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ABSTRACT 

Haynie, Jill M. (M.S. Geology [Department of Geological Sciences]) 

Characterization and modeling of petrofacies and pore-volume distribution 

within a gas-storage reservoir, Ray Reef Field, Southern Michigan Basin, Michigan. 

Thesis directed by Associate Professor Matthew J. Pranter 

 

This study establishes petrophysically significant facies ("petrofacies") that relate rock fabric 

to petrophysical properties within a pinnacle reef reservoir of the Michigan Basin (Ray Reef 

Field), and examines their application in the creation of petrophysical models and pore-

volume estimates for the field.  Both deterministic and stochastic modeling methods were 

used with and without petrofacies conditioning to create several model scenarios for the  

field.  Model results reveal significant differences in the distribution of reservoir-quality 

rock; however estimated pore volumes vary by less than 0.5% among all models and range 

from 707-714 million cubic feet (20,025,000-20,225,000 cubic meters). 

 

 The Niagaran reef trend of the Michigan Basin was extensively studied in the latter half of 

the 20th

 

 century, yet the relationship between depositional texture and petrophysical 

properties remained poorly understood. Petrofacies of this study, which are based on pore 

type and size, relate petrophysical trends to depositional fabric; their distribution influences 

the distribution of reservoir-quality rock in the field. 

 Comparisons between models created with and without petrofacies conditioning 

demonstrate that conditioning to petrofacies introduces spatial heterogeneity and 
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precludes the development of vertically continuous zones of high (and low) porosity and 

permeability. This effect can be seen in both deterministic and stochastic models. However, 

the effect of petrofacies conditioning on stochastic models is secondary to the high degree 

of heterogeneity imposed by variogram ranges of 40 ft (12.2 m) horizontally and 10-45 ft 

(3.0-13.7 m) vertically; such heterogeneity honors data analysis performed in this study and 

observations made in outcrop. 
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CHAPTER ONE 

INTRODUCTION AND BACKGROUND 

 

PURPOSE OF INVESTIGATION 

The dolomitized Niagaran pinnacle reefs of the Michigan Basin were important 

sources of oil and gas in the 1960s and 1970s. Since that time, many of them have been 

converted to natural gas storage fields - a purpose of comparable importance in the Great 

Lakes region, where harsh temperatures and large metropolitan populations combine to 

create high peak demand in winter. The Ray Reef, a pinnacle reef located north of Detroit in 

Macomb county, exhibits a typical life cycle - it was discovered in 1959, produced natural 

gas in the early 1960s (Gill, 1977) and was converted to a gas storage field in 1966 (Michigan 

Public Service Commission, 2008). With about 42 billion ft3

The Niagaran reef trend of the Michigan Basin was drilled extensively, yet a 

comprehensive geologic framework was never established. Although early researchers 

studied individual fields and proposed models for reef development (Jodry, 1969; Mesolella, 

1974; Gill, 1977; Sears and Lucia, 1979), important questions remained which would relate 

reef evolution to the development and distribution of reservoir-quality dolomite. 

Significantly, relationships between depositional facies and petrophysical trends were never 

thoroughly explored. More recently, researchers in the region have documented a poor 

relationship between porosity and permeability (Wyllie and Wood, 2005), and have 

hypothesized that porosity and permeability development are heavily influenced by primary 

 (Bcf) working storage capacity, 

the Ray Reef Field is one of the largest pinnacle reefs currently being used for natural gas 

storage. 
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depositional facies and associated variations in rock fabric (Wyllie and Wood, 2005; 

Grammer, 2004). One goal of this research is to test this hypothesis. 

This study investigates the relationships between primary depositional facies and 

petrophysical properties by identifying a set of petrophysically significant facies (or 

"petrofacies") that are based on pore type and size, components of rock fabric which are 

thought to control porosity and permeability (Choquette and Pray, 1970; Lucia, 1983, 1995; 

Lonoy, 2006).  As such, these petrofacies are distinct - though derived - from depositional 

facies. This study introduces nine petrofacies identified in eight cores from the Ray Reef 

Field and examines the correlations between these petrofacies and trends in porosity and 

permeability data acquired from wireline and core analysis. Relationships between 

petrofacies and petrophysical data illuminate the influence of rock fabric - as identifiable in 

hand sample - on porosity and permeability. 

Insofar as petrofacies correlate with petrophysical trends, petrofacies distribution 

will influence the distribution of porosity and permeability throughout the reservoir. This 

study presents several three-dimensional petrophysical models for the Ray Reef Field that 

are conditioned to petrofacies, as well as models that are not constrained by petrofacies. 

Comparisons between the petrofacies-based models and the non-facies-based models 

investigate the merits of a petrofacies based approach to reservoir characterization. 

The results of this study have both conceptual and practical value. The petrofacies 

approach focuses directly on the relationship between depositional facies and petrophysical 

trends. That is, it provides a way to test the hypothesis that pore characteristics control the 

development of porosity and permeability by isolating that component of depositional 

texture. This methodology may prove useful in other geologic settings where the 
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relationship between primary depositional facies and petrophysical properties is complex or 

unclear. The models presented in the study illustrate possible porosity and permeability 

distributions in the Ray Reef Field; the spatial relationships identified could be applied in 

other pinnacle reef settings, even those for which core is largely unavailable.  

A central goal of this study is to characterize the amount, distribution, and 

architecture of the pore space in the Ray Reef field. The practical motivation for such a study 

is to better understand the storage and delivery capabilities of the reservoir. This study 

includes the first detailed analysis of pore volume at Ray Reef. Additionally, the 

petrophysical models developed herein illustrate the distribution of porous and permeable 

regions where hydrocarbon accumulation is likely to occur. Insights gained from this work 

can improve reservoir management in this and similar fields. 

RESEARCH OBJECTIVES 

The objectives of this study are as follows:  

 

1. To identify petrophysically significant facies (petrofacies) that 

 a. arise from and thus provide insight into causal links with depositional fabrics; 

 b. are defined by objective criteria and are unambiguously identifiable; 

 c. correlate with porosity and permeability trends. 

 

2. To create geologically realistic petrophysical models of the Ray Reef Field using the model 

inputs and methodologies that best reproduce geologic observations.  

 

3. To produce reliable estimates of pore volume for the Ray Reef Field. 
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4. To determine the effect of petrofacies conditioning on petrophysical models in terms of 

both spatial distributions and pore volumes predicted. 

  

In order to achieve these objectives, petrofacies are established based on the 

examination of rock fabric in core and then utilized in the description of eight cores from the 

Ray Reef Field. Subsequent analysis of porosity and permeability data from these wells 

illuminates relationships between petrofacies and petrophysical trends. Once these 

relationships have been characterized, petrofacies models are created for use in 

petrophysical modeling. Several petrophysical models are created using different inputs and 

methodologies in order to examine the geologic merits of each, and total pore volume is 

calculated for each model. Comparison of facies-conditioned models to those not 

constrained by facies elucidates the effect of petrofacies conditioning upon the 

petrophysical modeling process and results. Figure 1 introduces the Ray Reef Field and the 

dataset used in this analysis. This dataset includes core descriptions and discrete facies logs 

developed for eight cores, porosity and permeability data from whole core analyses for 24 

wells, and neutron data (used to create supplemental porosity logs) from 25 wells. 

INTRODUCTION TO STUDY AREA 

The Ray Reef Field (Figure 1) is located in Macomb County, Michigan, in the 

Southern Niagaran Reef Trend (Shaver, 1991) of the Michigan Basin (Figures 2 and 3). 

Macomb County includes the northern portion of the Detroit metropolitan area, although 

the city of Detroit itself is located in Wayne County to the south.  

4
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Figure 2. Base map of Michigan depicting wells that produce from Silurian-age 
rock formations in the Michigan Basin. Adapted from Salina-Niagaran Oil and Gas 
Well Map (Michigan Department of Environmental Quality, 2006).
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Figure 4. Location map for the Ray Reef Complex in Macomb County, Michigan. 
Numerous other Niagaran reefs are found throughout b County.  Modified 
from Gill (1973, 1977). 

Figure 3. Niagaran pinnacle reefs of Southern Michigan. With a cumulative 
production of 35 billion ft3 of natural gas, the Ray Reef Field is one of the largest 
pinnacle reef reservoirs in the Michigan Basin. From Wold (2008), modified from 
Gill (1973, 1977).
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The Ray Reef Field is one of over 900 productive evaporite-encased dolomitized 

pinnacle reefs scattered along two relatively narrow belts (Figure 4) in the Michigan Basin  

(Gill, 1973). These reefs, of Niagaran (Middle Silurian) age, have been significant producers 

of oil and gas for over a century, yielding over 467 million barrels of oil and 2.7 trillion ft3 of 

gas (Wylie and Wood, 2005). The first Niagaran well was drilled on the Kingsville patch reef 

of Essex County, Ontario, in 1889 (Zheng, 1999). Exploration activities spread to Michigan in 

1952, with the discovery of the Boyd gas field (Gill, 1977). The Ray Reef Field was discovered 

shortly thereafter, in 1959 (Michigan Department of Environmental Quality Online Oil and 

Gas Database, 2008), and produced natural gas for seven years before being converted to a 

natural gas storage field. With an area of over 2000 acres (8.1 km2) and a cumulative 

production of 35 billion ft3

GEOLOGIC BACKGROUND 

 of natural gas (Clarke Historical Library, 2008) the Ray Reef Field 

is one of the largest pinnacle reefs discovered in Michigan. 

Structure and Paleogeography  

The Michigan Basin is a roughly circular intracratonic basin that covers about 

120,000 mi2 (310,800 km2

The Michigan Basin evolved through a combination of rifting, thermal subsidence, 

and subsequent isostatic readjustment (Klein, 1995). Rifting in the Michigan Basin 

commenced with the reactivation of the Mid-Continental Rift during the Late Precambrian 

) (Gill, 1977) in Michigan, Wisconsin, Illinois, Indiana, Ohio, and 

Ontario, Canada (Catacosinos, 1991; Wylie and Wood, 2005) (Figure 5). The basin is 

bounded to the west by the Wisconsin Arch, to the south by the Cincinnati and Findlay 

arches, to the east by the Algonquin Arch, and to the north by the Precambrian Canadian 

Shield.  
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breakup of the super-continent Rodinia. Following rifting, cooling of anorogenic granite and 

associated thermal contraction caused thermal subsidence of the basin (Sleep and Snell, 

1976; Nunn et al., 1984; Nunn, 1986; Zheng, 1999). 

Subsidence provided the main control upon sedimentation in the basin. Zheng 

(1999) cites concordance between deep-water facies and thicker units in the Upper Silurian 

sequence as evidence of differential subsidence. Subsidence rates averaged 20 to 30 m/Ma 

(approximately 65 to 100 ft/Ma) in the center of the basin from the Middle Ordovician 

through the Early Devonian but varied spatially throughout the basin during this time (Sloss, 

1988); the basin center subsided about five times more rapidly than did the adjacent 

structurally positive areas (Shaver, 1996). Subsidence controlled reef growth during the 

Niagaran, as indicated by a basinward increase in the height of reefs (Sears and Lucia, 1979) 

(Figure 6). Tall, narrow pinnacle reefs developed on the lower shelf, where organic activity 

had to compete with accelerated subsidence. However, the upper shelf, stabilized by the 

arches on the flanks of the basin, experienced slower rates of subsidence, resulting in patch 

reef buildups of large lateral - rather than vertical - extent (Gill, 1977). Although subsidence 

exerted the most significant control upon sedimentation, eustatic sea-level changes 

occurred throughout the Silurian, as evidenced by cyclicity in sediment deposition and reef-

growth initiation and abortion that can be correlated beyond the Michigan Basin and 

throughout the entire Great Lakes region (Shaver, 1996). Ross and Ross (1996) identify 

seven third-order sequences (corresponding to sea level changes on the order of 164 ft (50 

m) in the Silurian. Wold (2008) finds that three of these occurred during the time period 

(Niagaran through early Cayugan) in which pinnacle reef deposition occurred. 
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During the Silurian, the Michigan Basin was positioned in a tropical paleolatitude 

and filled by warm shallow seas up to about 328 ft (100 m) deep (Briggs and Briggs, 1974; 

Shaver et al., 1978; Droste and Shaver, 1983; Shaver, 1996; Zheng, 1999). Both 

paleomagnetic and paleobotanic data suggest that the Michigan Basin was positioned 

between 10 and 15 degrees South latitude during the Silurian (Roy et al., 1967; Van der Voo, 

1982, 1988; Shannon and Naylor, 1989; Zheng, 1999). Prevailing southeast trade winds 

would have promoted reef growth throughout the Niagaran (Middle Silurian). During the 

overall regression that dominated the Late Silurian (Ross and Ross, 1996), the climate 

changed from a humid tropical climate to an arid or semi-arid tropical climate with high 

evaporation rates, as evidenced by the thick evaporative sequence deposited atop the 

Niagaran reefs (Zheng, 1999). 

Tectonic activity within the basin was minimal throughout the Paleozoic. Faults and 

folds are predominantly oriented northwest-southeast and are believed to have been active 

during the Pennsylvanian Alleghenian-Hercynian orogeny (Beaumont et al., 1988; 

Catacosinos et al., 1991) (Figure 5). These faults, as well as some halite-dissolution 

structures, may have influenced the distribution of reefs and the flow conduits for both 

water and hydrocarbons (Zheng, 1999). 

Stratigraphy 

The sedimentary succession in the basin consists of Paleozoic marine carbonates, 

evaporites, and siliciclastics of Cambrian to Jurassic age (Wyllie and Wood, 2005; Zheng, 

1999) (Figure 7); it is up to 14,700 ft (4.5 km) thick in the center of the basin. The pinnacle 

reefs examined in this study were deposited in the Middle Silurian (Niagaran) upon what 
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was then the basin shelf (Figure 4); these reefs grew in maximum water depths of 30 to 50 ft 

(9 to 15 m) (Jodry, 1969). 

Figure 8 introduces the stratigraphic nomenclature for the Michigan Basin. This 

terminology developed from early studies published by Landes (1945) and Cohee (1948). 

Refinements and adjustments to the nomenclature proposed by various authors have been 

the subject of much confusion and contention (Balogh, 1981). 

The pinnacle reefs modeled in this study belong to the Middle Silurian Niagara 

Group, a designation introduced to the Michigan Basin by Cohee in 1948. Stratigraphic 

studies prompted by oil exploration in Ontario resulted in the division of the Niagara Group 

into Rochester, Lockport, and Guelph formations, which delineate a transgressive sequence 

progressing from shallow open shelf to deeper carbonate ramp deposition (Sanford, 1969; 

Smith and Legault, 1985; Zheng, 1999). The reefs studied here belong to the youngest 

formation, the Guelph Dolomite, a porous brown dolomite distinguishable from the 

Lockport dolomite below by an abrupt color contrast. This color contrast led to an informal 

nomenclature developed by drillers and workers in Michigan: the productive Guelph 

member became known as the "Brown Niagaran" while the generally unproductive Lockport 

below was divided into an uppermost "Gray Niagaran" and a lower "White Niagaran." 

Although this terminology was casual and confusing in its application of time-stratigraphic 

terms to rock-stratigraphic units, it nevertheless gained widespread acceptance (Gill, 1977). 

Practically speaking, the terms "Guelph" and "Brown Niagaran" are synonymous; the term 

"Guelph" is used in this study.  

Gill (1973, 1977) further dissected the Guelph according to stages of reef 

development (Figure 8). He introduced Skeletal Wackestone, Boundstone, and Stromatolite 
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Figure 8.  Stratigraphy of the Niagaran and lower Cayugan.  Developed by Gill 
(1977) for the Belle River Mills reef. Average rock unit thicknesses and ranges (in 
parentheses) are shown. After Wyllie and Wood (2005), Gill (1977).
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members to capture the environmentally driven evolution of the reef from incipient 

bioherm to restricted supratidal island (Gill, 1973, 1977). Although many different models 

for reef development have been proposed (see next section), Gill's system captures the 

basic stratigraphic succession and is still used as the foundation for most geological 

investigations of Michigan Basin pinnacle reefs (Balogh, 1981; Wylie and Wood, 2005).  

The reefs of the Middle Silurian are capped by a cyclic succession of carbonates and 

evaporites known as the Salina Group (Figure 8). The Salina Group was divided into units A-

H by Landes (1945) and group A was further divided into four subunits (A-1 evaporite, A-1 

carbonate, A-2 evaporite, A-2 carbonate) by Evans (1960). The A-2 Evaporite everywhere 

caps the reef system (Figure 8), thus, only the units below are considered to have played a 

part in the evolution and alteration of the reefs (Balogh, 1981).  

The Salina group has typically been assigned to the Late Silurian (Cayugan), with 

researchers invoking a major regression (Sloss, 1963, 1969) to explain its succession of 

evaporative megacycles. However, the oldest members of the Salina Group, the A-1 

carbonate and evaporite, onlap the Niagaran pinnacle reefs (Figure 8), and may or may not 

have been deposited following the termination of reef growth. Different models for reef 

development, as well as recent insights into the sequence stratigraphy of the basin (Shaver, 

1996) suggest that deposition of the A-1 members may in fact have occurred prior to the 

last stages of reef growth. These models are discussed in the following section. 

 Models for Reef Growth and Dolomitization 

Many different models for reef development have been presented in the literature. 

Each model differs fundamentally in the timing and stages of reef accumulation and inter-

reef deposition proposed; however, the various models can be grouped into three general 
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categories. In the first category are studies which propose that all reef growth occurred 

prior to the deposition of the restricted carbonates and evaporites of the Salina group 

(Figure 9A; Gill, 1977; Huh et al., 1977; Sears and Lucia, 1979). The second category is 

comprised of analyses which posit wholly contemporaneous reef growth and deposition of 

lower Salina carbonate and evaporite units (Figure 9B; Jodry, 1969; Alling and Briggs, 1961). 

The third category consists of models which favor alternating episodes of reef growth and 

lower Salina deposition (Figure 9C; Mesollela et al., 1974; Burgess and Benson, 1969).  

Gill's 1977 model for reef development posited punctuated reef growth during the 

Middle Silurian. He suggested that pinnacle reef growth alternated with periods of exposure 

as a result of sea-level fluctuation, but that reef growth terminated prior to deposition of 

the lower Salina group in the Late Silurian (Figures 8, 9). Many other authors endorse this 

general succession, with slight but significant distinctions. For example, Huh et al. (1977) 

proposed a similar stratigraphic succession – wherein growth of the organic reef was 

completed prior to the deposition of supratidal and inter-reef units -- but assigned the 

supratidal island carbonates to the Salina instead of the Niagara group. 

Jodry (1969) advocated contemporaneous reef and inter-reef deposition. In the 

Jodry model, reef growth and accumulation of lower Salina inter-reef carbonate-evaporite 

units occurred synchronously throughout the Niagaran (Middle Silurian) and early Cayugan 

(Late Silurian).  

A model proposed by Mesolella et al. (1974) defined two separate periods of reef 

growth interrupted by the deposition of the A-1 Evaporite. This model emphasized the 

effects of sea level change and corresponding changes in depositional environment. 

Mesolella et al. ruled out contemporaneous deposition of reef and lower Salina evaporites 
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based on the dramatically different depositional settings each represents. Their model 

includes two distinct episodes of reef growth -- one in the Middle Silurian and one in the 

early Cayugan (Late Silurian). Recent insights into the high order sequence stratigraphy of 

the region suggest that this model may most accurately capture the cyclicity inherent in the 

depositional sequence (Shaver, 1996).  

Models for pinnacle reef dolomitization are perhaps even more numerous than 

models for reef growth. These models differ significantly based on the reef development 

theories espoused by each researcher, since each growth model involves a fundamentally 

different sequence of events. Gill (1977) ascribed diagenesis to meteoric water in the 

phreatic, mixing, and vadose zones. He suggested that reflux dolomitization occurred during 

deposition of the reef-capping stromatolite and lower Salina group following the 

termination of reef growth. Jodry (1969), who believed that the Niagaran reefs and lower 

Salina sequences were deposited contemporaneously, hypothesized that compaction drove 

dolomitization. He believed that during burial, connate water from the inter-reef carbonates 

flowed into and up through the pinnacle reefs, dolomitizing them. Sears and Lucia (1980) 

observed a basinward dolomite-decreasing trend, and inferred that dolomitization of the 

reefs followed the dolomitization of the A-1 Carbonate. They envisioned a two-step process 

wherein the first stage was a mixing-zone partial dolomitization of the pinnacle reefs during 

subaerial exposure, and the second phase involved hypersaline seawater reflux 

dolomitization of shelfward reefs and A-1 Carbonate during the early Cayugan.  

A recent, comprehensive study by geologists in Ontario (Zheng, 1999; Coniglio et al., 

2003) determined that the alteration of the pinnacle reefs incorporated pervasive early 

dolomitization and subsequent alteration of early-formed dolomite during burial. Early 
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dolomitization was accomplished via isolation and evaporative drawdown of the Michigan 

Basin beginning at the time of A-1 Evaporite deposition. This alteration was regional and 

resulted from "basinward reflux of large volumes of seawater recharged from the back-

barrier-reef area connected with the open sea" (Zheng, 1999). Subsequently, the initial 

dolomite fabric was further altered during deeper burial and exposure to hydrothermal 

fluids, resulting in three distinct dolomite fabrics. 

It is clear from the variety of models that exist for reef growth and alteration that 

the evolution of these pinnacle reefs throughout time has been complex and is still not fully 

understood. However, despite the diversity of models that exist, a few key facts remain 

unchallenged. First, pinnacle reef growth was laterally confined. Even those models that 

suggest the reefs grew in distinct stages posit that later stages of reef growth were initiated 

atop older reef mounds. Hence, although opinions as to the internal construction of the 

individual reefs vary, the general structure - areally restricted, vertically uninterrupted - is 

essentially the same amongst all models. Second, despite extensive alteration, the initial 

depositional fabric of the pinnacle reefs remains identifiable and distinct from the texture of 

the surrounding carbonates. This study examines the influence of that depositional fabric 

upon porosity and permeability within the pinnacle reef structure. 
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CHAPTER TWO 

PETROFACIES ANALYSIS 

 

INTRODUCTION AND OBJECTIVES 

This study evaluates the relationships between depositional texture and 

petrophysical trends in the Ray Reef Field in order to investigate causal relationships that 

may exist. The first step in such a process is to determine what types of controls may be 

active; in this case "variations in pore type and rock fabric relative to the original carbonate 

facies" (Wyllie & Wood, 2005) are most likely to influence porosity and permeability. 

The nine petrofacies established in this study seek to distinguish fundamental, 

depositionally derived differences in pore architecture within (as opposed to between) 

commonly accepted stratigraphic units. These petrofacies are based exclusively on 

macroscopic pores. This study examines the hypothesis that visible differences in pore 

structure primarily result from differences in depositional textures and correspond to 

significant differences in petrophysical properties. The petrofacies introduced in this study 

classify pore size and type within a depositional framework. These facies are based on 

variations in rock fabric observed in core from the Ray Reef Field, and are used in the 

description of eight cores from the field (Figure 1).  

By assigning each foot of core to a discrete facies category, it is possible to 

determine whether trends in porosity and permeability correlate with these core-based 

petrofacies, and thus whether pore size and type (as identified in hand sample) are 

significant controlling mechanisms. 
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MOTIVATION FOR PETROFACIES 

Several classic studies have underscored the petrophysical significance of rock fabric 

in carbonate reservoirs (Choquette and Pray, 1970; Lucia, 1983, 1995; Lonoy, 2006). 

According to Lucia, "numerical engineering data and interpretive geologic data are joined at 

the rock-fabric level because the pore structure is fundamental to petrophysical properties 

and the pore structure is the result of spatially distributed depositional and diagenetic 

processes" (1995). Choquette and Pray (1970) assert that "the origin and modification of 

porosity are important for understanding sedimentary carbonates, and in exploring for and 

exploiting their fluids". All of these studies recognize that pore size and type, though difficult 

to categorize objectively, control not only the amount of pore space present, but also 

related properties such as permeability, connectivity, and other mechanical parameters. For 

example, Lucia's "separate vugs" (which include moldic and intraparticle pores) frequently 

exhibit poor permeability, whereas "touching vugs" (which are usually non-fabric-selective 

and include fenestral and fracture porosity) typically form interconnected systems with 

enhanced permeability (Lucia, 1995). 

DESCRIPTION OF PETROFACIES 

The petrofacies introduced here were established through analysis of eight cores 

from the Ray Reef Field. Examination of these cores showed that the basic deposititional 

stages - bioherm, reef, and capping supratidal and restricted carbonates - correspond to 

significant differences in pore type, size, and distribution. These stages were further 

subdivided based on variations in predominant pore type and size within each zone. 

Complete descriptions for each petrofacies, accompanied by representative photos, are 

presented in Figure 10. The nomenclature used to describe these petrofacies reflects an 
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informal but consistent correlation observed between pore type and scale. For example, 

within the reef, porosity that is predominantly moldic and intraparticle reflects the 0.08 to 

0.4 in (2 to 10 mm) size of the organisms from which it results. It tends to be smaller in scale 

than most vuggy porosity, much of which probably originated as solution enhancement of 

molds and intraparticle voids, and which tends to range from 0.2 to 2 in (0.5 to 5 cm). Thus, 

the relative size of the pore types that characterize each facies yields a useful shorthand and 

a concise naming system for the petrofacies.  

Bioherm 

Pores in the basal bioherm are smaller and scarcer than in the reef proper, and 

belong to Lucia's (1995) "separate vug" category. The bioherm is mainly comprised of dense 

dolomite (dolomudstone to dolowackestone) with little visible porosity and scattered 

skeletal debris. The sparse porosity that does exist includes tiny molds (up to 0.08 to 0.12 in 

- approximately 2 or 3 mm - in diameter) and "pinpoint" dissolution vugs. This dense rock 

comprises Facies 0: Bioherm/Fine Scale Porosity (Figure 11A). Scattered throughout the 

bioherm are bryozoan- and crinoid- rich dolopackstones to dolograinstones. These grain-

dominated rocks exhibit millimeter to centimeter scale moldic, intraparticle, and 

interparticle porosity, which may be solution enhanced, and are described as Facies 1: 

Bioherm/Medium Scale Porosity (Figure 11B). 

Reef 

The reef itself is consists of a coral-stromatoporoid framework with pockets of 

skeletal dolograinstone, the result of "shifting loci of active reef frame growth" interspersed 

with "sheltered areas where non-frame organisms inhabited and/or accumulated after 

death" (Balogh, 1981). In general, pore size and abundance in the reef are greater than in 
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either the bioherm or the capping carbonates, and more extensive dissolution is evident. 

The reef contains the widest variety of pore types. Three petrofacies capture variations in 

depositional texture within the reef (Figure 12). Facies 2: Reef/Fine Scale Porosity features 

dense looking rock with little discernable skeletal material or visible porosity. Pores in this 

petrofacies are less than 0.08 to 0.12 in (2 to 3 mm) in size and are predominantly pinpoint 

vugs and tiny moldic pores (Figure 12A). Reef rock with 0.04 to 0.4 in (1-10 mm) scale moldic 

and intraparticle porosity is classified as Facies 3: Reef/ Medium Scale Porosity. This 

petrofacies commonly includes skeletal dolopackstones to dolograinstones deposited within 

sheltered areas of the reef (Figure 12B). Facies 4: Reef/Large Scale Porosity is characterized 

by extensive dissolution and features "touching vug" porosity. Pores in this facies are often 

0.4 in and larger (cm-sized) and include vugs and solution enhanced molds and fractures 

(Figure 12C). 

Capping Units 

Dolomite units capping the pinnacle reefs represent different depositional systems. 

In general, there is less visible porosity in the capping carbonates than in the reef, although 

pore characteristics vary widely. Dense dolomudstones to dolowackestones with sparse 

porosity comprise Facies 5: Restricted Dolomudstone/Fine Scale Porosity (Figure 13A). Pores 

in this facies are typically less than 0.2 in (5 mm) in diameter and belong to the "separate 

vug" family. Facies 6: Restricted Microbial/Fine Scale Porosity is characterized by microbial 

laminations and fenestral porosity; visible porosity in this facies is also quite scarce (Figure 

13B). Although less common in the A-1 Carbonate than in the carbonate cycles above, Facies 

7: Sucrosic Dolomite is found in some of the cores on the reef flank. This facies presents a 

uniform, tan, sucrosic appearance with intercrystalline porosity (Figure 13C). A few of the 
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flanking cores also intersect the onlapping anhydrite. Facies 8: Anhydrite is nodular to 

massive and devoid of any porosity (Figure 13D). 

RELATIONSHIP OF PETROFACIES TO DEPOSITIONAL FACIES 

The petrofacies established in this study are distinct - though derived - from 

depositional facies. The framework components, reef-dwelling organisms, and sediment 

that comprised the depositional system not only possessed distinct pore types, but varying 

susceptibility to alteration as well, thus setting the stage for the pore systems that evolved. 

However, because the main criteria used to define these petrofacies are the pore 

characteristics that resulted from the subsequent alteration of the system, they do not 

always align with depositional facies. This is often due to the complexity of the diagenetic 

changes that have occurred within the system. For example, Facies 4: Reef/Large Scale 

Porosity often results from dissolution of framework constituents, particularly corals, but 

may also exist where moldic porosity in skeletal debris is solution-enhanced; its occurrence 

therefore depends on the local extent of dissolution. Similarly, Facies 7: Sucrosic Dolomite is 

a secondary rock fabric that represents almost total obliteration of primary textural 

characteristics, and may transcend original depositional facies.  

In some instances, the petrofacies used in this study incorporate multiple 

depositional designations - as established in detailed stratigraphic work - based on the 

similarity of their porosity attributes. For example, Gill's (1977) "reef detritus" and "reef 

dwellers" facies are both characterized by moldic porosity and usually fit the Facies 3: 

Reef/Medium Scale Porosity classification. An important instance of this phenomenon is the 

characterization of pore systems in the reef-flanking rubble (Gill's "Reef Rubble;" Figure 8) 

using the same petrofacies found in the reef proper. Although the reef flanking debris is 

30



stratigraphically significant, pore types in this zone are visually indistinguishable from those 

in the reef itself, and therefore adequately captured using the three reef-zone petrofacies. 

CORE DESCRIPTION 

The petrofacies described above were established based on the examination of four 

cores from the Ray Reef Field and confirmed and refined as necessary upon inspection of 

four more. The complete core description for each of the eight cores includes identification 

of the type, size, and distribution of pores present, a visual estimation of the amount of 

porosity expressed as a percentage of the surface area (Folk, 1951) and a brief description of 

grains, fossils, and sedimentary structures. Each foot of rock was assigned to a discrete 

petrofacies based on its pore attributes, and digital facies logs were created for use in 

petrophysical analysis and subsequent three-dimensional modeling. Although each core was 

described foot by foot, the finalized descriptions group intervals with like characteristics so 

as to avoid unnecessary repetition and in order to make the descriptions more accessible to 

the reader. Complete descriptions for all eight cores are located in Appendix 2. 

PETROFACIES CORRELATION WITH PETROPHYSICAL TRENDS 

When plots of porosity versus permeability are analyzed by petrofacies, critical 

associations emerge (Figure 14), substantiating the importance of depositional texture to 

subsequent development of porosity and permeability. The petrofacies described in this 

section correlate with general petrophysical trends. These trends, however, are not readily 

described mathematically, because they cannot be accurately fit by a single line or curve, 

and because porosity and permeability ranges vary locally within the reef. However, analysis 

of petrophysical data does illuminate important qualitative features of each petrofacies, 

which will be discussed in detail later in this section. 
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Figure 14. Plots of permeability v. porosity for each facies. Highest values of both 
porosity and permeability are concentrated in Facies 3 (Reef/MediumScale 
Porosity) and Facies 4 (Reef/Large Scale Porosity) of the Reef Zone. Apparent 
fracture trends - the vertical trends particularly evident at porosity values less than 
5% - may arise from drilling and handling of the core, not natural processes. As 
such, these trends obscure relationships between porosity and permeability. 
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The permeability v. porosity crossplots presented in Figure 14 display the trends 

associated with each petrofacies. Subdividing conventional stratigraphic units into 

petrofacies based on pore type and size confirms that variation in depositional texture 

within these units (bioherm, reef, capping carbonates) corresponds to variation in resultant 

porosity and permeability. For example, within the reef, originally muddy intervals (Facies 2) 

exhibit lower porosity and permeability (mean porosity 6.0%, mean permeability 1.5 mD) 

than do originally grainy intervals (Facies 3; mean porosity 8.7%, mean permeability 5.5 

mD).  

Most of the crossplots presented in Figure 14 are not well described mathematically 

by a single line, implying that the distributions presented therein are superpositions of 

several trends. One trend that is readily visible and pervasive throughout the entire dataset 

is the presence of apparent fracture permeability. Apparent fracture trends are vertical 

trends evident at low values of porosity (that is, trends in which low values of porosity 

correspond to permeability values ranging from very low to very high, which would be fit 

with a near vertical line on the crossplot), and are particularly evident on the crossplots for 

Facies 1, 2, 5, and 7 (Figure 14). Very few natural fractures were observed in these 

petrofacies in core, so it is unclear whether these trends reflect actual petrophysical 

characteristics of the reservoir rock or fractures arising from drilling and handling of the 

core.  

It is instructive to look at petrophysical data on a well-by-well basis due to local 

variations in porosity and permeability values. Ranges for porosity and permeability vary so 

widely between low and high porosity zones within the reef that the superposition of all 

data from the field yields a visually confusing "gunshot" clustering of data. When examined 
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individually, data from each well show reasonably consistent relationships within and 

among petrofacies. Three wells, presented in Figure 15, illustrate key characteristics of each 

petrofacies. Plots for all wells are found in Appendix 3. 

Bioherm 

Porosity and permeability in the Bioherm are, in general, lower than in the Reef 

proper (Figure 14, Figure 15A) and tend to be less than 10% porosity and 10 mD 

permeability. While porosity and permeability values in the grain-dominated fabrics of 

Facies 1: Bioherm/Medium Scale Porosity approach the middle of the range of values 

recorded in the reef itself, values for Facies 0: Bioherm/Fine Scale Porosity are typically 

amongst the lowest measured in the entire system – maximum recorded porosity is only 7% 

and maximum permeability 7 mD in Facies 0.  

Reef 

Within the Reef, Facies 2: Reef/Fine Scale Porosity has the most distinctive 

petrophysical signature. Data from this petrofacies tends to cluster at the low end of 

porosity and permeability ranges measured in the reef (Figure 14, Figure 15B); average 

porosity and permeability in Facies 2 are just 5.9% and 1.6 mD respectively. Facies 3: 

Reef/Medium Scale Porosity and Facies 4: Reef/Large Scale Porosity each span much wider 

ranges of porosity and permeability than the other petrofacies studied here, and exhibit a 

great deal of overlap with one another. Most often, Facies 4 skews towards higher values 

for porosity and permeability than Facies 3; this is evident in the mean porosity and 

permeability values calculated for each facies – 8.7%  porosity and 5.5 mD for Facies 3 

versus 10% porosity and 14 mD for Facies 4. In well #27 (Figure 15A), Facies 4 exhibits an 

almost bimodal distribution, with clusters of data at both high and low porosity versus 
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permeability ranges; these distinct systems may have different origins, and the low-range 

values may be large sized "separate vug" networks. 

The cloud-shaped distributions exhibited by the Reef petrofacies indicate the 

superposition of multiple trends and the need to refine these petrofacies further, perhaps 

by thin section analysis. However, these plots confirm a positive correlation between 

porosity and permeability in each of the Reef petrofacies, and show that within Facies 3 and 

4, reservoir-quality porosity (6% or greater) is typically accompanied by reservoir-quality 

permeability of at least 1 mD. 

Capping Units 

The two petrofacies that comprise the majority of the Capping Carbonates tend to 

have better porosity and permeability than the petrofacies of the Bioherm, but worse 

porosity and permeability than the best-quality rock of the Reef. However, these two facies 

-- Facies 5: Restricted Dolomudstone/Fine Scale Porosity and 6: Restricted Microbial/Fine 

Scale Porosity -- exhibit vastly different petrophysical characteristics from one another. 

Facies 6 averages poor porosity and permeability (6.4% and 1.1 mD respectively), whereas 

Facies 5 exhibits porosity and permeability similar to dolomites of the Reef zone (Figure 14). 

However, although the average porosity and permeability values exhibited by Facies 5 (9.8% 

and 3.5 mD respectively) are similar to those of Facies 3, the maximum values of porosity 

and permeability recorded in Facies 5 are much lower than those recorded in Facies 3 (27% 

maximum porosity and 1000 mD maximum permeability in Facies 3 versus 16% maximum 

porosity and 210 mD maximum permeability in Facies 5; Figures 14 and 15C). Facies 7: 

Sucrosic Dolomite averages the worst porosity (2.9%) and permeability (0.25 mD) in the Ray 

Reef Field. 
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LIMITATIONS OF THE ANALYSIS 

Examination of dolomite fabrics at the microscopic scale was beyond the scope of 

this project; without an understanding of microscopic texture, the analysis of the pore 

systems in the reservoir is incomplete. Investigation of microscopic phenomena might shed 

some light on the wide range of porosity and permeability values exhibited by some facies - 

particularly Facies 3 and 4 - since variations in dolomite crystal size, shape, sorting, and 

packing affect porosity and permeability (Lucia, 1995; Zheng, 1999; Negra et al., 1994).  

Even though every effort was made to establish unambiguously identifiable facies 

and apply them using objective criteria, the bias and fallibility of the researcher must be 

recognized, and the subjectivity of the exercise acknowledged.  

UTILITY OF PETROFACIES 

Although the petrofacies established in this study correlate with general 

petrophysical trends, this analysis does support the hypothesis that depositional texture 

exerts considerable control over porosity and permeability distribution, and illuminates the 

specific influence of pore type and size. Because these petrofacies have been shown to 

correlate with petrophysical trends, they prove a useful constraint in petrophysical modeling 

of the reef. In addition, because they link petrophysical trends to depositional facies - whose 

spatial distribution is better understood - they can be used to create more geologically 

realistic three dimensional models. 
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CHAPTER THREE 

THREE DIMENSIONAL RESERVOIR MODELING 

 

OBJECTIVES 

 A central goal of this study is to create static geologically constrained three-

dimensional models of porosity and permeability for the Ray Reef Field. Such models are 

important not only for the numerical parameters they yield - for example, total pore volume 

for the reef system - but also because they can be used to evaluate where in the reservoir 

sufficient connected porosity and permeability exist to permit the storage and flow of 

hydrocarbons.  

 Four key components comprise the modeling process. 1) A geologically sound 

model/stratigraphic framework must be established. 2) The petrophysical dataset 

assembled for input into the modeling must be complete and accurate. 3) A thorough 

characterization of the spatial distribution of petrophysical properties must be performed - 

incorporating information on spatial trends from previous studies (Gill, 1977; Hirstius, 2003; 

Pranter et al., 2005; Budd et al., 2006) as well as geostatistical analysis of the data itself - 

and a modeling method selected that reproduces these spatial attributes. 4) The results of 

the modeling process must be examined to ensure that the model outputs honor the input 

data. 

 Characterizing the spatial distribution of petrophysical properties in the reef, 

particularly their lateral distribution, is a challenging task due to the limited sampling of the 

field afforded by core and wireline data. Wells in the field are irregularly spaced at distances 
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ranging from hundreds to thousands of feet, rendering correlation of all but the most 

fundamental stratigraphic units (bioherm, reef, and capping carbonates and anhydrite) 

nearly impossible and thus offering little insight into the internal structure of the reef. A 

principal motivation for the implementation of petrofacies is to improve the spatial 

characterization of petrophysical properties in the reef system. Because petrofacies link 

porosity and permeability to depositional textures, and because there are estimates 

proposed in the literature for the spatial distribution of depositional facies, incorporating 

petrofacies into the modeling (via facies modeling and conditioning of petrophysical 

properties to facies) introduces important - and otherwise unavailable - spatial information. 

That is, geological constraints are imposed on the spatial distribution of porosity and 

permeability. 

 This study presents both petrofacies-conditioned models and models that are not 

conditioned to facies. Differences in the models - particularly differences in the distribution 

of porosity and permeability - are examined in order to understand the effect of petrofacies 

conditioning on the spatial patterning of petrophysical models. The ultimate goal of such an 

exercise is not to ascertain whether petrofacies-conditioned models are more "correct", but 

rather to evaluate the utility of this petrofacies based approach by assessing the geologic 

merit of the spatial patterns it produces. 

CREATION OF THE MODEL FRAMEWORK 

 The initial step in the modeling process is the creation of a model framework. The 

framework is built to represent the major stratigraphic surfaces and zones within the reef 

system; it is needed in order to create a grid that defines geologically significant zones and 

the size and geometry of the model cells. 
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Identification and Construction of Major Stratigraphic Surfaces 

 Six stratigraphic surfaces were used to create the reservoir framework grid. The 

base of the reservoir interval is the base of the Guelph Dolomite, which is equivalent to the 

top of the dense, argillaceous, and unproductive Lockport Dolomite (Figure 8). The top of 

the reservoir interval is the base of the A-2 Evaporite, a 20 to 120-ft (6 to 36-m) thick 

evaporite deposit which covers the reef interval everywhere in the field and provides the 

seal for the petroleum system. Major stratigraphic surfaces within the modeled interval 

include the top of the bioherm, the top of the pinnacle reef, and the tops of the carbonate 

and anhydrite units that onlap the reef.  

 Each of the major stratigraphic surfaces is created based on tops picked from 

wireline logs in the twenty-one wells for which only log data were available, and from core 

in the eight wells where core was examined. The criteria used to pick each top from log data 

were developed from comparisons between stratigraphic changes identified in core and 

their corresponding signature in wireline logs, referencing observations made by Gill (1977), 

who examined the relationship between wireline log response and stratigraphy in the Belle 

River Mills Field. Figure 16 displays type logs from the reef crest and reef flank positions, and 

illustrate the log signature of each stratigraphic top. 

 Although Gill (1977) demonstrated that the top of the Lockport Dolomite can be 

identified by a shift from higher gamma ray values (15-60 API units) in the argillaceous 

Lockport to lower values (0-25 API units) in the cleaner, slightly more fossil-rich bioherm, 

few wells in the Ray Reef Field penetrate the Lockport, and only two wells have log data to 

depths sufficient for identification of the Lockport. Ten other estimated Lockport depths 

were gleaned from geologic well prognoses stored in the archive at the Michigan Geological 
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Figure 16. Type logs from the Ray Reef Field. Depths given in feet. GR = Gamma Ray
(API units); PORO = Whole Core Porosity (%).  A. Type log from the reef crest 
position. B. Type log from the reef flank position.
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Repository for Research and Education (MGREE) in Kalamazoo, MI. Appendix 4 presents tops 

chosen in all wells. 

 The transition from bioherm to reef is distinguishable in core as a shift from 

primarily mud dominated fabrics with sparse skeletal debris to coral and stromatoporoid 

boundstones alternating with dolopackstones and dolograinstones. Correspondingly, the 

gamma-ray log again shifts toward slightly lower values - generally less than 10 API units. 

Porosity values tend to increase gradually at the base of the reef, although this change is 

less distinct than the shift in the gamma-ray curve. A slight spike in the gamma-ray curve is a 

fairly reliable indicator of the top of the bioherm, and can be seen in Figure 16. Seven of the 

29 wells examined in this study were not drilled to the bioherm; depths in these wells are 

estimated based on picks made in nearby wells. 

 The top of the reef is easily identified in core, as the fossil-dominated boundstones, 

dolograinstones, and dolopackstones that comprise the reef abruptly give way to restricted 

dolomites with preserved microbial laminations and an almost complete dearth of fossil 

material. The log response to this transition, however, is complex. In reef-crest wells, the 

top of the reef is often identifiable by a local peak in gamma-ray values (generally between 

15-20 API units) which, though distinct, is much smaller than the major spike in gamma-ray 

values (to over 40 API units) that occurs toward the top of the carbonate unit above. The 

most reliable indicator of the transition between reef and capping carbonates in the reef-

crest wells is an abrupt increase in porosity values at the base of the capping carbonate unit 

(Figure 16A). In reef-flank wells, where the Guelph Formation is less well-developed and 

overall porosity is lower (possibly due to less extensive exposure), the top of the reef is 

indicated by a shift in gamma-ray values from less than 25 API units in the reef to over 40 
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API units in the capping carbonates, but no significant shift in porosity values is observed 

(Figure 16B). 

 The carbonate and evaporite cycles that cap the pinnacle reefs have relatively 

unambiguous log signatures. Capping carbonates exhibit high gamma-ray values (typically 

over 25 API units); evaporite deposits can be recognized by low gamma ray values and 

porosity values approaching zero. On the reef crest, the reef proper is capped by 20 to 30 ft 

(6 to 9 m) of restricted dolomudstones above which the base of the A-2 Evaporite is 

identifiable by an abrupt shift to low gamma-ray values (Figure 16A). It is important to note 

that although Gill (1977) describes these dolomudstones as a "supratidal island" stage of 

reef development, and assigns them to the Guelph Formation (as opposed to the Salina 

Group), they are not distinguished from other capping and flanking carbonate deposits for 

purposes of modeling, because they share the same petrofacies and petrophysical 

characteristics - most notably low permeability. On the reef flank, the thin (less than 5 ft or 

1.5 m) interval of anhydrite known as the A-1 Anhydrite intersects the capping carbonates 

and onlaps the reef (Figure 16B). There is generally a thicker succession of capping deposits 

on the reef flank (50-70 ft; 15 to 21 m) than on the reef crest. 

 In each well, the x, y, and z coordinates of each top are used as points from which 

stratigraphic surfaces are constructed in Schlumberger PetrelTM reservoir modeling 

software. Each surface is created using the algorithm that yields the smoothest, simplest 

interpolation between points. For example, a planar interpolation is used to create the 

surface of the Lockport Dolomite, which is relatively flat and gently dipping, while a 

parabolic interpolation is used to fit the picks for the top of the mound-shaped pinnacle 

reef. 

43



 The stratigraphic surfaces used to construct the model framework define the model 

geologic zones. Geologic zones in the Ray Reef Field include the Bioherm, the Reef, the 

Flanking Carbonates (which onlap the reef flank beneath the A-1 Anhydrite), the A-1 

Anhydrite, and the Capping Carbonates (which blanket the A-1 Anhydrite and the reef 

crest). For purposes of computation only, the Reef zone is further divided into Upper, 

Middle, and Lower intervals for computational reasons. The model zonation for the Ray Reef 

Field is presented in Figure 17. 

3-D Model Grid 

 The 3-D model grid is defined at the top and base by surfaces - in the Ray Reef Field, 

the base surface is the top of the Lockport Dolomite, and the top surface is the base of the 

A-2 Evaporite - and at the sides by a boundary polygon. The boundary polygon (the 

estimated field outline; Figure 1) delineates the lateral extent of the reef system. 

 Construction of the model cells involves important decisions regarding their size and 

geometry. The cell size selected should represent the optimal trade-off between vertical and 

horizontal resolution given the available computing power. For the Ray Reef models 

presented herein, a 15-ft (4.57-m) horizontal resolution is achieved using a 2-ft (0.61-m) 

vertical cell thickness in the reef and 5-ft (1.52-m) thick cells in all other zones. These cell 

dimensions best integrate geologic constraints in both horizontal and vertical dimensions. 

Because the reef zone is the primary reservoir interval as well as the most heterogeneous 

unit, it is modeled with the highest resolution. Two-ft (0.61-m) vertical resolution is needed 

to capture the high frequency variability in facies and the considerable heterogeneity in 

porosity and permeability values observed in this zone. Five-ft (1.52-m) vertical resolution is 

adequate for modeling of the bioherm and capping and flanking carbonates, secondary 
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reservoir units which exhibit lower and less variable porosity and permeability values. Given 

these vertical-resolution constraints, 15-ft (4.57-m) horizontal resolution is chosen in order 

to incorporate important geostatistical results presented by Hirstius (2003), Pranter et al. 

(2005), and Budd et al. (2006), who found that lateral variability in dolomites occurs at 

scales of tens of feet. Fifteen- ft (4.57-m) resolution was found to be the finest horizontal 

resolution achievable without significantly compromising vertical resolution. The cell 

dimensions chosen yield a total of 116,379,604 cells and tax the processing capabilities of a 

powerful workstation. Finer resolution is neither necessary nor practical. 

 The geometry of the model cells can be built to represent the architectural 

characteristics of the formations being modeled. In the models presented herein, cells are 

built downward parallel to each stratigraphic surface in order to recreate the mound 

architecture of the reef and bioherm, and the onlapping geometry of the capping units 

(Figure 18). 

  

ASSEMBLY OF THE PETROPHYSICAL DATASET 

 The petrophysical models for the Ray Reef Field introduced in this study require 

porosity and permeability data as model inputs; these input data include direct 

measurements from core analysis and indirect measurements obtained from wireline 

logging. Whole-core data available for wells in the Ray Reef Field include both porosity and 

permeability measurements. However, only porosity values can be obtained from the 

available wireline logs. Available logs include gamma ray, neutron, and resistivity logs; 

porosity values can be calculated from neutron data. Due to the difficulty in measuring 
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permeability indirectly and the limited log suite acquired, supplemental permeability values 

cannot be obtained from the wireline data recorded in the Ray Reef Field. 

The twenty-nine wells used in the study were selected based on availability of either 

whole-core or neutron data or both (Figure 1). Whole-core porosity and permeability data 

are available for the twenty-four of these wells that were cored. However, coverage of the 

reservoir interval is incomplete in at least ten of these cored wells. Five of the wells used in 

the study do not have whole-core data. Wireline log data are available for twenty-five wells 

in the Ray Reef Field, including the fifteen wells that are missing whole core data for all or 

part of the reservoir interval. Porosity logs computed from neutron data are used to 

supplement the whole-core porosity and permeability data available in the field. 

In order to obtain porosity logs for input into the models, neutron data (recorded in 

units of API neutron counts/second) from both cored and non-cored wells are converted 

into porosity values using a transform based on the principles of neutron logging.  

Neutron Log Theory 

 In simplest terms, neutron tools measure the amount of hydrogen present in a 

formation. Modern neutron tools (those in operation since about 1950) emit high-energy 

neutrons from a chemical source into the formation to be measured. These neutrons 

undergo a series of collisions that deprive them of their kinetic energy. Because the most 

efficient transfer of kinetic energy occurs between particles of the same mass, and because 

hydrogen atoms are equivalent in mass to neutrons, collisions with hydrogen atoms account 

for the majority of the energy lost by the emitted neutrons. The more energy a neutron 

loses, the less likely it is to return to the detector in the neutron tool. If more hydrogen 

atoms are present in the formation, fewer neutrons will return and be detected at the tool. 
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Thus, neutron counts per second detected by the tool are inversely proportional to the 

amount of hydrogen in the formation. 

 Almost no hydrogen exists in the rocks that comprise the formation; hydrogen is 

primarily found in the fluid - either water or hydrocarbons - that fills the formation pore 

space. Thus, the counts per second measured at the neutron tool detector are a function of 

the porosity of the formation. Described mathematically, the relationship of porosity to 

counts is logarithmic; the base 10 logarithm of porosity is proportional to neutron counts 

per second, and can be expressed 

 

 

bmC ��)(log10 �        or  b)(mC10 ���   m<0 

  

where Ø = porosity (in percent);  

C = neutron counts per second;  

b = porosity offset (in percent); and  

m = the constant of proportionality (in percent/counts per second).  

 

The inverse proportionality between porosity and neutron counts is manifested in this 

logarithmic relationship as a negative constant of proportionality m. Constants m and b are 

determined on a well-by-well basis from the maximum value for neutron counts per second 

recorded in each well, as follows: 
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Øs

Ø

 = porosity value for neutron source pivot point from Schlumberger chart Por L-4 (Log 

Interpretation Charts, 1969);  

min = minimum porosity value (assumed to be 1 unless known to be greater; the 

logarithmic equation behaves asymptotically if Ømin

C

 is less than 1 and yields physically 

unrealistic results);  

s

C

 = neutron counts value for source pivot point from Schlumberger chart Por L-4;  

max

 

 = maximum value for neutron counts per second recorded in the individual well. 

 If the type of neutron tool and chemical source used to log the well are known, 

neutron data can be transformed to porosity data using the equation above. However, if this 

information is not available, constants m and b can only be estimated, introducing large 

error to porosity values less than approximately 10%.  

Neutron-Porosity Transform 

 Ideally, the transform developed above could be used to produce an independent, 

though indirectly measured, porosity dataset. However, since efforts to recover information 

regarding the tools and sources used to log wells in the Ray Reef Field proved fruitless, the 

transform described in the previous section cannot be used to calculate neutron porosity 
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logs in the field. Instead, because whole core porosity data are available in several wells in 

the field, neutron logs are normalized using measured porosity values for the field.  

 Neutron data are converted to porosity logs using a transform that employs the 

same mathematical relationship derived above, but scales neutron counts per second to 

maximum and minimum porosity values recorded in the field instead of a source pivot 

point. Mathematically, this transform is expressed 
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where  

Øn

C

 = neutron porosity (in percent); 

n

Ø

 = neutron counts per second, the neutron input data; 

max

Ø

 = maximum porosity value recorded in the region, obtained from whole core porosity 

data;  

min

C

 = minimum porosity value (assumed to be 1 unless known to be greater);  

min

C

 = minimum value for neutron counts recorded in the individual well; 

max

 

 = maximum value for neutron counts per second recorded in the individual well. 

 This transform was introduced by Shier (1991) for use in fields where maximum and 

minimum porosity values are available from modern compensated neutron porosity logs. It 

is implemented in the Ray Reef Field using maximum and minimum values obtained from 

whole-core measurements; because these measurements are hard data obtained from the 
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analysis of actual rock samples, they are at least as accurate as data obtained indirectly 

through neutron logging. 

 Porosity values in the reef crest are much greater than those recorded on the flanks 

of the reef. Therefore, the Ray Reef Field is divided into three regions for implementation of 

the neutron-porosity transform (Figure 19). A high porosity region centers on the two local 

topographic peaks of the reef. The maximum porosity recorded in this region is 29.4%. A 

transitional region of good porosity surrounds the peak porosity region; the maximum 

porosity value used in this region is 21.4%. The flanks of the reef comprise a low porosity 

region; 8.6% maximum porosity is used to transform data in this region. 

 Figure 20 presents logs from each of the peak, transitional, and low porosity regions 

of the Ray Reef Field. Comparison of the neutron-porosity logs with whole-core porosity 

measurements in wells where both data are available shows that the transformed neutron-

porosity curves successfully reproduce the characteristics of the core-porosity curves (Figure 

20). However, absolute agreement of neutron and core porosity data is impossible to 

achieve because the measurement techniques differ in both scale and fundamental theory. 

Whole-core measurements are performed directly on pieces of core up to one foot in length 

and four inches in width. Neutron tool response  and depth of investigation depend in a 

complicated way on such factors as formation fluid, porosity, and borehole salinity and can 

vary between 0.5 and 2 ft (0.15-0.61 m); vertical resolution is determined by detector 

spacing and is 1.5 ft (0.46 m) for this dataset.   

The transform selected for use in this study was chosen because it best replicates 

porosity trends and baseline porosity values in each well. This transform systematically 

underestimates values in zones of high and highly variable porosity. Discrepancies between 
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neutron and core porosity in these zones may be due in part to the larger scale at which the 

neutron measurement is made. Because of these differences, the correlation coefficient for 

the neutron data versus core data in all zones is 0.4822. However, if zones of high, variable 

porosity are excluded, the correlation coefficient rises to as much as 0.6239. An example of 

the variation in correlation coefficients computed for zones of high and low porosity is 

presented in Figure 21.   

Creation of Merged Porosity Logs  

The neutron-porosity logs created using the transform described above supplement 

available whole core porosity data. However, because whole core data represent direct 

measurements of the rock itself, whole core porosity values are used whenever possible. 

The porosity logs used for petrophysical modeling of the Ray Reef Field are "merged 

porosity logs" in which neutron-porosity data are incorporated to fill in any gaps that exist in 

the whole core porosity data - up to and including the entire reservoir interval in wells for 

which no core data was recovered. Merged porosity logs are created using the conditional 

function in Petrel's log calculator, inserting neutron porosity data only if whole core porosity 

data are absent. 

FACIES MODELING 

Objectives and Methodology 

 Petrofacies models provide important constraints on porosity and permeability 

distribution and are created for use in subsequent petrophysical modeling. The spatial 

patterning of petrofacies is more readily established than that of either porosity or 

permeability and is modeled based on geologic information. Because petrophysical 

properties correlate to petrofacies, each facies corresponds to a different range of porosity 
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and permeability values. Thus, implementation of petrofacies conditioning in successive 

petrophysical modeling imposes a spatial pattern on modeled porosity and permeability. 

 Since the petrofacies introduced in this study do not exhibit clear facies geometries - 

that is, they do not occur in the kinds of well-defined shapes that lend themselves to object-

based  modeling - sequential-indicator simulation is used to create facies models. 

Sequential-indicator simulation is a cell-based geostatistical modeling method that visits 

each cell in the model in a random order and assigns it the facies value that has the highest 

probability of existing in that location. The probability of a facies prevailing at a given 

location is known as the "indicator transform" for that facies and is determined from areal 

and vertical geologic trend information, spatial statistics that define the degree of 

correlation with nearby points, and facies values - both original and modeled - in nearby 

model cells (Deutsch 2002). In order to construct facies models using sequential-indicator 

simulation, the following inputs are required: 1. Discrete facies logs from the wells in which 

core was examined, 2. Facies probability maps that characterize the general areal 

distribution of each facies, 3. Vertical proportion curves that quantify the vertical trends 

exhibited by each facies, and 4. Vertical and horizontal variograms that establish 

quantitative measures of spatial correlation between cells in each of the vertical and major 

and minor horizontal directions. 

Facies Logs 

 Each petrofacies type described in Chapter Two was given a numerical code (0-8, 

Figure 10) and facies logs were created from the core descriptions (found in Appendix 2), 

with each foot of core assigned a discrete facies value. Recall that the model vertical 

resolution is 2- ft (0.61- m) within the reef itself, and 5- ft (1.52- m) in the other geologic 
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zones. Because each cell in the model can only contain one facies value, the core-based 

facies logs must be upscaled. Petrel's upscaling algorithm for discrete data assigns the cell 

the facies value that comprises the majority of the interval. 

Probability Maps 

 Probability maps for the petrofacies characterize the likelihood of each facies 

occurring at different geographic locations throughout the field. They are created by 

calculating the percent of each facies present in each well (and in each geologic zone) and 

interpolating between these control points using the geometric algorithm that yields the 

smoothest and most logical output. As an example, Figures 22A and 22B present the facies 

probability maps for the Ray Reef bioherm. Wells on the basinward (northwest) side of the 

field contain higher percentages of Facies 1: Bioherm/Medium Scale Porosity than those on 

the southeastern flank. The probability map for Facies 1, created using a moving average 

algorithm, makes good geologic sense: it predicts a higher probability of Facies 1 occurrence 

on the basinward, open ocean side of the reef, where crinoids and bryozoans are more likely 

to have thrived and accumulated relative to the leeward, more protected side of the 

bioherm. Correspondingly, the probability map for Facies 0: Bioherm/Fine Scale Porosity 

shows that this facies is more likely to occur on the shelfward side of the reef.  

Vertical Proportion Curves 

 Vertical proportion curves chart the percent contribution of each petrofacies for 

each layer in the model. They are calculated from the upscaled petrofacies logs using 

Petrel's data analysis capabilities. Figure 23 displays the vertical proportion curves for the 

bioherm, reef, and capping carbonates. Since the flanking carbonates are entirely composed 
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Figure 22. Facies Probability Maps.  A. Facies 0: Bioherm/Fine-Scale Porosity.  B. 
Facies1: Bioherm/Medium-Scale Porosity.  C. Facies 2: Reef/Fine-Scale Porosity.  D. 
Facies 3: Reef/Medium-Scale Porosity.  E. Facies 4: Reef/Large-Scale Porosity.  F. 
Facies 5: Restricted Mud/Fine-Scale Porosity.  G. Facies 6: Restricted Microbial/Fine 
Scale Porosity.  H. Facies 7: Sucrosic Dolomite. Maps F, G, & H based on limited data.
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of Facies 5: Restricted Dolomudstone/Fine Scale Porosity, and the A-1 Anhydrite is 100% 

Facies 8: Anhydrite, no vertical proportion curves are required for these zones. 

Variograms 

 The variogram quantifies geological variation as a function of both distance and 

direction. Mathematically, the variogram is defined as the average squared difference in the 

variable value for a separation lag distance (Deutsch, 2002). The term variogram is 

commonly applied to an equation more properly known as the semivariogram, which is 

written: 
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where γ(h) is the variance, h is the distance between data pairs (lag or separation distance), 

N(h) is the number of pairs for a given lag, and z is the property for which variance is 

computed. 

 An experimental variogram (the data points on a variogram) is created when the 

data variance is calculated for several different lags and plotted versus separation distance. 

The curve fit to these data, used as input into the modeling algorithm, is known as the 

variogram model and is characterized by three main parameters. The sill represents the 

total variance of the data and is the variance value at which the data exhibit zero 

correlation; it is automatically calculated when creating model variograms in Petrel. The 
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nugget is the variance value at zero lag distance and is, in this case, assumed to be zero - in 

the absence of sufficient geostatistical or geological information to suggest otherwise - for 

all variograms created in this study. The range is the distance at which no spatial correlation 

exists, that is, the distance at which the variogram reaches the sill. The range depends on 

the direction along which the variogram is calculated. Values chosen for the vertical and 

horizontal ranges exert significant control upon the spatial distribution of facies produced in 

the modeling.  

 Data resolution in the vertical direction is adequate for direct calculation of 

experimental and model variograms. Plots of the vertical variograms for each facies are 

presented in Figure 24. Cores examined in this study exhibited high vertical facies variability, 

therefore, the variograms used in this study were chosen to fit the data at small separation 

distances. Because of this, the sill may appear low when large separation distances are 

plotted. The curve type (spherical or exponential) chosen for each model variogram is 

selected based on its ability to accurately fit the experimental variogram at small lags. 

 Because well spacing in the field - which varies from hundreds to thousands of feet - 

exceeds horizontal length of correlation for sedimentary parameters (such as petrofacies or 

depositional facies), variograms for the major (along the strike of the reef) and minor 

(perpendicular to the strike of the reef) horizontal directions cannot be calculated directly 

from the data. Instead, they are inferred using geologic insight. Gill (1977) estimated the 

horizontal distributions of depositional facies in the nearby Belle River Mills Field and 

introduced cross sections for that reef (Figure 25). The dimensions he presents are the basis 

for the horizontal ranges used to model facies in the Ray Reef Field.  
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Gill's model for depositional facies distribution incorporates irregularly shaped 

"patches" of grainy and boundstone facies within the reef and bioherm that have 

approximate aspect ratios between 20:1 and 100:1, and muddy and microbial facies within 

the flanking and capping units that are roughly layered (Figure 25). These cross-sections, 

however, are estimated entirely from vertical subsurface data - including 31 cores and 54 

wireline logs - and although the quantity and density of data used in Gill's study are greater 

than in the present study, there is still significant uncertainty in Gill's interpretation of 

horizontal continuity, as noted by Wold (2008).  

In order to address this uncertainty, this study presents three facies models 

representing short-, mid-, and long-range estimates for horizontal correlation lengths in the 

Ray Reef Field. In the short-range model, a major axis horizontal range of 300 ft (91 m) is 

used for facies in the reef and bioherm; this is approximately twenty to thirty times longer 

than vertical ranges calculated for these facies, which vary from 10-16 ft (3-5 m). The 500 ft 

(152 m) major axis horizontal range used for reef and bioherm facies in the mid-range model 

is 30 to 50 times longer than the calculated vertical ranges for these facies. The long-range 

model uses a major axis correlation length of 800 ft (244 m) for reef and bioherm facies, 

which is 50 to 80 times longer than the vertical ranges calculated for these facies. Appendix 

5 presents a complete listing of the variogram parameters used to construct each model. 

Facies Models 

 Figure 26 presents cross sections of the long-, mid-, and short- range facies models 

created for Ray Reef Field. These models synthesize available geologic and spatial 

information and illustrate probable facies distributions in the reef system. The patchy-

looking distribution of facies in the bioherm, reef, and capping carbonates of each model is 
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the direct result of the modeling method and model variograms chosen for these zones 

based on geologic and geostatistical information. Visual inspection of each of the models 

shows that they reflect the constraints imposed by the probability maps and vertical 

proportion curves. For example, Facies 2: Reef/Fine Scale Porosity is more abundant toward 

the bottom of the reef while Facies 3: Reef/Medium Scale Porosity is common throughout. 

Greater lateral facies continuity is present in the model that has maximum correlation 

lengths (Figure 26C); less continuity occurs in the model that uses the smallest correlation 

ranges (Figure 26A). Data analysis shows that output facies fractions honor the input facies 

fractions (Appendix 6). The patchy patterning of petrofacies in the Ray Reef models will 

impose an irregular distribution upon porosity and permeability in facies-conditioned 

models. 

PETROPHYSICAL MODELING 

Objectives  

 Porosity and permeability models for the Ray Reef Field represent the distribution 

of these properties within the reservoir. These models are used to analyze the distribution 

of reservoir-quality dolomite within the reef system and to quantify the storage capacity of 

the field. 

 Given the uncertainty in the petrophysical data and the distribution of these data, a 

series of porosity and permeability models are created using different inputs and algorithms 

(Appendix 7). These models are carefully examined in order to explore the effects of the 

geologic constraints imposed in the petrophysical modeling process - both as input data and 

through modeling methods selected. Models generated using averaging methods 

(deterministic models) are compared to stochastic models created using sequential-
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Gaussian simulation. Sequential-Gaussian simulation (SGS) uses variograms to characterize 

geologic variation with distance; therefore, comparison of these types of models illuminates 

the influence of this geostatistical information as well as the effect of the modeling method 

on the distribution of petrophysical properties. Each type of model (deterministic and 

stochastic) is presented with and without petrofacies conditioning. Analysis of the 

differences between petrofacies-conditioned models and models that are not constrained 

by petrofacies elucidates the spatial patterning imposed by conditioning to petrofacies. 

Common Inputs: Well Logs and Facies Models 

 Both deterministic and stochastic methods require porosity and permeability logs as 

inputs. Twenty-nine merged porosity logs - assembled from core and neutron data as 

described earlier in the chapter - and twenty-four whole-core permeability logs were used 

(recall that no supplemental permeability data were available). These logs were upscaled 

using an algorithm in Petrel that assigns to each cell the arithmetic mean of the data it 

contains. For example, within the reef zone, the cell thickness is 2 ft (0.61 m) and the data 

resolution is 1 ft (0.30 m); therefore two values are averaged per cell. 

 Each type of model was created with and without facies conditioning. Facies 

conditioned models were created using the petrofacies models described earlier in this 

chapter.  

Deterministic Method 

 A moving-average method was used to create models of porosity and permeability. 

This algorithm averages input data and weights it according to the distance from data 

points; for these models the data are weighted according to the inverse of the distance 

squared. Because permeability is log-normally distributed - that is, the logarithm of the 
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permeability data exhibit a normal distribution, as opposed to the data themselves - 

averaging is actually performed on the logarithm of permeability values; the resulting model 

is then transformed back to permeability by taking the antilog of each cell value. When 

facies conditioning is imposed, the algorithm limits the region over which each data point is 

averaged to cells of the same facies. 

Deterministic Models 

 Moving-average-based models of porosity and permeability were generated 

without facies conditioning and conditioned to the short-, mid-, and long-range petrofacies 

models. Several of the deterministic models created using averaging techniques are 

displayed in Figure 27. The spatial patterning imposed by petrofacies conditioning is clearly 

evident in Figures 27B and 27D. Histograms comparing input and output data for the 

deterministic models ( Figure 28), show that values from the peak of each distribution - 

between 6-10% for porosity and 2-10 mD for permeability - are overrepresented while high 

and low values from the tails of each distribution are underrepresented.  

 For comparison to these moving-average-based models, a porosity model was 

generated in which the cells of each geologic zone are all assigned the average value for that 

zone; this model is used for evaluate pore volumes.  

Stochastic Method 

 Sequential-Gaussian simulation was used to model continuous data such as porosity 

and permeability because of its capacity to produce models whose spatial patterning 

reliably honors geostatistical inputs, including input histograms, variograms, and trends. The 

reliability of the technique is due to the fact that input data are transformed into "normal 

space"  -- the transformation is essentially a reordering of the data histogram that yields a 
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Figure 27. Deterministic petrophysical models.  A. Porosity/Moving Average/No 
Facies Conditioning.  B. Porosity/Moving Average/Mid-Range Facies.  C. 
Permeability/Moving Average/No Facies Conditioning.  D. Permeability/Moving 
Average/Mid-Range Facies.
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Figure 28. Histograms for deterministic petrophysical models.  A.  Porosity/Moving 
Average/No Facies Conditioning.  B. Porosity/moving Average/Mid-Range Facies.  
C. Permeability/Moving Average/No Facies Conditioning.  D. Permeability/Moving 
Average/Mid-Range Facies.
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normal distribution -- before geostatistical analysis (variography) or modeling are performed 

(Deutsch, 2002). The resulting normal data distribution is easily handled - mathematically 

speaking - in the subsequent modeling steps, which involve visiting each cell in the model in 

random order, calculating conditional distributions by kriging to honor the global histogram 

as well as local and simulated data, and assigning each cell a value based on its distribution 

function (Deutsch, 2002). Once each cell has been populated, normal-score values are back-

transformed into real values for porosity and permeability. 

Variography 

 Variograms for porosity and permeability quantify spatial correlation in the vertical 

and horizontal directions, as described in the Facies Modeling section earlier in this chapter. 

Experimental and model variograms for porosity and permeability were computed in normal 

space for subsequent use in sequential-Gaussian simulation.  

 Because there are abundant data in the vertical direction, vertical porosity and 

permeability variograms are well informed. Figures 29 and 30 present vertical variograms 

computed for porosity and permeability, respectively, in each geologic zone. These 

variograms are calculated without petrofacies constraints for use in non-facies-conditioned 

models. Exponential curves are used to fit experimental variograms in which variance 

increases rapidly with distance; this type of heterogeneity is particularly characteristic of 

dolomite from the reef proper.  

 In order to produce petrofacies-conditioned models, porosity and permeability 

variograms were created to characterize geologic variability within each petrofacies in each 

zone. Figures 31 and 32 display variograms computed for porosity and permeability, 
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Figure 29. Vertical variograms for porosity, no facies conditioning. In each figure, 
datapoints plotted as black boxes constitute the experimental variogram; the 
variogram model is plotted as a curve.  A. Bioherm;  spherical curve; range = 15 ft 
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respectively, for petrofacies 2, 3, and 4 from the reef zone. Variograms for all petrofacies 

can be found in Appendix 8. 

 Petrophysical properties exhibit lateral variability on a scale that cannot be captured 

with data from wells spaced hundreds of feet apart. Horizontal variogram ranges for 

porosity and permeability are instead estimated from data presented in Hirstius (2003),  

Pranter et al. (2005), and Budd et al. (2006). These researchers showed that petrophysical 

variability in dolomite exhibits short-range correlation lengths of 6.5-16 ft (2-5.5 m), while 

long-range periodicity is about 31 ft (9.5 m) for porosity and 140 ft (42.6 m) for permeability. 

The horizontal porosity and permeability variograms created herein use a range of 40 ft 

(12.2 m) in both major and minor directions to honor the findings of Hirstius (2003), Pranter 

et al. (2005), and Budd et al. (2006) while working within the limitations posed by the 

model's 15- ft (4.6- m) horizontal resolution. Appendices 9-12 contain the parameters used 

to construct model variograms for porosity and permeability, both with and without facies 

conditioning. 

 SGS Models of Porosity and Permeability 

 Representative models created using sequential-Gaussian simulation are presented 

in Figure 33. Comparisons between those conditioned to facies (Figures 33B and 33D) and 

those created without facies constraints (Figures 33A and 33C) show that facies conditioning 

precludes the development of vertically continuous zones of high porosity and permeability. 

This is because petrofacies vertical ranges are shorter than the vertical ranges of porosity 

and permeability. In general, petrofacies-conditioned models exhibit a higher degree of 

heterogeneity due to the imposition of irregular facies patterning as well as shorter 

variogram ranges. 
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Figure 33. Stochastic Petrophysical Models.  A. Porosity/Sequential Gaussian 
Simulation/No Facies Conditioning.  B. Porosity/Sequential Gaussian Simulation/
Mid-Range Facies.  C. Permeability/Sequential Gaussian Simulation/No Facies 
Conditioning.  D. Permeability/Sequential Gaussian Simulation/Mid-Range Facies.
Porosity given in fraction; permeability given in mD.
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 Analysis of the SGS models shows that the model outputs honor the input data. 

Histograms corresponding to the models shown in Figure 33 are presented in Figure 34; 

these histograms show that models created using sequential-Gaussian simulation accurately 

replicate input distributions whereas those created using averaging methods (Figure 26) do 

not. Sample variograms from the SGS models are also calculated in order to confirm that the 

models honor the input variograms. Figure 35 displays horizontal variograms calculated for 

the reef zone in non-facies-conditioned models and for Facies 3: Reef/Medium Scale 

Porosity in facies-conditioned models. These variograms each exhibit a range of between 40 

and 50 ft (12.2 and 15.2 m); thus, the input variogram ranges of 40 ft (12.2 m) are accurately 

reproduced in the SGS models. 

 Because permeability values are to some extent controlled by trends in porosity, 

permeability models in which porosity data are used as a secondary constraint (that is, 

models in which porosity data are considered after variogram and log inputs are honored) 

were created in order to examine the incorporation of porosity trends. Conditioning to 

porosity is achieved using a technique called collocated cokriging. This technique - which is 

essentially an "extra step" in the sequential-Gaussian method - utilizes the secondary datum 

present in each cell as well as the strength of the correlation between the secondary 

variable and the value being estimated (as characterized by the correlation coefficient) 

when calculating the conditional distribution for that cell (Deutsch, 2002). 

Due to the geographic variability in porosity and permeability ranges, correlation 

coefficients relating permeability to porosity were calculated on a well-by-well basis. 

Convergent interpolation was then used to estimate the correlation coefficient everywhere 

in the field (that is, to create a "correlation coefficient map," Figure 36). Models of 
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Figure 34. Histograms for Stochastic Petrophysical Models.  A. Porosity/Sequential 
Gaussian Simulation/No Facies Conditioning.  B. Porosity/Sequential Gaussian 
Simulation/Mid-Range Facies.  C. Permeability/Sequential Gaussian Simulation/No 
Facies Conditioning.D. Permeability/Sequential Gaussian Simulation/Mid-Range 
Facies.
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Figure 35. Sample variograms calculated for stochastic petrophysical models. 
These variograms reflect a limited sampling of the data; variograms were 
calculated for one horizontal index of the model.  A. Variogram calculated for 
the Reef zone, Porosity/SGS/No Facies Conditioning.  B. Variogram calculated 
for Facies 3, Porosity/SGS/Mid-Range Facies.  C. Variogram calculated for the 
Reef zone, Permeability/SGS/No Facies Conditioning.  D. Variogram calculated 
for Facies 3, Permeability/SGS/Mid-Range Facies.
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Figure 36. Correlation between permeability and porosity in the Ray Reef 
Field.  The strongest correlation between permeability and porosity occurs
on the eastern flank of the field.
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permeability conditioned to porosity were created using this map and the porosity models 

described above as inputs. Because permeability is only moderately correlated to porosity in 

the Ray Reef Field (Figure 14, Appendix 3) -- the correlation coefficient is approximately .5 in 

the majority of the field (Figure 36) -- and due to the dominance of the heterogeneity 

imposed by the 40- ft variogram ranges, no appreciable difference is observed between 

porosity-conditioned permeability models and those created without porosity conditioning 

(Figure 37). 

MODEL RESULTS AND DISCUSSION  

Pore Volumes 

 Table 1 presents the pore volumes calculated for all of the Ray Reef models. Total 

pore volume results for each of these models vary by less than 0.5% and range from 

approximately 707-714 million ft3

 The pore volumes calculated in this study agree quite well with the stated storage 

capacity (64.5 Bcf) for the Ray Reef Field due to the compression of gas with depth. The 

average pressure gradient in the Michigan Basin is approximately 0.43 lb/ft, thus the 

ambient pressure in Ray Reef Field (that is, the pressure in the absence of any additional 

compression) is roughly 1290 psi (87.8 atm). The reservoir temperature at 3000 ft (915 m) - 

the approximate depth of the Ray Reef storage reservoir - is about 85° F (303K) (G.M 

Grammer, and W.B. Harrison, personal communication, 10 November 2008). Given these 

values for temperature and pressure, and using a pore volume of 712 MMcf, the ideal gas 

law (PV=nRT) yields a potential for 71.16 million moles of gas stored in the Ray Reef Field. 

Under surface conditions, 71.16 million moles of gas occupy 60.9 billion ft

 (MMcf).  

3 (Bcf). The stated 

storage capacity for the Ray Reef Field totals 64.5 Bcf of gas, including 42.5 Bcf of working 
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Figure 37. Comparison of permeability models created with and without 
conditioning to porosity.  A. SGS/No Facies Conditioning/No Porosity Conditioning.  
B. SGS/No Facies Conditioning/Conditioned to Porosity.  C. SGS/Conditioned to 
Mid-Range Facies/No Porosity Conditioning.  D. SGS/Conditioned to Mid-Range 
Facies/Conditioned toPorosity.
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Model             Total Pore Volume        Pore Volume 6% / 1 mD

�3 m3 �3 m3

Mean 707,815,174 20,043,094 N/A N/A

Determinis�c

No Facies 714,202,110 20,223,952 598,227,157 16,941,322

Facies Short 709,357,275 20,086,761 581,440,860 16,464,572

Facies Mid 710,446,204 20,117,596 576,167,781 16,315,255

Facies Long 712,430,404 20,173,792 581,677,747 16,471,280

Stochas�c

No Facies 711,754,599 21,054,645 478,304,139 13,544,065

Facies Short 711,116,099 20,136,565 480,524,056 13,606,926

Facies Mid 707,200,351 20,025,684 473,604,040 13,410,973

Facies Long 713,149,050 20,194,132 479,162,432 13,568,369

Table 1. Pore volume calculated for the Ray Reef Field. Pore volume is calculated
with and without an “effective reservoir” cutoff of 6% porosity and 1 mD 
permeability.
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capacity and 22 Bcf of base gas. In the presence of additional compression, storage capacity 

in the Ray Reef Field could easily meet or exceed stated storage capacity.  

The volume totals calculated for the Ray Reef models gloss over some very 

important differences in the way the two modeling algorithms allocate porosity and 

permeability values. Pore volumes tallied using only those cells that meet a rather 

parsimonious 6% porosity/1 mD permeability cutoff for "effective" storage and flow are up 

to 25% greater for models generated using deterministic methods (these range between 

approximately 575-500 MMcf) than for those created using sequential-Gaussian simulation 

(which vary from about 470-480 MMcf) (Table 1). This is likely due to the fact that the 

moving average algorithm populates cells with values in the 6-10% porosity range at the 

expense of lower porosity values (Figure 28). Because the moving-average algorithm also 

underrepresents high-end values, pore volumes calculated for these models with no cutoff 

imposed are much closer to those calculated sans cutoff for stochastic models.  

 Because each model yields a total pore volume of between 707-714 MMcf, the 

actual pore volume for the Ray Reef Field is likely to be within this range. That the pore-

volume estimates for each of the models agree so closely may in fact be a matter of scale. 

Stochastic models distribute the widest range of porosity values amongst the most 

restricted regions of influence. Models created using the moving-average algorithm smooth 

a smaller range of values over larger volumes. Field-scale quantities calculated for these 

models, such as pore volume, make no distinction between their constituent distributions, 

and are similar to one another as well as to the total pore volume calculated using average 

values for each geologic zone (Table 1). However, the greater heterogeneity in porosity and 

permeability values exhibited by stochastic models closely replicates the distribution of 
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these petrophysical properties in the input data (Figure 34) and therefore may constitute a 

more faithful reproduction of geologic reality. 

Spatial Distribution of Petrophysical Properties 

 The most striking difference between the SGS models (Figure 33) and those created 

using simple averaging (Figure 27) is the heterogeneity exhibited by the stochastic 

simulations. The short variogram ranges used in the creation of the SGS models dominate all 

other model inputs, including facies conditioning. The heterogeneity they produce honors 

spatial distributions observed in outcrop (Hirstius, 2003; Pranter et al., 2005; Budd et al., 

2006). However, petrofacies conditioning imposes spatial constraints that are evident in 

both simple and stochastic models. The spatial distributions created by petrofacies 

conditioning may well mimic the irregularity produced by "shifting loci of active reef frame 

growth" (Balogh, 1981) and short-range variation in initial depositional texture. Conditioning 

to petrofacies restricts the vertical and horizontal influence of high and low data values, and 

thus inhibits the development of spatially extensive high and low porosity and permeability 

zones.  

 A central question to consider when examining porosity and permeability 

distributions within any reservoir system is whether reservoir-quality rock is confined to a 

specific region of the field or distributed consistently throughout. The petrophysical models 

for the Ray Reef Field presented in this study yield different answers to this question. 

Figures 38 and 39 display the distribution of reservoir-quality rock – rock in which porosity is 

greater than 6% and permeability exceeds 1 mD – in representative models from the field. 

Zones of high porosity and permeability are distributed in broad layers throughout models 

produced using simple averaging techniques. SGS models include small patches of reservoir-
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Figure 38. Distribution of reservoir-quality dolomite in deterministic models. 
Reservoir-quality rock is defined here as rock with at least 6% porosity and 1 mD
permeability. A. Moving Average/No Facies Conditioning, presented along strike of
reef. B. Moving Average/Mid-Range Facies, presented along strike of reef. C. 
Moving Average/No Facies Conditioning, presented perpendicular to strike of reef. 
D. Moving Average/Mid-Range Facies, presented perpendicular to strike of reef.  
10x vertical exaggeration.
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Figure 39. Distribution of reservoir-quality dolomite in stochastic models. 
Reservoir-quality rock is defined here as rock with at least 6% porosity and 1 mD
permeability. A. SGS/No Facies Conditioning, presented along strike of reef. B. SGS/
Mid-Range Facies, presented along strike of reef. C. SGS/No Facies Conditioning, 
presented perpendicular to strike of reef. D. SGS/Mid-Range Facies, presented 
perpendicular to strike of reef. 10x vertical exaggeration. 
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quality rock distributed throughout the reef. The small scale and uniform geographic 

distribution of good-quality zones found in SGS models are consistent with trends observed 

both in the petrophysical data and in textures observed in the core itself. 

IMPLICATIONS OF THIS STUDY 

 The practical motivation behind any attempt to characterize the amount, 

distribution, and architecture of a reservoir’s pore space is to better understand where 

hydrocarbons are stored and how fluids flow within the reservoir. Is good porosity typically 

accompanied by sufficient permeability to allow fluids to flow between pores?  Is connected 

pore space concentrated in readily identified geologic zones? Are there zones within this 

reservoir, or similar reservoirs, where hydrocarbon accumulation is likely to occur? What are 

the implications of the study results for reservoir management? 

 Models are useful tools for the visualization and interpretation of reservoir 

characteristics. However, due to the high lateral heterogeneity in petrophysical properties 

exhibited by dolomites (Hirstius, 2003; Pranter et al., 2005; Budd et al., 2006), over-

interpretation of models created using averaging methods – for example, models for the 

nearby Belle River Mills Field presented in Wyllie & Wood (2005) or the deterministic 

models introduced in this study – is a very easy trap to fall into. The spacing of the data 

points used to create these models is one to two orders of magnitude greater than the scale 

at which variability in porosity and permeability occurs. Therefore, the resulting model 

distributions are more heavily influenced by the model framework used than by the true 

spatial distribution of the data. “Best-quality” reservoir rock occurs in layers in the well-log 

tomographic models of Wyllie & Wood (2005). Mound-shaped “shells” of high porosity and 

permeability occur on the flanks of the reef in the deterministic models presented in this 
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study (Figure 38). But does “best-quality” rock really occur in layered zones like these? Little 

information regarding the spatial distribution of porosity and permeability was used to 

create these models; if little spatial information went into the creation of these models, 

then little can be interpreted from the spatial distributions that result. 

 The stochastic models created in this study incorporate geostatistical data in order 

to constrain the modeled distribution of porosity and permeability. These models honor 

observations and measurements made in outcrop (Hirstius, 2003; Pranter et al., 2005). The 

highly heterogeneous distribution of reservoir rock that results (Figure 39) – corresponding 

to pockets of good porosity and permeability distributed throughout the reservoir – may be 

received with a much higher degree of confidence than the layered distributions of the 

deterministic models, because it reflects the incorporation of detailed spatial information. 

 Based on the log-tomographic models they created, Wyllie and Wood (2005) warn 

that zones of high porosity in the Belle River Mills Field do not necessarily coincide with 

zones of high permeability, and that this could have significant implications for the 

injectivity of the field if rock with good porosity but inadequate permeability was 

perforated. Because Belle River Mills Field so closely resembles Ray Reef Field in terms of 

geology, size, and history, this question can and should be addressed by the present study. 

First, it is important to note that the zones identified by Wyllie and Wood may be over-

interpreted, as discussed above. It is more likely that pockets of good porosity and 

permeability are distributed throughout the field. Additionally, Wyllie and Wood formulate 

the question in terms of “best quality” or “high quality” reservoir rock. By doing so, they 

overlook the functionality of rock of merely “adequate” porosity and permeability. The 

crossplots presented in Figure 14 and discussed in Chapter 2 show that in general, porosity 
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and permeability tend to be positively correlative, and that adequate porosity (6% or 

greater) is typically accompanied by adequate permeability (at least 1 mD). Figure 40 shows 

how pockets of adequate porosity overlap with pockets of adequate permeability to yield 

reservoir-quality rock distributed irregularly but consistently throughout Ray Reef Field. 

Figure 41 displays the relationship between geologic zones, petrofacies, and petrophysical 

properties in the field. 
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Figure 40. Identification of reservoir-quality rock in the Ray Reef Field. A. Unfiltered
model. B. Model filtered to preserve only those cells with 6% porosity or greater in 
model SGS/Porosity/Mid-Range Facies. C. Model filtered to preserve only those 
cells with 1 mD permeability or greater in model SGS/Permeability/Mid-Range 
Facies. D. Model filtered to preserve only those cells with at least 6% porosity and 
1 mD permeability based on SGS/Mid-Range Facies models.
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Figure 41. Geologic and petrophysical models of the Ray Reef Field. A. Geologic 
Zones.B. Mid-Range Petrofacies C. Porosity/SGS/Mid-Range Facies. D. Permeability/
SGS/Mid-Range Facies. All models presented at10x vertical exaggeration.
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CHAPTER FOUR 

CONCLUSIONS AND RECOMMENDATIONS 

 

CONCLUSIONS 

 1. Petrofacies defined based on pore type and size relate petrophysical properties to 

depositional textures. These petrofacies exhibit crude correlation with petrophysicals trends 

(Figures 14, 15). The two petrofacies found in the bioherm - Facies 0: Bioherm/Fine Scale 

Porosity and Facies 1: Bioherm/Medium Scale Porosity - are characterized by low porosity 

and permeability as a result of their very fine crystalline texture and small pore sizes. The 

carbonates that cap and flank the reef include restricted dolomudstone (Facies 5: Restricted 

Dolomudstone/Fine Scale Porosity) and microbial (Facies 6: Restricted Microbial/Fine Scale 

Porosity) petrofacies, as well as sucrosic dolomite (Facies 7). Facies 6 and 7 exhibit very poor 

permeability; however, Facies 5 is typically comprised of reservoir-quality dolomite. 

Petrofacies found within the reef proper correspond to the highest porosity and 

permeability values in the field. Amongst these, Facies 4: Reef/Large Scale Porosity - which is 

characterized by extensive dissolution - tends to feature better porosity and permeability 

than either the grain-dominated Facies 3: Reef/Medium Scale Porosity or the dense Facies 2: 

Reef/Fine Scale Porosity. 

 2. Models created using sequential Gaussian simulation incorporate the most 

geologic and geostatistical information and most closely honor all input data (Figure 33). 

These models incorporate spatial information obtained from analysis of core and wireline 

data as well as geostatistics from prior workers (Pranter 2005, Hirstius 2003), which showed 
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that dolomite exhibits a high degree of lateral heterogeneity. The patchy distributions of 

porosity and permeability predicted by these models are derived directly from geologic 

observations and measurements and thus best simulate geologic reality. 

 3. Total pore volume for the Ray Reef Field is likely to be between 707-714 MMcf.  

This range is established from the pore volume totals calculated for both simple and 

stochastic models; variation amongst these estimates is less than 0.5%. 

 4. Petrofacies conditioning introduces important spatial constraints on the 

distribution of porosity and permeability in petrophysical models. Conditioning to 

petrofacies restricts the model volume influenced by each data value and thus inhibits the 

development of spatially extensive high and low porosity and permeability zones in the 

models. In SGS models, facies conditioning results in shorter vertical variogram ranges and 

thus precludes the model development of vertically continuous zones of high porosity and 

permeability. Petrofacies-conditioned models - both simple and stochastic - exhibit a higher 

degree of heterogeneity in general due to the imposition of irregular facies patterning. The 

irregular spatial distributions created by petrofacies conditioning may well mimic irregular 

depositional patterns within the reef. 

RECOMMENDATIONS 

 The petrofacies introduced in this study are based on observations made in hand 

sample. However, without an understanding of microscopic pore characteristics, the 

analysis of pore systems within the reservoir is incomplete. Refinement of the petrofacies 

introduced here based on microscopic examination of dolomite fabrics - including variations 

in dolomite crystal size, shape, sorting, and packing - may result in better correlation with 

petrophysical trends, particularly in rocks belonging to Facies 3: Reef/Medium Scale Porosity 
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and Facies 4: Reef/Large Scale Porosity, which exhibit a wide range of porosity and 

permeability values. A detailed petrologic study, emphasizing pore characteristics, is 

therefore recommended. Revised petrofacies could then be used to create a new set of 

geological and petrophysical models. 

 Refinements to both the petrofacies and model framework based on sequence 

stratigraphic insight could enhance the geologic and numeric accuracy of the petrophysical 

models. For example, Wold (2008) shows that the highest values of porosity and 

permeability occur along exposure surfaces. Classification of this exposed rock as a separate 

petrofacies and incorporation of exposure surfaces in the model framework would add 

important geologic detail to the models. 

 More accurate permeability models can be created if additional permeability data 

become available for the field. Of the whole-core permeability logs used as model inputs, 

only fourteen are complete within the modeled interval; ten are missing data in a 

substantial portion of the reservoir, and five wells lack any permeability data at all. 

Permeability data could be added to in one of two ways. Estimation of synthetic 

permeability logs using neural network techniques and gamma ray and porosity data would 

be financially inexpensive; however, due to the limited amount of input data, the results are 

likely to exhibit a high degree of error and uncertainty. A more expensive - but likely more 

accurate - way to obtain additional data would be to measure permeability in all of the cores 

stored at the Michigan Geological Repository for Research and Education. 

 Because core is available from several more wells in the field (the exact number is as 

yet unknown), description of more core is possible and could augment both the petrofacies 

and stratigraphic analyses presented here. Supplementary facies data could be used to 
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enhance the stratigraphic framework and improve the petrophysical characterization of the 

Ray Reef Field. 
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Ray Reef UWI Well Name Well Operator
Well # Number

1 23603 Consumers Power Company R-117 Consumers Power Company
2 23829 Consumers Power Company R-115 Consumers Power Company
3 23889 Consumers Power Company R-120 Consumers Power Company
4 23986 Consumers Power Company R-119 Consumers Power Company
5 23987 Consumers Power Company R-122 Consumers Power Company
6 24171 Consumers Power Company R-126 Consumers Power Company
7 24224 Brozowski 1-12 Consumers Power Company
8 24763 Consumers Power Company R-112 Consumers Power Company
9 24773 Consumers Power Company R-123 Consumers Power Company

10 24900 Consumers Power Company R-109 Consumers Power Company
11 24901 Consumers Power Company R-110 Consumers Power Company
12 24958 Blagborne, L W & J M1 Lanphars, Inc.
13 24980 Consumers Power Company R-106 Consumers Power Company
14 24987 Jacobs 1-36 R-11 Consumers Power Company
15 25041 Ven�miglia, Sam 13150 Consumers Power Company
16 25100 Allen, Percy 37309 McClure Oil
17 25202 Tubbs, Lloyd & Hazel 39479 Consumers Power Company
18 25203 Consumers Power Company R-107 Consumers Power Company
19 25347 Lippert, Frank & Carl R-104 Consumers Power Company
20 25395 Hawkins-Krenkel Unit 1 Consumers Power Company
21 25403 Kuhlman, Leo 1-36 Consumers Power Company
22 25546 Consumers Power Company R-103 Consumers Power Company
23 25547 Consumers Power Company R-118 Consumers Power Company
24 25548 Consumers Power Company R-101 Consumers Power Company
25 25549 Consumers Power Company R-102 Consumers Power Company
26 25550 Consumers Power Company R-105 Consumers Power Company
27 25765 Consumers Power Company R-108 Consumers Power Company
28 25832 Consumers Power Company R-121 Consumers Power Company
29 27255 Consumers Power Company R-207 Consumers Power Company

Appendix 1. Complete well names and numbers in the Ray Reef Field.
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Appendix 2 - Core Descriptions
Ray Reef Well #18

 

Depth (ft) Facies Porosity Characteristics Description

2952-2955 6
Scattered vugs < 1 mm,
fenestral: 5% 

Microbial laminations; porous bands
may have been grainy; some light ~1
mm fragments may be skeletal
debris.

2956 6
Fenestral and pinpoint vugs
<<2%

Microbial laminations; light bands
may be cement; band of shell
(brachiopod?) debris; stromatolite
near bottom?

2957-2961 6
Fenestral and vugs, molds < 1
mm: 5%

Microbial laminations with porous
(grainy?) layers; bands of black ~1
mm flecks (spicules?); cemented
layers in 2961.

2962-2967 5
Fenestral; vugs and molds < 1
mm: 15%+?

Dark brown, abundant fine-scale
(sub-mm) pores give a "spongy"
appearance; stylolites

2968 Missing

2969-2971 5
Vugs, molds, intraparticle up to
1 mm: 10%

"Spongy" appearance due to
abundant fine scale porosity;
stylolites; "blobs" of whitish cement.

2972-2973 Missing

2974 2
Vugs, molds, intraparticle up to
1 mm: 5%

Top half: porous, dark staining,
separated from grey dolopackstone
bottom half by a large grey and
brown band.

2975-2976 4
Vugs, voids, and molds up to 1
cm concentrated in porous
bands: 5% 

Framework structures 10 cm wide
with porous (grainy?) material filling
in; stromatoporoid 2975?

2977 3
Vugs, voids, and molds up to .5
cm concentrated in porous
bands: 2-5% 

Spongy/grainy looking with cm-scale
bands of sediment

2978 3
Vugs, voids, and molds up to 1
cm concentrated in porous
bands: 5% 

Framework structures 10 cm wide
with porous (grainy?) material filling
in

2979 3
Vugs, voids, and molds up to .5
cm concentrated in porous
bands: 2-5% 

Porous (grainy?) material
surrounding framework structures?

2980-2982 Missing

132



2983-2984 3
Vugs, molds, intraparticle < 1
mm: 2%; vugs  ~0.5 cm: 5%

Faint grey and brown laminations
with porous material concentrated
in bands; whitish structure may be
cemented skeletal debris.

2985 3

Vugs, molds, intraparticle up to
1 mm: 10-15%; vugs and
interparticle ~5 mm: 5%; cracks
up to 1 cm: 2%

Subhorizontally layered with
abundant porous (grainy?) material

2986-2987 Missing

2988 3
Voids and intraparticle up to 5
mm: 15% Large stromatoporoid?

2989 3
Clusters of voids, molds,
intraparticle up to 2 mm: 15%;
vertical cracks few mm: 2%

Some framework material; brown
porous patches; dark sediment.

2990 2
Scattered vugs and molds up to
2 mm: <2%

Dense with subhorizontal
laminations; very sparse skeletal
clasts ~.25 cm long

2991-2997 Missing

2998-3000 4

Cm scale vugs, voids: 5-7%;
clusters of vugs, molds,
intraparticle up to 2 mm: 2%;
vertical cracks 2%

Porosity in skeletal material gives
overall spongy appearance; some
cemented framework structures?

3001-3002 3
Vugs, molds, and intraparticle
up to 5 mm: 5-10%

Porous, grainy material with some
identifiable reef framework;
brownish colored.

3003 Missing

3004 3
Vugs, molds, and intraparticle
up to 5 mm: 5-10%

Porous, grainy material with some
identifiable reef framework;
brownish colored.

3005-3006 4

Large vugs, molds, interparticle
.5-1.5 cm: 5%; clustered voids,
molds, intraparticle up to 2
mm: 5-7%; 

Delicate framework; brown porous
(grainy) patches; indistinct skeletal
fill

3007 2 Scattered pinpoint vugs: <2%
Framework - extensively cemented?
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3008-3010 4

Large vugs, molds, interparticle
.5-1.5 cm: 5%; clustered voids,
molds, intraparticle up to 2
mm: 5-7%; 

Delicate framework; brown porous
(grainy) patches; indistinct skeletal
fill; band of dense horizontal
laminations 3009

3011 2 Pinpoint vugs <<2%
Very dense looking; much of this
foot is missing.

3012-3015 Missing

3016-3019 4

Vugs, molds, interparticle .5-1.5
cm: 5%; 1 cm vertical cracks:
2%; clusters of vugs, molds,
intraparticle up to 1 mm: 2-5%

Grey sediment with some skeletal
fragments; brown porous patches;
overall brecciated appearance.

3020-3021 3
Vugs, molds, intraparticle,
somewhat clustered, 2-5 mm:
5%; faint cracks: 2-5%

Brown, uniform porous appearance -
altered skeletal material?

3022-3023 3

Vugs and interparticle up to 1
cm: 10-15%; intraparticle
porosity in corals, ~1 mm: 55;
scattered vugs and voids: 2%

Cemented framework with corals,
interparticle porosity in framework
structure; skeletal debris.

3024-3025 4

Vugs, molds, interparticle ~1
cm: 5%; vertically oriented cm
long cracks: 5%; vugs, molds,
intraparticle up to 1 mm: 2-5%

Smooth grey sediment with lighter
porous patches; altered framework
structures; skeletal debris

3026 Missing

3027-3035 4

Vugs, molds, interparticle ~1
cm: 5%; vertically oriented cm
long cracks: 5%; vugs, molds,
intraparticle up to 1 mm: 2-5%

Smooth grey sediment with lighter
porous patches; altered framework
structures; skeletal debris

3036 Missing

3037 4

Vugs, molds, interparticle ~1
cm: 5%; vertically oriented cm
long cracks: 5%; vugs, molds,
intraparticle up to 1 mm: 2-5%

Smooth grey sediment with lighter
porous patches; altered framework
structures; skeletal debris
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3038 3
Intraparticle pores in coral up
to 2 mm: 5%; vugs, molds,
intraparticle up to 2 mm: 5%

Top half: large coral; bottom half:
porous/originally grainy.

3039-3041 4

Large vugs and interparticle >1
com: 10%; clusters of vugs,
molds, intraparticle up to 1
mm: 5-10%

Grey sediment with cemented
framework structures; some porous
patches; some extensively dissolved
organisms.

3042 3
Molds and intraparticle up to 2
mm: 10%

Coral with lots of cement; skeletal
debris near top

3043-3045 4

Vugs, molds, and interparticle
.5-1.5 cm: 5-7%; vugs, molds,
intraparticle up to 2 mm: 5-
10%

Grey sediment with skeletal
fragments

3046-3047 3
Oblong, vertically oriented
molds up to 1 cm: 10%

Brownish-grey sediment with
bryozoans

3048-3050 4

Large vugs, molds, interparticle
up to 4 cm: 10 %; clusters of
vugs, molds, intraparticle up to
1 mm: 5-7%

Grey with altered skeletal debris,
some large, extensively dissolved
framework organisms.

3051-3053 4

Vugs, molds, interparticle 1-1.5
cm: 7-10%; vertical cracks 2-
5%; clusters of vugs, molds,
intraparticle up to 1 mm: 2%

Skeletal dolopackstone with skeletal
fragments from 0.1-2 cm; stylolites

3054 4
Vugs, molds, intraparticle up to
2 mm: 5-10%; 2 cm cracks: 2%

Skeletal dolopackstone with fine
skeletal fragments (~1 mm),
stylolite.

3055-3056 3

Molds and intraparticle up to 1
cm: 10%; vugs, molds,
intraparticle less than 1 mm: 2-
5%

Grey sediment, skeletal debris from
1-5 mm; bryozoans.

3057 3
Vugs and interparticle ~5 mm:
2%; clusters of vugs, molds up
to 1 mm: 5%

Dense, brown, with framework
material; "clast" of cracked grey
mud lower left

3058 3
Vugs, molds ~5 mm: 2%; vugs,
molds, intraparticle up to 1
mm: 5%

Grey cracked mud, faint structures
that could be burrows, brown
porous patch top 6 cm
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3059-3062 3
Vugs, intraparticle, molds 2-5
mm: 2-5%; pinpoint vugs: 5-7%

Light colored dolograinstone; grains
~1 mm; fines upward

3063 4

Long (few cm), diagonal
fractures: 5%; vugs, molds,
intraparticle up to 1 mm: 5-
10%

Brown porous/grainy patches with
skeletal fragments; middle of foot is
dominated by cracked grey mud
with faint structures or burrows

3064 3
Vugs, molds, intraparticle up to
2 mm: 5-7%

Brecciated appearance with angular
boundary between brown, porous
material top and grey mud with
porous clusters bottom.

3065-3068 3

Vugs, molds, interparticle ~1
cm: 7-10%; thin cm long cracks:
2%; clusters of vugs, molds,
intraparticle up to 1 mm: 2-5%

Reef framework with skeletal debris
(1-2 mm) (dolopackstone); grey
sediment; altered.

3069-3070 Missing

3071 3

Vugs, molds, interparticle ~1
cm: 7-10%; thin cm long cracks:
2%; clusters of vugs, molds,
intraparticle up to 1 mm: 2-5%

Reef framework with skeletal debris
(1-2 mm) (dolopackstone); grey
sediment; altered.

3072-3073 4

Large vugs, solution enhanced
intraparticle 1-4 cm: 10-15%;
vugs, molds, intraparticle up to
2 mm: 5-10%

Extensively dissolved corals; brown.

3074 4
Vugs and fractures ~ 1 cm: 7-
10%; vugs, molds, intraparticle
up to 1 mm: 5%

Reef framework; porosity developed
in grainy fill 

3075-3076 4

Vertical fractures 1-3 cm, some
solution enhanced: 5-10%; vugs
and molds ~5 mm: 2-5%; vugs,
molds, intraparticle up to 1
mm: 2%

Reef framework (stromatoporoid?);
fractures concentrated in
framework; porous skeletal debris
surrounding framework
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3077 4
Vugs and voids 0.5-1.5 cm: 5%;
vugs, molds, intraparticle up to
1 mm: 5%

Reef framework at top; bottom light
grey sediment with skeletal or coral
debris

3078 3
Large interparticle, molds 1-4
cm: 5-10%; molds and
intraparticle to 2 mm: 5-10%

Light colored; looks like extensively
cemented coral.

3079-3081 3

Molds, vugs, intraparticle up to
1 cm: 5-10%; clusters of molds,
vugs, intraparticle up to 1 mm:
5-10%

Reef framework with skeletal debris
up to 3 mm; brachiopod molds up to
5 mm; crinoids .5-1 cm

3082-3083 4
Vugs, molds, interparticle up to
4 cm: 5-10%; vugs, molds
intraparticle up to 1 mm: 2-5% 

Framework with large void; large
crinoids; skeletal debris.

3084 4

Vugs and interparticle up to 1
cm: 5%; vertically oriented
fractures cm-scale: 5%;
scattered vugs, molds,
intraparticle: 2%

Massive cemented and fractured
structure bottom half; skeletal
debris top half.

3085-3087 4

Vugs and interparticle 1-2 cm: 5-
7%; molds, vugs, intraparticle
to 5 mm: 5-7%; a few fractures:
2-5%

Reef framework with large voids,
grey sediment, skeletal debris;
round molds in skeletal material; a
few fractures 3085.5-3086

3088 3
Vugs, molds, interparticle up to
5 mm: 2-5%; 

Faint brown framework, grey
sediment, skeletal debris.

3089-3091 4

Fractures, vertically oriented, 1-
2 cm: 5-7%; Molds, vugs,
interparticle up to 1 cm: 5%;
vugs, molds, intraparticle up to
1 mm: 2-5%

Brown reef framework, grey
sediment, skeletal debris (~1 mm)

3092 4

Solution enhanced fractures 2
cm long: 5-10%; intraparticle in
coral: 5-10%; other molds,
vugs, intraparticle to 1 mm: 2-
5%

Solution enhanced vertical fractures,
brown corals
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3093 3

Intraparticle in coral to 2 mm: 5-
15%; vugs, interparticle in
framework up to 1 cm long: 2-
5%

Large coral, dense framework
structures.

3094-3097 4

Voids, molds, interparticle up
to 1 cm: 5%; clusters of voids,
molds, intraparticle up to 1
mm: 2-5% 

Dark framework with distinct
skeletal material up to 1 cm; voids in
framework; dark sediment

3098-3099 4

Voids, molds, interparticle up
to 1.5 cm: 5%; clusters of voids,
molds, intraparticle up to 1
mm: 2-5% 

Dark framework with distinct
skeletal material up to 1.5 cm; large
crinoids; porous/grainy layers.

3100 3
Interparticle and intraparticle
mm scale: 10-15%

Top half: extensively cemented
framework, stromatoporoid; bottom
half: dark sediment with some
skeletal material (dolowackestone)

3101-3104 3
Clusters of vugs, molds,
intraparticle, interparticle up to
2 mm: 5-15%

Skeletal dolowackestone to
dolopackstone with dark sediment;
porous patches that may be
concentrations of fine moldic
porosity; brachiopods?

3105-3106 4
Fractures 1-2 cm long: 5%;
molds, intraparticle,
interparticle to 3 mm: 5%

Brown framework with distinct
round skeletal fragments; porous
patches; one large coral

3107-3108 Missing

3109-3110 3
Vugs, molds, intraparticle up to
3 mm: 5-7%

Skeletal dolopackstone; light grey
sediment; crinoid fragments up to 5
mm

3111 Missing

3112 4
Large fractures up to 3 cm long:
5-10%; vugs, molds,
intraparticle up to 2 mm: 2%

Dark cemented framework; large
crinoid fragments up to 1 cm

3113-3120 4

Large molds, vugs, interparticle
1-4 cm: 5-7%; clusters of vugs,
molds, intraparticle up to 1
mm: 5-7%

Brown reef framework with less
cement than interval below; some
large solution enhanced interparticle
pores; grainy/porous patches.
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3121-3123 3

Molds, vugs, intraparticle up to
1 cm: 2-5%; clusters of molds,
vugs, intraparticle up to 2 mm:
5-10%

Reef framework with skeletal
detritus; locally dolopackstone

3124 3
Molds, vugs, intraparticle up to
2 mm: 10-15%

Skeletal dolopackstone with porous
appearance

3125-3127 3
Molds, vugs, intraparticle up to
2 mm, concentrated in bands:
10-15%

Extensively altered; framework
material; brown, porous patches;
skeletal detritus up to 3 mm

3128-3129 3
Molds, vugs, intraparticle up to
1 cm: 2%; pinpoint vugs: 2%

Brown laminations look almost
microbial, may also be
stromatoporoid; pores concentrated
in bands.

3130 3
Vugs, molds, and intraparticle
up to 1 cm: 5-10%; pinpoint
vugs: 2% Skeletal dolowackestone; stylolites?

3131 2
Molds, vugs, intraparticle up to
1 mm: 10-15%

Grey sediment with brown tendrils;
fine  skeletal detritus up to 1 mm

3132-3140 3

Vugs, interparticle, intraparticle
up to 1 cm: 2-5%; round molds
~3 mm: 5-7%; clusters of molds
and intraparticle up to 1 mm: 2-
7%

Reef framework with abundant
cement; distinct round (crinoid?)
molds in skeletal debris

3141 4

Few cm fractures: 5%, vugs,
interparticle, intraparticle up to
1 cm: 2-5%; round molds ~3
mm: 5-7%; clusters of molds
and intraparticle up to 1 mm: 2-
7%

Reef framework with abundant
cement; distinct round (crinoid?)
molds in skeletal debris, fractured

3142-3143 3

Vugs, interparticle, intraparticle
up to 1 cm: 2-5%; round molds
~3 mm: 5-7%; clusters of molds
and intraparticle up to 1 mm: 2-
7%

Reef framework with abundant
cement; distinct round (crinoid?)
molds in skeletal debris
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3144-3147 3

Interparticle, intraparticle up to
1 cm: 5%; clusters of vugs,
molds, intraparticle up to 1
mm: 5-10%

Cemented reef framework with
skeletal material (locally
dolopackstone)

3148-3149 2
Vugs and molds up to 1 mm: 2-
5%

Reef framework; locally skeletal
dolowackestone

3150 2
Clusters of vugs, molds,
intraparticle up to 2 mm: 5-
10%

Cemented reef framework with
skeletal material (locally
dolopackstone)

3151-3152 2
Vugs and molds up to 1 mm: 2-
5%

Reef framework; locally skeletal
dolowackestone

3153-3154 Missing

3155-3157 2
Vugs and molds up to 1 mm: 2-
5%

Reef framework; locally skeletal
dolowackestone

3158 3
Vugs, molds, intraparticle up to
3 mm: 5-10%

Grey mud with skeletal material up
to 5 mm; dolowackestone

3159-3160 3
Molds and vugs up to 1 cm: 5-
7%; clusters of molds and vugs
up to 1 m: 2-5%

Brown framework with some
skeletal material

3161-3163 3

Molds and intraparticle 5-10
mm: 5%; clusters of vugs,
molds, intraparticle up to 1
mm: 5%

Brown framework - possibly
stromatoporoid - with some
skeletal material

3164-3165 3

Molds, intraparticle,
interparticle 2-5 mm: 5%;
clusters of vugs, molds,
intraparticle up to 1 mm: 5-7%

Cemented framework with some
voids; skeletal debris

3166-3167 Missing

3168 3

Molds, intraparticle,
interparticle 2-5 mm: 5%;
clusters of vugs, molds,
intraparticle up to 1 mm: 5-7%

Cemented framework; possible
stromatoporoid; skeletal debris

3169 3
Molds, intraparticle,
interparticle up to 3 mm: 5-
15%

Grey sediment, skeletal material up
to 3 mm including crinoid
fragments; cement near top; locally
dolopackstone

3170-3171 2 Scattered pinpoint vugs: 2%
Extensively altered; dense;
framework faintly visible?
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3172 3
Molds, intraparticle,
interparticle up to 3 mm: 5-7%

Dark sediment, faint framework;
circular molds (crinoids?) 

3173 3
Molds, intraparticle,
interparticle up to 1 cm: 5-15%

Elongate stromatoporoid and lots of
1 mm skeletal detritus; looks very
porous

3174 2 Pinpoint vugs: 5%
Dense with subhorizontal
laminations - stromatoporoid?

3175 3

Molds, intraparticle,
interparticle 2-5 mm: 5%;
bands of vugs, molds,
intraparticle up to 1 mm: 5-7%

Dark sediment, irregular patches of
porosity.

3176-3185 3

Molds, intraparticle,
interparticle up to 1 cm: 5%;
clusters of vugs, molds,
intraparticle up to 1 mm: 5-7%

Reef framework, stromatoporoids,
abundant skeletal debris up to 1 cm,
including crinoids.

3186-3187 3
Molds, interparticle,
intraparticle up to 3 mm: 5-
15% Reef framework with skeletal debris.

3188 2
Vugs, molds, intraparticle up to
1 mm: 5-10%

Extensively altered, patches of very
fine porosity

3189-3190 3
Molds, interparticle,
intraparticle up to 3 mm: 5-
15%

Reef framework with dark sediment
and skeletal debris.

3191 2
Clustered vugs, molds,
intraparticle up to 1 mmL 5-
15% Brown, muddy looking, stylolites

3192-3198 3
Interparticle, molds,
intraparticle up to 3 mm: 5-
15%

Abundant skeletal material in dark
sediment including crinoids and
possibly bryozoans

3199 3

Interparticle and intraparticle 5-
10 mm: 5%; interparticle,
intraparticle, and molds up to 1
mm, in bands: 5-15%

Framework including
stromatoporoids; porosity
concentrated in bands.

3200 3
Molds, intraparticle,
interparticle up to 2 mm: 5-
15%

Dark sediment with porosity derived
from skeletal debris
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3201 3
Molds, interparticle,
intraparticle up to 10 mm: 2%;
clusters of pinpoint vugs: 5-7%

Brown with altered framework
structures

3202 3
Vugs and interparticle in 2-8 cm
bands: 5-10%; bands of
pinpoint vugs: 2-5%

Brown, banded, some framework
discernable, porosity concentrated
in bands

3203 Missing

3204-3205 3
Intraparticle, molds up to 3
mm: 5-15%

Large stromatoporoid, some
anhydrite

3206-3209 3

Molds, intraparticle,
interparticle 2-5 mm: 5%;
clusters of molds, vugs,
intraparticle up to 1 mm: 2-5%

Large stromatoporoids, porous
patches, skeletal debris (including
crinoids) with intraparticle porosity

3210 2
Clusters of 1 mm molds, vugs: 5-
15%

Large stromatoporoid, lots of
cement, some remnant porous
patches

3211-3215 3

Molds, intraparticle,
interparticle up to 5 mm: 2-5%;
clusters of molds, vugs,
intraparticle up to 2 mm: 5-7%

Dark sediment, some skeletal
material - dolowackestone?

3216 3
Interparticle, intraparticle,
molds 2-5 mm: 2-5%; clusters
of pinpoint vugs: 5%

Framework with stromatoporoid,
very cemented and compacted

3217-3219 1
Interparticle, intraparticle
molds up to 2 mm: 5-10%

Grey sediment with abundant
elongate skeletal fragments, crinoids

3220 Missing

3221-3223 1

Molds, intraparticle,
interparticle up to 5 mm: 2-5%;
clusters of molds, vugs,
intraparticle up to 2 mm: 5-7%

Porous looking with fine skeletal
debris

3224-3228 Missing

3229-3240 1

Molds, intraparticle,
interparticle 0.5-1.5 cm: 2-7%;
vugs, molds, intraparticle up to
1 mm: 5-7%

Skeletal dolopackstone to
dolowackestone; grey sediment;
stylolites
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3241 1
Interparticle, intraparticle 2-10
mm: 2-5%; clusters of pinpoint
vugs: 5-7%

Abundant cement, crionoids, porous
patches

3242-3243 1
Vugs, interparticle up to 5 mm:
5%; voids, vugs, intraparticle up
to 1 m: 2-7%

Heavily cemented ~1 cm skeletal
fragments

3244-3248 1
Interparticle, intraparticle,
molds 2-5 mm: 2-5%; clusters
of pinpoint vugs: 5%

Heavily cemented; porosity remains
where cement hasn't grown in;
some small dissolution pores

3249-3250 1

Interparticle, intraparticle,
molds 2-5 mm: 2-5%; clusters
of vugs, molds, intraparticle up
to 1 mm: 5-10%

Skeletal dolopackstone to
dolowackestone; grey sediment;
stylolites; bands of light colored
cement

3251 0
Vugs and molds up to 2 mm: 2-
5%

Grey sediment, light colored
cement, fine skeletal debris

3252 0
Clusters of molds, vugs up to 1
mm: 5-10%

Grey with porous light brown
tendrils (bryozoans?)

3253 1

Large interparticle,
intraparticle, molds 1-2 cm: 2-
5%; clusters of molds, vugs,
intraparticle up to 1 mm: 2-5% 

Densely concentrated cemented
bands, one large intraparticle pore
in crinoid

3254-3255 0
Clusters of molds, vugs up to 1
mm: 5-10%

Grey with porous light brown
tendrils (bryozoans?)

3256 1

Interparticle, intraparticle,
molds 2-5 mm: 2-5%; clusters
of vugs, molds, intraparticle up
to 1 mm: 5-10%

Densely concentrated cemented
bands (bryozoans?); voids in cement

3257 1

Interparticle, intraparticle, and
molds 0.5-1.5 cm: 5%; clusters
of molds, vugs, intraparticle up
to 1 mmL 2-7%

Skeletal dolopackstone to
dolowackestone; grey sediment;
stylolites

3258-3264 0
Vugs, molds, intraparticle up to
1 mm: 2-5%

Skeletal dolowackestone with
skeletal fragments ~1 mm; porosity
concentrated in patches
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Appendix 2 - Core Descriptions
Ray Reef Well #23

 

Depth (ft) Facies Porosity Characteristics Description

2979-2994 6
Fenestral and vuggy pores
<1 mm: ~5%

Delicate, mottled brown microbial
laminations, sparkly due to crystalline
texture.

2995-2997 6
Fenestral, vuggy pores up
to 5 m: 5-10%

Dark, laminated sediment with lighter,
porous laminations; anhydrite in larger
pores.

2998-2999 6
Fenestral, vugs up to 2 mm:
5-7%

Laminated, light grey and brown patches, 
dark brown vertical structure.

3000 6
Fenestral, vuggy pores up
to 5 m: 5-10%

Feathery looking laminations near top,
laminations horizontal near bottom;
anhydrite in some pores

3001 4

Molds, intraparticle, and
interparticle up to cm: 5%;
Clusters ov molds, vugs,
intraparticle up to 5 mm:
10%

Top half: gently inclined sediment with
porous material surrounding; bottom
half: light brown cemented framework,
extremely altered

3002-3007 3
Irregularly shaped
interparticle, intraparticle,
molds up to 5 mm: 5-10%

Grey sediment with brown porous
patches (altered coral or skeletal
material); anhydrite filling largest pores;
extensively altered.

3008-3009 4

Molds, interparticle,
intraparticle ~ 1 cm: 2-5%;
clusters of pinpoint vugs,
molds: 2-5%

Dark brown, dense appearance, porosity
concentrated in patches.

3010-3012 2
Vugs, molds and
intraparticle up to 1 mm: 2-
7%

Faint brown cemented layers, porosity
concentrated in brown (grainy?) patches.

3013-3014 4

Vugs and molds up to 2 cm:
5-10%; clusters of vugs,
molds, intraparticle up to 2
mm: 5-15%

Grey sediment with extensively dissolved
brown porous patches.

3015 3

Vugs, molds, intraparticle
up to 8 mm: 2-5%; molds
and intraparticle 1-2 cm in
band: 5%

Grey sediment, tan cement near top;
band of porous/grainy material; bottom:
dark material surrounds light colored
cemented structure
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3016 3
Clusters of vugs, molds,
intraparticle up to 2 mm: 5-
15%

Dark sediment with extensively
altered/dissolved porous patches. One 5
mm anhydrite nodule

3017-3018 3

Vugs, molds, intraparticle
up to 1 cm: 2-5%; clusters
of vugs and molds up to 1
mm: 2-5%

Dark sediment; extensively altered;
mottled appearance.

3019-3020 4

Large interparticle, vugs -
elongate (~1x4 cm): 2-7%;
clusters of vugs, molds,
intraparticle up to 2 mm: 2-
5%

Dark grey sediment, light brown porous
material, extensive dissolution in places.

3021-3022 3

Interparticle and vugs up to
5 mm: 2-7%; clusters of
vugs, molds, intraparticle
up to 2 mm: 5-10%

Framework, porosity in patches;
neptunian dike? Nearly vertical structure
with billowy whitish cement.

3023 4

Large vugs, interparticle 5
cm and up: 10-20%;
clusters of vugs, molds,
intraparticle up to 2 mm:
5%

Extensive dissolution of brown
(framework?) material

3024-3025 3
Clusters of vugs, molds,
intraparticle up to 2 mm: 5-
10%

Dark sediment, light brown porous
material

3026-3027 3

Large interparticle and vugs
1-2 cm: 5-7%; clusters of
vugs, molds, intraparticle
up to 3 mm: 5-10%

Grey-brown, mottled appearance;
cemented in places; porosity
concentrated in patches.

3028-3029 3
Vugs, molds, and
intraparticle up to 5 mm: 5-
10%

Light brown cement near top; dark
sediment, extremely altered and dense
looking near bottom

3030-3032 4
Interparticle and vugs 1-4
cm: 2-5%; vugs, molds up
to 1 mm: 2%

Dark sediment with light brown leaching;
skeletal material?; extensively altered

3033-3035 Missing

3036 2
Vugs and molds up to 1
mm: <2%

Very dense; brown "marbled"
appearance indicative of leaching?
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3037 4

Large, irregular
interparticle, vugs (cm
scale): 5-10%; vugs, molds
up to 3 mm: 2-5%

Dark sediment; extensively dissolved
light brown framework; sparse skeletal
detritus

3038-3039 3
Molds, vugs, intraparticle
up to 3 mm: 2-5%

Light brown, leached, extensively
altered; pores look moldic

3040-3041 3
Molds, vugs, intraparticle
up to 5 mm: 2-5%

Dark, dense looking with light colored
skeletal fragments and moldic porosity.

3042 4

Large vugs, interparticle,
molds 1-4 cm: 5-10%;
molds, vugs, intraparticle
up to 4 mm: 2-5%

Dark brown; porosity concentrated in
grainy(?) patches

3043 3
Molds, vugs, intraparticle
up to 4 mm: 2-5%

Dark brown; porosity concentrated in
grainy(?) patches; anhydrite filling large
irregular void.

3044 2
Scattered vugs, molds up to
1 mm: 2-5%

Brown mottled appearance; visible pores
are small and shallow.

3045-3049 4

Large, irregular
interparticle and vugs 1-6
cm: 5-10%; vugs, molds up
to 2 mm: 2-5%

Dark sediment surrounds framework
structures; sparse skeletal detritus up to
3 mm with associated moldic porosity;
brown porous patches

3050 3
Vugs, molds up to 2 mm: 2-
5%

Dark sediment surrounds framework
structures; sparse skeletal detritus up to
3 mm with associated moldic porosity;
brown porous patches

3051 3

Molds, interparticle,
intraparticle 1-4 mm: 2-5%;
clusters of pinpoint vugs,
molds: 2-5%

Dark sediment, brown porous patches,
brachiopod shells (~4 mm)?

3052 4

Vertical cracks up to 2 cm:
2%; large vugs, interparticle
2-4 cm: 2-5%; molds and
vugs up to 1 cm: 2-5%

Alternating dark/light banding near top;
bottom is dark with skeletal debris,
cracked and dissolved

3053 4
Vertical cracks up to 1 cm:
2-5%; molds and vugs 1-2
mm: 2-5%

Dark sediment, light brown bands -
leaching?; skeletal detritus to 2 mm
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3054 3
Molds and vugs up to 5

mm: 2-5%; 
Dark sediment, clusters of shell debris
with moldic porosity

3055-3058 3

Vugs, molds, interparticle
up to 1 cm: 2-5%; clusters
of molds, vugs, intraparticle
up to 2 mm: 2-5%

Dark grey-brown homogeneous
appearance - porosity distributed evenly
throughout (dolopackstone?)

3059-3061 4

Large, irregular vugs and
interparticle, cm-scale: 2-
5%; molds and vugs up to 1
mm: 2-5%

Dark sediment, framework structures
identifiable by voids; skeletal fragments
to 2 mm

3062-3063 3
Molds, vugs, intraparticle
up to 3 mm: 5-15%

Brown, dense layers with porous
(grainy?) material in between

3064 4

Large irregular interparticle
and molds, cm-scale: 5%;
molds, vugs, intraparticle
up to 3 mm: 5-15%

Brown, dense layers with porous
(grainy?) material in between

3065-3066 4

Large irregular interparticle
and molds, cm-scale: 5%;
molds, vugs, intraparticle
up to 3 mm: 5-15%

Grey-brown uniform appearance with
porous patches

3067-3068 3
Molds, vugs, interparticle
up to 3 mm: 5-10%

Dark sediment with cemented
framework (coral?); skeletal fragments.

3069-3071 4

Vugs and interparticle 0.5-
1.5 cm: 5%; vugs, molds,
intraparticle up to 1 mm: 2-
5%

Extensively altered; dark sediment;
porosity from voids in framework
structures; skeletal material to 2 mm

3072-3073 3
Vugs, molds, intraparticle
up to 3 mm: 5-15%

Brown and grey with porosity
concentrated in clusters

3074-3076 3

Molds, interparticle,
intraparticle up to 1 cm: 2-
5%; clusters of pinpoint
vugs, molds: 2-5%

Dark, altered; uniform character of
porosity indicative of moldic or
intraparticle pores

3077-3079 3
Vugs, molds, intraparticle
up to 3 mm: 5-15%

light brown porous material; stylolites;
extensive leaching and alteration
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3080-3084 3
Vugs, molds, intraparticle
up to 3 mm: 5-15%

Grey and brown, extensively altered;
porosity indicative of originally grainy
material

3085-3086 2
Vugs and molds to 2 mm:
5%

Dark and heavily altered; leached along
stylolites; porosity in skeletal material

3087-3088 4
Large vugs 1-6 cm: 5-15%;
vugs, molds, intraparticle
up to 3 mm: 2-5%

Dark sediment with extensive dissolution
of framework organisms

3089-3091 3
Clusters of vugs, molds,
intraparticle up to 2 mm: 5-
10%

Extensively altered; mottled, leached
appearance; porosity in skeletal
material?

3092 4
Large 10 cm vug; vugs and
molds 1-10 mm: 5-15%

Extensively dissolved framework; dark
grey sediment surrounding

3093-3094 4
Vugs up to 2 cm: 5-7%;
vugs, molds, intraparticle
up to 2 mm: 5-10%

"Spongy" (grainy?) material with
extensively dissolved irregularly shaped
patches (in framework?); extensively
altered!

3095 Missing

3096 3
Vugs and interparticle 5
mm: 2-5%; vugs, molds,
intraparticle to 1 mm: 5%

Grey sediment, leaching; porous
appearance in places.

3097 2
Vugs and molds up to 1
mm:  2% Dark with leaching; dense looking

3098 3

Vugs, molds, interparticle
up to 1 cm: 2-5%; clusters
of molds, vugs, intraparticle
up to 2 mm: 2-5%

Dark with leaching; vugs in brown
patches

3099-3101 2 Vugs and molds <1 mm: 5%
Dark sediment with leaching; dense
looking

3102 3
Band of molds or vugs ~5
mm: 2-5%; vugs and molds
to 1 mm: 5%

Dark sediment with leaching; dense
looking; band of skeletal debris

3103-3105 3
Molds, vugs, intraparticle
up to 3 mm: 5-10%

Dark brown, leached in places, leaching
surrounds pores; elongate pores
probably moldic
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3106 4

Large, irregular vug or mold
(3 cm); molds, vugs,
intraparticle up to 3 mm: 5-
10%

Dark brown, leached in places, leaching
surrounds pores; elongate pores
probably moldic

3107 4

Vertically oriented, cm long
fractures: 5-10%; vugs,
molds, intraparticle to 3
mm: 2-5%

Mottled with light brown leached
patches; extensively fractured

3108-3112 3
Vugs, molds, intraparticle
up to 3 mm: 5-15%

Dark and extensively altered; leaching
gives a feathery appearance; porosity in
skeletal material

3113-3114 4

Vugs and interparticle 0.5-2
cm: 2-5%; vugs, molds,
intraparticle up to 2 mm: 2-
5%

Dark sediment with light brown leaching;
distinct vugs

3115 3
Vugs and molds ~5 mm: 2-
5%; tiny vugs and fractures
~1 mm: 2-5% Dark sediment with light brown leaching.

3116 4

Large irregular mold or
interparticle ~4 cm; vugs,
molds, intraparticle up to 3
mm: 2-5%

Dark sediment with light brown leaching.

3117 3
Molds and vugs ~2 mm: 2-
5% Dark sediment with light brown leaching.

3118 3
Molds and interparticle ~5
mm: 2-5%; vugs and molds
to 2 mm: 2-5% Dark sediment with light brown leaching.

3119 3
Molds and interparticle ~5
mm: 2-5%; vugs and molds
to 2 mm: 2-5%

Dark sediment with light brown leaching;
gqne or 3-5 mm brachiopods with
associated porosity.

3120 2 Vugs and molds <1 mm: 5% Dark sediment with light brown leaching;
larger pores anhydrite occluded

3121 3
Molds and interparticle ~5
mm: 2-5%; vugs and molds
to 1 mm: 2%

Dark sediment with light brown leaching;
skeletal material.

3122 2
Vugs and molds to 1 mm: 5-
15% Extensively altered; mottled appearance
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3123-3124 3
Vugs and molds to 4 mm: 5-
15%

Extensively altered; mottled appearance;
"spongy" or porous appearance?

3125-3126 Missing

3127-3128 3
Clusters of molds, vugs,
intraparticle 1-5 mm: 5-
15%

Grey sediment, porosity concentrated in
light brown bands or patches

3129-3130 3
Molds 7-10 mm: 5%;
clusters of molds, vugs,
intraparticle to 1 mm: 2-5%

Dark sediment, light brown leaching,
distinct brachiopod molds.

3131-3133 3
Vugs, molds, intraparticle
up to 5 mm: 5-15%

Grey sediment with brown porous
patches.

3134-3135 3
Vugs and molds ~5 mm: 2-
5%; clusters of vugs, molds,
intraparticle 1-2 mm: 5%

Grey sediment with brown porous
patches.

3136 4
Vugs and cracks ~1 cm: 5-
7%; molds, vugs, and
intraparticle to 5 mm: 5-7%

Cracked, dissolved, and altered; very
broken looking

3137-3138 4

Large, irregular molds and
interparticle ~2 cm: 2-5%;
vugs, molds, intraparticle
up to 1 mm: 2%

Mottled brown and grey with large
dissolved holes

3139 3
Vugs and molds to 5 mm: 5-
15%

Brownish-grey, extensively altered;
porous - may have been grainy

3140-3142 4

Vugs, interparticle, and
fractures 1-2 cm: 5-10%;
vugs and molds 1-5 mm: 2-
5%

Dark grey with framework material;
extensively dissolved

3143-3144 3
Molds, intraparticle, and
voids up to 2 mm: 5-15%

Large coral near top of interval, distinct
porosity in coral and skeletal material

3145 4
Vertical cracks cm-scale:
2%; molds, intraparticle,
and vugs up to 3 mm: 5%

Dark; porosity in coral and skeletal
material
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3146-3147 4

Large irregular molds, vugs,
interparticle 1-2 cm: 2-5%;
vugs, molds, intraparticle to 
5 mm: 2-5%

Dark sediment with leached patches and
porosity in framework

3148 2
Molds and vugs 1-3 mm: 2-
5% Dark with extensive leaching.

3149 2
Molds and vugs ~1 mm: 5-
10% Dark with extensive leaching.

3150-3153 4

Vugs and interparticle ~1
cm: 5-10%; clusters of
molds, vugs, intraparticle
up to 2 mm: 5%

Brown sediment, solution
enhancement(?) of skeletal molds up to
1 cm

3154-3155 Missing

3156-3167 3
Molds, vugs, intraparticle
up to 1 cm: 5-7%; 

Grey sediment; porosity concentrated in
bands of distinct skeletal material;
framework material including corals.

3168 4

Large irregular molds,
interparticle ~4 cm: 2-5%;
vugs, interparticle,
intraparticle up to 3 mm: 5-
10%

Band of dense grey sediment 4-5 cm
thick intersecting porous skeletal
material with a few pockets of extensive
dissolution.

3169 4
Vugs ~1 cm: 2-5%; vugs,
intraparticle, molds to 3
cm: 2-5%

Very fine grey sediment, porous coral
toward bottom

3170-3171 3
Vugs, molds, intraparticle,
mm-scale: 2-5%

Fine grey mud with porosity that looks
moldic (uniform and elongate

3172 4
Irregular fractures: 5-10%;
vugs, molds, intraparticle 2-
5%

Grey mud with porous patches, bottom
half fractured, some anhydrite in
fractures

3173 4

Vugs and interparticle 1-2
cm: 2-5%; molds,
intraparticle, vugs to 5 mm:
2-5%

Skeletal material with some distinct
molds

3174 3
Vugs and molds to 5 mm:
5%

Porosity concentrated in gently inclined
band; pores fine upward.
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3175 4
Large irregular molds, few
cm: 5-10%; molds, vugs,
interparticle to 5 mm: 5-7%

Porosity concentrated in layers between
grey sediment; extensively dissolved in
places.

3176 3
Vugs, molds, and
intraparticle up to 5 mm: 5-
10%

Porosity concentrated in layers between
grey sediment

3177 4

Large, irregular mold ~4
cm; Vugs, molds, and
intraparticle up to 5 mm: 5-
10%

Porosity concentrated in layers between
grey sediment

3178 3
Vugs, molds, intraparticle 1-
3 mm: 5-7%

Extensively altered but may be skeletal
dolograinstone.

3179-3180 3

Molds, vugs, interparticle
up to 1 cm: 2-5%; vugs,
molds, intraparticle up to 2
mm: 5-10%

Grey; reef framework with skeletal and
coral fragments 2-5 mm

3181-3182 3
Molds, vugs, intraparticle
up to 3 mm: 5-10%

Light grey/brown, some identifiable
skeletal fragments; stylolites

3183 4

Molds, interparticle ~1.5
cm: 5%; molds, vugs,
intraparticle up to 3 mm: 5-
10%

Light grey/brown, some identifiable
skeletal fragments

3184 3
Vugs, molds, intraparticle
pores 1-2 mm: 5-10%

Skeletal dolopackstone/ dolograinstone
with round and elongate pores

3185-3187 3

Molds .5-1 cm: 5%; molds,
vugs, intraparticle to 3 mm
concentrated in bands: 5-
10%

Gently inclined bands of sediment
alternating with grainy material
(bryozoans?)

3188-3190 2
Vugs and molds up to 1 mm 
somewhat clustered: 5-7%

Grey sediment with tiny round pores
(dolowackestone)

3191 3
Vugs, molds, intraparticle
up to 3 mm: 5-15%

Grey sediment with a few distinct pores.
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3192 3
Vugs, molds, intraparticle
up to 5 mm: 5-7%

5 mm skeletal fragments; coral

3193 3
Molds, vugs, intraparticle
up to 3 mm: 5-15%

Top half: porous, pores somewhat
angular; bottom half muddier

3194 3
Molds, vugs, interparticle
up to 5 mm: 5-15%

Grainy/porous appearance; porosity
appears to be interparticle in places.

3195 3
Molds, vugs, intraparticle
up to 2 mm: 5-10%

Light brown color, stylolites
3196 Missing

3197-3198 3
Molds, vugs, intraparticle
up to 2 mm: 5-10%

Light brown color, stylolites; grainy with
irregular pores

3199 4
Cm-long cracks: 5%; molds,
vugs, intraparticle up to 2
mm: 5-10%

Light brown color, stylolites; extensively
fractured and broken, some large pores
filled with halite

3200-3204 Missing

3205 2
Molds and vugs up to 1
mm: 5-7%

Light grey brown with very fine scale
porosity

3206 3

Molds and interparticle up
to 1 cm: 5%; molds, vugs,
intraparticle up to 1 mm: 2-
5%

Light grey brown; porous looking;
uniform shaped pores look like molds

3207 4

Solution enhanced
fractures 2-3 cm long;
molds and interparticle up
to 1 cm: 5%; molds, vugs,
intraparticle up to 1 mm: 2-
5%

Light grey brown; porous looking;
uniform shaped pores look like molds;
one fracture halite filled

3208 3

Elongate molds up to 1 cm:
5%; molds, vugs,
intraparticle up to 2 mm: 2-
5%

Porous, light grey-brown, molds look like
bryozoans

3209 3

Round molds 5-10 mm: 5%;
molds, vugs, intraparticle to 
5 mm: 2%; mm-scale
cracks: 2%

Porous, light grey-brown, molds look like
bryozoans
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3210-3216 2
Molds and vugs up to 1
mm: 5-7%

Light grey brown with stylolites and faint
horizontal bedding

3217-3218 3
Molds, vugs, and cracks to
3 mm: 2-5% Dark grey; leaching; stylolites

3219-3228 2
Vugs and molds to 1 mm: 5-
15%

Larger pores occluded by evaporites;
orange alteration staining;
dolopackstone to dolograinstone

3229 3
Cm-scale fractures; vugs
and molds to 1 mm: 5-15%

Dolopackstone to dolograinstone with
extensive alteration

3230 3

Vugs, molds, interparticle
up to 1 cm: 2-5%; clusters
of molds, vugs, intraparticle
up to 1 mm: 2-5%

Light colored, distinct fine scale skeletal
debris; stylolites; oil staining?

3231 2
Vugs and molds to 1 mm:
5%

Grey-brown material with 1-mm skeletal
fragments

3232 3
Molds and interparticle ~1
cm: 5%; vugs and molds to
1 mm: 5%

Grey-brown material with 1-mm skeletal
fragments

3233-3235 2
Vugs and molds to 1 mm:
5%

Grey-brown material with 1-mm skeletal
fragments; evaporite occlusion of larger
pores

3236 3
Cm-scale fractures; vugs
and molds to 1 mm: 5%

Top half: dark with skeletal fragments;
anhydrite nodule?; bottom dark with
framework material, possible evaporite
crystals

3237-3239 2
Vugs and molds to 1 mm:
5%

Dark with some skeletal material,
possible evaporite crystals
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Appendix 2 - Core Descriptions
Ray Reef Well #24

 

Depth (ft) Facies Porosity Characteristics Description

3094-3095 4
Cm-scale vugs: 2%; vugs,
molds, intraparticle to 5
mm: 5%

Extensively altered and dissolved,
cement lining many pores, pores similar
in size, shape - probably moldic.

3096-3098 4
Vugs, molds, intraparticle
up to 1 cm: 5%

Stromatoporoid? Banded with porosity in
between dense layers

3099 4
Vugs 0.5-2.5 cm: 2-5%;
vugs, molds, intraparticle
to 7 mm: 2-5%

Cemented skeletal material? Extensively
altered; many pores cement lined

3100-3101 4

Vugs 0.5-3 cm: clusters
and bands of vugs, molds,
intraparticle to 5 mm: 2-
5%

Extensively altered; cemented skeletal
material? Stromatoporoid pieces? Many
pores cement lined

3102 3
Vugs, molds, intraparticle
up to 8 mm: 2-5%

Grey and brown mottled with leached
patches

3103-3104 4

Vugs 0.5-3 cm: clusters
and bands of vugs, molds,
intraparticle to 5 mm: 2-
5%

Grey and brown mottled with cement
rims in dissolution pores; evaporites in
some large pores

3105-3107 3

Vugs and molds 0.5 to 1
cm; clusters of vugs,
molds, intraparticle to 3
mm: 2-5%

Grey and brown mottled with cement
rims in dissolution pores 

3108 3
Vugs, intraparticle, molds
to 5 mm: 5-7%

Brownish color, alternating gently
inclined bands of dense and porous
material (~5 cm thick)

3109 4

Vugs 0.5-2.5 cm: 2-5%;
clustered vugs, molds,
intraparticle to 3 mm: 2-
5%

Mottled dark grey and brown, leaching
along halos, extensively dissolved
patches.

3110 4
Vugs ~1 cm: 2-5%; molds
and vugs mm-scale: 2-5%

Dark grey with stylolites; dissolution and
vugs increase in size and abundance
toward top

3111-3113 4

Vugs and cracks 1-2 cm: 5-
7%; clustered vugs, molds,
intraparticle up to 4 mm: 2-
5%

Tan/grey mottled with swarms of cracks
and elongate vugs with uniform size and
orientation
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3114 4
Crumbly vugs 1-3 cm: 5%;
clusters of vugs, molds,
intraparticle to 5 mm: 5%

Tan/grey mottled with distinct pores and
some extensively dissolved patches.

3115 4

Vugs and molds ~1 cm: 2-
5%; clusters of molds,
vugs, intraparticle to 3
mm: 2-5%

Laminated near bottom, dissolution near
top

3116 Missing

3117-3118 4

Vugs .5-1 cm: 5%; clusters
of vugs, molds,
intraparticle to 5 mm: 2-
5% Dark grey with cemented skeletal debris

3119-3120 4
Vugs 1-3 cm: 10%; molds,
vugs, intraparticle to 8
mm: 2-5%

Tan/grey mottled; possibly cemented
skeletal debris?

3121-3122 4
Vugs 0.5-2 cm: 5%; vugs,
molds, intraparticle to 4
mm: 2-5%

Grey/brown mottled with patchy
dissolution

3123-3125 3
Molds, intraparticle, vugs
to 8 mm: 5-10%

Subhorizontally banded with
porous/grainy material concentrated in
layers.

3126 4
Vugs ~1 cm: 2-5%; molds
and vugs to 3 mm: 2-5%

Mottled grey and tan with patchy
dissolution

3127-3130 4

Solution enhanced vugs
and cracks 1-4 cm: 2%;
clustered vugs, molds,
intraparticle to 4 mm: 2-
5%

Extensively altered and dissolved;
stylolites; cemented organisms

3131-3132 4

Vugs and cracks 0.5-2 cm:
2-5%; clusters of vugs,
molds, intraparticle to 4
mm: 2-5%

Cemented framework? 

3133 4
Vugs 1-3 cm: 10%; molds,
vugs, intraparticle to 4
mm: 2-5%

Extensively dissolved, pitted; banded
structure top 15 cm may be
stromatoporoid
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3134 3

Molds and vugs 5-10 mm:
2-5%; clustered vugs,
molds, intraparticle to 5
mm: 2-5%

Dark grey with leaching and dissolution

3135 3
Vugs, molds, intraparticle
up to 4 mm: 2-5%

Dark grey with leaching and dissolution

3136 4

Vugs 0.5-2.5 cm: 5-7%;
clusters of vugs, molds,
intraparticle to 5 mm: 2-
5% Dark grey with leaching and dissolution

3137 4

Vugs and solution
enhanced fractures 1-3
cm: 5-7%; clustered vugs,
molds, intraparticle to 3
mm: 2-5%

Dark grey with leaching and dissolution

3138-3139 3
Molds, vugs, intraparticle
up to 8 mm: 2-5%

Dark grey with stylolites; leaching along
stylolites

3140 4
Vugs, solution enhanced
cracks ~1 cm: 2-5%; molds
and vugs up to 1 mm: 2%

Swarm of cracks and vugs perpendicular
to stylolite

3141 4

Vugs, solution enhanced
molds 0.5-1.5 cm: 2%;
molds, vugs, intraparticle
up to 5 mm: 2-5%

Dark grey with tan leaching

3142 4

Vugs and solution
enhanced fractures 0.5-2
cm: 5%; clustered molds,
vugs, intraparticle up to 5
mm: 2%

Extensively dissolved; solution porew
concentrated in tan rock

3143 3
Clusters of molds and vugs
~2 mm: 2-5% Dark grey with leaching along stylolites

3144 3
Vugs, cracks, and molds to
1 cm: 2-5%; vugs and
molds 1-2 mm: 2% Dark grey with leaching along stylolites
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3145 3
Molds, vugs, intraparticle
up to 4 mm: 2-5%

Dark grey with leaching along stylolites

3146-3148 3

Molds and vugs ~1 cm:
<2%; clusters of molds,
vugs, intraparticle to 5
mm: 2-5%

Dark grey with leaching along stylolites;
most pores cement lined

3149 3
Molds, vugs, intraparticle
to 5 mm: 2-5%

Dark grey with leaching along stylolites;
most pores cement lined

3150 4

Porous patch 4 cm;
cement lined vugs 0.5-2
cm: 5%; mm scale cement
lined vugs, molds,
intraparticle 2-5 mm: 2%

Dark grey with brown leached patches.
Pores lined with sparry cement.

3151-3153 Missing

3154-3155 3
Vugs, molds, intrparticle to
5 mm: 2-5%

Dark grey with tan leaching

3156-3157 4
Corroded patches (vugs?)
several cm: 7-10%; molds,
cracks, vugs ~5 mm: 2-5%

Dark grey with faint cracks and brown,
extensively dissolved patches

3158 Missing

3159 4
Corroded patches (vugs?)
several cm: 7-10%; molds,
cracks, vugs ~5 mm: 2-5%

Dark grey with faint cracks and brown,
extensively dissolved patches

3160 3
Molds, vugs 7-10 mm:
<2%; molds, vugs,
intrparticle 1-5 mm: 2-5%

Black with brown leaching; extensively
altered but pores similar in size/shape -
may be originally moldic, intraparticle

3161 4

Solution enhanced
fractures ~1 cm: 2%; vugs,
molds, intraparticle to 5
mm: 2-5%

Vaguely laminated with porosity
concentrated in band near middle

3162 3
Molds, vugs, intraparticle
to 3 mm: 2-5%; faint, thin
cracks: <2%

Vaguely laminated with porosity
concentrated in bands; band of
cemented skeletal debris
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3163-3166 4
Fractures 1-2 cm: 2%;
molds, intraparticle, vugs
up to 1 cm: 5-7&

Grainy looking, grains concentrated in
layers; a few stylolites

3167-3169 3
Molds, vugs, intraparticle
up to 4 mm: 2-5%

Dark grey with extensive leaching; molds
may include brachiopods.

3170 4
Vertical cracks up to 3 cm:
2-55; molds and vugs to 1
mm: 2%

Dark grey with extensive leaching; some
fine skeletal debris

3171-3177 3
Molds, vugs, intraparticle
up to 8 mm: 2-5%

Dark grey with extensive leaching along
stylolites; extensively altered but interval
may include corals and brachiopods (esp.
3174-3175); evaporites in largest pores.

3178-3179 4

Vugs and solution
enhanced cracks and
molds ~1 cm: 2-5%; molds,
vugs, intraparticle up to 5
mm: 2-5%

Dark grey with tan leaching in patches 1-
3 cm in diameter; evaporites in a few
pores

3180 3
Molds, vugs, and
intraparticle ~3 mm: 5%

Dark grey with tan leaching; evaporites in
a few pores

3181-3185 2
Molds, intraparticle, vugs
up to 2 mm: 2-5%

Dense black rock with tan leaching; fine
skeletal debris present may include
bryozoans and brachiopods.

3186 3
Molds and vugs up to 1
mm: 2-5%; larger vugs and
cracks evaporite occluded

Dark grey with tan leaching; large pores
occluded by evaporites

3187-3189 4

Solution enhanced
fractures 0.5-2 cm: 2-5%;
molds and vugs to 1 mm: 2-
5%

Dolomudstone clasts in skeletal
dolowackestone "matrix"?; dissolved
patches

3190-3193 3
Molds, intraparticle, and
vugs to 7 mm: 2-5%

Dark grey mud with tan leaching and
dissolution; bryozoans

3194-3195 4

Vugs and solution
enhanced molds 0.5-2.5
cm: 2-5%; vertical cracks
~1 cm: 2-5%; clusters of
vugs and molds to 1 mm:
2%

Dark grey with tan dissolution
concentrated in grainy (bryozoan,
crinoid) material
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3196 3
Vugs and molds to 8 mm:
2%; faint cracks 1 cm: 2%

Grey with tan leaching; skeletal debris;
extensively altered

3197 2
Vugs and molds <1 mm: 2-
5% Grey with tan leaching; dense looking

3198 3
Vugs and molds to 8 mm:
2%; faint cracks 1 cm: 2%

Grey with tan leaching; dense looking

3199 2
Vugs and molds <1 mm: 2-
5% Grey with tan leaching; dense looking

3200 3
Vugs and molds to 8 mm:
2%; faint cracks 1 cm: 2%

Grey with tan leaching; dense looking

3201-3203 4

Vugs and solution
enhanced molds 0.5-2.5
cm: 2-5%; vertical cracks
~1 cm: 2-5%; clusters of
vugs and molds to 1 mm:
2%

Grey with tan leaching; skeletal debris;
extensively altered

3204-3205 4

Solution enhanced
fractures 1-5 cm: 2-5%;
clusters of vugs, molds,
and intraparticle to 5 mm:
2-5%

Grey with tan leaching; dense looking;
grainy toward bottom with crinoids and
bryozoans.

3206-3207 4

Vugs and molds 0.5 to 1
cm; clusters of vugs,
molds, intraparticle to 1
mm: 2-5%

Subhorizontal layers of crinoid,
brachiopod, and bryozoan fragments;
dark cement?

3208 3
Molds, intraparticle, vugs
up to 5 mm: 5%

Matrix of skeletal dolopackstone to
dolograinstone with muddy lithoclasts

3209-3210 3

Molds, intraparticle, vugs
up to 5 mm: 2-5%; thin
vertical cracks few-mm: 2-
5%

Dark with tan leaching; muddy intervals
alternate with concentrations of skeletal
material including bryozoans, crinoids

3211-3212 3

Molds, vugs, intraparticle
up to 1 cm: 2-5%; clusters
of molds and intraparticle
up to 5 mm: 2%

Grey with tan leaching; tiny skeletal
fragments (~mm-scale)
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3213 4

Vugs and solution
enhanced molds up to 2
cm: 2-5%; clusters of
molds, vugs, intraparticle
to 1 mm: 2-5%

Dark with tan leaching, dissolution in
bryozoans

3214 3

Molds 4-10 mm: 2%;
clusters of molds, vugs,
intraparticle to 1 mm: 2-
5%

Grey with tan leached areas,
concentrations of skeletal debris

3215-3216 3
Molds, vugs, intraparticle
up to 5 mm: 2-5%

Dark with tan leached areas, skeletal
material possibly including bryozoans,
crinoids; possibly healed vertical fracture

3217 4
Inclined cracks 1-2 cm: 2%;
molds, vugs, intraparticle
up to 5 mm: 2-5%

Inclined cracks perpendicular to
stylolites; dolowackestone with
dissolution concentrated in skeletal
material (bryozoans?)

3218 4

Vugs and solution
enhanced molds 0.5-2 cm:
5%; molds, vugs,
intraparticle up to 1 mm:
2%

Dark sediment with tan leaching, skeletal
material, stylolites

3219 4
One large vug 3 cm: 2%;
vugs, molds, intrparticle
up to 5 m: 5%

Grey with clusters of skeletal debris
(crinoids, bryozoans); healed vertical
fracture

3220-3226 4

Solution enhanced
fractures and vugs 1-4 cm:
5%; vugs, molds,
intraparticle up to 10 mm:
5-7%

Dolowackestone with bryozoan and
brachiopod debris; some coral
fragments; vertical fractures solution
enhanced

3227 4

Vugs, solution enhanced
molds 0.5-1 cm: 5%;
molds, vugs, intraparticle
to 2 mm: 2-5%

Dark with very fine skeletal debris
possibly including bryozoans.

3228 3
Clusters of molds, vugs,
intraparticle up to 5 mm: 5-
7%

Bryozoan fragments up to 1 cm with
micritic rinds
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3229 4

Faint vertical cracks up to
2 cm: 2%; molds, vugs,
intraparticle up to 5 m: 2-
5%

Bryozoan fragments up to 1 cm with
micritic rinds; muddy near top

3230 4

Solution enhanced vertical
fractures 4 cm x 2 mm:
5%: molds, vugs,
intraparticle up to 5 mm:
5%

Clusters of skeletal debris to 2 mm
including crinoids, bryozoans

3231-3239 3
Molds, vugs, intraparticle
to 5 mm: 2-5%

Grey with finger corals, bryozoans,
brachiopods, some with dark micritic
rinds; stylolites

3240-3241 3
Intraparticle and moldic
porosity to 3 mm: 7-10%

Abundant corals ~3 cm in size; bryozoans
and brachiopods?

3242-3250 3
Clusters of molds,
intraparticle, vugs to 5
mm: 2-5%

Grey with bryozoan, crinoid, and other
skeletal debris up to about 7 mm;
micritic rinds around some grains;
inclined layering; stylolites

3251-3252 2
Molds and vugs up to 2
mm: 2-5%

Grey, muddy with inclined stylolites;
sparse skeletal debris

3253-3254 3
Clusters of molds,
intraparticle, vugs to 5
mm: 2-5%

Grey with bryozoan, crinoid, and other
skeletal debris; micritic rinds around
some grains

3255 2
Molds and vugs up to 2
mm: 2-5%

Grey with sparse bryozoan, crinoid, and
other skeletal debris; micritic rinds
around some grains

3256 4
Vertical cracks up to 6 cm:
2%; molds, intraparticle,
vugs up to 1 cm: 5%

Dolowackestone with bryozoan and
other debris coated by micritic rinds

3257 3
Clusters of molds, vugs,
intraparticle up to 2 mm: 5-
10%

Bryozoans and coral with intraparticle
and moldic porosity

3258 3
Molds, vugs to 2 cm: 5%;
molds, vugs, intraparticle
to 5 mm: 2%

Skeletal debris up to 2 cm with micrite
rinds; dolopackstone to dolograinstone

3259 3
Clusters of molds,
intraparticle, vugs to 3
mm: 5-10% Corals 1-5 cm; bryozoans
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3260-3263 2
Intraparticle, molds, vugs
to 2 mm: 2-5%

Muddy, faint debris including crinoids,
bryozoans, finger corals

3264-3268 3
Intraparticle, molds, vugs
to 5 mm: 2-7%

Dolopackstone with fragments of
bryozoans, crinoids, finger corals; a few
stylolites

3269-3270 2
Intraparticle, molds, vugs
to 2 mm: 2-5%

Dolowackestone with fragments of
byrozoans and crinoids

3271-3273 3
Intraparticle, molds, vugs
to 5 mm: 2-7%

Dolowackestone to dolopackstone with
skeletal debris (including bryozoans) in
bands
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Appendix 2 - Core Descriptions
Ray Reef Well #27

Depth (ft) Facies Porosity Characteristics Description

3079-3081 5
Vugs and interparticle up to
2 mm: 2-5%

Tan, sucrosic, with laminated
fragments (intraclasts) up to 1 cm
long; porous patches; stylolites

3082-3084 6
Fenestral and pinpoint vugs:
~2%

Dense with undulatory microbial
laminations; black flecks in bands that
look like barbed wire may be spicules;
elongate anhydrite nodules

3085-3090 5
Vugs and voids up to 2 mm:
2-5%

Laminated fragments ranging in length
from 1 mm-2 or 3 cm; black flecks
throughout

3091-3092 Missing

3093 5
Vugs and voids up to 2 mm:
2-5%

Laminated fragments ranging in length
from 1 mm-2 or 3 cm; black flecks
throughout

3094 Missing

3095-3099 5
Vugs and voids up to 2 mm:
2-5%

Laminated fragments ranging in length
from 1 mm-2 or 3 cm; black flecks
throughout

3100-3103 6
Fenestral and pinpoint vugs:
2-5%

Subhorizontal to gently inclined
microbial laminations; bands of grainy
material; stylolites; spicules?

3104-3105 5 Vugs up to 1 mm: 2-5% Overall mottled appearance;
laminated clasts millimeters in length

3106-3113 6
Fenestral and vuggy up to 1
mm: 5%

Microbial laminations with
interspersed porous bands;
fragmented near top of interval

3114 2
Molds, vugs, intraparticle to
1 mm: 2-5%

Genly inclined layers; dense looking
3115-3116 Missing

3117-3119 2
Molds and vugs up to 1 mm:
2-5%

Tan with horizontal to gently inclined
layers; elongate anhydrite nodules
3119

3120-3121 3
Molds, vugs, intraparticle to
5 mm: 2-7%

Inclined laminations with porosity
concentrated in patches and bands
(originally grainy?); stylolites, leaching
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3122 2
Vugs and molds up to 1 mm:
2-7% Grey with tan leaching along stylolites

3123-3125 4
Vugs and cracks 0.5-2 cm: 5-
7%; molds, vugs,
intraparticle to 3 mm: 2-5%

Extensive cracking and dissolution;
grey angular clasts 1-8 cm in brown
porous "matrix" 

3126 3
Molds and cement-lined
vugs ~2 mm: 2-5%

Grey and brown mottled appearance;
stylolites

3127-3128 4
Vugs and molds .2-2 cm; 5-
7%; vugs, molds,
intraparticle to 2 mm: 2-5%

Extensively altered; laminations
visible; large vuggy patches

3129-3130 4
Vugs ~1 cm: 2%; vugs and
molds to 1 mm: 2-5%

Laminated fragments 1-10 cm long in
porous/grainy "matrix"; dissolved
patches; stylolites

3131-3138 3
Vugs and molds to 2 mm: 2-
10%

Laminated fragments 1-10 cm long in
porous/grainy "matrix"; stylolites

3139-3140 Missing

3141-3142 3
Vugs and molds to 2 mm: 2-
10%

Laminated fragments 1-10 cm long in
porous/grainy "matrix" (matrix "sugary
looking" due to either graininess or
dissolution); stylolites

3143 3
Uniform molds or
intraparticle ~1 mm: 5%+

Gently inclined laminations with bands
of uniform, tiny pores (grainy bands?
Boxwork pores in stromatoporoid?);
stylolites

3144 Missing

3145 3
Uniform molds or
intraparticle ~1 mm: 5%+

Gently inclined laminations with bands
of uniform, tiny pores (grainy bands?
Boxwork pores in stromatoporoid?);
stylolites

3146-3148 4

Vugs up to 1 cm: 2-5%;
clusters of molds,
intraparticle, vugs to 3 mm:
5%

Broken and warped laminated
fragments up to 10 cm long
surrounded by porous, extensively
dissolved (grainy?) material

3149-3150 4
Vugs 0.5-2 cm: 2-5%; molds,
intraparticle, vugs up to 4 m:
5-7%

Gently inclined laminations; porous
looking throughout; larger pores (~4
mm) concentrated in bands; stylolites
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3151 4

Vugs, solution enhanced
cracks 1-2 cm: 2%; clusters
of molds, intraparticle, vugs
up to 5 mm: 5-7%

Inclined porous laminations and
stylolites; fractures roughly
perpendicular to laminations

3152 4
Vugs and molds up to 1 cm:
7-10%

Inclined bands of concentrated
porosity; stylolites

3153-3154 3
Patches of vugs, molds,
intraparticle to 5 mm: 5-7%

Stylolites, uniform size shape pores
may indicate original grainy texture;
intraclasts to 4 cm.

3155-3156 4

Vugs and fractures up to 1
cm: 2%; patches of vugs,
molds, intraparticle to 5
mm: 5-7%

Band of aligned cracks ~1 cm in length;
stylolites, uniform size shape pores
may indicate original grainy texture;
intraclasts to 4 cm.

3157-3158 Missing

3159 3
Patches of vugs, molds,
intraparticle to 5 mm: 5-7%

Porosity concentrated in patches 4-10
cm in diameter; extensively altered
but could be leached grainstone; a few
grey intraclasts to 2 cm

3160 Missing

3161 3
Patches of vugs, molds,
intraparticle to 5 mm: 5-7%

Porosity concentrated in patches 4-10
cm in diameter; extensively altered
but could be leached grainstone; a few
grey intraclasts to 2 cm

3162-3165 Missing

3166 3
Patches of vugs, molds,
intraparticle to 5 mm: 5-7%

Porosity concentrated in patches 4-10
cm in diameter; extensively altered
but could be leached grainstone; a few
grey intraclasts to 2 cm

3167-3170 4

Vugs and dissolved patches
~1 cm: 5-7%; molds,
intraparticle, vugs to 5 mm:
5-7%

Large grey clasts up to 10 cm; porous
patches within clasts; brown altered
material surrounds clasts; stylolites

3171-3174 4

Vugs and solution enhanced
fractures 1-2.5 cm: 5-7%;
molds, intraparticle, vugs to
4 mm: 2-5%

Grey with leaching, stylolites; porous
patches that may be leached pack- to
grainstones
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3175 3
Vugs, molds, intraparticle to
5 mm, concentrated in
patches: 5%

Grey with stylolites and extensive
leaching

3176-3177 4
Vugs 1-3 cm: 5-10%; molds,
vugs, intraparticle 2-6 mm: 2-
5%

Grey with brown dissolved patches;
clusters of mm-scale pores that may
originate in skeletal material; halite in
some pores

3178 3
Molds, vugs, intraparticle to
4 mm: 5-7%

Brownish grey porous looking rock
with stylolites

3179-3180 4
Vugs and fractures 1-3 cm: 2-
5%; clusters of molds, vugs,
intraparticle to 4 mm: 2-5%

Gently inclined laminations; evaporite
occlusion of some large pores; porous
looking throughout

3181 3
Vugs and molds to 8 mm: 5-
7%

Grey with a dense swarm of stylolites;
leaching; vugs oriented oblique to
stylolites

3182-3186 4

Vugs and solution enhanced
fractures 1-2.5 cm: 2-5%;
molds, intraparticle, vugs to
5 mm: 2-5%

Dark grey with leaching and dissolved
patches; fractures; evaporite occlusion
of some large pores

3187-3188 3
Molds and vugs to 8 mm: 2-
5%; a few thin, cm cracks in
3187: <2%

Brown, mottled appearance with
stylolites and porous patches 

3189-3190 4
Vugs and fractures 0.5-2 cm:
2-5%; molds, vugs,
intraparticle to 3 mm: 2-5%

Dark with brown leached patches,
stylolites; bands of light colored
material (bryozoans? Stromatactis?)

3191 3
Molds, intraparticle, vugs to
8 mm: 5-7%

Grey homogeneous rock with
stylolites; well defined patch
containing almost all porosity was
probably an organism (coral?)

3192-3196 4

Vugs and vertical fractures
0.5-2 cm: 5-7%; clusters of
molds, intraparticle, vugs to
2 mm: 2-5%

Patchy grey and brown with fractures
and regions of extensive dissolution;
many pores halite occluded
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3197 3
Molds, intraparticle, vugs 1-
10 mm: 2-5% Patchy grey and brown with leaching

3198 4

Vugs and vertical fractures
~1 cm: 5%; molds,
intraparticle, vugs to 5 mm:
2-5%

Grey with brown dissolved patches;
regularly distributed fractures do not
coincide with brown patches

3199 4

Molds and vugs ~1 cm: 5%;
clusters of molds,
intraparticle, vugs to 3 mm:
2-5%

Mottled grey with tan leached and
dissolved patches

3200 4

Vugs and vertical fractures 1-
2 cm: 5%; clusters of molds,
intraparticle, vugs to 2 mm:
2-5%

Mottled grey with tan leached and
dissolved patches

3201-3204 3

Molds and vugs 5-10 mm: 2-
5%; clusters of molds,
intraparticle, vugs to 2 mm:
5%

Dark with faint stylolites; porous
patches; extensive dissolution; fossil
material may include stromatoporoid
and bryozoans

3205-3211 4

Vugs and solution enhanced
molds and fractures 0.5-2
cm: 5-7%; clusters of molds,
intraparticle, vugs to 2 mm:
2-5%

Grey with tan dissolved patches; a few
bryozoans; some dissolved patches
may be dissolved corals or bryozoan
colonies; brachiopod molds 5-10 mm;
cement lining some mm-scale molds;
anhydrite occluding some large pores 

3212 3
Clusters of molds,
intraparticle, vugs to 2 mm:
2-5%

Grey with tan dissolved patches; a few
bryozoans; some dissolved patches
may be dissolved corals or bryozoan
colonies; brachiopod molds 5-10 mm;
cement lining some mm-scale molds;
crinoids 1-7 mm

3213-3214 4

Vugs and solution enhanced
molds and fractures 0.5-2
cm: 5-7%; clusters of molds,
intraparticle, vugs to 2 mm:
2-5%

Grey with tan dissolved patches; a few
bryozoans; some dissolved patches
may be dissolved corals or bryozoan
colonies; brachiopod molds 5-10 mm;
cement lining some mm-scale molds;
crinoids 1-7 mm
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3215-3217 4

Vugs and solution enhanced
molds and fractures 0.5-2
cm: 5-7%; clusters of molds,
intraparticle, vugs to 5 mm:
2-5%

Bottom of interval is well preserved
coral with preserved intraparticle
porosity; vugs scattered throughout
interval

3218-3219 3
Vugs and molds 1-10 mm: 5-
7%

Grey mud with small pores scattered
throughout; bryozoan debris?

3220 Missing

3221-3224 4

Vugs and solution enhanced
molds and fractures 1-3 cm:
5-10%; clusters of
intraparticle, molds, vugs up
to 3 mm: 5-10%

Large framework corals, well
preserved; a few cm-scale bryozoans,
zones of extensive dissolution; halite
in some large pores

3225 Missing

3226-3229 1
Vugs and molds up to 5 mm:
2-5%

Grey mud with solution pores and
leaching throughout; distinct stylolites

3230-3232 1

Vugs, fractures, and molds 1-
3 cm: 2-5%; clusters of
molds and vugs to 3 mm: 2-
7%

Grey with patches of extensive
dissolution; appears brecciated toward
top; some pores look like solution
enhanced molds

3233 0
Vugs and molds to 2 mm: 2-
10%

Grey with tan leaching; distinct
stylolite near top

3234-3235 1

Clusters of molds, vugs,
intraparticle to 7 mm: 2-5%;
faint, thin cracks 1-3 cm:
<2%

Tan with swarms of stylolites; porosity
concentrated in middle of interval

3236-3237 1

Vugs and solution enhanced
fractures 0.5-3 cm: 2-7%;
vugs, molds, intraparticle to
8 mm: 5-7%

Grey with horizontal stylolites and
vertical fracturing; extensively altered
and dissolved throughout; halite in
some pores?

3238-3241 Missing

3242 0
Vugs and molds to 1 mm:
2% Tan/grey with stylolites

3243 1
Vugs 1-few cm: 2-5%; molds
and vugs to 2 mm: 2%

Grey with gently inclined stylolites; a
few cm-scale patches of extensive
dissolution; crumbly near top
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3244-3247 0
Clustered vugs and molds to
1 mm: 2%

Grey, homogeneous appearance with
swarms of subhorizontal to gently
inclined stylolites; halite occlusion of
pores 3247

3248-3252 0
Clustered vugs and molds to
1 mm: 2-5%

Grey, dense looking rock with
horizontal stylolites; leaching; vertical
fractures may be drilling induced.
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Appendix 2 - Core Descriptions
Ray Reef Well #28

 

Depth (ft) Facies Porosity Characteristics Description

3159-3160 6 Vugs and fenestral <5%

Brown and grey laminations; mottled
black/brown material in some
laminations (peloids?); anhydrite
nodules

3161 8 No porosity Anhydrite

3162 6 Vugs and fenestral <5%
Irregular laminations, possibly some
skeletal debris 

3163 8 No porosity Anhydrite

3164-3176 5
Vugs and molds to 1 mm
<5%

Microbial laminations interspersed with
layers containing peloids, possible
skeletal fragments (mm scale);
sediment deformed in places; anhydrite
filling some moldic pores

3177-3190 6 Vugs and fenestral 5-7%
Brown microbial laminations,
increasingly fine and fissile (poker
chips) toward top of interval

3191-3192 5

Vugs, molds, interparticle 1-
2 cm: 5-10%; molds,
intraparticle, vugs to 2
mm: 5-10%

Light cemented skeletal material;
brown elongate clasts look microbial

3193-3198 5
Molds and vugs up to 2
mm: 5-15%

Light cemented skeletal/grainy
material; brown elongate clasts look
microbial; brecciated (?) 3195

3199-3107 Missing

3208-3211 5
Molds and vugs up to 2
mm: 5-10%

Light cemented skeletal/grainy
material; brown elongate clasts look
like stromatoporoids or microbial mats

3212-3220 4

Vertically oriented solution
enhanced fractures 1-4 cm:
5-15%; molds, vugs,
intraparticle to 1 mm: 5%

Dark, fractured rock with porous
patches; extensively altered mm-scale
skeletal fragments

3221-3222 3

Clustered molds, vugs,
intraparticle to 2 mm: 5-
10%; sparse 1 cm cracks:
2%

Dark with porosity concentrated in
patches (locally dolopackstone); large
pores 1-3 cm filled with anhydrite
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3223 4

Cm-scale vugs, molds, and
cracks: 5%; clustered
molds, vugs, intraparticle
to 2 mm: 5-10%

Dark with porosity concentrated in
patches (locally dolopackstone)

3224-3226 3

Clustered molds, vugs,
intraparticle to 2 mm: 5-
10%; sparse 1 cm cracks:
2%

Dark with porosity concentrated in
patches (locally dolopackstone); large
pores 1-3 cm filled with anhydrite

3227-3229 2
Molds and vugs to 1 mm: 5-
10%

Grey mud with light, porous skeletal
material (dolowackestone); stylolites;
large pores filled with anhydrite.

3231-3233 0
Vugs and molds to 1 mm:
5% Grey mud; stylolites; leaching

3234-3236 1

Vugs and solution
enhanced fractures up to 3
cm long: 5-7%; clustered
molds, vugs, intraparticle
to 2 mm: 5%

Grey mud; stylolites; leaching; porous
material (skeletal?) concentrated in
bands

3237-3241 0
Clusters of molds,
intraparticle, vugs to 1
mm: 5-10%

Grey mud with porosity concentrated in
brown patches (fine skeletal material);
some tan cement; oil staining

3242-3243 1
Fractures ~cm scale: 5%;
intraparticle, molds, vugs
to 2 mm: 5-10%

Whitish cement surrounding skeletal
debris; dissolved patches

3244-3246 1

Molds and vugs ~5 mm: 2-
5%; clustered molds,
intraparticles, vugs to 1
mm: 5-10%

Light colored and porous - may be
cemented skeletal debris; stylolites; oil
staining

3247-3250 1

Molds and vugs ~5 mm: 2-
5%; clustered molds,
intraparticles, vugs to 1
mm: 5-10%

Light colored and porous - cemented
skeletal debris includes crinoids (to 1
cm) and bryozoans; stylolites; oil
staining
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Appendix 3. Plots of permeability vs. porosity by facies for all wells.
A. Ray Reef Well #8.  B.  Ray Reef Well #23
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Well Top Top Top Top Flanking Top A-1 Top Capping
Number Lockport Bioherm Reef Carbonates Anhydrite Carbonates

1 3255 3200 2944 2924
2 3260 3215 2938 2917
3 3255 3139 2948 2930
4 3270 3230 3011 2968
5 3255 3228 2950 2925
6 3285 3278 3270 3256 3239 3151
7 3245 3238 3113
8 3240 3143 2951 2922
9 3273 3273 3251 3246 3234 3131

10 3286 3187 2967 2953
11 3285 3278 3258 3252 3241 3167
12 3363 3340 3338 3336 3330 3221
13 3318 3270 3228 3210 3207 3169
14 3305 3260 2967 2957
15 3346 3338 3330 3320 3318 3235
16 3273 3258 3224 3215 3210 3159
17 3254 3232 3146 3075
18 3270 3217 2974 2941
19 3285 3246 2979 2952
20 3280 3267 3237 3207 3198 3165
21 3332 3320 3305 3303 3284 3216
22 3335 3295 3218 3207 3199 3164
23 3260 3248 3000 2978
24 3309 3275 3093 3077
25 3291 3270 3180 3146
26 3280 3261 3173 3144
27 3255 3226 3113 3074
28 3275 3235 3213 3207 3198 3153
29 3285 3265 3053 3012

Appendix 4. Tops picked in all wells in the Ray Reef field. If no top is listed, 
formation does not exist in that well.
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Facies Model Zone Facies Curve Major Nugget Major Minor Vertical
Type Direction Range Range Range

Long Range
Bioherm 0 spherical 30 0 1000 500 10

1 spherical 30 0 1000 500 10
Reef (all zones) 2 exponential 30 0 800 400 14

3 exponential 30 0 800 400 10
4 exponential 30 0 800 400 16

Flanking carbonates 5
A1 anhydrite 8
Capping carbonates 5 spherical 30 0 3000 1500 27

6 spherical 30 0 3000 1500 35
7 spherical 30 0 2000 1000 30

Mid Range
Bioherm 0 spherical 30 0 800 400 10

1 spherical 30 0 800 400 10
Reef (all zones) 2 exponential 30 0 500 250 14

3 exponential 30 0 500 250 10
4 exponential 30 0 500 250 16

Flanking carbonates 5
A1 anhydrite 8
Capping carbonates 5 spherical 30 0 2000 1000 27

6 spherical 30 0 2000 1000 35
7 spherical 30 0 1000 500 30

Short Range
Bioherm 0 spherical 30 0 500 250 10

1 spherical 30 0 500 250 10
Reef (all zones) 2 exponential 30 0 300 150 14

3 exponential 30 0 300 150 10
4 exponential 30 0 300 150 16

Flanking carbonates 5
A1 anhydrite 8
Capping carbonates 5 spherical 30 0 1000 500 27

6 spherical 30 0 1000 500 35
7 spherical 30 0 800 400 30

Appendix 5. Variogram parameters used in facies modeling. 1. Major direction
is the orientation of the field from the North (30 degrees - see Figure 1). 2. See
text for derivation. 3. Assumed to be 1/2 major range. 4. From vertical semi-
variograms, Figure 24.

1 2 3 4
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Model Zone Modeling Method Facies Input Output
Fraction Fraction

Long Range Bioherm sequential indicator 0 0.25 0.3494
simulation 1 0.75 0.6506

Lower Reef sequential indicator 2 0.2099 0.2636
simulation 3 0.5926 0.5083

4 0.1975 0.2281
Middle Reef sequential indicator 2 0.0726 0.0999

simulation 3 0.5812 0.5333
4 0.3462 0.3668

Upper Reef sequential indicator 2 0.1038 0.1371
simulation 3 0.4748 0.491

4 0.4214 0.3749
Flanking Carbonates assign value 5 1 1
A-1 Anhydrite assign value 8 1 1
Capping Carbonates sequential indicator 5 0.4 0.3098

simulation 6 0.5 0.3154
7 0.1 0.3749

Mid Range Bioherm sequential indicator 0 0.25 0.3533
simulation 1 0.75 0.6467

Lower Reef sequential indicator 2 0.2099 0.2633
simulation 3 0.5926 0.4678

4 0.1975 0.2688
Middle Reef sequential indicator 2 0.0726 0.1053

simulation 3 0.5812 0.5542
4 0.3462 0.3405

Upper Reef sequential indicator 2 0.1038 0.1314
simulation 3 0.4748 0.4916

4 0.4214 0.3771
Flanking Carbonates assign value 5 1 1
A-1 Anhydrite assign value 8 1 1
Capping Carbonates sequential indicator 5 0.4 0.4119

simulation 6 0.5 0.3629
7 0.1 0.2252

Short Range Bioherm sequential indicator 0 0.25 0.3556
simulation 1 0.75 0.6444

Lower Reef sequential indicator 2 0.2099 0.2104
simulation 3 0.5926 0.4933

4 0.1975 0.2963
Middle Reef sequential indicator 2 0.0726 0.1151

simulation 3 0.5812 0.5354
4 0.3462 0.3495

Upper Reef sequential indicator 2 0.1038 0.1367
simulation 3 0.4748 0.4755

4 0.4214 0.3878
Flanking Carbonates assign value 5 1 1
A-1 Anhydrite assign value 8 1 1
Capping Carbonates sequential indicator 5 0.4 0.3686

simulation 6 0.5 0.3576
7 0.1 0.2738

Appendix 6. Facies Model Input and Output Fractions.

177



No Facies Condi�oning Facies Condi�oning
Modeling
Method Porosity Permeability Porosity Permeability

Simple zone average moving average short-range moving average short-range
Averaging moving average moving average moving average mid-range moving average mid-range

moving average long-range moving average long-range
Sequen�al sgs short-range sgs short-range
Gaussian sgs sgs sgs mid-range sgs mid-range

Simula�on sgs long-range sgs long-range

Appendix 7. Summary of Petrophysical Models created for the Ray Reef.
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Appendix 8 
 Variograms for Petrophysical Models Conditioned to Facies

Facies 0
Bioherm/Fine Scale Porosity

Facies 1
Bioherm/Medium Scale Porosity

Appendix 8a. Porosity Variograms for the Bioherm Zone
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Appendix 8 
 Variograms for Petrophysical Models Conditioned to Facies

Appendix 8b. Permeability Variograms for the Bioherm Zone

Facies 0
Bioherm/Fine Scale Porosity

Facies 1
Bioherm/Medium Scale Porosity
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Appendix 8 
 Variograms for Petrophysical Models Conditioned to Facies

Facies 5
Restricted Mud/Fine Scale Porosity

Facies 6
Restricted Mud/Fine Scale Porosity

Facies 7
Sucrosic Dolomite

Appendix 8c. Porosity Variograms for the Capping Carbonates
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Appendix 8 
 Variograms for Petrophysical Models Conditioned to Facies

Facies 5
Restricted Mud/Fine Scale Porosity

Facies 6
Restricted Mud/Fine Scale Porosity

Facies 7
Sucrosic Dolomite

Appendix 8d. Permeability Variograms for the Capping Carbonates

182



Zone Transforms Variogram Major Nugget Major Minor Ver�cal
Type Direc�on Range Range Range

Bioherm normal score spherical 30 0 40 40 15
Reef normal score exponen�al 30 0 40 40 45
Flanking Carbonates normal score spherical 30 0 40 40 5
Capping Carbonates normal score exponen�al 30 0 40 40 18

Appendix 9. Stochastic Porosity Modeling Parameters, No Facies Conditioning.

Zone Facies Transforms Variogram Major Nugget Major Minor Ver�cal
Type Direc�on Range Range Range

Bioherm 0 normal score spherical 30 0 40 40 20
1 normal score spherical 30 0 40 40 15

Reef 2 normal score spherical 30 0 40 40 22
3 normal score exponen�al 30 0 40 40 36
4 normal score exponen�al 30 0 40 40 25

Flanking Carbonates 5 normal score spherical 30 0 40 40 25
Capping Carbonates 5 normal score exponen�al 30 0 40 40 20

6 normal score spherical 30 0 40 40 10
7 normal score exponen�al 30 0 40 40 25

Appendix 10. Stochastic Porosity Modeling Parameters, Facies Conditioned Models.

183



Zone Transforms Variogram Major Nugget Major Minor Ver�cal
Type Direc�on Range Range Range

Bioherm log, normal score spherical 30 0 40 40 12
Reef log, normal score exponen�al 30 0 40 40 35
Flanking Carbonates log, normal score spherical 30 0 40 40 5
Capping carbonates log, normal score spherical 30 0 40 40 22

Appendix 11. Stochastic Permeability Modeling Parameters, No Facies 
Conditioning.

Zone Facies Transforms Variogram Major Nugget Major Minor Ver�cal
Type Direc�on Range Range Range

Bioherm 0 log, normal score spherical 30 0 40 40 20
1 log, normal score spherical 30 0 40 40 12

Reef 2 log, normal score exponen�al 30 0 40 40 15
3 log, normal score exponen�al 30 0 40 40 28
4 log, normal score exponen�al 30 0 40 40 20

Flanking Carbonates 5 log, normal score spherical 30 0 40 40 5
Capping Carbonates 5 log, normal score exponen�al 30 0 40 40 12

6 log, normal score spherical 30 0 40 40 20
7 log, normal score spherical 30 0 40 40 12

Appendix 12. Stochastic Permeability Modeling Parameters, Facies Conditioned 
Models.
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