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Abstract:

Interaction ofallogenic and augenic forcingin building alluvial stratigraphy remairsscomplex
subjectthat is critical for paleoenvironmentahnd paleoclimate reconstruction and subsurfiak

property predictionAstronomical focing of alluvial stratigraphy is poorly documentedfao as this

driver strongly interacts with autogenic and other allogenic processes making it difficult to trace

astronomical climate changes in these laterally highly variable sedimetiteldwer EocenéVillwood

Formation, Bighorn Basin, WyomindJSA, a lot of evidence has been gathered to relate dominant

floodplain aggradation cycleso precessioiscale climate chang&ne floodplain aggradation cycle

conssts of two phases(l) a longeroverbankphase withrelative channel stability and strong palebs
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development on fine abtic sedimentsand (2) a shorter avulsion phasecharacterized byhannel
instability and weak to no pedogenesis on heterolithic sandy awldslbdepositsPrevious studies have
analyzedhesecyclesto beconsisterlyy developedn multiple areas of the basin of different agad, in
one study, in twgarallelonedimensional (4D) stratigraphicsections spaced sevekilometers apart
However, the8-D geometry ofloodplain aggradation cycleemaindargelyunknown,whichdetermines
to what extenéllogenicclimateforcing produceregionallyconsistent sedimentary patteemslautogenic
processes produdateralvariability. Here,44 floodplain aggradationycles weremapped and measured
in 3-D using anunmanned aerial vehicl@JAV) to develop aphotogrammetricnodel covering a
geographicarea of~10 knt and spanninga stratigraphicsuccession 0300 m The44 cycles havean
averagehickness of 6.8 nwith a standard deviation of 2.0 m, whichndine with previous studiedlost
cyclesare consistentlytraceableover the entirenodel, indicating spatiatonsistencyand in line with
allogenic climate forcindpy the astronomical precession cydladividual floodplain aggradation cycles
may changen thicknesgapidly when tracedaterally, with ratesup tol m over a lateral distance @00
m anda maximum of 4 mDetailed mapping ofeven successiveyclesreveals differences itheir
regionallyaveraged thicknesse$ 3.7 m to 9.7 mwith their mefficients of variatiorranging between
17% and 28%\Variogram analysis demonstrates tint thickness of aycleat one locality istatistically
related to that at another locality overaveragelistance ofL..3km in the paleoflow direction ar@l6 km
perpendiclar to the paleoflow directionThesedifferent directional trends areterpretedo result from
morphological elements oriented in paleoflow directions in theidl landscapesshaping more
consistency othe sedimematry elements in paletdw direction Two different metrics suggest thatllf
compensational stacking ocsiafter deposition of o 7 cycles or timescales o€a. 120 to 140 kyr,
although strong thickness compensation is shown to start at the subsexg@eartd twofloodplain

aggradation cycles, so e.20-40 kyr time scales
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1. INTRODUCTION

Alluvial stratigraphyis fundamentally controlled by channel avulsion frequencylangterm
sedimenaccumulatiomrates (Allen, 1978; Ashwortlet al, 2004)thatarerecordedy the distribution and
configuration of channel sandstone bodies aadvalfine-grained sedimenfAllen, 1978; Bridge &
Leeder, 1979)Channel avulsioms an important process in channelized depositional syst@émasnels
aggrade or prograde faster than surroundingai@mnelized regions (Hajek & Wolinsky, 2018ausing
avulsion tooccur when @opographiahreshold is exceedd&arssenberg & Bridge, 20081ohrig et al,
2000. A difference is made between loaaid regional avulsio (Slingerland & Smith, 2004). Aotal
avulsionmay be triggered by simple channel blockage and has a local impladhe channel moving
back into the original channel further downstream if that trajectory remaiasgetically most

advantageous.

The rates at which superelevation is reached depend on channel belt and floodplain aggradation
rates as well ason-depositon or degradation rates tharedifferent between channel belts and floodplains.
Rates of aggradation or degradation depend on accommodation and sediment supply. Superelevation ma
be reached with all settings stable due to continuous higher aggrada¢isin the channel belts than in
the floodplains. River avulsions these caseare fully autogenically controlled. Climate, tectonics, and
base level may also impact these factors and speed up or slow down the rates at which superelevation i

reached.

Fluvial aggradational cyclesave been reported in the CretacePateogeneof West Texas
(Atchley et al, 2004) the Triassic of New Mexic{Clevelandet al, 2007) and the Eocene aforthern

Wyoming Kraus, 187; Abelset al, 2013).These cyclesire meteiscale, with typically finingupward
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successions. They generally e@t of two phasegl) an overbanlphase withrelativechannel stability
and strong paleosol development on finestit sedimenisand(2) an avulsionphasecharacterized by
channel instability and weak to no pedogenesis on heterolithic sandy ashediaiepositgAbelset al,

2013).

Most fluvial aggradational cyckeare reported to be driven blyaselevel variationspossibly in
combination with upstream climatic or tecibohangeshuttheymay be fully autogenic in nature as well
Thefloodplain aggradation cyclés the Eocene Willwood Formatioof the Bighorn Basinn northern
Wyomingcannot be driven bthe baselevel changeas that is reported to be stable over t{fr@emaret
al., 2012, which is attributed to the fact that the Bighorn Basin is agmmntane basin with no direct
sedlake-level connectioninstead, theseyclesare reportedo be driven by precessiatale climate
changan multiple studies by indiating their duration to be around 20 kfbdul Aziz et al, 2008;Abels

et al, 2013 Van der Meuleret al, 2020.

PreviousBighorn Basin Eocengtudies have characterized and dateddluycle®f different ages
in various 1D stratigraphicsectionsincludingcycles in parallel sectionseparatethy several kilometers
(Abdul Aziz et al, 2008; Abelset al, 2013; Westerholet al, 2018; van der Meulert al, 2020).

However, their 3D charactdstics have not been studied_ateral consistency adllogenicallydriven

cycles is expectedas external climate change would influence the whole basin at the same time. Local

processesuchas channel migration, local splayirand avulsions ar@owever expected to bereintegral

part of the dynamicfluvial environmentand thus causdateral and vertical variability on top of the

regionally-consistent stratigraphy driven by external climate forcing. The spatial and temporal scales at

which these local, autogenic processes act and interact with regiéygenic processesmainunknown,

but crucial when these fluvial records are used for paleoenvironmental and paleoclimatic reconstructions

(Straub & Foreman, 20)&nd when the subsurface fluvial record is being interpreted and/or predicted.



91 Here we, therefore,analyzethe precessiosdriven floodplain aggradation cycles continuous
92  outcrops of the lower Eocene Willwdéormation inthe McCullough Peakarea ofthe Bighorn Basin,
93 Wyoming, to reveal thespatial cosistency and variabilitgndto elucidatethespatid andtemporal scales
94  at which autogeniandallogenic contrainteractand dominateThe objectives of this study are fourfold:
95 (1) toinvestigatethe traceability ofloodplain aggradation cyceover a large lateral distance; (2) to
96 reveal the regionalkaveragevertical thicknesges andvariability amongindividual cycles through the
97 stratigraphy; (3) tocharacterizethe lateral variability within each cycle and (4) to evaluate
98 compensational stackinghrough temporallysuccessivecycles. Finally, we aim to kinematically

99 understand th8uvial morphodynamics that dré the dominant alluvial stratigraphy in the basin.
100 2. GEOLOGICAL SETTING

101 The Bighorn Basin is Aaramideintermontane basin with drainaye outletopening to thenorth
102 (Fig. 1; Abelset al, 2013).It hosts one ofthe beststudied terrestriaduccessiosfor fluvial cyclicity, with

103 much research carried oom paleosts and river avulsion depositsleasham & Vondra, 197Bown &

104 Kraus, 1981Kraus & Aslan, 1993Abelset al, 2013;Foremaret al, 2012 Owenet al, 2017 and many
105 others).Lower Eocene sediments exhibit regular alternations that have been related to the autogenic
106 behaviorthat is intrinsicin afluvial depositional systen(Clyde & Christensen, 2003ndto allogenic
107 forcing that is extrinsic(Kraus & Aslan, 1993 Abdul Aziz et al, 2008; Abelset al, 2013).
108 Red/purple/grey paleosols are strikingly consistaver a large lateral extent, with dominant type |
109 paleosolsa few type Il paleosols, and rare type Il paleogiétaus, 2002) These paleosoklreproducts
110 of the overbank phase, and they alternate with heterolithic depegitssenting avulsio(Abels et al,

111 2013).The paleoenvironments and paleoclimateh@alasin have been extensively studied from floral

112 and faunal fossils (Gingerich, 2010). The mammal stratigraphy and data collections provide an accurate
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stratigraphy within the frame of the other stratigraphic controls as magnetostratigraphy, chemagstyatig

and tephrastratigraphy (Clye al, 1994 Gingerich, 2010).

The McCullough Peakstudy areas in the northwestrn partof the Bighorn Basin (Fig. 1)and
comprises an area of relatiydarge exposures of basinal sedimentse Ftudy intervahererepresents
about 0.9 Myrof geological timestraddling the interval in which the Eocene Thermal Maximum 2 and
subsequent H2 events occur (Abetsl, 2016). Thdower boundarys approximately 55 Ma, sabout 1
Myr younger than th@aleocend-oceneboundary marked by thealeocend=ocene Thermal Maximum
(PETM; Kochet al, 1999. Huvial stratain the studyareahavea dominant paleoflow direction of NNW

to NNE (Neasham & Vondra, 1972)
3. METHODOLOGY
3.1 Field survey

Stratigraphic sectionsere measured by digging 615m wide and 08 m deep trenches down to
fresh rock. Field unitsvere designated based on field estimation of grain size; matrix color; abundance,
size, and color of mottling; presence, abundance, and size of carbonate renti@syndance and size
of slickensides. Hand sampling and field descriptifmiowed methods detailed in the Soil Survey
Manual (Soil Survey Division Staff, 1993jive long trenchesvere loggedwith threereportedn Abels
et al. (2012, 2013, 2016ndtwo reportedhere(see Fig. 2 fortheir locations). Palaeocurredirections
were measured from durseale crosstratification (mainly planar and trough crestsatification)in

channakedsandston®dodies.

3.2 UAV-based photogrammetry

Photographs were taken automatically every three seconds byaedg#pixel camera mounted on

a multirotorunmanned aerial vehicl@AV; DJI Phantom 4 Pro). The UAV was flown parallel to the



135 outcrop surfacenanuallyat a speed of-20 m/s to provide a 60%ohizontal overlap between successive
136 photos. Eacloutcropareawas photographed from at least three different heights with different camera

137 angles to provide complete coverage andid alignmenturing processing

138 The final modeincludes21144 photos ten on 34 flightgFig. 2), and itcovers a total area of

139 ~10 kn?, with approximate nort#southand eastvestlengtts of 2.5 km and 4 kmrespectively The

140 studied stratigraphic succession is ~300 m thick and dip&°aowards the soutlFifty-sevenground

141 control points (GCPs) were placed (RRyand surveyed using an Emlid Reach GNSS recdieeejnafter

142 referred to as the rover. AccuraolyGCPs was improved by usitige PostProcessed Kinematic (PPK)

143  positioning technique which compares the rengenrded GCP position to a second Emlid Reach GNSS
144  receiver that acted asstationary local base statioBoth the rover and base station recorded raw GNSS
145 measurementswhich were then processed using the epmurce GNSS pogirocessing package

146 RTKLIB. The position of the base station was calibrated by collecting several hours of data and running
147 the PPK solution against the nearest public Continuous Operating Reference Station (CORS) based in
148 Fishtail Montana(P722).The GCPpositions were then determohevith centimeter accuracy relative to

149 the local base station.

150 Agisoft PhotoScan (Version 1.4.3, July 20&8rrent Metashapevas used to build theB digital

151 models (virtual outcrops) from the acquired georeferenced phatimgthe structurdrom motion multk

152 view stereo (SfTMMVS) photogrammetrienethod (Eltneet al, 2016).Threedimensionalpoint clouds

153 were generateth the Universal Transverse Mercator (UTM) coordinate systanally, a triangulated

154 digital surface mesh was created, and thet@s vere draped onto the surface astidure.Due to the

155 largesize of the area mapped, the complete photogrammetric image set was split into 42 model sections.
156 For each section, a tiled model was generaBeatKley et al, 2009, allowing the entire8-D outcrop

157 model to be imported into LIME (version 2.2Rjckleyet al, 2019 for visualization and interpretation.



158 3.3 Cycle boundary identification

159 Cycle boundary top are placedt the sharpest facies transition from red/purple paleosols to
160  whitish heterolithic deposits (Fig1). This isslightly different fromthe procedure oAbelset al.(2013)

161 who putcycleboundaiesat the sharpest transitiamthe soil development indexXSDI) curve, which often

162 corresponds to the top of the reddest soil. Gywde boundary of this study is in mosaseslightly higher

163 (0.6 m on average and up to 3.5 m forgbeencycles shown irFig. S1) than that of Abelgt al.(2013).

164 Thereason fothechosen strategy is the impossibility to calculate @EHoutnonweathered rock surface
165 descriptiongrom trenchted sectiond nterpretatiorin the photogrammetr modelis startedrom trencled

166 sections (setheir localities in Fig. 2)where fresh rocklescriptions are availabl®uring this process,
167 UAV- and haneheld cameraaptured photos are usedaid interpretationvhere the model resolution is

168 not sufficiently high
169 3.4 Variogram analysis

170 As widely used to quarfif variables in space thevariogram is a function of variance oveg
171 distancen, with largervariogram values corresponding to longer lag distances$BigA variogramcan

172  be calculateds follows(Pyrcz & Deutsch, 208):
173 rE —B &0 adé  Q (1)

174 wherer E is a measure of dissimilaribetween two data pointserlagdistanceh; O "Q is the number
175 of data point pairsd is a data poinat locationUin 2-D spacep  "Qis a data point separated fram
176 by the distancé; & 6 is the numerical valuatdata poin ;andd 6  "Q is the numerical valuat

177 locationo Q

178 Cyclethicknesses are measuatoutcrop surfaces the modekvery 20 metersvhich could be

179 impossible at some locations due to vegetation, low nredelution,andrecent debrisThese thickness
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measurements are thanalyzed as &-D directional variogram usingython codes byyrcz (2020)
Variograms are calculated in six directions that separate 180Sin&mgualazimuth zones (e.g. 0°, 30°,

60°, 90°, 120°, and 150°) after observatioran§ statistical anisotropy in the variogram map. The lag
distance is sets100 m, with a lag tolerance of 50 m. The search strategy utilizes a wide azimuth tolerance
(30°) and a &rge bandwidth (2 kntp reduce the nugget effect near the origihanget al, 2005) In a
directional variogram, a range is identified when thesilE(  p) is reached (Figs2). Within the range,

the cyclethickness at one locality &ochasticallyrelated to that at another locality, which is referred to

as the spatial continuity of theycle thickness. Such continuity is expected to be the largest in the

paleoflow direction according t®yrcz & Deutsch{2014)
3.5 Compensational stacking analysis
3.5.1 Coefficient of varidion

The coefficient of varigon (CV) is defined as the ratio of theastlard deviation over the mean,
and thus amaller CV indicates lessriability. If the thickness of a stratigraphic utike afloodplain
aggradationcycle has a smallCV, then the thickness of #unit has a relativelyeven distribution
throughout the area. Tmvestigatecompensational stacking, successty&les are combinedas a
straigraphic unit to calculate CVSeven successiveycles with high lateral coverage in the model,
labelled agycles H to N, are selected ftrisanalysisin practice, aCV is first calculated fothe thickness
of onecycle (e.g.,cycle H), followed by calculation o& CV for thethicknessof two successiveycles
combined(e.g, cycles H and |) thenthree sacessivecycles (e.g, cycles H, |, and )J é , andfinally a

CV for all of the availablecycles combined

10
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3.5.2 Compensational stacking index

The standard deviation of sedimentation/subsidence (Wanget al, 2011)can be usedo

characterize the compsational timescale:

T

. n o~
LY L =1 oo (2)

wherei “Yio is the average deposition rate at a horizontal coordinatelwfing a time interval of, L

is the crossasin length, andHb is the local longerm sedimentation (or subsidence) rate.

Empirically,, is expected to decreaseTamicreases, following a powdaw trend (Equation 3,

Straubet al, 2009; Wanget al, 2011):
” CxeY (3)

wherecee s a coefficient, and o is termed the compe

1.0, the stratigraphic stacking purely compensatiohéStraubet al, 2009).

However, it is impossible to make many lon@ kections that span the whole stratigraphy due to
the limitation of outcrop exposuend the presence of sandstone bodies and vegettitnthis metric

the compensational stackimgexploredusingonly one 2D composite section.
4. RESULTS
4.1 Floodplain aggradation cycle traceability and composite stratigraphy

A total of 44cycles are identifiedthroughout the studied300-m stratigraphy in the modeand
theirboundaries are well recognizable stratigraphically and traceable laterally. Local factors might hinder
lateral tracing, such as occurreacé channel sandstone bodies, splitting or merging of soil horizons at
the stratigraphic interval of the recognizexibdary, recent debris and vegetation over the outcrops, and

the low resolution of thphotogrammetrienodel in some placetue to lower overlap of UAVmMages or

11



221 larger distances at which these were taken causing lower resokigome 3 shows how thesecycle

222 boundaries arracedin thephotogrammetrienodel.

223 The stratigraphy in which thé4 cyclesare recognized starscyclesbelow the base of the Deer
224  Creek Amphitheater section of Abeds al. (2013) and ends /atbovethe top of the Upper Deer Creek
225 sectionof Abelset al.(2012)and Creek Star Hill section of Abed$ al. (2016) The lower 1&yclesand
226  upper 1 cycleshavelimited lateral extergwithin the photogrammetrienodel. Most of the otherycles
227 can betraced over anaximumdistance of 4 km in the NBW direction and-2.5 km in the SENW
228 direction. A composite section thaicludesall of the 44cyclesis constructed by combining available
229 trenched section®CA and UDC sectiongibelset al.2012, 2015 We have extended tlugclelabdling
230 system of Abel®t al.(2013) and Abelgt al. (2012 rather than starting mewone(see Fig. A). Cycles
231 P1 to P3 correspond to the hyperthermal ETM2 &mdes P5 to P8 correspond tioe hyperthermaH?2

232 (Abelsetal. 2012, 2016Fig. 1).

233 The compositestratigraphy with 44loodplain aggradation cycldsas acumulative thtkness of
234 ~300 m (Fig.4A), which is based on-D data and thus ncegional averages afycle thicknesses are
235 included. he thickness of individualyclesranges between 3.4 m and 12.5with an average @.8 m

236 anda standard deviation of 2.0 m (F&B).
237 4.2 Lateral thickness variability of individual floodplain aggradation cycles

238 Detailed mappingf cyclesH to N showsthat ndividualthicknesaneasurements range between
239 2 m and 18 mvith CV ranging betweeh7%and28% (Fig. 5), and regionaaverage thicknessesofcles

240 Hto N vary between 3.7 ntyfcle K) and 9.7 m ¢ycle L). The average of altycle thicknesgsis 7.3 m

241  with a standard deviation of 2.6 m (F&§). These numbers are comparable to those calculated for all 44

242  cyclesin the D composite section (6.8 + 2.0 Fig. 4B) and previouly reported values

12
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We makea total of 22 digital sectiona the photogrammetc model, such as section 1814 in
Figure 3B. In these sectionsthe severcyclesstudied in detaibre complete and free of channelized
sandstone bodies. The topclesare flattenedn Figure 6 in which cycle thicknesses vary rapidly e

lateral direction, with a maximum of 4 m over a distance of 400 m.

Variograms are calculated ftite sevencyclesto indicate the correlativity of theycle thickness
at one specific location to that at another over a certain dist@heeorrelatabledistance ion average
1.3km in the longrange direction (see its definition in Section 3.4) @uikm in the shorrange direction
(Fig. 7A and Tables1). The aspect ratio of the variograttipse varies between 1.4 to 5.3, with an average
of 2.2 (TableS1). The longrangeazimuthranges between 310and 80° averagindl® (Fig. 7B and Table
S1), which coincides with thaveragepaleoflow direction measured in the deswle cros®eddingsm
the field (£ = 24°; Fig. 7C). Individual £D variograms show repetitivaonmonotonicfeatures €.g.Fig.
8B), which are referred to as cyclicity by Pyrcz & Deutsch (2003). Meanwhile, there aracalso
monotonic variograms hat dondt pr es egRig.8E)avhmienttogethemvithgalzovet e r n s

mentioned cyclicity, are referred to as tiwe effect(cf. Pyrcz & Deutsch, 2003).
4.3 Vertical floodplain aggradation cycle stacking

A locally thickerfloodplainaggradation cycleeeminglytends to stack onlacally thinnercycle
and vice versaExamples ar¢he thickerthanaveragecycle L andthe thinnerthanaveragecycle M in
Section S1&f Figure 6 To quantify this compensational stacking behaviawog, inetics are usedFor
the first metric wecompilethe thicknesses of individuayclesanddivide the thicknesby theiraverage
Now, the standard deviation of eadtycle thickness is equivalent tiis CV since theaverageis 1.
Subsequentlythe CV of two successiveycles at individual locationgs a stratigraphic unig calculated

(Fig. 9). Thisshows a significantly reducedV from 23% to 14%a reduction of 53% of thtal CV

13
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reduction qumerically calculated as%ﬁ. Stacking threeycles at individual locatisreducs the

CV by 76% to 10%.The CV does not decrease further tb&when6 successiveyclesare stacked

For the second metric, we calculdteusingthe composite section shownFRigure4A based on
the methoddescribed in Section 3.5.Zhe predicted compensational timescale is identified by drawing
two trend lines representing bé#tlinear regression of the dots before and after the kpaiht. Thus,
the predicted compensational timesaaderesponds t@ cycles, although the slopes on both sides of the
knick point are quite similaAccording to the method, this indicatasatigraphic stackingecomes fully

compensational after deposition ofycles (Fig.9).
5.DISCUSSION
5.1Fluvial aggradational cyclesi Lateral Consistency

Floodplain aggradation cydeare dominant features of alluviatratigraphy in many alluvial
records(Kraus and Aslan, 199Abelset al, 2013; Atchleyet al, 2013) They are related to phases of
river stability and deposition of true overbank fines on which strong paleosols mayEavelphases of
regionatscale river avulsion causing deposition of the heterolithidséan belt on which weak or remils
develop (Krausand Aslan, 1993; Abelst al, 2013).In the Bighorn Basinthe floodplain aggradation
cycleshave beetinked to precessiorscale climatehange(Abdul Aziz et al, 2008;Abelset al, 2013

2016;Van der Meuleret al, 2020 although the climatic modeémains enigmatic (Abekst al, 2013)

At least six different stratigraphic sections of three different intervals of time in the Bighorn Basin
have now revealed similgrthick floodplain aggradation cyclgg\bdul Aziz et al, 2008, Abelset al,
2013 2016; Westerholet al, 2019; Van der Meulert al, 2020). Previously, lateral consistency was
only demonstrated in tw&-D parallel sections spaced 7.5 km with correlations confirmed by carbon

isotopes (Van der Meulest al,, 2020). Consistency over Xin was suggested by Westerhetdl.(2018),

14
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which, howevergcould not be independently confirmied stratigraphic constraintslere, we demonstrate
lateral consistency of individualclesover a 10 krharea anéamaximum length oft km approximately

in the paleoflow direction. We also demonstrdteodplain aggradation cycle® be a consistent
component of alluvial stratigraphic builgp over nearly 1 Myr in the lower Eocene Willwood Formation
with 44 cycles stacking to make-300 mstratigraphy.The lateral consistenayf floodplain aggradation
cyclesfound in this study, the continuityf these cycles stratigraphy in line wittall availabledating
that suggesttheir occurrenceat precessiosiime scalesandall previous documentation of cyclicity,

strongly confirm their allogenic nature.

Longerterm aggradation rates depend on the accommodation creation, inhitkcase of the
Bighorn Basin whersea/lakdevel variationis absentis related to tectongubsidence. Abekst al.(2013)
argued that reaching superelevation was likely at pace with the accommaztatdon by tectonic
subsidenceand precessiofdriven climate changesrhis mean that e longterm averagdloodplain
aggradation cycléhicknes would approaclhe longterm basin subsidenck all these44 cycleswith an
average thickrss of 6.8 maredriven by precessiortycles with a duration of caOXkyr, the estimated
basin subsidence ragguivalent to the lorterm sedimentation rate would be ~Or8/ky. This isin line
with previous estimatesf 0.29-0.39 m/kyr(Clydeet al, 1994; Westerholdt al, 2007; Stat al, 2009;
Gingerich, 2010; Abelst al, 2012, 2013)Also, subsidence tes and aggradation rates were relatively
constant over long period$time, as suggestdyy previous researdiased on stable carbon isotope dating
(Abels et al, 2016). At the Paleocen&ocene transitional intervalloodplain aggradation cyceare
reported to be slightly thickereaching an averagd 8 m per cycle (Abdul Aziet al, 2008; Van der
Meulenet al, 2020). This may indicata longterm reduction of tectonic subsidendering the early

Eocene (Abelgt al, 2016; Van der Meuleatal., 2020).
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In numerical forwvard model runs, Wargg al. (2021) found that very short forcing cycle
wavelengtls mayrenderchannel beltsinable to reach superelevation in tiraerdthusnot all individual
forcing cyclescancause regional alsion phasesbut instead, avulsion phasascur every second, third,
or fourth cycle. These authors also found that J¥eng forcing cycle wavelengths may caube
superelevatiomo bereachedn the overbank phase and thus accelerate the entrance of the systéra int
avulsion phaselhere may however be a rangfeintermediate wavelengthahere the system maintain
its behavior for some time until the trigger occurbe balance between subsidence, sedimentation, and
climate change time scales, may in that sense be less critically exactly coinciding. Instead, the fluvial
systemgnay maintain themselvesatertain state for some time, slowly building up stratigrafiwial

changes may occur éstrong climate trigger occudiringthat time.

It remains enigmati what climate triggers produdbe floodplain aggradation cyclem the
Willwood Formation Likely, this had to do witlsedimentsupply both amount and tgyanddischarge
hydrograph Wang et al. (2021) produce regionahvulsion and overbank phasesa diffusion-based
numericalforward stratigraphic modelin their model,increasingsediment supplyelative towater
dischargecausesediment accumulatidn the channel belt and speeds up the tmseiperelevatiopafter
which regionatscale avulsion occarln comparison, during the interval of decreasing sediment supply
relative to water dischargéhe channel bel areincisive and overbank depositiamccurs(Wanget al,
2021). Within the Bighorn Basin, climate changes may halg®e strongly impacted groundwater levels

and vegetation types and intensitshich may also play important roles.

The average thickness of 44 stackeddplain aggradatiooyclesin the D section (6.8 m) and
that of 7 successiwgyclesthat are mapped in the wholeXBspace (7.3 m) are quite simil&lowever, the
sevendetailedly mappedyclesshow different thicknesses also when averaged over the entire width of

the studyarea. We think this can be because of two different reasons. The first is that not all precession
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cycles are of the sameavdength. Typically,insolation curves showntervals of more pronounced

cyclicity in the vicinity of eccentricity maxiaandintervals ofless pronounced cyclicity the vicinity

of eccentricity minimaln the latter parts, obliquity often plays a more important role (Addeds, 2009).

Also, precession frequencies are more than a simplg/26ine wavegBergeret al, 1992) Thiscauses
variability in the forcing and thus may dritieicker andthinnercyclesin terms of the regional average
thickneses(Fig. 5) in response to shorter or longer insolation cydBed, secondye cannotyet know
whetherthespatial consistencgnd variability offloodplain aggradation cyclescorded irour study area

(~10 km?) is indeed a regionacale representatiohinner cycles may display thickenirfgatures

outside the study area. We think the current size of the study area is large enough to deduce conclusion:
about lateral consistency and variability of #heles but we cannot exclude that (slightly) different

numbers pop up when larger areas are aedly
5.2Fluvial aggradational cyclesi Lateral Variability

Thicknesses of individudlloodplain aggradation cyctenay change rapidly in the lateral direction
with rates up t@t m over a lateral distance d00 m (Fig. 6). It should be noted thail of thegeometries
discussed here are derived from compacted stratigraginy oPthe variabilitythat ismeasurd likely
relates to differential compaction between different lithologiée. did attempt to decompadthe series
and reconstruct these differentiaicknessebut we wereso far unsuccessful, ag& found outhis requires
detailed information oearly-stage consolidation and latslagecompaction and the exact rates of these.
Differential earlystage consolidation may cause higher or lower sedimentatdifferent areas and thus
influence the subsequent thicknesses of stratigraphy, whilestieje compaction does not impact
sedimentation. We envision thabackstrippingexercise with active sedimentation and thus knowledge

about rates of sedimemitan depending on topography is needed to decompactuteessionand
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reconstructhe paleotopography. That is cleathgyond the scope of the current work. Therefore, all the

results we presemind discusareof compacted stratigraphy

Thethickness vaability at local scaless obvious for all the severycles detailed mappedithin
the 10 knd studyarea and this isrelated here tanorphologic variabilitywithin the fluvial systemin
combination with differen&l compaction as discussed aboWwdorphologic elemerd in tre fluvial
landscape are major and minor channel belsyassesplays, leveesand floodplains. These caused
different rates and types of sedimentatiandifferent areaswhich therebyresuled in topographic
gradients between therlajor channels elevate above the landscape just before avulsion aahdse
receivelittle consolidaton afterward compared to the clays of the surrounding floodplains. With that,
major and to some extent likely minor sandbogiglsresult in topographic highs in the subsequeydes
causing less sediment to arrive at those locatibimskerthanaverageycles at some localities are more
often dominated by crevasse splay sedimears their overlying sediments are finer amdore often
dominated by distal floodplain soils.oM this results in compensational stacking will be discussed in
Section 5.3. Typicallysuch hteralmorphologicalchangesand related consolidation differena@eplain

thethicknessvariationsof floodplain aggradation cycie

The spatial continuitpf the cycle thicknesssis stronger in the direction of paleoflow thtmat
perpendicular topaleoflow (Fig. 7). This could be indicative of how floodplain deposits are
morphologically segmented bysingle or stackedchanne$ orientedinto the downstreamdirection
Moreover, the morphological effect of channel segmatgor could depend on the fluvial stylessthe
number of river threadasndthe frequency oflooding and splaying will impact floodglavariability. The
cyclicity andthehole effecfound in the vangram analysisKig. 8) could be related to chanrgdgmented

blocksthat are expressed dspressionsr topographic highécf. Pyrcz & Deutsch, 2003)
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We analye, using similar methodshe numericallynodeled stratigraphyn the KBO8modelof
Wanget al. (2021) In their Scenario A4Qwater discharge and sediment input aredgdically with a
wavelength of 10 kyand a amplitude of 40% which produces foucyclesthat mimicthosein the
Bighorn BasinVariogram analysis implemented usinthe thickness magf thethird fluvial aggradation
cyclein the centewof the basin tavoidthetoo strongmpactof eitherupstreamor downstream factors
(Fig. 10). Interestingly, we find éong range of 2 km in the direction opaleoflowand a short range of 6
km perpendicular to paleoflow iime crossbasin directior{Fig. 10D). Thehole effects alsopresente.g,
azimuths 30 and 120 in Fig. 10D), which havesimilar charactes to tho® based on the field dagig.
8). It should be noted that the modelled steatafree of compaction while the field countergaatenot
Thehole effect seesto be related to the presence of various depressimisas thélue low-thickness
area in Figure 10C ortopographic highsuch as theedyellow high-thicknessarea in Figure10C. The
lows and highs in modelled stratigraptegult fromthe segmentation dloodplain fines bychannebelts
that represenhe finest resolution of the numerigabdeland couldrepresent channels in the fielthe
similarity between the numerical model and the field data in terms of variogram features might indicate

similar spatial features @ibodplain aggradation cycles shaped by the (modelled/real) fluypebcesses.
5.3 Compensational stackingof floodplain sedimentation

Compensational stacking refers to the &y of adepositionasystem to fill the gagpand remove
the higts in topography (Straubt al, 2009 Straub and Pyles, 2012n other wordsrelatively high or
low topography in the local areasll lead to local higher deposition or erosion radesing theformation
of subsequentind overlyingfloodplain aggradation cycde Therefore compensational stacking is
expected tassignificantly redue the topographidifferences if the depositionakime is sufficiently long
which means the smoothing effect of the later depositeld is much larger than the newly introduced

morphological variability Several other factors are also influenti@ particularthe early consolidation
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effectthat may result in variable topography that was originally flat but had different soil char&cter
example, sandstone bodiesnain highs in the landscape as these consolidate less, while floodplain clay
or even peat eventually produce lows in the landscape as these relatively consolidaiéenefere we
attributethe compensational stackifigund inthis stuly to be the resuldf both fluvialmorphologyand
compaction.In section 5.2we havediscussedvhy decompaction at these scales has been unfeasible

within the current study.

Two metrics(i.e., CV andisg point tofull compensational timescalesrresponding t& and7
floodplain aggradation cycldse., ~120-140 kyr), respectivelyHowever, 54%compensational stacking
is already reached in the subsequiest cycle and 8% in the subsequent twaycles The remainin@3%
compensational stacking occuvhen the stackedyclenumber increases from 3 tq®V drops from 9%
to 6%9. These numbers asimilar, while theyare based odifferentmethods applied tdifferent dataes.
The CV metric is based on measurementh®fateral thickness datasdvercyclesin 22 digital sections
over the whole study area, whereas the compensational index netiexked on bong 1-D composite
sectionlacking lateral data. The&CV metric is favoredbecause of the underlyingD datasetbut it
comprises dimited stratigraphic intervalThe compensatioal index methodis based on a very long
sedimentary record (~300 m), but it is applied in-B tlataset instead of a[3 one. Therefore,the

timescales we obtain here await examination by both spatially wider and stratigraphically longes. dataset

The compensational tinsealescorresponding t® or 7 precessiortyclesare longer thathose
identified in previous research, such as ~2.0 kyodelledtimescalein the fully autogenimmumerical
scenario ofVanget al.(2020)as well ashe67 kyr, 100 kyr, and 55 kyiimescalesbased ortheestimation
of the maximum channel belt sastbnebody thickness and the loitgrm sedimentation rate the
Bighorn Basin, Piceance Creek Basin, and F&raus Basir{Straubet al, 2020).This differencecan be

explained by the fact thalhe basic stratigraphic units used in our study are different finose inthe
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aforementioned studiesStraubet al. (2020 use decennial to centenn&dale intervalsas theirbasic
stratigraphic unitsyhichimplies the availability ohigh-resolutiondata,while we use precessidairiven
floodplain aggradation cycless thebasicstratigraphic unitswhich implies low-resolution dataThis
finding is in line with theargumentof Straub & Pyles (2012) thabmpensational stackingprevalent at
varioushierarchical scalesStraub & Pyles (2012) pinpointed thatits as small as individual channel
beds are compensating the topographic differences created by older beds, whereas units of channel storie
and higher hierarchy (i.e. channel element and chatoraplex) are also compensating during their
stacking.Nonethelessthe compensational tireeales identified in this study and other studies are not
universally applicable for all basins that record precessiate cyclicitysinceit depends oseverakite-
specific factors, such as sediment supply, basin size and slopdewelsuctuation, and subsidence
caused accommodation changddoreover, we also find that considerable, though not full,
compensational stacking already occurs as the subseftpmaylain aggradation cycleget deposited,
which is evidenced by the sharp reduction of CV from 23% to 14% 9QFid.urthermore, Wang et al.
(2021) showed that the compensational timescale in an allogefiroadlyed scenarioS.1 kyr; C10 and
C20with wavelengths of 10 kyiis about 2.6 times of that in the fully autogenic scen@ri@kyr), which

indicates the intéerence ofallogenic forcingon autogenic processes
5.4 Disentangling autogenic and allogenic drivers of floodplain sedimentation

One of the goals of this study has been to disentangle allogenic from autogenic sedimentation in
the alluvial succession of the BighoBasin. With the lateralkgonsistent, precessiatriven floodplain
aggradation cycles, tteccessions displaystrong impact of allogenic, cyclic forcing. Local, automated
processesuchas splaying or avulsicandminor distributariesinterplay with this external forcing. With
the study of the lateral consistency and variability, we think we have demonshatetogenic and

autogenic forcingnay eventually indeed be separated to some ex3@me of the spatial and temporal
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impacts of both allogenic and autogenic controls have also been quantified here. These are the lateral
continuity of geometry in palélow and perpendicular to paleoflow and the rates of lateral thickness

changes and maximum thickness changes afytbles.

The separation and quantification of allogenic and autogenic variability in the fluvial stratigraphy
of the Bighorn Basin displagxamples from a single case. Bpecificsize of he morphological elements
in that fuvial system will determine the spatial scale of autogenic variability in the rock regmther
with theactivity of these element3he dominance of this autogen@riability in the stratigraphic record
will be determined by the aggradation rates. High aggradation rates will cause the imprints of autogenic
variability to be spread through the record, while low aggradation rates will cause single levels to be
dominatel by autogenic variability. As such, floodplain aggradation cycles will be less visitiese
low-aggradatiorsettings On the other hand, in high accumulatiatesettings, external drivers like cyclic
climate forcing may be better displayed in thetsgraphic record. However, to what extent autogenic
processes will start to act also at these longer timesitaddlogenic triggers remain absent, remains

unknown.
6. CONCLUSIONS

We here study the interaction of allogenic climate forcing and autogenic processes on building
alluvial stratigraphy of the lower Eocene Willwood Formation, Bighorn Basin, Wyoniihg.local
floodplain stratigraphy is dominated by floodplain aggradatiariesy recognized in marguccessions
globally, and in this basin thought to be controlled by precessiale climate change. Analysisaofully-
georeference@-D photogrammetrienodel coveringan area of ~10 krhand a succession thickness of
~300 min the McCullough Peaks Area of the Bighorn Basevealsa total of 44stackedfloodplain
aggradation cycledhesecycles displayanaveragdhickness of 6.8 m and a standard deviation of 2.0 m.

We find a strongateral consistencyf the floodplainaggradationcycles and a solid continuity in
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stratigraphy in line with all available datirigat suggestthe occurrence of thesgyclesat precession
time scales. These findings, together wath previous documentation of cycliciiy the study area
strongly confirm their allogenicprecessioriven nature. Meanwhile these floodplain aggradation
cyclesdisplay astrong laterathickness variabilitythat is ascribed to autogenpcocesse the fluvial
system Cycle thickness may change as rapaks1 m over 100 m when traced lateral)yith a maximum

of 4 m Variogram analysishows that the thickness af andividualcycleata specifidocality is related
to that at another localitpver an average distance of 1.3 kmthe paleoflowdirection and 0.6 km
perpendialar to the paleoflow directioriWe attributedthis to the more continuousnorphodynamic
features of dluvial system inthe paleoflowdirection therebyindicatingthe decisive role ofluvial
dynamics in shapingeologicalbodies The major part of theampensational stackingf stratigraphy
occursafterthedeposition of3 floodplain aggradation cycleghile full compensation seems to be reached
after 6 to 7cycles. The regional traceability of and variability among individogtles as well as spatial
continuity and variability within individuatyclesprovidean example atheinteraction betweeallogenic
and autogenic controlgn alluvial stratigraphy and the oppamity to disentangle the impact of these

processes in the rock record.
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613 Figurel. The left panel shows thedation of the study area, the McCullough Peaks, in the northern Bighorn Basin,
614 Wyoming (after Wanget al, 2018) with basin axis followind=inn et al. (201Q)The right stratigraphic column

615 shows the study interval, which is modified a#rgenheieret al.(2019)
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617 Figure2.A birdds eye vi shawingthecover&e ¢ ndividuabphotogrdmmetc 3-D modek.

618 Abbreviations: DCA-Deer CreekAmphitheater section (Abelst al, 2013), PB-Purple Butte section, UDE
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619 Upper Deer Creek sectigAbelset al, 2012) CSH-Creek Star Hill sectiofAbelset al, 2016) and RW-Roan

620 Wash section.
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622 Figure3. Tracing of floodplain aggradation cycles in the photogrammetric model with the aid of individual drone

623 and camera photogA) An overview of thenterpreted @ photogrammeic model in the McCullough Peaks area,
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showing traced boundaries for seven sudeesgcles (B) A zoomedin outcrop section in th&-D mode| showing

how cycleboundaries (blue and yellow lines) are traced and how a digitibn(S14) isconstructed.
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Figure4. Thicknesses of 4dycles in the composite stratigrapt{p) Bar diagram showing the labeling system and
cycle thickness variability(B) Boxplot showing the mean (6.8 m), standard deviation (2.0 m), and CV (standard
deviation/mean; 29%) of thicknesses of theseybles Box boundaries indicatewer and upper qualés, lines
extending from boxes represent titetd 2'¢ and 39 to 4" quartile ranges, lines and squares within boxes indicate

median and mean values, and points outside boxes stand for outliers.
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Figure5. Box plots illustrating the variability of the thicknesseydélesH-N. The very right boxplot is based on

1150 measurements that are equally contributed by the sgefesby randomly selecting 150 measureméram

eachcycle See explanations of bpbot components in Figu@Not e t hat :

above

each

b o x pisata nndeaar nds dfieavvi eart a goen

33

t he

(CV)o.

n utrbb g rc ) @o n



S1 S2 S3

s3 i S5 S6 S7 S8 S9 S10 S11 S12 S13 S14 S15 S16 S17 S18 S19 S20 S21 S22

Depth (m)

60 I | | | | - L B | -
13 1 W49
2 [ X Bd
159 @3
160 o
@6
s 1 e
IS 5@
> g i@ @3 o
-
21
0 U '
2.0
22 1.9
13 2 ke 0 1
637 X (km)

638 Figure 6. Variation of cycle thickness in the lateral extent. The lower panel shows locations of 22 digital sections,
639 while the upper panel shows the thickness variations of seven successive cycles, with the top cycle flattened. Note
640 that the coordinatesithe lower panel are converted from global UTM coordinates to local ones, with the applied

641 offset of X_offset = 673000 m and Y_offsed9242600m.
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Figure7. (A) Variation of ranges with azimuth, assuming the loaigge azimuth to be 0° and thus thershange
azimuth to be 90°B) Oriented variogram ellipses with long and short ranges as long and shotiGxe®ld

measured paleoflow directions in the disoale crosstratifications

Figure8. Onedimensional directional variograms fyrcleH with different azimuths. Red circles and lines indicate

the ranges along different azimuths. Information on how to read variegiastbeen detailed in Section 3.4.
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