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ABSTRACT 

 The Latest Paleocene to Early Eocene Colton and Wasatch Formations exposed in the 

Roan Cliffs on the southern margin of the Uinta Basin, UT make up a genetically related lobate 

wedge of dominantly fluvial deposits. Estimates of the size of the river that deposited this wedge 

of sediment vary by more than an order of magnitude. Some authors suggest the sediments are 

locally derived from Laramide Uplifts that define the southern margin of the Uinta Basin, the 

local recycling hypotheses. Other authors suggest the sediments were transported by a river 

system with headwaters 750 km south of the Uinta Basin, the California paleoriver hypothesis. 

This study uses source-to-sink analysis to constrain the size of the river system that deposited the 

Colton-Wasatch Fm. We pay particular attention to the what magnitude and recurrence interval 

of riverine discharge is preserved in the Colton-Wasatch Fm. stratigraphy, and consider the 

effects this has on scaling discharge to the paleo-catchment area of the system. 

 We develop new scaling relationships between discharge and catchment area using daily 

gauging data from 415 rivers worldwide. Previous studies using a global database of rivers use 

average discharge in scaling relationships to catchment area. We demonstrate that average 

discharge is a flow of variable magnitude and recurrence interval in rivers with different 

hydrology, and that at higher magnitudes of discharge, especially 99
th

 percentile discharge and 

higher, the discharge yields and recurrence intervals of flow events of given magnitude are 

similar across climates and hydrological regimes. These scaling relationships between 99
th

 

percentile and higher magnitudes of flow and catchment area have greatly improved predictive 

precision compared to existing relationships using average discharge. 

 The discharge events our new scaling relationships are based on are also of similar 

magnitude and recurrence interval as bankfull flow in modern rivers. Bankfull flow is typically 

considered the flow state that is in geomorphic equilibrium with deposits of ancient river 

systems. We test our new scaling relationships between 99
th

 percentile and larger discharge and 

catchment area in modern rivers on a dataset of six ancient rivers of variable size, climate, 

hydrology where the catchment size is constrained by other methods. We demonstrate that our 

new scaling relationships introduce less selection bias and upscaling issues than regional curves 

that are used in other source-to-sink studies. We also demonstrate the utility of a probabilistic 
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approach to source-to-sink analysis of the catchment area of ancient river systems using a Monte 

Carlo simulator. Using this method we quantitatively evaluate the likelihood of multiple 

hypotheses of catchment area for the river systems of interest.  

 We show that discharge events 99
th

 percentile and higher have somewhat characteristic 

recurrence intervals across climatic and hydrological regimes, and that the higher the magnitude 

of the recurrence interval that characterizes it will be longer. Given that in modern systems rivers 

with highly variable hydrology have longer recurrence intervals of bankfull, or the channel-

forming discharge, than in rivers with persistent hydrology, it then follows that these systems are 

in geomorphic equilibrium with higher magnitude discharge events. This has an important 

impact on our source-to-sink analysis as it predicts that given two river systems with the same 

catchment area, the trunk channel in the river with more variable hydrology will have larger 

equilibrium channel dimensions. 

 Of our six ancient river systems studied using our probabilistic source-to-sink method, 

the Colton-Wasatch Fm. is the endmember of a flood-dominated fluvial style. The Colton-

Wasatch Fm. was deposited concomitantly with the Paleocene-Eocene Thermal Maximum, a 

punctuated greenhouse climate change event associated with seasonal to flood and drought prone 

hydrology in mid-latitude continental interiors. The sedimentology of the Colton-Wasatch Fm. is 

dominated by Froude-supercritical and high-deposition rate sedimentary structures, downstream 

accreting barforms, in-channel pedogenically modified fine-grained deposits, and abundant in-

channel continental bioturbation that suggest deposition during the waning stage of floods and 

long-term channel abandonment between depositional events.  

 The river was highly avulsion prone due to the high variability in discharge and built a 

large fluvial fan system in its depositional terminus in the Uinta Basin. We statistically project 

the apex position of the fan in the lower part of the Colton-Wasatch Fm. based on paleocurrent 

measurements across the basin to a location ~250 km south of the Uinta Basin. The maximum 

progradation of the fan system is recorded in the middle part of the Colton-Wasatch Fm., and we 

interpret the fan apex was near Sunnyside, UT at this time. This suggests the fluvial fan 

prograded more than 100 km in response to punctuated climatic forcing from the lower to the 

middle part, and later back-stepped in the upper part of the Colton-Wasatch Fm. in what was 

likely a climatic recovery phase. 
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 We apply a scaling relationship to the ~25 m deep and ~750 m wide channel deposits in 

the Colton-Wasatch Fm. that implies the channels are in geomorphic equilibrium with a ~50-100 

year flood event. This scaling relationship is based on the maximum recorded discharge in our 

dataset of gauging data for 415 modern rivers that has a median duration of 66 years. Of our 

scaling relationships based on 99
th

 percentile discharge and higher, this relationship produces the 

most conservative estimates of catchment area. Our probabilistic evaluation of the two 

hypotheses as to the provenance of the Colton-Wasatch Fm. suggests the California paleoriver 

hypothesis is more than ten times as likely as the local recycling hypothesis. This is supported by 

our interpretation that the size of the fluvial fan that is the terminus of this river is larger than the 

catchment area predicted by the local recycling hypothesis. In this way, our source-to-sink and 

sedimentological/stratigraphic analyses are complimentary, and strongly support a far-traveled 

provenance for the Colton-Wasatch Fms. transported by an arid and flood-prone California 

paleoriver that was the dominant axial drainage system in the southwestern US during the Early 

Eocene. 
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CHAPTER 1 

INTRODUCTION TO DISSERTATION 

 This introduction provides context for the journal manuscript style chapters that are the 

principle contribution of this dissertation. A summary of the background and goals of this project 

are explained. The motivation, context, and a summary are provided for each of the chapters.  

1.1 Background 

 The motivation for this dissertation is to better constrain the provenance of the 

genetically linked Latest Paleocene to Early Eocene fluvial deposits lithostratigraphically termed 

the Colton Fm. and Wasatch Fm., exposed in the Roan Cliffs along the southern margin of the 

Uinta Basin in Utah. This project builds off of a detailed stratigraphic and sedimentologic dataset 

across the basin in collaboration with Dr. Piret Plink-Björklund, and the Dynamic Stratigraphy 

Group at the Colorado School of Mines (e.g. Birgenheier, 2009; Plink-Björklund, 2012; Plink-

Björklund and Birgenheier, 2013; Plink-Björklund, 2015) (Figures 1.1 & 1.2). This project was 

supported by and collaborated with the Alluvial Depositional Models Consortium and the Green 

River Collaborative Consortium at the Colorado School of Mines which provided subsurface 

data, a basin-scale perspective, and insights into the applications of the stratigraphic questions in 

issues of oil and gas exploration and production in the Uinta Basin and beyond.  

 Recent studies of the Colton-Wasatch Fms. from the Colorado School of Mines (Ford, 

2012; Pisel, 2015) focus on outcrop exposures within a few canyons separated by tens of 

kilometers. This study provides a larger context by investigating basin-wide changes in the 

stratigraphy of Colton-Wasatch Fm. across the more than 200 km of continuous exposure of the 

units in the Roan Cliffs oriented along depositional strike. We also study stratigraphic changes 

down-dip into the subsurface (Figure 1.3; Appendix 1) giving us a broader view of the range of 

coeval depositional environments in the Uinta Basin in the Paleogene. 

1.2 Introduction 

 Hypotheses as to the provenance of the Colton-Wasatch Fms. in the Uinta Basin are 

varied and have evolved over time depending on the methodology of the investigation. The 

sandstone petrofacies of the Colton-Wasatch Fms. are compositionally immature and suggest 
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derivation from local basement-cored uplifts related to the Laramide Orogeny (Dickinson, 1986). 

The wide application of U-Pb dating of detrital zircons as a tool for provenance analysis 

accelerated in the mid-2000s. Application of this technique to the Colton-Wasatch Fms. showed 

that more than 50% of the zircon grains sampled from these deposits are younger than 285 Ma, 

suggesting derivation from the Triassic to Cretaceous Cordilleran magmatic arc on the western 

margin of the North American Continent (Davis et al., 2010; Dickinson et al., 2012). If these 

zircon grains are first-generation sediment, they suggest that the river system that delivered them 

had headwaters in the Cordilleran magmatic arc, 750 km to the southwest of the Uinta Basin 

(Davis et al., 2010; Dickinson et al., 2012). Other researchers have studied the exhumation 

history of the Colorado Plateau using (U-Th)/He and apatite fission-track thermochronology, and 

have suggested the Colorado Plateau was a topographically high feature by Late Cretaceous and 

that the southwesterly drainage off of the in Southwestern North America that is active today 

was established by this time (Flowers et al., 2008; Wernicke, 2011; Flowers and Farely, 2012). 

This hypothesis necessitates a local source for the Colton-Wasatch Fms., and suggests that the 

Cordilleran magmatic arc derived zircons in these formations are recycled from underlying 

Cretaceous strata by small river systems with local catchments in the Laramide Uplifts that 

define the southern margin of the Uinta Basin (Wernicke, 2011). 

 Concurrently, quantitative source-to-sink analysis of siliciclastic depositional systems 

became a more widely applied technique in sedimentary geology. Source-to-sink analysis is used 

to quantitatively analyze individual components of a linked siliciclastic depositional system and 

make predictions about the character and scale of the other components (e.g. Bhattacharya and 

Tye, 2004, Sømme et al., 2009; Holbrook and Wanas, 2014, Bhattacharya et al., 2016, many 

others). New scaling relationships between discharge and catchment area in modern rivers were 

established (e.g. Syvitski and Milliman, 2007; Davidson and North, 2009). These relationships 

allow researchers to better constrain the climate, hydrology, and scale of the catchment area of 

an ancient river system, typically the largest unknown in source-to-sink analysis because of its 

low preservation potential in the sedimentary record. The order-of-magnitude differences in the 

catchment area predicted by competing hypotheses as to the provenance of the river system that 

deposited the Colton-Wasatch Fms. makes this a good candidate for source-to-sink analysis, as 

these are the scale of differences that can be confidently resolved by the method.  
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1.3 Contributions 

 Each chapter of the dissertation is described below with additional context specific to the 

contribution. The progression of the chapters follows the scientific method as we: 1) describe our 

dataset and develop a central research question (Chapter 2), 2) develop new methods to address 

this question (Chapter 3), 3) test and refine our new method using a robust training dataset 

(Chapter 4), and 4) apply our new learnings and improved methods to the original research 

question and evaluate the likelihood of multiple alternative hypotheses (Chapter 5).  

1.3.1 Chapter 2 

 The Paleogene stratigraphy exposed in the Roan Cliffs on the southern margin of the 

Uinta Basin is characterized by alternations between fluvial and lacustrine depositional 

environments. The Uinta Basin is a longitudinally asymmetrical foreland basin, with a zone of 

high accommodation adjacent to the thrust front that defines its northern margin and a low 

gradient ramp that along its southern margin (Figure 1.3). Lacustrine depositional environments 

persisted in the northern portion of the Uinta Basin from the Paleocene Flagstaff Limestone 

through the final infilling of Lake Uinta by Late Middle Eocene (41.8 Ma; Surdham and Stanley, 

1980). On the basin’s southern margin, fluvial systems periodically prograded into paleolake 

Uinta. A series of negative carbon isotope excursions that are coincident with periods of fluvial 

progradation are documented on the southern margin of the Uinta Basin (Figure 1.2). A series of 

globally recognized hyperthermal climate change events, the Paleocene-Eocene Thermal 

Maximum (PETM) and Early Eocene Climatic Optimum (EECO), are suggested to have caused 

changes is the regional hydrology that controlled the shifting depositional environments on the 

southern margin of the Uinta Basin.  

 The Colton Fm. is the first of these episodes of fluvial progradation into the basin, and 

was deposited coincident with the PETM. The Colton Fm. is a radially distributive and lobate 

wedge of fluvial sediment that shows changes in stratigraphic architecture along depositional 

strike and through time that are consistent with a prograding (lower to middle intervals) then 

retrograding (middle to upper intervals) large fluvial fan system. A statistical method (see Owen 

et al., 2015) is applied to reconstruct the apex of this fan system based on radially dispersive 

paleocurrents measured in the lower interval. The fan-apex at lower Colton time is reconstructed 
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near the confluence of the present-day Green and Colorado Rivers in South-Central Utah. This 

suggests that during the deposition of the lower Colton interval the fan was approximately 250 

km long and 200 km wide, and that the system prograded over 100 km to its interpreted apex 

position near Sunnyside, UT during the deposition of the middle interval of the Colton Fm. 

(Figure 1.4). This large fluvial fan is the terminal sink of the depositional system that sourced the 

Colton Fm.  

 The fluvial deposits in the interpreted axis of the fluvial fan systems are composed of 

laterally and vertically amalgamated sandy channel complexes. Channel-fills in the system are 

dominated by Froude-supercritical and high-deposition rate sedimentary structures. Barforms are 

dominantly downstream accreting, and we document preserved bar rollover heights (minimum 

estimates of bankfull channel depths) larger than 25 m. Large traces of penetrative tree roots with 

associated insect burrows are more than 4 meters long and are developed from top-down on bar-

accretion surfaces, and pedogenically modified in-channel fines are preserved draping bar 

accretion surfaces. Combining these observations the hydrology of the river system that 

deposited the Colton-Wasatch Fm. was characterized by long periods of drought or channel 

abandonment punctuated by high-magnitude flooding events. These observations are supported 

by other studies of the effect of the PETM on the hydrology of mid-latitude continental interiors 

(Schmitz and Pujalte, 2007; McInerney and Wing, 2011; Foreman et al., 2012; Kraus et al., 

2015). 

1.3.2 Chapter 3 

 Source-to-sink analysis uses the dimensions of channel deposits in ancient fluvial 

successions to reconstruct the magnitude of bankfull paleodischarge through that channel (e.g. 

Holbrook and Wanas, 2014; Bhattacharya et al., 2016). This paleodischarge can then be related 

to the size of the river’s catchment area using scaling relationships from modern river systems 

(e.g. Syvitski and Milliman, 2007; Davidson and North, 2009). Predictions of bankfull 

paleodischarge, and therefore predictions of the size of the river system, in the Colton-Wasatch 

system vary by more than an order of magnitude depending on if calculations were based on 

channel dimensions from the lower or middle interval (the interpreted fan toe and fan apex 

depositional environments respectively). 
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 Though widely applied in source-to-sink studies, the scaling relationship of Syvitski and 

Milliman (2007) is based on average discharge, a flow state that is unlikely to be preserved in the 

sedimentary record (Bhattacharya and Tye, 2004). The channel-forming discharge, or the flow 

event that is in morphodynamic equilibrium with the river channel, is typically considered to be 

bankfull discharge in studies of ancient rivers (see Hajek and Heller, 2012; Holbrook and Wanas, 

2014; Bhattacharya et al., 2016). There is therefore an incompatibility between bankfull 

discharge that is reconstructed from outcrop data in ancient rivers, and average flow conditions 

in modern rivers that are the basis of some scaling relationships applied in source-to-sink 

analysis.  

 A dataset of river gauging data in modern river systems worldwide was acquired from the 

Global Runoff Data Centre (GRDC) to address two main questions that are the basis of Chapter 

3: 1) What flow state does average discharge represent in modern rivers with variable 

hydrology? 2) Can we develop new scaling relationships between magnitude(s) of discharge that 

are similar to bankfull discharge that are applicable across our dataset of modern rivers? The first 

step in analyzing this dataset of gauging station data from 415 rivers worldwide was to quantify 

the discharge variability in the systems. Average discharge is shown to be a flow state of 

different magnitude and frequency in rivers with persistent, seasonal, and erratic hydrology. At 

magnitudes of discharge of 99
th

 percentile or greater the discharge yield of rivers with different 

hydrology converge and are statistically indistinguishable that the highest magnitudes 

investigated in this study. These higher magnitudes of discharge are also shown to have 

characteristic median recurrence intervals that are similar to the recurrence intervals of bankfull 

discharge measured in modern rivers. Scaling relationships between catchment area and 99
th

 

percentile, 99.87
th

 percentile, and maximum discharge from the database of modern rivers are 

shown to be characteristic of the discharge capacity of a drainage basin across hydrologic 

regimes, and because of this these scaling relationships have an order of magnitude improvement 

in predictive precision when compared to scaling relationships based on average discharge. 

1.3.2 Chapter 4 

 A previously unrecognized outcome of Chapter 3 is the characteristic median recurrence 

interval of flow events of a given magnitude in river systems across hydrologic regimes (Figure 

1.5). With increasing flow magnitude there is a coincident increase in the median recurrence 
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interval of that flow event. In modern rivers with increasing discharge variability the recurrence 

interval of geomorphically effective discharge, i.e. the channel forming discharge, also increases 

(Basso et al., 2015). Studies of the recurrence interval of bankfull discharge in modern rivers 

suggest that 1-2 years is a good benchmark for rivers with perennial and persistent hydrology, 

but this recurrence interval increases in rivers with high discharge variabililty (see Doyle et al., 

2007). Recurrence intervals of bankfull discharge of 4-6 years are documented for dryland rivers 

in the Australian Outback (Pickup and Warner, 1976), and in the Burdekin River, AU km-scale 

bedforms are documented to be in geomorphic equilibrium with decadal-scale flood events 

(Alexander and Fielding, 1997; Amos et al., 2004). The understanding of the periodicity of 

channel-forming discharge events in modern rivers is limited by the relatively short history of 

collecting river gauging data, and there is limited understanding of the influence of mutidecadal 

scale and longer forcing mechanisms (e.g. Milliman and Farnsworth, 2011). 

 Given the finding that the recurrence interval of a flow event is positively correlated with 

flow magnitude across hydrologic regime and that in modern rivers the recurrence interval of 

channel-forming discharge increases with increasing discharge variability; it follows that rivers 

with higher discharge variability will be in geomorphic equilibrium with higher magnitude and 

longer recurrence interval flow events. This geomorphic equilibrium is manifested at multiple 

scales in fluvial stratigraphy ranging from the suite of sedimentary structures preserved in 

channel-fills, the organization of macroforms (bar-forms in channels), to the equilibrium channel 

dimensions (Figure 1.6).  This has important implications for source-to-sink analysis as it implies 

that for a given set of bankfull channel dimensions in outcrop the corresponding predictions of 

the size of the river’s catchment area will vary depending on the interpretation of the recurrence 

interval of that bankfull flow event. 

 Chapter 4 is a test of the scaling relationships between catchment area and the 99
th

 

percentile (Q99), 99.87
th

 percentile (Q99.87), and maximum recorded discharge (Qmax) from the 

database of daily river gauging data. A training dataset of six ancient river systems (Ferron 

Sandstone, Dunvegan Fm., Baharia Fm., Kayenta Fm., Colton-Wasatch Fms., and McMurray 

Fm.) are chosen. These systems are well-studied from a source-to-sink perspective and provide 

testable hypotheses as to the paleocatchment area of the system developed using alternative 

methodologies. These ancient rivers are variable in size and hydrology, and present an 
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opportunity to evaluate the applicability of the different scaling relationships developed in 

Chapter 3.  

 Despite the improvements in predictive precision these higher discharge magnitude 

scaling relationships have compared to scaling relationships based on average discharge, there is 

still an order of magnitude uncertainty in the discharge yields of modern rivers that is inherent to 

the method. Natural channel dimensions and therefore the corresponding estimates of bankfull 

paleodischage input into these scaling relationships are also variable. To address the variability 

in the inputs and the uncertainty in scaling relationships a probabilistic approach to predicting the 

catchment areas of these ancient rivers is taken. The methodology, probabilistic source-to-sink 

analysis, assigns probability density functions to the input variables (bankfull paleodischarge and 

the runoff yields of modern rivers) and runs these through many thousands of simulations using a 

Monte Carlo simulator. The simulation outputs a range of predicted catchment areas for the 

system of interest, and a quantitative assessment of the percentage of simulations that fall in a 

hypothesized range of catchment areas assigned to the system by alternative methods can be 

made. In this way the likelihood of multiple alternative hypotheses can be quantitatively 

compared.  

 Criteria are developed throughout the chapter for recognizing the paleohydrology of the 

system based on sedimentological and stratigraphic criteria (for additional examples see Fielding 

et al., 2009; Plink-Björklund, 2015). In systems interpreted to have persistent hydrology (e.g. 

well-developed point bar deposits, channel-fill deposits dominated by systematic dune migration, 

and floodplain deposits that show evidence for perennially wet conditions) a scaling relationship 

based on discharge with a 1.5 year recurrence interval (Q99) is applied. In systems interpreted to 

have erratic hydrology (e.g. channel-fill deposits dominated by upper-flow regime sedimentary 

structures, complex and dominantly low-angle downstream accreting barforms, high channel 

aspect ratios, and floodplain deposits that show evidence of aridity or fluctuating groundwater 

table) the scaling relationship based on discharge with a ~5 year recurrence interval (Q99.87) is 

applied. In systems interpreted to have a strongly flood and drought prone hydrology (e.g. 

channel-fill deposits dominated by upper-flow regime sedimentary structures, complex and 

dominantly low-angle downstream accreting barforms, high channel aspect ratio, in-channel 

fines with pedogenic modification, deeply penetrative and abundant continental bioturbation 
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traces developed in-channel) the scaling relationship based on discharge with a 50-100 year 

recurrence interval (Qmax) is applied.  

 Some of the main outcomes in testing the probabilistic source-to-sink analysis on well-

studied ancient rivers presented in Chapter 4 are as follows: 

 Using trunk channel geometries in reconstructing paleo-catchment area is very important. 

The estimated catchment size of the Notom Delta of the Ferron Sandstone and the 

Dunvegan Fm. were somewhat conservative because the range of paleodischarge input 

into the simulator likely includes estimates from the tributive or distributary portions of 

the system.  

 Selection bias is reduced using the new scaling relationships compared to using scaling 

relationships based on regional curves (e.g. Davidson and North, 2009). Selection of one 

of our scaling relationships compared to another imparts a factor of 2-4 error, while 

selecting a specific regional curve can impart more than an order-of-magnitude error in 

predictions of catchment area. 

 There is likely an upper-limit on the size of systems that can be confidently analyzed by 

the methodology, which is approximately 250,000 km
2
. Other authors have noted a 

flattening in the trajectory of the relationship between discharge and catchment area in 

very large rivers such that for each incremental increase in discharge there is a larger 

increase in catchment area in systems with catchment areas from 10
5
-10

6
 km

2
 than in 

rivers with catchment areas from 10
3
-10-

5
 km

2
.  

1.3.3 Chapter 5 

 Chapter 5 circles back to the original premise of this research: what is the Provenance of 

the Colton Fm.? The Qmax scaling relationship to the is applied to the deposits of the Colton Fm. 

in the Uinta Basin suggesting these channel deposits were in geomorphic equilibrium with 50-

100 year flooding events. Using this runoff yield model and the calculated estimates of bankfull 

paleodischarge to evaluate the size of the catchment area of the river system that deposited the 

Colton Fm. in the Uinta Basin, the probabilistic source-to-sink methodology suggests that the 

far-traveled California paleoriver hypothesis (e.g. Davis et al., 2010; Dickinson et al., 2012) is 

more than 10 times more likely than the local recycling hypothesis (e.g. Wernicke, 2011). This 
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outcome is supported by the multiple 100s of km scale of the fluvial fan system that is the 

terminal sink of the river system, and by far-traveled extrabasinal first generation calcareous 

lithic fragments that support a far-traveled first generation origin for the arc-derived detrital 

zircons.   

 This result has important implications for the timing of the drainage evolution of North 

America. In Late Cretaceous through Paleocene the Colorado Plateau drained into the Gulf of 

Mexico depositing the Wilcox Fm. turbidite complexes that are the most volumetrically 

significant reservoir for deepwater oil and gas production in the Gulf of Mexico. By Latest 

Paleocene through Middle Eocene the Colorado Plateau was and endorheic drainage basin and 

sediment supply to the Gulf of Mexico was greatly reduced (Galloway, 2011). The regionally 

extensive Green River Lake system in Wyoming, Colorado, and Utah was the ponded center of 

this internal drainage basin. The California paleoriver flowed northward running axially in and 

draining the remnant Cordilleran foreland basin south of its depositional sink in a large fluvial 

fan system that occupied the southern margin of paleolake Uinta. Infilling of this internal 

drainage basin occurred sequentially from north (Lake Gosuite in Wyoming) to southwest ending 

in the infilling of paleolake Uinta by 41.8 Ma (Surdham and Stanley, 1980). The successive 

infilling of the Green River lake systems from North to Southwest from ~48.5-41.8 Ma 

(Surdham and Stanley, 1980) is likely an early phase of the continental-scale southwesterly 

drainage reorganization that occurred throughout the Tertiary that carved the Grand Canyon and 

eventually delivered Colorado Plateau sourced sediments into the Pacific Ocean by 6 Ma 

(Ingersoll et al., 2013). The Early Eocene Uinta Basin is a critical knickpoint in both space and 

time, and our improved understanding of the California paleoriver system through probabilistic 

source-to-sink analysis allows us to better constrain the drainage evolution of Western North 

America.   

1.4 References 

Alexander, J., Fielding, C., 1997. Gravel antidunes in the tropical Burdekin River, Queensland, 

Australia. Sedimentology 44, 327–337. 

 

Amos, K.J., Alexander, J., Horn, A., Pocock, G.D., Fielding, C.R., 2004. Supply limited 

sediment transport in a high-discharge event of the tropical Burdekin River, North 

Queensland, Australia. Sedimentology 51, 145–162. 

 



10 
 

Basso, S., Frascati, A., Marani, M., Schirmer, M., Botter, G., 2015. Climatic and landscape 

controls on effective discharge. Geophys. Res. Lett. 42, 8441–8447. 

doi:10.1002/2015GL066014 

 

Bhattacharya, J.P., Copeland, P., Lawton, T.F., Holbrook, J., 2016. Estimation of source area, 

river paleo-discharge, paleoslope, and sediment budgets of linked deep-time depositional 

systems and implications for hydrocarbon potential. Earth-Science Reviews, Source-to-

Sink Systems: Sediment & Solute Transfer on the Earth Surface 153, 77–110. 

doi:10.1016/j.earscirev.2015.10.013 

 

Bhattacharya, J.P., Tye, R.S., 2004. Searching for modern Ferron analogs and application to 

subsurface interpretation. Regional to wellbore analog for fluvial-deltaic reservoir 

modeling: The Ferron Sandstone of Utah: AAPG Studies in Geology 50, 39–57. 

 

Davidson, S.K., North, C.P., 2009. Geomorphological Regional Curves for Prediction of 

Drainage Area and Screening Modern Analogues for Rivers in the Rock Record. Journal 

of Sedimentary Research 79, 773–792. doi:10.2110/jsr.2009.080 

 

Davis, S.J., Dickinson, W.R., Gehrels, G.E., Spencer, J.E., Lawton, T.F., Carroll, A.R., 2010. 

The Paleogene California River: Evidence of Mojave-Uinta paleodrainage from U-Pb 

ages of detrital zircons. Geology 38, 931–934. doi:10.1130/G31250.1 

 

Dickinson, W.R., Lawton, T.F., Inman, K.F., 1986. Sandstone Detrital Modes, Central Utah 

Foreland Region: Stratigraphic Record of Cretaceous-Paleogene Tectonic Evolution. 

Journal of Sedimentary Research 56, 276–293. 

 

Dickinson, W.R., Lawton, T.F., Pecha, M., Davis, S.J., Gehrels, G.E., Young, R.A., 2012. 

Provenance of the Paleogene Colton Formation (Uinta Basin) and Cretaceous–Paleogene 

provenance evolution in the Utah foreland: Evidence from U-Pb ages of detrital zircons, 

paleocurrent trends, and sandstone petrofacies. Geosphere 8, 854–880. 

doi:10.1130/GES00763.1 

 

Doyle, M.W., Shields, D., Boyd, K.F., Skidmore, P.B., Dominick, D., 2007. Channel-Forming 

Discharge Selection in River Restoration Design. Journal of Hydraulic Engineering 133, 

831–837. doi:10.1061/(ASCE)0733-9429(2007)133:7(831) 

 

Fielding, C.R., Allen, J.P., Alexander, J., Gibling, M.R., 2009. Facies model for fluvial systems 

in the seasonal tropics and subtropics. Geology 37, 623–626. doi:10.1130/G25727A.1 

 

Flowers, R.M., Farley, K.A., 2012. Apatite 4He/3He and (U-Th)/He Evidence for an Ancient 

Grand Canyon. Science 338, 1616–1619. doi:10.1126/science.1229390 

 



11 
 

Flowers, R.M., Wernicke, B.P., Farley, K.A., 2008. Unroofing, incision, and uplift history of the 

southwestern Colorado Plateau from apatite (U-Th)/He thermochronometry. Geological 

Society of America Bulletin 120, 571–587. doi:10.1130/B26231.1 

 

Ford, G.L., 2012. Hierarchical framework and cyclicity in a fluvial-lacustrine basin-fill 

succession, middle Wasatch Formation, Uinta Basin, Utah. Colorado School of Mines. 

 

Foreman, B.Z., Heller, P.L., Clementz, M.T., 2012. Fluvial response to abrupt global warming at 

the Palaeocene/Eocene boundary. Nature 491, 92–95. doi:10.1038/nature11513 

 

Galloway, W.E., Whiteaker, T.L., Ganey-Curry, P., 2011. History of Cenozoic North American 

drainage basin evolution, sediment yield, and accumulation in the Gulf of Mexico basin. 

Geosphere 7, 938–973. doi:10.1130/GES00647.1 

 

Hajek, E.A., Heller, P.L., 2012. Flow-depth scaling in alluvial architecture and nonmarine 

sequence stratigraphy: example from the Castlegate Sandstone, Central Utah, USA. 

Journal of Sedimentary Research 82, 121–130. 

 

Holbrook, J., Wanas, H., 2014. A Fulcrum Approach To Assessing Source-To-Sink Mass 

Balance Using Channel Paleohydrologic Paramaters Derivable From Common Fluvial 

Data Sets With An Example From the Cretaceous of Egypt. Journal of Sedimentary 

Research 84, 349–372. doi:10.2110/jsr.2014.29 

 

Ingersoll, R.V., Grove, M., Jacobson, C.E., Kimbrough, D.L., Hoyt, J.F., 2013. Detrital zircons 

indicate no drainage link between southern California rivers and the Colorado Plateau 

from mid-Cretaceous through Pliocene. Geology 41, 311–314. doi:10.1130/G33807.1 

 

Kraus, M.J., Woody, D.T., Smith, J.J., Dukic, V., 2015. Alluvial response to the Paleocene–
Eocene Thermal Maximum climatic event, Polecat Bench, Wyoming (U.S.A.). 

Palaeogeography, Palaeoclimatology, Palaeoecology 435, 177–192. 

doi:10.1016/j.palaeo.2015.06.021 

 

McInerney, F.A., Wing, S.L., 2011. The Paleocene-Eocene Thermal Maximum: a perturbation of 

carbon cycle, climate, and biosphere with implications for the future. Annual Review of 

Earth and Planetary Sciences 39, 489–516. 

 

Milliman, J.D., Farnsworth, K.L., 2010. River Discharge to the Coastal Ocean: A Global 

Synthesis. Cambridge University Press, Caimbridge, UK. 

 



12 
 

Owen, A., Jupp, P.E., Nichols, G.J., Hartley, A.J., Weissmann, G.S., Sadykova, D., 2015. 

Statistical Estimation of the Position of An Apex: Application To the Geological Record. 

Journal of Sedimentary Research 85, 142–152. doi:10.2110/jsr.2015.16 

 

Pickup, G., Warner, R.F., 1976. Effects of hydrologic regime on magnitude and frequency of 

dominant discharge. Journal of Hydrology 29, 51–75. 

 

Pisel, J.R., 2015. Multi-scale stratigraphic and statistical analysis of allogenic and autogenic 

controls on fluvial systems. Colorado School of Mines. 

 

Plink-Björklund, P., 2015. Morphodynamics of rivers strongly affected by monsoon 

precipitation: Review of depositional style and forcing factors. Sedimentary Geology 

323, 110–147. doi:10.1016/j.sedgeo.2015.04.004. 

 

Plink-Bjorklund, P., Birgenheier, L., 2012. Extreme seasonality during early Eocene 

hyperthermals, in: AGU Fall Meeting Abstracts. p. 1005. 

 

Plink-Björklund, P., Birgenheier, L., 2013. Highly Seasonal Ancient Monsoonal River Systems: 

Depositional Style, Allogenic and Autogenic Controls. Presented at the 10th International 

Conference on Fluvial Sedimentology, Leeds, pp. 206–207. 

 

Schmitz, B., Pujalte, V., 2007. Abrupt increase in seasonal extreme precipitation at the 

Paleocene-Eocene boundary. Geology 35, 215–218. doi:10.1130/G23261A.1 

 

Sømme, T.O., Helland-Hansen, W., Martinsen, O.J., Thurmond, J.B., 2009. Relationships 

between morphological and sedimentological parameters in source-to-sink systems: a 

basis for predicting semi-quantitative characteristics in subsurface systems. Basin 

Research 21, 361–387. doi:10.1111/j.1365-2117.2009.00397.x 

 

Surdam, R.C., Stanley, K.O., 1980. Effects of changes in drainage-basin boundaries on 

sedimentation in Eocene Lakes Gosiute and Uinta of Wyoming, Utah, and Colorado. 

Geology 8, 135–139. doi:10.1130/0091-7613(1980)8<135:EOCIDB>2.0.CO;2 

 

Syvitski, J.P.M., Milliman, J.D., 2007. Geology, Geography, and Humans Battle for Dominance 

over the Delivery of Fluvial Sediment to the Coastal Ocean. The Journal of Geology 115, 

1–19. doi:10.1086/509246 

 

Wernicke, B., 2011. The California River and its role in carving Grand Canyon. Geological 

Society of America Bulletin 123, 1288–1316. doi:10.1130/B30274.1 

  



13 
 

 

Figure 1.1. Study area with locations for measured stratigraphic sections, interpreted 

photopanels, and paleocurrent measurements in the Roan Cliff outcrop exposures of the Colton 

Fm. Paleocurrent measurement locations: SS- Soldier Summit, EP – Emma Park Road, WP – 

Whitmore Park, NC – Nine-Mile Canyon, SC – Sunnyside Canyon, HrC – Horse Canyon, DC – 

Desolation Canyon, TC – Thompson Canyon , HC – Hay Canyon, WB – White Faced Butte, RR 

– Ravens Ridge. Oil and gas fields (dashed outlines): MB – Monument Butte, AB – Altamont 

Bluebell. Structural Features: SR – San Rafael Swell, DCA – Douglas Creek Arch, UU – 

Uncompahgre Uplift, UB – Uinta Basin, PB – Piceance Basin. Towns: P – Price, UT, V – 

Vernal, UT, GJ – Grand Junction, CO, R- Rangely, CO.
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Figure 1.2. Stratigraphic section, interpreted isotope curve, age constraints and quantitative stratigraphy through the Lower Tertiary 

section in Nine Mile Canyon, UT from Plink-Björklund (2012).
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Figure 1.3. Cross section X-X’ (see Figure 1.1) based on outcrop exposure in the Roan Cliffs and core descriptions from Monument 
Butte and Altamont/Bluebell Fields. Well A is a well in Monument Butte Field where the exact well name cannot be released due to 

intellectual property agreement with consortium partners. Well B is the Chevron-Joseph 2-7D1 well that has a publically available 

core at the Utah Geological Survey Core Facility in Salt Lake City, Utah. Figure modified after Ryder (1976) and Ruble et al. (2001).



16 
 

 

Figure 1.4. Interpreted apex position and fluvial fan extent at the time of deposition of the lower 

interval of the Colton-Wasatch Fms. Statistical projection of fan apex position is based on the 

eight composite vector means displayed and the statistical methods using the Von Mises 

distribution developed by Owen et al. (2015). The downdip extent of the fan is based on our core 

descriptions across the basin. 
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Figure 1.5. Recurrence interval of flow events of different magnitudes in 415 modern rivers with 

persistent, seasonal and erratic hydrology (see Chapter 3 for specific methods). Median 

recurrence intervals are somewhat characteristic for a given magnitude of flow, and increase with 

increasing discharge magnitude. 
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Figure 1.6. The signal of discharge variability is represented at multiple scales in fluvial 

stratigraphy. Given that discharge events of increasing magnitude have increasing recurrence 

intervals (Figure 1.5) and in modern rivers the recurrence interval of channel-forming discharge 

increases with increasing discharge variability, it follows that with increasing discharge 

variability channels will be in geomorphic equilibrium with higher magnitude and longer 

recurrence interval discharge events. The discharge variability signal manifests itself at the scale 

of bedforms, architecture, and equilibrium channel dimensions. 
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CHAPTER 2 

THE STRATIGRAPHY, SEDIMENTOLOGY, AND A NEW DEPOSITIONAL MODEL FOR 

THE COLTON FORMATION IN THE UINTA BASIN, UTAH 

 

E.R. Jones and P. Plink-Björklund 

 

2.1 Abstract 

 The Colton Fm. in the Uinta Basin, Utah is a Paleocene-Eocene boundary succession, and 

where it is exposed in outcrop along the southern margin of the Uinta basin it is a lobate wedge 

of dominantly fluvial deposits. The channel-fills of this paleoriver system are composed by 

sedimentary structures that suggest deposition during Froude-supercritical flow conditions. 

Abundant continental bioturbation and occasional preservation of pedogenically modified fine-

grained deposits in channel-fills suggest long periods of channel abandonment between 

depositional events. In the interpreted depositional axis of the system, near the present-day Green 

River, laterally and vertically amalgamated multistory channel deposits that are greater than 30 

m thick are abundant suggesting frequent channel avulsion. These observations are consistent 

with a river system with flashy hydrology. Punctuated greenhouse climate change events at the 

Paleocene-Eocene boundary likely influenced the regional hydrology. 

 Continuous exposures of the uppermost Paleocene to Early Eocene Colton Fm. in the 

Roan Cliffs along the southern margin of the Uinta Basin allow basin-scale analysis of changes 

in fluvial architecture. The package has highest gross thickness, sand content, and maximum 

channel dimensions in the interpreted axis of the system, near the present-day Green River. The 

gross thickness of fluvial deposits, sand content, and channel dimensions all decrease away from 

the interpreted axis of the system, and well-developed paleosols are common in the floodplain 

deposits of the system in the basin margins. Paleocurrents in the lower part of the Colton Fm. are 

radially distributive and statistically project to an apex approximately 150 km south of the Uinta 

Basin. This radially distributive wedge of fluvial deposits is interpreted as a large fluvial fan 

system that occupied the entire southern margin of the Uinta Basin. Changes in fluvial 

architecture through time in the Colton Fm. are consistent with a prograding (lower to middle 
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part of the Colton Fm.) and then backstepping (middle to upper part of the Colton Fm.) fluvial 

fan system. 

2.2 Introduction 

 The uppermost Paleocene to Early Eocene Colton Fm. is exposed in the Roan Cliffs 

along the southern margin of the Uinta Basin in northeastern Utah (Figure 2.1). The sandy 

channel fills and associated variegated red, purple, and grey paleosols are named the Colton Fm. 

(Spieker, 1946) west of the present-day Green River and the Wasatch Fm. (Hayden, 1869) east 

of the Green River, but make up one genetically related lobate wedge of dominantly fluvial 

deposits. This paper is focused on the provenance and character of the California paleoriver. For 

the sake of consistency with previous authors we will refer to this wedge as the Colton Fm. 

throughout this paper even though our study extends 100 km east of the Green River where the 

package is named Wasatch Fm. The formation reaches a thickness of over 500 m in the area of 

Sunnyside, UT and thins to ~100 m or less over ~ 100 km to the east and the west in the Roan 

Cliffs (see locations in Figure 2.1). The wedge of Colton deposits overlies the lacustrine 

carbonates in the Flagstaff Limestone (Spieker, 1946) and underlies lacustrine carbonates of the 

Uteland Butte Member of the Lower Green River Formation in the Roan Cliffs (Ryder, 1976). In 

the subsurface of the Uinta Basin the fluviodeltaic facies of the Colton pinch-out downdip and 

laterally change into fine grained turbidite deposits that are interbedded with coeval lacustrine 

black shales and carbonates (Bradley, 1931; Ryder, 1976; Remy, 1992). The Colton wedge 

therefore is the depositional sink of a river system that terminated in the Uinta Basin in the Early 

Eocene.  

2.3 Dataset and Methods 

 This study leverages the combined efforts of a research consortium focused on the 

Paleocene and Early Eocene deposits in the Uinta Basin. Measured sections and photopanels 

across the more than 200 km of outcrop exposure of the Colton Fm.in the Roan Cliffs allowed 

characterization of the river system active on the southern margin of the Uinta Basin (Figure 

2.1), and more than 4,000’ of described core north of the outcrop belt allowed characterization of 

the stratigraphically downdip portions of the system. In this way we have a basin-wide context 
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for the Lower Tertiary stratigraphy of the Uinta Basin that improves our understanding of the 

Colton system that is the focus of this paper. 

 The three-dimensional exposures of fluvial channel deposits preserved in the Roan Cliffs 

are excellent candidates for quantitative analysis of the deposit architecture. Fully preserved bar-

rollovers are preserved in outcrop panels oriented parallel to paleoflow. When reconstructing 

bankfull channel depths we measured the full height of preserved sigmoidal macroforms 

(barforms) from the toe to the rollover point. Because of this our bankfull channel depths will be 

larger than the thickness of a fluvial story where the thickness is measured in a vertical transect 

between bar accretion surfaces. Channel widths were measured in outcrop exposures 

perpendicular to paleoflow where concave up erosional master surfaces of a channel can be 

recognized. While channel-belt deposits in the outcrop exposure can be both vertically and 

laterally amalgamated, individual channel deposits within a channel belt can also be recognized. 

2.3.1 Thin Section Analysis 

 Thin sections were sampled from outcrop exposures of the Colton Fm. in the Nine Mile 

Canyon and Hay Canyon study areas (Figure 2.1). Thin sections were stained for potassium 

feldspar and impregnated with blue epoxy. Point counts of thin sections were performed using 

the modified Gazzi-Dickinson method (Ingersoll et al., 1984). Point counts were between 300 

and 400 points per sample. 

2.3.2 Statistical Estimation of Apex Position 

 We use the methods outlined in Owen et al. (2015a) to statistically estimate an apex 

position of a set of paleocurrent measurements. The quantitative methodology fits a von Mises 

distribution (a circular normal distribution) to each of the paleocurrent measurements. Using the 

method of maximum likelihood an estimated apex and associated confidence regions are 

obtained using the latitude and longitude and von Mises distribution for the dataset of 

paleocurrent measurements. We use composite vector means from eight field areas spanning the 

southern margin of the Uinta Basin calculated from equally weighted individual vector means for 

52 total locations with 1156 total paleocurrent measurements. These 8 composite vector means 

oriented approximately along depositional strike of the system were input into two models for 

estimating an apex (see discussion in Owen et al., 2015a), one where the importance of each of 
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the eight locations is weighted equally (model M3) and the other where locations can be 

weighted differently (model Ms+2) in the calculation of the most likely apex location. 

2.4 Stratigraphic Context 

 The Roan Cliffs along the southern margin of the Uinta Basin provide ~200 km of 

continuous outcrop exposure of the Colton Fm.(Figure 2.2) oriented approximately along 

depositional strike. The long history of oil and gas development in the Colton and Green River 

Fms. in the Uinta Basin allows for analysis of the coeval stratigraphy down structural and 

stratigraphic dip from the Roan Cliffs using subsurface well logs and cores. In outcrop the 

Colton Fm. is dominantly fluvial deposits with tan to red lenticular and tabular sandstone bodies 

with intervening red, grey, purple, and green mudstones and paleosols (Figure 2.2). These fluvial 

deposits change facies downdip into fine grained sandstones interbedded with lacustrine 

deposits; black-organic rich mudstones, carbonate mudstones and wackestones, and grey 

silststones (Figure 2.3).  

 The lacustrine carbonate deposits of the underlying Flagstaff Limestone and the 

overlying Uteland Butte Member of the Green River Fm. suggest that the fluvial Colton Fm. 

represents a period of progradation of siliciclastic depositional systems into the Uinta Basin. The 

southern margin of the Uinta Basin was a low gradient ramp (Remy, 1992; Ford, 2016), away 

from the zone of maximum subsidence adjacent to the basin bounding thrust on the southern 

flank of the Uinta Mountains (Figure 2.3). In this type of depositional environment small-scale 

changes in sediment supply or lake level can translate to large-scale spatial shifts in depositional 

systems (Carroll and Bohacs, 1999). 

2.4.1 Late Cretaceous – Early Paleocene Stratigraphy 

 The Campanian-Maastrichtian Mesaverde Group in the area of the Uinta Basin is 

comprised of quartzose sandstones deposited by rivers flowing east, away from the Sevier thrust 

belt (Lawton, 1986). The nature of these deposits changes in the uppermost parts of the section to 

braided river systems composed of lithic detritus, and this change is interpreted as the transition 

from thin-skinned thrusting that characterized the Jurassic to Cretaceous Cordillera to thick-

skinned thrusting of the Laramide intra-foreland orogenic event (Lawton, 1986). The Paleocene 

North Horn Fm. unconformably overlies the Measaverde Group in Central Utah and contains 
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multiple internal syntectonic unconformities (Lawton et al., 1993). The North Horn Fm. is 

composed of mixed fluvio -lacustrine deposits formed during and after the climax of the 

Laramide orogeny (Lawton, 1986). The succession unconformably changes upward into the 

Paleocene Flagstaff Limestone (Lawton, 1993) (Fig. 4.4).  

 The Flagstaff Limestone records the transition from the throughgoing river systems in 

central and northeastern Utah that characterized the Upper Cretaceous and Lower Paleocene to a 

prolonged period of internal drainage in the area (Stanley and Collinson, 1979). Ostracod, 

charophyte, and palynomorph assemblages in the main body of the Flagstaff Limestone on the 

south-central flank of the Uinta Basin are of Paleocene age, but Flagstaff Limestone deposition 

continued into the early Eocene in the area of the Wasatch Plateau (Fouch, 1976). Paleolake 

Flagstaff was the first laterally extensive lake system in the region, and large lakes persisted in 

the area through the Middle Eocene (Stanley and Collinson, 1979).  

2.4.2 Latest Paleocene – Early Eocene Stratigraphy 

 The Colton Fm. is a Paleocene-Eocene boundary succession. Early Eocene palynomorph 

assemblages are present in the upper parts of the Colton Fm. (Newman, 1974).  This brackets the 

Paleocene-Eocene boundary as occurring between the Late Paleocene Flagstaff Limestone and 

the Early Eocene upper Colton Fm. (Figure 2.2; see Ryder, 1976). A negative carbon isotope 

excursion of 3-5‰ δ13
C preserved is preserved in terrestrial organic matter in the Colton Fm. in 

the Uinta Basin (Birgenheier, 2009; Plink-Bjorklund et al., 2013) and other Paleocene-Eocene 

boundary successions in the neighboring Piceance Basin, CO (Foreman et al., 2012) and Bighorn 

Basin, WY (Kraus et al., 2015). This negative carbon isotope excursion is interpreted to 

represent the Paleocene-Eocene Thermal Maximum (PETM), a period of punctuated global 

greenhouse climate change that occurred at ~55.5 Ma (McInerney and Wing, 2011). 

 There are variable stratigraphic motifs in the Colton Fm. exposed in the Roan Cliffs in 

the central part of the Uinta Basin that are discernable at the scale of the outcrop by changes in 

sand/mud ratio content and outcrop weathering patterns (Ford et al., 2016). While these have 

been informally named the Lower, Middle, and Upper members of the Wasatch Fm. (i.e. Fouch 

et al., 1994; Ford and Pyles, 2014; Ford et al., 2016), the outcrop weathering pattern and 

sand/mud ratios that characterize these units where they are defined, in the area of Desolation 
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Canyon, change on the western and eastern margins of the basin. Additionally, in the area of Hay 

Canyon (See locations in Figure 2.1) the stratigraphically lowest part of the Colton Fm. has a 

sand/mud ratio and weathering pattern most similar to the “Middle Wasatch”. For this reason we 

informally refer to these as the lower, middle, and upper parts of the Colton Fm. so as to 

emphasize the Lower, Middle, and Upper member of the Wasatch Fm. terminology is not 

consistent at the scope of this study. 

 A change in microfossil assemblages interpreted as the Paleocene-Eocene boundary 

occurs in the Upper Flagstaff Limestone on the northern flank of the Uinta Basin (Figure 2.3; 

Ryder, 1976), and this unit was therefore deposited concomitantly with the fluvial Colton 

deposits on the southern margin of the Uinta Basin (Figure 2.3) (Ryder, 1976). The maximum 

basinward shift in this sandstone wedge lithostratigraphically termed Colton Fm. on the northern 

margin of the basin occurs stratigraphically above the Paleocene-Eocene boundary (Ryder, 

1976), out-of-phase of the maximum basinward shift of facies in the Colton Fm. exposed in the 

Roan Cliffs (Figure 2.3). This package of siliciclastic sediment was shed directly from the Uinta 

Mountains on the steeper northern margin of the Uinta Basin (see Ryder, 1976), and should be 

considered a genetically distinct depositional system.  

2.4.3 Post-Colton Eocene Stratigraphy 

 Strata that overlie the Colton Fm. in the Roan Cliffs, termed the Green River Fm., are a 

series of alternating lacustrine carbonates and shales and amalgamated sandstone benches 

deposited in fluvio-deltaic environments (Remy, 1992; Keighley, 2003). The Uteland Butte 

Member of the Green River Fm. is a lacustrine carbonate that directly overlies the Colton Fm. 

(Ryder, 1976). It is the first of a series of lacustrine carbonates in the Green River Fm. that are 

present across the basin, and are amalgamated stratigraphic cycles of lake expansion (Pitman et 

al., 1982; Burton et al., 2012). The intervening amalgamated channelized sandstones record 

basinward shifts of fluvial systems (Keighley et al., 2003). One of the most laterally continuous 

of these lacustrine carbonates, the Mahogany Bed of the Green River Fm., can be followed 

across the Uinta Basin and into adjoining basins, and its age is constrained by radiometric dating 

of biotites in the Curly Tuff below (47.5 Ma) and Wavy Tuff above (46.2 Ma) (Figure 2.2; 

O’Neill et al., 1981; Remy, 1992).  
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 The deposits of the Green River Fm. across northeastern Utah, northwestern Colorado, 

and southern Wyoming become more evaporitic in their upper members suggesting a change in 

the regional hydrology. The infilling of these lake basins is recorded by the appearance of fluvial 

deposits rich in volcaniclastic sediment derived from the Absaroka volcanic field in Wyoming 

(Surdham and Stanley, 1980). This successive infilling first occurred in the lakes in the Greater 

Green River Basin in Wyoming at ~48.5 Ma and continued into the Piceance Basin by 47 Ma 

(Surdham and Stanley, 1980; Smith et al., 2014). Final infilling of paleolake Uinta did not occur 

until after 41.8 Ma (Surdham and Stanley, 1980). This change in regional hydrology and 

successive infilling of the Green River Lake basins from north to southwest is one of the early 

steps in the drainage reorganization in the Western Colorado Plateau from an endorheic basin 

throughout the Early to Middle Eocene to external southwesterly drainage to the Pacific Ocean 

by 6 Ma, concordant with the opening of the Gulf of California (e.g. Ingersoll et al., 2013). 

2.5 Early Eocene Uinta Basin Depositional Environments and Paleogeography 

 The Roan Cliffs expose Colton Fm. floodplain and channel deposits. The lowest 

sand/mud ratios and smallest channels occur in the lower part. The channels reach maximum size 

and the largest degree of amalgamation in the middle part. Channels decrease in size and degree 

of amalgamation in the upper part. On the western and eastern margins of the basin the Colton 

Fm. becomes much less sand-rich, and the lower, middle, and upper intervals that can be 

discerned by the sand-rich middle part in the central Roan Cliffs exposures (Figure 2.4a) become 

difficult to define (Figure 2.5 a and c). In the subsurface these deposits transition down 

stratigraphic-dip, lakeward, into fine-grained sandstones interbedded with lacustrine shales and 

carbonates (Figure 2.3). The petrofacies of Colton Fm. are analyzed to recognize the extent of 

the genetically linked wedge across the basin. Then the sedimentary facies architecture of these 

deposits are described and a depositional model is proposed to better understand the scale of 

river that deposited them and the paleogeography of the catchment area the river drained. 

2.5.1 Petrofacies 

 The composition of the Colton Fm. fluvial sandstones exposed in Nine Mile Canyon in 

the Roan Cliffs (Figure 2.1) ranges from arkose to feldspathic litharenite according to the 

classification scheme of Folk (1980) (Table 2.1; Figure 2.6). Hand samples have a tan to red hue, 
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and the constituent grains have a “salt-and-pepper” appearance as black chert and other dark 

sedimentary lithic fragments stand out visually against the other framework grains (see close-up 

in Figure 2.7b). Across all samples (Table 4.1), potassium feldspar to plagioclase ratios range 

from ~1:1 to 2:1, and sedimentary and metasedimentary lithic fragment to volcanic and 

metavolcanic lithic fragment ratios range from ~3:1-10:1. Lithic fragments with aphanitic 

groundmass containing plagioclase laths are the most common type of volcanic lithic fragment 

observed in the Nine Mile Canyon samples. Chert is especially common as a framework grain in 

the samples from Nine-Mile Canyon, composing 9-15% of the total framework grains. There are 

also trace populations of calcareous rock fragments. Some of these calcareous lithic fragments 

are biogenic, have platy to subangular texture, and are oversized relative to the average caliber of 

the siliciclastic framework grains. Another population of calcareous rock fragments that are in 

the same grain size fraction as the siliciclastic framework grains include both skeletal fragments 

and recrystallized fragments. 

 In the Nine-Mile Canyon samples (Figure 2.8a) and especially in subsurface samples 

from coeval strata in the Monument Butte Field (Figures 2.3 and 2.8b) secondary porosity is 

present. In the outcrop samples there are oversized pores that make up 1-3% of the total sample. 

In the samples from Monument butte there are oversized pores and dolomite and calcite cement-

filled oversized pores that when combined make up 4-7% of the sample. The uncemented 

oversized pores in both samples commonly have clay lined rims, and are interpreted to be the 

product dissolution of metastable framework grains, especially plagioclase and potassium 

feldspar. This hypothesis is supported by the seritization that is commonly displayed in preserved 

framework feldspar grains (Figure 2.8a). The Nine-Mile Canyon samples were likely affected by 

surficial weathering of the outcrop they were sampled from, while the subsurface samples from 

Monument Butte have undergone some burial diagenesis. If the original framework compositions 

of the samples from outcrop and subsurface are reconstructed by counting oversized pores as 

framework feldspar grains and the compositions of the two sandstones are very similar (Table 

2.1). Additionally the relative populations of lithic fragments within the outcrop and subsurface 

samples are nearly identical and both are chert rich suggesting a common source terrane (Table 

2.1). 
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 There is minimal compositional variability between the lower and the middle and upper 

Colton Fm. in the Nine Mile Canyon samples that is likely attributable to differences in grain 

size and bioturbation (Table 2.1; Figure 2.6). The samples from the lower Colton Fm. are fine-

grained sandstone while in the middle Colton samples are medium-grained sandstones. The 

samples from the lower part are also more bioturbated than sample from the middle and upper 

parts. These differences may account for the slightly lower proportions of feldspar observed in 

samples from the lower Colton Fm. (Table 4.1; Figure 2.6). As in the subsurface samples, a 

common provenance despite some differences in framework composition is supported by the 

similar relative proportions of different lithic fragment types in all the Nine Mile Canyon 

samples. 

2.5.2 Outcrop Facies Assemblages 

 Fluvial deposits in the Colton Fm. are separated into channel and floodplain depositional 

elements (see also Ford and Pyles, 2014). Fluvial channel deposits in the Colton Fm. are 

typically lenticular sandstones with concave-up and erosional basal contacts. The degree of 

channel amalgamation is variable within the Colton Fm. and, especially in the middle part, the 

amalgamated channel elements form thick and laterally persistent sandstone beds. Floodplain 

elements contain mudstones interpreted as floodplain fines and thin tabular sandstone beds 

interpreted as crevasse splays. The character, relative abundance, and scale of these floodplain 

and channel depositional elements varies through time and space in the Colton Fm. 

 Channel-fill deposits in the lower part of the Colton Fm. are composed of upper fine-

grained red sandstones with abundant gradational planar laminations, convex up bedforms, and 

scour and fill structures and climbing ripple laminations that combine to suggest that these 

bedforms were deposited under upper-flow regime and high-deposition rate conditions (Plink-

Björklund, 2015) (Figures 2.2, 2.4a, and 2.4d). Associated floodplain deposits consist of 

variegated red, purple, and grey mudstones and paleosols with interbedded tabular fine grained 

sandstones interpreted as splays (see also Ford and Pyles, 2014; Ford et al., 2016). In the 

lowermost part, where the channels are smallest (only a few m deep) and isolated in the 

floodplain deposits, the channel and splay deposits are pervasively bioturbated and contain 

Rhizoliths, Scoyenia, and adhesive meniscate burrows (Naktodemasis bowni) interpreted as made 

by beetles or cicadas. Stratigraphically higher in the lower Colton, channel size increases to an 
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average of ca 10 m depth, channels become more amalgamated, and floodplain mudstones are 

mainly red. In this section multi-meter long vertical insect nests and crayfish burrows 

(Camborygma) occur in channel sandstones. Crevasse splays and crevasse channels also contain 

Scoyenia and Naktodemasis bowni. 

 Channel fills in the middle part of the Colton Fm. are dominated by lower to upper 

medium sandstone and planar laminations with parting lineations, convex up bedforms, and 

scour and fill structures that are deposited during Froude-transcritical to supercritical flow 

conditions (Plink-Björklund, 2015) (Figures 2.2, 2.4a, and 2.4d). Gradational planar laminations, 

aggradational convex up bedforms, scour and fill structures and subordinate humpback or 

sigmoidal cross stratification and climbing ripples preserved in channel-fill suites indicate high-

deposition rates (Plink-Björklund, 2015). Soft clast conglomerates 1-4 meters thick are common 

at the base of channel fill deposits (Plink-Björklund, 2015). Paleosols range from orange to red 

and are coarser-grained than in the lower part of the Colton Fm. Meter-scale in-channel 

continental traces occur at bar accretion surfaces (see Plink- Björklund, 2015). In this interval, 

the channels reach their maximum size with depths up to 25-30 m. Degree of channel 

amalgamation is also highest in this interval. 

 Channel fill deposits in the upper part of the Colton Fm. are of mixed nature, where some 

channels are dominated by upper-flow regime and high deposition rate sedimentary structures, 

whereas others have high proportions of  low-flow regime trough-cross stratified deposits 

(Figure 2.2). Channel size is smaller (8 m deep on average), and channel amalgamation degree is 

lower in this interval. Mudstones adjacent to the channels are dark red in the lower parts of upper 

Colton Fm., but transition into gray towards the top. Traces of penetrative tree roots longer than 

4 m extend from top-down in channel fill deposits (Figure 2.7a). Naktodemasis bowni traces 

have bioturbated these large rhizoliths internally (Figure 2.7b; Hasiotis, Personal Comm; see also 

Smith et al., 2008, 2009). In the stratigraphically furthest lakeward position of exposure in 

Desolation Canyon Ford et al. (2016) observe yellowish-orange carbonate beds within the upper 

part of the Colton Fm. and small amalgamated sandstone bodies overlying grey mudstones 

interpreted as distributary-mouth bar complexes and associated lacustrine shales.  
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2.5.3 Subsurface Facies Assemblages 

 The lakeward termination of the fluvial wedge of the Colton Fm. was characterized by 

analyzing subsurface cores from the Monument Butte and Altamont/Bluebell Fields (Figure 2.1). 

In the Monument Butte Field carbonate mudstones, ostracod wackestones and grey shales are 

interbedded with sandstones with feldspathic litharenite composition (Figures 2.3 and 2.9).  

These sandstones are typically very-fine to fine grained, well-sorted, have sharp to erosional 

bases, and fine upward. Sandstones range in thickness from cm-scale beds containing starved 

ripples to 1.5 m thick beds that contain low-angle cross laminations or climbing ripple 

laminations (Figure 2.9). Soft sediment deformation is common and occurs as water escape 

structures including flame structures and convolute to wavy laminations in sandstones, and as in-

situ brecciation in mudstones (Figure 2.9).  

 In Altamont/Bluebell Field a similar facies assemblage to Monument Butte is present in 

sandstones with feldspathic litharenite composition, but sandstones with quartz arenite to 

sublithic arenite composition also occur within the same well (Well B Figure 2.3 – Chevron 

Joseph 2-7D1; Figures 2.6, 2.8c, and 2.8d). These compositionally mature sandstones have a 

higher maximum grain size with up to pebble size, and they are more texturally immature with 

more angular grains and very poor sorting (Figure 2.8c). Beds are typically ungraded, but also 

display reverse and normal grading. Such deposits occur in association with variegated red 

mustones and paleosols with rhizoliths and coals. These deposits only occur in the subsurface 

close to the northern margin of the Uinta Basin. Although also called Colton Fm. (e.g. Fouch, 

1976), they are petrographically, geographically and sedimentologically distinct, and thus are a 

genetically distinct wedge of siliciclastic sediments derived from the Uinta Mountains north of 

the basin.  

2.5.4 Fluvial Architecture  

 In the Nine-Mile Canyon area median channel dimensions are largest in the middle part 

of the Colton Fm. (depth = 22 m, width = 683 m), as compared to the upper (depth = 6.5 m, 

width = 336.5m) and lower (depth = 5.25 m, width = 306.5 m) parts (Figure 2.4a). The cross-

sectional areas of the channels in the middle part of the Colton Fm. range from 3,707-13,318 m
2
 

with a median value of 9,213 m
2
 (where cross sectional area is 65% of channel depth multiplied 
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by channel width; Bhattacharya and MacEachern, 2009). The maximum channel depth in the 

Colton Fm. decreases in the westernmost and easternmost parts of the basin. In the measured 

section at Emma Park (Figure 2.1) there are no channels deeper than 6 m, and in field surveys 

and photopanels from Soldier Summit and White Faced Butte (Figure 2.1) there no channel 

deposits deeper than 2.5 m (Figure 2.5a and c).  

 Fluvial channel-fills in the Colton Fm. are organized into dominantly downstream 

accreting channel-belt elements (see also Ford and Pyles, 2014) with examples of laterally 

accreting channel-belt elements that are more common in the lower part of the Colton. 

Downstream accreting stories are typically erosionally based and stack in very low angle 

accretion sets (≤10°). Fully preserved barforms with top-set rollover are observed (Figure 2.4b), 

but relationships between barforms are complex as erosion and top-truncation are common. In 

places, in-channel mudstones drape bar accretion surfaces and are pedogenically modified 

(Figure 2.4c). 

 Lateral and vertical channel-belt amalgamation is highest in the middle part of the Colton 

Fm. In the area of Desolation Canyon Ford et al. (2016) report net-sand content of <30% for the 

lower part, >85% for the middle part, and ~65% for the upper part of the Colton Fm. Some 

tabular sandstones interpreted as splays and crevasse channels are present in floodplain deposits, 

but the most volumetrically significant sandstone deposits in the Colton Fm. are in channel-fills. 

The changes in net-sand observed in Desolation Canyon (Ford et al., 2016) mostly reflect 

changes in the degree of lateral and vertical channel amalgamation through the Colton 

stratigraphy. The degree of channel amalgamation and proportion of fluvial channel fill to gross 

package thickness across the basin changes across the basin, and is highest in the area between 

Sunnyside, UT and Desolation Canyon (Figure 2.1) and decreases outward to the basin margins 

and down-dip into the subsurface  (Figures 2.5 and 2.10b).  

 Abbott and Liscomb (1956) document thinning of the Colton Fm. away from its 

maximum measured thickness in the area of Sunnyside, UT (>~500m). Photopanels from Ford et 

al. (2016) suggest that the section is ~450 m thick in the nearby area of Desolation Canyon (see 

locations in Figure 2.1). To the east the Colton Fm. thins to ~95 m thickness at the Colorado-

Utah Border on Baxter Pass (near White Faced Butte) and to the west the entire package pinches 

out west of Soldier Summit (Abbott and Liscomb, 1956) (see locations in Figure 2.1). These 
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changes in gross package thickness coincide with spatial changes in net-sand content.  The 

thickest and sandiest portions of the Colton Fm. are present in the area of Sunnyside and 

Desolation Canyon and lowest values on the eastern and western margins of the Uinta Basin 

(Figures 2.5 and 2.10c).  

2.5.5 Paleocurrents 

 The composite rose diagram of paleocurrents measured and compiled in this study shows 

a radially distributive pattern (Figure 2.10a). Paleocurrent measurements collected from cross-

stratified sandstones in the channel-fills of the lower part of the Colton Fm. in seven locations in 

the Roan Cliffs across more than 200 km along the southern margin of the basin (Figure 2.10a), 

and compiled an additional 169 paleocurrent measurements from Desolation Canyon (Dickinson, 

1986; Ford et al., 2016). While there is some internal variability, the general trend in composite 

vector means from different locations mirror this pattern, trending northwest in the western side 

of the basin and northeast on the eastern side of the basin (Figure 2.10a). While the overall 

spread of the data is radially distributive, paleocurrent indicators within channel fills are 

generally aligned with downstream accretion surfaces (see also Ford and Pyles, 2014) suggesting 

relatively straight morphologies of individual channels in planform. 

2.5.6 Colton Fm. Depositional Environments in Outcrop Belt 

 The radially distributive paleocurrents, large lateral extent, and consistent composition, 

together with vertical changes in channel dimensions, sand/mud ratio, and degree of channel 

amalgamation indicate that the Colton Fm. is a fluvial fan system (see Singh et al., 1993; Shukla 

et al., 2001; Chakraborty et al., 2010). The radial paleocurrent pattern and the large extent are a 

result of nodal river avulsions, where the paleo-channel fills and associated floodplain deposits 

gradually form a fluvial fan (e.g. Chakraborty et al., 2010). Characteristically, the channels are 

largest closest to the fan apex and become gradually smaller towards the toes of the fan (Singh et 

al., 1993; Shukla et al., 2001; Chakraborty et al., 2010, Davidson et al., 2013). The degree of 

channel amalgamation is also characteristically highest closest to the apex of the fan, due to a 

high channel return frequency within this relatively narrow part of the fan (Singh et al., 1993; 

Shukla et al., 2001; Chakraborty et al., 2010). Consequently, the observed vertical changes in 

Colton Fm. are consistent with progradation and then backstepping of the fan (Singh et al., 1993; 
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Shukla et al., 2001; Chakraborty et al., 2010; see also Weissman et al., 2013; Owen et al., 

2015a), where the lowermost part of the Colton Fm. was deposited in the toe and the middle part 

in the apex of a fluvial fan system. The upper part of the Colton Fm. is a retrogradational 

package, and by the time the Uteland Butte Limestone was deposited the lacustrine depositional 

environments had expanded past the location of the Roan Cliffs outcrop belt.  

 The geographic location of largest channels, highest sand/mud ratio, and the highest 

degree of channel amalgamation coincide with the thickest part of the Colton Fm. (Figure 2.10c) 

near Sunnyside and Desolation Canyon. By comparison, with modern fluvial fans (Chakraborty 

et al., 2010; Chakraborty and Gosh, 2010), we interpret this area as closest to the apex of the fan 

system at the time when the middle part of the Colton Fm. was deposited. Data from modern 

fans demonstrates that the fans form wedges of fluvial sediment with their thickest parts in the 

fan apex, with concave-up thinning profile in downstream direction and convex-up thinning 

profile in strike direction (Chakraborty et al., 2010; Chakraborty and Gosh, 2010). 

 We estimate the position of the apex of the fluvial fan system in the lower Colton using 

the statistical method of Owen et al. (2015b) and our composite vector means of paleocurrent 

measurements from eight field locations spanning the interpreted depositional strike of the 

fluvial fan system. The statistical estimation of the apex position of the fluvial fan system during 

deposition of the lower part of the Colton is near the confluence of the present day Green and 

Colorado Rivers in southern-central Utah (Figure 2.11). This suggests the fan system was 

approximately 250 km long and 200 km wide at its terminus in paleolake Uinta. This implies 

basinward shift of the apex fan facies, and thus a progradation of the fan system, of ~100 km 

from the lower to the middle Colton Fm. (Figure 2.11).  

 Some of the internal variability in the spread of our measured composite vector means of 

paleocurrent directions (Figures 2.10a and 2.11), where they indicate a northwest to northeast 

spread within certain areas of the basin may be attributed to the presence of individual lobes 

within the fan. Modern fluvial fans are shown to have three to four discreet lobes that are the 

locus of clustered avulsions for periods of time between lobe-scale avulsions (e.g. Chakraborty et 

al., 2010; Chakraborty and Gosh, 2010; Assine et al., 2014). 
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2.5.7 Hydrological Regime of Colton Fm. River 

 The motif of thick downstream accreting barforms composed of Froude supercritical flow 

and high-deposition rate bedforms with the combination of penetrative continental bioturbation 

on bar accretion surfaces, and some pedogenically modified mudstones draping bar accretion 

surfaces indicate a river with highly variable discharge and prolonged periods of channel 

abandonment between depositional events (see Fielding et al., 2009; Plink-Björklund, 2015). In 

such rivers there is no base flow or the base flow is too low to carry sediment or modify channel 

morphology, and thus geomorphically efficient discharge only occurs during high magnitude and 

infrequent flooding events (e.g. Plink-Bjorklund, 2015; Jones et al., submitted). Modern rivers 

where gauging data shows very low magnitude base flow punctuated by high-magnitude flood 

events are classified as having erratic hydrology (see Jones et al., submitted). High discharge 

variability is also shown to promote development of modern fluvial fan systems (Leier et al., 

2005), as it leads to frequent avulsions and high channel mobility (Bryant et al., 1995; Mohrig et 

al., 2000; Makaske, 2001; Stouthamer and Berendsen, 2001; Jerolmack and Mohrig, 2007; 

Sinha, 2009; Hajek and Edmonds, 2014, Plink-Bjorklund, 2015).  

 The recurrence interval of bankfull discharge in rivers is dependent on the hydrological 

regime of the system (see Doyle et al., 2007; Basso et al., 2015), and is longer in rivers with 

more variable hydrology. In rivers with persistent hydrology (low discharge variability), the 

recurrence interval of bankfull discharge is between 1-2 years, but dryland rivers in the 

Australian outback have recurrence intervals of bankfull discharge of 4-6 years (Pickup and 

Warner, 1976) and in the high discharge variability Burdekin River, AU km-scale barforms are 

shown to be in geomorphic equilibrium with decadal-scale flooding events (Alexander and 

Fielding, 1997; Amos et al., 2004). The preservation of pedogenically modified mudstones 

draping bar accretion surfaces and the abundance of continental bioturbation preserved in 

channel deposits in the Colton Fm. is atypical even in ancient rivers interpreted as high discharge 

variability (Jones and Plink-Björklund, in prep). When compared to the deposits of other ancient 

(Jones and Plink-Björklund, in prep) and modern river systems (Plink- Björklund, 2015) the 

fluvial style of the Colton Fm. is an example of an endmember-type river system that is in 

geomorphic equilibrium with high-magnitude infrequent flooding events that we interpret as 
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having a recurrence interval similar to or longer than other high discharge variability rivers 

today.  

2.5.8 Colton Fm. Depositional Environments in Subsurface 

 The feldspathic litharenite sandstones in both the preserved in the subsurface in 

Monument Butte and Altamont/Bluebell Fields have similar composition to the Colton Fm. in 

outcrops (Figure 2.6) and are interpreted to be genetically related to the fluvial fan deposits. The 

upward-fining beds of subsurface sandstones with climbing ripples and low-angle cross lamina, 

and the associated soft-sediment deformation, together with their association with lacustrine 

carbonates and shales suggest that they are deposited by turbidity currents. These lake-floor 

turbidites have runout distances of tens of kilometers as some deposits are present in wells in the 

northern part of the basin (e.g. Well B – Chevron Joseph 2-7D1; Figure 2.3). The low 

depositional gradient on the southern margin of the basin (Ryder, 1976; Burton et al., 2012) and 

the presence of high discharge variability river systems suggest that the turbidites were likely 

product of intermittent hyperpycnal flow events rather than delta-front collapse events (e.g. 

Plink-Björklund and Steel, 2004). 

 The coarser and more poorly sorted quartz arenite to sublithic arenite sandstones in the 

Altamont/Bluebell Field are interpreted as deposited by alluvial fan and fan-delta systems 

actively shedding sediment from the steep southern flank of the Uinta Mountains into the norther 

margin of the paleolake Uinta (e.g. Ryder, 1976). In this zone of maximum subsidence in the 

northern part of the basin adjacent to the frontal thrust of the Uinta Mountains the deposits of 

these fan deltas and the far travelled southerly-sourced turbidites are ponded and interfinger. 

2.5.9 Modern Depositional Analog 

 Lake Balkash in Khazakstan (Figure 2.12) is one of the largest lakes in Asia and is 

situated in an endorheic basin. Lake Balkash has a mountainous northwestern margin with 

alluvial fan systems shedding directly into the lake. The lake is narrow and follows the strike of 

the mountain belt. The southeastern part of the basin is occupied by a 200 km wide and 250 km 

long fluvial fan system that is the terminus of the Ili River. The Ili River channel width decreases 

from ~450-700 m in the apex of the system to only ~60-120 m in the toe of the fan.  
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 Paleo-channel positions are visible on the fan surface, where they form a laterally 

amalgamated channel deposit in the fan apex, whereas more floodplain deposits are preserved 

lateral to paleo-channels towards the fan toes. The active channel is surrounded by more wet and 

vegetated floodplains basinward of the apex, and the Ili channel splits into anabranching stems 

half way across the fan. The active channels and the paleo-channels terminate in deltas that are 

aerially minor compared to the surface area of the fan. The wedge of wetter and more vegetated 

part of the fan may be considered as the currently active lobe of the fan. The scale, and the plan-

view distribution of depositional environments in Lake Balkash system are both good analogs for 

the Colton Fm. fluvial fan and the paleolake Uinta, including the alluvial fans on the northern 

basin margin (Figure 2.12). 

2.6 Discussion 

2.6.1 Fluvial Fan Separated from Mountain Front 

 Some of the best studied fluvial fan systems are those emanating from the Himalaya (e.g. 

Geddes, 1960; Singh et al., 1993; Sinha and Friend, 1994; DeCelles and Cavazza, 1999; Shukla 

et al., 2001; Chakraborty et al., 2010) and the Andes (e.g. Iriondo, 1993; Horton and DeCelles, 

2001, Latrubesse et al., 2012 McGlue et al., 2016). These well-studied systems bias our 

understanding of large fluvial fan systems. One of the primary requirement for the formation of 

fluvial fans is discharge variability in the river system (Leier et al., 2005) which is linked to 

higher avulsion frequency (Bryant et al., 1995; Mohrig et al., 2000; Makaske, 2001; Stouthamer 

and Berendsen, 2001; Jerolmack and Mohrig, 2007; Sinha, 2009; Hajek and Edmonds, 2014, 

Plink-Bjorklund, 2015) allowing the river to spread out radially over its depositional plain. The 

fluvial fan of the California paleoriver described in this study is postulated to be separated from 

its mountainous headwaters by hundreds of kilometers. Examples of modern large fluvial fan 

systems separated from their mountainous catchments by tens to hundreds of kilometers are the 

fans deposited by the Illi River (Figure 2.12), the Mitchell River (Brooks et al., 2009), and the 

Amudar’ya River (see Davidson et al., 2013). All of these large fluvial fans terminate in lakes or 

oceans, but do not show a channel pattern dominated by bifurcation except in narrow bands at 

interface between the toe of the fan and the standing body of water (Figure 2.12). The exact 

dynamics for the transition from a trunk river system to a radially distributive fan system is not 

well understood and is an opportunity for further research.  
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2.6.2 Waltherian Succession of Facies  

 Ford et al. (2016) interpret some of the vertical successions of facies in the Paleogene 

strata in the area of Desolation Canyon, UT as Waltherian progressions, meaning successions 

that conform to Walther’s law of the correlation of facies (see Cross and Homewood, 1997). The 

transitions between the underlying lacustrine Flagstaff Limestone and the fluvial lower part of 

the Colton Fm. and between the fluvial upper part of the Colton Fm. and the overlying lacustrine 

Uteland Butte member of the Green River Fm. are interpreted as continuous Waltherian 

successions of facies (Ford et al., 2016). The transitions between the low sand/mud ratio lower 

Colton, highest sand/mud ratio middle, and intermediate sand/mud ratio upper parts of the fluvial 

Colton Fm. are interpreted as non-Waltherian successions of facies (Ford et al., 2016). The non-

Waltherian transitions between different styles of fluvial system are attributed to climatic forcing 

potentially related to the PETM (Ford et al., 2016).  

 The interpretation of the depositional environments presented in this study offer an 

alternative interpretation of the nature of the stratigraphic transitions in the Paleogene strata of 

the Uinta Basin. While we agree that climate change associated with the PETM is the key control 

on stratigraphic changes, we assign the vertical transitions of channel sizes and amalgamation 

degree to progradation and later retrogradation of the Colton fluvial fan.  Our interpretation is 

supported by the marked differences in fluvial architecture observed in axis of the system in 

Desolation Canyon are less pronounced in the off-axis portions of the system (Figure 2.5 a and c) 

on the western and eastern margins of the basin. There is a sharp difference between the lower 

and middle members in Desolation Canyon, but we would expect this kind of step-wise change 

as the system rapidly prograded, and shifted depositional environments, over 100 km basinward 

between the lower and middle part of the Colton Fm. (Figure 2.11). Additionally, there is not a 

significant compositional difference in the sandstones between the lower and middle members 

(Figure 2.6) and the Early Eocene in the Western Colorado Plateau is a time of relative tectonic 

quiescence after the climax of the Laramide orogeny in Late Cretaceous to Early Paleocene. It is 

thus difficult to envisage a mechanism or scenario where the drainage basin of the California 

paleoriver would have undergone such high-frequency expansions and contractions necessary to 

scale to the different channel sizes preserved in the lower, middle, and upper parts of the Colton 

Fm. (Figure 2.4a).  
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 For these reasons, we prefer the interpretation that the Colton fluvial fan exposed in the 

Roan Cliffs prograded in response to an increase in sediment supply forced by punctuated 

climate change during the PETM, and back-stepped during the post-PETM climate recovery 

phase. We interpret the facies transitions between lower, middle, and upper parts of the Colton 

Fm. as a Waltherian succession of facies. The low-gradient ramp on the southern margin of the 

Uinta Basin allowed drastic lateral shifts in linked depositional environments in response to 

climate-forced changes in sediment supply and regional hydrology (e.g. Carroll and Bohacs, 

1999). 

 Furthermore, the corresponding location of highest sand/mud ratio and channel 

amalgamation with the location of the highest Colton Fm thickness (Figure 2.10c) is the opposite 

of what would be predicted in a model where accommodation is the primary forcing mechanism 

driving changes in fluvial architecture (sensu Shanley and McCabe, 1994). In this respect both 

our interpretation and the interpretations of Ford et al. (2016) are in agreement that climate 

change is the dominant allogenic forcing mechanism affecting the architecture of fluvial deposits 

in the Colton Fm.  
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Figure 2.1. Study area with locations for measured stratigraphic sections, interpreted 

photopanels, and paleocurrent measurements in the Roan Cliff outcrop exposures of the Colton 

Fm. Paleocurrent measurement locations: SS- Soldier Summit, EP – Emma Park Road, WP – 

Whitmore Park, NC – Nine-Mile Canyon, SC – Sunnyside Canyon, HrC – Horse Canyon, DC – 

Desolation Canyon, TC – Thompson Canyon , HC – Hay Canyon, WB – White Faced Butte, RR 

– Ravens Ridge. Oil and gas fields (dashed outlines): MB – Monument Butte, AB – Altamont 

Bluebell. Structural Features: SR – San Rafael Swell, DCA – Douglas Creek Arch, UU – 

Uncompahgre Uplift, UB – Uinta Basin, PB – Piceance Basin. Towns: P – Price, UT, V – 

Vernal, UT, GJ – Grand Junction, CO, R- Rangely, CO. 
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Figure 2.2. Stratigraphic column (after Fouch, 1994 and Dickinson et al., 2012) and representative 

measured stratigraphic section from Nine Mile Canyon, UT. Facies from channel fills and intervening 

carbonates explained in figure and mudstones are colored by their actual appearance in the field. Age 

constraints based on – (1) Paleocene lacustrine invertebrates (Fouch, 1976), (2) Early Eocene 

playnomorphs (Newman, 1974), (3) sediment accumulation rates (Remy, 1992), (4, 5, 6) Radiometric 

ages from biotites in tuff deposits (O’Neill et al., 1981, Remy, 1992), (7) Radiometric ages from biotites 

in tuff deposits (Surdham and Stanely, 1980).
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Figure 2.3. Cross section X-X’ (see Figure 1.1) based on outcrop exposure in the Roan Cliffs and core descriptions from Monument 
Butte and Altamont/Bluebell Fields. Well A is a well in Monument Butte Field where the exact well name cannot be released due to 

intellectual property agreement with consortium partners. Well B is the Chevron-Joseph 2-7D1 well that has a publically available 

core at the Utah Geological Survey Core Facility in Salt Lake City, Utah. Figure modified after Ryder (1976) and Ruble et al. (2001).
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Figure 2.4. A) Outcrop photopanel of the Colton Fm. in Nine Mile Canyon with channel 

dimensions and percentages of high-deposition rate sedimentary structures within channel fills. 

B) Downstream accreting barforms in the middle Colton showing complete bar rollover. C) 

Pedogenically modified interval that drapes the surface of downstream accreting barform in B. 

D) Gradational planar laminations that compose the majority of the barform pictured in B and 

indicate upper-flow regime and high deposition rates. 
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Figure 2.5. Changes in the net sand content and package thickness in the Colton Fm. in the Roan 

Cliffs from near the western margin (A – Emma Park area) to the interpreted paleo-axis of the 

system (B – Horse Canyon area) to the eastern margin (C – White Faced Butte area). 
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Figure 2.6. Composition of the Colton Fm. fluvial sandstones. Southerly derived sandstones 

exposed in the Roan Cliffs in Desolation Canyon (Dickinson et al., 2012) and Nine Mile Canyon, 

and age-equivalent sandstones deposited in paleolake Uinta in subsurface samples in Monument 

Butte and Altamont Bluebell Fields are arkosic to lithic arenites (red symbols) (see Figures 2.1 

and 2.3).  Northerly derived sandstones in Altamont Bluebell field (see Figures 2.1 and 2.3) are 

genetically distinct sandstones with quartz arenite to sublithic arenite composition. 
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Figure 2.7. A) Penetrative tree roots more than four meters long developed in-channel at a bar-

accretion surface. B) Tree roots are bioturbated by Naktodemasis bowni burrows. 
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Figure 2.8.  Photomicrographs from the Colton Fm. (A, D, and E) and age equivalent sandstones 

in Monument Butte (B; ppl) and Altamont Bluebell (C and D; ppl) fields (see Fig. 2.3). Feldspars 

are partially seriticized in outcrop samples (A; xpl) and subsurface samples have some oversized 

pores (see blue epoxy in B) that are dissolved framework grains. Sandstones of different 

compositional and textural maturity and maximum grain size (C and D) that are found in the 

same well in Altamont Bluebell Field (see Fig. 2.3). Calcareous lithic fragments that show 

evidence of recrystallization (E; xpl) or are from fauna not likely to be formed in a lake 

environment (coral fragment; F; ppl) that suggest an extrabasinal origin (see Zuffa 1980, 1985). 
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Figure 2.9. Representative core description from Colton Fm. in Monument Butte Field. 

Interbedded lacustrine limestones, mudstones, and turbidite sandstones are interpreted as 

deposited in an open-lacustrine environment.  
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Figure 2.10. A) Distribution of paleocurrents in the lower Colton Fm. measured in this study 

except for Desolation Canyon which are compiled from previous work (Dickinson et al., 1986; 

Ford et al,. 2016). B) Contour map of the proportion of channelized sandstone as compared to 

Colton Fm total thickness, based on photopanels, measured sections, and subsurface core 

descriptions. C) Fence diagram showing changes in proportion of channelized sandstone as 

compared to the total thickness of the Colton Fm. along a cross section shown in B as a solid 

black line. 



54 
 

 

Figure 2.11. Interpreted extent of the Colton fluvial fan system based on statistical estimates of 

the apex position based on composite vector means of measured paleocurrents from the lower 

Colton Fm. at eight field locations. Statistical estimates of confidence intervals and apex 

locations are made using two methods from Owen et al. (2015a). Downdip and lateral extent of 

fluvial fan are based on changes in proportion of fluvial channel fill facies across the exposure in 

the Roan Cliffs and in subsurface core descriptions (see Figure 2.10b). 
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Figure 2.12. Google Earth satellite image of the distribution of interpreted depositional 

environments in Lake Balkash, KZ. Similar to our interpretation of depositional environments in 

the Uinta Basin at Colton time Lake Balkash has a large fluvial fan system occupying its low-

gradient southern margin and alluvial fan-delta systems occupying its mountainous northern 

margin. 
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Table 2.1. Average compositional modes (Figure 2.6) from different areas of the Uinta Basin are 

based on point counts of 350+ framework grains per sample, and rounded to the nearest percent 

or half-percent. Locations (See Figure 2.1): NM – Nine Mile Canyon, MB – Monument Butte 

Field, AB – Altamont Bluebell Field. Monocrystalline grains: Qm—quartz, Fp—plagioclase, 

Fk—K-feldspar. Polycrystalline grains: Qp—polycrystalline quartz, Lvm—volcanic and 

metavolcanic lithic fragments, Lsm—sedimentary and metasedimentary lithic fragments 

(dominantly chert and mudclasts). Qt—total quartzose grains (Qm + Qp). Ft—total feldspar 

grains (P + K). L—total labile lithic fragments (Lvm + Lsm). Lt—total lithic fragments (L + 

Qp). 
1
Desolation Canyon samples from (Dickinson et al., 2012), and in these samples chert is 

included in Qp not Lsm modes.  

 Desolation 

Canyon
1
 

Middle Part 

Colton (NM) 

Lower Part 

Colton (NM) 

Colton (MB) Colton (AB) “Colton” 
(AB) 

Qm 51.5 53 56 55.5 58.5 87.5 

Qp 2.5 2 1.5 4.5 3.5 5 

Qt 54 55 57.5 60 62 92.5 

Fp 14.5 10 3 4 1.5 tr 

Fk 18.5 12.5 10.5 6 3 0.5 

Ft 33 22.5 13.5 10 4.5 0.5 

Lmv 3 4 2.5 4 3 tr 

Lms 10 18.5 26.5 26 30.5 7 

L 13 22.5 29 30 33.5 7 

Lt 15.5 24.5 30.5 34.5 37 12 
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CHAPTER 3 

DISCHARGE YIELDS IN MODERN RIVERS WITH VARIABLE HYDROLOGICAL 

REGIMES: IMPLICATIONS FOR SCALING DISCHARGE AND CATCHMENT AREA AT 

DIFFERENT MAGNITUDES OF FLOW 

 

A paper submitted to Journal of Geophysical Research Earth Surface 

E.R. Jones, P. Plink-Björklund, M. R. Hansford 

 

3.1 Abstract 

 The size of the river’s catchment area is a first-order control on the amount of discharge 

routed through a river system. The discharge that is in geomorphic equilibrium with the channel 

that conveys it, the channel-forming discharge, is of variable magnitude and recurrence interval 

in rivers with catchments in different physiographic and climatic zones. Temporal variability of 

historical river discharge is strongly influenced by climatic forcing. A better understanding the 

amount of discharge that best characterizes a river’s catchment in both modern and ancient river 

systems requires a quantitative assessment of the influence of discharge variability on river 

dynamics. Our approach assesses discharge variability in modern rivers worldwide using daily 

gauging station measurements of flow rate. Here we show that while average discharge scales to 

catchment area in river systems with very persistent hydrology, in rivers with more variable 

hydrology this relationship is weak. Higher magnitude flow events have a strong correlation to 

catchment area across all hydrologic regimes. We conclude that flow events larger than 99th 

percentile, including flow events of a similar recurrence interval to the channel-forming 

discharge, are the most characteristic of the discharge capacity of a river’s drainage basin area 

across different climate zones and hydrologic regimes. 

3.2 Introduction 

 Rivers are the primary routing systems of water and sediment from a catchment area to 

their terminal sinks in the world oceans. Scaling relationships developed to link the volumes of 

discharge and sediment produced by a catchment and transferred through river systems are 

critical predictive tools in a wide variety of fields including civil engineering, geology, and 
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environmental and climate science.  Application of these scaling relationships in the 

reconstruction of the size of ancient river systems, as in source-to-sink analysis, is of growing 

interest in the sedimentologic and stratigraphic community (e.g. Sømme et al., 2009; Holbrook 

and Wanas, 2014, Bhattacharya et al., 2015). Large errors associated with application of 

discharge-yield relationships considerably limit the accuracy of these reconstructions. These 

scaling relationships are primarily dependent on the size of the catchment area, but are strongly 

affected by a combination of physiographic factors (drainage basin relief, elevation, bedrock 

geology, soil type, vegetation, etc.) and climatic factors (precipitation intensity, duration, type, 

etc.) that affect the efficiency of transfer of precipitation into riverine discharge, i.e. the 

hydrological connectivity (Bracken and Croke, 2007). Previous studies that developed these 

types of scaling relationships focused on discharge yields at a specific magnitude of discharge, 

such as average discharge (Syvitski and Milliman, 2007) or bank-full discharge (Davidson and 

North, 2009). While variability in discharge yields at different latitudes and in specific climate 

zones was considered, the effects of temporal variability in discharge have not been fully 

elucidated. This study attempts to increase the predictive power of these scaling relationships by 

analyzing discharge yields at a range of magnitudes of flow and comparing discharge yields in 

rivers with different hydrological regimes.  

 Variations in precipitation are controlled by the dynamics of atmospheric circulation and 

strongly modified by land-sea interactions, land surface topography (Syvitski and Milliman, 

2016), and other factors including vegetation (Makarieva and Gorshkov, 2007). The atmospheric 

circulation cells (Hadley, Ferrell, and Polar) impart a latitudinal influence on the distribution of 

the Earth’s major climate zones and the distribution of precipitation. Despite generalizations that 

can be made about latitudinal variability in the atmospheric drivers of precipitation and 

discharge, other factors have a strong influence that can outweigh this latitudinal signature. For 

example, on the southern flank of the Himalayan Mountains >85% of river discharge is 

transferred during the monsoon season (Goodbred, 2003). At higher elevations on the northern 

flank of the Himalaya 50-70% of discharge originates from glaciers and snowmelt (Gerrard, 

1990; Wohl and Canderelli, 1998) despite only a 3° shift in latitude.  

 Additionally, drainage basin size has an influence on temporal variability in discharge. 

Rivers with small catchments (10s-100s km
2
) are more likely to lack diversity in the 
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physiographic and climatic factors that affect hydraulic connectivity and therefore have a larger 

spread in possible discharge yields. Rivers with large drainage basins (100,000s-1,000,000s km
2
) 

receive contributions from catchments with a more diverse suite of physiographic and climatic 

characteristics. These large rivers also receive inflows from relatively larger groundwater pools 

(Syvitski et al., 2003) that increase base flow discharge. Both of these factors dampen the overall 

variability in discharge yields in larger river systems. 

 There are two principle approaches to address the inherent uncertainty in scaling riverine 

discharge to drainage basin size; a global approach, using river gauging data from many world 

rivers, (e.g. Matthai, 1990; BQART model of Syvitski and Milliman, 2007) or using regional 

curves, based on a small subgroup of rivers in a specific physiographic and climatic region, (e.g. 

Hack, 1957; Davidson and North, 2009 and references therein). The global approach has the 

advantage of being widely applicable across climate zones and rivers of all sizes, but the 

associated predictive uncertainties are large. Regional curves have much less predictive 

uncertainty, but are more susceptible to small sample size bias and issues with upscaling to larger 

river systems. Moreover, global approaches to this point have used average discharge despite the 

fact that average discharge is highly sensitive to hydrological regime and reflects a flow state of 

very different relative magnitude and frequency in different river systems. It is also unlikely that 

average discharge conditions are preserved in the sedimentary record of ancient rivers 

(Bhattacharya and Tye, 2004). The regional curve approach is more compatible with applications 

to ancient rivers because it is based on bank-full flow conditions which can be reconstructed 

from deposits of ancient rivers (e.g. Gardner, 1983; Wohl, 1995; LeCalair and Bridge, 2001; 

Bhattacharya and Tye, 2004; Bhattacharya and MacEachern, 2009; Holbrook and Wanas, 2014; 

Lynds et al., 2014; Bhattacharya et al., 2016). However, the reconstruction of bank-full flow rate 

that these curves are based on is derived from field indicators of bank-full stage rather than 

directly measured by a river gauging station, leading to inconsistencies in methodology and 

interpretation that decrease the accuracy of the method (Williams, 1978; Johnson and Heil, 

1996). 

 This study attempts to increase the predictive power of scaling relationships between 

drainage basin size and riverine discharge by integrating the strengths of the existing 

methodologies. This study utilizes a global daily discharge record from river gauging stations 
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compiled and supplied by The Global Runoff Data Centre (GRDC) in Germany. Our final 

database includes 415 rivers world-wide with a bias toward North American rivers because of 

the duration and completeness of their records (Figure 3.1).This global approach based on river 

gauging data minimizes the effect of small sample size bias, issues with upscaling, and 

inconsistencies in interpreting field indicators of bank-full stage in modern rivers. This study 

aims to develop a methodology that is both quantitative and reproducible, to generate scaling 

relationships that are both broadly applicable and reduce predictive uncertainty relative to 

existing methodologies.  

3.3 Dataset and Methods 

 The rivers used in this study are from the GRDC’s pristine river database which have 

been screened for the quality of their record and only include undammed rivers to minimize 

anthropogenic impacts. We further screened the dataset to only include rivers with drainage 

basins larger than 500 km
2
 and a minimum of 20 complete years of recorded discharge. These 

screening criteria were included to ensure a long enough historical record for analysis of decadal-

scale variability and to omit data from very small drainage basins where discharge variability is 

higher because of factors other than climatic forcing (see Syvitski et al., 2003). Where data is 

available from multiple gauging stations on the same river, the station furthest downriver that 

met our screening criteria was selected. The resulting global dataset (see Supplemental Data) 

includes 415 rivers (Appendix 3; Figure 3.1). North American rivers represent more than half of 

the dataset because of the completeness of the records and the longer history of collecting river 

gauging data, in many cases dating back to the late 19th century. Analysis of discharge data was 

further limited to years with nearly complete records of discharge in order to avoid 

unrepresentative sampling of discharge and to avoid issues analyzing monthly or yearly averages 

of discharge. Any river with more than 25% of data missing was eliminated from analysis. If an 

individual month had less than 20 days of discharge data that entire year of data was excluded 

from further analysis. The resulting records used in this study range from 20 to 115 years in 

duration, but are not all continuous with an average of 3.4% or the total record missing for an 

individual river across the dataset.  
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 When testing the statistical significance of the differences of mean discharge yields at 

different magnitudes of discharge between the populations of persistent, seasonal, and erratic 

rivers (definitions of river classifications and explained in results) a two sample t-test was used 

with the null hypothesis that all populations of rivers had equivalent discharge yields and 

recurrence intervals at each magnitude of discharge. We normalized the strongly positively 

skewed discharge yield distributions using a log-transform, and all river systems outside of two 

standard deviations in the normalized distributions were defined as outliers and not included. The 

number of outliers varied from 21-26 river systems depending on the magnitude of discharge 

(see Appendix 4) representing 5-6% of the rivers in the dataset. When performing statistical tests 

we first tested the population of persistent rivers versus the population of seasonal rivers, and 

then tested the population of erratic rivers versus the populations of persistent and seasonal rivers 

individually. The workflow was to first perform a two sample f-test of equal variance in 

discharge yields and recurrence intervals between all river populations, and then using the 

appropriate two sample t-test (with the tested assumption of equal or unequal sample variance) 

we tested if differences in average discharge yields between all river populations were 

statistically significant (Appendix 4 and 5).  

 Scaling relationships presented in this study are a power-law best fit regression between 

catchment area and discharge of a given magnitude. When developing empirical regressions for 

discharge yields at different magnitudes of discharge, outliers were eliminated to ensure the 

regression better fit the bulk of the data. Outliers were identified using the same log-transform 

and two sigma cut-off applied for tests of statistical significance. We generate power-law 

regressions of discharge yields of the form        , where Q is discharge of a specified 

magnitude, A is catchment area, and a and b are constants in metric units. Regressions intended 

to represent 90th and 10th percentile scenarios were also generated were based on the 80th-100th 

percentile and 0th-20th percentile discharge yields in non-outlier river systems respectively. We 

refer to these 90th and 10th percentile regressions as the upper and lower envelopes on the data 

and use them to quantify the spread, or to present an upper and lower range when using our 

scaling relationships to make predictions.  

 @Risk software was used to analyze best-fit distributions for river hydrographs. Raw 

daily discharge data was input into @Risk for each river and the software compared the quality 
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of fit of a number of types of distributions using the Akaike information criterion (AIC). In 

analyzing recurrence intervals of flow events, outliers displayed in box-and-whisker plots were 

not defined using the same methodology as for the discharge yield distributions. Instead these 

outliers in flow recurrence interval were defined as any observation outside of the median ± 1.5 

times the interquartile range.  

3.4 Results 

3.4.1 Average Discharge and Hydrological Regime 

 The frequency and distribution of discharge events of a given magnitude in a river are 

dictated by the hydrological regime of the river. Previous scaling relationships used to globally 

model discharge yields in modern rivers use an empirical regression between drainage area and 

average discharge (Syvitski and Milliman, 2007; Syvitski et al., 2014). In normally distributed 

dataset the average approximates the 50th percentile occurrence and can be assigned a specific 

frequency and magnitude. In datasets with distributions of varying skewedness the magnitude of 

the average value is strongly affected by the tail of the distribution and has a variable frequency 

and magnitude. 

 A distribution fitting test for all rivers in our dataset using @RiskTM software and 

shows, as has previously shown for North American rivers, that the lognormal distribution is also 

the most common shape of discharge frequency in our global dataset, and that the skewedness of 

this distribution is highly variable (Appendix 3) (see also Leopold and Maddock, 1953). This 

finding confirms that average discharge does not represent a flow event of similar frequency of 

occurrence or magnitude in different river systems. This suggests that part of the high variance 

seen in average discharge yields of modern river systems is not simply due to the differences in 

the total amount of precipitation supplied to the river, but also because the model is representing 

fundamentally different states of flow (base flow for some rivers and flood events for other 

rivers).  

 Evaluating the discharge frequency distributions of some end-member examples in river 

systems with very different hydrological regimes can help picture what flow state average 

discharge actually represents. Some rivers with extremely persistent hydrology have hydrographs 
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with approximately normal distributions (Figure 3.2). In such rivers, both low and high 

magnitude discharge events are rare occurrences and the lack of a strong wet-season or dry-

season make departures above or below average flow conditions equally likely. In this case 

average discharge approximates the flow state with highest frequency of occurrence. Rivers with 

seasonal hydrology have hydrographs that are typically best fit with log-normal distributions of 

variable skewedness, but some show a subordinate second mode that is not well captured by the 

best-fit distribution (Figure 3.2). In these seasonal examples base flow conditions are interrupted 

by a strong wet-season which makes higher magnitude flow events more likely, giving the 

hydrograph a positive skew, a longer right tail, and, if the wet season is long enough in duration 

and a high magnitude excursion from base flow, a second mode in the distribution. Because of 

the positive skewedness of these distributions average discharge is a higher magnitude of flow 

than base flow conditions and can approach the magnitude of discharge typical in the river’s wet 

season. Ephemeral rivers have extremely positively skewed discharge frequency distributions. 

Ephemeral rivers by definition are rivers that only flow during intermittent flooding events and 

have no flow a majority of the time. These hydrographs are best fit with highly asymmetric log-

normal distributions or in some examples approach exponential distributions with very high 

frequency of low-magnitude discharge events and increasingly infrequent high-magnitude 

discharge events (Figure 3.2). The average discharge in ephemeral rivers is inflated by the 

positive skew of the distribution such that it is higher than the base flow condition (no flow), but 

is not high enough to reflect discharge during a high-magnitude intermittent flood. Average 

discharge in ephemeral rivers is a flow event that likely only occurs momentarily as a flood surge 

is waxing or waning, and is therefore a transient  flow state that inadequately characterizes either 

base-flow or flood conditions. 

 Analysis of the hydrographs of modern rivers with similar drainage basin size and 

variable hydrological regime show that while there are large differences in the magnitude and 

frequency of average flow conditions, at higher magnitudes of flow this variability decreases 

(Figure 3.3). This convergence in the magnitude of discharge at higher percentile flow events 

suggests that there may be a maximum capacity for discharge generation. If there is a maximum 

capacity for discharge generation (i.e. intense precipitation across the entirety of a rivers 

catchment area) the variability in discharge yields during these high magnitude flow events is 

relatively smaller than at lower magnitude flow events despite the same variability in 
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hydrological regime, climate, latitude, catchment relief, bedrock lithology, and other factors 

influencing discharge. Therefore, by modelling discharge yields at higher magnitudes of 

discharge we can reduce the variance relative to modelling using average discharge and reduce 

the predictive uncertainty in the resultant scaling relationships.   

3.4.2 Discharge Variability 

 In light of the impact a river’s hydrologic regime has on the frequency of a flow event of 

a given magnitude, it is important to reevaluate the quantitative underpinnings of existing 

hydrological classification schemes. Previous studies used a Discharge Variability Index (DVI) 

to classify variable versus persistent hydrological regimes (Leier et al., 2005; Plink-Björklund, 

2015), using average monthly discharge data. DVI is calculated by first averaging the discharge 

of each month of the year over the historical record of gauging data and then dividing the range 

of discharge between the wettest month and driest month by the average discharge (Figure 4). 

Where the range is more than twice the average a river is classified as having a seasonal 

hydrological regime. DVI distinguishes rivers with a wet season that is a high magnitude 

excursion from base-flow and is consistent in occurrence inter-annually. This combination of 

factors is most common in rivers where discharge is strongly influenced by seasonally-recurring 

monsoonal precipitation or by seasons of intense snowmelt. 

 Analysis of our dataset of daily gauging data showed a significant population of rivers 

with catchments in Southwestern North America and the Australian outback with a mix of very 

high and very low DVI values in neighboring catchments where physiographic and climatic 

differences are likely to be minimal. These arid rivers produce discharge events that are a high 

magnitude excursion from base-flow conditions, but are often not long in duration and don’t 

consistently occur in a specific month leading to inter-annual inconsistencies in the DVI metric. 

To quantitatively differentiate this population of rivers with erratic hydrology we calculate the 

cumulative discharge variability. We define any river where the range of the average discharge 

between the wettest and driest months on record is more than ten times larger than the average 

discharge as a river with erratic hydrology (Figure 3.4). Cumulative discharge variability is high 

in rivers where base flow is very low and a period of intense flooding or drought has been 

recorded over our historical gauging dataset for the river. All ephemeral rivers meet these 
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criteria, but also rivers that are prone to high magnitude drought or flood on timescales longer 

than one year will tend to meet these criteria.  

 Using the average discharge variability (DVIa; Eq. 1) and cumulative discharge 

variability (DVIc; Eq. 2) we differentiate between rivers with persistent (DVIa < 2 ; DVIc < 10), 

seasonal (DVIa ≥ 2 ; DVIc < 10), and erratic (DVIc ≥ 10) hydrology. These average and 

cumulative discharge variability metrics are strongly related to the discharge frequency 

distribution of a given river (Figures 2.2 and 2.3). Cumulative discharge variability has a strong 

positive correlation with the skewedness of the discharge frequency distribution (Figure 3.5a). 

Rivers classified as erratic will therefore also have strongly skewed log-normal or discharge 

frequency distributions that approach exponential distributions.  There is also a negative 

correlation between average discharge variability and the median to mean discharge ratio (Figure 

3.5b). Persistent flow rivers have a 1:1 overlap of median to mean flow magnitude reflecting 

their approximately normally distributed discharge frequency distributions. Rivers with seasonal 

and erratic hydrology have increased separation between median and mean flow magnitude 

reflecting the strong skewedness of the discharge frequency distributions of these rivers. By 

using this simple classification scheme we can demonstrate that average discharge conditions are 

highly variable in magnitude and frequency of occurrence in the seasonal and especially the 

erratic rivers, and that modelling discharge yields using average discharge in these populations of 

rivers is problematic.  

Equation 1) Average Discharge Variability: DVIa = (Discharge of Average Wettest Month – 

Discharge of Average Driest Month) / Average Discharge 

Equation 2) Cumulative Discharge Variability: DVIc = (Average Discharge Wettest Month on 

Record – Average Discharge Driest Month on Record) / Average Discharge 

3.4.3 Discharge Yields by Hydrological Regime 

 We analyzed the discharge yields of the rivers in our dataset at average, 90
th

 percentile, 

99
th

 percentile, 99.87
th

 percentile, and maximum flow conditions (Figure 3.6). In order to picture 

what physical state in a river each of these flow magnitudes might best represent a summary is 

presented in Table 3.1. As discussed above the magnitude and frequency of average discharge 

(Qavg) events is variable and is highly sensitive to hydrological regime (Figure 3.5). In a river 



66 
 

with a perfectly uniform temporal distribution of discharge average, 90
th

, 99
th

, and 99.87
th

 

percentile discharge would be exceeded 182.5, 36.5, 3.65, and 0.5 days per year respectively. 

These percentile flow events were chosen to represent the discharge of an approximately month-

long wet season (90
th

 percentile), a short duration high-flow period that occurred annually (99
th

 

percentile) (following Bray, 1975), and a flood event that occurred on an approximately 2-5 year 

recurrence interval (following Pickup and Warner, 1976) depending on the event duration 

(99.87
th

 percentile or a 1-day every 2-year flow event). In natural systems the temporal 

distribution of discharge is not uniformly distributed, and the actual median recurrence intervals 

of the 90
th

, 99
th

, and 99.87
th

 percentile flow events (Figures 2.7a, b, and c) is approximately 1 

year, 1.5-1.75 years, and 4-6 years respectively. These empirically measured differences in the 

recurrence interval of these flow events in the populations of persistent, seasonal, and erratic 

rivers are characteristic across hydrologic regimes. The average duration of our historical records 

of daily discharge is 66.78 years and ranges from 20-115 years (Figure 3.7d). The reported 

maximum discharge (Qmax) for the 415 rivers in this study is the single highest day of discharge 

in a river’s historical record. This means that on average across our dataset this magnitude of 

discharge potentially represents a 50-100 year flood event, but varies based on the duration of the 

record available and may actually represent a longer recurrence interval flow event if we 

consider that floods of this scale are likely to last more than a single day. 

 At average and 90
th

 percentile discharge the mean discharge of the population of erratic 

rivers is a factor of 5-6 less than the statistically indistinguishable populations of persistent and 

seasonal river systems (Appendix 4). The power-law relationship between drainage basin size 

and discharge (Table 3.2) at average flow conditions for persistent and seasonal rivers is similar 

to the relationship that underlies the BQART model of Syvitski and Milliman (2007), but neither 

of these empirical regressions adequately captures the lower discharge yields of the population of 

rivers with erratic hydrology. For this reason, we present separate discharge-yield regressions for 

erratic versus seasonal and persistent hydrology rivers at Qavg and Q90 magnitudes of discharge. 

At 99
th

 percentile discharge and grater the mean discharge yields between the populations of 

erratic, persistent, and seasonal rivers converge and are either statistically indistinguishable or 

vary by less than a factor of two. A single regression is presented for these higher magnitudes of 

discharge. Additionally, the spread in discharge yields is reduced by an order of magnitude at 

higher magnitudes of flow. Upper and lower envelopes representing regressions based on the 
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highest and lowest 10% discharge yields at each magnitude of flow are displayed in Figure 3.6 to 

bracket the data. At the average drainage basin size of the 415 rivers in our dataset (50,000 km
2
) 

the ratio of predicted upper-envelope discharge over predicted lower-envelope discharge is 20-30 

for the higher magnitudes of discharge (Qmax, Q99.87, and Q99) and is 100-130 for lower 

magnitudes of discharge (Q90 and Qavg). 

 While Figure 3.3 shows the trend of variability in discharge yield decreasing at higher 

magnitudes of discharge for only 3 rivers, our discharge yield data (Figure 3.6) demonstrates the 

significance of this trend across the global dataset. Rivers with large cumulative discharge 

variability, those with highly skewed discharge frequency distributions, are difficult to capture in 

a singular model of discharge yields at both average magnitudes of discharge and at a magnitude 

of discharge that approximately represents the wettest month in a year (90
th

 percentile 

discharge). At higher magnitudes of flow that approximate 1-2 year, 4-6 year, or 50-100 year 

flooding events (Q99, Q99.87, and Qmax respectively) the hydrological regime of the river does not 

have a strong impact on predicting discharge yields.  

3.4.4 Discharge Variability and Climate 

 This study empirically sets the cutoffs for determining persistent, seasonal, and erratic 

hydrological regimes based on DVIa and DVIc. These results are in reasonable agreement with 

what we know about the dynamics of river systems at different climates and latitudes around the 

world. The relationship between average discharge variability and latitude is presented in Figure 

3.8. Rivers in the sub-tropical latitudes influenced by monsoonal precipitation and rivers in the 

polar latitudes influenced by seasonal snowmelt show the highest values of average discharge 

variability. The distribution of hydrological regime by the Koppen-Geiger climate zones is 

presented in Figure 3.9. Our dataset is biased toward persistent rivers in North America with 

both categories representing over half of the dataset.  Also, when comparing river hydrology to 

climate it is important to consider that the climate zone reported represents the location of the 

gauging station, and that the catchment area of the river may span multiple climate zones. In our 

dataset rivers with erratic hydrology are most common in drainage basins with arid climates, 

especially Southwestern North America and Australia (Figure 3.1). The three climate zones with 

the highest proportion of persistent rivers are Tropical - rainforest, Tropical – savannah, and 
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Temperate, while the three climate zones with the highest proportion of seasonal rivers are Cold, 

Tropical – monsoon, and Polar.  

3.5 Discussion 

3.5.1 Comparison to Existing Discharge Yield Models 

 The scaling relationships developed in this study can in some ways be considered a 

middle-ground approach between the existing relationships based on regional curves (Davidson 

and North, 2009) and global approaches modeled using average discharge (Syvitski and 

Milliman, 2007) that incorporate the strengths of each. Our three resulting scaling relationships 

where the discharge yields of erratic rivers converge on those for persistent and seasonal rivers 

(Q99, Q99.87, and Qmax) are plotted in comparison to the regional curves presented in Davidson 

and North (2009) and the BQART model for all world rivers (Syvitski and Milliman, 2007) and 

the subgroup of tropical rivers (Syvitski et al., 2014) in Figure 3.10a. Our predicted discharge 

yields all fall within the spread of these other two approaches, and in general plot near or just 

below the maximum discharge yields of the 415 rivers in our study. 

 The screening criteria used to develop our dataset impart a size range of catchments 

where the scaling relationships developed here are most appropriate (Figure 3.10b). To reduce 

the impact of the high variability of discharge yields in small catchments (Syvitski et al., 2003), 

catchments smaller than 500 km
2
 were not included in our analysis. Also, because there are only 

approximately 30 rivers in the world with drainage basins larger than 1,000,000 km
2
 and many 

of the world’s largest rivers are dammed and therefore screened from our dataset, the number of 

rivers our regressions are based on drops off rapidly above approximately 250,000 km
2
 (Figures 

2.8 and 2.10b). Previous studies have shown a change in the trajectory of the power law 

relationship between catchment area and discharge for rivers with catchments larger than 105 

km
2
 (Matthai, 1990; Mulder and Syvitski, 1995) such that for every incremental increase in 

catchment area in large rivers there is a smaller associated increase in discharge than is observed 

in systems with catchment sizes of 10
3
-10

5
 km

2
. We do not include gauging records from enough 

large rivers to statistically contribute to this observation, but we cautiously include this change in 

the trajectory of our scaling relationships for systems with catchment areas lager than 250,000 
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km
2
 in Figure 3.10b. We therefore are most confident in the predictive accuracy of our scaling 

relationships in rivers with catchment sizes ranging ~1,000-250,000 km
2
 (Figure 3.10b). 

 The range of drainage basin sizes a scaling relationship is based on is very important 

factor to consider when selecting a scaling relationship to model discharge. Regional curves have 

more precision (correlation coefficients > 0.91 for a subgroup of 10s of rivers in an individual 

physiographic and climatic region) than our global relationships, but lose their predictive 

accuracy when upscaled to river systems with moderate to large catchment sizes (1,000 km
2
+). 

Figure 3.10b shows that individual scaling relationships based on regional curves for arid rivers 

show discharge yields for bank-full flow conditions that are lower than the BQART model 

(Syvitski and Milliman, 2007) which is based on average flow conditions. This upscaling issue 

arises because these regional curves are based on a subgroup of a few tens of rivers with 

catchment sizes ranging from 10-1,000 km
2
. These small catchments are strongly affected by the 

high variability in hydraulic connectivity (Bracken and Croke, 2007) and discharge yields when 

compared to larger river systems (Syvitski et al., 2003) (see Figure 3.10b). 

 Predictive precision is improved using our discharge yield scaling relationships at higher 

magnitudes of flow when compared to scaling relationships based on average discharge 

conditions. The ratios of predicted discharge from our upper envelope over the predicted 

discharge from our lower envelope regressions (envelope separation ratio; Table 3.2) is reduced 

to 19-28 in our Q99, Q99.87, and Qmax regressions compared to 104-130 for the Q90 and  Qavg 

regressions. So while there is still approximately a factor of 20-30 spread in our predictions of 

discharge this is an order of magnitude better precision than is achievable using average 

discharge. This increase in precision is related to the convergence of discharge yields between 

the populations of erratic, persistent, and seasonal rivers at higher magnitudes of flow. The 

influence of selection bias is limited when applying our Q99, Q99.87, and Qmax scaling 

relationships on rivers of appropriate sizes. In addition to the issues of upscaling regional curves, 

selecting a specific curve to use (especially in applications to ancient river deposits) can strongly 

bias predictions. Davidson and North (2009) give detailed criteria for selecting a regional curve 

using paleoclimatic indicators in the deposits of ancient river systems, but also admit that 

paleoclimatic indicators can be non-diagnostic and it can be difficult to assign a specific modern 

physiographic and climatic subregion to ancient deposits. This issue is compounded by the fact 
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that for a given drainage basin size predictions of bank-full discharge will vary over two orders 

of magnitude depending on which regional curve is selected. The Q99, Q99.87, and Qmax 

regressions presented in this study are differentiated based on the recurrence interval of the flow 

event (approximately a 1-2 year, 4-6 year, and 50-100 year flood respectively), and the median 

recurrence intervals are somewhat characteristic across hydrological regimes. While these 

different regressions represent very different flow states, the differences in predicted discharge 

yield typically vary only by a factor of two or three. In this way there is much less potential error 

introduced in the selection of one scaling relationship compared to another in our Q99, Q99.87, and 

Qmax regressions than there is in selecting a specific regional curve. 

3.5.2 Application to Ancient Rivers 

 Currently there is not a strong consensus on how to characterize the flow state that is in 

geomorphic equilibrium with an active river channel (see discussions in Doyle et al., 2007; 

Basso et al., 2015). The most common approaches to quantifying the channel-forming discharge 

are: 1) measuring bank-full geometry based on field indicators (i.e. Andrews, 1980; Emmet and 

Wolman, 2001) which has some interpretive sources of error (Johnson and Heil, 1996), 2) 

calculating the discharge of a suitable return time (typically 1-2 years) (Bray, 1975; Simon, 

2004) despite multiple studies demonstrating longer recurrence intervals for channel-forming 

discharge in ephemeral or flashy rivers (e.g. Pickup and Warner, 1976; Basso et al., 2015), and 

3) by combining flow frequency and sediment transport data to find the discharge that moves 

most of the sediment, the effective discharge (e.g. Wolman and Miller, 1960; Doyle et al., 2007; 

Basso et al., 2015; many others). Applying this to deposits of ancient river systems presents even 

more of a challenge. While bank-full discharge rates can be reconstructed from ancient fluvial 

deposits (e.g. Gardner, 1983; Wohl, 1995; LeClair and Bridge, 2001; Bhattacharya and Tye, 

2004; Bhattacharya and MacEachern, 2009; Holbrook and Wanas, 2014; Lynds et al., 2014, 

Bhattacharya et al., 2016), there is no consensus on the recurrence interval , magnitude, or 

duration of bank-full flow events in modern rivers larger than the 10s-1,000 km
2
 scale catchment 

area systems that regional curves are based on. The specific recurrence interval and duration of 

bank-full flow events remains one of the largest sources of error in source-to-sink analysis of 

ancient river systems (Holbrook and Wanas, 2014; Bhattacharya et al., 2016). 
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 Despite these difficulties there is a growing consensus in the sedimentological 

community in differentiating the sedimentary facies of river systems with variable hydrology. 

Criteria for differentiating flashy or seasonal fluvial deposits (e.g. Fielding et al., 2009; Plink-

Björklund, 2015) from classical fluvial facies models (e.g. Miall, 1977, 1985) have expanded 

geologists’ ability to interpret the hydrology of ancient river systems. Using reasonable 

sedimentological criteria preserved in both in-channel deposits and in paleosols (Kraus and 

Aslan, 1993; Frostic and Jones, 2002; Kraus and Hasiotis, 2006; Fielding et al., 2009; Foreman 

et al., 2012; Flaig et al., 2013; Plink-Björklund, 2015) an interpretation can be made as to what 

recurrence interval of flow is in geomorphic equilibrium with the ancient river deposits of 

interest. Once this interpretation is made, we can use the characteristic median recurrence 

intervals of Q99, Q99.87, and Qmax discharge events of 1-2 years, 4-6 years, and 50-100 years 

respectively (Figure 3.7) to select an appropriate discharge yield model for the system of interest. 

While interpretations of flow recurrence interval will not be diagnostic, they can be applied with 

the same level of confidence as assigning a specific regional-curve based scaling relationship. 

The recurrence interval has the added advantage of introducing an order of magnitude less 

variability in predicted discharge outputs across all scaling relationships for rivers of an 

appropriate size than do regional curves.  

3.5.3 Size Limit on Rivers with Erratic Hydrology? 

 Our dataset shows no rivers classified as having erratic hydrology with catchments larger 

than 110,000 km
2
 (Figure 3.6). Syvitski et al. (2003) suggest that large rivers also receive 

inflows from relatively larger groundwater pools which increases base flow conditions. The two 

largest rivers classified as erratic in our dataset with catchments larger than 100,000 km
2
 are the 

Nen River in China (or Nenjiang) which drains the cold and arid steppe in Inner Mongolia and 

the Colorado River in Texas which drains arid regions of West and Northwest Texas. To meet 

our criteria for erratic hydrology a river has to have very low base flow, a high magnitude flood 

or drought in its historical record, or both. Our dataset suggests that rivers with catchment areas 

greater than 100,000 km
2
 are unlikely to have low enough base-flow to have erratic hydrology 

and that even in the most arid climates there is likely a maximum drainage basin size of 

approximately 100,000 km
2
 for a river to have erratic hydrology. While this is the case today, the 

sedimentary record suggests there were periods of more extreme transient aridity than today in 
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earth history (e.g. Kraus and Riggins, 2007). Models of future climate change predict increased 

aridity in and expansion of the subtropical climate belt in the coming century (IPCC, 2014). 

Increases in the aridity of catchment areas for past and future rivers could create the necessary 

low base flow conditions for erratic hydrology in larger rivers than we can record today.  

3.5.4 Periodicity 

 Outliers in the recurrence interval of 90
th

, 99
th

, and 99.87
th

 percentile flow events are 

more common in rivers with persistent flow regimes (Figure 3.9). In these outlier examples 

typically a single year has all of the days of discharge higher than the magnitude threshold of the 

given percentile flow event. These rivers with exceptionally long flow recurrence intervals are 

likely those that have experienced a precipitation event influenced by decadal to multidecadal 

period drivers of atmospheric and oceanic circulation (e.g. Pacific Decadal Oscillation, Atlantic 

Multidecadal Oscillation, and Southern Annular Mode). Qualitative analysis of river 

hydrographs (Figure 3.4 for example) strongly suggests that the record of discharge represents a 

composite of climatic forcing mechanisms with different amplitude and periodicity. The average 

amplitude of the cycle with annual periodicity is well represented by the range used to calculate 

average discharge variability in this study. The hydrograph in Figure 3.4 also shows hints of a 

decadal-scale cycle and shows one major excursion in discharge greater than 800 m3/sec over 

the 50 year record that may represent the influence of a climatic driver with multidecadal 

periodicity. Our understanding of these long-periodicity drivers of variations in precipitation and 

riverine discharge is limited by the duration of gauging records (Milliman and Farnsworth, 

2010), and the identified long-recurrence interval outlier rivers in our dataset represent an 

opportunity to better understand the climatic drivers of these excursions in discharge.  

3.5.5 Scaling Sediment Yields 

 This study has attempted to show the influence of hydrological regime on discharge 

yields in modern river systems and the issues associated with using average discharge to 

understand discharge yields. These same considerations need to be applied to analysis of 

sediment yields in rivers. Sediment yields are strongly influenced by discharge variability. Cecil 

et al. (2003) suggest that the dominant variable affecting fluvial sediment yields in the rivers of 

Indonesia is the degree of seasonality in rainfall. The same issues in characterizing the discharge 
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yields in erratic rivers with no base flow and infrequent high magnitude flood events also 

represent themselves in sediment yields. In these systems average discharge is too low to predict 

the size of the catchment that produced it. Syvitski and Milliman (2007) give an anecdote of the 

Choshui River in Taiwan that had an average sediment yield of 27 MT/yr from 1962-1995. A 

series of typhoons and a major earthquake from 1996-2001 led to discharge of 400 MT of 

sediment in just 5 years (Dadson et al., 2004; Milliman and Kao, 2005) raising the long-term 

average by 33% to 36 MT/yr. These short punctuated events again demonstrate that average 

sediment and water yields do not represent the true production capacity of a catchment of a given 

size and are strongly influenced by individual high magnitude excursions in the record. Sediment 

yields remain the largest source of error in source-to-sink studies attempting to balance sediment 

yields in catchment areas to the volumes of sediment preserved in the sedimentary record 

(Holbrook and Wanas, 2014), and more work needs to be done to improve the precision of the 

predictions of sediment yields in modern and ancient river systems.  

3.6 Conclusions 

 This study demonstrates that average discharge is a flow state of different magnitude and 

frequency of occurrence in rivers with different hydrological regimes. At 99
th

 percentile flow and 

larger the discharge yields of rivers with persistent, seasonal, and erratic hydrological regimes 

converge. We developed scaling relationships between catchment area and 99
th

 percentile, 

99.87
th

 percentile, and maximum discharge using river gauging data from 415 rivers worldwide. 

The predictive precision of these scaling relationships are a factor of 3-5 times better than the 

outputs of scaling relationships based on average discharge.  

 These 99
th

 percentile, 99.87
th

 percentile, and maximum discharge events are also more 

likely to be in equilibrium with the channel geometry, i.e. the channel-forming discharge, than 

average discharge. This makes scaling relationships based on these higher magnitudes of 

discharge more compatible with studies of ancient rivers because average discharge conditions 

are unlikely to be preserved. More work needs to be done to better understand the recurrence 

interval of bankfull flow events in modern rivers, but the measured median recurrence intervals 

of approximately 1.5 years, 4-6 years, and 50-100 years for 99th percentile, 99.87th percentile, 

and maximum discharge events respectively in this dataset are likely to be preserved in the 

sedimentary record . The improved predictive uncertainty of these scaling relationships relative 
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to other scaling relationships that are currently available make these important tools for 

application in source-to-sink analysis of ancient river systems. 
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Figure 3.1. Locations of 415 gauging stations analyzed in this study. Data provided by the Global Runoff Data Centre (GRDC) in 

Germany. See text for explanation of persistent, erratic, and seasonal river classifications and definition of DVI
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Figure 3.2. Best fit distributions for discharge frequency for examples of persistent, seasonal, and 

erratic river systems generated using @Risk software. Distributions show increasing positive 

skew with increasing cumulative discharge variability. Most rivers in our dataset are best-fit with 

a log-normal distribution (see also Leopold and Maddock, 1953).  End-member examples of the 

most persistent systems (e.g. Rio Aiari) and the most erratic systems (i.e. Wild Rice River) have 

discharge frequencies that are best-fit with normal and exponential distributions respectively. 

Strongly seasonal systems with a long and intense wet season (e.g. Rio Curua) can have a second 

mode in their frequency distribution that is not well-represented by the best-fit distribution. 
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Figure 3.3. A comparison of the cumulative frequency of discharge for three rivers with similar 

drainage basin size (approximately 5,000 km
2
) and variable hydrological regime. While the 

average discharge of the persistent Rio Aiari is more than one hundred times larger than the 

erratic Leopold River, the separation in discharge magnitude is reduced at higher percentile 

discharge events. 
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Figure 3.4. The general shape of the hydrographs of rivers in the database is a composite sine 

wave. The annual period is the product of yearly wet and dry seasons. Superimposed on the 

annual cycle are multiple longer term cycles with periods of multiple years to decades. The time 

series above shows the record of discharge of the persistent hydrology Fond Du Lac River, 

Canada (DVIa=0.67; DVIc=2.20). The range used to calculate average discharge variability 

(DVIa) of 202 m
3
/sec captures most of the discharge variability in a given year. The range used 

to calculate cumulative discharge variability (DVIc) of 661 m
3
/sec captures the discharge 

variability imposed by longer-periodicity forcing mechanisms. 

 

Figure 3.5. Both cumulative and average discharge variability metrics are sensitive to changes in 

the frequency of discharge of all river systems in our database. A) Cumulative discharge 

variability has a positive correlation with the skewedness of the distribution of discharge events. 

B) The ratio of median to mean flow magnitude is highest in the population of persistent rivers 

with a 1:1 ratio suggesting an approximately normal distribution. The population of erratic rivers 

have low median to mean flow magnitude ratios suggesting “average” discharge conditions more 
infrequent flow events than in persistent and seasonal systems. 
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Figure 3.6. Discharge yields at Qavg, Q90, Q99, Q99.87, and Qmax discharge. Equations for all 

regressions and data envelopes are presented in Table 3.2. Discharge yields of erratic rivers are 

significantly lower at Qavg and Q90 discharge and separate power-law regressions are presented 

for erratic versus persistent and seasonal hydrology rivers. At higher magnitudes of flow 

discharge yields of erratic rivers converge on those for persistent and seasonal rivers, and the 

separation of the upper and lower envelope regressions decrease.  
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Figure 3.7. Measued recurrence intervals for A) 90
th

, B) 99
th

, and C) 99.87
th

 percentile discharge 

and D) the duration of the gauging record for all rivers.. Recurrence intervals are longer than 

theoretical frequency of occurrence because the temporal distribution of discharge events is non-

uniform in natural systems. Median recurrence intervals for a 90
th

, 99
th

, and 99.87
th

 percentile 

flow are somewhat characteristic across hydrological regimes. Outlier recurrence interval 

systems typically only have one year on record where a single flood event represented all days 

above the given flow threshold. The Qmax discharge will represent one day over the gauging 

record, so the recurrence interval of Qmax is the duration of the gauging record. The median 

gauging record duration for the dataset is 66.7 years.  
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Figure 3.8. An analysis of average discharge variability based on a dataset of monthly discharge 

data provided by the Center for Sustainability and the Global Environment (SAGE) at the 

University of Wisconsin. Highs in average discharge variability in the subtropical latitudes are 

likely influenced by monsoonal precipitation, while highs in average discharge in the northern 

polar latitudes are likely influenced by seasonal snowmelt. While average discharge variability is 

suppressed at the equatorial and mid-latitudes, there are rivers active at all latitudes around the 

globe with average discharge variability greater than two, meeting this study’s criteria for 
seasonally variable discharge. 

 

Figure 3.9. Pie charts comparing the distribution of river hydrology across Köppen-Geiger 

climate zones (Peel et al., 2007). Persistent rivers make up approximately half of our dataset, and 

because of its relative abundance in the dataset, is the most common river type in six of the seven 

climate zones. The climate zone with the largest portion of erratic rivers is the arid climate zone 

which is to be expected because our classification of erratic is most common in rivers with low 

base-flow conditions. The relatively high representation of rivers classified as seasonal in Cold 

and Tropical-Monsoon climate zones is to be expected because seasonal snowmelt and 

monsoonal precipitation are the two most common mechanisms to generate strong annual 

variability in discharge.
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Figure 3.10. A) Comparison of the maximum discharge of the 415 rivers and scaling relationships from this study, to the BQART 

model (Syvitski and Milliman, 2007; Syvitski et al., 2014), and the suite of regional curves presented in Davidson and North (2009). 

B) Appropriate size ranges for applying regional curves and the global curves developed in this study. Interpreted approximate upper 

and lower limits of bankfull discharge yields converge in larger drainage basins due to integration of multiple catchments with 

variable hydrological connectivity that serves to dampen the variability in discharge yields that can be observed in small catchments. 

In small river catchments (~10-5,000 km
2
) using appropriately scaled regional curves can be advantageous due to the wide spread of 

discharge yields possible. 
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Table 3.1. Theoretical and empirically measured recurrence interval of key magnitudes of 

discharge analyzed in this study. 

 Qavg Q90 Q99 Q99.87 Qmax 

Theoretical 

Recurrence 

Interval  

 

182.5 

days/year 

 

36.5 days/year 

 

3.65 days/year 

 

0.5 days/year 

 

N/A 

Recurrence 

Interval (This 

Dataset) 

 

<1-2.9 yrs 

1-2.9 yrs; 

median = 1.02 

yrs 

1-28 yrs; 

median = 1.5-

1.75 yrs 

2-60 yrs; 

median = 4.5-6 

yrs 

20-115 yrs; 

median = 66.78 

yrs 

 

Table 3.2. Scaling relationships between Drainage Area (A) and discharge of a given magnitude 

(Q).  

Discharge 

Magnitude 

a b R
2
 Envelope 

Separation 

Ratio* 

 

Qavg 

Persistent and Seasonal 

Rivers = 0.0258 

Erratic Rivers = 0.0174 

UE = 0.0454; LE = 

0.0006 

Persistent and Seasonal 

Rivers = 0.9267 

Erratic Rivers = 0.8001 

UE = 1.001; LE = 0.971 

Persistent and 

Seasonal Rivers = 

0.82 

Erratic Rivers = 

0.57 

UE = 0.96; LE = 

0.74 

 

 

104 

 

 

Q90 

Persistent and Seasonal 

Rivers = 0.0666 

Erratic Rivers = 0.0162 

UE = 0.0.0986; LE = 

0.0001 

Persistent and Seasonal 

Rivers = 0.9092 

Erratic Rivers = 0.8992 

UE = 0.9949; LE = 

0.9693 

Persistent and 

Seasonal Rivers = 

0.81 

Erratic Rivers = 

0.58 

UE = 0.96; LE = 

0.64 

 

 

130 

Q99 All Rivers = 0.282 

UE = 0.3413; LE = 

0.0058 

All Rivers = 0.8235 

UE = 0.9313; LE = 

0.9995 

All Rivers = 0.76 

UE = 0.92; LE = 

0.91 

 

28 

Q99.87 All Rivers = 0.7337 

UE = 1.338; LE = 0.0181 

All Rivers = 0.7755 

UE =0.8353 ; LE = 

0.9614 

All Rivers = 0.75 

UE = 0.77 ; LE = 

0.92 

 

19 

Qmax All Rivers = 3.0778 

UE = 6.0278; LE = 

0.0322 

All Rivers = 0.6852 

UE = 0.7774; LE = 

0.9546 

All Rivers = 0.63 

UE = 0.78; LE = 

0.90 

 

28 

Relationships given are a power-law of the form A=aQ
b
. The coefficients (a and b) and 

correlation coefficient (R
2
) are presented for populations of rivers at different magnitudes of 

discharge, as well as a regression for the Upper Envelope (UE) and Lower Envelope (LE) of the 

data. *Envelope separation ratio is calculated by dividing the upper envelope and lower 

envelope regression predictions of discharge for the average drainage basin size of the 415 

rivers in the dataset (50,000 km
2
).  
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CHAPTER 4 

PROBABILISITIC SOURCE-TO-SINK ANALYSIS OF ANCIENT RIVER CATCHMENTS 

 

A paper to be submitted to the Journal of Sedimentary Research 

E.R. Jones and P. Plink-Björklund 

 

4.1 Abstract 

 Source-to-sink analysis is used to quantitatively analyze individual components of a 

linked siliciclastic depositional system and make predictions about the character and scale of the 

other components in the system. This type of analysis commonly takes relationships established 

in modern depositional systems and applies them to deep-time systems. The furthest updip 

portions of a siliciclastic depositional system is the catchment area that sources the sediment and 

water routed through the other components of the system. These catchment areas are extremely 

unlikely to be preserved in the stratigraphic record, and efforts to maximize the quality and 

amount of information that can be extracted about a paleoriver catchment are critical for a wide 

variety of applications. 

 We apply new scaling relationships between paleodischarge and catchment area that 

increase predictive accuracy and precision relative to previously published methods. Despite this, 

there are still large uncertainties associated with these predictions of catchment size. To better 

manage this uncertainty we take a probabilistic approach, and use Monte-Carlo simulations to 

present the likeliness of a range of outcomes.  

 Our new probabilistic source-to-sink methodology is applied to six ancient river systems 

with variable size, climate and hydrology, and fluvial style: the Ferron Sandstone, the Dunvegan 

Fm., the Baharia Fm., the Kayenta Fm., the Colton-Wasatch Fm., and the McMurray Fm. The 

drainage basin sizes of these ancient rivers are constrained by alternative methodologies and 

represent a good training dataset to test our method. The Ferron Sandstone and Dunvegan Fm. 

have been extensively analyzed from a source-to-sink perspective, and inputting paleodischarge 

estimates from the deposits of a trunk river, rather than the tributary portions of a catchment, is 
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shown to be the only way to accurately reconstruct the size of their catchments. The Baharia and 

Kayenta Fms. have nondiagnostic climatic and hydrologic indicators and demonstrate how 

selection bias can significantly affect our interpretations of catchment area. The outputs of our 

model suggest that the smaller end of the range of previously published catchment areas is the 

most likely scenario. The Colton-Wasatch Fm. is an endmember example of a river with 

extremely erratic hydrology.  These fluvial deposits were transported by the California paleoriver 

which tapped catchments as far as 700 km south of its depositional sink in the Uinta Basin. The 

McMurray Fm. was formed by a continental scale river system that is larger than our range of 

catchment sizes where we can confidently apply our new runoff yield models. The limitations 

and advantages of our method are compared to previous methods, and the validity of our Monte-

Carlo simulations are assessed. For each ancient example we quantify the likeliness of competing 

hypotheses in systems where the size of the river system and paleogeography of the region is 

debated. 

4.2 Introduction 

 Source-to-sink analysis (S2S) is a powerful tool used to make quantitative predictions 

about the scale of various linked components of sedimentary systems. Improving the predictive 

accuracy in the quantification of size and hydrology of the drainage basins that supply water and 

sediment to river systems is a critical step in constraining the furthest up-dip portions of a 

sediment routing system, and therefore has important impacts on our ability to predict the size 

and type of other connected sediment dispersal systems and terminal sediment sinks. There is 

very little preservation potential for catchment areas in the sedimentary record because of their 

upland position in a sedimentary system. Efforts to maximize the quality and amount of 

information we can extract about a catchment area from the connected alluvial, shallow marine, 

and deep marine deposits are critical for a wide variety of applications ranging from 

paleogeographic and paleoclimatic reconstructions to exploration and management of petroleum, 

mineral, and water resources. Particular attention should be paid to recent applications of source-

to-sink analysis in petroleum exploration. Constraining the size and paleoclimate of catchment 

areas has led to improved prediction of volumes of coarse-grained reservoirs (Sømme et al., 

2009; Holbrook and Wanas, 2014) and selection of correctly-scaled analogs to help constrain the 

size, shape, and complexity of reservoir intervals (Bhattacharya and Tye, 2004; Pranter et al., 
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2009; Deveugle et al., 2014, Sahoo et al., 2016) can help to inform and de-risk exploration in 

frontier basins where available subsurface data is minimal or completely absent.  

 The preservation potential of catchment areas is very low in the sedimentary record. 

Thus, scaling relationships between discharge and the catchment area of modern rivers are the 

primary tool in source-to-sink analysis for predicting the size of catchment areas in ancient 

sedimentary systems. Numerous studies of ancient river deposits provide detailed methodologies 

for quantifying the rate of paleodischarge associated with the formation of specific sedimentary 

structures and bar-forms (e.g. Gardner, 1983; Wohl, 1995; LeClair and Bridge, 2001; 

Bhattacharya and Tye, 2004; Bhattacharya and MacEachern, 2009; Holbrook and Wanas, 2014; 

Lynds et al., 2014). Additionally, abundant river gauging station data is available thanks to a few 

databases that provide daily or monthly discharge rates for modern rivers where catchment area 

and climate are known (e.g. USDA-NRCS-NWMC, 2016; The Global Runoff Data Centre 

(GRDC), Germany; and the Center for Sustainability and Global Environment (SAGE), 

University of Wisconsin). This data has been synthesized into a number of published power-law 

relationships between discharge and drainage area in modern rivers (Hack, 1957; Matthai, 1990; 

Syvitski and Milliman, 2007; Davidson and North, 2009; Syvitski et al., 2014; Jones et al., 

submitted). Combining detailed quantification of paleodischarge in ancient river deposits and 

scaling relationships between discharge and catchment area in modern rivers yields predictions 

that help constrain what is typically the largest unknown in source-to-sink analysis, the size of 

the paleocatchment-area. 

 The uncertainty associated with applying and selecting an individual scaling relationship 

is the largest source of error in determining the catchment area that supplied water and sediment 

to an ancient river system. The approaches to scaling discharge and catchment area can be 

subdivided into two principal camps, those integrating data from many rivers worldwide (e.g. 

Matthai, 1990; Syvitski and Milliman, 2007) and those developing scaling relationships for a 

specific geomorphic and climatic setting (regional curves; e.g. Hack, 1957; Davidson and North, 

2009 and references therein). The global approach minimizes sampling bias by incorporating 

data from all world rivers, but the resultant relationship represents an average trend from a wide 

range of catchments with distinct climatic, physiographic, and geologic characteristics (Davidson 

and North, 2009), has correlation coefficients of R
2 ≈ 0.7 (Syvitski and Milliman, 2007), and has 
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an order of magnitude uncertainty in discharge yields about the predicted value (Figure 4.1a).  

Regional curves show much less variability in discharge yields with correlation coefficients of 

R
2 ≥ 0.9 (e.g. Moody et al., 2003) and uncertainty in discharge yields of a factor of 2-4 because 

they represent a specific regional trend (Figure 4.1b). These relationships are much more 

susceptible to both sampling and upscaling bias as they are typically based on a few tens of 

rivers with drainage basins areas of 10-1,000 km
2 

(Figures 4.1b and 4.1c). Selecting which 

regional curve to apply to an ancient river system is also an important source of error. Criteria for 

selecting a regional curve to apply are outlined in Davidson and North (2009), but interpreting 

the paleoclimate of ancient river deposits to the level of assigning a specific modern hydro-

pysiographic subregion is very subjective. Depending on what regional curve is selected 

predictions of catchment area can vary over two orders of magnitude (Figure 4.1c). An additional 

factor that has been ignored to this point is the issue with upscaling many of these regional 

curves. Some of the regional curves applied to ancient river systems with catchment areas of at 

least 10,000-100,000+ km
2
 (i.e. Kayenta Formation in Davidson and North, 2009)  predict 

bankfull discharge rates lower than the average discharge recorded in modern rivers with 

catchments larger than 500 km
2
 (Figure 4.1c). Because of this upscaling issue we recommend 

drainage area size ranges where it is appropriate to apply regional curves vs global scaling 

relationships (Jones et al., submitted) (Figure 4.1d) 

 The inherent error associated with applying scaling relationships and predicting 

catchment areas of river systems necessitates presenting the associated uncertainty in an upfront 

and clear way. The fulcrum method for source-to-sink analysis (Holbrook and Wanas, 2014) 

presents a detailed assessment of error associated with each step in their methodology. Despite 

the appreciation of the associated error, most source-to-sink studies making predictions of 

catchment area in ancient sedimentary systems have, to this point, given deterministic outputs, 

occasionally with a range of output values or an error envelope. In fields where predictive 

uncertainty associated with a methodology is large, a probabilistic approach is preferable 

because it provides the full range of outcomes and an idea of what the most likely cases are 

(Rose, 2012; Silver, 2012). This approach is particularly useful where there are one or more 

competing hypotheses based on alternate methodologies because the likeliness of each 

hypothesis can be quantitatively assessed. Source-to-sink studies incorporate information from 

complimentary methodologies including sediment provenance analysis from sandstone 
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petrofacies (e.g. Gazzi, 1966; Dickinson and Suczek, 1976; Ingersoll et al., 1984, many others) 

and detrital zircon geochronology (e.g., Dickinson and Gehrels, 2008; Dickinson et al., 2012; 

Blum and Pecha, 2014, many others) or regional paleogeographic reconstructions based on 

mapping and interpretation of exposed sedimentary strata (e.g. Deep Time Maps
TM

, 

https://deeptimemaps.com/). Using probabilistic source-to-sink analysis we can quantitatively 

assess the likelihood of multiple hypotheses proposed using alternate methodologies and better 

represent the uncertainty associated with this type of analysis. 

4.2.1 Purpose of This Paper 

 This paper provides a probabilistic reevaluation of the catchment sizes of number of 

ancient river systems where paleohydraulic data is readily available and hypotheses for the size 

of these catchments have been proposed. We use new scaling relationships developed from daily 

river gauging data for 415 rivers world-wide to quantify the relationship between 99
th

 percentile, 

99.87
th 

percentile, and maximum recorded discharge and catchment area (Jones et al., submitted). 

These results are compared to other published scaling relationships (i.e. Syvitski and Milliman, 

2007; Davidson and North, 2009), and to other published estimates of catchment area. This 

contribution therefore represents both a test of our methodology and a reevaluation of the size of 

a number of ancient river systems that have been extensively published on. 

 We first present an explanation of our scaling relationships, their application to ancient 

river systems, and an explanation of our Monte Carlo simulation-based approach to probabilistic 

source-to-sink analysis. We then apply these new methods to a number of ancient examples 

while systematically addressing the rationale behind the inputs selected for the Monte Carlo 

simulation and associated error for each example. The selected examples of ancient rivers have a 

wide range of catchment sizes and hydrologies, and the challenges associated with capturing this 

variability is presented in the discussion for each example.  

4.3 Methods 

4.3.1 New Scaling Relationships 

 We developed new scaling relationships relating discharge of different magnitudes to 

catchment area for modern rivers. Like previously published examples (e.g. Syvitski and 

https://deeptimemaps.com/
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Milliman, 2007; Davidson and North, 2009) these are power-law relationships of the form        . Where Q is discharge of a specified magnitude, A is the area of the river catchment, 

and a and b are coefficients developed in metric units. These scaling relationships were 

developed on a dataset of 415 rivers worldwide with daily gauging records of 20-110 years in 

duration supplied by the The Global Runoff Data Centre (GRDC), 56068 Koblenz, Germany. 

We use relationships based on 99
th 

percentile, 99.87
th

 percentile, and maximum recorded 

discharge for each gauging station. In these magnitude flow events the discharge yields of rivers 

with different hydrologies converge, and there is less spread in the observed discharge yields 

than scaling relationships based on average flow (Jones et al., submitted). These higher 

magnitudes of discharge are also more likely to be recorded in the stratigraphic record than 

average flow conditions (Bhattacharya and Tye, 2004) making these scaling relationships more 

applicable to reconstructing ancient river systems. 

 Each magnitude of discharge has a characteristic median recurrence interval that is 

consistent across hydrological regimes. 99
th

 percentile discharge (Q99) has a recurrence interval 

of ~1.5 years, 99.87
th

 percentile discharge (Q99.87) has a recurrence interval of ~4-6 years, and 

maximum discharge (Qmax) likely represents a 50-100 year flood event (Jones et al., submitted). 

The flow event that is in geomorphic equilibrium with a river channel (the channel-forming 

discharge) is typically considered to be the bankfull flow state (e.g. Hajek and Heller, 2012; 

Holbrook and Wanas, 2014; Bhattacharya et al., 2016) and in modern rivers with persistent 

hydrology this is observed to have a recurrence interval of approximately 1.5 years (Doyle et al., 

2007; Basso et al., 2015). For rivers with more erratic hydrology the recurrence interval of 

bankfull flow events is longer (Doyle et al., 2007) In some dryland rivers in the Australian 

Outback bankfull flow has a measured recurrence interval of 3-6 years (Pickup and Warner, 

1976), and in the Burdekin River, Australia barforms are shown to be in geomorphic equilibrium 

with flood events with a 10-15 year recurrence interval (Alexander and Fielding, 1997; Amos et 

al., 2004). So while each percentile discharge has a similar recurrence interval across different 

hydrological regimes, the recurrence interval of bankfull discharge varies with hydrological 

regime. It then follows that the channels in rivers where channel forming discharge events have 

longer recurrence intervals will be in geomorphic equilibrium with higher magnitude discharge 

events than those rivers where channel-forming discharge is a shorter recurrence interval event. 

We advocate applying our 99
th

 percentile discharge yield relationship in ancient systems 
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dominated by bedload transport and where interpreted paleohydrology was both perennial and 

persistent. The 99.87
th

 percentile relationship should be applied in systems with erratic 

hydrology where fluvial architecture and sedimentological evidence suggest that the stratigraphy 

is dominated by floods, and base-flow conditions are not well represented in the stratigraphy. 

The maximum discharge relationship can be applied in systems with erratic hydrology where 

there is sedimentological evidence for prolonged periods of non-deposition in between flood 

units. These criteria and how to apply them will be explained in more detail for each example of 

ancient river systems presented below. 

4.3.2 Monte Carlo Simulations & Outputs 

 We used @Risk
TM

 Software to perform Monte Carlo simulations to provide probabilistic 

estimates of drainage size in a number of ancient systems where paleohydraulic data is widely 

available. The simulation inputs and outputs in our two Monte-Carlo simulation workflows are 

determined by the presence of previously established detailed estimates of bankfull discharge 

(Qw) and are detailed in Figure 4.2. In the case where bankfull discharge is given, the minimum 

and maximum estimates of Qw are input as the range of a uniform probability distribution. The 

defined distribution of Qw related to catchment area (A) by A = Qw/Yd where Yd is a lognormal 

best-fit distribution of the actual discharge yields of 415 modern rivers for a specified magnitude 

of discharge (Q99, Q99.87, or Qmax). If Qw is not given, it is recreated by making user-defined 

distributions of bankfull channel cross sectional area (Csa) and flow velocity (U) by Qw = CsaU. 

A uniform distribution of Csa is defined by the range of sizes barform heights that are 

representative of bankfull flow height (Hbf) and the range of reported or projected channel widths 

(W) by Csa = 0.65HbfW after MacEachern and Bhattacharya (2009). A lognormal distribution of 

U is defined using bedform stability diagrams (Rubin and McCulloch, 1980; van den Berg and 

van Gelder, 1998). The recreated distribution of Qw based on Csa and U is again related to 

catchment area (A) by A = Qw/Yd where Yd is a lognormal best-fit distribution of the actual 

discharge yields of 415 modern rivers for a specified magnitude of discharge (Q99, Q99.87, or 

Qmax). 

 A sensitivity analysis was performed for all six model runs to define the number of model 

runs necessary and the variation in predicted values explained by each variable.  In the two-

variable simulations the variation in the median output was negligible at 5,000 simulation runs, 
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and in the three-variable simulations the variation was negligible at 10,000 simulation runs (see 

Appendix 6).  The runoff yield distribution (Yd) imparted the most variability in model outputs in 

every simulation and varied by a factor of 3-5 about the baseline output value (Figure 4.3). The 

distributions of bankfull discharge (Qw) or channel cross-sectional area (Acs) and flow velocity 

(U) impart a factor of 0.5-3 variability about the baseline predicted value (Figure 4.3). Because 

all simulation runs have at least one variable that is lognormally distributed, and these 

distributions go to infinity, the maximum and minimum values in the simulation runs are not 

very meaningful. The results of our simulations are plotted in cumulative log-probability space 

(i.e. Rose, 2012) where the y axis is in a probit scale and the x axis is in a logarithmic scale. Each 

of our model runs plots as a line using this scale and the probability of occurrence of a given 

catchment area or range of catchment areas can easily be assessed graphically and quantitatively. 

These plots also cut off at 1
st
 and 99

th
 percentile probability to deemphasize the large range of 

maximum and minimum values imparted by the lognormal distribution.  

4.4 Analysis of Ancient River Systems 

4.4.1 Ferron Sandstone 

 The Turonian Ferron Sandstone has been extensively studied from a source-to-sink 

perspective. The Ferron Sandstone is a member of the Mancos Shale Formation that formed in 

fluvio-deltaic depositional environments, sourced from the Sevier fold-and-thrustbelt and 

deposited on the western margin of the Cretaceous Western Interior Seaway (Bhattacharya and 

Tye, 2004) (Figure 4.4). Three deltaic clastic wedges within the Ferron Member, the Vernal, Last 

Chance and Notom deltas, are interpreted to have distinct drainage basins separated along major 

basement lineaments (Gardner, 1995). The Notom delta outcrops in southwestern Utah have 

been extensively studied, and the paleohydraulic conditions associated with bankfull flow stage 

in the trunk rivers are well established (e.g. Bhattacharya and Tye, 2004; Corbeanu et al., 2004; 

Garrison and van den Bergh, 2006; Li et al., 2010; Bhattacharyya et al., 2015; Wu et al., 2015; 

Bhattacharya et al., 2016, Sharma et al., 2016). 

 The trunk channels within the Notom wedge of the Ferron Sandstone indicate low-

sinuosity, single-thread, sand and gravel bed rivers, with bars built mostly of medium grained 

cross-stratified sand (Li et al., 2010; Wu et al., 2015). Reported trunk channel dimensions in the 
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Notom delta deposits in the Ferron Sandstone have measured bankfull depths of 4.3-5.5 m and 

associated predicted channel widths of 76-192 m using the empirical relationship for single 

thread channels of Bridge and Mackey (1993) (Sharma et al., 2016).  The Ferron Sandstone 

succession developed during a global greenhouse climate (Wang et al., 2014) at a paleolatitude 

of 40° N (Ryer and McPhillips, 1983). Ferron floodplain deposits have abundant coals and 

gleysols indicating deposition in coastal plain wetlands with a generally high water table 

(Corbeanu et al., 2004; Garrison and van den Bergh, 2004). Palynological analysis indicate an 

ever-wet subtropical climate (Akyuz et al., 2016).  

 The size of the catchment areas for each distinct deltaic wedge in the Ferron Sandstone 

are estimated at ~50,000 km
2
 based on the assumption that the basement lineaments mapped by 

Gardner (1995) acted as drainage divides separating their catchment areas. Using five different 

regional curves developed from distinct hydro-physiographic regions in the coastal plains of the 

southeastern United States, predictions of the catchment area of the Notom Delta using scaling 

relationships from Davidson and North (2009) ranged from ~4,300-48,743 km
2
. The preferred 

interpretation from Davidson and North (2009), based on channel sizes reported in the Notom 

Delta (~4 m deep) and the regional curves from Maryland and Virginia which are at similar 

present-day latitudes as the paleolatitudes of the Ferron, reduce the range in predicted catchment 

area to ~15,710 -48,743 km
2
.  

 Model Inputs- Sharma et al. (2016) present ranges of paleodischarge estimates for the 

Notom wedge based on the fulcrum method (Hobrook and Wanas, 2014). The calculated 

bankfull paleodischarge values are 420-2,100 m
3
/sec (Sharma et al., 2016). These results were 

modeled as a uniform probability distribution with maximum and minimum values 

corresponding to this range of reported bankfull paleodischarge (Qw). The dominance of bedload 

transport, well developed point bars, single-thread channel style, and ever-wet paleosols suggest 

a perennial and persistent hydrology for these Ferron channel deposits. This style of fluvial 

hydrology suggests a recurrence interval of channel-forming discharge of 1.5 years is appropriate 

(i.e. Doyle et al., 2007). For this reason we modeled runoff yields in the Ferron using the 

lognormal Q99 probability distribution.  
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 Outcomes- Figure 4.5 shows the ouput of our Monte Carlo simulation run in cumulative 

log-probability space. The median predicted catchment area for the Notom wedge is 17,253 km
2
. 

The corresponding 25
th

 to 75
th

 percentile range is 9,704-30,995 km
2 

(Table 4.1). 

 This model output is smaller than the predicted catchment sizes of ~50,000 km
2
 of 

Gardner (1995) based on mapped basement lineaments, but is similar to the preferred regional 

curve outputs (15,710 -48,743 km
2
) and total range of regional curve outputs (4,395-48,743 km

2
) 

of Davidson and North (2009). Because the catchment area prediction based on basement 

lineaments gives a single value we gave it a range of ±20% (40,000-60,000 km
2
) when 

evaluating its likelihood. This size of this range of predicted values is similar to the regional 

curves. In our model run the basement lineament scenario was much less likely than either the 

preferred or total regional curve scenario (8.2% compared to 37.8% and 81.7% likelihood 

respectively) (Table 4.1 and Figure 4.5). 

 Discussion- The outputs of our model runs suggest the drainage area of the Notom Delta 

of the Ferron Sandstone occupied a smaller area than Gardner (1995) suggested based on 

mapped basement lineaments in the Sevier fold-and-trustbelt acting as drainage divides. The 

basement lineaments (Figure 4.4) are spaced approximately 100 km apart and drainage basin 

lengths of 500 km were estimated based on the paleogeography (Bhattacharya and Tye, 2004) 

leading to the estimate of a 50,000 km
2
 catchment area. The median output of our model run 

(~17,000 km
2
 catchment area) can be achieved if the assumed drainage basin length is reduced or 

the Notom Delta only drained a portion of the predicted catchment area.  

 There are reasons to think our prediction of the drainage area connected to the Notom 

Delta is conservative. The range of paleodischarge input into the model were assigned a uniform 

probability, but in studies of ancient rivers the largest channel sizes are most likely to represent 

the trunk channels (Blum et al., 2013; Holbrook and Wanas, 2014; Bhattacharya et al., 2016). If 

we use the maximum value of the range of paleodischarge input into our model (2,100 m
3
/sec), 

which better reflects trunk channel dimensions, and input this value into the Q99 regression, that 

is a best fit regression based on the same runoff yield data input into our Monte Carlo simulation 

(Figure 4.1c) (see Jones et al., submitted), directly we predict a catchment area of 50,332 km
2
. 

This prediction of catchment area is the same as the basement lineament scenario, and stresses 

the importance of using the trunk channel dimensions when characterizing drainage basin area.  
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 Attempts to apply scaling relationships to the Ferron Sandstone based on regional curves 

(Davidson and North, 2009) highlight the importance of considering the influence of selection 

bias when applying this methodology. Davidson and North (2009) applied five different regional 

curves from the southeastern US with predictions of catchment area of the Notom Delta ranging 

from 4,395 km
2
 to 48,743 km

2
. The sedimentological criteria for evaluating the climate of an 

ancient river succession cannot diagnostically differentiate an appropriate modern analog to the 

level of a physiographic and climatic subregion that regional curves are based on. The two 

preferred regional curves out of the five selected for the Ferron Sandstone are from the coastal 

plains of Maryland and Virginia and were differentiated based on similar latitude (cases 2d and 

2e; Davidson and North, 2009). The predicted catchment areas of these two models reduce the 

range of predicted catchment area to 15,710 km
2
 and 48,732 km

2
 respectively are in reasonable 

agreement with the outputs of our model. However, had criteria other than latitude been applied 

to select the “preferred” regional curve the predicted catchment area could just as easily be an 

order of magnitude smaller. Applying regional curves to deposits of ancient rivers without the 

diagnostic criteria needed to select an individual model leads to selection bias, and potentially 

inaccurate results. Approaches applying scaling relationships based on global discharge datasets 

have less predictive precision than regional curves, but are insulated from this kind of selection 

bias and therefore have better predictive accuracy. 

4.4.2 Dunvegan Formation 

 The Early to Middle Cenomanian Dunvegan Formation is a fluvio-deltaic succession 

sourced from the Canadian Cordillera that deposited on the western margin of the Cretaceous 

Western Interior Seaway (e.g. Bhattacharya, 1993; Plint and Wadsworth, 2003, 2006; 

Bhattacharya and MacEachern, 2009). Ten allomembers named A-J in order of increasing age 

are distinguished in the Dunvegan Fm., separated by regionally extensive marine transgressive 

surfaces (Bhattacharya and Walker, 1991; Plint, 2000). Each allomember was likely deposited 

over 100,000-200,000 years (Bhattacharya et al., 2016). Extensive outcrop and subsurface data 

allows mapping of paleovalley systems for each allomember, which generally show a tributary 

pattern coalescing into a single trunk system (Plint, 2000, 2002; Plint and Wadsworth, 2003, 

2006). In Allomember E the trunk system feeds a connected lowstand deltaic complex 
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(Bhattacharya, 1993; Plint and Wadsworth, 2006) (Figure 4.6), making it an ideal candidate of a 

closed system for source-to-sink analysis (Bhattacharya et al., 2016; Lin et al., 2016). 

 Allomember E of the Dunvegan Fm. has an estimated tributary catchment area of 

100,000-150,000 km
2
 (Bhattacharya et al., 2016) based on plate tectonic considerations (Plint 

and Wadsworth, 2006) and detrital zircon geochronology (Beuchmann, 2013). Davidson and 

North (2009) estimate a catchment area of 32,000-58,000 km
2
 based on a regional hydraulic 

curve from the Pacific Maritime Mountains of the US Pacific Northwest (Case 1a) and a 

catchment area of 70,000-143,000 km
2
 based on a regional hydraulic curve from the Blue Ridge 

Mountains of North Carolina (Case 1b). 

 Channel fills in the Dunvegan Fm. are dominated by dune-scale cross-stratified fine-to 

medium-grained sandstone (i.e. Plint and Wadsworth, 2003). The Dunvegan Fm. was deposited 

at paleolatitudes of 65-75° (McCarthy and Plint, 1999) and paleosols preserved in floodplain 

deposits are generally are hydromorphic suggesting persistently cool and humid conditions 

(McCarthy and Plint, 1999). The average thickness of individual cross-sets in the Dunvegan Fm. 

is 0.5 m which scales to bankfull channel depths of 7-18m (Lin, 2016). Mapped incised valleys 

are typically less than a few kilometers in width, and the depth of incision was generally less 

than about 35 m (Bhattacharya et al., 2016). The average channel depth mapped in the tributary 

portions Allomember E is 8-10 m (Plint and Wadsworth, 2003). Bhattacharya et al. (2016) 

measure a channel that feeds the Allomember E trunk river, to be about 16 m deep and 150 m 

wide, based on heights of lateral-accretion bars from outcrop (Bhattacharya et al., 2016; Lin, 

2016), and suggests that trunk channel dimensions should continue to increase down 

stratigraphic dip. 

 Model Inputs- Lin et al. (2016) presents a range of paleodischarge estimates for 

Allomember E of the Dunvegan Fm. based on the fulcrum method (Hobrook and Wanas, 2014). 

The reported bankfull paleodischarge values are 1,600-3,700 m
3
/sec (Lin, 2016). This range 

reflects the wide distribution of channel dimensions from updip tributaries to estimated trunk 

channel dimensions. Bankfull paleodischarge inputs into our simulations were modeled as 

uniform probability distributions honoring the range presented in Lin et al. (2016). 
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 The dominance of bedload transport, well developed point bars, single-thread channel 

style, and hydromorphic paleosols suggest a perennial and persistent hydrology for these the 

deposits of the Dunvegan. This style of fluvial hydrology suggests that a recurrence interval of 

channel-forming discharge of 1.5 years is appropriate (i.e. Doyle et al., 2007). For this reason we 

modeled runoff yields in the Dunvegan using the lognormal Q99 probability distribution. 

 Outcomes- Figure 4.7 shows the ouput of our two Monte Carlo simulation runs in 

cumulative log-probability space. The median predicted catchment area for the Allomember E of 

the Dunvegan Fm. is 37,658 km
2
. The corresponding 25

th
 to 75

th
 percentile range is 22,739-

64,544 km
2
 (Table 4.1). 

 Our estimates of catchment area are smaller than the 100-150,000 km
2
 estimate of 

Bhattacharya et al. (2016). This proposed catchment area is an 86
th

-93
th

 percentile scenario in our 

simulation. The likeliness of this catchment area is much less than the proposed catchment areas 

based on regional curves. In our simulations both of the scenarios based regional hydraulic 

curves, 32,000-58,000 km
2
 (Case 1a) and 70,000-143,000 km

2
 (Case 1b), are between 2 and 5 

times more likely than the catchment area proposed by Bhattacharya et al. (2016) (Table 4.1 and 

Figure 4.7).  

 Discussion- The regional hydraulic curves applied to the Dunvegan Fm. from the Pacific 

Maritime Mountains of the US Pacific Northwest and Blue Ridge Mountains of North Carolina 

are similar to the median of the spread of Q99 runoff yields input into our simulation. Similarly, 

the median values of our uniform probability distribution of bankfull paleodischarge are based 

on channel geometries that are similar to the 8-10 m channel depths used by Davidson and North 

(2009) to predict the catchment area of the Dunvegan Fm. Because of the similarity in inputs and 

scaling relationships, the median predicted catchment area from our simulation falls in the range 

of catchment areas predicted in Case 1a from Davidson and North (2009), and both scenarios 

based on regional hydraulic curves are much more likely in our simulations than the 100,000-

150,000 km
2
 estimate (Bhattacharya et al., 2016).  

 Rather than reinterpreting the paleogeography of the Dunvegan based on these results, we 

suggest that the 8-10 m bankfull channel depths used to estimate catchment area in our 

simulations and in Cases 1a and 1b of Davidson and North (2009) are more representative of the 
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tributary portions of the system than the trunk river in the system. As in the case of the Ferron 

Sandstone, because we used a uniform probability distribution to honor the full range of 

published paleodischarge estimates, the results of our simulation are likely conservative 

estimates of the true catchment area of Allomember E of the Dunvegan Fm. If we use the 

maximum value of the range of paleodischarge input into our model (3,700 m
3
/sec), which better 

reflects trunk channel dimensions, and input this value into the same Q99 regression used in our 

model (Figure 4.1c) (see Jones et al., submitted) directly we predict a catchment area of 100,127 

km
2
. This estimate is in agreement with the range of values from Bhattacharya et al. (2016) and 

the paleogeographic reconstruction (Figure 4.6) based on plate tectonic considerations (Plint and 

Wadsworth, 2006) and detrital zircon geochronology (Beuchmann, 2013).  

 The results of our analysis of the Dunvegan Fm. show that while scaling relationships are 

a powerful tool in source to sink analysis, the quality of the prediction is directly dependent on 

the quality of the inputs. The Dunvegan Fm. example demonstrates that accurate 

paleogeographic interpretations can only be made where scaling relationships are applied to the 

deposits of the trunk river deposits and not tributary or distributary portions of the source-to-sink 

system. Our probabilistic source-to-sink methodology is best applied in systems where 

constraints are imposed by provenance analysis or detailed mapping, and the results of our 

method does not necessarily supersede the results of alternative methods. 

4.4.3 Baharia Formation 

 The lower Cenomanian Baharia Formation is composed of fluvial and shallow-marine 

deposits that accumulated along the southern coast of the Tethyan Sea in present day western 

Egypt (Holbrook and Wanas, 2014). The basal portions of incised paleovalleys contain braided 

fluvial deposits from rivers that routed water and sediment northward into the Tethyan Sea 

(Khalifa and Catuneau, 2008). The fluvial deposits change facies downdip into tidal and coastal 

shallow-marine deposits (Ibrahim, 2002) and further downdip into a marine carbonate ramp 

environment (Saber, 2012). Holbrook and Wanas (2014) reconstructed the bankfull 

plaeohydraulic conditions in more than 20 well-exposed channel deposits the area of the Baharia 

Oasis (Figure 4.8a). These paleohydraulic reconstructions are restricted to the basal portions of 

the incised valley-fill successions, which are less likely to be influenced by any effects of the 

coeval backwater zone (Holbrook and Wanas, 2014), and to the four largest channels measured, 
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which are more likely to represent the hydraulic conditions of the trunk river system (see 

Bhattacharya and Tye, 2004; Bhattacharya et al., 2016). 

 The trunk channel-fills in the Baharia Formation are composed of fine to coarse-grained 

sandstone with occasional granule and pebble lags (Khalifa and Catuneau, 2008). Cross-bedded 

sandstone is the most abundant channel fill style in the braided facies association (40% of total 

section thickness of channel fill and floodplain deposits), but a massive ferruginous sandstone 

facies is also present that is interpreted to have been deposited by highly concentrated 

sediment/water mixtures during floods (Khalifa and Catuneau, 2008). Channel deposits show 

both braided and laterally accreting barforms, and are interpreted as relatively straight single 

channels with minor braiding (Holbrook and Wanas, 2014). Associated mudstones are variegated 

and are deposited in the upper parts of channel fills, and only rarely in the amalgamated cross-

stratified sandstones in the basal portion of braided-channel fill packages. Khalifa and Catuneau 

(2008) interpret these mudstones as deposited in channel margins, bar tops, or the floodplain, and 

suggest that they do not represent long periods of channel abandonment. Hematite-rich paleosols 

and ferruginous concretions up to 6 cm in diameter suggest a semi-arid to arid climate (Khalifa 

and Catuneau, 2008), and this interpretation is supported by palynology in coeval marine 

deposits (Ibrahim, 2002).  

 The average predicted size of the catchment supplying water and sediment to the trunk 

channels in the Baharia Fm. is estimated at ~5,000 km
2
 or ~50,000 km

2
 by Holbrook and Wanas 

(2014) (Figure 4.8a). The two different interpretations of catchment area are based on the use of 

two different regional curves scaling catchment area and bankfull discharge taken from Davidson 

and North (2009). The first estimate of a ~5,000 km
2
 catchment area is predicted using the 

regional curve for the Pacific Maritime Mountains of the US Pacific Northwest Coast (Castro 

and Jackson, 2001) representing an amalgamation of Dry Summer Continental climates with 

seasonal precipitation (Dsa, Dsb, Dsc) to Humid Continental climates with no dry season (Dfb, 

Dfc). The second estimate of a ~50,000 km
2 

catchment area is predicted using the regional curve 

for Western Interior Basin and Range of US Pacific Northwest coast (Castro and Jackson, 2001) 

representing  a semi-arid steppe (BSk) climate with seasonal precipitation. The predicted 

sediment yields using these regional curves were also compared to the total volumes of clastic 

sediment preserved downdip of the Baharia Formation fluvial channels using the fulcrum method 
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(Holbrook and Wanas, 2014). The resultant predicted sediment supply rates of 160,000-609,000 

m
3
/yr are larger than the calculated sediment accumulation rates of 72,000-144,000 m

3
/yr 

(Holbrook and Wanas, 2014) (Figure 4.8b). 

 Model Inputs- Holbrook and Wanas (2014) present paleodischarge estimates for four 

interpreted trunk river deposits in the Baharia Fm. using their fulcrum method. The reported 

bankfull paleodischarge values range from 191.85-440.4 m
3
/sec, and we modeled bankfull 

paleodischarge as a uniform probability distribution with maximum and minimum values 

corresponding to this range. The average, and therefore median, bankfull paleodischarge input 

into our simulations is 316 m
3
/sec. 

 The sedimentology of the channel fills in the Baharia Fm. do not show well developed 

point bar deposits associated with systematically meandering channel belts with perennial and 

persistent hydrology. The preservation of the massive ferruginous facies interpreted as flood 

deposits and interpretations of arid climate suggest that the hydrology of the river system was 

variable. However, the channel fills of trunk channels are dominated by cross stratification 

suggesting that a majority of the time the channel was in geomporphic equilibrium with a flow 

state that allowed organized migration of dune-scale bedforms. For this reason we prefer the ~1.5 

year recurrence interval channel forming discharge runoff yield model that is appropriate for 

rivers with persistent hydrology (Q99) for the Baharia Fm. We also present the 4-6 year 

recurrence interval channel forming discharge runoff yield model (Q99.87), because we cannot 

rule out variable hydrology for this system, because of the subordinate flood-dominated 

stratigraphic motif and other indicators of arid climate. 

 Outcomes- Figure 4.9 shows the outputs of our two Monte Carlo simulation runs in 

cumulative log-probability space. The predictions of catchment area for the Baharia Fm. for the 

Q99.87 runoff yield model, which suggests the channel deposits are in geomorphic equilibrium 

with a higher magnitude discharge event, are necessarily smaller than our preferred Q99 runoff 

yield model. The median predicted catchment area of the Baharia using our preferred runoff 

yield model (Q99) is 4,454 km
2
 with a 25

th
 to 75

th
 percentile range of 2,726-7,713 km

2
 (Table 4.1 

and Figure 4.9).  
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 We evaluated the likelihood of the two scenarios of drainage basin size based on the 

humid vs arid Pacific Northwest regional curves used by Holbrook and Wanas (2014). The range 

of catchment sizes evaluated correspond to the estimate of catchment size based on regional 

curves ±20%, or 4,000-6,000 km
2
 for the humid climate scenario and 40,000-60,000 km

2
 for the 

semi-arid climate scenario. Using our preferred runoff yield model (Q99) the smaller catchment 

area hypothesis has a 20.4% likelihood and captures the median output of our simulation while 

the larger catchment area hypotheses is a 99
th

 percentile scenario in our simulation and has only 

a 0.8 % likelihood. Both hypotheses are less likely using the Q99.87 runoff yield model because of 

the smaller predicted catchment areas output by this simulation, but the smaller catchment 

hypothesis is still much more likely than the large catchment hypothesis (15.4 and 0.4% 

likelihood respectively).  

 Discussion- Holbrook and Wanas (2014) report a range of predicted catchment areas for 

the Baharia Fm. ranging from 5,000-50,000 km
2
 based on the order of magnitude difference in 

the output of two different regional curve scaling relationships used to model the climate of the 

Baharia Fm. This highlights the issue of selecting a specific regional curve to represent the 

deposits of an ancient river system. The mix of fluvial styles preserved in the channel fills of the 

Baharia Fm. make assigning a specific climate or hydrological regime to the river difficult. The 

regional curves of the Pacific Maritime Mountains (humid) and Western Interior Basin and 

Range (semi-arid) subclimates applied to the Baharia Fm. are based on 17 and 21 rivers 

respectively with a median drainage basin size of ~1,600 km
2
 (Castro and Jackson, 2001). 

Applying one of these regional curves imparts a strong selection bias, producing estimates 

varying by an order-of-magnitude without a strong indication of which is more representative of 

the ancient river system. Additionally, even the small catchment hypothesis suggests the river 

that deposited the Baharia Fm. is larger than the majority of rivers that these regional curves are 

based on. In this case there is an upscaling issue in applying the Western Interior Basin and 

Range (arid) regional curve. This scaling relationship produces estimates of bankfull discharge 

that are lower than average discharge for many rivers when applied to systems with catchment 

areas larger than 1,000 km
2
 (Figure 4.1c). The median outputs of our Q99 and Q99.87 runoff yield 

simulations vary by less than a factor of two and can be applied to systems with drainage areas 

ranging from ~1,000-250,000 km
2
 (Jones et al., submitted) (Figure 4.1d), greatly reducing 

selection bias and upscaling issues in predicting the catchment area of the Baharia Fm.  
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 In applying the fulcrum method to the deposits of the Baharia Fm. Holbrook and Wanas 

(2014) found that estimates of sediment accumulation rates (72,000-144,000 m
3
/yr) were smaller 

than predicted sediment supply rates (160,000-609,000 m
3
/yr) (Figure 4.8b). The estimated 

sediment accumulation rates are based on an isopach volume of ~5.4 x 10
11

 m
3
 of siliciclastic 

sediment in the marine sink of the Baharia system (Holbroook and Wanas, 2014) and the 

estimated duration of sedimentation of 3-6 Myr (Catuneanu et al., 2006). The predicted sediment 

supply is based on estimated suspended load and bed load  flux during bankfull flow, the 

expected duration of a bankfull flow event in a given year, and the percentage of the annual 

sediment load delivered during a bankfull flow  event (see Holbrook and Wanas, 2014 for 

detailed methodology). Meybeck et al. (2003) show that the percent of the annual sediment load 

delivered during a bankfull flow event, estimated as 2% of the duration of a year (7.3 days), 

decreases with increasing drainage basin size. That is to say, in rivers with smaller drainage 

basins short-duration floods deliver a higher proportion of the annual sediment load than in 

larger systems (Figure 4.10). To calculate sediment yields Holbrook and Wanas (2014) use a 

value 50% of the annual sediment load delivered in a bankfull flow event that is an average of all 

rivers with catchment areas between 10
3
-10

4
 km

2
. If we take the median catchment size predicted 

by our model 4,454 km
2
 and plug this into the relationship of Meybeck et al. (2003) (Figure 

4.10) a value of 60% of the annual sediment load delivered during a bankfull flow event is 

reasonable, and for the large catchment hypothesis of 50,000 km
2
 a value of 30% of the annual 

sediment load delivered during a bankfull flow event is reasonable. If we adjust the expected 

sediment supply rates to fit these values the small catchment scenario predicts sediment supply 

of ~130,000-510,000 m
3
/yr and the large catchment scenario predicts sediment supply of 

~260,000-1,000,000 m
3
/yr. The adjusted sediment supply estimate in the smaller catchment 

scenario is in better agreement with estimated sediment accumulation rates, while the large 

catchment scenario produces estimates of sediment supply that are ~3-10 times larger than 

estimates of sediment accumulation. This adjustment of the fulcrum method of Holbrook and 

Wanas (2014) supports the results our simulated predictions of catchment area where the most 

likely catchment area of the river that deposited the Baharia Fm. was on the order of 5,000 km
2
.  
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4.4.4 Kayenta Formation 

 The Lower Jurassic Kayenta Formation in the Western Colorado Plateau is the middle 

member of the Glen Canyon Group (Baker et al., 1927) and represents a period of widespread 

fluvial deposition in between two periods where the landscape of the region was dominated by 

giant ergs (the Wingate and Navajo Fms.) (Blakey, 1989). The Kayenta Fm. is a clastic wedge 

deposited on the cratonic edge of a back-arc basin and both thickens and becomes more fine-

grained from east to west from the Western Colorado Plateau to the Triassic to Late Jurassic 

Cordilleran Magmatic Arc (Luttrell, 1993). The depositional basin is well constrained by the 

Mogollon Slope to the South and the Ancestral Rocky Mountains to the East, but Kayenta Fm. 

deposits are not currently preserved southeast of the four corners region. These river systems 

could have extended as far back as the Ouachita Front in what is now Texas (Blakey, 1994) 

(Figure 4.11; ©2012 Colorado Plateau Geosystems, used with permission). The fluvial deposits 

shed off the Mogollon Highlands in Arizona and New Mexico are volcaniclastic and have 

paleocurrent directions trending to the north-northwest, while deposits shed from the ancestral 

Rocky Mountains in Western Colorado and Utah have a recycled sedimentary/basement 

composition and paleocurrent directions trending to the west (Luttrell, 1993).  

 Climate during the deposition of the Kayetna Fm. has generally been interpreted as arid 

because of the adjoining massive erg deposits of the Wingate and Navajo Fms. The depositional 

basin of the Kayenta Fm. was at a paleolatitude of 8-15° N (Molina-Garza et al., 2003). The 

monsoonal climate that dominated the region during the Triassic (Dubiel et al., 1991; Trendell et 

al., 2013) was waning by Early Jurassic (Parrish, 1993). The Kayenta Fm. contains a diversity of 

fluvial styles ranging from perennial to ephemeral (Miall, 1988; Luttrell, 1993; North and 

Taylor, 1996). Deposits in the area of the Mogollon Slope to the south are interpreted as low-

sinuosity ephemeral rivers, while the deposits shed off the Ancestral Rockies to the North are 

interpreted as perennial trunk streams with intermittent tributary streams (Luttrell, 1993) (Figure 

4.11). The river deposits interpreted as perennial have a suite of in-channel upper-flow regime 

sedimentary structures including up to 15% scour-fill sandstone and up to 53% planar laminated 

sandstone with parting lineations (North and Taylor, 1996). In-channel barforms are downstream 

to laterally accreting and have low angles of climb (Miall, 1988; Luttrell, 1993). Paleocurrent 

diversity in individual macroforms is also low suggesting low-sinuosity channels (Miall, 1988; 
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Luttrell, 1993). These in-channel sedimentary fills suggest fluctuations in discharge and the 

upper-flow regime fills organized into low-angle downstream accreting and climbing barforms 

are likely flood deposits (Miall, 1988; Luttrell, 1993; Plink-Bjorklund, 2015). The lateral and 

vertical amalgamation of channel deposits in the up-dip portions of the depositional basin 

suggests frequent avulsion (e.g., Shukla et al., 2001; Alexander and Fielding, 2006; Hajek and 

Wolinsky, 2012; Plink-Bjorklund, 2015). This is most common in variable discharge rivers 

where channel-bed aggradation and channel super-elevation occurs during the waning stages of a 

flood and the river avulses during the high energy phase during a subsequent flow event (Bryant 

et al., 1995; Mohrig et al., 2000; Makaske, 2001; Stouthamer and Berendsen, 2001; Jerolmack 

and Mohrig, 2007; Sinha, 2009; Hajek and Edmonds, 2014; Plink-Bjorklund, 2015). All of this 

combined suggests a flashy or erratic flow regime for the fluvial deposits in the Kayenta Fm. 

While these rivers may have had perennial base discharge (Lutrell, 1993), flood deposits make 

up a significant proportion of the stratigraphy and high magnitude excursions from base-flow 

appear to have been the geomophically effective discharge. 

 Estimations of bankfull channel depths in the Kayenta Fm. are relatively well 

constrained. In the area of Moab, UT channels are 4-6 m deep with typical aspect ratios of 15-

20:1 (North and Taylor, 1996). Near the town of Dove Creek in Southwestern Colorado 

macroform heights of 6-8 m are documented (Miall, 1988), and in the area of Capitol Reef 

National Park in South-Central Utah macroform heights of 8 m are also documented (Luttrell, 

1993). Combining these field observations of channel geometry and macroform height Davidson 

and North (2009) estimated bankfull flow depths of 8-12 m. These is a general increase in 

estimated channel depth from east to west toward the position where the trunk channels of the 

Kayenta Rivers are interpreted in South-Central Utah near Capitol Reef (Figure 4.11), making 

this 8-12 m bankfull flow depth the best candidate for the trunk systems. 

 Tributary rivers in the Kayenta Fm. show differences in sandstone petrofacies that can be 

tied to specific catchment areas in the Ancestral Rocky Mountains to the east and the Mogollon 

Highlands to the South (Luttrell, 1993). Each of these tributary branches would have would 

make up catchment areas on the order of 100,000-200,000 km
2
 (Figure 4.11). Blakey (1994) 

speculated that the catchments for these rivers could have extended back to the Ouachita Front in 

Northwestern Texas because of the lack of other major structural features to create a drainage 
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divide in Southwestern North America at the time. Adding in a tributary with headwaters in the 

Ouachita Front would add another ~400,000-600,000 km
2
 catchment area for the rivers in the 

Kayenta Fm. This leaves three potential hypotheses for the size of catchments that sourced the 

Kayenta Fm.: 1) the discreet local tributaries hypothesis with two discreet catchment areas 

(Catchments A or B, Figure 4.11), each with a catchment area of ~100,000-200,000 km
2
, 2) the 

combined local tributaries hypothesis where tributaries from the Mogollon Highlands and 

Ancestral Rockies (Catchments A and B, Figure 4.11) connect into a single combined catchment 

with catchment area of ~200,000-400,000 km
2
,  and 3) the Ouachita Front hypothesis where 

tributaries from the Ouachita Front (Catchment C, Figure 4.11) join into the local tributaries with 

a combined catchment area of ~600,000-1,000,000 km
2
.  

 Davidson and North (2009) used two regional curves to generate estimates for the 

catchment area of the Kayenta Fm. ranging from ~200,00-800,000 km
2 

and over 31,000,000 km2 

respectively. The first estimate of a ~200,00-800,000 km
2
 catchment area is predicted using the 

regional curve for the Western Cordillera of the US Pacific Northwest Coast (Castro and 

Jackson, 2001) representing an amalgamation of Dry Summer Continental climates with seasonal 

precipitation (Dsa, Dsb, Dsc) to Humid Continental climates with no dry season (Dfb, Dfc). The 

second estimate of a catchment area over 31,000,000 km
2 

is predicted using the regional curve 

for Western Interior Basin and Range of US Pacific Northwest coast (Castro and Jackson, 2001) 

representing  a Semi-Arid, Steppe (BSk) climate with seasonal precipitation.  

 Model Inputs- The largest documented channels in the Kayenta Fm. are those in the area 

of Dove Creek, CO from Miall (1988) and Capitol Reef, UT from Luttrell (1993) (Figure 4.11). 

These locations are near the interpreted confluence of tributaries from the Ancestral Rockies, 

Mogollon Slope, and Ouachita Front. We therefore take these documented channel depths of 

Miall (1988) and Luttrell (1993) as representative of the hydrology of the trunk channels in the 

Kayenta river system. Documented channel aspect ratios for Kayenta Fm. channel-fill depostits 

in Southwestern Colorado range from 13-88 (North and Taylor, 1996). Rivers with flashy 

hydrology are more likely to have high aspect ratios as the geomorphically effective flow 

conditions are at flood-stage where the entire channel belt is actively eroding and depositing 

sediment (e.g. Alexander and Fielding, 1997). These high-end aspect ratios documented in the 
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Kayenta Fm. fall on the boundary between channel-fill and channel belt aspect ratios when 

compared to other ancient river successions (Blum, 2013), but are not unprecedented.  

 In developing the distribution of cross-sectional areas for the Kayenta Fm. trunk rivers 

we attempted to capture the documented variability in channel geometries and honor the 

interpretations of the authors that collected the data for these outcrops. A minimum trunk cross 

sectional area was based on an 8 m deep channel with a 20:1 aspect ratio, a median cross 

sectional area represents an 9 m deep channel with a 50:1 aspect ratio, and a maximum channel 

size was based on a 13 m deep channel with a 50:1 aspect ratio. The defined uniform probability 

distribution honors the full range of reported channel dimensions. 

 The velocity distribution used for the Kayenta Fm. channels honors the diversity in 

fluvial styles observed. The range of velocities that would form dunes to upper-plane beds in 

flow depths of 8m with medium-grained sand is approximately 0.75-2+ m/sec (Rubin and 

McCulloch, 1980) (Figure 4.12a). The high proportions of upper flow regime sedimentary 

structures in some Kayenta Fm. channel-fills, and especially the preservation of scour-and fill 

structures (North and Taylor, 1996), suggests that during floods flow through these channels 

would have been Froude-supercritical at times (Fielding et al., 2009; Plink-Bjorklund, 2015). 

Using supercritical bedform stability diagrams (van den Berg and van Gelder, 1998; Cartigny et 

al., 2014) (Figure 4.12b) flow velocities associated with the formation of transitional Froude-

supercritical bedforms at flow depths of 6-8m with medium-grained sand could have approached 

7 m/s. Froude supercritical flow is a is an unstable flow state and is not likely to represent the 

entire flow column for the duration of the flow (Cartigny et al., 2014). Incorporating all of this 

information we defined a lognormal distribution of flow velocities ranging from a minimum of 

0.75 m/s to a maximum of 7 m/s with a median scenario of 2.35 m/s. Our median scenario 

represents deposition of medium-grained upper-plane beds in 8m flow depths.  

 The preservation of abundant low-angle downstream accreting barforms (Miall, 1988; 

Luttrell, 1993), the high proportions of upper-flow regime sedimentary structures composing 

these barforms (North and Taylor, 1996), and the high channel aspect ratios (North and Taylor, 

1996) collectively suggest the channels in the Kayenta Fm. were likely to be in geomorphic 

equilibrium with flood-events rather than base-flow conditions. The variety in fluvial styles in 

the Kayenta Fm. makes model selection more difficult, but the abundant indications of channel 
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equilibrium with high-magnitude flood-stage discharge suggests the 1.5 yr (Q99) flow recurrence 

interval discharge yield model is unlikely to represent the channel-forming discharge state. The 

preservation of migrating dunes in many of the channel fills, and lack of preserved indicators of 

prolonged channel abandonment between flood events (i.e. paleosols on bar-accretion surfaces or 

well developed in-channel terrestrial bioturbation traces) suggests the 4-6 yr (Q99.87) flow 

recurrence interval discharge yield model is more representative of the stratigraphy than the 50-

100yr (Qmax) model. We present predictions of catchment areas for these rivers based on the Q99 

and Q99.87 discharge yield models, but our preferred interpretation is the 4-6 yr model based on 

our interpretation the sedimentology preserved in the Kayenta Fm. channel-fills.  

 Outcomes- Figure 4.13 shows the outputs of our Monte Carlo simulations in cumulative 

log-probability space. The median catchment area in our preferred discharge-yield model (Q99.87) 

is 52,628 km
2
 (see Table 4.1). The median output of the Q99 discharge yield model is 86,914 

km
2
. Based on these model runs our preferred interpretation is that the catchment area supplying 

water and sediment to the trunk river deposits in the in South-Central Utah and Southwestern 

Colorado were on the order of ~50,000 km
2
.  

 We also evaluated the probability of the Discreet Tributiary (CA = 100-200,000 km
2
), 

Combined Tributiary (CA = 200-400,000 km
2
), Ouachita Front (CA = 600-1,000,000 km

2
), and 

both of the predictions using regional curves from Davidson and North (2009) (case 5a: CA = 

200-800,000 km
2
 and case 5b: CA = 31,000,000+ km

2
) (Table 4.1 and Figure 4.13). When 

evaluating relative probabilities in scenarios with variable absolute ranges it is important to 

remember that given a uniform probability distribution the scenario with the largest range is 

inherently the most likely. The ranges in catchment area for the Case 5a and Ouachita Front 

scenarios are 2-6 times larger than the Discreet Tributary and Combined Tributary scenarios 

which would make them inherently more likely. Despite this, the Discreet Tributary scenario was 

the most likely across model runs, and using our preferred discharge yield model for the Kayenta 

Fm. (Q99.87) the Discreet Tributary scenario was approximately twice as likely as the Case 5a 

hypothesis and the Combined Tributary scenario (16.6% likelihood compared to 7% and 9% 

likelihood respectively; Table 4.1 and Figure 4.14). The Ouachita Front and Case 5b scenarios 

had less than a 1% likelihood using our preferred discharge yield model (Q99.87) (Table 4.1). 
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 Discussion- The results of our Monte Carlo simulations predict that the size of the 

catchment area of the Kayenta Fm. river deposits in South-Central Utah and Southwestern 

Colorado is smaller than previously interpreted. The most likely paleoreconstruction based on 

our model is that these rivers were draining a portion of the Ancestral Rocky Mountain highlands 

to the east. Across all models a connection to the Ouachita Front is a 99
th

 percentile or greater 

scenario, and we conclude that the paleogeographic reconstruction depicted in Figure 4.11, with 

an integrated drainage of Laurentia West of the Ouachita Front, is extremely unlikely. We do not 

rule out the possibility that there are larger Kayenta Fm. channel deposits in another location that 

could support this paleoreconstruction, but based on our simulations we interpret the Kayenta 

Fm. deposits in Capitol Reef, UT (Luttrell, 1993) and Dove Creek, CO (Miall, 1988) as the 

deposits of a much smaller river system.  

 Previous estimates of the catchment area of the Kayenta Fm. using regional curves (Case 

5a and Case 5b from Davidson and North, 2009) were much larger than the outputs of our 

model. Davidson and North (2009) acknowledge that the predicted drainage basin area of 

31,000,000 km
2
 in Case 5b was unprecedented in the modern, and our predictions agree and 

assign this scenario a 0% likelihood across all of our discharge yield models. However, based on 

their predictions from Case 5a they suggest contribution from catchments in New Mexico and 

Texas. The regional curve used in Case 5a is based on a subset of rivers with small catchments 

in an arid climate, and when upscaled to rivers with catchment areas larger than 1,000 km
2
 

depicts bankfull discharge yields less than the median average discharge of 430 world rivers used 

in the BQART model of Syvitski and Milliman (2007) (Jones et al., submitted) (Figure 4.1c). 

This highlights the advantages of a global approach when developing these scaling relationships. 

The global approach has less predictive precision, but it is much more insulated from small 

sample size bias and the upscaling issues inherent to using regional curves (Jones et al., 

submitted). This approach greatly improves predictive accuracy, and is much less likely to output 

results like Case 5b for the Kayenta Fm. from Davidson and North (2009) that are unprecedented 

in relation to modern river systems.  

4.4.5 Colton - Wasatch Formation 

 The Paleocene to Early Eocene Colton-Wasatch Fm. is exposed in the Roan Cliffs along 

the southern margin of the Uinta Basin in Northeastern Utah (Dickinson et al., 2012). The sandy 
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channel fills and associated variegated red, purple, and grey paleosols are named the Colton Fm. 

(Spieker, 1946) west of the present-day Green River and Wasatch Fm. (Hayden, 1869) east of 

the Green River, but form one genetically related lobate wedge of fluvial deposits. The 

interpretation of the provenance of these fluvial sediments has evolved over time and is still 

debated. The immature sandstone composition (20-55% feldspar and 20-50% rock fragments – 

Dickinson et al., 1986; Dickinson et al., 2012; Jones and Plink-Bjorklund, in prep) led to the 

interpretation of local derivation from newly uplifted continental basement source terranes in 

local Laramide block uplifts (i.e. Dickinson, 1986). Later provenance analysis of the Colton-

Wasatch Fm. using detrital zircon geochronology showed that more than half the detrital zircons 

analyzed were younger than 285 Ma suggesting derivation from the Triassic-Cretaceous 

Cordilleran Magmatic Arc of Western North America. A direct connection to catchments in the 

Mojave Block of Southeastern California is suggested by these detrital zircon ages if they are 

first-generation sediments. Davis et al. (2010) and Dickinson et al. (2012) (Figure 4.14) proposed 

transport of these first generation sediments via a 750km long north-flowing river termed the 

“California paleoriver”. Thermochronological data show a major cooling event from 80-55 Ma 

suggesting significant exhumation of the Colorado Plateau from latest Cretaceous to Paleocene 

(Flowers et al., 2008; Wernicke, 2011; Flowers and Farely, 2012). Some have interpreted that 

this Late Cretaceous exhumation event made the Colorado Plateau a topographic high at this 

time and show paleo-reconstructions where the present-day southwesterly drainage from the 

Colorado Plateau to the Gulf of California was established by Early Eocene (Wernicke, 2011). 

Evidence of this southwesterly drainage before 11 Ma is strongly debated (i.e. Karlstrom et al., 

2007; Pederson, 2008; Dorsey et al., 2011; Ingersoll et al., 2013). Wernicke (2011) interprets the 

Colton-Wasatch Fm. as the product of recycled Upper Cretaceous strata deposited by small 

rivers with localized catchments of ca 25,000 km
2 

on the southern Uinta Basin margin (Figure 

4.14).  

 The age of Colton-Wasatch Fm. is bracketed by Paleocene lacustrine deposits below and 

an Early Eocene palynomorph assemblage in its upper part (Ryder, 1976). The Paleocene-

Eocene Thermal Maximum (PETM) occurred coincident with deposition of the Colton-Wasatch 

Fm. in the Uinta Basin (Birgenheier, 2009; Plink-Bjorklund et al., 2014) and has also been 

identified in coeval strata in the neighboring Piceance (Foreman et al., 2012) and Bighorn Basins 

(Kraus et al., 2015). Alluvial deposits in mid-latitude continental interior basins that span the 
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PETM suggest transient drying and highly variable discharge or flood-prone river systems 

(Kraus and Riggins, 2007; Schmitz and Pujalte, 2007; McInerny and Wing, 2011; Foreman et al., 

2012; Plink-Bjorklund et al., 2014; Kraus et al., 2015; Plink-Bjorklund, 2015).  The 

sedimentology of channel-fill deposits in the Colton-Wasatch Fm. is dominated by upper-flow 

regime and high deposition rate sedimentary structures (Figure 4.15a and d) organized into low-

angle downstream-accreting barforms (Figure 4.15b) (Plink-Bjorklund, 2015). Paleosols 

developed on bar accretion surfaces (Figure 4.15c) and in-channel continental bioturbation traces 

up to 4 meters long suggest prolonged periods of channel inactivity between depositional events 

and low base-flow conditions (Plink-Bjorklund, 2015; Jones and Plink-Bjorklund, in prep). 

Channel deposits are laterally and vertically amalgamated suggesting frequent avulsion (Bryant 

et al., 1995; Mohrig et al., 2000; Makaske, 2001; Stouthamer and Berendsen, 2001; Jerolmack 

and Mohrig, 2007; Sinha, 2009; Hajek and Edmonds, 2014, Plink-Bjorklund, 2015). This style of 

fluvial architecture is most common in high discharge-variability hydrological regimes (e.g., 

Shukla et al., 2001; Alexander and Fielding, 2006; Hajek and Wolinsky, 2012; Plink-Bjorklund, 

2015). 

 We document field measurements of channel geometries where fully preserved bar-

rollover was observed to reconstruct channel depth (Figure 4.15b). Interpreted trunk channel 

deposits range in depth from 22-30 m and have a continuum of aspect ratios from 10-50:1 

(Figure 4.15a). These aspect ratios are high when compared to all modern rivers (e.g. Blum et al., 

2013), but the entire channel belt is likely to be active during high magnitude discharge events in 

a highly-variable discharge system like the Colton-Wasatch. For example, the Burdekin River in 

NE Australia is typically restricted to very low flow conditions, but deflections of the Inter-

Tropical Convergence Zone generate typhoons that introduce large amounts of precipitation to 

the river’s catchment and locally deposit during the flood’s waning stage across approximately 

km-wide barforms that occupy the entire channel belt (Alexander and Fielding, 1997) (Figure 

4.16). These types of flooding events in the Burdekin River have approximately a 10-15 year 

recurrence interval (Amos et al., 2004). 

 Model Inputs- We constructed a uniform probability distribution of channel cross 

sectional area based on the upper 50
th

 percentile of our measured channel dimensions in the 

Colton-Wasatch Fm. (Acs = 9,213-13,308). This range of cross sectional areas corresponds to 
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channel geometries of 20 m deep and 700 m wide (aspect ratio ~ 35:1) on the low end and 24 m 

deep and 840 m wide (aspect ratio ~35:1) on the high end (Figure 4.15a). 

 The velocity distribution applied to the Colton-Wasatch system honors the suite of upper 

flow regime sedimentary structures that dominate the stratigraphy (Figure 4.15a and d). Based on 

the bedform stability diagram of Rubin and McCulloch (1980) for upper flow regime plane beds 

of medium-grained sand formed in flow depths of ~25 m the flow velocity ranges from ~1.5 to 

greater than 2.5 m/s (Figure 4.12a). The high proportions of upper flow regime plane beds, 

scour-and-fill, and convex up sedimentary structures in the Colton-Wasatch Fm. channel-fills 

suggests that during floods flow through these channels would have been Froude-supercritical at 

times (Plink-Bjorklund, 2015). Using supercritical bedform stability diagrams (van den Berg and 

van Gelder, 1998; Cartigny et al., 2014) flow velocities associated with the formation of 

transitional Froude-supercritical bedforms at flow depths of 20 m with medium-grained sand 

could have approached 10 m/s (Figure 4.12b). Based on these predictions of flow velocity we 

defined a lognormal velocity distribution ranging from 1.5-10 m/s with a median of 2.5 m/s.  

 The combination of thick downstream accreting barforms composed of high flow-

velocity and high deposition rate sedimentary structures, high channel aspect ratios, in-channel 

pedogenically modified fines draping bar accretions surfaces, and long in-channel continental 

bioturbation traces suggest these channels were in geomorphic equilibrium with high-magnitude 

long-recurrence interval discharge events. These sedimentologic and stratigraphic observations 

are also placed in the larger context of deposition during a climatic excursion (the PETM) 

associated with transient aridity and high discharge variability (e.g. McInerny and Wing, 2011; 

Kraus et al., 2015). For these reasons we apply the Q99.87 runoff yield regression for rivers with 

bankfull flow recurrence intervals of 4-6 yrs as well as the Qmax runoff yield regression for rivers 

with bankfull flow recurrence intervals of 50-100 years. We suggest that the stratigraphy of the 

Colton-Wasatch Fm. represents an endmember example of a river with extremely flashy 

hydrology. For this reason we prefer the Qmax runoff yield scenario where the channel geometries 

in the Colton-Wasatch are interpreted to be in equilibrium with decade-century scale flooding 

events, but also present the results of the Q99.87 runoff yield scenario because the 4-6 year 

recurrence interval of bankfull flow does have precedent in modern systems (i.e. Pickup and 

Warner, 1976).  
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 Outcomes- Figure 4.17 shows the outputs of our Monte Carlo simulations in cumulative 

log-probability space. The median catchment area in our preferred discharge-yield model (Qmax) 

is 146,961 km
2
, while the median output of the Q99.87 runoff yield model runs is 269,212 km

2
. 

The corresponding 25
th

 to 75
th

 percentile ranges are 73,876-292,246 km
2
 and 156,773-478,820 

km
2 

(Table 4.1 and Figure 4.17). The outputs of these simulations suggest the river that deposited 

the Colton-Wasatch Fm. had a catchment area on the order of 100,000+ km
2
. 

 We also evaluated the probability of the California Paleoriver hypothesis (Davis et al., 

2010; Dickinson et al., 2012) as compared the local catchment hypothesis (Wernicke, 2011) 

(Figure 19). The California Paleoriver hypothesis predicts the length of the California Paleoriver 

was ~750 km (Dickinson et al., 2012). We assigned reasonable catchment areas of 100,000-

300,000 km
2
 to this hypothesis based on the interpreted paleogeography (Figure 4.14). The local 

catchment hypothesis would have a maximum catchment area of ~25,000 km
2
. The predictions 

of our preferred runoff yield model (Qmax) simulation give the California paleoriver hypothesis a 

40.6% likelihood (Table 4.1 and Figure 4.17). The median of this simulation is comfortably 

within the range of catchment sizes corresponding to the California paleoriver hypothesis 

(Figures 4.14 and 4.17). The likelihood of the local catchment hypothesis is only 4.2% 

corresponding to the lowest 4.2% catchment areas output in our 10,000 simulations (Table 4.1 

and Figure 4.17). This difference in likelihood is only amplified using the Q99.87 runoff yield 

model where the California paleoriver hypothesis is more than 200 times more likely than the 

local catchment hypothesis (Table 4.1 and Figure 4.17).  

 Discussion- The outputs of our simulations strongly suggest that the far-traveled 

California paleoriver hypothesis (Davis et al., 2010; Dickinson et al., 2012) is the more likely for 

the provenance of the Colton-Wasatch Fms. on the southern margin of the Uinta Basin when 

compared to alternate hypotheses including sourcing from local catchments (i.e. Wernicke, 

2011). It then follows that a majority of the detrital zircons in the Colton-Wasatch Fms. younger 

than 285 Ma are likely first generation sediments, not recycled from underlying strata (see also 

Dickinson et al., 2012).  We suggest that California paleoriver occupied the remnant Cordilleran 

foreland basin south of the Uinta Basin, and that in the Early Eocene the western Colorado 

Plateau was internally drained into the Flagstaff-Green River Lake System (sensu Ryder, 1976; 

Stanley and Collinson, 1979; Surdham and Stanley, 1980).  
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 The Colton-Wasatch system represents an endmember-example of flood-dominated 

fluvial stratigraphy. The presence of upper-flow regime sedimentary structures and downstream-

accreting barform architecture are similar to some observations in the Baharia and Kayenta Fms., 

but in the Colton-Wasatch Fm. this fluvial style is the dominant stratigraphic motif and is 

represented in >80% of the stratigraphy (Figure 4.15a; Plink-Bjorklund, 2015). Additionally, the 

paleosols developed on bar accretion surfaces and well-developed in-channel continental 

bioturbation traces that both suggest prolonged channel abandonment phases between 

depositional events were not reported in the Baharia and Kayenta Fms. The association of 

deposition of the Colton-Wasatch Fm. coincident to a strong greenhouse climate-change event, 

the PETM, suggests that this flood-dominated fluvial style with prolonged phases of channel 

abandonment is linked to extreme climatic forcing. The 50-100 year recurrence intervals of 

channel forming discharge suggested by applying our Qmax scaling relationship are 5-10 times 

longer than the recurrence intervals of channel-forming discharge in dryland rivers of the 

Australian Outback (Pickup and Warner, 1976) and rivers like the Burdekin River, Australia that 

are strongly influenced by deflections of the Inter-Tropical Convergence Zone that occur on 10-

15 year timescale. We suggest that this endmember flood dominated fluvial style is non-

actualistic, and the Colton-Wasatch is only ancient river system examined in this study where we 

advocate the application of our Qmax scaling relationship. 

 The median catchment area assigned in this study to the California Paleoriver of 

~150,000 km
2
 is larger than the largest river with erratic hydrology (110,000 km

2
) in the dataset 

of 415 modern rivers analyzed in Jones et al. (submitted). The classification of erratic hydrology 

is assigned to rivers with very low base flow and extreme flooding or drought recorded in its 

historical record of discharge (see Jones et al., submitted). Base-flow conditions in larger river 

systems are increased by the integration of catchments of variable hydrological connectivity 

(sensu Bracken and Croke, 2007) and inflow from relatively larger groundwater pools (Syvitski 

et al., 2003). The transient drying associated with the PETM (e.g. McInerny and Wing, 2011; 

Kraus et al., 2015) influenced the hydrology of the California paleoriver. The aridity of the 

catchments that contributed water to the California paleoriver (Figure 4.14) imparted an erratic 

hydrological regime to a river larger than any seen in the modern.  
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4.4.6 McMurray Formation 

 The Lower Cretaceous (Aptian) McMurray Fm. is a fluvial to estuarine deposit that 

outcrops and produces heavy oil in the shallow subsurface in Northeastern Alberta. The 

McMurray Fm. fluvial systems flowed from south to north through Assiniboia paleovalley which 

runs parallel to the Canadian Rockies (Blum and Pecha, 2014) (Figure 4.18).  The interpretation 

of the provenance of the McMurray has evolved over time. While originally considered locally 

sourced by the Canadian Cordillera, heavy mineral analysis suggests source terranes farther 

south in the Canadien Shield (Mellon, 1956). Later paleogeographic reconstructions suggested a 

much larger river system with direct connection to catchments in the Marathon-Ouachita thrust 

belt in the southwestern United States (e.g. Mossop and Flach, 1983; Lawton, 1994; Miall et al., 

2008). Recent detrital zircon studies suggest that the sediment was sourced from eastern North 

America as part of an Aptian continental-scale drainage (Benyon et al., 2014; Blum and Pecha, 

2014; Benyon et al., 2016) (Figure 4.18).  

 Point-bar deposits in the Middle McMurray Fm. show a vertical change in depositional 

style from cross-stratified sandstone to overlying inclined heterolithic stratification (IHS) 

(Musial et al., 2012). This change in depositional style is interpreted as either the product of 

high-frequency sea level changes with regressive fluvial deposits at the base (cross-stratified 

sandstone) and transgressive estuarine deposits above (IHS) (Ranger and Gingras, 2008), or as a 

single genetically linked depositional system fining up from tidally-influenced fluvial deposits 

(cross-stratified sandstone) to associated point-bar deposits (IHS) (Mossop and Flach, 1983; 

Langenberg et al., 2002; Hein and Langenberg, 2003; Hubbard et al., 2011; Musial et al., 2012). 

Calculated paleoslopes based on the grain-size of channel fills and measured barform heights are 

on the order of 10
-4

 (Musial et al., 2012). Channel morphology can be influenced by back-water 

zone dynamics, as channels in this zone are typically funnel shaped and have higher aspect ratios 

than they do up-dip (see Blum et al., 2013). The effect of the backwater zone on the morphology 

of the low gradient and potentially tidally influenced rivers of the McMurray is actively debated 

(e.g. Smith et al., 1994; Musial et al., 2012; Blum, 2015; Bhattacharya et al., 2016). 

 There is high density of well-logs and a number of number of 3-D seismic surveys that 

allow detailed subsurface mapping of the extent and geometry of the channels and the associated 

point bar deposits in the McMurray (Figure 4.19). The large point bar deposits in the McMurray 
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Fm. are of the scale of those deposited by the largest rivers in the world today (Blum et al., 

2013), and the deposits in Northeastern Alberta are interpreted as the products of a continental-

scale river system that was likely the main axial river system draining North America during the 

Aptian and debouched into the Boreal Sea (Blum and Pecha, 2014). Meandering channel 

deposits ~40 m deep (Hubbard et al., 2011; Nardin et al., 2013) and up to 1.5 km wide (Musial et 

al., 2012) (Figure 21) are documented. A catchment area of 500,000 km
2
 was proposed based on 

source-to-sink analysis of the McMurray Fm. deposits (Bhattacharya et al., 2016), but the 

continental-scale drainage depicted in Figure 20 (Blum and Pecha, 2014) implies a catchment 

area of 1,000,000-6,000,000 km
2
.   

 Model Inputs- The largest documented channel depths in the Middle McMurray Fm. are 

40m (Hubbard et al., 2011; Nardin et al., 2013), but depths of 25-35m are more typical (Musial 

et al., 2012) (Figure 4.19). Channel widths range from 0.75-1.5 km (Musial et al., 2012) (Figure 

4.19). We developed a uniform distribution of channel cross-sectional areas intended to 

reasonably represent the spread of reported channel dimensions (Acs = 12,185-39,000 m
2
). The 

minimum value in the distribution represents a 25m deep and 750 m wide channel, the median 

value represents a 35 m deep and 1.1 km wide channel, and the maximum value represents a 

40m deep and 1.5 km wide channel. 

 Both the cross-stratified sandstone and IHS facies in the channel fills and point bar 

deposits in the McMurray suggest gradual dune and barform migration as the dominant mode of 

sediment transport in the system. We developed a lognormal distribution of flow velocities based 

on the bedform stability diagram of Rubin and McCulloch (1980) for cross-stratified medium-

grained sandstone at flow depths of 30-40m. The distribution has a minimum value of 0.75 m/s, 

a median value of 1.35 m/s, and a maximum value of 2 m/s (Figure 4.12a). The highly sinuous 

planform geometry of the channels (Musial et al., 2012; Blum, 2015), well developed lateral 

accretion deposits and point bars, and cross-stratified channel fills that suggest systematic 

migration of dunes and bars. We interpret that a 1.5 year recurrence interval for channel-forming 

discharge events is appropriate and applied the Q99 runoff yield model.  

 Outcomes- Figure 4.20 shows the outputs of our Monte Carlo simulations in cumulative 

log-probability space. The median catchment area in our simulation is 559, 288 km
2
. The 25

th
-
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75
th

 percentile range of predicted catchment areas in the simulation is 326,627-989,492 km
2
 

(Table 4.1 and Figure 4.20).  

 The median results of our simulation overlap with estimated catchment area of ~500,000 

km
2
 from Bhattacharya et al. (2016). We assessed the probability of the system being the scale of 

the Mississippi River (CA ≈ 1,000,000 km2
) to the scale of river depicted in Figure 20 (CA ≈ 

6,000,000 km
2
) (Figure 22). This large-river hypothesis is the ~75

th
 percentile to ~99

th
 percentile 

scenario in our simulation giving this a 24.6% likelihood.  

 Discussion- The 24.6% likelihood assigned to the large-river hypothesis is somewhat 

misleading due to the very wide range catchment areas included in this scenario that is 5 times 

larger than the range of outcomes representing the <75
th

 percentile portion of the distribution. 

For comparison the range of catchment areas represented by the lower 25% of the probability 

distribution (catchment area ≤326,627 km2
) is almost ~15 times smaller. This 24.6% likelihood 

is inflated by integrating the probability distribution over an extremely wide range of outcomes. 

The upper and lower bounds on this scenario are 75
th

 percentile and 99
th

 percentile outcomes 

respectively, suggesting that an individual outcome in this range is actually relatively unlikely. 

 There is an upscaling issue when applying our scaling relationships to the McMurray Fm. 

These scaling relationships are most appropriately used for rivers with catchment areas of 1,000-

250,000 km
2
 (Jones et al., submitted) (Figure 4.1d). This range is a function of the high 

variability in hydrological connectivity (sensu Bracken and Croke, 2007) in small drainage 

basins, and the paucity of data for rivers with drainage areas larger than 10
5
 km

2
 to base the 

scaling relationship on. Mulder and Syvitski (1995) show that in very large rivers the trajectory 

of the scaling relationship between discharge and catchment area flattens out such that, for each 

incremental increase in discharge the corresponding increase in drainage area is larger for 

systems with catchment areas of 10
5
-10

6
 km

2
 than for systems with catchment areas of 10

3
-10

5
 

km
2
 (Figure 4.1d). This suggests that if the true catchment area of the McMurray Fm. river 

system is on the order of 10
6
 km

2
, our Q99 scaling is producing an underestimate. 

 This assumption that our model is underestimating the size of the catchment area is 

supported by other lines of evidence. The detrital zircon provenance work on the McMurray Fm. 

is robust, and the interpreted connection to the Appalachian Mountains in eastern North America 
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(Figure 4.18) is strongly supported by the detrital zircon chronofacies (see Benyon et al., 2014; 

Blum and Pecha, 2014; Benyon et al., 2016). The 40 m channel depths observed in the 

McMurray would also be unprecedented in rivers with catchment areas <1,000,000 km
2
 (Blum et 

al., 2013). In light of this other evidence and the upscaling issues with our scaling relationships 

we suggest a >10
6
 km

2 
catchment area for the McMurray Fm. is still the most likely hypothesis. 

4.5 Discussion 

4.5.1 Key Considerations in Applying Probabilistic Source-to-Sink Analysis  

 Our Q99, Q99.87, and Qmax scaling relationships applied in this study have more predictive 

precision than other global scaling relationships based on average discharge (e.g. Syvitski and 

Milliman, 2007) and more predictive accuracy when correctly applied than regional curves (e.g. 

Davidson and North, 2009). These regional curves are more affected by selection bias and 

upscaling issues than our global regressions (Jones et al., submitted). Despite this, the variability 

in discharge yields in modern rivers is still the largest source of error across all of our Monte-

Carlo simulations and remains a source of error inherent to source-to-sink analysis (Figure 4.3). 

New approaches to constrain the bankfull discharge yields of rivers of different hydrology and 

size that further reduce predictive uncertainty would be of great value to future source-to-sink 

studies. 

 The criteria for applying our three different runoff yield models (Q99, Q99.87, and Qmax) 

are based on the interpreted recurrence interval of a channel-forming discharge event (1.5 years, 

4-6 years, and 50-100 years respectively). The Q99 runoff yield model should be applied in river 

systems that show evidence of a perennial and persistent hydrology (e.g. well-developed point 

bar deposits, channel-fill deposits dominated by systematic dune migration, and floodplain 

deposits that show evidence for perennially wet conditions). The Q99.87 runoff yield model should 

be applied in river systems that show evidence of a variable or flashy hydrology (e.g. channel fill 

deposits dominated by upper-flow regime sedimentary structures, complex and dominantly low-

angle downstream accreting barforms, high channel aspect ratios, and floodplain deposits that 

show evidence of aridity or fluctuating groundwater table). The recurrence interval of channel-

forming discharge events of 50-100 years for the Qmax runoff yield model does not have modern 

precedent in large river systems. This model was only applied for the Colton-Wasatch Fm. that 
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was deposited coincident with a period of punctuated climate change (the PETM), and shows a 

fluvial style dominated by flood events with evidence for long-term channel abandonment 

between depositional events (in-channel paleosols and in-channel continental bioturbation 

traces). This is presented as an endmember example, and the Qmax runoff yield model should only 

be applied to other river systems dominated by flood stratigraphy with evidence of long-term 

channel abandonment. Selecting one of these three runoff yield relationship imparts a potential 

predictive error of a factor of 2-4, which is an improvement on the predictive errors of up to two 

orders of magnitude that are imparted when selecting regional curve based scaling relationships. 

 Our Monte-Carlo simulations used input variables that were either uniformly or log-

normally distributed (Figure 4.2). Lognormal distributions are the best fit for runoff yields in 

river systems (Jones et al., submitted) and many other natural phenomena, but are by their nature 

skewed distribution and become more skewed when multiplied by other lognormal distributions. 

With increasing distribution skewedness the median value is suppressed relative to the average 

and range of the distribution. This means the median values of our lognormal distributions of 

predicted catchment area output from our Monte-Carlo simulations are likely to be somewhat 

conservative estimates. Also, because lognormal distributions have infinite ranges the minimum 

and maximum values in our simulations are unrealistic. These issues are inherent to the 

methodology. We minimize these effects by viewing the outputs of our simulation in cumulative 

log-probability plots. In these graphs we can view a range of outputs rather than just the median, 

and only display P1 to P99 outputs rather than the somewhat meaningless minimum and 

maximum outputs. 

 In all of the ancient systems analyzed the size of the river systems had been estimated by 

alternative methods. Applying scaling relationships to catchment area in deep-time systems 

where criteria to determine the climate and hydrology are not available or are nondiagnostic, or 

only a limited outcrop or subsurface dataset is available to determine the geometries of the trunk 

channels of a river system can lead to major predictive errors. The quality of the predictions of 

any of these methods is dependent on the quality of the model inputs. In deep-time source-to-

sink analysis there are large uncertainties at each level of the model, and outputs should be 

actively questioned and reanalyzed. Complimentary methods including sediment provenance 

analysis and geological mapping should be incorporated in an iterative way to develop more 
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robust paleogeographic interpretations. Our probabilistic source-to-sink analysis is best applied 

to evaluate the likelihood of multiple hypotheses developed using alternative methodologies 

rather than as a stand-alone technique. In frontier basins our method can be applied as an 

exploration technique, but the interpretations should be continually refined as more data is 

collected.    

4.6 Conclusions 

 Our probabilistic souce-to-sink methodology is tested on a number of ancient examples 

with a wide range of fluvial style, paleoclimate, and trunk channel dimensions where detailed 

paleohydraulic data was available. We summarize key aspects of the background geology for 

each system, the rationale for our model inputs, and the outcomes of Monte-Carlo simulations. 

The validity of our model outputs and a probabilistic evaluation of previous estimates of 

catchment area are discussed for each example. 

 The key outcomes of the analysis of the Ferron Sandstone, Dunvegan Fm., Baharia Fm., 

Kayenta Fm., Colton-Wasatch Fm., and McMurray Fm. are as follows: 

 Using trunk channel geometries is extremely important. Our Monte-Carlo simulations for 

the Ferron Sandstone and Dunvegan formations honor the entire range of reported 

estimates of bankfull paleodischarge and produce estimates of catchment area that were 

somewhat smaller than previous estimates based on geological mapping of basement 

lineaments and paleo-valley systems. Estimates of catchment area using the largest 

estimates of bankfull paleodischarge that better reflect the trunk channels of both systems 

were very close to previous estimates in both of these systems that have been extensively 

studied from a source-to-sink perspective. 

 Selection bias is greatly reduced applying our global scaling relationships compared to 

applying regional curves. In the Baharia and Kayenta Fms. the indicators of paleoclimate 

and paleohydrology are somewhat nondiagnostic. While we give evidence for a preferred 

runoff yield model for both systems, we present results based on both our Q99 and Q99.87 

models. The median outputs of both of our simulations vary by less than a factor of two. 

Previous attempts to constrain the size of these systems using regional curves produced 

estimates that varied by more than an order of magnitude. 
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 Our simulations suggest that catchment areas of both the Baharia and Kayenta Fms. are 

most likely on the smaller end of the range of previous estimates (Table 4.1 and Figures 

4.9 and 4.13). The Baharia Fm. likely had a catchment area of ~5,000 km
2
. Predicted 

sediment yields of bankfull discharge events in catchments of this size fits better with 

mapped accumulations of sediment in the depositional sink of the system than alternative 

hypotheses with an order of magnitude larger catchment area. We evaluated three 

hypotheses for the catchment area connected to channels in the Kayenta Fm. in the area 

of Capitol Reef, UT and Moab, UT. Our simulations suggest it is more than twice as 

likely that the catchments for these channels were only contributed from the Ancestral 

Rocky Mountains to the east rather than a combined contribution from the Ancestral 

Rockies and the Mogollon Rim in Arizona and New Mexico. Our simulations suggest 

less than a 1% probability of the catchment area of these channel deposits extending to 

the Marathon-Ouachita thrust belt in Texas as depicted in (Figures 4.11 and 4.13). 

 Our simulations suggest it is ten times more likely that the Colton-Wasatch Fm. along the 

southern margin of the Uinta Basin, UT were deposited by a river with a catchment area 

of 100,000-300,000 km
2
 than a smaller river with a catchment area of ≤25,000 km2

. This 

suggests that most of the detrital zircons younger than 185 Ma that make up more than 

50% of the zircons dated in the deposit were likely first generation sediments directly 

eroded from catchments in the Cordilleran Magmatic arc of Southeastern California and 

Arizona. The California paleoriver that sourced these sediments was likely a sub-

continental scale river that drained the entire remnant cordilleran foreland basin south of 

and its terminus in the Uinta Basin. This suggests that the Western Colorado Plateau was 

an endorheic drainage basin during the Early Eocene. 

 The median catchment area of our preferred simulation for the Colton-Wasatch Fm. of 

~150,000 km
2
 is larger than any river classified as having erratic hydrology today based 

on river gauging data. The sedimentology of the Colton-Wasatch Fm. suggests low base-

flow conditions punctuated by high-magnitude flooding events consistent with our 

definition of erratic hydrology in modern rivers. Greenhouse climate change in the 

associated with the PETM may have enhanced aridity in the area of the Western 

Colorado Plataeau. The California Paleoriver is an example of a river with erratic 

hydrology with a larger catchment area than any river today with erratic hydrology. 
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 The 40 m deep and 1 km wide channels in the McMurray Fm. were likely deposited by a 

continental scale river system (catchment area ≥ 1,000,000 km2
) based on sediment 

provenance analysis. This is a 78
th

 percentile and higher scenario in our simulations. We 

suggest that the continental scale river system should be a more likely scenario than our 

simulations are representing, and that our scaling relationships break down in rivers with 

catchment areas much larger than 250,000 km
2
. 
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Figure 4.1. Comparison of scaling relationships between discharge and catchment area in modern 

rivers. A) The BQART model of Syvitski and Milliman (2007) relates average discharge to 

drainage area for a dataset of 488 rivers worldwide. B) Regional curves are scaling relationships 

between bankfull discharge and catchment area for a specific climatic and physiographic sub-

region (pictured from Davidson and North (2009) after Metcalf (2004). These relationships 

typically based on a few tens of rivers and streams with catchment areas mostly smaller than 

1,000 km
2
. C) A comparison of the Q99, Q99.87, and Qmax scaling relationships applied in this 

study (red and orange lines) to the regional curves applied in Davidson and North (2009) (blue 

lines), the BQART models of Syvitski and Milliman (2007) and Syvitski et al. (2014) (green 

lines), and the maximum discharge recorded in a dataset of gauging stations on 415 rivers (black 

dots; Jones et al., submitted). D) Interpreted ranges where regional and global curves should be 

applied.  
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Figure 4.2. The simulation inputs and outputs in our two Monte-Carlo simulation workflows are determined by the presence of 

previously established detailed estimates of bankfull discharge (Qw). In the case where bankfull discharge is given, the minimum and 

maximum estimates of Qw are input as the range of a uniform probability distribution. The defined distribution of Qw related to 

catchment area (A) by A = Qw/Yd where Yd is a lognormal best-fit distribution of the actual discharge yields of 415 modern rivers for 

a specified magnitude of discharge (Q99, Q99.87, or Qmax). If Qw is not given, it is recreated by making user-defined distributions of 

bankfull channel cross sectional area (Csa) and flow velocity (U) by Qw = CsaU. A uniform distribution of Csa is defined by the range 

of sizes barform heights that are representative of bankfull flow height (Hbf) and the range of reported or projected channel widths (W) 

by Csa = 0.65HbfW. A lognormal distribution of U is defined using bedform stability diagrams (Rubin and McCulloch, 1980; van den 

Berg and van Gelder, 1998). The recreated distribution of Qw based on Csa and U is related to catchment area (A) by A = Qw/Yd where 

Yd is a lognormal best-fit distribution of the actual discharge yields of 415 modern rivers for a specified magnitude of discharge (Q99, 

Q99.87, or Qmax).
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Figure 4.4. Sensitivity analysis of input variables for Monte-Carlo simulation based predictions 

of catchment area for six ancient river systems. The range of simulation outcomes attributed to 

the distribution of discharge yields (Yd) relative to the baseline prediction of the simulation is 

larger than the variability imparted by any other input variable in all cases. The error factor 

attributable to the discharge yield distibutions is 3-5. The error factors of other input variables 

(bankfull discharge or flow velocity and channel cross-sectional area) range from 0.5-4. 
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Figure 4.4. Paleogeogrpahy of the western margin of the Cretaceous Seaway during the Turonian 

(94.5-89.3 Ma). The Notom, Last Chance, and Vernal wedges within the Ferron Sandstone are 

interpreted as three discreet deltaic systems debouching into the western interior seaway with 

~50,000 km
2
 catchments in the Western Cordillera separated by basement lineaments (Figure 2 

from Bhattacharya and Tye, 2004; after Gardner, 1995). 
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Figure 4.5. Cumulative log probability plot of the outputs of two Monte-Carlo simulations based 

on our Q99 discharge yield model and reported ranges of bankfull discharge in the Ferron 

Sandstone from Sharma et al. (2016). The results of our simulations are compared to the 

hypothesized catchment area for the Ferron delta based on mapped basement lineaments (light 

green) (Gardner, 1995) and application of regional curves (dark green) (cases 2a-2e from 

Davidson and North, 2009).  
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Figure 4.6. Paleogeography of the Dunvegan Fm. (Figure 22 from Bhattacharya et al., 2016). A. 

Tectonic regime and interpreted catchment area of the Dunvegan Fm. of 125,000 km
2
. B. 

Detailed map of tributive paleovalley systems feeding a trunk river and delta system in 

Allomember E of the Dunvegan Fm. based on over 3,000 well logs, cores, and outcrop exposure 

(After Plint and Wadsworth, 2003, 2006). 
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Figure 4.7. Cumulative log probability plot of the outputs of two Monte-Carlo simulations based 

on our Q99 discharge yield model and reported range of bankfull discharge in Allomember E of 

the Dunvegan Fm. from Lin (2016). The results of our simulations are compared to the 

hypothesized catchment areas based on mapped paleovalley systems and tectonic considerarions 

(lightest green) (Plint and Wadsworth, 2003, 2006) and application of regional curves (dark 

green and green) (Case 1a from Davidson and North, 2009). The median outputs of our 

simulations are smaller than mapped drainage area of the Dunvegan Fm. because the range of 

bankfull discharge estimates used as an input for our simulation include estimates from the 

tributary portions of the Dunvegan paleovalley system.  
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Figure 4.8. A) Paleogeographic interpretation of the Baharia Fm. from estimated catchment areas 

based on regional curves from the Pacific Maritime Mountains of the US Pacific Northwest 

Coast (5,000 km
2
) and Western Interior Basin and Range of US Pacific Northwest (50,000 km

2
) 

(Figure 14 from Holbrook and Wanas, 2014). B) Fulcrum analysis of predicted sediment supply 

rate in the Baharia Fm. compared to mapped sediment accumulation in the connected 

depositional sink (Figure 15 from Holbrook and Wanas, 2014). The median estimated sediment 

supply rates is larger than the median estimated sediment accumulation rates by a factor of 4.6. 
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Figure 4.9. Cumulative log probability plot of the outputs of two Monte-Carlo simulations based 

on our Q99 and Q99.87 discharge yield models and reported ranges of bankfull discharge in trunk 

channels in the Baharia Fm. from Holbrook and Wanas (2014). We prefer the application of the 

Q99 discharge yield  model based on descriptions of the stratigraphy and sedimentology of the 

Bahria Fm. (Khalifa and Catuneau, 2007; Holbrook and Wanas, 2014), but cannot rule out the 

application of the Q99.87 discharge yield model based some preserved indicators of variable flow. 

The results of our simulations are compared to the hypothesized catchment areas based on the 

application of two different regional curves. The smaller catchment area (yellow area; 4,000-

6,000 km
2
) is based on a regional curve from a humid climate (Castro and Jackson, 2001) and 

the larger catchment area (orange area; 40,000-60,000 km
2
) is based on a regional curve from a 

semi-arid climate (Castro and Jackson, 2001). 
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Figure 4.10. Graph of percentage of total suspended solids discharged within 2% of one year (7.3 days) from a cross section of rivers with 

different drainage area and climate (from Meybeck et al. 2003). The expected percent of annual sediment yield discharged in a bankfull event for 

the smaller catchment area estimate of the Baharia Fm. is ~55% and ~30% in the large catchment area estimate. 
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Figure 4.11. 195 Ma paleogeographic map of Western North America ©2012 Colorado Plateau 

Geosystems, used with permission. Luttrell (1993) showed detrital modes of sandstone 

petrofacies in the Kayenta suggested contributions from two discreet drainage areas. The 

Ancestral Rocky Mountains (Catchment A) and Mogollon Rim (Catchment B) supplied sediment 

of different composition. Blakey (1994) proposed a larger catchment area for the Kayenta 

(depicted in paleogeographic map) where the catchments of the Kayenta extended east to the 

Marathon-Oachita thrustbelt in Texas (Catchment C). The locations of study areas from Luttrell 

(1993) and Miall (1988) in Capitol Reef and Moab, UT where paleohydraulic data was collected 

in the Kayenta are shown. 
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Figure 4.12. Bedform stability diagrams from (A) Rubin and McCulloch (1980) and (B) van den 

Berg and van Gelder (1998). The Colton-Wasatch and Kayenta Fms. preserve bedforms 

deposited by Froude supercritical flow and the ranges in A do not capture the upper limits of 

flow velocity associated with formation of these bedforms. Cross-cutting lines in B represent the 

lower limit of antidune bedform occurrence for a number of flow depths. 
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Figure 4.14. Cumulative log probability plot of the outputs of two Monte-Carlo simulations 

based on our Q99 and Q99.87 discharge yield models and ranges of bankfull discharge based on the 

geometries of channels and flow velocities associated with preserved bedforms in the Kayenta 

Fm. We prefer the application of the Q99.87 discharge yield  model based on descriptions of the 

stratigraphy and sedimentology of the Kayenta Fm. (Miall, 1988; Luttrell, 1993; North and 

Taylor, 1996), but cannot rule out the application of the Q99 discharge yield model based some 

preserved indicators of persistent and perennial flow. The results of our simulations are 

compared to the hypothesized catchment areas from the Ancestral Rocky Mountains (dark blue; 

100,000-200,000 km
2
), Ancestral Rocky Mountains and Mogollon Rim (blue; 200,000-400,000 

km
2
), and an integrated catchment extending to the Marathon Oachita Thrustbelt (light blue; 

600,000-1,000,000 km
2
). 
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Figure 4.14. Paleogeographic reconstruction of the California paleoriver (modified after Figure 1 

from Dickinson et al., 2012). The light green catchment area of ~25,000 km
2
 is based on the 

local recycling hypothesis for the provenance of the Colton Fm. (Wernicke, 2011). The dark 

green catchment area of 100,000-300,000 km
2
 is based on the far-traveled California Paleoriver 

hypothesis (Davis et al., 2010; Dickinson et al., 2012). 
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Figure 4.15. A) Outcrop photopanel of the Colton Fm. in Nine Mile Canyon with channel 

dimensions and percentages of high-deposition rate sedimentary structures within channel fills. 

B) Downstream accreting barforms in the middle Colton showing complete bar rollover. C) 

Pedogenically modified interval that drapes the surface of downstream accreting barform in B. 

D) Gradational planar laminations that compose the majority of the barform pictured in B and 

indicate upper-flow regime and high deposition rates. 
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Figure 4.16. 1 km wide barform in the Burdekin River, Australia (Figure 1 from Alexander and 

Fielding, 1997). Gravel antidunes were deposited across the bar surface from the inner chute 

channel to the outer channel during the waning stage of a flood event. Baseflow conditions in the 

river are restricted to the outer bend, and both the preserved barforms and bedforms in the 

system are in morphodynamic equilibrium with intermittent flood events not baseflow 

conditions.  
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Figure 4.17. Cumulative log probability plot of the outputs of two Monte-Carlo simulations 

based on our Q99.87 and Qmax discharge yield models and ranges of bankfull discharge based on 

the geometries of channels and flow velocities associated with preserved bedforms in the Colton-

Wasatch Fms. We prefer the application of the Qmax discharge yield model based on the flood-

dominated stratigraphy and evidence of prolonged channel abandonment, but cannot rule out the 

application of the Q99.87 discharge yield model because there is no modern precedent for the 50-

100 year recurrence interval of channel forming discharge associated with the Qmax discharge 

yield model. The results of our simulations are compared to the local (blue area; ≤25,000 km2
) 

and far-traveled California Paleoriver hypotheses (orange area; 100,000-300,000 km
2
). 
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Figure 4.18. Early Cretaceous (Aptian) paleogeography of North America (Figure 4 from Blum 

and Pecha, 2014). Black dots are detrital zircon sample locations in the McMurray Fm that are in 

the interpreted trunk of a continental-scale river system with a catchment area of ~6,000,000 

km
2
. 
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Figure 4.19. Point bars of the McMurray Formation Alberta, Canada. A. Seismic time slice taken 

from about 400 m below the surface. B. Interpretation of seismic time slice showing point bars 

and abandoned channels. C. Three-dimensional reconstruction showing paleochannel and 

paleohydraulic estimates. Paleodischarge estimates are based on average, not bankfull, discharge 

conditions. From Musial et al. (2012). 
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Figure 4.20. Cumulative log probability plot of the outputs of a Monte-Carlo simulation based on 

our Q99 discharge yield models and ranges of bankfull discharge based on the geometries of 

channels and flow velocities associated with preserved bedforms in the Mc Murray Fm. The 

systematically laterally accreting point bars in the McMurry and dominance cross stratified 

channel fills suggest persistent and perennial and persistent hydrology that supports the 

application of the Q99 discharge yield model. The results of our simulations are in agreement 

with previous estimates of catchment area using source-to-sink analysis (dark green; 400,000-

600,000 km
2
; Bhattacharya et al., 2016) and smaller than the continental-scale river hypothesis 

(light green; 1,000,000-6,000,000 km
2
) for the McMurray (Figure 4.18.;e.g. Benyon et al., 2014; 

Blum and Pecha, 2014; Benyon et al., 2016).
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Table 4.1. Summary of system characterization, Monte Carlo inputs, Monte Carlo outputs, and likelihood of previous hypotheses of 

catchment area in our simulation with the results of our preferred discharge yield model in bold. System characterization includes 

bankfull flow depth (Hbf), channel width (W), most abundant bedforms in channel fills (XSTR=cross-stratification, FSUP=Froude 

supercritical, HDR=high-deposition rate, HIS=inclined heterolithic stratification), and most abundant barforms in channel fills 

(LA=laterally accreting; DA=downstream accreting). Simulation inputs are bankfull discharge (Qw) and discharge yields of modern 

rivers (Yd). Where Qw is not given it is reconstructed by AcsU=Qw where Acs is cross-sectional area of a channel and U is flow 

velocity. Simulation inputs in grey were not used in simulations, but are summaries there for the sake of comparison. Simulation 

outputs are predictions of catchment area (A) by A=Qw/Yd. P75-P25 values are probability of occurrence (not probability of 

exceedance) from cumulative log probability plots and represent the 25
th

 and 75
th

 percentile outcomes of our simulation respectively. 

Likelihood evaluated by the percent of our simulation runs that fall in the range of catchment areas in explicitly stated or that are in the 

spirit of previous hypotheses by other workers. For A=Qw/Yd a contstant (31.536) is multiplied by Qw/Yd to convert from 

(m
3
/sec)/(m/year) to km

2
. *Best fit distribution based on discharge yields (Yd) in modern rivers (see supplemental data for values).  

System System Characterization Inputs Output Comparison 

Hbf 
(m) 

W 
(m) 

Bedforms 
 

Barforms 
 

Qw 
(m3/sec) 

Acs 
(m2) 

U 
(m/s) 

Yd 

(m/yr)* 
Predicted A  

(km2) 
Previous Hypotheses  

(km2) 
Likelihood 

(%) 

Notom Delta 

Ferron SS 

4.3-5.5 76-193 XSTR LA 420-

2,100 

163-690 0.75-1.5 Q99 (Q99) Median = 17,253; 

P75-P25 = 9,704-30,995 

(1) 40,000-60,000 

(2) 4,300-48,743 

(3) 15,710-48,743 

(1) 8.2 

(2) 81.7 

(3) 39.2 

Dunvegan Fm. 
Allomember E 

10-15 150-
230 

XSTR LA 1,600-
3,700 

975-2,242 0.9-1.4 Q99 (Q99) Median = 37,658; 

P75-P25 = 22,739-64,544 

(1) 100,000-150,000 
(2) 32,000-58,000 

(3) 70,000-143,000 

(1) 6.2 
(2) 29.2 

(3) 15.4 

Baharia Fm. 4.5-6 71-104 Mixed 
XSTR &  

FSUP 

Mixed 
DA & LA 

191.85-
440.4 

207-405 0.75-1.35 Q99; 
Q99.87 

(Q99) Median = 4,454; 

P75-P25 = 2,726-7,713; 

(Q99.87) Median = 2,723; 

P75-P25 = 1,643-4,726 

(1) 4,000-6,000 
(2) 40,000-60,000 

(1) 20.4; 15.4 
(2) 0.8; 0.4 

Kayenta Fm. 8-13 160-

525 

Mixed  

FSUP &  

XSTR 

Mixed  

DA & LA 

1,950-

16,508 

Range = 830-

7,025; 

Median = 3,120 

Range = 

0.75-7;  

Median = 
2.35 

Q99; 

Q99.87 

(Q99) Median = 86,914; 

P75-P25 = 44,065-

171,371; 

(Q99.87) Median = 52,628; 

P75-P25 = 26,714-104,683 

(1) 100,000-200,000 

(2) 200,000-400,000 

(3) 600,000-
1,000,000 

(4) 200,000-800,000 

(5) 31,000,000+ 

(1) 24.8; 16.6 

(2) 14.2; 7.0 

(3) 2.0; 0.8 
(4) 18.0; 9.0 

(5) 0; 0 

Colton-Wasatch 

Fms. 

22-30 683-

940 

FSUP, 

HDR 

DA 23,032-

33,270 

Range = 9,213-

13,308; 

Median = 
11,260 

Range = 1.5-

10; 

Median = 2.5 

Q99.87; 

Qmax 

(Q99.87) Median = 269,212; 

P75-P25 = 156,773-

478,820; 

(Qmax) Median = 146,961; 

P75-P25 = 73,876-292,246 

(1) 100,000-300,000 

(2) <25,000 

(1) 44.7; 40.6 

(2) 0.2; 4.1 

McMurray Fm. 25-40 750-

1,500 

XSTR, 

IHS 

LA 16,450-

52,650 

Range = 

12,185-39,000; 
Median = 

25,025 

Range = 

0.75-2; 
Median = 

1.35 

Q99 (Q99) Median = 559,288; 

P75-P25 = 326,627-

989,492 

(1) 400,000-600,000 

(2) 1,000,000-
6,000,000 

(1) 19.4 

(2) 24.6 
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CHAPTER 5 

SOURCE-TO-SINK ANALYSIS OF THE CALIFORNIA PALEORIVER: IMPLICATIONS 

FOR THE EARLY EOCENE PALEOGEOGRAPHY OF WESTERN NORTH AMERICA 

 

A paper to be submitted to GSA Special Publication - Tectonics, Sedimentary Basins and 

Provenance: A Celebration of William R. Dickinson's Career 

E.R. Jones and P. Plink-Björklund 

 

5.1 Abstract 

 Estimates of the catchment area of the river that deposited the Colton Formations on the 

southern margin of the Uinta Basin, Utah differ by an order of magnitude. More than 50% of 

detrital zircons in the Colton Formations have U-Pb ages younger than 285 Ma and were derived 

from the Cordilleran magmatic arc. If these are first-generation sediments, the river that 

deposited the sediment had headwaters in plutonic sources ~750 to the south. If these are second-

generation sediments the river could have more local sources as underlying Cretaceous strata are 

also rich in arc-derived grains. 

 The likelihood of the far-traveled California paleoriver hypothesis compared to the local 

recycling hypothesis for the provenance of the Colton Formations is evaluated using probabilistic 

source-to-sink analysis. Paleohydraulic estimates of discharge routed through the fluvial Colton 

deposits and scaling relationships between discharge and catchment area in modern rivers are 

input into a Monte-Carlo simulation. The resultant predictions of catchment area suggest that the 

Califonia paleoriver hypothesis is ten times more likely than the local recycling hypothesis. 

 The Early Eocene is a critical time in the drainage evolution of Western North America. 

Late Cretaceous river systems active in the area of the present-day Colorado Plateau drained 

southeast to the Gulf of Mexico, and by Pliocene drainage shifted to the southwest into the Gulf 

of California. The timing of this transition is actively debated.  The far-traveled California 

paleoriver hypothesis necessitates southwesterly drainage reversal of the Colorado Plateau at the 

earliest in Late Eocene. 
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5.2 Introduction 

 The Colton wedge records the provenance of an updip catchment area: the topic of much 

discussion over the past 30 years. Based on the arkosic composition of the sandstones in the 

Colton Fm., Bill Dickinson’s first interpretation of the provenance of the deposit was local 

sourcing from the Precambrian basement exposed in nearby Laramide uplifts (Dickinson et al., 

1986). More recently the application of detrital zircon geochronology as a tool for provenance 

analysis shows that ~50% of detrital zircons in the arkosic Colton deposits in the Uinta Basin 

have U-Pb ages younger than 285 Ma (Davis et al., 2010). These U-Pb ages imply derivation 

from the Triassic-Cretaceous Cordilleran magmatic arc of Western North America. Dickinson et 

al. (2012) revised the interpretation of a local-basement source for the Colton Fm., instead 

hypothesizing a far-traveled provenance for these sediments from the Mojave segment of the 

Cordilleran magmatic arc, ~750 km southwest of the Uinta Basin (Figure 5.1a). The river system 

that transported this sediment from its headwaters in the Cordilleran magmatic arc to its 

depositional sink in the Uinta Basin is termed the California paleoriver (Davis et al., 2010; 

Dickinson et al., 2012). 

 Thermochronological data show a major cooling period from 80-55 Ma suggesting ~1.5 

km of exhumation in the southwestern Colorado Plateau from latest Cretaceous to Paleocene 

(Flowers et al., 2008; Wernicke, 2011; Flowers and Farely, 2012). These authors hypothesize 

that the Colorado Plateau was a topographically high feature as early as the Late Cretaceous 

(Flowers et al., 2008). To accommodate the Colorado Plateau acting as a topographic high as 

early as the Late Cretaceous, Wernicke (2011) proposed a competing hypothesis for the Early 

Eocene paleodrainage in the Western Colorado Plateau, an Arizona paleoriver flowing southwest 

from a paleodrainage divide near the Four Corners region (Figure 5.1b). This hypothesis 

suggests local derivation for Colton fluvial sediments in the Uinta Basin, requiring recycling of 

arc-derived detrital zircons from underlying Cretaceous strata (Wernicke, 2011) that are also rich 

detrial zircon grains younger than 285 Ma (Lawton and Bradford, 2011).  

 To resolve which of these two competing hypotheses concerning the provenance of 

fluvial wedge of the Colton Fm. is more likely, a detailed stratigraphic and sedimentologic 

analysis across the Uinta Basin was conducted to reconstruct the size and character of the river 

system that deposited it. To better constrain the size of the catchment area of the river system 
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that deposited the Colton Fm., source-to-sink analysis is used. This approach quantitatively 

analyzes individual components of a linked siliciclastic depositional system to make predictions 

about the character and scale of the other components (e.g. Bhattacharya and Tye, 2004; Sømme 

et al., 2009; Holbrook and Wanas, 2014; Bhattacharya et al., 2016; many others). A probabilistic 

source-to-sink approach (Jones and Plink-Björklund, in prep) applying new scaling relationships 

between river discharge and catchment area (Jones et al., submitted) is used to evaluate which of 

the two provenance hypotheses of the Colton Fm. are more likely.  

5.3 Dataset and Methods 

5.3.1 Thin Section Analysis 

 Thin sections were sampled from outcrop exposures of the Colton Fm. in the Nine Mile 

Canyon and Hay Canyon study areas (Figure 5.2). Thin sections were stained for potassium 

feldspar and impregnated with blue epoxy. Point counts of thin sections were performed using 

the modified Gazzi-Dickinson method (Ingersoll et al., 1984). Point counts were between 300 

and 400 points per sample. 

5.3.2 Probabilistic Source-to-Sink Analysis 

 The following is a brief summary of the probabilistic source-to-sink method for 

estimating the catchment area of ancient rivers. Details with examples are presented in Jones and 

Plink-Björklund (in prep). The method uses scaling relationships between discharge and 

catchment area in modern rivers to relate estimates of paleodischarge in ancient rivers to a 

predicted catchment area. These scaling relationships are based on the discharge yields of 415 

modern rivers with gauging stations measuring daily flow rates, provided by the Global Runoff 

Data Centre (GRDC), 56068 Koblenz, Germany (Jones et al., submitted).  

 Under the assumption that the geometry of a river channel is in equilibrium with bankfull 

discharge (Qw) (see discussion in Doyle et al., 2007) there are three key variables needed to 

estimate the paleo-catchment area (A): the bankfull cross sectional area of a channel (Csa; m
2
), 

the flow velocity (U; m/s), and the discharge yield of the catchment area (Yd; m/yr). By 

multiplying the bankfull cross sectional area and flow velocity we calculate the bankfull 
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discharge (CsaU = Qw). Then by dividing the bankfull discharge by the discharge yield of the 

catchment we solve for catchment area (Qw/Yd = A). 

 To manage the inherent uncertainty in these predictions we take a probabilistic approach. 

Each of the inputs is assigned a probability density function that honors the range of values 

estimated for each variable (Figure 5.3). A uniform-probability distribution is defined 

corresponding to the range of measured bankfull cross-sectional areas in channel deposits in the 

Colton system interpreted as trunk-channel deposits. Next, a lognormally-distributed probability 

density function of flow velocities is defined that honors the range of flow velocities that 

bedforms observed in Colton channel-fills could form under (see bedform stability diagrams in 

Rubin and McCulloch, 1980; Van den Berg and Van Gelder, 1998; Cartigny, 2014). The 

probability density function for discharge yields is generated by applying a lognormal best-fit 

distribution to the discharge yields of 415 modern rivers from Jones et al. (submitted). A Monte 

Carlo simulator generates random values according to the probability density functions of each 

of the three input variables and solves for catchment area. 10,000 simulations are run to give a 

range of estimates of catchment area (Figure 5.3).   

5.4 Results 

5.4.1 Petrofacies 

 The composition of the Colton Fm. fluvial sandstones exposed in Nine Mile Canyon in 

the Roan Cliffs (Fig. 4.2) ranges from arkose to feldspathic litharenite according to the 

classification scheme of Folk (1980) (see Table 2.1; Figure 5.4). Hand samples have a tan to red 

hue, and the constituent grains have a “salt-and-pepper” appearance as black chert and other dark 

sedimentary lithic fragments stand out visually against the other framework grains. Across all 

samples, potassium feldspar to plagioclase ratios range from ~1:1 to 2:1, and sedimentary and 

metasedimentary lithic fragment to volcanic and metavolcanic lithic fragment ratios range from 

~3:1-10:1. Lithic fragments with aphanitic groundmass containing plagioclase laths are the most 

common type of volcanic lithic fragment observed in the Nine Mile Canyon samples. Chert is 

especially common as a framework grain in the samples from Nine-Mile Canyon, composing 9-

15% of the total framework grains. There are also trace populations of calcareous rock 

fragments. Some of these calcareous lithic fragments are biogenic, have platy to subangular 
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texture, and are oversized relative to the average caliber of the siliciclastic framework grains. 

Another population of calcareous rock fragments that are in the same grain size fraction as the 

siliciclastic framework grains include both skeletal fragments and recrystallized fragments. 

 In the Nine-Mile Canyon samples (Figure 5.5a) and especially in subsurface samples 

from coeval strata in the Monument Butte Field (Figures 5.2 and 5.5 b) secondary porosity is 

present. In the outcrop samples there are oversized pores that make up 1-3% of the total sample. 

In the samples from Monument butte there are oversized pores and dolomite and calcite cement-

filled oversized pores that when combined make up 4-7% of the sample. The uncemented 

oversized pores in both samples commonly have clay lined rims, and are interpreted to be the 

product dissolution of metastable framework grains, especially plagioclase and potassium 

feldspar. This hypothesis is supported by the seritization that is commonly displayed in preserved 

framework feldspar grains (Figure 5.5a). The Nine-Mile Canyon samples were likely affected by 

surficial weathering of the outcrop they were sampled from, while the subsurface samples from 

Monument Butte have undergone some burial diagenesis. If the original framework compositions 

of the samples from outcrop and subsurface are reconstructed by counting oversized pores as 

framework feldspar grains and the compositions of the two sandstones are very similar (see 

Table 2.1). Additionally the relative populations of lithic fragments within the outcrop and 

subsurface samples are nearly identical and both are chert rich suggesting a common source 

terrane (see Table 2.1). 

 There is minimal compositional variability between the lower and the middle and upper 

Colton Fm. in the Nine Mile Canyon samples that is likely attributable to differences in grain 

size and bioturbation (Figure 5.4). The samples from the lower Colton Fm. are fine-grained 

sandstone while in the middle Colton samples are medium-grained sandstones. The samples 

from the lower part are also more bioturbated than sample from the middle and upper parts. 

These differences may account for the slightly lower proportions of feldspar observed in samples 

from the lower Colton Fm. (Figure 5.4). As in the subsurface samples, a common provenance 

despite some differences in framework composition is supported by the similar relative 

proportions of different lithic fragment types in all the Nine Mile Canyon samples. 
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5.4.2 Considerations from Petrofacies 

 The trace population of calcareous rock fragments in the Colton Fm. sandstones is 

comprised of two subpopulations, grains both in and out-of equilibrium with the caliber of the 

siliciclastic framework. The grains that are out-of grain-size equilibrium are likely intrabasinal in 

origin and eroded from the underlying Flagstaff Limestone or coeval carbonate producing biota 

living in Lake Uinta (e.g. Zuffa, 1980, 1985). The population in grain-size equilibrium contains 

rounded and recrystallized grains (Figure 5.5e), and biogenic grains that would not have formed 

in an Early Eocene freshwater lake system (Figure 5.5f). These calcareous lithic fragments are 

interpreted as extrabasinal in origin (e.g. Zuffa, 1980, 1985) and likely sourced from the 

Paleozoic carbonates exposed in uplifts all around the Colorado Plateau. 

 Calcareous lithic fragments are chemically and physically unstable, and it is unlikely that 

this population of extrabasinal calcareous rock fragments is recycled sediment. While these 

calcareous lithic fragments could have been derived from exposed Paleozoic strata in the 

Monument Uplift in south-central Utah, the most volumetrically significant exposure of 

Paleozoic carbonates, especially the Mississippian limestone, is in the Sevier fold-and-thrust belt 

in western Utah. The Mississippian limestone is also a plausible source for the abundant black 

chert in these samples, but chert could also have been recycled from the Mesozoic strata derived 

from the Sevier thrust belt. The potassium feldspar that makes up 10-20% of the sandstone 

framework is interpreted as first-generation detritus derived from basement-cored Laramide 

uplifts in south-central Utah and southwestern Colorado (Dickinson et al., 1986). The 

Cordilleran Magmatic Arc contains volumetrically significant plutonic sources of intermediate 

composition (e.g. Miller et al., 1995; Barth and Wooden, 2006) that are a likely source for the 

plagioclase feldspar that makes up 5-15% of the sandstone framework and the minor population 

of volcanic lithic fragments with plagioclase in their groundmass.  

 The petrofacies of the Colton Fm. are immature and diverse. The petrofacies do not 

definitively eliminate the hypothesis of local-recycling from strata mantling Laramide structures 

on the southern margin of the Uinta Basin (e.g. Wernicke, 2011) for the provenance of the 

Colton Fm. However, it is more likely this volumetrically significant deposit of compositionally 

diverse and immature, and in some cases definitively first-cycle, detritus was sourced from a 

river that integrated catchment areas tapping a diverse suite of source areas from the cordilleran 
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magmatic arc, the Sevier thrust belt, and basement-cored Laramide uplifts in western Colorado 

and Utah. These diverse source areas suggested by the Colton Fm. petrofacies would require a 

far-travelled axial drainage system with transverse grainages contributing sediment with diverse 

source compositions.  

5.4.3 Probabilistic Source-to-Sink Analysis 

 While both the sandstone petrofacies and detrital zircon age spectra of sediments in the 

Colton Fm. suggest a connection to far-travelled source areas (e.g. Dickinson et al., 2012), it has 

not been demonstrated that these are definitively first generation sediments, and recycling of 

sediments from local uplifts along the southern margin of the Uinta Basin is still a viable 

alternative hypothesis as to the provenance of the Colton Fm. (e.g. Wernicke, 2011). The far-

traveled California paleoriver hypothesis (Davis et al., 2010; Dickinson et al., 2012) implies a 

connection to catchments 750 km to the south of the Uinta Basin, and we assign a catchment area 

of 100,000-300,000 km
2
 based on the paleogeographic interpretation of this river system 

(Figures 5.1a and 5.6). The paleogeographic reconstruction that is consistent with the local 

recycling hypothesis (e.g. Wernicke, 2011; Figures 5.1b and 5.6) implies a catchment area of 

<25,000 km
2
. In modern rivers, discharge scales to both channel dimensions and catchment area. 

This suggests that the more likely of these two competing hypotheses with order of magnitude 

differences in catchment can be differentiated by analyzing the scale of channel deposits 

preserved in the Colton Fm. 

 We use a probabilistic source-to-sink methodology (Jones and Plink-Björklund, in prep; 

see Dataset and Methods) to estimate the catchment area of the river that deposited the Colton 

Fm. This has been tested on a number of well-studied ancient river systems, and has the 

predictive resolution to differentiate which is the more likely of the two alternative hypotheses of 

the catchment area of the Colton Fm. The method requires defining probability density functions 

for the bankfull cross-sectional area (Acs) of the trunk channels of the river system, the flow 

velocity through the channel (U), and selecting a best-fit probability density function based on 

the discharge yields (Yd) of 415 modern rivers from Jones et al. (submitted) (Figure 5.3).  

 Bankfull cross-sectional area of channels is measured directly in the outcrop exposure of 

the Colton Fm. (Figure 4.7a), and flow velocity can be reconstructed using bedform stability 
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diagrams (see Rubin and McCulloch, 1980; van den Berg and van Gelder, 1998; Cartigny et al., 

2014). Jones et al. (submitted) shows that discharge events of a given magnitude have a 

somewhat characteristic recurrence interval. If the recurrence interval of the flow event that is in 

geomorphic equilibrium with the channel deposits in an ancient river system can be estimated, a 

discharge of a specific magnitude with similar recurrence interval can be identified. Jones et al. 

(submitted) shows that in the 415 modern rivers with daily flow rate data analyzed 99
th

 percentile 

discharge (Q99) has a recurrence interval of ~1.5 years, 99.87
th

 percentile discharge (Q99.87) has a 

recurrence interval of ~4-6 years, and the maximum recorded discharge (Qmax) would have a 

recurrence interval of 50-100 years. In this way we can identify a magnitude of discharge with a 

similar recurrence interval as the estimated recurrence interval of flow that is in geomporphic 

equilibrium with the channel deposits in the river system of interest (see Jones and Plink-

Björklund, in prep). We use a best fit distribution of the discharge yields of modern rivers at a 

specified magnitude of discharge (Q99, Q99.87, or Qmax) (Figure 5.3).  

5.4.4 Model Inputs 

 We constructed a uniform probability distribution of channel cross sectional area where 

the range was based on the upper 50% of measured channel dimensions, the interpreted trunk 

river deposits, in the middle part of the Colton Fm. in Nine Mile Canyon (Acs = 9,213-13,318) 

(Figures 5.2 and 5.7a). Based on the bedform stability diagram of Rubin and McCulloch (1980) 

for upper flow regime plane beds of medium-grained sand formed in flow depths of ~25m the 

flow velocity ranges from ~1.5 to greater than 2.5 m/s. Using supercritical bedform stability 

diagrams (van den Berg and van Gelder, 1998; Cartigny et al., 2014) flow velocities associated 

with the formation of Froude-supercritical bedforms at flow depths of 20m with medium-grained 

sand could have approached 10 m/s. Based on these predictions of flow velocity we defined a 

lognormal velocity distribution ranging from 1.5-10 m/s with a median of 2.5 m/s (Figure 5.3). 

Based on the indicators of extremely variable hydrology in the Colton Fm. we suggest the 

channels are in geomorphic equilibrium with long-recurrence interval flow events. We prefer the 

Qmax discharge yield model suggesting the channel-forming discharge has a recurrence interval 

of 50-100 years, but we also apply the Q99.87 discharge yield model that suggests a similar 

recurrence interval of channel forming discharge as is observed in dryland-rivers in the 

Australian outback (e.g. Pickup and Warner, 1976). The Qmax discharge yield model, because it 



162 
 

suggests the channel dimensions are in equilibrium with a higher-magnitude discharge event, 

will necessarily produce smaller predictions of catchment area that the Q99.87 discharge yield 

model. 

5.4.5 Simulation Outputs 

 Figure 5.8 shows the ouputs of our Monte Carlo simulations in cumulative log-

probability space. The median catchment area in our preferred discharge-yield model (Qmax) is 

146,961 km
2
, while the median output of the Q99.87 runoff yield model runs is 269,212 km

2
. The 

corresponding 25th to 75
th

 percentile ranges are 73,876-292,246 km
2
 and 156,773-478,820 km

2
. 

The outputs of these simulations suggest that the river that deposited the Colton Fm. had a 

catchment area on the order of 100,000+ km
2 

(Jones and Plink-Björklund, in prep). 

 We evaluate the probability of the California paleoriver hypothesis (Davis et al., 2010; 

Dickinson et al., 2012) compared the local catchment hypothesis (Wernicke, 2011) (Figure 5.8). 

The predictions of our preferred runoff yield model (Qmax) simulation give the California 

paleoriver hypothesis a 40.6% likelihood (Figure 5.8). The median of this simulation is 

comfortably within the range of catchment sizes corresponding to the California Paleoriver 

hypothesis (100,000-300,000 km
2
) (Figures 5.6 and 5.8). The likelihood of the local catchment 

hypothesis is only 4.2% corresponding to the lowest 4.2% catchment areas output in our 10,000 

simulations. This difference in likelihood is only amplified using the Q99.87 runoff yield model 

where the California Paleoriver hypothesis is more than 200 times more likely than the local 

catchment hypothesis (Figure 5.8).   

5.5 Discussion  

5.5.1 Local Recycling vs. California Paleoriver Hypothesis 

 Analysis of the paleohydraulics and depositional environment of the river system that 

deposited the Colton Fm. compliments the provenance analysis of the system using sandstone 

petrofacies and detrital zircon geochronology. The abundance of arc-derived detrial zircons 

(~50% of U-Pb ages < 285 Ma) in the Colton Fm. suggests a direct connection to catchments in 

the Mojave Block 750 km south of the Uinta Basin (Davis et al., 2010; Dickinson et al., 2012), 

but recycling of arc-derived zircons from underlying Cretaceous strata (e.g. Wernicke, 2011) is a 
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plausible alternative hypothesis. Immature arkosic to feldspathic litharenites sandstone 

compositions and preservation of extrabasinal first-generation calcareous lithic fragments 

suggests derivation from source terranes in the Laramide basement-cored Monument and/or San 

Luis Uplifts (Dickinson, 1986) and Sevier fold-and-thrust belt respectively, but derivation from 

the San Rafael Swell and Uncompahgre Uplifts on the Southern Margin of the Uinta Basin 

cannot be completely ruled out. Probabilistic source-to-sink analysis using estimates of bankfull 

paleodischarge in the Colton Fm. fluvial deposits and scaling relationships between the discharge 

and catchment area of modern rivers predicts that a catchment area of 100,000-300,000 km
2
 that 

is consistent with the California paleoriver hypothesis is ten times more likely than a catchment 

area of less than 25,000 km
2 

that is consistent with the local recycling hypothesis. Projection of 

radially distributive paleocurrents to a statistically estimated apex places the apex of the Colton 

fan system near the confluence of the Green and Colorado rivers ~250 km south of the Uinta 

Basin during deposition of the lower part of the Colton Fm. (Figure 5.9). The interpreted aerial 

extent of this fluvial fan that is the depositional sink of the paleo-river is approximately the size 

of the proposed catchment area in the local recycling hypothesis. 

 These complimentary methods all support the far-traveled California paleoriver 

hypothesis. Our integrated source-to-sink interpretation of the California paleoriver is as follows. 

The California paleoriver was an axial river system with headwaters in the Cordilleran magmatic 

arc flowing north in the remnant Cordilleran foreland basin terminating in the Uinta Basin 

(Figure 5.6). Transverse drainages in tapping the Sevier fold-and-thrust belt and basement-cored 

Laramide structures contributed the compositionally immature sediments preserved in the Colton 

Fm. (Figure 5.6). The river terminated in a 100s of km scale fluvial fan system that occupied the 

entire southern margin of the Uinta basin and had an early apex point in south-central Utah that 

later shifted basinward. Occasional fan bypass events genereated hyperpycnal flows that were 

able to runout across the floor of paleolake Uinta to the opposing lake margin. 

5.5.2 Large River with Erratic Hydrology 

 The median predicted catchment area for the California paleoriver using our preferred 

discharge yield model of 146,961 km
2 

is larger than any modern river classified as having erratic 

hydrology based on river gauging data (Jones et al., submitted). The largest rivers in the dataset 

of 415 rivers worldwide analyzed by Jones et al. (submitted) with erratic hydrology are the Nen 
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River in China (catchment area = 108,029 km
2
) that drains the cold and arid Mongolian Steppe 

and the Colorado River in Texas (catchment area = 101,023 km
2
) which drains arid regions of 

West and Northwest Texas. Rivers classified as having erratic hydrology have very low base-

flow punctuated by high-magnitude floods over their historical record (Jones et al., in prep). 

Rivers with large catchments drain more diverse physiographic and climatic regions and receive 

contributions from relatively larger groundwater pools (Syvitski et al., 2003) which leads to 

higher baseflow conditions in the furthest downstream reaches of the systems. The 

sedimentology of the Colton Fm. fluvial deposits suggests highly variable discharge and 

prolonged periods where channels were abandoned or restricted to groundwater flow (Plink-

Björklund, 2015) that is consistent with the erratic hydrology classification. Climate change 

during the PETM is linked to prolonged aridity and highly seasonal and variable precipitation 

(McInerny and Wing, 2011).  The size and erratic hydrology of the California paleoriver 

suggests it drained a large and arid catchment area. The sedimentology and reconstructed 

catchment area of the California Paleoriver support that the PETM mid-latitude continental 

interiors were drought and flood-prone (Schmitz and Pujalte, 2007; Kraus and Riggins, 2007; 

McInerny and Wing, 2011; Foreman et al., 2012; Kraus et al., 2015). 

 While the maximum progradation of the system in the middle parts of the Colton Fm. is 

associated with a drought and flood prone climate, in the upper parts of the Colton Fm. 

vegetation begins to return to the basin, floodplain deposits suggest a more persistent 

precipitation, and the return more abundant cross stratified channel fills suggest periods of more 

persistent hydrology. The upper part of the Colton Fm. is also a retrogradational fluvial fan 

deposit preceding a time of lake expansion associated with the overlying Uteland Butte 

Limestone. These changes in the distribution of depositional environments associated with 

changes in regional hydrology suggest that up-dip climatic forcing is driving these changes in the 

Paleogene stratigraphy in the Uinta Basin. 

5.5.3 Immature Petrofacies 

 Climate, transport distance, and transport duration are important controls on the 

preservation potential of labile framework grains during transport from source area to 

depositional sink (e.g. Suttner and Dutta, 1986; Critelli et al., 1997). The interpreted transport 

distances for sources of compositionally immature sediments of the Sevier fold-and-thrust belt 
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and San Luis Uplift (Figure 5.6) are 100s of kilometers. The erratic hydrology of a river the size 

of the California paleoriver suggests an arid climate in the catchments of the system. Arid 

catchments are weathering-limited (Johnsson et al., 1991) and more likely to preserve liable 

framework grains (e.g. Suttner and Dutta, 1986). The fluvial style of the California paleoriver 

suggests that a majority of the sediment transported by the system was conveyed in suspension 

during flood events (e.g. Plink-Björklund, 2015). This flashy fluvial style could have reduced the 

propensity for temporary storage in bars and floodplain that is expected in a persistent river 

system and leads to multiple episodes of weathering within the same sedimentary cycle (Suttner 

and Dutta, 1986). A river system dominated by suspension transport during floods would also 

reduce transport duration and physical weathering relative to a system dominated by systematic 

bedload transport. We suggest that the PETM climate and erratic hydrology of the California 

paleoriver help to explain the volumetrically significant preservation of labile framework 

constituents over long transport distances. 

5.5.4 Drainage Evolution of Western North America 

 The Early Eocene in the Western Colorado Plateau is critical in both space and time in 

the drainage evolution of the North American continent. In the Late Cretaceous to Paleocene 

river systems with headwaters in the Colorado Plateau drained eastward and terminated into the 

Gulf of Mexico (e.g. Galloway, 2011; Blum and Pecha, 2014; Smith et al., 2014; Sharman et al., 

2016). By Pliocene drainage had flipped to the southwesterly drainage off the Colorado Plateau 

terminating in the Pacific Ocean (e.g. Pederson et al., 2002; Karlstrom et al., 2007, 2008; Dorsey 

et al., 2011; Ingersoll et al., 2013), which  is the drainage pattern today. Our results suggest the 

Early Eocene Western Colorado Plateau and the entire remnant Cordilleran Foreland basin south 

of the Uinta Basin was an endorheic basin draining into the regionally extensive Green River 

lake system in Utah, Colorado, and Wyoming (e.g. Surdham and Stanley, 1980; Smith et al., 

2014). The successive infilling of the Green River lake systems from North to Southwest from 

~48.5-41.8 Ma (Surdham and Stanley, 1980) is likely an early phase of the continental-scale 

southwesterly drainage reorganization that occurred throughout the Tertiary that carved the 

Grand Canyon and eventually delivered Colorado Plateau sourced sediments into the Pacific 

Ocean by 6 Ma (Ingersoll et al., 2013). 
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 Our paleogeographic interpretation of the California paleoriver flowing north from 

catchments in southeastern California and southwestern Arizona to the Uinta Basin is 

incompatible with proposed dominant southwesterly drainage off of the Colorado Plateau in the 

Early Eocene (Wernicke, 2011) (Figure 5.1b). This interpretation is based on 1.5 km of estimated 

exhumation of the Colorado Plateau in Latest Cretaceous recorded in thermochronometers (e.g. 

(U-Th)/He and apatite fission-track dates; Flowers et al., 2008; Flowers and Farely, 2012). It is 

important to remember that these thermochronometers record exhumation not surficial uplift 

when using these data to interpret paleogeography. These methods should be paired with 

stratigraphic, sedimentological, and provenance analysis for more robust paleogeographic 

interpretations.  

5.6 Conclusions 

 Bill Dickinson embraced new methods and technologies in provenance analysis 

throughout his career and was not afraid to revise his own published hypotheses in light of new 

data. The evolution of his interpretation of the provenance of the Colton Fm. exemplifies this 

rigorous adoption of the scientific method and willingness to incorporate new methods. His 

interpretation of arkosic sandstone petrofacies led to the hypothesis of a relatively local 

provenance in basement-cored Laramide Uplifts in southwestern Colorado and potentially Utah 

for the Colton Fm. (Dickinson et al., 1986). The application of U-Pb dating of detrital zircons to 

the Colton Fm. showed that more than 50% of the zircons had ages < 285 Ma (Davis et al., 2010) 

suggesting derivation from the Cordilleran Magmatic Arc. This was incorporated into a revised 

far-traveled provenance for the Colton Fm. (Dickinson et al., 2012), where these fluvial 

sediments deposited by the California paleoriver with headwaters 750 km south of the Uinta 

Basin.  

 Our probabilistic source-to-sink methodology (Jones and Plink-Björklund, in prep) is 

complimentary to analysis of sandstone petrofacies and detrital zircon geochronology. This 

method incorporates paleohydraulic data taken from stratigraphic and sedimentologic analysis of 

outcrop or subsurface datasets (see Gardner, 1983; Bhattacharya and Tye, 2004; Holbrook and 

Wanas, 2014; Lynds et al., 2014; Bhattacharya et al., 2016) and scaling relationships between 

discharge and catchment area in modern rivers (Jones et al., in prep). This method is best applied 

to evaluate the likeliness of one or more hypotheses of the size of ancient river deposits 
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developed using alternative methods (Jones and Plink-Björklund, in prep). In the case of the 

California paleoriver, our method helps to resolve the non-uniqueness in interpretation of detrital 

zircon ages. The arc-derived population of detrital zircons that is abundant in the Colton Fm. can 

be interpreted as first generation sediments suggesting a far-traveled provenance (Davis et al., 

2010; Dickinson et al., 2012), or as recycled from underlying cretaceous strata also rich in arc-

derived zircons allowing the interpretation of a local provenance (e.g. Wernicke, 2011). Our 

probabilistic source-to-sink analysis of the Colton Fm. suggests the far-traveled provenance is 

more likely by at least a factor of ten. Incorporating data from multiple methods and provenance 

interpretations from multiple aligned lines of reasoning leads to the detailed interpretation of the 

paleogeography of the Early Eocene Western Colorado Plateau presented in this study.  
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Figure 5.1. A) California Paleoriver Hypothesis after Davis et al. (2010) B) Local recycling 

hypothesis after Wernicke (2011). 
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Figure 5.2. Study area with locations for measured stratigraphic sections, interpreted 

photopanels, and paleocurrent measurements in the Roan Cliff outcrop exposures of the Colton 

Fm. Paleocurrent measurement locations: SS- Soldier Summit, EP – Emma Park Road, WP – 

Whitmore Park, NC – Nine-Mile Canyon, SC – Sunnyside Canyon, HrC – Horse Canyon, DC – 

Desolation Canyon, TC – Thompson Canyon , HC – Hay Canyon, WB – White Faced Butte, RR 

– Ravens Ridge. Oil and gas fields (dashed outlines): MB – Monument Butte, AB – Altamont 

Bluebell. Structural Features: SR – San Rafael Swell, DCA – Douglas Creek Arch, UU – 

Uncompahgre Uplift, UB – Uinta Basin, PB – Piceance Basin. Towns: P – Price, UT, V – 

Vernal, UT, GJ – Grand Junction, CO, R- Rangely, CO. 

 

Figure 4.3. Probability density functions for our probabilistic source-to-sink workflow and 

ranges of values for the Colton simulation. Variables are related by A= (CsaU)/Yd.  
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Figure 5.4. Composition of the Colton Fm. fluvial sandstones. Southerly derived sandstones 

exposed in the Roan Cliffs in Desolation Canyon (Dickinson et al., 2012) and Nine Mile Canyon, 

and age-equivalent sandstones deposited in paleolake Uinta in subsurface samples in Monument 

Butte and Altamont Bluebell Fields are arkosic to lithic arenites (red symbols) (see Figure 5.2).  

Northerly derived sandstones in Altamont Bluebell field (see Figure 5.2) are genetically distinct 

sandstones with quartz arenite to sublithic arenite composition. 
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Figure 5.5.  Photomicrographs from the Colton Fm. (A, D, and E) and age equivalent sandstones 

in Monument Butte (B; ppl) and Altamont Bluebell (C and D; ppl) fields (see Figure 5.2). 

Feldspars are partially seriticized in outcrop samples (A; xpl) and subsurface samples have some 

oversized pores (see blue epoxy in B) that are dissolved framework grains. Sandstones of 

different compositional and textural maturity and maximum grain size (C and D) that are found 

in the same well in Altamont Bluebell Field (see Figure 5.2). Calcareous lithic fragments that 

show evidence of recrystallization (E; xpl) or are from fauna not likely to be formed in a lake 

environment (coral fragment; F; ppl) that suggest an extrabasinal origin (see Zuffa 1980, 1985). 
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Figure 5.6. Catchment areas corresponding to the local recycling hypothesis (light blue; 

Wernicke, 2011) and far traveled California paleoriver hypothesis (green; Davis et al., 2010; 

Dickinson et al., 2012). Base map is the paleogeographic interpretation of Dickinson et al. (2012) 

and the purple lobe at the terminus of the California paleoriver is the lobe of Colton sediments 

described in detail in this study. 
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Figure 5.7. A) Outcrop photopanel of the Colton Fm. in Nine Mile Canyon with channel 

dimensions and percentages of high-deposition rate sedimentary structures within channel fills. 

B) Downstream accreting barforms in the middle Colton showing complete bar rollover. C) 

Pedogenically modified interval that drapes the surface of downstream accreting barform in B. 

D) Gradational planar laminations that compose the majority of the barform pictured in B and 

indicate upper-flow regime and high deposition rates. 
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Figure 5.8. Predicted catchment area of the California paleoriver using our probabilistic source-

to-sink methodology and inputs detailed in Figure 5.3. The median output of out preferred 

scaling relationship (Qmax) and alternate scaling relationship (Q99.87) are both within the range of 

catchment areas corresponding to the far-traveled California paleoriver hypothesis (orange field; 

see Fig. 5.6). Predicted catchment areas in agreement with the local recycling hypothesis make 

up only 4% of our simulation outputs, while predicted catchment areas in agreement with the far-

traveled California paleoriver hypothesis make up 40% of our model runs.  
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Figure 5.9. Interpreted extent of the Colton fluvial fan system based on statistical estimates of the 

apex position based on composite vector means of measured paleocurrents from the lower 

Colton Fm. at eight field locations. Statistical estimates of confidence intervals and apex 

locations are made using two methods from Owen et al. (2015). Downdip and lateral extent of 

fluvial fan are based on changes in proportion of fluvial channel fill facies across the exposure in 

the Roan Cliffs and in subsurface core descriptions. 
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CHAPTER 6 

CONCLUSIONS TO DISSERTATION 

6.1 Summary Conclusions and Contributions 

 This dissertation primarily addresses the provenance of the Latest Paleocene to Early 

Eocene Colton-Wasatch Fm. in the Uinta Basin, UT. To achieve this, an actualistic approach was 

applied and new scaling relationships between discharge and catchment area in modern rivers are 

developed. These scaling relationships are then tested on a number of ancient river systems using 

a new probabilistic source-to-sink methodology. Finally, the new method is applied to the 

Colton-Wasatch Fm. This dissertation suggests that the California paleoriver hypothesis is the 

most likely provenance of the Colton-Wasatch Fm. Other key conclusions from Chapters 2, 3, 4 

and 5 are described below. 

6.2 Conclusions and Contributions of Chapter 2 

 Chapter 2 describes the sedimentology and stratigraphy of the Colton Fm. in the Uinta 

Basin. The Colton Fm. is interpreted as deposited by a river with erratic hydrology influenced by 

punctuated greenhouse climate-change events in the Early Eocene. The depositional architecture 

of the deposit is consistent with a large fluvial fan system that prograded into paleolake Uinta in 

response to climatic forcing, and subsequently back-stepped as regional climate restabalized.  

6.3 Conclusions and Contributions of Chapter 3 

 Chapter 3 addresses discharge variability in modern rivers. A new classification scheme 

of river hydrology based on daily gauging data is developed that separates persistent, seasonal, 

and erratic rivers. Average discharge is demonstrated to be a flow event of variable magnitude 

and recurrence interval in rivers with different hydrology. New scaling relationships developed 

between 99
th

 percentile and higher magnitudes of discharge and catchment area are shown to be 

more characteristic of the discharge yield of a catchment and the recurrence interval of a flow 

event across hydrological regimes. 
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6.4 Conclusions and Contributions of Chapter 4 

 Chapter 4 applies the scaling relationships developed in Chapter 3 to six ancient river 

systems of variable size, climate, and hydrology. To reduce the impact of the inherent 

uncertainty in source-to-sink analysis, a probabilistic approach is taken and Monte Carlo 

simulations are used to predict the size of ancient river catchments. Sedimentological and 

stratigraphic criteria are discussed for interpreting what recurrence interval and magnitude flow 

event different river systems are in geomorphic equilibrium with. The impacts this distinctions 

have on the probabilistic source-to-sink method are analyzed. The limitations of the method are 

addressed; including the appropriate catchment size range for application, inherent conservative 

bias of median estimates in lognormal outputs, and the importance of using trunk river deposits 

for paleoreconstruction. The utility of probabilistic source-to-sink methodology in quantitatively 

evaluating the relative likelihood of multiple working hypotheses of the catchment area of an 

ancient river system is discussed. 

6.5 Conclusions and Contributions of Chapter 5 

 Chapter 5 takes a source-to-sink approach to analyzing the provenance of the Colton-

Wasatch Fm. in the Uinta Basin. The probabilistic source-to-sink method is applied to show that 

the California paleoriver hypothesis is the most likely provenance of the Colton-Wasatch Fm. 

The hydrology of the California paleoriver was highly flood and drought prone, and is an 

example of a river system larger than any modern river with erratic hydrology today. The 

California paleoriver was one of a series of Early Eocene rivers in the remnant Cordilleran 

foreland basin that terminated in the greater Green River lake system, and were part of a sub-

continental scale endorheic drainage basin. External southwesterly drainage from the Colorado 

Plateau could not have initiated until after the Early Eocene. 
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APPENDIX A 

SUPPLEMENTAL INFORMATION FOR CHAPTER 1 

Appendix 1: (Appendix 1a.pdf, Appendix 1b.pdf, Appendix 1c.pdf) “Revisiting the Depositional 

Environment and Provenance of the Wasatch Formation in the Uinta Basin, Utah: Implications 

for the Early Eocene Paleogeography of Western North America” presented at AAPG ACE 

Denver 2015. Includes a subsurface characterization of the Northern Wasatch fan delta systems. 

Includes facies interpretations, facies associations, and detrital zircon provenance work. 

Appendix 2: (Appendix 2.pdf) “Scaling the California paleoriver: a source-to-sink approach 

applied to flashy fluvial deposits in the Early Eocene Wasatch and Green River Formations, 

Uinta Basin, UT” presented at GSA Baltimore 2015. Methodology and results for experiment 

using channel widths measured in satellite images of modern fluvial fans and assessing the 

resultant error in predicting catchment area. 
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APPENDIX B 

SUPPLEMENTAL INFORMATION FOR CHAPTER 3 

Appendix 3: (Appendix 3.xls) Summary discharge metrics from analysis of gauging records of 

415 modern rivers supplied by the Global Runoff Data Centre, Germany 

Appendix 4: (Appendix 4.xls) Discharge yields of rivers grouped by hydrology, outlier 

identification for discharge yields, and analysis of statistical similarity of population means of 

discharge yields for rivers with different hydrology. 

Appendix 5: (Appendix 5.xls) Flow recurrence intervals for rivers grouped by hydrology, outlier 

identification for recurrence intervals, and analysis of statistical similarity of population means 

of recurrence intervals for rivers with different hydrology. 
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APPENDIX C 

SUPPLEMENTAL INFORMATION FOR CHAPTER 4 

Appendix 6: (Appendix 6.xls) Sensitivity analysis for Monte Carlo simulations for ancient river 

catchments. Ten trials were run for each system and the median output is recorded. For the 

Ferron, Dunvegan, and Baharia systems 5,000 simulations were run, and for the Kayenta, 

Colton-Wasatch, and McMurray systems 10,000 simulations were run. We calculated what 

percent of the average median output the range of the simulation outputs were, and in all cases it 

was < 2.5%.


