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ABSTRACT 

The Abo and Drinkard units in the West Dollarhide Field, located in Lea County, 

New Mexico, were deposited on a shallow-water carbonate platform along the westem 

flank of the Central Basin Platform during lower Leonardian time. Core was available 

for four wells, complemented by modem log packages for ~60 additional wells. The 

depositional facies indicate an environmental fluctuation between marginal- to highly-

restricted marine conditions. These facies have been altered by partial to complete 

dolomitization of some, but not all, of the subtidal- and intertidal-facies. 

The lower Leonardian Abo High Frequency-Sequence (HFS) was deposited in a 

low-energy restricted shallow-marine platform environment, in an inner-ramp setting. 

The basal Abo consists of subtidal bioturbated muddy wackestones to packstones, and 

silty intertidal laminated mudstones that form weakly cyclical stacked subtidal cycles. 

Three distinct reservoir intervals are described, but owing to their stacked vertical 

relationship, they were mapped as one reservoir zone. This zone is laterally 

compartmentalized into three distinct "pods." The Abo Highstand System Tract (HST) 

consists of a tidal flat complex that was pervasively dolomitized. The dolomite is 

invariably fme-crystalhne and the only porosity within this HST is associated with karst 

features that developed during a relative fall in sea level, which exposed the top of the 

Abo HST. The end of Abo deposition was marked by the development of a paleosol. 

This interval of subaerial exposure allowed development of a small karst system. The 

exposure surface corresponds to a relative fall in sea level that produced a regional 3rd-

order sequence boundary. 

The upper lower Leonardian Drinkard HFS was deposited during a longer-term 

relative rise in sea-level in a less restricted inner-ramp depositional setting. The basal 

Drinkard Transgressive System Tract (TST) is characterized by silty tidal flat-capped 

subtidal facies, whereas the early-HST consists of stacked subtidal cycles and the late-

HST is dominated by cryptmicrobial-laminated intertidal caps that overlie shallow 

subtidal facies. The only laterally continuous reservoir interval developed in this systems 
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tract consists of an ooid grainstone shoal located toward the base of the early HST. This 

shoal attained a maximum thickness of 6 feet, and its development was restricted to the 

southem portion of the West Dollarhide Field. This portion of the early HST, as with the 

basal TST, was not pervasively dolomitized. The best reservoir facies developed within 

the late HST, in which the change from aggradational to a more progradational style of 

deposition produced broader facies belts. Four of these reservoir intervals consist of 

dolomitized shallow-subtidal peloidal packstones. These facies are capped by peritidal 

cryptmicrobial laminate intertidal and supratidal facies. It is this close association with 

an evaporitic peritidal environment that is proposed as the source of dolomitizing fluids 

in the late HST. Sabkha dolomitization led to the development of thin (5 to 15 feet), but 

laterally continuous, reservoir intervals. 

Dolomitization is considered to have been syn- to early post-depositional, and fits 

with either the sabkha or the reflux model for dolomitization of restricted platform 

carbonates. The majority of Abo facies were completely dolomitized to aphano- to fme-

crystalline. In the Drinkard, the nature of dolomitization is facies-specific. Drinkard 

intertidal facies were replaced by aphanocrystalline dolomite, whereas the grain-rich 

subtidal facies were replaced by a medium- to coarse-grained dolomite. In general, the 

mud-rich subtidal facies were not, or were only partially, dolomitized. Two important 

factors may explain differences betsveen dolomitization in the Abo and Drinkard units: 

(1) the change in depositional setting, and (2) the nature of high-frequency sea level 

fluctuations inferred for the Drinkard. 

Models of depositional, diagenetic and petrophysical characteristics of the Abo 

and Drinkard units provide a better understanding of the stratigraphic framework on this 

part of the Central Basin Platform during lower Leonardian time. In addition, the degree 

of connectivity, or compartmentalization, of potential reservoir intervals can be clearly 

shown. 
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CHAPTERI 

INTRODUCTION 

Oil and gas production from the lower Leonardian Abo and Drinkard units in the 

West Dollarhide Field located in Lea County, New Mexico, is characterized by initial 

high rates that quickly fall below economically viable values. The ultimate goal of this 

study is to produce a detailed model of the reservoir architecture of the Abo and Drinkard 

units in the West Dollarhide Field. This information will be used to develop fluid-flow 

models that will have a direct application to the potential fliture production rates of these 

units in this fíeld. 

The reservoir intervals within the Abo and Drinkard represent cyclical deposits 

typical of a carbonate platform depositional environment. The Abo and Drinkard 

carbonate deposits are characterized by extremely heterogeneous porosities and 

permeabilities. Jardine and Wilshart (1987, p. 129) stated that "the porosity 

heterogeneity found in carbonate reservoirs are caused by the wide spectmm of 

environments in which carbonates are deposited and by subsequent diagenetic alteration 

of the depositional rock fabric" Therefore, by characterizing the affects of potentially 

complex diagenetic processes on these cyclical carbonate sediments, it is possible to 

determine the controls (either depositional or diagenetic) on reservoir development. 

The first task was to develop a model for the depositional facies belts observed in 

the cored intervals using published reports on age- and/or environmentally-equivalent 

carbonate deposits in the Permian Basin as a guide. Secondly, it was necessary to study 

the potential diagenetic control on reservoir development. Any depositional facies may 

increase or decrease its reservoir potential depending on the nature of syn-, early post-, 

and burial-diagenesis. Thirdly, one must take into account the position of the 

depositional environment within a broader sequence stratigraphic framework. The nested 

effects of primarily second-, third- and fourth-order sequences may have a significant 

affect on porosity development. Saller et al. (1997) determined that porosity trends can 
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be related to cyclical stratigraphy in Middle Pennsylvanian to Early Permian limestones 

and to the associated duration of sub-aerial exposure at cycle tops. 

1.1. Lower Leonardian Permian Basin Stratigraphy 

The study interval encompasses the Abo and Drinkard units, which are early to 

late-early Leonardian in age. The Abo and Drinkard units in the West Dollarhide Field 

are located on the westem flank of the Central Basin Platform, in Lea County, New 

Mexico (Figure 1.1). The shelf margin facies on the Northwestem Shelf in Lea County 

are colloquially referred to as "Abo" carbonates, and have produced substantial amounts 

of oil in such fíelds as Vacuum, Corbin and Lovington (Mazzullo and Reid, 1987). They 

are also temporally equivalent to formations interchangeably known as the Bone Spring, 

the Wichita, or the Abo Formation (Mazzullo, 1982; Ross, 1987), and are informally 

referred to as the Abo unit on the New Mexico portion of the Central Basin Platform 

(Figure 1.2). The overlying back-shelf upper reservoir interval are temporally equivalent 

to the Lower Clear Fork and Lower Yeso Formations (Figure 1.2). The age-equivalent 

units on the Texas portion of the Central Basin Platform are referred to as Clear Fork, 

although in New Mexico the term Drinkard unit is informally used. 

Fitchen et al. (1995), in their study of Apache Canyon in the Sierra Diablo region, 

correlated the Abo with the upper Wichita and the lower member of the Bone Springs 

Formation, both of which are basinal facies equivalents to the shelf "Abo" sediments. 

Therefore, as the Drinkard unit overlies the Abo it is considered in this study to correlate 

with the base of the lower Clear Fork. 

1.2. Tectonic Settin^ on the Central Basin Platform 

The Central Basin Platform was a flat-topped, shallow-water carbonate platform 

during Permian time (e.g., King, 1948; Ruppel, 1992). The Central Basin Platform 

formed a topographic high that divided the Permian Basin into the Midland Basin to the 

East and the Delaware Basin to the west. The platform was a broad ramp with variable 



degrees of inherited topography. The West Dollarhide Field is located on the northwest 

flank of the platform, in Lea County, New Mexico (Figure 1.1) and from its position 

behind the shelf-margin it is classified here as a typical Permian shallow-water-platform 

carbonate reservoir. 

The West Dollarhide Field is located on a paleotopographic high on the Lea-

Andrews stmctural block of the Central Basin Platform. Oblique-slip movement 

characterized the edges of this block, which was active during the early Permian 

(Gardiner, 1990). In earliest Leonardian time, during Abo deposition, relative sea-level 

was falling, which produced the progradational geometry observed on seismic and well-

logs (Figure 1.3; Fitchen et al., 1995; Glaser et al., 1990). During Drinkard deposition, 

basin subsidence rates had decreased, producing a stacked aggradational to weakly 

progradational geometry. This was foUowed by a period of rapid uplift to the north 

(Glaser et al., 1990) in the North Andrews fault and graben system (Gardiner, 1990). 

Tectonics and eustacy in the Permian Basin during Leonardian time produced a broad 

aggradational to progradational depositional sequences that may have been overprinted 

by eustatic sea level cycles (Glaser et al., 1990; Handschy and Vail, 1988; Mazzullo, 

1987). This aggradational/progradational style of deposition is evident in the Abo and 

Drinkard cored intervals in the West Dollarhide Field. 

1.3. Lower Leonardian Sequence Stratiffl'aphic Framework 

Ruppel et al. (1995) developed a generalized depositional environment model for 

shallow-water carbonate platforms. According to this model, the proximal to distal facies 

tracts are: inner-ramp, ramp-crest, outer-ramp and slope-to-basin. The lower Leonardian 

facies observed in the West Dollarhide Field correspond to an inner-ramp depositional 

setting, based on their position relative to the shelf edge. 

The Abo interval was deposited towards the end of a lower Permian composite 

sequence, whereas the Drinkard interval represents the basal part of a successive 

composite sequence. The Drinkard interval forms a transgressive portion of a longer-



term transgressive systems tract (Fitchen et al., 1995; Figure 1.3). There is evidence from 

near the top of the cored interval in the Abo deposits, in the West Dollarhide Field, for a 

regionally correlatable exposure surface, developed on top of relatively low-energy 

sediments, which may indicate a fall in base-level prior to the onset of a relative rise in 

sea-level. This exposure surface may suggest erosion of the shallow-water Abo facies 

(Figure 1.3) prior to the start of Drinkard deposition. The maximum flooding surface that 

overlies the Abo exposure surface corresponds to a third-order relative rise in sea-level 

(Ruppel, 1992; Ross and Ross, 1988), and can be traced throughout the Permian Basin. 

The Drinkard interval represents a transgressive High Frequency Sequence (HFS) within 

the Lower Clear Fork Composite Sequence (Ruppel, 1999, personal communication). 

The HFS consists of a basal Transgressive Systems Tract (TST) and a High-Stand 

Systems Tract (HST). This conclusion was drawn from research on fíelds in the southem 

and the northem portion of the Central Basin Platform, published by Ruppel et al. (1995) 

and Atchley et al. (1999), respectively. 

Studies on other fíelds located on the Central Basin Platform indicate that the 

lower Leonardian Clear Fork depositional cycles are generally asymmetrical, 

aggradational, and upward shallowing (Ruppel et al., 1995; Atchley et al., 1999). Ideal 

meter-scale cycles (Ruppel, 1992) are composed of (1) basal, mud-rich subtidal rocks; 

(2) overlying grain-dominated subtidal rocks; and (3) cycle-capping tidal-flat rocks 

(Figure 1.4). Longer-term (2nd- and 3rd-order) cycles affect the facies compositions and 

thicknesses of the meter-scale cycles. 

Abo sediments were deposited during a low-stand in relative sea-level, and record 

a basinward shifl in facies belts. The end of Abo deposition was marked by a continued 

relative fall in sea-level, which allowed a regional subaerial exposure surface to develop. 

This exposure surface was interpreted by Ruppel (1992) to correspond to a 3rd-order 

sequence boundary. On this basis, the Drinkard should be equivalent to the lowermost 

section of tidal-flat capped subtidal cycles directly overlying the 3rd-order sequence 

boundary, as shown by Ruppel (1992). The basal Drinkard units (the TST) record the 



maximum flooding event. Fitchen et al. (1995) described the TST sediments as a 

regionally landward-stepping flat-lying wedge of meter-scale cycles that onlap the 3rd-

order sequence boundary (i.e., the Abo exposure surface). The HST sediments form 

vertically-stacked to sea ward stepping cycles that overlie the basal flooding surface 

(Fitchen et al., 1995; Ruppel et al., 1995; Ruppel, 1992). Inner-ramp deposits contain 

thick highly cyclical sequences of dolomitized anhydritic carbonate, anhydrite, and minor 

amounts of interbedded siliciclastic sandstone (Ruppel, 1992). However, in the West 

DoUarhide Field siliclastic material is minimal. 

1.4. Summary of Previous Studies on the Abo and Drinkard units 

Although the Abo and Drinkard units have been productive, relatively little 

information is available on the stratigraphy and depositional setting of these formations. 

There have been several recent studies dealing either with the basinal Bone Springs 

Formation (Handschy and Vail, 1988; Mazzullo, 1987; Mazzullo and Reid, 1987) or the 

shelf-equivalent carbonates (Fitchen et al., 1995; Mazzullo, 1994; Glaser et al., 1990; 

Kirkby, 1988). Few studies have dealt with the Central Basin Platform Abo- and 

Drinkard-age equivalent Clear Fork Formation (Ruppel et al., 1995; Ruppel, 1992; Clerke 

et al., 1995). Most of these have addressed the sequence stratigraphic framework of these 

units, and apart from a brief mention of their gross lithologies, very few detailed 

descriptions exist for the depositional environment of the Abo and Drinkard units and the 

Clear Fork Formafíon. Ruppel (1992) discussed the general styles of deposition and 

diagenesis in Leonardian-age carbonate reservoirs, with an emphasis on the need for 

improved reservoir characterization. 
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CHAPTERII 

RESEARCH METHODS 

The methods employed in this study included core description using a 

computerized core-logging software package and petrographic analysis. The core 

descriptions and petrographic analyses were used to construct a depositional and 

diagenetic facies model throughout the cored intervals. 

Access has been provided to core from four Texaco wells in the West Dollarhide 

Field in Lea County, New Mexico. The exact location of the West Dollarhide Field is 

Township 24-S & 25-S, Range 38-E (Figure 2.1). The West Dollarhide Field forms the 

westem extension of the Dollarhide Field, located in Andrews Country, Texas. Three 

cored wells are located in the southem portion of the West Dollarhide Field (Figure 2.1; 

Cl, C2 and C3), whereas the fourth cored well is located in the NW comer of the field 

(Figure 2.1; C4). In addition, modem geophysical log packages are available for 60 

additional wells. The available log suit is as follows: Spectral Gamma Ray, 

Microspherically Focused Log (MSFL), Shallow Laterolog (LLS), Deep Laterolog 

(LLD), Neutron, Lithodensity, and Sonic Logs. 

2.1. Core Description using RAGCORE® 

To date, petrologists and petrographers have used various charts, either published 

standards or of their own design, to log core by hand. This produces a variety of detailed 

and accurate descriptions, but is not of any direct use to a petroleum engineer for 

reservoir simulation. RAGCORE is a program that allows a petrographer to enter 

descriptions directly into a computer in a pictorial format. RAGCORE was written by R. 

Graham (of RAGWARE, Inc.) as a part of RAGWARE®, which is a composite geologic 

log system. This customized RAGCORE is a stand-alone module for use in carbonate 

core descriptions. The pictorial data can be easily translated to a numerical spreadsheet 
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format. In addition, if geophysical logs are available in LAS format, they can be 

displayed with the core descriptions. 

The version of RAGCORE used in this study was a Beta test copy that was 

originally developed for clastic reservoirs. Part of the set-up stage of this study involved: 

(1) testing the capabilities of the program as a stand-alone package, (2) adapting the 

program to accommodate data entry fields unique to carbonate reservoirs, and (3) 

developing a spreadsheet capability in RAGCORE that is easily transferable to an 

EXCEL spreadsheet (Gorman et al., 1996). No other program on the market has these 

capabilities. All the pictorial hthologies have a numerical code, in the spreadsheet, which 

is keyed to the pictorial printout. 

Data entry fíelds include Petrophysical Unit, Lithology, Main Facies (modified 

Dunham classifícation), Constituent Grains, Nature of Bedding Contacts, Sedimentary 

Structures, Fossil Assemblage, Fracture Type (Natural or Artifact), Dolomite Crystal 

Size, Calcite Crystal Size, Anhydrite Type (cement/replacive), Grain Size/Sorting, Grain 

Roundness, Porosity type, Depositional Setting, and Remarks (descriptive text). Of these 

groups only "Lithology" resembles its original format. Within these groups are various 

symbols, referred to as objects in the program, that are specifíc to each group. For 

example, in the lithology group, the objects are fiirther descriptive breakdowns of the 

lithology, such as anhydritic limy-dolomite or dolomitic lime (Appendix A). 

The "Petrophysical Unit" data entry group tags a core interval having specifíc 

properties with a unique top depth, which is necessary later when the data is transferred 

from RAGCORE to an EXCEL spreadsheet. A petrophysical unit is defíned as a section 

of core in which the descriptive properties, especially those affectingfluidflow, are 

uniform. A petrophysical unit ranges from inches to greater than a foot in thickness. 

When the data is transferred from RAGCORE into EXCEL, the measured 

porosity and permeability data (Core Analysis Report provided by Texaco E&P, Inc, 

analyses by Core Lab., Midland, Texas) is added to the spreadsheet. All these data can be 

fiirther analyzed in the spreadsheet to determine flow units. By cross-referencing the 
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pictorial printout with the spreadsheet analysis it is easier to correlate betsveen wells, and 

determine whether depositional or diagenetic processes control the flow-units. 

Eventually the spreadsheet data can also be utilized in reservoir simulation models. 

2.2. Standard Petrography and Petrology 

The petrological description of core slabs was accomplished using an Olympus 

SZ60 binocular microscope that has a maximum magnifícation equal to the lower range 

of a petrographic microscope. Thin-secfíons were stained using an Ahzarin Red stain to 

distinguish calcite from dolomite. Thin-sections were also injected with an epoxy that 

fluoresces under ultra-violet light, which is a usefiil means for determining pore 

connectivity. 

2.3. Scanning Electron Microscopy 

Scanning Electron Microscope (SEM) analyses of the different facies and pore 

types was conducted. Methods included direct observation of core chips and epoxy casts 

of various depositional facies that have high measured porosity. This was done in order 

to determine the size, shape, aspect ratio, and connectivity of pore systems produced by 

dissolving the matrix carbonate. It was necessary to use the critical point drying 

technique on the epoxy casts, because the casts disintegrate if left in air to dry. The 

preparation methods for the two different sample types are as shown in Table 2.1. 

2.4. Use of Geophysical Logs 

The one-dimensional core-based model of depositional facies and diagenetic 

relationships was extrapolated onto two-dimensional geophysical log correlations (Figure 

2.1). This step was important as it entailed relating the depositional and diagenetic facies 

recorded in RAGCORE to geophysical log responses. By using these techniques it was 

possible to identify depositional cycle tops from spectral-gamma ray geophysical logs, 

which provided a means by which to increase the number of wells that could be tied into 
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a two-dimensional strike or dip orientated facies correlation in the West Dollarhide Field. 

The exact method of correlation is explained in Chapter III (Section 3.3), and applied in 

Chapter FV. Once depositional cycle tops were correlated, the correlations focused 

primarily on the connectivity of potential reservoir intervals. In addition, isopach maps 

were constmcted to evaluate the thickness and aerial extent of each reservoir zone. These 

correlations are particularly usefíil to Texaco, because the porosity and permeability 

cutoffs and the connectivity of the individual flow units will be used in future field 

development projects. 
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Figure 2.1. Stmcture map of the Lower Leonardian deposits in the West Dollarhide 
Field, Lea County, New Mexico. The location of the four cored wells (Cl), (C2) (C3) 
and (C4) are included along with the location of cross-sections that will be discus'sed in 
Chapter IV, and the location of additional wells used but not included on cross-sections 
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Table 2.1. SEM Sample Preparation Methods. 

ANALYSIS METHOD 

Bulk rock Break off a chip from the core, 
Mount chips (fresh surface facing up), 

on SEM stub. 
Coat samples using a sputter coater. 
View. 

Epoxy cast Break off a comer from a thin-section stub 
that has been impregnated with epoxy. 

Place sample in a 20% HCl solution. 
Place beaker onto a vibrating hot plate 

(~ 50°C) in a hood. 
After the matrix has dissolved, rinse sample 

in deionized water. 
Carefully place the sample into a porous 

casing. 
Slowly dehydrate the sample w/ EtOH. 

15 minutes each of 30%, 50%, 95% 
EtOH, & 3x100% EtOH over CuSO^. 

Critically Point Dry the dehydrated sample. 
Remove dried sample, mount, and coat as 
usual. 

15 



CHAPTERIII 

DRINKARDUNIT 

Drinkard deposits in the West Dollarhide Field consist of vertically stacked 

shallow-subfídal and perifídal facies that were deposited during the late Early Permian. 

The Drinkard interval represents an asymmetric High Frequency Sequence (HFS) that is 

retrogradational at its base, but abmptly assumes an aggradational geometry that is 

weakly progradational towards the top. The basal deposits of the HFS consist of silty 

tidal flat facies that deepen upwards to mud-dominated subtidal facies. The deepest water 

facies of the HFS are found towards the central portion of the cored interval, and consist 

of a crinoidal grain-rich wackestone. This facies represents a shallow-water open-marine 

environment and was deposited at or near fair-weather wave base (-30 feet water depth; 

Fitchen et al., 1995). However, the majority of the subfídal facies were deposited in a 

shallower marginal-marine to deep-intertidal restricted marine setting. This is supported 

by the lack of fossil fragments in all but the ooid-skeletal grainstone facies, which are 

interpreted to be shoaling sand bodies proximal to the NW-SE trending lower Leonardian 

shoreline. Intertidal peritidal facies consist predominantly of either a cryptmicrobial 

mudstone- or peloidal-laminate facies, or a laminated mudstone. Both of these facies 

may have been diagenetically altered by a fabric-preserving microcrystalhne dolomite. 

However, dolomudstones occur that contain nodular to chickenwire anhydrite; this facies 

was probably deposited on an evaporative mudflat. Supratidal facies consist of a caliche 

laminate with pisoliths, or a micro-karsted cap over intertidal or shallow-subtidal facies. 

The Drinkard cored interval comprises highly cyclical deposits that can be split 

into two broad groups. One group consists of predominantly shallowing-upwards 

subtidal facies capped by a grain-rich packstone or ooid shoal grainstone facies. The 

other group consists of highly restricted mud-rich to mud-poor peloidal packstones 

capped by well-developed cryptmicrobial intertidal or by a micro-karsted supratidal 

facies. The presence of evaporitic minerals, and the association of dolomite with the 
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intertidal and shallow-subtidal facies, suggests a fairly arid environment on the Central 

Basin Platform, during the late Early Permian. 

3.1. Depositional and Diagenetic Facies 
of the Drinkard Cored Interval 

The facies are grouped into four main sub-categories: (1) subtidal facies, which 

were deposited below low-tide, (2) intertidal facies, deposited between low- and high-

tide, (3) supratidal facies, which were deposited above regular high tide, but could also be 

affected by storm surges, and (4) mixed facies, which are those facies that display 

characteristics suggestive of more than one of the previous three sub-categories. 

3.1.1. Subtidal Facies 

The subtidal facies are divided into grain-rich (high-energy)yâc/ej and mud-rich 

{Xovj-QVíQxgy) facies. However, because it is possible to get both deeper-subtidal and 

shallow-intertidal mudstones, each facies type will be described according to its estimated 

paleo-water depth. The order will be from the deepest to the shallowest facies that are 

classifíed as subtidal. 

The prefíx "dolo" is used in front of Dunham's standard term, such as 

"dolopackstone," to indicate the facies is mostly (>85% dolomite) to completely (>95% 

dolomite) dolomitized. However, the prefíx "dolo" bracketed, such as in 

(dolo)packstone, is used to indicate that the facies ranges from not dolomitized (<5-15% 

dolomite), to mostly dolomitized (>85% dolomite crystals). 

3.1.1.1. Crinoidal Grain-rich Wackestone. This facies averages between 2.0-2.5 

feet thick in cores 1, 3 and 4, but is only 6" thick in core 2. Minor mud-drape laminations 

are concentrated towards the top of the facies. Up to fíve echinoderm stem joints may 

remain articulated, but single pieces are more common. Echinoderm spine and plate 

pieces are usually fairly large (0.2-1.0 mm diameter). Total fossil content averages 5-

10%). The other grain constituents are intraclasts (up to 20%) and peloids (20-50%). In 

core 2 the facies is much thinner and its top is marked by a 1.5 inch thick, organic-rich 
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dolosiltite, and the wackestone matrix is partially dolomitized. Core 2 is located on the 

paleotopographic high, which could explain both the thinning of the deeper-water facies 

and subsequent dolomitization. 

This facies is seen in all four cores within cycle 7 only and is interpreted to be the 

deep-water marker for the Drinkard in the West Dollarhide Field at or around fair-

weather wave base (~25-30 feet water depth). It is overlain by 16-18 feet of compacted 

shallowing-upwards subtidal facies before reaching a thin cryptmicrobial laminate 

intertidal facies. Therefore, approximately 25 feet appears to be a fair assessment of 

paleo-water depth. This facies is also the only one that can be tmly considered indicative 

of open-marine conditions during Drinkard deposition. 

3.1.1.2. Laminated organic-rich dolosihite. This facies is often described in core 

descriptions as "black shale," although "organic-rich dolosiltite" appears to be a more 

accurate facies name. This facies is usually very dark colored, black to charcoal gray, and 

ranges in thickness from <1 inch to 1.5 feet. It is fínely to moderately laminated and is 

variably físsile; it ranges from non-fractured to having horizontal, evenly-spaced 

fractures, to being highly disaggregated. The evenly-spaced fractures formed along 

slightly coarser grained, poorly cemented layers, whereas the disaggregated "cmmbly 

texture" associated with other examples are attributed to a weakly cemented equi-

crystalline dolomitized fabric. 

This facies was most likely an organic-rich carbonaceous mudstone that was 

completely replaced by aphano-crystalline to very-fine dolomite crystals. It is interpreted 

to have been deposited in a very low-energy deeper subtidal setting. Most of the 

dolomite crystals are too small to measure with a binocular microscope and its fissile 

nature made thin sections difficuh to obtain. However, dolomite crystals have rounded 

edges, which suggests that they could have been transported from shallower to deeper 

water by tidal action. This facies is most commonly observed as the "flooding" facies 

overlying a depositional cycle top, although considering the nature of the stacked 
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shallow-subtidal deposits it is not considered to be a deep-marine flooding surface in the 

tme definition of such a surface (Van Waggoner et al., 1988). 

3.1.1.3. (Stylohtic) peloidal wackestone. This facies ranges from a grain-poor 

wackestone to a mud-rich peloidal and intraclast packstone. The peloidal grains range 

from 200 to 500 microns in diameter. Except for disarticulated ostracode carapaces, rare 

echinoderm fragments, and tubiphytes walls, all (other possible) skeletal grains are 

partially to totally micritized. This facies is characterized by vertical to sub-vertical 

burrow stmctures and has a mottled to chumed appearance in some samples. However, 

remnants of interbedded dolosiltite and peloids are clearly discemable in other examples. 

In the more grain-rich beds the micrite has been partially neomorphically recrystallized to 

form a microspar with an average calcite crystal size of 8-15 microns. 

This facies contains a few large stylolites, or numerous "clusterings" of micro-

stylolites, termed "stylolite swarms." The micro-stylolite swarms look like crinkled 

laminations in hand-sample; their tme nature can be observed in thin-sections. This 

stylolitic fabric is interpreted to have formed owing to differential burial compaction of 

silty layers that were encased within the peloidal grain-rich matrix. Whenever stylolites 

are observed, pyrite is found in close association, interbedded with the stylolitic matrix. 

Pyrite may also be observed lining the inside "wall" of small (-1-2 cm) milky white 

anhydrite nodules. 

This facies is interpreted to have been deposited in a low-energy shallow-subtidal 

(possibly lagoonal) setting, and because of the abundance of ostracode valves, it is 

interpreted as a marginally-restricted marine environment. Ostracodes are common in 

both brackish and hypersaline environments. Therefore this facies could have been 

deposited either in a tidal pond or marginal lagoon environment. However, the presence 

of echinoderm fragments in parts of this facies suggests close proximity to a more 

"normal" marine depositional environment, such as that represented by the crinoidal 

grain-rich wackestone facies. The presence of echinoid fragments and tubiphytes walls 

also corresponds to those intervals that have a "chumed" bioturbated fabric. 
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3.1.1.4. Intraclastic-peloidal grain-rich dolowackestone to mud-rich 

dolopackstone. The large clasts within this facies range from 0.5 to 2.0 mm in diameter, 

and consist of peloidal mud-rich packstone. The intraclasts are sub- to well-rounded and 

are classifíed as "plasticlasts," meaning that they were sfíll relatively soft when they were 

reworked, possibly by storm surges. The matrix surrounding these plasticlasts consists of 

a much fmer-grained silty grain-poor wackestone. Both the plasticlasts and the 

surrounding matrix have been dolomifízed, the plasticlasts to a fine-grained dolomite 

(average crystal diameter is 30-50 microns), whereas the matrix dolomite is more 

variable, ranging from 8 to 40 microns in diameter. 

This facies was deposited in a low-energy subtidal environment, possibly close to 

fair-weather wave base. During storm events the soft substratum was reworked 

producing the characteristic lenticular plasticlast fabric. 

3.1.1.5. Peloidal mud-rich to mud-poor (dolo)packstone, interbedded with thin 

(<1 cm) dolosiltite lenses. This facies consists predominantly of well-sorted peloidal 

grains that range in size from 250-500 microns, and minor carbonaceous (wood?) 

fragments. The extent of dolomifízation ranges from partial (<35% dolomite crystals) to 

complete (>95% dolomite). Dolomite crystal size ranges from less than 8 microns to 

greater than 100 microns, sometimes within a single sample. Intraclasts consist of 

dolomitized mud-bound peloids, and rare to common (1-15%) carbonaceous flakes that 

are interpreted as reworked fragments from the organic-rich carbonaceous shale facies 

(Secfíon 3.1.1.9). The peloidal mud-rich to mud-poor (dolo)packstone facies is 

characterized by planar, wavy (ripple), and trough cross-beds that appear in core slabs as 

laminar, lenticular, and nodular fabrics, respectively. The lenticular to nodular bedding 

resulted from differential compaction of dolosilfíte lenses (clay wisps/drapes) over 

partially dolomifízed packstone intraclasts. The presence of this type of bedding is 

interpreted to indicate variable energy conditions in a shallow subtidal environment. 
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The presence of laminar, lenfícular or nodular fabrics is exclusive to a particular 

occurrence. Therefore, variable current energies appear to be the best explanation for the 

bedded fabric in this facies. The planar doIosiWte "clay wisps" that form laminar fabrics 

would have settled out in a lower-energy current, whereas the wavy "mud drapes" are 

indicafíve of a moderate energy current. An intermittent high-energy current best 

explains small-scale (ripple) trough cross-bedding of the dolosilfíte, which gives the rock 

a nodular fabric. These gradafíonal current-controlled fabrics are interpreted as having 

been deposited within a relafívely shallow-subtidal environment (possible water depth 

ranges from 15 to 5 feet), within the depth range of tidal- or coastal-current control. 

3.1.1.6. Ooid-peloidal-skeletal grainstone. Grains include ooids, peloids, mollusk 

fragments, intraclasts and grapestones, crinoid fragments, rare brachiopod fragments and 

heavily altered fiisulinid tests. Few distincfíve sedimentary stmctures occur except for 

traces of laminar bedding (concentrated in 1" thick lenses), and anhydrite-filled vertical 

burrows. The presence of burrow stmctures suggests that portions of the ooid shoal were 

stabilized towards the top. This facies can be present as a cycle cap amongst the stacked 

subtidal cycles, such as observed in cycle 3 (Type 2 cycle, Figure 3.2). 

The environment of deposifíon for these ooid-dominated grainstone deposits was 

either a series of detached shoal complexes or beach complexes. Shore-detached shoal 

complexes, with possible grain flats (interpreted from the flat-topped nature of the ooid 

shoal that caps cycle 3 (Section 3.2), and the existence of burrow stmctures) that would 

have been deposited above fair-weather wave base in a high-energy subtidal environment. 

Shore-attached beach deposits are associated with the upper Drinkard cored interval and 

are overlain by very shallow-subtidal to deeper-intertidal mud-poor packstones. This 

indicates that the ooid grainstones formed as isolated deeper intertidal deposits associated 

with shallower areas across the West DoIIarhide Field during the early Leonardian. 

The two types of grainstone can be best distinguished based on their early 

diagenetic histories. The shore-detached deposits exhibit early marine rim cements, and 

minor dissolution of bivalve shells, which preserves primary intergranular porosity and 
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forms secondary sheltered intra-skeletal porosity. These grains were loosely cemented by 

microspar calcite cement (crystal diameter 4-12 microns). In contrast, the shore-attached 

beach deposits contain a higher percentage of micritized grains that may have originally 

been ooids or skeletal grains. Therefore, primary intergranular porosity would have been 

reduced during early burial of the micritized grains. In addition, few skeletal grain 

fragments are present, which is also an indicator of a more restricted depositional 

environment. 

In some cases the peloidal grains of the shore-attached beach grainstone facies are 

leached, during meteoric water infíltration. This produced a pelmoldic fabric, with well-

connected calcite intercrystalline open inter-pelmold porosity. However, in 

stratigraphically equivalent intervals in other cores, the grains were not leached and were 

either subsequently cemented by calcite spar or partially dolomitized. 

3.1.1.7. Mud-rich to mud-poor dolopackstone. The original depositional fabric is 

almost totally obscured by fabric-destmctive dolomitization. The existence of peloidal 

grains (250-500 microns in diameter) in a mud-rich to mud-poor matrix was inferred 

from detailed examination of core slabs and by viewing a standard thin-section with a UV 

filter fítted to a binocular microscope. However, there are uncommon occurrences of an 

undolomitized to partially-dolomifízed version of this facies. In the un-dolomitized 

facies, peloidal grains range from 250 to 500 microns, and the intergranular pores are 

filled by a dolomite cement. 

Dolomite crystal size is fairly uniform, with crystal diameters ranging from 50 to 

75 microns in some samples, and from 100 to 125 microns in the most mud-Iean 

packstones. Dolomite crystals vary from fíghtly packed to a more open crystal 

arrangement. The variation in crystal arrangement greatly affected the preservation of 

porosity in this facies. In some instances, anhydrite was precipitated as clear to milky 

white nodules or as intercrystalline cement, effectively occluding the remaining porosity. 

Even where anhydrite precipitation is limited, porosity is still reduced, from 

interconnected intercrystalline porosity to isolated intercrystalline porosity. Later-stage 
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dissolution of intercrystalline and nodular anhydrite served to dramatically increase 

porosity and open potential permeability pathways in this facies. 

The presence of intercrystalline anhydrite is an indicator of close proximity to 

evaporative intertidal and supratidal facies. Therefore, this facies is interpreted to be a 

moderately high-energy, very shallow subtidal facies. It is consistently overlain by 

intertidal facies. It may even be within the borderhne area of shallow-subtidal to deep-

intertidal facies. A water depth of 1-5 m was attributed to this type of facies by Fitchen et 

al. (1995). 

3.1.1.8. Algal "cIotted"-oncoIithic-peloidaI grainstone to packstone. This facies is 

readily distinguishable from other shallow-water facies associated with the subtidal 

environment. A "clotted" algal material encompasses numerous oncoliths and algal-

coated grains and groups of grains. Large anhydrite nodules that contain botryoidal 

anhydrite inclusions occur within this facies. The amount of soft-sediment deformation 

surrounding these nodules suggests that the anhydrite crystals were growing prior to 

lithifícation. The abundance of anhydrite may be linked to the existence of sulphate-

reducing bacteria that colonized the overlying organic-rich black "spongy" shale layer 

associated with this facies (Vasconcelos and McKenzie (1997). 

The oncolith- and algal-faunal indicators in this facies suggest proliferation by a 

few species adapted to a highly restricted environment, such as a restricted lagoon. In 

view of the abundance of syn-depositional growth of anhydrite nodules it is suggested 

that this lagoonal facies experienced seasonal fluctuations in water level and/or salinity. 

This phenomenon was observed in modem Brazilian lagoonal depositional environments 

described by Vasconcelos and McKenzie (1997). These authors also suggest a link 

between lagoonal environments such as these and a trigger for dolomitization (see 

DISCUSSION for a fiill explanation). 

3.1.1.9. Organic-rich carbonaceous shale. This facies corresponds to the "Black-

sludge" Facies of Vasconcelos and McKenzie (1997). It is only well-developed in core 2, 

although reworked clasts of this facies are readily idenfífíable at other stratigraphic levels 
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and in other cores. Clasts of this facies are described as carbonaceous flakes in the 

peloidal mud-rich to mud-poor (dolo)packstone facies (Section 3.1.1.5). This suggests 

that it is not a unique occurrence, but that it was only preserved in this core. Where 

preserved, this facies caps the shallow-water lagoonal facies. Sulphate-reducing bacteria 

have been linked to similar modem day "black-sludge" layers, and the existence of this 

facies in the Drinkard is used in this study to support an organic link to dolomite 

precipitation (see Chapter VI for a fiill explanation). 

3.1.2. Intertidal Facies 

Intertidal facies will be discussed in terms of relative abundance within the 

Drinkard cored intervals. The reason for this approach is that within a relatively well-

confmed water-depth range (low- to high-fíde), all these facies are considered depth-

equivalent. 

3.1.2.1. Cryptmicrobial Laminate dolomudstone to (dolo)packstone Facies. This 

facies consists of thin cryptmicrobial laminates interbedded with either micritic mudstone 

or small (100-150 microns) peloidal grains. The micritic mudstones have been partially 

to completely replaced by aphano-crystalline dolomite crystals, whereas peloidal grains 

may be either partially replaced by dolomite or leached to form "birds-eye" vugs. 

Fenestral fabric is observed within portions of the microbial mat. However, there was no 

signifícant porosity development in this depositional setting. 

The peloidal-dominated cryptmicrobial laminate couplets are closely associated 

with the micritic mudstone cryptmicrobial laminate pairs, although cryptmicrobial 

laminates may be dominated by either interbedded peloidal packstones or micritic 

mudstone. The proportion of peloidal grains to mudstone can be interpreted as an energy 

variant, implying that in slightly deeper intertidal settings the current is better able to 

"rework" the micrite grains into peloids. If this were tme, then the micrite laminates 

represent lower-energy portions of the cryptmicrobial laminate mat. However, some of 

the smaller peloids have an elongate shape, which suggests that they originated as pellets. 
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3.1.2.2. (Anhydritic) Laminated dolomudstone. Very thin silty layers 

interbedded with a dolomitized mudstone characterize this facies. No sedimentary 

stmctures were discemed within this facies. This facies is interpreted as a highly 

restricted, low-energy mud-flat deposit. Laminated dolomudstone is rare, but occurs both 

at the base, and towards the top, of the Drinkard cores. The dolomite crystal size may be 

aphano- to fme-crystalline or medium- to coarse-crystalline (dolomite crystal diameter 

>100 microns). In both instances, the crystals are packed tightly together, which 

effectively reduced permeability to <0.01 millidarcies (md). 

3.1.2.3. Nodular to Chickenwire Anhydrite, in a dolomudstone matrix. This 

facies is uncommon in the Drinkard, and is closely associated with the laminated 

dolomudstone facies previously described. Large (-2-5 cm diameter) milky-white 

anhydrite nodules increase in size from the base to the top of the zone, eventually grading 

into a solid chickenwire anhydrite cap. The chickenwire anhydrite contains a "spider-

web" of dolomudstone that criss-cross the anhydrite laths. This top-down decrease in 

anhydrite abundance and nodule size is suggestive of deposition on an evaporative 

mudflat, as evaporite-rich fluid concentration should decrease as a result of mixing with 

either marine or phreatic fluids within the substrate. 

3.1.2.4. Skeletal-peloidal ffl-ain-poor (dolo)wackestone to mud-rich (dolo) 

packstone. This facies consists of greenish-colored algal-mat material that binds skeletal 

fragments and oncolithic grains within a partially dolomitized micritic matrix. Skeletal 

material consists of bivalve and ostracode shells that were dissolved and in-filled in one 

of Uvo ways: (1) precipitation of inter-locking anhydrite crystals, or (2) precipitation of 

coarse-crystalline euhedral dolomite crystals that line the inside of the skeletal mold, and 

a second-stage of calcite cement. 

This facies is interpreted as a "massive" version of the cryptmicrobial laminate 

facies, such that the matrix appears similar to the micritic to peloidal layers within the 

other facies. However, the lack of laminations suggests that this facies was deposited in 
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an environment less affected by tidal currents and is therefore interpreted as a deeper-

intertidal, and possibly a shallowest-subtidal depositional setting. 

3.1.3. Supratidal Facies 

Two facies are described as distinct supra-tidal facies. The fírst consists of 

subfídal and intertidal facies that have been subaerially exposed. These facies developed 

a thin karsted top surface, which is described as a micro-karst breccia. To distinguish 

betsveen the original depositional facies and its associated fabric, the term macro-fabric is 

applied to the features developed during karsting. This facies is purely diagenetic in 

origin, as it only developed on those facies that were exposed for some time following the 

end of that particular cycle of deposition. The second supratidal facies is a depositional 

facies, which is described as an anhydritic-micrifíc packstone that is interpreted to 

represent a laminated caliche-like hardground. 

3.1.3.1. Micro-karst breccia. This facies is singled out because the nature of the 

karstified top surface is considered significant to the petrophysical characteristics of the 

depositional facies. A micro-karst is defíned here as a moderately thin (2-10 cm), 

supratidal desiccation-style cmst that developed on top of an intertidal or subtidal facies. 

In most instances, it is either the cryptmicrobial laminate, or the laminated silty 

dolomudstone intertidal facies that were reworked prior to the next relative rise in sea 

level. However, certain cycles within the early highstand systems tract (Section 3.5) are 

capped by subaerially reworked subtidal facies. 

In most cases this facies is easily recognizable in core, because the macro-fabric 

(that fabric produced during brecciafíon) consists of a slightly to highly brecciated 

appearance. Brecciation is not signifícant enough to suggest that each cycle top was 

exposed for a significant amount of time for a tme karst environment to develop. Where 

developed, the brecciated portion only penetrates the top few inches of the cycle-capping 

facies, although this surface may have been exposed for a signifícant period of time. In 
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addifíon, there is no evidence for paleosol development in the Drinkard. These two 

factors are indicafíve of a very arid climate regime (Read et al., 1995). 

3.1.3.2. Anhydritic-pisolithic mud-rich (dolo)packstone. This facies is 

uncommon in the Drinkard cores and consists of porcellaneous pisoliths, with 

characteristic uneven concentric stmcture at its base that grades upwards to form a tan-

colored laminated cahche-like hardground. Clear anhydrite crystals infíll birds-eye vugs, 

the inter-pisolith pores, and apparent surficial cracks. The complete facies forms the cap 

to cycle 8 (Section 3.2) in core 4. However, the pisolithic base is not always observed in 

this facies. Where this facies occurs in cores 2 and 3 (as the cap to cycle 14; Section 3.2), 

the basal open matrix pisolithic fabric is absent. However, the overlying peloidal 

dolopackstone portion of the facies is suffícient for recognition. In the other tvvo cored 

wells where this facies is absent, the shallow subtidal facies is repeated, although a 

supratidal crust is readily identifíable. The facies has been diagenetically altered by 

partial dolomitization of the micritic matrix and peloidal grains to an aphanocrystalline 

dolomite, with a second-phase of fíne-crystalline dolomite forming the dominant 

intergranular and interparticle cement. 

This facies was probably deposited in the subaerial environment, proximal to the 

lower Leonardian shoreline. It is interpreted as a small island-like feature that emerged 

along paleotopographic highs associated with an inner-ramp depositional setting (Ruppel 

etal., 1995). 

3.1.4. Mixed Facies 

Mixed facies are those that occur in more than one of the previous environmental 

settings. However, these facies share certain characteristics that warrant grouping them, 

rather than repeating a similar facies description and classifying them as either subtidal, 

intertidal or supratidal environments. Both of these facies are associated with reworking 

of a previously existing facies, either due to storm-activity (rip-up breccia) or subtidal 

current action (flat-pebble conglomerate). The rip-up breccia facies is distinct from a 
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micro-karst breccia (Section 3.1.3.1), in that the micro-karst breccia consists of in situ 

angular fragments and the rip-up breccia contains angular grains within the basal portion 

of an overlying facies. 

3.1.4.1. Rip-up Breccia. This facies is uncommon in the Drinkard, but where 

developed it represents one of two depositional settings. In the first setting it is 

interpreted to represent areally restricted storm-driven reworking of supratidal 

hardgrounds (caliche layers) that form a tme angular breccia fabric. It also occurs in the 

basal portion of stacked sub-tidal cycles, where an exposed marine hardground at or 

around fair-weather wave-base was reworked by a storm event. In this case, the clasts 

range from sub-angular to sub-rounded, both indicators of grain transport prior to 

deposition. 

The size of the clasts depends on the strength of the supposed storm event and the 

underlying facies that was reworked. Typically, the clasts are made up of everything 

from individual skeletal grains to slightly larger (up to 2 cm) clasts that are identifíable as 

the underlying facies that may have been transported some distance. 

3.1.4.2. Flat-pebble Conglomerate. This facies is only observed in core 4, which 

is located to the northwest of the West Dollarhide fíeld. The clasts range in size from 2 to 

6 cm in length and are approximately 1 cm high. The width of these clasts can only be 

estimated as somewhere between the length and width of each clast, as they have a flat-

pebble appearance in the core slab. Where these pebbles form the dominant clast, the 

facies is considered equivalent to the flat-pebble conglomerate facies described in the 

literature (Jacka, 1997, personal communication). The environment of deposition is 

interpreted as either the base of a tidal scoured channel or a tme transgressive scoured 

surface. Because the facies was developed only in core 4, which is in an area of the fíeld 

with minimal well control, it is diffícult to provide a more precise interpretation. 
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3.2. Depositional Stacking Pattems of the 
Shallowing-upwards Meter-scale Cycles 

The facies stacking pattems within the Drinkard depositional cycles can be 

divided into three broad groups, based (generally) on their relative positions within the 

Drinkard cored interval (Figures 3.1 to 3.3). In this study, a "cycle" is defíned as a 

distinct group of facies that have a readily identifíable shallowing-upwards morphology. 

In a case where only one facies, such as the cryptmicrobial facies, forms an aggradational 

stack, a cycle boundary is not drawn between each top surface,unless a recognizable 

microkarst cap has formed. In addition, if two facies form altemating sets, they are 

described as "couplets" rather than distinct depositional cycles. The rationale for this 

approach was explained by Wilkinson et al. (1996), who iUustrated how "cycles" 

containing just one or two facies can be generated as well by random processes than any 

"tme" shallowing upwards of facies due to fluctuations in relative sea level. Therefore, 

"tme" depositional cycles that are observed in this study are those "cycles" that contain 

more than one or two facies grouped within a thicker shallowing-upwards facies group. 

These groups that will be referred to from now on as meter-scale depositional cycles. 

The basal Drinkard deposits consist of stacked shallowing-upwards cycles, which 

contain intertidal and mud-rich subtidal facies (Figure 3.1). However, each successive 

cycle contains gradually deeper-subtidal facies groups and the intertidal facies cap is lost 

from the upper TST cycles. This is as you would expect in a retrogradational facies tract. 

The second group consists of stacked open marine to marginally restricted subtidal facies 

that shallow-upwards to either thin intertidal caps, or a micro-karst cmst, which indicates 

subaerial exposure of the subtidal facies (Figure 3.2). The third group consists of 

stacked, moderately to highly restricted shallow-subtidal facies that shallow-upwards to 

well-developed intertidal to supratidal caps (Figure 3.3). Intertidal to supratidal facies in 

this group may also exhibit micro-karsted caps. These cycles are classifíed as peritidal 

cycles. Because the facies names are lenghtened by descriptive modifíers, abbreviations 

are used to avoid clutter on Figures 3.1 to 3.3. These abbreviations will be placed 
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alongside each facies name on its fírst occurrance in the following descripfíve text. 

Subfídal facies will be delineated by the prefíx "ST", intertidal facies by tíie prefíx "IT", 

supratidal facies by the prefix "Su" and mixed facies by the prefíx "MF". The numerical 

modifier added to these facies (i.e., STl) is equivalent to the order these facies are 

described within Section 3.1. (i.e., STl is the crinoidal grain-rich wackestone). Repeated 

occurrances of the same facies will be indicated by the abbreviated facies name only. 

3.2.1. Type 1 Cycles 

Type 1 cycles may consist of complete or partial cycles. However, a gradual 

deepening is observed from the fírst through the last occurrence of this stacking pattem. 

At the base of the Drinkard stacked dolosilfíte facies (ST2) capped by the silty intertidal 

laminated dolomudstone facies (IT2) are classified as subtidal to intertidal "couplets" 

rather than cycles (Figure 3.1 b), but these rapidly grade upwards into more "complete" 

type 1 cycles (Figure 3.1 a). This facies stacking pattem is associated with the basal 

transgressive systems tract portion of the Drinkard core for which the least core data is 

available. 

The basal portion of this cycle type is characterized ST2. The overlying facies 

consist of the subtidal (stylolitic) peloidal packstone facies (ST3 = with stylolites, ST3b = 

bioturbated) or the subtidal peloidal mud-rich to mud-poor packstone, interbedded with 

dolosiltite facies (ST5). However, the peloidal packstone facies have not been 

dolomifízed. The capping facies to this cycle type consists of IT2 or the rip-up breccia 

facies (MFl). The rip-up breccia facies caps incomplete cycles of stacked subtidal facies 

towards the top of the basal Drinkard TST. In conclusion, the deeper-water facies have 

lost the intertidal dolomudstone cap and consist of stacked basal and intermediate 

subtidal facies. 
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3.2.2. Type 2 Cycles 

These cycles are similar to Ruppel et al.'s (1995) interpretation of the style of 

cyclicity expected in shallow-subtidal facies deposited on an inner-ramp setting, with the 

exception of tiie tidal flat capping facies (Chapter I; Figure 1.3.). The facies range from 

open-marine wackestones to high-energy grainstones through marginally-restricted mud-

rich packstones (Figure 3.2 a-c). The basal portion of this cycle type is characterized by 

either relatively thin (1 to 6 inches thick) ST2 or ST3b deposits. 

The basal portion of these cycles may incorporate a rip-up breccia (MFl), the 

clasts of which are identical to the underlying facies. This implies reworking of the semi-

lithifíed substratum during the subsequent relative rise in sea level. Intermediate 

position facies may also contain rip-up breccia bases. However, in these examples no 

noticable "deepening" of the subtidal facies was observed, and the clasts may be of a very 

different facies than the inunediately underlying facies. This indicates a sudden energy 

increase, rather than the slow increase that would be observed across a marine 

transgression surface. Therefore, the rip-up breccias are indicative of isolated storm 

events that occurred across the lower Leonardian shallow-platform surface. 

The overlying deposits consist of a range of subtidal facies that reflect three sub-

groups of this cycle type and represent different magnitudes of the relative rise in sea 

level. The deepest water deposits are interpreted as open-marine and are only observed in 

cycle 7 and consist of (Figure 3.2 c): (1) ST3b at the cycle base that is overlain by (2) the 

crinoidal grain-rich wackestone facies (STl), and capped by (3) ST5. The intermediate 

water-depth cycle type is observed in several cycles and consists of (Figure 3.2 b): (1) a 

thin ST2 layer at the base of the cycle that is overlain by (2) ST3, which is itself overlain 

by (3) ST5, which is not dolomitized in this instance, and capped by (4) the mud-rich to 

mud-poor dolopackstone facies (ST7). The cycle sub-type that represents the least 

relative rise in sea-Ievel consists of (Figure 3.2 a): (1) a ST2 base that is overiain by (2) 

the intraclastic-peloidal grain-rich dolowackestone to mud-rich dolopackstone facies 
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(ST4) that is itself overlain by either (3) ST5, or (4) ST7. This cycle sub-type is capped 

by a high-energy ooid-peloidal-skeletal grainstone facies (ST6). 

An additional uncommon cycle is observed, but is not separated from the previous 

three because, apart from the uppermost facies, the underlying facies most closely 

resemble those described for the intermediate water depth sub-type (Figure 3.2 b). The 

upper facies consists of shallow-subtidal lagoonal facies such as the algal "clotted" 

oncolithic-peloidal grainstone to packstone (ST8) that is overlain by the organic-rich 

carbonaceous shale (ST9). This lagoonal cap is only observed in core 2, and they 

represent an aerially restricted lagoon adjacent to the mud-rich to mud-poor 

dolopackstone facies on the seaward side. 

The shallower cycle sub-groups may be capped by a thin (less than 3 inches) 

poorly-developed cryptmicrobial laminate facies (ITl), or a micro-karst exposure surface 

(Sul) developed over shallowest subtidal facies. The first case implies filling of 

accommodation space, prior to a relative rise in sea level, possibly owing to small 

glacioeustatic (allogenic) driven sea-level cyclicity. However, the second case implies a 

sudden relative fall in sea level that exposed subtidal facies to subaerial weathering. In 

this case, an autogenically driven sea level change is suggested, such as minor 

movements on the Lea-Andrews stmctural block of the Central Basin Platform that led to 

exposure of the shallow-subtidal facies. 

3.2.3. Type 3 Cycles 

These cycles most closely resemble Ruppel et al.'s (1995) idealized inner-ramp 

shallow-subtidal facies (chapter 1; Figure 1.3). The subtidal facies grade upwards from 

mud-rich to mud-poor facies that are capped by cryptmicrobial to evaporitic mudflat 

facies (Figure 3.3 a). However, in a few examples, shore-attached shoals are observed in 

the Drinkard of the West Dollarhide Field that produce a grain-rich cycle base that is 

overlain by shallow subtidal to lagoonal facies capped by intertidal facies (Figure 3.3 b). 

The intertidal deposits can in tum be overiain by supratidal facies. Most commonly, the 
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intertidal cryptmicrobial facies (ITl) is capped by a thin micro-karst surface (Sul). 

However, an anhydritic-pisolithic mud-rich (dolo) packstone facies (Su2) that caps cycles 

8 and 18 in core 3 is interpreted as supratidal. 

Cycle type 3 can be divided into two sub-types based on the presence or absence 

of a shore-attached shoal towards its base (ST6ii; Figure 3.3 a-b). This cycle type most 

commonly contains a very thin (less than 2 inches) IT2 basal facies that is overlain by a 

stack of gradually shallowing upwards shallow subtidal facies (Figure 3.3 a). These 

facies consist of ST4, ST5, and ST7. The shallow subtidal facies are capped by an 

additional stacked group of gradually shallowing intertidal facies: either the skeletal-

peloidal grain-poor wackestone to mud-rich packstone (IT4) that is interpreted as a 

deeper intertidal facies, or IT2 that is interpreted as a mudflat deposit. These facies are in 

tum overlain by thick (6 to 18 inches) well-developed cryptmicrobial laminate facies 

(ITl), the upper surface of which may contain a micro-karst cmst (Sul). The only 

difference between this facies group and the group containing the shore-attached shoal is 

that in the lower portion of the facies stack (Figure 3.3 b), there is an ooid-peloidal-

skeletal grainstone facies (ST6) that represent a near-shore bar that paralleled the lower 

Leonardian shoreline. In all other respects, this facies group is identical to those 

previously described. 

3.3. Correlating Core Data to Geophysical 
Log Responses 

The depositional shallowing-upwards cycles described from the cores were 

correlated to the geophysical log packages for three main reasons: (1) to provide a means 

of linking the nature of the individual depositional cycles to the geophysical log response 

(mainly the spectral gamma ray, neutron-density and sonic logs), (2) to correlate the 

various cycle tops between the four cored wells using the gamma ray logs, and to apply a 

standard numerical system to each cycle top, (3) to allow fíeld-wide correlation, along 

West-East and North-South cross-section lines, between those wells for which only 
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geophysical logs were available. The first two steps are explained in this chapter, 

whereas the applicafíon for step three is discussed in Chapter IV. 

Depth levels in each core were accurately shifted to correspond to spectral 

gamma-ray and neutron-density log responses in the corresponding depth interval. This 

was a two-fold process. First, a "bulk shift" value was determined for each core by 

correlating gamma ray responses on the geophysical spectral gamma-ray log to the total 

gamma ray response completion coregraph. Once this bulk shift was done, foot-by-foot 

adjustments were made. This allowed for core shift in the storage boxes within zones of 

poor core recovery and ensured that shaly intervals matched with the corresponding 

gamma ray peaks (Figure 3.4). The bulk shift within the Drinkard interval resulted in 

core 1 being moved down 4 feet and core 2 down 6 feet. Core 3 required the largest shift 

(up 16 feet) and core 4 was moved up 6 feet. However, additional adjustments accounted 

for up to 1 extra foot being added to, or subtracted from, the bulk shift of each core. In 

the case of core 3, where it was moved up an initial 16 foot, the actual "tme" shift was 

closer to 20 feet higher than recorded in tvvo core intervals. 

The basal Drinkard deposits that immediately overlie the Abo exposure surface 

comprise several stacked silty intertidal deposits, which have a correspondingly high 

gamma ray response (Figure 3.4). The low gamma ray zones correspond to less silty to 

clean subtidal peloidal packstones and mudstones. Information on the basal Drinkard 

deposits is scarce owing to poor core coverage. However, they form a group of 

retrogradational packages of stacked shallowing-upwards cycles. The basal cycles 

contain silty-intertidal caps, whereas the higher cycles consist of stacked mud-rich 

subtidal facies. These cycles correspond to the transgressive systems tract (TST) 

mentioned later in this text. 

Eighteen correlatable meter-scale depositional cycles were identifíed within the 

Drinkard cored interval. These cycles were determined from contact relationships in the 

four wells for which core was available (Figure 3.5). The cycles are numbered in 

depositional order; number 1 is the stratigraphically lowest and 18 is the highest. Only 
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cores 2 and 4 were drilled deep enough to reach cycles 1 through 4 (Figure 3.5 b & d). In 

addition, core 2 is situated in a stmcturally higher location than core 4. Cycles 5 through 

16 were present in all four cores, although cycles 17 and 18 were only reached in Core 3 

(Figure 3.5 c). Cycle 18 marks the end of the lower Drinkard HFS in the West Dollarhide 

Field. 

The top of cycle 16 was used as the datum because it had the most distinctive 

gamma-ray log response, which was readily recognizable in both spectral and standard 

gamma ray logs. In addition, there was a distinctive change in the neutron and density 

log relationship at this depth. The neutron logs recorded low porosity and the density 

logs recorded negative porosity, both of which are representative of high anhydrite 

content. The cycle top 16 (CT16) facies in core 1 is a nodular to chickenwire anhydrite 

that was probably deposited on an evaporative mudflat, whereas the cycle top facies 

(CT16) in core 3 is askeletal-ooid/peloid grainstone to packstone that was probably 

deposited as part of a beach shoal. However, the beach deposit contains numerous star-

shaped anhydrite nodules that represent syndepositional gypsum laths that precipitated in 

pores in the beach deposit sands during exposure in an arid environment. These gypsum 

laths stabilized to anhydrite in the burial diagenetic environment. Therefore, ahhough 

there are obvious differences in the depositional facies, both contain anhydrite, which 

controls the porosity log response. 

3.4. The Lower Drinkard High Frequency Sequence 

The Drinkard cored interval is equivalent to the L2.1 basal high-frequency 

sequence (HFS) within the lower Clearfork composite sequence L2 (Ruppel, 1999, 

written communication). In the West Dollarhide Field, this basal transgressive HFS 

consists of a basal transgressive systems tract, an early highstand systems tract, and a late 

highstand systems tract. This pattem is similar to that seen by Ruppel (1999) in fíelds 

located on the northem shelf 
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3.4.1. Basal Transgressive Systems Tract (TST) 

This systems tract directly overlies the Abo 3rd-order exposure surface. The basal 

facies are silty intertidal to restricted shallow subtidal deposits. These grade upward into 

mud-rich weakly to intensely bioturbated peloidal wackestones to mudstones. The facies 

stacking pattem clearly indicates a back-stepping shelf margin during this time. 

Unfortunately, few data are available for this systems tract because the cored interval 

stops at the end of the log interval containing good porosity zones (Figure 3.4). As a 

result, interpretations are based on partial coverage between the four cored wells and 

corresponding log responses for those wells (Figure 3.4, Appendix B). The facies 

immediately overlying the Abo exposure surface have high gamma ray responses owing 

to the organic content of the silty intertidal facies. This characteristic is common in the 

basal Drinkard cycles, although the gamma ray peaks are diffícuU to correlate. However, 

towards the top of the TST, gamma ray response gets "cleaner" and this corresponds to 

the end of the systems tract (Figure 3.4). 

3.4.2. Early Highstand Systems Tract (Cycles 1-8) 

The facies stacking pattems suggest an aggradational shelf during this period of 

Drinkard deposition. Lateral facies variation occurs and it is diffícult to correlate 

individual cycle tops from cores to geophysical log responses in adjacent cored wells 

(Figure 3.5). The dominant depositional environment through this time was subtidal, 

ranging from low-energy grain-poor wackestones to higher-energy packstones and an 

ooid shoal deposit within cycle 3. Some of the cycles are capped by subaerial reworked 

subtidal and intertidal facies. The exposure of subtidal facies, with little evidence of 

complete filling of available accommodation space, could be an indicator of 

glacioeustatic fluctuations in sea level (Myers and Milton, 1996; Miall, 1997). 
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3.4.3. Late Highstand Systems Tract (Cvcles 9-18) 

The facies stacking pattem changes from aggradational at the base to a more 

distinctly progradational shelf margin for cycles 9 through 18. Cycles are easily 

correlated between the cored wells because they are invariably capped by weakly- to 

well-developed cryptmicrobial laminate facies. The lack of reworking along exposure 

surfaces indicates a steady state of deposition and progradation. As accommodation 

space was fíUed, the carbonate factory was forced to slow-down or stop, forming an 

intertidal cap to the cycles. If exposure was prolonged, a subaerially reworked breccia 

formed. The cycle tops were readily distinguished where this was observed. 

The exact position of a deposition cycle top is less well-constrained where the 

subaerial environment was not reached, and the cryptmicrobial laminate facies continued. 

In this case, the cycle top was recorded in the middle of the thinly-Iaminated portion of 

the cryptmicrobial laminate. Gradual subsidence of the shelf margin as sediment was 

dewatered and compacted allowed an apparent transgression to flood back across the 

restricted inner-ramp. This transgressive facies forms the basal deposit of the next cycle. 

The basal deposit may either be a very thin and poorly developed cryptmicrobial 

laminate, which gradually changes to a deeper intertidal deposit, or it may be a shallow-

subtidal peloidal packstone. The exact nature of the basal facies is dependant on the rate 

of the transgression. In some cases, clasts within the preserved basal facies suggest that, 

as relative sea level continued to rise the initial basal facies was reworked into the basal 

packstones. 

3.5. Summary 

The primary goal of this portion of the study was to identify the nature of the 

facies within the Drinkard interval of the West Dollarhide Field. The second goal was to 

determine if there was any distinguishable pattem in the development of reservoir quality 

porosity and permeability. 
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Once the facies were idenfífíed as highly cyclical shallow subtidal through 

supratidal facies, attributed to inner-ramp depositional setfíngs (Kerans and Fitchen, 

1995; Ruppel et al., 1995), the next step was to determine whether the depositional cycles 

demonstrated a higher-order of cyclicity. The Drinkard interval appears to represent a 

complete HFS, which may correspond to a ̂ '^-order sequence (Ruppel, 1999). However, 

the numerical ordering of the HFS is not adopted in this study, because the nature of their 

development is such that independent HFS's may be restricted to the platform top 

(Ruppel, 1999, written communicafíon). By defmition, numerical sequences should 

consist of both a basinal and platform age-equivalent sequence. The Drinkard HFS was 

deposited during a longer-duration rise in sea-Ievel, and therefore forms the basal 

transgressive HFS nested within a composite sequence (Fitchen et al., 1995). Within this 

transgressive HFS in the West Dollarhide Field the Drinkard consists of a basal TST, an 

early HST, and a late HST. These three systems tracts are consistent with those described 

by Ruppel (1999), for other shallow-platform carbonates in the Permian Basin. 

Diagenetic overprinting in the Drinkard unit indicates that the potential reservoir 

quality rocks are facies specific, and consist of diagenetically enhanced ooid-peloidal-

skeletal grainstones, peloidal mud-rich to mud-poor (dolo)packstones, and mud-rich to 

mud-poor dolopackstones. Where the packstones have been completely dolomitized it is 

proposed that they form the main reservoir interval within each of these meter-scale 

cycles. However, there are several un-dolomitized grainstones that were also considered 

as potential reservoir intervals. Core observations suggest that the shallow-subtidal 

packstone facies were dolomifízed during an early diagenefíc event (see Chapter VI for a 

fiill discussion). Dolomitization may have occurred during the development of the 

prograding tidal-flat, prior to the next flooding event. 

If the connectivity of all potential reservoir intervals is to be quantifíed, it is 

essential to constmct a three-dimensional perspecfíve to determine: (1) how well the 

depositional cycles correlate across the West DoIIarhide Field, and (2) how many of the 

proposed reservoir intervals are laterally continuous over a signifícant portion of the fíeld. 
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Figure 3.1 (a-b). Type 1 cycle, facies stacking pattems. a. an ideal complete type 1 cycle 
consists of a subtidal dolosiltite (ST2) base, overlain by stylohtized peloidal packstone 
facies (ST3 = with styloHtes, ST3b = bioturbated) or the subtidal peloidal mud-rich to 
mud-poor packstone, interbedded with dolosiltite facies (ST5; not shown. The capping 
facies to this cycle type consists of the intertidal laminated dolomudstone (IT2) or the rip-
up breccia facies (MFl). The rip-up breccia facies caps incomplete cycles of stacked 
subtidal facies towards the top of the basal Drinkard TST. b. an incomplete type 1 cycle 
that consists of subtidal to mtertidal couplets of the previously described facies. 
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Figure 3.2. Type 2 cycle, facies stacking pattems, with sub-groups a, b and c. The sub-
groups are delineated based on the estimated paleo-water depth increase during the 
relative rise in sea level. The deepest water deposits (c) are interpreted as open-marine 
and consist of (1) bioturbated (stylolitic) peloidal wackestone (ST3b) at the cycle base 
that is overiain by (2) the crinoidal grain-rich wackestone facies (STl), and capped by (3) 
peloidal mud-rich to mud-poor dolopackstone facies, with dolosiltite lenses (ST5). The 
intermediate water-depth cycle type (b) is observed in several cycles and consists of (1) a 
thin dolosiltite (ST2) layer at the base of the cycle that is overiain by (2) stylolitic 
peloidal wackestone (ST3), which is itself overiain by (3) ST5, which is not dolomitized 
in this instance, and capped by (4) the mud-rich to mud-poor dolopackstone facies (ST7). 
The cycle sub-type that represents the least relative rise in sea-Ievel (a) consists of (1) a 
ST2 base that is overlain by (2) the intraclastic-peloidal grain-rich dolowackestone to 
mud-rich dolopackstone facies (ST4) that is itself overiain by either (3) ST5, or (4) ST7. 
This cycle sub-type is capped by a high-energy ooid-peloidal-skeletal grainstone facies 
(ST6). This cycle type may be capped by a thin poorly-developed cryptmicrobial 
intertidal facies (ITl). 
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Figure 3.3 (a-b). Type 3 cycle, facies stacking pattems. Cycle type 3 can be divided into 
two sub-types based on the presence (b) or absence of (a) a shore-attached shoal towards 
its base (ST6ii). a. this cycle type most commonly contains a very thin (less than 2 
inches) intertidal dolomudstone (IT2) as its basal facies that is overlain by a stack of 
gradually shallowing upwards shallow subtidal facies. These facies consist of ST4, ST5, 
and ST7 (refer to Figure 3.2 for full facies names). The shallow subtidal facies are 
capped by an additional stacked group of gradually shallowing intertidal facies: either the 
skeletal-peloidal grain-poor wackestone to mud-rich packstone (IT4) that is interpreted as 
a deeper intertidal facies, or IT2 that is interpreted as a mudflat deposit. These facies are 
in tum overlain by thick (6 to 18 inches) well-developed cryptmicrobial laminate facies 
(ITl), the upper surface of which may contain a micro-karst cmst (Sul). b. the only 
difference between this facies sub-group and the previous sub-group is that in the lower 
portion of the facies stack, there is an ooid-peloidal-skeletal grainstone facies (ST6ii). In 
all other respects, this facies group is identical to those previously described. 

41 



Figure 3.4. Digitized geophysical log correlation for the Abo and Drinkard units, cored 
wells. Depth shifted position of the cored intervals indicated. Note: the "drilled interval" 
ranging from 90 feet in core 1 to only 35 deet in core 4. This interval corresponds to the 
major portion of the lower Drinkard unit. From left to right = core I, core 2, core 3, and 
core 4. 
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Figure 3.5. Detailed geophysical log correlation for the Drinkard unit. Core idenlií cd 
depositional cycle tops (1-18) were used to "match" depositional cycles within the four 
cored wells. These cycle tops were used to delineate a petrophysical correlation in íhe 
remaining wells (Chapter IV). Note the similarity in log responses between these wells 
within a single depositional cycle. From left to right = cores 1 to 4. 
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CHAPTER TV 

DRINKARD RESERVOIR ARCHITECTURE 

Once tiie petrophysical parameters for the four cored wells were correlated with 

tiie corresponding geophysical log responses it was possible to constmct North-South and 

East-West cross-sections for the Drinkard interval in the West DoUarhide Field. These 

cross-sections were used to correlate individual depositional cycle tops and correlate all 

potential reservoir intervals. 

The method involved correlating depositional cycle tops fírst, using the gamma-

ray log response as a guide. Some cycle tops (CT) proved much easier to correlate than 

others. Where an obvious gamma-ray correlafíon was not available, the cycle top was 

terminated. If the gamma-ray correlation peak retumed ftirther along the correlation, the 

cycle top was resumed. A broken line marks the inferred correlations (e.g., CT14 or 

CT15 on Figures 4.2-4.6). The goal was to build accurate cross-sections without forcing 

cycle tops to fít where they were not recognized. Once all the cycle tops were correlated, 

then all potential reservoir intervals could be mapped. This method provided a means to 

map both the porous fluid-flow conduits and potential fluid-flow barriers (cycle tops, and 

shale-rich basal units). 

The fírst step was to choose a number of cross-sections that would provide broad 

coverage across the fíeld (Figure 4.1). There are three cross-sections oriented from west 

to east across the fíeld, which provide detailed coverage across the southem portion of the 

fíeld, and coincide with the portion of the fíeld for which the best well-control is 

available. Of these three cross-sections, only cross-section B includes a cored well. 

Therefore, before these cross-sections were constmcted a "test" cross-section was 

completed (cross-section E; Figure 4.2). It starts at core 1, heads NNW towards core 2, 

and then down-dip towards core 3 (Figure 4.1). Once the gamma ray correlations were 

confírmed on this "test" cross-section, cross-sections A through D (Figures 4.3-4.5) were 

constmcted. The most diffícult cross-section to constmct was cross-section A (Figure 

44 



4.6), because little well control was available in tiie northem portion of the fíeld, and the 

log response changed signifícantly enough to indicate that there was a distinct facies 

break across the north-central portion of the fíeld. In all tiie cross-sections, the distinctive 

"double-pronged" gamma ray peak located just above cycle top 16 was used as the 

datum. 

AII porosity zones (defíned as neutron porosity greater than 4%) are potential flow 

units; tíierefore tiiey were included on the cross-sections. Because no reservoir quality 

intervals (defíned as neutron porosity greater than 4%, and permeability greater than 0.1 

md) occur within the TST, that systems tract was not included on these detailed cross-

sections. The cross-secfíons are drawn from the base of the early HST up through the end 

of the Drinkard HFS, which corresponds to cycles 1-18, respecfívely. 

Witiiin tiie early HST (depositional cycles 1-8, CTl to CT8), the porosity 

intervals form discontinuous lenticular bodies of medium- to coarser-grained dolomite or 

diagenetically enhanced ooid grainstones. Dolomite intervals are shaded a uniform 

yellow on the cross-sections, whereas the limestone intervals are shaded dark blue. In 

addition, there is a fairly extensive ooid shoal deposit that can be traced across a major 

portion of the field, which is shaded light blue. Partially dolomitized intervals are shown 

as dark yellow lenses hatched with dark blue stripes (Figure 4.4, cycle 2). Within lenses, 

there may be one well in which a different lithology occurs. For example limestone 

within a predominantly dolomitized lens is indicated by a dark blue "patch" within a 

yellow lens (Figure 4.4, cycle 8). 

The most laterally continuous reservoir intervals are located within the late HST 

(depositional cycles 9-18, CT9 to CT18). In each example, the reservoir zone is sealed 

by either an intertidal or a supratidal facies. Reservoir quality was increased by late-stage 

leaching of anhydrite, creating "touching-vug" porosity rather than isolated vug macro-

porosity. Four main coarser-grained dolomite (CGD) reservoir intervals occur. The 

upper tsvo coarser-grained dolomite intervals CGDl (shaded light orange) and CGD2 
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(shaded dark orange) have the highest porosity-permeability values of the reservoir 

intervals (Section 4.2). 

4.1. Porositv-Permeabihty Relationships 

A porosity-permeability cross-plot of the measured core values from all four 

Drinkard cores illustrates the problems inherent in heterogeneous carbonate deposits that 

is the weak relationship betsveen porosity and permeability (Figure 4.7 a). The initial 

goal was to determine if there were any identifíable porosity-permeability trends within 

the "shot-gun" data scatter, based on core described lithology and quantitatively assessed 

porosity sub-groups. 

A quantitative assessment of the pore types, using the standard terminology 

defíned by Choquette and Pray (1970), was performed as part of the standard core 

description. Each pore type was determined as some fraction of 100% of the "total" 

porosity in that particular facies. In total, eight different pore types were recorded: 

fracture, intergranular, interparticle, intercrystalline, moldic, vuggy, pinpoint, and micro-

porosity (Table 4.1, in pocket; Appendix A). The fírst four pore types are described 

within this chapter as "macro-pores," which indicates they are clearly visible in core slabs 

using a binocular microscope. However, moldic, vuggy and pinpoint pores may also 

form macro-pores in select diagenetic facies. Lucia (1993) used the term "vug" to 

describe any pore that could not be described as inter- or intra-granular, as the difference 

in their origin (mold, vug or pinpoint) cannot be petrophysically defíned. Therefore, in 

the instance that the origin of an isolated pore in this study was uncertain it was simply 

defíned as a vug. Micro-porosity is defíned here as that porosity that is visible only in 

thin-sections impregnated with a fluorescent epoxy and viewed with a UV fílter. Micro-

porosity is usually associated with the ooid-skeletal-peloidal grainstone facies. However, 

micro-porosity has also been observed within partially re-dissolved diagenetic minerals 

(partially dissolved anhydrite nodules and dolomite crystals). 
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When the RAGCORE data was entered into EXCEL, qualitative values for each 

porosity type (some fraction of 100%) were recalculated to a "tme" approximation of the 

quantitative measured porosity value (Table 4.1). Therefore, unless an interval consists 

of 100% of one pore type, each sub-group will sum to some percent of the measured total 

core porosity value. The recalculated qualitative porosity percentage values were plotted 

against measured permeability values in order to determine what relationship exists 

among these genetically constrained pore groups. 

An additional record was kept regarding the genesis of the fractures specifically 

whether the fractiu-e was a natural formation fracture, sealed by or lined by anhydrite 

cement, or an artifact (drilling induced) with clean edged fracture (Table 4.1; Appendix 

A). The importance of this distinction in determining the "tme" permeability value of a 

reservoir system is explained in Kulander et al. (1990). Unrealistically high measured 

permeability values are attributed to their having been recorded in close proximity to a 

fracture surface. Where this occurs the average of the flanking permeability values is 

taken and is used to replace the erroneous value. 

There are tvvo main porosity types of interest: primary intergranular and 

interparticle porosity in limestone facies and secondary intercrystalline porosity in 

dolostones. Dolomite ranges from 0 to 100% in the Drinkard interval this diversity is 

shown in Figure 4.7 b; however, once below 60% intercrystalline porosity permeability 

values decreased suffíciently to suggest that this is the cut-off for fluid-flow in 

dolomitized facies. Therefore, the porosity-permeability cross plots for both dolomite 

(Figure 4.7 c) and limestone (Figure 4.7 d) show those intervals with greater than 60% 

porosity only. As below -60% tiie porosity consists of a variety of porosity sub-types 

that impede the development of effective fluid-flow pathways. In addition to these main 

types, a careftil record was kept of moldic and vuggy porosity (Figure 4.7 e; fígure shows 

all values for these porosity types), and fracture porosity. Therefore, using 

petrographically determined (qualitative), porosity types, it is possible to improve on the 

initial porosity-permeability cross-plot for the Drinkard interval (Figure 4.7 a), and 
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identify distinct porosity trends (Figure 4.7 c-e). This will allow one to differentiate 

between well-connected pores, potential permeability (fluid-flow) pathways, and isolated 

(or ineffective) pore cavities. If a particular facies has 20% porosity, but contains 

predominantly vuggy or moldic pores then there is a chance that some of the pores are not 

well connected. 

The results indicate two main facies of interest: (1) lime grainstones, within which 

the dominant porosity type is primary intergranular pores, and (2) dolomitized mud-poor 

to mud-rich peloidal grainstones, in which the dominant porosity consists of secondary 

intercrystalline pores. Mudstones and wackestones, even if dolomitized to a fíne- or 

coarser-grained dolomite, do not allow development of reservoir quality permeability 

values. Therefore, mud-dominated facies represent the low permeability values on Figure 

4.7 (a). 

Several potential reservoir facies were targeted for detailed SEM analysis. In 

addition, specifíc non-productive facies were also studied to compare the extent to which 

the original depositional facies control porosity development, and how post-depositional 

diagenetic alterations can increase or occlude porosity development. The SEM analysis 

proved especially usefiil, because using standard petrographic thin-section (30|im thick) 

techniques the three-dimensional effect is neglibible. The core data may indicate 10 to 

15% porosity; but in tsvo-dimensions, it is seldom visible and therefore difficult to 

visuahze. 

Reservoir interval porosity zones were further analyzed and the degree of 

connecfívity of their pore groups qualified using a modifíed version of the terminology 

recommended by Lucia (1993) for petrophysical analysis of porosity in carbonate facies. 

Both Lucia (1993) and Ruppel (1999) used the terms "isolated-vug" and "touching-vug" 

to quantify the degree of connectivity of this form of macro-pore in those facies within 

which it may contribute a signifícant proportion of the total porosity. Total permeability 

within the upper CGD zone (CGDl and CGD2) in the Drinkard was signifícantly higher 
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than tiie permeability values recorded for CGD3 and CGD4; this is attributed to the 

existence of macro-pores identifíed as touching-vugs in this zone (Section 4.2). 

4.1.1. Pore Morphology: Size, Shape, and Density 
in Dolomitized Facies 

The size of pore cavities appears to be related to tiie shape of the pore (Figure 4.8 

a-d). Long linear pore casts (Figure 4.8 a-c) represent the long-axis boundary between 

adjacent dolomite crystals. Triangular (or pyramidal) shaped pore casts (Figure 4.8 b-c) 

represent the apex point between dolomite rhombs. These are the two most common 

types of pore. The third blocky-type of pore cavity is probably the result of leaching of 

selected dolomite crystals, dissolution of anhydrite crystals, or the space caused by 

imperfect stacking of dolomite rhombs (center of Figure 4.8 d). These pore types have 

been reported by Lindsay and Kendall (1985) for other carbonate reservoirs. In their 

classification the linear pores are called inter-boundary-sheet pores, which are very thin 

(~1.6 microns wide) and occur between individual dolomite rhombs. The pyramidal 

pores described here correspond to the tetrahedral poTQS of Lindsay and Kendall (1985). 

They found these to be intermediate in size (3-10 microns wide), but did not attribute a 

specifíc cause for their origin. The blocky pores described here are equivalent to Lindsay 

and Kendall's {\9S5)polyhedralpores, which they described as being surrounded by 

several crystal faces as well as the largest (10-50 microns wide). In addition, the pore 

sizes observed during the SEM study of the Drinkard unit correspond to those described 

by Lindsay and Kendall (1985). 

4.1.2. Relafíonship of Pore Morphology to Permeability 
in the Dolomitized Facies 

In tvvo of the four main potential productive zones (CGD3 and CGD4), where the 

dolomite crystal size was optimum (>50 |im diameter) and where porosity occlusion from 

precipitation of anhydrite was minimal, an experimental pore cast procedure was 

attempted (see Section 2.3). The primary aim was to determine the actual connectivity of 
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the pores and secondly, to evaluate the average pore shape and size. The porosity appears 

to be well-connected (from porosity-permeability cross-plots, discussed later in this 

chapter), which would be expected in a productive zone. Of particular interest is the fact 

that all three main pore shapes, linear, triangular, and blocky, are present. The main oil-

bearing pore cavities are probably the larger triangular/pyramidal and blocky pores, 

whereas the permeability pathways that link the porosity and lead to high quality 

reservoir development result from the linear pores. The linear pore cavities closely match 

the average dolomite rhomb size and are approximately 3-5 microns wide (Figure 4.8 a 

and c). This fíirther supports the idea that they represent small gaps between dolomite 

crystals. The pyramidal-shaped pore spaces are between 15 and 30 microns long, and 10 

microns wide (Figure 4.8 b and c). The blocky pores are the largest, averaging 30 to 40 

microns in diameter (Figure 4.8 a and d). The pore throat of the linear pore cavity is 

approximately equal to its width (3-5 microns), whereas in the other porosity types the 

pore throats (the exit or link with a permeability pathway) are much smaller than the pore 

size. In pyramid and blocky pores, the pore throat is also behveen 3 and 5 microns. This 

indicates that the linear pores provide the necessary connectivity for fluid flow pathways, 

unless a series of blocky pores are linked along a broader permeability pathway (e.g., 

when anhydrite crystals have been dissolved). 

The importance of establishing a relationship between pore size, and pore throat 

morphology, is critical because several studies have shown that there is a defínable 

relafíonship between pore throat morphology and oil production (e.g., Kopaska-Merkel, 

1994; Luo and Machel, 1995). The flow-unit potenfíal of oil reserves can be determined 

matiiemafícally; Luo and Machel (1995) calculated that pore morphology was intimately 

linked to ultimate reservoir potential. This relationship, although not mathematically 

constrained in the West Dollarhide Field, is proposed to explain the difference between 

low-permeability and high-permeability dolomite zones in the Drinkard unit. Even 

tiiough certain intervals have open well-developed intercrystalline porosity, permeability 

and reservoir potential are reduced as the pore-throat size decreases. 
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4.1.3. Pore Morphology: Size, Shape, and Density 
in Limestone Facies 

The relationship between macro- and micro-porosity is quite different between 

dolomitized and undolomitized (limestone) facies (Figure 4.9 a-d). In the dolomitized 

facies, moderately uniform, fíne to medium crystal diameters occur and intercrystalline 

porosity is linked primarily by linear permeability pathways. In the limestone facies, the 

average grain size is an order of magnitude larger than dolomite crystals (peloidal grains 

range from 150-500 [im in diameter), and tiie calcite crystals that make up the grains are 

an order of magnitude smaller than dolomite crystals (micrite crystals average 4 jim) 

(Figure 4.9, a & b). Therefore, both macro-pores and micro-pores can develop from the 

depositional fabric alone. The macro-pores develop between peloids in the grain-rich 

facies (Figure 4.9 a), whereas the micro-pores are found either within peloids or as the 

dominant pore type in the wackestone to mudstone facies (Figure 4.9 b). 

Diagenetically enhanced moldic pores form as a result of leaching of constituent 

grains within the depositional facies (e.g., peloids or skeletal grains). Similarly, 

dissolufíon of diagenefíc minerals from previously altered facies (i.e., dissolution of 

dolomite rhombs or anhydrite nodules) forms vuggy pores. Diagenetic minerals 

commonly, at least partially, occlude diagenetically enhanced porosity (Figure 4.9 c and 

d). In limestone facies where dolomite constitutes 15-20%) of the matrix, it is usually 

confíned to inter-granular cement or infilled molds. Where a significant percent of 

anhydrite is present, the crystals may grow quite large (Figure 4.9 d). The average 

anhydrite nodule size is approximately 2-4 cm, but in facies approaching chickenwire 

anhydrite, an individual nodule may reach 5-6 cm in diameter. As with the dolomitized 

facies, anhydrite acts as the predominant occlusion to porosity and hindrance to 

permeability pathways in the limestone facies. 
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4.1.4. Relationship of Pore Momhology to Permeability 
in the Limestone Facies 

If the reservoir interval is to provide effective permeability pathways, the most 

important pore type in the limestone facies is the macro-intergranular pore cavity. In 

cases where anhydrite veins and nodules have been partly dissolved, the resultant cavities 

provide ample storage within the facies and a means of promoting fluid-flow pathways. 

In isolated examples, dissolution of peloidal grains led to tíie development of pelmoldic 

porosity. However, this porosity type only produces reservoir quality permeability values 

when coupled with intergranular porosity. 

It is important to note that, although there are limestone facies that have 

permeability values high enough to include as a reservoir interval, diagenetic 

enhancement of the depositional pore networks is essential to open fluid-flow pathways. 

This is tme even of the ooid grainstones, because it is the partial dissolution of larger 

skeletal fragments and leaching of the early-marine rim-cements that enhance the 

permeability. 

4.1.5. Discussion 

The intertidal to supratidal sediments that were subjected to early diagenetic 

dolomitization have a depositional association with anhydrite. The anhydrite is found 

interstitial to dolomite rhombs. However, both the dolomite and the anhydrite crystal 

sizes are small enough to be called aphano- to crypto-crystalline in thin-section. These 

crystals are visible using SEM techniques, but the porosity that exists between these 

crystals is too small to provide an effective fluid pathway for oil migration. Therefore, it 

is concluded that it is not only the presence of dolomite, but also its size that is most 

important in determining effective porosity. 

In contrast, shallow subtidal facies which were extensively dolomitized in the 

syndepositional to early burial diagenetic stages (see Chapter VI), and which contain 

large euhedral dolomite rhombs, form the best reservoirs. The stacking pattems between 
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these rhombs provide storage capacity in tíiis facies and open fluid-flow pathways for 

recovery. 

In conclusion, it is not just the presence, but also the size, of dolomite crystals that 

leads to optimal reservoir development. The minimal dolomite crystal size that must 

develop before permeability patíiways are produced is 50 microns. Lucia (1993) noted 

that, although the process of dolomitization can decrease total porosity from 25% in a 

lime grainstone to 10-1 \Vo in the dolomitized equivalent, it is the formation of effective 

permeability pathways that is signifícant. Although reservoir facies intervals may be a 

lime grainstone or packstone as opposed to a dolostone, it is the addition of diagenetically 

enhanced porosity that is essenfíal if these shallow-marine restricted platform carbonates 

are to develop into ftiture oil reservoir intervals. 

4.2. Proposed Main Reservoir Intervals 

This section wiU focus on those zones that have a signifícant lateral extent and 

have the best potential for increasing fíiture production from the West Dollarhide 

Drinkard Unit. Six main zones have been singled out for detailed discussion. Four of 

these zones consist of coarser-grained dolomite (CGD; average dolomite crystal size 

greater than 85 microns) that range in thickness from less than 2 to 10 feet and two 

limestone zones that both average 5 feet in thickness (Figures 4.2 to 4.6). Coarser-

grained dolomite one (CGDl) and coarser-grained dolomite two (CGD2) are grouped 

together and described in this section as the upper CGD zone (shaded light orange and 

medium orange, respectively). CGD3 and CGD4, shaded light green and medium green, 

respectively, are described seperately. In addition to these intervals, a pelmoldic zone 

(shaded medium blue) is correlated across the paleo-topographic high and contains 

locally high porosity and permeability values, and an ooid shoal interval (shaded light 

blue) that is stratigraphically deepest of the six Drinkard reservoir intervals. Several 

other potential zones have limited aerial extent and cannot be correlated across the fíeld 

(see Section 3.6 for a full discussion). In the following sections, the six zones are 
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described from the top down, because the best zone is the stratigraphically highest and 

may affect fiiture fíeld development plans. 

4.2.1. Upper Coarser-grained Dolomite Zone (Upper CGD Zone) 

This reservoir interval consists of the mud-rich to mud-poor dolopackstone facies, 

and (this facies was interpreted to have been) deposited in a restricted shallow-subtidal 

environment. For the purpose of correlation and considering the close proximity of the 

upper two reservoir intervals CGDl and CGD2 were grouped into the Upper Coarse-

Grained Dolomite Zone (upper CGD zone). However, these two zones are found in 

distinct cycles. CGD2 is located towards the top of cycle 13, whereas CGDl is located in 

cycles 14 and 15. The top of cycle 14 consists of a very thin anhydritic mud-rich 

(dolo)packstone supratidal facies that formed over local stmctural highs. It does not 

separate CGDl suffíciently to warrant dividing the zone into two intervals. However, 

cycle top 13 consists of a distinctive thin cryptmicrobial laminate dolopackstone intertidal 

facies that caps CGD2 in three of the cored wells. 

This diagenetic facies consists of equi-dimensional euhedral to subhedral 

dolomite crystals with an average diameter of >50 microns with large open pores between 

rhombs (Figure 4.10 c). A small percent of the crystals have a diameter approaching 125 

microns, but the bulk of the matrix consists of crystals between 35 microns (smallest 

observed) and 80 microns. In hand sample the facies consists of a clean dolomitized lime 

that is oil stained (Figure 4.10 a-b). Even under a petrographic microscope few 

depositional clasts are recognizable because dolomitization was fabric destmctive. A 

small amount of silty clay-drapes occur, but these have been largely reworked into the 

bulk rock fabric by bioturbation (Figure 4.10 b). 

The darker flecks shown in Figure 4.10 (a) are vugs that formed when anhydrite 

crystals were dissolved from CGDl, probably during a late stage of diagenesis. The 

result is that isolated anhydrite nodules were opened up to form a touching-vug porosity 

network (Figure 4.10 d). Dissolution of anhydrite nodules is seen only in this zone, and 
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its signifícance is evident in the elevated measured porosity and permeability values. The 

top of the CGDl zone is characterized by low permeability values, attributed to tíie 

existence of intercrystalline porosity occluded by anhydrite cement and large anhydrite 

nodules. Therefore, it would seem tíiat anhydrite dissolution was initiated by lateral fluid 

movements, rather than a top-down mechanism. 

The base of CGD2 is also diagenetically controlled, and is defíned where calcite, 

either as depositional micrite or later-stage of calcite spar (Figure 4.10 e), hinders 

dolomite crystal growth or occludes porosity, respecfívely. SEM photomicrographs 

(Figure 4.10 f-i) illustrate how much more complex the porosity network is, in 

comparison to the two-dimensional view provided by a standard 30 micrometer thin-

section. Triangular and blocky pores were observed throughout the samples analyzed 

(Figure 4.10 f-g). In addition, the linear pores remained open providing the necessary 

link between the larger pores (Figure 4.10 h-i). 

A broad positive porosity-permeability trend exists for total measured porosity 

(Figure 4.11 a), and intercrystalline porosity (Figure 4.11 b) with respect to measured 

permeability. When intercrystalline porosity is compared to measured permeability, all 

but two of the data points are above 5% porosity and 0.1 md. These cut off values have 

been applied to all the zones as a minimum requirement if they are to be considered as 

potential production zones. The upper CGD zone is the most laterally extensive and 

covers a major portion of the West Dollarhide Field (Figure 4.12 a-c). The thickest part 

of the upper CGD zone corresponds to the portion of the interval with highest 

permeability values. 

4.2.2. Pelmoldic Zone 

This reservoir interval (shaded medium blue on the cross-sections) was interpreted 

as a shore-attached peloidal shoal complex that was diagenetically enhanced by 

dissolution of peloidal grains by the presence of a fresh-water lens and meteoric 

diagenesis in the early diagenetic environment. The main body of the pelmoldic zone 
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occurs towards the soutíieastem portion of tíie fíeld, and its development is concentrated 

over the paleo-high. Small outliers lie farther to tíie North. 

The reservoir interval is stratigraphically bound by the boundaries of tíie paleo-

freshwater lens. Figure 4.13 (a) is a representative photomicrograph illustrating how the 

zone appears in cores 1 and 2. Open pelmoldic porosity is connected through 

diagenetically enhanced inter-granular/calcite-intercrystalline porosity. The tme 

relationship between macro-porosity and micro-porosity is best observed under higher 

magnifícafíon using the SEM. Figure 4.13 (c and d) illustrates an open pelmold and the 

micro-porosity developed between calcite microspar crystals, respectively. 

The diagenetic signature differs away from the paleo high, and the same 

deposifíonal interval developed a signifícantly different rock fabric. In core 3, the facies 

is equivalent to the mud-rich to mud-poor (dolo)packstone that forms the CGD reservoir 

zones and was not dolomitized. In core 4, the facies is unchanged; however, the ooid-

skeletal and peloidal grains were not leached and sparry-calcite cement precipitated 

between the grains, and occluded all potential intergranular porosity (Figure 4.13 b). As 

a result of a facies change, or diverging diagenetic histories, the zone became "tight," 

because permeability pathways were closed. 

In both cores 1 and 2, some of the dissolved peloids were partially infilled with 

calcite spar (Figure 4.13 e) or were completely infílled by euhedral dolomite (Figure 4.13 

f). Infílling of molds by calcite is more common towards the base of the zone, whereas 

dolomite is the predominant mold-fílling cement toward the top of the pelmoldic 

reservoir zone. 

The porosity-permeability relationship for this pelmoldic zone is not as simple as 

that described for the Upper CGD zone. This was expected because the zone contains a 

much wider range of pore types. Considering the diagenetic complexity of this zone the 

total porosity plot indicates reasonable values, with average porosity values above 10%) 

(Figure 4.14 a). Although the combined "moldic" porosity types exhibit a relatively 

promising porosity-permeability relationship (Figure 4.14 c), the values for intergranular 
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porosity (Figure 4.14 b) are not ideal. The problem with low intergranular porosity is that 

this is the only potential source for permeability pathways. If a standard porosity cutoff 

for Hmestones of 8%) (Asquith, 1996, personal communication) is taken into account, then 

this zone is a borderline fluid flow interval. 

The main body of this zone has developed over the southem paleo-stmctural high, 

and is therefore of limited aerial extent (Figure 4.15) in comparison to the upper CGD 

zone. Leaching of semi-stable carbonate grains prior to chemical stabilization is the best 

explanation for the development of this diagenetic reservoir interval. The nature of 

shallow-water sediments is such that periodic exposure and a drop in the water-table can 

lead to the development of a freshwater lense, a condition that is linked with the leaching 

of carbonate grains in the early diagenetic environment. 

4.2.3. Coarser-grained Dolomite Three (CGD3) 

This reservoir interval (shaded light green on the cross-sections) developed within 

the "laminar" peloidal mud-rich to mud-poor (dolo)packstone, which is interbedded with 

thin dolosiltite lenses. The facies contains a relatively low percentage of clay drapes and 

is completely dolomitized. It is signifícantly more silty and organic-rich than the facies 

described in the upper CGD zone (CGDl and CGD2). Bioturbation homogenized the 

fabric in certain areas, but organic wisps and mud drapes are clearly evident in hand 

sample (Figure 4.16 a). This facies has a distinct oil stain, although this alone cannot be 

used as a criterion for identifying potential reservoir zones. 

The second difference between tíiis zone and the Upper CGD zone is the greater 

range of dolomite crystal sizes (15 tíirough 75 microns, average 60 microns; Figure 4.16 

b-h). The presence of organic material, concentrated into thin wisps and drapes is evident 

in thin-section (Figure 4.16 b). However, these wisps are generally discontinuous (Figure 

4.16 a), and do not form a signifícant barrier to fluid flow. This facies was not originally 

as well-sorted a packstone as CGDl and CGD2 were prior to dolomitization. The 

inclusion of micrite within the nucleus of dolomite crystals indicates that dolomite started 

57 



to replace a mud-rich packstone depositional fabric (Figure 4.16 d). The outer portions of 

the coarser dolomite crystals are clear, which indicates that at least two separate phases of 

dolomite crystal grov^h occurred. The development of rare stylolites is another indicator 

that organic-rich material formed part of the rock fabric (Figure 4.16 c). Stylolites can 

develop over a signifícant aerial extent and the presence of even a few could produce a 

potential fluid-flow barrier, and fiirther compartmentalize the zone. 

The porosity-permeability relationships for this interval confirm that it is not as 

ideal an interval as the upper CGD zone. The majority of the total porosity values cluster 

around 12-16% (Figure 4.17 a) and this is only marginally reduced when intercrystalline 

porosity alone is considered (8-14%); Figure 4.17 b). However, the maximum 

permeability value in this zone is less than 100 md, and the majority of samples have 

permeabilities of 10 md or less (Figure 4.17 a). This is almost an order of magnitude less 

than the upper CGD zone. 

Pore casts were prepared and examined alongside rock chips by SEM to examine 

if decreased permeability could be explained by greater mud content or range in dolomite 

crystal sizes (Figure 4.18 a-f). Overall the large blocky pores are smaller and less 

frequent than in the upper CGD zone, whereas the abundance and size of the triangular 

pores is constant (Figure 4.18 a-c). However, the greatest difference between this zone 

and the upper CGD zone was the nature of the linear pores. In CGD3, they were usually 

partially collapsed, which resulted from differential packing of dolomite crystals of 

varying sizes, or partially infílled with clay fínes. The major difference in the 

development of linear pores in these two zones involved the introduction of a hybrid 

pore/permeability pathway (Figure 4.25 d). Hybrid pathways appear to be an 

amalgamation of several blocky and/or triangular pores and are interpreted to have 

formed as a result of pore packing between the larger and smaller dolomite crystal 

populations. Therefore, as the thin linear pores are lost, larger less well-connected pores 

are formed that are clearly capable of forming permeability pathways (Figure 4.18 d). 

The overall decrease in permeability may be because these large permeability pathways 
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do not continue for any signifícant distance. The pore cast analyses clearly showed that 

the linear pore cavities are still present in tiiis facies (Figure 4.18 e-f) and provide the 

main permeability pathway. 

Based on cross-section correlations (Figures 4.2 to 4.6), the CGD3 diagenetic 

facies is tíiickest in tíie west-central portion of the West Dollarhide Field and forms a 

northwest-soutíieast trending linear body, witíi two outliers to the North of the main body 

(Figure 4.19). It thins signifícantly and pinches out along a thin NW-SE trending area. 

This thin area may correspond to a muddy-tidal channel, because the gamma-ray log 

signature changes and tíie porosity logs reflect a tight zone (Figure 4.19). 

4.2.4. Coarser-grained Dolomite Four (CGD4) 

This reservoir interval (shaded medium green on the cross-sections) developed 

within the "nodular" peloidal mud-rich to mud-poor (dolo)packstone facies that is 

interbedded with thin dolosiltite lenses facies. Of the four CGD intervals, it is the least 

attractive as a target for future development. Tight porosity patches sub-divide the zone 

into distinct "pods" across the fíeld, plus microfacies analyses highlight specifíc fabric 

complications in this zone. In hand sample, increased organic material and silty clay 

drapes are obvious (Figure 4.20 a). Organic material is observed as black clast-Iike 

globules in hand sample, and orange inclusions in thin-section (Figure 4.20 b). Dolomite 

in this facies forms a bimodal population of fme-crystalline and medium-crystalline 

rhombs (Figure 4.20 b-c). There is a distinct aphano- to micro-crystalline dolomite 

population (approx. 25-35 % total dolomite) and a macro-dolomite crystal distribution 

(average crystal diameter 50-60 microns). This relafíonship can best be obserbed in 

Figure 4.20 (c). SEM photomicrographs highlight the bimodal dolomite crystal size 

(Figure 4.20 d-e). AII three main pore types are present, although in reduced abundance 

and size. The maximum size for blocky pores in this facies is approximately 25-30 

microns (Figure 4.20 d). 
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Total porosity values are constrained within a fairly narrow range, from 8 to 14%), 

with one value reaching 16% (Figure 4.21 a). However, this facies has the lowest range 

of only intercrystalline porosity (8-12%,; Figure 4.21 b). Permeability values do not 

exceed 10 md and over half the measured permeabihty values plot at or below 1 md. The 

majority of permeability values for tíie CGD4 zone were between 1 and 10 md (Figure 

4.17), the CGD4 zone shows an order of magnitude decrease in permeability in addition 

to tíie decrease observed between CGD3 and tíie upper CGD zone (Figure 4.11). 

The CGD4 zone is also the most laterally compartmentalized, because it is sub-

divided into two larger lenses tíiat roughly parallel each other, along the same overall 

northwest-southeast trend followed by tíie otíier zones (Figure 4.22). Although this zone 

has reservoir potential, it is the least desirable of the four dolomitized facies intervals. 

4.2.5. Ooid Shoal Zone 

This reservoir interval (is shaded light blue on the cross-sections) developed 

within the shore-detached ooid-peloidal-skeletal grainstone that forms the cap to cycle 3. 

This facies is stratigraphically lowest, and is about 100 feet below CGD4 in all the wells. 

In only two of the four wells did the cored interval penetrate deep enough to reach this 

facies. It is also the thinnest zone, averaging 3 to 5 feet in thickness. Because of this, a 

porosity-permeability relationship cross-plot is not shown. 

This zone possesses the strongest depositional fabric control on reservoir 

development of all the intervals. Intergranular porosity is primary, and total porosity was 

enhanced by partial dissolution of skeletal grains (Figure 4.23 a) and minor dissolution of 

the ooid and peloidal grains (Figure 4.23 b), which formed skelmoldic macro-porosity 

and oomoldic microporosity, respectively. Total porosity values reached 16%), but the 

maximum permeability in this interval was 4.74 md. Actual intergranular porosity values 

reached 9%, with an additional 4% resulting from moldic porosity (Figure 4.23 a) and 

another 3% being attributed to intercrystalline calcite spar porosity. Early marine rim 

cement forms an important cement phase in this zone (Figure 4.23 b). SEM 
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photomicrographs (Section 4.1, Figure 4.9) illustrate the difference between porosity 

development in a limestone (i.e., intergranular primary macro-porosity and secondary 

moldic macro- and intragranular micro-porosity) versus a dolomite (i.e., intercrystalline 

macro-porosity). The isopach map of this zone (Figure 4.21) was drawn using a porosity 

cutoff of 8%), and shows that the potentially productive zone is restricted to the central 

portion of the fíeld. 

4.3. The Development of Porosity Zones 

Several other porosity zones are highlighted on the cross-sections that were not 

chosen for discussion in the previous section. Although they all have reasonably high 

porosity (i.e., Density porosity >4%), Neutron porosity >8%)), permeabilities are all 

signifícantly less than desirable. The conclusion is that they would not have good fluid 

flow potential. These additional zones shown in Figures 4.2 to 4.6 consist of dolomitized 

intervals (shaded yellow on the cross-sections), mixed dolomite-limestone intervals 

(shaded dark yellow with cross-hatches), and limestone intervals (shaded dark blue). 

The main problem with these facies is that the original depositional fabric which 

contained numerous anhydrite nodules, anhydrite cement, or a proportion of silty clay 

drapes that were suffícient to decrease effective permeability. An additional hindrance to 

the development of optimum reservoir quality is the nature of the stacking pattems within 

the depositional cycle. A strong correlation exists between the style of depositional 

cycle and the development of open porosity-permeability networks in limestone or 

dolomitized sediments. The early HST consists mainly of stacked subtidal cycles that 

lack well-developed intertidal caps. These facies range from low-energy mud-dominated 

open-marine crinoidal wackestones to higher-energy marginally-restricted packstones and 

grainstones. The one characteristic in common is that they were not extensively 

dolomitized In contrast, the basal facies in the late HST consist of micrite-based peloidal 

packstones that are capped by aerially extensive intertidal to supratidal facies. These 
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facies were extensively dolomitized, which formed aerially extensive reservoir intervals 

that are capped by relatively impermeable peritidal facies. 

4.4. Summary 

The Drinkard sediments were deposited in a shallow-water environment, and are 

representative of an inner-ramp depositional environment. In the West Dollarhide Field, 

the early HST cycles are composed of relatively thin-stacked subtidal cycles that exhibit 

signifícant lateral variafíons. In the late HST the cycles are thicker, with better-developed 

tidal-caps and supra-tidal deposits (i.e., complete cycles). 

Drinkard dolomitization is facies specific, and this is taken to be indicative of an 

early dolomitization event. The dolomifízed facies are primarily intertidal shallow 

micritic peloidal packstone and mudstone deposits. Chickenwire anhydrite and anhydrite 

nodules are common in the upper portion of the Drinkard, indicating sabkha conditions 

and greater evaporation, perhaps the result of increased aridity. Peritidal environments 

are dominated by mud-rich facies, where much of the porosity is diagenetic in origin. In 

addition to the effect of dolomitizing brines, these inner-ramp deposits were frequently 

sub-aerially exposed and affected by meteoric diagenesis, because of the shallow water 

setting. 

Although there is considerable variation in the lateral continuity of individual tidal 

flats and associated facies on a reservoir scale, the mappable units consist of 

amalgamated sets of thin peritidal capped cycles. This observation is supported by the 

work of Ruppel et al. (1995), on the Monahans Clear Fork Field, located on the Central 

Basin Platform in west Texas. 

The ideal depositional environment for reservoir development in the lower 

Drinkard unit is the shallow-subtidal mud-rich to mud-poor packstone facies, which were 

dolomitized early in their diagenetic history. This facies contains the ideal conditions for 

effective fluid flow and initial oil migration. These dolomite reservoirs are located 

between the non-productive un-dolomitized mud-rich facies and intertidal and/or 

62 



supratidal facies. The peritidal caps are important because, whereas oil can migrate up 

into the reservoir rock through fractures, there must be an effective seal to retain the oil in 

place and hinder fíirther migration. The tidal-flat facies provide this seal. Although there 

is some remaining microporosity, most of the primary dolomitic intercrystalline porosity 

was occluded during or soon after deposition by anhydrite. 

The dolomitized reservoir intervals in all examples were controlled by two main 

factors. The fírst factor is the size of the individual dolomite crystals. Where the 

dolomite crystal size dropped below - 5 0 microns diameter, the zone proved to be non-

productive. In addition, as the dolomite crystal size varied more permeability was greatly 

decreased, hindering the development of effective fluid-flow pathways. The second 

factor is the thickness of the zone. In all of these zones, the area of greatest thickness was 

towards the center of the West Dollarhide Field, slightiy to the NE of the paleo-stmctural 

high. This leads to the conclusion that fiiture development should be focused along a 

northwest-southeast axis. In the upper CGD zone, anhydrite emplacement and late-stage 

dissolution of anhydrite within the central portion of the zone proved suffícient to provide 

a seal and improve the quality of the zone. 

In conclusion, detailed analyses of the depositional fabric and subsequent 

diagenetic overprinting aided in determination of the conditions that led to porosity 

development in the Drinkard unit. This is particularly signifícant because these results 

have led to a targeted sinusoidal horizontal drilling program that resulted in greater 

production from the lower Drinkard intervals. 
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Figure 4.1. Stmcture map of the Lower Leonardian deposits in the West Dollarhide 
Field, Lea County, New Mexico. The location of the four cored wells (Cl), (C2), (C3) 
and (C4) are included along with the location of the five cross-sections (A through E), 
and the location of additional wells used but not included on cross-sections. 
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Figure 4.2. Cross-section El to E8. This cross-section incorporates cores 1 through 3 
(Cl, C2 and C3, wells El, E5 and E8, respectively), and was used to test the validity of 
the correlation between depositional cycle tops and core responses in the West DoUarhide 
Field. 
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Figure 4.3. Cross-section Bl to B9. This cross-section cross-cuts the southemmost 
portion of the West Dollarhide Field. This cross-section includes core 1 (Cl) as well B7. 
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Figure 4.4. Cross-section Cl to CIO. This cross-section cross-cuts the central portion of 
the southem topographic high in the West DoUarhide Field. This cross-section does not 
incorporate any of the cored wells. 
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Figure 4.5. Cross-section Dl to Dl 1. This cross-section cross-cuts the northem portion 
of the southem topographic high in the West DoUarhide Field. This cross-section does 
not incorporate any of the cored wells. 
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Figure 4.6. Cross-section Al to A13. This cross-section foUows the axis of íhe structure 
developed in the West Dollarhide Field. The least well control is available in the 
northem portion of the field and therefore spacing between wells is greater than m the 
previous cross-sections (Figures 4.2-4.4). 
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Figure 4.7. Porosity-permeability crossplots for the Drinkard unit, cores 1 through 4. a. 
all pore types plotted against permeability, b. relationship between estimated dolomite 
percentage and measured permeability, note dolomite ranges from 0-100%, with 
permeabilities ranging from 0.001-100 md. c. estimated intercrystalline dolomite 
porosity (>60% dolomite; as <60% and intercrystalline porosity is not connected) plotted 
against measured permeability, d. estimated intergranular and interparticle limestone 
porosity (>60% lime) plotted against measured permeability, e. combined estimated 
moldic, vuggy and pinpoint porosity plotted against measured permeability. Note: apart 
from the inter-granular porosity, all other major porosity types are the result of diagenetic 
processes altering the depositional rock fabric. Porosity and permeability data provided 
by Texaco E&P, Inc, Midland (analyses by Core Laboratories, Midland). 
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Figure 4.7. (c-e) continued. 
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Figure 4.8 (a-d). SEM photomicrographs illustrating the styles of porosity developnicnl 
in the dolomitised zones. LP = linear/sheet pores, TP = triangular pores, BP = blocky 
pores. c. & d. are casts of the porosity vugs from the same facies as shown in a. & b. 
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Figure 4 9 (a-d) SEM photomicrographs iliustrating the styles of depositional porosity 
development (a & b), versus potential partial to compiete diagenetic occlusion of porosity 
(c & d) MP = macro-pore, mP = micro-pore, P = pore cavity between dolomite crystals. 
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Figure 4.10 (a-i). Upper Coarser-grained dolomite reservoir zone, corresponds to CGDl 
plus CGD2. a. Core slab of CGDl, arrow is pointing at vuggy porosity formed as a resuh 
of anhydrite dissolution, b. core slab of CGD2. Both samples have a shghtly mottled 
appearance and a distinct oil stain. Aside from minor differences CGDl and CGD2 are 
dolomitized mud-poor subtidal packstones. c-e. Representative photomicrographs; c. 
euhedral equi-crystalline dolomite with open intercrystalline porosity (f o.v. approx. 1 
mm), d. towards the top of CGDl total porosity is enhanced by dissolution of vug-filling 
anhydrite crystals (see a., f o.v. approx. 2 mm), e. intercrystalline porosity occluded 
towards base of CGD2 by late-stage calcite spar (f o.v. approx. 1 mm). f-i. 
Representative SEM photomicrographs; f well-developed triangular pore (TP), average 
diameter of these pores in this sample is 25 microns, g. large well-connected blocky pore 
cavity, maximum diameter 75 microns, arrow is pointing at a pore throat that is much 
smaller than the actual pore, h. linear pore between two euhedral dolomite crystals, i. 
detail of area shown in h. 
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Figure 4.10 (c-e) continued. 
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Figure 4.10 (f-i) continued. 
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Figure 4.11 (a-b). Porosity-Permeability cross-plots for upper CGD zone. a. measured 
porosity versus measured permeability, b. estimated inter-crystalline porosity values 
plotted against measured permeabiHty. Note: low permeability values correspond to 
anhydrite, or calcite, cement occluding intercrystalline porosity. 
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Figure 4.12 (a-c). Isopach map illustrating the lateral extent of the Upper CGD zone 
(CGDl and CGD2). a. isopach map of CGDl only, note the narrow low porosity area 
oriented north-south in CGDl this is interpreted as a tidal channel (Note: descriptions for 
b. and c. can be found on the next two pages). 
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Figure 4.12. continued. b. isopach map illustrating the lateral extent of CGD2, there is a 
second low porosity area that may be a shallow-water lagoon or wider tidal channel. 
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Figure 4.12. continued. c. isopach map illustrating the lateral extent of the upper CGD 
zone, constructed by combining the thicknesses of CGDl and CGDl. When combined 
the two previously descrived low-porosity intervals (in CGDl and CGD2) are 
compensated, except for a small interval in the central portion of the zone. 
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Figure4.13 (a-f). Pelmoldic reservoir facies. a-b. Representative photomicrographs, 
f o.v. approx. 2 mm in both; a. leaching of peloidal grains as seen in cores 1 and 2, 
surrounding matrix has been recrystallised to a microspar. b. In core 4 the peloidal 
grains remain intact, calcite cement occludes intergranular porosity. c-e. Representative 
SEM photomicrographs; c. peknold forms a macro-pore cavity, the micrite martix has 
been partially recrystallized increasing overall matrix crystal size (see a.), d. small calcite 
crystals and associated micro-porosity (mP) within the inter-pelmold matrix. A small 
percent of pelmolds have been partially to completely infilled by either calcite 
macrospar(e) or euhedral dolomite (f) crystals. 
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Figure 4.13 (c-f) continued. 
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Figure 4.14 (a-b). Porosity-Permeability cross-plots for the pelmoldic reservoir zone. a. 
measured porosity versus measured permeability, b. estimated inter-granular porosity 
values plotted against measured permeability, c. estimated combined moldic, vuggy and 
pinpoint porosity values plotted against measured permeability. 
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Figure 4.15. Isopach map illustrating the lateral extent of the pelmoldic zone. This zone 
is compartmentalized into one main southem area, plus three outliers of varying size and 
thickness. 
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Figure 4.16 (a-d). Coarser-grained dolomite zone three, CGD3. a. Reservoir facies as it 
appears in all four cores. The facies is a dolomitized slightly mud-rich to mud-poor 
subtidal peloidal packstone. b-d. representative photomicrographs, f o.v. approx. 1 mm 
in all three; b. euhedral to subhedral dolomite rhombs of mixed crystal size, cross-cut by 
discontinuous organic-rich drapes, c. under cross-polars the presence of porosity 
occluding anhydrite is more visible, plus a stylolite digit cross-cuts the field of view. 
Both the presence of anhydrite and the development of stylolites in this facies form fluid-
flow barriers. d. calcite is noted towards the base of CGD3 (as was seen in CGD2), once 
calcite presence increases to >20% there is a corresponding decrease in permeability. 
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Figure 4.16 (b-d) continued. 
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Figure 4.17 (a-b). Porosity-Permeability cross-plots for CGD3 a. measured porosity vs. 
measured permeability, b. estimated inter-crystalline porosity values plotted against 
measured permeability. Although the porosity percent value has decreased, permeability 
has not been significantly affected. However, note that the overall permeability values 
for this zone are lower than for the Upper CGD zone. 

87 



Figure 4.18 (a-f). Representative SEM photomicrographs illustrating thc range in 
dolomite crystal sizes observed in CGD3. Smallest -10 microns (d), largest is betwecn 
65 - 75 microns (top left a., center of c). Also, shown is the range in pore types, a largc 
blocky pore (f), mixed characteristic pore "P" (c), and development of linear permeability 
pathways "PP" (d). e and f are photomicrographs of pore casts which provide a bettcr 
idea as to the intricate 3D pore morphology. 
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Figure 4.18 (e-f) continued. 
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Figure 4.19. Isopach map illustrating the lateral extent of CGD3. This zone is 
compartmentalized into three sub-zones. However, the main zone is the thickest and 
most laterally continuous. The two smaller outliers are located to the north and northeast. 
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Figure 4.20 (a-e). Coarser-grained dolomite zone four, CGD4. a. the main facies as it 
appears in all four cores. The amount of organic-rich clay-wisps/mud-drapes has 
increased from CGD3. In addition, large clast-like homogeneous organic material 
(possibly dead oil) are readily visible in hand sample. The facies is a dolomitized mud-
rich subtidal packstone. b-c. Representative photomicrographs; abundance of organic 
matter is evident in b., strongly bi-modal dolomite crystal sizes seen clearly in c. 
Dolomitization of the micritic mud matrix formed the smaller sub- to anhedral crystals. 
The presence of grain-binding calcareous algae (darker parches in c.) are also a factor in 
reducing the development potential of open secondary pore cavities and well-connected 
permeabihty pathways. d-e. SEM photomicrographs, clearly show the bi-modal 
dolomite crystal sizes. Although both triangular (TP) and blocky (BP) pores have 
formed, open linear pores are limited (d), plus finer crystalline dolomite are partially 
blocking those that have developed (e). 
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Figure 4.20 (b-c) continued. 
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Figure 4.20 (d-e) continued. 
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Figure 4.21 (a-b). Porosity-Permeability cross-plots for CGD4. a. measured porosity vs. 
measured permeability, b. estimated inter-crystalline porosity values plotted against 
measured permeability. The linear relationship is not as well developed in this zone, plus 
the maximum permeability values are the lowest of the four dolomitized zones. 
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a. Figure 4.23 (a-b). Ooid Shoal reservoir facies, both photomicrographs from core 2. 
stained thin-section, partially dissolved bivalve shell at center, f o.v. = 5 mm. b = 
unstained photomicrograph, illustrating well-developed early marine rim cemenl around 
ooid and skeletal grains, f o.v. = 2 mm. 
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Figure 4.24. Isopach map showing the lateral extent of the ooid shoal reservoir intcrval. 

97 



CHAPTER V 

ABOUNIT 

The Abo unit directly underiies the Drinkard Unit. This portion of the Abo is not 

equivalent to tiie "Abo-reef' complexes mentioned in other studies (i.e., Zurinski, 1979; 

Beaver, 1982). These facies are equivalent to the supratidal (and possibly terrestrial), 

intertidal, lagoonal, and subtidal facies described in the Kingdom North Field by 

D'Agostino and Party (1999), and in tiie North Vacuum Field by Lanter (1985). 

A distinct set of karst facies is described in the Abo unit of the West Dollarhide 

Field, similar to those described from the same stratigraphic interval by various authors 

(i.e., Agostmo and Party, 1999; Hunt et al., 1995). The development of cave roof, 

mosaic, and chaotic breccias and the emplacement of cave fíll sediment (terminology as 

defined by Kerans, 1990) are all observed in the West DoIIarhide Field Abo cores. These 

karst features are significant because they are used as evidence for a long-term regional 

fall in relative sea level at the end of Abo deposition, prior to the relative rise in sea level 

that produced the Drinkard highly-cyclic HFS. Additional evidence for karst 

development is found in Zurinski (1979), Beaver (1982), and Lanter (1985), although in 

these studies the karst zones were identified as disconformities, implying that the breccia 

fabric was deposited on an Abo erosional surface. Following the work of Kerans (1990), 

and Hammes et al. (1996) it is possible to re-evaluate these earlier descriptions and 

realize that they can in fact be attributed to subterranean processes. 

The ordered cyclicity observed in the Drinkard cored interval did not develop in 

the Abo cored interval. These deposits record a coarse-cyclicity in which the cored 

interval can be split into three portions: A basal (bottom 10-20 foot of core) group of 

restricted peritidal facies (intertidal and supratidal deposits), a central portion of shallow 

subtidal shoaling upwards (mud-dominated to peloidal grain-dominated) facies, and an 

upper portion that consists of facies that were laid down in tidal channels/restricted 

lagoons and evaporitic mud-flat intertidal/supra-tidal environments. The deposits 

observed in the cores suggest a gradual rise in relative sea-level, followed by a relative 
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fall in sea level and an overall progradation of shallow-intertidal and supratidal facies 

across the lower Leonardian platform top. 

As sea level continued to fall, the evaporitic mud-flat deposits were subaerially 

exposed and a karst fabric developed. Several facies exhibit extensive post-depositional 

alteration fabrics that are attributed to subterranean karst diagenesis that are discussed 

later in this chapter. 

Owing to the similarity in depositional facies between the Drinkard and the Abo 

units, and the lack of distinguishable correlatable cycles within the Abo, this unit will be 

discussed in one chapter rather than split into t̂ vo as was done for the Drinkard. The 

nature of the depositional and diagenetic facies and there relationship to porosity and 

permeability will also be discussed. An important feature within the Abo is the 

development of various karst fabrics that also appear to affect the reservoir potential of 

the upper Abo unit. The main reservoir interval within the Abo also developed in similar 

facies to those previously described for the Drinkard. Where developed this reservoir 

interval is within a fairly continuous 20 to 40 foot section of the subtidal facies that is 

readily identifiable from geophysical logs (Figure 5.1). 

5.1. Depositional and Diagenetic Facies 
of the Abo Cored Interval 

Several of the facies observed in the Abo are shared with those described from the 

Drinkard; therefore, they will not be described again in this chapter. However, the 

common facies will be identified, and any variations noted. A separate section is 

included to discuss the nature of the karst facies, as these facies reflect a different set of 

diagenetic conditions from the basic syndepositional, early- and late-burial diagenetic 

fabrics described for the Drinkard cored interval. 
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5.1.1. Subtidal Facies 

The relative abundance of subtidal facies described in tiie Drinkard differs from 

that observed in tíie Abo cored interval. The Abo subtidal facies are dominated more by 

low-energy mud-rich facies, whereas the grainier peloidal packstones and grainstones 

were more common in the Drinkard. All but one of tiie Abo subtidal facies was 

previously described in Chapter III. However, tfiere is one distinct low-energy mud-rich 

facies that is commonly observed only in tiie Abo and it is described in this section. In 

addition, there is an isolated occurrence of an algal bioherm observed at the base of core 

4, a description of which is included. 

The subtidal facies observed in tiie Abo, (already described in Chapter III) in 

order of relative abundance are: stylolitic peloidal wackestone (Section 3.1.1.3), 

laminated organic-rich dolosiltite (Section 3.1.1.2), peloidal mud-rich to mud-poor 

(dolo)packstone, interbedded with dolosiltite lenses (Section 3.1.1.5), intraclastic-peloidal 

grain-rich dolowackestone to mud-rich dolopackstone (Section 3.1.1.4), mud-rich to 

mud-poor dolopackstone (Section 3.1.1.7), and ooid-peloidal-skeletal grainstone (Section 

3.1.1.6). The absence of the crinoidal grain-rich wackestone or any facies containing 

abundant marine faunas is taken as evidence that the Abo interval was deposited in a 

marginal- to highly-restricted inner-ramp to coastal environment. 

5.1.1.1. Bioturbated Dolomudstone to Dolowackestone. This facies consists of 

dolomitized micritic mudstone and peloidal to skeletal wackestone. The peloidal and 

skeletal grains are usually replaced by a coarser-grained dolomite than the surrounding 

micritic matrix. Dolomite crystal size in this facies ranges from aphano- to fine-

crystalline, with rare occurrences of medium- to coarser-crystalline dolomite. Where 

developed this facies forms massive units 1 to 5 feet thick and is dark gray in color. The 

core appearance of this facies is similar to the laminated inter-tidal dolomudstone, and 

they are commonly found in the same depositional cycle, which indicates that they 

formed lateral facies belts. 

This facies is interpreted as a low-energy very shallow subtidal deposit that was 

closely associated with the intertidal flat complex that forms the major portion of the 
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upper Drinkard core. This facies represents a shallow quiet-water lagoon in close 

proximity to tiie intertidal facies beh. The degree of bioturbation in this facies is used to 

distinguish it from tiie slightly shallower intertidal laminated dolomudstone. 

5.1.1.2. Algal Bioherm Rudstone to Floatstone. There are three distinct 

occurrences of tiiis facies (ranging in thickness from 6 inches to 18 inches), each of which 

is separated by tiie apron/talus facies described below. This facies consists of large 

(greater than 1 inch diameter) algal bounded packstone and grainstone bioherm clasts 

bound in a fine algal-generated fabric. Where tiie large clasts are touching the facies is 

described as a rudstone, whereas where the algal matrix binds loose clasts the fabric is 

termed a floatstone. No thin-sections were made for this facies; therefore a detailed 

faunal description is limited. However, it is clear that there was signifícant primary 

porosity in this facies, that was later occluded by a white-colored marine cement that is 

similar to "reef' binding cements described from the North Robertson Clear Fork unit by 

Pregger and Dixon (1998). This facies represents an isolated algal "mud-mound" of the 

type associated with development in a shallow-lagoonal depositional setting (Preggar and 

Dixon, 1998). 

5.1.1.3. Algal Bioherm Apron. Immediately underlying and overlying the Algal 

Bioherm Rudstone or Floatstone facies are (1 to 2 feet thick) bioherm debris aprons. The 

larger clasts observed within this facies are 2 to 3 inches across (some of the larger clasts 

could be mistaken for a facies change to the Algal Bioherm proper, in the 3 inch core 

bore). The clasts are consistent with the interpretation that they originated in the Algal 

Bioherm facies. The matrix facies consists of the bioturbated/stylolitic peloidal 

wackestone facies described in chapter 3 (Section 3.1.1.3). These shallow subtidal facies 

found in close association with the Bioherm and the Bioherm Apron further support the 

interpretation that they represent an algal build-up in a shallow-water low-energy 

environment. Storm surges are suggested as an explanation for the development of the 

Bioherm Aprons, as the bioherm colonies were not as stable as Permian reef building 

colonies (Asquith, 1999; personal communication). 
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5.1.2. Intertidal Facies 

The Abo intertidal facies was signifícantly siltier tiian those previously described 

for the Drinkard cored interval. There are no well-developed cryptmicrobial mats, 

although some diagenetically altered facies (in the karst horizon) may have originally 

been the cryptmicrobial laminate facies described in Chapter III (Section 3.1.2.1). The 

dominant intertidal facies in order of abundance are: laminated dolomudstone (Section 

3.1.2.2), nodular to chickenwire anhydrite in a dolomudstone matrix (Section 3.1.2.3), 

and skeletal-peloidal grain-poor (dolo) wackestone to mud-rich (dolo) packstone (Section 

3.1.2.4). Laminated dolomudstone and anhydritic dolomudstones are signifícantly siltier 

than previously described in Chapter III. The dplomudstone laminations are thicker and 

more abundant than observed in the Drinkard. The dolosiUite content of this facies 

increases towards the top of the tidal-flat complex. The increased silt and anhydrite 

content in similar deposits was interpreted by Agostino and Party (1999) as evidence for 

progradation of the tidal flat and a transition to the supratidal environment. 

5.1.3. Supratidal Facies 

The micro-karst crust facies described in Chapter III (Section 3.1.3.1) was also 

observed as a cap to the silty anhydritic dolomudstones in the Abo unit. In addition to 

this facies, a paleosol facies was observed in tvvo of the cores and this paleokarst facies is 

taken as the marker for the end of Abo deposition. This facies is best developed in core 

2, but is a less chemically altered silty intertidal deposit in core 3. The Abo unconformity 

surface is marked by the supratidal micro-karst in core 4. 

5.1.3.1. Carbonaceous paleosol. This facies ranges from dark brown to medium 

gray in color and is variably laminated. It is fairly thin, and formed a 6-inch cap to the 

silty dolomudstone inter-to supra-tidal facies in cores 2 and 3. It consists of an aphano-

to fínely-crystalline dolomudstone, with an anhydrite-fíUed fenestral fabric. Vertical and 

horizontal dissolution cracks were infílled with anhydrite. 

This facies is interpreted as the organic-rich intertidal/supratidal laminated 

dolomudstone that was exposed at the end of Abo deposition. The lower Leonardian 
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enviromnent has been described by various autiiors as arid (e.g., Atchley et al, 1999). 

The thin paleosols are similar to tiiose attributed by Read et al. (1995), to tiie nature of 

paleosol development in arid settings (i.e., tiiin and pooriy developed). Therefore, the 

development of a paleosol at tiie end of Abo deposition is indicative of a signifícant 

exposure period prior to Drinkard deposition. 

5.1.4. Mixed Facies 

Compared to tiie mixed facies in tiie Drinkard unit, only the rip-up breccia facies 

is observed in the Abo unit. This facies is distinct from the karst facies, as the facies is 

equivalent to tiie underlying ratiier tiian tiie overlying facies. This facies is most common 

in tiie lowermost 10 to 15 feet of tiie Abo cored interval and overlies intertidal facies that 

contain the eroded remnants of a micro-karst surface. In the Abo, this facies represents 

reworking of exposed intertidal facies by seasonal storm events. 

5.2. Karstifícation Facies within the Abo 

Karstifícation features are best developed from 20 to 40 feet belovv the top of the 

Abo and are observed over a total range of 60 feet (Figure 5.2). This suggests that there 

was an initial sharp fall in sea-level exposing a 20 foot portion (Core 3) of the Abo 

platform top across the West Dollarhide Field, followed by an additional -60 foot relative 

fall in sea-level. It is suggested that the deeper karst zones are the youngest, and each 

successive zone developed as sea level continued to fall. This concept is supported by 

similar fíndings of Polyak et al. (1998) in their study of Quatemary cave formation in the 

Guadalupe Mountains. It is suggested that an approximate total fall in relative sea level 

exposed ~80 feet of Abo deposits in the West Dollarhide Field. Core 2 contains the most 

extensive and well-developed karst fabrics, because the well location directly overlies the 

lower Leonardian paleo-high developed in the West Dollarhide Field. 

Kerans (1990) developed a karst classification scheme based on fabrics developed 

within the lower Ordovician Ellenburger Formation. Kerans (1990, pp.27-46) divided 

karsted zones into two main sub-zones, cave roof, and cave fíll. The cave roof varies 
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between moderately fractured zones (fracture breccia) up section from the open cave to a 

more-highly fractured zone (mosaic breccia) closer to the cave-roof The cave-fíU 

deposits may consist of a rubble zone associated witii material that has fallen from the 

cave roof (chaotic breccia) and/or very fíne cave fíll fíltrate sediment. 

The karst fabrics developed within tiie Abo unit in the West Dollarhide Field are 

not on the same scale as those described in the Ellenburger Formation, however the same 

basic fabrics were observed. Starting at tiie top of tíie cored interval (Figure 5.2) the fírst 

indication of a solution enlarged cavity is anhydrite-fílled inter-locking fractures (Figure 

5.3a). A mosaic breccia replaces the fracture breccia fabric (Figure 5.3b), as the "roof' of 

the cavity is approached. In this study a mosaic breccia is classifíed as a brecciated fabric 

in which movement of the clasts has been minimal (i.e., the original depositional fabrics 

between separate hthoclasts can still be traced). If the solution vug was large enough, a 

chaotic breccia (Figure 5.3c) would have been deposited, resulting from collapse of the 

ovedying roof (Figure 5.3d; illustrates the transition from a mosaic to a chaotic breccia). 

The fínal cave-fíll facies is only observed in the larger solution vugs, which are those 

vugs that appear to have been greater than 1 foot in height. The cave-fiU sediment in this 

case is the dolosiltite subtidal facies described in Section 3.1.1.2. The cave-fíll facies was 

also observed surrounding the chaotic breccia clasts (Figure 5.3c). 

5.3. Depositional Stacking Pattems 

Cycles are divided into two broad groups, based on their relative positions within 

the Abo cored interval. The first group consists of stacked marginally-restricted subtidal 

facies that shallow upwards to either thin silty-intertidal caps or a micro-karst crust, 

which indicates subaerial exposure of the subtidal facies. This group of stacked facies 

corresponds to the second style of facies stacking pattem described for the Drinkard 

(Section 3.2.2.; Figure 3.2), and is observed in the lower central portion of the cored 

interval. The second group of Abo facies forms the major portion of the upper Abo cored 

interval, and consists of stacked moderately- to highly-restricted shallow subtidal facies 

that shallow upwards from mud-dominated shallow-Iagoonal to silty tidal flat facies. 
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This group of facies is cross-cut by cave-roof, mosaic- and chaotic breccias, and cave-fíll 

sediments. 

The "cave" features described in the West Dollarhide Field are more closely 

related to enlarged solution vugs and cavemous porosity rather than large caves such as 

those described in the Ellenburger by Read et al. (1995) or in the Guadalupe Mountains 

by Polyak et al. (1998). Recognizable cycles, hke tiiose described for the Drinkard 

interval, are not observed in the Abo intertidal-stacked deposits; therefore, an idealized 

model is not presented. They are best described as a broad group of environmentally 

linked facies that interfínger with each other in a tidal flat complex. 

5.4. Correlating Core Data to Geophysical 
Log Responses 

The broad Abo depositional groups described in the cores were correlated to the 

geophysical log packages in the same manner presented in Chapter III (Section 3.3). 

However, in addition it was important to determine the difference between karst-

generated porosity zones, which may not be laterally continuous, and porosity zones 

attributed to dolomitized subtidal facies. It was not possible to construct cross-sections 

that contained the same level of detailed correlations shown in Chapter 4 (Figures 4.2 to 

4.6), owing to the lack of clear cyclicity in the Abo facies, but some broad correlations 

were made. 

Depth levels in each core were shifted to correspond to spectral gamma-ray and 

neutron-density log responses in the corresponding deptii interval. This was a two-fold 

process. The bulk shift within the Abo interval resulted in core 4 being moved up 2 feet, 

core 1 being moved up 6 feet, and core 3 required the largest shift, up 20 feet. In contrast, 

core 2 had to be moved down 5 feet. 

The Abo interval is much siltier than the Drinkard unit in the West DoIIarhide 

Field, and this is reflected in differences in the geophysical log responses for these two 

units (Figure 5.1). In the Abo, tiie dolosiltite facies is much thicker and produced distinct 

gamma-ray log responses. This log response was utilized along with the core observed 
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porosity relationships to make additional deptíi adjustments. Additional adjustments 

accounted for up to 1 to 3 feet being added or subtracted from tíie bulk-shift of each core. 

This was mostly due to poor core recovery witíiin the subtidal facies in the lower to 

central portion of the core. This porosity zone corresponds to the 20 to 30 foot porosity 

zone observed in cores 1, 2 and 3 (Figure 5.2). 

5.5. The Abo High Frequency Sequence 

The Abo cored interval is equivalent to the Ll high-frequency sequence (HFS) 

described by Fitchen et al. (1995). In the West Dollarhide Field, the base of tíie Abo 

cored interval (bottom 5 to 10 feet in cores 2, 3 and 4) consists of stacked intertidal 

facies, capped by microkarsted surfaces. Overlying these facies is a sequence of stacked 

shoaling-upwards subtidal facies (approximately 50 feet in total thickness). The upper 

portion of the Abo consists of lagoonal to intertidal dolomudstones that eventually grade 

upwards into supratidal deposits (the upper 100 feet of the cored interval). It is uncertain 

how much of the Ll HFS is present in the Abo core from the West DoIIarhide Field, but 

it is suggested that two separate longer-term HFS's are present (Figure 5.2). The upper 

most portion of a lower HFS (i.e., the capping HST facies) is recorded at the base of the 

core, which consists of the subaerially reworked intertidal facies. This is followed by a 

TST, which contains the shoaling-upwards subtidal facies. A HST that consists of a 

tidal-flat complex overlies the lower systems tract. It is these tidal-flat sediments that 

were signifícantly affected by karsting during tiie subsequent lowstand in relative sea 

level, prior to tiie rise in sea level that led to deposition of the Drinkard HFS. The 

exposure surface developed at the end of Abo deposition corresponds to the regional 3rd-

order sequence boundary described by Fitchen et al. (1995), Ruppel et al. (1995), Hunt et 

al. (1995), and Atchley et al. (1999). 
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5.6. Porositv-Permeabihty Relationships, 
and Reservoir Development within the Abo 

A porosity-permeabihty cross-plot for all four cored intervals of the Abo zone 

(Figure 5.4) illustrates no clear relationship between measured porosity and permeability. 

However, from this initial "shot-gun" data scatter it is possible to separate distinct 

porosity zones and link them to specifíc facies (or related facies group) in a relatively 

well-constrained depth interval. Scatter in the Abo cross-plot (Figure 5.4) is a function of 

the variabihty of dolomite crystal sizes in tíiis unit. Fine-crystalline dolomite (8-35 

microns, mean of 15 microns) most commonly replaced the mud-rich packstone and 

wackestone subtidal and intertidal facies. However, there are distinct intervals where a 

coarser-crystalline dolomite (35-75 microns, mean of 50 microns) has replaced mud-rich 

to mud-poor packstone facies. Coarser-crystalline dolomite does not always lead to 

well-connected permeability pathways. Therefore, a coarser-crystalline dolomite facies 

may have low permeability, and although uncommon, a few of the fíner-crystalline 

dolomites have high permeabilities. In the latter case, permeability has been enhanced by 

secondary dissolution of both dolomite crystals and anhydrite porphyroblasts. 

Distinct porosity zones are associated with the karst fabric within the Abo unit. 

However, even in the four cored wells it is impossible to make a reliable correlation 

beUveen the solution vug karst zones (Figure 5.2). In addition, the karst zone (upper 80 

feet of the cored interval) is contained within the silty tidal flat and lagoonal complex 

facies, and although these facies are predominately dolomitized, open well-connected 

permeability pathways did not develop. These karst zone porosity intervals developed 

within the subtidal bioturbated dolomudstone (lagoonal) and the intertidal laminated 

dolomudstones (tidal flat). Therefore, because the porosity zones in this interval are 

related to cave-roof fractures and karst mosaic breccias, they cannot be assumed to be 

laterally continuous over any great area. 

The main reservoir intervals developed within the lower portion of the Abo cored 

interval within the shallow-subtidal shoaling upwards facies sets (Figure 5.2). These 

zones developed below the level where karst fabrics signifícantly altered the depositional 
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fabnc, 100 feet below tiie Abo unconfonnity surface (Figure 5.2). This interval can be 

ftu^er subdivided into tiiree main porosity zones, labeled 1 to 3 on Figure 5.5. In this 

fígure, tiie top deptfi interval marked zero feet represents tiie base of the karst-modifíed 

portion of tiie cored interval. The tíiree porosity zones are developed in all four cores, 

although tfieir thicknesses and porosity-permeability relationships vary within each zone 

from one core to another. 

The Abo reservoir interval zones contain similar facies to those described for the 

dolomitized Drinkard reservoir intervals. In tfie Abo a single reservoir interval may 

consist of an amalgamation of water-depth equivalent grainier-subtidal facies that 

interfínger across the West Dollarhide Field (Figure 5.5), whereas in the Drinkard a 

reservoir interval developed in one distinct facies. This implies that, although the 

porosity zones identifíed from core and correlated to the geophysical logs are thicker 

(average of 10 feet for zones 2 and 3), they display a more heterogeneous porosity-

permeability fabric. This heterogeneity is displayed as a less well-defíned correlation on 

the porosity-permeabihty cross-plots (Figures 5.6-5.8), in comparison to the dolomitized 

Drinkard porosity zones discussed in Chapter IV (Section 4.2). As the main porosity 

zones in tiie Abo developed in the identical dolomitized facies the Drinkard CGD zones 

(Chapter 4) a detailed description of each type will not be repeated here. The reader is 

referred back to the discussion on the upper CGD zone (Section 4.2.1.), CGD3 (Section 

4.2.3.), and CGD4 (Section 4.2.4.). 

5.6.1. Abo Porosity Zone One 

This porosity zone is encountered between 2 and 10 feet below the lowest 

observed karst fabric (Figures 5.4 and 5.5). It is thickest (9 feet) in core 3, and in cores 1, 

2 and 3 it consists of mud-rich to mud-poor dolopackstone facies (ST7), similar to the 

upper CGD zone (Figure 5.5). The main difference between this zone and the upper 

CGD Drinkard zone is the dolomite crystal size. In the upper CGD zone, dolomite 

crystal size averaged 75-80 microns (total range of 35-125 microns), whereas in this Abo 

porosity zone the average dolomite crystal size is 50 microns (total range of 35-75 
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microns). In core 4, a facies change is observed and the reservoir interval consists of the 

subtidal dolomudstone at its base and grades upward to the mud-rich to mud-poor 

(dolo)packstone facies interbedded with dolosiltite lenses (ST5), which is similar to 

CGD3. 

The porosity-permeability cross-plot shows a weak positive trend for this zone 

(Figure 5.6). The facies change in core 4 is reflected by an overall reduction in both 

porosity and permeability values (Figure 5.6, green triangles). Although core 3 contains 

the thickest mud-rich dolopackstone facies, this interval does not have the highest 

porosity or permeability values. The reason for this is that the average dolomite crystal 

size is less than 50 microns and a portion of theintercrystalline porosity has been 

partially occluded by anhydrite cement. Cores 1 and 2 display the best porosities and 

overall permeabilities; therefore, this zone is a potential reservoir interval. 

5.6.2. Abo Porosity Zone Two 

This porosity zone is the thickest in the Abo interval, although it is variably 

segmented into smaller sub-zones within an overall 10-foot interval of stacked weakly 

cyclic mud-rich to mud-poor subtidal facies sets (Figures 5.4 and 5.5). This zone 

developed within a weakly shoaling upwards facies group consisting of wackestones to 

mud-rich packstones. The main portion of the zone developed within the peloidal mud-

rich to mud-poor (dolo)packstone facies interbedded with dolosiltite lenses (ST5), similar 

to CGD3, and the mud-rich to mud-poor dolopackstone facies (ST7), similar to the upper 

CGD zone. 

The porosity-permeability cross-plot for this facies (Figure 5.7) reflects the 

variation in facies observed in the core. The scatter observed in the cross-plot shown in 

Figure 5.7, has been attributed to the occlusion of porosity and loss of permeability 

values in the subtidal dolomudstone facies (STl 1) at the top of zone 2 in cores 1, 2 and 4, 

and at the base of zone 2 in core 3. Although not bracketed as part of zone 2 on Figure 

5.4, these values were included as there was signifícant porosity and/or permeability. If 

the low porosity (less than 5%) and low permeability (less than 0.01 md) values are 
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removed tiie correlation improves slightly, but not signifícantly enough to reproduce the 

trend observed in the Drinkard porosity zones. 

5.6.3. Abo Porositv Zone Three 

This porosity zone may form tfie basal portion of zone 2, where no readily 

identifíable fluid-flow barrier developed, such as tfie case in core 2 (Figures 5.4 and 5.5). 

However, in tfie otfier cores (1, 3 and 4), a distinct dolosiltite layer divides zone 2 from 

zone 3 (Figure 5.5). The facies represented in zone three in cores 1, 2 and 3 is the mud-

rich to mud-poor (dolo) packstone facies interbedded with dolosiltite lenses (ST5). 

However, in core 4, there was a facies change and the porosity interval developed within 

the mud-rich to mud-poor dolopackstone facies (ST7). The amount of dolosiltite 

laminations in core 4 of the Abo zone tiiree make it least like the ST7 facies described 

from the Drinkard upper CGD zone, of the three Abo porosity zones in which ST7 is 

observed. This is opposite to the facies distribution relationship observed in the Abo 

porosity zone one (Figure 5.3). 

The porosity-permeability relationship observed for this zone is the least well 

constrained of the proposed Abo reservoir intervals (Figure 5.8). Data scatter is 

influenced by variations in depositional fabric observed in the mud-rich to mud-poor 

(dolo) packstone facies within each core. In this porosity interval, the facies developed 

the "nodular" fabric previously attributed to deposition within an intermittent high-energy 

current (Chapter III; Section 3.1.1.5). This Abo reservoir is most like the Drinkard CGD4 

reservoir interval. The high porosity-permeability data clusters from core 1 correspond to 

the least silty portion of the zone, and to the thin intraclastic-peloidal grain-rich 

dolopackstone lens observed nested within the main mud-rich to mud-poor (dolo) 

packstone/dolosiltite facies. 

5.6.4. Discussion 

Because these porosity zones developed within a relatively well-constrained depth 

interval, and proved diffícult to distinguish from each other on geophysical logs, they 
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were grouped as one large porosity zone for tiie purpose of constructing an isopach map 

(Figure 5.9). The isopach map clearly shows that this interval is laterally extensive across 

the West Dollarhide Field. The interval is dissected by numerous tight porosity areas that 

compartmentalize the interval. These tight areas are attributed to tiie dolosiltite and 

dolomudstone facies. Within these areas, the overall interval thickness decreases to less 

than 10 feet. The highest porosities are attributed to thin mud-poor dolopackstone 

stringers (or lenses) that are interfingered with the thicker dolopackstone intervals. Based 

on the depositional facies described in the cored wells, these "tight" intervals are 

interpreted as tidal channels that cross-cut the subtidal shoaling-upwards depositional 

cycles. Apart from one outlier to the north (associated with cored well 4), this interval is 

only marginally compartmentahzed. Within the southcentral portion of the fíeld the main 

portion of the interval attains a maximum thickness of 40 feet in one well, with an 

average thickness of 25 to 30 feet. In the southeastem portion of the fíeld the reservoir 

interval attains a maximum thickness of 36 feet, with an average thickness of 20 feet. In 

the northem outlier the porosity zone has a maximum thickness of 25 feet, with an 

average thickness of 10 feet (Figure 5.9). It is important to reiterate that there is the least 

amount of well control in the northem portion of the fíeld. Therefore, this correlation is 

less well-constrained in comparison to the rest of the fíeld. 

Average dolomite crystal sizes are not as coarse as those observed in the 

Drinkard, which led to an overall decrease in both porosity and permeability. In addition, 

the facies groups contain a greater degree of heterogeneity, and low-porosity intervals are 

found intermittently across the West Dollarhide Field. This heterogeneity is attributed to 

interfíngering depth-equivalent facies across the Abo platform during this portion of the 

lower Leonardian. In conclusion, distinct depositional cycles were not readily 

identifíable in the Abo, and lacking this correlation tool the actual connectivity of each 

porosity zone is less certain than shown in the Drinkard. 
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5.7. Summary 

The depositional facies within Abo cored intervals in the West DoUarhide Field 

cannot be grouped into well-defíned highly-cyclical stacking pattems, but consist of 

interfingering facies associated witfi moderately shallow subtidal environments that were 

deposited under variable energy conditions. The facies groups found in the Abo can be 

subdivided into three broad facies tracts, based on their relative position within the cored 

interval. A basal portion of highly-restricted intertidal to supratidal facies comprise the 

upper-most portion of a HST within a lower HFS. The main portion of the cored interval 

corresponds to a second HFS that consists of a TST (containing weakly defined shoaling-

upwards subtidal cycles) and an overlying HST (containing tidal channel and tidal mud-

flat cycles). The upper-most portion of the upper Abo HFS is capped by a paleosol that 

marks the regionally correlatable 3rd-order unconformity surface. Karst fabrics were 

observed within the top 80 feet of core, which is interpreted as an estimate of sea level 

fall, prior to subsequent transgression that led to deposition of the Drinkard unit. The 

karst fabrics are confined to the tidal flat complex HST facies, within which 

discontinuous karst-derived porosity zones have developed. 

The best porosity interval within the Abo developed within dolomitized subtidal 

deposits that are similar to the reservoir interval facies in the Drinkard unit. This interval 

ranges from 20 to 30 feet thick and is subdivided into three main Abo porosity zones. 

These three zones consist of coarser-grained dolomite with relatively well-connected 

permeability pathways. 

Average dolomite crystal size in the Abo reservoir intervals is half the average 

crystal size in the Drinkard intervals. These three porosity zones are variably cross-cut by 

discontinuous low-porosity/low-permeability mudstones and wackestones. Some of these 

facies were replaced by coarser-crystalline dolomite but the process of dolomitization did 

not lead to the development of high-permeability, inter-crystalline porosity pathways. 

Other zones were replaced by finer-crystalline dolomite that exhibits uniform porosity 

and permeability values that are generally below 5% and 0.1 md, respectively. These are 
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minimum values considered for effective fluid-flow within a resevoir interval in the West 

Dollarhide Field. 

fri conclusion, as was observed in the Drinkard unit, it is not the presence of 

coarser-crystalline dolomite alone that produces a reservoir quality interval. The high-

permeability zones are confined to dolomitized peloidal packstone facies that had higher 

initial permeabilities. Where mud-rich facies were dolomitized, the dolomite crystals 

form an interlocking network, with marginal permeability development. 
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Figure 5.2. General geophysical log correlation for the Abo unit. Depositional stacking 
pattems were not identified. However, a broad group of stacked subtidal facies and an 
overlying tidal flat complex can be clearly distinguished on the logs. These were used to 
delineate a petrophysical correlation in the remaining wells. Note the heterogeneity 
within each depositional group (subtidal and tidal flat) between these wells. From left to 
right = core 1 to core 4. R = roof breccia, M = mosaic breccia, C = chaotic breccia, 
CF = cave fiU facies (Dolosiltite). 1 - 3 = Abo Porosity Zones 1 thyrough 3. 
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Figure 5.1. Digitized geophysical log correlation for the Abo and Drinkard units, cored 
wells. Depth shifted position of the cored intervals indicated. a. Core 1, b. Core 2, c. 
Core 3 d. Core 4. The top of the Abo was identified in cores 2, 3 and 4. This exposure 
surface corresponds to a 3'''-order sequence boundary. TFC = Tidal Flat Complex. 
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Figure 5.3.(d) continued. 
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Figure 5.4. Porosity-permeability crossplots for the Abo unit, cores 1 through 4. All pore 
types plotted against permeability. Porosity and permeability data provided by Texaco 
E&P, Inc, Midland (analyses done by Core Laboratories, Midland). 
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Figure 5.6. Porosity-permeability cross-plot for Abo Porosity Zone One. Measured 
porosity and permeability for Cores 1, 2, 3, and 4 (Cl, C2, C3 and C4). 
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Figure 5.7. Porosity-permeability cross-plot for Abo Porosity Zone Two. Measured 
porosity and permeability for Cores 1, 2, 3, and 4 (Cl, C2, C3 and C4). 
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Figure 5.8. Porosity-permeability cross-plot for Abo Porosity Zone Three. Measured 
porosity and permeability for Cores 1, 2, 3, and 4 (Cl, C2, C3 and C4). 
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Figure 5.9. Isopach map for the combined Abo Porosity Interval (Abo Porosity Zones 
One, Two and Three). The isopach map shows that this interval is laterally extensive 
across the West Dollarhide Field. However, the interval is dissected by numerous tight 
porosity areas that compartmentalize the interval into more isolated thick porosity sub-
intervals. 
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CHAPTER VI 

DIAGENESIS AND ASSOCIATED 

DOLOMITIZATION OF THE 

ABO AND DRINKARD UNITS 

Carbonates deposited in shallow subtidal to supratidal (peritidal) settings have 

commonly undergone complex syn- and post-depositional diagenetic processes. 

Dolomitization in the Abo and Drinkard units is facies specific, and may be laterally 

extensive within a narrow facies belt. Thin laterally continuous to laterally 

compartmentalized reservoir intervals, composQd of intercrystalline porosity fluid-flow 

pathways formed as a result. The thickness and lateral extent of these dolomitized facies 

were functions of their positions within the Abo or Drinkard HFS. Independent reservoir 

zones can be grouped into thicker reservoir intervals (i.e., the upper CGD zone composed 

of CGDl and CGD2 in the Drinkard, and the Abo Porosity Zone composed of zones 1 to 

3). In addition, the original depositional fabric exerts a control on the size and/or 

arrangement of dolomite crystals within these HFS's. 

Dolomitization of the Abo and Drinkard units can be explained by both the 

Sabkha (also referred to as "evaporative pumping," Hsu and Schneider, 1973; Figure 6.1 

a) and the Reflux (Deffeyes et al., 1965; Figure 6.1 b) models for different portions of the 

respective HFS's. Sabkha dolomite forms when storm surges force seawater landward 

over peritidal sediments in arid regions. Subsequent evaporation of the stagnant seawater 

results in the precipitation of evaporitic minerals. The increased density of the 

concentrated brine causes it to flow downwards and dolomitize underlying supratidal and 

intertidal deposits (Allan and Wiggins, 1993). 

Reflux dolomite forms beneath restricted lagoons, where evaporation is intense 

leadins to brine concentration and evaporite precipitation (Allan and Wiggins, 1993). 

Downward and seaward flow of these concentrated brines leads to dolomitization of the 

underlying sediments. The main difference between these two styles of early 

dolomitization is that reflux dolomite can replace subtidal deposits. 
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The four main dolomitic reservoir intervals of the Drinkard HFS occur within the 

late HST deposit, and formed as a result of sabkha-style dolomitization. Cryptmicrobial 

mats, that prograded over the peloidal subtidal sediments within a single depositional 

cycle, cap these facies. Both the cryptmicrobial and the immediately underlying subtidal 

sediments were dolomitized. However, the basal portion of each cycle is not dolomitized, 

which suggests that the dolomitizing fluids did not reach the base of a single cycle. In 

addition, sediments that form the basal portion of overlying cycles were not dolomitized. 

This supports the suggestion that dolomitization occurred in a syn-depositional 

environment and that the source of dolomitizing fluids was removed during the 

subsequent relative rise in sea level that led to deposition of the overlying depositional 

cycle. 

The main Drinkard dolomitized reservoir interval facies (CGDl through CGD4) 

were deposited in moderate-energy shallow subtidal carbonate environments. The 

original matrix would have been aragonitic mud, probably precipitated by algae. In the 

reservoir zone, biota and currents reworked the aragonitic mud into peloidal grains. 

Aragonite, an unstable mineral form of calcium carbonate, readily stabilizes to low-

magnesium calcite. However, owing to the environmental setting (Chapter I, Figure 1.1) 

these shallow sub-tidal facies would have been subjected to magnesium-rich brines 

derived from evaporating seawater. The result of this process was dolomite precipitation, 

which replaced the aragonite. If Mg-rich brine is not present, micro-fibers of aragonite 

will stabilize to a microcrystalline form of calcite, called micrite. Therefore, it is 

possible for identical depositional facies to undergo radically different early diagenetic 

alteration. The aragonitic mud that is diagenetically altered to dolomite will become a 

potential reservoir rock, whereas the mud that is altered to micrite will be less likely to 

serve as a reservoir. 

The pelmoldic zone found towards the base of one of these sabkha-dolomitized 

intervals was not dolomitized. The grains within this zone were composed of aragonitic 

ooids and skeletal fragments, in addition to peloids. The aragonite stabilized to low-

magnesium calcite and was not dolomitized. The pelmoldic zone was exposed to a 
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meteoric lens that led to leaching of the ooid and peloidal grains. Meteoric lenses may 

have prevented frirther downward migration of dolomitizing fluids in these laterally 

continuous facies behs associated with the late HST, and dissolved the aragonitic peloidal 

grains before they could be exposed to magnesium-rich evaporative brines. 

Sabkha-style dolomitization may have occurred in the uppermost portion of the 

Abo HFS, in which the tidal flat HST deposits are anhydrite-rich, indicating deposition in 

an arid setting. However, within the Abo sabkha dolomites, dolomitization was pervasive 

through the upper 100 feet of the Abo. Within this evaporitic mud-dominated tidal flat 

complex, readily identifíable depositional cycles and grain-rich facies are absent. The 

dolomite is aphano- to fine-crystalline, suggesting that dolomite nucleation was so rapid 

that nucleation out paced crystal growth (Allan and Wiggins, 1993), as might be expected 

in an environment that was extremely arid. 

Reflux dolomitization is proposed as the mechanism by which the Drinkard early 

HST deposits and the main Abo Porosity Zone were partially dolomitized. These 

dolomitized facies lack a distinct intertidal to supratidal cap, although in a few cases 

either thin evaporative mudflat facies or thin cryptmicrobial laminate facies cap the 

stacked subtidal cycles. Even though both mud-rich and grain-rich facies were exposed 

to reflux fluids, the grain-rich facies were preferentially dolomitized. This can be 

explained by the higher primary porosities in the peloidal packstones versus the 

aragonitic/micritic mudstones and wackestones. The non-reservoir facies range from 

deeper water, higher energy subtidal facies, through intertidal, to supratidal tidal flat 

facies. These facies either underlie or overhe the reservoir facies. The deepest water 

facies observed in the Drinkard unit are the low-energy crinoidal wackestones. Other 

subtidal facies consist of peloidal-, skeletal-, and ooid-rich packstones to grainstones. 

The grains that make up the bulk of the facies are interpreted to have been fecal pellets, 

excreted by infaunal and epifaunal organisms. Where present, the bulk of the porosity in 

these rocks is intergranular or interparticle. However, burial can compact these soft 

pellets and reduce the porosity. More commonly, secondary minerals such as anhydrite, 
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or fíne-crystalline dolomite precipitated between the grains, which further reduced or 

occluded the remaining porosity. 

In the main Abo HFS, which consists of the main portion of the cored interval, the 

basal facies consist of weakly cyclical stacked subtidal facies that are capped by a micro-

karst exposure surface. The reservoir interval developed within the upper portion of this 

group of cycles is most similar to the lenfícular reservoir intervals developed in the 

Drinkard early HST facies. However, the Abo intervals are still considered potential 

reservoir rocks, although crosscut by numerous potentially laterally extensive, 

undolomitized or fínely-crystalline dolomite tight-streaks. The uppcr-portion of the Abo 

consists of tidal flat deposits that have all been extensively dolomitized. However, the 

crystal size is aphano- to fíne-crystalline, suggesting that dolomite nucleation out paced 

crystal growth (Allan and Wiggins, 1993). This implies there was no room for the 

dolomite crystals to increase in size, possibly during later-burial stage diagenesis (Allan 

and Wiggins, 1993). 

Within the basal portion of the Drinkard, the TST sediment consists of mud-rich 

intertidal and subtidal facies that have not been dolomitized. Within the early HST, 

patchy lenticular dolomite bodies are observed selectively replacing the peloidal 

packstone facies, but not the mud-rich sub-tidal facies. Dolomitization is restricted to 

those facies that were subaerially exposed; this is supported by the existence of micro-

karst crusts that cap these facies. However, in the late HST where cryptmicrobial 

laminate facies caps developed, both they and the underlying shallow-subtidal peloidal 

packstones have been extensively dolomifízed. A link is observed between the pervasive 

dolomitization of the highly-cyclical deposits that have supratidal caps and the 

patchy/partial dolomifízafíon seen in the early HST stacked subtidal cycles. 

Dolomite effecfívely replaced the original depositional fabric of the shallower 

subtidal, intertidal and supratidal tidal-flat sediments. The dolomitized supratidal cap 

deposits of peritidal carbonate cycles typically contain primary sulphates that are 

subsequently dissolved, transported along fractures, and re-precipitated in 

stratigraphically lower sediments. Anhydrite-sealed fractures and large porphyroblasts, 
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anhydrite-fílled biomolds, and anhydrite-occluded porosity are all potential problems, 

because if they occur as an early diagenetic feature, the reservoir quality may be reduced 

prior to the time of oil migration. However, if these processes occur later, they may 

provide a diagenetic seal, preventing oil leakage and loss along open fractures. 

In the Abo and Drinkard units the anhydrite is often found interstitial to dolomite 

rhombs. Both the dolomite and the anhydrite crystals are aphano- to crypto-crystalline. 

Using SEM analysis, these crystals are visible, but the porosity that exists beUveen these 

crystals is too small to provide an effective fluid pathway for oil migration. Therefore, it 

is suggested that it is the size of the dolomite crystals that is most important in 

determining effective porosity. 

Vasconcelos et al. (1995) and Vasconcelos and McKenzie (1997) proposed an 

additional mechanism that may trigger dolomitization at low temperatures in restricted 

shallow-subtidal depositional settings. These authors have observed modem dolomite 

precipitation in isolated very shallow water equatorial lagoons (maximum water depth 1.7 

meters) close to Rio de Janeiro, in Brazil. The triggering mechanism is the existence of a 

"black-sludge layer" (their term), which consists of a mat of sulphate-reducing bacteria 

that overlies peloidal shallow-lagoonal sediments. They suggest that it is "the existence 

of these organic mats that produce an abundant and continued supply of sulphate ions 

necessary to maintain microbial activity" (Vasconcelos and McKenzie, 1997, p.388). 

The bacteria produce dolomite when they incorporate magnesium in to their cell walls. It 

is this catalyst that leads to dolomite crystal precipitafíon in the layers immediately 

underlying the "black-sludge layer", which in tum mature during later burial of the 

peloidal facies (Vasconcelos and McKenzie, 1997). An equivalent to the "black-sludge 

facies" has been described as an organic-rich carbonaceous shale (Chapter III; Section 

3.1.1.9) in the Drinkard unit. Obvious differences exist owing to the age and prolonged 

diagenetic history of the Drinkard facies, such as the degree of compaction and 

lithifícation. However, broad similarities exist, in addifíon to its superposition over a 

shallow lagoonal facies (the algal "clotted"-oncolithic-peloidal grainstone to packstone 

facies described in Chapter III; Section 3.1.1.8). The Drinkard unit was deposited in an 
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equatorial region during lower Leonardian time. In addition to the one well-preserved 

example of the "black-sludge" equivalent facies, there are numerous other examples of 

carbonaceous flakes that occur within storm-reworked rip-up breccias, which suggest this 

facies had low preservation potential. Therefore, it may have been more common in the 

Drinkard deposits than was preserved in the cored intervals. The mechanism proposed by 

Vasconcelos and McKenzie (1997) may have been a viable mechanism in addition to an 

already active sabkha or reflux dolomitization model. 

In different portions of the Abo and Drinkard HFS's, more than one mechanism of 

dolomitizafíon may have been active in the syn-depositional to early burial depositional 

environment. Vasconcelos and McKenzie (1997) use a "burial maturation" model to 

explain the increase in dolomite crystal size in modem lagoonal dolomites. A similar 

mechanism may explain the coarsening of sabkha and microbially-triggered reflux 

dolomitization in the lower Leonardian. However, if dolomite nucleation was inifíally 

rapid (i.e., close to the cycle top) aphano- to fínely-crystalline anhedral to subhedral 

dolomite rhombs would have formed. In contrast, where dolomite crystal nucleation was 

slower (i.e., deeper in that depositional cycle), maturation of those dolomite nuclei 

produced coarser-crystalline euhedral dolomite rhombs. Therefore, it is not just the 

original depositional facies that controls dolomite crystal size, but it is also the relative 

position within a depositional cycle. Where mud-dominated facies are dolomitized, the 

dolomite crystals are tightly packed and the facies is termed a low-permeabiHty zone. It 

is the burial maturation of the fewer dolomite crystal nuclei in a grain-dominated facies 

that leads to the development of high porosity and permeability reservoir intervals. 

Dolomitization can affect the reservoir potential to varying degrees. It is therefore 

essential in every study to determine the relafíve timing of different phases of diagenesis, 

and to evaluate the affects of variable degrees of diagenetic overprinting on original 

depositional fabrícs. The reservoir intervals in all instances were controlled not only by 

the presence of dolomite, but also by the size of the individual dolomite crystals. Where 

the dolomite crystal size dropped below ~ 50 microns in diameter, the zone proved to be 

non-producfíve. 
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CHAPTER VII 

CONCLUSIONS 

The Abo and Drinkard units are lower Leonardian carbonate facies and were 

deposited in an inner-ramp setting. They contain facies that have been grouped into 

weakly to strongly cyclical depositional cycles. Within these depositional cycles distinct 

reservoir intervals developed that are apparently controlled not only by depositional 

facies and their subsequent dolomitizafion, but also by their position within a HFS. 

The Drinkard unit consists of a HFS that has been sub-divided into a distinctive 

Transgressive Systems Tract at its base, followed by early and late Highstand Systems 

Tracts. A distinct order of cyclicity is developed within the Drinkard HFS. The basal 

Drinkard deposits consist of stacked shallow-subtidal facies that are capped by silty 

intertidal facies at the base of the TST. The cycle§ observed within this lower portion of 

the Drinkard HFS gradually deepen upwards as would be expected in a retrogradational 

TST. During this systems tract, the lower Leonardian shelf margin backstepped to the 

northeast. The early HST cycles consist of a stack of eight aggradational subtidal facies. 

Discrete dolomitized reservoir intervals developed within the early HST. However, the 

nature of interfingering grain-rich and mud-rich subtidal facies resulted in differential 

dolomitization of the grain-rich peloidal packstone facies and compartmentalization of 

reservoir intervals into laterally discontinuous lenses. The only laterally continuous 

reservoir interval developed in this systems tract consists of an ooid grainstone shoal. 

This shoal attains a maximum thickness of 6 feet, and its development is restricted to the 

southem portion of the West Dollarhide Field. The ooid shoal interval is located towards 

the base of the early HST. This portion of the early HST, as with the basal TST, was not 

pervasively dolomitized. The best reservoir facies developed within the late HST, in 

which the change from aggradational to a more progradational style of deposition 

produced broader facies belts. Four of these reservoir intervals consist of dolomitized 

shallow-subtidal peloidal packstones. These facies are capped by peritidal 

cryptmicrobial laminate intertidal and supratidal facies. It is this close association with 

131 



an evaporifíc peritidal environment that is proposed as the source of dolomitizing fluids 

in the late HST. Sabkha dolomifízation led to the development of thin (5 to 15 feet) but 

laterally continuous reservoir intervals. Each interval is contained within one 

dolomidzed unit of the shallow subfidal peloidal packstone facies (ST4, ST5 or ST7). Of 

the four dolomite reservoirs (CGDl to CGD4), CGDl and CGD2 are the best reservoirs, 

owing to their coarser, more uniform, dolomite crystal size and greater lateral continuity. 

A fifth reservoir interval consists of a pehnoldic grainstone facies. 

The Abo unit also consists of a High-Frequency Sequence, although the nature of 

depositional cyclicity is not as well defined. The basal portion of the Abo HFS consists 

of weakly cyclical stacked subfidal facies that are interpreted to be more progradational 

that the equivalent facies group in the Drinkard HFS (the early HST). This interpretation 

is based on the increased degree of lateral continuity observed in these facies. Three 

distinct reservoir intervals were described, but owing to their vertical relationship (they 

are stacked within a 40 foot interval) they are difficult to distinguish from each other in 

some of the geophysical logs. Therefore, they were isopached into one reservoir zone. 

This zone proved to be laterally compartmentalized into three distinct "pods." A northem 

pod is isolated from the main reservoir interval, but tvvo southem pods are connected 

across higher-porosity fingers in an otherwise tight zone. These tight zones are 

interpreted to be tidal channels that cross cut the shallow-subtidal reservoir facies. The 

Abo HST consists of a tidal flat complex that has been pervasively dolomitized. The 

dolomite is invaríably fine-crystalline and the only porosity with this HST is associated 

with karst features that developed duríng a fall in relative sea level that exposed the top of 

the Abo HST. This exposure surface forms part of a regionally correlatable 3" -̂order 

sequence boundary. 

In conclusion, the reservoir intervals in both the Abo and Drinkard units are 

controlled by three factors: (1) original depositional facies, (2) diagenetic enhancement of 

the original deposifional fabric (dolomifizafion or leaching of carbonate grains), (3) 

relative position of a facies within a depositional cycle, as dolomitization was a top down 

process, and (4) position of a cycle within the HST. 
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} x ^ ANHYDRITIC LIMESTONE 
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Figure A.l. Symbols used for Lithology in RAGCORE, page 1 of 2. 
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Figure A.l. cont.. Symbols used for Lithology in RAGCORE, page 2 of 2. 
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WEATHERING 

Figure A.2. Symbols used for Main Depositional Facies in RAGCORE. 
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Figure A.3. Symbols used for Constituent Grains in RAGCORE. 
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SHARP CONTACT UNCONFORMABLE 
CONTACT 

GRADATIONAL 
CONTACT INDETERMINATE 

CONTACT 

• ' V W ^ 

SMALL 
STYLOLITE y \ ^ LARGE 

STYLOLITE 

- 1 / ^ BURROWED CONTACT NOT SEEN 

Figure A.4. Symbols used for Bedding Contacts in RAGCORE. 
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Figure A.5. Symbols used for Sedimentary Structures in RAGCORE. 

145 



ill!!; 
ANHYDRITE- ^pp^^ 
CEMENTED _ m VFPTTrAi 
VFRTîr'AT BSl^lS] VE/K11L.AL( 

FÍÍ TÆ iÍH FRACTURE 

ANHYDRITE- o p p ^ 

SoSífT^. B i HORIZONTAL 
F S S R E ^ a FRACTURE 

ANHYDRITE- Qpgj^ 

FRACTURE ^ ^ FRACTURE 

Figure A.6. Symbols used to identify Fracture lype in RAGCORE. 
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Figure A.7. Symbols used for Fossil Assemblages in RAGCORE. 
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VFXLS = Very-fine crystal size 
FXLS = Finely crystal ine 
MXLS = Medium crystal size 
CXLS = Coarsely crystalline 

Figure A.8. Symbols used for Dolomite Crystal Size in RAGCORE. 
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FigureA.9. Symbols used for Calcite Crystal Size inRAGCORE. 

149 



FFFF FRACTUREFILL mmm MOLD/BURROW FILL 
FFFf ANHYDRITE W^ ANHYDRITE 

RRRF 
RRRF 
n n n r 

c c c t 
C C C [ 
r r- r r 

nDDi í^PLACIVE NODULAR ANHYDRITE 
R R R I C L E A R W E L L - ^ W R J ( M A S S I V E W H I T E 

FORMED CRYSTALS !KîîK CRYSTALS) 

ÎEVM REPLACIVE • « • VUG FILL/INTER-
l l l l BLACKWELL- J H CRYSTALLINE 

FORMED CRYSTALS ^ ^ ANHYDRITE 

CHICKENWIRE 
ANHYDRITE 

Figure A.IO. Symbols used for Anhydrite Cement/Replacive Fabric in RAGCORE. 
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CLAY 
(< 2 microns) 

SILT 
(2-62.5 microns) 

VFG 
(62.5-125 microns) 

FG 
(125-500 microns) 

MG 
(250-500 microns) 

CG 
(500-1000 microns, 0.5-1.0 mm) 

VCG 
(2.1-2.0 mm) 

MWå 
liiiilíKi 

GRAVEL 
(> 2.0 mm) 

VFG = VERY FINE-GRAINED 
FG = FINE-GRAINED 
MG = MEDIUM GRAINED 
CG = COARSE GRAINED 
VFG = VERY COARSE-GRAINED 

Figure A. 11. Symbols used for Allochem/Grain Size in RAGCORE. 
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VERY ANGULAR ANGULAR 

r 'í':':i'':!:t: SUB-ANGULAR SUB-ROUNDED 

ROUNDED WELL ROUNDED 

Figure A. 12. Symbols used for Grain Shape (Degree of Rounding) in RAGCORE. 
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r r r r 
F F F f 
F F F f 

FRACTURE 
POROSITY 

r 
FFF 
FFF 

FENESTRAL 
POROSITY 

VUGGY POROSITY imr 
imr MOLDIC POROSITY 

UJUJUA 
UJUJUJl 
UJUJUJl MICRO-POROSi. PIN-POINT POROSITY 

INTER-PARTICLE 
POROSITY 

INTER-GRANULAR 
POROSITY 

xx> 
xx> 

INTERCRYSTALLINE 
POROSITY 

Figure A. 13. Symbols used for Porosity lype in RAGCORE. 
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SUBAERIAL 
EXPOSURE SUPRATIDAL 

INTERTIDAL SUBTIDAL 

SUBAERIAL EXPOSURE can apply to sediments that were deposited in any 
of the other three depositional settings. 

SUPRATIDAL sediments were deposited above mean sea level, but were 
reworked during storm events. 

INTERTIDAL sediments were deposited between the mean aimual low- and 
high-tide mark, but may have experienced prolonged periods exposure or 
submergence. 

SUBTIDAL sediments are characteristic of a relatively shallow-water, 
marginally restricted, itmer-ramp depositíonal setting. 

Figure A. 14. Symbols used for General Environment of Deposition in RAGCORE. 
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