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Abstract

Sedimentary strata display a range of repetitive patterns from interbedded lithofacies
through recurring sequence stratigraphic systems tracts. Highly structured, large-scale patterns are
commonly ascribed to cyclic allogenic forcings such as eustasy and climate. In contrast, autogenic
processes are typically thought to impart stochastic noise or limited small-scale structure on
stratigraphy. Recent studies indicate some autogenic processes in fluvial and fluvio-deltaic
systems such as the large-scale compensational deposition (i.e., the tendency for a channel to
occupy and fill topographic lows in a basin), can occur on spatiotemporal scales that may overlap
with some allogenic forcings. These autogenic processes could impart deterministic, highly
structured patterns in stratigraphy. Thus, assuming autogenic deposition is stochastic may lead to
overinterpreting stratigraphic organization as externally driven. Herein | evalute this organization
using two case studies.

Beds are the fundamental unit from which stratigraphic patterns are built, and here 1
evaluate bed thickness patterns within a purely autogenic experimental depositional system as well
as inafield-scale basin potentially influenced by precession-scale orbital forcings (early Paleogene
Willwood Formation, Bighorn Basin, Wyoming, USA). The purely autogenic experimental system
(TDB-10-1) was created in the Sediment Dynamics Laboratory at Tulane University. In 67% of
these synthetic stratigraphic sections, the spectral analysis identified statistically significant
repetitions in bed thickness (at 99% confidence interval). However, the period of these cycles was
not uniform, and in only 4% of cases was the identified period consistent with the known
compensation timescale (222 minutes). The early Paleogene Willwood Formation data was
recovered by the Bighorn Basin Coring Project in 2011. In the field study area, bed thicknesses
with linearly interpolated ages from three cores were submitted to the same spectral analysis
wherein cycles with periods of 3.5 kyrs, 3.7 kyrs and 15.0 kyrs were identified. These do not
correspond to precession-scale (21 kyrs) variability previously identified by other researchers. The
field and experimental results suggest noisy autogenic processes can produce spurious sub-
Milankovitch cycles in stratigraphy, and that long-term autogenic compensational behavior is not
cyclical. Moreover, experimental and field cases illustrate that it is possible to produce repetitive
stratigraphy that does not predictably occur across the basin. These and other stratigraphic

repetitions have been coined autocyclic in previous studies. | suggest the community restrict the



widely adopted term “cyclic” to those processes with regularity in the time doman across basin,

and adopt “auto-repetitions” for local autogenic processes with irregularity in the time domain.
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1. Introduction

Sedimentary processes and their resulting stratigraphy allow for reconstruction and
understanding of paleo-depositional environments. Alluvial basin stratigraphy is of significant
importance when reconstructing paleoclimate of landscapes as they contain the most complete
record for quantitative analysis of Earth’s terrestrial surface deep into geologic time (e.g. Sloss,
1962; Ager, 1973; Paola, 2000). Understanding and modeling alluvial basin evolution is of further
importance because fluvial strata can form high net-to-gross producing hydrocarbon reservoirs
(Tyler and Finley, 1991; Bowman et al., 1993; Salter, 1993; Laure and Hodavik, 2006;
Labourdette, 2011) and significant aquifers (Guin et al., 2010; Ronayne et al., 2010). In addition,
as we look to the future, fluvial strata may play an important role in the removal of atmospheric
carbon because depleted hydrocarbon reservoirs are likely candidates for carbon sequestration
(Holloway, 2001; Bruant et al., 2002; Pruess and Garcia, 2002; Bachu, 2003; Kovscek and Cakici,
2005; Kovscek and Wang, 2005; Deng et al., 2012; Dai et al., 2014). However, quantitative
modeling and prediction of alluvial stratigraphic patterns are particularly difficult due to the large
spatial and long timescales surface conditions and processes operate on. The geologic community
is currently capable of creating complex and noisy deterministic models of deposition that produce
realistic stratigraphy, but experimental data sets suggest the numerical models are too “active” (t00
frequent events of erosion/deposition) and may underrepresent periods of geomorphic stasis
(Straub and Foreman, 2018). In fact, in some ways the sedimentary community may be
overcomplicating depositional models (Straub et al., 2020). For example, it appears major changes
in the spatial distribution of depositional environments in a basin can be largely explained and
captured with mass balance approaches to sediment volumes, whereas previous approaches

invoked fundamental changes in fluvial and fluviodeltaic dynamics (Paola and Martin, 2012;



Hampson et al., 2014). As we continue to improve our capacity to reconstruct paleoenvironmental
conditions from stratigraphy and perform stratigraphic prediction, it is wise to expend our efforts
on better understanding the primary, first-order processes vital to constructing stratigraphy rather
than focusing exclusively on building increasingly complex models.

Stratigraphy is created through sedimentary patterns developed by changes in allogenic
conditions (e.g., climate, tectonics, sea level) and through autogenic processes (e.g., storage and
release, channel avulsion, lobe switching). Distinguishing autogenic variations from allogenic
signatures is key to understanding paleoenvironmental influences on the rock record. Non-steady
external forcings such as the rate of eustatic base-level change or tectonic sediment flux are
traditionally viewed as of primary importance in the development and characteristics of
stratigraphy due to their large magnitude fluctuations and operation over long time scales.
Traditionally in the literature autogenic processes have been thought of as background "'noise"
generators and are not understood sufficiently to identify autogenic signatures uniquely (Kim and
Jerolmack, 2008). The characterization of autogenic processes as stochastic noise has become a
sort of null hypothesis or condition for stratigraphic variability. Interestingly though, recent studies
have shown that fluvio-deltaic autogenic geomorphic behaviors can be cyclic in nature, however
their stratigraphic signatures (e.g. bed thicknesses, periods of stasis, or length and frequency of
erosion) have not been clearly defined (Mohrig et al., 2000; Paola, 2000; Heller et al., 2001; Muto
and Steel, 2001; Paola et al., 2001; Sheets et al., 2002; Ashworth et al., 2004; Muto and Steel,
2004; Hickson et al., 2005; Jerolmack and Mohrig, 2005; Kim et al., 2006; Kim and Muto, 2007;
Kim and Paola, 2007; Kim and Jerolmack, 2008; Paola et al., 2009). Although these autogenic

behaviors have been described as “cyclic”, the sedimentary community does not have a clear,



unified, and agreed upon definition for what we mean when we say “cyclic.” Does “cyclic” require
regularity in the time domain or simply repetitions?

Autogenic processes likely operate on temporal scales similar to several allogenic forcings,
making it potentially difficult to disentangle whether autogenics or allogenics is responsible for a
given depositional pattern. One such group of allogenic forcings is the Milankovitch orbital cycles.
The Milankovitch cycles represent variations in the Earth’s orbital movement; namely, the shape
of Earth’s orbit (eccentricity), the angle of Earth’s tilt axis (obliquity), and the direction of Earth’s
axis rotation (precession). These variations in Earth’s orbital movement change the amount and
spatial distribution of insolation that reaches the atmosphere, thus affecting long-term climate. The
cycles in climate occur on the timescales of 10* to 10° years, overlapping with basin-filling
timescales of sediment supply.

In lacustrine environments, evidence for climatically-linked and orbitally-forced sedimentary
cycles has been established in such areas as the Triassic Newark Basin of the eastern United States,
Eocene Green River Formation of Western Interior of the United States, and Mediterranean
Neogene strata amongst other areas (Olsen et al., 1996; Abdul Aziz et al., 2003; Machlus et al.,
2008). Yet, lacustrine sedimentation is considered more uniform, complete, and major
unconformities more readily identifiable lithologically. In the absence of significant drops in lake
level, widespread reworking of sediments, a part from bioturbation, is rare. In contrast, the
stratigraphic products of fluvio-deltaic systems are considered to be less sensitive to
astronomically-forced climate change than lacustrine systems (likely due shorter advection length-
scales; Ganti et al., 2014). Fluvio-deltaic systems are also susceptible to signal shredding and

incomplete preservation via storage and release events.



Recently though, Westerhold et al. (2007) identified precession and eccentricity driven climate
cycles in deep sea Paleocene-Eocene stratigraphy, and others (Abdul Aziz et al., 2008; Abels et
al., 2013; Westerhold et al., 2018) found contemporaneous precession driven autocyclic
stratigraphy in the upper Paleocene-lower Eocene Willwood Formation of the Bighorn Basin,
Wyoming that are purely alluvial in genesis. These proposed orbitally-forced cycles are
represented by variation in floodplain paleosol development, which is feasibly sensitive to both
paleoclimate and floodplain topography driven by channel morphodynamics (Kraus and Gwinn,
1997). In order to truly decouple autogenic cyclicity from allogenic signatures in fluvial systems,
the sedimentary community must investigate autogenic responses during both steady and non-
steady external conditions. Ideally, the periodicity of autogenic processes would be constrained.
Are they cyclic with a known, regular frequency? Or are they simply repetitive without cyclicity?

One important autogenic process recognized in the alluvial stratigraphic literature is termed
the compensation time scale. The compensation time scale (Tcomp) Measures the time necessary
for a fluvio-deltaic system’s channel to move and deposit across a basin and for subsidence to
remove those deposits from the superficial zone of reworking (Sheets et al., 2002; Wang et al.,
2011; Straub and Wang, 2013; Straub and Esposito, 2013). Another way of conceptualizing this is
that the compensation timescale is the timescale on which accommodation, created by subsidence,
dictates the movement and position of the sediment routing system. Filling of accommodation
space is the central tendency of sediment routing systems and the compensation timescale
describes the time over which the fluvio-deltaic system is filling that accommodation efficiently.
It is not yet known if this autogenic behavior is cyclical or merely repetitive.

The compensation timescale is a consequence of the long-term sedimentation rate and channel

avulsion in alluvial systems. The long-term sedimentation rate is a proxy for the long-term



subsidence rate of the basin (Xie and Heller, 2009). In tectonic basins, this long-term subsidence
is linked to the mechanical properties of the lithosphere and mimics the flexural rate of the
lithosphere (Walcott, 1970). This rate of flexure is a near constant that changes slowly and
smoothly over meso- to long-timescales (Walcott, 1970). In some types of basins this will not be
the case, for example some rift or oblique-slip basins where normal faulting creates
accommodation (Xie and Heller, 2009). The combination of the stable long-term sedimentation
rate and cyclic channel avulsion creates determinisitic depositional patterns that could exhibit
some periodicity.

Although field studies of the compensation time scale are still in their early stages it appears
to occur on a similar temporal scale as Milankovitch-scale climate variations or longer (Foreman
and Straub, 2017; Trampush et al., 2017). If the compensation time scale occurs periodically, it is
possible that some previously identified allogenic forced cyclic stratigraphy could be misidentified
as autogenic compensation time scale cycles. Therefore, it is important to investigate and identify
compensation time scale cyclicity to rule out misidentified cycles.

In my study, | statistically analyzed experimentally produced stratigraphy under steady
external forces to determine if the cyclicity of autogenic behaviors (specifically the compensation
time scale) may be preserved stratigraphically in the absence of external forcings. These results
are compared to similarly analyzed data from the upper Paleocene-lower Eocene Willwood
Formation of the Bighorn Basin to determine if cycles in bed thicknesses are present and whether
they match up to the estimated compensation timescale, precession, or other known cyclic
processes. The Willwood Formation is a purely alluvial depositional system that is ideal for my
study because there are multiple, time equivalent, nearly complete cores that allow for precise bed

thickness measurements.



2. Background

2.1. Stratigraphic Experiments & Compensation Time Scale

Laboratory-scale, “sand box” experiments allow for the independent control of base level,
water discharge, sediment input, and other parameters while allowing the sedimentary system to
freely develop according to its own internal physics (Paola et al., 2009). Much of stratigraphic
experiments' effectiveness is not in their ability to recreate specific real-world systems, but to
examine scale-independent variables compared to modern basins (Paola et al., 2009). Laboratory-
scale experiments are an optimal resource for testing numerical and conceptual stratigraphic
models because the boundary conditions are controlled and known, the depositional system is
simpler, and temporal scales are shorter than for natural basins (Kim and Jerolmack, 2008; Paola
et al., 2009; Straub et al., 2009; Straub and Wang, 2013). These attributes allow researchers to
observe and quantify the topographic evolution of a system and processes such as avulsion in
rivers, storage and release patterns, and lobe switching on deltas that dictate said stratigraphic
evolution. Laboratory scale experiments are uniquely ideal for testing the hypothesis of interest
herein because the long-term sedimentation rates remain constant, the precise start and end times
of the experiment are known, and the external forcings are removed to create a purely autogenic
basin.

Subsidence creates accommodation space and accommodation space is filled via sediment
transport systems. The compensation time scale as a concept has its origins within experimental
stratigraphic studies and represents an autogenic behavior that measures the time necessary for
large-scale transport systems to smoothly distribute sediment across the basin (Sheets et al., 2002;

Wang et al., 2011; Straub and Esposito, 2013; Straub and Wang, 2013). Compensation is the



tendency for a sediment transport system to occupy topographic lows. This time scale is an intrinsic
feature of the depositional system and produces autogenic patterns that actively fill stratigraphic
gaps. The compensation timescale marks the shift from deposits placed randomly to
deterministically stacking. Tcomp IS a result of the combination of geomorphic topographic
variability and subsidence. This combination creates uneven accommodation space that is filled
by compensational deposition. While autogenic behaviors operate at a variety of temporal scales,
the compensation time scale can be reasonably well constrained by dividing the topographic
roughness (an estimate of the maximum flow depth in basins dominated by non-cohesive sediment
supply) by the long-term sedimentation rate (Wang et al., 2011). This is likely a simplification and
there are several nuances to the compensation timescale yet to be resolved, but to a first
approximation it does appear it can be recovered in both experimental and field systems (Trampush
etal., 2017). In field systems, the minimum estimate of the topographic roughness can be estimated
as the maximum flow depth. However, Trampush et al. (2017) suggests that the most likely
estimation is the median sandbody thickness which represents a zone of channel migration and
local avulsion that can create topographic highs and lows.

In experimental systems the compensation time scale is thought to act as a low-pass filter
for fluctuations in relative sea level when the fluctuations occur on shorter time scales than Tcomp
in fluvio-deltaic experiments (Li et al., 2016). The compensation timescale is also an effective
low-pass filter when the relative sea level changes have amplitudes smaller than the topographic
roughness of the system. Thus, in experimental systems in order for an allogenic behavior to be
recognized and differentiated from background stochastic depositional events, the allogenic
forcing must be of either longer duration and/or greater amplitude than the compensation time

scale (Li et al., 2016). The compensation timescale has also been identified as a filter for



geochemical climate signal proxies requiring climate cycles to be twice the compensation time
scale in order to prevent shredding and signal loss, signal aliasing, and/or spurious climate cycles
(Foreman and Straub, 2017; Trampush and Hajek, 2017). However, in my study | focus
exclusively on the strata potentially produced by autogenic processes and allogenic forcings rather

than proxy records contained within the stratigraphy.

2.2. Geologic Setting of the Bighorn Basin

The Bighorn Basin of northwest Wyoming, U.S.A., contains a well studied, extensive
history of early Paleogene alluvial deposition. The basin formed during the Laramide Orogeny,
which involved the segmentation of the former Sevier foreland basin system into a series of
intermontane basins separated by basement-involved uplifts during the Late Cretaceous through
Paleogene (Dickinson et al., 1988; Lawton, 2008). The Bighorn Basin is surrounded on three sides
by the Pryor Mountains to the northeast, Bighorn Mountains to the east, the Owl Creek Mountains
to the south, the Absaroka Mountains to the southwest and west, and the Beartooth Mountains to
the northwest (Fig. 2a). These uplifts provided both the detritus and the subsidence from
lithospheric flexure that preserved over two kilometers of alluvial sedimentary strata (Bown, 1980;
Clyde et al., 2007; Secord et al., 2008). Six nearly complete cores were drilled at three localities
in the Willwood Formation in 2011 as part of the Bighorn Basin Coring Project funded by the
National Science Foundation. The majority of these cores have well-constrained ages which allows
for precise sedimentation rate estimations (Clyde et al., 2007). As such, the latest Paleocene and
early Eocene sediments of the Willwood Formation are of particular relevance to my study (Bown

and Kraus, 1981; Clyde et al., 2007; Secord et al., 2008).



The Willwood Formation is dominated by alluvial deposition and characterized by the
presence of extensive red beds representing well-drained floodplain soils (Kraus and Middleton,
1987; Kraus and Gwinn, 1997; Kraus, 2001; Kraus and Riggins, 2007). There are three important
lithofacies associations in the Willwood Formation (Fig. 3). The first lithofacies association
contains red, yellow, orange, and purple mottled siltstone and claystones (Fig. 3b,c,d). The colors
associated with these mudstones correlates to the type and amount of iron oxide present in the
samples with hematite responsible for redness and goethite responsible for yellow colorations. The
purple areas have an intermediate iron oxide content. The mix of hematite and geothite indicates
that the mudstones are pedogenically-modified soils on the floodplain, redder paleosols are
indicative of better drained and drier conditions relative to purple paleosols (Kraus, 2001). The
second lithofacies association is composed of heterolithic, “avulsion” sequences containing
abundant, thin tabular sandstone units and lenticular sandbodies (Fig. 3c,d). Most of the sandstones
in the heterolithic sequences are classified as ribbons with a width/thickness ratio less than 10.
They have a scoop shaped bottom that cuts into as much as 5 m of the underlying paleosols. These
sequences record crevasse splays and minor floodplain channel deposition associated with the
initiation of avulsion (Kraus, 2001). The third lithofacies association are multi-story sheet
sandbodies with a width/thickness ratio over 100 (Fig. 3a,b,c,d). The base of these sandbodies
contain mudstone intraclasts and carbonate nodules from the erosion of age equivalent soils. These
sandbodies represent major fluvial conduits for sediment in the basin that contain bar clinoforms,
channel scour surfaces, and both dune and ripple cross-stratification (Kraus and Middleton, 1987;
Kraus and Gwinn, 1997; Kraus, 2001).

The Willwood Formation contains the most extensive and refined terrestrial record of early

Paleogene paleoclimate and paleobiology in the world (Koch et al., 1992; Clyde and Gingerich,



1998; Gingerich, 2001; Wing et al., 2005; Smith et al., 2007; Abdul Aziz et al., 2008; Abels et al.,
2012; Snell et al., 2013). Several studies have identified perturbations and fluctuations in the
contemporary warm, greenhouse conditions that affected environments in the basin. Most
thoroughly documented is the Paleocene-Eocene Thermal Maximum (PETM) that occurred ~56
Ma, which caused global temperatures to rise 5-8°C for approximately 200 kyrs (Zachos et al.,
2001; Murphy et al., 2010; Mclnerney and Wing, 2011; Westerhold et al., 2018). This event is
associated with ca. 5°C of warming in the Bighorn Basin, and is linked to a massive release of
isotopically-light, exogenic carbon into Earth's oceans and atmosphere, likely from methane
clathrates (Bowen et al., 2001; Zachos et al., 2001; Wing et al., 2005; Zachos et al., 2010; Snell et
al., 2013). The event is identifiable in marine and terrestrial stratigraphy by an abrupt negative
carbon isotope excursion in a variety of geochemical proxies (Mclnerney and Wing, 2011).

In the Bighorn Basin, the PETM event is associated with the arrival of perissodactyls,
artiodactyls, primate mammal orders, vegetation overturn, and a drying of and/or increase in the
seasonality of precipitation (Clyde and Gingerich, 1998; Wing et al., 2005; Kraus and Riggins,
2007; Kraus et al., 2015). The vegetation and hydrologic changes likely caused shifts in soil
development and river dynamics during the PETM (Kraus and Riggins, 2007; Foreman, 2014;
Kraus et al., 2015; Baczynski et al., 2019). Furthermore, the basin records several additional
hyperthermal events that post-date the PETM—these are smaller in magnitude and shorter in
duration, which potentially occur with Milankovitch periodicities (Zachos et al., 2010). The most
notable paired Eocene Thermal Maximum (ETM) 2 and the subsequent H2 hyperthermal events ~
53 Ma were both approximately 50 kyrs in duration (Abels et al., 2012; 2016). Finally, remarkable
precession-scale variability (i.e., ~ 20 kyrs) in soil development has been proposed both within the

PETM and during background climate states between hyperthermals (Abdul Aziz et al., 2008;

10



Abels et al.,, 2013; 2016). It is hypothesized that orbitally-driven shifts in rainfall and river
discharge induced alternating phases of floodplain deposition between an overbank depositional
phases with a constrained river channel and extensive paleosol development to an avulsion phase
characterized by a comparatively unconstrained river channel and abundant crevasse splays as the

channel searches for a new location to establish itself (Abels et al., 2013).

3. Materials and Methods

3.1. Stratigraphic Experiment

Experimental datasets used in my study are from experiment TDB-10-1 performed by
Straub and Wang (2013) at Tulane University’s Sediment Dynamics Laboratory. This experiment
was created as a control in a study of the compensational behavior of a fluvio-deltaic system under
constant boundary conditions (Straub and Wang, 2013). The experimental basin was 2.8 m wide,
4.2 m long, and 0.65 m deep (Fig. 1b), and input conditions held the water discharge of 0.451
liters/s and sediment discharge of 0.011 liters/s constant throughout the experiment (Straub and
Wang, 2013). Accommodation was created through constant, spatially-even base-level rise at
5mm/hr using a computer-controlled weir. This combination of boundary conditions created a
purely aggradational fluvio-deltaic system (Straub and Wang, 2013). While this experiment was
not designed for my study, it is ideal for this analysis because its constant boundary conditions and
simple design create a system that relies purely on autogenic processes to create stratigraphy.

The sediment fed to the experimental basin was a mixture of 70% quartz sand and 30%
coal sand, which roughly represent the coarse and fine components of a natural system,

respectively. Despite their different grain sizes (Dso= 110 mm for quartz and Dso of 440 mm for
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anthracite), the difference in transport behavior is driven primarily by their respectively different
specific gravities of 2.65 and 1.3. Overall, this experimental setup, methodology, and approach is
a variant of many previous deltaic experiments evaluating scale-independent phenomena in
sedimentary basins (e.g. Sheets et al., 2002; Paola et al., 2009; Wang et al., 2011; Straub and
Esposito, 2013; Straub and Wang, 2013). In total, the TDB-10-1 experiment ran for 78.2 hours
after its initial build-out phase.

In addition to overhead photographs, Straub and Wang (2013) took high-resolution
topographic laser scans in the basin every two minutes along three strike-oriented transects
(proximal, medial, and distal to the sediment source; Straub and Wang, 2013). My study focuses
on data, obtained via SEAD Internal Repository, from the proximal transect wherein the
stratigraphic sections at one hundred randomly selected localities are analyzed (Fig. 1c). The
proximal transect is ideal for my study because it most closely aligns with the alluvial depositional
environment of the field data rather than more distal portions of the experimental delta near sea
level. These topographic data allow the precise tracking of erosion, deposition, and stasis—as well
as the production of a synthetic stratigraphic record of beds deposited in a basin exclusively
influenced by autogenic processes (Fig. 1a). Straub and Wang (2013) found that the topographic
roughness of the experimental surface scaled with the maximum flow depth of channels on the
experimental surface (18.5 £ 0.5 mm). This maximum flow depth was used to calculate a Tcomp Of
222 min for the fluvially-dominated portion of the sedimentary system.

The first step in the data analysis is to assign the preserved beds an age based on linear
interpolation between the start and end experimental runtime and total thickness of accumulated
sediment. The assumption of linear sedimentation rates is commonly made when constructing age

models of sedimentary strata (e.g. Wilf et al., 2003; Sommerfield, 2006; Clyde et al., 2007; Trauth,
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2014). Herein, | have the advantage that | know a priori that on experimental basin-filling time
scales that long-term sedimentation and subsidence rates are constant (Straub and Wang, 2013).
Each bed, following this constancy, had a specific thickness and time of deposition. Subsequently,
a time series analysis is performed using the software Past version 3.16 (Hammer et al., 2001). |
used the REDFIT protocol with n = 1000 Monte Carlo simulations of the autoregressive (AR1)
process, oversampling and segmentation were set to 1, and a Blackman-Harris window. This
protocol seeks to account for stochastic variability in climate records that is characterized by red
noise as opposed to white noise. Red noise displays a decrease in spectral amplitude with
increasing frequency of variation, white noise has no such relationship. The AR(1) or
autoregressive process captures the partial dependence of the current state or condition with the
previous state or condition of the system. In paleoclimate studies, this can be interpreted as the
climate at time interval “t”, is at least partially dependent upon the climate state at some point in
the past, time interval “t-1”. The 1000 Monte Carlo simulations of this process creates a
comprehensive set of purely stochastic variation from which any regular, peridoic signal in the
observed data can be judged against. The Monte Carlo simulation encompasses the probablility
"space™ of outcomes generated by stochastic red noise. It describes the world of random cycles
that correspond to red noise. If the observed data falls out side this range, it is likely a “real” climate
signature or cycle. A spectral analysis also requires the choice of a window function, which
partially determines the zone over which the fourier transform operates to decompose the time
series function into a function that describe the temporal frequency of the pattern. There are
multiple choices (e.g., rectangular, triangular, Welch), but the Blackman-Harris is common in
paleoclimate studies and is form of cosine window. The 99% confidence limit is used to identify

statistically meaningful cycle frequencies. This is a standard methodology for time series analysis
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of unevenly sampled signals, and has been previously used for paleoclimate records (Hammer et
al., 2001; Schulz and Mudelsee, 2002; Foreman and Straub, 2017). Each of the hundred randomly

selected localities is subjected to the same analysis.

3.2. Bighorn Basin Core

Field datasets used in my study are from the Bighorn Basin Coring Project (BBCP), which
drilled three localities within the basin in 2011 (Fig. 2a). Six cores were obtained (two at each
locality) with over 98% core recovery of 900 total meters of early Paleogene alluvial stratigraphy
(Clyde et al., 2013). The cores were drilled, processed, and described according to IODP coring
protocol by the BBCP science team (Clyde et al., 2013). Summaries of the coring procedures and
methodologies are outlined elsewhere (Clyde et al., 2013). Interestingly these cores have already
produced new, ultra-high resolution paleoclimate records in the basin (Bowen et al., 2015;
Maxbauer et al., 2016; D'Ambrosia et al., 2017; Westerhold et al., 2018). My study uses cores
recovered at Polecat Bench (PCB-2A, PCB-2B) and Gilmore Hill (GMH-3A), as described by the
BBCP science team party in 2012, to constitute the data for detailed records of bed thickness (Fig.
2b). These bed thicknesses were measured by the BBCP science team using visual description of
halved cores (Clyde et al., 2013). Visual description is a common core practice where scientists
use identifying properties (e.g. grain size change, sedimentary structures, bedding surfaces) to
define beds. Core data offer the opportunity to describe bed variation in greater detail and
resolution than outcrop data wherein modern, surficial weathering can obscure bed contacts.

In an effort to ensure data integrity, cores from the Basin Substation location and core
GMH-3B are not used due to larger uncertainties in long-term accumulation rates at the Basin

Substation location and shorter stratigraphic thickness recovered from core GMH-3B at Gilmore
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Hill. Additionally, these aspects of the cores were key factors that inhibited confidence and
application of the time series analyses. The PCB-2A, PCB-2B, and GMH-3A cores analyzed
herein are 130.0 m, 245.1 m, and 202.4 m long, respectively. The PCB core spans the PETM
hyperthermal event (Bowen et al., 2015).

The majority of the GMH core predates the ETM2/H2 hyperthermal event and captures
background early Eocene climate state in the Bighorn Basin. Contrastingly, though, the uppermost
sandstone units preserved in the core may correlate with the hyperthermal (Abels et al., 2012;
Clyde et al., 2013). This sandstone unit is not included in the analysis, as my analysis is restricted
to overbank facies to mirror Abels et al. (2013) data collection. A combination of
magnetostratigraphy, biostratigraphy, isotope stratigraphy, and sparse radiometric dates constrain
the accumulation rates for these two locations. The best estimates for the long-term accumulation
rate at Polecat Bench is 390 m/Myrs and at Gilmore Hill it is 329 m/Myrs (Clyde et al., 2007;
Abdul Aziz et al., 2008; Abels et al., 2013). Based on these long-term accumulation rates, each
individual bed identified in the cores is assigned a linearly-interpolated age and is submitted to the
same time series analysis as the experimental datasets to assess potential cyclicity in bed
thicknesses. The cores drilled at Basin Substation are not used for this analyses because the age
constraints are not well defined.

| estimated the topographic roughness using median channel flow depths, maximum
channel flow depths, median sandbody thicknesses, and maximum sandbody thicknesses (data
from Kraus and Middleton, 1987; Foreman, 2014; Owen et al., 2017). This provides the basis for
the minimal compensation timescale and likely longest compensation timescale. Channel flow
depth is calculated using the median and maximum bar clinoform vertical relief. Mohrig et al.

(2000) presents data that indicate paleo-river flow depths can be captured by the thickness of bar
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clinoforms. River bars, whether point bars or braid bars, represent common “macro-forms” that
fill channels. Their thickness is restricted by the depth of bankfull flow. Sandbody thicknesses are
estimated using recognizable scour surfaces and fining up sequences in both grainsize and
sedimentary structures that capture the bedforms typically encountered within a river channel (i.e.
conglomerates at base, large scale dunes, small scale dunes, and ripples; Kraus and Middleton,
1987). Instead of using the median flow depth as the most likely topographic roughness estimate,
| use the maximum channel flow depth and sandbody thickness because it is more appropriate for
field scale systems rather than experimental systems. This is likely due to cohesive properties of

real world alluvial systems (Trampush et al., 2017).

3.3. Bed Thickness Distribution

Bed thicknesses were plotted to determine if they distribute normally, log-normally,
exponentially, or by power law. The approach used here is similar to previous turbidite studies
where the output statistic (bed thickness (h)) is compared to the assumed or known input statistic
(this being sediment volume at the time of deposition (N)) (Malinverno, 1997; Carlson and
Grotzinger, 2001; Mattern, 2002; Sinclair and Cowie, 2003; Clark and Steel, 2006). The sediment
volume at the time of deposition can be understood as the number of beds thicker than h. Five
randomly selected samples from the experimental dataset are, then, compiled into one plot. Each
of the cores, PCB-2A, PCB-2B, and GMH-3A are examined separately. Bed thicknesses from both
the experimental and field datasets are binned based on the range of thicknesses present in the
sample. Distribution type is determined by regression trendline reliability based on the highest R?

value.
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4, Results

4.1. Stratigraphic Experiment

Topographic data and the resultant synthetic stratigraphic sections from TDB-10-1 were
used to test the hypothesis that an alluvial system subject to static boundary conditions will produce
an autogenic stratigraphic record that contains cycles of deposition with regular periodicities.
Indeed, spectral analyses of the experimental bed thicknesses revealed statistically significant
cycles (at the 99% confidence interval) in 67% of the tested vertical sections (Fig. 4a,b) with 93
total cycles observed (Table 1). Identified peaks within the power spectra, though, do not display
the same cycle period (Fig. 4). The mean and median frequencies are 2.426 and 2.491 times that
of the compensation timescale, respectively, but the range of identified frequencies is 0.2777 to
5.162 times the compensation timescale. The primary motivation of the study was to determine if
the compensational timescale created cyclic bed thicknesses. Statistically significant cycles
occurred at periods both longer and shorter than the compensation time scale in 63% of the sections
analyzed (Fig. 4a,b). Cycle periods that closely approximated Tcomp, based on the error bounds of
the compensation timescale calculated using the £ 0.5mm laser precision, were found in only 4%
of the sampled sections (Fig. 4c). Statistically significant frequencies tended to occur at shorter

periods than the compensation time scale (Fig. 5).

4.2. Bighorn Basin
The PCB-2A, PCB-2B, and GMH-3A cores were analyzed using the same time series

analysis as the experimental data. Spectral analysis of PCB-2A, PCB-2B, and GMH-3A revealed
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statistically significant peaks at 3.5 kyrs, 3.7 kyrs, and 15.0 kyrs (respectively) at the 99%
confidence limit (Fig. 6a,b). At the two localities, Polecat Bench and Gilmore Hill, the values of
Tecomp Were derived using different estimates of topographic roughness divided by the long-term
accumulation rate for that location in the basin.

At Polecat Bench topographic roughness was estimated from median river flow depths (1.2
m), maximum river flow depths (4.3 m), median sandbody thickness (8.7 m), and maximum fluvial
sandbody thickness (33 m) to produce Tcomp Of 3.0 kyrs, 11.0 kyrs, 22.3 kyrs, and 84.6 kyrs for
this area in the basin. A compensation timescale of 3.0 kyrs is near the range of the 3.5 and 3.7
kyrs cycles in floodplain strata identified in the Polecat Bench cores. However, that compensation
timescale is calculated using the median river flow depths which is likely a significant
underestimate of topographic roughness (see Discussion below). Similarly, at the Gilmore Hill,
topographic roughness was estimated from median river flow depths (1.8 m), maximum river flow
depths (4.1 m), median sandbody thickness (8.0 m), and maximum fluvial sandbody thickness
(21.7 m) to produce Tcomp OF 5.5 kyrs, 12.5 kyrs, 24.3 kyrs, and 66.0 kyrs. Again, none of these
corresponded to the identified bed cycle frequency (Fig. 6b). It should be noted that 12.5 kyrs is
near the 15 kyrs compensation timescale, but is not within the uncertainty bounds to consider it a

match.

4.3. Bed Thickness Distribution

The bed thickness distributions of PCB-2A, PCB-2B, GMH-3A and a selection of five
sections of TDB-10-1 were graphed on a log-log probability of exceedance plot (Fig. 7). Each of
the distributions have an exponential trendline with high R? values (Fig. 7), which provided the

best fit as compared to linear, logarithmic, and power law (Table 2). Equations and R? values for
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each trendline can be found in Table 2. Despite, PCB-2B recovering 115 meters more of core
compared to PCB-2A, the best fit equations are similar (Table 2). Thus, the bed thickness
distribution is similar despite PCB-2B being longer and containing more data. Bed thicknesses
show notable deviation from the trend lines at approximately the same place in each of the plots.
The PCB and GMH-3A cores exhibit the deviation between beds thicker than 1.4m and 1.6m.
These deviations occur within the range of the median flow depths of the channels. This
differentiation could mark the difference between channelized beds and overbank deposits and

crevasse splays.

5. Discussion

5.1. Statistical Distribution of Bed Thicknesses

Historically, stratigraphic studies have heavily skewed towards qualitative interpretations
of outcrops and core. Bed thicknesses and their incorporation into lithofacies associations are one
of the most fundamental quantitative data sets collected by sedimentologists and stratigraphers.
Individual beds are readily observable, usually have distinct upper and lower contacts, and require
minimal genetic interpretations to measure directly. Beds are the building blocks of stratigraphy.
Moreover, studies have linked their thickness patterns to the morphodynamics of the sediment
transport system (Paola and Borgman, 1991). For example, the relative rates of translation and
aggradation of dunes and ripples controls the geometry of cross-bed sets (Best, 2005). On the scale
of river channels, dune heights and their cross-bedded deposits scale with flow depth (Paola and
Borgman, 1991; Myrow et al., 2018). Indeed, these relationships may be sensitive enough to

identify backwater conditions in paleo-rivers (Wu et al., 2020). In marine systems the constraints
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of fair-weather and storm-weather wave base have well-established, qualitative links with bed
sedimentary structures (Nichols, 2009). And the quantitative characteristics of oscillation ripples
have been used to estimate paleo-windspeed in the Neo-Proterozoic (Allen and Hoffman, 2005).
The broader statistical characteristics of beds from different environments is not currently
available in the literature.

There has been a recent focus on quantitative approaches to understanding stratigraphic
processes and bed thickness distributions, but much has focused on marine systems. For example,
recent studies on submarine fan stratigraphy and turbidite bed thicknesses revealed a scaling

relationship:

N(h) = ah'®

where N is the number of layers with thickness greater than h, B is the scaling exponent and a is a
constant (Rothman and Grotzinger, 1995; Malinverno, 1997). Previous researchers hypothesized
that changes in the value of B likely relate to depositional variations linked to the properties of the
sediment transport system (Rothman et al., 1994; Rothman and Grotzinger, 1995; Carlson and
Grotzinger, 2001). Log-normal, power-law, exponential, and truncated normal have all been
proposed for frequency distributions of bed thicknesses in sediment gravity flows, predominantly
turbidites. Power law distributions appear to be the most common, though interestingly, departure
from power-law distribution may be linked to the sub-environment on the submarine fan.
Deviation from power-law distribution or log-normal distribution, more specifically, suggests

increased channelization and bed amalgamation, thus implying fan-lobe deposits (Carlson and
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Grotzinger, 2001). It has been suggested that similar scaling relations can be linked to other
dynamic systems (Kardar et al., 1986; Carlson and Grotzinger, 2001).

The statistical distributions observed in my study follow an exponential trend that diverges
from the log-normal and power law distributions seen in previous studies on submarine fan
deposits (Carlson and Grotzinger, 2001), yet the exponential distribution matches previous
analyses of alluvial bed thicknesses. Data sets that document large (100+) bed thickness
measurements in alluvial strata are rare, likely due to data collection being highly labor-intensive.
Experimental alluvial system allow the rapid collection of this type of data that yield insights.
Indeed experiments allow near instantaneous erosion, deposition, and bed thickneses to be
measured independently. From these data exponential bed thickness distributions are hypothesized
to be created in basins with near symmetric magnitidue-frequency distributions of erosion and
deposition augmented with surfacial reworking- cut-and-fill stratigraphy (Straub et al., 2012). Cut-
and-fill here refers to the behavior of a transport to create topographic lows via erosion and
preferentially fill them with thicker deposits. The experimental and field examples used in my
study contain incontrovertible evidence of fluvial channel reworking the surface (Wing et al.,
2005; Wang et al., 2011; Foreman, 2014). Mapping of topography in experiments can be linked
explicitly to channel occupation events. And in the Willwood Formation case study, scour surface
and cut-and-fill structures have been directly observed with fluvial sandbodies intersecting
subjacent floodplain strata (Wing et al., 2005; Foreman, 2014). This cut-and-fill deposition
provides a likely explanation for the deviation observed in the bed thickness distribution plots.

The deviations on the bed thickness distribution plots in both the experimental and field
studies correlate to the median channel depths of the systems. In a cut-and-fill depositional system,

the channel reworks the surface and cuts into existing sediment. The channel acts as a filter on bed
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thicknesses and limits the majority of bed thicknesses to be at or less than the channel depth. In
the case of alluvial systems, the beds thicker than the median channel depth correlate to sudden
depositional events such as crevasse splays or from long-term accumulation similar to the well-
developed paleosols in our field data set. Interestingly, the deviation observed in our study is
present but not addressed in other bed thickness distribution charts from a wide variety of
depositional environments (alluvial/fluvial, submarine fan, lacustrine, and aeolian) on both on
Earth and Mars (e.g. Malinverno, 1997; Carlson and Grotzinger, 2001; Talling, 2001; Stack et al.,
2013). Since the deviation is not addressed, it is difficult to determine at which thickness this
phenomena occurs in other studies. The deviation could be tied to a similar depositional control
on bed thicknesses in other systems. For example, if the hypothesis holds, proximal submarine fan
bed thickness distributions are likely to exhibit the deviation at median flow depth of the submarine
channel, similar to what is seen in proximal alluvial systems. In a distal submarine fan or lacustrine
environment, deposition is less event based and more a result of suspension settling. The larger
beds in this environment are tied to long periods of hiatus where deposition is happening slowly;
similar to soil development seen in a floodplain. These distal, suspension dominated environments
may not exhibit the deviation in bed thickness distribution since there is not an geomorphic process

with a focused, erosional vertical scale.

5.2. Stratigraphic Experiment

The compensation time scale does not appear to be cyclic based on the experimental data.
This means, that although, compensation is a repetitive process, it does not occur on a predictable
and consistent timescale. Given that the compensation timescale is known, one would expect to

see a robust data set of the same periodicity across several stratigraphic sections in order to deem
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it cyclic. In this case, only 4% of stratigraphic sections show a statistically significant “cycle” at
the compensation timescale. A sediment routing system will produce uneven stratigraphy across a
basin, proximal-to-distal, and laterally. This is what is thought to create apparent cyclicity, lobes,
or accumulations of sediment in some areas. While, cycles do not need to be observed at all
locations at all times, a robust cycle should be present on the basin-scale and observable in a
nontrivial number of stratigraphic section. Also, where observed, the cycles should display similar
periodicities. A pattern that is only represented in 4% of sections does not meet the criteria of being
basin-scale. It is possible that the experiment did not run long enough to capture the vertical scale
necessary to preserve a cyclic signature; however, this is unlikely since the experiment ran for
more than 21 times the compensation timescale. In a “field-scale” basin this could easily be
comparable to over 0.5 million years of deposition. It is more likely that the compensation time
scale is not cyclical. In order for the compensation time scale to be cyclic, it is assumed that basin-
wide occupation of the channel and reworking occurs at the same interval over and over. Since
channel avulsion is the driving mechanism that allows for sediment to be deposited across the
basin, this would mean that channel avulsion would need to occur at consistent periods. Itis more
likely that the compensation time scale represents the maximum amount of time necessary for this
behavior to occur. Therefore, compensation is happening at varying temporal scales all less than
Tcomp.

Autogenic “cycles”, though inconsistent in spatio-temporal scale, are preserved within the
experimental stratigraphy. It is difficult to assign specific processes to the signatures with the
available data because there are not consistent signatures across the basin. However, it appears that
there may be some localization of signatures. Such localized signatures could be a result of channel

avulsion and reoccupation in the case of fluvial deposition or proximity of the river channel in the
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case of overbank deposition. Given that avulsion is the driving force of compensation, and it occurs
on time intervals shorter than the compensation timescale, perhaps the “cycles” present at
frequencies less than Tcomp represent local channel migration.

My results may be better confirmed with basin-wide analysis instead of randomized
sampling. My results could also benefit from another study running a similar experiment where
autogenic processes such as channel avulsion and lobe switching are observed and timed for a
comparison to the stratigraphic analysis. It is also possible that the signatures observed in the data
are not translatable to autogenic processes and thus spurious. This could be further tested by
looking at medial and distal locations on the delta and comparing the results to the proximal case
examined here. My study focuses strictly on the proximal transect because of its correlation to the
alluvial field example. However, | expect that repetitive processes like avulsion, lobe switching,
and storage/release occur at different timescales down depositional dip on the delta due to channel
bifurcation, change in slope, and downstream fining grain size. Similarly, experiments with
cohesive sediment are another possibility for testing this hypothesis since cohesion has an effect
on channel depth and avulsion frequency. If the high frequency cycles are avulsion, | expect that
the mean frequency of “cycles” in a cohesive sediment would decrease because cohesion reduces
channel mobility. There is, likewise, merit in examining other aspects of stratigraphy to locate

autogenic cyclicity, such as duration and frequency of erosion represented by unconformities.

5.3. Bighorn Basin Core
The frequencies found in the Bighorn Basin cores underestimate the compensation
timescale, the sub-Milankovitch and precession cycles (7-8 kyrs and 21 kyrs) obtained in previous

studies on the Bighorn Basin and Paleocene-Pleistocene marine and lacustrine successions
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(Westerhold et al., 2007; Abdul Aziz et al., 2008; Abels et al., 2013). Previous Bighorn Basin
studies used time series analyses of bed colors (a proxy for soil development and moisture/drainage
conditions) to identify sub-Milankovitch and precession cycles (Abdul Aziz et al., 2008; Abels et
al., 2013). This is different from my study because soil formation is created through weathering
processes instead of depositional processes. The precession cycles have been tied to sequences of
overbank and avulsion deposits where the overbank deposits represent periods of relative channel
stability with some localized avulsion and the avulsion deposits represent regional avulsion caused
by allogenic, astronomically-forced climate change (Abels et al., 2013). It is plausible that this
avulsion was purely autogenic, thus, Milankovitch cycles were not the dominant forcing in the
Bighorn Basin at the time. However, if the regional avulsion sequences were climate induced, it’s
possible the reason the statistical analyses do not produce the expected results is because of the
influence of spurious autogenic signatures on the data. The experimental data shows autogenic
processes appear to be sporadic and spatiotemporally erratic.

If the autogenic processes do not produce predictable cycles in the experimental basin, |
expect that the cycles will not be preserved in the field study. The experiment is a simplified system
that removes any allogenic processes from the data set—whereas, the field study is much more
complex with allogenic forcings and variable sediment. Since stratigraphy is created through
geomorphic processes (e.g., larger flooding events create bigger beds), climate would have to
influence those geomorphic processes and that influence would have to be transferred to bed
thicknesses in a predictable pattern. While this is happening, compensation is smoothing out the
topographic surface and reworking the previously deposited beds. Therefore, in order to preserve
a climate signal in bed thicknesses, climate would have to impart a signal with a long period or

high magnitude. Recent studies indicate that the climate cycle would have to be at least twice the
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compensation timescale to avoid signal shredding (Foreman and Straub, 2017). When considering
the maximum flow depth estimates of the cores used to calculate the compensation timescale (best
approximation based on experimental data), neither the sub-Milankovitch nor the precession
cycles are long enough to prevent signal loss from compensation shredding. As such, the
precession and sub-Milankovitch cycle signatures in the cores | studied have likely been shredded
by compensation. Since precession cycles have a definite time estimate on Earth, compensation
needs to happen quicker that what is seen in the Bighorn Basin to preserve a climate signal. The
cycles present in the results are, therefore, probably autogenic signatures similar to those recorded
in the experimental data. This inference suggests that basin-wide characterization of autogenic
cycles cannot be made from one (or even a few) core samples—although, the number of necessary
samples for confident results is unknown.

The Gilmore Hill cores represent deposits that are ~3 million years younger than the
Polecat Bench and Basin Substation cores and are dominated by paleosol red beds with little
preservation of less oxidized deposits. Within the Polecat Bench core there is a high incidence of
paleosol red beds associated with the Paleocene-Eocene boundary. It is possible that the climatic
cycles observed by Westerhold et al (2017) and Abels et al (2013) are decoupled from the bed
thicknesses observed and analyzed herein. Paleosol development may be imprinted upon bed
accumulation, thus the paleoclimate signature is not directly preserved by geomorphic erosion or
deposition events, but rather is a secondary modifier of bed features. The paleosols found at Polecat
Bench are sparse in the Basin Substation core due to reduced pedogenesis (Baczynski et al., 2019).
Since these paleosols are absent, Basin Substation would be an ideal candidate for bed thickness

analysis once time constraints are better defined.
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Identifying and quantifying the scales and patterns of autogenic geomorphic processes (e.g.,
channel avulsion, lobe switching, storge and release) becomes particularly important when
extracting paleoclimatic information from stratigraphy. Recent work has suggested autogenic
geomorphic processes exert a fundamental control on the time resolution and completeness of
climate proxy records within alluvial stratigraphy (Foreman and Straub, 2017; Trampush and
Hajek, 2017). These studies highlight the role autogenic processes play on the presence of
unconformities within stratigraphy creating a low pass filter on the detectable proxy-based
paleoclimate signals. Yet the inherent timescales of autogenic processes and physical
characteristics of the strata produced may themselves create a low pass filter on physical

stratigraphy (Paola et al., 1992; Straub et al., 2020).

5.4 Inverse Problem

Stratigraphic interpretation relies on correctly inverting stratigraphic patterns into driving
boundary conditions. This is particularly difficult both because of the number of autogenic and
allogenic processes involved in a depositional system and the number of combinations possible to
create similar stratigraphic patterns. This inversion problem is at the core of this research and other
ongoing stratigraphy research (e.g., Rogers, 1998; Jinnah and Roberts, 2011; Bernhardt et al.,
2017). The more we learn about these depositional systems that create stratigraphic patterns, the
trend appears to be moving toward the idea that ““less is more” (i.e., less erosion/deposition events
and more periods of stasis). For example, Paola et al. (1992) looked at the interplay of factors that
cause vertical grain size changes in alluvial basins using simple 2-D diffusion models. These
models generated similar stratigraphies that are largely irreconcilable without time horizons and

ages of strata attributed to them.
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Recent studies have started to push back on the complicated models that have been
developed over time. Examples of this challenge to traditional depositional models includes recent
research that shows traditional sequence stratigraphy patterns can be created via autogenic
processes (Muto and Steel, 2001; Guerit et al., 2021). These studies have introduced the terms
“auto-stepping” (Muto and Steel, 2001) and “auto-advance” to describe autogenic behaviors of a
delta that were previously thought to only occur via allogenic forcings. In fact, stratigraphic
patterns on the scale of parasequences and larger can be induced by mass balance relationships
between accommodation and sediment flux as well as avulsion behaviors. As stratigraphic
researchers continue to create simpler models, it is necessary that the sedimentary community fully
understand the roles that autogenic and allogenic processes play in the creation of stratigraphic
patterns. My study is a piece to that puzzle. To this end, | suggest the term “auto-repetitive” be
adopted for stratigraphic patterns that occur with out a definitive periodicity, but future similar
work should continue exploring the locations of signals created by repetitive autogenic processes

such as duration and frequency of erosion and periods of stasis.

6. Conclusions

Utilizing patterns and repetition of stratigraphic products to identify cyclic patterns is not
a novel concept. Whether it is using Markov chain analysis to predict repetitions in alluvial
cyclothems (Gingerich, 1969) or creating elementary climate cycle curves from the stratal stacking
patterns of sequence stratigraphic units (Catuneanu et al., 2011). And this approach to utilizing
stratigraphic patterns to further understand the processes that created those patterns is still growing.
My study attempts to further that research and unlock more information about the relationship

between allogenic and autogenic patterns and the products they create.
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The results of my study provide more evidence that stratigraphy modelers should recommit
to the principle of parsimony. The TDB-10-1 experiment is nearly as simple of a system as one
can create, long term aggradation and no allogenic changes. Yet, the stratigraphy created by the
experiment is rich and complex. | am able to find bed thickness cycles at a variety of periodicities
across the basin. If a modeler is given stratigraphic columns of the experimental data, their
interpretation could likely invoke a far more complex depositional history than reality. This will
commonly be the case in field studies where single stratigraphic sections are commonly analyzed.
Furthermore, the bed thickness distribution from the simple experiment follows the same
exponential trend as the more complicated field data. If simple depositional experiments create
similar products to seemingly more complex, real world fluvial systems, it makes sense to limit
the complexity of our stratigraphic models.

As seen above, purely autogenic systems will create repeated bed thicknesses, but these
cannot be attributed to a known process. | would argue that these repeated bed thicknesses should
not be referred to as cyclic. Perhaps it makes more sense to differentiate between cyclic and
repetitive formally. The definition of cyclic cannot be only tied to processes that occur on predicted
temporal scales. They must also occur on spatial scales beyond their immediate area. For example,
Milankovitch cycles have a specific temporal scale, and their effects can be felt globally. This is
dissimilar to channel avulsion which could occur recurrently, but the observed impact on
stratigraphy will sometimes be restricted to smaller length-scales (i.e., in the case of local avulsion)
and sometimes broader length-scales (i.e., in the case of regional avulsions). Thus, channel
avulsion is auto-repetitive, not autocyclic. Otherwise, spatially nonuniform repetitions, while
statistically significant, should be titled as such: repetitive. As we look forward to the future of

stratigraphy, one marked by both quantitative modeling and qualitative descriptions, it is important
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that we work together to build a common understanding of the language we are using to describe

these repetitions or cycles.

Data

Experimental datasets can be obtained through the SEAD Internal Repository
(http://doi.org/10.5967/MOHX19TT). Core datasets can be obtained through the International
Continental Scientific Drilling Program (https://www.icdp-online.org/projects/world/north-and-

central-america/bighorn-basin/).
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Figure 1. a) Schematic diagram illustrating the construction of a stratigraphic column from
elevation increments. b) Schematic diagram of TDB-10-1 experimental set up with basin
dimensions. ¢) Overhead images of TDB-10-1 experiment. Red line identifies proximal

transect where 100 random samples were taken.
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Figure 2. a) Map of field study area, Bighorn Basin, Wyoming. Locations of sample cores
indicated with a star. b) Lithologic logs of sample cores used in quantitative analysis. Grey and
yellow beds are generally crevasse splay deposits and C-horizons of paleosols. Red, orange, and

purple beds are generally B-horizons of paleosols (modified from Clyde et al., 2013).
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Figure 3. Annotated photographs of the Willwood Formation, Bighorn Basin, WY. a) Close up
image of a fluvial sandbody with graduate student for scale. b) Fluvial sandbody deposited on top
of red mudstones that signify floodplain deposits. ¢) Splay channel deposited in between red beds
above there is a bigger, laterally continuous sandbody unit d) Overbank paleosol red beds with
white-ish splay zones, fluvial sandbodies higher in section.
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a) PCB-2A Bed Thickness Distribution

c) GMH-3A Bed Thickness Distribution
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Figure 7. Log-log plots of bed thickness distributions (a) PCB-2A (b) GMH-3A (c) PCB-2B (d) TDB-10-1

including regression line with coefficient of determination.
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TDB-10-1 Location Sample Number

Nondimensionalized Frequency

TDB-10-1 Location Sample Number

Nondimensionalized Frequency

TDB-10-1 Location Sample Number

Nondimensionalized Frequency

0.52045 2.4909 0.65197
227 4.826 635 4.7938 1333 3.4927
234 no cycles 753 no cycles 1348 no cycles
0.52033 756 no cycles 1356 no cycles
243 2.4125 787 1.0167 1381 4.54420
3.5477 794 2.8407 1398 4.21480
265 1.46440 813 2.7691 1429 no cycles
4.724 822 1.44170 1451 0.56311
267 4.86960 2.4648 1.7363
2.7785 869 no cycles 1480 2.67890
277 4.6622 907 no cycles 4.0419
4.8506 915 3.1629 1500 4.24210
317 4.8792 921 1.725 1552 no cycles
347 4.2765 3.7854 1561 4.34210
357 3.0885 1.7196 1566 no cycles
4.2764 926 2.054 1583 2.56770
375 no cycles 2.6271 1584 2.56750
388 no cycles 4.3945 1592 0.42800
418 4.15780 949 4.4779 1598 no cycles
229 0.38297 1040 no cycles 1604 no cycles
1.4361 0.82835 1607 2.89680
0.38406 1054 2.485 1612 no cycles
436 0.81613 4.0037 1661 0.56726
1.4402 1081 no cycles 1673 0.56641
0.3382 1082 no cycles 1683 0.56559
452 1.4494 1094 0.5507 1695 3.95240
4.2517 1123 no cycles 1703 0.51527
0.38762 1147 no cycles 1705 no cycles
466 1.4513 1175 no cycles 1721 0.56218
4.3539 1178 2.1663 1723 no cycles
492 no cycles 1211 3.9801 1766 2.58500
520 no cycles 1225 1.7584 1768 4.17670
532 no cycles 2.591 1786 4.82530
544 5.1621 1250 0.27766 1789 no cycles
564 0.28935 1252 0.27883 1790 4.82690
566 0.28981 1293 0.97782 1821 no cycles
579 0.6259 3.3991 1834 4.57350
581 0.62581 1298 0.93160 1837 no cycles
598 0.28578 1307 1.49290 1868 no cycles
2.572 1310 0.51313 1881 3.37870
631 no cycles 0.93296 1887 4.49200
658 no cycles 0.79532
663 no cycles 1324 3.5088
675 0.28196

Table 1. Data table of TDB-10-1 experimental bed thickness frequencies.
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Location Linear Equation R-squared |Logarithmic Equation |R-squared |Exponential Equation |R-squared |Power Law Equation |R-squared

PCB-2A -0.4318x + 105.65 0.6152|-62.09In(x) + 337.45 0.9078183.75eA(-0.016x) 0.9777|107733x"(-1.85) 0.8589
PCB-28B -0.38x + 137.85 0.4477(-89.28In(x) + 511.81 0.839|181.7e”(-0.01x) 0.8939/126703x"(-1.709) 0.8736
GMH-3A -0.6796x + 165.51 0.5782(-100.4In(x) + 542.62 0.8939/292.83e(-0.017x) 0.9755/215191x/(-1.913) 0.8616
TDB 10-1  |-79.113x + 585.93 0.6471(-326.7In(x) + 636.08 0.9232]1405.7e7(-0.657x) 0.9911911.32x7(-2.1) 0.7817

Table 2. Data table of trendline equations and r-squared values for each distribution chart.

Best fit R-squared values are highlighted in yellow.
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