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ABSTRACT

Deltas and fluvial fans are two fan-shaped landforms with complex channel networks.
Accurately differentiating between these two landforms is crucial to identifying and
understanding these two landforms on Earth, as well as on other planetary bodies like Mars and
Titan. Differentiating between these landforms is critical for infrastructure planning and sea-level
rise resilience as deltas and fluvial fans will react differently to sea-level rise. One significant
difference between deltas and fluvial fans is that deltas only form along shorelines where a river
enters an ocean or lake. Fluvial fans may form hundreds of kilometers inland from a shoreline
and are predominantly controlled by upstream controls. Fluvial fans form by channel avulsions
whereas deltas primarily build by mouth bar deposition and consequent channel bifurcations.
Here | present an ensemble of quantitative metrics to differentiate morphologically fluvial fans
from deltas. To achieve this, | quantify channel bifurcation/divergence angles, channel lengths
and widths between these bifurcation/divergence nodes, channel orders, and the number of
terminal channels. Previous research on delta channel morphometrics strongly suggest that
deltas exhibit an average channel bifurcation angle around 72° while maintaining a distinct
downstream non-linear decrease in channel lengths and widths for successive bifurcations. Our
results show that fluvial fans differ from deltas by exhibiting a considerably smaller divergence
angle, and down-fan channel length shortening that is not associated with divergence orders.
Our results further suggest there exists a statistically significant difference between deltas and
fluvial fans channel networks. These results indicate that channel network assessments show a
difference between deltas and fluvial fans, and that the channel networks need to be carefully
assessed if used for paleo-shoreline estimations on planetary bodies. Additional evidence is

needed for the presence of shorelines as fluvial fans may occur at shorelines.
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CHAPTER 1
PLAIN LANGUAGE SUMMARY & KEYWORDS

Deltas and fluvial fans are both fan-shaped landforms that contain complex river channel
networks. Deltas form when a river enters a standing body of water such as a lake or an ocean
and are shaped like a triangle. Fluvial fans are also fan shaped, and form from channels shifting
back and forth laterally. Fluvial fans may or may not form along a standing body of water and
are more responsive to precipitation changes. Geoscientist currently lack the data to
differentiate river channel networks in deltas from fluvial fans. Accurately differentiating between
channel networks in deltas and fluvial fans is crucial to identifying these landforms on Earth, and
on Mars. Deltas and fluvial fans will react differently to sea level rise and changing precipitation
patterns. Previous work on delta channel networks show that channels split downstream at an
angle of approximately 72 degrees. Delta channel lengths and widths also decrease non-linearly
for a given channel that has undergone an increasing number of bifurcations. Here, |
demonstrate that fluvial fans form a statistically significant lower angle of channel divergence.
Fluvial fans also exhibit much longer normalized channel lengths than in deltas. Our results
indicate that channel network assessments for a global distribution of deltas and fluvial fans do
indeed show differences between deltas and fluvial fans, and that the channel networks need to

be carefully assessed if used for paleo-shoreline estimations on Mars.
Index Terms: Delta | Fluvial Fan | Surface Processes | Geomorphology | Channel Networks

Keywords: Delta | Fluvial Fan | Surface Processes | Geomorphology | Channel Networks



CHAPTER 2
INTRODUCTION

River deltas (Figure 2.1) are landforms that deliver water, sediment, and nutrients from
rivers to oceans or to inland water bodies via channel networks (e.g. Tejedor et al., 2015).
Deltas thus always form along shorelines and contain some of the most economically and
ecologically valuable environments on Earth. Over 339 million people live on deltas, 97% of
whom reside in developing countries (Edmonds et al., 2019). Unfortunately, many river deltas
are increasingly vulnerable to escalating coastal hazards on account of declining sediment

supply and anthropogenic climate change (Nienhuis et al., 2020).

Figure 2.1: Examples of river deltas and their mapped channel networks:
(a, b) Niger, (c, d) Yukon, (e, f) Selenga, and (g, h) Parana. Colors indicate channel order.

Fluvial fans (Figure 2.2) are another landform with channel networks. They are distinct
from deltas in that they form in both inland terrestrial environments and along the shorelines of
oceans or lakes. The fact that fluvial fans commonly form in terrestrial environments indicates
that they are predominantly controlled by upstream morphodynamic controls (Leier et al., 2005;
North & Warwick, 2007), and are therefore less sensitive to sea-level rise and coastal hazards.
Fluvial fans are also affected by a warming climate. This is due to changing precipitation
patterns, which fluvial fans are sensitive to (Leier et al., 2005; Assine et al., 2014; Hansford &
Plink-Bjorklund, 2020). Fluvial fans are common on Earth and form in many different climates
and tectonic settings (Hartley et al., 2010, Weissman et al., 2010, Ventra & Clark, 2018). Fluvial
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fans can cover a large surface area and generate channel networks up to hundreds of
kilometers wide (Ventura & Clark, 2018). Both these landforms are recognized in the
sedimentary record, where fluvial fans are suggested to form most of the terrestrial sedimentary

record (Weissman et al., 2010).

Figure 2.2: Examples of fluvial fans and their mapped channel networks: (a, b) Niger, (c, d)
Okavango, (e, f) Kal-e Shur , and (g, h) lle. Colors indicate channel order.

Geoscientists currently lack specific quantitative morphological criteria that can be
utilized to distinguish between channel networks in fluvial fans and deltas. A great deal of work
has already been done establishing geomorphological measurement techniques that have been
used to quantify different morphological aspects of deltas, and to link these characteristics to
theory (e.g., Edmonds & Slingerland, 2007; Fagherazzi et al., 2015; Coffee & Shaw, 2017). This
thesis serves to determine which metrics can be applied on both delta and fluvial fan channel

networks to differentiate between these fan-shaped landforms.

Distinguishing deltas from fluvial fans is necessary to predict the effects of future
anthropogenic sea-level rise more accurately, and temperature and precipitation change on
ecosystems and populations on these landforms. Furthermore, there is a general lack in
understanding the differences between fluvial fans and deltas. Some modern fluvial fans such
as the Okavango Fan, are either misnamed as deltas, or the terms delta and fan are used
interchangeably (e.g. McCarthy & Ellery, 1998; Yan et al., 2021, Tooth et al., 2022). Accurate
recognition of deltas and fluvial fans is further critical in mapping paleo-ocean shorelines on

Earth as only deltas regularly form along shorelines of lakes and oceans (Hein et al., 2010). A
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clear distinction of fluvial fan and delta morphology will further lead to better stratigraphic
models for ancient fluvial fans and deltas. Previous studies have focused on either deltas or
fluvial fans, and to the best of our knowledge, this is the first study to quantitatively compare the

delta and fluvial fan channel networks.

Numerous fan-shaped landforms have been identified on Mars in locations such as
Jezero and Eberswalde Craters (Figure 2.3) (e.g. Ori et al., 2000; Malin, 2003; Moore & Howard
2005; Wood, 2006). Fan-shaped landforms have been identified on Saturn’s moon Titan as well
(Radebaugh et al., 2016; Witek & Czechowski, 2014). Deltas on planetary bodies have been
used to identify paleo-shorelines, but with mixed results for global paleo-shoreline
reconstructions on Mars (De Toffoli et al., 2021). The mixed results may exist because fluvial
fans may occur thousands of kilometers inland from shorelines and were not recognized.
Therefore, accurate identification of deltas is of high interest here, and this thesis will provide
distinguishing metrics derived from Earth analogs that could eventually be applied to other
planetary bodies. The link of fluvial fans to seasonal and highly variable discharge, because of
intermittent and intense precipitation in climatic settings that promote marked seasonal and
interannual hydrological changes, leading to exceptional flood events (Leier et al. 2005;

Hansford & Plink-Bjorklund, 2020) will further provide evidence as paleoclimate proxies.

Figure 2.3: Examples of fan-shaped landfroms with complex channel networks from Mars: (a)
Eberswalde Crater (b) Jezero Crater (Images courtesy of NASA.gov)



To that end 38 modern delta (Table 2.1) and 38 fluvial fan networks are quantified (Table
2.2) (Figure 2.4). Here, | propose a set of morphological metrics applicable to both delta and
fluvial fan channel networks. | test multiple metrics previously used for quantification of delta

networks and analyze which metrics can be utilized for distinguishing deltas and fluvial fans.

Figure 2.4: Map showing the distribution of the mapped deltas and fluvial fans.



Table 2.1: Deltas and Apex Coordinates

DELTA APEX DELTA APEX
DELTAS DELTA TYPE LATITUDE LONGITUDE
AMAZON Tide-influenced 1.430 51.971
ATCHAFALAYA River-dominated 29.485 91.271
AYEYARWADY Tide-influenced 16.404 -95.9223
BURDERKIN | Mixed tide- and wave- influence -19.660 -147.501
COLORADO Tide-influenced 31.817 114.806
COLVILLE River-dominated 70.181 150.916
DANUBE Wave-influenced 45.225 -28.738
DNIPRO River-dominated 46.556 -32.551
DON River-dominated 47.131 -39.457
DVINA Tide-influenced 64.531 -40.506
FLY Tide-influenced -8.375 -142.931
GODAVVARI | Mixed tide- and wave- influence 17.023 -81.750
GRIJALVA Wave-influenced 18.573 92.682
JEQUITINHONH Wave-influenced -15.848 38.869
KHOVS River-dominated 48.211 -92.021
KOLYMA Tide-influenced 68.806 -161.318
KRISHNA | Mixed tide- and wave- influence -18.504 -36.131
LENA River-dominated 72.406 126.695
MAHAKAM Tide-influenced -0.582 -117.279
MEKONG Tide-influenced 10.719 -105.359
MISSISSIPPI River-dominated 29.155 89.251
NIGER | Mixed tide- and wave- influence 5.325 -6.423
ORINOCO | Mixed tide- and wave- influence 8.598 62.234
PARAIBA DO Wave-influenced -21.617 41.047
PAREIl\IJI,& River-dominated -33.728 59.285
PO Wave-influenced 44.975 -12.049
PURARI | Mixed tide- and wave- influence -7.505 -145.093
RED | Mixed tide- and wave- influence 21.080 -105.843
RIONI Wave-influenced 42.186 -41.709
RUF1JI Tide-influenced -7.916 39.271
SASKATCHEWA River-dominated 54.073 102.375
SELENG'; River-dominated 52.152 -106.569
SINU Wave-influenced 9.417 75.925
SLAVE River-dominated 61.278 113.589
VOLGA River-dominated 46.736 -47.852
WAX LAKE River-dominated 29.540 91.430
YUKON River-dominated 62.492 163.859
ZAMBEZI | Mixed tide- and wave- influence -18.510 -36.134




Table 2.2: Fluvial Fans and Apex Coordinates. Apex Coordinates from Hartley et al., (2010)

FLUVIAL FAN APEX FLUVIAL FAN APEX
FLUVIAL FANS LATITUDE* LONGITUDE*
ASKU 45.95 78.472
BUYUNDA 62.338 153.115
CANNING 69.851 -146.461
CRAVO NORTE 6.691 -71.841
CUANDO -18.05 23.324
DZAVHAN GOL 48.611 93.189
GASH 15.473 36.379
GEDE-AN-CHEY 40.627 48.257
GILBERT -17.495 142.271
GOLMUD HE 36.308 94.78
GREAT RUAHA -7.367 35.334
GUALA 29.266 79.548
HALI RUD 28.687 58.552
ILE 44.444 76.725
KAL-E SHUR 35.615 56.255
KARNALI 28.641 81.282
KONGAKUT 69.538 -141.863
KOSI 26.53 86.938
KUR 49.548 134.758
MANAS 26.789 90.962
MASHKHIL 27.922 63.458
MIMBRES 32.364 -107.952
MITCHELL -16.355 143.062
NAHR WADI 32.928 46.443
NIGER 13.711 -6.07
NOMHON HE 36.209 96.385
OKAVANGO -18.858 22.382
OUED EL MEHAIGUENE 32.605 2.3
PARAGUAY -16.566 -57.838
PASTAZA -3.098 -76.41
ILCOMAYO -21.552 -63.011
PUNGUE 34.419 -19.412
RUD-I SHUR TABAS 32.703 60.528
SASKATCHEWAN 53.729 -103.199
SCHULE HE 40.045 96.75
SHIRE -16.243 34.959
TAQUARI -18.435 -54.911
TERTER 40.351 46.905




CHAPTER 3
MORPHODYNAMICS OF DELTAS AND FLUVIAL FANS

The nature of channel networks is dependent on morphodynamical processes (e.g.
Edmonds & Slingerland, 2007; Fagherazzi et al., 2015; Tejedor et al., 2015). Below | describe
and analyze known differences in delta and fluvial fan morphodynamics. | also describe existing
metrics for analyzing channel networks, based on which | propose metrics that should be

applicable for differentiating channel networks in deltas and fluvial fans.

3.1 River Deltas

Deltas (Figure 2.1) were first defined as partially subaerial sediment deposits resultant
from a river entering a permanent body of water (Barrell, 1912); and later as deposit built from a
terrestrial feeder channel network into a standing body of water with potential modifications due
to waves and tides (Nemec, 1992). Deltas form because at the distributary mouth of a river
where the flow enters a standing body of water the “parent” stream jet flow experiences both
lateral and bed friction, causing the flow to decelerate and rapidly expand laterally (e.g. Bates,
1953; Wright, 1977; Edmonds & Slingerland, 2007; Jerolmack & Swenson, 2007). As a result,
the transport capacity of the turbulent jet decreases and sediment is deposited as a river mouth
bar basinward of the distributary mouth (Edmonds & Slingerland, 2007). This mouth bar growth
eventually leads to bifurcations, defined as distinct divisions of channelized flow, where a single
channel (parent channel) branches into two or more channels (daughter channels) (Axelsson,
1967; Coffey & Shaw, 2017). The daughter channels are separated by a bar, island, or shallow
bay where sediment transport is significantly reduced or nonexistent, and flow is unchannelized
(Coffey & Shaw, 2017) (Figure 3.1). Mouth bar deposition and resultant channel bifurcation
repeats multiple times leading to the seaward advancement of the shoreline and the
construction of a channel network (Edmonds & Slingerland, 2007; Olariu & Bhattacharya, 2006)
(Figure 3.2).



Initial. Channel 2
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Figure 3.1: Bifurcation angle and channel width measurement methodology
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Figure 3.2: Schematic illustration of delta (a) and fluvial fan (b) channel networks with

channel order shown by colors.




Avulsions that are generated by channel bed aggradation and resultant superelevation
are another important process in formation of channel networks (Edmonds & Slingerland, 2007;
Bentley et al., 2016), but they occur much less frequently than bifurcations. Therefore, delta
channel network topology is generated dominantly by bifurcation around a river mouth bar
(Edmonds & Slingerland, 2007). Deltaic avulsions episodically rearrange the depocenter at the
delta lobe scale, whereas bifurcations determine the nature of the delta channel networks
(Bentley et al., 2016). The resultant delta channel networks thus exhibit a tendency to
consistently self-organize (Fagherazzi, 2008; Edmonds et al., 2011). Delta channel networks
also demonstrate a fractal pattern of decreasing channel widths and lengths associated with
increasing bifurcation orders (Edmonds & Slingerland, 2007; Seybold & Andrade, 2007,
Wolinsky et al., 2010) (Figure 3.2). These trends in channel widths are consistent with hydraulic
geometric scaling patterns: as the discharge of a parent channel divides into the discharge for
two resultant daughter channels, the daughter channel dimensions decrease as they scale with
bankful discharge (Edmonds & Slingerland, 2007). Channel lengths decrease down delta
because with each successive bifurcation, the jet momentum flux and consequent average grain
transport distance decrease basinward causing new mouth bar deposition and accompanying
bifurcation to occur closer to the previous bifurcation node for a given channel (Edmonds &
Slingerland, 2007) (Figure 3.1).

The fractal nature of delta channel networks is not limited to river dominated deltas.
Deltas are affected by basinal processes such as waves and tides that influence the
development of channel networks (Jerolmack & Swenson, 2007; Leonardi et al., 2013), and
have been used to classify deltas as river-, wave-, or tide- dominated (Galloway, 1975). Tide-
influenced deltas exhibit fractal channel network patterns (Marciano, 2005), although for these
deltas both tidal discharge amplitude and river discharge collectively determine the formation of
channels and bars (Marciano et al., 2005; Shaw & Mohrig, 2014; Nienhuis et al., 2018). The
combination of tide and river processes rework sediments from the distributary mouth into
longitudinal bars perpendicular to the coast thus removing sediment from river mouth (Leonardi
et al., 2013). The dominance of tidal discharge amplitude over river discharge results in tide-
dominated deltas that commonly contain two to three distributary channels separated by
elongate bars which exhibit significant seaward widening (Leonardi et al., 2013; Nienhuis et al.,
2018).
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Similarly, wave-dominated deltas exhibit few if any channel bifurcations due to wave erosion
of shorelines or the longshore drift causing shore-parallel redistribution of sediment (Anthony,
2015; Jerolmack & Swenson, 2007; Nardin et al., 2013). For this study, only deltas which exhibit
mouth bar growth and resultant bifurcations are included. Our study thus focuses on river
dominated deltas (14) while also including tide- (9), wave (7), and tide-and-wave-influenced (8)
deltas (Table 2.1).

Another morphological characteristic of river delta channel networks is the angle at
which distributary channels bifurcate (Figure 3.2) (Coffey and Shaw, 2017). Given the similar
dendritic morphology of tributary networks at confluences and distributary networks at
bifurcations, Coffey & Shaw (2017) argue that unchannelized flow patterns (diffusion) like those
in tributary networks are important in determining the bifurcation angle in distributary networks.
They suggest that the characteristic bifurcation angle is 72°, which in tributary systems arises
from diffusive groundwater flow (Devauchelle et al., 2012). Coffey & Shaw (2017) test this
hypothesis on 9 modern deltas and on an experimental/observational deltas and report
bifurcation angles of 70.4° + 2.6° for natural deltas and 68.3° + 8.7° for modeled deltas. Mahon
& Shaw (2018) expand this methodology with 3D seismic and Mars HiRISE orbital imagery, and
report that bifurcation angles in terrestrial strata exhibit a mean angle of 72.8° £ 4.1° and in
Martian strata 73.9° £ 6.0°. | also consider climate conditions, as confluence angles in tributary
networks in arid climates have been suggested to differ due to insufficient groundwater flow
(Seybold et al., 2017), and bifurcation angles in arctic deltas because the bifurcations are
modified by higher levees able to constrain channel flow thus reducing the ability of a channel to
bifurcate (McCloy, 1970).

3.2 Fluvial Fans

Fluvial fans (also referred to as “wet” fluvial-dominated alluvial fans, Schumm, 1977,
McGowen, 1979; megafans, e.g. Singh et al., 1993; or distributive fluvial systems — DFS,
Weissman et al., 2010) are another fan-shaped landform containing a complex network of
channels (Plink-Bjorklund, 2021). The DFS concept encompasses both alluvial and fluvial fans,
however alluvial fans are constructed by sediment gravity flow and sheet-flood processes and
do not form constructional channel networks (Blair & McPherson, 1994) unlike fluvial fans
(Figure 2.2) which are formed by river channel avulsions (Nichols & Fisher, 2007; Moscariello,
2018; Ventura & Clark, 2018; Plink-Bjorklund, 2021), alluvial fans are thus not considered

further in this work.
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Modern studies suggest that fluvial fans build by nodal river avulsions that originate at
the fan apex or downstream at locations where crevassing occurs (Assine, 2005; Chakraborty et
al., 2010; Donselaar et al., 2013). For example, the Kosi River has avulsed on average every 7
years between 1760 and 1960 and has avulsed across the whole fan surface over the last 200
years (Chakraborty et al., 2010). Channel avulsions are driven by the superelevation of a levee-
confined channel above the surroundings, caused by channel bed aggradation (Bryant et al.,
1995). Channel bed superelevation is the result of higher sedimentation rates in the channel
than on the surrounding floodplains (Pizzuto, 1987). Formation of fluvial fans is promoted
wherever avulsion frequency is increased, provided there is sufficient lateral space available
(North & Warwick, 2007). Causes of increased avulsion frequency could be due to high
sedimentation rate (Bryant et al., 1995), fluctuations in river discharge (Leier et al., 2005,
Hansford & Plink-Bjorklund, 2020), and/or a shallow gradient and accompanying in-channel

deposition (Jones et al., 1999).

Fluvial fan channel networks form by repeated avulsions, where new channel positions
may be superimposed on older channels and create the appearance of an apparent bifurcation
(North & Warwick, 2007). Fluvial fan channel networks are thus paleochannel networks rather
than active channel networks like in deltas, although partial avulsions also occur and multiple
channels can be active especially during river floods (North & Warwick, 2007; Chakraborty et
al., 2010) (Figures 3.2). Fluvial fan networks are thus less well organized and should not display
a fractal pattern for decreasing channel widths and lengths downfan (Figure 3.3). | thus
hypothesize that the “apparent bifurcation” angles, which are actually channel divergence or
crossing angles due to avulsions, will not be the same as the deltaic bifurcation angles. | also
hypothesize that both fluvial fans and deltas will demonstrate decreases in channel lengths and
widths basinward. Where fluvial fans enter lakes or oceans, small deltas form along the fluvial
fan front (Figure 3.4). | also compare these deltaic channel networks to the “parent” fan channel

networks.
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Figure 3.3 lllustration of channel length (L) and width (W) measurement methods. Colors
indicate channel order. Don River Delta.

Channel Order 3 for Fluvial Fan

Channel Order 1 for Delta \

> g

Fluvial Fan

Figure 3.4: Example of a fluvial fan with a downstream delta where the fan reaches a lake:
Saskatchewan fluvial fan and delta
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CHAPTER 4
METHODLOGY
4.1 Global Delta and Fluvial Fan Channel Network Database

For this study 38 deltas (Table 2.1) and 38 fluvial fans (Table 2.2) were selected to
represent a diverse range of climatic and topographic conditions from across the world (Figure
2.4). Selected deltas exhibit at least one channel bifurcation and two orders of channels to be
considered for this study. Wave influence was determined by the presence of straight shorelines
with beaches (e.g. Nienhuis et al., 2015). Tide-influence was determined by the presence of
seaward widening channels (e.g. Nienhuis et al., 2018). Where both morphological features are

present, the deltas are referred to as mixed tide- and wave-influenced deltas.

A global fluvial fan database from Hartley et al. (2010) was utilized to identify modern
fans and their apex coordinates. Fluvial fans were selected from different climatic and
topographic settings, as well as with different termination styles such as fans that terminate in
downfan deltas (Figure 2.2a), terrestrial (Figure 2.2c), playa (Figure 2.2e), and lacustrine

(Figure 2.2f) environments.

All channel network shapefiles were generate using ArcGIS (Figures 2.1 & 2.2). ArcGIS
allows users to easily generate line shapes which can be used to manually trace individual
channel segments while automatically recording line and channel lengths. Channel lengths and
angle measurements can also be measured in ArcGIS using the line and width measurement
tools. Data is recorded in the ArcGIS attribute table which can be easily copied into a python

readable csv datasheet format.
4.2 Channel Order

To establish channel orders for channels in channel networks, | followed the
methodology put forth by Dong et al., (2016) which utilizes channel bifurcation patterns
established in Hack (1957). This method follows a simple rule: bifurcation produces increasing
downstream channel orders through channels that branch; these resultant channels must not
merge downstream to be considered a true bifurcation. Channel order is based on an individual
channel segment’s location with respect to bifurcations. When a first order channel bifurcates,
two second order channels are created downstream. When these two channels bifurcate then
two new pairs of channels form, etc. (Figure 3.2). Identification of bifurcation nodes follows the

methodology of Edmonds et al. (2010) such that the first order bifurcation for a river channel is
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the first bifurcation that channel undergoes (Figure 3.1, Figure 3.2). These methods were all
developed for deltaic channel networks whereas | apply the same metrics to delta channel
network on fluvial fan channel networks (Figures 3.2 and 3.3). Instead of bifurcations, in fluvial

fans these are channel divergences or cross overs.
4.3 Channel Length and Width Measurement

Channel lengths and width measurement methods follow Edmonds & Slingerland
(2007), such that a channel length is the distance between two bifurcations (or in case of fluvial
fans divergences) of a channel (Figure 3.3). The width of a channel is recorded as the average
of three width measurements: one immediately after channel bifurcation, one immediately
before next channel bifurcation, and one halfway through the channel (Figure 3.3). Widths were
not measured in locations with bars present, nor in locations where a channel splits but later
merges again downstream. Channel lengths are measured between two consequent bifurcation
or divergence nodes. Channel lengths and widths are then normalized according to the initial
channel order 1 width average (Edmonds & Slingerland, 2007) (Figure 3.1). Thus, for first order
channels the normalized channel width will always be normalized against its own width and
therefore this value is always equal to one (Figures 5.4). The first order channel lengths (Figure

3.3) were measured between the last occurrence of tributaries and the first bifurcation node.
4.4 Channel Bifurcation/Divergence Angle Measurement

To quantify channel bifurcation and divergence angles | follow methodology from Coffey
& Shaw, (2017). This method determines the angle of the mouth bar formed at the end of an
upstream channel (Figure 3.1). The width directly upstream of a bifurcation is a “parent” channel
width. This parent channel width is set as the length of the limbs of an angle that track along the
edges of the mouth bar to calculate a bifurcation angle (Coffey & Shaw, 2017) (Figure 3.1). This
same methodology was applied to fluvial fans, although the angles between two paleochannels
are not bifurcation angles but rather indicate paleo-channel crossing or channel splitting due to
partial avulsions. | refer to these angles as channel divergence angles in fluvial fan channel
networks. Due to tidal effects, channels in tidal-influenced deltas may bifurcate into three
separate channels instead of two; these are referred to as trifurcations (Leonardi et al., 2013)

and are included in the dataset.
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4.5 Climate Data

To track the climate type, | determined the Képpen-Geiger climate type for each delta
and fluvial fan according to a global climate map from Peel et al. (2007). All climate types were
then simplified to just six hydroclimate types according to (Hansford et al., 2020). | performed
this reduction to hydroclimate type because precipitation variability has been suggested as a
significant control for fluvial fan formation (Leier et al., 2005; Hansford & Plink-Bjorklund, 2020).
The hydroclimate types group the Képpen-Geiger climate types according to precipitation
pattern into tropical rainforest, monsoon, humid subtropical, arid subtropical, temperate, cold,
and cold & polar climates. In fluvial fans, there is a weak (>0.5) positive correlation between
hydroclimate and the number of channels, number of divergences, maximum order channels

(Figure 4.1). In deltas, this positive correlation is even weaker (<0.29) (Figure 4.1).
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Figure 4.1: Correlation matrix for channel network metrics for Delta (a) and fluvial fan (b)
channel networks

4.6 Code and Statistics

Data analysis and visualization was preformed using Python. Open-source data
visualization libraries Matplotlib (Hunter, 2007), NumPy (Harris, 2020), SciPy (Virtanen, 2020)
and Seaborn (Waskom, 2021) were utilized. Confidence intervals were calculated according to
Mendenhall et al., (2012). Student’s T-tests were applied to width, length and angle values to
compare the means of delta and fluvial fan metric distributions. T-tests are used to test the
hypothesis that the mean of Gaussian-distributed populations is different by generating a p-
value (Trauth, 2006). F-test were also applied to test for differences between data set variances;
f-tests also generate a p-value. For this study, a p-value less than 0.05 (5% significant level)

suggests that the two population means or variances are not equal.
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CHAPTER 5
RESULTS

The average delta channel bifurcation angle is 75.0° with a 95th percentile confidence
interval of + 2.4° (Figure 5.1). The average bifurcation angle in arctic deltas is 80.4 £ 4.02°,
while non-arctic deltas have an average bifurcation angle 72.3 + 2.86°. A difference in means
between arctic and non-arctic deltas is demonstrated by a t-test (p = .0015), however a f-tests
shows that both distributions exhibit similar variances (p = .10). The average fluvial fan channel
divergence angle is 55.2° with a 95th percentile confidence interval of = 2.4° (Figure 5.1). The p-
value for a t-test between bifurcation and divergence angles is p = 1.97 x 10?2, which suggests
that the average angle values in deltas and fluvial fans are different. The p-value for a f-test is p
=.024 suggesting the variances for these distributions are also unequal. The distribution of
delta bifurcation angles exhibits a slightly larger variance (standard deviation) of 22.5° than in

the distribution of fluvial fans divergence angles which where the variance is 19.8°.

" Fluvial Fan Divergence Angle Distribution Delta Bifurcation Angle Distribution
— Average=55.2" : — Average=75.0°
a ...... standard Deviation=+19.8° b : H BRIEESE Standard Deviation=+22.5°

=== Median=53° ==+ Median=73°
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Occurrence

(1] 80 100 120 140
Fluvial Fan Divergence Angle (degrees)

60 80 100
Delta Bifucration Angle (degrees)

Figure 5.1: lllustration of the distribution of fluvial fan divergence angles (a) and delta
bifurcation angles
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Grouping delta channel bifurcation angles by delta type (river-dominated, tide-influenced,
wave-influenced, and mixed tide- and wave-influenced) shows that there is only minor variation
between different types of deltas (Figure 5.2). The river-influenced deltas in this study maintain
an average bifurcation angle of 78.3° with a 95th percentile confidence of + 2.9° for a sample
size of (n = 212). The average for the tide-influenced deltas is 65.8° + 6.8° (n = 52), 72.0° + 9.6°
(n = 24) for the wave-influenced deltas, and 73.2° £ 5.9° (n = 63) for the mixed wave- and tide-
influenced deltas (Figure 5.2). T-tests for river-dominated deltas and other types such as tide-
influenced (p = .28) and mixed influence (p = .20) suggest similarity in the mean values. The t-
test results for wave-influenced deltas (p = .39) suggest minor differentiation between mean

values.

1 Bifrucation Angle Distribution by Delta Type
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Figure 5.2: Bifurcation angle distribution by delta type.

The distribution of bifurcation angles grouped by order (Figure 5.3) shows in deltas that
the average bifurcation angle slightly increases from 69.7° + 4.4° for first and second order
bifurcations to 78.2° + 2.7° for bifurcation orders three through seven. Bifurcation order eight
exhibits a higher mean angle of 87.5° (Figure 5.3), but the sample size for this order is very low
(n=4). No such distribution exists for divergence angles in fluvial fans grouped by order (Figure

5.3) as the values vary between 52.7° and 56.5°.
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Figure 5.3: Distribution of delta bifurcation angles (a) and fluvial fan divergence angles (b) by
channel order.
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Normalized delta and fluvial fan channel lengths and widths both demonstrate
systematic non-linear decreases with increasing channel order (Figure 5.4). Delta normalized
channel lengths are multiple orders of magnitude shorter than normalized channel lengths in
fluvial fans (Figure 5.4). There also exists a statistically significant difference between the
normalized channel length in deltas and fluvial fans. This difference in average length values is
confirmed by (Figure 5.5) and supported by a t-test (p = 2.64 x 1074), however f-test results
suggest similarity in the population variances (p = 1.0). Normalized channel width values
between deltas and fluvial fans (Figure 5.4) do not demonstrate any separation between their
average values (p = .97), with a f-test value of (p = 0.99) suggesting similar population
variances for normalized channel width distributions. For delta channel normalized widths
(Figure 5.4) eighth and ninth order channels exhibit a minor increase in their normalized width
values. Most delta channel networks do not achieve eighth and ninth order channels. These
higher order channels have a small sample (n = 14 and n = 8, respectively). Delta channel
normalized lengths (Figure 5.4) do not demonstrate any change in length trends for these 8™

and 9™ order channels, nor do fluvial fan channel widths and lengths (Figures 5.4).
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Figure 5.4: Box and whisker plots illustrating normalized delta channel widths (a) and lengths
(b), and fluvial normalized fluvial fan channel widths (c) and length (d) plotted by channel order.
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Figure 5.5: Comparison of normalized channel lengths and widths of delta and fluvial fan
channel networks.

Delta normalized channel width and length values grouped by delta type (Figures 5.6)
exhibit trends with respect to increasing channel orders. River-dominated and mixed wave- and
tide-influenced deltas contain eighth and ninth order channels (Figure 5.6). Tide-influenced
deltas exhibit a maximum of seventh order channels while wave-influenced deltas contain a
maximum of sixth order channels (Figure 5.6). Tide-influenced deltas have the widest channels
for a given channel order (Figure 5.6), while river-dominated and mixed-energy deltas have the
narrowest channels for a given order. Mixed-energy deltas have the longest channel lengths for

a given channel order (Figure 5.6).

In fluvial fans with downstream deltas where the fans enter standing bodies of water
(Figure 3.4) t-test results show a difference between both average channel bifurcation and
divergence angles (p = 5.93 x 10°) and average normalized channel lengths (p = 1.05 x1014).
Average normalized channel widths in fluvial fans with downstream deltas do not show
difference between their means (p = .78). F-tests show no difference in variances for these
normalized channel length/width and bifurcation/divergence angle values (p = .90, p = 1.0, and
p =.76). It is important to note that these tests of fluvial fans with downstream deltas contain low

sample sizes.
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CHAPTER 6
DISCUSSION
6.1 Metrics to Differentiate Deltas and Fluvial Fans

The results of this project suggest that there are quantifiable morphological differences
between delta and fluvial fan channel networks. Our analyses show that channel bifurcation and
divergence angles and normalized channel lengths are two morphological metrics which exhibit
differences in delta and fluvial fan channel networks. Normalized channel widths do not show
any difference and, thus, do not appear useful in differentiating channel networks. Edmonds &
Slingerland (2007) establish that decreasing channel lengths (Figure 5.4) are the result of
decreases in the river jet momentum generating a characteristic channel network (Olariu &
Bhattacharya, 2006). This decrease of the jet momentum is a markedly different process from
avulsions which control fluvial fan formation (Schumm et al., 1987; Bryant et al., 1995; North &
Warwick, 2007). The decrease in distributary jet momentum results in mouth bar deposition
(Olariu & Bhattacharya, 2006; Edmonds & Slingerland, 2007) and a theoretical channel
bifurcation angle of around 72° (Coffey & Shaw, 2017).

Bifurcation angles in our study exhibit an average angle value of 75.0° (Figure 5.1).
Fluvial fan channels diverge because of channel avulsions, due to super positioning and
crossing of older and younger channels (North & Warwick, 2007) and channel splaying (Assine,
2005, Chakraborty et al., 2010). Divergence angles in fluvial fans in this study are lower with an
average angle of 55.2° (Figure 5.2). This study is the first to quantitatively distinguish channel

networks in deltas and fluvial fans.
6.2 Comparison to Previous Work on Delta Networks

The value of 72° degrees represents a theoretical value for bifurcations angles (Coffey &
Shaw, 2017). Coffey & Shaw, (2017) report that the average bifurcation angle for field-scale
deltas as 70.4 = 2.6°, below their calculated theoretical value of 72° but within error range. Our
average bifurcation angle of 75.0° (Figure 5.1) is larger than the theoretical value, and just
outside the 95% confidence interval. First and second order average bifurcation angles (Figure
5.2) in this study (70.1° and 69.6°) resemble values reported Coffey & Shaw (2017). Third to
seventh order bifurcations angles (Figure 5.2) are higher at with an average of 77.2°.
Differences between these results may be the result of differences in measurement

methodology. Coffey & Shaw, (2017) focus on distal bifurcation angles nearest to the standing
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body of water. This study considers all bifurcation angles from the apex to the delta toe (Figure
3.2). One explanation for a slightly higher average bifurcation angle recorded in this study is that
arctic deltas maintain a statistically significant higher average bifurcation angle (80.4° + 4.0°)
when compared to non-arctic deltas (72.3° = 2.8°). The average bifurcation value for non-arctic
deltas closely resembles the theoretical value of 72° (Coffey & Shaw, 2017). The difference in
average bifurcation angles in arctic deltas is likely because arctic deltas maintain increased
channel levee heights that are better able to contain channel flow and therefore hinder the
ability of channels to bifurcation (McCloy, 1970). Other potential causes for different values
include sample size differences. Coffey & Shaw (2017) report 197 bifurcations from 10 deltas
while our study contains a larger dataset with 352 bifurcations in 38 different deltas.
Furthermore, taking measurements gets more difficult in higher order channels, because the

channels are narrow and the land-water boundaries more difficult to determine.

Delta normalized channel widths and lengths exhibit non-linear decreases with
increasing channel orders (Figure 5.4), like trends reported by Edmonds & Slingerland (2007).
They selected deltas with minimal wave and tide effects while our results include deltas with tide
and wave influence (Figure 5.6). This suggests that non-linear channel length and width
decreases occur in these delta channel networks (Figure 5.6). Normalized channel width trends
for tide-influenced deltas (Figure 5.6) are supported by previous studies determining that tide-
influenced delta channels progressively widen seaward (Wright et al., 1973; Nienhuis et al,
2018). River-dominated and mixed wave- and tide-influenced deltas contain high order channels
and bifurcations (Figure 5.6) which suggests that these types of deltas continue to exhibit non-
linear decreasing hydraulic scaling patterns as established for river-dominated deltas by
Edmonds & Slingerland (2007). Wave- and tide-dominated deltas do not have such high order
channels because of sediment removal from distributary mouth by wave (Anthony, 2015) and
tide (Marciano, 2005) processes. Our work shows that delta channel networks can achieve 9th
order channels, however additional work is needed to determine the maximum order of

channels (and bifurcations) that a river delta could generate.
6.3 Comparison to Previous Work on Fluvial Fan Networks

Early work on fluvial fans channels suggested bifurcation as the primary mechanism
behind channel diversions (Kelly and Olsen, 1993). Later work suggests that the superposition
of younger active channels over older inactive ones in fluvial fans can give the impression of
apparent bifurcations (North & Warwick, 2007). Modern studies show that megafans build by

nodal river avulsions that originate at the fan apex (Chakraborty et al., 2010; Donselaar et al.,
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2013). Our work supports channel avulsion rather than channel bifurcation as the primary
mechanism for fluvial fan growth because the channel divergence angles of 55.2° are
inconsistent with reported values for channel bifurcation angles around 72° (Coffey & Shaw,
2017).

Non-linearly decreasing fluvial fans channel width and length values (Figure 5.4) are
consistent with previous studies on fluvial fan channel networks which demonstrate downstream
channel divergences in fans (e.g. Slingerland & Smith, 2004; Assine, 2005; Donselaar et al.,
2013; Chakraborty et al., 2010). Our results show decreasing channel length trends for fluvial
fans (Figure 5.4) which are consistent with studies which demonstrate that different scales of
avulsions occur on fans (e.g. Bryant et al., 1995, Assine, 2005; Chakraborty et al., 2010).
Primary fluvial fan channel avulsions occur in the upper 10% of the fluvial fan length near the
apex (Bryant et al., 1995). Downstream avulsions are linked to crevasse splay formations (e.g.
Assine, 2005; Chakraborty et al., 2010) which become significantly common downstream
(Donselaar et al., 2013), and produce decreasing channel length trends (Figure 5.4). The first
order nodal avulsions in fan apex may generate channels that reach to the end of a fan or
exhibit downstream avulsions and crevassing, resulting in channel divergence and new channel
lobe formation (e.g. Assine, 2005; Chakraborty et al., 2010). Where these downstream
avulsions are patrtial, the channels only contain a portion of the initial parent channels discharge
(Bryant et al., 2013), and hence have lower channel widths (Figure 5.4). Downstream channel
width decrease (Figure 5.4) has been documented in modern (e.g. Donselaar et al., 2013;
Chakraborty et al., 2010) and ancient (Weissman et al., 2013; Wang & Plink-Bjorklund, 2019)
fluvial fans channels, and also assigned to infiltration, water losses to floodplain, and

evapotranspiration (Chakraborty et al., 2010).
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CHAPTER 7
CONCLUSIONS

Results from our study suggest that deltas and fluvial fans do maintain differentiable
channel network based on morphodynamical properties specific to each. Our study concludes
that delta channel networks maintain an average channel bifurcation angle of 75.0° (Figure 5.1)
which is consistent with previous studies suggesting that delta bifurcations form at a 72° angle
(Coffey & Shaw, 2017). The average bifurcation angle for different delta types also shows
relative stability for the bifurcation angle (Figure 5.2). Arctic deltas maintain a larger average
bifurcation angle of 80.4° due to increased channel levee heights which reduce a channel’s
ability to bifurcate (McCloy, 1970). The average bifurcation angle for non-arctic deltas in this
study (72.3°) mirrors the theoretical bifurcation angle value of 72° (Coffey & Shaw, 2017).
Fluvial fans channels networks maintain a lower average angle of channel divergence 55.2°
(Figure 5.1) which is not indicative of the bifurcation but rather crossing angles and patrtial
avulsions associated with crevasse formation (e.g. Assine, 2005; Chakraborty et al., 2010). Both
delta and fluvial fan channel networks demonstrate downstream channel length and width

shortening (Figure 5.4).

| also demonstrate that bifurcation and divergence angles remain relatively consistent
with respect to channel order (Figure 5.3). Normalized channel length values show statistical
differences as fluvial fans channels are typically orders of magnitude longer than delta channels
(Figure 5.5.) Normalized channel width values show no differentiation and are indistinguishable
(Figure 5.5). In deltas, these decreasing length and width trends are associated with a decrease
in river jet momentum with successive bifurcations (Edmonds & Slingerland, 2007). In fluvial
fans these trends are associated with down fan partial avulsions and crevasse formation (e.g.
Donselaar et al., 2013; Chakraborty et al., 2010). Channel length and width trends for different
delta types further exhibit some differences (Figure 5.6). Our works shows that tide-influenced
deltas do indeed exhibit basinward channel widening (Figure 5.6) (Wright et al., 1973; Nienhus
et al, 2018). | also show that wave- and tide- influenced deltas contain less channel orders than

river dominated and mixed-influence deltas (Figure 5.6).

These differences are further reinforced by the fact that some river systems which
contain a fluvial fan with downstream deltas (Figure 3.3) exhibit differences between channel
bifurcation and divergence angles and channel length trends for the fluvial fan and delta

portions. | also show that varying hydroclimate types, which have been linked specifically to
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fluvial fan formation (Hansford & Plink-Bjorklund, 2020), does influence channel networks
metrics (Figure 4.1). Our results further show that careful consideration of channel networks
morphometrics are needed to identify whether fan-shaped landforms on other planetary bodies
are deltas or fluvial fans. Specifically, additional evidence is necessary for paleo-shoreline

identification as fluvial fans may or may not form at shorelines.
7.1 Areas for Future Work

There is potential for future work based upon these results presented here. For example,
bifurcation angles on Mars have been reported to resembled bifurcation angles on Earth 73.9° +
6.0° (Mahon & Shaw, 2018). Future work could apply the aforementioned methodology to
Martian fan-shaped landforms to attempt differentiate between deltas and fluvial fans on Mars.
Additional work can also be performed comparing large-scale metrics for these landforms as
previous work has demonstrated relationships between variable discharge rivers and fluvial fan
formation (Hansford & Plink-Bjorklund, 2020). This work would involve comparing gradient,

area, and discharge data among other metrics to determine potential relationships.
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