Nadeau et al. (1985), and
Ahn et al. (1986). This conversion of smectite to illite, and how it may have played a role
the present mineral composition, is discussed below.
Smectite, contained in the sediment or rocks at near-surface or shallow-burial
conditions, is converted to illite under increased temperature and pressure due to burial
depths (Boles and Franks, 1979a; Hower et al., 1976; Pollastro, 1983, 1985; Nadeau et
al., 1985; Ahn et al., 1986). Numerous studies concerning the general aspects of illite to
smectite reactions have been published. These studies suggest a trend of increasing
proportion of illite within illite/smectite (I/S) mixed-layers with increasing depth. Ordered
I/S was described as characteristic of later stages of the reaction by Perry and Hower
(1970), Weaver and Beck (1971), and Hower et al. (1976). The results of Hower et al.
(1976) are central to the mechanism ofthe smectite conversion. These authors proposed
that the process can be approximated by the reaction
smectite + AV^ + K*^ = illite + Sr\
This reaction implies that smectite transforms to illite directly by fixation of K interlayer
sites with a concomitant substitution of Al for tetrahedrally coordinated Si (i.e., the basic
T-O-T atomic arrangement remains largely unchanged, and a 1:1 relationship exists
between the reladve number of parent smectite and the product illite layer. K and Al were
hypothesized to be supplied locally by the dissolution of K-feldspar and/or mica, as
evidenced by the concomitant decrease of K-feldspar and increase in the proportion of
illite layers in I/S with depth (Hower et al., 1976). A different mechanism was proposed
by Boles and Franks (1979); these authors postulated that the Al required for the
formation of illite layers was derived from the smectite itself, and not from an external
source. Eberi and Hower (1977) and Eberi (1978b) and Roberson and Lahann (1981)
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experimentally brought about the conversion of smectite to I/S in the absence of an
external source of Al, consistent with the mechanism proposed by Boles and Franks
(1979).
Boles and Franks (1979a) and Pollastro (1985) proposed that the conversion of
smectite to illite involves the dissolution of smectite, and the precipitation of illite.
Calcium, silica, and magnesium are released from smectite in the reaction. These authors
suggested that these reaction products combine to form, at least in part, authigenic mineral
phases in pores or fracmres of deeply buried rocks. Typical mineral phases that may
form include dolomite orankerite, fine-grained quartz or quartz-overgrowth cements,
chlorite, and illite cement or overgrowths (Boles and Franks, 1979a; McHargue and
Price, 1982; Pollastro, 1985). However, in open systems, these elements may leave the
system completely and not necessarily result in the precipitation of authigenic minerals.
XRD and electron microscopy (SEM, TEM) analyses (Landis, 1990 and
Sivalingam, 1990) indicate that no tme or discrete smecrite is present in the Woodford and
Wolfcampian shales investigated in this study. Morphological evidence from SEM
observations suggests that earlier smectite-bearing clay present in these shales has been
converted partially to illite (Landis, 1990 and Sivalingam, 1990). In the Woodford silty
black shale this is evidenced by textures similar to those described by Pollastro (1985)
from SEM analysis, where overgrowths of tabular fibrous of illite are superimposed
within or on a honeycomb or "cornflake" morphology (Fig. 97). Such textures suggest
that an earlier smectite-rich clay was converted during diagenesis to a present illite
composition.
In the Wolfcampian shale lithofacies from Welch "A," Delaware Basin, where the
illite/smectite clays are dominantly ordered, R3 phase, the clay particles are more illitic
(Sivalingam, 1990). The typical morphology of clays from the ordered phase R3 with
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about 10 to 20% smectite appears platy (Fig. 98) and the aggregates do not bend or fold
like those ofthe Atokan shales (Fig. 99). Some of this illite was probably smectite which
later was converted to illite under relatively deep burial conditions (Sivalingam, 1990).
In summary, mineralogic and textural evidence suggests that the present claymineral assemblages of Woodford and Wolfcampian shales, predominantly consisting of
mixed-layers illite/smectite, and illite are mainly a result of deep burial diagenesis, and
partly they represent a detrital origin.

Paragenesis
Table 3 shows or summarizes the common paragenetic sequences for all
diagenetic stages detected and inferred for Woodford, Atokan, Canyon and Wolfcampian
shales in the Permian Basin. Observations are made from thin-sections and scanning
electron microscopy (SEM) analyses, in conjunction with X-ray diffraction (XRD) data
on clay mineralogy provided by Landis (1990) and Sivalingam (1990). However, this
does not mean that these events have occurred in all shale samples.

Eariv Diagenesis
In general, early diagenesis is characterized by some compaction, formation of
framboidal and some cubic pyrite and early cementation of clay matrices by iron free
calcite and/or silica. Early diagenetic sequences are discussed below.

Pyrite Formation
As previously indicated framboidal and some cubic pyrite are common diagenetic
phases found in all studied shale sequences. Petrographic examinations indicate that these
minerals were formed before any signiflcant compaction of shales occurred. This is
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evidenced in the Woodford and the Atokan shales by the presence of shale fabrics
compressed around pyrite nodules, and also by the occurrence of abundant palynomorphs
that have retained their original spherical shapes because their interiors or intrabiotic
cavities have been filled completely by pyrite. Palynomorphs which have not been filled
or replaced by pyrite were subsequently flattened by compaction. Gautier et al. (1985)
indicated that framboidal pyrite is the most common habit for early diagenetic pyrite, and
Raiswell (1982) suggested that discrete octahedral crystals of pyrite apparently form
somewhat late in diagenesis by direct precipitation, commonly as overgrowth on
preexisting framboidal pyrite. Presence of framboidal pyrite provides clear evidence for a
diagenetic history that comprised sulfate reduction. Hydrogen sulfide in interstitial pore
waters reacts rapidly with iron in the sediments during sulfate reduction (Gautier et al.,
1985). Bacterial decay of organic matter produces sulfur while iron is derived from
detrital minerals (Gautier et al., 1985) and/or organic matter (Picard and Felbeck, 1976).
The first solid products formed by this reaction are pyrite and more commonly, metastable
acid-soluble iron sulfides such as greigite and mackinawite that invert in time to pyrite
(Gautier et al., 1985). Sweeney and Kaplan (1973) have shown that the inversion of
greigite to pyrite is responsible for the formation of pyrite framboids. Singer and Muller
(1983) also indicated that during the activity of sul fate-reducing bacteria, H2S is produced
which in the presence of dissolved iron or Fe-hydroxides is transformed into black
hydrotroilite (Fe S.n H2O). After a very short time, stable iron sulfides (predominantly
pyrite) are formed from the unstable hydrotroilite in clayey sediments (Love, 1964).
The origin of framboidal pyrite has been discussed by several authors and three
possible explanations have been put forward. Love (1967) considered that framboids
developed from spheres of colloidal sulfide gel. Rickard (1970) concluded from his
investigation that the spheroidal form of pyrite was inherited by replacement or infilling of
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organic globules. The fact that some framboids have matrix between the microcrystals
while others lack this, is explained by Rickard as a result of two different modes of pyrite
crystallization. In one, the organic materials are totally excluded, while in the other, they
are preserved as matrix subsequently replaced by pyrite. Rickard (1970) suggested
further that the internal stmcture was produced by pyrite crystallization. Bemer (1970)
and Sweeney and Kaplan (1973) proposed a successive development of pyrite from no
sulfide through a sequence of stages in an environment of excess sulfur. Sweeney and
Kaplan (1973) also claimed that both the internal and external framboidal textures are
determined by spheres of greigite (polysulfide) developing into pyrite (disulfide). This
process is also known to produce spheres.

Calcite Precipitation
Iron-poor calcite is considered to be a typical product of early diagenetic bacterial
activity in marine sediments (Curtis, 1972; Berner, 1970). Curtis (1978) outlined six
diagenetic environmental zones (Fig. 100) for organic-rich mudstones, and indicated that
in the bacterial sulfate reduction zone (Zone II), diagenetic pyrite and iron poor,
isotopically light carbonates precipitate. This zone coincide with 10 meters depth and 0.3
AT** C. Conditions necessary for and mechanisms of precipitation of carbonate cement in
shales have not been firmly established. In spite ofthe numerous parameters involved,
general lines of evidences are being unrevealed. Precipitation of calcite depends largely
upon increasing the [Ca*2][C03'2] product in interstitial water or within sediments. A
direct way to accomplish this is to raise the pH in the environment.
Gautier et al. (1985) indicated that authigenic carbonates found in ancient marine
shales may precipitate throughout the sulfate reduction zone, owing to the increasing of
bicarbonate concentrations. However, precipitation is thought to be more likely and to be
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volumetrically more abundant in the later stages of sulfate reduction as bicarbonate
reduction approaches high values (Gautier et al., 1985). The precipitating carbonates will
be essentially iron-free, due to the sequestering of available aqueous iron in pyrite and
other authigenic iron sulfides (Gautier et al., 1985). Gautier et al. suggested that because
the carbon is derived from an aerobically oxidized organic carbon, carbonate minerals will
have an isotopic composition similar to that of organic matter (i.e., dC^^ = -20 to -25).
Singer and Muller (1983) indicated that mudstones and shales poor in carbonates
commonly contain concretionary bodies, mainly consisting of calcite. It seems probable
that most of the concretions started to form in early stages of diagenesis and under
shallow-burial, because the enveloped relics of organisms are commonly not deformed
(Singer and Muller, 1983). Singer and Muller (1983) suggested that inasmuch as relics
of shells of organisms are frequently found in the centers ofthe concretions, it is likely
that organic matter played a role in the formation of these calcareous concretions.
Several examples of calcite concretions or nodules are found in Wolfcampian
black shales (Fig. 101). These nodules consisted initially of iron poor calcite, which
subsequently has been (possibly at intermediate stage of diagenesis) replaced to varying
degrees by ferroan calcite and/or ferroan dolomite. Original iron-poor calcite which stains
red can still be seen in these nodules when replacement by ferroan carbonate is not
complete.

Compaction
Apparently geologists accept the fact that shales compact but they do not always
agree on the definition of the term compaction (Hinch, 1980) nor on the factors
influencing compaction. In agreement with a definition provided by Hinch (1980), in this
study compaction is defined or understood as the mechanical rearrangement of shale
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mineral grains to form a more consolidated, denser, more ordered fabric, thereby causing
expulsion of water with a consequent reduction in porosity.
Petrographic examinations ofthe Paleozoic (Woodford, Atokan, Canyon, and
Wolfcampian) shales, in conjunction with examination of porosity logs (FDC and CNL)
indicate that some shales show evidences of compaction, whereas others are or seem to be
under- or less-compacted.

Shales that are compacted have low density and show

progressive loss of porosity with depth. Woodford silty black shale and Atokan shales
which have densities of 2.35 to 2.4 gm/cc exemplify compacted shales. Petrographic
examinations demonstrate the development of well-defined compacted fabrics as indicated
by a planar, parallel arrangement of mineral flakes around the larger grains. Clay
minerals of these shales exhibit optical orientation, and mica flakes are perfectly oriented
parallel to bedding due to compaction. Other visible compactional features observed in
these shales include an abundance of flattened Tasmanites that originally were circular or
elliptical. Compacted Atokan shales also are characterized by low density (2.4 to 2.41
gm/cc), very low amounts of diagenetic cements and clay and mica flakes are perfectly
oriented with the bedding owing to compaction. Microscopically, Atokan shales in many
instances are visibly compressed around phosphatic nodules (Fig. 102), sand grains,
bioclasts, burrows and pyrite nodules. Palynomorphs in this shale also are flattened.
Examples of distorted and fractured large fossils such as brachiopods also are found in
the Atokan shale, and these features are often cited as fingerprints of compaction (Chandal
et.al., 1987). Compactional features in Canyon shales include compressed shale fabrics
around sand and silt grains. In Wolfcampian spiculitic calcareous gray shales the high
density (p = 2.45 up to 2.7 gm/cc) of these shales, the lack of occurrences of broken
sponge spicules and the presence of undeformed spherical to ellipsoidal phosphatic pellets
are interpreted as cogent evidence that these Wolfcampian shales did not significantly
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compact. Precipitation of abundant early diagenetic minerals in Wolfcampian gray shales
is responsible for the increase ofthe density of these shales and these minerals played a
key role in arresting compaction. This is because differential cementation by early
diagenetic minerals may have converted loose sediments (mud) that formed the shale into
a rigid compaction-resistant framework before overburden pressure was great enough to
cause significant compaction or deformation of this shale.
The significance of abundant authigenic mineral development in the Wolfcampian
shales, is that most of these minerals occur early, possibly before hydrocarbon
generation, therefore producing a very impermeable medium which would obstruct
migrating pore fluids and/or oil. It could also cause overpressuring of the underiying
shales.

Intermediate Stage of Diagenesis
Diagenetic stages during intermediate burial include the conversion of smectite to
mixed layers illite/smectite and illite replacement of iron-free calcite by ferroan to ferroan
calcite and replacement of ferroan carbonate minerals by anhydrite and celestite. The
onset of illitization of smectite occurs during intermediate stages of burial, when
temperamres approach 60°C (Hoffman and Hower, 1979). The smectite to illite reaction
is probably neariy complete when burial temperatures reach about 110°C, and there is a
distinct absence or disappearance in well profiles ofthe 17A glycol phase on XRD
profiles (Pollastro and Barker, 1986). Cubic pyrite and chlorite cement also are
precipitated during intermediate stages of burial.
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Latest Stages of Diagenesis
Latest stages of diagenesis possibly include illite growth/overgrowth, continuous
formation of ferroan dolomite, silica, and conversion of kaolinite to chlorite. With
increased burial and temperatures > 110**C, the mean particle size of illite crystals
increases (Nadeau, 1985; Eberi et al., 1987; and Pollastro, 1985). This illite growth
process also is referred to as sericitization (Eberi et al., 1987). No evidence of
sericitization in the investigated clay diagenesis ofthe studied shales (Woodford, Atokan,
Canyon, and Wolfcampian) has been reported by Landis (1990) and Sivalingam (1990)
who studied the diagenesis of clay minerals in these shales in detail.

Evolution of Authigenic Ferroan Dolomite and Ferroan Calcite
As mentioned above, authigenic ferroan calcite and dolomite occur in abundance
as cement and replacement, especially in Woodford and Wolfcampian shales. In these
shales it is inferred that the evolution of dolomite diagenetic phases is similar to the
evolution of ferroan calcite, where iron-bearing dolomite evolves from or replaces earlier
iron-free dolomite and/or calcite. This order of genesis can clearly be illustrated in
Wolfcampian shale, inasmuch as the ferroan dolomite replacement of iron-free dolomite
and calcite in several instances is incomplete or is not extensive, as evidenced in stained
thin-sections (Fig. 103). Ferroan dolomite stains blue, whereas ferroan calcite stains
purple. The origin ofthe iron free dolomite in these shales is complex and problematical,
and therefore no attempt to explain its development will be made here.
In correlation with the predominant clay minerals (e.g., illite) in Woodford and
Wolfcampian shales, it is suggested that ferroan dolomite and calcite in these shales were
at least partially formed from the conversion of smectite to illite. However, it is also
possible that in addition, Wolfcampian shale initially contained some allogenic or biogenic
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carbonates as evidenced by the presence of remnants of micrite (Fig. 104). Several
investigators (Pollastro, 1989; Boles and Frank, 1979a; and McHargue and Price, 1982)
have suggested that the release of calcium, magnesium, and iron from the smectite-to-illite
reaction produces dolomite, calcite, and other authigenic mineral phases in sedimentary
rocks during deep burial diagenesis.
The consistent spatial and textural relations of ferroan calcite, ferroan dolomite,
and the decrease of illite/smectite mixed layers and increase of illite particles in
Wolfcampian shales from the Welch "A" as determined from XRD and electron
microscopy (SEM and TEM) analyses (Sivalingam, 1990) provide evidence that some
illite/smectite mixed layers were converted to illite, and support the concept that claymineral diagenesis may have influenced or played an important role in the formation of
ferroan calcite and dolomite in these shales.
During the conversion of smectite-to-illite, calcium, iron, and magnesium are
released (McHargue and Price, 1982; and Pollastro, 1989). As smectite is converted to
illite, smectite is dissolved and illite is precipitated (Nadeau, 1985; Pollastro, 1985).
Calcium, magnesium, and iron probably nucleate dolomite within the clay matrix of
shales (Pollastro, 1989), and dolomite grows in part at the expense ofthe clay. Some of
the calcium for calcite and dolomite formation also is probably derived from the
dissolution of local calcite or aragonite in these shales. This reaction mechanism is
thought (Pollastro, 1989) to have formed ferroan dolomite and ferroan calcite. In
studying the early diagenetic carbonate precipitation in the Kimmeridge Clay of Dorset,
England, Irwin (1980) suggested that the most important source of calcium for the
dolomite formation in the Kimmeridge Clay is derived from dissolution of primary
carbonate which includes high and low-Mg organisms. In this study, no evidence of
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dissolved high and low-Mg fossils has been observed. In general, all microorganisms
recovered from insoluble residues or seen in thin sections appear to be well preserved.
In addition to clay minerals reactions (conversion of smectite to illite/smectite
mixed layers and illite), other proposed sources of magnesium necessary for formation of
dolomite and ferroan dolomite in shales are: organic matter (Desborough, 1978, and
Irwin, 1980), and trapped sea water (Holland, 1978, and Irwin, 1980). Desborough
(1978) proposed that kerogen in the Green River Shale released magnesium after burial
for authigenic dolomite precipitation, and Gebelein and Hoffman (1973) invoked blue
green algae as the source of magnesium for dolomites. Magnesium constitutes 2.8 wt%
of chlorophyll (C55H72N4Mg, MW = 892) and is concentrated by some algae. Orr,
Emery and Grady (1958) indicated that organic matter in recent sediments contains 2 to
10% chlorophyll and there is evidence that magnesium is rapidly lost from the stmcture
during descent in the water column and immediately on burial. In this study, although the
previous idea cannot be disregarded, there is no clear evidence to support it. Inasmuch as
all the studied shales (Woodford, Atokan, Canyon, and Wolfcampian) contain large
amounts of marine organic matter (predominantly Tasmanites), however, dolomite and
ferroan dolomite only are found in the Woodford and Wolfcampian shales. In fact the
Wolfcampian spiculitic calcareous gray shales which are less organically rich than the
other shale lithofacies (Atokan and Canyon) contains appreciable amounts of dolomite and
ferroan dolomite which are absent or scarce in both the organically rich Atokan and
Canyon shales.
Trapped sea water (which contains 53.2 mmol/kg Mg; Holland, 1978) also was
considered as source of magnesium for the authigenic dolomite found in the Kimmeridge
Clay. Irwin (1980) indicated that one liter of sea water would supply .005 mole Mg,
less than a similar volume of organic matter, but at deposition sea water would comprise
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approximately 70% of sediment volume whilst organic matter would constitute only a
fraction ofthe rest. Downward diffusion of magnesium from overlying sea water will
occur if the precipitation process occurs at a shallow enough depth (Irwin, 1980).
Magnesium of pore waters of underlying sediments may be moved to the site of
precipitation by diffusion and by upward expulsion due to compaction, which is greatest
over the first 100 m of burial (Irwin, 1980). Although the potential role of trapped sea
water cannot be precluded or seems probable, in this smdy its effectiveness cannot be
confirmed or tested. Moreover, downward migration of pore fluids or ionic diffusion
would be impeded as the compaction of shale takes place and increases.
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and scanning electron microscopy (SEM) analyses
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FIGURE 88. Pyrite is a common diagenetic phase in all studied shale sequences.
It is especially abundant in Woodford shale. Pyrite occurs as
replacement ofthe clay matrix (as illustrated in this photograph),
and in other cases occurs as replacement of bioclasts). Note the
presence of inclusions of clay within the pyritized area.
Woodford silty black shale. J.F.Beaver well, Borden County,
Texas. Depth 9698 feet.
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FIGURE 89. Cubic pyrite (P) replacing the center of ferroan dolomite crystals.
This suggests that pyrite has formed after the precipitation of
ferroan dolomite. Pyrite and ferroan dolomite are abundant in the
Woodford silty black shale. Light areas represent silt grains. J.F.
Beaver well, Borden County, Texas. Depth 9696 feet.
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FIGURE 90. Framboidal and polyframboidal pyrite are present in all shale
sequences. These mineral represent early diagenetic phases and
possibly formed before any compaction of shale has occurred.
Note that shale is compacted around these aggregates of framboidal
pyrite. Silty micaceous Atokan shale. Teimeco's State LF - 30 # 1
well, Lea County, New Mexico. Depth 12673 feet.
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FIGURE 91. Silica in the form of microquartz and megaquartz replacing
brachiopods. Silica is abundant in all studied shale sequences. It
occurs as cement and/or replacement to the clay matrix and/or
calcitic bioclasts. This photomicrograph is taken under crossed
nickol. Brachiopod-rich Atokan shale.State "JL" 36 No. 1 well,
Eddy County, New Mexico. Depth 10974 feet.
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FIGURE 92. Photomicrograph illustrating the presence of siderite in the Canyon
silty black shale. Note the gradual lateral/vertical contact with
sideritized shale. Berger No. 3 well, Sutton County, Texas.
Depth 6299 feet.
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FIGURE 93. Photomicrograph illustrating the replacement of ferroan calcite
(stains purple) by cubic pyrite. Note the presence of calcite and
ferroan calcite inclusions within the pyritized area. This
petrographic relationships suggests that pyrite post-dated the
development or precipitation of carbonate minerals. Wolfcampian
calcareous spiculitic gray shale, Welch "A" well, Eddy County,
New Mexico. Depth 9072 feet.
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FIGURE 94. Photomicrograph showing a partial dissolution of siliceous sponge
spicules (S). Dissolution of sponge spicules possibly provided a
minor source of silica in Wolfcampian spiculitic shale lithofacies.
Welch "A" well, Eddy County, New Mexico. Depth 9001 feet.
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FIGURE 95. Diagram showing percentage of carbonate minerals (wt%) in
Wolfcampian shale. Welch "A" well, Eddy County, New Mexico.
Carbonate percentages are based on geochemical analyses explained
in Appendix C.
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FIGURE 96. Celestite (C) replacing ferroan calcite (FC).. This diagenetic
sequence indicates that celestite post dated replacement of ferroan
calcite. Silty spiculitic black shale lithofacies. Welch "A" well,
Eddy County, New Mexico. Depth 9031 feet.
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FIGURE 97. Shale fabric consisting of illite/smectite mixed layers and showing
illite (I) intergrowths. This suggests that illite is a pseudomorphic
intergrowth after smectite. Woodford silty black shale lithofacies.
Welch J.F. Beaver well, Borden County, Texas. Depth 9697 feet.
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FIGURE 98. Scaiming electron microscopy (SEM) photomicrograph showing
typical morphology of clays from the ordered phase R3
(illite/smectite mixed layers). Smectite appears platy and
aggregates do not fold like those of the Atokan black shales.
Wolfcampian black shale, Welch "A" well, Eddy County, New
Mexico. Depth 9051 feet.
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FIGURE 99. Scanning electron microscopy photomicrograph showing the
typical cornflake texture of smectite. Illite/smectite mixed layers
are composed of RQ and Ri type with about 40 to 60% illite. Note
that these clay aggregates bend or fold. Atokan black shales.
Tenneco's State JL-36 No. 1 well, Lea County, New Mexico.
Depth 10962 feet.
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FIGURE 101. Calcite or calcareous nodules (C) are common in Wolfcampian
black shale lithofacies. Petrographic examinations show that these
nodules consisted initially of iron poor calcite that has been
replaced by ferroan calcite and/or ferroan dolomite. Compaction of
shale fabric around these calcareous nodules suggests that nodules
formed before any significant compaction of shale. Welch "A"
well, Eddy County, New Mexico. Depth 9068 feet.
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FIGURE 102. Shale fabric is compressed around a phosphatic nodule. Atokan
shale, commonly displays visible compactional features around
sand grains, bioclasts and pyrite nodules. State JL "36" well,
Eddy County, New Mexico. Depth 10974 feet.
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FIGURE 103. Ferroan calcite (stains purple) replacing iron free calcite (stains
red), and ferroan dolomite (stains blue) possibly replaced iron free
dolomite (arrow). Notice unreplaced rhombs of dolomite (D)
floating in the clay matrix. Spiculitic calcareous gray shale
lithofacies. Welch "A'* well, Eddy County, New Mexico. Depth
9067 feet.
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FIGURE 104. Remnants of micritic matrix (M) in Wolfcampian spiculitic
calcareous gray shale. This may suggest that some of the
carbonate minerals found in this shale are partially of detrital
origin. Welch "A" well, Eddy County, New Mexico. Depth 9029
feet.
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CHAPTER Vin
CONCLUSIONS

Upper Devonian Woodford, Pennsylvanian (Atokan and Missourian), and
Permian (Wolfcampian) shale sequences in the Permian Basin were selected for
sedimentological and diagenetic investigations or studies because ofthe availability of
cores, which made correlation with geophysical and geochemical properties of shale more
reliable. The integrated sedimentological, paleontological and geochemical data indicate
that these studied Paleozoic shale sequences were deposited in anoxic to near-anoxic
conditions, and hence abundant organic matter was preserved within these shales. The
mean total organic carbon content in the Woodford black shale is 7 wt%. TOC values
range from 4 wt% in the shaly dolomite lithofacies to about 20 wt% in the silty black
shale. In the Atokan black shale TOC equals up to 24 wt%. TOC values for the Canyon
shale range from 26 to 6.4 wt%, and the mean TOC is 12 wt%. The amounts of organic
carbon in the silty spiculitic black shale from the Delaware Basin ranges from 17.7 to
26.4 wt% and in the calcareous spiculitic gray shale, TOC ranges from 4 to 9 wt%.
Black shales from the Midland Basins have TOC values ranging from 18.7 to 22.8 wt%.
The organic-rich nature of these shales indicate that they may have sourced or generated
large amounts of hydrocarbons and contributed greatly to the Permian production.
Woodford shale from the Midland Basin (Borden County, Texas) was deposited
in deep-water environments as suggested by the absence of shallow water fauna, and the
abundance ofPalmatolepis conodonts. Lithofacies consist of laminated silty black shale,
that contains nektic and planktic taxa that include fish debris, conodonts, and Tasmanites.
Several thin lags of reworked, and abraded conodont and other phosphatic skeletal debris
are detected within these shales. These fag concentrates possibly are concentrated by
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bottom current action during severe storms. Southeast of Gaines County, Texas, a shaly
dolomite interval (several feet thick) occurs at the base ofthe Woodford black shale. This
shaly dolomite interval may also represent a lag concentrate as suggested by the
reworking and the fragmentary or broken conditions of fossils found in this interval.
Atokan shales ofthe Northwestem Shelf of the Delaware Basin comprise several
black shale intervals intercalated with fine- to medium-grained sandstone units. Shale
lithofacies consist of 1) calcareous grayish black shale, 2) silty micaceous black shale,
and 3) brachiopod-rich black shale. The environment, in which Atokan shales were
deposited consisted of a relatively calm, shallow-water, open shelf marine environment.
The monotonous Atokan depositional environment was punctuated from time to time by
deposition of coarser sandstone beds, representing episodic increases in current strength,
and change in chemical environment to a relatively less reducing or oxidizing one.
Canyon shales (Missourian) consist of silty, sandy, and carbonaceous black shale
to shaly carbonaceous siltstone. Shale intervals occur in thick or thin beds associated
with lower fan turbidite deposits. Some shale intervals are massive, stmctureless or
display highly contorted bedding.

Contorted bedding indicates soft-sediment

deformation. Contortion possibly resulted from slumping or was caused subsequent
loading ofthe shale which had high water content.
Wolfcampian shales from the Delaware Basin consists of dark-gray calcareous
spiculitic and dark silty spiculitic intervals. This shale was deposited in a relatively deep
water environment beyond the shelf break or at the slope of the Delaware Basin. High
concentrations of siliceous sponge spicules in these shales suggest that sponges grew
abundantly on the floor ofthe Delaware Basin, and that spicules were not winnowed by
turbidity currents, because no evidence of turbidity current action (e. g., graded intervals
of spicules) was detected.
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Wolfcampian shale from the Midland Basin consists of several distinctive
lithofacies. These are 1) shaly dolomite; 2) spiculitic black shale; and 3) silty black shale.
The dark color, sparseness of benthic fauna and burrows, in addition to preservation of
abundant organic matter, and abundant pyrite suggest that these lithofacies were deposited
in lower dysaerobic to anaerobic quiet water environments.
The Woodford, and Wolfcampian black shales are inferred to have been deposited
as hemipelagites, and their textures are quite similar, whereas Canyon shales represent
submarine fan deposits associated with turbidites. The Canyon sandstones exhibit
classical sedimentary stmctures that characterize turbidites. Both Canyon sandstones and
shales contain displaced shallow-water fauna, and micrograded bedding is abundantly
represented in shales.
Shales are classified as, lutite, granolutite, compackite, and granopackite. Lutite
is a clay-supported rock with less than 10% grains, whereas granolutite is a claysupported rock with more than 10% gains. Granopackite is a grain-supported rock,
having a texture in which gains are in contact and detrital clay is dispersed among the
grains. Compackite is characterized by a grain-supported fabric, but the grains are
separated by clay platelets which have been bent and distorted owing to compaction.
Granolutites are the predominant rock type in all the hemipelagic shale units, whereas the
turbiditic Canyon shales exhibit much more shale rock type diversity than any of the
Woodford and Wolfcampian hemipelagites. One thin section may contain examples of
granolutite, granopackite, and compackite. Granolutites within the Canyon also are more
diverse than those found in hemipelagites.
Appreciable amounts of diagenetic minerals were precipitated in these shales.
Framboidal and euhedral pyrite and silica are common minerals in all shale sequences.
Dolomite, calcite, ferroan dolomite and ferroan calcite are abundant in Wolfcampian
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shales and significant amounts of ferroan dolomite occur in Woodford silty black shales.
Celestite and anhydrite were detected only in the Wolfcampian shales from the Delaware
Basin and siderite is found only in the Canyon shales.

Clay-mineral diagenesis

(conversion of illite smectite mixed layers to illite) appears to partially have influenced the
diagenesis or precipitation ofthe authigenic nonclay minerals in these shales, and played
an important role in the evolution of ferroan calcite and ferroan dolomite in Woodford and
Wolfcampian shales.
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APPENDIX A
LISTING OF TOTAL ORGANIC CONTENT (TOC) FOR THE WOODFORD,
ATOKAN, AND WOLFCAMPIAN SHALES FROM THE PERMIAN BASIN OF
WEST TEXAS AND EASTERN NEW MEXICO

Listing of total organic content (TOC) for the Woodford, Atokan, and
Wolfcampian shales from the Permian Basin of West Texas and Eastern New Mexico.
Total organic content (TOC) is reported as weight percent (wt%). TOC values for the
Canyon shales is given by Landis (1990).
Woodford black shale
F.J. Beaver "41" No. 1 well, Borden County, Texas
Depth (ft)
9688
9696
9702
9707

TOC
20.77
32.90
1.30
11.48

Woodford shaly dolomite
HEJ Section 451 #5 well, Gaines County, Texas
North Russel Field (Texas).

Depth (ft)
10673
10674
10675
10676

IQC
4.22
0.33
2.34
9.95
Atokan shale

Tenneco's State LF "30" #1 well, Eddy County, New Mexico
Depth (ft)
12661
12664
12666
12670
12680

IQC
7.4
10.07
19.58
19.35
24.40

216

Atokan shale
Tenneco's State JL "36" #1, Lea County, New Mexico
Depth (ft)
10940
10953
10962
10979

TOC
28.3
5.52
22.47
12.85

Wolfcampian shales
Welch "A" well, Eddy County, New Mexico
Depth (ft)
9000
9013
9019
9020
9028
9031
9043
9049
9057
9064
9074
9091
9105
9124
9126

TOC
18.8
5.7
28.5
19.6
17.5
14.7
8.5
4.4
26.4
4.0
5.9
23.2
9.7
4.8
17.6
Wolfcampian shales

Chilton JP #1 well, Gaines County, Texas
Depth (ft)
11090
11100
11111
11120
11131

TOC
26.8
23.4
20.8
18.6
26.2
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APPENDIX B
VOLUME OF CLAY FOR THE WOLFCAMPIAN SHALES (WELCH "A" WELL)
FROM THE DELAWARE BASIN

Volume of clay for the Wolfcampian shales (Welch "A" well) was calculated
according a method described by Asquith et al. (1982). The first step needed to determine
the volume of clay from a gamma-ray log, is to calculate the gamma-ray index. The
following formula from Schlumberger (1974) was used.
IGR = G R log - GRmin / GRmax- GRmin

where:
IGR = gam ma-ray index
GR log = gamma-ray reading of formation or designated interval
GRmax = maximum gamma-ray reading (shale)
GR min = minimum gamma-ray (clean sand or carbonate)
Gamma-ray index (IQR) was calculated for every Wolfcampian shale interval (Welch "A"
well) and is recorded below
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Depth
(feet)

I

GR

V%

SH

9000

0.79

69

9020

0.72

59

9030

0.71

57

9065

0.96

92

9072

0.92

86

9087

0.81

70

9105

0.98

96

9123

1.00

100

9129

0.99

98

9156

0.115

5.7

Lithology descriptions and remarks

Spiculitic calcareous shale.
Contains appreciable amounts of
diagenetic minerals. These include
ferroan calcite and dolomite, pyrite,
and silica (microquartz).
Silty black shale lithofacies.
Contains small amounts of diagenetic
minerals. These are represented by
ferroan dolomite, some calcite,
anhydrite, celestite, and pyrite. This
lithofacies has lower density than tlie
spiculitic calcareous shale.

Calcareous debris flow deposits.

Figure ( ) : Volume of clays in Wolfcampian shale as determined from gamma-ray log.
Cores are obtained from Welch "A" No. 1, Eddy County, New Mexico.

After finding the gamma-ray index value (IQR), a Dresser Atlas chart provided by
Asquith et al (1982) was used in order to correct the gamma-ray index (IGR) to the volume
of clay or shale (Vsh).
Procedure
1. Find the gamma-ray index value (IGR) on the left ofthe chart.
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2. Follow the value of IQR horizontally to where it intersects curve 2 (representing
consolidated older rocks). Curve 3 represents unconsolidated, tertiary rocks, and curve 1
represents where Vsh '^ IGR •
3. Drop to the scale at the bottom and read the values for the two intersections
(Percent of shaliness).
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APPENDIX C
VALUES FOR THE WEIGHT PERCENT CARBONATES FOR WOODFORD SILTY
BLACK SHALE (J.F. BEAVER WELL, BORDEN COUNTY, TEXAS) AND
WOLFCAMPL\N SHALES (WELCH "A" WELL, EDDY COUNTY, NEW MEXICO)

Values for weight percent carbonates for Woodford silty black shale (J.F. Beaver
well, Borden County, Texas) and Wolfcampian spiculitic calcareous gray shale and silty
spiculitic black shale (Welch "A" well, Eddy County, New Mexico) were obtained by
dissolving a known weight (3 grams) of a powdered shale sample in dilute (10%
concentration) hydrochloric acid for 48 hours. The sample was washed with distilled
water in a centrifuge and dried in an oven for 24 hours. The residue was then weighted to
determine wt% carbonate in these shale samples.

Depth (feet)

Carbonate wt%
19.93
13.62

9688
9697

Woodford silty black shale (J.F. Beaver Well, Borden County, Texas).
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Depth (feet)

Carbonate wt%
28.6
50.7
8.8
29.2
26.5
39.6
40.8
54.1
10.2
70.0
7.7
73.8
57.2
69.3
15.4
30.8
20.0
40.0
90.0

9000
9015
9019
9020
9024
9027
9030
9032
9043
9047
9060
9064
9067
9074
9115
9124
9126
9130
9140

CSH = Calcareous Spiculitic Shale
CD = Calcareous Debris Flow

CSH
CSH
BSH
CSH
CSH
CSH
CSH
CSH
BSH
CSH
CSH
CSH
CD
BSH
CSH
CD
CD

BSH = Silty Spiculitic Black Shale

Wolfcampian shale Welch "A" well, Eddy County, New Mexico.
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