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ABSTRACT

This study presents a petrophysical-based method that uses vertical 

variations in storage capacity ((j)h) and flow capacity (kh) to delineate flow units 

within the Ervay Member of the Phosphoria Formation at Little Sand Draw field, 

Big Horn basin, Wyoming. Data from the air-mercury capillary pressure tests of 

28 representative core plugs were utilized to better understand the effective pore 

types that contribute to fluid flow. Neural-network software was used to estimate 

permeability in non-cored wells and therefore to increase the ability to delineate 

flow units in the field.

Pore-throat radius values were measured for the most effective porosity 

(r3 5 ) using the capillary pressure data. The pore-throat radius values for the most 

effective porosity (port size) were also estimated from the published Winland 

equation using core porosity and permeability data. The weak correlation that 

exists between measured and estimated r3 5  values required modification of the 

empirically derived Winland equation to relate rock type more closely to 

characteristics of the Ervay reservoir. Core porosity, permeability, and measured 

r3 5  values were used to run a multiple regression. Regression correlation 

coefficients (R2) were not high enough to be able to confidently relate r3 5  to core



porosity and permeability. Because of high porosities with moldic pores, 

observed permeabilities may be anomalously low.

Digital log data from cored and non-cored wells were depth shifted and 

normalized to prepare the data for neural-network modeling. A neural-network 

model was built using three input curves, shallow laterolog resistivity (LLS), bulk 

density (RHOB), and sonic porosity (PSD). Nine training points were used in well 

Nelson 23 to generate a neural-net model for a synthetic permeability profile. 

This model was applied to other available cored wells with the same input curves 

for verification. The match between core permeability and neural-network 

estimated permeability was satisfactory, which led to successful application of 

the model to two non-cored wells using the same input curves.

Vertical variations in storage capacity and flow capacity were used to 

define flow units within the reservoir interval. Permeability data from cored and 

non-cored wells were utilized to compare and correlate flow units between wells. 

Porosity and permeability data were averaged within individual flow units to 

provide a three-dimensional geological input for a reservoir simulator.

In summary, petrophysical flow-unit determination provides a useful 

approach to compute layer boundaries and determine average properties within 

layers. The approach avoids traditional scaling-up problems associated with 

using geologic data in reservoir simulations.
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Chapter 1 

INTRODUCTION

Carbonate reservoirs have flow characteristics that are controlled by a 

combination of depositional and diagenetic processes. Depositional processes 

control the initial pore geometry and facies architecture. Diagenetic processes 

modify the original pore-size distribution and control the productivity of the 

reservoir.

Characterization of carbonate reservoirs into flow units is a practical 

means of reservoir zonation. Flow units in the reservoir are characterized by a 

specific combination of geological and petrophysical properties that influence fluid 

flow. The distribution of flow units may be scaled up within the interpreted 

sequence stratigraphy of the reservoir to create three-dimensional geological 

input for reservoir simulators.

Various methods have been proposed to characterize carbonate 

reservoirs into flow units. These methods are generally based on relationships 

between rock fabric and pore-size distribution using core and log information. An 

alternative method, based on vertical variations of flow capacity (kh), storage
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capacity (<j)h), and port size (rss), was implemented in this research to evaluate 

fluid flow behavior within the Ervay reservoir at Little Sand Draw field, Wyoming.

Little Sand Draw field is located in the southwestern Big Horn basin, 

Wyoming, approximately 25 mi (40 km) north of the Owl Creek Mountains (Figure 

1.1). The Ervay carbonates of the Phosphoria Formation represent an 

outstanding opportunity to understand flow characteristics in a carbonate 

reservoir. At Little Sand Draw, over 50 percent of the wells are cored through the 

Ervay, and cores from fourteen wells have been examined geologically in great 

detail (Garfield, 1990). Also, although most fields in the Big Horn basin produce 

hydrocarbons from several horizons, the production at Little Sand Draw is mainly 

from the Ervay carbonates. This allows us to infer geological controls on flow 

behavior within the reservoir.

1.1 Research Objectives

The central goal of this research involves establishment of a 

petrophysical-based reservoir zonation for the Ervay reservoir at Little Sand Draw 

field. To accomplish this, the research utilizes a technique that evaluates vertical 

variations in three petrophysical parameters, namely, porosity (<|)), permeability 

(k), and port size (r^). This technique will transform the lithofacies-based 

reservoir zonation into petrophysical-based flow units, which then can be used as
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Mountains

Longitude (degrees)

Figure 1.1: Regional map showing location of Little Sand Draw field in northwestern 
Wyoming, approximately 25 mi (40 km) northwest of the Owl Creek Mountains. 
From USGS (United States Geological Survey) website.
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input for a numerical flow simulator to give a better understanding of future 

reservoir performance. Fractures and faults clearly exist within the reservoir 

(Garfield, 1990; Raba’a, Ph. D. dissertation, in progress). However, this research 

aims to understand flow quality within the rock matrix in the absence of fractures. 

The broader implication of this approach is the development of a method to 

‘scale-up’ finely sampled geologic data into bulk flow units that could eliminate or 

reduce the need for vertical and lateral upscaling prior to flow simulation (Pranter, 

1999). The research objectives are:

1 . Quantify pore-size distribution within the reservoir interval and evaluate 

reservoir quality for the observed rock types.

2. Analyze and edit digital log data for the wells and predict permeability in 

the non-cored wells using a neural-network approach.

3. Define flow units in cored and non-cored wells using flow capacity, 

storage capacity, and port size (r^) derived from core and log data, and correlate 

flow units between wells within a sequence-stratigraphic framework.

1.2 Available Data

Data available to characterize Ervay carbonates into flow units include 

conventional core analyses, air-mercury capillary pressure results and 

conventional open hole logs. Conventional core analysis provides core-plug
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porosity and permeability data through the Ervay reservoir from samples taken at 

one-foot intervals from the 14 cored wells. Air-mercury capillary pressure results 

for 28 selected core-plug samples through the Nelson 30 well help quantify the 

pore-size distribution for the reservoir interval. Finally, conventional open-hole 

logs are utilized to predict permeability in the non-cored wells using a neural- 

network approach.

1.3 Methods

This section lists the various methods employed to construct a 

petrophysical flow-unit zonation within the Ervay reservoir at Little Sand Draw 

field. The technique used in this research to quantify flow units is an integrated 

method, based on geologic framework, petrophysical rock/pore types, storage 

capacity (<t>h), flow capacity (kh), port size (r^), and reservoir process speed (kAj)).

1.3.1 Quantification of Pore-Size Distribution

Pore-size distribution of Ervay rocks was quantified by capillary pressure 

measurements of 28 core samples taken from various rock types through the key 

well. Port-size values (W  were measured for the most effective porosity using 

capillary pressure curves, and estimated using the empirically derived Winland
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equation. The weak correlation that exists between measured and estimated port 

size values required the Winland equation to be modified before application to 

other wells. The modified Winland equation was then used to estimate port-size 

(i.e., flow units) using core data in the key well (Nelson 30).

1.3.2 Log Analysis

Digital log data for 36 wells were analyzed and edited using Powerlog™ 

software (PETCOM, Inc.) before the application of a neural-network approach. 

Editing digital log data involved applying two significant borehole corrections, 

namely depth shifting and log normalization. Log and core data recorded off 

depth were shifted to a depth reference. Normalization by multi-well histograms 

for log curves constrained the curve data (values) for reservoir zones within the 

same range.

1.3.3 Neural-Network Approach

The neural-network approach was applied to the edited digital log data 

using NNLAP™ software (Petroleum Software Technologies) to estimate 

permeability in the non-cored wells. First, a cored well with shallow laterolog 

resistivity (LLS), bulk density (RHOB), and sonic porosity (PSD) was selected to
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train the neural network. Core permeabilities for this well were used to help the 

network learn the information during training. Network results were then tested 

on the other cored wells. After a good match was obtained between the real and 

predicted permeability values, the network model was applied to data sets of 

non-cored wells to get continuous permeability curves.

1.3.4 Determination of Flow Units

Flow units were defined in the wells which have continuous porosity and 

permeability data. Cumulative flow capacity (kh versus depth) and storage 

capacity (c|)h versus depth), and Stratigraphie Modified Lorenz Plots (cumulative 

kh versus cumulative <j>h), were used to determine and correlate flow units 

between wells within the existing sequence-stratigraphic framework.

1.4 Research Contributions

The major contributions of this research involve two techniques for 

evaluating pore types for use in flow unit determination. These techniques 

included analyzing port size (r^) from air-mercury capillary pressure tests and 

permeability profiles by a neural-network approach. This research is intended to 

characterize Ervay reservoir flow units based on the matrix pore network of these
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rocks. Therefore, resultant flow units from this study do not reflect the influence 

of fractures on fluid flow in the field.

• The first technique included measurement of pore-throat radius at 35% 

mercury saturation (r3 5 ) from a mercury injection-capillary pressure test. The 

pore type of a rock at r3 5 is directly related to fluid flow and can be used to 

define intervals of similar flow characteristics (i.e., flow units). However, 

capillary pressure test results showed that there are problems with the use of 

r3 5  for flow unit determination within the Ervay reservoir interval. The biggest 

problem is that r35, <(>, and k are not related in a simple manner, as suggested 

by the Winland equation in other reservoirs. Abundant moldic porosity in the 

Ervay may be responsible for this lack of correlation.

• The second technique included prediction of permeability in non-cored wells 

by a neural-network approach. Permeability of a rock type is directly related to 

fluid flow and can be used to define flow units in the Ervay reservoir. 

Prediction of permeability from well logs using an artificial neural network can 

be valuable if the relationship between rock types and well logs exists and is 

recognized by the network.

These two techniques were used towards the identification of flow units. 

Vertical variations in flow capacity (kh) and storage capacity ((|)h) formed the 

basis for flow unit determination in this research. The resultant flow units can be 

considered “layers” for a three-dimensional geologic model for use in flow
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simulation. The significant advantage of this method, as addressed by Pranter 

(1999), is that, in most cases, the geologic model does not need to be upscaled 

prior to flow simulation. The model honors the geologic details and consists of a 

reasonable number of layers for direct use in flow simulation.
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Chapter 2 

GEOLOGIC SETTING

Little Sand Draw field is one of a series of northwest-trending, 

hydrocarbon-producing anticlines that flank the Big Horn basin (Figure 2.1). The 

Big Horn basin is a large, intermontane basin which is approximately 120 mi (192 

km) long and 75 mi (120 km) wide. The basin is asymmetric with its steepest side 

on the west. The axis of the basin trends northwest-southeast.

The Big Horn basin is bounded to the northeast by the Pryor Mountains, to 

the northwest by the Beartooth Mountains, to the east by the Big Horn 

Mountains, and to the south by the Owl Creek Mountains. All of these are 

Precambrian-cored mountain ranges. The volcanic Absaroka Mountain ranges 

define the western margin of the basin. The Nye-Bowler lineament (folded and 

faulted zone) in southern Montana represents the northern boundary of the basin 

(Stone, 1985). The basin interior is generally low, flat to rolling, with elevations 

from 3,500 ft to over 5,000 ft above sea level.

This chapter discusses the regional and local geologic setting with a 

detailed sedimentologic overview of the Ervay reservoir at Little Sand Draw field.
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Figure 2.1: Location map showing Little Sand Draw field in the Big Horn basin, 
northwestern Wyoming and south-central Montana. Major structural features are 
also seen. Modified from Payloretal. (1989).
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2.1 Stratigraphy

2.1.1 Regional Stratigraphy

A stratigraphie column for the southern Big Horn basin is presented in 

Figure 2.2. The basal units are the Cambrian Gallatin, Gros Ventre, and Flathead 

Formations, which constitute a series of interbedded shales, sandstones, and 

carbonates. These rocks unconformably overlie crystalline basement. The 

Cambrian section is overlain unconformably by the massive carbonates of the 

Ordovician Big Horn Dolomite and Mississippian Madison Limestone. Silurian 

rocks are not described from the area. The Devonian consists of the Jefferson- 

Three Forks Group. The Pennsylvanian Amsden Formation and Tensleep 

Sandstone are composed of sandstones and limestones interbedded with shales 

and stringers of chert and anhydrite. The Permian Phosphoria Formation is the 

main focus of this investigation. The Triassic Dinwoody and Chugwater 

Formations, and the Jurassic Gypsum Springs Formation are red bed and 

evaporate units. Overlying the Gypsum Springs are Jurassic and Cretaceous 

formations that are composed primarily of marine shales interbedded with 

sandstones and limestones.

The economically important Phosphoria Formation and equivalent 

Permian rocks in the northern Rocky Mountains have been studied in great detail
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Figure 2.2: Generalized columnar section for the southern Big Horn basin. The 
Phosphoria Formation is mostly dominated by carbonates. The Ervay Member is 
the main hydrocarbon producing interval at Little Sand Draw field. Modified from 
Thomas (1965) and Peterson (1984).
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of the Sublette basin (McKelvey et al., 1956; Figures 2.3 and 2.4). To the east, 

carbonate facies of the Park City Formation were deposited on the shallow 

marine carbonate ramp of the Wyoming shelf (McKelvey et al., 1959; Ahr, 1973; 

Figures 2.3 and 2.4). Still farther east, in central and western Wyoming, these 

shallow marine carbonate facies were laterally equivalent to peritidal carbonates, 

red beds, and evaporites of the Goose Egg Formation (Burk and Thomas, 1956; 

Coalson and Inden, 1990; Figures 2.3 and 2.4). The Shedhorn Sandstone, which 

consists of well-sorted, bioturbated marine sandstones and some beds of 

dolomite, intertongues with the Phosphoria and Park City rocks in northwest 

Wyoming and southwest Montana (Peterson, 1984; Figure 2.3). Figure 2.5 

illustrates a correlation of Permian lithofacies in Wyoming and adjacent areas. 

The Park City terminology has not been widely adopted by geologists in oil 

companies (Campbell, 1962; Peterson, 1980, 1984). They commonly use the 

name Phosphoria Formation for the interval of carbonate rock, phosphorite, 

chert, dark shale, and minor sandstone lying between the Tensleep Sandstone 

and the Triassic Dinwoody Formation. This study follows that convention. The 

Phosphoria, Park City, Shedhorn, and Goose Egg sedimentary facies intertongue 

over distances of several hundred miles, resulting from eastward transgressions 

and westward regressions of the sea (Sheldon, 1967; Peterson, 1984; Boyd, 

1993; Figure 2.4). The Permian rocks of the area are overlain by shale and 

siltstones of Triassic age (Dinwoody Formation), which were deposited as a
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result of a continuation of the final regression of Permian sedimentation (Schock 

et al., 1981 ; Figure 2.2).

The Wyoming shelf was a broad, relatively featureless shelf of shallow- 

water marine deposition during much of the early and middle Paleozoic 

(Peterson, 1984). However, stratigraphie evidence suggests that during the late 

Paleozoic, the Wyoming shelf was characterized by significant relief, related to 

ancestral growth of paleostructural features that may have evolved into later 

Laramide structures (Peterson, 1984; Simmons and Scholle, 1990). These 

paleostructural high and low areas in the Wyoming shelf controlled depositional 

processes, sedimentary facies and distribution, and the development of porous 

reservoir beds in the Big Horn basin (Peterson, 1984; Dean et al., 1986).

The Phosphoria Formation is mostly dominated by carbonate deposition in 

the Big Horn basin. The formation was deposited as normal-marine, restricted- 

marine, peritidal (island) carbonates, and lagoonal red beds and evaporites 

(Inden and Dean, 1986; Coalson and Inden, 1990; Garfield et al., 1992; Figure 

2.6). The three carbonate members of the Phosphoria are recognized in the 

southern Big Horn basin, from bottom to top, as Grandeur, Franson and Ervay, 

and represent unconformity-bounded transgressive-regressive depositional 

sequences (Peterson, 1980; Figure 2.2). The formation is also separated by 

major unconformities from the underlying Tensleep Sandstone and overlying 

siltstones of the Triassic Dinwoody Formation (Figure 2.2).
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Each depositional sequence of the Phosphoria in the Big Horn basin starts 

with a basal phosphatic shale (Meade Park and Retort Members) and cherty 

siltstone (Rex and Tosi Cherts) which were deposited during major transgressée 

events in an area of upwelling, cold oceanic currents with tropical climatic 

conditions (McKelvey et al., 1953; Inden and Dean, 1986). The section then 

grades upward into carbonates (Lane, 1973) which were deposited on the 

shallow water carbonate ramp during sea-level stabilization and regional marine 

regression in warm marine waters and under arid climatic conditions (Inden and 

Dean, 1986). However, lithologie expression of these eustatically controlled 

depositional sequences varies throughout the Big Horn basin (Coalson and 

Inden, 1990).

2.1.2 Local Stratigraphy

The Ervay Member of the Phosphoria Formation is one of the main 

hydrocarbon-producing depositional sequences in the Big Horn basin. During 

Ervay time, widespread, low-energy, restricted-marine environments covered 

most of the Big Horn basin (Inden and Dean, 1986; Figure 2.6). Normal marine 

environments existed in the southwest, and peritidal carbonates and 

lagoonal/saline red beds and evaporites developed along the east flank of the 

basin (Inden and Dean, 1986; Coalson and Inden, 1990; Figure 2.6). At Little
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Sand Draw field, the Ervay was deposited as open to restricted-marine 

carbonates (Garfield, 1990; Garfield et al., 1992; Coalson and Inden, 1990; 

Figure 2.6).

There are many publications on the stratigraphy, depositional 

environments, and reservoir capacity of the Ervay carbonates. Among the more 

significant publications are those by Campbell (1962), Arro (1972), Lane (1973), 

Herrod (1980), Peterson (1980, 1984), Inden and Dean (1986), Dean et al. 

(1986), Mowers (1993), and Clark (1994). Coalson and Inden (1990) related 

reservoir characteristics of Ervay dolomites to depositional setting. Garfield 

(1990) and Garfield et al. (1992) provided a sedimentologic overview of the Ervay 

reservoir at Little Sand Draw field to explain fluid-flow behavior in terms of the 

vertical and horizontal distribution of porosity and permeability heterogeneities. 

Raba’a (Ph. D. Dissertation, in progress) is doing a reservoir simulation of Little 

Sand Draw field.

Grandeur, Franson, and Ervay cycles are believed to be the result of 

transgressive-regressive sea-level changes, and can be separated into 

subcycles on the basis of marker beds (Peterson, 1980, 1984; Clark, 1994). 

Garfield (1990) recognized five subcyles within the Ervay carbonates at Little 

Sand Draw (Figure 2.7). He used a combination of log correlations and detailed 

descriptions of 1,055 ft (322 m) of core from 14 wells. The boundaries of these
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subcyles within the Ervay were interpreted to have formed by marine flooding 

(Garfield et al., 1992); therefore, each subcyle corresponds to a parasequence.

These five distinct depositional facies within the Ervay carbonates 

comprise unique petrophysical characteristics (Garfield, 1990). Each unit is a 

reservoir zone (Figure 2.8). Above zone 5 is the anhydrite cap (zone 6) on the 

Phosphoria Formation which provides the reservoir seal at Little Sand Draw. The 

high lateral continuity and uniform thickness of these zones (Figures 2.9 and 

2.10), and the cyclic nature of the upward shallowing cycles that comprise the 

zones suggest: (1) carbonate deposition was eustatically influenced; (2) 

sedimentation was dominated by aggradational processes; and (3) there was no 

paleostructural control on deposition in the Little Sand Draw area.

The following section describes the sedimentology of each Ervay reservoir 

zone at Little Sand Draw. The observations and interpretations were taken from 

Garfield’s (1990) study, unless otherwise stated. Nearly all facies are subtidal, 

open-marine to restricted-marine. The peritidal, island, and sabkha facies that 

characterize the Ervay in the eastern Big Horn basin (Coalson and Inden, 1990) 

are not developed at Little Sand Draw field (Garfield et al., 1992).
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Zone 1

The lowermost reservoir zone of the Ervay cycle consists of non-porous, 

dolomitized, phosphatic skeletal packstones that grade upward into siliceous, 

nodular dolomite mudstones. The basal packstone has a sharp transgressive 

contact with the underlying restricted marine dolomites of the Franson member. 

This contact is a bioeroded surface which is interpreted to be a submarine 

hardground. This basal packstone probably represents a transgressive lag 

deposit which contains abundant organic matter, phosphatic ooids, lithoclasts, 

quartz grains, and a variety of phosphatized marine organisms including 

sponges, brachiopods, crinoids, a variety of molluscs, algae, and bryozoans. 

Overlying this thin (2 to 3 ft) basal phosphatic packstone are nodular siliceous 

dolomite mudstones which make up the majority of the zone. These charcoal 

gray to black sediments contain scattered very fine fossil fragments but no whole 

organisms. The nodules are interpreted to represent silicified burrows. The 

silicified intervals are highly fractured, but fractures are commonly cemented. The 

overall fining-upward nature observed within zone 1 sediments is common in 

open and restricted-marine facies of Ervay in the Big Horn basin (Coalson and 

Inden, 1990).

The richness and diversity of the fossil assemblage at the base of zone 1 

suggest a fluorishing biotic community established in nutrient-rich, and relatively
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deep marine waters that flooded the previously restricted, and possibly 

subaerially exposed Phosphoria (Franson) shelf (Ahlstrand and Peterson, 1978). 

These conditions were, however, short lived because the nodular mudstone that 

overlies the basal skeletal lag has few fossils. This may indicate that 

environmentally stressed conditions existed during deposition of the low-energy, 

subtidal nodular mudstones.

Zone 2

Zone 2 consists of phosphatic skeletal dolomite wackestones and thin, 

intercalated skeletal dolomite packstones. The basal contact of Zone 2 is a 

scoured transgressive surface. Allochems in this zone include both ramose and 

fenestrate bryozoans, crinoids, brachiopods, and rare sponges. The majority of 

bioclasts are fine to medium grained, abraded, and are typically phosphatized 

together with intraclasts. Excluding the intercalated packstones, this zone is 

relatively homogeneous. Glauconite is also common as a replacement mineral. 

Stylolites occur in a few strata, some of which occur in correlative stratigraphie 

positions in more than one core.

Zone 2 rocks are interpreted as open-marine, shallow subtidal deposits 

that were subjected periodically to restricted circulation. Diverse skeletal 

wackestones and packstones represent normal marine deposition. Mud-
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supported peloidal sediments with low faunal diversity were deposited under 

more restricted conditions. The presence of glauconite suggests relatively slow 

deposition. Rare, thin, grain-supported packstone intervals in zone 2 probably 

were formed by the winnowing action of periodic storms that disturbed the sea 

floor.

Zone 3

This zone is characterized by burrowed phosphatic peloidal dolomite 

wackestones. Branching Tba/ass/no/des-type burrows are abundant. These 

burrows contain a unique assemblage of sponge spicules and rare whole 

sponges, red algae, fenestrate bryozoans and numerous round spheroids or 

peloids. They are commonly silicified and spiculitic. Zone 3 overlies a persistent 

hardground surface and transgressive deposit that includes fossils of open- 

marine organisms. This surface represents a significant transgressive 

disconformity, similar to that which occurs at the contact between the Ervay and 

Franson members.

Deposition of zone 3 rocks apparently occurred in two stages. Initilally, 

low-energy and mud-rich subtidal sediments were deposited, forming the fine

grained matrix for the wackestone. A lack of fossils of open-marine organisms in 

these micritic sediments suggests the existence of environmentally stressed
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conditions during deposition. Sedimentation then slowed significantly, but 

environmental stresses were reduced and burrowing infauna established an 

open burrow network populated by a variety of encrusting organisms, including 

red algae, fenestrate bryozoans and sponges.

Zone 4

Zone 4 facies are characterized by dolomitized skeletal-peloidal, 

phosphate-grain wackestones and packstones that have an abundance of vugs 

and biomolds. Molds and vugs occur in discrete packstone beds intercalated with 

finer grained, tighter rocks. Although no preserved whole bioclasts were 

observed, the skeletal origin of these molds is suggested by their elongate and 

somewhat arcuate shape. Rounded to irregularly shaped 5 to 25 mm diameter 

vugs are common in this zone and may represent dissolved anhydrite or calcite 

nodules. Black organic material is present in many vugs. Extremely high gamma 

ray readings from zone 4 may be caused by high concentrations of uranium 

complexed with this carbonaceous material.

The fossils found within zone 3 burrows suggest that open-marine 

conditions existed at the onset of zone 4 sedimentation. However, the uniformity 

of size and shape of zone 4 biomolds suggests the dominance of one skeletal 

type (brachiopod?) in these sediments. This in turn suggests that open-marine
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conditions did not persist throughout deposition of this low to moderate energy, 

subtidal unit.

Zone 5

The uppermost Ervay carbonates at the Little Sand Draw field are the 

dolomitized peloidal packstones and grainstones of zone 5. Open-marine fauna 

are essentially absent from this zone. Observed bioclasts include ostracods and 

tubular foraminifers. Peloidal dolomite packstones at the base of the interval 

grade upward into grainstones that contain some superficially coated ooids near 

the top of the zone. Zone 5 is capped by a 1 to 2 ft (0.3 to 0.6 m) thick 

stromatolitic boundstone.

These dominantly non-skeletal rocks were deposited under subtidal, 

restricted-marine conditions that apparently became increasingly restricted 

upward through the section. Higher energy associated with shallowing seas at 

the end of Ervay deposition produced grainstones and superficially coated ooids. 

These may be lower intertidal facies. The uppermost stromatolitic boundstone is 

interpreted as an algal tidalite deposited during initial phases of Late Permian 

emergence. Fenestra! pores and cracks probably developed in these sediments 

during subaerial exposure of the Phosphoria (for up to 6 million years; Pauli and 

Pauli, 1986).
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Zone 6

Zone 6 constitutes the anhydrite cap on the Phosphoria Formation which 

provides the reservoir seal at Little Sand Draw. Considering the prolonged 

exposure of Permian sediments, it is unlikely that this anhydrite (or its gypsum 

precursor) was deposited prior to the initial Triassic Dinwoody transgression. 

Gypsum deposited before such a prolonged period of subaerial exposure would 

have likely undergone extensive dissolution. The age of the anhydrite is 

uncertain (Coalson and Inden, 1990). These anhydrites also contributed calcium 

sulfate which, along with calcite and silica, acted to tightly cement the underlying 

exposure surface.

2.1.3 Sequence Stratigraphy of the Ervay Member

Global sea level is a major factor controlling carbonate deposition. The 

broad position of sea level is determined by ocean-basin volumes and glacial ice 

volumes, which are both controlled by geotectonics and climate (Tucker and 

Wright, 1990). Geotectonics plays a major role, with eustacy, in creating the 

space available for carbonate sedimentation. Climate determines water 

conditions, therefore, the types of carbonate sediments produced.
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The Ervay cycle within the study area developed in response to both 

eustatic sea-level fluctuations and the changing climatic regimes associated with 

these fluctuations (Inden and Dean, 1986). The sea-level fluctuations caused by 

change in ice volume on the Gondwana supercontinent are widely assumed to 

have caused the cyclicity seen in Upper Carboniferous and Lower Permian 

sedimentary rock sequences (Crowell and Frakes, 1975; F rakes, 1981). The rate 

of sedimentation and the regional distribution of Ervay depositional facies are 

influenced by Permian tectonics and related paleobathymetric features 

(Peterson, 1980; Figure 2.6).

The Ervay depositional sequence at Little Sand Draw is an unconformity- 

bounded unit that consists of five transgressive-regressive parasequences 

(Garfield, 1990). The depositional facies that comprise each parasequence are 

aggradational within the study area (Figure 2.9). Retrogradational and 

progradational counterparts for these facies developed during transgressive and 

regressive phase of sea level, and should exist across the southern Big Horn 

basin.

Parasequences within the Ervay are defined by marine-flooding surfaces 

that superimpose fossilliferous open-marine facies over more restricted facies 

which cap the underlying unit (Garfield, 1990). The base of most open-marine to 

restricted-marine subcycles is a bioeroded, scoured surface in the southern Big 

Horn basin (Coalson and Inden, 1990). The bioeroded basal contact of the Ervay



35

with the underlying Franson Member, and the contact between zones 2 and 3 

show evidence of prolonged non-deposition that resulted in hardground formation 

(Garfield, 1990; Clark, 1994). These two depositional surfaces are widely 

expressed in the Big Horn basin. The correlative contact for the Ervay-Franson 

surface is recognized in the Wind River Mountains as a surface of subaerial 

exposure and erosion (Ahlstrand and Peterson, 1978). The bases of zones 2, 4, 

and 5 define marked changes in lithology from underlying restricted-marine 

facies to overlying open-marine facies. These surfaces, therefore, also represent 

marine flooding events (Garfield et al., 1992).

Van Wagoner et al. (1988) defined a parasequence as a relatively 

conformable succession of genetically related beds or bedsets bounded by 

marine-flooding surfaces. These surfaces are boundaries that separate older 

from younger strata and across which there is evidence for an abrupt increase in 

water depth. The marine flooding surfaces found within Ervay dolomites are 

approximate time lines, and the parasequences they define are thus 

chronostratigraphically constrained.
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2.2 Structural Geology

2.2.1 Regional Structure

The Big Horn basin of northwestern Wyoming and south-central Montana 

is a structural basin of Laramide age that lies within the foreland province of the 

northern Rocky Mountains (Stone, 1985; Figure 2.1). The basin is on the eastern 

shelf area of the North American Cordilleran seaway just east of the hingeline 

that separates the shelf area of Wyoming from the former deeply subsiding parts 

of the Cordillera on the west in Idaho and Utah (Thomas, 1965; Peterson, 1984; 

Figure 2.11). The Big Horn basin is a northwest-trending, roughly oval-shaped 

intermontane basin with many peripheral anticlinal flexures that are oriented 

parallel to the basin axis (Maughan, 1983; Figure 2.1).

Compressional structures which involve crystalline basement commonly 

occur as long, irregular chains of uplifts in foreland basins (Mitra and Mount, 

1998). These long, irregular chains of uplifts are represented in the Big Horn 

basin by rectangular crustal blocks bounded by northwest and northeast trending 

shear zones (Maughan, 1983).

Prior to the Cretaceous, the Big Horn basin was part of a stable shelf area 

(Wyoming shelf) located east of the North American Cordillera (Peterson, 1980; 

Figure 2.11). The Sevier orogeny occurred along the eastern edge of the
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Cordillera during times intermediate between the Nevadan orogeny further west 

and the Laramide orogeny further east. Deformation culminated during the late 

Cretaceous (McGookey, 1972). The rising highlands created by this orogeny 

caused the Wyoming shelf to experience regional cycles of transgression of 

epicontinental seas, mild tilting/uplift, and erosion (Peterson, 1984).

The Rocky Mountain foreland province was subject to regional 

compression during Laramide time due to the convergence of the North 

American and Farallon lithospheric plates (Hamilton, 1981). The convergence 

direction of the regional compressional stress field in the Wyoming foreland 

province rotated in a counterclockwise direction from an east-west orientation 

during early Laramide time (late Cretaceous), to a north-south orientation during 

late Laramide time (early Eocene) (Cries, 1983). The Big Horn basin was filled 

with Paleozoic and Mesozoic sediments and deformed by the Laramide orogeny 

during the late Cretaceous-early Tertiary (Paylor et al., 1989). Major faults carried 

Precambrian basement rocks towards the surface, creating uplifts that 

segregated the Wyoming shelf into smaller, intermontane sedimentary basins, 

such as the Big Horn basin (Thomas, 1965; Stone, 1985; Maughan, 1993; 

Snoke, 1997).

Contrasting tectonic models concerning deformation of the Laramide 

Rocky Mountain foreland involve two schools of thought. Stearns (1975) and 

Prucha et al. (1965) proposed that the vertical component of stress was
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dominant in the Big Horn and other intermontane basins of the Rocky Mountain 

foreland. This resulted in dominantly high-angle faults and drape folds. The other 

school of thought considers the deformation of the Rocky Mountain foreland to 

be the result of dominantly horizontal stresses. Blackstone (1986) and Brown 

(1984) proposed that the horizontal component of stresses resulted in thrust 

faults and buckle-type folds (fold-thrusts), whereas Chaplin (1983) and Stone 

(1970, 1985, 1993) proposed that the dominantly horizontal stresses resulted in 

both fold-thrusts and wrench faults. The existence of low-angle bounding faults 

along the flanks of mountain upwarps strongly supports the compressional model 

but does not explain the varying trends of foreland structures (Paylor et al., 

1989).

2.2.2 Local Structure

Foreland basement-involved structures contain important hydrocarbon 

accumulations, with most major fields located on the broad crests of these 

structures (Mitra and Mount, 1998). The Big Horn basin contains many significant 

Paleozoic oil fields that are distributed around the basin margin. These oil fields 

are generally located on northwest-trending, asymmetric, anticlinal thrust-fold 

structures which were developed during the northeast-southwest regional 

Laramide compression (Stone, 1985). Little Sand Draw field is located on the
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southwestern margin of the Big Horn basin (Figure 2.1), and is one of these 

northwest-trending Laramide anticlines. Some fields, which have structural styles 

similar to Little Sand Draw and produce from the Ervay dolomites of the 

Phosphoria Formation, include Grass Creek, Hamilton Dome, Worland, Gebo, 

Neiber Dome, Oregon Basin, and Pitchfork.

The hydrocarbon-producing structure at Little Sand Draw field is an 

asymmetric, doubly plunging anticline that is roughly 2 mi (3.2 km) long by 0.5 mi 

(0.8 km) wide with approximately 400 ft (122 m) of closure at the Phosphoria 

level (Figure 2.12). By analogy to nearby surface anticlines along the southern 

margin of the Big Horn basin (Paylor et al., 1989), the steeply dipping to 

overturned southwestern limb of the structure is believed to be bounded by a 

low-angle reverse fault (Garfield et al., 1992).

2.3 Petroleum Geology

The Big Horn basin is oil prone, with a cumulative gas-oil ratio of 0.6 cubic 

feet of gas to 1 barrel of oil (Mullen, 1993). The Ervay and Franson Members of 

the Permian Phosphoria Formation, the Pennsylvanian Tensleep Sandstone, and 

the Mississippian Madison Limestone exhibit significant reservoir quality in the 

Big Horn basin. The basin contains many petroleum accumulations in Permian 

reservoirs of central and western Wyoming. Marine to peritidal carbonates of the
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Ervay reservoir are mostly associated with structural traps. However, 

v stratigraphie and diagenetic variations determine the producibility of the reservoir 

dolomites. Oil traps are formed in west to northwest-trending, asymmetric, 

anticlinal thrust-fold closures (Stone, 1985). The widespread argillaceous and 

evaporite beds of the lower Dinwoody and Goose Egg Formations provide an 

important regional seal for the entrapment of hydrocarbons in Permian carbonate 

reservoirs (Schock et al., 1981).

The shale members of the Phosphoria Formation (Meade Peak and Retort 

Shale) are dark-colored, fine-grained, volumetrically extensive and extremely rich 

in organic matter, with well-defined characteristics of a reducing depositional 

environment (Stone, 1967). These rocks are believed to be the primary source 

rocks for most of the upper Paleozoic oil in the Big Horn basin (Cheney and 

Sheldon, 1959; Stone, 1967; Claypool et al., 1978; Maughan, 1984; Fox and 

Dolton, 1996). Sheldon (1967) proposed that the similarity observed in the 

composition of crude oil occurring in Permian rocks of Wyoming and the 

carbonaceous matter in the black shales of the Phosphoria might be attributable 

to the same original organic matter. Hydrocarbons were generated from the 

Meade Peak phosphatic shales and Retort dark shales in southeastern Idaho 

(western Cordillera) and westernmost Wyoming (basins of Wyoming shelf) in the 

early Jurassic (Sheldon, 1967; Figure 2.4). The sedimentation and burial rates 

were substantially greater in the Cordillera in southeastern Idaho than on the
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Wyoming shelf (Claypool et al., 1978). This provided the temperature regime 

necessary for hydrocarbon generation at burial depths of about 6,500 ft (2,000 

m). The main migration pathway for this petroleum was eastward towards the 

reservoir rocks of west-central Wyoming (Stone, 1967). Eastward migration of 

the hydrocarbons stopped by the middle-late Mesozoic because of the 

emergence of the ancestral Wind River Mountains and anticlines formed by the 

Laramide deformation in central Wyoming (Sheldon, 1967). Peterson (1984) 

proposed that another migration and accumulation system evolved from more 

local intra-basin source-rock facies of phosphatic and dark shales during the late 

Mesozoic-Cenozoic.

Figure 2.4 also illustrates the environmental-stratigraphic setting which is 

believed to have generated and preserved much oil in the Phosphoria. The 

possible conduit beds for the long-distance, eastward migration of petroleum are 

the Pennsylvanian and Permian sandstones, such as the Shedhorn Sandstone. 

Migration could have occurred through the well-sorted bioclastic and peloidal 

carbonate rocks of the Park City Formation (Sheldon, 1967). Transgressions and 

regressions of the Phosphoria and equivalent formations gave rise to an 

interfingering of source, reservoir, and sealing beds (Stone, 1967; Figure 2.4).
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2.4. Field History

Little Sand Draw field was discovered by Seaboard Oil Company in 

February 1949 (Fanshawe, 1993). The discovery well, Nelson 1, was completed 

open hole in the Tensleep Sandstone for 264 BORD (barrels of oil per day) with 

no water (Waterman, 1989). By 1951, eight producers had been drilled on the 

crest of the structure, with the Permian Phosphoria Formation as the primary 

producing target. Only one additional well was drilled between 1951 and the end 

of 1976. Total field production ranged from 200 to 1000 BOPD during this period. 

An intensive infill drilling program from 1977 through the end of 1981 resulted in 

20 new completions and a nearly tenfold increase in daily oil production from 435 

BOPD in 1977 to 4000 BOPD in 1981 (Figure 2.13).

Marathon Oil Company purchased the field in 1983 and drilled three 

additional infill wells by 1988. Of the 36 wells drilled into the Phosphoria or 

deeper formations, 32 were completed as producers and 4 were dry holes 

(Figure 2.13). The field is now operated by Citation Oil Company and Merit 

Energy. As of January 1998, there were 17 producing oil wells at Little Sand 

Draw. At that time, 10 wells produced from the Phosphoria, five commingled 

Tensleep and Phosphoria production, and 2 produced from the underlying 

Tensleep only. Cumulative field production through January 1998 was 11.4 

million bbl of 35° API oil from 479 productive acres. The Phosphoria now
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Figure 2-13. Reservoir performance history shows average daily produced oil 
and total fluids (STB/DAY), water injection rates, and water cut since 1949. The 
increase in oil production from 1978 to 1988 is due to production from 20 infill 
wells drilled between 1977 and 1981. A water injection program from late 1972 
through 1977 had little or no effect on incremental oil recovery. Modified from 
Garfield (1990).
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produces approximately 344 BOPD from an average depth of 6,000 ft (1,830 m). 

Reservoir energy is supplied by an active water-drive system.

A pilot waterflood/water-disposal project was undertaken in two wells, 

Nelson 5 and 7, between 1972 and 1977 (Garfield, 1990). This had no effect on 

incremental oil production (Figure 2.13). Between 1978 and 1981, total fluid 

withdrawal was increased from less than 10,000 to over 30,000 BPD as a result 

of infill drilling. Prior to infill drilling, the field decline rate was 7% per year. After 

this period of infill drilling, the decline rate was as high as 30%. As a result, 

reservoir pressure decreased by more than 1,000 psi in some areas. Other 

areas, however, are still at or near virgin pressure. Field wide water cut has 

steadily climbed to more than 98% over the 49-year life of the field (Figure 2.13).
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Chapter 3 

PETROPHYSICS

Petroleum geologists and hydrogeologists define geologically and 

petrophysically similar rock units in a reservoir or aquifer as storage containers 

and conduits for flow of fluids. This approach allows us to subdivide a reservoir or 

aquifer into flow units for aquifer modeling or reservoir simulation to predict 

performance. Flow units in the reservoir are defined on the basis of similar pore- 

scale features that determine the capacity of the reservoir to store or transmit 

hydrocarbons. The storage capacity of a reservoir is controlled by the size and 

number of pores, whereas the flow capacity is controlled by the size, shape, and 

number of pore-throats (connections) per pore. Geological data from cores and 

thin section observations (major lithofacies, vertical sequences, depositional 

environments) and petrophysical data (porosity-permeability crossplots, capillary 

pressure curves, water saturation profiles, and well log signatures) are combined 

to define intervals of similar pore types (i.e., flow units). Figure 3.1 illustrates 

major types of geological and petrophysical data applied to flow unit zonation of a 

well.

The Ervay Member of the Phosphoria Formation was the focus of detailed 

flow unit characterization throughout this study. Continuous porosity-permeability
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data from 14 cored wells and 25 core-plugs from the Nelson 30 well were 

available to quantify pore types (i.e., flow units) within the Ervay reservoir.

3.1 Identification of the Key Well

In reservoir characterization studies, flow units are commonly defined in a 

key well that has the best data. The interpreted flow units are then correlated 

throughout the hydrocarbon field. Results can then be incorporated into a three- 

dimensional geological model for use in flow simulation. The key well is most 

representative of the reservoir and has continuous porosity and permeability data 

(Martin et al., 1997; Hartmann and Beaumont, 1999). In the Little Sand Draw 

field, few cored wells provide data throughout all Ervay reservoir zones. Of the 14 

cored wells, Nelson 30 has been selected as the key well because this well has 

the most continuous core-plug porosity and permeability data from samples 

taken at one-foot intervals from zones 2 to 5. Thin-section data from this well 

were also analyzed to test porosity and permeability relationships as a function of 

pore types (Garfield, 1990). This well allows a detailed petrophysical analysis of 

the reservoir interval and can be compared to and calibrated with other wells in 

the reservoir. The interpreted flow units for the Nelson 30 well will be supported 

by capillary pressure measurements of 25 core plugs taken from various rock 

types.
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3.2 Porosity-Permeability Relationships

3.2.1 Background and Data

Coalson and Inden (1990) showed that there is a close relationship 

between the petrophysics and depositional environment of Ervay rocks. 

Restricted subtidal rocks are mainly characterized by poorly connected biomolds, 

vuggy pores, and micro-intercrystalline pores. Peritidal rocks contain much larger 

and better connected pores. The open-to restricted-marine subtidal lithofacies of 

the Ervay dolomites at Little Sand Draw field are subdivided into five zones with 

unique petrophysical characteristics (Garfield, 1990; Figure 3.2). Zone 1 rocks 

are non-porous and non-productive. Zone 6 is the anhydrite that caps the 

reservoir at Little Sand Draw. Table 3.1 tabulates some petrophysical 

characteristics of Ervay reservoir zones. Although porosities may exceed 20%, 

matrix permeabilities are mostly less than 1 md, which indicates that pore-throats 

are small and pores are poorly connected.

Figures 3.3 and 3.4 illustrate the porosity and permeability data in the key 

well (Nelson 30) with contours of equal pore throat size and k/tj) ratio, 

respectively. An increase in porosity is accompanied by an increase in 

permeability throughout the reservoir interval associated with both depositional 

and diagenetic rock fabrics. However, the amount of increase in permeability
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Figure 3.2: Core plug porosity and permeability curves for the key well (Nelson 30). 
High gamma ray peaks define zone boundaries. The Ervay member was divided 
into 5 lithostratigraphic units (zones) at Little Sand Draw field (Garfield, 1990). 
Zone 6 is the anhydrite that caps the Ervay. Zone 1 is non-productive.
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Table 3.1 : Major petrophysical data obtained from the Ervay zones. Porosity 
values were averaged arithmetically. Geometric averaging was used to calculate 
mean permeability values for each zone.

Rock
Types

Pore
Geometry

Average
<t>,
%

Average
k,

md

Range of 
Porosity,

%

Range of 
Permeability, 

md

<j)-k linear regression 
correlation coefficient

(R2)

Zone 5
-Intercrystalline, 
-Minor intergranular, 
-Pelmoldic.

16 4.17 5-26 0-100 0.34

Zone 4
-Intercrystalline,
-Moldic,
-Vuggy.

17.6 2.78 10-29 0.1-100 0.18

Zone 3
-Micro-intercrystalline,
-Moldic,
-Intercrystalline.

19 2.46 4-26 0-11 0.50

Zone 2 -Moldic,
-Micro-intercrystalline. 15.6 1.27 3-26 0-35 0.28
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Figure 3.3: Winland porosity-permeability crossplot (Hartmann and Beaumont, 
1999) for the cored interval in the key well (Nelson 30), Little Sand Draw field, 
Wyoming. The diagonal curved lines represent equal pore-throat size values. 
Points plotting along the same contours (isopore throat lines) represent rocks 
with similar flow characteristics. The flow quality of rocks can be explained by the 
pore-throat size values (Nano-, Micro-, Meso, and Macroport).
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Figure 3.4: Porosity-permeability crossplot (Hartmann and Beaumont, 1999) for 
the cored interval in the key well (Nelson 30), Little Sand Draw field, Wyoming. 
The diagonal curved lines represent equal k/§ values. Points plotting along the 
same contours represent rocks with similar flow characteristics. The numbers 
next to contours are the kA}) values.
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varies throughout the zones. Moldic pores provide the majority of pore space in 

all Ervay zones (Garfield, 1990). Low correlation coefficients associated with 

each zone (Table 3.1) occur mostly because of the isolated pores (moldic, 

pelmoldic, and separate vugs), which do not contribute well to permeability. 

Porosity is enhanced by moldic pores, but the consistent network of 

intercrystalline pores largely controls permeability (Lucia, 1995). A specifically 

defined trendline between porosity and permeability values does not occur in the 

Ervay rocks because the porosity is mostly not effective. Coalson and Inden 

(1990) and Clark (1994) noticed the same kind of relationship between porosity 

and permeability in subtidal rocks of the Ervay throughout the Big Horn basin.

Crossplots of porosity and permeability, shown in Figures 3.3 and 3.4, are 

valuable to predict possible flow units and their quality within each zone. The 

parallel lines in these figures are the contours of constant pore-throat size and 

k/(J> ratio, which divide the plots into areas of similar pore types (Hartmann and 

Beaumont, 1999). Points that plot along the contours (isopore throat lines) 

represent rocks with similar flow characteristics (i.e., flow units). The quality of 

flow units, on the other hand, can be explained by four categories (Macro, Meso, 

Micro, and Nano-ports) based on pore-throat size (Martin et al., 1997). Pore- 

throat sizes range from 2 to 10 pm for Macroports, 0.5 to 2 pm for Mesoports, 

and 0.1 to 0.5 pm for Microports. Flow units defined as having a pore-throat size
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less than 0.1 jum are Nanoports. Finally, flow units having a pore-throat size 

greater than 10 pm are Megaports, which do not occur in the Ervay (Figure 3.3).

3.2.2 Interpretation

Higher quality flow units are associated with zone 5 (Macro-to-Mesoport) 

and zone 4 (Mesoport) rocks in the reservoir dolomites of the Ervay. Zone 2 

rocks have a wide range of porosity and permeability data with pore-throat size 

mostly falling into the Mesoport and Microport range. This indicates varying 

storage and flow capacities through zone 2 rocks. These rocks may have the 

largest number, but the least quality flow units. Zone 4 rocks have the least data 

scatter, representing more constant storage and flow capacities. Flow units of 

zone 3 rocks vary from Mesoport to Microport.

3.3 Capillary Pressure

Knowledge of pore-size distribution within the Ervay reservoir interval, as 

measured by capillary pressure curves, is valuable to help characterize the 

reservoir rock quality. Rock quality determines the fluid-flow efficiency and 

storage quality for a given reservoir (Hartmann and Beaumont, 1999), and is a
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parameter that can be estimated by analyzing the reservoir process speed (k/<|)) 

and pore-throat size distribution (r35 ) within the reservoir.

Pore-size distribution of the Ervay reservoir was quantified by capillary 

pressure measurements of 25 core samples selected from various rock types in 

the key well (Nelson 30). The samples were thought to be representative of pore 

system characteristics of each reservoir zone (Figures 3.5 and 3.6).

3.3.1 Sample Preparation

Core plugs drilled from various depths were 1 inch in diameter, a size that 

was too large for use in the mercury injection apparatus. The test chamber of the 

mercury injection apparatus would take only plugs whose diameter is less than 1 

inch and length is less than 1.5 inch. Therefore, the plugs were cut into two 

halves and the mercury injection capillary pressure curve was determined for one 

of the split plugs. There was no restriction on the shape of the plugs.

The samples were cleaned with toluene using a Soxhlet extractor for 24 

hours. Plugs were then fired in an oven for several hours at 200°C (392°F). This 

procedure was repeated to insure that all of the oil was removed from the 

samples and all of the toluene was evaporated during the firing.
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Figure 3.5: Crossplots of core plug porosity and permeability data for Ervay 
zones in the key well (Nelson 30). Data points associated with core plugs 
selected for capillary pressure analyses are open circles.
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Figure 3.6: Crossplots of core plug porosity and permeability data for Ervay 
zones in the key well (Nelson 30). Data points associated with core plugs 
selected for capillary pressure analyses are open circles.
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3.3.2 Capillary Pressure Measurements

Air-mercury capillary pressure tests were conducted to evaluate reservoir 

rock quality and determine the effective pore system that dominates flow through 

the reservoir.

3.3.2.1 Background

“Two or more immiscible fluids in a porous media, such as reservoir rock, 

give rise to capillary forces. Because of the interfacial tension existing at the 

boundary between the fluids, the interface is curved and there is a pressure 

difference across the interface. This pressure difference is called capillary 

pressure.” (Brown, 1951). The pressure difference across the interface between 

two immiscible fluids results from interactions of forces acting within (cohesive 

forces) and between (interfacial tension) fluids and their bounding solids 

(adhesive forces). This pressure difference (capillary pressure) can be defined 

as:

Pc = AP = Pn w  - P w

where,

Pc = Capillary pressure,

AP = Pressure difference across the interface between two immiscible fluids,
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Pnw = Pressure across the non-wetting fluid (commonly oil in a reservoir),

Pw = Pressure across the wetting fluid (commonly water in a reservoir).

The pressure difference (capillary pressure) between the inside and 

outside of the surface can also be defined in terms of the radius of curvature of 

the surface and the tension (Vavra et al., 1993). The radius of curvature is a 

function of pore-throat size (r) and the contact angle (0) between the fluids and 

the mineral grains for a reservoir rock. So, capillary pressure can be calculated 

as follows:

D _ 2 a  cosG
■ c — r

where,

a = interfacial tension between the fluids, dynes/cm,

0 = wettability, expressed by the contact angle between the fluids and the 

grain, degrees,

r = effective pore-throat size, micron,

Pc = capillary pressure, dynes/cm2.

In an air-mercury capillary pressure test, capillary pressure can be viewed 

as the pressure required to drive mercury through a pore throat and displace the 

air, with greater pressure being required as the pore throat becomes smaller 

(Jennings, 1987). Mercury injection-capillary pressure data are obtained by 

injecting mercury into sample plugs, at increasing pressure levels, to produce a
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plot of injection pressure vs. mercury saturation. Each capillary pressure curve 

also represents a pore-throat size profile for the tested sample (Figure 3.7). The 

size and distribution of pore throats within the sample control its capillary 

pressure characteristics, which in turn control fluid behavior in the pore system 

(Jennings, 1987).

3 3.2.2 Capillary Pressure Tests

Capillary pressure tests on samples can be run using a variety of wetting 

(e.g., brine or air) and non-wetting (e.g., oil or mercury) fluids. Air-mercury 

capillary pressure tests are more rapid, simpler, and less costly than the brine-oil 

capillary pressure tests (Sneider, 1987). Hydrocarbon-brine capillary pressure 

relations can be estimated from the air-mercury measurements using the 

appropriate values of a and 0.

In this study, air-mercury capillary pressure tests were conducted on each 

sample in the Petroleum Engineering Department at the Colorado School of 

Mines. Mercury injection-capillary pressure data were obtained by injecting 

mercury into sample plugs to produce a plot of injection pressure vs. mercury 

saturation.

The mercury injection apparatus (Figure 3.8) was calibrated before 

running each mercury injection test. The purpose of the calibration is to
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Figure 3.7: Typical capillary pressure curve plotted on a semilog graph. The curve 
also represents a pore-throat size profile for the sample. From Jennings (1987).
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Figure 3.8: Schematic figure of mercury-injection capillary pressure apparatus for 
obtaining mercury injection-capillary pressure data. From Jennings (1987).
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determine the error that results from the compressibility of mercury, the 

expansion of the steel in the apparatus, and the compressibility of the air that is 

trapped in the apparatus. Calibration data were obtained by carrying out a run 

without a sample in the test chamber. Test data were obtained by carrying out 

another run with a sample in the test chamber. The mercury volume and 

pressure readings were recorded during both calibration and test.

Figure 3.9 is an example plot of the data obtained from both calibration 

and test. In order to plot a capillary pressure curve, the mercury volume inside 

the plug has to be calculated. To find the volume of mercury inside the plug, for 

each pressure step, the mercury volume obtained during calibration of the 

apparatus is subtracted from the volume of mercury obtained during running of 

the sample.

The dry samples were weighed using an analytical balance. Grain volume 

of the plugs was calculated from the below equation by dividing the weights of 

the plugs by the density of the plugs, assuming the reservoir lithology is dolomite.

g v  =  B ,
pm

where,

GV = Grain volume of the plug (cc),

Wt = Dry weight of the plug (g),

pm = Matrix density of dolomite (2.87 g/cc).
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Figure 3.9: Mercury capillary pressure apparatus calibration and test data 
for the core plug sample from 6109.6 ft depth, Nelson 30 well.
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Bulk volume of the plugs was measured during the test. Volume of 

mercury required for filling the empty test chamber was recorded. The sample 

was placed in the chamber and mercury volume was recorded by pumping the 

mercury to the exact same level in the observation window. The sample bulk 

volume was the difference between the two volumes.

Pore volume for the plugs was obtained from the following equation by 

subtracting the grain volume from the bulk volume of the plug.

PV = BV -  GV,

where,

PV = Pore volume of the plug (cc),

BV = Bulk volume of the plug (cc),

GV = Grain volume of the plug (cc).

Mercury saturation, for each pressure step, was obtained by dividing the 

mercury volume inside the plug by the pore volume of the plug. Finally, porosity 

of the samples was calculated using the following equation:

PVPorosity (<|)) = —
BV

Figure 3.10 shows the correlation between core-plug porosity and capillary 

pressure porosity for the 25 samples. Porosity values from the capillary pressure 

tests are considerably higher than the core plug porosity values for six samples 

(Table 3.2). This error may have been caused by the measurement of pore
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Figure 3.10: Crossplot of core plug porosity and capillary pressure porosity. Omitted 
samples are labeled with core plug number (Table 3.2). Diagonal line represents a 
1:1 relationship.
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Figure 3.11 : Crossplot of core plug porosity and capillary pressure porosity for the 
remaining 19 core plug samples (Table 3.2). Diagonal line represents a 1:1 
relationship.
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Table 3.2: Selected core plugs from various zones, Nelson 30 well.

# Sample 
Depth, ft

Ervay
Zones

Core 
Plug 4),

%

Cap. 
Pres, (j), 

%

Core 
Plug k, 

md
r  35) P

Winland
r  35) P

Pc at
35% Hg, 

psi
Pd,
psi PTS Swi

1 6,106.0 5 15.2 16.9 3.36 0.908 1.048 117 60 1.62 23.5
2 6,108.7 5 22.1 20.7 8.08 1.714 1.271 62 32 1.50 20.0
G 6,109.1 5 18.7 ? 10.00 2.214 1.664 48 28 1.62
3 6,109.6 5 18.5 18.9 11.00 1.833 1.776 58 31 1.56 5.0
4 6,111.2 5 19.5 19.3 24.00 1.772 2.685 60 23 1.86 23.2
5 6,116.9 5 18.6 17.6 3.43 1.898 0.891 56 24 1.80 13.1
6 6,118.4 5 14.3 15.5 6.19 1.296 1.582 82 30 1.90 23.3
7 6,121.2 5 16.4 15.0 7.70 2.362 1.598 45 10 3.05 7.4
8 6,122.9 4 17.7 16.6 7.75 1.635 1.502 65 11 2.69 18.2
9 6,123.1 4 16.9 18.4 1.62 2.472 0.623 43 11 2.45 7.0
10 6,125.7 4 16.9 16.6 1.70 0.924 0.641 115 38 2.07 16.3
G 6,127.3 4 18.4 ? 5.90 1.833 1.237 58 27 2.55
11 6,129.8 4 19.6 20.0 4.91 2.169 1.052 49 23 1.91 8.3
12 6,130.4 4 16.8 16.6 1.32 1.003 0.555 106 32 2.45 13.3
13 6,132.6 3 13.6 12.2 0.36 0.373 0.310 285 130 1.63 18.1
14* 6,133.2 3 21.8 28.9 4.90
15* 6,134.9 3 24.3 28.6 5.34
16* 6,137.3 3 24.2 29.4 9.17
17* 6,138.7 3 20.7 24.8 7.01
18 6,140.1 3 15.6 16.9 2.43 0.864 0.847 123 50 2.08 24.5
19 6,154.0 2 16.8 16.1 0.98 0.388 0.466 274 108 1.43 12.0
20* 6,158.2 2 15.5 20.7 1.38
21 6,161.9 2 16.1 16.7 1.28 0.345 0.565 308 80 1.67 19.0
22 6,167.2 2 13.7 12.1 2.05 1.042 0.857 102 22 3.21 22.0
23 6,170.6 2 18.4 15.9 1.16 0.656 0.475 162 80 1.61 19.7
G 6,171.7 2 16.9 ? 2.90 1.296 0.877 82 36 2.08
24 6,176.7 2 21.9 20.3 5.26 1.063 0.995 100 60 1.57 9.5
25* 6,178.1 2 16.9 21.3 1.09
G: Data From Garfield’s (1990) study 
* Omitted Samples
Winland r35: Pore-throat size values at 35% mercury saturation, computed using the Winland 
equation.
R35: Pore-throat size values at 35% mercury saturation, obtained from capillary pressure graphs. 
Pd: Displacement pressure, pressure at which mercury first enters the rock, obtained from 
capillary pressure graphs.
PTS: Pore-throat sorting, a parameter related to sorting of pore throats (Jennings, 1987), 
calculated from capillary pressure graphs.
Swi: Irreducible water saturation, obtained from capillary pressure graphs.
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volume during the test. These samples might have included some remaining oil. 

This might have given higher porosity results. Therefore, these six samples were 

eliminated from the data set due to the errors that they would create in 

calculations of pore-throat size. Figure 3.11 is the crossplot of core-plug porosity 

versus capillary pressure porosity for the remaining 19 samples.

The capillary pressure curve of a sample from zone 5 is given in Figure 

3.12. Mercury-injection pressure vs. mercury saturation data is also plotted on 

semi-log paper to make the interpretation easier (Figure 3.12B). An additional 

vertical scale of pore-throat radius (microns) is displayed next to injection 

pressure to estimate pore-throat size at a given pressure. The entry pressure, Pe, 

is the pressure at which the sample first begins to accept mercury into the pore 

system and is a function of the mercury conforming to irregularities on the 

surface of the sample plug (Jennings, 1987; Figure 3.12B). Displacement 

pressure, Pd, is estimated by extending the slope of the plateau to the right side 

of the graph, and is interpreted to be the pressure at which mercury first imbibes 

into the rock (Jennings, 1987; Figure 3.12B; Table 3.2). The plateau is related to 

pore-throat sorting.

Pore-throat sorting (PTS) provides a dimensionless measure of pore 

geometry and the sorting of pore throats within a rock sample (Jennings, 1987). 

A horizontal plateau indicates good sorting (PTS = 1.0; perfect sorting), with 

sorting becoming poorer as the plateau steepens (PTS = 8.0; no sorting). Most



71

A )

'55 1500

I

Ï

500

Swi=5%; 100%-Svvi=95% 
Q,=0.25x95%=23.8% 
P1=48 psi
Q,=0.75x95%=71.2%
P,=117 psi
PTS=(117psi/48psi)1/̂ =1.56

0.07

0.20 O

100 90 80 70 60 50 40 30 20 10

M e r c u r y  S a tu ra t io n ,  %PV

10000 0.01

10 0 0 0.1

Q.
117psi

10

100

1000
10 0 90 80 70 60 50 40 30 20 10 0

M e r c u r y  S a tu ra t io n ,  %PV

Figure 3.12: Capillary pressure curves of a sample (sample depth = 6109.6 ft) from 
zone 5. (A). Data are shown on a linear plot, (B). Data are shown on a semilog plot. 
Significant parameters are more apparent on a semilog plot than on a linear plot. 
Abbreviations: SWI = Irreducible water saturation; Q1 = Water saturation at first 
quartile pressure; Q3 = Water saturation at third quartile pressure; PTS = Pore 
throat sorting.
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rock samples fall between PTS values of 1.2 and 5.0. PTS values within the 

Ervay reservoir interval were computed using the following equation adapted 

from a sorting coefficient equation developed by Trask (1932):

PTS- I f 3rdQuartilePressurë "
1 stQuartilePressure v

The first and third-quartile pressures were obtained directly from the 

capillary pressure curve and reflect the 25 and 75% mercury saturation 

pressures adjusted for irreducible saturation (Jennings, 1987; Table 3.2). The 

mercury saturations at the first and third-quartile pressures are obtained by 

multiplying the effective pore volume excluding the irreducible water saturation 

( 1 - S w i )  by 0.25 and 0.75, respectively (Figure 3.12A). Figure 3.12A also illustrates 

how pore-throat sorting is calculated from a capillary pressure curve. PTS is not 

always clearly indicated by porosity and permeability of a rock sample. PTS 

reflects the pore-throat heterogeneity within the sample.

Irreducible water saturation, Swi, is the percentage of the pore space that 

mercury could not enter (Jennings, 1987). Air-mercury capillary pressure curves 

of the 19 samples do not yield a consistent S W i value because the maximum 

mercury-injection pressure (1920 psig) in laboratory conditions was not enough 

to fill up all pore spaces. Therefore, the wetting phase saturation at 1920 psi 

injection pressure was taken as Swi for all samples in the calculations of PTS 

(Figure 3.12B; Table 3.2).
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Mercury capillary pressure curves for core plug samples illustrate a 

comparison of reservoir quality and flow potential among Ervay reservoir zones 

(Figures 3.13 and 3.14). Low displacement pressures and relatively flat initial 

slopes (plateaus) for the zone 5 and zone 4 samples suggest large and relatively 

uniform pore throats. Zone 5 has the highest reservoir quality and flow potential. 

Once a threshold buoyancy pressure is obtained in zone 5, oil will rapidly 

saturate the available porosity up to the maximum capacity. The higher 

displacement pressures and greater slope of the plateau for the zone 2 and zone 

3 samples suggest more variable pore throat sizes and a higher proportion of 

smaller pore throats relative to the other two zones. This requires a pressure 

increase over a much broader range to obtain the same level of oil saturation.

The relative abundance of intercrystalline porosity controls permeability 

development in all Ervay reservoir zones (Garfield, 1990). The relatively large 

and uniform pore throats in zone 5 occur between the relatively coarser dolomite 

crystals (up to 40 microns) precipitated in the interparticle pore space of this 

grainstone. This effective intercrystalline porosity is less well developed in zone 2 

than in overlying zones (Garfield, 1990). The small and variable pore throats in 

this zone are a reflection of the dominance of moldic and micro-intercrystalline 

porosity (Garfield, 1990). Detailed mercury capillary pressure and pore-throat 

radius curves with data spreadsheets for all core plugs are illustrated in Appendix 

A.
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Figure 3.13: Air-mercury capillary pressure curves obtained from core plugs from 
Ervay zones. Samples from zones 5 and 4 have low displacement pressures and 
relatively flat slopes (plateaus), indicating that these two zones have better 
reservoir quality than zones 3 and 2.
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Figure 3.14: Air-mercury capillary pressure curves obtained from core plugs from 
Ervay zones. Mercury injection pressure is shown on a semilog scale. Samples 
from zones 5 and 4 have low displacement pressures and relatively flat slopes 
(plateaus), indicating that these two zones have better reservoir quality than zones 
3 and 2.
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3.4 Characterizing Reservoir Quality

The hydrocarbon storage and flow capacity of a reservoir define its quality 

(Grier and Marschall, 1993). These help define the intervals of similar and 

predictable flow characteristics (flow units). The hydrocarbon storage capacity is 

a function of effective porosity, whereas flow capacity is a function of 

permeability.

The fluid flow and storage quality within the Ervay reservoir interval were 

determined by analyzing the kAj) ratio and a specific pore aperture size (r^). 

When carbonates are deposited, they tend to have a correlation of particle size to 

parameters related to porosity and permeability (Hartmann and Beaumont, 

1999). KAj) ratio and r3 5  are a function of porosity and permeability and can be 

correlated with pore type and reservoir quality (Hartmann and Coalson, 1990).

3.4.1 R3 5  Method, Winland Equation

3.4.1.1 Background and Data

Pore-throat radius values at 35% mercury saturation from a mercury 

injection capillary pressure test determine the effective pore system that 

dominates flow through a rock (Kolodzie, 1980). H. D. Winland (Amoco
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Production Company) developed an empirical relationship between porosity, air 

permeability, and the pore-throat size corresponding to a mercury saturation of 

35% (r3 5 ) for 322 samples that included both sandstones and carbonates 

(Pittmann, 1992). Measurements for other mercury saturation percentages were 

determined. However, regression results for values of porosity and permeability 

versus pore-throat radius at 35% mercury saturation resulted in the highest 

correlation coefficient (Pitmann, 1992). Winland concluded, “That pore system 

has pore throat radii (called port size, or r33) equal to or smaller than the pore 

throats entered when a rock is saturated 35% with a non-wetting phase. After 

35% of the pore system fills with a non-wetting phase fluid, the remaining pore 

system does not contribute to flow. Instead, it contributes to storage.” (Hartmann 

and Beaumont, 1999). The Winland equation was used and published by 

Kolodzie (1980):

Log r3 5 = 0.732 + 0.588 log ka - 0.864 log § 

where r3 5  is expressed in microns, ka is uncorrected air permeability in 

millidarcies, and (j) is the porosity in percent.

R3 5  of a given rock type reflects both its depositional and diagenetic fabric 

and influences fluid flow and reservoir performance (Hartmann and Coalson, 

1990). Therefore, r3 5  values within the Ervay reservoir may be used to determine 

reservoir quality, identify flow units, or further support flow unit interpretations
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based on other techniques. Martin et al. (1997) and Gunter et al. (1997) applied 

the r3 5 concept to the characterization of petrophysical flow units in a reservoir.

Pore-throat radius curves were derived from capillary pressure data for 19 

samples (Appendix A) and 3 samples from Garfield’s study (1990; Figure 3.15), 

using the following equation:

2  o cos0  r = -------------c
Pc

where r is pore-throat radius (pirn), Pc is capillary pressure (psi), o is the 

interfacial tension (dynes/cm) of the air-mercury system, 0  is the wettability 

expressed by the contact angle (degrees) of air-mercury against the rock 

surface, and c is a constant to convert psi to dynes/cm2  and cm to pm (1 psi = 

69,035 dynes/cm2  and 1 cm = 104  pm). Using a constant interfacial tension value 

of 480 dynes/cm and contact angle of 140° for all core plug samples, and 

converting pore-throat radius to pm the equation becomes:

106.3
Pc

where r is in pm (microns) and Pc is in psi.

R3 5  values for each sample were calculated by using the above equation, 

with Pc being the capillary pressure at 35% mercury saturation (Table 3.2). In 

some cases, the corresponding value on the pore-throat radius scale was read
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Figure 3.15: Capillary pressure curves for three samples from the Nelson 30 well. 
Porosity and permeability values for each sample and the zones the samples 
come from are shown. From Garfield (1990).
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(Appendix A). R3 5  values were also estimated from core analysis porosity and 

permeability data by using the Winland equation (Table 3.2).

Figure 3.16 illustrates measured (r^) and estimated (Winland r3 5 ) r3 5  

curves for 22 samples from the key well (Nelson 30). In both of the curves, r3 5  

values are greater in zones 5 and 4 than in zones 3 and 2 . This indicates that 

these two zones (5 and 4) have better reservoir quality than the underlying 

zones.

3.4.1.2 Modification of the Winland Equation

R3 5  values for each porosity-permeability data pair can be estimated by 

solving the Winland equation. However, the Winland equation is based on 

empirical data. Therefore, r3 5  values from capillary pressure tests and core plug 

porosity and permeability data for 22 Ervay samples were used to modify the 

equation to relate more closely to characteristics of the Ervay reservoir (Pranter, 

1999). The Modified Winland equation can then be used to generate r3 5  curves 

for all of the wells.

Figure 3.17 illustrates the correlation between measured (r35) and 

estimated (Winland r35) r3 5  values for 22 core plug samples. R3 5  values calculated 

from the capillary pressure tests are a function of the matrix pore network within 

the reservoir and are generally larger than those computed from the Winland
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Figure 3.16: Measured and estimated r35 curves for 22 samples from the key well 
(Nelson 30). The symbols on the right graph (•) represent discrete sample 
depths. R35 values for these samples were measured from the capillary pressure 
graphs (right graph). Porosity and permeability data for these samples were 
used to estimate r35 values using the Winland equation (left graph). Larger 
values of r35 were obtained for zone 5 and 4 samples in both of the curves 
because of the better reservoir quality.
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Figure 3.17: Crossplot of measured (r35) and estimated (Winland r35) pore-throat 
radius estimates with 22 core samples. R35 values measured from the capillary 
pressure tests are generally larger than estimates made using the Winland 
equation. Diagonal line represents a 1:1 relationship.
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equation. Moldic porosity, which is dominant in all Ervay zones (Garfield, 1990), 

does not contribute well to effective porosity. The increased pore volume due to 

moldic porosity computes an r3 5  that is below the matrix value (Martin et al., 

1999).

Measured r3 3  values were plotted against core plug porosity and 

permeability data (Figure 3.18). The positive relationship that exists between 

both permeability and r35 and porosity and r3 5  for the core plug samples indicates 

that r3 5  values from the capillary pressure tests are related to both porosity and 

permeability. It was decided to modify the coefficients of the empirically derived 

Winland equation using an approach suggested by Pranter (1999). Statview® 

software was used to run a multiple regression, with logic r3 5  data as the 

dependent variable and logic k and logic <t> as the independent variables. Multiple 

regression takes into account the relationships between (j) and r35, k and r3 5  as 

well as (j) and k. The results depend on the relationships among all the variables 

that exist in the model. The summary of the results is given in Table 3.3.

3.4.1.3 Interpretation of Results

An adjusted correlation coefficient (Ft2) value of 0.5284 indicates that r35, 

permeability and porosity data are less related to each other than r3 5  and
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Table 3.3: Summary of the results of multiple regression analysis to modify the 
coefficients of the Winland equation. Logio(j) and logi0k are the independent 
variables, and logions is the dependent variable.

Regression Coefficients, log r3 5  vs. 2 Independents
Coefficient Std. Error Std. Coeff. t-Value P-Value

Intercept 0.1165 0.6052 0.1165 0.1924 0.8494
Log k 0.4683 0.0939 0.7721 4.9888 <0.0001
Log phi -0.2298 0.4861 -0.0732 -0.4727 0.6418
Regression Summer/, log r3 5  vs. 2 Independents

Count 22
Num. Missing 0
R 0.7572
R Squared 0.5733
Adjusted R Squared 0.5284
RMS Residual 0.1786
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porosity, and r3 5  and permeability. Log-m k is the only variable useful in predicting

f35-

Weak correlation among r3 5 , porosity, and permeability within the Ervay 

reservoir may result from the presence of moldic pores that are not well 

connected. Measured r3 5  values from the air-mercury capillary pressure tests 

reflect the most effective matrix pore system for fluid flow. However, core plug 

porosity values include connected moldic pores as part of the matrix porosity. 

These pores contribute to overall porosity, resulting in higher porosity values for 

the observed permeabilities. Therefore, the low correlation coefficient is probably 

caused by the porosity term, which makes the use of r3 5  curves difficult to support 

flow unit interpretation. An r3 5  curve was generated for the key well (Nelson 30) 

using the original Winland equation and used with caution to help determine flow 

units (Chapter 5).

3.4.2 Kg# method

3.4.2.1 Background and Data

Porosity and permeability are the most significant reservoir parameters 

that can be used to discriminate between flow units of different pore types (Martin 

et al., 1999). Analyzing air permeability (ka) and porosity ((J)) data separately to
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characterize reservoir rock quality can be misleading (Hartmann and Beaumont, 

1999). However, similar ka/(j> values can be correlated to similar r3 5  values for 

rocks whose pores occur between grains and crystals (Pittman, 1992; Martin et 

al, 1999). The presence of secondary or non-fabric selective pore systems in the 

rock, such as fractures or connected vugs, may not fit the r35 and ka/(|> correlation 

very well (Lucia, 1995, 1999; Martin et al., 1997, 1999). When separate vugs 

occur as a portion of the matrix porosity, the r3 5 and ka/(|) are still an approximate 

indicator of flow (Martin et al., 1999).

3.4.2.2 Interpretation

The kaAf) curve through the key well (Nelson 30) is illustrated in Figure 

3.19. The ratio values systematically decrease with increasing depth, indicating 

the direction of reservoir quality. R3 5  and ka/(j) curves will be generated for well 

Nelson 30, and used with flow capacity and storage capacity plots to help identify 

and correlate reservoir flow units (Chapter 5).

3.5 Discussion

One of the important results contributed by this research is that 

permeability and porosity, together, do not relate well to port size (r35) in the
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Ervay reservoir carbonates. This result was reached by an approach that worked 

for Pranter (1999) through the modification of the Winland equation for the 

purpose of deriving a new empirical equation, which was thought to have been 

more representative of the Ervay reservoir. This discussion focuses on the 

factors influencing the overall relationship among these three parameters, 

namely, porosity (<|)), permeability (k), and port size (r^).

Tight carbonate reservoirs such as the Ervay reservoir at Little Sand 

Draw, dominated by moldic and vuggy pore types, are often considered to be 

among the most difficult reservoirs to characterize and develop. This is mostly 

because of the specific depositional and complex diagenetic processes that 

produce these types of reservoirs.

Carbonate sediments are generally formed by extraction of calcium 

carbonate from seawater by organisms to form their shells or skeletal material. 

Current transport is not a major factor in the formation of depositional texture. 

Therefore, carbonate sediments have a wide range of particle type, size, and 

sorting which control the initial size and distribution of pore space, or simply pore- 

size distribution (Lucia, 1999). Carbonate sediments tend to undergo a much 

more complex diagenetic history than clastic rocks. The effect of diagenesis is to 

modify the initial pore-size distribution. The result is that most porosity in 

carbonates is diagenetic in origin rather than depositional.
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Pore-size distribution controls petrophysical parameters and is related to 

rock fabric, which is the result of both depositional and diagenetic processes 

(Lucia, 1995). Therefore, rock fabric parameters such as particle size, sorting, 

interparticle porosity, separate vug porosity, and touching vugs define pore-size 

distribution (Lucia, 1999).

Porosity-permeability crossplots for the Ervay dolomites do not show a 

recognizable relationship (Figures 3.3 and 3.4, and Table 3.1). The nature of 

interdependency between porosity and permeability is related to the pore-size 

distribution within the reservoir rocks, which is complex in the Little Sand Draw 

field. The Ervay reservoir section is dominated by secondary porosity in the form 

of molds (Garfield et al., 1992). Skeletal molds are abundant in zones 2, 3, and 4, 

whereas pelmoldic porosity predominates in zone 5. Minor intercrystalline matrix 

porosity exists and mostly contributes to effective porosity and permeability. 

Effective intercrystalline porosity is related to original depositional fabric and 

dolomite crystal size. Vugs commonly originated from the leaching of anhydrite 

nodules and occur sporadically in all zones (Garfield, 1990).

The empirical Winland equation estimates r3 5  of a rock using porosity and 

permeability data. This value of pore-throat size at 35% mercury saturation 

(expressed as percent of pore volume) from an air-mercury capillary pressure 

test is indicative of that portion of the pore space effectively contributing to fluid 

flow. Given the assumption that the 22 core-plugs used to measure actual r3 3



91

values for the Ervay reservoir from air-mercury capillary pressure tests are 

representative of the Ervay section in the field (Figures 3.5 and 3.6), another 

empirical equation among porosity, permeability, and r3 5  was established using a 

statistical multiple regression analysis. However, the low correlation coefficient 

(R2) among these three variables (Table 3.3) indicated that quantitative r3 5  

analysis is inappropriate for use in characterizing flow units within the reservoir.

There is a general agreement in the literature that the r3 5  method is a 

powerful petrophysical technique for characterizing the productivity of a reservoir 

with interparticle (intergranular or intercrystalline) porosity as the principal pore 

type (Kolodzie, 1980; Hartmann and Coalson, 1990; Pittmann, 1992; Gunter et 

al., 1997; Martin et al., 1997; 1999; Hartmann and Beaumont, 1999; Pranter,

1999). The agreement continues to the point that secondary (diagenetic) pore 

systems such as vugs (separate or touching), and fractures, which are distinctly 

separate rock properties other than the matrix, destroy a possible relationship 

among these variables. Martin et al. (1999) noted that when separate vugs occur 

as a portion of the matrix porosity, the r3 5  is still an approximate indicator of flow.

Pranter (1999) modified the Winland equation to relate porosity, 

permeability, and r3 5  more closely to characteristics of the San Andres reservoir 

at Vacuum field. He used capillary pressure data from 18 representative samples 

to modify the coefficients of the empirically derived Winland equation using a 

multivariable linear regression algorithm. The correlation coefficient (R2) was
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found to be 0.734 for this reservoir that consists of mainly interparticle and 

intercrystalline pore types. Moldic pores were also significant for this reservoir but 

were abundantly connected to the matrix. Pranter (1999) estimated r3 5  curves in 

the non-cored wells using the modified Winland equation for use in supporting 

flow unit interpretations.

The weak correlation between porosity and permeability has a major effect 

on characterizing the Ervay reservoir by the r3 5 method. R3 5  is a pore-throat size 

parameter, which is mostly related to permeability rather than porosity. The 

capillary pressure curves of the Ervay samples are measures of matrix rock 

properties. These curves lack a bimodal distribution of pore-throat sizes due to 

the moldic pores (Appendix A). In other words, pore-throat size distribution within 

the Ervay dolomites as represented by the capillary pressure curves may not 

reflect the whole rock fabric. Moldic pores are the important attributes of the 

Ervay rock fabric. These pores are mostly isolated, and make a separate portion 

of the total porosity (bimodal pore system). These pores, which are referred to as 

“separate vugs” by Lucia (1983), are interpreted to be the major reason for a 

weak correlation between porosity, permeability, and r3 5  in this study.

The isolated pores in the Ervay carbonates (moldic porosity) are not 

involved in the flow of fluids through the rock. Interconnected pores that support 

fluid flow make up the effective porosity upon which the permeability of the rock 

depends. Porosity and permeability values from the core plugs are measures of
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matrix rock properties. In theory, these measurements provide determinations of 

effective porosity and matrix permeability. Effective porosity excludes the pores 

containing irreducible water saturation due to clays and non-connected pores. 

Matrix permeability excludes the influence of connected vugs and fractures. 

However, in practice, these measurements might represent a total porosity 

(effective and isolated) during helium flow measurements (Ohen and Kersey, 

1993), and a permeability contributed also by vugs and fractures.

In summary, some moldic pores in the Ervay dolomites do not occur as 

part of the matrix porosity. These pores are poorly connected through small pore- 

throats between the dolomite crystals. These isolated pores respond to reservoir 

performance differently than the effective matrix porosity.
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Chapter 4 

NEURAL NETWORK APPROACH-PERMEABILITY MODELS

The technique utilized in this research to define petrophysical-based flow 

units requires continuous porosity and permeability information throughout the 

entire reservoir. Porosity and permeability data were available from conventional 

core-plug analyses in the 14 cored wells. Porosity information was available from 

the porosity logs in the non-cored wells. However, permeabilities in the non

cored wells had to be estimated to increase the distribution of well control over 

the field.

In general, permeabilities can be estimated from three approaches: core 

analysis, well-log analysis, and well-test analysis (Ahmed et al., 1991). Core 

analysis allows direct measurement of permeability under controlled laboratory 

conditions (Ohen and Kersey, 1993). If the measurements are consistent for all 

samples from the reservoir, the results will be an accurate representation of 

reservoir formation permeability (Ahmed et al., 1991). However, laboratory 

testing of core samples can be expensive. Although there are no logs available 

for the direct measurement of permeability, it can be estimated from variables 

derived from log data. These variables such as porosity, pore size, resistivity, 

irreducible water saturation, free fluid index, bound fluid index, and lithofacies
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information are related to core permeability to provide statistical relationships for 

permeability prediction from logs where core is not available (Asquith, 1982; 

Wendt et al., 1986; Johnson, 1994; Coates et al., 1999). A permeability 

correlation using well logs might be the least expensive way to determine 

permeability profiles. However, the empirically derived relations should only be 

applied when rock properties match those of the cored well (Ohen and Kersey, 

1993). Permeability prediction from well test analysis is a direct measurement of 

flow within the reservoir when the borehole has undergone some changes such 

as injecting fluid, starting, stopping, or abridging flow (Piers et al., 1987). The 

permeability from well test analysis is effective permeability and lacks foot-by-foot 

resolution (Ahmed et al., 1991).

A neural-network approach has been implemented in this study to 

estimate permeability profiles in the non-cored wells. The use of neural networks 

in petrophysical analysis presents a method of deriving petrophysical parameters 

when there is no core recovery. These networks can provide high-quality 

synthetic information using data from available wireline logs, cores, or cuttings 

from nearby wells (Goolsby and Arbogast, 1999). Porosity, permeability and 

lithofacies determination from well logs using a neural net has been the 

fundamental application of neural nets in petrophysical modeling projects.
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4.1 Neural Networks

An artificial neural network is a computer model, either hardware or 

software, which mimics the operation of the human brain (Dayoff, 1990). The 

human brain contains about 1 0 0  billion neurons (neural cells), interconnected in 

a manner that constitutes a biological neural network. Like the workings of the 

human brain, an artificial neural network (ANN) has a property for storing 

knowledge gained from past experience and applying it to new problems and 

situations by using simply interconnected artificial neurons (Rogers et al., 1992). 

Knowledge is acquired through training rather than programming, and is 

processed due to interactions among artificial neurons.

4.1.1 Architecture

An ANN is characterized by its architecture (the way that the neurons are 

interconnected), by the method of determining the weights on the connections 

(the learning algorithm), and by its activation function (Wasserman, 1989). An 

ANN is composed of three kinds of layers: input, hidden and output layers 

(Figure 4.1). Each layer is made up of neurons. The neurons are the processing 

elements of the network, which are connected to each other through connection 

links with an associated weight. Each neuron has an internal state, called its
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Figure 4.1 : A back-propagation neural network architecture for predicting gamma 
ray and density porosity logs using spontaneous potential (SP) and induction 
resistivity logs. From Arbogast et al. (1997).
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activation function, a function that has been applied to the input data. The 

interconnections between the input, output, and hidden layers (neurons) are non

linear functions that allow the artificial neural network to solve complex, non

linear problems (Arbogast et al., 1997).

There are different types of neural networks in use today (Zurada, 1992). 

These different types of neural networks may have significantly different 

architectures and learning algorithms. One of the most popular ANNs is the 

three-layer back-propagation neural network (Arbogast and Franklin, 1999; 

Figure 4.1). Back-propagation neural networks (BPNN) have a supervised 

learning algorithm that is flexible, easy to use, and suitable for predicting 

problems where non-linear modeling and classifications between input and 

output functions need to be learned from experience (Arbogast et al., 1997).

4.1.2 Process Overview

The operation of the neural network can be divided into three phases 

(Franklin and Goolsby, 2000). The first phase involves the supervised training of 

the network. The neural net is trained with the input and output functions to build 

a model, which then can make new decisions, classifications and predictions. As 

in the case of most neural networks, the result given by the BPNN at any stage 

during the training process is compared to the desired output used to train the
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neural network. The differences between the network result and desired output 

are then back propagated through the interconnections and used to adjust the 

interconnection weights between the neurons. The objective is to reduce the 

error (i.e., the difference between the desired output data and the neural network 

result). This process is repeated until a good match is achieved and the error is 

minimized.

The second phase is to verify the validity of the model by applying it to 

additional data sets that contain the inputs and target values. After the network 

has learned the information during training, the weights on all interconnections 

are fixed and applied to different input-output pairings. During testing, the 

network has not seen the correct output. This ensures the integrity and 

robustness of the trained network (Rogers et al., 1992; Franklin and Goolsby,

2000).

In the third phase, the final network model is applied to a new data set to 

predict values in situations where the actual output is unknown. Figure 4.2 

illustrates, in flow chart form, the steps of creating, confirming, and applying a 

neural network.

Artificial neural networks provide an alternative method to traditional 

regression techniques used in estimating permeability from well logs (Rogers et 

al., 1995; Wiener et al., 1995; Wong and Shibli, 1998; Arbogast and Franklin, 

1999). Because neural networks can ‘learn’ from examples, they can be
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Figure 4.2: Flow chart illustrating the process overview for using an artificial neural 
network for petrophysical problems. From Arbogast and Franklin (1999).
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extremely useful in pattern recognition problems. By recognizing the patterns 

from available core and log data, these networks are valuable for estimating 

permeability in the non-cored wells (Osborne, 1992).

4.2 Data Preparation

Neural-network modeling requires the digital well log data to be prepared 

before the application. Preparation of digital log data involves applying 

appropriate borehole corrections for the logging company and tool string used in 

each well. Logging data can be incorrect due to incorrectly calibrated logging 

tools. Logging data can also be inconsistent because the sample increments of 

log measurements and the quantity of data values recorded at those increments 

could vary from service company to service company, from tool to tool, and from 

run to run. The source of the digital well data can also create inaccurate results 

because of getting part of the data from the field logging operations of the logging 

company and getting the rest of the data through the service company digitizing 

using paper log copies. All of these inconsistencies can deteriorate the reliability 

of the results obtained from the neural-network modeling.

This section outlines the data preparation steps involved in this study. 

Tables 4.1, 4.2, and 4.3 list the available logs for each well in Little Sand Draw 

field. Of the 36 wells in the field, foot-by-foot porosity and permeability data from
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Table 4.1 : Table showing available gamma ray, caliper, and resistivity logs for 
Little Sand Draw wells. Black circles (•) represent cored wells. The curves are 
available in digital form.

# W ell Name
W ell Logs

Gamma
Ray Caliper Resistivity Curves

LAT LN SN LL7 LLD LLS SFL RXO MSFL
1 Nelson 1 X X

2 Nelson 2 X X X X

3 Nelson 3 X X X X X

4 Nelson 4 X

5 Nelson 5 X

6 Nelson 6 X X X X

7 Nelson 7 X X X X

8 Nelson 8 X X X

9 Nelson 9 X X X

10 Nelson 10 X X X X

11 Nelson 11 X X X X

12 Nelson 12 X X X X

13 Nelson 13 X X X X

14 Nelson 14 • X X X X X

15 Nelson 15 X

16 Nelson 16 X X X X

17 Nelson 17 • X X X X

18 Nelson 19 X X X X X

19 Nelson 20 • X X X X X

20 Nelson 22 • X X X X X

21 Nelson 23 • X X X X

22 Nelson 25 • X X X X X

23 Nelson 26 • X X X X X

24 Nelson 27 • X X X X X

25 Nelson 28 X X X X X

26 Nelson 29 • X X X X X

27 Nelson 30 • X X X X

28 Nelson 31 X X X X X

29 Nelson 32 X X X X X

30 Davis 1 X

31 Davis 2 • X X X X X

32 Davis 3 • X X X X X

33 Davis 7 X X X X X

34 Federal 10-34 • X X X X X

35 Federal 15-34 • X X X X X

36 Federal 16-34 X X X X X



103

Table 4.2: Table showing available porosity logs for Little Sand Draw wells. Black 
circles (•) represent cored wells. The curves are available in digital form.

# Well Name
Well Logs

Porosity Curves
PNL PND PNS PSD PSL PDD PDL PXND PXNL PXNS PHI DPMI NPHI

1 Nelson 1 X

2 Nelson 2 X X

3 Nelson 3 X X X

4 Nelson 4

5 Nelson 5 X X

6 Nelson 6 X X

7 Nelson 7
8 Nelson 8 X X

9 Nelson 9 X X X X X

10 Nelson 10 X X X X X X

11 Nelson 11 X X X X X X X X X X

12 Nelson 12 X X X X X X X

13 Nelson 13 X X X X X X

14 Nelson 14 • X X X X X X X X X X

15 Nelson 15 X X

16 Nelson 16 X X X X X X X X X X

17 Nelson 17 • X X X X X X X X X X

18 Nelson 19 X X X X X X X

19 Nelson 20 • X X X X X X X X X X

20 Nelson 22 • X X X X X X X

21 Nelson 23 • X X X X X X X X X X

22 Nelson 25 • X X X X X X X X X X

23 Nelson 26 • X X X X X X X X X X

24 Nelson 27 • X X X X X X X X X X

25 Nelson 28 X X X X X X X X X X

26 Nelson 29 • X X X X X X X X X X

27 Nelson 30 • X X X X X X

28 Nelson 31 X X X X X X

29 Nelson 32 X X X X X

30 Davis 1 X X

31 Davis 2 • X X X X X

32 Davis 3 • X X X X X X X X

33 Davis 7 X X X X

34 Federal 10-34 • X X X X X X

35 Federal 15-34 • X X X X X X X X X X

36 Federal 16-34 X X X X X
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Table 4.3: Table showing available logs other than gamma ray, resistivity, and 
porosity. KCOR is the core permeability, CORF is the core porosity curves. 
These curves were resampled and smoothed for use in the neural-network 
modeling.

# Well Name
Well Logs

Other Curves
CORF KCOR MTXC MODE PAY A K M N DT DTMA RHOB ROMA DRHO NEUT

1 Nelson 1 X X

2 Nelson 2
3 Nelson 3 X X X
4 Nelson 4
5 Nelson 5 X X X X X

6 Nelson 6
7 Nelson 7 X
8 Nelson 8 X X X
9 Nelson 9 X X X X X

10 Nelson 10 X X X X X
11 Nelson 11 X X
12 Nelson 12 X X X
13 Nelson 13 X X X X X

14 Nelson 14 • X X X X X X X X X X X X X

15 Nelson 15 X
16 Nelson 16 X X X X X X X X X X X
17 Nelson 17 * X X X X X X X X X X X X X

18 Nelson 19 X X X X X

19 Nelson 20 • X X X X X X X X X X X X X

20 Nelson 22 • X X X X X X X

21 Nelson 23 • X X X X X X X X X X X X X X

22 Nelson 25 • X X X X X X X X X X X X X

23 Nelson 26 • X X X X X X X X X X X X X

24 Nelson 27 • X X X X X X X X X X X X X

25 Nelson 28 X X X X X X X X X X X

26 Nelson 29 • X X X X X X X X X X X X X

27 Nelson 30 • X X X X X X X X

28 Nelson 31 X X X X
29 Nelson 32 X X X X X X
30 Davis 1
31 Davis 2 • X X X X X X X X X X X X X

32 Davis 3 • X X X X X X X X X X X X X

33 Davis 7 X
34 Federal 10-34 • X X X X X X

35 Federal 15-34 • X X X X X X X X X X X X X

36 Federal 16-34 X X X X X
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the conventional core analyses were available from the 14 wells (Appendix B). 

Powerlog™ Log Analysis software from PETCOM, Inc. was used to analyze, 

clean, and edit digital well data.

4.2.1 Core-to-Log Depth Shift

Core-to-log depth correlation is essential in any petrophysical-modeling 

project. Core gamma ray is commonly used for depth control when there is 

significant gamma ray activity in the core.

Continuous porosity and permeability data from the 14 cored wells were 

adjusted relative to log depths (Garfield, 1990). The core to log depth 

adjustments were made based on core gamma-ray logs and by correlating high 

gamma ray spikes to their apparent sources in the core (Garfield, 1990). 

However, adjustments may change in intervals where poor core recovery and 

mislabeled core depths exist. Core to log depth adjustments from the 14 cored 

wells are given in Appendix C.

4.2.2 Filtering Core Porosity and Permeability Data

Because core measurements were usually taken once per foot from the 

cored wells, porosity and permeability curves from these wells were not
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consistent with the vertical resolution of log data. The sampling rate of the log 

data was 2  samples per foot. Therefore, core measurements had to be 

resampled to infill the gaps in the continuous data and to make the sampling rate 

of both log and core information identical. Core data from the 14 cored wells 

were linearly interpolated by using Z&S RECALL/REVIEW software.

Neural-network modeling for permeability prediction also requires the data 

from logs and core to be of compatible resolution (Wong and Shibli, 1998). This 

was accomplished through the application of a Gaussian filter to the regularly 

spaced core data (2 samples per foot) by using Z&S RECALL/REVIEW software. 

The objective was to smooth the fine resolution of the core measurements and 

make them comparable with the coarser resolution of the log data. The smoothed 

core porosity and permeability data from the 14 cored wells are given in 

Appendix D.

4.2.3 Log-to-Log Depth Shift

When logging tools are run in sequence, differences commonly occur in 

depth from tool to tool and from run to run. Even when the logging tools are run 

in a single string there are potential depth differences due to differential cable 

stretch. Therefore, all logging measurements must be adjusted to a common 

depth reference.
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Gamma ray logs were available for almost all wells (Table 4.1). These 

were selected as the base log because of the expected strong correlation with 

the other curves to be depth matched. Resistivity (Table 4.1), porosity (Table 

4.2), bulk density (RHOB) and interval transit time (At) curves (Table 4.3) were 

depth shifted to match the gamma ray curve. A depth shift of 3 feet or more was 

avoided because that much shifting could have destroyed the correlation among 

well logs and cores. Smoothed core permeability curves of 14 cored wells were 

still investigated for a depth shift to laterolog shallow resistivity (LLS) and bulk 

density (RHOB) curves. After the data recorded off depth were shifted in the 

permeability curves, the same shift function was applied to the porosity curves. 

The final porosity and permeability data (Appendix E) were consistent with each 

other, and ready for use to be input in the neural-network modeling and flow and 

storage capacity plots (Chapter 5).

4.2.4 Normalization of Curve Data

The curves to be used in the neural network modeling must be normalized 

to produce consistent and reliable results. If data values of the curves are not 

consistent in the existing logging environments and formations from well to well, 

then the output curves from the neural-network modeling will not be consistent 

either. Normalization of curve data assumes the values in an individual data trace
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may require some modification. Normalization by multi-well histograms 

constrains the curve data values for all of the wells in the same range.

Shallow resistivity (LLS), neutron porosity (PND), and gamma ray (GR) 

curves were normalized using multi-well histograms. During normalization of 

shallow resistivity curves, four wells with consistent log measurements through 

the same formation were used as a calibration set (Figure 4.3A). The curve’s 

value range resulted in two frequency nodes, representing high and low value 

intervals. The node values, related to geology, were used as a reference to 

normalize the curves from the other wells (Figure 4.3B). The resulting LLS curves 

were then inspected in each well for consistency. Normalization of LLS curves 

affected all values from all depths in the same way. The same formation and 

calibration set was selected for a normalization of gamma ray and neutron 

porosity logs.

4.3 Neural-Network Modeling at the Ervay Reservoir

After preparation, digital well log data from the 36 wells were ready for use 

to predict permeability profiles in the non-cored wells by a neural-network 

approach. NNLAP™ (Neural Network Log Analysis Program) software from 

Petroleum Software Technologies was used to develop a neural network curve
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Figure 4.3: Normalization of laterolog shallow resistivity curves (LLS) by a multi
well histogram. A) The green histogram is the cumulative distribution of LLS data 
from a 4-well calibration set. The green curve is the cumulative frequency data for 
the same histogram. The high and low data peaks (nodes) were used as a 
reference to normalize the raw curves from the other wells. The blue histogram is 
the cumulative distribution of the LLS value range from the Nelson 14 well. B) The 
same set of data after the normalization of LLS data values from the Nelson 14 well. 
The node values for the Nelson 14 well were shifted to the right until a visual best fit 
between the two histograms (or cumulative frequency curves) was achieved.
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modeling. This software uses a multi-layer, back-propagation learning algorithm 

(Franklin and Goolsby, 2000).

The following section discusses various efforts made to build a neural- 

network model using all appropriate logs from the 14 cored wells, and to test the 

validity of this model by comparing neural-network generated permeability curves 

to recorded core permeability curves in the offset wells. These efforts were 

mostly based on selection of input curves (predictors), training examples, and 

representative wells during training of the network.

4.3.1 Training Overview

Choosing proper input curves (predictors), picking valid training examples, 

and selecting representative wells are the critical steps in creating and testing a 

neural network. The goal is to generate synthetic permeability curve data for the 

non-cored wells with the required input data.

4.3.1.1 Selecting Input Curves

The input curves (predictors) should be representative of the target values 

which are to be predicted by the model. The input curves should also be 

available in most of the wells in order to be able to apply the resultant network
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model to the non-cored wells. In general, using a low number of input curves 

makes the neural-network model simpler, and therefore more robust (Arbogast 

and Franklin, 1999).

Gamma ray (GR), neutron porosity (PND), density porosity (PDD), sonic 

porosity (PSD), bulk density (RHOB), sonic travel time (At), and laterolog shallow 

resistivity (LLS) curves were investigated as potential input curves to predict 

target values (core permeability). A subset of two curves was used at a time to 

train the neural network. The best 2-log dependency relationship to the core 

permeability data was obtained when LLS and RHOB were being used together 

as input curves. Gamma ray is abundantly available in the Little Sand Draw wells 

(Table 4.1). However, exceptionally high gamma ray values at the zone 

boundaries of the Ervay dolomites probably destroyed a possible relationship 

between the GR and core permeability values. Neutron and density porosity 

curves are a function of the total pore space in the reservoir. Fractures, which are 

mostly not reflected in the core permeability curve, and molds might be the 

reasons for the inconsistency observed between core permeability and log 

porosity (Figure 4.4). LLS and RHOB curves were chosen as the main predictors 

(input curves) in the training process. These curves were available in most of the 

wells (Tables 4.1 and 4.3), and they represent more visible and relatively 

continuous relationship to the core permeability data.
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Figure 4.4: Typical gamma ray and porosity log signatures for the Ervay reservoir 
section within the study area. Sonic porosity values are lower than the density and 
core porosity values for the Ervay zones. This difference is probably caused by 
moldic pores and fractures that are dominant in the Ervay section.
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4.3.1.2 Picking Training Examples

Training examples (points) make the network learn the nature of 

dependency between ‘predictors’ and ‘target values’. These examples are 

selected only in intervals where there is a reasonable relationship between the 

predictors and target values (Figure 4.5). Bad hole areas such as washouts or 

fractured cores should be avoided during selection of training examples because 

the logs may not be fully resolved in these intervals (Arbogast et al., 1997). 

NNLAP™, like many ANN software applications, uses a ‘depth interval-sampling’ 

feature on the input data. This feature allows the neural network to incorporate 

data above and below the specific training example to the solution. Therefore, 

depth-interval sampling helps the neural network to compensate for the 

imperfectly resolved log curves (Arbogast and Franklin, 1999).

Training examples were selected over the range of values of both input 

curves (LLS and RHOB) and the output curve (core permeability). Caliper (CAL) 

and bulk density correction curves (DRHO) were useful to identify bad hole 

intervals. The response of the neural network after adding each training example 

was examined until a satisfactory solution was achieved.
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Figure 4.5: Training well used to predict permeability in the Tensleep Sandstone by 
a neural-network approach. Neutron and density porosity logs with five training 
examples were used in the training set. Neural network predictions were accurate 
to within one half of a decade over a dynamic range spanning five decades. From 
Arbogast and Franklin (1999).
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4.3.1.3 Selecting Training Well

A neural network was created using the cored wells separately in the 

training set. Table 4.4 lists the results obtained from training the network when 

LLS and RHOB curves were used as predictors. A maximum of 7 training points 

were used to provide the closest match between synthetic permeability and core 

permeability curves. Federal 15-34 and Nelson 25 wells had to be eliminated 

from the data set because these wells did not have continuous LLS and RHOB 

curves through the entire reservoir. Training solutions were not satisfactory for 

most of the remaining wells (Table 4.4). This indicates that LLS and RHOB 

curves are not sufficient to make the neural network learn their data dependency 

to core permeability values. To overcome this difficulty, the neural network was 

trained using more than one well. In this way, it was thought that the neural 

network could learn the data relationship represented in one well but not in the 

others. Two or sometimes three wells were used together in the training set. The 

match between synthetic (neural network-estimated) permeability and recorded 

core permeability was still not satisfactory.

Open fractures are present in all zones of the Ervay reservoir and 

contribute significantly to permeability anisotropy in the Little Sand Draw field 

(Garfield et al., 1992). LLS and RHOB curves can be influenced by the presence 

of fractures in the reservoir. This may weaken the data dependency observed
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Table 4.4: Results from training the neural network using 2 -log (LLS, RHOB) and 
3-log (LLS, RHOB, and PSD) curves as predictors. The symbol (-) represents 
wells eliminated from the data set.

Cored Wells When LLS and RHOB used 
as predictors during training

When LLS, RHOB, and PSD 
used as predictors during 

training
Nelson 14 Moderate Good
Nelson 17 Moderate Good
Nelson 20 Good Excellent
Nelson 22 Moderate -

Nelson 23 Good Excellent
Nelson 25 - -

Nelson 26 Good Excellent
Nelson 27 Bad Good
Nelson 29 Moderate Moderate
Nelson 30 Good -

Davis 2 Excellent -

Davis 3 Good Good
Federal 10-34 Moderate -

Federal 15-34 - -
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between these curves and core permeability. Therefore, a sonic porosity curve 

(PSD) was selected to be a third input curve (predictor) during training. Because 

the sonic porosity log ignores the presence of any pore space other than matrix, 

a better relationship between the input curves and core permeability data can be 

established.

Including a sonic porosity log in the training set has improved the match 

between the neural-network derived synthetic permeability and the measured 

core permeabilities (Table 4.4). Four cored wells (Davis 2, Federal 10-34, Nelson 

22 and 30) had to be removed from the training process because these wells do 

not have a sonic porosity curve (Table 4.2). Measured core-plug permeability 

values range from less than 0.01 to more than 10 md for the Ervay reservoir. 

Neural-network permeability predictions were accurate to within one half of a 

decade in the remaining 8  wells. Table 4.4 lists the results when LLS, RHOB, 

and PSD curves were used as predictors during training. The neural network was 

trained again using more than one well in the training set. However, it has been 

seen that neural network permeability solution for the Ervay reservoir is not 

improved when two or three wells are used together during training. Therefore, 

one of the eight wells was selected for training and the others for testing.

In theory, core measurements provide matrix permeability. Core samples 

which include any open natural fractures are taken out of the permeability 

calculations in the laboratory. However, in practice, there always exists a
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possibility to determine permeability contributed by fractures. Picking training 

examples on fractured core permeability data affects the reliability of the neural- 

network model during training. It might also be difficult to avoid fractured data 

during selection of training examples. Therefore, the Nelson 23 well has been 

selected as the training well because this well does not have thin high and low 

permeability zones, which might have been caused by fractures (Figure 4.6). 

This well also has a relatively constant caliper log, indicating that the curves are 

well resolved and there are no washout zones or mud cake development in the 

borehole.

Figure 4.6 illustrates a comparison between neural network-generated 

permeability and core permeability in the training well (Nelson 23). LLS, RHOB, 

and PSD curves were used as input curves. Nine training examples and their 

depth interval samples were selected. These examples allowed the neural 

network to learn interrelationships between all four log curves. Permeability data 

were also created synthetically in the training well in the upper part of zone 5 and 

zone 2 where no core was recovered (Figure 4.6). The neural network also back- 

predicted the input curves. This allows evaluating which of the input curves are 

being used most effectively to achieve the network solution (Arbogast and 

Franklin, 1999). The comparison of input and back-predicted input curves shows 

that these three curves were useful to predict permeability in the Nelson 23 well.
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Figure 4.6: Neural network training well (Nelson 23) to predict core permeability 
in the Ervay reservoir. LLS, RHOB, and PSD curves were used as input curves. 
Neural network-estimated permeability and back-predicted input curves are red 
in color. Relatively constant caliper log in track 1 indicates no washout within the 
borehole. Selected nine training examples are shown in brown.
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4.3.2 Testing

The neural-network solution from the training well (Nelson 23) was applied 

to the other 7 cored wells to evaluate the application limits of the neural-network 

model (Table 4.4). The neural network used the solution from the training well 

and only the information from the LLS, RHOB, and PSD curves in other wells. 

Figures 4.7, 4.8, 4.9, 4.10, 4.11, 4.12, and 4.13 show the neural network- 

estimated permeability curves and core permeabilities in the 7 confirmation wells.

The neural network-generated permeability curve was successful, in 

general, to predict the required dynamic range of the recorded core permeability 

curve. This is clearly seen in the wells Nelson 20 (Figure 4.9) and Nelson 26 

(Figure 4.10). In these wells, the neural network has predicted high and low 

permeability zones in the reservoir. The neural network model was unsuccessful 

at predicting thin permeability streaks surrounded by relatively uniform 

permeability values. Back-predicted input curves were satisfactory compared to 

the original input curves in all of the wells. This indicates that the information 

presented by LLS, RHOB, and PSD curves was successfully sampled during 

training. However, synthetic permeability curves do not match the core 

permeability data in zone 5 of the wells Nelson 17 (Figure 4.8), Nelson 29 (Figure 

4.12), and Davis 3 (Figure 4.13). A mismatch also occurs in zone 2 of the wells 

Nelson 14 (Figure 4.7) and Nelson 17 (Figure 4.8).



121

LATEROLOG SHALLOW 
RESISTIVITY

u.

CORE PERMEABILITYSONIC POROSITY BULK DENSITY
BACK-PREDICTED 

LATEROLOG SHALLOW 
RESISTIVITY 

1 1000

NEURAL NETWORK 
SYNTHETIC PERM.

1 0 0

BACK-PREDICTED 
SONIC POROSITY

BACK-PREDICTED 
BULK DENSITY

45 3 0.01-15 2
DIN.

JEQJEL

;

E E

Figure 4.7: Nelson 14 well used as a test well to confirm the neural-network model 
from the training well. Neural-network generated permeability curve has predicted 
core permeabilities within one half of a decade except for a 6 ft-thick rock type in 
zone 2.
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Figure 4.8: Nelson 17 well used as a test well to confirm the neural-network model 
from the training well. Neural-network generated permeability curve has predicted 
core permeabilities within one half of a decade except for a 6 ft-thick rock type in zone 
2 and a 8 ft-thick rock type in zone 5.
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Figure 4.9: Nelson 20 well used as a test well to confirm the neural-network model 
from the training well. The neural-network predictions were successful to 
recognize the dynamic range of the core permeability data.
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Figure 4.10: Nelson 26 well used as a test well to confirm the neural-network model 
from the training well. The neural-network predictions were successful to recognize 
the dynamic range of the core permeability data.
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Figure 4.11: Nelson 27 well used as a test well to confirm the neural-network model 
from the training well. Neural-network generated permeability curve has predicted 
core permeabilities within one half of a decade except for a 3 ft-thick rock type in 
zone 3.



126

LATEROLOG SHALLOW 
RESISTIVITY

CORE PERMEABILITYBULK DENSITYSONIC POROSITY
BACK-PREDICTED 

LATEROLOG SHALLOW 
RESISTIVITY 

1 1000

NEURAL NETWORK 
SYNTHETIC PERM.

100

BACK-PREDICTED 
SONIC POROSITY

BACK-PREDICTED 
BULK DENSITY

45 3 0.01-15 2

Figure 4.12: Nelson 29 well used as a test well to confirm the neural-network model 
from the training well. Neural-network predictions of core permeability were 
unsuccessful in zone 5.
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Figure 4.13: Davis 3 well used as a test well to confirm the neural-network model 
from the training well. Neural-network predictions of core permeability were 
unsuccessful in zone 5.
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In general, the neural-network model developed from the training well 

(Nelson 23) has recognized the permeability pattern provided from conventional 

core analysis. The overall match between synthetic permeability and core 

permeability curves in the 7 confirmation wells indicates that a robust solution 

has been achieved. The neural network permeability solution can now be applied 

to the wells in the Little Sand Draw field which lack core permeability data but 

have available sonic porosity, laterolog shallow resistivity, and bulk density data.

4.3.3 Application

After the neural network permeability solution was confirmed, it could be 

applied to other wells which do not have core data. However, these wells must 

have the input curves (LLS, RHOB, and PSD) used in the training and 

confirmation wells. There were only two non-cored wells which have these three 

curves, namely Nelson 16 and 28 (Tables 4.1, 4.2, and 4.3).

The neural-network model was applied to these non-cored wells. Figures 

4.14 and 4.15 show the neural-network estimated permeability curves in these 

wells. The match between the back-predicted and raw input curves in these two 

wells was satisfactory except for the LLS curve of zone 3 in the Nelson 28 well 

(Figure 4.15). Continuous porosity and permeability data from the 14 cored wells, 

and sonic porosity and neural-network-estimated permeability data from the 2
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Figure 4.14: Neural network estimated permeability curve in the Nelson 16 well. 
Satisfactory match between the original and back-predicted input curves was 
obtained.
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Figure 4.15: Neural network estimated permeability curve in the Nelson 28 well. 
The back-predicted laterolog resistivity curve does not match the original curve in 
zone 3.
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non-cored wells will be used to establish petrophysical-based flow units within 

the Ervay reservoir (Chapter 5).

4.4 Discussion

Modeling of permeability in carbonate reservoirs is generally the most 

difficult rock property for petrophysical prediction (Arbogast and Franklin, 1999). 

Petrophysical properties depend on the pore-size distribution, and might be 

highly variable due to complex depositional and diagenetic processes. The result 

is that permeability distribution can be poorly related to original facies distribution. 

Prediction of permeability in the Ervay carbonates by a neural-network approach 

offers a solution to these problems.

A neural network provides accurate results as long as there exists a 

logical and accurate data relationship between the predictors and target values 

(Arbogast et al., 1997). If some rock types of the reservoir are not represented in 

one of the input curves, or, if this rock type is not sampled during training, then 

the neural network will not be able to produce a realistic model through the entire 

reservoir. Although lateral variations caused by diagenetic overprint within the 

Ervay rocks are relatively minor, the overall relationship between the input curves 

(LLS, RHOB, and PSD) and the output curve (core permeability) might have 

been destroyed because of local diagenetic effects in distinct reservoir intervals,
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such as zone 5 in the Davis 3 (Figure 4.13) and Nelson 29 (Figure 4.12) wells, or 

zone 2 in the Nelson 17 (Figure 4.8) and Nelson 14 (Figure 4.7) wells.

A neural network might not find a relationship if the recorded output curve 

(core permeability) is simply incorrect. Core permeabilities of over 20 md 

observed in some core plugs are probably caused by the presence of touching 

vug (Lucia, 1983) and fracture systems that interconnect on the scale of a core 

plug. The presence of fractures might be a problem during selection of training 

examples. However, a better match between the neural-network generated 

permeability and core permeability curves was obtained after including a sonic 

porosity log as a predictor in the training set. This indicates that core 

permeabilities are mainly matrix rock properties that characterize petrophysical 

and engineering parameters related to permeability.

Interrelationships among the input curves and the recorded output curve 

(core permeability) can also be destroyed because of badhole data, such as 

washouts, fractured core data or mudcake development on the borehole. In 

these cases, the log curves may not represent the rock types.

In summary, ANNs can be effective in predicting permeability from well 

logs provided that empirical pattern recognition between input log curves and 

core permeability curve is critical and essential. The relationship among log 

curves can be destroyed due to variations in geological and petrophysical 

properties, or simply because of borehole conditions.
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As a final recommendation, in this petrophysical problem of predicting 

permeability, extensive r3 5 data from capillary pressure tests can be valuable for 

use as an input curve. Port size is highly correlated to permeability in many 

reservoirs. A more extensive set of r3 5  results could have allowed neural-net 

modeling of this parameter itself.
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Chapter 5 

DETERMINATION OF FLOW UNITS

One goal of reservoir characterization is to describe the three-dimensional 

distribution of petrophysical properties such as porosity, permeability and 

saturation for use in a flow simulation model to predict reservoir performance. 

Petrophysical parameters are obtained from wireline logs and core analysis as 

numerical engineering data, and integrated within a detailed geologic framework 

to construct realistic reservoir models. Geologic models are constructed with an 

appropriate number of layers to represent lateral and vertical heterogeneities that 

control fluid dynamics within the reservoir. Depending on the simulation results, 

the detailed geologic model is oversimplified or upscaled to decrease the number 

of layers and, therefore, reduce computation time and cost. The prediction of 

reservoir performance may depend on the technique used to subdivide the 

reservoir interval into layers or zones (i.e., flow units), and on the characterization 

of these zones. These zones and their representation in the simulation model 

constitute the reservoir description.
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5.1 Flow Unit Concept

The “flow unit” concept has been discussed by several authors in the 

literature. The term has been used interchangeably with the term “hydraulic unit.” 

Hearn et al. (1984) defined a flow unit as “a reservoir zone that is continuous 

laterally and vertically, and has similar permeability, porosity, and bedding 

characteristics.” Ebanks (1987) and Ebanks et al. (1993) further developed the 

flow unit concept. They defined a flow unit as “a mappable portion of the total 

reservoir within which geological and petrophysical properties that affect the flow 

of fluids are consistent and predictably different from the properties of other 

reservoir rock volumes.” This definition dictates that geological and petrophysical 

properties are not necessarily homogeneous but internally consistent through a 

flow unit, and flow units do not need to extend across the entire reservoir. The 

flow unit definition of Lucia et al. (1992b) amplifies that of Hearn et al. (1984). 

They defined flow units as geologic units that have a characteristic rock fabric 

within which the petrophysical properties are randomly distributed.

Various methods have been proposed for subdividing carbonate 

reservoirs into layers or flow units for reservoir description purposes (Hearn et 

al., 1984; Major and Holtz, 1989; Ahr, 1991; Lucia et al., 1992a; Davies et al., 

1997; Nevans et al., 1998; Montgomery et al., 1998; Lucia, 1999). These 

methods are mostly based on descriptions of rock fabric or rock type and pore
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geometry or pore-size distribution. Pore-size distribution controls petrophysical 

parameters and is related to rock fabric, a product of depositional and diagenetic 

processes. Rock fabric or rock type is described using core information, which is 

then related to petrophysical data. This information is then calibrated to wireline 

logs in non-cored wells to increase the distribution of data over the field. After 

estimation of rock fabric in non-cored wells, intervals of rock with consistent 

geologic and petrophysical properties (i.e., flow units) are identified.

Lucia et al. (1992b) addressed the problem of averaging petrophysical 

properties for input into reservoir simulators. They investigated outcrop data from 

the San Andres reservoir for geological, petrophysical, and geostatistical studies. 

They concluded that the method of defining flow units in terms of rock-fabric 

facies provides a technique to average petrophysical data for input into a 

reservoir simulator to predict production performance.

Amaefule et al. (1993) proposed a technique in which porosity and 

permeability data from a control well are analyzed to determine RQI, the 

reservoir quality index, which in turn can be transformed to hydraulic units by 

means of a combination of petrophysical, geologic, and statistical analyses. The 

resultant hydraulic units are then correlated to certain combinations of logging 

tool responses to develop regression models for permeability predictions in non- 

cored wells.
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Canas et al. (1994) presented a method to identify flow units in a 

mappable geological formation. This approach has used IFCI, Interwell Flow 

Capacity Index, the ratio of actual flow rates in any two wells in a producing unit, 

to describe flow units. Similar IFCI values, which were calculated by using 

petrophysical and production-injection data, have identified flow units through the 

reservoir.

Kasap et al. (1999) used the hydraulic unit concepts of Amaefule et al. 

(1993) to classify a reservoir into distinct flow units based on NMR (Nuclear 

Magnetic Resonance) effective porosity and WFT (Wireline Formation Test)- 

calibrated NMR permeabilities.

Major and Holtz (1997) divided the San Andres reservoir into four flow 

units at Jordan field, on the basis of both depositional facies and diagenetic 

effects. They identified three rock types characterized by depositional facies. 

Permeability variations within each rock type were interpreted to be the result of 

diagenesis. The flow units were correlated and mapped on the basis of 

diagenetic alteration as identified using log responses.

Gunter et al. (1997) and Martin et al. (1997) introduced the use of port size 

(r3 5 ) in characterizing carbonate reservoirs into flow units. They presented some 

field examples where reservoir intervals of uniform r3 5  resulted in similar and 

consistent flow performance. Pranter (1999) used the r3 5  concept to delineate 

flow units within the San Andres reservoir at Vacuum Field, New Mexico.
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Reservoir performance predictions are very sensitive to the method used 

in representing flow units in the simulation model. The technique utilized in this 

research to delineate flow units within the Ervay reservoir has been initially based 

on vertical variations in flow capacity (kh) and storage capacity (<J)h). The use of 

flow capacity and storage capacity plots to subdivide a reservoir into flow units 

has been stressed by several authors (Craig, 1993; Gunter et al., 1997; Pantoja, 

1998; Pranter, 1999; Hurley et al., 1999). They used core data to define flow 

units in a key well, and correlated resultant flow units between wells using log 

information.

Raba’a (Ph. D. dissertation, in progress) has conducted a reservoir 

simulation study that models fractures and matrix pore space of Ervay rocks in 

the Little Sand Draw field. Northeast-southwest trending tear faults were inferred 

from outcrop studies and interpreted to largely control directional permeability in 

the faulted and folded anticline of Little Sand Draw field. The reservoir model 

included four Ervay zones (zones 5, 4, 3, and 2) and the Tensleep sandstone as 

discrete layers (flow units) to simulate matrix rock properties. The flow unit 

zonation provided in this study has not been used by Raba’a. However, future 

simulations of Little Sand Draw will probably be improved by the use of this 

zonation.

This research utilizes core permeability data from the 14 cored wells, and 

log sonic porosity (PSD) and neural-network generated permeabilities in 2 non
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cored wells in order to construct flow and storage capacity plots. Resultant flow 

units in the cored and non-cored wells are compared and correlated within 

Garfield’s (1990) sequence stratigraphie framework.

5.2 Flow Units in the Cored Wells

Core permeability information was available from the conventional core

plug analysis and the neural-network logs. Smoothed (Gaussian filtered, 2  

samples/ft) porosity and permeability data (Chapter 4) were used for flow unit 

determination from conventional core analyses. Core permeability values of over 

an arbitrary 15 md surrounded by much lower values were removed from the 

data set because these high permeability values were interpreted to have 

included touching vug or fracture systems (Figure 5.1). At most, this constituted a 

few percent of the data population. This section outlines the methods employed 

to determine flow units within the Ervay reservoir from both conventional core 

analyses and neural network logs.

5.2.1 Stratigraphie Modified Lorenz Plots

Flow units within the Ervay reservoir interval were quantified based on 

vertical variations in flow capacity or storage capacity associated with geological



Fr
eq

ue
nc

y 
(N

um
be

r 
of 

Sa
m

pl
es

)

140

900 

800 

700 - 

600 -- 

500 

400 

300 

200 + 

100 

0

15 md cutoff

6 9 12 15 18

Range of Permeability (md)

21 24

Figure 5.1: Histogram displays permeability distribution range for the Ervay 
reservoir. Data are from the all 14 cored wells. An arbitrary cutoff of 15 md was used 
to delete permeability values contributed by fractures.
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and petrophysical characteristics that affect reservoir quality. Gunter et al. (1997) 

introduced the technique of using flow and storage capacity within a stratified 

reservoir. They described an approach of using the Stratigraphie Modified Lorenz 

Plot (SMLP), which plots cumulative flow capacity (kh) vs. cumulative storage 

capacity (tj)h), to define reservoir flow units in a stratigraphie order (Figure 5.2A). 

Significant inflection points on the continuous curve of the SMLP correspond to 

changes in both flow and storage capacity. Each straight line segment between 

the two inflection points defines a possible flow unit (Figure 5.2B).

SMLP’s were generated for the Ervay reservoir interval using the core 

data from the 14 wells (Appendix E). Figures 5.3 and 5.4 illustrate the SMLP’s for 

the wells Nelson 17 and 30. The Nelson 30 well was used as a key well to 

quantify pore types within the reservoir interval (Chapter 3). Lithofacies-based 

reservoir zones are shown on the plots. Reservoir intervals with higher flow 

potential are associated with zones 5, 4, 3, and the lower part of 2 because the 

slope of the continuous curve is steep in these zones. Flow units, which comprise 

these intervals, will have greater flow quality. Upper zone 2 is characterized by 

lower flow capacity but higher storage capacity.

The flow and storage qualities within the reservoir interval were also 

analyzed by plotting cumulative storage capacity (<|)h) and cumulative flow 

capacity (kh) versus depth. Like the SMLP, significant inflection points on these 

plots define possible flow units.
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sequence. Flow units are defined based on the significant inflection points from the 
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6063 to 6129 feet using core porosity and permeability data. The lithofacies 
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5.2.2 Storage Capacity Plots

Cumulative storage capacity values were plotted against depth using the 

core data from the 14 wells (Appendix E). Figures 5.5 and 5.6 illustrate the 

changes in the cumulative storage capacity values through the Ervay reservoir in 

the Nelson 17 and 30 wells. The shape of the continuous curves is indicative of 

the storage performance of the Ervay in terms of delineation of reservoir flow 

units. A constant increase in the cumulative storage capacity values in most of 

the wells (Figures 5.5 and 5.6, and Appendix E) indicates that storage quality 

within the Ervay is relatively constant, and is not a major parameter for the 

identification of flow units.

5.2.3 Flow Capacity Plots

Because the storage potential of Ervay rocks does not change much 

vertically, flow capacity plots (cumulative kh vs. depth) were used to identify flow 

units and correlate them between wells. Cumulative flow capacity values were 

plotted against depth using the core data from the 14 wells (Appendix E). Figures 

5.7 and 5.8 illustrate the vertical variations in flow capacity in the wells Nelson 17 

and 30. The significant changes in flow capacity can be interpreted using straight 

line segments that define intervals with similar flow behavior (i.e., flow units).
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Figure 5.5: Storage capacity plot for the Ervay reservoir, well Nelson 17. Cumulative 
storage capacity is plotted versus depth through the cored interval using core 
porosity data. The lithofacies zonation is also shown.
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Figure 5.6: Storage capacity plot for the Ervay reservoir, well Nelson 30. Cumulative 
storage capacity is plotted versus depth through the cored interval using core 
porosity data. The lithofacies zonation is also shown.
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Figure 5.7: Flow capacity plot for the Ervay reservoir, well Nelson 17. Cumulative 
flow capacity is plotted versus depth through the cored interval using core 
permeability data. The interpreted flow-unit zonation (FU Z) is shown next to the 
lithofacies zonation.
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Figure 5.8: Flow capacity plot for the Ervay reservoir, well Nelson 30. Cumulative 
flow capacity is plotted versus depth through the cored interval using core 
permeability data. The interpreted flow-unit zonation (FU Z) is shown next to the 
lithofacies zonation.



150

Flow capacity plots of seven cored wells were plotted side by side to 

define intervals with similar and consistent flow potential through a northwest- 

southeast stratigraphie cross-section in the Little Sand Draw field (Figure 5.9). In 

general, the slope of the continuous curves on these plots decreases towards the 

stratigraphically higher sections. This indicates that flow capacity within the Ervay 

improves as rocks become increasingly grain-supported upward through the 

section.

In the absence of vertical variations in the storage capacity, the flow 

capacity plots were initially used to define flow units (Figures 5.7, 5.8, and 5.9). 

Zones 3, 4, and 5 are characterized by significant flow capacity, whereas zone 2 

exhibits heterogeneous flow potential. Although zones 3, 4, and 5 do not show a 

significant change in flow capacity in several wells (Appendix E), the general 

trends of the continuous curves for most of the wells require consideration of 

zone 3 as a distinct flow unit. Zone 3 has a flow capacity less than zones 4 and 

5. Therefore, zones 4 and 5 comprise a separate flow unit, the quality of which is 

different from that of zone 3. Upper zone 2 is a lower permeability reservoir 

interval that has a relatively low flow capacity. Upper zone 2 is a distinct flow unit, 

like lower zone 2 , and acts as a barrier or baffle between the upper zones and 

lower zone 2 .

Flow capacity plots were also generated using neural-network estimated 

permeabilities to compare the flow unit interpretations from the core data and the
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neural network logs. Eight cored wells had available permeability information 

from the neural networks (Chapter 4; Appendix G). Figure 5.10 illustrates and 

compares the vertical changes in flow potential of Ervay rocks in the Nelson 23 

well from both sources of data. Flow unit interpretation from the core data is 

similar to that from the neural-network logs. The neural-network permeabilities 

could also define flow units in upper zone 2 , which cannot be recognized by the 

core information due to the absence of data in that zone.

Figure 5.11 shows the correlation of flow units, interpreted using neural- 

network permeabilities, in three wells. In general, the neural-network logs support 

the flow unit interpretation that was based on the core data. However, of the 14 

cored wells, neural-network generated permeabilities were available only in 8  

wells.

5.2.4 Interpreted Stratigraphie Modified Lorenz Plot

The SMLP’s for wells Nelson 17 and 30 (Figures 5.3 and 5.4) were 

interpreted using straight line segments to support the flow unit interpretation 

made based on flow capacity plots (Figures 5.12 and 5.13). The segments 

comprising zones 5 and 4 have a slope greater than 45 degrees. The flow unit 

associated with this interval of the Ervay has a high flow capacity. Zone 3 and 

lower zone 2 have similar amounts of storage and flow capacities. The relatively
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Figure 5.10: Flow capacity plot for the Ervay reservoir, well Nelson 23. Cumulative 
flow capacity is plotted versus depth using both core and neural-network estimated 
permeability data. The neural-network data provide information for the complete 
reservoir interval. The interpreted flow-unit zonation (FU Z) is shown next to 
lithofacies zonation.
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Figure 5.12: Interpreted Stratigraphie Modified Lorenz Plot for the Ervay reservoir, 
well Nelson 17. Cumulative flow capacity is plotted versus cumulative storage 
capacity from 6063 to 6129 feet using core porosity and permeability data. The 
lithofacies zonation is shown. Significant inflection points were interpreted using 
straight line segments. Each straight line defines a flow unit. The slope of the 
straight line is a measure of the quality of the flow unit, and provides average rock 
properties for that interval.
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Figure 5.13: Interpreted Stratigraphie Modified Lorenz Plot for the Ervay reservoir, 
well Nelson 30. Cumulative flow capacity is plotted versus cumulative storage 
capacity from 6099 to 6183.5 feet using core porosity and permeability data. The 
lithofacies zonation is shown. Straight line segments are used to interpret intervals 
of similar storage and flow capacity based on changes in the slope of the curve. 
Each straight line defines a flow unit. The slope of the straight line is a measure of 
the quality of the flow unit, and provides average rock properties for that interval.
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flat segment of upper zone 2  indicates that this flow unit exhibits limited flow 

potential and behaves as a barrier or baffle to fluid movement in the absence of 

fractures.

5.2.5 Stratigraphie Flow Profile

A Stratigraphie Flow Profile (Gunter et al., 1997; Figure 5.14) was used to 

display the flow unit interpretation and further support the flow units using r3 5  and 

the k/(J) ratio in the Nelson 30 well. Included on the profile are the values for 

gamma ray, core porosity and permeability, percent storage capacity, percent 

flow capacity, r33, and kA|) ratio. Because the correlation among r3 5 , porosity, and 

permeability within the Ervay reservoir was not satisfactory (Chapter 3), the 

original Winland equation (rather than modified) was used to generate the r3 5  

curve.

R3 5  of a rock type is directly related to kA|> ratio, as noted by the general 

similarity between the curves (Figure 5.14). KAj) ratio is a relative measure of 

reservoir process speed and is a simplified form of diffusivity, ignoring viscosity 

and total compressibility (Gunter et al., 1997). The Stratigraphie Flow Profile 

(SFP) defines the flow units from the flow capacity plots as intervals with 

relatively consistent r3 5  and kAj) ratio. The percent flow and storage capacity were 

calculated for each flow unit, and displayed on the profile.
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Core Core
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Figure 5.14: Stratigraphie Flow Profile (Gunter et al., 1997) for well Nelson 30. Flow 
units are shown for the Ervay reservoir. Displayed data on the profile are the gamma 
ray, core porosity and permeability, r35, kAf), percent flow capacity (kh), and percent 
storage capacity (<j)h). R35 values were calculated using the original Winland 
equation (Chapters).
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The following section describes the lithological properties of each flow unit 

with regard to fluid flow.

Flow Unit Z5-4: The skeletal-peloidal wackestones and packstones of zone 4 

and the peloidal packstones and grainstones of zone 5 comprise a single flow 

unit. This flow unit accounts for about 55% of the Ervay flow capacity and 42% of 

the storage capacity. Flow Unit Z5-4 has a greater percentage of reservoir flow 

capacity relative to storage capacity, and by definition is a “speed zone” (Gunter 

et al., 1997). This flow unit has the largest port size (r35) and dominates the flow 

within the reservoir (Figure 5.14). Therefore, it is critical to identify and map this 

flow unit to predict production performance of the Ervay dolomites.

Flow Unit Z3: This flow unit has nearly the same amount of storage and flow 

capacity (20%). The burrowed phosphate-grain peloid wackestones and 

mudstones of zone 3 rocks are also important to quantify in reservoir simulation 

because this flow unit overlies a 1 ft (0.3 m) thick transgressive deposit. This 

deposit rests on a persistent hardground surface, and represents a permeability 

barrier to vertical flow. This thin matrix permeability barrier to vertical flow can be 

seen in some of the plots. Upper zone 2 rocks have low flow potential as well as 

the bottom one or two feet of zone 3 (Figures 5.7 and 5.8).

Flow Unit Z2U: Upper zone 2 is a laterally extensive reservoir baffle, in the 

absence of fractures. The phosphatic skeletal wackestones of this reservoir 

interval account for 15% of the Ervay storage capacity and 5% of the flow
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capacity. Estimated r3 5  values for this flow unit range from 0.3 to 0.7 microns, the 

lowest of all flow units (Figure 5.14). This indicates that the small pore throats of 

the dolomitized mudstone matrix limit the transmissibility of hydrocarbons to the 

well bore.

Flow Unit Z2L: This flow unit corresponds to lower zone 2 rocks. These rocks 

are mostly coarser-grained phosphatic skeletal packstones. Like zone 3 rocks, 

this flow unit also has a nearly equal amount of storage and flow capacity (2 0 %). 

Lower zone 2 rocks represent a better quality flow unit than zone 3 rocks in most 

of the wells. These rocks are separated from upper zone 2 rocks by a tight streak 

in permeability, which represents a laterally persistent stylolitic interval.

5.2.6 Modified Lorenz Plots

A Modified Lorenz Plot (Gunter et al., 1997; Figure 5.2C) was constructed 

for two wells to understand the significance of flow units with regard to flow 

performance. The previously defined flow units are sorted and plotted in order of 

decreasing flow capacity. Unlike the SMLP, which has the data ordered in 

stratigraphie sequence, the Modified Lorenz Plot (MLP) is a plot of flow capacity 

versus storage capacity that is computed on a flow unit basis and does not 

maintain stratigraphie position.



161

Figures 5.15 and 5.16 illustrate the variability in flow and storage capacity 

among flow units on the MLP’s. The Nelson 17 well is representative of flow 

performance. In this well, zones 5, 4, 3, and lower 2 provide 95% of the flow 

potential within the Ervay rocks (Figure 5.15). In well Nelson 30, Z5-4, Z3, and 

Z2L collectively account for 90 percent of the flow capacity and 85 percent of the 

storage capacity (Figure 5.16). Similar storage and flow capacity values were 

observed in other wells due to the minor lateral variability within the Ervay zones 

and flow units.

5.3 Flow Units in the Non-cored Wells

Flow units in the cored wells can be extended to two non-cored wells 

which have available porosity data from logs and permeability data from neural 

networks. Flow units in these two wells (Nelson 16 and 28) were defined and 

compared to the cored wells.

Sonic log porosity (PSD) and the neural-network estimated core 

permeabilities (Appendix H) were used to create storage and flow capacity plots 

in the non-cored Nelson 16 and 28 wells. Figures 5.17 and 5.18 illustrate the 

vertical variations in storage capacity in these two wells. Storage capacity in the 

two wells is relatively constant. This re-emphasizes the importance of using flow 

capacity plots for delineation of reservoir flow units. Like the cored wells, these
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Figures. 15: Modified Lorenz Plot for the Ervay reservoir, well Nelson 17. Flow units 
interpreted from the Stratigraphie Modified Lorenz Plot are plotted from high to low 
flow capacity. The flow units that have steeply dipping segments (Z5-4 and Z2L) 
represent higher flow potential for the reservoir whereas relatively flat segments 
(Z2U) represent flow units with little flow capacity. The segments that dip near 45 
degrees (Z3) represent flow units characterized by equal amounts of flow and 
storage capacity.
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Figures. 16: Modified Lorenz Plot for the Ervay reservoir, well Nelson 30. Flow units 
interpreted from the Stratigraphie Modified Lorenz Plot are plotted from high to low 
flow capacity. The flow units that have steeply dipping segments (Z5-4 and Z2L) 
represent higher flow potential for the reservoir whereas relatively flat segments 
(Z2U) represent flow units with little flow capacity. The segments that dip near 45 
degrees represent flow units characterized by equal amounts of flow and storage 
capacity. In this well, note that the storage and flow capacities of flow units Z3 and 
Z2L are almost the same (the slope of the straight lines comprising these flow units 
are the same).
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Figure 5.17: Storage capacity plot for the Ervay reservoir, well Nelson 16. 
Cumulative storage capacity is plotted versus depth using sonic log porosity data 
(PSD). The lithofacies zonation is also shown.
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Figure 5.18: Storage capacity plot for the Ervay reservoir, well Nelson 28. 
Cumulative storage capacity is plotted versus depth using sonic log porosity data 
(PSD). The lithofacies zonation is also shown.
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two non-cored wells were analyzed by using the vertical variability in the 

cumulative flow capacity values.

Figures 5.19 and 5.20 illustrate cumulative flow capacity versus depth for 

the wells Nelson 16 and Nelson 28. The flow units interpreted using the core 

permeability data in the cored wells can be seen easily on these plots. Zones 5 

and 4 exhibit relatively similar flow capacity. Zone 3 has the highest flow 

capacity, and is separated from the low permeability upper zone 2  rocks by a 

several foot thick low permeability zone (Figure 5.19). Lower zone 2 rocks 

comprise a single flow unit whose quality is much greater than upper zone 2  

rocks.

5.4. Averaging Petrophysical Data for the Flow Units

One critical step in reservoir simulation is the upscaling of finely sampled 

data to average properties within individual flow units. When flow units are 

defined as they are in this study, upscaling is easily done.

The defined flow units within the Ervay dolomites are representative of 

distinctive rock types. This is further indicated by the relationship of the average 

porosity and permeability values of each flow unit among the wells. Therefore, an 

averaging procedure is required to identify and map the distribution of porosity 

and permeability within each flow unit.
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Figure 5.19: Flow capacity plot for the Ervay reservoir, well Nelson 16. Cumulative 
flow capacity is plotted versus depth using the neural-network estimated core 
permeability data. The interpreted flow-unit zonation, which is similar to that from 
the cored wells, is shown next to the lithofacies zonation.
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Nelson 28
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Figure 5.20: Flow capacity plot for the Ervay reservoir, well Nelson 28. Cumulative 
flow capacity is plotted versus depth using the neural-network estimated core 
permeability data. The interpreted flow-unit zonation, which is similar to that from 
the cored wells, is shown next to the lithofacies zonation.
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Linearly interpolated porosity and permeability data (2 samples/ft) were 

used to average petrophysical properties (<t),(|)h, k, kh) within each flow unit. (|)h 

and kh values were computed at each sample increment with and without an 

arbitrary 1 1 % cutoff for porosity and 1 md cutoff for permeability which were 

previously used by Marathon geologists to calculate net pay. Arithmetic 

averaging was used to calculate the average porosity, and geometric averaging 

was used to calculate the average permeability. Table 5.1 shows the average 

porosity and permeability values for each flow unit in the Nelson 17 and 30 wells. 

This is the form of data that would be used by an engineer to quantify rock 

properties for each flow unit. All of the averaged data are included in Appendix I.

Because the upper interval of zone 5 and the lowermost interval of zone 2  

are not cored in most wells, the intervals with incomplete core coverage were 

adjusted based on the wells that do have complete core coverage. Three wells 

(Nelson 20, 27, and 30) have complete core coverage for zone 5 and four wells 

(Nelson 14, 17, 20, and 30) have complete core coverage for zone 2. Mean 

porosity and permeability values per foot for the reservoir were calculated using 

the data from the three wells for FU Z5-4 by dividing the summation of mean 

porosity and permeability values per foot by the number of wells (3). For wells 

that have incomplete core coverage, the number of feet with no core was 

recorded, and multiplied by the number calculated from the cored wells. The 

resultant value was then added to the known averaged porosity and permeability
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Table 5.1 : Averaged porosity and permeability values for each flow unit in the 
wells Nelson 17 and 30. Arithmetic averaging was used to average porosities 
whereas geometric averaging was used to average permeability data. Stars (*) 
next to four numbers for FU Z5-4 in the Nelson 17 well represent an adjusted 
value because of incomplete core coverage in that zone. An arbitrary porosity 
value of 0 . 1 1  and a permeability value of 1 md were used as a cutoff in certain 
columns.

FU NELSON 17 NELSON 30
4> 4)>0.11 k k>1 md <t> (t»0.11 k k>1md

FU Z5-4 *0.204 *0.205 *3.47 *4.48 0.159 0.165 3.32 4.57

FUZ3 0.145 0.150 1.36 2.02 0.166 0.172 1.74 4.42

FU Z2U 0.133 0.148 0.38 1.42 0.147 0.148 0.95 2.29

FU Z2L 0.133 0.151 1.29 2.55 0.156 0.170 1.25 4.22
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value for that well. The same procedure was used to adjust the averaged 

properties with incomplete core coverage from FU Z 2 L.

5.5 Discussion

The resultant flow units characterized based on matrix pore features of 

Ervay rocks display a layer-cake zonation. Storage potential of Ervay rocks is 

uniform throughout the depth. Therefore, vertical permeability variability within 

the reservoir interval was valuable to quantify the flow units. The sequence- 

stratigraphic framework interpreted by Garfield (1990) was fundamental to 

defining and interpolating flow units in the interwell regions. The flow units are 

continuous all over the field and keep their position in the vertical sequence. 

Lateral variations in the quality of flow units and therefore in the matrix pore 

space caused by depositional and diagenetic processes are relatively minor. The 

contact between FU Z2U and FU Z2L corresponds to a laterally persistent 

stylolitic seam. The permeability barrier to vertical flow which exists at the contact 

of FU Z2U with FU Z3 is evident in most of the plots. This barrier is characterized 

by constant cumulative flow capacity values just above the contact between 

these two flow units.

The methods proposed to define reservoir flow units in the literature are 

mostly based on identification of rock fabric in cored wells from detailed core
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descriptions and estimation of rock fabric in non-cored wells from wireline logs. 

These methods involve subjective geologic observations. The approach 

presented in this study differs from the traditional techniques in that qualitative 

descriptions of rock fabric are not needed.

Scales of reservoir and flow simulation models may vary considerably. 

Simulations using coarse-scaled models may not be representative, whereas 

simulations using fine-scaled models can be costly and time consuming. The 

method of upscaling presented in this study employs the least number of flow 

units and honors the stratigraphie framework as well as the most significant 

reservoir zones within that framework (Gunter et al., 1997; Pranter, 1999). 

Pranter (1999) noted that this method of defining flow units, in most cases, does 

not require a further upscaling prior to flow simulation.

The synthetic curves from the neural-network model provided permeability 

data in the cored and non-cored wells for the complete reservoir interval from 

zone 2 to 5. These data can also infill gaps in the continuous data of core 

permeability. The neural-network permeability data were available only in the 8  

cored wells. Therefore, the synthetic permeability data from 2 non-cored wells 

were used in conjunction with core permeabilities from 14 cored wells to 

delineate reservoir flow units and average petrophysical properties within each 

flow unit.
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Note that there can be problems with cumulative storage and flow capacity 

plots in situations where gaps occur in the data, or where thin flow barriers may 

not be sampled by the input data. SMLP’s can lead to false interpretations when 

gaps exist in the continuous data. The geologist should always consult 

cumulative (j)h and kh plots vs. depth before using the SMLP. Fortunately, this 

was not a problem in this study.

As an example of a thin flow barrier that was not sampled by the core 

data, the SMLP’s for the Ervay reservoir do not recognize the hardground that 

exists at the contact between FU Z2U and FU Z3. In cases like this, core 

descriptions should be used in conjunction with flow capacity plots to define thin 

discontinuous reservoir zones. In either case, the existing stratigraphie 

framework in the study area and any lithologie information available from core 

must be taken into account to help define reservoir flow units.

Relatively low matrix permeabilities in the Ervay reservoir carbonates 

cannot account for observed high fluid production rates (Garfield et al., 1992; 

Raba’a, Ph. D. dissertation, in progress). Fractures and faults also contribute 

significant amounts of permeability and are key to the characterization of fluid 

flow in the Little Sand Draw field. Modeling of Ervay reservoir carbonates 

requires separate characterization of matrix pore features and fractures for a 

realistic flow simulation. The results of this study can be combined with another
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model characterizing the influence of fractures to fluid flow, both of which may be 

used in a dual-porosity, dual-permeability simulator.
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Chapter 6  

CONCLUSIONS

The primary goal of this research involved quantifying flow units within the 

Ervay reservoir based on storage capacity and flow capacity. To accomplish this, 

two techniques were demonstrated to provide support for understanding pore 

types within the reservoir interval. Port size (r3 5 ) distribution within the reservoir 

dolomites was analyzed using the data from air-mercury capillary pressure tests. 

Capillary pressure results provided information on pore space (effective versus 

total) that effectively contributes to fluid flow. The neural-network approach 

provided permeability data in the non-cored wells to extend the distribution of 

flow units over the field. Results from these two techniques were used to 

delineate reservoir flow units. The significant conclusions from this research are:

• A distinct relationship exists between lithofacies and reservoir quality. 

Interpretation of capillary pressure graphs showed that grain-supported rocks 

of zones 4 and 5 have better reservoir quality than mud-supported rocks of 

zones 2 and 3.

• Moldic pores within the Ervay dolomites are the major reason for a weak 

correlation between port size (r3 5 ), porosity (())), and permeability (k). Many of
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these pores do not occur as part of the well-connected matrix porosity. Core 

porosity values are too high for the observed permeabilities. Many of these 

pores do not contribute to permeability although they increase pore volume. 

Therefore, these pores make the use of the traditional r3 5  method difficult for 

flow unit determination.

• Differentiating effective porosity from total porosity is essential for modeling of 

Ervay dolomites. Building a neural-network model of core permeability was 

accomplished by including a sonic porosity curve as an additional input 

parameter to the shallow resistivity and bulk density. The sonic porosity curve 

measured effective porosity which is highly related to permeability.

• The most significant flow units were defined based on storage and flow 

capacity. Resultant flow units are stratiform with minor lateral variations in the 

quality of flow units. The permeability barrier to vertical flow at the boundary 

between zones 2 and 3 is evident in most of the plots.

• Permeability prediction by the neural network provided data in the cored and 

non-cored wells for the complete reservoir interval. These data were used to 

recognize flow units in non-cored wells and support flow unit interpretation in 

cored wells based on core permeability data.

Resultant flow units from this study are matrix based, and do not reflect

the influence of fractures on fluid flow. The results of this study need to be
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combined with another model, which characterizes the influence of fractures and 

faults on fluid flow in the form of a dual-porosity, dual-permeability simulator.
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APPENDICES

AIR-MERCURY CAPILLARY PRESSURE DATA AND CURVES
RAW POROSITY/PERMEABILITY DATA FROM CONVENTIONAL CORE ANALYSIS
CORE-TO-LOG DEPTH SHIFT DATA IN 14 CORED WELLS
RESAMPLED AND SMOOTHED POROSITY/PERMEABILITY DATA IN 14 CORED WELLS
FLOW CAPACITY, STORAGE CAPACITY AND STRATIGRAPHIC MODIFIED LORENZ PLOTS IN CORED
WELLS
LOG TOPS OF ERVAY ZONES
NEURAL-NETWORK PERMEABILITY DATA IN CORED WELLS AND THEIR FLOW CAPACITY PLOTS 
NEURAL-NETWORK PERMEABILITY DATA IN 2 NON-CORED WELLS WITH FLOW CAPACITY, STORAGE 
CAPACITY, AND STRATIGRAPHIC MODIFIED LORENZ PLOTS 
AVERAGED PETROPHYSICAL PROPERTIES WITHIN EACH FLOW UNIT
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EXPLANATION OF DATA AND FILES ON CD ROM

All appendices are included on the attached CD ROM. Each appendix has its 

own directory name. Each file is presented as a Microsoft Excel Workbook file 

(Microsoft Excel 2000). Data in each file are presented as Excel spreadsheets. 

Each figure related to the data is presented as a new sheet.


