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Abstract 

The existence of authigenic and reworked clays in fault zones is well understood to control the 

hydrologic and mechanical properties of faults. The net effect these clays have on fluid 

conductivity, reservoir quality, and fluid-derived mineralization is dependent on the origin of the 

gouge. To address this topic, I collected samples along four high-angle normal faults exposed 

within a copper mine in Lisbon Valley of Southeast Utah. The GTO, Lisbon Valley, Keystone, 

and Centennial faults were all sampled in gouge zones ranging from ~0.1 to ~5.5 meters across. 

Fault displacement ranged from 5 meters to 400 meters. Complementing field work was XRD 

analysis of all suitable samples to determine the quantity and type of clay in each gouge. We 

related the hydrologic properties affected by fault gouge with shale gouge ratio (SGR) and fault 

permeability computer modeling. SGR quantitatively estimates clay amounts in fault gouge that 

allow fault zone permeability estimates to be derived. Field interpretations suggest gouge zones 

are dominated by either maroon or green clays with most sites having lenses of the non-dominant 

component. Sampled gouge zones have grain sizes ranging from clay to fine sand and are poorly 

to moderately consolidated. Color of gouge samples does not seem to correlate with offset of 

faults, however, there is a correlation between grain-size and fault offset. XRD data shows high 

concentrations of illite and quartz in nearly all samples, and kaolinite present in samples with 

green/yellow hues. Modeling results predict high seal potential from SGR and very low 

permeability in nearly all sample sites. Understanding the effect on hydrologic dynamics will 

ultimately assist the team of geologists at the Lisbon Valley Mine further understand and predict 

copper mineralization along fault zones in the area along with constraints on fault-seal capacity 

when considering in-situ recovery. 

 

Introduction  

 Clay minerals are commonly found in 

fault-produced rocks. These clays are most 

highly concentrated in faults zones with 

sedimentary components hosting a large gouge 

zone. Clay-dominated fault rocks are referred to 

as fault or clay gouge and are defined as 

tectonites with very fine grain size, consisting of 

mostly clay-sized particles. Fault gouges are 

well understood to affect fault hydrology, or the 

way fluids interact when encountering a fault 

surface. Along with water there is a suite of 

other economic fluids to account for such as 

migrating petroleum and mineral-rich 

hydrothermal fluids. The existence of clays in a 

fault core has been recognized to reduce 

permeability as much as seven orders of 

magnitude (Crawford et al., 2002; Davatzes et 

al., 2005). This reduction in conductivity leads 

to an inability of fluid passage across a fault 

zone. The occurrence of clay-rich fault gouge is 

the most influential factor on a fault’s 

permeability and conductivity (Solum and van 

der Pluijm, 2009; Walsh et al., 1998, 2002).  
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 Given the magnitude of influence that 

clay gouge has on fluid behavior, I attempted to 

quantify attributes of their concentrations and 

compositions. Understanding the composition 

used powder x-ray diffraction and Rietveld 

refinement modeling. This quantified the 

amount and type of clay minerals that are 

present within the gouge and assisted with 

model parameters as well as understanding the 

source of clays or enrichment of the gouge from 

surrounding stratigraphy. XRD data also 

assisted in developing an understanding of the 

genesis of clay gouge formation as it compares 

fluid alteration.  

Another approach involved an empirical 

method of estimating clay concentrations and 

other fault zone properties through the 

application of modeling. One of the three 

methods to quantify fault gouge known as shale 

gouge ratio (SGR). SGR attempts to calculate 

clay concentrations based on the assumption 

that the gouge composition at a specified point 

is equivalent to the average composition of all 

the host rocks that has passed that point based 

on the throw of the fault. This implies that there 

was an equal mixing of all the different 

compositions up to that point in the stratigraphic 

section. Along with SGR, fault zone 

permeability and fault seal potential models 

were used to gain a better understanding of how 

fluids may interact with each fault. 

 

 This study focused on a few key faults in 

Lisbon Valley of southeast Utah. The faults in 

concern are all shallow, disconnected, high 

angle normal faults in all sedimentary hosts.  

The study sites include locations on the Lisbon 

Valley, Keystone, GTO, and Centennial faults. 

These faults vary in displacement from a few 

meters to a few hundred meters. The overall 

purpose of this study was to 1) describe and 

quantify the architecture, physical properties 

Fig. 1 – Regional and local location map of study area. Major faults in the region are 

represented as thick black lines. Surface geologic units displayed on top with sample site 

locations as dots.  
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and overall configuration of gouge zones; 2) 

quantify the mineralogy of the fault gouge in 

these zones; 3) model and predict the properties 

of these fault zones through the application of 

SGR, fault zone permeability, and fault seal 

potential models through computer software.  

 

 A major motivation for this project was 

to assist the Lisbon Valley Mine in 

understanding the dynamics of their subsurface 

geology. The mine is researching a recovery 

method known as in-situ recovery. This method 

involves injection of sulfuric acid into 

subsurface ore bodies to dissolve the copper into 

an acid solution. This acid is then pulled out of 

the ground and processed for the impregnated 

copper in solution. Performing this recovery 

requires an extremely developed understanding 

of subsurface flow. Understanding how fluids 

will act when encountering fault zones is a vital 

piece of this puzzle.  

 

Background 
 

Geologic Setting 

 

Lisbon Valley, in southeastern Utah, is 

one of the many salt-cored anticlines of the 

Paradox Basin. The formation of these 

anticlines began in the late Paleozoic. 

Deposition of a sequence of Pennsylvanian 

evaporites, which filled the basin, was followed 

by fluvial clastic deposition from large scale 

fans sourced from the Uncompahgre Uplift 

(Leary et al., 2017). The creation of salt diapirs 

led to uplift through the late Pennsylvanian to 

the Triassic. This thick accumulation of salt 

deposits initially activated faults in the Early 

Mesozoic (Garden el al., 2001)(Fig  2). A lull in 

tectonism occurred until the Laramide Orogeny 

applied a northeast-southwest compressive 

stress (Garden el al., 2001). This stress caused 

growth of the anticlines of the Paradox, and the 

result is what we see today in Lisbon Valley 

(Garden el al., 2001). This compression around 

~60 Ma also resulted in the reactivation and new 

production of high-angle normal faults, typically 

striking north-northwest (Solum et al., 2005). 

Faults exposed at the surface in the Lisbon 

Valley (Lisbon Valley, GTO, Keystone, 

Centennial.) (Fig. 1) are now interpreted as 

shallow listric normal faults caused by a 

dissolution-induced collapse of the salt-cored 

anticline that underlies them. There are two 

types of faults in the valley; primary faults 

dipping to the NE and secondary or antithetic 

faults dipping to the SW. These faults and show 

a range of offsets. The major faults display 

offsets ranging from 100 meters to less than 10 

meters while minor faults show at most 5 

meters.  

 

Fluid History 

 

The fluid history of Lisbon Valley and 

the greater Paradox Basin has been a topic of 

discussion since research on the area began. In 

Lisbon Valley, there are extensive copper ore 

deposits, uranium and vanadium, and a 

producing oil field in the western part of the 

valley (Solum et al., 2010). This suite of geo-

fluids has been interpreted in many ways and is 

still a topic of research today. The first fluids 

present in the valley are hydrocarbons sourced 

from the underlying Paradox Formation. As 

these hydrocarbons migrated upward around 

Fig. 2 – Regional map of Paradox Basin with salt 

valleys and study location in red box.  
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120 Ma Fe3+ was reduced to Fe2+ and was 

mobilized (Beitler el al. 2003). This reduction of 

iron in the hematite caused the predominantly 

oxidized strata of Jurassic to be bleached and 

left in a reduced state. The reduced stratigraphy 

allowed for the next stage of fluids to oxidize 

and precipitate copper and uranium rich 

minerals in their place.  

 

Next in the story of fluid history was 

hydrothermal copper mineralization (Morrison 

and Parry, 1986). A variety of species exist 

within the valley, with the main ore minerals 

being chalcocite, chalcopyrite and many other 

minerals as products of alteration or secondary 

minerals. The intensity of the copper 

mineralization left an economically viable 

resource behind that has been mined since The 

Big Indian mine in 1903, with the largest and 

still active operation being the Lisbon Valley 

Copper Mine. The copper-bearing fluids 

migrated and were deposited near the faults 

within the valley; the age of copper 

mineralization remains unclear. Along with 

copper, dozens of other metals (including 

uranium and vanadium) were deposited in 

smaller quantities overall with high 

concentrations in localized sections of the valley 

(Morrison and Parry, 1986).   

 

Stratigraphy 

The exposed stratigraphy of Lisbon 

Valley is from Pennsylvanian to Cretaceous in 

age. The Paradox Formation (a sequence of 

evaporites) is the oldest stratigraphic unit in the 

area. The remaining section is composed of 

sequences of sandstones and shales from a range 

of depositional environments.  

 

The Lisbon Valley mine has developed 

their own nomenclature for the local 

stratigraphy (Brian Sparks, personal 

communication). This nomenclature will be 

applied to this paper and referenced frequently 

2 
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Fig. 3 – Stratigraphic section at Lisbon Valley Mine. Jurassic and Cretaceous strata that exposed in the various 

mining pits on the property. This section was designed by Brian Sparks and is property of the LVM. 
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(Fig. 3). The stratigraphy in the pit is designated 

by bed number ranging from oldest (Morrison) 

Bed 17, to youngest (Quaternary Alluvium) Bed 

1. The Burro Canyon Formation is divided into 

two beds, 15 and 14, both of which are 100 feet 

thick. Bed 15 is a pebbly fluvial conglomerate 

with packages of fining upward sequences 

representing a braided stream deposit. Bed 14 is 

a finer grained fluvial deposit with uniform 

distribution throughout. Beds 13-11 are the 

Lower Dakota Sandstone. Bed 13 is a fining 

upward immature sandstone ~35 feet thick, Bed 

12 is a fine grain sandstone ~10 feet thick, and 

Bed 11 is a coarse to medium, fining upward 

package of sands that is ~20 feet thick. Beds 10-

6 are all sequences of interbedded coarse to fine 

sands, shales, and coal beds within the Dakota, 

all from 10-30 feet in thickness. Beds 5-3 

comprise the Upper Dakota and are all coarse to 

medium sandstones with fining upward 

sequences that have scoured bases into the 

sequence below, representative of migrating 

channel systems. Finally, Bed 2 is the undivided 

Mancos Formation that composes the top of the 

mining pits.  

 

Faults 

 

There are four major faults in Lisbon 

Valley along with several smaller antithetic 

faults, splays, and relays. These major faults are 

the result of salt tectonics sourced from the 

Paradox Formation. Salt can flow under load 

over geologic time, as sedimentation occurs on 

top of the salt, the salt begins to flow and create 

diapirs. A salt diapir is a dome or column-like 

feature similar to an anticline. These elongated 

domes cause extensive faulting of overlying 

stratigraphy into the salt. The current 

configuration of faults formed after the 

dissolution and collapse of the salt anticline. 

Millions of years of salt dissolution form 

meteoric or ground water fluids resulted in the 

collapse of the anticline. The faults created by 

this failure were high angle normal faults 

bounding the north and south flanks of the 

anticline as well as the associated antithetic 

faults.  

 

Previous Work 

 

Similar research has been conducted of 

fault gouge. A study by Solum (2010) 

investigated the timing and configuration of 

fault rocks along the Moab fault outside of 

Moab, Utah. Solum applied SGR and clay-

smear potential models to conclude that as clay 

concentration increases, permeability of the 

fault zone decreases, and capillary entry 

pressure increases. This research was conducted 

in the Spanish Valley, which is a salt diapir in 

the same type of stratigraphy. Along with 

similar settings, a very similar fluid history has 

been interpreted. Overall, Solum’s 2010 study 

has very valuable methodology and results to 

assist this research effort. 
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Methods
 

Field Sampling  

 

Each sample taken from the five sites 

that were labeled with systematic names tied to 

the source location as well as a description of 

fault zone. Every sample was collected within 

the fault core specifically targeting gouge zones. 

Samples taken were selected based upon field 

observations of abundance, color and texture. 

Key traits observed were the apparent 

abundance of clay within a zone, unique in color 

or texture from surrounding zones, and 

thickness of the target zone. These attributes 

were chosen to achieve a diverse sample set. 

While many of these samples were already 

exposed due to the mining activity, samples 

from Lucky Strike were obtained by clearing 

and then digging a lateral trench across the 

exposure. Samples from the mine pit were taken 

in rapid succession while operations were 

halted, and pit access was granted. Collection at 

Lucky Strike (LV008-LV016) was methodical, 

and details were better recorded. The outer 10-

20 cm of material exposed at the surface was 

removed from all sampling locations to ensure 

collected material was not altered by surface 

weathering processes. 

 

Five distinct and separate sites were 

identified and chosen for sampling with a total 

of 16 samples collected. Three of these sites 

were within the active mining area (7 samples) 

and the remaining sites at Lucky Strike are 

naturally exposed fault zone east of the mining 

area where the following 9 samples were 

collected (Fig. 1).  

 

Location one (Fig. 1 & Fig. 4) is an 

exposure along the East Centennial fault visible 

within the north side of active Centennial 

mining pit. The fault shows approximately 30 

meters of offset here. This site has a roughly 

1.5-meter thick zone of clay-rich gouge, 

sandwiched between heavily damaged outcrops 

of Dakota Sandstone (Kd) in the hanging wall 

and lower Burro Canyon (Kbc) in the footwall. 

The gouge in this location has been bleached 

yellow/white with interbedded lenses of dark 

red unbleached gouge. Both unique gouge 

compositions were sampled separately. The 

most extensive damage surrounding the fault 

core extends ~ 5 meters in either direction with 

less intense alteration in the hanging wall than 

the footwall. One sample, LV001, was collected 

from this site. 

Location two is located at the east side 

of the main active pit along the Lisbon Valley 

fault (LVF) (Fig. 5). At this site, the Navajo 

Fig. 4 – Sample site 1 within the active mining pit 

(LV001). Existence of both maroon and tan color 

gouge shown within near proximity to fault surface. 

A 

B 
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Sandstone Formation (Jn) is juxtaposed against 

highly deformed Burro Canyon formation in the 

handing wall. The LVF at this site has the most 

offset with 400 meters. The main fault gouge at 

this location is divided into two distinct bands, 

one bleached and relatively coarse grained, and 

the other not bleached and more clay rich. The 

cumulative thickness of these two subzones is ~ 

5 meters with the bleached zone accounting for 

~1.25 meters of this. Samples were gathered 

from both subzones separately. The Navajo 

Sandstone at this site in not heavily altered of 

fractured, whereas the Burro Canyon Formation 

is highly fractured and altered. Sample LV002 

through LV004 were collected from this site. 

 

Sample location three is in the main 

active mining pit to the east of site two (Fig. 7). 

The gouge in this location was a bleached 

white-green to yellow with a more sandy texture 

than previous samples. The sample site is along 

the more minor Keystone fault within the pit. 

The gouge zone and alteration zone were less 

distinct than other sites due to overall heavy 

alteration. The zone with the heaviest 

alteration/gouge for this site was determined to 

be ~3 meters and the damage zone extended to 

as far as the exposure was visible, roughly 10 

meters. The Keystone fault in this location has 

the lower Burro Canyon Formation in the 

footwall and the upper Burro Canyon formation 

in the hanging wall. The Keystone fault shows 

roughly 30 meters of displacement in this 

location. Samples LV005 and LV007 were 

taken from this site for analysis. 

 

Sample site four is located to the east 

outside of the active mining location down the 

B 

Fig 5. – Sample site 2 (LV002-LV004). Large 

damage zone and gouge zone with deep red clays. 

Footwall with great slicken lines. 

A 

Fig 6 - Location 5 (LV015/LV016) showing variation 

of texture and color of clay gouge. Typical example 

of gouge composition separation. 
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valley along the GTO fault (Fig. 7). The GTO 

fault at this site exhibits 150 meters of offset. 

This site is on land the has been leased by the 

mining company for future exploration. The 

process of sampling at this exposure required a 

lateral trench to be dug to uncover the gouge 

zone and remove surface alteration. This 

location had the largest number of subzones 

within the fault core. Five distinct zones were 

identified and sampled, LV008 to LV014. These 

samples stretched a 5.5-meter area bounded by 

damaged/fractured outcrop of Burro Canyon 

formation in the hanging wall and the Salt Wash 

member of the Morrison Formation in the 

footwall. The gouge at this location again 

ranged from bleached and dark red. Unique to 

this location zones alternated from coarse 

lithology to clay-rich back to coarse on a 

submeter interval.  

 

The final sample area, location five in 

the Lucky Strike prospect (Fig. 6, Fig. 8) has 

Fig 7 – Sample site 3 (LV005-LV007). Heavily 

altered in both headwall and footwall. Gouge zone 

was the most clay rich area with little to no intact 

strata.  

 

A

 

B 

Fig 8 – Sample sites 4 (LV008-LV014) and 5 (LV015-

LV016). Small fault exposure with obvious gouge and 

damage zones. Large lateral trench at site 4. 

 

 

B 

A 

Site 5 

(above) 
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two separate locations grouped into one due to 

proximity. This site is located directly above (~5 

m) location four on the GTO fault. The reason 

the site was chosen was because the vast 

differing lithology in gouge from the location 

only a few meters away. The gouge at this site 

had two distinct zones, a red subzone adjacent 

to bleached yellow zone (Fig. 6). The two zones 

were abutting the hanging wall of Burro Canyon 

Formation and the footwall again was the 

Morrison Formation. The total sampled zone 

was less than 1 meter across. The total fault core 

was ~ 5 meters but has been heavily weathered 

due to extensive surface processes. A total of 

four samples, two from each sublocation, were 

collected, LV008 through LV014 from the 

lower location and LV015 and LV016 from 

above. 

 

X-Ray Diffraction (XRD) 

 

Basic mineralogy of each sample was 

determined using randomly oriented powdered 

X-ray diffraction (XRD). This method requires 

a very fine grain powder < 4 µm in size to 

accurately assess the mineralogy by measuring 

the intensity and angle at which a mineral's 

crystal lattice refracts x- rays. Achieving this 

required extensive sample preparation. Each 

sample was crushed to a powder using an agate 

mortar and pestle. The powder was buffered 

with deionized water to avoid any alteration 

during the powdering process. Samples were 

then air-dried and sieved at 4 µm to ensure the 

elimination of interference from large grain 

diffraction. After completing preparation, 

samples were packed into random oriented 

pucks and loading into the Rigaku MiniFlex 

XRD. The scanning conditions for all samples 

were held consistent at 15 mA and 20 kV 

scanning from 3°-90°. Random orientation was 

chosen over an oriented scanning method 

because some peaks that are signature of some 

clays can be absent in oriented samples.  

 

Accompanying this XRD work was 

Reitveld Refinement Modeling performed by 

Jason Kirk at the University of Arizona. 

Reitveld refinement is an extremely advanced 

method of XRD modeling that requires 

advanced size and density separation and 

characterization of peaks that is beyond the 

ability of this research lab. The results of 

Reitveld refinement is a bulk composition of the 

exact percent species for each mineral in a 

sample.  

 

Computer Fault Modeling 

 

A key tool used in this investigation was 

computer fault modeling. The selected program 

is a software package developed by Badleys 

known as T7. This is a 3D program that can be 

used to interpret, validate, build, and model fault 

seal potentials among many other features (Fig. 

9). For this research, Badley’s T7 software 

package was used for three main model types: 

shale gouge ratio modeling (SGR), fault seal 

capacity, and fault permeability. SGR is a 

mathematic function that simply calculates the 

percent of shale or clay in a faulted interval. 

This is shown as the amount of shale/clay that 

has passed a point as a set of strata is 

progressively faulted. The result is a triangle 

diagram showing relative percent of shale in the 

produced gouge based on where you are in the 

stratigraphic section. Along with SGR, fault seal 

and permeability modeling were also conducted. 

Both models consider the composition of 

stratigraphy as well as depth when faulted to 

determine permeability of a fault surface as well 

as the fault's ability to act as a barrier between 

each side (seal). Running any of these models 

required an understanding of the stratigraphy 

within the study area. More importantly, we 

needed to develop a pseudo V-Shale log, or a 

log of the volume and location of shale intervals 

within the study area’s stratigraphy. This is the 

most important input into T7 for these models. 

The results of these three models were 

integrated with shallow well data and XRD data 
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about clay content all with the goal to 

understand the affects these gouges have on 

fluid movement of all types.  

 

Results 
  

Mineralogy of Clay Gouge 

 

 Randomly oriented powdered XRD 

results show high intensities of illite, quartz and 

kaolinite (Fig. 10). Along with major 

constituents, smaller concentrations of hematite, 

potassium feldspar, muscovite, and calcite were 

identified in select samples. 

  

 Findings from this XRD work show the 

overall composition of the gouge zones. While 

percent abundance of each mineral is not 

calculated with this method, Rietveld models 

agree with the overall mineralogic trends found 

by randomly oriented powder XRD work.  

Rietveld modeling for three samples in Lisbon 

Valley was performed by Jason Kirk at 

University of Arizona. Modeling was performed 

on 3 size fractionations, 2-1 µm, 1-0.2µm and 

<0.2µm. The samples chosen were from the 

Lisbon Valley Fault (LV002), Keystone Fault 

(LV007), and the GTO Fault (LV012) (Fig. 10). 

Illite is the dominant mineral for the samples 

from the Lisbon Valley fault (LV002) at 69.3% 

in the 2-1µm, 90.97% in the 1-0.5 µm and 

96.47% in the <2 µm size separations (Fig 11 

and 13). The GTO fault sample (LV012) 

showed similar composition with illite as the 

dominant mineral with 72.06% in the 2-1µm, 

73.75% in the 1-0.5 µm and 93.78% for the <2 

µm size separations. (Fig 10). However, for 

sample LV007 on the GTO fault, quartz is the 

dominant mineral for the 1-0.5 µm separation 

with 44.09%, but illite becomes dominant in the 

1-0.5 µm and <2 µm separation with 55.8% and 

90.92% respectively (Fig. 11).  

 

The mineral abundance for all samples 

in the <0.2µm separation show high percent of 

illite ranging between 90 and 95% (Fig 11). For 

samples LV002 and LV012 illite is the most 

abundant mineral followed by quartz at 14.16% 

and 9.91% respectively. LV007 is the only 

sample with high kaolinite concentrations at any 

Fig. 9 – Schematic showing the function of 

triangle plots used for modeling. Relationship 

is show for each bed as it progressively is 

faulted through the stratigraphic section. 

Fig. 10 – Random oriented powder x-ray diffraction of 

the main sample types found in Lisbon Valley.  



The Effect of Fault Gouge on Fluid Flow in Lisbon Valley, UT. 

Carson Broaddus  

 

size separation with 24.5% and the lowest illite 

percentages of all the samples at 25.6%. LV002 

has total composition is 70% clay minerals, 

while LV007 has 50% clays, and LV012 has 

roughly 80% clay minerals. This is consistent 

throughout all the size fractionations (Fig. 11).  

Fig. 11 – Three size fractionations and their 

relative mineral abundances. Size separations 

are the result of Reitveld modeling. Standard 

procedure is 4 size separations, this analysis is 

missing 1-0.2 µm because LV012 had a lack 

of this grade.  

Fig. 12– Three samples from three faults, 

LV002 (LV Fault), LV007 (Keystone Fault), 

and LV012 (GTO Fault). Relative abundance 

of minerals within each sample. XRD data 

from Jason Kirk at the University of Arizona. 

Keystone Fault 

LV007 

GTO Fault 

LV012 
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Fault Property Modeling 

 
Fault property modeling using T7 was 

performed for all sample sites through the whole 

stratigraphic section. Shale Gouge Ratio 

modeling is the first order technique used to 

predict the amount of shale/clay in the gouge 

(Fig. 14). Modeling indicates that samples 

LV015 and LV016 have the highest gouge ratio 

of 0.66. Samples LV008 through LV014 have 

the second highest values 0.54, followed by 

LV002-LV006 with 0.52, then LV001 at 0.37 

and LV007 with 0.21.  

A secondary modeling method to 

determine fault zone permeability properties 

was then conducted; this model uses a database 

of tested and known permeability values along 

with their associated stratigraphy and SGR. This 

model results in best fit values or a site along 

the faults based on SGR and previously known 

values.  Like SGR, fault zone permeability 

models show a range of vales that are all very 

poor. This model shows poor permeability 

where SGR is high (LV015 and LV016) and 

highest permeability exists where SGR is the 

lowest at LV007 and LV001 (Fig 15).  

 

Lastly, a fault seal capillary pressure 

model was run to determine the amount of 

pressure the fault gouge is about to isolate. This 

model is again based off the original V-Shale 

log and SGR calculations. The fault results for 

seal potential models aligned with what was 

expected given the results from SGR and 

permeability models (Fig. 16). Like expected, 

sample sites with high SGR and low 

permeability exhibited higher relative fault seal 

potential (LV015 and LV016), while sites with 

low SGR and high permeability result in low 

fault seal potentials (LV007).  

  

Fig. 13 – Three size separations; 1-2um, 1-0.2um, and 

<0.2um. Shows distribution of each mineral in the 

gouge as a function of grain size.  

Fig. 14 - Shale Gouge Ratio (SGR) Values range 

from 0-1, 1 being 100% shale 0% being 100% 

clean sand/no shale. SGR is a mathematical 

function using shale bed thickness and dividing by 

fault throw. 

Fig. 15 - Fault permeability model (look-up), 

values range from 0 mD to 15 mD. 
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Discussion 
Several relationships are possible 

between the individual factors observed in this 

study. Some of these factors contribute greatly 

to the overall configuration of gouge zones in 

the Lisbon Valley area. The following 

discussion highlights the most apparent of these. 
 

Gouge Zone Geometry 

 

This study has shown that all sampled 

sites have unique configurations and 

architectures. Some of the differences will help 

gain an understanding of this topic while some 

are less significant. The five most critical topics 

are the relationships concerning fault gouge 

zone geometry and offset, physical properties 

and lithology, mineralogy and physical 

properties, fault modeling and physical 

properties, and timing of clay within Lisbon 

Valley. 

 Gouge zones ranged from less than a 

meter to multiple meters in width, and fault 

displacement ranged from less than 10 meters to 

100’s of meters. However, these attributes do 

not tend to correlate (Fig. 17). This lack of 

correlation between fault gouge width and fault 

displacement is likely due to the location of the 

sample sites within the stratigraphic section. 

Another contribution to this relationship is 

likely a function of the original fault geometry 

and evolution. For example, LV007 is along the 

low offset (30 m) Keystone fault and has an 

observed gouge zone of only 0.2 meters in 

width. The stratigraphy that was involved in this 

Fig. 16 - Threshold Capillary pressure model 

(Yeilding). Predicts range of entry pressures 

(Mpa) for fault gouge based on SGR models.  

 

LV001 

LV002-4 

LV005-6 

 

LV007  LV015-16 

LV008-12  LV013-14 

 

Fig. 17 – Cross plot of fault displacement 

against observed gouge zone widths for each 

sample site. Data shows no correlation between 

these two variables.  

Fig. 18 – Table of physical properties examined 

during sampling process. 

[Grab your reader’s attention with a 
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fault was the sand rich lower Burro Canyon 

Formation and sandy/silty upper Burro Canyon 

Formation. These two lithologies are relatively 

sandy and therefore do not have very soft 

intervals that would be easily contributed to the 

gouge zone. On the other hand, LV001 is along 

a fault with similar displacement but occurring 

in a different portion of the stratigraphy that 

includes softer, shale-rich intervals. This 

lithological difference can be a determining 

factor in fault gouge widths. However, this 

relationship between lithologic type and 

formation of gouge zone width is violated in 

some sample sites in this study. For example, 

LV013 is hosted within an interbedded shale 

and sandstone deposit having a small gouge 

zone of roughly half a meter and fault 

displacement of 150 meters. On the other hand, 

LV008-LV012 is hosted within the same 

lithology yet has a 5.5-meter gouge zone. 

 

Physical Gouge Properties 

  

During the sampling process a detailed 

log of physical properties was taken. Some 

attributes that were logged were texture, grain 

size, color, and consolidation (Fig. 18). These 

observations revealed a correlation between the 

dominant color of the gouge and the 

stratigraphy involved in the faulting. A specific 

example of this is LV001 and LV007. These 

two sites are along faults that displace beds that 

are dominantly sandy and bleached. This 

bleaching process has mobilized the iron leaving 

the beds buff/pale to green in color. The 

displacement of the faults is such that these are 

contributing beds to the gouge. The resulting 

gouge represents this relationship in its color. 

Similarly, samples LV008 – LV012 are taken 

along the GTO fault where displacement is 

limited to the lower most Burro Canyon 

Formation and the Salt Wash Member of the 

Morrison Formation. The Morrison Formation 

in this area is an extensively iron stained 

red/maroon, siltstone to shale. This relationship 

between gouge color and related lithologic 

properties is observable throughout the sample 

locations. However, zoning of clay color within 

the fault gouge may be attributed to post-

movement fluid alteration.  

Another correlation found in the 

physical properties is the relationship between 

grain size and fault displacement (Fig. 19). A 

negative relationship was found that as the fault 

displacement increases, the average grain size of 

the fault gouge decreases. The most obvious 

example of this is in LV007. At this site, 

displacement on the Keystone fault was less 

than 30 m, and the grain size of the sample 

(0.425 mm) was like that of the surrounding 

Burro Canyon Formation. Similarly, sites with 

larger relative fault displacement (LV002-

LV006) exhibit grain sizes that are finer than 

that of the surrounding lithology as expected. 

However, this relationship is interrupted by the 

lithology of the displaced rock. If the 

incorporated formations have a relatively small 

grain size prior to faulting, then the resulting 

fault gouge will have a smaller average grain 

size no matter the amount of displacement. 

LV001 is the example for this; fault offset here 

is minor, yet the grain size is very fine. This is 

due to the initial grain size of the rock.  

Fig. 19 – Cross plot of fault displacement 

against observed grain size for each sample site. 

Data shows no correlation betIen these two 

variables.  
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Mineralogy and Physical Properties  

  

Three separate faults with distinct 

properties were tested for bulk composition. The 

result of Reitveld modeling reveals a 

relationship between mineral composition and 

physical properties. In sample LV007 most of 

this sample was quartz followed by two types of 

clay, illite and kaolinite. LV007 is the only 

sample that exhibited a high percent of quartz. 

The abundance of quartz can be seen in the 

physical features of the sample as well; LV007 

was described as having medium to coarse 

grains and a chunky texture. The correlation 

between physical descriptions and mineralogical 

properties can be traced back the composition of 

the rock that was faulted. Like mentioned 

previously, the incorporated rock around the 

fault at LV007 is predominantly sand- and silt-

rich stratigraphy. The correlation between 

mineralogy, grain size, and host lithology is 

obvious in LV007. However, the other two 

samples, LV008 and LV012, both have high 

percent of clays and lower quartz 

concentrations. This relates to the fine texture 

and small grain sizes of these samples as 

recorded in Figure 18. Composition of 

surrounding and incorporated stratigraphy 

contribute to the composition of these samples 

as well. Both sites respectively have 

stratigraphy that is rich in clay and silt; this is a 

major factor in the overall composition of the 

gouge.  

 

Fault Zone Modeling  

  

Another aspect of this project was 

computer modeling to predict Shale Gouge 

Ratio (SGR), permeability, and fault seal 

potential. Results of these models can be 

compared with bulk mineralogy of some of 

these samples to show an interesting 

relationship between SGR and mineralogy. This 

relationship is best observed in LV007; SRG 

models predicted a value of 21%, the lowest of 

all 16 samples (Fig. 10). A higher SGR 

translates to a higher overall clay/silt 

concentration within the gouge. Rietveld XRD 

modeling efforts identify quartz as the most 

abundant mineral in this sample at 45% along 

with the lowest overall clay proportions of any 

tested sample with only 50% (Fig. 12). The 

SGR models that predict a low shale/clay 

content at LV007 and are confirmed by the 

XRD results, meaning the sample with the 

lowest clay content was shown to also have the 

lowest SGR. In accordance to this, LV012 was 

modeled to have the highest proportions of clay 

with over 70% total clay content (Fig. 10). 

Again, the SGR model concurred and LV012 

was predicted to have the highest SGR between 

these samples with 54% (Fig. 10). This result is 

predicted to hold true throughout the sample 

sites. Furthermore, fault permeability modeling 

indicates a similar relationship. LV007 is 

modeled to have the highest permeability at 

0.21mD, meaning that there is a lack of clays to 

clog pore throats and reduce permeability (Fig. 

15).  

 An important consideration in fault 

zones is the ability for a fault to either block or 

enable fluid flow along or across the fault’s 

surface. The major contributing factor to this is 

the fault gouge itself. With the data that has 

been gathered for this research, a few 

predictions can be made about the fault seal 

potential within Lisbon Valley. It is commonly 

concluded that fault zones with SGR lower than 

15% have little to no seal, faults with SGR 

between 15% and 18% are considered to have 

some seal potential, (<1 bar difference between 

adjacent fault blocks) and faults with SGR of 

over 20% are considered to have significant seal 

(Fristad, et al., 1997.). These values mean that 

given the SGR models produced in this study, 

every site that was sampled would be 

considered to have significant seal potential. 

The impact of these faults having high seal 

potential means that fluids that encounter these 

faults in the subsurface will not be transmitted 

though the fault zone. The lack of fluid 
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transmission means that ground water on 

opposite sides of a fault should have no or very 

little communication with each other depending 

on fault zone permeability and thickness. 

Understanding this segregation is tremendously 

important to the Lisbon Valley Mine while 

researching the possibility of pursuing in-situ 

recovery. Having a fully confined body of rock 

will allow this recovery effort to occur and 

understanding the fault’s sealing potential is 

imperative to this effort.  

 

Timing of Clay Enrichment  

 

Most of copper mineralization in the 

valley is concentrated around major faults; the 

highest grades of ore are proximal to the faults 

with grade rapidly decreasing distally away 

from faults (Morrison and Parry, 1986). This 

spatial correlation indicates that mineral-rich 

fluids traveled along these faults during the 

hydrothermal mineralization process. The 

relationship between fault-focused 

mineralization and predicted seal potential 

contradict each other, which suggests that there 

were fewer clays during copper mineralization, 

and the fault zones have since been enriched 

later through argillic or authigenic processes. 

One piece of evidence for clay enrichment 

occurring after mineralization is that the gouge 

samples were not enriched with Cu, Pb, or Zn, 

the three most common metals in this type of 

fluid event (Solum et al., 2010). Given that 

these elements are not included within the 

gouge it is easy to assume that these clays were 

enriched at a later stage, post copper 

mineralization. This clay enrichment can be 

assumed to have since blocked the passage of 

fluids along most faults in Lisbon Valley. This 

assumption is backed by fault permeability and 

capillary pressure models. An alternative theory 

is that ore mineralization occurred while the 

faults were still active. Active faults have far 

less competency for seal and it would be likely 

that fluids would travel along them.  

 

Conclusion  

 
 It is well known that faults have a 

control on the way fluids travel through the 

subsurface. However, not all faults behave the 

same way. A major factor in determining how 

fluids will be conducted when encountering a 

fault zone is the presence and configuration of 

the fault's interior, or gouge zone. Gouge is a 

fault rock the is typically rich in clay minerals. 

Clays are known to be barriers to fluid flow and 

can act as seals along fault planes.  

  

This study concludes that clay-rich 

gouge zones were present in every observed 

fault zone around Lisbon Valley, ranging in 

thickness from ~20 cm to ~5.5 m. Fault gouge 

widths show no direct correlation to host fault 

offset while offset did tend to correlate with 

grain size. XRD analysis showed a strong 

correlation between host lithology and overall 

mineral constituents at all tested sites (LV002, 

LV007, and LV012). Similarly, the assumed 

relationship between mineralogy and the affect 

they would have on modeled fault properties 

was proven, meaning samples with higher the 

overall clay content of the sample resulted in a 

higher percent SGR and lower fault 

permeability.  
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