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CHAPTER I 

INTRODUCTION 

The Clear Fork Group of the Permian Basin is a major oil 

bearing unit along the shelf-basin margin. In Mitchell County of 

West Texas the Clear Fork is productive in the Westbrook and latan-

East Howard fields (Fig. 1). Oil production from the Westbrook 

began in the late 1920's. Although these carbonates have been 

productive for 50 years, very little is known about the environ

ments of deposition and diagenesis. 

Subsurface data consisting of available cores, core chips, and 

cuttings from Mitchell County provide an excellent opportunity to 

study the lower Clear Fork. 

Objectives 

1. To interpret the carbonate depositional environments from 

cores and thin sections. 

2. To describe the diagenesis and resultant porosity 

relationships. 

3. To determine the sequence of diagenetic events 

(paragenesis). 

4. To define a depositional-diagenetic model which may be 

useful as a tool for predicting trends of porosity. 

Location 

The Westbrook Field is located northeast of the city of Big 

Spring in the northwestern quarter of Mitchell County, Texas. This 

field is approximately 14 miles long by 6 miles wide and follows a 

northeast-southwest trend (Fig. 1). The study area includes the 

Texas and Pacific Railroad survey blocks 27, 28-TlS, TIN, and 

29-TlS, TIN, and the H and TC Railroad blocks 25 and 26 (Fig. 2). 

Samples used in this study are from 8 wells within the 

Westbrook Field area (see Fig. 2). The following three cores from 

immediately southeast of the Westbrook Field were studied: (1) the 



Gulf #1 Meador, T & P RR survey block 28, TIS, section 12; (2) Gulf 

#1 Joyce, T & P RR survey block 28, TIS, section 14; (3) Gulf #1 

King, T & P RR survey block 28, TIS, section 11. Core chips from 

the following 4 wells within the Westbrook Field were analyzed: 

(1) Union of Texas Petroleum Westbrook Southwest unit WI-4-3, 

T & P RR survey block 28, TIN, section 32; (2) Union of Texas 

Westbrook Southwest unit WI-1-1, T & P RR survey block 28, TIN, 

section 29; (3) Chevron North Westbrook #6715, T & P RR survey 

block 28, TIN, section 21; (4) Chevron North Westbrook #5504-W, 

T & P RR survey block 28, TIN, section 13. Cuttings from one well 

northwest of the Westbrook Field were examined: the Maguire #1 

E.E. Erwin, H & TC RR survey block 25, section 3 (Fig. 2). 

Previous Studies 

Very little has been written concerning the Clear Fork, except 

studies dealing with outcrops in Central Texas by Dumble and 

Cummins (1889), Romer (1935), and Mear (1963). From these studies 

three distinct formations within the Clear Fork Group, which 

consist of redbed evaporite sequences, have been described. 

Recently two papers have dealt with subsurface data from the 

Clear Fork in the Midland Basin. Lucia (1972) discussed the 

environments of deposition and sedimentary structures from cores 

in the upper Clear Fork on the Central Basin Platform. Silver and 

Todd (1969) discussed the cyclic nature of the Permian shelf 

sediments on the Northern Shelf of the Midland Basin. They 

recognized three major cycles and five basic lithofacies within the 

Clear Fork. These lithofacies include shelf evaporite-carbonate, 

shelf elastics, shelf-margin carbonate, basin carbonate, and 

basin elastics. 

Methods of Study 

General correlations of subsurface units were based upon 

radioactivity, density, sonic, and induction log characteristics. 

From these data structural contour maps were prepared. Depositional 



topography and structural relationships were inferred from log 

cross sections. 

Well samples used in this study were based upon availability 

and location in relation to the producing interval. Generally 

sample wells are along a line perpendicular to the strike of 

Westbrook Field. 

Slabbed core samples were examined megascopieally for litho

facies, sedimentary structures, depositional environments, and 

porosity. Slabs were photographed to illustrate depositional 

cycles and other significant features and relationships. Portions 

of cores were polished and viewed microscopically to assist in 

general identification of depositional cycles. Thin sections were 

prepared from representative cycles for examination of facies 

development and diagenesis. 

Core chips were etched in a 10 percent solution of hydrochloric 

acid and studied with a binocular microscope for general lithofacies 

and sedimentary environments. Thin sections were prepared from 

selected chips in order to determine facies and diagenetic 

relationships. 

Cuttings were examined after etching in a 10 percent solution 

of hydrochloric acid and immersing in water for study with a 

binocular microscope. General features of lithology, color, 

texture, and porosity were examined. Chips from selected intervals 

were mounted on slides and prepared as thin sections. 

Approximately 200 thin sections were made for this study. All 

thin sections were stained with a combination of alizarin red-S 

and potassium ferricyanide following the method described by 

Lindholm and Finkelman (1972). Permanent coverslips were mounted 

on all thin sections. Microscope slides were then examined with a 

binocular petrographic microscope. 

Carbonate mineralogy, texture, depositional environment, and 

diagenetic relationships were described from each slide. Carbonates 

were classified according to Dunham (1962) in combination with 

Folk's (1959) modifiers. Diagenesis and paragenesis of depositional 



cycles were interpreted from suites of slides within each cycle. 

Photomicrographs were taken to illustrate depositional environments, 

biofacies, and diagenetic events. 

Paleozoic Regional Geologic History 

Prior to Pennsylvanian time shallow epicontinental seas 

occupied the area of West Texas and southeastern New Mexico (Galley, 

1958). The primary tectonic feature was a wide, shallow sag, 

called the Tobasa Basin, located between the Diablo Arch to the 

west, Texas Arch to the north and east, and the Marathon Folded 

Belt to the south. 

Adams (1965) offers the following summary of the tectonic 

history of the Permian Basin. Development of this basin continued 

until late in the Mississippian when uplifting of median ridges 

began. Formation of the Central Basin Platform along the axis of 

the Tobosa split the basin into two parts, the Delaware and Midland 

Basins (Fig. 1). In Pennsylvanian time rapid subsidence trans

formed the Delaware and Midland basins into deep-sea basins. 

Carbonates and elastics were deposited on surrounding shelves and 

platforms following a major marine transgression. 

The structural configuration of the Permian Basin which formed 

in Wolfcampian time persisted through the remainder of the Permian 

Period with little modification. Positive areas, consisting of 

shelves and platforms (Fig. 1) which had been uplifted, subsequently 

became sites of shallow water sedimentation. Deep marine sediments 

were deposited in negative (basinal) areas (Fig. 1). 

King (1942) inferred that relief along shelf and platform 

margins was caused by depositional topography, but the locations 

were tectonically controlled. Basins during the Permian record 

continuous subsidence and accumulation of thick deposits (Adams, 

1965). Conversely the shelves record complex glacial-eustatic 

changes as evidenced by periodic flooding and emergence of the 

shelves (Meissner, 1969; Jacka and Franco, 1974). 

Wolfcampian sediments were deposited in rapidly subsiding 



basins and on adjacent shelf areas. By the beginning of Leonardian 

Time basinal subsidence decreased and basinward migration of shelf-

edge carbonates had begun. During the Guadalupian the Midland 

Basin was filled by sediments and blockage of the Sheffield 

Channel created back-reef lagoonal conditions within the former 

basin limits (Jones, 1953). Gradual withdrawal of the seas 

occurred late in Permian time (Hills, 1963). At the end of the 

Permian the former Permian Basin was a low lying plain with gentle 

slopes (Hills, 1963). 

Local Permian Stratigraphy 

In the study area upper Wichita Group formations, the Clear 

Fork Group and the San Angelo or Glorieta sandstones constitute the 

Leonardian series (Jones, 1953). 

Lower Leonardian formations constitute the upper portion of 

the Wichita Group (Fig. 3). In outcrop on the Eastern Shelf these 

formations are composed of greenish and gray shales grading west

ward into dolostones along the shelf margin (Jones, 1953). In the 

Midland Basin the Sprayberry Sandstone can be correlated with the 

Wichita shelf formations (Jones, 1953). 

The remaining Leonardian is divided into the Clear Fork Group 

and San Angelo or Glorieta Sandstones (Fig. 3). In outcrop on the 

Eastern Shelf the Clear Fork Group (in ascending order) is divided 

into Arroyo, Vale, and Choza formations (Jones, 1953). These 

formations include a sequence of redbeds and evaporites with thin 

interbeds of dolostone (Jones, 1953). Shelfward from the outcrops 

dolostone content increases progressively, and the outer shelf 

margin is comprised almost wholly of dolostone (King, 1942). 

Correlations of outcrop subdivisions are not recognized along the 

shelf margins. 

On the Central Basin Platform and on the Eastern Shelf margin 

the Clear Fork Group is separated into upper and lower parts by the 

Tubb Sand (Fig. 3). Silver and Todd (1969) divided the Clear Fork 



on the Northern Shelf into upper, middle, and lower parts with the 

Tubb separating the lower and middle. 

Clear Fork shelf margin facies are tannish brown to gray 

fossiliferous dolostones containing anhydrite and thin partings 

of shale (Jones, 1949). Oolitic grainstones and fusulines are 

common on the shelves and platforms (Jones, 1953). A series of 

sandy zones occur in the Clear Fork, the most prominent being the 

"Tubb" Sand. The name Tubb was derived from the Sand Hills field 

in Crane County. The Tubb consists of approximately 100 feet of 

gray silty sands and sandy dolostones, and is easy to distinguish on 

logs. 

The Clear Fork Group in the Midland Basin is undivided and is 

composed of dark shaly limestone and dark shale (Jones, 1953). 

Basinward progradation of shelf carbonate facies occurred during 

Leonardian Time, and the shelf margin lies in the northwestern 

corner of Mitchell County. 

Both Clear Fork boundaries are gradational contacts and are 

difficult to distinguish on the shelves. The basal contact grades 

from the Wichita Group shelf dolostones into Clear Fork dolostones, 

and the Clear Fork grades upward into tan dolostones of the over

lying San Angelo. The San Angelo in outcrop is composed of sand

stone with quartz and chert pebbles which grades laterally into 

sandy dolostone and dolostone. 

Overlying the San Angelo on the Eastern Shelf is the Blaine 

Formation. Here the Blaine is thicker than at its type locality 

in Oklahoma, but it is composed of a similar sequence of redbeds, 

gypsum, and dolomitic limestones (King, 1942). The Blaine is 

placed in the Leonardian Series by McKee and others (1967). 

Eastern Shelf Guadalupian sediments are dominantly red shales and 

sandstones with minor anhydrite, gypsum and dolomite (King, 1942). 

These sediments form the Whitehorse Group which is basically 

undivided (Jones, 1953). 



CHAPTER II 

DEPOSITIONAL ENVIRONMENTS 

Lower Clear Fork carbonates were deposited in a warm, shallow 

sea. Depositional structures and textures suggest carbonate 

formation occurred within supratidal, intertidal and subtidal 

environments. Shelf deposits contain well developed cycles 

consisting of supratidal, intertidal and subtidal deposits, which 

record seaward progradation and eustatic sea level fluctuations. 

Reworked supratidal-intertidal lithoclasts contained within over

lying subtidal mudstones are evidence of periodic eustatic 

transgressions. Supratidal sediments are deposited above the mean 

high tide level, and are only infrequently wetted by periodic 

storms and abnormal tides. The intertidal environment occurs 

within the tidal range and subtidal sediments are deposited below 

the low tide level. Subtidal sediments are not exposed during 

normal tidal fluctuations. 

Original shelf and slope lithofacies consisted predominantly 

of aragonite lime mud deposited in an environmental spectrum 

similar to that of the present day Persian Gulf. Mineralogically 

stabilized, diagenetically altered shelf lithofacies are composed 

of dolostone and anhydrite. Slope lithofacies record increasing 

calcite content with depth and distance from the shelf margin. 

Supratidal Environment 

Lower Clear Fork supratidal sediments contain features which 

are similar to both recent and ancient supratidal environments. 

Macroscopically, the predominant sedimentary features are 

fossilized blue-green algal mats, composed of irregularly laminated, 

and desiccated grainstones, packstones, and wackestones (Figs. 13 

and 14). Common desiccation features are mud cracks, flat pebble 

conglomerates (eroded mud polygons), and fenestral cavities. 

Shinn (1968) described fenestral cavities (birdseye vugs) as 
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supratidal-intertidal indicators. Solution residue stringers 

are abundantly represented and separate clasts of supratidal 

sediments. A sharp contact with overlying sediments occurs and 

reworked supratidal lithoclasts are contained within overlying 

subtidally deposited sediments. 

Allochems found in supratidal sediments include intraclasts, 

pisoliths, grapestones, micritized pelletoidal grains, and an 

occasional bioclast. Except for intraclasts all allochems were 

transported to the supratidal zone from adjacent intertidal and 

subtidal environments. Most grains are bound by thrombolitic 

algal fabrics suggestive of blue-green algae. Grains were trapped 

by muscilaginous surfaces, entwined by algal filaments, and 

micritized in place. Birdseye vugs are commonly floored with vadose 

internal sediment. Silt sized, highly angular quartz grains are 

included within supratidal sediments. 

In outcrops of the Clear Fork Group to the east of the study 

area evaporite-bearing sabkha deposits occur. Sabkha facies did 

not prograde as far westward as the area encompassed in this study. 

In the study area supratidal deposits represent parts of an 

extensive algal flat complex that were built slightly above sea 

level. It is possible that they were formed during relatively lower 

or intermediate stands of sea level when climates were not arid 

enough for sabkhas to form. 

Lucia (1972) described diagnostic features for upper Clear 

Fork supratidal sediments on the Central Basin Platform. These 

features consist of: (1) irregular laminations; (2) birdseye vugs 

(fenestral cavities), which may be floored by internal vadose 

sediment; (3) mud cracks; (4) lithoclasts (eroded mud polygons); 

(5) quartz silt; (6) a sharp contact with overlying subtidal 

sediments; and (7) reworked supratidal lithoclasts contained 

within overlying subtidal sediments. 

Intertidal Environment 

Lower Clear Fork intertidal sediments were deposited within 



the Permian tidal range. Maximum thickness of these sediments is 

approximately 2 feet, and most intertidal zones are only approxi

mately 1 foot thick. Thicknesses of lower Clear Fork intertidal 

carbonates suggest tidal fluctuations during the Leonardian were 

less than 2 feet. 

Intertidal sediments within the lower Clear Fork contain 

features which are similar to modern and ancient environments. 

Intertidal sediments consist of mudstones, wackestones, and 

packstones. Peloids, gastropods, ostracods, algal calcispheres, 

and bivalves represent the predominant allochems in intertidal 

facies. Algal stromatolites are generally flat and laminar in 

appearance (Fig. 16). Laterally linked hemispheres (Fig. 20) 

(Logan and others, 1964; Logan and others, 1974) were found in one 

cored interval. Both domichnial and fodinichnial burrows occur in 

intertidal deposits (Seilacher, 1964). Domichnial burrows disrupt 

stromatolites (Fig. 17) within one core interval. Irregular 

fractures, birdseye vugs, and vadose internal sediment flooring 

cavities are also contained in intertidal sediments. Several 

intertidal intervals are overlain by subtidal mudstones. Reworked 

lithoclasts of intertidal sediments are contained in the overlying 

subtidal sediments. 

Lucia (1972) indicated that mudstones, wackestones and pack

stones constitute the predominant lithofacies in upper Clear Fork 

intertidal deposits. These intertidal deposits also contain 

stromatolites, discontinuous fractures, burrows and the following 

allochems: peloids, ostracods, bivalves, gastropods, foraminifera 

and quartz grains. 

Subtidal Environments and Facies 

Lower Clear Fork subtidal sediments exhibit facies patterns 

which are controlled by relative location within the depositional 

environment. The subtidal realm consists of two depositional 

environments and eight lithofacies. The environments represent 



10 

deposition of carbonate on the shelf and slope below the shelf 

margin. Seaward from its inner margin the shelf environment is 

divided into: (1) mudstone lithofacies, (2) wackestone lithofacies, 

(3) packstone lithofacies, (4) oolitic grainstone lithofacies, and 

(5) biograinstone lithofacies. The slope environment, seaward from 

the shelf margin, is composed of: (1) grainstone lithofacies, 

(2) packstone lithofacies, and (3) wackestone lithofacies. 

According to Lucia (1972) shelf carbonates from the upper 

Clear Fork consist of the following lithofacies, occurring seaward 

from the inner shelf area: (1) mudstones, (2) wackestones, (3) 

packstones, and (4) grainstones (outer shelf area). 

Shelf Environment 

The shelf environment may be subdivided into a protected 

lagoon, in which mudstones and wackestones were deposited, and a 

high energy shelf margin, characterized by deposition of packstones, 

oolitic grainstones, and biograinstones. 

Mudstones (Fig. 25) are formed in protected, quiet waters and 

contain few allochems. Peloids, intraclasts, and bivalves are the 

main allochems. Angular quartz silt grains are common in lagoon 

mudstones. Reworked intraclasts from supratidal and intertidal 

sediments are found in overlying subtidal mudstones. Domichnial and 

fodinichnial burrows are abundantly represented and most lagoon 

muds have been intensively bioturbated. The mudstone facies lies 

adjacent to the inner shelf intertidal-supratidal complex. 

Wackestones (Fig. 31) of the lagoon formed in less protected 

environments than mudstones and contain a more diverse fauna. 

Faunal elements are composed of crinoid fragments, bryozoans, 

bivalves, gastropods (Fig. 26), ostracods, peloids (Fig. 31), 

forams, dasycladacean algae (Mizzia), algal coated grains, and 

intraclasts. Some of these allochems may have been transported 

from the outer shelf by storm tides. 

High energy shelf margin sediments are packstones and grain

stones. Allochems are diverse and commonly well sorted. Micriti-

zation of allochems is common in these lithofacies. 
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Packstones formed in a high energy environment but are 

incompletely winnowed. Packstone allochems consist of ostracods, 

gastropods, foraminifera, bryozoans, bivalves, peloids, crinozoans, 

dasycladacean algae, and intraclasts. 

Oolitic grainstones represent high energy, shallow, outer shelf 

sediments. Ooids are uniform in size (Fig. 42). Ooids were 

partially micritized prior to dolomitization and most of the 

concentric internal fabrics have been destroyed. 

Biograinstones contain algal coated grains, algal grains 

(Tubiphytes and Mizzia), foraminiferal-coated grains, fusulines, 

ostracods, and gastropods. Fusulines are coated by dark, thick, 

micritic coatings formed by algae and encrusting foraminifera 

(Fig. 28). Growth of this encrustation prevented micritization of 

the fusulines. Wall structure of unmicritized fusulines was 

identified as schwagerinid. One type of algal grain was identified 

as a dasycladacean alga of the genus Mizzia. Klement (1975) 

described algae of this genus as reef-flat to back reef indicators. 

Slope Environment 

The slope environment from the shelf margin outward consists 

of grainstones, packstones, and wackestones. Allochems are 

abundant, but many grains were micritized preventing identification. 

Molds of dissolved aragonitic bioclasts are common. 

Slope grainstones are composed predominantly of monocrystalline 

crinoid fragments (Fig. 29). Bryozoans, and micritized bioclasts 

are minor components of grainstones. Grainstones may represent 

bioclastic debris deposited during storms. 

Packstones are rich in allochems and bioclast molds. Allochems 

consist of crinozoans, dasyclad algae, bivalves, bryozoans, 

fusulines and other forams, peloids, and unidentifiable micritized 

bioclasts. It is inferred that packstones formed in slightly 

deeper water below grainstones. 

Slope wackestones contain numerous allochems, and molds of 

aragonitic bioclasts. Crinozoan components, ostracods, bivalves. 
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fusulines and other forams, bryozoans, intraclasts, and peloids are 

abundantly recorded as allochems. Crinozoan components represent the 

most abundant allochem within all lithofacies of the slope 

environment. 

Comparisons of Clear Fork Carbonates with Modern Counterparts 

Persian Gulf carbonate sediments contain distinctive geo-

morphically related facies belts (Kinsman, 1969; Kendall and Skipwith, 

1969b; Bathurst, 1975). The facies spectrum (from the sabkha to the 

gulf) consists of: (1) sabkha, (2) intertidal flats, (3) lagoon 

composed predominantly of aragonite lime muds and scattered 

allochems, (4) high energy shoal composed of oolite tidal deltas and 

coral reefs, and (5) a slope composed of bioclasts and aragonitic 

lime muds (Bathurst, 1975). Rapid infilling of the lagoon is 

occurring by lateral accretion of sediments around the lagoon 

margin. Shoreline regression rates of 1-2 meters per year has been 

common for the last 5000 years (Kinsman, 1969). Facies patterns 

are not only expressed laterally but also vertically within buried 

sediments. 

Lower Clear Fork facies patterns are similar to the Persian 

Gulf. Seaward from the supratidal environment the facies correspond 

to the Persian Gulf model with only minor variations. The Persian 

Gulf along its axis is only 90 meters deep (Bathurst, 1975). The 

Midland Basin was much deeper and the shelf slope more extensively 

developed than its Persian Gulf analog. 

Lower Clear Fork supratidal sediments of the study area lack 

anhydrite nodules and nodular mosaics which are characteristic of 

the Trucial Coast sabkha (Kinsman, 1966). Sabkha facies do occur 

to the east of the study area, but the western most extent of 

evaporite facies in the subsurface has not been established. As 

previously indicated, lower Clear Fork supratidal facies represent 

portions of an algal flat complex that were built slightly above 

sea level or were formed during low stands of sea level. 

Intertidal sediments from the lower Clear Fork contain many 
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sedimentary features which are comparable to modern intertidal 

environments. Intertidal stromatolites described from various 

locations (Logan and others, 1964; Logan and others, 1974; Illing 

and others, 1965) are similar to Clear Fork stromatolites. Laterally 

linked hemispheres suggest partial lithification of some lower 

Clear Fork stromatolites occurred before burial. Burial before 

lithification tends to flatten stromatolite morphologic structures 

(Kendall and Skipwith, 1968). 

Clear Fork shelf mudstones and wackestones were formed in an 

environment corresponding to Persian Gulf lagoons. Aragonite lime 

muds formed the bulk of lagoonal sediments. Most bioclasts 

correspond to lagoon niche dwellers of the Persian Gulf. 

Shelf high energy sediments are representative of a shoal 

environment consisting of oolitic grainstones and a crinoid, 

bryozoan, and calcareous algal bank. Ooids may have formed immedi

ately behind a bank or as a shelf margin shoal. It is inferred that 

the bank was not wave resistant or bound sufficiently enough to be 

described as a reef. Crinoids, bryozoans, and calcareous algae 

were predominant builders of the banks. Silver and Todd (1969) 

described the Leonardian shelf margin as a distinctively bedded, 

non-wave resistant, skeletal buildup. 

Slope deposits are composed of shelf margin skeletal debris 

deposited during storms. Crinoids and other niche dwellers became 

disarticulated after death and were easily transported down the 

slope. Grainstones and packstones were deposited close to the 

shelf margin in relatively shallow water. Wackestones formed in 

deeper less turbulent water. Aragonite lime muds, transported from 

the lagoon, combined with skeletal debris to form packstones and 

wackestones on the slope. Neumann and Land (1975) calculated, from 

data collected in the Bight of Abaco, Bahamas, that calcareous 

algae produced more than twice the volume of lime mud deposited 

each year in the lagoon. From this data they concluded the 

excess could contribute to the lateral accretion on the flanks of 

the platforms. 



CHAPTER III 

DOLOMITIZATION MECHANISMS 

The process of dolomitization is generally not well understood, 

and is the source of much speculation and controversy in the 

geologic literature. However most geologists agree on the need for 

a hypersaline brine with an elevated Mg:Ca ratio (above that of 

sea water) for dolomitization to take place (Friedman and 

Sanders, 1967; Newell and others, 1953; Adams and Rhodes, 1960; 

Illing and others, 1965; Hsu and Siegenthaler, 1969; and Jacka and 

Franco, 1975). 

Dolomite originally was believed to replace calcite neomor-

phically with the resultant porosity due to dissolution of remnant 

calcite (Murray, 1960). Recent carbonates consist of the unstable 

polymorphs aragonite and high magnesian calcite, while ancient 

carbonates consist wholly of the stable polymorphs calcite and 

dolomite (Bathurst, 1975). Recent petrographic studies have shown 

dolomite replacement of calcite is a paramorphic change which 

preserves the original calcite microstructure (Jacka, 1975). 

However rhombic dolostone textures are developed when dolomite 

replaces aragonite neomorphically (Jacka, 1975). 

X-ray diffraction techniques have assisted in the discovery 

of recent dolomites. Penecontemporaneous supratidal dolomites have 

been described from the Persian Gulf (Wells, 1962; Illing and others, 

1965; Kinsman, 1966, 1969; Butler, 1969; and Kendall and Skipwith, 

1969): on Bonaire Island, Netherlands Antilles (Deffeyes and 

others, 1965): on Andros Island, Bahamas (Shinn and others, 1965): 

and on Sugarloaf Key, Florida (Atwood and Bubb, 1970). 

Wells (1962) first reported the existence of dolomite within 

recent carbonates of the Qatar Peninsula, Persian Gulf. Later 

several hundred miles away along the Trucial Coast dolomite was 

found in a similar environment by Curtis and others (1963). This 

14 
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environment consists of a supratidal surface (sabkha) infrequently 

wetted by abnormal tides and storms. Dolomitization in this 

environment is intimately associated with precipitation of gypsum 

within aragonitic sediments. 

Supratidal dolostones consist of thin surficial layers. 

Kinsman (1966) showed dolomitization increased inland until 7 miles 

from the lagoon the upper 2 to 3 feet of sediment was almost 

completely dolomitized. Below this layer dolomite content decreased 

rapidly. At 4 feet below the surface, sediments contained only 

50 percent dolomite. 

Radiocarbon dates from dolomitized sediments give ages of 

less than 4000 years before present (Illing and others, 1965). This 

reflects the penecontemporaneous nature of the dolomitized 

sediments. 

Interstitial brines have provided the key to understanding 

dolomitization of sabkha sediments. Pore fluids are recharged by 

surface flooding of saline marine waters during storms. Evaporation 

concentrates the salinities of pore fluids. Butler (1969) was 

able to show a direct relation between salinity of interstitial 

brines and frequency of flooding by storms. He divided the sabkha 

into 5 zones on the basis of tidal and storm flooding periodicity. 

Salinity of pore fluids increased from the lagoon inland, reaching 

a maximum of 170°/oo within the fourth zone. Decreasing salinity 

inland from that point is due to influx of terrestrial waters. 

Butler (1969) reported Mg/Ca ratios of up to 35/1 and found 

the ratios were directly related to interstitial precipitation of 

gypsum. High Mg/Ca ratios of 10/1 in the intermediate flood 

recharge reflects precipitation of carbonate and sulfate minerals 

(Butler, 1969). Precipitation of gypsum raises the Mg/Ca ratio 

causing dolomitization of aragonitic sediments. Decreases in the 

ratio landward to 3 or 4 directly relates to dolomitization. 

Stabilization of the Mg/Ca ratio at 3 or 4 reflects continued 

sulfate precipitation as Ca ions liberated by dolomitization 

would rapidly reverse the ratio and stop the dolomitization process 
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(Kinsman, 1966). 

Supratidal dolomitization results in production only of thin 

layers of dolostone. Dolomitization of underlying sediments would 

require reflux of sabkha brines in large quantities (Kinsman, 1966). 

Brine formation is directly controlled by recharge and evaporation. 

These limiting factors appear to prevent extensive subtidal 

dolomitization in the Persian Gulf. 

Hsu and Siegenthaler (1969) proposed a hydrodynamic movement 

of seawater, induced by evaporation, would replace evaporative 

losses in a supratidal environment. The process called "evaporative 

pumping" concentrates saline solutions along supratidal surfaces. 

Experiments they performed showed saline solutions from lagoon-like 

basins would be drawn into supratidal sediments by evaporation. 

Diurnal changes (light and dark), which were simulated by controlling 

presence or absence of illumination from a light source, may have a 

controlling effect. Evaporative pumping occurred only under 

illumination from the light source. From these experiments they 

hypothesized that sea water would replace pore fluids lost by 

evaporation. The main result being an evaporative crust in a 

supratidal environment. Whether or not an evaporative pumping 

mechanism could explain wholesale dolomitization of intertidal-

subtidal facies remains to be determined. 

Newell and others (1953) first postulated brines formed in 

restricted lagoons, enriched in Mg and SO, would discharge 

through shelf carbonates intensively dolomitizing them. Adams and 

Rhodes (1960) named this process "seepage refluxion." They 

described lagoonal dolostones and evaporites as evidence for 

hypersaline lagoons during Permian time. 

The fact that seepage refluxion model requires the existence 

of barrier reefs and hypersaline lagoons led Jacka and Franco 

(1975) to reject it. Studies of Guadalupian sediments showed the 

reefs were broken by numerous surge channels and large submarine 

canyons (Jacka and Franco, 1975). Open access to marine waters 

precludes formation of hypersaline lagoons. Permian shelf 
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evaporites were formed in coastal and continental sabkha environ

ments or as diagenetic replacements of metastable carbonates, and 

not as primary sediments within saline lagoons (Jacka and Franco, 

1975). 

In a study of the Pekelmeer lake, Bonaire Island, Deffeyes and 

others (1965) proposed dolomitization would occur by seepage 

refluxion from hypersaline lakes in a supratidal environment. 

Seepage of marine waters through porous sediments would replace 

water lost to evaporation. Heavy brines would reflux by displace

ment of interstitial fluids, dolomitizing the sediments. 

Bore hole data through Pekelmeer sediments discredits this 

model (Lucia, 1968). Lucia found carbonate sediments beneath the 

Pekelmeer lake contained no dolomite. Interstitial fluids were 

analyzed and consist basically of normal marine waters. Murray 

(1969) found reflux of waters from the Pekelmeer lake occurred only 

during two or three weeks of the summer. He also suggested that 

permiable channels beneath the lake localized the reflux of brines. 

Bore hole data and hydrodynamic studies have eliminated 

seepage refluxion from Pekelmeer type lakes as a viable mechanism 

of dolomitization. 

Dolomitization caused by mixing of sea water with fresh water 

was first proposed by Hanshaw and others (1971). The system they 

visualized consists of a fresh water lens underlain by seawater. 

Mixing of the two fluids would dolomitize sediments in the zone 

of mixing. Magnesium ions would be provided by the sea water. 

Badziomani (1973) applied this mechanism to the Middle Ordovician 

of Wisconsin and termed it the "Dorag Dolomitization Model." Land 

(1973a, 1973b) inferred this mechanism to explain dolomitization 

of Pleistocene Jamaican reefs. 

Steinen (1974) analyzed bore hole data which penetrated a 

fresh water lens on the island of Barbados. Unstable carbonates 

had been rapidly stabilized to calcite in the fresh water phreatic 

environment. The marine phreatic zone was characterized by original 

unstable carbonate mineralogy. No dolomite was found within the 
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cored intervals. Steinen's data cast some doubt on the efficacy 

of the dorag model. 

Hydrodynamic reflux of brines originating in evaporite bearing, 

clastic, coastal-continental sabkhas was postulated as a mechanism 

for dolomitization by Jacka and Franco (1975). Saline brines may 

have formed from original fresh water, whose density and salinity 

was steadily increased as it moved laterally through continental 

sabkha sediments. Upon entering the relatively narrow band of 

Middle Permian shelf carbonates, the brine would intensively 

dolomitized them, regardless of facies. 

Concentrating Mg within fresh water would require extensive 

sources of readily leachable magnesium rich minerals or precipita

tion of calcium sulfates. Kinsman (1969) in a study of Laguna Ojo 

de Liebre, Baja California, found the lack of dolomitization in a 

clastic host caused original marine waters to be enriched in Mg , 

and depleted in Ca by gypsum precipitation. After all the 

calcium ions had been removed through precipitation of gypsum, the 

brine retained 60 to 70 percent of the original sulfate (Kinsman, 

1969). Kinsman also found that brine concentrations became great 

enough to precipitate polyhalite within the clastic host. Marine 

water contains a large amount of magnesium in solution, when 

concentrated by evaporation, seawater should provide an excellent 

fluid medium for dolomitization. 

Of the models investigated one is considered to be valid in 

explaining dolomitization. The supratidal-sabkha constitutes an 

adequate explanation for the supratidal dolomitization of this 

study. Hydrodynamic discharge of dense, hypersaline brines from a 

clastic continental sabkha into adjacent shelf carbonates or 

evaporative pumping may represent possible mechanisms for intensive 

dolomitization of Permian intertidal and subtidal facies; however 

neither of these mechanisms have been confirmed. 



CHAPTER IV 

DIAGENESIS OF LOWER CLEAR FORK CARBONATES 

Lower Clear Fork carbonates were originally deposited as 

predominantly aragonitic lime muds and allochems, high magnesium 

calcite skeletal material, and low magnesium calcite bioclasts. 

Aragonite allochems are ooids, peloids, gastropods, pelecypods, and 

dasycladacean algae. Fusulines, bryozoa, ostracods, and crinozoans 

were composed of high magnesium calcite. Brachiopods and some 

pelecypods consisted of low magnesium calcite. 

Early Diagenesis in the Marine Environment 

Micritized and micrite coated allochems were formed early in 

the diagnetic history of lower Clear Fork carbonates. Recent 

micritized and micrite coated grains have been reported from 

various locations (Ginsburg, 1957; Bathurst, 1966; Kendall and 

Skipwith, 1969). 

Bathurst (1966) described grains bored by green endolithic 

algae from the Gulf of Batabano. Endolithic algae living just 

below the sediment surface bore into grain surfaces. Vacated 

bores are filled by micritic aragonite. Boring of grains proceeds 

until an outer layer of micrite is formed. Bathurst (1966) called 

this process "micritization." 

Kendall and Skipwith (1969) described boring by blue-green 

algae along the Abu Dhabi coast. Skeletal grains were bored 

repeatedly by algae and borings filled by aragonite. Alteration of 

grains is controlled by photosynthesis of boring algae. Small 

shells such as foraminifera and calcareous algae, and thin shelled 

invertebrates such as cryptostomeus bryozoans are particularly 

susceptible to micritization, and are commonly completely 

micritized. Thick-walled and coarsely crystalline shells are less 

susceptible. Micritization of these shells is confined to the 

outer surface producing an envelope of micrite. 

19 
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Two types of nonmatrix micrite occur in lower Clear Fork 

carbonates, a coating which covers the surface of carbonate grains, 

formed by algae or precipitated as submarine cement, and micritiza

tion of shell material. In many instances encrusting algae and 

foraminifera coated fusulines and other skeletal grains secreting 

a dark, dense, micritic carbonate coating (Fig. 28). The second 

type is the micritization process described by Bathurst (1966). 

Allochems were bored by algae and bores filled by micrite. 

Micritization of allochems makes them less susceptible to all 

types of replacement, although micritized allochems are commonly 

coarsely dolomitized (Fig. 30). Dolomitized micrite envelopes 

around ooids are more resistant to replacement by anhydrite than 

unmicritized ooid centers (Fig. 42). 

Encrustations on fusulines prevented micritization and shell 

walls retained their structure (Fig. 28). Micritized fusulines 

are neomorphically dolomitized (Fig. 30). 

Early Subaerial Exposure 

Jacka and Franco (1975) described the following features as 

evidence for early subaerial exposure in a fresh water environment: 

(1) solution vugs and channels, (2) laminar micritic ("dripstone") 

and microstalactitic (gravitational) cements, (3) drusy, 

scalenohedral calcite cement, and (4) deposition of layered internal 

sediment in secondary solution cavities. 

Lower Clear Fork carbonates exhibit the following evidence for 

subaerial exposure: (1) solution channels within supratidal 

sediments, completely filled by micritic carbonate, (2) vugs filled 

by drusy scalenohedral calcite cement which became paramorphically 

replaced by dolomite, and (3) internal sediment filling birdseye 

vugs and solution channels. 

Lower Clear Fork solution channels were formed only in supra

tidal sediments and represent slightly enlarged fenestral cavities. 

Supratidal hardcrusts commonly became broken to form clasts and 

were undercut by erosion. 
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Drusy scalenohedral calcite cements commonly were precipitated 

in vugs rimmed by rhombic dolomite cement crystals. Precipitation 

of the dogtooth spar occurred after partial dolomitization. Influx 

of fresh water due to a period of increased rainfall, caused 

precipitation of the calcite. Immediately after precipitation of 

calcite the vugs were again subjected to magnesium-rich dolomitizing 

fluids and calcite cements were paramorphically dolomitized. 

Internal sediment filling both solution channels and birdseye 

vugs generally shows no evidence of layering. Birdseye vugs may 

be filled by infiltered sediment which is common in intertidal and 

supratidal zones. Internal sediment filling solution channels is 

uniformly fine micritic carbonate. Lithoclasts of supratidal 

sediments are included within internal sediment and have the same 

appearance as surrounding supratidal sediments. The fact that 

internal sediments are neomorphically dolomitized suggests that 

they did not stabilize in a fresh water diagenetic environment. 

Gavish and Friedman (1969) found high magnesium calcite was 

stabilized completely in 10,000 years, and aragonite in 100,000 

years in a fresh water environment. 

Solution channels and precipitation of scalenohedral calcite 

cement are manifestations of fresh water diagenesis. Neomorphic 

dolomitization, presence of supratidal lithoclasts, precipitation 

of dolomite cements in birdseye vugs, and lack of layering within 

internal sediment suggest marine vadose diagenesis. Lack of 

layering within internal sediment suggests formation occurred 

rapidly and in one episode. 

Dolomitization 

While lower Clear Fork carbonates were still composed of 

unstable minerals, magnesium rich saline (probably marine) ground 

waters saturated the sediments. Replacement of the aragonite lime 

mud occurred by dissolution of aragonite and spontaneous nucleation 

and precipitation of dolomite. Dolomitization of unstable aragonite 

is a neomorphic process with the accompanying development of 
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extensive secondary intercrystalline porosity (Jacka, 1974). 

Jacka (1974) has shown that when calcite or magnesium calcite 

becomes dolomitized original textures and fabrics are preserved 

and such dolomite is paramorphic. Most dolostones within lower 

Clear Fork carbonates record neomorphic replacement of aragonite 

(Fig. 25). Paramorphic dolomite occurs only as a replacement of 

original calcitic allochems and scalenohedral calcite cement. 

Bryozoans, crinozoans, fusulines, and brachiopods originally were 

composed of calcite or high magnesium calcite. Replacement of 

calcite by dolomite has preserved the microstructure of the 

original shell walls (Fig. 29). Figure 29 shows an example of 

preservation of monocrystalline crinozoan components after 

dolomitization. 

Dolomitization of unstable carbonates follows a definite 

replacement order, with the most unstable carbonate being replaced 

first. The order of dolomitization of sabkha sediments on the 

Qatar Peninsula is: (1) aragonite lime mud and (2) aragonite 

peloids (Illing and others, 1965). Schmidt (1965) described 

preferential replacement of the aragonite muds followed by aragon

itic allochems and finally calcitic bioclasts. He also recognized 

dissolution of many aragonitic allochems. Land (1967) described 

the same replacement order for dolomitization as Schmidt. 

Lower Clear Fork carbonate materials were dolomitized in the 

following order: (1) aragonite lime mud, (2) crystalline aragonite 

ooids, (3) peloids, and (4) calcitic allochems and cements (Fig. 

36). Aragonite bioclasts underwent dissolution during the dolomiti

zation process (Figs. 26 and 34). Preservation of aragonitic 

bioclasts occurred only where they were micritized and later 

neomorphically dolomitized. Continued dolomitization resulted in 

formation of drusy dolomite cements in primary and secondary voids 

(Fig. 35). Epitaxial dolomite overgrowths (Fig. 47) formed on 

matrix dolomite rhombs and rhombic cements. Epitaxial cement on 

matrix dolomite altered the original fabric from idiotopic to 

hypidiotopic. 



23 

Intertidal and subtidal facies within the lower Clear Fork 

were dolomitized by a different process than that which formed 

supratidal dolostones. Supratidal dolomitization occurred penecon-

temporaneously with deposition. Interstitial fluids which were 

concentrated by evaporation and enriched in magnesium, dolomitized 

supratidal sediments. High magnesium concentrations caused 

spontaneous nucleation of dolomite crystals within unstable carbon

ates. Growth of dolomite crystals continued until adjacent dolomite 

crystals prevented further expansion (Skoog and West, 1974). Later 

epitaxial cement reduced intercrystalline pore size and limited 

permeability. Lower Clear Fork supratidal sediments are finely 

dolomitized; rhombic crystals range in size from 1 to 8 microns and 

average 2 to 4 microns. 

Intertidal sediments are finely dolomitized, crystal sizes 

range from 2 to 16 microns and average 8 to 10 microns. Subtidal 

sediments contain a wide range of dolomite crystal sizes which are 

facies related. Mudstones contain crystals ranging in size from 2 

to 80 microns, but average 20 to 24 microns. Lagoonal wackestones 

are composed of rhombs ranging in size from 4 to 100 microns, and 

average 32 to 36 microns. Dolomite rhombs in packstones of the 

shelf margin are from 2 to 48 microns and average 24 microns. Ooids 

were coarsely dolomitized; crystals within ooids range from 8 to 

190 microns and average 80 microns. Slope sediments are coarsely 

dolomitized; crystals range in size from 4 to 200 microns and 

average 80 microns. 

In shelf facies crystal sizes generally increase toward the 

basin. This relationship suggests progressive changes in diagenetic 

fluids. Dolomitizing fluids would progressively lose magnesium ions 

during dolomitization. Folk and Land (1975) described the relation

ship of increasing crystal size being controlled by a respective 

decrease in Mg concentration in fluids. High Mg/Ca ratios would 

form more closely spaced dolomite nuclei, and closely spaced nuclei 

would inhibit growth of large dolomite crystals (Skoog and West, 

1974). Decreasing concentrations would allow for fewer and more 
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widely spaced spontaneous nucleation sites. Dolomite rhombic 

crystals could grow to larger sizes before encountering other 

dolomite crystals. The Mg/Ca ratio would decrease with continued 

dolomitization until calcitization might begin. Calcitization 

should occur at a point some distance from the supratidal-intertidal 

complex. 

Data obtained by x-ray powder diffraction from cuttings samples 

confirms the presence of calcite within lower Clear Fork sediments 

on the slope. Calcite was found in the cuttings of the Maguire #1 

E.E. Erwin. Calcite content of the cuttings increases with depth. 

Dolomite is the only carbonate phase present within the first 100 

feet of cuttings. Below this calcite content increases until 

dolomite is only a minor constituent. 

The following evidence suggests that dolomitization of inter

tidal and subtidal carbonates of the lower Clear Fork required 

predominantly lateral and downward discharge of dolomitizing fluids 

which originated in the adjacent coastal plain: (1) within lower 

Clear Fork dolostones crystal size increases distally (seaward); 

(2) shelf dolostones grade laterally into dolomitic limestones 

and limestones within slope facies. Whether dolomitizing fluids 

originally consisted of hypersaline or brackish waters (mixing of 

fresh water and seawater) could not be determined from this study. 

Sulfate Development 

Dolomitization processes liberate calcium ions. Saline ground 

waters, which saturated carbonate sediments, contained sufficient 

sulfate ions to remove most of the calcium supplied by dolomitization. 

Kinsman (1966) showed sulfate precipitation in a clastic host would 

remove all available calcium from the ground water. After the 

calcium was removed, the ground water still contained 60 to 70 

percent of its original sulfate concentration. Eastern shelf ground 

waters may have been greatly enriched with sulfate ions by dissolu

tion of sulfate from continental sabkha sediments. 
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Anhydrite in the lower Clear Fork is composed of two distinct 

crystal morphologies: (1) sparry anhydrite consists of blocky 

crystals with rectangular outlines, and (2) felted lath fabric 

consists of intermeshed elongated crystals. Lower Clear Fork 

anhydrite was predominantly emplaced by replacement of carbonate 

and exhibits the following modes of occurrence: (1) isolated 

nodules of anhydrite with felted lath crystal fabric have replaced 

intertidally and subtidally deposited carbonates; (2) in some 

intervals massive replacement of dolomite by anhydrite has occurred; 

(3) both felted lath and sparry anhydrite, which was initially 

precipitated within voids, has subsequently replaced areas around 

the original void boundaries; (4) in many oolitic grainstones sparry 

anhydrite has poikilotopically enclosed and partially replaced 

dolomitized ooids. 

Kinsman (1966) and Murray (1964) described felted lath 

anhydrite nodules. They believed these nodules occurred by dis-

placive growth within supratidal sediments. Kinsman (1969) 

presented data on the replacement of gypsum by anhydrite, forming 

ovoid nodules, in the Trucial Coast sabkha. He further stated 

there was little evidence for gypsum or anhydrite replacing 

carbonate sediment. 

Lower Clear Fork anhydrite nodules contain small inclusions of 

dolomite and generally lack displacive growths rims. Some felted 

lath nodules are bordered by rims of sparry anhydrite which clearly 

replaces the dolostone matrix. A replacement origin is postulated 

for felted lath anhydrite nodules of this study. 

Felted lath anhydrite nodules and nodular mosiacs have been 

described as diagnostic features for the supratidal environment 

(Wood and Wolfe, 1969; Butler, 1969; Kinsman, 1969). Nodules of 

anhydrite in the lower Clear Fork carbonates are found in the 

subtidal and lower intertidal environments. Supratidal deposits 

did not contain felted lath anhydrite nodules. 

Void filling anhydrite cement is common in the lower Clear 

Fork. Sparry anhydrite fills primary and secondary voids. Voids 
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may contain rims of carbonate cement which subsequently became 

filled by sparry anhydrite. Anhydrite cements commonly replace 

outward from the voids (Fig. 33). Murray (1960) noted anhydrite 

cement extending into the matrix surrounding voids. Anhydrite 

developed its characteristic crystal form creating rectangular (in 

cross section) re-entrants and projections (Murray, 1960). 

Replacement anhydrite may appear cloudy because it contains 

inclusions of unreplaced carbonate. Dolomite rim cements are 

corroded by anhydrite-replacement and lack distinctive rhombic 

shapes. Sulfate cements may be either sparry or felted lath 

anhydrite. 

In many instances anhydrite preferentially replaced central 

portions of dolomite rhombs to form "box" crystals of dolomite 

(Fig. 39). Dolomite box crystals may be formed by selective 

replacement by anhydrite of organic rich dolomite, formed from 

original aragonitic mid, on which clear epitaxial overgrowths 

occurred. 

Sparry anhydrite poikilotopically enclosed ooids in many 

oolitic grainstones. Nucleating as a void filling cement in inter-

granular pores, the anhydrite forms large crystals which completely 

enclose a number of ooids. Anhydrite partially replaces dolomitized 

ooids and in some cases central portions or cores of ooids have 

been replaced by anhydrite leaving an outer rim of dolomite (Fig. 

42). The outer rims may correspond to micrite envelopes which are 

more resistant to replacement than crystalline aragonite of the 

ooids. 

In some instances anhydrite was replaced by another sulfate 

such as celestite or barite (Fig. 49). 

Silicification 

Silica occurs as a replacement of anhydrite, dolomitized 

bioclasts, and organic rich dolomitized lime mud in lower Clear 

Fork carbonates. Petrographic polymorphs of silica are megaquartz, 

microcrystalline quartz, and quartzine (length-slow chalcedony). 
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Silica was probably derived from original meteoric groundwaters. 

Replacement of anhydrite and dolomite by silica suggests formation 

occurred after dolomitization and formation of anhydrite. 

The presence of quartz silt grains provides silica nucleation 

sites in carbonates. Quartz epitaxial overgrowths (Fig. 25) 

nucleate on quartz grains and partially replace the surrounding 

dolostone matrix. Quartz silt grains with epitaxial silica over

growths are highly angular and may contain small inclusions of 

dolomite. When quartz grains are absent silica commonly replaces 

anhydrite, skeletal bioclasts, and organic rich, dolomitized lime 

mud. Jacka (1974) described preferential replacement of bioclasts 

and ooids by silica. 

Most replacement silica is composed of megaquartz, which has 

highly undulose extinction. Jacka (1974) noted replacement 

megaquartz in the Getaway exhibits highly undulose extinction. 

This petrographic footprint is indiginous to lower Clear Fork 

megaquartz. Megaquartz commonly contains inclusions of replaced 

materials. "Blossoms" of megaquartz which grow outward from a 

nucleation center are commonly found in anhydrite. Pseudomorphing 

of bioclast shell walls, by silica, records engulfment of organic 

membranes (Fig. 37). Dolomitized crinozoans are commonly replaced 

by megaquartz (Fig. 32). 

Microcrystalline quartz replaces dolomitized lime mud. No 

evidence was observed for microcrystalline quartz replacing 

bioclasts or anhydrite. 

Quartzine (length-slow chalcedony) is contained in the cuttings 

of the Maguire #1 Erwin. Dolomite and anhydrite inclusions are 

contained in the chalcedony. Doubly terminated authigenic quartz 

crystals were also found in lower Clear Fork carbonates from the 

shelf and slope. 

Pyrite 

Pyrite is ubiquitous to all facies and environments in the 

lower Clear Fork. Most pyrite forms as small euhedral cubes in 
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carbonates. Pyrite is contained in both dolomite and anhydrite. 

Stylolites and Solution Residue Stringers 

Theories of stylolite formation invoke pressure solution to 

explain the complex interdigitation (Bathurst, 1975). Concentration 

of insoluble residue along the stylolite and partially dissolved 

grains are evidence of dissolution along stylolite contact surfaces. 

Lower Clear Fork stylolites contain dark insoluble residues, 

composed of pyrite and hydrocarbon. Quartz grains are also found 

in stylolites. Anhydrite residing in stylolites appears to 

represent a replacement phenomenon (Fig. 45) which postdated 

stylolitization. Dolomite cements are dissolved along stylolite 

contacts indicating formation occurred after dolomitization. 

Wispy solution residue stringers are similar to stylolites, 

but have much lower amplitudes. Displacement and dissolution of 

carbonates, concentration of insoluble residues are evidence for 

solution fronts forming solution residue stringers. Formation of 

solution residue stringers probably occurred early in the 

lithification process. 



CHAPTER V 

PARAGENESIS 

Lower Clear Fork carbonates were deposited on a shallow shelf 

in supratidal, intertidal, and subtidal shelf and slope environments 

Carbonates originally were composed predominantly of aragonite with 

minor amounts of high magnesium calcite, and calcite. 

Carbonate skeletal grains were subjected to encrustation and 

micritization processes on the sea floor early in the diagenetic 

history of the sediments. Some grains were coated by algae and 

encrusting foraminifera forming a dense micritic coating. Other 

allochems were subjected to boring by endolithic algae, and bores 

became filled by micritic carbonate cement. Micritization of 

allochems was a selective process. Small and thin-walled skeletal 

grains were completely micritized, and outer rims of larger 

allochems were partially micritized, forming micrite envelopes. 

Low amplitude solution residue stringers record dissolution 

and concentration of insoluble residues during early stages of 

lithification. 

Dolomitization occurred first in the supratidal environment. 

Supratidal sediments were neomorphically dolomitized penecontem-

poraneously with deposition. Saline interstitial brines, 

concentrated from seawater, caused dolomitization of supratidal 

sediments. After early lithification, supratidal hardcrusts were 

eroded irregularly and broken by storm tides. Muds transported 

from the subtidal environment were deposited on the supratidal 

surface, filling in irregularities on the erosional surface. 

Formation of anhydrite nodules and nodular mosaics, in supra

tidal-sabkha sediments, is diagnostic of very arid climatic 

conditions. Lower Clear Fork supratidal sediments completely lack 

anhydrite nodules and nodular mosaics, which suggests formation in 

a semi-arid or subhumid climate similar to the modern supratidal 

environments of Florida Bay and Andros Island, Bahamas. Massive 
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diagenetic emplacement of sulfate in intertidal-subtidal sediments 

of the lower Clear Fork implies anhydrite was precipitated during 

discharge of sulfate-rich saline waters through shelf carbonates. 

Intertidal and subtidal sediments were buried during supratidal 

progradations, and saturated by sea water. Discharge of saline 

ground water into the sediments may have created a mixing zone with 

seawater. Unstable carbonates were possibly dolomitized in the zone 

of mixing. Migration basinward of the zone of mixing during pro-

gradations, would intensively dolomitize intertidal and subtidal 

shelf carbonates at shallow depths. Dolomitization of unstable 

carbonate materials occurred in the following order: (1) aragonitic 

lime mud, (2) crystalline aragonitic ooids, (3) peloids, and (4) 

calcitic allochems and cements. Aragonite allochems were dissolved 

early in the dolomitization process. Continued dolomitization 

resulted in formation of drusy cements filling primary and 

secondary voids, and epitaxial dolomite overgrowths. Epitaxial 

dolomite cement nucleated on both neomorphic matrix dolomite and 

dolomite cement. Each cycle was dolomitized during progradation of 

the supratidal environment over intertidal and subtidal deposits. 

Dolomite crystal size increased distally as the Mg/Ca ratio 

decreased during dolomitization. 

Much calcium, liberated during dolomitization, was precipitated 

as sulfate in saline ground waters. Anhydrite formed as: (1) 

isolated replacement nodules of felted lath crystal fabric; (2) 

felted lath crystal morphologies were emplaced as a combination of 

void-fill and replacement around void margins; (3) massive replace

ment of dolomite by rectangular bordered sparry anhydrite; and 

(4) sparry anhydrite cement poikilotopically enclosed and partially 

replaced ooids within dolomitized oolitic grainstones. Anhydrite 

appears to have formed later than dolomite owing to replacement of 

dolomite by anhydrite. Essentially dolomitization and formation of 

anhydrite occurred concurrently. 

Stylolites partially dissolved and displaced dolomite cements, 

indicating formation late in the dolomitization process. Other 



31 

stylolites contain anhydrite which appears to have nucleated within 

stylolites and replaced outward (Fig. 45). 

After completion of the dolomitization process, ground water 

discharging through stabilized carbonates contained sufficient silica 

for epitaxial growth on quartz nuclei (quartz silt grains) and 

replacement of adjacent anhydrite and dolomite matrix. Epitaxial 

overgrowths resulted in the formation of highly angular quartz grains. 

When the carbonate lacked sufficient nuclei for overgrowth formation, 

silica preferentially replaced: (1) anhydrite, (2) bioclasts, and 

(3) organically rich dolomitized lime mud. 

The last stage of diagenesis recorded is fresh water dissolution 

of sulfate. Slope and shelf margin deposits in the Westbrook Field 

contain abundant tertiary molds formed by the dissolution of sparry 

replacement anhydrite. The fresh water discharged through porous 

carbonates of the shelf margin and slope dissolving sulfate and 

forming stairstep molds, such as those described by Jacka (1977) and 

Jacka and Stevenson (1977). 

Evidence for diagenesis by hypersaline groundwaters and fresh 

groundwaters suggests that these phenomena may have been related to 

eustatic-climatic fluctuations. 

I It 



CHAPTER VI 

POROSITY 

Development of Primary Porosity 

Primary porosity within lower Clear Fork carbonates was 

formed as: (1) original intergranular porosity of lime muds, 

(2) original intergranular porosity of lime sands, (3) intrabiotic 

cavities, and (4) sheltered voids beneath allochem grains. 

Occlusion of Primary Porosity 

Porosity within recent unconsolidated aragonite muds is 40 - 70 

percent (Ginsburg, 1964; Bathurst, 1975). Complete replacement of 

lime mud by dolomite effectively reduces this porosity. Euhedral 

and subhedral dolomite rhombs form a frame-supported network with 

intercrystalline porosity (Murray, 1960). Dolomite intercrystalline 

porosity is thus substituted for interparticle porosity within lime 

muds, during neomorphic dolomitization. 

Intergranular porosity within grainstones was occluded by 

cements. Sparry anhydrite nucleates as cement and partially 

replaces dolomitized grains. Dolomitized ooids are poikilotopically 

enclosed and partially replaced by sparry anhydrite which occludes 

intergranular porosity. Anhydrite occludes porosity in both shelf 

margin and slope grainstones. Drusy dolomite cements partially to 

completely occlude porosity within most grainstones. 

Intrabiotic cavities are filled by infiltered sediment, drusy 

dolomite cement, and sparry anhydrite. Infiltered sediment occupies 

the floors of bioclast tests forming geopetal fabrics. Drusy 

dolomite cement commonly overlies internal or infiltered sediment. 

Drusy dolomite cements nucleating within dolomitized shells 

completely occludes intrabiotic porosity. Sparry anhydrite also 

occludes porosity within skeletal grains. 

Drusy dolomite cements, including epitaxial dolomite on rhombic 

crystals, occlude porosity in sheltered voids. Primary porosity is 
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preserved only when cementation processes are incomplete. Dolomite 

cementation was incomplete within some sheltered voids, but they 

subsequently became filled by anhydrite. Intrabiotic and inter

granular pores are incompletely filled by anhydrite. 

Development of Secondary Porosity 

Secondary porosity within lower Clear Fork carbonates formed 

as: (1) intercrystalline porosity in neomorphically dolomitized 

carbonates, (2) dissolution molds of aragonitic allochems, 

(3) crumbly fractures formed within partially lithified carbonate 

sediments, and (4) birdseye vugs in supratidal deposits. 

Occlusion of Secondary Porosity 

Intercrystalline porosity within neomorphic dolostones is 

occluded by epitaxial dolomite overgrowth and sparry anhydrite. 

Overgrowths on euhedral dolomite crystals texturally change the 

dolostone fabric from idiotopic to hypidiotopic or xenotopic 

(Friedman, 1965). Epitaxial dolomite cement reduces pore size and 

effectively limits permeability. Sparry anhydrite also nucleates 

within intercrystalline pores and commonly massively replaces 

surrounding dolomite and occludes porosity. 

Molds of dissolved aragonitic skeletal grains are filled by 

drusy dolomite and sparry anhydrite cements. Drusy dolomite cements 

partially or completely fill allochem molds. Sparry anhydrite 

cement forms after dolomite cement fills the centers of many 

allochem molds. Replacement of surrounding dolostone matrix by a 

anhydrite following the cementation process further occludes the 

matrix porosity. The crystal morphology of replacement anhydrite 

is expressed by formation of rectangular (in thin section) borders 

(Murray, 1960). 

Fractures formed within partially lithified carbonates and 

are filled by sparry anhydrite cement. Replacement into the 

dolostone matrix is common and further occludes matrix porosity. 

Fenestral cavities within supratidal and intertidal sediments 

were initially cemented by drusy dolomite cements. Dolomite 

rhombic cement and epitaxial overgrowths form a drusy fabric. 
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completely cementing most birdseye vugs. Sparry and felted lath 

anhydrite cements fill the centers of many birdseye vugs not 

completely occluded by dolomite cement. Infiltered sediment may 

also floor fenestral cavities prior to cementation. 

Preservation of Secondary Porosity 

Preservation of secondary porosity occurs where cementation 

processes are incomplete. Intercrystalline porosity is preserved 

when dolomite overgrowths are small and do not completely fill 

pores. Murray (1960) suggested a limited volume of dolomite over

growths on fine sucrosic dolomite would effectively limit perme

ability by decreasing pore size, while the same volume of dolomite 

epitaxial cement on larger dolomite rhombs would not have the same 

effect. Coarser dolomites should retain partial porosity after 

limited epitaxial dolomite precipitation. Allochem molds are 

occasionally only partially filled by dolomite cement. Partially 

occluded bioclast molds occur within the shelf margin and slope 

environments. 

Development of Tertiary Porosity 

Late dissolution of sulfates along the shelf margin and slope 

produced moldic porosity. Stairstep molds are rectangular in shape 

with reentrants and projections into the matrix. Stairstep molds 

were formed by dissolution of sulfates which occurred after 

secondary intercrystalline and fossil-moldic porosity had been 

created. Thus stairstep molds constitute tertiary porosity. Jacka 

(1977, in press) and Jacka and Stevenson (1977) described these molds 

as evidence for vanished sulfates. Cementation of tertiary molds 

has not occurred and they remain open. Tertiary molds add to 

secondary intercrystalline porosity and permeability already formed 

within neomorphic dolostones of the upper slope environment. 

Upper slope sediments (and to some extent shelf margin sedi

ments) are more porous and permiable than shelf sediments due to 

partial preservation of: (1) dolostone intercrystalline porosity. 
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(2) primary intergranular porosity (grainstones), (3) intrabiotic 

cavities, (4) allochem moldic porosity. Late dissolution of 

sulfate in the slope sediments increased this porosity by the 

formation of stairstep molds. 



CHAPTER VII 

CONCLUSIONS 

1. Lower Clear Fork carbonates were deposited in a shelf 

environment similar to the present day Persian Gulf. Carbonates 

were deposited in supratidal, intertidal, and subtidal shelf and 

slope environments. Subtidal sediments contain distinctive facies 

patterns which can be related to their geomorphic position on the 

lower Clear Fork shelf. 

2. Shelf depositional cycles were formed by progradation of 

shell facies basinward, superimposed upon periodic eustatic 

fluctuations. Supratidal, intertidal, and subtidal sediments are 

expressed vertically in a series of repetitive depositional cycles 

which were observable within cored intervals. 

3. Bioclasts were subjected to encrustation and micritization 

processes on the sea floor early in the diagenesis of lower Clear 

Fork carbonates. Thin-walled and delicate allochems were completely 

micritized. Coarsely crystalline and larger bioclasts were 

marginally micritized forming micrite envelopes. 

4. Supratidal sediments were dolomitized by magnesium-rich, 

interstitial brines penecontemporaneously with deposition. 

Hardcrusts of supratidal sediments were subjected to erosional 

processes during lithification. Lime mud was deposited on erosional 

surfaces, probably during storms. 

5. Subtidal and intertidal sediments were dolomitized by 

magnesium-rich interstitial fluids, which may have been derived 

from original seawater, hypersaline groundwater, or mixtures of 

freshwater and seawater or hypersaline groundwater and seawater. 

Decreasing magnesium concentrations distally (basinward) during 

dolomitization, was accompanied by an increase in dolomite crystal 

size. 

6. Evidence suggests that dolomitizing fluids originated in 

coastal plains and discharged predominantly laterally and downward 

through unstable lower Clear Fork carbonates. 
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7. Dolomitization of unstable carbonates occurred prefer

entially in the following order: (1) aragonitic lime mud, 

(2) crystalline aragonitic ooids, (3) peloids, and (4) calcitic 

allochems and cements. Aragonitic bioclasts were subjected to 

dissolution early in the dolomitization process. Formation of 

dolomite cements and epitaxial dolomite overgrowths occluded primary 

and secondary porosity. 

8. Much calcium, liberated by dolomitization, was precipitated 

as sulfate in lower Clear Fork carbonates. Sulfate was diageneti

cally emplaced as: (1) distinct felted lath anhydrite nodules, 

formed by replacement of dolostone matrix; (2) sparry anhydrite 

massively replaced dolostone; (3) both sparry and felted lath 

anhydrite were precipitated as a combination of void filling cement 

and replacement around margins of molds and vugs; and (4) sparry 

anhydrite poikilotopically enclosed and partially replaced ooids in 

oolitic grainstones. Replacement anhydrite and anhydrite cement 

occluded primary and secondary porosity within shelf and slope 

sediments. 

9. Shelf dolostones lack well-developed porosity and perme

ability due to extensive cementation. Intercrystalline porosity 

was occluded by epitaxial dolomite overgrowths on dolostone matrix 

crystals. Primary and secondary porosity was occluded by drusy 

dolomite, scalenohedral calcite, which became paramorphically 

dolomitized, and anhydrite cements. 

10. Preserved porosity within lower Clear Fork carbonates 

occurs as: (1) secondary intercrystalline porosity within 

neomorphically dolomitized outer shelf and upper slope carbonates; 

(2) dissolution molds of aragonitic bioclasts; and (3) tertiary 

stairstep molds formed by the dissolution of sulfate. Intercrys

talline porosity within more coarsely dolomitized shelf margin 

and slope deposits was preserved preferentially due to lesser 

degrees of epitaxial cementation. Cementation processes in slope 

deposits also failed to completely occlude secondary porosity. 
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11. Evidence for alternating diagenesis by hypersaline ground

waters (diagenetic emplacement of sulfates) and fresh groundwaters 

(dissolution of sulfate, forming stairstep molds) suggests these 

phenomena may have been related to eustatic-climatic fluctuations. 
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Figure 3.—West Texas Permian stratigraphic correlation chart and 
provincial series. Adapted from McKee and others, 1967 
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Figure 4.—Northwest-southeast cross section, Mitchell County. 
Wichita contact is inferred. Dat obtained from density 
and radioactivity logs. 



49 

S C U R R Y C 0 U N T Y 

S T R U C T U R E C O N T O U R M A P 
Top of Lower Clear Fork 

3 MILES 

S C A L E 

Figure 5.—Computer contoured structure map of the Lower Clear Fork. 
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Figure 6.--Gulf #1 Meaders 2958-2967'. Photo illustrates shelf 

depositional cycles. A) supratidal deposit. B) inter
tidal deposit. C) subtidal deposit. Top of the cycle 
at A. 
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Figure 7.—Gulf #1 Meaders 2967-2976*. Subtidal portion of 
depositional cycle shown in previous figure (2964-67') 
extends downward through this core. Subtidal mudstones 
and wackestones contain abundant nodules of replacement 
anhydrite (white). Below 2972 are fodinichnial burrows 
in subtidal sediments. 



52 

Figure 8.—Gulf //I Meaders 2876-2985'. Subtidal interval (C) 
shown in Figs. 6 and 7 terminates at 2980' at which 
depth it overlies a thin supratidal deposit at the top 
of the subjacent cycle. Subtidal sediments contain 
nodules of replacement anhydrite. Intertidal algal 
stromatolite at 2983.8'. 
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Figure 9.—Gulf #1 Meaders 3048-3057'. Illustration of shelf cycle 
(A) Supratidal deposit, (B) intertidal deposit with 
small replacement anhydrite nodules, and (C) subtidal 
deposit containing anhydrite nodules. A subtidal unit 
disconformably overlies the supratidal deposit just 
above 3052'. This subtidal interval also contains 
nodules of replacement anhydrite. 
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Figure 10.—Gulf itl Meaders 3057-3066'. Continuation of subtidal 
facies which initiates at a depth of 3055' in previous 
Fig. Subtidal mudstones and wackestones contain 
abundant anhydrite replacement nodules scattered 
throughout. 
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Figure 11.— Gulf #1 Meaders 3066-3075'. Subtidal interval referred 
to in previous two Figs, extends to depth of 3074.6' 
(X) where it is underlain by a subjacent supratidal 
deposit which contains mudcrack casts. Replacement 
nodules of anhydrite (white) occur scattered throughout 
the subtidal interval. 
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Figure 12.— Gulf #1 Meaders 3075-3084'. Shelf depositional cycle. 
A) supratidal deposits with mudcrack casts, B) intertidal 
deposits, C) subtidal deposits. Base of cycle at Y. 
Subtidal facies overlying supratidal at Y. Subtidal and 
intertidal sediments contain nodules of replacement 
anhydrite. 
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Figure 13.— Gulf #1 Joyce 2995-96'. Supratidal facies with excel
lent birdseye vugs. Algal laminations and intraclasts 
near base of photo. 
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Figure 14.—Gulf #1 Joyce 2998-90'. Supratidal deposit containing 
birdseye vugs and erosional surfaces. The interval 
just above the number 98 contains lime mud and large 
lithoclasts which probably represent storm tide 
deposits. Birdseye vugs contain internal sediment 
consisting of lime mud. 
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Figure 15.— Gulf //I Meaders 3016-17'. Supratidal deposit illus
trating irregular laminations, intraclasts, former 
hardcrusts, and birdseye vugs. 
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Figure 16.—Gulf //I Meaders 3022'. Intertidal deposit containing 
laminar stromatolites. 
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Figure 17.—Gulf //I King 2847-2848. Intertidal stromatolites 
containing birdseye vugs. Stromatolites are disrupted 
by domichnial burrows beside the number 48. 
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Figure 18.— Gulf #1 King 2995-2996'. Intertidal and subtidal 
sediments are intensively burrowed. Birdseye vugs are 
contained in the intertidal sediments above 95. Sparry 
anhydrite has replaced most burrows. 
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Figure 19.—Gulf //I King 3106-7'. Supratidal deposit containing 
birdseye vugs, erosional features, intraclasts, 
and irregular stromatolites. 
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Figure 20.—Gulf //I King 3142-3'. Intertidal algal laterally 
linked hemispheres are overlain by subtidal mudstones 
containing intertidal lithoclasts. The algal domes 
were probably lithified in the subtidal environment. 
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Figure 21.—Supratidal grainstone formed by peloids, grapestones, 
and intraclasts. Intergranular voids and birdseye 
vugs are filled by dolomite cement. Crossed polarizers 
Each small micrometer division equals 93 microns. 

Figure 22.—Supratidal wackestone composed of peloids and muds. 
Birdseye vugs are filled by drusy dolomite cement. 
Plane polarized light. Each small micrometer division 
equals 38 microns. 
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Figure 23.—Ostracod mold in intertidal facies is filled by drusy 
dolomite cement and infiltered mud. Fracture is 
filled by dolomite and anhydrite cements. Plane 
polarized light. Each small micrometer division equals 
38 microns. 
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Figure 24.—Stromatolite laminations in the intertidal facies. 
Allochem mold is filled by drusy dolomite cement. 
Plane polarized light. Each small micrometer division 
equals 93 microns. 
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Figure 25.—Subtidal mudstone lithofacies containing included 
quartz grains. Quartz epitaxial overgrowths on quartz 
grains partially replaces dolomite matrix. Crossed 
polarizers. Each micrometer division equals 10 microns 

Figure 26.—Gastropod mold in shelf wackestone is filled by drusy 
dolomite cement. Crossed polarizers. Each micrometer 
division equals 93 microns. 
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Figure 27.—Micritized foram in shelf wackestone. Intrabiotic 
cavity is filled by drusy dolomite cement. Plane 
polarized light. Each micrometer division equals 10 
microns. 

Figure 28. Shelf margin biograinstone lighofacies. Fusuline is 
coated by algae and cemented intrabiotically by drusy 
dolomite cement. Anhydrite (a) is partially replacing 
algal coating. Plane polarized light. Each micrometer 
division equals 93 microns. 



70 

Figure 29.—Slope grainstone composed of monocrystalline crinoids 
and micritized bioclasts. Crinoid columnal (C) has 
been paramorphically dolomitized. Cross polarizers. 

Figure 30.—Slope wackestone containing micritized fusulines (F) 
and paramorphically dolomitized crinozoan fragment. 
Anhydrite cement (a) is filling intrabiotic cavities 
in a fusuline. Crossed polarizers. Each micrometer 
division equals 93 microns. 
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Figure 31.—Peloids in lagoon wackestone. Dark micritized 
peloids are more finely dolomitized than surrounding 
matrix. Plane polarized light. Each division equals 
93 microns. 

Figure 32.—Paramorphically dolomitized crinozoan is being 
partially replaced by megaquartz (Q). Black opaque 
mineral is pyrite. Crossed polarizers. Each 
division equals 38 microns. 
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Figure 33.—Lagoon wackestone containing anhydrite cement filled 
molds with replacement borders. Pelecypod mold (P) is 
filled by anhydrite. Crossed polarizers. Each 
division equals 38 microns. 

Figure 34.— Bioclast mold partially filled by drusy dolomite 
cement. Secondary void is still partially open. 
Shelf wackestone facies. Crossed polarizers. Each 
division equals 38 microns. 
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Figure 35.—Birdseye vug filled by drusy dolomite cement, 
polarizers. Each division equals 10 microns. 

Crossed 

Figure 36.—Void was first lined by a crust of dolomite cement 
crystals. Then scalenohedral calcite cement (C) was 
precipitated and later became paramorphically dolo
mitized. Cross polarizers. Each division equals 10 
microns. 
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Figure 37.—Megaquartz (Q) has replaced a shell which had been 
partially replaced by anhydrite (A). Plane light. 
Each division equals 38 microns. 

Figure 38.—"Blossoms" of megaquartz replacing anhydrite. Anhydrite 
occurs as replacement of dolostone. Crossed polarizers. 
Each division equals 38 microns. 
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Figure 39.—Sparry anhydrite replacing dolostone. Sparry anhydrite 
has selectively replaced dark organic rich cores of 
dolomite crystals (D), while clear epitaxial cement 
rims have not been replaced. Crossed polarizers. 
Each division equals 38 microns. 

Figure 40.—Felted lath anhydrite nodule replacing subtidal 
dolostone. Crossed polarizers. Each division equals 
38 microns. 
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Figure 41.—Precipitation of rhombic dolomite cement in a vug was 
followed by precipitation of anhydrite which completely 
filled the void and partially replaced dolomite cement. 
Crossed polarizers. Each division equals 10 microns. 

Figure 42.—Oolitic grainstone cemented by sparry anhydrite (white), 
Ooids are partially replaced by anhydrite. Rims of 
unreplaced ooids may represent a more resistant micrite 
envelope. Crossed polarizers. Each division equals 
93 microns. 



77 

Figure 43.—Sparry anhydrite massively replacing dolostone. 
Crossed polarizers. Each small micrometer division 
equals 38 microns. 

Figure 44.—A second sulfate (S), probably celestite, is replacing 
sparry anhydrite which originally replaced dolostone 
matrix. Crossed polarizers. Each division equals 
24.5 microns. 
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Figure 45.—Stylolite containing organics (dark) and anhydrite. 
Anhydrite nucleated in the stylolite and replaces 
outward. Crossed polarizers. Each division equals 
38 microns. 
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Figure 46.—Moldic porosity in slope wackestone. Stairstep void 
(black) formed by the dissolution of sulfate. Crossed 
polarizers. Each division equals 38 microns. 
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Figure 47.—Cloudy rhombic dolomite crystals (D) and clear epitaxial 
dolomite cement rims (d), which nucleated on dolomite 
rhombic crystals. Crossed polarizers. Each division 
equals 10 microns. 




