
Em'IRONIlENTS OF DEPOSITION AND DIAGENESIS OF THE UPPER 

CLEAE FOPJC GROUP, YOAKUM COUNTY, TEXAS 

by 

BRIAN KEITH MOORE, B.S. 

A THESIS 

IN 

GEOSCIENCES 

Submitted to the Graduate Faculty 
of Texas Tech University in 
Partial Fulfillment of 
the Requirements for 

the Degree of 

M.̂ STER OF SCIENCE 

Approved 

Accepted 

August, 1987 



' / ^ ^ ; 

I am deeply indebted to Dr. Alonzo D. Jacka for 

ACKNOWLEDGMEMTS 

encouragement, advice and guidance throughout the course 

of this investigation. Counsel and guidance also were 

provided by Dr. Thomas Lehman. I would like to thank 

Mobil Producing Texas and New Mexico for providing 

financial support and subsurface data which made this 

study possible. I also would like to thank Mr. Rick 

Hager for suggesting this project. 

A special debt of gratitude is owed to my parents 

for their constant support and encouragement throughout 

my graduate studies. 

11 



TABLE OF CONTENTS 

page 

ACKNOWLEDGMENTS 11 

LIST OF FIGURES v 

CHAPTER 

T. INTRODUCTION. , 1 

Objectives 2 
Location, 3 
Data Base 3 
Methods of Study 4 
Previous Studies 5 
Geologic History 7 

Stratigraphy 10 

IT. DEPOSITIONAL ENVIRONMENTS 17 

Patch Reef Deposits 17 
Reef Development 18 

Pioneer Community 19 
Diversification Stage 20 
Terminal Reef Community 23 

Dlscusr^lon. 24 
Shoaling Upward Carbonates 26 

Deposltlonal Cycles 26 

Til. DOLOMITTZATION MECHANISMS 57 

TV. DIAGENESIS 64 

Early Dlagenesls In the Marine 
Environment 64 

Mlcritlzatlon 64 
Submarine CementatIon 66 

Subae-'lal Exposure and Mlneralogic 
Stabilization 70 
Dolomitizatlon of Upper Clear Fork 
Carbonates 72 
Anhydrite Emplacement 76 
Fresh Water Dlagenesls 77 
Stylolltes 79 

V. PARAGENESIS 96 
111 



VI. POROSITY DEVELOPMENT 100 

Development of Primary Porosity...... 100 
Occlusion of Primary Porosity 100 
Preservation of Primary Porosity..,.. 101 
Development of Secondary Porosity.... 101 
Occlusion of Secondary Porosity 102 
Preservation of Secondary Porosity... 102 
Development of Tertiary Porosity 103 
Preservation of Tertiary Porosity.... 103 

VII. WELL LOG ANALYSIS 109 

Fades Characteristics 110 
Effect of Dlagenesls on Log 
Responses 112 

VIII. CONCLUSIONS 121 

BIBLIOGRAPHY 125 

Iv 



LIST OP FIGURES 

Figure page 

1. Permian Basin structure map showing 
the location of study area 14 

2. Well location and data base map. 
Including location of cross sections 15 

3. Permian Basin stratigraphic correlation 
chart for the Leonardlan Series 16 

4. Isopachous map of the Clear Fork Group 
of the study area 29 

5. Photograph of the encrusting cyclostome 
bryozoan Fistulipora (f) In the pioneer 
community (well no. 58). . , 30 

6. Photograph of the Interval of the pioneer 
community rich In pelecypods (p) and 
brachlopods (b) 31 

7. Photograph of a branching colony of 
cryptostome bryozoans , 32 

8. Photograph of a branching colony of 
cryptostome bryozoans 33 

9. Photomicrograph of a branching colony 
of cryptostome bryozoans 34 

10. Photomicrograph of the encrusting 
cyclostome bryozoan Fistulipora (f) 35 

11. Photomicrograph of the coralline alga 
Gymnocodium (g) (well no. 58, depth = 
6676 ft.)..' 36 

12. Photomicrograph of the problematical alga 
Tubiphytes (t) which is encrusting a 
crinold columnal (well no. 58, depth = 
6675 ft.) 37 

13. Photomicrograph of three small algal 
heads (a) 38 



14. Photomicrograph of an •. encrusting 
foraminifer (f) on a crinold columnal 
(well no, 58, depth = 6675 ft.) 39 

15. Photomicrograph taken with lumlnar 
attachment showing the peculiar 
framework fabric created by the coralline 
alga Gymnocodium 40 

16. Photomicrograph taken with lumlnar 
attachment Illustrating the bounds tone fabric 
formed by the bryozoan Fistulipora (f) and 
the problematical alga Tubiphytes (t) 41 

17. Photomicrograph of the boundstone fabric 
formed by fenestrate bryozoans (fb), 
Fistulipora (f), and Tubiphytes (t) 42 

18. Photomicrograph of the boundstone fabric 
formed by Fistulipora (f), and 
Tubiphytes (t),... 43 

19. Photograph of niche dwelling 
pelecypods (p) in the diversification 
stage of reef development 44 

20. Photograph showing abundant gastropods in 
the diversification stage of reef 
development (well no. 58) 45 

21. Photomicrograph of two small 
gastropods (g) 46 

22. Photomicrograph of erosional 
truncation surface at the top of the 
diversification stage of reef development 
(well no. 58, depth^= 6674.7 ft., 
magnification = 7X) 47 

23. Photomicrograph of paramorphlcally 
dolomltlzed scalenohedral calclte 
crystals (sc) which were formed during 
subaerlal exposure by meteoric 
groundwater 48 

vl 



24. Photograph of the nodular red algae 
Parachaetetes (p) at the base of the 
terminal reef community (well no. 58, 
depth = 6672.9 ft.) 49 

25. Photomicrograph showing Tubiphytes (t) 
encrusting Parachaetetes~(p) and 
crinold columnals Tel Twell no. 58, depth = 
6672,9 ft,, magnification = 7X) 50 

26. Photograph of the distal reef fades 51 

27. Photograph of a broken block of reef 
debris (b) near the top of the terminal 
reef community 52 

28. Photograph of the erosional truncation 
surface (e) at the top of the reef, a 
reworked zone above the reef (rw), and 
the beginning of the shoaling upward 
carbonate sequences (s) (v/ell no, 58, 
depth = 6664 ft,) 53 

29. Photograph of a highly burrowed zone near 
the base of a wackestone interval 
(well no. 64) 54 

30. Photomicrograph of an intrablopel-
grainstone Interval 55 

31. Photograph of the contact between a 
grainstone Interval (gs) and wackestone 
Interval (wk).,, 56 

32. Photomicrograph showing a mlcrlte 
envelope around an invertebrate 
valve 80 

33. Photomicrograph of an isopachous rim 
of submarine cement lining a primary 
interframe void space of the reef 
fades 81 

34. Photomicrograph of a paramorphlcally 
dolomltlzed radial fibrous calclte 
cement (r) lining a gastropod aperture 
(well no. 58, depth = 6687.7 ft.) 82 

vil 



35. Photomicrograph oV paramorphlcally 
dolomltlzed scalenohedral calclte 
crystals which have been replaced 
partially by anhydrite (well no. 58, 
depth = 6696,3 ft,) 83 

36. Photomicrograph Illustrating the partial 
replacement of an Invertebrate valve 
by silica (s) 84 

37. Photomicrograph showing a clear epitaxial 
rim of dolomite cement around a dolomite 
crystal (center of micrograph) (well 
no.. 58, depth = 6603.5 ft.) 85 

38. Photomicrograph showing second generation 
dolomite rhombs forming pore lining 
cements In anhydrite molds (well no. 64, 
depth = 6662.4 ft.) 86 

39. Photorn;] crograph illustrating drusy 
dolomite cement filling an allochem mold 
(well no. 58, depth = 6605 ft.) 87 

40. Photomicrograph showing poikllotopic 
anhydrite cement in a grainstone Interval 
(well no. 36, depth = 6808 ft.) 88 

41. Photomicrograph i'llustrating the felted lath 
fabric of anhydrite crystals in a replacive 
anhydrite nodule (well no. 3 6, depth = 
6715 ft.) 89 

42. Photomicrograph of a replacive anhydrite 
porphyroblast (p) with a characteristic 
stairstep outline (well no. 36, depth = 
6808 ft.) 90 

43. Photomicrograph of an anhydrite mold 
with a characteristic stairstep 
outline 91 

44. Photomicrograph showing a second 
generation of anhydrite cement filling 
an anhydrite mold that contains 
second generation dolomite cement (well 
no. 64, depth = 6662.4 ft.) 92 

vl 



45. Photomicrograph showing the replacement 
of an anhydrite nodule by 
megaquartz (well no. 64) 93 

46. Photomicrograph of silldfled Interval 94 

47. Photomicrograph of a stylolite 95 

48. Photmlcrograph showing drusy dolomite 
cements (d) filing some bryozoan 
zooecia (well no. 58, depth = 
6676.3 ft. ) 105 

49. Photomicrograph showing good intrablotic 
porosity (white areas) associated with 
bryozoan zooecia (viell no. 58, depth = 
6675.9 ft.) 106 

50. Photomicrograph showing a tertiary 
anhydrite mold with a characteristic 
stairstep outline (center of micrograph) 
(well no. 58, depth = 6610 ft.) 107 

5 1 . Photofiilcrograph showing t i n y 

secondary intercrystalllne pores (I) I'OS 

52. Fades characteristics of well no, 58 115 

53. Fades characteristics of well no. 64 Il6 

54. Fades characteristics of well no. 36 117 

55. Crossplot of bulk density vs. gamma ray 
log response . , . . 118 

56. North-South cross section through the 
study area. In Pocket 

57. East-V/est cross section through the 
study area In Pocket 

58. Isopachous map of the upper Clear Fork 
Group 119 

59. Structure map of the top of the upper 
Clear Fork Group 120 

Ix 



CHAPTER I 

INTRODUCTION 

The Clear Fork Group is Permian (Leonardlan) in age 

and constitutes a major oil producing unit in the Perm.ian 

Basin of West Texas. In Yoakum County, Texas, the Clear 

Fork carbonates are productive from the Wasson Field, 

Although economically significant amounts of oil and gas 

have been extracted from the Clear Fork carbonates since 

the 1930's, very little has been done to establish a 

deposltional scenario or a diagenetic sequence within 

this prolific unit. A subsurface study of available 

cores, core chip,?, cuttings, and well logs affords an 

ex.cellent opportunity to study the Clear Pork on the 

North Basin Platform. 

This project provides an Interpretation of the 

deposltional environments, dlagenesls, and r'esultant 

porosity relationships v/lthin the upper Clear Pork of 

Yoakum County, Texas. Of primary interest to this 

'nvestIgatlon Is the description of a small hryozoan-

algal patch reef located at the base of the studied 

section. A discussion of the paleoecology, lateral 

variations, and community succession of the buildup also 

is given. 



Understanding the llthofacles distribution and 

paragenesis within the available section will provide 

information on porosity variations, and the nature and 

distribution of permeability barriers. Such information 

Is useful in reservoir modeling studies, and for 

secondary recovery techniques In outer shelf carbonate 

reservoirs of this type. 

Objectives 

1, Describe llthofacles and interpret 

environments of deposition from core 

examination and thin section analysis, 

2. Determine the sequence of diagenetic events 

and relate these to deposltional environments 

and porosity occlusion, 

3, Identify porosity types and resultant 

porosity trends In relation to the diagenetic 

history. 

4. Define a depositlonal-diagenetlc model which 

may be useful as a tool for predicting 

porosity trends for future development in 

this and similar areas. 



Location 

Wasson Field Is situated In the south-central part 

of Yoakum County, Texas. The southern end of the field 

extends Into the northwestern portion of Gaines County, 

Texas. The field occupies a roughly triangular area that 

is approximately 16.5 miles long and 15 miles wide (Fig. 

1). The present western limits of the field extend to 

within approximately four miles of the Texas-New Mexico 

border. Paleogeographlcally the field lies on the 

southern edge of the North Basin Platform of the Permian 

Basin. 

The particular area of concern in this study 

Involves the H. 0, Mahoney Lease, Section 742, Block D, 

John H. Gibson Survey in Yoakum County, Texas. The H. 0. 

Tlahoney Lease Is owned and operated by Mobil Producing 

Texas and New Mexico. 

Data Base 

Mobil Producing Texas and New Mexico provided two 

cores , core chips, and well cuttings from the H. 0. 

Mahoney Lease In Yoakum County, Texas. Figure 2 shows 

the location of data points within the lease, the nature 

of the data collected, and the lines of cross section 

through the lease. 



Methods of Study 

Two sections of 3.5 inch diameter core, and the core 

chips were first.examined megascopically to delineate 

li'.thofacles, sedimentary structures, and deposltional 

environments. The cores, and core chips were then 

examined under a binocular microscope to aid In 

distinguishing texture, grain types, and grain abundance. 

Drill cuttings also were examined under a binocular 

microscope for general llthology, trace constituents, 

porosity, and color. All rock specimens (i.e., cores, 

core chips, and drill cuttings) were treated with dilute 

hydrochloric acid to distinguish calcareous intervals 

within the dolostone unit. Results were recorded on 

strip logs that were subsequently used for lateral 

correlation. The cored intervals were photographed to 

illustrate salient features. 

Following examination of cores, core chips, and 

cuttings, representative Intervals were selected for thin 

section analysis. All thin sections were stained with a 

combination of potassium ferricyanide and alizarin red-S 

to allow the descrlmination of ferrous iron relationships 

in calclte and dolomite according to the method described 

by Lindholm and Pinkelman (1972). 

Thin section analysis was undertaken to determine 

carbonate mineralogy, texture, and llthology and to 



supplement the Interpretation of deposltional 

environments and llthology made from megascopic 

examination of cores. Classification of the carbonate 

rocks was based on the scheme of Dunham (1962) along with 

the desc'-iptlve modifiers established by Polk (1959). 

A study of the dlagenesls within the carbonates also 

was undertaken through thin section analysis. Porosity 

relationships were observed to delineate trends. 

Photomicrographs were taken to document fades 

characteristics, significant diagenetic events, and 

preserved porosity relationships. 

Two cross sections of the study area were 

constructed based on core and thin section examination as 

well as gamma ray log response. Subsurface maps vfere 

constructed to infer structural and topographic 

relationships w'.thln the lease. 

Previous Studies 

From study of outcrops in North Central Texas, 

Cummins (I890) divided the Permian strata into the 

V/lchita, Clear Pork, and Double Mountain beds. Cummins 

placed the base of the Clear Fork beds at the divide 

between the Clear Pork of the Brazos and one of its 

tributaries, Cal'fornla Creek, hence t>:e name of Clear 

Fork beds. Subsequent Investigations by Romer (1935), 



Dickey (1940), Page and Adams (1940), and Mear (I963) 

subdivide the outcrops of the Clear Fork beds in North 

Central Texas into three distinct units which consist of 

(in ascending order): the Arroyo, Vale, and Choza 

Formations. Adams (1939) proposed that the Clear Pork 

Group be Included In the Leonardlan System, 

More recent work has dealt with subsurface studies 

around the periphery of the Midland Basin, Lucia (1972) 

provided detailed descriptions of upper Clear Pork 

deposits from the eastern side of the Central Basin 

Platform. Slive-̂  and Todd (I969) described Clear Pork 

sediments from the northern Permian Basin area. They 

recognized three major deposltional cycles and grouped 

the deposits Int'o five regionally extensive li thof acles 

which Include: (1) shelf evaporite and carbonate, (2) 

shelf detrital (elastics), (3) shelf-margin carbonate, 

(4) basin carbonate, and (5) basin detrital (elastics). 

Clear Fork deposits of the Palo Duro Basin area 

consist of fouf̂  major deposltional systems which include: 

(1) inner shelf, (2) brine pan, (3) salt flat, and (4) 

mud flat systems (Cunningham, I96I; Presley and McGillis, 

1982). 

Mazzullo (1981) reported on lower Clear Fork 

sediments of the northern Midland Basin. Landreth (1977) 

discussed lower Clear Fork deposits from Mitchell County, 



Texas, on the Eastern Shelf. Based on the occurrence of 

extrem.ely well preserved plant fossils through a 100 foot 

interval within the upper Clear Pork, Adams (1933) 

suggested the presence of an island in the upper Clear 

Pork sea of Glasscock County, Texas, 

Shelf to basin correlations of Clear Fork sediments 

have been undertaken by Silver and Todd (I969), Jeary 

(1978), and Mazzullo (I98I). There are general 

disagreements as to the baslnal equivalents of Clear Fork 

shelf carbonates. 

Geologic History 

The Permian Basin of West Texas and southeastern New 

Mexico represents one of the most studied geologic 

provinces in the world. The basin also represents one of 

the most important elements in the structural and 

petroleum geology of West Texas and southeastern Nev; 

Mexico. The following paragraphs offer a summary of the 

geologic history of the area. 

From late Precambrian throughout Cambrian time a 

peninsular spur off the Transcontinental Arch extended 

southeastward across southeastern New Mexico and adjacent 

parts of West Texas (Adams, I965). The gradual tectonic 

transformation of the crest of this ridge into the axis 

of a structurally negative area resulted in the 



development of the Tabosa Basin by mid-Ordovician time 

(Galley, 1958: Adams, 1965). 

In latest Misslsslppian time widespread withdrawal 

of the seas produced a broad surface of erosion. Prior 

to this time shallow epicontinental seas covered much of 

West Texas and southeastern New Mexico (Galley, 1958). 

During this same time interval the development of the 

Central Basin Platform had begun (Hills, 1963; Adams, 

1965). The introduction of this median fault block ridge 

system separated the shallow Tabosa Basin into the 

Midland and Delaware basins. The early median ridges 

continued to grow as rapid subsidence during early 

Pennsylvanlan tirne transformed the Midland and Delaware 

basins into deep sea basins. Pennsylvanlan strata record 

a major marine transĝ et̂ ŝlon which resulted in the 

deposition of enormous vol̂ iraes of sediment (Galley, 1958; 

Adams, 1965). 

By late Wolfcampian time the Permian Basin had 

reached a structural configuration that would be little 

changed throughout the remainder of the Permian Period. 

Baslnal areas continued to subside, but at a much slower 

rate. Shelf areas became sights of carbonate 

sedimentation while deep marine sediments were deposited 

In the basins (Adams, I965). 



Sedimentary sequences deposited on shelf and 

platform areas during the Permian record complex glacial-

eustatlc fluctuations. This Is evidenced by cyclic 

flooding and emergence of the shelves (Meissner, 1969; 

Jacka and Franco, 1975). Meissner (1972) compared modern 

carbonate sedimentation to that of Permian carbonates and 

concluded that deposition occurred in tropical to 

subtropical climates. 

In Leonardlan time basinward migration of m.arglnal 

reefs had begun. The rate of basinward migration of 

these reefs was much more pronounced In the Midland Basin 

than in the more actively subsiding Delaware Basin (Cys, 

1975). By late Guadaluplan time the Midland T̂ asin had 

been infilled with sediment. This left the Delaware 

Basin as the principal site of basin and reef deposition 

(Galley, 1958). The closing of the Sheffield Channel 

converted the Delaware Basin into a deep evaporite basin 

(Jones, 1953; Adams, 1965). 

Late in Permian time there was a gradual withdrawal 

of the seas (Hills, 1963). This is reflected in the 

Ochoan sediments which consist predominantly of 

evaporites. The complete desiccation of the sea in the 

Permian Basin closed the Ochoa Epoch (Galley, 1958). By 

the end of the Permian Period the once vast, and formerly 
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deep Permian Basin was a broad low coastal plain with 

gentle slopes (Hills, 1963; Adams, 1965). 

The post-Permian history of the Permian Basin 

records a relatively thin sequence of terrestrial 

elastics deposited in a Triasslc sag. During the 

Cretaceous Period the Comanchean sea spread a thin layer 

of sandstone and limestone completely across the former 

basin region (Hills, 1963; Adams, 1965). 

Stratigraphy 

The Leonardlan Series on the North Basin Platform is 

represented (in ascending order) by the Wichita 

Formation, the Clear Fork Group, and the Glorleta 

Sandstone (Pig. 3). 

The Wichita Formation represents the oldest strata 

In the Leonardlan Series of the area. The Wichita 

Formation Is a tlme-transgresslve sequence of late 

Wolfcampian to early Leonardlan age. It is equivalent to 

the Wichita-Albany of the Abilene, Texas area, and the 

Abo in the subsurface of New Mexico (Jeary, 1978). 

Silver and Todd (1969) Inferred the Dean Sandstone to be 

the baslnal equivalent of the Wichita shelf carbonates. 

Subsequent work by Jeary (1978) and Mazzullo (198I) 

conflicts with this theory. 
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In outcrop on the Eastern Shelf the Wichita 

Formation was described by Cumm.ins (I890) as consisting 

of varicolored sandstone, claystone, arid conglomerate 

with no limestone. In the subsurface these beds grade 

basinward into dolostones and evaporite beds (Silver and 

Todd, 1969). 

'̂.Ilchlta sedim.entation was follov/ed by deposition of 

the Clear Fork Group. The Clear Pork is divided into 

upper and lower members that are separated by the Tubb 

(Drlnkard) Sandstone. The Tubb Sandstone consists of 

approximately 100 feet of gray sllty sands and sandy 

dolostones. The Clear Pork on the Northern Shelf has 

been divided Into upper, middle, and lower members (Pig, 

3) (Silver and Todd, 1969; Jeary, 1978). The Clear Pork 

Is correlative with the Yeso '.n New Mexico (Silver and 

Todd, 1969). Early attempts at shelf to basin 

correlations of Clear Pork deposits in the Midland and 

Delaware basins were unsuccessful (Silver and Todd, 

1969). Subsequent investigations by Jeary (1978) and 

Mazzullo (1981) in the Midland Basin seemed to confirm 

that the baslnal equivalent of the Tubb Sand and 

subjacent lower Clear Pork shelf carbonates was the Dean 

Sand. Jeary (1978), and Mazzullo (I98I) also were able 

to demonstrate that the upper Clear Pork shelf carbonates 
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can be correlated with the lower Spraberry of the Midland 

Basin. 

In the Abilene, Texas area the Clear Pork group is 

represented in outcrop by (in ascending order): the 

Arroyo, Vale, and Choza Formations (Pig. 3) (Page and 

Adams, 1940; Dickey, 1940). Jones (1953) described these 

strata as being interbedded redbeds, evaporites, and thin 

dolomite lenses. As the section is traced basinward into 

the subsurface of Scurry County, Texas, the section 

changes to a predominantly dolostone llthology (King, 

1942). 

The Clear Fork shelf-margin fades are tannish-brown 

to gray fosslliferous dolostones containing anhydrite and 

thin partings of shale (Jones, 1953). Oolitic fuslllnld 

rich grains tones are comraon to tlie shelves and platforms. 

In this study a small bryozcan-algal patch reef also was 

found in the outer shelf region. 

The youngest Leonardlan formation in the area Is 

represented by the Glorleta (San Angelo) Formation. The 

Glorleta is gray, dolomitic, sllty sandstone. The 

baslnal equivalent of the Glorleta Sandstone is the upper 

Spraberry Sandstone. Glorleta-Spraberry deposition was 

followed by the deposition of the San Andres Formation on 

the shelf areas (Jeary, 1978). 
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In the Permian Basin the shelf-margin fac;les of the 

Leonardlan Series Is characterized by a sequence of 

prograding "reef" systems which separate a distinctive 

shelf fades from an equally distinct basin fades (Cys, 

1975; Mazzullo, I98I). Rapid fades changes and limited 

paleontological data In Leonardlan strata make shelf to 

basin correlations very difficult. 

The upper and lower boundaries of the Leonard Series 

are gradational and poorly defined, and it rests 

conformably on the Wolfcampian Series which is similar 

enough In llthology to cause correlation problems (Jeary, 

1978). The upper limit of the Leonardlan Series is even 

less definitive than Its base because there are 

disagreements as to the exact age of the San Andres 

Formation in the study a-̂ ea (Jeary, 1978), 
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Figure 1. Permian Basin structure map showing 
location of study area. Adapted from 
Silver and Todd, 1969. 
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CHAPTER TI 

DEPOSITIONAL ENVIRONMENTS 

Data retrieved from core and thin-section 

examination reveals the presence of two distinctive 

fades within the upper Clear Fork carbonates of the 

study area. A small bryozoan-algal patch reef is 

situated at the base of the studied section. Carbonate 

accumulations above the reef record a subtidal, shoaling 

upward sequences of deposition. These deposits are 

typical of outer shelf, open marine conditions. Separate 

descriptions are given for the patch reef and shoaling 

upward carbonates. 

Patch Reef Deposits 

Llthologlc and faunal evidence suggest that the 

upper Clear Fork patch reef formed entirely subtidally on 

the outer portion of a broad, tropical marine, carbonate 

shelf. The trapping and binding of sediment by bryozoans 

and algae appears to have been the main constructional 

process. Additional bulk and rigidity were provided by 

other reef dwelling organlsm.s (e.g., encrusting 

foraminifera, brachlopods, pelecypods, gastropods, and 

echlnoderms) along with early submarine cementation. 

17 



18 

Lowenstam (1950) defined a reef as being a rigid 

wave resistant framework constructed by frame building 

organisms. It has been argued that bryozoans did not 

possess the ecologlc potential to construct a rigid vmve 

resistant structure (Achauer, 1969). Smith (1981) 

provided information suggesting that fenestellld 

bryozoans could survive even strong currents due to their 

many fenestrule openings which permitted water flow 

through the colony. Therefore, the apparent fragility of 

many bryozoans may be misleading. 

Examples of reefs dominated by bryozoans are known 

from the Permian of northeastern England (Smith, 1981), 

and the Misslsslppian of North Texas (Washburn, 1978), as 

well as from a number of other Upper Paleozoic carbonate 

complexes. Most of the bryozoa preserved in the upper 

Clear Fork reef are not broken but remain as In-place 

fossils in growth position. This data suggests that 

bryozoans were capable of, and did, construct rigid wave 

resistant frameworks in many Instances. 

Reef Development 

The upper Clear Fork patch reef exhibits an upward 

change In faunal assemblages. The faunal changes suggest 

that the reef evolved through three gradational stages 

that were uniquely Interrelated. The three developmental 
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stages are (In ascending order): (1) a low diversity 

pioneer community, (2) a diversification stage wherein 

the reef building community becomes more complex, and (3) 

the terminal reef community. These stages record the 

progressive replacement of a deeper water community by a 

more shallow one, 

Diagenetic alteration of the reef deposits prevented 

the specific identification of many of the reef building 

organisms. Hov̂ ever, enough detail was preserved to allov; 

Interpretations on the role of frame building organisms, 

their ecologlc associations, and the environmental 

Implications of each stage of reef development. The 

following paragraphs outline the three developmental 

stages of reef growth. 

Pioneer Community 

The pioneer stage has a thickness of about 0.67 

meters and represents the initial phase in reef 

development. The pioneer community served to stabilize 

bottom sediments and provide a firm substrate favorable 

to subsequent reef development. 

The positioning of the reef was probably related to 

the existence of a pre-upper Clear Fork topographic high 

(Pig. 4). The main body of the reef is situated in the 
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northwest corner of the lease at well 58, on the landward 

side of the topographic high. 

The encrusting cyclostome bryozoan Fistulipora (Fig. 

5), and the problematical alga Tubiphytes are prevalent 

in this stage of developm^ent. Blvalved invertebrates are 

present throughout the reef as niche dwellers, but. they 

are particularly abundant in the pioneer community (Pig. 

6). The valves of some of the pelecypods are 

disarticulated and show a preferrence for a concave 

upward orientation. The valves of t?ie bra.chlopods are 

still attached. Sediment was deposited in the valves of 

these or'ganlsms and in the growth chambers of others in 

tlie form of geopetal Internal sediment. 

The pioneer community, which consists pi^edominantly 

of sessile marine suspension feeders, suggests a firm 

substrate, a water column rich in nutrients, and rather 

low turbidity. 

Diversification Stage 

This interval of reef development has a thickness of 

6,25 meters and Is characterized by the diversification 

of the reef building community. It is probably the stage 

at which the most pronounced upward building of the reef 

occurred because the bulk of the reef is represented by 

this stage of development. 
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During this stage of reef development a strongly 

branching cryptostome bryozoan appears (Pigs. 7, and 8), 

The branching colonies are not fully exposed but appear 

to be upright bushy colonies in grov̂ tlj position. They 

apparently reached a vertical growth height that ranged 

from 10 to 20 cm, although portions of the colonies may 

be concealed by mud. Figure 9 is a thin section through 

a branching bryozoan colony. Specific identification of 

the branching bryozoa was prevented owing to diagenetic 

alteration. 

The encrusting cyclostome bryozoan Fistulipora is 

still present in this stage of reef development, and 

served to bind reef sediments together (Fig. 10), Good 

intrablotic porosity Is preserved in the reef and is 

associated with the zooecia of the bryozoan colonies. 

Large primary interframe pore spaces were occluded 

totally by anhydrite cements. 

The number and types of algae also increase during 

this interval of reef development. The coralline alga 

Gymnocodium makes its first appearance in this phase of 

reef growth (Fig. 11). The problematical alga Tubiphytes 

also is prevalent in this interval (Pig. 12). In some 

cases geopetal internal sediment can be seen to partially 

fill the living chambers In the Tubiphytes colonies. 

Other types of algae were present. Figure 13 shows three 
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small algal heads situated at the base of the slide. The 

specific identification of the algae responsible for 

constructing the algal heads was precluded due to 

diagenetic alteration. 

The contribution to total reef mass made by the 

algae was substantial and served to bind the various reef 

forming elements together. This supplied rigidity to the 

reef structure. Additional bulk and rigidity were 

provided by encrusting foraminifera (Pig. 14), and 

submarine cements. Figure 15 shows a peculiar framework 

fabric formed by algae in the Clear Pork reef. Figures 

16, 17, and 18 illustrate the boundstone fabric created 

by various bryozoa, algae, niche dwellers, and submarine 

cement. 

Pelecypods and brachlopods are scattered throughout 

this Interval as niche dwellers (Pig. 19). The valves of 

these organisms generally are filled partially by 

geopetal internal sediment. Gastropods also are abundant 

In this Interval (Fig. 20). Figure 21 shows two small 

gastropods in thin section, their shells are partially 

filled by geopetal Internal sediment. Note the radial 

fibrous dolomite cement lining the aperture of the 

smaller gastropod. Gastropods probably roamed the small 

patch reef grazing on the abundant algae. Crlnoids also 

are present but act mainly as sediment contributors. 
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The branching bryozoa die out near the top of this 

interval. This may be due to the proximity of the reef 

to the water surface. This stage of reef development was 

terminated by a widespread drop in sea level and a 

subsequent period of subaerlal exposure. The presence of 

an erosional truncation surface at the top of this 

Interval bears testimony to a period of subaerlal 

exposur'e and erosion (Fig. 22). The truncation surface 

separates reef sediments from a thin grainstone Interval 

above. 

During this period of subaerlal exposure, unstable 

polymorphs of calcium carbonate were stabilized and 

scalenohedral calclte cements were precipitated on grain 

surfaces (Fig. ?3). These cements later were dolomltlzed 

paramorphlcally. 

Terminal Reef Community 

The terminal reef community represents the final 

stage in reef development. Following a marine 

transgression, the reef was recolonlzed by reef building 

organisms. The red algae Parachaetetes was one of the 

first organisms to r-'ecolonize the reef (Fig. 24). 

Parachaetetes was very prevalent at the base of this 

interval of reef development. 
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Tubiphytes is present in this stage and can be seen 

to encrust different reef forming elements (Pig. 25). 

The encrusting cyclostome bryozoan Fistulipora also is 

present, although its abundance has been substantially 

reduced from previous growth stages. The branching 

cryptostome bryozoa are restricted to the diversification 

stage and do not appear in the terminal reef community. 

During reef growth the more basinward distal reef 

fades was dominated by algal sediments (Fig. 26). The 

algae were similar in many regards to Tubiphytes. 

Small blocks of broken reef debris near the top of 

this Interval bear testlm.ony to the proximity of the reef 

to an active surf zone (Pig. 27). Reef growth was 

terminated by a second drop in sea level and a subsequent 

period of subaerlal exposure. Figure 28 shows the 

erosional truncation surface at the top of the reef and 

an overlaying reworked zone. 

Following t?ils period of subaerlal exposure, the 

reef was never recolonlzed. The upper contact of the 

reef separates an organically supported famework from 

overlying grain-supported deposits. 

Discussion 

The primary role of the bryozoans in the upper Clear 

Pork reef was to provide one of the main frame building 
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elements of the buildup. The evolving assemblages of 

bryozoa seen throughout construction of the reef suggest 

that they-served mainly as sediment bafflers and binders. 

Encrusting foram.inifera, algae, and submarine cements 

added additional bulk and rigidity to the structure. 

Cuffey (1970) reviewed the environmental conditions 

favored by modern bryozoa. He showed that modern bryozoa 

flourish at depths between 10 and 70 meters on 

continental shelves at temperatures between 20 and 28 

degrees Celcius, Most modern bryozoa live permanently 

submerged in well oxygenated, moderately agitated waters 

of normal salinity and clarity. The environmental 

conditions encountered by the upper Clear Pork bryozoa 

were probably very similar to this. 

A considerable portion of the upper Clear Pork reef 

is composed of carbonate mud. Some of this mud was 

possibly was derived from the bloerosive activity of 

certain indigenous reef organlsm.s. Boring organisms 

would weaken the reef and accelerate the mechanical 

breakdown of reef sediments. Considerable amounts of 

sand, silt, and mud are produced by boring and grazing 

organisms as a result of their excavations (Garrett and 

others, 1971; Longman, I98I; James, 1984). Evidence of 

bloersive activity Is scanty in the Clear Fork reef, but 
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diagenetic alteration of original reef sediments may have 

obscLjred much of the evidence. 

Shoaling Upward Carbonates 

The deposits situated above the upper Clear Fork 

reef record cyclic sequences of upward shoaling 

carbonates. Pour cycles, that vary from about 3.5 to 18 

meters in thickness, were recognized. A complete cycle 

consists of the follov;lng lithologies: 1) a basal 

wackestone .Interval, 2) a packstone Interval and, 3) an 

overlaying grainstone interval. These three intervals 

are not represented in all cycles. 

During prolonged still-stands of sea level the 

carbonates would prograde out across the shelf, sometimes 

reaching sea level. No clear examples of supratidal or 

intertldal deposits were noted. A subsequent marine 

transgression would again deepen the water, and the cycle 

would begin all over again. Many of the thickest 

aceum.ulatlons of carbonate sediment in the world consist 

of prograding shelf fades deposited on continental 

margins (Wilson and Jordan, 1983). 

Deposltional Cycles 

The various lithologies encountered In Clear Fork 

r-ediments occur in a vertical sequence that is repeated 
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'our times in the studied section. The cycles record the 

)rogradation of carbonate sediments across the Clear Fork 

;helf, and represent a marine cyclothem. The return to 

leep water In each of the cycles appears as though it was 

.n "instantaneous" event. A glacial-eustatlc control is 

nferred for the cyclic nature of these sediments, 

iorrelatlons are basd on genetic sequences that 

.pparently represent uninterrupted deposition. 

The base of each cycle begins with a dark dolomitic 

'ackestone. An upward Increase in allochem abundance and 

, lighter color reflects the shoaling process and a 

orresponding increase In the local energy level. The 

lost abundant type of grain ^n this fades Is the crinold 

omponent. The wackestones are generally structurless, 

ut some structures are preserved in their darker lower 

ortions. These typically consist of clay wisps and 

urrows. In some intervals burrowing is prevalent (Fig. 

9). In the lighter colored regions all structures are 

ost. This may be due to an increase in the amount of 

loturbatlon in sediments that were more thoroughly 

xldized. Intense bioturbation would tend to homogenize 

he sediment and destroy any existing sedimentary 

tructures. 

Overlying the wackestone fades is the packstone 

acles. The contact between these two fades is 
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'adatlonal. The packstone fades are light tan in color 

id typically do not exhibit any structures, although 

jcasionally a burrow or clay wisp may be found. The 

)minant grain type is again the crinold component, 

jlolds are the next most abundant grain type. However, 

my other unidentifiable grains are present, but severe 

.agenetic alteration has precluded their identification. 

Capping the sequence Is a crlnoldal grainstone 

iterval (Fig. 30). The gralnstones are composed almost 

itlrely of crinold components although a few scattered 

;lold3, forams, and bryozoan fragments can also be 

)und. The contact between the grainstone and packstone 

itervals is gradational. The contact between the 

'alnstone and overlying wackestone Intervals is abrupt 

id is commonly separated by a very thin organic rich 

lyer (Fig. 31). The contact commonly has very small 

jplaclve anhydrite nodules in it that are replaced 

irtially by silica. The absence of intertldal and 

ipratidal fades in the four cycles above the reef 

idicates that shoreline fades did not prograde into the 

iter shelf area. 
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Figure 4. Isopachous map of the Clear Fork Group 
of the study area. The map illustrates the 
existence of a pre-upper Clear Fork 
topographic high. 
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Figure 5. Photograph of the encrusting 
cyclostome bryozoan Fistulipora (f) 
in the pioneer community (well no. 58) 
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Figure 6. Photograph of the Interval of 
the pioneer community rich In 
pelecypods (p) and brachlopods (b). 
Note the geopetal Internal sediment 
(s) In the valves (well no. 58). 
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Figure 7, Photograph of a branching 
colony of cryptostome bryozoans (b), 
Interframe pore space (if) is filled 
by anhydrite. Primary Interframe 
voids are lined by encrusting forams 
and Tubiphytes, 
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Figure 8, Photograph of a branching 
colony of cryptostome bryozoans. The 
large Interframe void near the top is 
filled by anhydrite (well no, 58, 
depth = 6691 ft) 
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Figure 9. Photomicrograph of a 
branching colony of cryptostome 
bryozoans. Note the good 
intrablotic porosity associated 
with the bryozoan zooecia 
(magnification = 7X; well 
no. 58, depth = 6698,3 ft.). 
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re 10. Photomicrograph of the encrusting cyclostome 
bryozoan Fistulipora (f). Note the Intrablotic 
porosity associated with the bryozoan zooecia (well 
58, depth = 6675.6 ft,), 

no 
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e 11, Photomicrograph of the coralline alga 
Gymnocodium (g) (well no, 58, depth = 6676 ft,). 
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;ure 12. Photomicrograph of the problematical algae 
Tubiphytes (t), which is encrusting a crinold columnal 
(well no. 58, depth = 6675 ft.). 
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ure 13. Photomicrograph of three small algal heads (a) 
The white areas above the heads are secondary pore 
spaces (well no. 58, depth = 6666 ft.). 
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Figure 14. Photomicrograph of an 
encrusting foraminifer (f) on a 
crinold columnal (well no. 58, 
depth = 6675 ft.). 
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Figure 15. Photomicrograph taken with 
lumlnar attachment showing the 
peculiar framework fabric created 
by the coralline alga Gymnocodium. 
The interframe voids are filled with 
anhydrite (well no. 58, 
depth = 6677.3 ft., magnification = 7X) 



41 

Figure 16. Photomicrograph taken with 
lumlnar attachment illustrating the 
boundstone fabric cheated by the 
bryozoan Fistulipora (f), and the 
problematical alga Tubiphytes (t). 
Note the Isopachous rims of submarine 
cements (s) in the Interframe pore 
spaces. Interframe pore spaces are 
filled with anhydrite (well no. 58, 
depth = 6675.6 ft., magnification = 7X) 
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Figure 17. Photograph of the boundstone 
fabric formed by fenestrate bryozoans 
(fb), Fistulipora (f), and 
Tubiphytes (t). Notice the primary 
intrablotic pores in the bryozoan 
(white areas) (well no, 58, depth = 
6681.3 ft., magnification = 7X). 
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Figure 18. Photograph of the boundstone 
fabric formed by Fistulipora (f), 
and Tubiphytes (tT"̂  Note the coral 
In the upper center of the micrograph. 
Neomorphlcally dolomltlzed submarine 
cement occurs in the lower right corner 
of the micrograph. Note the intrablotic 
porosity preserved in the bryozoans 
(well no. 58, depth = 6675.9 ft., 
magnification = 7x). 
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Figure 19. Photograph of niche dwelling 
pelecypods (p) in the diversification 
stage of reef development. Note the 
geopetal Internal sediment in the 
valves of these organisms. 



45 

/ W 

CM 

ccure 20. Photograph showing abundant gastropods in the 
diversification stage of reef development (well no. 
58). 
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Figure 21. Photomicrograph of two small 
gastropods (g). Note internal 
sediment (is) inside the shells. 
Note also the radial fibrous cement 
(r) surrounding the aperture of the 
smaller gastropod (well no. 58, 
depth = 6687.7 ft., magnification --- 7X). 
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Figure 22. Photomicrograph of erosional 
truncation surface at the top of the 
diversification stage of reeT 
development (well no. 58, depth = 
6674.7 ft., raagnlflcation = 7X). 
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Figure 23. Photomicrograph of 
paramorphlcally dolomltlzed 
scalenohedral calclte crystals (sc) 
which were formed during subaerlal 
exposure by meteoric groundwater. 
Primary voids are filled by barlte or 
celestite (gray area) and anhydrite 
(well no. 58, depth = 6696.3 ft.). 



49 

Figure 24. Photograph of the nodular red 
algae Parachaetetes (p) at the base 
of the terminal reef community (well 
no, 58, depth = 6672.9 ft,). 
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gure 25. Photomicrograph showing Tubiphytes (t) 
encrusting Parachaetetes (p) and crinold columnals (c) 
(well no. 58, depth = 6672,9 ft., magnification = 7X), 
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Figure 26. Photograph of the distal reef 
fades. Algae appear as white areas 
on the core surface. 
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Figure 27. Photograph of a broken block 
of reef debris (b) near the top of 
the terminal reef community. 
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Figure 28. Photograph of the erosional 
truncation surface (e) at the top of 
the reef, a reworked zone above the 
reef (rw), and the beginning of the 
shoaling upward carbonate sequences (s) 
(well no. 58, depth = 6664 ft.). 
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Figure 29. Photograph of a highly burrowed 
zone near the base of a wackestone 
interval (well no. 64). 
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Figure 30. Photomicrograph of an 
intrablopel-grainstone interval. 
Intergranular pore space is filled 
by anhydrite (well no. 36, depth = 
6808 ft.). 
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Figure 31. Photograph of the contact 
between a grainstone interval (gs), 
and a wackestone interval (wk). 
Note the replacive anhydrite nodules 
along the contact surface (well 
no. 64). 



CHAPTER ITT 

DOLOMITTZATION MECHANISMS 

The genesis of dolomite and the processes 

responsible for its occurrences have attracted the 

attention of scientists for decades. This has resulted 

in the publication of much literature dealing with the 

dolomitizatlon problem. However, the process is still 

not clearly understood and is the source of much 

speculation and controversy. 

Although numerous models are in existence, no model 

by Itself can expain the occurrence of all dolomltlzed 

sediments that are preserved in the geologic record, A 

brief review of some of the more popular dolomitizatlon 

models is provided in the following paragraphs. 

There are basically two schools of thought with 

regard to dolomitizatlon mechanisms. Hypersallne brine 

models are applied to explain the presence of ancient 

dolostones that are associated with evaporites. 

Explanations for dolostones not obviously related to 

evaporites have utilized various seawater/freshwater 

mix5.ng-zone hypotheses (Handle, 1987). 

Most of the early attempts at explaining 

dolomitizatlon processes relied on the hypersallne brine 

theory. Newell and others (1953) postulated that brines 
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formed in restricted lagoons would discharge through 

shelf carbonates intensively dolomitlzing them, Adams 

and Rhodes (I960) named this process "seepage refluxlon." 

The fact that this model requires the existence of shelf 

margin barriers and hypersallne lagoons led Jacka and 

Franco (1975) to reject it. Studies of Guadalupian 

sediments showed that the reefs were broken by numerous 

surge channels and large submarine canyons (Jacka and 

Franco, 1975). Open access to marine waters precludes 

the formation of hypersallne lagoons. Therefore, this 

model would have limited application at best. 

Behrens and Land (1972) reported the occurrence of 

Recent dolomite in the subtidal sediments of Baffin Bay, 

Texas, This dolomite is presently precipitating without 

the benefit of hypersallne brines, 

Penecontemporaneous supratidal dolomites have been 

described from the Persian Gulf (Wells, 1962; Tiling 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 (Shinn, 1964, 1968; Atwood and 

Bubb, I97O; and Carballo and others, 1987), 

Dolomitizatlon in sabkha environments of the Persian 

Gulf is intimately associated with the interstitial 
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precipitation of sulfate minerals. This produces a brine 

enriched in magnesium ions that is capable of 

dolomitlzing the adjacent sabkha sediments (Kinsman, 

1966; Butler, 1969). The sabkha model of dolomitizatlon 

produces thin beds of dolostone. Therefore, this model 

cannot be used to explain the very thick accumulations of 

dolostone seen in many areas. In a study of the Truclal 

Coast of the Persian Gulf, Kinsman (1966) showed that 

dolomitizatlon increased inland, until 7 miles from the 

lagoon the upper 2 to 3 feet of sediment was almost 

completely dolomltlzed. Below this layer dolomite 

content decreased rapidly. 

In a study of lake Pekelmeer, Bonaire Island, 

Deffeyes and others (I965) provided descriptions of 

supratidal dolomite crusts associated with the seepage 

refluxlon of dense brines from the hypersallne lake. 

Heavy brines would reflux by displacing interstitial 

fluids and then would dolomitize the sediments. This 

model was disproved by Lucia (I968) when carbonate 

sediments retrieved from a bore hole drilled through lake 

Pekelmeer failed to contain dolomite. 

Supratidal dolomite crusts described by Shinn (1964, 

1968), Atwood and Bubb (1970), and Carballo and others 

(1987) from Sugarloaf Key, Florida, were attributed to 

daily tidal flooding by sea water of normal salinity. 
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This eliminated the need for a hypersallne brine. As 

evidence for the sea water source they cited the absence 

of evaporite minerals in the crusts. The Pekelmeer 

dolomite crusts may have a similar origin. A variation 

of the tidal pumping model proposed by Carballo and 

others (1987) might provide a suitable explanation, 

Dolomitizatlon caused by the mixing of sea water 

with fresh water was first proposed by Hanshaw and others 

(1971). The system they visualized consisted of a fresh 

water lense underlain by sea water. This model also has 

been applied to the Middle Ordovician of Wisconsin 

(Badiozamani, 1973): the Pleistocene of North Jamaica 

(Land, 1977): and the Pleistocene of the northeastern 

Yucatan Peninsula (Ward and Halley, 1985). 

Badiozamani (1973) gave the name "Dorag Model" to 

dolomitizatlon that occurred in mixing zones. He 

proposed that certain mixtures of sea water and meteoric 

water (such as might be found in coastal zones beneath 

freshwater lenses) could produce a fluid capable of 

dolomitlzing carbonate sediments. Handle (1987) 

presented several lines of evidence that discredit the 

Dorag model. He pointed out that Badiozamani (1973) used 

the solubility values of ordered dolomite in his 

calculations. This is inconsistent with the observations 

of Land (1973) and Ward and Halley (1985) that suggest 
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that modern mixing zone dolomites are calcium-rich 

(disordered) dolomites. Therefore, the thermodynamic 

credentials of the Dorag model are unacceptable as 

evidence of the occurrence of this process in ancient 

dolostones. Tn addition to the thermodynamic argument, 

one does not find significant replacement of calclte or 

aragonite by dolomite in active mixing zones. Examples 

of dolomite precipitating from waters that could not 

possibly have been undersaturated with respect to calclte 

also destroy one of the fundamental principles of the 

Dorag model (Handle, I987). 

The possibility of a deep burial source for some 

dolostones has been suggested by several investigators 

(Radke and Mathls, I98O; McHargue and Price, 1982; Edam 

and Surdam, 1984; and Handle, 1987). As burial 

temperatures increase, the Mg/Ca ratio of the waters 

needed to convert calclte to dolomite decreases. 

Therefore, almost any warm groundwater becomes a 

potential dolomitlzing fluid (Handle, 1987), This 

eliminates the need for a fluid with an elevated Mg/Ca 

ratio. However, not all buried limestones are 

dolomltlzed and it is probable that magnesium 

concentrations do play an important role in burial 

dolomitizatlon. It has been suggested that sufficient 

magnesium needed for dolomitizatlon can be generated by 
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the conversion of smectite to illite (Kahle, 1965; Boles 

and Franks, 1979; and McHargue and Price, 1982). Land 

(1985) reported that magnesium generated by this 

conversion is generally taken up by the formation of 

authigenlc chlorite and not by the precipitation of 

dolomite. Thus, compacting clays probably do not supply 

significant amounts of magnesium. 

Kocurko (1979) reported active dolomitizatlon 

occurring in San Andres, Columbia by spray-zone brine 

seepage. A spray consisting of normal marine water 

accumulates in splash pools that have developed in a 

cliff forming limestone that lines the coast. A brine Is 

formed by the evaporation of water that accumulates in 

these pools. The brine then seeps into the carbonate 

host and dolomitizes it. Landward of the spray zone the 

degree of dolomitizatlon decreases due to dilution of the 

brine by meteoric waters. 

The mechanism responsible for the dolomitizatlon of 

upper Clear Pork carbonates in the study area is unclear. 

The seepage refluxlon model cannot be applied due to the 

lack of a restricted environment on the Clear Fork shelf 

of the study area. The complex eustatic history recorded 

by the Clear Fork carbonates precludes a mixing zone 

hypothesis. It is possible that late burial 

dolomitizatlon played a role in dolomitlzing the Clear 
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Fork carbonates, although an obvious source of magnesium 

ions is lacking. The model outlined by Jacka and Franco 

(1975) best fits the dolomitizatlon of Clear Pork 

carbonates. Tn their model the hydrodynamic reflux of 

dense brines, derived from adjacent sabkha and deflation 

flat environments, into the shelf carbonates would 

intensively dolomitize them regardless of fades. This 

eliminates the need for a shelf margin barier or 

resricted conditions on the Clear Pork shelf of the study 

area. Although this mechanism cannot be proved for the 

Clear Pork carbonates, it represents the most workable 

hypothesis available. 



CHAPTER IV 

DIAGENESIS 

Dlagenesls Includes all processes chemical, physical 

and biological that act to modify sediments after 

deposition. The upper Clear Pork sediments were 

substantially altered by several post-deposltlonal 

diagenetic episodes. These episodes include an early 

dlagenesls In the marine environment, subaerlal exposure 

and mlneralogic stabilization, dolomitizatlon, anhydrite 

emplacement, and fresh water dlagenesls. 

Early Dlagenesls in the Marine 
Environment 

Mlcritization 

The development of micritized grains and mierite 

coated grains occurred early in the diagenetic history of 

upper Clear Pork carbonates. Mlcritization is one of the 

more important post-depositional processes that occur in 

newly deposited carbonates. This is primarily because it 

allows the preservation of external morphologies of 

aragonitie grains, although there is commonly a loss of 

skeletal wall structure with later dlagenesls (Bathurst, 

1966). Tn many cases the external shape, preserved by 
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mlcrlte envelopes, may be the only indication of the 

origin of the grain. 

Bathurst (1966) ascribed the process of 

mlcritization to alteration caused by boring algae. 

Following the death of the algae, the vacated bore is 

subsequently Infilled with mierite cement. Continued 

boring and back-filling with mierite leads to the 

development of mierite envelopes. If the process is 

allowed to proceed further, whole grains will be 

centripetally replaced by mierite. Extensive boring 

causes carbonate grains to become structurally weakened 

and easily rounded. Many peloids are formed by this 

process. 

Mlcrlte envelopes also may be formed by the 

precipitation of microerystalllne carbonate cements on 

grain surfaces. Mierite cements originating in this 

manner have been described from the Persian Gulf by 

Taylor and Tiling (1969), from Jamaica by Land and others 

(1969), and from Belize by James and others (1976). 

Jacka (1974) provided descriptions of mierite that was 

precipitated in a meteoric vadose environment. 

Tn a study of the carbonate sediments of Abu Dhabi, 

Kendall and Skipwith (1969) established that thin-walled 

shells and small grains were micritized first. Thiek-

walled sheila and shells with a more coarsely crystalline 
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fabric were less susceptible to micrltization. They also 

found that the alteration of larger fragments generally 

was confined to the grain surface. Jacka and Brand 

(1977) found that mlcritization of these grains inhibited 

later diagenetic alteration. 

Tn the upper Clear Fork sediments of this study, 

mierite envelopes are formed by algal boring as well as 

by the direct precipitation of mlcrlte cement on grain 

surfaces. Relatively thin envelopes occur on the valves 

of some pelecypods (Fig. 32). 

Submarine Cementation 

VJithln the last twenty years the occurrence of 

submarine cements has been reported by many 

Investigators. Tn the past it was widely believed that 

most cementation in reefs occurred during exposure to 

meteoric fluids in vadose, phreatie, or deep groundwater 

zones (James and others, 1976). Since the late 1960's 

much literature has been published documenting early 

submarine cementation as a widespread phenomenon in both 

living and fossil reefs. 

Although submarine cementation has been reported 

from both shallow-water and deep-water carbonate 

sediments, submarine cementation in tropical and 

subtropical areas Is most common In two kinds of rock: 



57 

(1) beaehroek, and (2) reef deposits (Friedman and 

others, 1974). In both of these rocks the cement may 

form a substantial portion of the total rock mass 

(Friedman and others, 1974; Mazzullo and Cys, 1979). 

Widespread submarine cementation of modern and ancient 

reefs seems to be the rule rather than the exception 

(Friedman, 1974). 

Submarine cements found in modern reefs and other 

carbonate deposits occur in a variety of fabrics and 

textures. Submarine cements may consist of aragonite or 

Mg-ealeite mineralogies. These precipitate as isopachous 

fringes or linings in interstices or interframe voids. 

Mazzullo (1977) provided a summary of the occurrences and 

common cement fabrics and textures found in modern 

submarine cements. The most common aragonite cement 

fabrics include: (1) needles or aeicular crystals (as an 

isopachous fringe encrusting allochems), (2) botryiodal 

fan druses or spherulitie cement (cones composed of 

bundles of aragonite fibers that radiate from a common 

point and have a sweeping extinction), and (3) mierite 

(common as cement or coatings in beaehroeks, marine 

hardgrounds, and intrablotic pore spaces). Ginsburg and 

James (1973) provided descriptions of botryoidal 

aragonite submarine cements. The more common Mg-ealeite 

cement fabrics include: (1) mierite (as a cement or 
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filling algal borings), (2) bladed crystals (lining the 

surfaces of grains), and (3) needle or aeicular cement 

(lining grains in marine hardgrounds and beaehroek). 

Polk (1964) discussed possible causes for the various 

fabrics and textures seen in these cements. Apparently 

the poisoning of lateral growth positions by forlegn ions 

can be invoked to explain much of the diversity seen in 

cement fabrics. 

The occurrence o.f modern submarine cements has been 

reported from many locations. Land and others (1969) 

reported smooth to knobby crusts of micritic Mg-ealeite 

draping and Infilling cavities In Jamaican reefs. They 

reported submarine cementation occurring from the reef 

crest to depths of 70 meters. 

Kocurko (1972) described submarine cements forming 

in beaehroeks of San Andres, Columbia. In the initial 

stage, mierite cements are precipitated on grain 

surfaces. This Is followed by the precipitation of 

aragonite needle crystals in the interstices. Porosity 

may be totally occluded by this process. 

Friedman and others (1974) documented the submarine 

cementation of a reef in the Red Sea, A micritic Mg-

ealeite cement formed on the surface of the reef. 

However, within a few centimeters below the surface of 

the reef the cements become aragonitie. The change in 
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cement mineralogy was attributed to substrate mineralogy 

and local chemical environments associated with biologic 

activity. At depths of less than 60 centimeters below 

the surface of the reef, the pore space progressively 

decreases until aragonite rods and needles occlude nearly 

all of the interframe pore space. 

James and others (1976) reported the formation of 

micritic Mg-ealeite cements in the reef deposits of 

Belize. They also described blades of Mg-ealeite forming 

in the reef deposits, sometimes in association with the 

mierite. Aragonite cements were found in intrablotic 

pore spaces associated with the coral. 

Ancient occurrences of submarine cement have been 

reported from the Devonian of Germany (Krebs, 1969), from 

the Misslsslppian of Texas (Washburn, 1978), and from the 

Permian of West Texas and southeastern New Mexico 

(Mazzullo and Cys, 1979). Other ancient occurrences are 

known. 

Upper Clear Fork carbonates contain various 

submarine cements, Mierite may have served as a cement, 

Isopachous rims of dolomite cement that line primary 

interframe voids probably represent neomorphlc 

dolomitizatlon of aeicular aragonite (Fig, 33). Radial 

fibrous dolomite cement may represent paramorphle 

dolomitizatlon of radial fibrous calclte that had 



70 

replaced aeicular aragonite in a meteoric groundwater 

environment (Pig. 34). 

Subaerlal Exposure and Mlneralogic 
Stabilization 

Mlneralogic stabilization is a process whereby 

unstable polymorphs of calcium carbonate are converted to 

calclte or dolomite. This transition has been shown to 

occur very early in the diagenetic history of carbonate 

rocks (Matthews, I968; Winland, 1969; Gavish and 

Friedman, 1969). 

The upper Clear Pork carbonates originally consisted 

of a mixed mineral assemblage of: (1) aragonite (lime 

mud, gastropods, pelecypods, and peloids), (2) Mg-ealeite 

(fuslllnlds, and echlnoderms), and (3) calclte 

(brachlopods, some pelecypods, and corals). The 

aragonitie component dominated due to a preponderance of 

lime mud. The original mineralogy of the upper Clear 

Fork bryozoans is enigmatic. The calcareous parts of 

modern bryozoans consist of calclte, aragonite or 

mixtures of the two (Chave, 1954; Rueker, 1967), Jacka 

(1974) revealed data which suggests that at least some 

representatives of extinct Paleozoic bryozoans 

(trepostomes and eryptostomes) consisted of high 

magnesium calclte. Therefore, it is highly probable that 
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the cryptostome bryozoans of the upper Clear Fork 

originally were composed of high magnesium calclte, 

Tn a study of carbonate sediments on the Island of 

Barbados, Matthews (1968) made several observations on 

the response of aragonite to fresh water dlagenesls. If 

undersaturated water enters aragonitie sediment and 

passes through rapidly, only solution of aragonite will 

occur. Tf the water passes through slowly, solution of 

aragonite and concurrent precipitation of calclte may 

occur on a broad scale and with great efficiency. This 

is substantiated by the findings of Jacka and Brand 

(1977). Matthews also noted that, owing to an original 

homogenous distribution of calclte nueleii, reef 

associated carbonate muds stabilize at a rapid rate. 

This is because the calclte crystal growth step is much 

faster than the calclte nueleatlon step. 

Land (1967) demonstrated that high Mg-ealeite 

stabilizes to calclte by incongruent dissolution. Gavish 

and Friedman (1969) were able to show that the 

mlneralogic stabilization of high magnesium calclte 

occurred early in the history of carbonates that were 

subaerlally exposed along the coast of Israel. The 

stabilization of Mg-ealeite to calclte occurred without 

any accompanying textural changes. Folk (1964) proposed 

that Mg-ealeite may be stabilized by ionic substitution. 
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This would explain the paramorphle preservation of 

original textures in many Mg-ealeite cements and 

allochems. It is unknown whether organically 

precipitated Mg-ealeite was Initially stabilized to 

ealeite in the upper Clear Pork carbonates, as most 

sediments are now paramorphlcally dolomltlzed. 

Fresh water usually has a slightly acidic pH 

(Friedman, 1964). These weakly acidic conditions, 

encountered during subaerlal exposure and meteoric 

dlagenesls, favor the dissolution of aragonite. The 

dissolution of aragonite causes a pH reversal which 

results in calclte precipitation (Gavish and Friedman, 

1969). 

The following criteria for subaerlal exposure and 

meteoric dlagenesls were observed in upper Clear Pork 

sediments: (1) the presence of a truncated erosion 

surface, (2) the precipitation of large scalenohedral 

calclte crystals (Polk, 1974; Pig. 35, this report), and 

(3) the replacement of reef carbonates by early silica 

emplacement (Chafetz, 1972; Pig. 36, this report). 

Dolomitizatlon of Upper Clear Fork 
Carbonates 

The precise mechanism responsible for the 

dolomitizatlon of upper Clear Pork carbonates is 

enigmatic, and is beyond the scope of this study. In 
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this chapter dolomitizatlon will be discussed only as it 

pertains to the diagenetic sequence recorded in the upper 

Clear Fork carbonates. 

While upper Clear Fork carbonates were still 

composed of unstable carbonate mineralogies, magnesium 

rich saline solutions of uncertain origin saturated the 

sediments. Llthofacles that were rich in lime mud were 

neomorphlcally dolomltlzed. This is primarily due to the 

instability of aragonitie lime mud. Grain supported 

fabrics, depleted in lime mud, and reef sediments were 

paramorphlcally dolomltlzed. 

Dolomitizatlon of upper Clear Fork carbonates 

occurred in two stages. The initial phase of 

dolomitizatlon resulted mostly in the paramorphle 

dolomitizatlon of ealeitie materials in the reef. The 

neomorphlc dolomitizatlon of superjacent aragonitie lime 

muds initially forms an idiotopic fabric of euhedral 

dolomite rhombs, and abundant secondary intercrystalline 

porosity (Jacka, 1975), Caleltlc and some aragonitie 

allochems also were dissolved to produce secondary 

porosity. Therefore, an early stage of mlneralogic 

stabilization was omitted In these sediments. Allochem 

molds were filled by second generation dolomite and 

anhydrite. Grain supported fabrics contained a higher 

proportion of calclte and Mg-ealclte, Jacka (1975) 
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demonstrated that when these mineralogies are 

dolomltlzed, original textures and fabrics tend to be 

preserved. As discussed earlier, reef sediments were 

subjected to early subaerlal exposure and mlneralogic 

stabilization. Therefore, all unstable mineralogies had 

been stabilized to calclte before dolomitizatlon 

occurred. This allowed the paramorphle replacement of 

these carbonates and the preservation of a moderate 

amount of detail. 

The second generation of dolomite was emplaced as a 

cement. The cement occurs as: (1) clear epitaxial 

cements precipitated around previously formed dolomite 

rhombs (Pig. 37), and (2) pore lining cements In 

secondary pore spaces (Fig. 38). The continued flux of 

dolomitlzing fluids resulted in the occlusion of most 

previously formed secondary Intercrystalline porosity. 

Intercrystalline porosity was destroyed by epitaxial 

cementation on previously formed dolomite rhombs. This 

transformed an initial idiotopic fabric into a xenotopic 

fabric. Intercrystalline porosity is preserved only in 

secondary pore spaces where pore lining dolomite cements 

have incompletely filled the available pore space. In 

some cases drusy dolomite cements have completely 

occluded the available pore space in allochem molds (Pig. 

39). 
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Dolomite crystal size increases distally, suggesting 

that the dolomitlzing fluids originated in a proximal 

position. The observed basinward increase in crystal 

size also suggests a progressive change in the chemical 

character of the dolomitlzing fluid. As dolomitizatlon 

proceeded, the dolomitlzing fluid would progressively 

lose magnesium ions. The relationship between dolomite 

crystal size and the magnesium content of the 

dolomitlzing fluid was discussed by Polk and Land (1975). 

High Mg/Ca ratios would favor closely spaced dolomite 

nuclell, which would inhibit the growth of large 

crystals. As magnesium concentrations were gradually 

diminished, the dolomite nueleii would decrease in number 

and be more widely spaced. Thus the dolomite crystals 

would grow to larger sizes before adjacent crystals would 

interfere with their growth. The average crystal size in 

the grainstone fades was about 25 microns. Crystal 

sizes in the posltionally more distal wackestone fades 

averaged about 55 microns. This suggests that the 

dolomitlzing fluids originated in a proximal position and 

migrated basinward. 
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Anhydrite Emplacement 

The dolomitizatlon of upper Clear Pork carbonates 

released calcium ions which were taken up by the 

precipitation of sulfate minerals from interstitial pore 

fluids. It has been estimated that almost three times as 

much calcium sulfate is precipitated in areas of Intense 

dolomitizatlon as in areas where no dolomitizatlon occurs 

(Kinsman, 1969). 

Two separate phases of sulfate emplacement are 

recorded in upper Clear Fork carbonates. An early phase 

of sulfate dlagenesls resulted in the occlusion of large 

primary pores by anhydrite cements. Tn the grainstone 

fades these cements commonly are poikiiotopie (Fig. 40). 

As a result of this, the grainstone fades typically have 

poorly preserved porosity. Cementation of primary pores 

was accompanied by the replacement of a significant 

portion of the carbonates by isolated nodules of felted 

lath anhydrite (Pig. 41), and sparry replacement 

anhydrite. 

Sparry replacement anhydrite occurs as 

porphyroblasts with rectangular re-entrant borders (Fig. 

42). Many times the only evidence of the existence of 

the first generation anhydrite porphyroblasts is the 

presence of molds with characteristle stairstep outlines 

(Fig. 43). Replacement of matrix by this type of 
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anhydrite had an important influence on the distribution 

of porosity that developed later in the history of these 

rocks. 

The second generation of sulfate emplacement 

resulted in another phase of replacement and cementation. 

Moldic porosity was produced by the dissolution of first 

generation anhydrite porphyroblasts during an intervening 

phase of fresh water dlagenesls. The second generation 

of anhydrite occluded many of these pores (Pigs, 44). 

Many times the anhydrite cement shows a tendency to fill 

the largest voids first and leave the smaller voids open. 

This may be related to surface tension forces associated 

with the smaller pore openings. It would be much easier 

for an anhydrite saturated solution to displace a fluid 

from a large pore than from a small moldic pore. 

Fresh Water Dlagenesls 

Aside from the early subaerlal exposure of the reef 

fades, only one stage of fresh water dlagenesls is 

recorded in the upper Clear Pork carbonates. Diagenetic 

alterations resulting from fresh water influences 

Include: (1) replacement of dolomite and anhydrite by 

silica, and (2) dissolution of the first generation 

anhydrite porphyroblasts. 
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Tn the upper Clear Fork carbonates, silica occurs as 

microquartz, megaquartz, flambouyant megaquartz,and 

chalcedony. Most anhydrite nodules show at least partial 

replacement by silica (Pig. 45). In these eases the 

silica usually takes the form of flambouyant megaquartz, 

megaquartz, or chalcedony. In one bloturbated wackestone 

interval of the studied section, silica has almost 

totally replaced pre-existing dolomite and anhydrite. 

Only sparse remnants of dolomite and anhydrite remain as 

evidence of their former presence (Fig. 46). Polk and 

Plttman (1971) and Sledleeka (1972) have discussed the 

replacement of sulfates by length-slow chalcedony. 

Although chalcedony is present it does not assume the 

morphologies of anhydrite crystals or nodules as 

discussed by Polk and Plttman (1971). The sllicified 

interval is rich in organic material. This local 

concentration of organic material may be the result of 

the intense biologic activity within the Interval. Jacka 

(1974) showed that organic decomposition products may 

create a micro-environment that is highly favorable to 

silica nueleatlon. It is probable that the low 

permeabilities of the wackestone fades may have 

attenuated the downward movement of meteoric fluids. 

Therefore, the initial high organic content of the 

interval in conjuntion with prolonged retention of 
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meteoric fluids may have had the combined effect of 

allowing the near wholesale replacement of dolomite and 

anhydrite by silica at an accelerated rate. 

A large percentage of the preserved porosity in 

upper Clear Pork carbonates Is related to dissolution of 

first generation anhydrite porphyroblasts. Tn this 

regard, the preserved porosity in these rocks owes its 

origin to this early phase of fresh water dlagenesls. 

Stylolltes 

Stylolltes are abundant throughout the upper Clear 

Pork carbonates (Pig. 47). Dark, Insoluble, organic 

residues are concentrated along stylolite contact 

surfaces. In some eases silt-sized quartz grains can be 

found concentrated in the stylolltes. 

The exact mechanism of stylolite formation is the 

source of much debate. Most theories attempting to 

explain stylolite formation invoke pressure solution 

phenomenon (Bathurst, 1975). It is possible that changes 

in local chemical environments, caused by the 

concentration of organies, may play a significant role in 

the development of stylolltes. Dolomite cements are 

dissolved along stylolite contact surfaces, which 

indicates that stylolite formation may postdate 

dolomitizatlon. 
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Figure 32. Photomicrograph showing a 
mlcrlte envelope around an 
invertebrate valve. The white area 
is filled by anhydrite. 
Paramorphlcally dolomltlzed calclte 
sealenohedra occur as rims on the 
grains (well no. 58, depth = 6696.3 ft.). 
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Figure 33. Photomicrograph of an 
Isopachous rim of submarine cement 
lining a primary interframe void 
space of the reef fades. The 
original crystal morphology and 
fabric have been obliterated by 
dolomitizatlon (well no. 58, depth 
6675.6 ft.). 
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Figure 34. Photomicrograph of paramorphlcally dolomltlzed 
radial fibrous calclte cement (r) lining a gastropod 
aperture (well no. 58, depth = 6687.7 ft.). 
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Figure 35. Photomicrograph of 
paramorphlcally dolomltlzed 
scalenohedral calclte crystals 
which have been replaced partially 
by anhydrite (well no. 58, depth = 
6696.3 ft.). 
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Figure 36. Photomicrograph Illustrating 
the partial replacement of an 
invertebrate valve by silica (s). 
Much anhydrite occurs as cement and 
replacement (well no. 58, depth = 
6674 ft.). 
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Figure 37. Photomicrograph showing a 
clear epitaxial rim of dolomite 
cement around a dolomite crystal 
(center of micrograph) (well no. 
depth = 6603.5 ft.). 

58, 
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Figure 38. Photomicrograph showing second 
generation dolomite rhombs forming 
pore lining cements in anhydrite 
molds (well no. 64, depth = 6662.4 ft.) 
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Figure 39. Photomicrograph illustrating 
drusy dolomite cement filling an 
allochem mold (well no. 58, depth = 
6605 ft.). 
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Figure 40. Photomicrograph showing 
poikllotopic anhydrite cement in a 
grainstone interval (well no. 36, 
depth = 6808 ft.). 
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Figure 41. Photomicrograph illustrating the felted lath 
fabric of anhydrite crystals in a replacive anhydrite 
nodule (well no. 36, depth = 6715 ft.). 
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Figure 42. Photomicrograph of a replacive 
anhydrite porphyroblast (p) with a 
characteristic stairstep outline (well no, 
36, depth = 6808 ft.). 
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Figure 43. Photomicrograph of an 
anhydrite mold with a 
characteristic stairstep outline. A 
second generation of anhydrite occurs 
in the lower left portion of the 
micrograph (well no. 58, depth = 
6610 ft. ). 
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Figure 44. Photomicrograph showing a 
second generation of anhydrite cement 
filling an anhydrite mold that 
contains second generation dolomite 
cement (well no. 64, depth = 
6662.4 ft.). 
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Figure 45. Photomicrograph showing the 
replacement of an anhydrite nodule by 
megaquartz (well no. 64). 
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Figure 46. Photomicrograph of sllicified 
interval. Anhydrite fills a 
fracture and replaces the matrix 
(well no. 64). 
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Figure 47. Photomicrograph of a 
stylolite. 



CHAPTER V 

PARAGENESIS 

Upper Clear Fork carbonates were deposited entirely 

subaqueously in the outer regions of a broad, relatively 

shallow, tropical marine carbonate shelf. Originally the 

carbonates predominantly consisted of aragonitie lime 

mud. Eustatic fluctuations in sea level resulted in the 

deposition of a cyclic carbonate sequence during late 

Clear Pork time. 

Carbonate grains were subjected to mlcritization 

directly on the sea floor early in their diagenetic 

history. Much of the mlcritization occurred as a result 

of algal borings being backfilled by mierite cement. 

Small, thin-walled grains show the most alteration, while 

the larger, thicker-walled grains were largely unaffected 

by the process. The direct precipitation of mlcrlte 

cement from normal sea water coated some grains with 

mierite envelopes. Encrusting foraminifera and algae 

also coated allochems with a dark, dense micritic 

coating. 

Submarine cements were preserved in the upper Clear 

Pork reef fades. These cements were precipitated from 

marine waters during reef growth. Submarine cements are 

96 
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preserved in the form of radial fibrous dolomite, 

mierite, and Isopachous rims of neomorphlcally 

dolomltlzed cements in primary interframe void spaces. 

A eustatic drop in sea level resulted in the early 

subaerlal exposure of the reef fades. This subjected 

the reef to the influence of meteoric groundwater which 

resulted in an early stage of fresh water dlagenesls. 

Diagenetic alterations of reef deposits recorded during 

subaerlal exposure include: (1) mlneralogic 

stabilization of unstable polymorphs of calcium 

carbonate, (2) the early replacement of reef sediments by 

silica, and (3) the precipitation of scalenohedral 

ealeite cements on grain surfaces. 

After deposition of an undetermined thickness of 

shoaling upward carbonates above the reef, hypersallne 

interstitial brines began to dolomitize upper Clear Fork 

carbonates. Dolomitizatlon of wackestone fades was 

neomorphlc. Therefore, dolomitizatlon probably occurred 

before the unstable aragonitie lime mud was stabilized. 

The dominant grain types preserved in the shoaling upward 

carbonates are skeletal components which originally 

consisted of calclte or high magnesium calclte. These 

allochems were dolomltlzed paramorphlcally. 

Dolomitizatlon was followed by emplacement of 

anhydrite which occurs as: (1) isolated nodules of 
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felted lath anhydrite, (2) void filling cements, and (3) 

replacive sparry anhydrite porphyroblasts with 

characteristic stair-step outlines. Void filling cements 

occur as felted lath crystals of anhydrite filling large 

primary interframe pores, and poikiiotopie cements in the 

grainstone fades. Emplacement of some anhydrite may 

have resulted from the so called feedback of calcium ions 

liberated during the dolomitizatlon process. 

A second eustatic sea level drop initiated a phase 

of fresh water dlagenesls. Diagenetic alterations 

recorded during fresh water dlagenesls include: (1) 

dissolution of the first generation anhydrite to form 

abundant secondary porosity, and (2) preferrentlal 

replacement of anhydrite, bloclasts, and organic rich 

dolostones by various forms of silica. 

A second eustatic rise in sea level once again 

exposed the upper Clear Fork carbonates to the influence 

of dolomitlzing fluids. The second generation dolomite 

occurs as a cement that lines secondary pore spaces 

produced during fresh water dlagenesls. This cement also 

occurs as clear rims of epitaxial cement around pre

existing dolomite crystals. 

The final stage of dlagenesls was the emplacement of 

a second generation of anhydrite from calcium sulfate 

enriched brines or possibly by the liberation of calcium 
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ions during the second stage of dolomitizatlon. Some 

second generation anhydrite occurs as a cement in molds 

produced by the dissolution of first generation anhydrite 

porphyroblasts. The second generation of anhydrite can 

also be seen to replace dolostone matrix material. 

Five stages of dlagenesls are recorded by the upper 

Clear Fork carbonates. Diagenetic events probaby owe 

their cyellcity to eustatic sea level fluctuations. 



CHAPTER VI 

POROSITY DEVELOPMENT 

Development of Primary Porosity 

Primary porosity within the upper Clear Fork 

carbonates formed as: (1) intrablotic pore spaces, (2) 

primary interframe pore spaces, and (3) primary 

intercrystalline pore spaces within lime muds and grain 

supported fabrics. 

Occlusion of Primary Porosity 

Intrablotic pore spaces in upper Clear Pork 

carbonates was occluded by the following materials. 

Internal sediment and submarine cements occluded some 

intrablotic pore spaces in the grainstone and reef 

fades. Drusy dolomite cements also can be seen to 

occlude Intrablotic pore spaces within the reef fades 

(Pig. 48). Much intrablotic pore space also was filled 

by sparry anhydrite cement. 

Primary Interframe pore spaces within the reef 

fades were partially occluded by submarine cements early 

in the history of the reef. During later dlagenesls, 

anhydrite cements completely occluded the larger 

Interframe voids. 

100 
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It has been determined that Recent lime mud deposits 

contain as much as 40 to 70 percent porosity (Ginsburg, 

1964; Bathurst, 1966). Neomorphlc replacement of lime 

muds by dolomite, and a subsequent phase of dolomite 

cementation, effectively occluded all original lime mud 

porosity within most of the upper Clear Pork carbonates 

of this study. Grain supported fabrics with no 

interstitial lime mud were paramorphlcally replaced by 

dolomite without any apparent loss in porosity. However, 

this Intergranular pore space was filled later by 

poikllotopic anhydrite cements. 

Preservation of Primary Porosity 

Preserved primary porosity within the upper Clear 

Pork carbonates predominantly consists of intrablotic 

pore spaces (Pig. 49). Preservation of these pores is 

due largely to incomplete cementation processes. Primary 

pores make only a small contribution to net porosity. 

Most preserved porosity has a secondary or tertiary 

origin. 

Development of Secondary Porosity 

Secondary porosity within the upper Clear Fork 

carbonates Inltial.ly formed as: (1) hollow mierite 
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envelopes, (2) allochem molds, and (3) intercrystalline 

porosity between dolomite crystals. 

Occlusion of Secondary Porosity 

Hollow mlcrlte envelopes and allochem molds were 

produced by the dissolution of ealeitie and some 

aragonitie grains. These pore spaces were filled 

subsequently by drusy dolomite cement, and anhydrite 

cement. As a result, these pores make an insignificant 

contribution to net porosity. 

Anhydrite molds were produced by the dissolution of 

first generation anhydrite porphyroblasts that replaced a 

dense dolostone matrix (Pig. 50). These pores were 

filled partially by dolomite, and anhydrite cements. 

However, these pores never were occluded completely and 

constitute a major source of porosity in upper Clear Pork 

carbonates. 

Preservation of Secondary Porosity 

Preserved secondary porosity occurs as: (1) hollow 

mlcrlte envelopes, (2) biomolds, and (3)intercrystaliine 

pore spaces. Most of the preserved porosity in these 

sediments has a secondary origin. 

Intercrystalline porosity is largely restricted to 

areas where there is abundant anhydrite moldic porosity. 
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Intercrystalline porosity is preserved where cementation 

of the anhydrite molds is incomplete (Fig. 51). 

Intercrystalline porosity can also be found in some 

allochem molds. 

Development of Tertiary Porosity 

Tertiary porosity was formed by dissolution of 

anhydrite porphyroblasts and possibly anhydrite nodules 

during episodes of subaerlal exposure and fresh water 

dlagenesls. The distribution of anhydrite molds is 

restricted largely to wackestone fades, because 

anhydrite porphyroblasts replaced a significant portion 

of the dolostone matrix of this fades. 

Preservation of Tertiary Porosity 

The most abundant pore type preserved in upper Clear 

Fork carbonates is the anhydrite mold. Because these 

tertiary molds are formed relatively late in the 

diagenetic history they stand a better chance of being 

preserved than other molds that form earlier in the 

diagenetic history. 

The porosity distributions found in the upper Clear 

Pork carbonates are not the result of original 

deposltional processes. Post-depositional processes have 

reversed the porosity patterns that would be expected 
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from normal deposltional processes. In this regard, 

porosity distribution patterns are dictated largely by 

diagenetic factors. 
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Figure 48. Photomicrograph showing drusy 
dolomite cements (d) filling some 
bryozoan zooecia (well no. 58, 
depth = 6676,3 ft,), 



106 

Figure 49, Photomicrograph showing good intrablotic 
porosity (white areas) associated with bryozoan zooecia 
(well no, 58, depth = 6675.9 ft.). 
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Figure 50. Photomicrograph showing 
tertiary anhydrite mold with a 
characteristic stairstep outline 
(center of micrograph) (well no. 58, 
depth = 6610 ft.). 
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Figure 51. Photomicrograph showing tiny 
secondary intercrystalline pores (T) 
Larger voids are tertiary anhydrite 
molds which contain dolomite cement 
and record four stages of dlagenesls 
(well no. 58, depth = 66 ft,). 



CHAPTER VII 

WELL LOG ANALYSTS 

Well logs have proven to be a very valuable tool to 

the exploratlonist. The geologist skilled in well log 

analysis can use well logs to: (1) determine llthology, 

(2) quantify porosity and permeability parameters, (3) 

identify productive zones and their thickness, (4) 

estimate hydrocarbon reserves, and (5) distinguish 

between oil, gas, and water in a reservoir. 

Log analysis becomes a rather complicated matter 

when dealing with carbonates. This is because there are 

many diagenetic factors that can Influence log responses. 

The variables that have the most Influence on log 

responses In carbonate rocks are fracture and vuggy 

porosity, and the presence of anhydrite. The fact that 

these variables are so common in carbonate rocks dictates 

that log analysis techniques be applied with great care. 

Basle geologic considerations such as dlagenesls and 

deposltional systems must enter into every decision. 

Before any generalization about the characteristic 

log responses for a given llthofacles can be made, a 

working deposltional model, constrained by llthologlc 

data recovered from boreholes first must be established. 

109 
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Besides establishing the vertical llthofacles 

distribution this data also will provide information on 

the presence of anhydrite and secondary porosity, both of 

which distort well log responses. Once these factors 

have been established they can be extended to well logs 

for fades characterization. 

Fades Characteristics 

Based on well log characteristles, upper Clear Pork 

carbonates may be correlated in areas where well control 

is sparse. Various types of well logs were utilized in 

this study which include: (1) neutron-density logs, (2) 

sonic logs, (3) resistivity logs, and (4) gamma ray logs. 

The log that most definitively depicted the vertical 

fades changes in each well was the gamma ray log. Gamma 

ray logs measure the natural radioactivity in a 

formation. Because of this measurement they can be used 

for identifying lithologies and correlating zones 

(Asqulth and Gibson, 1982), Shale-free carbonates have 

low concentrations of radioactive material, and give low 

gamma ray readings. As the shale content increases the 

gamma ray response will increase due to the concentration 

of radioactive material in shale. In this regard, zones 

rich in organies or clay wisps will show higher gamma ray 
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readings. Zones rich in dead oil also show "hot" gamma 

ray responses. 

The cleaner, more mud free grain-supported fabrics 

(i.e., grainstone, boundstone, and some packstone fades) 

in the upper Clear Pork carbonates typically have gamma 

ray deflections of less than 20 APT units (Figs. 52, 53, 

54), The reef core fades of well 58 has gamma ray 

values that dip below 10 APT units (Fig, 52), Wackestone 

Intervals are characterized by gamma ray deflections that 

range between 25 and 60 APT units. 

Bulk density curves also varied proportionally with 

llthofacles changes. Changes in bulk density values did 

not define llthofacles changes as well as gamma ray 

values. This Is probably due to the presence of 

anhydrite (Asqulth and Gibson, 1982). When bulk density 

and gamma ray values were erossplotted, the llthofacles 

were grouped into three fields: (1) framework fabrics, 

(2) grain supported fabrics, and (3) fabrics with a 

significant amount of mud matrix (Pig. 55). There were 

several anomalous points that plotted beyond their 

expected fields. It can be seen that two of the 

boundstone sample points plotted in or near the field of 

grain-supported fabrics. This might be expected because 

the reef contains grainstone fabrics in some intervals. 
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The above data would suggest that in areas where 

well control is sparse, and only a very limited amount of 

llthologlc data is available, llthofacles determinations 

may be made based on gamma ray logs and crossplot 

techniques. However, great care should be taken in 

applying these techniques as there are many extraneous 

factors that may affect log responses. Two llthologlc 

cross-sections through the study area were prepared using 

gamma ray logs (Pigs. 56, and 57 in pocket). An isopach 

map and structure map also were constructed based on log 

responses (Pigs. 58, and 59) 

Effect of Dlagenesls on Log Responses 

As was stated earlier, secondary porosity and 

anhydrite may produce ambiguous log responses. Secondary 

porosity mainly affects the sonic log. Sonic-derived 

porosity values for carbonates with fracture, vuggy, or 

moldic pore systems will be too low (Asqulth and Gibson, 

1982; Asqulth, 1985). This happens because the sonic log 

records only matrix porosity rather than vuggy or 

fracture secondary porosity. The percentage of secondary 

porosity in a given interval may be calculated by 

subtracting sonic porosity from total porosity. This is 

known as the secondary porosity index (SPT).Total 
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porosity values can be obtained from one of the nuclear 

logs (i.e., density or neutron logs). 

The presence of anhydrite in a formation will 

strongly affect the neutron-density log. Anhydrite will 

cause the log to record a density porosity of less than 

zero (Asqulth and Gibson, 1982), 

Based on the data outlined above, it would be 

difficult to obtain accurate porosity calculations for 

upper Clear Pork carbonates utilizing the sonic or 

neutron-density logging systems. Diagenetic alteration 

of the carbonates Avould distort log values and give 

erroneous porosity readings. 

Sonic porosity, density porosity, and the secondary 

porosity index (SPT) were calculated for selected 

Intervals wherein lithologies had been established based 

on core and thin-section examination (Figs. 52, 53, 54). 

This data reveals that the calculated porosity values are 

in conflict with visual estimates of porosity. Visual 

estimates of porosity were made during petrographic 

analysis of thin sections. It can also be seen that the 

calculated secondary porosity index (SPT) is generally 

very low, and is negative in some cases, although it 

still accounts for a major portion of the calculated 

porosities. It is probable that diagenetic factors are 

responsible for the low calculated porosity values. 
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Sonic porosities used in this study were calculated 

using the V/ylie and others (1958) formula, A matrix 

Interval transit time of 43.5 usec/ft was used for the 

dolostone matrix. Because the wells were drilled with 

fresh water mud, an interval transit time of l89 usec/ft 

was used for the fluid in the borehole. The density 

porosities (i.e., total porosities) were calculated using 

the standard Schlumberger formula. A dolostone matrix 

density of 2.876 g/ee was used, and a borehole fluid 

density of 1,0 g/ec was used for calculating density 

porosities. 

Taking Into consideration the nature of the porosity 

in upper Clear Pork carbonates, the standard cementation 

exponent for intergranular and intercrystalline porosity 

of 2,0 will give water saturation values that are much 

too low (Asqulth, 1985). This could make water-wet zones 

look productive and lead to unwarranted completion 

attempts. Nugent (1984) developed an equation for 

determining a corrected cementation exponent using sonic 

and density porosities, although many other methods are 

available (Asqulth, 1985). 
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Figure 52. F a d e s cha r ac t e r i s t i c s of 
Well no. 58. 
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Figure 53. F a d e s cha rac t e r i s t i c s of 
Well no. 64. 
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FACIES 
CHARACTERISTICS 

WELL NO. 36 

Figure 54. F a d e s 
characteristics 
of Well no. 36. 
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CHAPTER VIIr 

CONCLQSTONS 

Based on the study of core, thin sections, and well 

logs taken from the upper Clear Pork carbonates of the 

study area, several conclusions can be made: 

1. The upper Clear Pork carbonates of the study 

area were deposited on the outer portion of a broad, 

open, tropical marine carbonate shelf. Two distinctive 

fades consisting of subtidal shoaling upward carbonates, 

and a bryozoan-algal patch reef were deposited, 

2. The upper Clear Fork patch reef evolved through 

three gradational stages of reef development that were 

uniquely interrelated. These stages record the 

progressive relaeement of a deeper water community by a 

more shallow one. These stages consist of: (1) a low 

diversity pioneer community, (2) a diversification stage 

where the reef community can be seen to become more 

complex, and (3) a terminal reef community, 

3. Bryozoans and algae provided the main frame-

building elements to the structure. Additional bulk and 
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rigidity were provided by other reef dwelling organisms 

along with early submarine cementation. This suggests 

that bryozoans were capable of, and did, construct rigid 

wave resistant structures in the Permian Basin and other 

4, The paramorphle dolom.itization of the reef 

deposits was probably related to an early phase of 

subaerlal exposure and mlneralogic stabilization of reef 

sediments to calclte (limestone). Subaerlal exposure of 

the reef resulted in the precipitation of scalenohedral 

calclte cements on grain surfaces, and some replacement 

of reef sediments by silica. 

5, The deposits located above the upper Clear Pork 

patch reef record a cyclic sequence of upward shoaling 

carbonates. Pour cycles were recognized, although all of 

the units of each cycle were not always present, A 

complete cycle consists of: (1) a basal wackestone 

interval, (2) a packstone interval, and (3) an overlaying 

grainstone Interval, 

6, There are five diagenetic stages recorded in the 

upper Clear Fork carbonates of the study area. These 

stages are cyclic and are represented by the following 
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sequence: (1) initial dolomitizatlon of in place 

sediments, (2) replacement of dolomltlzed sediments, and 

occlusion of primary porosity by anhydrite cements, (3) 

an interval of fresh water dlagenesls wherein anhydrite 

was dissolved out and partially replaced by silica, (4) a 

phase of dolomite cementation, and (5) a late stage of 

anhydrite that partially filled first generation 

anhydrite molds. Based on changes In dolomite crystal 

sizes in a distal direction. It is inferred that the 

dolomitlzing fluid discharged in a baslnal direction 

dolomitlzing all sediments regardless of fades. 

7. The porosity distributions found in the upper 

Clear Fork carbonates are not the result of original 

deposltional processes. Post-depositional processes have 

reversed the porosity patterns that would be expected 

from normal deposltional processes. In this regard, 

porosity distribution patterns are dictated entirely by 

diagenetic factors. The most abundant pore type found in 

these rocks is the tertiary anhydrite mold. 

8, Although excellent intrablotic porosity is 

preserved in the reef fades, it would not make a good 

reservoir fades due to low permeability. The wackestone 

Intervals in the shoaling upward carbonates represent the 
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best reservoir fades, Tt is here that the best 

porosities and permeabilities are preserved. The 

Intergranular porosity in the grainstone intervals has 

been totally occluded by poikllotopic anhydrite cements. 

Although the wackestone intervals represent the best 

reservoir fades, porosity distribution within the 

wackestones is highly erratic and difficult to predict, 

9. The dlagenesls of the upper Clear Fork 

carbonates has caused discrepancies in well log 

responses. Tt is difficult to get an accurate porosity 

reading from well logs for this reason. 

10. The gamma ray log most definitively depleted 

fades changes in the upper Clear Fork carbonates. Based 

on llthologlc Information derived from cores, well 

cuttings, and gamma ray log response, the upper Clear 

Fork carbonates can be correlated in areas of sparse well 

control. 
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