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Abstract 

The capture and storage capacity of subsurface reservoirs is of great importance regarding the 

containment of CO₂ and the extraction hydrocarbons. A better understanding of fluid flow 

and its effect on the surrounding host rocks are thus of great interest regarding the extraction 

of oil and gas from reservoirs in the subsurface. A detailed analysis of the structures that 

comprise the damage zone of faulted reservoirs could potentially give greater insight of how 

fluids move through the caprock succession and the resulting effects circulating fluids may 

have on the surrounding host rocks. Data obtained from the exhumed reservoir described in 

this thesis can thus possibly be used as analogues for similar systems located in the subsurface 

elsewhere. The outcrops described in this thesis belong to an exhumed reservoir situated in 

the Humbug Flats on the northeastern edge of the San Rafael swell. The focus of this study 

was to map out and describe the damage zone and associated bleaching patterns surrounding a 

well-exposed fault within the study area. The fault core of the main fault and subsidiary faults 

in the damage zone were mapped out and studied for their potential influence on fluid flow.  

 

Recorded data indicate fluid flow mainly up along the slip surfaces of faults and up through 

damage zone joint swarms interconnected with the major fault of the study area. Evidence of 

fluid flow is evidenced by the presence of calcite-filled and bleaching zones located close to 

the main fault, where the bleaching is assumed to be caused by the interaction with reducing 

fluids. Recorded fracture data generally display strike values similar to that of the main fault 

with few exceptions. Scan line data indicate different mechanical strengths for bleached and 

unbleached units, as displayed by the increased fracture density near bleached areas. 

Additionally, bleached units generally display more varied and random orientations that may 

be related to increased pore pressure rather than tectonic faulting. Furthermore, the varying 

extent of bleaching patterns surrounding different lithologies suggest that some units may act 

as effective seals that hinder further fluid infiltration. 
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1 Introduction 

1.1 Aim of study 

The capture and storage capacity of subsurface reservoirs is of great importance with regard 

to the containment of CO₂ and the extraction of oil and gas in hydrocarbon production. A 

better understanding of the geomechanical properties related to the reservoir itself, the 

overlying sedimentary succession, and the caprock could improve prediction of fluid flow and 

its effect on the surrounding host rocks. Exhumed subsurface reservoirs located in Utah, USA, 

are of particular interest regarding the storage of CO₂, as the region hosts a natural CO₂ 
system locally leading to the surface (Ogata et al., 2014). The study of such exposed 

reservoirs could result in useful information for similar systems in the subsurface elsewhere.  

 

The studied outcrops described in this thesis belong to an exhumed reservoir situated in the 

Humbug Flats on the northeastern edge of the San Rafael swell in Central Utah, USA. The 

fieldwork was led by Alvar Braathen and Ivar Midtkandal, and performed as part of the 

COPASS project in collaboration between the University of Oslo and several other research 

partners. The focus of my fieldwork is on a major normal fault that cuts through the reservoir-

caprock succession in the studied area. The aim of this study has been to map out and describe 

a well-exposed fault with surrounding bleaching patterns, in order to make a detailed analysis 

of the fault core and damage zone. Information obtained from this study can potentially be 

used to understand how CO₂ moves up between reservoirs and through the overlying sealing 

successions. This study is a continuation of the work performed by Ida Hope and Eivind 

Larsen. Current work regarding the stratigraphic architecture within the study area is 

performed by Algirdas Rimkus and Arve Rein Nes Sleveland, to be finished June 2016 

 

Former fluid pathways were identified by bleached zones surrounding faults and fractures in 

the otherwise red sand- and mudstones. The observed bleaching results from the removal of 

iron oxide by reducing CO₂-charged fluids (Beitler et al., 2003, 2005; Chan et al., 2000). Thin 

sections of bleached and non-bleached samples from selected parts of the lithology were used 

to study differences in mineralogy, microstructures, porosity and permeability. Scan lines 

recorded near the main fault were used to map out the distribution and orientation of fractures 

and deformation bands in the area. Calculated mean values from these data were used to find 

the general overview of the observed fractures relative to the main fault. Detailed mapping of 

the damage zone and fault cores were done with the intention of studying their potential 

influence on fluid flow. 

 

Five hypotheses are considered as possible explanations for the movement of fluids from 

deeper reservoirs up into the overlying rock succession. These hypotheses will be further 

considered and concluded in the discussion, based on presented observations. 

 

Hypothesis 1:  The upwards migration of fluids occur through inner damage zone joint 

swarms.  

Hypothesis 2:  Fault cores are overall sealing 

Hypothesis 3: The main pathways for fluid migration are along the fault core slip surfaces. 

Hypothesis 4:  Fluid paths within the damage zone are along T-joints, and not along R or P 

shear fractures. 

Hypothesis 5:  The fluid flow is controlled by fold-related fractures 
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1.2 Geological setting 

The study area is located in the Humbug Flats on the NE part of the San Rafael Swell west of 

Green River, Utah (see Figure 1.2.2). The San Rafael Swell is a large anticline formed during 

the development of the Laramide orogeny (Fillmore, 2011; Hintze and Kowallis, 2009) with 

an N-S trending fold axis related to shortening in the E-W. The area is a part of the Colorado 

Plateau, situated at the four corners border of Utah, Colorado, Arizona and New Mexico (See 

Figure 1.2.1). The Colorado Plateau region was at sea level in the Late Cretaceous, 

experienced uplift and subsequent erosion, and is currently located approximately 2 km above 

the current sea level (Pederson et al., 2002). 

 

The focus of this thesis has been on a major E-W trending normal fault that has displaced and 

juxtaposed the lower part of the Curtis Formation against the upper part of the Entrada 

Sandstone (Ogata et al., 2014). Several minor faults and fractures along with various 

bleaching patterns can be observed near the main fault. Figure 1.2.3 and Figure 1.2.4 display 

the studied canyon walls within the study area and their geologic interpretation. 

 

 
Figure 1.2.1. Map displaying the location of the Colorado Plateau (Modified from Hunt, 

1956).  
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Figure 1.2.2. A: Satellite image displaying the locations of the study area and placement 

within the USA (modified from Google Earth and 50states.com). B: Geological map of the 

Humbug Flats and with the location of study area outlined. C: Close-up image displaying the 

geology of the study area (Modified from Witkind, 1988). D: Close-up image of the study area 

(modified from Google Earth). 
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Figure 1.2.3. Western part of study area. A: Photograph of study area with the locations of 

the recorded scan lines. B: Interpretation of the image in figure A (Photograph by Ragni O. 

Gurrik, 21.06.2015). 

A 

B 
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Figure 1.2.4. Eastern part of study area. A: Photograph of study area with the locations of 

the recorded scan lines. B: Interpretation of the image in figure A (Photograph by Ragni O. 

Gurrik, 02.07.2015). 

 

 

 

 

B 

A 
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2 Regional geology 

2.1 Geological history of Utah 

The geologic history of Utah can be traced back to the Precambrian, starting with the 

metamorphosed units of Archean and Proterozoic belts (Hintze, 1988), as shown in the 

palaeography of Figure 2.1.1 and Figure 2.1.2. Precambrian plate tectonics probably began in 

the Archean, when volcanic islands fused together and formed minor continents. Continued 

accretion eventually led to the formation of the supercontinent Rodinia, in which proto-

Australia and proto-Antarctica were joined to Laurentia (the North American Craton) (Hintze 

and Kowallis, 2009). Archean units are restricted to the northern part of Utah (Hintze, 1988) 

in the Raft River Range and the Grouse Creek Mountains (Hintze and Kowallis, 2009). The 

oldest basement rocks in the southern part of the state consist of metamorphic units from the 

Paleoproterozoic (Hintze, 1988), exhumed in the Grand Canyon (Karlstrom et al., 2012). The 

youngest metamorphic basement rocks found in Utah dates to the Mesoproterozoic, and are 

about 1500 million years old (Hintze and Kowallis, 2009). 

  

The breakup of Rodinia in the Neoproterozoic (about 750 Ma) split the North American 

Craton away from proto-Australia/Antarctica. This led to the development of a smaller rift 

within the North American Craton, resulting in the formation of a rapidly subsiding fault-

bound basin (the Uinta rift-basin) (Hintze and Kowallis, 2009). The Neoproterozoic is 

characterized by the deposition of thick, well-sorted sedimentary units (Hintze, 1988) 

comprised mainly of shale and sandstone belonging to the Uinta Mountain Group (Hintze and 

Kowallis, 2009). Other Neoproterozoic deposits include the glacial tillites of the Cryogenian 

period (Hintze and Kowallis, 2009). 

 

From the Late Proterozoic up into the Permian, the region is characterized by the evolution of 

the North American rift, and the resulting formation of an oceanic basin. The rifting divided 

Utah into two parts: a subsiding western half where a thick succession of shallow marine 

sediments accumulated; and an eastern part where smaller amounts of similar sediments were 

deposited (Hintze, 1988). Deposition in a shallow marine environment continued throughout 

the Mississippian, Pennsylvanian and Permian periods. Two large and deep basins developed 

in Utah during this period, known as the Paradox Basin and the Oquirrh Basin. (Hintze and 

Kowallis, 2009). Late Paleozoic regional faulting is seen as several uplifts (the Ancestral 

Rockies) and associated basins. These northwest-southeast trending structures extend 

southeastward from Idaho to Oklahoma. (Hintze and Kowallis, 2009). 

 

The breakup of Pangea during the Triassic led to rifting and extension in the eastern part of 

the North American continent. Later collision between southwestern North America and a 

volcanic island arc system in the Early Triassic resulted in the formation of the Sonoma 

Orogeny in central Nevada (Fillmore, 2011; Hintze and Kowallis, 2009). Continued 

interaction between the North American plate and the Pacific oceanic plate led to the 

development of a steeply dipping subduction zone, where the North American plate began to 

move westward over the Farallon oceanic plate. This interaction between the continental and 

oceanic plates produced large volumes of intrusive and extrusive igneous rock. (Hintze and 

Kowallis, 2009). The subduction and the associated andesitic volcanism is seen in the Sierra 

Nevada Mountains (Black, 2011; Fillmore, 2011).  
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During the Late Jurassic-Early Cretacious, thrust-faulting and mountain development resulted 

in the formation of the Nevadan Orogeny, and later the Sevier Orogeny in the Cretaceous and 

Paleocene (Black, 2011; Hintze and Kowallis, 2009). The compressional deformation 

associated with the subduction extended progressively eastward during the Cretaceous, 

resulting in Neoproterozoic and Paleozoic strata being thrust onto the Jurassic successions. 

(Hintze and Kowallis, 2009). 

 

While the mountain range developed in the west, the Colorado Plateau was covered by a 

shallow ocean where sediments were deposited. Utah was later covered by a large desert, 

which can be seen today as the Navajo Sandstone. During the Cretaceous the mountains 

continued to rise along with the relative sea-level. The thick sequence of sedimentary deposits 

that covered the Colorado Plateau in this period prevented further thrust-faulting in the area 

during the continuing eastward mountain range development (Black, 2011; Hintze and 

Kowallis, 2009). 

 

As the oceanic crust of the Farallon plate was subducted in the Late Cretaceous-Early Eocene, 

deformation rooted in basement propagated eastward from western Utah into central 

Colorado, resulting in the development of the Laramide Orogeny in the early Cenozoic 

(Fillmore, 2011; Hintze and Kowallis, 2009). The Laramide orogeny differ from the earlier 

Mesozoic orogenies in its structural style of deformation. The deformation of the Sevier 

orogeny was confined to thrusts carrying thick successions of sedimentary rocks in the east in 

a thin-skinned manner, while the Laramide uplifts are characterized by large reverse faults 

that cut up through the basement rocks and into the sedimentary cover (Fillmore, 2011). 

Characteristically, the Laramide structures form regional fault-tip monoclines above steep 

reverse faults (Trudgill, 2015). Evidence of this orogeny occur as several upwarps and 

downwarps, such as the Uinta Mountains, Uinta Basin, Monument Upwarp, Waterpocket 

Fold, and notably the San Rafael Swell, (Hintze and Kowallis, 2009). 

 

A long lasting and widespread period of subduction-induced igneous activity began to spread 

southward from northwestern Utah in the late Eocene. The magmatism likely resulted from 

the collapse of the Farallon plate under the western part of North America. The igneous 

activity continued through the following 20 million years, and produced the laccoliths and 

associated domes of the La Sal and Henry Mountains (Davis, 1999). The subduction of the 

Farallon plate ceased about 17 Ma with the initiation of the transform San Andreas Fault. The 

subduction-related compression was consequently replaced by extensional deformation 

related to transtension (Hintze and Kowallis, 2009). This stretching of the crust resulted in 

widespread normal faulting, evidenced as three major high-angle normal fault systems in the 

Western High Plateaus of Utah: the Hurricane, Sevier, and Paunsaugunt faults. These faults 

bound the Basin and Range extensional province to the east (Davis, 1999). 
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Figure 2.1.1. Paleogeography of Utah from the Paleozoic to the Eocene (from UGS; 

geology.utah.gov). 
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Figure 2.1.2. Paleogeography of Utah from the Oligocene to present time (from UGS; 

geology.utah.gov). 
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2.2 Stratigraphy 

The stratigraphic succession encountered in the study area are mainly of Jurassic and 

Cretaceous age. The outcrops studied in the field consist predominantly of the Earthy Member 

of the Jurassic Entrada Sandstone, along with the lowermost part of the Curtis Formation.  

 

The Jurassic strata can be divided into three packages known as the Early-, Middle- and Late 

Jurassic assemblages. The Early Jurassic succession consists mainly of non-marine deposits. 

Sediments from the Middle Jurassic display a transition towards a marginal marine 

depositional environment, later followed by deposition in the non-marine Morrison Basin 

during the Late Jurassic (Hintze, 1988; Hintze and Kowallis, 2009). 

 

 
Figure 2.2.1. Stratigraphy in and around the San Rafael Swell (modified from Mathis, 2000). 
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2.2.1 Glen Canyon Group – Early Jurassic 

The mainly non-marine sandstones of the Early Jurassic can be divided into three distinct 

sequences in much of eastern Utah, known as the eolian Wingate Sandstone, the fluviatile 

Kayenta Formation (sandstone-siltstone-mudstone), and the eolian Navajo Sandstone. These 

sequences merge into one formation known as the Glen Canyon Group in areas where 

Kayenta-type facies are missing or heavily subdued (Hintze, 1988). The age of the Glen 

Canyon Group has been difficult to determine due to the lack of fossils in the Navajo and 

Wingate sandstones. Additionally, vertebrate fossils from the Kayenta Formation and the 

related Moenave Formation have been assigned to the Late Triassic by some authors and to 

the Early Jurassic by others (Hintze, 1988; Hintze and Kowallis, 2009).  In northern Utah, the 

Early Jurassic is represented by the Nugget Sandstone. The Navajo and Nugget sandstones are 

presumed to represent a coastal- to inland dune field (Hintze and Kowallis, 2009). 

 

Wingate Sandstone 

The base of the Jurassic strata is comprised of the eolian Wingate Sandstone and its 

equivalent units. The Wingate is separated from the underlying shale of the Chinle Formation 

by the regional J-0 unconformity. The unit contains thick successions of cross-bedded 

sandstone separated by thin and wavy bedded sandstone units. Sedimentary structures and 

sand-body architecture displayed by the Wingate Sandstone indicate eolian deposition in a 

large erg system, where the thinner and wavy-bedded units display intervals of sabkha 

deposition (Fillmore, 2011).  

 

The Wingate sandstone is described as a broad, lens-shaped deposit extending throughout 

southeastern Utah and into southwestern Colorado and the Four Corners area. However, the 

overall composition of the Wingate sandstone varies throughout the region. It is mainly eolian 

towards the centre, fluvial to the southeast, and more marine to the north and east (Craig, 

1955). The presence of possible lag deposits (gravel) and evidence of soil development at the 

top of the Wingate suggest that the deposition of the unit was followed by a period of non-

deposition and possible erosion (Fillmore, 2011). 

 

Kayenta Formation 

The fluvial Kayenta Formation consists mainly of red sand- and siltstone deposited in wide 

and shallow river channels (Fillmore, 2011). The formation covers much of southeastern 

Utah, northeastern Arizona and western Colorado (Craig, 1955). The Kayenta Formation 

grades into a massive eolian unit known as the Glen Canyon Sandstone further north, which is 

the equivalent of the Glen Canyon Group to the south (Fillmore, 2011). 

 

Navajo Sandstone  

The Navajo Sandstone and its related equivalents form the largest eolian dune deposit in 

North America, extending throughout southern and eastern Utah into western Colorado and 

northeastern Arizona. The predominantly eolian sandstone is characterized by large-scale 

eolian cross-stratification (Chan et al., 2000; Craig, 1955). 

2.2.2 San Rafael Group – Middle Jurassic 

The Middle Jurassic stratigraphic sequences indicate changing conditions in the depositional 

environment due to the advancement, and later retreat, of an epicontinental sea from the north 

(Hintze, 1988; Hintze and Kowallis, 2009). Limestones from the Bajocian represent the most 

widespread marine Jurassic rocks in Utah. Later Bathonian and Callovian strata contain 

evaporates and red beds, indicating marginal marine conditions. Deposition of the Entrada 

Sandstone occurred as the marine waters retreated northward out of Utah. The Curtis 
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Formation represents another marine invasion in the Jurassic. These marine waters reached as 

far south as the San Rafael Swell and Capitol Reef areas of central Utah (Hintze and 

Kowallis, 2009). 

 

The Middle Jurassic rocks in the San Rafael Swell are represented by the San Rafael Group, 

which can be divided into five formations. These are in ascending order: Page Sandstone, 

Carmel Formation, Entrada Sandstone, Curtis Formation and the Summerville Formation 

(Hintze, 1988; O'Sullivan, 1981). 

 

Page Sandstone 

The Page Sandstone is the lowermost unit of the San Rafael Group in south-central Utah and 

in the San Rafael Swell (Fillmore, 2011). The formation consists mainly of cross-stratified 

eolian sandstone, and is described as a coastal erg system. It is very similar to the underlying 

Navajo Sandstone, but is separated from this unit by an erosional unconformity. Depending 

on the locality, the Page Sandstone is overlain by either the upper member of the Carmel 

Formation to the north, or by the Dewey Bridge Member of the Entrada Sandstone to the SE 

(Blakey et al., 1988; O'Sullivan, 1981). 

 

Carmel Formation 

The Page Sandstone is overlain by the marine fossil-bearing limestones and shales of the 

diversified Carmel Formation (Hintze, 1988; Hintze and Kowallis, 2009). The composition of 

the formation varies regionally throughout southern Utah and northeastern Arizona, but is 

generally related to marine and marginal marine depositional environments (Craig, 1955). The 

stratigraphic section at the San Rafael Swell mainly consists of siltstone and shale, along with 

smaller amounts of limestone, sandstone and gypsum (O'Sullivan, 1981) Alternations between 

gray limestones, grayish-green shales and mudstones, redbeds, yellow sandstones, and white 

gypsum layers have given the Carmel Formation a striking multicoloured banded appearance. 

The formation is also characterized by various types of soft sediment deformation (Mathis, 

2000). 

 

The Dewey Bridge Member of the Carmel Formation overlies the Navajo Sandstone in the 

southeastern part of Utah, around the Moab area and east of Colorado (Fillmore, 2011). It 

correlates with the upper part of the marine Carmel Formation located further west (Chan et 

al., 2000; Fillmore, 2011), and was previously assigned to the overlying Entrada Sandstone 

(Fillmore, 2011). The Dewey Bridge Member is a silt-dominated unit comprised of sabkha 

and eolian deposits (Chan et al., 2000). The member consists of a basal sandstone section 

overlain by irregularly bedded, sandy siltstone (Fillmore, 2011). 

 

Entrada Sandstone  

The Entrada Sandstone lies conformably over the Carmel Formation (Blakey et al, 1988), and 

can be found in southern and eastern Utah, most of Colorado, northeastern Arizona and 

northern New Mexico. The composition of the Entrada Sandstone varies regionally, indicating 

different depositional environments for the formation throughout the region. In central and 

southwestern Utah, the unit consists of a red earthy sandstone facies associated with a 

subaqueous depositional environment. The amounts of siltstone decrease eastward into a 

clean sandstone facies associated with deposition in alternating subaerial and subaqueous 

marginal marine conditions (Craig, 1955; O'Sullivan, 1981). 
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The formation was previously divided into three members (Fillmore, 2011) east of the Green 

River, known as the Dewey Bridge Member, the Slick Rock Member, and Moab Tongue 

(Chan et al., 2000; O'Sullivan, 1981). The Dewey Bridge Member has now been assigned to 

the Carmel Formation, while the Moab Tongue has been placed in the Curtis Formation. The 

Slick Rock Member of the Entrada Sandstone consists of a largely eolian sandstone 

containing horizontal stratification alternating with dune sets. This sand-rich unit represents a 

transition from the silt-dominated Dewey Bridge Member to a wet-eolian dune system (Chan 

et al., 2000). 

 

The Entrada Sandstone in the San Rafael Swell is characterized by fine-grained, earthy sand- 

and siltstone (O'Sullivan, 1981) with a distinct reddish-brown colour caused by hematite grain 

coatings (Beitler et al., 2003, 2005; Chan et al., 2000; Garden et al., 2001). This earthy 

Entrada member resembled the silt-dominated units of the Dewey Bridge Member, and is 

associated with deposition in marginal marine to marine environments. (O'Sullivan, 1981). 

 

Curtis Formation  

The Entrada Sandstone is overlain by the marine Curtis Formation. The formation mainly 

consists of gray and greenish fine-grained glauconitic sandstone, siltstone and shale (Craig, 

1955; O’Sullivan). Some conglomeratic sandstone beds can be found near or at the base of the 

formation, where the conglomerate has filled depressions in the eroded top surface of the 

Entrada Sandstone (O’Sullivan, 1981). 

 

The Moab Tongue Member of the Curtis Formation is a relatively thin and fine grained unit, 

containing horizontal stratification and cross-stratified eolian dune sets. The unit is largely 

white-coloured and jointed, differentiating it from the underlying Slick Rock Member. Its pale 

colour could indicate bleaching, possibly resulting from a high permeability enhanced by 

jointing (Chan et al., 2000). 

 

Summerville Formation 

The Curtis Formation is followed by the marginal marine deposits of the Summerville 

Formation. The Summerville Formation consists of dark red, silty shale with small amounts 

of light-coloured sandstone (Craig, 1955). Alternations between mudstone and sandstone 

interbedded with gypsum layers give the formation a striped appearance. Symmetric ripples in 

the sandy beds and mudcracks in the clay-rich units indicate deposition in a tidal-influenced 

environment.  

 

Regression of the sea combined with uplift to the west led to a period of erosion, creating the 

so-called J-5 unconformity that separates the Summerville Formation from the overlying Late 

Jurassic Morrison Formation (Fillmore, 2011). The Summerville Formation is absent in 

northeastern Utah and northwestern Colorado, where the Curtis Formation covers the entire 

interval between the Entrada and Morrison Formations (Craig, 1955). 

2.2.3 Morrison Formation – Late Jurassic 

Sediments belonging to the Late Jurassic were deposited in the non-marine Morrison basin. 

The Morrison Formation is a distinctive sedimentary sequence belonging to both the Late 

Jurassic and Early Cretaceous. It was most likely deposited by shifting streams in a semi-arid 

environment. The Morrison Formation consists of varicoloured mudstones, stream channel 

deposits (sandstones and conglomerates), and lacustrine limestones (Hintze, 1988). 
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The formation can be divided into three members in eastern Utah and western Colorado, 

known as the Tidwell, Salt Wash, and Brushy Basin members. The Tidwell Member is the 

basal unit of the Morrison Formation in the San Rafael Swell, where it mainly consists of 

gray-green mudstone with a thick gypsum bed at the base. The composition of the Tidwell 

varies regionally, indicating different environments coexisting at a certain time. Additional 

deposits include red mudstone, fine sandstone and dark lenses of organic rich limestone.  

 

The middle Salt Wash Member is a fluvial unit with a composition that varies regionally. The 

unit is dominated by pebble conglomerate in south-central Utah. The grain size decreases 

eastward, where the Salt Wash Member consists of sand- and mudstone. The upper Brushy 

Basin Member lies conformably on the Salt Wash Member. It consists mainly of 

multicoloured mudstones (Fillmore, 2011). 

2.2.4 Cedar Mountain Formation 

The Cedar Mountain Formation is a fluvial-dominated unit that covers the western part of the 

Colorado Plateau in Utah, extending eastward from west-central Utah towards a northeast-

trending boundary marked by the Colorado River. It is comprised of fluvial conglomerate and 

sandstone, along with colourful floodplain mudstone. East of the Colorado River, the 

formation becomes the Burro Canyon Formation. Both formations lies unconformably on the 

Morrison Formation (Fillmore, 2011). 

 

The Cedar Mountain Formation can locally be divided into two members, known as the 

Buckhorn Conglomerate and the upper Cedar Mountain Shale (Currie, 1997; Yingling and 

Heller, 1992). The basal Buckhorn Conglomerate consists of coarse sandstone and 

conglomerate deposited by rivers that moved eastward from the Sevier mountain belt 

(Fillmore, 2011). Hence, they signal the arrival of the Sevier thrust system. 

 

The upper part of the Cedar Mountain Formation is mainly comprised of mudstone deposited 

on a low-relief floodplain, with few coarse sandstone lenses. The Buckhorn Conglomerate is 

overlain by the pale purple mudstone of the Ruby Ranch Member, containing few lenses of 

sand- and limestone, along with a large abundance of carbonate nodules. The uppermost unit 

of the Cedar Mountain Formation is the Mussentuchit Member. It consists of gray, smectitic 

mudstone, and contains no carbonate nodules such as those found in the underlying Ruby 

Ranch Member. The Mussentuchit Member also contains some fluvial sandstone lenses and 

thin horizons of lignite (Fillmore, 2011). 

2.2.5 Dakota Sandstone 

The Cedar Mountain Formation is separated from the overlying Dakota Sandstone by an 

erosional unconformity. The Dakota Sandstone contains predominantly marine sediments that 

record the earliest transgression of a Cretaceous seaway into Utah. The formation can be 

divided into three members. The lowermost member is a sheet comprised of sandstone and 

conglomerate deposited by high- and low-sinuosity streams. The middle and upper members 

consist of shale and sandstone deposited in a marine environment (Yingling and Heller, 

1992). The middle member is characterized by carbonaceous sandstone, siltstone, mudstone 

and coal. The upper unit consists of clean and fine-grained sandstone displaying features such 

as cross-stratification, horizontal stratification, and ripple lamination. Local structures such as 

herringbone crossbedding and symmetric ripples indicate deposition in a tidal environment. 

The upper part of the Dakota Sandstone gradually shifts into the dark, organic rich Mancos 

Shale. This gradational contact is a transgressive sequence that represents a widespread rise in 

sea-level (Fillmore, 2011), or rather subsidence of a foredeep basin. 
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2.2.6 Mancos Shale 

The Mancos Shale consists of sediments deposited during transgressions and regressions of 

the Mancos Sea (Ryer and McPhillips, 1983). The formation consists mainly of dark, organic-

rich shale. Additional thin sand- and siltstone layers of are common, along with thin bentonite 

beds (Fillmore, 2011). 

 

The Mancos Shale can be divided into three members known as the Tununk Shale Member, 

the Ferron Sandstone Member, and the Blue Gate Shale Member. The lowermost Tununk 

Member consists of mudstone deposited in an offshore-marine environment. It is separated 

from the underlying Dakota Sandstone by a transgressive disconformity formed by the 

westwards transgression of the Mancos Sea. The Ferron Sandstone Member was deposited 

during a period of regression (Ryer and McPhillips, 1983). This middle member is very thin 

in eastern Utah, and imperceptible in western Colorado (Fillmore, 2011).The third and final 

Blue Gate Shale Member conformably overlies the Ferron Sandstone in east-central Utah 

(Ryer and McPhillips, 1983). 

2.2.7 Mesa Verde Group 

The Mesa Verde Group consists of four members in the Ferron-Price area known as the Star 

Point Sandstone, the Blackhawk Formation, the Castlegate Sandstone, and the Price River 

Formation (Hintze, 1988). Noticeable, the group records gradual infill of the foredeep basin, 

with renowned clinoforms building towards the east. Hence the Star Point Sandstone is the 

first sandy unit deposited during the eastward retreat of the Mancos Sea. It grades up from the 

Blue Gate Member of the Mancos Shale, and consists of three discrete units separated by 

thick deposits of grey shale. These sandstone beds represent different types of coastal and 

shallow offshore complexes, while the shale units display periods with a deeper sea level. The 

Blackhawk Formation contains a combination of sandstone, siltstone, shale and coal deposited 

in fluvial-deltaic and shallow marine environments. The Castlegate Sandstone contains three 

unofficial members. The lower member consists of cross-stratified sandstone and pebble 

conglomerate, whereas the middle member contains large sandstone lenses encased in 

carbonaceous mudstone. The final and uppermost member displays a shift back to more 

coarse-grained deposits. The Price River Formation consist of pebbly sandstone deposited by 

high-energy braided rivers (Fillmore, 2011). 
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3 Theory and definitions 
An ideal reservoir consists of rock formations with sufficient porosity, permeability and 

connectivity necessary for hosting suitable amounts of hydrocarbons or CO2. Faults and their 

associated deformation structures can enhance or suppress fluid circulation, altering the 

storage capacity and conductivity of the reservoirs (see Figure 3.1). Fracture systems are 

comprised of joints, fault core fractures, fault damage zone fractures, fault-tip process zone 

fractures, and fold-crest fractures (Torabi et al., 2015). 

 

  
Figure 3.1. Illustration of subsurface structures representing possible fluid pathways (from 

Torabi et al., 2015). 

 

Deformation structures in sandstone can occur as deformation bands or fractures, depending 

on the porosity and lithification of the host rock (Torabi et al., 2015). Low-porosity rocks in 

the uppermost part of the crust are dominated by fracturing in the form of extensional 

fractures (joints, veins) or shear fractures (slip surfaces), whereas deformation in highly 

porous rocks occurs primarily as deformation bands (Fossen et al, 2007). The damage zones 

of faults in well-consolidated and cemented sandstones are therefore dominated by fractures, 

while deformation bands characterize damage zones in poorly or moderately consolidated 

sandstones (Torabi et al., 2015). However, subsequent development of faults and slip surfaces 

can occur along or within zones of deformation bands (Fossen et al, 2007). 
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3.1 Fractures 

Fractures can be described as any planar or subplanar discontinuities in the displacement and 

mechanical properties of the host rock. They form as a result of external (i.e. tectonic) or 

internal properties (i.e. thermal or residual). Fractures can be divided into shear fractures (slip 

surfaces), extension fractures (joints, fissures, veins) and contraction fractures (Fossen, 

2010a). 

 

Slip surfaces are characterized by a relative movement parallel to the fracture. The term shear 

fracture is used for small-scale displacements (mm to dm), while the term fault is used for 

larger displacements. Extension fractures display extension perpendicular to the fracture 

walls. Joints display little to no discernible displacement. The term veins is used for mineral 

filled fractures, while magma-filled fractures are called dikes. Fractures filled with air or fluid 

are known as fissures. Contraction fractures display contractional displacements, and are 

known as so-called anticracks (Fossen, 2010a). 

3.2 Deformation bands 

3.2.1 Kinematic-based classification 

Different types of deformation bands can be identified based on kinematics or deformation 

mechanisms (Fossen et al, 2007). The type of deformation band that forms depend on various 

factors, such as porosity, mineralogy, grain size, grain shape, lithification, stress state and 

burial depth. The kinematic-based classification divides deformation bands into dilation 

bands, shear bands, compaction bands, or a combination of these (see Figure 3.2.1) (Fossen et 

al, 2007; Torabi et al., 2015). Most deformation bands are compactional shear bands, caused 

by reorganization and/or cataclasis of mineral grains. However, the initial stages of shear band 

formation may include some dilation (Fossen et al, 2007). 

 

 
Figure 3.2.1. Kinematic classification of deformation bands (from Fossen et al, 2007). 
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3.2.2 Mechanism-based classification 

The deformation mechanisms involved during the formation of deformation bands depend on 

both the internal and external properties of the host rock. The mechanism-based classification 

is perhaps the most relevant when discussing permeability and fluid flow, since different 

mechanisms generate deformation bands with different petrophysical properties. (Fossen et al, 

2007; Torabi et al., 2013). The mechanism-based classification separates deformation bands 

into disaggregation bands, phyllosilicate bands, cataclastic bands, and solution and 

cementation bands (see Figure 3.3.1). 

 

Disaggregation bands 

Disaggregation bands form as a result of the sliding and rotation of mineral grains (i.e. 

granular flow), and tend to develop in sands and poorly consolidated sandstone. 

Disaggregation bands may be imperceptible in homogenous sandstones, but can commonly be 

identified by their offset of sedimentary laminae. Disaggregation bands have either a 

dilational or a compactional component, and may therefore either enhance or reduce the 

porosity. The permeability contrast between the disaggregation bands and the host rock tend 

to be relatively low, resulting in little influence on the permeability of sandstone reservoirs 

(Fossen et al, 2007). 

 

Phyllosilicate bands 

Phyllosilicate bands form in sandstones containing more than 10-15% of platy minerals 

(phyllosilicates). They can be described as a type of disaggregation bands, where platy 

minerals result in grain boundary sliding rather than grain fracturing. Different types of platy 

minerals result in different types of deformation bands. Clay minerals tend to mix with other 

minerals, resulting in fine-grained deformation bands characterized by low porosity and clay 

smearing. Coarser phyllosilicates will align in a preferred direction, creating a distinct fabric 

within the deformation bands (Fossen et al, 2007). 

 

Phyllosilicate bands can reduce the permeability of the host rocks, where the reduction 

depends on the structure and composition of the bands. The reduction mainly result from the 

mixing and alignment of platy minerals, and depends on the specific arrangement caused by 

the shear strain. These factors usually vary along the deformation bands, which consequently 

also cause the permeability to vary (Fossen et al, 2007). 

 

Cataclastic bands 

Cataclastic bands form where cataclasis (crushing, fracturing and compaction of grains) is the 

dominant deformation mechanism (Fossen et al, 2007; Torabi et al., 2013, 2015). This process 

results in a wide grain-size distribution and subsequent compaction due to pore-space 

collapse. The reduction of the porosity cause a corresponding decrease in the permeability of 

the deformation bands (Fossen et al, 2007; Torabi et al., 2013). 

 

The cataclastic bands consist of a cataclastic core characterized by grain-size reduction, 

angular grains, and a significant lack of pore space. A zone of compacted and gently fractured 

grains similar to disaggregation bands may surround the central core. (Fossen et al, 2007). 

Cataclastic bands can occur as pure compaction bands, but most of them are shear bands with 

some compaction (Fossen, 2010b). Cataclastic bands are considered the most common type of 

deformation bands (Torabi et al., 2015). 
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Solution and cementation bands 

Dissolution and precipitation of minerals may occur along deformation bands during or after 

deformation. Dissolution is promoted by clay minerals on grain boundaries and cementation is 

commonly associated with fresh and reactive surfaces formed during grain crushing and grain 

boundary sliding (Fossen et al, 2007). 

 

Dissolution (i.e. pressure solution) is a diffusion process that occur along a thin film of fluid 

along grain boundaries. The mineral grains are dissolved during this process, and the resulting 

ions are carried away by fluids to be precipitated elsewhere. This type of diffusion, also 

known as wet diffusion, is a chemically controlled process that may occur at very low 

temperatures. Wet diffusion is the main mechanism during chemical compaction of sediments 

undergoing lithification. The resulting reduction of pore space strengthens the rock and reduce 

porosity and permeability of reservoir rocks (Fossen, 2010). Where chemical compaction is a 

significant process, the term solution band is used for the deformation bands. Solution bands 

are characterized by small and tightly packed grains that display little evidence of cataclasis 

(Fossen et al, 2007). 

 

The dissolution of minerals is greatly affected by stress, and is significantly faster where the 

stress is high. The process is thus promoted by stress concentrations at the grain contacts in 

porous rocks (Fossen, 2010a).  

 

 
Figure 3.2.2. Different types of deformation bands based on deformation mechanisms (From 

Fossen et al, 2007). 
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3.3 Faults  

Faults can be described as shear fractures that accommodate a significant amount of 

displacement parallel to the fracture surface. Fault development in non-porous rocks is 

initiated by the nucleation and linkage of microfractures and shear fractures that weakens the 

rock and increase the porosity. The main fracture will thus expand by increased linkage of 

microfractures with an favourable orientation until the fault is developed (Fossen, 2010a).. 

 

Fault formation in highly porous rocks is initiated by localized formation of individual 

deformation bands in narrow zones. This eventually leads to the formation of a deformation 

band zone. The resulting strain hardening and decreased porosity may eventually result in the 

formation of a slip surface. Subsequent formation and linkage of slip surfaces will ultimately 

result in the formation of a through-going slip surface that can quickly result in large 

displacements associated with faults (Fossen, 2010a). 

 

Faults can give a positive or negative influence on fluid flow, determined by the spatial 

distribution of petrophysical flow-affecting properties within the fault envelope (Braathen et 

al., 2009). The fault zone can be divided into three architectural components known as the 

fault core, damage zone and the surrounding undeformed protolith (Caine et al., 1996). The 

central fault core represents the part of the fault zone where most of the displacement is 

accommodated. The surrounding damage zone comprises a network of subsidiary structures 

that may increase the permeability of the host rock (Caine et al., 1996; Schueller et al., 2013). 

The fluid flow properties of each component may change over time. The fault core may act as 

a pathway for migrating fluids during deformation, but may later act as a barrier due to 

precipitation of secondary minerals that fill the open pore space (Caine, 1996). 

 

The fault core comprises structures such as single slip surfaces, unconsolidated clay-rich 

gouges, brecciated and geochemically altered zones, and cataclastic zones. The fluid flow 

properties of the core may change over time. The fault core may act as a pathway for 

migrating fluids during deformation, but may later act as a barrier due to permeability 

reduction caused by grain-size reduction and precipitation of secondary minerals that fill the 

open pore space (Caine, 1996). Fluid flow within fault cores are dominated by the grain-scale 

permeability of the core materials, while the damage zone permeability is dominated by the 

fracture network of subsidiary structures. Other factors that may affect the permeability and 

architecture of a fault zone include deformation conditions and the chemistry of fluids within 

the fault zone (Caine, 1996). 
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3.3.1 Fault facies 

Faults and fault cores can be described by using the concept known as fault facies, defined as 

any feature or rock body with properties resulting from tectonic deformation (Braathen et al., 

2009; Bastesen & Braathen, 2010). Fault facies can be used to describe the structural elements 

of the fault-strain envelope by subdividing faulted rock units into separate groups based on 

their specific properties or features (Braathen et al., 2009). Faults in porous sandstone can be 

divided into three main elements known as discrete structures, membranes and lenses 

(Braathen et al., 2009; Bastesen & Braathen, 2010). 

 

Discrete structures are so-called sharp discontinuities such as slip surfaces, shear fractures, 

extension fractures, and contractional features. Shear fractures and slip surfaces often contain 

more or less continuous walls of deformed host rock material occurring as thin lamina of 

cataclasite or gouge. Membranes are fault parallel layers found in the fault core that may 

occur as cataclasites, breccias, fault gouges and smears. Membranes comprised of cataclasites, 

breccias or gouges result from brittle fracturing and crushing of the host rock during fault 

movement. Smears result from ductile deformation where layers have been rotated and 

smeared along the fault core. Membranes in porous sandstone occur along slip surfaces as 

cataclastic layers, or as shale and sand gouge layers. The shape of the membranes and their 

negative effect on fluid flow depend on their continuity, which may vary from continuous to 

pocket-shaped membranes (Braathen et al., 2009). 

 

Lenses are fault rocks comprised of undeformed to strongly deformed host rock, bound on 

each side by slip surfaces or zones of concentrated shear. They may occur in both the core and 

the damage zone of the fault, and can be classified based on their lithology (i.e. sand, shale, 

type of fault rock). Facies can be defined by the internal structures of the lenses, ranging from 

undeformed with no structures to swarms of internal structures (Braathen et al., 2009). 

3.4 Fracture corridors and seal-bypass systems 

Natural fractures can greatly influence fluid-flow in the subsurface, and create a secondary 

permeabilty next to the pre-existing matrix permeability of reservoirs and caprocks. They may 

have a positive or negative effect on porosity and permeability, based on their formation and 

subsequent development. Fractures influence fluid-flow in the subsurface by acting as 

permeability barriers, baffles or conduits (Ogata et al., 2014). 

 

Networks of closely-spaced, sub-parallel fractures (faults, deformation bands, joints) located 

within parts of a rock assemblage represent so-called fracture corridors. The extent of the 

deformation and the characteristics displayed by fracture corridors depend on the deformation 

mechanisms and the mechanical properties of the affected lithologies (Ogata et al., 2014). 

 

Fracture corridors can greatly affect fluid circulation in the subsurface by compartmentalizing 

reservoirs, connecting reservoirs located at different stratigraphic levels, and creating bypass 

conduits through sealing units. Evidence of fluid circulation can be seen as discolored 

(bleached) zones surrounding faults and fractures, representing ancient pathways for reducing 

fluids. Three types of fracture corridors can be identified: fault damage zone-related (FDZ), 

fault tip process zone-related (FTP), and fold crest-related (FRC) fracture corridors (see 

Figure). Such structures usually develop in low-porosity rocks (<15% porosity), where 

fracturing is more likely to occur (Ogata et al., 2014). 
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The fault damage zone fracture corridors occur in the hanging wall and footwall of normal 

faults with displacements ranging from a few meters to a few hundred meters. This type of 

fracture corridor trend roughly parallel to the associated fault and consist mostly of 

anastomosing TG joints along with a minor amount of shear fractures interconnected with BC 

joints (Ogata et al., 2014). Fault damage zone fracture corridors in the hanging walls are 

relatively narrow and short, containing few TG fractures. Fault damage zone fracture 

corridors in the footwall are wider and more continuous, displaying greater internal fracture 

frequencies. The lateral extent of bleaching is controlled mainly by BC fractures in the 

hanging wall, while TG fractures dominates the footwall (Ogata et al., 2014). 

 

The fault tip process zone fracture corridors occur around the terminations of the fault where 

the propagation of the main fault plane has ceased. They trend at low angles to the strike of 

the fault and consist predominantly of TG joint with subordinate shear fractures that fan out 

from the fault tip, creating a so-called “horse-tail” pattern (Ogata et al., 2014). 

 

The fold crest-related fracture corridors form due to gentle folding in the footwall. The folds 

develop near perpendicular to the associated fault, with axes trending at high angles to the 

fault strike. The associated fracture corridors trend at high angles to the fault strike, parallel to 

the crest of the anticlines. They are characterized by an upward branching into smaller 

fracture corridors that ultimately fan out into single fractures, where associated bleaching 

pinch out at the fracture tips (Ogata et al., 2014). 

 

 
Figure 3.5.1. Figures displaying the different types of fracture corridors (from Ogata et al., 

2014). 
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4 Methods 

4.1 Field methods 

4.1.1 Lithostratigraphic logs 

Information of the lithology in the study area was obtained by making lithostratigraphic logs 

for both the footwall and hanging wall. Each log was recorded from suitable locations, 

following an imaginary vertical line through the stratigraphic sequences. Deviations from this 

line occurred only when it was deemed necessary. The logs were recorded on standard 

logging paper with a scale of 1:100 (see Appendix), but have been reduced down to a smaller 

scale. Sedimentary characteristics (grain size, thickness, internal structures) were described 

for each unit, and later divided into associated sedimentary facies that inform interpretation of 

depositional environments.  

 

The log recorded from the hanging wall display the upper part of the Entrada Sandstone from 

the top of the so-called Fremont bedding (Hope, 2015) up to, and including, the base of the 

Curtis Formation. The log recorded from the footwall display a larger part of the Entrada 

Sandstone up to the base of the Curtis Formation. 

4.1.2 Scan line data 

The one-dimensional line-intersection method, i.e. scanlines, was used to map out the 

distribution and orientation of fractures, deformation bands and minor faults in the damage 

zone of the main fault. All scanlines were oriented perpendicular to the main fault. Strike and 

dip values were measured with a clinometer compass. 

 

Fracture intensity and average spacing of both bed-confined and through-going fracture 

populations were calculated for each scanline. The fracture intensity F (number of 

fractures/scanline length), and the average spacing S (the inverse of F) are used to describe 

spatial abundance of fractures, similar to the methods used by Ogata et al. (2014). The 

orientation (i.e. strike and dip angle) and spatial distribution of fractures and deformation 

bands are described for each scan line.  

 

Collection of data proved difficult in several places with minimal surface morphology, 

making it near impossible to get accurate measurements of the dip of fractures. Accordingly, 

some of the measured orientations only contain the strike value. Some scan lines display gaps 

the datasets due to scree and debris covering parts of the outcrops. Thus, several of the scan 

lines lack data for the damage zone either at the beginning, in the middle or at the end of the 

recorded distance. 

4.2 Lab methods 

Thin sections of bleached and non-bleached samples from selected parts of the lithology were 

used to study differences in texture, mineralogy, microstructures, porosity and permeability. 

An optical microscope with cross-polar nicols was used to study the mineralogy, 

microstructures and optical properties of the different samples.  
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5 Sedimentary logs 
The stratigraphic logs recorded from the study area display mostly alternating beds of mud-, 

silt- and sandstone belonging to the largely eolian Entrada Sandstone, along with the base of 

the Curtis Formation (see Figure 5.2.1). The exposed parts of the Entrada Sandstone in the 

study area consist predominantly of earthy sandstones and fine-grained material. This earthy 

member of the Entrada Sandstone is assumed to have been deposited in nearshore, marginal 

marine to marine environments, as described by O'Sullivan (1981). The Curtis Formation is 

comprised of fluvial and tidal influenced deposits that generally occur as more coarse grained 

than the underlying Entrada Sandstone. 

 

Sedimentary structures occur primarily as subhorizontal to wavy lamination with some units 

also displaying small-scale ripples and cross-stratification. Thin layers of dark, organic clay 

can be observed within some of the most fine-grained layers. Secondary structures and 

characteristics caused by deformation and fluid circulation can be seen as bleaching, 

deformation bands and as fractures with and without calcite. Root traces occur as pale-

coloured spots (root alteration haloes) within the otherwise reddish brown sand- and siltstone, 

caused by the alteration of iron oxides along decomposing roots (Dubiel & Brown, 1993). 

Several units appear as structureless due to weathering or bioturbation that has destroyed 

stratification.  

5.1 Stratigraphic sections 

The stratigraphy of the study area can be assigned to varying depositional environments 

associated with marginal marine and eolian conditions. The two logs generally display similar 

depositional environments, where the footwall log display a significantly larger part of the 

stratigraphy due to the approximate displacement of about 50-60 m for the main fault (see 

Figure 5.2.1). The lower part of footwall log therefore encompasses a thick succession of 

sediments that represent a lower part of the stratigraphy not observed in the hanging wall. 

These deposits comprise a 26.5 m thick succession of very muddy and fine-grained material 

assumed to have been deposited in calm waters within a wet interdune or tidal flat system, and 

a 24.5 m thick succession comprised of alternating sand-, silt- and mudstone units interpreted 

as floodplain and wet interdune deposits. These sediments are overlain by eolian strata 

displayed by both logs, encompassing mainly wet eolian dune and interdune deposits 

interrupted by some units comprised of fluvial material. The uppermost part of each log 

display the marginal marine deposits of the Curtis Formation seen as a basal conglomerate 

overlain by large amounts of scree material in the footwall, and as a fluvial and tidal 

influenced section in the hanging wall. 

5.2 Facies and facies associations 

The observed strata can be divided into 10 different facies based on grain size, which can be 

further divided into several subfacies based on sedimentary structures (see Table 5.2.1). Most 

of the strata display structures and sediments that are characteristic of desert, fluvial and 

shallow marine environments, where Facies A-G are assigned to the Entrada Sandstone and 

Facies H-J represent the Curtis Formation. The large amounts of sandstone alternating with 

silts and clays imply a wet eolian system with deposition in dune and wet interdune 

environments, where the fine-grained material was deposited in semipermanent lakes or 

ponds (Boggs, 2011). The alternating layers of sand-, silt- and mudstone generally indicate 

deposition in a floodplain or tidal flat system. The uppermost sandstone and conglomerate 

units of the Curtis Formation are indicative of fluvial and tidal influenced deposits. 
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Table 5.2.1. Description of the different facies observed in the logged areas and their 

associated depositional environments (facies associations). The strata are divided into facies 

based on grain size, which are further divided into subfacies based on sedimentary structures. 
Facies Description  Interpretation   

A Very fine-medium sandstone (vf-m)                   (Ca. 50.74 %) 

Very fine- to medium-grained, reddish-brown sandstone with 

bed thickness ranging from 10-750 cm and sedimentary 

structures varying from massive to stratified. Thinner units (10-

110 cm) often occur interbedded with more fine-grained 

material. Tan/bleached units occur as individual sandstone beds 

and as bleached haloes surrounding fractures and slip surfaces. 

Some units display no structures due to extreme weathering. 

Secondary structures occur as root traces. Desiccation cracks 

and soft sediment deformation observed in some places.  
 

Subfacies: 

A1: Subhorizontal and wavy lamination 

A2: Cross-stratification 

A3: Massive/No discernible structures 

A4: Ripples 

Wet eolian 

dune, 

interdune and 

floodplain 

deposits  

 

 

 

 
B 

 

Mudstone (clay/silt)                                              (Ca. 18.30 %) 

Dark brown and bluegreen mudstone with bed thickness ranging 

from 10-140 cm mainly found interbedded with clay-, silt- and 

sandstone units. Appears to be laminated in most places with 

some layers containing additional structures such as small-scale 

ripples. Several units display no discernible structures due to 

extreme weathering or bioturbation. Thin layers of organic rich 

mud were found within some units. Secondary structures occur 

as root traces and calcite-filled fractures. 
  
Subfacies: 

B1: Subhorizontal and wavy lamination  

B2: No noticeable structures (weathered) 

B3: Ripples 

Wet interdune 

and floodplain 

deposits 

 
C Siltstone/very fine sandstone (silt/vf)                  (Ca. 12.94 %) 

Sandy siltstone bordering on very fine-grained sandstone with 

bed thickness ranging from 10-760 cm. Mainly laminated, but 

display small-scale cross-stratification and asymmetric ripples 

in some places. Secondary structures occur as root traces and 

calcite-filled fractures. Several units display signs of 

bioturbation 
 

Subfacies: 

C1: Subhorizontal laminae 

C2: Ripples 

C3: Cross-stratification 

Wet interdune 

deposits  

 
D 

 

Siltstone (silt)                                                          (Ca. 9.70 %) 

Dark to reddish brown horizontally laminated siltstone. Occur 

as relatively thick units (200-440 cm) in the lower part of the 

footwall, and as thinner units (10-60 cm) interbedded with 

mud- and sandstone elsewhere. Several units display no 

discernible structures due to weathering or bioturbation. 

Additional structures include wavy lamination, ripples and root 

traces in some of the thinner layers. Low-angle, calcite-filled 

fractures are contained within the thicker units. 
 

Subfacies: 

E1: Subhorizontal and wavy lamination 

E2: Ripples 

Wet interdune 

and floodplain 

deposits  

 

5 cm 

18 cm 

10 cm 

15 cm 
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E Pale-coloured sandstone (f-m)                               (Ca. 2.95 %) 

Pale-coloured, cross-stratified and horizontally laminated 

sandstone containing many deformation bands with a preferred 

orientation the NE-SW direction. Bed thickness varies from 

1.6-2.2 m with grain size ranging from fine- to medium. 

Interpreted as the so-called Fremont bedding.  
 

Subfacies: 

E1: Subhorizontal lamination 

E2: Cross-stratification 

Fluvial 

deposits, 

possibly 

eolian 

 
F Pale-coloured, muddy sandstone (vf/f)                 (Ca. 1.47 %)          

Pale-coloured, muddy sandstone containing several deformation 

bands with a preferred orientation in the NE-SW direction. 

Displays weak subhorizontal lamination with grain size ranging 

from very fine- to fine. Only observed in the hanging wall, 

where it grades into the overlying red-coloured sandstone. 

Wet interdune 

deposits 

 

G Claystone (clay)                                                       (Ca. 1.68 %) 

Thin layers comprised predominantly of dark brown and 

bluegreen claystone displaying both subhorizontal and wavy 

lamination. Usually found within or interbedded with fine-

grained sand-, silt-, and mudstone units with bed thickness 

ranging from 2-40 cm. Some beds contain sandstone lenses or 

are interbedded with thin, semicontinuous sandstone layers. 

Dark, organic-rich claystone observed in some places.  
 

Subfacies: 

I1: Dark brown and pale green clay 

I2: Dark, organic-rich clay 

Deposition in 

calm waters 

of lakes, 

ponds or 

floodplains 

 
H Wavy laminated sandstone (vf-f)                          (Ca. 1.24 %) 

Upwards coarsening succession of reddish-grey sandstone beds 

interbedded with thin mudstone layers. Bed thickness varies 

from 3-16 cm for the sandstone, and 2-10 cm for the mudstone. 

Grain size ranges from very fine to fine, with each sandstone 

layer displaying wavy lamination. 

Deposition in 

the intertidal 

zone of a tidal 

flat system 

 
I Medium-coarse sandstone (m-c)                           (Ca. 0.66 %) 

Upwards coarsening, dark reddish-grey sandstone located in the 

uppermost part of the hanging wall where it cuts into the 

underlying sandstone of Facies G. Comprised of thin sandstone 

beds with grain size varying from medium- to coarse and 

thickness ranging from 5-15 cm. Observed features include 

irregular wavy lamination and cross-stratification.  

Tidal channel 

infill deposits 

 
J Conglomerate                                                          (Ca. 0.31 %) 

Thin layers of poorly sorted, matrix-supported, polymict pebble 

conglomerate with rounded to subrounded clasts found near the 

boundary between the Entrada Sandstone and Curtis Formation. 

Thickness varies from 5-15 cm with grain size ranging from 

fine-medium in the matrix. The hanging wall contains a more 

matrix-supported conglomerate comprised of very fine-grained 

sandstone with zones of pebble-sized clasts scattered unevenly 

throughout the layer. 

Flash flood 

deposits 

 

 

15 cm 

2 cm 

70 cm 

40 cm 

3 cm 

9 cm 
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5.2.1 Facies association FA1 – Wet interdune  

Description 

The FA1 deposits consist predominantly of very muddy and fine-grained material comprised 

of Facies A (sandstone), B (mudstone), C (silt-/very fine sandstone), D (siltstone) and F 

(claystone) (see Table 5.2.1). Most of these units display very weak, subhorizontal lamination 

where much of the primary sedimentary structures appear to have been destroyed by 

weathering and bioturbation in the most fine-grained units. Minor amounts of root traces can 

be seen as bleached spots in some places. FA1 deposits were mainly observed in the lower 

part of the footwall, where they occur as two thick sections comprised of very fine-grained 

material. The first of these sections comprises the lowermost 15.5 m of the footwall, and 

consists predominantly of relatively thick (80-440 cm) siltstone units along with thinner beds 

(10-250 cm) of sand-, mud- and claystone. This section is capped by a pale-coloured fine- to 

medium-grained sandstone unit with thickness ranging from 15-50 cm. This particular 

sandstone unit is easily recognized throughout the study area due to its distinct pale colour 

and apparent erosion-resistant nature. The second section consists of two thick (2.1-7.9 m) 

and weakly laminated silty sandstone units separated by a thin layer (10 cm) of dark, organic 

clay. A bleached zone of silty material surround the thin organic claystone layer. Additional 

secondary structures within these two lower sections occur as several calcite-filled fractures. 

The thinner sections located higher up in the stratigraphy consist predominantly of very fine-

grained and weakly laminated muddy sandstone units together with some silt- and mudstone 

beds. These sections differ slightly in terms of grain size and thickness of the individual beds, 

where the hanging wall contain slightly more coarse grained deposits compared to the 

footwall. Minor amounts of desiccation cracks and soft sediment deformation were observed 

in some areas. The FA1 also include a pale-coloured, muddy sandstone unit containing 

several deformation bands with a preferred orientation towards the NE-SW (Facies F). This 

unit was only observed in the hanging wall at about 12.5 to14.4 m, where it grades into the 

overlying red sandstone. It is similar to the underlying Fremont bedding, but contains less 

deformation bands and appears to be of eolian rather than fluvial origin. 
 

Interpretation 

The large amount of muddy and silty material that characterize the FA1 deposits are 

indicative of wet interdune systems. The muddy and fine-grained materials found in the two 

lower sections were presumably deposited in calm waters within a wet interdune or tidal flat 

system. The coarser and slightly muddy sections located higher up in the stratigraphy suggest 

deposition in temporary lakes or ponds where the water energy has been sufficiently low. The 

presence of thin organic-rich clay layers indicate temporary anoxic depositional environments 

where oxidation of organic matter was prevented due to rapid burial (Boggs, 2011). The 

amount of deformation bands scattered throughout one of the pale-coloured sandstone units 

are indicative of strain localization processes. Most of the deformation bands display a 

preferred direction that may indicate formation due to tectonic faulting. Additionally, several 

deformation bands displaying orientations that are more varied suggest formation caused by 

vertical loading of the overlying dune sediments or fluid expulsion during physical 

compaction (Fossen, 2010b). 
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5.2.2 Facies association FA2 – Wet eolian dune 

Description 

The FA2 deposits represent the majority of the stratigraphic succession in the study area. 

They consist predominantly of the very fine- to medium-grained sandstone of Facies A, with 

bed thickness ranging from 50-750 cm and sedimentary structures varying from massive to 

stratified (see Table 5.2.1). Most of these deposits display a reddish-brown colour assumed to 

be caused by hematite and other iron oxides. Pale tan-coloured (bleached) units occur as 

individual sandstone beds, or as bleached haloes surrounding fractures and slip surfaces. In 

addition, some units display no discernible structures due to extreme weathering of the 

outcrops. These deposits were mainly observed in the hanging wall and the upper part of the 

footwall, where they represent earthy units associated with the Entrada Sandstone. Observed 

secondary structures occur as desiccation cracks, soft sediment deformation and root traces. 

The thickest sandstone units can be traced throughout the study area where they are found 

mostly within the succession recorded from the hanging wall and the upper part of the 

footwall. Thin mudstone (Facies B) and siltstone (Facies D) units was observed within some 

units. 
 

Interpretation 

The thick, horizontally bedded units of FA2 likely represent deposition in wet eolian dune or 

sand sheet environments where the water table or its capillary fringe is located close to the 

depositional surface (Kocurek & Havholm, 1993). The weakly laminated and massive 

sandstone units likely result from rapid deposition while the more muddy sandstone beds 

indicate deposition by suspension settling. Muddy sandstone units separated by thin mud- and 

siltstone layers are assumed to represent a wetter depositional environment compared to the 

more massive sandstone units.  

5.2.3 Facies association FA3 – Floodplain deposits 

Description 

FA3 encompasses several upwards fining successions comprised of Facies A (sandstone), B 

(mudstone), D (siltstone) and G (claystone) with individual bed thickness ranging from a few 

cm up to about 1.5 m (see Table 5.2.1). The successions are separated by both erosional and 

non-erosional boundaries, where mud- and siltstone units dominate most of the deposits. 

Individual bed thickness for the different facies ranges from 10-140 cm for the mudstone, 10-

60 cm for the siltstone, 10-110 cm for the sandstone, and 2-40 cm for the claystone. The 

sandstone beds occur as both bleached and unbleached units, with grain size ranging from 

very fine- to medium. Sedimentary structures occur primarily as planar lamination, ripple 

lamination and root traces. Additional structures such as small-scale cross-stratification could 

be observed within some of the thinner (~10 cm) sandstone beds. Some units, however, 

display no discernible structures due to extreme weathering or bioturbation. The FA3 deposits 

are mainly found within the Entrada Sandstone where they are located between facies 

associated with FA2 (eolian dune) and FA1 (wet interdune) deposits.  
 

Interpretation 

The FA3 strata are interpreted as ephemeral stream floodplain deposits that accumulated 

during episodes of high relative base-level. Erosional surfaces overlain by thin and sometimes 

ripple laminated sandstone units suggest episodes of erosion by ephemeral streams and 

deposition of fluvial channel deposits. The large amount of fine-grained material indicate 

deposition in calm waters while the presence of root traces are indicative of vegetation at the 

surface. 
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5.2.4 Facies association FA4 – Pale-coloured sandstone 

Description 

The FA4 deposits comprise the two pale-coloured sandstone units of Facies E characterized 

by a significant amount of deformation bands with a preferred orientation towards the NE-SW 

(see Table 5.2.1). These units are interpreted as the so-called Fremont bedding described by 

Hope (2015), located at about 56.7 to 58.3 m in the footwall and 0.0-2.2 m in the hanging wall 

with bed thickness ranging from 1.60 to 2.20 m. The two units differ slightly in terms of 

composition and sedimentary structures. The footwall unit displays subhorizontal lamination 

with a grain size somewhere between fine- and medium, while the hanging wall unit is 

through cross-stratified and slightly more coarse-grained. These units are easily distinguished 

from other sandstone beds throughout the study area due to their relatively coarse grain size, 

pale colour, and large amount of deformation bands.  

 

Interpretation 

The FA4 units are assumed to be of fluvial and possibly eolian origin, where the cross-

stratification and slightly irregular planar lamination indicate deposition in the lower flow 

regime, while some areas display structures characteristic for eolian dune deposits. The 

clusters of deformation bands indicate formation impacted by collapse of the bed or possibly 

due to folding events (Hope 2015; Larsen, 2015).  

5.2.5 Facies association FA5 – Tidal flat deposits 

Description 

The FA5 comprises the upwards coarsening succession of reddish-grey sandstone of Facies H 

intercalated with thin, clay-rich mudstone layers (Facies G) (see Table 5.2.1). Bed thickness 

ranges from 3-16 cm for the sandstone with each layer displaying wavy lamination. The 

claystone layers varies in thickness from 2-10 cm and contain no discernible structures. These 

layers drape and fill in relief on top of the sandstone beds. The FA5 deposits were only 

recorded from the hanging wall where they overlie a fluvial sedimentary succession assumed 

to represent the lower part of the Curtis Formation, marking the regionally mappable J-3 

unconformity (Fillmore, 2011; O'Sullivan, 1981). Similar strata probably overlie the Entrada 

Sandstone in the footwall, but these deposits could not be recorded due to the large amount of 

scree and debris that covered the Curtis Formation. 
 

Interpretation 

The intercalated layers of sand- and mudstone are associated with a period of marine 

transgression deposited in the intertidal zone of a sand-dominated tidal flat system (Boggs, 

2011). The wavy bedding within the sandstone beds is indicative of the fluctuating energy in 

tidal flat systems, while the clay and mud sediments suggest suspension sedimentation in a 

low-energy environment on a tidal sand flat.  

5.2.6 Facies association FA6 – Channel infill deposits 

Description 

FA6 consists of channel infill deposits comprised of Facies I (cross-stratified and irregularly 

bedded sandstone) and Facies J (conglomerate) (see Table 5.2.1). It is located in the 

uppermost part of the hanging wall where it cuts into the underlying deposits of FA5. The 

deposits encompass an upwards coarsening succession of dark reddish-grey sandstone beds 

with thickness ranging from 5-15 cm separated by thin layers of mud and conglomeratic 

sandstone. The conglomerate represents the base of the Curtis Formation in the footwall 

where it displays an irregular thickness that varies from 5-15 cm. It occurs higher up in the 

stratigraphy of the hanging wall where it appears to be more matrix-supported than the basal 
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conglomerate found in the footwall. The uppermost conglomerate layer recorded from the 

hanging wall consists mostly of very fine-grained sandstone containing zones of pebble-sized 

clasts scattered unevenly throughout the layer. 
 

Interpretation 

FA6 is interpreted as shallow marine and tidal channel infill sediments assumed to have been 

deposited during the marine transgression of the Curtis sea. The erosional lower boundary and 

the relatively coarse grain size (medium-coarse) indicate sediment transport by fluvial 

channels that cut into the underlying tidal flat environment of the FA5 deposits. The 

conglomerate layers likely represent flash flood deposits. 
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Figure 5.2.1. Lithostratigraphic logs displaying the recorded lithology of the footwall (left 

colums) and hanging wall (right column) in the study area.    
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6 Samples and thin sections  
Several samples were collected from both bleached and unbleached parts of the lithology in 

order to study differences in mineralogy, microstructures, porosity and permeability. Thin 

sections were made from seven of these samples (see Table 6.1-6.3), each displaying a 

mineralogy characteristic of the given sedimentary facies. Thin sections R1 and R9 were 

sampled from sandstones containing calcite-filled fractures. The remaining thin sections were 

used to study the differences between bleached and unbleached parts of strata in various 

facies. Thin sections R3 and R4 represents bleached and unbleached sandstone, while thin 

sections R7 and R8 similarly represent silt- and mudstone. Thin section R6 display the 

boundary between the bleached and unbleached part of a siltstone. Evidence of deformation 

can be seen as deformation bands and fractures in some of the thin sections (R1, R3 and R6), 

and general undulatory extinction of quartz grains from mechanical compaction.  

 

Table 6.1. Overview of sample localities and their lithological setting. 
Sample N E Formation Log (m)/scan line Facies  Setting/lithology 

ROG-UT-1 N3920.211 W11032.164 Entrada 
Scan line Wh2, 

24.6 m 
A 

Calcite-filled fracture in 

sandstone near fault plane 

ROG-UT-3 N3920.427 W11032.213 Entrada 
Hanging wall log,  

13.0 m 
F 

Bleached sandstone with 

deformation bands 

ROG-UT-4 N3920.427 W11032.213 Entrada 
Hanging wall log,  

14.5 m 
A Unbleached sandstone 

ROG-UT-6 N3920.318 W11032.254 Entrada 
Scan line Wf1, 

67.0 m 
C 

Bleached and unbleached 

siltstone 

ROG-UT-7 N3920.199 W11032.138 Entrada 
Scan line Wf1 

2.0 m 
D Unbleached silt/mudstone 

ROG-UT-8 N3920.199 W11032.138 Entrada 
Scan line Wf1 

3.0 m 
D Bleached silt/mudstone 

ROG-UT-9 N3920.209 W11032.159 Entrada 
Scan line Wh2 

29.15 m 
A 

Calcite-filled fracture in 

sandstone 

6.1 Mineralogy 

The different thin sections display very similar compositions for given facies, containing well 

sorted silt- and very fine-grained sandstone with only slight variations. The compositions of 

the thin sections are dominated by rounded to subangular quartz (80-90%) occurring as both 

monocrystalline and polycrystalline lithic grains. Other minerals include minor amounts of 

feldspar (albite and microcline), epidote, iron oxides (hematite and limonite) and other opaque 

phases. Most of these minerals appear as anhedral to subhedral grains. Relatively large calcite 

crystals occur as secondary minerals in fractures, and are assumed to have been precipitated 

by migrating fluids. The large amount of calcite present in the samples is possibly formed by 

weathering or alteration of Ca-rich plagioclase (Nesse, 2013). The observed bleaching likely 

result from the dissolution of iron(III) oxide (hematite) by migrating fluids. Dissolution of 

quartz and feldspar can be observed in deformation bands and around fractures. Iron oxide 

occur as anhedral hematite grains in the unbleached samples, and as pore-filling material in 

bleached samples. Carbonate-cementation surround much of the framework grains in the 

bleached samples and in deformation bands. Concentrations of iron oxide cement can be 

observed around fractures. 

 

The Iron oxide reduction may have resulted in CO₂ being produced as a by-product, causing 

the pore fluids to become more acidic and thus promoting dissolution of the feldspar and 

carbonate grains. Later precipitation of other iron oxides and carbonaceous cement in the 

resulting pore space may explain the presence of the large amount (Beitler et al., 2005). 
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Thin section R1, sample ROG-UT-1 
Thin section R1 was sampled from a fine-grained sandstone with calcite-filled fractures 

located near the fault plane of a minor fault. The composition of the host rock vary with the 

proximity to the calcite vein, likely due to alterations of the mineralogy made by fault 

movement and/or fluid circulation (see Figure 6.1.1.A and 6.1.1.B). The least altered part of 

the host rock consists mainly of quartz and calcite grains cemented together by iron oxide and 

calcite precipitates. Much of this composition is replaced by calcite near the fracture 

boundary, where the host rock mainly consist of quartz, calcite and carbonaceous cement. 

Parts of this composition appear as banded structures next to iron oxide cemented bands. The 

calcite vein mainly consist of relatively large, anhedral calcite grains (see Figure 6.1.1.C). 

Smaller calcite-grains can be observed at the boundary to the host rock (see Figure 6.1.1.D). 

 

Thin section R3, sample ROG-UT-3 
Thin section R3 was sampled from a bleached sandstone containing several cataclastic 

deformation bands. It is dominated by rounded, anhedral quartz grains (85-90%), where 

several grains display evidence of grain size reduction due to grain crushing and grain 

dissolution. Minor amounts of feldspar (< 5 %) and epidote (1-2 %) can be observed. Feldspar 

occur as albite and microcline, recognized by their characteristic twinning patterns.  

 

The observed deformation bands contain varying amounts calcite cementation binding the 

crushed grins together (see Figure 6.1.2.A and 6.1.2.B). Iron hydroxide or clay aggregates 

appear to concentrate around minor fractures, displaying some dissolution of grains along 

with cementation (see Figure 6.1.2.C and 6.1.2.D). Minor amounts of pale-coloured, isotropic 

minerals similar to limonite indicate possible alteration of other Fe-bearing minerals. Traces 

of hematite can also be observed as reddish-brown, anhedral grains. 

 

Thin section R4, sample ROG-UT-4 
Thin section R4 represents a unbleached counterpart of the sandstone observed in thin section 

R3, sampled from a red sandstone bed located directly above the aforementioned bleached 

sandstone of thin section R3. Overall, this rock is more fine-grained and less porous than its 

bleached equivalent, possibly resulting from different sedimentation events. It is dominated 

by quartz (80-90%), but also contains minor amounts of feldspar (< 5 %), epidote (< 5 %), 

and several unidentified opaque phases occurring as anhedral dark grains. The red colour 

likely result from the minor amount of hematite (< 5 %) present in the sample (see Figure 

6.1.3.A and 6.1.3.B). The amount of carbonate cement is greater than what was observed in 

thin section R3. Some areas display dissolution of quartz surrounded by larger concentrations 

of iron oxide cementation displayed as patches of very fine material (either clay or iron oxide) 

possibly associated with fluid infiltration in minor fractures (see Figure 6.1.3.C and 6.1.3.D). 

 

Thin section R6, sample ROG-UT-6 
Thin section R6 displays the boundary between the bleached and unbleached parts of a 

siltstone. Both parts of the sample are dominated by quartz grains (80-90 %), along with 

minor amounts of opaque phases (< 2 %) and varying amounts of cementation (see Figure 

6.1.4). The red, unbleached part of the sample contains a larger amount of iron oxides and 

other opaque phases scattered throughout the sample. Both carbonate and iron oxide 

cementation can be observed. The bleached area appear to be slightly more porous, but 

contain larger amounts of clay and carbonate cement. A banded structure can be seen in the 

bleached part of the sample, where the grain-size has been greatly reduced and elongate grains 

are aligned with the band. 
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Thin section R7, sample ROG-UT-7 
Thin section R7 displays parts of an unbleached mudstone containing patches of what appears 

to be clay material and iron oxide (see Figure 6.1.5). The mineralogy is dominated by quartz, 

with several opaque phases and minor amounts of feldspar scattered throughout the siltstone. 

Much of the framework minerals are cemented together by both iron oxide and carbonate 

cements. Minor amounts of muscovite and biotite can be seen aligned in a similar direction. 

 

Thin section R8, sample ROG-UT-8 
Thin section R8 represents a bleached mudstone from a slightly more fine-grained part of the 

lithology similar to the one observed in thin section R7. It contains a larger portion of clay 

material, which appear as both matrix material and as concentrated patches scattered 

throughout the sample probably from flocculation (see Figure 6.1.6). Areas that contain less 

clay are carbonate cemented. The framework minerals in the thin section consist mainly of 

quartz (80-85%), along varying amounts of iron oxides (< 5%) and minor amounts of other 

opaque phases (~ 5 %). A few pleochroic, green minerals (< 1%) assumed to be epidote can 

be observed in parts of the sample. 

 

Thin section R9, sample ROG-UT-9 

Thin section R9 was sampled from a calcite filled fracture within a fine-grained sandstone. 

The observed calcite crystals have a much greater grain size than the minerals of the wall rock 

(see Figure 6.1.7.A and 6.1.7.B). Much of the host rock appears to be calcite cemented close 

to the fracture walls, indicating some alteration due to fluid circulation. Parts of the host rock 

also display quartz dissolution and/or cementation near calcite grains (see Figure 6.1.7.C and 

6.1.7.D). Iron oxide cementation occur along minor cracks, along some calcite grains, and 

along vein boundaries. Banded structures comprised primarily of quartz grains along with 

dissoluted and crushed feldspar grain could be seen along some of the vein margins. 

Additional matrix material appear to be comprised of kaolinite and other clay minerals. These 

bands are possibly signs of crushing associated with shear movement where later infiltration 

of fluids precipitated the secondary calcite grains.  
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Figure 6.1.1. A and B: Alterations of the mineralogy resulting from fault movement and 

possibly from fluid circulation. C: Calcite vein comprised of relatively large anhedral to 

subhedral calcite grains. D: Smaller calcite grains located at the boundary between the host 

rock (left) and larger calcite grains (right).  
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Figure 6.1.2. A and B: Cataclastic deformation band displaying both grain size reduction and 

grain reorganization. C and D: Possible dissolution and cementation band displaying 

dissolution of quartz grains and concentration of iron oxide cement around minor fracture. 
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Figure 6.1.3. A and B: Hematite grains and other opaque phases among quartz grains. C and 

D: Concentrations of iron oxide. 
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Figure 6.1.4. A: Unbleached siltstone in PPL containing larger amounts of hematite iron 

oxide and less cementation. B: Unbleached siltstone in XPL displaying quartz, iron oxides 

and carbonate cement. C: Bleached siltstone in PPL containing less hematite and more 

cementation. D: Bleached siltstone in XPL displaying quartz surrounded by iron oxide and 

carbonate cement.   
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Figure 6.1.5. Patches of clay material and iron oxide scattered throughout the unbleached 

mudstone. Appears to infiltrate the surrounding pore space. 

 

  

Figure 6.1.6. Clay material appearing as matrix material and as concentrated patches 

together with iron oxide.  
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Figure 6.1.7. A and B: Calcite vein comprised of relatively large calcite crystals. C and D: 

Quartz dissolution and cementation near calcite vein, seen in dark, banded structures along 

the calcite veins.  

 

Table 6.2. Approximated mineral assemblage of the thin sections. 
Thin section R1 R3 R4 R6 R7 R8 R9 

Quartz  40-50 % 85-90 % 80-90 % 80-90 % 80-90 % 80-85 % 40-45 % 

Albite – 1-2 % 1-2 % < 1-2 % < 1-2 % – – 

Microcline – 1-2 % 1-2 % – – – – 

Hematite ~ 5 % < 2 % < 5 % < 5% < 5 % < 1-2 % < 1-2 % 

Epidote – 1-2 % < 5 % – < 5 % – – 

Calcite  30-35 % 5-10 %  – < 2 % < 2 % < 5 % ~ 50 % 

Carbonate cement ~ 10 % < 5 % ~ 5 % 5-10 % ~ 5 % ~ 5 % 2-3 % 

Other opaque phases < 5 % < 5 % 1-2  % < 2 % 1-2 % ~ 5 % < 1-2 % 

Iron oxide cement < 5 % ~ 5 % 1-2 % < 5 %  1-2 % 5-10 % 1-2 % 

 

  

A B 

C D 

0.2 mm 0.2 mm 

1 mm 1 mm 

Calcite Calcite 

Calcite 

Calcite 

Host rock 

 

Banded structure 

along calcite vein 

 



 41 

6.2 Microstructures 

Various microstructures can observed in the different thin sections. A tabular wall zone 

comprised of fine-grained iron oxide and/or clays can be seen along the fracture walls of thin 

section R1. Similar wall zones containing calcite cement occur next to the iron-rich structures. 

These cemented bands are possibly a result of grain dissolution and later precipitation of iron-

bearing minerals. Quartz dissolution and cementation occurred near calcite grains in thin 

section R9. A banded structure comprised of elongate grains aligned in a preferred direction 

can be observed in the bleached part of thin section R6. Corrosion of quartz may be seen in 

some areas.  

 

The deformation bands observed in thin section R3 display varying amounts of grain size 

reduction, grain reorganization and calcite cementation. Concentrations of iron oxides and/or 

clay surround minor fractures, along with dissolution and cementation of grains. Thin section 

R4 display similar structures, where partly dissolved quartz grains are surrounded by 

concentrations of iron oxide cement. Concentrated patches of clay material and iron oxides 

can be seen in the most fine-grained samples. 
 

Table 6.3. General overview and description of the thin sections. 
Thin 

section 
Setting/lithology  Microstructures 

Grain size  

(host rock) 

Grain size 

(structures) 

Grain size 

(calcite vein) 

R1 
Calcite-filled fracture 

in sandstone 

Banded structures comprised of 

carbonates and iron oxides 
0.02-0.05 mm 0.01-0.04 mm 0.1-2.0 mm 

R3 
Bleached sandstone 

with  

Deformation bands (cataclastic 

and cementation bands) 
0.02-0.1 mm 0.01-0.05 mm – 

R4 
Unbleached 

sandstone 

Dissolution of quartz, 

concentrations of iron oxide  
0.02-0.15 mm <0.005-0.02 mm – 

R6 
Bleached and 

unbleached siltstone 

Banded structure of elongate 

grains 
0.02-0.1 mm <0.005-0.03 mm – 

R7 
Unbleached 

silt/mudstone 

Concentrated patches of clays 

and/iron oxides 
0.0125-0.2 mm < 0.005-0.01 mm – 

R8 
Bleached 

silt/mudstone 

Concentrated patches of clays 

and/iron oxides 
0.0125-0.05 mm < 0.005 mm – 

R9 
Calcite filled fracture 

in sandstone 

Dissolution and/or cementation  

bands comprised of quartz 
0.02-0.1 mm 0.01-0.05 mm 0.2 -2.0 mm 
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7 Fault damage zone analysis 
The focus of this thesis has been to map out and describe the exposed normal fault cutting 

through the stratigraphy of the study area, with focus on the fault core and the surrounding 

structures of the damage zone. Six scan lines recorded along bleached and unbleached units 

located proximal to the master fault were used to map out the distribution and orientation of 

subsidiary structures within the fault damage zone. 

7.1 Fault core analysis 

The fault cores of the master fault and other subsidiary slip surfaces were studied for their 

potential influence on fluid flow. The master fault of the study area can be located in both the 

western and eastern walls of the canyon. However, these fault cores are not well exposed and 

could therefore not be studied in great detail. In any case, the following offers a general 

description of these cores before two well-exposed subsidiary fault are addressed. These two 

had discernible and easily accessible fault cores that could be mapped. Both fault exposures 

were situated along scan line Wh2 at approximately 24.6 m and 29.15 m. The remaining fault 

cores observed in the field were either inaccessible or consisted mainly of a slip surface with 

little to no signs of additional fault core structures. Most of the observed slip surfaces had an 

orientation subparallel to that of the major fault in the area. 

7.1.1 Master fault 

The fault core of the master fault was partially covered by large amounts of scree and debris, 

making it difficult to define any distinguishable characteristics. Approximate orientation for 

the master fault is 260/71 with a throw estimated to be about 45-55 m. The western side of the 

canyon display a relatively exposed but slightly inaccessible fault core. The hanging wall 

contains a much more exposed part of fault core compared to the footwall, displaying a great 

amount of through-going fractures and at least one antithetic fault. Most of the observed joints 

display relatively steep dip angles, where many appear to be subparallel to the antithetic 

faults. The fracture density is at its highest close to the main fault, with lower fracture 

intensity further away. Bleaching patterns can be seen surrounding joints and minor faults 

cutting through the stratigraphy, suggesting that these discontinuities have been a pathway for 

migrating fluids (Beitler et al., 2003, 2005; Chan et al., 2000). The bleaching mostly occur in 

places with high fracture density located proximal to the master fault. The fault core is mostly 

covered by scree in the footwall, thus making it difficult to see any distinguishing features. 

Parts of the exposed areas do, however, display a bleached zone surrounding the slip surface 

of the main fault. A noticeable amount of bleaching can also be observed in one of the more 

weather-resistant sandstone beds located in the uppermost part of the footwall. 

 

The parts of the fault core observed on the eastern side of the canyon display a relatively large 

zone of bleaching surrounding the master fault. Several subsidiary joints can be observed 

close to the fault core, where the fracture density appear to be higher within the bleached 

zone. Most of these structures are observed between the main fault and a subsidiary synthetic 

fault located in the hanging wall. Additional structures and features are difficult to distinguish 

due to the large amounts of scree material covering most of the core. The scan lines recorded 

along different sandstone beds on each side of the canyon display a higher density of 

deformation bands in bleached zones located close to the master fault. 
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Figure 7.1.2.1. A: Photograph of the master fault located in the western wall of the canyon. 

B: Coloured interpretation of the observed structures in image A. C: Photograph of the 

master fault located in the eastern wall of the canyon. D: Coloured interpretation of the 

observed structures in image C (Photographs by Ragni O. Gurrik, 21.06.2015, 07.07.2015). 

  

  

A B 
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7.1.2 Subsidiary fault core 1 

The fault located at approximately 24.6 m displays the most distinct fault core, with varying 

fault facies and a maximum thickness of ~37 cm. Measured orientation of the principal and 

secondary slip surfaces are sub-parallel to the main fault with strike/dip values of 258/77 and 

284/68 respectively. This minor fault has a throw of approximately 2 m, juxtaposing both 

bleached and unbleached mud- and sandstone layers of the Entrada Sandstone. The 

unbleached mud- and sandstone units display mainly brittle deformation in the form of slip 

surfaces with associated slickensides, proto breccias and slip surface cataclasites. A bleached 

sandstone layer within the faulted succession display more ductile rather than brittle 

deformation, seen as a drag fold around the fault core. The more ductile deformation of the 

bleached sandstone layer suggests that it is mechanically weaker than its unbleached 

equivalents, and that it was soft enough to deform ductilely (Fossen, 2010a). Additional 

bleaching patterns around the fault higher up in the stratigraphy suggests that the fault has 

been a pathway for migrating fluids.  

 

The fault core of this minor fault consists of a principal slip surface, one additional secondary 

slip surface towards the hanging wall, mudstone-derived proto breccia, and slip surface 

cataclasites (see Figures 7.1). Two scan lines were made for the fault core due to the 

variations in fault facies along the slip surface. Scan line 1A display the lower part of the 

exposed fault core where most of the observed fault rock consist of fine-grained, brecciated 

material. This part of the fault core shows the principal slip surface at 14 cm, an additional 

secondary slip surface towards the hanging wall at 51 cm, and a mudstone-derived proto 

breccia with a shaly matrix. The slip surface cataclasites have a thickness of approximately 1 

cm, and consist of material mainly derived from the displaced sandstone units. The proto 

breccia has a maximum thickness of about 35 cm that visibly thins upward into the more 

sand-dominated part of the fault. 

 

Scan line 1B was recorded approximately 50 cm above scan 1A. This part of the fault core is 

thinner and contains partly a different set of fault facies. The principal and secondary slip 

surfaces from scan 1A are in this scan line located at 32 cm and 45 cm, respectively, along 

with an additional minor antithetic slip surface in the footwall at about 18 cm with an offset of 

6-7 cm. The fault rocks observed in this log consist of a relatively thin membrane of fine-

grained proto breccia derived from the displaced mudstone unit, and a lens of calcite-

cemented sandstone containing calcite-filled Riedel shear fractures. The sandstone lens has a 

varying thickness of approximately 6-10 cm in the studied part of the outcrop, and makes up 

approximately 50 % of the fault core along scan 1B. The presence of Riedel shear fractures 

further indicate that they formed during normal (extensional) faulting.  

 



 45 

 

  

  
Figure 7.1. A: Photograph of the fault core located at approximately 24.60 m of scan line 

Wh2 in the hanging wall of the master fault. B: Close-up image of the area where scan 1B is 

located. C: Coloured interpretation of the structure found in image B. D: Close-up image of 

the area where scan 1A is located. E: Coloured interpretation of the structure found in image 

D (Photographs by Ragni O. Gurrik, 06.07.2015).  

7.1.3 Subsidiary Fault core 2 

The fault located at approximately 29.15 m in scan line Wh2 is relatively small compared to 

the one at 24.6 m, with a throw of approximately 80 cm. It displaces only a small part of the 

mud- and sandstone layers of the Entrada Sandstone. It contains a less distinct fault core 

comprised of the principal slip surface, one secondary slip surface, and pieces of wall rock 

containing several joints and deformation bands. Secondary mineral precipitation of calcite 

within the fault core has occurred as fracture infill, resulting in relatively thick calcite veins 

that fan out into thinner veins and joints higher up. 

 

Fault core 2 displays the lower part of the exposed fault core where most of the observed fault 

rock consist of fractured sandstone containing thick calcite veins that vary in thickness 

throughout the fault core (see Figures 7.2). Numerous deformation bands can be seen between 

the principal and secondary slip surfaces above the calcite veins. A swarm of calcite-filled 

fractures can be seen along the fault higher up in the stratigraphy with bleaching patterns 

surrounding these structures in places where the density of fractures are at its greatest. 

Measured orientation of the slip surfaces give an orientation of 264/78 and 262/88 for the 

principal and secondary slip surfaces. Slickensides observed on the sandstone lens along the 

secondary slip surface gives strike/dip values 284/68 with plunge of the slickenside of 66° 

towards the NE (284/68 -66).  
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Figure 7.2. A: Photograph of the fault core located at approximately 29.15 m of scan line 

Wh2 in the hanging wall of the master fault. B: Close-up image of the area where scan line 2 

is located. C: Coloured interpretation of the structure found in image B (Photos by Ragni O. 

Gurrik, 07.07.2015).  
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7.1.4. Summary of fault core analysis 

The fault characteristics observed in the field vary with lithology; (i) the most fine-grained 

units exhibit a larger amount of joints and shear zones while (ii) the coarser units display 

mostly slip surfaces and associated slickensides with little to no additional structures. The 

observed fault core facies consist of various discrete structures, different types of membranes, 

and sandstone lenses. Discrete structures occur as minor joints, shear zones and deformation 

bands around and within fault cores. Membranes were observed mainly along slip surfaces 

where more fine-grained mudstone units have been displaced. The membranes appear as 

continuous to semicontinuous along displaced shaly and silty units, but thins out and more or 

less disappear along slip surfaces between sand-dominated units. Slip surfaces within sand-

dominated units display distinct associated slickensides with little to no signs of a discernible 

membrane. Lenses occurred as fractured sandstone derived from the wall rock. 
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7.2 Distribution and orientation of fractures and deformation bands 

Several scan lines recorded in both the hanging wall and the footwall of the main fault was 

used in order to map out the distribution and orientation of fractures and deformation bands in 

the area. Figure 1.2.3 and Figure 1.2.4 display the placement of each scan line. The recorded 

strike and dip values for the observed structures are displayed in stereonets and rose diagrams. 

Mean values for the strike and dip data have been calculated for each scan line in order to 

establish the general orientation for the various discontinuities relative to the main fault. 

Additionally, fractures and deformation bands from both the footwall and hanging wall have 

been subdivided into separate sets displaying the main orientation for the observed structures.  

 

Scan line Wf1 (Figure 7.2.1) 

Scan line Wf1 is located in the footwall of the fault at about 5 m away from the fault core, 

along the streambed at the entrance to the canyon in the western part of the study area. 

Observed structures vary greatly along the scan line, with no apparent decrease in frequency 

of joints and deformation bands away from the master fault. Bleaching was observed in parts 

of the scan line where the abundance of fractures and deformation bands was greater. 

Recorded orientations show mainly an east-west direction around 260-270° with few 

exceptions, which coincides with the approximate orientation for the main fault of 260/71. 

The stereonet for scanline Wf1 display dip directions mainly towards the N and S with 

relatively steep dip angles. Most of the observed joints appear to be bed-confined. Due to 

large amounts of scree and weathering it was however relatively difficult to define the 

geometry of some of the joints. In addition, it was impossible to see if the joints cut through 

the underlying unit. Through-going joints were found mainly near and within bleached zones 

along the scan line. Similarly, most of the calcite-filled fractures were found near the bleached 

areas. Deformation bands were only found within a mostly bleached and relatively wide zone 

of highly fractured rock, possibly a joint swarm related to a minor fault in the area. 

 

Scan line Ef1 (Figure 7.2.2) 

Scan line Ef1 display the limited amount of exposed structures located in the footwall of the 

master fault in the eastern part of the study area, recorded from about 1 m away from the fault 

core. The scan line display a significant decrease in fracture and deformation band density 

away from the main fault. Deformation bands were observed mainly close to the fault core 

together with a greater abundance of joints. Similarly, more calcite-filled joints were observed 

close to the fault. Most joints occurred as bed-confined, while through-going joints and shear 

fractures occurred more randomly along the scan line. Most of the structures display east-west 

orientations with relatively few exceptions. The general orientation for the observed joints and 

deformation bands is between 070-080° with relatively steep dip angles. No bleaching was 

observed along this scan-line.  

 

Scan line Wh2 (Figure 7.2.3) 

Scan line Wh2 represent the hanging wall of the master fault in the western part of the study 

area located about 2 m away from the fault core. It was recorded along a partially bleached 

sandstone layer containing structures such as joints, deformation bands and minor slip 

surfaces. Bleaching was observed close to the master fault, along with a greater abundance of 

joints and deformation bands. Most joints occur as bed-confined, while through-going joints 

mostly occurred close to the main fault or as minor slip surfaces in the damage zone. 

Deformation bands and calcite-filled fractures occurred most frequently in the bleached area 

close the main fault and near other minor slip surfaces. Both the frequency of joints and 

deformation bands decrease noticeably away from the main fault to about 19-24 m, where the 

density of joints and deformation is less than 2 per meter. In addition, there is a noticeable 
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increase in fracture and deformation band density around subsidiary faults and slip surfaces. 

The orientation for the observed structures is towards the east-west, between 260-270°, with 

very few exceptions. The dip is towards both the N and S with relatively steep dip angles. 

 

Scan line Eh2 (Figure 7.2.4) 

Scan line Eh2 was recorded along the lowermost bleached sandstone bed of the hanging wall 

about 0-1 m away from the fault core in the eastern part of the study area. The recorded 

sandstone bed appears to represent the so-called Fremont bedding (Hope 2015), based on 

lateral correlation of the stratigraphy in the study area. However, the deformation bands 

characteristic of the Fremont bedding were scarce along this scan line. Similarly, very few 

calcite-filled fractures were observed along this scan line. The joints appear mainly as bed-

confined along with some occurring as through-going. The amount of joints does not appear 

to decrease significantly away from the fault, but display varying spatial distributions along 

the scan line. A significant increase in fracture density can be seen near a subsidiary slip 

surface at approximately 22.5 m. The observed structures display a more chaotic and varied 

orientation for the joints compared to the other scan lines, as both direction and dip angle vary 

greatly. However, there seems to be a greater abundance of joints with oriented towards the 

SW. 

 

Scan line Eh3 (Figure 7.2.5) 

Scan line Eh3 was recorded in an unbleached sandstone bed located directly above the 

bleached layer described by scan line Eh2. The two sandstone beds are very similar in 

composition with the lack of bleaching in the overlying unit being the most distinct feature 

that separates the two layers. Additionally, scan line Eh3 contain less joints than its bleached 

equivalent. The abundance of joints along this scan line is relatively low close to the fault, and 

shows no noticeable decrease away from the fault. Most joints occur as bed-confined, with 

some containing secondary mineral precipitation of calcite. Deformation bands were not 

observed along this scan line, possibly indicating low porosity in the sandstone unit. Joints 

display relatively varied orientations, as shown by the rose diagram in Figure 7.2.5. However, 

there seems to be a main orientation in the NW-SE direction. The dip direction vary 

accordingly with mostly low dip angles.  

 

Scan line Eh4 (Figure 7.2.6) 

Scan line Eh4 was recorded in a partially bleached sandstone bed located above scan line Eh3. 

Bleaching was observed close to the fault where the abundance of deformation bands is 

greatest, while joints occur more frequently in the unbleached part of the unit. The abundance 

of joints decrease slightly away from the fault, but increase noticeably around minor slip 

surfaces and through-going joints. Most joints appear as bed-confined. Through-going joints 

occur mainly near or as minor slip surfaces. Additionally, calcite-filled fractures appear 

mostly around slip surfaces and other through-going joints. Measured orientations for 

fractures and deformation bands point mainly in the NE-SW direction with some exceptions. 

The main orientation to the SW lies between 250-260°, while the main orientation to the NE 

lies between 070-080°. The dip direction is mainly towards the NW and SE with relatively 

steep dip angles. The bleached part of the bed appear to be more inclined to form deformation 

bands rather than joints, while the opposite can be seen in the unbleached areas. This may 

indicate that the presence of fluids in the bleached part affect the deformation of the strata, or 

that the mineralogy and microstructures in the bleached part differ from the unbleached part.  
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Figure 7.2.1. A: Scan line Wf1 in the footwall following the wall of the streambed. B: Rose diagram of 

strike to fractures and deformation bands showing strikes mainly to the west and some to the east. C: 

Poles to deformation bands (black circles) and fractures (tg: blue, bc: purple) showing steep dip 

angles for most fractures with dip towards the N and S. D: Graphic presentation of the observed faults 

and fractures along scan line Wf1. E: Graphic presentation including observed deformation bands 

found with a high frequency in a narrow zone. 
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Figure 7.2.2. A: Scan line Ef1 in the footwall of the main fault. Middle: B: Rose diagram of strike to 

fractures and deformation bands showing strikes mainly to the east. C: Poles to deformation bands 

(black circles) and fractures (tg: blue, bc: purple) showing steep dip angles towards the N and S. D: 

Graphic presentation of the observed deformation bands, faults and fractures along scan line Ef1. 
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Figure 7.2.3. A: Scan line Wh2 in the hanging wall of the main fault. B: Rose diagram of strike to 

fractures and deformation bands showing strikes mainly to the west and some to the east. C: Poles to 

deformation bands (black circles) and fractures (tg: blue, bc: purple) showing steep dip angles for 

most the planes with dip towards the N and S. D: Graphic presentation of the observed deformation 

bands, faults and fractures along scan line Wh2.  
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Figure 7.2.4. A: Scan line Eh2 in the hanging wall of the main faul. B: Rose diagram of strike to 

fractures and deformation bands showing strikes in every direction. Main orientation to the west, SW 

and to the south. C: Poles to deformation bands (black circles) and fractures (tg: blue, bc: purple) 

showing varying dip angles and dip direction. D: Graphic presentation of the observed deformation 

bands, faults and fractures along scan line Eh2. 
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Figure 7.2.5. A: Scan line Eh3 in the hanging wall of the main fault. Middle: B: Rose diagram of strike 

to fractures showing strikes mainly to the west (240-250°, 290-300°) and to the east (090-110°).  

C: Poles to fractures (tg: blue, bc: purple) showing mainly low dip angles. D: Graphic presentation of 

the observed deformation bands, faults and fractures along scan line Eh3. 
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Figure 7.2.6. A: Scan line Eh4 in the hanging wall of the main fault. B: Graphic presentation of the 

observed deformation bands, faults and fractures along scan line Eh4. C: Graphic presentation 

including observed deformation bands. D: Rose diagram of strike to fractures and deformation bands 

showing strikes mainly to the west and to the east. E: Poles to deformation bands (black circles) and 

fractures (tg: blue, bc: purple) showing steep dip angles towards the NW and SE. 
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7.3 Summary of scan lines (Figure 7.3.1) 

The scan lines show discrete structures with an overall E-W strike. The amount of fractures 

and deformation bands generally appear to decrease away from the main fault with a 

noticeable increase near minor faults, as shown in scan lines Wh2, Eh3 and Eh4. Accordingly, 

fractures and deformation bands appear as synthetic and antithetic to the main fault with 

mostly steep dip angles. The only noticeable deviations in the scan line data are those 

recorded in scan line Eh2 (bleached) and Eh3 (partly bleached). 

 

Footwall 
A                                                                 B 

  

Hanging wall 
C                                                                D 

 
Figure 7.3.1. Top: Stereoplot of scan lines W1 and E1 in the footwall. A: Rose diagram indicating 

orientations mainly to the west (260-270°) and to the east (070-080°). B: Poles to deformation bands 

and fractures in the footwall displaying mostly steep dip angles towards the N-NW and S-SE. Bottom: 

Stereoplot of scanlines W2, E2, E3 and E4 in the hanging wall. C: Rose diagram indicating 

orientations mainly to the west (260-270°) and to the east. D: Poles to deformation bands and 

fractures in the hanging wall displaying mostly steep dip angles towards the S-SE and N-NW. 
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Based on assessment of orientations of the fractures and deformation bands, they can be 

divided into 6 different sets (see Figure 7.3.2). The average orientation for the footwall data is 

approximately 078/88, which can be divided into set 1a (scan line Wf1) and set 1b (scan line 

Ef1), with average orientations of 078/89 and 079/74 respectively. The average orientation for 

the hanging wall 259/72. The data collected from the hanging wall display more variation in 

the calculated mean values for each scan line, and can be divided into set 2a, 2b, 2c and 2d. 

Datasets 2a (scan line Wh2) and 2d (scan line Eh4) display similar values to the general 

orientation for the hanging wall, with calculated mean orientations of 272/76 and 246/79. The 

remaining datasets 2b (scan line Eh2) and 2c (scan line Eh3) differ greatly in comparison with 

mean orientations of 202/42 and 250/19. Set 2c mostly differ in the lower average dip angle of 

the fractures and deformation bands, which coincides with the greater variation in the data 

recorded from scanline Eh3. Set 2b differ greatly with a largely different value for the 

calculated mean direction and a substantially lower dip angle. This matches the highly varied 

data recorded in scan line Eh2. This set was collected from a bleached layer in the hanging 

wall, suggesting that the great difference relates to either a difference in mineralogy compared 

to the surrounding rock or that it is related to fluid pressure during deformation.  

 

A 
 

 

 

 

B                              

 

C 

 
Figure 7.3.2. Stereoplot showing the mean orientation of the fractures and deformation bands 

calculated from the recorded scan line data. A: Average orientation for the footwall (red) and 

hanging wall (blue). B: Average orientation for scan line Wf1 (red) and Ef1 (blue) recorded in 

the footwall. C: Average orientation for scan line Wh2 (red), Eh2 (dark blue), Eh3 (purple) 

and Eh4 (pale blue) recorded in the hanging wall. 
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The orientation of the recorded structures can be subdivided into 5 different sets for fractures 

and 5 sets for deformation bands (see Figure 7.3.3), with 4 sets for the footwall and 6 sets for 

the hanging wall. The fracture and deformation band sets for the footwall have orientations 

pointing in the E-W direction with relatively steep dip angles. The fracture and deformation 

band sets from the hanging wall display more varied orientation primarily in the E-W 

direction and in the NE-SW direction. See Table 7.3.1 for approximate values for the different 

sets. 

 

A 

 

B 

 
Figure 7.3.3. Stereoplot showing the orientation for different fracture and deformation band 

sets. Solid lines: fracture sets. Dashed lines: deformation band sets. A: Fracture and 

deformation band populations in the footwall. B: Fracture and deformation band populations 

in the hanging wall.  

 

Table 7.3.1. Approximate values for the fracture and deformation band sets. 

Footwall   Hanging wall  

Fractures  Deformation bands Fractures  Deformation bands 

258/89 262/88 266/70 070/49 

084/87 087/85 094/81 261/59 

  236/08 227/69 
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8 Discussion 
The focus of this thesis has been on the major normal fault in the study area and the fracture 

patterns of the surrounding damage zone. The fault core of the major fault was difficult to 

study due to it being partially covered by large amounts of scree and debris. Thus, only the 

surrounding damage zone was accessible for detailed study, including subsidiary faults. The 

distribution and orientation of subsidiary structures in the damage zone was analyzed by using 

data recorded from six scanlines. Former fluid pathways for migrating hydrocarbons 

associated with different types of fractures corridors were recognized by studying the 

bleaching patterns surrounding joints and slip surfaces. Differences in mineralogy for 

bleached and unbleached facies were defined by analysing thin sections from selected parts of 

the lithology. 

8.1 Regional considerations 

The studied normal fault and associated structures described in previous sections are located 

in the Humbug flats at the northern edge of the San Rafael Swell, where it has displaced and 

juxtaposed the upper part Entrada Sandstone against the lower part of the Curtis Formation.  

The question regarding when the fault was active is uncertain, and no clear answer has been 

found. The tectonic history of the studied fault is based on fracture and deformation band 

patterns recorded by Larsen (2015) and Hope (2015) from an exposed rock sequence in the 

Humbug flats. Fracture populations described by Larsen (2015) appear to be related to both a  

gentle anticline set up by the large normal fault described by Ogata et al. (2014) located at the 

northeastern end of the studied area, and is assumed to be related to the WNW-ESE striking 

structures of the Chimney rock fault array. While the origin of the steeply dipping normal 

faults within the Chimney rock fault array is unclear, it is presumed that they result from 

processes associated with the uplift of the San Rafael Swell during the formation of the 

Laramide orogeny about 50 Ma (Shipton & Cowie, 2001).  

 

There is some dispute regarding the stress regime in which the array was formed. Shipton and 

Cowie (2001) describe an orthorhombic fault geometry associated with an orthorhombic 

system, suggesting formation in a three-dimensional strain field during one deformation 

event. The three-dimensional strain field is assumed to have comprised a maximum 

extensional strain axis in the N-S direction, a minimum strain axis in the E-W direction and a 

vertical compressive strain axis. An alternative explanation is described by Davatzes et al. 

(2003), where formation of the array result from a non-coaxial strain history containing two 

deformation phases. The first phase is associated with ENE-WSW trending faults and 

deformation bands formed as a result of extension in the NNW-SSW direction. The second 

phase is associated with WNW-ESE striking joints formed during extension in the NNE-SSW 

direction. 

 

The measured E-W trending populations described by Larsen (2015) link the faulting down 

towards the Moab fault and Salt Wash Graben and from there up towards Smiths Cabin at the 

San Rafael swell. These faults were presumably active in the late Cretaceous and possibly in 

the Paleocene (Foxford et al., 1998; Frery, 2012). Thus, it is assumed that the fault that has 

been described in this thesis presumably was active during this period. 
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8.2 Spatial distribution of discontinuities 

The damage zone of the major fault was studied in detail due to its influence on fault zone 

permeability and fluid flow in faulted reservoirs and aquifers (Caine, 1996; Schueller et al., 

2013). Both the footwall and hanging wall damage zones comprise weakly deformed rock 

units containing discontinuities that generally occur as synthetic or antithetic to the strike of 

the main fault. Observed structures occur as joints, deformation bands, shear fractures and 

subsidiary faults. The spatial distribution of the discontinuities varies along each scan line 

with the highest frequencies occurring proximal to the main fault and close to subsidiary 

faults within the damage zone. The damage zones can thus in some cases be divided into an 

inner and outer zone defined by the frequency of discontinuities, as shown by Berg & Skar 

(2005). The width of the damage zone is estimated to be around 9-12 m, which correspond 

with the predictive model of Schueller et al. (2013) for damage zones of porous sandstones. 

Fracture and deformation band frequencies recorded by three of the scan lines (Wh2, Ef1, Eh4) 

indicate an inner damage zone within the first 5-7 m of both the footwall and hanging wall. 

The inner damage zone is characterized by a high frequency of discontinuities, which varies 

from 0-24 per meter for fractures and 0-78 per meter for deformation bands. The outer zone is 

defined by significantly lower frequencies recorded from about 6 m and away from the main 

fault. Figure 8.2.1 shows the spatial distribution of fractures and deformation bands for each 

scan line.  

 
 

     
 

      
 

      
 

Figure 8.2.1. Spatial distribution of fractures and deformation bands for each scan line. 
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Different models have been tested in order to find the best fit for the decrease in subsidiary 

structures along scan lines Wh2, Ef1 and Eh4. Calculations were made for the total amount of 

fractures and deformation bands, as displayed by Figure 8.2.2. Separate calculations could not 

be made for both deformation bands and fractures, as deformation bands occurred rather 

sporadically along each scan line resulting in insufficient data for calculating the decrease of 

structures in the damage zone. Thus, only the spatial distribution of fractures have been 

considered for calculations separate from the deformation bands. The models that have been 

tested are linear, exponential, logarithmic and power-law functions. The best fitting model 

chosen for the different scan lines are based on calculated 𝑅2 values that should be higher 

than 0.5 (Schueller et al. 2013). Calculated 𝑅2 values for the three scan lines suggest that the 

power-law model is the best fit for the total amount of structures along the three scan lines. 

Separate calculations made for recorded fractures differ slightly, where the power-law model 

is the best fit for scan lines Wh2 and Ef1, while the exponential model is the best fit for scan 

line Eh4 (see Table 8.2.1). The power law is defined as 𝑦 = 𝐴𝑥𝑏 where with y represents the 

frequency of discontinuities per meter and x represents the distance from the fault core. 

 

Few differences are observed for the calculations of scan line Ef1. Calculations made for scan 

line Wh2 and Eh4 display greater differences in calculated 𝑅2 values. This likely results from 

the higher density of deformation located in bleached zones close to the fault core. 

Furthermore, calculations made for scan line Wh2 do not display any fitting 𝑅2 values for 

calculating the decrease of structures. This is presumably caused by locally increased 

fractures density near the subsidiary faults located along the scan line. 

 

Table 8.2.1. Calculated values for best fitting models for the decrease in subsidiary structures 

along scan lines Wh2, Ef1 and Eh4. 

Scan line Trend R² (total) R² (fractures) 

Wh2 

Linear 0.03 0.05 

Exponential 0.01 0.05 

Power-law 0.10 0.16 

Logarithmic 0.08 0.10 

Ef1 

Linear 0.34 0.32 

Exponential 0.60 0.57 

Power-law 0.71 0.69 

Logarithmic 0.35 0.34 

Eh4 

Linear 0.09 0.19 

Exponential 0.53 0.24 

Power-law 0.55 0.18 

Logarithmic 0.12 0.13 
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Figure 8.2.2. Spatial distribution of all discontinuities located along scan lines Wh2 (A), Ef1 

(B) and Eh4 (C) with calculated power-law fit displaying the decrease in structures away from 

the fault. 

 

The three remaining scan lines (Wf1, Eh2, Eh3) display no discernible inner and outer damage 

zone, and are accordingly assumed to have been affected by additional deformation processes 

or by differences in mechanical strength. Scan line Wf1 in the footwall is by far the longest 

scan line, encompassing a total of 86 m and containing several bleached zones surrounding 

closely spaced joint sets and shear fractures (see Figure 8.2.3). Structures recorded along this 

scan line consist primarily of bed-confined joints, but also include through-going joints, slip 

surfaces, calcite veins and deformation bands. Fracture frequency varies greatly along the 

scan line with no noticeable decrease away from the main fault, resulting in no clear damage 

zone pattern. Increased fracture density occur near subsidiary slip surfaces and within 

bleached zones, where most of the observed structures have orientations subparallel to the 

main fault. These narrow zones are interpreted as fault tip process zone fracture corridors, 

following the description of Ogata et al. (2014), related to subsidiary slip surfaces located 

within a lower part of the stratigraphy. The high fracture density along this scan line may thus 

represent the outward branching of joints characteristic for this type of fracture corridors 
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(Ogata et al., 2014). The presence of bleached haloes surrounding several of the structures 

suggests that these fracture corridors acted as conduits for migrating fluids (Beitler et al., 

2003, 2005; Ogata et al., 2014). The presence of calcite veins and iron oxide cementation 

along fractures (see Figure 8.2.3) indicate secondary precipitation of minerals due to 

migration of saturated fluids (Ogata et al., 2014). This evidence of fluid circulation present an 

alternative explanation for the high fracture density associated with hydrofracturing caused by 

overpressured fluids during fracture corridor formation (Ogata et al., 2014).  

 

 
Figure 8.2.3. Highly fractured, bleached halo containing joints and calcite veins.   
 

Scan line Eh2 displays the most chaotic fracture data in terms of measured strike and dip 

values for subsidiary structures (see Figure 7.2.4). This scan line was recorded along a 

bleached sandstone bed that display a very varied spatial distribution of fractures with no 

apparent decrease in fracture frequency away from the main fault. Thus, no apparent damage 

zone width can be defined for this sandstone bed. The great variation in orientation and spatial 

distribution of structures was only observed within this pale-coloured sandstone unit, 

suggesting that the bleaching caused by infiltrating reducing fluids altered the mechanical 

properties of the unit. The overlying sandstone unit displays similar variations in the spatial 

distribution of subsidiary structures, as shown by Scan line Eh3 (see Figure 7.2.5 and Figure 

8.2.1), but contains less variation in terms of measured orientation for observed 

discontinuities. The similarities between the two sandstone units are possibly the result of 

similar deformation processes. 

 

The varied distribution and orientation of joints along these two scan lines may be the result 

of localized hydraulic fracturing, possibly related to a bleached sandstone dyke cutting 

through the stratigraphic boundaries within the study area (Ogata et al., 2014). Such sandstone 

intrusions are often associated with tectonically active areas where tectonic stress leads to the 

development of high fluid pressures within the sediments. Several processes are associated 

with the formation of these dykes, such as seismicity induced liquefaction, tectonic stress, 

excess pore fluid pressures caused by deposition processes, or from the influx of 

overpressured fluids (Jolly & Lonergan, 2002). 

 

Figure 8.2.4 display the spatial distribution of all discontinuities recorded along each scan 

line, along with trend lines of the power-law model. Scan lines Ef1 and Eh4 display a 
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noticeable decrease in recorded discontinuities, while scan line Wh2, display a lesser decrease 

in fracture density due to the presence of minor shear fractures. Scan lines Eh2 and Eh3 

display only a slight decrease in fracture frequency, as was expected from the general spatial 

distribution for these two scan lines. Only scan line Wf1 display no noticeable decrease in 

fracture frequency, likely due to the fault-tip process-zone fracture corridor observed along 

this particular scan line. 

 
 

A 

 
B  
 

 
C 
 

 
 

Figure 8.2.4. A: Spatial distribution for all the scan lines. B: Calculated power-law fit for the 

scan lines in figure A. C: Combined plot displaying both the spatial distribution and 

calculated power-law fit. 
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The faulting and formation of associated structures can up until final exhumation of the 

outcrops can be divided into several stages, as described by Larsen (2015). Initial fracturing 

and subsequent faulting created potential pathways for buoyant migrating reducing fluids 

(Beitler et al. 2003, 2005), where infiltrating fluids will commonly favour the units with 

higher porosity and permeability. Faults and fracture corridors within the damage zone are 

thus the preferred conduits. An increase in pore pressure may occur as the fluids migrate up 

through the faulted succession. Increased pore pressure by migrating fluids will effectively 

lower the differential stress necessary for rock failure and fracture formation (Twiss and 

Moores, 2007). The random orientation of joints within the bleached sandstone unit recorded 

by scan line Eh2 may thus be the result of increased fluid pressure caused by infiltrating 

fluids. The deformation bands within the Fremont bedding may similarly have been formed 

due to increased pore pressure. 

 

8.3 Differences in lithology 

The distribution, orientation, and type of subsidiary structures present within the damage zone 

varies with the lithology, indicating different mechanical properties for different facies. Joints 

comprise the most prevalent structure in each damage zone, while deformation bands occur 

more locally within bleached zones and close to slip surfaces. Structures within the reddish-

brown units occur primarily as extensional fractures and slip surfaces with orientations 

synthetic or antithetic to the strike of the main fault, indicating a relatively low porosity of the 

host rock (Fossen et al, 2007). The pale-coloured units display more varied strike and dip 

values, possibly indicating alternative deformation processes in addition to faulting. Bleached 

sandstone beds encountered in the field generally appear to be more coarse-grained and less 

muddy compared to the reddish-brown units. The large amounts of deformation bands 

observed within some of the bleached sandstone beds (see Table 5.2.1, Facies E and Facies F) 

indicate a higher porosity compared to the red units (Fossen et al, 2007; Torabi et al., 2015). 

These highly porous and permeable units may thus have been more easily infiltrated and 

bleached by reducing fluids. 
 

Bleached mud- and siltstone occurred only as bleaching haloes surrounding joints, calcite 

veins and slip surfaces. Deformation bands located within the bleached areas of the inner 

damage zone are assumed to be secondary structures formed during later reactivation of the 

main fault. Joints and slip surfaces were presumably formed during initial fault movement, 

creating potential pathways for migrating fluids. Subsequent chemical alteration of rock 

composition by reducing fluids may have increased the porosity of the host rock (Beitler et 

al., 2005), promoting deformation band formation rather than extensional fracturing during 

later reactivation of the fault.   

 

Fault core characteristics observed near subsidiary slip surfaces display various fault facies 

for different parts of the lithology. Sandstone units mainly encompass various discrete 

structures and lenses associated with fault movement. The reddish brown sandstone beds 

generally display brittle deformation where tectonic stress is accommodated by fracturing and 

faulting. The pale-coloured sandstone beds appear to have been deformed in a more ductile 

manner characteristic for poorly consolidated sediments (Fossen, 2010a), displayed as drag 

folds along the principal slip surfaces of subsidiary faults. The more fine-grained silt-and 

mudstone beds tend to form membranes and gouges along slip surfaces and generally contain 

more fractures and shear zones compared to the coarser sandstone units. 
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8.4 Diagenetic alteration  

Few distinctions can be made between the characteristic mineralogy and porosity of the 

different sedimentary and diagenetic facies, as displayed by the seven thin sections described 

in Chapter 6. The framework minerals in each thin section consist primarily of quartz, along 

with minor amounts of hematite, feldspar, and varying amounts of iron oxide and 

carbonaceous cements. Differences between bleached and unbleached parts of a given facies 

are relatively small, as displayed by the partially bleached siltstone of thin section R6. The 

unbleached samples generally contain a larger amount of iron oxides and other opaque 

phases, while the bleached samples are slightly more porous and contain larger amounts of 

clay and carbonate cement.  

 

Diagenetic events that have altered these sandstones within the study area can be divided into 

stages that both predates and postdates faulting. The pre-fault diagenesis include reddening of 

the sandstones, minor calcite cementation and mechanical compaction. Fault-related 

diagenesis is characterized by calcite cementation and reduction of iron oxide associated with 

migrating fluids moving up along faults and surrounding structures (Garden et al., 2001). 

Later uplift and exposure of the sandstones resulted in infiltration of oxidizing meteoric 

waters. This led to the dissolution of Fe²⁺- and Mn²⁺-bearing minerals, and subsequent 

precipitation of hematite, goethite and manganese-bearing oxide minerals (Garden et al., 

2001; Chan et al., 2000). 

 

The varying coloration displayed by the outcrops correspond with different alteration stages, 

and are characterized by differences in geochemistry, secondary mineralogy, cements, clays, 

grain coatings, and textures. These differences are presumably the result from changes in 

groundwater geochemistry associated with early diagenesis, burial diagenesis, and uplift-

related diagenesis (Beitler et al., 2005). The different colours displayed by the outcrops can 

thus be used to assign rock units into distinct diagenetic facies, where each colour represents a 

different alteration stage associated with reducing fluids. The diagenetic facies encountered in 

the field can be separated into a red and bleached facies based on outcrop coloration and 

mineralogical composition displayed by collected samples. 

 

The red facies encompasses the mostly unaltered, reddish-brown sandstone units of the earthy 

Entrada Sandstone member. The red colouration is caused by hematite grain coatings formed 

by the breakdown and infiltration of oxidized iron from ferromagnesian silicate minerals 

(Beitler et al., 2003, 2005; Chan et al., 2000; Garden et al., 2001). The hematite grain coatings 

are indicative of pigment infiltration during an early diagenetic stage with oxidizing 

conditions in the interstitial fluids. Only a small fraction of iron oxide is needed in order to 

achieve the red colouration (Beitler et al., 2005), as displayed by the thin sections. However, 

the hematite observed in the thin sections do not occur as grain coatings, but appears as 

anhedral grains scattered throughout the red samples. This may suggest early dissolution of 

the grain coatings and subsequent reprecipitation of iron oxide as hematite grains at a later 

diagenetic stage. 

 

The bleached facies comprises pale, tan- and yellow-coloured units assumed to have been 

bleached by chemical reduction and removal of hematite caused by the interaction with 

reducing fluids (Beitler et al., 2003, 2005; Chan et al., 2000). However, these pale-coloured 

units are not necessarily bleached by migrating fluids. The absence of hematite may indicate 

either that the mineral was never present, or that any trace of it was removed at an early stage 

(Beitler et al., 2005). Colour differences separated by stratigraphic boundaries can be the 

result of a shift in depositional environments, i.e. from fluvial and tidal influenced units to 
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more eolian dune and interdune deposits, rather than alteration caused by migrating fluids. 

Bleaching patterns that cut through stratigraphic boundaries are associated with hematite 

removal by migrating fluids (Beitler et al., 2003, 2005).  

 

Thin sections made from bleached samples display a slightly more fine-grained and porous 

composition compared to the samples, where the increased porosity is assumed to be the 

result of hematite and feldspar dissolution caused by circulating fluids (Beitler et al., 2005; 

Wigley et al., 2013). The greater abundance of iron oxide cement present in the bleached 

samples is assumed to be the result of hematite dissolution and later reprecipitation of iron 

oxide as pore-filling cements (Beitler et al., 2005). Minor amounts of pale-coloured, isotropic 

minerals assumed to be limonite further indicate alteration of Fe-bearing minerals (Nesse, 

2013). 

 

Bleached zones surrounding dark, organic clay layers likely represent sites where the presence 

of organic material created locally reducing or acidic areas that prevented precipitation of iron 

oxides (Beitler et al., 2005). Pale-coloured spots, i.e. root alteration haloes, observed within 

the otherwise reddish-brown sand- and siltstone indicate alteration of iron oxides along 

decomposing roots (Dubiel & Brown, 1993). 

 

The effect precipitating fluids may have on the host rock is displayed by thin sections R1 and 

R9, sampled from unbleached sandstone units containing calcite-filled fractures located near 

the slip surfaces of two subsidiary faults. The composition of the host rock displayed by these 

thin sections varies with the proximity to the calcite vein, likely due to alterations of the 

mineralogy caused by fault movement and fluid circulation along slip surfaces. The least 

altered areas consist primarily of quartz and calcite grains cemented together by iron oxide 

and calcite precipitates, along with lesser amounts of opaque phases and clay material. This 

quartz-dominated composition has largely been replaced by calcite closer to the fracture 

boundary, resulting in a mineralogy comprised primarily of quartz, calcite and carbonaceous 

cement. This is presumably caused by circulating acidic fluids that dissolved the less weather-

resistant minerals, resulting in increased porosity and permeability and later precipitation of 

carbonaceous cements (Beitler et al., 2005). 

8.5 Patterns of bleaching  

Evidence of fluid flow is displayed by bleached zones surrounding faults, subsidiary slip 

surfaces and fractures within the otherwise red-coloured sandstone beds (Beitler et al., 2003, 

2005; Chan et al., 2000; Garden et al., 2001; Ogata et al., 2014; Wigley et al., 2013). The 

bleaching results from the acid-reductive dissolution of hematite grain coatings (Wigley et al., 

2013) caused by the interaction with hydrocarbons, methane, hydrogen sulfide or organic 

acids (Beitler et al., 2003, 2005; Chan et al., 2000; Garden et al., 2001; Wigley et al., 2013). It 

can be difficult to determine which of the fluids causes the reduction, but evidence favours 

hydrocarbon fluids. (Beitler et al., 2003; Garden et al., 2001). Bleaching patterns in the 

Navajo Sandstone observed by Beitler et al. (2003) indicate movement of buoyant fluids 

upwards through fault conduits and accumulation within sealing units, such as the crests of 

anticlinal closures or stratigraphic traps. This behavior is more typical for oil and gas 

compared to other reducing fluids. Additional evidence that supports the migration of 

hydrocarbons is the production of gas from bleached sandstone reservoirs in the Utah-

Wyoming overthrust belt  (Beitler et al., 2003).  
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Iron oxide reduction caused by the interaction with hydrocarbon-rich fluids can, according to 

Garden et al. (2001), be summarized as: 

 

CH₂O + 2Fe₂O₃ → CO₂ + H₂O + 4FeO → HCO₃⁻ + H⁺   (1a) 

 

An alternate version of the reaction described by Chan et al. (2000) can be written as: 

 

CH₂O + 2Fe₂O₃ + 8H⁺→ CO₂ + 5H₂O + 4Fe²⁺    (1b) 

 

The chemical reactions for reduction by organic acids, methane and hydrogen sulfide are 

based on can according to Chan et al (2000) and Eichhubl et al. (2009), and can be written as 

follows: 

 

For methane:    

 

CH₄ + 4Fe₂O₃ + 16 H⁺ → 10H₂O + CO₂ + 8Fe²⁺    (2) 

 

For organic acids:   

 

CH₃COOH + 4Fe₂O₃+ 16 H⁺ → 2CO₂ + 8Fe²⁺ + 10H₂O    (3) 

 

For hydrogen sulfide:   

 

2H₂S +Fe₂O₃ + 2H⁺ → FeS₂ + 3H₂O + Fe²⁺    (4) 

 

The CO₂ produced as a by-product in equations 1-3 makes the pore fluids more acidic, 

promoting feldspar weathering and carbonate dissolution. This may lead to increased porosity 

and permeability of the host rock, possibly leading to later precipitation of various cements 

(Beitler et al., 2005), as displayed by the thin sections. Additionally, the presence of calcite-

filled fractures within bleached zones can be explained by the consumption of protons in each 

reaction. The proton consumption would cause an increase in the pH value of the fluid, 

effectively lowering the solubility for calcium carbonate and subsequently result in calcite 

precipitation (Eichhubl et al., 2009).  

 

Furthermore, the calcite-filled fractures may be related to the production and dissociation of 

organic acids. The production of acids caused by the breakdown of hydrocarbons tend to 

result in mobilization of calcite due to a reduction in pH values. Bleaching production of CO₂ 
by dissociation of organic acids may increase the alkalinity and result in local calcite 

precipitation. (Eichhubl et al., 2009). The calcium necessary for calcite formation may be 

derived from weathering of Ca-rich plagioclase (Nesse, 2013), as silicates such as plagioclase 

are effectively dissolved by organic acids (Eichhubl et al., 2009). 

 

Cementation and dissolution processes in deformation bands can greatly reduce the porosity 

and permeability caused by crushing and reorganization of grains. However, the permeability 

may increase briefly during initial dilation. This temporary increase of permeability creates 

pathways for infiltrating fluids, which could explain bleaching in deformation bands. Quartz 

cementation result in lower porosity and increased strength of the host rock. Subsequent 

deformation can then lead to the development of fractures that may be used as pathways for 

circulating fluids. Cementation in the host rocks likely occurs after the formation of 

deformation bands (Fossen et al, 2007).  
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8.6 Fluid movement in the fault  

Fluid flow within brittle fault zones depends on the architecture and intraformational 

permeability variations within the fault zone (Beitler et al., 2003; Braathen et al., 2009 Caine, 

1996). The movement of migrating fluids within a fault zone is affected by several factors 

such as fault displacement, fault zone geometry, deformation conditions, lithology, types of 

subsidiary structures, and fluid-rock interactions (Caine, 1996). Ancient fluid pathways in the 

study area were identified by bleached zones surrounding the main fault, subsidiary slip 

surfaces and joints in the otherwise red sandstone. The exposed strata within the study area 

display structures characteristic for two types of the fracture corridors described by Ogata et 

al. (2014); a fault-damage zone fracture corridor and a fault-tip process-zone fracture corridor.  

 

The majority of the recorded structures can be assigned to a fault-damage zone fracture 

corridor comprised of narrow joint sets in the inner damage zone, along with subsidiary faults 

associated with the major fault in the area. Evidence of a fault-tip process-zone fracture 

corridor was only observed along the silty sandstone unit recorded by scan line Wf1, where 

narrow zones of highly fractured rock are assumed to represent the outward branching of 

joints that occur near terminations of slip surfaces. Previous studies performed on the 

bleached Navajo Sandstone suggest that the bleaching patterns are related to Laramide faults 

and uplifts, where buoyant reducing fluids moved up along faults into structural traps formed 

by large anticlinal uplifts (Beitler et al. 2003, 2005). The presence of relatively unaltered red 

areas can be associated with stratigraphic or structural baffles that restricted infiltration of 

reducing fluids (Beitler et al., 2005).  

 

The most extensive bleaching patterns observed in the study area surround the main fault and 

subsidiary structures in the inner damage zone. The lateral and vertical extent of the bleaching 

patterns appears to be controlled by the amount of local fracturing and type of lithology. 

Bleaching patterns that cut through stratigraphic boundaries become noticeably wider in the 

relatively coarse-grained units (i.e. sandstone) and narrower around more fine-grained units 

(i.e. mud- and siltstone). Additionally, bleached sandstone beds within the study area tend to 

be relatively coarse grained compared to the rest of the stratigraphic succession. Thus, it can 

be assumed that the porosity and permeability of the lithology partially controls the extent to 

which fluid circulation may occur (Ogata et. al, 2014), where the circulating fluids are able to 

infiltrate further into the more porous and coarse-grained sandstone units, i.e. the fluid flow is 

linked to permeability. Diffuse bleaching of the faulted succession was observed as bleached 

zones surrounding joints and subsidiary faults, where the amount of bleaching appear to be 

higher within the most coarse-grained units.  
 

Based on the aforementioned observations, it can be assumed that reducing fluids primarily 

migrated up along the fault core of the main fault and locally through interconnected 

subsidiary structures located proximal to the main fault. Figure 8.6.1 display the assumed 

fluid movement within the damage zone of the main fault. The movement of fluids can in 

general be described as relatively fast along slip surfaces, while slower infiltration occur 

through permeable units and via diffusion.  
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Figure 8.6.1. Composite figure displaying the assumed pathways for migrating fluids. Blue 

arrows indicate the direction and extent of the migrating fluids. 

 

Five hypotheses have been presented as possible explanations for the upwards migration of 

fluids from the reservoirs and up into the overlying stratigraphy. The most plausible of these 

presumptions are the upwards migration of fluids along fault core slip surfaces (Hypothesis 3) 

and through damage zone joint swarms (Hypothesis 1), evidenced by the bleaching patterns 

surrounding slip surfaces (main fault and subsidiary) and joint swarms in the studied damage 

zone.  

 

The assumption that fault cores are overall sealing (Hypothesis 2) may apply to some faults, 

but it is debatable whether this is the case for all the fault cores observed in the study area. 

While fault cores can act as barriers for fluid flow due to the generally low permeability of 

fault core material, they may act as a temporary pathway for fluids during deformation (Caine 

et al., 1996). Furthermore, the large extensive bleaching surrounding the main fault clearly 

indicates that fluids moved along the principal slip surface and through parts of the fault core 

material. Fluid flow along secondary structures does not appear to have been restricted to T-
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joints only, as suggested in Hypothesis 4. While no P-shear fractures was observed in the 

outcrops, several R-shear fractures could be seen within the sandstone lens of a minor fault. 

The presence of secondary calcite within the R-shear fractures indicate precipitation by fluid 

infiltration.  
 

The presumption that fluid flow is controlled by fold-related fractures (Hypothesis 5) is a 

plausible explanation for bleaching within the San Rafael Swell, but there is little to no 

evidence of this within the study area. The bleached sandstone unit recorded by scan line Eh4 

displays varied orientations that may be the result of local folding caused by the observed 

sandstone dyke. Fold-related fractures associated with the intruding sandstone dyke may have 

acted as conduits for migrating fluids that subsequently bleached the fractured sandstone unit. 
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9 Conclusion 
This thesis has focused on the major normal fault of the study area that cuts through the 

studied reservoir-caprock succession. The fault core and surrounding damage zone was 

studied in great detail with the intention of studying the potential effect the different structures 

may have had on the fluid flow within the exhumed reservoir. A total of six scan lines were 

made for mapping out the damage zone of the main fault. The fault core of the main fault and 

subsidiary faults within the damage zone were mapped out and studied for their potential 

influence on fluid flow. Five hypotheses are considered as possible explanations for the 

movement of fluids from deeper reservoirs up into the overlying rock succession: 

 

The following conclusions can be drawn based on the observed structures and interpretations 

of the results: 

 

Fracture and deformation band trends: 

 

 The recorded fractures within the faulted succession can be separated into five fracture 

sets: two in the footwall with an E-W strike, and three in the hanging wall with general 

orientations towards the E-W and to a lesser degree in the SW-NE direction. 

 

 The recorded deformation bands can similarly be separated into five fracture sets: two in 

the footwall with an E-W strike similar to those of the fractures, and three in the hanging 

wall with general orientations towards SW-NE and to a lesser degree in the the E-W 

direction. 

 

 The E-W trending structures generally coincide with the orientation of the major fault in 

the area. Exceptions generally occur in bleached sandstone beds and within bleached 

zones surrounding fracture sets. 

 

Fault cores: 

 

 The studied fault cores of the main fault clearly display evidence of fluid migration seen 

as bleaching zones and the presence of calcite-filled fractures 

 

 The extensive bleaching surrounding the main fault and subsidiary structures within the 

damage zone indicates that fluids moved along the principal slip surface and associated 

structures, as well as through parts of the fault core material. 

 

 Fault facies comprised of deformed silt- and mudstone layers are more likely to act as 

sealing units compared to the more coarse and permeable sandstone units. 

 

Evidence of fluid flow: 

 

 Former fluid pathways were identified by bleached zones surrounding faults and fractures 

in the otherwise red sand- and mudstones, where the bleaching results from the removal of 

hematite by reducing fluids. 

 

 Movement of migrating fluids appear to have been primarily up along the principal slip 

surface of the main fault and up through interconnected joint swarms. 
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 The amount of bleaching surrounding different structures indicate the extent to which 

circulating fluids could infiltrate the host rocks. 

 

Conclusion of hypotheses: 

 

 Hypothesis 1 appears to be a valid theory for local bleaching in fractured areas located 

proximal to the fault, evidenced by bleaching patterns surrounding faults and joint swarms 

within the damage zone. 

 

 Hypothsis 2 may apply some of the studied faults, but it is unlikely that this theory holds 

for all fault cores. Based on observations, it can be assumed that fault cores may act as 

seals when the fault is inactive, but act as conduits during reactivation of the faults. 

 

 Hypothesis 3 is considered to be the most plausible of the suggested hypotheses, as the 

studied fault cores clearly display a significant amount of bleaching surrounding the slip 

surface of the main fault on both sides of the canyon. Furthermore, extensive bleaching 

was be observed surrounding interconnected joints in the inner damage. 

 

 Hypothesis 4 has been discarded as the presence of calcite within observed R-shear 

fractures indicate precipitation by fluid infiltration.   

 

 Hypothesis 5 is considered to be a plausible explanation for bleaching within the San 

Rafael Swell, but there is little evidence of this within the study area.  
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11. Appendix 

Stratigraphic logs: Footwall 

Footwall log sheet 1 
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Footwall log sheet 2 
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Footwall log sheet 3 
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Footwall log sheet 4 

    
  



 82 

Stratigraphic logs: Hanging wall 

Hanging wall log sheet 1 
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