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1.0 Introduction 

Faults and fractures can play a key role in controlling fluid flow through hydrocarbon 

reservoirs.  Unfortunately, the small thickness (typically less than 1 mm for fractures, and 

less than 10 m for faults) and the often sub-vertical orientation of these semi-planar 

geologic features make them difficult, to impossible, to locate in the subsurface; except 

as they might be encountered in drill core or expressed in borehole geophysical logs.  

Interpolating the 3-dimensional geometries of fault/fracture networks between wells, 

even when accompanied by ground surface geophysical surveys, requires interwell 

information that cannot be obtained from the subsurface.  As a consequence, we use 

observations made in outcropping exposures of faulted and fractured rock to guide the 

process of generating representative fault/fracture systems that can be plausibly 

incorporated into reservoir simulators.  

 

This report focuses on the results of our own studies aimed at assessing the role of 

faults and fractures in controlling fluid flow through Navajo Sandstone exposed in 

Southern Utah (e.g., Shipton et al., 2002; Dunn, 2004).  We, and others, have completed 

similar outcrop-based studies in faults found in sandstone and other rock types (e.g., 

Aydin, 1978; Forster and Evans, 1991; Antonellini and Aydin, 1994, 1995; Caine et al., 

1996; Matthai et al., 1998; Forster et al., 1998; Caine and Forster, 1999; Davis, 1999; 

Taylor et al., 1999; Maerten et al., 2001; Jourde et al., 2002).  The Big Hole Fault 

(Shipton et al., 2002) and Teasdale Fault Zone (Dunn, 2004) have received much of our 

attention over the past 5 years because they are well exposed at the surface and provide a 

wide spectrum of fault type within the relatively uniform sandstone host rock.  Fault-



affected sandstone at the Big Hole Fault has suffered reduced permeability as a 

consequence of faulting through the formation of deformation bands (thin, planar 

fracture-like features comprising finely ground sandstone grains).   Both high-

permeability fractures and low-permeability deformation bands are associated with the 

Teasdale Fault Zone.  The following sections outline how we use the outcrop data to 

generate the input to fluid flow simulations designed to explore the way high, and low, 

permeability fault-related features control fluid flow through high-permeability sandstone 

reservoir rock.  Lessons learned at both the Big Hole Fault and Teasdale Fault Zone are 

illustrated using the results of our work at the Teasdale Fault Zone.                

 

2.0 Approach 

Our approach to generating fault/fracture input to reservoir simulators is grounded in 

well-established methods of mapping fault-related structures (fractures, fault gouge, 

deformation bands, etc.) in outcrop.  The canyon-mesa topography of Southern Utah is 

ideal for providing access to 3-dimensional views of the vertical and lateral extent of 

features that control fluid flow but cannot be imaged in the subsurface with geophysical 

methods.  Field activities include: (1) detailed measurements of the frequency, 

orientation, length and character of small, fault-related features along vertical and 

horizontal transects ranging from 10s to 100s of meters in length, and (2) field and aerial 

photo based surveys of the larger fault networks with individual, kilometer-scale fault 

lengths and fault widths on the order of 1s to 10s of meters.  The results of mapping 

across scales ranging from millimeters to several kilometers provide the geometrical 

information needed as input to reservoir simulators.   As the fault-related features are 



mapped in the field, their character is identified so that appropriate estimates of fluid flow 

properties can be assigned to individual faults within each fault network.  We use simple 

averaging methods to estimate effective permeability tensors and porosity values based 

on the number and character of fault-related features found within, and near, kilometer-

scale faults.  The 40 km long Teasdale Fault Zone (Figure 1) provides a good illustration 

of our approach because it contains both high-permeability, fracture-dominated features 

and low-permeability deformation band dominated features within a major fault zone that 

exhibits major variations in character and geometry along the fault.             

  

 

 

Figure 1.   Location and map view of the 40 km long, NW-SE trending Teasdale Fault 

Zone in Southern Utah.  Two principal study areas are indicated; the Cocks Comb and 

Cottonwood Wash (mapping results shown in detail in Figure 2).  Sense of motion is 
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reverse slip at the middle of the fault (shown with D (down) and U (up)) and strike slip at 

each end (shown with arrows)).  After Dunn (2004).    

 

3.0 Data Synthesis 

 

Fault Network Scale 

The results of km-scale field mapping and aerial photo surveys are synthesized to 

create detailed maps of the fault networks that comprise the Teasdale Fault Zone (Figure 

2).  Fault networks and fault-affected rock were mapped at two key locations; at the 

Cocks Comb and at Cottonwood Wash (Figure 1).  At the mid-fault, Cocks Comb, 

location (Figure 2a) the Teasdale Fault Zone experienced reverse slip with the resulting 

fault networks being well preserved in the outcrops of the upthrown (U) fault block of 

Navajo Sandstone.  The strike slip motion experienced at the eastern, Cottonwood Wash, 

end of the Teasdale Fault Zone (Figure 2b) yields a much broader fault zone in exposed 

in Navajo Sandstone with greater spacing between individual faults of the fault network.  

Both locations contain faults filled with fractures and faults filled with deformation 

bands.   Individual faults filled with deformation bands are usually aligned with the trace 

of the Teasdale Fault Zone.   Faults filled with fractures typically cut across the fault 

zone.  The widths of individual faults range from 1 to 10 meters.     



 

Figure 2.  Plan view distribution of fracture-filled and deformation band filled faults 

associated with two locations along the Teasdale Fault Zone (Figure 1): (a) Cocks Comb 

area (reverse sense of motion shown with D (down) and U (up)), and (b) Cottonwood 

Wash area (strike slip sense of motion shown with arrows).   The main trace of the 

Teasdale fault runs from left to right across each study area.   The dotted rectangles show 

the outer boundary of the finite element grids developed to capture the properties of the 

fault systems in a fluid flow simulator.  After Dunn (2004). 

 

The fault networks shown in Figure 2 are used to create gridded, 3-dimensional finite 

element flow simulation domains by representing each individual fault with a series of 

prismatic, 3-D elements (Figure 3).  The faults are assumed vertical in creating the 

simulation grids of Figure 3.  Although this approach provides useful insight regarding 

the impact of the faults on fluid flow, we will ultimately represent the individual faults as 
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groups of planar elements embedded in a field of 3-D prismatic elements.  Field mapping 

indicates that smaller, fault-related features than those shown in Figure 2, and captured in 

the grids of Figure 3, are limited in number and extent.  Thus, those features need not be 

explicitly represented in the simulation grid.  The way such features might affect fluid 

flow properties of the intervening rock, however, can be represented by adjusting the 

properties of the intervening sandstone host rock.  

 

 

Figure 3.  Plan view of finite element simulator domains constructed to capture the 

individual fault network geometries shown in Figure 2: (a) Cocks Comb model domain, 

(b) Cottonwood Wash model domain, and (3) detail of Cottonwood Wash grid.  All 

boundaries are impermeable, except the recharge boundaries located at the page-bottom 

side of each domain.  After Dunn (2004). 
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Individual Fault Scale 

Data collected by mapping features encountered in relatively short (1s to 10s of 

meters) vertical and horizontal transects are used to estimate the fluid flow properties of 

the grid elements used to represent individual fault zones.  This method yields a one-

dimensional representation of the location and intensity of fractures, small faults and 

deformation bands found within and between individual larger faults.    Transect data 

include type of feature, position, orientation, apparent thickness or aperture, geometry 

and relative age relationships between footwall and hanging wall.  Where groups of 

closely-spaced, amalgamated deformation bands were mapped, the cumulative thickness 

of deformation band material per meter was noted.   

 

The detailed data collected in the transect mapping were compiled so that synthetic 

network models of fractures or deformation bands could be constructed within 2 m on-a-

side cubes of sandstone (Figure 4).  Deformation band network models (Figure 4a) are 

constructed using Golder Associates’ FRACWORKS® 95 computer program; a 

component of the FRACMAN® software package used to generate three-dimensional 

realizations of fracture networks.  Effective permeability in directions parallel to each 

side of the block are estimated by computing the thickness-weighted harmonic mean of 

the sandstone host rock (500 mD) and deformation bands (1 mD and 1 mm thickness) 

sampled along digital transects cut through the block (Figure 4a).  The relatively high 

intensity of deformation bands, oriented in various directions, leads to almost isotropic 

permeability of about 15 mD (7 mD perpendicular to the fault, 22 mD parallel to fault dip 



and 14 mD parallel to the trace of the fault) within deformation band dominated faults; 

for the conditions specified (Figure 4a).   

 

A continuum approach is used to estimate effective permeability values in fracture 

networks (Oda, 1985).   Joints are typically near-vertical and approximately parallel to 

one another. Field observations indicate that zones of through-going joints are often 

composed of 40 to 50 joints over a span of 2 to 3 m (Figure 4b).  In this example, 

permeability tensors are calculated for joint zones assuming 25 joints per meter and a 

fixed aperture of 100 µm intersecting a 2-cubic meter volume. A sandstone permeability 

of 500 mD and a deformation band zone permeability of 20 mD are also used. Calculated 

values of effective permeability for the 500 mD sandstone are 379 mD in the direction 

perpendicular (k┴) to the fault, 3631 mD in the direction parallel to the strike (k//S) of the 

fault, and 2508 md in the direction parallel to the dip (k//D) of the fault. The preferred 

orientation of joints found in the faults leads to this strong anisotropy with maximum 

permeability within the fault plane and minimum permeability normal to the fault.  

Computed permeability values for jointed deformation band zones with 25 joints per 

meter intersecting 20 md rock are k┴ = 23 md, k//S = 2547 md and k//D = 2508 md. 



 

Figure 4.  Synthetic network models in 2 m on-a-side cubes of sandstone constructed as a 

foundation for computing effective permeability in three principal coordinate directions 

(parallel to the fault trace [left to right], normal to the fault plane [in and out of the page] 

and parallel to fault dip [up and down]): (a) deformation band network with 1 mm thick 

deformation bands of 1 mD permeability in 500 mD sandstone, and (b) fracture network 

with 100 µm aperture fractures in 500 mD sandstone. After Dunn (2004).   

 

The finite element grids shown in Figure 3 are populated with fault-related parameter 

values that reflect the average permeability and porosity values computed at the 2-m 

block scale (Figure 4).  The large anisotropy of the fracture-filled faults suggests that 

these features can be plausibly represented at lower computational cost by replacing the 

3-D prismatic elements with 2-D planar fracture elements embedded within a domain of 

much larger, 3-D prismatic elements that represents the sandstone host rock.       
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