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Abstract 

An exhumed fractured reservoir located near Alligator Ridge in central Nevada provides the 
basis for developing and testing different approaches for simulating fractured petroleum 
reservoirs. The fractured analog reservoir comprises a 90 m thickness of silty limestone and 
shaly interbeds within the Devonian Pilot Shale. A period of regional compression followed by 
ongoing basin and range extension has created faults and fixtures that, in turn, have controlled 
the migration of both oil and gold ore-forming fluids. Open pit gold mines provide access for 
observing oil seepage, collecting the detailed fi-acture data needed to map variations in fracture 
intensity near faults, build discrete fiacture network models and create equivalent permeability 
structures. Fault trace patterns mapped at the ground surface provide a foundation for creating 
synthetic fault trace maps using a stochastic procedure conditioned by the outcrop data. 
Conventional simulations of petroleum production from a 900 by 900 m sub-domain within the 
reservoir analog illustrate the possible influence of faults and fractures on production. The 
consequences of incorporating the impact of different stress states (e.g., extension, compression 
or lithostatic) are also explored. Simulating multiphase fluid flow using a discrete fiacture, finite 
element simulator illustrates how faults acting as conduits might be poorly represented by the 
upscaling procedures used to assign equivalent permeability values within reservoir models. The 
parallelized reservoir simulators developed during this project provide a vehicle to evaluate when 
it might be necessary to incorporate very fine scale grid networks in conventional reservoir 
simulators or to use finely gridded discrete fiacture reservoir simulators. 
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1.0 Executive Summary 

* The following objectives have been reached in this study of an exhumed fiactured reservoir: 

1) modify a conditional coding method originally developed to create realistic fracture 
networks to build the geologically plausible, reservoir-scale fault networks that, in turn, 
control the interwell-scale character and distribution of fractures, 

2) use an integrated approach to build interwell-scale fracture networks with fluid flow 
properties constrained by the "consequences of fluid flowy7 observed in outcrop (e.g., the 
distribution of vein minerals, trace elements, and liquid hydrocarbon with the fracture 
networks), 

modify an existing homogenization approach to handle the upscaling and averaging of 
discrete fracture networks into equivalent porous media, 

build and test a 3D, discrete-fracture, finite-element model of two-phase flow of oil and 
water to test hypotheses and evaluate the effectiveness of the homogenization method, and 

build and test a parallelized, 3D black-oil simulator (using an equivalent porous media 
approach) so that detailed permeability/porosity structures (10s of thousands of grid blocks) 
can be simulated in reasonable time on current computers. 

0 '  Meeting these objectives required that the results of detailed geologic characterization be 
incorporated in all stages of developing input to the reservoir simulators. Although most 
data would be derived from subsurface sources, similar approaches to integrating geologic 
inference can, and should, be included in building simulators for predicting performance at 
producing reservoirs. 

Three-dimensional discrete fracture network models conditioned using field-based data 
provide a viable method for computing effective permeability values as a function of hcture 
intensity and regional stress state within representative volumes of low permeability reservoir 
rock. Although data used in this analog study are based primarily on outcrop data, detailed 
fracture information gleaned from downhole image logs, drillcore and in situ flow testing 
can provide an equally appropriate basis for this approach. 

Synthetic fault trace maps are constructed using a novel stochastic simulation procedure 
conditioned by geologic knowledge and outcrop-based mapping of faults. Because the 
location, geometry and architecture of faults influences the spatial variation in fracture 
intensity, the synthetic fault trace maps are used to infer variations in fracture intensity 
throughout the analog reservoir. Fault trace maps and variations in fracture intensity inferred 
using subsurface seismic data and interwell production-response data can provide a similar 
foundation for building stochastic fault trace maps and inferring variations in fracture 
intensity within producing reservoirs. Prototype software provides a user-fiiendly 
environment for quickly creating a wide range of synthetic fault trace maps in order to find a 
subset of the maps that best fit geological models inferred for a specific reservoir. 
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A conventional, single porosity/permeability reservoir simulator (BOAST) is used to predict 
production performance from a 900 by 900 m domain containing a network of synthetic fault 
traces. Simulations are performed with permeability structures derived for four stress states. 
The effects of faults and stress state, albeit small, are captured in models with 2700 cubic 
grid blocks, each 30 m on a side, distributed within three layers. The results suggest that 
applying the approach outlined in this report to less uniformly fractured reservoirs will 
enable the impact of fault-related fracturing to be evaluated. It is apparent, however, that 
smaller grid block sizes or a discrete-fracture reservoir simulator may be required to 
adequately capture the effects of thin fault zones that yield a higher permeability contrast 
than inferred in the analog reservoir. 

Developing a multiphase, discrete-fracture reservoir simulator provides a vehicle for 
establishing when upscaling fault-related permeability structures into conventional simulators 
might yield poor performance predictions. Using the finite element method allows the 
discrete-fracture simulator to preserve high permeability conduits as distinct features within a 
lower permeability matrix. Poor matches are found when comparing results obtained using 
the conventional simulator and the discrete-fracture simulator when permeability contrasts 
between faults/fkactures and matrix exceed two orders of magnitude. The discrete-fiacture 
simulator better represents how oil held in matrix blocks might be bypassed during a water 
flood. Increasing rates of water injected into an upscaled simulation volume simply yield the 
same volume of oil in a shorter time. In contrast, increasing injection rates in the discrete- 
fracture simulator yield lower oil recovery. This contrast in predicted performance suggests 
that the discrete-fracture simulator may provide a valuable tool to be used in efforts to 
optimize production strategies. 
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2.0 Introduction 

2.1 REASONS FOR PERFORMING THE PROJECT 

The Hydrocarbon Geoscience Coordinating Committee of the U.S. Department of Energy 
has stated that the “lack of understanding of reservoir architecture and how it affects .fluid flow” 
is the single most important technical barrier to improving oil recovery. Over the past decade 
great strides have been made in developing improved methods for creating geologically plausible 
models of reservoir architecture and permeability structure in reservoirs where fractures are 
believed to play a subsidiary role. Methods for predicting facies distribution and their associated 
permeability structure have been improved using outcrop analogs, high resolution 3D seismic 
surveys and quantitative geological evolution models. In addition, quantitative methods for 
extrapolating permeability structures within these better understood reservoirs has provided 
improved input to computationally efficient fluid flow simulators that reside on modern, 
powefil computer platforms. 

Characterizing, predicting, and simulating the permeability structure of naturally fractured 
reservoirs, however, is inherently more challenging than when working with unfiactured 
reservoirs. First, the irregularly distributed, sub-vertical fractures and faults typically found in 
producing reservoirs are much more difficult to characterize using vertical rotary drilling. 
Second, the distribution and fluid flow properties of faults and fractures is difficult to detect 
using surface geophysical methods. In many cases, the critical high or low permeability features 
are too small to detect even using detailed 3D seismic methods. Finally, we lack the reservoir 
.analogs needed to develop a better understanding of the spatial.distribution of fractures and 
fracture-related permeability structures in characteristic tectonic regimes and geologic terranes. 
This understanding is fundamental to developing and testing computationally efficient reservoir 
simulators that preserve only the critical features of the fractured reservoir in predictive 
simulations. 

This report outlines the results of our effort to use data collected from an exhumed, fractured 
petroleum reservoir as a foundation for developing and testing methods for modeling 
fiacture/fault networks and simulating petroleum production in fractured reservoirs. The project 
results provide a unique reservoir analog study that illustrates a methodology for interpolating 
the permeability structure of fractured shaly reservoirs that have experienced at least one phase 
of normal faulting. The implications of the analog study are demonstrated with the aid of 
reservoir simulations performed using permeability homogenization methods and fluid flow 
simulators developed during the project. In addition, the report provides insight into alternative 
methods for upscaling and reservoir simulation that are based on the analog data set but not 
incorporated in the final reservoir simulation studies. 

2.2 PROJECT OBJECTIVES 

The primary goals of the project are to develop new methods for building realistic 
representations of fractured reservoirs and to compare new, and pre-existing, methods for 
simulating petroleum migration and production in fractured reservoirs. Achieving these goals 
requires that several secondary objectives be attained. For example, using data obtained fiom 
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fractured petroleum reservoirs requires ‘improved methods for creating and conditioning 
geologically plausible models of the synthetic fracture/fault networks. In addition, simulating 
petroleum migration and production in fractured reservoirs requires computationally efficient 
methods for upscaling and flow simulation that preserve the fine-scale variations in permeability 
and porosity imposed by the hcture system. Secondary objectives include the following: 

1) modifying a conditional coding method originally developed to create realistic fracture 
networks to build the geologically plausible, reservoir-scale fault networks that, in turn, 
control the interwell-scale character and distribution of fractures, 

2) using an integrated approach to build interwell-scale fracture networks with fluid flow 
properties constrained by the ’’consequences of fluid flow” observed in outcrop (e.g., the 
distribution of vein minerals, trace elements, and liquid hydrocarbon with the fi-acture 
networks), 

3) modifying an existing homogenization approach to handle the upscaling and averaging of 
discrete fracture networks into equivalent porous media, 

4) building and testing a 3D, discrete-fracture, finite-element model of two-phase flow of oil 
and water to test hypotheses and evaluate the effectiveness of the homogenization method, 

5 )  building and testing a parallelized, 3D black-oil simulator (using an equivalent porous 
media approach) so that detailed permeability/porosity structures (1 Os of thousands of grid 
blocks) can be simulated in reasonable time on current computers. 

2.3 SUMMARY DESCRIPTION OF PROJECT METHOD 

An exhumed, fractured petroleum reservoir is used as an analog reservoir within which new 
methods for creating synthetic fracture networks and simulating fluid flow in fractured reservoirs 
are developed and tested. Detailed study of the exhumed reservoir analog provides an integrated 
data set that is used to develop a geologically plausible model of a fractured petroleum reservoir. 
The methods used to develop and constrain models of the analog reservoir are expected to be of 
great advantage when attempting to build models for producing reservoirs in similar 
geologic/tectonic terranes where only subsurface data are available. The relative importance of 
various features identified in the reservoir analog model are evaluated using numerical methods 
developed during the project. 

An Exhumed Petroleum Reservoir as Fractured Reservoir Analog 

Located in the Basin and Range Province of central Nevada., the Alligator Ridge mining 
district yields a location where liquid hydrocarbons seep from fractured carbonate rocks of the 
Pilot Shale into open pit gold mines. This provides an unusual opportunity to map the 
relationships between the faults and fractures associated with extensional noma1 faulting and the 
distribution of petroleum within shaley carbonate rocks. Nearby petroleum exploration wells 
provide correlative subsurface data that indicate oil shows in the Pilot Shale, but insufficient oil 
is available for production. Elsewhere in Nevada, however, petroleum is being produced fiom 
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fractured reservoirs that appear similar to the paleo-reservoir exposed in the mountains of the 
Alligator Ridge district. 

The geologic structure and tectonic history of the study area (about 10 km by 10 km) are 
inferred by integrating fracture and fault data with the results of geologic mapping, seismic 
surveys and petroleum exploration drilling data. Detailed data on the interwell-scale distribution 
and character of faults and fractures are collected from small, open pit gold mines. These data 
are augmented at the reservoir-scale by surface and satellite image mapping of faults within the 
study area. Although using a reservoir analog precludes obtaining actual petroleum production 
data, the localized distribution of gold, trace elements, and liquid hydrocarbon within the fracture 
networks yields important clues regarding which fracture sets formed the primary pathways for 
fluid flow within the paleo reservoir. The integrated data set is used as a foundation for 
developing models of the fractured reservoir that reflect the deformation history undergone by 
the shaly carbonate reservoir rocks. 

Building Models of the Fractured Reservoir Analog 

Models of the faults and fractures found in the reservoir analog are constructed using the 
integrated data set and a mix of modeling approaches. Three scales of modeling are being 
carried out; reservoir, interwell, and wellbore scales. It is important to note that detailed, 
discrete-fracture models are not being constructed to fill the entire volume enclosed by the 
analog reservoir. Rather, models are being constructed, at each scale, for representative regions 
of the reservoir (e.g., within a single fault, at fault intersections, close to faults and far fiom 
faults). Knowing, or inferring, the spatial distribution of each representative region provides an 
implicit model of the entire fractured reservoir. Interwell-scale volumes of this fractured 
reservoir model will be included in subsequent fluid flow simulations by distributing the 
equivalent porous media properties associated with each representative region of fracturing 
throughout the volume to be simulated. 

At the reservoir scale, a modified conditional coding approach is used to infer the distribution 
of faults within the study area. This method involves deriving and applying empirical “rules” 
that reflect the geologic/tectonic history of the region and the mechanics of faulting. The 
resulting fault trace maps are conditioned to ensure that the pattern of faulting closely matches 
the fault traces observed in the field. The conditional coding method is needed to extend our 
knowledge of fault networks into areas where fault traces are obscured by surficial deposits or 
vegetation. In producing reservoirs this is analogous to extending reservoir-scale fault networks 
Mmed fiom seismic data into areas where seismic resolution is poor or absent. 

At the interwell scale, FracManTM is used to build detailed fracture models constrained by 
comprehensive mapping of fractures within the open pit gold mines. Fracture sets associated 
with different phases of deformation are identified so that only those believed to have 
contributed to fluid flow in the paleo reservoir are retained in the final reservoir model. This is 
accomplished, in part, by noting the close association of concentrated gold deposits with specific 
fracture zones. In addition, the localization of liquid hydrocarbon in fractures and fluid 
inclusions also aids in determining which fractures were important pathways for fluid flow. The 
detailed fracture data also provide a basis for varying the intensity and character of fracturing in 
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the reservoir model as a function of proximity to the reservoir-scale normal faults. Data 
regarding the distribution and character of fractures at the interwell scale is almost impossible to 
obtain from producing reservoirs. Although drill core and geophysical logs provide good insight 
into vertical variations in the character, geometry, and intensity of fractures, little insight is 
provided regarding the way fracture systems might vary laterally over length scales of 10s to 
100s of meters. Even detailed, high-resolution 3D seismic surveys cannot resolve these features. 
Outcrop-based information provides the best, albeit imperfect, opportunity to infer lateral 
variability in the interwell-scale properties of fkactured reservoirs. 

FracManm is also used at the wellbore scale to model fracture distributions within and 
adjacent to the reservoir-scale faults. Normal faults have a characteristic geometry that can be 
generalized as quasi-planar, steeply dipping features with large aspect ratios between thickness 
measured normal to the fault plane and extent in both strike and dip directions. The thickness of 
faults found in the study area typically range from less than 1 m to several 10’s of meters. 
Despite this relatively small size, however, the faults clearly play an important role in forming 
pathways for fluid flow. Therefore, the detailed variation of permeability within individual fault 
zones must, by necessity, be modeled at the wellbore scale using data obtained from open pit 
mines combined with conceptual and numerical models for the fluid flow properties of faults 
recently developed by members of the project team. 

Building; Porous Media Eauivalents of the Fractured Reservoir Analog 

A primary goal of the reservoir simulation activity (outlined below) is to evaluate, at the 
. interwell scale, the way that fkacture systems associated with different parts of a fracturdfaulted 
shaly carbonate reservoir might influence reservoir production. Although it would be preferable 
to explicitly include each fracture in the simulator, even with recent advances in computer 
performance, it is clear that only a small number of the most important fractures can be included 
in the small reservoir volumes to be simulated (100’s to 1000 m). Thus, some degree of 
upscalinghomogenization that transforms the explict, discrete-fracture models into equivalent 
porous media blocks is required. For example, 2D and 3D simulations of single phase fluid 
flow through a realistic, discrete fracture network are performed for representative fracture 
systems using Maficm. The resulting effective properties are assigned in a continuum (porous 
media) simulator to assess the impact of the fault systems on petroleum production. 

A mathematically rigorous homogenization method developed for use in averaging 
heterogeneous porous media is modified to produce homogenized equivalents to the various 
discrete fixture models. At this stage in development, the homogenization is performed only on 
absolute permeability. Developing homogenized equivalents for relative permeability curves is 
beyond the scope of this project. 

A new 3D simulator is developed in this project to model two-phase fluid flow through a 
network of discrete fractures embedded in a porous media. This simulator provides an 
opportunity to evaluate the homogenization method by comparing the results of two-phase 
discrete-fracture simulations to those obtained with a continuum-based, black-oil simulator. 



Evalmting - Production Performance in the Analog Reservoir 

The overall implications of this project are demonstrated and evaluated using a parallelized 
3D, continuum (porous media), black-oil simulator constructed as part of this project tB 
maximize the potential for preserving the influence of the interwell-scale fracture systems. 
Incorporating the results of our fracture modeling and homogenization tasks into this simulator 
enables us to evaluate and illustrate, at the interwell scale, how proximity to one or more faults 
might influence reservoir production. 
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3.0 Geological Characterization of the Analog Reservoir 

3.1 INTRODUCTION * 

Although Nevada is not well known as a petroleum producing area, there are a number of oil 
fields currently in production (Schalla and Johnson, 1994). Most of these producing reservoirs 
show characteristics of fracture controls on permeability. In addition, it has long been 
recognized that oil and its residues are commonly associated with Carlin-type gold deposits 
(Ilchik et al., 1986; Teal and Jackson, 1997). 

Oil was recognized by Pinnell et al. (1991) in the Yankee Mine area which is located in the 
southern part of the Alligator Ridge Mining District in White Pine County, Nevada (Figure 3-1). 
The oil was present in sufficient quantities during gold mining operations that, at times, it oozed 
fiom fixtures to pool on the floor of the open pit. At first, the oil was dismissed as coming fiom 
leaking heavy equipment. However, geologic investigations, including analysis of fluid 
inclusions, demonstrated that the oil was present in both the fiactures and matrix of the rock. 
Fluid inclusions in calcite veins contain oil, water and vapor and have been trapped at 
temperatures above 100' C (Hulen et al., 1994). Hulen et al. (1994) concluded from these 
observations that the Yankee deposit was an exhumed oil reservoir. They also went on to 
suggest that the reservoir had formed by circulation of water and oil in a geothermal gradient 
along faults and fi-actures. 

The Yankee Mine area was chosen for this investigation because it provided the opportunity 
to perform a comprehensive study of an exposed oil occurrence. Studies of exposed fiactured 
reservoir analogs are one of the only means available for the detailed analysis of reservoir 
permeability. 

3.2 STRATIGRAPHY OF THE ALLIGATOR RIDGE AREA 

A geologic map of the area from Buck Mountain on the west through the Yankee Mine area 
on the east is shown in Figure 3-2. The oldest unit on the map is the Devonian Nevada 
Formation. Only the upper 200 m are exposed in the mine area, but the formation is reported to 
be on the order of 600 m thick where a complete section is present (Nolan et al., 1956). The 
Nevada Fm. is predominantly a light- to medium gray dolomite that also contains sandstone and 
limestone; much of it is thickly bedded. The contact with the overlying Devonian Devils Gate 
Limestone is gradational. The Devils Gate is a gray to blue-gray fossiliferous limestone with 
thin argillaceous interbeds. The upper part of the Devil's Gate is the host rock for deeper parts 
of gold mineralization in the Alligator Ridge mining district (Ilchik, 1990,1991). 

On a regional basis, the contact between the Devils Gate and the overlying Pilot Shale is 
sharp and recognized where massive limestone is overlain by shaley limestone and shale. Recent 
work suggests that this is a regional unconformity or locally a bedding-subparallel attenuation 
fault (Bannon, 1998). In the Vantage mine area, Ilchik (1991) reports that the contact is 
conformable. Our mapping within the Yankee Mine area shows that the contact between the 
Devils Gate and the Pilot is inevitably occupied by jasperoid that is typically about 5 m thick. 
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The focus of this study is the Devonian Pilot Shale that hosts all of the oil shows and most of 
the gold mineralization in the Alligator Ridge area, The Pilot is about 140 m thick in the mine 
area and is divided into three lithologic units (Ilchik, 1991). The lower unit, that is the principal 
host for both the gold mineralization and the oil accumulations, is organic-rich silty limestone 
separated by thin beds of organic-rich shale. The upper unit is a silty limestone and it is neither a 
host for gold mineralization nor oil accumulations. These two units are separated by a 6-meter 
thick interval containing chert. The lower unit of the Pilot Shale, our analog oil reservoir, is 90 
m thick in the Vantage Mine area (Ilchik, 1991). 

Overlying the Pilot Shale is the Joanna Limestone of early Mississippian age (Hose et al., 
1976). This unit is a fossiliferous thin- to thick-bedded limestone with interbeds of shale and 
silty limestone. The Joanna is about 35 m thick in the Vantage Mines area (Ilchik, 1991), and is 
overlain by the Mississippian Chainman Shale. Lithologically, the Chainman is a dark gray to 
black shale that is poorly exposed on the surface. The Chainman is considered to be one of the 
principal source rocks for oil in northern Nevada (Poole and Claypool, 1984; Inan and Davis, 
1994). 

Lying above the Chainman is the Mississippian Diamond Peak Formation. During late 
Devonian to early Mississippian time, the Antler orogeny occurred to the west of the Alligator 
Ridge area. This event thrust sediments eastward along the Roberts Mountain thrust creating a 
highland on the allocthonous block and a developing foreland basin to the east (Nilsen and 
Stewart, 1980; Burchfiel and Royden, 1991; Speed and Sleep, 1982). The Diamond Peak 
consists of siltstone, sandstone and conglomerate (Hose et al., 1976) and probably represents a 
delta prograding from the Antler highlands to the west. The formation is overlain in the area of 
our study by the Pennsylvanian Ely Limestone that consists of limestone and shaley limestone 
with abundant fossils. Overlying this unit, Bannon (1998) has mapped a Permian-Pennsylvanian 
Strathearn equivalent unit. This is a thin- to thick-bedded gray limestone. Stratigraphically 
above this is the Permian Arctums Group that is principally a laminated to medium-bedded silty 
micrite to micritic siltstone. 

Bannan (1998) maps a Cretaceous volcanic-sedimentary unit at the northern limit of 
Alligator Ridge and reports a Late Cretaceous age for an ostracodal limestone at the Vantage-1 
mine. The unit has been affected by hydrothermal alteration and displays minor overturned 
folds. 

In the Vantage Mine area, Ilchik (1991) reports that the Chainman is overlain by Tertiary 
lacustrine sediments and andesitic lava flows. Bannan (1998) has mapped these rocks as purple 
to black andesitic basalt in the Yankee Mine area and suggests that their age is Oligocene. 

3.3 STRUCTURE 

Regional Structure 
The structure of this area of central Nevada is complex and has involved a number of tectonic 

events with contrasting styles. The Antler orogeny (Late Devonian and Mississippian) was 
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responsible for thrusting the lower Paleozoic section from west to east. However, the effects of 
this orogeny are not in evidence in the Alligator Ridge area. The late Permian to early Triassic 
Sonoma orogeny also did not effect rocks in this area. 

The Eureka fold and thrust belt is the oldest tectonic event recognized in the immediate 
vicinity of Alligator Ridge (Speed, 1983; Bannon, 1998). This is a north-south trending fold and 
thrust belt that affects strata as young as Cretaceous. In general, structures found within the 
Eureka fold-and-thrust belt include east and west verging folds, broad open folds, thrust faults, 
duplexes, back thnxsts, and low-angle normal faults (e.g., Nolan, 1962, Nolan et al., 1971; 
Stewart, 1980; Speed, 1983; Speed et al., 1988; Bartley, 1990, Burchjiel et al., 1992, Taylor et 
al., 1993). A recent study by Taylor et al. (1993) incorporates the Eureka fold-and-thrust belt 
into their Central Nevada thrust belt. Although the Eureka fold-and-thrust belt has been modeled 
as an example of a "textbook Sevier-style fold-and-thrust belt," (Roeder, 1989), Taylor et al. 
(1993) do not characterize the structural style of the Central Nevada thrust belt as a typical 
foreland fold-and-thrust belt. The high number of hangingwall and footwall ramps, and steeply 
dipping thrust faults with large stratigraphic throws are distinctly different from the Idaho-Wyo- 
ming-Utah salient of the Sevier fold-and-thrust belt, where faults are less steeply dipping (Taylor 
et a1.,1993). 

Structure of the Alligator Ridge - Buck Momtain Area 
Field mapping has been combined with the interpretation of four seismic lines Figure 3-1) 

and the construction of balanced cross sections to evaluate the structure in the Alligator Ridge - 
Buck Mountain area (Bannon, 1998). In addition to the geologic map of Buck Mountain, a 
regional map (Figure 3-2) was compiled from the data collected in this project and Rigby (1960), 
Pancoast (1986) and Ilchik (1990). The structural trends of anticlines and synclines between 
Yankee Ridge and Alligator Ridge do not correlate with those of Rigby (1960); however, they do 
reflect unpublished maps within the Alligator Ridge mine. Four seismic lines across the Buck 
Mountain area include three Anschutz lines and one Exxon line. The east-west oriented 
Anschutz line and the unmigated Exxon line were examined to aid in subsurface interpretations. 
The Anschutz BM-2 and Exxon seismic lines and available well-log data were used in con- 
junction with the field data to produce three area-balanced cross sectioqs (Figure 3-3,343-5).  

Folding 
In general, the structural style observed at Buck Mountain consists of broad, open folds that 

trend north-south and are cut by steeply dipping normal faults. The major folds in the area 
include a syncline at Buck Mountain and an anticline at Yankee Ridge, east of the Yankee Mine. 
The syncline is a gentle, upright, asymmetrical subhorizontal syncline that plunges to the north. 
The anticline at Yankee Ridge is a southward plunging, asymmetric, gentle anticline that has a 
steeper dipping eastern limb. The eastward vergence of the syncline and anticline suggest a 
top-to-east directed tectonic event. Superimposed on the anticline and syncline are numerous 
parasitic folds of varying size. 

One such parasitic fold is an overturned fold observed in the Ely Limestone at the top of an 
east-west trending ridge on the east flank of Buck Mountain (Bannan, 1998). Dips on the 
overturned east limb range fiom 30 - 70". The fold axis has an orientation of 353". The fold 
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does not continue north or south of the ridge, but may be an en echelon equivalent of the 
Alligator Ridge anticline to the north. Bedding south of the fold is near horizontal, while 
bedding to the north is steeper, between 11 - 76”. This fold is not included on other published 
cross sections and is confined to the Ely Limestone. 

Disharmonic folding is observed in the Ely Limestone and Strathearn equivalent Unit. Shale 
interbeds in the Ely Limestone have shorter wavelengths than the surrounding limestone. 
Folding of thick limestone beds is also found in a cliff outcrop of Ely Limestone. 

Faulting 
North-south trending range-front faults, typical of Basin and Range structures, bound Buck 

Mountain on the east side of Newark Valley and the west side of Long Valley. A prominent 
high angle normal fault is located on the east side of Buck Mountain (Figure 3-2). This fault 
juxtaposes Permian Arcturus Group and Pennsylvanian Diamond Peak Formation in the southern 
end of the field area; displacement across the fault in this location has been estimated at 914 - 
1219 m. Fault breccia was observed near the point where the fault splays into the two northern 
branches. The fault is also exposed above the road to Rock Springs. The western splay 
terminates north of the field area near the Tertiary volcanics and is interpreted as a scissor fault. 
Small vertical, planar faults are observed in the Ely Limestone with approximate offsets between 
3 - 9 m .  

Three east-ramping duplexes are observed in the Ely Limestone near the top of Buck 
Mountain (Bannan, 1998). The origin of these structures is not known; however, possibilities 
include a thrust sheet (now eroded) that moved west to east over Buck Mountain or simply 
bedding-plane slip during the Mesozoic Eureka fold-and-thrust event. 

Numerous high angle normal faults are observed in the gold mines in the Alligator Ridge 
area, but the amount of displacement on these faults is normally small. Evidence of thickening 
of the Pilot Shale from thrust faulting and duplexing is found in the West Crusher Pit. 

Ilchik (1 991) characterizes the Vantage fault as the principal structural feature of the Vantage 
basin. It is described as a NNE striking normal fault, 20 to 30 m wide with an offset of 300 to 
500 m. Gold mineralization is confined to the western, fiootwall block of the fault. Alteration 
does extend across the fault, and Ilchik (1990) states that the rocks on the opposite sides of the 
fault have similar alteration of organic material and were juxtaposed at the time of alteration. 
Ilchik (1991) also discusses the presence of “crackle and mosaic breccias” in the lowest 30 m of 
the Pilot Shale that are formed by the intersection of closely spaced fractures and bed partings. 
He thought these were possibly related to caves that were found at and just below the jasperoid- 
limestone contact. 

Hulen (1997) characterizes the structure of the Yankee area as consisting of an older set of 
faults with NW, NE and EW orientations and a younger, more northerly fault set. The older set 
of faults are stated to be the flow paths for the gold mineralizing solutions. Following Howald 
(1 994) Hulen suggests that the older faults were formed in a strike-slip environment. 
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Published cross sections of the Yankee area show two different interpretations (Hulen et al., 
1994). One shows an anticlinal sequence that is disrupted by normal faults. The second shows a 
more complex situation that is dominated by a repeated section controlled by thrust faulting. 
This geologic environment is then cut by faults with normal offset. 

Garbrecht et al. (1991) indicate that mapping has defined a series of stacked low-angle thrust 
faults. In the Alligator Ridge area, these have been identified along the Guilmette-Pilot and 
Pilot-Joana contacts. They suggest that the thrusts may have influenced jasperoid formation. 

Mapping by a number of company geologists and Nielson and Hulen (unpublished) have 
been compiled to produce a map of faults in the Yankee Mine area. This map is shown in Figure 
3-6. Note that many of the faults present in the area are poorly exposed at the surface or are 
covered by younger sediments. Therefore, the geologic mapping is a guide to the character of 
faulting, but is certainly not a complete portrayal of fault distribution. 

Seismic Interpretation 
A near surface velocity model was developed from the BM-2 seismic data. The model shows 

significant thickening and thinning and lateral velocity variations within the near surface 
weathering layer. Although this upper layer cannot be interpreted as a geologic unit, the 
thickness and velocity changes observed can be correlated to geologic information. For instance, 
the velocity variations range laterally fiom 1000 - 2300 d s  near the surface, increasing to 3400 - 
4000 m / s  at the top of the second layer, which are consistent with velocities for unconsolidated 
alluvium (500 - 2000 d s )  and limestone (2000 - 6000 d s ;  Burger, 1992). The thickness 
increases on the western and eastern sides can be correlated to increases in valley fill in Newark 
Valley and QuaternaqdTertiary sediment in the middle of the mapped area. The large thickness 
under Buck Mountain is due to the thickening of Ely Limestone as the elevation increases. 

The possible anticline observed in the unmigrated seismic line under Buck Mountain at depth 
still existed after migration. This could be the result of inappropriate velocities, however, 
migration is an iterative process between modifying the velocity model and migrating the 
reflectors. Modification of the velocity model changed the steepness of some reflectors, but the 
anticline remained. Problems in the velocity model were evident during migration attempts of 
reflectors on the eastern side by reflectors that migrated downdip. Additional smoothing of the 
velocity model did not alleviate this problem. Hand migration of the Exxon line produced a 
depth of approximately 1670 m for the anticline located below Buck Mountain. This depth 
correlates to the middle of the Chainman Shale and supports the interpretation that a detachment 
zone exists in the Chainman Shale between the lower and middle structural lithic units. 

Subsurface Interpretation 
This subsurface interpretation assumes that none of the pre-existing thrust faults were 

reactivated as normal faults, except for the western end of the basal thrust fault. At this 
particular location, west-dipping normal faults sole into the basal thrust. This is the simplest 
interpretation of the available data. 
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Possible ages for thrust faulting in the Buck Mountain area include (1) the Late Devonian - 
Early Mississippian Antler orogeny, (2) a Middle Pennsylvanian event, and (3) the Late Jurassic 
to Early Cretaceous Eureka fold-and-thrust event. The Middle Pennsylvanian event has recently 
been documented at Carlin Canyon west of Elko, Nevada (Snyder et al., 1997; Trexler et al., in 
review). At the present time, structures from the Antler orogeny have not been documented as 
far east as Buck Mountain, and additional work is required to determine the extent of structures 
associated with the Pennsylvanian event recorded at Carlin Canyon. Therefore, thrusting in the 
Buck Mountain region is assumed to reflect the Eureka compressional event. 

The relative age of normal faults at Buck Mountain was determined by cross cutting 
relationships and topographic expression. The oldest normal fault system interpreted in the cross 
sections, is located in the eastern part of the sections, is overlain by Tertiary volcanic rocks and 
uplifts the Yankee Ridge. In the central and southern cross sections, this system soles into the 
basal thrust fault, suggesting that the western and central portions of the basal thrust fault were 
reactivated as a normal fault during extension. To the north, the basal thrust fault is cut by this 
oldest normal fault system. Offset across the normal fault system increases to the south, fiom 
approximately 166 m to 850 m. 

The next youngest normal fault system occurs on the eastern side of Buck Mountain. This 
system is shown as cutting the oldest fault system at depth in the northern cross section (Figure 
3-3). This relative age interpretation is based on the greater topographic expression of this fault 
system in the central portion of the field area, relative to the fault system near Yankee Ridge. 
The latter fault system displays very little topographic expression. 

The magnitude of offset on the middle-aged fault system is well-constrained along the 
northern and southern cross sections where outcrops of Ely Limestone and Arcturus Group are 
juxtaposed against the Diamond Peak Formation and Ely Limestone, respectively (Figure 3-2). 
Alluvium covers the eastern side of the fault system in the vicinity of the central cross section. 
The magnitude of displacement of this system is interpreted to decrease toward the center of the 
field area (toward the central cross section) from both the north and south, creating a “scissor” 
fault geometry. This interpretation is different than that of Rigby (1960). Rigby (1 960) suggests 
that there is a uniform decrease in displacement fiom north to south. His interpretation is based 
on the juxtaposition of the Permian Arcturus Group and Mississippian Diamond Peak Formation 
in the south and a small amount of displacement on this fault in the Mississippian Joana 
Limestone in the north. 

In order to justify the juxtaposition of Permian Arcturus Group and Pennsylvanian Ely 
Limestone in the southern cross section (Figure 3-5), an east-west normal fault that displaces the 
Arcturus Group down on the south side of the fault was introduced below the 
QuaternaryRertiary sediments. Displacement on such a cross fault could have reactivated the 
southern end of the central north-south trending normal fault to the west of the Arcturus Group. 
Additional work is required to confirm this possibility. The youngest normal faults in the area 
are the range front faults that form the present Basin and Range topography of Buck Mountain. 

Lateral stratigraphic thickness variations of the Pennsylvanian Ely Limestone, Mississippian 
Chainman Shale, and Joana Limestone are evident in the partially restored cross sections. 
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Although not noticeable at this scale, the Detonian Pilot Shale also thins laterally. Thickness 
variations in the Ely Limestone, Joana Limestone, and Pilot Shale resulted fiom differential 
uplift and erosion prior to deformation as a result of basin evolution and eastward migration of 
the Antler foreland bulge. The thickness variations observed in the Chainman Shale are botli 
structural and stratigraphic. 

In the eastern portion of the area near Yankee Ridge, the basal thrust fault is topographically 
higher to the north but remains at approximately the same stratigraphic level. This is to be 
expected because the anticline forming Yankee Ridge plunges to the south. Displacement along 
this fault is approximately 5.1 km, therefore, it is not a major thrust fault in the Eureka fold-and- 
thrust belt. 

Data was not collected to determine if folding observed in the area is syn-extensional, 
therefore, the folding displayed in the cross sections is assumed to be related to the Eureka fold- 
and-thrust event. Strata were unfolded and the thnrst fault removed after all normal faults were 
restored. 

The importance of incorporating origmd stratal thickness data into the construction of cross 
sections through the Eureka fold-and-thrust belt, even at the scale of Buck Mountain, is evident 
in the fully restored cross sections. Lateral stratigraphic thickness variations within the 
Chainman Shale, Ely Limestone, and Strathearn equivalent are significant enough to be 
discernable. Variations within the Pilot Shale, however, are not discernable in the fully restored 
cross sections. The restoration suggests that the Chainman Shale thins uniformly to the east. 

Kinematic Summary 

(from oldest to youngest) and the structures observed fiom those events i s  given below. 
A summary of the tectonic events that affected the Alligator Ridge - Buck Mountain area 

1. 

2. 

3. 
4. 

5. 

6. 

Antler orogeny: No structural evidence for this event at Buck Mountain. 
Upper Paleozoic sequential tectonic basins: Differential uplift and subsidence, and the 
creation and destruction of a series of tectonic basins created unconformities and 
thickness variations within Mississippian to Permian strata. 

Sonoma orogeny: Did not affect strata this far east. 
Eureka foldin+and-thsting Evidence for this compressional event include: (a) folding 
of Paleozoic units; (b) duplexing of the Ely Limestone near the upper contact with the 
Strathearn equivalent unit; and (c) east-verging overturned folding in the Ely Limestone 
on the east flank of Buck Mountain. 
Oligocene extension: The normal faults that are overlain by Tertiary volcanics indicate 
faulting occurred prior to emplacement of the volcanics, which are Oligocene in age. 

Continued Basin and Range extension and formation of Tert ie  basins: Cross cutting 
relationships of faults and relatively little topographic expressions associated with normal 
faults indicate early Basin and Range extension. Evidence for structurally controlled 
Tertiary basins comes fiom eroded Tertiary sediments observed in well logs above 
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Tertiary volcanic~ and below Quaternary sediments. Perched Tertiary valleys are 
observed in ranges northwest of the Buck Mountain area, suggesting recent uplift. 

7. Continued Basin and Range - extension to mesent: Evidence for continued extension 
includes the high topographic expression of the middle section of the field area and the 
north-south trend of Buck Mountain and Yankee Ridge, typical of modem Basin and 
Range topography. 

3.4 FRACTUREMAPPING 
Data Collection Methodolow 

To create a stochastic model of the fractured reservoir, detailed information was collected 
from an active gold mine, the West Crusher pit, which is located in the Alligator Ridge - Yankee 
mining district (Figure 3-7). The West Crusher pit is an oval-shaped open pit that has been 
mined to roughly 100 m below the ground surface (Figure 3-8). The mining progresses in 6 m 
intervals, with a bench formed at 12 m intervals. This provided us some access to areas that have 
already been mined when the field collection process began. Unfortunately, many of these 
benches collapse, severely reducing the number of benches we could access. 

Most of the data collection occurred between the elevations of 6300 and 6420 feet (1 920- 
1957 m) above sea level (Figure 3-8). Within the pit, the locations of the collection sites were 
scattered around the perimeter. No data collection was done on the muck-face, which is the rock 
face that is being actively mined. The reasons for this are two-fold. One, the muck-face is 
extremely unstable, and two, it is heavily fiactured due to blasting. During blasting, the force of 
the explosion is directed inward, towards the center of the pit. This concentrates the fracturing in 
the actively mined areas, but leaves the unmined bighwalls relatively unfractured. 

Fracture data was collected along scanlines. Scanlines are a tape measure that is placed on 
the pit wall. Each fracture that intersects the scan line is measured. Thirty-six scanlines were 
used to measure the fractures in the West Crusher pit (Figure 3-8). 

The majority of the scanlines were horizontal, and typically over 10 meters in length. Only 
three vertical scanlines were made, and these were typically 1 meter in length. Few vertical 
scanlines were made due to the UIlSfable nature of the pit walls, as well as the inability to conduct 
scanlines of any considerable length without some sort of climbing apparatus. Because of the 

are more likely to be intersected by a vertical scan line, are under-sampled. Data collected along 
each scanline reflect the spatial distribution of hctures as well as their geometric properties. 

large disparity in horizontal scan length versus vertical scan length, horizontal fractures, which 

For this reservoir model, fractures smaller than 50 cm are not significant and will not be 
modeled. Also, measuring smaller fractures was impractical for a study of this scale. When 
measuring the fiactures in the field, a size cut-off of 30 cm was used for the smallest fractures. 
When constructing the model, all fractures less than 50 cm will be discarded. Fractures greater 
the 30 cm were measured so as to avoid under-sampling the low end of the fiacture size 
distribution. 
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An original plan of the study was to create two dimensional hcture trace maps. This fracture 
map would assist in quantifying the connectivity of the hcture network. However, the irregular 
and non-planar character of the mine walls made this unpractical. Because the wall is so 
irregular, planar fi-actures will have jagged and curved traces. Also, there is the difficulty in 
choosing which edge of a fracture face to trace, making fractures that are truly interconnected 
appear unconnected. 

Data Overview 
In the West Crusher pit, 1177 fractures were measured along 36 scanlines. The fractures 

were mainly vertical, with three dominant strikes: northeast-southwest, northwest-southeast, and 
east-west (Figure 3-9). There was also a dominant set of fractures that were nearly horizontal. 
This horizontal fracture set can be seen in the stereogram for the entire dataset (Figure 3-10). 
The horizontal fi-acture set seems to be less dominant than the other sets, however this is due to 
under-sampling of the horizontal h tu re s .  

Size distribution of all the fractures have a nearly log normal distribution (Figure 3-lla). 
The mean fracture length is 2.16 m. However, when fractures that are smaller than 50 cm are 
disregarded the size distribution is more like a power law distribution. 

There is an over-sampling of fractures with lengths of 4 m. This is the maximum fracture 
trace length that typically could be measured in the field. There are a small number of fractures 
greater than 4 meters that were measurable. Especially at 6 m, which is the maximum fracture 
trace length that a fracture can make on a 20 ft high pit wall. To utilize these fractures in the 
modeling, the scanline window (area of rock examined in a scanline) was limited to a height of 4 
m. Fractures longer than 4 meters will be truncated to a trace length of 4 meters, which is what 
will occur when the scan area is reduced to only the measurable area of the pit wall. 

As mentioned above, the lower fracture length cutoff was made at 50 cm. In the field, 
fractures greater than 30 cm were measured, and the final lower limit truncation was done prior 
to modeling. This method was chosen to prevent under-sampling of fhctures near the 50 cm 
cutoff due to a lack of diligence while collect@g the data. Figure 3-1 la shows that the fracture 
lengths have a log normal or gamma distribution. However, when all the data below 50 cm are 
removed, the histogram of fracture lengths changes (Figure 3-11b). Now, the fracture length 
data has what appears to be an exponential or possibly a power law distribution. 

3.5 ORGANIC GEOCHEMISTRY 
Fourteen potential source rocks and three fluid-inclusion oils have been analyzed by 

geochemical techniques to assess maturity gradients and source facies within the Grubstake 
Federal 14-14x well at the Yankee Mine. The rock samples (Table 3-1) include cuttings (n = 14) 
and two outcrop samples from the gold mine. In addition, two samples of the Devils Gate 
Formation in the Yankee Mine Federal 27-23X well were analyzed for source character. The 
analytical program included total organic carbon (TOC) and Rock-Eval screening, stable carbon 
isotopes (saturated and aromatic fractions), Soxhlet extraction, gas chromatography-flame 
ionization detection (GC-FID), and gas chromatography-mass spectrometry (GC-MS). Sample 
information is provided in Table 3-1. Fluid inclusion oils were contained in calcite veins 
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encased in Pilot Shale host rock. The samples were broken in to coarse pieces and as much of 
the shale as possible was removed to avoid contamination. The calcite vein samples were then 
rinsed with dichloromethane to remove any surface hydrocarbons. Subsequently, the calcite 
veins were crushed to 100-200 mesh and were soxhlet extracted with dicholormethane for 24 
hours. 

Results of the Rock-Eval TOC analysis indicate that all the samples contain low oil source 
potential (all samples contain less than 0.5 % TOC by weight; Figure 3-12). Based on the 
guidelines established by Peters (1986), the Rock-Eval parameters suggest that the kerogens in 
the rocks are predominantly type III with a gas prone kerogen character (Figure 3-12; Table 3-2). 
Outcrop samples fiom d e  Pilot shale tend to have the best source potential within the current 
data set (although they are not considered to be good source rocks; Figure 3-12). As discussed 
below, the Pilot Shale is considered to be the source of the fluid-inclusion oils. Two 
explanations can be advanced to address this apparent discrepancy. First, if the samples have 
undergone expulsion, the initial potential of the rocks is not recorded in the Rock-Eval data. 
That is, they have released most of their hydrocarbons and are no longer potential source rocks. 
Secondly, outcrop samples of the Pilot Shale display shales interbedded with limestone units. 
Thus, low TOC in subsurface samples of the Pilot Shale may reflect preferential recovery of the 
carbonates relative to the shale units. 

Extraction yields are low for all samples (Table 3-2); however, they are highest for the 
outcrop samples of the Pilot Shale. The low S2 yields during Rock-Eval (Table 3-2), preclude 

. the use of the Tmax value as a maturity index, hence biomarker transformation ratios were used 
in the maturity analysis (discussed below). The results suggest that the particular rock samples 
analyzed in this study are not the source beds responsible for the oil in the region or that they 
have already expelled their hydrocarbons. Instead they probably represent relatively oxic 
depositional facies that were not conducive to accumulation of high quality (oil prone) organic 
material. 

Results from the stable carbon isotope analysis indicate that the rock samples have highly 
variable 13C contents ranging from -27.0 to -30.3%0 and -26.9 to -29.3%0 for the saturate and 
aromatic fractions respectively (Table 3-2; Figure 3-13). Isotopic compositions of the fluid- 
inclusion oils are remarkably constant ranging fiom -29.46 to -29.62%0 and -28.07 to -28.23%0 
for the saturate and aromatic fractions respectively and are most closely related to outcrop 
samples of the Pilot Shale (Figure 3-13). This strengthens the argument that the Pilot Shale is 
the source for the fluid inclusion oils (Wavrek, 1997). Further, the distinct isotopic difference of 
all the other samples suggests that the Pilot shale is not repeated down section in the Grubstake 
Federal 14-14 core. On the modified Sofer plot (Coaster and Wavrek, 1996) most samples plot 
in the open marine and other lacustrine field consistent with deposition of organic matter in an 
unstratified relatively oxidizing environment. 

Results of the GC-FID analysis (Table 3-3) indicate that all the samples are consistent with a 
relatively oxic source facies deposited in a marine environment with predominantly algal organic 
material. Pristane to phytane ratios range from 0.66 to 1.36 and the isoprenoids are present in 
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relatively low abundance compared to the adjacent n-alkanes. Most of the samples contain 
relatively abundant long chain n-alkanes with a unimodal profile and generally display no odd 
carbon preference in the long chain region of the chromatograms. The depletion of the short 
chain hydrocarbons on the FID traces is typical for cuttings that have been devolatilized during 
storage. Exceptions to the general trend are NV009B and NV013B representing the depth 
interval between 5020 and 5060 feet (1530-1542 m). These samples display a classic Ordovician 
fingerprint on the GC-FID traces that are related to Gloecapsomorpha prisca. These include a 
strong odd carbon preference at n-C17 and a dramatic decrease in n-alkanes after n-C19. Hence, 
geochemical signatures for typical Ordovician G. prisca facies provides some control on the 
regional stratigraphy below the Yankee gold mine. 

GC-MS analyses of the three fluid-inclusion samples indicate that they are all genetically 
related and are consistent with the interpretation of Wawek (1997) who suggested that the source 
facies was the Pilot Shale. Facies/correlation parameters (Table 3-4) indicate that the 
depositional environment was likely a relatively oxic marine environment dominated by algal 
material with lesser input fiom terrestrial sources. Maturity analysis of the 3 fluid-inclusion oils 
(Table 3-5) indicates that NV002C has experienced much higher degrees of thermal stress 
relative to the other two samples (NVOOlC and NV003C). This is evidenced by the destruction 
of the steranes and elevated abundances of the extended tricyclic triterpanes in NV002C. 
Estimated reflectance equivalencies for NVOOlC and NV003C are typical for peak generation 
(-0.75-0.8 Ro) whereas that for NV002C would be > 1.0 Ro. 

Maturity related parameters from the GC-MS analyses display significant variation with 
depth. A reversal in apparent maturity is observed for samples at 1555 and 3045 feet (Figure 3- 
14). Although facies variation can complicate the interpretation of these parameters, the 
concomitant shift in all four parameters and the degree of the shift observed can only be 
attributed to differential thermal stress. This implies either an overturned section or the 
occurrence of a thrust fault somewhere between 1555 and 3045 feet. Based on the regional 
geology (i.e. the lack of large scale folding) thrust faulting is the more likely scenario to explain 
the observed maturity reversal in this interval. Further evidence for the thrusting scenario is the 
isotopic data which suggests that a repeat section does not exist. The rocks fiom lower portions 
of the section have just entered the oil window (VReq - 0.6 - 0.7). 

Results of previous studies considered oil within the Pilot Shale to be sourced fkom the 
Chainman Shale, since it was thought that the Pilot Shale was postmature (Pinnel et. al., 1991; 
Hulen et al., 1994). However, the results of Wavrek (1997) and the current study indicate that 
the Pilot shale is the most likely source interval. Differences in the appearances of both the m/z 
191 and 217 traces for the outcrop samples and the fluid-inclusion oils (Figure 3-15) are thought 
to be the results of differential thermal stress and weathering rather than differences in the source 
facies. The high degree of correlation between the oils and extracts fiom the Pilot Shale (Tables 
3-4 and 3-5; Figs. 3-13 and 3-15) suggest that the system was self-sourcing. That is, very little 
migration was required to explain the petroleum system present in the Yankee gold mine. 
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3.6 EVIDENCE OF FLUID FLOW 

Geochemistry 
The permeability of the Pilot Shale is relatively low, and fractures were instnun ental in fluid 

migration and would be critical for production of oil from a reservoir of this e. Measured 
permeability for the Pilot Shale is less than 0.06 mD. (and can be as low as 2x10 mD.), and the 
permeability for the silicified Pilot Shale is 7 ~ 1 0 ' ~  mD. The jasperoid that is present at the base 
of the Pilot Shale has a measured permeability of less than 2x103 mD. Production of gold has 
shown that mineralization is associated with NE, NW and EW trending fracture zones. Late 
Basin and Range normal faults cut the gold mineralization and are therefore younger. The 
association of the Eureka thrust faults with fluid flow is unknown at this time. One possibility is 
that a thermal event that predated thrusting, or the movement of fluids associated with thrusting, 
provided an initial concentration mechanism for the gold. 

9 

To examine the potential of using geochemistry as a proxy for fluid migration gold and 
arsenic data were compiled from the West Crusher pit. If indeed the fractures were important in 
the migration of hydrothemal fluids, we would expect to see an increase in gold and arsenic 
concentrations in heavily fractured regions. The relative amounts of gold and arsenic 
concentrations were also used to determine if faults assisted in the migration of fluids in the Pilot 
Shale. 

Small scale sampling along scanlines, fiom various locations in the West Crusher pit across a 
variety of structures, was used to determine the spatial variability of gold and arsenic 
mineralization. The spacing between the samples was constant through each scanline, but varied 
between scanlines. In addition to the regularly spaced samples, samples were taken from faults 
and filled fractures that intersected the scanline. To determine a correlation between fracturing 
and mineralization, the density of fracturing was measured along the scanlines by counting the 
number of fractures (all sizes) that intersected the tape in a given interval (typically 10 cm). The 
location of faults and lithologic contacts along the scanline were also noted. Six different 
scanlines were sampled for geochemical measurements: 30,31,32,33,34,35 and 41 (Figure 3- 
8). The samples were analyzed for the concentration of gold, arsenic, tin and tungsten. These 
values were plotted against the fracture density to see if there was a correlation between these. 
two values. 

At the north end of the West Crusher pit, there is a large, onion-shaped collapse breccia zone. 
The brecciated zone has an exposure that is over 50 m high and 60 m wide on the pit wall. In the 
third dimension, the brecciated zone extends into the West Crusher pit, as well as the East Saddle 
pit to the north. The brecciated zone has automobile-size clasts and is matrix supported and was 
formed through the dissolution of calcite. 

Scanline 33 is 6.9 meters long and was sampled every 40 cm. There is a correlation between 
fracture intensity and mineralization along this scanline (Figure 3-16). At 2.2 m along the 
scanline, there is a fault; there are also small faults located at 4.20 and 5.20 meters. The fault at 
4.2 m is heavily fractured, almost brecciated, and locally filled with calcite. At 5.20 m, the fault 
has a white gouge (probably calcite) with less fracturing than around the 4.20 m fault. Both of 
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these faults show an increase in mineralization, the first in both gold and arsenic and the second 
in just gold. There is also an increase in mineralization at 2.45-2.50 meters. These samples were 
taken from a zone of weathered, foliated gouge-like material that has increased arsenic and to a 
lesser extent, gold mineralization. 

Many factors contribute to gold and arsenic concentration in the host rock, not just how much 
fluid flows past a given point. These factors include the permeability and porosity of the host 
rock as well as its geochemical characteristics (pH, eH). Our analyses show that gold and 
arsenic mineralization is only a rough indication of the fluid circulation patterns in a region of 
rock. 

Fluid Inclusions 
Fluid inclusions trapped in calcite veins from the West Crusher pit contain a unique record of 

the composition and temperatures of the thermal fluid that have circulated through the fractures 
at this site. Microthermometric measurements and petrographic studies were conducted on the 
inclusions and vein minerals to obtain a better understanding of the evolution of the 
hydrothermal system@) that has developed at this site. Analysis of fltiid inclusions was 
undertaken on oriented vein samples that were collected during fracture mapping (Table 3-7). 
All of the veins appear to be dilational. 

The calcite veins from the West Crusher pit are complex veins that display multiple episodes 
of open space mineralization and dissolution. Four stages of mineralization were recognized, 
although it is likely that this is an oversimplification (Figure 1-17). Stage 1 is characterized by 
the deposition of calcite + realgar. Each of the following stages appears to be have consisted of 
carbonate dissolution followed by an episode of mineralition. Stage 2 is represented by the 
dissolution of realgar and the deposition of orpiment and calcite (Figure 1-18>. The presence of 
orpiment needles in the calcite demonstrate that both arsenic and sulfur were mobilized during 
this episode. In places, small vugs in remnants of the original realgar crystals were partially 
filled with calcite. During stage 3, barite and anhydrite (?) and additional calcite were deposited. 
Stage 4 mineralization is represented by calcite. 

Fluid inclusions were studied in thick polished sections of the vein samples. These samples 
were selected after detailed petrography was conducted on more than several dozen veins. 
Although fluid inclusions were observed in all of the vein samples, we have chosen to focus our 
investigation on veins that contained the largest number of suitable oil-bearing inclusions, 
evidence of multiple periods of calcite deposition, and minerals other than calcite that trapped 
the circulating fluids. 

The temperatures of the phase changes that occurred in the fluid inclusions during heating 
and freezing were measured on a USGS-type Fluid Inc. stage calibrated with synthetic fluid 
inclusions. The temperatures of ice-melting of the aqueous and homogenization of the vapor 
phase to the liquid were determined. Based on replicate measurements, the accuracy of the 
measurements is estimated to be t 0.1OC at temperatures below 0.0"C and t 3.OoC at 374.1OC. 
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Measurements were made on approximately 280 primary and secondary fluid inclusions 
trapped in calcite, barite, aqd anhydrite. Although crystals of realgar also contain fluid 
inclusions, the optical properties of this mineral precluded any measurements. The calcite 
crystals contained both primary and secondary oil and water-rich inclusions. Primary inclusions 
formed during crystal growth and define growth zones in the crystals. Secondary inclusions 
form linear arrays representing healed fkactures. Only secondary inclusions were found in the 
few crystals of barite or anhydrite present in the sections. Secondary inclusions that trapped oil 
yielded the highest temperatures. 

Oil-bearing inclusions consisting of various proportions of oil (1 phase), oil + vapor (2 
phase) and oil + vapor + water (3 phase) were observed in the veins, with all three types 
occurring in some individual growth zones. The association of these inclusions indicates that 
immiscible gas and oil phases were, at times, present in the aqueous fluid during calcite 
deposition. Homogenization temperatures (disappearance of the vapor bubble) were determined 
only on groups of two-phase inclusions with consistent vapor to liquid ratios. These 
temperatures ranged fiom 38' to 146'C (Figure 3-19). It was presumed that these inclusions 
trapped a single phase fluid. 

Water-rich inclusions were found in all samples, but most contained only a single phase 
(liquid) at room temperature, and in some samples (e.g. 183-96, a calcite cemented jasperoid) 
were the only type of inclusion present. Although the lack of a vapor bubble precluded 
microthermometric measurements, the persistence of single phase inclusions suggests trapping at 
temperatures of less than approximately 60'C (Goldstein and Reynolds, 1994). Heating 
measurements made on these 2-phase inclusions ranged fiom 48' to 108'C (Figure 3-2Oa). In 
general, these results are consistent with the low temperatures implied by the presence of the 
single phase inclusions. Salinities of the aqueous phase were more difficult to obtain because the 
vapor bubbles typically disappeared after the inclusions were fiozen and did not renucleate until 
temperatures exceeded O.O°C or, they failed to renucleate after heating to their homogenization 
temperature. Behavior of this type is typical of low salinity waters. Consequently, the majority 
of the salinity determinations were performed on inclusions that had leaked and contained a large 
vapor bubble at room temperature. The apparent salinities of these inclusions ranged fiom 0.0 
to 1.9 weight percent NaCl equivalent although most had salinities that were less than 0.2 
(Figure 3-2Ob). 

The relationship between temperature and mineral paragenesis is illustrated in Figure 3-21. 
We emphasize that these temperatures represent the minimum trapping temperatures since the 
depth at the time of trapping and therefore the pressure corrections have not yet been established. 
However, there is no mineralogic or other evidence indicating that temperatures ever greatly 
exceeded the values we obtained. Indeed, the compositions of the trapped oils strongly supports 
the conclusion that oil generation occurred at these moderate temperatures. Comparison of 
Figures 3-19 and 3-21 show that the maximum temperatures were recorded by secondary oil- 
bearing inclusions. Primary inclusions deposited during stage 1 have lower temperatures, and 
there is no indication fiom our petrographic reconnaissance work or microthermometric 
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' measurements that temperatures higher than approximately 15OoC were ever obtained during 
calcite deposition. This suggests that the secondary inclusions may have represented a short 
lived pulse of moderate-temperature fluids. The maximum temperatures associated with the 
deposition of orpiment (stage 2) is close to 103°C. The salinity measurements discussed above 
were obtained mainly on primary inclusions in stage 2 calcite, and suggest that orpiment + 
calcite were deposited by relatively low-salinity waters. Stage 3 and subsequent stages are poorly 
defined. Only 1 inclusion could be assigned to stage 3 and this secondary inclusion in barite 
yielded a temperature of 83°C. Taken together, the fluid-inclusion data suggest that the 
formation of sulphide (realgar and orpiment) and sulphate minerals (barite, anhydrite) is part of 
the same mineralizing event and that this event occurred over a relatively narrow temperature 
range of slightly less than 100°C to approximately 150°C. The deposition of calcite, however, 
continued to at least 50°C. 

The data obtained in this study compare favorably to those obtained on aqueous and oil- 
bearing inclusions by Hulen et al. (1994) at the Yankee Mine. They reported that fluid 
inclusions trapped in calcite and barite recorded homogenization temperatures ranging from 50" 
to 150" and concluded, based on mineral textures and stratigraphic reconstructions by Ilchik et 
al. (1986), that these temperatures were probably within 10°C of the true trapping temperatures. 
Salinities of the inclusion fluids ranged firom 2.9-3.6 and 0.0-0.5 weight percent NaCl equivalent. 
The high salinity fluids were interpreted as connate waters derived fiom seawater whereas the 
lower salinity fluids were considered to be modified meteoric waters. Deep circulation of the 
hydrothermal fluids was believed to be enhanced by dissolution of carbonates by carbonic and 
organic acids. The presence of only 'single-phase inclusions in the collapse breccia from the 
West Crusher pit indicate that this process continued to relatively low temperatures. 

3.7 SUMMARY OF FRACTURZNG AND FLUID FLOW HISTORY 

Data from field mapping, geochemical and fluid inclusion studies suggest the following 
sequence of events has affected the Alligator Ridge area. The oldest structural event was thrust 
faulting associated with the Cretaceous Eureka fold and thrust belt. Evidence from organic 
geochemical studies suggests that this was the highest temperature event to affect these rocks. 
The evidence suggests that a thermal event occurred either before or was synchronous with the 
thrusting. This thermal event generated oil within the Pilot Shale. Fluid inclusion data would 
suggest that it took place at temperatures up to 150" C. In addition, this event resulted in both 
carbonate dissolution and precipitation and probably had an as yet undefined influence on gold 
mineralization. This event is remarkable in that it emplaced these higher thermal maturity rocks 
over rocks that are just approaching the oil window. 

The next structural event produced high-angle faults along NW, NE and EW zones. Detailed 
mapping suggests that these faults were formed synchronously. Field work shows that most are 
normal, but there are kinematic indications of strike-slip movement. As will be discussed in a 
subsequent section, the geometry of the fault pattern also suggests a strike-slip origin. This 
faulting may have been associated with the end of the Eureka folding and thnrsting and then have 
been modified by normal faulting at the start of the subsequent extensional episode. Fluid- 
inclusion data suggests that temperatures were declining at this time. We tentatively suggest a 
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pre-Oligocene age based on the age of the volcanic rocks that are younger than these structures. 
During and perhaps following this event, the main period of gold concentration took place. In 
addition, there was extensive remobilization of oil within the Pilot Shale. Samples show that the 
fluid flow history was complex. There were multiple episodes of carbonate dissolution and 
precipitation and movement of oil, oil + water and water without oil. This is the period that will 
be modeled as our analog reservoir in subsequent sections of this report. The reservoir we are 
modeling is similar to the self-sources fractured shale reservoirs that have been reviewed by 
Claypool (1998). 

The final structural event to influence these rocks was Basin and Range normal faulting. 
This event is younger than the gold mineralization. However, it is clear that carbonate was being 
dissolved and precipitated and that oil also continued to move within the system. However, as in 
the previous structural episodes, some individual pulses of activity involved oil while others, 
only show evidence of water moving within the system. Again, temperatures continued to 
decline during this period. 
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Table 3-1. Information for Potential Source Rock Samples and Inclusion Oils. 

Deterrnlned Geochemlcally 



* Table 3-2. Bulk Chemical Properties for Yankee Gold Mine Samples. 

HI= jOO'S2 Tmax dala not reliable due to low kerogen 52 value 
TOC 

PI= _sL 
01= IOO*S3 SI+S2 

TOC 
RCI = jO'fSI+Sa 



Table 3-3. GC-FID Data for Rocks and Inclusion Oils. 



Y 
t3 
0 

H = Hopane 
t =  

GA = 
BNH = 

dH = 
NH = 
Tr = 
X =  

Table 3-4. Molecular Parameters Related to Facies Variation. 

Tetracyclic Index = C24T Sterane Index = Aries 
Steranes t C29..C33H 

Sterane conc. = 
5p Cholane 

Trlcycllc C26t (R&S) 
Gammacerane 
29,30 Blsnorhopane GA index = Gammacerane 
Dlahopane C30H 
Norhopane 
Present In Trace amounts 
Not lntergrated due to lnterferen 
from extended trlcycllc terpanes 

Trlcycllc index = C19t t mot 
C19t+C20t+C23t+C24 t 

Phen = Phenanthrene 
MA = Monoaromatoc Sternaes 



Table 3-5. Molecular Parameters Used in the Maturity Analysis. 

. 0.11 

0.56 
0.55 

0.08 

H =  
t =  

BNH = 
dH = 
NH = 
Tr = 
X =  

hopane 
Tricyclic terpane 
29,30 Blsnorhopane 
Dlahopane 
Norhopane 
Present In Trace amounts 
Not Intergrated due to interference 
from extended tricyclic terpanes 

0.65 I 0.45 I 0.48 I 0.61 I 0.55 I 0.64 I 2.89 I 0.43 
0.25 I 0.83 I 0.48 I 0.44 I 0.48 I 0.50 I 1.28 I 0.15 

LMH = C20 & C21 Trlaromatlc Steranes 
HMW = C26..C28 Trlaromatlc Steranes 
Phen = Phenanthrene 
DBT = Dibenzothlphene 

MDR = 

MPI-I 

MPQF = 

Methyldlbenzothlophene ratlo 
(4-MDBT) I (1-DMDBT) 

Methylphenanthrene index-I 
1.5*(2-MP+3MP)/(P+l MP+9MP) 

Methyfphenanthrene Distrlbullon Facto 
(2MP+3MP)/(2MP+3MP+l MPtSMP) 

c 



Table 3-6. Peak Identifications for GC-MS data (Figure 3- 16) of Nevada rocks and 
fluid inclusion oils. 

Peak # Compound Identification Peak# Compound Identification (Steranes) 
(Terpanes) 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 

C19 Tricyclic Terpane 
C20 Tricyclic Terpane 
C2l Tricyclic Terpane 
C22 Tricyclic Terpane 
c23 Tricyclic Terpane 
C24 Tricyclic Terpane 
CZS Tricyclic Terpane (S&R) 
C24 Tetracyclic Terpane 
c 2 6  Tricyclic Terpane (S&R) 
Ts 
Tm 
C29 Norhopane 

C30 Diahopane 
C30 Hopane 
C30 Moretane 
C31 Hopanes (S&R) 
Gammacerane . 
C32 Hopanes (S&R 
C33 Hopanes (S&R 
C34 Hopanes (S&R 
C35 Hopanes (S&R 

c29 Ts 

23 
24 
25 
26 
27 
28 
29 
30 
31 
32 

C27 pa Rearranged Sterane 20s 
C27 pa Rearranged Sterane 20R 
C27 aaa Sterane 20s 
C27 aaa Sterane 20R 
c28 aaa Sterane 20s 
c28 aaa Sterane20R 
C29 aaa Sterane 20s 
C29 aPP Sterane 20R 
C29 aPP Sterane 20s 
C29 aaa Sterane 20R 



Table 3.7. Orientation of veins sampled for fluid-inclusion measurements. 

Sample Location 
85-96 
185-96 
190-96 
193-96 
194-96 
195-96 
291-96 

Strike (degrees) Dip 
320 03 

285 87 
287 84 
275 73 
289 84(CHECK) 
248 57 

not oriented 
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Figure 3-1. Map showing location of gold mine, exploration wells and seismic lines in 
the Alligator Ridge - Buck Mountain area. 

2 3 A  



3-25 



A' Cross Section 
A 0 2 

I I 

m fi 0 * 2  
7000 
6ow 
5030 
4m 

1Mo 

cmo 
loo0 sm, 
0 

-1WU 
-2ooo -0 
-3wo 

-1DOD 

0 

-5oQI -15Do 
-6wo 
-mOO -2m 

-2500 -8ooo 
-9(roo 

-3m 

Figure 3-3a. A-A' cross section of Fipre 3-2. 

Partially Restored Section A' 
0 2 
I I 

0 * 2  m 

I I I ~ ~~~ 

Figure 3-3b. A-A' partially restored section of Fi,we 3-2. 

I A  Restored Section 

Figure 3-3c. A-A' fully restored section of F i p e  3-2. 
DLN98.056 

3-26 



B 0 

Cross Section 
2 

m 

.... 

5w)LG 

I I 
Figure 3-4a B-B' cross section of Figure 3-2. 

Partially Restored Section B' 

Figure 3-4b. B-B partially restored section of Figure 3-2. 
, .  

IB 
Restored Section B' 

Figure 3 - 4 ~ .  Fully restored B-B' cross section of Figure 3-2. 
DLN98.057 

3-27 



Cross Section C' 

, 
Figure 3-5a C-C cross section of Figure 3-2. 

I 

m 

Partially Restored Section 
C' 

0 2 
I 1 

m e o - 2  
9ooo 
8ooo 
7 M O  

So00 

too0 #Do 
2Ka 
IOW SO0 
0 

tOM 

bmo 2004 

4000 1 3 0  

-1mO 

-3000 

-15w -soM) 
-Mm 
-7m -2000 

-2501 -8ooo 

0 

-m 300 

-4000 -m 

Figure 3-31. Partially restored C-C cross section of Figure 3-2. 

C Restored Section C' 

I I 
Figure 3-5c. Fully restored C-C cross section of Figure 3-2. 

3-28 



6251 
4395640 N 

Figure 3-6. Fault traces of the Alligator Ridge area compiled from mining 
company maps and Hulen and Nielson (unpublished). 
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Figure 3-7. Map showing the locations of open pit gold mines in the Yankee District. Geology is based on 
mapping that was completed prior to the construction of the West Crusher pit. Two of the Pioneer Oil and 
Gas exploration wells are located just outside of the map region. 
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Figure 3-8. Topographic map of the West Crusher mine showing the location of scanline. 
Elevations are in feet above sea level. 
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Figure 3-9. Rose diagram of the fracture stikes measured in the West Crusher 
pit. Number of fractures = 1177. Main set of fractures strike north west. Other 
predominant sets are the east and the north east stxiking. 
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Figure 3-10. Stereogram of fracture orientations measured in the West 
Crusher pit. Fractures were contoured using the Kamb method, with a 
confindence interval of 2.0. Total number of fractures is 1177. 
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Figure 3-19. Homogenization temperature of oil-bearing fluid inclusion fom the West Crusher Mine. 
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Figure 3-20. Homogenization temperature and salinity for water-rich fluid inclusion 
from the West Crusher mine. 
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4.0 Building Synthetic FauWFracture Networks 

Fault trace network patterns are inferred, in producing reservoirs, from integrated analysis of 
seismic survey data, drilling results, geological inference and production response data. Detailed 
fracture patterns must often be inferred from limited drill core, geophysical logs and the results 
of in situ drillstem tests. In this outcrop analog study both faults and fiactures are mapped at the 
ground surface. In preparing to build synthetic faultEacture networks it is important to briefly 
review concepts of fault zone architecture and related fracturing derived from previous outcrop 
studies. 

4.1 CHARACTERISTICS OF FAULTFRACTURE NETWORKS 

In subsequent sections we outline how synthetic fault and fiacture networks are constructed 
and cohtrained by data obtained fiom the outcrop analog. Building a network of faults requires 
several definitions. For example, faults that form barriers that influence petroleum production 
are often ‘sub-seismic’, meaning that the faults cannot be detected in seismic survey data. By 
extension it is reasonable to assume that the fluid flow effect of faults detected in seismic surveys 
may extend along strike for some ill-defined distance. This concept is illustrated using the 
schematic of a simple normal fault shown in Figure 4-1. Here, only the central portion of the 
fault has suffered sufficient displacement to be detected in seismic survey data. Because faults 
are mapped at the ground surface in this project it is reasonable to assume that the mapped length 
is approximately equal to the effective length. 

Once the effective trace length of faults is established it becomes necessary to identify 
characteristic patterns in the fault network. For example, defining primary orientations for 
clearly defined fault sets yields an important characteristic that reflects the varying stress regimes 
that caused the faults to form. In addition, younger faults mapped at the regional scale in outcrop 
may terminate against older faults without appearing to displace or cut through the older faults 
(Figure 4-2a). At the coarse regional scale, however, it is also possible that some younger faults 
will appear to cut across older faults without showing obvious cross-cutting relationships (Figure 
4-2b). Analyzing mapped fault networks provides a basis for defining the most probable fault set . 
orientations and for developing empirical rules for fault terminations that include estimates of the 
probability that younger faults will terminate against, rather than cut across, older faults. Figure ’ 
4-3 illustrates several possible distributions of fault trace length that might be used to create a 
synthetic fault network model. Again, field-based analysis of characteristic fault network 
patterns helps to assess which rules should be used when building a fault network model. 

Once rules are established for creating synthetic fault networks we assess the internal 
variability in the physical properties of each fault type that control the fluid flow properties of the 
faults. As a first step we have adopted a simple definition that involves mapping the distribution 
of two primary fault zone component types within a fault zone architecture (Caine et al., 1996); 
the fault core and the damage zone (Figure 4-4). The geometry and intensity of fracturing 
associated with each component type yields characteristic permeability heterogeneity and 
anisotropy within each component. Field-based observations and permeability data obtained 
fiom fault rocks (Chester and Logan, 1986; MOKOW et al., 1981; Forster and Evans, 1990; 
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Antonellini and Aydin, 1994; McGrath and Davison, 1995; Caine et al., 1996; Evans et al., 1997; 
Seront et al., 1998) suggest that the distinctive internal structure, external geometry and 
composition of each component type plays an important role in controlling the patterns and rates 
of fluid flow within and around fault zones. 

A fault core (Figure 4-4) is the component where comminution, fluid flow, geochemical. 
reaction and other fault-related processes play a primary role in altering the physical and 
chemical properties of the original udaulted rock (protolith). For example, progressive grain- 
size reduction, chemical reaction and mineral precipitation within the fault zone can cause the 
core to have reduced permeability relative to that of the adjacent damage zone and protolith. The 
effects of dissolution and brecciation within the core can also lead to a fault core that is more 
permeable than the surrounding rock. 

Damage zones are the networks of subsidiary structures (small faults, veins, fractures, 
cleavage and folds) that are interleaved with the fault core. These complex structures result from 
the growth and linkage of fracture networks distributed within a fault zone that accompany 
episodic deformation. Composed of both open and filled fractures, damage zones yield a 
heterogeneous and anisotropic permeability structure (Bruhn et al., 1994). In brittle crystalline 
rocks damage zones often contain networks of open fractures that yield enhanced permeability 
relative to the both the fault core and the protolith. Damage zone fiactures developed in 
sandstone, however, may be expressed as networks of low permeability deformation bands. 

Characteristic end members that bracket the range of possible fault zone architectural types 
. are shown in Figure 4-5. These are highly idealized representations of the complex structures 
associated with most faults. In adopting a simplified two-component model for fault zone 
architecture (Figures 4-4 and 4-5) it must be recognized that a single fault zone may contain a 
wide range of architectural types. In addition, it is important to recognize that the architecture of 
a fault zone changes through time. As a consequence the permeability structure of a fault can 
change both spatially and temporally during and following fault evolution. 

Fault zone permeability structures that might be associated with the fault zone architectural 
types of Figure 4-5 are shown in Figure 4-6. Here we have attempted to show that fluid flow 
barriers, conduits and composite conduit-barrier systems associated with characteristic fault zone 
architectures might be found within individual faults. 

Figure 4-7 is an idealized representation of three-dimensional fracture patterns that might be 
associated with the four end-member architectural types shown in Figure 4-6. Caine and Forster 
(in press) explain how these network models are constructed and how the different fracture 
networks can lead to a variety of fault zone permeability structures. If the fracture networks of 
Figure 4-7 are formed in sandstone then each fracture might represent a single low permeability 
deformation band. Note that the localized and composite deformation zones each contain a 
central fault core represented by a network of closely-spaced, relatively small fractures. This 
network of deformation bands would lead to the composite barrier permeability structure shown 
in the lower lefthand comer of Figure 4-7. In lower permeability rocks, elevated pore pressures 
can lead to open, permeable fractures that might later be filled with mineralization. The open 
fracture network combined with a localized zone of comminution leads to a composite conduit- 
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barrier system similar to that shown on the righthand side of Figure 4-7. A lower permeability 
fault core is simulated by assigning relatively small values of fracture aperture within the fault 
core. 

It is commonly found that fracture intensity decreases with increasing distance fiom a fault 
zone. The specific pattern of fixture intensity within and near a fault, however, depends upon a 
variety of factors including fault type, protolithology and displacement magnitude. For example, 
Caine et al. (1996) and Seront et al. (1998) suggest that fracture intensities associated with a 
crustal-scale normal fault at Dixie Valley, Nevada exhibit a sharp increase in the intensity of 
macro fractures when moving from core to damage zone (Figure 4-8). A much more gradual 
decrease in macro fracture intensity, however, is associated with the transition fkom the highly 
fractured damage zone to the less fractured protolith (Figure 4-8). A fault core is included in 
Figure 4-8 because it represents one half of the composite deformation zone (Figure 4-5) 
.identified at outcrops of the Dixie Valley fault. Faults comprised of distributed deformation 
zones (Figure 4-5), however, do not include a fault core and likely exhibit only a monotonic 
decrease in fracture intensity from within the damage zone to the lower, background level of 
more uniform fracture intensity found in the protolith. Determining the variations in hcture 
intensities, orientations and fluid flow properties within fault zones and the surrounding protolith 
forms an important step in estimating variations in faultlfiacture-related permeability in 
petroleum reservoirs. 

4.2 FAULT NETWORK MODELING 
Analvsis of Fault Trace Data 

The fault map shown in Figure 4-9 is a reformatted version of the accumulated work of 
mining company geologists combined with mapping by Nielson and Hulen (unpublished) in the 
Alligator Ridge District (Figure 3-6). A portion of this map is also shown in Figure 3-7 to 
illustrate the locations of open pit gold mines. The data set was not collected with fault size data 
analysis mind and there is considerable cover in the area that complicates our ability to make 
strong quantitative inferences from the data. The fault trace map, however, provides the primary 
constraint used in visually testing how well synthetic fault trace networks mimic the field data. 
In addition, a simple size analysis of the fault map helps to test possible relationships between 
scales (i.e., from the mine to regional scales that represent interwell to reservoir scales). 

Before analyzing the 1:24,000 map (Figure 4-9) the digitized fault segment data are 
converted into total fault length data. This is done with a simple computer code (growf2d) 
written by Paul La Pointe at Golder Associates. In this program two faults are joined to form a 
single fault trace if the segments endpoints are within a certain distance (0.5 m) and the angular 
difference between the two segments is less than a certain value (10'). 

Three primary fault sets are identified in the 1:24,000 fault trace map of Figure 4-9. 
Relative to true north, the fault sets have orientations of 160°, ZOO, and 90' (Figure 4-10). Fault 
set orientations vary approximately 5' about the mean orientations. Note that there are some 
clear similarities between orientations of the primary fault sets (Figure 4-loa) and the primary 
fracture sets mapped in the West Crusher open pit (Figure 4-lob). 
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Sorting the faults by length to create a log-log plot of rank (cumulative number) vs. length 
(Figure 4-11) enables us to estimate the fractal dimension of the fault trace data set. Between 
distances of 0.5 and 1 km the curve can be fit with a line of slope (fractal dimension) of 2.1. The 
flattening of the curve at smaller sizes (Figure 4-1 1) can be explained by a minimum size cutoff 
(not all faults less than 0.5 km long were mapped) and the rollover at larger fault sizes can be 
explained by truncation of large faults against the map boundaries. The fractal dimension of 2.1 
corresponds well with the fractal dimensions (2.1 to 2.4) found for fracture data collected from 
the West Crusher open pit mine. This result supports the hypothesis that fractures mapped in the 
mine are shear fractures with similar size distributions and orientations as the fault traces. In 
other words, the same process has likely caused the observed geometric similarities in both faults 
and fractures over a size range of at least 3 orders of magnitude (from 1 m to 1 km). 

Building Svnthetic Fault Trace Networks 
Fault networks are modeled within the analog reservoir using a stochastic growth model 

based on that of our team member Kevin. The stochastic approach uses our physical 
understanding of the geological processes that form the fault system to help build plausible 
stochastic models of synthetic fault trace networks. The physically-based stochastic growth 
model differs from standard stochastic models (such as Gaussian processes) because it is defined 
by growth rules encoded in a computer algorithm. In this case we use geomechanical theory and 
field observations to define rules that approximately describe patterns of fault growth. Although 
this is not an explicit mechanical modeling approach, we are able to include ‘soft’ information 
that preserves some elements of physical reality that are not normally maintained in statistically- 
derived models of fault networks. The ‘soft’ information includes empirical rules for fault 
growth within the stochastic model that are based on physical principles for rock fiacture growth 
and the observations of fault architecture and network patterns discussed in the previous section. 

The first step in building a stochastic fault trace model entails defining a plausible initial 
distribution of ‘starter’ fault traces associated with each fault set that will ultimately grow to 
form the final fault trace network. Several characteristics of the starter faults must be defined; 
fault trace length distributions, variability in fault trace orientations and fault spacing. Although 
constant length, normal and lognormal distributions (Figure 4-3) were each evaluated for 
describing the variation in fault trace length in the initial model, a simple normal length. 
distribution model provides reasonable results for the Alligator Ridge reservoir analog. An 
angular dispersion of plus or mina 10’ is fixed for each fault set to mimic the overall orientation’ 
dispersion inferred from the observed fault traces. Fault spacing associated with each set is 
adjusted iteratively during the modeling process to produce a final trace map visually consistent 
with the original fault trace map of Figure 4.9. The primary orientations of fault sets included in 
the initial fault trace model reflect our understanding that the region has undergone several 
phases of regional-scale deformation that include- periods of compression and periods of 
extension (Figure 4-12). 

The fault growth model is based on the mechanics of fiacture in a homogeneous, isotropic 
elastic material under plane strain loading (Lawn and Wilshaw, 1975). Empirical rules include 
the following: 
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1. fault tips propagate in the original orientations defined by the starter faults 
2. no new fault traces are added to the model domain except where two faults in close 

proximity are best joined by a relay fault 
3. the order of growth is defined for each set 
4. the shortest fault trace in a pair of intersecting faults is assigned a probability that the 

shorter fault will either truncate against or cut across the longer fault (see Figure 4-2) 
5. fault growth options include; linear growth, power law growth, exponential law 

growth, and a local stress growth model 
6. fault traces are removed from the model where Strain energy considerations suggest 

that only one fault is physically plausible 
7. fault growth OCCUTS equally with one halfthe total growth increment assigned at each 

fault, except when one fault tip terminates against another fault (in this case the non- 
terminating tip still grows at one halfthe total computed growth increment) 

Each of the growth rules is based on previous modeling experience, an understanding of rock 
failure and the character of fault networks mapped in the field. 

The consequences of applying several dBerent 'starter' fault trace length distributions and 
growth rules are shown in Figure 4-13 for a 11 by 11 km regional-scale model domain. Our 
approach to visually conditioning the fault trace models is shown in Figure 4-14 by 
superimposing the mapped fault trace network of Figure 4-9 (lower left hand corner of Figure 4- 
13) on each of the synthetic fault networks. The power law and local stress growth models 
(Figure 4-13) are the most successful at yielding the character of the mapped fault trace network. 
Note that in superimposing the two maps, the intersection and proximity rules used to construct 
the synthetic fault map are used to eliminate modeled faults where mapped faults are inserted. 
Applying this approach in a producing reservoir would enable the well-defined faults to be 
preserved at their correct locations in the final fault network model. The permeability structure 
of each fault trace is estimated using a discrete fracture modeling approach to permeability 
upscaling outlined in the next section. 

Figure 4-14 shows the synthetic fault trace network derived for the study area and 
incorporated in subsequent reservoir simulations. A normal distribution of fault trace lengths is 
used for the starter traces. The order of fault growth is Set 1 (160°), Set 2 (20") and Set 3 (90"). 
The local stress approach is' used to compute fault trace growth in four sequential growth 
iterations. 

* 

4.3 FRACTURE NETWORK MODELING 

Discrete Feature Network (DFN) models are created using FracManm s o h a r e  (Dershowitz 
et al., 1996) and the results of the detailed fracture analysis outlined in the next section. 
Developed by Golder Associates, Inc., FracManm provides an environment for modeling the 
geometry of discrete fracture networks using both statistical and pattern-based algorithms. 
Building a fiacture network model requires the following information for each fracture set: 

- mean fracture orientation and the dispersion of hcture orientation - mean fracture density and spacing 
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- 
- fracture termination percent (connectivity) - 

mean, standard deviation and probability distribution function for fracture size 

estimates of hcture aperture and transmissivity 

This information is obtained from the detailed analysis of the fracture data collected from 
outcrop. 

Analysis of Fracture Data 
Fracture data obtained from the West Crusher pit are analyzed to develop the input 

parameters required for building 3-D fracture network models at the scale of reservoir simulator 
grid blocks (-10s of meters). Information available for model input includes: orientations of 
each fracture set, fracture size (trace length) distributions, variability in fracture intensity and 
connectivity between fractures. The lack of in situ hydraulic testing data within the reservoir 
analog precludes obtaining reasonable estimates of fracture aperture from field-based data. 

Orientation Sets 
Fracture analysis begins by dividing the fracture data into sets. Examining a stereonet plot of 

the poles of all fractures mapped in the West Crusher Pit (Figure 4-1 5 )  suggests that the fractures 
can be divided into 4 fracture sets: NW trending (NE poles), WE trending (N poles), NE trending 
(NW poles), and horizontal fiactures (HZ - with vertical poles). Using the ISIS (interactive set 
identification) algorithm of FracManTM, each of these mean pole orientations were input and 
fractures assigned to Fisher distributed orientation sets (Figure 4-16). Each orientation set was 
fit with very good (>SO%) confidence levels and only 46 fiactures were left unassigned. These 
results, shown in Table 4-1, are considered very reliable, and provide a firm foundation to base 
the geologic analysis. Primary fault trace orientations, expressed as pole trend, are 70' (NE 
trending traces), 110' (NW trending traces) and 180' (WE trending traces). Thus, with the 
exception of the horizontal (HZ) fractures mapped in the West Crusher Pit, fracture set 
orientations are essentially the same as fault set orientations. 

Fracture Size in the West Crusher Pit 
FracSizeTM is a FracManTM module which employs a forward modeling algorithm to develop 

a fracture radius distribution model from fracture trace length data collected in the West Crusher 
Pit. The fits between the data and the model are quantified by two significance measures in 
FracSysTM. The Kolmorov-Smirnov statistic is the largest absolute difference in cumulative 
distribution (CDF) values between simulated and measured CDFs. The Chi-squared statistic is 
the weighted average difference between counts of observations in histogram probability 
distribution functions (PDF) for simulated and measured PDFs. Both statistics can be 
transformed to give the percent significance; the probability that the observed mean and standard 
deviation could be determine given that the actaul mean and standard deviation were the values 
used to produce the simulated data. Exponential, lognormal, aqd power-law radius distributions 
were tested on the West Crusher Pit data. The best fits (shown in Table 4-2) were obtained with 
power-law distributions with fractal dimensions (D) of 2.4 (NE trending set), 2.3 (WE trending 
set), 2.1 (NW trending set) and 2.1 (HZ set). Obtaining decent fits with lognormal distributions, 
which are commonly used to describe fracture radii, required that the standard deviations be 
larger than the means: an unrealistic requirement (E3. Dershowitz, pers. comm.). 

4-6 



The power law distributions shown in Table 4-2 suggest that the HZ and NW sets have 
relatively more large fractures than small fractures compared to the NE and WE sets. 
Geologically this would make sense if the NW and HZ fractures are the oldest and the WE and 
NW fractures terminate on the older sets 

I -D and 3-0 Fracture Intensity 
Estimating the distribution of fracture intensity as a function of position within the analog 

reservoir forms a critical step in developing a continuum-based permeability structure. As will 
be shown, the field-based data suggest that fracture intensity varies as a function of proximity to 
the faults mapped at the reservoir scale. Because fiacture data are collected from 1-D scan lines, 
it is necessary to compute a 1-D fracture intensity as the number of fractures per meter of scan 
(Plo) before computing the 3-D volumetric fracture intensity (P32). 

A Terzaghi correction must first be made to the fracture data set before computing average 1- 
D fracture intensities for each fracture set. The Terzaghi method corrects the bias that results 
when the intersection angle between a scan line and fracture set orientation is small and the 
probability of intersection is low. Once the data are corrected the number of fractures per meter 
of scan (Plo) are calculated for each fracture set (Table 4-3). 

Forward modeling to create a series of discrete hcture network (DFN) models in FracMaP 
is used to calculate 3-D (volumetric) fracture intensity from values of 1-D fracture intensity. 
First, a set of DFN models are created using the orientation and size distributions obtained for 
each fracture set. In each case fractures with radii down to 0.5 m are generated. Once each DFN 
model is constructed it is sampled using the exact geometry of five of the West Crusher Pit data 
scans (Figure 3-8) to determine a synthetic 1-D fracture intensity (Plo). By incrementing the 
volumetric fracture intensity in each DFN model (P32), a linear relation between Plo and P32 is 
determined for each fracture set. A typical DFN model created with FracManm is shown in 
Figure 4-17 for two levels of fracture intensity; 100% (full intensity) and 10% (one tenth 
intensity). 

Interpreting the results obtained for the horizontal fracture set (HZ) is complicated by the fact 
that different Plo - P32 relationships are obtained depending upon whether vertical or horizontal 
1-D scan line data are used. In the 11 m of measured vertical scam, 19 horizontal fractures were 
observed. This yields a Plo fracture intensity of 1.72 m-'. In contrast, 10 horizontal hctures 
were observed in the 497 m of horizontal scans. This yields a Plo fracture intensity of only 0.02 
m-'. Although it is expected that vertical scans will intersect many more horizontal fractures 
aan horizontal scans, the factor of 71 is very large. Forward modeling of vertical scans and 
horizontal fractures implies a P32 of near 1 .O m-', while the forward modeling of horizontal scans 
and horizontal fractures implies a P32 of less than 0.1 m-'. We assume that the data from vertical 
scans returns the correct fracture intensity for the horizontal fractures, thus a P32 of 1.0 rn-' is 
used for modeling the horizontal fracture set. 

When establishing fracture intensities for modeling purposes, a minimum fracture size must 
be specified. Although the field data were collected with a minimum trace length cutoff of 0.5 
my it will not be necessary (or possible) to include the large number of fractures less than 1.5 m 
in a fluid flow simulation. Therefore, representative fracture intensities for each fracture set 
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were also calculated for minimum fracture radii of 1 .O m and 1.5 rn (right two columns of Table 
4-3). 

Fracture Intensity and Faults 
The preceding analysis ignored any reservoir-scale spatial patterns in fracture intensity. 

Thus, intensity values reported in Table 4-3 represent average values of hcture intensity. Field- 
based mapping of fracture networks and the clear association of mineable gold deposits with 
faults (Figure 3-7) suggests that bulk permeability is enhanced near faults. As a consequence we 
developed a ‘proximity’ function that describes, on average how fracture intensity, thence bulk 
permeability, might vary with distance away fiom the synthetic fault network shown in Figure 4- 
14. 

Two faults are exposed in the West Crusher Pit; a northwest trending fault which roughly 
bisects the pit and a northeast-trending fault which terminates against the NW fault. Fracture 
data collected along scan lines that intersect the faults yield fracture intensity values as a function 
of distance away from the inferred center point of each fault. Figures 4-18 and 4-19 show the 
pattern of total hcture intensity mapped at each fault. 

The increase in fracture intensity noted in the NW trending fault is modeled in two ways on 
Figure 4-18; as an average (assymetric) intensity taken in 30 m steps (dashed line) and as a 
symmetric average taken in 30 m steps (i.e. intensities fiom -60 to -30 and 30 to 60 m were 
averaged). The reasonable fit of the 30 m average model to the field data suggests that using 30 
m blocks near the fault will provide sufficient detail to model the fault-related increase in 
fracture intensity. Additional fracture mapping at locations away fiom primary fault zones 
indicates that the ‘background’ fracture intensity remains relatively high. Although‘ the 
proximity function obtained for the other, NE-trending fault (Figure 4-19) differs fiom that 
obtained for the NW-trending fault (Figure 4-18), only one proximity function is used in 
estimating bulk permeability values. The stepwise variation in fiacture intensity shown in Table 
4-4 is used to estimate the influence of the synthetic fault trace networks (Figure 4-14) on 
reservoir-scale variations in bulk permeability. Fracture intensities contributed by each fault 
trace are summed at fault intersections to produce enhanced model permeability values where 
gold mines are typically located (Figure 3-7 and 4-9). . . 

Reviewing the fracture data suggests all intensity values are similarly enhanced near the NW 
This result supports the inference that the near-vertical trending fault for all fracture sets. 

fracture sets were created by the same mix of shear episodes 

Fracture Connectvity 
The connectivity of fkactures within each fracture set is an important parameter to consider 

when constructing a three-dimensional fiacture model. It is the connectivity of the fractures that 
determines, along with other characteristics, which fractures will be instrumental to fluid 
migration in the fiacture network. Connectivity of fractures can be measured to a certain 
approximation in the field. The field data collected indicates which fiactures terminate into other 
fractures and which do not. However, it is often impossible to see the termination of each 
fracture measured in the field due to censoring of the data set. Many fiacture terminations are 
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concealed from view. Also, when measuring fracture traces, we are looking at a two- 
dimensional trace of a three-dimensional plane. Thus, although the fracture may not appear to 
connect to other fractures, it is possible that it does so outside of our plane of view. 

Fmnn = # terminated hctures  / total # of fractures 

Fracture connectivity, FcOnn, is calculated by dividing the number of fi-actures that terminate 
into other fractures by the total number of visible fracture terminations (Table 4-5). FracManTM 
requires estimates of fracture connectivity (called termination percentage) to determine the 
probability that a given fracture will terminate whenit intersects another fracture when creating 
discrete fiacture network models. 

Building; Synthetic Fracture Networks 
A geological conceptual model of the West Crusher pit is combined with the results of the 

fracture analysis to build a series of discrete fracture network models using FracManTM. The 
geological model incorporates clues derived from both the geological interpretation and the 
fracture analysis. The following aspects are noted 

1. Fracture orientations appear similar from the mine scale to the fault map scale 
2. The distribution of trace lengths is similar for both fractures and faults 
3. Comminuted fault core rocks are not observed within the pit 
4. Total fracture intensity increases as the NW trending fault is approached 
5 .  Fracture intensities associated with each fracture set increase by approximately the 

same amount as the NW trending fault is approached 
6. Termination percentages are similar for all fracture sets except the horizontal set 

A plausible structural interpretation suggests that the West Crusher pit is located w i t h  a diffUse 
NNW-trending, left-lateral shear zone. In this scenario, the origin of the three primary fracture 
sets might be explained as follows: 

1. NW-trending fractures are primary shear Surfaces and synthetic Riedel shear fiactures, 
2. WE-trending fractures are antithetic Riedel shear fractures, and 
3.  NE-trending fractures (perpendicular to the assumed principal stress direction) are 

related to stress release once shear ceased. 

Table 4-6 summarizes the angular relationships between each fracture set that are implied by'this 
hypothesis. Although this result implies Mesozoic WNW compression to product oblique left- 
lateral shear, we are unaware of other evidence for this particular stress state (Jim Evans, pers. 
comm., 1998). 
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The geologic conceptual model outlined above suggests that fractures be added to the 
discrete fracture models in the following order: 

1. Horizontal 
2. NW-trending 
3. WE-trending 
4. NE-trending 

This sequence of adding fractures will produce a 3-D fracture model with later fractures 
terminating against earlier fiactures. This approach seems most consistent with the general order 
of fiacture development inferred from the field data. The typical DFN model shown in Figure 4- 
17 is based on the characteristics outlined above. 

Because in situ well testing data are unavailable for the exhumed reservoir, fiacture apertures 
are assigned using a simple relationship between fracture size (R)  and fracture aperture (e) 
suggested by Brown and Bruhn (1 998): 

e = R (Equation 4-1) 

It is fracture transmissivity, however, not fracture aperture that is used to define the hydraulic 
conductance within the discrete fiacture network models. In this study, fluid flow properties are 
defined assuming water is the permeating fluid. Thus, transmissivity T = (94 e)3 and the 
relationship between fracture size (R) and transmissivity ( r )  is: 

T=(9x104RQ (Equation 4-2) 

Recast in terms of fiacture area (A) transmissivity T = 1.3 x * A’.’. For a fiacture with 
radius 1.5 m, this relationship yields a transmissivity value of 2.4 x 10’’ ds. The largest 
fractures range up to a radius (R) of 10 m to yield T = 7.2 x 10 m /s. -7 2 

Adjusting DFN Models for Different Stress Regimes 
Software developed during the project enables us to explore how different stress regimes 

might cause different fracture sets to have preferentially higher or lower permeability than other 
sets (Appendix A-V). Four stress cases are simulated; unstressed, Zithostatic, n o d  faulting and 
strike-slip faulting (Table 4-8). Recall that, in the case outlined above (unstressed case) fracture 
apertures are assigned assuming a simple relationship between fracture size and fracture 
aperture. In each of the three stressed cases the variable fracture apertures are adjusted according 
to their orientation within the assumed stress field. The approach used to estimate the influence 
of stress on fracture aperture is adapted fiom that of Brown and Bruhn (1998) and outliied in 
Appendix A-V. 
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Table 4-1 
Fracture Set Orientation Models 

Domain Average Totalp32 In Data StDev 

0.57*Plo P32) 57 space) 
TotalPlo = (Total Range*O. (In 

0-30 m from any fault 3.8 2.2 0.79 - 0.6 
1.9 0.64 0.9 to2.7 0.6 30-60 m from any fault 

60 to 90 m from any 2.5 1.4 034 0.7t02.3 0.6 
fault 
90-120 m from any 2.0 1.1 0.10 0.5 to2.0 0.6 
fault 
background (>120 m) 1.1 0.6 -0.51 0.4 to 1.0 0.6 

3.4 

Table 4-2 
Fracture Size Models 

(preferred models indicated in bold) 

Power Model 

1-39) 
utions 

of the two groups were similar. 

Model 
Range 
(loth to 
75'h) 
1.0 to 3.3 
0.9 to 2.9 
0.7 to 2.1 

0.5 to 1.7 

0.3 to 0.9 

Table 4-3 
Fracture Intensity Variation Near a Fault 

intersection pick for distance to each fault and sum intensities 

4-1 1 



Table 4-4 
Results of Forward Modeling 

Hz 
W - C  

W - S  

W-f 

wE_f 
NE 

Average Plo 

model cutoff 
HZ (vert 1.72 rn- 1.8 m' 1.0 m' 

1 36 2.8 % 
18 56 32.1 % 
5 24 20.8 % 
97 232 41.8 % 
10 22 45.5 % 
38 98 38.8 % 
6 16 37.5 % 

scans onl 

0.87 0.58 0.65 
Total I 4.27 I 3.52 I 

p32 
with 1.0 
m cutoff 

0.88 m-' 

0.62 
0.45 
0.43 

p32 
with 1.5 
m cutoff 

0.78 m-' 

0.52 
0.35 
0.33 
1.98 

Table 4-5 
Values of Fracture Connectivity, Fmm. 

Visible I Connected I F,,,, 
Fracture Set I Terminations terminations 

Correlation 
Constant 
c=p32/p10 

0.43 

0.93 
0.60 
0.57 
0.57 
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Table 4-6 
Angular Relationships Between Fracture Sets 

0 1  Primary Synthetic Antithetic Tension 
Direction Shear Riedel Riedel Fractures 

, Strike 165' 150' 90' 30' 
Pole 120 75O 60" 180" 120" 
Set . Part of Part of WE None 

Stress 
Release 

Fractures 
120' 
30' 
NE 

Parameter 
Location Model 

311" 
85" 

r47 .1  

Generation 
Region Size 

62" 172" 
5" 5" 

~ 1 5 . 8  ~ 1 1 . 7  

Orientation 
trend 

D= 2.1 
&,in = 0.65 

dispersion 
Power-law size D= 2.1 D= 2.3 

&i = 0.4 &h = 0.4 model 
Minimum Size 
Transmissivity 

Base case with 
1.5 m cutoff 

p32 
0.78 

Table 4-7 
Summary of Input parameters to FracMan 

0.52 0.35 0.33 

Baecher (Random location of fracture centers) 
52x52~52 (except for 75m block = 80x80~80) 

1.5 m 

109" 

4" 

~ 8 . 6  

D= 2.3 

I 

T = 1.3~10"~ A'.' 
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I Regime 
Unstressed 

Lithostatic 
Normal Faulting 
(Extension) 
Strike-Slip 
Faulting 
(Compression) 

Table 4-8 
Four Different Stress States 
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Figure 4- 1. Estimafing the effective length of a fault involves extrapolating beyond 
the length identified in seismic surveys. The ‘sub-seismic’ portion of the fault may 
exert an important impact on fluid flow in a producing reservoir. 
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a) 100% probability of 'T' intersections 

b) 50% probability of 'T' intersections 

- First Generation - Second Generation 

Figure 4-2. Schematic view of twor different 'rules' that might be used to deiine the 
way that succesive fi-acture/fadt traces might interact in a growth model. 
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Protolith 

:. 2.' UDamage Zone 

Figure 4-4. Conceptual model of fault zone architecture showing the primary fault 
zone architectural components (damaged zone and core) with the protolith stripped 
away (after Caine et al., 1996). 
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Deformation Style 
Localized 

Single Fracture 
Fault 

Localized 
Deformation Zone 

Composite 
Deformation Zone 

Distributed 

Distributed 
Deformation Zone 

Figure 4-5. End members in the range of fault zone architectural types based on vari- 
ations in deformation style (after Caine et al., 1996). 
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Distributed 
Barrier 

Filled fractures and/or 
deformation bands in 
distributed deformation 
zone 

Localized 
Barrier 

Filled single fracture 
fault or deformation 
band 

Composite 
Conduit- Barrier 

Filled fractures and/or 
jeformation bands in 
jamage zone with 
xeccia or dissolution 
mhanced permeability 
n fault core 

Composite 
Barrier 

3led fractures and/or 
leformation bands in 
lamage zone with 
:ataclasite/gouge in 
ault core 

Composite 
Conduit- Barrier 
Open fractures in 
damage zone with 
cataclasite/gouge in 
fault core 

Figure 4-6. Several of many possible fault zone permeability structures based on the 
architectural end member scheme for diffexent fault zone architecture styles shown in 
Figure 4-5 (after Caine et a1.,1996). 
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Single Fracture Fault Disfribufed Deformation Zone 

Localized Deformation Zone 

Scale (meters) -=4990 

0 10 
- 

Composite Deformation Zone 

3 

3. 
Figure 4-7. 3-dimensional fracture networks constructed for each of the idealized fault 
zone architectural end members shown in Figure 4-5. The hcture neworks could represent 
swarms of low permeability deformation bands or systems of open (high permeability) or 
filled (low permeability) fractures. DFN were models constructed with FracManm. After 
Caine and Forster (inpress). 
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Figure 4-9. Regional scale fault trace map derived fiom outcrop mapping 
and air photo interpretation. Approximate positions of open pit gold mines 
shown in Figure 3-7 are indicated. 
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a) Regional-Scale Fault Networks 

b) Mine-Scale Fracture Networks 

Figure 4-10. Rose diagrams showing frequency of strike directions for: a) 2036 
fault segments shown in the fault trace map of Figure 4-9, and b) 1099 fractures 
measured in the West Crusher open pit mine. 
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Figure 4- 1 1. Cumulative plot of fault trace length derived fiom the 1 :24,000 fault map shown 
in Figure 4-9. 
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Figure 4-12. Schematic of deformation sequence at Alligator Ridge, NV. 
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Figure 4-13. Samples of synthetic fault trace networks created using different initial 
'starter' fault distributions (e.g., uniform, normal, and lognormal) and different 
growth models (e.g, linear, power law and local stress models). The field-based 
fault trace map of Figure 4-9 (lower left corner) is embedded within each synthetic 
network as a visual conditioning aid. 
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Figure 4-14. Synthetic fault trace map derived for the Alligator Ridge reservoir 
analog using the 'local stress' growth model with a normal distribution for initial 
fault trace length. The *s indicate important fault intersections that may corre- 
spond to the zones of enhanced permeability inferred f+om the localization of 
gold mines at fault intersections. 
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Figure 4-15. Steronet plot of poles to 1 177 fractures mapped in the West Crusher pit. 
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I: C 2 6 ~ ,  -26~. -26~) 
B: C -2613, 26~, 26Mr) 8 :  C 2 6 ~ .  -2613 - 2 6 ~ )  

B: C -26M, 26~: 26~) 

Figure 4-17. Discrete fracture network model created as the Base Case from 30 m cubes. 
On the left, 100% of the fractures are displayed (full fracture intensity). On the right, 
10% of the fractures are displayed (one tenth, or 10% fiacture intensity). 
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Figure 4- 18. Total fracture intensity as a function of distance (m) to the center NW- 
trending fault. 
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Distance from Fa& 

' Figure 4-19. Total fracture intensity as a function of distance (m) to the center of the NE- 
trending fault. 
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5.0 Developing Equivalent Permeability Structures 

Using conventional, continuum reservoir simulators requires estimating the equivalent 
permeability of the faultlfracture networks inferred within the reservoir. The bulk permeability 
of fractured rock volumes can be estimated to provide input to single porosity/permeability or 
dual porosity/permeability models. The single permeability/porosity approach is emphasized in 
this study. Two methods are used; numerical single phase Darcy experiments performed on 
discrete fracture network models and single phase upscaling of equivalent properties through 
homogenization. Numerical Darcy experiments are used to develop input to the 3-D, multiphase 
reservoir simulations. Permeability homogenization methods (outlined in Appendix A-II) are 
used as a basis for comparing the results of multiphase fluid flow through upscaled permeability 
structures to those obtained using discrete fracture models. 

5.1 NUMERICAL DARCY EXPERIMENTS 

Following the example of La Pointe et al. (1995) and Caine and Forster (in press) we 
perform a series of numerical Darcy experiments to, compute effective, single phase permeability 
values for each of the discrete fracture network models. The finite element, discrete fracture 
simulator MAFICTM (Dershowitz et al., 1996) is used to simulate single phase fluid flow through 
each fracture network model. Sequentially applying a hydraulic gradient between each of the 
three pairs of opposing faces of a model domain (Figure 5-1) yields values of steady state fluid 
flux and effective permeability in each coordinate direction (k, ky, kJ. 

ki = [Qi v AL ] / [(A M g  p ) x 10*5] @quation 5-1) 

where 
ki = Permeability in direction i, mD 
Qi = volumetric flow in direction i computed using MAFICTM, m3/s 
v = dynamic viscosity of water, Pa s 
A = cross sectional area of cube, m2 
AH= change in hydraulic head along direction i, m 
g = gravitational acceleration, m/s2 
p = density of water, kgm3 

Although the three effective permeability values are computed in mutually orthogonal 
directions, they are unlikely to represent the principal directions of an effective permeability 
tensor. A series of sensitivity studies carried out using 10 realizations of each fkacture network 
model illustrate various aspects of using numerical Darcy experiments to compute effective 
permeability values. 

We start by considering how block size and shape influences the effective properties of the 
variable aperture fkacture models described in Section 4. Mean values and standard deviations 
computed for 10 model realizations in each direction (Table 5-1) show that larger, cubic block 
sizes lead to similar values of k, ky and kz while smaller block sizes yield slightly larger 
anisotropy. A 30 m block size is selected for this study as a computationally feasible model 
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. volume that provides a reasonable compromise between the larger permeability values found at 
small block sizes and the smaller permeability values obtained for the large blocks. 

The possibility of using tablets with reduced height and a 30 m by 30 m in plan was also 
explored (Table 5-2). Although block permeability values increase up to 20% as block height is 
reduced from 30 m to 5 m, we elected to work with the 30 m cubic models. 

The similarity of computed, directional effective permeability values shown in Table 5-1 
suggests that the fracture networks mapped in the field yield approximately isotropic flow 
properties for all cubic block sizes. The minimum permeability is vertical (kJ and the maximum 
is north-south (k;). This result is obtained because the horizontal fractures are not required to 
terminate when they intersect other fiactures. On the other hand, the vertical fractures terminate 
against, rather than extending through, the horizontal fiactures. 

Note that the exponential relationship between fiacture size and fixture aperture (Equation 
4-1) suggested by Brown and Bruhn (1998) yields variable apertures and much higher effective 
block scale permeability values than those computed using a uniform fiacture aperture value. A 
fiacture aperture of 50 pm yields a transmissivity value of lo9 m2/s. We assume that T = 1.3- 
''Ale5 represents a reasonable relationship between fracture area A and transmissivity 2'. This 
relationship yields hcture transmissivity values ranging from 2.5 x lo-' to 7.3 x m2/s in a 
discrete fracture network model that contains fractures with diameters ranging from 1.5 to 10 m 
(apertures range from 15 to 100 jm). Table 4-3 shows effective block permeability values 
computed for the unstressed case with fixed apertures, then variable apertures, assigned to the 
same 10 realizations of the discrete fracture networks. The larger fractures contained in the 
variable aperture model yield bulk permeability values approximately two orders of magnitude 
greater than those obtained in the fixed aperture model. 

A minimum fiacture size must be specified in order to limit the number of small fractures 
included in the DFN models. Neglecting fracture sizes less than 1.5 m, although fractures as 
small as 0.5 minimum size were measured in the field, appears to provide a reasonable 
representation of the bulk permeability of the fracture networks. This minimum size is 
established by constructing a DFN that includes fiactures as small as 1 m in size. This model 
contains 1 1,000 fractures. Deleting all fractures with sizes between 1 ahd 1.5 meters reduced the 
number of fractures to 4,400 yielding a change in volumetric fracture intensity (I)  fkom 1.19 to 
0.97 m-'. Comparing the results of numerical Darcy experiments performed on each DFN yields 
less than 7% change in the effective block scale permeability values when 6,600 small fiactures 
are removed from the DFN. The relatively small impact of the small fi-actures reflects our use 
of an exponential relationship between fiacture aperture and hcture size. The small apertures of 
the small fractures add little to the effective permeability caused by the larger fractures. 

Applying the four different stress states described in Section 4 (using the approach outlined 
in Appendix A-V) yields similar, and effectively isotropic, permeabillity for all three of the 
stressed cases (Table 5-3). The unstressed case, however, yields effective permeability values 
approximately 1.5 orders of magnitude greater than those of the stressed cases. The lower 
permeablity of the stressed cases reflects the fact that an exponential relationship is used to relate 
permeability reduction to increased effective stress. 
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A primary goal of computing effective permeability values from the DFN models is to derive 
relationships between volumetric fracture intensity (4 and effective permeability (k) that can be 
used to assign continuum permeability values associated with the fault network models 
constructed in Section 4. The linear relationships developed from the numerical Darcy 
experiments for unstressed and stressed cases have the form ki = ml + b. Values obtained for the 
parameters m and b are given in Table 5-4 for each of the different stress cases. 

. 

5.2 ASSIGNING PERMEABILITY VALUES IN THE RESERVOIR SIMULATOR 

The approach of upscaling DFN models to assign effective permeability values within a 
reservoir scale simulation model is illustrated using 900 by 900 m regions extracted from the 
synthetic fault trace map of Figure 4-14 (Figure 5-2). The following paragraphs outline how an 
upscaled permeablity structure is created for sub-domain 26 shown in Figure 5-2. Statistical 
analysis of fracture intensities computed within each of the sub-domains shown in Figure 5-2 
suggests that sub-domain 26 is reasonably representative of the 11 by 11 km region. Effective 

x 900 m sub-domain (Figure 5-3). 
permeability values are assigned within a 3-layer reservoir model uSig 30 m cubes within a 900 

Distributing Fracture Intensity Within the Model Domain 
Fracture intensity values are distributed with reference to the fault pattem of sub-domain 26 

(Figure 5-4) by first creating a grid with 10 by 10 m surface area for each 30 m thick block in the 
3-layer, 900 by 900 m sub-domain. Values of fracture intensity are assigned to each grid block 
using the fault proximity function described in Section 4 and summarized in Table 5-5. Where 
multiple faults influence a single grid block, the maximum intensity found in the set of nearby 
fault-related proximity functions is assigned. A stochastic effect is created by sampling intensity 
values from normal distributions of intensity, with a total intensity spread of 1.2 m*', centered on 
the mean values given in Table 5-5. The intensity values associated with each fault are summed 
at fault intersections to locally enhance the fracture intensity. Finally, a background intensity 
value of 0.6 m-' is added to each grid block value to incorporate the relatively pervasive 
fkacturing that is found between faults. This procedure yields a pattern of hcture intensity that 
varies both along and away from the faults defined in each layer of the reservoir model. 
Repeating the procedure for each of the three layers of the reservoir model (Figure 5-2) also 
yields vertical variations in fracture intensity throughout the model domain. A typical map of 
fracture intensity (unstressed case) obtained for the top layer of sub-domain 26 is shown in 
Figure 5-5. 

Transforming Fracture Intensitv to Effective Permeability 
Effective permeability values are computed for each of the four stress states (unstressed, 

lithostatic, extension and compression) using a linear permeability-intensity function with the 
coefficients shown in Table 5-4. Because the reservoir model is gridded with 30 m cubes, 
permeability values computed at the 10 by 10 m grid size are averaged over the 30 m surface 
area of each cube. Figure 5-5 shows how the computed values of I;, correspond to the pattern of 
fracture intensity. Maps of effective permeability (unstressed case) computed in each coordinate 
direction for the top layer of sub-domain 26 are shown in Figure 5-6. This approach yields 
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enhanced permeability at fault intersections and variations in permeability both along and away 
fiom the faults. A small degree of permeability anisotropy is apparent in Figure 5-6 as 
evidenced by the different permeability scales associated with each coordinate direction. 
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Table 5-1 
Comparing Effective Permeability as a Function of Block Size 

Unstressed 
(Fixed 

I 7.5 110.0 I 128.3 I 108.3 I 37.9 I 38.4 

Unstressed Lithostatic Extension 
(Variable (Variable (Variable 

Table 5-2 
Comparing Effective Permeability Values of Cubic Blocks and Tablets 

mean k, (mD) 
mean k, (mD) 
mean k (mD) 

Table 5-3 
Effective Permeability Values for Four Stress States 

Aperture) Aperture) Aperture) Aperture) 
1.3 170 7.2 5.9 
1.4 223 9.5 7.6 
1.1 152 8.8 5.9 

Compression 
(Variable 
Aperture) 

6 3  
7.6 
5.6 

Note: Fracture intensity = 1.98 within a 30 m cube 
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. . .. 

Direction 

Table 5-4 
Coefficients for Fracture Intensity-Permeability Relations Derived for 30 m Cubes 

Unstressed Lithostatic Extension Compresssion 

m b 

X 90.5 -7.1 

Y 122.1 -17.7 

Z 91.1 -27.3 

m b m b m 

3.90 -0.48 3.19 -0.35 3.39 

5.16 -0.67 4.13 -0.50 4.14 

4.75 -0.81 3.19 -0.54 3.01 

Table 5-5 
PS2 Fracture Intensity as a Function of Fault Proximity 

30 to 60 
60 to 90 

Interval Fracture 
Intensity 

0 to 30 
1.9 
1.4 

90 to 120 
>120 

-0.50 I 

1.1 
0 
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Figure 5-1. Nu.m&cal Darcy experiments are performed by computing the 
equivalent porous media permeability required to replicate the total volu- 
metric flux flowing through a discrete fracture network model. A one- 
dimensional experiment is carried out in each of three coordinate 
directions. 



P 

0 1  2 3 4 5 6 7 8 9 10 11 

Distance (km) 

.Figure 5-2. The set of twenty-six 900 by 900 m reservoir model sub-domains 
extracted fkom the synthetic fault trace map of Figure 4-14. The *s indicate 
important fault intersections that may correspond to the zones of enhanced per- 
meability infmed fi-om the localization of gold mines at fault intersections. 
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900 

Injector (fob1 injection 1200 bbldday) 

4 Producer (total production 1500 bblslciay) 

Figure 5-3. Three-layer reservoir model constructed of 30 m cubes show- 
ing the simulated production strategy. 
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Figure 5-4. Fault trace pattern and distribution of productiodinjection wells 
within sub-domain 26 extracted from the 11 by 11 km fault trace map of 
Figure 5-2. 
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Figure 5-5. Computed variation in fracture intensity and corresponding per- 
meability distribution in the top layer of the reservoir simulation model for the 
unstressed case. 
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6.0 Simulating Production Performance in the Analog Reservoir 
I 

A water flood is simulated in the analog reservoir constructed for sub-domain 26 (Figure 5-2) 
to illustrate the impact of; 1) enhanced permeability faults, and 2) different stress regimes on 
petroleum production (Table 4-8). A black oil simulator (BOAST) is used to perform six 
simulations (Table 6-1) within the reservoir model domain shown in Figure 5-3. The five-spot 
pattern of Figure 5-3 involves four producing wells and 5 injection wells. Water is injected at 
1200 barrels per day and fluid is produced at 1500 barrels per day. Absolute permeability values 
assigned in the model domains are summarized in Table 6-1. Relative permeability values are 
given in Table A-111-1. A uniform initial oil saturation of 0.8 is assumed. The percentage of 
original oil in place (% OOIP) recovered after 1000 days is tabulated in Table 6-2 for the six 
cases. 

Figure 6-1 shows contoured plots of oil saturation in the bottom model layer after 800 days 
of water injection. Oil recoveries computed after 1000 days (Table 6-1) indicate that the reduced 
permeability of the spatially variable lithostatic case (Case 1) yields lower production (27.1 
rather than 29.8 %) than that of the higher permeability unstressed case (Case 4). Permeability 
values in the unstressed case are typically twenty times larger than those assigned in the three 
stressed cases (Table 6-1). Patterns of residual oil at 800 days (Figure 6-1) illustrate the reduced 
sweep efficiency associated with the lithostatic case. 

The impact of enhanced permeability faults is assessed by comparing patterns of oil 
saturation shown in the upper and lower plots of Figure 6-1. Comparing the symmetric patterns 
of oil saturation found for the homogeneous cases (Cases 1A and4A) to those obtained for the 
spatially variable cases (Cases 1 and 4) indicate that production fiom the simulated reservoir is 
only slightly affected by the faults. Oil recoveries computed after 1000 days show little 
difference between the faulted and unfaulted cases for the unstressed case. Results obtained for 
the lithostatic case; however, show reduced recovery fiom the faulted case that may reflect the 
bypassing of oil as water moves along the higher permeability faults while avoiding the lower 
permeability matrix. The effect of the faults is less evident in the heterogeneous unstressed case 
because the higher permeability values still yield effective sweep through the matrix. 

Figures 6-2 and 6-3 show patterns of computed oil saturation after 800 days for the bottom 
and top layers of the reservoir model. Similar patterns are obtained for each of the three stressed 
cases (Cases 1, 2 and 3) within each layer. Higher average oil saturation in the upper layer 
reflects the fact that gravity segregation causes more efficient sweep of the bottom layer than the 
top layer. A similar result is obtained for the unstressed case; however, the higher permeability 
values assigned in both vertical and horizontal directions within the unstressed case yield 
stronger gravity segregation. Overall, however, the water flood process is little affected by the 
presence of the faults. 

Our approach for incorporating the effect of different stress regimes yields small, but 
important, differences in the production computed in each case (Table 6-2). The higher 
permeability unstressed case yields the maximum oil r e c o v q  after 1000 days (30 % OOIP) 
while the lower permeability lithostatic case yields the minimum recovery (27 % OOIP). Both 
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the compressional and extensional stress regimes yield intermediate recovery values of about 28 
% OOIP. 

(mD) arith. medstd. den. 
4 (mD) arith. medstd. devn. 

(mD) arith. medstd. den.  

The small apparent impact of the fault zones on oil production suggests that a finer 
simulation grid might provide better representation of the enhanced permeability fault conduits. 
Although not applied in this simulation sequence, the parallelized form of the simulator 
developed during this project (Appendix A-IV) provides a means for greatly increasing the 
number of nodes used to represent permeability variations with the model domain. The discrete 
fracture simulator developed during the project (Appendix A-111) also provides a means for 
incorporating permeable faults as fine-scale features in the simulator. The next section outlines 
the results of comparing simulation results obtained with upscaled continuum permeability 
values to those obtained by representing the faults as discrete conduits. 

Unstressed Lithostatic Extension Compression 
160180 7.213.5 5.913.0 5.913.0 

2231108 9.514.6 7.613.7 7.213.7 
152/8 1 8.8/4.2 5.9/2.7 5.0/2.7 

Table 6-1 
Effective Permeability Values for Four Stress States in Sub-Domain 26 

Table 6-2 
Percentage OOIP Recovered After 1000 Days 

. .  
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29.9 

Unsfressed Regime 

29.8 

Producer - 
450 m 

29.4 

0 Injector 

Figure 6-1. Contour plots of oil saturation in the bottom layer after 800 
days of water flooding in two different stress regimes. Comparing upper 
and lower plots shows the impact of the enhanced permeability fault zones 
on production. Shaded areas represent regions where oil saturation lies 
between 0.4 and 0.5. The % OOIP produced after 1000 days is indicated 
in the lower righthand comer of each panel. Initial oil saturation is 0.8. 
Grid overlay in lower righthand panel shows simulation grid block size. 
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Compressional Regime 

28.8 

27.1 

Extensional Regime 

28.4 

Unsfressed Regime 

29.8 

Producer - 0 Injector 450 m 

t N 

Figure 6-2. Contour plots of oil saturation in the bottom layer after 800 
days of water flooding though a faulted reservoir subjected to four differ- 
ent stress regimes. Shaded areas represent regions where oil saturation 
lies between 0.4 and 0.5. The % OOIP produced at 1000 days is indicated 
in the lower righthand corner of each panel. Initial oil saturation is 0.8. 
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Figure 6-3. Contour plots of oil saturation in the top layer after 800 days 
of water flooding through a faulted reservoir subjected to four different 
stress regimes. Shaded areas represent regions where oil saturation lies 
between 0.4 and 0.5. The % OOIP produced at 1000 days is indicated in 
the lower righthand comer of each panel. Initial oil saturation is 0.8. 
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7.0 Discussion 

A primary goal of this project is to develop and compare methods for representing fractures 
in reservoir simulators. A methodology is outlined in preceding sections that enables us to 
incorporate fault-related fracture permeability into a single porosity, black oil petroleum 
simulator. Simulation results presented in Section 6 suggest that, although the impact of fault 
related fractures is preserved, their impact is small. In the absence of production data from the 
analog reservoir we are unable to directly assess whether or not our approach provided a 
satisfactory approximation to the permeability structure. For example, a relatively high intensity 
of fracturing distributed throughout the reservoir is inferred to cause the analog reservoir to have 
approximately isotropic permeability with absolute values ranging over only two orders of 
magnitude. If fracture intensity values at faults are actually much higher than inferred, or if 
fracture intensity is much lower between faults, then greater permeability contrasts would be 
inferred between faulted and non-faulted areas. Increased permeability contrast would cause the 
permeable faults to have a greater impact on production performance. 

Comparing multiphase simulation results obtained using the flow-based homogenization 
method (Appendix A-11) and the discrete fracture simulator (Appendix A-111) provides a 
foundation for assessing the circumstances when permeability upscaling might provide 
reasonable simulation results. The simulation procedures are provided in Appendices A-11 and 
A-111. A 2-D simulation domain (20 m by 20 m) containing a simple fracture network is 
simulated using each approach. 

Comparing Figures 7-la and 7-lb shows that at high permeability contrast L:ka& = 
1OOO:l) a poor match is evident between patterns of oil saturation obtained for homogenization 
and discrete fracture methods after injecting 0.7 pore volumes of water. Oil recovery values 
computed after injecting 1.4 pore volumes (Table 7-1) show a significant reduction in predicted 
sweep efficiency (from 59 to 51 % OOIP) when permeable faults are represented as discrete 
fractures. The fracture elements contained in the discrete fracture simulator preserve a conduit 
structure that causes significant bypassing of oil held in the intervening matrix blocks. Although 
a detailed pattern of fault-affected oil saGation is evident in the 40 x 40 homogenized 
simulation (Figure 7-la), the pattern is very different from that obtained with the discrete' 
fracture model (7-lb). Thus, it is dangerous to assume that the presence of fault-affected. 
patterns of oil saturation means that the permeability structure is well represented with an 
upscaling approach. Further evaluation is required to establish that the multiphase discrete 
fracture flow simulator provides realistic results across a range of fault/fracture permeability 
structures. 

As the permeability contrast is reduced the match improves between results obtained with the 
coarse 10 x 10 homogenization and the discrete fiacture model (Figure 7-2). Figures 7-2e and 7- 
2f provide the best, but imperfect, match of oil saturation after injecting 0.7 pore volumes of 
water. After injecting 1.4 pore volumes both simulation approaches yield an oil recovery of 64 
% OOIP (Table 7-1). This result suggests that simulation results presented in Section 6 may 
provide a reasonable estimate of reservoir production because the permeability contrast between 
faulted and non-faulted areas is about 1O:l (Figures 5-5 and 5-6). Additional simulations using 
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the parallelized version of the code (Appendix IV) are required to establish if significant changes 
in production response are computed with progressively smaller grid block sizes. 

Comparing results obtained after injecting 0.7 pore volumes of water at two different 
injection rates (Figure 7-3) further highlights how high permeability contrast between faults and 
intervening rock may be poorly represented by upscaling permeability values for use in a 
continuum type model. When injection rates are increased from 0.09 to 2.0 bbls/day (Figures 7- 
3a and 7-3b) the discrete fracture model predicts reduced sweep efficiency (oil recovery is 
reduced from 55 to 55 % OOIP), while the continuum simulator reveals similar results (Figures 
7-3c and 7-3d) at each injection rate (59 % OOIP). Thus, in the upscaled case the increased 
injection rate only decreases the time required to deplete the reservoir. The discrete fracture 
simulation, however, suggests that an optimal pumping rate might be found to ensure maximum 
oil extraction over a reasonable time period. At high permeability contrasts, the strong bypassing 
of oil predicted with the discrete fracture simulator (7-1 a) appears more realistic than the results 
obtained with the continuum permeability structure with 40 x 40 homogenization (7-lb). 

Reviewing the values of oil recovery summarized in Table 7-1 suggests that upscaling 
permeability values using the homogenization method consistently overestimates sweep 
efficiency when compared to results obtained with the corresponding discrete fracture 
simulations. The discrepancy between different modeling approaches increases with increasing 
permeability contrast suggesting that the discrete fiacture simulator better preserves the fine 
conduit structure of the faults. Thus, it seems reasonable to assume that the permeability 
upscaling inherent in the reservoir simulations presented in Section 6 would lead to similar 

. overestimates of sweep efficiency if higher permeability contrasts were predicted for the analog 
reservoir. 
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Table 7-1 
Percentage OOIP Recovered After Injecting 1.4 Pore Volumes of Water 

Permeability Contrast &:&& 

Note: Horn. = Homogenization Method, DF = Discrete Fracture Method 
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Figure 7- 1. Contoured plots of oil saturation at a permeability contrast of 1000: 1 for: a) 
a discrete fiacture simulation and b) the fine-scale 40 x 40 homogenizied simulation. 
Results are shown after water flood displacement of 0.7 pore volumes with injection rate 
of 0.09 barrels per day. Initial oil saturation is 0.8. 
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Figure 7-2. Contoured plots of oil saturation in three discrete fiacture model domains 
and three 10 x 10 homogenization domains (permeability ratios of 1000:1, 1OO:l and 
1O:l) after water flood displacement of 0.7 pore volumes with an injection rate of 0.09 
barrels per day. Initial oil saturation is 0.8. 
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Figure 7-3. Contoured plots of oil saturation for a permeability contrast of 1OOO:l at two 
different injection rates. Panels a) and b) are obtained with the discrete fiacture finite e l e  
ment simulator. Panels c) and d) are obtained using a 10 x 10 permeability 
homogenization. Results are shown after water flood displacement of 0.7 pore volumes. 
Initial oil saturation is 0.8. 
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8.0 Conclusions & Recommendations 

8.1 CONCLUSIONS 

Detailed geological characterization shows that oil and auriferous ore-forming fluids have 
migrated through the exhumed analog reservoir during several stages in the structural evolution 
of the region. Interpreting the consequences of fluid flow (e.g., distribution of gold mines and oil 
preserved in both fractures and fluid inclusions) provides important constraints on permeability 
models constructed to represent the fiacturdfaulted analog reservoir. Although few producing 
reservoirs will have gold deposits that aid in understanding permeability structures, other fluid 
flow derived featuresemay be available. It is important to use all such information to help 
condition the permeability models developed for a reservoir. 

Although the geologic/tectonic history is more complex than originally envisaged, a 
straightforward sequence of events has been identified. The f i s t  phase of deformation 
documented in the study area is one of compression and thrust faulting. During the second 
structural episode, fiactures developed in three principal orientations and gold mineralization 
occurred. Normal faulting during late-stage Basin and Range extension formed the third, and 
fhal, phase of deformation that began after gold mineralization was complete. Oil migration 
appears to have occured intermittently both during and between each period of deformation. 
Detailed petrographic and fluid inclusion studies demonstrate that multiple episodes of fluid flow 
were associated with each structural event. For example, several vein assemblages indicate 
periods of active oil migration may have been separated by periods that involved only the flow of 
water. 

Because oil migration occurred both before and after gold mineralization, it is likely that the 
fracture networks involved in gold transport were involved to some degree in oil migration. 
Thus, the apparent localization of mineable gold at fault intersections suggests that gold-rich 
zones may also have provided preferential pathways for oil migration. This inference has 
implications for attempting to produce petroleum from similarly fiactured reservoirs. As a 
consequence, the fractures involved in gold deposition are being included in the fkactured 
reservoir models. 

Three-dimensional discrete fiacture network models conditioned using field-based data 
provide a viable method for computing effective permeability values as a function of fracture 
intensity within representative volumes of low permeability reservoir rock. Adopting this 
approach enables us to adjust fiacture apertures in the discrete fiacture models and accommodate 
the effect of different three-dimensional stress regimes prior to computing equivalent 
permeability values. Using the discrete fiacture network models allows for an improved, albeit 
imperfect, representation of the fluid flow properties of natural fiacture networks in continuum 
type reservoir simulators. Although data used in this analog study are based primarily on 
outcrop data, detailed fkacture information gleaned fkom downhole image logs, drillcore and in 
situ flow testing can provide an equally appropriate basis for this approach. 

Synthetic fault trace maps are constructed using a novel stochastic simulation procedure 
conditioned by geologic knowledge and outcrop-based mapping of faults. Variations in fault set 
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orientation, fault trace length distributions and fault spacing included in the synthetic fault trace 
map are derived from the outcrop-based fault maps. Because the location, geometry and 
architecture of faults influences the spatial variation in fracture intensity, the synthetic fault trace 
maps are used to infer variations in fracture intensity throughout the analog reservoir. Maximum 
values of fracture intensityy hence permeabilityy are assigned at fault intersections where the 
preferential location of gold mines suggest localized regions of enhanced permeability. Fault 
trace maps inferred using subsurface seismic data and interwell production-response data can 
provide a similar foundation for building stochastic fault trace maps and inferring variations in 
fracture intensity within producing reservoirs. Prototype software provides a user-fiendly 
environment for quickly creating a wide range of synthetic fault trace maps in order to find a 
subset of the maps that best fit geological models *erred for a specific reservoir. 

A three-dimensional algorithm is developed to compute changes in fiacture aperture as a 
function of fiacture orientation and variations in both shear and normal stress. Based on an 
approach origindly developed by Brown and Bruhn (1998), this algorithm allows us to explore 
how different three-dimensional stress states might influence fluid flow in fractured reservoirs. 
The stress-aperture algorithm is used to adjust fracture apertures incorporated in a discrete 
fracture network model constructed for an unstressed case at the ground surface. This approach 
yields fracture network models for four geologically plausible stress states: 

Unstressed Regime at ground surface -No faulting 
Lithostatic Regime at - 4.5 km - No faulting 
Compressional Regime at - 4.5 km depth - Strike slip faulting 
Extensional Regime at - 4.5 km depth - Normal faulting 

Although rock and fracture deformation is not explicitly simulated, this approach provides a 
rough estimate of the way different stress regimes might influence fluid flow within fkactured 
reservoirs given only a general understanding of the regional stress state. 

Equivalent Permeability values are computed for a large number of discrete fracture network 
models. One-dimensional, numerical Darcy experiments performed in each of three orthogonal 
directions help to establish optimal grid block sizes for conventional simulators and to define 
linear relationships between fracture intensity and equivalent permeability. An exponential 
relationship between fracture aperture and normal stress incorporated in the stress-aperture 
algorithm yields permeability values for the three stressed cases that are approximately 1.5 
orders of magnitude less than those of the unstressed case. Similar permeability structures are 
obtained for each of the three stressed regimes (lithostatic, compressional and extensional). The 
highly fkactured character of the analog reservoir (volumetric fracture intensities range from 1 to 
6 fractures per meter) yields permeability variations that range over less than two orders of 
magnitude. As a consequence, a relatively small permeability contrast is inferred between fault- 
related fracturing and the less intense, but pervasively distributed background fractures. The 
presence of four well-distributed fracture orientations (NW, NE, WE and horizontal) in this 
highly fractured rock mass yield an effectively isotropic, but heterogeneous, permeability 
structure. Applying this approach when evaluating fiactured reservoirs with less pervasive 
fractures and only one or two dominant fiacture trends is expected to yield larger anisotropy and 
much greater permeability contrast between faulted and non-faulted rock. 

. 
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A conventional, single porosity/permeability reservoir simulator (BOAST) is used to predict 
production performance fiom a 900 by 900 m domain containing a network of synthetic fault 
traces. Simulations are performed with permeability structures derived for each of the four stress 
states outlined above. The reservoir model contains 2700 cubic grid blocks, each 30 m on a side, 
distributed within three layers. Simulation results indicate that the effect of the faults, although 
small, is captured with the 30 m block size. This occurs, in part, because a relatively wide region 
of fracturing (greater than 100 m) is associated with the faults. Similarly, the effect of different 
stress regimes, although small, is also captured in the models. These results suggest that 
applying the approach outlined in this report to less uniformly fractured reservoirs will enable the 
impact of fault-related fracturing to be evaluated. It is apparent, however, that quller grid block 
sizes or a discrete-fracture reservoir simulator may be required to adequately capture the effects 
of thin fault zones that yield a higher permeability contrast than inferred in the analog reservoir. 

Parallelizing a public domain black oil simulator (BOAST) provides a vehicle for computing 
production performance in complex geologic environments using a conventional reservoir 
simulator. Significant pdormance enhancement enables us to use small grid blocks to represent 
fine scale variations in equivalent permeability related to faults and fkactures. In addition, the 
parallelized simulator will enable small oil companies working only with PC-based workstations 
to simulate their producing reservoirs with finer resolution while avoiding the need to purchase 
expensive computer systems. 

Developing a multiphase, discrete-fracture reservoir simulator provides a vehicle for 
establishing when upscaling fault-related permeability structures into conventional simulators 
might yield poor performance predictions. Using the finite element method allows the discrete- 
fracture simulator to preserve high permeability conduits as distinct features within a lower 
permeability matrix. Poor matches are found when comparing results obtained using the 
conventional simulator and the discrete-fkacture simulator when permeability contrasts between 
faults/fractures and matrix exceed two orders of magnitude. The discrete-fracture simulator 
better represents how oil held in matrix blocks might be bypassed during a water flood. 
Increasing rates of water injected into an upscaled simulation volume simply yield the same 
volume of oil in a shorter time. In contrast, increasing injection rates in the discrete-fracture 
simulator yield lower oil recovery. This contrast in predicted performance suggests that the 
discrete-fracture simulator may provide a valuable tool to be used in efforts to optimize 
production strategies. 

8.2 RECOMMENDATIONS 

We propose that the following recommendations be considered: 

1) Use additional outcrop-based studies in different geologic/tectonic terranes to provide a 
suite of analog reservoirs and characteristic fiacture models that will assist reservoir 
geologists and engineers in maximizing the sparse subsurface data obtained fiom producing 
reservoirs, 
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2) Use additional outcrop-based studies to more fully assess the character and spatial 
distribution of solution-enhanced permeability in fractureantrolled petroleum reservoirs, 

3) Develop a more user-fiiendly environment for creating geologically-plausible fracture 
systems using the software and methods developed and illustrated in this project. An 
important objective is to provide an environment for learning and for testing hypotheses 
where geologists and engineers can work together in defining the most appropriate 
parameters to be used in reservoir simulation models, 

4) Extend the single-phase homogenization methods developed in this project to include two- 
phase applications. This effort would provide a basis for developing ‘pseudo-curves’ for 
the relative permeability properties of representative fracture network types associated with 
specific geologic/tectonic terranes, 

5 )  Validate the two-phase discrete-fracture reservoir model developed in this project using a 
bench-scale physical model containing a well-described fracture network within a porous 
medium, 

6 )  Set up the parallelized reservoir simulator to run on a cluster of machines that could be 
afforded by the smaller, independant petroleum producing company, and 

7 ) Use the parallelized, multiphase discrete fi-acture reservoir simulator to evaluate 
circumstances when finely gridded conventional simulators cannot adequately represent 
the influence of faults and fault-related fractures. 
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APPENDIX A-1 

Technology Transfer 

Spin-off Proiects 

One petroleum company has funded an extension of the project to perform similar, outcrop- 
based studies in other parts of the exhumed petroleum reservoir at Alligator Ridge. This effort 
highlights the fact that work performed in the current DOE-funded project is of direct interest to 
the petroleum industry. Phase I of the external project is nearly complete and we expect Phase 11 
to begin soon. Phase I1 will include shallow drilling of faults and fiacture networks already 
mapped in detail in surface exposures. 

Developing a mdtiphase, discrete fiacture simulator for evaluating petroleum production has 
sparked interest in collaborating with Golder Associates. Discussions are underway regarding 
how an operational software package might be developed to complement Golder Associates’ 
existing software for modeling discrete fiacture networks. 

Technical Meetings 

1997 September 10-15: Penrose Conference entitled “Faults and Subsurface Fluid Flow: 
Fundamentals and Applications to Hydrogeology and Petroleum Geology” sponsored 
by the Geological Society of America. Forster presented a keynote presentation 
entitled “Modeling Fault Zone Architecture and Permeability Structure”. A poster 
by Schulz et al., entitled “Evaluating Fault-Controlled Fluid Flow in an Exhumed 
Petroleum Reservoir“, was also presented. 

1998 January 19 and 20: Rocky Mountain Association of Geologists meeting entitled 
“Fractured Reservoirs: Practical Exploration and Development Strategies”. Nielson 
et al. presented a poster entitled “Characterization of an Exhumed Fractured 
Petroleum Reservoir, Alligator Ridge, Nevada” 

May 17-20: AAPG National Meeting in Salt Lake City. Schulz, et al. presented an 
oral paper entitled “Characterizing and Modeling Fractures and Faults in an Exhumed 
Petroleum Reservoir”. Caine and Forster presented an oral paper entitled “Fault Zone 
Architecture and Fluid Flow Anisotropy in Heterolithic Reservoirs”. 

October 16: Technology Transfer Workshop. “Oil Recovery from Naturally 
Fractured Reservoirs: Field Studies, Modeling, qnd Analytic Methods”, held in 
Midland, TX. Forster et al. presented an oral paper entitled ‘‘Outcrop Analog of a 
FaultecUFractured Shaly Reservoir: Characterization and Simulation”. 

October 23: Technology Transfer Workshop. “Fractured Reservoirs: A Symposium 
on Current Research, Modeling, and Enhanced Recovery Techniques”, held in Salt 
Lake City, UT. Forster et al. presented an oral paper entitled “Outcrop Analog of a 
FaultecUFractured Shaly Reservoir: Characterization and Simulation”. 
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A sample production problem is solved using homogenized permeability values at three 
different levels of upscaling (1 0 x 10,20 x 20, and 40 x 40 homogenization) within the fracture 
network of Figure A-11-2. Production is simulated with one injection well and one production 
well at opposite corners of the model domain (Figure A-11-2). Initial oil saturation is 0.8. Water 
is injected at a rate of 2.0 barrels per day. The permeability contrast (khcture:km~$ is 1OOO:l. 
The distribution of oil saturation is computed at each level of upscaling after water flooding has 
displaced 0.7 pore volumes from the model domain (Figure A-11-4). Progressively increasing the 
upscaled gridblock size from 1.5 m (40 x 40 homogenization) to 3.0 m (20 x 20 homogenization) 
and 6.0 m (10 x 10 homogenization) yields progressively less detailed variations in the 
distribution of oil saturation (Figure A-11-4). In addition, each increase in homogenization level 
produces smaller volumes of oil (from 63% to 56% OOIP after injecting 1.4 pore volumes of 
water -- Table A-11-1). The same sample production problem is used to illustrate how increasing 
the injection rate from 0.09 to 2.0 barrels per day yields a 4% increase in total production (Table 
A-11-1) in the 10 x 10 homogenized permeability structure (Figure A-11-5). 

Results obtained after 10 x 10 homogenization for three different permeability contrasts 
(ku:kh range from lO:l, 1OO:l to 1OOO:l) are shown in Figure A-11-6 and Table A-11-1. 
Increasing permeability contrast yields progressively less oil when the same volume of water is 
injected because the homogenized, high permeability fractures cause water to bypass oil in the 
intervening low permeability matrix. For example, after injecting 1.4 pore volumes of water 
total oil production is 64%, 62% and 59% of OOIP for permeability contrasts of lO:l, 1OO:l  and 
1000:1, respectively (Table A-11-1). Note that increasing the permeability contrast yields more 
'ragged' oil saturation contours that reflect the enhanced effect that the homogenized, high 
permeability conduits exert on the pattern of oil extraction (Figure A-11-6). 

Arithmetic, harmonic and geometric averaging is also used to compute 10 x 10 upscaled 
permeability structures. Figure A-11-7 shows the patterns of oil saturation obtained for each case 
after injecting 0.7 pore volumes of water. These results are also compared to those obtained 
using 10 x 10 homogenization (Figure A-11-7). Total oil recovery is similar in each case (about 
59% OOIP). In addition, the general pattern of oil saturation is similar. At first glance, the more 
'ragged' character of the results obtained for arithmetic averaging suggest that the details of the 
fiacture networks may be better approximated using this approach. However, closer inspection 
reveals that the contour pattern may simply reflect the way that contours are computed when 
little change in oil saturation is evidenced. 

The upscaled 20 x 20 permeability structures shown in Figure A-11-8 suggest that the 
arithmetic averaging emphasizes the higher permeability blocks of the fractures while the 
harmonic averaging emphasizes the lower permeability of the intervening matrix blocks. The 
variability in permeability magnitude mapped within the homogenized domain ranges between 
the extreme values computed in the arithmetic and harmonic averaging cases. The spatial 
distribution of high and low permeability values found in the homogenized case clearly reflect 
the position, intersection and orientation of the fracture traces. These features are less well 
preserved in the arithmetic and harmonic averaging procedures. 



Table A-11-1 

Percentage oil in place (OOIP) recovery after injecting 1.4 pore volumes of water 
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High Permeability Low Permeability 

Figure A-11-1 . Schematic of homogenization method with: a) the original fiacture 
network, b) a finely gridded equivalent, c) 9 cells are homogenized to form one 
larger cell, and d) 25 cells are homogenized to form one larger cell). 
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Figure A-11-2. Idealized fracture pattern with simulated injection and production 
wells. 
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Figure A-11-3. Consequences of using 20 x 20 homogenization to upscale the fi-ac- 
ture network with a transition fiom 200 x 200 gridblocks to 20 x 20 gridblocks. 
The original k b  is 1 mD. The permeability contrast (khtUre:kmatnx) is 1OO:l. 
Anisotropy is given as a ratio of kmax to k h  while k magnitude is the product of 
kmax times k-. 
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Figure A-II-4. Contoured plots of oil saturation at three homogenization levels 
(10 x 10,20 x 20 and 40 x 40 upscaling) after water flood displacement of 0.7 
pore volumes with an injection rate of 2.0 barrels per day. The permeability 
contrast (kfiacture:kmatrix) is 1OOO:l. Initial oil saturation is 0.8. 
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Figure A-II-5. Contoured plots of oil saturation in the 10 x 10 homogenization 
domain with permeability contrast (khcture:kmatrix) of 1000: 1. Comparison of 
results after water flood displacement of 0.7 pore volumes with injection rates of 
2.0 (upper plot) and 0.09 (lower plot) barrels per day. Initial oil saturation is 0.8. 
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Figure A-11-6. Contoured plots of oil saturation at three permeability contrasts 
(kfmChre:kma& of 1000:1, 1OO:l and 1O:l after 10 x 10 homogenization. 
Results are shown after water flood displacement of 0.7 pore volumes with an 
injection rate of 0.09 barrels per day. Initial oil saturation is 0.8. 
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Figure A-11-7. Consequences of using 20 x 20 arithmetic and harmonic averaging 
to upscale the same fracture domain used to produce a 20 x 20 homogenized per- 
meability stucture. The permeability contrast (khcme:kma& is 1OO:l with 
k m a e  equal to 1 mD. 
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Figure A-11-8. Contoured plots of oil saturation in the 10 x 10 upscaled domains 
for arithmetic, geometric and harmonic averaging compared to results obtained 
with 10 x 10 homogenization. Permeability contra.st(khwe:ba& is 1OOO:l. 
Results are shown after water flood displacement of 0.7 pore volumes with injec- 
tion rate of 2.0 barrels per day. Initial oil saturation is 0.8. 
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APPENDIX A-III 

Developing and Testing a Discrete Fracture Model 

Development of the Discrete-Fracture Model 
The effort was directed toward development of a discrete-fracture finite-element model. 

Even though the initial development was for a two-dimensional non-fractured system, the model 
can be extended to a three-dimensional fractured system with some modifications. 

Governing Equations 
The general material balance equations for the two phase system, combined with Darcy's Law 
for flow either in matrix or in fractured rock is given by : 

---- oil phase 

water phase 

P o k r o k  q = -  
P O  

P w k w o k  
u, 

Tw =- 

When Po and S, are chosen as dependent variables, in an implicit formulation, the following 
matrix equation results. 

dol do2 v'"lx[;]+["b'" O ] x [ '  - YOVZ ] = [  dwl dw2 ] x  
V T, P,' V T, V * T, - y,VZ 

the above equation, 

dwl = @ p W  
J P W  

ap0 
dw2 = @Sw - 

Initial and boundary conditions 
Initial condition for each phase are as follows: 

No flow conditions at the boundary yield the following equations (Neumann boundary 
conditions). 
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Finite element formulation 

Approximation of the solutions by shape functions 
In simplex finite element, the number of coefficients consists of a constant term, plus linear terms. 

The two dimensional triangular simplex element is represented by a polynomial interpolating function 
of the following form. 

The polynomial is linear in x and y and contains three coefficients since the triangle has three nodes. It 
is a simple matter to find the values for a1 , a;! and a3, which are 

1 
2Area 

a, = -[(y2 - yJ@, 4- (Y3 - Y I P 2  4- (Y* - Y 2 ) W  

The variables in flow equations are approximated by using the shape functions of linear triangular 
elements, (x ,y )  . 

Approximation of variable coefsicients 
While physical problems involving homogeneous material properties are often encountered, in 

general, we must be prepared to accommodate variable properties. In our flow equations, the 
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L- 

transmissibilities and some coefficients on the right hand side are nodedependent variables. 
Therefore, they are approximated by the following functional representations. 

Applying the Green’s theorem to the flow equations 

shape function approximations, the partial differential equations can be converted to the 
following integral equations. 

If Green’s theorem is applied to the second order terms in the governing equations, using 

-I--- water phase 
R 

Application of Green’s Theorem to the Neumann boundary conditions gives, VP, - n = 0 and 
VS;n =O. 
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We can write the integral equations in matrix from as follows : 

k=l 

a 

Mesh generation 
Mesh generation was accomplished using the VORONOI - delaunay triangulation. In the 

discrete fracture modeling approach, the fractures are represented using plane rectangular 
elements if the overall flow problem is three dimensional. For two dimensional analyses, the 
fractures are represented by one dimensional line elements. The procedure for developing 
integral equations when fractures are present is similar to that described in this report. One- 
dimensional integration is employed in deriving the equations (two-dimensional problem). The 
resulting fracture matrix system is superimposed on the matrix due to the original nonfracture 
formulation. This concept is illustrated in Figure A-III-1. A local axis coordinate system is used 
for fracture equations and is superimposed on the global Cartesian coordinate system (Figure A- 
m-2). 
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Shape functions for linear line elements are given by 

x2 -x 
length 

cp, =- x - q  
length 

cp2 =- 

While physical problems involving homogeneous material properties are often encountered, 
in general the model should have the capabilities of incorporating variable properties. The 
following functional representation form is used to approximate the transmissibilities. 

With the assumption of continuity of pressures (primary variables) across the fracture-matrix 
boundary (pljf=Pij), the finite element matrix formulation for the fracture model can be derived in 

I ;  ( 4 Y 4  = &(O@&&Y) 
R 

the same manner as that for the homogeneous matrix system. 

Lumping scheme for the time derivative terms 
Previously, attention was focused on applications and implementations of standard 

variational method to discrete fracture model. Some preliminary results from the model clearly 
showed that the presence of the fractures accelerates the pressure response. In practice, it was 
found, however, that pure Galerkin's scheme is subjected to stability restrictions by the 
numerical oscillations in obtained solution. To overcome this difficulty and to obtain a more 
stable solution, a lumping method to preserve the stability and computational simplicity of 
conventional Galerkin's method was used. 

The time derivative terms has been identified as critical to the stability of the final solutions. 
It has been found that increased stability is obtained by using a lumping procedure in which the 
matrix is diagonalized as, 

For Lagrangian elements, a lumped version of Be matrix may be obtained by adding off- 
diagonal terms onto diagonal, either by rows or by columns. For an example, the matrix 
calculation of a two dimensional triangular element with lumping scheme is as follows. 

Numerical Results 
The applicability of using the above scheme was tested on a two dimensional test problem 

with dimensions of 20 meters by 20 meters (Figure A-III-3). There were a total of 193 nodes, 
341 triangular elements and 139 fracture line elements. The fracture network included in the 
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. model is shown in Figure A-III-3. A schematic of the finite element model is shown in Figure 
A-III-4. There was an injection well at the north-east corner and a production well at the south- 
west comer, diagonally opposite. 

A two-phase calculation was performed. A daily water injection rate of 0.089 barreldfoot of 
the reservoir was employed. The daily total fluid production rate at the producing well is also 
0.089 barrels per foot. The connate water saturation and the residual oil saturation were 0.2. 
The relative permeability to oil and water were symmetrical and are tabulated in Table A-El-1. 

Oil saturation profiles after a total of 0.7 pore volumes (PV) of water were injected for each 
of three permeability contrasts are shown in Figure A-III-5. Permeability contrasts (k-:km&) 
explored in this analysis represent different ratios between fracture and matrix permeability 
(lO:l, 1OO:l and 1OOO:l). Since the permeability contrast between the fractures and the matrix 
is small in the 1O:l case, the saturation profiles are more or less symmetrical. Figure A-III-3 
also shows that increasing the permeability ratio to 100: 1 and then to 1000: 1 causes the fractures 
to have a greater impact on the water flood. For a permeability contrast of 1000: 1, the flood path 
is uniquely fracture network dependent. In addition, it is apparent that increasing the 
permeability contrast causes a net reduction in oil recovery for a given volume of injected water 
(Table A-III-2). Thus, localization of flow in the higher permeability fractures causes reduced 
sweep of oil from the intervening matrix blocks. 

Figure A-IlI-6 shows a comparison between simulations performed for the permeability ratio 
of 1OOO:l at water injection rates of 0.09 and 2.0 barreldday and a total injection of 0.7 PV. 
Total oil recover is 4% lower at the higher injection rate because more of the oil is bypassed at 
the higher rate (Table A-IlI-2). 

Sensitivity studies conducted using the discrete fracture model showed that as the capillary 
pressure increased, the oil recovery increased slightly (by about 1.5 % OOP). Flow rate effect is 
dependent on the absolute matrix permeability. At high absolute permeabilities, recoveries 
increase with rate (up to a limit). At low permeabilities, higher flow rates usually lead to oil 
bypassing and lower recoveries. 

Three Dimensional Discrete Fracture Model 
A.three-dimensional model, based essentially on the same principles was developed. A 

synthetic fracture network with six fracture planes was constructed (Figure A-111-7). There were 
three horizontal fracture planes. Intersecting these fracture planes were three diagonal fracture 
planes. The model was run with permeability only in the fracture network with no flow 
contribution from the matrix. The water saturation distribution in the three horizontal fracture 
planes after 50 days of water injection is shown in Figure A-111-8. The water follows the network 
topology and breaks through, bypassing oil in all of the layers. 

Nomenclature 
B1 
pc capillary pressure 
Pl pressure of phase 1 
91 

formation volume factor of phase 1 

production per unit time of phase 1 
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saturation of phase 1 ' 
transmissibility of phase 1 
time 
volume 
density in of phase 1 
finite element basis function 
porosity 
finite element domain 
viscosity 
relative permeability 
index of space grid point corresponding to the last unknown point 
index of space grid point in a finite element 
reservoir condition 
stock tank or standard condition 

Permeability 
Contrast 

Model 

Discrete Fracture 10 to 1 
Discrete Fracture 100 to 1 
Discrete Fracture 1000 to 1 
Discrete Fracture 1000 to 1 

Table A-III-1 

Flow rate % OOIP 
(barrels/day) Recovery 

0.089 64 
0.089 61 
0.089 55 
2.00 51 

Relative permeability values employed in the discrete fracture model 
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Figure A-III-1. Schematic illustrating how matrices when adding both matrix and fixture 
contributions. 

Line element with local axis x* 

Global axes L 
Figure A-III-2. Discretization of a discrete fracture using linear line elements. 
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Figure A-III-3. Idealized fiacture pattern with simulated injection and production 
wells. 
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Triangular Element (Matrix Block) 

Line Element (FauWFracture Trace) 

Producer 0 Injector 

Figure A-1114. Finite element mesh containing line elements superimposed 
on triangular matrix elements for the fracture network shown in Figure A- 
111-3. 
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0 Injector 
Producer, 

0.09 bbls/day 

0.7 0.5 0.3 
Oil Saturation 

10 meters 

Figure A-111-5. Contoured plots of oil saturation at three different permeability 
contrasts (1 000: 1, 100: 1 and 10: 1) in the discrete fracture finite element model. 
Results are shown after water flood displacement of 0.7 pore volumes with 
injection rate of 0.09 barrels per day. Initial oil saturation is 0.8. 
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0 lnjector 
0 Producer 

10 meters 

0.9 0.7 0.5 0.3 - Oil Saturation 

Figure A-III-6. Contoured plots of oil saturation in the discrete fiacture finite 
element model with permeability contrast of 1OOO:l. Results are shown after 
water flood displacement of 0.7 pore volumes with injection rate of 2.0 (lefthand 
plot) and 0.09 (righthandplot) barrels per day. Initial oil saturation is 0.8. 
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Figure A-III-7. The three-dimensional discrete fracture network 

Figure A-ID-8. Water saturation distributions in the three horizontal hcture planes of the 
discrete fracture model 
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APPENDIX A-IV 

Developing and Testing a Parallelized Black-Oil Simulator 
In keeping with the overall goals of the project to simulate large, complex data sets, efforts 

were continued during this period of determining effective parallelization schemes. The 
platform was Power Challenge from Silicon Graphics, Inc. Data communication on the multiple 
processors was handled by a Message Passing Interface (MPI). A modified version of BOAST- 
VHS was used to test a variety of parallel methods and tools. 

The parallelization was achieved via domain decomposition, where the grid cells and 
boundaries are divided among available processors. Cells and boundaries which have neighbors 
on other processors were duplicated onto other processors making it possible to update reservoir 
variables on each processor independent of others. As the dimensionality of decomposition 
increases, more complex communication is required at processor boundaries. The parallel codes 
developed were capable of performing general three-dimensional domain decomposition. One 
and two-dimensional domain decomposition approaches were compared to the three-dimensional 
decomposition. The nature of processor coupling in the heptadiagonal matrix that commonly 
arises in reservoir simulation is shown in Figure A-IV-1. 

Equations resulting from the implicit-pressure-explicit-saturation ,(IMpEs) method were 
chosen for parallelization. The system of three-dimensional, three-phase equations reduced to 
the solution of a large, sparse system of linear equations (Ax = b) at every time step. Two distinct 
types of methods were tested; a conjugate-gradient-like methods (three techniques in this 
category) and an alternating-direction, line-relaxation technique. 

The iterative operations in algorithms of conjugate-gradient-like methods can be inherently 
parallelized. Thus, iterative solvers for the solution of large, sparse systems based on these 
techniques are appropriate for parallel environments. A great deal of work has been done on 
different types of conjugate gradient like methods for the solution of large linear systems and it 
has been suggested that preconditioned TFQMR was an efficient and robust method for the 
solution of equations resulting from the discretization of PDEs in reservoir simulation. TFQMR 
involves quasi minimization of the residual norm leading to smoother convergence than other 
conjugate gradient based methods such as conjugate-gradient-stabilized (CGS), bi-conjugate 
gradient (BCG) and bi-conjugate gradient-stabilized (BiCGS) methods. An appropriate 
preconditioner is essential for the success of WQMR. Several preconditioners were used in this 
work and based on effectiveness and simplicity, the Gauss-Seidel preconditioner was chosen. 
The TFQMR algorithm is provided as an attachment to this appendix. In addition to TFQMR, 
the BiCGS method and the GMRES methods were evaluated. 

The classical sequential solvers such as Jacobi and Gauss-Seidel line relaxation methods 
have the problem of pipelined solver on multiple computers. To avoid the cost of pipelining, the 
sequential matrix solvers can be replaced by concurrent matrix solvers on parallel computers. In 
this work, the Gauss-Seidel method was adopted for concurrent matrix solutions. The resulting 
algorithm (Attachment IV-2) is simple and elegant. 
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Results and Discussion 
The convergence behavior of the four parallel linear solution methods is shown in Figure A- 

IV-2. A new black-oil model with a total of 128,000 grid blocks (80x80~20) was chosen for this 
numerical experiment. The biconjugate gradient method (BEGS) shows divergent behavior. 
TFQMR and GMRES show the most rapid convergence. 

When multiple processors are used, the parallel performance of linear solvers may bet 
compromised. To test this, parallel TFQMR was tested on multiple processors. The shared 
memory SGI Power Challenge was used for this exercise. The results are shown in Figure A-IV- 
3. The convergence does slow down with multiple processors; however, the slow down is not 
significant. As the number of processors (nodes) increase, the performance gets only marginally 
worse, even though considerably more iterations are required when two processors are employed 
instead of one. 

The total speedup on multiple processors for three best parallel linear solvers (found in this 
study) is shown in Figure A-IV-4. The performances of "FQh4R and ADLR is comparable with 
W Q M R  being marginally better. However, ADLR parallel implementation is much simpler 
than TFQMR. A 36~80x20 grid was employed in this study. 

The performance comparison shown in Figure A-IV-4 was for composite computation. The 
speedup for two different aspects of computation, linear solvers and computation of the matrix 
for computation are shown in Figure A-IV-5. Once again, TFQMR appears superior. 

The parallel performance was also tested on a distributed memory machine @M SP2). The 
composite speedup factors and speedup factors for linear solution and matrix construction are 
shown in Figures A-IV-6 and A-IV-7. The matrix computation speedup contributes more to the 
composite speedup in the case of the distributed memory machine in comparison to the shared 
memory machine. 

Different types of domain decomposition schemes were also studied. The one-dimensional 
domain decomposition, in general, provided better speed-up than either two- or three- 
dimensional divisions. 

Conclusions 

files was determined to be identical to output from simulators such as BOAST-VHS. 
A new black-oil simulator was created. The output from this simulator for specific index 

1. The simple ADLR method for parallel computers has been shown to be a viable tool for 
parallelization of reservoir simulators. The performance of this scheme is comparable to the 
powerful TFQMR method. 

2. The performance of the parallel linear solvers on the shared and the distributed memory 
machines was comparable. 

3. Single-dimensional domain decomposition saves communication overhead and is thus better 
than multi-dimensional divisions of the reservoir. 
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,,TT,CHMENT A-IV-1: The TFQMR Algorithm 

TFQMR Algorithm for A*x = b 

ATTACHMENT A-IV-2: ADLR Algo~thm 

(1) start: 
(a) Choose xo E CN 
(b) Set A= G+ H 

(2) For n=1,2, ..., do : 
(a) Solve Gxn+I = b - H x n  

(b) If Xn + 1 has converged : stop ; 
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Processor I 

x:  1 4  
y: 1-2 
2: 1 

Processor II 

x:  14 

2 :  1 
y:34 

Processor I 

x: 1 4  
y:  1-2 
2 : 2  

Processor II 

x:  14 

z:2 
y:34 

0 : uncoupled elements in multiple processors. 

0 : Coupled elements in multiple processors. 

Overallgridsize:4X 4 X  2 
1-D domain decomposition in y-direction. 
Local grid size : 4 X 2 X 2 (2 processors) 
Equation system: A * X = b 

Figure A-IV-1. The heptadiagonal matrix structure in multiple processor computation. 
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Figure A-IV-2. Convergence trends for the parallelization schemes 

Figure A-IV-3. Convergence of the parallel TFQMR when multiple processors are used 
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Figure A-IV-4. Comparison of composite speedup factors for the three best linear solvers on a 
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Figure A-IV-5. Comparison of speedup factors for the linear solvers and for the construction of 
the matrix solved (on shared-memory SGI Power Challenge) 
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Figure A-IV-7. Comparison of speedup factors for the linear solvers and for the construction of 
the matrix solved (on distributed-memory E3M SP2) 
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APPENDIX A-V 

Adjusting Fracture Aperture for Different Triaxial Stress States 

The influence of different triaxial stress states on fracture apertures in DFN models is 
modeled using a MatLabTM code developed in this project. The code implements the two- 
dimensional algorithm of Brown and Bruhn (1998) for modeling the permeability of deformable 
fracture networks. The new code is applied to three-dimensional FracManTM discrete fracture 
models to produce a revised file that represents the original fiacture network adjusted for an 
applied stress state. 

. 

Approach 

In *e Brown and Bnrhn (1 998) algorithm the methods of Oda (1 985) are used to calculate a 
stressed permeability tensor for a two-dimensional synthetic fracture network. Using the Oda 
(1985) methodology the fracture network fabric can be described using a tensor that represents 
the volume averaged principal directions of the structural fabric. Stresses can be applied and a 
fmal permeability tensor can be derived for the fabric using a set of tensor transformations. 
Oda's method, however, only accounts for normal stress applied to the models. Brown and 
Bnrhn (1998) have improved upon this methodology by taking the additional step of accounting 
for shear stress and allowing fractures that have stresses greater than the rock strength and 
internal friction to fail. Failure typically leads to dilation of the fracture caused by slippage 
along rough fracture surfaces while normal stress acting on the fiacture plane. The final result is 
a permeability tensor that can be used to simulate a volume of rock that is under tectonic and or 
loading stresses. Because of the volume averaged properties of the final permeability tensor the 
method is efficient, but at the expense of rigor. 

A different approach has been implemented in the software developed for this project. This 
method is suitable for use with three-dimensional discrete fiacture network models such as those 
generated by FracManm. A FracManTM modeling session produces an output file containing 
the number of fractures, the hydraulic properties of each fracture, the coordinates of each vertex 
of each six sided fracture, and the trend andplunge of the pole to each fracture. These files' 
represent the unstressed fracture networks where apertures may initially be correlated to fracture 
length. A file passed to the code results in a new file where the aperture and transmissivity' 
values of each fiacture in the model are adjusted to the applied stresses according to the failure, 
roughness, and closure laws used in the Brown and BIuhn (1998) method. 

A simple model ofjoint closure in response to changes in normal stress is provided by Walsh 
and Grosenbaugh (1979) and adopted by Brown and Bruhn (1998). In this model, fiacture 
closure 6 depends on the standard deviation of the fiacture surface roughness Oe and the 
compressive normal stress S: 

6 = a +  OeIn(S) (Equation A-V-1) 

The constant a depends on various roughness measures (Brown and Schulz, 1986). 
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In the upper crust it seems reasonable to assume that fracture dilation, rather than fracture 
closure, will dominate in response to shear (Olsson and Brown (1993). Brown (1995) provides 
a model for aperture increase when fracture surface asperities override one another during shear. 
This model is derived assuming that two identical, isotropic hctal  surfaces slide past each other 
during shear. The relationship between aperture and offset is defined by computing the variance 
ofii-acture aperture 02: 

(Equation A-V-2) 

where s is the shear offset, a is a scaling exponent that depends on the fractal dimension of a 
two-dimensional surface, I' is the standard gamma function and C is a scale factor that 
determines the standard deviation of the surface roughness about its mean plane. The mean 
aperture (t), assuming a Gaussian distribution of fracture aperture, is approximately t = 30 
(Brown, 1995). 

Using this approach, the normal and shear stresses acting on each fracture are calculated 
from the applied principal stress tensor. The resulting state of stress is checked to determine if 
the fracture will fail under the material conditions specified in the model block of rock. These 
include geologically plausible values for the coefficient of internal fkiction (0.6) and Poisson's 
Ratio (0.25). If the fracture is unstable it is-allowed to move in a dip slip direction, some 
distance that is proportional to its total length and that is reasonable for the state of stress. The 
fracture is also given an empirically derived roughness (Brown and Bnrhn, 1998) so that some 
portions of the fracture opens and others close. A new average aperture is then determined for 

.the failed fracture and the component of normal stress acting on the fracture is invoked. The 
application of a normal stress will typically close the fracture, depending on its orientation and 
applied mean stress, according to the fracture closure law (Equation A-V-1). The final aperture 
of each fracture is then correlated to fracture transmissivity using the cubic law (volumetric flux 
is related to aperture cubed) and the new hydraulic parameters for each fracture are updated in 
the FracManTM file. This file is then ready to be passed to MaficTM for simulating fluid flow 
through the 'stressed' fiacture network. 

Several limitations and assumptions are included in adjusting hcture apertures as they might 
be found in different stress regimes. These include the fact that these are static models where 
local stresses and perturbations do not influence the state of stress for adjacent fractures. The 
approach also assumes that the off diagonal terms of the triaxial stress state tensors are resolved 
into the applied stress tensor. In addition, all of the parameters used to represent the material 
properties, closure laws, and stress states are assumed to be reasonable for the model at hand. 

DFN Model Sensitivity to Differential and Mean Stress 

In order to evaluate the effect that the Brown and Bruhn (1 998) stress algorithm exerts on the 
DFN model permeability values, a series of stress states are applied to a single DFN model. 
Incrementally decreasing the applied differential stress yields incremental increases in mean 
stress. The quarter intensity model (25% of the fractures contained in the corresponding full 
intensity model) is chosen as the test case because it provides a good compromise between 
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realistic fiacture intensities and computational efficiency. The modeled stress regime is initially 
set at sl=120 MPa in a vertical direction (Z), 02=100 MPa in an east-west direction (Y) and 
MPa in a north-south direction (x>. The maximum (01) and intermediate (02) principal stresses 
are held constant and the miriirnum principal stress (03) is increased by increments of 10 MPa 
until a maximum 0 3  of 100 ma was reached. Corresponding changes in differential stress (0d) 
defmed as: 

6 d  = 61-03 = 6 f 6 y  (Equation A-V-3) 

A series of 10 DFN model realizations are created for each stress state. Equivalent 
permeability values are computed in each of the X, Y and Z coordinate directions. MAFICTM is 
used to compute the effective permeability value needed to produce the same volumetric fluid 
flux computed in each coordinate direction through the discrete fracture model. Permeability 
values computed in each coordinate direction, and averaged (geometric mean) over all 10 
realizations, are shown in Table A-V-1. The results of this numerical experiment are shown in 
Figure A-V-1. 

Figure A-V-1 is a plot of the modeled directional permeabilities in the X, Y, and 2 directions 
versus the differential stress obtained for each 10 MPa increment of differential stress. The 
incremental values of mean stress: 

are also plotted on the lower axis of Figure A-V-1. 

Several factors control the opening and closure of individual fiactures in the model domain 
as principal stress tensors are applied in the Brown and Bruhn (1998) algorithm. The resolved 
shear stress must exceed the fictional shear strength of the material for individual fractures to 
fail (Brown and Bruhn, 1998). Thus, the orientation of each fracture within the applied stress 
field is also a controlling factor for failure. If a fiacture fails it will dilate according to the shear 
stress model described above (Equation A-V-2). The opening of fractures due to failure is a 
primary cause of localized enhancement of the permeability of single fractures 

At the scale of a fracture network model, in this case a 30 by 30 by 30 meter cube, the 
hydraulic impact of each fracture aperture in the network must be accounted for. Figure A-V-1 
shows that fractures tend to fail and open at high differential stresses and low mean stresses. 
This result is obtained because the specified stress regime causes high shear stress on individual 
fractures that are optimally oriented for failure in the applied stress field. Thus, fractures will 
open to a degree that depends on the orientation of each fracture set. The resulting differences * 
between k,, ky and kz yield an overall permeability anisotropy that varies as a function of 
differential stress (Figure A-V-1). 

At high values of differential stress we find that kx is about two orders of magnitude less than 
both k,, and k,. Reduced permeability in the X-coordinate direction reflects the fact that fractures 
sub-parallel to the X direction are aligned with the minimum stress direction (03 = cX ). As 
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differential stress is reduced from 120 to 80 MPa the mean stress increases to close fractures in 
all three directions and reduce the permeability anisotropy (Fig. A-V-1). 

At a differential stress of 80 MPa the mean stress is 87 MPa and normal stress is greater than 
shear stress. Because shear failure no longer influences fracture aperture at differential stresses 
less than 80 MPa all fractures close in a similar manner regardless of their differences in 
orientation. The relatively small change in fracture aperture noted at differential stresses less 
than 80 MPa reflects the logarithmic relationship used to describe fracture closure as a function 
of normal stress (Equation A-V-1). 

The results plotted in Figure A-V-1 make sense from a purely mechanical point of view and 
are consistent with the model and its inherent assumptions. Barton et al. (1997), however, note 
that hydraulically conductive fractures can exist under conditions of low differential stress (high 
mean stress). Several reasons may contribute to the fact that the Brown and Bruhn (1988) only 
predicts reduced permeability at low differential stress. For example, some fractures may dilate 
but not fail (Barton et al., 1997) when ‘critically stressed’ fractures develop within local stress 
fields not accounted for in the overall application of a trixial stress state. In addition, natural 
‘shear’ fractures may exhibit anisotropy in surface roughness (e.g. Bruhn and Lee, 1996) that, in 
turn, would lead to a greater degree of fluid channelization than that of the isotropic model used 
here. 
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Table A-V-1 

Directional Permeability Values as a Function of Stress Level 
for Quarter Intensity Fracture Models 

Minimum 
Principal Differential Mean 

stress stress stress 

10 110 77 7.5 4817.0 1766.4 
20 100 80 5.4 1429.8 787.2 
30 90 83 1.5 241.8 210.2 
40 80 87 0.9 1.0 0.4 
50 70 90 0.9 1 .o 0.4 
60 60 93 0.9 1.0 0.4 
70 50 97 0.9 1.0 0.4 
80 40 100 0.9 0.9 0.3 
90 30 103 0.8 0.9 0.3 
100 20 107 0.8 0.9 0.3 

Differential Stress (MPa) 
120 110 100 90 80 70 60 50 40 30 20 

10000 

1000 
n 
'0 
E '5: 100 

a 
1 

..I - - 
10 

al 
P 

1 

0.1 
73 77 80 83 87 90 93 97 100 103 107 

Mean Stress (MPa) 

Figure A-V-1: Geometric mean directional permeability plotted against 
differential and mean stress for 10 realizations of quarter-intensity DFN models. 
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