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Abstract 

By investigating field analogues in Utah, USA, this multidisciplinary study present new insights 

into facies-related differences in sandstone reservoir quality, and how heterogeneities within a 

reservoir, e.g. deformation bands may influence petrophysical properties on a sub-seismic scale. 

Significant rock property contrasts between layers of different sedimentary facies are observed. 

One type of sedimentary facies displays good reservoir properties; however, extensive amounts 

of deformation bands may be associated with structural reservoir collapse. 

 

The working hypothesis is that observed structural reservoir collapse (deformation bands) in 

specific layers are regional features controlled by properties of sedimentary facies, and this 

preferential structural deformation negatively affect reservoir quality. Through detailed 

mapping of sedimentary facies, deformation structures and petrography, this this study address 

facies-related differences on a regional scale to better understand petrophysical properties. 

 

The results show that sedimentary facies control petrophysical properties and petrography 

within the upper Entrada Sandstone. Observed deformation features are controlled by properties 

related to sedimentary facies, and deformation band formation are found to be restricted to weak 

and highly porous layers. Mapping of deformation bands on a regional scale show that the 

reservoir collapse are regional features, with the degree of collapse locally influenced by other 

structural parameters, e.g. major faults. 

 

 

Keywords: Deformation bands; Fluid flow; Entrada Sandstone; coastal aeolian dunes; 

geological sequestration of CO2; San Rafael Group; Sedimentology; Utah; Collapse structures 
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1 Introduction 

Growing energy demand and the need for mitigating anthropogenic CO2 emissions are some of 

the greatest global challenges today. Sustainable development goals from United Nations aims 

to “ensure access to affordable, reliable, sustainable and modern energy for all” and “take 

urgent action to combat climate change and its impacts” (UN, 2017). Carbon Capture and 

Storage (CCS) technologies can contribute to solving these challenges. CO2 can be stored in 

geological reservoirs, such as depleted oil and gas reservoirs, deep aquifers, and in enhanced 

oil recovery operations (Denney, 2013). For this purpose, reservoir characterization of exhumed 

sandstone reservoirs provides excellent analogues to study features below seismic resolution. 

Knowledge of sub-seismic heterogeneities within a reservoir are therefore crucial for better 

understanding of reservoir/seal quality, suitability, and processes related to geological 

sequestration of CO2 in subsurface siliciclastic reservoirs. 

Field data were collected from well exposed and accessible reservoir and seal analogue outcrops 

in the Middle - Jurassic Entrada Sandstone in Utah, USA; a wet aeolian system (Carr-Crabaugh 

and Kocurek, 1998; Crabaugh and Kocurek, 1993). In these exhumed sedimentary successions, 

significant rock property contrasts between layers of different sedimentary facies have been 

observed. This study particularly revolves around reservoir characteristics of one type of 

sedimentary facies; highly porous and laterally extensive beds as opposed to under- and 

overlying layers. These interbeds display good reservoir properties, however, heterogeneities 

such as extensive amounts of deformation bands exclusively found in these beds could 

potentially be associated with structural reservoir collapse and reduced reservoir quality. The 

working hypothesis is that; (1) observed structural reservoir collapse, expressed as high 

frequency of deformation bands in specific layers is a regional feature controlled by 

petrophysical properties characteristic of a particular sedimentary facies, and (2) preferential 

structural deformation negatively affect reservoir quality.  

 

The Jurassic sedimentary succession in the study area comprises a collection of sequentially 

alternating continental- and marine strata, deposited in a retro-arc foreland basin related to the 

North American Cordillera (Hintze and Kowallis, 2009). These outcrops show evidence of 

paleo-fluid flow accumulations, i.e. bleaching in red rocks, interpreted to have developed in 

response to reduction and/or dissolution of Fe-oxides, as CO2 and/or methane-charged fluids 

from underlying reservoirs migrated through the sedimentary succession (Loope et al., 2010). 
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Through detailed mapping of sedimentary facies, deformation structures and petrography, this 

multidisciplinary study address facies-related differences on a regional scale, with respect to 

geomechanical and petrophysical properties. Ultimately, the burial history, diagenetic 

processes, and evolution of the whole reservoir/seal system of the upper Entrada Sandstone is 

discussed. Findings from this study may be applied to predict reservoir properties and potential 

for structural collapse in analogous reservoirs. As deformation bands are below seismic 

resolution, they are important to predict, and this study present crucial findings applicable for 

CO2 storage sites or hydrocarbon production fields within coastal and wet aeolian sedimentary 

successions.      

1.1 Field area 

The study area is situated in the east-central part of Utah, USA, on the eastern flank of San 

Rafael Swell (see Fig. 1.1 for map for location). The San Rafael Swell is a large monocline fold 

structure extending over 100 km north-south, exposing sedimentary rocks in a nearly 

continuous outcrop. Recorded data from the targeted Entrada Sandstone was collected from 

five different study localities, with the locality Humbug Flats East being the most northerly 

location, situated in the north-east end of the San Rafael Swell. The studied sedimentary 

succession covered the uppermost of the Entrada Sandstone, except at places with vegetation 

and erosion. Humbug Flats East is considered as the main locality, whereas the localities Middle 

Canyon, Smiths Cabin North, Interstate-70, and Uneva Mine Canyon were studied to enhance 

the regional understanding. 
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Figure 1.1: i: Map of Utah (USA) with key places, cities and US-roads. USA map in right corner: Overview of USA showing 

the location of Utah (UT) and bordering states; Nevada (NV), Arizona (AZ), New Mexico (NM), Colorado (CO), Wyoming 

(WY) and Idaho (ID). ii: Closer section of the map showing the designated study area where the different study localities (blue 

dots) are given different names. Note the legend in right corner (modified from Zuchuat et al., in press). 

1.2 The COPASS project and previous work 

The COPASS (CO2 seal bypass) research project is of relevance to CO2 storage prospects 

regards to injectivity, reservoir-caprock interaction and bypass systems. One aim of the 

COPASS project is to investigate fluid pathways related to reservoir/seal burial and 

deformation history.  

 

In 2015, the targeted sedimentary layer was studied by two previous MSc students, Hope (2015) 

and Larsen (2015), and their work formed a platform for this study and motivation for further 

investigation. Their studies were outlined from one study location, a few tens of km`s north of 

Humbug Flats East (see Fig. 1.1 for map), where they addressed the reservoir collapse and 

targeted layers near a local structural feature (local anticline). Based on their findings of a 

locally collapsed layer, the objective for this study is to improve the understanding of the 

regional variability of these deformation structures, with lateral spacing of 45 km between five 

study sites. 
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2 Geologic framework 

The Jurassic Entrada Sandstone belongs to the Mesozoic Era; including the Triassic (251 – 201 

Ma), Jurassic (201 – 145 Ma) and Cretaceous (145 – 66 Ma) periods (Cohen et al., 2013). 

Jurassic rock records in Utah are studied by geologist worldwide due to their importance as 

analogue studies for reservoir quality and other purposes. Central-Southern Utah hosts famous 

geologic units exposing admirable landscapes, yet also places where naturally driven CO2 flow 

or oil seeps from underlying reservoirs are escaping to the surface (Campbell and Baer, 1978). 

Through geologic time, Utah has been profoundly affected by its position and travel about the 

ever-moving North American continent, colliding with other continental masses, and 

periodically growing by accretion (Hintze and Kowallis, 2009). However, since the Mesozoic 

Era, Utah has been strongly influenced by the North American Cordillera; a series of partly 

overlapping orogenies in space and time. Paleogeography, climate and tectonics has affected 

the depositional environments in the Jurassic time period that resulted in a distinct arid 

continental setting (Hintze and Kowallis, 2009; Kocurek and Dott Jr, 1983). In the well-known 

rocks of  The Colorado Plateau, contraction during the Laramide orogeny (early Cenozoic) 

conveniently uplifted and exposed the Entrada Sandstone to the study area; the eastern flank of 

the San Rafael Swell (Ogata et al., 2014; Davis, 1999). 

2.1 Tectonic history of the study area 

The breakup of the supercontinent Pangea during the Triassic period established narrow 

seaways which gradually grew into large oceanic basins, ultimately forming the Atlantic Ocean. 

In late Triassic, the north-westward drifting North American continental plate collided with the 

oceanic Farallon plate; a subduction zone along the western part of the North American 

continent was established (Hintze and Kowallis, 2009; Burchfiel and Hickcox, 1972). This 

interaction resulted in a retroarc foreland basin toward the North American Craton, magmatic 

activity, and ultimately the North American Cordillera comparable to Andean-type (Peterson, 

1994; Kocurek and Dott Jr, 1983; Willis, 1999). 

The Nevadan orogeny with eastward orogenic activity during Middle Jurassic – Lower 

Cretaceous time is evidenced by granitic intrusions near the Utah-Nevada border (Hintze and 

Kowallis, 2009). As plate movements continued during the Lower Cretaceous to Paleogene 

time the Sevier orogeny was established, causing crustal shortening by eastward verging 
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contractional structures in the west, and a subsiding foreland basin further east (Currie, 1997). 

This Idaho-Utah-Wyoming fold-thrust belt formed a frontal imbricate steak, where a thick 

sedimentary succession was deposited into the foreland basin system in Colorado and eastern 

Utah (Currie, 1997; Currie, 2002; Hintze and Kowallis, 2009).  

During Upper Cretaceous to Paleocene time, most of the oceanic Farallon plate was overridden 

by the North American continent. The progressive younger oceanic crust caused shallower 

subduction, eventually resulted in the development of the Laramide orogeny (Dickinson et al., 

1988; Davis, 1978; Davis, 1999; Bump and Davis, 2003). Contraction during this tectonic event 

is characterized by uplift where basement-rooted thrusts cutting into the basement rocks and 

the overlying sedimentary succession, creating major monoclines across the Colorado Plateau 

(Erslev and Rogers, 1993; Zuluaga et al., 2014). Well known Laramide upthrusts in central 

Utah are among others the San Rafael Swell and Unita Mountains, both located near the study 

area (Hintze and Kowallis, 2009).  

 

In 1900, Thorman et. al. proposed the Middle Jurassic Elko orogeny, a small tectonic event not 

connected to the Sevier orogeny, extending from central Nevada to central Utah (Thorman and 

Peterson, 2003). Evidence of the orogenic structures are limited to the upper Middle Jurassic, 

suggested by the occurrence of cross-cutting post-tectonic plutons, commonly with an east-west 

structural placement (Thorman and Peterson, 2003). Other structural features include eastward-

directed extensional and contractional deformation features. Mineralization related to these 

plutons in Elko-age was strongly controlled by E to ESE trending faults, indicating that the 

migration of hydrocarbon bearing fluids was most certainly influenced by these structures 

(Thorman and Peterson, 2003).  

From Middle Paleozoic to Early Tertiary, central Utah has undergone continuous deformation 

pulses of progressive eastward trends partly overlapping in space and time, and the number and 

timing of orogenic events is debated (Thorman and Peterson, 2003; Armstrong, 1968). 

Furthermore, stretching of the crust in the end of the Cenozoic Eon, established the San Andreas 

Fault system, comprised of extension and transform movement (Atwater, 1970). Massive 

extension caused widespread extensional deformation features where normal fault systems is 

seen in the western high plateaus of Utah. All that is stated above, resulted in today`s setting of 

the Basin and Range area (Stewart and Faulds, 1998; Hintze and Kowallis, 2009). Yet today, 

Utah`s geology is profoundly affected by what happens along the west coast of America, where 

the oceanic Pacific plate is overriding the North American plate (Hintze and Kowallis, 2009).  
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2.2 Structural placement of the San Rafael Swell 

San Rafael Swell is one of the most outstanding Laramide structures on the Colorado Plateau, 

which is a collection of exhumed sedimentary rocks situated in the corners between Utah, 

Colorado, Arizona and New Mexico, representing the whole Phanerozoic Eon (541 – Ma) 

(USGS, 2016). San Rafael Swell is a 130 km long and 55 km wide doubly-plunging, 

asymmetrical east-verging monocline, trending in NNE direction (Davis, 1978; Davis, 1999; 

Bump and Davis, 2003; Zuluaga et al., 2014). The center of the swell hosts the most steeply 

dipping parts, whereas the dip increases from the western to the eastern limb, which accordingly 

also dips gently towards the north and south. San Rafael Swell is interpreted to have formed 

due to reactivations of older faults eventually resulting in a monoclinal fault propagation fold, 

as a result of the Laramide orogeny (Zuluaga et al., 2014). 

Near the San Rafael swell area, younger faults cutting into older structures are observed, active 

in late Cretaceous to Paleocene and perhaps again in the Quaternary. Among these structures is 

the Moab fault system; a 45 km long SSE-NNW striking fault segment with approximately 960 

m throw, caused by deep salt movements in the Paradox Basin`s salt deposits (Fossen, 2010; 

Foxford et al., 1998). The WNW part of the Moab fault system is followed by series of WNW-

ESE faults, generating among others the high-angle transform normal fault Little Grand Wash 

fault and Salt Wash Graben (Foxford et al., 1998; Dockrill and Shipton, 2010; Richey, 2013; 

Campbell and Baer, 1978).  

 

Figure 2.1: Conceptual sketch of the structural setting in the field area. The top of the monocline (white line) is eroded. The 

Entrada Sandstone is exposed perpendicular to the N-S striking fold axis. Figure modified from Sundal et al. (2017). 
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2.3 Paleolatitude and climate 

The Mesozoic rock record of Utah reflecting its latitudinal location on the moving North 

American plate trough time (Fig 2.1) (Hintze and Kowallis, 2009). Records of the 

paleomagnetic polarity for the Mesozoic Era indicates a northward movement with 

paleogeographic locations between 5 and 40 degrees (Steiner, 1978; Kocurek and Dott Jr, 1983; 

Hintze and Kowallis, 2009). 

During Mesozoic the paleoclimate in central Utah was comparable to today`s western Sahara 

desert, reflecting a globally warm climate with potential high humidity (Kocurek and Dott Jr, 

1983). The sedimentary succession of the Mesozoic exhibits depositional environments 

constituting widespread windblown continental aeolianites, lacustrine- and fluvial deposits, and 

marginal marine sediments (Hintze and Kowallis, 2009; Crabaugh and Kocurek, 1993).  

 

 

 

 

Figure 2.2: Paleogeographic reconstruction chart of Utah (blue color for Triassic times and red color for Jurassic times) 

during the Mesozoic Era. Modified from Hintze and Kowallis (2009 fig. 1, p. 2-3). 
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2.4 Main Jurassic stratigraphic units 

The San Rafael Swell in the north-eastern Colorado Plateau, expose 

Late Permian to Middle Paleogene (40 – 50 Ma) sedimentary 

successions (Hintze and Kowallis, 2009). The oldest rocks are only 

exposed within the core of the San Rafael Swell monocline, with 

progressively younger units towards the Unita Mountains and the 

study area towards the eastern side of the San Rafael Swell (see Fig. 

1.1 for map). The Jurassic sedimentary succession in Utah is primarily 

dominated by aeolian sediments exhibiting a variety of non-marine, 

marine and hypersaline deposits, including both siliciclastic rocks and 

carbonate cement (Allen et al., 2000). This chapter describes the main 

stratigraphic units of the Jurassic succession, with focus on the Glen 

Canyon Group (Lower Jurassic) and especially the San Rafael Group 

(Middle – Upper Jurassic), hosting the targeted Entrada Sandstone 

(Fig. 2.3). 

2.4.1 Glen Canyon Group (Lower Jurassic) 

Wingate Sandstone, Kayenta Formation and Navajo Sandstone  

Covering much of Central Utah, the Glen Canyon Group represents 

Early Jurassic sandstones, easily recognized by aeolian desert deposits (Hintze and Kowallis, 

2009). The lower Jurassic succession consists of the aeolian Wingate Sandstone, the fluviatile 

Kayenta Formation comprised of alternating units of siltstones and mudstones, and paleo-erg 

of the Navajo Sandstone exposing magnificent cross-bedded units (Hintze and Kowallis, 2009). 

Kocurek and Dott (1983) suggested that the cross-stratified beds of the aeolian Navajo 

Sandstone may have been the most significant and largest aeolian desert ever recorded in 

Earth`s history (Kocurek and Dott Jr, 1983; Hintze and Kowallis, 2009). The aeolian deposition 

of the Navajo Sandstone was interrupted by widespread inter-dune deposits caused by marine 

flooding, possibly due to the marine incursion by the Carmel Sea (Kocurek and Dott Jr, 1983). 

Although, the Glen Canyon Group is enclosed by the combined regional unconformities,  J-1 

at the base and J-2 at the top, separating the Navajo Sandstone from the overlying San Rafael 

Group (see chapter 2.4.2) and Page Formation (Pipiringos and O'Sullivan, 1978; Hintze and 

Kowallis, 2009). 

    Central Utah 

 

Figure 2.3: Stratigraphic 

column of Central Utah, 

modified from Ogata et al. 

(2014 fig 1D, p. 163). 
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2.4.2 San Rafael Group 

The middle to upper Jurassic rocks found in the San Rafael Swell are represented by the aeolian 

Page Sandstone (Middle Jurassic), the marine Carmel Formation (Middle Jurassic), the aeolian 

erg Entrada sandstone (Middle Jurassic), the marginal marine Curtis Formation (Middle – 

Upper Jurassic) and the coastal plains of the Summerville Formation (Middle – Upper Jurassic). 

The Middle Jurassic sedimentary succession indicate a fluctuating depositional environment as 

a consequence of the advancement, and later retreat of the epicontinental sea from the north 

(Hintze and Kowallis, 2009). Peterson (1994) proposed a series of transgressive-regressive 

cycles, bounded and partly interrupted by regional Jurassic erosional unconformities, that are 

described in detail in Pipiringos and O’Sullivan (1978). Deposition of the targeted Entrada 

Sandstone occurred when the marine waters retreated out of Utah, while the overlying Curtis 

Formation represent an another marine transgression (Hintze and Kowallis, 2009). 

Page Sandstone (Middle Jurassic) 

Forming the base of the San Rafael Group in south-central Utah, the Page Sandstone comprise 

mainly cross-stratified aeolian sandstones deposited in an aeolian erg (Pipiringos and 

O'Sullivan, 1978; Peterson, 1994; Hintze and Kowallis, 2009). The Page Sandstone is separated 

from the older aeolian Navajo Sandstone by an erosional unconformity, the J-2 unconformity 

(Pipiringos and O'Sullivan, 1978). The Page Sandstone is found interfingering and grading 

northward into the overlying marine Carmel Formation (Peterson and Pipiringos, 1979; 

Peterson, 1994).  

Carmel Formation (Middle Jurassic) 

The Carmel Formation comprise diverse lithological units including marine fossil-bearing 

limestone, mudstones and siltstones, coarse-clastic deposits from volcanic activity, and 

additionally local carbonate- and evaporite beds (Hintze and Kowallis, 2009; Peterson, 1994). 

Depositional environment during the deposition of the Carmel Formation has been described 

as marginal marine to shallow marine. The marine incursions were deposited as a result of the 

epicontinental Sundance seaway that extended from the western Canadian border, eventually 

reaching the  Utah – Arizona border (Hintze and Kowallis, 2009). 
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Entrada Sandstone (Middle Jurassic) 

The Entrada Sandstone is a widespread aeolianite containing cross-bedded aeolian sandstones, 

frequently found interbedded with red colored finer-grained silty sandstones and mud (Kocurek 

and Dott Jr, 1983; Hintze and Kowallis, 2009). Gilluly and Reeside Jr. (1928) were the first to 

differentiate the Entrada Sandstone as a distinct formation, describing the general section in the 

San Rafael Swell area as follows: 

Thin-bedded red shale and sandstone at the base; heavy-massive red-brown earthy sandstone 

above; weathers into rounded forms and steep cliffs (Gilluly and Reeside Jr, 1928, p. 62). There 

are two lithologic facies of the formation. Both consist dominantly of sandstone, but the one 

exposed to the east of the Swell is composed largely of clean well-sorted material, and the more 

westerly facies is somewhat finer grained and silty (Gilluly and Reeside Jr, 1928, p. 76). 

Based on stratigraphic expressions, the sedimentary units covering the Entrada Sandstone are 

divided into two units. (1) The basal and main body, Slick Rock Member, comprising crescentic 

dune complexes consisting of well-sorted cross-stratified sandstone beds, exhibiting thick, cliff- 

and dome-forming units, similar characteristics as the Navajo and Windgate sandstones. 

Thinner silty inter-dune deposits are found interbedded within these sandstone beds (Gilluly 

and Reeside Jr, 1928; Kocurek and Dott Jr, 1983). (2) Gilluly and Reeside Jr. (1928) introduced 

the overlying Earthy facies as “earthy”, characterized by finer-grained silt-rich sediments and 

less cemented beds. Dominant in the western parts, Gilluly and Reeside Jr. (1928) noted 

characteristic weathering pattern of the earthy beds, today known as goblins and hoodoos. The 

Earthy Facies has later been differentiated into interbedded deposits of dune- and inter-dune 

sediments, together with presence of scattered gypsum-lenses within the inter-dune deposits 

(Hintze and Kowallis, 2009). However, the “Earthy facies” unit is not an official defined 

member of the Entrada Sandstone (USGS, 2018). 

Deposited in the Jurassic retro-arc foreland basin, the Entrada erg aeolian system reflects 

continental conditions as a consequence of the Carmel Sea retreat (Kocurek and Dott Jr, 1983). 

A wet aeolian system accompanied by fluctuations and regional variations in the paleo-water 

table is supported by several authors (Kocurek and Dott Jr, 1983; Crabaugh and Kocurek, 1993; 

Kocurek, 1981). The thicken up-section of the Earthy facies, reflecting a wetter depositional 

environment than the Slick Rock Member, is thought to be a consequence of the marine 

transgression. The earthy facies have been interpreted to consist of coastal evaporitic sabkha 

deposits, shallow marine deposits, and tidal deposits that experienced both inland and coastal 
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flooding (Kocurek and Dott Jr, 1983; Crabaugh and Kocurek, 1993). The fluctuation in the base 

level could be a consequence of both sea-level changes and/or climatic effects on the 

groundwater level (GWL) itself. Jennings (2014) was the first to suggest that the Entrada 

aeolian system had an entirely terrestrial origin. The laterally extensive beds present in the 

Entrada Sandstone were deposited in an arid to semi-arid climate in a topographically flat 

environment (Crabaugh and Kocurek, 1993). The flat topography makes it hard to define the 

accurate position of the paleo-coastline and thereby establishing if the changes in the GWL was 

caused by sea-level fluctuations (coastal aeolian dune field) or other causes (inland aeolian dune 

field).  

The Entrada Sandstone is truncated at its top by the regional J-3 unconformity. The nature of 

the J-3 unconformity remains a point of discussion and is further described by several authors 

(Pipiringos and O'Sullivan, 1978; Hintze and Kowallis, 2009; Peterson, 1994; Zuchuat et al., in 

press). 

Curtis Formation (Middle – Upper Jurassic) 

The tidally influenced Curtis Formation, situated above the J-3 unconformity is characterized 

by green to white colors, due to the presence of chlorite or glauconite (Gilluly and Reeside Jr, 

1928; Peterson, 1994). This is an abrupt change, in comparison to the underlying rusty-red 

colored Entrada Sandstone. Tidal features throughout the Curtis Formation has been identified 

(Kocurek and Dott Jr, 1983; Zuchuat et al., in press). From the basal part to the middle part of 

the Curtis Formation, tidal features typically include heterolithic beds grading up into trough 

cross-stratified and tidally bundled sandy intervals (Kreisa and Moila, 1986). Towards the top 

of the Curtis Formation heterolithic beds are common (Eschner and Kocurek, 1986; Kreisa and 

Moila, 1986). In addition, conglomeratic sandstones can be found near the base of the 

formation, partly eroded down into the underlying Entrada Formation and filled depressions 

(O'Sullivan, 1981). Around the San Rafael Swell the Curtis Formation exhibit approximately a 

30 to 80 m thick sedimentary succession (Caputo and Pryor, 1991), deposited in the foredeep 

basin of the Elko orogeny (Thorman and Peterson, 2003) (see chapter 1.2 for tectonic setting). 
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Summerville Formation (Middle – Upper Jurassic) 

The Summerville Formation conformably overlies the Curtis Formation in the San Rafael Swell 

area and is characterized by dark red and brown hypersaline sabkha deposits, including thin 

bedded alternations of mudstone and sandstone, as well as gypsum and anhydrite beds (Gilluly 

and Reeside Jr, 1928; Peterson, 1994). The Summerville Formation is interpreted to reflect 

deposition at a coastal flank during hypersaline sabkha conditions, where precipitation of 

gypsum and anhydrite occurred (Gilluly and Reeside Jr, 1928; Kocurek and Dott Jr, 1983; 

Peterson, 1994). The Summerville Formation is overlain by the J-5 unconformity (Pipiringos 

and O'Sullivan, 1978) and the Upper Jurassic Morrison Formation, known for its dinosaur 

fossils within non-marine sediments, that resulted from a fall in the regional base level 

(Peterson, 1994). 
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3 Theoretical framework 

3.1 Sandstone reservoirs 

Depositional environment, complex burial history, and diagenetic processes may create 

heterogeneities in sandstone reservoirs, with porosity loss due to clay-mineral diagenesis and  

quartz cementation (e.g Bjørlykke, 2010; Morad et al., 2010). However, all reservoirs are to 

some extent heterogeneous. Reservoir heterogeneity is defined as variations in reservoir 

properties as a function of space, where reservoir properties such as permeability, porosity, and 

rock characteristics differ across the sedimentary succession (Ahmed, 2006). Heterogeneous 

reservoirs can be divided into three categories; (a) fractured reservoirs, where fractured 

systems create fluid pathways/secondary permeability, (b) layered reservoirs, with laterally 

continuous beds with or without communication, and (c) reservoirs with random 

heterogeneities, with two or more types of porosities present (Latil, 1980). 

 

The porosity of a rock is defined as the void space of the total rock volume, unoccupied by rock 

grains and mineral cement, expressed as the ratio of pore volume to bulk volume. Initial 

porosity in sandstone reservoirs varies from 25% to 55% (Poelchau et al., 1997). In sandstones, 

grain-size, sorting, shape, packing, and diagenetic processes affect porosity (e.g. Schön, 2015; 

Bjørlykke et al., 1989). 

 

Permeability is a property of the porous medium, measuring the medium’s capacity to transmit 

fluids. The permeability of sandstones varies from less than 0.01 millidarcy [mD] to over 1 

Darcy [D]. Permeability is a vector and scalar quantity which can be described as a tensorial 

property in x-, y- and- z directions (Schön, 2015, refs therein). Vertical permeability is often 

smaller than the horizontal permeability that varies depending on direction of fluid flow. Timur 

(1968) concluded that there is a strong correlation between porosity and permeability in 

sandstones, yet significant variations for different grain-sizes, clay- and cement content (e.g 

Mondol et al., 2008).  
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Pressure profiles and fluid overpressures 

During burial, fluid pressure and overall stress 

increase with depth, due to compaction and 

denser sandstone grain packing, with an increase 

approximately similar to the weight of the 

overlying columns (e.g. Nguyen et al., 2013). To 

increase fluid pressure, the change in 

compaction have to occur more rapidly than the 

fluids within the sediments can escape (Harms, 

1965; Bjørlykke, 2010). Reservoir quality of 

sandstones is significantly affected by burial 

diagenesis, and many deeply buried reservoirs 

develop anomalous fluid overpressures during 

burial (Nguyen et al., 2013). The effect of pore 

fluid pressure on porosity preservation has been discussed in several studies (e.g. Ramm and 

Bjørlykke, 1994; Bloch et al., 2002). During burial of sandstones, fluid overpressures leads to 

a reduction in the vertical effective stress, and thereby reduce the load borne by the intragranular 

and cement contacts (Nguyen et al., 2013). Three mechanisms have been proposed: (1) Pore 

space is held open by overpressure during compaction, leading to preserved and anomalously 

high porosity (Bloch et al., 2002), (2) overpressure limit or prevent quartz cementation 

(Swarbrick, 1999), and (3) overpressure can develop secondary porosity (Nguyen et al., 2013, 

refs therein). 

3.2 Chemical bleaching in oxidized sandstone 

Aeolian dune deposits are known to be red in color, as iron is released from detrital minerals 

and later oxidized to form hematite coatings soon after deposition and early diagenesis (Walker, 

1975; Turner, 1980). Parts of the Middle Jurassic strata of Utah have been experiencing 

discoloring from red to white, as a consequence of interaction with hydrocarbon-bearing 

solutions and/or other reducing agents such as CO2 and/or methane (Parry et al., 2004). 

Dissolution of CO2 and/or methane in water produces acid that increases the reduction potential 

for fluids (Loope et al., 2010). These fluids are interpreted to originate from deeper seated 

natural gas accumulations and also from mantle sourced CO2 (Loope et al., 2010; Wigley et al., 

 

Figure 3.1: Illustrative plot of pore pressure against 

burial depth for Triassic formations in United 

Kingdom. Figure taken form (Nguyen et al., 2013). 
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2012). For chemical bleaching to occur, dissolution and subsequent mass removal of iron must 

be facilitated by advection and/or diffusion (Sundal et al., 2017). Advection is defined as a 

process by which a substance can be carried from place to place, while diffusion is molecular 

agitation and/or small-scale turbulent motions moving substance randomly (Rao et al., 1980). 

Considering reduction of hematite with CO2 and/or methane, the oxidation-reduction reaction 

can be described as follows (pers comm, Hellevang, 2018, May 31th): 

𝐹𝑒2𝑂3 + 2𝐶𝑂2 + 3𝐻2𝑂 + 2𝑒− = 2𝐹𝑒(𝑂𝐻)2 + 2𝐻𝐶𝑂3
−         (3.1) 

Some highly permeable layers and leakage pathways in the 

study area has been bleached by reduction and/or 

dissolution of iron, as fluids migrated through the 

sedimentary succession. Paleo-fluid migration history can 

be investigated following these bleaching patterns 

(discoloring from red to white) along fractures and faults, 

or lateral movements as fluids spread out in highly 

permeable and porous layers (Garden et al., 2001). To 

determine between reservoir and non-reservoir facies in a 

sedimentary succession, the bleaching pattern is a useful 

tool for the evaluation fluid flow within the sediments, and 

furthermore understand petrophysical properties within 

the layer. 

3.3 Fractures 

Fractures are very narrow zones (often thought as surfaces) associated with discontinuities in 

displacement and mechanical properties, e.g. strength or stiffness (Fossen, 2010). Fractures 

form in response to external or internal stress, and based on type and stress direction in which 

they are formed. Fractures are divided into two end members, extension and shear fractures. 

When applied stress are parallel to the maximum tensile stress (normal stress), an extension 

fracture is created. When the stress is applied in the shear direction, a shear fracture is formed. 

As a relation between shear stress (σs - y axis) and effective normal stress (σn - x axis), the 

Mohr-Coulomb failure envelope can describe the difference between the two end members 

(Gudmundsson, 2011). 

 

Figure 3.2: Picture from fieldwork in Utah 

illustrating discoloring from red to white 

along a fracture in low-permeability 

sandstone. Note hammer for scale. 
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3.4 Deformation bands 

In highly porous rocks (porosity >15%), deformation structures differ from regular fractures 

and/or faults. Applied stresses yields distinct deformation, with strain localization occurring in 

mm-wide tabular-planar zones, referred to as deformation bands (e.g Antonellini et al., 1994; 

Fossen et al., 2017) (Fig. 3.3). Grain reorganization (granular flow) and/or grain 

fracturing/crushing (cataclasis) creates deformation across which strain is accommodated 

(Aydin and Johnson, 1978; Fossen et al., 2017). While fractures in low-permeability rocks 

typically increase permeability, deformation bands in porous rocks are associated with reduced 

porosity and permeability relative to the host rock in which they occur (Antonellini et al., 1994). 

It has been suggested by several authors that deformation bands with its porosity reducing 

mechanism represent potential barriers or baffles to fluid flow (e.g. Rotevatn et al., 2013; 

Pittman, 1981; Hesthammer et al., 2002; Fossen and Bale, 2007). Their influence on fluid flow 

depends on several factors, such as; permeability contrast between band/host rock, cumulative 

thickness of the band, orientations, continuity and connectivity (Fossen and Bale, 2007). 

 

Figure 3.3: i: Deformation bands in high porosity layer in the Entrada Sandstone, Utah, USA. Note the conjugate set of 

arrrangement of the deformation bands. ii: Cluster of deformation bands, assoicated with a slip surface (faulted deformation 

bands).  iii: Thin section from the Entrada Sandstone, Utah. Note the grain chrusing and cataclasis, with reduction of porosity 

within the band. 

Deformation band classification 

In kinematic classification, simple shear, dilation (volume increase) and compaction (volume 

decrease) deformation bands builds the end-members (Aydin et al., 2006). However, most 

deformation bands described in literature are shear bands with a component of compaction 

(compactional shear band) (Shipton and Cowie, 2003). 
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In mechanism classification (Fig. 3.4), deformation 

bands are classified according to type of deformation 

mechanism operating. Mineralogy, grain-size, shape, 

sorting, porosity, cementation, state of stress, and burial 

depth are important controlling factors. Main 

mechanisms include: (i) granular flow where grains slide 

and rotate, (ii) phyllosilicate smearing (iii) cataclasis 

with grain fracturing/crushing, and (iv) dissolution and 

cementation (Fossen et al., 2007).  

Disaggregation bands (Fig 3.4, i) develop in response to 

shear-related disaggregation of grains. Grain rolling, 

sliding and destruction of the grain bonding cement 

operating during their formation. Disaggregation 

deformation bands are generally found in poorly 

consolidated sandstone (Mandl et al., 1977; Bense et al., 

2003) and many early bands are related to local, gravity-

controlled deformation (Fossen et al., 2007). 

Phyllosilicate bands (Fig 3.4, ii) can be considered as a 

special type of disaggregation bands, where platy 

minerals (10-15 % of host rock) promote grain sliding 

rather than fracturing (Knipe et al., 1997). Disaggregation bands and Phyllosilicate bands 

typically forms within low confining pressures, at shallow burial depths (> 1 km) (Fossen, 

2010). 

 

Cataclastic bands (Fig 3.4, iii), forms when grain crushing and fracturing occurs (Aydin and 

Johnson, 1983; Davis, 1999). They typically display a cataclastic core usually within a 

compacted rock body, characterized by grain-size reduction, angular grains, and absence of 

pore space. Burial depths of 1.5 to 3 km are necessary (Fossen et al., 2007). 

 

 

 

Figure 3.4: Types of deformation bands, 

distinguished by deformation mechanism. 

Modified from Fossen et al. (2007). 
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Dissolution and cementation bands (Fig 3.4, iv) may form along a deformation band during or 

after deformation (most commonly) (Fossen et al., 2007). If the transition to chemical 

compaction is reached, pressure solution occurs, and the band becomes a solution band 

consisting of small tightly packed grains (Gibson, 1998; Fossen et al., 2007). Generally, 

presence of coatings prevents cementation in sandstones, however, in deformation bands they 

accelerate chemical compaction where sliding and fracturing result in new fresh quartz surfaces 

(Hesthammer et al., 2002). 

 

Structural reservoir collapse 

In this thesis a reservoir collapse is defined as an area within the reservoir layer with high 

frequency of deformation bands, and with higher a degree of deformation compared to the 

under- and overlying beds and with an overall reduction in porosity in collapsed areas. 
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4 Methodology 

This study comprises sedimentological, structural and microtextural data, derived from the 

following collection methods: (1) sedimentary logs, (2) mapping of structural deformation 

features, (3) Schmidt Hammer used for rock strength measurements, and (4) hand-samples for 

use in optical microscopy and SEM. 

 

 

Figure 4.1: Workflow considered to complete this study. 

4.1 Fieldwork 

Field data for this study were collected during 6th – 24th of September in 2017, conducted partly 

together with other students and supervisors from the University of Oslo and the COPASS 

project. Study localities were chosen aiming to improve the understanding of regional 

variability of deformation structures in and near the San Rafael Swell. Five field localities, 

along a 45 km lateral profile, were chosen for a regional overview, and additionally based on 

reachability and outcrop exposure of the targeted sedimentary layers (see Fig. 1.1. for map). 
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4.1.1 Sedimentary logging 

The sedimentological study consisted of sedimentary logging, where real bed thickness, 

descriptions of rock type, grain-size, sedimentary structures, bedding contacts, color, and 

structural deformation features were measured. Sections were measured at centimeter scale and 

drawn to 1:100 or 1:50 in the field. For the ease of presentation, sedimentary logs from Humbug 

Flats East, Middle Canyon and Smiths Cabin North have later been upscaled to 1:100. redrawn 

in Adobe Illustrator to 1:100. The upper Entrada Sandstone was the primary target, although, 

sections of the overlying lower Curtis Formation were also studied to improve the 

understanding. Sedimentological analysis conducted during fieldwork, was later subdivided 

into individual facies and further into three facies associations (FA) reflecting depositional 

environment.  

4.1.2 Mapping of structural deformation features 

The main field method for deformation feature distributions and characteristics (deformation 

bands, fractures and faults) was to work systematically with scanline data.  A scanline is a one-

dimensional line intersection method, where the orientations are measured perpendicular to the 

sedimentary bedding. Most of the measured scanlines were 8 meters long, but shorter at 

scattered localities. Using this technique, the orientation, distance in between each deformation 

feature, and frequency per meter is obtained. The orientation (strike/dip) of each plane were 

collected, ultimately recording distribution and main structural trends. In certain areas, only the 

strike value of deformation features was measured, wherever the dip component was not 

measurable due to minimal surface morphology. Datasets corresponding to each scanline was 

later imported into Stereonet 10 by Richard W. Allmendinger generating stereoplots.   

4.1.3 Layers strength analysis 

To determine geomechanical strength differences present in disparate sedimentary layers, a N-

type original Schmidt Hammer was used. Rock strength was measured in selected scanlines 

throughout the study area. A Schmidt Hammer consists of a spring-loaded position which is 

released with a push against the rock surface. This impact transfers energy to the material, 

which is dependent on hardness or damage resistance of the material (Aydin, 2008). This is 

considered as a supplementary dataset to earlier work done by Larsen, 2015, where he 
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conducted core plug tests at the Norwegian Geotechnical Institute (NGI) laboratory from the 

targeted layers at the study locality Humbug Flats. 

 

Figure 4.2: Pictures illustrating some of the work form fieldwork in Utah, USA. i: Picture of an original Schmidt Hammer 

used for strength measurements, picture taken from Szilagyi and Borosnyoi (2009). ii: Some of the samples was extracted using 

this core drill. iii: Illustration of the one-dimensional line intersection method (scanlines), where orientations of each 

deformation band (dotted black lines) were measured along the measuring tape (yellow). 

4.2 Microscopy 

Laboratory work during this study involved microtextural analysis conducted with both optical 

microscope and scanning electron microscope (SEM). Point counting and digital image analysis 

technique were used to quantify porosity. 

4.2.1 Thin sections 

Hand samples from selected deformation features and sedimentary facies were sampled in the 

field, using both a core drill and a hammer for extraction. Twelve samples were prepared into 

thin sections. Due to highly unconsolidated and porous samples, the pore space was saturated 

with blue epoxy to display porosity. The samples were then dried and glued to a 4,5 × 2,5 cm 

glass slide. Polishing of the prepared samples resulted in 30 µm thick thin sections. A Nikon 

Eclipse LV100POL petrographic microscope was used to perform the study, using both plane 

polarized light (PPL) and cross-polarized light (XPL). The optical mineralogy study was 
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primarily conducted to map out characteristic structural features and diagenetic minerals, not a 

complete mineralogical analysis. The main targeted approach was to determine properties that 

potentially could impact reservoir quality with focus on the deformation mechanisms, such as; 

(1) grain-size, (2) grain-shape, (3) grain-contacts, (4) porosity variations (5) quartz/feldspar 

ratio, (6) cementation (7) clay mineralogy, and (8) structural settings. 

Point counting 

To determine mineral content and porosity of the samples, the conventional optical mineralogy 

technique, point counting were used. This quantitative approach was used to evaluate grain 

composition and porosity systematically. This analysis was used on three targeted sedimentary 

facies, with 300 points and stage interval of two for each section. 

 

ESPRIT 2 Imaging Software 

A digital image analysis technique was used to estimate the porosity in samples comprising 

targeted sedimentary facies. The scientific image processing program on ESPRIT 2 were used, 

which based on color differenced, preformed calculations of area and pixel value statics. The 

imaging software requires high quality photography of the targeted thin section, and backscatter 

images from SEM were used. Potential issues of this analysis are that the software can struggle 

to identify individual grains in closely packed sediments, and the program does not recognize 

individual grains that have fallen out of the thin section during preparations (porosity too high). 

Other problems, such as pore-filling clay and cement within the pore space, can create 

inaccuracies and errors in the result.  

 

SEM analysis 

Three selected samples were analyzed in the scanning electron microscope (SEM). The analysis 

targeted the following: (1) composition of essential findings from analysis in the optical 

microscope, (2) determining the nature and composition of cement, (3) pore-filling clay 

mineralogy, and (4) diagenetic minerals. A Hitachi SU5000 FE-SEM scanning electron 

microscope (SEM) was used to perform this analysis, and the samples were coated with Carbon 

Coater Cressington 208C. Most of the samples were analyzed with backscattered-electron 

images, however, secondary electron imaging was used on morphological surface features, e.g. 

quartz and feldspar overgrowth. For more information about theory and methods regarding 

SEM, more information can be found in the book Electron Microprobe Analysis and Scanning 

Electron Microscopy in geology, written by Reed (2005). 
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4.3 Estimations of permeability and tensile strength 

 

Estimation of permeability from porosity 

Estimations of permeability can be made from empirical equations, as many plots and equations 

made by several authors show that the logarithmic permeability (K) is often linearly 

proportional to the fractional porosity (Φ). However, this relationship tend to vary from 

formation to formation, and these variations are attributed to differences in pore-size and pore-

throat geometry, porosity variations, initial grain-size and soring, diagenesis (diagenetic 

minerals such as pore-filling cement and clay minerals) and compaction (Nelson, 1994). Based 

on available input parameters, a simplified estimation of the permeability in this thesis was 

done using a grain-based model, the Berg Model (1970) (Nelson, 1994). 
 

𝑘(𝑚𝐷)  =  80,8𝜑5,1𝐷2𝑒−1,385𝑝   (4.1) 

Where D is the median grain diameter (expressed in micrometers), Φ is the fractional porosity 

from point-counting analysis, and p is a sorting term (percentile deviation) to account for spread 

in grain-size. For simplifications p equals 1.  

 

Calculation of Tensile Strength using measured rebound value 

The Smith Hammer rebound hardness value (R) measured in situ are used to estimate the 

uniaxial compressive strength (UCS). Several authors have established correlations between 

Smith Hammer rebound values (R) and UCS for different rock types. Critical issues that are 

related to the measured R value and further calculations comprise hammer type, direction of 

hammer impact, weathering, microstructural elements, surface dust and dirt etc. (Aydin, 2008). 

For prediction the uniaxial compressive strength (UCS), a prediction bade by Dearman and 

Irfan (1978) was used in this study: 

𝜎𝑠 = 𝑈𝐶𝑆(𝑀𝑃𝑎) = 1,6 × 10−4𝑅𝑁
  3,47

    (4.2) 

Where RN is the measured rebound value (median) form Smith Hammer measurements in the 

field. RN is corrected according to the correction chart in Figure 2. in Aydin (2008), p. 27. 

It is also well established that uniaxial compressive strength is related to Brazilian Tensile 

Strength (BTS). Many correlations have been suggested by several authors, however, in this 

thesis the correlation by Kahraman et al. (2012) for different sandstones are used: 
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𝑈𝐶𝑆 (𝑀𝑃𝑎)  =  10,61 × 𝐵𝑇𝑆      (4.3) 

Where UCS = Uniaxial compressive strength and BTS = Brazilian Tensile Strength. 

4.4 Supplementary dataset form previous work 

Relevant datasets collected during previous field work and research within the COPASS project 

are also included for comparison to the results obtained during this study. Datasets include: 

• Porosity estimations based on calculation of the differential grain-size of the host rocks 

compared to the deformation features (deformation bands), established using the 

scientific ImageJ processing program (Hope, 2015). 

• Porosity estimations based on calculations done by Larsen, 2015. 

• Permeability measurements conducted in situ during fieldwork, using a TinyPerm 2 

permeameter of New England Research (Hope, 2015). 

• Tensile and compressive rock strength from core-plug testes at NGI (Larsen, 2015). 
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5 Sedimentology and depositional 

environment 

5.1 Overview of field localities 

 

 

Figure 5.1: Overview of the study locality humbug Flats East, note that the targeted sedimentary layer is nicely 

exposed. The log trace is indicated with the yellow dotted line.  

 

Figure 5.2: Overview of the study locality Middle Canyon, note that the targeted sedimentary layer is nicely 

exposed. The log trace is indicated with the yellow dotted line.  

 

Figure 5.3: Overview of the study locality Smiths 

Cabin North, note that the targeted sedimentary 

layers are covered with vegetation. The log trace is 

indicated with the yellow dotted line.  

 

Figure 5.4: Overview of the study locality Uneva 

Mine Canyon, note multiple targeted sedimentary 

layers and steeply dipping beds.  
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5.2 Sedimentary logs 

 

Figure 5.5: Schematic illustration of logged sections at different study localities. Facies associations (FA) are highlighted on 

the sedimentary logs, and further described in section 5.4. Note that all logs stops reaching the J-3 unconformity and the 

overlying Curtis Formation. See Appendix C, D and E for more details related to the sedimentary logs. 
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5.3 Facies descriptions 

Ten sedimentary facies were identified for the upper Entrada Sandstone and its Earthy facies, 

recognized based on characteristic sedimentary structures, bedding, grain-size, color and 

texture. A short description and interpretation of depositional process are given for each facies. 

Log examples and pictures from fieldwork are provided for explanation, and additionally a 

summary table (Table 5.1) at the end of this chapter. However, this chapter comprise a 

framework for further investigation within the next chapter (Chapter 6), where three facies; 

Facies A, B and C, were chosen for further examination regarding their petrological, 

geomechanical and petrophysical properties. 

Facies A – Trough cross-stratified sandstone 

Description: 

Facies A consist of very-fine to fine-grained laterally extensive sandstone beds with 

unidirectional low-angle cross-stratification. The color is generally rusty red, and white where 

its locally bleached or weathered. Thickness of individual dune sets varies from 0.1 m to 2.5 m, 

whereas stacked beds on top of each other range up to 4.2 m. Characteristic for Facies A is 

laterally extensive beds that are continuous over large areas. Tangential bottom sets are 

common and parasitic dunes and/or ripples was found frequently towards the upper bed contacts 

(Fig. 5.6, iii). Preservation of strata and internal structures of individual sets disparate in several 

ways, some layers have well preserved cross-strata (dunes), while some display nearly a 

homogenous structure (Fig. 5.6, ii). This facies occasionally display a sharp, straight erosional 

base, and bleached sand lenses and mottling frequently occur. Facies A is present at all study 

localities. 

 

Interpretation: 

The rusty red color of sandstone beds typical of Facies A is interpreted to have formed due to 

oxidation of iron by subaerial exposure, as iron is released from detrital minerals and oxidized 

to form hematite coatings and cements during early diagenesis e.g. (Parry et al., 2004; Walker, 

1975). In combination with observations of paleosols and root traces in close stratigraphic 

distance, this indicates terrestrial and semi-arid depositional setting. Coupled with appearance 

of trough cross-bedded units of several meters in thickness with tangential bottom sets, Facies 

A is interpreted as aeolian dune deposits formed by migration of dunes with unidirectional wind 
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transport, as interpreted and described by several authors (Kocurek and Dott Jr, 1983; Eschner 

and Kocurek, 1986; Crabaugh and Kocurek, 1993; Hintze and Kowallis, 2009). 

 

 

Figure 5.6: Various presentations of Facies A. i: Well preserved cross-stratification (dunes) in Facies A. ii: Poorly preserved 

cross-strata in Facies A. iii: Asymmetrical ripple found within the heterogeneous sandstone. 

 

 

Facies B – Cross-stratified pale sandstone with ooids 

Description: 

With similarities to Facies A, this facies also consist of low-angle trough cross-stratified 

sandstone beds that are laterally extensive and continuous throughout the study area (Figure 

5.7, I, iii). The cross-set thickness of Facies B ranges from 0.2 m to 0.8 m, whereas stacking of 

these results in unit thickness from 0.3 m to 5 m. Although, petrographic analysis in the next 

chapter, confirmed the presence of carbonate ooids with quartz, feldspar and a clay/carbonate 

mix in the nucleus, absent in Facies A. However, Facies B display fine to medium grain-size, 

well-sorted and well-rounded grains, and the color appears pale and light, varying from grey 

and white to light pink. Hence, the cross-stratification is interbedded with slightly finer grained 

planar-laminated strata up to 40 cm in thickness, meaning that Facies B differ slightly in terms 

of sedimentary bedding (cross-stratified and planar-laminated). Facies B is found at all study 

localities. 
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Interpretation: 

Fine to medium-grained sandstone, good sorting, coupled with cross-stratification and slightly 

planar lamination indicate moderate to high energy conditions (Boggs, 2014). Like Facies A, 

the general appearance of Facies B is interpreted to have originated from deposition in an 

aeolian environment generating dunes by wind transport. Hence, instances of planar-lamination 

lead towards an interpretation of sandstone deposited by flowing water in the upper flow 

regime, supported by good sorting, such as a river or in a marine environment. A flowing water 

interpretation is strengthened as the close stratigraphic position with to the fluvially interpreted 

Facies D, as well as occasions where Facies D is found interbedded within Facies B (Figure 5.7 

i, ii). However, horizontal bedding and presence of carbonate ooids are common in shallow 

marine environments (Lloyd 1987). All that is stated above, gives reason to interpret Facies B 

as a windblown coastal-parallel aeolian dune deposit in a sand flat setting, however, 

additionally influenced by wave reworking and tidal processes.  

 

Figure 5.7: Pictures illustrating the general appearance of Facies B. i: Cross-stratification with instances of a plane parallel 

appearance in Facies B. ii: Same picture as in i, however, with interpretation of bedding planes and reactivation surfaces (thicker 

white lines). iii: Low-angle cross-stratification in Facies B. Note the characteristic pale color compared to the rusty red bed 

beds below (Facies C). 
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Facies C – Structureless silty sandstone 

Description: 

The homogenous and featureless silty sandstone beds characteristic for Facies D, displaying silt 

to very-fine grained sandstone that appears to be lacking internal structures. Color is in 

generally strikingly red to brown, with unit thickness ranging between 10 cm to 8 m. Facies D 

is frequently found within heterolithic bedded units, and in addition thick packages of this facies 

are frequently interbedded with thin (2 – 5 mm) layers of mud or silt rich facies (Facies D, 

Facies E and Facies F). Facies C normally display a gradual transition to the more silt and- clay 

rich facies (Facies E and Facies F). Bleached patches and pale sand lenses with slightly coarser 

grains were occasionally present. Facies C is present at all localities and is the most widespread 

facies found throughout the study interval. 

 

Interpretation: 

Rusty red color and silt to very-fine grained sand, is interpreted to be a result of relatively low 

energy conditions in a terrestrial depositional setting. The general lack of lamina and 

sedimentary structures can imply that there was some process in place that prevented 

development of structures, or structures that had formed was later destroyed (Boggs, 2014). 

Since structureless beds with no internal structures at the time of deposition are uncommon, it 

is likely that the original structures were destroyed by other processes. Lowe (1975) suggested 

that fluidization process through the Middle Jurassic sandstones potentially triggered rapid 

upward fluid flow and destroyed primary sedimentary structures. Fluidization require great 

hydrostatic pressures, where potential trigger mechanisms for overpressure could be (Netoff, 

2002); loading of water-saturated sediments (Glennie and Buller, 1983; Horowitz, 1982) or 

seismicity induced (Horowitz, 1982; Allen, 1986; Galli, 2000). 

 

Hence, despite the lack of sedimentary structures in Facies C it is not impossible the facies 

displayed cross-stratification at origin and could be interpreted as aeolian dune deposits. 
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Figure 5.8: i: Characteristic weathering and fracturing pattern of sand beds in Facies C results in well-rounded bedforms and 

a “bubbly” expression when weathered. ii: Facies C with a gradual upper transition towards Facies E. Both pictures are taken 

from the study locality Smiths Cabin North (see Fig. 1.1 for location), additionally, note hammer for scale. 

 

Facies D – Sandstone with climbing ripples  

Description: 

Facies D exhibit very-fine to medium-grained closely-packed sandstone beds with asymmetric 

ripple lamination, establishing individual beds or bedsets comprised entirely of ripple cross-

lamination with a wavy appearance (Figure 5.9, i). These commonly pinch out laterally, with 

an individual bed thickness of typically 2 - 20 cm, and unit thickness ranging from to 10 - 50 

cm. A wide range in color is observed; rusty red, pale and white, rusty red with pale areas, or a 

combination where red and white color is separated by differences in grain-size, resulting in 

flame structures (Fig. 5.9, iv). Small-scale undulating and sharp erosive basal contacts are 

observed, commonly displaying desiccation cracks, whereas the upper bed contacts are more 

gradual. Facies D are frequently found interbedded within heterolithic bedded units of mud and 

silt rich facies (Facies E and Facies F). Rare occurrences of soft-sediment deformation are 

observed, and Facies D is found at all study localities. 
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Interpretation: 

Asymmetrical rippled sandstone beds developed in unidirectional flow conditions where the 

lee  side faces downstream to the flow direction (Boggs, 2014). Very fine- to medium grain-

size, strengthen an interpretation of a component of flow present, with moderate energy 

conditions. The rippled strata are interpreted to be a result of rapid sedimentation relative to the 

rate of current migration that is producing steep angles of climb, climbing ripples (James et al., 

2010; Allen, 1971). A series of cross-laminae stacked on top of each other are produced by 

superimposing migrating ripples, and this process results in cross-bedded units that have a 

general appearance as wavy (James et al., 2010). Current ripple lamination is typical for fluvial 

environments characterized by rapid sedimentation from suspension such as fluvial floodplains 

(Boggs, 2014). The color variations observed in Facies D are interpreted to be inherent in some 

cases as a result of grain-sorting during transportation, and/or as a result of root growth as 

organic acid bleaches the red sandstone to the present white color. Soft sediment deformation 

in water-laden sediments indicate rapid sedimentation at the time of deposition (Tucker, 2011).  

 

 

Figure 5.9: Compound collection of Facies D at study localities Middle Canyon and Humbug Flats East, (see Fig. 1.1 for 

locations). i: Rippled sandstone bed, note that the ripple foresets are poorly preserved and yet most visible towards the upper 

bed contact. ii: Climbing ripples in rusty red sandstone beds where, note that only the lee side of the ripples are preserved. iii: 

Another example of climbing ripples in Facies D. iv: Flame structures in Facies D (note the white arrow) interbedded with 

Facies F (mudstone). v: Candidate desiccation cracks containing mineral precipitation. 
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Facies E – Sandy silt with pale sand lenses 

Description: 

The rusty red Facies E consist of wispy laminated silty sandstone beds, ranging in thickness 

from 0.1 m to 4 m. Pale or white colored slightly elongated very-fine to fine-grained sand lenses 

are consistently observed, and varies from 1 to 3 cm in diameter and 1 to 10 cm in length. The 

host rock is otherwise homogeneous and structureless (Fig. 5.10, ii). The sandstone lenses 

regularly appear as forests laminae; however, the direction could not be recognized. Facies E is 

commonly found interbedded within structureless sandstone beds (Facies C) displaying gradual 

transitions towards both the upper and lower bedding contacts. Facies E is commonly found 

interbedded in heterolithic settings and found at all study localities. 

 

Interpretation: 

Rusty red color and silty sand reflects terrestrial depositional setting and low energy conditions 

(Parry et al., 2004; Walker, 1975; Boggs, 2014). The light-colored sand lenses with coarser 

material indicate that the color variations in the sediment is inherent, and not a consequence of 

weathering or other processes. Smoot and Castens-Seidell (1994) and Goodall et al. (2000) 

described similar sorting fabric potentially to be a result of haloturbation and salt-dissolution 

collapse where salt crust entrapment of windblown sediments occurs. Valenza (2015) was the 

first to propose that similar process occurred during the deposition of the Entrada Sandstone. 

Facies E is interpreted to have formed as a consequence of this salt-dissolution mechanism in a 

semi-arid sabkha setting together with a fluctuating groundwater table. 
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Figure 5.10: Facies E present at Humbug Flats East (see Fig. 1.1 for location). i: Facies E interbedded in structureless silty 

sandstone beds (Facies C) displaying gradual transitions between the two. ii: Light-colored slightly elongated very-fine to fine-

grained sand lenses.  

 

Facies F – Parallel laminated to non-laminated mudstone 

Description: 

This facies exhibit dark red and brown mudstone, yet light red when weathered. Thickness is 

ranging from 2 cm to 50 cm, displaying both undulating and slightly horizontal laminae. 

Occasionally, the facies appear to pinch out. Facies F is commonly found upward thinning 

within heterolithic bedded units, where thin beds (5 cm - 30 cm) of Facies D and Facies E are 

found alternating with this facies. Basal contacts where relatively sharp, while the upper 

contacts often appeared chaotic with a gradual transition towards the overlying beds. Small, 

white, vertically rounded patches up to 8 cm in length were found within the mudstone 

throughout the study area. In addition, concretions of evaporite nodules (1 cm thick and 5 cm 

in length) (Fig. 5.11, ii), polygonal desiccation marks and mud cracks was found within 

scattered localities. Facies F is found at all study localities. 
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Interpretation: 

Mud reflect deposition from suspension in low-energy environments, where grains slowly 

settles out with time (Hjulstrom, 1955). White patches are interpreted as root traces, a result of 

decay of plant material producing organic acid that bleaches the red mudstone to the present 

white color. Root traces coupled with red colored mud, strengthens the interpretation of a 

continental origin. However, the heterolithic setting reflects alternating flow regimes where 

sand and mud are available (Davis, 2012). Presence of both evaporite nodules and root traces 

indicates deposition from water in the low-energy inter-dune environment, hence, coupled with 

a humid and warm climate in a sabkha environment (Kocurek and Dott Jr, 1983; Crabaugh and 

Kocurek, 1993).  

 

 

 
Figure 5.11: Illustration of Facies F at Middle Canyon (i) and Humbug Flat East (ii), (see Fig. 1.1 for locations). i: Overview 

of a typical outcrop containing parallel-laminated to undulating mudstone (Facies F). ii: Close-up of candidate evaporite nodule 

within Facies F at Humbug Flat East. 

 

Facies G – Planar-laminated sandstone interbedded with green mud 
 

Description: 

Facies G consist of fine-grained planar-laminated to structureless sandstone beds that alternates 

with light-green mud. The fine-grained sandstone beds typically display a brown to light pink 

color, with thickness ranging between 3 cm to 20 cm. The sandstone beds are laterally pinching 

out and gentle asymmetrical ripples are common towards the upper bed contacts, otherwise 

they have a uniform appearance. Lower boundaries are typical sharp, while the upper 

boundaries are commonly more gradual, although, often associated with upwards fining beds. 

Facies G is observed at all study localities. 
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Interpretation: 

Alternating units of fine sand and mud in a heterolithic setting indicates alternating flow 

regimes where sand and mud are available, mud deposited from suspension, while sand 

deposited during higher flow rates (Davis, 2012). Current ripples within thin sandstone beds 

are commonly found in fluvial floodplain environments, with sub-environments such as; 

crevasse splays (Boggs, 2014). 

 

Facies H – Sandstone with high angle cross-stratification 
 

Description: 

Fine-grained sandstone with high-angle cross-stratification characteristic for Facies I, and 

commonly exhibit a tangential base. Bed thickness is ranging from 0.5 m to 2 m, standing out 

from the cross-stratified Facies C and Facies A as the beds in this facies laterally pinching out 

into the mud and silt rich facies. Observed color comprising Facies I is grey to light pink and 

exhibit a small tendency of fining upwards units. Facies I assemblages a sharp, undulating, and 

slightly concave-up erosional base containing rip up clast, and consistently mud clasts within 

the layer are observed (Fig. 5.12, ii, iii). Facies I is observed at the locality Middle Canyon. 

 

Interpretation: 

Cross-bedding are interpreted to have formed as a result migration of ripples or dunes (Boggs, 

2014). The large erosive power towards the underlaying layer evidenced by the sharp erosive 

base, is interpreted to be a consequence of high energy in the system together with a component 

of flow, distinct in windblown aeolian dune facies. The sharp basal erosive base coupled with 

rip up clasts, indicate traction current transportation, which is the most common mechanism in 

in-channel fluvial sediments (James et al., 2010). All that is stated above, results in the 

interpretation that Facie I to be deposited by a fluvial channel in the semi-arid environment. 
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Figure 5.12: Collection of Facies H features at Middle Canyon (see Fig. 1.1 for location). i: Large-scale cross-stratification 

with tangential base. ii: Sharp and undulating erosional base, containing rip-up clasts. iii: Mud clast within Facies H.  

 

 

Facies I – Immature paleosol 
 

Description: 

Facies J consist of poorly consolidated clay and silt, with observed color ranging between dark 

brown to dark purple (Fig. 5.13, i). The beds comprising this facies are relatively thin with 

thickness varying between 3 cm to 10 cm. This Paleosol appear as both single units as well as 

vertically stacked, and Facies J is commonly found interbedded within units of mudstone 

(Facies F). Paleosols are displaying undulating and more frequently discontinuous beds, where 

a gradual contact at the base and shaper contact at the top is commonly observed. Paleosol is 

found at all study localities. 
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Interpretation: 

The paleosols comprising Facies J are commonly formed as a result of physical, biological and 

chemical modification of soil during periods of sub-aerial exposure to the surface (Tucker, 

2011). Paleosols are interpreted as fossil soil that has developed during landscape stability in a 

previous depositional system (Kraus, 1999). The thick and single packages of paleosols are 

more often better developed since they represent longer time of landscape stability, whereas the 

vertically stacked paleosols generally develop in response to net aggradation rates in 

sedimentary systems (Kraus, 1999). 

 

Facies J – Coal  
 

Description: 

Thin layers of black organic rich clay characteristic for Facies J are found interbedded in 

structureless sandstone facies (Fig. 5.13, ii). The thickness range of these layers are between 

0.5 cm to 3 cm, and Facies J is only observed in the upper part of the Entrada Sandstone at the 

study locality Middle Canyon (see Fig. 1.1 for location). 

 

Interpretation: 

Black colored beds in Facies J is interpreted to be coal formed as a consequence of compaction 

of organic-rich sediments in anoxic conditions, allowing preservation of organic matter. Coal 

is interpreted to originate form environments such as inland lakes or swamps in a dry 

paleoclimate (Boggs, 2014). Additionally, some coals may develop in fluvial environments, 

however, influx of clastic sediment from the river often prevents true coal from developing 

(James et al., 2010).  

 

Figure 5.13: i: Picture of paleosol candidate at Interstate-70 (see Fig. 1.1 for locations). ii: Candidate coal at Middle Canyon. 
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Table 5.1: Overview of ten facies defined for the upper Jurassic Entrada Sandstone (see Figure 2.1 for stratigraphic column). 

 
 

Log example 

 

Description 

 

Grain- 

size 

 

Interpretation 

 

 

 

A 

 

Trough cross-stratified sandstone 

• Unidirectional stratification 

• Tangential bottom sets 

• Parasitic dunes/ripples 

• Rusty red 

 

 

 

 

VF - F 

 

 

 

Aeolian dune deposits 

Semi-arid environment 

 

 

 

B 

 

Cross-stratified pale sandstone  

• Laterally extensive 

• Pale and light color 

• Good sorting, well-rounded grains 

• Carbonate ooids 

 

 

 

 

F - M 

 

 

Near-coastal aeolian deposits 

High energy 

 

 

C 

 

Structureless silty sandstone 

• Lacking structures 

• Occasionally bleached patches 

• Well-rounded bedforms 

• Rusty red color 

 

 

Si - VF 

 

 

Terrestrial environment 

Original structures destroyed by 

other processes 

 

 

D 

 

Sandstone with climbing ripples 

• Climbing ripples 

• Asymmetrical ripples 

• Range of colors; red/white/both 

• Flame structures 

 

 

Si - VF 

 

Fluvial environment with rapid 

sedimentation 

 

Low energy 

 

 

E 

 

Sandy silt with pale sand lenses 

• Pale/white sand lenses 

• Rusty red/brown color 

• Wispy laminated 

• Found interbedded in Facies D 

 

 

 

Si - VF 

 

Salt-dissolution mechanism in a 

semi-arid sabkha environment 

together with a fluctuating 

groundwater table 

 

 

F 

 

Parallel laminated to non-laminated 

mudstone 

• Horizontal to undulating laminae 

• Dark red to brown color 

• Evaporite nodules 

 

 

 

Cl – Si 

 

Deposited in low-energy inter-

dune sabkha environment 

 

Occasionally flooding 

 

 

 

 

G 

 

Planar-laminated sandstone 

interbedded with green mud 

• Planar laminated to structures 

• Laterally pinching out 

• Fining upwards 

 

 

VF – F 

(Cl) 

 

 

Fluvial overbank deposit; 

Crevasse splay 

 

 

H 

 

Sandstone with high-angle cross-

stratification 

• Sharp erosive base 

• Laterally pinching out 

• Large scale cross-stratification 

• Rip up clast, mud clasts 

 

 

 

F 

 

 

High energy 

Fluvial channel 

 

I 

 

Immature Paleosol 

• Poorly consolidated 

• Dark brown to dark purple 

• Discontinuous and undulating beds 

 

 

Cl - Si 

Physical, biological and 

chemical modification of soil 

during periods of sub-aerial 

exposure to the surface 

J  Coal Cl Anoxic conditions 

F
a

ci
es
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5.4 Facies Associations 

The conducted facies analysis of Facies A to J have been organized into three facies associations 

(FA) reflecting depositional environment. 

Facies Association 1 (FA 1) – Coastal aeolian dunes 

Description: 

FA 1 is present at all study localities and consists of Facies A (Trough cross-stratified 

sandstone), Facies B (Cross-stratified pale sandstone) and Facies D (Sandstone with climbing 

ripples). However, alternating units of mud and silt- rich facies (Facies C, Facies E, Facies F) 

are frequently found interfingering sequences of FA 1. The climbing rippled sandstone (Facies 

D) are consistently found in close stratigraphic position to Facies B, either overlying, 

underlying or interbedded within (Fig. 5.14). The undulating sharp erosive lower contact at the 

base of Facies D commonly contain desiccation cracks and mineral precipitates. Facies A and 

Facies B are both characterized by laterally extensive sandstone beds, large-scale cross-

stratification, bed thickness of several meters in thickness and a sharp and straight erosive base. 

Lower contacts of Facies A are commonly found to lap down into the sporadically underlying 

mud- and silt-rich facies (Fig. 5.14). The cross-stratified sandstone beds (Facies A and Facies 

B) frequently display erosional reactivation surfaces between the sets, cutting through the cross-

bedding. However, preservation of strata in different units disparate from well-defined to poorly 

preserved. FA 1 can be distinguished from FA 2 (aeolian inter-dunes and sabkha), where the 

most inter-dunes areas contain more silt and clay than adjacent dune sand.  

 

Interpretation: 

Interbedding of aeolian dune deposits (Facies A), near-coastal aeolian dunes (Facies B) and 

flood deposits (Facies D) are typical for coastal aeolian desert environments experiencing a 

fluctuation groundwater level (Kocurek and Dott Jr, 1983; Hintze and Kowallis, 2009; 

Rodríguez‐López et al., 2014). Although, the abruptly rapid lithology change from rusty red 

Facies A to pale colored Facies B, indicates aeolian dune deposition in two slightly different 

settings. Facies A reflects subaerial exposure and deposition over the saturated level, hence, 

Facies B reflects wetter conditions in a near-coastal environment. Deposition in a wet 

environment may reflect occasional flooding, high groundwater level and/or humid climate 

conditions, as described by Crabaugh and Kocurek (1993). However, most coastal dune fields 

can be considered wet as the groundwater table typically is high and linked to the seal-level 
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(Kocurek et al., 2001). The climatic fluctuation during the development of FA 1 caused 

reworking of the coastal aeolian dune sand by marine processes, displaying interfingering of 

dune and fluvial deposits.  

 

Formation of an aeolian stratigraphic record can be considered following three phases; (1) sand 

sea construction (erg), (2) aeolian accumulation and (2) preservation of that accumulation, 

which is a function of sediment supply, availability of supply and transport capacity of the wind 

(Kocurek et al., 1999; Rodríguez‐López et al., 2014). Occurrence of reactivation surfaces within 

the cross-stratified sandstones (Facies A and Facies B), reflects periods of changes in the 

position of the groundwater level (GWL) during deposition (Stokes, 1968; Crabaugh and 

Kocurek, 1993). The big contrast in preservation potential and sizes of the individual dune sets 

in Facies A implies shifting energy regimes in the system, considering sediment input and rate 

of deposition. In wet aeolian systems, GWL plays a significant role in preservation, as 

sediments are eroded in dry periods as inter-dune water ponds evaporates. In wet periods high 

GWL increase the preservation in enabling accumulation and preservation, and protects the 

deposits from deflation (Stokes, 1968; Crabaugh and Kocurek, 1993). 

 

Figure 5.14: Aeolian dune sand reworked by marine processes (Facies B) eventually lead to interfingering by fluvial deposits 

(Facies D), representing FA 1. 
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Facies Association 2 (FA 2) - Aeolian inter-dunes and sabkha 
 

Description: 

FA 2 corresponds to the most dominating facies association of the logged sections and consists 

of interbedded units of Facies C (Structureless sandstone), Facies D (Sandstone with climbing 

ripples), Facies E (Sandy silt with pale sand lenses), Facies F (Parallel laminated to non-

laminated mudstone), Facies I (Immature paleosols) and Facies J (coal). Compared to FA 1, the 

sedimentary facies within FA 2 are typically thinner, more fine-grained, and are commonly 

pinching out. Alternating stacked units of FA 2 facies in a heterolithic setting (Fig. 5.15) are 

generally found interbedded within large-scale aeolian dune deposits (FA 1). FA 2 represent 

characteristic root traces, bleached elongated sand patches and climbing ripples. Concretions 

of evaporite nodules are contained within the mudstone (Facies F) in the upper study interval 

at locality Humbug Flats East (see Fig. 1.1 for map). Note that the brown mudstone in Facies F 

occasionally grade up-section into paleosol (Facies I), where bleached patches of sediment 

commonly under- and overlies the paleosol (Fig. 5.13, i). 

 

Interpretation: 

The overall high silt and clay content within FA 2 indicate low energy conditions where 

sediments are deposited in calm and humid inter-dune areas, however, the heterolithic 

composition additionally reflects fluctuating energy in the system. Interbedding of sabkha, 

inter-dune and aeolian dune (FA 1) deposits indicates aeolian desert environments, as 

interpreted and described by several authors (Kocurek and Dott Jr, 1983; Crabaugh and 

Kocurek, 1993; Hintze and Kowallis, 2009). However, variations in sedimentary textures and 

structures within inter-dune areas are dependent on the depth of the water table in relation to 

the sediment surface (Goodall et al., 2000). Nevertheless, arid and warm conditions may favor 

preservation of interdunal sediments instead of eroding, as the migrating sand dunes may get 

trapped in inter-dune ponds, as suggested by Crabaugh and Kocurek (1993). 

 

Sabkha environments are developed when sediment supply is nearly the same as water table 

rise in an arid to semi-arid environment, and in this environment salt dissolution processes 

created the pale sand lenses within Facies E, as described by Castens-Seidell (1994) and 

Goodall et al. (2000). Facies F (mudstone) are likely a result of flooding in topographic lows 

between aeolian dunes, where suspended clay and silt grains were able to settle out over time. 

Together with the presence of evaporite lenses found in Facies F at Humbug flat East 
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(see Figure 1.1 for location), paleosol horizons (Facies I), and climbing ripples (Facies D), the 

deposits are related to episodically marine flooding over sabkhas and/or relative water table rise 

within an inter-dune area (Carr-Crabaugh and Kocurek, 1998; James et al., 2010).  

 

Figure 5.15: Picture illustrating aeolian inter-dunes and sabkha deposits within FA 2 at the study locality Humbug Flats East 

(see Fig. 1.1 for map). Note the heterolithic nature of the sedimentary succession.  
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Facies Association 3 (FA 3)- Fluvial and terminal overbank splays 

Description: 

FA 3 is found interfingering FA 2 at scattered localities, typically containing Facies G (Planar-

laminated to structureless sandstone interbedded with green mud) and Facies H (Sandstone with 

high angle cross-stratification) (Fig. 5.16). Facies within FA 3 display erosive lower contacts 

and beds laterally pinching out into silt-rich FA 2 facies (Fig. 5.15). FA 3 overlies FA 2 by a 

sharp erosive base, characterized by high-angle tangential cross-stratification, rip-up clasts and 

occasionally mud clasts. Characteristic for the thin sandstone beds interbedded in green mud 

(Facies G) is the abruptly different color compared to the reddish inter-dune and dune 

sediments. FA 3 is present at Humbug Flat East and Middle Canyon (see Fig. 1.1 for location). 

 

Interpretation: 

FA 3 is interpreted to be a consequence of complex interfingering of fluvial sediments (FA 3) 

within aeolian inter-dune sediments (FA 2). The heterolithic composition of Facies H are 

interpreted as crevasse splay deposits, consequently as a result of periodically flooding, such as 

flash flood episodes (James et al., 2010). In a desert environment there are no other mechanism 

for this characteristic feature. The crevasse splay is deposited over the inter-dune area during 

high groundwater level, where the bedload is diverted and spread out in between the inter-dunes 

(James et al., 2010). Flat topography and high sediment loads during the deposition of the 

Entrada Sandstone resulted in fluvial terminal splays, which produced the laterally extensive, 

alternating beds of inter-dune sabkha deposits (FA 2) and terminal splay deposits (FA 3) 

(Valenza, 2016). However, increasing numbers of thicker inter-dune deposits with smaller 

simpler-cross strata interfingered by fluvial deposits observed within the upper stratigraphic 

levels, is typical towards the margins of aeolian ergs close to the coast (Kocurek, 1981).  
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Figure 5.16: Illustration of FA 1 (coastal aeolian dunes) – FA 2 (aeolian inter-dunes and sabkha) – FA 3 (fluvial and terminal 

overbank splays)– relation at Middle Canyon (see Fig. 1.1 for locations). Note that Facies I is laterally pinching out into mud- 

and silt rich facies (blue dottet line).  

 

Table 5.2: Summary table of facies as associations (FA) recognized in the upper Entrada Sandstone in north-eastern part of 

the San Rafael Swell, Utah (see Fig. 1.1 for map). 

 

Formation (Fm.) Member/Unit Fascies 

Association (FA) 

Depositional 

environment 

Facies included 

  

 

FA 3 Fluvial and terminal 

overbank splays 

G, H 

 

Entrada Sst. Earthy Facies FA 2 Aeolian inter-dunes 

and sabkha 

C, D, E, F, I, J 

  FA 1 Coastal aeolian dunes 

 

A, B, D 
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6 Reservoir characterization 

To investigate the relationship between sedimentary facies, preferential structural deformation, 

and reservoir quality, it is crucial to determine mineralogy, texture and petrophysical properties 

typical of the different sedimentary facies. Based on the overall aim, available data obtained, 

and considering the sedimentological description (Chapter 5), the regionally extensive Facies 

B-type layers (Cross-stratified pale sandstone) were targeted for further reservoir 

characterization based on their apparent great reservoir properties (high porosity and 

permeability). Facies A (Trough cross-stratified sandstone) and Facies C (Structureless silty 

sandstone) are considered as important reference layers for reservoir properties, as they are 

stratigraphically over- and underlying the targeted Facies B-type layers. Throughout this 

chapter the focus will be on results from samples in these three sedimentary facies, regarding 

their reservoir characteristics and observed structural deformation features. 

6.1 Petrography 

There are several ways to determine parameters that are important for the ability to predict 

reservoir properties. From thin section analysis the texture, mineralogy, grain-size, porosity, 

and diagenetic features were combined to characterize the different sedimentary facies with 

respect reservoir quality. In addition, bleaching patterns (i.e. ancient fluid migration pathways), 

layer strengths and estimated permeability were used to distinguish between (1) Reservoirs, (2) 

Non-reservoirs, or (3) Seals. 

Facies A – Trough cross-stratified sandstone 

One sample of Facies A was analyzed with SEM and point counting in optical microscope 

(Facies A- Thin section 1, Appendix B). It comprises very-fine to fine grained sandstone, with 

rounded to poorly rounded, well-sorted grains with tangential to long grain-contacts, and 14.3 

% preserved porosity (Fig. 6.1, i). The quartz/feldspar ratio in Facies A was 26:10 with 

negligible amount of lithic fragments, classified as sub-arkosic (Dott classification, Boggs, 

2014). Observed pore-filling minerals (17.9 %) consisted of intragranular calcite cement (5.3 

%), and the clay mineral matrix was dominated by kaolinite (Fig. 6.1, ii). Kaolinite was 

observed as randomly distributed vermicular stacks within the pore space, while illite occurred 

as pseudomorphs in molds from dissolved grains and as grain-coatings. SEM analysis 

confirmed that dissolution and alteration of feldspar grains primarily occurred in plagioclase, 
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while most of the K-feldspar was preserved (Fig. 6.1, ii). In addition, quartz and K-feldspar 

overgrowths were frequent.  Acessory minerals (3.6 %) include dolomite, Fe-oxides, biotite, 

apatite, and rock fragments. 

 

Figure 6.1: Microtextural pictures of Facies A, sample Facies A- Thin section 1. i: Microscopic picture of Facies A. ii: SEM 

image illustrating some of the minerals. The rhombic dolomite often has an outer rim of Ankerite (Fe-dolomite). 

 

Facies B – Cross-stratified pale sandstone 

Two out of eight samples representative of Facies B were analyzed with SEM and point 

counting in optical microscope (average values from Facies B- Thin section 1 and Facies B- 

Thin section 2, Appendix B). It comprises fine- to medium-grained sandstone, very well-

rounded and very well-sorted grains, tangential to long grain-contacts, and 26.7 % preserved 

porosity (Fig. 6.2, i). The quartz/feldspar ratio in Facies B was 47:10, classified as quartz arenite 

(Dott classification, Boggs, 2014). Observed pore-filling minerals (9.2 %) consisted of 

intragranular calcite cement (1.6 %) and clay minerals dominated by kaolinite. Kaolinite was 

observed as randomly distributed vermicular stacks within the pore space, while minor amounts 

of illite was observed as discontinuous grain coatings (Fig. 6.2, iii). A clay/carbonate mix 

occurred as pseudomorphs in molds of dissolved grains within the pore space (1.6 %) (Fig. 6.2, 

iii). Secondary diagenetic minerals included sericitization of plagioclase, rutilized biotite and 

albitized K-feldspar. Dissolution and alteration of feldspar grains primarily occurred in 

plagioclase, while most of the K-feldspar was preserved (Fig. 6.2, iv). Quartz and K-feldspar 

overgrowths were observed, however, with minor amounts compared to Facies A. Acessory 

minerals (1.9 %) include dolomite, Fe-oxides, rutile, apatite, and rock fragments. 

Characteristic for Facies B compared to other facies investigated was the presence of calcitic 

ooids (2.6 %) (Fig. 6.2, ii). These abundant ooids with radial-fibrous crystals displayed both 
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well-rounded and ellipsoid shapes, and a variety in nucleus compositions: quartz, K-feldspar, 

Ca-carbonate and/or a mix of secondary minerals. The preservation ranged from well preserved 

to dissolved outer parts of the concentric layers.  

 

Figure 6.2: Microtextural pictures of Facies B samples. i: Microscopic picture of sample Facies B- Thin section 3. Note the 

ooids. ii: SEM image of ooids with different grain-core composition. iii: SEM image illustrating some of the pore-filling 

minerals found within the samples. Note the sparry carbonate (calcite) cement. iv: Dissolved K-feldspar grain. 

Facies C – Structureless silty sandstone 

One sample of Facies C was analyzed with SEM and point counting in optical microscope 

(Facies C- Thin section 1, Appendix B). It comprises silt to very-fine sand, with rounded to 

poorly rounded, well-sorted grains with tangential to long grain-contacts, and 2.6 % preserved 

porosity (Fig. 6.3, i). The quartz/feldspar ratio in Facies C was 2:1 and classified as arkosic 

arenite (Dott classification, Boggs, 2014). The highest amounts of pore-filling minerals (32.6 

%) was observed in this facies. The clay mineral matrix was dominated by illite and was 

distributed randomly within the pore space and as grain-coatings. Intragranular cement 

primarily consisted of calcite, while dolomite cement frequently occurred. The element map 

from SEM (Fig. 6.3, ii) shows that grains frequently were stained by grain-coating and/or pore-
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filling Fe-oxides. Accessory minerals (5.3 %) include dolomite, opaque phases (ilmenite, rutile, 

Fe-oxides), muscovite, chlorapatite, and rock fragments. 

 

Figure 6.3: Microtextural pictures of Facies C samples. i: Microscopic picture of sample Facies C- Thin section 1. ii: Element 

map illustrating Fe and Mg distribution, showing that the iron was located within the pore filling material. Note that the outer 

corners of the dolomites (blue areas) often are replaced by Ankerite (Fe-dolomite). iii: SEM image illustrating some of the 

minerals found within the sample. 
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6.2 Petrophysical and geomechanical properties 

Based on point-counting analysis, digital image analysis and measured Smith Hammer rebound 

values (RL), Table 6.1 summarizes the different petrophysical and geomechanical properties in 

the targeted sedimentary facies A, B and C. Calculated uniaxial compressive strength (UCS) 

and tensile strength (BTS) were derived from Equation 4.2 and 4.3 respectively, while 

permeability from Equation 4.1. Porosity estimates from point counting analysis compared to 

digital image analysis was generally higher except from one sample in Facies B.  

The regionally extensive pale sandstone (Facies B) showed the highest porosity (20 % - 29.9 

%), highest permeability (943 – 980 mD) and lowest tensile strength values (0.7 MPa) (Table 

6.1). The widespread structureless silty sandstone (Facies C) showed the lowest porosity (0.4 

% - 2.6 %) and permeability (0.0004 mD) values. There are consistent correlations between 

tensile strength, porosity, permeability, and grain-size of the Facies A, B and C (Table 6.1). 

There is a negative correlation between porosity and tensile strength, and between permeability 

and tensile strength, while a positive correlation between porosity and permeability. Differences 

between the three lithologies within Facies A, B and C are illustrated in Figure 6.4. 

Table 6.1: Calculated uniaxial compressive strength and tensile strength of targeted sedimentary facies; Facies A (Trough 

cross-stratified sandstone), Facies B (Cross-stratified pale sandstone) and Facies C (Structureless silty sandstone), Appendix 

B. Table 6.1 also illustrates estimated porosity and permeability values. (-) indicates no measurement. 

  

 

Grain

-size 

 

Smidt 

Hammer 

Rebound 

value 

(RL) 

 Calculated 

Uniaxial 

Compressive 

strength (σc) 
(Dearman and 

Irfan, 1978) 

 

Calculated 

Tensile 

strength 

(σt) 

(Kahraman et 

al., 2012) 

 

Porosity (Φ) 

form point 

counting 

 

 

Porosity (Φ) 

form Digital 

Image Analysis 

 

 

 

Estimated 

Permeability 

(K) 

(Nelson, 1994) 

 

 

A 
 

VF - F 
 

29 
 

19 MPa 
 

1.8 MPa 
 

14 % 
 

10.4 % 
 

20 mD 

 

B 
 

F - M 
 

22 
 

7.7 MPa 

 

 

0.7 MPa 
 

26.6 – 26.8 % 
 

20 % - 29.9 % 
 

943 - 980 mD 

C Si -VF - - - 2.6 % 0.4 % 0.0004 mD 

 

 

Figure 6.4: Microscopic pictures illustrating difference between Facies A (Trough cross-stratified sandstone), Facies B 

(Cross-stratified pale sandstone) and Facies D (Structureless silty sandstone). 
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6.2.1 Reservoirs, non-reservoirs and sealing facies 

All the observed sedimentary facies may be classified as: (1) Reservoirs, (2) Non-reservoirs, or 

(3) Seals (Table 6.2). To differentiate reservoir characteristics, a combination of petrophysical 

values (only measured in Facies A, B and C), grain-size, facies descriptions, and observed 

diagnostic fluid migration pathways (bleaching pattern) through the sedimentary succession 

were used. Logged sections show a majority of silt-rich non-reservoir facies with low porosity 

and permeability.  

The subdivision of reservoir, non-reservoir and seal is strengthened by the observed bleaching 

pattern (red to white) throughout the study area, with recognizable migration routes of paleo-

fluids (Fig. 6.6). Bleached zones were observed both in low-permeability (non-reservoirs and 

seals) and high permeability layers (reservoirs) (Fig. 6.5). Light-colored pathways (bleaching) 

were observed vertically along narrow zones of fractures and faults, and laterally along bed 

boundaries within the low permeable Facies A and C (Table 6.1), classified as non-reservoirs 

(Fig. 6.6 i, ii). Mudstone (Facies F) are classified as a sealing facies, according to small grain-

size and no observed bleaching pattern (ancient fluid flow). Facies B (Cross-stratified pale 

sandstone) displayed high quality reservoir properties with average porosity of 25.8 % and 

permeability of 961 millidarcies (Table 6.1). In addition to a pale and bleached appearance of 

Facies B, a gradual bleached front was found over and/or under these high permeable reservoir 

layers (Fig. 6.6, iii). Based on the interpretation of the channel sandstone (Facies G – Sandstone 

with high angle cross-stratification), this facies may be classified as a reservoir, however, 

reservoir characteristics are more unclear due to lack of conducted petrophysical measurements. 

 

Figure 6.5: Illustration of paleo-fluid migration (bleaching pattern) within a sedimentary succession. Bleaching was observed 

along fractures and fault planes in low permeable layers. High permeable layers display a pale and bleached appearance, 

occasionally with gradual bleached fronts over or underneath. 
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Figure 6.6: i: Bleached zone along fracture in Facies A with a bleached halo around a thorough going fracture, note Fe oxides 

in the fracture core. ii: Bleached area along fractures in Facies C, note that the bleached zones are following the characteristic 

fracture pattern in Facies C and nearly constant extent of discoloration. iii: Gradual fluid boundary between light-colored Facies 

B and rusty red Facies C. The light-colored gradual front (under the porous Facies B) is following the layer bedding and moves 

downwards following the same layer bedding (collapse in Facies B). iv: Bleached zone along fracture in Facies C, evidence of 

ancient fluid flow upwards into the highly porous and light-colored Facies B. v: Bleaching in fault and fractures of Facies A, 

is interpreted to have occurred as CO2-charged fluids from underlying reservoirs that have escaped through the sedimentary 

succession. 
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Table 6.2: Reservoirs, non-reservoirs and sealing facies for the Upper Entrada Sandstone. Note that the distinguishing is based 

on fluid migration pathways in facies where quantifiable petrophysical properties were absent and are also noted with relative 

assumptions e.g. high/low. Porosity and permeability values are given as the mean values obtained in Table 6.1. 

 
 

Description 

 

Porosity 

(Φ) 

 

Permeability 

(K) 

 

Bleaching pattern  

 

Grain- 

size 

 

Reservoir 

 
A 

 

 

Trough 

cross-

stratified 

sandstone 

 

 

12.2 % 

 

 

20 mD 

 
Observed bleaching patterns along 

fractures, faults and deformation 

bands.  

 

 

 

VF - F 

 

 

Non- 

reservoir 

 

 

 

B 

 

Cross-

stratified pale 

sandstone 

 

 

 

25.8 % 

 

 

 

961 mD 

 

Gradual bleaching fronts was 

observed over- and/or underlying 

these beds. 

 

 

 

F - M 

 

 

Reservoir 

(targeted 

layer) 

 

 
C 

 
 

Structureless 

silty 

sandstone 

 

 

 

1.5 % 

 

 

0.0004 mD 

 

 

Observed bleaching along fractures 

and faults. 

 

 

 

 

Si - VF 

 
 

Non-

reservoir 

 

 
D 

 

 

Sandstone 

with 

climbing 

ripples 

 

 

 

Low 

 

 

 

Low 

 

Observed bleaching along fractures 

and faults. 

Ripples with sorting are destroying 

permeability in certain lateral 

directions (x, z- plane) 

 

 

 

 

VF - M 

 

 

Non-

reservoir 

 

 
E 

 

Sandy silt 

with pale 

sand lenses 

 

 

Low 

 

 

Low 

 

 

Observed bleaching along fractures 

and faults. 

 

 

 

Si - VF 

 

Non-

reservoir 

 
F 

 

Parallel 

laminated to 

non-

laminated 

mudstone 

 

 

 

 

Very Low 

 

 

 

Very Low 

 

 

 

No bleaching pattern observed. 

 

 

 

Cl – Si 

 

 

 

Seal 

 

 
G 

 

Planar-

laminated 

sandstone 

interbedded 

with green 

mud 

 

 

 

 

Low 

 

 

 

Low 

 

 

 

No bleaching pattern observed. 

 

 

 

VF – F 

(Cl) 

 

 

 

Non-

reservoir 

 

 

 

H 

 

Sandstone 

with high-

angle cross-

stratification 

 

 

 

Moderate 

 

 

Moderate 

 

Channel deposits, potential to be a 

reservoir rock. No observed 

bleaching patterns. 

 

 

 

F 

 

 

Potential 

reservoir 

 

 

I 

 

Paleosol 

 

 

Low 

 

Low 

 

No bleaching pattern observed 

within the paleosol. 

 

 

Cl - Si 

 

Seal 
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6.3 Structural deformation 

Deformation structures in the field included fractures, deformation bands, faults and meter-

scale circular collapse structures. The most intense deformation (high frequency of deformation 

bands) occurred in Facies B- type layers (reservoirs), throughout the study area, and based on 

the aim of this study it is crucial to investigate structural deformation in the reservoir (Facies 

B-type layers). Systematic mapping of deformation structures in Facies A, B and C, showed 

that the different facies gave rise to disparate deformation structures such as faults, fractures 

and/or deformation bands (Table 6.3). A key finding was that deformation band formation was 

restricted to highly porous and permeable beds, with low tensile strength values (Facies B) 

(Table 6.3). Fractures and or/faults was observed in low porosity units corresponding to layers 

(facies) with high strength and stiffness, where slip surfaces, joints and mineral-filled fractures 

formed directly instead of pore space collapse (deformation bands). 

Table 6.3: Overview of Facies A (Trough cross-stratified sandstone), Facies B (Cross-stratified pale sandstone), and Facies C 

(Structureless silty sandstone) in the study area hosting different petrophysical properties including grain-size, porosity, and 

tensile strength. Table 6.3 illustrates how these properties are related to a characteristic type of deformation feature. (-) no 

measurement. 

  

Description 

 

Porosity 

(mean) 

 

Tensile 

strength 

 

Grain- 

size 

 

Observed deformation features during 

fieldwork 

 

 

A 

 

 

 

Trough cross-

stratified 

sandstone 

 

 

 

12.2 % 

 

 

 

1.78 

MPa 

 

 

VF - F 

Deformation bands 

 

Fractures 

 

Faults (max 0.5 m displacment) 

 

 
 

B 

 

 

 

Cross-stratified 

pale sandstone 

 

 

 

 

25.8 % 

 

 

 

 

0.68 

MPa 

 

 

 

F - M 

 

Single deformation bands      

 

Deformation band clusters/Damage zones  

 

Deformation bands with displacement  

 

Meter-scale circular collapse strucutres 

 

 

 

 

C 

 

 

 

Structureless 

silty sandstone 

 

 

 

 

1.5 % 

 

 

 

 

- 

 

 

 

Si – VF 

 

Fractures 

I. Closed 

II. Open 

III. Open with mineral precipitation 

 

Faults (max 0.5 m displacment) 

 

 

In the following sections, different deformational settings with corresponding scanline data are 

presented from four study locations; Humbug Flats East, Smiths Cabin North, Uneva Mine 

Canyon and Middle Canyon (see Fig. 1.1 for locations). 
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6.3.1 Humbug Flats East 

The single Facies B-type layer exposed at the study area Humbug Flats Easts, was intensely 

deformed, compared to the overlying Facies A beds. Single deformation bands were found 

exclusively within Facies B beds dying out in the over- and underlying facies forming small 

scale faults within reservoir sandstone (Facies B). Deformations bands died out instantly at the 

bed boundary between Facies B and Facies D, however, instances of a gradual extinction were 

also present (Fig. 6.7).  

 

Figure 6.7: Picture and illustration of singe deformation bands dying out in the overlying facies over Facies B (Cross-stratified 

pale sandstone). Note the bleaching front above the upper Facies B layer, with a gradual fluid front into facies A. 

 

 

Scanline data from measured deformation features 

Deformation bands were observed within Facies B throughout the study area, hence with 

varying frequencies (Fig. 6.11). During fieldwork, deformation band orientations and 

distribution were measured in Facies B, while fractures and/or deformation bands were 

measured in the overlying Facies A. An overview of the mapped scanlines is illustrated in 

Figure 6.8, along a 500-meter pathway. Orientations within each measured scanline in Facies 

B are given in Figure 6.9, while orientations measured in Facies A are given in Figure 6.10. 
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Figure 6.8: Overview of the study area at locality Humbug Flats East. Numbers above the rounded circles represents the 

name and starting point on each scanline (1-22). Red circles illustrate scanlines conducted in Facies B, while blue circles 

indicate scanlines conducted in the overlying Facies A. 

 

 
Figure 6.9: Red lines represents the orientations to planes (strike/dip) of each deformation band measured in Facies B (Cross-

stratified pale sandstone) (see figure 6.8 for exact location). Red dotted points represent the corresponding poles to each plane. 

Deformation bands occurred as conjugated sets, with an overall main trend in the ENE - WSW direction. 
 
 

 

Figure 6.10: Blue lines represents the orientation to planes (strike/dip) of the deformation bands and fractures found in 

different scanlines in Facies A (Trough cross-stratified sandstone) (see figure 6.8 for location). Blue dotted points represent the 

corresponding poles to each plane. The deformation bands and/or fractures shows an overall main trend in the WNW - ESE 

direction. 
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Frequency of deformation features at Humbug Flats East 

Mapping of structural deformational features showed that Facies B-type layers was most 

intensely deformed (Figure 6.11), compared to the overlying Facies A. Deformation band 

frequency ranged from 0.4 bands pr. meter in the background, to intensely deformed cluster 

zones with hundreds of bands within a few decimeters (not indicated in Fig. 6.11). The northern 

part shows the highest deformation band frequency within Facies B and in addition many 

fractures, faults and/or deformation bands (bleached and not bleached) was observed in the 

overlying Facies A. The southern side hosts minor amounts of deformation bands in Facies B 

with no fractures or deformation bands observed within the overlying Facies A. Deformation 

bands in Facies B occurred conjugated sets, with an overall main trend in the ENE-WSW 

direction (Fig. 6.9). 

 

Figure 6.11: Deformation band distribution at locality Humbug Flat East showing frequency of structural deformation along a 

500-meter pathway in Facies A (Though cross-stratified sandstone) and Facies B (Cross-stratified pale sandstone). The graph 

shows that deformation is increasing towards zones where many faults and/or fractures in the overlying stratigraphy are 

observed. Note that deformation band saturated areas are concentrated in different zones, where they are standing out in the 

terrain and are strong against erosion. 
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Fault cutting through stratigraphy 

Minor faults were observed throughout the study area. Figure 6.12 illustrates a deformation 

bands cluster with displacement, connected to a normal fault cutting the stratigraphy (0.5 m 

displacement). As described in Table 6.1 and illustrated in Figure 6.12 the different sedimentary 

facies show different deformation features within the damage zone of the fault. The highly 

porous Facies B displayed a deformation band cluster (Fig. 6.12, iii) and single bands away 

from the fault zone (see corresponding stereoplots from scanlines in Fig. 6.12, ii). The 

underlying silty sandstone (Facies C) showed faults and fractures (open and closed), where the 

open fractures often contained mineral growth of precipitated calcite (Fig. 6.12, iv).  

 

 

 

Figure 6.12: i: Figure illustrating different deformation features within a fault zone in different sedimentary facies; Facies A 

(Trough cross-stratified sandstone), Facies B (Cross-stratified pale sandstone), and Facies C (Structureless silty sandstone) ii: 

Same fault as shown in (i). Upper stereonets show planes (black lines) and poles (red dots) of deformation bands corresponding 

to scanline 17 to the left and 16 to the right. Lower stereonet show orientation to the normal fault. Note characteristic bleaching 

pattern. iii: Deformation band cluster in Facies B. iv: Calcite in open fracture. 
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6.3.2 Smiths Cabin North 

Two individual layers of Facies B was found at the study locality Smiths Cabin North (see Fig. 

1.1 for location), where two scanlines were measured in each of these Facies B- type layers 

(Fig. 6.13, i). Scanline 1 and 2 were measured in the lower Facies B layer, while scanline 3 and 

4 were measured in the upper layer (Fig. 6.13. i). The average deformation band frequency was 

1.2 bands pr. meter. In addition, deformation bands occurred as dense clusters comprising 

crosscutting bands, with and without shear displacement (Fig. 6.13, ii, iii). Several E - W 

oriented deformation band swarms (damage zones) that consisted of red and black Fe-

precipitates and carbonate mineralized slip surfaces were observed. Deformation band swarms 

(damage zones) in N/NW - S/SE was also observed, however, with lower frequency, lower 

degree of deformation, and without Fe-precipitates.  

 

 

 

Figure 6.13: i: Stereonets from scanline 1 - 4 indicate orientations of individual deformation bands (plane- strike/dip) measured 

in each scanline within Facies B (Cross stratified pale sandstone). ii, iii: Typical appearance of the deformation band clusters 

found in the area. Note the black Fe-precipitation in picture, ii. Measure stick and book for scale. 
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6.3.3 Uneva Mine Canyon 

Multiple Facies B-type beds were observed at the most eastern study locality, Uneva Mine 

Canyon (Fig. 6.14) (see Fig. 1.1 for map). Two scanlines were measured in one of these layers 

(Fig. 6.14), with an average deformation band frequency of 5.25 bands pr. meter. In addition, 

high frequency of deformation band clusters (damage zones) with both E-W and N-S 

orientations were observed in this study area. However, the most intensely deformed zones 

together with the highest frequency and Fe-precipitates was observed in the E-W direction. 

Approximately one swarm pr. 10 meter of E-W oriented deformation band swarms was 

observed. 

 

Figure 6.14: i: Overview of the study area in Uneva Mine Canyon, where the red star indicates the location where the two 

scanlines were measured. Note the multiple Facies B beds on the picture. ii: Orientations to the deformation bands (planes) in 

scanline 1 and 2, respectively.  

6.3.4 Middle Canyon 

Like aforementioned localities, the most intense deformation occurred within the single Facies 

B-type layer found at Middle Canyon (See Fig. 1.1 for location). Deformation band frequency 

was measured in Facies B, with average deformation band frequency of 0.4 bands pr. meter. 

Characteristic for this locality was several cylindrical bodies of deformed sandstone (Fig. 6.15), 

found located in multiple stratigraphic levels of the Entrada Sandstone. These structures have 

been assigned many names, among others including clastic pipes, injection pipes, sandstone 

cylinders, sand volcanoes, pipe-like slump structures and gas turbines (Netoff, 2002, refs 

therein). In this study, they are referred to as “circular collapse structures”, because they were 

observed within different structural settings, displaying different shapes and sizes. 
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Figure 6.15: Photos of observed collapse structures during fieldwork at the study locality Middle Canyon. i: Collapse 

structure connected to a Facies B layer. ii:, iii: Collapse structures located in the upper part of the Entrada Sandstone. iv: 

Overview of collapse structures in the study area. v: Subsidence within a Facies B-type layer. 

In this section one of these collapse structures are described. Figure 6.16 illustrates the mapped 

structure which is nicely exposed in a cross-sectional view connected to a highly porous layer 

(Facies B). The center of the structure displayed an area where deformation band saturated, 

rotated clasts (breccia blocks of Facies B lithology) of centimeter- to decimeter scale was found 

within an otherwise fine-grained matrix (Fig. 6.16, ii). The deformation bands within the clasts 

showed chaotic orientations (black lines, Fig. 6.14, ii), and the preserved depositional 

strtification showed different orientations (red lines, Fig. 6.14, ii). 
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Figure 6.16: i: Circular collapse structure observed at the study locality Middle Canyon (see Fig. 1.1 for map). ii: Close-up 

drawing from collapse structure. The fine-grained matrix consisted of clasts comprising the host rock, Facies B. Black lines 

illustrates deformation bands in different orientations within the clasts. Red lines illustrate the bedding of preserved sedimentary 

layering.   

Light-colored (white) outer portion and a bleached rind in the lower contact between the 

collapse structure and the red structureless sandstone underneath (Facies C) are characteristic 

for the structure in Figure 6.14 (and also the other structures observed in the area). Scanline 

data within the Facies B bedding from the northern side (left side) of the collapse structure show 

a frequency of two deformation bands per meter. In Facies B on the southern side of the 

structure (right side), no deformation bands were observed. Additionally, a deformation band 

cluster (damage zone) are observed at the northern side of the structure with a W/NW – E/SE 

trend. 

The deformation band within the clast (Facies B- Thin section 6), was classified as a 

disaggregation band (Appendix B). However, the coarse-grained clast and the fine-grained 

matrix within the collapse structure showed different degree of cementation of grains. The clast 

displayed less cemented grains and well-preserved porosity and porosity, whereas in the fine-

grained matrix, quartz overgrowth and a general cemented appearance was present. Strength 

measurements form the clast additionally displayed significantly lower tensile strength values 

compared to the fine-grained matrix (1 MPa and 1.8 MPa respectively). 
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Figure 6.17: Thin section illustrating the difference between clast and matrix. 

 

 

Figure 6.18: Red circles represents collapse structures identified and located from google maps satellite images. Some of these 

structures are pictured in Figure 6.15, however, the yellow circle represents the described collapse structure from Figure 6.16. 

Note that these meter scale circular collapse structures are found in multiple stratigraphic levels within the Jurassic Entrada 

Sandstone. 

However, the reservoir (Facies B-type beds) was not equally deformed throughout the study 

area, as deformation bands occurred in different frequencies and in different structural settings 

(local and regional); (1) single deformation bands exclusively in Facies B-type layers found 

throughout the study area, with a background frequency of approximately 0.4 def. band per. 

meter, (2) deformation band clusters (damage zones), often connected to faults cutting the 

stratigraphy, and (3) deformation bands inside major meter-scale circular collapse structures. 
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6.4 Microscopic analysis of deformation features 

Diverse deformation microstructures e.g. deformation bands and fractures were observed in 

thin sections comprising different sedimentary facies (Appendix B). These deformation 

microstructures are characterized and classified according to deformation mechanism 

(classification scheme in Fig. 3.4). 

Deformation bands in Facies B-type layers 

Two of the sampled deformation bands was classified as disaggregation deformation bands; a 

single band from scanline 12 at Humbug Flats Easts (Facies B- Thin section 3) and a band 

inside the clast of the collapse structure (Facies B- Thin section 6) (Appendix B). They are 

characterized by grain reorganization, grain-rolling, small amount of grain crushing, and 

porosity loss compared to the host rock, although yet some of the porosity remained within 

these bands. Hence, pressure solution and sutured grain contacts (Table 6.4, Facies B- Thin 

section 3) where frequently observed within the disaggregation deformation bands. 

The rest of the sampled deformation bands, Facies B- Thin section 1, Facies B- Thin section 2, 

Facies B- Thin section 6, Facies B- Thin section 7, Facies B- Thin section 8 (Appendix B) were 

classified as cataclastic. They were all characterized by grain reorganization, high amount of 

grain-crushing, quartz cementation, rock fragments and quartz overgrowth. Abruptly loss in 

porosity compared to the host rock occurred, with nearly no pore space preserved within the 

bands. They are considered as cataclastic, although, a cataclastic core was not present in all the 

samples. 

The sampled E-W deformation band cluster from Humbug Flats East, Facies B- Thin section 4 

(Appendix B), was classified cataclastic with slip surface. Inside this deformation band zone 

massive grain-size reduction was observed and the pore space was often filled with crushed 

grains, rock fragments, quartz cement and pore-filling kaolinite. Characteristic for this 

structural deformation zone was grain crushing with a highly deformed core consisting of 

micas, cement and clay minerals (kaolinite). All that is stated above, gives reason to classify 

this structural deformation zone as cataclastic slip surface zone, where the deformation clearly 

was concentrated in different zones parallel to each other (Table 6.4). 
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Table 6.4: Example of three different types of deformation bands found within Facies B (Cross-stratified pale sandstone).  
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Deformation structures in Facies A and C 

Thin section Facies A- Thin section 1, sampled from a bleached deformation feature in Facies 

A, is classified as a cataclastic deformation band zone, with deformation concentrated in 

different zones parallel to each other (Table 6.5). The sample is characterized by great amounts 

of grain crushing, grain reorganization, cement, and the presence of a cataclastic core filled 

with quartz and calcite cement. 

Fractures filled with precipitation of calcite crystals, characterized the two studied deformation 

features (Facies C- Thin section 2 and Facies C- Thin section 1) within the finer-grained and 

silt-rich Facies C (Table 6.5).  

Table 6.5: Example of cataclatic deformation bands found within Facies A (Trough cross-stratified sandstone) and calcite 

filled fracture within Facies C (Structureless Sandstone). 
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6.5 Main structural trends 

Measured orientations of the deformation bands show deformation bands in conjugated sets. 

The study locality Smiths Cabin North show two mean trends, E-W and NNW-SSE (Fig. 6.13). 

Uneva Mine Canyon show main structural trends to NW-SE and WWS-EEN, occurring with 

conjugated sets of low angles (Fig. 6.14). Humbug Flats East showed an ENE-WSW trend. 

However, Figure 6.19 summarize the observed trends from scattered study localities, including 

all the structural measurements from the queried dataset (see Fig. 1.1 for map). 

 

Figure 6.19: Summary of the main strucutral measurments at different study localities within Facies A (Trough cross-stratified 

sandstone) and Facies B (Cross-straified pale sandstone). On the left side a rose diagram of strike and dip (orientarion) 

illustrates main structural trends of the deformation feautres. On the right side, a countur diagram of poles form each 

deformation feautre are summarized. The bedding orientation are indicated with the purple dotted line, showing the most 

steeply dipping bed at Uneva Mine Canyon. 



Discussion 

71 

 

7 Discussion 

The dataset is interpreted to test the hypotheses of this study; that structural collapse, expressed 

as high frequency of deformation bands in specific layers is controlled by the properties of 

sedimentary facies which may negatively affect reservoir quality. After close investigation of 

the upper Entrada Sandstone on a regional scale, and in particular the reservoir (Facies B-type 

layers, Table 6.2), the results provide a deeper understanding of its characteristic reservoir 

properties. Mapping of deformation bands showed that Facies B-type layers were most 

intensely deformed in comparison to Facies A and C throughout the field area. In facies B, 

deformation band frequencies ranging from 0.4 bands pr. meter in the background, to intensely 

deformed cluster zones with hundreds of deformation bands within a few decimeters. The 

aforementioned conjugated deformation band sets (section 6.3) provide crucial information to 

understand structural deformation on a regional scale. However, the depositional environment, 

reservoir collapse, and how deformation bands in regional or local settings are important for 

reservoir evaluation is also discussed with reference to their impact on fluid flow. 

7.1 The upper Entrada Sandstone 

7.1.1 Depositional environment 

The presence of aeolian dunes (FA 1), inter-dunes/sabkha (FA 2), and fluvial deposits (FA 3), 

suggests the Entrada Sandstone formed in a wet aeolian desert environment with a high 

groundwater table. The Slick Rock Member developed in an arid to semi-arid aeolian erg, while 

the Earthy facies in the study area accumulated in a wet aeolian dune field (Crabaugh and 

Kocurek, 1993). The climate became wetter over time, as reflected by the Curtis Sea 

transgression that inundated Entrada Sandstone deposits (Peterson, 1994; Hintze and Kowallis, 

2009; Zuchuat et al., in press). 

The groundwater level plays a major role in preservation of aeolian sediments, which is often 

linked to sea-level fluctuations (Kocurek et al., 2001; Mountney and Russell, 2009; Mountney, 

2012, refs therein), and the hydraulic gradient (topography-driven flow, Bridge and Demicco, 

2008). Aeolian dunes (FA 1) are deposited over the saturated level in dry periods, while a wet 

climate with high groundwater favor preservation of interdunal sediments (FA 2), as the 

migrating sand dunes get trapped in inter-dune ponds, as suggested by Crabaugh and Kocurek 
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(1993). The wet aeolian inter-dunes and sabkha deposits (FA 2) occur more frequently 

compared to aeolian dune deposits (FA 1) towards the stratigraphic upper study interval. This 

supports the overall transgressive trend with a gradual and progressive rise in relative water 

table (Peterson, 1994; Carr-Crabaugh and Kocurek, 1998). Hence, laterally extensive aeolian 

dune beds (FA 1), reflect deposition in a topographically flat environment, causing small 

relative sea-level changes to affect the groundwater levels, far inland from the coast (Kocurek, 

1981). In coastal aeolian systems, such as this one, sea-level rise leads to higher groundwater 

level, and in turn a reduction in hydraulic gradient, promoting preservation of wet aeolian inter-

dune deposits (FA 2) (James et al., 2010). However, flat topography and low relief coast 

additionally makes it difficult to identify the accurate position of the Jurassic paleo-shoreline, 

and this can explain why different paleo-depositional reconstructions have been proposed by 

several authors addressing if the Entrada Sandstone formed in a coastal or an inland aeolian 

dune field (e.g. Crabaugh and Kocurek, 1993; Kocurek, 1981; Sleveland, 2016; Zuchuat et al., 

in press). In further support of the inter-dune strata within the study interval, global sea-level 

curves from Haq et. al. (1987) suggests two phases of sea-level rise during the Callovian Age. 

Dictated by regional variation of the paleo-water table and an overall transgressive trend, 

Mountney (2006) recorded four erg construction-destruction cycles within the Entrada 

Sandstone (Carr-Crabaugh and Kocurek, 1998).  

Observations in this study favors a near-coastal depositional environment for the aeolian dunes 

in FA 1, which also comprises the reservoir, Facies B (Cross-stratified pale sandstone). 

Although, within FA 1 (Coastal aeolian dunes) the abrupt lithology change from rusty-red 

Facies A to pale and light-colored Facies B (Fig.7.1), indicates aeolian dune deposition with 

varying degree of aridity. The rusty-red color in Facies A reflects oxidation of iron by subaerial 

exposure (Parry et al., 2004; Walker, 1975), interpreted to be deposited in a dry climate within 

the unsaturated zone (Stokes, 1968), where silt and fine-grained sand was transported by the 

wind. In contrast, medium to fine-grained sand, well-rounded and sorted grains in Facies B, 

combined with low mud content and calcitic ooids is indicative of a high energy marginal 

marine environments, wetter conditions and dunes deposited closer to the coastline.  
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Depositional process of the reservoir (Facies B) 

Ooids form in warm and shallow water. The growth of series of concentric layers around the 

nucleus are enhanced by high water velocity, due to current or wave activity (Flügel, 2013, refs 

therein). Low-Mg calcitic ooids are found in both high energy marine environments and 

terrestrial lacustrine environments (Simone, 1980; Flügel, 2013). Ooids formed within intertidal 

and shallow sub-tidal current-swept areas are frequently transported by wind to adjacent sub-

environments, and they can accumulate in conditions different from those in which they were 

formed (Flügel, 2013). However, considering Facies B (cross stratified pale sandstone, the 

reservoir unit) within FA 1 and despite previous interpretations of both tidal and fluvial origin 

of Facies B (e.g. Hope, 2015), this facies is interpreted in this study to have occurred as follows; 

near-coastal aeolian dunes on a sand flat setting, frequently influenced by high water energy 

from the shoreface (Clifton, 1981; Hunter et al., 1979). The apparent plane parallel lamination 

of the dune`s toesets reflects high energy periods, where water have eradicated stratification, 

while cross-stratification reflects aeolian processes.  

 

The depositional process of the reservoir (Facies B-type layers) could explain its unique 

petrophysical properties (high porosity and permeability), when compared to other targeted 

sedimentary facies (Facies A and C). Depositional process control petrophysical properties and 

petrography, as Facies B, deposited as near-coastal aeolian dunes with high energy, resulted in 

characteristics which favored high porosity and permeability, i.e. larger grain-size, well-

rounded and sorted grains.  

 

Figure 7.1: Picture illustrates the pale and light color of the reservoir (Facies B) compared to the under- and overlying strikingly 

rusty-red aeolian dune and inter-dune deposits. Note the gradual and continuous fluid front (diffusion front) underneath the 

layer. 
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7.1.2 Migration of paleo-fluids 

Characteristic pale color of the reservoir (Facies B) 

Observed reddish aeolian dune and inter-dune deposits (FA 1 and FA 2) is frequently stained 

by red grain-coating and/or pore-filling Fe-oxides and hydroxides (Fig. 6.3). In these sediments, 

circulation of fluids have caused reduction of Fe and/or dissolution of Fe-minerals (e.g. Garden 

et al., 2001; Loope et al., 2010) as traces of the bleaching process may be observed in outcrops. 

This is line with by studies by Ogata et al. (2014), where they observed bleaching along 

fractures and faults close to the study area. However, the strikingly pale and light color of Facies 

B contrasting the under- and overlying red units of Facies A and C (Fig. 7.1), has earlier been 

interpreted to be a consequence of chemical bleaching by layer-specific migration of reducing 

paleo-fluids (Hope, 2015; Larsen, 2015). An interpretation of color inheritance and that the pale 

color is related to the depositional process and origin, is strengthened as: 

(1) In bleached sandstones, evidences of hematite coating residues should be expected in 

microscopic analysis. However, hematite coatings were rarely observed in Facies B 

(Fig. 6.2), as opposed to in Facies C, which hosted hematite coatings around the grains 

and large amounts of Fe-oxides within the pore space, even in bleached samples (Fig. 

6.3)  

(2) Huge amounts of CO2 and/or methane are required to dissolve and advectively remove 

hematite coatings from grains within a large volume of reservoir rocks (Facies B). Mass- 

balance calculations show that as much as 10 kg of CO2 per 100 g rock are necessary to 

remove 0.1 wt. % Fe (Parry et al., 2004). 

Nevertheless, the pale color of Facies B may be related to bleaching by paleo-fluids, evidenced 

by lateral movement of reducing fluids along lower and upper bed contacts (Fig. 6.4). Based on 

the above discussion it is reasonable to interpret the characteristic pale color of Facies B as a 

result of a combination between color inheritance (originates from the near-coastal aeolian 

deposition which resulted in well-sorted, well-rounded grains, and larger grain-size) and ancient 

fluid flow of reducing fluids. 
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Paleo-pressure within the reservoir 

Bleaching fronts (Fig. 6.6, iii) can be used to examine paleo-pressure within the exhumed 

reservoir. Gradual fluid front boundaries found under- and/or overlying the reservoir (Facies 

B), are interpreted as pressure-driven diffusion of fluids (Wigley et al., 2012). Reservoirs 

(Facies B-type layers) were enclosed within low-permeability units during rapid burial, fluids 

were hindered to escape, and high pore pressures eventually lead to overpressures. Diffusion 

fronts observed in the field (Fig. 6.6, iii) are considered to reflect pressure release from porous 

units by diffusion (described in section 3.2), and fluids are more easily penetrated into non-

reservoir facies compared to sealing facies (Fig. 7.2). 

 

Figure 7.2: Figure illustrating diffusion fronts observed during fieldwork in different scenarios; 1) Diffusion front under and 

over the reservoir 2) Diffusion front under the reservoir, and 3) Diffusion over the reservoir. The paleo-fluids diffusively 

penetrates non-reservoirs more easily compared to sealing facies (Facies F). 

 

The reservoir (Facies B) and regional extension 

Similar appearance, petrophysical properties and strength within Facies B were observed at all 

study locations and gives reason to use average petrophysical and geomechanical estimates for 

this facies. At a locality some tens of kilometers north of Humbug Flats East (see Fig. 1.1 for 

map), previous studies conducted by Hope (2015) and Larsen (2015) within the COPASS 

research project named Facies B a particular layer, the L3 – “Fremont” layer, considered to 

consist of sediments interpreted as Facies B in this study. They interpreted the layer, located 

near a local anticline to have experienced total bleaching by reducing fluids. However, as Facies 

B is interpreted in this study to originate form a characteristic depositional process and as 

multiple Facies B- type layers were observed throughout the study area, this study suggests that 

the previously investigated L3 – “Fremont” is not a local feature, but rather a sedimentary facies 

found throughout the study area. 
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7.1.3 Reservoir quality and diagenesis 

Reservoir properties and diagenesis in the upper Entrada Sandstone are closely related to 

sedimentary facies and depositional processes. Reservoir facies in this study can be found 

within coastal aeolian dunes (Facies B). A high energy environment gave rise to well-sorted, 

fine to medium grained strata, and high post-depositional porosity and permeability within the 

reservoir. The high-quality reservoir facies (Facies B) are enclosed by mud and silt-rich 

sabkha/inter-dune deposits (FA 2) with low permeabilities and porosities (non-reservoirs and 

seals). This is in agreement with studies of paleo-fluid pathways by Garden et al. (2001) and 

Ogata et al. (2014). 

Porosity and permeability values is controlled by the amount of pore-filling minerals and grain-

size (section 6.1). The reservoir (Facies B), with minor amounts of pore-filling minerals and 

largest grain-size, show the highest porosity and permeability values. Facies C show high 

amounts of pore-filling minerals, small grain-size, and low porosity and permeability values.  

Understanding of diagenesis in clastic sandstones is important for the ability to predict reservoir 

properties and burial depth. Observations from mineralogical data (section 6.1) and deformation 

band mechanisms (section 6.4) can be used to evaluate burial depth and diagenetic processes, 

as deformation bands reflects physical changes during burial and uplift they may be directly or 

indirectly relate to burial depth (Antonellini et al., 1994; Davis, 1999; Fossen et al., 2017). 

Burial depths of 1.5 – 2.5 km are proposed for the sedimentary succession, with occurrence of 

both in cataclastic and quartz cemented deformation bands (Table 6.4) (e.g. Fossen et al., 2007; 

Aydin and Johnson, 1978). 

Further, diagenetic evidence of quartz overgrowth (varying degree in Facies A, B and C) is 

indicative of deeper burial as proposed by Petrie et al. (2014). A burial depth of over 3 km for 

the sedimentary succession around the San Rafael Swell area (see Fig 1.1 for map) is suggested 

and supported by several authors (e.g. Nuccio and Condon, 1996; Zuluaga et al., 2014). 

However, due to the Laramide uplift and the asymmetrical anticline, San Rafael Swell, the area 

has not experienced equal uplift throughout the study area (Fig. 2.1). Data from this study show 

that burial diagenesis is controlled by sedimentary facies, as the targeted facies (Facies A, B 

and C), showed disparate diagenetic features. 
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Small amounts of randomly scattered kaolinite within the reservoir (Facies B), supports the 

interpretation of an arid climate, as kaolinite forms as a consequence of the leaching effect 

meteoritic water has on feldspar and mica prior to cementation during humid conditions 

(Bjørlykke et al., 1992; Bjørlykke et al., 1989). Despite minor amounts of grain-to-grain 

contacts, grain-crushing, and observed quartz overgrowth in the reservoir (Facies B), quartz 

overgrowth indicating that some pressure solution has been involved (Fig.6.2). Despite minor 

amounts of pore-filling calcite cement in Facies B, the low intergranular volume (35.9 %) of 

cement can indicate that the cement was formed late, during burial (Maast, 2013). Fluid 

overpressures during burial within the reservoir (Facies B) prevented compaction and 

diagenetic processes, which makes it hard to identify burial depth. In addition, paleo-

overpressure within the reservoir (Facies B) is strengthened due to the presence of well-rounded 

preserved shapes of the calcitic ooids implying no significant compaction. However, diagenetic 

features within the other facies investigated can be used to evaluate burial as overpressure 

slowed down diagenetic processes within the reservoir (Facies B). 

As Facies A displayed kaolinite in the pore space and illite in molds from dissolved grains, the 

silty sandstones is interpreted to have been flushed by limited amount of meteoritic water 

(Bjørlykke, 2010). Grain coatings and pore filling Fe-oxides within the pore space of the silty 

sandstone (Facies C) inhibit quartz overgrowth (Fig. 6.3, iii), and the high intergranular volume 

of cement can indicate that the cement was formed prior to any significant burial (few hundred 

meters) (Maast, 2013). However, as quartz and K-feldspar overgrowths occurred more frequent 

in Facies A and Facies C, it is indicative of higher pressure on grain-to-grain contacts. Based 

on the above discussion, and in addition albitized K-feldspar in Facies A (Fig. 6.1), the overall 

burial depth is estimated to be 3 km or more (temperatures of 70 – 100 ̊C) (Bjørlykke, 2010). 
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7.1.4 Petrophysical layer correlations and uncertainties 

The reservoir, Facies B, stands out displaying good reservoir quality with high porosities (Table 

6.1). In Figure 7.3 the sedimentary log from Figure 5.5 is presented together with petrophysical 

data from Table 6.1. In addition, petrophysical data from correlating and comparable strata in 

one additional locality as presented by Hope (2015) and Larsen (2015) are included in the figure 

for comparison. 

 

Figure 7.3: The sedimentary log from Figure 5.5 is presented together with Table 6.1, illustrating the observed relationship 

between porosity (Φ), permeability (K) and tensile strength (σt) in Facies A (Trough cross-stratified sandstone), Facies B 

(Cross-stratified pale sandstone) and Facies C (Structureless silty sandstone). Characteristic for Facies B is high porosity, high 

permeability and low tensile layer strength. Note the dashed squares for comparison to earlier work (Larsen, 2015; Hope, 2015). 

The permeability is presented with logarithmic scale due to great variety of estimated permeability values within the different 

facies. 

Despite some uncertainties regarding the petrophysical estimates, the data show a consistent 

correlation between tensile strength, porosity and permeability, with the highest porosity and 

permeability corresponding to the lowest tensile strength (Fig. 7.3). Despite some deviations 

compared to earlier work done by Hope (2015) and Larsen (2015), similar results was obtained. 

In terms of permeabilities, calculated permeability from the grain-based Berg model (1970) 
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(Equation 4.1) in this study show higher values compared to values measured in the field with 

a permeameter (Hope, 2015) in Facies A and B. However, these kinds of porosity-permeability 

relations are best suited for sediments with small amount of pore-filling minerals, little 

cementation, such as Facies B. Pore-filling minerals could be the reason why estimated 

permeability for Facies C are lower than those measured by Hope (2015). 

Estimated tensile strength values obtained during this study show overall lower values, 

compared to Brazilian core-plug tests at the NGI lab, which is the most accurate method for 

tensile strength determination. Average porosity from point-counting and digital image analysis 

obtained during this study show lower values compared to the porosity calculated by Larsen 

(2015), which was based on calculation from the average bulk density and particle density. This 

calculation of porosity gives visualization of porosity in three dimensions (3D porosity) and the 

result will be a volume, useful in a reservoir perspective. Point counting and image-based 

techniques for porosity estimations, used in this study and by Hope (2015), are based on a two-

dimensional image slice of a rock sample, which gives the porosity in two-dimensions (2D 

porosity). In 2D porosity the pore geometry can vary significantly in different directions 

(Berryman and Blair, 1986). From black and white SEM images it is also hard to identify grains 

that have fallen out during thin section preparations, while it is easier to identify these grains in 

the microscope during point-counting. However, this study does not intend to investigate 

accurate petrophysical estimates, while rather understand relative variations between different 

sedimentary facies on a regional scale. 

Comparison between the three methods used in this study, Hope (2015) and by Larsen (2015) 

(fig. 7.2), Facies A and B showed similar values regards to all three methods. Despite different 

study localities for the previous work compared to this study, and in addition more regional 

measurements in this study, the examined sedimentary facies are still considered to be the same. 

Nevertheless, Figure 7.3. illustrates that Facies C contain the most uncertain measurements, 

with great difference in the properties obtained in this study compared to Larsen (2015), where 

both porosity, permeability and tensile strength values are higher. This could be due to 

uncertainties in the methods, different facies/material investigated, or that this type of 

sedimentary facies displays natural variation over great distances. Nevertheless, as the focus in 

this study relies investigation of relative differences between the three targeted sedimentary 

facies, the overall trends show consistent values and comparable methods. 
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7.2 Structural deformation  

7.2.1 Comparison between different deformation features 

Mapping of structural deformation features show that their occurrence is controlled by 

properties related to sedimentary facies. Different layers (Facies A, B and C) responded 

differently to burial and/or tectonic stress (Table 6.3). Deformation band formation was 

restricted to weak and highly porous layers (e.g. Facies B-type layers), and they were commonly 

observed to be thinner, decrease in frequency or even vanish at bed boundaries reaching a bed 

with lower porosity, poorer sorting and/or reduced grain-size (e.g. boundaries between Facies 

B and D) (Fig. 6.7).  

Deformation bands 

Deformation bands are present in Facies A (non-reservoirs) and Facies B (reservoirs), however, 

with lower frequencies in Facies A and only in close proximity to minor faults cutting through 

the stratigraphy. Porosity data (Table 6.1) indicate a positive correlation between porosity 

and/or grain-size with deformation band occurrence, where Facies B (25.8 % porosity) 

contained high frequency of deformation bands, while Facies A (12.2 % porosity) hosted 

markedly lower frequencies. Supported by several authors, porosity (>15%), and/or grain-size 

is important factors controlling formation and occurrence of deformation bands (Antonellini et 

al., 1994; Fossen et al., 2017).  

When comparing thickness of cataclastic 

deformation bands in Facies A and Facies 

C (Table 6.4 and 6.5), it is evident that the 

thickness increases with increasing grain-

size, in line with empirical studies by 

Hesthammer and Fossen (2000) (Fig. 7.4). 

From this observed relationship, thickness 

variations within single bands can be 

explained by a change in grain-size of the 

host rock along its path, such as by 

continuing into over- and/or underlying 

strata (different facies).  

 

 

Figure 7.4: Relationship between grain-size and with of 

deformation bands, indicating a positive relationship. Figure 

taken from (Hesthammer and Fossen, 2000). Red dots 

indicate with of cataclastic deformation bands in this study 

area, while the blue dot represent a fracture in Facies C 

(Structureless silty sandstone). 
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Observed faults in highly porous layers (Facies B) occur as deformation bands with 

displacement (e.g. Aydin and Johnson, 1978; Davis, 1999; Fossen et al., 2007) and most 

deformation bands involves a combination of shear and compaction (Fossen et al., 2017) (Fig. 

6.12). The limited ability of single deformation bands to accumulate displacement, results in 

formation of clusters. Such deformation band clusters (damage zones) were found throughout 

the study area, and may contain hundreds of individual bands within a few decimeters (Torabi 

and Fossen, 2009). Microscopic analysis showed that deformation in clusters occurred as 

ultracataclastic zones concentrated parallel to each other, creating small slip surfaces connected 

to the main fault (Table 6.4, Facies B – Thin section 4).  

Figure 6.8 i, illustrates how a thick cluster zone of nearly 0.5 m width pinches out into a mm 

thin deformation band across the layer boundary in a transition between high porosity and large 

grain-size (Facies B) to low porosity and smaller grain-size (Facies C). This indicates similar 

variations in thickness as illustrated in Figure 7.4. However, the thickest deformation bands 

clusters were observed in deformed zones connected to faults cutting the stratigraphy. All that 

is stated above indicate a positive correlation between thickness and shear displacement, as they 

are restricted to faults or slip surfaces. A reasonable explanation for this relationship is related 

to the strain hardening process (Fossen et al., 2017; Soliva et al., 2016) during their formation. 

In shear zones, this process is repeated several times within the high porosity layers, and 

eventually leads to clusters or zones of deformation bands that can reach several decimeters in 

thickness (Fossen et al., 2017). Throughout this process the deformation band cluster thickens 

and compacts as shear displacement accumulates (Fossen et al., 2017). 

Fractures 

Fractures were mainly observed within low porosity layers (Facies C). Petrophysical and 

geomechanical properties suggests a relationship between mechanical strength and porosity, 

where Facies C is found to contain fractures and has the lowest porosity and highest tensile 

strength. In low porosity beds deformation occurred by crack propagation, where slip surfaces, 

joints and mineral filled fractures formed directly without formation of deformation bands (Fig. 

6.12, iv).  
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7.2.2 Distribution and variability of deformation – Regional vs. local 

controls 

Mapping of deformation structures on a regional scale (45 km lateral spacing between study 

sites) improved the understanding of their regional variability. High frequencies of deformation 

bands, indicative of structural collapse within the reservoir (Facies B-type layers) was observed 

throughout the study area. Most intense deformation always occurred within the reservoir 

compared to under and overlying layers (Facies A and Facies C). However, the reservoir (Facies 

B) was not equally deformed throughout the study area, as deformation bands occurred in 

different frequencies and in different structural settings: 

(1) Single deformation bands were found exclusively in Facies B-type layers throughout 

the study area, at all study locations, vanishing at under- and overlying bed boundaries 

(Fig. 6.7). The deformation band frequency ranged from 0.4 bands pr. meter in the 

background to 12 bands pr. meter in close proximity to minor faults cutting through the 

stratigraphy (Fig. 6.11).  This indicates that the single deformation bands found within 

Facies B are regional features exclusively occurring in this particular type of 

sedimentary facies, causing regional reservoir collapse. However, despite that 

sedimentary facies is a controlling factor for deformation, the summary plot of the 

structural trends showed that they are influenced by regional structural trends in the 

study area, with different orientations from north to south along the San Rafael Swell 

(Fig 7.5). 

(2) Deformation bands occurring in clusters (damage zones) were often connected to faults 

cutting the stratigraphy in shear zones. These are considered as regional features in the 

study area, as their occurred in two main trends (N-S and E-W). These trends relates to 

tectonic regional stresses in Utah, such as folding during the uplift of the San Rafael 

Swell and major faulting in the study area, i.e. Little Grand Wash fault and Salt Wash 

Graben (section 2.2) (Hintze and Kowallis, 2009). 

(3) The deformation bands inside major meter-scale circular collapse structures (section 

6.3.4) are considered as local deformation features, as no increase in deformation band 

frequency in the area around these structures was observed. These are interpreted to be 

a consequence of locally induced stress. However, these structures are discussed later 

in this chapter. 
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Considering deformation within the reservoirs (Facies B-type layers), they always contained 

deformation bands, yet with different frequencies and in different structural settings; 0.4 

deformation bands per. meter was found as the regional background imprint, while intensely 

deformed cluster zones may contained hundreds of bands within few decimeters. 

7.2.3 Main structural trends 

Overall mean trends of N-S and E-W orientations for both fractures and deformation bands in 

conjugated sets was observed throughout the study area. Deformation bands are interpreted to 

be a result of both regionally (regional background imprint of single bands) and locally induced 

stress (intensely deformed cluster zones). Tectonic, regional stress is defined as the E-W and 

N-S striking deformation structures observed in Utah. Local stress could be results of 

minor/local events, e.g. seismically induced earthquakes (Wheatley et al., 2016). Chaotic 

stereoplots at the study locality, Smiths Cabin North, could be related to multiple events of 

deformation or a change in the direction of maximum principal stress. The main structural 

trends from all study localities is consistent with major faults found within the study area (red 

lines illustrated in Fig. 7.5). Considering which tectonic event they are related to, the normal 

faults observed at the study locality Humbug Flats East are likely to be a response of extension 

before and/or during the Laramide uplift (Shipton and Cowie, 2001). N-S trends are related to 

the progressive deformation during the San Rafael swell monocline growth and folding, while 

the E-W striking fractures, perpendicular to the fold axis, are interpreted to have formed during 

later stages of deformation. 
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Figure 7.5: Overview of the main structural trends observed at the different study localities around the San Rafael Swell area 

(see Fig. 1.1 for detailed map). Note that the study locality Uneva Mine Canyon are located near the eastern limb of the San 

Rafael Swell monocline. 
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7.3 Reservoir collapse and timing 

Meter-scale circular collapse structures 

The local through-cutting, vertical sand pipes (Fig. 6.15) display large clasts of centimeter- to 

decimeter scale of stratified sandstone suspended in a remobilized cemented sand matrix. 

Deformation bands (black lines) in different directions, are indicative of deformed clasts, while 

stratification within the clasts (red lines) is dipping in different directions, indicative of rotation 

(Fig. 6.16, ii). Previous works confirm that these structures occur throughout the Phanerozoic 

strata on the Colorado Plateau (e.g. Wheatley et al., 2016; Alvarez et al., 1998; Chan et al., 

2007). Collapse structures occur in several stratigraphic intervals in the study area, and at the 

study locality Middle Canyon (see Fig. 1.1 for location), several structures were aligned on a 

linear trend (Fig. 6.14). Wheatley et al., (2016) observed similar linear trends, and in addition 

they noted that the structures also occur in spatial clusters within a formation, and that it is rare 

to find single, isolated structures. 

 

There is ongoing research as to what mechanism is responsible for their formation, where 

several mechanisms have been proposed to trigger liquefication or fluidization (Alvarez et al., 

1998; Netoff, 2002). As only one out of hundreds of structures are mapped out during this study, 

the focus relies on the timing, relative to other types of deformation observed in the study area. 

The clasts within the matrix of the collapse structure in this study contains deformation bands 

and seems to be derived from the bed (Facies B) stratigraphically higher in the sedimentary 

succession, suggesting a downward collapse. Wheatley (2016) suggested that the pipes likely 

form while the sediment still is unconsolidated or semi-consolidated, as the descriptions of the 

characterization of the pipes features are based on preserved rock properties. 

In further support of formation in unconsolidated or semi-consolidated state, thin section 

analysis confirmed disaggregation deformation bands within the clasts (Appendix B, Facies B- 

Thin section 6), as they are commonly found in sands and poorly consolidated sandstones (e.g. 

Mandl et al., 1977; Bense et al., 2003). Disaggregation bands are also often related to local and 

non-tectonic deformation (Fossen et al., 2007), e.g. suggested collapse in losses (Peterson et 

al., 2014). Based on the above discussion it is reasonable to interpret formation of these local 

structures to have formed during early stages after deposition with unconsolidated sediments, 

and prior to significant burial (Fig. 7.7, stage 1). These structures may have served as permeable 

fluid conduits and pressure vents before porous layers becoming preferentially cemented and 

plugged at greater burial depths (Bjørkum and Walderhaug, 1990). 
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Structural collapse of the reservoir facies (Facies B-type layers) 

Knowing the burial and/or uplift history of the sedimentary succession in the relation to the 

timing of deformation features, is crucial to understand the mechanisms behind apparent 

reservoir collapse. Low tensile strength (Table 6.2) of reservoir beds (Facies B-type), make 

these layers prone to structural impact and it is well known from several authors that high 

porosity favors formation of deformation bands during burial and/or tectonic stress, contrary to 

fractures and/or faults in low-porous layers (e.g. Antonellini et al., 1994; Fossen et al., 2017).      

 

As reservoirs (Facies B-type layers) were enclosed within 

low-permeability units during rapid burial, fluids were 

hindered to escape, and high pore pressures eventually lead 

to overpressures (Fig. 7.6, Fig. 7.7, stage 2). Based on 

observed diagenetic cementation, diagenetic minerals and 

deformation band mechanisms, the Entrada Sandstone is 

interpreted to have been buried to approximately 3 km, in 

line with several studies (S. Petrie, 2017; Zuluaga et al., 

2014). 

The overpressure eventually established fluid escape routes during regional tectonic events, 

such as the Laramide uplift (see section 2.1 for tectonic history), which may have caused de-

pressurization. The structural collapse and deformation band formation within the reservoir is 

considered to be a consequence of this pressure release, resulting in an overall porosity 

reduction within the reservoir and reservoir compaction (Fig. 7.7, stage 3). All that is stated 

above, gives reason to interpret the regional imprint of deformation bands found in Facies B- 

type layers to be a result of this event, however, with no evidence of the exact timing and burial 

depth. 

After uplift, the sedimentary succession experienced continuous deformation pulses, partly 

related to the Moab Fault system (see section 2.2), and initiation of a second phase of 

deformation bands (Fig. 7.7, stage 4). 

 

 

 

Figure 7.6: Overpressure develops in highly 

porous and permeable layers during burial. 

Depressurization after fluids escaped, may 

have caused structural collapse of the 

reservoir facies.  
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In addition, the bleaching pattern along fractures and faults indicate leakage of reducing fluids 

and can be used to say something about the timing of fluid flow relative to deformation features. 

Throughout the field area, multiple paleo-fluid fronts seemed to be unaffected or only gently 

affected by the deformation bands, supported by studies from (Fossen and Bale, 2007). In 

addition, Solum et al. (2005) estimated the latest major faulting to have occurred at around 60 

Ma. 

Mineral filled fractures (Table 6.5, Facies C- Thin section 2) and Fe-precipitation along 

deformation band clusters, deformation bands and fractures is estimated to ages of 25-20 Ma 

(Garden et al., 2001). From observations of bleaching patterns in the study area, coupled with 

the aforementioned ages, this study suggests that some of the observed bleaching patterns are 

related to a second phase of fluid transport. This second phase of bleaching occurred after 

formation of the second phase of deformation bands in the area, and bleached the sedimentary 

secession to its present day state (Fig. 7.7, stage 5).  
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7.4 Reservoir and seal system 

Heterogeneities (deformation bands) forming flow baffles within the reservoir sandstone 

(Facies B-type layers) and may negatively affect horizontal and vertical effective permeability 

(e.g. Rotevatn et al., 2013). Mapping of these heterogeneities are crucial for reservoir/seal 

evaluation of the upper Entrada Sandstone and implications for injectivity (Sundal et al., 2017; 

Fossen and Bale, 2007). In the studied reservoir/seal system stratigraphic hydrocarbon traps is 

created as the reservoir facies (Facies B) are enclosed by low permeable layers (Ogata et al., 

2014). Based on the field observations and petrophysical properties measured, a conceptual 

model for the fluid migration system is outlined in fig 7.8. The model is useful to distinguish 

between flow paths and barriers. 

• Vertical flow paths / barriers: 

I. Flow paths and conductors - Fractures, faults, deformation bands and collapse 

structures (e.g. Fig. 6.12 and Fig 6.6. i, ii, iv) 

II. Barriers - Bedding planes, low permeable beds (both laterally continuous and 

pinch-out layers), deformation bands, and collapse structures. 

• Horizontal flow paths / barriers: 

I. Flow paths and conductors - Highly porous layers (e.g. Fig. 6.6 iii, v)  

II. Barriers - Deformation bands and pinching out layers (horizontal restrictions). 

 

Figure 7.8: Conceptual model of the upper Entrada Sandstone where flow paths and barriers are observed. Note the ancient 

fluid pathways (pale and yellow color). 
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Considering the upper Entrada Sandstone in a reservoir/seal system, the sedimentary succession 

hosts reservoirs (Facies B-type layers), non-reservoirs (Facies A and C) and sealing facies 

(Facies F) (Table 6.2). As the logged sections tend to increase in mud content due to a wetter 

climate towards the stratigraphic upper study interval it is likely to be sufficient seals in the 

upper parts (section 7.1.1), which is in line with studies by Ogata et al. (2014). However, 

preferential structural deformation may negatively impact reservoir quality and potential for 

fluid flow on a reservoir scale (Fig. 7.8). 

Deformation bands 

The high frequency of deformation bands within the reservoir layers (Facies B-type) may 

influence the reservoir quality and fluid flow both horizontally and vertically (Fig. 7.8).  

Microscopic analysis of deformation bands shows varying amount of grain-size reduction, grain 

reorganization and cementation (Table 6.4), although, characteristic for all was porosity loss 

compared to the host rock, with finer-grained material inside the deformation zone. Reduction 

in porosity and permeability relative to the host rock in which they occurred from, is in line 

with studies by several authors, e.g. Antonellini et al. (1994).  

 

Due to limited knowledge of sub-seismic structures, it is difficult to prove that deformation 

bands have a remarkable influence on fluid flow in petroleum reservoirs (Fossen and Bale, 

2007). However, deformation bands will act as total barriers to fluid flow until the buoyancy 

force in the fluid column is sufficient enough to overcome the capillary entry pressure (Pc) of 

the deformation band (Fisher and Knipe, 2001) (Fig. 7.8). As suggested by several authors, their 

influence on fluid flow depends on several factors, such as; permeability contrast between 

band/host rock, amount of cataclasis involved, cumulative thickness of the band, orientations, 

continuity and connectivity (Fossen et al., 2007; Fossen et al., 2017). Considering the thickness 

variations observed between individual bands (Table 6.4 and 6.5), studies of individual 

deformation bands in Cretaceous sandstones of the Bassin du Sud-Est, France, by Rotevatn et 

al. (2013), numerically demonstrated that thickness variations along singe bands had negligible 

effect on fluid flow. 
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The regional imprint of singe deformation bands in the study area are considered to have little 

or no effect on effective permeability and flow dynamics on a reservoir scale, evidenced by 

unaffected bleaching fronts and/or only gently affected by the presence of singe bands (e.g. Fig. 

6.7). Contrarily, addressing the intensely deformed deformation band clusters found in the study 

area, it is reasonable to think that these thick zones of deformation bands have greater effect on 

the fluid flow compared to one single band, due to a higher capillary entry pressure required. 

In further support of this interpretation, studies based on theoretical treatment of Darcy’s law, 

calculations and field observations by Fossen and Bale (2007), concluded that the single 

deformation bands influence on fluid flow was small or negligible in most cases. Hence, 

deformation band clusters (damage zones) showed higher permeability contrasts (Fossen and 

Bale, 2017). 

For evaluation of the deformation bands found in the reservoir (Facies B- type layers) in the 

reservoir/seal system (Fig 7.6), all that is stated above indicates that the arrangement (single 

versus clustered zones), orientations and distributions must be take into account to predict 

vertical and horizontal flow pathways, and in what way they perturb fluid flow. In addition, 

deformation bands are important when questioning injection and well-planning in relation to 

the orientations and frequencies. 

Faults and/or fractures 

Vertical flow pathways and the creation of secondary permeability are evident near fractures 

and/or faults by the bleaching pattern in low porous and permeable layers (non-reservoirs and 

seals) (Facies A and C, Fig. 7.8). Bleaching patterns observed vertically along these fractures, 

is a result of advective mass transport (section 3.2). These fractures can form pathways for 

vertical fluid flow between reservoir facies in different stratigraphic levels, and cause problems 

for top seal integrity. This is in line with fracture data analysis by Ogata et al. (2014). Contrary 

to a reduction in the reservoir quality and baffle of fluid flow within reservoirs during the 

formation of deformation bands (Facies B-type layers), low permeability layers are interpreted 

to increase reservoir quality and permeability during formation of fractures (leakage pathways).  
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Circular collapse structures and their influence on fluid flow 

The vertical collapse structures occur in several stratigraphic intervals of the upper Entrada 

sandstone (Fig. 7.8). Considering a quartz cemented sand matrix (Fig. 6.17), it is likely that 

they inhibit horizontal fluid flow, hence, vertical fluid pathways is evidenced by observed 

bleaching vertically along the structures. Ongoing research on similar structures in the study 

area (Netoff, 2002; Wheatley et al., 2016) is conducted partly as they have significant 

importance in petroleum applications internationally, such as in the North Sea (Huuse and 

Mickelson, 2004). Recent studies suggest they play a major role in reservoir volumes, 

connectivity, and migration pathways (Wheatley et al., 2016, refs therein). Huuse and 

Mickelson (2004) suggested that they could be potential fluid conduits, as they may provide a 

way for fluids to flow, or contrary, occur as flow baffles and barriers (Fig. 7.8).  

The conceptual model in Figure 7.8 illustrating that the reservoir/seal system of the upper 

Entrada Sandstone is a part of a complex system, with the presence of deformation bands, 

fractures and/or faults, and collapse structures. All of these heterogeneities within the reservoir 

either baffle fluid flow or initiates secondary permeability within the system. This implies that 

timing and prediction of these deformation features are important in sandstone reservoirs when 

addressing sub-seismic structures. 

Importance of this study 

Findings of this study have applicability for resource management in analogue subsurface 

reservoirs. The reservoir facies (Facies B-type beds) may appear as excellent reservoirs in 

wireline logs and seismic profiles, however, dense clusters of deformation bands may display 

reduced horizontal and vertical permeability locally. As deformation bands are common in 

sandstone reservoirs and these sub-seismic structures are hard to identify as they are below 

seismic resolution, they are crucial to undertsand. Hence, in analogue reservoirs hosting  similar 

sedimentary facies as the reservoir facies in this study (Facies B), and if the tectonic history and 

burial history are known, deformation band orientation can to some level be predicted and 

implemented into reservoir models (Soliva et al., 2016). 

 

However, Fossen and Bale (2007) suggested that hydraulic fracturing can resolve production 

problems in cases where deformation bands negatively affects fluid flow and sweeping 

efficiency (e.g. intense cluster zones that baffle fluid flow in the studied reservoir/seal system).  
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8 Conclusions 

By investigating field analogues in Utah, USA, findings from this multidisciplinary study 

present new insights into facies-related differences in sandstone reservoir quality, and how 

preferential deformation may influence petrophysical properties on a sub-seismic scale within 

a reservoir/seal system. 

• Depositional processes control petrophysical properties and petrography in the upper 

Entrada Sandstone. The reservoir facies (Facies B-type layers), deposited as near-

coastal aeolian dunes with high energy, resulted in petrological characteristics favorable 

for high porosity and permeability, i.e. larger grain-size, well-rounded and sorted grains. 

Over- and underlying wet aeolian dunes/inter-dunes deposited further inland with lower 

energy (non-reservoirs and seals), contained poor reservoir properties, i.e. silt and mud 

rich sediments, sub-rounded grains, and with moderately sorting. 

• Sedimentary facies are interpreted to control pressure distribution and effective 

compaction during burial. The reservoirs (Facies B-type layers) was enclosed within 

low-permeability units during rapid burial, fluids were hindered to escape, and high pore 

pressures eventually lead to overpressures. This prevented compaction, further 

diagenetic cementation, and preserved high porosity. 

• Deformation band formation was restricted to weak and highly porous layers 

(reservoirs) and fractures and/or faults were observed within low porosity and stiff 

layers (non-reservoirs and seals). 

• The reservoirs (Facies B-type layers) contained high frequencies of deformation bands 

compared to over- and underlying layers, interpreted as structural reservoir collapse 

(porosity reduction relative to the host rock). Deformation bands are seen as regional 

features, locally influenced by other structural parameters, e.g. major faults. This 

regional imprint of deformation bands is considered to be a consequence of pressure 

release during uplift caused by regional tectonic events. 

• Knowledge about reservoir heterogeneities, e.g. deformation bands, have implications 

for resource management in analogue subsurface reservoirs. As reservoirs may appear 

to be excellent in wireline logs and seismic profiles, the distribution of sub-seismic 

deformation bands are crucial to know about as they are hard to identify (below seismic 

resolution).  
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Observations confirmed the hypothesis of this study; deformation bands in Facies B- type layers 

are regional features found exclusively in these layers throughout the study area, however, the 

reservoir is also influenced by local structural impact, e.g. faults, giving rise to intensely 

deformed clusters zones. Clusters negatively affect reservoir quality and potential for fluid flow 

within the reservoir, due to significant reduction in permeability compared to the host rock.   

Recommendations for further research 

Further research is proposed to resolve interesting research topics and unanswered questions: 

• Detailed investigation of the reservoir facies (Facies B) and lateral extent outside the 

study area. Chemical mass balance calculations for iron reduction and volume 

estimations on flushing by reducing fluids is proposed, is suggested for better 

understanding of color inheritance. 

• Mapping of clusters is suggested, as they are interpreted to baffle fluid flow. This could 

provide important background data needed for implementations of the deformation 

bands, and its corresponding orientations into conceptual reservoir models. 

• Comparison of the upper Entrada Sandstone to analogue subsurface reservoirs (e.g. the 

semi-arid Triassic Skagerrak Formation in the North Sea). 

• As only one of the meter-scale circular collapse structures were mapped, it is suggested 

that detailed mapping would improve understanding of their origin and triggering 

mechanism(s). 

• Generate synthetic seismic data for the studied sedimentary succession to investigate 

how high intensity of deformation influences acoustic impedance. 
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I 

 

Appendix A: Study localities - Coordinates 

 

Table A: UTM coordinates for study localities in Utah, USA, indicated on the map on Figure 1.1 in Chapter 1. 

 

Locality 

 

Date 

 

UTM - Coordinates 

Uneva Mine Canyon 06.09.2017 

09.09.2017 

23.09.2017 

12S - 054740 m N, 3404339 m E 

Interstate 70 06.09.2017 

08-09.2017 
12S - 05083998 m N, 4504398 m E 

Smiths Cabin North 07.09.2017 

13.09.2017 
12 S – 0552746 m N, 4320964 m E 

Middle Canyon 10-12.09.2017 12S - 0545320 m N, 4340471 m E 

Humbug Flats East 06.09.2017 

17-21-09.2017 

 

12S - 0545302 m N, 4349097 m E 
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Appendix B: Thin section analysis 

(Samples) 

Point-counting: Stage interval: 2, Total n=300, Lens 10 P (Facies B), 20 P (Facies A and 

Facies C) 

NB.HFE.01 
Facies B- Thin section 1 

PPL                                                                              XPL 

                   10 P (lens)    

Location/Setting: Humbug Flat East, Scanline 5 (35 cm) 

UTM coordinates: 12S 0545353 m N, 4348905 m E 

Facies:  B (Cross-stratified pale sandstone) 

Grain size: Medium to vf/f (0.425 mm – 0.125 mm) 

Grain shape, sorting: Well-rounded to rounded grains, well-sorted 

Deformation feature: Deformation band – Disaggregation band, width of band: 4 mm 

 

Petrographic analysis (n = 300): 
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NB.MiC.01 
Facies B- Thin section 2 

PPL                                                                               XPL 

                  4 P (lens)   

Location/Setting: Uneva Mine Canyon, Scanline 2 (102 cm) - double deformation band 

UTM coordinates: 12S 054740 m N, 3404339 m E 

Facies:  B (Cross-stratified pale sandstone) 

Grain size: Medium to fine grained (0.425 mm – 0.195 mm) 

Grain shape, sorting: Well-rounded to rounded grains, well-sorted to moderately sorted 

Deformation feature: Deformation band – Cataclastic band (grain churching), width of band: 

1.5 mm to 1 mm 

 

Petrographic analysis (n = 300): 

  Feldspar (11.9 %) Pore-filling material (7.6 %)  
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NB.HFE.03 
Facies A- Thin section 1 

PPL                                                                              XPL 

                 20 P (lens)    

Location/Setting: Humbug Flats East, Main log 6.5 m 

UTM coordinates: 12S 0545302 m N, 4349097 m E 

Facies:  A (Trough cross-stratified sandstone) 

Grain size: Fine sand to coarse silt (0.425 mm – 0.125 mm) 

Grain shape, sorting: Well-rounded to rounded grains, well-sorted 

Deformation feature: Deformation band – Cataclastic deformation band zone (very thick) 

 

Petrographic analysis (n = 300): 

  Feldspar (16.9 %) Pore-filling material (17.9 %)  
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NB.HFE.04 
Facies C- Thin section 1 

PPL                                                                              XPL 

 

                20 P (lens)  

Location/Setting: Humbug Flats East, Facies C under Scanline 18 – Fracture filled with 

calcite 

UTM coordinates: 12S 0545322 m N, 4349216 m E 

Facies:  C (Structureless silty sandstone) 

Grain size: Vf sand sand to coarse silt (0.125 mm – 0.525 mm) 

Grain shape, sorting: Rounded grains with moderate sphericity, well-sorted 

Deformation feature: Fracture filled with calcite 

 

Petrographic analysis (n = 300): 
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NB.HFE.05 
Facies B- Thin section 3 

PPL                                                                              XPL 

 

           10 P (lens)  

Location/Setting: Humbug Flats East, Scanline 12 – Deformation band 

UTM coordinates: 12S 0545332 m N, 4349134 m E 

Facies:  B (Cross-stratified pale sandstone) 

Grain size: Fine to medium sand (0.125 mm – 0.452 mm) 

Grain shape, sorting: Rounded to well-rounded grains, well-sorted 

Deformation feature: Deformation band - Disaggregation band (width of band: 1 mm). 062/65 

 

NB.HFE.06 
Facies B- Thin section 4 

PPL                                                                              XPL 

         20 P (lens)   

Location/Setting: Humbug Flats East, Scanline 11/12 – Deformation band cluster 

UTM coordinates: 12S 0545332 m N, 4349134 m E 

Facies:  B (Cross-stratified pale sandstone) 

Grain size: Fine to medium sand (0.15 mm – 0.252 mm) 

Grain shape, sorting: Rounded to well-rounded grains, well-sorted to moderately sorted 

Deformation feature: Deformation band - Cataclastic deformation band (width of band: 1 

mm). E-W 
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NB.MC.02 
Facies B- Thin section 5 

PPL                                                                              XPL 

 
        2 P (lens)   

Location/Setting: Middle Canyon, Collapse structure 1 – Matrix 

UTM coordinates: 12S 0545320 m N, 4340471 m E 

Facies:  B (Cross-stratified pale sandstone) 

Grain size: Clast: Fine/medium sand (0.252 mm), Matrix: Silt (0.025 mm) 

Grain shape, sorting: Rounded grains, well-sorted to moderately sorted 

Deformation feature: Fine grained clast (quartz cemented, quartz overgrowth) 

 

NB.MC.01 
Facies B- Thin section 6 

PPL                                                                              XPL 

      10 P (lens)  

Location/Setting: Middle Canyon, Collapse structure 1 – clast with deformation band 

UTM coordinates: 12S 0545320 m N, 4340471 m E 

Facies:  B (Cross-stratified pale sandstone) 

Grain size: Fine to medium sand (0.125 mm – 0.452 mm) 

Grain shape, sorting: Rounded to well-rounded grains, well-sorted (very well-rounded grains) 

Deformation feature: Deformation band - Disaggregation band (width of band: 1.5 mm) 
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NB.SC.01 
Facies B- Thin section 7 

PPL                                                                              XPL 

 
              20 P  

Location/Setting: Smiths Cabin North – Upper Facies C layer – Def. band 

UTM coordinates: 12S 0552749 m N, 4321140 m E 

Facies:  B (Cross-stratified pale sandstone) 

Grain size: Fine sand (0.125 mm – 0.242 mm) 

Grain shape, sorting: Rounded grains, well-sorted to moderately sorted 

Deformation feature: Deformation band - Disaggregation band (width of band: 1.5 mm) 

 

NB.170.01 
Facies B- Thin section 8 

PPL                                                                              XPL 

 

              

Location/Setting: Interstate-70 – Def. band 

UTM coordinates: 12S 43083998 m N, 4504398 m E 

Facies:  B (Cross-stratified pale sandstone) 

Grain size: Fine to medium grained sand (0.125 mm – 0.442 mm) 

Grain shape, sorting: Rounded grains, well-sorted 

Deformation feature: Deformation band - Disaggregation band 
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NB.HFE.02 
Facies C- Thin section 2 

PPL                                                                              XPL 

               20 P  

Location/Setting: Humbug Flats East – Log 18.5 m – Fracture filled with calcite 

UTM coordinates: 12S 0545302 m N, 4349099 m E 

Facies:  C (Structureless silty sandstone) 

Grain size: Fine sand to coarse silt (0.15 mm – 0.03 mm) 

Grain shape, sorting: Rounded grains, well-sorted  

Deformation feature: Fracture filled with calcite 

 

NB.MC.04 
Facies C- Thin section 3 

PPL                                                                              XPL 

               20 P  

Location/Setting: Middle Canyon – In diffusion front under collapse structure 2 (Fe 

precipitation) 

UTM coordinates: 12S 0545320 m N, 4340471 m E 

Facies:  C (Structureless silty sandstone) 

Grain size: Vf sand to coarse silt (0.15 mm – 0.03 mm) 

Grain shape, sorting: Rounded to sub-rounded grains, well-sorted  

Deformation feature: None 
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Appendix C: Log from Humbug Flats East 
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