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ABSTRACT

Fluvial systems are important hydrocarbon reservoirs around the globe, including the
high net-sand content fluvial reservoirs of the North Sea and thedesand content Mungaroo
of offshore Australia. Despite their economic significance, fluvial successions are a challenging
reservoir type to predict, characterize, and model. Because large amounts of hydrocarbons are
stored in subsurface fluvial reservoirs, understanding the stratigraphic expression of external
(allogenic) and internal (autogenic) forcing mechanisms at multiple scales is key to predicting
reservoir connectivity from the large basin to the small bar scale.

At the basin scale this dissertation quantitatively compares and contrasts the influence of
lateral boundary conditions on fluvial channel belt stacking patterns. Specifically, how the valley
confined Dakota Sandstone is inherently different than the unconfined lower Wasatch Formation
in regards to clustering, compensational stacking, and connectivity (Chapter 2). Results from this
chapter document that the confined Dakota Sandstone has stronger clustering, lower
compensation stacking and higher connectivity than the unconfined lower Wasatch Formation.
However, both systems show similar longitudinal trends in these characteristics.

At the channel belt scale (Chapter 3), this dissertation puts forth process-based theory
coupled with satellite, seismic, outcrop, and numerical experiments to document how the
autogenic morphodynamics of the sediment routing system control the planform shape of
channel belts. Specifically, that the erosion coefficients of the subjacent and lateral material
determine the final channel-belt morphology given long enough residence time on the floodplain.

At the smallest spatial scale, the bar scale (Chapter 4), this dissertation uses facies
proportions and sedimentary structures coupled with a paleomorphodynamics workflow to

document persistence or transience of mean flow velocity. This in turn was used to infer



perennial and ephemeral flow conditions. Furthermore, this chapter documents that allogenic
signals can either be preserved or shredded by the stratigraphic filter depending on the accretion
style of the channel belts. Intra channel-belt signal preservation comes at the expense of basin-
scale preservation, where either channel stacking patterns or barforms record the allogenic signal

but not both.
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CHAPTER 1
INTRODUCTION AND DISSERTATION FORMAT
This is the introduction to the dissertation. Herein, | discuss general background on
fluvial systems, and the format of this dissertation. This chapter is divided into three parts. First,
background information on fluvial system, followed by the organization and topics of each

chapter, and finally references.

1.1 Introduction to Fluvial Systems

The stratigraphic expression of fluvial systesgnportant from both scientific and
resource extraction perspecives. Scientifically, fluvial systems provide insights into past
environments on earth. A large portion of human population lives on or near active river
channels which makes understanding how fluvial systems evolve important. From a resource
extraction perspective, fluvial strata host large amounts of hydrocarbons,isvamdimportant
economic factor for many countries. Despiteir economic significance, fluvial successions are
a challenging reservoir tyge characterize and model (Shepherd, 2009; Pranter and Sommer,
2011). Advances modern 3D seismic have made imaging fluvial successions much easier, but
attenuation of seismic wavasreservoir depth resulis resolution of only  § & meters. This
coarse resolution does not provide insight into the internal architectureasiacies
distributions and bed styles, or the interconnectedness of sandstones between adjacent channel
belts, or the reservoir properties of fluvial channel belts. Well logs and cores provide high-
resolution documentation of the internal characteristics of channel beltasarchitecture and
facies. However, they only provide a 1D vertical profile through the channel belt (Shepherd,

2009).As such, predicting the connectivity within channel battthe bed scala higher



dimensions proves problematicthe subsurface. However, well-exposed outcrops provide high-
resolution 2 and 3-dimensional exposures thate usedn reservoir modeling and prediction.
1.2 Dissertation Format

This dissertatioms composed of three Chapters that havenisetbmittedo peer-
reviewed journals, and are descriledletail below. Each chapterformatted accordigto the
journalto whichit is submitted. Therefore, each chapter will contain a separate abstract,
introduction, geologic setting, data and methods, discussion, conclusion, and references.

In this dissertation, | use a multi-scale statistical process-based stratigraphic tnethod
guantitatively document fluvial systenms3 distinctive but broadly integrated studies.

x Chapter 2- Chapter 2 deals with how fluvial channel belts move over million year time

scalesDW WKH EDVLQ VFDOH cchmrals] SudeificBlif) GovdlaiedaR JH Q L

boundary conditions influence channel-belt stacking patterns in a down-current transect
(Figure 1.1a). Furthermore, Chapter 2 emphasizes how channel belts are connected to
one another in 3 dimensions. Understanding how lateral boundary conditions influence
channel-belt stacking patterns and connectivity for unconfined and confined is important
for optimizing well placements for oil and gas production.

x Chapter 3- Chapter 3 of this dissertation concentrates on shorter time scales (100-500

years) DQG VSDWLDO VFDOHV TV Rl PHNWBhApé ofDQG DXWRJ

ancient and modern river channels. This chapter deals with how the shape of channel

belts are controlled by the hydrodynamics within the active channel as it migrates across

the landscape (Figure 1.1b). This part of my research again is critical for oil and gas

exploration as 3D seismic can image channel belts, but not the internal characteristics



(e.g. facies, bar accretion type) within the channel Batthermore, this chapter is
important for modern day land use around modern rivers.

x Chapter 4- Chapter 4 focuses on the shortest time scales (seconds-100 years) and
spatial scales (microns-meters) associated with goagmain interactions. This Chapter
guantitatively documents the spatial location of facies within 5 selected channel belts.
Additionally, this Chapter uses grain size and a paleomorphodynamic workflow to
document how the hydrodynamics within the channel belt changed over these short time
scales (Figure 1.1c). This is important for two reasons, (1) it provides a quantitative
method to model channel belts for reservoir characterization, and (2) it documents how
flow processes changed within channel belts without being able to directly measure it.

x Chapter 5- This final chapter discusses how Chapters 2-4 have increased our scientific
understanding of fluvial systems at different temporal and spatial scales.

1.3References
Pranter, M.J. and N.K. Somm&011, Static connectivity of fluvial sandstones in a lower

coastal-plain setting: An example from the Upper Cretaceous lower Williams Fork
Formation, Piceance Basin, Colorad@PG bulletin 95, 899-923.

Shepherd, M 2009 Meandering Fluvial Reservoirs. In Shepherd, M., Oil field production
geology: AAPG Memoir 91, p. 261-272.
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Figure 1.1. Comparison of the different spatial scales of fluvial systems documented in
this dissertation. (A) A schematic cross section through a basin showing channel belt
stacking patterns. The channel belt in (B) is outlined by the dashed rectangle. (B)
Schematic 3D diagram of a meandering fluvial channel belt showing channel belt
morphology and channel sinuosity. The cross-section in part (C) is outlined by the
dashed rectangle. (C) Schematic diagram of the intra channel-belt facies within the
channel belt in part (B) documenting bedset scale facies changes.



CHAPTER 2
THE INFLUENCE OF LATERAL BOUNDARY CONDITIONS ON FLUVIAL CHANNEL-
BELT CLUSTERING, COMPENSATION AND
CONNECTIVITY: LOWER WASATCH FORMATION

AND DAKOTA SANDSTONE, UTAH

A paperto be submittedo Sedimentology

J.R. Pisel,D. R. Pyles, M.A. Kirschbaum
2.1 Abstract

Fluvial channel-belt clustering has recently been documented using quantitative metrics

for systems dominated by autogenic controls. Furtherntdnas been long recognized that
allogenic forcing (tectonic and eustatic controls) can teadnfinement of fluvial systems,
resultingin clustering of channel belts. Howevty date no study has quantitatively documented
the differences channel-belt clustering, compensational stackinghannel belts, and intra
channel-belt connectivityn unconfined and confined systems. Heraia,quantitatively
compare world-class outcropsariunconfined fluvial system (Paleocene lower Wasatch
Formation), with outcrops of a confined fluvial system (Cretaceous Dakota Sandstone).
Furthermorewe develop two new methods quantitatively document channel-belt clustering
and intra channel-belt connectivity. Using these new methods, and other previously developed
methodswe documentinincreasen channel-belt clustering and intra channel-belt connectivity
down dipin both systems. Additionallyye find that channel belts within the unconfined system
stack more compensationally than thosthe confined system. These new methods and

empirical relationships can be appliedluvial reservoir prediction and modeling. The



workflows are important for predicting intra channel-belt connectivity, and accurately modeling
unconfined and confined fluvial systemsthe oil and gas industry.
2.2 Introduction

Compensational stacking and clustering are important measustatigraphic
architecturan fluvial successions (Strauwtal., 2009; Hajeletal., 2010). Furthermore,
connectivity between fluvial channel belésanimportant measure for understanding Howds
move through subsurface reservoirs. Howettedate no study has used quantitative methods
relate compensational stacking and clustetingpnnectivity. Hereinwe use previously
developed metrics, modified methods, and newly developed medthqdantitatively relate
compensational stacking and clusteriagonnectivityin fluvial stratigraphy.

Channel-belt stacking patterns describe how channelized deposits are spatially located
relativeto one another (Allen, 1978; Clark and Pickering, 1996; Steaah 2009). Two
methods usetb describe stacking patterimsfluvial systems are: (1) clustering and (2)
compensational stacking. Clustering referghe groupings of channel-belts relatteeeach
other, whereas compensational stacking refers to the tendeagediment transport systém
fill topographic lows (Strauktal., 2009; Hajelet al., 2010). An additional measure,
connectivityis neededo document interconnectedness of sandstonadjacent channel belts.
This measure directly relatesreservoir connectivity, which refets the amount of a
hydrocarbon reservoir tha connectedn a given volume (Larue and Hovadik, 2006). Whereas
clustering, compensational stacking and connectivity studies have been independently conducted
in autogenic dominated systems (e.g. Stretidd., 2009; Hajelet al., 2010; Funletal., 2012)
the relationships between these parameters, nor the cross-sectional and plan-viei shape

clusters, has not yet been documented for both autogenic and &lldgennated systems.



This study broadly categorizes fluvial systems into two categories baskdir degree
of lateral confinement relativi® channel-belt size: confined and unconfined. Confined systems
in the modern are recognizbg two primary characteristics: (1) their plan form geometries are
overall rectilinear elongate featurasthe basin scale, and (2) the lateral extents of the system are
controlledby laterally adjacent topographic highs, saslvalley walls, generated during sea-
level fall, orin uplifting terrains, or tectonically generated topography sssehfault scarps
(Figure 2.1b). Whereas the forcing mechanisms have been hotly debated (Holbrook, 2010;
Strong and Paola, 201@ye simply group all confined systems on the basis df gometric
patterns. Previous workers have defined valley confined sysieimsised valleys, rift confined
systems, and longitudinal systemsompressional terranes (e.g. Van Waganet., 1990;
Dalrympleetal., 1994; Posamentier and Allen, 2001; Strong and Paola, 2008; Bhattacharya,
2011; Holbrook and Bhattacharya, 2012; Bletal., 2013Li and Bhattacharya, 2013).
Unconfined systems are recognizedhe moderrby two primary characteristics: (1) their large-
scale plan form geometries are radially dispergiv@ape, and (2) the only topographic relief
within the systenis generatedby channel beltasthey avulse across the floodplain (Figure
2.1a). Unconfined systems have been called fluvial megafans, distributive fluvial systems,
terminalfans, and losimean fans (e.g. Geddes, 1960; Kumar, 1993; Kelly and Olsen, 1993; Singh
etal.,1993; Stanistreet and McCarthy, 1993; Sinha and Friend, 1994; Gupta, 1997; Nichols and
Hirst, 1998; DeCelles and Cavazza, 1999; Horton and DeCelles, 2001etlaie2005; Hartley
etal., 2010; Weissmaret al., 2010; Buehleetal., 2011; Davidsoetal., 2013). This study
focuses on exceptionally well exposed outcrops of the unconfined lower Wasatch Formation, and

a set of world class exposures of the valley confined Dakota Sandstone (Figure 2.2).



Previous studies have documented that lateral boundary conditions present during
deposition (allogenic controlled) have strong impacts on channel-belt density and net-sand
content (Bridge and Leeder, 1979). The goal of this swthyquantify the following: (1) the
relationship between clustering and compensation, (2) the relationship between connectivity and
clustering, and (3) the plan-view shape of clustenfined (allogera) and unconfined
(autogenic) fluvial systems. This reseaiximportant because fluvial systems are significant
hydrocarbon reservoirs around the globe, including the high net-sand content fluvial reservoirs of
the North Sea (Labourdette and Jones, 2007) and the low net-sand content Mungaroo of offshore
Australia, and the Kern River field of California (Shepherd, 2009; Stoner, 2010). Despite their
economic significance, fluvial successions are a challenging reservototypedict,
characterize, anchodel (Shepherd, 2009; Pranter and Sommer, 2011). Seismic and well data are
usedto constrain the geometof fluvial reservoirs, however, fluvial architecture and
connectivityis often below seismic resolution and well logs provide only a 1D profile (Shepherd,
2009). Because large amounts of hydrocarbons are stosetisurface fluvial reservoirs,
understanding how connectivity and channel-belt stacking patternsteelateral confinement
is critical to creating accurate subsurface models ¢habe ugdto maximize economic
viability of these fields.

2.3 Geologic Setting

The unconfined lower Wasatch Formation and confined Dakota Sandstone are two end
membersn the spectrum of confined-unconfined (respectively) boundary conditions. The
Wasatch Formation of the Uinta Bagmneastern Utah contains excellent exposures of a low net-
sand content unconfined fluvial system (Ford and Pyles, 2014). The Uinta8asin

longitudinally asymmetric, foreland basin locatecdhortheastern and central Utahthe core of



the Laramide structural province (Figure 2.2a). The 24,000basinis bounded on the north,
east, and southy the Uinta uplift, Douglas Creek arch, and Uncompahgre uplift, respectively
(Figure 2.2b). The San Rafael uplift and Sevier foldthngbst belt delineate the western margin
of the basin (Dickinsoetal., 1988; Montgomery and Morgan, 1998). From the Paleocene
through the Eocene, flexurally induced subsidence within the Uinta basin provided
accommodation for deposition of lacustrine strata of the Green River Formation and fluvial strata
of the Wasatch Formation. Lacustrine sediments are surrobyakzltaic and fluvial strata of
the Green River and Wasatch Formations; signifying internal drainage (Picard, 1955; Keighley
al., 2002).

Paleocurrent directiona the southern outcropd the Wasatch Formation document that
the fluvial systems flowed north and northeast towards the center of the basin (Dietialson
1986; Dickinsoretal., 2012; Ford and Pyles, 2014). The Wasatch Formetidimided into
three units based on net-sand content, each bolnydsmimpound paleosols: the lower, middle,
and upper Wasatch (Ford and Pyles, 2014; Sendziak, 2012). The low net-sand content fluvial
deposits of the unconfined lower Wasatch Formation are the focus of this study. The unconfined
lower Wasatch Formation outcrops are located along the southern margin of the Uinta basin west
of the modern Green River, and have excellent exposures of channel belts, crevasse splays, and
floodplain fines.Three strike-oriented outcrop exposures locatesiiccessively down paleodip
positions were usetd address the goals of this study (Figure 2.3). The lower Wasatch outcrops
range from 50 2.5 km wide, are 300 m tall, and span 3 km longitudinally down paleodip.

The Cenomanian Dakota Sandstone of the now dissected Sevieintsitral Utah
containsan exceptionally well exposed valley-confined fluvial system deposited near the crest of

the Sevier forebulge (Kirschbaum and Schenk, 2010). The longitudinally asymmetric, laterally



continuous 2,500,000 KnBevier basin was boundesithe wesby the Sevier fold and thrust

belt andto the easby the intercontinental arch (DeCelles and Coogan, 2006). The forebulge of
the basin during the Cenomanian was located in the area now ocbypedSan Rafael Swell.
Thisis documentedby visible thinning of Cenomanian strata eastward over the Swell, and
thickening of the strate the west into the Sevier basin foredeep (DeCelles, 2004).
unconformably overlies th€edar Mountain Formation, and conformably overlaity the

Tununk member of the Mancos Shale (Kirschbaum and Schenk, 2010).

The Dakota Sandstome the study area has been interprddgdirschbaum and Schenk
(2010)to beanexceptionally well preservdtuvial system confined within a valley. The
preservation of dominantly fluvial channel befisiniqueasmost incised valley systems are
typically filled with estuarine deposits (Kirschbaum and Schenk, 2010). Channel belts are
composed primarily of downgamaccreting bars the lower Dakota, whilen the upper
portion channel belts contain a balance of downstream and laterally accreting bars. Paleocurrent
measurements document that the fluvial systems fldadee northeast (Kirschbaum and
Schenk, 2010).

The confined Dakota Sandstone outcrops are located along the viesbeof the San
Rafael Swell, near Mesa Butte, and have excellent exposures of channel belts, crevasse splays,
and floodplain fines. Three strike-oriented outcrop exposures loicesedcessively down
paleodip positions were usemladdress the goals of this study (Figure 2.4). The Dakota outcrops
range from 1o 2 kmin width, are 20 m tall, and span 2.5 km longitudinally down paleodip. The
apparent channel-belt clustering, excellent exposure, and large size of both outcrops provides a
natural laboratoryo quantify clustering, connectivity, and channel belt stacking patitetosth

unconfined and confined fluvial strata. For both the confined (Dakota Sandstone) and unconfined
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(lower Wasatch Formation) systems, the cross sections are sp@ac2#rh down dip from one
another.

Whereas the depositional setting of the lower Wasatch Formation and Dakota Sandston
vary (unconfined and confined) there are notable similaritiésrms tectoit setting,
paleoclimate, duration of deposition, primary channel-belt facies, vertical chartggs
accretion types, and channel-belt aspect ratios (Table 2.1). The similarities between the two
systemst thetime of deposition further provides constraints that the major difference between
the systemss the degree of lateral confinement.

2.4 Dataset and Methods

The following data was used address the questions of this stutlyhalf-meterto
decimeter resolution measured sections documenting lithofacies, 2) high-resolution photo panels,
3) paleocurrent measurements, and 4) laser rangefinder measurements. Geologic maps, GPS
points, and photo panels were usedocument features walked ontthe field, while laser
range finding was usdd constrain spatial positions and dimensions of the data. These initial
data were collectively used generate additional information about the outcrop: 1) spatial
locations of channel belts and their centroids, and 2) channel-belt orientations, and 3) channel
belt dimensions.

The influence of lateral boundary conditions on channel-belt stacking patterns was
investigatedn context of clustering, compensational stacking, and conneabividigannel belts.
Clustering was analyzed using the followirglL S O K fufistion, point density maps, and a new
method develop herein based on the Manhattan Dist&8reQompensational stacking was
evaluated using the modified compensation ind&y) (Connectivity was evaluated using a new

methodology developed herein refertedsthe Gamma Index. Each methsdliscussed below
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and appliedo the bothof the cross sections the confined (Dakota Sandstone) and unconfined
(lower Wasatch Formation) study areas.

Clustering of channel belts, describes the spacing of channel-belts relaashother
(Hajeketal., 2010). Hajeletal. (2010) used L S O Kifufistionto quantify clusteringf the
centroids of fluvial channel belis the Ferris Formation of southern WyomiriggL S OKI\ TV

functionis defined as:

Rl L)
i1

KQhy & !
izj

h=0 (1)

wherew(s,s) is a weighting factor or edge correction tisa¢qualto one when the
circumference of a circle centeratthe points and passes throughis completely within the
bounds of the study aréa andis a proportion when part of the circle falls outside the study
area, and(x) is the indicator function. Ripley also noted that for the edge correctioa
statistically significant should be less than one half the shortest length of the study area
(Cressie, 1991; Dixon, 2002).

5L S OKfufttionis a powerful methotb quantify clustering buat least three
potential shortcomings exist. First the Ripley K funci®a stationary point process designed
for isotropic media sucasstars, or trees when viewed on a map, andt@aésldress clustering
of anisotropic geometric shapes that occupy two dimensional gR&sgace), suchsthe cross
sections of channel belt&s such the approadby Hajeketal. (2010)is problematic. Second, the
length of the shortest side of the study direés the statistical range of the K functitm
distances much shorter than the study assawhole. For examplié a dataseis 300 m thick
and 5000 m wide, the K function will only allow for clustersta@5 min diameter. Third, the

Ripley K function does not identify direct connections between anisotropic shageDespite
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these potential shortcomingse use this metrito maintain continuity with earlier articles that
used this approach (e.g. Hagtal., 2010).

To supplement5 L S O Kifufistion,we usean approach developéday Diggle (1985), which
is anisotropic Gaussian kernel smoothing function for point data. This methiseédto contour
point densities for spatial data. Herein, the point density appaddaiggle (1985)is usedto
document the size, shape, and locations of channel-belt clusbath the confined and
unconfined systems, botih focus of cross-sections aimdmap view.

To address the shortcomings 6fL S O K fufistion discussed above for clustering

developed a new method for documenting channel-belt clustering, ismasdified from
Sheets (2004). Sheets (2004) developed a probability distribution function of the Euclidian
Distance between all pairwise combinations of the channel bases to quantify channel stacking
patterns. This methad robust for quantifying the average distance between channel bases and
documents multiple levels of clusterimgsynthetic datasets. However the method develbged
Sheets (2004) does not discriminktieral from vertical stacking, nor dogsaccount for the
anisotropyof channel belteén cross section (ietwidths and thicknessed)o account for these
shortcomingsye revise Sheets (2004) method. The new meihbdsed on the component
vectors of the Manhattan Distance (d), whikthe sum of the absolute differences of two

centroids, ands definedas

d(p.a) |lp qf | b, a ()

wherep andq are two component vectarstwo dimensional spad&®?) with Cartesian
coordinatesp, p2) and €, 0), respectively. The vector lengths are then normalgeaverage

channel dimension (width and thickness).
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X norm TX ! Ynorm Ty (3)
X y

where 0 [is the horizontal offset between channel belt centroidés the vertical offset between

channel belt centroids; is the average channel belt width, apds the average channel belt

thickness XnormandYnom are dimensionless, and allows systems with large chatonets

comparedo those with smaller channels. 2D probability density functions of the horizontal and

vertical Manhattan distances between channel centroids for all pairwise combinations (Figure

2.5a,b) documents the distributiondfThis modified methods herein termed thBR3method

for clustering Peaksn the histogram document clusters, or repeated lateral and vertical offsets

of channel belts (Figure 2.5).R3 histogram with peaks close O indicates closely spaced,

amalgamated channel belts, whereas peaks greater than 1 indicate spacing greater than 1 channel

belt width and thickness (Figure 2.5c). Complete spatial randomness creates histogram that

decreaseatthe same ratim the x and y dimensions and has pronounced anomalies. However

regularly spaced points resuita histogram with regularly spaced peakset distances.
Lompensational stackingthe tendency of a sediment transport system

preferentially fill topographic lows(Straubet al., 2009, p. 673). Over shaitne intervals, the

deposition of sedimers controlledby the morphodynamiasf the sediment transport system

and the local topography (Straebal., 2009). Over largdémme intervals however, the sediment

transport system has a higher likelihood of depositing sediment over a wider area within the

basin (Strautetal, 2009; Straub and Pyles 2012).

+HUHIHXVHG WKH PRGLILHG FRESGHQWDX\H R Q G W\WHOR SVH. G\
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EHWZHHQ B@MPHABVXUHG RYHU WKMHHUWFRGL MHRNERBSHQVDW I
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IURPWR g9 YDOXHY UDQMRJ LQBRFDWH FOXVWHULQJ RI GHSRVI
LQGLFDWH UDQGRP VWDFNLQJ SDWAMBH U@ VF ROPBG Y DWW HR QRO
SDWWHUQMW BWUDXEWUDXE DQG 3\OHV

Despite the advancés quantitative description of channel-belt stacking pattdittis,
guantitative data exists that relates large-scale stacking pdtiemsnnel-belt connectivity. The
term connectivitys used hereimsthe fraction of channel belts that are either directly connected
to one another or indirectly through another channel belt. Allen (1978) numerically described
how fluvial channel belts conneitt one anotheby documenting the average fractional contact
between all sides of the channel belts. Allen (1978) used residual area dstistyotal area of
sand bodies preserveadcross section dividelly the entire cross sectional area. Leeder (1977)
used a similar approatb describe channel belts and floodplain deposits, and his model took
into account sinuosity of channel belts. Leeder (1977) devised a probability fuloatiescribe
how channel beltsancontact one another basealdifferential compaction. Leeder (1977) also
devisedaninterconnectedness ratio that described the ratio of touching channetnelts
touching channel-belts, but neither method takes into account higher order connefctivity

channel beltso one another through intermediate channel belts. The method of connectivity for
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deepwater channels proposedrFunket al. (2012)is similarto the connectivity formulas of

Leeder (1977) and Allen (1978) but uses the fractional length of sand-on-sand contacts between
adjacent channels. Although the method of Feirdd. (2012)is useful for facies-scale

connectivity,it is much more difficulto apply globallyto large-scale outcrop3o address this

issue, herein a new methmddevelopedo describe connectivity. The new method describes
connectivity () asa function of the shortest path distance between centroids

. L (8)
L

Total

whereLcgis the lengthof the Bellman-Ford shortest path between two channel belt centroids
thatis within channel-belt elements, ahghy is the total Bellman-Ford shortest path distance
between two channel belt centroids (Bellman, 1956). Using this definitipmefthen define

connectivity  as

J —=r ¢ (9)

wheren,-; is the number of pairwise combinations of channel belts where the shortest path
between two centroids contained entirely within channel belig,is the number of connected

channel belts, andia the number of channel belts being evaluatetie algorithm. Z ranges

from Oto * where 0 indicates that no channels are connected and values greater than 1 document
that all channels are connected. High values of Z corredpaid3 histogram with peaks

between 0 and 1, whereas low values of Z correspma®3 histogram with peaks larger than 1.

Using the indexto describe connectivitys beneficial becausé not only documents

connectivityof adjacent connected channel belts, but also conneativittyannel belts that are
connected through intermediate adjacent channel belts. Furthermore, this method documents

element-scale connectivity arglbased on geometries and spatial locations of channel belts,
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whichis useful for understanding large-scale connectivity between channel belts Jimdar
to the method uselly Hovadik and Larue (2007) but does not use channel belt volumes.
2.5 Results

Herein, we present the results for channel-belt clustering, compensational stacking, and
connectivity for both the unconfined lower Wasatch Formation and confined Dakota Sandstone
from updipto-downdip. We then compare and contrast the two end-members in the spectrum of
lateral confinement.
2.5.1 Clustering

Three methods were used to document channel-belt clusterimg confined and
unconfined systems5 L S OK{ RB\point density maps). The results are summarized below.
Within the unconfined lower Wasatch,L S O Kifufidtion documents that the minimum
clustering distance decreases slightly fronia&0 m before increasintp 65 m longitudinally
down paleo-dip (Figure 2.6AMn contrast, within the confined Dakot&,L S O K fufistion
documents a decreaseminimum clustering distance longitudinally from 11t m down
paleo-dip (Figure 2.6).
For the unconfined Wasatch system R&method documents a change from predominantly

vertical stacking of channel beltsthe most updip outcrajp both lateral and vertical stacking
of channel beltén the most down dip outcrop (Figures 2.7 and 2.8). FurthermorB3heethod
documents that most channel belts are located within 5 average channel belt widths and
thicknessest all positions. However, the3 method documents a large distribution of distances
between channel belts, both vertically and lateiiallyhe unconfined lower Wasatch Formation
that changes from from laterally stacked channel behsore vertically stacked channel betis

the down-current direction, with most channel belts being located within 5 average channel-belt
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widths laterally, and 2.5 channel-belt thicknesses vertically (Figures 2.7 and 2.8). However, the
distribution of distances between channel bsltauch smallem the confined Dakota
Sandstone tham the unconfined lower Wasatch Formation.

Point density maps (Figure 2.9) were usedonstrain cluster widths, thicknesses, and
minimum lengths. Cluster widths the unconfined lower Wasatch Formation decrease from a
mean of 321 nin the updip outcropo a mean of 105 m for the medial outcrop, and 130 m for
the down dip outcrop (Figure 2.10a). Similarly, cluster thickness decreases from afrh24n
m in the up dip outcropo 84 m for the medial outcrop, and 81 m for the down dip outcrop
(Figure 2.10a). Cluster aspect ratios decreasell, from a neanof 2.5 for the up dip outcrop
to a mean of 1.3 for both the medial and down dip outcrops (Figure 2.10b). Cluster ienigéhs
unconfined system range from 36Q@8,080 m with a mean of 1,461imlength (Figure
2.10b).We acknowledge that these are minimum lengtis$he outcrop dataset limited in the
up and down-current direction. Therefore, the cluster lerggthbe significantly longer than
measuredh the outcrop datasets.

Cluster widthsn the confined Dakota Sandstone docunaemtverse trendo clustersn
the unconfined lower Wasatch Formatiemthe confined Dakota, cluster widths increase down
paleo-dip from a mean of 28 imthe up-dip outcropgp a mean of 48 nn the medial outcrop,
and finallyto a mearof 187 min the down-dip outcrop (Figure 2.10a). Cluster thicknesstds
confined Dakota follow a similar trend, with means oin20L7 m, and 19 min up-dip, medial,
and down-dip respectively (Figure 2.10a). These patterns nesuttown-dip increasa cluster
aspect ratios with means of 1.3, 2.6, and 9.6 for up dip, medial, and down dip respectively

(Figure 2.10Db). Cluster lengtivsthe confined Dakota system are much smaller than thdke
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unconfined lower Wasatch system with a minimum of 196 @b00m, and a mean of 606 m
length (Figure 2.10Db).

Building on cluster width and thicknesses compare cluster areéa number of channel
belts per cluster (Figure 2.11i. both systemsve document thaascluster area increases, the
number of channel belts per cluster increases following a linear trend (Figure 2.11). Meaning that
ascluster cross-sectional area increases there are more channel belts within the cluster.
Therefore, larger clusters have more channel belts within them than their smaller counterparts.

All these measured clustering document that thassindeed significant clustering both
the unconfined and confined systems fromtaxotown dip, but that the confined Dakota
Sandstone has shorter distances between channel belts than the unconfinédbsater
Formation. Additionally, th&3 method better documents spatial trends tharbtheS OKi \ § V
function, probably because the method takes channel-belt widths and thicknesses into account
along with the lateral and vertical offsets rather than just absolute distance.
2.5.2 Compensation

To complement the point-based clustering metrics that treat channedygtints,we
use the surface based compensation indgy {0 document differences compensational
stacking between the unconfined lower Wasatch and confined Dakota. Specifidadiih the
unconfined Wasatch and confined Dakota systespdecreases down dip. However, the
confined Dakota system has significantly lowgyvaluesat all transects than the unconfined
lower Wasatch System. Meaning the unconfined lower Wasatch channel belts stack more
compensationally than their confined counterpamntshe unconfined lower Wasatch systegy

decreases from 0.98 0.81to 0.74in the down-dip direction (Figure 2.6), documenting a
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decreas@ compensational stacking. Similarly, the confined Dakota system documents a
decrease from 0.86 0.70to 0.68in the down dip direction (Figure 2.6).
2.5.3 Connectivity

The global connectivity index documents that both the unconfined and confined
systems increasae connectivity down dip (Figure 2.6). The unconfined lower Wasatch
Formation has 0.54%f channel belts connect@dthe updip outcrop, 1.05% of channel belts
connectedn the medial outcrop, and 1.728%channel belts connectedthe down dip outcrop
(Figure 2.6)In comparison the confined Dakota Sandstoneahasderof magnitude greater
connectivity, where 3.70% of channel belts conneictede up dip outcrop, 5.88% of channel
belts connecteth the medial outcrop, and 6.25% of channel belts connectde down dip
outcrop (Figure 2.6).

2.5.3 Synthesis

Channel belten the unconfined lower Wasatch Formation are less clustered than their
counterpart$n the confined Dakota Sandstone. Furthermore, compensational statkhannel
beltsis higherin the unconfined lower Wasatch Formation tivathe confined Dakota
Sandstone. Finally, the unconfined lower Wasatch Formation has lower connectivity values than
the confined Dakota Sandstomganorder of magnitude.

Longitudinally, the unconfined lower Wasatch Formation has a documented decrease
compensational stacking and cluster width and thickimesslown-current direction.
Furthermore, the unconfined lower Waddhhas a documented increaseslustering and
connectivityin the down-current direction (Figure 2.12). The confined Dakota Sandstone has a
decreasén compensational stacking, bartincreasen average cluster widtin the down-

current direction while cluster thickness remains constant. Additionally, the confined Dakota
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Sandstone has a documented incra@astustering and connectiviip the down-current
direction (Figure 2.12).
2.6 Discussion
Quantitative methods for evaluating clustering, compensation, and connectivity document
some key differences between stratigraphic stacking patteting confined Dakota Sandstone
and unconfined lower Wasatch Formation. Firgt,and minimum clustering distance, using
5L S OKfufttion, are weakly related (Figure 2.13). The unconfined system follows a
logarithmic decay, while the confined system follows a logarithmic increase. Second,
connectivityis weakly relatedo the minimum clustering distance (Figure 2.%8 the
minimum clustering distance increas@anectivity decreases for the confined system, and
increases for the unconfined system following a linear trend (Figure 2.13). Third, connetivity
directly relatedo compensational stacking (Figure 2.183.the compensational stacking()
increases with increasing compensational stacking of channel belts, connectwityin both
the confined and unconfined systems decrease following a power law (Figure 2.13).
7KH PLQLPXP FOXVWHULQJ GLVWDQFH FbeZBXmana/HG E\ 51
clear trends from up to down dip in the unconfined and confined systems. We attribute this to the
anisotropic shape of channel belts, specifically that their geometric shapes limit how close
channel belt centroids can be located to oneléndty 6 LPLODUO\ WKH ZHDN WUHQC
IXQFWLRQ DQG WKH FRHIILFLHQW RI YDULDWLRQ LQ )LJXUH
K function for documenting clustering of channel belts. If minimum clustering distance was
directly related to compensational stacking of channel belts, a much stronger correlation would

exist. That is, as compensational stacking increases, the minimum clustering distance should
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reach a steady state and not increase significantly, as the channel belts should not be able to stack
any further apart laterally.

Cluster dimensionsanbe usedisa proxy for strength of lateral confinement. Large
clusters have fewer connected channel belts, while small clusters contain more amalgamated
well connected channel belts (Figure 2.11). The deciaadester dimensions the down-dip
direction for both systems resuitsbetter connectivity between channel belts. Criticallg,
propose that the shapéchannel-belt clusteis directly controlledby the lateral boundary
conditions (confined or unconfined) presatithetime of deposition. Clusteris confined
systems have significantly higher aspect ratios than thdbeir unconfined counterpariss
confinement decreases, clusters remchspect ratio of close 1.

We document for both the confined Dakota Sandstone and unconfined lower Wasatch
Formation thatsclusters become largar cross-sectional area, the number of channel ivetts
cluster increases linearly. The clustershe confined Dakota are smallarcross-sectional area,
and have fewer channel belts than the larger unconfined Wasatch cM&éngothesize that
the lateral confinemeiiimits the size of the clusters, forcing clusterdecome onlaslargeas
the valleyin which the channel beltseconfined. The unconfined Wasatchcontrast has a
larger depositional area over which channel belts can move, allowing clogbersome much
larger while channel belt dimensions remain constant. More isorkededo investigataf this
linear trend holds for systems with significantly larger channel belts and clusters.

For the unconfined lower Wasatch, fR8 methodin Figure 2.8 documents a down-dip
decreasén both lateral and vertical distances between channel belts. This means that the channel
belts are more closely spadedhe down dip outcrop, both laterally and vertically, than they are

in the up dip outcropiVe note that the majority of channel belts stack within 5 average channel-
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belt widths and thicknesses for all three outcrops. However, ithiess spreath the
distributionin the down dip outcrop than the up dip outcrop, whicis consistent with
documented cyvalues and increasing connectivityiiidex) values.

For the confined Dakota, th&3 methodin Figure 2.8 documents remarkably consistent
stackingof channel belts from up dige down dip outcrops. The spread of the distribution does
increasan the down dip outcrop, but again the majority of channel belts stack within 3 average
channel belt widths, and 1 average channel belt thicknedkthree outcropaiNe interpret this
patternto document less longitudinal variabiliof channel-belt stackingeternsin the confined
system thamn the unconfined system.

Data in Figure 2.6 documents the decrease in compensation from up to down dip for both
the lower Wasatch Formation (unconfined system), and the Dakota Sandstone (confined system).
This is similar to the longitudinal trends documented by Straub and Wang in an experimental
delta (Straub and Wang, 2013). However, in our case we hypothesize that the lateral boundary
conditions (valley walls) in the confined Dakota Sandstone have lowereg\thraeaning that
in addition to the watete-sediment flux ratio documented by Straub and Wang (2013),
confinement also has a first-order control on channel stacking patterns. Thus, some allogenic
forcing mechanisms such as confinement have an imprint in the stratigraphy. The controls on the
decrease incyin both the unconfined and confined systems are not well understood, however
we interpret this trend to be related to floodplain aggradation rates relative to channel migration
rates (Straub, Pers. Comm.), meaning that down-dip enhanced floodplain aggradation rates cause
the channel migration rates to decrease, resulting in fixed locations of the channels. In other
words, the channels form a contributory pattern resulting in vertical, rather than lateral stacking.

In both the confined and unconfined systems the accommodation within the basins at the time of
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deposition is interpreted to increase down dip, as the maximum subsidence during deposition
was located down dip from the location of the outcrop exposures, resulting in a longitudinal
increase in aggradation of the fluvial systems. While this explanation is plausible, we
recommend future studies to further address this pattern.

Connectivity increases in the down-dip direction for both the unconfined lower Wasatch
and the confined Dakota (Figure 2.6), however, the increase is much larger in the unconfined
system. The increase in channel-belt connectivity is directly related to the decrease in the
compensational stackingdy) and cluster dimensions (Figure 2.13). As the compensational
stacking (cv ) decreases down dip, channel belts become more closely spaced, and become
better connected. The empirical relationship between connectivity and compensational stacking

follows a power law decay:

o

JNy ) al, (10)
wherea is a leading coefficient,cyis the coefficient of variation, andis the degree of lateral
confinement and ranges from 0 for completely confined systenisfor completely unconfined
systems.

Confined systems have a much slower decrease of connectivity with increasing
compensational stacking than unconfined systems. This relationship sets the minimum value for
the coefficient of variatioin both systemsaswell asthe minimum connectivity within these
systems when channel belts are compensationally stackgell.0).In the unconfined lower
Wasatch Formation, av value of 0.33 would be needed for 100% connectivity between
channel belts. Conversel§,the channel belts are compensationally stacked wigg af 1.0,
only 0.37% of channel belts are connectadhe confined Dakota Sandstoneg value of 0.21

resultsin 100% connectivity, and fully compensational channel befig=(.0) have 2.52%f all
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channel belts connected. Highly compensational channel belts have low connectivity because
they are separatdy overbank fines. Strongly clustered channel belts have high connectivity

because they are direct contact with one another with no overbank fines separating them.

Overall,we document that the cluster dimensions derived from point density maps, the
R3 method, compensational stackingy ), and connectivity ( index)to be the most robust
methods for documenting channel-belt stacking patierfisvial systems. Furthermore, the
relationships between these megiprovide a conceptual framework for documented down-dip
changesn channel-belt stacking patterns and the roles of confineofi¢lutvial systems.
2.7 Applications

The relationships between channel-belt clustering, compensation and connectivity are
importantin the evaluation of subsurface fluvial reservoirs. For example becaugea surface
based method, seismic data and correlations from well logs can b esedliate the variation.

cv for the intervabf interest can then be used along vaittestimate of the degree of

confinement for the system. Using these three variablige power law connectivity equation
(equation 10), the intra channel-belt connecticaybe calculated. This important for
predicting the connectivity between channel bieltsparse well environments, and for making
well placement decisions during exploration and developmentistaidirect application of the
empirical results from the two end-member outcrops. Outcrops documented dysifay field
specific applications would be best suiteadtharacterizing the connectivity the subsurface
reservoirs, but the metrics are can be applied for both direct and indirect analogs assuming all

other boundary conditions are similar.
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TheR3 methodcanbe usedn stochasc geostatistical reservoir simulatiottsseed the
placement of channel belts, provided thisran appropriate outcrop analog. This inserts
relationships from natural systems into the model rather than just placing channel belts from any
number of random distributions.

2.8 Conclusion

Herein,we have quantitatively documented the following &orunconfined and a
confined fluvial system: (1) confined systems have stronger channel-belt clustering, less
compensational stacking of channel belts, and greater connectivity than their unconfined
counterparts, (2) longitudinal changeshannel-belt clustering, compensational stacking, and
connectivity, (3) cluster dimensions, and cluster shapes, and (4) two new wortkfloreslict
and model fluvial channel beléd the basin scale.

This study uses four methottsdocument clustering, compensational stacking, and
connectivity 5L S OKdfufiction,R3 Method, point density mapsgy, and the index)in both a
confined (Dakota Sandstone) and unconfined (lower Wasatch Formation) fluvial system. These
methods combined document the followirlgL S O Kifufadtion for clustering shows that
unconfined and confined fluvial systems have different minimum clustering distances, and no
major trend down din both systems. The3 method documents that channel belts stack closer
togethetin the confined system thamthe unconfined system. Ciritically, channel belts stack
closer togethein the down dip outcrops tham the updip outcrops of the unconfined lower
Wasatch Formation, while the confined Dakota Sandstone has consistent channel-belt stacking
patterns from upge-down dip. Next, from 3D channel belt density mapsdocument that
clusters become smaller down dipboth systems and that larger clusters have more channel

beltsby cross-sectional area. Using the coefficient of variatiedocument that confined
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systems have lowegy values than their unconfined counterparts, and thatalues decrease
down dipin both the unconfined and confined systems. Furthermore,itfitkex documents that

the confined Dakota has greater connectivity than the unconfined lower Wasatch System, and
that inter channel-belt connectivity increases downrdipoth the confined and unconfined
systems.

Finally, we develop a conceptual framework for applying these new methadservoir
prediction and modeling using the empirical relationship betennectivity and cy. We then
outline applications of the quantitative metrics for stochastic reservoir moddsusing data
directly from outcrop analogs.
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Figure 2.1. (A) Satellite images of modern unconfined fluvial system (Gilbert River, Northern Australia) and cross sectional
topography of the channel system. (B) Satellite images of modern confined fluvial system (Leaf River, Mississippi, USA), the
transect across the valley documents the lateral boundary conditions that confine the channel belts within the valley. (C) Cross
section of synthetic stratigraphy hypothesized for an unconfined system. (D) Cross section of synthetic stratigraphy hypothesized

for a valley confined system.
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Table 2.1. Table of the different documented characteristics in the confined (Dakota Sand-
stone) and unconfined (lower Wasatch Formation). Many of the key external boundary condi-
tions are the same in both systems, documenting that lateral boundary conditions were the
primary control on differences in stratigraphic architecture.

Characteristic

Unconfined lower
Wasatch Formation

Confined Dakota Sandstone

Duration of Deposition

800,000 years

12 m.y.

Primary Facies

Cross Stratified
Sandstone

Cross Stratified Sandstone

Primary Accretion Type

Downstream

Downstream

M ore lateral accretiol

M ore lateral accretion

Vertical changes in accretion type
g YH upwards upwards
Lateral changes in accretiontype More |ateral atl:cret.lor None
towards basin axis
Proportion of overbank muds High Moderate
Proportion of crevasse splays High Low
Average Width of Channel Belts 10 m 50 m
Average Thickness of Channel Bdlts 7m 4m
Channel Belt Aspect Ratios 10tol Dtol
Basin Subsidence Rate 0.3 mm/year 0.03 mm/year

Basin Setting

Foreland Basin

Foreland Basin

Average Grain Size

Fine-M edium

M edium-Coarse
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CHAPTER 3
ON THE RELATIONSHP BETWEEN FLUVIAL CHANNEL-BELT MORPHOLOGY AND
INTERNAL HETEROGENEITY: INSIGHTS FROM SATELLITE,

SEISMIC, NUMERICAL, AND OUTCROP DATASETS

A paperto be submittedo The Journal of Geophysical Research: Earth Surface
J.R. Pisel, D.R. Pyles

3.1 Abstract
Despite the visible differences between meandering and braided litlersyork has been done
to relate plan-view morphometric measures of active chatméie channel belt depositéeg
the migration of rivers. Hereimye use satellite, outcrop, and published numerical and seismic
datasetso investigate some process-based controls on channel-belt morpholatg/ and
relationshipto active channel morphologWe find that channel-belt morphologg controlled
primarily by the erodability of the substate, and the residénoeof anactive channel.
Channels that migrate slowly with long residence times rasalhoother channel belts than
those that migrate rapidly with short residence times. Internally this means that channel belts
with a high coefficient of variation (rugosity) width are more likelyo have more diverse
facies proportions than channel belts with a low coefficient of variation. Despite this, identifying
lateraly accreting and downstream accreting channel belts based on their morphology remains
difficult if the laterally accreting channel belt has had sufficient residene®n the floodplain.
The control of lateral and subjacent lithology on channel-belt morphdadagyportant for
targeting subsurface reservams3D seismic dataswell aspredicting channel movemeint

modern-day river corridors.
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3.2 Introduction

Fluvial channel-belt elements are the stratigraphic expression of the migration and
evolution of rivers over geologic time scale (Ford and Pyles, 2014). Two end-member types of
channel-belt elements are documented in modern and ancient fluvial systems, lateral and
downstream accreting (Ford and Pyles, 2014). However, predicting facies heterogeneity within
channel belts in the subsurface has remained challenging (Shepherd, 2009). Using modern rivers,
published numerical studies and outcrop analogs has aided in predicting internal heterogeneity
(Jordan and Pryor, 1992), but a quantitative relationship between the morphologies of modern
rivers, outcrops, numerical simulations, and 3D seismic data remains elusive.

Herein, we present, for the first time, a predictive method for using external channel-belt
morphology as a predictor of internal stratigraphic characteristics, such as active channel
morphology. This study uses four complimentary data sets (satellite images of modern channel
belts, published numerical simulations, seismic images of ancient channel belts, and
exceptionally well exposed outcrops of ancient channel belts) in a process based framework for
predicting channel morphology and ultimately the migration direction of modern fluvial
channels.

3.3 Data

Data was compiled from four primary data sources. The modern rivers analyzed from
saellite images span a range of latitudes from equatorial to arctic and tectonic regimes from
passive margins to intracratonic basins. The published numerical and physical simulations have
constrained sediment and water flux ratios. Seismic images are from a Pleistocene active rift

basin located near the equator; whereas the channel belts in the outcrop studies were deposited
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during a greenhouse climate in a foreland basin. Spatially, the dataset spans multiple orders of
magnitude from the physical experiments to the satellite images.
3.3.1 Modern Rivers tSatellite Images

In this study we selected 30 modern rivers (Table 3.1) using the following criteria. First,
the active channel and channel belt must be mappable from the satellite image (Figure 3.1).
Second, in multi-channel, anastomosed systems, the dominant channel is used rather than the
other smaller channels (Figure 3.1). Finally, the datasets of the rivers must contain a full meander
wavelength of the active channel. A range of sinuosity values documented in the dataset ensure
that the results are applicable to all different types of rivers, and not just end-member examples.

From the satellite images the following data were collected (Table 3.2): (1) mapped
lateral extents of the channel belts, (2) channel-belt witthls (3) active channel width$\(),
and (4) orientation of abandoned channels and bar form accretion surfaces (Figure 3.1). From
these remote sensed data, the following secondary data were calculated: (1) active channel
sinuosity P), (2) radius of curvatureR(), (3) bend curvatureR/W), (4) wavelengthl(), (5)
amplitude A), and (6) channel belt widthg\).
3.3.2. Ancient Rivers £Seismic Data

High resolution 3D seismic data were usedocument map-view patterns of ancient
fluvial channel belts and their associated abandoned channel fills, yielding a similar perspective
to the satellite-derived data that the planform morphology of the abandoned channel fill and
channel belt are discernable from the associated floodplain belt (e.g. Figure 3.2a).

We used seismic time slices from a dataset collected in the Gulf of Thailand included in
Samorn (2006). The seismic dataset has a frequency of ~70 Hz and the limit of detectability is ~6

m in thickness. The channel belts in the Gulf of Thailand dataset are Pleistocene to Holocene
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age, and were deposited the extensional Pattani Basin. We investigated five channel belts in
different time slices from this dataset. The channel belts were selected using similar criteria to
the channel belts in the satellite dataset. In all five cases the channel belts were created by single-
thread meandering rivers, and the channel abandonment fill records the final phase of the active
channel before abandonment and avulsion to a new location on the floodplain. From the seismic
time-slice images, the following data were collected: (1) mapped lateral and longitudinal extents
of the channel belts, (2) channel belt widths, (3) abandoned channel fill widihsd (4)
orientation of abandoned channels and bar form accretion surfaces (Figure 3.1; Table 3.2). From
this data the following secondary data was calculated: (1) channel abandonment fill si)osity (
which is analogous to active channel sinuodiy (2) radius of curvatureRf), (3) bend
curvature R/W), (4) wavelengthl(), (5) amplitude &), and (6) channel belt widthg\).
3.3.3. Ancient Rivers +Outcrop data

The second setf ancient fluvial channel belts documentedhis study, outcrops,
provide a similar perspectiasseismic datéen that the planform morphology of the channel
belts was documented rather than the cross-sectional stratigraphy. Howevemaddern
erosion only portions of the extents of the channel belts are preserved. Three world-class
outcropsin the Morrison Formation, Cedar Mountain Formation, and Dakota Sandstone were
chosen for this study because of the three-dimensional exposures of both laterally and
downstream-accreting channel belts (Figures 3.3, 3.4). The channel belts contain three-
dimensional exposures of bar accretion surfaces and sedimentary structures (Figure 3.4). The
spatial location of the paleocurrent indicators sastross-stratification, flutes, ripples, and
channel belt margins constrain the morphometric measurements of the ciraeaeloutcrop

andthe locations of sand dominated barforms.
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The Jurassic Morrison Formation of eastern Ugel80-200 m thick and composed of
the Tidwell, Salt Wash, and Brushy Basin Members (Figure 3.3) (Lupton, 1914; Gregory, 1938;
Peterson, 1988; Kjemperadal., 200§. The Morrison Formation unconformably overlies the
Jurassic Summerville Formation, asdincoformably overlaitry the Neocomian through
Albian age Cedar Mountain Formation (Currie, 1998; Kjempetad, 2008). The Morrison
Formation was deposited the back-bulge region of the foreland basin crebhyeitie Nevadan
Orogenyto the west (DeCelles and Currie, 1996; Currie, 1998).The Salt Wash Menabieigh
net-sand content fluvial system composédhannel belt and floodplain-belt elements (Cetig
al., 1955). Laterally and downstream-accreting channel-belt elements of the Salt Wash Member
are exceptionally well exposed three-dimensions south-east of Green River, Utah (Figure 3.4)
and are a part of this study. Paleocurrent measurements document the Salt Wash Member
channel belts flowed nortio north-east, transverse across the basin away from the thrust belt
the east towards the forebulge locaiethe west (Figures 3.3) (Currie, 1998).

The Lower Cretaceous Cedar Mountain Formation of easternidJt&hm thickin
eastern Utah and subdivided into 5 different Members, (1) Buckhorn Conglomerate, (2)
Yellow Cat Member, (3) Poison Strip Member, (4) Ruby Ranch Member, and (5) Mussentuchit
Member (Figure 3.3) (Garrisatal., 2007). The CeddMountain Formation unconformably
overlies the Jurassic Morrison Formation (Currie, 1988¢astern Utah the Cedar Mountan
unconformably overlaiby the Mowry shale whilén central Utaht is unconformably overlain
by the Cenomanian Dakota Sandst¢@ebban 2007; Kirschbaum and Schenk, 2010). The
Cedar Mountain Formation was deposiiedoth the backbulge and forebulge of the Nevadan-
Sevier basin (Currie, 1997). All members of the Cedar Mountain formation have been

documentedseither fluvial or lacustrine (Garrisatal., 2007). Both laterally and downstream-
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accreting channel-belt elements of the Ruby Ranch Member ounctio@e-dimensions south-
west of Green River, Utah and are a key part of this study (Figure 3.4). The Cenomanian Dakota
Sandstone of central Utah40 m thick and was deposited near the crest of the forebtithe
fully formed Sevier basin during the Late Cenomaniaanconformably overlies the Cedar
Mountain Formation, anig conformably overlaimy the Tununk Member of thdancos Shale
(Figure 3.3) (Kirschbaum and Schenk, 2002). The Dakota Sandstone study area has been
interpretedoy Kirschbaum and Schenk (2010@)bean exceptionally preserved fluvial system
confined within a valley. The preservation of dominantly fluvial channel Isalisiqueasmost
incised valley systems are typically filled with estuarine deposits (Kirschbaum and Schenk,
2010). Channel belts are dominantly downstream accrigtitige lower Dakota, while the upper
portion has both downstream and laterally accreting channel belts (Kirschbaum, pers. comm.).
Both stylesof channel-belt elements within the Dakota are exhusoddat they are accessible
in three-dimensions (Figure 3.4). Paleocurrent measurements document channel belts of the
Dakota Sandstorfbowed northeast, longitudinally paraltelthe Sevier thrust betb the east
(Kirschbaum and Schenk, 2010).

Within the Salt Wash Member of the Morrison Formation, Ruby Ranch Member of the
Cedar Mountain Formation, and the Dakota Sandstone six exiehaeckel-belt elemenis
total are documentad this study, twan eachformation (Figures 3.4)Ve document the
following characteristics: (1) strike orientation of bar forms, (2) dip orientations of ripples,
parting lineations, cross strata foresets and troughs, (3) laser range finding measurements of
channel-belt widths, and (4) abandoned channel fill widt¥)s From this primary data

secondary data includes: (1) channel abandonment fill sinuB$ityhichis analogouso active
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channel sinuosity, (2) radius of curvatuRg)( (3) bend curvatureR;/W), (4) wavelengthl(), (5)
amplitude A), and (6) channel belt widthg\) (Table 3.2).
3.3.4 Published Numerical Simulations

Fifty-seven numerical and physical simulations from published datasets were tiged
study, following the same criteria for the modern rivers documented from satellite images (Van
Dijk etal., 2012; Asahetal, 2013; Nicholagtal., 2013; Nicholas, 2013a; Nicholas, 2013b).
The 57 simulations contain only straight, low andderate sinuosity rivers (Table 3.2). The
numerical simulations have a mixture of sediment types and vegeataboth the channel belt
and floodplain belt (Asahetal, 2013; Nicholagtal., 2013; Nicholas, 2013a; Nicholas, 2013b).

From the simulations the following data were collected: (1) mapped lateral and
longitudinal extents of the channel belts, (2) channel belt widths, and (3) active channel widths
(We) (Figure 3.1). From this data the following secondary data was calculated: (1) active channel
sinuosity @), (2) radius of curvatureR(), (3) bend curvatureR/W), (4) wavelengthl(), (5)
amplitude A), and (6) channel belt widthgW,) (Table 3.2).
3.4 Methods

In this study we document both morphology of the channel belt and the morphology of
the active channel or final position of active channel when abandoned in all datasets and develop
a new method for quantifying channel-belt morphology using the coefficient of variation of
channel-belt widths. Furthermore, we measure active channel morphology using traditionally
used metrics such as channel widt})( sinuosity P), radius of curvatureR;), bend curvature

(Bc), wavelengthl(), and amplitudeA) (Figure 3.1).
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3.4.1 Channel-Belt Morphology

Fluvial channel-belt elements are the stratigraphic expression of the migration and
evolution of rivers over geologtane scale (Ford and Pyles, 2014) (Figure 3.1). Measures of
channel-belt morphology or "rugosity" have been propbsdéayenbergtal. (2014). The
different proposed measures use either perimeter line lengths of the channel belts, or centerline
perpendicular channel-belt width measurements. The measurestfadntitatively differentiate
between downstream and laterally accreting channel belts because downstream and laterally-
accreting charel belts have similar rugosity values. Building on this approaeldevelopedn
alternate measui channel belt rugosity using the coefficient of variatiGWg) whichis

defined as:

%@Lé—; (1)

where &} is the standal deviation of numerous widths from a single channel belt along a
downstream transect, and§s the mean of the populatiomm this measuregs & of channel

belt width approaches zerG\Vr approaches zeroﬂé<4 *% 8L 1. Also, as &dexceedds,, CVr
S o
goesto 1 (5553%5 i %8R 3.

We approach measuring channel-belt widtha different manner than has been formerly
used (e.g. Payenbeegal., 2014), whichs to measure width along a path norrt@the channel-
belt centerline. The issues with that approach are the following (Figure 3.B)highly rugose
channel belts the width measures often overlap whittwrn biases the measure; and (2) the
areas where thers more variatiorin channel belt width are samplatthe same resoluticss
the areas with less variation, potentially over emphasizing the straightrarekdionto the
more complex areas (Figure 3.5h address these issueg used a width calculation approach
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that adaptso the local morphology of the channel béftthis methodve first use Voronoi
polygonsto partition the channel belt within a convex hull (Figure 3.5). Voronoi polygons
contain one point withieachcell, and the boundaries between cells are equidistantifi®two
adjacent pointat all lengths (Voronoi, 1908We define points on the margin of the channel belt
asthe seed points for each Voronoi polygon. Once polygons are calculated for each channel belt,
we clip them within the channel belt polygon, meaning the generated Voronoi polygons define
the area within the channel belt (Figure 3.5). Nexetconvert the perimeters of the Voronoi
polygonsto lines (Figure 3.5). Thewe calculate the standard deviatio&] and mean width of
the channel beltT:§ from the Voronoi perimeter lines for the entire channel belt, whigh is,
turn, usedo calculateCVy (Equation 1) for each channel belt.

This approaclis much more robust than previously used mettasdse width measures
of the Voronoi polygons are highly sensitieeareas along the margin of the channel belt that
are highly complexn shape.
3.4.2 Active Channel Morphology

In contrasto the ancient rivers, where only channel belt morphology and abandoned
channel fillscanbe documented, the numerical and satellite datasets have channels that are
transporting water and sediment. The active channels are usedthepeamtitatively relate
sediment-transport processeshannel-belt morphology, and ultimatedypredict lithology of
the strata located the subjacent and latertiie channel belt.

Channel width \(\;,) is measured perpendicularthe active channel centerline from inner
to outer bank along the main channel (Figure 3.1). Sinud?jtis definedasthe distance along
the channeterterline dividedby the straight line distance for one meander wavelength of the

channel, anas oneof the most common measures usedompare modern rivers (Figure 3.1).
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Radius of curvatureR), is definedasthe distance from the channel inflection paoithe bend
apex for one meander wavelength (Figure 3.1). Bend curv&yres Calculatedy dividing the
radius of curvaturéy the width of the active channel (Figure 3.1) awondimensional.
Wavelength ) is measured from one bend agexhe corresponding apex after two inflection
points along the channel centerline (Figure 3.1). Amplitddés(definedasthe perpendicular
distance from one bend apex across the channeblibl opposing bend apex (Figure 3\Wge
use these measuresdocument the morphology of the active channel for all datasets, however
in the seismic and outcrop datasetsused a proxy for the active channel.

For the seismic datasete measure sinuosity using the abandoned channd fill
approximate active channmlorphologyat the time of abandonment. For the outcrop dataset
used methods proposbkg Le Roux (1991; 1994fp calculate sinuosity for the active channel
during deposition. This method uses the operational rahgaleocurrent orientations (Le Roux,

1994). Sinuositys calculated using the following set of equations:
< 2 %
2 L e@A 5EJAQ )
when the operational rangé s less than 180° and:
< 2 742 9%
2L e@A 5 C (3)
when the operational ranggegreater than 180°. The operational ran§dg definedas3.2 times
the circular standard deviation of the paleocurrent measurements. This caluétesrate
measure of sinuosity] given a large paleocurrent dataset from ancient channel belts.
The active channel measurements from the satellite, numerical, and seismic datasets were
then cross-plotted againSi/krto investigate relationships between channel-belt morphology and

active channel sediment transport processes that can be inferred from active channel morphology

(Figure 3.5)We then investigate how process-based controls influence the stratigraphic
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architecture of channel belts and infer internal heterogeneity from qualitative observations from
the outcrop dataset.
3.5 Results

Measure®f channel-belt and activekannel morphology span several orders of
magnitudan dimensional space, and vary significantly between datasets (Table 3.2). Rugosity
and sinuosity have significanly less variance than the other morphometric measshessare
normalized domains, but have significant spread nonetheless (Table 3.2).

Rugosity CVg) values for the channel belts from the satellite dataset range frono0.55
1.21 (Table 3.2), while rugosity values for the numerical simulations range frortro@35
(Table 3.2). The seismic dataset has rugosity values front®®61. Number of active
channels{) for all datasets range fromtd 9 (Table 3.2). SinuosityP] values vary from 1.0tb
2.69 for the satellite dataset, and 1t@©1.78 for the numerical simulations (Table 3.2). The
seismic dataset has sinuosities from 1®B.55, and the outcrop dataset has values oftt.11
1.73 (Table 3.2). Bend curvatuAW) varies from 1.7%0 14.1 for all datasets, while active
channel widths\\,) range from 8 nto 8,008 m (Table 3.2).

The plotsin Figure 3.6 documeittittle-to-no relationships between rugosig\g) and
active channel measurements. The cross-plot of rug@fy) @sa function of sinuosityR)
(Figure 3.6A) shows the most robust relationship between channel-belt morphology and active-
channel morphologyAt low sinuosity P) values, rugosityqVR) increases abruptly before
reaching a steady stadea value of approximately 0.7. Thaseno clear correlation between
channel sinuosity and internal heterogengitthe datasets. The channel belts with scroll bars do
not have any significantly higher sinuosity values than the sand prone braided channel belts

(Figure 3.4).
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Because empirical stratigraphic relationships between channel-belt morphology and
channel sinuositare not evident, belowve evaluate process-based controls on channel-belt
morphology, ando this endwe build upon the seminal work of Parker (1976), Iketal (1981)
and Suretal. (1996).In their article, Suretal. (1996) document the erosion coefficients of
floodplain deposits and channel-belt depasitise primary controls on preserved channel-belt
morphology. When the erosion coefficient of the floodplain depisséimaller than that of the
underlying channel belt deposits the channel prefergngabdes through the underlying
channel-belt deposits creating a smooth channel belt witiChwIn order for thigo happen,
the channel must translate downstream one full meander wavelength (Figure 3.8). Based on this

conceptwe interpret channel belt rugosity be dependent on the downstream migration rates
@EAlateral migration rates of the active chan@él Awavelengthl() and amplitudeA) of the

channel. This interpretatiaa based on the assumption thatactive channel with long
wavelength, high amplitude, high lateral migration rates, and low downstream migration rates
has a channel belt with larg€ig value than a similar channel with low lateral migration rates

and high downstream migration rates. This assumiarstarting point expressed as:

%81 (4)
[

If the assumption that lateral and downstream accretion rates are controlled phydely
erosion coefficient of the floodplain using equation 19 from &ah. (1996), our equation 4

simplifies to:

%.81%2 (5)
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whereE, is the cross-stream erosion coefficient, &gt the downstream erosion coefficient.
Furthermore, we define a nondimensional smoothing time SEajeéq quantitatively document

the time for channel-belt rugosity to reach O:

6o d- (6)
Ta
or:
o Yy
6e d- 753, (7)

where values of s+ greater than one document that channel-belt rugosity will never approach 0
and values less than one document that channel belt rugosity will decrease with de€geasing
(Figure 3.7).
Next we use avulsion frequenci ( defined by Jerolmack and Mohrig (2007, their

equation 1):

B L (8)
where &js the in channel aggradation rateis the number of active channels ais the
channel depth. To calculate a timescale over which channel belts reach low ruggsgityve
divide T« by avulsion frequency:

6 L3 (©)
whereTg is the time for channel belt rugosit@\r) to approach 0. Substituting the right hand

sides of equations 7 and 8 we document the rugosity timescale as:
. > 78
6L @ FAGA (10)
which relates rugosityQVg) to amplitude ), wavelengthl(), depth (@ number of active

channels ), and aggradation rate in the active chanidgl ih addition to the lateral'(s) and
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downstream accretion rates;(;. Low Tg values predict channel belts reach 0¥k values

faster than those with hidghkvalues.
We then combia Tk with the avulsion timescale of Jerolmack and Mohrig (2007) to
calculate what we herein term the roughness inBexuhich refers to the rugositZ{/r) of a
channel belt given its residence time on the floodplain before abandonment. The avulsion
timescale is defined as:
¥
i

6 L— (11)

where &js the in channel aggradation rate affig the channel depth. The ratio between the

rugosity timescal€eTg) and the avulsion timescal&a] is:

4L (12)
when the rugosity indeXRjj is greater than I1R&1) the active channel will avulse to a new
location on the floodplain before channel-belt rugosityH) decreases, or smooths out (Figure
3.8). Whereas, wherd O she active channels will be in place long enough for channel belts to

reach low rugosity@Vg) values (Figure 3.8). Substituting the right hand sides of equations 10

and 11 into the right hand side of equation 12 gives:

03/a

4Lml

(13)

documenting that the rugosity index depends on the amplitude, wavelength, number, downstream
and lateral accretion rates of the active channel (Figure 3.8). Equation 13 is rearranged to solve

for the ratio of lateral accretion to downstream accretion rates:

o

which documents that the ratio of latetaldownstream accretion rates can be calculated given

amplitude A), number of channeldNj, wavelengthl(), and channel belt rugositZ¥r).
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To test the efficacy of this model we use the modern Arkansas River near Rosedale,
Mississippi (Figure 3.9a). Using satellite images from 1984 to 2012 we document part of the
evolution of the channel belt. We find that the meas@¥gls less than that predicted by
equation 4 (Figure 3.9b). We attribute this to the variance in meander amplitudes and
wavelengths along the reach of the channel, along with the error in calculating migration rates
from satellite images with 1 meter resolution.

Using Equation 6 we calculated a mé&anof 0.19 (Figure 3.9c), meaning the channel
belt will decrease in rugosity with time. Indeed, Figure 3.9a documents that the measured
rugosity of the channel belt does decrease as a function of time. Note that with only 1 active
channelTs and the rugosity inde>Rj are the same. We then assumed sedimentation rates were
constant at 0.3 cm/yr (Leeder, 1978) and used equation 8 to calculate an avulsion frequency of
3.29x10" (1/years). We then combined our results from equations 6 and 8 to calculate Bxmean
of 599 years (Figure 3.9d). Using the same sedimentation rate assumption we calculated an
avulsion timescale of 3,033 years (Equation 11) which is significantly longer than the mean
rugosity timescale of 599 years, meaning the channel belt will effectively smooth itself out
before the channel avulses to a new location on the floodplain. We then investigated the large
difference between predicted and meas@¥gd from 2005 to 2010. We find that during this
time the ratio of wavelength to amplitude decreased, even though the ratio ofcdoness
stream migration rates were roughly constant (Figure 3.9¢e). This change in wavelength to
amplitude ratio means that the amplitude is increasing relative to the meander wavelength, and
increasing the predicted rugosity in Figure 3.9b, but providing an explanation to the discrepancy

between measured and predic@®d.
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3.6 Discussion

Despite our understanding of process-based controls on the evolution of channel-belt
morphology, therés still considerable uncertainty differentiating between channel-belt types
and styles using seismic chambelt morphology. Multistory, laterally-accreting channel-belt
elementsn the seismic dataset have similar rugosity vahssultistory, downstream-accreting
channel-belt elements from the satellite dataset (Figure 3.6); meaning that despite the
guantitatively documented differendesinternal architecture and facies, the overall channel-belt
morphology are similar when viewed, for examipl@lanview 3D seismic (Figures 3.2, 3.6).
However, single-story, laterally accreting channel belts and mulii;stownstream accreting
channel belts have different rugosity, whintlturn provide a basis for differentiating between
the wo in the subsurface (Figure 3)1&ingle-story channel belts migrating lateratiyone
direction, relativeo their active channel inflection points, have higher rugosity values than
multi-story channel belts migrating lateraltyboth directions relativeo their active channel
inflection points. The migratiom more than one direction causes the channetdsthooth out
overtime (Equation 13, Figure 3.8B), while migrationone direction causes the channel helt
become more rugose because the area between meandes lumtfdled with sand during later
periods of migrationaswe hypothesizen the multi-story channel belts.

From a process-based perspective, channel-belt morphisloggortant for
understanding the composition of both the channel belt and underlying floodipldia.case
where channel belts have high sinuosity but low rugosity (Figure 3.8B) this implies that the
channel belt material has higher erosion coefficients than the floodplain (Equation legnand
be usedo infer sand-rich channel belts for both laterally and downstream accreting systems.

Converselyjn systems with high rugosity and high sinuosity (Figure 3tds)most likely that
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although the channel belt mag sand rich, the adjacent floodplasmuch more mud rich and
easierto erode, with a high later& downstream migration rate (Equation 14). Therefore
channel-belt rugosity can be usesh predictorof the subjacent and lateral lithology. Other
potential variations on highly rugose channel bedtsstem from early carbonate cementation of
sands within the channel belt which increases the erosion coefficient, ntadasger for the
active channeio erode into the floodplainln the outcrop dataset (Figure 3.4A (Rightyithin

the Dakota Sandstone Kirschbaum and Schenk (2010) qualitatively document the systems with
higher downstrearto lateral accretion ratée have higher proportions of mud preserved within
the channel belt. This turnis most likely linkedto fine grained preservation potential within
the channel belts. Therefore systems with higher lateral accretion rates are le$s likely
remobilize previously depositl sediment within channel belts than systems with less lateral
accretion (Equation 4).

Allogenic controls, suchsslope, discharge, confinement, sediment supply, and grain
size have all been interpreteginfluence channel morphology. Hereue agreewith previous
studies that bank cohesion and erosion are a dominant control on not only active channel
morphology (Parker, 1976; Millar, 2000), e also attribute these contrdtsthe resulting
channel-belt morphologyVe have shown that allogenic conssuchasuplift and subsidence
rates set the timescale over which external controls dominate, but over autogenic timescales,
suchasthe rugosity timescales, the organization of the transport system dominates. Therefore,
the roughness index (Equation 12) documents the ratio of autogenic timescales and places
guantitativelimits on primary autogenic controls within the sediment routing system and their

stratigraphic expression.
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For modern systems, Equationis4mportant for predicting the future migration paths of
active channels. This turn provides insight into both the composition of the underlying
floodplain erosionn both cross and downstream directions. Furthermore, thisceatioe used
to calculate channel motion and predict where the miBrmigrate. Thigs important for
engineering modern river corridors along major population centers. Additionally, this attern
be usedo predict lithologiesn subsurface reservoirs (Figure 3.9).

3.7 Conclusion

Herein,we quantitatively documentetiat sinuosityis most closely relatetb channel-
belt morphology. However, the relationsisgased more on physical processes occurring
within the channel and adjacent floodplain, rather thaarmmpirical relationship between the
two morphometric measured/e propose that channel-belt rugosgydirectly relatedo
measureable characteristics of the active channel, along with physical properties of the
floodplain. Furthermoreye present a conceptual framework that uses the rugosity timescale and
avulsion timescale of a river systéocalculate the roughness index of individual channel belts
and document the tradeoff between autogenic and allogenic timescalds. tlihicanbe used
to predict the shapes and migration directions of both moderarareht channel belts given set
parameters and timescales. Further experimental, numerical, and modern river figkl work
neededo validate this conceptual framework and explore the active subspaces of this model.
3.8 Appendix of Variables
W, active channel width
P active channel sinuosity
R. radius of curvature

R./W bend curvature
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L meander wavelength

A active channel amplitude

& standard deviation of channel belt width
Ts8mean channel belt width

CVk coefficient of variationtrugosity

- RSHUDWLRQDO UDQJH RI SDOHRFXUUHQW GDWD

lé . . . .
Te active channel lateral accretion rate with respect to time

:—'g active channel downstream accretion rate with respect to time
Ex cross-stream erosion coefficient

E, downstream erosion coefficient

Ts+ smoothing timescale

B avulsion frequency

3 channel aggradation rate

N number of active channels

Bchannel depth

Tr rugosity timescale

Ta avulsion timescale

R roughness index
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Figure 3.1. (A) Schematic diagram of the different morphometric measures for the active
channel and channel belt used herein. (B) Satellite image of a modern fluvial channel
(active channel) and channel belt of the Rio Negro in Argentia as an example of how
systems were documented in this study (Image from Google Earth, 2015).
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Figure 3.2 (A) Selected images from seismic and modern datasets. Seismic amplitude time
slice of a fluvial channel belt from the Gulf of Thailand (from Samorn, 2006). The channel
belt, abandoned channel, and point bars are visible in the seismic data. The channel belt has
high rugosity and the abandoned channel has high sinuosity (B) Satellite image of the Mis-
souri River in the United States with lower rugosity channel belt and high sinuosity active
channel. (C) Satellite image of the Milk River in Canada with higher rugosity channel belt
and high sinuosity active channel.
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Figure 3.3. (A) Chronostratigraphic chart for the Late Jurassic through Middle Cretaceous
(After Curry, 1997). (B) Map of Utah showing the locations of outcrops documented in this
study relative to the Sevier highlands during the early Cretaceous. The study intervals are
highlighted by the gray rectangles.
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Figure 3.5. Satellite images displaying the different methods for documenting channel-belt
widths. (A) Measuring channel belt widths perpendicular to the channel-belt centerline
produces gaps and overlaps in the areas measured, whereas Voronoi polygons measure at
consistent spacing throughout the channel belt. (B) Annotated satellite images documenting
the steps used to construct the Voronoi polygons and polylines used to measure channel belt

width. See text for specifics.
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Figure 3.6. Cross plots of channel-belt rugosity (X85 a function of the active channel morphometric measurements from
Figure 3.1. Sinuosity vs. rugosity (A) document the most consistent trend while the other measures (B, C, D) have little-to-no
relationships between channel-belt morphology and active channel morphology.
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Figure 3.7. Three-dimensional plots of the nondimensional smoothing timescale (Ts*) as a
function of active channel amplitude (A) and wavelength (L). (A) Ratio of cross-stream to
downstream erosion coefficients less than 1, and (B) ratio of cross-stream to downstream erosion
coefficients greater than 1. Channel belts that fall below the Ts*=1 plane will decrease in rugosi-
ty than those that plot above the plane. Low Ts* values document shorter nondimensional time

scales for decreasing rugosity.
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Figure 3.8 Diagram showing synthetic channel belts and the morphological differences due to
cross and downstream migration. (A) A synthetic channel belt translating downstream where the
avulsion timescale () is shorter than the rugosity timescalg)(TB) Synthetic channel belt
translating downstream where the avulsion timescglgi¢Tapproximately the same as the

rugosity timescale (J). (C) Synthetic channel belt documenting that increased wavelength (L)

of the active channel means the channel must translate further downstream to decrease channel
belt rugosity. (D) Synthetic channel belt with only lateral migration documenting increasing
rugosity (CV,) with high values of JTand a high roughness index (R) .
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Figure 3.9. (A) Satellite image of the Arkansas and Mississippi Rivers in 2012 and inset map
with location of the rivers. (B) Time series plot of predicted and measured rugosity for the
Arkansas River in (A). (C) Time series plot of the smoothing timescale calculated for the
Arkansas River, note increase in 2005 that corresponds to the decrease in wavelength to
amplitude ratio in (E). (D) Time series plot of rugosity timescale for the Arkansas River with
an increase in the number of years for the channel belt rugosity to decrease that corresponds
to the same wavelength to amplitude ratio decrease in (E). (E) Time series plot comparing the
down-to-cross stream migration rate and wavelength to amplitude ratio of the Arkansas River
in (A).
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Figure 3.10. Satellite images and channel belt morphology after 30 years of channel belt evolu-
tion for (A) laterally-accreting channel belt; (B) a laterally and downstream-accreting channel
belt, and (C) a downstream-accreting channel belt. The upper row are satellite images of
modern rivers while the lower row is the channel belt morphology after 30 years of active
channel migration. The lower channel depicts how the channel belt would appear in plan view at
reservoir depths in 3D seismic.
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Table 3.1. Table of the names, latitude, and longitude of the rivers included in the satellite image
dataset. The dataset spans 110 degrees of latitude and 323 degrees of longitude.

River Latitude |Longitude
Amazon -2.302 | -55.401
Aparima River | -46.09 | 168.047
Athabasca | 54 234 | -115.044
River
Bolshaya

Ussurka River 45.869 | 134.516
Brazos River 30.066 | -96.138

Cecina

River43.326 43.326 | 10.893
Clutha River -46.11 | 169.565
Euphrates 34.849 | 40.629
River

Ganges River | 26.749 | 80.199
Kanaranzl 43514 | -96.079
Creek

L'Allier 46.742 3.085
Le Congo 1.975 20.874
Lena River 63.807 | 127.688
Milk River 48.251 | -106.77
Missouri River | 39.277 | -93.484
Oreti River -46.08 | 168.316
Platte River 40.87 | -99.907

Pripyat River 52.149 27.12

Republican | 45217 | -99.579

River

Rio Curaray -1.642 | -75.911

Rio Mamore -14.47 | -64.984
Rio Sinu 8.309 | -76.043

Root River 43.791 | -91.696

S. Fork

Kuskokwim 62.62 | -153.598
River

Sutlej River 29.914 | 72.769

Ussuri River 45,811 | 133.523
Vermilion River | 40.008 | -87.528
Vilyuy River 63.974 | 124.492
Volga River 48.099 | 46.269
White Nile 11.72 32.768
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Table 3.2. Comparison of rugosity, sinuosity, number of active channels, radius of curvature,
channel width, and bend curvature for the four different datasets used in this study. Values
include the minimum, maximum, mean, and median calculated for each dataset. Satellite data
has the largest variance in all the measures.

Dataset Min. [ Maximum Mean Medign
Rugosity (C\,)
Satellite| 0.55 1.21 0.83 0.81
Seismic| 0.587| 0.606 0.597 0.597
Outcrop| nl/a n/a n/a n/a
Numerica] 0.29 0.84 0.51 0.44
Sinuosity (P)
Satellite| 1.03 2.69 151 1.2§
Seismic| 1.86 2.56 2.11 2
Outcrop| 1.11 1.7 141 1.45
Numerical 1 1.78 1.19 1.1
Number of Active Channels (N)
Satellite 1 9 2.63 2
Seismic 1 1 1 1
Outcrop 1 n/a n/a n/a
Numerica] 1 8 3.5 3
Radius of Curvature (B (m)
Satellite| 42.6 22429 2454 257
Seismic| 1017 2226 1673 172p
Qutcrop 87 879 281 248
Numerical 2118 7426 4263 423p
Channel Width (W) (m)
Satellite 8 8008 326 88
Seismic 191 674 446 460
Qutcrop 20 89 55 56
Numerical 462 2575 1193 115%
Bend Curvature (RW)

Satellite| 2.91 14.1 5.54 5.04
Seismic| 2.75 7.5 4.3 3.44
OQutcrop| 1.71 10.7 4.87 4.58
Numerical 1.54 10.78 3.85 3.5%
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CHAPTER 4
QUANTITATIVE ANALYSIS OF THE FLUVIAL STRATIGRAPHIC FILTER AT THE

CHANNEL BELT SCALE: LOWER WASATCH FORMATION, UTAH, USA

A paper to be submitted to Geology
J.R. Pisel, D.R. Pyles

4.1 Abstract

This article uses measurements from five fluvial channel belts of the Paleocene lower
Wasatch Formation to quantitatively document the transience or persistence of flow velocities
recorded in stratigraphy at the bedset scale. We use facies proportions and sedimentary structures
coupled with a paleomorphodynamics workflow to calculate the mean flow velocity for each
bedset. Flow velocity measurements were analyzed using a lattice approach that documents
either persistence or transience of mean flow velocities, which, in turn was combined with facies
trends to infer perennial and ephemeral flow conditions interpreted to have been caused by
allogenic fluctuations. Three of the five channel belts have significant spatial dependence of
mean flow velocities. Based on short-range spatial dependence, we infer perennial flow
conditions in a laterally-accreting channel belt, and ephemeral flow conditions in two
downstream-accreting channel belts. The remaining two channel belts have no spatial
dependence as the stratigraphic filter has completely destroyed the allogenic signal within the
channel belts. Furthermore, we document that intra channel-belt signal preservation comes at the
expense of basin-scale signal preservation, meaning high frequency, allogenic signals gffectivel

erase low frequency allogenic signals from the stratigraphic record.
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4.2 Introduction

External forcing (allogenic) mechanisms such as changes in tectonic uplift, subsidence
rates, solar insolation (Milankovich cycles) and climate fluctuations have been documented in
fluvial stratigraphy and simulated in forward numerical models (Foreman et al., 2012; Allen et
al., 2013; Allen et al., 2014). Time series methods have been used to document allogenic signals,
including spectral analysis of Fourier and wavelet transforms, as well as autocorrelation
functions (Prokoph and Agterberg, 1999; Prokoph and Bilali, 2008; Jerolmack and Paola, 2009).
However, recent research documents that internal (autogenic) mechanisms act as a non-linear
filter that can destroy allogenic signals if the amplitude or period of the allogenic signal is less
than the autogenic morphodynamic turbulence of the system (Jerolmack and Paola, 2009).
Recognizing allogenic signals in stratigraphy is important for predicting how fluvial systems
respond to tectonic, orbital, and climatic changes. Allogenic signals have been documented at the
basin scale (100-1,000 m scale thickness), however few studies have concentrated on the
channel-belt and bar scale (1-100 m thick) (e.g. Allen et al., 2014).

Two end-member channel-belt types have been interpreted to document short term

(yearly) climatic signals, perennial and ephemeral. Perennial channel belts are interpreted to
document persistent flow conditions, with annual fluctuations related to seasonality in sediment
and water flux (Meinzer, 1923; Fielding et al., 2009). Ephemeral channel belts document
transient flow conditions between wet and dry periods (McKee et al., 1967; North and Taylor,
1996). Despite differences in flow conditions and bedforms associated with the two channel belt
types, documenting persistence or transience of flow conditions within ancient fluvial channel

belts remains challenging. This study uses cross sections, measured sections, grain-size
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distributions, lithofacies, and bedset bounding surfaces to document allogenic climate signals
within fluvial channel belts.
4.3 Geologic Setting

The lower Wasatch Formation of the Uinta Basin in eastern Utah contains world class
exposures of a low net-sand content fluvial system. The Uinta Basin is a longitudinally
asymmetric foreland basin located in northeastern and central Utah (Figure 4.1a). From the
Paleocene through Eocene, flexurally induced subsidence provided accommodation for
deposition of the Green River and Wasatch Formations (Figure 4.1a). Lacustrine sediments
deposited in the center of the basin were surrounded by deltaic and fluvial strata of the Green
River and Wasatch Formations; signifying internal drainage (Picard, 1955; Keighley et al.,
2002). Paleocurrent directions in the southern outcrops of the Wasatch Formation document
fluvial systems flowing north and northeast towards the center of the basin (Ford and Pyles,
2014) (see paleocurrent rose diagram in Figure 4.1b). Climatically, the lower Wasatch Formation
is interpreted to have been deposited during global hot house conditions (Wilf, 2000). Basin-
scale studies in the adjacent Piceance basin document million-year changes in channel belt
dimensions and sedimentary structures attributed to climatic fluctuations at the Paleocene-
Eocene Thermal Maximum (Foreman et al., 2012).
4.4 Dataset and Methods

An exceptionally well exposed, strike-oriented outcrop of the lower Wasatch Formation
is used to address the goals of this study (Figure 4.1b). The outcrop is located along the southern
margin of the Uinta basin, just west of the modern day Green River, and is 5 km wide by 300 m
thick. The outcrop contains 274 fluvial channel belts, all of which are exceptionally well exposed

and accessible. Five channel belts were analyzed in detail. They represent the range of
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architectural variability in the outcrop and span a range of varying numbers of stories and
accretion styles. Using the hierarchical approach of Ford and Pyles (2014) the 5 channel belts
were characterized on the basis of bar migration direction as follows (Figure 4.2): (Channel Belt
1) downstream-accreting single story, (Channel Belt 2) downstream-accreting multi story,
(Channel Belt 3) laterally-accreting with erosionally based fine-grained fill multi story, (Channel
Belt 4) laterally-accreting multi story, (Channel Belt 5) downstream and laterally accreting multi
story, respectively (Figure 4.2).

The following data were collected to address the goals of this study: (1) decimeter-
resolution measured sections that qualitatively documents grain-size distributions, sorting,
rounding, physical and biogenic sedimentary structures, bedset, story, and element boundaries;
(2) high-resolution photo panels; (3) paleocurrent orientations collected from flutes, ripples,
cross-strata, channel-belt margin orientations; and (4) laser range finding measurements of
element, story, and bar form widths and thicknesses. These data were used to generate further
information about the channel belts using the following workflow. First, grain size distributions
were calculated from measured sections. Median grain sigediid maximum grain size ¢E)
are calculated from the distributions for each channel belt (Figure 4.3a). Cross-sections of the
channel belts were created by tracing bedset boundaries in the photo panels and combined with
measured sections to constrain grain size and facies type for each bedset. Next, using paleoslope
reconstruction methods of Lynds et al. (2014), the mean slope was calculated from all 5 channel
belts. The average slope for the lower Wasatch Formation is 3:81%a0rth, measured bar-
form heights were used to constrain flow depths for bedsets (Figure 4.3b). Finally, paleoslope,
median grain size, and flow depth measurements (Figure 4.3c) were used with the Law of the

Wall to calculate mean flow velocity for each bedset.
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Spatial persistence and transience of mean flow velocity were quantified using spatial
statistics and lattice methods. Lattice data are discrete, with each region represented by an
average of the data. In this study we defined regions by bedsets, and assign mean-flow velocity
to each. We defined spatial neighborhoods for each bedset using row standardized weights,
meaning that bedsets in contact with one another (linked) are spatially related. Beyond adjacent
bedsets, we evaluated spatial autocorrelation of mean flow velocity at increasing, non-adjacent
EHGVHW ODJV IXBedsgtlag Bbtdl@uidcorrelation simply increases the
neighborhood structure to include beds that are not directly in contact with one another which
documents long-range spatial trends. Spatial autocorrelation, which is the cross-correlation of a

UHJLRQ ZLWK LWV QHLJKERUY. LV FDOFXODWHG XVLQJ ORUDQ
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wherey; is thei-th observationy; is thej-th observationy is the global mean flow velocity and
W is the spatial weight of the link between regioasidj defined above using row standardized

ELQDU\ ZHLJKWV ORUDQ 7 K H| bird@Hife\WUH BypytBeSisXain®k | OR U D

spatial dependence is:
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E(l) —— 2
(1) 1 (2)

whereN LV WKH QXPEHU RI ORFDWLRQV 7R WHVWI MReWsY SDWLDO
Monte Carlo simulations. In this test, 99 Monte Carlo simulations were run for each channel belt.
9DOXHV IRU HDFK UHJLRQ DUH UDQGRPO\ Uid&anMydteH@oHG WR D
HDFK VLPXODWLRQ EKDWFRODBWHESCGORWBRDWYKEM GitomMe LEXWLRQ R
Monte Carlo simulations. If the observed value &f outside the distribution generated from the
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VLPXODWLRQV S WKHUH LV VLIJQLILFDQW HrdngesHQFH IRU
from -1 to 1, where negative values document negative correlation, and positive values document
positive correlation. Values near 0 document spatial independence.

4.5 Results

For a bedset lag of 1, Channel Belts 3 and 4 have documented positive spatial
autocorrelation (or similarity) of mean flow velocity using Mordn(Bigure 4.4). However,
increasing region neighborhoods, or distance between bedsets, we document positive spatial
autocorrelation of only Channel Belt 3 up to 2 bedset lags (Figure 4.4). Meaning there is short-
range positive spatial dependence of mean flow velocities in Channel Belts 3 and 4. In contrast,
Channel Belt 1 has negative spatial autocorrelation of mean flow velocity (Figure 4.4). This
means there is short-range negative spatial dependence of mean flow velocities. Channel Belts 2
and 5 have no correlation for any bedset lags (Figure 4.4) meaning that mean flow velocities for
all bedsets are spatially independent or different.

In all 5 channel belts the diagnostic sedimentary structures associated with high and low
flow regimes coupled with facies proportions provide further information into the type of signal
preserved. Specifically, spatial persistence of flow velocity, low facies diversity, and low flow
regime associated facies are interpreted to be characteristic of perennial deposits. In contrast,
spatial transience of flow velocity, high facies diversity, and high flow regime associated facies
are interpreted to be characteristic of ephemeral deposits.

We interpret the short-range, positive autocorrelation, facies, and bar migration
orientation in Channel Belts 3 and 4 to collectively record preserved allogenic signals. Both of
these channel belts migrated solely laterally, which is interpreted to have fully preserved the

depositional processes compared to channel belts that migrated in the downstream direction,
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which results in partly eroded bedsets. Furthermore, using facies proportions, we interpret
Channel Belt 3 to document ephemeral deposits as the facies record high flow regime (e.g. facies
F8, F9, F10) and vary significantly within the channel belt. Channel Belt 4 is interpreted to
document perennial deposits as the facies are predominantly low flow regime associated facies
(e.g. facies F3, F4, F5) and have little variability within the channel belt. Therefore, we infer that
the allogenic climate signal was preserved by the lateral accreting barforms, as the potential for
erosion of the bedsets after deposition decreases significantly as the active channel continued to
migrate in the lateral direction, away from older bedsets.

The negative spatial autocorrelation, facies, and bar migration orientations in Channel
Belt 1 collectively document a preserved climatic signal that is diagnostic of ephemeral flow
conditions. Although Channel Belt 1 is a downstream accreting channel belt, the negative
autocorrelation documents transience (or difference) in mean flow velocity at one bedset lag.
Large fluctuations in flow velocity are characteristic of ephemeral rivers where there are periods
of low to no flow followed by periods of high flow. A majority of facies in Channel Belt 1 (e.g.
Facies F9 and F10) are characteristic of high deposition rates that are common in ephemeral
deposits, and support the hypothesis of a preserved climate signal (Figure 4.4). Furthermore, the
variability of facies which reflect alternating flow velocities within the channel belt support the
interpretation of ephemeral deposition within Channel Belt 1. We interpret that the fluctuations
between wet and dry were large enough in period or amplitude to record times of both increased
and decreased mean flow velocity.

The complete spatial independence of mean flow velocities, facies, and migration
direction in Channel Belts 2 and 5 are collectively used to interpret completely destroyed

allogenic signals. Despite the spatial independence of bedsets in these two channel belts, we
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interpret Channel Belt 2 documents perennial deposits; the majority of the facies are diagnostic
of lower flow regime conditions which are interpreted by North and Taylor (1996) to record low
discharge and low flow velocity conditions (Figure 4.4). Facies in Channel Belt 5 document both
high and low flow conditions, but is primarily facies that are interpreted to document low flow
regime (Figure 4.4). Therefore, we interpret this channel belt to be a combination of perennial
and ephemeral flow conditions, with no spatial signal. Also, both these channel belts are
dominated by downstream accretion, which means there is lower preservation potential.
4.6 Discussion

From these results, we interpret the rate of lateral migration within laterally-accreting
channel belts, to be proportional to preservation potential of the subjacent bars. Results from this
study indicate intra-channel belt signal preservation to be opposite those of the basin-scale
patterns documented by Straub and Esposito (2013). At the bar scale, if a channel moves
laterally quickly the underlying basin-scale strata is removed, but the intra-channel belt
DUFKLWHFWXUH LV SUHVHUYHG &RQYHUVHO\ -kdal® FKDQQHO
architecture is better preserved, but the intra-channel belt architecture is removed due to
downstream migration, effectively shredding signals via the stratigraphic filter. Therefore there
is a scale-dependent tradeoff in signal preservation from intra-channel belt to basin-scale
architecture. This concept provides insight into the scales that future studies should consider
when attempting to resolve allogenic signals. Systems with deep laterally-migrating channel
belts should be considered ideal when attempting to resolve signals at the intra-channel belt
scale, while systems with shallow downstream-migrating channel belts should be considered

ideal to study when attempting to resolve basin-scale signals.
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4.7 Conclusion

We interpret perennial and ephemeral fluvial systems in the lower Wasatch Formation
based on spatial dependence and facies types. Perennial rivers have short range positive
autocorrelation, and are composed of low-flow regime bedforms. Ephemeral rivers have both
short range positive and negative autocorrelation, no long range spatial dependence, and contain
sedimentary structures and facies indicative of upper flow regime and high deposition rates.
Signals that are completely masked by the stratigraphic filter document no spatial dependence at
all distances. However, facies proportions and sedimentary structures document facies associated
with both perennial and ephemeral rivers.

This article quantitatively documents, for the first time, preserved and destroyed
allogenic climate signals within fluvial channel belts. We use a paleomorphodynamic workflow
WR FDOFXODWH PHDQ IORZ YHORFLWA faBés$ pdtizim& aadHGVHW DQC
migration orientations, we document spatial dependence and independence in mean flow
velocity. We interpret short-range spatial dependence and facies inconsistency to document a
preserved signal, and complete spatial independence and facies consistency to document
autogenic shredding of the intra-channel belt signal. Concepts developed in this study provide
context from a world class fluvial outcrop to previous tank and numerical studies on the
DXWRJHQLF 3VKUHGGLQJ" RI DOORJHQLF VLJQDOV DQG DUH L
systems around the globe.
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Figure 4.1. (a) Map showing the location of the Uinta Basin and bounding structures. Inset is a
chronostratigraphic chart of the Uinta Basin. The lower Wasatch Formation lies between the
Flagstaff Limestone and middle Wasatch Formation and is the focus of this study (See Supple-
mental Figure A). (b) Photopanel of the field area showing the locations of the 274 channel
belts. The five used in this study are labeled 1-5 and are highlighted by the colored boxes (See
Supplemental Figure A).
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Figure 4.2. Stratigraphic cross sections through the five channel belts within the lower Wasatch
Formation (See Supplemental Figure A for more detail). Sediment transport is into the page for
all channel belts. Bedsets are colored according to the dominant facies within the bedset. Brown
and green colors reflect facies with clay-sized sediment, while yellow and orange are facies

with silt and sand. Facies proportions by area are documented in the pie charts next to each
channel belt.
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Figure 4.3. (a) Grain-size distributions for the channel belts used in this study. Grain-size
measurements were made throughout the measured sections, and across the outcrop face. (b)
Box and whisker plots of flow depths measured from bar-form thicknesses within the channel
belts. (c) Box and whisker plots of mean flow velocities calculated for bedsets in channel belts.
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Figure 4.4. Spatially lagged Moran’s | values for channel belts in the lower Wasatch Forma-
tion. Increasing the neighborhood structure to include bedsets not directly in contact with one
another documents both short and long-range changes in spatial dependence.
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CHAPTER 5
CONCLUSIONS TO DISSERTATION
As seen in the opening paragraph of this dissertation, this chapter is the conclusions to the
dissertation. It is organized in a similar manner to Chapter 1. | discuss the summary of
conclusions and scientific contributions of each individual chapter. | start with Chapter 2,

followed by Chapter 3, and conclude with Chapter 4.

5.1 Summary of Conclusions and Contributions

This dissertation uses outcrop datasets from the Paleocene lower Wasatch Formation,
Cenomanian Dakota Sandstone, Albian Cedar Mountain Formation, and Tithonian Morrison
Formation coupled with remote sensing data from satellite imagery and 3D seismic data to
investigate autogenic and allogenic controls on fluvial systems at multiple scales. These scales
range fromGHFLPHWHU WR i $pakd, and fooR Pnithiteld 10 ¥hillions of years in
duration (Figure 5.1). Specifically, this dissertation progresses our scientific understanding of
how allogenic controls are fundamentally replaced by either the mechanics of sediment transport
or preservation potential.
5.2 Conclusions and Contributions of Chapter 2

At the largest temporal, spatial and process scale (Figure 5.1), Chapter 2 documents how
lateral boundary conditions influence channel belt stacking patterns and inter channel-belt
connectivity in 3D. Furthermore this chapter tests and develops new quantitative metrics to
document how fluvial channel belts are spatially distributed in stratigraphy. Specifically, in the
valley-confined Dakota Sandstone, the lateral boundary conditions cause channel belts to stack
more closely together and are therefore better connected than those in the unconfined lower

Wasatch Formation. Additionally, the channel belts in both the confined and unconfined systems
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become more strongly clustered in the dosni-S RXWFURSV $W WKH EDVLQ VFDO
km), allogenic boundary conditions are directly transferred into the preserved stratigraphy. One
application of these concepts is to constrain hydrocarbon reservoir models.
5.3 Conclusions and Contributions of Chapter 3

Moving to the intermediate temporal, spatial and process scale (Figur€tapjer 3
documents how fluvial channel-belt morphology is directly controlled by a combination of
DOORJHQLF DQG DXWRJHQLF FRQWUROV 7KLV VEDOH LV FKDI
years temporally and 0.1 to 10,000 km spatially. While the external controls set how long a
channel belt is in one location, this dissertation quantitatively documents that the dynamics of the
sediment routing system ultimately determine the resulting morphology of the channel belt.
Furthermore, its difficult to quantitatively relate active channel morphology and channel-belt
morphology. Ultimately this chapter documents that although channel belts can share similar
morphology given enough residence time, their accretion type and internal architectures can be
vastly different. Therefore, caution should be used when predicting accretion type of an active
channel based on channel-belt morphology when targeting these reservoirs using 3D seismic.
5.4 Conclusions and Contributions of Chapter 4

At the smallest temporal, spatial and process scale (Figure 5.1), Chapter 4 quantitatively
documents for the first time how allogenic signals can be detected and preserved. This chapter
focuses on the deposition of bedforms over minMR GD\V WHPSRUDOO\ DQG GHFL
meters spatially. Chapter 4 develops a paleomorphodynamic workflow from previously
published work to calculate the mean flow velocity at the time of deposition of each bedform and

documents the spatial relationship of flow velocity within each channel belt.
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This chapter documents that in order for signals to be preserved in stratigraphy, the rate
of deposition must either be very high or the active channel must be migrating rapidly so as to
not remobilize the previously deposited sediment. Furthermore, the internal architecture and
facies proportions of channel belts with preserved allogenic signals are statistically different than
channel belts dominated by autogenic controls. Therefore, when modeling intra channel-belt
architecture for hydrocarbon reservoirs, the stratigraphic expression of allogenic and autogenic

controls must be considered for an accurate model.
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Figure 5.1. Synthesis diagram for Chapters 2-4 of this dissertation. (A) Time scale from
seconds to millions of years, (B) spatial scales from microns to 100’s of kilometers, (C) domi-
nant processes at different time and space scales. Chapter 2 focuses on allogenic controls at
large spatial and temporal scales, while Chapter 3 investigates autogenic controls at intermedi-
ate space and time scales, and Chapter 4 is concerned with grain-to-grain interaction at the
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Appendix A. Chapter 4 supplemental figure with location map, depositional strike oriented photo, and stratigraphic cross sections
used to document allogenic signals in fluvial channel belts.
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APPENDIX B
Satellite Images of RiverstSUPPLEMENTAL ELECTRONIC MATERIAL
Appendix B includes satellite images of the 30 modern rivers documented in Chapter 3. In this

file, the satellite images are displayed at the same scale and numbered in order that they are listed

in Table 3.1.

B-1_Satellite_River_Images.PDF Satellite images of 30 modern rivers

97



APPENDIX C
Permission Letters £<SUPPLEMENTAL ELECTRONIC MATERIAL
Appendix C includes copies of letters from co-authors of the journal articles associated with
Chapters 2, 3, and 4. In these letters, the coauthors grant permission for the use of the articles as

chapters in this dissertation.

C-1_Pyles_permission_letter.PDF Permission letter from David Pyles

C-2_Kirschbaum_permission_letter.PDF Permission letter from Mark Kirschbaum
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