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CHAPTER I
INTRODUCTION
Since the early 1950's, the Northwest Shelf of the Permian
Basin has been an important objective for petroleum exploration
activities.

Pennsylvanian tectonic influences along this shelf,

combined with the complex nature of cyclic sedimentation has made
the prediction of production trends very difficult.

In Virgilian

and Lower Wolfcampian intervals, thin interbedded carbonates and
shales show relatively little lateral continuity.

Identification

of these intervals by seismic techniques is limited.

Therefore,

petrographic methods must be employed in constructing an effective
depositional and diagenetic model.
No previous studies have been published on the Cisco
carbonates in the study area. Meyer (1966) inferred the nature
of the carbonates in this region, but no facies or diagenetic
zonations have been proposed.
Objectives
This study focuses on Cisco carbonates of the Virgilian
Epoch in the Late Pennsylvanian, and has been guided by the
following objectives.
1.

Reconstruction of the environments of deposition in the
study area.

2.

Petrographic analysis and correlation of lithofacies and
1

biofacies of the cyclic carbonates.
3.

Determination of the diagenetic history (paragenesis)
and its effects on porosity.

4. Attempt to locate depositional-diagenetic carbonate
trends favorable for the accumulation of hydrocarbons.
Location
The study area covers approximately 1200 square miles of
northeast Chaves and southwest Roosevelt counties in New Mexico
(Fig. 1 ) . Paleogeographically, it lies on the northern boundary
of the Northwest Shelf along the poorly defined transition zcne
between the Northwest Shelf and the Tucumcari Basin.

The

Roosevelt Uplift lies to the east of the study area and the
Pedernal landmass to the west.
Lithologic samples used in this study were obtained solely
from well cuttings.

Cuttings were available only from nine

scattered wells trending in a generalized north-south direction
through the area.

Exact locations of control wells are listed in

Appendix A, and their geographic distribution is shown on
Figure 2.
Methods of Study
Well cuttings from nine wells were initially analyzed
megascopically to determine basic lithologic properties such as
colors, textures, fossils, porosities, and rock percentages.

Cuttings were prepared by acid etching for 30 seconds in ten
percent HCl to remove drilling fluids. After being rinsed with
water, cuttings were left submersed in sample cups, and examined
with a binocular microscope.
Representative cuttings from each 10' interval were then
chosen for preparation of thin sections. This step required
careful observation of alternating occurrences of lithotypes, and
the screening of possible caved fragments.
Thin sections of cuttings were then prepared and stained with
a combination of alizaren red-S and potassium ferrocyanide,
according to the method of Lindholm and Finkelman (1972).

This

staining technique aids in the distinction of calcite from
dolomite, and ferroan carbonates from non-ferroan carbonates.
Examination of the thin sections provided data such as
depositional textures, carbonate allochems, biofacies, algal
influences and diagenetic sequences. Grains could then be
classified according to depositional textures (Dunham, 1962) and
allochem composition (Folk, 1959).
Regional correlations of the data were made by the
construction of well log cross sections, structure contour maps,
and lithofacies maps.
Reqional Paleozoic History
Galley (1958) offered the following synopsis of the
Paleozoic history of the Permian Basin area, and the following

summary is paraphrased from this paper.
Prior to Pennsylvanian time, the area now occupied by the
Delaware Basin in southeast New Mexico was a broad foreland
covered by a shallow epeiric sea (Galley, 1958).

Carbonate

deposition predominated and clastics were limited mainly to the
deeper basinal areas to the south.

Exposed areas were of low

relief and had been subjected to slight crustal warping during
Ordovician and Devonian times. The onset of the Morrowan interval
was accompanied by major tectonic differentiation of the region.
Cratonic landmasses were elevated and remained as dominant
positive areas throughout the remainder of the Paleozoic era.
Physiographic provinces that were formed during this time include
the Pedernal landmass, the Central Basin Platform, the Roosevelt
Uplift, and the Delaware Basin. Major tectonic adjustments
temporarily ceased by the end of Atokan time.
Minor structural movements involving the Pedernal landmass
and the Roosevelt Uplift occurred between major tectonic intervals
throughout the Pennsylvanian (Adams, 1962).

Epeirogenic uplift

of the granitic basement produced the Pedernal landmass, and
adjacent to this are horst and graben faults (Horak, 1975).

To

the east of the Pedernal lies the Roosevelt Uplift, which is a dome
shaped feature composed of Precambrian granite and granitic gneiss.
Smaller knobs of Precambrian basement are common around its
periphery.

As opposed to block faulted uplifts, this feature is

considered to have originated from local vertical adjustments in

the basement (see Meyer, 1966).
Spanning the Permian-Pennsylvanian boundary was a second
episode of intense tectonic activity. This activity was centered
along zones of previous structural instability, and involved the
elevation or rejuvenation of numerous small fault blocks and
basement knobs. Much or all of the Pennsylvanian and prePennsylvanian cover was eroded from the crests of these structures
Some of the other earlier structures in the region remained
quiescent during this time (Adams, 1962).
Tectonism ceased in the Delaware Basin province before the
close of the Wolfcampian Epoch.

Physiographic provinces had

become well established, and controlled the sedimentary patterns
throughout the Pennsylvanian and Permian periods. Clastic
sedimentation, consisting of arkosic sandstones and granitic
washes, had accompanied the uplifts and extended into the rapidly
subsiding adjacent basins. Widespread carbonate deposits
occurred in intercratonic-interbasinal areas and along localized
structural trends (Adams, 1962).
Eustatic sea level fluctuations produced evident patterns of
cyclic sedimentation in the Pennsylvanian.

Large scale trans-

gressive-regressive cycles were accompanied by small scale cyclic
sequences.

These cyclic deposits will be discussed in greater

detail in the next chapter. Morrowan time was characterized by
widespread clastic sedimentation and relatively low stands of sea
level. A general transgressive trend was initiated in the Atokan

and persisted through the Virgilian (Adams, 1965).
Local Pennsylvanian Stratigraphy
From regional studies, Meyer (1966) summarized the relationships of medial to late Pennsylvanian sediments along the Northwest
Shelf.
Early Pennsylvanian tectonism was responsible for removal of
the entire Paleozoic section below the Desmoinesian in the study
area. A few older remnants are preserved in structurally lower
areas, representing depressions on the Precambrian basement.
Generally high stands of sea level, allowing for almost constant
deposition, occurred from Atokan on through early Wolfcampian
time.

Many eustatic changes were superimposed within the rock

sequences, and according to Wanless (1972), are the result of late
Paleozoic glacial episodes.
Desmoinesian rocks are the first extensively preserved
sediments along the Northwest Shelf east of the Pedernal Uplift
(Meyer, 1966).

Less than 250 feet of section were deposited in

this area and consist of light-tan to brown limestones with lightgray shale interbeds. Coarse clastics occur adjacent to uplifts
as is the case throughout the medial to late Pennsylvanian.
Showing little variation in thickness, Missourian and
Virgilian deposition was similar over the Northwest Shelf area.
Each consists of light-colored fossiliferous limestones interbedded
with red to gray variegated shales, and ranges up to 250 feet in

thickness.

In the deeper swales and near clastic source areas,

carbonate rocks tend to be darker. Thicker limestone deposits
occur along irregular zones where bioherms form, but these are
restricted to the immediate flanks of localized basement highs.
Onlap sequences of stratigraphic pinchouts and unconformable
surfaces are common around the flanks of these structures (Meyer,
1966).
Basal Wolfcampian strata are similar to those of the
underlying Virgilian; however, an unconformity of considerable
magnitude separates the two as noted by Thompson (1942).

CHAPTER II
STRUCTURAL AND STRATIGRAPHIC RELATIONSHIPS
Local Structures
Structural trends in the study area dominate local sedimentary
patterns and stratigraphic relationships. These trends were
established with the use of structure contour maps and cross
sections (Figs. 4-6).
A persistent linear structural zone of basement knobs extends
along the east-southeast margin of the study area.

Dips of 6°

occur around the flanks of the largest knob located at T4S-R31E
and éxtend for approximately three miles. To the west, the
basement flattens and then gradually rises toward the Pedernal
landmass some 25 miles away.

Two possible explanations can be

applied as to the origin of the structures:

1) vertical

displacement of the basement as related to the Roosevelt Uplift 15
miles to the east and 2) block faulting and erosion leaving
resistant crests along a scarp.
Similar structures, originating from block faulting, have
been described in northwest Oklahoma by Ireland (1955).

Horak

(1975) and Malek-Aslani (1970) have proposed block faulting in the
Delaware Basin region peripheral to the margins of the Pedernal
landmass, but there have been no faults documented in the
immediate study area.

Faulting cannot be ruled out however,

because in the past, structural delineations have been made by
8

employing seismic methods.

Finding faults in this area with

seismic profiles is limited in that distinct lithologic units and
offset beds must be found in order to prove that a displacement
occurred.

The structure in question is early Pennsylvanian in

origin, and the entire Paleozoic section below the Desmoinesian
was removed from it. The upper half of the Pennsylvanian section
consists of laterally discontinuous, thin interbeds of shale and
limestone, in which thicknesses are near or just below the
resolution capability of current seismic techniques (Meckel and
others, 1979).

Differential uplift of the basement at the Permian-

Pennsylvanian boundary would have only slightly warped the
overlying beds as noted by Elam (1967).

Thus, the lack of distinct

lithologic units along with post structural unconformities has
greatly inhibited seismic studies of the area.
Differential vertical uplift of the basement is the most
common tectonic style occurring in the Permian Basin and could
easily account for the basement knobs in the study area.

Elam

(1967) documented many examples of fields associated with
differential vertical uplift from the Permian Basin region. The
significance of determining the structural style in the area lies
in extending production trends that are directly related to it.
Cyclic Sedimentary Patterns
Well log responses showed sequences of interbedded limestones
and shales in every well within the study area. Correlation of
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these sequences was restricted severely due to the wide spacing
between control wells.

Lithologic units could seldom be traced

from one well to the next. Ubiquitous shale beds, recognized on
electric logs, provided the only means of delineating time units
in the Pennsylvanian System.

Due to the complexity of facies

patterns in the area, formational units have not been named;
therefore, provincial epoch titles have been applied.
Sedimentary cycles in the Cisco are probably related to the
following three factors:
1) continuous regional subsidence over most of the study area.
2) eustatic fluctuations in sea level.
3) slight tectonic activity which exerted subtle influence on
depositional topography.
Glacially controlled fluctuations in sea level and climate exert
the most important influence in the formation of cyclic deposits
(Wanless, 1972).

Pennsylvanian deposits from all over the world

tend to support the widespread effects of this mechanism.

Regional

subsidence allows only for the preservation of individual cycles
by forming an environment of almost continuous deposition
subjected to little or no erosion (Van Siclen, 1972).
Tectonic activity over the Northwest Shelf formed numerous
basement structures which provided favorable environments for the
formation of carbonates. The wide range of hydrodynamic conditions
within this shallow environment produced a persistent cârbonate
depositional topography.

Where wave and tidal energies were the
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highest, thick organic buildups formed. These buildups were
initiated on residual topographic highs or previously constructed
carbonate mounds and contained a much smaller proportion of
interbedded clastics. Low energy environments adjacent to both
the inner and outer flanks of the buildups contained an equal
abundance of clastic and carbonate beds of approximately the same
thickness.

CHAPTER III
DEPOSITIONAL ENVIRONMENTS AND CARBONATE FACIES
Three major carbonate depositional environments were
encountered within the thesis area and include:

1) insular

shelves, 2) insular shelf margins, and 3) intrashelf swales.

Due

to the highly cyclic nature of Virgilian sedimentation, many of
the control wells penetrated deposits from all three environments.
Facies relationships were established by using the most representative pattern from the upper 80 to 100 feet of section.

This upper

section contained the thickest carbonate sequences that were
deposited during Cisco time.

Figure 7 shows the approximate

relationships of depositional environments in the study area.
Seven lithofacies were identified from the three environments
of deposition listed above.

These include:

1) transitional

clastic-carbonate lithofacies, 2) algal-coated grain lithofacies,
3) inner bank lithofacies, 4) mound core lithofacies, 5) bioclastic
flanking lithofacies, 6) intermound tidal channel oograinstone
lithofacies, and 7) argillaceous pellet-mud wackestone
(calcilutite) lithofacies.
Carbonate lithofacies patterns were established using modern
analogs based on Bahamian sediments.

These patterns reflect

depositional environments as related to variations in depth and
energy factors.

Lithofacies zonations based on modern Bahamian

carbonates were proposed by Illing (1954) and Purdy (1963) and are

12

13
applicable to carbonates throughout the sedimentary record (Jacka,
1980, personal communication). A schematic diagram of lithofacies
patterns is ilTustrated in Figure 8.
Faunal assemblages constitute the greatest changes between
modern and ancient carbonates because of the evolution of life.
In the upper Pennsylvanian, phylloid algae represent an abundantly
occurring fossil type. They were present in all depositional
environments; however, distinct biofacies zonations based on
phylloid algae were indeterminable.

Fossil identifications were

made by comparison to midcontinent assemblages described by Toomey
(1969a and b; 1972, 1974), Troell (1965), and Johnson (1946), and
by Virgilian outcrop studies of southern New Mexico described by
Thompson (1942), Needham (1940), Kottlowski (1960), Wilson (1967),
and Toomey and others (1977).
Insular Shelves
Three lithofacies were identified from the insular shelf
environment.

This poorly defined zone extends from the inner edge

of shelf margin bioherms to strand lines surrounding topographically
higher areas. Wells which penetrate this environment may include
all three lithofacies as a result of the high cyclicity of the
deposits and progradations.
Transitional clastic-carbonate lithofacies
Located within intertidal to subtidal zones, this lithofacies
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occurs near strand lines and shallow submerged clastic shoals.
It is best represented in wells no. 1 and no. 7 and was established
on the glauconitic marine sands of the underlying Canyon formation
along the western limits of the study area. Wackestones consisting
of silty pelletoidal lime mud, algal coated grains, abraded
bioclastic shell debris, and rounded pelgrapestone grains occur
here (Figs. 9 and 10).
Algal Coated Grain Lithofacies
Large, subrounded algally coated grains found in the intertidal
environment of Virgilian carbonates have been described by Toomey
(1974).

Two kinds of coated grains were distinguished and

include "osagid" and "ottonosid" types.
Along the shallow exposed flanks of bioherms and near
shorelines, "ottonosid" type grains are found (Toomey, 1974) (Figs.
11 and 12). Wray (1964) has established that these grains are
composed of concentric, multilayered laminations of the red alga
Archaeolithophyllum lamellosum.

Small encrusting foraminifera are

usually abundantly incorporated between algal thalli. Nuclei are
commonly composed of shell fragments, codiacean algal plates and
other biotic components.

In ottonosid grains of the Cisco, algal

and foraminiferal textures found in coatings are poorly preserved
due to micritization.

Identification could be readily made,

however, by the concentricity of encrusting laminae.
One of the most recognizable constituents of insular shelf
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deposits was that of the algal encrusted grain Osagia (Figs. 17
and 18). Toomey (1974) has shown that "osagid" type grains occur
throughout the shallow subtidal environment in the midcontinental
region.

Initially named by Twenhofel (1919), the grains are

ellipsoidal in shape and range up to several centimeters in length.
Henbest (1963) amended the classification of Osagia to include
only those grains on which the blue-green alga Girvanella is the
primary encrusting organism (Figs. 17, 18, 19). In many instances,
calcareous foraminifers are entwined within these "woven"
encrustations. A varied assortment of skeletal grains that serve
as nuclei for osagid-type grains have been described; however,
phylloid algal blades are the most conmonly occurring nuclei
within osagid grains in the study area.

Identifications of the

nuclei generally were obscured due to the destructive boring habit
of the encrusting Girvanella.
Back Bank Lithofacies
This broad poorly defined lithofacies extends from the inner
flanks of shelf margin bioherms to the transitional clasticcarbonate lithofacies of the near shore environment.

Well nos. 9,

12, and 15 penetrated back bank deposits that formed an insular
shelf around a local basement structure. The environment in
general was determined from electric log signatures in which there
was roughly an equal incidence of clastic and carbonate beds.
Back bank deposits were laterally extensive and homogeneous in
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thickness. Thicker accumulations may have occurred on slight
topographic irregularities in the form of patch reefs; however,
none of these were observed.

Variable hydrodynamic conditions

along the insular shelves produced several texturally distinct
carbonate lithotypes. Although no distinct lithologic zonations
could be made of these lithotypes, their occurrences indicated
shallow marine conditions.
The following lithofacies occur in sequences inward from
insular shelf margin bioherms: 1) bioclastic grainstones (Figs.
15, 20, 29), 2) biopelgrapestone grainstones and packstones (Fig.
29), and 3) biopelwackestones (Figs. 13 and 18). Increasing
proportions of lime mud toward middle and inner portions of the
insular shelf reflect a progressive decrease in wave and current
energy inward from the shelf margin.

One other commonly observed

lithotype which does not necessarily reflect specific hydrodynamic
conditions were boundstones.

Boundstones extended throughout the

shallow back bank lithofacies and were a primary constituent of
shelf margin bioherms (Figs. 15, 20, 27, 28).
A relatively diverse faunal assemblage was associated with
back bank deposits of the insular shelf environment.

Algae

represent the most abundant constituent as benthic, boring, and
encrusting forms were all present throughout this zone.

Codiacean

algae comprise the bulk of the biologic components within this
facies; however, corallinaceans, dasycladaceans, and blue-green
algae also occur.

Pelecypods, brachiopods, bryozoans, echinoids.
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ostracods, and gastropods also are represented.
Red corallinacean algae include both encrusting and benthic
types. Archaeolithophyl1um and Cuneiphycus commonly encrusted
other phylloid algal fragments (Figs. 12 and 15). Cuneiphycus can
be recognized by its arched arrangement of cellular elements
(Johnson, 1960).

Archaeolithophyllum was previously described in

the algal coated grain lithofacies. Minor occurrences of the
aragonitic red alga Solenopora were noted, but these seemed to be
restricted to bioclastic grainstone deposits (Fig. 16). Due to
their aragonitic composition, the solenoporids commonly were
dissolved or neomorphically dolomitized, making their identification
difficult.
Green phylloid algae of the codiacean variety are abundantly
represented in the study area and were found in all depositional
environments.

Ivanavia (Toomey, and others, 1977), Eugonophyllum

(Koniski and Wray, 1961), and Anchicodium (Johnson, 1963) are
common genera that have been described from upper Pennsylvanian
outcrops in southern New Mexico (Figs. 16, 17, 24, 25, 27).
Identifications of these types are difficult to make, because they
originally consisted of aragonite and are now represented by molds;
however, Eugonophyllum infrequently exhibits preservation of an
internal subcoritcal layer (Fig. 16).
Although less abundant than other algal types, dasycladaceans
were observed from numerous locations and depositional environments.
They are most abundant in the grainstone and wackestone lithofacies
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of the inner shelf environment.

The genus Epimastopora (Fig. 21)

was also identified.
Numerous encrusting epizoans were associated with algal
assemblages.

Four genera of calcareous foraminifera, including

Endothyranella (Fig. 26), Tubertina (Fig. 22), Calcitornella
(Fig. 23), and Apterrinella (Fig. 24), have been identified.
Many other types are probably present; however, algal coatings have
obscured their recognition.
In constructing environmental associations of these algal and
foraminiferal assemblages, specific biofacies zonations could not
be made owing to limitations of data. Toomey (1969b) concedes
that the factors favoring the growth of one type of alga over
another are not fully understood.
Insular Shelf Margins
Shelf margin buildups in the study area formed around the
flanks of basement knobs which were either exposed or just
slightly submerged during Cisco time. A number of lithotypes
representing different depositional mechanisms are associated with
these buildups.

Mound core boundstones are the result of organic

binding processes whereas flanking talus deposits and oolitic
grainstones predominantly were formed by hydrodynamic processes.
Unlike many so called "reefs" occurring throughout the ancient and
modern sedimentary record, Pennsylvanian buildups lack rigid
colonial framebuilders.

Wave resistant structures were built by
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numerous organisms that were capable of baffling and stabilizing
large amounts of sediment.
Facies within the shelf margin environment are more sharply
defined than those in adjacent environments. This is a reflection
of the equable conditions present which account for prolific
growth of biologic constituents within shelf edge carbonates.
The most important factor controlling organic production of
Pennsylvanian carbonates in any one area was the degree of
inundation, in both a time and depth sense. The highly cyclic
transgressive-regressive sequences of the seas provided only
relatively short time intervals during which favorable carbonate
depositional conditions existed.

As a result, bioherms are

generally composed of a sequence of growth stages with each being
initiated on a topographically pronounced, previously deposited
stage.

Periods of maximum transgression were the most favorable

for mound growth due to increased water depths and clarity, and
the deposition of clastics close to source areas. Some progradation
of shelf margin bioherms into intrashelf swales probably occurred.
Low stands of sea were accompanied by increased water turbulence
or even total subaerial exposure of the carbonates.
Three lithofacies were identified from the insular shelf
margin depositional environment.

The position and orientation of

shelf margin buildups in the study area are directly related to
basement configurations.

Electric log responses proved

instrumental in establishing clastic-carbonate stratigraphic
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relationships from which shelf margin buildups could be located.
Mound Core Lithofacies
Deposits of the mound core lithofacies were formed by the
accumulation of skeletal components and lime mud.

Although

petrographically similar to insular shelf lithofacies, mound
core deposits contain higher proportions of skeletal matter and a
more diverse faunal assemblage.

Biohermal crests, which accreted

up into the intertidal zone, contain only a small amount of lime
mud as a result of the winnowing action of waves and tides. In
many bioclastic grainstone intervals biotic components are
bound by inorganic submarine cements or masses of encrusting algae
and foraminifera (Figs. 27 and 28).
Only one well (no. 10) penetrated near the crest of a shelf
margin bioherm.

Within the upper 80 feet of Virgilian section in

this well a total of only 10 feet of clastic interbeds were
present as noticed from the electric log response. The remaining
70 feet consists of a thick, clean, relatively porous carbonate
layer.

Because the nearest offset well was more than six miles

away, the horizontal dimensions of the buildup could not be
determined.

Toomey and Cys (1979) have described a succession of

small lower Permian bioherms from southern New Mexico in which
heights ranged up to only a few meters.

In contrast, Toomey and

others (1977) have described a late Virgilian phylloid-algal
mound complex that is 3/4 mile wide and at least 3 miles long.
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This buildup developed on an anticline which was active during
this time interval.
Faunal assemblages occurring within the mound core
environment include sediment bafflers (bryozoans and phylloid
algae) and niche dwellers which encrusted or lived within
sheltered cavities formed by other organisms.

Other biota also

commonly are present but do not represent principal constituents,
Marine conditions at the mound core were more favorable for
organic proliferation than in any other environment.
Abundant bryozoans are associated with buildups and
constitute a considerable fraction of biotic components.
Fenestellid types are the most common (Fig. 12). The codiacean
algae Ivanovia, Anchicodium, and Eugonophyllum (Figs. 16 and 27)
are also represented.

Blades of these platy phylloid algae

overlapped to produce sheltered cavities in which small amounts of
lime mud and other organisms accumulated.

Niche dwellers include

brachiopods, echinoids, ostracods, pelecypods, and foraminifera.
The most abundant of these were fusulinids of the genera
Triticites (Fig. 11) and Climacammina (Toomey, 1972; Fig. 26 this
report).

Fusulinids and other foraminifera, however, were much

more important constituents of mound flanking deposits.
Organic binding was an important process in the formation of
bioherms and was accomplished by numerous encrusting organisms.
Encrusting calcareous foraminifera and algae of the same type as
those associated with the insular shelf environment were also
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found along shelf margin buildups. They formed irregular
thrombolitic encrustations on biotic components consisting mainly
of phylloid algal blades. As opposed to more evenly encrusted
grains of the insular shelf, algal growths commonly were thicker on
one grain side than on the other. The rounded osagid and
ottonosid type grains were not as coninon in this environment.
Characteristic of shelf margin bioherms is the encrusting alga,
Tubiphytes.

Described as tiny laminated algal growths by Maslov

(1956), this particular alga's affinity is still unknown.
Considered to be a blue-green alga, Tubiphytes could be recognized
as dark, structureless encrusting masses of low relief commonly
associated with tubular foraminifers (Figs. 23 and 26).
Bioclastic Flanking Lithofacies
Below wave base on the outer and inner flanks of shelf
margin bioherms, the bioclastic lithofacies is formed.

These

bedded deposits are composed of bioclastic debris derived from
fauna living on the mounds, along with lime mud.

Packstones and

wackestones are the predominant associated lithologies; however,
grainstones may also occur in higher energy wave zones of inner
platform edges. This lithofacies was best developed in wells no.
3, 12, and 14.
Located just below the upper flanks of biohermal crests,
packstones are developed.

The winnowing action of waves and tides

within this moderate energy environment allowed for the slight
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rounding of bioclastic fragments, and the preservation of many
sheltered voids. Most lime mud was transported farther downslope
where it tended to settle in the lower energy deposits.

Packstones

grade into wackestones farther down the flanks on seaward sides of
bioherms. These wackestones are composed of broken algal plates,
skeletal debris, osagid and ottonosid type coated grains, and lime
mud (Fig. 18).
Essentially the same biota as that previously described from
other environments also occur within this lithofacies.

Primary

differences include higher concentrations of osagid and ottonosid
type grains, a greater abundance of fusulinids (Fig. 28), and
crinozoan components.

The numerous osagid and ottonosid grains

were formed on broken phylloid algal blades that were being
reworked on flanks of buildups. Their formation is characteristic
of shallow waters in or very near wave base (Toomey, 1974).
Crinozoan debris formed aureoles around bioherm flanks, as
the delicate long stemmed crinoids preferred the deeper, quieter
lower flank environment.

Easily recognized by thin section

analysis, crinozoan components consist of monocrystalline calcite
and show little alteration from diagenetic effects. Only
disarticulated pieces were ever found (Figs. 28 and 30) and these
commonly occurred along with bryozoan bioclasts.
Intermound Tidal Channel Oo-grainstone Lithofacies
Tidal channels formed between topographically defined buildups
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along insular shelf margins. Large amounts of water were moved
through these channels as a response to diurnal tidal variations,
thus forming characteristic high energy lithologies. Well rounded
and sorted oobiograinstones formed within tidal channels and here
they became partially or wholly micritized and were comnonly
cemented by fibrous isopachous rims of submarine cement. Nuclei
of ooids mainly consisted of bryozoan and other bioclastic grains.
Ooids commonly occur with crinozoan components, illustrating their
deeper water association (Fig. 30). Only two wells penetrated
oolitic deposits within the study area (nos. 4 and 5). These
deposits occurred on opposite flanks of a six mile wide tidal
strait that separated two pronounced basement highs.
Deeper Intrashelf Swales
Ubiquitous carbonate deposits of deeper intrashelf swales
represent the third major depositional environment encountered
within the study area. These deposits are indicative of relatively
quiet water, normal marine conditions. Only one lithofacies was
associated with this environment.
Argillaceaous Pellet-mud Wackestone Lithofacies
Interbedded deposits of gray shale and limestone intervals in
the deeper swale environment of the study area suggest two phases
of water depth.

Low sea level stands produce shale members which

accompany clastic progradational episodes, whereas carbonates are
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deposited during maximum high stands of sea level.
Limestones are generally thin bedded and have a relatively
widespread aerial distribution.

Wackestones are the predominant

lithotype and are usually dark due to the admixture of organic
materials and fine micaceous clastics (Fig. 32). This lithofacies
is predominant in well numbers 3 and 14.
A somewhat limited marine fauna occurs within this deeper
depositional environment.

Organic rich muds are favorable for

shelly benthonic dwellers which include echinoids, ostracods,
gastropods, trilobites, pelecypods, and brachiopods.

Shelly

bioclasts seem to be much smaller in this environment and bivalves
are articulated.

The close proximity of wells containing this

facies to nearby bioclastic mound flanking deposits accounts for
numerous fragments of foraminiferal-algal plate material which
have been incorporated into the wackestones (Fig. 32). Most algal
fragments show good preservation in this environment.

CHAPTER IV
CARBONATE DIAGENESIS
Cisco carbonates of the Northwest Shelf exhibit a diagenetic
history dominated by meteoric influences. Submarine cements were
found exclusively in oobiograinstones and bioclastic grainstones,
and binding of many carbonates was associated with encrusting algae,
Lithification occurred mainly within meteoric vadose and phreatic
environments.

Diagenetic sequences were duplicated time after time

by numerous shifts of sea level. Variations of the diagenetic
overprints were due primarily to differences in preservation of
these sequences.
Early Diagenesis in the Marine Environment
Micritization
Practically all skeletal grains observed were influenced by
algal activities at an early stage of diagenesis.

Dark outer

coatings or rinds formed as a result of the boring and infilling
habits of the endolithic blue-green alga Girvanella.

Kobluk and

Risk (1977) have shown in modern carbonates that approximately 213
days were needed for the complete surficial coverage of Icelandic
spar crystals by boring algae penetrating to a depth of 30 microns.
Only 4 to 7 days were required for this process to begin, and
complete backfilling of the bores by precipitated micritic, high-Mg
calcite crystals was projected to require approximately 3 years.
26
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Micritization occurs in shallow marine waters at the sedimentwater interface where the accretion rate is slow and the substrate
is relatively stable.
Two types of micritic envelopes, constructive and destructive,
have been described as occurring in modern carbonates.

Bathurst

(1966) recognized the destructive type as being micrite- filled
borings which penetrate the periphery of carbonate grains.
Constructive micrite envelopes have been described by Schroeder
(1972a) as consisting of calcified endolithic algal filaments
which protrude from exterior grain surfaces. Girvanella has been
demonstrated to produce both types (Klement and Toomey, 1967, and
Kobluk and Risk, 1977) and is the most common form associated with
Virgilian carbonates.
Micritization occurred on several different types of grains
with varying compositions in Cisco deposits.

Fossil fragments

with relatively thin outer walls such as foraminifera, bryozoans,
and some fusulinids, were usually the most thoroughly micritized
(Fig. 28). Only a peripheral rind of micritized material formed on
thick high-Mg calcitic echinoderm components and brachiopods.
Aragonitic allochems including ooids, molluscs, and certain
phylloid algae, which had been micritized, were commonly dissolved
out upon exposure to fresh water leaving only hollow micrite
envelopes (Fig. 23).
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Submarine Cementation
In modern carbonates, submarine cementation has been shown to
occur in both intertidal and subtidal environments (Shinn, 1969;
Schroeder, 1972b; James and others, 1976).

Precipitation of

cements within these environments has been attributed to three
necessary conditions; 1) high supersaturation of seawater with
respect CaCO^, 2) frequent exchange of porewater within interstitial
void spaces, and 3) little or no shifting of grains within a stable
substrate.

These conditions are favored in intertidal and subtidal

carbonate sands and in subtidal oolite and grainstone deposits.
Two morphologically distinct types of cement have been described in
modern carbonates and include high-Mg calcite and aragonite (Shinn,
1969; Bathurst, 1975; Alexanderson, 1972).

High-Mg calcite

cements commonly exhibit a bladed crystal morphology, consisting
of elongated rhombs with sharp-pointed crystal terminations.
Aragonite cements generally form masses of radially disposed
fibrous needles or acicular crusts and may be distinguished by
their square-ended orthorhombic crystal morphology (Loucks and
Folk, 1976).

Both types of cements are commonly found as forming

curvilinear isopachous crusts within interparticle voids.
Individual fibrous needles in these crusts are oriented normal to
the outer grain surfaces on which they nucleate (Shinn, 1969).
These isopachous rims can be readily identified by petrographic
analysis.

29
It is generally believed that submarine cementation occurs at
the sediment-water interface and extends no deeper than the zone
in which water is forced into the substrate by waves and tides.
Attempts have been made in associating specific cements to
characteristic environments.

Several studies have shown only one

cement occurring in a particular area (Gevirtz and Friedman, 1966;
Friedman, 1964; Fisher and Garrison, 1967).

Other studies by

Gavish and Friedman (1969) along the Mediterranian coast, and by
Taylor and Illing (1969) in the Persian Gulf have shown that both
high-Mg calcite and aragonite cements commonly are found in the
same rock.

The mineralogy and fabric of the host substrate may

importantly influence precipitation of cements (Bathurst, 1975).
Relatively minor amounts of submarine cement were recognized
in Cisco carbonates.

Several intervals of bioclastic and oolitic

grainstones had extensively developed isopachous cement rims some
of which merged in the intergranular pores (Figs. 31 and 34). These
merging rims produced a polygonal sutured boundary equidistant from
all grain margins, as described from modern examples by James and
others (1976).
Diagenesis in the Meteoric Environment
Mineralogic Stabilization of Modern Carbonates
Modern marine carbonate sediments predominantly consist of
aragonitic and high-Mg calcitic components.

Lime muds initially
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consist of aragonite and variable but minor amounts of high and low
magnesium calcite.

Initial porosity in these uncompacted sediments

ranges from 40 percent to 70 percent (Bathurst, 1975)..
Upon exposure to fresh meteoric waters, the original
mineralogic components become unstable and undergo alteration and
conversion to more stable forms. This process results in the
significant reduction of primary porosity and the formation and/or
occlusion of secondary porosity.

Most ancient carbonates have

porosities ranging from 2 percent to 15 percent.
The susceptibility to stabilization of components within
carbonate sediments is due to their differing mineralogic
components.

Gavish and Friedman (1969) have found that in recent

carbonates high-Mg calcite is the first mineral to become
stabilized.

Land (1967) proposed two methods explaining how the

stabilization of Mg-calcite may occur. The first involves the
dissolution of Mg-calcitic components forming a void in which
calcite is later precipitated.
congruent dissolution.

This method is referred to as

Incongruent dissolution involves a solid

phase substitution of Mg^"^ ions and CO^^" ions by Ca^"^ and CO3 "
ions. Most examples would tend to indicate that the latter process
is the most viable since the original microstructure or crystal
morphology is generally preserved.

Friedman (1964) observed that

replacement of Mg-calcite by calcite is paramorphic and involves no
change in texture.
Aragonitic materials are usually next to undergo mineralogic
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stabilization and this may be accomplished in one of three ways.
First, the aragonitic skeletal materials may become totally dissolved
leaving only biomoldic solution cavities as evidence that they were
present.

Second, aragonitlc allochems may be replaced by other

minerals, such as dolomite, silica, sulfates, or purite.
The following foremat by Matthews (1968) explains the
stabilization of carbonates in the meteoric environment.

In a

carbonate sediment there is a transfer of CaCO^ from dissolving
aragonitic shells to the finer grained lime mud matrix upon exposure
to fresh water. This is due to the higher solubility of aragonite
as compared to calcite. Aragonitic lime muds generally contain
many calcite crystals and particles which tend to be distributed
homogeneously.

In such sediments the kinetics of calcite crystal

growth or the availability and transport of water becomes the rate
step in the equilibration of aragonite to calcite.

Calcitization

and lithification of aragonitic lime mud proceeds by expansion of
preexisting calcite nuclei and ultimately all aragonite becomes
replaced by calcite.

In waters which are saturated with CaCO^, the

calcite growth step is faster than the calcite nucleation step.
When there is a lack of calcite nucleation sites, such as in an
aragonitic shell, then aragonite dissolution occurs without the
concurrent precipitation of calcite. Rapidly moving waters result
primarily in aragonite solution whereas calcite tends to be
precipitated when the waters move more slowly.

Stabilization does

not occur under normal conditions unless the unstable sediments come
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into contact with fresh meteoric water.
Various studies have shown that the diagenetic stabilization
of a carbonate is a differential process related to the mineralogic
composition of the sediment and to the diagenetic environment.
Gavish and Friedman (1969) have shown that in Recent to Pleistocene
carbonates of Israel, the differential rate of stabilization was
related to mineralogic differences within the sediment.

High-Mg

calcite was stabilized in only 7,000 to 10,000 years whereas the
dissolution of aragonitic components and the occlusion of
associated void spaces took approximately ten times longer.

Land

(1967) reports that among Mg calcitic materials those with the
highest percentages of Mg stabilize at the greatest rates.
In associating differential stabilization rates to diagenetic
environments based upon study of Pleistocene carbonates of Bermuda,
Land (1970) observed that stabilization and cementation in the
meteoric phreatic zone was ^ery fast as compared to that occurring
in the meteoric vadose zone.

Steinen (1974) confirmed this

observation with borehole data taken from subsurface carbonates of
Barbados.

He found that both the rate and degree of stabilization

were influenced by the diagenetic environment.

Diagenetic over-

prints were much more significant in the phreatic zone due to the
constant contact of the unstable sediments with meteoric water.
Diaqenesis of a Lower Cretaceous Reef
The previous studies of modern carbonates offered insight into
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the processes of meteoric diagenesis; however, Jacka and Brand (1977)
applied these concepts to the ancient record.

A lower Cretaceous

reef complex was subaerially exposed and subsequently a meteoric
groundwater table formed.

The newly deposited unstable carbonates

were then subjected to diagenesis within vadose and phreatic zones.
Mineralogic stabilization rates were much more rapid in the
paleophreatic zone, due to the constant flow of fresh meteoric
water through it.

Extensive dissolution of aragonitic bioclasts

along with the stabilization and cementation of the matrix occurred
in this zone.

Episodic intervals of wetting and drying within the

paleovadose zone initially allowed only the stabilization of high-Mg
calcite components.

As the meteoric diagenesis of the paleovadose

zone slowly progressed, aragonite dissolved and Ca^"*" and CO^^" ions
moved downward into the paleophreatic zone. Secondary calcite
cements were precipitated in the dissolution molds in the
paleophreatic zone until practically all secondary porosity was
occluded. The paleovadose zone had acted as a donor of Ca^"** and
2CO3
ions whereas the paleophreatic zone had become the receptor.
Secondary voids remained open in the paleovadose zone.
Meteoric Diagenesis of Cisco Carbonates
Like modern, newly deposited carbonates, Cisco carbonates
originally consisted predominantly of aragonite and high-Mg calcite.
Aragonite constituents included original lime mud, molluscs
(pelecypods and gastropods), and phylloid algae.

Constituents
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originally consisting of high-Mg calcite include some lime mud,
red algae, fusulinids, bryozoans, arthropods (ostracods and
trilobites), and echinoderms (crinozoans and echinoids).

Brachiopods

consisted of low-Mg calcite. The diagenetic stabilization of
allochems within Cisco carbonates was inferred to be the same as
those studied in modern examples.
All intervals of Cisco deposits in the study area were subjected
to diagenesis in the meteoric environment.

The following generalized

criteria were observed as being indicative of meteoric diagenesis.
1.

Precipitation of scalenohedral calcite cement in primary

voids and secondary dissolution molds (Land, 1970; Steinen, 1974;
Figs. 35, 37, and 38 this paper).
2.

Dissolution of aragonite shells (Bathurst, 1964; Fig. 48

this paper).
3.

Dedolomitization (Schmidt, 1965; DeGroot, 1967; Folkman,

1969; Al Hashimi and Hemingway, 1973; Figs. 33, 35, and 44 this
paper).
4.

Calcitization and lithification of lime mud matrix

(Matthews, 1968; Jacka and Brand, 1977; Figs. 10 and 44 this
paper).
5.

Paramorphic replacement of Mg-calcite components by calcite

(Friedman, 1964; Land, 1967; Fig. 39 this paper).
6.

Epitaxial precipitation of sparry cements on echinoid

components and exposed prismatic shell layers of brachiopods
(Lucia, 1962; Evamy and Shearman, 1965; Figs. 39 and 40 this paper).
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Vadose-phreatic Diagenesis
Several overprints resulting from either vadose or phreatic
diagenesis were observed in Cisco carbonates.
Meniscus cements were the only recognized criteria
characteristic of vadose diagenesis. Alternating wet and dry
episodes allowed for the precipitation of equant calcite cement only
along grain contact points and around grain boundaries (Fig. 36).
Primary pores became rounded and remained predominantly open until
they were filled by later intervals of cement. Meniscus cements
could only be recognized in grainstone lithofacies in which there
had been primary void space.
Phreatic diagenetic overprints were much more pronounced and
include several criteria which were commonly observed.

The

following criteria represent phreatic diagenesis in Cisco carbonates.
1. Occlusion of primary and secondary void spaces by coarse,
blocky equant calcite or ferroan calcite cement (Land, 1970;
Steinen, 1974; Jacka and Brand, 1977; Figs. 41 and 42 this paper).
2.

Partial coUapse of dissolution molds to form crumbly

fractures (Jacka and Brand, 1977; Fig. 14 this paper).
Occurrences of Dolomite
No true dolostones were recognized as occurring in the Cisco
carbonates; however, numerous examples of replacement and
cementation by ferroan dolomite were observed.

Emplacement of
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secondary dolomite was very early in the diagenetic history of
these deposits as evidenced by their nucleation in aragonitic
bioclasts or matrix material.

Dolomite cements were found from

numerous intervals in all wells that were studied; however, they
were more abundant in wells which penetrated inner shelf deposits.
The following three modes of occurrences of dolomite were
identified in Cisco carbonate intervals.
1. Neomorphic dolomitization of matrix material.
Only minor amounts of dolomite were associated with the neomorphic replacement of lime mud matrix material.
were widely scattered in a porphyroblastic manner.

Dolomite rhombs
Several

examples of dedolomitized micritic internal sediment also were
found in intrabiotic cavities (Fig. 33).
2.

Neomorphic replacement of aragonitic bioclasts.

The emplacement of dolomite at an early diagenetic stage in
some intervals was evidenced by the partial neomorphic replacement
of unstable aragonitic grains (Figs. 16 and 35). Few examples of
neomorphic replacement by dolomite were recognized because in
most intervals aragonitic grains had either been totally dissolved
or calcitized before being exposed to dolomitizing fluids.
3.

Sparry ferroan dolomite cements.

Ferroan dolomite cements were extensively precipitated within
primary voids and leached biomolds of bioclastic grainstone deposits
(Figs. 15 and 36). Three types of primary voids, including
intrabiotic cavities, sheltered voids, and intergranular pores.

37
commonly showed partial to complete infilling by sparry ferroan
dolomite. Most grainstone deposits had undergone meteoric exposure
allowing for the dissolution of aragonitic constituents.

Remnant

hollow micrite envelopes were then filled by ferroan dolomite
cements. Several intervals of partially collapsed algal plate
wackestones contain some dolomite cements; however, this infilling
was generally by calcite.
The ferroan composition of dolomite cements suggests precipitation from fluids originating in the meteoric phreatic environment.
A mechanism which can account for the emplacement of ferroan
dolomites in the study area is presently unknown to the author.
Emplacement of Silica and Pyrite
Late in the diagenetic history of Cisco carbonates both silica
and pyrite were selectively emplaced within organic rich components.
Silica was probably derived from meteoric groundwaters.
Silica occurs as 1) overgrowths on quartz grains in clastic
intervals, 2) quartz porphyroblasts in matrix material and organic
rich grains, 3) replacement of carbonate grains and bioclasts by
microquartz and both length slow and length fast chalcedony.
Epitaxial quartz overgrowths were well developed around quartz
grains in glauconite sandstones of the transitional clasticcarbonate lithofacies (Fig. 45). These overgrowths have completely
filled all primary porosity by merging in void spaces. Within
carbonate lithofacies, silica occurs as euhedral quartz porphyroblasts
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and as replacement of carbonate grains by chalcedony.

Quartz

porphyroblasts commonly nucleated in peloidal grains and in organic
rich algal layers around encrusted grains, but they also occur
scattered with micrite matrix in some intervals (Figs. 27 and 41).
Authigenic feldspar crystals were also found in this manner.
Carbonate allochems and matrix material were replaced by several
distinct petrographic varieties of silica.

Calcitic foraminifer

shells were commonly replaced by microchalcedony (Fig. 21). Matrix
material showed replacement by both microquartz and microchalcedony
(Fig. 47). Where large masses of bioclasts and matrix material
had been replaced, ferroan dolomite inclusions were commonly found
(Fig. 47). Jacka (1974) presented evidence that these dolomite
rhombs are an exsolution phenomenon associated with the silica
replacement of high-Mg carbonates. Magnesium ions are released
among expanding replacement fronts where they become concentrated
and are reprecipitated as dolomite. Some examples of this type of
dolomite exsolution were seen.

In some instances silicification

seems to have preceeded precipitation of ferroan calcite and ferroan
dolomite cements.

In other cases silicification followed the

precipitation of these cements.
Pyrite was formed within a reducing environment and occurs as
replacement porphyroblasts.

These porphyroblasts nucleated in

organic rich materials (Fig. 36). Some pyrite was later replaced
and pseudomorphed by hematite and redeposited as oxide stain around
adjacent skeletal grains.

CHAPTER V
PARAGENESIS
Cisco carbonates were deposited on a broad shallow shelf.
Local basement highs exerted some control on sedimentation patterns,
thus forming distinct lithologic and diagenetic zonations.
As originally deposited in the marine environment, the
carbonates predominantly consisted of aragonitic and high-Mg
calcitic components. Micritization and initial organic binding of
skeletal grains occurred at the sediment-water interface. Algae
and foraminifers were the primary encrusting organisms.

Extensive

submarine cements were developed in many bioclastic and oolitic
grainstone intervals.
Initial lithification and stabilization of the Cisco deposits
accompanied episodic intervals of subaerial exposure.

High-Mg

calcite constituents were stabilized first, followed by the
dissolution of aragonitic allochems and calcitization of lime mud.
Calcium carbonate ions derived from these reactions were locally
precipitated as cements.
The emplacement of ferroan dolomite took place relatively
early in the diagenetic history of these carbonates.

Partial

neomorphic replacement of aragonitic fossil fragments and matrix
material occurred before these components had completely stabilized.
Most dolomites were precipitated as sparry cements filling primary
void spaces and secondary leached biomolds. They were preferentially
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emplaced within bioclastic grainstone deposits and in some
instances occluded all void space.
In nearly all intervals mineralogic stabilization was completed
in the meteoric phreatic environment.

Diagenetic overprints within

the phreatic zone were more pronounced than those from any other
diagenetic environment.

Aragonitic bioclasts were completely

dissolved and the resulting biomoldic voids were lined by
nonferroan scalenohedral calcite crusts then filled by blocky ferroan
calcite or dolomite.

In many intervals dolomite porphyroblasts

occurring in the micrite matrix became dedolomitized.
The following occurrences of meteoric cements were noted:
1. Thin isopachous crusts of nonferroan calcite scalenohedra lined voids which later became filled by
blocky equant ferroan calcite or zoned ferroan and
nonferroan calcite (Fig. 43).
2.

Thin isopachous crusts of nonferroan calcite scalenohedra lined voids which later became filled by
ferroan dolomite.

3. Voids lined by nonferroan calcite scalenohedra were
partially filled by blocky ferroan calcite and
completely filled by blocky ferroan dolomite.
4.

Voids lined by scalenohedral calcite crusts and
filled by blocky equant nonferroan calcite.

5.

Voids completely filled by blocky equant nonferroan
calcite.
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6.

Voids completely filled by ferroan calcite or
ferroan dolomite.

Pyrite and silica were emplaced at a relatively late diagenetic
stage probably within reducing phreatic environments. They occur as
replacement porphyroblasts and nucleated in organic rich materials
on algally encrusted and micritized grains.

CHAPTER VI
POROSITY RELATIONSHIPS IN THE CISCO CARBONATES
Log Responses
Porous zones were identified using sonic log responses combined
with cutting analysis.

Thin section analysis was used in the

classification of the different types of porosity.
Within interbedded shale-limestone sequences, log porosities
were always the highest at tha top of a limestone interval directly
below overlying shales. Porosities ranging from 2 percent to 10
percent were encountered with an average of approximately 6
percent.

Most wells contain more than five porous carbonate beds

with each having a thickness of from 4 to 20 feet. Thinner beds
generally have porosities of less than 5 percent, whereas porosities
were better preserved in the thicker intervals.
Along the insular shelf margin environment, well no. 10
penetrated a 50' section of pure carbonate having log porosities
greater than 7 percent.
this interval.

No clastic interbeds were associated with

Porosities fluctuated slightly in tKis section,

indicating that it was composed of several stacked limestone
intervals of varying porosity.

No actual open porosity could be

seen in the cuttings, however, and this was probably due to the
voids being larger than the cutting fragments.

The larger voids

were inferred to be secondary in nature. This section was the
thickest porous carbonate interval encountered within the study area
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Primary Porosity
Three types of primary porosity originally occurred in Cisco
carbonates. The first type was the intrabiotic cavities of fossil
components, mainly fusulinids and other foraminifera and bryozoans
(Fig. 33). Sheltered voids were another type and only rare examples
were seen (Fig. 13). A third type of primary porosity represents
intergranular voids in oolitic and bioclastic grainstone lithofacies,
Occlusion of Primary Porosity
Almost all primary porosity was occluded by precipitation of
calcite, ferroan calcite, and ferroan dolomite cements. This
cementation took place in meteoric vadose and phreatic environments.
Only insignificant amounts of visible voids remained partially
unfilled after diagenesis had been completed.
Meniscus calcite cements were precipitated around grains in the
vadose environment and constitute only a small amount of the
porosity occluding cements. Most cementation was associated with
phreatic environments and included precipitation of blocky ferroan
calcite and dolomite. Two generations of calcite commonly occluded
primary void spaces. The first episode of cement was typically a
crust of nonferroan scalenohedral calcite crystals lining voids
and precipitating epitaxially on monocrystalline sehinoid fragments.
This was followed by a second episode of blocky equant ferroan
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calcite which completely filled all remaining void space (Figs. 41
and 42). In several instances an initial stage of low-Mg calcite
cementation was followed by emplacement of ferroan dolomite cement
(Figs. 31 and 42). Primary voids, including sheltered voids,
intergranular voids, and intrabiotic cavities, all became filled as
a result of diagenesis in the meteoric environment.
Secondary Porosity
Secondary dissolution molds were the most prevalent type of
porosity observed.

Aragonitic foraminifera, phylloid algal blades,

and molluscan shell fragments were dissolved upon exposure to fresh
meteoric waters (Figs. 22 and 48). Miniature collapse brecciation
fabrics were commonly associated with this dissolution (Fig. 14).
Occlusion and Preservation of Secondary Porosity
During phreatic diagenesis, most secondary dissolution molds
became filled.

Ferroan calcite was the predominant void filling

cement with calcite and ferroan dolomite also participating in the
occlusion of porosity.
Based on log response data, secondary porosities were partially
preserved in upper portions of carbonate intervals which were
overlain by shale layers. These shale layers formed aquacludes
which prevented these carbonates from entering into prolonged
donor-receptor relationships with subsequently deposited superjacent
carbonates.

Dissolution molds hecame only partially filled and thus
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were susceptible to the later emplacement of hydrocarbons.
Mound complexes, which occur along insular shelf margins,
constitute the best potential reservoirs within the study area.
These should be the principle objective of any future exploration
program.

CHAPTER VII
CONCLUSIONS
1.

Cisco carbonates in the study area were deposited in a

shallow marine environment during times of maximum submergence and
high sea level stands. Alternating interbeds of shale and limestone
as shown on electric log responses, along with the subsequent
meteoric stabilization of all carbonate intervals, suggest the
occurrence of many eustatic sea level fluctuations.

Individual

units within thinly bedded sequences were laterally discontinuous
and few lithologic correlations could be made between the widely
spaced control wells.
2.

Local basement knobs which had formed during the early

Pennsylvanian exerted some control on carbonate sedimentary
patterns.

Sedimentation occurred in an onlapping manner around the

flanks of structures.

Slight tectonic adjustments spanning the

Pennsylvanian-Permian boundary were responsible for the complete
removal of the Cisco along the crest of at least one of these knobs.
Shelf margin lithofacies distributions were directly related to the
structural configuration of the area as manifested by granitic
knobs.
3. Three carbonate depositional environments were distinguished
and include:

1) insular shelves, 2) insular shelf margins, 3)

intrashelf swales.

Equally thick shale and limestone interbeds were

usually indicative of the inner platform and deeper swale environment,
46
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Limestones deposited in the deeper swales were darker due to tbe
settling of argillaceous clastics. Shelf margin buildups consisted
of numerous stacked limestone intervals and lacked clastic interbeds.
4-

Phylloid algae, bryozoans, and encrusting algae and

foraminifera were the predominant mound building fauna associated
with Virgilian carbonates.
5.

Diagenesis in the marine environment consisted predominantly

of organic binding and micritization.

Submarine cements were found

in bioclastic and oolitic grainstone lithofacies.
6.

The most pronounced diagenetic changes in the carbonate

sediments were associated with the meteoric environment.

Upon

subaerial exposure within vadose zones, aragonitic allochems became
partially to completely dissolved and meniscus calcite cement was
precipitated within primary voids. Small scale collapse brecciation
type fabrics were also indicative of meteoric diagenesis.
diagenetic overprints include:

Phreatic

1) recrystallization of original

lime mud matrix to microspar and pseudospar, 2) precipitation of
blocky, equant nonferroan calcite and coarsely crystalline,
blocky ferroan calcite and ferroan dolomite cements, and 3) formation
of small scale collapse brecciation fabrics.
7.

Secondary porosity was the only effective type found in

the Cisco and was best preserved along the insular shelf margin and
insular shelf environments. Most secondary porosity formed as a
result of the selective dissolution of aragonitic phylloid algal
blades.

Secondary dissolution molds of smaller aragonitic shell
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fragments were commonly observed but showed little or no
interconnection.
8.

Log porosities were the highest at the tops of limestone

intervals directly below overlying shales. These porosities
attenuated downward.
9.

Thick porous limestone intervals along the insular shelf

margin environment were formed by numerous episodes of deposition
and subaerial exposure.
10. The carbonate buildups occur along insular shelf margins
and these constitute the best prospective reservoirs within the
study area.
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APPENDIX A
NAMES AND LOCATIONS OF CONTROL WELLS
USED IN THIS STUDY
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Well No.

Well Name

Location

Chaves County
1.

Phillips #1 Van "A"

Sec. 6-T5S-R27E

2.*

Spartan #1 State

Sec.25-T5S-R29E

3.

Southwest #1 Federal

Sec.25-T6S-R29E

4.

Texaco #1 Ruth Patterson

Sec.34-T6S-R30E

5.*

Lion #1 Haire

Sec.l2-T6S-R30E

6.*

Pacific Western #1 Dumas

Sec. 7-T7S-R31E

De Baca County
7.

Tidewater #1 Grady Best

Sec.27-T2S-R29E

Roosevelt County
8.*

Leede & Pine #1 State

Sec.l6-TlS-R31E

9.

Leede & Pine #1 McGee

Sec. 1-T3S-R31E

10.

Phillips #1 Vinther

Sec.25-T3S-R30E

11.*

Gulf #1 Stevenson

Sec.22-T4S-R31E

12.

Skelly #1 Pat Boone

Sec.26-T4S-R30E

13.*

Phillips #1 Silas

Sec.l6-T4S-R31E

14.

Tidewater #1 Pat Boone

Sec. 7-T5S-R30E

15.

Phillips #1 Wilcox

Sec.21-T5S-R30E

* asterisk denotes wells with only logs available.

APPENDIX B
DRAFTED ILLUSTRATIONS AND
PHOTOMICROGRAPHS
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Fig. 1.—Paleogeographical province map of West Texas and
southeastern New Mexico showing location of study area with respect
to the Northwest Shelf (adapted from Meyer, 1966).
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CORRELATION

CHART

UPPER PENNSYLVANIAN AND LOWER PERMIAN OF SOUTHEAST NEW MEXICO
NORTHWEST SHELF

OELAWARE BASIN

CENTRAL BASiN PLATFORM

T.

WOLFCAMPIAI

PERMIAN

Three Bros. 3rd SS

HUECO
POW WOW

HUECO
BASAL CONGLOMERATE

BURSUM
Neal Ranch

-—\_/'-^v_-'''v_.,^-^,^_^

BURSUM

BURSUM

RGIL lAN

HUECO

VIRGIL
OR
CISCO

CISCO

CISCO

MISSOURI

CANYON

CANYON

a.

MISSOU RIAN

^ENNSYLVANIAN

>

Fi^. 3.--Stratigraphic Correlation Chart (adapted from Holmquest
1966).
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which cuttings were examined are numbered.
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Fig. 9.—Silty pelgrapestone wackestone from the transitional
clastic-carbonate lithofacies. Round allochems are pelloids and
grapegrains. D = 36 microns. (Well no. 7, 6540-60').

Fig. 10.--Silty wackestone of the transitional clasticcarbonate lithofacies. Rounded clast 1n the center is a grapegrain.
iNote the orientation of detrital mica grains around the periphery of
the grapegrain. X. D = 36 microns. (Well no. 1, 6040-60').
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• A J' ]l-~0'ttonosid type encrusted fusulinid. Encrusting alga
^^,V^^";^Q'!thophyl1um 1amel1osum (concentric calcitic outer lamina
(A)). A pnmary constituent of the algal coated grain lithofacies.
D = 36 microns. (Well no. 10, 7320-40').

Fig. 12.--0ttonosid type encrusted bryozoan. Bryozoan is of
fenestellid variety. Two separate encrusted grains are visible.
(See above description). D = 36 microns. (Well no. 10, 7480-7500').

Fig. 13.--Packstone from the back bank l i t h o f a c i e s of the
insular shelf depositional environment. Fossils include p h y l l o i d
algae, foraminifera and brachiopods. Note c a l c i t e f i U e d sheltered
yoid (S) j u s t to the l e f t of long brachiopod s h e l l . D = 36 microns.
(Well no. 7, 6460-80').

F i g . 14.--Photomicrograph i l l u s t r a t e s a small scale collapse
breccia in an algal blade wackestone. This occurred before
l i t h i f i c a t i o n of the sediment had been completed. A l l voids are
f i l l e d with blocky equant c a l c i t e cement. D = 36 microns. (Well
no. 4 , 7300-20').
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Fig. 17.--0sagid type encrusted grain. Girvanella is encrusting a phylloid aígal blade. Sample is a wackestone from the algal
coated grain lithofacies. Dark stain in upper bioclasts is iron
oxide. D = 36 microns. (Well no. 14, 7340-60').

Fig 18.—Two osagid type encrusted grains in a wackestone.
Matrix has bêen recrystallized to microspar and pseudospar. Former
biomolds are now filled with sparry calcite cement. D = 36 mTcrons,
(Well no. 12, 7780-7800').
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Fig. 19.—Loose mass of Girvanella filaments in a wackestone
from the insular shelf environment. This was a rare case in which
Girvanella was in a non-encrusting mode. D = 36 microns. (Well
no. 1, 6000-20").

Fig. 20.--Boundstone-grainstone from the algal coated grain
lithofacies. Note the dark appearing irregular encrusting masses
of algae and foraminifera which have bound the sediment. D = 36
mi rons. (Well no. 9, 7180-7200').
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Fig. 21.--The dasyclad alga Epimastopora in a wackestone from
the insular shelf environment. This irregular shaped alga was
dissolved and the biomold filled by 1) ferroan calcite, 2)
chalcedony (white). D = 36 microns. (Well no. 9, 7260-80').

Fig. 22.--Tubertina (T) and numerous other calcareous and
aragonitic foraminifera occurring in a wackestone. The original
micritic matrix has been recrystallized to microspar and pseudospar,
Note the dissolution biomolds (white). D = 36 microns. (Well no14, 7380-7400').
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Fig. 2 3 . — C a l c i t o r n e l l a (C) and Tubiphytes (T) encrusting a
large rounded grapestone g r a i n . This sample is from the insular
shelf margin environment. Algal d i s s o l u t i o n molds (M) are f i l l e d
w i t h blocky c a l c i t e . D = 36 microns. (Well no. 10, 7360-80').

F i g . 2 4 . - - A p t e r i n e l l a (A) and other calcareous foraminifera
occurring i n a large pnmary void between p h y l l o i d algal blades.
From the i n s u l a r shelf margin environment. Ostracod valves can also
be seen i n l e f t center of photo. Primary voids are f i l l e d by blocky
equant nonferroan (?) c a l c i t e cement. D = 36 microns. (Well no.
9, 7260-80').
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Fig. 25.—Phylloid algal molds which are filled by drusy
calcite. Sample is from the insular shelf environment. D = 36
microns. (Well no. 9, 7320-40').

Fig. 26.—The foraminifera, Climacammina (C, lower right) and
Endothyranella (E, left center). Sample is from a shallow mound
flanking deposit. A large dark appearing mass of Tubiphytes occurs
in the upper right of photo. Original lime mud matrix has been
recrystallized. D = 36 microns. (Well no. 3, 7120-40').
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Fig. 27.--Algal boundstone from the mound core lithofacies.
Phylloid algae and bryozoans are the primary constituents. Within
encrusting masses of algae and foraminifera, much silica replacement
(S) has occurred. D = 36 microns. (Well no. 14, 7300-20').

Fig. 28.--Algal boundstone from the mound flanking lithofacies
Contains bryozoans (.B), crinoids (C), and many fusulinids (F).
Residual primary intergranular voids are filled with sparry calcite
cement. D = 36 microns. (Well no. 10, 7300').
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Fig. 29.--Biopelgrapestone grainstone from the inner flanks
of shelf margin bioherms. All primary voids and biomolds are
f i l l e d with sparry calcite cement. D = 36 microns. (Well no. 14,
7320-40').

Fig, 30.—Oobiograinstone from the intermound tidal channel
lithofacies. Note the large crinozoan bioclast in center of photo.
Primary voids are fllled by scalenohedral and blocky, equant nonferroan calcite cement. D = 36 microns. (Well no. 15, 7880-7900')
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Fig. 33.—Photomicrograph shows rhombic dedolomite crystals
CD) within outer intrabiotic cavities of a fusulinid. Intracrystalline porosity had been preserved in this dedolomitized matrix
material as noted by the oil stain. D = 14 microns. (Well no. 15,
7880-7900•).

Pig. 34,—Bioclastic oobiopelgrapestone grainstone with calcitized submarine cement rims (S) around grains. Many of these rims
have merged within former primary void spaces. Remaining void
space was filled with sparry meteoric calcite cement. D = 14 microns
(Well no. 9, 7300-20').
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Fig. 35

Fig. 36
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Fig. 37.--Closeup of isopachous scalenohedral (."dogtooth") spar
rims (S) within a primary void space. Void is f i l l e d by a large
crystal of blocky calcispar. These indicate meteoric diagenesis.
X. D = 7 microns. (Well no. 9, 7180-7200').

Fig. 38.—Closeup showing scalenohedral calcite crystals
'ound a small grain. X. D = 7 microns. (Well no. 3, 7080-7100 )
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Fig. 39-—Sparry calcite cement (E) precipitated epitaxially
on an echinoid fragment. Note the sparry ferroan dolomite
inclusions and dedolomite rhombs (D) occurring within the calcite
cement. The sparry calcite is slightly ferroan. X. D = 14
microns. (Well no. 12, 7780-7800').

Fig. 40.--This photomicrograph illustrates the epitaxial
precipitation of sparry calcite cement on the exposed, prismatic
shell layers of a brachiopod. X. D = 7 microns. (Well no. 14,
7420-40').

83

*(»0l7-0Z2Z ' 6 *ou LL^M)
•suoaoLUJ I7L ^ Q 'S SBLqoa/CLidaod aBdspLSj.
puB zq.aBnb snoaoujnu ULB UÔD S 6 U L BOD L^^LV
'(snLq) 9:^LUJ0L0p
uBoaas^ /CaaBds (£ *9q.pLBo uBoaaBj. /CaaBds [z a ^ P L ^ ^ L^^^P^MOuaLeos
J.0 :tsnaD B ( L
laapâo 6 U L M O L L O Í sq:^ u l p9:^Bq.Ldp9ad aasM s uauieo
•BDuanbas DL:^9ua6BLp DLa09:^9ai poû6 5uLM0qs dnBSOLD—^21? * 6 L J

(,0l7-03eZ 'OL *ou LL^M)
•suoaoLui ge = Q -uess aq OSLB UBO (d) sppA
/CaBuiud pBLL.LJ-un iCLL^L^^-iecl OMX •sedOLSAue a^^uoLui qoLa DLUB6ao
aq:^ ULq:iLM pa^BeLonu SABI^ (()) s SBLqoaAqdaod z^aBnb 86aBL L^^^'^SS
•sq.u9uiao 9S9L|:^ Áq psLLÎ-J- ueaq ØABLJ spLOA /CaBUJud puB DpLOUJOLq
M^og ' ( j ) 9 PLB0 UBoaaa^ /CaaBds j-O eposLde puooas B yCq p^MOLLOj.
(S) a:^pLBo LeapeiíousLBOs SBM uoL Bq.u9Llj9D ^o sposLda :;saLj. 9L|J_
•:;uaaiao a pLBO ^o suoLi^Basuoô OM^ Ljq.LM ouo^^suLBag--* Lt' ' 6 L J

84

Fig. 41

t —í'^

-^

.^.'^.•»',1

f ^'^ML^rw.t.r.r^

..*.

Fig. 42
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Fig. 43.—Photomicrograph illustrates zoning of sparry calcite
and ferroan calcite (z). Coarse ferroan dolomite (blue) filled
in most remaining void spaces. D = 36 microns. (Well no 3,
7000-20').

Fig. 44.—Dedolomite and ferroan dedolomite rhombs (D).
Ferroan calcite has paramorphically replaced former dolomiti zed
matrix material. Calcitized matrix material (C) can also be seen
D = 7 microns. (Well no. 15, 7840-60').
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Fig. 45.--Epitaxial quartz overgrowths (Q) around quartz
grains in an arkosic sandstone, Several original grain boundaries
can be seen. Feldspar grains show slight alteration. X. D = 14
microns. (Well no. 7, 6670-80').
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Fig. 46.--Replacement of a c a l c i t i c foraminifer shell by
mtcrochalcedony. X. D= 7 microns. (Well no. 10, 7460-80'),
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Fig. 47.--Silica replacing both carbonate allochems and matrix
material. Microquartz and microchalcedony are the two petrographic
varieties that are present. Note the exsolved ferroan dolomite
rhombs (blue) occurring as inclusions within the s i l i c a . D = 14
microns. (Well no. 12, 7780-7800').

Fig. 48.--Dissolution molds and p a r t i a l l y u n f i l l e d i n t r a b i o t i c
cavities ( I ) in a wackestone. D = 36 microns. (Well no. 4,
7410-20').
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