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SUMMARY

This thesis investigates a natural CO 2 reservoir to define the factors that can  

cause leakage and determine the rates and consequences o f  CO 2 leakage on the 

surrounding environm ent. Situated at the northern end o f  the Paradox Basin in east- 

central Utah, faulting o f  the north-plunging Green River A nticline has created 

structural highs in the footw alls o f  the west-north-w est trending Little Grand W ash  

Fault and northern fault o f  the Salt W ash Graben. Focussed surface leakage o f  CO 2 is 

prevalent in the im m ediate footw alls o f  both faults w ith the presence o f  C02-charged  

geysers and springs and travertine deposits. The C 02-rich waters erupting from the 

geysers and springs are a product o f  CO 2 produced from clay-carbonate reactions in 

Triassic and sub-Permian source beds rising and m ixing w ith a series o f  overlying  

stacked aquifers (Heath, 2004). G eochem ical investigations o f  active and ancient 

travertines along both faults indicate that this hydrologic system  has been prevalent 

for at least the last 78 ,000  years.

Factors causing leakage from these aquifers were identified by field and 

geochem ical investigations o f  the CO 2 leak products and faults at the surface 

com bined  with fault seal assessm ent o f  both faults in the subsurface. Regional dips 

indicate that the CO 2 charging the aquifers m igrates up-dip to pool in the footw all 

structural highs. Both faults provide effective lateral seals to prevent across-fault flow  

from these traps due to lithological juxtapositions and/or developm ent o f  continuous 

argillaceous smears. C onversely, fracture networks developed in the dam age zones o f  

both faults provide vertical conduits in the footw all for CO 2 to migrate through 

overly ing , argillaceous-rich cap rocks and charge shallow er fault-bound aquifers. 

Spatial associations betw een CO 2 leak products and additional fluid regim es suggest 

this is a com m on migration pathway for flu ids through this faulted stratigraphy. 

Furthermore, uncapped and corroded boreholes that penetrate the footw all aquifers 

also  provide direct conduits for CO 2 to migrate from the aquifers to the surface.



Q uantifying the proportion o f  C O 2 that has leaked from  these fault-bound 

aquifers w as approxim ated by calculating the storage capacities o f  aquifers sealed by 

the Little Grand W ash Fault and com paring these capacities w ith surface leak 

estim ates derived from travertine volum es. V olum etric estim ates from  travertine 

deposits indicate at least 1.9 m illion tonnes o f  CO 2 have leaked to the surface along 

the Little Grand W ash Fault over the last 78,000 years. Storage capacities for all 

aquifers sealed by the Little Grand W ash Fault are betw een 0.6 and 6.3 m illion 

tonnes. Thus, this system  is being constantly recharged at depth w ith the aquifers 

leaking betw een 3.9%  and 37.9%  o f  their total C O 2 capacity every 10,000 years. The 

consequences o f  this leakage on the surrounding environm ent are m inim al due to the 

reservoir’s rem oteness and geological setting, though leakage could be a significant 

issue in other settings. The results o f  this thesis highlight the roles faults and 

boreholes play in trapping and transm itting C O 2 and should influence the selection 

and design o f  future CO 2 geologic storage sites.
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Introduction

Chapter 1: Introduction

1.1 CO2 and Climate Change

Human activity over the last several hundred years since the industrial 

revolution has resulted in atmospheric CO 2 concentrations rising from a pre-industrial 

level o f 280ppm to about 380ppm today (Chadwick et al., 2004; Brook, 2005).

Current global anthropogenic emissions are estimated at about 23 billion tonnes o f 

CO2 per year (Chadwick et al., 2004). This increase is largely attributed to fossil fuel 

combustion for domestic and industrial use (i.e. electricity and transportation). There 

is a growing consensus that this rise in CO 2 concentrations has altered the global 

climate leading to irregular weather patterns, sea level rises and damage to sensitive 

ecosystems (IPCC, 2001). To address these problems, the Kyoto Protocol was drafted 

in 1997 and called on the developed countries to reduce their greenhouse gas 

emissions, o f which CO 2 constitutes 63.5%, by an average o f 5.2% below 1990 levels 

by 2012. While the protocol was not ratified by all countries, with Australia and the 

United States being notable exceptions, there has been universal acknowledgement 

that emissions must be reduced (Lee et al., 2005).

Measures to reduce greenhouse gas emissions include improving energy 

efficiency, switching to alternate (natural gas, hydrogen, nuclear) or renewable (solar, 

wind, biomass) energy sources with lower or negligible CO 2 emissions and CO 2 

capture and storage. To achieve large emission reductions that would meet the targets 

set by the Kyoto Protocol, wide-scale changes in the world’s energy usage are 

required (i.e. energy efficiency and fuel switching). These changes are possible but 

not realistically achievable for at least another decade or more (Edmonds et al., 2000; 

Gale, 2004). In the meantime, CO2 capture and storage offers the best, large-scale 

option to reduce CO 2 anthropogenic emissions until other technologies are available.

Carbon dioxide storage is achievable through the enhancement o f natural sinks 

(i.e. forests or soils) or injection into deep oceans or geologic reservoirs. The use o f 

forests and soils to capture and store CO 2 is considered an environmentally attractive 

option for reducing emissions (Gale, 2004). However, large land masses are required 

to store modest amounts o f CO 2 (Chadwick et al., 2004) and there is uncertainty about 

the permanence o f CO 2 in these natural sinks (Lewis and Shinn, 2001; Gale, 2004). 

The oceans are the largest natural sink o f CO 2 , having absorbed approximately one 

third o f all anthropogenic CO 2 emissions since the start o f the industrial revolution
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(Siegenthaler and Joos, 1992). Injection o f CO 2 into the deep ocean (> 1500m) has the 

potential to store large quantities o f CO 2 for periods greater than 500 years (Orr, 

2002). However, there are large uncertainties over the environmental impact o f deep 

ocean storage (Omerod et al., 1999) as well as current international law prohibiting 

disposal o f waste into the ocean. Therefore, storage o f CO2 in forests, soils and oceans 

is possible and is occurring passively but is too unreliable and controversial to 

contribute significantly towards large reductions in CO 2 emissions.

A final option is the use o f geologic reservoirs for the injection and storage o f 

CO 2 . There are multiple advantages o f geologic storage over ocean storage or 

terrestrial sinks with one main aspect being that CO 2 is potentially removed from the 

biosphere for very long periods o f time (10^ to 10^ years; Chadwick et al., 2004). 

Geologic reservoirs have repeatedly shown the ability to store various fluids (i.e. oil, 

natural gas and groundwater) in the subsurface for many millions o f years. 

Specifically, many geologic reservoirs have naturally stored CO2 for thousands to 

millions o f years (Baines and Worden, 2004a; Stevens et al., 2001; Stevens, 2005). 

Thus, careful selection o f  geologic reservoirs could ensure the storage o f CO 2 beyond 

the age o f  fossil fuel dependence and high CO 2 emissions. Another main advantage o f 

geologic reservoirs is the potentially vast capacities available for CO 2 storage. 

Capacity estimates for these reservoirs show that geological storage o f CO 2 can make 

a substantial impact on global emissions with saline aquifers offering the largest 

storage potential (see Table 1.1). Finally, large scale injection o f CO 2 into oil fields 

has been occurring since the mid 1980’s for enhanced oil recovery (EOR). Thus, 

much o f the infrastructure and knowledge required to inject CO2 into reservoirs is 

already available resulting in a technology that could significantly reduce 

anthropogenic CO 2 emissions in the near future.

Table 1.1 Summary o f worldwide geological storage capacity estimates for CO 2

Reservoir Type
Global Estimates'

Gt CO2 % of emissions to 2050

Depleted Oil and Gas Reservoirs 450-920 22-45

Unmineable Coal Seams 20-150 <7

Saline Aquifers 300-10 000 15-500

1 -  Estimates from Gale (2004 ) and Benson (2005).
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1.2 Geologic Storage o f  CO2

Based on availability and storage capacity, the main geologic reservoir types 

that could store CO2 captured from power and industrial plants include saline 

aquifers, depleted oil and gas fields and unmineable coal seams. Other potential 

reservoirs that may provide storage options in niche opportunities include marine and 

arctic hydrates, salt dome cavities and oil shales (Benson, 2005).

Saline aquifers are geologic formations that do not have any potential to act as 

a source for potable water. The global storage capacity o f saline aquifers is huge, 

accounting for between 15% and 500% o f the projected total CO2 emissions up to 

2050 (Table 1.1; Davidson et al., 2001). Economically, saline aquifers are less 

desirable than the other main reservoir options due to no resource recovery from CO 2 

injection (see below). However, government incentives could offset costs through tax 

credits and/or carbon trading systems (Baines and Worden, 2004b). There is one 

commercial CO 2 storage project (Sleipner) that has been injecting CO2 into a saline 

aquifer since 1996. The Sleipner gas field in the North Sea strips CO 2 from produced 

gas and reinjects it into a deep saline aquifer, known as the Utsira Formation (Zweigel 

et al., 2000; Arts et al., 2004; Zweigel et al., 2004). Further storage projects involving 

CO 2 injection into saline aquifers have or are about to commence in Algeria (In 

Salah), Australia (Gorgon) and Norway (Snohvit) (Benson. 2005).

Depleted oil and gas fields provide another geologic option for CO2 storage 

with the additional benefit o f increased hydrocarbon production. CO2 injection for 

enhanced oil recovery (EOR) has been occurring for the last two decades with current 

BOR operations injecting 33 million tonnes o f CO 2 per annum into oil fields in the 

United States alone (Gale, 2004). The benefit o f this operation is improved oil 

recovery, which commonly extends the life o f a field. Previously, EOR operations 

have not generally considered the long term storage o f CO 2 , with average residence 

times o f  CO 2 in reservoirs being in the order o f months to years (Worden and Smith, 

2004). Refined objectives for CO 2 storage in EOR operations could ensure greater 

retention times (10^ to lO"* years) for CO 2 in oil fields after they cease to be economic. 

One such operation that combines CO 2 storage with EOR is the Weyburn field in 

Canada. Commencing in 2000, 1.7 million tonnes o f CO 2 are injected annually into 

the reservoir to increase oil production by an expected 170 million barrels and extend 

the field life by 25 years (Baines and Worden, 2004b; Wilson and Monea, 2004). In
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addition, CO 2 injected into the reservoir over a 33 year period will result in 

approximately 56 million tonnes o f  CO 2 stored in the depleted oil field post 

production (W ilson and Monea, 2004).

Enhanced gas recovery through CO 2 injection is also a possibility. Instances o f 

use are limited because primary production without CO 2 flooding can recover up to 

95% o f in-situ gas (Oldenburg, 2000; Wildenborg and van der Meer, 2002). However, 

disused or depleted gas and oil fields can also provide an attractive option for CO2 

storage as the reservoirs are generally well characterised, have pre-existing 

infrastructure and are proven storage sites. Therefore, depleted oil and gas fields 

provide an attractive storage option as they can either enhance the production o f a 

field or at a minimum reduce costs through established geological characterisation 

and infrastructure.

Deep unmineable coal seams are the other main geologic option that combines 

CO2 storage with enhanced recovery o f a resource (i.e. methane). Coal seams 

typically contain economic quantities o f methane-rich gas absorbed onto the surfaces 

o f the coal (Gale and Freund, 2001). As CO2 is more absorbent than methane, 

injection o f CO 2 into coal seams will displace the methane for recovery and retain 

CO 2 on the coal surfaces (Reeves, 2003). In the United States alone, coal seams have 

the potential to store 90 billion tonnes o f CO2 resulting in the recovery of 

approximately 4 trillion cubic metres o f methane (Reeves, 2003). So far, there have 

only been pilot-scale projects o f CO 2 injection into coal seams in the San Juan Basin 

in the United States and the Alberta Basin in Canada (Gale and Freud, 2001; Reeves 

et al., 2001; Reeves, 2003). In addition, the technology for injection and retention o f 

CO 2 in deep unmineable coal seams is at an earlier stage o f development than storage 

in saline aquifers or depleted oil and gas fields. However, economic benefits will 

probably ensure commercial-scale development and utilisation o f this reservoir type 

for CO 2 storage in the near future.

1.3 Issues with Geological Storage

While there has been rapid progress in the development o f geologic CO 2 

storage in recent years, further technical and economic issues need to be resolved 

before widespread implementation o f this technology can occur (Gale, 2004; Benson, 

2005). Many o f these issues are outlined by Gale (2004), though specific geology-
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related topics include additional knowledge on the processes that contribute to long 

term geologic storage o f CO2 and better assessment o f the risks and consequences o f 

CO 2 leakage from storage sites. Previous and on-going studies aimed at understanding 

the impact o f CO2 in the subsurface have commonly used forward modelling with 

geochemical software and/or short term experiments to simulate conditions expected 

during CO 2 injection and storage (i.e. Czernichowski-Lauriol et al., 1996; Gunter et 

al., 1997; Pruess et al., 2001; Pruess and Garcia, 2002; Johnson et al., 2004, 2005; 

Rochelle et al., 2004; Kumar et al., 2005; White et al., 2005; Wo and Liang, 2005). 

These investigations provide insight into C02-fluid-rock interactions but are limited 

by the complexity o f the system, incomplete datasets and short time spans (months to 

years) relative to the retention periods required for CO 2 storage (hundreds to 

thousands o f  years; Baines and Worden, 2004a). Other studies are monitoring current 

CO 2 storage projects (i.e. Sleipner and Weyburn) to demonstrate the viability o f the 

technology (i.e. Zweigel et al., 2000, 2004; Moberg et al., 2003; Arts et al., 2004; 

Wilson and Monea, 2004). These projects, however, are only in their infancy and 

provide little information on the long-term fate o f  CO2 in the subsurface.

A third approach to overcome uncertainties associated with CO2 storage is to 

investigate sites where large volumes o f CO 2 have naturally accumulated and been 

stored in geologic reservoirs for thousands to millions o f years (Stevens, 2005). These 

naturally occurring CO2 accumulations have been studied worldwide (i.e. Pearse et 

al., 1996, 2004; Allis et al., 2001; Stevens et al., 2001; Baines and Worden, 2004a; 

Shipton et al., 2004 2005; Moore et al., 2005; Stevens, 2005), as they provide 

analogues for studying long-term storage and migration o f CO 2 in geologic reservoirs. 

In particular, reservoirs that have trapped CO 2 for geological timescales can aid in 

identifying dominant CO 2 reservoir- and cap rock-interaction processes as well as 

constrain criteria for selecting storage sites. Conversely, where CO2 is or has leaked to 

the surface there are opportunities to investigate migration pathways (i.e. faults and 

fractures), leakage rates and fluxes and effects o f  leakage on the subsurface and 

surface environment.

The Paradox Basin, located in the Colorado Plateau region o f the United 

States, is one such area that contains a number o f  natural CO2 reservoirs that are being 

investigated as analogues for future engineered CO2 geologic storage sites (Fig. 2.1; 

Allis et al., 2001; 2005; Shipton et al., 2004; 2005; Moore et al., 2005; Stevens, 2005; 

White et al., 2005). Many o f these reservoirs have contained CO 2 for extended periods
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o f time and are currently being exploited, predominantly for EOR (i.e. Bravo, 

Farnham and McElmo; Allis et al., 2001). Other reservoirs leak CO 2 due to the 

influence o f faults (Springerville-St Johns; Moore et al., 2005; Stevens, 2005) and/or 

boreholes (Woodside; Doelling, 1994).

The study presented in this thesis examines a leaking reservoir at the northern 

end o f the Paradox Basin in east-central Utah. The reservoir consists o f a sequence o f 

siliciclastic rocks folded into the open, gently north-plunging Green River Anticline 

and cut by the west-north-west trending Little Grand Wash Fault, Salt Wash Graben 

and Ten Mile Graben. Carbon dioxide discharges from sandstone aquifers cut by the 

Little Grand Wash Fault, the northern fault o f the Salt Wash Graben and certain 

boreholes to erupt as a series C02-charged geysers and springs and precipitate 

travertine deposits. Work by Heath (2004) has focused on characterising the CO 2 - 

charged waters that erupt from the geysers and springs to define the current source 

and characterise the hydrologic regime associated with the migrating CO2 in the study 

area. This thesis focuses on the travertine deposits and dominant structural features of 

the study area to define the migration pathway o f the CO2 through the faulted 

stratigraphy and elucidate the CO 2 leakage history o f the reservoir.

Research into this leaking CO 2 reservoir was funded by, and forms part of, the 

Carbon Capture Project (CCP). Initiated in 2000 by eight o f the world’s leading 

energy companies and various government agencies (see http://www.co2capture 

project.org/index.htm), the CCP’s aim is to develop technologies that will reduce 

anthropogenic carbon emissions in the short- to medium-term future. As previously 

stated, geologic storage is currently considered the best short-term option to reduce 

CO2 emissions and efforts have been directed towards developing this technology. 

This study contributed towards the storage integrity theme o f the CCP, which was 

concerned with developing a better understanding o f natural (faults, cap rocks, 

reservoirs) and engineered (boreholes and associated materials) features that permit 

safe and effective geologic storage o f  CO2 . To date the research in this thesis has 

resulted in two publications entitled “Internal structure and evolution o f fault-related 

active and ancient travertine deposits in east-central Utah, U.S.A.” (Dockrill et al.. 

Submitted) and “Natural leaking C02-charged systems as analogues for failed 

geologic storage reservoirs” (Shipton et al., 2005).
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1.4 Aim o f  Thesis

The aim o f this thesis is to use a naturally failed CO2 geologic reservoir to 

define the factors that influence the integrity o f potential geologic storage sites and 

determine the rates and consequences o f CO2 leakage in the subsurface and surface 

environments. Using an integrated field and geochemical approach to investigate the 

fault zones and leak products at the surface combined with three-dimensional 

modelling o f  the reservoir in the subsurface, a comprehensive model o f the CO2 flow 

system from source to surface has been developed. Furthermore, the multidisciplinary 

study enabled the structural and hydraulic properties o f the fault zones to be 

characterised, the migration pathways o f CO2 and earlier fluid regimes through the 

faulted stratigraphy to be identified, the volume o f CO2 contained and leaked from the 

reservoir to be approximated and the long-term consequences o f CO2 leakage on the 

surrounding environment to be documented. Results from this thesis have 

implications for future studies on the interaction o f CO2 with both fault and cap-rock 

seals. Additionally, this thesis highlights the potential risks o f CO2 storage in certain 

geologic settings and may influence selection and design o f future CO2 geologic 

storage sites.

1.5 Structure o f  Thesis

This thesis is divided into six chapters that cover a range o f topics related to 

investigating the controls and effects o f CO2 leakage from a fault-bounded reservoir. 

Due to the range o f  techniques used and subjects covered in this study, each chapter 

contains detailed introduction, methodology and literature review sections where 

needed. Chapter 2 provides an overview o f the structural and stratigraphic 

characteristics o f the study area and reviews the tectonic events that shaped it. Chapter 

3 details the main structural features in the study area that appear to be controlling the 

leakage o f  CO2, focussing on the composition and architecture o f the fault zones and 

their potential influence on fluid flow. Chapter 4 describes all fault-related 

mineralization and diagenesis in the study area, using it to constrain the migration 

pathways o f  various fluid regimes including CO2. In addition, travertine deposits 

precipitated from C02-rich waters are used to highlight spatial and temporal 

variations in leakage and approximate the amount o f  CO2 that has leaked to the 

surface from the reservoir. Chapter 5 uses three-dimensional modelling to predict
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subsurface m igration pathw ays, trapping structures and storage capacities o f  C O 2 in 

the faulted stratigraphy. Chapter 6 sum m arises the findings o f  the previous chapters, 

discusses the m ajor im plications o f  the research and proposes future work based on 

this research.
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Chapter 2: Geological Framework

2.1 Introduction

This chapter provides an overview  o f  the g eo logy  and tectonic events that 

shaped the region around the Little Grand W ash Fault, Salt W ash Graben and Ten 

M ile Graben at the northern end o f  the Paradox Basin. The Paradox basin has been  

exten sive ly  studied due to its hydrocarbon (Baker, 1933; Bryant, 1987; Hansley,

1995; Huntoon et al., 1999) and mineral resources (D oellin g  and Trimble, 1978; 

M orrison and Parry, 1986; Breit and M eunier, 1990; Huffman et al., 1996) and 

anom alous flux o f  C O 2 (Cappa and Rice, 1995; A llis  et al., 2001 , 2005; Shipton et al., 

2004 , 2005; M oore et al., 2005; Stevens, 2005; W hite et al., 2005). The chapter is 

subdivided into describing the geo log ica l setting o f  the study area (section  2 .2), 

outlining the sedim entary characteristics o f  the faulted stratigraphy (section  2 .3) and 

docum enting the tectonic history o f  the Paradox Basin (section  2.4). N ew  information  

on the tim ing o f  fault growth and salt m ovem ent in the study area w ill be presented in 

Chapter 3 and w ill be used in the m odelling phase in Chapter 5.

2.2 Geological Setting
The Little Grand W ash Fault, Salt W ash Graben and Ten M ile Graben are 

located at the northern end o f  the Paradox Basin in east-central Utah. The Paradox 

Basin forms part o f  the Colorado Plateau and is a late Palaeozoic to M esozoic  

intracratonic basin infilled  with a thick sequence o f  evaporite, carbonate and clastic  

sedim ents (Fig. 2 .1; H intze, 1993). The basin is defined by the extent o f  evaporites in 

the m iddle Pennsylvanian Paradox Formation (Baars and Stevenson, 1981), which  

cover an exten sive area o f  southern Utah and western Colorado (Fig. 2.2a). The shape 

and topography o f  the basin has been influenced by several tectonic events 

cum ulating in the present-day uplift o f  the Colorado Plateau and downcutting by the 

Colorado River and its tributaries. T hese events are sum m arised in section 2.4.

The Paradox Basin is bordered by a series o f  m onoclines and structural highs 

(Fig. 2.2a). To the northwest, the San Rafael S w ell is an arcuate anticline w ith a broad 

w est lim b and a steep east limb. To the northeast, the Uncom pahgre uplift is a near 

rectangular, northwest-trending anticline cored by Precambrian basem ent rocks that 

has 200  to 300km  long thrust faults along its southw est and northeast margins 

(Barbeau. 2003). In betw een, the Paradox Basin m erges with the southern edge o f  the
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Uinta basin, w ith strata gently dipping to the north. The southeastern and southern 

borders are defined by the San Juan D om e structural high and the Hogback  

m onocline, respectively, w hile the southw est border is bounded by the broad 

M onum ent uplift anticline.

The structural and topographic features o f  the Paradox Basin can be 

subdivided into three provinces (Fig. 2.2a): the Paradox Fold and Fault Belt (K elley, 

1958) in the north and the Blanding basin and Four Corners Platform in the south. The 

Paradox Fold and Fault Belt province consists o f  a series o f  roughly parallel, 

northwest-trending faults, anticlines and synclines related to the migration and 

dissolution  o f  evaporites from the Paradox Formation that has been occurring since 

shortly after deposition to the present day (D oellin g , 1988). Rocks that crop out in the 

basin range in age from the Pennsylvanian in som e exposed  anticline cores to 

Cretaceous in synclines. To the south, the B landing basin is a relatively undeformed  

area with Jurassic and Cretaceous rocks. The Four Corners Platform is a structurally 

high bench capped by Cretaceous rocks that separates the Paradox Basin from the San 

Juan basin to the south (Condon, 1992).

At the northern end o f  the Paradox Basin, the Little Grand W ash Fault and 

Salt W ash/Ten M ile Graben system s cut the open, north plunging Green River 

anticline (Fig. 2.2b). The Green River A nticline is m ost likely related to evaporite 

m ovem ent in the Paradox Formation (Fig. 2.2b; section  3 .5). The Little Grand Wash 

Fault is a 30km  long, south-dipping, arcuate normal fault. The Salt W ash and Ten  

M ile Grabens are a set o f  W NW -trending, d ip-slip  grabens linked by a com plex relay 

zone. CO i-charged groundwater effuses from a series o f  geysers and springs that 

precipitate carbonates (travertine) along or im m ediately to the north (footw all) o f  both 

fault system s (see chapter 4). Additional C 02-charged geysers (W oodside, 

Tum blew eed and Chaffin Ranch geysers) are found in the surrounding region where 

water and petroleum w ells have tapped carbonate-rich groundwaters (Fig. 2.2; 

D oelling, 1994).

Num erous natural C 02-rich gas accum ulations have been discovered  

throughout other parts o f  the Colorado Plateau-Southern Rocky M ountain region (Fig. 

2.1). The accum ulations com m only have CO2 concentrations in excess o f  90%  with  

the remainder a mixture o f  nitrogen, helium  and/or hydrocarbon gases (Bryant, 1987; 

Morgan and C hidsey, 1991; Cappa and Rice, 1995; A llis  et al, 2001). Around a dozen  

CO 2 fields have been exploited  for enhanced oil recovery, dry ice and industrial uses.
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Five o f  these (Bravo D om e, M cElm o D om e, Sheep M ountain, B ig Piney-LaBarge and 

M cC allum ) are currently being produced to supply CO 2 for enhanced oil recovery. 

M ost o f  the CO 2 reservoirs have accum ulated in fault-bounded anticlines with either 

four-w ay anticlinal closure or fault seal along one margin o f  the field. The dominant 

reservoir lithologies are sandstone, dolom ite and fractured basem ent, w hile the 

overlying sealing lithologies are low  perm eability m udstones and/or anhydrite (A llis  

et al, 2001). Many CO 2 fields have m ultiple, stacked reservoirs indicating vertical 

m igration o f  CO 2 through the stratigraphy primarily via fault and fracture system s 

(A llis  et al, 2001).

2.3 Stratigraphy

2.3.1 Introduction

Strata offset by the Little Grand W ash Fault. Salt W ash Graben and Ten M ile 

Graben range in age from at least the m id-Pennsylvanian to Cretaceous, though mid- 

Jurassic to Cretaceous rocks outcrop at the surface in the study area. Figure 2.3 

presents a generalised section o f  the lithological form ations offset by these faults. The 

average thickness o f  the deposited formations in the study area is ~2900m . The 

P alaeozoic section is more than 1600m  thick and w as m ainly deposited in marine 

environm ents. The M esozoic sedim ents were primarily terrestrial or marginal marine, 

except for the M ancos Shale. Cretaceous sedim ent is unconform ably overlain by 

Quaternary sedim ents, though the presence o f  Tertiary strata in the Book C liffs to the 

north suggests that these strata w ere once present in the study area as w ell. The 

fo llow in g  section provides an introduction o f  the stratigraphic units involved in the 

generation or migration o f  flu ids through the study area.

2.3.2 Stratigraphic Units 

2.3.2,1 Paradox Formation

The Paradox Formation is a diverse unit com posed  o f  halite, anhydrite and 

dolom ite with subordinate amounts o f  black shale (Fig. 2 .3). The unit w as deposited  

in the m iddle Pennsylvanian as a series o f  cyc les that represented the desiccation and 

marine flooding o f  a restricted basin (Condon 1992). Halite is the m ost abundant 

constituent, representing 75 to 90 percent o f  the total thickness o f  the formation  

(D oellin g , 1988). The other lithologies define internal marker beds, with the organic-
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rich black shale constituting an important source rock for some o f the hydrocarbons 

that have been extracted from the basin. The formation was initially deposited as a 

tabular sheet around 1500m thick (Doelling, 1988). Subsequent basement faulting and 

sedimentary loading induced salt flowage and the development o f salt-cored anticlines 

with the formation locally thickening to more than 4000m within the anticlines and 

partially to completely withdrawing from adjacent synclines (Cater, 1970).

2.3.2.2 Honaker Trail Formation

The Late Pennsylvanian Honaker Trail Formation is composed o f fossiliferous 

and micritic limestones interbedded with siltstones and sandstones (Fig. 2.3). The 

siliclastic content increases towards the northeastern side o f the basin. The formation 

represents a return to normal marine conditions following a period o f restricted, 

evaporitic marine conditions (Condon, 1992). The thickness o f the formation varies 

significantly throughout the basin due to salt flowage in the underlying Paradox 

Formation during deposition.

2.3.2.3 Cutler Formation

In the northeastern part o f the Paradox Basin, the Cutler Formation is 

composed o f a thick Permian sequence o f arkosic sandstones with subordinate 

amounts o f conglomerates, siltstones and mudstones (Fig. 2.3). The formation was 

deposited from large, coalescing alluvial fans that were derived from uplift o f the 

Uncompahgre block in the late Pennsylvannian to early Permian (Nuccio and Condon, 

1996). The thickness o f this formation also varies significantly due to syn- 

depositional salt flowage in the underlying Paradox Formation. In the western and 

southern parts o f the basin, the Cutler is raised to Group status, with formations 

present in the study area consisting o f the Elephant Canyon Formation, Organ Rock 

Formation and White Rim Sandstone.

The Elephant Canyon Formation is composed o f limestone beds interbedded 

with marine sandstones and fluvial and aeolian siliclastics (Baars, 1962; Condon, 

1992). The Organ Rock Formation is composed o f  interbedded sandstones, siltstones, 

mudstones and limestone-nodule conglomerates. The formation was deposited in 

sabhka and aeolian environments (Stanesco and Dubiel, 1992). The White Rim 

Sandstone is composed o f thick aeolian sandstones modified by coastal marine 

processes (Steele, 1987; Chan, 1989). The sandstones are fine- to medium-grained.
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moderately-sorted quartz arenites (Chan, 1989). In the Canyonlands region o f 

southeastern Utah, the White Rim sandstones contain the largest accumulation o f 

heavy oil (tar) in North America (Demaison, 1977). This formation is also a major 

regional aquifer (Hood and Patterson, 1984).

2.3.2.4 Kaibab Limestone

The Late Permian Kaibab Limestone, also known as the Black Box Dolomite 

(Welsh et al, 1979), is composed o f interbedded dolomite and limestone and is only 

present as a thin veneer (0 to 40m thick) in the western part o f the Paradox Basin 

(Condon. 1992). Pre-Triassic erosion combined with onlapping relationships with the 

White Rim Sandstone has left scattered outcrops only in the adjacent San Rafael 

Swell. The unit is a shallow marine shelf deposit that represents the maximum 

eastward marine transgression (Irwin, 1971). Around the flanks o f the San Rafael 

Swell, wells that penetrate the Kaibab have produced hydrocarbons (Irwin, 1971; 

Kiser, 1976).

2.3.2.5 Moenkopi Formation

The Early to Middle Triassic Moenkopi Formation is a mixed unit o f 

interbedded siltstones and fine- grained sandstones with subordinate amounts o f 

limestone and mudstone (Fig. 2.3). The formation is regionally extensive and has 

been divided, based on lithology and weathering characteristics, into several members 

(with different names in various parts o f the basin). In the northwestern part o f the 

basin, Blakey (1974) divided the Moenkopi into the Black Dragon Member, Sinbad 

Limestone Member, Torrey Member and Moody Canyon Member. The lower, slope- 

forming Black Dragon beds are composed o f fluvial siltstone and fine-grained 

sandstone shed eastward from a highland west o f  the Paradox Basin (Huntoon et al, 

1994). The ledge-forming Sinbad Limestone is composed o f marine limestone and 

dolomite with minor amounts o f siltstone and sandstone. Most beds within this unit 

are saturated with hydrocarbons (Trimble and Doelling, 1978). The two upper 

members are composed o f siltstone with lesser amounts o f fine grained sandstone and 

mudstone that were deposited from a combination o f sabhka, mudflat and fluvial 

environments (Stewart et al, 1972). Blakey (1974) differentiated the two members on 

the basis o f one being a slope-former (Torrey Member) and the other a cliff-former 

(Moody Canyon Member).
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2.3.2.6 Chinle Formation

The Late Triassic Chinle Formation was deposited in fluvial and lacustrine 

environments with the siliclastic sediments primarily derived from the Uncompahgre 

Uplift (Hazel, 1994). Similar to the Moenkopi, the formation has been divided into 

several members in various parts o f the basin. In the northwestern part o f the basin, 

based on topographic habit and lithology, Trimble and Doelling (1978) divided the 

formation into the Temple Mountain Member, Moss Back Member and Church Rock 

Member. The lower Temple Mountain is a thin floodplain siltstone with laterally 

discontinuous channel sands and conglomeritic lenses. The cliff-forming Moss Back 

is composed o f  well-connected fluvial channel sands with minor amounts o f 

conglomerate and siltstone. The upper, slope-forming Church Rock is an interbedded 

siltstone and fine-grained sandstone floodplain deposit with subordinate amounts o f 

mudstone and conglomerate. Continued salt flow in the Paradox Fomation during 

deposition o f the unit has significantly altered the thickness o f the formation 

throughout the basin. Hazel (1994) indicated that channel sands would be less 

abundant and continuous over topographic highs produced by the rising salt-cored 

anticlines.

2.3.2.7 Glen Canyon Group

The oldest Jurassic rocks in the study area are the Early Jurassic Glen Canyon 

Group, which is composed o f the Wingate Sandstone, Kayenta Formation and Navajo 

Sandstone (Fig. 2.3). Contact between the terrestrial formations is gradational with 

unconformities at the base and top o f the group (Pipiringos and O ’Sullivan, 1978).

The Wingate Sandstone is a prominent cliff-forming aeolian deposit. The 

massive, cross-bedded unit is dominated by clean, aeolian dune and interdune 

sandstones with six major erg sequences identified (Clemmensen et al, 1989). The 

sandstones are typically well-sorted, fine-grained quartz arenites with mainly 

calcareous cementation. There are occasional partings o f sandy siltstones, especially 

towards the base o f the unit. The Wingate is identified as a regional aquifer 

throughout the Colorado Plateau (Hood and Patterson, 1984).

The Kayenta Formation is composed o f arkosic sandstones with subordinate 

siltstones and mudstones deposited from a fluvial system. It is micaceous with 

medium to thick beds. The stream-deposited sandstones are lenticular, cross-bedded 

and fine to medium grained with occasional conglomeritic lenses. The siltstones and
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mudstones form sporadic partings representing overbank fines deposited over and 

between the lenticular channel sands. Bromley (1991) indicated that the south-west 

flowing Kayenta fluvial system was episodically channelled through the northwest- 

trending salt withdrawal synclines leading to thickening o f the formation in these 

areas.

The Navajo Sandstone is an aeolian-dominated sequence that formed part o f 

an extensive Jurassic erg system (Blakey et al, 1988). The unit is a well-sorted, fine

grained quartzarenite dominated by large-scale aeolian cross-stratification. Sporadic, 

thin interdune playa limestone beds occur through the deposit. The thickness o f the 

unit is locally modified in areas around salt movement. The formation is generally a 

highly porous and permeable unit resulting in it being a major regional aquifer (Hood 

and Patterson, 1984; Spangler et al, 1996).

2.3.2.S San Rafael Group

Unconformably overlying the Glen Canyon Group is the Middle Jurassic San 

Rafael Group consisting o f the Carmel Formation, Entrada Sandstone, Curtis 

Formation and Summerville Formation (Fig. 2.3). These formations were deposited in 

and on the margins o f  an inland sea that transgressed from the north during at least 

two transgressive-regressive cycles (Nuccio and Condon, 1996).

The Carmel Formation is a mixed marine sequence o f limestone, sandstone, 

siltstone and gypsum. Within the study area, Trimble and Doelling (1978) have 

identified two distinct members based on lithology. The lower member is composed 

o f  interbedded limestone and sandstone with subordinate amounts o f siltstone. The 

upper member is composed o f siltstone and gypsum with minor amounts o f 

interbedded sandstone and siltstone. East o f the Green River, Doelling (2001) 

interpreted the Carmel to change facies to a sabhka deposit and integrated it as the 

lowest member (Dewey Bridge) o f the Entrada Sandstone.

The Entrada Sandstone is a dune-sea deposit that displays facies variations on 

a regional scale (Kocurek, 1981). In the San Rafael Swell, the Entrada is a shallow 

marine silty sandstone, while to the east it changes facies to an aeolian deposit 

(Trimble and Doelling, 1978). In the study area, the Entrada is a wet-aeolian dune 

system with alternating thin to massive cross-bedded and horizontal layers. The red 

sandstone is a predominantly fine to medium-grained, moderately sorted quartzarenite 

(Fig. 2.4a) with numerous soft sedimentation deformation features. Sporadic, thin
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sabhka siltstone layers are intercalcated throughout the unit. Hood and Patterson 

(1984) identified this unit as the highest major aquifer in the region. Towards the 

Moab region, this unit is demoted to member status and is known as the Slick Rock 

Member within a revised Entrada Sandstone (Doelling, 2001).

The Curtis Formation is a shallow marine deposit that resulted from a marine 

transgression across the Entrada erg (Escher and Kocurek, 1986). The formation 

changes facies eastward and pinches out between the Green and Colorado rivers 

(Nuccio and Condon, 1992). In the study area, the Curtis Formation is composed o f 

sandstones, siltstones and shales that can be divided into a lower cliff-forming 

member and an upper slope-forming member (Trimble and Doelling, 1988). The 

lower member consists o f fine to medium-grained, poorly sorted quartz arenites with 

basal beds representing the reworking o f  Entrada sediments (Fig. 2.4b). The upper 

member is predominantly glauconitic sandstone that becomes increasingly clay-rich 

up sequence (Fig. 2.4c). A zone o f limestone beds with distinctive jasper nodules caps 

the top o f the formafion.

The Summerville Formation is composed o f thinly-bedded siltstone and 

mudstone with minor amounts o f fine-grained sandstone and limestone (Fig. 2.4c). In 

the top half o f the formation, there are a series o f  gypsum beds that become thicker 

and more frequent up sequence. The Summerville represents a marginal marine, tidal- 

flat environment that was deposited at the margin o f the retreating Curtis Sea 

(Trimble and Doelling, 1978).

Z.3.2.9 Morrison Formation

The Late Jurassic Morrison Formation is a widespread unit outcropping 

throughout the Rocky Mountain and Colorado Plateau regions. In the study area, the 

Morrison was deposited in fluvial and lacustrine environments and is subdivided into 

three members: the Tidwell Member, Salt Wash Member and Brushy Basin Member 

(Fig. 2.3). The basal Tidwell Member is composed o f  thin bedded calcareous 

mudstone with sporadic, thin limestone beds and chert concretions deposited in a 

marginal marine, tidal environment (Fig.2.4c). The Salt Wash Member is a sandstone- 

dominated, stacked fluvial channel deposit interbedded with discontinuous siltstone 

and fine-grained overbank mudstones (Fig.2.4c). The medium to coarse-grained 

sandstones are lenticular and generally low-sinuosity, braided river deposits that were 

sourced from the west and southwest o f the basin (Peterson and Turner-Peterson,
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1987). The upper Brushy Basin Member is composed o f multicoloured, banded 

mudstone and siltstone with occasional thin limestone beds (Fig. 2.4d). Isolated 

channel sandstones are present towards the base, while a significant component o f 

volcanic ash is present in the upper two thirds o f the unit. The unit was deposited in a 

combination o f lacustrine and floodplain environments with periodic supply o f ash 

from nearby volcanoes (Turner and Fishman, 1991).

2.3.2.10 Cedar Mountain Formation

The Lower Cretaceous Cedar Mountain Formation consists o f the lower 

Buckhorn Conglomerate and an upper shale member (Fig. 2.3). The Buckhorn 

Conglomerate is composed o f conglomeritic sandstones deposited in a fluvial 

environment, which are discontinuous throughout the study area. The sandstones are 

immature, lithic arenites that are commonly silicified and have abundant chert and 

quartzite pebbles and cobbles. The upper shale member is composed o f 

multicoloured, banded mudstone, siltstone and subordinate limestone. The limestone 

zones commonly weather out brown nodules that litter the lower slopes o f hillsides 

comprised o f this member. The unit was deposited in similar floodplain and lacustrine 

conditions to the Brushy Basin Member o f the Morrison Formation (Trimble and 

Doelling, 1988).

2.3.2.11 Dakota Formation

The Late Cretaceous Dakota Formation is thin and discontinuous in the region 

and consists o f conglomerate with occasional thin sandstone lenses (Fig. 2.4e;

Trimble and Doelling, 1988). The immature conglomerates are composed o f chert and 

quartzite pebbles and cobbles and are partly silicified. The Dakota was deposited in a 

coastal plain environment, in front o f transgressing intracratonic sea (the Mancos Sea 

ofM olenaar, 1981).

2.3.2.12 Mancos Formation

The Late Cretaceous Mancos Formation is a thick marine sequence o f 

mudstones and siltstones with minor amounts o f sandstones. In the study area, the 

Mancos is divided into three members: the Tununk Shale Member, Ferroan Sandstone 

Member and Upper Mancos Shale Member. The Tununk Shale is a blue grey marine 

shale with occasional thin sandy limestone beds (Fig. 2.4f). The Ferroan Sandstone is
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a thin, fine-grained, thin bedded marine sandstone interbedded with grey shale. The 

Upper Mancos Shale is a thick grey shale with several thin, fine-grained sandstone 

beds and occasional limestone lenses. The Mancos was deposited as part o f the 

extensive Western Interior Cretaceous seaway (Nuccio and Condon, 1992).

2.4 Tectonic History o f  the Paradox Basin

The Paradox Basin developed along the southwestern flank o f the 

Uncompahgre uplift during the mid Pennsylvanian to Permian Ancestral Rocky 

Mountain orogeny (Stevenson and Baar, 1986). The uplift o f the crystalline 

Uncompahgre block by northwest-trending reverse faults induced crustal flexure to 

create an asymmetric depressed basin closest to the uplift, as well as a peripheral 

uplift-parallel bulge ~200km southwest o f the uplift (Barbeau, 2003). This bulge 

restricted the flow o f marine waters into the basin, promoting deposition o f thick 

evaporite-shale-carbonate successions (Paradox Formation; Fig. 2.3). Nearshore 

carbonates (Honaker Trail Formation) and terrestrial siliclastic sediments (Cutler 

Formation) infilled and breached the basin during the later stages o f  subsidence (300- 

260Ma) as sedimentation exceeded the rate o f subsidence in the basin (Barbeau,

2003).

Reactivation o f basement faults below the Paradox Basin combined with 

sedimentary loading are thought to have initiated flowage o f the mid Pennsylvanian 

evaporites in the Desmoinesian (~310-305Ma), to form a series o f northwest-trending, 

salt-cored anticlines and pillows (Shoemaker et al, 1958; Doelling, 1988). Drilling 

and geophysical surveys have identified northwest-striking, high angle basement 

faults beneath several o f the salt-cored anticlines (Case et al, 1963, Parker, 1981; 

Woodward-Clyde Consultants, 1983). Movement o f the evaporites continued unfil the 

late Triassic (Doelling, 1988), with voluminous arkosic sediments, sourced from the 

Uncompahgre uplift, burying the rising salt anticlines. This caused significant 

variation in the thickness o f  the overlying sediments with upper Pennsylvanian to mid 

Jurassic formations being thin to absent over some salt anticlines, but significantly 

thicker in the synclines that developed adjacent to the anticlines from evaporite 

withdrawal (Cater, 1970; Doelling, 1988; Condon, 1992).

Major tectonic activity resumed with the onset o f the Laramide orogeny from 

the late Cretaceous to the early Tertiary. This orogeny reactivated and uplifted pre-
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existing structures (Uncompahgre uplift), as well as forming a series o f basement 

fault-cored monoclines bordering the Paradox Basin (Fig. 2.2a; Davis, 1978; Baars 

and Stevenson, 1981; Heyman et al, 1986). In addition, regional north to northwest- 

trending broad folds are suggested to have formed during this period (Cater, 1970). 

These broad folds are believed to have superimposed on the salt-induced anticlines 

and adjacent synclines to accentuate folding in the region (Cater, 1970; Doelling, 

1988). Prominent faults (Moab Fault, Lisbon Fault, and Salt Valley Graben) within 

the sedimentary cover were also formed or reactivated during this period (McKnight, 

1940; Doelling, 1988; Foxford et al, 1996). Although these faults are related to the 

compressive Laramide Orogeny, the positions o f the faults were influenced by the 

evaporites, preferentially rupturing along the margins o f thick salt bodies (Doelling, 

1988).

Following the Laramide orogeny, a number o f laccolithic complexes (La Sal 

Mountains) were intruded at shallow depths (1.9 to 6km) into the sedimentary 

sequence in the northeastern part o f the Paradox Basin (Fig. 2.2a; Ross, 1998). 

Similar laccolithic complexes are present further south in the Paradox Basin (Abajo 

Mountains) and to the west o f the basin (Henry Mountains). K-Ar dating o f the 

complexes indicates that the intrusions were emplaced in the late Oligocene (Nelson 

et al, 1992). The igneous intrusions consisted o f trachytes and rhyolite porphyries. 

The elliptical shape o f the La Sal Mountains indicates that magma emplacement was 

partially controlled by the pre-existing salt-core structures (Ross, 1998).

From the late Cenozoic, the Colorado Plateau has undergone epeirogenic 

uplift (Hunt, 1956; Lucchitta, 1979). This has been accompanied by regional erosion 

causing salt-cored anticlines to be brought close to the surface or exhumed. 

Infiltration o f groundwaters through fractures and joints has caused salt dissolution 

and collapse o f some o f the anticline crests (Doelling, 1988). The collapsed crests 

transform most anticlines into valleys or grabens, infilled with Quaternary deposits 

and bordered by escarpments.
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Figure 2.4: Field photographs o f  stratigraphy outcropping in study area, (a) Red Entrada 

Sandstone with zones o f  bleaching around sub-vertical fractures, (b) L.ower. cliff-forming 

sandstone m em ber o f  the Curtis Formation, (c) Panoramic view displaying the upper 

slope-forming member o f  the Curtis Formation (.let), the thinly-bedded Summerville 

Formation (.Is) and the I'idwell (.Iml) and Salt Wash (.Ims) Members o f  the Morrison 

Formation (Jms). (d) Dipping, clay-rich Brushy Basin M ember o f  the Morrison 

Formation, (e) Coarse-grained river channel conglomerate from the Dakota Formation, 

(f) Typical grey shales from the fununk Shale M ember o f  the M ancos Formation.
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Chapter 3: Structure

3.1 Introduction

The northwest-trending Little Grand Wash Fault and kinematically-linked Salt 

Wash and Ten Mile Grabens outcrop to the south o f the town o f Green River and cut 

the north-plunging Green River Anticline. Structural highs created by the faulting of 

the anticline have focused multiple phases o f fluid flow in the footwalls o f the Little 

Grand Wash Fault and the northern fault o f the Salt Wash Graben (see Chapter 4).

This chapter characterises these structures to enable assessment o f fluid migration 

through the faulted stratigraphy in subsequent chapters. The chapter is subdivided into 

three sections, which: (1) document the geometry and characteristics o f the Little 

Grand Wash Fault, Salt Wash Graben, Ten Mile Graben and Green River Anticline; 

(2) describe the composition o f the faults and variability in their accompanying 

damage zones; and (3) identify temporal changes in sedimentation associated with the 

development o f the Green River Anticline. These studies clarify the structural 

characteristics o f the study area to provide the framework for the generation of 

conceptual and three-dimensional models for fluid flow, as well as supplying a 

platform for fault seal assessment in later chapters.

3.2 Structural Components o f the Study Area
The main structural features o f the study area are documented in the following 

section. Structural characteristics were elucidated from a combination o f field 

mapping, a well summary database supplied by the Utah Geological Survey, wire-line 

logs donated by Rileys Electric Logs Inc and published geological maps (Baker,

1933; Condon, 1997; Doelling, 2001; 2002; Hood and Patterson, 1984).

3.2.1 Folds
3.2.1.1 Green River Anticline

The Green River Anticline is a broad, open fold cut by the Little Grand Wash 

Fault and Salt Wash Graben (Fig. 3.1). The fold has a wavelength o f 30km, an 

amplitude o f 320m and a fold axis in excess o f 25km. The anticline trends north to 

northwest, plunging 3 to 5° in the same direction. Both limbs o f the open fold have 

similar dips o f 2 to 6° but are o f unequal length with the eastern limb being 

significantly longer.

20



Structure

3.2.2 Faults

3.2.2.1 Little Grand W ash Fault

The Little Grand Wash Fault is an east-west trending, south-dipping normal 

fault, which crops out about 5km to the south o f the town o f Green River (Fig. 3.1).

At the surface, the fault trace is approximately 30km long and juxtaposes a mid 

Jurassic to Cretaceous sedimentary sequence. Quaternary sediments overlying 

sections o f the fault remain undisturbed. In the subsurface, the down-dip extent o f the 

fault is uncertain, though drilling records for two exploration wells (Amerada Hess 1 

and 2; Fig. 3.1) that intersect the fault at depth suggest that the fault may offset 

sediments as old as Pennsylvanian in age. To the west, the fault appears structurally 

linked to the Saleratus (Cottonwood) Graben, while eastward, the fault may connect 

with northern extensions o f the Salt Valley Graben (Fig. 3.1).

The fault has an arcuate surface trace that splits into two main fault strands in 

the central part o f the structure, extending from 3.2km east to 0.1km west o f the 

Green River (Fig. 3.2a). The two sub-parallel fault strands introduce structural 

complexities to the fault with a series o f prominent fault bends, branch points and 

relay ramps. Between the two main strands, a complicated array o f minor faults has 

created structural terraces with varying dips (Fig. 3.2a). Away from the central zone, a 

single fault strand is present.

The dip o f the fault planes along the Little Grand Wash Fault varies but is 

generally steep, averaging 70° to the south (stereonets in Fig. 3.2a; Appendix 1). 

Conversely, shallow (Exxon) and deep (Amerada Hess 1 and 2) well data indicate 

more moderate fault dips, averaging 58“ in the subsurface (Appendix 1). Slip 

indicators show that the fault is mostly dip-slip with some oblique right and left lateral 

movement (stereonets in Fig. 3.2a; Appendix 1).

Displacement is predicted to vary in both the horizontal and vertical directions 

along a fault with maximum displacement in the centre and zero displacement at the 

fault tips (Childs et al., 1996; Mansfield and Cartwright, 1996; Nicol et al., 1996). The 

horizontal throw profile o f the Little Grand Wash Fault (Fig. 3.3) was calculated from 

locally derived stratigraphic cutoffs and thickness data extrapolated from exploration 

wells and published data (Trimble and Doelling, 1978; Hintze, 1993; Doelling, 2001). 

However, a scarcity o f subsurface data, only provided by two exploration wells
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(Amerada Hess 1 and 2) that penetrate the fauU at depth, limited calculation o f the 

vertical throw profile o f the fault. Juxtaposition o f the mid Jurassic Curtis Formation 

against Cretaceous Mancos Shale occurs at the maximum surface throw o f 260m 

immediately east o f the Green River (Fig. 3.3). Throw decreases systematically, 

though the resolution o f throw towards the fault tips becomes limited where the thick 

Mancos Shale (>300m) is juxtaposed against itse lf A horizontal throw gradient of 

c.0.01 agrees well with published data on other studied normal faults (c f  Walsh and 

Watterson, 1989; Nicol et al., 1996; Shipton and Cowie, 2001).

3.2.2.2 Salt Wash and Ten Mile Grabens

This 31km-long structure consists o f the north west-trending Salt Wash and 

Ten Mile Grabens, which are linked by a left-stepping relay ramp (Fig. 3.1). The 

grabens overlap for a kilometre, resulting in a steep, east-dipping ramp connecting the 

northern and southern footwalls between the two down-dropped structures (Williams, 

2005). Both grabens are bound by sub-parallel, inward-dipping normal faults that 

offset a mid Jurassic to Cretaceous sequence at the surface. Quaternary sediments 

overlying sections o f these faults remain undisturbed. The depth that the faults extend 

to is unknown due to the lack o f subsurface data. However, reservoir-scale faults 

(Moab Fault and Salt Valley Graben) commonly penetrate the Pennsylvanian Paradox 

Formation in the immediate region (Doelling et al., 1988; Foxford et al., 1996) 

suggesting these faults may also sole into the Pennsylvanian Paradox Formation at 

depth.

The Salt Wash Graben is a 20km long, trough-shaped feature with an average 

width o f 800m. Bed dips within the graben range from sub-horizontal in the centre o f 

the graben to up to 25“ towards the bounding faults. The northern fault is a single 

strand that dips steeply to the south, averaging 73° (Fig. 3.2b). Sporadic complexities 

are encountered along the fault trace in the form o f  relay ramps and branch points.

The southern fault dips steeply to the north, averaging 75° and displays rare relay 

ramps and branch points along strike. To the east, the southern fault bends eastward, 

truncating the northern fault and terminating against the southern fault o f the Ten 

Mile Graben, which accommodates the partial breaching o f the relay ramp. 

Slickensides are rare but are found bordering shaley gouge along both faults, as well 

as along minor fauhs within the footwalls and indicate dominantly dip-slip movement.

22



Structure

The Ten Mile Graben is a 12km-long, trough-shaped feature that widens 

eastward from 250m to 1000m. Bedding dips within this graben also vary from sub

horizontal in the centre to moderate towards the bounding faults and further steepen 

westward in the overlap zone. Both bounding faults are relatively simple, single fault 

strands that dip steeply towards the graben, averaging 73° (Fig. 3.2b). Polished 

slickensides located on sand-rich, footwall beds bordering both faults indicate dip-slip 

movement (Fig. 3.2b). Lineaments on aerial photos suggest the southern fault o f the 

Ten Mile Graben may be structurally linked to the Moab Fault to the southeast, 

though Quaternary deposits obscure the area where potential linkage occurs.

Horizontal throw profiles o f the faults bounding each graben were calculated 

from locally determined stratigraphic cutoffs and the same thickness data used for the 

Little Grand Wash Fault profile. No vertical throw profiles could be established due to 

the lack o f subsurface fault data. The northern and southern faults bounding the Salt 

Wash Graben have maximum throws o f 366m and 210m, respectively; while the 

northern and southern faults o f the Ten Mile Graben have maximum throws o f 165m 

and 154m, respectively (Fig. 3.3). The variation in throw along strike o f all the faults 

is not constant. There is a rapid change in throw along all faults approaching, and 

within, the overlap zone. Abrupt decreases in throw occur at a breached relay ramp on 

the northern fault o f the Salt Wash Graben and at the branch point on the southern 

fault o f the Ten Mile Graben where the southern fault o f the Salt Wash Graben 

terminates. Considering the northern and southern faults combined, a cumulative 

throw profile displays an irregular, bell-shaped distribution interrupted by discrete 

throw reductions around the overlap zone. This decrease in throw is common in 

overlapping fault segments (Peacock and Sanderson, 1991; Dawers and Anders, 1995) 

and it is suggested that displacement is transferred to the relay ramp in the form o f 

bed rotation and minor faulting. As such, these throw profiles indicate that the two 

overlapping grabens and bounding faults represent a geometrically and kinematically 

coherent graben system.

3.3 Fault Zone Architecture 

3.3.1 Introduction

A fault zone is typically composed o f a fault core, where most o f the slip is 

accommodated, surrounded by a zone o f smaller structures in the host rock that is
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called the dam age zone (Chester and Logan, 1986; Caine et al, 1996). The fault core 

may consist o f  a single slip surface, argillaceous-rich gouge, brecciated and/or 

cataclasitic rock or a com bination o f  all o f  the above (Engelder, 1974; Caine et al., 

1996, Y ield ing et al, 1997; Foxford et al., 1998; N gw enya et al„ 2000). D epending on 

the amount o f  slip and faulting in the stratigraphic sequence, this can result in the fault 

core behaving as a conduit or seal to fluid flow  (see  section 5.3.2 for further details).

A dam age zone can consist o f  sm all faults, join ts, deformation bands and/or veins that 

evo lve during the growth o f  the fault (Caine et al., 1996; Sibson, 1996; Knipe et al., 

1997; G udm undsson et al., 2001). The com plexity  and density o f  structures within the 

damage zone increases around bends, jo g s, tips and relay zones along the fault 

(Peacock and Sanderson. 1991; Trudgill and Cartwright, 1994; Sibson, 1996; Ferrill 

and Morris, 2001; Gartell et al., 2004). The dam age zones can also influence fluid 

flow  around the fault zone depending on the characteristics o f  the sm aller structures 

(Caine et al., 1996).

This section provides a preliminary description o f  the fault core and damage 

zone for faults in the study area. By characterising the architecture o f  these fault 

zones, a preliminary assessm ent on the hydraulic behaviour o f  these structures can be 

established. This is subsequently com bined with field  relationships for CO 2 surface 

leak points (Chapter 4) and fault seal assessm ents (Chapter 5) to define the migration  

pathways o f  CO 2 from the source to the reservoir and eventually the surface.

3.3.2 Fault Core 

3.3.2.1 Introduction

Characterisation o f  the fault core w as conducted along sections o f  the Little 

Grand W ash Fault and northern fault o f  the Salt W ash Graben. T hese sections were 

selected as dry stream channels running at high angles to both faults providing good  

exposures o f  the fault core. Selected  exposures w ere enhanced by d igging shallow  

trenches and cleaning the outcrop with brushes. D etailed transects at these exposures 

characterised the com position  and lateral variability o f  the fault cores. X-ray powder 

diffraction (X R D ) analyses o f  selected  sam ples aided in the idenfification o f  gouge  

m ineralogy. The location o f  these transects are show n in Fig. 3.1.
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3.3.2.2 Composition

The fault core can be defined as a brittle shear zone that separates fault rocks 

from relatively undeformed host lithologies (Fig. 3.4). The fauU cores are typically 1 

to 3m wide, have a complex internal structure and are variable from one outcrop to 

the next. Based on the transects, the fault core can be divided into three principal 

components consisting of: (1) argillaceous-rich gouge; (2) entrained sections o f host 

rock; and (3) slip zones.

The argillaceous-rich gouge forms centimetre to metre thick sheets with a 

highly foliated, fault-parallel fabric that locally forms an S-C fabric adjacent to slip 

zones. The gouge is composed o f mixtures o f  quartz and clay minerals including illite, 

illite-smectite and kaolinite minerals. Sporadic amounts o f halite, calcite, feldspar and 

hematite are also found in the gouge. An increase in the illite content in illite/smectite 

minerals commonly occurs from wall rock to fault gouge (Fig. 3.4a/b). This increase 

has been previously reported in other argillaceous-rich faults with mixed-layer 

illite/smectite assemblages (Vrolijk and van der Pluijm, 1999). The cause o f this 

increase is attributed to faulting providing additional energy to overcome kinetic 

barriers in the smectite to illite mineral reaction without appreciable addition o f heat 

(Vrolijk and van der Pluijm, 1999).

The entrained sections o f sand-rich host rock vary from small. Isolated pods to 

coherent, highly-fractured slabs. These pods and slabs are most evident where mid to 

late Jurassic sandstones are located in the footwall. The slabs are thick blocks o f 

sandstone and siltstone that are highly fractured with occasional deformation bands 

and rare calcite veining. The pods are fractured, elongated lenses o f sandstone and 

siltstone that range in size from a few centimetres to 20cm thick. The isolated pods 

are enveloped by gouge with their long axis orientated sub-parallel to the gouge 

foliation.

The slip zones define the limit o f the fault core separating fault rock from host 

rock. The intensely foliated argillaceous-rich slip zones are 5 to 100mm thick and 

have highly polished striated surfaces. They occasionally contain angular, sand-rich, 

pebble-sized clasts. Additional slip zones are also common within the fault zone, 

where they separate gouges and sandstone pods delivered from different lithologies. 

The striated surfaces and highly foliated nature o f  these zones suggest they 

accommodate most o f the slip in the fault core.
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3.3.2.3 Hydraulic Conductivity of the Fault Core

The sealing properties o f a fault core are dependant on either the across-fault 

juxtaposition o f reservoir (i.e. sandstone) and non-reservoir (i.e. shale) rocks or the 

presence o f fault rocks that form a membrane seal or a combination o f both (Yielding 

et al., 1997; Foxford et al., 1998; Knipe et al., 1998). Fault rocks that can provide an 

effective membrane seal include argillaceous gouge, cataclasites or cemented fault 

rock (Yielding et al., 1997; Knipe et al., 1998; Ngwenya et al., 2000). Multiple studies 

have demonstrated that a continuous argillaceous gouge is the most effective seal in 

preventing across-fault fluid flow (Smith, 1980; Gibson, 1994; Gibson, 1998;

Yielding et al., 2002). The most significant feature o f the fault core examined along 

the Little Grand Wash Fault and northern fault o f  the Salt Wash Graben is the 

universal presence o f a thick, continuous argillaceous gouge. The presence o f this 

gouge is due to the multiple argillaceous source beds present in the Upper Jurassic 

footwall and Lower Cretaceous hanging wall (see Fig. 2.3) and indicates the fault core 

forms an effective seal to across-fault fluid flow at the surface. Additionally, 

nonreservoir rocks in the hanging walls o f both faults would also prevent across-fault 

fluid flow. However, this approach at the surface can not be extrapolated to the 

subsurface due to changes in the stratigraphy and the presence o f more sand-rich beds 

in the Lower Jurassic sequence (Fig. 2.3). Therefore, an empirical approach predicting 

across-fault juxtapositions (Allen, 1989; Knipe, 1992; 1997) and argillaceous gouge 

development (Yielding et al., 1997) is needed to elucidate the sealing behavior o f the 

fault core in the subsurface. This approach is taken in section 5.3 and results in the 

characterization o f the across-fault conductivity for the Little Grand Wash Fault and 

northern fault o f the Salt Wash Graben.

3.3.3 Damage Zone 

3.3.3.1 Introduction

Networks o f fractures are prevalent in the host rocks surrounding both the 

Little Grand Wash Fault and bounding faults o f the Salt Wash and Ten Mile Grabens. 

The density o f these fractures decreases with distance from the faults and is most 

intense in zones o f structural complexity (i.e. fault intersections and relay zones). 

Occasionally, fractures are infilled with carbonates or sulphates. These structures can 

be considered to represent a damage zone as defined in section 3.3.1.
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A preliminary investigation o f fracture orientations and distributions 

surrounding the Little Grand Wash Fault was undertaken to characterise variations of 

the damage zone, both along strike and within different lithologies. Fracture analyses 

were limited to the Little Grand Wash Fault due to good, continuous outcrop 

exposures and varying degrees o f structural complexity along the fault. A series of 

scanlines were focussed in two areas along the central part o f the Little Grand Wash 

Fault (Fig. 3.1 and 3.5). Area 1 consisted o f five scanlines along the Salt Wash 

sandstones o f the Morrison Formation at intervals within and away from a partially 

breached relay ramp (Fig. 3.5a). The ramp is located in the footwall, adjoining the 

northern strand o f  two main fault strands with a combined throw o f 245m. Area 2 

consists o f two scanlines in the immediate footwall and hanging wall o f the master 

fault along silty sandstones o f the Curtis Formation and shales o f the Mancos 

Formation, respectively (Fig. 3.5b).. The Little Grand Wash Fault has a more simple 

structure in this area consisting o f two closely-spaced fault strands with a combined 

throw o f 255m. Further scanlines could not be conducted in this area due to a lack of 

outcrop.

A potential problem with fracture analyses is that one-dimensional scanlines 

are subject to sampling bias depending on the orientation o f the transect compared to 

the fracture orientations (Park and West, 2002). To limit this bias, nearly all o f the 

scanlines were locally orientated perpendicular to the master fault, where most 

fractures were expected to be intersected (Fig. 3.5). An additional fault-parallel 

scanline was taken within the relay ramp due to the diverse range o f orientations 

observed in the fault-perpendicular scanlines. Each scanline measured and recorded 

the orientation and spacing o f all fractures along the tape. Fracture data were then 

plotted on rose diagrams and frequency distribution histograms to compare 

orientations and changes in fracture density.

3.3.3.2 Results

3.3.3.2.1 Area 1

Most fault-perpendicular scanlines show a dominant east-west trending set o f 

fractures that roughly parallel the strike o f the master fault (Fig. 3.5a). Within the 

relay ramp, scanline 4 shows an additional complex array o f subordinate fractures 

with diverse orientations that are highlighted by the fault-parallel scanline (5). 

Alternatively, scanline 3 located at the top edge o f the ramp, has a dominant
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northwest-trending set o f fractures as well as the more common east-west fracture set. 

The fracture density o f the fault-perpendicular scanlines progressively decreases with 

increasing distance from the relay ramp. Within the relay ramp, the fault-parallel 

scanline has a lower fracture density compared to the equally frequent perpendicular 

scanlines but a greater density than other scanlines further into the footwall.

3.5.3.2.2 Area 2

Fracture orientations and clustering differ from footwall to hanging wall (Fig. 

3.5b). The footwall is populated by northwest-trending fractures that are sub-parallel 

to the northern strand o f the master fault. The hanging wall has a main east-west 

fracture set as well as subordinate northwest and northeast-trending fractures. Both 

sides o f the fault are equally intensely fractured regardless o f the varied lithologies. 

The hanging wall shows a slight decrease in fracture density away from the fault. The 

footwall is more complicated with no discernable density decrease away from the 

fault but rather local increases around some minor faults.

3.3.3.3 Damage Zone Characteristics

The damage in the host rock surrounding the Little Grand Wash Fault has 

been characterised by analysing variations in fracture orientation and density 

distribution at two areas along the fault. These areas were chosen due to variations 

they exhibited in lithology and structural complexity as well as good outcrop 

exposures. Overall, the fracture orientations in the host rock were dominated by a 

broad, east-west trending set o f fractures that locally reflect the strike o f the Little 

Grand Wash Fault. Variations from this trend are observed in the relay ramp 

(scanlines 3-5) and in the hanging wall shales (scanline 7). The relay ramp contains a 

diverse array o f fracture orientations that are considered a function o f the complicated 

three-dimensional strain experienced during the development o f the ramp. 

Furthermore, distinct northwest-trending fractures at the top o f the ramp (scanline 3) 

are inferred to be the result o f rotation and steepening o f strata into the structure. The 

varied fracture orientations in the hanging wall shales (scanline 7) may represent: (1) 

pre-existing fractures overprinted by later fault-associated fractures or (2) differing 

forms o f strain accommodation in the clay-rich strata compared to the sand-rich 

footwall strata. Further analyses are needed to validate either o f these hypotheses.
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A clear relationship exists with fracture density decreasing with increasing 

distance from the Little Grand Wash Fault. The decrease in density is evident over 

hundreds o f metres spanning several scanlines (area 1) but difficult to resolve over 

tens o f metres (area 2). This relationship is well documented by other researchers 

(Chester and Logan, 1986; Fowles and Burley, 1994; Antonellini and Aydin, 1995; 

Knott et al., 1996; Beach et al., 1999) and is related to the diminishing influence o f 

the fault on the adjacent host rock. Comparisons o f scanlines adjacent to the main 

fault in both areas show an increase in fracture density from relatively simplistic 

(scanlines 6 and 7) to structurally complex (scanline 4) sections o f the fault. 

Furthermore, comparisons o f the scanlines in differing lithologies (scanlines 6 and 7) 

show no significant variation in fracture density. This suggests that fracture density in 

the damage zone is primarily controlled by the proximity o f the fault and degree of 

structural complexity and less by changes in lithology. This concurs with Hanks et al 

(1997) who suggests that locally, structure plays a more important role than lithology 

in determining fracture intensity.

The width o f the damage zone around the Little Grand Wash Fault was not 

clearly defined because continuous scanlines could not be taken from the fault to 

unaffected host rock. Damage zone width is commonly defined by a background level 

o f fracture density (Knott et al., 1996; Beach et al, 1999).The cumulative scanlines in 

area 1 (Fig. 3.5a) suggest that the fracture density possibly drops off to a background 

level at scanline 1. This would represent a damage zone half-width between 100 to 

150m. However, further scanlines extending farther into the footwall in this area 

would be needed to confirm the background level. Damage zone half-widths for area 

2 could not be estimated as there was no appreciable decrease in fracture density for 

scanlines 6 and 7. Therefore, more extensive scanline program would be needed to 

better define the width o f the damage zones along the Little Grand Wash Fault.

3.3.3.4 Hydraulic Conductivity of the Damage Zone

The damage zones hydraulic conductivity is dependant on the characteristics 

o f the fracture population. Potential fluid flow within the damage zone will be focused 

where the fracture aperture, density and connectivity are greatest (Sibson, 1996; Cox 

et al., 2001). Though apertures were not recorded, scanlines in this study demonstrate 

that fracture density and orientation (i.e. connectivity) are greatest around a relay 

ramp, such as that along the Little Grand Wash fault. This corroborates with other
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studies that show fracture intensity to be greatest around structurally complex sections 

o f  a fault, which include fault intersections, fault bends, fault tips and relay ramps 

(McGrath and Davidson, 1995; Sibson, 1996; Curewitz and Karson, 1997). Structural 

complex areas are also proven sites for enhanced fluid flow due to the increased 

permeability resulting from fracture development (Curewitz and Karson, 1997, 

Hancock et al., 1999; Cox et al., 2001; Gartell et al., 2004). Thus, a conceptual model 

for fluid flow in the damage zone would assume localized fault-parallel flow in 

structural complex sections o f the fault zone. This model is tested in the following 

chapter by comparing the location o f fluid-related diagenesis and mineralization in 

relation to the fault zone components mapped at the surface.

3.3.4 Summary

Faults in the study area consist o f a fault core surrounded by a zone o f damage 

in the adjacent host rock. At the surface, the fault core consists o f an argillaceous-rich 

gouge, with or without sand-rich, host rock pods and slabs that are bound and 

internally separated by two or more slip zones. The adjacent damage zone consists o f 

an array o f minor structures that extend for at least 150m from the fault and are most 

extensively developed around structural complexities along the fault (e.g. relay ramp). 

The hydraulic conductivity o f a fault zone must consider the fault core and damage 

zone components. A conceptual model for fluid migration associated with the studied 

fault zones would predict across-fault fluid flow where reservoir-reservoir rocks are 

juxtaposed and argillaceous gouge is absent in the fault core. Fault-parallel flow 

would preferentially occur in structurally complex sections o f  the damage zone and 

wouldbe the dominant migration pathway when reservoir-nonreservoir rocks are 

juxtaposed and/or continuous argillaceous gouge is present in the fault core.

Prediction o f the subsurface fluid migration pathways in the study area requires extra 

evidence, which is provided by field mapping o f fault-related diagenesis and 

mineralization and empirical fault seal assessments carried out in Chapters 4 and 5, 

respectively.
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3.4 Sedimentation Patterns o f  the Region

3.4.1 Introduction

During the construction o f the three-dimensional model o f the study area, six 

isopach maps o f the stratigraphy were generated in ArcView, based on borehole and 

wire-line log data (see section 5.2.2.2). The variation in thickness o f these 

stratigraphic units aided in identifying the timing and extent o f certain tectonic events 

related to faulting and salt migration. Stratigraphic units in formation or group 

packages were calculated from the Permian Cutler Group through to the late Jurassic 

Morrison Formation. Data quantity and quality restricted further subdivision o f the 

stratigraphy, but this data enabled broad, temporal trends in sedimentation to be 

identified. A well summary database from the Utah Geological Survey and wire-line 

logs donated by Rileys Electric Logs Inc were used to construct the isopach maps.

The absence o f wells penetrating either the Salt Wash or Ten Mile Grabens preclude 

these structures from this analysis.

3.4.2 Permian
The Permian is represented by the Cutler Group (Elephant Canyon Formation, 

Organ Rock Formation and White Rim Sandstone), unconformably overlain by the 

Kaibab Limestone. In the study area, the Kaibab Limestone is thin (O-lOm) and 

discontinuous and is not considered further. The Cutler Group is thick, with an 

average thickness o f 450m around the studied faults (Fig. 3.6). A broad eastward 

thickening o f the group corresponds to increasing proximity to its source, the 

Uncompahgre Uplift. The limited number o f wells in this dataset meant that no 

thickness changes associated with fault movement or salt flow were detected. 

However, various authors (Doelling et al., 1988; Condon, 1997) have indicated that 

salt migration was active during the deposition o f the Cutler Group in the northern 

end o f the Paradox Basin.

3.4.3 Triassic

The Triassic is represented by the Moenkopi and Chinle Formations in the 

study area. The average thickness o f the combined formations is approximately 300m 

around the studied faults (Fig. 3.7). Sediment significantly thickens along the 

Courthouse syncline and thins to the west along the Green River Anticline to
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demonstrate that folding was active and probably related to salt flowage in the 

Triassic as observed in other locations in the northern Paradox Basin at that time 

(Doelling et al., 1988; Condon, 1997). A decrease in sediment thickness into the 

hanging wall o f the Little Grand Wash Fault may represent early fault movement, 

which would be contemporaneous with incipient movement along the Moab Fault 

(Foxford et al, 1996). However, this thinning into the hanging wall is the opposite of 

what is expected with syn-sedimentary deposition associated with normal faulting and 

probably represents a thickness variation related to the development o f the Green 

River Anticline or the sparseness o f the borehole data.

3.4.4 Lower Jurassic

The lower Jurassic stratigraphy comprises the Glen Canyon Group (Wingate 

Sandstone, Kayenta Formation and Navajo Formation) in the study area. The group 

regionally thickens from the northeast to the southwest and has an average thickness 

around the studied faults o f 293m (Fig. 3.8). Sediments are again seen to thicken into 

the Courthouse syncline and thin along the axis o f the adjacent Green River Anticline 

suggesting the continued migration o f salt in the region. However, no across-fault 

variations in sediment thickness suggest that the Little Grand Wash Fault was inactive 

during this period.

3.4.5 Mid Jurassic

The mid Jurassic stratigraphy in the study area is represented by the Carmel 

Formation and Entrada Sandstone. The Carmel regionally thins to the east and has an 

average thickness o f 50m around the studied faults (Fig. 3.9). No localised variations 

in sediment thickness o f the Carmel are evident in the region. The Entrada thins along 

a northwest-trending axis that parallels the Green River Anticline, thickening either 

side o f the feature and has an average thickness o f  100m around the studied faults 

(Fig. 3.10). Limited data indicate no thickening associated with the Courthouse 

syncline. The lack o f localised sediment thickness variations in the Carmel combined 

with limited changes in the Entrada suggest that salt migration was slow to absent, 

with only possible upwelling associated with the Green River Anticline. Additionally, 

limited across-fault sediment variations suggest the Little Grand Wash Fault was 

inactive during this period.
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3.4.6 Late Jurassic

The remaining mid to late Jurassic stratigraphy consists o f the Curtis, 

Summerville and Morrison Formations. Due to significant facies changes within the 

formations and varied interpretations o f  this sequence from the exploration wells, the 

formations were grouped together. The combined formations thicken to the west and 

have an average thickness o f 250m (Fig. 3.11). No significant variations in sediment 

thickness indicate a period o f no salt migration. Subsequent partial to complete 

erosion o f this stratigraphy against the faults prevented any detection o f fault 

movement during the late Jurassic.

3.5 Tectonic History o f  the Study Area

Outcrop and well data reveal a protracted tectonic history involving salt 

tectonism and faulting for the area surrounding the town o f Green River. Regional 

investigations have indicated that salt migration commenced in the Permian and 

continued to the mid Jurassic (Doelling et al., 1988; Condon, 1997). Sedimentation 

patterns derived from this study suggest salt migration was locally active from the 

Triassic (Fig. 3.7) to the mid Jurassic (Fig. 3.10) resulting in the development o f the 

Green River Anticline and adjacent Courthouse Syncline through salt upwelling and 

withdrawal, respectively. Cenozoic salt dissolution and anticlinal collapse 

experienced by neighbouring structures (Moab Anticline and Salt Valley Graben) did 

not affect the Green River Anticline, possibly due to the greater depth below the 

surface o f the rising salt compared to other salt-induced anticlines in the region.

No significant thickness changes were detected across any o f the studied faults 

from outcrop or well data for the Permian to Cretaceous sequence (Figs. 3.6-3.11). 

Furthermore, Quaternary travertine deposits and river terrace sediments covering 

sections o f the studied faults are also undeformed. The only direct evidence for the 

timing o f fault movement in the study area is unpublished radiometric (“’̂ Ar/^^Ar) 

dates o f recrystallised clay-rich gouge from the Little Grand Wash Fault performed by 

Exxon in the late 1990’s. Based on the assumption that new (authigenic) fine-grained 

clays are generated during fault movement (see section 3.3.2.2), the ‘̂ '*Ar/^^Ar 

technique requires the separation and dating o f this fine-grained authigenic 

component. To have confidence in this technique, two obstacles must be overcome:
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(1) recoil-induced redistribution and loss o f  ̂ ^Ar during ''^Ar/^^Ar chronology; and (2) 

contamination o f authigenic, fault-related clays with older, detrital clays (Muller, 

2003). Vacuum encapsulation overcomes the recoil problem by monitoring ^^Ar loss 

during neutron irradiation and enables accurate '*‘̂ Ar/^^Ar dating for clay-rich samples 

(Dong et al., 1995; Poland et al., 1992; Onstott et al., 1997). A mixed age resulting 

from the contribution o f detrital and authigenic clay components can be resolved 

through quantitative X-ray analysis o f clay size populations. By quantifying the ratio 

o f  authigenic to detrital clay in each size fraction, the age o f both end members and 

hence faulting can be extrapolated (van der Pluijm et al., 2001). An ‘̂ *^Ar/^^Ar dating 

methodology that attempts to overcomes these obstacles when dating clay-rich fault 

rocks is presented by van der Pluijm et al. (2001).

Using the van der Pluijm et al. (2001) methodology, Exxon dated fault 

movement on the Little Grand Wash Fault at 40Ma ± 10. This corresponds with early 

Tertiary Laramide tectonism; a period attributed to the formation o f most relatively 

large displacement faults in the region (McKnight, 1940; Doelling et al., 1988). 

Additionally, Foxford et al. (1996) suggested an earlier Triassic to early Jurassic 

phase o f movement on the nearby Moab Fault. Generated isopach maps (Figs. 3.6- 

3.11) combined with the Exxon dates suggest the Little Grand Wash Fault did not 

rupture until the early Tertiary. However, the paucity o f data means an early (Triassic) 

phase o f movement could not be totally dismissed. Additionally, a complete absence 

o f data associated with the Salt Wash and Ten Mile Grabens preclude any direct 

evidence o f fault movement along these structures. Timing o f movement for the Little 

Grand Wash Fault and other large-scale faults in the region (see Doelling et al., 1988; 

Foxford et al., 1996; 1998) implies the grabens probably also developed from the early 

Tertiary. The undisturbed Quaternary travertine deposits and river terrace sediments 

overlying the studied faults suggest there has been no fault movement in the study 

area for the last 80,000 years (see section 4.4.4).

3.6 Conclusions
The Little Grand Wash Fault, Salt Wash and Ten Mile Grabens cut the open, 

shallowly north plunging Green River Anticline, which formed from Triassic to mid 

Jurassic salt tectonism. The Little Grand Wash Fault is a steeply-dipping, arcuate 

normal fault with a maximum throw o f 260m. The central part o f the fault splits into

34



Structure

two main fault strands that produces a series o f fault bends, branch points, structural 

terraces and relay ramps. The Salt Wash and Ten Mile Grabens are linked by a left- 

stepping relay ramp and are bound by steep, inward-dipping normal faults. Throw 

profiles o f the bounding faults indicate the grabens are kinematically linked with 

maximum throws o f 366m and 210m for the northern and southern faults, 

respectively. Sharp decreases in throw occur at overlap zones and relay ramps. Dating 

and indirect evidence indicate that the Little Grand Wash Fault. Salt Wash and Ten 

Mile Grabens probably formed during the early Tertiary Laramide orogeny but have 

been recently inactive. All fault zones consist o f a fault core composed o f an 

argillaceous-rich gouge, with or without sand-rich host rock slabs and pods that are 

bound and internally separated by two or more slip zones. This is bordered by a 

damage zone consisting o f an array o f minor structures that extend at least 150m from 

the fault and are most extensively developed around zones o f structural complexity 

(i.e. relay ramps). A conceptual model o f fault-associated fluid migration suggests 

that across-fault flow will occur when argillaceous gouge is absent and reservoir rocks 

are juxtaposed, while dominant fault-parallel flow will occur in structurally complex 

sections o f the damage zone when argillaceous gouge is present and/or reservoir- 

nonreservoir rock is juxtaposed. Defining these migration pathways in the study area 

is resolved in subsequent chapters through fluid-related field relationships (Chapter 4) 

and fault seal assessment (Chapter 5).
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Figure 3.2: Detailed structure and stra tigraphy o f  the  Little G rand  W ash Fault and the 

Salt W ash and Ten M ile G rabens (after M cK night.  1940; Doelling, 2002). Equal 

angle  s tereonets  show  strike and dip o f  fault s trands w ithin the main fault zone  with 

triangles representing lineations to indicate d irection o f  fault m ovem ent.  N is the 

num ber o f  faults m easured, (a) Central part o f  the Little G rand  W ash Fault w here  it 

splits into two main strands and cuts the h inge o f  the  G reen  River Anticline. 

S tereonets  show  the trend o f  the Little G rand  W ash Fault (m aster) and variation in 

m inor faults betw een the two main strands (minor). Dashed boxes show the two 

locations for the fracture analysis  display in Fig. 3.5. (b) Detailed structure o f  the  Salt 

W ash and Ten M ile Grabens. Stereonets d isplay the trend o f  the  northern (red) and 

southern (blue) bounding  faults o f  both grabens. C losed  triangles correspond to 

northern fault lineations, w hile  open triangles indicate  southern  fault lineations.
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M ineralization and D iagenesis

Chapter 4: Fault-Related Mineralization and Diagenesis

4.1 Introduction

Faults can act either as conduits or as seals to subsurface fluid migration  

(Caine et al., 1996). Instances o f  faults acting as conduits to migrating fluids have 

been identified by the presence o f  springs (C urewitz and Karson, 1997), precipitation  

o f  veins and mineral deposits (e.g. Kerrich, 1986; H ancock et al., 1999; Rohrlach et 

al., 1999; M icklethw aite and C ox, 2 0 0 4 ) or diagenetic alteration o f  adjacent host 

rocks (e.g. Chan et al., 2000; Garden et al., 2001; Labaume et al., 2001). In the study 

area, fault-associated fluid flow  is recognised in the footw alls o f  the Little Grand 

W ash Fault and northern fault o f  the Salt W ash Graben through the presence o f  

mineral deposits (travertines) as w ell as fluid-related diagenetic alteration o f  Jurassic 

sandstones (iron-oxide reduction, sporadic hydrocarbon staining and carbonate and 

sulphate veining). The travertines are direct products o f  past and present leakage o f  

CO 2 along both fault zones. A s such, the chapter focuses on the actively-form ing and 

ancient deposits to characterise C O 2 leakage at the surface along both faults. 

Preliminary investigations o f  the d iagenetic features are also undertaken to gain an 

understanding o f  fluid regim es associated  with this faulted system . D iagenesis in this 

study is defined as any chem ical or physical change undergone by the sandstones at 

relatively low  temperatures and pressures that w as instigated by a migrating fluid.

To investigate these fault-associated fluid flow  features, field mapping 

coupled with petrological and geochem ical analyses were undertaken. The resulting 

data enable the: (1) establishm ent o f  a facies m odel docum enting the origin and 

evolution  o f  a travertine deposit (m anuscript currently under review  in Sedimentary  

G eology); (2) characterisation o f  spatial and temporal variations in travertine 

precipitation and hence CO 2 leakage; (3) calculation o f  CO 2 flux and local erosion  

rates; (4) definition o f  migration pathways and leak points o f  fluids through the 

faulted stratigraphy; and (5) preliminary identification o f  fluid regim es that have 

migrated through the faulted system . The results o f  these findings provide an insight 

into the interaction o f  faults and fluid flo w  at a reservoir scale.

4.2 Travertine Review

A  non-marine, low -M g carbonate deposit that forms in or near terrestrial 

springs, lakes, rivers or caves is com m only  know n as travertine (Sanders and
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Friedman, 1967). D epending on temperature and location, travertines can be 

subdivided into hot spring travertine (precipitates from hydrothermal springs), tufa 

(precipitates from ambient springs, lakes and w aterfalls) or speleothem s (precipitates 

from waters in subterranean caves and fracture system s; Pentecost, 1995; Ford and 

Pedley, 1996; Fouke et al., 2000). To avoid confusion  within this study, all terrestrial 

carbonate deposits precipitated from carbonate-rich effusions w ill be termed 

travertine.

Travertines precipitate from carbonate-rich waters due to the removal o f  CO 2 

via the reaction (Clark and Fritz, 1997):

2 HCO3 (aq) +  Câ "̂  (aq) = >  CaCOs (s) +  CO 2 (g) +  H2O (|)

CO2 degassing is initiated by a decrease in hydrostatic pressure as carbonate-rich 

ground waters rise to shallow  depths and is continued at the surface by abiotic (e.g. 

turbulence, evaporation and temperature changes) and biotic (e.g. photosynthesis, 

respiration, trapping, nucleation and secretion) processes (Barnes, 1965; Gonfiantini 

et a!., 1968; Turi, 1986; Lorah and Henmann, 1988; Ford and Pedley, 1996; Guo et 

al., 1996; Chen et al., 2004). Dom inant surface degassing processes vary w idely  and 

are dependant on local conditions such as water chem istry (C hafetz and Folk, 1984; 

Sant’Anna et al., 2004), temperature (G onfiantini et al., 1968; Janssen et al., 1999; 

Fouke et al., 2000), flow  rates (Chen et al., 2004) and surface topography (Turi, 1986; 

Guo et al., 1996; Chen et al., 2004). A s such, travertine deposition in hydrothermal 

conditions is greatly influenced by evaporation and temperature changes (Fouke et al., 

2 000) w hile biotic influences are more prevalent in ambient conditions (Janssen et al., 

1999).

An important aspect o f  travertine deposits is their association with tectonically  

and seism ically  active areas (Barnes et al, 1978). N um erous authors have noted that 

travertine deposits are precipitated along or c lose to fault traces, generally being  

concentrated in h igh-flow , structurally com plex zon es (i.e. relay zones or fault tips; 

Hancock et al., 1999; M inisalle et al., 2002; Morratti et al., 2003 , Trancos et al.,

2003). This structural affinity com bined with a poor preservation potential has 

resulted in travertine being utilised principally in neotectonic studies (H ancock et al., 

1999; Hancock et al., 2000; C ello  et al, 2001; Brogi et al, 2004). In addition, 

precipitation o f  terrestrial carbonate deposits from m eteoric or surface waters has
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enabled travertines to be utilised for paleohydrology (Szabo and Winograd, 1995;

Rihs et al., 2000; Minisalle et al., 2002) and paleoclimatology (Clark and Fontes,

1990; Magnin et al., 1990; Sturchio et al., 1994; Auler and Smart, 2001) studies.

4.3 Field Relationships 

4.3.1 Introduction

Field evidence o f fault-associated mineralization or diagenesis is limited 

primarily to the footwalls o f  the Little Grand Wash Fault and northern fault o f the Salt 

Wash Graben (Fig. 4.1). Within these footwalls, fault-associated fluid flow is mainly 

defined by travertine precipitation and iron-oxide reduction o f mid Jurassic 

sandstones, though the spatial distribution and minor diagenetic products vary 

between faults. Outside this localised area, only thin (up to 5cm wide) gypsum, calcite 

and quartz veins fill fractures within varied lithologies. Detailed below are the main 

fluid fiow features mapped within the footwalls o f both faults. Special emphasis is 

placed on the travertine deposits, as they are the product o f CO 2 leakage at the 

surface. Based on this, the travertine deposits are also used to approximate the amount 

o f CO2 that has leaked to the surface over time.

4.3.2 Travertines

4,3.2.1 Active Travertines

4 .3 .2 .] .]  Little Grand Wash Fault

The only actively forming travertine deposit on the Little Grand Wash Fault is 

associated with the COa-charged Crystal Geyser (Fig. 4.2a). Situated in the immediate 

footwall o f the Little Grand Wash Fault at the point where it cuts the east bank o f the 

Green River (Fig. 4.1a), the geyser erupts from an exploration hydrocarbon well 

(Glen Ruby #1-X) drilled in 1935. The cold-water geyser (~18°C) is powered by CO2 - 

charged waters that erupt to heights o f  25 m at intervals o f 12 to 18 hours, though 

local people have reported more frequent and intense eruptions in the past. In 

conjunction with the erupting geyser, two small springs immediately north and 

northeast o f the geyser erupt periodically throughout one eruption cycle and are 

assumed to be related to the same plumbing system (Fig. 4.2b). Drilling records for 

the exploration well document a 21 m thick, pre-existing travertine mound at the 

surface, indicating the spring system was active prior to drilling (McKnight, 1940).
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The Crystal G eyser eruptions have resulted in the developm ent o f  a large, 

ochre-coloured, terraced deposit. The deposit is approxim ately 70 m w ide by 80 m 

long and has a total re lie f o f  about 7 m from the em ergence point o f  the geyser to the 

base o f  the outcrop, where the waters flow  directly into the Green River. The 

travertine is devoid o f  any conspicuous plant growth, except for som e bushes and 

grasses that have been encroached by the aggrading mound. During an eruption, 

waters cover the entire travertine surface though the majority o f  downstream flow  is 

contained in a series o f  channels.

A  series o f  downstepping travertine lobes radiate out dow nslope o f  the geyser  

(Fig. 4 .2c), similar to the terraced mound exam ple o f  Chafetz and Folk (1984). 

Hem ispherical carbonate ponds (2 mm to 5 cm w ide), each with an undulating pool 

and raised rim, build on the surface o f  the travertine to form the terrace m orphology  

(Fig. 4 .2c-d). The size o f  the ponds are roughly proportional to the gradient o f  the 

surface with microterraces (1 to 5 mm w ide) form ing on steeper surfaces, w hile larger 

terraces form on gentler to subhorizontal surfaces. In cross section, the ponds are 

generally 5 to 20 mm deep and are vertically stacked to g ive a porous, sinuous 

texture. W ithin each pond, abiotic carbonate precipitation occurs m ainly on the rims 

and in som e cases in the pools w ith circular m asses termed pisoids (C hafetz and Folk, 

1984) generally grow ing up to 2 mm in diametre. Green algae are seen in som e o f  the 

deeper pools where waters are retained longer before evaporating, and these algae  

may assist in the growth o f  the travertine mound (Fig. 4 .2d-e). At the edge o f  som e o f  

the lobate m ounds, a change in re lie f has induced speleothem s to precipitate 

underneath the protruding m ounds (Fig 4 .2 f). The speleothem s are 2 to 10 cm  long  

and con ically  layered.

4.3.2.1.2 Salt Wash Graben

There are six actively-form ing travertine m ounds spatially associated with the 

northern fault o f  the Salt W ash Graben that are the result o f  natural or drilling- 

induced, CO i-charged, cold water (13 to 17°C) effusions (Fig. 4.1b). A ll but one o f  

the m ounds is situated in the footwall c lo se  to where the Green River A nticline crest 

is cut by the fault. The final mound is associated w ith an abandoned drill hole (Ten  

M ile geyser), 200 m into the hanging w all that likely penetrates the footw all at depth. 

The travertine m ounds are generally low , thin and poorly-developed compared to the 

Crystal G eyser deposit. Halite (N aC l) and thenardite (Na2S0 4 ) com m only form thin
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salt crusts around drier sections o f the developing mounds. The mounds are located in 

three broad locations along the northern fault, which are Torrey’s, Ten Mile and 

Three Sisters.

Torrey’s spring is situated 350 m into the footwall o f the northern fault and is 

possibly the result o f an exploration well drilled in 1949 (Delaney Petroleum 

Corporation Well #1), though no well casing or other onsite evidence is visible. CO2- 

charged waters constantly emanate from the spring to precipitate a low, flaky 

travertine mound approximately 12 m in diametre (Fig. 4.3a). The orange mound has 

limited terrace development concentrated along downstream flow channels. Sporadic 

green algae occur in terrace pools generally submerged within the flow channels. At 

the edge o f the mound, a series o f speleothems form an impressive 1 m long frozen 

waterfall structure where the carbonate-rich waters descend into an adjacent dry river 

bed. Extensive salt staining occurs in areas o f the travertine infrequently covered by 

the erupting fluids.

The Ten Mile geyser is located at an abandoned exploration well, 200 m into 

the graben and infrequently erupts to heights o f 1 to 1.5 m (Doelling, 1994). No 

drilling records have been found for the well but it is assumed to penetrate the 

footwall at depth due to the dearth o f any other travertine deposits within the graben, 

its proximity to the south-dipping northern fault and geochemical similarities between 

the erupting carbonate-rich waters and other COi-charged effusions associated with 

the fault (Heath, 2004). A low travertine mound has developed around the geyser and 

is approximately 15 m long by 3 m wide with a total relief o f 0.5 m. The ochre- 

coloured mound contains well-developed terraces that generally increase in width 

downstream from the geyser (Fig. 4.3b). The deposit has encroached and encrusted 

low lying sections o f a nearby tree and grasses and there are limited amounts o f green 

algae observed within terrace pools. A second C02-charged effusion (Ten Mile 

spring) is located 100 m into the opposing footwall. The travertine surrounding the 

spring has been partially excavated leaving a cavity (2 m wide by 1.5 m long by 0.5 m 

deep) filled with a pool o f brines. A continual stream o f carbonate-rich waters 

discharge from three vents at the base o f the pool causing the reprecipitation o f the 

partially excavated travertine deposit.

The Three Sisters area consists o f the C02-charged Big Bubbling spring and 

two smaller springs (northern and southern Small Bubbling springs) located 400 m to 

the west (Fig. 4.1b). The Big Bubbling spring is composed o f  an algae-rich shallow
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pool (0.4 m deep) with an approximate radius o f 1 m that continuously discharges 

carbonate-rich waters through a series o f vents at its base. The fluids are constantly 

expelled from the pool via two main channels to precipitate a surrounding low-lying 

travertine mound that extends up to 40 m to the west (Fig. 4.3c). Close to the pool, the 

orange-coloured mound contains well-developed terraces (up to 20 cm wide) that 

diminish in frequency and relief downstream. Toward the middle and outer sections 

o f the mound, travertine is thin and brittle with sporadic coatings o f a salt crust up to 1 

cm thick. Further west, smaller travertine deposits have precipitated from two close 

but distinct effusions (Small Bubbling Springs). The northern spring consists o f 

carbonate-rich waters infrequently erupting along a sparse network o f open fissures to 

heights o f 15 cm. The connected fissures are 0.5 to 5 m long and are orientated 

roughly parallel and perpendicular to the main fault trace (Fig. 4.3d). A low, 

travertine mound extends up to 20 m from the fissures and consists o f infrequent, 

poorly developed terraces proximal to the fissures as well as a pervasive salt crust, up 

to 3 cm thick, sporadically covering sections o f the mound (Fig. 4.3d). The southern 

spring is composed o f a small cylindrical cavity, 10 cm in diametre, which frequently 

expels C02-charged fluids as well as occasionally erupting to heights o f 0.6 m. 

Surrounding the cavity is a compact, flat-lying travertine mound that extends outward 

for 15 m (Fig. 4.3e). The orange-coloured mound consists o f well-developed terraces, 

5 to 30 cm wide that increase in width away from the spring. The deposit has 

encroached surrounding bushes and grasses as it has aggraded though no algae were 

observed within the terrace pools.

4.3.2.2 Ancient Travertines

4 .3 .2 .2 .1 Distribution

Along the Little Grand Wash Fault and northern fault o f the Salt Wash Graben 

there are a series o f partial to complete remnants o f ancient travertine deposits that 

parallel the fault trace (Fig. 4.1). The travertine deposits form resistant caps on top o f 

numerous buttes (Fig. 4.4a) and are topographically higher than the actively-forming 

travertines. All deposits originate in the footwall proximal to where the fold axis o f 

the Green River Anticline is cut by both faults. However, there are variations in the 

distribution and development o f the ancient deposits between the two faults. The 

Little Grand Wash Fault contains a series o f  discrete, well-developed, thick (1 to 10 

m) deposits that are located in various footwall lithologies from the sand-rich Curtis
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Formation to clay-rich sections o f the Morrison Formation (Fig. 4.1a). The deposits 

form in the immediate footwall but generally drape over the fault into the hanging 

wall. Additionally, the deposits are confined to sections where the two main fault 

strands are close together and/or there are pronounced structural complexities such as 

fault bends and relay ramps. The northern fault o f the Salt Wash Graben contains 

mainly thinner (0.5 to 4 m) and less well-developed deposits compared to the Little 

Grand Wash Fault. They are located in the sand-rich Entrada and Curtis Formations. 

The deposits are predominantly confined to the immediate footwall, occasionally 

draping into the adjacent graben. However, around the Green River fold axis deposits 

increase in number and form further into the footwall (Fig. 4.1b). The easternmost 

travertine deposits are associated with a breached relay ramp.

43.2.2.2 Morphology

Erosion o f the surrounding host rock has created excellent cross-sectional 

exposures o f the ancient deposits. Based on tield observations and detailed strip maps 

o f the best preserved ancient mounds from both faults, four distinct lithofacies in 

addition to altered host rock have been identified, which are: (1) conglomerate, (2) 

layered mats, (3) white-banded veins, and (4) brown-banded veins (Fig. 4.4b). 

Descriptions o f each lithofacies are discussed in detail below.

Altered Host Rock

The host rock at the base o f the ancient travertine mounds are generally altered 

along fractures and bedding planes. Within sandstone-dominated lithologies, the host 

rock is crosscut by thick white-banded veins (4 to 15 cm thick) with associated yellow 

to white iron-oxide reduction haloes (1 to 5 cm wide). In mud-dominated lithologies, 

networks o f thin boxwork veins (5 to 10 mm thick) are more common than the thicker 

white-banded veins, locally destroy the host rock fabrics, and have thinner reduction 

haloes (1 to 5 mm; Fig. 4.5a).

Conglomerate

Calcite-cemented conglomerates are found at the base o f the deposits (Fig. 

4.4b). In places, the conglomerate extends up to 200 m from the main travertine 

deposit. The conglomerate is poorly sorted with sand- to cobble-size detrital clasts (2 

mm to 15 cm) surrounded by calcite cement (Fig. 4.5b). The clasts are sub-angular to
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sub-rounded and consist o f rock fragments and quartz grains derived locally from the 

surrounding stratigraphy. Sub-angular clasts o f white-banded veins and layered mats 

also occur but are uncommon. There are limited sedimentary structures within this 

unit with a few horizons containing imbricated lenticular clasts and/or planar cross

bedding. More distal conglomerate deposits generally define palaeochannels for 

spring water that flowed off the travertine mound.

Layered Carbonate Mats

A subhorizontal, layered carbonate deposit with moderate to high visible 

porosity is situated above the conglomerate (Fig. 4.5c). This unit is poorly preserved 

on top o f the ancient deposits and generally only a thin, weathered crust (0.5 to 2 m 

thick) remains. Layering in the carbonate dips gently away from the central area o f 

the mounds, which are usually the present-day topographic high point o f the ancient 

deposits (Fig. 4.4b). The morphology o f the layered mats varies considerably in 

texture and packing, but is generally composed o f  layered, subhorizontal alternating 

porous and dense horizons. The porous horizons, generally 5 to 50 mm thick, consist 

o f multiple, vertically stacked layers. Each layer contains subvertical, dendritic 

precipitates that branch out from a thin, laminated substrate. The substrate commonly 

has an irregular, sinuous shape similar to the pool-and-rim geometries o f 

microterraces on the present-day travertine (Fig. 4.5d). The dendritic precipitates 

contain aggregates o f elongate blocky calcite that branch out to form shrub-like 

structures (Fig. 4.5e), similar to those reported by Chafetz and Folk (1984) and Guo 

and Riding (1994). Large proportions o f the blocky calcites are partially to completely 

obscured by micritic rims, which give the horizons a mottled to dark appearance 

under the plane polarized light microscope (Fig. 4.5e). Conversely, the dense horizons 

generally consist o f sporadic angular to sub-rounded clasts engulfed in a dominant 

micritic matrix (Fig. 4.5f)- The clasts range from fine- to medium-grained detrital 

quartz grains to fine-grained blocky calcites and detached pieces o f  substrate from the 

porous horizons. Occasionally, a dense horizon consists solely o f locally-derived 

detrital clastic sediments. Many pore spaces and cavities are filled with euhedral, 

elongate crystals that form a drusy texture.

The boundary between the layered mats and the underlying conglomerate is a 

transitional zone that thickens away from the central part o f the deposit (Fig. 4.4b). 

Within this transitional zone, the lithofacies are initially well-defined and alternate
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repeatedly in 5 to 30 cm thick packets. Farther from the central part o f the deposit, the 

boundary between the two units is harder to define and the layered mat packets are 

thinner and more discontinuous, while the conglomerate layers are thicker. The 

layered mats pinch out near the margins o f the mound and only conglomerate 

remains.

White-Banded Veins

This unit consists o f  a series o f dense, banded, white veins that cut through the 

mound. The veins range in thickness from 5 to 80 cm. Individual veins grew 

primarily from the fracture walls toward a central cavity (Fig. 4.6a). The carbonate 

lining the fracture walls are usually equidimensional and occasionally separated by a 

central cavity. The cavities are normally only a few centimetres wide and commonly 

contain speleothems (Fig. 4.6b). While the number and size o f speleothems infilling 

the cavities vary widely, all are subvertical and range in length fi-om 2 to 80 mm (Fig. 

4.4b). In some instances, an outer layer o f  white-banded vein material has precipitated 

over the speleothems (Fig. 4.6b).

Each vein consists o f a series o f bands, generally 5 to 30 mm thick, containing 

acicular to columnar crystals orientated perpendicular to the depositional surface (Fig. 

4.6c). Within each band, the acicular to columnar crystals radiate out in a fan pattern 

to form a mammilated surface (Fig. 4.6d). Crystal size increases in the growth 

direction o f each band. Most veins contain a few thin, orange to dark brown 

laminations that parallel the growth surface.

Both horizontal and vertical veins are present throughout the ancient mounds 

and crosscut the host rock, conglomerate, and layered mat units (Fig. 4.4b). The more 

common subhorizontal veins are thicker and tend to form along lithologic contacts, 

though some clearly crosscut contacts. Most vertical veins are thinner, infill fractures 

and minor faults, and terminate at the bottom o f horizontal veins. Exceptions are some 

thicker veins that are vertical at depth (in altered host rock) and rotate to be 

subhorizontal at shallower levels.

Brown-Banded Veins

Thinly banded, brown veins crosscut all the other lithofacies and therefore are 

the last facies to form in the deposit. The veins are generally subvertical, thin 

downwards, and tend to have dendritic terminations (Fig. 4.6e). The veins are 2 to 20
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cm thick and contain alternating brown, orange, and white bands that are 1 to 30 mm 

thick (Fig. 4.6f). Each band consists o f acicular crystals that form radial fans similar 

to those in the white-banded veins.

4.3.2.3 Interpretation of Travertine Lithofacies

The following section will outline where each o f the four identifed lithofacies 

forms and how they are related to each other within a travertine deposit.

4.3.2.3.1 Conglomerate

There is a paucity o f references in the literature to travertine-related 

conglomerates, with only Ford and Pedley (1996) mentioning surface-cemented 

screes and alluvium associated with thin tufa deposits. It is unknown whether this 

lithofacies is absent or ignored in other studies, but it is an integral component o f the 

ancient travertines located in this field area.

The conglomerates are positioned between the host rock and layered mats and 

consist o f locally derived sediment cemented by carbonate. These relations are 

consistent with colluvium surrounding the travertine having been cemented by 

carbonate precipitated from the erupting spring waters to form the conglomerate. 

Furthermore, the conglomerates extend laterally farther than any o f the other 

lithofacies and, in a few cases, preserve palaeochannels that show the flow paths o f 

spring waters away from the deposit.

The conglomerate and layered mat units are both surface expressions o f a 

travertine deposit, with the difference being that the layered mats are almost entirely 

comprised o f carbonate precipitation from the spring water, while only the pore-filling 

cements in the conglomerates are from the spring water. The relative positions o f the 

two units are consistent with vertical and lateral cementation o f the conglomerate that 

eventually produced a relatively impermeable substrate for subsequent growth o f  the 

layered mats.

The presence o f a transitional zone between the conglomerate and layered 

mats could be due to extended periods o f  spring and non-spring activity or episodic 

flooding o f the travertine by non-spring waters. Though neither o f these causes can be 

ruled out, the presence o f sedimentary structures (e.g. imbrication and cross bedding) 

within the conglomerate and the proximity o f the Green River to the ancient deposits 

is consistent with episodic flooding, resulting in the alternation between the two units.
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4 . 3 . 2 . 3.2 Layered Carbonate Mats

The layered mats are interpreted to be the product o f precipitation on the 

surface o f the travertine deposits for three reasons. First, this lithofacies is at the top 

o f every ancient mound in the field area. Second, locally derived clastic sediments are 

dispersed in some o f the fine-grained layers o f the layered carbonate mats. Third, the 

layered mat texture is similar to the microterraces o f the active travertine and as such, 

this lithofacies is interpreted to be an ancient version o f the active surface deposit.

The dendritic precipitates, which alternate with the micritic-dominated layers, 

are texturally similar to the shrub facies o f travertines documented in many studies 

(Julia, 1983; Chafetz and Folk, 1984; Casanova, 1986; Pentecost, 1990 and 1993; Guo 

and Riding, 1994; Ford and Pedley, 1996; Fouke et al., 2000). This shrub facies is one 

o f the most common and widely discussed travertine lithologies due to it being the 

dominant surface precipitate o f a travertine deposit, though the factors controlling the 

formation o f this unit are still speculative. Chafetz and Folk (1984) in their study o f 

shrubs suggested that their formation is controlled solely by bacterial activity. Later 

work by Guo and Riding (1994) subdivided the shrubs into micritic and spar-rhomb 

components and concluded that the two components probably formed by biotic and 

abiotic precipitation, respectively. Other authors have found no evidence for microbial 

precipitation and concluded that shrubs form by abiotic precipitation (Pentecost,

1990). The fundamental difference in each study was the identification o f organic 

and/or inorganic materials that made up the shrub facies, which led to differing 

suggestions on how the shrubs formed. Due to petrological similarities between the 

blocky calcites with micritic rims in this study and the spar-rhomb and micritic 

components o f Guo and Riding (1994), we infer that the layered mats precipitate from 

a combination o f abiotic and biotic processes. The vertical alternation o f dendritic 

precipitates (shrubs) and fine-grained layers o f the layered mats would indicate 

depositional cyclicity in the system. One cycle o f the layered mats contains dendritic 

precipitates that grew on a basal substrate, overlain by a fine-grained layer with or 

without clastic material. The dendritic precipitates need a very shallow-water 

environment in a lake or a terrace pool to grow (Chafetz and Folk, 1984). Using the 

active travertine as an analogue, these conditions are only maintained during an 

eruption, and for several hours after, depending on how quickly the supersaturated 

waters are evaporated from the pools. Therefore, a continual supply o f supersaturated 

waters is needed to replenish or refill the pools and provide the environment needed
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for shrub growth. It is inferred that the m icrite and clastic sedim ents are deposited 

during extended periods o f  little or no flow  o f  supersaturated w aters, which could 

occur from  periodic non-spring activity. Furtherm ore, the clastics m ay have been 

transported to the growing lithofacies by flooding o f  the Green River or by sheet 

flooding during periods o f  high rainfall. Finally, the onset o f  a new  cycle was 

controlled by the precipitation o f  a basal substrate, which m ust develop a rim -and- 

pool geom etry to provide a suitable environm ent for shrubs to grow. Therefore, the 

alternation betw een dendritic precipitates and fine-grained layers is likely a function 

o f  spring and non-spring activity, com bined with occasional flooding o f  the deposit 

by non-spring waters.

4.3.2.3.3 White-Banded Veins

The w hite-banded veins are interpreted to be a subsurface feature o f  the 

travertine deposits as the veins crosscut both the cem ented conglom erate and layered 

m at facies. In previous travertine studies, units with a sim ilar m orphology to the 

w hite-banded veins have been docum ented as a surficial feature that form s by rapid 

loss o f  CO 2 in areas o f  extrem ely agitated w aters, such as close to a spring vent or on 

steep slopes. These were term ed ray-crustal crusts by Folk et al. (1985) and crystalline 

slope crusts by Guo and Riding (1994). N o deposits w ith the w hite-banded vein 

m orphology are present on the surface o f  the active travertine in this study, even in 

areas o f  extrem e w ater agitation. It is probable that rapid degassing o f  C O 2 from 

highly agitated subsurface waters is also the m echanism  for the precipitation o f  these 

veins.

The radiating crystal fans, m am m ilated texture, and paired sym m etry o f  the 

w hite-banded veins are consistent w ith these veins having precipitated in sub

aqueous, open fractures. The presence o f  vertically oriented speleothem s in the 

central cavities o f  some subhorizontal w hite-banded veins is consistent w ith carbonate 

precipitation in air-filled fractures, potentially  due to a low ering o f  the w ater table. In 

addition, the rare occurrence o f  alternating banded layers and speleothem s in the same 

veins is consistent with there having been alternating periods o f  growth in flooded and 

drained fractures.

The significance o f  this unit can be understood when considering the position 

and relationship between the vertical and horizontal w hite-banded veins. The m ajority 

o f  the vertical veins are observed to infill fractures or m inor faults and term inate at the
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base o f thick horizontal veins, consistent with the vertical veins being the primary 

conduits through which supersaturated waters travelled into the evolving travertine 

mound. Once the supersaturated waters reach the interior o f the travertine mound 

through vertical feeder veins, the waters preferentially use subhorizontal lithologic 

contacts/fractures to reach the surface. This results in lateral movement o f waters, 

which in turn precipitate numerous thick subhorizontal veins.

4.3.2.3.4 Brown-Banded Veins

The veins within the ancient travertine deposit have been divided into white- 

and brown-banded veins on the basis o f colour, crosscutting relations, and meso- to 

macroscale textural differences. Microscopic comparisons o f the two vein types 

reveal that both have similar radiating crystal fan morphologies; however, the brown- 

banded veins have significantly thinner bands and a much higher proportion o f iron- 

rich laminations. These differences appear to be related since iron-rich laminations 

terminate the underlying crystal growth and promote the precipitation o f finer-grained 

crystals on top o f the lamination. Iron is known to inhibit carbonate growth due to the 

adsorption o f the iron onto crystal surfaces, thus effectively blocking nucleating and 

growth sites (Meyer, 1984; Dromgoole and Walter, 1990; Sumner and Grotzinger, 

1996). A higher proportion o f iron-rich laminations will continually inhibit crystal 

growth and result in a series o f thinner, finer-grained carbonate bands. The 

fundamental difference between the white and brown-banded veins is therefore the 

presence or lack o f iron-rich horizons.

The variation in the number o f iron-rich laminations may reflect a change in 

conditions between the precipitation o f the two vein sets. More specifically, the higher 

proportion o f iron-rich laminations in the brown-banded veins could indicate more 

episodic fluid-fiow conditions supplying the deposit during emplacement. It is 

postulated that aragonite precipitates when there is continual recharge o f C02-charged 

groundwater to the deposit. In subsequent periods o f no recharge o f COi-charged 

groundwater to the deposit, incompatible elements precipitate out o f the waters to 

form the iron oxide in the laminations. It is suggested that these fluctuations in 

recharge correspond to periods o f spring and non-spring activity. If this is the case, 

then the brown-banded veins may represent the terminal stages o f  travertine 

formation, when the final discharges o f supersaturated waters were being sporadically
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channelled and released through the deposit before the main migration pathway o f  the 

supersaturated waters changed at depth and the deposit becam e inactive.

4.3.2.4 Travertine Volumetries

Estimating the volum e o f  travertine precipitated in the footw all o f  the Little 

Grand W ash Fault enables the calculation o f  CO 2 leaked to the surface provided the 

ratio betw een CO2 precipitated as travertine and C O 2 vented into the atmosphere is 

known and constant. Volum etric calculations for travertine in the northern footw all o f  

the Salt W ash Graben w ere not performed due to the absence o f  thickness data for the 

active deposits. V olum es w ere calculated by com puting travertine areas from digitised  

outcrop maps in Arc V iew  and m ultiplying with their respective th icknesses estim ated  

in the field. The subsurface thickness o f  the active Crystal G eyser travertine w as taken 

directly from the Glen Ruby #1-X  w ell record (M cK night, 1940), which drilled  

through the deposit in 1935. Estimated th icknesses, areas and resultant volum es for 

the travertines along the Little Grand W ash Fault are shown in Fig. 4 .7. The total 

volum e o f  travertine along the fault is 1.5xlO “̂m ,̂ w ith the Crystal G eyser travertine
4 3 4 3(6 .5x10  m ) and Travertine 3 (7 .0x10  m ) contributing the greatest proportion.

To convert the volum es into C O 2 m ass leaked to the surface, a series o f  basic 

calculations need to be conducted. Firstly, the total m ass o f  travertines along the Little 

Grand W ash Fault is calculated by:

^ C a C ( ) 3  ~  PcaCÔ K aCOJ

where pcaco3 is the average density o f  calcium  carbonate (2800k g /m ^ ;) and Vcaco3 is 

the total volum e o f  travertine (1.5xl0^m ^). N ext, the proportion o f  CO 2 w ithin this 

total m ass is calculated by:

^ (■ (> 2  ~  ^ C a C O i

MM.coi

a( -Oi J

Q

where McaC03  is the m ass o f  travertine (4 .3x10  kg), M M co2 is the molar m ass o f  

carbon d ioxide (44g) and MMcacoB is the molar m ass o f  calcium  carbonate (lO O .lg).
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Finally, the total mass o f CO2 that has leaked to the surface along the Little Grand 

Wash Fault is calculated by:

^  ('02

O

where M tco2 is the mass o f CO 2 precipitated in the travertines (1.9x10 kg) and Xco2 

is the proportion o f CO2 leaked to the surface that is precipitated as travertine (10%). 

This Xco2 value was based on geochemical modelling by Heath (2004) using 

measured water chemistry from the Crystal Geyser. Based on the assumptions that 

there was no free COa-gas phase and no solid calcite in the solution. Heath (2004) 

used Phreeqc 2.8 to model the solution equilibrating with respect to calcite and 

atmospheric CO2 (Pco2 = lO'^^atm). The modelling indicated that approximately 10% 

o f the CO2 is precipitated, while the remaining CO 2 is either vented as a free gas into 

the atmosphere or retained in solution (Heath, 2004).

Using these calculations, the total amount o f CO2 calculated to have leaked to 

the surface along the Little Grand Wash Fault since the precipitation o f the oldest 

remaining travertine deposit is 1 .9 x l0 \g  (4.3x10'^mol). This is a conservative 

estimate o f leakage as all the ancient deposits have been eroded to varying degrees. In 

addition, the presence o f white-banded vein and layered mat remnants in ancient 

travertine conglomerates (see section 4.3.2.2.2) suggest that further travertine deposits 

were once present but have been subsequently removed through erosion by the down 

cutting o f the Green River. However, this estimate o f  CO2 mass leaked to the surface 

along the Little Grand Wash Fault enables the calculation o f leakage flux (section

4.4.4) and assessment o f sealing integrity for subsurface, fault-sealed traps (section

5.4) later in the thesis.

4.3.3 Fault-Related Diagenesis 

4,3.3.1 Little Grand Wash Fault

Fault-associated diagenesis within the footwall o f the Little Grand Wash Fault 

consists o f iron-oxide reduction and hydrocarbon staining with minor aragonite and 

calcite veining (Fig. 4.1a). Iron-oxide reduction is characterised by the loss o f 

haematite rims around sand grains (Fig, 4.8a-b) resulting in a colour change from
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ubiquitous red to yellow or white in the footwall sandstones. The reduction is 

confined to either host rocks at the base o f  ancient travertine deposits or sections of 

the Curtis Formation. At the base o f the ancient deposits, reduction is characterised by 

thin haloes (1 to 20 cm wide) around subvertical fractures, commonly infilled with 

aragonite or calcite veins (Fig. 4.8c) and subhorizontal tabular reduction bodies (5 to 

200 cm thick) that extend laterally up to 200 m from the fault (Fig. 4.8d). The tabular 

bodies thin to dendritic stringers into the footwall and subparallel bedding, though 

occasionally cross bedding contacts. The thicknesses o f the reduction haloes and 

tabular bodies are dependant on the lithology with clay-rich, lower porosity units (i.e. 

Morrison Formation) having thinner reduction zones relative to the sand-rich, higher 

porosity units (i.e. Curtis Formation).

Reduction away from the travertines is limited to lower sections o f the Curtis 

Formation, where it outcrops next to the Crystal Geyser. The bottom 2 m of 

outcropping sandstone is partially to completely reduced, with an upper contact that is 

subconformable to bedding. Above this zone, there are sporadic, thin reduction 

horizons (1 to 10 cm thick) subparallel to bedding and thin reduction haloes (1 to 5 

cm thick) surrounding steeply-dipping fractures sporadically infilled with calcite or 

rarely gypsum veins (Fig. 4.8e). These reduced horizons and haloes are sporadic for 

the next 4 m above o f the completely reduced zone and are rare above this within the 

Curtis Formation.

Hydrocarbon staining is evident in the sandstones o f the Curtis Formation and 

in the Salt Wash Member o f the Morrison Formation close to or between the main 

fault strands o f the Little Grand Wash Fault. Hydrocarbon-stained sandstones are 

identified by a greyish colour, petroleum odour when freshly broken and occasional 

presence o f bitumen veins. The greyish colour results from numerous, microscopic oil 

globules that coat sand grains and fill porosity (Fig. 4.9a).

Hydrocarbon-staining in the Curtis Formation is rare, with 5 to 20 cm thick 

horizons o f grey sandstone bordered by 1 to 5 cm thick, yellow to white reduction 

haloes (Fig. 4.9b). The horizons are limited to the same stratigraphic section that 

contains iron-oxide reduction. Alternatively, hydrocarbon staining in the Salt Wash 

Member is more abundant with a 10 m thick sequence o f stained beds immediately 

north o f the southern fault strand (Fig. 4.1a). Towards the top o f the sequence, the 

sandstones are dark grey and inundated with bitumen veins to indicate heavy staining 

o f hydrocarbons (Fig. 4.9c). Towards the base, the sandstones are light and lack the

51



Mineralization and Diagenesis

bitumen veins but many subvertical fractures are stained with a hydrocarbon coating 

(Fig. 4.9d). At the base o f the sequence, a hydrocarbon seep has been active at least 

since the beginning o f the 20'*’ century (Lupton, 1914; Fig. 4.9e). A shallow pit 

contains fresh oil floating on surface water indicating active flow o f hydrocarbons to 

the surface.

4.3.3.2 Salt Wash Graben

Fault-related diagenesis in the footwall o f the northern fault o f the Salt Wash 

Graben consists o f iron-oxide reduction and precipitation o f gypsum, carbonate and 

celestine veins within the Entrada and Curtis sandstones (Fig. 4.1b). In an area centred 

about the faulted fold axis o f the Green River Anticline, red Entrada sandstones are 

extensively reduced to pale yellow (Fig. 4.10a). Within this area, lower sections o f 

Entrada sandstone (up to 8 m thick) are completely reduced (Fig. 4.10b), though 

reduction is not confined to specific beds nor limited by bedding contacts (Fig. 4.10c). 

Above this section, reduction is confined to clusters o f steeply-dipping fractures with 

reduction haloes up to 5 m wide (Fig. 4.10b). The local, shallowly-north plunging dip 

results in the disappearance o f the Entrada sandstone and pervasive reduction around 

300m into the footwall. Beyond this area, reduced sandstones are only seen at the base 

o f ancient travertine deposits and around steeply-dipping fractures.

Below the travertine deposits, reduction is characterised mainly by reduction 

haloes (up to 50 cm wide) around fractures (Fig. 4.10d) and limited subhorizontal 

tabular reduction bodies (up to 2 m thick). Additional reduction is observed around 

steeply-dipping fracture clusters up to 400 m into the footwall. Close to the fault, a 

significant proportion o f the fractures within the Entrada and Curtis sandstones are 

accompanied with reduction haloes, 5 to 200 cm wide. Further into the footwall, 

sporadic clusters o f  fractures, generally oblique to the fault, contain thinner reduction 

haloes (1 to 100 cm wide) that continue as far as the Curtis sandstones outcrop at the 

surface (Fig. 4.10e).

Fractures with reduction haloes located between the peripheral travertine 

deposits and up to 200m from the fault are commonly infilled with aragonite, calcite, 

gypsum or celestine veins (Fig. 4.11). The aragonite and calcite veins infill fractures 

mainly at or near the base o f travertine deposits (Fig. 4.1 la).The gypsum veins are the 

most extensive fracture infill being distributed throughout Entrada and Curtis
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sandstones (Fig. 4.1 Ib-c). C elestine veins are rare, observed at only one locality in the 

Curtis sandstones im m ediately next to the northern fault (Fig. 4.1 Id).

4.4 Geochemistry 

4.4.1 Methodology

Sam pling for geochem ical analyses focussed  on active and ancient travertines 

deposits and iron-oxide reduction o f  host rocks. For the active deposits, sim ilar-sized, 

surface travertine terraces were extracted w ith a ch isel and hammer proxim al and 

distal from the geyser or spring vent. At the Crystal G eyser, a more detailed sam pling  

regim e collected  travertine every 4 m along tw o flo w  paths from the geyser vent to 

the end o f  the mound to characterise CO 2 surface degassing processes. For the ancient 

deposits, all available lithofacies were collected  at each deposit w'ith particular 

em phasis on the universal, white-banded veins. For iron-oxide reduction, three 

transects perpendicular to subvertical fractures with reduction haloes sam pled fracture 

infill (sulphate or carbonate veins), reduced and unreduced sandstones from the 

Entrada Sandstone along the northern fault o f  the Salt W ash Graben (Fig. 4.1b).

After field and hand sam ple descriptions, selected  sam ples were slabbed and 

mounted as polished thin sections. Each thin section w as analysed under plane- 

polarised light to characterize the travertine lithofacies and define any variations 

betw een reduced and unreduced sandstones. The m ineralogical content o f  both fluid 

flow  features were subsequently confirm ed by X-ray powder diffraction (X R D ). 

W hole rock sam ples were ground and analysed as powder cavity mounts at Trinity 

C ollege Dublin on a Phillips PW 1720 diffractometre using CuKu radiation over a 

range o f  2 to 4 6 “ 2 6 .

A ctive and ancient travertine sam ples and carbonate cem ents o f  reduced and
1 -2 1 0

unreduced sandstone were analysed for 5 C and 6 O using continuous-flow  mass 

spectrometres at Saint Louis U niversity and Trinity C ollege Dublin. Travertine 

sam ples were slabbed and micro-drilled to obtain pure, w ell-characterized, powdered  

sam ples. W hole rock reduced and unreduced sandstone sam ples were ground directly 

into powder. Submilligram aliquots o f  powder were reacted with orthophosphoric 

acid at 90°C  for several hours to produce CO 2 that w as then analyzed in the m ass 

spectrometre via an automated extraction device. D uplicate and som e triplicate 

analyses were made for m ost sam ples. A com bination o f  in-house and international
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carbonate standards analyzed with every five samples had an analytical precision o f  

0.09%o for carbon and 0.22%o for oxygen at Saint Louis University ( lo ,  N=34 

standard analyses) and 0.06%o for carbon and 0.19%o for oxygen at Trinity College 

Dublin ( la ,  N =12 standard analyses), relative to PDB and VSMOW  standards, 

respectively.

U-Th radiometric dating o f  white-banded veins from selected ancient 

travertine deposits was performed at the Scottish Universities Environmental 

Research Centre (SUERC) to define the timing o f  CO2 leakage along both faults. 

Samples o f  dense aragonite, free from vegetal detritus, was crushed and altered or 

weathered material removed. Aliquots o f  the crushed carbonate were reacted with 

nitric acid and uranium and thorium were separated from the solution using the first 

step o f  the methodology o f  Yokoyama et al. (1999). Separated U and Th solutions 

were diluted with 5% nitric acid and analysed on a Micromass GV Isoprobe multiple
7 ̂  f 1 7^8

collector (ICP-MS) to ascertain uranium and thorium isotopic ratios. Th and U 

concentrations were calculated and U / U was corrected using an iterative 

procedure and exponential fractionation laws. A ges were subsequently calculated 

from the concentrations and ratios using Isoplot/Ex rev. 2.49 (Ludwig, 2001). A more 

detailed methodology o f  this procedure is outlined in Appendix 5.

4.4.2 Mineralogy 

4.4.2.1 Travertines

4.4 .2 .1 .]  Results

The mineralogy o f  samples from active and ancient travertine are presented in 

Table 4.1. Active travertine is composed o f  a mixture o f  calcite and aragonite close to 

the geyser vent and calcite far from the vent. In the ancient travertine, the white- 

banded veins are composed o f  aragonite, and the brown-banded veins contain a 

mixture o f  aragonite and goethite with minor amounts o f  calcite. The goethite is 

present in the dark laminations, which are numerous in the brown-banded veins and 

rare in the white-banded veins. The layered mats are composed o f  calcite, minor 

amounts o f  aragonite, and quartz, which presumably comes from detrital material 

from the surrounding host rock deposited on top o f  the growing mound. The 

conglomerate cement is composed o f  calcite with detrital quartz.
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Table 4.1: Mineralogical composition o f travertine determined from XRD analyses.

Sample 
Location “ Lithofacies aragonit

e

Minei

calcite

•alogy

quartz goethite

Crystal Geyser Active Travertine 
(8m from geyser vent)

X X

Crystal Geyser
Active Travertine 

(55.7m from geyser 
vent)

X

Travertine 2 Layered Carbonate 
Mat

X X X

Travertine 2 Layered Carbonate 
Mat X X X

Travertine 6 Layered Carbonate 
Mat

X X X

Travertine 2 
Travertine 2 
Travertine 4 
Travertine 6

W hite Banded Vein 
White Banded Vein 
White Banded Vein 
White Banded Vein

X

X

X

X

Travertine 2 

Travertine 2

Vertical Banded Vein 
Brown Band 

Vertical Banded Vein 
White Band

X

X

X

X

X

Travertine 2 Conglomerate Cement X X

a -  See Fig. 4.1 for location o f the samples
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4.4.2.1.2 Interpretation

In low-Mg waters similar to the waters that discharge from Crystal Geyser, 

low-Mg calcite is the dominant cement mineralogy and aragonite is exceedingly rare 

(Tucker and Wright, 1996). This is not the case for the studied travertine deposits with 

aragonite being a major carbonate constituent (Table 4.1). Therefore, other factors 

controlling carbonate mineralogy need to be considered. Two important physical 

factors that influence carbonate mineralogy are temperature and the rate o f supply o f 

CO 3 ' ions. With increasing temperature, there is a greater increase in the precipitation 

rate o f aragonite over that o f calcite (Burton and Walter, 1987). Fouke et al. (2000) 

reported a temperature control on the mineralogy o f carbonates precipitated at the 

Angel Spring travertine deposit with temperatures above 44°C precipitating aragonite, 

those below' 30°C precipitating calcite, and those in between, a mixed aragonite- 

calcite assemblage. However, the spring water from Crystal Geyser does not 

significantly change its temperature during flow and precipitation o f the carbonates, 

thus indicating temperature has little or no role in determining the carbonate 

mineralogy o f  the travertine deposits.

High rates o f carbonate ion supply could also account for aragonite 

precipitation and acicular crystal growth (Given and Wilkinson, 1984). Within the 

studied travertine deposits, aragonite is the primary mineral in the white-banded veins 

and calcite is the primary mineral in the layered mats at the distal margin o f the 

modern travertine mound and in the carbonate cements o f the conglomerates. 

Elsewhere, mixed aragonite-calcite mineralogies are present. This variation in 

mineralogy is interpreted to reflect the varying concentration o f CO 3 ‘ ions along the 

migration pathway(s) o f the precipitating carbonate-rich waters in and across the 

mounds. The subsurface white-banded veins with acicular aragonite precipitated first 

from the C 0 3 ^' rich waters. After discharging to the surface, the concentration of
■y

CO 3 ' ions in the water decreased downstream, resulting first in a mixed aragonite- 

calcite mineralogy and then in a pure calcite precipitate at the distal margin o f the 

mound.
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4A.2.2 Reduction Zones

The mineralogy o f samples from three transects across reduction zones are 

presented in Table 4.2. These reduction zone transects sampled fracture infill, reduced 

and unreduced sandstones (Fig. 4.1 la-c). Material infilling the fractures is composed 

o f gypsum or aragonite with quartz and minor amounts o f calcite. Aragonite is limited 

to the base o f a travertine deposit while the quartz represents detrital material derived 

from surrounding sandstones. All the sandstones are composed o f quartz, feldspars 

and clays and generally carbonates. The clays are a mixture o f muscovite, kaolinite, 

illite and smectite. There are no common variations in mineralogy between the 

reduced and unreduced sandstones. Calcite is added to the reduced sandstones in 

transect 1, removed with dolomite in transect 3 and consistent between reduced and 

unreduced sandstones in transect 2. These mineralogical variations are suggested to 

represent local heterogeneities sampled within the sandstones.

Table 4.2: Mineralogical composition o f samples from transects o f reduction haloes

surrounding fractures along the northern fault o f the Salt Wash Graben.

T R A N S E C T ” FRACTURE INFILL SANDS
R EDUCED

.TONE
UNR ED UC ED

1

ARAGONITE

QUARTZ

CALCITE

QUARTZ,

f e l d s p a r s '’

C LA Y S ,DOLOMITE  

CALCITE

QUARTZ,  

FELD SPA R S'’ 

C L A Y S \D O L O M I T E

2

GY PSUM

QUARTZ

CALCITE

QUARTZ,

f e l d s p a r s '’

C L A Y S %DOLOMITE  

CALCITE

QUARTZ,  

FELDSPARS'’ 

C LA Y S ,DOLOMITE  

CALCITE

3
GYPSUM

QUARTZ

QUARTZ,  

FELDSPARS '’ 

CLAYS'^

QUARTZ,  

F E L D S P A R S '’ 

C LA Y S DOLOMITE  

CALCITE

a - see Fig. 4.1b for location o f  transects
b - combination o f  plagioclase and alicali-feldspars 
c - combination o f  muscovite, kaolinite, illite and smectite 
d - minor amounts o f  mineral in sample
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4.4.3 Stable Isotopes 

4.4.3.1 Results

The isotopic values for the active travertine deposits are presented in Fig. 4.12

and range from 5.2 to 11.3%o for 5'^C and 18 to 22.2%o for 6'^0. The Salt Wash

Graben travertines have similar to slightly heavier 6'^C values and predominantly 
18heavier 6 O values relative to the Crystal Geyser travertine (Fig. 4.12). The detailed 

analysis o f the Crystal Geyser travertine shows that the S'^C values are constant (flow 

path 1; Fig. 4.13a) to slightly decreasing (flow path 2; Fig. 4.13.b) downslope o f the 

geyser vent while the 8 '*0  values decrease slightly along both flow paths (Fig. 4.13).
I  o

Substantial 5 O variations occur along steep to vertical sections o f flow path 2 (Fig. 

4.13b).

The isotopic composition o f the ancient travertine deposits and their respective 

altered host rocks are shown in Fig. 4.14. The host rock at the base o f the deposits
13 18exhibit fluctuating 5 C and 5 O values, dependant on lithology that range between - 

3.9 to 3.7%o and 16.2 to 23.9%o, respectively. The travertines have values o f 3.3 to 

7.8%o for 5'^C and 16.6 to 24.8%o for 6 '*0 . Within each deposit in 5'^C - 5 '*0  space, 

the banded veins form tight clusters, while the layered mats and conglomerates plot 

over a wide range having comparable to lighter S'^C values and heavier 6 '*0  values 

(Fig. 4.14).

Graphical comparisons o f the universal banded veins (white and brown) from 

each ancient deposit show significant overlap in 6'^C and 8 '*0  values (Fig. 4.15). To 

assess whether any o f the deposits are isotopically distinct, the banded veins 

underwent statistical analysis with the ancient deposits treated as the independent
1 ■> I o

variable and the 6 C or 8 O values treated as the dependant variables. A one-way
13 18analysis o f variance (ANOVA) test was run for both the 8 C and 8 O values to find 

if there were any significant differences between the deposits. If statistically 

significant differences were observed at the 0.05 alpha level, a post-hoc Tukey test 

was run to identify subsets o f ancient deposits that do not differ significantly based on 

means. The results o f the tests are summarised in Table 4.3, 4.4, 4.5 and 4.6. From the 

one-way ANOVA, significant differences between ancient deposits were detected for
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Table 4.3: One-way ANOVA of 6'^C between ancient travertines. There are 

significant differences between travertines with F (6) = 10.268, p < 0.001.

Type III Sum of Mean

Source Squares d f Square F Sig.

Intercept 2687.539 1 2687.539 14852.969 .000

Travertine 11.148 6 1.858 10.268 .000

Error 22.980 127 .181

Total 3835.685 134

Corrected

Total
34.128 133

Table 4.4: One-way ANOVA o f 8'**0 between ancient travertines. There are 

significant differences between travertines with F (6) = 34.387, p < 0.001.

Type III Sum of Mean

Source Squares df Square F Sig.

Intercept 32001.510 I 32001.510 88490.503 .000

Travertine 74.613 6 12.436 34.387 .000

Error 45.928 127 .362

Total 44976.940 134

Corrected

Total
120.541 133
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Table 4.5: Tukey HSD test o f  8'^C betw een ancient travertines. Subsets indicate 

isotopically sim ilar subgroups o f  travertine deposits.

Travertine “ N^’ Subset for alpha = 0.05

1 2 3

1 8 4.778

5 9 5.100 5.100

2 49 5.121 5.121

6 24 5.335 5.335

4 21 5.643

3 13 5.701

7 10 5.804

Sig. .368 .786 .074

a - Location o f  the travertine deposits are shown in Fig. 4.1 

b - N um ber o f  data per travertine

Table 4.6: Tukey HSD test o f  5**0 betw een ancient travertines. Subsets indicate 

isotopically sim ilar subgroups o f  travertine deposits.

Travertine “ N ^ Subset for alpha = 0.05

1 2 3 4

2 49 17.502

1 8 17.706 17.706

3 13 18.346 18.346

6 24 18.553

7 10 18.824

5 9 18.841

4 21 19.566

Sig. .975 .094 .341 1.000

a - Location o f  the travertine deposits are show n in Fig. 4.1 

b - N um ber o f  data per travertine
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both 8'^C and 5 '*0  values (Table 4.3 and 4.4). The Tukey test grouped the 

isotopically non-significant deposits together, though the grouping o f  deposits varied
13 18between the 6 C and 6 O tests (Table 4.5 and 4.6). However, travertines 1 and 2 and 

travertines 3, 6 and 7 formed isotopically similar groups for both the 8'^C and 5 '*0  

tests.

Non-travertine related, carbonate veins sampled within the fault zone and 

south side o f both faults have distinct isotopic values compared to the travertines with 

6'^C values o f -7.1 to 1 .6%o and 8 '^ 0  values o f 15 to 22.3%o (Fig. 4 .16 ) .

Isotopic comparison o f carbonate cements from reduced and unreduced 

sandstones with fracture fill (aragonite) for transect 1 are presented in Fig. 4.17. The 

carbon values for the reduced and unreduced sandstones are consistent, ranging from - 

2.8  to -1.5%o and distinct from the aragonite vein (5%o; Fig. 4.17a). The oxygen 

values for the sandstones vary, ranging from 19.7 to 23.6%o but are similar between 

reduced and unreduced sections and slightly heavier that the aragonite vein (18.3%o; 

Fig. 4.17b).

4.4.3.2 Interpretation

4.4.3.2.1 Introduction

Carbon and oxygen isotopic compositions o f travertines provide insight into 

the source o f the fluid and the precipitation conditions (Friedman and O ’Neil, 1977; 

Turi, 1986). Analysis o f both ancient and active travertines can indicate any possible 

temporal or spatial changes to the hydrological system, while comparison o f the 

travertines with other local carbonate veins and carbonate cements from reduced 

sandstones can constrain the extent o f this system. In the following discussion, carbon 

and oxygen isotopes are used to (1) evaluate the chemical, physical and biological 

processes that are controlling precipitation o f the travertines; (2) document any spatial 

or temporal changes to the hydrologic system; and (3) define the flow pathways for 

the leaking system.

4.4.3.2.2 Variations within a Travertine Deposit

A detailed analysis o f isotopic variations within and between the fundamental 

components o f the best developed active (Crystal Geyser) and ancient (Travertine 3; 

Fig. 4.1) travertine deposits provide information to characterise the processes
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precipitating a travertine. The following section investigates reasons for isotopic 

variability within a travertine deposit.

Active Surface
Analysis o f downstream S'^C and 5 '*0  variations along two flow paths from

the Crystal geyser vent to the edge o f the travertine provide insight into the processes

controlling surface carbonate precipitation. Apart from the first two samples o f flow

path 1, the 8'^C values along both flow paths o f the active travertine are constant

(flow path 1; Fig. 4.13a) to slightly decreasing (flow path 2; Fig. 4.13b). Most studies

examining the variation o f carbon isotopes downstream o f a spring vent have found

increasing isotopic values presumably due to CO2 degassing (Fig. 4.18; Gonfiantini et

al., 1968; Friedman, 1970; Amundsen and Kelly, 1987). In contrast, Gou et al. (1996)
1 ^reported negative downstream trends in 6 C values that were attributed to microbial 

activity. The presence o f algae within deeper terrace pools o f the active travertine 

(Fig. 4.2e) combined with the ambient temperatures o f the erupting waters is 

consistent with biotic processes having played a role in the precipitation o f the 

travertine in this study. However, the flat trends displayed by both flow paths indicate 

that the precipitation o f  travertine downstream o f the geyser vent is a complex process 

that probably involves a combination o f competing abiotic (CO 2 degassing) and biotic 

(microbial respiration) processes to form the overall trend. The anomalous 6'^C for 

the first two samples o f flowpath 1 are considered to be contaminated, due to the large 

difference in values from the rest o f the data. Though uncertain, the source o f the 

contamination could be anthropogenic, caused by numerous tourists continually 

walking and driving over this section o f the travertine to watch the Crystal Geyser 

erupt.

There are several differences in the oxygen isotope trends between the two

flowpaths on the active travertine mound (Fig. 4.13). For flowpath 1, 5**0 values

change by ~1.5%o during the first 20 m o f flow, and then are nearly constant for the

last 50 m o f flow. The variations do not correlate strongly with distance from vent or
18changes in surface topography. In contrast for flow path 2, 6 O values are nearly 

constant within ~30 m o f the vent, decreases ~l%o in the region o f several small 

waterfalls, and then varies somewhat until it enters the Green River. This decrease at 

the waterfalls is most easily understood in terms o f more vigorous CO2 degassing due 

to increased turbulent flow (cf. Turi, 1986). The anomalously light oxygen isotope
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values o f  tw o sam ples (13 to 17m) along flowpath 1 might be due to anthropogenic 

contam ination.

Ancient Surface
The isotop ic com position  o f  the layered mats is characterised by a w ide range

I T  I D

o f  5 C and a generally lim ited range o f  8 O (Fig. 4 .14). The conglom erate cem ents

have the low est 6'^C o f  any lithofacies and 5**0 sim ilar to the layered mats (Fig.

4.14). The 6'^C values for the layered mats are the highest in som e deposits and can

be attributed to C O 2 degassing at the effusion  vents causing enrichment o f  S'^C in the

spring waters and subsequently precipitated layered mats. In the better preserved

deposits, no system atic change in 5'^C is observed downstream o f  the inferred paleo-

vents, though differentiation o f  this lithofacies show  that pure layered mats have

relatively constant, high 8'^C, w hile transitional zone layered mats have more

variable, similar to low er 6'^C (Fig. 4 .19). This variation probably represents the

degree o f  clastic material captured within the transitional zone layered mats, with

increasingly larger proportions o f  clastics g iv ing progressively low er 5'^C due to the

isotopic characteristics o f  the host rocks. This contam ination o f  the layered mats by

the host rock is also inferred for the conglom erate cem ents with the low

reflecting a proportion o f  clastics within the sam pled cem ents.
18The sim ilar 5 O for the layered mats and conglom erate cem ents indicate 

stable surface precipitation conditions. T hese values are similar to ranges reported by 

Shipton et al (2004), w ho concluded that surface carbonates were precipitated at low  

temperatures from supersaturated m eteoric waters, consistent with contemporary 

conditions in the study area. The isotopically  heavy 5 '* 0  outliers recorded at som e  

ancient deposits m ay reflect d iagenetic changes in the surface carbonates from post

deposition flu ids such as rain, river or m eteoric waters. This is probable as oxygen  

isotopes are m uch more easily affected than carbon isotopes by m eteoric or interstitial 

fluids (Fairchild et al., 1990).

Ancient Subsurface
Detailed transects through the thickest white-banded veins at the best

developed ancient deposits indicate there are possib le isotopic trends from vein rim to

centre (Fig. 4 .20). H owever, the trends vary betw een and w ithin deposits. This is

demonstrated w ith travertine 1 having a negative covariant isotopic trend, travertine 3
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having constant isotopic values and travertine 2 having positive covariant and 

constant isotopic trends from vein rim  to centre (Fig. 4.20). Furthermore, the later, 

crosscutting brown-banded veins in all three deposits have isotopic values similar to 

the earlier white-banded veins (Fig. 4.14a-c). This indicates that the carbonate-rich 

water supplying each ancient deposit did not evolve but remained stable throughout 

the precipitation o f the travertine w ith minor perturbations during individual vein 

emplacement.

Comparison o f the banded veins w ith the layered mats and conglomerate
13 * 1 8cements show that the surface lithofacies have sim ilar to lighter 8 C and heavier 8 O

(Fig. 4.14). The similar values support stable carbonate-rich waters supplying

each deposit w ith the lighter values indicating a degree o f m ixing between the surface
18carbonates and the isotopically light host rocks. An average 5 O increase o f 1.2%o 

from the banded veins to the surface carbonates in each ancient deposit indicates a 

decrease in precipitation temperatures between lithofacies. To quantify the 

temperature change, the fractionation factor (a) and fractionation equation for 

inorganic aragonite at low temperatures (Zhou and Zheng, 2003) can be used:

10^1na = 20.44 X 1 0 ^ /T -41.48

a = (8'*Ocaco3 + 1000)/(8 ‘ *O h2o +  1000)

18 18 where 8 Ocaco3 is the carbonate value, 8 Oh20 is the flu id value from the carbonate-
18rich effusion and T is in degrees Celsius. Using a 8 Ocaco3 value o f 1.2%o to

represent the mean difference in subsurface and surface carbonate values and a 
188 Oh20 value o f -14%o measured from the erupting Crystal Geyser waters (Heath, 

2004) a temperature difference o f 4.9”C is calculated. Thus, the layered mats and 

conglomerate cements are precipitated, on average, at temperatures 5°C less than the 

subsurface banded veins.

4.4.3.2.3 Variations Between Travertine Deposits

The isotopic record for the active and ancient travertines document the 

hydrological history o f carbonate-rich waters leaking along both faults. The follow ing 

section investigates possible spatial and temporal changes to this hydrological system.
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Spatial Trends
The active travertines along the northern fault o f the Salt Wash Graben have

13 18similar to slightly heavier 6 C and predominantly heavier 6 O compared to the

Crystal Geyser travertine (Fig. 4.12). A ll 6'^C values fall w ith in  the range o f the

Crystal Geyser travertine except for the Small Bubbling Spring South travertine and

one value from the Ten M ile  Geyser travertine. This indicates a common flu id is

currently responsible for precipitating travertine along both fault systems. The slight

increase in 6'^C for some Salt Wash Graben travertines could reflect additional

evolution o f the flu id  between the faults possibly due to variations in the source(s)

supplying the CO2. The variation in 5 '^0  between active deposits is directly related to

the emergence temperatures o f the carbonate-rich waters precipitating the travertines
18with relatively warm efl\jsions (Crystal Geyser) precipitating lighter 5 O compared 

to colder effusions (Ten M ile Geyser; Fig. 4.12).

Isotopic comparisons o f the ancient travertines were lim ited to the white- 

banded veins due to being universally present and free from clastic contamination. 

Statistical testing based on means and variances indicate significant differences in
13 18

5  C and 5 O values between deposits w ith smaller isotopically-sim ilar subgroups

that vary between 6'^C and 8'**0. The 5'^C subgroups consist o f travertines 1, 2 and 5,

travertines 2, 5 and 6 and travertines 3, 4, 6 and 7. The subgroups are not confined to

individual faults nor do they vary strongly along strike o f either fault. This suggests

the variation between subgroups may represent temporal fluctuations in the source/s

o f the CO2. The 8'**0 subgroups consists o f travertines 1 and 2, travertines 1 and 3,
18travertines 3, 5, 6 and 7 and travertine 4. These subgroups indicate variability o f 8 O

along the Little  Grand Wash Fault and stability along the Salt Wash Graben. U tilis ing
1

the Zhou and Zheng (2003) fractionation o f aragonite equation w ith a 8 Ocacos value 

o f 2.1%o (difference between minimum and maximum 8**0 means) and a 8 '*Oh20 

value o f -14%o (Crystal Geyser fluids; Heath, 2004) a temperature o f 7.7°C is

calculated. This indicates that a variation o f ~ 8 °C in precipitation temperature
18between deposits would generate the observed 8  O range. As the active geysers and

springs have variations in emergence flu id temperatures o f up to 4°C, it is feasible that
18changes in temperature are controlling the 8  O range in the white-banded veins. 

However, the common grouping o f travertines 1 and 2 and travertines 3, 6  and 7 for
13 18both 8 C and 8 O statistical tests suggest a variation in source may also contribute to 

18
8  O variability between travertines.
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Studies o f  waters and gases em anating from the geysers and springs along

both faults indicate the erupting waters consist o f  CO 2 from an inorganic upper crustal

source that m ixes w ith shallow  m eteoric waters to precipitate the travertine deposits

(M ayo et al, 1991; Heath, 2004). Research by Heath (2004) indicated there are two

possib le sources for the CO 2 w hich  are clay-carbonate reactions that occurred during

the burial o f  the Colorado Plateau and/or metamorphic reactions o f  Palaeozoic

lim estones near Tertiary igneous intrusions. The clay-carbonate reactions occur at

temperatures betw een 100-200”C (H utcheon and A bercom bie, 1990), potentially

sourcing CO 2 from Pennsylvanian to Cretaceous carbonates. The m ost likely source

beds are from the Sinbad Lim estone M em ber o f  the M oenkopi Formation, Elephant

Canyon Formation and/or Honaker Trail Formation (see Fig. 2 .3). Isotopic variations
1 ^

in the m ultiple carbonate source rock w ill translate to variations in the 5 C for the 

generated CO 2 . The metamorphic reactions require temperatures above 450°C  (M ayo  

and Muller, 1997) lim iting CO 2 generation to locations where Permian and 

Pennsylvanian carbonate rocks are c lo se  to Tertiary intrusions. The closest intrusions 

are 45km  to the southw est (Robbers R oost lamproite) and 100km to the southeast (La 

Sal laccolith), requiring the CO 2 to migrate large lateral distances. A s such, the most 

likely source for the CO 2 is from clay-carbonate reactions with isotopic variations 

reflecting changes in the source rock (Heath, 2004). Additional CO 2 may com e from  

metamorphic reactions though it is less likely due to the large migration distances.

Temporal Trends
13 18The active travertines have heavier 6 C and similar 5 O relative to their 

ancient-equivalent layered mats (Fig. 4 .21). Small fluctuations betw een active and
13ancient 5 C values w ere anticipated due to varied clastic contam ination in som e o f

the layered mat sam ples. H owever, significant shifts in S'^C betw een the ancient and

active deposits suggest a temporal change o f  the CO 2 sources w ith an isotopically

heavier carbonate source being recently introduced or becom ing more volum etrically

significant in supplying CO 2 to the system . D ue to the two potential sources and

m ultiple available source rocks it is d ifficult to define specific changes to the CO 2

source apart from indicating that a relatively isotopically  heavy carbonate source has
18recently becom e influential. The sim ilar 5 O values indicate precipitation conditions  

(i.e. low  temperature m eteoric fluid) have remained stable throughout the generation  

o f  all travertines.
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Temporal isotopic variations betw een ancient travertine deposits can be 

assessed  at Ten M ile Butte on the northern fault o f  the Salt W ash Graben (Travertine 

6 on Fig. 4 .1), where three discrete phases o f  travertine precipitation occur at varying  

elevations (Fig. 4 .22). A s all the deposits have the sam e drainage level, this variation  

in elevation represents travertine developm ent at three separate periods at the same 

location from 5.9x1 O^years ago (see section 4 .4 .4). Comparing the isotop ic values o f
13 18the white-banded veins, all three deposits overlap in 8 C - 8 O space (Fig. 4 .23). The 

m iddle and younger deposits have a large range o f  isotope values to indicate local 

fluctuations in source and precipitation conditions during precipitation o f  each  

deposit. The older deposit has a more lim ited isotopic range that m ay reflect the 

smaller dataset or more stable isotopic conditions during this period. O verall, the 

carbonate-rich waters erupting from this location have remained stable through time 

with isotopic variations related to individual travertine developm ent.

Based on radiometric dating and vertical separation betw een deposit and 

drainage level, the travertine deposits on Ten M ile butte represent som e o f  the oldest 

and youngest ancient deposits preserved in the study area (see section 4 .4 .4). 

Therefore, the carbonate-rich fluids have remained broadly isotop ically  consistent 

over time with variations possib ly reflecting the influence o f  m ultiple source rocks in 

CO 2 generation.

4. 4 . 3 . 2.4 Comparison with Non-Travertine Carbonate Veins

The isotopic com parison o f  banded veins from ancient deposits with other 

local and regional carbonate veins w ill geochem ically  constrain the surficial extent o f  

the carbonate-rich waters, which precipitate travertine in the im m ediate footw alls o f  

both the Little Grand W ash Fault and northern fault o f  the Salt W ash Graben. 

Carbonate veins within the fault zone and on the south side o f  both faults have
I T  1 0

significantly lighter 8 C and sim ilar 8 O compared to the banded veins (Fig. 4 .16). 

The different 6'^C values indicate that the non-travertine-related veins are generated  

from different sources and fractionation processes. The carbonate-rich waters that

precipitate the travertine therefore appear to have not crossed the fault zone. The
18similar 8 O values indicate the precipitation o f  all the carbonate veins occurred at 

comparable low  temperatures from m eteoric waters.

A similar situation is observed regionally, w ith published data on carbonate 

veins (M orrison and Parry, 1986; Breit and M eunier, 1990; Chan et al, 2000; Garden
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et al, 2001) from the northern half o f  the Paradox Basin being isotopically distinct 

from the banded veins (Fig. 4.24). Therefore, the Little Grand Wash Fault and 

northern fault o f the Salt Wash Graben represent the only identified locations where 

isotopically unique and temporally stable carbonate-rich waters are naturally leaking 

to the surface and precipitating travertine in east-central Utah.

4.4.3.2.5 Variation in Reduced Zones

The isotopic comparison o f carbonate cements from reduced and unreduced

sandstones with carbonate veins from adjacent fracture infill and overlying travertine

deposits can indicate the generic or contrasting nature o f the fluids precipitating the

carbonates. Differences in 6'^C between the carbonate cements from the sandstones

and the aragonite vein infilling the adjacent fracture indicate the carbonates were

derived from two different sources. Consistent 6'^C between the reduced and

unreduced sandstones show the reducing fluids responsible for bleaching sections o f

the sandstone did not alter the isotopic composition o f the carbonate cements. Similar 
185 O between the aragonite vein and carbonate cements indicate all the carbonates

I D

were precipitated from cool meteoric waters, though the lower 6 O o f the aragonite 

suggest the vein was precipitated in slightly warmer waters.

An isotopic comparison o f the aragonite vein and carbonate cements with 

white banded veins from the overlying travertine deposit is presented in Fig. 4.25. 

Isotopic similarities between the aragonite vein and travertine carbonates indicate they 

were all precipitated from a similar carbonate-rich fluid. The isotopically distinct 

carbonate cements indicate that they were precipitated from a separate fluid probably 

relating back to the formation o f the sandstones. Therefore, the stable isotopes 

indicate that the carbonate-rich fluids responsible for precipitating travertines at the 

surface also precipitated aragonite in fractures as the fluids migrated to the surface. 

However, a separate reducing fluid responsible for causing the reduction haloes 

around fractures did so without introducing additional carbonates into the system and 

has left no trace in the stable isotope signatures.
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4.4.4 Radiometric Dating

Radiometric ages o f  five ancient travertine deposits along with their respective 

elevations above adjacent drainage levels are presented in Table 4 .7 . The travertine 

ages vary significantly and strongly correspond w ith vertical separations between  

deposit and drainage level. A ssum ing the travertines represent paleo-surfaces, vertical 

separation (i.e. eroded material) divided by travertine age (i.e. tim e) w ill indicate the 

erosion rates o f  the area. A regression analysis o f  these tw o parametres show  a strong 

correlation (r  ̂=  0 .98) and a w ell-constrained local erosion rate o f  0.5m  every  

thousand years (Fig. 4.26).

O f more importance to this study, a m axim um  travertine age o f  7.8x1 O^years 

along the Little Grand W ash Fault com bined with the calculated leaked m ass for CO 2 

o f  1.9x1 O^tonnes (see section 4 .3 .2 .4 ) indicates an average leak rate o f  

24.1 tonnes/year along this fault. An alternate m easurement o f  CO 2 leakage that is 

com m only used in risk assessm ent is flux. Flux is a measure o f  the rate at which CO 2 

passes out o f  the ground per unit area and is calculated by (Oldenburg and Unger, 

2005):

F L U X  = M  I A l t

where M is the calculated leaked m ass o f  CO 2 ( 1 . 9 x l 0 \g ) ,  A  is the area o f  em issions
5 2at the surface defined by the areal extent o f  travertine deposits (2 .9x10  m ; Fig. 4 .7) 

and t is the duration o f  leakage (7.8x1 O^years). The average CO 2 flux calculated for 

the Little Grand W ash Fault is 0.84kg/m^/yr or 0.60|j,mol/m^/s. Unfortunately, CO 2 

leak rates and flux could not be determined for the northern fault o f  the Salt W ash 

Graben as the absence o f  thickness data for active deposits prevented calculation o f  

volum es for all travertines (see section 4 .3 .2 .4 ). In addition, the flux value is 

considered an underestimate due to the forced assum ption that all travertine sites were 

active after initiation. Further dating w ould be needed to constrain periods o f  activity  

for each travertine deposit to a llow  a better constraint on CO 2 flux along the Little 

Grand W ash Fault.
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Table 4.7 Calculated and predicted ages o f ancient travertines deposits based on U-Th 

dating. Elevation data is included to demonstrate the dependence between erosion

(vertical separation) and travertine age.

Travertine ”
Elevation (m ) Vertical

Separation
(m)

Radiometric
A ge

(years)

Predicted
A ge

(years)**Deposit Drainage Level ’’

1 1231 1229 2 6072 ±  209

2 1284 1243 41 78378 ± 4 3 4 7

3 1284 1254 30 59694

4 1283 1267 16 2 6 7 0 1 ± 1163

5 1295 1278 17 33827

6 . l ‘ 1285 1257 28 59335 ± 2 9 2 7

6.3^ 1262 1257 5 9949

7 1272 1249 23 50455 ±  2555
a -  see figure 4 .1 for location o f  travertine deposits
b -  Drainage level is the low est immediate elevation in a wash or drainage channel around each 

travertine deposit.
c -  Highest and low est elevations o f  separate travertine deposits at Ten M ile Butte (Travertine 6 in 

Fig. 4.1).
d -  ages predicted from the linear relationship between vertical separation and travertine age 

displayed in Fig. 4 .26.

4.5 Discussion

4.5.1 Conceptual Mode! o f Travertine Mound Evolution

Field observations coupled with petrological and geochemical analyses 

indicate that travertine deposits are composed o f four distinct lithofacies, which are:

(1) cemented conglomerate, (2) layered carbonate mats, (3) white-banded veins, and 

(4) brown-banded veins. Documented below and illustrated in Figure 4.27 is a 

preliminary facies model that indicates how these lithofacies interact and the steps 

involved in the initiation and development o f a travertine deposit based on 

interpretations from this study.

1. Supersaturated carbonate-rich waters migrate to the surface via a fault-related 

fracture network and initiate a cold-water spring. The carbonate-rich waters 

erupt from the spring vent and flow into the surrounding colluvium, 

progressively infilling open pore spaces with a carbonate cement during 

degassing to form a conglomerate (Fig. 4.27a).

2. As the conglomerate develops around the spring vent, it forms a relatively 

impermeable horizon enabling the waters to flow across the surface and 

precipitate layered carbonate mats by abiotic and biotic processes (Fig. 4.27b). 

The layered mats gradually prograde from the spring vent, limited by the
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development o f the underlying conglomerate, to form a surficial terraced 

deposit with hemispherical ponds. Contemporaneously, highly agitated, 

warmer waters migrating through conduits to the spring vent, precipitate bands 

o f radiating aragonite crystals on the conduit walls. Each isopachous set o f 

bands grows perpendicular to the substrate, increasing in crystal grain size to 

produce a white-banded vein morphology.

3. Continued eruption and precipitation o f carbonates in the distal colluvium and 

proximal mound expand and thicken the travertine mound (Fig. 4.27c). This 

thickening results in waters having to migrate through the mound, 

preferentially along subvertical fractures and subhorizontal lithological 

contacts, to reach the spring vent. White-banded veins form along these 

pathways. Through time, the migration pathways o f the fluids in the mound 

alternate due to fluid flow being inhibited by precipitating banded veins that 

decrease flow.

4. Towards the later stages o f activity for the spring system, the supply o f 

carbonate-rich waters to the spring becomes episodic, leading to unstable and 

alternating environmental conditions reflecting periods o f spring and non

spring activity. These variable conditions result in the development o f a late 

set o f brown-banded veins characterised by numerous iron-rich laminations 

interspersed between thinner bands o f radial aragonite crystals (Fig. 4.27d).

5. Eventually, the spring system dries up and the travertine deposit becomes 

inactive. Subsequent erosion can remove the deposit, though in the study area 

they have tended to provide a resistant cap to form a series o f buttes that 

display cross-sectional exposures o f the internal and external components o f 

ancient deposits.

This model offers a new perspective on the formation o f travertine deposits by 

describing the physical and geochemical evolution as well as the interaction o f surface 

and subsurface components o f the system. Though the model is derived from fault- 

associated travertine deposits, it is anticipated that the model could be extrapolated to 

describe how travertines evolve in other terrestrial, point-fed environments.
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4.5.2 Origin, Timing and Quantity o f  CO2 Leakage Based on Travertines

Travertines are a direct product o f carbonate-rich waters leaking to the surface. 

Field mapping coupled with geochemical analyses o f  the travertines provide 

information on the source, timing and quantity o f CO 2 that has naturally leaked to the 

surface along the Little Grand Wash Fault and northern fault o f the Salt Wash Graben. 

The following discussion highlights results o f this chapter that characterise these 

aspects o f CO 2 leakage in the study area.

Present-day, carbonate-rich waters precipitating travertine in the footwalls o f 

both faults originate from a common fluid that is the product o f CO 2 , generated from 

clay-carbonate reactions at depth, charging shallow aquifers and mixing with low- 

temperature meteoric waters (Heath, 2004). Isotopic comparison o f active and ancient 

travertine deposits indicate the same fluid has effused along both faults throughout the 

precipitation history o f  the surface carbonates. Minor isotopic variations between the 

travertine deposits reflect the influence o f multiple source rocks supplying CO2 as 

well as fluctuations in the emergence temperatures o f the carbonate-rich waters. 

Regional isotopic comparisons between travertines and other types o f carbonate veins 

(Morrison and Parry, 1986; Breit and Meunier, 1990; Chan et al, 2000; Garden et al, 

2001) indicate the natural leakage o f these carbonate-rich waters is limited to the 

study area in the northern half o f the Paradox Basin.

Radiometric dating o f ancient travertine deposits from both faults indicate 

leakage o f  carbonate-rich waters has occurred for at least 7.8x1 O^years, though 

remnants o f white-banded vein and layered mat cemented into some o f the oldest 

deposits suggests CO 2 leakage could have started significantly earlier. Based on the 

assumption that travertine age is proportional to the amount o f eroded material around 

each deposit, regional erosion rates were used in previous studies to estimate the 

maximum age o f the deposits along both faults (190,000 to 200,000 years; Doelling, 

1994). Although an overestimate, a linear relationship between travertine age and 

erosion was apparent in this study and gave a local erosion rate o f  0.5m every 

thousand years (Fig. 4.26). This is significantly larger than regional erosion rates 

(0.15m every thousand years; Deither, 2001) and indicates the reason for the disparity 

in maximum travertine age between studies. The variation in local and regional 

erosion rates may reflect the influence o f  the Green River in accelerating erosion in 

the area, though further investigation is beyond the limits o f this study. However, the
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relationship between travertine age and erosion does offer a novel approach to 

determining the erosion rates o f an area.

The distribution o f travertine ages along the Little Grand Wash Fault suggest 

CO2 leakage has been consistent, though the leak sites have alternated through time. 

This alternation o f leakage along the fault probably represents the self-sealing nature 

o f these systems with carbonate mineralization gradually clogging the feeder conduits 

to the leak site until the permeability is sufficiently reduced to initiate a new leak site 

at a different location. The clustering o f  travertine deposits at varied elevations in 

discrete areas (Crystal Geyser and Travertine 3 areas; Fig 4.1) suggest the carbonate- 

rich waters migration pathways do not generally alter significantly with the initiation 

o f a new leak site. Though travertine deposits are more numerous and dispersed in the 

footwall o f the northern fault o f the Salt Wash Graben, a similar, consistent CO2 

leakage pattern is apparent with clustering o f travertine deposits at varied elevations 

around the fold axis o f the Green River Anticline. Further dating would confirm or 

reject this leakage pattern and allow comparison between the two faults.

Quantifying the proportion and rates o f CO2 that has leaked to the surface was 

approximated through the mapping and dating o f travertine deposits along the Little 

Grand Wash Fault. Data gaps prevented calculation o f these parametres for the 

northern fault o f the Salt Wash Graben (see section 4.3.2.4). Determination and 

manipulation o f travertine volumes indicate approximately 1.9xl0^tonnes o f CO 2 

have leaked to the surface along the Little Grand Wash Fault over a 7.8x10^ year 

period. This translates to a CO2 leakage rate o f 24.1 tonnes per year along the fault. In 

contrast, a contemporary study using aerometric measurements to quantify the mass 

o f CO2 emitted from the Crystal Geyser estimated that the geyser solely discharges 

approximately 12000 tonnes o f CO2 per year (Gouveia et al., 2005). This large 

discrepancy could be due to various factors, though the two most likely reasons are: 

(1) a recent increase in CO2 emissions related to the drilling and penetration of 

subsurface reservoirs by the Glen Ruby well that feeds the Crystal Geyser; or (2) an 

overestimation o f the proportion o f CO2 that is trapped in travertine deposits (10% 

from Shipton et al., 2005) when it leaks to the surface. Clarification o f this 

discrepancy could be solved through high resolution dating o f the active and ancient 

travertine deposits along the Little Grand Wash Fault. This would isolate periods and 

rates o f CO 2 leakage associated with individual deposits, which should highlight any 

variations in leakage through time. Unfortunately, time constraints prevented any
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further dating o f  the travertine deposits, though it should be continued to better 

constrain leakage patterns along this fault.

A ssum ing the leak rates from this study are correct, the impact o f  CO 2 leakage 

on the surrounding surface environm ent is m inim al. To put the leakage into 

perspective, the natural CO 2 flux from a forest floor is 2 to 20|am ol/m  /s (Janssens et 

al., 2001; Drewitt et al., 2002), w h ile  the tree kill at M am moth M ountain in the early 

1 9 9 0 ’s had an average flux o f  400iam ol/m  /s (B enson and H epple, 2005). At a flux 

rate o f  0.6[im ol/m ^/s along the Little Grand W ash Fault, CO 2 should not pose any 

threat to the local ecosystem  or humans. This is supported by local observations that 

w itnessed  no plant mortality around any o f  the leak sites. Furthermore, anecdotal 

evidence has reported no casualties due to CO 2 leakage, even though the area is 

frequented by locals and tourists (Shipton et al., 2005). H ow ever, as stated above, 

further dating o f  the travertines is needed to constrain periods o f  activity for each  

deposit, which w ould better constrain spatial and temporal changes to CO 2 leakage 

along the Little Grand W ash Fault and northern fault o f  the Salt W ash Graben.

4,5.3 Origin and Timing o f  Fault-Related Diagenesis

Preliminary investigations o f  fault-related d iagenesis along the Little Grand 

W ash Fault and northern fault o f  the Salt W ash Graben were conducted to identify the 

source(s) and tim ing o f  fluids that have migrated through and subsequently altered the 

faulted stratigraphy. Field mapping indicated that iron-oxide reduction o f  the mid 

Jurassic sandstones w as the dominant fault-related diagenetic feature along both 

faults, though hydrocarbon-staining and carbonate and sulphate vein ing w ere also  

encountered. The fo llow in g d iscussion  review s the main aspects o f  each diagenetic 

feature resolved from this study and attempts to define the source and tim ing o f  the 

responsible fluid(s).

Iron-oxide reduction o f  mid-Jurassic sandstones in the footw alls o f  both faults 

are a product o f  the host sedim ents interacting with one or more extra-formational 

fluids. Petrographic investigations indicated the removal o f  iron oxide (haem atite) 

rims around quartz and feldspar grains w as the only diagenetic feature involved in the 

creation o f  the reduction zones. This is supported by isotopic and m ineralogical data 

that reveal no system atic variations in carbonates or other m inerals betw een the 

reduced and unreduced sedim ents. To rem ove the haematite rims, the ferric iron
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(Fe^^) within the haematite must be mobilised as ferrous iron (Fe^^) by an iron- 

reducing fluid (Chan et al., 2000). Several studies on iron-oxide reduction in the 

region (Hansley, 1995; Chan et al., 2000; Parry et al., 2004) have reported the mobile 

ferrous iron is removed after being reduced and reprecipitated elsewhere as an oxide 

(i.e. haematite) or sulphide (i.e. pyrite), depending on the local conditions. Sites of 

concentrated iron oxide or sulphide precipitation were not found in the study area. 

Therefore, it is suggested that the iron was mobilised by an extra-formational fluid but 

the ferrous iron remained in-situ, being absorbed by surrounding iron-rich minerals 

such as dolomite or smectite.

Potential extra-formational fluids capable o f  reducing ferric iron include 

hydrocarbons, organic acids, methane and hydrogen sulphide (Surdam et al., 1993; 

Chan et al., 2000; Garden et al., 2001). Identifying the specific fluid responsible for 

iron-oxide reduction is difficult and reliant on distinguishing diagenetic features 

specifically related to the migrating fluid. All previous studies o f iron-oxide reduction 

in the Paradox Basin have attributed the iron-reducing fluid to hydrocarbons 

(Hansley, 1995; Chan et al., 2000; Garden et al., 2001; Beitler et al., 2003; Parry et 

al., 2004). The presence o f oil-stained sandstones in reduced sections o f the Curtis 

Formation adjacent to the Little Grand Wash Fault indicates hydrocarbons could also 

be causing iron-oxide reduction in the study area. However, the absence o f 

hydrocarbons or associated features in the more extensively reduced northern footwall 

o f the Salt Wash Graben suggests hydrocarbons may not be the iron-reducing fluid or 

multiple fluids may contribute to iron-oxide reduction in the footwalls o f both faults. 

Therefore, further petrological and geochemical investigations o f iron-oxide reduction 

in the footwalls o f  both faults are needed to identify the source and timing.

If hydrocarbons were responsible for iron-oxide reduction, in addition to 

staining sandstones along the Little Grand Wash Fault, the most likely hydrocarbon 

source would be organic-rich black shales from the Pennsylvanian Paradox Formation 

(Nuccio and Condon. 1996). Other potential source rocks include the Pennsylvanian 

Honaker Trail Formation, the Permian Kaibab Limestone and the Triassic Sinbad 

Limestone (Peterson, 1989; Huffman et al., 1996). The timing o f hydrocarbon 

migration in the region has been confined to the early Tertiary along the Moab Fault 

to the east (Garden et al., 2001) and to the mid Tertiary in the Tar Sand Triangle to the 

south (Hansley, 1995; Huntoon et al., 1999). The hydrocarbons that migrated along 

the Moab Fault have also been linked to the Paradox Formation source (Garden et al..

75



M ineralization and D iagenesis

2 0 0 1 ), indicating that hydrocarbon migration in the study area probably also started in 

the early Tertiary. The presence o f  an active seep on the Little Grand W ash Fault 

suggests that hydrocarbon migration has continued to the present day or one or more 

subsequent pulses o f  hydrocarbons have charged the system  from different sources.

A s such, further characterisation o f  hydrocarbons and hydrocarbon-related features is 

needed to constrain the number o f  hydrocarbon regim es that have migrated through 

this faulted system  and clarify the source and tim ing each regim e.

The final fault-related fluid flow  feature in the study area, apart from

travertines, is the sporadic precipitation o f  carbonate and sulphate veins. Field and

isotopic evidence indicates the carbonate veins w ere precipitated from the sam e

carbonate-rich fluids that currently precipitate travertine at the surface. In contrast, the

precipitation o f  gypsum (CaS04.2H 20) and celestine (SrS04) veins in the same

form ations required different hydrological conditions (Hanor, 2000). G ypsum

com m only precipitates in fractures c lose to significant gypsum  deposits due to

dissolution, migration and reprecipitation by m eteoric waters (Warren, 1999). Thick

gypsum  beds within the Carmel Formation, stratigraphically below  the gypsum -filled

fractures in the Entrada Sandstone are a probable source for the sulphates with local

m eteoric waters d issolving, transporting and precipitating gypsum  within fractures in

the overlying formation. Precipitation o f  celestine is more com plicated, with a Sr^^-

rich fluid needing to m ix with a S 0 4 ^'-rich fluid or replace calcium  sulphate minerals

(i.e. gypsum  or anhydrite) in-situ (S ch olle  et al., 1990). The m ost com m on source o f

strontium is from coastal evaporite deposits (Hanor, 2000), w hich are locally

prevalent in the Pennsylvanian Paradox and Honaker Trail Formations. A s such,

precipitation o f  celestine probably results from Pennsylvanian-derived, Sr^^-rich
2 * •fluids rising through the stratigraphy and m ixing with shallow  SO 4  -rich m eteoric 

waters or directly replacing gypsum  precipitated in fractures.

The tim ing o f  the sulphate precipitation is speculative. A nalysis o f  m eteoric 

waters erupting from geysers and springs along both faults by Heath (2004) indicate 

the present-day waters are undersaturated in respect to sulphate. Thus, sulphate 

precipitation must predate the current fluid regim e. A lternatively, the presence o f  

reduction haloes around fractures infilled  w ith sulphate suggests sulphate 

precipitation was during or after iron-oxide reduction as fracture pathways needed to 

be open to allow  the migration o f  iron-reducing fluids. Unfortunately, uncertainty in 

the source and tim ing o f  iron-oxide reduction restricts placing temporal constraints on
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sulphate precipitation. However, if  hydrocarbons were responsible for iron-oxide 

reduction, sulphate precipitation commenced during or after the early Tertiary and 

ceased before start o f  the present-day meteoric conditions.

Therefore, the study area has experienced a protracted history o f fault-related 

fluid flow along the Little Grand Wash Fault and northern fault o f the Salt Wash 

Graben. Field evidence indicates hydrocarbons have and are migrating along the Little 

Grand Wash Fault with regional studies indicating migration commenced from the 

early Tertiary (Garden et al., 2001). Iron-oxide reduction in the footwalls o f the Little 

Grand Wash Fault and northern fault o f the Salt Wash Graben may be the result o f 

this hydrocarbon migration, though the absence o f hydrocarbons or hydrocarbon- 

related features in the northern footwall o f the Salt Wash Graben suggests alternate or 

multiple fluid regimes could be responsible. Sporadic sulphate veins derived from 

SO4  -rich meteoric waters (gypsum) and rising Pennsylvanian brines (celestine) were 

precipitated during or after iron-oxide reduction and before the start o f present-day 

meteoric water conditions. Precipitation o f subsurface carbonate veins accompanied 

precipitation at the surface o f travertine from present-day carbonate-rich meteoric 

waters. Further investigations o f iron-oxide reduction and hydrocarbons along both 

faults are needed to elucidate the sources and timing o f fluids that have caused fault- 

related diagenesis in the study area.

4.5.4 Migration Pathways o f Fluids in the Study Area

Multiple fluids have migrated through the faulted stratigraphy in the study 

area, directly precipitating minerals or diagenetically altering host rocks. While 

travertines have been the focus o f this chapter due to being direct products o f CO 2 

leakage, consideration o f all fluid flow products constrain the migration pathways o f 

fluids through this faulted system.

Field mapping combined with isotopic analysis indicate that all travertine 

precipitation and diagenesis is confined to the footwalls o f the Little Grand Wash 

Fault and northern fault o f the Salt Wash Graben, at or close to the fold axis o f the 

Green River Anticline (Fig. 4.1). One exception is the active Ten Mile Geyser 

travertine, which is supplied with carbonate-rich waters from an exploration well that 

probably penetrates the footwall at depth. Close spatial associations between the two 

dominant fluid flow products are evident with iron-oxide reduction commonly at or
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surrounding the base o f travertine deposits. Spatial associations between the 

diagenetic products have also been documented (see section 4.5.3). This indicates the 

multiple fluids responsible for travertine precipitation and diagenesis use the same 

shallow migration pathways through the faulted stratigraphy.

The spatial distribution o f mineralization and diagenesis in varied footwall 

lithologies define the migration pathways o f fluids in the faulted stratigraphy. In sand- 

rich formations (Entrada and Curtis) prevalent in the northern footwall o f the Salt 

Wash Graben, pervasive iron-oxide reduction and numerous travertine deposits 

extend into the footwall around the fold axis o f the Green River Anticline. This 

distribution is consistent with fluids migrating up-dip and pooling at the crest o f the 

faulted anticline. Distal to this area, iron-oxide reduction and travertine precipitation 

is limited to the immediate footwall suggesting fracture networks developed in the 

damage zone o f the fault play a role in the migration o f fluids. This is readily evident 

in the clay-rich formations (Summerville and Morrison) o f the Little Grand Wash 

Fault footwall, where travertine precipitation and diagenesis (i.e. iron-oxide reduction 

and hydrocarbon staining) is restricted to the immediate footwall, preferentially 

around structural complexities (i.e. relay zones and fault bends) where the fracture 

network is most intense (see section 3.3). Therefore, upon the migration o f fluids to 

the crest o f the fault anticline, fluids vertically migrate through low-porosity, clay-rich 

units by utilising the fracture network developed in the damage zone o f the fault. This 

localisation o f flow in fracture networks associated with the damage zone is well 

documented (Kerrich, 1986; Caine et al., 1996; Sibson, 1996; Curewitz and Karson, 

1997; Gudmundsson et al., 2001) and reiterates the risks o f fluid leakage involved 

with fault-sealed systems.

Based on the fleld relationships, a conceptual model o f fluid migration through 

the faulted stratigraphy can be established (see Fig. 6.1). A fluid will initially charge 

and diffuse through a sand-rich carrier bed, migrating up-dip to pool in the structural 

high created by the faulted, north-plunging Green River Anticline. The fault forms an 

effective lateral seal, while overlying clay-rich cap rocks provide a transient top seal. 

Fractures formed as part o f the damage zone to the fault comprise the sealing integrity 

o f this top seal and enable vertical migration o f fluids, preferentially around 

structurally complexities where the fracture network is most intense. The fluids 

subsequently charge a shallower sand-rich carrier bed and the process continues 

through the faulted sequence. The dependence o f folding and fault-associated fracture
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perm eability is paramount in controlling fluid flow  in the study area and em phasizes 

the influence structure plays on the migration o f  fluids in sedimentary basins.

4.6 Conclusions

Field mapping illustrates that fault-related m ineralization and d iagenesis from  

fluid flow  is restricted to the im m ediate footw alls o f  the Little Grand W ash Fault and 

northern fault o f  the Salt W ash Graben around the fold axis o f  the faulted Green River 

A nticline. Investigations have focussed  on the travertines, as they are the direct 

products o f  CO 2 leakage at the surface along both faults. Field and petrological 

observations indicate travertine deposits have four distinct lithofacies, which are: (1) a 

cem ented, colluvium  conglom erate that forms a relatively im perm eable, basal 

substrate; (2) layered carbonate mats that develop  terrace m ounds on top o f  the 

conglom erates; (3) sub-surface, white-banded veins that crosscut buried sections o f  

the tw o surface lithofacies and represent the primary migration pathways o f  

supersaturated waters through the deposit to the effusion  vent; and (4) a later set o f  

brown-banded veins that crosscut all lithofacies to represent the migration pathways 

o f  supersaturated waters through the deposit associated with the terminal stages o f  

spring activity for the travertine deposit.

Field observations coupled with geochem ical analyses indicate the travertines 

are precipitated from carbonate-rich waters that erupt from geysers and springs and 

are sourced from deep crustal CO 2 m ixing with shallow  m eteoric waters. The 

carbonate-rich waters have remained isotop ically  stable for at least a 7.8x10^ year 

period o f  travertine precipitation apart from minor variations related to the influence 

m ultiple source rocks supplying CO 2 and fluctuations in em ergence temperatures o f  

the erupting waters. Estimates on leakage indicate approxim ately IxlO^tonnes o f  CO 2 

have leaked to the surface over the last 7.8x10^ years to g ive  an average flux o f  

0.6(im ol/m  /s. This flux rate com bined with personal observations and anecdotal 

evidence suggest CO 2 leakage has not caused any adverse effects to the local 

ecosystem  or humans.

Additional fault-associated fluid flow  in the footw alls o f  both faults was 

identified by the presence o f  hydrocarbon staining, iron-oxide reduction and sulphate 

and carbonate veins. Hydrocarbon stained sandstones c lose to or betw een fault strands 

o f  the Little Grand W ash Fault suggest hydrocarbon migration along this fault from
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the early Tertiary to present. Iron-oxide reduction prevalent in the footwalls o f both 

faults may be related to this hydrocarbon migration or a separate, yct-to-be identified 

fluid. Sulphate veins accompanied or followed iron-oxide reduction and precipitated 

from sulphate-rich meteoric waters (gypsum) or rising Pennsylvanian-source brines 

(celestine). Carbonate veins were precipitated from the same carbonate-rich fluids that 

precipitated the travertines at the surface.

Spatial associations between the fault-related mineralization and diagenetic 

features suggest all the fluids used the same migration pathways through the faulted 

stratigraphy. In sand-rich carrier beds, fluids would migrate up-dip and pool in 

structural highs created by the faulting o f the Green River Anticline. The faults would 

form a lateral seal and fluids would vertically migrate through overlying low-porosity 

lithologies via fracture networks developed by the damage zone o f the fault in the 

immediate footwall. This process is repeated to enable the vertical migration o f fluids 

through the faulted stratigraphic sequence.

Future work identified from this chapter include the further dating o f 

travertine deposits to better characterise temporal and spatial variations in CO2 

leakage along both faults and more importantly constrain the CO2 flux along the Little 

Grand Wash Fault. In addition, a detailed paradiagenetic investigation focussing on 

iron-oxide reduction should be performed to isolate the fluid(s) responsible for fault- 

related diagenesis o f sandstones in the footwalls o f both faults.
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Figure 4.1: Distribution o f fault-related mineralization (travertines) and diagenesis (iron- 

oxide reduction, hydrocarbon staining) along the (a) L ittle  Grand Wash Fault and (b) Salt 

Wash Graben (stratigraphic basemap from Doelling, 2001). Insets show the relative 

location o f the maps along each fault. Black numbers and arrows indicate travertines 

sampled for geochemical analyses. Orange numbers indicate the position o f the iron- 

oxide reduction transects.



Figure 4.2; Field photographs o f  active Crystal Geyser travertine mound. Scale card is 

15cm long (d-0 . (a) Eruption o f  the Crystal Geyser onto travertine mound, looking north. 

F'rupting waters reach heights o f  20m. (b) One o f  two springs located approximately 20 

m north o f  Crystal Geyser vent. The scale bar is 2 m long, (c) Downstepping lobate 

mounds that radiate out from geyser vent. The scale bar is 3 m long, (d) Plan view o f  the 

hemispherical pools that form the terrace morphology on travertine surface, (e) Algae 

occupying the deeper hemispherical pools (to the right o f  the scale card) that retain water 

for longer periods, (f) Conically shaped speleothems on sub-vertical surfaces o f  the 
mound.



Figure 4.3; Field photograplis o f  active travertines along the northern fault o f  the Salt 

Wash Graben. See figure 4.1 for location o f  travertines, (a) Low travertine mound 

surrounding the central I 'orrey's spring looking northwest. Scale bar is Im. (b) Ten Mile 

Geyser with remaining well casing and surrounding travertine. Scale bar is Im. (c) Big 

Bubbling Spring looking to the north. Dashed black lines indicate extent o f  travertine 

with white arrow showing brine pool. Scale bar is 10m. (d) Fracture controlled Small 

Bubbling spring (north) with surrounding travertine partially covered with salt crust. 

Scale bar is Im. (e) Hruption o f  the Small Bubbling spring (south) onto a low travertine 
mound looking north. Scale bar is 2m.
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Figure 4.4: (a) Field photograph o f best-exposed ancient travertine deposit (Travertine 2) 
in the field area. See figure 4.1 for location o f deposit, (b) Annotated section o f outcrop 
displaying the distribution o f lithofacies and south-dipping normal fault. Transitional 

zone consists o f layered mats interbedded with cemented conglomerates. Equal-area 
stereoplots contain poles to layered mats (LM ). white-banded veins (W BV), and brown- 
banded veins (BBV). The layered mats and white-banded veins are predominantly sub
horizontal. while brown-banded veins are steeply dipping and form a radial pattern about 
the paleo-vent.



Figure 4.5; Field photographs and photomicrographs o f  ancient travertine 2 on the Little 

Grand Wash fault, (a) Boxwork veins in a clay-rich siltstone beneath the ancient 

travertine deposit (lens cap is 8 cm in diameter), (b) Conglomerate with imbricated clasts 

(black arrows) crosscut by a white-banded vein towards the base o f  the photograph, (c) 

Layered carbonate mats with a small lens o f  cross-bedded sediment (black arrow) 

crosscut by thin white-banded vein, (d) Thin section view o f  layered mat with rim and 

pool morphology, overlain by a micritic layer containing detrital quartz grains (white 

arrow). Scale bar is 5 mm. (e) Basal substrate (white arrow) overgrown with shrub-like 

dendritic precipitates. Micritic rims obscure the precipitates and give a mottled 

appearance (black arrows). Scale bar is 2 mm. (f) Dense micritic layer containing large 

proportions o f  detrital quartz grains. Scale bar is 5 mm.
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Figure 4.6: Field photographs and photomicrographs o f  banded veins from ancient 

travertine 2 on the Little Grand Wash fault, (a) White-banded vein with aragonite bands 

that radiate towards a central cavity (lenses cap is 8 cm in diameter). Black arrows 

indicate direction o f  growth for the vein, (b) Speleothems (grey arrow) infilling the cavity 

o f  a white-banded vein. An outer rim o f  white-banded vein material (black arrow ) 

encapsulates the speleothems (pen is 14 cm long), (c) Multiple bands o f  radiating 

columnar to acicular aragonite crystals in white-banded vein. Scale bar is 5 mm. (d) 

Single aragonite band with acicular crystals that form radial fans with compromise 

boundaries. Scale bar is 2 mm. (e) Brown-banded vein crosscut the conglomerate 

lithofacies (lenses cap is 8 cm in diameter), (f) Brown-banded vein with dark-colored 

laminations (black arrows) that terminated growth o f  the underlying aragonite crystals. 

Scale bar is 2 mm.
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FOOTWALL

Figure 4.8; Aspects oi'iron-oxide reduction along the Little Grand Wash Fault, (a) 

Photomicrograph o f  Curtis Sandstone with quartz (Qtz) grains rimmed by haematite. 

Scale bar is 0.5mm. (b) Photomicrograph o f  haematite rims removed from quartz (Qtz) 

grains. Scale bar is 0.5mm. (c) Reduction haloes surrounding sub-vertical fractures in the 

Curtis Formation (pen is 15cm long), (d) Tabular reduction bodies (black arrows) 

extending into the Curtis Formation footwall. Yellow outline shows extent o f  overlying 

travertine deposit; red line indicates location and direction o f  the fault, (e) Sporadic 

reduction horizons within the Curtis sandstone above the zone o f  complete reduction.



Figure 4.9; Aspects o f  hydrocarbon staining along the Little Grand Wash fault, (a) 

Photomicrograph o f  spherical oil globules interspersed around grains and within the 

matrix o f  the Curtis sandstone. Scale bar is 1mm. (b) Hydrocarbon-stained Curtis 

sandstone with a thin white reduction halo (scale card is 16cm long), (c) 

Hydrocarbon-stained Salt Wash sandstone with bitumen veining (black arrows). 

Distinct petroleum odor when rocks freshly broken (lens cap is 8cm in diameter), (d) 

Numerous fractures with a distinct hydrocarbon stain (lens cap is 8cm in diameter), 

(e) Fresh oil seep at the base o f  the hydrocarbon-saturated Salt Wash sandstones, fhe 

w idth o f  the shallow pit is approximately 20cm.



Figure 4.10: Field photographs o f  iron-oxide reduction within the footwall o f  the northern 

fauU o f  the Salt Wash graben. (a) View o f  the reduced, yellow Entrada sandstones in the 

core o f  the Green River anticline facing east. Away from the anticline, sandstones revert 

back to a red colour. Trace o f  the fault (nSW G) marked with a dashed line, (b) Entrada 

sandstone butte with lower half  completely reduced and upper ha lf  only reduced around a 

fracture cluster (red ari'ow). Note reduction is not bed confined with a varying upper 

contact (cf. black arrows). Height o f  butte approximately 18m. (c) Undulating reduction 

front in Entrada sandstone, (d) Reduction haloes surrounding fractures in Entrada 

sandstone at the base o f  a travertine deposit (scale card is 16cm long), (e) Reduction 

haloes surrounding fractures further away from the fault in Curtis sandstone (hammer 

circled for scale).



Figure 4.11: Field photographs o f  fractures surrounded by reduction haloes and 

infilled with either aragonite (a; lens cap is 8cm in diameter), gypsum (b-c; hammer is 

45cm long) or celestine (d; lens cap is 8cm in diameter). Black arrows show location 

o f  fracture infill. Samples were collected from a, b and c for petrographical and 

geochemical analysis and correspond with transects 1, 2 and 3. See figure 4.1 for 

location o f  transects and celestine veins.
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Chapter 5: Modelling

5.1 Introduction
Surface mapping coupled with geochemical analyses have isolated the CO2 

surface leak points and flux around the Little Grand Wash Fault and Salt Wash 

Graben (see Chapter 4). Geochemical investigations o f active geysers and springs 

along both structures by Heath (2004) have identified CO2 source rocks at depth. This 

chapter attempts to link CO2 from the source to the surface through the generation o f 

a three-dimensional model to predict subsurface migration pathways, trapping 

structures and storage capacities o f CO2 . As such, this chapter has been divided into 

three sections, which consist of:

1. Model Construction and Validation: data sources and workflow devised to 

construct the model are described along with the structural validation 

techniques.

2. Fault Seal Analysis: current techniques employed in the hydrocarbon 

industry are used to investigate the sealing potential o f the Little Grand Wash 

Fault and northern fault o f the Salt Wash Graben in relation to CO2 flow and 

provide an insight into potential migration pathways through the faulted 

stratigraphy.

3. Volumetries: CO2 storage capacities o f aquifers sealed by the Little Grand 

Wash Fault are calculated and compared with surface leak estimates to 

provide a conservative estimate on the integrity o f the faulted system for CO 2 

storage over geologic time scales.

The findings o f the chapter indicate that CO 2 migration is confined to fault- 

parallel flow in the footwall o f both faults with leakage rates being relatively low over
■3 A

a CO 2 storage period (e.g. 10 - 10 years). Although more research is needed, this 

chapter provides a preliminary assessment o f the risks associated with storing CO 2 in 

fault-sealed aquifers.
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5.2 Model Construction and Validation 

5.2.1 Introduction

The construction and validation o f  a three-dim ensional m odel requires a 

specific w orkflow  tailored to the problem that considers the data involved  and 

software available. For this study, a three-dim ensional m odel w as constructed to 

investigate how  and in what proportions CO2 is leaking to the surface. A s field  studies 

indicate leakage is controlled by structure, the primary focus o f  the m odel w as to 

generate geo log ica lly  feasib le interpretations o f  the Little Grand W ash Fault, Salt 

W ash Graben and Ten M ile Graben based on field and w ell data. Secondary to this, 

the fold geom etries responsible for focussing  fluids towards these fault system s are 

incorporated as w ell.

A  concern in the construction o f  this three-dim ensional m odel is the paucity o f  

subsurface data, with w ell density not being sufficient to control fault and strata 

geom etry at depth. This is resolved by introducing published structure maps and 

projecting surface dip data. H ow ever, subsurface fault interpretations remain 

problematic. A s such, general assum ptions were made when projecting the faults into 

the subsurface. These were:

■ All fault m ovem ent postdates deposition o f  the m odelled stratigraphic 

sequence (Permian Organ Rock Formation to early Cretaceous Cedar 

M ountain Formation) w ith no thickness changes o f  strata across any o f  the 

faults (see section 3.5).

■ Due to the scale o f  the m odel and lack o f  subsurface detail, all faults are 

m odelled as isolated, planar, single strand features w ith constant dips derived  

from outcrop and lim ited w ells  that penetrate the faults at depth (see section  

3.2.2).

■ The vertical throw profiles for all the faults are constant, though the respective  

horizontal throw profiles are w ell constrained (see secfion  3 .2 .2). It is 

acknow ledged that throw should change with depth (Childs et al., 1996; 

M ansfield and Cartwright, 1996) but a lack o f  subsurface data prevents 

identification o f  this change. This vertical preservation o f  throw down
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sequence may introduce errors o f up to 6% at the base o f the modelled strata 

(see section 5.3.5.1).

The workflow devised to utilise the varying data sources is reliant on three 

software packages to construct and validate the model. Initially, a geospatial program 

(ArcView) was used to compile and manipulate the data into a series o f  structure and 

isopach maps. The maps were subsequently imported with additional data into a two- 

dimensional modelling program (2DMove) to generate a series o f balanced cross 

sections. Finally, the sections were imported into a three-dimensional modelling 

program (3DMove) that converts the two-dimensional lines into surfaces to create the 

three-dimensional model. This workflow is elaborated below with each step described 

in further detail.

5.2.2 Model Construction 

5.2.2.1 Data Sources

A variety o f data sources have been employed to aid in the construction o f the 

three-dimensional model. The main source o f data is from a well summary database 

compiled by PI/Dwights and supplied by the Utah Geological Survey. The database 

contains summaries o f about 200 exploration wells (oil, gas or water) drilled in the 

northwestern section o f the Paradox basin and surrounding area in the last 100 years 

(Fig. 5.1). Each well summary lists the name, date, location, surface elevation and 

depth o f the well. In addition, most list the stratigraphy and corresponding depth 

penetrated by each well, though this is generally restricted to sections o f the 

stratigraphic sequence deemed economically important (i.e. potential reservoirs, seals 

and source rocks). These reported stratigraphic picks provide data to show regional 

variations in elevation and thickness o f modelled stratigraphy throughout the study 

area.

Supplementing the database are 22 wire-line logs (gamma, neutron, sonic and 

resistivity) donated by Rileys Electric Logs Inc (Fig. 5.1). The logs provide an 

alternative data source to document well stratigraphy close to the faults. This proved 

important in assessing the reliability o f stratigraphic picks in the database and resulted 

in minor alterations to stratigraphic elevations in some wells considered incorrectly 

picked in the database. This inconsistent picking o f stratigraphy in some wells is 

attributed to the evolving interpretations o f regional stratigraphy over a 100 year span
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by numerous geologists and drillers. Gamma logs were also used to construct a V- 

shale curve (see section 5.3.3) for fault seal analysis conducted later in this chapter.

The density and distribution o f the wells were insufficient to capture the main 

regional structure features within the stratigraphy throughout the modelled area. As 

such, published structure and isopach maps were integrated to fill data gaps. Using the 

published maps as a template, the well data was superimposed and maps amended to 

honour all data. This produced a series o f structure and isopach maps, which were 

subsequently utilised in cross section building.

Finally, outcrop data gathered over two field seasons aided in the construction 

o f faults and constrained bed dips within the three-dimensional model. The data are 

listed in Chapter 3. Additional dip data from McKnight (1940) and Doelling (2001) 

were used to constrain bed dips further away from the faults.

5 .2 .2.1 Map Generation

Isopach and structure maps for model construction were generated in 

ArcView. This program can combine various forms o f  spatial data to build maps with 

contour lines indicating changes in elevation (structure) or thickness (isopach). Six 

isopach and three structure maps were generated, though only one structure map 

combined with the isopach maps was eventually used to build the model.

The structure map used was for the top o f the lower Jurassic Navajo Sandstone 

(Fig. 5.2). This formation was selected as it is in the middle o f the modelled 

stratigraphic sequence, has good well data density and earlier detailed structure maps 

have been produced (Baker, 1933; McKnight. 1944). Other structure maps for the 

tops o f the Pennsylvanian Honaker Trail Formation (Fig. 5.3) and Cretaceous Dakota 

Formation (Fig. 5.4) were also constructed but not subsequently used as they occur 

outside the modelled stratigraphy. All structure maps were constructed via the same 

three stage process. Published maps were scanned and contours digitised in ArcView 

(Fig. 5.5a). Formation tops from well data were compiled and imported into the 

program (Fig. 5.5b). Finally, digitised contours were realigned when comparing with 

well data (Fig. 5.5c).

The isopach maps are composed o f one or more formations grouped together 

from the Pennsylvanian Elephant Canyon Formation to the Jurassic Morrison 

Formation (Fig. 3.6 to 3.11). The variations in grouping o f formations between 

isopach maps is related to data quality with further division o f the groups not
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undertaken due to the data being too erratic or absent in the w ell database. A ll isopach  

maps, except for the Cutler Group (Fig. 3 .6), are generated exclu sively  from w ell 

data. This process involves thickness data from the w ell database being com piled and 

imported into A rcV iew . Subsequent isopach contours are generated by using the 

contour tool in the program. The Cutler Group isopach map w as generated using the 

same process that created the structure maps.

5.Z.2.3 Cross Sections

Based on the generated maps and available data, the m ost efficient w orkflow  

devised for m odel construction consists o f  generating a series o f  balanced cross 

sections and connecting them in three-dim ensional space. The benefits o f  using this 

approach is that the fault geom etry and throw are w ell constrained and each  

interpreted section is structurally realistic through balancing.

The distribution and orientation o f  these sections were critical in building the 

m odel. The boundaries o f  the sections and resultant m odel are defined by major 

structural features that probably act as natural flow  barriers to the east (M oab Fault 

and Salt V alley  A nticline) and w est (San Rafael Sw ell) and outlying CO 2 effusions to 

the north (W oodside G eyser) and south (Chaffin Ranch Geyser; Fig. 5 .6). The 

distribution o f  sections within this area was dictated by the location and geom etry o f  

the studied faults. Each section is normal to fault strike and com bined define the 

orientation o f  the fault. A s strike varies along and betw een faults, the sections were 

divided into three areas encapsulating the Little Grand W ash Fault, Salt W ash and 

Ten M ile Grabens and an outer area with no faulting (Fig. 5.6). The spacing and 

orientation o f  sections within these areas w as dependant on changes in fault 

orientation and throw, structural com plexities (i.e. relay ramps) and fold geom etry.

The cross sections w ere generated using the m odelling program 2D M ove. The 

Navajo structure map (Fig. 5 .2) along with surface data for faults and strata as w ell as 

dip data w ere imported into the program and are presented in map v iew  (Fig. 5.7a). 

Sections were then generated by using the steps detailed below .

1. Section positions were projected onto the map as lines and geo log ic  data 

intersecting the section lines w as collected  (Fig. 5.7b). The section lines with  

accom panying geo log ic  data points were then displayed in cross sectional 

v iew  for section construction (Fig. 5.8a).
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2. Faults were generated by extrapolating a straight line from the surface fault 

position at predetermined dips (Fig. 5.8b). Based on field and well data, the 

dips were 56° for the Little Grand Wash Fault, 75° for the Salt Wash Graben 

faults and 73° for the Ten Mile Graben faults.

3. The horizon for the top o f the Navajo sandstone was generated by connecting 

all the data points and extending the two-dimensional lines to the section 

boundaries and fault/s (Fig. 5.8c). Footwall and hanging wall cutoffs were 

adjusted to correspond with throw determined directly from the horizontal 

throw profiles illustrated in section 3.2.2.

4. Subsequent stratigraphic horizons were added above and below the Navajo 

footwall (Fig. 5.8d) using thickness data from isopach maps (Fig. 3.6 to 3.11) 

and wire-line logs and extended to the section and fault boundaries (Fig. 5.8e). 

The Navajo hanging wall was then restored to zero throw (Fig. 5.8f) and 

horizons added above and below the existing hanging wall horizon (Fig. 5.8g). 

Each horizon was checked and readjusted to zero throw if  necessary.

5. The hanging wall was replaced to the original throw and horizons were 

clipped or extended to the section boundary (Fig. 5.8h). Florizons were then 

adjusted to conform to surface dip data and outcropping positions of 

stratigraphy.

6. Finally, sections were again restored to zero throw and horizons unfolded for 

line length balancing to test the validity o f the section interpretation (Fig.

5.8i). If there were any discrepancies, the sections were readjusted and 

continually balanced until structurally reasonable.

This procedure was repeated to create 115 balanced sections that were then 

exported into 3DMove for the final part o f  the workflow involving three-dimensional 

conversion. Representative cross sections for the Little Grand Wash Fault, Salt Wash 

Graben, Ten Mile Graben and the peripheral San Rafael Swell are shown in Fig. 5.9.
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S.2.2.4 Surface Construction

Conversion o f two-dimensional lines into three-dimensional surfaces and 

creation o f a three-dimensional model was conducted in the modelling program 

3DMove. The main priorities throughout this three-dimensional conversion were the 

preservation o f fault geometries and throw generated in section construction and the 

development o f surrounding fold geometries. Many workflows were tested before a 

successful workflow maintaining the aforementioned priorities was achieved. 

Documented below is this workflow that constitutes the final steps involved in the 

creation o f the three-dimensional model.

1. Sections from the three areas were imported separately into 3DMove to form 

three sub-models (Fig. 5.10a).

2. Within each sub-model, individual stratigraphic horizons were selected (Fig. 

5.10b) and two-dimensional lines were linked to form three-dimensional 

surfaces composed o f data points bound by a triangular mesh. Surfaces were 

divided into footwall, hanging wall and non-faulted blocks to preserve the 

stratigraphic horizon cutoffs (Fig. 5.10c). All two-dimensional fault lines and 

non-faulted stratigraphic surfaces were converted directly to one complete 

surface.

3. To aide in the correct juxtaposition o f stratigraphic horizons against faults, 

data point density was locally increased for surfaces surrounding faults and 

Allan lines were generated for every footwall and hanging wall cutoff (Fig. 

5.10d). An Allan line is a line o f intersection between a fault and stratigraphic 

surface (Allan, 1989) that provides a crisp, clean edge for each horizon cutoff 

The addition o f Allan lines and local increase in data points ensured triangular 

mesh forming the juxtaposed surfaces was correctly gridded to preserve the 

stratigraphic cutoffs. At low throw values around fault tips, data points 

forming the Allan lines were also increased to guarantee the correct gridding 

o f juxtaposed horizons. This process was repeated for every stratigraphic 

surface in contact with a fault in the sub-models.
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4. Once all the surfaces and A llan lines for every stratigraphic horizon had been  

generated in each sub-m odel, all data was imported into a single m odel (Fig. 

5.10e). A  single, coherent surface for each horizon w as then produced by 

com bining all the surfaces and A llan lines together. E xcess triangular m esh at 

horizon boundaries and connecting footw all and hanging w all cutoffs was 

deleted to form an intact surface with local gaps representing fault rupture 

(Fig. 5.1 Of). Finally, each surface w as re-gridded to reduce the number o f  data 

points and sm ooth areas between the com bined sub-m odels.

5.2.3 Model Components

The three-dim ensional geo log ic  m odel covers 3920km^ o f  the northern 

Paradox basin and surrounding area extending from the San Rafael Sw ell in the w est 

to the Salt V alley  anticline and M oab fault in the east and the W oodside geyser in the 

north to the Chaffin Ranch geyser in the south (Fig. 5 .11). The m odel contains 11 

stratigraphic horizons representing the tops o f  11 units from the Organ Rock  

Formation to the Cedar M ountain Formation with subdivision based on major 

lithological changes and local formation d ivisions (Fig. 5.1 la ). The horizons are 

juxtaposed by 5 fault surfaces representing the Little Grand W ash Fault and bounding 

faults o f  the Salt W ash and Ten M ile Grabens. O blique to the faults, the open, gently  

north-plunging Green River A nticline is cut by both the Little Grand W ash Fault and 

northern fault o f  the Salt W ash Graben (Fig. 5.1 lb ). This juxtaposition results in fault- 

sealed anticlinal traps in the footw alls o f  both faults with three-way dip closure and a 

lateral southern fault closure. Potential reservoirs for these structural traps include the 

W hite Rim Sandstone, W ingate and Navajo Sandstones and Entrada Sandstone with  

corresponding top seals provided by the M oenkopi, Carmel and M orrison Form ations, 

respectively. Source rocks supplying CO2 to this system  include the Sinbad L im estone 

from the M oenkopi Formation and older stratigraphy below  the vertical lim its o f  the 

m odel (see section 4 .5 .3 .2 ).

5.2.4 Model Validation

W ith the creation o f  the three-dim ensional m odel, uncertainty w ill arise 

regarding the validity o f  the structural interpretation. To assess this interpretation, 

m ultiple tests were performed during tw o-dim ensional section and three-dim ensional
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surface construction. Initially, all available geological data was imported in 2DMove 

and utilised during section construction. This ensured bed geometries were well 

constrained by a combination o f surface and well data. However, minimal subsurface 

fault data limited knowledge o f down-dip fault geometries and resulted in all 

modelled faults being projected as single, planar features. Additional to honouring 

geological data, the cross sections must balance to be structurally correct. Section 

balancing is based on the concept that the length and/or area o f a given bed will 

remain constant pre- and post deformation due to the law o f conversation o f volume 

(Goguel, 1952; Dahlstrom, 1969), which states that material can not be created nor 

destroyed during structural deformation. There are two main types o f balancing 

performed in two-dimensional and three-dimensional structural restorations, which 

are (Midland Valley, 2004):

1. Unfolding restoration: where fault geometries are planar or ignored

2. Move on fault restoration: where the effects o f non-planar fault geometry on 

hanging wall deformation are considered.

As all faults are planar, the unfolding restoration technique o f line-length balancing, 

first described by Dahlstrom (1969) was used to balance the sections. This technique 

involves straightening the beds and translating fault blocks so horizon cutoffs are 

aligned (Fig. 5.8i). Errors in the section are highlighted if there are overlaps or gaps 

between horizon cutoffs or one or more beds show an abrupt change in thickness 

(Midland Valley, 2004). The benefit o f using line-length balancing is it is a rapid and 

efficient process in identifying structurally incorrect interpretations; a technique 

needed when 115 sections are constructed. As previously detailed (section 5.2.4), 

balancing was the final step in section construction. Therefore, each completed cross 

section represents a structurally realistic interpretation o f the study area that 

incorporates all available geological data.

This two-dimensional balancing technique can extend to the third dimension, 

as conservation o f bed length in cross section is analogous to conservation o f surface 

area in three dimensions (W illiams et al, 1997). Thus balancing is expected to be 

conserved from a two-dimensional line to a three-dimensional surface. Yet, surface 

geometry may vary from the original balanced cross sections due to certain steps (i.e. 

Allan line development, re-gridding surfaces) in the three-dimensional conversion. To 

quantify any possible variations, cross sections were generated from the completed 

three-dimensional model and compared with original cross sections from the Little
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Grand Wash Fault. Salt Wash Graben. Ten Mile Graben and San Rafael Swell. The 

Cedar Mountain (top), Navajo (middle) and Organ Rock (base) horizons for each 

original and generated section was compared, and variations in elevation (i.e. 

geometry) calculated.

The results o f this comparison are displayed in Fig. 5.12. Horizon cutoffs do 

not alter between the original and generated sections, though differences along 

horizon strike were evident but small for the faulted sections and locally large for the 

San Rafael Swell section. These variations are focussed at areas o f increased fold 

curvature and at section boundaries. The difference in elevations between sections at 

these sites indicates that the final stage o f re-gridding surfaces to reduce the number 

o f data points must have altered surface geometries to varying extents due to the 

smoothing accompanying data reduction. Re-gridding is a necessary step due to 

computational limits and the associated smoothing decreases fold curvatures and 

realigns section boundaries as a consequence. However, these differences are only 

appreciable distal from the faulted areas o f the model (i.e. San Rafael Swell), minimal 

in folding adjacent to the faults (i.e. Green River Anticline) and non-existent for 

horizon cutoffs in contact with the faults. In addition, the geometry o f the surfaces is 

maintained though smoothed in the re-gridding process. As such, the valid structural 

interpretation o f the modelled area, defined in section construction, is predominantly 

maintained during three-dimensional conversion, especially proximal to the faults. 

Therefore, this three-dimensional model represents a structurally-valid interpretation 

o f the region that can be utilised for fault seal and volumetric analyses later in this 

chapter.

5.3 Fault Seal Analysis 

5.3.1 Introduction

Faults play an important role in the migration and entrapment o f fluids in the 

subsurface. Barriers and restrictions to fluid flow can form if  faults juxtapose 

reservoir rocks against nonreservoir rocks, or faulting processes generate membrane 

seals formed by argillaceous smearing, cataclasis or cementation. It is not necessary 

for both juxtaposition and membrane seals to develop to form an effective fault seal. 

If reservoir rock is juxtaposed against nonreservoir rock, a membrane seal is not
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needed. Conversely, faults can seal at reservoir-reservoir juxtapositions where an 

adequate membrane seal forms.

Fault seal analysis is a technique that assesses these processes to indicate 

whether a fault w ill seal or leak. The technique w as developed and is extensively  used  

by the hydrocarbon industry to indicate whether faults w ill trap hydrocarbons over 

geo log ica l and production tim e scales. This section presents a n ew  approach to fault 

seal analysis o f  the Little Grand W ash Fault and northern fault o f  the Salt W ash 

Graben that assesses the sealing potential o f  these faults in relation to trapping CO 2 . 

This analysis com bined with diagenetic outcrop relationships (see Chapter 4) are used  

to define the subsurface migration pathways o f  CO 2 through this faulted system .

5.3.2 Fauh Sea! Review

A fault can act as a barrier or conduit to fluid flow  based on the juxtaposition  

o f  stratigraphy and material incorporated into or around the fault zone. Num erous 

studies on faulting in siliclastic sequences have identified four m echanism s that result 

in faults acting as seals (W atts, 1987; A llan, 1989; Y ield ing et a!., 1997; Knipe et al., 

1998).

1. Juxtaposition -  the positioning o f  reservoir rocks (i.e. sandstone) against 

nonreservoir rocks (i.e. shale) across a fault w ill generate a hydraulically  

passive seal.

2. A rgillaceous smear -  the entrainment o f  clay or shale from wall rock into the 

fault zone w ill produce fault rocks w ith a low er perm eability and higher 

capillary entry pressure.

3. Cataclasis -  the crushing o f  sand grains in faulted sandstones produces a fin e

grained, h ighly com pacted fault gouge.

4. Cem entation -  the precipitation o f  m inerals in or adjacent to the fault may 

partially to com pletely reduce the porosity o f  the fault rock.

The interaction o f  one or more o f  these processes w ill control the sealing behaviour o f  

a fault. Further details o f  each process are listed b elow  along w ith the techniques used  

to quantify each sealing process.
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5.3.2.1 Juxtaposition

Movement o f a fault will displace stratigraphic units o f a hanging wall relative 

to the footwall. Favourable juxtaposition o f reservoir rocks against nonreservoir rocks 

with low permeabilities will generate hydraulically passive seals regardless o f fault 

zone processes (Fig. 5.13a; Watts, 1987; Allan, 1989). Mapping o f juxtaposhions 

across a fault can give a preliminary assessment o f sealing potential provided throw 

and stratigraphy are known. Subsequent investigation o f membrane seals formed by 

faulting can further constrain potential areas o f leakage at reservoir-reservoir 

juxtapositions across a fault.

There are two general techniques used to assess sealing caused by 

stratigraphic juxtaposition, which are Allan diagrams (Fig. 5.13; Allan, 1989) and 

Juxtaposition diagrams (Fig. 5.14; Knipe, 1992; 1997). Allan diagrams are a graphical 

mapping technique that overlays footwall and hanging wall stratigraphic cutoffs onto 

a fault surface to illustrate geometric relationships between stratigraphy across a fault 

(Fig. 5.13b). Seals are identified at reservoir-nonreservoir juxtapositions, while 

potential leak points will be at reservoir-reservoir juxtapositions. Generally, these 

diagrams are orientated vertically or laterally straight (Fig. 5.13c), which can create 

geometric problems if  the analysed fault is curved (Harper and Lundin, 1997; Badley 

et al., 1997; Clarke et al., 2005). This is overcome by creating Allan diagrams in 

three-dimensions (Fig. 5.13b), which alleviates the two-dimensional issues. However, 

a three-dimensional model is needed for this approach, which is a time consuming 

process that requires a detailed appreciation o f structure and stratigraphy in the 

modelled area.

A Juxtaposition diagram provides an alternative approach to investigating 

fault seal related to stratigraphic juxtapositions (Fig. 5.14). The diagram is constructed 

as a triangle chart with footwall stratigraphy on the vertical axis, varying throw on the 

horizon axis and hanging wall stratigraphy overlaying footwall stratigraphy at 

increasing juxtapositions from left to right (Fig. 5.14b). Maximum throw on the 

horizontal axis is equivalent to footwall thickness on the vertical axis to ensure all 

stratigraphic units are juxtaposed against each other. The juxtaposition o f stratigraphic 

units for a given throw is calculated by extending a vertical line from the throw value 

(Fig. 5.14b). Straight vertical lines represent constant throw o f the fault down dip with 

a curved line representing variable throw with depth. The benefit o f a juxtaposition 

diagram is it provides a quick and easy analysis o f juxtaposition without the
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construction o f a model. However, the diagrams are limited by only representing a 

one-dimensional analysis o f the fault if  throw varies along strike as well as assuming 

constant cross-fault stratigraphic thicknesses, preventing analysis in certain structural 

settings (i.e. growth faults). Therefore, with the development o f a three-dimensional 

model. Juxtaposition diagrams become redundant as three-dimensional Allan 

diagrams provide a more comprehensive and detailed insight into fault sealing caused 

by juxtaposition.

5.3.2.2 Argillaceous Smears

Pioneering studies on faulted, semi-lithified (W eber et al., 1978) and lithified 

(Lindsay et al., 1993) sand-shale sequences recognised the development o f a 

continuous, multi-layered argillaceous gouge along the fault surface. The gouge is a 

product o f shale and clay-rich beds in adjacent wall rocks being incorporated and 

smeared along the fault surface. Based on the incorporation mechanisms, smears have 

been subdivided into three categories, which are (Lindsay et al., 1993; Yielding et al., 

1997):

1. Shear smears -  This smear develops as a wedge that tapers away from the 

source bed (Fig. 5.15a; Weber et al., 1978). It is formed by a shearing motion 

o f the fault and indicates faulting in partially lithified sediments.

2. Abrasion smears -  This smear extends from the cutoffs o f the faulted source 

beds to form a sliver o f constant thickness along the fault surface (Fig. 5.15b). 

These smears are the most common type in lithified sediments and develop by 

clay- and shale-rich rocks being abraded and incorporated into the fault by 

sand-rich beds as they slip past. The thickness o f an abrasion smear is 

dependant on source bed thickness and fault throw.

3. Injection smears -  Volumetric changes during faulting can result in the 

injection o f argillaceous material into the fault. This injection is highly 

dependant on local fault geometry and stratigraphy resulting in this smear 

being a localised and unpredictable phenomenon.

The dependence o f shear and abrasion smear formation on fault throw and lithological 

properties o f wall rocks led to the development o f various algorithms that 

quantitatively predict the prevalence o f argillaceous smear along a fault surface
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(Webber et al., 1978; Bouvier et al., 1989; Lindsay et al., 1993; Yielding et al., 1997). 

All the algorithms are based on simple geometric relationships that consider fault 

throw, source bed thickness and the quantity and distribution of source beds in the 

faulted sequence. The localisation and unpredictability of injection smears preclude 

them from being reliably quantified. Documented below are the main algorithms used 

to quantify smears in the fault rocks.

5.3.2.2.1 Generalised Smear Potential

Argillaceous smears formed by shear-type faulting processes can be quantified 

by the generalised smear potential (GSP) algorithm (Fig. 5.15a; Yielding et al., 1997) 

expressed as:

GSP = X (source bed thickness)" / (distance from source bed)"’

The exponents, m and n, are variables derived from experimental or field 

observations. Variations in m and n reflect the degree of lithification and plasticity of 

the source beds deformed. Faulted lithological sequences involving pure clay can use 

a derivative of the GSP called the clay smear potential (CSP) algorithm (Fig. 5.15a; 

Bouvier et al., 1989), which is expressed as:

CSP = X (source bed thickness)^ / (distance from source bed)

The use of 2 and 1 for n and m respectively, is based on the concept that the 

integration of pure clay smears into faults from source beds is a ductile process that 

obeys the laws of Newtonian fluid dynamics (Lehner and Pilaar, 1996). Both 

algorithms assume the stratigraphy is semi-lithified at the time of faulting with the 

CSP being the purely ductile end member. High values for both algorithms indicate 

the fault is likely to seal while low values indicate leakage. Calibration of the 

algorithms is required to define the threshold value between sealing and non-sealing 

faults (see section 5.3.2.2.4).

5.3.2.2.2 Shale Smear Factor

In lithified stratigraphic sequences, abrasion-type faulting leads to the 

development of argillaceous smears of constant thickness. As such, quantifying
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abrasion smears is dependant on fault throw as opposed to distance from source beds. 

Lindsay ct al. (1993) developed the shale smear factor  (SSF) algorithm (Fig. 5.15b) to 

constrain the likelihood o f abrasion smear continuity along a fault. The algorithm is 

defined as:

SSF = fault throw / source bed thickness

Abrasion smears were estimated to be incomplete at SSF values greater than seven 

(Yielding et al., 1997), while values smaller than four (Gibson, 1994) were most 

likely to have a continuous smear to form a membrane seal. Unlike the GSP and CSP 

algorithms, in abrasion faults with more than one smear (i.e. compound smears) the 

SSF values for each smear are not added. Instead, the minimum value calculated from 

the relevant shale beds represents the SSF value for the compound smear (Lindsay et 

al., 1993; Yielding et al., 1997).

5.3.2.2.3 Shale Gouge Ratio

The GSP, CSP and SSF algorithms all depend on the thickness o f argillaceous 

source beds in the faulted sequence. This can prove difficult to establish, and beyond 

the resolution o f the data in thick heterogeneous sequences, where every argillaceous 

bed needs to be considered. As source data often only presents the bulk properties o f 

units within a stratigraphic sequence, the shale gouge ratio (SGR) algorithm (Fig. 

5.15b) developed by Yielding et al. (1997; 2002) is an attempt to quantify the 

proportion o f shale or clay entrained into the fault by all smearing processes. In 

contrast to the other smear algorithms that predict the presence or absence o f an 

argillaceous smear, the SGR predicts the proportion o f argillaceous material along a 

fault. For a series o f delimited source beds (Fig. 5.15b), the SGR is defined as:

SGR = X (source bed thickness) / fault throw

Alternatively, if the stratigraphic sequence has been subdivided into lithological or 

reservoir zones (Fig. 5.15b), the net argillaceous content o f each zone can be 

calculated by:

SGR = X (zone thickness x argillaceous content o f zone) / fault throw
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This m odification o f  the SGR to calculate the argillaceous content o f  zones can be 

extended to additional lithologies (i.e. coal) that m ay enhance sealing capacity 

through integration into the fault gouge. In these cases, the additional lithologies are 

dow n-w eighted in sealing potential relative to shale (Y ielding et al., 1997). As with 

other algorithm s, the SGR is not a m easure o f  fault sealing capacity but rather an 

estim ate o f  the argillaceous content along a fault. To use any o f  these algorithm s for 

sealing capacity, they m ust be calibrated.

5.3.2.2.4 Argillaceous Smear Calibration

Argillaceous sm ear algorithm s that predict m em brane seal capacity o f  a fault 

m ust be calibrated to determ ine the effectiveness o f  the predicted seal. This process 

involves com paring algorithm  results with sim ilar faults where the sealing behaviour 

is established from pore pressure or fluid contact data (Bretan et al., 2003). In cases 

where there is no available data, published calibrations (Jev et al., 1993; Yielding., et 

al., 1997) can be used as a guide. However, caution is needed to ensure the published 

calibrations used have been calculated over sim ilar tim e scales (i.e. production versus 

geological).

M ultiple studies have reported values for the differing algorithm s that indicate 

the threshold between a fault sealing and not sealing. In shear sm ear settings, research 

by Jev et al. (1993) using the CSP algorithm  indicated a fault will leak at values less 

than fifteen and seal at values greater than thirty. N o standardised threshold value for 

GSP is available as the algorithm  is dependant on the local faulting conditions. In 

abrasion sm ear settings, the SSF predicts leakage at values greater than seven 

(Y ielding et al., 1997) and sealing at values less than four (G ibson, 1994). 

Considering all smearing m echanism s, the SGR represents the m ost robust and 

calibrated algorithm  used, with values less than fifteen percent likely to leak and 

values greater than twenty percent likely to seal (Fristad et al., 1997; Y ielding et al., 

1997; M anzocchi et al., 1999; Yielding et al., 2002; Bretan et al., 2003; Gibson, 

2003). In addition, experim ental and outcrop studies indicate that a continuous 

argillaceous smear will develop at SGR values greater than ca.20%  (Foxford et al., 

1998; Sperrevik et al., 2000; Yielding et al., 2002). Values betw een the stated end 

m em bers represent a grey area dependant on local conditions. Ideally, pore pressure 

data would be used in each reservoir to determ ine the definitive threshold value for 

the sealing capacity o f  each fault.
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5.3.2.3 Cataclasis

Cataclasis is the abrasive rubbing o f hard surfaces (i.e. sandstone) against each 

other leading to grain breakage and comminution (Engelder, 1974). It is the dominant 

process responsible for reduction in porosity and permeability in sandstones via grain 

size reduction and increased grain packing (Fisher and Knipe, 1998). Cataclastic fault 

rocks are also commonly affected by cementation and quartz overgrowths that further 

decrease porosity and permeability (Hesthammer and Fossen, 2000; Ngwenya et al., 

2000). Consequently, pore-throat radii are constricted and permeabilities decreased in 

cataclastic rocks leading to the potential development o f a membrane seal (Yielding et 

al., 1997).

The formation o f cataclastic fault rocks is controlled by the degree of 

lithification o f the host rock (i.e. depth o f burial) and the magnitude o f stress on the 

fault plane during movement (Engelder, 1974; Watts, 1987). As such, these fault 

rocks generally develop in high-porosity sandstones at depths greater than one 

kilometre. However, experimental (Mandl et al., 1977) and field (Lucas and Moore, 

1986) studies indicate that cataclasite structures can form at burial depths as low as 

one hundred metres.

The potential for cataclastic fault rocks to form significant fault seals remains 

speculative (Smith, 1980; Yoshioka, 1986; Scholz, 1987; Fristad et al., 1997). Field 

(Antonellini and Aydin, 1994; Fowles and Burley, 1994) and experimental (Fulljames 

et al., 1997; Crawford, 1998) studies into the hydraulic properties o f cataclastic rocks 

show they can form membrane seals with permeability reductions up to three to four 

orders o f magnitude. However, there is no consensus on their importance in trapping 

large fluid reservoirs (Gibson, 1994; Gibson, 1998; Yielding et al., 2002). In addition, 

quantitative predictions related to cataclastic rocks have been limited to estimating 

fault rock thickness (Yoshika, 1986; Scholz, 1987; Robertson, 1993), a variable not 

indicative o f fault seal potential. As such, the current understanding o f  cataclasis 

membrane seals remains incomplete, with no quantitative algorithms available to 

predict the effects o f cataclasis on fluid flow.

5.3.2.4 Cementation

Cementation produces a decrease in the porosity o f fault rocks caused by the 

precipitation o f minerals from local or external sources. There are two main processes
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that promote cementation along a fault or associated structures, which are cataclasis 

or precipitation from migration fluids.

Fault rocks that develop by cataclasis in high-porosity sandstones are 

commonly accompanied by quartz cementation (Fisher and Knipe, 1998). The quartz 

cements form by Ostwald ripening and pressure solution during cataclasis (Ngwenya 

et al., 2000 and references within). Experimental studies by Ngwenya et al (2000) 

indicated that the quartz cementation reduces fault permeabilities by a further two 

orders o f magnitude in addition to grain crushing and packing. However, as no 

algorithm exists for predicting the sealing potential o f cataclasis membrane seals, 

cementation associated with the cataclasis also remains unquantifiable in fault seal 

analysis.

Dilation during faulting can generate open fractures, which increase 

permeability relative to the host rock and preferentially channel fluids along or within 

the fault or associated structures (Sibson, 1994; Sibson, 1996; Curewitz and Karson, 

1997). Decreases in pore pressures and temperatures or mixing with other fluids can 

precipitate out mineral cements that can choke the fluid pathways by decreasing the 

permeability and increasing the capillary entry pressure o f the cemented fault rock. 

Cements are usually concentrated along the fault in zones o f enhanced fluid flow (i.e. 

branch lines and relay ramps) and continuous cemented faults have been shown to 

have very low permeabilities (<0.1 |j D) and high capillary entry pressures (>1500psi; 

Fisher and Knipe, 1998). However, microstructural and field evidence indicate 

cementation is rarely continuous with the sealing potential o f  cemented faults 

generally determined by the petrophysical properties o f other material in the fault 

zone (Fisher and Knipe, 1998). In addition, cementation is dependant on an array o f 

local and temporal factors (i.e. structural complexities, fluid flow rates, fluid 

interactions) that are difficult to quantify and complex to model. Therefore, the 

sealing potential related to cementation is less amenable to prediction by simple 

algorithms and as such, is generally not considered in fault seal analyses.

5.3.3 Model Appendages

Assessment o f sealing potential for the Little Grand Wash Fault and northern 

fault o f the Salt Wash Graben required the transfer o f  the three-dimensional model to 

the fault seal modelling program, Traptester. Stratigraphic horizons, faults and Allan
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lines were exported from 3DMove and separately imported into Traptester to re-create 

the three-dimensional model. Additional data was also required before undertaking 

fault seal analysis, with the Vshaie content needed to quantify the argillaceous content 

o f beds in the modelled stratigraphy. Vshaie is a curve that describes the mineralogical 

content o f a stratigraphic sequence in terms o f sand and shale. It is typically derived 

from gamma, resistivity or neutron logs that are corrected to true sand-shale contents 

by detailed analyses o f thin sections through point counting or X-ray diffraction 

(Bretan et al., 2003). In the absence o f a petrological investigation, the sand (0%) and 

shale (100%) end-members for the Vshaie curve can be approximated by normalising 

the 100% shale value to the base shale measurement (Davies et al., 2003).

For this study, the Vshaie curve was derived from a series o f gamma logs 

situated around the modelled faults (Fig. 5.16a). Due to the thickness (~1200m) and 

large quantity o f numerous shale units within the modelled stratigraphic sequence, 

combined with time constraints, a detailed petrographic investigation was beyond the 

scope o f this research and the shale baseline was used to define the Vshaie curve (Fig. 

5.16b). Based on published petrographic investigations o f the modelled stratigraphy 

(Trimble and Doelling, 1978; Peterson and Turner-Peterson, 1987; Chan, 1989; 

Garden et al., 2000), a Vshaie cutoff o f 0.5 was applied to discriminate between sand- 

rich and shale-rich beds (Fig. 5.16c). With the integration o f the Vshaie curve to define 

the mineralogical content o f the stratigraphic sequence, Traptester was then used to 

predict the sealing potential o f both faults.

5.3.4 Fault Seal Assessment

Juxtaposition and argillaceous smear analyses were conducted for the Little 

Grand Wash Fault and northern fault o f  the Salt Wash Graben in Traptester to assess 

the sealing potential o f each fault. Cataclasis and cementation were not considered, as 

quantifying these sealing mechanisms is currently complex and controversial (see 

sections 5.3.2.3 and 5.3.2.4). Juxtaposition o f footwall and hanging wall cutoffs 

against each fault were analysed in three-dimensions to identify regions o f cross-fault 

reservoir-reservoir contact (Fig. 5.17). SGR calculations were then applied to these 

reservoir-reservoir contacts to indicate the likelihood o f a continuous argillaceous 

smear forming. The SGR was used in preference to other smear algorithms as: (1) it 

considers all smearing processes; (2) is the most commonly used with the best defined
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threshold values; and (3) the m odelled stratigraphic sequence is thick (~1200m ) and 

heterogeneous, lim iting the effectiven ess o f  other smear algorithm s due to data 

resolution.

Figures 5.18a and 5.19a show  reservoir against reservoir juxtapositions across 

the Little Grand W ash Fault and northern fault o f  the Salt W ash Graben, respectively. 

The favourable juxtapositions are more prevalent towards fault tips, where the same 

reservoirs maintain cross fault contacts. At higher displacem ents, favourable 

juxtapositions are lim ited, with som e footw all reservoirs in periodic contact with  

stratigraphically higher hanging wall reservoirs. This is seen along the Little Grand 

W ash Fault with the lower section o f  the N avajo sandstone juxtaposed against the 

Entrada sandstone and the upper and lower sections o f  the W ingate sandstone 

juxtaposed  against the Entrada and Navajo sandstones, respectively. Additionally, the 

northern fault o f  the Salt W ash Graben has the W ingate sandstone juxtaposed against 

the Entrada sandstone and the upper section o f  the W hite Rim sandstone juxtaposed  

against the W ingate sandstone. A ll these areas represent sites o f  potential leakage 

across the fault. The rest o f  the fault surface is assum ed a seal due to reservoir- 

nonreservoir juxtapositions or nonreservoir-nonreservoir juxtapositions.

Figures 5.18b and 5.19b show  the calculated SGR values for both faults at 

sites o f  reservoir-reservoir juxtaposition. SG R values in areas o f  reservoir se lf

juxtaposition  towards fault tips are low  (<15% ). In contrast, portions o f  both faults 

where tw o different reservoirs are juxtaposed show  SGR values in ex cess o f  24%, 

except for one site on the Little Grand W ash Fault w here the low er section o f  the 

W ingate sandstone is juxtaposed against the N avajo sandstone (SG R  = 18%). O f  

importance to this study is the likelihood o f  trap integrity related to CO2. A SGR o f  

ca.20%  is a threshold above which a continuous argillaceous smear w ill develop  to 

form an effec tive  membrane seal (section 5 .3 .2 .2 .4 ; Foxford et al., 1998; Sperrevik et 

al., 2000; Y ield ing et al., 2002). Thus, areas o f  reservoir self-juxtaposition at low  

throws (< 100m ) are predicted to leak w hile areas o f  differing reservoir juxtaposition  

at higher throws (>100m ) are predicted to seal due to the developm ent o f  a continuous 

argillaceous smear. One uncertainty is the sealing potential o f  the Little Grand W ash 

Fault at the W ingate-Navajo contact, where the SG R  is c lose to the threshold for the 

developm ent o f  a continuous smear. A s no additional data is available, a definitive  

prediction on fault seal can not be made. H ow ever, indirect evidence based on the
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confinem ent o f  travertines to the footw alls o f  both faults (Fig. 4 .1) suggests the Little 

Grand W ash Fault does form an effective seal to cross-fault flow .

5.3.5 Uncertainty

The prediction o f  faults acting as barriers or conduits to cross-fault fluid flow  

is not an exact science. A n awareness o f  uncertainties related to fault seal prediction is 

needed to assess the reliability o f  the results. D ocum ented below  are the main areas o f  

uncertainty that may influence the fault seal assessm ent o f  the Little Grand W ash 

Fault and northern fault o f  the Salt W ash Graben. The uncertainty related to som e 

parameters is difficult to quantify, though the confinem ent o f  travertines to the 

footw alls o f  both faults (Fig. 4 .1 ) suggests both are preventing cross-fault CO2 flow .

5.3.5.1 Geological Model

A  fundamental factor influencing the reliability o f  the fault seal analysis is the 

precision o f  mapped horizon and fault surfaces incorporated into the three- 

dim ensional m odel. Inaccurate horizon placem ents or fault geom etries w ill lead to 

incorrect horizon juxtapositions and argillaceous smear calculations. To limit 

inaccuracies in horizon surfaces, constructed cross sections utilised all available 

outcrop, w ell and published data and were subsequently balanced to ensure geological 

correctness (see section 5 .2 .4). The accuracy o f  the fault surfaces w as more 

problem atic, w ith  a lack o f  subsurface data forcing faults to be m odelled as planar 

surfaces w ith constant dip and down-fault throw. Section balancing indicated the 

interpretations were structurally reasonable, though vertical variations in throw are 

expected and w ell docum ented in the literature (Peacock, 2002  and references within).

To assess the effect o f  vertical throw changes on juxtaposition  and 

argillaceous smear, a Juxtaposition diagram w as constructed w ith SGR values at 

reservoir-reservoir contacts (Fig. 5.20). Vertical blue lines indicate the current 

m axim um  throws for the tw o m odelled faults. U sing an aspect ratio (fault strike 

length/ fault dip length) o f  2.15 (N icol et al., 1996), the m axim um  change in throw  

within the m odelled  stratigraphic sequence w ill be ± l 5 m  for the Little Grand W ash 

Fault and ±20m  for the northern fault o f  the Salt W ash Graben. T hese changes in 

throw (shaded area in Fig. 5 .20) show no significant variation in juxtapositional
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relationships or SGR values. As such, the simplification to a constant vertical throw 

does not appear to have a significant influence on the sealing potential o f either fault.

S.3.5.2 Subsurface Structural Complexities

The presence o f multiple fault strands (Childs et al., 1996) or intact relay 

zones (Imber et al., 2004) can increase the risk o f fluid flow across a fault zone. 

However, assessing this risk has been difficult as these features are commonly below 

the resolution mapped in the subsurface (Childs et al., 1996; Yielding et al., 2002). 

M ultiple fault strands and relay zones are evident along both the Little Grand Wash 

Fault and northern fault o f  the Salt Wash Graben (Fig. 3.3) but have not been 

incorporated into the model due to the lack o f subsurface fault data. The potential 

influence o f these structural complexities on leakage can be significant and as such 

will be considered separately.

Multiple fault strands can alter the sealing potential o f a fault zone by 

partitioning the total throw between two or more fault strands to create favourable 

juxtapositions and/or decrease the likelihood o f membrane seals forming (Childs et 

al., 1996). The effect o f partitioning is evident at the centre o f the Little Grand Wash 

Fault, where the total throw (260m) is partitioned between the northern (150m) and 

southern (1 10m) fault strands. If these fault strands and throw were maintained with 

depth, there would be several leak points for fluids to migrate across the fault zone 

(Fig. 5.21a). However, this is unquantifiable as no subsurface data exists to indicate 

the behaviour o f both faults at depth, though the confinement o f travertines at the 

surface (Fig. 4.1) does suggest both faults are sealed and prevent cross-fault fluid 

flow.

Relay zones are areas o f high fault-parallel shear strain that provide soft 

(intact) or hard (breached) linkage between two interacting fault segments (Walsh and 

Watterson, 1991). If the relay zone is intact, a through-going ramp connects the 

footwall and hanging wall between fault segments to provide a fluid pathway through 

the fault zone. The possibility o f breaching and hence ramp destruction can be 

estimated by calculating the separation/throw ratio (i.e. distance between interacting 

faults divided by total throw) and comparing it with the probability plot o f Imber et al 

(2004; Fig. 5.21b). This technique was applied to the Little Grand Wash Fault to 

determine to probability o f intact relay zone development at depth along the fault. The 

greatest distance between fault strands (194m) at the surface was divided by the total
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throw  (251m ) at that location to give a separation/throw  ratio o f  0.77 (Fig. 5.21b).

This corresponds to a less than 10% chance o f  intact relay zone developm ent along 

the Little G rand W ash Fault, while the probability would be even less for the northern 

fault o f  the Salt W ash G raben due to sm aller fault separations com bined with greater 

throw s. As such, the risk o f  cross-fault fluid flow from  the presence o f  intact relay 

zones is quite small.

5.3.5.3 Vshale

Vshale is a critical param eter in calculating SGR values and inaccurate curves 

can lead to unreliable argillaceous sm ear predictions. O f key im portance to Vshaie is 

the m ethodology utilised to determ ine the curve. Ideally, w ire-line logs should be 

calibrated w ith core data to determ ine the m ineralogical content o f  the stratigraphic 

sequence. How ever, this is not always done due to budgetary, tim e or data constraints 

and com m only w ire-line logs are solely used to determ ine Vshaie- A potential problem  

o f  only using w ire-line logs is the m isinterpretation o f  m ineralogical content, with 

gam m a logs, in particular, poor detectors o f  certain clay m inerals (i.e. kaolin and 

mica; Bretan et al., 2003). X-ray diffraction analyses o f  fault gouge from both 

m odelled faults (see section 3.3) indicate illite and illite-sm ectite assem blages are the 

dom inant clay m inerals with m inor am ounts o f  kaolinite and no mica. This suggests 

the error related to using only gam m a logs to determ ine m ineralogical content and 

hence Vshaie is probably small. However, w ithout direct calibration w ith core data 

uncertainty rem ains, and as such SGR values that are close to the threshold value for a 

continuous argillaceous sm ear (i.e. 18%) are treated with caution while m ore higher 

values (>25% ) are considered m ore robust.

5.3.5.4 Other Sealing Mechanisms

Fault seal analysis in this study was lim ited to assessing sealing caused by 

stratigraphic juxtaposition  and argillaceous sm ear developm ent. Cataclasis and 

cem entation were not considered due to no suitable algorithm s available to assess the 

sealing potential o f  these processes. However, field and experim ental studies have 

dem onstrated that both can form effective m em brane seals (A ntonellini and Aydin, 

1994; Fow les and Burley, 1994; Fulljam es et al., 1997; Craw ford, 1998; N gw enya et 

al., 2000). As such, the sealing capacity o f  Little Grand W ash Fault and northern fault
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o f the Salt Wash Graben can only be enhanced by these processes, though there 

effects remain unknown.

5.3.5.5 Fluid Properties

Fault seal analysis has been developed to predict the trapping capabilities of 

faults primarily in relation to hydrocarbons (i.e. Gibson. 1994; Leveille et al., 1997; 

Davies et al., 2003). This study differs in considering the trapping o f CO2 as opposed 

to hydrocarbons. Carbon dioxide is a more complex compound in relation to 

subsurface migration with contrasting properties dependent on phase (i.e. gas, liquid 

or supercritical). Considering local temperature and pressure conditions derived from 

the geothermal gradient (Nuccio and Condon, 1996) and depth o f aquifers, CO2 will 

be in the gas phase (Wingate, Navajo and Entrada Sandstones) or liquid phase (White 

Rim Sandstone) for all stratigraphy around the modelled faults (see section 5.4.3). In 

these phases, CO 2 is miscible with water, contrary to hydrocarbons, but varied in 

density. This results in migration being limited to one-phase flow that is only retarded 

by low-permeability barriers. Mechanisms that reduce permeability along a fault and 

cause sealing have been identified primarily as juxtaposition o f reservoir-nonreservoir 

lithologies (Watts, 1987; Allen, 1989; Knipe, 1997) and presence o f  continuous 

argillaceous smears that develop at SGR values in excess o f 20% (Foxford et al.,

1998; Sperrevik et al., 2000; Yielding et al., 2002). These low-permeability 

mechanisms are prevalent in the central zones o f  the Little Grand Wash Fault and 

northern fault o f the Salt Wash Graben, where cross-fault sealing is expected due to 

the confinement o f CO 2 surface leak products (i.e. travertines) in the footwalls o f both 

faults. Therefore, the fault seal techniques developed for hydrocarbons appear to be 

applicable for predicting the sealing behaviour o f faults in relation to CO2 . However, 

further case studies o f fault sealing potential related to CO2 flow are needed to 

substantiate these findings and accurately calibrate threshold values for sealing 

mechanisms in relation to CO2 . In addition, care is needed in elucidating the CO2 

phase as thermodynamic and miscibility properties vary between phases.

5.3.6 Fault-Associated Migration o f Carbon Dioxide

Natural focussed leakage o f CO2 in the Paradox Basin is evident along the 

Little Grand Wash Fault and northern fault o f  the Salt Wash Graben. To identify the
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migration pathways o f CO2 in relation to both faults, fault seal potential and 

surrounding stratigraphic geometries need to be considered. Assessment of 

juxtaposition and argillaceous smear along both faults indicate leakage at lower 

throws (<100m) towards and at the fault tips due to reservoir self-juxtaposition and 

sealing at higher throws (>100m) due to reservoir-nonreservoir juxtapositions and 

development o f  continuous argillaceous smears. Considering surrounding 

stratigraphy, faulting o f the shallowly north-plunging Green River Anticline has 

created structural highs in the footwalls o f both faults. Assuming buoyancy drives 

CO 2 migration, flow would be channelled away from the fault tips and focussed along 

the hinge line into the central zone o f both faults, where structural elements would 

combine to form an anticlinal trap with a lateral southern fault closure. The sealing 

nature o f both faults would restrict cross-fault leakage; while confinement o f CO2 

surface leak points to the immediate footwall (Fig. 4.1) suggests migration o f CO2 

through this faulted system is restricted to fault-parallel flow in both footwalls.

A concern with this flow pathway is the upward migration o f CO 2 through 

shale-rich cap rocks, which are lithologically similar to cap rocks that have retained 

their integrity in other natural CO2 reservoirs elsewhere in the Paradox basin (i.e. 

Lisbon and McElmo Domes; Fig. 2.1). A potential mechanism to enable migration o f 

CO 2 through these shale-rich units is by the development o f open fracture networks 

that can be a feature o f damage zones. Damage zones can contain an array o f 

deformation features that can enhance or reduced the relative permeability o f the host 

rock (Caine et al., 1996; Sibson et al., 1996; Gudmundsson et al., 2001). In this study, 

damage zones are characterised by a marked increase in fracture density close to the 

faults with intense fracture networks developing around structural complexities (see 

section 3.3.3). The localisation o f CO2 surface leak points around many o f these 

structural complexities (i.e. fault bends and relay ramps; Fig. 4.1) in the immediate 

footwalls o f  both faults, provides direct evidence that CO 2 is upwardly migrating 

along these fracture networks in the footwall damage zone. Further work is needed to 

characterise the features (i.e. fracture networks) and relative permeabilities o f damage 

zones in various lithologies at differing throws. This will provide a better 

understanding o f cap rock integrity and migration pathways in reservoir setting cut by 

fault systems.

In summary, based on the fault seal analysis and outcrop mapping, the 

migration pathways o f CO2 through the faulted stratigraphy from depth to the surface
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is predom inantly influenced by the main structural features o f  the local area. Work by 

Heath (2004) has indicated that CO 2 is expelled  from Triassic and sub-Permian source 

rocks to charge the W ingate and W hite Rim Sandstones, respectively. The folded  

nature o f  the stratigraphy (i.e. Green River A nticline) focuses CO 2 towards the 

central, sealing sections o f  the Little Grand W ash Fault and northern fault o f  the Salt 

W ash Graben to form anticlinal traps with lateral southern fault closures. Enhanced  

perm eability in the footwall dam age zone enables the CO 2 to migrate vertically  

through overlying shale-rich cap rocks to charge su ccessive ly  shallow er fault-sealed  

aquifers (i.e. Navajo and Entrada Sandstones). This fault-parallel migration pathway 

is continued until the CO 2 escapes to the surface to precipitate as travertine or vent 

into the atmosphere.

5.3.7 Fault Seal Summary

Fault seal techniques developed in the hydrocarbon industry have been used to 

investigate the sealing potential o f  the Little Grand W ash Fault and northern fault o f  

the Salt W ash Graben in relation to CO 2 migration. W ithin the studied traps, CO 2 is in 

the m iscib le gas or liquid phases resulting in migration being governed by one-phase 

flow  and retarded only by low  perm eability barriers caused by favourable 

juxtapositions (reservoir against nonreservoir) and continuous argillaceous smears 

along faults and overlying shale-rich, cap rocks. A ssessm ent o f  fault sealing  

m echanism s for both faults indicate leakage at low  throws (< 100m ) due to reservoir 

self-juxtaposition  and sealing at higher throws (> 100m ) due to reservoir-nonreservoir 

juxtaposition  and developm ent o f  continuous argillaceous smear. Folded geom etries 

o f  the surrounding stratigraphy indicate CO 2 m igration in the reservoir units is being  

channelled towards the central, sealing sections o f  both faults to form fault-sealed  

anticlinal traps. Leakage from these traps is m ost likely through the overlying shale- 

rich, cap rocks via fracture networks developed  in the footw all dam age zones o f  both 

faults.

The results o f  this analysis have h ighlighted tw o important points: (1) fault 

seal techniques can be adapted to investigate the sealing behaviour o f  faulted traps 

identified for potential CO2 geo logic storage; and (2) the dam age zone can potentially  

play a fundamental role in providing vertical conduits for flu ids to escape through 

overlying shale-rich cap rocks. Further case studies o f  fault-sealed CO 2 reservoirs are
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now required to corroborate these findings and better calibrate fault sealing 

techniques to CO2 . Additional work is also needed in understanding o f the role 

damage zones can play in compromising the sealing capacity o f overlying cap rock 

units.

5.4 Volumetries

5.4.1 Introduction

Assessing the storage capacity o f  CO2 in subsurface reservoirs is a central 

theme o f  geological sequestration (Hendrick and Blok, 1993; Bachu et al., 1994; van 

der Meer, 1995; Brennan and Burruss, 2003). Ideal reservoir conditions for 

sequestration will have CO 2 in the supercritical phase (T > 31.04°C; P > 73.82bars), 

saline pore-waters and relatively high porosities to ensure volumetrically-efficient and 

environmentally-friendly storage (Holloway and Savage, 1993; Bachu et al., 1994).

At these conditions, one tonne o f CO 2 will be immiscible with water and occupy less 

than 6m o f rock, assuming 30% porosity and 80% displacement o f in-situ pore 

waters (Chadwick et al., 2004). In this study area, all potential shallow traps (White 

Rim, Wingate, Navajo and Entrada Sandstones) identified by Heath (2004) are saline 

but have CO 2 in subcritical (gas or liquid) phases.

The aim o f this section is to calculate the properties and storage capacity o f 

CO 2 in saline aquifers that form anticlinal traps laterally sealed by the Little Grand 

Wash Fault. This will provide insight into the efficiency o f storing CO2 in subcritical 

phases. More importantly, comparison o f the total storage capacity o f the traps with 

the amount o f CO2 calculated to have leaked to the surface (see section 4.3.2.3) will 

demonstrate the effectiveness o f the faulted stratigraphy in trapping migrating CO2 . 

Volumetric analysis o f traps associated with the northern fault o f the Salt Wash 

Graben were not performed due to gaps in the travertine data (see section 4.3.2.3) and 

the surface breaching o f a main aquifer (Entrada Sandstone) diffusing regions o f CO2 

leakage.

5.4.2 Method

CO 2 is a buoyant, reactive compound that will not remain static in the 

subsurface. At subcritical reservoir conditions (T<31.04°C or P<73.82bars; Fig. 5.22), 

CO2 will coexist as a free bulk phase (gas or liquid) and as a C02-rich aqueous phase
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dissolved in the local pore waters (Pruess and Garcia, 2002). W ith time, a third phase 

o f  CO2 chemically bound in solid minerals w ill develop, though this has not been 

considered as numerical modelling is needed to adequately quantify this phase (Pruess 

et al., 2001; Johnson et al., 2004). Therefore, to calculate the storage capacity o f the 

aquifers (W hite Rim, Wingate, Navajo and Entrada Sandstones) sealed by the Little 

Grand Wash Fault, mass estimates for the CO2 in the free(t-) and aqueouS(aq) phases 

were solved by (Pruess et al., 2001):

Mco, =<t>A^jP/S,

where Mco2 is the mass o f CO2 (kg), (j)v is the available pore volume o f each trap 

(m^), X  is mass fraction, p is density (kg/m'^) and S is saturation o f the free(f) and 

aqueouS(aq) phases in each aquifer. Available pore volume is defined as the trap 

volume m ultiplied by porosity. Volumetric calculations o f trap size were performed in 

3DMove, based on the assumptions of: (1) the lateral extent o f travertine distribution 

at the surface defines the minimum lateral extent o f the trap at depth; and (2) the CO2 

accumulation in each trap has a horizontal base. Using these assumptions, two fault- 

dip parallel wells were inserted into the three-dimensional model at the eastern and 

western boundaries o f travertine precipitation along the Little  Grand Wash Fault (Fig. 

5.23a). The well that intersected each trapping horizon at the greatest depth was taken 

to be the base o f the CO2 accumulation. A  horizontal surface was inserted at this 

depth (Fig. 5.23b) and the space between the overlying trapping horizon and the 

horizontal surface was calculated as the trap volume (Fig. 5.23c). This was repeated to 

get the trap volumes for all four aquifers (Fig. 5.23d). Porosities were assumed to not 

be affected by C02-induced mineral dissolution or precipitation and average values 

were taken from the literature (i.e. Hood and Patterson, 1984; Antonellini and Aydin, 

1995; Hansley, 1995) to determine the available pore volume o f each trap.

To assess the properties o f CO2 w ith in  each aquifer, the temperature and 

pressure conditions must be known. Temperature was calculated by:

T = To + G Z
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where To is annual surface temperature (10°C; Utah Climate Centre), G is geothermal 

gradient (21.1”C/km; Smouse, 1993) and Z is depth to base of trap. Pressure was 

assumed hydrostatic and calculated by:

P = Pw  g Z

3 2where p„ is density of water (lOOOkg/m ), g is gravity (9.8m/s ) and Z is depth to base 

of trap. Based on the calculated pressures and temperatures, the density of the free 

phase is taken directly from Lemmon et al. (2005). The corresponding mass fraction 

is assumed 1, even though the phase will have a minor component of water vapour 

(Pruess et al., 2001). The mass fraction of the aqueous phase is calculated using the 

geofluids solubility model of Duan et al. (1995) and corrected for salinity conditions 

in the local pore waters using the equation (Seibt et al., 1999):

V
V ( ' 0 2  _  ^  0

^  j q (0 0 8 5 D

where is the mass fraction of CO2 in saline pore waters at aquifer conditions,

X() is the mass fraction of CO2 in pure water calculated from Duan et al. (1995) 

model and C is NaCl concentration of pore waters (~17000TDS = 0.36 mol/L; Heath, 

2004). The density of the aqueous phase was calculated using total solution densities 

also calculated by the Duan et al. (1995) model and conversion spreadsheets supplied 

and based on Brennan and Burruss (2003). The relative saturations of the free (Sf) and 

aqueous (1-Sf) phases are more difficult to quantify. Depending on the CO2 discharge- 

recharge rates, individual aquifers could be free phase dominated (Sf=l), aqueous 

phase dominated (Sf =0) or mixed (0> Sf <1). The only method to limit this range of 

saturations would be through dynamic modelling of flow in the CO2 system (K.

Pruess per comm). This represents a significant portion of research that is beyond the 

scope of this study. Therefore, end-member saturation values were used to predict the 

maximum and minimum storage capacities of each aquifer. These values were 

subsequently compared with estimates of CO2 surface leakage to assess the integrity 

of the faulted system in storing CO2 .
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5.4.3 Results

The characteristics and storage capacities o f  CO 2 in the aquifers sealed by the 

Little Grand Wash Fault are listed in Table 5.1. Variations in temperature and 

pressure conditions result in CO 2 being in either the subcritical gas (Wingate, Navajo 

and Entrada Sandstones) or liquid (White Rim Sandstone) phases for the studied 

aquifers. This change in phase is accompanied by a significant shift in CO2 density 

with shallow, gas-phase aquifers having low densities (36-lOOkg/m^) compared to the 

deeper, liquid-phase White Rim sandstone (753kg/m^). Proportional to density, 

storage efficiency in shallow aquifers requires between 10 to 27m^ o f pore volume to 

accommodate one tonne o f CO2 , while the White Rim Sandstone only needs 1.3m^. 

Efficiency is diminished for all aquifers if  CO 2 is present in the aqueous phase with 

between 28 and 76m^ o f pore volume needed to store one tonne o f  CO 2 in the same 

aquifers at identical conditions.

The storage capacity o f CO2 in individual aquifers is dependant on available 

pore volume, aquifer conditions and CO2 saturation. The Entrada Sandstone has the 

largest available pore volume (7.9x10% ^) but smallest CO 2 capacity (IxlO^(aq)- 

2.8xlO\f) tonnes) due to the shallowness o f the trap. Alternatively, the White Rim 

Sandstone has the smallest pore volume (6.5x1 O^m^) but largest capacity (2.4x1 Ô (aq) - 

4.9x10%  tonnes) due to its depth causing CO 2 to be present in the liquid phase. The 

total CO 2 capacity for all four aquifers is between 6.4x1 Ô (aq) and 6.3x10%  tonnes. 

Volumetric calculations o f travertines along the Little Grand Wash Fault (see section 

4.5) indicate approximately 1.9x10^ tonnes o f CO 2 have leaked to the surface in the 

last 78,000 years. Comparison o f the aquifer capacities and leak estimates reveal the 

combined aquifers discharged between 30% (free phase) and 300% (aqueous phase) 

o f their total capacity. The actual proportion o f  CO2 that has discharged from this 

system could not be determined from this investigation but would be between these 

two end member estimates.
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Table 5.1: Properties and storage capacities o f CO 2 in aquifers sealed by the Little 

Grand Wash Fault
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5.4.4 Discussion

For the range o f temperature and pressure conditions found in sedimentary 

basins, CO2 can be a gas, liquid or supercritical tluid (Fig. 5.22). The change in phase 

from gas to liquid or supercritical fluid with increasing depth is accompanied with a 

sharp increase in density (Chadwick et al., 2004). This is observed in this study with 

the gas-phase aquifers (27-lOOkg/m^) having significantly lower densities than the 

liquid-phase White Rim aquifer (753kg/m^). Densities required for effective storage 

o f CO 2 range between 600-800kg/m^ (Gunter et al., 2004). Therefore, the White Rim 

Sandstone is the only aquifer with reservoir conditions suitable for CO2 storage.

Utilising the calculated densities, preliminary evaluations o f storage capacities 

were derived from volumetric estimates. Minimum and maximum capacities were 

calculated based on the assumptions o f no mineral precipitation associated with CO2 

storage and each faulted-sealed aquifer being aqueous (Sf = 0) or free phase (Sf = 1) 

filled. Depending on reservoir mineralogy, CO 2 can be precipitated out as carbonate 

minerals within the aquifers leading to small decreases in porosity, larger decreases in 

permeability and possible long term reductions in storage capacity (Pruess et al.,

2001; Gunter et al., 2004; Johnson et al., 2004). In addition, variations in CO 2 influx 

and leakage rates in each aquifer control saturations and subsequent capacities of 

CO2 . To consider both factors in the storage capacity calculations would require a 

dynamic modelling approach using numerical simulators such as T0U G H 2 (see 

Pruess, 2004). This modelling approach represents a significant amount o f work that
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is beyond the scope o f  this research, though this is the next logical step in better 

defining the leakage rates from this faulted system .

The total storage capacities for all four aquifers ranges from 0.6(aq) to 6.3(f) 

m illion  tonnes o f  CO 2 w ith the W hite Rim Sandstone contributing betw een 37%(aq) 

and 78%(f) o f  the total capacity, respectively. T hese storage capacities indicate that the 

saturation state and density o f  CO 2 are the main factors influencing the storage 

capacity o f  a reservoir. Current industrial-scale projects (Sleipner, W eyburn, In Salah 

and Gorgon) are injecting CO 2 into the subsurface at rates o f  1 to 4 m illion  tonnes per 

year (Z w eigel et al., 2004; Benson, 2005). Future sequestration projects are expected  

to be scaled up to a rate o f  8 -10 m illion tonnes per year to cover the annual amount o f  

CO 2 expelled  from a typical lOOOMW coal-fired power plant (B enson. 2005). Even  

the m axim um  capacity o f  the studied aquifers w ould  be sm all and uneconom ic when  

compared with the current and planned storage projects. H owever, the benefit o f  the 

volum etric analysis is to quantify the leak rates o f  CO 2 from a natural reservoir in a 

structural setting that may be considered in future storage projects.

Estimating leak rates from this natural system  is important in quantifying the 

risk associated with seal failure. All seals w ill leak through tim e with integrity 

dependant on the tim e scale considered. G eolog ic storage o f  CO 2 must be secure for 

hundreds to several thousands o f  years (W ildenborg et al., 2005). Depending on CO 2 

saturations, volum etric calculations o f  m odelled  aquifers and mapped travertines 

indicate the com bined, fault-sealed aquifers have leaked betw een 30%  (free phase) 

and 300%  (aqueous) o f  their total capacity over a 78 ,000  year period. This converts to 

a leak rate o f  0.2%  (free phase) to 1.9% (aqueous) every 500 years or 3.9%  (free 

phase) to 37.9%  (aqueous) every 10,000 years. W hether these rates are tolerable is 

unclear as no guidelines could be located to indicate the m axim um  leak rates 

acceptable for CO 2 storage. A  possible concern w ould  be any adverse effects to the 

surrounding environment from leakage. Carbon d ioxide flux calculations in section  

4.4 .4  suggest this is not an issue for this system  and is supported by personal 

observations and anecdotal evidence that indicate little or no adverse effects to the 

local ecosystem  or humans from CO 2 leakage. Therefore, w hile CO 2 storage in fault- 

sealed reservoirs increases the risk o f  leakage, the rate o f  leakage m ay not be 

significant for the duration o f  tim e needed for storage. Further work is needed to 

better define the leak rates o f  this system  through the im plem entation o f  dynam ic
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m odels as well as investigating additional fault-sealed C O 2 reservoirs to ascertain the 

frequency and rates o f  leakage in these structural settings.

5.4.5 Volumetric Summary
V olum etric investigations o f  m odelled aquifers sealed by the Little Grand 

W ash Fault w ere conducted to estim ate the storage capacity o f  CO 2 in the faulted 

system . V arying aquifer conditions result in CO 2 being in the gas (W ingate, Navajo 

and Entrada Sandstones) or liquid (W hite Rim Sandstone) phases, with each aquifer 

containing C O 2 in a free bulk phase (gas or liquid), dissolved in water and possibly 

precipitated out as a m ineral phase. To quantify all three states in each aquifer would 

require m odelling beyond the scope o f  this research and sim plified m axim um  (free- 

phase filled) and m inim um  (aqueous-filled) storage capacities were calculated instead. 

The W hite Rim Sandstone stores the m ost CO 2 , due to its dense, liquid-phase 

conditions, though the total storage capacity o f  the system  is significantly sm aller than 

current or planned industrial-scale geologic storage projects. Com parison o f  the total 

subsurface capacity  w ith surface estim ates o f  C O 2 leakage indicates the com bined 

aquifers have leaked at a rate o f  3.9 to 37.9%  o f  their total capacity every 10,000 

years. W hether these rates are acceptable for geologic storage projects is uncertain, 

though the leakage does not appear to have a significant adverse effect on the 

surrounding environm ent.

5.5 Conclusions

A three-dim ensional m odel was created from a variety o f  exploration well, 

w ire-line log, published and field data. Isopach and structure m aps generated from 

this available data w ere used as tem plates to create cross sections. The sections were 

subsequently connected in three-dim ensional space to create surfaces representing 

faults or stratigraphic tops for units from the Perm ian Organ Rock to the Cretaceous 

Cedar M ountain Form ations. Validation o f  the three-dim ensional model was prim arily 

through structural balancing and surface geologic data. The resultant m odel was used 

to investigate subsurface CO 2 m igration pathw ays and trap integrity through fault seal 

and volum etric analyses. Fault seal analysis o f  the Little Grand W ash Fault and 

northern fault o f  the Salt W ash Graben indicated both faults leak at low throw s 

(<100m ) due to reservoir self-juxtaposition and seal at higher throw s (>100m ) due to 

reservoir-nonreservoir juxtapositions and developm ent o f  continuous argillaceous
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sm ears. The folded geom etry o f  the surrounding stratigraphy channels CO 2 to these 

central, sealing sections o f  both faults to form anticlinal traps w ith lateral southern 

fault closures. Subsequent leakage o f  C O 2 from each trap is up through overlying cap 

rocks via fracture netw orks developed in the footwall dam age zones o f  both faults. 

Q uantifying the proportion o f  CO 2 that has leaked via this m igration pathw ay was 

estim ated by calculating the C O 2 storage capacities o f  the aquifers sealed by the Little 

G rand W ash Fault and com paring these capacities w ith C O 2 surface leak estim ates 

derived from travertines. V olum etric calculations indicate the com bined aquifers leak 

betw een 3.9 (free phase) and 37.9%  (aqueous) o f  their total CO 2 capacity every 

10,000 years, which m ay or may not be low enough for CO 2 geologic storage projects 

that require subsurface residence tim es o f  hundreds to thousands o f  years. Future 

w ork as outlined in this chapter could include additional case studies o f  fault-sealed 

C O 2 reservoirs to further test and calibrate fault seal techniques in relation to CO 2 , 

dynam ic m odelling to better define storage capacities and associated leak rates, and 

investigation o f  dam age zones in different lithological and displacem ent settings to 

characterise the fiow conductivity along these structures.
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Figure 5.1: Distribution o f boreholes used for modelling at the northern end o f the 

Paradox basin and surrounding area. Circles indicate location o f boreholes from the well 

summary database, while crosses indicate boreholes w ith geophysical logs. Black lines 

indicate position o f  faults.
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Figure 5.2: Structure contours for the top o f the lower Jurassic Navajo Sandstone (after 

Baker, 1935; McKnight, 1944). Black circles indicate the position o f boreholes from the 

well summary database. Contours are relative to sea level and increase in 250m 

increments.
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Figure 5.3: Structure contours for the top o f the Pennsylvanian Honaker Trail Formation 

(after Condon, 1997). Black circles indicate the position o f boreholes from the well 

summary database. Contours are relative to sea level and increase in 250m increments.
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Figure 5.4: Structure contours for the top o f the lower Cretaceous Dakota Formation 

(after W illiams. 1964; W illiams and Hackman. 1971). Black circles indicate the position 

o f boreholes from the well summary database. Contours are relative to sea level and 

increase in 250m increments.
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Figure 5.5: Development o f the Na\ajo Sandstone structure map. (a) Structure contours 
are digitised in ArcV iew  from the McKnight (1944) map. (b) Borehole data from the well 

database and wire-line logs are added, (c) Contours are adjusted and extended to conform 

with borehole data, where necessary.
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(e) The horizons are tied to fault and section boundaries. (0  The Navajo hanging wall is 

restored to zero throw, jo in ing the footwall.
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bed dips and outcrop positions, (i) fhe section is balance by unfolding the horizons, 

aligning the footwall and hanging walls and ensuring all horizons are the same length.



260m NORTHSOUTH 1000 m
500 m

A - Little Grand Wash Fault

209m 323m NORTH EASTSOUTH WEST

B - Salt Wash Graben

SOUTH WEST 86m 165m 1000 m NORTHEAST
500 m

C - Ten Mi e Graben

WEST 2000 m

D - San Rafael Swell

I—
LiJ Dakota Sandstone
a :
o

Cedar Mountain Formation

Morrison
Brushy Basin 

Member
Formation Salt Wash 

Member
Q . Summerville Fmn
CD
“cD03

o cr
r~

Entrada Sandstone
c/5 1CO
<a:
ID
—3

ro
CO Carmel Formation
Q .

O
co

Navajo Sandstone

><c
CO

Kayenta Formation
O
c
(1) Wingate Sandstone
O

o
CO Chinie Formation
CO 1
<
a : Moenkopi Formation
1- 1 ............................ - .............  1

White Rim Sandstone
z Q .

< o
(U

Organ Rock Shale

Od
LU
CL

—̂' D
o Elephant Canyon

Figure 5.9: Balanced cross sections o f the Little Grand Wash iault (a). Salt Wash graben (b), Ten M ile graben (c) and San Rafael Swell (d). DilTerin 
colours in the stratigraphic column correspond w ith stratigraphic horizons in the sections. The amount o f throw is specified at the top of each fault. 
Position o f each section indicated in Figure 5.6.



A - Cross Sections Imported

B - Lines Selected For A Horizon

Navajo Lines

Little Grand
Wash Fault

Footwall

Hanging Wall

Figure 5.10; 3DMove surface construction, (a) A ll cross sections for a submodel are 
imported, (b) A ll two-dimensional lines for a horizon are selected, (c) The lines are 

connected to form three-dimensional surtaces. Separate surfaces are generated for the 
footwall, hanging wall and non-faulted blocks to maintain stratigraphic cutoffs. Fault 
lines are also joined to make a coherent, planar surface.
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Figure 5.10: 3DMove surface construction (continued), (d) Allan lines are generated at 
each footwall and hanging wall cuto ff to define the intersection between fault and 
stratigraphy, (e) A ll surfaces and Allan lines generated for each horizon are then imported 

into a single model, (f) These components are joined, regridded and excess surface mesh 
is deleted to make a coherent surface representing the top o f a stratigraphic unit. Gaps 
indicate the separation between the footwall and hanging wall cutoffs along a fault.



Salt Wash 
Graben

Little Grand 
Wash Fault

Ten Mile 
Graben

Horizons
H  Cedar Mountain 
H  Curtis 
H  Entrada 
c n  Carmel 

Navajo 
c z i Kayenta 
n  Wingate 
izzi Chinie 
izzi Moenkopi 
SES White Rim 
izzi Organ Rock

B

Elevation (m)

—  2500

—  2000

y:Horth

aside
wyser

m'- %
Woodside
Anticline

CD

Ct

CO

Uitts Grm d  
W asft Fmtit 

\

Satf Wash 
Graben

0 kmt 10
Chaffin Ranch 

Geyser it

T w  M ile  
(Sabem

z : ^ v :

Figure 5.11: Completed three-dimensional model o f the Green River area, (a) The model 

contains five fault surfaces that cut eleven stratigraphic horizons, (b) Variation in 

ele\ ation (metres), relative to sea level, for the top o f the Cedar Mountain Formation. 

Distinct structural elements influencing horizon elevation include the San Rafael Swell. 

Woodside anticline and Green River anticline.



2000
Kcm -  ORIGINAL 

X GENERATED
-  ORIGINAL 
X GENERATED 3000 -

1500 -

Kcm
“  1000  - Po2000  -

1000 -LU

po

-500
4000 8000 12000 6000 12000 

Distance (m)

18000 24000
Distance (m)

Kcm Kcm
c

1  E 0) —  
■Q </) c  

o

c0>o5 30 -

a>oc0) o
Cl)
05

Q
-30 -

-10 -70
0 4000 8000 12000 6000 12000 

Distance (m)
18000 240000

Distance (m)
A - Little Grand Wash fault B - San Rafael Swell

2000 2000
Kcm -  ORIGINAL 

X GENERATED
Kcm

1500 -
E
r  1000 -
g  
c5 >
(D

_  1500 - 
E

1000  -

Po
500 - 500

LULU

-  ORIGINAL 
X GENERATED

-500 -500
4000 8000 

Distance (m)

12000 16000 0 4000 8000 

Distance (nn)

12000 16000

Kcm Kcm
c
(D
O' _
I  E
-Q C/5

^ B
§ o
<D CO

b

c
Q)0) _
J  E 0) ' 
■O (/)

o  .9 
§  ^  m (/)

b

Po

-10 -10
0 4000 8000 

Distance (m)

12000 16000 8000 

Distance (m)

120000 4000 16000

C - Salt Wash graben D - Ten Mile graben

Figure 5.12; Comparison o f original cross sections constructed and balanced in 2DMove 

with cross sections generated from the completed three-dimensional model in 3DMove. 

The Cedar Mountain (Kcm). Navajo (.In) and Organ Rock (Po) horizon tops for each 

section were compared. The top plot for each area displays the cross sectional profile o f 

point data for the original and generated sections. Fhe bottom plot indicates the 

difference in elevation between sections at each data point. Note differences occur at 

increased fold cur\atures and are absent at horizon cut-offs at the faults. The cross 

sections are the same as shown in Figure 5.9. Note the larger variation in scale in Figure 

5.12b.



I I Reservoir (sand)

I I Non-Reservoir (shale)

Cross-fault spill point

SPILL

Fluid ; 
Accumulations!

FOOTWALL

HANGING WALL
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Figure 5.15: Published algorithms used to predict the likelihood o f argillaceous smear 

developing along a fault surface, (a) Smears that form by shear-type faulting can be 

estimated by the Generalised Smear Potential (Y ie lding et al., 1997) or the Clay Smear 
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1997; 2002). The amount o f argillaceous material can be calculated for delimited shale 

beds (SGRi) or net content for a series o f zones (SGR2 ).
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reservoir juxtapostions along the fault. Numbers indicate minimum SGR values in the central section o f the fault.
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Chapter 6: Discussion, Conclusions and Future Work

6.1 D iscussion

6.1.1 CO2 Flow Pathways

Outcrop and geochemical investigations o f the products o f CO2 surface 

leakage (i.e. travertines) combined with the generation and utilisation o f a three- 

dimensional geological model have constrained the migration pathways o f CO 2 

through the faulted stratigraphy in the study area. The migration o f CO2 from source 

to surface based on these results is detailed in chapters 3, 4 and 5 is described in the 

following section and illustrated in Fig. 6.1.

Research by Heath (2004) has indicated that CO 2 was most likely generated by 

clay-carbonate reactions during the burial of the Colorado Plateau in the Cretaceous 

(Fig. 6.2). Potential CO 2 source rocks include any Jurassic or older stratigraphy with 

significant carbonate and clay contents, though the Sinbad Limestone o f the 

Moenkopi Formation, Elephant Canyon Formation and Honaker Trail Formation are 

considered the primary sources due to their lithological composition and presence 

above the thick (>350m), relatively impermeable Paradox evaporites (Fig. 2.3; Heath, 

2004). Travertine geochemistry (section 4.5.3.3) indicates that the CO 2 source has 

remained consistent throughout their precipitation history with small shifts in 5 ‘^C 

likely reflecting the influence o f the multiple source rocks supplying CO2 .

Upon generation, the CO2 rises to charge overlying aquifers (White Rim and 

Wingate Sandstones) and mix with saline meteoric waters. Potentiometric surface 

data from groundwater wells show the meteoric waters flow from the northwest to the 

southeast in the study area (Fig. 6.2; Hood and Patterson, 1984). The folded 

stratigraphy focuses the southeast flow o f the C02-rich meteoric fluids up-dip along 

the open, north-plunging Green River Anticline towards the central sections o f the 

Little Grand Wash Fault and northern fault o f the Salt Wash Graben. Both o f these 

faults provide effective seals through lithological juxtaposition and clay smear 

deAelopment (section 5.3.4). This restricts flow across the faults and results in CO2 - 

rich waters pooling in the footwall highs created by the faulting o f the anticline. 

Fracture networks developed in the footwall damage zone o f both faults enhance 

pem eability  (section 3.3.3); especially around structural complexities and enable CO 2 

to  nigrate vertically through overlying clay-rich cap rocks to charge successively 

slhalower fault-sealed aquifers (i.e. Navajo and Entrada Sandstones).
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This up-sequence charging o f  fault-sealed aquifers and subsequent leakage 

through fault-associated fracture networks in the clay-rich cap rocks is repeated until 

all the aquifers are inundated with CO 2 . Continued supply o f  CO 2 to the system  

eventually results in the C 02-rich waters escaping to the surface to either precipitate 

as travertine or to vent into the atmosphere. This surface leakage has been prevalent 

for at least 78 ,000  years (± 4300) and has resulted in an average expulsion  o f  an 

estim ated 24.1 tonnes o f  CO 2 per year along the Little Grand W ash Fauh (section  

4 .4 .5). Com parisons with subsurface storage capacities along the fault indicate that 

this leakage depletes the aquifers o f  betw een 3.9 and 37.9%  o f  the total CO 2 content 

every 10,000 years (section  5 .4 .3) to suggest the system  is constantly being recharged 

at depth.

6.1.2 Factors AffecUng Seal Integrity

The faulting o f  the Green River Anticline has created a series o f  stacked three- 

w ay anticlinal traps in the footw alls o f  the Little Grand W ash Fault and northern fault 

o f  the Salt W ash Graben. Top seals for the traps are provided by the m ultiple clay-rich  

beds in the stratigraphic sequence (Fig. 2 .3). w hile lateral seals are provided by the 

faults. Field and geochem ical investigations (chapter 4) com bined with fault seal 

assessm ents (section  5.3) indicate that both faults form effective barriers to prevent 

lateral fluid flow  due to lithological juxtaposition and/or developm ent o f  continuous 

clay smear. C onversely, the presence o f  fluids and fluid-related products in the 

footw alls o f  both faults indicate that the top seals are failing to trap the fluids. In 

particular, the concentration o f  fluids and their associated products in the footw all 

damage zone o f  both faults suggests that interaction betw een the faults and top seals 

are instigating fault-parallel leakage o f  fluids through the clay-rich beds.

Large-scale faults are com m only surrounded by a zone o f  dam age that can 

consist o f  minor faults, fractures, joints and/or deform ation bands (Chester and Logan, 

1986; Fow les and Burley, 1994; Antonellini and A ydin, 1994, 1995; Caine et al.,

1996; Knipe et al., 1997). Depending on the subsidiary structures present, the damage 

zone can be a barrier or conduit to fluid flow  (Caine et al., 1996). For exam ple, 

dam age zon es dominated by deformation bands reduce the perm eability o f  the host 

rock and com m only form partial barriers to across-fault fluid flow  (A ntonellini and 

A ydin, 1994, 1995; Flesthammer et al., 2000b; Shipton and C ow ie, 2001, Jourde et
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al., 2002; Shipton et al., 2002; Odling et al„ 2004). In contrast, open fractures and 

joints enhance permeability and promote fault-parallel fluid flow (Sibson, 1996; 

Curewitz and Karson, 1997; Gudmundsson et al., 2001; Jourde et al., 2002). The 

presence o f mineralization and diagenesis within and bordering fractures in the 

footwall damage zones o f both faults suggest that the latter scenario is prevalent in the 

study area.

Fluid flow within damage zones is generally localised to discrete areas o f the 

fault where there is an increase in fracture aperture, density and connectivity 

(Gudmundsson et al., 2001; Leckenby et al.. In Press). These sites o f increased 

fracturing provide pathways by enhancing the permeability o f the host rock and are 

concentrated around structural complex sections o f a fault that include fault 

intersections, fault bends, fault jogs, fault tips and relay zones (Curewitz and Karson, 

1996, Sibson, 1996, Gartell et al., 2004). Fracture analyses conducted along the Little 

Grand Wash Fault highlight this relationship with marked increases in fracture 

intensity locally observed around relay zones as opposed to structurally simpler 

sections o f the fault (see section 3.4). Furthermore, travertine deposits within clay-rich 

units (i.e. Summerville and Morrison Formations) are restricted to fault bends and 

relay zones along this fault (Fig. 4.1). These field relationships suggest that the 

damage zone is creating structural permeability within the clay-rich beds, 

preferentially around structural complexities that enables fluids to escape from the 

fault-sealed traps through the top seal.

Several other factors must be considered to assess the hydrologic behaviour o f 

the subsidiary structures present within the damage zone. The effective stress history 

(consolidation state) o f a rock and timing o f faulting are also important in determining 

the permeability o f faulted strata. Faulting at increasing to maximum effective stresses 

experienced in an area will cause the rock to compact and decrease permeability 

(Bolton et al., 1998; Zhang and Cox, 2000). Alternatively, faulting at effective 

stresses lower than previously experienced by an area will cause the rock to dilate and 

enhance permeability (Bolton et al., 1998; Zhang and Cox, 2000). In soil mechanics 

terminology, overconsolidation o f the rock before faulting (Atkinson and Bransby, 

1978; Lamb and Whitman, 1979) can result in permeability enhancement in clay-rich 

rocks o f up to two orders o f magnitude (Zhang and Cox, 2000). In addition, 

permeability parallel to the fault plane is one order o f  magnitude higher than across 

the fault plane (Zhang and Cox, 2000). Thus, faulting o f  overconsolidated rocks
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during basin uplift can result in permeability enhancement, which will be most 

pronounced parallel to the fault plane.

The timing o f movement for the Little Grand Wash Fauh and northern fault o f  

the Salt Wash Graben is poorly constrained. ''^Ar/^^Ar dating (Exxon, unpublished 

data) and indirect evidence suggest that both faults were active in the early Tertiary 

and possibly earlier (section 3.5). This corresponds to the period o f maximum burial 

and subsequent uplift o f the area (Fig. 6.2). Any faulting during this uplift period 

would generate dilational structures that would enhance the permeability o f  clay-rich 

beds adjacent to the faults. Unfortunately, the removal o f post-Cretaceous sediments 

prevents better constraints on Tertiary fault movement, though local seismic activity 

around the study area in the Quaternary (Hecker, 1993) suggests there may have been 

fault reactivation during this current period o f uplift. Therefore, the development of 

fracture networks in the damage zones o f both faults provided potential pathways for 

fluid migration through clay-rich cap rocks that would be generally considered as 

vertical barriers to flow. Whether these pathways are open or closed for fluid flow is 

dependant on the effective stress history o f the area and timing o f fault activity.

These results have implications for a wide range o f  hydrogeological 

applications, where faults interact with clay-rich lithologies to provide lateral seals 

and/or breach vertical seals. In particular, clay-rich lithologies are generally assumed 

to be low-porosity, homogenous units that will form effective barriers to limit fluid 

migration. If the strata are overconsolidated, interaction with faults may lead to 

enhanced permeability o f clay-rich lithologies resulting in the reduction o f column 

heights in hydrocarbon reservoirs or leakage o f injected CO2 or radioactive waste 

from geologic storage sites. Indeed, overconsolidated clay-rich lithologies without 

deformation show significant anisotropic permeability to indicate the importance of 

burial history for a region (i.e. Bolton et al., 2000). Therefore, risk assessment of 

potential reservoirs for varying fluid regimes should consider burial history and fault 

activity to assess the likelihood o f leakage through clay-rich lithologies.

6 ,1.3 Applications to CO2 Storage

This study investigated a natural CO2 reservoir that has leaked over a 

prolonged period via seismic-scale normal faults. Field, geochemical and modelling 

investigations have identified the subsurface migration pathways o f  the CO2 from
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source to surface and quantified the rates at which C O 2  leaks from  the system. Using 

this natural CO 2 reservoir as a direct analogue for potential storage sites for C O 2  

disposal, significant contributions towards risk assessm ent for this em erging 

technology can be suggested. Specifically, this section is subdivided to discuss: (1) 

where CO 2  may leak from  a geologic reservoir; (2) potential rates o f  C O 2 leakage; (3) 

possible consequences o f  leakage; (4) rem ediation techniques available to retard 

leakage; and (5) factors influencing the suitability o f  geological reservoirs for CO 2  

storage.

6.1.3.1 W here Could C O 2 Leak?

One o f  the fundam ental aspects o f CO 2  storage is that the injected CO 2  will be 

isolated from the atm osphere and near-surface environm ent by its em placem ent 

w ithin deep, sealed geological reservoirs over an extended period (O ldenburg, 2005). 

This research has identified m ultiple factors that can com prom ise the integrity o f 

these reservoirs. Faults play a dom inant role both in trapping and in transm itting o f 

C O 2 in the study area. Sporadically distributed boreholes throughout the study area 

also provide pathways for CO 2  to escape to the surface. Docum ented below are the 

m ain factors influencing the sealing capabilities o f  these structures and possible 

m ethodologies to identify the hydraulic behaviour o f  these structures in relation to 

C O 2 .

6.1. 3 . 1.1 Across-Fauh Leakage

The hydraulic nature o f  a fault is dependant on the C O 2  phase. Subcritical 

phases o f  C O 2  (gas or liquid) are m iscible with w ater and governed by single-phase 

flow. Conversely, supercritical CO 2  is imm iscible w ith w ater and therefore governed 

by tw o-phase flow sim ilar to hydrocarbons.

Retardation o f  single-phase flow can only be achieved by low perm eability 

barriers. For faults these low perm eability barriers can be generated by a num ber o f 

m echanism s. Juxtaposition o f  reservoir rock against low -perm eability clay-rich 

nonreservoir rock can create a juxtaposition seal (A llen, 1989; Knipe, 1992; 1997). In 

m ixed clastic sequences, clay-rich rock can be incorporated into the fault to form  a 

clay sm ear m em brane seal (Y ielding et al., 1997). At reservoir-reservoir 

juxtapositions, low perm eability cataclasites or deform ation bands m ay develop, 

though their reduction on bulk perm eability is questionable (G ibson 1994; 1998;
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Yielding et al, 2002; Shipton et al., 2005). Therefore, fault seal assessments 

considering juxtaposition and entrainment of clay into the fault should incorporate a 

method applicable to assessing the risk of across fault leakage (see section 5.3). 

Specifically, faults should provide barriers to lateral flow o f subcritical CO2 when 

there is reservoir-nonreservoir juxtaposition and/or development o f continuous clay 

smears at shale gouge rations in excess of 20% (Fristad et al., 1997; Yielding et al., 

1997; Yielding et al, 2002). In section 4.3.2 the distribution o f travertine deposits 

agrees well with the leak points predicted by these methods.

In two-phase flow, faults act as absolute barriers to CO2 lateral migration 

until the buoyancy force in the CO2 column is sufficient to overcome the capillary 

entry pressure o f the fault rock. As capillary entry pressure is inherently related to 

pore throat dimensions (Schowalter, 1979), clay-rich fault rocks also provided by 

juxtaposition and clay smears represent effective seals. The absence o f supercritical 

CO 2 in the studied traps prevents identification o f  the thresholds for fault sealing, 

though values calibrated from hydrocarbon investigations (Fristad et al., 1997; 

Yielding et al., 1997; Manzocchi et a!., 1999; Yielding et al., 2002; Bretan et al.,

2003; Gibson, 2003) should provide initial values that can be refined with further 

research. Thus, further case studies are required to substantiate or refute this study’s 

findings and refine the threshold values for fault sealing in relation to subcritical and 

more importantly supercritical CO2 .

6.1.3.1.2 Cap Rock (Fault Parallel) Leakage

Integrity o f  clay-rich cap rocks can be undermined by the presence o f faults. 

Structures within the damage zone surrounding a fault can create pathways through 

the adjacent host rock. In the study area these pathways are best developed around 

structural complexities that include fault bends and relay ramps. Fault intersections, 

jogs and tips could also act as high structural density pathways (Curewitz and Karson. 

1997; Hancock et al., 1999). In clay-rich rocks, whether these pathways are open or 

closed to fluid flow is dependant on the consolidation state o f the rock when faulted. 

Faulting at increasing to maximum effective stresses experienced by a host rock (i.e. 

during basin burial) will cause the damage zone pathways to deform in a ductile 

fashion and may form consistent clay-rich barriers. In contrast, faulting at lower 

effective stresses experienced by a host rock (i.e. during basin uplift) can cause the 

damage zone pathways to dilate and form conduits. Even clay-rich rocks without

120



Discussion, Conclusions and Future Work

deformation will generally exhibit increases in permeability during uplift but to what 

extent remains undefined (see Bolton et al., 2000). Therefore, any area identified for 

potential CO2 storage should consider the burial history and timing o f fault activity to 

assess the risk o f CO2 leakage from cap rocks forming imperfect seals. Structural 

complexities proximal to top seals should also be avoided as they are commonly 

conduits for significant phases o f fluid flow (Sibson, 1996; Curewitz and Karson, 

1997; Gartell et al, 2004). These features are difficult to resolve with subsurface 

mapping techniques and rarely detected. However, the likelihood o f fractures in cap 

rock should be included in risk analysis o f any potential reservoir.

6.1.3.1.3 Boreholes

Possible leakage o f CO 2 from existing boreholes that penetrate geological 

storage sites is a major concern o f future storage projects. Research by Scherer et al. 

(2005) has indicated that the acidic properties o f COi-saturated waters can attack well 

cements leading to corrosion and possible leakage. Oil and gas wells drilled close to 

the Little Grand Wash Fault and northern fault o f the Salt Wash Graben penetrate 

C02-filled traps and provide pathways for rapid transport o f CO2 to the surface (i.e. 

Crystal and Ten Mile Geysers). However, not all wells in the study area leak. Two 

that penetrate footwall reservoirs along the Little Grand Wash Fault have remained 

intact (i.e. Amerada Hess 1 and 2; Fig. 3.1). Reasons for this disparity are unclear due 

to the lack o f records documenting post-drilling treatment o f the wells. However, the 

absence or degradation o f artificial cement infilling the wells is a probable cause. 

Alternatively, this could be a function o f the highly heterogenous distribution o f the 

CO2 accumulations in the subsurface. If the wells could be re-occupied, testing o f the 

pH o f the fluids in the wells would help confirm this.

Remediation o f leaking wells is possible, though in regions o f  extensive 

hydrocarbon exploration and production the number o f leaking wells could be high 

and remediation costs expensive. Therefore, site selection for CO2 geological storage 

should consider the number and integrity o f wells an injected CO 2 plume may 

encounter throughout the period o f desired storage. In addition, the composition and 

pH o f the C02-rich waters within the geologic storage site must be monitored to 

prevent prolonged periods o f acidic conditions, which can lead to corrosion o f well 

cements and possible leakage. Failure to do these tasks can result in significant 

leakage and high remediation costs throughout the duration o f the storage project.
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6.1.3.2 How Much Could Leak?

Leakage rates from a storage site are a case specific measurement that is 

dependant on the mass o f CO2 stored in the reservoir, quality o f the seal/s and 

effectiveness o f leakage pathways (i.e. faults and boreholes). Nevertheless, 

quantification o f this leakage rate can provide insight into the magnitude o f leakage 

associated with fault-sealed reservoirs over CO2 storage time-scales. Volumetric 

estimates indicate that a minimum of 1.9 million tonnes o f CO 2 leaked to the surface 

over a 78,000 year (±4300) period from a series o f fault-sealed traps with a combined 

CO 2 storage capacity o f between 0.6 and 6.3 million tonnes (section 5.4.3). This 

represents a leak rate o f greater than 0.2% to 1.9% every 500 years or 3.9% to 37.9%) 

every 10,000 years. Whether this leak rate is acceptable for CO2 storage projects is 

dependant on policy guidelines and emissions trading targets that are yet to be 

developed. However, any storage site with sustained, focussed leakage o f CO2 would 

probably be viewed as undesirable by the public. Additionally, if  CO 2 concentrations 

are suspected to be a threat, then CO2 flux and not leakage rate is a better measure to 

quantify potential adverse conditions to the environment (see below).

6.L3.3 What Are The Consequences of Leakage?

Potential consequences o f CO2 leakage from geological storage sites can be 

divided into subsurface and near surface effects. In the subsurface, leaked CO 2 may 

contaminate existing energy, mineral and/or groundwater resources. In this study, the 

leaking CO2 invades multiple aquifers, mixing with the groundwater and probably 

increases salinity by mobilising ions from CO2 reactions with host rock (see Rochelle 

et al., 2004; Schutt et al., 2005). As the local groundwaters are already saline (Hood 

and Patterson, 1984) this does no pose a significant environmental threat in the study 

area. However, subsurface resource contamination from CO2 leakage in other 

geologic settings could be a significant issue and must be considered when planning a 

CO 2 storage project.

The near surface environment is defined as the area roughly 1 Om above and 

below the ground surface (Oldenburg and Unger, 2005). Potential adverse effects o f 

CO 2 leakage to this environment can be gauged by determining the leakage flux and 

considering the nature o f leakage. Flux is a measure o f  the rate at which CO2 passes 

out o f the ground per unit area. In this study, conservative estimates o f  flux 

(0.6[j.mol/m^/s) are significantly below typical ecosystem fluxes (2-20|imol/m^/s;
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Janssens et al., 2001; Drewitt et al., 2002) and flu xes that cause tree mortality 

(400|im ol/m ^/s; Benson and Hepple, 2005). This suggests that CO 2 em issions in the 

near surface environm ent along the studied faults are benign. This is supported by 

anecdotal and personal observations indicating CO 2 leakage from geysers and springs 

has not been detrimental to plant, human or anim al life.

H ow ever, the nature and location o f  CO 2 leakage must also be considered with  

hazardous situations arising in low -lying, confined or poorly-ventilated spaces due to 

CO 2 being denser than air (H epple, 2005). Thus, sustained CO 2 leakage into the 

shallow  subsurface and poorly-ventilated subsurface structures such as basem ents and 

burrows can lead to harmful effects for plants and humans or other anim als 

respectively (Oldenburg and Unger, 2005). T hese harmful effects are num erous and 

varied and are explained in detail by H epple (2005). C onversely, direct CO 2 leakage 

into the atm osphere (i.e. geysers and volcanoes) generally poses no threat to the 

surrounding environm ent (Oldenburg and Unger, 2005). This is seen in the study area 

with anecdotal and personal observations indicating C O 2 leakage from geysers and 

springs has not been detrimental to plant, human or animal life. H ow ever, leakage in a 

different setting to the sparsely populated, high altitude desert setting o f  the study area 

may result in more harmful consequences. Thus, selection  o f  geo log ica l formations 

for CO 2 storage should consider the potential consequences o f  CO 2 leakage into 

subsurface reservoirs or inhabited areas.

6.1.3.4 Remediation of Leaks

A s a response to the potential harmful effects o f  C O 2 leakage from geological 

storage sites, a range o f  remediation techniques have been devised  or adapted 

predominantly from natural gas storage projects to lim it the effects o f  leakage (for 

review  see B enson and Hepple, 2005). R em ediation can aim to either stop the leak or 

capture the products o f  leakage. A s previously stated (see section  6 .1 .3 .1 ), leakage 

from a geological storage site is through seals (cap rock or faults) or via  inadequately  

sealed w ells. Techniques to stop leakage through seals include decreasing the pressure 

o f  the leaking geologica l formation, increasing the pressure o f  overlying form ations or 

extraction and reinjection o f  CO 2 into a suitable storage site. W ells can be 

individually repaired or plugged to stop leakage or blow outs.

Upon leakage, CO 2 can invade aquifers and the shallow  subsurface or vent 

into the atmosphere. Generally, CO 2 w ill be intercepted and extracted from areas o f
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subsurface contamination and either reinjected into a suitable storage site or vented 

into the atmosphere. Once the CO2 leaks to the surface, wind or large fans at point 

sources can be used to dilute CO2 to safe levels. It should be noted that remediation o f 

subsurface systems is expensive, difficult to perform and not always successful 

(Benson and Hepple, 2005). Thus, the integrity o f  the seal/s in trapping the injected 

CO 2 will determine the success and cost o f a CO 2 storage project.

6.1.3.5 Factors Influencing Reservoir Storage Suitability

Selecting geological storage sites suitable for the injection and retention o f 

CO2 over extended time-scales (10^-10“̂ years) is a complicated process that requires 

consideration o f numerous geologic and logistic factors. The main geologic reservoir 

options for CO2 storage based on availability and storage capacities are depleted oil 

and gas fields, saline aquifers and unmineable coal seams (Lewis and Shinn, 2001; 

Gale, 2004; Benson, 2005). This study has investigated fault-sealed saline aquifers 

that temporarily store CO 2 . Based on this research, the dominant geologic factors 

influencing the efficiency and integrity o f CO2 storage were highlighted. These 

geologic factors are documented below, along with a brief summary on the logistic 

factors that ultimately determine the viability o f storing CO2 in a geological reservoir.

6.1.3.5.1 C O 2 Phase

The in-situ temperature and pressure conditions o f a reservoir will control the 

phase o f CO 2 , which in turn defines its thermophysical and flow properties. The most 

important thermophysical property relevant to CO 2 storage is density, which 

determines how efficiently CO2 is stored in a reservoir. Reservoirs with CO2 in the 

liquid or supercritical phases will have sufficiently large densifies (600-800kg/m^) to 

make geological storage volumetrically efficient. In contrast, CO2 in the gas phase 

will be too diffuse (<300kg/m^) for economic storage in a reservoir.

Variation in phase also determines whether CO 2 will be governed by single- or 

two-phase flow. This flow property is important for CO 2 storage as it determines the 

effectiveness o f a seal in trapping CO2 . Two-phase flow o f CO 2 in the supercritical 

phase will result in a seal being absolute until the capillary entry pressure o f the 

sealing unit (i.e. cap rock or fault) is exceeded. Once exceeded, the rate o f CO2 

leakage will be controlled by the permeability o f  the sealing unit. In contrast, single

phase flow o f CO2 in the subcritical phases (gas or liquid) is solely reliant on the
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perm eability o f  the sealing unit. Thus, a seal w ill be more effective in trapping 

supercritical CO 2 as opposed to subcritical CO 2 provided the capillary entry pressures 

o f  the sealing unit have not been exceeded. Therefore, supercritical CO 2 is considered  

the best phase suitable for storage in geologica l reservoirs due to its efficient densities 

and two-phase flow  properties.

6.1.3.5.2 Leakage

The integrity o f  a geological reservoir is a major concern for potential CO 2 

storage sites. This study has identified m ultiple w ays CO 2 m ay leak from a reservoir 

via  cap rock, faults or boreholes. The cap rock represents the m ost important 

com ponent in trapping CO 2 within a reservoir for storage tim e-scales (1 0 ‘ -10 years). 

T w o factors that m ay com prom ise the sealing potential o f  a lithologically-good  cap 

rock are its effective stress history and the presence o f  faults. A clay-rich cap rock 

w ill consolidate and com pact at increasing to m axim um  effective stresses experienced  

by the strata (i.e. during basin burial) and w ill be overconsolidated and dilate at 

subsequently lower effective stresses (i.e. during basin uplift; Bolton et al., 2000).

This study com bined with other research (B olton  et al., 1998; Zhang and C ox, 2000) 

suggests that faulting o f  clay-rich cap rocks at these low er effective stresses will 

localise dilation, enhance perm eability and create flo w  pathways through the sealing  

unit, preferentially at structural com plexities a long a fault.

C onversely, faults can also form effective barriers to trap migrating CO 2 . 

U sing techniques adapted from the hydrocarbon industry, this study demonstrates that 

faults can form lateral seals to trap CO 2 provided there are favourable reservoir- 

nonreservoir juxtapositions and developm ent o f  continuous clay smears. Therefore, 

the presence o f  faults may enhance or decrease the sealing potential o f  a reservoir 

depending on the consolidation state o f  the cap rock and sealing attributes o f  the fault.

Abandoned and active boreholes that penetrate a reservoir are the other main  

structure that may com prom ise the integrity o f  a potential storage site. Leakage via a 

borehole can occur i f  it was inadequately sealed w ith cem ent or acidic C 02-rich  

waters attack and corrode borehole cem ents. R em ediation is possib le but expensive, 

so geologica l reservoirs with a minimal amount o f  boreholes w ould be preferred. 

Therefore, the m ost secure reservoirs for C O 2 storage should consist o f  a consolidated  

cap rock without boreholes or faults. H ow ever, in m ost situations this can not be 

avoided, and as such boreholes should be kept to a m inim um  and rigorously inspected
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for sealing integrity (see Benson and Hepple, 2005), faults should be assessed for 

their sealing potential (see section 5.3) and faulted, overconsolidated strata should be 

avoided.

6.1.3.5.3 Storage Capacity

Potential storage sites are only viable if  they can accommodate significant 

quantities o f CO2 . Current, industrial-scale projects are injecting CO 2 into the 

subsurface at rates o f 1 to 4 million tonnes per year for 20 to 30 years, while future 

projects are expected to be scaled up to 8 to 10 million tonnes per year (Benson.

2005). Factors effecting the storage capacity o f a reservoir vary depending on the 

reservoir type (i.e. saline aquifer, oil and gas fields, coal seams) and its characteristics 

(i.e. solubility, pore volume, adsorption). For this study, the critical parameters 

influencing the storage capacity o f saline aquifers were reservoir pore volume, CO2 

solubility in the brine and proportion o f free phase to dissolved CO 2 . Similarly, oil 

and gas field storage capacities are predominantly determined by reservoir pore 

volume, CO 2 solubility in the hydrocarbons and degree o f water invasion (Bachu, 

2002). Conversely, storage capacities for coal seams are predominantly determined by 

bed thickness and adsorption capacity of the coal (Gale and Fruend, 2001). As 

demonstrated from this study, it is not always possible to quantify all parameters 

affecting storage capacity (i.e. free phase to dissolved CO 2 ). However, reservoir pore 

volume for saline aquifers and oil and gas fields and bed thickness for coal seams can 

provide first-order approximations on the storage capacities o f a potential reservoir.

6.1.3.5.4 Logistics

The ultimate factor determining the feasibility o f  a geological reservoir for 

CO 2 storage is based on the logistics o f the project. Logistics covers all non- 

geological aspects o f CO 2 storage from identifying CO2 point sources to assessing 

infrastructural needs and calculating the economic viability o f a project. Major point 

sources that could supply CO2 to a geologic storage site consist o f power plants, 

refineries and other industrial plants. Key factors to consider when assessing the 

suitability o f a geologic reservoir include the proximity o f the sources to the reservoir 

and mass o f CO 2 available for storage. Intertwined with point sources are the 

infrastructural requirements needed to capture, transport and inject CO 2 from the 

source to storage site. In many cases, this Infrastructure is already available from the
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extraction and transport o f  hydrocarbons (i.e. Sleipner and W eyburn storage projects). 

H ow ever, significant infrastructure requirements may be needed in regions with little 

or no hydrocarbon potential. Finally, the total cost o f  a project from the capture o f  the 

CO 2 to its injection and m onitoring in a geologic reservoir must be econom ically  

viable for the project to be sustainable. These costs can be m inim ised by selecting  

storage sites w ith pre-existing infrastructure and offset by econom ic benefits from  

increased resource recovery (i.e. hydrocarbons or methane from coal seam s) and/or 

financial incentives provided by the public sector. To date, industrial-scale CO 2 

projects (i.e. Sleipner, W eyburn, In Salah, Gorgon and Snohvit) have been associated  

with hydrocarbon fields due to the infrastructure and econom ic benefits. H ow ever, 

large-scale deploym ent o f  this technology in the near-future w ill require a 

diversification o f  geo log ic  reservoir types used (i.e. saline aquifers and coal seam s) 

and further consideration o f  logistical requirements in non-hydrocarbon settings.

6.2 Conclusions
The fo llow in g  general conclusions have resulted from this study:

•  The Little Grand W ash Fault is a steeply dipping, arcuate normal fault 

with a m axim um  throw o f  260m . The central section o f  the fault splits into 

tw o main fault strands, introducing a series o f  structural com plexities (i.e. 

fault bends, fault intersections and relay zones). A  single '**̂ Ar/̂ ^Ar date 

indicates fault m ovem ent in the early Tertiary, though m ovem ent before 

and/or after this period is probable.

•  The Salt W ash and Ten M ile Grabens are linked by a left-stepping relay 

ramp and bound by steep, inward-dipping normal faults. The grabens are 

kinem atically linked with m axim um  throws o f  366m  and 210m  for the 

northern and southern faults, respectively. There are no dates for 

m ovem ent on any o f  the faults, though indirect evidence suggests 

m ovem ent in the early Tertiary and possib ly earlier in the Triassic.

•  A ll the studied faults are com posed o f  a fault core surrounded by a zone o f

damage in the adjacent host rock. The fault core consists o f  argillaceous-
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rich gouge and entrained pods or slabs o f  host rock that are bound and 

internally separated by two or more slip zones. This is surrounded by a 

dam age zone consisting o f  m inor faults, fractures, veins and deform ation 

bands that extends up to 150m from the fault and is m ost extensively 

developed around structural com plexities.

•  The Green River A nticline is an open, shallow ly north-plunging fold that 

was generated from salt tectonism  in the Triassic to mid Jurassic. The 

anticline is cut by both northw est-striking fault system s to create structural 

highs in the footw alls o f  the Little G rand W ash Fault and northern fault o f  

the Salt W ash Graben. A bundant fault-related m ineralization (travertines) 

and diagenesis (iron-oxide reduction, hydrocarbon staining and sulphate 

veins) are situated in the imm ediate footw alls o f  both structural highs, 

proxim al to the anticlinal fold axis.

•  I’he travertines are terrestrial carbonate deposits that precipitate directly 

from C 02-rich waters erupting from geysers and springs along both faults. 

Each deposit is com posed o f  four distinct lithofacies that define surface 

growth (carbonate cem ented conglom erates and layered carbonate m ats) 

and subsurface m igration pathways o f  C 0 2 -rich w aters through the deposit 

to the geyser or spring vent (white- and brow n-banded veins).

• The C O i-rich waters supplying the travertines are a product o f  C O 2 

generated from clay-carbonate reactions rising and m ixing with shallow  

m eteoric waters (Heath, 2004). Com parison o f  active and ancient 

travertine deposits indicate this hydrologic system  has been operating for 

the last 78,000 years (±4300). M inor isotopic variations in the travertine 

record indicate the likely influence o f  m ultiple source rocks supplying the 

CO 2 and fluctuations in the em ergence tem peratures o f  the erupting 

waters.
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• A conservative 1.9 million tonnes o f CO2 are estimated to have leaked to 

the surface along the Little Grand Wash Fault over the last 78,000 years 

(±4300) to give a leakage rate o f 24.1 tonnes/year or a flux o f 

0.6fj,mol/m^/s. The total CO2 storage capacity o f aquifers (White Rim 

Sandstone 2.4x10^-4.9x10^ tonnes; Wingate Sandstone 1.8x10^-7.1x10'^ 

tonnes; Navajo Sandstone 1.2x10^-3.5x10^ tonnes; Entrada Sandstone

1.0x10^-2.9x10^ tonnes) sealed by the Little Grand Wash Fault is between 

0.6 and 6.3 million tonnes. This indicates that the fauU-sealed aquifers 

have leaked between 30 and 300% o f their total capacity over a 78,000 

year period. In CO2 storage time-scales, this converts to a leak rate o f 0.2% 

to 1.9% every 500 years or 4% to 38% every 10,000 years.

• Assessment o f fault sealing mechanisms for the Little Grand Wash Fault 

and northern fault o f the Salt Wash Graben indicate leak points at low 

throws (<100m) due to reservoir (i.e. aquifer) self-juxtaposition and 

sealing at higher throws (>100m) due to reservoir-nonreservoir 

juxtaposition and development o f continuous clay smear. The structural 

highs created by the faulting o f the Green River Anticline channel the CO2 

in the reservoir units to the central, high throw sections o f both faults to 

form fault-sealed anticlinal traps.

• Leakage o f CO 2 from each trap is vertically through the overlying, clay- 

rich cap rock via fracture networks developed in the damage zone o f both 

faults. Flow is localised around structural complexities, where the fracture 

network is best developed. This charging and subsequent leakage o f CO 2 

from the fault-sealed traps is repeated until the C02-rich waters erupt at the 

surface to precipitate as travertine or vent into the atmosphere.

• The presence o f iron-oxide reduction, hydrocarbon staining and sulphate 

veins in footwall sandstones along both faults indicate additional fluids 

have migrated through the area. Furthermore, the close spatial association 

o f these fluid flow features in relation to the travertines suggest multiple
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fluids have used similar pathways to migrate through the faulted 

stratigraphy.

6.3 Future Work

The broad range o f topics investigated in this study has led to multiple lines of 

inquiry that could be further pursued to better characterise the field area or elaborate 

understanding on CO2 leakage from geological reservoirs. Detailed below are 

potential future research themes that could be initiated or continued based on results 

from this study.

• A detailed paradiagenetic study of the sandstones in the footwalls o f the 

Little Grand Wash Fault and northern fault o f  the Sah Wash Graben is 

needed to clarify the source and timing o f fluids responsible for iron-oxide 

reduction. Other studies in the region have indicated that hydrocarbons are 

responsible for iron-oxide reduction (Hansley, 1995; Chan et al., 2000; 

Garden et al., 2001; Parry et al., 2003), though preliminary investigations 

in the study area suggest a possibly different source. Therefore, 

clarification o f the nature o f the fluid responsible for iron-oxide reduction 

in the study area may lead to a re-evaluation o f the reducing fluid 

responsible for reduction in other parts o f the Paradox Basin and 

surrounding areas.

• The role damage zones can play in providing a conduit or barrier to fluid 

flow has been well documented in this and other studies (Fowles and 

Burley, 1994; Antonellini and Aydin, 1994, 1995; Caine et al., 1996;

Knipe et al., 1997; Jourde et al., 2002; Odling et al., 2004).The challenge 

now is to characterise the structures present in a variety o f lithologies at 

differing throws and fault settings. Furthermore, the relative permeabilites 

o f these structures should be established to determine their influence on 

the hydraulic behaviour of the fault zone as a whole. While extensive, the 

resuhs o f such an analysis would have major applications in the 

hydrocarbon, hydrology and geologic storage (CO2 or radioactive waste) 

sectors.
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Current dates for ancient travertine deposits in the study area provide an 

indication on the spatial and temporal variability o f CO 2 leakage along the 

Little Grand Wash Fault and northern fault o f the Salt Wash Graben. 

Further high resolution dating o f these ancient deposits would constrain 

the duration and rate o f leakage at each travertine site. This would further 

constrain the spatial and temporal changes in CO2 leakage along both 

faults, allowing better definition o f CO 2 leak rates and flux through time. 

Travertines from other springs in the Paradox Basin (i.e. Springerville; 

Allis et al., 2001; Moore et al., 2005) should also be sampled to see if 

leakage has been occuring for the same amount o f time at the same rate 

across the basin.

Current estimates o f storage capacities for aquifers sealed by the Little 

Grand Wash Fault are limited by the inability to define the proportion o f 

CO2 dissolved in solution within each trap (see section 5.4.2). Numerical 

modelling o f CO2 flow through this system would provide better estimates 

on the saturation states o f CO 2 within each trap and improve the 

understanding o f C02-meteoric water interaction within this system. This 

would refine the storage capacity estimates and combined with surface 

leak estimates would provide a more definitive answer as to the integrity 

o f the fault-sealed traps in storing CO 2 .

Fault seal techniques developed for the hydrocarbon industry were 

employed to predict the sealing behaviour o f faults in relation to 

subcritical CO2 . Further case studies o f fault-sealed CO2 reservoirs should 

now be undertaken to corroborate these findings and better calibrate fault 

seal techniques to subcritical and more importantly supercritical CO2 in 

potential storage sites. Confidence in defining the sealing behaviour o f 

faults in relation to CO2 would increase the range o f geological reservoirs 

that could be considered for future CO 2 storage projects.
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APPENDIX I 

OUTCROP FAULT DATA



Strike Dip Dip Direction Rake Fault^ Comment
120 83 South LGWF Main fault
98 68 South LGWF Main fault
130 73 South 90 LGWF Main fault
262 68 South LGWF Main fault
280 82 South 74 To The West LGWF Main fault
282 86 South 70 To The West LGWF Main fault
84 66 South LGWF Main fault
86 72 South LGWF Main fault
70 56 South LGWF Main fault
83 86 South LGWF Main fault
102 63 South 58 To The West LGWF Main fault
86 84 South LGWF Main fault
75 72 South 82 To The East LGWF Main fault
85 71 South 86 To The East LGWF Main fault
95 68 South 88 To The East LGWF Main fault
100 60 South 80 To The East LGWF Main fault
114 62 South LGWF Main fault
110 68 South LGWF Main fault
96 73 South LGWF Main fault
98 58 South LGWF Main fault
105 65 South LGWF Main fault
102 62 South LGWF Main fault
92 68 South LGWF Main fault
93 80 South LGWF Main fault
83 63 South LGWF Main fault
87 81 South LGWF Main fault
81 62 South LGWF Main fault
75 70 South LGWF Main fault
78 59 South LGWF Main fault
85 67 South LGWF Main fault
88 80 South LGWF Main fault
129 77 North 65 To The West LGWF Subsidiary fault
108 73 South 55 To The West LGWF Subsidiary fault
137 72 South LGWF Subsidiary fault
100 67 North LGWF Subsidiary fault
138 76 South 80 To The East LGWF Subsidiary fault
130 63 South LGWF Subsidiary fault
94 68 North 85 To The East LGWF Subsidiary fault
135 75 North LGWF Subsidiary fault
88 54 South LGWF Subsidiary fault
80 58 South LGWF Subsidiary fault
80 80 South LGWF Subsidiary fault
83 49 South LGWF Subsidiary fault

1 LGWF -Little Grand Wash Fault; nSWG -northern fault o f the Salt Wash Graben; sSWG -southern 
fault o f the Salt Wash Graben; nTMG -northern fault o f the Ten Mile Graben; sTMG -southern fault o f 
the Ten Mile Graben.
2 Unpublished borehole data from Exxon. Only fault dip data provided.



Strike Dip Dip Direction Rake Fault' Comment
56 LGWF Well DS-1 (Exxon)^
56 LGWF Well DS-2 (Exxon)^
63 LGWF Well DS-3 (Exxon)^
69 LGWF Well DS-4 (Exxon)^
48 LGWF Well DS-5 (E xxonf
55 LGWF Well DS-6 (E xxonf
65 LGWF Well DS-7 (Exxonf

114 78 South 68 To The East nSWG Main fault
108 73 South 55 To The West nSWG Main fault
282 86 South 77 To The West nSWG Main fault
274 52 South 83 To The West nSWG Main fault
284 82 South 87 To The West nSWG Main fault
278 80 South 88 To The East nSWG Main fault
288 68 South nSWG Main fault
90 58 South nSWG Main fault

280 74 South nSWG Main fault
294 89 South nSWG Main fault
104 84 South nSWG Main fault
305 57 South nSWG Main fault
266 64 South nSWG Main fault
271 56 South nSWG Main fault
277 70 South nSWG Main fault
288 72 South nSWG Main fault
277 80 South nSWG Main fault
280 80 South nSWG Main fault
90 83 South nSWG Main fault

238 48 South nSWG Main fault
112 76 South nSWG Main fault
142 82 South nSWG Main fault
134 85 South nSWG Main fault
110 70 South nSWG Main fault
106 79 North 86 To The West sSWG Main fault
129 77 North 65 To The West sSWG Main fault
114 71 North 89 To The West sSWG Main fault
117 84 North 83 To The East sSWG Main fault
321 71 East sSWG Main fault
291 77 East sSWG Main fault
296 82 East sSWG Main fault
99 80 North sSWG Main fault
112 68 East sSWG Main fault
115 78 East sSWG Main fault

1 LGWF -Little  Grand Wash Fault; nSWG -northern fault o f the Salt Wash Graben; sSWG -southern 
fault o f the Salt Wash Graben; nTMG -northern fault o f the Ten Mile Graben; sTMG -southern fault o f 
the Ten Mile Graben.
2 Unpublished borehole data from Exxon. Only the fault dip data is provided.



Strike Dip Dip Direction Rake Fault' Comment
107 66 North sSWG Main fault
116 79 East sSWG Main fault
108 75 North sSWG Main fault
100 70 North sSWG Main fault
120 80 East sSWG Main fault
114 72 North sSWG Main fault
109 74 North sSWG Main fault
100 69 North sSWG Main fault
110 67 East sSWG Main fault
98 81 North sSWG Main fault

285 87 South 62 To The West nTMG Main fault
287 69 South 81 To The West nTMG Main fault
278 72 South 74 To The West nTMG Main fault
274 52 South 83 To The West nTMG Main fault
284 82 South 87 To The West nTMG Main fault
98 80 South 88 To The East nTMG Main fault

290 80 South 89 To The West nTMG Main fault
262 68 South nTMG Main fault
290 65 South nTMG Main fault
285 80 South nTMG Main fault
280 75 South nTMG Main fault
282 67 South nTMG Main fault
278 74 South nTMG Main fault
283 68 South nTMG Main fault
288 70 South nTMG Main fault
286 72 South nTMG Main fault
300 76 South nTMG Main fault
80 89 North 85 To The East sTMG Main fault
120 82 North 84 To The East sTMG Main fault
123 73 North 76 To The East sTMG Main fault
298 74 North 88 To The West sTMG Main fault
290 66 North sTMG Main fault
288 73 North sTMG Main fault
292 64 North sTMG Main fault
285 59 North sTMG Main fault
288 75 North sTMG Main fault
280 77 North sTMG Main fault
283 64 North sTMG Main fault
273 76 North sTMG Main fault

1 LGWF -L ittle  Grand Wash Fault; nSWG -northern fault o f the Salt Wash Graben; sSWG -southern 
fault o f the Salt Wash Graben; nTMG -northern fault o f the Ten Mile Graben; sTMG -southern fault o f 
the Ten Mile Graben.
2 Unpublished borehole data from Exxon. Only the fault dip data is provided.



APPENDIX II 

SCANLINE FRACTURE DATA



Scanline 1 (Area 1)
Salt Wash Sandstone 
95-145m from relay ramp

Position (m) Fracture Stril^e
1 280

2.5 281
5.9 272
9.5 281
11 299
13 271

14.4 271
19.2 280
21.2 282
23 267

28.1 292
28.9 287
32.5 284
33.6 277
34.4 252
36.6 269
37.1 210
38.1 271
44.2 264

Scanline 2 (Area 1)
Salt Wash Sandstone 
55-85m from relay ramp

Position (m) Fracture Strike
3 320

4.6 262
4.7 282
6.3 296
7.2 262
7.8 282
10.1 305
10.6 285
10.9 271
11.7 268
11.9 300
12 288

12.3 278
12.9 256
13 268

13.1 266

Scanline 2 (continued)
Position (m) Fracture Strike

13.2 266
13.7 296
13.8 278
13.9 271
14.3 288
14.4 266
14.5 270
14.6 274
14.7 265
14.8 262
14.9 270
15 285

15.1 268
15.2 274
16.2 270
16.8 242
17 258

17.1 261
17.2 277
17.5 270
17.7 272
17.8 289
17.9 273
18 275

18.2 265
19.7 276
19.9 271
20.7 286
22.3 263
23.2 263
23.3 309
23.6 265
24 275

24.6 272
25.1 266
25.4 309
25.2 275
27.1 265
28.3 256
29.3 302
31 298



Scanline 3 (Area 1)
Salt Wash Sandstone 
Eastern edge o f  relay ramp

Position (m) Fracture Strike
0 269

0.2 262
0.3 270
0.3 269
0.4 262
0.5 267

0.65 277
0.7 301
0.7 303
1.05 301
1.1 307

1.15 304
1.2 309
1.4 273
1.4 311

1.55 284
1.55 319
1.75 309
1.85 301
1.95 294

2 304
2.25 298
2.45 298
2.6 306
2.6 307

2.65 281
2.8 306
2.9 300
2.9 274
3 308

3.1 288
3.2 291
3.4 308
3.4 COVERED
3.8 COVERED
3.8 318

3.85 301
4 307

4.15 313
4.15 298

Scanline 3 (continued)
Position (m) Fracture Strike

4.3 284
4.35 306
4.35 COVERED
7.3 COVERED
7.3 304
7.7 289
8 317

8.2 294
8.7 308
8.9 296
9 331

9.05 291
9.25 309
9.25 COVERED
9.8 COVERED
9.8 291

10.05 306
10.1 287
10.1 295

10.25 291
10.35 301
10.4 301

10.65 296
10.9 300
11.1 296
11.3 268
11.4 267
11.5 268
11.6 281
11.7 302
11.7 306
11.8 270
11.8 306
11.9 251
11.9 292
12.3 284
12.6 298
12.8 292
13 300

13.4 298
13.5 281
13.7 285



Scanline 3 (continued)

Position (m) Fracture Strike
13.95 301
14.1 325
14.3 274
14.6 276
14.7 310

Scanline 4 (Area 1) 
Salt Wash Sandstone 
In relay ramp

Position (m) Fracture Strike
0 269

0.3 4
0.8 20
1 39

1.4 204
1.6 210
1.65 210
1.75 208
1.85 250
1.9 196
2.3 205

2.41 185
2.48 195
2.52 200
2.61 220
2.61 250
2.61 255
2.61 245
2.64 215
2.65 185
2.67 335
2.73 180
3,1 185
4 268

4.2 260
4.4 265

4.46 351
4.56 315
4.58 120
4.62 304
4.64 262
4.8 180

Scanline 4 (continued)

Position (m) Fracture Strike
4.9 231
5.25 259
5.75 240
5.85 232
5.9 308
6 310

6.1 225
6.55 311
6.65 275
6.75 305
6.9 211
7.3 225
7.35 186
7.75 190

8 256
8.1 280
8.2 270
8.25 200
8.3 105
8.5 124
8.8 200
8.85 266
8.95 240
9.05 270
9.2 250
9.3 355

9.35 337
9.4 235

9.43 182
9.5 269
9.6 322
9.7 270
9.8 190
9.9 285

9.92 185
9.95 175
10 155

10.6 355
10.7 265

10.73 225
10.8 280
10.9 290



Scanline 4 (continued)
Position (m) Fracture Strike

11 260
11.29 292
11.35 288
11.4 74
11.5 256
11.7 271

11.75 37
11.88 78
11.93 78
12.05 252
12.15 274
12.2 276
12.3 28

12.62 285
12.72 118
12.85 150
12.9 88

12.95 136
13 340

13.1 310
13.2 112
13.3 118

13.33 115
13.45 127
13.6 102

13.65 87
13.7 2

13.75 108
13.78 131
13.8 114

13.82 80
13.85 77
13.86 75
14.2 106

14.28 89
14.35 121
14.5 93
14.7 108

14.75 66
14.8 89
14.9 84

14.95 117

Scanline 4 (continued)
Position (m) Fracture Strike

15.05 90
15.1 72

15.15 70
15,18 80
15.3 60

15.35 68
15.5 74

15.75 72
15.9 76

16.05 102
16.45 140
16.6 122

16.75 82
16.9 160
17 82

17.8 27
17.9 26
18.1 146
18.6 338

18.65 327
18.7 331
18.9 336
20 262

20.3 14
20.6 28
20.9 15
21.2 2
21.6 15
21.7 70
22 72

22.6 76
22.7 240
23.1 91

23.15 60
23,3 75
23.5 58

23.55 86
23.6 76

23.65 58
23.7 58
23.9 253

23.85 80



Scanline 4 (continued)
Position (m) Fracture Strike

24.4 81
24.8 48
24.9 46
25.5 89

26.25 88
26.35 50
26.4 69

26.55 82
26.65 93
27.1 82
27.2 62
27.32 56
27.6 78
28.05 102
28.5 70
28.7 32
28.8 88
29 37

29.2 92
29.4 80
29.5 54
29.9 79
30 36

30.3 122
30.5 22
30.6 70
30.8 92
31.2 282
31.5 152
31.8 138
32 114

32.2 82
32.4 260
32.8 75
33 45
34 260
35 126

Scanline 5 (Area 1) 
Salt Wash Sandstone 
In relay ramp_______

Position (m) Fracture Strike
1.5 336
2.3 315

2.35 321
2.6 270
3.12 350
3.6 181
4.6 190

4.65 292
4.7 310
5.45 200
5.93 316
6.85 300
7.35 295
7.5 295
8.15 282
8.25 265
8.55 210

9 325
9.9 210

9.95 333
10 332

10.29 325
10.35 345
11.07 215
11.3 280
11.5 174
11.7 145
12.4 125

12.55 334
12.65 285
12.7 329

12.75 359
12.85 325

13 333
13.1 340

13.18 325
13.25 332
13.37 334



Scaniine 6 (Area 2) 
Curtis Formation 
Immediate Footwall

Position (m) Fracture Strike
1.15 120
1.16 86
1.2 102

1.35 120
1.55 125
1.7 122
1.9 114

2.85 183
3 172

3.5 131
3.65 139
3.7 126
3.8 119

4.45 150
4.9 145
5.1 254
5.2 147
5.8 175
6.1 275
7 275

7.3 295
7.4 295
7.5 138
8.6 281
9.1 212

9.35 212
9.6 290
10.1 208
10.2 204
10.6 214
10.9 131
11.1 143
11.7 258
12 280

12.3 320
12.6 258
12.7 124
13.6 141
14 143

14.4 135

Scaniine 6 (continued)
Position (m) Fracture Strike

14.5 150
14.52 150
14.55 150
14.65 295
15.5 270
15.9 135

15.95 105
16.1 122

16.15 322
16.2 300

16.35 101
16.4 137
16.5 132

16.55 128
16.57 134
16.58 134
16.7 128
16.8 132
17.1 123

17.15 110
17.25 109
17.5 122
17.6 102

17.65 150
17.7 112

17.85 121
17.9 115

18.05 106
18.3 116
18.4 117

18.65 120
18.75 98
18.9 110
19.1 105

19.45 100
19.9 163
20.2 92

20.25 92
20.7 181
21.1 112

21.55 176
21.8 167



Scanline 6 (continued)
Position (m) Fracture Strike

22.3 127
22.5 127
22.6 124
22.8 113
23 100

23.8 245
24.8 113

25.05 122
25.2 100

25.35 102
25.55 113
25.7 88
26 114

26.2 122
26.3 103

26.55 76
26.65 110
26.75 105

27 128
27.3 116

27.45 120
27.55 130
27.65 117
27.8 132
28.5 90

28.65 165
29.05 128
29.1 130

29.12 142
29.2 85

29.25 110
29.3 100
29.4 120

29.55 115
29.6 135
29.7 117

29.75 140
29.8 117
30 110

30.2 100
30.4 95

30.55 103

Scanline 6 (continued)
Position (m) Fracture Strike

30.85 105
30.95 180
31.2 190

31.35 125
31.8 163
31.9 110
32 128

32.3 83
32.4 85

32.65 151
33.37 195
33.7 180

34.13 156
34.6 110

35.25 115
35.5 166
35.7 137

36.15 125
36.3 125
37 115



Scanline 7 (Area 2) 
Mancos Formation 
Immediate Hanging W all

Position (m) Fracture Stril<e
0 329

0.2 343
0.5 357
0.9 278
1 89
1 341

1.2 108
1.5 39
1.6 93
1.8 83
2.2 123
2.3 39
2.4 98
2.8 75
3 77
3 274

3.3 300
3.8 296
4 281

4.5 187
5.1 47
5.1 260
5.4 93
6.2 210
6.5 250
6.8 223
7 156

7.2 211
7.2 203
7.4 207
7.7 257
7.8 233
7.9 203
8.3 68
8.3 304
8.8 123
9.1 201

Scanline 7 (continued)

Position (m) Fracture Strike
9.7 38
10.1 89
10.3 79
10.3 341
10.9 257
11 345

11.3 62
11.4 129
11.7 122
11.7 134
11.8 149
12 311

12.1 44
12.1 182
12.6 235
13 344

13.2 259
13.9 263
14.4 209
14.7 269
14.9 323
15.5 259
15.9 262
15.9 277
16.5 224
16.7 212
16.8 256
17.2 359
17.9 276
18.4 120
18.4 262
18.7 341
19.3 106
19.6 230
19.8 285



APPENDIX III 

X-RAY DIFFRACTION TRACES
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1. Clay Fraction in the Little  Grand Wash Fault Footwall (Morrison Formation)
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3. Clay Fraction in the Little Grand Wash Fault Hanging Wall (Mancos Formation)
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4. Clay Fraction in the Northern Salt Wash Graben Footwall (Entrada Sandstone)
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5. Clay Fraction in the Northern Salt Wash Graben Footwall (Entrada Sandstone)
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7. Fault Gouge in the Northern Fault o f the Salt Wash Graben

1000
I/s  - lllitE-Smectite Q -Quartz 
K - Kaollnite H - Haematite 

C - Calcite
Glycolated

800 I/s

600

^ 400
Artefact

200
Air Dried

0 5 10 15 20 25 30 35
Degrees 2-Theta

8. Clay Fraction in the Salt Wash Graben (Cedar Mountain Formation)

700
I/s - lllitE-Smectite 
K - Kaolinite 
Q - Quartz 
H - Halite 
G - Goetliite

I/S I/S I/SI/S

600

Glycolated500

400

(j 300
Artefact

200
Air Dried

100

0 5 10 15 20 25 30 35
Degrees 2-Theta



Co
un

ts
 

p 
C

ou
nt

s
9. Carbonate from Active Crystal Geyser Travertine (8m from vent)

500

400

300

200

100

0

C -Caldte

5 10 15 20 25 30 35 40

Degrees 2-Theta

Carbonate from Active Crystal Geyser Travertine (55.7m from vent)

1200

1000

800

600

400

200

0

C -Caldte C C
A * Aragomte

5 10 15 20 25 30 35 400
Degrees 2-Theta



Co
un

ts 
N 

C
ou

nt
s

11. Layered Carbonate Mat from Travertine 2
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13. White-Banded Vein from Travertine 2
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15. Brown-Banded Vein from Travertine 2
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17. Conglomerate Cement from Travertine 2
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19. Reduced Sandstone for Transect 1
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21. Fracture Infill for Transect 2
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23. Unreduced Sandstone for Transect 2
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25. Reduced Sandstone for Transect 3
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APPENDIX IV 

STABLE ISOTOPE DATA



Ancient Travertine 1
5^®0 Lithofacies

16.8 4.2 White-Banded Vein
17.7 4.5 White-Banded Vein
18.1 4.7 White-Banded Vein
18.1 5.0 White-Banded Vein
17.4 4.6 White-Banded Vein
17.4 4.5 White-Banded Vein
17.3 4.4 White-Banded Vein
17.7 4.8 White-Banded Vein
19.2 5.5 White-Banded Vein
18.0 5.6 White-Banded Vein
19.3 4.6 Layered Carbonate Mat
18.1 4.5 Layered Carbonate Mat
17.9 4.2 Layered Carbonate Mat
18.3 4.9 Layered Carbonate Mat
17.7 4.7 Layered Carbonate Mat
17.7 3.4 Conglomerate
19.5 4.9 Conglomerate
16.2 1.5 Host Rock (Curtis)
18.0 3.7 Host Rock (Curtis)

Ancient Travertine 2
5’^C Lithofacies

16.8 4.7 White-Banded Vein
17.0 4.8 White-Banded Vein
17.3 5.1 White-Banded Vein
18.7 5.4 White-Banded Vein
17.2 4.6 White-Banded Vein
16.6 5.0 White-Banded Vein
17.3 4.5 White-Banded Vein
18.6 5.5 White-Banded Vein
17.2 4.8 White-Banded Vein
17.0 4.6 White-Banded Vein
17.1 4.8 White-Banded Vein
17.1 4.6 White-Banded Vein
17.3 4.5 White-Banded Vein
16.9 4.7 White-Banded Vein
17.0 4.6 White-Banded Vein
17.2 4.5 White-Banded Vein
16.9 4.6 White-Banded Vein
16.9 4.6 White-Banded Vein
17.6 4.5 White-Banded Vein
17.5 4.9 White-Banded Vein
17.6 4.8 White-Banded Vein
17.4 5.0 White-Banded Vein
17.5 4.8 White-Banded Vein

A ncien t""ravertine 2 (continued)
6 '“0 5’ ^C Lithofacies
17.5 4.7 Wh te-Banded Vein
17.5 4.9 Wh te-Banded Vein
17.2 4.8 Wh te-Banded Vein
18.0 5.6 Wh te-Banded Vein
18.5 5.6 Wh te-Banded Vein
18.5 5.8 Wh te-Banded Vein
17.2 5.2 Wh te-Banded Vein
18.1 5.8 Wh te-Banded Vein
17.3 4.9 Wh te-Banded Vein
17.6 5.0 Wh te-Banded Vein
17.7 5.3 Wh te-Banded Vein
18.1 6.0 Wh te-Banded Vein
18.3 5.9 Wh te-Banded Vein
18.4 6.1 Wh te-Banded Vein
17.6 5.2 Wh te-Banded Vein
17.6 5.0 Wh te-Banded Vein
17.4 5.1 Wh te-Banded Vein
17.9 6.2 Wh te-Banded Vein
17.7 5.8 Wh te-Banded Vein
16.9 5.1 Wh te-Banded Vein
18.0 5.7 Wh te-Banded Vein
15.4 4.9 Wh te-Banded Vein
17.2 5.8 Wh te-Banded Vein
18.5 5.8 Wh te-Banded Vein
18.6 5.6 Wh te-Banded Vein
17.4 5.5 Wh te-Banded Vein
18.6 5.9 Brown-Banded Vein
17.5 5.1 Brown-Banded Vein
18.8 5.1 Layered Carbonate Mat
19.4 5.2 Layered Carbonate Mat
18.9 6.1 Layered Carbonate Mat
18.7 5.6 Layered Carbonate Mat
18.9 6.1 Layered Carbonate Mat
18.9 6.1 Layered Carbonate Mat
18.7 6.1 Layered Carbonate Mat
20.7 5.5 Layered Carbonate Mat
21.4 5.4 Layered Carbonate Mat
18.8 6.3 Layered Carbonate Mat
18.6 5.9 Layered Carbonate Mat
18.7 6.8 Layered Carbonate Mat
18.1 5.2 Layered Carbonate Mat
18.7 4.5 Layered Carbonate Mat
19.2 5.3 Layered Carbonate Mat
19.0 4.2 Layered Carbonate Mat
19.3 3.3 Conglomerate



A nc ien t' 'ravertine 2 (continued)
6^“0 5'^C Lithofacies
19.4 3.9 Conglomerate
19.3 3.4 Conglomerate
22.7 2.7 Host Rock (Summerville)
20.2 3.8 Host Rock (Summerville)
20.1 3.6 Host Rock (Summerville)
19.9 3.3 Host Rock (Summerville)

A nc ien t' ’ravertine 3
5’ "C Lithofacies

17.7 4.0 White-Banded Vein
19.0 5.8 White-Banded Vein
18.9 5.6 White-Banded Vein
18.0 6.3 White-Banded Vein
18.1 5.8 White-Banded Vein
18.2 5.5 White-Banded Vein
17.7 5.6 White-Banded Vein
18.2 5.6 White-Banded Vein
18.5 5.6 White-Banded Vein
17.8 5.2 White-Banded Vein
18.6 5.8 White-Banded Vein
18.9 5.9 White-Banded Vein
17.6 5.8 White-Banded Vein
19.4 5.6 Layered Carbonate Mat
19.2 5.8 Layered Carbonate Mat
21.7 5.2 Layered Carbonate Mat
17.3 5.4 Layered Carbonate Mat
19.2 7.3 Layered Carbonate Mat
18.7 6.6 Layered Carbonate Mat
18.5 4.4 Conglomerate
18.8 4.7 Conglomerate
19.2 4.0 Conglomerate
18.4 -0.4 Host Rock (Summerville)

A nc ien t" 'ravertine 4
5"*0 5'^C Lithofacies
19.1 5.7 Wh te-Banded Vein
19.6 5.8 Wh te-Banded Vein
19.7 5.7 Wh te-Banded Vein
20.0 5.6 Wh te-Banded Vein
20,0 5.7 Wh te-Banded Vein
19.2 5.9 Wh te-Banded Vein
19.8 5.7 Wh te-Banded Vein
26.3 5.0 Wh te-Banded Vein
19.6 5.5 Wh te-Banded Vein
19.3 5.4 Wh te-Banded Vein
19.4 5.8 Wh te-Banded Vein
19.5 5.6 Wh te-Banded Vein
19.1 5.3 Wh te-Banded Vein
19.6 5.4 Wh te-Banded Vein
19.6 5.4 Wh te-Banded Vein
19.6 5.8 Wh te-Banded Vein
19.2 5.7 Wh te-Banded Vein
19.7 5.9 Wh te-Banded Vein
16.9 5.5 Wh te-Banded Vein
19.8 5.5 Wh te-Banded Vein
19.6 5.5 Wh te-Banded Vein
19.4 5.4 Wh te-Banded Vein
19.1 6.2 Layered Carbonate Mat
19.8 6.4 Layered Carbonate Mat
22.6 5.0 Conglomerate
19.1 4.1 Conglomerate
20.3 4.9 Conglomerate
23.5 4.9 Conglomerate
25.6 4.6 Conglomerate
19.0 1.7 Conglomerate
18.5 6.2 Conglomerate
23.9 -2.0 Host Rock (Brushy Basin)
18.4 2.9 Host Rock (Brushy Basin)
19.8 4.9 Host Rock (Brushy Basin)
18.6 -1.6 Host Rock (Brushy Basin)
16.8 -2.6 Host Rock (Brushy Basin)
17.3 -2.4 Host Rock (Brushy Basin)



Ancien t" ’ravertine 5
5 '“0 5'^C Lithofacies
19.4 6.0 White-Banded Vein
18.3 5.0 White-Banded Vein
18.6 4.9 White-Banded Vein
17.9 4.6 White-Banded Vein
18.0 4.7 White-Banded Vein
19.4 5.5 White-Banded Vein
20.4 4.4 White-Banded Vein
19.3 5.4 White-Banded Vein
18.2 5.4 White-Banded Vein
18.8 5.0 White-Banded Vein
21.4 4.7 White-Banded Vein
18.8 5.3 White-Banded Vein
19.9 4.7 White-Banded Vein
20.7 3.9 Conglomerate
21.3 4.5 Conglomerate
24.8 5.4 Conglomerate
14.9 6.0 Conglomerate
22.6 3.7 Conglomerate
20.3 -3.9 Host Rock (Entrada)
20.2 -3.3 Host Rock (Entrada)
21.1 -3.5 Host Rock (Entrada)

A ncien t' ravertine 6
5 ’^C Lithofacies '

18.5 5.1 White-Banded Vein 1
18.6 5.1 White-Banded Vein 1
18.1 5.1 White-Banded Vein 1
21.0 4.4 Conglomerate 1
20.9 3.3 Host Rock (Entrada) 1
18.8 5.6 White-Banded Vein 2
18.5 5.6 White-Banded Vein 2
18.4 6.1 White-Banded Vein 2
18.8 4.8 White-Banded Vein 2
18.3 5.1 White-Banded Vein 2
18.2 5.0 White-Banded Vein 2
18.8 5.3 White-Banded Vein 2
17.7 4.3 White-Banded Vein 2
16.9 6.0 White-Banded Vein 2
18.7 5.4 White-Banded Vein 2
18.6 5.1 White-Banded Vein 2
17.1 5.1 White-Banded Vein 2
19.1 5.3 White-Banded Vein 2

I - Num ber indicates area sampled from
deposit (see Fig. 4.24)

A ncien t">avertine 6 (continued)
6'^C Lithofacies ^

19.4 5.3 Layered Carbonate Mat 2
19.9 6.3 Layered Carbonate Mat 2
21.4 5.0 Layered Carbonate Mat 2
22.3 5.7 Layered Carbonate Mat 2
18.8 5.9 Layered Carbonate Mat 2
18.6 6.3 Layered Carbonate Mat 2
19.6 6.5 Layered Carbonate Mat 2
21.8 6.5 Layered Carbonate Mat 2
22.3 2.5 Layered Carbonate Mat 2
20.3 5.9 Layered Carbonate Mat 2
22.3 5.0 Layered Carbonate Mat 2
21.7 5.3 Layered Carbonate Mat 2
19.0 5.7 Conglomerate 2
20.8 6.3 Conglomerate 2
19.1 4.1 Conglomerate 2
19.2 4.0 Conglomerate 2
19.4 4.3 Conglomerate 2
19.8 7.8 Conglomerate 2
21.0 4.8 Conglomerate 2
20.3 5.7 Conglomerate 2
21.7 5.2 Conglomerate 2
21.0 3.7 Host Rock (Entrada) 2
20.9 4.5 Host Rock (Entrada) 2
19.9 3.7 Host Rock (Entrada) 2
20.3 4.0 Host Rock (Entrada) 2
17.8 6.1 White-Banded Vein 3
20.0 6.0 White-Banded Vein 3
17.2 4.5 White-Banded Vein 3
19.0 5.3 White-Banded Vein 3
18.9 5.1 White-Banded Vein 3
19.1 5.8 White-Banded Vein 3
20.1 5.6 White-Banded Vein 3
20.1 5.8 White-Banded Vein 3
24.2 4.5 Layered Carbonate Mat 3
25.1 5.3 Layered Carbonate Mat 3
21.4 5.3 Conglomerate 3
20.1 4.4 Conglomerate 3
20.1 4.4 Conglomerate 3
20.0 2.3 Host Rock (Entrada) 3
19.2 2.3 Host Rock (Entrada) 3
20.1 2.3 Host Rock (Entrada) 3
20.2 2.3 Host Rock (Entrada) 3
19.5 2.1 Host Rock (Entrada) 3

1- Number indicates area sampled from
deposit (see Fig. 4 .24)



Ancient Travertine 7
Lithofacies

19.0 5.6 White-Banded Vein
18.9 6.3 White-Banded Vein
18.8 5.6 White-Banded Vein
19.1 6.6 White-Banded Vein
18.5 5.5 White-Banded Vein
18.5 5.9 White-Banded Vein
18.7 6.0 White-Banded Vein
18.9 5.6 White-Banded Vein
18.7 5.5 White-Banded Vein
19.0 5.5 White-Banded Vein

Non-Travertine Carbonate Veins

cs o Fault ’ Setting
15.0 -7.1 nSWG Fault Zone
18.6 -5.6 nSWG Hanging Wall
18.4 -8.1 nSWG Hanging Wall
15.9 -5.5 nSWG Hanging Wall
18.3 1.6 LGWF Hanging Wall
18.6 1.6 LGWF Hanging Wall
18.5 1.5 LGWF Hanging Wall
18.4 1.7 LGWF Hanging Wall
17.3 -5.9 LGWF Hanging Wall
16.9 0.7 LGWF Hanging Wall
16.6 0.4 LGWF Hanging Wall
22.3 -0.1 LGWF Hanging Wall

- nSW G =  northern fault o f the Salt Wash Graben; L G W F  =  Little Grand Wash Fault

Traverse o f a Rec uction Halo Arounc Fracture
6 '“0 5'^C Description Distance (m)^
18.3 5.0 Carbonate Infill 0
21.5 -2.4 Bleached Entrada 0.02
19.7 -2.8 Bleached Entrada 0.05
23.6 -2.6 Bleached Entrada 0.09
22.5 -2.2 Red Entrada 0.11
21.8 -2.8 Red Entrada 0.2
23.4 -2.3 Red Entrada 0.5
22.2 -2.0 Red Entrada 1.05
21.3 -2.7 Red Entrada 2.85
23.1 -1.5 Red Entrada 7.3

1 - Perpendicular distance from centre o f  fracture



Active Travertines
5 '“0 Travertine^ Distance (m)‘^
19.6 9.5 Crystal Geyser 1 4.3
19.1 9.4 Crystal Geyser 1 8.8
18.0 5.6 Crystal Geyser 1 13.1
18.1 5.7 Crystal Geyser 1 17.0
18.9 6.8 Crystal Geyser 1 21.0
18.9 5.8 Crystal Geyser 1 22.8
18.8 6.3 Crystal Geyser 1 27.1
18.7 6.2 Crystal Geyser 1 31.0
18.4 6.0 Crystal Geyser 1 35.0
18.6 6.4 Crystal Geyser 1 39.1
18.6 6.5 Crystal Geyser 1 42.9
18.7 6.5 Crystal Geyser 1 47.0
18.8 6.5 Crystal Geyser 1 50.1
19.0 6.4 Crystal Geyser 1 51.6
18.7 6.2 Crystal Geyser 1 53.9
18.5 6.7 Crystal Geyser 1 57.9
18.4 5.9 Crystal Geyser 1 62.2
18.3 6.1 Crystal Geyser 1 66.0
18.7 6.1 Crystal Geyser 1 69.7
19.3 7.9 Crystal Geyser 2 4.0
19.2 6.8 Crystal Geyser 2 8.0
19.2 7.2 Crystal Geyser 2 12.2
19.4 7.0 Crystal Geyser 2 16.2
19.2 6.5 Crystal Geyser 2 20.2
19.2 6.8 Crystal Geyser 2 24.1
19.3 6.5 Crystal Geyser 2 28.2
19.2 5.9 Crystal Geyser 2 31.6
18.9 5.5 Crystal Geyser 2 36.0
18.7 5.9 Crystal Geyser 2 36.9
18.5 5.6 Crystal Geyser 2 40.0
18.6 5.2 Crystal Geyser 2 44.0
18.4 5.4 Crystal Geyser 2 48.1
18.4 6.0 Crystal Geyser 2 52.3
18.9 5.7 Crystal Geyser 2 55.7

1 - Num ber indicates flow  path for Fig. 4.14.
2 - Horizontal distance from geyser or spring vent.



Active Travertines (continued)
Travertine^ Distance (m)^

21.9 9.2 Ten Mile Geyser 2
21 1 8.7 Ten Mile Geyser 4
21.0 7.8 Ten Mile Geyser 4.9
20.8 8.9 Ten Mile Geyser 5.7
22.2 10.2 Ten Mile Geyser 7.9

19.2 6.8 Eastern Bubbling
Spring (Three Sisters)

18.8 5.7 Eastern Bubbling 10Spring (Three Sisters)

20.1 8.4 Northern Bubbling 
Spring (Three Sisters) At Vent

20.3 11.3 Southern Bubbling 
Spring (Three Sisters) At Vent

19.9 6.5 Torrey Spring 0.2
20.1 8.3 Torrey Spring 7 5

1 - Number indicates flow  path for Fig. 4.14.
2 - Horizontal distance from geyser or spring vent.



APPENDIX V

METHODOLOGY FOR U-TH DATING OF TRAVERTINES



Separation of Uranium and Thorium from Carbonate Samples

1. Sam p les are crushed  to less than I mm.
2. ‘D irty ’ sam p les are inspected  under a b inocular m icro sco p e  and altered, w eathered or stained  

p ieces are rem oved .
3. 3-4  gram s o f  sam p le  w e ig h ed  into a teflon  beaker.

4 . 3m l o f  M illi-Q  H 2 O  added, then 3 -4m l o f  concentrated  H N O 3 , 200^1 at a tim e.

5. The beaker is p laced  on a hotp late at 120°C overn ight.
229 236

6 . The so lu tion  is sp ik ed  w ith Th and U .

7. Back on hotp late at 130°C  for 2-3  hours.

8 . Evaporate H N O 3  to  dryness, add 1 0 -15ml o f  H2 O 2  (5m l at a tim e) to e lim inate  any organic

m aterial. Flux on  hotplate at I S O T  for 1-2 hours then evap orate  to dryness after each  addition  o f

H 2 O 2  until reaction  w ith  resid ue upon add ing H 2 O 2  cea ses.
9. A dd enough  4M  HNO3 to ge t residue into so lu tion , flux  on hotp late  at I30°C  for 1-2 hours, then

centrifuge to separate out any un d isso lved  m aterial. P ipette o f f  so lu tion  into orig inal beaker, then
rinse residue into separate beaker and repeat d isso lu tio n  procedure.

10. A fter cen trifu g in g  residue fraction  pipette so lu tion  into orig ina l beaker, dr}' dow n  the 4M  H N O 3 ,

then add enou gh  4M  H N O 3  to put residue into so lu tion  again  (ap p roxim ately  5m l). S am p les are
now  ready for co lu m n  chem istry .

11. The co lu m n ch em istry  fo llo w s  the first step o f  the tw o  step  separation procedure for U and Th o f  
Y o k oyam a et al. (1 9 9 9 )  w ith b lanks o f  U =  .007 |ag  and Th =  lOpg.

Determ ining U ranium  and T horium  C oncentrations and A ges

1. An aliquot o f  the separated U is taken and diluted  to ap p roxim ately  50  ng.g '' in 5%  HNO3.
S olu tion s are introduced to a M icrom ass Isoprobe m ultip le  c o lle c to r  IC P-M S through an 
E lem entary S c ien tif ic  Inc. A p ex  nebu lizer system  op eratin g  at 50  ^ l.m in ''. ^’'*U is m easured using  
a D a ly -p h otom u ltip lier  detector  located  behind a W id e -A n g le  R etarding Potential filter w h ich  
su pp lies an abundance sen s itiv ity  o f  approxim ately  2 0 0  ppm , thereby e lim in a tin g  ta ilin g  from  
adjacent peaks. (sp ik e) and are m easured sim u lta n eo u sly  on Faraday detectors.
Z eros are m easured on peak in blank 5% H N O 3 for 6 0 s  prior to each an a lysis and U iso top e  ratios 
are m easured in 5 b lock s o f  2 0  5 x l s  integrations. Each a n a ly sis  co n su m es ap p roxim ately  2 0 n g  U. 
234yy238y 235yy238y fop instrum ental m ass b ias assu m in g  natural =

0 .0 0 7 2 5 2 7  and an exponentia l fractionation law . S a m p les are bracketed betw een  so lu tio n s o f  the  
N B L I 1 2 -A  standard w hich  are used to determ ine the rela tive  gain  o f  the D a ly -p h otom u ltip lier  
detector relative  to  Faraday d etectors assu m in g  that inaccu racy  in the m ass b ias corrected  
reflects the D aly  ga in  (ty p ica lly  0 .9 7 -0 .9 9 ).

2 . A n aliquot o f  the separated Th is taken up in 1ml o f  5%  HNO3 and m ix ed  w ith  an aliquot o f  the U  
separated from  that sam ple to g iv e  50  ng.g'' U . U s in g  identica l instrum ental co n d itio n s to those  
d escrib ed  for U , Th iso top e  ratios are m easured in static  m u lti-co llec tio n  m ode u sin g  the D a ly -  
ph otom ultip lier  for ’ '“Th and Faraday detectors for ’’‘’Th (sp ik e) and ^^^Th. and are a lso  
m easured  sim u lta n eo u sly  on  Faraday detectors and used  to  correct m ass b ias u sin g  the exponentia l 
fractionation  law . Z eros are m easured on peak in blank 5%  HNO3 for 6 0 s  prior to  each analysis. 
R atios are m easured  in 2  b lo ck s o f  2 0  5 x l s  integrations. B rack eting  N B L I 12-A  standards are used  
to correct D a ly -p h otom u ltip lier  gain in a sim ilar fash ion  to that app lied  for U.

3. "’°Th and concen tra tions are calculated  usin g  standard iso to p e  d ilu tion  ca lcu la tio n s and 
234u /238u  is corrected  for sp ik e  contribution, and its e ffe c t  on  the m ass bias correction , u sing an 
iterative procedure and the expon en tia l fractionation law.

4 . A g e s  are ca lcu la ted  usin g  Isop lot/E x  rev. 2 .4 9  (L u d w ig , 2 0 0 1)


