
PETROPHYSICAL STUDY C.̂  PENNSyLVAMAr; ATOKA CARBONATi 

BANK COMPLEX EDDY COUNTY, NEW MEXICO 

by 

MUHSIN' EREN, B.S. , M.S. 

A DISSERTATION 

IN 

GEOSCIENCE 

Submitted to the Graduate Faculty 
of Texas Tech University in 

Partial Fulfillment of 
the Requirements for 

the Degree of 

DOCTOR OF PHILOSOPHY 

Approved 

Accepted 

August, 1993 

'^ 
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ABSTRACT 

On the northwest shelf of Delaware Basin in Eddy 

County, New Mexico, Pennsylvanian (Atoka) sediments are 

represented by an algal bank carbonate complex interbedded 

with marine shales. The reservoir rocks are low porosity 

carbonates with neutron-density crossplot porosities of less 

than 5 percent. The primary objectives for this study are: 

(1) to determine the depositional and diagenetic factors 

controlling the reservoir quality; and (2) to predict the 

location of productive zones. The analysis includes 

petrographic, petrophysical, x-ray and electron microscopy 

methods. 

The lithofacies of bank deposits and their 

surrounding sediments are: (1) upper shale; (2) crinoidal 

limestone (grainstone/packstone); (3) nodular shaly 

limestone; (4) bank margin (algal grainstone and 

boundstone); (5) algal bank (wackestone); (6) marginal 

breccia; (7) basal bioclastic micritic pile (wackestone); 

(8) limy shale; and (9) lower shale. The red alga 

(Archaeolithophy1lum) is the primary fossil in Atoka 

carbonates, and indicates that the carbonates were 

predominantly deposited in relatively shallow water 

environments at depths less than 100 feet/30 meters. 

A structural map on top of the Atoka carbonates 

reveals that the bank complex contains several elongated 

biostromes (banks). The banks developed along the shelf 
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margin, and then prograded seaward during regression. The 

banks reached a maximum thickness of 70 feet by vertical 

accretion. The vertical accretion was interrupted at least 

four times by sea-level fluctuations. The bank development 

was terminated by transgression, which caused shifting of 

bank development northwestward into shallow water. During 

this transgression, the bank complex was overlain by marine 

shales (upper shale). 

The Atoka carbonates have undergone a complex 

diagenetic history that includes marine, subaerial, and 

burial diagenetic environments. The most important 

diagenetic events affecting the reservoir quality are 

dissolution and cementation. 

Surrounding shales of the bank complex have been 

subjected to a high degree of illitization. The illitization 

reaction released Fê * and Mĝ * ions, which were transferred 

from shales to adjacent carbonates to form saddle dolomite 

cement. 

Determination of hydrocarbon productive zones in the 

Atoka carbonates was based on the Archie water saturation 

equation (Swa). The intervals that contained net pay with 

cutoffs of clay volume (Vcl) < 10%, effective porosity (̂ e) 

> 3%, and Archie water saturation (Swa) < 30%, are 

productive. 
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CHAPTER I 

INTRODUCTION 

Pennsylvanian (Atoka) carbonates in Eddy County, New 

Mexico, represent a stratigraphic trap within an algal bank 

complex that consists of several biostromes. These are low 

porosity carbonates with neutron-density crossplot 

porosities (9„a) of less than 5%. Gas has been produced 

economically from some of 11 wells. Producibilities of the 

wells from Atoka carbonates show a wide range of initial 

productions (IPF) from non-producing to 3315 mcfd (million 

cubic feet of gas/day). The primary problem for this study 

is to determine depositional and diagenetic effects 

controlling the reservoir quality, and to predict productive 

zones. 

Purpose of Studv 

The purpose of the study is as follows: 

1. Determination and correlation of lithofacies 

represented in the core and log intervals of 11 wells. 

2. Interpretation of depositional environments and 

depositional history of the algal bank complex. 

3. Interpretation of carbonate diagenesis and 

paragenesis. 

4. Determination of porosity evolution and its 

distribution in the carbonate rocks. 

5. Determination of the stage of smectite convertion 



to illite in surrounding shales of the bank complex, and its 

possible effect on carbonate burial diagenesis. 

6. Determination of petrophysical characteristics of 

the reservoir rocks using core analysis and well log data. 

Methods of Study 

Data for this study were obtained from 11 wells in 

Eddy County, New Mexico, and were provided by Santa Fe 

Energy Resources, Inc. All wells have petrophysical logs and 

core samples. In addition, a structure map of the upper 

surface of Atoka carbonates, previous petrographic reports 

(Mazzullo, 1986 through 1991), and DST (Drill Stem Test) 

results from 11 wells were provided. 

All carbonate cores were etched in a tray containing 

10% HCl. The etched carbonate cores and core samples of 

shale were examined megascopically and with a binocular 

stereoscope. The initial examination served to determine 

lithologic changes, porosity intervals in cores, and mega-

petrographic features relating to deposition and diagenesis. 

Photographs were taken to record megascopic features. 

Sixty-four thin-sections were prepared from the 

carbonate core samples. Each thin-section was stained with a 

mixture of alizarin red S and potassium ferricyanide to 

distinguish ferroan calcite and dolomite from normal calcite 

and dolomite. Thin-sections were examined under a 

petrographic microscope to determine depositional and 



diagenetic features, microscopic fossils, and diagenetic 

sequences. Photomicrographs and electron micrographs (SEM) 

were taken to show important features. 

A stratigraphic cross-section with the lithofacies of 

the bank complex was constructed from core data using 

petrographic, sedimentologic, and paleontologic criteria. 

The stratigraphic cross-section also includes thin-section 

examination results. A log cross-section was constructed 

from gamma ray logs. This log cross-section was used for the 

estimation of lithology for uncored intervals. 

Eleven shale samples were processed for conodonts, 

and the conodonts were identified by Dr. James Barrick. 

Core analysis of 27 core plugs was performed at the 

core laboratory of the Center for Applied Petrophysical 

Studies at the Texas Tech University. Core analysis included 

measurements of porosity, permeability, and cementation 

exponent. The lab measurements are presented in Appendix B. 

The logs from 11 wells were digitized using the 

computer program called "LOGDIGI" written by the Logic 

Group, Austin, Texas. Crossplots of porosity, permeability, 

and cementation exponent were constructed using the computer 

program "GRAPHER™." Determination of productive zones was 

based on Archie water saturation (Swa), which was calculated 

for each depth using the computer program "SSA™." The 

computer program SSA™ was also used to construct BVW (Bulk 

Volume Water) and DEW plots. 



A combination of x-ray diffraction and TEM/STEM 

analyses was used to study the diagenesis of the marine 

shales above and below the bank complex. 

Location of Study 

The study area includes portions of Township 22 South 

through Township 26 South and Range 28 East through Range 31 

East in Eddy County, New Mexico. Geologically the field is 

located on the northwest shelf margin of the Delaware Basin 

in southeastern New Mexico (Fig. 1.1). 

Previous Studies 

The Delaware Basin in west Texas and southeast New 

Mexico has been studied by many investigators. Detailed 

studies on Pennsylvanian (Atoka) carbonates are limited. The 

most important study was completed by Mazzullo (1981). 

Galley (1958) and Adams (1965) concluded that the 

Delaware Basin is the western major structural subdivision 

of the Permian Basin of west Texas and southeastern New 

Mexico. Its early Paleozoic history was a part of the Tobosa 

Basin. The name Permian Basin is applied to segmented Tobosa 

Basin including Delaware Basin, Midland Basin, and Central 

Basin Platform (Adams, 1965). Separation of the Tobosa Basin 

took place during late Mississippian or early Pennsylvanian 

(Galley, 1958). Pennsylvanian sediments in the Delaware 

Basin consist of marine shale, sandstone, and limestone, and 



study Area 

Figure 1.1. Index map showing study area and structural 
features of the Permian basin (Adapted from 
Hills, 1984). 



characterize an expanding sea in an intracratonic basin 

whose borderlands were uplifts adjacent to the Permian Basin 

(Galley, 1958). 

Hills (1979, 1984) discussed sedimentation, 

tectonism, and hydrocarbon generation in the Delaware Basin. 

Hills concluded that tectonic activity increased during the 

Middle and Late Pennsylvanian throughout the region. At the 

same time, broad carbonate shelves grew along the basin 

margin. Carbonate banks started to develop in Atoka time and 

continued through the rest of Pennsylvanian. 

Mazzullo (1981) studied middle Pennsylvanian (Atoka) 

carbonate rocks in Chapman Deep (Atoka) field. Reeves 

County, Texas. In the Chapman deep field Pennsylvanian 

(Atoka) sediments are represented by a complex microfacies 

mosaic of shallow water bank limestones deposited along the 

northern hingeline of the Delaware basin. The bank facies 

consist of cyclic alterations of Donezella (algal) bioherm, 

oolite-biograinstone shoals, and low energy interbank 

deposits. After deposition, these carbonate rocks underwent 

a complex diagenetic history and porosity evolution, which 

have affected the hydrocarbon reservoirs. 

James (1985) concluded that a facies variant unit of 

Atoka carbonates is represented by sand deposits of 

prograding beaches and bars in the northwestern part of the 

study area. 



Von Bergen and Carozzi (1990) experimentally 

simulated stylolitic porosity in Pennsylvanian (Atoka) 

carbonates in Chapman Deep field, Delaware basin, Texas. 

They concluded that experimental dissolution preferentially 

occurs and develops along existing stylolites. This 

preferential dissolution suggests that natural porous 

stylolites result from late (post pressure-solution) 

dissolution, are not necessarily mechanically induced during 

stylolite formation as sometimes postulated, and act as 

effective conduits for secondary porosity generation in 

deeply buried carbonate rocks. 

Stratigraphy 

Pennsylvanian (Atoka) stratigraphy of the northern 

Delaware Basin including central and southeastern portions 

of Eddy County, New Mexico was summarized by James (1985). 

Shallow marine limestone deposition predominated on the 

northwest shelf margin of the Delaware Basin during late 

Morrowan and early Atoka time (James, 1985). In the study 

area, Pennsylvanian (Atoka) sediments are represented by 

bank deposits interbedded with dark gray to black marine 

shales. The Atoka age of sediments in the Permian Basin is 

based on the presence of fusulinids (Jones, 1953). 

Renewed uplift during Atoka time caused an influx of 

elastics in a shallow marine environment in the central 

portions of Eddy County, New Mexico (James, 1985). These 
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sandstones were interpreted to be a prograding system of 

beaches and bars deposited along northeast trends parallel 

to Atoka shorelines. The sand trends migrated with the 

shorelines into the basin during Atoka time (James, 1985). 



CHAPTER II 

FACIES OF ALGAL BANK COMPLEX AND 

DEPOSITIONAL ENVIRONMENTS 

Introduction 

The term "bank" describes a non-wave-resistant ridge 

or moundlike structure built of non-frame building organisms 

(Asquith, 1979). A "bank complex" implies carbonates 

consisting of banks and bank associated sediments. The 

morphologies of individual banks in the Atoka bank complex 

suggest tabular-shaped, massively bedded carbonates 

(biostromes) grading gradually into surrounding better 

layered flank facies. The complex development of the banks 

makes it difficult to determine original sizes for 

individual banks. In the study area, bank thickness ranges 

from 20 feet to 75 feet (Figs. 2.1 and 2.2 in pocket). 

Six distinctive limestone facies, plus non-bank shale 

and limy shale have been delineated by a detailed 

petrographic study of core samples and thin-sections from 11 

wells. Each lithofacies has been named according to its most 

diagnostic feature(s). The carbonate lithofacies are: (1) 

crinoidal limestone (grainstone/packstone); (2) nodular 

shaly limestone; (3) bank margin (algal grainstone and 

boundstone); (4) algal bank (wackestone); (5) marginal 

breccia; and (6) basal bioclastic micritic pile 

(wackestone). A schematic distribution of lithofacies in the 

bank complex is shown on a stratigraphic cross-section (Fig. 
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2.1 in pocket), on a log cross-section (Fig. 2.2 in pocket), 

and in an idealized cross-section (Fig. 2.3). 

The dominant fossil in the bank complex is the 

phylloid red alga (Archaeolithophy1lum) which lived in a 

quiet-water shallow marine environment (Pray and Wray, 1963; 

Frost, 1975). The term "phylloid" used in this study is a 

descriptive term referring to the leaf-like or platy 

morphology of fossil algae (Pray and Wray, 1963) of various 

taxonomic affinities, including ancestral Corallinaceae, 

Codiaceae and, possibly, Squamariaceae (Cross and 

Klosterman, 1981). Fossil constituents and their abundance 

in lithofacies of the algal bank deposits are represented in 

Table 2.1. 

Upper Shale 

The upper shales of the Atoka bank complex are 

represented in core samples from the Sterling Silver 32-1 

(Fig. 2.4) and Sterling Silver 34-1 wells. The log data 

indicate upper shales are capping the Atoka bank carbonates 

(Fig. 2.2 in pocket), and interfinger with nodular shaly 

limestone. The shales overlap different units of the bank 

such as the nodular shale limestone in Sterling Silver 34-1 

and limestones of algal bank facies in Sterling Silver 32-1 

(Fig. 2.4). The upper shales exhibit sharp contacts with 

underlying units of the algal bank deposits in both wells. 
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IDEALIZED INDIVIDUAL ALGAL BANK, EDDY COUNTY, NEW MEXICO 

Stratigraphic Trap 

wave 

seaward 

ponez£lla 

Peloid 

_ Bank Margin _ 

- ^ 

LEGEND 
- ' • , • 

I 
j-L. Shale 

o o o 
Crinoidal Limestone 

Nodular Shaly Limestone 

Bank Margin Facies 

^ ^ ^ 1 Algal Bank Facies 

^m fe^g^I^g Basal Bioclastic Micritic Pile 

Limy Shale 

Figure 2.3. An idealized individual algal bank (biostrome) 
showing distribution of its lithofacies, 
peloids, and Donezella lenses. 
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Figure 2.4. Core photograph of upper shale showing thinly 
bedded black shale and its sharp contact with 
underlying carbonates of the algal bank facies 
Sterling Silver 32-1, 13,527 feet. 
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The upper shale in core samples of Sterling Silver 

32-1 has a nodular apparence (Fig. 2.4). The shales are 

black, thinly laminated, and silty. In Sterling Silver 32-1, 

the black shales contain small amounts of brachiopods and 

abundant mica flakes (muscovite), which are oriented 

parallel to bedding. 

In the upper shale of Sterling Silver 34-1, spores 

are very common (Fig. 2.5). These are trilete spores which 

commonly exhibit a circular shape (Fig. 2.5) with an 

internal structure of trilete marks and a triangular 

polysaccate shape. The trilete marks radiate from the center 

of a circle at 120** angles. These circular spores are 900 ^im 

in average diameter (Fig. 2.5). 

Depositional Environment 

Data are limited to interpret the depositional 

environment for the upper shale. However, the upward-

deepening sequence of crinoidal limestone, nodular shaly 

limestone and upper shale (Figs. 2.1 and 2.2 in pocket), and 

their distribution on the stratigraphic cross section (Fig. 

2.1 in pocket) suggests that the thinly laminated, black 

upper shale was deposited in a relatively deep water marine 

environment. The poor diversity of fauna and flora in upper 

shales and their black color indicate a poorly oxygenated 

marine environment, possible a basinal setting. 
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Figure 2.5. Circular spores in a core sample of upper shale 
displaying trilete marks (arrow). Sterling 
Silver 34-1, 13,688.2 feet. 
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Crinoidal Limestone (Grainstone/Packstone) 

Crinoidal limestone facies in the wells are 

characterized by an abundance of skeletal grains with 

predominant crinoidal debris (Figs. 2.6 and 2.7). Crinoidal 

limestones are distributed along the tops and on upper 

foreslopes of the Atoka banks (Fig. 2.1 in pocket). In 

addition, crinoidal limestones are interbedded with 

overlying nodular shaly limestones in Sterling Silver 34-1, 

and with underlying algal bank facies carbonates in Sterling 

Silver 32-1. In North Pure Gold 8-1, crinoidal limestones 

are overlain by marginal breccias. In North Pure Gold 8-1 

well the upper levels of the crinoidal limestone facies 

include limestone clasts. Therefore, the transition from 

crinoidal limestones to marginal breccias is gradual. In 

many instances, these crinoidal limestones have sharp 

contacts with overlying nodular shaly limestone, and with 

underlying carbonates of algal bank and bank margin facies. 

Crinoidal limestones are predomiantly grain-supported 

limestones (grainstone/packstone. Fig. 2.6; with only minor 

crinoidal wackestone, Fig. 2.8). 

Depositional Environment 

When the Atoka banks were subjected to strong wave 

actions or currents at or near wave base for extended 

periods of time, crinoidal segments and rare lithoclasts 

were eroded from upper levels of the banks. Wilson (1975) 
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Figure 2.6. Photomicrograph of crinoidal limestone 
(packstone/grainstone) displaying crinoidal 
grains with peripheral stylolites. cr- crinoid, 
st- stylolite. Laguna Salado, 12,271 feet. 
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concluded that crinoidal segments are very light particles. 

Therefore, crinoidal particles floated in seawater following 

their breakage and then accumulated at the upper levels of 

bank foreslopes as flanking beds (Fig. 2.3). Above wave 

base, grainstones formed because lime mud and fine material 

were winnowed and deposited farther away to form packstone 

and wackestone. Crinoidal packstones were deposited below 

the wave base, at lower levels of the upper foreslopes. In 

the crinoidal flanking beds, grainstone and packstone are 

most commonly mixed (Fig. 2.6) due to poor washing of grain-

supported sediments because of weak currents or changes in 

current intensity (Flugel, 1982). 

Crinoidal wackestones (Fig. 2.8) in the flanking beds 

(e.g., crinoidal beds of Sterling Silver 34-1 and Sterling 

Silver 3-1) were deposited below wave base in a low energy 

environment, at relatively greater depths on the bank 

foreslopes. Distribution of crinoidal wackestones in Harroun 

Trust 30-1, Laguna Salado, HB 3 Federal 1, and HB State 1 

wells (Fig. 2.1 in pocket) supports the idea that crinoidal 

wackestones were possibly deposited in a quiet water, 

shallow marine environment along the tops of banks behind 

the high energy breaker zone (bank crest). 

Nodular Shaly Limestone 

Nodular shaly limestones (Figs., 2.3 and 2.9) are 

typically represented in core samples from the Sterling 
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Figure 2.9. Core photograph of nodular shaly limestone 
displaying limy nodules (n) and bending shale 
laminae 
feet. 

(arrow). Sterling Silver 34-1, 13,698 
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Silver 33-1, Sterling Silver 34-1, and Sterling Silver 3-1 

wells. These limestones are overlain by the upper black 

laminated shales, and underlain by crinoidal limestones in 

core samples of Sterling Silver 33-1 and Sterling Silver 34-

1. In Sterling Silver 3-1, nodular shaly limestones overlay 

brecciated carbonates of the algal bank facies. 

Stratigraphic and log cross-sections of Atoka bank complex 

(Figs. 2.1 and 2.2 in pocket) illustrate that nodular shaly 

limestones also interfinger with crinoidal limestones and 

upper shales. These nodular shaly limestones exhibit sharp 

contacts with overlying and underlying lithologic units. 

Nodular shaly limestones are dark greenish gray to 

black, thinly bedded limestones with a nodular to wavy 

bedded appearance (Fig. 2.9). Their wavy appearance is due 

to bending of shale laminae around limestone nodules. 

Limestone nodules and thin layers in nodular shaly limestone 

are predominantly wackestone/mudstone that contain crinoids, 

brachiopods, pelecypods, bryozoans (Rhombopora; 

Phylloporina). and some phylloid algae. The limy intervals 

in nodular shaly limestone also include small numbers of 

foraminifera (Tetrataxis; Tuberitina). sponge spicules, 

gastropods and corals. 

Shaly intervals in nodular shaly limestone consist of 

shale laminae that are pyritic and slightly glauconitic. 

These shaly intervals include abundant fossil fragments of 
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crinoids, brachiopods, pelecypods, and bryozoans that are 

oriented parallel to bedding. 

Depositional Environment 

Nodular shaly limestones are predominantly 

wackestones/mudstones that are the product of deposition in 

a low energy environment. Their fossil content (e.g., 

crinoids, brachiopods, phylloid algae) indicates normal 

marine conditions and a relatively deep water environment. 

These nodular shaly limestones formed by accumulation of 

carbonates on the deep flanks of Atoka banks (Fig. 2.3). The 

deposition of the nodular shaly limestones in deep water is 

supported by the observation that they interfinger with 

crinoidal limestones and the upper shales. Therefore, 

nodular shaly limestones are transitional between crinoidal 

limestones and the upper shales on flanks of Atoka banks. 

Bank Margin (Alaal Grainstone and Boundstone^ 

Bank margin facies, as defined in this study, 

includes carbonates of the upper bank foreslope and bank 

crest (Fig. 2.3). The bank margin facies interfingers with 

carbonates of the algal bank facies (Fig. 2.1 in pocket). 

The transition from bank margin facies to algal bank facies 

is always gradual. 

In core samples, the bank margin facies are tannish 

to light gray, porous, locally dolomitic and stylolitic. 

mm 
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phylloid algal limestones (Figs. 2.10 and 2.11). Bank margin 

carbonates commonly exhibit a brecciated texture (Fig. 

2.10), typically in the Harroun Trust 30-1 and Sterling 

Silver 33-1 wells, and well cemented, highly porous algal 

masses (Fig. 2.11) typically in the Sterling Silver 3-1 

well. Replacive dolomitization gives a mottled gray 

appearance to core samples (Fig. 2.10). The carbonates of 

the bank margin also contain silt-sized marine and non-

marine calcitic internal sediments in primary and secondary 

pores, and trace amounts of authigenic quartz, albite, and 

pyrite. The authigenic minerals, in some instances, are 

associated with stylolites. 

Bank margin carbonates in thin-sections predominantly 

consist of phylloid algal grainstone (Fig. 2.12), boundstone 

(Fig. 2.13), and a variety of cement types (Figs. 2.12 and 

2.14). This facies also includes packstone and wackestone. 

Most of the biograinstones (Fig. 2.12) and boundstones are 

commonly cemented by isopachous marine cement (former 

fibrous aragonite). Other cements in bank margin facies are 

former Mg-calcite (rim and microspar), scalenohedral calcite 

rim, radial-columnar calcite fibrous, blocky equant calcite, 

dolomite and dickite. In thin-sections, open-space areas 

among biograinstones and boundstones are generally filled by 

pelloidal grainstone (Figs. 2.13 and 2.15), or micrite. 

The phylloid red alga fArchaeolithophylluml is the 

primary fossil in the bank margin facies (Fig. 2.16). It is 
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Figure 2.12. Photomicrograph of an algal grainstone in bank 
margin facies. cr- isopachous cement rim 
(former aragonite fibrous), be- blocky equant 
calcite cement. Sterling Silver 3-1, 13,732.6 
feet. 

Figure 2.13. Photomicrograph of algal boundstone in bank 
margin facies including different cement types. 
Pure Gold 4-1, 13,744.11 feet. 

\ 
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Figure 2.14. Photomicrograph of phylloid algal grainstone in 
bank margin facies showing a variety of 
cements, cr- isopachous cement rim (former 
fibrous aragonite), be- blocky equant calcite 
cement, d- saddle dolomite cement. Pure Gold 4-
1, 13,747.11 feet. 

Figure 2.15. Photomicrograph displaying peloidal sediments 
in an open-space area among algal grainstones. 
Sterling Silver 3-1, 13,742 feet. 
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Figure 2.16. Photomicrograph of Archaeolithophvllum showing 
remains of polygonal internal structure. Pure 
Gold 4-1, 13,733 feet. 
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characterized by a distinctive internal structure which 

consists of elongate, polygonal cells (Fig. 2.16). Algal 

fragments of ArchaeolithophyHum exhibit variable 

preservation from thalli with relatively well preserved 

internal structure (Fig. 2.16) to molds of thalli (Fig. 

2.17). Relatively well-preserved phylloid algal 

(Archaeol ithophy Hum') remains are common throughout this 

facies because of its composition. Corallinacean algae 

(Archaeolithophy1lum1 probably were composed of high 

magnesium calcite (Crowley, 1969), which would not dissolve 

in meteoric ground water, but would simply lose its Mĝ * 

(Winland, 1968). Nevertheless, the internal structure of 

phylloid algal plates commonly has been destroyed by 

dissolution and/or recrystallization, making generic 

identification impossible (Fig. 2.17). In bank margin 

facies, phylloid algae have been extensively micritized 

(Fig. 2.17), completely or partially leached in many 

instances, and are now biomolds with sparry calcite 

infillings and micritic envelopes (Fig. 2.17). In carbonates 

of the bank margin, phylloid algae (Archaeolithophy1lum) can 

be seen in different forms such as blades, plates, 

multilayered forms (Fig. 2.18), sinuous bands, and also 

broad leaves and vase shaped forms. In this study, broad 

leaf (Fig. 2.19) and vase shaped (Fig. 2.20) algal fronds 

are interpreted as algal thalli in growth position. 
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Figure 2.17. Photomicrograph of algal grainstone showing 
phylloid algal biomolds (m) with micritic 
envelopes (me). Pure Gold 4-1, 13,746.1 feet. 

Figure 2.18. Photomicrograph of multilayered 
ArchaeolithophyHum. Sterling Silver 32-1, 
13,576 feet. 

\ 
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Figure 2.19. Photomicrograph of broad algal frond of 
Archaeolithophyllum. Pure Gold 4-1, 13,727.11 
feet. 

Figure 2.20. Photomicrograph of vase shaped 
Argh^gQlithcppyUMin indicating an algal thalli 
in growth position. Pure Gold 4-1, 13 727-11 
feet. ' 

X 
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The other fossil constituents in bank margin facies 

are brachiopods, fenestrate bryozoans (Phylloporina. Fig. 

2.21; Fistulipora^, gastropods (Fig. 2.22), foraminifera 

(Tetrataxis, Fig. 2.23; Tuberitina; tubular forms; rare 

Apterrinella; Endothyrid; and Fusulinid), heavily micritized 

algae with circular or elliptical shapes, ostracods, 

echinodermal plates, pelecypods, and corals. In carbonate 

rocks of the bank margin, encrusting foraminifers and 

bryozoans (Fig. 2.24), and geopetal structures including 

partial fillings of brachiopod and gastropod chambers are 

commonly present. 

Biograinstones and algal boundstones are major 

components of bank margin facies, forming a patchy texture 

(Fig. 2.15). The rock matrix predominantly consists of 

pelloidal grainstone and micrite. The patchy texture varies 

from thin-section to thin-section, from complete cover to 

patchy (Fig. 2.15), and irregular. These biograinstones and 

boundstones have been observed together in many intervals. 

Peloids are common in the bank margin facies as 

infilling in open-space areas among algal grainstones and 

boundstones (Figs. 2.13 and 2.15), and also in some 

intervals of algal bank facies. These are moderate to well 

sorted, spherical to elliptical shaped small micritic (?) 

grains having average sizes of 60-120 /im (Fig. 2.25). A SEM 

micrograph (Fig. 2.26) shows that peloids are composed of 

equal-size calcite crystals with 4-10 /im sizes which are 
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Figure 2.21. Photomicrograph of Phylloporina (bryozoa) which 
is a minor fossil constituent in Atoka 
carbonates. Sterling Silver 3-1, 13,731 feet. 

Figure 2.22 Photomicrograph of a gastropod which is a minor 
fossil constituent in Atoka carbonates. 
Sterling Silver 3-1, 13,742 feet. 
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Figure 2.23 Photomicrograph of Tetrataxis (foraminifera) 
which also is another minor fossil constituent 
in Atoka carbonates. Sterling Silver 3-1, 
13,744 feet. 

Figure 2.24. Photomicrograph showing bryozoa (Fistulipora) 
encrusted phylloid alga, br- bryozoa, p-
phylloid alga. Sterling Silver 32-1, 13,531 
feet. 

^ 
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Figure 2.25. Photomicrograph of peloidal grainstone showing 
more crystalline former Mg-calcite rims and 
microspar interpeloidal fillings, p- peloid, 
cr- former Mg-calcite rim, and ms- microspar 
pore filling. North Pure Gold 8-1, 12,274.6 
feet. 

Figure 2.26. SEM micrograph showing an individual peloid 
which is composed of equal-size calcite 
crystals with 4-10 ^m sizes, and includes 
former Mg-calcite rim (mr). North Pure Gold 
8-1, 12,274 feet. 

"N 
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slightly greater than the original size definition of 

micrite (< 4 /im from Folk, 1959). The peloids are commonly 

surrounded by more crystalline former Mg-calcite rims (Figs. 

2.25 and 2.26; and see also Macintyre, 1977; Marshall and 

Davies, 1981; Marshall, 1983; and Reid, 1987), and later 

drusy infill of former Mg-calcite (?) microspar (Fig. 2.25; 

cement). 

Peloids in Atoka carbonates were precipitated in 

bacterial clumps (Chafetz, 1986) because of their size 

restriction (average 60-120 /im) , and were removed from their 

original places to accumulate as a sediment in open-space 

areas of algal grainstones and boundstones (Figs. 2.13 and 

2.15). The sedimentary origin is based on: (1) their normal 

or reverse grading (Fig. 2.27); (2) their sorting (Fig. 

2.25); and (3) their presence in a laminated layer (Fig. 

2.28). Their calcite crystals with > 4 /im sizes may indicate 

that peloids later were subjected a paramorphic 

recrystal1i zation. 

Algal grainstones constitute an important portion of 

the bank margin deposits. They predominantly consist of 

phylloid algal plates, and intraclasts, lithoclasts 

(peloidal) and peloids. In these rocks, all grains generally 

are surrounded by marine cements and later by freshwater 

cements (Figs. 2.14 and 2.17). 

The boundstones, framestones and/or bindstones 

according to Embry and Klovan (1971) classification (from 
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Figure 2.27. Photomicrograph showing a reverse grading in 
peloidal sediments. Pure Gold 4-1, 13,730.7 
feet. 

Figure 2.28 Photomicrograph of peloids in a laminated layer 
(arrow). Harroun Trust 31-1, 12,997 feet. 

\ 
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Wilson, 1975), are characteristic of the bank framework in 

the bank margin facies. The boundstones are composed of 

mainly phylloid algal plates (Archaeolithophyllum^. 

bryozoans, and rarely the other fossil constituents. 

Phylloid algal plates generally are fragmented, oriented 

subparallel or parallel to bedding, and are either cemented 

(Fig. 2.13) or matrix supported. 

Most of the biograinstones and cement-supported 

boundstones have primary pores. Some primary pores are 

sheltered cavities between fallen and broken phylloid algal 

plates. In many instances, these rocks were subjected to 

marine cementation that produced synsedimentary isopachous 

marine cement (former fibrous aragonite) in the primary 

pores. In some places, phylloid algal plates are surrounded 

by scalenohedral calcite cement rims (Fig. 2.17). Later, 

these rocks were subjected to different diagenetic 

environments that resulted in a variety of cements in the 

pores (Fig. 2.14). 

Matrix-supported boundstones mainly consist of 

phylloid algal plates and micrite. In these rocks, algal 

plates are dense enough to support each other. In thin-

sections, the matrix-supported boundstones are associated 

with algal packstones and wackestones. 

In the bank margin facies, local algal brecciation 

and imbricate algal structures are observed. In the breccia 

fabric, most phylloid algal plates were completely leached. 
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and partially collapsed. It is believed that algal plate 

brecciation may be response of syndepositional current 

action (Mazzullo and Cys, 1979), or subaerial exposure 

(Mazzullo and Cys, 1979; Toomey et al., 1977). Imbricated 

algal structure consists of completely leached, oriented and 

fragmented algal plates, fragmented by syndepositional 

bottom currents. 

Depositional Environment 

Sediments of the bank margin facies (Fig. 2.3) 

generally consist of phylloid algae (Archaeolithophy1lum) 

and marine cements. The other fossil constituents are 

bryozoans, brachiopods, gastropods, foraminifers, ostracods, 

echinoderm plates, pelecypods, and rarely corals. This 

fossil assemblage indicates normal marine conditions in 

relatively shallow water. The phylloid algae are believed to 

have lived just below wave base and possibly could have 

survived water depths of about 100 ft/30 m (Konishi and 

Wray, 1961; Wray, 1964). Archaeolithophyllum was able to 

tolerate appreciable wave agitation (Wray, 1964; Crowley, 

1969). 

Submarine cements are widespread within the seaward 

bank margins (e.g., James et al., 1976; Marshall and Davies, 

1981). Submarine cementation is a relatively near-surface 

phenomenon (Shinn, 1969), and requires high energy 

environments (Macintyre, 1977; Lighty, 1985). 

dHL 
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In the bank margin facies, matrix-supported 

boundstones, packstones, and wackestones reflect low energy 

conditions that may have been a function of local baffling 

by dense algal growth and sediment-binding by 

Archaeolithophy1lum (Pol, 1985). Also, these sediments can 

accumulate in the irregularities of the bank's upper surface 

(Cross and Klosterman, 1981). 

The abundance of geopetal textures suggests that the 

bank margin facies was periodically exposed above sea level 

(Turnsek et al., 1981). The presence of freshwater cement 

and calcitic non-marine internal sediments also indicates 

subaerial exposure, as suggested by Turnsek et al. (1981). 

Alaal Bank Facies (Wackestone1 

The algal bank facies (Fig.2.3) differs from the bank 

margin facies in the lack of marine isopachous fibrous 

cement and marine lime silts (internal sediments), and in 

its reduced number of some fossil constituents compared to 

the bank margin facies. Rocks of algal bank facies usually 

are matrix-supported. The matrix is composed of micrite and 

pelgrainstone. Limestones of the algal bank facies are 

common in core samples of all wells (Fig. 2.1 in pocket), 

and make up an important portion of the bank complex. 

In core samples, these are light to medium gray, 

slightly porous or non-porous, extensively stylolitic, 

locally dolomitic, slightly siliceous, and loosely packed 
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phylloid algal limestones (Figs. 2.29 and 2.30). In the 

algal bank facies, geopetal structures and algal biomolds 

with freshwater cements and non-marine calcitic internal 

sediments are common. The algal bank facies includes trace 

amounts of authigenic pyrite, quartz, and albite. Clay wisps 

and thinly bedded clay layers (Fig. 2.30) which are 

interbedded with limestones of algal bank facies. These clay 

layers are common in the interval from 12,271.5 feet to 

12,272.7 feet in the Laguna Salado well. In the algal bank 

facies authigenic minerals are relatively more abundant than 

in the bank margin facies. 

In thin-sections, the rocks of this facies are 

basically phylloid algal wackestone (Fig. 2.31), and 

wackestone/pelgrainstone. Phylloid algae are the major 

fossil constituent in the algal bank facies, and are 

commonly represented by broad algal fronds (Fig. 2.19), vase 

shaped thalli (Fig. 2.20), large blades (up to 6 cm), 

multilayered forms which in some instances are broken and 

rarely imbricated. Most phylloid algal fragments are 

extensively micritized, completely or partially dissolved 

and commonly filled by scalenohedral and blocky equant 

calcite cements (Figs. 2.19 and 2.20), non-marine silt-size 

calcitic internal sediments, and burial dolomite cement. 

Some phylloid algal fragments have partially preserved 

internal structure (polygonal cells), and are identifiable 

as Archaeolithophyllum. 
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Figure 2.31 Photomicrograph of phylloid algal wackestone in 
algal bank facies. Sterling Silver 32-1, 13,355 
feet. 
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Minor fossil constituents in algal bank facies are 

bryozoans, brachiopods, foraminifers, heavily micritized 

algae with circular or elliptical shapes, gastropods, 

echinoderm plates, pelecypods, and rare porostromatal algae 

(blue-green alga). These fossils are similar to the genera 

in the bank margin facies. This facies additionally includes 

Donezella lenses (Fig. 2.32) especially in upper levels of 

Laguna Salado, HB 3 Federal 1, and HB State 1 wells (Fig. 

2.1 in pocket), and bryozoa (Rhombopora). 

Limestones of the algal bank facies contain abundant 

irregularly shaped voids (alveolar texture ?) with equant 

calcite infillings. These pores are the result of subaerial 

exposure (weathered crusts). 

Depositional Environment 

The fossil content of this facies indicates shallow, 

normal marine water conditions as mentioned earlier in the 

bank margin facies. Differences between the algal bank 

facies and bank margin facies such as the lack of marine 

isopachous fibrous cement and marine lime silt (internal 

sediment), and a reduced number of fossil constituents in 

the algal bank facies indicate a lower energy environment. 

The shallow bank areas were favorable for maximum algal 

growth and probably also higher rates of carbonate mud 

production (Crowley, 1969). 
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Figure 2.32 Photomicrograph of Donezella algae (d) showing 
branching thalli and tubular internal 
structure. Sterling Silver 33-1, 13,552.3 feet 
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The carbonate mud (micrite) could have been deposited 

in a relatively deep water environment below wave base 

(Toomey and Winland, 1973; and Mazzullo, 1981), or in 

shallow water environments behind shelf margin barriers 

(over bank areas) where waves and currents were probably 

neutralized by effect(s) of phylloid algal baffling (Heckel 

and Cocke, 1969; Pol, 1985) and/or topographic relief. 

Under normal circumstances turbulence in a marine 

environment decreases as water depth increases. The 

turbulence also gradually decreases behind the energy 

breaker zone (bank crest) into the shallow water marine 

environments along bank tops. Decreasing water energy behind 

the energy breaker zone creates a favorable place for 

accumulation of algal bank deposits in which Donezella 

lenses (Fig. 2.32) are relatively common (Figs. 2.1 in 

pocket; and 2.3). The reduction of water movement in these 

environments decreased nutrient replenishment which resulted 

in reduced numbers, and in some instances reduced diversity 

of biogenic constituents (Heckel and Cocke, 1969). 

In the shallow water environment behind the barrier, 

unbroken, large, scattered algal plates accumulated in a 

micritic matrix with fine bioclasts during quiet periods. 

During agitated periods (storms ?), algal plates and the 

other fossils commonly were broken and accumulated in a 

matrix of peloidal grainstone and micrite. In some 

intervals, sediments of agitated period(s) are associated 
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with intraclasts, lithoclasts (peloidal), encrusting 

organisms, and rare imbricated algal plates. 

Geopetal textures, local brecciation, and irregularly 

shaped voids (alveolar texture ?) with equant calcite 

infilling are results of subaerial exposure, and again 

suggest a shallow depositional environment that has been 

intermittently subjected to subaerial exposure conditions. 

Laminated clay layers (in few mm thicknesses), that 

are interbedded with limestones of the algal bank facies in 

Laguna Salado well (Fig. 2.30) were derived from areas 

behind the banks, and deposited in the shallow environments 

on bank flat areas (reef flat). As a rule only the finest 

detrital grains (clay and silt?) reached the bank flat area 

(Polsak, 1981). 

Marginal Breccia (Peribiostromal Breccia 1 

Marginal breccia facies (Figs. 2.3 and 2.33) is 

represented typically in North Pure Gold 8-1, Pure Gold 4-1, 

and a small amount in Sterling Silver 3-1 wells (Fig. 2.1 in 

pocket). It reaches its maximal thickness of 21.5 feet/6.45 

meters, and grades into crinoidal limestones in North Pure 

Gold 8-1 well. Similar facies have been named Peri-Reefal 

Breccia (Reef Talus) by Polsak (1981); Marginal Breccia by 

Flugel (1981); and Fore Reef Talus by Carozzi (1989) and 

Wilson (1975). 
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Figure 2.33 Core photograph of marginal breccia which 
consists of angular limestone clasts (cl) and 
internal sediments (is) of sandy material and 
detrital clay in intergranular pores. North 
Pure Gold 8-1 13,366 5 feet. 
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The marginal breccias consist of poor to moderately 

sorted, medium to dark gray, angular to subangular limestone 

clasts with average clast size ranging from 1 cm to 6 cm 

(Fig. 2.33). The clasts display a roundness of 0.1, and 

sphericity of 0.3-0.5 (Roundness and Sphericity Chart after 

Krumbein and Sloss, in Flugel, 1982). The marginal breccia 

facies is commonly stylolitic, pyritic, and slightly 

dolomitic. Compaction and heavy stylolitization of the 

breccia produced a chaotic mass. Areas between intraclasts 

are filled by sandy internal sediments and detrital clays 

(Fig. 3.33). The breccias are locally intercalated with 

thinly-bedded limestone layers. 

The clasts in marginal breccia consist of skeletal 

wackestone/mudstone, peloidal limestones, and marine 

cemented biograinstones. Fossil constituents in the 

limestone clasts are phylloid algae, scattered brachiopods, 

bryozoans, foraminifers (Tetrataxis; Tuberitina; and tubular 

forms), ostracods, and crinoids. Wackestone/mudstone clasts 

are relatively common in upper levels of the breccia. These 

clasts gradually pass into peloidal limestone clasts, and 

biograinstone clasts in lower level of the breccia. 

Depositional Environment 

Marginal breccia was generated by mechanical breakage 

of Atoka bank carbonates by sea waves and currents, and 

deposited immediately along the outer slopes of individual 
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biostrome and between biostromes (Fig. 2.1 in pocket), where 

continuous action of waves and currents was effective. When 

the marginal breccia was subjected to subaerial exposure, 

primary pores between clasts were filled by sandy internal 

sediments and detrital clays. 

The gradual transition from the wackestone/mudstone 

clasts to biograinstone clasts with marine cements indicates 

an intensive destruction of biostromes by waves and 

currents. 

Basal Bioclastic Micritic Pile (Wackestone) 

The basal bioclastic micritic pile (Figs. 2.3 and 

2.34) is represented in core samples of Harroun Trust, 

Laguna Salado, North Pure Gold 8-1, Pure Gold 4-1, and 

Sterling Silver 32-1 wells (Fig. 2.1 in pocket). In core 

samples, thickness of the unit ranges from 6 inches to 1 

foot. 

The basal bioclastic micritic pile represents initial 

accumulation of the Atoka bank complex (Fig. 2.3) with in 

the underlying limy shale unit. Typically rocks of this unit 

are dark greenish gray, shaly, slightly pyritic, and 

stylolitic limestones. Limestones of this facies are non-

porous, dense wackestone (most; Fig. 2.34) to packstone with 

phylloid algae (common), scattered crinoids, small 

brachiopods and spines, foraminifers (Tetrataxis; tubular 

forms), pelecypods, bryozoans (Phylloporina). gastropods. 
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Figure 2.34. Core photograph showing dark greenish gray 
limestones of the basal bioclastic micritic 
pile facies (mp) and underlying limy shale 
facies (Ish). Harroun Trust 31-1, 12,011 feet 
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and rare porostromatal algae (blue-green alga). Algal plates 

locally are oriented subparallel to bedding. Internal 

structures of algal plates are unrecognizable. 

In the rocks of the basal bioclastic micritic pile, 

pyrite commonly replaced algal plates and matrix, and 

sometimes is associated with stylolites. Pyrite content 

increases at the bottom of micritic pile. 

Depositional Environment 

The micritic pile facies with phylloid algae and 

minor fossil constituents indicates a relatively deep, quiet 

water, marine environment. 

Limy Shale 

Limy shale (Fig. 2.3) is a transitional unit between 

the lower black laminated shale and the basal bioclastic 

micritic pile. In core samples, this unit is represented in 

the Harroun Trust 31-1, Laguna Salado, North Pure Gold 8-1, 

and Pure Gold 4-1 wells (Fig. 2.1 in pocket). The thickness 

of the limy shale ranges from a few inches to seven inches. 

Limy shales are greenish gray, thinly laminated, 

glauconitic and pyritic (Fig. 2.34). They contain 

glauconitic lenses and layers, and limestone nodules 1-2 cm 

in diameter. The limy shale unit is characterized by a lack 

of phylloid algae. It includes fossils such as echinoderm 

plates, brachiopod fragments, and foraminifers (Tetrataxis). 
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bryozoans, and gastropods. All fossils are oriented parallel 

to bedding. 

Depositional Environment 

The fossil content of limy shales represents the 

first organisms to populate the bank environment. These 

fossils are predominantly crinoids and brachiopods, and 

indicate a relatively deep marine environment. 

Lower Shale 

The lower black laminated shales are represented in 

core samples of Harroun Trust 30-1, Sterling Silver 32-1, 

North Pure Gold 8-1, and Pure Gold 4-1 wells (Fig. 2.1 in 

pocket), and range in thickness up to 15 feet. The log data 

indicates that Atoka carbonates are ubiquitously underlain 

by this lower shale (Fig. 2.2 in pocket). The lower shale is 

gradational with the Atoka bank complex carbonates (Fig. 

2.35) except in Sterling Silver 32-1 in which the transition 

is represented by a sharp contact (Fig. 2.36). The abrupt 

transition lacks the presence of the basal bioclastic 

micritic pile and limy shale units in this well; therefore, 

lower shales are immediately overlain by algal bank facies. 

Lower shales of the Atoka bank complex are dark gray 

to black, fissile, thinly laminated, silty and sandy, 

slightly calcitic, glauconitic, and pyritic. The shales 

locally contain some small elliptical, pyritic chert nodules 
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(Fig. 2.35). Their short and long axes range from 2 cm to 6 

cm. The lower shale contains irregular lenses and streaks of 

silt and sand-sized grains. These silt- and sand-sized 

grains are quartz, mica, and glauconite. The quartz grains 

are well rounded and sorted. 

Fossils found in the basal shale predominantly 

consist of siliceous sponge spicules and rare conodont 

specimens of the genus Idioanathodus (Barrick, 1993). The 

siliceous spicules show an orientation parallel to bedding. 

The lower shales are slightly bioturbated with horizontal 

burrows (Planolites type). 

The lower shale unit in Sterling Silver 32-1 well 

includes slumped algal nodules (rhodoliths) in the interval 

ranging from 13,581.7 feet to 13,582 feet (Fig. 2.37). These 

algal nodules are heavily pyritized, poorly sorted, dark 

gray, and in elliptical shapes. Their long axes range in 

length from 1 cm to 8 cm, and are oriented vertical to 

subparallel to bedding. 

The slumped algal nodules (Fig. 2.37) consist of 

nuclei of limestone and discontinuous, irregular-shaped, 

concentric layers of pyritized and calcified red algal 

plates (encrusting Archaeolithophyllum). The nuclei of the 

rhodoliths consist of micrite and peolidal limestone, 

including rare gastropods and crinoids. 

Algal nodules are surrounded by greenish gray, 

concentric thinly-laminated calcite-rich clay layers. These 
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Figure 2.37 Core photograph of slumped algal nodules 
(rhodoliths) which consist of nuclei of 
limestone (n) and surrounding thinly laminated 
clay layers (c). Sterling Silver 32-1, interval 
from 13,581.5 feet to 13,582 feet. 
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layers contain abundant fossil fragments of large 

brachiopods, echinoderm plates, bryozoans, foraminifers 

(Tetrataxis; Fusulinid), and limestone clasts (in size 2 to 

4 mm) . 

Depositional Environment 

Sponges may contribute to sedimentation by mass 

accumulation of siliceous spicules especially in slope and 

basinal environments (Flugel, 1982). Thus thinly laminated, 

dark gray to black, pyritic shales with abundant sponge 

spicules indicate deep water environments and slow 

sedimentation. 

The slumped algal nodules represent a "snow ball" 

origin because of distinct fossil content between coating 

calcitic clay layers and algal nodules. Rhodoliths are 

typical of the reef crest facies where significant wave 

energy is present (Longman, 1981). Thus the algal nodules 

formed at the bank crest were then transported down to the 

bottom of the Atoka banks. The slumping process produced 

coating clay layers around the rhodoliths with abundant 

fossils and limestone fragments. This process is associated 

with hardground formation and suggests slow sedimentation. 



CHAPTER III 

BANK COMPLEX DEVELOPMENT 

An upper surface structural map (Fig. 3.1) of the 

Atoka bank carbonates in Eddy County, New Mexico reveals 

that the bank complex contains several elongated biostromes 

(banks). Their long axes are oriented normal to the 

Pennsylvanian shelf margin of the northwestern Delaware 

Basin (Fig. 3.1). However, Wilson (1977) concluded that 

phylloid algal mounds tend to develop along shelf margins 

with their long axes parallel to trend of shelf margin. The 

distribution of marine cements on the southeast side 

(seaward) of elongate Atoka banks suggests that the banks 

were oriented normal to the shelf margin (Fig. 3.1). The 

evidences for the bank development on the shelf margin 

include: (1) transition from forebank deposits southeastward 

to basinal sediments; and (2) fossil constituents of shallow 

water, normal marine conditions. 

The lateral and vertical distribution of lithofacies 

of the bank complex on the stratigraphic-cross section (Fig. 

2.1 in pocket) reveals that the Atoka carbonate bank complex 

includes four major growth stages (Fig. 3.2). The stages 

are: (1) initial bank accumulation; (2) early bank 

development; (3) progradation of the bank and shelf margin; 

and (4) vertical accretion and final stage. 

Stage I is characterized mostly by the basal 

bioclastic micritic pile (initial accumulation) which is 
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UPPER SURFACE STRUCTURE MAP OF ATOKA CARBONATES 
ADAPTED FROM ENDERSON, 1985 (SANTA FE ENERGY) 

O Well Location 
Contour interval: 100 feet 

Estimated biostrome boundary i— 
Estimated paleo shelf-margin direction 

Figure 3.1. Upper surface structure map of the Atoka 
carbonates in Eddy County, New Mexico 
illustrating estimated boundaries of biostromes 
(banks) and paleo-shelf margin direction. 
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v. 

Figure 3.2. Development of Atoka bank complex in Eddy 
County, New Mexico showing stages of its 
development. Stage I- initial bank accumulation, 
stage II- early bank development, stage III-
progradation of bank and shelf margin 
(regressive period), and stage IV- vertical 
accretion and final stage (transgressive 
period). 

\ 
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mainly composed of dark gray algal (Archaeolithophyllum) 

wackestone. In many wells, a transition from the lower shale 

to bioclastic micritic pile is characterized by a limy 

shale. The limy shale includes echinoderm plates, brachiopod 

fragments, rare bryozoans, foraminifers, and gastropods 

which are the initial fossil constituents of the bank 

complex. Later, the major fossil constituent in wackestones 

of the basal bioclastic micritic pile is the coralline alga 

Archaeolithophyllum. In some instances (e.g.. Sterling 

Silver 32-1 well), this transition is characterized by a 

sharp contact. In Sterling Silver 32-1 well, the lower black 

laminated shale unit is overlain immediately by carbonates 

of the algal bank facies not the basal micritic pile facies 

(Fig. 2.36). 

During a lower sea level stand, Pennsylvanian (Atoka) 

banks were initiated on the lower shale, in a relatively 

shallow water environment at depths less than 30 m/100 ft 

(Konishi and Wray, 1961; Wray, 1964; and Frost, 1975). It is 

widely accepted that development of the banks was controlled 

by pre-existing topography (e.g., Heckel and Cocke, 1969; 

Frost, 1975; Welch, 1977; Smosna and Warshaver, 1983). 

Heckel and Cocke (1969) suggested that the pre-existing 

topography is created by differential compaction of 

underlying shales. Heckel and Cocke concluded that such 

gentle topographic highs provided a favorable environment 

for algal proliferation. However, the idea of pre-existing 
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topography has been challenged by Cross and Klosterman 

(1981) who concluded that algal mounds of the Laborcita 

Formation, Sacramento Mountains in New Mexico, developed on 

a flat pre-existing depositional surface. Present data are 

insufficient to explain the morphology of pre-existing 

surface. 

The limy shale facies at the bottom of the basal 

bioclastic micritic pile in many wells reveals that the 

shaly substrate must have been soft. This uncompacted mud 

probably was easily put into suspension, significantly 

reducing the amount of light available for photosynthesis. 

The early biogenic contributers, especially crinoids and 

bryozoans, baffled currents which trapped and stabilized 

fine sediments (limy shale) from suspension. Therefore, the 

banks probably were initiated by existing water-current 

patterns within the basin (Harbaugh, 1964; Crowley, 1969). 

Existing water-current patterns, baffling, trapping, and 

stabilizing effects of primary biogenic constituents created 

a relief at least 1 foot in the core samples of Atoka 

carbonates. Similar pre-existing relief in the Winterset 

algal bank complex. Eastern Kansas was reported by Frost 

(1975), and it is only about 1 ft/0.3 m. Once initiated, 

bank development continued because of the feedback effect 

described by Harbaugh (1964). When the clay content was 

reduced in the sea-water due to energy levels of water and 

sedimentation rate, carbonate sediments began to accumulate. 
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Then the feedback effect resulted in vertical growth and 

lateral extention of the banks. In some instances, this 

process resulted in an abrupt transition from the lower 

shale to the carbonate rocks of algal bank facies (Fig. 

2.36) and lack of basal bioclastic micritic pile and limy 

shale. During the carbonate accumulation, initial 

colonization of the banks was followed by the algae 

Archaeolithophyllum which flourished where the water was 

clear. 

Stage II is characterized by the early bank 

(biostrome) development (Fig. 3.2). Three vertical zones 

generally are present, and represent the upward-shoaling of 

the sediment surface from about 100 ft/30 m deep or less 

(Konishi and Wray, 1961; Wray, 1964; and Frost, 1975). The 

vertical succession developed in the early banks formed 

under conditions of stable sea level and built-up 

progressively into shallower water. This succession includes 

basal micritic pile (initial accumulation), algal bank 

facies, and bank margin facies. A similar vertical sequence 

of bank lithofacies has been recognized by Wilson (1975; 

1977) and Toomey et al. (1977). These lithofacies are basal 

bioclastic micritic pile (Wilson, 1975, 1977; or 

foundational phase, Toomey et al., 1977), algal plate 

micritic core (Wilson, 1975, 1977; or constructional 

framework phase, Toomey et al., 1977), and crestal 

boundstone (Wilson, 1975, 1977; or climax boundstone, Toomey 
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et al., 1977) in order of upward-shoaling. These are the 

fundamental stages in an individual bank development 

(Wilson, 1975, 1977; Toomey et al., 1977). 

The initial accumulation phase in the Atoka 

carbonates has been described earlier. The algal bank facies 

basically consists of phylloid algal wackestone, plus 

wackestone/pelgrainstone. Phylloid algae in this facies are 

commonly represented by algal thalli in growth position. The 

algal bank facies developed in a relatively deep, quiet 

water environment during the vertical growth, or in a 

shallow water environment behind the shelf margin barrier in 

which currents were probably neutralized by the effect(s) of 

phylloid algal baffling and/or topographic relief. 

The bank margin facies predominantly consists of 

phylloid algal grainstone and boundstone with extensive 

marine cements. Open-space areas among boundstones and 

biograinstones are filled by peloidal grainstone. Encrusting 

foraminifera and bryozoans are common. These features 

characterize well agitated, shallow water environments 

(probably near wave base). 

Stage III is characterized by progradation of the 

earlier banks and probably basinward migration due to 

regression. The evidence for progradation are: (1) 

distribution of the facies (Figs. 2.1 and 2.2 in pocket), 

and their locations on the structural map (Fig 3.1); and (2) 

presence of the slumped rhodolites (algal nodule; Fig. 2.37) 
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in the lower shale and bank growth facies in the same well 

(Sterling Silver 32-1) above the lower shale. It is 

uncertain whether sea-level change(s) was gradual or abrupt. 

If the sea level changes were gradual, it caused gradual 

progradation of all growth facies into topographically lower 

areas in the seaward direction (Fig. 3.2, Stage III). If 

sea-level dropped rapidly, then stabilization and bank 

development started again. In the study area, the algal bank 

complex includes the fundamental stages of individual bank 

development and flanking beds (Wilson, 1975). The flanking 

beds are represented by the crinoidal limestones, and 

indicate that the upper levels of the bank complex remained 

at or close to wave base for a considerable time. The 

crinoidal limestones predominantly consist of echinoderm 

fragments. Finally, the Atoka bank complex deposits were 

gradually and later completely subjected to subaerial 

exposure. 

Stage IV can be divided into two phases. These are 

the vertical accretion phase and the final stage. The 

vertical accretion of the algal banks occurred during 

several cyclic stages of sea level fluctuation (Fig. 3.2, 

Stage IV). Transgressive periods are mostly represented by 

incomplete vertical sequences of the bank development. 

During this stage, upward growth of the banks was 

interrupted at least four times. Each interruption is 

represented by an unconformity surface due to lowering of 
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sea-level. In many instances, vertical growth phases consist 

of algal bank facies and bank margin facies. 

During deposition of Atoka carbonates, numerous 

episodes of subaerial exposure are evidenced by unconformity 

surfaces and freshwater diagenesis. During vertical 

accretion, the northwest portion of the bank complex 

generally remained under subaerial conditions. This is shown 

by the discontinuous unconformity surfaces in the bank 

complex (Fig. 2.1 in pocket). 

The final stage in the development of the Atoka bank 

complex is characterized by the upward-deepening sequences 

of the crinoidal beds, nodular shaly limestones, and upper 

shale beds (Figs. 2.1 and 2.2). The crinoidal limestones 

developed partially on the tops of the banks, and on the 

upper foreslopes (Fig. 2.3). These beds reveal that the bank 

grew into wave base (high energy) conditions. The nodular 

shaly limestones are deep flanking beds which developed on 

the lower foreslopes of the banks (Fig. 2.3) in relatively 

deep water during vertical growth when sea level was stable. 

During transgressive intervals, the nodular shaly limestones 

formed on the topographically high areas of banks where it 

became interbedded with (Sterling Silver 34-1; Fig. 2.1 in 

pocket) or overlapped (Sterling Silver 33-1; Fig. 2.1 in 

pocket) the crinoidal limestones. 

Continuation of sea level rise halted the carbonate 

accumulation in the deep water environment (vertical growth 
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area of Fig. 2.1 in pocket) and caused migration of the 

banks into shallow water. The environment then became more 

favorable for shale accumulation (upper shale) which formed 

the seal to the reservoir (i.e., stratigraphic trap). 

The bank complex development in Atoka carbonates was 

controlled mainly by the vertical growth habit of banks and 

sea-level fluctuations. Sea-level fluctuation caused the 

migration of banks into more favorable places for carbonate 

production. Bank growth resulted in the vertical sequences 

of the individual banks. The other effects which controlled 

bank development were water depth, turbidity, and nutrient 

supply (Frost, 1975). 

Bank development in the Atoka bank carbonates was 

controlled mainly by the coralline alga Archaeolithophy1lum. 

Wray (1964) concluded that Archaeolithopyllum species 

developed as either encrusting or free forms. Therefore, 

they localized carbonate sedimentation through the mechanism 

of trapping and binding fine carbonate sediments. In this 

study, marine carbonate silts associated with broad phylloid 

algal thalli are interpreted as trapped sediment (Fig. 3.3). 

Like phylloid algae, bryozoans can also baffle fine 

sediment algae (Cuffey, 1977) and contribute to bank 

constructional processes. However, Ball et al. (1977) 

concluded that phylloid algae played a passive role in the 

construction of carbonate buildups. The author agrees with 

them concerning baffling, trapping and binding effects of 
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Figure 3.3. Photomicrograph of trapped sediments (ts) by a 
phylloid alga (P) which predominantly consist of 
marine lime silts. Sterling Silver 32-1, 13,531 
feet. 
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phylloid algae, because phylloid algae in growth position 

are less common than algal fragments. The phylloid algal 

roles in bank development are: (1) phylloid algae 

contributed to detrital sediment characterized by fragmented 

algal plates oriented subparallel or parallel to bedding; 

and (2) phylloid algae were an important source for 

carbonate mud as a result of micritization (Friedman, 1964; 

Bathurst, 1966). 

The other processes contributing to bank construction 

are marine cementation, accumulation of peloids in open-

space areas, and micrite. Syndepositional cementation was 

important in preventing collapse of the primary pores 

between phylloid algal fragments, and also contributed to 

bank stabilization (Ravn et al., 1978; Cross and Klosterman, 

1981). 

Destructional process during the bank development 

were wave action, biologic activities, and erosion. Waves 

and currents played an important role in generating marginal 

breccia on the windward areas of the banks. 



CHAPTER IV 

CARBONATE DIAGENESIS 

Introduction 

Diagenesis is a process including all chemical, 

physical, and biological changes in sediment after 

deposition that converts sediment to consolidated rock. The 

major diagenetic enviroments are marine, subaerial (near-

surface freshwater) and burial. Understanding the processes 

and products of carbonate diagenesis is important for 

evaluating hydrocarbon reservoirs in carbonate rocks. 

Carbonate rocks of the Atoka bank complex have 

undergone very complex diagenesis. The complexity resulted 

in a wide variety of diagenetic features produced at 

different times. 

Marine Diagenesis 

Diagenetic changes in the marine environment are 

contemporaneous with carbonate sedimentation, and include 

micritization, marine cementation (former magnesium calcite 

and former fibrous aragonite), marine internal lime silt, 

hardground formation, geopetal organization (partial 

infillings of shells and borings), borings, and clay wisps. 

The abundant fossil content of the Atoka carbonates suggest 

that the marine diagenesis generally occurred on the 

seafloor of a tropical shallow marine subtidal environment. 
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Therefore, much lithification (early diagenesis) in the bank 

complex was in a marine phreatic environment. 

Micritization 

The process of replacement of skeletal grains by 

micrite is referred to as micritization by Bathurst (1966). 

The skeletal grains are bored on the seafloor and just below 

by endolithic algae, bacteria and fungi (Tucker and Wright, 

1990), and later these borings are filled with micrite. The 

micrite infilling of recent samples consists of aragonite or 

magnesium calcite (Winland, 1968). 

Micritization in Atoka carbonates produced micritic 

envelopes at the outer edges of skeletal grains (especially 

phylloid algal plates of Archaeolithophy1lum^ Fig. 4.1) and 

completely micritized some skeletal grains (e.g., circular 

shaped algae. Fig. 4.2; some foraminifera; and ostracods). 

Thin-section examination indicates that micritized elements 

are more resistant to later diagenetic alteration 

(especially to dissolution) than crystalline, unmicritized 

skeletal grains (Figs. 4.1 and 4.2). The resistance of 

micritized material to dissolution resulted in the formation 

of hollow micritic envelopes when crystalline, unmicritized 

center portions of skeletal grains were partially or 

completely dissolved (Fig. 4.1). Later the molds became 

filled by calcite cement. 
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Figure 4.1 Photomicrograph showing partly or completely 
leached phylloid .ilgae (Archaeol j thPP̂ ŷl̂ '̂ "̂ ^ 
with micritic envelopes (me), (re) marine 
isopachous fibrous rim cement. Biograinstone 
Plane-polarized light. North Pure Gold 8-1, 
13,375.6 feet. 

Figure 4.2. Photomicrograph of heavily micritized algae 
displaying circular or elliptical shapes. North 
Pure Gold 8-1, 13,381.1 feet. 
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Micritization commonly developed on skeletal grains 

in shallow subtidal deposits of the bank margin and algal 

bank facies. Micritization is not common on skeletal grains 

in the shallow water high energy crinoidal limestone 

(grainstone/packstone) or on skeletal grains of the nodular 

shaly limestone (deep water environment). The lack of 

micritized grains in the high energy grainstone/packstone 

and the deep water nodular shaly limestone supports the 

concept that micritization in Atoka carbonates took place in 

shallow subtidal environments of low to moderately agitated 

waters. 

In algal grainstone of the bank margin facies, most 

phylloid algae with micritic envelopes are coated by 

isopachous marine rim cement (former fibrous aragonite; Fig. 

4.1). The presence of isopachous marine rim cements on the 

micritized phylloid algal plates is another indication that 

micritization developed in shallow subtidal environments 

during low energy or moderately agitated periods, and may 

indicate that micritization occurred prior to breakage of 

phylloid algae. 

Marine Cementation 

Former Ma-Calcite Cement 

Former Mg-calcite cement is restricted to peloidal 

sediment in the Atoka carbonates. The cement commonly 

contains a sparry rim of dentate crystals on many peloids 
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(Figs. 2.25 and 2.26) and an interlocking mosaic of equant 

microcrystalline calcite in the interpeloidal pores (Fig. 

2.25). The former Mg-calcite rim commonly consists of 

calcite microspar with crystals 10-30 /im in average length 

and usually less than 10 /im width. The microspar mosaic 

includes calcite crystals 10-30 /im in average size (up to 40 

/im) . 

The former composition of this cement is based on 

morphological similarities (shape, size, and distribution) 

with Mg-calcite cement in recent reefs (e.g., Macintyre et 

al., 1968; Macintyre, 1977; James et al., 1976; Lighty, 

1985; Marshall and Davies, 1981). These cement crystals now 

consist of low Mg-calcite. 

Similar petrographic observations have been included 

in the study by Marshall and Davies (1981). However, 

Marshall and Davies have interpreted that the peloid-sparry 

Mg-calcite rim asssociation is a characteristic of two 

stages of cement precipitation. The more crystalline rim 

appears to have precipitated at a later stage. However, this 

study suggests that the former Mg-calcite cement 

precipitated on peloidal sediment after deposition. 

Isopachous marine rim cement (former 
fibrous aragonite) 

Isopachous marine rim cement of closely-packed 

columnar calcite (former aragonite) crystals occurs on the 

relatively large primary void-walls (Fig. 4.3), around many 
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Figure 4.3. Photomicrograph illustrating marine isopachous 
rim cement (former aragonite; re) lining primary 
pore-walls, and non-ferroan (cc) and ferroan 
(ccf) blocky equant calcite cement. 
Biograinstone. Plane-polarized light. Sterling 
Silver 3-1. 13,732.6 feet. 
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bioclasts, in fossil chambers, and rarely around limestone 

clasts (peloidal). Kendall and Broughton (1978) define 

columnar as materials consisting of elongated crystals wider 

than 10 /im. Measured crystal widths are 15-40 /im in average 

size. In some instances, the isopachous rim cement exhibits 

botryoidal morphology. The rim thickness commonly ranges 

from 0.1 to 0.2 mm (up to 0.5 mm). 

The columnar crystals nucleated mostly on surfaces of 

phylloid algal plates. These crystals have a distinctive 

shape being narrow at the base and widening towards the pore 

center, and generally exhibiting blunted ends. The columnar 

crystals are more or less perpendicular to the nucleation 

surfaces. 

The following evidence supports a marine origin for 

isopachous rim cement: (1) it is a first generation cement 

on bioclasts; (2) it always fills primary pores; (3) the 

cement morphology appears identical to modern marine 

cements; and (4) marine internal lime silt often is 

associated with isopachous marine rim cement. 

Occurrence of marine cements 

The bank margin facies of the algal bank complex was 

a site of extensive submarine lithification where seawater 

activity circulated through the bank complex. Marine cements 

precipitated from circulating seawater, which was 

supersaturated in CaCOj in a shallow subtidal marine 
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environment. Submarine cementation is a relatively near-

surface phenomenon, and formed under conditions of high 

agitation and/or slow sediment accumulation (Macintyre, 

1977). Shinn (1969) concluded that lithification is limited 

to 10 to 15 cm below the sediment-water interface owing to 

the loss of water circulation through sediments because 

near-surface cementation reduced the original porosity. 

Variations in degree of cementation are most likely related 

to the rate of fluid flow, and these are determined by local 

permeabilities (Goldsmith and King, 1987). The fluid flow 

rates may be the main factor in determining the mineralogy 

and fabric of the cement (Given and Wilkinson, 1985). 

Therefore, the former Mg-calcite cement (sparry rim and 

microspar) was apparently precipitated in small 

interpeloidal pores, and former aragonite cement 

precipitated in large pores as thick isopachous rims lining 

the pore-walls. 

Significance of marine cements 

The marine cementation was important in constructing 

and stabilizing the bank complex. Furthermore, the former 

Mg-calcite cement has provided an important control on the 

reduction of primary porosity (interpeloidal pores) and 

permeability. Precipitation of former aragonite cement 

(isopachous rim) was penecontemporaneous with deposition of 

phylloid algal plates. The isopachous rim cement was 
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precipitated in the primary pores developed between algal 

plates, and contributed significantly to mechanical rigidity 

and prevented the collapse of the primary skeletal framework 

(Cross and Klosterman, 1981; Roylance, 1984; Fig. 4.4). 

Marine Internal Lime Silt 

Much of the fine sediment matrix in the primary pores 

of grainstone (Fig. 4.5) and packstone of the bank margin 

facies is not true lime mud (micrite), but lime silt 

(internal sediment) cemented by former Mg-calcite(?) to give 

the appearance of lime mud. The marine internal sediments 

have average crystal sizes of 5-10 /xm, and can be 

distinguished from non-marine calcitic internal sediment 

("vadose silt" of Dunham, 1969) with its darker color and 

mode of distribution. The marine lime silt fills only 

primary pores (Fig. 4.5), and commonly is associated with 

isopachous marine rim cement (former aragonite). When the 

vadose silt fills primary pores, the clue for distinguishing 

lime silt from vadose silt is the lack of scalenohedral 

calcite cement terminations on the isopachous marine cement 

rims. In some instances, the marine internal sediment (lime 

silt) fills the interpeloidal pores of grainstone/packstone, 

and gives the appearance of peloidal wackestone to the rocks 

which include scattered peloids. Some of the scattered 

peloids include a dentate sparry rim (Fig. 4.6). 
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Figure 4.4. Photomicrograph showing marine isopachous rim 
cement (re) and its contribution to mechanical 
rigidity of skeletal framework, (be) blocky 
equant calcite cement. Biograinstone. Plane-
polarized light. Pure Gold 4-1, 13,739.11 feet 

Figure 4.5 Photomicrograph of possible marine internal 
sediment (lime silt; Is) filling central space 
of a primary pore. Fenestrate bryozoan (br), 
marine isopachous rim cement (re). 
Biograinstone. Plane-polarized light. Sterling 
Silver 3-1, 13,728.4 feet. 
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Figure 4.6. Photomicrograph showing marine internal lime 
silt (Is) filling interpeloidal pores. Some 
peloids have sparry cement rims (former Mg-
calcite; sr). Peloidal grainstone/packstone. 
(ab) albite porphyroblast. Plane-polarized 
light. North Pure Gold 8-1, 13,375.6 feet. 
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The marine internal lime silt has been recognized by 

James et al. (1976) in carbonate rocks of shallow Belize 

(British Honduras) reefs. James and others concluded that 

water movements, wave surge and intermittent currents flush 

lime silt into primary voids near the sediment/water 

interface, then some lime silts are rapidly transported 

downward into the sediment by interstitial seawater. Influx 

of the lime silt inhibited marine cementation in the bank 

complex. The marine lime silt in the bank complex 

contributed to bank growth, and reduced significantly 

primary pores in the Atoka carbonates. 

Hardground Formation 

In this study, it is difficult to distinguish 

hardgrounds from unconformities in core samples of the Atoka 

carbonates. One example of a hardground has been recognized 

in a thin-section at a depth 13,733 feet in Pure Gold 4 # 1 

(Fig. 4.7). 

Hardgrounds are surfaces of synsedimentary 

lithification (Bathurst, 1975), and are interpreted as being 

associated with slow carbonate sedimentation. In this study, 

the hardground appears to cap well-lithifled peloidal 

grainstone including scattered algal plates, and to be 

overlain by phylloid algal plates (Archaeolithophy1lum) and 

large brachiopod fragments which are parallel or subparallel 

to bedding. The degree of lithification in the peloidal 
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sediment decreases from the hardground into the sediments. 

Normal borings penetrate downward into the lithified 

sediments. Walls of the borings were lithified by former 

aragonite cement (marine isopachous rims). 

The hardground surface also contains erosional 

irregularities. Later, deposition of elongated bioclasts 

created sheltered pores in the surface irregularities (Fig. 

4.7). The sheltered pores and borings have been filled by 

marine internal lime silt. 

The fossil content, sediments, and marine cements 

suggest that the hardground formed in the highly agitated 

water of a shallow subtidal environment during slow 

sedimentation. 

Geopetal Organization 

Geopetal structures are partial fillings of skeletal 

chambers, brachiopods (Fig. 4.8), gastropods, and borings. 

Formation of geopetal structure took place in marine 

environments. Bottoms of skeletal chambers and borings are 

filled by geopetal internal sediment which consists of 

peloids, sketetal grains (ostracods, rarely phylloid algal 

fragments), intraclasts, and marine lime silts. In many 

eases, geopetal internal sediment consists of homogeneous 

material. The internal sediments in geopetal structures were 

cemented by marine cements. 
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Figure 4.8. Photomicrograph of a geopetal structure within 
fossil brachiopod. Bottom portion including 
lithified marine geopetal internal sediment 
(gis). Upper portion consisting of non-marine 
calcitic internal sediment (i) and blocky equant 
calcite cement (be). Plane-polarized light. 
Laguna Salado, 12,274.6 feet. 

id&JMM 
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Later, the upper portions of geopetal structures were 

occluded by low Mg-calcite cements (scalenohedral and blocky 

equant), and non-marine internal sediment of calcite silts 

in meteoric vadose environments. 

Borings 

Borings are common in the Atoka carbonates. They are 

distinctive with their irregular shapes. The walls of 

borings are surrounded by isopachous marine cement rims 

(former fibrous aragonite; Fig. 4.7). Later, these borings 

were filled by peloidal sediment or marine lime silt. The 

borings may have been produced by small bivalves and/or 

echinoids. 

Clay Wisps 

Clay wisps (Fig. 4.9) are found in the algal bank 

facies (mostly wackestone). The clay wisps contain 

discontinuous laminae of detrital clays, and reflect 

deposition of clay in the marine environment. 

Subaerial Diagenesis (Near-Surface Freshwater) 

The subaerial diagenetic environment is normally 

divided into two parts, the vadose zone (above the water 

table) and phreatic zone (below the water table). In a 

vadose zone, pores are filled with water, water vapor and 

air. Water has a downward movement into the sediments. 
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Figure 4.9. Photomicrograph illustrating clay wisps (or 
compaction wisps) including discontinuous 
laminae of detrital clays in wackestone, and 
their association with great abundance of 
authigenic albite and quartz porphyroblasts. 
Plane-polarized light. Pure Gold 4-1, 13,730 
feet. 
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In a phreatic zone, pores are water-filled. Vertical 

and lateral flow is greatest in the upper phreatic zone 

(active zone) and is much lower in the deeper parts where 

stagnation can occur (Tucker and Wright, 1990). 

Subaerial diagenesis of the Atoka carbonates included 

diagenetic alteration of metastable minerals, dissolution, 

cementation (low Mg-calcite), non-marine internal 

sedimentation, silicification, formation of irregularly 

shaped voids and early compaction (algal brecciation and 

early fracturing). 

Diagenetic Alteration 

Incongruent dissolution (Schroeder, 1969) is an 

exchange of calcium for magnesium or strontium in 

carbonates. Schlanger (1964) pointed out that the loss of 

Sr̂ * or Mĝ * from carbonates is a wet rather than a dry 

process. This process is texturally non-destructive (Land, 

1967). Schmidt (1965) refers to this process as "voidless 

solution." 

In the Atoka carbonates, peloids, most of the micrite 

matrix, some skeletal grains (e.g., echinoderms, 

foraminifera, bryozoans, brachiopods, some phylloid algae) 

and marine cements (former aragonite and magnesium calcite) 

were paramorphically altered to low magnesium calcite which 

is stable in freshwater diagenetic environments. The 

commonly accepted sequence of diagenetic alteration in 
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decreasing susceptibility is: magnesium calcite, aragonite, 

and calcite (Walter, 1985; Gavish and Friedman, 1969). 

The experiment of Schroeder and Siegel (Bathurst, 

1975) pointed out that incongruent dissolution takes place 

not only in freshwater but also in seawater as well. The 

diagenetic alteration of peloids, micrite matrix, skeletal 

grains, and marine cements indicated that the alteration 

process took place in contact with freshwater of subaerially 

exposed diagenetic environments because of its close 

association with early dissolution of the Atoka carbonates. 

Early Dissolution 

Early dissolution in the carbonate rocks is a 

congruent dissolution which produced voids (Land, 1967). The 

voids are generally biomolds and rarely vuggy, and are 

commonly filled with sparry low magnesium calcite of 

scalenohedral and/or blocky equant cements, and in some 

cases contain non-marine calcitic internal sediment (Fig. 

4.10; vadose silt), and later burial cements. The original 

textures of skeletal grains (especially Archaeolithophy1lum^ 

were completely or partially destroyed by neomorphism. 

In Atoka carbonates, skeletal grains exhibit a wide 

range of solubilities. The formerly aragonitic skeletal 

grains (e.g., gastropods and pelecypods) were totally 

dissolved. Phylloid algal plates (Archaeolithophy1lum) were 

completely or partially dissolved, and are now commonly 
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Figure 4.10. Photomicrograph of an algal mold with 
scalenohedral cement (scr), blocky equant 
calcite cement (be) and non-marine calcitic 
internal sediment (is). Wackestone. Plane-
polarized light. Sterling Silver 32-1, 13,530 
feet. 
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represented by biomolds with hollow micritic envelopes and 

sparry calcite infilling. The former composition of 

Archaeolithophyllum is controversial. Based on analogy with 

modern coralline algae (Lithophyllum^, Late Paleozoic 

coralline phylloid algae (Archaeolithophy1lum) are presumed 

to have had originally a magnesium calcite composition 

(Crowley, 1969; Wray, 1964). However, James et al. (1988) 

suggested a possibility of an originally aragonitic nature 

for Archaeolithophy1lum because of similarities (morphologic 

and growth habits) between modern peyssonnelids (red algae) 

and Archeaolithophy1lum. Originally Mg-calcite and low Mg-

calcite skeletal grains, heavily micritized algae, and 

marine cements were largely preserved from congruent 

dissolution. 

Petrographic observations in this study confirm 

results of an experimental study of Walter (1985). Walter 

suggested that dissolution rates are strongly controlled by: 

(1) the microstructure of skeletal grains (available surface 

area and roughness)-complex microstructure such as 

gastropod, pelecypod, red algae increases solubility; (2) 

the thermodynamic stability of carbonate minerals-the 

presence of magnesium calcite reduces solubility; and (3) 

the saturation state of diagenetic fluid-undersaturated 

fluids to calcite are more effective. 

Micritization is another factor controlling 

solubility of skeletal grains. The micritization reduces 
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solubility of skeletal grains as evidenced by: presence of 

biomolds with micritic envelopes, and low rate solubility of 

heavily micritized skeletal grains (Figs. 4.1 and 4.2). 

Early dissolution in Atoka carbonates took place in 

freshwater diagenetic environments as evidenced by biomolds 

with clear sparry calcite cements and non-marine internal 

sediments (Fig. 4.10). 

Freshwater Cementation (Low Mg-calcite) 

Scalenohedral cement 

In Atoka carbonates, scalenohedral calcite represents 

the first cement precipitated in subaerially exposed 

meteoric diagenetic environments, and is commonly followed 

by blocky equant calcite cement (Fig. 4.10). Scalenohedral 

calcite cement occurs as rims lining primary and secondary 

pores. The scalenohedral rims include dog-tooth or stubby 

low magnesium, non-ferroan calcite crystals. The crystals 

average 20-80 /im in length, with maximum length of 300 /im. 

It is interesting to note that the scalenohedral 

cement development was inhibited on crinoidal grains because 

scalenohedral calcite crystals can nucleate on very small 

crystal surfaces. Therefore, scalenohedral calcite crystals 

formed generally within micrite-walled secondary and primary 

pores (Fig. 4.11), and as scalenohedral calcite terminations 

(Fig. 4.12) upon isopachous marine rim cements (former 

fibrous aragonite) in primary pores exhibiting optical 
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Figure 4.11. Photomicrographs showing scalenohedral calcite 
cement (scr) lining micrite-walled portion of 
an intrabiotic pore (crinoidal stereome), and 
epitaxial overgrowth calcite cement (ep) in 
optical continuity with monocrystalline 
crinoidal skeleton (cr). A- Plane-polarized 
light, B- cross-polarize light. Pure Gold 4-1, 
13,724.5 feet. 
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Figure 4.12. Photomicrographs showing scalenohedral calcite 
terminations (scr; epitaxial overgrowth) upon 
fibrous crystals of marine isopachous rim 
cement (re; former aragonite), and blocky 
equant calcite cement (be; ferroan calcite). A-
plane-polarized ligth, B- cross-polarized 
light. Sterling Silver 3-1, 13,734 feet. 
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continuity with the single fibrous crytals of isopachous 

marine rim cement (epitaxial). The cement also occurred on 

non-marine calcitic internal sediments in secondary pores. 

Scalenohedral calcite cement precipitated from a thin 

film of water flowing on the pore-walls in meteoric vadose 

environments (Kendall and Broughton, 1978). The cementation 

was strongly influenced by frequent wetting and drying in 

meteoric vadose environments. 

Blocky Equant Calcite Cement (Fig. 4.12) 

Primary and secondary pores are significantly reduced 

and very often completely occluded by large volumes of 

coarse blocky equant calcite crystals. The average crystal 

size ranges from 40 /im to 600 /im, and is controlled by pore 

size. The blocky equant cement consists of interlocking 

anhedral and subhedral crystals of non-ferroan and ferroan 

calcite. In many instances, the ferroan blocky equant 

calcite (purple) fills center portions of some pores (Fig. 

4.3). It is an indicator of a reducing phreatic environment 

(Jacka and Brand, 1977). Ferroan calcite could have been 

precipitated under the influence of meteoric ground water or 

relatively great depths of burial. 

Blocky equant calcite cement precipitation was 

initiated probably in meteoric vadose environments, and 

continued during burial in "connate" phreatic environments. 

The meteoric vadose environment is indicated by interlayers 
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of blocky equant calcite and non-marine internal sediment 

(vadose silt) in secondary pores. 

In a meteoric phreatic diagenetic environments, pores 

are water-filled. The rate of fluid flow is important. Where 

it is rapid enough, this process causes cementation and 

results in coarse blocky equant calcite crystals. 

Epitaxial Calcite Overgrowths On 
Echinoderm Fragments 

Echinoderm fragments in the carbonate rocks of Atoka 

bank complex often have an epitaxial calcite overgrowth in 

optical continuity with monocrystalline skeletal grains. 

Echinoderm fragments with large epitaxial overgrowths 

are particularly abundant in crinoidal grainstone/packstone 

of the flanking beds. In the grain-supported rocks, calcite 

overgrowths fill generally intergranular (crinoidal) pores, 

intrabiotic pores (stereome), and rarely solution voids in 

crinoids. The intergranular pores commonly have complete 

infillings of epitaxial calcite cement. The overgrowths 

sometimes exhibit downward development (pendant shape; Fig. 

4.13). The downward development of overgrowths resembles the 

vadose zone "gravitational cement" described by Taylor and 

Illing (1969); Muller (1971); Jacka (1974); and Gorur 

(1979). The gravitational cement precipitated in pendulous 

downward extention of water films (Jacka and Brand, 1977; 

Gorur, 1979). In some instances, the epitaxial gravitational 

overgrowths exhibit cement layers showing a single crystal 
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Figure 4.13. Photomicrographs illustrating a downward 
development of overgrowth calcite cement 
(gravitational cement) below an echinoderm 
fragment (ec) consisting of two layers: an 
inner layer of nonferroan calcite (staining 
pink) and an outer layer of ferroan calcite 
(staining purple). Non-marine internal sediment 
(detrital clay; dc). A- plane polarized light, 
B- cross-polarized light. Crinoidal 
grainstone/packstone. North Pure Gold 8-1, 
13,354 feet. 
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extinction. The overgrowths mostly have an inner layer of 

non-ferroan calcite (pink) and an outer layer of ferroan 

calcite (purple). The early growth was precipitated under 

meteoric vadose or phreatic conditions, and later ferroan 

calcite was precipitated under reducing probably phreatic 

conditions. 

In grain-supported rocks, the intrabiotic and 

solution (?) pores are mostly filled by a single calcite 

crystal of epitaxial overgrowth cement. 

In wackestone and packstone of Atoka carbonates 

epitaxial calcite overgrowths upon echinoderm fragments are 

represented in infilling of secondary pores and non-tectonic 

fractures. The secondary pores result from dissolution of 

micrite matrix and weathered crust formation (irregularly 

shaped pores). In some cases, secondary pores were formed 

adjacent to echinoderm fragments. These secondary pores 

sometimes partly surround crinoids, and are filled by 

epitaxial rim cement. These features may indicate that 

crinoid-micrite boundaries are favorable places for 

dissolution. In some instances, phylloid algal molds were 

enlarged by dissolution of matrix. Later cementation 

engulfed echinoderm fragments in equant calcite cement. The 

overgrowth cement also developed in small, irregularly 

shaped pores (alveolar texture ?) when these pores have a 

contact with echinoderm fragments. 

In wackestones, the epitaxial calcite overgrowths 
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rarely developed in non-tectonic fractures along fracture-

crinoid intersections (Fig. 4.14). 

The overgrowths in secondary pores and non-tectonic 

fractures, developed upon echinoderm fragments, are mostly 

interlocking non-ferroan (pink) and ferroan (purple) equant 

calcite crystals. Some secondary small pores are completely 

filled by single calcite crystals of overgrowths. 

In algal supported biograinstone of the bank margin 

facies, epitaxial overgrowths developed upon echinoderm 

fragments as a cement which consists of interlocking 

crystals of blocky equant non-ferroan calcite in the primary 

pores. 

The epitaxial overgrowths are normally considered to 

form only in meteoric phreatic settings (Longman, 1980; 

James and Choquette, 1984). However, this study suggests 

precipitation in both meteoric vadose and phreatic 

diagenetic environments. 

Radial Fibrous Cement 

The radial fibrous calcite (pink) consists of coarse, 

elongate calcite crystals having single crystal extinction, 

straight twin planes, and acute to rounded crystal 

terminations. The fibrous crystals have a preferred 

orientation with the long axes normal to the pore-walls. 

Their average size is 0.8-1.8 mm in length and 75-250 /im in 

width. According to Kendal and Broughton (1978), these are 
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Figure 4.14. Photomicrographs of an epitaxial overgrowth 
calcite cement (ep) as a non-tectonic fracture 
infilling where the fracture intersects an 
echinoderm fragment (ec). A- plane polarized 
light, B- cross-polarized light. Sterling 
Silver 3-1, 13,737.4 feet. 
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radial-columnar crystal mosaics because of their width is 

greater than 10 /tm and illustrating competitive crystal 

growth. 

The radial fibrous calcite mostly formed isopachous 

layers (Fig. 4.15) exhibiting undulatory extinction. The 

isopachous layers of radial-columnar fibrous crystals were 

precipitated on either marine isopachous rims of former 

marine fibrous aragonite cement or rarely scalenohedral 

calcite rims in primary pores. Close examination of radial 

fibrous crystals reveals that substrate seed crystals 

(marine isopachous rim) are generally engulfed by a single 

radial-columnar calcite crystal in extinction position. It 

is an indicator of optical continuity with pre-existing 

calcite crystals (epitaxial overgrowth calcite). The growth 

of radial fibrous cement is generally prevented where the 

substrate surface is coated with calcitic internal sediment. 

On these substrates, the radial fibrous cement gradually 

passes to contemporaneous blocky equant calcite crystals. 

The radial fibrous cement is also followed by blocky equant 

calcite cement, and in some instances by non-marine internal 

sediments (vadose silt and detrital clay) and burial 

cements. In other instances, the transition from radial 

fibrous cement to later cements or internal sediments is 

marked by a zig-zag line (Fig. 4.16). 

The radial fibrous calcite has been partially 

replaced by silica (megaquartz) and ferroan calcite 
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Figure 4.15. Photomicrographs showing a radial-columnar 
fibrous rim cement(fr; low Mg-calcite) upon 
marine isopachous rim cement (re), be- blocky 
equant calcite cement, p- phylloid algal plate. 
Biograinstone. A- plane-polarized light, B-
cross-polarized light. Sterling Silver 3-1, 
13,739.6 feet. 
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Figure 4.16. Photomicrographs illustrating a transition from 
radial-columnar fibrous cement (fr) to 
stratigraphically late blocky equant calcite 
(be) by a zig-zag line. Intercrystalline pores 
are filled by dickite cement (d). Elongated 
radial calcite crystals show straight twins, 
rounded to acute crystal terminations. Blue is 
epoxy among dickite booklets. A- plane-
polarized light, B- cross-polarized light. 
Sterling Silver 3-1, 13,740 feet. 
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(purple). Single crystals of the radial fibrous cement do 

not exhibit complete replacement by ferroan-calcite. 

The radial fibrous cement is compose of low magnesium 

clear calcite (pink) which indicates a freshwater diagenetic 

environment. Their association with non-marine internal 

sediment (especially vadose silt) suggests a vadose 

enviroment. 

Kendall and Broughton (1978) concluded that large 

radial fibrous columnar calcite crystal terminations do not 

precipitate from thin-water films on surfaces of grains in 

meteoric vadose environments. They suggest radial-columnar 

calcite precipitated from thick-water films without 

disturbing the water-film flow. Their distribution and shape 

are strongly controlled by crystals of substrate. 

Acicular Fibrous Calcite 

The term "acicular" is used in this study to describe 

elongated tiny calcite crystals that are less than 10 /tm 

wide (Kendall and Broughton, 1978). Acicular calcite 

crystals are overgrowth crystallites upon small crystallites 

of ostracods (Fig. 4.17), and also small brachiopod shells. 

The acicular fibrous crystals have an average length of 50-

80 /im (up to 225 /im) . Acicular calcite precipitation took 

place from thin-water films upon small crystallites in a 

meteoric vadose environments. 
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Figure 4.17. Photomicrograph of an acicular fibrous cement 
(arrows) including elongated tiny calcite 
crystals as epitaxial overgrowth upon small 
crystallites of an ostracod shell. Wackestone 
Cross-polarized light. Sterling Silver 3-1, 
13,734 feet. 

K 
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Source of Low Mg-calcite Cf^me^nt 

Under meteoric conditions, low Mg-calcite cements 

precipitated from supersaturated freshwater (groundwater). 

The CaCOa in freshwater was derived from diagenetic 

alteration and dissolution of carbonate grains and finer 

sediments. 

Non-marine Internal Sediments 

Calcitic Internal Sediment 

The calcitic internal sediments are cream to light 

gray colored, uniform, mechanically deposited silt-sized 

calcite crystals (10-20 /im in size; Fig. 4.9). Dunham (1969) 

called them "crystal silt" or "vadose silt." These internal 

sediments were deposited in the early stages of calcite 

cementation in primary and secondary pores. In the primary 

pores, the calcitic internal sediments were deposited after 

scalenohedral calcite terminations (overgrowth cement) on 

the fibrous crystals of isopachous marine cement (Fig. 

4.18). In some instances, the internal sediments fill 

intercrystalline pores in the blocky equant calcite cement. 

In the secondary pores, the calcitic internal sediments are 

underlain by early blocky equant (Fig. 4.10) or 

scalenohedral calcite cements, and are overlain by blocky 

equant calcite cement. 

Silt-sized calcitic internal sediments are thought to 

be derived from internal erosion in banks during early 
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Figure 4.18. Photomicrograph showing non-marine calcitic 
internal sediment (is) in primary pores of 
peloidal grainstone including intraclasts. 
Marine isopachous rim cement (re; staining 
cloudy pink) with scalenohedral terminations 
(scr) is lining the primary pore-walls. Plane-
polarized light. Sterling Silver 32-1, 13,575.2 
feet. 
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emergence (subaerial exposure), and deposited from moving 

water in the vadose environment (Dunham, 1969). It seems 

unlikely that internal erosion in banks could explain the 

origin of calcitic internal sediments ("vadose silt" of 

Dunham, 1969), because lithification of carbonate rocks 

creates resistance to internal erosion. The dissolution of 

aragonitic and high Mg-calcite skeletal grains (especially 

phylloid algae in Atoka carbonates) changed their 

appearance, and produced a silty powder which later was 

removed by moving water in the vadose environment, and 

deposited in the secondary and primary pores. 

Sandy Internal Sediment (Fig. 4.19) 

Sandy internal sediment fills intergranular pores 

within the marginal breccia restricted to mainly two wells. 

North Pure Gold 8-1 and Pure Gold 4-1. Small amounts of the 

sandy internal sediment are also included in Sterling Silver 

3-1. In these two wells, the sandy internal sediment differs 

in color from the host rock (Fig. 2.33). In many instances, 

intergranular pores of the marginal breccia are completely 

filled by the sandy internal sediments. In some eases, sandy 

internal sediment is overlain by detrital clays in the 

pores. 

The sandy internal sediments are mainly composed of 

detrital quartz grains 50-400 /im in average size, muscovite 

flakes, altered feldspars (most K-feldspar), and fragments 
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Figure 4.19. Photomicrographs of non-marine sandy internal 
sediment including most quartz grains and 
filling primary pores between limestone clasts 
in the marginal breccia. A- plane-polarized 
light, B- cross-polarized light. North Pure 
Gold 8-1, 13,362 feet. 
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of the host rock. The pores between detrital sandy grains 

are filled predominantly by detrital clays. Most of the 

quartz grains are surrounded by overgrowth cement 

(megaquartz) that has produced sharp corners and edges on 

the quartz grains (Fig. 4.20). Later, small amounts of 

dolomite and dickite cements were precipitated in 

intergranular pores of the sandy internal sediments. The 

detrital clay also was replaced locally by pyrite clusters. 

The presence of sandy internal sediment necessitates 

a transportation of terrigenous material to the bank complex 

area, and later a discharge of vadose fluids sufficient to 

transport this detritus into the host rocks under near 

surface conditions. 

Internal Detrital Clay 

Internal detrital clays are common within 

intergranular pores of the marginal breccia and crinoidal 

limestone that exhibit yellowish or brownish colors under 

the petrographic microscope. These sediments are commonly 

associated with sandy internal sediments in the pores of the 

marginal breccia. Some intergranular pores of the crinoidal 

limestone are completely filled by detrital clays. Scattered 

clusters of authigenic pyrite are also common within the 

detrital clays. 

Internal detrital clays have the same origin as the 

sandy internal sediments. The lack of detrital sandy 
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Figure 4.20. Photomicrographs of non-marine sandy internal 
sediment showing silica (megaquartz) overgrowth 
cement on quartz grains, (ov) overgrowth 
megaquartz, (q) quartz grain. A,B- cross-
polarized light, B- extinction position. Pure 
Gold 4-1, 13,733 feet. 
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material in the crinoidal limestone is related to pore size 

that prevents entrance of coarser sandy material. 

Early Silicification 

Early silicification in Atoka carbonates is a minor 

and commonly isolated event, involving the selective 

replacement of carbonate cements (Fig. 4.21), skeletal 

fragments (Fig. 4.22),and cementation. During early 

diagenesis, silica is derived from meteoric ground water and 

is present in the following modes: (1) selective replacement 

of low magnesium calcite cement (blocky equant and radial 

fibrous) in primary and secondary pores; (2) selective 

replacement of former aragonitic cement (isopachous marine 

cement rim); (3) selective replacement of brachiopod shell 

fragments; (4) replacement of micrite matrix (rare); and (5) 

overgrowth cement around detrital quartz grains in the sandy 

internal sediments. 

Silica replacement and cement occur in the form of 

megaquartz, exhibiting undulose and single crystal 

extinction, and length-slow chalcedony. Silicification 

engulfs calcite crystals within cements and organic 

membranes within brachiopod shells in the carbonate rocks. 

Selective replacement of skeletal components (brachiopods) 

suggest that organic decomposition creates microenvironments 

conducive to silica nucleation (Jacka, 1974). In some 

silica-replaced areas, silicification resulted a 
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Figure 4.21. Photomicrographs of megaquartz (q) that 
partially replaced blocky equant calcite cement 
(be) and marine isopachous rim cement (re), and 
precipitated in intercrystalline pores in 
cement. A- plane-polarized light, B- cross-
polarized light. Sterling Silver 3-1, 13,740 
feet. 
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Figure 4.22. Photomicrographs of megaquartz (q) that 
partially replaced a brachiopod shell, (dc) 
detrital clay (non-marine internal sediment). 
Crinoidal limestone (flanking beds). A- plane-
polarized light, B- cross- polarized light. 
North Pure Gold 8-1, 13,354 feet. 
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poikilotopic texture wherein large megaquartz crystals 

incorporate smaller crystals exhibiting single crystal or 

undulose extinction. Jacka (1974) concluded that undulose 

extinction in megaquartz may be a "petrographic footprint" 

for a solution-precipitation type of replacement. 

All meteoric groundwaters contain relatively high 

amounts of dissolved silica (Jacka, 1986) and represent the 

most likely source of silica emplacement in the Atoka 

carbonate rocks. 

The following features indicate that silicification 

occurred after stabilization of carbonate metastable 

minerals and leaching of phylloid algae 

(Archaeolithophyllum^: (1) silicification randomly replaces 

both radial-columnar fibrous and marine isopachous rim 

cement; (2) silicification of blocky equant calcite in 

phylloid algal molds; and (3) lack of partially silicifled 

and dolomitized high magnesium calcitic skeletal components 

(Jacka, 1974). 

Irregularly Shaped Void Formation 
(Weathered Crusts) 

Irregularly shaped voids (Fig. 4.23) with blocky 

equant calcite or drusy calcite infilling are common in some 

thin-sections of the bank complex carbonates. They represent 

variable sizes up to a few mm. Their average size ranges 

from 0.25 mm to 1.5 mm. Some irregularly shaped pores 
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Figure 4.23. Photomicrograph of alveolar texture (?) 
including irregularly shaped pores with calcite 
infilling. The pores are separated by a network 
of micrite. Sterling Silver 32-1, 13,529 feet. 
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contain calcitic internal sediment (vadose silt). The 

irregularly shaped pores are separated by micrite walls. 

These pores with micritic walls are similar to 

alveolar texture, but alveolar texture consists of 

tangential calcite needles (Estaban and Klappa, 1983). 

The irregularly shaped pores probably are a product 

of coalesced millimeter-sized rhizoliths that are related to 

soil formation or weathered crusts in near surface 

diagenetic environment (vadose zone). 

Early Compaction 

Early Fractures (non-tectonic) 

Fractures are not common in Atoka carbonates. 

However, non-tectonic fractures rarely can be seen in thin-

sections and core samples of the algal bank facies, and also 

the bank margin facies. These are generally "crumbly" 

fractures (Fig. 4.24) which were formed by collapse of molds 

during freshwater diagenesis. During early fracturing, the 

lime mud matrix was not completely lithified and developed 

"crumbly" features. 

The fracture pores are generally filled by non-

ferroan or ferroan calcite (blocky equant), and very rarely 

by silica (megaquartz) suggesting meteoric vadose and 

phreatic diagenetic environment. These relationships suggest 

that early fracturing and cementation were prior to 

silicification. 
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Figure 4.24 Photomicrograph of non-tectonic crumly 
fractures (arrows). Plane-polarized light. Pure 
Gold 4-1, 13,724.5 feet. 
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Algal Brecciation (Fig. 4.251 

In the breccia fabric, phylloid algal plates were 

completely leached and partially collapsed. Broken fragments 

are oriented parallel or subparallel to bedding. Algal plate 

traces are characterized by the boundaries between marine 

isopachous rim cement (cloudy pink) and low Mg-calcite 

cements (scalenohedral and blocky equant calcite). Later, 

the algal breccia was subjected to stylolitization, which 

formed peripheral stylolites around crystals of blocky 

equant calcite cement (Fig. 4.25). 

Burial Diagenesis 

Burial diagenesis includes diagenetic changes that 

take place below the zone of near-surface diagenesis and 

above the realm of low-grade metamorphism. Burial diagenetic 

processes are largely a result of accumulation of overburden 

sediments in a subsiding basin, and are related to changes 

in temperature, pressure, basin hydrology and pore-fluid 

chemistry. In the Atoka carbonates, burial diagenesis is 

characterized by authigenic minerals (calcite, albite, 

quartz, dolomite, dickite, celestite, and pyrite), late 

compaction and dissolution. 

Late Calcite 

Often at the inner side and sometimes at the outer 

side of stylolites, recrystallized coarse, monocrystalline. 
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Figure 4.25 Photomicrograph of algal breccia showing 
collapse of phylloid algal molds, (re) marine 
isopachous rim cement, (c) low Mg-calcite 
cement, (st) stylolite. Plane-polarized light 
Sterling Silver 3-1, 13,742 feet. 
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sparry calcite occurs (Fig. 4.26). The late calcite is 

generally non-ferroan, and associated with medium to high 

relief sutured type stylolites. It is widely believed that 

stylolites result from pressure solution (Bathurst, 1975), 

which may be a significant source of CaCOj for late (burial) 

calcite (Tucker and Wright, 1990). 

Authigenic Albite and Quartz 

Small amounts of authigenic feldspar and quartz have 

been recognized in these carbonate rocks. These minerals 

rarely make up more than a few percent of the rocks. The 

feldspar and quartz minerals are coexisting, and 

disseminated in the carbonate rocks. These authigenic 

minerals often occur in clay-rich intervals of the micrite 

matrix as single euhedral or subhedral crystals with an 

average size in 50-200 /im (Figs. 4.27 and 4.9). Inclusions 

(calcite and others) in the authigenic minerals are common. 

The authigenic character of the feldspar and quartz is based 

on their replacement of gastropod shells (Fig. 4.28) and 

their occasional association with stylolites. 

The authigenic feldspars often exhibit polysynthetic 

twins, carlsbad twin, and low birefringence color. But some 

feldspars are untwinned. In this case, the authigenic quartz 

can be distinguished from the feldspar (albite) with its 

parallel extinction in euhedral crystals. In many instances, 

the feldspars do not show a good extinction angle. The 
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Figure 4.26. Photomicrograph showing recrystallization of 
micrite matrix (late calcite; staining pink) at 
the inner side of stylolite crest or valley. 
Staining blue is ferroan-dolomite. Plane-
polarized light. Sterling Silver 32-1, 13,531 
feet. 
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Figure 4.27. Photomicrographs showing disseminated 
authigenic feldspar (albite) and quartz 
minerals that replaced micrite matrix. A-
plane-polarized light, B- cross-polarized 
light. Pure Gold 4-1, 13,729.7 feet. 
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Figure 4.28 Photomicrographs showing selective replacement 
of gastropod shell by authigeneic feldspar 
(albite) and quartz. A- plane polarized light, 
B- cross-polarized light. Harroun Trust 31-1, 
11,993 feet. 

> > 
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extinction angle (according to twin) ranges from 3° to 10* 

(albite). The formation of the authigenic feldspar and 

quartz is often prior to the dolomitization, and sometimes 

contemporaneous with the dolomitization. 

The coexisting feldspar and quartz minerals form at 

temperatures higher than 25° C from silica and alkali 

enriched formation water under hypersaline conditions 

(Kastner, 1971 and Mazzullo, 1976, for authigenic feldspar; 

Friedman and Shukla, 1980, for authigenic quartz). Their 

relative abundance in clay-rich intervals may indicate that 

the scattered detrital clays in carbonate rocks were a 

possible source for the authigenic feldspar and quartz in 

micro-environments under favorable conditions of temperature 

and pressure. 

Burial Dolomite 

The burial dolomite occurs in three distinctly 

different textures within the Atoka carbonates. These are 

(1) cement (saddle dolomite); (2) replacement; and (3) 

stylolite-related. 

Saddle dolomite crystals are recognized in thin-

sections by their sweeping (undulose) extinction (Fig. 

4.29), slightly curved twin surfaces and relatively large 

crystals with staining colors that are gray or colorless 

(non-ferroan) and blue (ferroan). The sweeping extinction 

reflects either lattice strain (Radke and Mathis, 1980) or 
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Figure 4.29. Photomicrographs of a saddle dolomite crystal 
showing curved twin surfaces (A) and undulose 
extinction (B). A- plane-polarized light, B-
cross-polarized light. Pure Gold 4-1, 13,746.1 
feet. 
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progressive misorientation of subcrystal nuclei along the 

length of a chain (Kretz, 1992). The cloudy appearance of 

saddle dolomite results from abundant inclusions. 

Saddle dolomite occurs as a final filling in residual 

spaces of primary (interganular) pores, and secondary pores 

(phylloid algal molds, rarely vuggy pores), and as fracture 

fillings. The blocky equant dolomite cement has crystals 

with an average size of 400-800 /im and exhibits subhedral 

crystal shapes. The burial dolomite cement is associated 

with dickite and celestite cements. 

The second type of dolomitization is a selective 

replacement of micrite matrix (Fig. 4.30), which leaves the 

fossils (particularly phylloid algae) unaltered. The 

replacement dolomite consists of scattered anhedral to 

euhedral crystals (30-80 /im in size) in the micrite matrix 

and also clusters with xenotopic or idiotopic fabrics. These 

dolomites are non-ferroan to ferroan, and include many 

inclusions (gray color). 

The third type of dolomitization is associated with 

sutured or non-sutured stylolites in carbonate rocks (Fig. 

4.31). They include replacive dolomite, and/or dolomite 

cement in enlarged solution channels and fractures. In some 

solution channels, the dolomite cement coexists with dickite 

cement. 

Dolomitization took place during burial of the 

carbonate rocks, which is indicated by their syn/or post 
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Figure 4.30. Photomicrograph showing a selective replacement 
of micrite matrix by ferroan dolomite (staining 
blue). Plane-polarized light. Laguna Salado, 
12,280 feet. 

Figure 4.31. Photomicrograph showing dolomitization 
(stainning blue, ferroan) along stylolite in 
phylloid algal packstone,wackestone. Plane-
polarized light. Laguna Salado, 12,280 feet. 
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formation with stylolites. This study suggests that 

dolomitization generally began by replacement of micrite 

matrix most probably along stylolites. Then dolomite 

precipitated in solution channels of stylolites and in 

fractures related to stylolites. Dolomite precipitation 

continued in the residual spaces of primary and secondary 

pores at temperatures from 60° to 150° C as suggested by 

Radke and Mathis (1980) for saddle dolomite. 

While the elevated temperatures of the subsurface 

tend to favor dolomitization (Moore, 1989). The major 

problem of late burial dolomitization is the source and 

delivery of Mĝ * to the sites of dolomitization (Wanless, 

1979; Boles and Franks, 1979; Land, 1985; and Given and 

Wilkinson, 1987). Probably the Mĝ "̂  is mainly provided by 

two sources: (1) conversion of smectite to illite (Boles and 

Franks, 1979); and (2) formation water (generally modified 

seawater according to Land, 1985). In addition, Wanless 

(1979) proposed pressure solution as a mechanism for 

generating late-stage dolomites. Wanless concluded that 

dissolution of high Mg-calcite provides a small amount of 

Mĝ *. However, this source of Mĝ * is improbable because 

high Mg-calcite was stabilized during the extensive 

freshwater diagenesis of Atoka carbonates. Different mineral 

associations along stylolites with their relatively 

different timings suggest that the stylolites probably 

served as permeable zones which transmitted fluids. 
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Boles and Franks (1979) suggested that conversion of 

smectite to illite is capable of releasing large amounts of 

Fe^% Mg^% Ca^\ Si*\ and Na^ The Câ ^ and Si** are released 

early and the Fe^* and Mĝ * later. Land (1985) concluded that 

it is doubtful if this process is an important source of 

magnesium because the smectite-illite transition is 

accompanied by a concomitantly greater release of calcium 

(decreasing fluid Mg/Ca ratios), and much of the released 

magnesium is subsequently removed from diagenetic fluids 

during chlorite formation. Land (1985) has postulated that 

seawater (formation water) is the only fluid capable of 

large-scale dolomitization. In Atoka carbonates, most of the 

residual primary and secondary pores have been occluded 

completely by dolomite. Thus, the mass balance consideration 

and compositional changes of formation water (e.g., Fe 

content) through time suggest that seawater (formation 

water) cannot be an important source of magnesium. 

Therefore, an additional fluid mechanism is required. In our 

case, Atoka carbonates are surrounded by shales; therefore, 

additional fluid can be provided from shales by the 

smectite-illite conversion. 

Authigenic Clays (Dickite) 

Dickite is a well crystallized clay mineral of the 

kaolin group. It has the same composition, Al4Si40io(0H)., as 

kaolinite, but is structurally distinct. In Atoka 
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carbonates, the authigenic clays occur as pore-filling 

(cement) in the enlarged solution channels Fig. 4.32) and 

vuggy pores related to stylolites, and additionally in 

residual spaces of primary pores (Fig. 4.15). The dickite is 

a minor cement in the carbonate rocks. It is especially 

common in the Sterling Silver 3-1 well. 

In the pores, the dickite typically can be seen in 

booklets (Fig. 4.33) which consist of stacking of 

pseodohexagonal plates along c-axis. Individual plates 

generally range from 5 /im to 20 /tm in diameter. The booklet 

size is variable up to 40 /tm. 

The authigenic origin of dickite is based on its 

occurence in the secondary pores related to stylolites. The 

etched margins of late calcite crystals next to vuggy pores 

and enlarged solution channels indicate that the fluids from 

which dickite precipitated must have been slightly acidic. 

The origin of authigenic clays is enigmatic. Borst 

(1972) concluded that silica and aluminum are required for 

the growth of kaolinite. The origin of dickite may be 

related to clay diagenesis in the adjacent shales, and also 

in the carbonates. Hower et al. (1976) concluded that the 

shales functioned as closed chemical system with regard to 

Mg^*, Al^*, and Si**. However, Surdam et al. (1982) 

demonstrated that it is possible to increase significantly 

the mobility of aluminum and to transport it as an organic 

complex in aliphatic acid solutions. The organic maturation 
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Figure 4.32 Photomicrograph illustrating dickite cement 
(authigenic clay) partially filling enlarged 
solution channel pores along stylolite. Cross-
polarized light. Sterling Silver 3-1, 13,737.4 
feet. 

Figure 4.33. Photomicrograph showing dickite booklets. 
Cross-polarized light. Sterling Silver 3-1, 
13,740 feet. 



161 



162 

reactions in shales produce significant amounts of aliphatic 

acid solutions which have the capability of dissolving 

carbonate cement and matrix. 

Celestite (SrSO^) 

Trace amounts of celestite have been observed in the 

carbonate rocks. Dolomite cement preceded celestite cement 

in an enlarged solution channel related to a stylolite. The 

celestite exhibits rectangular cleavages, low birefiringence 

and an undulose extinction. Residual pore-space in the 

secondary pores is often filled by a single celestite 

crystal (Fig. 4.34). 

The celestite cement formed under deep burial 

condition, and postdates the saddle dolomite formation. Its 

occurrence needs hypersaline interstial water enriched in 

sulfate and strontium ions. The enrichment of sulfate ions 

may be related to organic maturation in the adjacent shales. 

Bacterial decay of organic matter produces sulfur (Bucke and 

Mankin, 1971), while strontium is provided from formation 

water (seawater). 

Authigenic Pyrite (FeSj) 

Small amounts of pyrite are common in Atoka 

carbonates and shales. In carbonate rocks, pyrite occurs 

mainly as large clusters of cubes (spherical clusters called 

framboids; Fig. 4.35) or as disseminated small euhedral 
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Figure 4.34. Photomicrographs showing an enlarged stylolitic 
channel pore filled by (1) ferroan dolomite 
(dof) and (2) celestite cement (ce). A- plane-
polarized light, B- cross-polarized light. Pure 
Gold 4-1, 13,747.6 feet. 



164 



165 



Figure 4.35. Photomicrograph showing framboidal pyrite 
(arrow) that replaced micrite matrix and 
previous authigenic minerals (dolomite, 
staining blue; and feldspar). Plane-polarized 
light. Sterling Silver 3-1, 13,734 feet. 

Figure 4.36. Photomicrograph showing a stylolite with pyrite 
seam. Stylolite transects blue stained ferroan 
dolomite cement and rock matrix. Plane-
polarized light. Pure Gold 4-1, 13,747.6 feet. 
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cubes and pentagonal dodecahedrons. Pyrite also has been 

concentrated along stylolite contacts (Fig. 4.36) and within 

detrital clays of internal sediments and wisps. 

Most pyrite seems to have been formed during burial 

diagenesis as a final product. Its occurrence follows 

dolomitization. This conclusion is evidenced by pyrite 

association with stylolites which transect the previous 

fabrics and minerals (e.g., saddle dolomite. Fig. 4.36). 

Authigenic pyrite indicates a reducing environment in 

which hydrogen sulfide (H2S) in formation water reacts with 

iron (Fê *) to form pyrite. The main sources of HjS for 

pyrite formation are the bacterial reduction of dissolved 

sulfate and the decomposition of organic sulfur compounds 

(Berner, 1970). In the experimental study of Sweeney and 

Kaplan (1973), the temperatures at which the reactions with 

sulfur occurred were limited to between 60° C and 85° C. In 

the experimental study, pyrite was produced at 85° C. 

Late Compaction 

Compaction refers to any process that decreases the 

bulk volume of rocks (Flugel, 1982). Late compaction in the 

Atoka carbonates is characterized by stylolites, fractures 

related to stylolites, squeezed clay wisps, and breakage of 

grains. 

Stylolites are diagenetic features that occur 

throughout all carbonate facies in the algal bank complex. 
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They generally contain an insoluble seam of clay and iron, 

and sometimes associated recrystallized late calcite, 

authigenic quartz and fedspar (albite) minerals, dickite 

cement, cement and/or replacement dolomite, and pyrite. Park 

and Schot (1968) and Flugel (1982) classifications have been 

used to describe stylolites. Non-sutured stylolites 

(primitive wave-like, smooth, and hummocky) are generally 

restricted to clay-rich carbonate rocks. Clay-rich 

carbonates are the nodular shaly limestone and algal bank 

facies with clay wisps, whereas sutured stylolites with low 

to high relief are commonly present in pure carbonate rocks. 

In a few instances, a gradual transition from a non-sutured 

type to sutured type has been observed. The low relief-

sutured stylolites generally developed on matrix-grain 

contacts (Fig. 4.37), and in some instances on boundaries of 

different rock fabrics. Boundary (matrix-grain) stylolites 

can be distinguished from a fitted fabric with their 

extension beyond the individual grains. In carbonate rocks, 

stylolites are also present as anastomosing sets, and rarely 

fitted fabrics, stylobreccia, vertical crosscutting 

stylolites. 

The fitted fabric has been observed only in the 

crinoidal limestones. It is characterized by slightly 

sutured, curved to planar stylolites between crinoidal 

grains (Fig. 4.38). The stylobreccia is rare in the 
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Figure 4.37. Photomicrograph of low relief-sutured 
stylolites (st) at matrix-grain (phylloid 
algae) contacts. Plane-polarized light. 
Sterling Silver 32-1, 13,566 feet. 

Figure 4.38. Photomicrograph of fitted fabric showing 
stylolites between crinoidal grains. Stylolites 
do not extent beyond crinoidal grains. 
Crinoidal limestone. Plane-polarized light. 
Pure Gold 4-1, 13,724.5 feet. 
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carbonate rocks. Components of the breccia are bound by 

stylolites. 

Cross-cutting stylolites consist of major stylolites 

that are horizontal and have higher relief and greater 

regional extent than vertical to subvertical stylolites 

(Fig. 4.39). Park and Schot (1968) concluded that the cross-

cutting stylolite fabric is formed by two successive 

pressure systems. 

During burial, mechanical compaction in carbonate 

rocks is reflected by fractures related to stylolites, 

squeezed clay wisps, and breakage of grains. Fractures are 

often wedge-to curvilinear-shaped, vertical to subvertical, 

and terminate at the seams of major stylolites (Fig. 4.40). 

The fractures are filled by calcite and saddle dolomite 

cements. Fracture sizes range from microscopic scale to 2 

cm. These fractures are called "tensional gashes" by Nelson 

(1981). Nelson concluded that fracture sets commonly 

observed in close proximity to stylolites are of tectonic 

origin, and resulted most probably from thrusting. 

The squeezed clay wisps have been observed in few 

instances. Under overburden pressure, transport of elastic 

clay material to low pressure areas has deformed and 

squeezed the previous clay wisps. 

Breakage of grains during burial is not common in 

carbonate rocks. These features include fractures, local 

collapse in small scale and micro-faulting (thrusting). 
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Figure 4.39. Photomicrograph of cross-cutting stylolites 
consisting of a major stylolite (horizontal, 
greater extent), and vertical stylolites of low 
relief. Plane-polarized light. Pure Gold 4-1, 
13,730.5 feet. 

Figure 4.40. Photomicrograph showing late fractures related 
to stylolite with dolomite infilling (dirty 
gray color). Plane-polarized light. Sterling 
Silver 32-1, 13,531 feet. 

\ 
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Most of the compactional features have resulted from 

overburden pressure. Stylolites are widely accepted to be of 

pressure-solution origin. This study indicates that 

stylolites form during the various stages of diagenesis. 

These stages are evidenced by different mineral associations 

with stylolites and their distinct timings. Major stylolites 

represent a vertical thinning of the sediments, and have 

been formed by overburden pressure (burial). However, 

fractures related to stylolites, the cross-cutting 

stylolites (vertical), and microthrust faulting are the 

traces of laterally directed pressure (compressional 

stress). But these are limited features; therefore, they do 

not characterize large-scale tectonic activity. 

Burial Dissolution 

Burial dissolution is associated with stylolites 

(medium to high relief, and sutured type), and produced 

stylolitic porosity (channel pores) and vuggy pores related 

to stylolites. Petrographic observations indicate two stages 

of burial dissolution. First burial dissolution developed 

before dickite precipitation by leaching of late calcite, 

previous cement or micrite matrix. This early stage of 

burial dissolution generated secondary stylolitic porosity 

(enlargement of the channels) and vuggy pores (Fig. 4.41). 

Then these secondary pores were occluded by dickite and 

dolomite cements. 
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Figure 4.41. Photomicrograph showing stylolite related to 
vuggy pore (vg; early stage of burial 
dissolution) including dickite pore-filling 
(colorless). Plane-polarized light. Sterling 
Silver 3-1, 13,752.9 feet. 
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A late stage of burial dissolution resulted in 

leaching of dolomites in the stylolitic pores, and generated 

the fabric selective secondary pores. Therefore, final 

dissolution enhances overall porosity but it did not affect 

the permeability, because the final dissolution left the 

dickite cement in secondary pores which occludes the 

passages (Fig. 4.32). 

Von Bergen and Carozzi (1990) have demonstrated that 

the effectiveness of stylolites in greatly influencing 

secondary porosity generation, and enhancing the reservoir 

qualities of deeply buried carbonate rocks. However, fluid 

pumping from buried shale changes the composition of 

formation water which affects the different stages of cement 

and dissolution. 



CHAPTER V 

CARBONATE PARAGENESIS 

Introduction 

The generalized diagenetic sequence observed in Atoka 

carbonates is presented in Table 5.1. This sequence is based 

on petrographic observations, spatial distributions, and 

cross-cutting relationships. The diagenetic features can be 

grouped into three distinctive sequences relating to 

different diagenetic environments. The diagenetic 

environments are marine phreatic, near-surface meteoric, and 

burial in order of their relative timings. 

Marine Phreatic Diagenesis 

Diagenesis of the carbonate sediments was initiated 

on the sea floor soon after deposition. Submarine diagenetic 

constituents are micritization, marine cementation, marine 

internal lime silts, hardgrounds, borings, bottom fillings 

of fossil chambers and borings, and clay wisps. All 

diagenetic features generally do not represent a paragenetic 

sequence because they are formed in depositional 

environments at any time depending on physical and chemical 

conditions in seawater and the depositional environment. 

Near-Surface Meteoric Diagenesis 

Many diagenetic events in Atoka carbonates developed 

in both meteoric vadose and phreatic environments. 
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TABLE 5.1: PARAGENETIC SEQUENCE OF ATOKA CARBONATE ROCKS IN EDDY COUNTY, NEW MEXICO 

DIAGENETIC ENVIRONMENTS 

DIAGENETIC FEATURES 

MICRITIZATION 

Mg-CALCITE CEMENT 
(Rim and microspar) 

ISOPACHOUS RIM CEMENT 
(Aragonite) 

MARINE INTERNAL LIME SILT 

HARDGROUND FORMATION 

FORMATION OF GEOPETAL STRUCTURES 
(Bottom filling & gravitational cement) 

BORINGS 

CLAY WISPS (Early compaction) 

NON-MARINE INTERNAL SEDIMENTS 

FORMATION OF IRREGULAR 
SHAPED PORES (Weathered crusts) 

EARLY COMPACTION 
(Non-tectonic fracturing, algal brecciation) 

STYLOLITIZATION 

LATE CALCITE 

AUTHIGENIC ALBITE AND QUARTZ 

AUTHIGENIC CLAY (Dickite) 

DOLOMITAZATION 
(Replacement and cement) 

CELESTITE (CELBAR) CEMENT 

AUTHIGENIC PYRITE 

BURIAL DISSOLUTION 

HYDROCARBON (CAS) MIGRATION 

MARINE PHREATIC 
FRESHWATER (NEAR SURFACE) 

VADOSE PHREATIC 
BURIAL 

TIME 

JZ 

TECHNICAL IllUSTHATlON BV 
lESlEYSTOUNE KENEIPP, ENCINEEIIINC SERVICES. TEXAS TECH UNIVERSITY, M A Y 1993 



179 

Dissolution phenomena and possibly diagenetic alteration 

(incongruent dissolution) of formerly unstable minerals are 

the first signs of penetrating meteoric water. Dissolution 

produced secondary pores (biomolds) that subsequently 

received freshwater cements, and also non-marine calcitic 

internal sediment (Fig. 4.10). 

Meteoric vadose diagenesis is indicated by 

scalenohedral, gravitational overgrowth (epitaxial), 

acicular fibrous, and radial-columnar fibrous cements, non-

marine internal sediments and weathered crusts. In many 

primary and secondary pores, scalenohedral calcite rims are 

first generation freshwater cements (Figs. 4.10, 4.11, and 

4.12). Acicular fibrous cement is isolated, and it 

precipitated upon small crystallites of ostracodes (Fig. 

4.17) and small brachiopod shells. Precipitation of acicular 

fibrous cement possibly occurred at the same time as 

scalenohedral calcite cement. Initial precipitation of 

radial-columnar fibrous and epitaxial overgrowth cements 

took place contemporaneously or slightly after scalenohedral 

calcite precipitation. Blocky equant calcite cement was the 

latest cement in the vadose environment. Precipitation of 

freshwater cements in the vadose environment was interrupted 

by the influx of internal sediments. Weathered crust 

formation is long stand diagenetic process, and developed at 

near-surface levels of the bank complex. 
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Meteoric phreatic diagenesis in Atoka carbonates was 

dominated by the occlusion of large volumes of primary and 

secondary pores by blocky equant and epitaxial calcite 

cements (Figs. 4.3, 4.4, 4.10, and 4.11). Precipitation of 

blocky equant and epitaxial calcite cements began in the 

meteoric vadose environment, and extended into the meteoric 

phereatic environment. Precipitation of Fe-rich calcite 

cement is limited to the phreatic environment. Fe-rich 

calcite cement generally fills central portions of large 

pores, such as blocky equant calcite (Fig. 4.3), or forms as 

an outer layer of gravitational epitaxial cements (Fig. 

4.13). Fe-rich calcite cement indicates reducing conditions 

in the meteoric phreatic environment. Another aspect of 

freshwater diagenesis in the phreatic environment was 

emplacement of silica within the carbonate rocks. Its 

textural relationships indicate that silicification was a 

relatively late diagenetic event. 

During early burial, including freshwater diagenetic 

environments, carbonates underwent mechanical compaction 

that produced partial collapse of biomolds, algal breccia, 

and non-tectonic features. 

Burial Diagenesis 

Stylolitization is a progressive diagenetic event 

that formed during burial. The progressive nature is 

evidenced by different mineral associations with stylolites 
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and their distinct timing (Figs. 4.26, 4.31, 4.32, 4.36, and 

4.41). Textural relationships suggest that late calcite, 

albite, and quartz are first generation burial diagenetic 

minerals. Their formation was followed by dolomitization 

(replacement and cement), dickite and celestite cementation. 

Pyrite is a final diagenetic mineral in the carbonate rocks, 

and replaced the previous minerals (e.g.. Fig. 4.35). Burial 

dissolution includes two stages. The early stage of burial 

dissolution took place before dickite precipitation. The 

second stage of burial dissolution is the final diagenetic 

event in Atoka carbonates that removed some dolomite cements 

from stylolitic pores (e.g.. Fig. 4.32). The timing of 

hydrocarbon (gas) migration is uncertain because of the lack 

of hydrocarbon staining in the carbonate rocks. 



CHAPTER VI 

CARBONATE POROSITY EVOLUTION AND 

ITS DISTRIBUTION 

Primary porosity and permeability in unconsolidated 

carbonate sediments were best developed in the bank margin 

facies and crinoidal limestone (flanking beds) facies. The 

primary pores are mainly interskeletal pores between 

phylloid algae in the bank margin facies or echinoderms in 

the crinoidal limestone. Other types of primary pores are 

interpeloidal, intraskeletal, and borings. 

In the marine environments, interpeloidal pores were 

filled completely by high Mg-calcite cement (sparry rims and 

microspar mosaics). Borings also were completely occluded by 

marine isopachous rim cements and marine lime silts. Other 

pores were partially filled by marine isopachous cement rims 

and marine internal sediments. 

In meteoric environments, congruent dissolution of 

skeletal grains (especially phylloid algae) produced 

secondary biomolds, which are particularly common in the 

algal bank and bank margin facies. Partial collapse of molds 

contributed to formation of secondary pores, and produced 

crumbly fractures. 

Meteoric cementation significantly occluded porosity 

in the algal bank complex. Most of the primary and secondary 

pores were completely filled by low Mg-calcite cement. 

However, some small biomolds (Fig. 6.1), intergranular pores 
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Figure 6.1 Photomicrograph showing unfilled biomoldic 
porosity in wackestone. The biomolds are 
possible former small pelecypod shells. Plane-
polarized light. Laguna Salado, 12,280 feet. 
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(Fig. 6.2), and secondary intercrystalline pores (Fig. 6.3) 

were not cemented by low Mg-calcite. Some residual pores 

could also reflect dissolution of previous material. The 

secondary intercrystalline pores have been created by 

textural differences of meteoric calcite cements. 

During burial to relatively great depths, acidic 

solutions produced stylolitic pores (enlarged solution 

channels and vugs). Stylolitic pores and residual pore-

spaces in primary and secondary pores were partially or 

completely filled by burial cements such as dolomite, 

dickite and celestite. However, final dissolution removed 

some dolomite cement from stylotitic pore channels, and 

increased porosity (Fig. 6.4) and possibly permeability in 

the bank complex. However, dickite is still present in some 

stylolitic pore channels, reducing permeability (Fig. 4.32). 

Table 6.1 shows the distribution of average neutron-

density porosity in the Atoka bank complex. The porosity 

distribution represents the distribution of original 

primary, as well as secondary pores. The secondary pores are 

mainly biomolds, where distribution is related to the 

abundance of phylloid algae. Because residual pore-spaces in 

primary, and secondary pores are one of the major factors 

controlling the reservoir quality, they thus reflect the 

original carbonate lithofacies. In some wells, slight 

porosity increases in same carbonate lithofacies are related 

to the presence of stylolitic pores. 
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Figure 6.2. Photomicrograph showing unfilled residual pore-
spaces in primary pores of biograinstone. Plane-
polorized light. Pure Gold 4-1, 13,746.1 feet. 

Figure 6.3. Photomicrograph illustrating intercrystalline 
residual pores between texturally different low 
Mg-calcite cements of an original primary pore, 
(be) blocky equant calcite, (fr) radial-columnar 
fibrous calcite. Plane-polarized light. Sterling 
Silver 3-1, 13,740 feet. 
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Figure 6.4. Photomicrograph of stylolitic pores (solution 
channel) in wackestone. Plane-polarized light 
Sterling Silver 32-1, 13,566 feet. 
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CHAPTER VII 

SHALE DIAGENESIS 

Introduction 

Smectite to illite conversion is an important 

mineralogical reaction that occurs during diagenesis of 

shales (Perry and Hower, 1970; Hower et al., 1976; Burtner 

and Warner, 1986; Boles and Franks, 1979). The conversion is 

also important to understand burial diagenesis of sediments 

adjacent to shales such as Atoka carbonates. 

Review of Smectite to Illite Conversion 

The mineralogic transformation of smectite to illite 

has been reported in various geologic settings: progressive 

burial (Perry and Hower, 1970; Weaver and Beck, 1971; Hower 

et al., 1976; Burtner and Warner, 1986; Dypvik, 1983; 

Pollastro and Barker, 1986), contact metamorphism (Nadeau 

and Reynolds, 1981), hydrothermal alteration (Inoue et al., 

1987, 1988; Yau et al., 1987), and thrust sheet burial 

(Hoffman and Hower, 1979). The smectite to illite conversion 

requires an additional layer charge of the smectite layers 

(Roberson and Lahann, 1981; Hower et al., 1976) and fixation 

of K* in smectite interlayers (Hower et al., 1976). The 

additional layer charge may be created by substitution of 

Al^* for Si** in the tetrahedral sheet (Weaver and Beck, 

1971; Foscolos and Kodama, 1974; Hower et al., 1976) or 

substitution of Mĝ * and/or Fê * for Al^* in octahedral sheet 
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(Hower et al. , 1976) or by reduction of Fê * to Fê * in the 

octahedral layer (Perry and Hower, 1970; Eslinger et al., 

1979). The negative charges are balanced by the fixation of 

K* in the interlayer sites (Eberl and Hower, 1976; Eberl, 

1980). It is uncertain whether K* is required in the 

interlayer for the creation of layer charge (Lahann and 

Roberson, 1980) or whether the layer charge is created 

independently of the presence of K* and collapse occurs when 

K* is fixed to the high charged interlayer site (Howard and 

Roy, 1985). 

Different mechanisms have been proposed to describe 

smectite conversion to illite. The mechanisms are basically 

(a) solid-state transformation (Hower et al., 1976; Pollard, 

1971; Towe, 1962; Weaver and Beck, 1971), and (b) smectite 

dissolution followed by illite precipitation (Boles and 

Franks, 1979; Inoue et al., 1987). The solid-state 

transformation implies ionic diffusion in the interlayer 

site and distortion of silica tetrahedra, allowing Al^* to 

substitute for Si**. During solid-state transformation, the 

silica lattice is mainly preserved. Therefore, conversion of 

smectite to illite requires additional Al^* and K* from 

external sources. The Al^* and K* for new illite layers of 

the illite/smectite (I/S) are derived by chemical 

decomposition of K-feldspar and mica (Hower et al., 1976; 

Aronson and Hower, 1976). The hypothesis of solid-state 

transformation is favored by K/Ar dating studies (e.g., 



191 

Weaver and Wampler, 1970; Perry, 1974; Aronson and Hower, 

1976). During the smectite to illite conversion, apparent 

age of the bulk shale decreases. This decrease is due to 

loss of *°Ar from the rock. K and Ar are removed from K-

feldspar and mica in proportion to their abundances. Much of 

this K* moves to an interlayer position in the mixed layer 

phase. The radiogenic *°Ar remains constant within 

illite/smectite minerals; and therefore, the apparent age 

decreases. 

The dissolution-precipitation hypotheses (Boles and 

Franks, 1979; Inoue et al., 1987) derives the Al"** required 

for formation of new illite layers from the dissolution of 

smectite layers, and not from an external source. Boles and 

Franks (1979) suggested that conversion of smectite to 

illite is capable of releasing large amounts of Fe""*, Mĝ *, 

Ca""*, Si**, and Na*. The Câ * and Si** are released early and 

the Fê * and Mĝ * later, because iron-magnesium-rich smectite 

layers react more slowly. Therefore, smectite-illite 

transformation at higher temperatures releases Fê * and Mĝ *. 

Factors controlling the conversion of smectite to 

illite include temperature (Lahann, 1980; Perry and Hower, 

1970, 1972; Boles and Franks, 1979; Hower et al., 1976), 

pressure (Perry and Hower, 1970, 1972), pore-water chemistry 

(Eberl, 1980; Roberson and Lahann, 1981; Elliotte et al., 

1991), initial composition of smectite (Lahann, 1980; Boles 

and Franks, 1979; Foster and Custard, 1980), time (McCubbin 
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and Patton, 1981), and source of K* and Al"* (Hower et al., 

1976). However, temperature and time seem to be important 

factors controlling smectite to illite corversions. 

The smectite conversion to illite begins at 

temperatures as low as 60° C (Boles and Franks, 1979). 

During this process, the proportion of illite to smectite 

layers in I/S mixed-layers and layer ordering (R) 

progressively increase (Hower et al., 1976; Bethke and 

Altaner, 1986; Inoue et al., 1987). Degree of illitization 

is used as an indicator of thermal history (Hoffman and 

Hower, 1979; Nadeau and Reynolds, 1981; Dypvik, 1983), 

and/or burial history of sediments (Elliott et al., 1991; 

Pollastro and Barker, 1986; Bell, 1986), or organic maturity 

(Powers, 1967; Dypvik, 1983; Foscolos and Kodama, 1974). The 

smectite to illite conversion process may also generate high 

geopressures (Foster and Custard, 1980) and precipitate 

cements in sedimentary rocks adjacent to shales (Towe, 1962; 

Boles and Franks, 1979). 

Samples and Methods 

Samples 

In this study, six samples were used from surrounding 

shales of the Atoka carbonates (Table 7.1). Their formation 

temperatures were calculated from well data by using the 

following equations (Asquith, 1982): 
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Tf = m * Ds + Ts 

m = (BHT-Ts)/TD 

where T̂  is formation temperature, m is slope (geothermal 

gradient), Ds is sample depth, Ts is surface temperature of 

70° F, BHT is bottom hole temperature, TD is total depth 

where BHT is measured. 

Table 7.1: Depths and Formation Temperatures of Samples, 
Illite % in I/S, and Layer Ordering (R) 

Sample Burial Formation % of Illite Layer 
No Depth Temperature in I/S Ordering(R) 

(ft/m) Tf (°F/°C) 

S-1 13695/4174 217/103 80 % 1 
S-2 13513/4119 193/89 75 % 1 
S-3 13364/4073 189/87 75 % 1 
S-4 13757/4193 207/97 75 % 1 
S-5 12032/3667 174/79 75 % 1 
S-6 13774/4137 192/89 75 % 1 

Notes: S-1 from Sterling Silver 34-1 well (upper shale) 
S-2 (upper shale) and S-6 (lower shale) from 

Sterling Silver 32-1 well. 
S-3 from N.Pure Gold 8-1 well (lower shale). 
S-4 from Pure Gold 4-1 well (lower shale). 
S-5 from Harroun Trust 30-1 well (lower shale) 

X-Ray Analysis 

X-ray diffraction (XRD) analyses were carried out on 

Philips equipment using Ni-filtered CuKa radiation. Powdered 

samples were loaded in an aluminum holder, and x-rayed from 

2° to 65° 26 at goniometer with a scanning speed of 1° 

26/min. The oriented clay mounts of < 1 /im fraction were 
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X-rayed in an air-dried state and after solvation with 

ethylene glycol. The oriented specimens were scanned from 2° 

to 40° 26 at the same goniometer and chart speeds as the 

bulk samples. 

Determination of illite to smectite ratio was based 

on a comparison of the (OOl),̂ ^ /(002),^^ and (002),oji /(003),,;, 

peak positions by simulating the XRD patterns using the 

computer program "NEWMOD" (Fig. 7.1 and 7.2). The 17 A peaks 

of ethylene glycolated samples characterize smectite, 

whereas 10 A° peaks reflect illite. 

Analytical Electron Microscopy 

Analytical electron microscopy (TEM/STEM) techniques 

were used to determine the variation in particle morphology 

and chemistry. A JEOL 100 CX equipped with a Kevex ultrathin 

window was used for the collection of X-ray photons and 

imaging individual clay particles at 100 kV potential. 

Suspensions were prepared from powders within ultrapure 

distilled water to which trace amount of tertiary butylamine 

had been added. A drop of each suspension was dried on a Cu 

grid covered with a Formvar film; the film was subsequently 

coated with a thin layer of carbon (C). 

The chemical composition of the individual clay 

particles was determined using a Kevex 8000 X-ray 

microanalyzer attached to the electron microscope column. 

The characteristic x-ray spectra generated by elements of an 
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Figure 7.1. Comparison of x-ray diffraction patterns of I/S 
mixed layers with 75 % illite layers with 
computer simulation. 
A- X-ray diffraction patterns of oriented clay 
samples with < 1 /im fraction. 
Solid curve- air dried sample. 
Dotted curve- ethelene glycolated sample. 
B- Computer simulated x-ray diffraction pattern 
of the samples. 
I/S= illite/smectite mixed-layer, 1= illite, S= 
smectite. 
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Figure 7.2. Comparison of x-ray diffraction patterns of I/S 
mixed layers with 80 % illite layers with 
computer simulation. 
A- X-ray diffraction patterns of oriented clay 
sample (S-1) with < 1 /im fraction. 
Solid curve- air dried sample. 
Dotted curve- ethelene glycolated sample. 
A- Computer simulated x-ray diffraction pattern 
of the samples. 
I/S= illite/smectite mixed-layer, 1= illite, S= 
smectite. 
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individual clay crystallite were collected by an ultrathin 

window detector. A selected area of 0.5 square micrometers 

of a clay particle was scanned for 100s at 100 kV potential 

to minimize K-migration under the electron beam. Energies 

of characteristic x-ray photons were then differentiated by 

a multichannel analyzer and processed by an on-line computer 

using KEVEX's TEMSTAR software. The net spectral intensities 

of an element (Ix) were converted to atomic ratios N(«/si) t)y 

the relationship known as the thin-film approximation: 

The relationship is valid as long as the thickness of 

the clay particles is < 0.1 /im at 100 kV potential. The k-

factors in this study were obtained from Dr. Guven (1993). 

The k-f actors were k(̂ i/si)=l. 113 , k(K/si)=0 . 845, k(„q/si)=l. 386 and 

k(F«/si)=0«'733. The spectral intensities were then 

converted to atomic ratios with respect to Si using the 

above k-factors. Structural formulae of the clay particles 

were later derived from the atomic ratios assuming that the 

total number of octahedral and tetrahedral cations was equal 

to 6.0. Because the K readings were erroneous, the 

conventional 11-oxygen equivalency was not used. 

Results 

X-ray patterns of the bulk samples illustrate that 

the samples consist of I/S mixed-layer, quartz, pyrite, 

chlorite/kaolinite, albite, ankerite, calcite minerals. 
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Distribution of ankerite, albite and calcite show 

irregularities within the samples. 

Air-dried X-ray patterns of the samples with < 1 /im 

fraction show that clay minerals mainly consist of I/S 

mixed-layers (Figs. 7.1 A and 7.2 A). Comparison of x-ray 

patterns of ethylene glycolated samples with <1 /im fraction 

with the computer simulated x-ray patterns (Figs. 7.1 and 

7.2) reveals that illite content of I/S mixed layers range 

from 75 to 80%. Layer orderings (R) of clay samples were 

found to be 1.0. The analysis results are illustrated in 

Table 7.1. 

TEM/STEM examination of clay particles reveals that 

dominated particles are I/S detrital platelets (Fig. 7.3) 

having flake-like morphologies. The other particles in 

mixture are smectite (Fig. 7.4), kaolinite (Fig. 7.5), 

muscovite and silica (Fig. 7.6). Average atomic ratios N̂ /̂gi) 

calculated from net spectral intensities are: Mg/Si=0.11, 

Al/Si=0.63, K/Si=0.16, Fe/Si=0.03. Estimated structural 

formula from average atomic ratios for I/S particles is: 

(Si3.39 Alo.ei) (Al,.53 Mgo.37 Feo.,o) K0.54 0,o (OH), . 

Interpretation of Results 

Illite (I) content of the I/S mixed layers indicates 

a high degree of illitization in Atoka shales. Electron 

micrograps (TEM/STEM) of 14 I/S particles reveal that most 

of the I/S particles are detrital. This result is favored 
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Figure 7.3. TEM/STEM images of an I/S particle and its x-ray 
spectra. 
A) TEM image of detrital platelet of I/S. 

(Magnification = 27,000X). 
B) Its digital STEM image. 
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Figure 7.3. Continued. (C) Characteristic x-ray spectra of 
the I/S flake yielding the atomic ratios: 
Al/Si = 0.63, Mg/Si = 0.11, K/Si = 0.16, and 
Fe/Si = 0.03. 

Figure 7.4. Digital STEM image of smectite aggregate 
displaying internal structure of the particle. 



204 



205 



Figure 7.5. Digital STEM image of kaolinite particle 
displaying its internal structure. 

Figure 7.6. Digital STEM image of I/S particle with 
muscovite and silica particles displaying their 
internal structures. 

^ 
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for solid-state transformation. In the study area, the 

illitization took place during burial of the shales 

following their deposition because of the presence of 

diagenetic ankerite minerals in the bulk samples. 

The ankerite (Fe, Mg-rich calcite) is useful as a 

geothermal gradients in sediments. Ankerite is produced at 

temperatures exceeding about 100° C (Boles and Franks, 

1979). This result conflicts with formation temperatures 

(Tf) of the samples (Table 7.1). The difference can be 

explained by a difference between recent and paleo-

geothermometers, or by erosion which caused omission of 

upper levels of the stratigraphic record. The formation of 

ankerite requires Fe and Mg which are provided by the 

illitization reaction (Boles and Franks, 1979). Some Fe and 

Mg were transferred from shales to adjacent Atoka carbonates 

to form saddle dolomites (ferroan and non-ferroan). Close 

association of saddle dolomites with dickite cement in the 

stylolitic pores of the carbonate rocks indicates Al^* 

transfer from surrounding shales. The movements of ions from 

clay to the eventual sites of ankerite, saddle dolomite, and 

dickite formations may have been through possibly fluid flow 

or diffusion (McHargue and Price, 1982). The results suggest 

that smectite transformed to I/S mainly in response to 

increased temperature from burial (Table 7.1). 



CHAPTER VIII 

PETROPHYSICAL ANALYSIS 

Introduction 

The primary purpose of the petrophysical analysis is 

to describe the reservoir characteristics, and to determine 

producibility of the wells. The physical characteristics of 

the reservoir are from core and log data, plus petrographic 

observations. Determination of well producibility was based 

on water saturation calculations (S„). The calculations for 

different depths were done for all wells by using a personel 

computer program called "Shaly Sand Advisor (SSA)''"" written 

by the Logic Group of Austin, Texas. The computer program 

was originally designed for shaly sandstones. However, the 

computer program was adapted for carbonate rocks by using 

matrix density value of 2.71 gm/cc instead of sandstone 

matrix of 2.65 gm\cc. 

Reservoir Characteristics 

Porosity versus m Transform 

The cementation exponent, m, significantly affects 

water saturation (Ŝ ) calculation from resistivity logs, 

with the Archie (1942) equation. Variation in m is very 

large in carbonate reservoirs relating mainly pore geometry 

of a reservoir (Focke and Munn, 1987; Asquith, 1985; and 

Rasmus, 1987). Variable m values at different depths can be 

found from a m versus porosity transform which consists of a 

208 
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crossplot of measured m and porosity values from core plugs 

(Borai, 1987; and Focke and Munn, 1987). 

In Atoka carbonates, a m versus porosity transform 

from core measurements of 22 samples was constructed. The 

crossplot shows a clear relationship between two parameters 

(Fig. 8.1). The relationship is defined by the following 

equation: 

where m is cementation exponent, * is core porosity in 

percent. Figure 8.1 reveals the m values range from 1.00 to 

1.79, and m increases with an increase in porosity. Similar 

relationship between m and core porosity was first reported 

by Borai (1987). Measured maximum porosity is 3.41%. Focke 

and Munn (1987) reported that in low porosity carbonates 

(*<5%), m values tend to be less than 2. Focke and Munn 

(1987) and Rasmus (1987) concluded that microfractures 

(either induced or natural) possibly are responsible for the 

low m values because at low porosities, m is greatly 

affected by fractures (Rasmus, 1987). Microfractures that 

are induced by stress relief in core samples can severely 

affect a lab measuerement of formation factor (Rasmus, 1987) 

from which m is calculated: 
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Figure 8.1. m versus core porosity (%) transform for Atoka 
carbonates in Eddy County, New Mexico. Circles 
represent core measurements from 22 samples. 
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Ro=fr*R. 

F^=l/*" 

where R̂  is resistivity of the formation 100% water 

saturated, F̂  is formation resistivity factor, R̂  is 

resistivity of formation water, * is core porosity, and m is 

cementation exponent. 

Core Porosity versus Neutron-Density Porosity 
and Bulk Density Crossplots 

Determination of variable m values with different 

depths (variable m) requires a m versus porosity transform, 

plus a crossplot correlation between core porosity and log 

porosity. For this reason, core porosities of 27 samples and 

their depth equivalent neutron-density porosities from logs 

were crossplotted (Fig. 8.2). The crossplot shows no 

relationship between the two measurements. A similar 

crossplot of core porosity versus bulk density (Fig. 8.3) 

also exhibited a high degree of scatter. Therefore, a 

constant m value was used in the Archie equation to 

determine water saturation (S«) values. 

Core Permeability versus Core Porosity Crossplot 

From 26 core samples, core derived permeabilities and 

porosities were crossplotted (Fig. 8.4). The permeability 
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versus porosity crossplot represents two trends. The first 

trend (Fig. 8.5) illustrates a relationship where 

permeability increases with an increase in porosity. 

However, the second trend (Fig. 8.4) represents a contrary 

relationship to the first trend where permeability increases 

with a slight decrease in porosity (Fig. 8.6). 

In addition, lithofacial features of the core samples 

have been shown in Figure 8.4 with colored squares. Figure 

8.4 illustrates that many samples with relatively high 

porosity and permeability (red squares) along the first 

trend are associated with the bank margin facies. The bank 

margin facies consists of originally high porosity 

limestones. The low porosity and permeability samples 

generally are associated with the algal bank facies (green 

squares), which includes low porosity algal wackestones. 

Therefore, the first trend (Fig. 8.5) seems realistic. 

Distribution of lithofacial features along the first trend 

(Fig. 8.4) reveals that Atoka depositional facies are a 

major factor controlling permeability and porosity. The 

other factors affecting the first trend are the effects of 

diagenesis such as the presence of stylolitic pores, and the 

degree of cementation. 

The second trend (Fig. 8.6) is contrary to the common 

belief of that permeability generally increases with an 

increase in porosity. For this reason, it seems unrealistic. 

The cause of the second trend is uncertain. However, a 
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possible reason could be open microfractures which 

dramatically increase rock permeability parallel to the 

fracture planes (Nelson, 1985). However, fractures are not 

common in Atoka carbonates. 

Samples of the second trend belong to the marginal 

breccia facies (black squares), which consists of carbonate 

rocks with large primary pores between limestone clasts that 

are completely plugged with internal sand and clay internal 

sediment infillings. The marginal breccia was extensively 

stylolitized during burial diagenesis. The rock fabric of 

marginal breccia is favorable to breakage under stress 

relief and during sample taking processes. Therefore, open 

fractures may have been induced in unloaded core samples 

possibly along stylolites. 

Core Permeability versus m Crossplot 

Lab derived permeability and m values of 21 core 

samples and their lithofacial features are crossplotted in 

Figure 8.7. The crossplot shows two trends. One trend 

consists of samples which have almost constant permeability 

but variable m. This relationship may reveal the presence of 

poorly connected pores whose distribution relating to 

lithofacies is uncertain. The second group of samples that 

are associated with marginal breccia facies describes a 

relationship where permeability increases with a decrease in 

m (Fig. 8.7). This relationship indicates the presence of 
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induced fractures in Atoka carbonates, because the presence 

of fractures decrease m and increase permeability. 

Producibilitv Of Wells 

Proper prediction of hydrocarbon producibility 

requires the knowledge of correct water saturation (S„). 

Water saturations were calculated for different depths by 

using fundamental Archie (1942) equation: 

where S« is water saturation, a is tortuosity factor of 1 

for carbonates, * is porosity for clean formations, R̂  is 

resistivity of formation water, Rt is true resistivity of 

formation, m is cementation exponent, and n is saturation 

exponent. 

Resistivity and porosity logs were used to evaluate 

the water saturation of the Atoka reservoir. Resistivity and 

porosity logs were available for all wells. R̂  was 

determined from the deep Laterolog (LLd) corrected for 

invasion. Porosity (*) was determined from a Combination 

Neutron-Density log. The neutron-density porosity values 

were corrected for clay volume to find effective porosity 

(*.). 

R„ values were measured from 12 water samples of HB 3 

Federal 1 well in Halliburton Laboratory under surface 

condition (70** F). Average R̂  is 0.081 ohmm at 70* F. The 



221 

average R̂  value was corrected to formation temperature by 

using the Arp's formula (Asquith, 1982): 

R« = Rt.«p * (Temp -I- 6.77) / (T, -H 6.77) 

where R,, is resistivity at formation temperature, Rt..p is 

resistivity at a temperature other than formation. Temp is 

temperature at wich resistivity was measured, and T, is 

formation temperature. The corrected R̂  value was used in 

the Archie equation. 

A value of 2.00 was assumed for both m and n for 

Atoka carbonates because of available data. Assumption of m 

and n values of 2.00 is valid for a clean reservoir with 

intergranular or intercrystalline porosity but it is often 

invalid for a complex carbonate reservoir. 

Cementation exponent (m) values were determined from 

core and log data. Lab derived m values range from 1.00 to 

1.79, and represent an effect of fracture (or microfracture) 

on measurements (Focke and Munn, 1987; Rasmus, 1987). 

Fractures were induced by stress relief in the core samples. 

However, petrographic analysis reveals that the carbonates 

mainly include intergranular pores, secondary 

intercrystalline pores, and stylolitic pores. 

Cementation exponent (m) also was calculated from log 

data of a presumably water-bearing formation in the HB 3 

Federal 1 and HB State 1 wells using following equations: 

m=log Fr/log* 

F,=R«/R, 

Mlftiri^HM^ttiaii 
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Where m is cementation exponent, F̂  is formation resistivity 

factor, * is porosity, R̂  is wet resistivity of formation, 

and R̂  is resistivity of formation water. Log derived m 

values range from 1.43 to 2.4. The log derived m values are 

generally close to 2.00. But this method leaves a doubt 

regarding degree of water saturation (S„=100 % ) . In general, 

pore types and log derived m values confirm assumption of m 

value of 2.00. 

Determination of saturation exponent (n) is a major 

problem in calculating water saturation (S„) in a carbonate 

reservoir. The Technical Review (Schlumberger, 1988) pointed 

out that the saturation exponent (n) is controlled by such 

factors as wettability and pore size distribution. However, 

Keller (1953), Ransom (1984), Rasmus (1987), and Donaldson 

and Siddiqui (1987) have reported that the relative 

wettabilities of water and hydrocarbon to the reservoir rock 

have the greatest effect on saturation exponent (n). In 

water-wet reservoirs, the saturation exponent (n) varies 

from 1.5 to 2.3 (Keller, 1953). Therefore, the saturation 

exponent (n) was assumed to be equal to 2.00 in water 

saturation (S«) calculations, because Atoka carbonates are 

dry gas reservoirs, and therefore should be water-wet. 

Determination Of Effective Porosity (•.) 

The neutron-density porosities (•nd) were corrected 

for clay volume: 

|i l.ll V 

UtSB 
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where Vei is volume of clay, *̂  is density porosity, •„ is 

neutron porosity, *„«, is neutron porosity corrected for 

clay, *̂ e is density porosity corrected for clay, •̂.h is 

density porosity of shale (0.06 in Atoka carbonates), and 

*n.h is neutron porosity of shale (0.4 in Atoka carbonates). 

The effective porosity (•.) was calculated from corrected 

neutron and density porosities by using following equation: 

where *. is effective porosity corrected for clay, *„c is 

neutron porosity corrected for clay, ^^a is density porosity 

corrected for clay. The equation for effective porosity 

calculation is valid for gas-bearing reservoirs (Asquith, 

1982) such as Atoka carbonates. 

Determination of Clay Volume (V̂ J 

The gamma ray method was chosen to calculate clay 

volume from logs because of gas effect on the neutron-

density log, which causes a low clay volume calculation. By 

using gamma ray method, clay volumes were calculated: 
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Û j=0.33[2-̂ *̂ «̂ -l] 

Where V̂ ^ is clay volume, 

loR is gamma ray index, GR^^ is gamma ray from log readings, 

GR«i„ is gamma ray minimum (clay free zones), and GR^^ is 

gamma ray maximum (shale). 

Net Pay Summary Diagrams 

The calculations of Archie water saturation (S„.), 

effective (*.), total porosity (*t)/ and volume of clay (V̂ J 

for 5 wells of 11 are represented in Appendix C. The first 

tract on the far left represents percentage of clay at 

different depths. The gray area on the first tract is 

percentage of V^, white dotted black area is the percentage 

of clean carbonate. On the second tract, the light blue is 

percentage of effective porosity, and gray shows percentage 

of clay. On the third tract, the blue is the Archie water 

saturation (S„.). The summary tract is a combination of the 

three preceding tracts where red is S», less that cutoff 

value, gray is for shale (clay), and white dotted black is 

for clean carbonate. The fifth tract is the neutron-density 

(red color), and final column is for EPT log when available. 

The presence of pink highlighted horizontal zone represents 

a net pay zone. 
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Net pay is calculated using cutoffs of Archie water 

saturation (S«.) < 30%, effective porosity (*.) > 3% and 

volume of clay (V̂ J < 10%. The net pay calculation 

indicates that Harroun Trust 30-1, Sterling Silver 3-1, 

Sterling Silver 33-1, and Sterling Silver 34-1 are gas 

productive wells. The other wells in the Atoka carbonates of 

Eddy County, New Mexico are non-productive. The average net 

pay results pore feet values are represented at the bottom 

of the summary diagrams (Appendix C). 

Bulk Volume Water (BVW) 

Bulk volume water is the product of Archie water 

saturation (S„,) and porosity (•<:)/ is calculated by the 

equation: 

BVW=S„.**̂  

where BVW is bulk volume water, S„. is the Archie water 

saturation, and •t is total porosity (Asquith, 1982). BVW 

plots for productive wells are presented in Appendix D. 

Except Sterling Silver 34-1, BVW values of wells are less 

than 0.01. For Sterling Silver 34-1, BVW values are between 

0.01 and 0.03. The data plot along or parallel to the 

hyperbolic line of 0.01, and indicate the carbonate 

reservoir at irreducible water saturation. 

IBiiM 
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DEW Plot 

The ratio of R̂ /R̂  to R,,o/R« (DEW plot) is a direct 

indicator of movable hydrocarbon. If the ratio of 

(Rt/R«)/(R^o/Rm) is less than 0.6 for carbonates, movable 

hydrocarbons are indicated (Asquith, 1982). DEW plots of 

Sterling Silver 3-1 and Sterling Silver 34-1 are given in 

Appendix E because of available data. The DEW plot values 

are very close to 0.6, and indicate low permeability of 

these Atoka carbonates. 

i^Miifi 



CHAPTER IX 

CONCLUSIONS 

Pennsylvanian (Atoka) carbonates are a stratigraphic 

trap within an algal bank complex in Eddy County, New 

Mexico. The bank complex contains several elongated 

biostromes (banks) whose long axes are oriented normal to 

the Pennsylvanian shelf margin of the northwestern Delaware 

basin. 

Delineated lithofacies of algal bank deposits and 

their surrounding sediments are: (1) upper shale; (2) 

crinoidal limestone (grainstone/packstone dominated); (3) 

nodular shaly limestone; (4) bank margin (algal grainstone 

and boundstone); (5) algal bank (wackestone); (6) marginal 

breccia; (7) basal bioclastic micritic pile (wackestone); 

(8) limy shale; and (9) lower shale. The bank complex 

predominantly consists of sediments of algal bank and bank 

margin facies. Crinoidal limestone and nodular shaly 

limestone are flanking beds. 

The dominant fossil in the bank complex is a red alga 

fArchaeolithoDhvllum), and indicates that Atoka carbonates 

were predominantly deposited in relatively shallow water 

environments at depths less than 100 feet/30 meters. 

Crinoidal limestones generally were deposited along upper 

foreslopes of banks as flank beds in a shallow marine 

environment, at or close to wave base. The nodular shaly 

limestones formed by accumulation of carbonates on the 

227 
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flanks of Atoka banks in a relatively deep water marine 

environment. The nodular shaly limestones gradually change 

facies into black laminated marine shales (basinal ?). The 

marginal breccia was deposited along outer slopes of 

individual biostrome and between biostromes, where 

continuous actions of waves and currents were effective. 

Pennsylvanian (Atoka) bank complex includes four 

major depositional stages: (1) initial bank accumulation; 

(2) early bank development; (3) progradation of the bank and 

shelf margin; and (4) vertical accretion and final stage. 

The banks probably were initiated by existing water-current 

patterns within the basin due to the baffling, trapping and 

stabilizing of sediment by biogenic constituents. Once 

initiated, bank development continued by vertical accretion 

because of feedback effect described by Harbaugh (1964). 

Sea-level changes caused migration of banks and interruption 

in their vertical accretion at least four times. 

Carbonate rocks of Atoka bank complex have undergone 

a complex diagenetic history that includes marine, 

subaerial, and burial diagenetic environments. The 

complexity comes from a wide variety of diagenetic events 

and their relative timings. Most important diagenetic events 

affecting the reservoir quality are cementation and 

dissolution. In Atoka carbonates, primary and secondary 

pores were significantly occluded by meteoric diagenesis 

(subaerial) with low Mg-calcite cement. The carbonate rocks 
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represent three stages of dissolution. First stage of 

dissolution took place in a meteoric environment. The other 

stages of dissolution took place during burial diagenesis. 

Porosity distribution in Atoka carbonates is 

controlled by distribution of lithofacies, and in some 

instances by effects of burial dissolution relating to 

stylolites. Relatively porous intervals are generally 

associated with carbonates of bank margin facies. 

Surrounding shales of Atoka carbonates underwent a 

high degree of illitization. The illitization reaction 

releases Fê * and Mĝ * ions, which were transferred from 

shales to adjacent carbonates to form saddle dolomite 

cement. 

Core analysis of the Atoka carbonates reveals that 

cementation exponent (m) varies with reservoir porosity. The 

relationship is that as porosity decreases so does 

cementation exponent (m). This relationship between 

cementation exponent (m) and porosity is referred to as the 

low porosity-m relationship (Borai, 1987), and it has a 

pronounced effect on the calculation of water saturation in 

low porosity carbonates like the Atoka. 

Net pay calculations in the Harroun Trust 30-1, 

Sterling Silver 3-1, Sterling Silver 33-1 and Sterling 

Silver 34-1 wells indicate that net pay thickness can be 

related to gas production. The exception is the Harroun 
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Trust 30-1 well were net pay is thin and the well 

performance is good. 
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â  
CN 
Q:i 
\ 
OT 
"«r 
CN 
EH 

^ 
CN 

o 
(1) 
OT 

u 
iH 
n 
Pî  
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Depth 
(feet) 

12032 
12035 
12038 
12041 

Table B.l: Core Analysis Results 
(Gas Permeability) 

247 

Porosity 
(%) 

m Permeability 
(millidarcies) 

Harroun Trust 30 # 1 

1.53 1.61 
2.75 1.60 
2.36 1.64 
3.41 1.79 

0.03 
0.26 
0.27 
0.30 

Laguna Salado South Unit # 1 

12265 
12268 
12271 
12275 
12278 
12280 
12284 

1 
0 
0 
0 
1 
1 
0 

56 
48 
07 
91 
42 
44 
31 

1 
1 
0 
1 
1 
1 
1 

58 
35 
91 
44 
51 
66 
33 

0.05 
0.03 
0.04 
1.88 

0.04 
0.06 

North Pure Gold 8 Fed. No. 1 

13351 
13355 
13358 
13361 
13363 
13366 
13370 
13372 
13376 
13378 
13381 

0.74 
0.79 
0 
0 
0 
1 
1 
1 
1 

07 
13 
88 
85 
13 
12 
20 

0.11 
0.40 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

26 
29 
13 
02 
35 
56 
21 
33 
43 
12 
52 

0 
0 
0 
2 
0 
0 
5 
1 
1 
0 
0 

05 
07 
03 
49 
54 
19 
50 
32 
02 
04 
04 

P.G. 4 Federal No. 1 

13748 

13564 
13567 

13732 
13733 

2.46 

Sterling Silver 33 Fed. No. 1 

5.16 

2.80 

Sterling Silver 34 Fed. No. 1 

1.72 

2.76 

0.06 

1.40 
0.15 

0.06 
0.08 

Note: m is cementation exponent. 
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BULK VOLUME WATER 

(BVW) PLOTS 
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