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ABSTRACT 

 

Different scales of lateral petrophysical variability typically exist within 

rock fabrics of dolomite reservoirs.  To properly characterize and model the 

spatial variability of petrophysical properties that affect fluid flow and storage 

within dolomites, an accurate quantitative description of lateral variability 

within dolomite rock fabrics is essential.  Outcrop analogs of subsurface 

reservoirs provide critical information to address lateral variability that is not 

available from typical subsurface data.   

Dolomite outcrops at Sheep Mountain anticline, Wyoming were 

sampled to evaluate reservoir-scale lateral petrophysical variability within rock 

fabric units.  Porosity and permeability measurements were acquired for 1250 

core plug samples from Mississippian dolomites (Madison Formation, 

Wyoming). Four lateral transects that range in length from 45 to 540 ft (14  to 

165 m), and twelve vertical transects, that average 15 ft (5 m) in length, were 

obtained within dolomitized lower and upper shoreface facies.  Variography of 

these data shows three distinct scales of lateral petrophysical variability, 

including a significant hole-effect.  Short-range lateral variability is reflected by 

correlation distances of 6.5 to 16 ft  (2 to 5.5 m) and can be modeled with a 

spherical function.  The nugget effect is high and accounts for approximately 

50% of the variance.  Lateral petrophysical oscillations are present within the 
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dolomite rock fabrics with periodicities of 140 and 32 ft (42.5 and 9.7 m) for 

permeability and porosity, respectively.  This lateral petrophysical variability 

can be modeled with hole-effect variograms.   

Streamline simulations of stochastic cross-sectional and plan-view 

petrophysical models explore the effects of the heterogeneity on fluid flow.  

Results show that permeability models with a nested variogram structure 

including a small magnitude (10-25%) long-range oscillatory structure have 

greater breakthrough times, higher sweep efficiencies, and higher degrees of 

tortuosity than permeability models with no hole-effect. As the magnitude of 

the lateral petrophysical cyclicity increases from 25-50%, breakthrough time 

decreases as cyclicity dominates the system variance.  These results indicate 

that a hole-effect variogram should be used to model dolostone permeability if 

it is thought to account for greater than 10% of the system variance.   

 



DEDICATION 
 

I would like to dedicate this thesis to my husband Jason, 

for providing limitless encouragement, support, and love, and to 

my parents, Brod and Debby, for giving me the gift of education, 

and for always being there when I am in need. 

 

 

 



 vi
 

ACKNOWLEDGEMENTS 

 
 

I would like to take this opportunity to express my deepest appreciation 

for Dr. Matthew J. Pranter for providing guidance and advice, and for always 

making time for his students.  Many thanks to Dr. David A. Budd for the use of 

his equipment and for sharing his insight.  Thanks to Dr. Neil F. Hurley for his 

comments, reviews, and the use of his camper. 

This research was funded by the Department of Geological Sciences 

through a fellowship and a teaching assistantship and through the Reservoir 

Characterization and Modeling Laboratory (RCML).  Grants were received 

from the American Association of Petroleum Geologists (AAPG), the Society 

of Petrophysicists and Well Log Analysts (SPWLA), the Association for 

Women Geoscientists (AWG), and through the University of Colorado, 

Beverly Sears graduate research grants.   

I am indebted to my field assistants, Jason Hirstius, Kirk Morris, and 

Matt Pranter.  Without their hard work, this research would not have been 

possible.  Thanks to Paul Boni for assisting in sample preparation and thin 

section impregnation, Paul Sandlin for the use of his equipment and for 

sharing his lab, Scott Walker for the use of his boat, Raul Cabrera for help 

with GSLIB, and Amanda Ellison and Marielis Vargas for being superb office 

mates.  A special thanks to Stephanie Gaswirth for her technical suggestions, 

her positive attitude, and for making time to listen.  



 vii
 

CONTENTS 

 
CHAPTER            PAGE 

ABSTRACT…………………………………………………………… iii 

DEDICATION………………………………………………………..…v 

           ACKNOWLEDGEMENTS…………………………………………... vi 

      CONTENTS……………………………………………………....…..vii 

      LIST OF TABLES……………………………………………………..x 
      LIST OF FIGURES………………………………………………….. xi     
 
I. INTRODUCTION…………………………………………………..…. 1 

GEOLOGIC SETTING OF STUDY AREA……………………...3 

     Regional Structural Setting…………………………………...3 

     Mississippian Paleogeography………………………………. 7 

     Stratigraphy………………………………………………….... 7 

     Dolomitization…………………………………………….….. 13 

METHODS…………………………………………..…………… 14 

     Core Plug Acquisition……………………………………….. 14 

     Core Plug Processing……………………………………….. 19 

     Permeability Measurements…………………………….…. 22 

                     Porosity Measurements………………………..…………….24  

II. VARIOGRAPHY ………………………………………………….. 28 

Previous Work……………………………………………… 28 

Variogram Analysis…………………………………………. 31 

Petrophysical Results………………………………………. 36 

Experimental Variograms…………………………………... 37 

Theoretical Variogram Models…………………………….. 53 

Permeability Variogram Models…………………………… 54 

Porosity Variogram Models ……………………………….. 57 

Summary...…………………………………………………… 61 



 viii
 

 

III. PETROGRAPHY………………………………………………….. 63  

Petrographic Methods…………………………………….… 64 

Results………………………………………………..……… 67 

Discussion……………………………………………………. 73 

IV. PETROPHYSICAL MODELING AND STREAMLINE      
SIMULATION…………………………………………….…...…… 75 

Modeling Objectives………………………………………… 75 

Previous Work..………………………………………………76 

Model Framework…………………………………………… 78 

PETROPHYSICAL SIMULATION………………..…………… 81 

     Building the Models…………………………………….…… 81 

     Model Results……………………………………………...… 90 

STREAMLINE SIMULATION………………………………….. 95 

     Simulation Construction…………………………………….. 95 

     Simulation Results………………………………….……… 101 

DISCUSSION……………………………………………...…… 101 

V. CONCLUSIONS AND RECOMMENDATIONS……….………112 

Variography………………………………………………… 112 

Petrography………………………………………………… 114 

Modeling…………………………………………….……… 114 

Potential Causes of Lateral Oscillations………………… 115 

RECOMMENDATIONS...………………………………...……117 

 
REFERENCES…………………………………………..………………… 118 

 
APPENDIX……………………………………………………………….… 123 

A. PETROPHYSICAL MEASUREMENTS……….…………..… 123 



 ix
B. HISTOGRAMS OF PERMEABILITY AND POROSITY  

                DATA………………………………………………….………… 127 

C. VARIOGRAMS OF PERMEABILITY AND POROSITY  

                DATA FOR VERTICAL TRANSECTS AND LATERAL  

                TRANSECT 3………………………………………………...… 131 
D. REGRESSION ANALYSIS OF PORE TYPE AND  

                PETROPHYSICAL MEASUREMENTS……………..………. 135 

      E.      HISTOGRAMS OF MODELED PERMEABILITY 

                DATA BY FACIES………………………………………………141 

      F.       RMS MODELS… ……………………………………………… 145 

 



 x
LIST OF TABLES 

 
 

II.1: Summary Chart of Work Conducted on  
Carbonate outcrops in West Texas/ New Mexico…………… 30 

 
III.1: Point Counts for Thin-Sections from LT1………………………. 71 

 
III.2: Results of Linear Regression Analysis ..……………………..… 72 

 
IV.1: Summary of Modeling Results for the  

                 San Andres Formation ……………………………………….…77 
 

IV.2: Permeability Statistics of Modeled Facies……………………… 82 
 
IV.3: SGS Variogram Inputs:  
           Cross-sectional models (Model 1) ………..…………………... 86 

 
IV.4: SGS Variogram Inputs:  

Plan-view models (Model 2) .…………..……………………… 87 
 

IV.5: Back-Transformation Table……………………………………… 88 
 

IV.6: Streamline Simulation Data Inputs…………………………..….. 99 
 



 xi
LIST OF FIGURES 

 
 

I.1: Location Map of Sheep Mountain Anticline……………………….. 4 
 

I.2: Stratigraphic Column of Sheep Mountain…………………………. 5 
 

I.3:Digital Elevation Map of Sheep Mountain Anticline……………….. 6 
 

I.4: Time Stratigraphic Chart ……………………………………………. 8 
 

I.5: Mississippian Paleogeography of United States…………….……. 9 
 

I.6: Location Map for Cross-Section R-R’…………………………...…11 
 

I.7: Madison Formation Regional Cross-Section…………………..… 12 
 
I.8: Topographic Map of Sheep Canyon………...……………….…… 15 

 
I.9: Measured Section of the Madison Formation………………….... 16 

 
I.10: Outcrop Location of Lateral Transect 1……………………….… 17 

 
I.11: Outcrop Location of Lateral Transect 2………………….……… 18 

 
I.12: Outcrop Locations of Lateral Transects 3 and 4 ………………. 20 

 
I.13: Location of Lateral Transects……………………………………. 21 
 
I.14: Photograph of Mini-Probe Permeameter….……………………. 23 
 
I.15: Calibration Graph of Standard Core Samples……………….… 25 
 
I.16: Photograph of Porosity Measurements…………………………. 26 

 
II.1: Theoretical Variogram Model Components………….………….. 33 

 
II.2: Theoretical Variogram Models……………………………….…… 35 
  
II.3: Lateral Distribution of Petrophysical Data - LT1…………………38 

 
II.4: Lateral Distribution of Petrophysical Data - LT2…………………39 

 
II.5: Lateral Distribution of Petrophysical Data - LT3…………………40 

 



 xii
II.6: Vertical Distribution of Petrophysical Data - LT1……………… ..41 

 
II.7: Vertical Distribution of Petrophysical Data – LT2………………. 42 

 
II.8: Vertical Distribution of Petrophysical Data – LT3………………. 43 
 
II.9: Cross-plots of Permeability and Porosity………………………... 44 
 
II.10: Histograms for LT1, LT2, and LT3……………...……………… 45 
 
II.11: Original and Standardized Experimental Variograms………..  48 

  
II.12: Experimental Variograms (LT1 & LT2).………………………..  49 

 
II.13: Experimental Variograms LT1 (3-ft spacing)………………….. 50 

 
II.14: Experimental Variograms LT1 (10-ft spacing)………………… 51 

  
II.15: Experimental Variograms LT2 (10-ft spacing)………………… 52 

 
II.16: LT1 Permeability Variogram Models……………………….…..  55 
 
II.17: LT2 Permeability Variogram Models…………………………… 56 

 
II.18: Porosity Variogram Models……………………………………… 58 

 
II.19: Porosity Variogram Model <100 feet lag LT2…………………. 59 

 
II.20: Complex Nested Variogram of Porosity - LT1………………… 60 

 
III.1: Thin-section Selection LT1………………………………………. 65 

 
III.2: Description of Dolomite Crystal Shape ………………………….66 

 
III.3: Classification of LT1 Data Samples…………….…..…………… 68 

 
III.4: Thin-section Photomicrographs …………………………….…..  69 
 
IV.1: Facies Model: Cross-sectional Model………………………..… 80 

 
IV.2: Nested Variograms by Facies…………..………………………. 84 
 
IV.3: Permeability Simulation for Model 1.A and Model 1.B………... 91 

 
IV.4: Permeability Simulation for Model 1.C and Model 1.D……..… 92 

 



 xiii
IV.5: Permeability Simulation for Model 1.E and Model 1.F……..…. 93 

 
IV.6: Permeability Simulation for Model 1.G………………………..... 94 

 
IV.7: Permeability Simulations for Plan-view Model……………..….. 96 
 
IV.8: Permeability Conduits in Cross-sectional Model………….…... 97 
 
IV.9: Well Locations for Models 1 and 2…………………………….. 100 
 
IV.10: BTT and the Hole Effect………………………………………. 102 

 
IV.11: Streamlines at BTT: Cross-sectional Models……………… 103 

 
IV.12: Streamlines at BTT: Cross-sectional Models (cont.) ……… 104 

 
IV.13: Streamlines at BTT: Plan-view Models..…………………….. 105 

 
IV.14: Time From Injector: Cross-sectional Models….……………. 107 

 
IV.15: Time From Injector: Cross-sectional Models (cont.) ….…… 108 

 
IV.16: Time From Injector: Plan-view Models.…………………...… 109 



 1
 

 

 

CHAPTER I 

 

INTRODUCTION 

 

 Accurate reservoir characterization and modeling is essential to 

successful field development.  In carbonate rocks, well, seismic, and core 

data are typically sufficient to delineate the stratigraphic framework, identify 

flow units, and characterize lithofacies and petrophysical characteristics close 

to the borehole (Grant et al., 1994), but often provide limited information 

regarding the lateral petrophysical heterogeneity of individual flow units 

(Lucia, 1995).  This is especially true for dolomite reservoirs where complex 

interactions between depositional and diagenetic histories control the 

distribution of rock properties (Kerans et al., 1995).  Outcrop analogs of 

subsurface carbonate reservoirs provide information regarding heterogeneity 

within similar lithofacies that can be used to augment subsurface data sets.  

 Reservoir-scale petrophysical heterogeneity within carbonate 

lithofacies has been primarily studied using outcrops of the Permian San 

Andres Formation in West Texas and New Mexico (Kittridge, 1988; Kittridge 

et al., 1990; Senger et al., 1991; Lucia et al., 1992; Ferris, 1993; Kerans et al., 

1993; Kerans et al., 1994; Wang et al., 1994; Eisenburg et al., 1992; Grant et 
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al., 1994; Barnaby et al., 1997; Ruppel et al., 1997; Jennings et al., 1998; and 

Kerans et al., 1997).  In addition, upper Maastrichtian chalk outcrops in 

Denmark have also been examined (Frykman, 2001).  Results from the San 

Andres outcrops show that within individual dolomite rock-fabrics, 

permeability is characterized by a high degree of random variability and a 

short-range correlation structure (typically < 20 ft; 6 m).  Two long-range, low 

magnitude, oscillatory features were also observed at scales of 140-180 ft 

(43-55 m) and > 1000 ft (305 m) (Jennings, 2000).   

Geologic modeling and flow simulations were conducted in several of 

the studies on the San Andres Formation and incorporated the random 

variability as well as the short-range correlation.  Jennings et al., (1998) used 

three simulations of a 2-D plan view model to assess the effects of a long-

range oscillatory structure on fluid flow.  The first simulation was modeled with 

a variogram that included only the short-range structure.  The variogram for 

the second simulation included only a long-range structure, and the variogram 

for the third simulation included the long- and the short-range structure.  They 

concluded that modeling with a long-range, periodic event could significantly 

impact fluid flow, even though it accounts for a small percentage of the 

system variance.     

 The goals of this study were (1) to expand the knowledge base 

regarding lateral petrophysical heterogeneity within dolomite lithofacies, (2) to 

evaluate the cause of lateral petrophysical heterogeneity, and (3) to use 

petrophysical models with and without a hole-effect, to determine how the 
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distribution of heterogeneity, as a result of the modeled variogram, affects 

fluid flow.  To accomplish these goals, a combination of geostatistics, 

petrography, and reservoir modeling were employed.  Exposures of porous 

and permeable dolomite units at Sheep Mountain anticline, located in the 

Bighorn Basin, Wyoming, were used.  These exposures of the Mississippian 

Madison Formation are analogous to many Paleozoic shelfal carbonate 

reservoirs worldwide (Sonnenfeld, 1996a; Eberli et al., 2000).  Data from 

these and similar outcrop analogs are useful to assess spatial variability 

within dolomite rock fabrics.  Correlation ranges of lateral variability and other 

statistical parameters can be obtained and used in reservoir characterization 

and modeling when these data are not available from subsurface data sets.

             

 

GEOLOGIC SETTING OF STUDY AREA 

 

Regional Structural Setting 

The Bighorn Basin is located in northwest Wyoming and south-central 

Montana (Figure I.1).  Sediments within the Bighorn Basin include both 

clastics and carbonates (Figure I.2), and range in age from Middle Cambrian 

to Oligocene (Curry, 1983).  At Sheep Mountain, a northwest - southeast 

oriented anticline is cut perpendicular to the fold hinge by the Bighorn River 

(Figure I.3) and the exposed canyon walls provide a cross-sectional view of 

the fold and associated Paleozoic strata.  The oldest formation exposed  
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Bureau of Land Management, http://www.wy.blm.gov/wfo/maps/maps.htm).

  Sheep 
Mountain 
 Anticline

Greybull
Cody

Thermopolis

Meeteetse

Bighorn Mountains

Bighorn Basin

20 miles

Bighorn Ri ver

N

4

Be
ar

to
ot

h 
M

ou
nt

ai
ns

Abs aroka  Mountains
Owl Creek Mountains



Mesa Verde (1200')

Cody (2200')

Frontier (600')

Mowry (330')

Thermopolis (500')

Cloverly (180')
Morrison (350')

Sundance (350')

Gypsum Springs (200')

Chugwater (550')

Phosphoria (300')

Tensleep/ Amsden (370')

Madison (780')

Jefferson-Three Forks (120')

Bighorn (450')

Gallatin (500')

Gros Ventre (500')

Flathead (125')
Basement/ Granite

Figure I.2: General stratigraphic column of the Bighorn Basin at Sheep 
Mountain.  The Madison Formation and the basal portion of the Tensleep/
Amsden formation are exposed in Sheep Canyon.  The formations younger 
than the Tensleep/Amsden Formation are exposed on the flanks of the 
structure (Hennier and Spang, 1983).
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Figure I.3: Digital elevation map of Sheep Mountain Anticline at 30-ft (10-m) 
resolution.  The Bighorn River is shown in blue and the white arrow indicates 
the location of Sheep Canyon (Map provided by United States Geological 
Society, http://data.geocomm.com/catalog/US/61051/286/group4-3.html).
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within the core of the anticline is the Madison Formation (Hennier and Spang, 

1983).     

 

Mississippian Paleogeography 

The Madison Formation was deposited during the middle Mississippian 

period on a west to southwestward facing carbonate ramp that covered a 

large part of North America (Figures I.4, I.5).  At this time, the Madison 

platform was within 5º north of the Mississippian paleoequator.  The extensive 

Madison platform was located between the northeast-southwest trending, 

transcontinental arch to the east, and the Antler foreland trough to the west 

(Figure I.5) (Gutschick and Sandberg, 1983).  The Madison Formation was 

deposited unconformably above rocks ranging in age from Upper Devonian in 

the northwest to Precambrian in the southeast (Sandberg and Klapper, 1967).  

The top of the Madison Formation is associated with a 34 m.y. hiatus that 

resulted from subaerial exposure and development of an extensive karst 

plain.  The Darwin Sandstone, part of the Amsden Formation, lies above the 

Madison Formation.  It is composed of non-marine and estuarine facies and 

onlaps onto the unconformity at the top of the Madison Formation (Figure I.4) 

(Sando, 1988). 

 

Stratigraphy 

 For over 50 years the Madison Formation has been the focus of 

extensive lithostratigraphic and chronostratigraphic research.  Nomenclature  
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Figure I.4:  Time-stratigraphic chart for the Bighorn Basin.  Chart relates the 
nomenclature of Mississippian strata for outcrops and subsurface as well as 
lithostratigraphic and chronostratigraphic divisions. Time scale after Ross 
and Ross (1987; 1988).  Sea-level curves after Vail et al. (1977) and 
Fischer (1982).  Figure modified from Sonnenfeld (1996a).
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Figure I.5: Mississippian paleogeography of United States a) Mississippian 
tectonic features during the deposition of the Middle Madison Formation.  
Star indicates location of Sheep Mountain Anticline.  b) West to East cross 
section A to A' across United States.  Star indicates equivalent location 
of Sheep Mountain Anticle along depositional strike.  (Gutschick and 
Sandberg, 1983).
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regarding division of the Madison Formation is complex and varies between 

the surface and subsurface as well as with geographic location.  For this 

study, the chronostratigraphic division of the Madison Formation established 

by Sonnenfeld (1996a) is used.  Although the classifications devised by 

Sando (1988) and Sonnenfeld (1996a) both resulted in a six-fold division of 

the Madison Formation, the boundaries between them are not directly 

correlative.  Figure I.4 relates the classification scheme of Sonnenfeld 

(1996a) and Sando (1988) to other authors for both outcrop and subsurface 

divisions of the Madison Formation.  

 The Madison Formation is interpreted as a single second-order 

sequence (approximately 13 m.y. duration) bound at the top and base by 

regionally extensive, tectonically induced, subaerially exposed, angular 

unconformities or sequence boundaries (Vail et al., 1977).  The second-order 

sequence has been further subdivided into six third-order sequences, each 

with an estimated duration of 2.2 m.y., referred to herein as Sequences I 

through VI (oldest to youngest, respectively).  A five-fold hierarchy of cycles 

has been interpreted (Sonnenfeld, 1996a) (Figures I.6, I.7). Small-scale 

cycles (1-20 ft: 0.3-6.0 m thick) represent the shortest duration of time.  

Correlations of these cycles result in the jagged appearance of the 

depositional environments seen in cross-section R-R’ (Figure I.7).  There are 

5-11 intermediate-scale cycles (parasequences) in each third-order 

sequence.  These cycles show significant onlap and offlap (Figure I.7).  

Small-scale and intermediate-scale cycles stack to form the six, third-order  



N

Figure I.6:  Isopach map of Madison depositional sequences I-III.  Location of cross-section R-R' (Figure I.9) is shown 
as a bold straight line.  Star indicates location of Sheep Mountain Anticline (Sonnenfeld, 1996a). 11
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Figure I.7: Regional cross-section R to R', depicting the six, third-order sequences within the second-order, Madison 
supersequence.  Red box indicates the sample location of transects at Sheep Mountain Anticline within the section.  
Location of cross-section is depicted in Figure I.6.  Five orders of cyclicity are depicted.  Small- and intermediate-scale 
cycles stack within the third-order sequences.  Sequences I and II depict a ramp profile and make up the lower Madison 
composite sequence and Sequences III-IV make up the upper Madison composite sequence (Sonnenfeld, 1996b).   
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sequences previously mentioned.  Sonnenfeld (1996a, 1996b) placed third-

order sequence boundaries at the top of each interpreted highstand systems 

tract (HST).  HSTs were recognized by the change in vertical stacking pattern 

of lithofacies from progradational to retrogradational or aggradational 

(Sonnenfeld, 1996b).  Third-order sequences were grouped into two 

composite sequences, the lower and the upper Madison composite 

sequences.  Each composite sequence depicts a distinct facies distribution 

and profile.  The lower Madison composite sequence contains third-order 

Sequences I and II, which are ramp systems that lack lagoon deposits.  The 

outcrops studied herein are within Sequence I and II. 

 

Dolomitization 

 Smith et al. (2000) recognized two stages of dolomitization of the 

Madison Formation.  Early dolomitization occurred during the deposition of 

the Upper Madison by marine waters resulting in dolomitization of Sequences 

I and II.  The second stage resulted in dolomitization of the upper Madison 

sequences and caused dolomitization of all depositional facies in the 

Madison.    
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METHODS 

 

Core Plug Acquisition 

To analyze and statistically quantify interwell-scale, lateral 

heterogeneity of petrophysical properties within dolomite rock fabrics, it was 

necessary to acquire a data set of regularly spaced rock samples along 

several lateral transects within the Madison Formation.  Sheep Mountain 

anticline was chosen as the location to acquire the data set because of the 

accessibility of the basal Madison Formation and the lateral continuity of 

individual dolomite units.  At Sheep Mountain approximately 700 ft (213 m) of 

the Madison Formation are exposed.  Although all six sequences of the 

Madison Formation are exposed, only Sequences I and II were sampled due 

to the inaccessibility of the younger sequences on the near vertical cliff faces.   

The acquired data set consists of 1250, one-inch diameter core plug 

samples.   Samples were taken with a water-lubricated core drill at a one-foot 

(0.3-m) spacing along four lateral transects and 14 vertical transects.  The 

locations of the lateral transects were chosen to target specific facies within a 

given sequence, and in areas that allowed for the longest lateral transect 

while still being accessible from a ladder (Figures I.8, I.9).  Due to the 

structure of the anticline, the two longest transects (LT1 and LT2) were taken 

in the core of the anticline just below the maximum flooding surface of  

Sequence 1 and are approximately 300 ft (100 m) apart (Figures I.10, I.11).  

Lateral transect LT1 is located on the northwest face of the canyon and is 483  
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Figure I.9:  Northwest limb of Sheep Mountain Anticline depicted with a 
detailed measured section of the Madison Formation.  Section was measured 
from the core of the anticline to the limb along the railroad track.  Porosity, 
cycles, and facies are shown on the measured section.  Locations of lateral 
transects are to the right of the measured sections.  Six third-order dep-
ositional sequences present at Sheep Mountain are shown.  The approximate 
sequence boundary location of sequences IV, V, and VI are shown on the out-
crop photo (measured section from Sonnenfeld, 1996a, porosity data from L.B. 
Smith).
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Figure I.10:  Locations of lateral transect 1 (LT1) and associated vertical transects (dotted lines) on northwest limb of 
Sheep Mountain Anticline.  Total length of LT1 is 483 ft (147 m).  Alternating light and dark layers correspond to 
limestone and dolomite, respectively.  Samples were primarily obtained within dolomite lithofacies.  Also shown is the 
sequence boundary between Sequences I and II, the highstand system tract of Sequence I, and the TST of Sequences 
I and II.
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Figure I.11:  Locations of lateral transect 2 (LT2) and associated vertical transects (dotted lines) on southeast limb of 
Sheep Mountain Anticline.  Total length of LT2 is 530 ft (161.5 m).  Alternating light and dark layers correspond to 
limestone and dolomite, respectively.  Samples were primarily obtained within dolomite lithofacies.  LT2 is located in the 
transgressive system tract (TST) of Sequence I below the maximum flooding surface (MFS).  Also shown is the highstand 
system tract (HST) of Sequence I above the MFS.  
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ft (147 m) in length.  Lateral transect LT2 is located on the southeast face on 

the opposite wall of the canyon, and is 530 ft (162 m) in length.  Both LT1 and 

LT2 targeted the bioturbated, microskeletal dolo-wackestone/mudstone facies 

of the trangressive systems tract of Sequence 1.   Two shorter lateral 

transects (LT3 and LT4) were acquired on the southern limb of the northwest 

face of the anticline (Figure I.12).  Transect LT3, within the HST of Sequence 

I, is 45 ft (14 m) in length and LT4, within the HST of Sequence II, is 

approximately 15-20 ft (4.5-6 m) above the maximum flooding surface (MFS) 

and covers a distance of 100 ft (30 m) (Figures I.12, I.13). 

Vertical transects were acquired to assess the vertical variability of 

petrophysical properties within dolomite rock fabric units.  Along LT1 and LT2, 

vertical sections were sampled approximately every 100 ft (30 m).  The 

average length of each vertical transect is approximately 15 ft (5 m).  Five 

vertical transects were acquired along LT1 and LT2.  One vertical transect 

was acquired in the middle of LT3 and two vertical transects were acquired 

along LT4.   

 

Core Plug Processing 

 Core plug samples were trimmed to lengths of approximately 1 to 1.5 

in (2.5 to 3.8 cm), using a circular rock saw that resulted in multiple samples 

from each plug location.  Several samples were broken in the drilling process, 

which resulted in shorter core plugs.  Following Jennings (2000), the outer 0.5 

to 0.75 in (1.27 to 1.9 cm) of each sample was trimmed and not used for 



Figure I.12:  Locations of a) lateral transect 3 (LT3) and b) lateral transect 4 (LT4) and associated vertical transects for 
each (dotted lines).  Located on northwest limb of Sheep Mountain Anticline.  Total lateral distance of LT3 is 45 ft �
(13.7 m) and LT4 is 100 ft (30 m).  Alternating light and dark layers correspond to limestone and dolomite, respectively.  
Samples were primarily obtained within dolomite lithofacies.  LT3 is located in the highstand system tract (HST) of 
Sequence I below the sequence boundary (SB) between Sequences I and II.  LT4 is located in the transgressive �
system tract of Sequence II above the SB between Sequences I and II. 20
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Figure I.13:  Northwest side of canyon at Sheep Mountain Anticline.  
Locations of lateral transects are noted.  Vertical bar to the right of the photo-
graph indicates the sequence and depositional environment for each transect 
that was acquired (modified from Sonnenfeld, 1996a).
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petrophysical analyses to avoid any possible alteration due to weathering of 

the outcrop.  After trimming, samples were ultrasonically cleaned for 30 

seconds to remove any fine-grained sediment artificially introduced into the 

pore space during the drilling and trimming processes.  Samples were then 

dried in an oven at a temperature of 55 ºC (131 ºF) for 24 hours.  One sample 

from each plug location was chosen for subsequent measurements of 

petrophysical properties.   

 

Permeability Measurements 

Permeability measurements were made using a mini-probe 

permeameter (MPP) mounted on a drill press frame (Figure I.14).  The MPP 

measures the flow of nitrogen gas through a rock sample at a set range of 

injection pressures.  Flow rates are converted to permeability based on 

empirical calibrations from a set of standard core plugs with known 

permeabilities.  Calibration on the standard plugs was run daily to account for 

any changes in atmospheric pressure (Appendix A.1).  Calibration entails 

recording the flow of nitrogen gas through the standards at a range of 

injection pressures.  Because the permeability of the dolomite samples was 

expected to be low (< 100 md), flow rates were measured at relatively high 

injection pressures (24.00 to 24.40 psi).  Permeability of the six standard 

plugs ranged from 6.8 to 374 md.  These samples were chosen specifically to 

ensure a high degree of resolution on the lower end of the permeability 

spectrum.  Linear regression on a plot of flow rate versus permeability for the  



Figure I.14:  Photograph of the drill-press mounted, mini-probe permeameter �
(MPP) used to measure permeability of core plug samples.  The white arrow 
indicates the location of the core plug.  
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standard plugs was used to determine the equation of the best-fit line through 

the data points (Figure I.15). This equation was used to calculate permeability 

of the unknown samples.   

Due to the small scale of investigation of the MPP, the geometric mean 

permeability was calculated using up to four permeability measurements, two 

on each end of the plug (Appendix A.2). This was done to minimize the effect 

of intra-sample variability.  The primary source of error would be gas leakage 

around the tip of the MPP due to an poor seal against the rock surface. 

 

Porosity Measurements 

  Porosity was measured using a modification of the bulk-density 

technique (Singer and Janitzky, 1986).  Using a digital mass balance, the 

weight of each of the following items was obtained: the sample, the sample 

sealed in a wax film (parafilm), and a water-filled glass beaker.  Then using a 

thread, the sealed sample was suspended in the water-filled glass beaker, 

and the combined weight was obtained (Figure I.16).  The porosity of each 

sample was calculated from the volume of water displaced, the mass of the 

original (unsealed) sample, and the densities of dolomite and parafilm using 

the following equations: 

 (a)  VP=VS-VW-VR 

 (b)  VP= MS-VW-VR 





Figure I.16:  Photograph of technique used to measure bulk-density 
porosity of core plug samples.  The wrapped sample is suspended from 
a thread in a water-filled beaker.  
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(c)  VP=[(MB+S)-MB]-[(MS-MR)/ρW]-(MR/ρD) 

(d)  VT=[(MB+MS)-MB]-[(MS-MR)/ρW]  

(e) Φ=VP/VT*100 

where VP is the volume of pore space, VS is the volume of rock + pore space 

+ wax, VR is the volume of rock, and VW is the volume of parafilm.  MB is the 

mass of the beaker, MB+S is the mass of the rock + wax suspended in water, 

MR is the mass of the rock, ρW is the density of the parafilm wax (0.767 g/cm3) 

and ρD is the density of dolomite (2.85 g/cm3).  VT is the bulk volume of the 

sample (Appendix A.2).  Based on Archimedes’ principal, the bulk volume of 

the sample (VT) is equal to the weight of the displaced volume of water 

measured when the sealed sample is suspended in water minus the volume 

of parafilm wax.  Porosity was calculated by subtracting the rock volume of 

the sample from the bulk volume of the sample.  The primary source of error 

would be an impure dolomite (i.e., sample with ρ ≠ 2.85 g/cm3) or leakage of 

water into the folds of the wax seal. 
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CHAPTER II 

 

VARIOGRAPHY 

 

 Variogram analysis is the first step in any geostatistical study that 

involves variables that are spatially related.  It provides crucial information 

regarding the spatial continuity of rock properties, and when applied to 

petrophysical measurements, provides data essential for geologic modeling 

(Deutsch and Journel, 1998).  Variography differs from other statistical 

analytical methods, such as the histogram, because the variance is quantified 

spatially.  Subsurface reservoir characterization is based on an estimation of 

rock properties at the interwell scale.  Accurate rock property estimations are 

only accomplished when the spatial relationship of variables is clearly 

understood.  Because extensive, closely spaced, lateral sampling of 

subsurface reservoirs is presently not available (Senger et al., 1991), 

outcrops are used to provide information concerning spatial relationships. 

 

Previous Works 

 Numerous outcrop studies of spatial variability of petrophysical 

properties within carbonates have been conducted.  The majority of the work 

was conducted by the Reservoir Characterization Research Laboratory for 
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Carbonate Studies (RCRL, Bureau of Economic Geology (BEG), The 

University of Texas at Austin), Chevron Petroleum Technology Company, and 

Mobil Technology Company.  The goal of these efforts was to collect and 

examine an extensive data set from shallow-water-platform carbonate 

outcrops in West Texas and New Mexico.  Permeability measurements were 

taken directly from the outcrop with a mini-field permeameter and from core 

plugs drilled from the outcrop.  Samples were taken along lateral and vertical 

transects with spacings less than 1.0 ft (30 cm).  Grant et al. (1994) sampled 

4 vertical transects and 1 horizontal transect of 288 ft (88 m) within the cyclic 

ramp-crest facies tract.  Eisenburg et al. (1992) conducted similar research 

within the variably cyclic outer-ramp facies.  Their data set consisted of three 

100-ft (30-m), lateral transects sampled at a 0.5-1.0 ft (15-30 cm) spacing, 

one vertical transect, and three behind the outcrop cores (Eisenburg et al., 

1994).   

Jennings (2000) published a summary report of all research conducted 

in conjunction with these efforts (Table II.1).  These studies concluded that 

variability exists at different scales within dolomite rock fabrics.  In most of the 

lithofacies, approximately 50% of the variance was attributed to the nugget 

effect (Eisenburg et al., 1994).  Small-scale, lateral permeability variations 

were modeled with a power-law variogram with exponents between 0.04 and 

0.27 and short (several feet) correlation lengths.  Large-scale variability was 

observed with ranges between 140-180 ft (42.7-54.9 m) and greater than  



Outcrop Name Location Formation Research Group References
Kittridge, 1988
Kittridge and others, 1990
Senger and others, 1991
Lucia and others, 1992
Ferris, 1993
Kerans and others, 1993
Kerans and others, 1994
Wang and others, 1994

Mobil Unpublished
Eisenberg and others, 1992
Grant and others, 1994

Plowman Ridge/ 
West Dog Canyon

Brokeoff Mountains, 
Otero County, New 
Mexico

Grayburg RCRL
Barnaby and others, 1997

Ruppel and others, 1997
Jennings and others, 1998

Painted Canyon
Shumla Bend, Pecos 
River Canyon, Val 
Verde County, Texas

Devils River RCRL
Kerans and others, 1997

RCRLVictorio Peak
Sierra Diablo Mountains, 
Hudspeth County, 
Texas

Apache Canyon

RCRL

San Andres

Chevron

Lawyer Canyon

Algerita Escarpment, 
Guadalupe Mountains, 
Otero County, New 
Mexico

Table II.1:  Summary of lateral heterogeneity studies conducted on carbonate outcrops in West Texas and New Mexico 
(Jennings, 2000).
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1000 ft (305 m).  This permeability variability was interpreted to be caused by 

porosity changes (Jennings, 2000).   

Frykman (2001) analyzed spatial variability in petrophysical properties 

in Upper Maastrichtian chalk outcrops in Denmark, and observed similar 

results to the work done in New Mexico and West Texas.  Frykman’s (2001) 

lateral transect consisted of 231 samples collected over a distance of 92 ft (28 

m).  Variography results depict three scales of variability.  The nugget effect 

accounted for 33% of the variance, and was related to textural differences 

below the sampling scale.  The short to intermediate scale variance accounts 

for 22% of the total variance, and was modeled with a range of 1.3 ft (40 cm) 

horizontally and 0.3 ft (9 cm) vertically, possibly reflective of variability due to 

a regularly spaced fracture pattern.  Large-scale variance in the vertical data 

was modeled with a hole-effect with a wavelength of 17 ft (5.2 m).   

 

Variogram Analysis                

The method for calculating a semi-variogram involves creating pairs of 

data points at specified distances and then calculating the average of the 

squared difference between pairs at each distance and dividing by twice the 

total number of pairs.  The term “semi-variogram,” hereafter referred to as 

variogram, is used to denote that the variance is actually half the total 

variance.  The equation is as follows:  

    γ(h) =    1     Σ (zi-zi+h)2  
                        2N(h)    
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where γ(h) is the variance, h is the distance between pairs (lag), N(h) is the 

number of pairs for a given lag, and z is the data for which the variogram is to 

be computed (Dubrule, 2003).  These data are then plotted on a graph with 

distance between data pairs, termed lag distance, on the x-axis and the 

resulting variance calculated on the y-axis (Eisenburg et al., 1994).  This 

graph is referred to as an experimental variogram and is the first in the two-

step process of variography.           

The second step requires fitting a theoretical variogram model to the 

experimental data.   This iterative process involves adjusting the variables 

used to calculate the theoretical model (nugget, sill, and range) until an 

acceptable fit of the curve to the experimental data is achieved.  When 

modeling an experimental variogram, it is crucial to achieve an accurate fit 

close to the origin and at small lag distances (Ma and Jones, 2001).   The 

nugget is a representation of either variability smaller than the sampling scale 

or inaccuracy of data measurements resulting in different values measured at 

the same location (Isaaks and Srivastava, 1989; Dubrule, 2003).  It is 

expressed as a point on the variogram plot and defines the variance at a lag 

distance of zero.   The sill and the range define values of variance and 

distance, respectively, on the variogram plot where the variogram reaches a 

plateau with increasing lags (Figure II.1).  The range is an important value 

because it is used to define the correlation distance of a given set of data and 

as input to geologic and petrophysical numerical modeling (Dubrule, 2003).  
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           There are a number of theoretical variogram models that can be used 

to create the best-fit curve to an experimental variogram.  The most common 

models used in reservoir modeling (spherical, exponential, power law, 

gaussian, and cubic) increase monotonically (Deutsch and Journel, 1998; 

Dubrule, 2003).  Each theoretical model is calculated using a unique 

mathematical formula of a curve with statistical variables for the sill and 

range.  This results in the calculation of variance at each lag distance 

(Eisenberg et al., 1994).  These values are plotted on a graph with the 

experimental variogram to assess how accurately the model replicates the 

variance of the experimental data with lag distance (Figure II.2).  Equations 

used as theoretical variogram models must have the property of positive 

definiteness.  This ensures that any variance calculated by the model for a 

given lag distance will result in a solution that is unique and positive (Dubrule, 

2003; Deutsch and Journel, 1998; Isaaks and Srivastava, 1989).  For this 

reason not all equations are viable to calculate a theoretical variogram model.       

 The hole-effect theoretical variogram is a unique type of model 

because it does not reach a plateau at a defined sill, as do the gaussian, 

spherical, exponential and cubic models.  Instead, the hole-effect model 

varies about a sill as a sine wave, and is used to model an experimental  

variogram when variables depict a systematic increase and decrease in 

variance at a specific wavelength and amplitude (Ma and Jones, 2001).  

Experimental variograms modeled with a hole-effect are interpreted as  
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Spherical Variogram Model 
 γ(h)=C(3h/2a-h3/2a3)    0<h<a 
 γ(h)=C         h>a 
Exponential Variogram Model 
 γ(h)=C(1-e-h/a) 
Power Law Variogram Model 
 γ(h)=C*hw      0<w<2 
Gaussian Variogram Model 
 γ(h)=C(1-e-h2/a2) 
Cubic Variogram Model 
 γ(h)=C(7h 2/a2-35h3/4a3+7h5/2a5-3h7/4a7)   0<h<a 
 γ(h)=C       h>a 
Hole-Effect Variogram Model 
 γ(h)=C(1-a/h sin h/a) 
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depicting a cyclic event with a given periodicity.  The distance that represents 

the period of the event is equal to the wavelength of the hole-effect model.    

For additional discussions on the application and calculation of a 

variogram, refer to Journel and Huijbregts (1978) or Isaaks and Srivastava 

(1989).   

 

Petrophysical Results   

 Porosity and permeability measurements for the 1250 core plug 

samples are given in Appendix A.2, and a statistical summary is provided in 

Appendix A.4.  For transects LT1, LT2, and LT3 the range of permeability 

data was 0.1-357.9 md, 0.3-151.8 md, and 1.3-41.9 md, respectively.  For the 

same transects, the range of porosity data was 10-38%, 9-36%, and 4-17%, 

respectively.  The range of permeability and porosity data for vertical 

transects VT1-A through VT1-E, VT2-A through VT2-E, and VT3 was 0.0-

142.0 md and 6-26%, 0.2-101.9 md and 8-23%, and 0.2-57.2 md and 3-18%, 

respectively. Transect LT4 was impermeable, and therefore was not used for 

variography.                           

 The Garland Field, located in the Bighorn Basin, Wyoming, has 

produced over 50MMbbl of oil from the Madison Formation and the Darwin 

sandstone (Demiralin, 1991).  Cores taken within the Madison Formation 

reveal that all producing intervals are dolomites with intercrystalline, moldic 

and/or pinpoint vuggy porosity.  The range of permeability and porosity data 

measured on cores is comparable to measurements taken on core plug 
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samples from Sheep Mountain.  In the lower Madison Formation the 

permeability and porosity of the dolomites was 0.01-200 md, and 5-30%, 

respectively (Demiralin, 1991).   

The variability of porosity and permeability with distance is depicted in 

Figures II.3, II.4, and II.5 for LT1,  LT2, and LT3 and Figures II.6, II.7, and II.8 

for the vertical transects.  Figures II.3, II.4 and II.5 show a high degree of 

lateral variability over short distances, but some lateral trends are discernable 

particularly on LT1 (Figure II.3) between 120-150 ft (36.6-45.7 m).  Figures 

II.6 and II.7 depict a subtle increase in petrophysical properties with increased  

distance above transects LT1 and LT2.  Cross-plots of porosity/permeability 

along the lateral transects do not depict a strong correlation (Figure II.9); 

rather the distribution is more like a data cloud with a general increase of 

permeability with porosity. Histograms of the data for the lateral transects 

depict an apparent log-normal distribution for permeability and an apparent 

normal distribution for porosity (Figure II.10).  Figures II.6, II.7, and II.8 

generally show a good vertical correlation between porosity and permeability.  

Histograms of the data for the vertical transects depict a more random 

distribution attributed to the small number of samples available for each 

vertical transect (Appendix B).     

 

Experimental Variograms 

Spatial variability of measured petrophysical properties was 

quantitatively analyzed through variogram analysis using GSLIB  
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(b) air permeability for the LT2 lateral transect depicting data values at each location along the lateral transects.  
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Figure II.9: Cross-plots of bulk-density porosity and air permeability for the 
a) LT1 b) LT2 and c) LT3 lateral transects.
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Figure II.10:  Histograms of bulk-density porosity and air permeability data for LT1, LT2, and LT3 lateral transects.  
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(Geostatistical Software Library) (Deutsch and Journel, 1998).  Experimental 

variograms were calculated using the GSLIB module, gam, which calculates 

an experimental variogram for regularly spaced data.  The total lag distance 

for each transect was set to less than half of the total distance of the transect 

so that the number of data pairs contributing to the calculation of variance at a 

given lag was at least half of the total number of data points along that 

transect.  For example, for a transect that is 500 units in length, 499 data 

pairs contribute to the calculated variance at a lag distance of 1.0.  For the 

same transect, 249 data pairs contribute to the calculated variance at a lag 

distance of 250 units, and 1 data pair contributes to the calculated variance at 

a lag distance of 500 units.   

In calculating the experimental variograms for LT1 and LT2, the sill 

was standardized.  This means that the variance value computed at each lag 

was divided by the total variance.  This is a requirement of the petrophysical 

modeling software, which requires an input of 1.0 for the nested sill.  A nested 

sill is the sum of the sill values for each component variogram model of a 

nested variogram model. To accomplish this, the theoretical variogram must 

be calculated on a data set with a standardized sill.  Standardization is also 

important because the variance within an experimental variogram is 

determined by the minimum and maximum values of a data set, making it 

difficult to compare results of sill and nugget between two data sets.  

Standardizing enables quick comparison between two data sets by scaling 

the variance values of an experimental variogram without changing the 
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overall shape of the variogram (Figure II.11).  Experimental variograms were 

calculated in accordance with methods outlined by Deutsch and Journel 

(1998) and Isaaks and Srivastava (1989). 

Results of the experimental variograms of permeability and porosity for 

LT1 and LT2 are depicted in Figure II.12.  Variograms of vertical transects 

and transect LT3 depict a high nugget and do not reach a plateau at a certain 

variance value with increasing lag distance (Appendix C).   This is attributed 

to the short distance of these transects.  Short transects result in few data 

pairs to contribute to the calculated variance, and fewer data pairs result in  

highly variable variance calculations.  Theoretical variograms were attempted 

for LT3 and all VT transects but because of the random variance for these 

data, a specific nugget, sill and range could not be defined.  Therefore, these 

experimental variograms were not fit with theoretical variograms.   

The 1-ft (30 cm) sample spacing used for this study was selected 

based on research conducted on the San Andres Formation where it was 

determined that this spacing adequately defined rock fabric variability 

(Eisenburg et al., 1994).  Variograms were calculated for the LT1 and LT2 

transects at a spacing of 3 and 10 ft (0.9 and 3.0 m) for permeability and 

porosity data to assess if a larger sample spacing would have resulted in the 

same variability with lag distance (Figures II.13, II.14, II.15).  The variance 

calculated from data at a 3 ft (0.9 m) spacing (Figure II.13) depict a higher 

degree of variability, and do not replicate the overall shape of the 

experimental variogram calculated for the transect using data sampled every  
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Figure II.14:  Experimental variograms of a) permeability and b) porosity for
LT1.  Solid black data points represent the experimental variogram computed 
using samples spaced 1-ft (0.3-m) apart (all samples).  Open black circles 
represent the experimental variogram computed using samples spaced 10-ft 
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Figure II.15:  Experimental variograms of a) permeability and b) porosity for
LT2.  Solid black data points represent the experimental variogram computed 
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foot. Variograms for the 10 ft (3.0 m) sample spacing depict similar results for 

permeability of LT1 and LT2 as the 3 ft (0.9 m) spacing (Figures II.14, II.15).  

Porosity variograms at a ten-foot spacing are slightly more representative of 

the variance depicted at a one-foot spacing specifically for lag distances less 

than 100 ft (30 m).  This is evident by the similarity of variance of samples at 

the ten-foot spacing to the one-foot samples.   

 

Theoretical Variogram Models 

 Theoretical variogram models were fit to the experimental variograms 

for transects LT1 and LT2 using the GSLIB modules, vmodel and vargplt.  

Three scales of variability (random, short-scale, and long-scale) were 

observed on the experimental variograms.  In order to accurately model each 

scale of variability, nested structures were used to combine nugget effect, a 

spherical model, and a hole-effect model.   

Nested structures are a linear combination of basic theoretical 

variogram models (Isaaks and Srivastava, 1989).  When modeling with 

nested structures, the sill of the resulting model is defined by the sum of the 

individual models used within the nested structure.  For example, assume a 

dolomite rock fabric with petrophysical variability of 15%, 70%, and 15%, 

attributed to random noise, short-range, and long-range structures 

respectively.  The sill of the nested structure combining the nugget effect, 

spherical model, and hole-effect model with sills of 0.15, 0.7, and 0.15, 

respectively is equal to 1.0.   
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Permeability Variogram Models 

 The modeled variograms for permeability along LT1 and LT2 show that 

random variability is fairly high, and accounts for approximately 50% of the 

variance within the data.  This is successfully modeled with the nugget effect 

(Figure II.16). In an attempt to better understand variance at shorter distances 

than the sample spacing and constrain the nugget, a one-inch lag calculation 

was attempted for LT1 and LT2 using data collected on opposite ends of the 

core plug samples.    Due to the data collection methods and the high degree 

of heterogeneity, confidence in the calculated variance was low.  It is 

therefore not depicted in the permeability variograms. The small-scale 

structure is modeled with a spherical model, with a range of 16 ft (4.9 m) for 

LT1 and 8 ft (2.4 m) for LT2.  Long-range variance is incorporated with a hole-

effect model with a range (λ/2) of 70 ft (21.3 m) for LT1 and 75 ft (22.8 m) for 

LT2.  Negative sill values result in a hole-effect model depicting an initial 

decrease in variance and thus, an inversion of the normal sine wave.  The 

nested structures used to model the experimental variograms of permeability 

are representative of the variance for LT1 up to a lag distance of 250 ft (76.2 

m) and for LT2 up to a lag distance of 120 ft (36.6 m) (Figure II.17).               
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Figure II.17: Experimental and modeled variograms for transect LT2.  The 
black points represent the experimental variogram for permeability and the 
black line represents the modeled variogram for permeability.  Parameters 
used as input for the nested variogram model are located in the bottom right 
of the variogram.  This differs from Figure II.16-b in that here the lag distance 
has been reduced to 120 ft.
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Porosity Variogram Models 

 Experimental variograms for porosity were modeled with similar nested 

structures as described for permeability variograms (Figure II.18).  The 

random nugget effect accounts for 48% of the variability in LT1 and 32% of 

the variability in LT2.  Correlation ranges of small-scale structures were 

relatively short for both transects.  An exponential model was used to model 

LT2 with a range of 6 ft (1.8 m).  Transect LT1 was modeled with a spherical 

model, with a slightly longer correlation range of 16 ft (4.9 m).  For both LT1 

and LT2, an excellent fit of the model to the experimental variogram is only 

achieved at lag distances of less than 100 ft (30 m) (Figure II.19).  At greater 

distances, the model curve does not represent the variance.  The pre-defined 

equations within commercially available software packages (e.g., GSLIB) 

make it difficult to attempt a better curve fit with more rigorous and complex 

functions.   

In an attempt to improve the curve fit to the porosity data, and more 

accurately represent the variability with distance, a more complex nested 

structure was constructed outside of the geostatistical analytical software 

package using Excel software.  Transect LT1 was used because the variance 

of porosity values depict a repetitive increase and decrease for 7 cycles about 

an average sill, for a lag distance of 240 ft (72.2 m).  The best fit to the data 

was accomplished with a combination of a spherical model, representing the 

variability at short lag distances, and 7 hole-effect models representing the 

cyclic behavior of variance with greater lag distances (Figure II.20).  The  
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Figure II.18: Experimental and modeled variograms for porosity for 
a) LT1 and b) LT2.  The black points represent the experimental variogram 
and the black line represents the modeled variogram.  Parameters used as 
input for the nested variogram models are located in the bottom right of each 
variogram.
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Figure II.19: Experimental and modeled variograms for transect LT2.  The 
black points represent the experimental variogram for porosity and the black 
line represents the modeled variogram for porosity.  Parameters used 
as input for the nested variogram model are located in the bottom right of 
the variogram.  Note the scale of the x-axis, lag distance, is 0-100 ft.
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resulting model function closely replicates the variance of the porosity data.  

To achieve this fit, nugget, sill (amplitude/2) and range (λ/2) values were 

adjusted for different lag distances.  The range throughout the seven models 

decreased slightly with increasing lag distances.  Likewise, the wavelength of 

the periodic event modeled with the hole-effect variogram model is initially 

32.0 ft (9.75 m) and decreased to 30.4 (9.27 m) ft with lag distance.  The sum 

of the nugget and sill values represents the sill of the nested structure.  These 

values depict an initial increase from 0-52 ft (0-16 m) then a decrease from 

52-240 ft (16-73.2 m).   

These results depict a cyclic pattern of porosity with a wavelength of 

31 ft (9.45 m).  The changing sill and nugget values for the 7 models reflect 

nested sills with variances that do not cycle perfectly around one sill, but hint 

at a gradual increase and decrease.  One potential cause of this behavior 

could be a cyclic trend with a wavelength that is much longer than the lateral 

transect, such that only a portion of a larger cycle is depicted.  In the San 

Andres Formation, where the transects were much longer, gradual trends with 

wavelengths up to 2,700 ft (823 m) have been observed in dolomite outcrops 

(Jennings et al., 1998).     

 

Summary 

 Experimental and theoretical variograms have provided important 

information regarding the spatial correlation of petrophysical properties within 

the dolomite lithofacies evaluated in this study.  Due to the relatively short 
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distance of the transects, short vertical transects intersecting LT1 and LT2 as 

well as transect LT3 depicted a high degree of random variability.  Because of 

this, variogram models were not fit to these transects.   

 Similar variances were calculated for porosity at a 10 ft (3 m) spacing 

and a 1 ft (0.3 m) spacing for lag distance less than 100 ft (30 m).  This may 

be the result of samples approaching the spacing of the cyclic event with a 

wavelength between 25-32 ft (7.6-9.8 m).  

Porosity and permeability data from LT1 and LT2 depict three scales of 

variability with a high percentage of the variance (27% to 48%) attributed to 

the nugget effect.  System variance of the short-range structure ranged from 

46%-62% and was concentrated in the first few feet.  These correlation 

ranges were between 8-16 ft (2.4-4.8 m) for permeability and 6-16 ft (1.8-4.8 

m) for porosity.  The long-range structure was modeled with a hole-effect with 

wavelengths between 140-150 ft (42.7-45.7 m) for permeability and 25-32 ft 

(7.6-9.8 m) for porosity, and accounted for 8%-10% of the total variance.  

Variogram models fit to experimental data depict a more accurate fit at lag 

distances of < 100 ft (30 m).  To improve this fit, porosity data was modeled 

with a complex nested structure combining 7 variogram models.  These 

models established a relatively stable wavelength in the hole effect and a 

systematic increase and decrease of the nested sill that may be caused by a 

longer-range trend not fully sampled by these transects. 
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CHAPTER III 

 
PETROGRAPHY 

 

Lateral cyclic variability of petrophysical properties currently has no 

confirmed geologic explanation, and the underlying causes are thought to be 

“impossible to explain” (Jennings et al., 1998; Jennings, 2000).  Depositional 

texture, diagenetic alteration associated with micro fractures, abundance of 

moldic porosity, and dolomitization have all been cited as potential causes 

(Eisenburg et al., 1994; Grant et al., 1994).  Studies of lateral permeability 

oscillations in the San Andres Formation were thought to have corresponding 

lateral porosity cycles (Jennings, 2000), with the dolomitization process 

presumably creating both oscillations (Grant et al., 1994).  Results of 

variogram analyses presented here in the dolo-wackestone facies from 

Sheep Mountain do not support this observation.  Cyclicity of porosity occurs 

at a much smaller scale than the cyclicity of permeability in the Madison.  To 

further address the potential source of lateral variability in the Sheep 

Mountain dolomites, thin section analysis and point counts of pore type were 

conducted on thin-sections from samples in LT1.    
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Petrographic Methods  

Petrographic analysis of thin-sections from the LT1 lateral transect 

provides an opportunity to gain an understanding of the variety of pore types, 

and thus a potential cause for lateral petrophysical variability.  Analysis was 

conducted on 35 thin-sections from LT1 in the bioturbated dolo-wackestone 

facies.  Thin sections were cut perpendicular to the long axis of the core 

plugs.  Sections from LT1 were selected based on the overall distribution of 

porosity and permeability of the data set and the petrophysical properties of 

individual samples.  The plot of permeability versus porosity for LT1 depicts a 

general trend of increasing permeability with increasing porosity, although 

there is a range of porosity values for a given permeability value (Figure III.1).  

In an attempt to capture the full assortment of rock-fabric variability, the data 

set was divided into permeability ranges.  Thirty-five samples were selected 

for petrographic analysis.   

 Petrographic description and classification was conducted on each thin 

section based on a combination of several published methods.  Terminology 

by Sibley and Gregg (1987) was used to describe and capture the fabric and 

texture of the dolomite crystals.  Crystal distribution was defined as either 

unimodal or polymodal along with specific crystal size.  Crystal shape was 

defined as either planar-e, planar-s, or non-planar (Figure III.2).  Allochems 

were identified as either unreplaced, moldic, partially replaced, replaced 

mimimically (preserving internal structure and external form), or replaced non- 



Figure III.1: Graph of bulk density porosity (fraction) and air permeability 
(md) for transect LT1.  Black squares represent all samples taken from the 
LT1.  Gray triangles represnt the low porosity samples chosen for petro-
graphic analysis and black triangles represent the high porosity 
samples.  
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Nonplanar: closely packed anhedral crystals 
with mostly curved, lobate, serrated, or 
otherwise irregular intercrystalline boundaries.  
Preserved crystal-face junctions are rare and 
crystals often have undulatory extinction in 
cross-polarized light.

Planar-e (euhedral): most dolomite crystals are 
euhedral rhombs: crystal-supported with 
intercrystalline area filled by another mineral 
or porous (as in sucrosic texture).

Planar-s (subhedral): most dolomite 
crystals are subhedral to anhedral with 
straight, compromise boundaries and 
many crystal-face junctions. Low 
porosity and/or low intercrystalline matrix. 

Figure III.2:  Description of dolomite crystal shape as defined by 
Sibley and Gregg (1987).
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mimimically (preserving external form).  Matrix was defined as either original 

or void filling.   

Pore space and carbonate rock type were described using methods 

outlined by Lucia  (1983; 1995).  Pores were classified as interparticle 

(intergrain or intercrystal), vuggy, or touching vugs.  Vuggy pores were further 

classified as moldic, intraparticle (intragrain, intracrystal, and intrafossil), or 

intragrain.  Touching vugs were described as fractures, solution enlarged 

fractures, cavernous, breccia, and fenestral (Lucia, 1995).   

 

Results 

 Rock samples examined were 100% dolomitized.  Using Lucia’s 

terminology, all samples are “Class 2”, mud-dominated, dolo-wackestones 

(Figure III.3).   Dolomite crystals were planar-e (Figure III.4a) to planar-s  

(Figure III.4b).  In areas of dense packing, crystals were planar-s, and crystals 

in areas of high percentage of porosity were planar-e (Sibley and Gregg, 

1987).  Crystal size was relatively constant ranging from 10 to 50 microns.  

Echinoderm fragments were the only depositional grains remaining and have 

been mimically replaced (Figure III.4c).  Other depositional allochems have 

been dissolved resulting in molds.  Molds vary significantly in size and shape 

(Figure III.4d), and in areas of high intercrystalline porosity, small molds were 

difficult to distinguish from intercrystalline porosity (Figure III.4e).  There was 

little variety of crystal size and shape throughout the thin sections.  The most 

striking difference between sections was the type and abundance of porosity.               
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Figure III.3:  Cross-plot of bulk-density porosity (fraction) and air permeability 
(md) for a) transect LT1 and b) transect LT2.  Lines on the graph are the 
transforms derived by Lucia (1995),  depicting three petrophysical 
classes.  Solid lines represent the boundaries between the classes and 
dashed lines represent major axis transforms.  The majority of the data points 
fall within Lucia's Class 2.
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Figure III.4:  Thin-section micrographs for lateral transects.  a)  Sample 293 
depicts a high percentage of intercrystalline (IX) porosity and planar-e crystal 
shape.  b) Sample 11 depicts moldic (MO) porosity.  Crystals bounding the 
molds are planar-e, and in areas of tightly packed crystals are planar-s.  
c) Sample 293 depicts large echinoderm fragment that has been mimically 
replaced by dolomite.  The dolomite crystal matrix depicts a high percentage 
of MO porosity identified by the blue epoxy filling the voids.  d) Sample 293 
depicts a high percentage of MO porosity and variety in the size and shape 
of molds.  e) Sample 293 depicts a high percentage of IX porosity.  Several 
pores within the IX areas are probably remnants of the original molds, but 
are difficult to distinguish.  f) Sample 236 depicts two distinct crystal textures 
over a short distance.  The northwest corner of the slide has high MO 
porosity with tight crystal packing and the southest corner of the slide has a 
high IX porosity.
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 Thin sections were point counted to gain a quantitative understanding 

of the relationship between pore type and petrophysical properties.  400 

points were counted per thin section resulting in a margin of error for 

calculated thin-section porosity ranging from 3 to 4.5% (Van Der Plas and 

Tobi, 1965).  Each thin section was point counted for intercrystalline porosity, 

moldic porosity, calcite cement, dolomite, allochems, open fractures, solution 

enlarged fractures, and dead oil.  In all cases, more than 95% of the total 

porosity was due to intercrystalline and moldic porosity, and fractures were 

found to be only a minor contributor (Tables III.1, III.2).  Total thin-section 

porosity ranged from 15% to 45%, and in 89% of the samples, intercrystalline 

porosity was the dominant pore type.  Samples exhibit a high degree of 

heterogeneity with respect to pore type across any one thin section.  An area 

may depict tight dolomite crystal packing with abundant moldic porosity.  Yet  

just 0.2 in (0.5 cm) away, the texture is dramatically different with little to no 

moldic porosity and abundant intercrystalline porosity (Figure III.4f).  This 

lends support to the earlier observation of a high degree of heterogeneity 

identified by the nugget effect through variogram analysis.         

  Quantitative data of pore types from thin sections was used for multi-

variant linear regression analysis to identify the relationship between pore 

type and petrophysical properties.  The working hypothesis was that 

intercrystalline porosity was related to permeability and bulk density porosity 

was related to moldic porosity.  The results of linear regression analysis 

between thin-section porosity, bulk-density porosity (BDP), log permeability,  



Table III.1:  Results of petrographic point counting of 35 thin sections for 
transect LT1.  For each sample, 400 points were counted.  Data is expressed 
as a percent of the total rock volume.    
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Sample # Ix Mo
Calc 

Cement
Dolo & 

Allochems
Fractures 

Open

Fractures 
Soln. 

Enlarged Dead Oil Total 
Total 

Porosity
22 27.25% 10.00% 1.75% 60.25% 0.00% 0.25% 0.50% 100.00% 39.25%
42 14.50% 10.75% 0.00% 73.25% 0.00% 0.75% 0.75% 100.00% 26.00%
50 26.25% 11.50% 0.00% 60.25% 0.00% 1.75% 0.25% 100.00% 39.50%
70 16.75% 9.75% 0.00% 73.00% 0.00% 0.00% 0.50% 100.00% 26.50%
80 10.50% 14.00% 0.00% 73.75% 0.00% 0.00% 1.75% 100.00% 24.50%
86 31.50% 5.25% 0.00% 61.00% 1.75% 0.50% 0.00% 100.00% 39.00%
92 26.50% 14.00% 0.00% 58.25% 0.00% 0.50% 0.75% 100.00% 41.00%
111 19.50% 13.00% 0.00% 65.00% 0.00% 0.00% 2.50% 100.00% 32.50%
119 21.25% 8.75% 0.00% 70.00% 0.00% 0.00% 0.00% 100.00% 30.00%
135 11.50% 3.75% 0.00% 84.75% 0.00% 0.00% 0.00% 100.00% 15.25%
170 29.50% 6.25% 0.00% 63.75% 0.00% 0.00% 0.50% 100.00% 35.75%
174 7.00% 7.50% 0.00% 85.50% 0.00% 0.00% 0.00% 100.00% 14.50%
180 30.50% 5.75% 0.00% 63.50% 0.00% 0.00% 0.25% 100.00% 36.25%
204 15.50% 10.00% 0.00% 74.00% 0.00% 0.50% 0.00% 100.00% 26.00%
214 16.50% 11.00% 0.00% 70.00% 0.00% 0.75% 1.75% 100.00% 28.25%
224 8.50% 4.75% 0.00% 86.25% 0.00% 0.00% 0.50% 100.00% 13.25%
236 16.00% 11.00% 0.00% 72.50% 0.00% 0.25% 0.25% 100.00% 27.25%
243 14.00% 13.00% 0.00% 73.00% 0.00% 0.00% 0.00% 100.00% 27.00%
263 19.75% 10.00% 0.50% 68.75% 0.00% 0.00% 1.00% 100.00% 30.25%
274 14.25% 11.00% 0.00% 74.50% 0.00% 0.25% 0.00% 100.00% 25.50%
280 15.75% 5.50% 0.00% 77.00% 0.00% 0.25% 1.50% 100.00% 21.50%
289 30.75% 8.75% 0.00% 59.75% 0.00% 0.00% 0.75% 100.00% 39.50%
293 31.00% 8.50% 0.00% 60.50% 0.00% 0.00% 0.00% 100.00% 39.50%
302 25.50% 14.75% 0.00% 59.75% 0.00% 0.00% 0.00% 100.00% 40.25%
315 4.50% 8.50% 0.00% 87.00% 0.00% 0.00% 0.00% 100.00% 13.00%
319 28.50% 11.25% 0.75% 58.75% 0.00% 0.00% 0.75% 100.00% 40.50%
329 9.75% 3.00% 0.00% 87.25% 0.00% 0.00% 0.00% 100.00% 12.75%
332 23.00% 13.75% 0.00% 63.25% 0.00% 0.00% 0.00% 100.00% 36.75%
338 16.75% 13.00% 0.00% 70.25% 0.00% 0.00% 0.00% 100.00% 29.75%
359 23.50% 5.00% 0.00% 71.00% 0.00% 0.25% 0.25% 100.00% 28.75%
363 3.25% 13.00% 0.00% 83.75% 0.00% 0.00% 0.00% 100.00% 16.25%
373 24.00% 7.50% 0.00% 67.75% 0.00% 0.00% 0.75% 100.00% 31.50%
380 9.25% 9.50% 0.00% 80.50% 0.00% 0.00% 0.75% 100.00% 18.75%
394 24.50% 1.25% 0.00% 72.25% 0.00% 1.50% 0.50% 100.00% 27.25%
429 18.25% 8.25% 0.75% 70.50% 0.00% 0.00% 2.25% 100.00% 27.25%



Table III.2:  Coefficient of determination, R  values, from linear regression 
analysis of parameters listed.  Intercrystalline porosity=IX, moldic 
porosity=MO, thin-section porosity=T.S.P., bulk-density porosity=B.D.P.    
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2

LT1 T.S. P. (%) B.D.P. (%) log K (md)
IX 0.8249 0.5454 0.3353
MO 0.1325 0.1219 0.0946
T.S. P. (%) 0.69 0.34
IX, MO 0.72 0.3
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intercrystalline porosity, and moldic porosity are depicted in Table III.2.  

Cross-plots of these data and pore type/petrophysical data distribution with 

distance are included in Appendix D.  The coefficient of determination, R2 

values, are depicted in Table III.2 and provide information regarding the 

correlation of different types of porosity with petrophysical properties.   

A good correlation between thin-section porosity and BDP was 

important for further regression analysis of pore type and BDP to prove 

useful.  Thin-section porosity was calculated by summing the results of the 

intercrystalline porosity, moldic porosity, and fracture porosity.  LT1 depicts a 

good correlation (R2=0.69) for the two measurements of porosity.  The R2 

values for the analysis of BDP and permeability versus pore type for LT1 do 

not support the original hypotheses.  Intercrystalline porosity is much more 

strongly correlated with BDP (R2=0.55) than is moldic porosity (R2=0.12), and 

there is only a weak correlation between permeability and intercrystalline 

porosity (R2=0.34) and thin-section porosity and permeability (R2=0.34). 

 

Discussion 

Results of the linear regression analysis illuminate a crucial point.  

Original assumptions about the relationships between petrophysical 

properties and pore type were not corroborated.  From the samples analyzed, 

permeability variability across a lateral transect does not appear to be related 

to pore type.  However, the difference in the volume of investigation (scale of 

support) between measurements must have a significant effect on this result.  
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Support is defined as the volume from which a data measurement is taken 

(Koltermann and Gorelick 1996), and a smaller support results in a higher 

degree of variance (Dubrule, 2003), especially in a heterogeneous medium.  

Permeability data were the result of a geometric mean calculated on four 

measurements for each core plug and porosity data were measured on the 

whole core volume.  Thin sections are a 2-D representation of the whole core 

plug.  Therefore, permeability and porosity data are from a larger support than 

point-count data.  The weak correlation between petrophysical measurements 

and pore type may be highly dependent on the scale of support.         

Poor correlations may also be the result of rock fabric characteristics 

not accounted for with point counts.  Although percentage of pore types were 

calculated for each thin section, the size, interconnectedness, and shape of 

pores were not.  Capillary pressure measurements and additional point 

counts of pore geometry may result in a more accurate characterization of the 

factors affecting petrophysical properties and lead to an improved correlation 

with permeability and porosity.  
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CHAPTER IV 

 

PETROPHYSICAL MODELING AND STREAMLINE SIMULATION 

 
Modeling Objectives  

To investigate the effects of short- and long-range variability of 

petrophysical properties on fluid flow, two-dimensional (2-D) geologic models 

were constructed using the petrophysical data obtained from the Madison 

Formation and published data.  Cross-sectional and plan-view models were 

constructed.  The framework for the cross-sectional geologic models 

replicates the stratigraphy of Sequence I at Sheep Mountain.  A second set of 

plan-view models was constructed for the dolo-wackestone lithofacies of 

Sequence I to evaluate the effect of the various scales of petrophysical 

heterogeneity across an area.  Multiple, unconditioned permeability 

simulations were created for both models using different nested variogram 

structures.  These structures represent the variance identified in the dolo-

wackestone lithofacies at Sheep Mountain and other rock fabrics based on 

published data.  Permeability models were created to incorporate the different 

scales of variability through use of a nugget effect, a short-range model 

(spherical or exponential), and a long-range model (hole effect).  Single-

phase streamline simulations of each geologic model were conducted to 



 76
assess the relative effect of the different nested variogram models on fluid 

flow. 

 

Previous Work 

 Examples of studies that investigated the effect of spatial variability of 

petrophysical properties in carbonates through geologic modeling and fluid-

flow simulation include those conducted by Senger et al. (1991), Eisenburg et 

al. (1994), Grant et al. (1994), Kerans et al. (1994), and Jennings et al. 

(1998).  These studies were conducted on the San Andres Formation of West 

Texas and New Mexico.  Modeling objectives as well as facies/rock-fabric 

investigated in these studies varied significantly.  A summary of the works 

listed above is presented in Table IV.1.   

Although long-range, lateral, oscillatory permeability variations were 

observed in many of the studies listed, only Jennings et al. (1998) 

incorporated a hole effect into geologic models to assess the effects on fluid-

flow simulations.  Jennings et al. (1998) worked with two sets of 2-D models: 

a single facies, map-view model and a cross-sectional, multi-facies, outcrop 

model. Nested, hole-effect variograms were only used in the map-view 

models to construct three petrophysical simulations with different variogram 

inputs.  Although a significant percent of the variance was attributed to a 

nugget effect, it was not incorporated into the variograms for the map-view 

models.  The first simulation was modeled with a short-range variogram, the 

second with a long-range hole-effect variogram, and the third with a nested  



77Table IV.1: Summary of published research on the San Andres Formation including modeling objectives and results.

Formation 
Facies/ 
Rock-
Fabric

Objectives Model Details Conclusions Reference

Carbonate 
Ramp

Create realistic permeability 
distributions taking into account perm. 
structure and uncertainty of measured 
data.  Flow simulations designed to 
characterize interwell heterogeneity 
and suggest appropriate  average 
properties. 

Two models built.  1 single facies model 
and 1 multi-facies.  Facies in model 2 had 
geometric mean perm. values that varied 
between the facies.    

Small-scale petrophysical 
heterogeneity can be represented  by 
a geometric mean.  Large-scale perm. 
due to facies variations need to be 
accounted for, stresses importance of 
knowing the facies architecture.  

Senger     
et al., 
(1991)

Variably 
Cyclic Outer  

Ramp

1) Quantify effects of permeability 
heterogeneity in variably cyclic 
geologic famework 2) Investigate 
trapping mechanisms for bypassed oil

Perm. models conditioned to data, 
statistical properties and variogram.One 
horizontal variogram used on all facies.  
One permeability model used for flow 
simulation.  Injection rates varied. 

Cyclic part of model = early water 
breakthrough, Less cyclic = poorer 
vertical sweep efficiency

Eisenburg 
et al., 
(1994)

Cyclic 
Ramp   
Crest

1) Identify factors controlling 
displacement efficiency (effects of 
heterogeneity patterns) 2) investigate 
level of detail necessary for accurate 
models

4 conditional simulations:1) layer cake 
model w/ geometric mean perm 2) 
detailed model with small cell size 3) 
coarse model w/ larger cells 4) realistic 
model introducing vertical barriers.

1) Short correlation range = near- 
random distribution.  2) Small grid 
cells improve probability of 
connecting fine-scale perm. zones 3) 
layer-cake model suggests gross over 
simplification of reservoir 
heterogeneity.

Grant       
et al., 
(1994)

High Freq. 
Sequences 

in Ramp 
Crest 

Models used to depict the importance 
of incorporating high-frequency 
cyclicity and reservoir heterogeneity to 
improve accuracy of reservoir 
characterization.

2 models constructed: 1)LIM linear 
interpolator model.  Correlated two 
measured sections on opposite ends of 
outcrop.  2) DM-deterministic model from 
detailed outcrop descriptions

LIM oversimplified flow unit geometry, 
and was unable to predict units not 
present in measured sections.

Kerans     
et al., 
(1994)

Three 
Grainstone  

Rock     
Units

Explore the effects of short-range, 
near-random structure and longer 
range, oscillatory structure.

2 sets of models created: 1) map view 
model of single facies.  3 realizations 
(short-range, long-range, and combined)  
2) cross-sectional model w/ 15 layers.  4 
realizations (short-range, 15 beds w/ 
homogeneous perm. distribution of 
geomean, random w/ uniform mean and 
variance, and homogeneous)

1) Short-range causes spreading of 
front, long-range causes tracer-front 
irregularities 2) Random intrabedded 
heterogeneity resulted in more 
smearing of tracer front.

Jennings et 
al., (1998)

San Andres
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variogram combining short- and long-range variance.  Due to the cell size in 

these models, the short-range structure was indistinguishable from a nugget 

effect.  Fluid-flow simulations of Jennings (1998) revealed a longer 

breakthrough time and spreading of a tracer front for the short-range 

variability model.  The tracer front of the long-range structure depicted more 

irregularity at the scale of the modeled periodicity.  The nested heterogeneity 

model resulted in tracer fronts of a combination of the first two models; longer 

breakthrough time and irregular spreading of a tracer front at the scale of the 

long-range structure.  Jennings et al. (1998) conclude that modeling with an 

oscillatory variogram, as observed in the supporting outcrop data, could be 

significant even though it represented only 13% of the total variance.     

 The 2-D permeability models constructed from the data at Sheep 

Mountain are intended to more accurately assess how modeling with 

variograms that include a hole effect influence fluid flow.  This is achieved by 

systematically increasing the magnitude of the hole-effect in successive 

permeability simulations, and by modeling with variograms that include the 

three scales of variability identified through variography.   

 

Model Framework 

 The results of variogram analysis on petrophysical properties depict 

three scales of lateral petrophysical heterogeneity in the dolo-wackestone 

lithofacies.  Geologic modeling and streamline simulation provide a way to 

examine how the different scales of heterogeneity, as well as the magnitude 
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of each scale, affect fluid flow.  The framework for the 2-D cross-sectional 

model was created using a measured section from Sheep Mountain anticline 

(Sonnenfeld, 1996b).  Sequence I is composed of alternating layers of 

dolomite and limestone.  For the purpose of this study, lithofacies were 

modeled with petrophysical properties of dolomites.  A simplified facies model 

was constructed using bedding thickness values based on outcrop but without 

structural dip (Figure IV.1) to avoid any effect on flow due to the anticlinal 

structure.  The facies model can be subdivided into basal, middle and upper 

zones, each with distinct lithofacies assemblages (Figure IV.1).  The basal 

zone of the facies model is a 43-ft (13.1-m) thick dolo-wackestone.  The 

middle zone is a 36-ft (11-m) zone of thinly interbedded dolo-packstone and 

dolo-wackestone.  The upper zone is a 34-ft (10.4-m) zone of thinly 

interbedded dolo-grainstones and dolo-wackestone.  Cross-sectional model 

dimensions are 113 ft (34.5 m) by 3000 ft (914.5 m).  Vertical dimensions 

replicate the thickness of Sequence I at Sheep Mountain, and the length of 

the model was selected to represent reservoir heterogeneity at the interwell 

scale.  The framework was divided into a 1 ft (0.3 m) by 1 ft (0.3 m) cellular 

framework (2-D grid) with 333,900 cells.  The plan-view models of the dolo-

wackestone lithofacies are 250 ft (26.2 m) by 250 ft (26.2 m) by 1 ft (0.3 m).  

The cells in the plan-view models are 4 ft (1.2 m) by 4 ft (1.2 m) and each 

model includes 3,844 cells.   



VE=10X
Grainstone

Packstone

Wackestone

Figure IV.1: Simplified facies model of the stratigraphy for Sequence I at Sheep Mountain.  Derived from measured 
section data by Sonnenfeld (1996a). 80
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PETROPHYSICAL SIMULATION 

 

Building the Models 

 Two modeling software packages, RMS (Reservoir Modeling System 

7.0.3; Roxar, 2003) and GSLIB (Geostatistical Software Library; Deutsch and 

Journel, 1998) were used to conduct the geologic modeling and streamline 

simulations.  RMS is useful for geologic model construction and streamline 

simulation but does not have the capability to model petrophysical data with a 

hole-effect variogram.  GSLIB, using the module sgsim, performs sequential 

gaussian simulations and can model properties with a hole-effect variogram, 

but does not have visualization capabilities.  Therefore, both software 

packages were used to construct and evaluate the multiple geologic models.         

 Petrophysical properties within lithofacies were modeled separately in 

sgsim with a unique seed value to ensure comparable models between 

simulations. Data from this study and from published sources were used in 

the modeling process.  Unconditioned permeability models were created for 

the dolo-wackestone lithofacies based on variography, histogram distribution, 

and statistical analysis of data from LT1 and LT2.  Permeability ranged from 

0.01 to 300 md, with a mean of 39.3 md, a median of 25.8 md, and a 

standard deviation of 41.8 md (Table IV.2).  The nested variogram structure 

was a combination of nugget effect, short-range, and long-range structures.  

Short-range permeability variation was modeled with a spherical variogram 

with ranges of 16 ft (4.9 m) laterally and 5 ft (1.5 m) vertically.  Long-range  
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Lithofacies
Perm. 
Min. 
(md)

Perm. 
Max 
(md)

Mean 
(md)

Median 
(md)

Standard 
Deviation  

(md)

Simple 
Variogram 

Model 
(SVM)

Lateral 
range of 
(SVM)

Vertical 
range of 
(SVM)

Range of 
Hole-
Effect 
Model

Grainstone 0.0 41.5 3.5 20.1 N/A Spherical 10 feet 5 feet 70 feet
Packstone 0.3 374.0 24.7 9.9 N/A Exponential 5 feet 5 feet 90 feet

Wackestone 0.0 300.0 39.3 25.8 41.8 Spherical 16 feet 5 feet 70 feet

Table IV.2:  Permeability data statistics for modeled lithofacies.   Data for the dolo-wackestone lithofacies are based on 
measurements taken from core samples from Sheep Mountain anticline.  Data for the grainstone and packstone 
lithofacies were taken from published works of Jennings (2000) and Eisenburg et al.  (1994).  The range of the hole 
effect is expressed as 1/2 the wavelength of the cyclic event.    
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variability was modeled with a hole-effect variogram with a range of 70 ft 

(21.3 m) (1/2 the wavelength of the cyclic event) laterally.  Variogram inputs 

for correlation range were kept constant for each modeling scenario, but the 

sill values (representing a percentage of the total variance) for each feature in 

the nested structure varied (Figure IV.2).   

Information regarding the spatial variance and data distribution of the 

dolo-grainstone and dolo-packstone lithofacies was taken from the published 

works of Jennings (2000) and Eisenburg et al. (1994) in the Permian San 

Andres Formation, Guadalupe Mountains, New Mexico (Table IV.2).  

Permeability of the dolo-grainstone lithofacies ranged from 0.0 to 41.5 md 

with a mean of 3.5 md, and median of 20.1 md.  A spherical variogram model 

was used with a range of 10 ft (3.0 m) laterally and 5 ft (1.5 m) vertically, with 

70 ft  (21.3 m) for the hole-effect variogram range (Figure IV.2a) (Eisenburg et 

al., 1994; Jennings, 2000).  Permeability for the dolo-packstone lithofacies 

ranged from 0.270 to 374.0 md, with an average of 24.7 md, and a median of 

9.9 md (Eisenburg et al., 1994).  An exponential variogram model was used 

with correlation ranges of 5 ft (1.5 m) laterally and vertically, and 90 ft (27.4 

m) for the hole-effect variogram range (Figure IV.2b).       

Six 2-D permeability simulations (Models 1.A, 1.B, 1.C, 1.D, 1.E, 1.F) 

were conducted for the cross-sectional model to assess how hole-effect 

variogram models affect fluid flow.  Model 1.A was created with approximately 

50% nugget effect and approximately 50% short-range (spherical or 

exponential) variability.  Models 1.B, 1.C, 1.D, 1.E, and 1.F were modeled  
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Figure IV.2:  Theoretical variogram models of the a) dolo-grainstone litho-
facies, b) dolo-packstone lithofacies, and c) dolo-wackestone lithofacies 
used as input to permeability simulations. Range values for the individual 
models of the nested structure are depicted in the bottom right of the 
graph, and were held constant for each simulation.  Range values for a) 
and b) were derived from literature (Eisenburg et al., 1994; Jennings, 
2000).  Range values for c) were derived from data from Sheep Mountain.  
The letter on the variogram model indicates the letter of the corresponding 
permeability model shown in Figure IV.3.  
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with a nested structure with increasing percent of variance from the hole 

effect from 9% to 50% (Table IV.3).  Correlation range values for each facies 

were kept constant throughout the simulations.   

In addition to the outcrop model, four plan-view permeability 

simulations (Models 2.A, 2.B, 2.C, and 2.D) were conducted for the dolo-

wackestone lithofacies.  Permeability was modeled with increasing 

percentage of the variance attributed to the hole effect from Model 2.A with 

0% hole effect to Model 2.D with 50% hole effect (Table IV.4).  Simulations 

were modeled assuming isotropic conditions with a range of 16 ft (4.9 m) in 

the x and y directions.  RMS models are in Appendix F.       

Permeability data for each lithofacies were transformed to a normal 

score distribution, a requirement of a sequential gaussian simulation (and 

other geostatistical algorithms), prior to conducting the petrophysical 

modeling.   The nscore module within GSLIB was used to transform the data 

to a mean of 0.0 and a standard deviation of 1.0.  In this process, a table was 

generated to relate the normal-score distribution data to the original input 

data.   This table was used to back-transform the output data after each 

simulation (Table IV.5). The geostatistical algorithm, sequential gaussian 

simulation (SGS), was used to create petrophysical simulations of continuous 

variables (e.g., permeability) for each facies.  The final petrophysical model 

honors both the global histogram and the variogram that are used as inputs 

for the simulation.  The steps involved in SGS are as follows (Deutsch and 

Journel, 1998): 



Model 
Number

Theoretical Model 
Type Model Type Nugget Sill Angle 1 hMax hMin hVert

1.A Simple Model Spherical 0.5 0.5 90 10 10 5
Spherical 0.445 90 10 10 5

Hole-Effect 0.09 90 70 1.00E+21 1.00E+21
Spherical 0.375 90 10 10 5

Hole-Effect 0.25 90 70 1.00E+21 1.00E+21
Spherical 0.35 90 10 10 5

Hole-Effect 0.3 90 70 1.00E+21 1.00E+21
Spherical 0.325 90 10 10 5

Hole-Effect 0.35 90 70 1.00E+21 1.00E+21
Spherical 0.275 90 10 10 5

Hole-Effect 0.45 90 70 1.00E+21 1.00E+21
Spherical 0.25 90 10 10 5

Hole-Effect 0.5 90 70 1.00E+21 1.00E+21

1.A Simple Model Exponential 0.5 0.5 90 5 5 5
Exponential 0.455 90 5 5 5
Hole-Effect 0.09 90 90 1.00E+21 1.00E+21
Exponential 0.375 90 5 5 5
Hole-Effect 0.25 90 90 1.00E+21 1.00E+21
Exponential 0.35 90 5 5 5
Hole-Effect 0.3 90 90 1.00E+21 1.00E+21
Exponential 0.325 90 5 5 5
Hole-Effect 0.35 90 90 1.00E+21 1.00E+21
Exponential 0.275 90 5 5 5
Hole-Effect 0.45 90 90 1.00E+21 1.00E+21
Exponential 0.25 90 5 5 5
Hole-Effect 0.5 90 90 1.00E+21 1.00E+21

1.A Simple Model Spherical 0.48 0.52 90 16 16 5
Spherical 0.455 90 16 16 5

Hole-Effect 0.09 90 70 1.00E+21 1.00E+21
Spherical 0.375 90 16 16 5

Hole-Effect 0.25 90 70 1.00E+21 1.00E+21
Spherical 0.35 90 16 16 5

Hole-Effect 0.3 90 70 1.00E+21 1.00E+21
Spherical 0.325 90 16 16 5

Hole-Effect 0.35 90 70 1.00E+21 1.00E+21
Spherical 0.275 90 16 16 5

Hole-Effect 0.45 90 70 1.00E+21 1.00E+21
Spherical 0.25 90 16 16 5

Hole-Effect 0.5 90 70 1.00E+21 1.00E+21

1.E

1.D

1.E

1.F

1.G

Nested 50% Hole

1.F

1.G

Dolo-wackestone-69069

1.B

1.C

1.D

0.25

1.B

1.C

1.D

1.E

1.F

1.G

1.B

1.C

Nested 35% Hole 0.325

Nested 45% Hole 0.275

Nested 35% Hole 0.325

Nested 45% Hole 0.275

Nested 25% Hole 0.375

Nested 9% Hole

Nested 30% Hole 0.35

0.25Nested 50% Hole

Nested 25% Hole 0.375

Dolo-packstone-6507840

0.455

Nested 50% Hole 0.25

Nested 30% Hole 0.35

Nested 9% Hole 0.455

Dolo-grainstone-2286602

Nested 25% Hole 0.375

Nested 9% Hole 0.455

Nested 30% Hole 0.35

Nested 35% Hole 0.325

Nested 45% Hole 0.275
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Table IV.3:  GSLIB variogram data input values for each simulation of the 
cross-sectional models (Model 1), by facies.  Number next to the facies 
type (dolo-grainstone, dolo-packstone, and dolo-wackestone) indicates 
the seed used for all simulations of that facies.



Model 
Number

Theoretical Model 
Type Model Type Nugget Sill Angle 1 hMax hMin hVert

2.A Simple Model Spherical 0.48 0.52 90 16 16 5
Spherical 0.455 90 16 16 5

Hole-Effect 0.09 45 70 1.00E+21 1.00E+21
Spherical 0.375 90 16 16 5

Hole-Effect 0.25 45 70 1.00E+21 1.00E+21
Spherical 0.25 90 16 16 5

Hole-Effect 0.5 45 70 1.00E+21 1.00E+21

Dolo-wackestone-69069

2.B

2.C

2.D Nested 50% Hole 0.25

Nested 25% Hole 0.375

Nested 9% Hole 0.455

Table IV.4:  GSLIB variogram data input values for each simulation of the
plan-view models (Model 2) for the dolo-wackestone facies.  The number
next to "Dolo-wackestone" indicates the seed used for all simulations.
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Table IV.5:  Example of a back-transformation table.  The original perm-
eability data are listed in column 1.  Column 2 relates the original data to the 
data after a normal-score transformation.  

Original 
Perm. Data

Normal 
Score Perm 

Data
0.1 -2.28655
0.1 -1.83391
0.1 -1.59322
0.1 -1.42018
0.1 -1.28155
0.1 -1.16395
0.1 -1.06056

0.25 -0.96742
0.25 -0.882
0.25 -0.80257
0.3 -0.72791
0.3 -0.65711
0.4 -0.58946
0.5 -0.5244
0.5 -0.46149

1 -0.40036
1 -0.34069

1.5 -0.28222
1.8 -0.22469

2 -0.16789
2 -0.11164
3 -0.05573
5 0

35 0.05573
35 0.11164
35 0.16789
38 0.22469
38 0.28222
39 0.34069
39 0.40036
39 0.46149
40 0.5244
40 0.58946
40 0.65711
40 0.72791
40 0.80257
40 0.882
40 0.96742
40 1.06056
40 1.16395
40 1.28155
41 1.42018
41 1.59322
41 1.83391

41.5 2.28655
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1) Define a random path through the grid nodes that ensures each 

grid node is visited once and only once.   
2) Based on input parameters, identify the number of surrounding grid 

nodes around (u) to be used to determine the value at (u).  May be 
original data or previously simulated data. 

3) Use the standardized variogram model and simple kriging to 
determine the mean and variance of the conditional cumulative 
distribution function (ccdf) of the random function at location (u).   

4) Draw a simulated value from that (ccdf) and assign to the grid node 
location (u).   

5)  Repeat process until all nodes have been simulated. 
 
 

Histograms and statistics of the input data, the normal-score data, and the 

simulated back-transformed data were compared to ensure that the 

simulation data honored the input histograms and variograms (Appendix E).   

The modeling software sgsim requires a standardized variogram model 

with the combined sill of the nested structures equal to 1.0.  This sill is 

computed by adding the inputs for the sill of each nested variogram (the 

nugget effect, the short-range {spherical or exponential} and the long-range 

{hole-effect model}).  Therefore, as the percentage of the variance attributed 

to the hole effect increased, the variance percentage from the other nested 

variograms decreased.  Three modeling methods were tested to assess the 

best way to adjust the variance for the nugget and short-range structures as 

variance due to the hole effect was increased for different simulations.  First, 

the remaining portion of the sill (1 minus hole effect) was divided between the 

short-range model and the nugget.  Second, the nugget was held constant 

and the variance from the short-range model was decreased. Third, the sill 

from the short-range model was held constant and the variance from the 

nugget was decreased.  The second and third methods were problematic.  
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For the second method, as variance of the long-range structure approached 

50%, and variance due to the nugget was help constant at 50%, the short-

range structure was not accounted for.  This resulted in a model with variance 

attributed only to the nugget effect and the long-range hole effect.  The third 

scenario resulted in a higher degree of connectivity as variance due to the 

hole effect increased because the short-range structure was held constant at 

approximately 50%, and the nugget decreased with each model scenario.  

The first scenario was chosen as the most appropriate modeling method.  

 

Model Results 

Three distinct permeability zones are visible on the cross-sectional 

models due to the distribution of lithofacies within the facies model.  The 

upper and middle portions of the model (thinly bedded dolo-grainstones/ dolo-

wackestones and dolo-packstone/ dolo-wackestone) have a lower average 

permeability.  Permeability simulations for the cross-sectional model range 

from 0.01 md to 375.0 md (Figures IV.3, IV.4, IV.5, IV.6).  In Model 1.A, the 

short-range and the nugget are discernable.  The short-range variance 

produces the pattern of small areas with a higher degree of correlation, and 

the nugget effect results in a jagged appearance of the short-range feature.   

Model 1.B was modeled with 9% of the variance attributed to the hole 

effect.  Subtle differences are visible between Models 1.A and 1.B.  Model 1.B 

is slightly more continuous than Model 1.A at the range of the hole-effect 

model (140-180 ft; 42.7-54.9 m).  Increased variance of the long-range 



Model 1.A=0% Hole-effect

Model 1.B=9% Hole-effect

VE=5X
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Figure IV.3:  Permeability models for a) Model 1.A and b) Model 1.B.  Color scale is located in the bottom right of this 
figure, and a facies log (green=wackestone, blue=packstone, and orange=grainstone) is to the right of each model.
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Model 1.C=25% Hole-effect

Model 1.D=30% Hole-effect
VE=5X
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Figure IV.4:  Permeability models for a) Model 1.C and b) Model 1.D.  Color scale is located in the bottom right of this 
figure, and a facies log (green=wackestone, blue=packstone, and orange=grainstone) is to the right of each model.
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Model 1.E = 35% Hole-effect

Model 1.F = 45% Hole-effect
VE=5X
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Figure IV.5:  Permeability models for a) Model 1.E and b) Model 1.F.  Color scale is located in the bottom right of this 
figure, and a facies log (green=wackestone, blue=packstone, and orange=grainstone) is to the right of each model.
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Model 1.G=50% Hole-effect

VE=5X
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Figure IV.6:  Permeability model for Model 1.G.  Color scale is located in the bottom right of this figure, and 
a facies log (green=wackestone, blue=packstone, and orange=grainstone) is to the right of the model.
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structure through each simulation resulted in more obvious differences 

between the models.  As the variance due to the hole effect increases in each 

model, the short-range correlation features become less distinct, and the 

long-range continuity becomes more evident as seen in Model 1.G (Figure 

IV.6).   

 Permeability simulations for the plan-view model depict similar 

changes with increased contribution of the long-range hole effect, but, due to 

the scale of the model, those changes are more easily discernable (Figure 

IV.7).  The circular areas of high continuity in Model 2.A are the result of the 

16-ft (4.9-m) correlation range, and the jagged appearance is the result of the 

nugget effect.  As the variance from the hole effect increases, these jagged 

circular areas are visible, but far less distinct.  The hole-effect structure 

results in a much longer-range correlation structure and a more continuous 

distribution of permeability (Figure IV.8).       

 

 

STREAMLINE SIMULATION 

 

 Simulation Construction 

 To assess the relative effects on fluid flow of the different nested 

variogram structures, permeability realizations created for the cross-sectional 

and plan-view models were used as input for streamline simulations.  

RMSstream, a module within RMS, was used for single-phase, streamline  



Model 2.A=0% Hole effect Model 2.B=9% Hole effect

Model 2.C=25% Hole effect Model 2.D=50% Hole effect

Figure IV.7:  Permeability simulations for a) Model 2.A, b) Model 2.B 
c) Model 2.C, and d) Model 2.D.   The percent variance due to the hole effect 
increases from Model 2.A to 2.D as noted below each model.
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Model 1.A  Simple Model 0% Hole-effect

Model 1.C  Nested Structure 25% Hole-effect

Model 1.G  Nested Structure 50% Hole-effect

0 500

0 500

0 500
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Figure IV.8:  Permeability models displayed from 0-500 ft (0-152 m) laterally 
with no vertical exaggeration to accurately depict lateral and vertical 
continuity through the models.  Color scale has been adjusted  to enhance 
zones of high and low permeability.   b) depicts isolated zones of higher and 
lower permeability with poor connectivity between the zones when compared 
to a).  c) a high degree of connectivity exists between both the high and low 
permeability values.  A facies log (green=wackestone, blue=packstone, and 
orange=grainstone) is located to the right of each model.  

a)

c)

b)

K (md)
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simulation (in this case, only 2-D simulations were conducted).  Several 

model results are computed from RMSstream and include fluid travel times, 

drainage regions, well drainage volume, and streamlines that allow 

visualization of flow patterns through the reservoir model.  Reservoir 

parameters (including rock compressibility, fluid compressibility, fluid 

viscosity, and initial reservoir pressure) were set assuming subsurface 

conditions and held constant for each streamline simulation.  Certain 

parameters varied slightly (e.g., reference pressure, injection pressure, and 

production rate) between Models 1 and 2 due to the different dimensions and 

orientation of the models (Table IV.6).      

The models were simulated with two wells that penetrated through the 

entire thickness of each model.  In Model 1, an injection well was placed on 

the western edge (left side) of the model and the production well was placed 

on the eastern edge (right side).  For Model 2, the injection well was placed in 

the southwest corner and the production well in the northeast corner (Figure 

IV.9).  To ensure an exact match of log to model, a facies log was created 

from the facies model.  The facies log was then upscaled to the dimensions of 

the cellular framework, and simulation was run with all cells in the blocked 

wells open to injection or production.  Streamline simulations were run with 

permeability in the z-direction scaled to 10% of the original model (i.e., 

vertical permeability=0.1 x horizontal permeability) for Model 1, and porosity 

was held constant at 20% for all streamline simulations for models 1 and 2.  

Streamline simulations were not conducted on Model 1.F. 



Solver

Model 
#

Rock 
Comp.        
(psi)

Fluid 
Comp. 
(psi)

Fluid      
Viscosity 

(cP)

Ref. 
depth
below

surf (ft)  

Ref. 
Press.
(psi)

Solution Time 
(days)

Injector 
BHP 
(psi)

Producer 
BHP   
(psi)

Prod. 
Rate 

(ft^3/day)
1 1.00E-05 0.0001 0.25 113 1000 1000 2000 400 200
2 1.00E-05 0.0001 0.25 3000 3000 100 5000 2000 100

Dynamic rock & Fluid 
Properties

Initial 
Conditions Well Parameters

Table IV.6:  RMSstream streamline simulation parameters for the cross-sectional model (Model 1) 
and the plan-view model (Model 2).  
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Fiugre IV.9:  a) Cross-sectional model (Model 1) with location of injection 
well on the left edge and production well on the right edge.  b) The plan-view
model (Model 2) with well locations and cellular framework.  The injector 
well is in the southwest corner of the model, and the production well is in the 
northeast corner of the model.  Cell dimensions are 4 ft by 4 ft  Cellular 
framework is not depicted for the cross-sectional model (Model 1) because 
the density of cells would obscure the well locations.

a)

b)
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Injector
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Simulation Results 

Using breakthrough time and volume drained at breakthrough time, 

streamline simulations for each permeability model were quantitatively 

assessed.  More qualitative assessments were made by visually comparing 

results of streamlines, the spread of the front, and the sweep efficiency of the 

front.   

Breakthrough time (BTT) is defined as the amount of time it takes for 

fluid to move from an injector well to a producer.  BTT was determined for 

each streamline simulation by filtering the streamline model to the time it took 

for the first streamline to move (lace) from the injector to the producer.  BTT 

differs for each scenario because of the permeability distribution.  Figure 

IV.10, depicts the BTT and percent of model drained at BTT for each scenario 

for Models 1 and 2.  Figures IV.11, IV.12, and IV.13, depict streamlines at 

BTT for each permeability model scenario.   

 

DISCUSSION 

 

The results from both models indicate that as variance attributed to the 

hole effect increases from 0 to 25%, the BTT increases as well.  However, 

further increases in the variance due to the hole effect (up to a 50% hole 

effect) show a significant decrease in BTT with increasing percentages of 

hole effect.  These results can be explained by considering how permeability 

is distributed with the addition of long-range scales of cyclicity.   
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Figure IV.10:  Graphs depict how breakthrough time (BTT) is affected by 
changes in percent of hole effect. a) Cross-plot for the cross-sectional model 
(Model 1) of BTT and percent hole effect.  b)  Cross-plot for the plan-view 
model (Model 2) of BTT and percent hole effect   c) Table of BTT for model 
and the percent of the volume affected at BTT.  In a) and b), the BTT 
increases with increased variance due to the hole effect, up to 25% hole 
effect then decreases as the variance due to the hole effect continues to 
increase.   
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a)

c)

b)

1.A

1.B

1.C
1.D 1.E

1.G

2.A

2.B

2.C

2.D
Model 

#

Hole-
effect    

(%)

Break-   
through   

Time      
(days)

Volume 
Drained    

(%)

1.A 0 4079 69.0
1.B 9 4110 69.5
1.C 25 4520 74.6
1.D 30 4015 69.6
1.E 35 3930 68.7
1.G 50 2720 75.0
2.A 0 662 57.7
2.B 9 688 59.1
2.C 25 696 60.0
2.D 50 659 56.4



Figure IV.11:  Streamlines at breakthrough time (BTT) for each model.   The 
streamlines show the flow paths of fluid from the injector to the producer.  
a ) BTT=4079 days, b) BTT=4110 days, c) BTT=4520 days.  Models 
displayed are 1500 ft to 3000 ft to depict differences within the fluid front. 
A facies log (green=wackestone, blue=packstone, and orange=grainstone) is 
depicted on the right side of each simulation.
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Model 1.A = 0% Hole effect

Model 1.B = 9% Hole effect

Model 1.C = 25% Hole effect

a)

c)

b)



Model 1.D = 30% Hole effect

Model 1.E = 35% Hole effect

Model 1.G = 50% Hole effect

f )

e)

d)

Figure IV.12:  Streamlines at breakthrough time (BTT) for each model.   The 
streamlines show the flow paths of fluid from the injector to the producer.   
d) BTT=4015 days, e) BTT=3930 days, f) BTT=2720 days.  Models 
displayed are 1500 ft to 3000 ft to depict differences within the fluid front.  
A facies log (green=wackestone, blue=packstone, and orange=grainstone) is
depicted on the right side of each simulation.
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Figure IV.13:  Streamlines of plan-view models (Model 2) at breakthrough
time (BTT).  The streamlines show the flow paths of fluid from the injector to 
the producer. a) BTT=662 days b) BTT=688 days, c) BTT=696 days, and 
d)BTT=659 days.   

a)a)

d)c)

b)

Model 2.A=0% Hole effect Model 2.B=9% Hole effect

Model 2.C=25% Hole effect Model 2.D=50% Hole effect
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Up to 25% hole effect, the long-range cyclicity actually introduces 

zones of baffles and conduits perpendicular to the flow.  Because the 

dominant variance is still attributed to the short-range variance and the 

nugget effect, these conduit zones are not fully connected across the model.  

This results in a more tortuous pathway that impedes the flow of fluids.  As 

the magnitude of the long-range, hole effect increases beyond 25%, the 

alternating zones of baffles and conduits become more and more connected 

across the model.  This in turn leads to a more fully connected pathway of 

high permeability through which the fluids travel.   The result is a lower BTT.   

Changes in the percent of the model volume drained at BTT are 

proportional to changes in the BTT for each model simulation (Figure IV.10).  

This trend is directly related to the connectivity of permeability through the 

model, and thus the degree of tortuosity through which the fluids must travel 

to reach the producer.  As mentioned previously, from 0% hole effect to 25% 

hole effect, an additional, long-range scale of variability is introduced into the 

permeability model resulting in longer BTT and higher percentage of the 

volume drained due to zones of discontinuous baffles and conduits.  As the 

hole effect continues to increase to values beyond 25% of the total variance, 

BTT decreases, and there is a decrease in the percent of the volume drained 

due to the dominance of the hole effect over the total variance.  Connectivity 

of the high permeability zones in the model permits these zones to function as 

conduits for fluids from the injector to the producer.  Figures IV.14, IV.15 and 

IV.16, depicts such a change in the sweep efficiency for the model  



Figure IV.14:  Time from injector (TFI) displayed at breakthrough time (BTT) 
for each model.  a) BTT=4079 days, b) BTT=4110 days, c) BTT=4520 
days.  Models displayed are 1250 ft to 3000 ft in the x-direction to depict 
differences within the fluid front.   A facies model (green=wackestone, blue=
packstone, and orange=grainstone) is displayed to the right of each 
simulation.
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Model 1.A=0% hole effect

Model 1.B=9% hole effect

Model 1.C=25% hole effect

a)

c)

b)

  TFI
(days)



Model 1.D=30% hole effect

Model 1.E=35% hole effect

Model 1.G=50% hole effect

f )

e)

d)

Figure IV.15:  Time from injector (TFI) displayed at breakthrough time (BTT) 
for each model.  d) BTT=4015 days, e) BTT=3930 days, f) BTT=2720 
days.  Models displayed are 1250 ft to 3000 ft in the x-direction to depict 
differences within the fluid front.  A facies model (green=wackestone, blue=
packstone, and orange=grainstone) is displayed to the right of each 
simulation.
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Figure IV.16:  Time from injector (TFI) for the plan-view models (Model 2) at 
breakthrough time (BTT).  a) BTT=662 days b) BTT=688 days, c) BTT=696 
days, and d) BTT=659 days.  Fingering of a tracer front decreases and the 
blocky appearance increases from Model 2.A to 2.D.   

a)

d)c)

b)

  TFI
(days)

Model 2.A=0% Hole effect Model 2.B=9% Hole effect

Model 2.C=25% Hole effect Model 2.D=50% Hole effect
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simulations.  As the percent of variance from the hole effect increases to 

25%, there is a decrease in the fingering and a more blocky appearance of 

the fluid front.   

Model 1.G does not conform to the trend of increasing drainage with 

increasing BTT.  This simulation depicts the fastest BTT (2720 days) as well 

as the largest percent of volume drained.  Although the causes are not fully 

understood, it seems likely to be the result of the highly correlative, long-

range, hole effect dominating the distribution of permeability.      

Streamline simulations show that BTT, volume drained, and 

appearance of fluid fronts in dolomite reservoirs will be significantly affected 

when greater than 10% of the permeability variance is due to a long-range, 

hole-effect structure.  When greater than 10% of the variance is attributed to 

the long-range structure, a more tortuous pathway is established through 

which the fluids must travel, thus affecting BTT’s, percent of volume drained, 

and the appearance of the fluid front.  Jennings et al. (1998) are the only prior 

workers to also address this phenomenon in dolomites.  Their work compared 

three permeability simulations: one that included a short-range variability, one 

that included a long-range variability, and one that combined both short- and 

long-range.  The affect of different magnitudes of a hole effect was not 

investigated.  Variography from the dolo-wackestone lithofacies at Sheep 

Mountain depicts a 9% magnitude, while other authors have reported larger 

magnitudes of the long-range variance in other lithofacies (Jennings et al., 

1998).  The results suggest that subsurface reservoir characterization should 
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include a long-range hole-effect if it is thought to represent greater than 10% 

of the system variance.  
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CHAPTER V 

 

CONCLUSIONS AND RECOMMENDATIONS 

 
 
 Lateral variability of petrophysical properties have been quantified 

using a data set of closely spaced core plugs from the Madison Formation, an 

analog for subsurface Paleozoic dolomite reservoirs.  A combination of 

variography and petrography techniques were used to analyze the data set 

collected at Sheep Mountain to identify scales of heterogeneity.  Geologic 

modeling was then used in an attempt to link lateral heterogeneity to 

petrophysical properties, and assess how each scale affects fluid flow.   

 

Variography    

 In the dolo-wackestone lithofacies sampled at Sheep Mountain, 

variogram analysis of petrophysical properties identified three scales of lateral 

heterogeneity (random, short-range, and long-range).  The random nugget-

effect accounted for approximately 50% and 40% of the variance from 

permeability and porosity data, respectively.  The short-range permeability 

variance was modeled with a spherical variogram model with ranges from 8 

to16 ft (2.4 to 4.9 m) laterally, and porosity was modeled with either an 

exponential or spherical variogram model with ranges from 6 to 16 ft (1.8 to 



 113
4.9 m) laterally.  The long-range variability accounted for 8-10% of the total 

variance and was modeled with a hole-effect variogram model with a 

wavelength of 140-150 ft (42.7-45.7 m) for permeability and 25-32 ft (7.6-9.8 

m) for porosity. 

 Experimental variograms were calculated for porosity and permeability 

at a sample spacing of 3 and 10 ft (0.9 and 3.0 m).  In general, these 

variograms exhibit a higher degree of variance, and do not accurately capture 

the variance at distances greater than 100 ft (30 m).   

 Complex nested variogram structures, modeled in Excel, were useful 

for capturing porosity variability over the distance of the variogram.  A 

spherical variogram was used to represent variance at short distances, and 

seven hole-effect variograms were used to model the periodic event.  The 

wavelength of the periodic event was 31 ft (9.4 m), and varied by less than 

one foot (0.3 m) over a lag distance of 250 ft (76 m).  The sill and the nugget 

values did vary slightly with distance, depicting an initial increase followed by 

a decrease in variance.  This feature could be a longer-range oscillatory 

structure, longer than the length of the transects.   

 The causes of lateral cyclicity are difficult to explain.  Other studies 

have proposed changes in pore type as the cause of lateral permeability 

variations resulting from changes in depositional texture, diagenesis, or 

fracture patterns.  The discrepancy between the wavelength of the cyclic 

event for porosity and permeability at Sheep Mountain, however, does not 

support the hypothesis that lateral permeability cyclicity is caused by changes 
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in porosity.  This, coupled with the poor correlation between permeability and 

point counts of pore type from thin-section analysis, suggests unique causes 

for cyclic patterns in porosity and permeability.   

        

Petrography     

 Results of point counts of pore type from thin-section analyses do not 

depict a strong correlation to petrophysical properties measured on core plug 

samples.  These data may accurately represent the relationship between pore 

type and rock properties, but because of the high degree of variability known 

to exist within samples, it is more likely the result of comparing data with 

different scales of support.  One way to decrease the impact of the support-

effect is to analyze multiple thin-sections per sample, preferably in orthogonal 

directions.  This will increase the percent of the volume of rock assessed with 

point counts and reduce the effect of scale of support.  Moreover, additional 

rock features not taken into account by simply point counts of pore type, such 

as pore geometry or pore connectivity, may correlate with petrophysical 

properties. 

 

Modeling    

Streamline simulation of petrophysical models constructed with 

different nested variogram structures were used to compare the effect that 

different scales of lateral variability have on fluid flow.  Results show that 

models with small magnitude (10-25%) long-range hole-effect have a longer 
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breakthrough time (BTT) and an increased sweep efficiency.  The additional 

long-range scale of variability introduces zones of permeability baffles and 

conduits across the models that are not fully connected.  These zones create 

a more tortuous pathway for fluids, resulting in a longer BTT, increased 

sweep efficiency, and a blockier, less inter-fingered appearance of the fluid 

front.  Increasing the hole-effect to a point greater than 25% of the total 

variance results in a decrease in BTT and a decrease in sweep efficiency.  As 

the magnitude of the long-range variance is increased, the zones of conduits 

and baffles become more fully connected across the model, and fluids are 

able to travel more quickly through the high conduit zones.   

When compared to simple models, permeability models with a small 

magnitude of the variance attributed to a long-range structure (<10%) depict 

small difference in BTT, sweep efficiency, and appearance of the fluid front.  

Therefore, modeling with a hole-effect should only be considered if it is 

thought to account for greater than 10% of the system variance.   

 

Potential Causes of Lateral Oscillations 

Spatial variability of permeability data from Permian dolomites in West 

Texas and New Mexico illustrate similar results, a random high magnitude 

nugget, a short-range structure, and a low magnitude long-range oscillatory 

structure (Jennings, 2000).  The lateral variability in these formations has 

targeted a variety of rock-fabrics (grainstones, packstones, and wackestones) 

from different depositional environments, but as in the dolo-wackestones from 
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Sheep Mountain, the wavelength has consistently ranged from 140-180 ft 

(42.7-54.9 m).  The lack of variation of wavelength from dolomites with 

different depositional textures, different depositional environments, and 

different ages indicates that the cause of variability is likely diagenetic.  As 

described by Ortoleva (1994), “self-organization” is the genesis of periodic 

patterns that are independent of a template such as depositional texture.  The 

stable wavelength of the long-range, oscillatory structure in dolomite porosity 

and permeability suggest a geochemically self-organized system that occurs 

during the dolomitization process (D. Budd, personal communication).  

Geochemical self-organized systems are the result of positive-feedback loops 

that occur in the reaction-transport process, and are expressed in the rock 

record as patterns of grain growth or grain dissolution (Ortoleva, 1994).  If the 

lateral oscillations of permeability are the result of a geochemical self-

organized system established during dolomitization the results should be 

evident by lateral changes in the dolomite crystallization.  This should be 

testable with more detailed petrographic analysis of each sample along a 

lateral transect or at a spacing that correspond to the wavelength of the hole 

effect. 

If lateral oscillations are the product of a self-organized system, 

complex processes are at play resulting in different periods for permeability 

and porosity.  Possible causes are multiple stages of dolomitization, as is 

know to have occurred in the Madison Formation, or constructive/ destructive 
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interference of multiple periodic events.  Further analysis is necessary to 

either support or reject these hypotheses.    

 

Recommendations 

 The research conducted for this study has brought to light several 

areas in need of additional work.   

1. Validate porosity measurements with a different method such as 

Boyle’s law helium-expansion. 

2. Petrographic analysis of additional thin sections.  Samples should be 

chosen at distances that correspond to the correlation ranges 

determined through variography.  To capture the known rock-fabric 

heterogeneity, multiple thin sections should be analyzed for each 

sample in orthogonal directions. 

3.   Point counts of pore type, pore geometry, and pore connectivity of 

existing thin sections as well as of any new thin sections may result 

in an improved correlation of pore type and petrophysical properties.  

4. Capillary pressure measurements on whole core samples may also 

result in an improved correlation of pore type and petrophysical 

properties.  

5.  Create multiple realizations of petrophysical models to assess a range 

of possible results from a given set of input parameters.   
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Raw data measurements for permeability and porosity can be found on the 

data CD as Microsoft Excel spreadsheets accompanying this document.  

There are in total six files.   

• Appendix A.1 - App_A.1_CalibrationsPermData.xls contains 15 tabs 

labeled by dates.  Each tab contains the permeability calibrations run on the 

set of standard data plugs for that day.  The equation depicted on the graph 

was used to calculate permeability of unknown samples for that specific 

day.   

• Appendix A.2 – App_A.2_LT1_PetrophysicsRaw.xls, 

App_A.2_LT2_PetrophysicsRaw.xls, App_A.2_LT3_PetrophysicsRaw.xls, 

and App_A.2_LT4_PetrophysicsRaw.xls, contain the flow rate and porosity 

measurements for the lateral and vertical transects.  The data are divided 

into five tabs within each file.  The first tab contains the flow rate 

measurements on each sample for the lateral transect.  The second tab 

contains the flow rate measurements on each sample for the vertical 

transects associated with that lateral transect.  The third tab depicts the 

calculation of permeability for lateral and vertical transects from flow rate 

based on the equation derived from the calibration standard plugs.  The 

fourth tab contains the raw porosity data for the lateral transect, and the fifth 

tab contains the raw porosity data for the vertical transects.   

• Appendix A.3 - App_A.3_Petrophysical Data.xls, is a combined file of 

porosity and permeability data for each sample.  The file is divided into eight 

tabs.  There is one tab for each lateral transect, and one tab for each set of 
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vertical transects.  Cells depicting an N/A are for data samples that were not 

accessible along the lateral transect.   



Appendix A.4: Statistical summary of petrophysical data for lateral and vertical transects.
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Transect

Type  
L=lateral 

V=vertical
# of 

Samples

Length of 
Transect   

(ft)

Arithmetic 
Mean K 

(md)

Geometric 
Mean K 

(md)
Min. K 
(md)

Max K 
(md)

Arithmetic 
Mean phi 

(%)

Geometric 
Mean phi 

(%)
Min. phi 

(%)
Max phi 

(%)
LT1 L 432 480 39.33 29.36 0.05 357.58 17.34 17.55 9.5000 37.6200

LT1-A V 16 16 33.99 12.49 2.89 92 19.7 19.47 14.3300 24.1100
LT1-B V 16 16 41.09 12.47 0.02 142.05 17.75 16.7 6.1100 26.2900
LT1-C V 17 17 21.6 6.1 0.09 75.2 15.7 15.41 9.9000 22.4300
LT1-D V 15 15 17.17 11.23 2.28 58.49 15.56 15.31 11.8300 22.5600
LT1-E V 15 15 35.01 22.46 3.17 88.02 19.02 18.58 10.3600 25.5400
LT2 L 484 523 12.46 13.39 0.28 151.83 16.15 15.97 8.5400 35.6800

LT2-A V 13 13 22.3 7.69 0.62 101.9 16.6 16.31 12.3700 22.6100
LT2-B V 13 13 6.8 7.57 0.51 24.34 15.05 14.62 7.9200 19.2600
LT2-C V 16 16 5.78 1.09 0.02 42.88 12.31 11.94 7.9200 18.7600
LT2-D V 14 14 25.93 19.63 6.43 81.36 17.26 17.07 12.8800 20.4400
LT2-E V 16 16 16.98 7.27 0.15 57.5 15.83 15.47 7.8000 20.4400
LT3 L 45 45 10.65 6.28 1.3 41.87 12.98 12.66 3.6400 17.1300

LT3-A V 15 15 6.17 0.44 0.21 57.24 8.3 6.99 2.5500 17.8700
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APPENDIX B 

 

HISTOGRAMS OF PERMEABILITY AND POROSITY DATA 
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Appendix B.1: Histograms of porosity and permeability data from VT1-A, 
VT1-B, VT1-C, and VT1-D.  Statistics for each transect are located in the 
upper right corner of the histograms.
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Appendix B.2: Histograms of porosity and permeability data for  VT1-E, 
VT2-A, VT2-B, and VT2-C.  Statistics for each transect are located in the 
upper right corner of the histograms.
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Appendix B.3: Histograms of porosity and permeability data from VT2-D, 
VT2-E, and LT3-A .  Statistics for each transect are located in the upper right
corner of the histograms.
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APPENDIX C 

 

VARIOGRAMS OF PERMEABILITY AND POROSITY DATA FOR 

VERTICAL TRANSECTS AND LATERAL TRANSECT 3 
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Appendix C.1: Experimental variograms of permeability and porosity data 
for VT1-A, VT1-B, VT1-C, VT1-D, and VT1-E.
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Appendix C.2: Experimental variograms of permeability and porosity data for 
LT2-A, LT2-B, LT2-C, LT2-D, and LT2-E.
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LT3 and VT3.
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APPENDIX D 

 

REGRESSION ANALYSIS OF PORE TYPE AND PETROPHYSICAL 

MEASUREMENTS 

 











Appendix D.5: Cross-plots of bulk-density porosity (BDP) and thin-section 
porosity (TSP) for LT1.  The R  value resulting from a linear-regression 
analysis, with y-intercept =0, is depicted.
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APPENDIX E 

 

HISTOGRAMS OF MODELED PERMEABILITY DATA BY FACIES 

 



a)

c )

b)

a) Histogram of input data for petrophysical modeling. b) Histogram of permeability data resulting from a sequential gaussian simulation with a 
nested variogram model taking into account short, medium and long ranges of variabiltiy.  c) Histogram of permeability data resulting from a 
sequential gaussian simulation with short and medium ranges of permeability.  
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a) Histogram of input data for petrophysical modeling. b) Histogram of permeability data resulting from a sequential gaussian simulation with a 
nested variogram model taking into account short, medium and long ranges of variabiltiy.  c) Histogram of permeability data resulting from a 
sequential gaussian simulation with short and medium ranges of permeability.  

Appendix E.1: Histograms of the input and output data for each grainstone 
permeability simulation.  Histogram of a) input data for petrophysical mod-
eling b) data converted to a normal-score distribution, c) permeability data 
from Model 1.A, d) permeability data from Model 1.B, e) permeability data 
from Model 1. C, f) permeability from Model 1.D, g) permeability data from 
Model 1.E,  h)  permeability data from Model 1.F, and i) permeabiltiy data 
from Model 1.G.
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a) Histogram of input data for petrophysical modeling. b) Histogram of permeability data resulting from a sequential gaussian simulation with a 
nested variogram model taking into account short, medium and long ranges of variabiltiy.  c) Histogram of permeability data resulting from a 
sequential gaussian simulation with short and medium ranges of permeability.  
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Appendix E.2: Histograms of the input and output data for each packstone 
permeability simulation.  Histogram of a) input data for petrophysical mod-
eling b) data converted to a normal-score distribution, c) permeability data 
from Model 1.A, d) permeability data from Model 1.B, e) permeability data 
from Model 1. C, f) permeability from Model 1.D, g) permeability data from 
Model 1.E,  h)  permeability data from Model 1.F, and i) permeabiltiy data 
from Model 1.G.
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c )

b)

a) Histogram of input data for petrophysical modeling. b) Histogram of permeability data resulting from a sequential gaussian simulation with a 
nested variogram model taking into account short, medium and long ranges of variabiltiy.  c) Histogram of permeability data resulting from a 
sequential gaussian simulation with short and medium ranges of permeability.  
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a) Histogram of input data for petrophysical modeling. b) Histogram of permeability data resulting from a sequential gaussian simulation with a 
nested variogram model taking into account short, medium and long ranges of variabiltiy.  c) Histogram of permeability data resulting from a 
sequential gaussian simulation with short and medium ranges of permeability.  

d)

d)

d)

e)

f)

h)

g)

i)

F
re

q
u

e
n

cy

NS :P ermeability

-3.04 -2.04 -1.04 -.04 .96 1.96 2.96 3.96

.000

.040

.080

.120 Number of Data 428

number trimmed 52

mean .0000
std. dev. .9985

coef. of var undefined

maximum 3.0438
upper quartile .6745

median .0000
lower quartile -.6745

minimum -3.0438

F
re

q
u

e
n

cy

P ermeability
0. 100. 200. 300.

.000

.100

.200

.300

Number of Data 428

number trimmed 52

mean 39.3338
std. dev. 41.8114

coef. of var 1.0630

maximum 300.3596
upper quartile 57.2306

median 25.7992
lower quartile 7.8161

minimum .2683

F
re

q
u

e
n

cy

B ack T ransform

0. 100. 200. 300.

.000

.100

.200

.300

Number of Data 339000

mean 39.0658
std. dev. 41.5014

coef. of var 1.0623

maximum 300.9995
upper quartile 57.2330

median 25.5027
lower quartile 7.7635

minimum .0105

F
re

q
u

e
n

cy

B ack T ransform

0. 100. 200. 300.

.000

.100

.200

.300

Number of Data 339000

mean 38.9866
std. dev. 41.4848

coef. of var 1.0641

maximum 300.9992
upper quartile 57.2294

median 25.4650
lower quartile 7.7119

minimum .0107

F
re

q
u

e
n

cy

B ack T ransform
0. 100. 200. 300.

.000

.100

.200

.300

Number of Data 339000

mean 37.4590
std. dev. 39.0272

coef. of var 1.0419

maximum 300.9966
upper quartile 55.6024

median 25.1295
lower quartile 7.9261

minimum .0118

F
re

q
u

e
n

cy

B ack T ransform

0. 100. 200. 300.

.000

.100

.200

.300

Number of Data 339000

mean 38.4139
std. dev. 40.3508

coef. of var 1.0504

maximum 300.9928
upper quartile 56.2813

median 25.4285
lower quartile 7.8698

minimum .0127

F
re

q
u

e
n

cy

B ack T ransform

0. 100. 200. 300.

.000

.100

.200

.300

Number of Data 339000

mean 38.2347
std. dev. 39.9461

coef. of var 1.0448

maximum 300.9866
upper quartile 56.1787

median 25.4386
lower quartile 8.0104

minimum .0138

F
re

q
u

e
n

cy

B ack T ransform

0. 100. 200. 300.

.000

.100

.200

.300

Number of Data 339000

mean 37.8584
std. dev. 39.0737

coef. of var 1.0321

maximum 300.9804
upper quartile 55.9865

median 25.4566
lower quartile 8.5753

minimum .0149

F
re

q
u

e
n

cy

B ack T ransform

0. 100. 200. 300.

.000

.100

.200

.300

Number of Data 339000

mean 37.6593
std. dev. 38.6023

coef. of var 1.0250

maximum 300.9784
upper quartile 55.9174

median 25.4841
lower quartile 8.5863

minimum .0149

His togram Wac kes tone Normal S c ore Data

His togram Wac kes tone P ermeability Data

His togram Wac kes tone S imple Model

His togram Wac kes tone 10% Hole E ffec t

His togram Wac kes tone 25% Hole E ffec t

His togram G rains tone 30% Hole E ffec t

His togram Wac kes tone 35% Hole E ffec t

His togram Wac kes tone 45% Hole E ffec t

His togram Wac kes tone 50% Hole E ffec t

144

Appendix E.3: Histograms of the input and output data for each wackestone
permeability simulation.  Histogram of a) input data for petrophysical mod-
eling b) data converted to a normal-score distribution, c) permeability data 
from Model 1.A, d) permeability data from Model 1.B, e) permeability data 
from Model 1. C, f) permeability from Model 1.D, g) permeability data from 
Model 1.E,  h)  permeability data from Model 1.F, and i) permeabiltiy data 
from Model 1.G.
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The two RMS models can be found on the data CD accompanying this 

document.   

 
Cross-sectional Model = SM_Long_Final 
 
Map-view Model = MapView_Small 
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