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CHAPTER I 

INTRODUCTION 

In the Empire Abo Field, hydrocarbon production is from a 

lower Leonardian (Permian) dolostone reservoir considered to be a 

high energy organic bank, or bioherm. The producing interval ranges 

up to 700 feet in thickness. Production from time of discovery in 

1957 to date has been 165 million barrels of oil. Dolomitic green 

shales of lagoonal origin and dark black basinal limestones provide 

effective seals to hydrocarbon migration. 

Oil production at Empire Abo Field began in 1957. Although 

this field has been producing for over twenty years, very little 

is known about the environment of deposition and the diagenesis. 

As of this writing, no detailed petrographic study has been 

attempted. 

Objectives 

1. Reconstruct the environment of deposition at Empire Abo 

Field. 

2. Determine the diagenesis and its subsequent effects on 

porosity. 

3. Determine the sequence of the diagenetic events 

(paragenesis). 

4. Attempt to define a depositional-diagenetic model useful 

in predicting reservoir porosity trends. 



Location 

Empire Abo Field is located 8 miles southeast of Artesia, in 

Eddy County New Mexico (Fig. 1). The field is 1̂ ^ miles wide and 

IZh miles long and is oriented in a general east-west direction. 

Samples used in this study are from 11 cored wells which range from 

east to west approximately along strike of the bank crest (Fig. 2). 

Figure 2 depicts the locations of control wells used in this 

study. Exact geographic locations are listed in Appendix A. 

Methods of Study 

Structure contour maps were prepared from "electric" log data, 

Depositional topography and structural relationships were inferred 

from these data (Figs. 3-8). 

Samples used in this study were chosen from 1200 feet of 

available slabbed cores from the 11 cored wells in the field. 

Slabbed core samples were etched in 10 percent hydrcchloric acid 

solution to enhance features. They were then studied megascopically 

by binocular microscope to describe lithology, biofacies, 

depositional environment, sedimentary structures and porosity. 

Slabs were photographed to illustrate significant relationships. 

Thin sections were prepared from representative slabs. 

Approximately 400 thin sections were prepared for this study. 

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

and potassium ferricyanide stain, according to the method o^ 

Lindholm and Finkelman (1972), to aid in distinguishing calcite 

from dolomite and ferroan carbonates from non-ferroan carbonates. 



All thin sections were then studied with a binocular petrographic 

microscope for carbonate mineralogy, texture, biofacies, and 

diagenetic relationships. 

Carbonates were classified according to Dunham (1962) using 

Folk's (1959) modifiers. Diagenesis and paragenesis were 

interpreted from representative slides. Photomicrographs were 

taken to illustrate these events. 

Regional Paleozoic History 

Galley (1958) presents an excellent summary of the Paleozoic 

history of the Permian Basin area. The following discussion is 

paraphrased from Galley (1958). 

Pre-Mississippian rocks of the Permian Basin consist 

predominantly of carbonates. The environment was one of vjarm, 

shallow, epeiric sea deposition. Clastic deposition occurred in 

a basin south of the carbonate shelf. 

In late Cambrian time, a transgressing sea deposited sediment 

on a pre-Cambrian unconformity surface. The transgression continued 

off and on through Ordovician time. With the uplift of the Pedernal 

Massif to the north and the Concho Arch to the east in late 

Ordovician time, the configuration of the Tobosa Basin was outlined. 

Parts of the Central Basin and Diablo platforms were emergent 

between Ordovician and Mississippian time. The late Devonian was 

a time of widespread marine regression and subsequent erosion. 

During the next marine transgression, which occurred in the 

early Mississippian, carbonate muds were deposited in the basin 

with some clastics deposited in the south where land areas were 
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positive. During the late Mississippian marine regression, dark 

shales were deposited over the older deposits. 

With the close of the Mississippian Period, the orogenies 

which characterized the Pennsylvanian Period began. The Ouachiia-

Marathon complex became active changing the tectonic environment 

from one of broad gentle-relief structures to one of deep basins 

surrounded by high mountains. 

/ Pennsylvanian sedimentation is characterized by an expanding 

sea in an intracratonic basin bordered by high mountains. Large 

volumes of detritus were deposited in the sinking basin. The late 

Pennsylvanian was a time of almost continuous deposition in a warm, 

shallow sea. At the close of the Pennsylvanian Period, uplift of 

the Central Basin and Diablo platforms occurred. Subsidence of 

the Delaware Basin accentuated the relief on these structures and 

for the first time the Midland Basin was sharply defined. The 

entire Permian Basin area continued to subside. 

Permian sedimentation is characterized by deposition in deep 

but areally restricted basins where clastics accumulated. These 

were surrounded by platform areas where thick carbonates accumulated 

Behind these were shelf lagoons which extended to the shorelines. 

Earliest Permian (Wolfcampian) sediments were deposited in a 

rapidly subsiding trough and on adjacent shelf areas. By Leonardian 

time, the rate of subsidence had decreased. Basin facies consist 

of limestones while shelf facies consist predominantly of dolostones 

The basins were very deep with stagnant bottom conditions. The 

clastic supply was very limited. Evaporites began to form on 



shelves to the north in Leonardian time. 

In Guadalupian time, the Midland Basin was filled. Blockage 

of the Sheffield Channel created stagnant conditions within the 

basin. In Ochoan time, the Delaware Basin became filled with 

evaporite deposits of the Castile and Salado and the Permian Period 

closed with the progradation of continental red beds and evaporites 

over the deep water evaporites of the Delaware Basin (see King, 

1949). 

Local Permian Stratigraphy 

The study area is located in southeastern New Mexico approxi-

mately along the northwest rim of the Delaware Basin. The Leonardian 

in this area can be divided into four formations which represent 

basin, reef and lagoon facies (Jones, 1953). Figure 9 is a typical 

correlation chart for eastern New Mexico. 

The Bone Springs Formation crops out on the west flank of the 

Delaware and Guadalupe Mountains. It consists of black, thin-

bedded cherty limestone and some intercalated black shale. This 

outcrop delineates the western rim of the Delaware Basin (Jones, 

1953). Northward and southwestward to the Sierra Diablo, the Bone 

Springs grades into the Victorio Peak Member (P.B. and R.E. King, 

1929) which represents reefal facies, according to Jones (1953). 

In the subsurface in the middle of the Delaware Basin, the 

Bone Springs differs from its outcrop conterpart in containing 

sandstone members. These sands are similar to those found in the 

Midland Basin but they have not been correlated. 



The rims of the Diablo Platform, Northwest Shelf, Central 

Basin Platform, and Eastern Shelf were fringed with reefs during 

the Leonardian. The Victorio Peak is a massive, very porous 

dolostone which cannot be subdivided. These reefs were sufficiently 

continuous to restrict circulation of marine water in the lagoons 

behind them, in which the first important anhydrite deposition of 

the Permian of West Texas occurred (Jones, 1953). Leonardian reefs 

were extended farther into the basin than those of Wolfcampian 

time due to basinward progradation which extended the platforms. 

The Leonardian of the Northwest Shelf of southeast New Mexico 

can be divided into two distinct formations, the Abo and the Yeso. 

The type Abo in north central New Mexico consists of dark-red 

shale and arkosic sandstone of continental origin. The type Yeso 

in central New Mexico is red sandstone, shale, limestone and gypsum. 

The Abo and Yeso are difficult to correlate from outcrop to 

subcrop but the contact can usually be easily defined in the 

subsurface using samples and "electric" logs. 

On the Central Basin Platform, the Abo is predominantly a 

white-brown-gray dolostone, finely to coarsely crystalline in 

texture (Jones, 1953). The remainder of the formation is limestone 

with some gray-green shale and anhydrite at the top and base and 

chert in the lower part. 

The top of the Abo on the Central Basin Platform is distinc-

tive. It averages 170 feet in thickness and is a thin-bedded, 

pãle-gray or gray-green dolostone. Part of this jnit is an 



extremely fine limestone containing some dolomite rhombs. 

Anhydrite is common in it as are green shale partings. Some 

geologists correlate this unit with the Arroyo of the eastern shelf, 

others with the top of the Wichita. The Abo limestone does not 

occur on the Northwest Shelf where the Abo becomes shalier and 

more anhydritic (Jones, 1953). 

Lloyd (1949) divided the Yeso into three parts. The lower 

Yeso extends from the base of the Yeso to the top of the Tubb 

sand. The Tubb is synonymous with the Fullerton (Moore, 1944) and 

the Drinkard (King, 1945), This sand is a fine-grained, calcareous 

and argilliceous, gray-brown sandstone and sandy shale interbedded 

with a sandy, brown dolostone. The remainder of the lower Yeso 

is a yellow-brown, finely-crystalline dolostone. In many places 

it is oolitic and has a few beds of dense gray dolostone. Some 

finely-crystalline yellow-brown limestone is present. 

The middle Yeso consists of dense dolostone with chert common 

and limestone rare. Several thin sand zones are present and one of 

these is useful in identifying the top of the middle Yeso (Jones, 

1953). 

The upper Yeso is divided into three parts. These are a lower 

sandy dolostone and fine sandstone, a middle tan, finely-crystalline 

dolostone, and an upper sandy dolostone and fine sandstone (Jones, 

1953). Lloyd included 50 feet of sandy dolostone which overlies the 

upper Yeso. This sandy dolostone is probably Glorieta but could be 

Yeso. 



CHAPTER II 

DEPOSITIONAL ENVIRONMENT A::D B I O F A C I E S 

Abo carbonates at Empire Abo Field were deposited in a shallow 

marine subtidal environment as a barrier reef along the northwestern 

rim of the Delaware Basin. Abundance of red and green algae and 

shallow water marine invertebrates, which were cemented in the 

marine environment, supports this interpretation. 

Environmental conditions near the shelf-slope break were 

favorable for reef development. The slowly subsiding Permian 

Basin of Leonardian time and its slowly transgressing sea enabled 

carbonate accretion to keep pace with subsidence. This allowed a 

wery thick, nearly vertical buildup of shallow water organTsms to 

accumulate (Wilson, 1975), 

Reef growth stopped with a major regression of the Permian 

sea. Large volumes of clastics and evaporites began to prograde 

over the area making conditions unfavorable for the grcwth cf 

reef-building organisms. 

Discussion of the Reef Concept 

Application of the term reef to Empire Abo Field carbonates is 

opposed to most concepts of reefs which appear in the literature. 

Therefore, a review of reef concepts is a necessary preface to a 

discussion of Empire Abo Field carbonates. 

L wenstam's (1950) definition of a reef as a wave-resistant 

structure has been largely utilized for nearly thirty years. He 
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distinguished a reef from a bank on the basis of passivity or 

activity of the framework organisms. In a bank, the organisms 

only produce sediment. They have no binding capabilities and are, 

therefore, controlled by their environment. In a reef, on the 

other hand, the framebuilders bind sediments and create a topo-

graphic high, thus controlling their environment. One drawback to 

such a definition is that, to some extent, all organisms are 

controlled by their environment. The force of breaking waves 

varies widely and depends on such things as wind velocity and 

depth and extent of the body of water. Waves in open ocean 

environments are more powerful than those in lagoons or shallow 

epicontinental seas (Heckel, 1974). Therefore, a carbonate buildup 

in the zone of wave turbulence of an epeiric sea could be composed 

of organisms more fragile and delicate than those massive creatures 

which form reefs in modern oceanic environments. Pray (1958) and 

Elias and Condra (1957) both suggest that fenestrate bryozoans, 

which are fragile organisms, have some ability to produce a wave-

resistant structure in a shallow epeiric sea. 

Heckel (1974) recognizes three basic ways for carbonate 

buildups to acquire wave resistance. These are: 1) inorganic 

cementation (subaerial or submarine), 2) organic binding (encrusting 

or baffling by organisms), 3) other (natural cohesion of lime mud 

or inertia of large skeletal debris). 

Recent recognition of extensive submarine, inorganic 

cementation in carbonate rocks further complicates the reet question 
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Submarine cement has the potential to form a structure at least as 

rigid as the organic frameworks considered to be wave-resistant in 

modern reefs. Submarine cements in ancient reefs act, like 

sediment binders in modern reefs, on skeletons of dead organisms. 

Mazzullo and Cys (1977) in a study of the Capitan Reef Complex 

of the Permian Basin noted that submarine cements comprised up to 

80 percent rock volume in some samples and were intimately associated 

with skeletal debris. 

The definition of a reef to be used in this paper was 

proposed by Heckel in 1974. Reefs, by his definition, are carbonate 

buildups which display evidence for potential wave resistance or of 

having formed in turbulent water and show some degree of control 

over surrounding rocks. Development of flank beds and facies 

zonation indicates the influence of reefs over surrounding 

environments. 

Red algae, bryozoans, crinozoans, and sponges formed a carbonate 

buildup at Empire Abo Field. Extensive submarine cementation 

caused early lithification into a wave-resistant structure. 

The core framework consists of complexly coalesced, submarine 

cement-encrusted branches and small pinnacles (Figs. 10 and 50). 

Some of the encrusted primary voids had diameters ranging up to 

over 1 meter. 

In many cases, micritic marine internal sediment rests on 

submarine crusts. Two types of internal sediment are recognized: 

1) oobiopel packstones, grainstones, and wackestones and 2) 
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light greenish-gray mudstones which contain some fossils and 

brecciated clasts. The light greenish-gray internal sediment 

appears to have been deposited by downward percolating vadose 

waters as a result of storm tides during times of subaerial 

exposure when the reef was exposed as islands. 

Lithofacies 

Cored wells, used in this study, are restricted to immediate 

backreef, reef core, and possibly forereef environments, but most 

of the cores are from wells located along the reef crest. 

The dolostones at Empire Abo Field may be divided into three 

major facies: 1) immediate backreef, 2) reef core and 3) reef 

flank. Within these three facies, certain fossil assemblages can 

be recognized. These assemblages are: 1) oopelgrapestone-algal 

grainstones, packstones and boundstones, 2) algal-bryozoan-sponge 

packstones and boundstones, 3) oobiopel grapestone-crinozoan 

grainstones and packstones, 4) oobiopel-crinozoan packstones and 

wackestones. These occur in order from just landward of the 

reef crest through reef core to upper forereef. 

Oopelgrapestone-Algal Grainstones, Packstones, and Boundstones 

This facies occurs just landward of the reef crest. It 

represents interfingering of the boundstones of the reef core with 

the packstones and grainstones of the immediate back reef area. 

Packstones and grainstones oredominantly consist of ooids and 

algal, brachiopod, and echinoid debris. Grapestone and algal-coated 

grains are common. Molds of calcitic-shelled foraminifera are 
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common in some intervals. Many grains are micritized or coated 

by micrite envelopes (Fig. 12). 

The red algae Solenopora, Archeolithophyl1um, Parachaetetes, and 

Gymnocodium and the cyclostome bryozoan Fistulipora are abundantly 

represented. 

Wells in which this facies is recognized are E361, E381, 

F351, and G311 (Figs. 12 and 13). 

Algal-Bryozoan-Sponge Boundstones and Packstones 

This facies comprises the reef core. It includes wells H261, 

H291, J211, J222, and K183. Algal and invertebrate packstones and 

algal-bryozoan boundstones are the major lithotopes in the reef 

core. The encrusting red algae Solenopora (Fig. 14), Parachaetetes 

(Figs. 15 and 16), and Archeolithophyllum (Fig. 17) were the major 

agents of sediment binding. Submarine cementation is abundant in the 

reef core and constitutes the predominant binding mechanism. 

Archeolithophyllum is considered by Wray (1977) to have a self-

supporting framework and binding function. It, together with the 

red alga Gymnocodium, acted as sediment baffles and provided a 

framework for further growth. 

Cyclostomous bryozoans (Fig. 20) were also abundant along with 

some cryptostomes and acted as additional sediment baffles. The 

cyclostome, Fistulipora (Figs. 18 and 19), appears to be the 

predominant bryozoan. Calcisponges were minor reef core constituents, 

Brachiopods, echinoids, and foraminifera were associated in minor 

amounts in the reef core. 
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Oobiopel-Crinozoan Grainstones and Packstones 

This facies is located topographically on the upper fore-reef 

in well M121 (Fig. 21). However, the rock types within it suggest 

a reentrant channel in the reef rather than fore-reef environment. 

The predominant rock types are grainstones and packstones of ooids, 

peloids, grapestones, and some invertebrates (Fig. 22). Crinoid 

columnals are numerous. Bryozoans are less abundant in this facies 

than in the reef core. The presence of micritized grains, ooids, 

and grapestone grains indicates transport from the back reef area. 

Algae are less abundant here than in facies more closely associated 

with the reef core. 

Oobiopel-Crinozoan Packstones and Wackestones 

Topographically, this facies occurs low on the fore-reef in 

well M131 (Fig. 23). However, as in lithofacies 3, packstones 

and wackestones of ooids, peloids and invertebrate debris are 

abundant. Most grains have micrite coats which indicates transport 

from another part of the reef. This is probably part of the same 

channel described in lithofacies 3. Wells M121 and M131 are only 

one-half mile apart. 



CHAPTER III 

MECHANISMS OF DOLOMITIZATION 

In modern carbonates only one viable mechanism for dolomitiza-

tion has been identified, the supratidal or sabkha model. The 

sabkha model for dolomitization has been developed from studies of 

the southwestern margin of the Persian Gulf by Curtis and others 

(1963), Illing and others (1965), Kinsman (1966 and 1969), and 

Butler (1969). Recent dolomites have also been found on Bonaire 

Island, Netherlands Antilles (Deffeyes and others, 1965), on 

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

Key, Florida (Atwood and Bubb, 1970). 

The Persian Gulf dolomites of the Qatar Peninsula (Wells, 

1962) and those on the Trucial Coast (Curtis and others, 1963) are 

forming in a supratidal environment called the sabkha. The sabkha 

surface is infrequently wetted by storm and spring tides. High 

temperatures and low rainfalls of these arid coasts help to 

concentrate the marine-water-derived brines. Precipitation of 

gypsum is intimately associated with dolomite in the original 

aragonitic sediments. The supratidal dolomites are thinly-bedded 

surficial layers. 

Radiocarbon dating methods establish ages of 4000 years and 

less for the Persian Gulf dolomites (Illing and others, 1965). 

Chemical and petrographic studies have also established the 

penecontemporary origin. 

14 
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The evolution of interstitial brines helps explain sabkha 

dolomitization. Pore fluids become recharged during spring and 

storm tides. Evaporation concentrates the salts in the f"!uids. 

Butler (1969) was able to illustrate a direct correlation between 

storm flooding frequency and salinity. Salinity increased landward 

until mixing with fresh waters at sabkha boundaries began to 

dilute the brines. 

Butler (1969) reported Mg/Ca ratios of 35/1 compared to 3-4/1 

for normal marine waters. These ratios are directly related to 

gypsum precipitation. Gypsum precipitation raises the Mg/Ca ratio 

thus causing dolomitization of aragonitic sediments. Aragonite 

content decreases landward with the formation of dolomite. 

Dolomite replaces aragonite lime mud before attacking aragonitic 

fecal pellets. 

Supratidal dolomitization produces only a thin wer^eer of 

dolomite. In the geologic record, such thin sheets of dolostone 

are subordinate to more extensive and thick sequences which occur 

in intertidally and subtidally deposited carbonates. There is no 

viable mechanism to account for these thick dolostones. Most 

geologists agree that dolomitization requires Mg-rich fluids and 

some type of hydrodynamic discharge (Adams and Rhodes, 1960, 

Deffeyes and others, 1965, and Hanshaw and others, 1971). 

Observations of dolostones in the geologic record show preferential 

dolomitization of shelf carbonates rather than basin carbonates and 

the close associaticn of dolostones with arid climatic indicators 
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such as evaporites (Jacka and Franco, 1974, and Galley, 1958). 

Newell and others in 1953 proposed that dense brines, formed in 

a restricted lagoon, became enriched in Mĝ "̂  and SO^ ions, through 

gypsum precipitation, and subsequently discharged through shelf 

carbonates and dolomitized them. Adams and Rhodes (1960) popularized 

this concept and named it "seepage refluxion." They cited the 

lagoonal dolostones and evaporites of the Permian Basin as evidence 

for the existence of hypersaline brines in the Permian of West Texas. 

Jacka and Franco (1974) rejected seepage refluxion as a viable 

mechanism for dolomitization because it requires the existence of 

hypersaline lagoons behind barrier reefs. They found much evidence 

for surge channels and submarine canyons in the Guadalupian 

sediments which would cause circulation in back reef lagoons and 

therefore preclude the formation of hypersaline brines. Jacka and 

Franco further indicate that Permian shelf evaporites i'ormed as 

coastal and continental sabkha deposits or as diagenetic replacements 

of metastable carbonates rather than as primary deposits. 

Deffeyes and others (1965) tried to document the seepage 

refluxion model in a study of Pekelmeer Lake, Bonaire Island. Their 

model differed from Adams and Rhodes in having a hypersaline lake as 

source for brines rather than restricted lagoons. Seepage of dense 

brines through porous sediment would replace water lost to evaporation 

The heavy brines would reflux by displacement of interstitial fluids 

and thus dolomitization would occur. 

Lucia's (1968) study of Pekelmeer Lake was unable to document 
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the flow path of the hypersaline brines. He found that the pore 

fluids below Pekelmeer Lake consisted of normal marine water and no 

dolomitization had taken place. Impermeable clay layers probably 

inhibited the downward percolation of brines. Lucia concluded 

that reflux of hypersaline brines from the bottom of Pekelmeer 

Lake was well known but the flow path was still in question. 
« 

Hsu and Sieganthaler (1969) proposed the "evaporative pumping" 

mechanism. Their theory was that an inward and upward hydrodynamic 

movement of seawater would replace fluids lost to evaporation. 

This would concentrate saline solutions along supratidal surfaces. 

Their experiments showed that brines from a lagoon-like body of 

water were drawn into supratidal sediments by evaporation. 

Pumping occurred only when the model was illuminated" by a light 

source. The result was a thin evaporative crust. Their model was 

effective in transporting Mg-rich solutions through relatively 

impermeable evaporite-plugged sediments as are most supratidal 

dolostones of the geologic record (Kinsman, 1966). However, it 

does not provide a mechanism for the dolomitization of subtidal and 

intertidal sediments. 

The "freshwater lens" theory was proposed by Hanshaw, Back, 

and Deike in 1971. This theory postulates a fresh water lens 

underlain by seawater. The two fluids would mix causing 

dolomitization in the thin zone of mixing at the base of the lens. 

Magnesium icns would be provided by the seawater. Badiozamani 

(1973) renamed this model the Dorag model in a study of the middle 

Ordovician in Wisconsin. Land (1973a and b) employed the Dora'̂  
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model to explain dolomitization cf Mid-Pleistocene Jamacian 

reefs. 

Steinen (1974) studied Pleistocene and modern carbonate 

sediments on Barbados. He found that in the freshwater phreatic 

zone, unstable carbonates had stabilized to calcite. The marine 

phreatic zone still had the original unstable carbonate mineralogy 

and no dolomite was found anywhere in his study area. 

In 1974, Jacka and Franco proposed the "hydrodynamic reflux" 

model after a study of Guadalupian sediments of the Permian Basin. 

They invoked the reflux of brines formed within evaporite-bearing, 

clastic coastal and continental sabkha sediments as a mechanism. 

The brines would form from original fresh ground waters. As the 

ground water moved laterally through continental sabkha sediments, 

the salinity and density would increase. The only drawback to 

this hypothesis is the question of the source of Mg" -,ons. 

2+ Concentrating Mg ions calls for a source of leachable Mg-

rich minerals or precipitation of calcium sulfates. Kinsman 

(1969) studied Laguna Ojo de Liebre, Baja, California. He found 

that gypsum precipitation in the original seawater caused enrichment 

in Mĝ """ ions and depletion of Câ '*' ions. Brine concentrations 

became great enough to precipitate polyhalite in the original 

clastic host (Kinsman, 1969). 

Mechanisms for formation of thick dolostones in subtidally and 

intertidally deposited carbonates remain enigmatic. Dolomitization 

of subtidally deposited Empire Abo Field carbonates is inferred to 
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be from hydrodynamic reflux of hypersaline brines derived from the 

coastal and continental evaporite deposits which existed north and 

northwest of the Leonardian shoreline. 



CHAPTER IV 

DIAGENESIS 

Empire Abo Field carbonates have a yery complex and multicyclic 

diagenetic history. Most intervals have been subjected to diagenesis 

which records at least five distinct events. 

Empire Abo Field dolostones originally consisted of a mixed 

mineral assemblage, including: 1) aragonite (lime mud, gastropods, 

some red and green algae), 2) high Mg-calcite (most red algae, 

echinoderms, crinozoans, bryozoans and foraminifera), and 3) low 

Mg-calcite (brachipcds and corals). Micrites of the reef core 

were predominantly aragonite lime mud. In the marine envi^onment, 

micritization and extensive submarine cementation significantly 

altered some of the carbonate materials. At least two episodes 

of dolomitization greatly obscured original fabrics and textures. 

Early Diagenesis in the Marine Environment 

Micritization 

Micrite-coated skeletal grains and ooids appear as an outer 

rind or envelope of micrite around a residual core of unaltered 

carbonate. In transmitted light, micrite coats appear as dark, 

dense coatings around a lighter matrix. Several authors have 

recognized such grains from recent sediments (Bathurst, 1966, and 

Kendall and Skipwith, 1969) and attribute micrite coatings to the 

boring and backfilling activities of various marine orcanisms, 

20 
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specifically blue-green algae. Such micrite envelopes tend to 

have irregular lower surfaces. 

Kobluk and Risk (1977) have described a type of micrite 

envelope that may form rapidly around unaltered grains. The 

filamentous blue-green algae, Qstreobium, may exhibit an epilithic 

(surficial growth) growth habit. Later calcification of such 

filaments may occur rapidly and form a dense micrite envelope. 

These micrite envelopes have smooth lower surfaces and wou1d 

closely resemble cement films (see Jacka, 1974). 

Micrite envelopes in the Abo are of two types: some have 

smooth lower boundaries and others have irregular lower boundaries. 

Both appear to be the result of algal activity. 

Where micrite coats developed on aragonitic allochems, 

dissolution by meteoric water commonly leached the unaltered 

aragonite leaving hollow micrite envelopes and molds, many of 

which later became fiHed by dolomite or sulfate cements. 

Micritization is partially controlled by thickness or diameter 

of an allochem. Large and thick-walled grains, such as brachiopod 

and echinoderm grains, were subjected to peripheral micritization 

while small, or thin-walled allochems, such as foraminifera and 

ooids, were, in some cases, subjected to wholesale micritization 

wherein no internal structures were preserved. It is inferred 

that many of the micrite-rimmed voids with circular cross sections 

in Empire Abo dolostones were at one time ooids. 
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Submarine Cementation 

Some modern reefs and other subtidal carbonates are cemented in 

the marine environment by aragonite or high Mg-calcite cements. 

According to Ginsburg and Schroeder (1973), cementation can begin 

less than one meter below the living surface of a reef. Reef 

sediments may become completely lithified less than one-half meter 

below the reef surface. 

High Mg-calcite subtidal cements have been described as 

microcrystalline (Shinn, 1969), as anhedral masses (Ginsburg and 

others, 1971), and as acicular to equant (Bathurst, 1975). 

Aragonite subtidal cements are described as loosely-packed acicular 

needles and fibrous fan druses (Shinn, 1969, and Mazzullo and Cys, 

1977), as botryoidal aragonite (Ginsburg and James, 1973, and 

Mazzullo and Cys, 1977), and as radial fibrous acicular aragonite 

(Bathurst, 1975). Needles and fibers precipitate perpendicular 

to grain margins in isopachous fringes (Shinn, 1969). Except for 

botryoidal fan druses, many of these same morphologies can occur 

in intertidal cements but should then display gravitational 

thickening and pore-rounding effects of vadose cementation 

(Dunham, 1971). 

Two types of subtidal cements occur in Abo carbonates: 

1) isopachous crusts around allochems in some grainstones and 

around some framework organisms (Fig. 25), and 2) fan-ray druse 

crusts on frame-building organisms (Fig. 24). These cements 

are believed to be dolomitized subtidal aragonitic cements because 
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relict structures indicate original isopachous crust and 

botryoidal fan druse morphologies. 

In some intervals, submarine cement comprises up to 50 percent 

or more of rock volume. Mazzullo and Cys (1977) report finding 

submarine cement comprising up to 80 percent rock volume in the 

Permian Capitan Reef complex of West Texas. 

Aragonitic fan druse cements exhibited a botryoidal morphology 

(Fig. 26), as in modern counterparts. The cement crusts range in 

thickness up to 2 centimeters and as previously indicated, many 

enormous primary voids originally existed among the encrusted 

branches and pinnacles (Figs. 10 and 50). Outer portions of many 

crusts were micritized by algae, and along the bottoms of many 

voids several alternations of internal sediment and cement crusts 

occur. No gravitational effects were noted in fan druse crusts. 

Large, primary, interframework voids were partially filled by 

two types of sediment: 1) oobiopel packstones, grainstones and 

wackestones, and 2) light greenish-gray mudstones which contain few 

fossils or other allochems. Some of this greenish-gray sediment 

is distinctly layered and appears to have been deposited by 

downward percolating vadose waters during episodes of subaerial 

exposure. Some greenish-gray internal sediment also contains 

brecciated clasts of reef material and some fossil debris, Much 

of this greenish-gray internal sediment exhibits a peculiar, 

somewhat irregular, crudely concentric pattern of layers and 

laminae (Fig. 11), which roughly conforms to the configuration of 
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the voids. The peculiar concentric structure may represent 

shrinkage features which formed in the lime mud when it was air-

dried after having been deposited during intermediate stands of 

sea level. The largest primary interframe voids were only partially 

filled by internal sediments, and subsequently they a11 became 

completely filled by anhydrite. 

Compaction wisps represent "feathery" concentrations of 

organic matter and impurities that occur during compaction of 

carbonate muds (see Shinn, 1977). These are lacking in the Abo 

reef cores, and this constitutes additional evidence for early 

lithification, by submarine cements, in this instance. 

Dolomitization 

While the lime mud matrix was still aragonitic, Mg^ -rich 

fluids discharged through the sediments and dolomitized them. 

Jacka (1974) has shown that when dolomite replaces aragonite a 

rhombic texture of euhedral and subhedral crystals forms. Because 

a textural change occurs, this is a neomorphic process and creates 

extensive secondary intercrystalline porosity. When dolomite 

replaces original calcite, paramorphic dolomites form which display 

original textures and fabrics. At Empire Abo Field, aragonite was 

stabilized in a dolomitizing environment. A11 thin sections 

examined in this study displayed a neomorphic dolomite fabric of 

euhedral and subhedral rhombic crystals. Neomorphic dolomitization 

has greatly obscured original textures and fabrics. Dolomite 



25 

crystals range in diameter up to 600 microns. 

The dolomitization process follows a definite replacement 

order. Illing and others (1965) on Qatar Peninsula described the 

preferential replacement of: 1) aragonitic lime mud, and 

2) aragonitic allochems. Schmidt (1965) described the following 

order: 1) aragonitic lime mud, 2) aragonitic allochems, 3) calcitic 

bioclasts. He also noted the dissolution of many aragonitic 

allochems during dolomitization. 

In Empire Abo Field carbonates, it is difficult to establish 

an order of susceptibility to dolomitization because all carbonate 

materials ultimately became dolomitized. Many calcitic shells, 

such as brachiopods and foraminifera, dissolved during dolomitiza-

tion. After dolomitization had been completed; further discharge 

of dolomitizing fluid through the sediment resulted in precipitation 

of dolomite cement overgrowths ov matrix crystals. This changed 

the fabric from idiotopic to hypidiotopic obliterating much of the 

secondary intercrystalline porosity (Figs. 21 and 23). 

Dolomitization of aragonitic fan druse crusts neomorphosed 

original square-tipped araconite r.eedles into elongate composite 

dolomite ray crystals whose long axes are perpendicular to the 

crusts. Many square tips have been preserved (Fig. 24). The 

dolomitized fan druse cements are remarkably similar to calcitized 

fan druse cements described by MazzuHo and Cys (1977) in the 

Capitan Reef. In inner portions of some thick crusts, the aragonite 

needles have been neomorphosed into a coarse rhombic crystal 
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mosaic and, in many instances, the entire fan druse botryoids 

exhibit this fabric. Like modern fan druses, and the ancient 

example described from the Capitan Reef, the dolomitized crusts in 

the Abo appear cloudy because of inclusions of organic matter. In 

many instances, coarse rhombic dolomite cement crystals were 

precipitated on square-tipped, dolomitized fan druse ray crystals. 

Original fabrics generally have been obscured to such a degree that 

the nature of the organisms, which were encrusted by submarine 

cement, can be determined only in rare instances. 

Dolomitizing fluids are inferred to be the result of hydro-

dynamic reflux of brines from beneath prograding coastal plain 

sediments which occupied the area north and northwest of the 

Leonardian shoreline. 

First Generation Anhydrite Emplacement 

An influx of hypersaline waters caused anhydrite to form in 

Empire Abo carbonates. Hollow dolomite rhombs and stairstep voids 

can form as a result of anhydrite emplacement. 

Hollow dolomite rhombs form when anhydrite nucleates in the 

centers of dolomite rhombs. Preferential replacement of dolomite 

crystal centers may be due to selective anhydrite replacement of 

organic-rich dolomite rhombs formed from original lime mud and 

surrounded by clear epitaxial overgrowths (Fig. 46). Fresh 

groundwater later leached the anhydrite leaving hollow dolomite box 

crystals (Fig. 44). HoHow dolomite rhombs are especially abundant 
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adjacent to margins of voids wherein anhydrite has precipitated 

and then replaced some of the surrounding matrix (Fig. 45). 

Stairstep voids form when sulfates, which invaded primary or 

secondary voids as void-filling cement and then invaded the 

surrounding matrix, are leached leaving characteristic stairstep, 

rectanguloid outlines (Fig. 47). Jacka (1978) and Jacka and 

Stevenson (1977) describe stairstep voids as evidence for 

dissolution of anhydrite porphyroblasts. 

Fresh Water Diagenesis 

The character of the ground water changed from hypersaline to 

fresh waters after the first generation of anhydrite was emplaced. 

Evidence for fresh water diagenesis in Abo carbonates is: 

1) enlargement of many primary, interframe voids, 2) dissolution of 

anhydrite to form hoHow dolomite rhombs and stairstep voids, 

3) calcite emplacement, and 4) silica emplacement. 

Second Influx of Dolomitizinq Fluids 

A second influx of dolomitizing fluid is recorded in Empire Abo 

Field carbonates. Coarse dolomite cement was precipitated in many 

voids and fractures. Coarse dolomite cement crystals have 

asphaltic stains on outer crystal faces (Fig. 43). Zonation of 

ferroan and non-ferroan dolomite is apparent in some cement crystals 

(Fig. 29). This zonation indicates abrupt changes in the composi-

tion of pore waters during crystal growth. These changes usually 

occur in zones wherein alternation of oxidizing and reducing 
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conditions occurs. Continental groundwaters have a greater than 

average concentration of iron ions as opposed to sea water. This 

suggests that these ferroan dolomites were precipitated from Mg-rich 

waters of meteoric origin or associated with a freshwater lens. 

Monocrystalline crinoid columnals and bryozoans, which 

originally consisted of high Mg-calcite, have been paramorphically 

dolomitized. This may have occurred during the second episode of 

dolomitization, because in many dolostones, calcite-shelled 

invertebrates remain undolomitized. 

Second Generation Anhydrite Emplacement 

A second generation of anhydrite was emplaced at Empire Abo 

Field. Evidence for this second generation of anhydrite includes: 

1) broken hollow dolomite rhombs in areas with "fresh" anhydrite in 

close proximity (Figs. 30 and 31), 2) "fresh" anhydrite only partially 

filling first generation stairstep voids (Fig. 32). 

Anhydrite at Empire Abo Field has two crystal morphologies: 

1) sparry anhydrite with blocky crystal outlines, 2) felted lath 

anhydrite with intermeshed elongate crystals. 

Anhydrite was precipitated as void-filling cement and as a 

combination of cement and replacement of dolomite cements and 

matrix (Fig. 48). Some felted lath anhydrite cements have sparry 

replacement rims which have invaded the surrounding matrix. In 

most cases, anhydrite cement follows dolomite cement but in some 

cases no dolomite cement occurs in anhydrite-filled voids. 
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Anhydrite was selectively and massively precipitated within 

the largest unfilled interframework voids, while smaller surrounding 

voids remain open. Ordinarily, one would expect cement to fill 

small voids before large voids. A similar relationship has been 

reported from a study of the lower San Andres by Tully (1979). 

Large fractures in a dolostone were completely filled by anhydrite 

while tiny intercrystalline voids on either side of the anhydrite-

filled fractures contain no anhydrite. 

Minor amounts of celestite and barite are associated with both 

sparry and felted lath anhydrites. In each case, these minerals 

exhibit the same crystal morphology as anhydrite. 

Calcite Emplacement 

A freshwater diagenetic event emplaced some coarse calcite 

cement in fractures (Fig. 33) and some biomolds (Fig. 34). This 

late calcite is in some places replacing dolomite cement or matrix 

(dedolomitization). Inclusions of anhydrite were found in calcite 

cement (Fig. 35). This indicates that calcite was precipitating 

while anhydrite was dissolving. Whether this calcite was associated 

with a first or second generation of freshwater diagenesis could not 

be determined. 

Silica 

Silica from fresh ground water has partially replaced dolomite 

and anhydrite in Empire Abo Field carbonates. Silica occurs as: 

1) replacement of dolomitic allochems, 2) void-filling cement. 
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3) replacement of dolomite and anhydrite cements. 

Nodular replacement silica consists of length-slow chalcedony 

and megaquartz (Figs. 36 and 37). Quartzine and megaquartz occur 

as void-filling cements and as replacement of aragonite fan druse 

cements and allochems (Figs. 36 and 37). Ghosts of square-tipped 

ray crystals are marked in silica by engulfment of organic 

inclusions. Quartzine and megaquartz also are the morphologies 

which have replaced anhydrite (Fig. 39). The dolomite matrix has 

been replaced predominantly by microquartz. Local porphyroid 

replacement of matrix and allochems by doubly terminated quartz is 

common in Empire Abo dolostones (Fig. 38). Doubly terminated 

quartz crystals are common in allochems such as echinoid fragments 

and pelôids. Jacka (1974b) showed that organic-rich allochems, 

such as peloids, ooids and shells commonly constitute preferred 

microenvironments for silica nucleation. 

Because the silica has replaced dolomite and anhydrite cements, 

it can be inferred that the silica reflects a relatively late 

freshwater diagenetic event. 

Pyrite 

Pyrite is especially abundant in the green dolomitic mudstones 

of the lagoon environment and along organic-rich residue-stringers 

and stylolites. Because of the high organic content of the residue-

stringers and the lack of oxygen in stagnant lagoonal waters, 

microreducing conditions suitable for the formation of pyrite were 

created. 
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Fractures 

The Abo reef cores contain many fractures, but these appear to 

have been related to early diagenesis (Fig. 40). Much breakage of 

submarine cemented framework materials by storm waves probably 

occurred, and collapse of many very large primary cavities took 

place at wery shallow depths of burial. The common association of 

breccias with marine and vadose internal sediments corroborates 

this interpretation. Fracture networks are almost exclusively 

restricted to the reef framework facies. Immediate backreef and 

"forereef" grainstones, packstones and wackestones contain few, if 

any, fractures. This strongly supports an early nontectonic origin 

for the fractures. 

Many hairline fractures remain open while'those which have 

been wedged apart are filled by anhydrite cement. The open hairline 

fractures are interconnected in many intervals and greatly enhance 

permeability. 

Because so many fractures are associated with early, pre-

burial breakage and collapse at shallow depths, it is difficult to 

determine how many (if any) were caused by Late Permian tilting. 

Fluorite 

Fluorite occurs in wery small amounts as a void-filling 

cement (Fig. 41) and in some cases may actually be replacing 

anhydrite. Muir (1978) and Foley (1978) have inferred that fluorite 

was probably derived from fresh groundwaters at low temperatures. 
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Stylolites 

Bathurst (1975) suggests that pressure solution causes the 

complex interdigitation observed in stylolites. Concentrations of 

organic debris, hydrocarbon, and other insoluble residues are 

evidence for a solution-related origin. 
\ 

Empire Abo Field stylolites contain dark insoluble residues 

rich in organics, pyrite and some hydrocarbons (Fig. 42). Dolomite 

matrix crystals have a corroded appearance along stylolites which 

indicates that the stylolites formed after dolomitization. Many 

stylolites cut anhydrite which indicates they are a relatively late 

event. 



CHAPTER V 

PARAGENESIS 

Empire Abo Field carbonates were deposited as a reef on a 

shallow shelf. Carbonates originally consisted predominantly of 

aragonite and high Mg-calcite. Paragenesis of these sediments was 

complex and included several episodes of diagenesis by dolomitizing 

fluids, hypersaline brines, and fresh groundwaters during times of 

subaerial exposure. 

Carbonate skeletal grains were subjected to encrustation and 

micritization processes on the sea floor. Extensive submarine 

cementation resulted in early lithification of the reef core. 

Dolomitization occurred early before the aragonite materials 

had stabilized to calcite. Coarse neomorphic, rhombic crystal 

fabrics were produced which resulted in wholesale obliteration of 

original textures and fabrics. Many calcite shelled organisms, 

such as brachiopods and foraminifera, dissolved during dolomitiza-

tion. Continued discharge of dolomitizing fluid, after dolomitiza-

tion had been completed, resulted in epitaxial dolomite overgrowths 

which occluded most secondary dolomite intercrystalline porosity. 

Following dolomitization, a first generation of anhydrite 

cement was precipitated from hypersaline groundwaters. Subaerial 

exposure and freshwater diagenesis followed dolomitization and 

anhydrite cementation. Anhydrite was dissolved leaving hollow 

dolomite crystals and stairstep voids. Some coarse calcite cement 
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was precipitated in fractures and voids. Anhydrite inclusions 

are found in coarse calcite cement crystals. The groundwater 

contained sufficient silica to precipitate quartzine and 

megaquartz as void-filling cements and replacements of dolomite 

and anhydrite cements. Microquartz formed as replacement of 

dolomite matrix. 

Further dolomitization occurred at shallow depths of burial. 

Calcitic crinoid columnals and bryozoans were paramorphically 

dolomitized. Coarse dolomite cement crystals were precipitated in 

open voids. Some zonation of these cements from ferroan to non-

ferroan is displayed. This indicates an alternation in oxidizing 

and reducing conditions or fluctuations in iron content of the 

pore waters. Stylolite formation occurred after dolomitization, 

because dolomite matrix appears corroded along stylolite boundaries 

Hydrocarbons and other insoluble residues are concentrated in 

stylolites. 

A second generation of anhydrite cement was introduced. 

Anhydrite formed as a void-filling cement and as a combination of 

cement and replacement of dolomite cement and surrounding matrix. 

Generally, second generation anhydrite cement follows coarse 

dolomite cement but, in some instances, anhydrite fills voids that 

contain no dolomite cement. Evidence for two generations of 

anhydrite includes broken hollow dolomite rhombs with "fresh" 

anhydrite in close association and "fresh" anhydrite cement 

partially fiHing stairstep voids created by dissolution of ^irst 

generation anhydrite. 
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Some Abo intervals bear evidence of the following six 

distinct diagenetic overprints: 1) micritization and cementation 

in the marine environment, 2) dolomitization, 3) emplacement of 

anhydrite by hypersaline brines, 4) fresh water diagenesis, 5) a 

second influx of dolomitizing fluids, and 6) a second generation of 

anhydrite emplacement. This alternation of dolomitizing fluids, 

hypersaline brines and fresh groundwaters indicates that these 

phenomena were associated with eustatic and climatic fluctuations. 

The last event was hydrocarbon emplacement. Some coarse 

dolomite cement crystals have asphaltic stain on outer crystal 

faces (Fig. 44). Some hollow dolomite rhombs also contain dead 

oil (Fig. 54). Emplacement of what is now asphaltic material 

(or dead oil). must have preceeded migration of hydrocarbons which 

are being produced. 
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CHAPTER VI 

POROSITY 

Primary Porosity 

Formation of Primary Porosity 

Primary porosity at Empire Abo Field formed in three ways. The 

most common type of primary porosity formed by accretion of fan-ray 

druse cements on algae and bryozoans. This type of primary pore is 

found abundantly within the cement-encrusted framev;ork. A second type 

of primary porosity is intrabiotic cavities of algae, bryozoans and 

sponges. This porosity type is abundant especially in the reef core 

facies. The third type of primary porosity is in the intergranular 

voids between grains in the grainstones of the forereef facies. 

Occlusion of Primary Porosity 

Occlusion of primary porosity is variable. Intrabiotic 

cavities of algae (Fig. 15), bryozoans (Fig. 20), and sponges are 

partially to completely occluded by marine internal sediment, 

finely crystalline dolomite cement, and minor amounts of anhydrite. 

Intergranular voids in grainstones are completely occluded by 

dolomite cements (Fig. 12). The largest voids, formed by accretion 

of fan druse, cement-encrusted frameworks, are partially filled by 

internal sediments and completely filled by anhydrite while smaller 

voids in surrounding areas are open. It is interesting to see 

primary voids greater than 1 meter in diameter completely filled by 
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anhydrite. 

Preservation of Primary Porosity 

Intrabiotic cavities of algae, bryozoans, and sponges are 

commonly open due to only partial dolomite cementation (Fig. 52). 

Small amounts of anhydrite are present in only a very few intrabiotic 

cavities. Much primary porosity that existed among fan-ray 

botryoids has also been preserved. Preserved primary voids are 

medium to small in size and rarely exceed two centimeters in 

diameter. 

Secondary Porosity 

Formation of Secondary Porosity 

Secondary porosity at Empire Abo Field consists of three types: 

1) biomolds, 2) intercrystalline voids, 3) fractures and solution 

vugs. 

Biomoldic porosity resulted from the dissolution of calcitic 

shelled organisms, such as brachiopods and foraminifera, during 

dolomitization (Fig. 29). Such porosity is erratically distributed 

in the reef core and some backreef areas. It is doubtfu! that 

such molds contribute much permeability to the field. Some molds 

with circular cross sections are inferred either to record 

dissolution of ooids or anhydrite-replaced crinozoan components. 

As previously mentioned, many interconnected, nontectonic 

fractures were formed during early diagenesis (Fig. 41). These 
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fractures contribute much permeability throughout Empire Abo 

Field by interconnecting the isolated, very porous framework zones. 

Intercrystalline porosity formed as a result of the neomorphic 

dolomitization of aragonitic lime mud. It is best illustrated in 

the marine internal sediment in some large voids (Fig. 51). 

Occlusion of Secondary Porosity 

Intercrystalline porosity is generally occluded by epitaxial 

dolomite overgrowth cements which formed when exposure to 

dolomitizing fluids continued after dolomitization had been completed 

Complete occlusion by epitaxial overgrowths results in compromise 

crystal boundaries giving crystals a subhedral to anhedral appear-

ance (Fig. 23). Original crystals commonly appear cloudy, owing to 

organic inclusions, while epitaxial rims are clear. 

Biomoldic porosity is partially occluded by dolomite and 

anhydrite cements. 

Fracture porosity may contain anhydrite, calcite, or dolomite 

cements. 

Preservation of Secondary Porosity 

Preservation of biomoldic, fracture and intercrystalline 

porosity is due to incomplete cementation by dolomitizing fluids, 

hypersaline or fresh groundwaters. According to Murray (1960), 

intercrystalline porosity may be preserved when a limited volume of 

dolomitizing fluid passed through a coarse dolomite matrix 

(Fig. 51). 



39 

Tertiary Porosity 

Tertiary porosity in the Abo is of two types: 1) stairstep 

voids, which probably represent dissolution of anhydrite that was 

emplaced as a combination void-fill and replacement (Fig. 47) 

and 2) hollow dolomite rhombs, or intracrystalline porosity, which 

reflect dissolution of anhydrite which nucleated in organic-rich 

centers of dolomtie rhombs, while clear epitaxial overgrowths were 

unaffected (Fig. 44). Dissolution of anhydrite, which was emplaced 

as combination void-fill and replacement, produces stairstep voids 

(Jacka, 1978, and Jacka and Stevenson, 1977). 

Tertiary stairstep voids are generally open due to incomplete 

cementation by second-generation sulfate. Tertiary porosi.ty 

greatly enhances existing primary and secondary porosity and 

permeability. 
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CHAPTER VII 

CONCLUSIONS 

1. Empire Abo Field carbonates were deposited as a reef 

complex formed by frame building and baffling activities of 

bryozoans, red and green algae, sponges and crinozoans. Submarine 

cementation took place and resulted in early lithification of the 

reef framework. The framework consists of complexly coalesced, 

submarine cement-encrusted branches and small pinnacles. Submarine 

cements originally consisted of aragonitic, botryoidal fan-ray 

druses and thin isopachous, fibrous crusts. Interframe voids 

ranged in diameter up to more than 1 meter. Marine internal 

sediment and marine-derived vadose internal sediment partially to 

completely fill interframe voids. 

2. On the depositional interface, skeletal grains were 

subjected to encrustation and micritization by blue-green algae. 

Small or thin-walled grains were completely micritized while larger 

grains were marginally altered to form micrite envelopes. 

3. While carbonate mineralogy was still unstable, magnesium-

rich fluids discharged through t.he sediments and dolomitized them. 

To an amazing degree, coarse neomorphic dolomitization has obscured 

original textures and fabrics. In many instances original square-

tipped needle crystals of aragonite were neomorphosed into 

composite ray crystals whose long axes are perpendicular to crust 

surfaces, and many square tips were preserved. In other cases, the 

40 
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entire cement crusts or portions of crusts were neomorphosed into 

coarse rhombic crystal mosaics. Bryozoans and m.onocrysta11ine 

crinozoan components were paramorphically do1o"mitized. During 

dolomitization many ooids and calcite shelled invertebrates 

dissolved to form molds. During this episode of dolomitization, 

many voids were partially to completely filled by dolomite cement. 

A later influx of dolomitizing fluids emplaced coarse dolomite and 

ferroan dolomite cements. 

4. Much anhydrite was precipitated in Empire Abo dolostones. 

Evidence in many intervals for two generations of anhydrite 

emplacement includes: 1) broken, hollow dolomite rhombs with 

"fresh" anhydrite in close association, and 2) "fresh" anhydrite 

crystals partially filling stairstep molds left by dissolution of 

first generation anhydrite. First generaticn anhydrite was 

leached by fresh groundwaters to form hollow dolomite box crystals 

and stairstep molds. Second generation anhydrite was emplaced as 

a combination of void-filling cement and replacement around void 

margins. It consists of both spar and intermeshed lath crystals. 

5. As a result of freshwater diagenesis, anhydrite was 

dissolved and calcite cement was precipitated locally in voids and 

fractures. Silica was also emplaced as: 1) void-fiHing cement, 

2) replacement of dolomite and anhydrite cement, and 3) replacement 

of allochems and matrix. 

6. Paragenesis of the Abo has been very complex and many 

intervals sequentially record the foHowing diagenetic overprints: 
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1) cementation and micritization in the marine environment, 

2) dolomitization, 3) emplacement of anhydrite, 4) leaching of 

anhydrite and emplacement of calcite and silica, 5) second episode 

of dolomitization and 6) second episode of anhydrite emplacement. 

Post-depositional diagenesis indicates that the following types of 

fluids have discharged through Abo intervals sequentially: 1) 

dolomitizing fluid, 2) hypersaline brine, 3) fresh groundwater, 

4) dolomitizing fluid, and 5) hypersaline brine. This complex 

paragenesis is a reflection of fluctuations in sea level and 

climate. 

7. Production in the Abo is from the foHowing types of 

voids which commonly are interconnected: 1) unfilled, primary 

interframe voids, 2) primary intrabiotic cavities of algae and 

some sponges, 3) secondary oomolds and fossil molds, 4) early, 

nontectonic fractures, 5) tertiary stairstep anhydrite molds, and 

6) tertiary intracrystalline voids within hollow dolomite crystals. 

Permeability is greatly enhanced by fractures. The presence of all 

these different types of pores is another reflection of highly 

complex diagenesis. 

8. Fractures are largely restricted to the reef core facies 

and result from storm wave breakage of submarine-cement encrusted 

framework and from collapse of very large primary voids. Very few 

fractures occur in grainstones, packstones and wackestones that 

represent immediate backreef and "forereef" deposits. 

9. Porosity has been occluded to varying degrees in the Abo 
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by the following cements, which are listed in relative order of 

abundance: 1) anhydrite, 2) dolomite, 3) calcite, 4) silicá, 

and 5) fluorite. 

10. Anhydrite has selectively and completely filled only very 

large, primary interframe voids. Smaller primary, secondary, and 

tertiary voids, immediately adjacent to large anhydrite-plugged 

primary voids, remain open. Hydrocarbons, which are being produced, 

migrated into the Abo after anhydrite cementation took place. 
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E361 

E381 

F351 

G311 

H261 

H291 

J211 

J222 

K183 

M121 

M131 

620' FNL & 1200" FEL 

2475' FNL & 1155' FEL 

2550' FNL & 1650' FEL 

1430' FEL & 1350' FSL 

1400' FWL & 150' FSL 

200' FSL & 50' FWL 

2360' FNL & 1300* FWL 

1350' FNL & 1572' FWL 

2370' FSL â 1510' FWL 

900' FEL & 10' FNL 

IIOO' FNL & 1200' FWL 

Section 34, T-17S, R-28E 

Section 35, T-17S, R-28E 

Section 34, T-17S, R-28E 

Section 33, T-17S, R-28E 

Section 32, T-17S, R-28E 

Section 33, T-17S, R-28E 

Section 6, T-18S, R-28E 

Section 6, T-18S, R-28E 

Section 1, T-18S, R-27E 

Section 10, T-18S, R-27E 

Section 71, T-18S, R-27E 
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Fig. l.--Province map of West Texas and southeastern New Mexico showing 
location of study area along the northwest margin of the 
Delaware Basin (adapted from Meyer, 1966). 
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í̂ OSWELL 

Fig. 2.--Empire Abo Field map with names and locat^ons of wells used 
in th is study. 
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Fig. 10,.— Core framework facies showing complexly coalesced sub-
marine cement-encrusted pinnacles and branches of f^ame 
builders. Anhydrite massively occludes large primary 
voids, while adjacent smaller voids are still open. 
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Fig. 11.--Core framework facies shows massive occlusion of inter-
framework voids by anhydrite. Greenish-gray marine 
internal sediment contains brecciated clasts and concen-
tric pattern which is probably due to shrinkage. 
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Fig. 11.--Core framework facies shows massive occlusion of inter-
framework voids by anhydrite. Greenish-gray marine 
internal sediment contains brecciated clasts and concen-
tric pattern which is probably due to shrinkage. 



60 

Fig. 12.--0opelgrapestone grainstone of lithofacies 1. Many grains 
are micritized or have micrite envelopes. Grains were 
originally coated by thin, fibrous, isopachcus submarine 
cement rims which were paramorphically dolomitized. 
Rhombic dolomite cement occludes remaining primary inter-
granular porosity. This represents an immediate 
backreef deposit (well E361, - 5959'). Plane light. 
Each small division equals 42 microns. 



Fig. 13.--Biopackstone of lithofacies (well E361, - 5948') showing 
fragment of red alga Gymnocodium. Zoned ferroan dolomite 
cement fills probable biomolds. Plane light. Each small 
division equals 42 microns. 

V 

Fig. 14.--Photomicrograph depicts poorly preserved specimen of a red 
alga (Parachaetetes or Solencpora) in reef core facies 
(well H261 , - 5874'). Plane light. Each small division 
equals 90 microns. 
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Fig. 15.--Micrograph of reef core facies (well H261 , - 5783') 
showing poorly preserved red alga Parachaetetes. ntra' 
b io t i c cavi t ies are mostly open and consti tute primary 
porosi ty. Plane l i g h t . Each small d iv is ion equals 
90 microns. 
r 

Fig. 16.--Core slab well H291 (- 5901') showing Pa-y^hûetetes. 
Stylolites have hydrocarbon-residue stain. Note 
crinozoan aebris. Many intrabiotic cavities are still 
open. X 1.5. 
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Fig. 17.--Micrograph from reef core facies (well H291 , - 5884') 
displaying dolomitized crusts of the red alga 
Archeolithophyllum. Anhydrite cement (white) occurs 
between crusts and has replaced some dolomite. Plane 
light. Each small division equals 90 micrcns. 
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Fig. 18.--Micrograph from reef core facies (well H261, - 5876') 
shows cyclostone bryozoan Fistulipora. Intrabiotic 
cavities are mostly filled with micritic-marine internal 
sediment. Plane light. Each small division equals 
90 microns. 
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Fig. 19.--Micrograph depicts cyclostome bryozoan Fistulipora in the 
reef core facies (well H291, - 5893'). Intrabiotic 
cavities are mostly filled with dolomite cement. Plane 
light. Each small division equals 90 microns. 

Fia 20 --Micrograph showing unidentified bryozoan of the reef core 
' facies (well H261, - 5794'). Intrabiotic cavities are 

open constituting primary porosity. Plane light. Each 
small division equals 90 microns. 
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Fig. 21 .--Micrograph depicting oobiograpestone packstone of l i t h o -
facies 3 (" fore-reef" environment, well M121, - 5722'). 
Except for monocrystalline crinozoan grains, coarse neo-
morphic dolomit ization has obl i terated the or ig inal fabric 
Dolomite matrix displays hypidiotopic fabr ic . Crossed 
|iii1 II í I I MBh small divi_sion eauals 90 mjcrons 

Fig. 22.--Micrograph showing oopelgrainstone of lithofacies (well 
M121, - 5708'). Intergranular porosity is occluded by 
dolomite cement. Grains contain micrite envelopes or a 
micritized. Some open tertiary stairstep porosity is d 
played. Plane light. Each small division equals 90 mi 

re 
is-
crons 
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Fig. 23.--Micrograph i l l u s t r a t i n g paramorphically dolomitized 
cr inoid columnals in crinoidal packstone of l i thofac ies 
4 (well M131, - 6143'). Dolomite matrix displays 
hypidiotopic fabr ic and or ig inal fabric has been 
obscurred. Crossed polar izers. Each small d iv is ion 
equals 90 microns. 
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Fig. 24.--Micrograph showing highly magnified view of paramorphically 
dolomitized, square-tipped, composite fan ray druse 
crystals of original aragonitic submarine cement. 
Crossed polarizers. Each small division equals 10 microns. 
Well E381, - 6082*. 
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Fig. 2 5 , — Micrograph depicting dolomitized isopachous submarine 
cement crust. Crossed polarizers. Each small division 
equals 90 microns. Well E381, - 6082'. 
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•t 

Fig. 26.— Core slab showing botryoidal submarine cement morphology, 
Greenish marine internal sediment fills interframework 
voids and displays peculiar concentnc pattern. 
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Fig. 2 7 . -Micrograph of submarine cement crusts showing botryoidal 
morphology and micritized outer rim (from reef core faci^-s 
well J211, - 5703'). Plane light. Each small division ^ ' 
equals 90 microns. 

Fig. 28.--Micrograph showing botryoidal morphology of submarine 
cement crust (well J211, - 570.3'). Fabric of original 
aragonite needles has been converted to a mosaic of coarse 
rhombic crystal dolomite. Micritic internal sediment 
overlies cement crust. Crossed polarizers. Each smal] 
division equals 90 microns. 
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Fig. 29.--Micrograph illustrating brachiopod mold with pelleted 
marine internal sediment, relatively coarse dolomite 
cement and yery coarse zoned ferroan and nonferroan 
dolomite cement crystals. Bottom is to the right. 
Plane light. Each small division equals 90 microns. 
Well H261, - 5812'. 
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Fig. 30.--Micrograph. showing broken hollow dolomite rhombs, which 
resemble spicules. These occur in vadose internal 
sediment that was washed into large primary void during 
an episode of subaerial exposure. This material is 
being replaced by "fresh" second-generation anhydrite. 
Well E381, - 6087'. Crossed polarizers. Each small 
division equals 42 microns. 
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Fig. 31 .--Micrograph illustrating submarine cement which was 
dolomitized and then largely replaced by length-slow 
chalcedony and mega quartz. This is surrounded by 
vadose internal sediment containing hollow dolomite 
rhombs. Both silica and internal sediment are being 
replaced by second-generation anhydrite. Well E381, 
-6087'. Crossed polarizers. Each small divisicn 
equals 42 microns. 
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Fig. 32.--Micrograph showing "fresh" second-generation anhydrite 
partially filling stairstep molds formed by dissolution of 
first-generation anhydrite. Dolomite displays hypidio-
topic fabric. Well E361 , - 6024'. Crossed polarizers. 
Each sma11 division equals 90 microns 

Fig. 33.--Micrograph depicting calcite cement (red) ^iliinc tertiary 
stairstep molds which record dissolution of 'irst-generation 
anhvdrite. Dolomite matrix displays hypidiotopic fabric. 
Well M13i, - 6180'. Plane light. tach small di.ision 
equals 90 microns. 



Fig. 34.--Micrograph i l l u s t r a t i n g calc i te cement in biomold 
Cprobably a foraminifera mold). White area is due to 
plucking during th in section preparation. Well M131, 
6150'. Plane l i g h t . Each small diviston equals 90 
microns. 

Fig 35.- -Micrograph showing anhydrite inclusions in calcite (red). 
This indicates that calcite cementation followed anhydri^e 
emplacement. Well M131, - 6169'. Crossed polarizers. 
Each small division equals 10 microns. 
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Fig. 36.--Micrograph showing drusy quartz (wh_ite) as void filling 
cement and quartzine (c) as replacement of dolomite iso-
pachous submarine cement crusts. Quartzine also replaces 
dolomitic allochems. Well E381, -6075'. Plane light. 

- Each small division equals 90 microns. 

Fig. 37.—Same view as Fig. 36, but under crossed polarizers. 
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Fig. 38.--Doub1y terminated quartz porphyroblast in crinozoan 
fragment. Well 361, - 5959'. Crossed polarizers. 
Each small division equals 34 microns. 

Fig. 39.--Megaquartz crystal with anhydrite inclusions indicating 
that silica formed after anhydrite emplacemen:. \se]] E38' 
- 6080'. Crossed polarizers. Each small division ecuals 
11 microns. 



Fig. 40.--Core slab from well J211 in reef core facies. Early 
diagenetic fracture caused by partial collapse of 
primary interframe void. Porosity has been occluded by 
anhydrite. 

arge 
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Fig. 41.--Void lined with coarse dolomite cement crystals and filled 
with fluorite (yellow). Well F351, - 5981'. Plane 
light. EacK small division equals 9.0 microns. 
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F ig . 4 2 . - - Concentration of hydrocarbon along s t y l o V e . Dolomite 
matr ix displays hypid iotopic f a b r i c . '.•.ell ' ' 131, - 6217' 
Plane l i g h t . Each small d i v i s i on equals ^2 microns. 
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Fig. 43.--Aspha1tic stains on outer faces of coarse dolomite cement 
crystals. This hydrocarbon was emplaced before those 
that are being produced. Well K183, - 5975'. Plane 
light. Each small division equals 11 microns. 

Fig. 44. -Hollow dolomite rhombs (upper and rignt cente;^) represent 
tertiary porosity. Well E361, - 6055'. Crossed 
polarizers. Each small division equals 3^ microns. 



Fig. •-Anhydrite, which first precipitated as cement, later 
replaced surrounding dolomite matrix. Cores of many 
dolomite crystals (D) have been selectively replaced. 
Well M131, - 6209'. Plane light. Each small division 
equals 42 microns. 

Fig. 46.--Anhydrite "caught in the act replacing ornanic-rich core c^ 
dolomite rhombs. Dissolution of this anhydri^- wculd "̂orr̂  
hollow box crystals which have been observed. Note "cloudy" 
centers of adjacent dolomite crystals. Wer. "13'. - 6208'. 
Crossed polarizers. Each small division ecuals 11 Tic-^n:. 



F ig . 4 7 . - Sta i rs tep voids in oopelgrapestone grainstone of 
l i t h o f a c i e s 1 (well E361 , - 5959') . Sta i rs tep voids 
represent t e r t i a r y poros i ty . Molds were f i l l e d by 
rhoî ibic dolomite cement which was l a t e r p a r t i a l l y 
replaced by anhydr i te . Plane l i g h t . Each sma1l 
d i v i s i on eouals ^OTTrrrrons. 

F i g . 4 8 . - -
Anhvdri te occurs as ceTient and replacement ot dolomue 
mat r ix . Well M131 , - 6203'. Crossed po la r i ze rs . Each 
small d i v i s i on equals 90 microns. 



Fig. 49.--Anhydrite massively occludes large primary interframework 
voids in reef core, well H291. These may have been 
partially enlarged by fresh water dissolution after 
dolomitization. Many small voids adjacent to large voids 
contain no anhvdrite. 
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Fig. 51.--Preserved intercrystalline porosity within mudstone (weil 
E^^T - 5957) which was deposited as internal sediment in 
large primary interframe void. Crossed polanzers. 
Each small division equals 34 microns. 



Fig. 50.--Anhydrite massively occludes porosity in large branched 
interframe void. Internal sediment Cl) is perched on top 
of one branch. 
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^ K I 8-3 

Fig. 52.—Core slab displaying small open intrabiotic cavities in 
framework of reef core. 
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Fig. 53.--H0II0W dolomite rhombs (H) filled with dead oil. Wel1 
K183, - 6001'. Plane light. Each small division equals 
11 microns. 
















