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DISSERTATION ABSTRACT

Kevin Kortum Gardner

Doctor of Philosophy in Earth Science

Title: Evidence for the Continental Origin of the Pliocene Sediments in the Central Baja California
Peninsula, Mexico, and the Geometric Classification of Tidal, Fluvial, and Relict Channels

Using a Trained Random Forest Classifier

The co-evolution of earth’s topography, depositional environments, and tectonics and the genetics
of terrestrial plants and animals over the past 6 million years is pootly understood, particularly in the
Baja California peninsula where genetic divergence within present-day species produces northern
and southern populations, for which a trans-peninsular seaway has been hypothesized. Similarly,
uplifted relict tidal channels have enormous potential for use as paleo-sea level indicators, potentially
providing valuable constraints on changes in sea level, which impact both the evolution of earth’s
surface and terrestrial organisms. However, there are no methods of determining the origin of relict
channels based on their planform geometries, as studies of modern tidal and fluvial channels have
revealed remarkable similarities in their evolution and geometry despite forming under vastly
different flow conditions. In this dissertation, I address these gaps in our understanding through a
stratigraphic, paleopedological, ichnological study of Pliocene sediments in the central Baja
California Peninsula and geomorphic studies of a global dataset of tidal, fluvial, and relict channels.
The first portion of this work is focused on testing the trans-peninsular seaway hypothesis for
genetic divergence along the Baja California Peninsula. Analyses of the depositional environments,
paleosols, and trace fossils of the Pliocene San Regis beds, alongside existing work on younger and
older stratigraphy, reveal long-lived terrestrial conditions in the mid-peninsular region that preclude
a marine setting, and refute the trans-peninsular seaway hypothesis for the observed genetic
divergence. The next chapter focuses on the classification of modern tidal and fluvial channel
planforms, a necessary step for classifying relict channels observed in Baja California Sur and
elsewhere. I compiled datasets of 103 modern tidal and fluvial channels and tested the efficacy of
three machine learning classifiers across 69 trials of 23 metric configurations and data scaling

methods. The results reveal that a random forest classifier applied to subdivisions of channel reaches
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is capable of reliably classifying all tested modern tidal and fluvial channels using the relationship
between local channel width and local radius of curvature. The analysis also reveals that the
relationship between radius of curvature and width in tidal channels is much simpler than in fluvial
channels. In the following chapter, the geometric analysis shifts from modern channels to relict
channels and their potential for use as paleo-sea level indicators. I compiled a dataset of 14 relict
channels that include both channels of unknown/potentially tidal origin and those with a likely
fluvial origin. I then classified their planforms using the trained random forest classifier from the
previous study. The results indicate that relict channels that were considered likely fluvial were
classified as fluvial alongside one relict channel of unknown origin. 8 channels that were considered
unknown/potentially tidal were classified as tidal, with varying degtrees of confidence. Analysis of
probability scores of relict channels and mixed-energy channels reveals that four of the 14 relict
channels had distributions that suggested borderline tidal/fluvial geometries that stem from natural
non-uniqueness between channel types, mixed-energy origins, post-abandonment hillslope
processes, or channels forming in one domain and being later modified in another. These three
chapters present a comprehensive investigation into the geologic drivers of genetic differentiation in
the Baja California Peninsula, and the potential for relict surface features to be used as constraints
for depositional environments and changes in relative sea level. The results suggest changes in
climate or habitat quality and quantity are the likely drivers of genetic differentiation, provide insight
into the differences between tidal and fluvial channels, and present a novel method of using relict
channels as paleo-sea level indicators.

This chapter includes previously published, in review, and unpublished co-authored material,

with electronic data tables, code, and trained classifier the supplemental files.
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CHAPTER I: INTRODUCTION

Phylogeographic studies on the Baja California Peninsula have observed within-species
genetic divergence between northern and southern populations of terrestrial plants and animals, with
the locus of the divergence within the San Ignacio trough in the mid-peninsular region. A trans-
peninsular seaway connecting the Pacific Ocean to the Gulf of California has been proposed to
explain the observed genetic divergence by acting as a physical barrier to gene flow and isolating the
two populations. The existence of a seaway would require evidence of Pliocene or younger marine
sedimentation in the San Ignacio trough at elevations of 450 m or greater for a complete marine
connection between the Pacific Ocean and the Gulf of California. The trans-peninsular seaway
hypothesis has not been tested, leaving uncertainty regarding the drivers of genetic divergence in the
region.

Quaternary marine terraces have been documented at elevations up to 340 m above sea level
along the length of the Baja California Peninsula. In the Laguna San Ignacio area, relict channels that
appear to follow paleo-shorelines are observed at elevations consistent with those of marine terraces,
however the origin of these relict channels is unknown. If the origin of these channels can be
attributed to tides, then the channels can serve as paleo-sea level indicators, offering another
constraint for paleogeographic reconstructions of the region. Despite forming under vastly different
flow conditions, modern tidal and fluvial channels display remarkably similar planform evolutions
and geometries. Although some differences have been recognized between the two channel types,
there exists no methodology capable of classifying channel reaches as either tidal or fluvial. This
inhibits our ability to classify relict channel reaches as tidal or fluvial using their planform
geometries, consequently inhibiting our ability to identify relict tidal channels on uplifted-low relief
surfaces and use them to reconstruct paleo-sea levels both in the central Baja California Peninsula
and globally.

To address these gaps in our understanding of the controls on biodiversity on the Baja
California Peninsula and the geometric distinction between tidal and fluvial channels, both modern
and relict, I employ a multi-method approach. Through a field-based approach, I study the
sedimentology, stratigraphy, ichnology, and paleopedology of Pliocene sediments in the San Ignacio
trough to reconstruct the ancient depositional environments and climate to test the trans-peninsular

seaway hypothesis. Using machine-learning algorithms, I develop a methodology for differentiating
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and classifying modern tidal and fluvial channel reaches, and apply the classification method to relict
channels in the central Baja California Peninsula and from localities around the world

In Chapter II, I perform a detailed analysis of the sedimentary facies, stratigraphy, paleosols,
and traces fossils of Pliocene-aged sediments exposed at Mesa San Regis, Baja California Sur,
Mexico to test for evidence of a trans-peninsular seaway in the San Ignacio trough. Sedimentary
structures preserved in the San Regis beds record the depositional processes that emplaced the
sediment, and by documenting changes in depositional processes throughout the stratigraphy, I
reconstruct the depositional environment and its changes through time. Throughout the San Regis
beds, I identified numerous calcic paleosol horizons of varying stages of maturity that allow me to
constrain paleoclimatic conditions in the central Baja California Peninsula. I apply known formation
ages for analog quaternary calcic paleosols to the soil development stages of the San Regis paleosols
and additional use Ar/Ar dates for the capping basaltic andesite and interbedded tephra to develop a
timeline for sedimentation and estimate sedimentation rate throughout deposition of the San Regis
beds. I also perform a detailed analysis of the trace fossil assemblage for the San Regis beds to
provide additional constraints on paleoclimate and depositional environment reconstruction. The
results of this study rule out the existence of marine conditions in the San Ignacio trough, and refute
the seaway hypothesis, leaving variations in habitat quantity, quality, and climate as potential drivers
of the observed genetic differentiation.

In Chapter 111, I compiled training and testing datasets of modern tidal and fluvial channels
reaches and test the efficacy of three machine-learning classifiers for differentiating between channel
types using a segment-scale classification and classification thresholds for individual reaches. I test
multi-layer perceptron, random forest, and logisitic regression algorithms using combinations of
scaling methods and 145 variables that describe the planform geometries across 69 trials. The results
of this study demonstrate that using dominant segment-type thresholds for individual channel
reaches a random forest classifier correctly classifies 100% of test reaches as tidal or fluvial, and
indicates that the relationship between the local channel width and the local radius of curvature is
the most important factor for differentiating between the two channel types.

In Chapter IV, I compile a dataset of 14 relict channels from central Baja California and
other localities around the world and apply the trained random forest classifier and classification
method developed in Chapter III to these relict channels. The dataset of relict channels includes
relict channels of both fluvial and unknown/potentially tidal origin. Relict channels of likely fluvial

origin were all correctly classified as fluvial using this approach, while relict channels of unknown
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origin were assigned a tidal origin. The results of this study are the first time that relict channels of
tidal origin have been recognized, and carry significant implications for paleo-sea level
reconstructions in tectonically active coastal regions. The findings of this study suggest that relict
channels can retain the characteristics of their domain of formation well enough to robustly classify
them. However, some channels may display non-unique geometries that arise from natural overlap
between the geometries of tidal and fluvial channels, simultaneous shaping by tidal and fluvial
processes, post-abandonment modification, and re-shaping of channel planforms during changes in
relative sea level.

Chapter II of this dissertation is co-authored with Rebecca J. Dorsey, Stephen T. Hasiotis,
Scott E.K. Bennett, Michael Darin, José Luis Antinao, Greer Dolby, and Brian Hausback, and is in
review in the journal Sedimentology. Chapters 111 and IV of this dissertation were co-authored with
Rebecca J. Dorsey. Chapter 111 was published in Earth Surface Processes and Landforms and Chapter IV
will be submitted to Earth Surface Processes and Landforms.
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CHAPTER II: EVIDENCE FOR THE CONTINENTAL
ORIGIN OF PLIOCENE SEDIMENTS IN THE CENTRAL BAJA
CALIFORNIA PENINSULA, MEXICO AND IMPLICATIONS FOR
CONTROLS ON BIODIVERSITY

This chapter includes unpublished, co-authored material that has been submitted for review in
Sedimentology. 1, Stephen T. Hasiotis, and Rebecca J. Dorsey performed field geologic surveys,
sedimentologic and stratigraphic measurements, paleosol descriptions, and trace fossil identification.
Scott E.K. Bennett, Michael Darin, and Brian Hausback performed sample collection for
geochronological analyses conducted by Matthew Heizler. José Luis Antinao provided feedback for
the analysis of soil ages. I am the first author on the paper which involved synthesis and analysis of
data, preparation of figures and tables, and writing of the entire manuscript. Greer Dolby and all co-
authors provided assistance in data interpretation relevant to their fields and provided editorial

feedback for the manuscript and figures.

Introduction

Phylogeographic studies have long recognized a pattern of genetic divergence between
northern and southern populations of terrestrial plants and animals along the Baja California
peninsula, with the area of differentiation located in the center of the peninsula between N26° and
N28° (Fig. 1, Upton & Murphy, 1997; Riddle et al., 2000; Nason et al., 2002; Crews & Hedin, 2000;
Lindell et al., 2006; Wood et al., 2008; Dolby et al., 2015; Araya-Donoso et al., 2022). Hypotheses
proposed to explain the observed genetic divergence include: (1) isolation of populations by an
ancient transpeninsular seaway that crossed the central Baja California peninsula; (2) fragmentation
of habitats into glacial refugia by glacial-interglacial climate cycles; and (3) latitudinal variations in the
timing and amount of rainfall (Riddle ¢z a/., 2000; Dolby e# al., 2022). The first hypothesis posits that
a narrow seaway connected the Pacific Ocean to the Gulf of California across the center of the
peninsula ca. 4-2 Ma, creating a physical barrier that prevented migration and gene transfer between
northern and southern populations (Upton & Murphy, 1997; Riddle ez 4/, 2000). The second
hypothesis suggests that glacial-interglacial cycles over the last 800 ka led to repeated changes in the
spatial extent of plant and animal habitats. In this hypothesis, populations become isolated during

interglacial periods as they retreat to colder, higher elevations, and they reconnect during glacial
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periods as cooler temperatures drive habitat expansion into lowlands. Changes in habitat range, local
extinctions, and isolation of populations have all been documented and connected to glacial-
interglacial cycles in this region (Graham et al., 2014; Wilder et al., 2014; Dolby et al., 2016, 2018;
Valdivia-Carrillo et al., 2017). The third hypothesis suggests that observed north—south variations in
seasonal rainfall patterns may have driven changes in the behavior, reproductive patterns, and
adaptations of terrestrial plants and animals along the peninsula that have been documented to lead
to genetic divergence (Coyne & Orr, 2004; Pefuelas ez a/., 2004; Thomassen ez al., 2013; Shim ez al.,
2014; Bhattacharya ez al., 2018).

In this study, transpeninsular seaway hypothesis is tested with a detailed analysis of Pliocene
sedimentary rocks and paleoenvironments in the central Baja California peninsula (Fig. 1). The
paleo-seaway hypothesis requires a topographically low area to connect the Gulf of California to the
Pacific Ocean, and it predicts a sedimentary record of past marine processes and conditions.
Sedimentary deposits provide a record of depositional processes that can be used to reconstruct
ancient environments and paleoclimate. This study focused on a Pliocene sedimentary sequence at
Mesa San Regis ~12 km east of the town of San Ignacio (Fig. 1). The results indicate the deposits
formed in a continental (terrestrial, freshwater) fluvial setting with an arid to semiarid climate.
Because older, middle Miocene marine deposits in the San Ignacio trough are too old to be related
to the ~4-2 Ma estimates of genetic divergence, and all younger deposits in the San Ignacio region
formed in continental environments, our findings clearly refute the transpeninsular seaway
hypothesis. These results illustrate the importance of integrating geological tools and methods to test

hypotheses for paleo-environments and landscape evolution over geologic timescales.

Geologic and Stratigraphic Framework

The San Ignacio trough is a topographically low region that trends NE across the central
Baja California peninsula between flanking mountain ranges to the northwest and southeast (Fig. 1).
This low-elevation trough coincides geographically with a hypothesized Pliocene or Pleistocene
transpeninsular seaway that has been proposed as the locus of genetic divergence (Upton & Murphy,
1997; Riddle ez al., 2000; Dolby e al., 2022). Cenozoic stratigraphy of the midpeninsular region is
dominated by volcanic and volcaniclastic rocks that record tectonic evolution over the past 20-30
million years (Fig. 2). The Comondu Group is a sequence of lower to middle Miocene subduction-
related volcanic and volcaniclastic rocks that formed above the subducting Farallon plate (Hausback,

1984; Umhoefer et al., 2001; Carrefio and Smith, 2007). A southward jump in the Rivera triple
22



-116.0 -114.0 -112.0 -110.0

(O Northern genetic population

@ Southern genetic population

< - Es 37

Figure 1. Map of the Baja California Peninsula, Mexico, showing schematic representations of within-species genetic
divergence between northern and southern populations of land plants and animals along the peninsula. Blue band
shows position of a hypothesized trans-peninsular seaway that is proposed to have acted as a barrier that isolated
northern and southern populations. Abbreviations: B.C.S., Baja California Sur; Sin. Sinaloa; CA, California; AZ,
Arizona; NM, New Mexico
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junction at 12.3 Ma caused the end of subduction and incipient development of a distributed dextral
transtensional plate boundary across northwest Mexico (Atwater & Stock, 1998). The Gulf
Extensional Province underwent slow NE-SW extension until ~8—7 Ma when relative motion
between the Pacific and North America plates rapidly localized into the Gulf of California (Stock &
Hodges, 1989; Oskin & Stock, 2003; Bennett & Oskin, 2014; Bennett ¢ a/., 2015; Darin et al., 2016;
Umbhoefer ¢z al., 2018). In the central peninsular region, the San Ignacio Formation consists of tidal
to shallow marine fossiliferous sandstone and diatomite that formed in a broad shallow marine shelf
during the waning stages of subduction (McLean et al., 1985; Carrefio & Smith, 2007), mostly
between ca. 15 and 11 Ma (Bennett et al., 2025). The San Ignacio Formation is overlain by the late
Miocene (ca. 12—8 Ma) Atajo Formation, composed of interbedded volcaniclastic sandstones,
conglomerates and tuffs deposited in alluvial fans that prograded away from developing volcanic
centers in the central peninsular region (McLean e al, 1985; Carrefio & Smith, 2007; Bennett e a/,

2025).
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upper, post-Esperanza portion of the
Figure 2: Generalized stratigraphy of the central Baja California ) . . .
peninsula in the San Ignacio area (McFall, 1968; Hausback, 1984;  Atajo Formation (Fig. 2). The San Regis
Umbhoefer ez al., 2001; Schmitt ez a/., 2006, 2010; Carrefio &
Smith, 2007; Garcia Sanchez e¢f al., 2019). Pliocene sediments of
the San Regis beds are informally named and described for the
first time in this study. SSF is volcanic rocks of the Sierra San

Francisco, located north of the study area. the Atajo Formation along an

beds are up to ~32-m thick and overlie

late Miocene volcaniclastic deposits of

unconformity that spans up to ca. 4 Ma (Bennett ¢f a/., 2025). The San Regis beds are overlain by a
basaltic andesite lava flow that belongs to a regional system of Pliocene high-Mg basaltic andesite
lavas (‘bajaites’) in the central Baja peninsula (Sawlan & Smith, 1984; Benoit e/ a/., 2002; Calmus et al.,

2003; Pallares ez al., 2007). Pleistocene and younger units in the region include volcanic deposits of
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the Tres Virgenes volcanos and L.a Reforma caldera, and discontinuous Quaternary alluvial fan and
fluvial deposits (Figs. 2, 3; Hausback, 1984; Schmitt et al., 2006; Avellan et al., 2019; Bennett et al.,
2025). Mesa San Regis (Figs. 3, 4) is a small feature located ~12 km ENE of the town of San

Ignacio. Exposures of the San Regis beds are limited due to weathering of overlying basaltic andesite

Mesa
San Regis” |

—— fault; dashed where approximate, dotted where concealed

- Pliocene basaltic scoria cones and flows (3-5 Ma) Quaternary alluvium (modern washes)

Late Miocene and Pliocene sediments incl. - ;
Quvt | Quaternary volcanic tephra
San Regis beds ¥ 3
m Miocene Esperanza Basalt (ca. 10 Ma) Quaternary volcanoes

Miocene sedimentary rocks
(San Ignacio & Atajo formations) Clualasmary eider. grave)

Figure 3. A) Inset map shows topography of the central Baja California peninsula and location of the map area (red
box); B) Geologic map of the San Ignacio area showing major volcanic and sedimentary units (see also Fig. 2) and
location of Figure 4 Abbreviations: A., Arroyo; G.N., Guererro Negro; S.1.,San Ignacio; S.R., Santa Rosalia.

that has formed a well-cemented carapace of basaltic talus cover. The best exposures of the San

Regis beds at Mesa San Regis occur in ~10—15 m-high roadcuts along the northern side of the mesa,
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and in 20-25 m-high exposures in Arroyo San Ignacio along the eastern side of the mesa. This study
is based on observations recorded at these exposures and construction of four stratigraphic sections

that comprise neatly the entire thickness of this unit.

O Measured Section

_ Base of capping
basaltic andesite

Figure 4. Satellite imagery of Mesa San Regis showing the location of measured sections within the San Regis beds.
Red line shows contact of the capping Mg-andesite and the underlying San Regis beds.

Methods
Process sedimentology, stratigraphy, paleopedology (study of ancient soils), and ichnology
were applied to determine the origins of the San Regis beds. *’Ar/”Ar geochronology methods were

used to date an interbedded tephra and capping basaltic andesite lava flow. Lithofacies and
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stratigraphic analyses were used to reconstruct depositional processes and environments and their
changes through time (e.g., Miall, 2022). Stratigraphic sections were measured at cm to m scale to
identify spatiotemporal patterns in lithofacies and were combined with paleosol and trace-fossil
analyses to refine paleoenvironmental reconstructions. Trace fossils were described by their
architectural and surficial morphologies and fill patterns for assignment to an ichnotaxon (Hasiotis
& Mitchell, 1993; Bromley, 1996). Paleopedological analyses were used to identify soil horizons and
paleosol types and combined with trace fossil interpretations to reconstruct paleoclimate (Hasiotis,
2004; Smith ¢z /., 2008b; Hasiotis & Platt, 2012; Counts & Hasiotis, 2014; Fischer & Hasiotis, 2018;
Hanneman et al., 2022; Hasiotis ez al., 2025). The amount of pedogenic modification was determined
by the amount of disruption of bedding, degree and depth of bioturbation, development of
pedogenic features (e.g., massive, granular, blocky textures) and horizonation, and association of
redoximorphic mottling (Birkeland, 1999; Brady & Weil, 2002; Hasiotis ez 4/, 2007). Paleosols were
classified using the U.S. Soil Taxonomy system (Soil Survey Staff, 1999). Comparison of observed
paleosol horizon development in the San Regis beds to a Pleistocene paleosol chronosequence in the
Santa Rosalia Basin Baja California (Schortr ez /., 2018) allows interpretation of paleoclimatic
conditions, estimates of sediment accumulation rates, and an estimate of time span represented by
the San Regis beds.

“Ar/”Ar step-heating analyses were conducted on two groundmass concentrates from a
mafic tephra (SB19bg-123) and a basaltic andesite (BH20bg-132), and the data, along with analytical
details, are provided in the Supplementary File S1. Sample preparation involved crushing and sieving
to obtain ca. 1-mm rock fragments that were reacted with dilute HCl in an ultrasonic bath to remove
any calcite. Following rigorous rinsing in distilled water, groundmass fragments free of visible
phenocrysts were hand-picked while viewed under a binocular microscope. The samples were
irradiated for 16 hours in the central thimble at the USGS reactor in Denver, CO, along with flux
monitor Fish Canyon Tuff sanidine (FC-2) with an assigned age of 28.201 Ma (Kuiper e7 /., 2008) to
determine J-factors. The irradiation also contained K-glass and Cal', to determine interfering
reaction parameters. After irradiation, approximately 15 mg of groundmass was loaded into stainless
steel trays and evacuated and baked for 4 hours at 150°C. Twelve heating steps using a defocused
diode laser were used to construct age spectra and isochron diagrams. Argon isotopes were
measured on a ThermoFisher Helix MC mass spectrometer. Plateau ages are determined from
selected heating steps and are inverse variance weighted mean dates (c.f Taylor, 1982)and the error is

the square root of the sum of 1/0* values. The error is also multiplied by the square root of the
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MSWD (Mean Square Weighted Deviation) for MSWD greater than 1. Isotope correlation data yield
isochron ages based on regression of selected steps using the weighted linear regression equations of
York (1968). All dates are based on a total “’K decay constant of 5.463 x 10-10 /a (Min e# a/., 2000).
Irradiation correction factor and J-error uncertainties are included for the plateau and isochron ages

and are reported at lo.

Results

Facies Analysis

Seven lithofacies are identified in the San Regis beds (Fig. 5). Sedimentary textures and
structures are summarized in Table 1 and interpreted for their corresponding depositional processes.
All lithofacies other than the stratified basaltic tephra are immature volcaniclastic sandstone
composed of angular plagioclase and volcanic lithic fragments with minor amounts clinopyroxene
and little to no quartz. The sandstones could be classified either as lithic arkose or feldspathic
litharenite, depending on variations in the ratio of lithic fragments to plagioclase feldspar. The
stratified basaltic tephra facies is composed entirely of fresh basaltic andesite fragments reworked

from nearby eruption centers.

Paleopedology

Abundant calcic paleosols are identified based on the presence of diagnostic soil horizons
(Fig. 6) and pedological structures (Fig. 7). The dominant soil features are carbonate-rich horizons
that overprint either the full thickness or upper 5-30 cm of discrete beds. Following well-established
carbonate soil classification systems (Gile ez a/., 1965; Monger ez al., 2009), stages 1, 11, and III calcic
(Bk) soil horizons are identified that record varying degrees of soil development in the San Regis
beds (Fig. 6). Stage I calcic horizons (Fig. 6A) are weakly carbonate cemented with calcite partially
coating the grains and rare calcite nodules (e.g., Gile ¢z a/., 1965). In the San Regis beds, calcite
nodules are typically present in the upper 5 cm of sandstone beds and recognized by a subtle color
change due to calcite cementation. Stage II calcic horizons (Fig. 6B, C) are more strongly cemented
and distinguished from Stage I by the common development of strongly cemented calcite nodules
and discontinuous carbonate horizons. Distinguishing between Stage I and Stage II horizons is often
difficult in the San Regis beds because some Stage I horizons display rare calcite nodules. Therefore,

these horizons are grouped into a single category, Stage I-I1, which comprise the most common
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Facies Name

Facies Code

Description

Interpretation

Normally-graded
sandstone (Fig. 5.A)

Massive sandstone

(Fig. 5B)

Cross-bedded pebbly
sandstone/ sandstone

(Fig. 5C)

Sng/Sngc

Ssm

Spe/Ssc

Normally graded, moderately sorted
very coarse- to very fine-grained
sandstone  and  minor  siltstone.
Individual beds range from 0.2 to 0.6 m
thick and display sharp basal contacts.
Vertical trends in grain size are more
subtle in fine-grained variants and better
developed in coarse variants. Weak
horizontal  stratification is  rarely
preserved in the upper 2-5 cm of
individual beds, may have weakly
preserved crossbedding (Snge)
particularly in upper 15 m of the San
Regis beds. Normally graded sandstone
($ng) beds typically have 10s of meters
lateral extent, and less commonly occur
as 060-cm-thick channelized sandstone.
The upper 5-30 cm of normal-graded
sandstone beds commonly host Bk soil
horizons with abundant root traces.

Pootly sorted, structureless fine- to
coarse-grained sandstone with common
root traces and Bk soil horizons and no
visible grading or sedimentary
structures. Massive sandstone is
observed in paleochannels 20-30 cm
thick and 1-5 m actoss.
Nonchannelized variants are up to 1.2
m thick and resemble sheetlike vatiants
of normally graded sandstone (Facies
Sng/Sngc) but with no grading.

Medium- to very coarse-grained,
moderately to pootly sorted, cross-
bedded pebbly sandstone and
sandstone with rounded to subrounded
pebbles in the pebbly variant ($p¢), and
no pebbles in the sandstone variant
(85¢). Beds of Spc are 1-1.2 m thick,
while Ssc beds range from ~10 to 20
cm. Low-angle tabular crossbedding is
highlighted by alternating pebble-
dominant and sand-dominant foreset
strata, or as weakly preserved low angle
laminations with rhizotubules aligned
with foreset surfaces. Bk horizons are
absent in this facies, though root traces
from overlying paleosols locally extend
downward into this lithofacies in
lowermost San Regis beds.
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Facies Sng/Sngc formed by lateral
accretion on channel bars, levees, and
crevasse splays. The upward decrease
in grain size records waning-flow
conditions during deposition, as
indicated by pootly  preserved
crossbedding and channel geometries.
Massive, laterally extensive sheet-like
variants were deposited from waning-
flow crevasse splays during floods.
Numerous sandstone beds with Bk
horizons and abundant root traces
record soil formation and vegetation
growth during periods of bar
abandonment, nondeposition, and
vadose zone conditions.

The Ssm facies is interpreted as
channel-fill or crevasse-splay deposits
that accumulated in overbank areas
and bar tops. Channelized sandstone
packages record rapid accumulation
during floods. Sheetlike variants are
interpreted as crevasse splays or
broad, shallow channel fills where
rapid accumulation prevented
development of grading. Common
root traces and Bk horizons suggest
vegetation growth and soil formation
on bar tops and overbank areas
duting periods of nondeposition and
vadose zone conditions.

Facies Spc/Ssc is infetred to record
deposition by lateral accretion on
channel bars and levees. Planar
crossbedding provides evidence for
bedform  migration.  Alternating
pebble-dominant and sand-dominant
foresets likely record fluctuations in
flow, potentially related to seasonal
flood events. The absence of soil
horizons suggests rapid deposition
that did not allow time for soil
formation, even in vadose zone
conditions.



Facies Name

Facies Code

Description

Interpretation

Interbedded
sandstone and
conglomerate

(Fig 5T)

SCi

Medium- to coatse-grained sandstone
interbedded with granule to sandy
cobble conglomerate. Beds range from
5 to 15 cm thick. Bases of conglomerate
interbeds are sharp and irregular,
whereas bases of sandstone interbeds
are typically gradational and transitional
from underlying conglomerate.
Commonly structureless, weak
hotizontal stratification rarely observed
in sandstone interbeds. This facies is
observed in broad, shallow (20-50 cm)
channels 5 m to 8 m across. No
pedogenic structures or soil horizons
are observed.

Facies SCi formed by episodic
deposition in shallow river channels.
Alternation of conglomerate and
sandstone records pulses of
deposition over multiple floods.
Sharp erosional bases of
conglomerate interbeds record
scouring during initial high energy
floods, whereas the gradational
transition to ovetlying sandstone
records continued lower-energy flood
deposition. The general absence of
sedimentary structures suggests rapid
deposition.

Massive
Conglomerate (Figs.
5G, 5H)

Cgm

Poorly sorted, unstratified pebble to
cobble conglomerate with rounded to
subrounded clasts in a sandy matrix.
Beds are 25-110 c¢m thick. At 1 min
measured section SR23-4 (Fig. 10)
sedimentary texture is highly modified
by a well-developed Stage 111 Bk
horizon with large root traces
penetrating 1.5 m downward into
underlying deposit.
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Facies Cgm formed by rapid
deposition during high-energy floods,
within channels and as gravelly
overbank or bar top deposits. Stage
III Bk hotizons and well-developed
root traces suggest prolonged periods
of nondeposition to facilitate mature
soil formation and establishment of
robust vegetation on bar-top surfaces
in vadose zone conditions.



Figure 5. Representative photos of facies present in the San Regis Beds; (A) Normally graded sandstone, with
preserved crossbedding; (B) Massive sandstone within a channel; (C) Pebbly sandstone with gravelly
crossbedding and lenticular gravel bodies; (D) Horizontally stratified sandstone with weakly preserved bedding
planes highlighted by pedogenic carbonate; (E) Interbedded sandstone and conglomerate; (F) Stratified basaltic
tephra with weak rhizohaloes present; (G, H) Massive pebble to small boulder conglomerate. Clasts are coated
with pedogenic carbonate in a Stage III carbonate horizon.
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horizons make up ~35% of the 20 soil horizons observed in the San Regis beds, and stage I-11
calcic horizons make up the remaining 65%. Pedogenic carbonate occurrence observed in this study
has been attributed to arid or semiarid climates where evaporation is greater than precipitation, and

precipitation is seasonal (Hasiotis ez al., 2007).

Figure 6. Examples of Bk horizon development in the San Regis beds. (A) Stage I Bk horizon with weak
cementation and rare nodules; (B) Stage II Bk horizon with abundant nodules, displacement of clods, discontinuous
cementation, and rhizocretions; (C) Stage II Bk Horizons with abundant rhizocretions and discontinuous carbonate
cementation; (D) Stage III Bk horizon with well-developed carbonate cementation forming a continuously cemented
layer. Large (1-1.5 m) rhizocretions present. Rock hammer 32.5 cm long, staff 1.5 m tall

Facies of the San Regis beds display additional pedogenic structures that record calcic soil
development (Fig. 7). The most prevalent soil structures are rhizoliths (root traces) that reflect
varying timespans of vegetation growth. Rhizoliths in the San Regis beds may be considered
rhizolites because the textures and internal fabrics are pervasively those of root traces (e.g., Klappa,
1980), although this term is rarely used. The most common root traces observed in this study are

rhizocretions (Fig. 7A), very well-cemented columnar structures ranging from ~5 to >150 cm deep
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Figure 7. Common pedogenic structures in paleosols of the San Regis beds. (A) Well-

developed rhizocretions in sandstone; (B) Rhizotubules in sandstone; (C) Rhizohaloes developed in a stratified
basaltic tephra; (D) Weakly developed carbonate soil breccia, with minimal displacement of soil clods; (E) Well-
developed carbonate soil breccia with displaced soil clods; (FF) Blocky weathering seen in inceptisols of the upper San
Regis beds; Rock hammer 32.5-cm long

that penetrate down from calcic paleosol horizons. They locally exhibit a texture like that of root
bundles near the calcic horizons from which the structures originate. Columnar structures do not

preserve hollow tubes in the center and are instead filled by calcite cement. The advanced degree of
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cementation suggests that the original root was present long enough for pedogenic mineralization to
extend up to 10 cm away from the root.

The second most common root traces observed in the San Regis beds are rhizotubules (Fig.
7B), recognized in the San Regis beds as individual or masses of weakly to moderately cemented
hollow tubes with walls <2-mm thick. Unlike rhizocretions, rhizotubules are exceptionally fragile.
Rhizotubules are interpreted to record shorter lived development than the rhizocretions, as
pedogenic mineralization only occurs 1-2 mm away from the original root, precipitating cement
only during the lifespan of the plant (e.g., Klappa, 1980).

The least common root traces in the San Regis beds are rhizohaloes expressed as narrow (2—
5-cm wide) vertical zones (3—15-cm deep) of light carbonate coating on the grains surrounding a
very weakly cemented root cast (if present) (Fig. 7C). Rhizohaloes are observed only in a highly
permeable basaltic tephra-filled channel. They represent weakly developed root traces where very
weak pedogenic mineralization occurs around root hairs during the lifespan of the plant.

Calcic paleosols also display carbonate soil breccias and blocky or prismatic ped structures in
Bk horizons accentuated by weathering (Fig. 7D, E). Carbonate breccias appear as clods of sand
and/or silt ranging from a few mm to 3 cm diameter, with carbonate cement between the clods.
Weak breccias display minimal displacement between the clods (1-2 mm) (Fig. 7D), whereas well-
developed breccia often exhibits up to several centimeters of displacement between clods (Fig. 7E).
While the degree of brecciation increases with increasing calcic horizon stage, not all calcic horizons
have breccias. Blocky and prismatic structure is sometimes present in weakly developed Stage I Bk

and AB horizons (Fig. 7F), suggesting formation of soil peds and pedogenic mineralization.

Ichnology

Ten trace fossils were identified in the San Regis beds, providing additional context for

interpreting depositional environments, paleosol formation, and paleoclimate.

Fictovichnus isp.

Fictovichnus 1s a highly abundant trace fossil observed throughout the San Regis beds. They
are observed as individual cells or clusters of cells with oblong and equant morphologies. Oblong
varieties (Fig. 8A) are 2-3 cm tall with a diameter approximately 1 cm, while equant varieties (Fig.
8B) are 2 cm tall with a diameter of 1.5-2 cm. Oblong forms are poorly cemented and display open

chambers where the terminus of the cell has been eroded or opened by the tracemaker. Equant
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©oprinisphaera

Figure 8. Representative photographs of continental trace fossils within the San Regis beds; (A) Oblong variant of
Fictovichnus isp. Hymenoptera cell; (B) Equant variant of Fictovichnus isp. Coleoptera pupation chamber; (C) Celliforma
isp. solitary bee cell with flask shape and open top; (D) Three-branched Coprinisphaera isp. dung beetle nest;
(E)Spherical to quasispherical Coprinisphaera isp. dung balls; (F) Calcified galleries and chambers of Termitichnus isp.
termite nest; Lens cap diameter 7 cm.
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forms are well cemented and do not display any openings. They are typically observed below Bk soil
horizons in weakly cemented C horizons. Observed Fictovichnus cells range from solitary cells to
clusters of 2—6 cells.

Fictovichnus is attributed to beetles (Coleoptera) and wasps (Hymenoptera) that burrow within
the vadose zone (Johnston ¢z a/., 1996; Hasiotis, 2003). These tracemakers form cells or cocoons
below the surface that serve as pupation chambers produced by the larvae. Fictovichnus are commonly
found in carbonate paleosols typical of arid to semi-arid environment, and often in association with
such other similar trace fossils as Ce/liforma (Johnston ez al., 1996; Hasiotis, 2003; Cardonatto ef al.,
2016). The number of cells present in wasp nests typically scales with population, with larger
populations producing nests including 200 or more cells (Hasiotis, 2003). The comparatively small
number of Fictovichnus cells in single clusters of the San Regis beds suggests that they were

constructed by solitary tracemakers spread out over the landscape rather than a large colony.

Celliforma isp.

Celliforma 1s a common trace fossil in the San Regis beds. They are typically observed as
individual cells 10-30 cm below a Bk soil carbonate horizon in weakly cemented C horizons (Fig.
8C). They appear as either intact or partially opened oblong, flask-shaped cells 1-2 cm long and 1
cm across. The exterior of cells has a similar texture to the surrounding sediment while the interior
of cells has a smooth surface, where visible. The cells are only slightly better cemented than the
surrounding sediment, which makes them very fragile. Removal from outcrop without damage is
therefore difficult, precluding species level identification. Ce//iforma in the San Regis beds are solitary,
and no connection to tunnels or larger nest structures were observed.

Celliforma 1s attributed to soil bees (Hymenoptera) that burrow and form cells and nests
where eggs are laid on a pollen loaf on which an egg hatches and the larvae will feed (Genise, 2000;
Hasiotis, 2003; Cardonatto et al., 2016). Single-cell burrows are typically associated with solitary
bees, while larger nesting structures are made by solitary bees or large colonies (Hasiotis, 2003).
These trace fossils are formed in the vadose zone of fluvial deposits, above the water table in the
vadose zone of well-drained soils (Hasiotis, 2002, 2003, 2004, 2008; Genise et al., 2010). Ce/liforma
are commonly associated with calcic paleosols formed in arid to semiarid conditions where
precipitation may increase periodically (e.g., seasonal storms) (Alonso-Zarza & Silva, 2002; Genise &
Edwards, 2003). Celliforma are commonly observed in proximal to distal floodplain deposits, and the

distribution and morphology of cells in the San Regis beds are consistent with dry to the drier end of
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wet-dry climates (Hasiotis e al., 2007). Celliforma are also associated with Coprinisphaera in paleosols
formed in fluvial deposits on alluvial plains, abandoned bars, levees, and splays (Genise, 2017). The
association of rhizoliths with Ce/liforma and well-developed calcic horizons is consistent with

scrublands in arid to semiarid climates (Hasiotis e# a/, 2007; Genise, 2017).

Coprinisphaera isp.

Coprinisphaera is the second most abundant trace fossil observed in the San Regis beds. Two
distinct morphologies are preserved only in well-developed (Stage II, I1I) calcic horizons. The first
morphology is a top-down exposure of a trilobate nest structure ~7 cm across that surrounds a
central column (Fig. 8D). Each lobe displays menisci extending outwards from the central column.
Brood balls are not present in the trilobate structure, potentially due to the removal of material by
the larvae or lack of preservation. The second morphology consists of calcite-cemented spherical to
quasi-spherical structures (brood balls) 2-3 cm across observed in clusters of 3—4 spheres (Fig. 8E).

Coprinisphaera sp. are commonly attributed to the breeding structures of dung beetles
(Hasiotis, 2002, 2003; Laza, 2006). Nests display a range of morphologies, typically comprising a
main vertical shaft that terminates in a single chamber or splits into multiple small cells where dung
balls (brood balls) are stored (Hasiotis, 2002, 2003; Laza, 2006). Dung balls range from 1.5 to 4 cm
in diameter (Laza, 2000), like sizes observed in the San Regis beds. Coprinisphaera are commonly
attributed to distal and proximal floodplain environments in the vadose zone (Hasiotis, 2002). They
are also observed in association with Ce/liforma and rhizoliths in paleosols formed on fluvial deposits
such as abandon bars, crevasse splays, and levees (Hasiotis, 2002, 2003; Genise, 2017). When
observed with rhizoliths and in calcic paleosols, Coprinisphaera are typical of arid to semiarid climates.
The abundance of vegetation and dung balls suggests a dry to wet-dry continental environment
characterized by evaporation that exceeds precipitation with seasonal variations in precipitation

(Hasiotis ¢t al., 2007; Genise, 2017).

Termitichnus isp.

Termitichnus was observed in one instance in a C horizon below a Stage III Bk horizon at the
base of the composite San Regis beds section. Termitichnus is expressed here as calcite-cemented
tunnels and chambers forming a rectilinear geometric pattern that covers an approximately equant

area of 25 x 25 cm (Fig. 8F), suggesting a relatively low nest volume. Calcite cement on tunnel walls
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is ~0.5 cm thick, while galleries and chambers are 0.5—1 cm tall and 1-2 cm wide. This trace fossil
occurred directly adjacent to large rhizocretions 1.5 m deep.

Termitichnus is attributed to the nesting structures and colonies of termites (Hasiotis &
Dubiel, 1995; Hasiotis, 2003). Ancient termite nests have been observed in association with
rhizoliths, which is consistent modern termites using decaying roots, vegetation, and trees as food
sources. The Termutichnus observed at the base of the San Regis beds was found adjacent to well
developed, large rhizocretions below a Stage III carbonate horizon suggesting that dead roots may
have been a sought-after food source for the tracemaker. Termites are found in both humid,
semiarid, and arid environments, and have nests that increase in complexity depending on the level
of microclimatic control within the nest (Wood, 1988; Dibog e a/., 1998; Eggleton, 2000). Given the
prevalence of arid to semiarid climates indicated by other trace fossils within the San Regis beds, the
tracemakers of Termitichnus were likely arid-type as opposed to humid type. The low complexity of
the observed nest suggests that minimal moisture and temperature control was required by the
termites, consistent with the behavior of dryland termites that feed on woody debris rather than
growing fungi within the nest for feeding. No epigeal termite mounds were observed in the San
Regis beds, but their presence during deposition cannot be ruled out, as mounds constantly undergo

erosion and redistribution (Wood, 1988).

Parawanichnus isp.

Parawanichnus was observed in the lower San Regis beds on the eastern side of Mesa San
Regis (Fig. 9A). They appear as discontinuous horizontal flattened ellipsoids in the sediment. 0.5-cm
tall and extending 2—-3-cm wide, offset vertically and laterally from each other by 5-10 cm. No
vertical shafts or subhorizontal tunnels were visible in the cross section.

Parawanichnus 1s widely attributed to ant nests used for a range of behaviors that include
feeding, breeding, and habitation (Bown e# al., 1997; Hasiotis, 2003; Hembree & Hasiotis, 2008).
They commonly form near root traces (Hasiotis ez 2/, 2007; Hembree & Hasiotis, 2008). These
nests, like all the other trace fossils described here, formed in the vadose zone above the water table
where the depth to the water table is a controlling factor for the depth of development (Hasiotis,
2002, 2003, 2004; Hasiotis and Platt, 2012). Modern ant nests and Parawanichnus are documented in
distal to proximal floodplain and transitional environments where sufficient depth to the water table

permits formation in the vadose zone (Hasiotis, 2003; Hasiotis ez 2/, 2007). Small and volumetrically
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e

aktodemasis isp (AMB)

Coprolites

Figure 9. More common trace fossils of the San Regis beds. (A) Hollow horizontal chambers of Parawanichnus isp. in
weakly cemented sandstone; (B) Bundled meniscate packages of Naktodemasis isp.; Filled Megaichnus minor with internal
fabric following the outer boundaries of the burrow; (D) Hollow helical burrow of Daimonelix isp. with rectangular
burrow cross sections; E) Cavity with reniform (bi-lobate) cross-section of Reniformichnus isp.; F) White, desiccated
coprolites 7 situ. Shovel is 50-cm tall; Lens cap diameter 7 cm.

confined ant nests, such as those observed in the San Regis beds, are typically associated with dry to
wet-dry climates with periodic (seasonal) increases in precipitation(Hasiotis ez a/, 2007). Fossil ant

nests with more vertical geometries such as Daimoniobarax (Smith et al., 2011) may be present in the
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San Regis beds but were not definitively identified due to well-developed calcic horizons, vertical

rhizocretions, and calcite nodules that are morphologically similar and may mask adjacent ant nests.

Naktodemasis isp.

Two examples of Naktodemasis were observed in the San Regis beds (Figure 9B). The trace
fossils occur in weakly cemented massive sandstone below weakly to moderately developed (Stage I-
II) calcic horizons. The burrows are 4—7-cm long and 1-cm wide, oriented vertically. The walls of
the burrows are unlined, and bounded meniscate backfill packets are displayed along the entire
length.

Naktodemasis is a type of adhesive meniscate burrow (AMB) typically associated with the
locomotion of nymphs belonging to the Cicadidae (Hemiptera) and larvae belonging to the
Cydnidae, Carabidae, and Scarabidae (Coleoptera) (Smith et al., 2008; Counts & Hasiotis, 2008;
Hasiotis, 2008). Active backfill during movement produces menisci in the burrow (Smith et al., 2008;
Hasiotis 2008; Counts & Hasiotis, 2009). Naktodemasis torms in the vadose zone near roots in distal
and proximal floodplain deposits, and co-occur with Cellzforma, Coprinisphaera, Parawanichnus, and
rhizoliths only in distal floodplains (Hasiotis, 2002, 2004; Hasiotis e# a/., 2007; Smith ez al., 2008a).
The occurrence of Naktodemasis is consistent with Fictovichnus pupation chambers for Coleoptera

pupae that later hatch as adults.

Megaichnus minor

The largest and least common trace fossil identified in the San Regis beds is Megaichnus niinor
(Fig. 9C). A single instance of Megaichnus minor was observed in weakly cemented structureless
sandstone with few to no rhizoliths surrounding the burrow. The burrow is roughly equant, ~40—
50-cm wide, and is identified based on a well-defined outer bounding surface with infill that shows
internal fabrics parallel to the outer boundary.

Megaichnus major and Megaichnus minor are best documented in Brazil where they have been
observed as intact tunnels extending horizontally 10s of meters with widths up to 4 m (Lopes et al.,
2017). The distinction between M. major and M. minor variants is based on two distinct size groups,
with examples <1.5-m diameter assigned as M. winor, whereas larger types up to 4-m diameter are
assigned as M. major. Tracemakers for Megaichnus are not clear, although it is commonly attributed to
medium to large mammals, such as ground sloths or giant armadillos (Lopes ¢z al., 2017). The

burrow observed in this study is slightly smaller than the size typically associated with Megaichnus (60
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cm). The sandy infill of the burrow prevented investigation of the burrow walls for digging marks
that may have shed light on the tracemaker. Megaichnus burrows in Brazil are thought to have formed
during the Chapadmalalan age (43 Ma) (Lopes ez al., 2017). 1f the tracemaker was mammalian or
reptilian, this burrow also formed in the vadose zone above the water table, likely near a source of
water to support the tracemaker, consistent with burrowing in a floodplain of a fluvial system

(Hasiotis, 2002, 2004; Hasiotis ¢ a/., 2004; Hembree & Hasiotis, 2008).

Daimonelix isp.

A single instance of Daimonelix was observed in the San Regis beds (Fig. 9D). The burrow is
a helical tunnel system with two branching tunnels to the paleosurface. The exposed burrow is ~60-
cm deep. Burrows forming the helical section and paleosurface branches have a rectangular cross
section, with heights ranging from 3—6 cm and widths between 10-17 cm. The spiral tunnel
structure is well preserved in cross section.

Daimonelix are helical burrows previously attributed to an extinct species of beaver, Paleocastor
(Barbour, 1897; Martin & Bennett, 1977; Raisanen & Hasiotis, 2018; Doody et al., 2024). Burrows of
Paleocastor have a tight helical geometry with circular tunnel cross sections. In contrast, the helical
burrows observed in the San Regis beds have a clear rectangular tunnel cross section and a much
looser spiral shape. This geometry is not consistent with descriptions of Paleocastor burrows. Studies
of extant monitor lizards have shown that they produce loose helical burrows and nesting structures
that extend up to 3 m below the surface and have tunnel dimensions that overlap with the lower
range of those observed in the San Regis beds (Doody ez al., 2015, 2024). Daimonelix observed in the
San Regis beds were likely produced by a Pliocene monitor-like lizard in an arid environment

resembling the habitat of extant monitor lizards (Ibrahim, 2002).

Reniformichnus isp.

One instance of Reniformichnus was observed in the upper San Regis beds on the north side
of Mesa San Regis. This trace fossil appears as a hollow cavity with an entrance approximately 17-
cm tall and 27-cm wide (Fig. 9E). The upper boundary of the entrance cavity is arched or
semicircular, while the bottom boundary has a gentle bilobate geometry. No continuous tunnel was
observed, suggesting that the cavity is a chamber at the terminus of a burrow. The chamber is
slightly larger than the cavity entrance, with approximate internal dimensions of 25-30-cm tall, 35—

45-cm wide and 25-30-cm long. Collapsed wall material was observed within the chamber,
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suggesting that the dimensions may have been similar to the cavity entrance during formation. No
tracemaker scratches or other markings were observed on the interior of the cavity.

Reniformichnus has been described in Permian to Jurassic-aged continental deposits, and is
attributed to various vertebrate tracemakers, such as Therapsids, Procolophonids, Sphenodontids,
and other tetrapods living on floodplains or adjacent to open bodies of water (Hasiotis ez /., 2004,
2025; Krummeck & Bordy, 2018). Morphologically similar burrows described in Miocene calcic
paleosols indicate burrowing behavior to evade predation and for protection from the elements in
arid conditions (Cardonatto & Melchor, 2018). Reniformichnus burrows are formed in the vadose
zone, allowing tracemakers to live in the burrows. The dimensions of Renzformichnus in the San Regis
beds and the abundance of calcic paleosols are consistent with those of previous studies. The
tracemaker is unlikely to be a Therapsid or Procolophonid, as these were long extinct by the

Pliocene. Although no specific tracemaker can be identified, the tracemaker was likely a Pliocene

tetrapod, such as a mammal or tortoise.

Coprolites

Coprolites were observed only in the upper San Regis beds along the northern exposures on
Mesa San Regis. They occur as hard, brittle, white, desiccated pieces ranging from 1-5-cm long and
1-3-cm in diameter (Fig. 9F). The outer surface of individual pieces displays linear desiccation

features. Coprolites are commonly attributed to the fossilized feces of vertebrate animals.

Stratigraphic Architecture

Four stratigraphic sections were measured in detail and correlated by hanging them from the
base of the capping basaltic andesite lava (Fig. 4) to construct the detailed stratigraphic panel in
Figure 10. Sedimentary facies in the four sections are dominated by normally graded sandstones
($ng) with little to no lateral changes in grain size or depositional environment (Fig. 10). The
stratigraphic panel reveals two laterally discontinuous tephra channels at two unique stratigraphic
levels in the northern sections (sections SR23-1, -2, -3), for which no equivalent interval was
observed in the southern exposure (SR23-4), likely due to lateral pinch-out and/or a covered interval
in the south.

Trace-fossil assemblages display slight lateral variations in the stratigraphic panel (Fig. 10).
Rhizoliths are the dominant soil features and are present in most intervals of the sections, indicating
persistent vegetation growth during deposition of San Regis beds. The animal trace-fossil

assemblage is uniformly distributed across most of the four measured sections. Trace fossils are
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notably absent in uppermost intervals of sections SR23-1 and SR23-2, suggesting local variations in
habitability or nonpreservation. These variations could be due to more frequent depositional events,
a shallower depth to the water table, or a combination of those two factors.

Inceptisols lacking Bk horizons are most common on the north side of Mesa San Regis in
sections SR23-1 and SR23-2. Equivalent intervals in SR23-3 and SR23-4 are either covered or
contain paleosols with Bk horizons. Correlation of inceptisols lacking Bk horizons to intervals with
well-developed Bk horizons suggests spatial variability in factors that influenced soil development.
Sediment composition and distribution of trace fossils are spatially uniform, suggesting that changes
in parent material or organisms were not the major drivers of variable soil development. The small
size of the study area (<2 km lateral distance) and absence of paleotopographic relief indicate that
changes in climate and topography also did not influence variations in soil development. Lateral
variations in soil development (Fig. 9) likely reflect subtle variability in local topography,
groundwater profile, and/or sedimentation rates associated with coeval channel and overbank
subenvironments, which are known to control the duration of surface exposure and depth to the
water table and thus enhance or inhibit soil carbonate development (Smith, 1990; Kraus & Aslan,
2009; Fischer & Hasiotis, 2018). Intervals of weaker soil development in SR23-1 and SR23-2 likely
represent areas with more frequent sedimentation events and locally faster accumulation rates

compared to equivalent intervals of better-developed soils in SR23-3 and SR23-4.

“Ar/”Ar Geochronology

Two rock samples were collected and dated to constrain the depositional age of the San
Regis beds (Fig. 11). Sample SB19bg-123 is from the lower basaltic tephra channel fill at the 9-m
vertical position in section SR23-1 and sample BH20bg-132 is from the capping basaltic andesite
located ~200 m southwest of SR23-3 (Fig. 10). The age spectra display some complexity (Fig. 11).
Sample BH20bg-132 shows a somewhat climbing pattern with initial steps near 3 Ma, followed by a
generally flat section at about 3.6 Ma for about 70% of the spectrum with the final 20% of the
spectrum climbing to about 4 Ma (Fig. 11A). Sample SB19bg-123 has an overall saddle-shaped
spectrum with initial ages near 5 Ma and stepping down to flat section at about 4 Ma between 50
and 80% of gas released before climbing over the final 20% to ages near 5 Ma (Fig. 11B). The flat
segments yield weighted mean dates of 3.695  0.009 and 4.288 *+ 0.036 Ma for BH20bg-132 and
SB19bg-123, respectively (Figs. 11A, B). Isochron analysis indicates minor excess *Ar as trapped

initial *’Ar/*°Ar values are near 300 and thus elevated over the atmospheric value of 295.5 (Figs.
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11C, D). The isochron age for BH20bg-132 is 3.635 £ 0.013 Ma based on greater than 90% of the
step-heating data, whereas the final ca. 60% of gas release yields an isochron age of 4.097 £ 0.076
Ma for SB19bg-123 (Figs. 11C, D). The MSWD of 1.3 for BH20bg-132 indicates a normal
distribution of data, whereas the MSWD of 6.3 for SB19bg-123 suggests some scatter that is not
tully accounted for by the analytical errors. The isochron ages are the preferred eruption ages for

these samples despite the slightly elevated MSWD for SB19bg-123.
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Figure 11. A, B) “Ar/¥Ar age spectrum, K/Ca and radiogenic yield diagrams; and C, D) isochron diagrams. The age
spectra display some complexity that is principally explained by a minor excess argon, as shown by the isochron
analysis that yields *'Ar/3Ar initial components near 300. Preferred eruption ages are given by the isochron results,
and all errors are reported at 1s.
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Composite Section

A ~30 m-thick composite stratigraphic section (Figure 12) was constructed by correlating
and combining the four measured sections (Fig. 10), allowing changes in depositional environments
and soil formation through time to be tracked. Sedimentary facies display subtle fining up-section
from interbedded conglomerate and sandstone in the lower 5 m to primarily sandstone in the middle
and upper parts of the ca. 30 m composite section (Fig. 12). The weak fining-up trend indicates a
slight waning of paleocurrent strength through time, possibly due to lateral migration of the main
channel away from the Mesa San Regis study site. Lithofacies record deposition in a sandy braided
fluvial system, and the absence of major up-section changes in depositional environment indicate
that the section accumulated in a stable persistent fluvial depositional system. Normally graded and
massive sandstones are the most abundant lithofacies and show no major vertical change. Of the
two reworked tephra deposits, only the lower tephra unit is shown in the composite section because
the upper tephra is recorded in only one stratigraphic section and is laterally discontinuous (Fig. 10).

The composite section shows the main calcic paleosol horizons and inferred development
stage (Fig. 12). All observed paleosols are likely aridisols (i.e., the number of consecutive days of
water availability and temperature criteria for plants and carbonate accumulation is unknown),
indicating that no major change in paleoclimate occurred during deposition of this section. The
section reveals an overall up-section decrease in degree of soil development, from mature Stage 111
calcic horizons in the lower 10 m to primarily Stage I-II calcic horizons in the middle to upper San
Regis beds, and a pronounced decrease in calcic horizons with prevalence of AB horizons of
inceptisols in the uppermost 5 m of the San Regis beds (Fig. 12). The up-section decrease in
abundance of well-developed calcic horizons may reflect changes in precipitation from arid to
semiarid (dry to wet-dry) climate indicating fewer periods of prolonged aridity, an increase in
effective precipitation (¢f Hasiotis ¢# al., 2025), and/or an increase in the frequency of flooding and
higher sediment-accumulation rate resulting in fewer periods of prolonged nondeposition. The
overall vertical change in paleosols indicates a minor shift from an arid to semiarid climate.

Celliforma and Fictovichnus are distributed through the composite section (Fig. 12), suggesting
uniform floodplain habitats, consistent with deposition in a braided fluvial system as indicated by
sedimentary facies and paleosol analysis. Parawanichnus, Termitichnus, and Coprinisphaera were only
observed in the lower San Regis beds, though the prevalence of well-developed rhizocretions and

variable carbonate brecciation may obscure these traces in upper parts of the section. One notable
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Figure 12. Composite stratigraphic section of the San Regis beds highlighting key lithofacies, Stage I-11I calcic
horizons, AB soil horizons, and trace fossils. There is little vertical change in facies assemblage, however, soil
carbonate maturity does decrease up section.
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vertical change in trace fossils is the occurrence of Megaichnus, Reniformichnus, and Daimonelix only in
the uppermost 5 m of San Regis beds on the northern exposure where soil development is weak.
Large tracemaker burrows were not observed elsewhere in the San Regis beds. Rhizoliths,
rhizocretions, and rhizotubules are abundant and evenly distributed through the San Regis beds,
suggesting the presence of well-established vegetation with minor changes in climate or similar
climate under higher sediment accumulation rate as indicated by the distribution of calcic hotizons

(Fig. 12).

Paleosol-Age Analysis

Recognition of weakly to well-developed calcic paleosols in the San Regis beds (Fig. 12),
integrated with *'Ar/>Ar ages of interbedded tephra and capping Mg-rich basaltic andesite, allows
estimation of the timing and duration of deposition for the studied section. Soil formation times
from similar calcic soils in nearby late Pleistocene sediments were applied to paleosols in the
composite section (Fig. 12) to determine the total amount of time recorded in the ~30-m-thick San
Regis beds. Schorr e al. (2018) performed optically stimulated luminescence (OSL) and cosmogenic
exposure dating on calcic soils from late Pleistocene alluvial fans in Arroyo Santa Agueda and
Arroyo Boleo, ~46 km SE of Mesa San Regis. They found that Stage II calcic horizons have an
average formation age of 15 * 3 ky, and Stage III calcic horizons represent 31 £ 9 ky. Since stage I
and stage 11 horizons were grouped together in this study (Stage I-II), the 15-ky formation age was
applied to this composite category (Figure 13). Paleosols with weakly developed profiles may be
younger than this. The ages of calcic soil horizons from Schorr ef al. (2018) are consistent with
formation times for similar soils in Northern Mexico from Birkeland (1999), but are shorter than
formation times for calcic soil horizons in southern California (Rockwell et al., 2019).

The composite section was simplified (Fig. 13A) and converted it into a time-stratigraphic
section (Fig. 13B), assuming soil formation ages of Schorr e a/. (2018) and incorporating our
“Ar/”Ar ages of the tephra channel and capping Mg-rich basaltic andesite. Data and analysis for
paleosol horizons is available in supplementary file S2. This analysis of 20 calcic paleosol horizons
indicates that the San Regis beds accumulated over a span of approximately 397 = 111 ky.
Deposition began at ~ 4.43 Ma and continued until ca. 4.04 Ma. Several meters of sediment above
the highest well-developed calcic horizon are primarily AB and C horizons with no calcic horizons.

No formation ages are attributable to this interval due to the lack of calcic horizons, and we assume
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San Regis Beds Soil Development Timeline
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Figure 13. A) Composite measured section of the San Regis beds with carbonate paleosol horizons and development
stage highlighted. Gray beds are non-paleosol intervals. (B) Composite temporal section showing estimated age range
of the section using mean soil catbonate development times and “Ar/3?Ar ages for an interbedded tephra deposit.
Light grey bars with darker overlapping regions represent the soil carbonate development time with uncertainties

that very little time is represented by these deposits that lack calcic paleosols. A time gap of 402 £
77.3 ky was calculated between the youngest calcic soil horizon (4.04 + 0.0762 Ma) and the mesa-
capping basaltic andesite (3.635 = 0.013 Ma) by propagating standard errors in quadrature. If the
covered interval (~5 m) is assumed to represent a continuous and conformable section, it would
imply that the upper 30% of San Regis beds accumulated over roughly the same time span as the

lower 70%. This assumption would require a decrease in sediment accumulation rate and would
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predict an increase in soil maturity, which is inconsistent with the observed up-section decrease in
soil maturity. Therefore, the base of the basaltic andesite is interpreted as an unconformity that
spans most of the 402  77.3 ky time gap between the highest exposed beds and the capping
basaltic andesite (Fig. 13).

A plot of cumulative stratigraphic thickness vs. paleosol age (Figure 14) shows relatively
uniform accumulation rate during deposition of the San Regis beds. The uncertainty of the tephra
channel age (£ 76 ky) is an order of magnitude larger than the uncertainty of the soil carbonate
development times (+ 3 ky, 9 ky) and thus represents the main uncertainty for ages of individual soil

horizons. As a result, Gaussian standard error propagation of the uncertainties of the tephra age and
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Figure 14. Cumulative stratigraphic thickness vs soil age for the San Regis beds. Thicknesses are the cumulative
stratigraphic thickness at the top of each paleosol interval, and ages are calculated by adding or subtracting soil
formation times (15 £ 3 Ka or 31 + 9 Ka) from Paleosol #16 (Nearest age: Sample SB19bg-123; 4.097 £ 0.076 Ma)
based on their stratigraphic order, and propagating the soil carbonate development uncertainties with the tephra age
uncertainties. Orange line and highlighted area represent the Orthogonal Distance Regression (ODR) and the 95%
confidence interval for the regression. The slope of the ODR gives a sedimentation rate of 0.054 £ 0.003 mm/yr.
Dashed line at 4.1 Ma, red dot, and red error bars show the mean and uncertainty of the dated basaltic tephra

soil carbonate development times yields larger than expected uncertainties in the age of individual
soil horizons. To account for residuals along the age axis due to age uncertainty, an orthogonal
distance regression (ODR) was performed to determine the sedimentation rate. The best fit line

yields a long-term average sedimentation rate of 0.054 £ 0.003 mm/yr, a slow accumulation rate that
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is consistent with the stratigraphic evidence for limited accommodation in the southwestern Baja
California peninsula and San Ignacio trough (Dorsey ez al., 2024). To quantify the goodness of fit for
the orthogonal distance regression, both the R% (0.961) and the R%ca (0.999) were computed. The
R is functionally identical to the R* metric used in ordinary least squates regtession, whereas the
R%ca represents the degtee to which vertical and horizontal variations are explained by single
principal component line. Both values indicate a robust fit for the orthogonal distance regression,

with the R%ca indicating that almost all variations fall along a single principal component line.

Discussion

Transpeninsular seaway hypothesis

The results of this study, combined with regional geologic constraints, provide a definitive
test of the transpeninsular seaway hypothesis. These findings are reflected in a paleogeographic
reconstruction of the central Baja California peninsula during deposition of the San Regis beds
~4.43-4.04 Ma (Figure 15A). Terrestrial sediments accumulated in an arid-climate, braided river
system in the San Ignacio trough, between eroding Miocene volcanic centers to the NW and SE,
which flowed southwest to a low-gradient coastal plain and shallow-marine shelf. The landscape was
inundated with active high-Mg basaltic andesite volcanic cones and flows during this time (e.g.,
Benoit ez al., 2002; Calmus 7 al., 2003; Pallares ez al., 2007). A marine connection across the central
peninsula could not have existed prior to the initial marine flooding of the central Gulf of California
at ca. 6.3 Ma (Darin e# al., 2025), which defines the earliest possible timeframe for any such seaway.
On the western side of the proposed seaway near San Ignacio, the youngest exposed marine strata
belong to the middle Miocene San Ignacio Formation, which is conformably overlain by continental
fluvial-alluvial deposits of the middle to upper Miocene Atajo Formation (Fig. 2). This stratigraphic
succession records fully emergent terrestrial conditions in the San Ignacio Trough from ca. 12 to 6
Ma, well before the earliest possible onset of marine flooding in the Gulf of California. This long-
term record of continental deposition rules out the existence of a marine corridor through the San
Ignacio region during Miocene time.

New evidence from the San Regis beds presented in this study further eliminates the
possibility of a younger, Pliocene, or Pleistocene seaway in this region. Located near the center of
the proposed seaway position, the Mesa San Regis section is characterized by fluvial deposits and

abundant calcic paleosols and continental trace fossils that are clear indicators of terrestrial and
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Figure 15. A) Paleogeographic reconstruction for the central Baja California peninsula during deposition of the San
Regis beds ~ 4.43—4.04 Ma, with present-day topography, roads, and shoreline included for reference. Sediments
accumulated in an arid-climate braided river system in the San Ignacio trough, between eroding Miocene volcanic
centers to the NW and SE, that flowed southwest to a low-gradient coastal plain and shallow-marine shelf. The
landscape was dotted with many active high-Mg basaltic andesite volcanic cones and flows (indicated schematically
with small magenta cones). Black lines are inferred faults (from Bennett et al., 2025; Dorsey et al., in review); MSR is
Mesa San Regis. Note locations of parts B and C. B) Satellite image of small braided channels and sparsely vegetated
bars in the modern dryland river network northeast of Mesa San Regis. C) Satellite image of large, heavily vegetated
bars southeast of Mesa San Regis. The present-day environment and depositional processes provide a good modern
analogue for the paleoenvironment of the Pliocene San Regis beds.

freshwater environments between ca. 4.5 and 3.6 Ma. These deposits, along with overlying

Quaternary alluvial gravel and sand in the San Ignacio Trough, reflect continued deposition in a low-
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gradient continental river system with no evidence for tidal currents, marine influence, or trace
fossils typically associated with seaways (Steel et al., 2010; Olariu et al., 2012; Longhitano, 2013;
O’Connell et al., 2020; Gardner & Dorsey, 2021).

Together, these constraints demonstrate that no viable transpeninsular marine connection
existed through the San Ignacio region at any time during the Neogene or Quaternary periods,
allowing the rejection of the transpeninsular seaway hypothesis as an explanation for observed
patterns of genetic divergence at this latitude. Other possible drivers of the observed genomic
divergence include climate-modulated glacial refugia, regional differences in rainfall patterns, and
habitat fragmentation likely related to other climatic factors (e.g., Dolby e al, 2022; Araya-Donoso et

al., 2022, 2024).

Paleoclimatic conditions

Abundant Stage I-II to Stage III Bk calcic paleosol horizons and the trace-fossil assemblages
of the San Regis beds are all consistent with an arid to semiarid climate and well-drained soils
formed in the vadose zone above the water table (Monger e7 al., 1972; Hasiotis ez al., 2007; Genise et
al., 2010; Genise, 2017; Fischer & Hasiotis, 2018). The results show that conditions remained
relatively constant for 397 &+ 111 ky. The up-section decrease in soil carbonate maturity suggests a
slight increase in sedimentation rate commensurate with less time for soil development or that the
climate may have been more arid during deposition of the lower San Regis beds and became
somewhat less arid through time, potentially due to an increase in seasonal precipitation. Increased
precipitation may have resulted in more frequent sedimentation in active channels, as suggested by
the lack of soil carbonate horizons in the upper San Regis beds. These same layers with immature
soils also host the largest observed trace fossils: Megaichnus minor, Daimonelix, and Reniformichnus. The
presence of these trace fossils only in this interval may suggest that climatic changes may also have
driven changes in the habitability of the San Regis area for larger tracemakers, such that conditions

became more suitable for large tracemakers during later stages of deposition.

Comparison to present-day depositional environments

Satellite imagery of Mesa San Regis and surrounding area shows the present-day fluvial
system in Arroyo Hondo east of the mesa. The modern fluvial system has an overall westward

transport direction, and the flow is locally deflected southward adjacent to Mesa San Regis. Fluvial
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bars and channels in small, braided channels of the modern fluvial system (Fig. 15B) resemble bars
and shallow channels interpreted for the Regis beds. Larger channels and heavily vegetated bars in
the modern system (Fig. 15B) provide a modern analog to overbank areas interpreted for the San
Regis beds. Sedimentation is less frequent on these large bars, promoting development of more
mature calcic soil horizons compared to active channel areas. The modern depositional system in the
study area thus resembles the interpreted paleodepositional environment of the San Regis beds. This
comparison, and the absence of any marine sedimentary sequences in post-4.5 Ma deposits of this
area, indicates that alluvial drainage systems and trace-fossil assemblages have prevailed in the
central Baja California peninsula since Miocene or Pliocene time (Carreno and Smith, 2007; Bennett

¢t al,, 2025).

Conclusions

An analysis of sedimentology, paleopedology, and ichnology was applied to test the
biologically inspired transpeninsular seaway hypothesis, which has been invoked for decades to
explain genetic divergence between northern and southern populations of terrestrial plants and
animals on the Baja California peninsula. The study site is located in the low-lying San Ignacio
trough, where the seaway has been proposed. Results of this study show that the San Regis beds
accumulated in a sandy braided fluvial system between ~4.43 and 4.04 Ma, over a time span of 397
+ 116 ky. Stage I-1I to Stage 111 Bk soil horizons and trace fossils indicate that the paleoclimate was
arid to semiarid with a possible increase in seasonal precipitation near the end of deposition. When
integrated with regional geologic evidence, our results provide definitive evidence that no
transpeninsular marine connection existed through the San Ignacio region during Neogene or
Quaternary time. These results permit the rejection the transpeninsular seaway hypothesis as a driver
of genetic divergence along the Baja California peninsula. Therefore, alternate hypotheses to explain
the observed genomic pattern, such as glacial refugia, rainfall asynchrony, and habitat fragmentation,

must be considered

Bridge

We identified relict, abandoned channels at elevations that closely correlate to Quaternary
marine terraces in the Laguna San Ignacio Region (Ortlieb, 1991) with field verification of marine
terrace deposits for one locality. The association of these channels with marine terraces raises the

possibility that they may have been formed by tidal processes at sea level, and could potentially be
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used to reconstruct paleo-sea levels in the region. Similar relict channels globally could be used for
this purpose as well. However, there exists no way to classify modern tidal and fluvial channels using
their planform geometries, preventing classification of relict channels for this purpose. In Chapter
III we develop a methodology to classify modern tidal and fluvial channels based on their planform

geometry using trained machine-learning classifiers.
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CHAPTER III: PLANFORM GEOMETRIC CLASSIFICATION OF
FLUVIAL AND TIDAL CHANNELS VIA MACHINE LEARNING

This chapter includes previously published co-authored materials published as Gardner, K. K., &

Dorsey, R. J. (2025). Planform geometric classification of fluvial and tidal channels via machine learning.

Earth Surface Processes and Landforms, 50(4). ¢70010 https://doi.org/10.1002/FESP.70010. Data collection,
analysis, figure creation, and primary manuscript writing were completed by Kevin Gardner.
Rebecca J. Dorsey aided in data interpretation and provided editorial feedback on figures and

manuscript text.

Introduction

Channels are ubiquitous elements of fluvial and tidal systems that span a wide range of
scales, shapes, and lengths (Figure 1). Channel planforms are the 2-dimensional top-down geometry
which, in the simplest form, are described using width and curvature signals along a centerline
(Vermeulen ez al., 2016). In fluvial settings, flow is unidirectional with variable discharge, reaching
maximum discharge during floods (Leopold ¢z al., 1964; Lutscher ez al., 2007). Conversely, tidal
settings are characterized by bimodal flows created by diurnal or semidiurnal flood and ebb tides
where discharge is regular and reaches a maximum during fortnightly spring tides (Kvale e a/., 1995;
Fagherazzi ez al., 2004; Hughes, 2012). Despite these differences in flow conditions, there is a
significant overlap between the morphodynamics and geometries of tidal and fluvial channels.

Morphodynamic analyses of tidal and fluvial meanders reveal that tidal and fluvial channels
display similar meander migration rates and meander cutoff behavior (Finotello ez a/., 2018; Gao ez
al., 2024). Width and meander wavelength of tidal channels exhibit the same linear correlation as
fluvial meanders (e.g., Leopold et al., 1964), and the ratio of e-folding length for channel width to
total channel length of tidal channels is similar to that of estuaries (Lanzoni & Seminara, 1998;
Marani ez al., 2002; Lanzoni & D’Alpaos, 2015). Statistical analyses of meanders demonstrate that
meander asymmetry is a key meander metric for differentiating channel types, and that principal
component analyses of meander metrics are capable of grouping tidal and fluvial reaches (Fagherazzi
et al., 2004; Finotello ez al., 2020).

The general overlap of morphodynamics and planform characteristics in tidal and fluvial

systems, while useful for understanding hydrodynamic processes, limits our ability to classify
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channels as tidal or fluvial based on planform geometry. True meanders have been defined as

regions of a channel with a sinuosity index of 1.5 or greater (Leopold and Wolman, 1957). Many

flidaliChannels]

Google Earth

- M 7 \J
% \t‘

Figure 1: Examples of tidal channels and digitized planforms in: A) Ganges-Brahmaputra, Bangladesh ; B)
Brussa,Italy; and fluvial channels and digitized planforms of the C) Congaree River, South Carolina, USA; and D)
Latorica River, Slovakia. Note the widening of the tidal channels in the seaward direction in A and B. Digitized banks
shown by the white lines. Image Credits — Google Earth V 7.3.6.10201 — A: (1/11/2023) 45Q 783344.84 m E,
2441992.03 m N. Eye altitude: 67.72. Aitbus, Maxar Technologies, TerraMetrics 2024, earth.google.com [10/8/2024];
B: (2/20/2024) 33T 342377.00 m E, 5056617.19 m N, Eye Altitude: 736 m. Aitbus 2024, earth.google.com
[10/8/2024] C: (6/14/2024) 17S 516492.90 m E, 3742013.75 m N, Eye altitude 29.78 km. Airbus 2024,
earth.google.com [10/8/2024]; D: (6/12/2020) 34U 565715.29 m E, 5373520.49 m N, Eye altitude: 8.71 km.
Eurosense/Geodis Slovakia 2024, earth.google.com [10/8/2024]

channel reaches have low sinuosity or broad bends that fall below this sinuosity threshold, where
meander metrics do not provide the best representation. This is particularly relevant for analysis of
relict channels where full or half meander geometries are not always preserved, or in cases where the
relict channel has low sinuosity making application of meander metrics difficult. Multi-variate
statistical analysis of meander metrics can effectively cluster longer channel reaches by channel type
(Finotello et al. 2020) but this method requires the presence and delineation of meanders. Currently
there is no system for classifying whole channel reaches as tidal versus fluvial that are not based on
extraction of meander metrics.

Machine-learning (ML) algorithms are capable of classifying inputs based on patterns in

large, high-dimensional datasets that may not be apparent using other types of analyses. These
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algorithms have been successfully applied to remote sensing, well log data, seismology, mining, and
geologic mapping (Evans ez al,, 1986; Kong ez al., 1988; Lee ¢t al., 1994; Cracknell & Reading, 2014;
Keshtkar ¢ al., 2017; Corbi et al., 2019; Bressan ¢f al., 2020; Parikh ez 2/, 2020; El Fels & El Ghotfi,
2022; Mutrti ez al., 2022; Wang et al., 2024). To date, however, ML. methods have not been used in
analysis of channel planform geometries to classify channel reaches as tidal or fluvial.

This study uses geometric analysis integrated with machine learning applied to a limited set
of channel metrics to classify channels as tidal or fluvial. Our dataset consists of 63 tidal (n = 40)
and fluvial (n = 17) channels from a variety of climates, tidal ranges, channel sizes (= channel
width), and 144 statistical variables that describe normalized width (NW), normalized curvature
(NC), normalized radius of curvature (NR), NC/NW, convolutions of NR and NC with NW, and
their derivatives. We find that dimension-reduction techniques such as linear discriminant analysis
are not capable of classifying channel type based on discriminant scores. We compare the
performance of three common machine-learning classification algorithms (Multi-layer Perceptron,
Random Forest, and Logistic Regression) and develop thresholds for classifying individual channels
as tidal or fluvial using segment-scale output of ML classifiers with reach-scale accuracies up to
100%. This method allows us to classify channels with easily extracted data from inaccessible regions
on Earth and has potential for interpreting the origin of relict channels on inactive geomorphic
surfaces. Our results show that machine-learning algorithms, particularly Random Forest classifiers,

are highly accurate for classifying entire channel reaches.

Methods

Methods used in this study can be grouped into six components: (1) digitize channel and
extract a centerline; (2) calculate along-channel metrics; (3) extract statistics and segment the data; (4)
train classification algorithms; (5) apply classifiers to the reach scale; and (6) Linear Discriminant
Analysis (LDA). Figure 2 is a flowchart showing the complete workflow, from channel digitization
to evaluation of performance for each classifier at the reach scale. The data, results, and python

functions used in this study are available in the Supplementary Files S1-S6

Channel bank digitization and centerline extraction
Metrics for local channel width and curvature along a channel centerline are needed to fully
capture the planform geometry of a channel reach (e.g., Vermeulen et al., 2016). We used digitized

channel banks to extract a centerline along the channel reach and measure width transects across the
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centerline. We digitize banks of channels at bank-full geometries in Google Earth as line objects

from downstream to upstream. Nearly all channels digitized had distinct vegetation lines that we
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Figure 2. Flowchart illustrating the workflow for digitizing channels, extracting channel metrics, preparing datasets

for input into machine-learning algorithms, training and evaluating classifier performances, and classifying at the reach

scale.
used to delineate the channel banks. In instances where vegetation was sparse, we delineated banks
by clear breaks in slope on levees, manmade structures on banks, or temporal satellite imagery
directly showing bankfull conditions. If channel banks could not be clearly delineated, we would
select another location with clearly defined banks. We digitized channel reaches on all continents
except Antarctica, cover a range of channel sizes with widths ranging from meters to hundreds of
meters, and tidal ranges from micro- to macro-tidal. We then extract the coordinates of each vertex,
convert them to UTM, and compile coordinates in a text file containing all bank vertices and bank-
side identifiers for a given channel. To extract a centerline, we implement the R package “CMGO”
(Golly & Turowski, 2017). This program uses Voronoi tessellation of channel bank vertices to
establish points along the channel centerline and smooth high-frequency noise to create a smoothed
centerline. At each point along the centerline, a transect perpendicular to the centerline gives the full
channel width. The output of this extraction includes the coordinates of channel centerline points,

distance along the channel centerline, and channel width at each point.
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Calculate along-channel metrics

To ensure consistent measurements along a channel centerline for channels of different
sizes, we re-sample the centerline across a regular discretization grid that is scaled to channel width
(Fagherazzi et al., 2004; Finotello e al., 2020). We evaluate cubic spline representations of latitude,
longitude, and width (w(s)) vs distance upstream at spacing equal to 1/100™ the average width of the
channel reach on a discretization grid. Scaling of the discretization grid is necessary for the
comparison of channels of different size and width (e.g., Finotello et al., 2024). Curvature at each

point is calculated using equation 2 of Marani et al., (2002):

_ (dx/ds)(d?y/ds?)—(dy/ds)(d?x/ds?)
O = [(dx/ds)*+(dy/ds)2}3/2

where c(s) is the local channel curvature at each point along the centerline, s; x and y are longitude
and latitude; dx/ds, dy/ds, d*x/ds? ,and d?y/ds? are the first and second derivatives of x and
y with respect to distance along the channel (s). Using the local channel curvature at each point, we

can evaluate the local radius of curvature using the following equation:
1
(2) R(S) - |C(S)|

where R(s) is the radius of curvature at each point s, evaluated by taking the inverse of the absolute

value of curvature at that point. To compare channels of different scales to one another, the data are
normalized using the following equations:

@ wwe ="

@ NC(s)= C(s)*W

6 NR(s) = ")
where NW(s), NC(s), and NR (s) are normalized width, normalized curvature, and normalized radius
of curvature at each point; and W, C are the average width and average curvature for the entire
channel reach. Finotello et al. (2020) normalized width against average width of the meander rather
than the entire reach. While this method keeps variables directly related to meanders, the broader
context relative to the rest of the channel reach is lost. In tidal channels that exhibit unique
funneling in the downstream direction (Marani e# a/., 2002; Lanzoni & D’Alpaos, 2015), our
approach of normalizing channel width relative to the reach-averaged width allows us to capture

width anomalies that would otherwise be lost if width values were normalized to the average width

of a segment, as is necessary when using meander-based metrics and segmentation. Similarly,
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normalizing curvature to the average curvature of the entire reach provides spatial context that
would be lost if curvature was normalized against local averages.

In addition, we calculated the convolution of normalized curvature and normalized radius of
curvature with width. Convolving the signals provides a measure of the effect that channel width has
on curvature and radius of curvature. The discrete linear convolution is described by the equations:

©6)  NCxNW(s) =YL, o NC NWs_,

(7)  NRxNW(s) =YL _o NR NW;_,,
where NCxNW and NRxNW are the convolutions of normalized curvature and normalized radius
of curvature with normalized width, m is the point along the NC or NR signal, i is the end point of
the signal, and S is the point along the width signal. To better capture how geometry changes along
the centerline, we also calculate the first derivative with respect to s for normalized width,
normalized curvature, normalized radius of curvature, NCxNW, and NRxNW. Additionally, we

utilize the simple quotient of normalized curvature and normalized width, given by the equation:

NC
) NC/NW =—

where NC/NW is the normalized curvature to normalized width ratio, NC is normalized curvature,
and NW is normalized width. At this step, each point along the centerline of each channel reach has
a measure of normalized width, normalized curvature, normalized radius of curvature, normalized
curvature convolved with normalized width, normalized radius of curvature convolved with
normalized width, the first derivatives of these signals. These metrics provide the basis for all

statistical analyses and variables used in the training and testing datasets.

EXxtract statistics and segment the data

Each channel reach is divided into uniform segments, where each segment is treated as an
individual sample described by statistical measures of NW, NC, NR, NCxNW, NRxNW, and
NC/NW. Segmentation is necessary to capture local geometric details that may be important for
distinguishing tidal versus fluvial channel types, though choosing a segment size that is too small
may result in overfitting to high-frequency noise that inhibits classification. Many tidal channels are
short (~ 1 km), which means assigning segments that are too long results in loss of local detail. This
requires more tidal channels to be digitized to achieve a balance in the number of segments from
fluvial and tidal channels. In this study, we divide all channel reaches into segments scaled to double

the average channel width, to maximize coverage of tidal channels and minimize overfitting of noise
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on larger channels. This approach is different from previous studies which segmented channels
based on the delineation of individual meander bends.

For each channel segment we calculate thirteen statistical variables (Table 1). For each of the
eleven along-channel metrics (NC/NW, NW, NC, NR, NCxNW, NRxNW, NW’, NC’, NR’,
NCxNW’, NRxNW?’) we calculate the mean, variance, standard deviation, minimum, maximum,
median, midpoint, skewness, kurtosis, range, mean absolute deviation, intra-quartile range, and
mode. In addition to these 143 statistical variables, we also calculate the sinuosity of each channel

segment for a total of 144 variables with the following equations:

©) L. = \/(xlast - xfirst)z + (ylast - yfirst)z

Ls
(10) SI=3

where L. is the cartesian distance between the first and last points in the segment, x and y are the
longitude and latitude of the first and last points, L is the intrinsic distance along the centerline of
the segment, and SI is the sinuosity index. This provides a measure of the degree to which a
particular segment is meandering or straight.

We completed this process for tidal (n = 406) and fluvial channels (n = 17) that were used to
train and evaluate the classifiers, and to 20 additional tidal (n =10) and fluvial channels (n = 10) used
to test the accuracy of the classifiers at the reach scale. The final training dataset contains 4294
fluvial and tidal channel segments, each with 144 variables describing their geometries and class
labels (tidal or fluvial). The training and testing tables are in supplementary files S1 and S2,

respectively. The data processing python functions used in this study are in Supplementary File S3.

Table 1. Principal along-channel metrics and the statistical variables for each metric used to train the classifiers. d/ds =
first derivative of metric with respect to distance upstream (s); Mid = Midpoint; Me = Median; MAD = Mean Absolute
Deviation; IQR = Intra-Quartile Range, ¥ = skewness; k = kurtosis; SI = Sinuosity Index

Metric Variables
NC/NW NC/NW, 0nc/nw» O'I%IC/NW' Minyc/nw, Maxyc nw Midgcnws Mexc/aws Ye/nws BExc/nws
Range, N MADye/nws IQR /N Modeyc/nw
NW NW, 6w, Oyw, Minyy, Maxyy, Midyw, Meyw, ¥ vw, knw, Range, ., MAD vy, IQR 0
Modeyw
NC NC, onc, 0f¢, Minyg, Maxyc, Midyc, Meyc, ¥ e, Knc, Range,, ., MAD ¢, IQR, ., Modeyc
NR NR, Oyg, O, Minyg, Maxyg, Midyg, Meyg, Y ng, Knr, Range o, MADyg, IQRy o, Modeyg

— 2 - .
NCNW NCNW, 0 ycxvws Oncxvw Mitycxvw, Maxycxnw, Midycxnw, Mencxnw, Y nexnw Kncxnws
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Metric Variables

RangeNCwa, MADNCXNW‘ IQRNCXNW' MOdCNCxNW

—_— 2 . .
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Train classification algorithms

To determine the most effective machine-learning algorithm, we trained and tested three
different supervised classification algorithms using the scikit-learn package in Python: Logistic
Regression, Multi-layer Perceptron, and Random Forest (Pedregosa ez a/, 2011). The Logistic
Regression (LR) classifier is a simple classifier that creates a linear combination of variables, passes it
through a sigmoid function, and returns the probability of it being one class or the other
(McCullagh, 2019). LR classification has been successfully implemented for land cover classification
using multispectral data (Das & Pandey, 2019). The Multi-layer Perceptron (MLP) is a form of
neural network that takes the input variables, connects them to a pre-defined structure of layered
nodes where it determines connection weights between layers, and outputs the predicted class
nodes. The MLP algorithm then compares its predictions to the true values, and adjusts the node
connection weights via backpropagation and stochastic optimization to determine the optimal
weights with the highest accuracy (Hinton, 1990; Kingma & Ba, 2014). Random Forest classifiers are
comprised of bootstrap aggregated decision trees (Figure 3) where each node at a split is chosen
based on the greatest split between the classes, and the final output of the classifier is democratically

chosen by all individual trees via majority vote (Breiman, 2001).

63



Example tree from Random Forest Classifier (Highest Gain)

Feature 3 <=-0.393
gini = 0.5
samples = 2189
value = [1695.0, 1740.0]

Feature 8 <= -0.642
gini = 0.447
samples = 184
value = [99.0, 194.0]

Feature 59 <= -0.111
gini = 0.499
samples = 92

Feature 40 <= -0.086
gini = 0.401
samples = 408
value = [465, 179]

Feature 21 <= 0.085
gini = 0.418
samples = 292
wvalue = [132, 311] value = [81, 76]

Figure 3. Example tree from the Random Forest Classifier chosen by highest gain levels. Blue leaves are dominated
by tidal samples while red/orange leaves are dominated by fluvial samples. Each leaf reptresents a feature variable and

threshold values. Only 3 full levels are shown. Nodes on the far right exemplify end results of purely tidal or purely
fluvial nodes.

Prior to training we defined the structure the Multi-layer Perceptron where each hidden layer
has half the number of nodes (rounded to the nearest integer) of the preceding layer. (Kingma and
Ba, 2014). The number of hidden layers is determined by the last hidden layer to have more than 2
nodes. We applied an alpha of 0.001, the rectified linear unit activation function and the adam
stochastic optimization solver to the MLP model (e.g., Kingma & Ba, 2014). The Random Forest
classifier was structured with 100 decision trees in the forest, using gini impurity to determine the
split quality. We applied the ‘sag’ solver, which is well suited for large datasets with binary labels.
Each classifier was trained on the training dataset of 4294 tidal and fluvial segments, where 80% of
the data was used to train the models and the remaining 20% was reserved for testing segment-scale

accuracy. Testing parameters used are in Supplementary File S4

Apply classifiers to the reach scale

Each of the classifiers above was trained to classify channels at the segment scale, thus giving
the classifiers enough geometric data to provide robust classifications. However, classifying a single
segment is not sufficient to classify an entire reach as tidal versus fluvial. The classification of all
segments within a reach must also be considered to classify the full reach. To address this, we

implemented three classification thresholds that represent the percent of segments in a reach needed
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to classify the channel as tidal or fluvial: >50%, >66%, and >75%. In all cases, the dominant
segment type determines the channel type, but the majority needed increases with increased
classification threshold. To assess the efficacy of each classifier at these thresholds, we presented the
trained models with a separate dataset of ten tidal and ten fluvial channel reaches prepared
identically to our training dataset. The models classify all segments within a reach as either tidal or
fluvial. For each channel reach, we evaluate the number of tidal segments and fluvial segments and
classify the reach as the dominant channel type determined at each threshold. The accuracy of a
classifier is determined by the percent of reaches that were correctly classified (e.g., tidal reach was
classified as tidal). The classifier that had the highest overall reach-scale accuracy and the smallest
decrease in accuracy with an increased classification threshold was considered to be the best
performing.

To maximize performance of the classifiers at the reach scale, we performed 69 training
trials on each classifier. We organized variables that were included in each trial into 23 different
configurations ranging from all the variables to only small subsets of the data (Table 2), and ran each
metric configuration through three different scalers in the scikit-learn library: standard scaler
(parametric), robust scaler (non-parametric), and quantile transformer (non-parametric) (Pedregosa ez
al., 2011). By adjusting these two parameters we can understand the effects of different groupings of
data on the performance of these classifiers. This approach also reveals how the different

combinations are affected by parametric and non-parametric scaling.

Table 2. 23 Principal along channel metric configurations used in this study. MC = Mettic configurations. Y indicates
statistical variables of that metric are included, N indicates statistical variables of that metric are not included.

MC NC/NW NW NC NR NCxNW NRxNW NW NC NR* NCxNW’ NRxNW’ SI
1 Y Y Y Y Y Y Y Y Y Y Y Y
2 Y Y Y Y Y Y Y Y Y Y Y N
3 N Y Y Y Y Y Y Y Y Y Y Y
4 N Y Y Y Y Y Y Y Y Y Y N
5 Y Y Y Y Y Y N N N N N Y
6 N Y Y Y Y Y N N N N N Y
7 N Y Y Y Y Y N N N N N N
8 Y N N N N N Y Y Y Y Y Y
9 Y N N N N N Y Y Y Y Y N
10 N N N N N N Y Y Y Y Y N
11 N N N N N N Y Y Y Y Y Y
12 Y N N N Y Y N N N Y Y Y
13 Y N N N Y Y N N N Y Y N
14 N N N N Y Y N N N Y Y N
15 N N N N Y Y N N N Y Y Y

(o))
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Linear Discriminant Analysis (LDA)

A simple form of supervised classification is linear discriminant analysis (LDA). Given
classified data and variables, LDA transforms data to maximize between-class variance and minimize
within-class variance. In doing so, the LDA creates the greatest possible separation between the
discriminant scores of each group. Discriminant scores are best used to classify data when a clear
threshold score is defined that separates the classes. We performed a linear discriminant analysis on

our training dataset of 4294 fluvial and tidal channel segments, and the results are presented below.

Results

Linear Discriminant Analysis

Figure 4 shows the frequency distribution and violin plots of discriminant scores for fluvial and tidal
channel segments. The range of discriminant score values overlaps significantly for the two groups,
which means there is no threshold discriminant score with which to separate the groups. The
discriminant scores for fluvial channel segments do not exceed 2, whereas there are several tidal
channel segments that are above this score, suggesting that segments with scores above this can be
classified as tidal. However, results of the Linear Discriminant Analysis are not sufficient to classify

channel segments as tidal or fluvial, prompting the need for more powerful classifiers.

Segment-scale Classifier Performance
The classifiers used in this study operate at the segment scale (Lg = ZW), where L is the
segment length for a given channel and W is the average width of the channel, and therefore the

most direct assessment of the classifiers is their accuracy in classifying segments. Across 69 trials the

Logistic Regression classifier performed the worst, with accuracies ranging from 64% to 90% (mean
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Frequency Distribution of Discriminant Scores Violin and Box Plot of Discriminant Scores
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Figure 4. Plots of discriminant scores for tidal and fluvial segments derived from linear discriminant analysis. A)
Frequency distribution and means for tidal and fluvial discriminant scores; B) Combined violin and box plots for tidal
and fluvial discriminant scores displaying overlap of the intraquartile range for both distributions, and a larger number
of outliers for the tidal distribution. There is considerable overlap between the two populations. The distribution of
fluvial discriminant scores is negatively skewed while the distribution of tidal discriminant scores is positively skewed.
No clear threshold score for differentiating between the groups could be identified.

= 80%). The Multi-layer Perceptron classifier performed significantly better than the Logistic
Regression classifier, with accuracies ranging from 82% to 95% (mean = 89%). The best and most
consistent performance across all trials was the Random Forest classifier with segment-scale
accuracies between 89% and 97% (mean = 93%) (See Supplementary File S5)

Figure 5 shows important segment-scale performance metrics for the Random Forest
classifier that performed the best at the reach scale (trial 58). The confusion matrix (Fig. 5A) shows
that the Random Forest classifier successfully predicted 451 true fluvial segments and 361 true tidal
segments, while misclassifying 27 true tidal segments and 20 true fluvial segments with overall
segment scale accuracy of 95%. The Receiver Operating Characteristic (ROC) curve (Figure 5B) is a
plot of the true positive rate against the false positive rate and shows an area under the curve (AUC)

of 0.9865. This near-perfect score indicates an exceptional level of discrimination between classes.
The feature importances chart (Figure 5C) shows the top 10 statistical variables, ranked by
importance, used to discriminate between classes (Full rankings in Supplementary File S6). Table 3
shows these same rankings with the full names of the top 10 statistical variables included. Statistical
variables describing the central tendency and the minimum and maximum of the convolution of
normalized radius of curvature with normalized width (NRxNW) comprise the top 5 most
important features, with importances at least twice that of the next highest ranked variables. The

lowest ranked variable (Rank 88) is the variance of the derivative of normalized radius of curvature
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with respect to s. The Precision-Recall curve (Figure 5D) is a plot of precision (the proportion of

true tidal segments among all segments) versus recall (the proportion of true tidal segments among
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Figure 5. Composite Evaluation of Random Forest Classifier. A) The confusion matrix demonstrates dominantly
true positives (tidal) and negatives (fluvial) with fewer false positives and false negatives. B) The ROC curve suggests
a high true positive rate with few false positives. C) The feature importance bar chart ranks the top 10 predictors (full
feature names are in Table 3), with height representing relative importance. Note that the top 5 are significantly more
important than 6-10. D) Precision recall curve indicating high precision at various recall thresholds. Precision drops
sharply as recall approaches 1, as the model becomes less conservative at these thresholds.

all actual tidal segments) at different threshold settings. We have an average precision value (AP) of

0.9853, which indicates that the classifier has high precision across a wide range of recall values.

Only when the model approaches recall values near 1.0 do we observe a significant drop-off in the

precision values, which is expected because the classifier becomes less conservative as it boosts

recall, increasing the number of false positives.

Collectively, these results demonstrate that the Random Forest classifier performs

exceptionally well at the segment scale, maintaining high accuracies relative to the MLLP and Logistic

Regression classifier, as well as a high ROC area and Average Precision.



Table 3. Top 10 Ranked feature importances
from Trial 58

Rank  Variable Name Importance
1 NRxNW Minimum 0.1299
2 NRxNW Median 0.1062
3 NRxNW Midpoint 0.0845
4 NRxNW Mean 0.0682
5 NRxNW Maximum 0.0596
6 NW Midpoint 0.0224
7 NW Mean 0.0210
8 NW Minimum 0.0208
9 NRxNW Range 0.0207

10 NW” Range 0.0197

Reach-scale Classifier Petformance

The performance of individual classifiers at the
reach scale using segment-scale data is a key factor in
determining the most effective classifier and classification
threshold for unknown channel reaches. Figure 6 shows
example centerlines for one fluvial channel and one tidal
channel, with segments color-coded according to their
predicted type from the Random Forest classifier. We
presented trained classifier models with previously unseen
datasets for 10 tidal and 10 fluvial channels. In 69 trials
comparing data scalers and metric configurations, we

evaluated the performance of trained models at the reach

scale by the percent of channel reaches correctly classified at three classification thresholds using the

segment-scale output of the classifiers for a given reach

A. Darling River (Fluvial)

B. Sungai Kerisek (Tidal)

Flow \

Total Length:10988.5 m Direction

True Channel Type: Fluvial
Total Segments: 86

# of tidal segments: 12

# of fluvial segments: 74
Percent tidal segments: 14%
Percent fluvial segments: 86%
Channel classifcation by
dominant segment type: Fluvial

500 m

mmm Fluvial Segment
s Tidal Segment
@ Downstream Point
(O Upstream Point
—— Channel Banks

One channel segment:
200% of avg. channel width

Flow
Direction

Total Length: 8846.6 m

True Channel Type: Tidal
Total Segments: 50

# of tidal segments: 49

# of fluvial segments: 1
Percent tidal segments: 98%
Percent fluvial segments: 2%
Channel classifcation by
dominant segment type: Tidal

500 m

Figure 6. Classified centetlines for two example channels classified using the Random forest classifier and
configurations from trial 58: A) Darling river (fluvial), and B. Sungai Kerisek (tidal). Additional information about the
length of the reach, number of segments, classification of segments, and classification of the entire channel reach.
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Figure 7 is a heatmap showing the accuracy of each classifier at the reach scale for three
thresholds, along with the metric configuration and scaler associated with each trial. At the highest
classification threshold (>75%), the Logistic Regression classifier had reach-scale accuracies ranging
from 25% to 80%, the MLP classifier had reach-scale accuracies of 45% to 80%, and the Random
Forest classifier had accuracies between 65% and 80%. At the >66% classification threshold, we
observe the following ranges of reach-scale accuracies for each classifier: Logistic Regression = 50%
to 85%; MLP classifier = 60% to 90%; and Random Forest classifier = 75% to 95%. The Random
Forest classifier had the best performance, followed closely by the MLP classifier, and the Logistic
Regtression classifier had the worst performance. The >50% classification threshold produced the
best reach-scale performance, with the following accuracies for each classifier: Logistic Regression =
70% to 95%; MLP classifier = 75% to 100%; and Random Forest classifier = 85% to 100%. At this
classification threshold, all classifiers achieved 95% or greater reach-scale accuracy on one or more
trials. Major differences in performance for this threshold can be seen in the minimum accuracies
for each classifier, where the Random Forest classifier had the greatest minimum accuracy, the MLP
had the second greatest minimum accuracy, and the Logistic Regression had the lowest minimum
accuracy.

The heatmap in Figure 7 highlights the broad pattern of results observed throughout the
trials. Reach-scale accuracy generally decreased with higher classification thresholds, except in some
instances where there was no decrease at higher classification thresholds. For any given trial, no
classifier had an increase in reach-scale accuracy as the classification threshold was increased. All
classifiers had either decreased or unchanged accuracy with increasing classification thresholds. In
most trials, the Logistic Regression classifier performed the worst in comparison to the other two.
The Logistic Regression classifier had its best performance in trials 46 and 49 where it achieved
95%, 85%, and 75% reach-scale accuracy for each classification threshold, respectively. The Multi-
layer Perceptron classifier reached its peak performance in trial 4, where it had 100%, 90%, and 65%
reach-scale accuracies at the respective classification thresholds. The Random Forest classifier
outperformed the other two classifiers in trials 58 and 69, where it achieved 100%, 95%, and 75%
reach-scale accuracies at the three classification thresholds. Both trials exclude statistical variables
from NC, NCxNW, NC’, and NCxNW”, but trial 58 includes NC/NW whereas trial 68 excludes
those variables. Another key difference is that trial 58 uses the standard scaler from sci-kit learn, and
trial 69 uses the quantile transformer from sci-kit learn. The metric configuration and classifier used

in trial 58 has advantages over that of trial 69, despite identical performance. The quantile
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Figure 7. Heatmap showing the reach
scale accuracy for Logistic Regression
(LR), Multi-layer Perceptron (MLP), and
Random Forest (RF) classifiers at three
classification thresholds (>50%, >66%,
>75%). Each row represents a different
trial consisting of different combinations
of feature variables and scalers. MC =
Metric Configuration; SS = Standard
Scaler; RS = Robust Scaler; QT =
Quantile Transformer



transformer is a non-linear transformation of input data that suppresses outliers, but it makes
interpretation of feature importance difficult as the features are non-linearly related to their original
values. Trial 58 uses the standard scaler, a linear transformation, enabling straightforward
interpretation of feature importance rankings via preservation of linear relationships variables. As
there is no sacrifice in reach-scale accuracy by retaining data interpretability, the Random Forest

classifier in trial 58 represents the most successful configuration.

Reach Classification using Random Forest Classifier

Figure 8 shows centerlines for a subset of fluvial and tidal channels used in the reach-scale
testing dataset. These reaches were classified with the trained Random Forest classifier using the
configurations from the best performing trial (Trial 58) at the >50% threshold. Individual segments
of the centerlines are color-coded to show the predicted channel types in the context of their
surrounding reach. All 20 fluvial and tidal channel reaches were correctly classified using the >50%
threshold.

The performance of all three classifiers for the same channels in trial 58 is shown in Figure 9. Each
reach has three bars representing the percent of segments for which the prediction matches the true
channel type, with the >50%, >66%, and >75% classification thresholds indicated. This allows
direct comparison within and between classifiers and channel types. Each classifier utilizes the data
differently, and therefore certain segments classified as one channel type or the other may be
classified differently by another model. Normalized width and normalized curvature are the two
metrics from which channel planform can be completely reconstructed (Vermeulen ez a/., 2016). In
Figure 10, these two metrics are plotted as a function of distance upstream, for one tidal channel and
one fluvial channel, classified by the three classifiers. The classified segments are color-coded to
show their predicted channel type. In all cases we see that no two classifiers classify the same reach
identically, and that the Random Forest classifier produces the greatest number of segments that are

correctly classified.

Discussion
The preceding results show that modern tidal and fluvial channels can be distinguished from
each other through statistical analysis of channel planform geometries using common machine-

learning tools. The Random Forest classifier exhibited the highest accuracy levels for all three
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classifiers at the >50% classification threshold by application of outlier-resistant scaling methods.

Below we explore four related topics: (1) application of segment-trained classifiers to larger channel

FLUVIAL Boomi River (FIUVIaI) Patoka River (FIUVlal)
0.5 km
S Rio Chiquito (Fluvial)
0.5 km

Tym River (Fluvial)

LEGEND
== Fluvial Segment
=== Tidal Segment
@ Downstream Point
O Upstream point

T Downstream Flow (Fluvial)

Seaward Flow (Tidal) Monie Creek (Tidal) Tha Taphao (Tidal)

0.5 km

TIDAL

English Creek (Tidal)

0.5 km

Gotuocun (Tidal)

—
0.5 km

Figure 8. Classified channel centerlines for a subset of classified tidal and fluvial channels used for reach-scale testing.
Classified using the trained Random Forest classifier using configurations from the best performing trial (Trial 58).
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Figure 9: Bar graph comparing the reach-scale accuracy for three different classifiers: Multi-layer Perceptron (MLP),
Random Forest, and Logistic Regression. 10 tidal channel reaches and 10 fluvial channel reaches were treated as
unknowns by each classifier. The accuracy for each classifier for a given channel is the percentage of 100 m channel
segments that were correctly classified (i.e. when the predicted channel type matches the true channel type). Three
threshold levels (50%, 66%, 75%) represent the percentage of segments that must be correctly classified in order for
the entire reach to be classified as that channel type. The Random Forest classifier has 100 % accuracy at correctly
classifying at the reach scale for a 50% threshold, while the MLLP (Neral Network) and Logistic Regression classifiers
have 95% and 80% accuracy at the 50% threshold, respectively.

reaches; (2) assessment of metric configurations; (3) feature importances and implications for
differentiating channel types; and (4) implications for interpreting relict and possibly mixed-energy

channel planforms.

Application of segment-trained classifiers to larger channel reaches

By segmenting the data and using statistical variables to describe the geometry of each
segment, we can capture local variability and preserve the geometric characteristics of upstream and
downstream segments without needing to account for position within the channel or relative to
adjacent segments. However, the end goal of the classification is not at the segment scale, but to
perform classification of longer channel reaches. To bridge this gap, we calculate the percent of

segments in a reach that are classified as tidal or fluvial to obtain a reach-scale classification, without
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Figure 10. Segment-wise comparison of three classifiers for Sungai Kerisek (tidal) and Datling River (fluvial). Blue segments ate tidal and red segments are fluvial.
Normalized width (NW) and normalized curvature (NC) signals have been added to each.
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having the classifiers classify directly at the reach scale. This approach requires the classification
models to have accuracies at the segment scale that are well above 50%. In instances where a model
is correct in more than 50% of segments, simple majority reach-scale classification thresholds can be
applied. In this study the Random Forest (89-97%),MLP (82-95%), and Logistic Regression (64-
90%) classifiers had segment-scale accuracies well over 50%. Interpretation of the spatial
distribution of channel segment types for classified reaches should be handled with caution,
especially when downstream hierarchies (i.e. fluvial segments cannot be downstream of tidal
segments) exist. Channel segments with geometries similar to both tidal and fluvial channels may be
misclassified, and the re-classification of downstream segments on this basis may be incorrect. In
future work, use of convolutional neural networks and continuous wavelet transform
representations of channel reaches may permit direct classification at the reach scale without the
need for segmentation or even statistical representations of the channel geometry, while

simultaneously preserving sub- to supra-meander scale structures.

Assessment of metric configurations

The best performing Random Forest classifier (trial 58) had a segment-scale accuracy of 95%
and a reach-scale accuracy of 95% at the >50% threshold. The high segment-scale accuracy
translated to high reach-scale accuracy at the >50% and >66% thresholds but did not translate to
equally high accuracy at the 75% threshold. This trial excluded 56 statistical variables derived from
NC, NCxNW, NC” and, NCxNW’, but did include those from NC/NW. Eatlier trials (1-12) that
include the 56 additional statistical variables had slightly higher segment-scale accuracies (96-97%),
but poorer reach-scale accuracies. Trial 69, which had reach-scale accuracies identical to those of
trial 58, did not include NC/NW but had lower segment scale accuracy (94%). This suggests that
exclusion of normalized curvature-based variables positively influences the performance of
classifiers evaluated at the reach scale, while having a minor negative influence on segment-scale
accuracy.

Trial 58 included only principal channel metrics and statistical variables derived from
normalized width (NW), normalized radius of curvature (NR), their convolutions (NRxNW), and
their derivatives (NC/NW), and it excluded normalized curvature-based variables (NC), their
convolutions (NCxNW), and derivatives. Because along-channel width and curvature can be used to
reconstruct the planform geometry of a given channel reach (Vermeulen ez a/, 20106), it is not

surprising that width and curvature emerge as two of the principal channel metrics. The Radius of
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curvature is the inverse of the absolute value of curvature, and unlike curvature, it has no
directionality and is merely a representation of how curved a channel is at that point. The exclusion
of normalized curvature-based variables from the most successful trial suggests that curvature may
not be the best representation of local channel sharpness for the purposes of differentiation between
channel types. This may be because the central tendency of normalized curvature values is near-zero
for both channel types, a byproduct of its directionality that may inhibit differentiation. Similarly,
curvature signals almost always oscillate between negative and positive values as channels change the
direction of their bends. For example, segments that are right bending or left bending may have
identical magnitude of curvature but with opposite signs due to the direction of the bend. This
oscillation due to bend direction makes it difficult to identify relationships between channel
sharpness and metrics that do not oscillate. However, this is not to say that curvature does not
effectively record channel sharpness, which it certainly does, but instead that other representations
of local channel sharpness such as radius of curvature may be better suited for differentiating

between channel types and identifying relationships with other variables.

Feature importances and implications for differentiating channel types

Table 3 provides insight into the most important variables for classification according to the
Random Forest classifier. The top 5 most important features are measures of the central tendency,
minimum, and maximum of the normalized radius of curvature convolved with normalized width
(NRxNW). The next 5 most important features are the midpoint, mean, and minimum of
normalized width (NW) and ranges of the derivative of normalized width with respect to s (distance
along centerline; NW”) and NRxNW. NRxNW is a representation of how normalized radius of
curvature is modified by normalized width at any point along the channel. It can effectively highlight
where the two variables are positively correlated. For example, points along a channel where the
normalized width is high and normalized radius of curvature is high (i.e. low channel sharpness)
would have a high convolution value indicating there is a strong positive relationship between the
two variables. The highest-ranking variable derived from normalized radius of curvature (NR) is the
median NR, ranked 36" out of 88 with an overall importance of 0.0071. While normalized radius of
curvature does contribute to the differentiation between channel types, its low importance relative to
NW or NRxNW derived variables suggests it does not play a critical role in differentiating between
channels. These rankings do indicate that the relationship between normalized radius of curvature

(channel bend sharpness) and normalized channel width is more important for classification than
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normalized radius of curvature. In other words, the effect that local channel width at any point along
the channel has on the sharpness of bends in the channel is more diagnostic than the actual
sharpness of the bend at that point. Curvature is an important factor for the development and
migration of channel bends, as bank erosion (e.g., active migration) has been shown to occur where
curvature is the sharpest (Sylvester et al., 2019).

Figure 11 shows the kernel density and cumulative density plots of normalized radius of
curvature convolved with normalized width and normalized width, and plots of NRxNW and NW
versus normalized distance upstream for tidal and fluvial channels. Kernel density plots of NRxNW
show that tidal channels tend to have lower values of NRxNW (Fig. 11A), suggesting that tidal
channels have configurations in which narrow channel widths co-occur with tighter bends (i.e.
smaller radius of curvature). The distribution of NRxNW for fluvial channels is much broader than
that of tidal channels, indicating a more complex or less direct relationship between local channel
width and channel sharpness. This finding is consistent with results of Finotello e# a/. (2020), who
found that fluvial channels have greater morphological complexity than tidal channels, and
attributed the difference to fundamental differences in flow conditions between the two domains
(Leopold et al., 1964). They segmented channel reaches into individual meanders, which allowed
meander-specific metrics not included in our study to provide insight into morphological differences
(Finotello ez al., 2020). The difference between morphological complexities of tidal and fluvial
channels is resolvable both in meanders and smaller segments. Kernel density plots of NW (Fig.
11B) show that fluvial channels have a much higher density around normalized widths of 1,
indicating that channel width for a fluvial reach does not vary significantly relative to its average, and
rarely exceeds 2 times the average width. Tidal channels have normalized widths close to 1 in most
instances, but the distribution is highly positively skewed relative to fluvial channels with normalized
widths exceeding 6 times the average channel width. These pronounced differences result from
normalization of local channel width by the average width of the channel at the reach scale and
reflect the characteristic downstream increase in channel width observed in many tidal channels
(Marani ef al., 2002; Fagherazzi et al., 2004; Lanzoni & D’Alpaos, 2015). Cumulative density plots and
non-parametric Kolmogorov-Smirnov (K-S) tests of NRxNW and NW (Figs. 11C, D) quantify the
differences in the distributions between channel types. Figure 11C shows a K-S statistic of 0.6330
with a p value of <0.001, indicating that fluvial and tidal distributions of NRxNW are statistically
different at a significant level, and likely reflect different processes driving the relationship between

normalized radius of curvature and normalized width. Figure 11D shows the CDF of normalized
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Figure 11. Statistical and along-channel plots of important principal along channel metrics, A,B) Kernel density plots
showing distrubitons of NRxNW and NW for tidal and fluvial channels; C,D) Cumulative distributions NRxNW and
NW for tidal and fluvial channels, Kolmogorov-Smirnov statistics indicate percent difference between functions in
decimal form. Higher values indicate more separation. E,F) Plots of NRxNW vs normalized distance upstream for
tidal and fluvial channels; G,H) Plots of NW vs normalized distance upstream for tidal and fluvial channels.
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width and has a K-S statistic of 0.2789 at a p-value of <0.001. This indicates that the distributions of
normalized width for tidal and fluvial channels are significantly different, although to a lesser
magnitude than NRxNW. The distributions and significant differences in NRxNW and NW
between channel types are consistent with high feature importance rankings of variables derived
from these metrics.

Along-channel patterns in NRxNW for tidal channels (Fig. 11E) shows a gradual decrease in
NRxNW in the upstream direction, suggesting that high radii of curvature are associated with higher
widths at the mouths, and lower radii of curvature are associated with narrower widths in the
upstream portions of reaches. This contrasts with the along-channel pattern of NRxNW for fluvial
channels, which display relatively little change in the NRxNW in the upstream direction (Fig. 11F).
In addition, tidal channels display a quasi-exponential decrease in channel width in the upstream
direction (Fig. 11G), a pattern recognized in other prior studies (Marani e# al., 2002; Fagherazzi et al.,
2004; Lanzoni & D’Alpaos, 2015). In contrast, the along-channel distribution of normalized width
for fluvial channels shows relatively consistent channel widths (Fig. 11H), with values fluctuating
irregularly around 1. This pattern likely results in more complex or less direct relationships between
normalized width and normalized radius of curvature. While upstream narrowing of tidal channels
has been recognized in prior studies (Marani e al., 2002; Fagherazzi et al., 2004; Lanzoni &
D’Alpaos, 2015), this study is the first to incorporate this pattern into machine-learning and
statistical analysis via reach-scale normalization of segments. Additionally, this study is the first study
to quantify the morphological relationship between normalized width and normalized radius of
curvature via convolution of the two along-channel signals, which we use to classify channels using

machine-learning algorithms.

Implications for interpreting relict channels and mixed-energy settings

While recognition of channel type is typically straightforward in modern settings, methods
developed here offer promising potential to study ancient, relict channels preserved on inactive low-
relief surfaces. Because tidal channels generally form within 1-5 meters of mean sea level,
recognition of tidal channels on relict surfaces can provide useful constraints on changes in relative
sea level and vertical crustal motions. Conversely, fluvial channels provide no information about
relative sea-level change or uplift rates. Low-relief geomorphic surfaces with preserved channel
planforms are known from uplifting coastal landscapes in active tectonics settings around the world,

including: (1) rift-flank uplifts adjacent to extensional and transtensional plate boundaries (e.g., Red
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Sea and Gulf of Suez (Morag ¢7 al., 2019); Baja California, Mexico (Ortlieb, 1991); (2) young uplifts
in zones of active continental collision (e.g., Persian Gulf of southwest Iran (Berberian, 1995);
Ganges-Brahmaputra Delta in southern Bangladesh (Kuehl ez @/, 2011)); and (3) forearc regions
undergoing uplift above active subduction zones (e.g., southwest Japan, North Island of New
Zealand, Cascadia of western North America, and Chilean margin of South America (Menant ez a/,
2020). These regions offer the potential for study of preserved inactive low-relief landscapes to
identify and use relict tidal channels to gain improved understanding of uplift histories.

The channel reaches used in this study were either completely fluvial or completely tidal.
This choice was made intentionally, to have as little overlap in channel origin as possible for the
purposes of machine learning. However, mixed tidal and fluvial energy settings are commonly
observed in estuaries. While the methodology developed in this paper can be applied to future
studies of channels in mixed tidal-fluvial settings, important factors should be considered. For
example, misclassification of channel segments is likely to occur at higher rates in mixed-energy
settings, because the juxtaposition of contrasting processes may produce intermediate morphologies
unfamiliar to the trained classifier. Segmentation in this methodology was implemented to preserve
local channel geometries while also allowing for segments to be analyzed in the context of the
channel type, and thus misclassifications can place tidal segments in purely fluvial channels and vice
versa. This challenge can potentially be addressed through use of geographical markers to identify
tidally-dominant versus fluvially-dominant sections in estuary systems. For example, a decrease in
abundance of tidally-classified segments upstream of the furthest inland extent of modern tides
would suggest that our methodology can be applied to a mixed-energy setting. It may also be
possible to implement a third classification category that represents mixed energy or undifferentiable

segments.

Conclusions

We present a machine learning-based classification method that uses reach-normalized data
to classify channels as either tidal or fluvial. Through training multiple classifiers on a global dataset
of tidal and fluvial channels we find: (1) Linear Discriminant Analysis is not sufficient for
classification; (2) the Random Forest classifier demonstrated 100 % accuracy at classifying
“unknown” channel reaches at the >50% classification threshold, indicating that this classification

method is robust and reliable; and (3) the convolution of normalized radius of curvature with
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normalized width (NRxNW) and normalized width (NW) are more successful for differentiating
tidal channels using this approach than the magnitude of local curvature.

This methodology offers the potential to identify relict tidal channels on inactive low-relief
surfaces and constrain uplift histories in a wide range of tectonic and physiographic settings. It may
also be possible to analyze channel planforms in mixed-energy settings using this approach, although
care must be taken when interpreting the spatial arrangement of classified segments. Future work
could use wavelet representations of channel morphologies and train convolutional neural networks

to classify channels directly at the reach scale while retaining sub- and supra-meander structures.

Bridge

With an effective method for the classification of modern tidal and fluvial channels, we can
now apply this method to relict channels of unknown origin. In Chapter IV we apply the trained
random forest classifier and reach-scale classification methodology developed in Chapter III to a
dataset of 14 relict channels that include both unknown and likely fluvial relict channels from the
central Baja California Peninsula and other localities around the world and classify their geometries
as tidal or fluvial to determine their origin. Furthermore we analyze the performance of the random
forest classifier and consider the relict channels classified as tidal in the context of global sea level

changes over the last 798 ky and discuss their efficacy as paleo-sea level indicators.
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CHAPTER IV: IDENTIFICATION OF RELICT CHANNELS USING
A TRAINED RANDOM FOREST CLASSIFIER

This chapter includes un-published co-authored material. Principal data collection, analysis, figure
creation and manuscript writing was completed by Kevin Gardner. Rebecca J. Dorsey assisted in

study site selection and data analysis and provided editorial feedback on the manuscript and figures.

Introduction

Channels are critical features of tidal and fluvial systems that are shaped by fluid flow and
sediment transport. The flow conditions of tidal and fluvial systems are considerably different due to
contrasting hydrodynamic processes. Tidal systems experience bi-directional currents and cyclical
daily to monthly fluctuations in the volume of the tidal prism, whereas fluvial systems experience
unidirectional flow with stochastic weather-modulated and seasonal fluctuations in discharge
(Leopold et al., 1964; Kvale ez al., 1995; Fagherazzi et al., 2004; Lutscher ez al., 2007; Hughes, 2012).
Despite major differences in the flow conditions of tidal and fluvial channels, their meander
evolution and planform geometries are remarkably similar (Leopold ez a/., 1964; Lanzoni &
Seminara, 1998; Marani e a/., 2002; Lanzoni & D’Alpaos, 2015; Finotello ¢ a/., 2018; Gao et al.,
2024).

Bi-directional currents in tidal systems produce meander geometries that are statistically
different from fluvial meanders, with meander asymmetry being the most important component in
statistical analyses for effectively clustering tidal and fluvial reaches (Fagherazzi e al., 2004; Finotello
et al., 2020). A recent study found that a random forest classifier trained on geometric data from
modern tidal and fluvial channels can successfully classify entire reaches as tidal or fluvial using
segment-scale classifications and majority thresholds to determine reach classification (Gardner &
Dorsey, 2025). Feature rankings from the trained random forest classifier show that the top five
most important variables for differentiating tidal and fluvial segments are measures of the minimum,
central tendency, and maximum of the convolution of local normalized radius of curvature and
normalized width. Fluvial channels exhibit a more complex relationship between local channel width
and sharpness of channel bend, consistent with observations of greater morphological complexity in
fluvial channels compared to tidal channels driven by differences in flow conditions (Finotello ez 4/,
2020; Gardner & Dorsey, 2025). Effective classification of tidal and fluvial channel reaches is

possible using the relationship between local normalized radius of curvature and local normalized
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width and, to a lesser extent, local normalized width where it can capture downstream funneling
commonly observed in tidal channels (Lanzoni & Seminara, 1998; Marani 7 a/., 2002; Lanzoni &
D’Alpaos, 2015; Gardner & Dorsey, 2025).

The segment-based machine-learning classifier developed by Gardner and Dorsey (2025)
can also be used for identification of relict channels on abandoned low-relief surfaces, with potential
implications for paleo-sea level reconstructions in coastal regions. Tidal channels form at or near sea
level within the local tidal range, whereas fluvial channels can form at any elevation. If relict
channels preserve the planform geometric characteristics of their original domain (tidal or fluvial),
then classification of relict reaches should be possible. If a relict channel is classified as tidal, the
elevation of the surface on which the channel formed provides a record of relative sea-level change
(Figure 1). The elevation difference between a relict tidal surface and modern sea level represents a
fall of relative sea level that may be due either to crustal uplift or a fall in global sea level after
abandonment of the channel. Because present-day sea level is at or near the highest interglacial levels
recorded in the past ~ 1 m.y. (e.g., Spratt & Lisiecki (2016), preservation of tidal channel planforms

on relict geomorphic surfaces in most cases provides evidence for post-abandonment uplift.

A Map View B Cross-section view

Relict channel w/ tidal origin =

Relict channel planform i
paleo-sea level constraint

X Tidal origin

Z2

Uplifted low-

relief surface 72-7Z1=R.S.L. Fall

e

Modern
Sea level

Z1

Figure 1. Conceptual diagram of using relict channels with tidal origin as paleo-sea level indicators. A) Map view of
relict channel with a tidal origin on an uplifted surface; B) Cross-section view from x-x’ showing the elevation
difference between relict channel with a tidal origin and modern sea level being used to constrain relative sea level
(R.S.L) fall.

Prior analyses of relict channels have focused on terrestrialization of abandoned

paleochannels of fluvial systems, reconstruction of long term river evolution, and sediment accretion
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in abandoned paleochannels in tide-dominated systems (Woodroffe e al., 2016; Dépret et al., 2017,
Tena et al., 2020; Vayssiere et al., 2020; Wu et al., 2020; Alam ef al., 2025; Nathan e# al., 2025). Many of
these studies, especially those in tide-dominated settings, provide valuable insight into understanding
channel reorganization due to rising sea level. Previous studies have had the benefit of evidence
connecting them to their domain of formation, but little work has been done on relict channels on
uplifted low-relief paleosurfaces where data is limited and the domain of formation is not known. In
this study we address this gap in understanding of relict channels by tackling three questions: (1) Do
relict channels inherit the geometric characteristics of their domain of formation? (2) Can relict
reaches be effectively classified using random forest classifiers trained on modern tidal and fluvial
channels? (3) What are the implications for paleo-sea level reconstruction using relict channels of
tidal origin? To assess these questions, we applied the random forest classifier and classification
methods of Gardner & Dorsey (2025) to classify 14 relict channels at elevations ranging from 7 m to
1335 m above modern sea level (trained model files and classification script in Supplementary Files
S1-82). We use the results to evaluate classification probability scores of relict channels, and
compare them to modern channels from a dataset of modern tidal, fluvial, and mixed-energy
channels. Our results show that relict channels retain much of the geometric characteristics of their
original channel type, allowing them to be classified as tidal or fluvial. Probability score distributions
provide an important metric for evaluating the level of confidence in classification of relict channels.
We also demonstrate the potential of this method for estimating the magnitude and time-averaged

rate of uplift in coastal regions where well-dated relict tidal channels are preserved.

Summary of Relict Channel Study Areas

In this study we digitized 14 middle to late Pleistocene relict channels in several locations
around the world for comparison to examples from the testing dataset of Gardner and Dorsey
(2025) (Figure 2; Relict channel data table in Supplementary File S3). Relict channel localities span
climates from arid to humid and are found at elevations from 7 m to 1335 m above sea level. The
studied sites include relict channels that are of unknown or potentially tidal origin, relict channels
with known fluvial origins, and channels that are likely to be fluvial due to their distance from

modern shorelines.
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Figure 2. Map showing distribution of relict channels, modern tidal and fluvial channels, and mixed-energy channels
used in this study. Yellow circles represent relict channels, red circles represent modern fluvial channels, blue circles
represent modern tidal channels, and purple triangles represent modern mixed-energy channels. OR = Oregon; NV
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Central Baja California Peninsula, BCS, Mexico

The central Baja California Peninsula (Figure 3A) has a 20—30 million year history of
subduction-related volcanism and transition from subduction of the Farallon plate to transtensional
rifting associated with opening of the Gulf of California (Hausback, 1984; Umhoefer ez /., 2001,
2018; Carrefio & Smith, 2007; Bennett & Oskin, 2014; Bennett e al., 2015; Darin ef al., 2016). Marine
deposits in the mid-peninsular region include the 15-11 Ma San Ignacio Formation which records
tidally influenced deposition on a shallow marine shelf on the western peninsula, as well as the Late
Miocene Boleo Fm. and the Pliocene-Quaternary Tirabuzoén, Infierno, and Santa Rosalia formations
in the Santa Rosalia basin (Bennett et al., 2025; Darin et al., 2025; Dorsey et al., 2024 in press;
McLean et al., 1985). Quaternary marine terraces have been documented along the length of the
peninsula at elevations ranging from ~10 m to 340 m above sea level(Ortlieb, 1991). In the Laguna
San Ignacio region, near Punta Abreojos on the Vizcaino Peninsula, marine terraces have been
documented at elevations ranging from 6 m to 90 m above sea level, and were assigned ages ranging
from 80 ka to early-middle Pleistocene using U-Th geochronology, Amino Acid Racemization

(AAR), faunal assemblages, and oxygen isotopes (Ortlieb, 1991).
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Figure 3. Overview maps of Baja Relict channels 1-4. A) Overview of the central Baja California Peninsula, Mexico
with a black square at the northern end of Laguna San Ignacio from which the relict channels in B,C,D,E were
digitized; B) Baja Relict Channel 1 at 67 m above sea level; C) Baja Relict Channel 2 at 50 m above sea level; D) Baja
Relict Channel 3 at 38 m above sea level; E) Baja Relict Channel 4 at 38 m above sea level. Black lines indicate
digitized bank lines

In the Laguna San Ignacio region we digitized four relict, abandoned channels at elevations

ranging from 38 m to 67 m above sea level (Figure 3B — 3D). The relict channels appear to be
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associated with paleoshorelines of LLaguna San Ignacio, and they are associated with Quaternary
marine terraces documented by Ortlieb (1991). Field observations at Baja Relict Channel 2 (Fig. 3C)
confirmed the presence of Quaternary marine terrace deposits on the surface where the channel
formed. Based on their association with known elevations of Quaternary marine terraces and their
association with paleoshorelines, these relict channels are considered to have an unknown or

potentially tidal origin.

Abdikhani, Iran

Abdikhani, Iran is a village in the Khuzestan Province of southwest Iran approximately 33
km northeast of the larger population center of Hendijan (Figure 4A). The geological history of the
region is dominated by uplift, deformation, and faulting in the Zagros fold and thrust belt, and
associated foreland basin sedimentation (Ghorbani, 2013). Abdikhani is situated on the NE flank of
a NW-trending anticline associated with a NW-trending thrust fault that represents the southwestern
front of the active fold and thrust belt. Limited data on the geology of the Abdikhani region is
available, and average uplift rate is estimated at ~1 mm /yr (Berberian, 1995).

We digitized three relict channels 3.5 km northeast of Abdikhani selected from a network of
abandoned channels (Figure 4B). The relict channels in this region display downstream widening
that is typical of tidal channels, and they have upstream connectivity between drainage areas that is
also common to tidal networks. Relief between channel banks and the base of the channel is
typically 1-2 meters, and the flat channel bottoms have more recently been adapted for farming. The
channels are all between 55 m and 57 m above sea level. Assuming an average uplift rate of ~1
mm/yr (Berberian, 1995), the elevation of these relict channels suggests they may have been at or
near modern sea level approximately 55,000-57,000 years ago. Based on the tidal-like geometries of
the channels and the plausible time frame for the region being at or near sea level during the

Quaternary, we consider these channels to be unknown or potentially of tidal origin.

Pearl River, Louisiana, USA

The Pearl River flows south into the Gulf of Mexico along the border between southeast
Louisiana and southwest Mississippi, (Figure 5A). The surficial geology of the lower Pearl River
region consists predominantly of Holocene and Pleistocene coastal plain deposits and ancient Pearl
River deposits (Heinrich, 2006). Holocene deposits are present on a narrow terrace directly adjacent

to the modern Pearl River and represent inactive meander belts and backswamps formed during
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Figure 4. Overview maps of Iran Relict Channels 1,2, and 3. A) Overview of SW coastal Iran (IR) with black square
indicating the location of the relict channels on the NE limb of an uplifting anticline. Red dashed line shows the
major fault associated with the growth of the anticline. B) Satellite imagery of the three relict channels near
Abdikhani, Iran. White lines show the digitized banklines, numbers correspond to the relict channel number.
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recent configurations of the Pearl River. The Pearl River relict channel belongs to a collection of
coastal plain deposits known as the Prairie Allogroup, which form a terrace extending from the coast
of the Gulf of Mexico eastward to Mobile, Alabama (Heinrich, 2006). The Prairie Allogroup in the
Pearl River region is composed mainly of the Hammond Alloformation, which has an age of 194 *
14 ka at St. Tammany, LA (Otvos, 2005; Heinrich, 2006). The Stennis relict channel is associated
with deposits of the Gum Bayou Alloformation, which forms a terrace inset into the Prairie

Allogroup along a relict valley of the Pearl River near the Stennis Space Center (Heinrich, 2000).
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Figure 5. Overview maps of Peat] River and Stennis relict channels. A) Overview map of the Louisiana

(LLA) /Mississippi (MS) border along the Peatl River near Lake Pontchartrain. White squates indicate the locations of
relict channels in B and C. B) Pearl River Relict Channel 1 at 13 m above sea level; C) Stennis Relict Channel 1 at 7 m
above sea level. White lines indicate the digitized bank lines.
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Relict channel forms are ubiquitous features on the surfaces of the Hammond and Gum
Bayou Alloformations (Heinrich, 2006). We digitized two relict channels in this area: the Pearl River
Relict Channel 1 (Figure 5B), and the Stennis Relict Channel 1 (Figure 5C). Pearl River Relict
Channel 1 is 13 m above sea level on the surface of the Hammond Allofomation, where the surface
has an age of 194 & 14 ka based on OSL dating (Otvos, 2005). The Stennis River Relict Channel 1
occurs 7 m above sea level and occupies the surface of the Gum Bayou Alloformation, which has an
OSL age of 124 £ 12 ka (Otvos, 2005). Although the relict channels in this region are generally
referred to as fluvial, the ages of the two alloformation terraces overlap with sea level highstands at
~125 and ~200 ka (Spratt & Lisiecki, 2016). Estuarine deposits are known from the Prairie
Allogroup (Heinrich, 20006), and no studies have directly analyzed the relict channels in this region
for potential tidal influence. For this reason, we consider the Pearl River and Stennis relict channels

to be likely fluvial with potential for tidal influence.

Red House, Nevada, USA

Red House, Nevada, is a small community located on the Humboldt River in the Basin and
Range Province of north-central Nevada (Figure 6A). The Miocene to recent geologic history of the
region is dominated by E-W extension and associated normal faulting. Surrounding mountain ranges
are composed of Paleozoic-Cenozoic sedimentary, volcanic, and metamorphic rocks, while valley
floors consist predominantly of Quaternary alluvium and gravel associated with alluvial fans and
drainages sourced in the surrounding mountains. Local sediments also include former deposits of
the Humboldt River and its local tributaries (Hotz & Willden, 1961; Erickson & Marsh, 1974).

There are numerous relict abandoned channels on the terraces adjacent to the Humboldt
River and adjacent to modern tributaries. We digitized two relict reaches on terraces on the north
(Figure 6B) and south (Figure 6C) banks of the Humboldt River. Other than existing geologic maps
that assign a general Quaternary age to the alluvium, there are no available ages for these surfaces or
channels. Given their distance 100’s of km from nearest ocean coastlines and an average elevation of

1334 m above sea level, we considered these relict reaches to be likely fluvial in origin.

Maheshpur, India
Maheshpur, India is small village located in the state of West Bengal, India, near the border

with Bangladesh, approximately 212 km north of the shoreline of the Ganges-Brahmaputra Delta
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Figure 6. Overview maps of Red House Relict Channels 1 and 2. A) Regional overview of the Red House, Nevada
(NV) area with yellow squares indicating the location of relict channels in B and C. B) Red House Relict Channel 1 at
1333 m above sea level; C) Red House Relict Channel 2 at 1335 m above sea level. White lines indicate the digitized
bank lines.

(Figure 7A). The region has numerous paleochannels, oxbow lakes, and scrollbars. The Ganga
Plains extend from Punjab in western India, southeastward along the frontal thrusts of the
Himalayas into West Bengal and Bangladesh where the Ganges and Brahmaputra rivers join and
ultimately flow into the Bay of Bengal (Vaidyanadhan & Ramakrishnan, 2010). The Ganga Plains
represent the modern expression of the Himalayan foreland basin which has a long history of
Cenozoic subsidence, filling, and uplift (Singh, 1996). The Maheshpur region falls within the upper

delta plains of the Ganges-Brahmaputra delta in the Ganges fluvio-deltaic Plain Graben east of the
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Figure 7. Overview maps of Maheshpur Relict Channel 1. A) Regional overview of the India/Bangladesh border and
the Ganges-Brahmaputra Delta. White square indicates the location of the Maheshpur Relict Channel in B on the
delta plain; B) Satellite imagery showing the Maheshpur Relict Channel at 30 m above sea level (asl) on the delta plain
of the Ganges-Brahmaputra Delta. White lines indicate the digitized bank lines. IN = India




Damodar fault (Singh ez a/., 1998; Tandon e# al., 2008; Kuehl ez al., 2011). Regional studies have
largely focused on geomorphic units and terraces east of the Hooghly River, with the Maheshpur
area west of the river falling within a broad classification of Moribund Ganga Deltaic Plain (Singh e#
al., 1998). Geologic maps of West Bengal identify the surface geology of the Maheshpur region as
Holocene alluvium (Geological Survey of India, 1999). Holocene alluvium in this region belongs to
the morphostratigraphic

Bhagirathi units which have thermoluminescence ages ranging from of 1.0 to 6.7 ka (Singh e7 a/,
1998; Mukhopadhyay ez 4/, 2005).

We digitized a single relict channel in the Maheshpur region (Fig. 7B). The channel is
approximately 30 m above sea level and is associated with eastern Middle-Late Holocene floodplains
of the Bhagirathi and Hooghly Rivers (Geological Survey of India, 1999; Mukhopadhyay e7 a/., 2005).
Paleogeographic reconstructions for the past 18 ka show that the depositional environment of the
Maheshpur region has been active or incipient floodplains since 11 ka, with Holocene transgression
and subsequent landward shoreline migration limited to the easternmost Ganges-Brahmaputra Delta
(Goodbred & Kuehl, 2000). For this reason, we consider the Maheshpur Relict Channel 1 to be of
likely fluvial origin.

Wagga Wagga. Australia
Wagga Wagga is a city in New South Wales, Australia, ~200 km west of Canberra (Figure

8A). It is located on the floodplain of the Murrumbidgee River that flows east across New South
Wales to its junction with the Murray River east of Balranald. The geology of the region consists of
deformed Ordovician-Devonian bedrock overlain by laterally extensive Quaternary floodplain
alluvium (Wynn, 1977). The Quaternary alluvium accumulated on the floodplains of regional rivers
and local streams that drain surrounding Paleozoic highlands.

We digitized a single relict fluvial channel, Wagga Wagga Relict Channel 1, on the surface of
Holocene floodplains adjacent to the Murrumbidgee River ~44 km NW of Wagga Wagga, ~170 m
above sea level (Figure 8B). Due to the long distance from the nearest shoreline(~360 km) and high

elevation, we consider the Wagga Wagga Relict Channel 1 to be of likely fluvial origin.
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Figure 8. Overview maps of Wagga Wagga Relict Channel 1. A) Satellite imagery of the Wagga Wagga, Australia
(AU) region with the location of the Wagga Wagga Relict Channel denoted by the white square. B) Wagga Wagga
Relict Channel at 172 m above sea level. White lines indicate the digitized bank lines.




Woodville, Arkansas, USA

The Pine Bluff region of Arkansas (Figure 9A) is dominated by Quaternary alluvial deposits
of the Arkansas River as it flows ESE toward the Mississippi River. Woodville is a small,
unincorporated community located about 30 km ESE of Pine Bluff. This region hosts two main
types of Arkansas River-derived deposits: Holocene point bar deposits, and Holocene
backswamp/floodplain deposits (Saucier, 1994). Paleogeographic reconstructions show that the
Mississippi River and Arkansas River valleys have been dominated by fluvial sedimentation in pre-
Pleistocene to Holocene time, and there is no evidence of estuarine, marine, or deltaic deposition in
the Arkansas River valley during this time (Saucier, 1994).

We digitized a single relict channel on the surface of the Holocene Arkansas River
backswamp deposits of Saucier (1994). Woodville Relict Channel 1 (Figure 9B) lies south of the
modern Arkansas River at an elevation of 60 m above sea level. Given the clear association with the
Holocene Arkansas River and large distance from the modern coastline (~ 500 km), we consider this

channel to have a high likelihood of a fluvial origin.

Methods

Channel digitization and processing

Relict channels were hand-digitized using high-resolution satellite imagery in Google Earth.
Channel banks were delineated in imagery using clear bank topography, abrupt changes in
vegetation, and abrupt color changes that indicate bank geometries. Mixed-energy channels were
digitized from the mouth of the channel and past the inland tidal reach, using bankfull geometries
indicated by clear water lines, vegetation, and bank topography. Processing of channel planforms
follows steps outlined in Gardner and Dorsey (2025). Channel banks are converted into UTM and
then processed in the R program “cmgo” to extract a centerline with regularly sampled width
measurements (Golly & Turowski, 2017). The centerline is resampled at a spacing of s = W /100,
where W is the average width of the reach. At each point we calculate the principal channel metrics:
normalized width (NW), normalized curvature (NC), normalized radius of curvature (NR),
normalized width to normalized cutvature ratio (NW/NC), the convolution of NR and NW
(NRxNW), the convolution of NC and NW (NCxNW), and their first derivatives with respect to
distance along the centerline (indicated here using prime notation, e.g., NW”). Each reach is

subdivided into segments with a length (L) of L = 2W. For each principal channel metric within a
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Figure 9. Overview maps of the Woodville Relict Channel. A) Overview imagery of the Woodville and Pine Bluff,
Arkansas (AR) region with the location of the Woodpville Relict Channel indicated by the white square; B) the
Woodpville Relict Channel at 60 m above sea level (asl). White lines denote the digitized bank lines.




given segment, the mean, variance, standard deviation, minimum, maximum, median, midpoint,
skewness, kurtosis, range, mean absolute deviation, intra-quartile range, and mode are calculated.
Each segment also has a sinuosity value. Segments from each reach are then added to a matrix that

contains all statistical variables from each segment and reach.

Classification via trained random forest classifiers

The relict and mixed-energy prediction matrices were used as input for the random forest
classifier trained on a dataset of modern tidal and fluvial reaches (Gardner and Dorsey, 2025). The
random forest classifier uses all statistical variables derived from the principal along-channel metrics
NW, NR, NRxNW, NC/NW, NW’, NR’, NRxNW’, and NC/NW” as well as sinuosity to
differentiate between segment types. The classifier produces probability scores from individual trees
in the random forest for each segment that are a measure of the model consensus that a given
segment is tidal or fluvial (Breiman, 2001). In applying a model trained on modern tidal and fluvial
segments to relict channel reaches, there is a domain shift between modern training data and relict
prediction data. The classifications from trained random forest classifier of Gardner and Dorsey
(2025) yielded a 100% reach-scale classification at the >50% classification threshold. This indicates
that the uncalibrated segment-scale model output generalized well to the reach-scale using previously
unseen data. Furthermore, we do not treat the forest-level output probability scores of individual
segments as true numeric probabilities, for which calibration would be needed to map probability
scores to actual frequency (Niculescu-Mizil & Caruana, 2005; Feng, 2021). Instead, we focus on
reach-scale classification based on the dominant segment-type for a given reach and interpret the
uncalibrated forest-level probability scores as measures of model consensus of segments within the
reach (Breiman, 2001). We retain the uncalibrated forest-scale classifier output because we do not
interpret the probability scores as true probabilities, and to ensure consistent methodology and
continuity of the validated reach-scale classification scheme of Gardner and Dorsey (2025). We refer
to the forest-scale classifier probability scores as model consensus scores (MCS) in this study avoid
confusion with true probability. To improve clarity, the term prediction probability is strictly used
for the probability scores produced by an individual decision tree within the random forest.

For a given individual decision tree, the prediction probability of each domain (tidal or
fluvial) for a segment is calculated from the amount of training data samples from each domain that

fell within the same terminal leaf node as the segment being classified (Breiman, 2001; Pedregosa e7
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al., 2011). Mathematically, for an individual tree this is Pgree(tidal |x) = where

nr+ng’

Deree(tidal |x) is the tidal prediction probability from a tree for a given sample, x, ny is the number
of tidal training samples in that leaf, and ng is the number of fluvial training samples in that leaf
(Breiman ez al., 1984; Pedregosa ez al., 2011). The fluvial prediction probability is calculated
identically except n is in the numerator. For example, if the segment of interest in a particular
decision tree lands in a leaf node which had 9 tidal training samples and 1 fluvial training sample, the
prediction probability for that segment in that leaf would be Ptigar = 0.9; Priyviar = 0.1, where
Ptidai a0d Pryviar are the tidal and fluvial prediction probabilities, respectively. Across a random

forest of T trees, the output MCS of the model is the average of the per-tree model prediction
probabilities shown mathematically as MCSfopese (k|x) = %Z{ﬂ Pt (k|x), where MCS¢orest (K[X)

is the output class (k) MCS for a given sample (x), T is the total number of trees in the forest, t is the
index for an individual tree, and p;(k|x) is the output prediction probability of tree t for a given
class (k) and sample (x) (Breiman, 2001; Pedregosa ez al., 2011). The MCS assigned by the whole
random forest and the prediction probability from an individual tree to a segment must sum to one,
therefore a segment with a 0.9 tidal MCS score would have corresponding fluvial MCS score of 0.1,
and vice-versa. The classification of a given segment is determined by the model consensus scores
with a threshold score of 0.5 (i.e. MCStigq; = 0.51 yields a tidal classification for that segment).
Conversely a segment with MCS;;q4; = 0.49 would be classified as fluvial. Preliminary classification
of entire relict channel reaches uses a simple majority (>50%) threshold, where the segment type
assigned by the random forest that makes up >50% of all segments in the reach determines the
reach-scale classification. These classifications are further considered in the context of all three
classification thresholds (>50%, >66%, and >75%) by comparing the percentage of total segments
within a reach that make up the dominant segment type to these threshold levels. Reach-scale
classifications of modern mixed-energy channels are computed identically. However, binary
classification of mixed-energy channels has limited use because these channels are neither wholly
tidal nor fluvial. The value of mixed-energy channels comes from their model consensus score
distributions and comparing them to those of relict channels. Spatial autocorrelation cannot be
removed, as adjacent channel segments have a greater degree of autocorrelation than distant channel
segments. Because we do not rely upon the classification of individual segments for spatial analysis

and instead focus on dominant segment type for a reach, the effects are less prominent.
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Model consensus score distributions

The distributions of paired tidal and fluvial model consensus scores for each segment
provide additional context for the reach-scale classification. In this study we plot the histograms as
probability densities (bin size = AMCS = 0.05) of tidal model consensus scores for all segments in a
given reach. Y-axes are independently scaled per-reach to emphasize the shape of the distribution
within a reach. Each segment has a tidal model consensus score, and for each reach, we plot the tidal
model consensus scores for all segments within the reach. A segment with a tidal MCS of 0.9 in the
distribution has a corresponding numerically dependent (MCSfpypiqr = 1 — MCStiqq;) fluvial MCS
of 0.1. In this case, there is strong agreement between trees that the segment is tidal. In a case where
a segment has a tidal MCS of 0.1, there is high consensus between trees that the segment is not tidal
and is fluvial. A segment with a tidal MCS between 0.4-0.6 indicates there is disagreement between
trees regarding the classification of the segment and is thus considered low consensus. For each
channel reach, the distribution of tidal model consensus scores of all the segments within that reach
reflects how consistently a model differentiates segments within that reach as either tidal or fluvial in
the training space. A channel with a distribution of many high-consensus model consensus scores
(e.g., 0.9 tidal or 0.1 tidal), and few low-consensus model consensus scores (e.g., 0.4-0.6 tidal) would
appear as distributions with the mass of the data clustering around MCS of 0 or 1 indicating strong
model consensus that the channel is fluvial or tidal, respectively. This indicates that individual trees
had high consensus on the classification of segments, and minimal between tree disagreement across
all segments. This suggests that the reach-scale classification is robust with respect to high model
consensus levels. Conversely a channel with many low-consensus scores (0.4-0.6) and few high-
consensus scores would have an MCS distribution with the bulk of the distribution close to 0.5 and
would indicate that the classification of segments within that reach had widespread disagreement
between trees. We plot the model consensus score distributions for each of the relict channels to
evaluate the robustness of the reach-scale classification and provide additional context through

corresponding model consensus score plots of modern tidal, fluvial, and mixed-energy channels.

Results

Classification of relict channels
Figure 10 is a color-coded bar graph of the 14 relict channels analyzed in this study, where

the colors of the bar (red = fluvial; blue = tidal) are determined by the baseline classification, and
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bar heights represent the percentage of segments of that type within each reach. Within each
classification group (tidal or fluvial) channels are ranked by decreasing percentage of the majority
segment type. Horizontal lines represent the >50%, >66%, and >75% classification thresholds
(displayed here in decimal form). Baseline reach-scale classification of relict channels is determined
by the simple majority segment type within the reach. If a relict reach has >50% fluvial segments it

is classified as fluvial, and the same for tidal.
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Figure 10. Bar plot showing the share of segments for each relict channel that match the dominant segment-type for
a given reach. Eight reaches were classified as tidal and six reaches were classified as fluvial. Ten relict channels had
>80% of segments classified as as either tidal or fluvial, while four relict channels had considerably lower dominant
segment-type shares, suggesting lower confidence in these channels.

Of 14 relict channels analyzed, 6 were classified as fluvial and 8 were tidal (Fig. 10). Relict
channels considered to be likely fluvial (Red House 1, Red House 2, Wagga Wagga, Maheshpur, and
Woodpville) were all classified as fluvial above the >75% classification threshold. 98—100% of
segments in the Red House 1, Red House 2, Woodville, and Maheshpur relict channels were
classified as fluvial. Baja relict channel 3, considered to be of unknown origin, was classified as
fluvial with only 51% of segments matching that classification. Other relict channels considered to
be of unknown origin (Baja 1, 2, and 4; Iran 1, 2, 3) were all classified as tidal, and relict channels

considered likely fluvial or potentially tidal (Stennis and Pearl River) were also classified as tidal (Fig.
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10). 100% of segments in Baja relict channels 1 and 2, and Iran relict channels 1 and 3, were
classified as tidal, while 98% of segments in Iran relict channel 2 were classified as tidal. Baja relict
channel 4 had 74% of segments classified as tidal. Stennis relict channel 1 had 67% of its segments
classified as tidal, and Pearl River relict channel 1 had 57% of segments classified as tidal.

Ten relict channels (5 fluvial, 5 tidal) exceeded the >75% classification threshold, with up to
100% their segments having a classification that matches the reach-scale classification. Four
channels (1 fluvial, 3 tidal) fell below the >75% classification threshold. These four channels have
considerably fewer segments that match their reach-scale classification compared to the 10 high-
percentage channels.

While the dominant segment-type reach-scale classification of relict channels is the principal
metric used to assign an origin to the studied reaches, there are important variations in the dominant
segment type among the studied reaches. This indicates that some reaches are composed almost
entirely of segments with geometries consistent with the dominant segment type, while other
reaches have considerably fewer consistent segments. The classification bar plot in Figure 10 shows
that for 10 of 14 relict channels, a significant portion of segments (>80%) match the dominant
segment type. Despite surpassing the >50% classification threshold for their given classifications,
Baja relict channels 3 and 4, the Pearl River relict channel, and Stennis relict channel all had
considerably fewer segments that matched the dominant segment type. It is notable that even with
the effects of spatial autocorrelation, the classification is robust and channels demonstrate variability
in the dominant segment type within a reach. To better understand the reach-scale classification and
sources of uncertainty, it is helpful to characterize the model consensus scores of segment-scale data

for each reach.

Model consensus score (MCS) distributions of relict channels

Figure 11 shows the density distributions of tidal model consensus scores (MCS) for the 14
relict channels analyzed in this study relative to the consensus score classification threshold (0.5). A
low model consensus zone is defined as consensus scores between 0.4 and 0.6, and each segment
contributes a tidal MCS. The MCS distributions can be broadly grouped into three categories: (1)
High consensus scores (~0 or 1) with minimal to no low consensus scores (0.4-0.6); (2) Moderate
consensus (0-0.4, 0.6-1) with a greater density of low-consensus MCS (0.4-0.6); and (3) distributions
with a center of mass near low-consensus MCS (0.4-0.6) and few to no high-consensus scores (0 or
1). Table 1 shows the relict channels that fall into each distribution category, and the percentage of

segments in each reach that match the dominant-segment type for that reach.
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Per-channel density distributions of tidal model consensus scores (Relict Channels)
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Figure 11. Density distributions of tidal model consensus scores (MCS) for each segment, by channel. A,B) Baja
Relict Channels 1/2 showing clear disttibution centered on high tidal consensus scotes; C) Baja Relict Channel 3
showing a distribution with mass centered near low-consensus scores (~0.5) and a tidal classficiation; D) Baja Relict
Channel 4 showing distribution centered around moderate tidal consensus scores with considerable density in the
low-consensus score range; E-G) Iran Relict Channels 1-3 displaying distributions centered around high tidal
consensus scores; H,L]) Maheshpur Relict Channel 1, and Red House Relict Channels 1-2 displaying distributions
centered around tidal consensus scores near 0, indicating strong fluvial consensus; K) Wagga Wagga Relict Channel 1
showing high fluvial consensus, with minor ambiguous-consensus scores (~0.5); L) Woodville Relict Channel 1
showing high fluvial consensus. M,N) Peatl River and Stennis Relict Channels showing distributions centered around
low-consensus scores, with distributions weakly favoring a tidal classification.
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Table 1: List of relict channels within each distribution category, including the percentage of segments that match the

dominant type in parentheses

1: Abundant high-consensus scores 2: Abundant moderate- 3: Abundant low-consensus

(~0 or 1), minimal to no low consensus scores (0-0.4; 0.6-1); scores (0.4-0.6) and little to no

consensus scores (0.4-0.6) with increased low-consensus high-consensus scores (~0, 1)
scores (0.4-0.6)

Baja Relict Channel 1 (100%) Baja Relict Channel 4 (74%) Baja Relict Channel 3 (51%)

Baja Relict Channel 2 (100%) Pearl River Relict Channel 1 (57%)

Iran Relict Channel 1 (100%) Stennis Relict Channel 1 (67%)

Iran Relict Channel 2 (98%)

Iran Relict Channel 3 (100%)
Maheshpur Relict Channel 1 (99%)
Red House Relict Channel 1 (100%)
Red House Relict Channel 2 (98%)
Wagga Wagga Relict Channel 1 (85%)
Woodpville Relict Channel 1 (100%)

Channels with dominant segment-type shares >75% all have distributions that fall into
category 1. These channels display pronounced consensus with MCS grouping near 0 or 1, indicating
that the random forest classifier produced high model consensus for these reaches and their
assigned classifications. Within category 1 distributions, the MCS typically display few to no low
consensus scores (0.4-0.6). The exception to this is Wagga Wagga relict channel 1 (Fig. 11K), which
had a dominant segment type share of 85%. The Wagga Wagga relict channel displays the greatest
density of scores around 0.4-0.6 in the category-1 channels. The channels with high-consensus
scores and minimal low-consensus scores appear to retain the geometric characteristics of their
modern class-type equivalents and have clear model consensus across all segments. In such cases, we
consider the reach-scale classification of these relict channels to be robust.

All remaining relict channels have dominant segment-type shares below 75% and MCS
distributions that place them in categories 2 and 3. Baja Relict Channel 4, with a dominant segment-
type share of 74%, is the only channel in category 2 (Fig. 11D). The distribution of MCS for this
channel forms a cluster that is neither ambiguous (0.4-0.6) nor robust (0 and 1), but the ambiguous
MCS values are not sufficient to mask the overall moderate consensus. In this case, the random
forest classifier may have had disagreements between decision trees that arrived at different
classifications or landed on terminal leaf nodes that had a mixture of tidal or fluvial training samples
with a greater abundance of tidal training samples. In either explanation, the geometric

characteristics of this channel produced moderate MCS values in favor of a tidal classification
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despite ambiguity in some segments. The reach-scale classification is still considered valid, but
additional field data would be needed to validate this classification.

Relict channels with lower dominant segment-type shares fall into MCS category 3, with a
distribution that has central tendency in the range of ambiguous scores (0.4-0.6) (Fig. 11). These
channels have a high density around low-consensus MCS, and few or no high MCS values. This
suggests that a significant portion of segments in these reaches have geometries that yield
widespread between-tree disagreements or landed on terminal leaf nodes with a high proportion of
both tidal and fluvial training samples (low differentiability). The trained random forest classifier of
Gardner and Dorsey (2025) produced dominant segment-type shares that, when used with a >50%
classification threshold, accurately classified 100% of modern tidal and fluvial reaches that were
tested. Following this classification approach, the reach-scale classifications of relict channels with
low dominant segment-type shares may be considered valid. However, consideration must be given
to possible causes for ambiguous consensus scores, and in these cases additional field evidence

would be needed to test and verify the classification.

Discussion

MCS disttibutions of modern channels

The model consensus scores for relict channels (Fig. 11) indicate that in cases where a relict
reach has a dominant segment-type share >75%, the trained random forest classifier produces high
model consensus scores (~0 or 1) for a majority of segments. In contrast, for reaches with lower
dominant segment-type shares, the random forest classifier produces numerous low-consensus MCS
that reveal ambiguous geometric characteristics. It is important to evaluate the controls on this
pattern. Comparing MCS distributions of relict channels with those from modern tidal, fluvial, and
mixed-energy channels allows us to assess whether distributions for relict channels are: (1)
potentially unique to the relict domain, (2) a product of natural geometric non-uniqueness between
tidal and fluvial channels, (3) the product of mixed-energy processes during formation, or (4)
represent an intermediate step during active modification of a channel planform from one domain
to another (prior to channel abandonment). To test these hypotheses, we plot the density
distributions of tidal model consensus scores for two modern mixed-energy channels and four
modern tidal and fluvial channels (Fig. 12), where each segment contributes a single MCS.

Figures 12A and 12B show the distributions of model consensus scores for two modern

mixed-energy estuary channels, one each at the mouths of the Coquille and Siuslaw Rivers in
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western Oregon, USA. The Coquille River channel displays a clear distribution with most data
clustered near high-consensus MCS values in support of a fluvial classification (e.g MCS = 0). There
is a distinct zone of low-consensus MCS and infrequent moderate-consensus tidal segments. The
Siuslaw River (Figure 12B) displays a less pronounced consensus. The data cluster around moderate-
consensus MCS values in favor of a tidal classification, but with considerable density of low-
consensus and high-consensus fluvial segments. Thus, it appears that modern mixed-energy
channels produce low-consensus MCS overlaps similar to those observed in some of relict channels
(e.g., Figs. 11 C, D), suggesting a possible mixed-energy control on the formation of some relict
channels. The clustering of data around low-consensus scores may reflect non-unique channel

geometries due to simultaneous shaping by tidal and fluvial processes.

Per-channel density distributions of tidal model consensus scores (Modern Channels

4.5- A Coquille River (Modern 324 B Siuslaw River (Modern mixed-
: mixed-energy) energy)
2.4
3.0+
1.6 ’
1.5+ :I 0.8 E
0.0 T T T 0.0 T T T
244C Rio Chiquito (Modern 2.41 D Tha Taphao (Modern Tidal)
> Fluvial) 1.8-
o 1.81 :
S 1.2- i 1.24 |
0 0.6+ : 0.6 %
1 ]
0.0 . T T 0.0 T T T
E Yser River (Modern Fluvial) F English Creek (Modern Tidal)
121 Low 124
5 = Consensus
8{ MCs=05—_ _-Consen 8-
4 4-
0 1 1 1 D 1 1 1
0.00 0.25 0.50 0.75 1.00 0.00 0.25 0.50 0.75 1.00
Model consensus scores Model consensus scores

Figure 12. Tidal and fluvial model consensus score (MCS) density distributions for example modern mixed-energy,
tidal, and fluvial channels. A,B) Coquille and Siuslaw River mixed-energy channels with moderate to high consensus
scores, and some low-consensus scores due to mixed-energy processes; C, D) Rio Chiquito and Tha Taphao, modern
fluvial and tidal channels that retain high-consensus scores for their respective domain, but with significant low-
consensus MCS values from natural non-uniqueness of channels; E,F) Yser River and English Creek, modern tidal
and fluvial channels with high-consensus MCS distributions, suggesting unique geometries and high model consensus
across the reach.

Figure 12C shows the MCS distribution for the Rio Chiquito modern fluvial channel in
Nicaragua. Like the Coquille River, Rio Chiquito displays clear high-consensus scores in favor of a

fluvial classification, considerable overlap of moderate-consensus tidally classified segments, and
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significant clustering of data around low-consensus. The MCS distribution for the Tha Taphao
modern tidal channel (Fig. 12D) displays a nearly uniform distribution of tidal MCS with the
majority of the mass centered around moderate to high-consensus scores in favor of a tidal
classification. Because Rio Chiquito was shaped entirely by fluvial processes and Tha Taphao was
shaped entirely by tidal processes, the abundance of low-consensus scores (0.4-0.6) likely reflects
naturally occurring non-uniqueness of tidal and fluvial channel geometries, rather than mixed-energy
processes. This offers another potential explanation for the observed overlap in some relict channels
(Fig. 11). Figures 12E and 12F show MCS distributions for the modern Yser River fluvial channel
and modern English Creek tidal channel. These channels display concentration of high-consensus
scores in favor of their respective true channel types (~0 = fluvial; ~1 = tidal), with no no low-
consensus scores. These are cases where the modern channels geometries are unique to their
respective domains. Reach scale classification of relict channels with similar high-consensus scores is

equally straightforward.

Evolution of relict channel geometries

When channels are abandoned, the processes that originally formed them cease to be the
dominant process shaping the channel. Previous studies use the term “terrestrialization” to
characterize the transformation of river channels after they are abandoned, which is controlled by
the rate of sediment infilling, lowering water levels, and frequency of re-flooding (Saucier, 1994;
Dieras, 2013; Dépret e al., 2017; Alam e# al., 2025). Post-abandonment changes in surface area,
width, and length for the aquatic portion of abandoned channels has been documented in naturally
and artificially abandoned channels (Dépret ez al, 2017). For a period of time after abandonment, a
decrease in discharge leads to narrowing of the channel by lateral accretion, and abandoned channels
may experience episodic flow from underfit streams that can meander within the course of the larger
abandoned channel, thus masking the original full-flow configuration of the abandoned channel
(Saucier, 1994). A study of Holocene climate changes based on relict channels showed that channel
and floodplain configurations were stable when flooding magnitude was small, and floodplain
stability decreased with increased flooding frequency or magnitude (Knox, 1985). Subsurface flow
such as seepage, sapping, and pipe flow have been attributed to erosion both in hillslopes and on

stream banks, acting as another mechanism for planform modification of abandoned channels (Fox

& Wilson, 2010)
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The post-abandonment evolution of tide-dominated channels is poorly understood. Recent
advances have shown that, unlike fluvial channels, Holocene tide-dominated channels are
abandoned by upstream sediment accumulation that results in rapid infilling (Gugliotta ¢ a/., 2021).
Tide-dominated channels in delta environments alternate between sediment accumulation and
erosion on a seasonal basis (Wu ¢z a/., 2020). More work is needed to better understand the post-
abandonment evolution of tidal channels. While rapid infilling may help to preserve relict tidal
channels, the loci of infilling and erosion during alternating seasonal phases has the potential to alter
the planform geometries of abandoned tidal channels from their original configuration. Additionally,
abandoned tidal channels may be subject to some of the same processes and planform alterations as
abandoned fluvial channels, adding another potential source of non-tidal and non-fluvial geometries.

Although post-abandonment processes are part of active fluvial and tidal systems, they are
not the principal processes that shape modern active channels in each domain. Post-abandonment
processes can produce changes in width and length of relict channels, which are critical components
for describing the geometry of these channels. If the observed relict channel geometries have been
significantly altered from their original configuration the subsequent geometries, as seen through the
lens of a classifier trained on modern fluvial and tidal channels, they may appear to be unlike both
tidal and fluvial channels. For a classifier trained on modern channels that applies a binary
classification, relict channels that have undergone planform alteration during the post-abandonment
phase could produce ambiguous, low-consensus model consensus scores. As a result, relict channels
with model consensus score distributions centered around low-consensus scores (0.4-0.6) may
represent channels with geometries that reflect neither tidal nor fluvial processes due to post-
abandonment planform alteration.

Long-term uplift of tidal channels presents the potential for a unique type of planform
evolution in cases where the channel remains active during the transition from one type to the other.
When uplift first starts, tidal channels can be expected to retain planform geometries characteristic
of the tidal domain. With continued uplift, the channel emerges out of the tidal realm and enters the
fluvial domain. With sufficient precipitation and runoff, flow in the former tidal channel may behave
like flow in a river channel. Over time, fluvial processes acting on an uplifted tidal channel may
reshape the planform and eventually produce fully fluvial geometries once the planform equilibrates
to the fluvial domain, prior to abandonment. Intermediate planforms analyzed at timesteps between
initial uplift and full planform re-equilibration could lead to a spectrum of intermediate tidal and

fluvial geometries. A similar process may occur in reverse for fluvial channels that experience a rise

108



of relative sea level that forces the channel to transition from the fluvial domain to the tidal domain.
Studies related to this domain change are primarily focused on the fluvial-to-tidal transition in
modern estuaries (a lateral transition), and the transition from fluvial to estuarine conditions as seen
in the stratigraphic record (e.g., Dalrymple et al., 2015; Greb & Martino, 2009).

When discussing changes to the channel planform that occur during a domain shift, we use
the term reshaping. This is a broad term that covers a number of mechanisms that could potentially
modify channel planforms, including erosion and deposition. Comparisons of meander asymmetry
between unidirectional and bi-directional flow conditions have demonstrated that fluvial channels
(i.e. unidirectional flow) tend to produce meanders with maximum curvatures that are upstream
skewed, while tidal channels (i.e. bi-directional flow) tend to produce more symmetrical meanders
(Fagherazzi et al., 2004; Finotello ez al., 2020). Maximum curvatures have been shown to play a
significant role in river meandering (Sylvester ¢ a/., 2019). Upstream- or downstream-directed
changes in the location of maximum curvature driven by changing flow directionality could alter the
loci of erosion and deposition within a channel undergoing a domain shift and thus change the
morphology of meanders.

Channel planforms may also be modified by changes in bank strength during a domain shift.
The degree and type of vegetation on the banks and cohesion of bank sediment play a critical role in
the erosive resistance of banks, and changes to bank strength have been demonstrated to produce
changes in channel width by a factor of three (Huang & Nanson, 1998). A domain shift may
produce changes in the type and amount of vegetation present on channel banks, or it may result in
a period of minimal vegetation as freshwater vegetation or marine vegetation dies due to ecological
changes. These changes may bolster or weaken bank strength, in turn influencing the resistance of
channel banks to erosion and associated changes to channel planform. Tidal environments and distal
fluvio-deltaic systems typically have large proportions of cohesive fine-grained sediments such as
mud (Bhattacharya, 1992; Hughes, 2012). Because cohesive muds increase bank strength, fluvio-
deltaic channels and tidal channels undergoing domain shift may be resistant to planform change by
erosion during early stages of the domain shift. For channels with smaller proportions of mud such
as those in fan deltas and braid deltas (McPherson ez al., 1987), weaker banks may be expected to
undergo planform changes at a faster rate.

Changes in flow regime during a domain shift may also play a role in planform modification.
Bedforms produced by subcritical flow (Fr < 1) are well-studied and easily identified in tidal and

fluvial environments in modern settings and in the depositional record (Allen, 1982; Hughes, 2012).
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In recent years, greater attention has been given to stable and unstable bedforms produced by
supercritical flow (Cartigny e al., 2014; Ono ez al., 2021; Slootman ez al., 2021). Studies have
recognized supercritical flow structures forming under unidirectional flow conditions in flumes,
variable-discharge fluvial systems, Gilbert-type deltas, carbonate ramps, deep-water marine settings,
and even in glacial environments (Cartigny e# al., 2014; Dietrich e al., 2016; Covault ¢ al., 2017; Lang
et al., 2017; Fielding ¢t al., 2018; Slootman e al., 2019; Ono e# al., 2021). Bedforms indicative of
supercritical flow conditions have been documented in the intertidal zone, but are attributed to wave
backwash and wave-wave interaction rather than to bi-directional tidal flow conditions (Vaucher e#
al., 2017). River discharge is considerably more stochastic and variable compared to the predictable
and periodic changes to the volume of the tidal prism (Kvale ez 2/, 1995). Supercritical conditions
are common in variable-discharge rivers, but not tidal settings (Fielding e# a/., 2018). A channel that
has undergone a domain shift may thus experience increased (tidal-to-fluvial) or decreased (fluvial-
to-tidal) frequency of supercritical flow conditions. The formative conditions that affect sediment
transport would be significantly altered from the original domain, which will lead to a change the
type of bedforms expected in the channel. These mechanisms have the potential to drive changes to
the channel planform during a domain shift.

Figure 13 illustrates a conceptual model for the potential effect of tidal-to-fluvial or fluvial-
to-tidal domain shifts on the distribution of model consensus scores for a channel planform
analyzed and classified at different time steps. At initial formation of a channel in its original
domain, the distributions are predicted to have distributions centered around high-consensus scores
for that domain. At subsequent time-steps following the active domain shift, MCS distributions
display decreased model consensus, evolving to a mid-point where the distribution is centered

around low-consensus scores (0.4-0.0).
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Figure 13. Conceptual diagram of possible model consensus score distributions for relict channel geometries
analyzed at end-member and intermediate time-steps due to progressive re-shaping of initial channel geometries
during a tidal-to-fluvial or fluvial-to-tidal domain shift prior to abandonment.

Subsequently, with continued re-shaping in the new domain, consensus score distributions
display increasing bimodality with less low-consensus overlap. When the planform reaches full
equilibrium with its new domain, the consensus score distribution would again have clear bimodality
and high-consensus scores consistent with the new domain. If a channel is abandoned at any time-
step in this sequence, and in the absence of post-abandonment modification or non-unique
geometries, the MCS distributions of a relict channel may resemble configurations in Figure 13. This
scenario has not been previously documented, and testing of this conceptual model would require
data and analyses beyond the scope of this study. However, a tidal-to-fluvial or fluvial-to-tidal
domain shift offers another potential explanation for moderate to low consensus distributions (Fig.
11). Low-consensus MCS values in this model would be the product of both fluvial and tidal
influences occurring at different times, which is distinct from mixed-energy settings where fluvial
and tidal processes occur simultaneously.

In summary, we suggest that the low-consensus score distributions observed in four of 14
relict channels analyzed in this study (Fig. 11) may result from one or more of the following factors:
(1) non-unique geometries due to shaping of the channel planform by simultaneous fluvial and tidal
processes (e.g., mixed-energy systems); (2) non-unique geometries from the naturally occurring

geometric overlap between the two channel types; (3) modification of the channel planform by post-

111



abandonment processes that yield geometries unlike modern tidal or fluvial channels; or (4) non-
unique geometries produced during a tidal-to-fluvial or fluvial-to-tidal domain shift driven by

changes in relative sea level while the channel is still active.

Paleo-sea level reconstructions

This study was motivated in part by the potential to use relict tidal channels as paleo-sea
level markers. Because tidal channels form at or near sea level, recognition of a relict tidal channel
above sea level requires a post-abandonment fall in relative sea level due to either crustal uplift or a
fall in global sea level (Fig. 1). The height of the sea surface is known to vary up to 20 km relative to
a reference sphere in response to variations in earth’s gravitational field, gravitational effects of ice
sheets, vertical crustal movements from flexural loading and unloading, local subsidence, and earth’s
rotation (de Boer e al., 2017; Le Bars ez al., 2019; Kurtze, 2022; Brandes e¢f al., 2025). Nonetheless, a
robust general model exists for global sea level change over the past ~800 ky based on marine
isotopes, inverse ice sheet modeling, and Mediterranean relative sea level records (Bintanja e a/,
2005; Lisiecki & Raymo, 2005; Sosdian & Rosenthal, 2009; Elderfield e a/., 2012; Rohling ez al., 2014,
Shakun ez al., 2015; Spratt & Lisiecki, 2016). We use results from Spratt & Lisiecki (2016), who
performed a principal component analysis that calculates the average of five sea level records to
derive a single combined global sea level curve, or “stack”, and the 95% confidence interval for the
signal (Fig. 14).

Elevations of relict tidal channels can be compared to the record of global sea level change
through time to evaluate local changes in relative sea level. To do this, we need relict channels that
have been assigned a tidal origin (we use the >50% threshold) and have a known reliable age or age
range of formation. The reach-scale classification derived from the trained random forest classifier
assigned a tidal origin to 8 of the 14 relict channels analyzed in this study, with estimated ages
ranging from 112 ka to 798 ka based on U-Th geochronology, Amino Acid Racemization (AAR),
faunal assemblages, O'® isotopes, thermoluminescence dates (Ortlieb, 1991; Otvos, 2005), and as
inferred from regional average uplift rates (Berberian, 1995). The elevation of the Iran Relict
channels (55 m) and average regional uplift rate (1mm/yr; Berberian, 1995) suggest they were at or
near modern sea level around 55 ka. However, these channels are not included in the following
analysis because there are no published independent age estimates for them. For the other relict tidal
channels, we calculate a range of possible values for post-abandonment uplift or subsidence by

subtracting using minimum and maximum elevation differences between the elevation of the relict
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channel and the upper and lower bounds, respectively, of the 95% confidence interval for the sea
level curve at the time-steps where the difference is minimized and maximized (Fig. 14).

Figure 14 shows the elevation and age range for five relict channels (this study) compared to
changes in global sea level over the past ca. 800 ky (Spratt & Lisiecki, 2016) (Table 2). Yellow boxes
bracket the range of implied vertical crustal motion (red arrows) from the time of channel formation
to the present. The wide range of possible vertical displacements illustrates the strong dependence
on channel age, age uncertainty, and large variations in global sea level through time. Because
modern sea level is near the highest level recorded over the past 800,000 years, most relict channels
preserved above sea level require post-abandonment uplift. The Stennis and Pearl River sites in the
Gulf coast region permit some scenarios for large uplift (100 — 150 m) since channel abandonment.

However, based on records of glacially modulated forebulge migration and Holocene regional
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Figure 14. Sea level curve of Spratt & Lisiecki (2016) showing elevation, ages, and implied post-abandonment uplift
(or subsidence) for relict channels assigned a tidal origin in this study. Iran relict channels are excluded due to lack of
independent age control. Blue horizontal bars show the likely age range for each relict channel (see text for details)
placed at their present-day elevation. Yellow shaded boxes are used to bracket the range of implied vertical crustal
motion (red arrows) from the time of channel formation to the present. Because modern sea level is near the highest
level recorded over the past 800,000 years, most relict channels preserved above sea level today require post-
abandonment uplift. The Stennis and Pearl] River sites include some scenarios for minor subsidence or no change.
The wide range of possible vertical displacements illustrates the strong dependence on channel age, age uncertainty,
and large variations in global sea level through time.
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subsidence (e.g., Blum & Roberts, 2009; Brandes et al., 2025), we favor interpretations that involve
minor vertical motion or no change in this region (Fig 14).

Calculated uplift values for the three Baja relict channels generally increases with increasing
age, with large uncertainty, which is expected in this region where slow uplift has been documented
for middle to late Pleistocene time (Ortlieb, 1991). However, the wide range of plausible paleo-sea
levels associated with the range of ages for the Baja relict channels limits our ability to calculate

meaningful uplift rates or changes in rate through time.

Table 2. Relict channel names, present-day elevation, assigned age ranges, minimum and maximum elevation differences
between the relict channel elevation and the upper and lower bounds, respectively, of the 95% confidence interval for
the sea level curve, and corresponding ages for each of the five relict channels in Figure 14. Ages for Baja relict channels
are derived from ages of equivalent elevation terraces in Punto Abreojos, Baja California Sur, Mexico dated using
combined U-Th, AAR, faunal assemblages and O'8 isotopes (Ortlieb, 1991). Min. elev. diff = minimum elevation
difference; max. elev. diff. = maximum elevation difference; OSL = Optically Stimulated Luminescence; Allofm. =
Alloformation; P. Ab. = Punto Abrejos; MM = Multi-Method

Relict Tidal Elevation Age Range  Min. elev. diff. Max elev. diff. Age Range Source
Channel Name (m asl) (ka) (m) and age (ka)  (m) and age (ka)
Stennis Relict 7 112-136 -7 m (121 ka) 151 m (136 ka) Otvos (2005) OSL
Channel 1 Hammond Allofm.
Pearl River 13 180-208 -2 m (208 ka) 102 m (184 ka) Otvos (2005) OSL
Relict Channel 1 G Bryam Al
Baja Relict 38 285-340 15 m (316 ka) 158 m (340 ka) Ortlieb (1991) MM
Channel 4 P. Ab. Terraces
Baja Relict 50 370-425 3 m (402 ka) 193 m (425 ka) Ortlieb (1991) MM
il 2 P. Ab. Terraces
Baja Relict 67 650-798 55 m (695 ka) 186 m (796 ka) Ortlieb (1991) MM
Channel 1

P. Ab. Terraces

The Stennis and Pearl River relict channels have negative values for minimum elevation
difference (relict channel elevation minus upper bound of 95% confidence interval where difference
is lowest) which means that the channels fall within the 95% confidence interval of the global sea
level curve and no uplift or subsidence is needed to explain their present elevation. Maximum
elevation differences (relict channel elevation minus lower bound of the 95% confidence interval
where the difference is greatest) for the Stennis and Pearl River relict channels are 151 m and 102 m,
respectively, which means that if these channels formed at sea level during global sea level lows
within their age ranges, they may have experienced 151 m and 102 m of uplift after abandonment.
Baja relict channels 1, 2, and 4 have positive minimum elevation differences ranging from 3-55 m.

This means that global sea level fluctuations alone cannot place these channels within the 95%
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confidence interval at their present elevation, and therefore at least 3 m of uplift must have occurred
since channel formation.

Maximum elevation differences for Baja relict channels 1, 2, and 4 correspond to global sea
level lowstands overlapping with their formation age range. If these channels formed during sea level
lowstands, 158-193 m of uplift would be implied to explain their present elevations. The maximum
uplift estimates for relict tidal channels analyzed here represent plausible end-member cases in which
the channels formed during global sea level lowstands. The range of potential relative sea level

change for each channel is shown in Table 3

Table 3. Estimates of Relative Sea Level (R.S.L.) fall for relict tidal channels using elevation differences between
present-day elevation and the 95% confidence interval bounds for the sea level curve of Spratt & Lisiecki (2016).
Negative values imply subsidence or no change needed to form at sea level and reach present elevation.

Stennis Relict Pearl River Baja Relict Baja Relict Baja Relict
Channel 1 Relict Channel 1 Channel 4 Channel 2 Channel 1
Range of
Relative Sea 2102 7-151m 15-158 m 3193 m 55186 m
Level Change
(m)

The values of relative sea level change calculated for relict channels should only be
considered as estimates. Channel age ranges span 10’s of thousands of years, over which global sea
level typically varies by 100+ m, thus introducing large uncertainty into estimates of post-
abandonment crustal uplift. In some cases where high-precision age controls are not available, the
range of possible solutions requires at least some post- abandonment uplift (i.e. all three Baja relict
channels; Fig. 14). This provides useful information because it allows us to establish a minimum
magnitude of uplift over a range of time. Estimates of mean relative sea-level change and vertical
motions for relict tidal channels are difficult to interpret for age ranges that span large changes in
global sea level. Such estimates can be improved with high-precision dating of channel-filling

sediments, which would reduce the uncertainty in estimated of relative sea-level change.

Broader applications of random forest classifiers to geometric classification

This study has demonstrated the effectiveness of random forest classifiers to geometry-based
classification of channel planforms. Although we focused on differentiation of tidal and fluvial relict
channels, there are potential applications for the geometric classification of channels on
extraterrestrial planetary bodies, subsurface channels, relict fluvial channels that form in different
climatic regimes, and for fluvial channels that exhibit geometries outside of the single-channel

meandering-dominant types documented in this study.
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Sinuous channelized planforms have long been recognized on the Moon, Titan, lo, Venus
and Mars created by flows of various fluids ranging from lava, water, CO2, and various
hydrocarbons (Komatsu, 2007). However, due to the great distance of these planetary bodies and
limited data available to planetary geologists and astronomers (other than remotely sensed surficial
mapping), study of these channels is largely limited to analysis of channel planform morphology. For
planetary bodies that orbit larger bodies or those that are orbited by moons, there is the potential for
gravitational tidal forces to act upon the fluids that flow within and form the channels. In such cases,
bi-directional flow driven by tidal forces may affect channel planforms similarly to those on Earth,
and they may share some of the key geometric characteristics. This hypothesis has not been tested,
and consideration must be given to the flow characteristics of the fluids in question, the substrate
over which the fluid flows, and the gravity of the specific planetary body. Nonetheless, if planetary
channels are assigned a tidal classification using the classification method presented here, it may
suggest geometric similarities between extraterrestrial channels and tidal channels on Earth. This
could in turn imply the action of bi-directional currents and potentially suggest large oceanic bodies
necessary to produce tidal bulges and amphidromic cells.

Geophysical studies have identified paleochannels in the subsurface, with sedimentary cores
facilitating in the geological interpretation of these channels (Cockshell, 1980; El-Hussain ez a/., 2000;
Khan & Sinha, 2019). 3D seismic data ana analysis of 1000’s of subsurface paleochannels coupled
with deep learning has been used to enhance interpretation of seismic data (Wang ez /., 2025). 3D
seismic data has the benefit of operating in three dimensions to assist in the interpretation of these
paleochannels, although the studied channels have not been interpreted in the context of a tidal or
fluvial origin. Analysis of a subsurface paleochannel planform using the random forest method (this
study) may provide new insights into the origins of subsurface channels that existing methodologies
cannot. Changes in depositional environments such as tidal, fluvio-deltaic, or submarine fans can
have major impacts on reservoir quality and connectivity for hydrocarbons and water. Characterizing
subsurface channel planforms using our methodology may provide researchers additional context
with which they can interpret subsurface data.

It may be possible to use random forest classifiers to classify modern and relict fluvial
channels characteristic of different climate regimes. By building a comprehensive dataset of modern
channel planforms unique to or characteristic of distinct geomorphic conditions such as humid
forested areas and grasslands, arid deserts, or thermokarst in the tundra, one could train a random

forest classifier to recognize these planforms and classify relict channels to subsequently interpret
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paleoenvironmental conditions. One example would be the Sahara Desert where abundant relict
channel planforms are readily visible in satellite imagery and in radar topography (Ghoneim ez al.,
2007). The existence of channels in this arid region implies the past action of flowing water that may
have been active during African Humid Periods (AHP), the most recent of which extend from 15-5
ka (Pausata ez al., 2020). If a random forest classifier trained on modern channels from different
climatic conditions could classify these relict channel planforms as having arid-type or humid-type
geometry, they could be used to reconstruct past paleoclimatic conditions. Similarly, beaded
channels consisting of approximately elliptical pools (beads) connected by straighter segments are
well documented in tundra thermokarst (Oswood ez al., 1989; Arp et al., 2014; Harlan ez al., 2023).
Inclusion of these channels in a training dataset for modern channels could enable their recognition
in relict channels to reveal evidence for past thermokarst or tundra-like conditions. Such an
approach could expand relict channel classification to paleoenvironmental interpretation.

The recent NASA Surface Water and Ocean Topography (SWOT) mission provides an
excellent opportunity to employ random forest classifiers and other machine learning techniques to
analyze large scale fluvial systems geometrically and hydrologically. The SWOT mission can capture
fluvial systems >50-100 m and provide data in vector, raster, water mask pixels that enable
measurements of water surface elevation, estimates of discharge, bed shear stress, and even
identification of knickpoints (Biancamaria ez a/., 2016; Stroud ez al., 2025). Compiling a dataset of
geometric characteristics from the SWO'T data products could potentially be used in conjunction
with machine learning to identify key geometric changes along the length of a river. Similarly, using
convolutional neural networks and SWO'T binary water masks may also be used to subdivide and
classify fluvial channels with different channel morphologies (i.e. multi-threaded, meandering,
anabranching, and braided streams). In coastal regions, especially deltas and lagoons, the data
provided by SWOT could facilitate analysis of various geometries and configurations of tidal and

deltaic channel networks on a global scale that was not previously feasible.

Conclusions

In this study we applied a random forest classifier trained on a dataset of modern tidal and
fluvial channels to 14 relict channels from various physiographic and climatic settings. Using a reach-
scale classification threshold validated on modern tidal and fluvial channels, six relict channel
reaches were classified as fluvial and eight were classified as tidal. Of the relict reaches assigned a

fluvial origin, five were considered to have a high likelithood of a fluvial origin prior to classification
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based on their geographic locations, geologic history, and present elevation. 80-100% of segments in
these five channels were classified as fluvial, indicating that the model is generalizable from the
modern to the relict domain. Six relict channel reaches from Baja California Sur, Mexico, and
Abdikhani, Iran, were assigned a tidal origin. These channels were considered unknown or
potentially tidal prior to classification, and thus a tidal origin is consistent with existing observations
of the channels. 98-100% of segments in five of the tidal relict channels were classified as tidal, while
the remaining channel had 74% of segments classified as tidal. Two of the relict channels assigned a
tidal origin in this study (Pearl River and Stennis relict channels) were previously interpreted as
fluvial. However, these two channels formed on regional surfaces that record both marine and
fluvial influence, so we considered these to be likely fluvial or potentially tidal.

Analysis of tidal model consensus scores (MCS) for segments in each reach reveals a clear
pattern in the distribution that is roughly correlated with the dominant segment-type share for a
given channel. Channels with high dominant segment-type shares (85-100%) display distributions
with model consensus scores centered around high-consensus scores for the dominant segment-type
(~0 = fluvial; ~1 = tidal), indicating strong model consensus on their classification. Channels with
moderate to low dominant segment-type shares (<75%) produced MCS distributions with mass
centered around moderate-consensus scores (0-0.4; 0.6-1) and greater density of low-consensus
scores, or distributions centered around ambiguous, low-consensus scores (0.5). MCS distributions
for modern-mixed energy, tidal, and fluvial channels reveal high-consensus distributions in both
modern tidal and fluvial channels. Moderate- to low-consensus distributions can be explained by
possible factors including: (1) non-unique geometries formed by simultaneous shaping by tidal and
fluvial processes in a mixed energy setting; (2) non-unique geometries resulting from natural overlap
of tidal and fluvial channel geometries; (3) post-abandonment modification of the channel planform
such that the geometry appears neither tidal nor fluvial from the classifier; and (4) non-unique
geometries produced by shaping of an active channel by tidal and fluvial process at different stages
of a tidal-to-fluvial or fluvial-to-tidal domain shift.

Comparison of relict channels classified as tidal to a Pleistocene sea level curve demonstrates
the potential for calculating post-abandonment changes in relative sea level and vertical crustal
motions, in areas where the age of channel formation is known. We can use these comparisons to
determine the minimum amount of uplift and whether uplift is required at all. In some cases (e.g.,
the Baja relict channels), the present-day elevation of relict channels requires some amount of post-

abandonment uplift, though the existing uncertainty in channel ages introduces large uncertainty in
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the magnitude of implied uplift. These uncertainties can be reduced with improved, high precision
age controls for the relict channels or surfaces on which they formed.

This study demonstrates the efficacy of machine-learning algorithms trained on modern data
to classify relict inactive channels preserved on abandoned, low-relief surfaces. Distributions of
model consensus scores can be used to assign confidence in reach-scale classification, which is
useful for identifying relict tidal channels on uplifted surfaces. For channels with unimodal low-
consensus distributions, external field-based evidence for the origin and/or consideration of
possible sources of non-unique geometries can be implemented to bolster the analysis. Future work
could include direct reach-scale classification using wavelet representation and convolutional neural
networks, or analysis of relict channels of known tidal and fluvial origin to better calibrate
probability scores. Further additional work might also include testing the reproducibility of results

on these channels to examine the effects of digitization being performed by different individuals.
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CHAPTER V: DISSERTATION SUMMARY

In this dissertation I presented the results of field surveys of Pliocene sedimentary rocks to
test hypotheses for controls on biodiversity on the Baja California peninsula, and of geometric
analyses of modern tidal, modern fluvial, and relict channels to develop methods for reconstructing
paleo-sea level using relict channels.

In Chapter I1 I tested the trans-peninsular seaway hypothesis for observed genetic
divergence between northern and southern populations of terrestrial plants and animals along the
Baja California Peninsula, Mexico. I integrated sedimentary facies analysis, trace fossil assemblages,
and stratigraphic and chronological analyses of calcic paleosols within the Pliocene San Regis beds to
reconstruct depositional environments, paleoclimatic and ecological conditions, and to estimate the
time frame of deposition. The results show that the San Regis beds accumulated over a time span of
397 £ 116 ky in a sandy braided fluvial system during which calcic paleosol development and trace
fossil assemblages indicate a predominantly arid climate that transitioned to semi-arid climate during
the later phases of deposition. These results unequivocally refute the trans-peninsular seaway
hypothesis, leaving changes in seasonal rainfall and habitat quality/quantity as the principal drivers
of biodiversity on the peninsula.

In Chapter 111, after recognizing relict channels associated with marine terraces in central
Baja California Peninsula, Mexico, for which no method existed for determining their origin based
on their geometry, I performed a machine-learning based analysis of the planform geometries of
modern tidal and fluvial channels, to develop a system for effectively classifying modern reaches
according to their true channel type, to be later applied to relict channels. The results of this analysis
revealed that simple classification methods such as linear discriminant analysis are not suitable for
distinguishing tidal and fluvial channels. Through testing three machine-learning algorithms over 69
trials that included combinations of variables describing the channel geometries, I determined that a
random forest classifier acting at the segment-scale using variables derived from normalized width
and normalized radius of curvature can be used to successfully classify modern channels at the
reach-scale using dominant segment-type thresholds. The analysis also determined that the most
important geometric characteristics for differentiating between tidal and fluvial channels is the
relationship between local channel width and the local radius of curvature, where fluvial channels
exhibit a more complex relationship between the two metrics than tidal channels.

In Chapter IV, having developed a robust methodology for classifying modern tidal and

fluvial channels in Chapter I11, I return to the domain of relict channels and their potential for use as
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paleo-sea level indicators. I applied the classification methods of chapter III to a dataset of uplifted,
abandoned relict channels in central Baja California and localities around the world that cover
various climatic regimes. The dataset included channels that were of likely fluvial origin and those of
unknown/potentially tidal origin to test the efficacy of the classification method. Channels of likely
fluvial origin were cotrectly classified as fluvial, whereas channels of unknown/potentially tidal
origin were all assigned a tidal classification with varying levels of confidence. Analysis of model
consensus scores for both modern tidal, fluvial, and mixed-energy channels as well as relict channels
showed that non-unique geometries arising from natural geometric overlap, simultaneous shaping by
tidal and fluvial processes, post-abandonment modification of planform geometries, and
asynchronous shaping by tidal and fluvial processes during domain shifts created by changes in
relative sea level, can cause lower dominant-segment type shares during the channel classification
process that can affect the robustness of these classifications. Comparison of the elevations of relict
tidal channels to known global sea level curves demonstrate the potential efficacy of relict tidal
channels to act as paleo-sea level indicators, in turn providing constraints for relative sea level
change in these regions.

The three chapters presented in this dissertation demonstrate the scientific potential for
using techniques that combine understanding of ancient and modern surface processes, soil
development, and trace fossil assemblages to provide useful constraints on reconstructing paleo-
depositional environments, paleoclimate, and ancient and recent changes in relative sea level. The
results presented here resolve long-standing questions over the controls on biodiversity on the Baja
California Peninsula, provide a test case for using calcic soil horizons to estimate duration and rate
of sedimentation, identify key geometric variables that differentiate tidal and fluvial channels, and
demonstrate the efficacy of using relict tidal channels to constrain changes in relative sea level in
coastal regions. Future work could include additional field surveys to quantify the paleotopography
between Miocene and Pliocene deposits in the central Baja California Peninsula to understand
landscape changes in a low-accommodation environment undergoing changes in relative sea level, or
using wavelet representations of tidal and fluvial channels with convolutional neural networks to
permit direct classification of modern and relict channels at the reach-scale while preserving sub-
and supra-meander architectures. In the future, similar analyses may also be performed on
extraterrestrial bodies to better understand their surface evolution and reconstruct their histories

similarly to how we have done here on Earth.
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