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Abstract 
 

A 43 km north-south section on the north-eastern margin of the San Rafael Swell has been 

studied, focusing on the Upper Jurassic J-3 regional unconformity, the adjoining aeolian 

Entrada Sandstone below, and the overlying Curtis Formation. Emphasis is placed on the 

distribution of sedimentary facies that are in direct contact with the unconformity, and those 

affected by erosional topography during deposition. The J-3 unconformity displays at least 7 

unique expressions of erosive incision which most likely reflects multiple erosive events. The 

resultant composite unconformity has been subaerially eroded by aeolian and fluvial action, 

besides tidal denudation postdating the onset of regional deposition. Present-day erosional 

relief, magnitude, and wavelength contribute to multi-phase erosional processes resulting in 

inconsistent erosional patterns, and distribution of sedimentary facies above and below the 

unconformity. Tectonic activity has influenced the development concerning substratum 

fluidization and brittle deformation. Generations of J-3s erosive incision varies regionally and 

locally across the section. A series of 5-10 m deep channel-like scours linked to a stratigraphic 

level several meters above the J-3 Unconformity, erode to a deeper stratigraphic level than J-

3s original level. Intra-formational faults in Entrada Sandstone suggest erosion may have been 

focused along fault-derived topography. Similarly, erosive lower boundaries of tidal sandstone 

bodies belonging to the Curtis Formation in direct contact with J-3 suggest that repeated 

relative sea-level changes lead to deeper stratigraphic erosion of the J-3 Unconformity. The 

on-going investigation will improve constraints on how reservoir-quality sandstone volumes 

are affected by erosional topography in tidal environments, by determining distributional 

factors. Distinguishing between local and regional variability is a target in order to filtrate 

basin-specific anomalies. 

 

Keywords: J-3 unconformity, sedimentology, sequence stratigraphy, erosional relief, multi-

phase erosion, tectonic activity, channel-like scours, Entrada Sandstone, Curtis Formation, 

reservoir-quality sandstone volume, tidal environments. 
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1 Introduction 
 

An unconformity is a surface that represents an approximate time barrier in geological 

record, separating older from younger strata (Holbrook & Bhattacharya, 2012). It is a sequence 

boundary with indication of noteworthy hiatus evidenced formed by significant- erosional 

subaerial exposure or deformation (Schlumberger, 2018). If the unconformity appears as a 

truncated erosional surface, it’s called an angular unconformity, which advocates a dip in the 

older underlying strata. Other types, such as a nonconformity is the top surface of basement 

rocks, whereas a disconformity represents a break in deposition or erosion. A paraconformity 

demonstrates no discernible erosion, and appears as a flat surface (Catuneanu, 2006). Regional 

unconformities develop due to change in relative sea-level, and thus reflect change in 

subsidence-, eustatic sea level-, and sedimentation rates (Rattey & Hayward, 1993). They may 

cover entire basins, parts of basins, display one particular characteristic or a great variation of 

expressions. Hence, unconformities may form from one single erosive event, or configured 

several times by multiple erosive events.  

Unconformities are important because they clearly stand out in the field and seismic 

reflection data, which can reveal valuable information about basin structures, the basin’s infill 

history and erosion. In seismic reflection data, an unconformity will display a distinctive 

reflective character if vertically stacked sequences are related to significant facies change, 

which accordingly generates impedance contrast (Kyrkjebø, Gabrielsen, & Faleide, 2004) . In 

this case, unconformities can easily be utilized as reference reflection horizons to generate 

surfaces and regional maps. Consequently, unconformities become particularly significant in 

the petroleum industry, where sequence boundaries are regional unconformities separating 

formations [e.g. Bjørkum et al., 1990; Rattey, R. et al., 1993; Hamlin et al., 1996; Kyrkjebø et 

al., 2004].  

For instance, the Mid-Cimmerian unconformity covers most of the North Sea basin, and is 

a regional unconformity that developed during Jurassic regional thermal uplift, post-thermal 

subsidence from Trias-rifting (Rattey & Hayward, 1993). This unconformity is low angle, 

weakly erosive, and is believed to represent one erosional event that separates underlying shelf 

strata from overlying paralic successions. Oppositely, another regional unconformity; the Late-

Cimmerian unconformity, also known as Base-Cretaceous unconformity does not coincide 

with Jurassic and Cretaceous boundary, yet is widely used in literature (Kyrkjebø et al., 2004). 

According to Kyrkjebø et al. (2004) these names are misleading because the unconformity does 
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not reflect one single erosional event. Therefore suggestion is made that this surface on the 

Norwegian continental shelf should be referred to as “The North Sea Unconformity Complex 

(NSUC)” (Figure 1.1), chiefly because it is polychronous in terms of configuration by 

amalgamation and merging of erosional surfaces, regionally as well as locally. The 

unconformity appears as a disconformity, an angular unconformity (Figure 1.1b), 

nonconformity, a paraconformity, and a faulted unconformity(Figure 1.1a). This study states 

that; “The North Sea Unconformity Complex encompasses a number of regional, semi-regional 

and local signals expressed as unconformities that separate depositional sequences” 

(Kyrkjebø et al., 2004). Hence, the NSUC does not express as one erosive event caused by 

relative fall-in sea level, but has been continuously changed in time and space with exposure 

to different erosional mechanisms and events. 

 Hoolbrook and Bhattacharya (2012) consider a study concerning a regional composite 

scour (RCS) surface in a fluvial system of which does not fit the conceptual definition of a 

sequence boundary. The RCS is not a time barrier, an unconformity nor a sediment bypass 

surface, however it interferes with subaerial unconformities, and thus acts as an erosive event 

which configures the already existing unconformities. The RCS is not a time barrier for the 

reason that it does not separate younger from older strata everywhere. The RCS reflects the 

“cut-and-cover” model (channel migration, avulsion, and terrace scour), entailing that it is cut 

as a composite sub-fluvial scour surface, while being covered by sediments and laterally 

expanding. Hence, in this case, fluvial extension takes place during progradation, rather than 

during regression, of which opposes the bypass model which expects scour surfaces to develop 

by incisions from subaerial exposure and during regression, followed by preservation upon 

later burial (Holbrook & Bhattacharya, 2012).  The study suggests an alternative definition of 

a sequence boundary to fit their model; “A discrete surface of erosional truncation carved 

landward of contemporary shorelines that is traceable beyond the scale of a single valley or 

comparable local system, and its correlative surface of conformity and/ or non-deposition”. 

This is chiefly because the RCS is covered with sediment during formation, whilst actively 

undergoing carving and growth by frequent subaerial topographic surface exposure at local 

time and place (Holbrook & Bhattacharya, 2012).  

 A study by Zorina et al. (2008) raise questions concerning the potential of tracing 

unconformities on a global-scale by utilizing five Jurassic-Cretaceous unconformities present 

in North America, the Gulf of Mexico, and Western Europe. Although this thesis does not 

answer question regarding global unconformities, it is worth mentioning the potential 

significance of global correlation of unconformities and how they may lead to broader 
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understanding of global cycle charts and eustatic curves, seeing as global-scale sedimentation 

hiatuses and eustatic curves is still not fairly understood (Zorina et al., 2008).  

 

 

This thesis will focus on a regional unconformity of Upper Jurassic age studied at six 

localities (Map, Figure 1.2b) in Utah, USA. This unconformity is known as the Jurassic-3 

regional unconformity, or J-3 for short. It  is one out of nine that appears in the Western Interior 

of the United States of which three pertain Triassic age (T-1, T-2, T-3), and six are Jurassic (J-

0, J-1, J-2, J-3, J-4, J-5) (Pipiringos & O'Sullivan, 1978). The J-3 unconformity separates two 

formations; (1) the Entrada Sandstone, and (2) the overlying Curtis Formation, and represents 

a time of frequent fluctuation between continental- and marine sedimentary strata deposited in 

a retroarc foreland basin (Hintze & Kowallis, 2009).  

Figure 1.1: (A) and (B) are from Kyrkjebø et al. (2004), where the sketch in (A) demonstrates merging of 
erosional surfaces configuring the North Sea Unconformity Complex (NSUC). A seismic line (line NVGT88-
04) from the Horda Platform (b) displays the NSUC as an angular unconformity and faulted unconformity. 



	 Introduction		
	 	

	 4	

The scope of this study encompasses the understanding of which controlling factors have 

influenced the J-3 regional unconformity’s relief-, lateral extensive erosion, and present-day 

surface expressions. Data utilized in this study includes (though not limited to); 

sedimentological facies description, sequence stratigraphic correlation, structural information 

such as tectonic influence, and unique erosional surface expressions of the J-3 unconformity. 

The J-3 composite unconformity has been studied at six localities along a 43 km cross-section 

on the North-eastern margin of the San Rafael Swell; (1) Humbug Flats East, (2) Sven’s Gulch, 

(3) Cedar Mountain, (4) Smiths Cabin North, (5) South of Interstate-70 (I-70) and (6) Shadscale 

Mesa (Map, Figure 1.2b).  

The Middle Jurassic Entrada Sandstone and the Upper Jurassic Curtis Formation (Figure 

1.2c) potentially represents a CO2 charged reservoir (Zuchuat, in press) where wet aeolian 

sandstone regional reservoir (Entrada Sandstone) is overlain by a tide-dominated 

interconnected secondary reservoir-cap rock (Curtis Formation.). Ogata et al. (2014) found that 

this reservoir-cap rock boundary covering the upper Entrada Sandstone and Lower Curtis 

Formation., consists of closely-spaced, sub-parallel fracture corridors related to localized 

bleaching, and are possibly seal-bypass systems. At locality 1 (Figure 1.2b) heavy fracturing, 

associated faults, and Entrada Sandstone facies dominated by deformation bands and bleaching 

is represented in abundance (Facies E, Figure  5.4). Seeing as the J-3 unconformity acts as a 

border in-between a reservoir-cap rock system, this study will also take note of whether the 

observations in the Entrada Sandstone from locality 1, are visible directly above the J-3 in the 

Curtis Formation. If so, then the question remains concerning the potential of the J-3 

unconformity having a complementary effect on the reservoir-cap rock interconnectivity 

(Ogata, Senger, Braathen, & Tveranger, 2014). 

Comprehension concerning consistencies or inconsistencies stratigraphic units above and 

below the unconformity (Kyrkjebø et al., 2004) will further increase knowledge about relative 

time and lateral extension of depositional- and erosional events. The J-3 unconformity, like the 

NSUC (Figure 1.1), expresses several surface signatures, which proproses it has been 

configured by multiple events, affecting its present-day erosional relief, and wavelength. 

Question is raised concerning whether these configurations of the unconformity are restricted 

to different positions within the basin or not, or if perhaps configurations are caused by local 

and /or regional deformation episodes, such as tectonic activity. This information will give 

further insight on whether unconformities like the J-3 that erode into tide-dominated seals have 

an affect sandstone reservoir quality.  
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Figure 1.2: Map view of study area (b) in Utah, USA (A). Formations of significance; Entrada Sst. and Curtis 
Fm. are color coded (B) and (C). Six localities have been studied, marked as blue circles (b). Log demonstrates 
stratigraphical succession of Central Utah, modified from Ogata (2014).  
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2 Geological Framework 
 
2.1 Mesozoic Tectonic History 

The Mesozoic Era (251-66 Ma) experienced direct geological influence from the breakup 

supercontinent Pangea during late Triassic and shaping of the Atlantic Ocean (Hintze & 

Kowallis, 2009). It triggered major tectonic activity in North America’s western margin, 

including the rise of the North American Cordillera due to subduction of the Farallon plate 

beneath the North American plate (Hintze & Kowallis, 2009). This continental-oceanic 

subduction zone generated an orogenic belt of which the pertaining intrusive and extrusive 

igneous rocks are evident along the Utah-Nevada border  (Peterson F. , 1994).  

 
 

Early Jurassic experienced orogenic loading events from the Cordillera fold-and trust belt 

system in the west which caused subsidence in the east and the formation of a retroarc to craton-

margin basin across Eastern Nevada-Western Utah (Figure 2.2) (Kocurek & Dott, 1983).While 

the fold-and thrust belt system was evolving from Middle to Upper Jurassic, sedimentary 

deposition took place in the retro arc foreland area. This Paradox Basin and Range generated 

optimal preservation conditions for deposition of Jurassic sediments, consisting mostly of 

clastic sediments and lesser amount of carbonates and evaporites (Peterson F. , 1994). A 

continental-margin magmatic arc formed as a by-product from subduction of the Farallon plate, 

and stretches NW-SE outside the approximate border of the Western Interior Basin (Figure 

Figure 2.1:Index map of 
southern part of Western 
Interior basin which 
demonstrates geologic 
structures (from Peterson, 
1994). CCU, Circle Cliffs 
uplift; DU, Defiance uplift; 
FC, Four Corners; GJ, Grand 
Junction; HB, Henry basin; 
KB, Kaiparowits basin; MU, 
Monument uplift; PB, 
Piceance basin; PxB, Paradox 
basin; SRS, San Rafael 
Swell; UIU, Uinta uplift; UU, 
Uncompahgre uplift; ZU, 
Zuni uplift 
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2.3). The magmatic arc developed from Triassic to Cretaceous, and provided occasional 

volcanic ash to the region and basin. Furthermore, it partly determined the climate in the 

Western Interior Basin (Peterson F. , 1994). Hence, the Western Interior Basin- and Range  

(Figure 2.3) was constructed from a combination- and partly integration of compressive events, 

regional uplifts- and extension, salt tectonics, volcanism and igneous intrusions (Ogata et al., 

2014). 

 

 
The Colorado Plateu is located within the Western Interior Basin and covers the centre of 

four regions; Utah, Colorado, Arizona, and New Mexico, and is sheltered behind the  southern 

rocky mountains (Figure 2.1). The Colorado Plateau displays a collection of sedimentary rocks 

throughout the Phanerozoic eon, of which the Mesozoic rocks are one of the best exposed and 

documented desert sediments in the stratigraphic record on Earth (Allen et al., 2000). The 

creation of the retroarc-foreland basin due to topographic depression and orogenic belt 

shadowed the basin and created optimal preservation conditions of thick Jurassic aeolian 

deposits, which dominate the sedimentary succession of Utah (Kocurek & Dott, 1983 ; Allen 

et al., 2000). 

 Orogenic activity crossed Utah in three phases, including the construction of the Nevadan 

Orogeny during late Jurassic and early Cretaceous, the Sevier Orogeny during Cretaceous and 

Paleocene and the Laramide Orogenies during early Cenozoic (Peterson F. , 1994; Allen, 

Verlander, Burgess, & Audet, 2000; Hintze & Kowallis, 2009).  The Elko highlands, dated 

Middle Jurassic age, have been proposed to been the reason for abrupt westward termination 

of rapidly thickening Middle-Jurassic units, caused by erosion of uplifted Elko foredeep 

(Thormann & Peterson, 2004).    

Figure 2. 2: Sketch of tectonic explanation for Jurassic seaway extension into back-bulge basin in eastern 
Utah, whilst ongoing thrusting occuring in eastern Nevada. Modified from Hintze and Kowallis (2009).  
 



	 Geological	Framework		
	 	

	 8	

 
 

2.2 Climate and Paleogeography 
The paleomagnetic polarity of the Mesozoic sedimentary rocks of Utah (Figure 2.4) drifted  

from approximately 15˚N to 40˚N from Triassic to Cretaceous as the North American continent 

travelled north whilst slightly rotating clockwise (Hintze & Kowallis, 2009; Sleveland, 2016). 

The state of Utah was brought through the northern hemisphere trade wind belt to the modern 

intertropical zone, towards dry climatic 

settings (Eschner & Kocurek, 1986; 

Rimkus, 2016).The majority of present-

day hot deserts, such as the Western 

Sahara is placed within the trade wind 

belt, of which modifies transportation 

of extensive aeolian deposits like it did 

during the Jurassic (Kocurek & Dott, 

1983). 

The Colorado Plateau (Figure 2.1) exhibits one of the better exposed lithified 

sedimentary deserts in Earths geological record of Mesozoic age (Allen et al., 2000). At the 

beginning of Mesozoic the sun’s brightness was 97% higher than present, and the average 

temperature on earth was 10˚C greater (Hansen, 2018). During the Jurassic, the region 

experienced an arid and significantly hot climate marked by infrequent storm events (Kocurek 

& Dott, 1983). The magmatic arc developed an elevated topography and rain shadow which 

Figure 2.3: Main Jurassic 
structural elements in southern 
part of western interior: (A) = San 
Rafael Swell, (B) = Gunnison 
Plateau, from Peterson (1994). 
C,D,E: Eastern Elko highlands 
rose out of Utah-Idaho trough in 
latest middle and late Jurassic 
Time. The Utah-Idaho trough 
used to be a retroarc foreland 
basin that was shaped in response 
to crustal loading from the 
Cordillera Orogen to the West, in 
Nevada and southeastern 
California (Bjerrum & Dorsey, 
1995). 

Figure 2.4: Paleogeographic reconstruction  Of Utah from 
240 Ma to 120 Ma modified by Sleveland, (2016), from 
Hintze & Kowallis (2009). 
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aided in determining the hot and dry climate in the western interior basin (Peterson F. , 1994). 

The dry climate nurtured construction of extensive aeolian dune fields, precipitation of 

evaporites in sabkhas environment and development of saline-alkaline lake at the end of 

Jurassic, providing hypersaline strata to the region.  

 

2.3 Jurassic Depositional Environment and Stratigraphy  
The exposure of Jurassic sedimentary rocks is extensive in Western United States, 

principally at the Colorado Plateau in northern Arizona towards south-east of Idaho and 

southwestern Wyoming (Bjerrum & Dorsey, 1995). The stratigraphy and sedimentology in 

Utah is continental to shallow marine (Pipiringos & O'Sullivan, 1978; Bjerrum & Dorsey, 

1995; Allen, Verlander, Burgess, & Audet, 2000) and consists of the Lower Jurassic Glen 

Canyon Group, the overlying Middle-to Upper Jurassic San Rafael Group and Upper Jurassic 

Morrison Group. Focus is placed upon previous work of Middle- and Upper Jurassic 

sedimentary units recorded at San Rafael Swell, east central Utah (Figure 2.5). 

 

 Glen Canyon Group: Lower Jurassic (201-174 Ma) 
The Wingate Sandstone, Kayenta Formation and Navajo Sandstone 

The Glen Canyon Group marks the boundary between Triassic and Jurassic rocks, 

consisting of the Wingate Sandstone, the Kayenta Formation, and the Navajo Sandstone 

(Figure 2.5) (Dutton, 1885; Gregory, 1917; Peterson F. , 1994). During Hettangian time dune 

fields and ergs covered approximately the entire state of Utah depositing the Wingate 

Sandstone (Peterson F. , 1994) which represents an aeolian system and consists of two units; 

the lower Rock Point Member and the Lukachukai member. Already at this time there existed 

an alluvial plain with source from the Mongollon slope of which was merely present in 

Arizona. As the alluvial plain expanded north capping southern Utah during Pliensbachian, the 

Kayenta Sandstone was deposited (Figure 2.7a). Following deposition of the Kayenta 

Sandstone, a dune field of Toarcian age prograded with nearly the same north-west 

paleocurrent direction as the Wingate Sandstone. It covered a greater proportion of Utah and 

corresponds to the Navajo Sandstone (Figure 2.7b). The Navajo Sandstone consists of cross-

bedded aeolian sediments and has a maximum thickness greater than the Wingate and Kayenta 

Formation combined (Freeman , 1976).  The deposition of the Glen Canyon Group reflects a 

lower continental environment, alternating between aeolian- and fluvial deposition.   
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Figure 2.5: Correlation chart of Jurassic Stratigraphic units in the southern Western Interior Basin and 
transgressive-regressive unconformities by Peterson (1994). The Curtis- and Summerville Formations are now 
considered to be of Oxfordian age (Wilcox & Currie, 2008). 

 
 San Rafael Group: Middle- to Upper Jurassic (174 – 163 Ma) 

The San Rafael Group of Middle Jurassic age was deposited in a north-northeast to south-

southwest trending retroarc-foreland basin, the Idaho-Utah Trough and its surrounding areas 

(Figure 2.7c-f) (Gilluly & Reeside , 1928; Zuchuat, in press). The San Rafael Group has 

experienced multiple transgressive-regressive cycles, including smaller pulses of base-level 

variation resulting in interbedding of marine and non-marine strata. The pertaining formations 

alternate between representing aeolian, marine, tidal and fluvial environments and are ordered 

according to placement in stratigraphic column, starting with the lowermost formation; the 

Temple Cap Sandstone, Page Sandstone, Carmel Formation, Entrada Sandstone, Curtis 

Formation and Summerville Formation (Figure 2.5). 

Thick erg deposits of the aeolian Page- and Entrada Sandstone are particularly well 

preserved due to positive sand budget and accelerated subsidence of the retroarc-foreland basin 
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(Allen, et al., 2000). The supersurfaces and associated sabkha deposits for both formations are 

interpreted to have been well developed where the erg systems has bordered paleo-shorelines 

(Moutney, 2006). 

 

The Temple Cap Sandstone, Page Sandstone and Carmel Formation 

The early Middle Jurassic was subject to deposition of sabkha and tidal flat stretching 

diagonally from north-east to south-west in Utah, and by marine sediments transgressing from 

western Wyoming and depositing in northern Utah (Figure 2.7c). The Temple Cap Sandstone 

consists of sabkha and tidal sediments with input of aeolian sediments, and is the oldest unit 

within the San Rafael Group. The Temple Cap Sandstone and its lateral equivalent formations 

are overlain by the J-2 unconformity. The overlying Page Sandstone consists of aeolian 

sequences interbedded by supersurfaces and associated sabkha deposits (Moutney, 2006). 

From log correlation some of these supersurfaces have been interpreted as fluvial, while others 

have been interpreted as marine flooding surfaces (Blakey, Havholm, & Jones, 1996). The 

Carmel Formation overlies the Page Sandstone and consists of three members representing 

different environments; tidal flat-, restricted lagoon- and shallow marine sediments (Freeman 

, 1976). The Carmel Formation experienced a regression prior to deposition of the overlying 

Entrada Sandstone. The Carmel Formation was deposited as the Carmel seaway prograded 

across Utah into Arizona, limited by western and southern highlands (Figure 2.7d).  

 

The Entrada Sandstone  

The Entrada Sandstone consists of aeolian sediments interbedded with interdunes of 

fluvial- and tide-induced marine deposits, similar to the Page Sandstone with the exception that 

the latter is less marginal (Figure 2.7e) (Kocurek & Dott, 1983; Eschner & Kocurek, 1986).  

The Entrada Sandstone is separated into two units in central Utah due to differences in 

depositional environment and sedimentary structures (Gilluly & Reeside , 1928; Kocurek & 

Dott, 1983; Sleveland, 2016); (1) the Slick Rock Member, and (2) an earthy facies (informal 

nomenclature). The Slick Rock Member is the lower unit of the Entrada Sandstone, reflecting 

an arid- to semi-arid aeolian erg deposit with cross-stratified crescentic dune complexes that 

extends several meters vertically, and is laterally extensive (Kocurek & Dott, 1983; Sleveland, 

2016). The earthy facies reflects a wet aeolian system, of which consists of dunes and 

interdunes that may appear with horizontal lamination, ripples, gypsum lenses, or lack of 

structure which may be interpreted as loess deposits (Hintze & Kowallis, 2009; Sleveland, 

2016). Loess deposition is still today largely unrecognized and often misidentified as volcanic 
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ash deposit (Peterson et al., 2013). Hence, the appearance of Loess within the Entrada earthy 

facies has not been given much attention in previous studies.  

The Upper Entrada Sandstone (earthy facies) lies directly beneath the J-3 unconformity 

in the study area, and is therefore of great interest in this thesis. It has been interpreted to 

developed during a major forced regression between TR-3 and TR-4 (Figure 2.5) consisting of 

potentially 4-5 pulses of transgressive-regressive events (Mountney, 2006; Kocurek & 

Havholm, 1993) (Figure 2.6) . The creation and preservation of aeolian systems can be divided 

into episodes of sand-sea (erg) construction, and sand-sea accumulation/preservation (Figure 

2.6b,c) (Moutney, 2006). Controls on erg construction relies on sediment supply, sediment 

availability and wind transport capacity (Figure 2.6b). As climate becomes more arid, water 

table drops, and sediment supply availability for formation and migration of dunes increases 

(Moutney, 2006). Destruction occurs as climate becomes more humid, water-table rises and 

sediment supply available for wind transport decreases, enabling accumulation and 

preservation if relative rise in water-table is slow (Moutney, 2006). 

 

 

Figure 2.6: Model of aeolian sand sea construction, deflation and partial preservation by interplay of the 
following controlling parameters: Sediment supply, sediment availability, transport capacity of wind, water 
table level, and basin subsidence over time. By Mountney (2006).  
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Figure 2.7: Timeline from Lower Jurassic to Middle- and Upper Jurassic, displaying 
depositional environment of the Glen Canyon Group and the San Rafael Group in the Western 
Interior Basin, by Peterson (1994). 
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The Curtis and Summerville Formation: 

The tidally influenced Curtis Formation thickens towards the west and overlies the 

Entrada Sandstone, reflecting a sharp transition from continental to shallow marine 

environment. It is characterized by its frequent green coloured sediments deposited as the 

Curtis sea transgressed across Utah, of which according to Eschner & Kocurek (1986) was a 

transgression represents  the only erosive event pertaining the J-3 unconformity. However, as 

this thesis will demonstrate the J-3 was not constructed by one erosive event, but multiple 

overlapping erosive events. Nevertheless, the Curtis Formation is a unit of varied lithology, 

consisting of conglomerates, and graded heterolithic to cross-stratified tidal bundles (see 

Zuchuat et al., in press, for a detailed review of the Curtis Formation sedimentology).  The 

Curtis Formation gradually transitions into the Summerville formation reflect an overall 

upward-drying sequence (Riggs & Blakey, 1993), with minor base-level variations during 

some of the transgression-regression cycles.  

 

 

2.4 Unconformities in Utah 
There are six widespread regional Jurassic unconformities apparent in the Western Interior 

basin of which transgression-regression cycles and significant structural disturbances from 

regional tectonic adjustments (Peterson F. , 1994; Pipiringos & O'Sullivan, 1978).These 

unconformities are known as J-0, J-1, J-2, J-3, J-4 and J-5, informally defined by Riggs and 

Blakey (1993) in the southern Colorado Plateau (Bjerrum & Dorsey, 1995). The 

unconformities appear mostly as continuous surfaces in the regional lithological succession 

(Figure 2.5). Previously, linkage between the unconformities and global eustasy has been 

assumed, however, the validity these unconformities reflecting global-sea level variation is 

poor, although if overlying marine deposit was present, it does not necessarily need to reflect 

a global-sea level rise (Peterson F. , 1994). First of all, some of these surfaces (J-0, J-1 and J-

2) do not bear overlying marine sediments, but rather fluvial or aeolian. Secondly, those that 

bear marine sediments cannot be correlated with marine strata in the westernmost United States 

due to different timing of local transgressive-regressive cycles globally versus regionally 

(Peterson F. , 1994). Thirdly, previous study states that the unconformities were formed as 

response to forebulge migration from episodic thrusting in the Cordilleran Orogenic belt in the 

West (Bjerrum & Dorsey, 1995).   
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The J-0, J-1 and J-2 Unconformities 

The J-0 separates the Upper Triassic from the Lower Jurassic rocks throughout the Western 

Interior, and is present at the base of the continental Glen Canyon Group (Figure 2.5).  

According to previous study it is truncated by the J-2 unconformity in northern Idaho, and by 

the J-1 in north-western Wyoming (Pipiringos & O'Sullivan, 1978).  The J-1 unconformity 

overlies the Glen Canyon Group, eroding onto the Navajo Sandstone in west (Figure 2.8). It 

formed during y 2-3 million years (Pipiringos & O'Sullivan, 1978), and is overlain by the 

Temple Cap Sandstone in west (Figure 2.8). The J-1 is truncated by the J-2 unconformity in all 

directions (Pipiringos & O'Sullivan, 1978). The J-2 unconformity marks the onset of Middle 

Jurassic deposition from distal area of the retroarc-foreland basin, and is found at the base of 

the Entrada Sandstone, Carmel Formation, or Page Sandstone (Pipiringos & O'Sullivan, 1978; 

Bjerrum & Dorsey, 1995).  It carves progressively into the aeolian Navajo Sandstone and older 

strata to the east (Kocurek & Havholm, 1993) where it truncates onto the J-1 (Figure 2.8). The 

J-2 is eroded many places by younger unconformities, including the J-5 (Bjerrum & Dorsey, 

1995).  

 

Figure 2.8: Simplified Mesozoic Stratigraphy of the Colorado Plateu region from Allen, 
et al. (2000). Aeolian, fluvial , marine deposition and unconformities are demonstrated. 
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The J-3, J-4 and J-5 Unconformities 

Previous work by Pipiringos & O’Sullivan 1978 found that the J-3 regional unconformity 

separates the aeolian Entrada Sandstone from the overlying tidal Curtis Formation and is 

supported by; Peterson (1994); Bjerrum & Dorsey (1995); Blakey, et al. (1996); Ogata et al. 

(2014) as well as this thesis. According to Pipiringos & O’Sullivan (1978) the J-3 unconformity 

was “probably not as significant as the other Jurassic unconformities”, primarily because it 

had previously been interpreted to merely be the result of a partial marine transgression from 

the north-west (Bjerrum & Dorsey, 1995). Also, the J-3 is truncated by the J-4 surface east of 

the Uinta Uplift (Figure 2.1, 2.5), which already is an indication of adjustment. The J-4 overlies 

the Summerville formation at San Rafael Swell (Peterson F. , 1994), yet at most localities it 

appears to disappear beneath the J-5 unconformity by truncation. Nevertheless, the J-3 

separates Middle Jurassic deposits of Callovian age from Upper Jurassic deposits of Oxfordian 

age, reflected by the Entrada Sandstone separated from the Curtis Formation by the J-3 (Figure 

2.5).  
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3 Methods 
3.1 Field Techniques 

Data collection is mostly from sedimentological-, and some structural fieldwork. Three 

weeks were spent in Utah, USA, in September 2017, together with three other M.Sc. students; 

Kristine Halvorsen, Nikoline Bromander, and Susanne Tveterås. The main data collected was 

(1) sedimentary logs covering Entrada Sandstone and Curtis Formation boundary with 1:50 

scale, (2) vertical distance measurement between the J-3 unconformity and reference horizons, 

(3) some paleocurrent measurements from log sites where thicker units of Curtis Formation 

was logged, (4) fault offset measurements at locality 6 where outcrop was more accessible, and 

(5) photographs taken at log-sites as well as merely-visited sites. Supplementary photographic 

data was taken from Google Earth Pro where all maps in this thesis have been taken from. 

Additional data from previous work includes thickness map and photograph from Rimkus, A. 

(2016), as well as sedimentary log and photographs from Zuchuat (in press). 

 

 Sedimentary Logs and Log Correlation 
The log-sites were chosen according to accessibility and where the J-3 unconformity was 

clearly visible. Beds have been colour-coded according to outcrop appearance, and thus colour 

in the logs may vary slightly for each locality. At locality 1 and 4 (Appendix A, and B) a 30 

and 80 meter thick succession was logged, representative of the outcropping lithology.  At 

locality 6.1 and 6.2 logs were shorter due to accessibility of smaller vertical extension 

(Appendix C.1 and C.2) For log-sites where log-correlation was relevant, an additional 3-5 

shorter sedimentary sections were measured.  

The logs from locality 1 and 6 (Appendix A and C) have been utilized to create log 

correlations in order to determine more specific relief of the J-3 unconformity. As significant 

erosions had removed registered reference beds, required vertical measurement of the Entrada 

Sandstone was necessary. Hence, 2-3 reference beds were used for both log correlations, due 

erosion removing primary reference beds. Reference beds and points were used to calculate the 

thickness between the reference bed and J-3 unconformity at log sites. Different reference beds 

were used for locality 1 and locality 6, due to inaccessibility of the same reference beds.  
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 Photographic Interpretation 
In order to attain accurate distance between logs to create log correlation and distance between 

localities visited, the ruler tool in google earth pro was utilized to measure horizontal-distances. 

 

 Determination of Facies and Facies Association 
Sedimentary units of interest were those appearing close beneath and above the J-3 

unconformity of which would pertain the Entrada Sandstone or the Curtis Formation. 

Technique applied to determine facies and facies association involved measurement of grain 

size, structures (rip-up clasts, ripples, plane layers, undulating, clasts presence etc.), bed 

thickness (by use of ruler), colour, and bed boundary appearance (straight, erosional, 

truncating, and so forth) which accordingly was used in determining facies. Facies occurring 

together vertically repeatedly would be registered as a facies associations.   

 

 Unconformity configuration characterization 
The boundary between the Entrada Sandstone, and Curtis Formation has been carefully 

studied at each locality concerning the J-3 erosional expression. Its appearance, whether it was 

undulated, faulted, flat or displayed another expression was registered together with the overall 

relief. Then the variety of characteristics observed from all localities were classified according 

to geomorphological order. Classification of expressions according to order of event in time 

was initially attempted, however, this idea was let go as erosional events adjusting the J-3 

unconformity were found to overlap in time and space, suggesting that the J-3 is not an ideal 

time-barrier representative.  
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4 Data 
 

4.1 Logs 
Locality Number of Logs Appendix 

1 Humbug Flats East 4  A 

4 Smith’s Cabin North 1 B 

6.1 Shadscale Mesa I 1 C.1 

6.2 Shadscale Mesa II 6 C.2 

 

 

4.2 Photos 
Locality Chapter 5 Figures Chapter 6 Figures 

1 5.1-5.7,5.10, 5.14, 5.16-5.18,5.21 6.4, 6.15 

2  6.5-6.7 

3  6.8 

4 5.8,5.11-5.13,5.19,,5.22 6.9 

6.1 5.20  

6.2 5.1,5.9,5.14,5.15, 6.10,6.11, 6.16 

 

 

4.3 Tables: 
Facies 20       (Table 5.1) 

Facies Associations 6         (Table 5.2) 

J-3 Expressions 7         (Table 6.1) 

Mechanisms of Erosion 5         (Table 6.2) 
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5   Results I: Facies 
 

Three main facies associations have been observed in the Entrada Sandstone, one of which 

represents the upper boundary of the lowermost Entrada Sandstone unit, the Slick-Rock 

member, and two of which represents the earthy facies, the uppermost unit of the Entrada 

Sandstone (Entrada Sandstone, Chapter 2.3.2). Hence, the term earthy facies has previously 

has been used as informal nomenclature, and will also now be used to informally address facies 

pertaining upper unit of the Entrada Sandstone that reflects a wet aeolian environment 

(Kocurek & Dott, 1983; Hintze & Kowallis, 2009), contra the Slick-Rock Member, which 

reflects an arid-to-semi arid aeolian erg deposition with cross-stratified units and dune 

complexes. 

 

The facies studied from the Entrada Sandstone have been divided into the following facies 

association (FA): 

1a: Sabkha: Coastal and Inland 

a. Coastal Sabkha 

b. Inland Sabkha 

2. Wet aeolian dune and interdune 

3. Aeolian fluvial splay 

 

The Curtis Formation consists of tidally influenced sediments deposited during marine 

transgression of relative base-level rise. The facies studied were chiefly those in close contact 

with the J-3 unconformity, of which have been divided into the following facies associations: 

 

4. Beach to Upper Shoreface 

5a. Mud-dominated Subtidal Heterolithic Strata 

5b. Sand dominated Subtidal Heterolithic Strata 

6a.   Sandy tidal flat 

6b. Correlative Channel Infill 
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 Facies A: Structureless Earthy Sandstone 
Entrada Sandstone 

Description: Facies A is a dark-rusty red to brown, silty to fine sandstone exhibiting no 

structure (Figure 5.3a). It commonly appears with bed thickness of 1-3 meters, and may appear 

amalgamated in packages of 7 meters, often stacked with alternating beds of Facies J. Facies 

A is the most common facies found within the upper Entrada study interval, and appears as 

structureless with a rounded surface when weathered. Facies A is often found together with 

pale sand lenses from Facies C. Some localities are more heavily weathered and display 

desiccation cracks in the silty part of Facies A.  The upper basal boundary tends to gradually 

become bleached green when in direct contact with the overlying J-3 unconformity. The facies 

may even be entirely yellow, exemplified by a 1 meter bed in contact with the J-3 unconformity 

at Locality 1, Humbug Flats East (Log 2, Appendix A).  

 

Interpretation: The rusty red colour is due to iron oxidation from subaerial exposure (Boggs, 

2006) reflecting its origin from an aeolian system. The lack of structure suggests alternation 

between periods of wetting and drying, destroying primary features due to combination of 

weathering and fluid presence. This is a common feature for interdune (Ahlbrandt & Fryberger, 

1981) which reflect a transition from dry to wet conditions. Facies A may also be loess, which 

are silt-sized clastic sediments deposited by wind, and are often reworked by syn-depositional 

weathering (Pye, 1995; Jennings, 2014). The sandy lenses of Facies C commonly grow in 

subaerially exposed occasionally flooded areas, such as supratidal flats of sabkhas (Dalrymple 

& James, 2010), which this is interpreted to pertain.  

 

 Facies B: Plane Parallel Laminated mudstone with localized Evaporite 

concretions 
Entrada Sandstone 

Description: Brown-to-red clay to silty mudstone with plane parallel lamination (Facies B, 

Figure 5.2b-c). The laminae colour alternates between brown/red and white, stacked upon each 

other within the bed.  Beds are upward-thinning, and commonly start with an individual bed 

thickness of 0.4 meters. Lamination frequency increases along with colour alternation, and 

lamination thinning upward (Figure 5.3c). Facies B may contain mud chips and mud clasts, as 

well as evaporite concretions. The evaporite concretions appear both within the plane parallel 
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laminae, as well as when the mudstone is polygonal fractured (Figure 5.3c, d).  The evaporite 

concretions are up to 2 cm thick, and extend 3-5 cm laterally.  

 

Interpretation: The parallel laminated mudstone reflects a relative calm environment subject 

to shallow water-level alternation. Subaerial exposure has created desiccation cracks and 

desiccation cracks creating the desiccation marks and the dark brown to red colour due to iron 

oxidation from subaerial exposure (Boggs, 2008). The presence of evaporites suggests 

occasional flooding during warm periods (Dalrymple & James, 2010). According to (Ahlbrandt 

& Fryberger, 1981), precipitation of evaporite cement may take place in any wet interdune 

simultaneously as desiccation cracks develop on the surface, and polygonal desiccation shape 

may suggest multiple events of evaporite fracturing in a cemented sandstone (Kocurek & 

Crabaugh, 1998). Therefore, the polygonal shapes hosted in Facies B is interpreted as a 

secondary process (Figure 5.1).  

 

 
 Facies C: Sandy siltstone with pale sand lenses and wispy laminae 

Entrada Sandstone 

Description: Facies C consists of a brown siltstone matrix with very fine white-to-pale patches 

of lenses or undulating layers (Figure 5.2e, f). The sandy lenses are irregular in size, varying 

from mm- to cm-scale in both width and length (Figure 5.2f). The undulating layers usually 

make up 5-15 cm thick beds. The units show no particular inner structure. The surrounding 

.  

	

Figure 5. 1: Polygonal shaped fracture in facies association B, recorded at locality 1, Humbug Flats 
East (log 2). Potentially, this may be sstructureless Mudstone hosting polygonal fracturing 
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lamination of the lenses is commonly wispy or disturbed. This facies reacts moderately with 

hydrofluoric acid.  

 

Interpretation: The small amount of sandy lenses and sandy silt reflects a short-lived 

deposition of sand. The pale colour developed due to bleaching potentially reflects presence of 

roots. For roots to develop, an environment that allows for decomposition of plants is 

necessary, common for a sabkha environment. These sandy silt and pale sand lenses (Figure 

5.3e) have been interpreted to be immature desert soils (Sundal A. , et al., 2016). The wispy 

and disturbed lamination surrounding the lenses represents a process that has destroyed  the 

original plane laminated features (Figure  5.2e, f). Here, the disturbed lamination also consists 

of carbonate that has developed due to repeated growth and dissolution of evaporite (Dalrymple 

& James, 2010). The patchy fabric of the sandy lenses, or mottling, are products of salt growth, 

which occurs when salt flats are subject to depositional processes of tidal marine, alluvial and 

aeolian origin  (Goddal & North, 2000) due to “efflorescent and precipitation of salt crusts” . 

Hence, this facies appears with varying degree of haloturbation, whether it  appears as white-

to-pale patches of sand or undulaying layers surrounded by wispy and disturbed lamination, 

both of which are former salt crust remains (Figure 5.2f) (Warren, 2006). 

Figure 5.2: (a)	Facies A is has 
an earthy colour, and 
characteristically structureless. 
Facies B is a plane parallel 
laminated (b), with an upward 
increase in pale lamination (c) 
and growth of evaporite 
concretions. Polygonal 
fractures also host evaporite 
concretion (d).  Facies C 
demonstrating patches of sandy 
lenses (or mottling) (e) are 
often surrounded by wispy 
lamination (f) which here is 
haloturbation of laminated 
sandy siltstone. Photos: a, e and 
f: Humbug Flats East, b, c and 
d: Shadscale Mesa, Utah, 2017 
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 Facies D: Tangential Cross-stratified Dune 
Entrada Sandstone 

Description: Facies D is a brown to red very fine to fine sandstone dune with thick sets of 

unidirectional tabular cross-stratification with climbing tangential foreset beds. The individual 

dune-sets have a 6.5 cm separation (Figure 5.3a) and make up three dunes separating bed 

boundaries by lateral erosional surfaces. Each dune has a bed thickness of 1.5-2 meters, making 

up dune packages of approximately 4 meters. Where Facies D is present, it is vastly covered 

by deformation bands and shows localized bleaching along fractures and bed boundaries, 

which also contain calcite veins (Figure 5.3b).  

 

Interpretation: Facies D is interpreted to be an aeolian dune deposit due to its high angle 

cross-stratification (Dalrymple & Morris, 2007). The climbing feature of the cross-strata 

reveals its association to a wet aeolian system (Kocurek & Crabaugh, 1998). Dunes indicate 

unidirectional current flow, and the thickness of the dune sets reveal that the facies categorizes 

as large-scale cross-bedding (Boggs, 2014). Colour variation in the facies suggests weakness 

zones, where bleaching occurs along fractures and bed boundaries due to fluid has migrated 

(Sundal A. , et al., 2016). The thick sets between the cross-stratification reflects low energy 

deposition, where sediments have had time to accumulate in a subaqueous environment, 

forming thick sets of cross-stratified dunes by migration of 3D dunes (Kocurek & Crabaugh, 

1998). Colour variation in the facies indicates areas of weakness, so where bleached along 

fractures and bed boundaries, is where fluid has migrated (Sundal A. , et al., 2016)  

 

Figure 5. 3: (a) Displays two tangential cross stratified megadunes separated by an erosional surface. 
Each megadune has a thickness of ca. 2 meters. Deformation bands are marked as white lines, and dunes 
as black dashed strokes. (B) demonstrates close-up of megadunes where bleaching and calcite veins 
becomes visible. Photos: Humbug Flats East, Utah, 2017. 
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 Facies E: Cross-to-planar Stratified Dune 
Entrada Sandstone 

Description:  Facies E consists of fine to medium white and gray sandstone with thin sets of 

stratified dunes, and alternates between being cross-stratified dunes (CSD), wavy to plane 

parallel stratified dunes (PPLD) within the same sequence. The dune sets are 0.5-2 cm thick 

and appear as beds of 1-1.5 meters amalgamated in packages of three dunes that are separated 

by lateral erosional reactivation surfaces (Figure 5.4). Facies E is highly concentrated with 

deformation bands that stick out in stratigraphy, and from Hammersmith measurements, the 

tensile strength of beds pertaining facies is 0,68 MPa, which is lower than of Facies D 

(Bromander, N., 2018). This facies is often referred to as the Fremont Bed in literature (Hope, 

2015; Sundal A. , et al., 2016). 

 

Interpretation: The alternation between cross-stratified to wavy and planar lamination within 

the same sequence suggests a rapid change in current direction and energy conditions. The 

layers are thin sets since they are less than 2 cm in size (Kocurek & Crabaugh, 1998), and the 

grain size is coarser than in Facies D (above). This suggests that accumulation and deposition 

occurred rapidly, and energy was high during time of deposition. Although Facies E carries 

resemblance to Facies D, they have been separated into two difference facies due to the 

abundant concentration of deformation bands in Facies E, contra Facies D. Facies E has a 

higher porosity and a weaker tensile strength than Facies D (Bromander, 2018), signifying it 

will be heavier affected by destructive processes than Facies D. The difference of how Facies 

D and E respond to deformation is what separates them into distinguishable facies. 

 

Figure 5. 4:(a) Cross stratified dunes (CSD) intersecting with plane parallel dunes (PPLD) within same bed of 
Facies E. Dune set thickness of min. 0.5 cm was found (b) and facies appears with a great amount of 
deformation bands.  Photos: Humbug Flats East, Utah, 2017 
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 Facies F: Low-angle Undulating to Rippled Sandstone 
Entrada Sandstone 

Description: Facies F consist of yellow to brown and white to gray well-consolidated 

sandstone with grainsize from very fine to medium. The top contact of Facies F gradually 

transition to overlying Facies D, whereas the boundary to underlying Facies E is more 

erosional, with low-angle undulation (Figure 5.5), and the facies appears with inverse 

gradation. Facies F makes up individual beds of 5-15 cm that consist of thin layer (1-4 cm 

thickness) with unidirectional cross-stratified asymmetrical ripples, however the foresets are 

commonly difficult to identify due to low relief (Bromander, 2018). Typically, Facies F appears 

as a package of 1.5-2 meters, containing five individual beds. The beds are separated by low 

angle undulating erosional surfaces (Figure 5.5a), and the erosional surfaces contain empty 

clasts of min 2 cm diameter, which also is found within Facies D (Figure 5.18). 

Locally, thin layers (1-4 mm) of silt and mud have been observed within the erosional 

surfaces (Bromander, Facies-controlled reservoir quality and preferential deformation in 

sandstone reservoirs; a case study from the Entrada Sandstone, Utah, USA, 2018). Facies F 

appears with some localized bleaching and black patches of oxidation rims. There is potentially 

some soft sediment deformation present; however weathering makes it difficult to say with 

complete certainty.  

 

Interpretation: The (1) low angle- to undulating erosional surfaces, (2) possible soft sediment 

deformation, (3) potential asymmetrical ripples in porous beds, and (4) cross lamination, 

indicates sand deposition in a unidirectional flow with a high sedimentation rate in comparison 

to current migration rate (Boggs, 2014, James, 2010). The undulating erosional surfaces and 

weathering has developed due to fluctuation in water table, possibly followed by the influence 

of a fluvial environment that has created strong unidirectional current rippled lamination.  

Facies F is interpreted to be an aeolian interdune of shallow marine origin with sustenance 

from Fryberger, et al. (1983) who presents a depositional model of a seaward prograding 

aeolian system. This model expresses that aeolian interdunes have a gradual contact with 

overlying aeolian deposit (Facies D) and erosional contact with underlying Aeolian deposit 

(Facies E) (Fryberger, Al-Sari, & Clisham, 1983), which is the case for Facies F (Figure 5.5). 

Furthermore this model states that interdune facies is expected to be thinner than its 

neighboring aeolian dune facies (Figure 5.16), and that change in sea level preserves aeolian 

deposition beneath the average sedimentation base level (Fryberger, Al-Sari, & Clisham, 
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1983). Due to uncertainty of the ripple asymmetry and the presence of soft sediment 

deformation, this facies is interpreted to be a wet depositional interdune since it is water-

saturated, well cemented and appears to have been affected by several occasions of fluctuating 

water table. The ripples with their asymmetric foreset are potentially adhesion ripples (which 

may show resemblance to fluvial current ripples) formed by adhesion of strong current wind-

blown sand that has come in contact with a wet surface (Kocurek & Fielder, 1982; Fryberger, 

Al-Sari, & Clisham, 1983). The bleaching and black patches may be of secondary processes; 

however, they may also be from roots, of which organic material has decomposed during times 

where water table was higher.  
 

Figure 5. 5: Facies F (a) separated into 4-5 beds bounded by undulating erosional surfaces that make up 
packages of 1,2 m, and  (b) shows potential soft-sediment deformation. Photos: Humbug Flats East, Utah, 2017. 
 
 

 Facies G: Rippled –to faded laminated sandstone  
Entrada Sandstone  

Description: Facies G consists of very fine to fine red to bleached sandstone beds with 

asymmetrical ripple lamination (Figure 5.6).  Ripples are best preserved on the stoss-side, and 

shows variation of 1-5 cm in thickness (Figure 5.6a, c). Paleocurrent measurements of ripples 

exhibits direction toward ESE (100°), and NNE (065°). The sandstone beds have a thickness 

of 10-30 cm. When bleached, the beds of Facies G are thinner (15 cm) and the ripples inner 

structures are faded, sometimes even structureless (Figure 5.6b-d), whereas in the red beds the 

inner structures are better preserved and beds are thicker (40 cm). Facies G commonly appears 

vertically stacked with clay-rich mudstone (Facies J) and discontinuous layers of immature 

paleosol (Facies I) with an upward cleaning trend.  

 

Interpretation: Asymmetrical ripples indicate that deposition of unidirectional flow, yet the 

different in paleocurrent measurements suggests at least one shift in current direction. The 

ripples are found above the parallel laminated sandstone, commonly within the same bed which 
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suggests that a flooding event causing parallel laminae, was followed by unidirectional flow. 

The variation of paleocurrent direction suggests at least one shift in current direction change. 

Considering that this facies appears with beds pinching out, mud drapes and change of current 

direction suggests an environment such as a crevasse splay or overbank splay, as repeated 

flooding had different direction of flow. The bleaching of the sandstone is interpreted as 

decomposition of organic material, and the nearly-structureless appearance of some of these 

beds is due to weathering from rise and fall in water-level.  

 

 
 

 Facies H: Cross-laminated and stratified Sandstone   
Entrada Sandstone  

Definition: This facies is a very fine to fine, rusty red to pale sandstone that consists of 

climbing-ripple cross-laminations. The inclined layered sets have an angle of 20°-30° where 

both stoss and lee side is preserved, and displays a thickness of 4 cm and is bounded by non-

erosional contacts (Figure 5.7). Paleocurrent measurements show current direction towards 

ESE (119°) with ripple size variation of 0.5-2 cm. The ripples in the bed aggrade upward, 

changing from rippled laminae to climbing ripples in cross-laminated sandstone at top of bed. 

The bed thickness of Facies H show 10-40 cm, and is interbedded thin units of clay-rich 

mudstone (Facies J).  

 

Interpretation: The asymmetry of the ripples and paleocurrent measurement shows that 

Facies H was deposited unidirectional towards ESE. The preservation of both lee-, and stoss-

Figure 5.6:Four images 
display how Facies G 
responds to weathering, 
starting with (a) where 
facies is less weathered 
and ripples are visible, 
to (b) and (d ) where 
structures are no longer 
visible. In (c ) faded 
ripples are visible, and 
(d) shows that Facies I 
and J commonly appear 
with Facies G.  Photos: 
Humbug Flats East, 
Utah, 2017. 
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side as well as the non-erosional contact between the inclined sets of top bed climbing ripples 

and suggest that rate of aggradation has been much greater than rate of progradation, creating 

supra-critical angles of climb (Allen J. R., 1970).  Since deposition has taken place, it means 

that transport rate has declined over time in the direction of current flow (Allen J. R., 1970), 

hence going from relatively high energy to low energy, which can also be supported by the 

comparatively high angle of inclined sets and climbing ripples. The aggradation of the ripples 

decreases upward, showing a lowering of angle of climb, such that the sedimentation rate is 

either lowering and/or the available accommodation has become more limited.  

The beds of this facies sticks more out in stratigraphy than overlying and underlying 

facies (Figure 5.17c, d) which underscores that Facies H is relatively more resistant. Climbing 

ripples commonly develop when deposition rate is high from suspension during migration, of 

either (1) current ripple or (2) wave ripple (Boggs, 2014). The erosional surface at base of bed 

followed by climbing ripples in cross-laminated sandstone at top of bed is common for distal 

terminal splay.   

 

Figure 5. 7: Through cross-stratified ripples of relatively high angle and ripple unit of 4 cm (a) was often found 
together with (b), that shows cross-laminated tabular climbing ripples, where internal structures are better 
preserved, but also shows some fracturing. Photos: Humbug Flats East, Utah, 2017. 
 

  Facies I: Immature Paleosol 
Entrada Sandstone and Curtis Formation 

Description: Facies I consists of a dark purple to green loose silt hosted by Facies B or Facies 

J (Figure 5.8). Immature paleosol layers appear with thickness of 2-6, amalgamated in beds of 

10-25 cm with host rock. Facies I appears as a solitary units as well as vertically stacked (Figure 

5.8a). When found within the Entrada Sandstone, Facies I exhibits an undulating and 

discontinuous character, whereas when found within the Curtis Formation, Facies I displays a 

continuous, plane parallel and relatively thinner lamination.  
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Interpretation:  Paleosols are fossil soil that developed in a previous depositional system or 

environment during long times of landscape stability (Kraus M. J., 1999). Solitary and 

relatively thicker paleosols are often more well-developed due to exposure of a longer time of 

landscape stability, post-dating an unconformity created due to relative fall in sea level. 

Vertically stacked paleosols commonly develop during net aggradation in a sedimentary 

system (Kraus M. J., 1999). The paleosol found at the localities studied, all appear very 

immature, which is common for alluvial systems in alluvial flats (Kraus & Aslan, 1993). 

Figure 5. 8: Immature paleosol as thin vertically stacked layers in Curtis Formation (a) and solitary with Facies 
J in the Entrada Sandstone (b).  Photos: (a) Smiths Cabin North, (b) Shadscale Mesa, Utah, 2017. 
 

  Facies J: Clay-rich mudstone (Silty Sediment)  
Entrada Sandstone and Curtis Formation 

Description: Facies J is a dark red-to-light brown, and green clay-rich to silty mudstone that’s 

5 to 50 cm thick when found within the Entrada Sandstone, and 0.1-10 cm thick when found 

within the Curtis Formation.  This facies appears locally with a green colour (Figure 5.9c) 

within the Curtis Formation. The matrix consists of clay-silty grainsize and appears as both 

well-consolidated and poorly consolidated (Figure 5.9b, d). Facies J may appear as vertically 

stacked with another facies, or as interfingering with facies A (Structureless earthy sandstone). 

For the latter situation the basal contact of the bed are undulating, otherwise sharp basal contact. 

The clay-rich mudstone is featureless, and displays no particular structure, with the exception 

for localized mud cracks. Clay-rich mudstone also appears hosting Facies I (Immature 

paleosols) or Facies C (Sandy siltstone with pale sand lenses and wispy laminae). 

 

Interpretation: The high clay-content in the mudstone reflects marine deposition during wet 

climate. This suggests that original structures have been destroyed during drying periods which 

is also when mud cracks developed. When Facies J appears with a green colour, it is due to the 

presence of glauconite or chlorite (Sundal A. , et al., 2016). 
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Figure 5. 9: Facies J is found at all localities, and appears as well-consolidated (a), poorly consolidated (b) with 
paleosols (b and d) and with a green colour in the Curtis Formation (c). Photos: Shadscale Mesa, Utah, 2017. 
 

 Facies K: Thin sets of Plane Parallel Stratified Sandstone 
Curtis Formation 

Description 

Facies K is a fine to medium sandstone with plane parallel-stratified (PPS) layers, which appear 

in the same bed as Facies L (Low angle cross-stratified Sandstone with rip-up clasts) (Figure 

5.10). The thickness between each PPS layer is less than 5 mm, whilst beds containing PPS 

layers is approximately 25 cm thick. When amalgamated in the same bed as Facies L, it can be 

up to 50 cm thick. This facies appears locally with packages up to 1.6 meters in outcrop and 

may exhibit soft sedimentation. 

 

Interpretation: 

Plane parallel stratification represents stable environment of upper flow regime, which allows 

for laminar flow conditions (Allen, 1970).The thin layers suggests that this has occurred quite 

hastily, with little time between rise and fall in base level.  This facies is interpreted to represent 

a foreshore environment, where parallel lamination is caused by difference in grain size and/or 
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texture (Clifton, 1969), observed as alternation between lighter and darker colours (Figure 

5.10b). 

 

  Facies  L: Low angle cross-stratified Sandstone with rip-up clasts 
 Curtis Formation 

Description: Facies L is a fine to medium low angle cross-stratified sandstone (CSS) with rip-

up clasts and mud drapes (Figure 5.10a). The sandstone appears with a red to slightly grey 

colour, and is very weathered at certain localities. The inclined cross-stratified laminae have 2-

5 cm thickness (Figure 5.10). Common unit thickness for Facies L is 15-20 cm, and is found 

in the same bed as Facies K, of which the bed thickness is 50 cm. Facies L is clay-poor, and 

found overlying the J-3 unconformity. 

 

Interpretation: The cross-stratification with the presence of rip-up mud clasts reflects a 

current-ripples of high-energy environment that has later been tidally exposed creating rip-up 

mud clasts (Allen J. R., 1970).   

 

 
Figure 5. 10: Plane parallel stratification (PPS) from Facies K is found together with Cross-stratification (CCS) 
from Facies L (a). These are often found together with rip up mud clasts (b). 
 
 

  Facies M: Heterolithic siltstone with lenticular sandstone bedding 
Curtis Formation 

Description: This facies consists of green silty sediment (Facies J) with very fine white-to-

pale lenses and discontinuous layers of sandstone.  Characteristically this facies has a higher 

clay content than sand content, and typically appears with a clay: sand ratio of 3:1. Locally at 

the contact of the J-3 unconformity this facies appears with up to 6 cm thick lenses of Facies P 

(Climbing ripple structured sandstone). Otherwise this facies appears with thin sandstone 
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layers with thickness 0,5-3 cm (Figure 5.11e), and  relatively thicker beds of Facies J. Facies 

M often appears as gradually upward cleaning sequence, with overlap from Facies M to Facies 

N (Figure 5.11d,e). 

 

Interpretation:  The green colour of the silt is due to the presence of glauconite, or chlorite 

(Gilluly & Reeside , 1928; Peterson F. , 1994). The dominating amount of silt contra sand (3:1) 

reflects a mud-dominated environment that has been subject to longer periods of high-tides, 

and shorter periods of low-tides, the latter proved by previous work (Zuchuat, in press) who 

found herringbones that are considered flow-reversal indicators. Hence, this facies represents 

an organized alternation of energy in a tidal environment, reflected by ratio of silt and sand 

deposition (Hjulström, 1955).   

 

  Facies N: Heterolithic Sandstone with Wavy bedding 
Curtis Formation 

Description: Facies N is a heterolithic matrix consisting of 1:1 green silty sediment (Facies J) 

and very fine sandstone, which may appear as green, pale or red. Thickness of beds vary 

anywhere between 10 to 50 cm. The sandstone layers display bi-directional ripple lamination 

(Figure 5.11c, d) and the base of the beds appear as erosional undulating surfaces in contact 

with underlying Facies J.  Transition from sandstone- to overlying silty beds is more gradual. 

This facies appears locally above Facies M, and beneath Facies O, where it grades from a mud-

dominated unit to a sand-dominated unit.  

 

Interpretation: The 1:1 distribution of silt and sand in this facies indicates that Facies N may 

pertain a lower-medium energy environment, chiefly due to the relatively higher proportion of 

coarser sediment than Facies M. The units of Facies N are relatively thicker than those in Facies 

M, proposing longer periods of exposure to low and high tides. Furthermore, the higher sand 

content in Facies N suggests it reflects shallower environment than Facies M. In stratigraphic 

logs Facies M gradually transitions into overlying Facies N and then O (Figure 5.11), which 

suggests a shift from marine to shallower environment (Strata Terminology, 2018). Facies N 

is a wavy facies originating from subtidal deposition, appearing in both a mud-dominated and 

sand-dominated subtidal heterolithic environment. The ripples are interpreted as 

multidirectional tidal ripples.  
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  Facies O: Heterolithic Sandstone with Flaser Bedding 
Curtis Formation 

Description: Facies O is very fine to medium sandstone interfingered by discontinuous thin 

layers of greenish to pale silt (Facies J) that has a thickness of 0.5-4 cm, and a discontinuous 

lateral extent. Facies O is similar to Facies M, with the difference that it consists of less silty 

sediment, and show presence of double mud drapes The sandstone layers may appear with 

thickness 1.2 meters before any mud-content is present, or as thinner beds (15-25 cm) 

interbedded by the silt (Figure 5.11b). Facies O appears locally dominated by ripple cross-

stratification (Figure 5.11a). Ripples are both asymmetrical and symmetrical, and the facies 

shows single and double mud drapes (Figure 5.11b)  

 

Interpretation: The sandstone beds are quite similar to Facies N and M, however the overall 

of silty sediment indicates that the depositional rate  and energy level has been too high for silt 

to settle (Sleveland, 2016),  such that Facies J has not had enough time to deposit as for Facies 

M. The mud drapes reflect standing periods of slack water, and double mud drapes signifies 

two subsequent episodes of standing water, which is common for subtidal environments 

(Dalrymple & Davis, 2012) The gradual transition from plane parallel lamination (Facies K) 

at the base of bed to rippled cross-stratification as moving upward in stratigraphy, represents a 

shift from moderate to higher energy conditions (Figure 5.11a). 
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Figure 5. 11: Facies M, N and O are demonstrated with images and figure to left of which clay: sand ratio 
decreases upward. Here, (a) Facies P, and (b) are both versions of  flaser bedding, (c) is wavy bedding, (d) straddles 
somewhere between wavy-to lenticular bedding and finally (e) is lenticular.   
 

 
  Facies P: Climbing ripple structured Sandstone 

Curtis Formation 

Description: Facies P consists of very fine to fine well-sorted sandstone dominated wavy 

rippled beds of 15-20 cm, and may make up packages of 30-40 cm when interfingered by silt 

(Figure 5.12). The base of the beds commonly display clear asymmetrical ripples that appear 

with climbing ripple structure. Forsets are visible, and points toward south-east, which together 

with paleocurrent measurement of 290°, 306°, 318°, 340° confirms current direction changing 

between west and north. Facies P is often found interfingered by thin silty layers of Facies J 

and/or with gradual transition into Facies L (Low angle cross-stratified Sandstone with rip-up 

clasts) and Facies K (plane parallel stratified sandstone) within same bed. When found together 

with Facies L, or K beds make up packages of 1 meter. The ripples are well preserved at base 

of the bed, and are weathered at the top. Moreover, the base of Facies P appears as an erosional 

undulating surface, whereas the top is a sharp contact.  

 



	 Results	I:	Facies		
	 	

	 36	

Interpretation: The well-sorting of the sandstone and highly rippled asymmetrical ripple 

dominance with abundance of foreset, normal grading and occasional appearance of 

symmetrical ripples in between the asymmetrical may suggest that Facies P pertains an 

environment subject to current direction change, where sediments have been reworked prior to 

deposition such as waves. The low clay-content within this facies- if any at all- reveals 

correlation with an upper shoreface environment, where tidal- and wave action is high, such as 

the upper swash zone (Clifton, 1969). The different paleocurrent measurements in these beds, 

only separated by 10-15 cm of Facies K, also supports quick alternation in current flow 

direction.   

 

 
Figure 5. 12: Facies P with asymmetrical and symmetrical ripples, current direction is indicated by white arrow. 
Photos: Smiths Cabin North, Utah, 2017. 
 
 

  Facies Q: Parallel Laminated and Stratified Sandstone 
Curtis Formation 

Description: Facies Q is an orange to pink plane parallel stratified very fine to fine sandstone. 

Units appear locally with thickness 0.1 cm (Figure 5.13c) interbedded by even thinner layers 

silt, vertically stacked in packages of 25 cm (Figure 5.13b). Facies Q appears with thickness 

greater than 12 meters at Smiths Cabin North (Log, Appendix B), stacked vertically by smaller 

units of 1.5 meters.  Facies Q often appears interbedded with Facies J and Facies I, and appear 

with single and double mud-drapes. Furthermore, Facies Q appears with what resembles mud-

cracks at Smiths Cabin North. At Shadscale Mesa, Facies Q shows no presence of mud cracks. 

 

Interpretation: The plane parallel stratification in a very clean sandstone suggests a sandy 

tidal flat of upper flow regime with laminar flow, where very shallow. Mud-cracks and thin 

layers suggests short-lived relative higher-water table followed by subaerial exposure, further 

supported by the interbedding of immature paleosols (Facies I). The orange to pink colour is 



	 Results	I:	Facies		
	 	

	 37	

interpreted to be a result of weathering of iron oxidation (Boggs, 2006).  Furthermore, presence 

of double mud drapes suggests that Facies Q pertains a subtidal environment, with interfingered 

immature paleosols from a supratidal environment.  

 

 
Figure 5. 13: Images demonstrate plane parallel lamination of Facies Q from a far (a) to close up (c). Facies Q 
often appears with solitary units of immature paleosol on sandstone bed, but also within interfingered clay-rich 
mudstone (a, b).  Lamination of Facies Q appears with a minimum thickness of 0.1 cm (c). Photos: Smiths 
Cabin North, Utah, 2017 
 
 

  Facies R: Cross-stratified Gravelly Sandstone 
Curtis Formation  

Description: Facies R is a tabular and trough cross-stratified grey to white dune-like sandstone, 

whose matrix is fine to gravelly (Figure 5.14a). The facies consists of many well sorted gravel 

clasts of 1-3 mm average size. Facies R consists of 50 cm bed packages, with paleocurrent 

measurement confirming a NNW direction. Apparent larger clasts are of extrabasinal material 

and make up 15% of the facies composition. Locally, this facies appears with no or very little 

clasts, abundant in rip-up mud clasts and double mud drapes (Figure 5.14a,d,e) interfingered 

by 1-5 cm thick layers of green Facies J.  Rip-up mud clasts that vary from 1-6 mm in thickness 

and length (Figure 5.14d, e). Facies R has an erosive base and displays a sharp gradational 

contact to overlying Facies S. 

 

Interpretation: The dunes and asymmetry of the cross-stratification suggests unidirectional 

transportation direction of which energy has been high due to the presence of coarser grains. 

Potentially, this facies was fluvially transported up until tidal currents transported and 

rearranged them, as testified by evident tidal signatures, such as mud drapes and rip-up clasts.  

The presence of rip-up mud clasts and double mud drapes is due to tidal currents, reworking 

beds and removing clasts.  
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  Facies S: Graded Horizontally laminated Conglomerate 
Curtis Formation  

Description:  Facies S is a moderate to poorly sorted gray to pale conglomerate with clast size 

varying from 1 mm to 25 mm (Figure 5.14b). Clasts of sub-rounded to rounded appearance 

make up 40-50 %  of the composition, hence Facies S is conglomerate borne, where the finer 

grains appear randomly distributed among the coarsest with an upward coarsening trend 

(Figure  5.14b). Facies S appears straight above Facies R with a 50 cm bed thickness of 

horizontally laminated layers separated by erosional surfaces. Layers have a tendency to appear 

as thin undulating packages, but have a horizontal laminated trend (Figure 5.15.b, f). Facies S 

may appear locally with double mud drapes base of bed with mud rip-up clast in horizontal 

layers.  

 

Interpretation: The poorly sorted grains, abundant amount of coarser clasts randomly 

distributed with finer grains, proposes a high-energy process. Further, facies S is most likely 

the result of a rapid deposition, where there’s no specific orientation of clasts and it is upward 

fining. The normal graded appearance of bed-packages of Facies S (Figure  5.14b) where 

coarser grains have been deposited first followed by deposition of finer sediments that have 

settled later. Locally, Facies S also appears with rip-up clasts above the base of the bed. This 

may be due to standing body of waters, such as tides, removing clasts from the bed. The double 

mud drapes as in Facies R reflect periods of standing water-level, suggesting a tidal impact on 

the system, as facies R was. 
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Figure 5.14: Facies R and S are found together (c). Facies R is clearly cross-stratified (a) and Facies S horizontally 
laminated (b). Sometimes Facies R appear with rip-up clasts instead of clasts (d, e), where green silty sediment 
are interbedded with cross-stratified layers. Photos: (a-c): Humbug Flats East, (d-e): Smiths Cabin North, Utah, 
USA, 2017. 
 
 

  Facies T: Cross-stratified sandstone arranged in Tidal bundles 
Curtis Formation  

Description: Facies T is a pale to grey clean fine sandstone with faded tangential cross-

stratification arranged in tidal bundles that appears at locality 6. Some of the stratification 

interferes with what appears tangential cross-stratification (Logs 1-6, Appendix C). Facies T 

stands out in stratigraphy when weathered, and has been registered with a maximum bed 

thickness of 3.5 meters at Shadscale Mesa (Logs 3 and 5, Appendix C.2). Facies T has been 

recorded overlying green or dark-brown Facies J, separated by a Major Transgression Surface 
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(Fig. 6.10). It also appears directly above the J-3 unconformity where contact is locally 

erosional, eroding parts of the small fault planes (Figure 5.15b).  

 

Interpretation: The high sand content indicates a proximal deposition of sedimentary units in 

a coastal setting and more constant energy level in the system, in comparison to the more 

heterolithic deposits (Facies M, N and O). The presence of tangential-to- interference cross-

stratification indicates the migration of 3D dunes. Potentially the cross-stratification display 

strong orientation differences, which forms in tidal areas and current can flow opposite 

directions. This facies’ lower contact corresponds to the regional Major Transgression Surface 

(Figure 6.10) and is the same facies used in Zuchuat et al.’s (in press) middle Curtis Formation. 

 

.  

 

 

 

 

 

 

  

Figure 5. 15:	Facies T lying directly above the J-3 unconformity at locality 6, 
Shadscale Mesa 
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Table 5. 1: Summary table of Facies of the Entrada Sandstone and Curtis Formation 
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5.2 Facies Associations (FA) 
The sedimentary systems of the Upper Jurassic Entrada Sandstone is interpreted to be a wet 

aeolian depositional system (Crabaugh & Kocurek, 1993), and field observation demonstrate 

transition between sabkha, aeolian and overbank to distal terminal fluvial splay. The Upper 

Entrada Sandstone represents regular environmental shifts between dry, tidal, and flash-flood 

conditions (Valenza, 2016). The J-3 regional unconformity separates the Middle Jurassic 

Entrada Sandstone from the Upper Jurassic Curtis Formation, of which is further informed 

about in Chapter 6.3.  

The facies associations (FA) studied in the Curtis Formation represents environmental 

gradational change from beach and upper shoreface to subtidal- intertidal- to sandy tidal flat 

and correlative channel infill. Described below are six main facies associations, FA 1 – 3 

pertain the Upper Entrada Sandstone and 4-6 represents the Curtis Formation. 

 
Table 5. 2: Facies Associations within the Entrada Sandstone and Curtis Formation 
 

 



	 Results	I:	Facies		
	 	

	 43	

 
 

 

 Facies Association 1 (FA 1): Sabkha  
Entrada Sandstone 

Description:  
FA 1 is characterized by the domination of Facies A (Structureless earthy sandstone) 

or Facies B (Plane Parallel Laminated mudstone with localized Evaporite concretions). Facies 

A appears in the northern localities, interbedded by Facies C (Sandy siltstone with pale sand 

lenses and wispy laminae) and J (Clay-rich Mudstone) (Figure 5.17). Facies B appears in the 

southern localities, interbedded by Facies C, I (immature paleosols) and J.  (Figure 5.20). 

Facies A and B appear as 2.5-7 meter thick beds, whereas Facies I and J appear with 0.5-1 

meter thickness. Facies C appears interbedded as well as hosted within Facies A and B. FA 1 

is always found overlying FA 2 (Log, Appendix B).  FA 1 is in direct contact with the overlying 

J-3 unconformity at all localities, represented by Facies A at locality 1(Humbug Flats East), 3 

(Cedar Mountain) and 4 (Smiths Cabin North), and Facies B at locality 5 (South of Interstate-

70) and 6 (Shadscale Mesa 6.1 and 6.2). 

Figure 5.16: Partly interpreted image from locality 1 (Humbug Flats East)  Utah, showing the facies associations 
studied in the Upper Jurassic Entrada Sandstone. Note how Entrada Faults cut through all the facies associations 
(FA1, FA2 and FA 3), and the presence of bleaching along fractures in FA 2. Here FA1 is represented by inland 
sabkha. 
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Interpretation:  
FA 1 illustrates a shift between wet and dry conditions, and the facies’ bed thickness 

indicate how long each bed unit has been exposed to humid and dry periods. Due to occurrence 

of Facies A and B nearly always separately for each locality studied, they have each been 

interpreted as representing a sub-environment of facies association 1.  

 

FA 1a: Coastal Sabkha (Facies B, C, I, J) 

The presence of 25 cm thick horizontally and discontinuous layers of immature 

paleosols interbedded with Facies B (Figure 5.15) suggests alternation between shallow 

laminar flow and subaerial exposure. The plane parallel lamination of Facies B interbedded 

with units of these immature paleosols suggests that FA 1 in the southern localities has been 

subject to humid conditions for periods long enough to allow roots growth (Kraus M. J., 1999). 

Furthermore, Facies B appears hosting polygonal fractures, and concretions of evaporite 

(Figure 5.2c, d) which verifies interaction between humid and dry conditions. These are typical 

features of a Sabkha environment (Dalrymple & James, 2010), and according to Kocurek 

(1980) the development of evaporite concretions is often facilitated by presence of desiccation 

cracks. The above-mentioned features together with the well preservation of Facies B, C, I and 

J suggests that FA 1a represents a coastal sabkha environment (Figure 5.20) where deposition 

has taken place close to shoreline with frequent alternation between shallow marine water and 

subaerial exposure. 

 

FA 1b: Inland Sabkha (Facies A, C, J) 

Facies A dominates FA 1b with beds reaching 7 meters thickness at locality 1 (Figure 

5.17). Facies A displays no inner primary feature, yet appears hosting white to pale sandy 

lenses from Facies C (Logs, Appendix A, B). The pale color of the sandy lenses is caused by 

underdeveloped roots due to evaporation of soil during dry periods (Dalrymple & James, 

2010). The mottled expression of Facies C is the result of salt growth on aeolian sediment 

(Warren, 2006) (Figure 5.2e), which commonly takes placed in a semi-closed to closed 

environment where saline conditions are favored. The thickness of salt crust and size of sandy 

lenses is proportional with water table depth, so a shallower water table will produce a thicker 

salt crust (Goddall et al., 2000). Facies A appears interbedded by haloturbated units of Facies 

C with a relatively thick salt crust of 0.8 meters (Figure 5.2f), revealing that sediments have 

been greatly disturbed (Warren, 2006). 
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FA 1b has potentially been weathered and reworked by erosion for a longer period of 

time in the north than FA 1a in the south (Figure 5.3). Facies A straddles between being 

interpreted as a sabkha interdune, coastal sabkha deposit, loess sediment, or dune, of which the 

original structure has been destroyed due to weathering. However, the interpretation that Facies 

A may be a loess is compatible to the interpreted facies association, as loess are terrestrial silty 

clastic sediments exhibiting no inner feature and commonly deposited between erg margins 

and inland sabkhas (Pye, 1995; Jennings, 2014). Furthermore, plane parallel lamination within 

FA 1b is nearly non-existent at the northern localities, (Figure 5.2e, f) 

Typically, wispy lamination of salt growth, evaporation of soils, and haloturbation is a 

common for an inland sabkha environment (Glennie, 1970). At locality 1 sediments appear to 

have been exposed to rapid and short-lived periods of wetting, such as flash floods, and longer 

dry periods than in the south at locality 5 and 6. Hence, alternation between wind-blown 

weathering and short-lived flash floods which erode and weather beds may explain the poor 

preservation of structures within Facies A, and heavily disturbed Facies C. The evaporation of 

soil, wavy and wispy lamination, as well as salt growth indicate that FA 1b (Figure 5.2, 5.17) 

represents a closed system that is more saline, such as an inland sabkha. 

Figure 5. 17: Image demonstrates relationship between FA 1, FA 5b, FA 6b, and the J-3 unconformity. At 
this locality both FA 1a: coastal sabkha, and FA1b: inland sabkha appear. Photo: Humbug Flats East, Utah, 
2017 and correlative log. 
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 Facies Association 2 (FA 2): Wet aeolian dune and interdune 
Entrada Sandstone 

Description: FA 2 consists of Facies D (Tangential Cross-stratified dune), E (Cross-to-

planar stratified dune) and F (Low Angle Undulating to Rippled Sandstone). Facies D, and E 

display similarity in appearing as 3-5 meters dune packages (FA 2, Figure 5.16) separated by 

3 lateral erosional surfaces (Figure 5.18b). Facies F is relatively thinner and more water 

saturated and commonly appears in between Facies D and E, with a gradual transition to 

overlying Facies D, and erosional boundary to underlying Facies E (Figure 5.18a). FA 2 

demonstrates a gradual transition to FA 1a, where Facies D underlies Facies A at locality 1. 

 

Interpretation:  
An aeolian system commonly develops during highstand system tract (HST) and falling 

stage system tract (FSST) as base level rise decreases, is surpassed by sedimentation rate 

allowing for transportation, accumulation, and preservation of dunes as previously mentioned 

in Figure 2.5. (Kocurek & Havholm, 1993; Moutney, 2006). Facies D exhibits high-angle 

cross-stratification with climbing ripples of which is a good indicator of an aeolian system. 

Both Facies D and E appear with dune-sets, however, the thickness between dune-sets vary 

and the type of stratification as well (Figure 5.3, 5.4). This suggests that Facies D and E 

developed during different times, thus different cycles of dune construction and destruction 

(Figure 2.6). The thick dune sets in Facies D represent low energy conditions, where sediments 

have had time to accumulate in a subaqueous environment forming thick sets of cross-

stratification (Figure 5.3). The potentially climbing ripples at top implies that rate of deposition 

has exceeded base-level rise and dunes have migrated (Chapter 5.1.5).  Facies E consists of 

relatively thinner dune sets separating planar- and cross-stratified dunes (Figure 5.4), with 

coarser grain size than Facies D (Log, Figure 5.18b), proposing relatively higher energy 

conditions during dune construction of Facies E. Lateral erosional surfaces separating the beds 

of facies, and the facies from each other represent a change in water-table position (Figure 5.3a, 

5.18) (Crabaugh & Kocurek, 1993). 

Facies F is interpreted as a wet aeolian interdune subject to water-saturation, lying 

between Facies D and E, of which are interpreted as wet aeolian dunes. This is because a wet 

aeolian system has a shallow water table, with interdune-flats construction taking place within 

the capillary fringe (Kocurek & Crabaugh, 1998). The capillary fringe is a tension-saturated 
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zone above the water table where pores in the matrix become water saturated as ground water 

rises despite fluid pressure being less than atmospheric pressure (GWRTAC, 2018).  
 

 
Figure 5. 18: Facies Association 2 with Facies D, E and F. Notice how Facies E is considerably thinner relative 
to the other Facies, also shown in the log. Photo and Log: Humbug Flats East, Utah, 2017. 
 

 
 Facies Association 3 (FA 3):  Overbank- and distal terminal splay  

Entrada Sandstone 

Description:  
FA 3 consists of Facies G (Ripple-to-faded laminated sandstone), H (cross-laminated 

and stratified sandstone) and Facies J (Clay-rich mudstone) (Figure 5.19).  Facies G and H both 

appear interbedded with clay-rich mudstone, however Facies J is darker and hosts Facies I 

when found together with Facies G (Figure 5.19a, b). On the other hand, when Facies J appears 

interbedded with Facies H, the colour of Facies J is lighter, layers are thinner, and Facies I has 

not been observed (Figure 5.19c, d).  
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FA 3 is always found intertwined with FA 1b, where lower bed contact of FA 3 is sharp 

and erosional, and upper bed contact is gradational or not accessible due to scree-cover 

overlying FA 3. Facies G is commonly appears as bleached with faded thin ripple units (Figure 

5.6).  

 

Interpretation: FA 3 is subdivided into two Facies associations; (1) Overbank/crevasse 

splay, representing shallower areas subject to flooding, and (2) Distal fluvial terminal splay, 

reflecting distal areas where high energy declines with transport and time.  

 

FA 3a: Overbank Splay (Facies G, I, J) 

FA 3a is characterized as a low energy shallow environment exhibiting interaction 

between rippled lamination within sandstone with immature paleosols, and dark clay-rich 

mudstone. The faded ripples and structureless appearance of Facies G is most likely due to 

weathering from rise and fall of water-level (Figure 5.7). The presence of immature paleosols 

in this environment, although found as very thin units and discontinuous, shows that it must 

have been stable for initiation of paleosol development,  thus in this case being a comparatively 

shorter amount of time than in FA 1a, where paleosols layers are fairly thicker, representing a 

relatively longer time of stability. The bed units of Facies G are most likely bleached due to 

organic material being decomposed (Valenza, 2016). 

Overbank splay environment develops as flow caused by flooding passes through 

already-established channels into sabkha facies (Valenza, 2016). Overbanking occurs rapidly, 

and levees aggrade as flow is restricted to channel margins (Lanier & Tessier, 1998). This 

sedimentary system pertains the medial zone of an alluvial fan terminal splay, where floodplain 

clay-rich mudstone dominates, and  sandy channel deposits as well as sheet sandstones are 

common (Valenza, 2016). 

 

FA 3b: Distal Terminal Splay (Facies H, J, (+K?)) 

FA 3b consists of Facies H, Facies J, and potentially Facies K (plane parallel stratified 

sandstone).  It is characterized by an erosional boundary to FA 1b at base, apparent at locality 

4 (Log, Appendix B), followed by planar lamination, then ripples, and cross-stratified climbing 

ripples at top, with occasional interbedding of Facies J (Figure 5.19c, d). The change from 

planar lamination to climbing ripples occurs due to suspension sedimentation exceeding the 
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rate of deposition from traction transport, which ends abruptly, and is therefore overlain by FA 

1 (Lanier & Tessier, 1998) 

Distal terminal splay environment is subject to initial high energy that swiftly declines. 

Climbing- and large ripples overlying planar lamination is quite common due to variation of 

flow velocity. FA 3b is been better preserved than FA 3a, which may be due to quick and deep 

burial, in comparison to FA 3a (Figure 5.19a, b) that appears rather cannibalized by erosion 

and weathering, with several discontinuous units and faded original structures lamination.  

 

 

 
 

Figure 5. 19: Subdivision of facies association 3 are demonstrated where (a, b) displays overbank Splay 
and (c, d) distal Terminal Fluvial Splay are found interfingering into FA 1. Photos: a-b:  Humbug Flats 
East, c-d: Smiths Cabin North, Utah, 2017. 
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 Facies Association 4 (FA 4): Beach to Upper Shoreface 
Curtis Formation  

Description:  
FA 4 consists of Facies K (thin sets of plane parallel stratified sandstone), Facies L (low 

angle cross stratified sandstone with rip-up clasts), and Facies P (climbing ripple structured 

sandstone). FA 4 is recorded at locality 2-6 (Map, Figure 1.2). FA 4 lies directly above the J-3 

unconformity, with the exception of locality 1 (Humbug Flats East), where it is absent. Facies 

K and L appear amalgamated in the same beds, and make up  2.5 meters thick packages at 

locality 6.1 (Log, Figure 5.20b). At locality 4, interbedding of Facies K and P make up 

packages of 1 meter with abrupt alternation between plane parallel silty sand to highly rippled 

sandstone (Figure 5.10). At locality 4, FA 5 overlies FA 4 (Log, Appendix B), at locality 6.1, 

FA 6A lies directly above FA 4 (Figure 5.20b) and at locality 6.2, FA 4 is absent in the southern 

logs (Logs, Appendix C) 

 

Interpretation:  
Rip-up mud clasts in the fine to medium sandstone at base FA 4 (Figure 5.10) suggests a tidally 

influenced coastal environment. Furthermore, the overall low clay-content, plane parallel 

lamination at bottom, low angle cross-stratified layers with ripples of Facies P higher up in 

stratigraphy (Figure 5.12), suggests an upward cleaning and shallowing environment where 

energy increases at wave-break boundary, advocating greater influence of tidal action. The well 

sorting of the sediments is due to reworking of grains before deposition. The planar to low 

angle cross-stratification, overlain by interbedded beds of ripples and plane lamination in this 

facies association is interpreted as beach- to upper shoreface, where wave action is 

progressively high (Dalrymple & James, 2010). 
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  Facies Association 5 (FA 5): Sub- to Intertidal Strata 
Curtis Formation: 

Description:   

FA 5 consists of M (Heterolithic silt-and sandstone with lenticular bedding), N 

(Heterolithic sandstone with Wavy bedding), Facies O (Heterolithic sandstone with flaser 

bedding), Facies T (Cross-stratified sandstone arranged in Tidal bundles) and Facies K (Thin 

sets of Plane Parallel Stratified Sandstone), where Facies K and J appear integrated within 

Facies M, N and O, of which the silt is characteristically green (Figure 5.21). FA 5 overlies FA 

4 with a sharp boundary, and underlies FA 6a (Figure 5.22) in the north at locality 4 (Smith’s 

Cabin North).  FA 5a consists of upward grading sequences from Facies M to N that are upward 

cleaning, yet layers of Facies J remains (Figure 5.22c-e). FA 5b is even more upward cleaning 

than FA 5a, with an upward gradational transition from Facies M to O, where ripple content 

increases and Facies J content is barely apparent (Figure 5. 15).  Here asymmetrical and 

symmetrical features as well as cross-stratified ripples are very evident (Figure 5.22a-c), as 

Figure 5. 20: Facies Associations and Log from Shadscale Mesa I (locality 6.1), Utah, 2017. Here J-3 
appears as undulating to straight characteristic underlain by FA 1a (coastal sabkha), and overlain by FA 
4 (beach to upper shoreface).  
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well as the transition from Facies K to N within the same bed. Facies T is also incorporated in 

FA 5b, which has a higher sand content.   

 

Interpretation: 

The green color of Facies J integrated within Facies M, N and O is due to the presence of 

glauconite or chlorite (Gilluly & Reeside , 1928; Peterson F. , 1994).  FA 5 is subdivided into 

mud-dominated and sand-dominated, due to significance of dominating facies of which 

gradually transitions into one another. The change from FA 5a (mud-dominated) and FA 5b 

(sand-dominated) reflects change from a distal environment where marine-sediments 

dominate, toward shallower environment, where sandy units dominate together with occasional 

current features such as ripples from Facies K. This represents a change from low- to moderate 

-to high energy conditions, where the mud-dominated represents a low-to-moderate and the 

sand-dominated FA represents a moderate-to-high energy environment where sediments have 

been more reworked. In both cases the ripples are bidirectional which are common for tidal 

environment and reflect current reversals (Dalrymple & Davis, 2012). 

The alternation between clay-rich and sandy units in FA 5 is progressively upward 

cleaning, represented by gradual transition from FA 5a to FA 5b, while simultaneous increase 

of bi-directional ripples, and cross-stratification takes place. These features are interpreted to 

represent a subtidal to intertidal facies association of mixed flats (Dalrymple & Davis, 2012), 

where interchange between lenticular-, wavy- and flaser bedding reflects architecture that 

increases in energy due to upward cleaning sequences, followed by upward shallowing water 

depth and increasingly proximal deposition in a coastal setting represented by facies T.The 

high sand content of Facies T represents a more proximal environment in comparison to Facies 

N and O that are heterolithic.  

 

 Facies Association 6 (FA 6): Sandy tidal flat and correlative channel 

infill 
Curtis Formation 

Description: This facies association is subdivided into FA 6a; sandy tidal flat and FA 6b; 

correlative tidal channel infill. FA 6a consists of Facies Q (parallel laminated and stratified 

sandstone), Facies I (immature paleosols), and Facies J (Figure 5.11f, 5.22). FA 6b consists of 

Facies R (Cross-stratified gravelly sandstone), Facies S (Graded horizontally laminated 

conglomerate) and Facies J (Figure 5.14).  
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FA 6a is plane parallel and characteristically very clean, with thin interfingering clay 

layers that may partly host immature vertically stacked paleosols (Figure 5.13b). FA 6a 

gradually transitions from underlying FA 5b, hence the exact boundary is not always clear. 

Where FA 6b is present, it overlies FA 6a with a sharp erosional boundary of incisive character. 

The vertical thickness of FA 6a decreases from north to south, displaying 7-8 meters thickness 

at locality 4 (Log, Appendix B). FA 6a is not present in the north at locality 1 (Humbug Flats 

East, nor in the south at locality 6 (Shadscale Mesa 6.1 and 6.2, Appendix C). FA 6b appears 

straight above the J-3 unconformity at locality 1, of which the boundary displays lenses of 

Facies R is green silty sediment (Figure 5.21), whereas at locality 4, FA 6b appears overlying 

above FA 6a (Figure 5.22c,d).  

 

 
Interpretation:   
FA 6a: Sandy tidal flat (Facies I, J, Q) 

FA 6a appears as a very clean sandstone with horizontally lamination of alternating 

silty sediment and immature paleosols (Figure 5.22a, d). The plane laminae and continuous 

immature paleosols suggests it has been subject to a base-level allowing for root growth, such 

as in a stable and calm environment. Occasionally FA 6a has been subject to subaerial 

exposure, causing mud-cracks and weathering of original structures (Figure 5.13a). The 

decrease in thickness and lack of ripples from North to South, suggests that this facies 

association is a sandy tidal flat, developed as a ravinement surface moving southward 

proximally, towards locality 6.  This may explain presence of mud cracks, and Facies I at 

locality 4, of which has been less exposed to repetitive fall and rise in base-level, but rather 

abrupt flash-floods and long periods of drying. At locality 6 in the south, this facies is better 

Figure 5. 21: Green silty sediment (Facies J) above the J-3 unconformity appears to host 2 cm thick lenses 
of Facies R.  Here Facies J and R either hosts Facies M and N, or are potentially hosted by FA 5. 
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preserved, probably due to its proximity to the shoreline where shallow rise and fall of tides 

takes place.   
 

FA 6b: Correlative channel infill (Facies J, R, S) 

FA 6b is interpreted to have developed by a fluvial or alluvial process, due to hint of 

current direction diversity, and energy change. The presence of Facies S above Facies R is 

upward coarsening and also shows upward increase of rip-up mud clasts(Figure 5.14d,e) 

reflecting an upward increase of energy. The coarser sediments on top may be due to 

availability of sediments, and the change from cross-stratified lamination to plane parallel 

lamination may represent syn-depositional transition into post-deposition within an incised 

channel. Hence, FA 6b is interpreted to be a channel infill, which has been exposed to tides 

and bypass sediment weathering. This is reflected by the presence of double mud drapes and 

rip-up clasts in Facies R and S. The empty mud clasts are particularly apparent at locality 4, 

suggesting that this locality was more subject to bypass and erosional processes removing 

conglomerate clasts than locality  1, where clasts of conglomerate are still found in place. 

(Figure 5.14b).   
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Figure 5. 22: FA 6a and FA 5 are in direct contact with each other (b) and (d). Close-up of FA 6a (a), and (c) 
displays all Facies association apparent at Smiths Cabin North. Note how FA 6b appears to carve down into FA 
6a (c) (See appendix B for entire log). 
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6 Results II: The J-3 Regional Unconformity 
 

The J-3 regionally extensive unconformity is considered to be the upper limit of the Upper 

Entrada Sandstone overlain by the Curtis Formation (Zuchuat, in press) while others refer to 

the J-3 unconformity as the base of the Curtis Formation (Pipiringos & O'Sullivan, 1978). 

Either way of defining the J-3 unconformity confirms that it separates the Entrada Sandstone 

from the overlying Curtis Formation. 

  The composite unconformity has been subaerially eroded by aeolian and fluvial action, 

besides tidal denudation postdating the onset of regional deposition.  It is of major importance 

because by distinguishing local and regional variability, basin-specific anomalies can be 

filtrated and supplementary understanding about the series of erosional and depositional 

processes may be attained. Determining these distributional factors will subsidize to the on-

going investigation of in which ways to improve constraints on how reservoir-quality sandstone 

volumes are affected by erosional topography in tidal environments, and also contribute to the 

understanding of basin development in the study area. 

 

 

Figure 6. 1: Map of localities studied (1-6), and overview of J-3 unconformity on a regional scale (marked in 
solid red). See table 1 for description of localities  
. 
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All unconformities are not necessarily the result of one erosive event, of which the J-3 

unconformity validates. Unconformities that express more than one distinctive characteristic 

ought be considered a product of poly-generational processes and events, and therefore given 

as much attention as other sedimentary components such as beds and faults.  

Order of erosional magnitude is ultimately the same as geomorphological order, which is 

exemplified with satellite images of Earth and Mars from above (Figure 6.2). These images 

demonstrate how erosional relief is distributed in an alluvial system. The orders of erosion here 

are numbered 1-5, where 1st = relative smallest erosional magnitude, and 5th = relative highest 

erosional magnitude, restricted to the localities in the photographs (Figure 6.2).  The image of 

Earth exhibits development onset of an alluvial fan, where 1st order signifies zero to nearly 

insignificant erosion, exemplified by the plane surface. 2nd order represents the beginning of 

the tributary channel network, and 3rd order reflects a better evolved system of tributary 

channels, with higher incisive relief as network of channel expands and grows. Furthermore, 

the alluvial system transitions into trunk channel (Figure 6.2a, c), where erosional relief is even 

greater and therefore registered as 4th order. Finally, 5th order is where erosional relief is the 

highest, and imagery displays that the trunk channel carves deeper down into the underlying 

strata than the 4th order.  If this alluvial system was to be followed until termination, 6th order 

of erosion could be the distributary channels in a fan delta, and 7th order could be the sea. The 

image from Mars demonstrates a similar situation of a Martian valley, where tributaries occur 

on the craters north-eastern interior wall and terminate towards the flat floor (Carr & Malin, 

1999), of which would be the 1st order erosion.  The network of channels running from crater 

rim look like terrestrial stream drainage systems and are potentially from fluid source confined 

within the crater. However, its origin is uncertain (Carr & Malin, 1999), although alluvial fans 

commonly develop descending from crater rims (Moore & Howard, 2005).  

The illustrations of geomorphological orders confirms that erosion is quite common, and 

that erosion caused by the same initial mechanism may create expressions that vary in erosional 

relief, of which develop in the same depositional basin. Furthermore, if variation of erosion is 

visible along one single unconformity that has been subject to several processes and 

mechanisms, it may very well be that the unconformity reflects different zones within a 

depositional environment.   
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This chapter will primarily focus on illustrating J-3s surface expression, geomorphological 

order, and potential order of events for each locality separately if the latter is possible. 

Observations and data from each locality is then merged in order to gain a broader 

understanding of the J-3s character on a regional scale, perhaps it reflects something 

reminiscing an unconformity complex, such as the Norwegian Sea Unconformity Complex, 

mentioned previously (Chapter 1, Figure  1.1). The study area exhibits seven unique surface 

expressions of the J-3, where erosional relief magnitude varies from nearly no erosion (1st 

order) to centimeters of erosion (2nd and 3rd order) and finally on a meter-scale erosion (4th-6th 

order).  Profile view of observed geomorphological orders can be seen in Figure 6.3. One of 

the main aims will be to make clear whether the different expressions and geomorphological 

orders from each locality can be linked on a regional scale, or are limited within each locality. 

 

 
 

Figure 6. 2: Geomorphological orders of erosion from satellite images from google earth of Earth and Mars. Earth 
image is in Sonora, Mexico. Figure (a) displays how different parts of an alluvial system will have a different erosion 
magnitude. The image of mars displays the NE inner crater wall where fluid source initiates a network of tributaries, 
and become trunk channels as continuing downslope. 
	

Figure 6.3:	Simplified profile illustrating J-3 surface expressions observed from studied localities. Properties 
are ordered geomorphologically (1-6), where 1st = small scale erosional relief, and 6th = large scale erosional 
relief (in terms of relief).   
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The J-3 unconformity has been studied at 6 localities across a 43 km north-south section, 

of which 6 were visited (Figure 6.1, Table 6.1). The erosional relief with present-day magnitude 

and wavelength, advocates that the J-3 unconformity was shaped by various processes during 

multiple erosional episodes, contributing several events of erosive incision. The types of relief 

properties or expressions have been categorized geomorphologically, from small scale- to 

large-scale erosion (Figure 6.3). Examinations of today’s appearance of J-3s surfaces from 

each locality reveals differences in relief and surface expressions (characteristics). As a general 

trend the northern localities display a greater relief than the southernmost localities. 

Furthermore, the composite regional unconformity appears with inconsistent erosional patterns 

found by careful local log correlation and inspection of facies distribution above and beneath 

the unconformity (Log correlations, Figure 6.15 and 6.16.). 

 

 

6.1 J-3 Unconformity Characterization  
The J-3 unconformity appears with seven different surface expressions across the studied 

localities (Figure 6.3). These have been categorized according to vertical erosive magnitude 

beyond J-3s original stratigraphic level, and are products of different denudating and erosional 

mechanisms. Erosion of the J-3 unconformity includes geomorphic systems from low-relief 

processes such as aeolian wind blown erosion to higher-relief processes; fluvial-, tidal-, 

marine- action and structural deformation (faults). Different types of incisive surface 

expressions, including irregular-, sinuously undulating, and steep-concave-up, are interpreted 

to be products of water-induced erosion (Table 6.2). Faulted topography (Figure 6.3) is defined 

as a modified process since faulted surface expressions is always exhibited in combination with 

other surface expressions, and as its solemn impact on J-3s relief alone varies greatly across 

localities, it would not be suitable to label faults with one geomorphological order. The 

mechanisms for each characteristic is explained in more detail in Chapter 6.3; Mechanisms of 

erosion.  

 All localities (Figure 6.1) display minimum two characteristics, whereas none exhibit all 

six. Most commonly, localities appear with 1-3 geomorphological orders of erosional relief, 

such as Cedar Mountain, where sagging, and faulting has shaped J-3 unconformity (Figure 

6.8). The localities visited (Table 6.1) are presented with different characterizations in Figure 

6.12. The J-3 displays relief ranging from possibly zero relief to 23 meters (Zuchuat, in press) 

as exposed at locality 2 (Cedar Mountain). Regionally, the J-3 appears with max relief up to 
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30 meters according to previous work by Rimkus (2016) who through regional log correlation 

on a lateral scale of 3.3 km constructed a thickness map where J-3 and reference beds have 

been connected to study the change in elevation (Figure 6.16).  

The following sections have been categorized from northern to southern localities, where 

characteristics and relief is described and interpreted. The paramount difference in 

characteristics found locally are summarized and presented in an idealized regional model 

(Figure 6.12). Here, variations of combinations of the different characteristics are demonstrated 

together with relief and facies associations (FA). All localities reveal the same main facies 

association beneath the J-3, that being FA 1 (Sabkha), but vary from FA 1b (Inland sabkha) in 

the northern localities to FA 1b (Coastal sabkha) in the south. Facies associations overlying the 

J-3 unconformity varies significantly, thus contributing to further understanding of relative 

timing of depositional-, and erosional processes that have formed the J-3 unconformity, which 

is marked as red line separating Entrada Sandstone, and Curtis Formation in all figures. Facies 

associations overlying the J-3 unconformity are discussed in more detail in the sections for 

each locality below. 

 

 Locality 1: Humbug Flats East  
Irregular undulation, pre-Curtis faults and fluvial channel incision   

Description: At locality 1 (Humbug Flats East, Figure 6.1b) the J-3 unconformity appears to 

erode a total of 16.5 meters down into the underlying FA 1b (inland sabkha, 5.2.1) across a 

wavelength of 240 meters (6.3.1). Directly above the J-3 lies FA 6b (correlative channel infill) 

represented by green clay-rich mudstone (Facies J) and elongated lenses of Facies R. The 

relative abrupt change in elevation is exemplified in figure 6.4b, where erosional relief is 9.25 

meters across a wavelength of 176 meters from log 2 to log 3. 10 faults within the Entrada 

Sandstone have been measured at locality 1, of which the most significant reveal displacement 

of 2.6 m, 1.8 m, 1.1 m and 1.1 m respectively (Halvorsen, 2018). Furthermore, the faults have 

a lateral extent of 40-50 meters stretching from the uppermost unit Entrada Sandstone and 

downward in stratigraphy. One of the pre-Curtis faults was seen to cut through the Curtis 

formation (though not displacing Curtis), and above the J-3 has a pale colour and exhibits  

fractures along the fault. At this locality the J-3 unconformity appears with three surface 

expressions; (1) irregularly undulating, (2) faulted, and (3) fluvial channel incision (Table 6.1).  
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Interpretation: The above-mentioned results demonstrate that Humbug Flats East is the 

locality with the highest relief magnitude relative to wavelength measured (Figure 6.15). (1) 

The irregular undulating topography of the J-3 is caused by water-induced erosion from phases 

of base-level variation during transgression of Curtis Sea (Figure 7.1). (2) The faults measured 

by Halvorsen (2018) have been interpreted as pre-Curtis faults activated post deposition of the 

upper Entrada Sandstone unit seen in outcrop. This is because the faults are observed reaching 

the uppermost Entrada bed lying directly beneath the J-3 unconformity and faults come to an 

abrupt end. However, UAV photography and observations display potential indications of syn-

Curtis faults continuing up in stratigraphy (dashed white line, Figure 6.4b, c), which may 

suggest reactivation of faults at the onset or during Curtis deposition. FA 4 and FA 5 are not 

present between the J-3 and FA 6b, hence, a potential explanation for the absence of these 

facies association may be that they have been subject erosion by incoming tidal channel prior 

to deposition of FA 6. (3) The facies pertaining FA 6b are coarse sediments (5.2.6) are good 

flash-flood deposits, suggesting that the fluvial channels are distribuitary channels. 

Figure 6.4: Humbug Flats East (locality 1) displays J-3 as faulted, irregular undulating and channel incision. 
Relief of J-3 is 16.5 meters, the highest recorded from all localities. Areas logged are marked 1-4 in (a), with 
log 2 and 3 (b).  Drone picture (c) shows potential pre-Curtis faults. Note how reference bed (RB1, RB2) 
disappears towards NW in (b) and (c).  
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Furthermore, the pre-Curtis faults are interpreted as having led to the placement of the fluvial 

channel, which is further discussed in Chapter 7.3 (Fault-steered fluvial incision, Figure 7.3c). 

 

Interpreted concluding J-3 erosional events at locality 1: 

I. Undulating topography caused by passive tidal infill  

II. Faults activated post-deposition of upper-most entrada sandstone but prior to 

transgression of Curtis Formation have created a faulted unconformity. 

III. Fluvial Channel incision 

 Locality 2: Sven’s Gulch  
The J-3 unconformity as steep-concave up surface  

Figure 6.5: Locality 2 (Sven’s Gulch) with tidal channel incision at two localities (a). Incision displays minimum 
6 meter relief of J-3 surface (c). Sketch (Figure 6. 6) is from (c). Note person for scale in yellow circle (c).  
 

Description Locality 2 (Sven’s Gulch, map, Figure 6.1) 

exhibits two tidal incisions, of which can observed from 

the panorama photograph in figure 6.5a, where the J-3 

unconformity carves deeply into the underlying Entrada 

Sandstone. Figure 6.5c displays an incision with relief 

from the J-3 of approximately 15 meters (Zuchuat, in 

press) towards the WNW. FA 4 lies directly above the 

J-3 in ESE, however toward WNW the facies 

association lying directly above the unconformity gradually shifts to FA 5a followed by FA 

5b, of which the latter appears with partly-laminar beds (Figure 6.6). The J-3 unconformity 

appears with two surface expressions; (1) irregular undulating-, and (2) steep concave-up 

surface (Figure 6.3). However, the undulating expression is only apparent when FA 4 or FA 5a 

Figure 6.6:	 Sketch from Sven’s Gulch 
(Figure 6.5c), demonstrating facies 
association (FA) in contact with the J-3 
unconformity at different times 
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is overlying the J-3. When FA 5b overlies the J-3 directly, the unconformity displays an incised 

characteristic (Figure 6.6).  

 

Interpretation: There is lacking indication of these beds being overturned, which makes it 

presumptively that FA 4 and FA 5a were deposited prior to FA 5b (see log from Sven’s Gulch, 

Figure 6.7a). Toward WNW FA 4 and 5a are eroded away, and incision is visible, suggesting 

that channel incision post-dates deposition of FA 4 and FA 5a. Additionally FA 5b displays 

wedge-like appearance towards the edges of the corner of the channel incision, indicating that 

FA 5b was deposited during and possibly also after channel incision.  The laminar beds of FA 

5b may represent a depression in an overland flow where flow can be laminar, rather than a 

turbulent flow (Horton, 1945). 

 

Concluding interpreted J-3 erosional events at locality 2: 

I. Irregular undulating surface caused by marine- and tidal erosion 

II. Steep-concave up surface caused by incision from tidal currents 

 

 

 Locality 3: Cedar Mountain 
Irregular, sagging, and faulted expressions of the J-3 unconformity 

Figure 6.7:	Modified log from Sven's Gulch, by Zuchuat (in press). Arrows in (B) correlate facies 
associations (FA) defined in this thesis with Zuchuat (in press) facies association definitions. 
Black squares (C) draws attention to the facies associations of interest 
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Description: Locality 3 (Cedar Mountain, Figure 6.1) exhibits flat surface expression of the J-

3, with the exception of one fault, and sagging of FA 1, underlying J-3 unconformity (Figure 

6.8). The J-3 is overlain by FA 5a, followed by FA 5b (Figure 6.8b). The three facies 

association are displaced by the fault to the WNW, with an offset of 3-4 meter. The total relief 

of the J-3 unconformity is estimated to be roughly 8 meters (recorded from UAV photography). 

 

Interpretation: FA 5a appears to be filled in syn- or post-sagging of FA1, but definitely not 

prior to sagging event. Inaccessibility makes it challenging to decide upon whether FA 5a infill 

has a wedge-like appearance towards the corners or not. Hence, due to lack of confirmation 

FA 5a will for the state be interpreted as post-sagging deposition. This interpretation implies 

that sagging is not caused by loading of FA 5a, but rather due to oversaturation of loess soil 

(Facies A, FA 1b), which has disturbed substrata enough to structural collapse (see Chapter 

6.3.1). The fault displaces the three facies association and is interpreted to be a syn-Curtis fault.  

 

Concluding interpreted J-3 erosional events at locality 3: 

I. Flat surface caused by aeolian denudation 

II. Pre-Curtis sagging caused by oversaturation 

III. Syn-Curtis faults 

	

	

	

 Locality 4: Smith’s Cabin North  
Irregular, loading, and faulted J-3 surface 

Figure 6.8: Sagging and faulting is visible at Cedar Mountain (locality 3), (b) demonstrates relative timing 
of event where t1=first event, t2= second event, and so forth.  Drone picture 2017, Utah, Modified from 
Zuchuat, in press. 
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Description: At Smiths Cabin North (locality 4, Figure 6.1), the J-3 unconformity appears to 

be pushed-down into FA 1b (log, Appendix B) by overlying FA 4. Irregular surface expression 

is observed in outcrop where loading is present. Subaerial erosion is not visible at the contact 

where loading is present (Figure 6.9b). Two syn-Curtis faults have been recorded displacing 

the Curtis Formation, the J-3, and the Entrada Sandstone with 0.7, and 4 meters displacement, 

respectively (Halvorsen, 2018). Eight smaller faults with offset from 5-50 cm merely displace 

the Curtis Formation (Halvorsen, 2018). The total relief of the J-3 unconformity is 

approximately 10 meters at locality 4.  

 

Interpretation: The loading is caused by density differences between FA 4 and FA 1 (see 

Chapter 6.3.4), which indicates that loading has taken place during or after deposition of Curtis 

Formation FA 4. Furthermore, the two faults registered to displace the Entrada Sandstone, the 

J-3 and Curtis formation are interpreted as syn-Curtis faults. One major fault appears to 

displace another potential loading event, which suggests that these faults have been activated 

post-loading onto FA 1. Together the faults have a relief impact of 4.7 meters, which means 

that approximately 5 meters of J-3s relief at this locality is most probably caused by a 

combination from loading and water-induced erosional events. The irregular surface is 

interpreted as the first erosive event of J-3 at this locality, as it is caused by water-induced 

erosion known to have occurred during deposition of the Curtis Formation.  

 

 
 

Figure 6.9: At locality 4 (Smiths Cabin North), the J-3 appears as loaded and with irregular undulation. 
Syn-Curtis faults may have triggered secondary loading to the SSE, question mark (a). The J-3 unconformity 
appears to be pushed down by FA 4, removing older erosional surfaces. Images: Utah, USA, 2017. 
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Concluding interpreted erosional events at locality 4  

I. Irregular undulation caused by water-induced erosion of marine and tidal origin 

II. Loading caused by deposition of denser sediments 

III. Syn-Curtis faults 

 
 Locality 6: Shadscale Mesa II 

Flat, irregular, and faulted J-3 surface 

 

 
Figure 6. 10: Uninterpreted and interpreted Image from Shadscale Mesa (locality 6.2). The J-3 unconformity 
appears with straight, undulated, and faulted surface expressions. Faults in the Entrada Sandstone do not 
displace Curtis Formation. Facies association overlying the J-3 changes from FA 4 in north to FA 5 in the south. 
Close up (i) is shown in figure 11. RB= Reference bed. 
 
Description: At I-70 (locality 5) and Shadscale Mesa (locality 6), the J-3 overlies Facies B 

from FA 1a. Here, the J-3 unconformity appears with straight, undulating, and faulted surface 

expressions (Figure 6.10). The J-3 unconformity has been studied in detail at locality 6.2, where 

relief displacement can be verified from log correlation 2 (Figure 6.16) with a total relief 

displacement 1.75 m. 12 faults displacing the uppermost Entrada Sandstone unit and downward 

have an approximate average offset of 40 cm. Vertical extension of faults is typically 5-9 

meters. 
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Interpretation: Minimum three generations of erosive incision have been at Shadscale Mesa. 

The straight characteristic of the J-3 unconformity between FA 1 and FA 4 in the north is 

caused by aeolian denudation (Chapter 6.3.1). The undulating characteristic is hypothetically 

due to subaerial exposure and may have been altered by post-fault deposition. Furthermore, the 

undulating appearance of J-3 is more frequent southward where transgression of FA 4 stops, 

and FA 5 is found directly above the J-3 unconformity instead of FA 4. Both FA 4, and FA 5 

pertaining the Curtis Formation are unaffected by the faults suggesting that these are pre-Curtis 

(Figure 6.11).  

 

Concluding interpreted erosional events at locality 6 

I. Flat surface caused by aeolian denudation  

II. Irregular surface caused by water-induced erosion of marine and tidal influence 

III. Pre-Curtis faults caused by locals structural deformation 

IV. Erosion of part of the apparent fault planes during the marine transgression of the 

middle Curtis 

 

 
 

Figure 6.11:	Close-up from square (Figure 6.10) where faults appear to be pre-Curtis. Marker 
bed is marked white as a dashed line, and the J-3 is marked in red. 
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6.2  Characterization summary of the J-3 unconformity   
Data attained from localities visited are demonstrated in Table 6.1 and Figure 6.12.  The 

localities in the table below are arranged north-to-south (1-6), as can be seen in the map in 

Figure 6.1. The summary table clearly demonstrated that all localities display more than one 

relief expression, and that relief according to wavelength decreases southward. The model in 

Figure 6.12 is based upon acquired result from all the study areas, where localities are 

numbered, and can be correlated with the summary table and study area map. The composite 

log represents the general trend of facies and facies associations in contact with the J-3 

unconformity (Figure 6.12).  

Figure 6.12 demonstrates the overall trend of the J-3 regional unconformity from 

utilization of local observations. From north to south (locality 1 to 6), the general tendency is 

that geomorphological order and maximum relief of the J-3 decreases (Table 6.1). Locality 1 

demonstrates a maximum relief of 16.5 meters, whereas locality 6 exhibits a significantly lesser 

relief of 1.75 meters. The order of event that has shaped each surface expression is locality-

bound, however, as a frequent trend, the flat surface is appears to be the 1st order of event 

wherever present, followed irregular surface which relatively is interpreted as 2nd order of 

event. Localities where the flat surface expression of J-3 is not present, then the irregular 

surface is the 1st order of event (Table 6.1).  

Facies associations are demonstrated in a composite log (Figure 6.12), of which 

presents the typical chronological order of the facies associations. Colors used in the composite 

log are meant for visual representation of how facies appeared in outcrop. Hence, the use of 

colors in the logs is not restricted to one facies or facies association. The stratigraphical order 

of facies associations in the composite log has been creating by merging information from logs 

of different localities. Throughout the entire 43 north-south section, FA 1 (Sabkha) is found 

underlying the J-3 unconformity, with variation between inland- and coastal sabkha. FA 1b 

(inland sabkha) is represented directly beneath the J-3 unconformity at localities 1 and 4 (Logs, 

Appendix A and B) and potentially localities 2-3 as well.  FA 1a (coastal sabkha) underlies the 

J-3 at localities 5-6 (Logs, Appendix C). Facies associations overlying the J-3 alternates more 

than then underlying. FA 6b directly overlies the J-3 in the north (locality 1, Figure 6.12), 

however this same facies association is found higher up in stratigraphy at locality 2 and 4. 

Towards the south (locality 3-6) facies association overlying the J-3 unconformity goes from 

FA 5b (locality 2), to FA 5a (locality 3) and FA 4 (locality 4-6.1), and back to FA 5a which 

gradually transitions to FA 5b at southern Shadscale Mesa (locality 6.2, Figure 6.12).  
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Table 6. 1: Summarized data from each locality is listed, including interpreted local order of event. Localities visited are 
numbered 1 to 6 (from north to south). Geomorphological order is numbered 1-6 depending upon magnitude of erosional relief 
on a regional scale. Locality 3 was not visited, but studied from UAV photography. 

 

 

 

 

 

 

 

 

 

 

Locality Figur
e 

Log Order of 
event 

Geomorphologi
cal order 

Surface 
Expression 

Max 
relief (m) 

Wavelength 
(m) 

1 Humbug 
Flats East 

6.4 Figure 6.15, 
Appendix A 

1st 2nd Irregular 16.5 +/-  1 240 m 

2nd Modified Pre-Curtis fault 
3rd 6th Steep concave-

up 
2 Sven’s 

Gulch 
6.5 

 
6.7 1st 2nd Irregular 15 m 25m (+/- 

5 m) 2nd 6th Steep concave-
up 

3 Cedar 
Mountain 

6.8 Inaccessible 1st  1st  Flat 8  +/- 1 20m (+/- 
4 m) 2nd  5th Sagging 

3rd Modified Syn-Curtis 
faults 

4 Smith’s 
Cabin 
North 

5.22

, 6.9 

Appendix B 1st 2nd Irregular 9  +/- 1 40 m 
(+/- 5 m) 2nd 4th Loading 

3rd Modified Syn-Curtis 
faults 

5 South of 
Interstate-
70 

No 

figur

e 

No log 1st 1st Flat No data No data 

2nd 2nd Irregular 

6.1 Shadscale 
Mesa I 

5.20 Appendix C 1st 1st Flat 1 +/- 0.5 No data 

2nd 2nd Irregular 
6.2 Shadscale 

Mesa II 
6.10

, 

6.16 

Figure 6.16, 
Appendix C 

1st 1st Flat 1.75 
 

135 m 
 

2nd 2nd Irregular 
3rd 

 
Modified 
 

Pre-Curtis fault 
 

4th 2nd  Irregular 
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Previous Findings 

Rimkus (2016) detected the J-3 unconformity with a sinuous undulating surface (Figure 

6.13). Although this geomorphological order was not identified at localities studied for this 

thesis, and is an important addition to fregional surface expressions of the J-3 unconformity 

(Figure 6.17). However, no literature appears to have described this nearly perfect sinusoidal 

enigmatic surface and potential causes of it.  

 

 
Furthermore, Rimkus (2016) detected 28-30 meters relief of J-3  regionally through log 

correlation.10 logs across a 3.5 km area. A thickness map was constructed (Figure 6.14) 

displaying thickness between a reference bed and the J-3 unconformity. Moreover, work by 

Zuchuat (in press) has discovered local relief of 23.5 meters of the J-3 unconformity.  

 

.  

Figure 6.13:	Image taken 
by Rimkus, A. (2016) 
demonstrates the J-3 with 
sinuous undulating 
surface expression. 
	

Figure 6. 14: Thickness 
map displays regional 
relief from 10 logs. Max 
relief regionally was 30 
meters. Modified from 
Rimkus (2016). 
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6.3 Log Correlation 
The aim of this study is to register the change in elevation of the J-3 regional unconformity 

(J-3) on a local scale by correlating neighboring stratigraphic unit. As the J-3 characterizes the 

sequence boundary separating the Entrada Sandstone from the overlying Curtis Formation, 

stratigraphical units including both formations has been registered. The sedimentary logs are 

aligned isochronously (with reference beds) in the Entrada Sandstone, acting as a lateral datum 

line such that the amount of Entrada Sandstone beds eroded away by the unconformity can be 

recorded accurately (Log correlation 1 and 2, Figure 6.15-6.16). The log correlations are 

careful estimations of chronological deposition, prior and post- to the development of the J-3. 

The reason for not using sequence boundaries (SB) as a lateral datum lines is because a SB 

occurring as an unconformity is diachronous (Sleveland, 2016). Hence, deposition of sediments 

may have occurred simultaneously as erosive events of the J-3 across different localities. 

Hence, using SB is not appropriate for deciding relative time of deposition, erosion, and 

characteristics of the J-3 regional unconformity.  

In Figure 6.15 and 6.16, 2 to 3 reference beds (RB) have been utilized as local datum 

horizons, and the upper limit of facies associations has been correlated. By connecting facies 

associations across neighboring logs, visualization of where facies appear and disappear 

becomes more apparent. Furthermore, this significant information supplements to further 

understanding of the depositional environment of the basin.  

Two log correlations from the most distant localities was produced using four logs from 

locality 1 (map, Figure 6.1) and six logs from locality 6 (Shadscale Mesa 6.2). Log correlation 

made it possible to record J-3s relief across neighboring stratigraphic units, verifying that the 

J-3 unconformity at the northernmost locality has been subject to more erosion than the 

southernmost locality.  

 

 Log Correlation 1: Figure 6.15 
Locality 1, Humbug Flats East 

Description: Through log correlation by utilization of four logs, the J-3 unconformity 

demonstrates a maximum relief of 16.5 meters across a distance of 240 meters.  This locality 

appears with many faults in the Entrada Sandstone, and displacement from four significant 

faults have a combined relief of 6.6 meters (see Chapter 6.1.1) which is incorporated as a part 

of the total relief.  
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Three reference beds have been used (RB1, RB2 and RB3) as there would always be one 

or two reference beds that was undetectable or absent in a log. This was both due to scree-cover 

and erosion towards south-east of reference beds highest up in stratigraphy (RB1 and RB2). 

Log correlation 1 shows that RB1, and RB2 erode away towards north-west (dashed line and 

arrows, Figure 6.15), thus are not traceable in log 1 and log 2. The reference beds have been 

assigned different colors, and appear as flat datum lines in the Entrada Sandstone. Correlation 

of facies associations demonstrate that FA 6b (correlative channel infill) consequently overlies 

the J-3 unconformity, and the underlying the J-3 is FA 1b (inland sabkha). Humbug Flats East 

is the only locality where FA 4 (beach to upper shoreface), FA 5 (subtidal to intertidal strata) 

and FA 6a (sandy tidal flat) is absent. 

 

Interpretation: FA 6b carves 16.5 meters into the Entrada Sandstone in outcrop represented 

by logs, however FA 6b’s thickness may exceed 16.5 meters outside of study area towards 

north-west. Furthermore, FA 6b extends laterally above the J-3 where major pre-Curtis faults 

displace the Entrada Sandstone, and some faults appear to potentially displace the J-3 and 

Curtis Formation as well (Figure 6.4 c). Pre-Curtis faults extend 40-50 meters down in 

stratigraphy from the uppermost unit of the Entrada Sandstone to Facies E, where beds are 

heavily dominated by deformation bands (Chapter 5.1.6), which may have been subject to more 

than one reactivation of faulting.  Nevertheless, J-3s erosional relief is affected by more than 

one faulting event. The interpretation is that pre-Curtis faults may led the way for fluvial 

incision facilitating by creating a depression through numerous faults in the Entrada Sandstone.  

 FA 4, FA 5, and FA 6a are absent at locality 1, where FA 6b lies directly above the J-3 

unconformity of which the latter is interpreted as a fluvial channel deposit, and a candidate of 

a flash-flood deposition. Question is raised whether the above-mentioned facies associations 

(FA 4, FA 5 and FA 6a) have been deposited and eroded away during the onset of FA 6b 

deposition, or if they have never settled at this locality, and FA 6b is the first deposited Curtis 

Formation. Considering that the representative facies association of the Entrada Sandstone 

beneath the J-3 is inland sabkha, it may be that marine transgression depositing FA 4, FA 5 

and FA 6a did not reach Humbug Flats East, which explains the absence of these facies 

associations, but their presence at other localities placed further south.  
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Figure 6. 15: Log Correlation 1 is from the northernmost study area (locality 1), where three reference beds are 
as local datum (RB1, RB2, and RB3). Facies associations (FA) present are; FA1a, 1b, 3a, 5a, and 6b. Dashed lines 
represents where FA potentially has existed previous to erosion. Maximum relief of the J-3 locality is 16.5 meters. 
See map for geological references 
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 Log Correlation 2: Figure 6.16 
Locality 6.2, Shadscale Mesa 

Description: By correlation of six neighboring logs, the J-3 unconformity demonstrates a 

maximum relief of 1.75 meters across a distance of 135 meters. Two reference beds (RB1, 

RB2) and several reference points (R1-R16) has been used as local datum. The reference points 

are thickness measurements between the J-3 and either RB1, or RB2. A close-by log from 

Shadscale Mesa 6.1 (250 meters north-west from locality 6.2, Appendix C.1) has not been used 

for this log correlation as reference beds used at Shadscale Mesa 6.2 are unrecognizable at 

locality 6.1 (Map, Fig. 6.1b). Facies associations overlying the J-3 unconformity changes from 

FA 4 in log 1 which gradually disappears toward log 6, where FA 5 overlies the J-3. Beneath 

the J-3 is FA 1a (coastal sabkha) throughout the entire log correlation. 

 The minimum relief in is visible at reference points; R8 and R16. The question mark 

(?) asks whether these points represents the minimum point of erosion that J-3 has been subject 

to. If so, then R8 and R16 represents the true stratigraphical height of the J-3 has occurred and 

thus represents the true stratigraphical height of this bed, or if more has been eroded away but 

is not visible in outcrop today due to deposition of overlying strata post-erosion (see 

interpretation below).  

 

Interpretation: Log correlation 2 demonstrates significantly lesser maximum relief in 

comparison to log correlation 1 (Figure 6.15). Hence, log correlation 2 when compared with 

log correlation 1 suggests that southern localities have been less affected by erosional events. 

Displacement of J-3 from pre-Curtis faults is incorporated in the total relief of 1.75 meters, 

which reflects the relatively lesser impact faults have on the J-3s total relief. Moreover, R8 

appears on an undulating surface, of which is interpreted as a second event of erosion for this 

locality  (Table 6.1) and is overlain  by FA 5a, then FA 5b  (see Log 3 and 4, Figure 6.16). The 

other minimum point R16, lies on a flat surface of J-3, where overlying facies association is 

FA 5b (see Log 5 and 6, Figure 6.16). The flat surface is interpreted as the first erosive event, 

and the undulating the second erosive events, which suggests  that FA 5a which was deposited 

prior to FA 5b as a maximum transgressive surface (Zuchuat, in press) did not reach log 5 

during transgression, which is why only the first erosive event is present. The decrease in 

erosional relief towards the south, and locality’s 6 exhibition of a coastal sabkha underlying 

the J-3 rather than inland sabkha, of which is the case for locality 1, suggests that locality 6 has 

been located closer to paleocoastline. In conclusion J-3 at locality 3 has been configured by 
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aeolian denudation, faulting, and water-induced erosion, reflected by marine- and tidally- 

influenced facies associations overlying the unconformity, FA 4 and FA 5 respectively.  

 

 
Figure 6. 16: Log correlation 2 from southern most study area (locality 6.2). Two reference beds were used as 
datum line (RB1 and RB2). Facies Associations (FA 1a, FA4, FA5a and FA5b) are present throughout this log 
correlation and are marked in different colors. Maximum relief of the J-3 unconformity at this locality is 1.75 
meters 
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6.4 Mechanisms of Erosion  
The J-3 unconformity exhibits seven types of erosional surface expressions, each with 

different erosional relief as demonstrated in Figure 6.17. These properties (surface expressions) 

are signatures of erosion, and are caused by different erosional  mechanisms (Table 6.2). Some 

expressions reflect similar mechanisms, such as irregular- and steep concave-up surfaces 

reflecting water-induced erosion, of which can generate different incisive signatures with 

varying relief. The sinusoidal surface expression has also been interpreted as a product of 

water-induced erosion, however this remains a hypothesis due to lack of literature topics 

covering this enigmatic erosional signature. As previously mentioned in section 6.1, all 

localities visited demonstrate more than one expression of erosional topography of the J-3 

unconformity, and thus the potential of one erosional mechanism triggering another is possible, 

such as fault-steered fluvial incision at locality 1 (Humbug Flats East, Figure 7.3c). 

 

 
Figure 6.17: Listed surface expressions of the J-3 unconformity. Horizontal extent is indicated by arrows beneath 
each figure (A-G), however may vary. (G) exhibits fault lateral extension through beds rather than horizontal 
extension. Sagging (E) displays structural collapse independent of loading, and loaded surface (F) is pushed down 
in underlying stratigraphy, and does not trigger sagging.  
 

Table 6.2 demonstrates the five main mechanisms of erosion that have shaped the seven 

expression of J-3s surface of which are displayed in Figure 6.17. The mechanisms described 

according to expressions of erosional surface(s) they shape. The five mechanisms are: (1) 

Aeolian denudation, (2) water-induced erosion  (3) sagging,  (4) loading, and  (5) local faulting 

(structural deformation). The sixth mechanism, regional tectonic, has not been included due to 

the mechanism of erosion relevance limitation to local scale in the following description.   
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Table 6. 2: Mechanisms for each expression identified at J-3s surface 
 

Mechanism of Erosion Surface Expression of J-3 

Aeolian denudation Flat 

Water-induced erosion (Fluvial, tidal, marine) 

 

Irregular  

Sinuous  

Steep concave-up  

Sagging by oversaturation Sagging surface 

Loading by compression Loaded surface 

Faulting Pre- and syn-Curtis faulted surface 

 

 

 Aeolian  Denudation 
Aeolian denudation is when a flat surface is developed by wind-blown sand saltation where 

wind-velocity is steady, and bypass occurs. The flat surface is constructed prior to 

accumulation of sand particles that form dunes (Jiang, Dun, Tong, & Huan, 2017).  Aeolian 

denudation commonly takes place as dunes are constructed during falling stage as and 

throughout aeolian deflation as base level starts to rise during lowstand system tract (Figure 

2.6). Hence, aeolian denudation is assumed to be the first erosive event of the J-3 unconformity 

developing flat surfaces throughout-, and post development of the aeolian system of the 

Entrada Sandstone prior to transgression of the Curtis Formation.  Locally, the first erosive 

event of J-3 is marked as SB 1 in, although specific for locality 2 in time, the SB 1 is 

representative for the first erosive event of J-3 at all localities in another time.  

 

 Water-Induced Erosion: Fluvial-, Tidal-, and Marine erosion 
Water-induced erosion creates incision in topography, and has for the sake of this thesis 

been subdivided into fluvial-, tide-, and marine influenced mechanisms. Incisions with a steep 

concave up-surface (Figure 6.17) has been interpreted as a channel incision which may reflect 

fluvial or tidal environments, depending upon the facies association present. Irregular 

undulating surfaces may be caused by any of the three subdivisions of water-induced erosion. 

The amount of erosion on terrain caused by fluvial systems is governed by transportation 

power of channel, run-off intensity, infiltration capacity, and the soils’ resistivity to erosion 

(Horton, 1945). Fluvial erosion is a mechanism that, for example in alluvial systems causes 

incision in topography by transportation of grains and stream of water. Then large-scale fluvial 

channel incision occurs during falling stage system tract (FSST) and infill of sedimentary 
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deposition begins  during  base-level rise  of lowstand system tract (LST) (Figure 6.18), 

(Dalrymple, Zaitlin, & Boyd, 1992).  

For example, irregular  undulating topography is commonly expression at seabed surfaces 

(Davies, 1982), where stream of water causes differences in elevation. Also, small-scale 

irregular undulating surfaces is also common for fluvial systems, exemplified by fluvial 

braided channel system from the Escanilla Formation in the Ainsa Basin (Labourdette & Jones, 

2007) which today is frequently visited to study subsurface braided fluvial reservoirs.   

The interpretation from locality 1 (Humbug Flats East), is that the J-3unconformity has 

been subject to fault-steered fluvial incision due to presence of FA 6b (correlative channel 

infill) overlying the J-3,  of which consists of cross-stratified gravelly sandstone (Facies R) and 

conglomerates (Facies S). At locality 2 (Sven’s Gulch), the channel is interpreted to have been 

incised by tidal currents, and infill of FA 5b (sand-dominated sub-to-intertidal strata) in the 

channel incision (Figure 6.6). Marine influenced water-induced erosion is present at localities 

where FA 4 (beach to upper shoreface) overlies the J-3, and the surface has a small-scale 

incisive irregular character. 

 
Figure 6.19 demonstrates how surface expressions can be basin-specific located within 

a network of channels, and incorporates the hypothesis that the enigmatic sinusoidal surface 

expression is a byproduct of an alluvial system. The flat 1st order surface is where minimal or 

no visible erosion has taken place, followed by 2nd order undulating irregular surface, of which 

reflects the first tributaries initial development, with relief variation between a few centimeters 

to 1 meter. Initially, erosive incision of tributaries is quite small, but as runoff intensity 

Figure 6.18: Rates of 
base-level change and 
sedimentation rate in an 
alluvial system. 
Modified from 
Catuneanu (2006) and 
Jennings (2014).  Base-
level changes 
demonstrate where 
fluvial incision takes 
place and when channel 
infill takes place. 
Sedimentation rate is 
nearly always 
continuous.  
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increases, so does relief  (Horton, 1945).  As the first tributaries evolve, their incisions become 

deeper, and ultimately they become trunk channels, of which would represent 3rd or 4th 

geomorphological order depending upon the magnitude of vertical incision (Figure 6.19). The 

sinuous surface expression (Figure 6.17), which erodes 2-3 meters vertically, could 

hypothetically be better developed tributaries than irregular surface expression, where spacing 

between channels is more persistent.  
 

 
 Loading  

Sedimentary loading occurs when a layer with relative high density is deposited on top of 

a sediment with relatively lower density. This type of superimposing would typically cause the 

less dense layer to compact by compression, and has been observed at locality 4 (Sven’s Gulch) 

where FA 4 imposes normal stress and force upon FA 1 so that FA 1 compacts, pushed down 

beyond J-3s original stratigraphic level, of which is shaped accordingly. Here, external loading 

appears to not trigger sagging as demonstrated in Figure 7.3b (Scenario 1).  

 

 Sagging  
Sagging is a collapse process, where abrupt soil volume decreases (Sajgalik, 1990; Li, et 

al., 2016) and is exclusively related to predominantly silt-sized clastic sediment formed by 

wind action (loess, Facies A) (Uriel & Serrano, 1973). Study by Li, et al. (2016) state that 

collapse mechanism has three different approaches; the traditional approach, microstructure 

Figure 6.19: Configurations of J-3 as flat, irregular undulating, sinuous undulating and as a channel incision, 
as expressed at localities. Examplified is different relief from fluvial erosion due to placement within basin; 
Tributaries (lower relief/incision) development to trunk channel (higher relief/incision). 
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approach and soil-mechanics approach. The latter is based upon compacted soils and natural 

loess soil, of which may be represented by Facies A at locality 3.   

There are two situations that create conditions favored by sagging; 

1. Increased applied shear stress such as perpendicular loading (scenario 2, Figure 7.3b) 

2. Over-saturation of soil which changes in the pores’ water pressure (Zur & Wisseman, 

1973; Li, Vanapalli, & Li, 2016).  (scenario 3, Figure 7.3b) 

The principle of effective stress theory states that wetting causes an increase in pore 

pressure due to water absorption by surface particles, and a decrease in effective stress which 

results in swelling, instead of sagging (Barden, McGown, & Collins, 1973., Sajgalik, 1990). 

Hence, Zur & Wisseman’s second condition for sagging contradicts soil mechanics underling 

principle of effective stress theory. Therefore, clarification of the second condition needs to be 

made; oversaturation can cause local shear failure between soil grains where the intergranular 

contacts experience instability which in turn causes collapse (Bishop & Blight, 1963). In order 

to facilitate volume decrease and compression  of loess rather than volume increase (swelling),  

sediment should be highly porous,unconsolidated, and potentially metastable,  such that upon 

wetting during optimum dry condition collapse is triggered (Houston, Houston, & Spadola, 

1988; Sajgalik, 1990; Li, Vanapalli, & Li, 2016).  

 

 Faulting  
A fault is per definition a surface that demonstrates visible shear displacement, and is 

dominated by brittle deformation mechanisms (Fossen, 2010). Furthermore, there are two fault 

types that have been observed in the study area; (1) faults displacing the Upper Entrada 

Sandstone, and (2) faults displacing the Entrada Sandstone, the J-3, and the Curtis Formation 

(Figure 6.20). These have been separated into pre-Curtis-, and syn-Curtis faults, and both affect 

the relief of the J-3 unconformity, however at different points in time (Figure 7.1).  

  
Figure 6.20: The difference between pre-, and syn-Curtis faults: Pre-Curtis faults displaces the Entrada 
Sandstone, whereas syn-Curtis faults displace both formations and the J-3 unconformity.  
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7 Discussion 
 

7.1 Sequence Stratigraphy of the Entrada Sandstone, the 

J-3 unconformity, and the Curtis Formation 
A general, and simplified way of applying the sequence stratigraphic model to the 

deposition of the Entrada sandstone-, the J-3 unconformity-, and deposition of the Curtis 

Formation  is to say that deposition of the Entrada Sandstone took place during base-level fall 

caused by forced regression, followed by aeolian deflation during lowstand system tract, and 

deposition of Curtis Formation during transgressive base- level rise  (Moutney, 2006). This has 

previously been mentioned in Chapter 2.2.5 (Entrada Sandstone, and Curtis Formation). 

However, a general stratigraphic does not consider (1) pulses of varying base-level phases 

during forced regression and transgression, and (2) multi-erosional events that overlap and 

amalgamate with Curtis Formation configuring the J-3 unconformity in space and time. Hence, 

Figure 7.1 has been constructed to give a notion of the complexity of applying sequence 

stratigraphic model to the development of the J-3 unconformity. 

For aeolian systems, the ground water-table level dictates deposition and erosion of 

sediments whereas the relative sea level is the base-level for tidal systems (Catuneanu, 2006; 

Moutney, 2006).  In aeolian systems, dunes accumulate and build up during base-level fall as 

wind-transported sand moves from one locality to another. As base-level rises, construction of 

dunes that end up beneath the ground water-table, terminates (Figure 2.6), and the dunes 

overlying the ground water-table is transported somewhere else where construction of aeolian 

system continues. Hence, ground water-table determines upper limit of accumulation (Kocurek 

& Havholm, 1993), and as localities rely on receiving sand from somewhere else in order 

accumulate dunes, construction-, and destruction of aeolian systems is time-, and locality 

specific. The tidal Curtis formation of Oxfordian age  (Wilcox & Currie, Sequence Stratigraphy 

of the Jurassic Curtis, Summerville, and Stump Formations, Eastern Utah and Northwest 

Colorado, 2008) follows the shallow marine sequence stratigraphic system, where deposition 

takes place during base-level rise, and erosion or bypass during base-level fall (Catuneanu, 

2006) (Figure 7.1). 

Deposition of the upper Entrada Sandstone takes place within the same base-level cycle as 

the deposition of the Curtis Formation (Moutney, 2006) (see blue line, Figure 7.1), initiating 

with a High-stand system tract, and terminating with the Transgressive system tract. Figure 7.1 
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is specific for locality 2, where three time-separated sequence boundaries (SB) represents 

erosive events of the J-3 at Sven’s Gulch, however, overall there are more than merely three 

erosive events of J-3 when considering all localities. The Figure 7.1 is an example from locality 

2 (Sven’s Gulch) which is used to demonstrate the overall trend of deposition of Entrada 

Sandstone ,and Curtis Formation whilst showing how multiple erosive events configuring the 

J-3 unconformity initiates during aeolian  deflation of the Entrada Sandstone and continues 

during deposition of the Curtis Formation.  

Figure 7.1 exhibits construction and destruction of the Entrada Sandstone at Sven’s 

Gulch represented by parasequences, with reference to work  by Zuchuat (in press). At Sven’s 

Gulch, three sequence boundaries during transgressive phase are recorded,  of which two 

potentially have configured the J-3 unconformity (Zuchuat, in press). SB 1 represents an 

aeolian erosive event, caused by deflation during lowstand system tract, and SB 3 represents 

the tidal channel incision at Sven’s Gulch during transgressive phase, followed by a flooding 

event (FS1). 

 

 
 

 

Figure 7. 1: Construction of Entrada sandstone and Curtis Formation with overlapping J-3 erosive events time- and 
space specific for locality 2, Sven’s Gulch. Here, some erosive events represent local sequence boundaries (SB) of a tidal 
environment, modified from Zuchuat, A. (in press). Red line represents the detailed trend from base-level fall to base-
level rise, whereas the blue line represents the overall trend. The mechanisms of erosion have been integrated in the base-
level curve. Dashed red line is expected construction of Entrada Sandstone from previous work from other similar 
localities. Abbreviations: C= with certainty, U = with uncertainty, FSST: Falling-stage system tract, LST= Lowstand 
system tract, TST= Transgressive system tract, HST= Highstand system tract, J-3= Jurassic-3 unconformity, SB= 
Sequence boundary, FS= Flooding surface, MFS= Maximum flooding surface, RSME= Regressive surface of marine 
erosion B= Building, D= destruction. SB= different erosional mechanisms = SB 1: subaerial erosion  prior to deposition 
of  FA 4, SB 2: subaerial exposure prior to FA 5b deposition, SB 3: Tidal channel incision 
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7.2 Modern analogues of Coast-line for Inland and 

Coastal Sabkhas 
The sabkha environment in north-west (localities 1-4, Map Figure 6.1) are interpreted as 

inland sabkhas(FA 1b), whereas south-eastern localities (5,6) are interpreted as a coastal 

sabkhas (FA 1a) (Chapter 5.2.1). This is for the reason that inland sabkhas are identified by 

presence of wispy and disturbed siltstone or very fine sandstone, (Jennings, 2014)  and 

structureless features, which is apparent represented by Facies A and C (Logs, Appendix A and 

B).  In the south, coastal sabkha environment is reflected by the frequent presence of sediments 

that have been subject to laminar flow, such as Facies B and I (Logs, Appendix C.1 and C.2). 

 
 These findings are in incongruity with Ogata et al. (2014) and Moutney (2006) who 

states a gradual increase of marginal marine features, such as coastal sabkha, and inter-tidal 

settings is toward north-west, due to progressive marine advancement from the NNE. Although 

Mountney (2006) constructed a paleoshoreline for Utah, it is stated to be a simplified 

Figure 7. 2: Modern analogs of Lower, Middle, and Upper Curtis Fm., respectively. Created by 
Zuchuat(in press). Analogs are rotated to fit orientation of Curtis Basin and display how the coastline 
varies, and that the paleoshoreline of the shallow marine shelf may have varied significantly within 
localities as well as across localities of study area. 
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approximation. Although the  study by Ogata et al., (2014) encompasses the same northern 

localities (Humbug Flats East) as this thesis,  different observations have been registered. To 

explain these differences in observation, modern analogues of the Curtis Formation and 

analogues transposed to the Curtis‘s basin setting have been used (Figure 7.2). The figure 

demonstrates how coastlines are not necessarily straight, but may vary greatly consisting of 

irregular undulating coasts, and is a candidate hypothesis which explains the reason for 

opposing findings of inland- and coastal sabkha sedimentary structures within the same study 

area. 

 

7.3 Summary of Mechanisms of Erosion 
Figure 7. 3 

1. Channel incision : Figure 7.3A 

The steep concave-up incision at locality 2 (Sven’s Gulch) is interpreted to be a tidal 

channel incision, due to infill of FA 5b (sand-dominated sub-to-intertidal strata) (Figure 6.6). 

Figure 7.3a displays the interpreted scenario of deposition of facies association and controlling 

factors of surface erosion of J-3. Here, water flow from deposition of  FA 4 and tidal currents 

from deposition of FA 5a gave the J-3 unconformity irregular surface expressions. The tidal 

channel incision is reflected by sequence boundary 3 (SB 3, Figure 7.1), post-dating deposition 

of FA- 4 and 5a. Hence, FA 4 was deposited first during marine transgression and gradually 

changes to FA 5a in stratigraphy. Boundary between FA 5a and FA 5b is marked by phase of 

base-level fall (SB 3, Figure 7.1), where contact is abrupt and erosional (the J-3). 

FA 5b is interpreted to have been deposited during and after tidal channel incision due to 

its wedge-like appearance at the edges (Figure 6.5c, 6.6), and is marked as flooding surface 1 

( FS 1, Figure 7.1). The channel incision has a relief of approximately 15 meters  (Zuchuat, in 

press), which has contributed the most to the total relief of J-3 at locality 2. The log from this 

locality (Figure 6.7) is in compliance with the facies associations in Figure 7.3a.  

 

2. Loading versus Sagging: Figure 7.3B 

Three scenarios explaining how loading and sagging appear in outcrop are displayed in 

Figure 7.3b. One of the most common and traditional notions of sagging is that it is caused by 

consolidation of loesses due to deposition of overlying mass (Chapter 6.4.4 ). The concept that 

loading triggers sagging (scenario 2, Figure 7.3b) is potentially the most expected scenario, 

however, this was not seen in outcrop. Loading and sagging occurred as two separate events as 
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displayed in scenario 1 and 3. Scenario 1 exhibits the case at locality 4 (Smiths Cabin North) 

where J-3s surface is loaded by overlying FA 4, replacing FA 1 where loading is concentrated, 

yet the strata underlying the J-3 displays no sagging. Scenario 3 expresses sagging triggered 

by oversaturation of loess within FA 1b (inland sabkha), which can disturb substrata enough 

resulting in strucutral collapse (t2). Disturbation of substrata occurs as intergranular contacts 

become unstable and a weakness zone is established (Sajgalik, 1990). Furthermore, this enables 

sand mobility, facilitating the process of sagging.  

 

3. Fault-steered fluvial incision: Figure 7.3C 

At Humbug Flats East (locality 1, Figure 6.1) the J-3 unconformity appears with 

maximum16.5 meters relief (Figure 6.15), and has subject to aeolian denudation, water-

induced erosion, and faulting. Pre-Curtis faults, and fluvial erosion are interpreted to have 

occurred closely together time-wise, where faults have facilitated for fluvial channel incision. 

Moreover, this locality’s irregular topography is interpreted to be caused during Curtis sea 

transgression from water flow and tidal currents. The lack of FA 4 and FA 5 at this locality has 

been interpreted to be eroded away or not settled. 

Moreover, faults have the ability to change a streams direction if it can facilitate its travel 

path. Hence, the possibility of pre-Curtis offset facilitating the way of a fluvial incisions 

development ought not to be neglected. Facies association 6b (Correlative channel infill) is a 

good candidate for flash-flood deposition, which is what appears the J-3 unconformity (Chapter 

6.1.1). Structural valleys can be used in comparison to this scenario, where rivers occupy 

structurally induced topographic lows, caused by tectonics (faults) (Holbrook & Bhattacharya, 

2012).  

Figure 7.3c demonstrates how faulting may lead to fluvial incision, facilitating 

development of a fluvial channel, of which supports the appearance of cross-stratified 

elongated lenses of Facies R (gravelly sandstone). These lenses appear as partly-isolated 

channels within green silt directly above the J-3 unconformity (Log 2.4, Appendix A) , which 

again is typical of channel incision infill. Logs from this locality (Log 1-4, Appendix A) reveal 

that gravelly sandstone (Facies R) or clay-rich mudstone (Facies J) lies directly above the J-3, 

and the conglomerate ( Facies S) is present higher up in stratigraphy (Figure 5.14). Hence, the 

infill shows inverse grading, which may be due to multi-infill, where sediment availability has 

varied regarding grain-size, or that erosion has suppressed presence of the first Curtis 

Formation sedimentary deposition. Moreover, this scenario may be exhibiting a distributary 

channel, as flash-flood deposition is a candidate for J-3s overlying facies (Chapter 5.2.6). 



	 Discussion		
	 	

	 87	

 

Fi
gu

re
 7

. 3
: S

um
m

ar
y 

Fi
gu

re
 o

f M
ec

ha
ni

sm
s a

nd
 sc

en
ar

io
s o

f d
iff

er
en

t l
oc

al
iti

es
, (

A
) s

ce
na

rio
 o

f i
nt

er
pr

et
ed

 o
rd

er
 o

f e
ve

nt
s a

t S
ve

n’
s G

ul
ch

, l
oc

al
ity

 2
. (

B)
 D

is
pl

ay
s s

ag
gi

ng
 a

nd
 

lo
ad

in
g 

ac
tin

g 
to

ge
th

er
 a

nd
 se

pa
ra

te
ly

 d
is

pl
ay

ed
 a

s t
hr

ee
 d

iff
er

en
t s

ce
na

rio
s. 

Sc
en

ar
io

 1
 w

as
 o

bs
er

ve
d 

at
 S

m
ith

s C
ab

in
 N

or
th

 sc
en

ar
io

 2
 d

is
pl

ay
s a

 c
om

m
on

 e
xp

ec
ta

tio
n 

of
 lo

ad
in

g 
an

d 
sa

gg
in

g 
ac

tin
g 

to
ge

th
er

, a
nd

 fi
na

lly
 sc

en
ar

io
 3

 e
xh

ib
its

 o
bs

er
va

tio
n 

fr
om

 C
ed

ar
 M

ou
nt

ai
n 

(C
) s

ho
w

s f
au

lt-
st

ee
re

d 
flu

vi
al

 in
ci

si
on

 a
s i

nt
er

pr
et

ed
 fr

om
 H

um
bu

g 
Fl

at
s E

as
t. 

Lo
g 

2 
an

d 
3 

ar
e 

ab
ou

t 1
75

 m
 a

pa
rt 

(lo
g 

co
rr

el
at

io
n 

2,
 F

ig
ur

e 
6.

14
). 

A
bb

re
vi

at
io

ns
: F

U
= 

Fi
ni

ng
 u

pw
ar

ds
, C

U
.=

 C
oa

rs
en

in
g 

up
w

ar
ds

. 
	



	 Discussion		
	 	

	 88	

7.4 Development of the J-3 Unconformity, and Curtis 

Formation 
In order to gain a complete understanding and regional overview events that has shaped the 

J-3s relief and appearance, results and data for each locality has contributed to valuable 

information regarding relative timing of erosional events  and deposition of Curtis Formation. 

The localities studied exhibit different combinations of surface expressions (Figure 6.17a-g), 

local maximum relief, and associated facies in direct contact with the J-3 unconformity..This 

has contributed to greater understanding of which erosional mechanisms have developed the 

surface of the J-3 unconformity, and which have been most significant in terms of generating 

relief. Through listing of findings from each locality (Table 6.1), an attempt of an overall 

understanding has been built and presented in Figure 7.4. The aim of applying the sequence 

stratigraphic model (Figure 7.1) and deposition of Curtis Formation to erosive events of the J-

3 is discussed below. 

 

 Forced Regression and Erosion of Entrada Sandstone 
The Entrada Sandstone reflects continental conditions, which developed as the Carmel sea 

regressed (Ogata et al., 2014) during Middle Jurassic. As previously mentioned (Chapter 2.2.2), 

the upper sedimentary succession of the Entrada Sandstone consists of wet dunes and interdune 

that deposited and accumulated  as marine base-level fell. Phases of eise of base- and saturated-

level during humid-dry cyclities allowed for its preservation (Figure 2.6). Hence, the alteration 

seen in outcrop between wet dune and interdune deposits, was caused by shallow rise-, and fall 

in base-level pulses during falling-stage system tract (FSST) (Figure 7.1). Towards the end of 

FSST, construction of the Entrada Sandstone ended, followed by a period of aeolian deflation 

during lowstand system tract (LST, Figure 7.1), which is considered the first erosive event of 

J-3, followed by marine transgression of Curtis Formation.  

 Interestingly enough, the J-3 appears with a flat surface wherever irregular undulating 

topography is also present (with exception of locality 3, which as inaccessible). Differently, 

undulating surfaces have been observe without the presence of flat surfaces.. This suggests that 

water-induced erosion causing irregularities in topography, eroded away traces of the flat 

surface, wherever the latter surface expression is absent. Moreover, the irregular surface 

expression is considered to be the second erosive event of the J-3 regional unconformity. 
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 Entrada Sandstone faults and pre-Curtis sagging 
Pre-Curtis faults have observed at locality 1 (Humbug Flats East)  and locality 6.2  

(Shadscale Mesa 6.2). Here normal faults cut through the upper limit of the Entrada Sandstone, 

but do not displace the J-3 unconformity, nor overlying sediments, and are described as Pre-

Curtis faults (Figure 6.20). Locality 1 exhibits conjugated faults (Zuchuat, in press) of 

minimum 50 meter vertical extent (Figure 5.16) within the Entrada Sandstone displacing FA 

1b, FA 2 and FA 3 with 1.1-2.6 meters offset  (Halvorsen, 2018) (Chapter 6.1.1). The pre-

Curtis faults have a shorter lateral extent, and a significantly lesser offset than locality 1, of 

0.3-0.5 meters, suggesting that there are structural differences between the localities. Figure 

6.4 and 6.10 from each locality from confirms local tectonic disruption within the uppermost 

Entrada Sandstone beds lying directly beneath the J-3 unconformity.  

 

  Flooding of Curtis Sea: tidal passive infill and erosion 
The Curtis Formation was deposited during the transgressive phase, of which  FA 4, FA 

5a, FA 5b, FA 6a and FA 6b were deposited. Phases of regression created sequence boundaries 

within the formation (Figure 7.1), some of which configured the J-3 locally (Chapter 7.31). 

The flooding of Curtis Sea created irregular undulating surface of J-3, by water-induced erosion 

from tidal currents or stream of marine waters. The facies association overlying the J-3 

determines whether the erosion is tidally-, or marine influenced.  

Previous work by Rimkus (2016) found the J-3 surface with  a sinuous expression, 

consistently spaced with higher relief than the irregular undulating surface expressions. If these 

are erosions of the J-3 unconformity distributed specifically according to basin placement 

within an alluvial system (Figure 6.19), then the irregular undulating surface developed first 

representing the 2nd geomorphological order and sinuous surface representing the 3rd 

geomorphological order (Figure 6.19). 

 

 Syn-Curtis faults 
It remains uncertain whether the syn-Curtis faults observed at locality 3 (Cedar Mountain) 

and 4 (Smiths Cabin North) have occurred prior, during, or post regional deposition of all the 

facies associations of Curtis Formation (FA 4 – FA 6).  Hence, relative timing of erosive events 

caused by flooding of Curtis Sea contra syn-Curtis faults has not been determined. At locality 

3 (Cedar Mountain, Figure 6.8) a syn-Curtis fault approximately 3-5 meters displacement has 
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contributed to half of the local maximum J-3 relief, of which is  8 meters (Chapter 6.1.3). At 

locality 4 (Smiths Cabin North, Figure 6.9) 2 syn-Curtis faults have contributed to  4.7 meters 

out of 10 meters J-3 relief. Despite the similarity between offset, they may have been triggered 

by different structural events. Moreover, as faults appear with deviating displacement at 

different localities where the faults also differ in terms of whether they displace the Entrada 

Sandstone or the Curtis Formation, it means that faults encountered at the separate study areas 

have most likely  been triggered by different processes and therefore represent different 

erosional events. Hence the syn-Curtis fault studied at Cedar Mountain (locality 3, section 

6.1.3) is interpreted to as post-deposition of FA 5a, and FA 5b (Figure 6.8), since both facies 

association appear displaced (Figure 6.8).  

 

 Channel Incision 
The steep concave-up surface of J-3 observed at Sven’s Gulch (locality 2, Figure 7.3a) is 

interpreted to be a large-scale tidal channel incision with local maximum of 15 meter J-3 relief. 

The erosion is water-induced, and is interpreted to have occurred post- creation of irregular 

topography from passive tidal infill. The tidal channel incision is a mechanism interpreted to 

initiate during a short-lived regressive episode occurring as the lower Curtis Formation was 

being deposited (Fig. 7.1). This channel incision is interpreted to be SB 3 (Figure 7.1) which 

is post-deposition of FA 4 and FA 5a. The infill, FA 5b is interpreted as syn- and post-fill of 

the tidal channel incision. 

The pre-Curtis fault steered fluvial channel at locality 1 ( Humbug Flats East, Figure 6.4), 

is filled in by FA 6b (Corrrelative channel infill) which appears above FA 5a and 5b at Smiths 

Cabin North (Log  1.5-1.6, Appendix B) which suggests that the fluvial channel at locality 1 

occurred after the tidal channel at locality 2. However, since FA 6a and 6b is absent at lack 

locality 2, it cannot be said for certainty, although it is the most likely case. 
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The initial idea of categorizing properties geomorphologically on a regional scale in 

time and space has been dismissed due to the complex configuration of the J-3 unconformity. 

Therefore, surface expressions of J-3 unconformity are listed rather than ordered by timing of 

erosive events and geomorphological order in Figure 7.4. It is not at its place to simplify by 

correlating geomorphological orders directly with timing of erosional mechanisms, because it 

would reduce- and neglect significant contributing factors of the J-3s development history. This 

includes one of the most significant findings; that different erosional mechanisms overlap in 

time, so that while local faulting is configuring the J-3 unconformity at one locality, water-

induced erosion may be configuring the regionally extensive J-3 unconformity at another 

locality. Figure 7.4 demonstrates combination of erosional mechanisms and events together 

with construction of Entrada Sandstone and the deposition of the Curtis Formation. Its aim is 

Figure 7.4:Development of the J-3 unconformity and Curtis Formation: Interpreted order of erosive 
events placed within phases of aeolian deflation or deposition,  shaping the J-3 unconformity from the different 
mechanism is presented above. Red lines represents erosional events during aeolian deflation of the Entrada 
Sandstone, and green indicates occurrence of erosive events during deposition of Curtis Formation. Question 
marks indicate uncertainty of timing of the erosional events. Phases during transgression and regression  are 
marked as the shortest dashed lines, whereas the overall base-level cycle has longer dashed lines. 
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to demonstrate the complexity of J-3s development history caused by multiple destructive 

events 

Aeolian denudation has been drawn as a continuous line throughout phase 1 and partly 

into phase 2 (Figure 7.4). This because the Upper Entrada Sandstone developed throughout 4 

to 5 climatic cycles of humid and arid phases during regional base-level fall, as previously 

mentioned in Chapter 2.3.2(The Entrada Sandstone).  During humid phases the sediment 

supply was at its maximum, and dunes preserved (Moutney, 2006), whereas during the arid 

phases, sediment availability, and transport capacity would increase such that aeolian erosion 

onto underlying strata could take place (Figure 2.6). Hence,  aeolian erosion occurred during 4 

to 5 arid climatic cyclicities during phase 1. However, the boundary between phase 1, and 

phase 2 represents the initiation of base-level rise, where significant aeolian denudation 

(deflation) occurred prior to deposition of the Curtis Formation (Figure 7.4). This aeolian 

denudation occurred as regional transgressive stage initiated is considered to be the first erosive 

event of the J-3 unconformity (Figure 7.4). Moreover, the flat surface expression of J-3 (Figure 

6.17)  appears at 4 localities (Table 6.1) and is caused by the last-mentioned aeolian denudation 

(Figure 7.4). The extension of this line prior to deposition of the Curtis Formation (Figure 7.4) 

represents variation in erosional timing for each locality, as each locality was most likely not 

eroded at the exact same point in time, despite being caused by the same erosional event.   

Moreover, the line pertaining aeolian denudation continues into phase 2, during deposition of 

Curtis Formation, which is because aeolian erosion would occur during periodically subaerial 

exposure of the tidally influenced Curtis Formation deposits.  

Water-induced erosion has been drawn throughout phase 1 and phase 2 (Figure 7.4), 

partly overlapping with aeolian denudation and continuing further into phase 2. This erosional 

mechanism is representative for fluvial-, tidal-, and marine erosional configuration of the J-3 

unconformity, mostly because of facies associations variability overlying the J-3, reflecting 

different depositional environments. Moreover, fluvial-, and tidal erosion create similar surface 

expressions such as steep concave-up (channel incision), and irregular undulating topography, 

of which the latter has also been created by erosion from  marine waters. Hence, these surface 

expressions of the J-3 unconformity (irregular, and steep concave-up, Figure 6.17) are 

considered to have developed by different water-erosion influences, which suggests multiple 

episodes of erosive events creating the same or similar surface expressions at different times 

and localities. The facies association overlying the J-3 unconformity decides which water-

induced influence that has created irregularities or steep concave-up incisions at J-3s surface 

(Figure 7.4). The irregular undulating expression is considered to have occurred frequently 
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throughout phase one and phase two, caused by water-flow erosion from (1) shallow marine 

transgression when FA 4 (beach to upper shoreface) overlies the J-3, from (2) tidal flooding 

when FA 5 (sub-to-intertidal heterolithic strata) overlies the J-3, and from (3) fluvial channels 

when FA 6b (correlative channel infill) overlies the J-3. This also implies that the channel 

incision at locality 1 (fluvially-influenced), and the channel incision at locality 2 (tidally-

influenced) were shaped by two separate erosive events. Ergo, the regional J-3 unconformity 

has been configured by 3 different water-induced erosional environments, and these 

environments have generated 2 surface expressions in J-3s topography. This means that water-

induced erosion has configured the J-3 unconformity by at least 3 erosive events, of which 

probably has occurred in multiple phases overlapping each other in time and space. 

Sagging, and loading have configured J-3 independent of each other, since they reflect 

significant different timing, where sagging occurs during phase 1 and loading during phase 2 

(Figure 7.4).  

The J-3 unconformity is faulted at 4 localities (Table 6.1), two of which are pre-Curtis 

faults,  and two of which are syn-Curtis faults. Hence, it can be said with complete certainty 

that 2 erosive events of faulting has configured the J-3, one during phase 1 and one during 

phase 2 (Figure 7.4). Moreover, faults may have been locality-specific reactivated, and despite 

faults occurring within the same phases, it does not mean they necessarily reflect the same 

structural deformation or tectonic event. Faults have proved to modify J-3s relief significantly 

where present, also at localities with little relief. This is because in terms of maximum relief 

recorded for each locality, the faults have acted as significant contributors to that relief.  
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8 Conclusion 
It remains difficult to determine whether the entire J-3 unconformity was fully subaerially 

exposed at one point in time, since successive episodes of erosion that configured the surface 

obscured prior events. Furthermore, the J-3 unconformity may have actively expanded 

regionally over time as erosional mechanisms overlapped temporally, and spatially. This 

suggests that the erosive events of the J-3 unconformity are not time-specific, and thus not 

time-barrier representatives. Additionally, although the same erosional surface expressions 

appear at different localities, they cannot be connected to the same regional erosive episodes. 

Accordingly, the J-3 unconformity is short-term facies bound (Holbrook & Bhattacharya, 

2012), reflecting variations of different stratigraphical and structural locations within the same 

basin (Kyrkjebø et al., 2004), where younger and older erosional surfaces merge to shape the 

complex polychronous character of the J-3 unconformity.  

Both pre-Curtis-, and syn-Curtis local faulting has configured J-3s relief. Pre-Curtis faults 

displacement has supplemented J-3s relief with 0.3 to 6.6 meters, and syn-Curtis faults has 

subsidized with 3-4 meters. The facies associations overlying the J-3 unconformity alternate 

between being of fluvial-, tidal-, or marine influence. Hence, the J-3 has developed through 

destruction caused by erosion from multiple environments, proving that the unconformity is 

not a product caused by one single erosive event at one discrete point in time such as regional 

base-level fall. Suggestion is made that the J-3 unconformity has been configured by aeolian 

denudation, fluvial-, tidal-, and marine erosional action, as well as local faults.  

 

(1)  It can be said with complete certainty that aeolian deflation during lowstand system 

tract was the first erosive event of the J-3, prior to transgression of the Curtis Sea.  

(2) Following, sagging in the Entrada Sandstone, or pre-Curtis faults occurred, however, 

which of the two that took place first is uncertain since the locality that exhibited 

sagging did not exhibit pre-Curtis faulting. This also leaves the possibility that the  two 

events may have occurred simultaneously or partly overlapping. 

(3) Then, occurrence of water-induced erosion from the first tidal passive infill took place, 

creating irregularities in J-3s topography. Although the duration of tidal passive infill 

overlaps with syn-Curtis faults and loading, the latter events are assumed to have 

shaped the J-3 after the first erosive event from tidal passive infill, of which there were 

multiple episodes. 
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(4) The deep channel incisions are interpreted to be the last erosive events of the J-3, however 

question remains whether the tidal channel- , or fluvial channel occurred first. Both scours 

are linked to stratigraphic levels many meters above the J-3 unconformity, and incises 

beyond J-3s original stratigraphic level. This insinuates that the channel incisions are most 

likely the latest or one of the latest events that has contributed to destruction of J-3s surface.  

 

The J-3 unconformity displays similarities with the RCS (regional composite scour surface) 

from the study of Hoolbrook & Bhattacharya (2012) as well as the North Sea Unconformity 

Complex (Kyrkjebø, Gabrielsen, & Faleide, 2004) of which does not coincide with one single 

erosional event, not in time, nor in space. Although the J-3 unconformity is very traceable, it 

is not because of its significant representation of a conceptual sequence boundary (Holbrook 

& Bhattacharya, 2012). It is traceable because it separates strata of two vastly different 

sedimentary units from different depositional environments, of which happen to also be 

younger strata overlying older strata. The overlying and underlying sedimentary units of the J-

3 have been found to diverge and fluctuate across localities, thus confirming that J-3s 

traceability is due to facies contrast, and not because one particular Entrada Sandstone facies 

has invariably been found beneath the J-3, and one Curtis Formation facies continually appears 

directly above it. This difference in strata, if big enough, is what would create impedance 

contrast in seismic reflection data, and may also explain why the late-Cimmerian 

unconformity/Base-Cretaceous unconformity does not coincide solemnly with the Jurassic, nor 

the Cretaceous boundary (Introduction, Chapter 1). From the above-mentioned conclusions, 

suggestion is made that since facies connectivity directly above and below the J-3 fluctuates, 

potentially quite significantly between the wet aeolian sandstone reservoir and tide-dominated 

interconnected reservoir-cap rock, then reservoir quality very possibly also varies along the J-

3 unconformity.  
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