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Abstract 26 

The Early Oligocene was a pivotal time in Earth's history. It marked the beginning of the Eocene-27 

Oligocene Transition, when the earth’s climate started shifting from a warm, greenhouse state to a cooler, 28 

drier icehouse state. During this transition, global sea surface temperatures dropped by about 6°C, and the 29 

first permanent ice sheets formed in Antarctica. 30 

In North America, particularly in the modern Great Plains, landscapes were relatively tectonically 31 

stable following the end of the Laramide uplift. However, this period may have brought enhanced 32 

seasonality, colder winters, and fluctuations in volcanogenic sediment supplied by the Great Basin 33 

eruptions. Despite many studies on climate change, tectonics, and volcanism from this era, the specifics 34 

of rivers, floodplains, and catchments remain underexplored. 35 

To fill this gap, we conducted a detailed study of early Oligocene river systems in the Orella 36 

Member of the Brule Formation of the White River Group at Toadstool Geologic Park in Nebraska. Our 37 

approach combined descriptive and quantitative methods to reconstruct river flow, sediment transport, 38 

channel dynamics, floodplain behavior, and catchment-scale moisture variability and ecosystem function. 39 

We found that rivers were ephemeral, with peak flow depths and widths of approximately 2.5 m 40 

and 65 m respectively. Median peak discharges were approximately 168 cms, and base flows near zero, as 41 

indicated by subaerial exposure surfaces on river beds. Floodplains were dynamic and built by frequent 42 

floods able to suspend and deposit sand up to 200 microns, with relatively short intervening periods of 43 

stasis for soil development. Environmental information recorded in n-alkane δD, δ13C, average chain 44 

lengths (ACL) was similar and primarily inherited from transported plant material. The paleo-catchment 45 

relief, estimated from variability in δD values and modern altitude-driven lapse rates, was approximately 46 

800 meters. River channels had a gradient of approximately 3 x 10-4, an order of magnitude less steep 47 

than modern rivers in the area. This difference is likely due to the eastward tilting of the Great Plains 48 
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associated with dynamic topography that initiated during the Miocene. Modern river discharges are an 49 

order of magnitude lower and current mean annual precipitation is 100 - 220 mm less than during early 50 

Oligocene time; together, these estimates indicate greater moisture availability on early Oligocene 51 

landscapes relative to today, possibly due to lower paleo-landscape elevations at the time. 52 

Our study provides a detail-rich characterization of Early Oligocene landscapes in Nebraska, 53 

offering insights into the hydrology, morphology, paleo-elevation, and relief of rivers and catchments 54 

during this period. The coordinated approach we used integrates hydroclimatic reconstructions, river and 55 

floodplain dynamics, and sediment and water fluxes, thereby bridging the timescale gap between 56 

geological records and modern hydrological data and ensuring consistency in reconstructions across 57 

subdisciplines. Our approach can support improved predictive modeling of paired climate-river dynamics 58 

through time. 59 

1 Introduction 60 

Earth’s deep-time sedimentary and biogeochemical archive is a valuable and under-utilized 61 

dataset with which the coupling between climate, ecosystem and river dynamics can be studied, without 62 

accounting for anthropogenic modifications to landscapes. A look back at our planet’s geologic past 63 

before humans existed - specifically the record of water availability on ancient landscapes, and the routing 64 

of sediment and water through them - can help us refine predictive models and prepare society for future 65 

change. Comprehensive hindcasts of climatic conditions (e.g., temperature, moisture availability) linked 66 

to river landscape characteristics (e.g., sediment fluxes, water fluxes, discharge variability) are a valuable 67 

foundation for informing and calibrating models that forecast landscape change on multi-generational 68 

timescales. 69 

Here we generate an integrated characterization of Early Oligocene catchments and rivers from 70 

fluvial strata of the Orella Member (OM) of the Brule Formation of the White River Group (WRG) 71 
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exposed at Toadstool Geologic Park (TGP), Nebraska, U. S. A.. The studied strata record characteristics 72 

of river landscapes from a period of heightened seasonality at the onset of the long term global climate 73 

transition from an Eocene greenhouse state to an icehouse state ((Zachos et al., 2001; Wade et al., 2012). 74 

We use the physical characteristics of river and floodplain strata to reconstruct paleo-hydraulic and 75 

sediment transport characteristics of rivers, and the chemical signatures of moisture availability encoded 76 

in leaf waxes of ancient plants in river and floodplain sediment to reconstruct hydroclimatic variability 77 

and relief across paleo-catchments. We compare reconstructions of paleo-catchments and -rivers to 78 

modern fluvial systems, and assess how climate, topography and the routing of sediment and water has 79 

changed since the Early Oligocene. 80 

With this work, we advance the state of knowledge in two ways. First, we generate a detail-rich 81 

characterization of fluvial landscapes in northwestern Nebraska, U. S. A., at the beginning of the Eocene 82 

Oligocene Transition (EOT) when the Earth’s climate had begun the transition from a greenhouse to an 83 

icehouse state. Our approach quantifies properties of paleo-rivers and catchments at a range of temporal 84 

and spatial scales, from minutes and hours associated with flooding ephemeral streams, to channel 85 

hydraulic geometry adjustment on centennial or millennial timescales, to local or regionally integrated 86 

signals of climate that span 104 - 105 years or more. Second, we develop a workflow that integrates 87 

methods and data that have historically been generated in isolation and can sometimes present conflicting 88 

results. 89 

Such paired climate-and-river reconstructions are particularly powerful because they: (1) deliver 90 

estimates of flow and sediment transport on temporal and spatial scales that are compatible with 91 

predictive hydraulic and sediment transport modeling tools (e.g., Fathi et al., in review, Water Resources 92 

Research), (2) can be used to test for internal consistency between reconstructions of river hydraulics and 93 

morphodynamics from the sedimentary record and reconstructions of hydroclimate and catchment relief 94 

from the biogeochemical archive, and (3) bridge the timescale gap between hindcasts from the geologic 95 

https://paperpile.com/c/TQA8zQ/lrtI+OFKh
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record, modern hydrological data with hourly to decadal resolution and model forecasts generated on 96 

hourly to millennial time-scales. 97 

1.1. Background: The Early Oligocene in North America 98 

1.1.1. Climate 99 

The early Oligocene was a pivotal period in Earth’s history. Following the early Eocene thermal 100 

maximum from 53-50 Ma (Miller et al.), global climates cooled from the greenhouse climate of the late 101 

Mesozoic and early Paleogene to the icehouse climate of the late Paleogene and Recent (Fischer, 1982). 102 

This cooling trend began during the EOT (33.9 - 33.5 Ma) and is marked by extensive perturbations in 103 

global climate superimposed on a long-term phase of cooling and drying (Zachos et al., 2001). Marine 104 

records of this transition are marked by dramatic shifts in carbon and oxygen isotopes near the Eocene-105 

Oligocene boundary, the extinction of microfossil lineages, and the appearance of permanent glacial 106 

conditions on Antarctica (e.g. (Ivany et al., 2003, 2006; Galeotti et al., 2016).  107 

Beginning at ~33.9 Ma, for a period of ~300,000 years, atmospheric carbon dioxide (CO2) 108 

concentrations fluctuated between highs of ~1,100 p.p.m.v. to below 750 p.p.m.v. and produced 109 

variability in atmospheric and oceanic circulation patterns (Zachos et al., 2001). In combination with 110 

favorable orbital parameters such as insolation minima, atmospheric pCO2 ultimately crossed a threshold 111 

which resulted in the establishment of the first large-scale permanent ice sheets on Antarctica (Ivany et 112 

al., 2003, 2006; Galeotti et al., 2016). Marine isotope records indicate a ~6 oC decrease in global sea 113 

surface temperature (Coxall et al., 2005). Planktic foraminifera δ18O are interpreted to reflect enhanced 114 

seasonality in the Gulf of Mexico from 33.7 Ma onwards, marked by increasingly cold winters (Wade et 115 

al., 2012). Unlike the marine archive, however, terrestrial records of climatic change during the EOT are 116 

sparse, and highly variable (Lauretano et al., 2021).  117 

Climate model projections for western North America suggest that the reduced pCO2 would have 118 

https://paperpile.com/c/TQA8zQ/IUik
https://paperpile.com/c/TQA8zQ/y6CB
https://paperpile.com/c/TQA8zQ/lrtI
https://paperpile.com/c/TQA8zQ/bhLj+z3eW+NIBJ
https://paperpile.com/c/TQA8zQ/lrtI
https://paperpile.com/c/TQA8zQ/bhLj+z3eW+NIBJ
https://paperpile.com/c/TQA8zQ/bhLj+z3eW+NIBJ
https://paperpile.com/c/TQA8zQ/FJTY
https://paperpile.com/c/TQA8zQ/OFKh
https://paperpile.com/c/TQA8zQ/OFKh
https://paperpile.com/c/TQA8zQ/3wzM
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likely lowered temperatures and reduced precipitation (Poulsen and Louise Jeffery, 2011). However, 119 

while North American terrestrial records indicate a cooling pattern, estimates of temperature change are 120 

highly variable, i.e., they range from <2 °C to 8 °C (Zanazzi et al., 2007; Retallack, 2007; Sheldon, 2009). 121 

Chemical indices of alteration and soil carbonates from paleosols suggest a decrease in mean annual 122 

precipitation (MAP) across the EOT (Sheldon and Retallack, 2004). Stable isotope data from fossil bones 123 

and teeth found in the White River Group indicate an estimated 7 °C decrease in temperature (Zanazzi et 124 

al., 2007; Retallack, 2007; Sheldon, 2009); Fig. 1A). Surprisingly, this change does not accompany any 125 

estimated change in water availability or the oxygen isotopic composition of precipitation (Zanazzi et al., 126 

2007; Retallack, 2007; Sheldon, 2009)).  127 

From WRG strata that span the EOT at TGP, (Terry et al., 2001) estimated that mean annual 128 

precipitation (MAP) shifted from ~855mm in the Late Eocene to ~739 mm. (Terry et al., 2001) also 129 

inferred a transition from humid forests of the late Eocene to seasonally wet, semi arid savannas in the 130 

early Oligocene with evidence of abundant plant life recorded by hairline root structures similar to 131 

modern mollic epipedons of prairie soils (i.e., mollisols). He noted that weakly developed soils - 132 

inceptisols - in early Oligocene floodplain strata suggested a cool, dry climate. At Douglas, WY, U. S. A., 133 

(Retallack, 2007) estimated a MAP of 652-628 mm from Early Oligocene strata. From the Badlands of 134 

South Dakota, (Retallack, 1992) estimated a decrease in MAP from >1000 mm in the Eocene to 500-900 135 

mm in the Early Oligocene. Here, we integrate existing plaeo-climatic reconstructions with paleo-136 

hydraulic reconstructions of Oligocene rivers to generate a characterization of moisture availability and 137 

river dynamics on Early Oligocene terrestrial landscapes in Nebraska, U. S. A. 138 

1.1.2. Tectonic Change 139 

The Early Oligocene interval in question is thought to post-date significant uplift in the  North 140 

American Cordillera (~40 - 38 Ma) associated with the Laramide orogeny (DeCelles, 2004; Mix et al., 141 

2011; Chamberlain et al., 2012; Fan et al., 2018). The Laramide orogeny occurred because of 142 

https://paperpile.com/c/TQA8zQ/W6TT
https://paperpile.com/c/TQA8zQ/iG2fZ+y3jO+HqMY
https://paperpile.com/c/TQA8zQ/ZrUJ
https://paperpile.com/c/TQA8zQ/iG2fZ+y3jO+HqMY
https://paperpile.com/c/TQA8zQ/iG2fZ+y3jO+HqMY
https://paperpile.com/c/TQA8zQ/iG2fZ+y3jO+HqMY
https://paperpile.com/c/TQA8zQ/iG2fZ+y3jO+HqMY
https://paperpile.com/c/TQA8zQ/ZA1r
https://paperpile.com/c/TQA8zQ/ZA1r
https://paperpile.com/c/TQA8zQ/y3jO
https://paperpile.com/c/TQA8zQ/jRP6
https://paperpile.com/c/TQA8zQ/HAWE0+xWsOg+sMc2C+351pb
https://paperpile.com/c/TQA8zQ/HAWE0+xWsOg+sMc2C+351pb
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compression during the shallow subduction of the oceanic Farallon plate beneath the North American 143 

continental plate (DeCelles, 2004). Post-Laramide extensional tectonics, associated with the roll-back or 144 

sink of the subducting slab and the consequent upwelling of asthenospheric upper mantle from north to 145 

south (Humphreys, 1995; Schmandt and Humphreys, 2010), created a rapidly propagating north-to-south 146 

wave of surface uplift. By the early Eocene (~ 50 Ma), a topographic wave had developed in northwestern 147 

North America (British Columbia and eastern Washington); the wave of topographic relief then swept 148 

southward, reaching mid-western North America (northeastern Nevada) by ~40 to 38 Ma and shifting 149 

further into southern Nevada by ~23 Ma (Chamberlain et al., 2012).  150 

The mean elevation and the relief between the central Rockies and the western Great Plains is 151 

thought to have reached present-day levels during the late Eocene (Sjostrom et al., 2006; Mix et al., 2011; 152 

Chamberlain et al., 2012; Fan et al., 2014a, 2014b). The surface uplift of the central Rockies at this time 153 

is expressed through a widespread disconformity spanning ~42-37 Ma, between the upper Cretaceous and 154 

the late Eocene strata in western Nebraska (Cather et al., 2012) and the supply of coarse-grained sediment 155 

to fluvial systems on the Great Plains since then (Galloway et al., 2011; Blum et al., 2017).  156 

1.1.3. Orogenic Influences on Moisture Transport 157 

Moderate uplift in the southern North American Cordillera during the late Eocene has been linked 158 

to aridification of central North America due to the development of a regional orographic rain shadow 159 

(Fan et al., 2014a, 2020). During this period, the likely sources of moisture in the region were the Gulf of 160 

Mexico and the Pacific Ocean. However, the ~4 km Sevier hinterland during the Eocene and beyond 161 

(Chamberlain et al., 2012) is likely to have limited the potential for significant inputs of precipitation 162 

from the Pacific Ocean (Fan et al., 2018). 163 

Regional drying, reflected in a time-transgressive wave of loess deposition that started at 164 

approximately 36 Ma in the central Rockies and expanded eastward to the Great Plains, occurred across 165 

https://paperpile.com/c/TQA8zQ/351pb
https://paperpile.com/c/TQA8zQ/ID7Li+uPjUh
https://paperpile.com/c/TQA8zQ/sMc2C
https://paperpile.com/c/TQA8zQ/QD5O6+xWsOg+sMc2C+v7kSb+YOnPk
https://paperpile.com/c/TQA8zQ/QD5O6+xWsOg+sMc2C+v7kSb+YOnPk
https://paperpile.com/c/TQA8zQ/EmljG
https://paperpile.com/c/TQA8zQ/NBUhN+BF1zj
https://paperpile.com/c/TQA8zQ/YOnPk+mCE7P
https://paperpile.com/c/TQA8zQ/sMc2C
https://paperpile.com/c/TQA8zQ/HAWE0
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the ~33.9 Ma onset of the EOT. The effect of the rainshadow is thought to have been enhanced by the 166 

cooling and drying of regional and global climate during the EOT. In western Nebraska, the region 167 

studied here, significant loess deposition began at ~31.6 Ma, well after the start of the EOT, and is 168 

marked by the boundary between the OM and the overlying Whitney Member of the Brule Formation of 169 

the WRG (Fig. 1C). Here, we focus on characteristics of the fluvial strata of the Early Oligocene Orella 170 

Member which predates significant eolian deposition in this region. 171 

1.1.4. Post-orogenic Uplift of the Great Plains 172 

Various authors have argued for post-Laramide (i.e., after ~40 Ma) rejuvenation of the Rocky 173 

Mountain Orogenic Plateau and dynamic topography-driven eastward tilting along the western Great 174 

Plains during the Late Cenozoic, e.g., (Heller et al., 2003; Fernandes and Roberts, 2021). Lines of 175 

evidence in support of geologically recent rejuvenation of the Colorado Front Range and Great Plains 176 

include: a) reconstructions of paleo-river gradients and stratal geometries (McMillan et al., 2002, 2006; 177 

Leonard, 2002; Heller et al., 2003; Duller et al., 2012; Marder et al., 2024) that imply temporally 178 

steepening river long profiles, b) seismic and topographic data and mantle convection models (Moucha et 179 

al., 2008, 2009; Karlstrom et al., 2012; Hansen et al., 2013; Rosenberg et al., 2014) that suggest unusually 180 

warm, low-velocity zones in the mantle beneath the Colorado Front Range, c) thermochronology from the 181 

Southern Rockies that indicates geologically recent differential uplift and active tectonism (Abbey et al., 182 

2018; Abbey and Niemi, 2018), d) paleo-altimetric and -biological reconstructions that support a west-to-183 

east decrease in uplift rates along the Colorado Front Range (Fernandes and Roberts, 2021), and e) 184 

numerical models that link subduction dynamics, mantle flow and patterns of epeirogenic uplift to predict 185 

enhanced exhumation and incision rates downstream along the Colorado Front Range (Mitrovica et al., 186 

1989; Tucker and van der Beek, 2013). Here, we add early Oligocene river profile reconstructions to the 187 

temporal record of river long profiles in the Great Plains Region. 188 

https://paperpile.com/c/TQA8zQ/m0qV+o4Xq
https://paperpile.com/c/TQA8zQ/m0qV+9ZBe+kkiJ+h29j+AaRy+ZCje
https://paperpile.com/c/TQA8zQ/m0qV+9ZBe+kkiJ+h29j+AaRy+ZCje
https://paperpile.com/c/TQA8zQ/3ZAK+GuAU+8UtE+zpBW+C9Hn
https://paperpile.com/c/TQA8zQ/3ZAK+GuAU+8UtE+zpBW+C9Hn
https://paperpile.com/c/TQA8zQ/oYtR+Dznp
https://paperpile.com/c/TQA8zQ/oYtR+Dznp
https://paperpile.com/c/TQA8zQ/o4Xq
https://paperpile.com/c/TQA8zQ/t4Hr+4naG
https://paperpile.com/c/TQA8zQ/t4Hr+4naG
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1.1.5. Volcanism 189 

Early Oligocene landscapes in North America may have been influenced by intermittent 190 

volcanogenic alterations in the sediment fluxes of rivers. Geochemistry of mineral phases and age 191 

correlation of volcanic tuffs indicate that Great Basin volcanism was a major source of tuffaceous 192 

sediment in the Eocene - Oligocene WRG strata (Larson and Evanoff, 1998). Pyroclastic volcanism in the 193 

Great Basin (~36 Ma) region (Larson and Evanoff, 1998; Best et al., 2009, 2013) is linked to the roll-back 194 

of the Farallon plate during subduction from the late Eocene to Oligocene (Sato and Denson, 1967; 195 

Lipman and McIntosh, 2008; Best et al., 2009, 2013). Explosive volcanism and ignimbrite flareups in 196 

eastern Nevada and western Utah were active from ~36 Ma - 18 Ma (Best et al., 2009, 2013). Thus, 197 

temporally unstable sediment fluxes, linked to volcanogenic sediment influx, may have influenced the 198 

dynamics and sedimentation of the rivers explored here. 199 

A significant body of research has focused on climate, topography and volcanism in N. America 200 

during this period in Earth history (e.g., (Sjostrom et al., 2006; Zanazzi et al., 2007; Boardman and 201 

Secord, 2013; Fan et al., 2020). However, with few notable exceptions (Korus and Joeckel),  the 202 

characteristics of paleo-rivers, -floodplains and -catchments of this time are relatively under-constrained. 203 

Here, we address this knowledge gap with a complementary, coordinated approach to reconstruct river 204 

landscapes during the Early Oligocene. Our purpose with this work is to focus on the sedimentary record 205 

of North American fluvial landscapes preserved within the Early Oligocene Orella Member of the Brule 206 

Formation of the White River Group in Nebraska, U. S. A, between ~33.9 Ma and ~ 33.4 Ma, a key 207 

interval that is contemporaneous with the onset of the EOT. 208 

 209 

https://paperpile.com/c/TQA8zQ/16Oy8
https://paperpile.com/c/TQA8zQ/EfU3T+16Oy8+JL6va
https://paperpile.com/c/TQA8zQ/jj4FN+EfU3T+JL6va+Zz7h4
https://paperpile.com/c/TQA8zQ/jj4FN+EfU3T+JL6va+Zz7h4
https://paperpile.com/c/TQA8zQ/JL6va+EfU3T
https://paperpile.com/c/TQA8zQ/QD5O6+iG2fZ+qJUMS+mCE7P
https://paperpile.com/c/TQA8zQ/QD5O6+iG2fZ+qJUMS+mCE7P
https://paperpile.com/c/TQA8zQ/k1tV
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1.2. Study area 210 

 The WRG in Nebraska is an extensive terrestrial sequence that spans the EOT in western North 211 

America; however, the TGP sequence is - to our knowledge - unique in that it provides a thick, well-212 

dated, terrestrial sequence that can be temporally linked to the onset of the long term shift in global 213 

climate (Grandstaff and Terry, 2009; Sahy et al., 2015). WRG depositional environments include fluvial, 214 

lacustrine and eolian deposits that incorporate fine-grained reworked volcanic sediments and detrital 215 

siliciclastic sediment derived from the Hartville, Laramie and Black Hills uplifts (Terry et al., 2001; 216 

Grandstaff and Terry, 2009; Sahy et al., 2015). Here, we use the age control framework provided by Sahy 217 

et al. (2015), which is revised and updated from magnetostratigraphy (Prothero and Emry, 1996), 218 

supplemented with tephrostratigraphic correlations and 206Pb/238U zircon dates from 6 volcanic tuffs 219 

(Sahy et al., 2015). Sahy et al. (2015) report uncertainty on these 206Pb/238U zircon dates in the order of 220 

100,000 – 150,000 years. 221 

 We mapped outcrops of the Orella Member of the Brule Formation of the White River Group 222 

(WRG), Toadstool Geologic Park (TGP), outside Crawford, Nebraska, U. S. A. (Fig. 1D -I).The 223 

Oligocene Brule Formation conformably overlies the late Eocene Chadron Formation elsewhere in the 224 

section; but is associated with local erosion and removal of up to 10 m of thickness of the Chadron 225 

Formation through the studied interval at TGP (Grandstaff and Terry, 2009; Sahy et al., 2015). 226 

1.2.1 The Orella Member of the Brule Formation, White River Group: Toadstool Geologic Park, 227 

Nebraska, U. S. A. 228 

The exposures of the Orella Member (OM) within TGP are laterally extensive and approximately 229 

50-m-thick (Sahy et al., 2015). They are primarily composed of pale, interbedded sheet sandstone and 230 

volcaniclastic claystone and siltstone. The outcrop belt exhibits steep hillslopes of pale, weakly cemented 231 

mudstones, dissected by drainage channels, and thinly to thickly bedded cliff- and bench-forming 232 

https://paperpile.com/c/TQA8zQ/Oiyh+Scn1H
https://paperpile.com/c/TQA8zQ/Oiyh+Scn1H+ZA1r
https://paperpile.com/c/TQA8zQ/Oiyh+Scn1H+ZA1r
https://paperpile.com/c/TQA8zQ/ki0U
https://paperpile.com/c/TQA8zQ/Scn1H
https://paperpile.com/c/TQA8zQ/Scn1H
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sandstones. Weathering and erosion of thin- to medium-bedded sandstones overlying mudstones have 233 

created an interesting toadstool-like expression, for which the park is named, on hillsides formed by these 234 

strata. 235 

Looking west from the TGP campground parking lot (Fig. 1 H-I), the boundary between the Early 236 

Oligocene OM and the underlying late Eocene Big Cottonwood Creek Member is clearly marked by the 237 

Upper Purplish White (UPW) ash layer dated at 33. 9 Ma (Schultz and Stout, 1955; Sahy et al., 2015). 238 

This ash layer is gray to the naked eye. The UPW layer was first described and named by scientists 239 

wearing purple-tinted sunglasses as protection against the intense glare off the pale strata.  240 

The lowermost OM strata above the UPW comprise recurrent thinly bedded sandstone sheets 241 

interbedded with siltstones; these strata are several meters thick at some locations but have been removed 242 

by erosion associated with an unconformity elsewhere (Grandstaff and Terry, 2009; Sahy et al., 2015. 243 

Two erosionally-based, multistoried sandstone bodies, separated by laminated mudstones, overlie the 244 

unconformity. Here, we identify them as the lower sand body and the upper sand body (Fig. 1 H-I). They 245 

are dominated by inclined sets of north-eastward dipping, upward-fining, very fine-grained to coarse-246 

grained, thinly- to thickly bedded, trough cross-stratified, sub- to super-critically climbing ripple 247 

laminated, plane laminated or structureless sandstone beds (Fig. 1H, Fig. 2, Fig. S1). Exposed tops of 248 

inclined beds are traceable horizontally for 10s of meters (Fig. 2A-B; Fig. S1). The surfaces of sandstone 249 

beds are commonly marked by mudcracks (Fig. 2E), burrows (Fig. 2I) and well-preserved mammal 250 

hoofprints superimposed on ripple crests (Fig. 2C, 2D); abundant, mud-rich climbing ripple laminated 251 

deposits and climbing dune cross-stratified deposits are commonly associated with soft sediment 252 

deformation features (Fig. 2F, G, H).  The sand bodies are encased in fine-grained horizontally bedded 253 

mudstones with recurrent, closely spaced, ledge-forming tabular sandstone or siltstone beds.  254 

Above the upper sand body and below the Serendipity Ash (dated 33.414 +/- 0.035 Ma, Fig. 1H-255 

I; Fig. S2; (Sahy et al., 2015), the outcrop is dominated by brown to orange, volcaniclastic claystone to 256 

https://paperpile.com/c/TQA8zQ/Scn1H+CdkyV
https://paperpile.com/c/TQA8zQ/Scn1H
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siltstone interbedded with pale-brown tabular sandstones (Fig. 1H-I, Fig. S14). Paleosols mapped through 257 

this section were described by Terry et al. (2001), as weakly developed inceptisols. Tabular sandstones 258 

are thin to medium-bedded (less than 0.2 m thick), fine-to-medium-grained, plane- or ripple-laminated 259 

and rarely cross-bedded. Multiple erosional features, some of which are draped by volcanic ash (Fig.S-2), 260 

truncate horizontally bedded sheet sandstones and siltstones. Sedimentation within and overlying 261 

erosional features is mud-dominated, horizontally bedded, with repetitive flat-lying sandstone and 262 

siltstone beds and rare erosionally-based, inclined sets of sandstone beds. Weakly developed reddish-263 

brown or orange paleosols are common.  264 

Above the Serendipity ash and to the boundary between the OM and the overlying contact with 265 

the Whitney Member, the outcrop is dominated by silty mudstone and interbedded tabular sandstones that 266 

are pedogenically modified and fine upward (Lukens, 2013). No erosional features on the scale observed 267 

lower in the stratigraphy are seen here. 268 

1.2.2. A General Paleoenvironmental Interpretation to Support Field Sampling Protocols for 269 

Paleohydraulic Reconstructions  270 

This sequence was previously described as the TGP channel complex (Schultz and Stout, 1955; 271 

LaGarry, 1998). The inclined sandstone beds are interpreted as channel bar deposits and adjacent flat-272 

lying interbedded sandstones and mudstones as overbank floodplain deposits. When individual inclined 273 

beds thin upwards and flatten out as they transition into finer grained mudstones and siltstones of adjacent 274 

floodplains, they are interpreted as fully-preserved channel bars. Truncated by the channel sandstones, 275 

recurrent tabular sandstones interbedded with thinly laminated claystone and siltstone are interpreted as 276 

crevasse splay deposits on floodplains. The erosional features above the upper sandstone body and below 277 

the Serendipity Ash are interpreted to be the result of periods of sustained channel incision.  278 

https://paperpile.com/c/TQA8zQ/CdkyV+xisJz
https://paperpile.com/c/TQA8zQ/CdkyV+xisJz
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Within the channel sand bodies, abundant dune cross stratification and plane lamination indicate 279 

high transport stages. Climbing ripples, climbing dunes and soft sediment deformation indicate rapid 280 

suspended sediment deposition. High suspended sediment loads are indicated by the significant volumes 281 

of mud present in the bed material load and the abundant sedimentary structures associated with 282 

deposition from suspension. Mudcracks and mammal hoof prints on the channel beds (Fig. 2C-E) suggest 283 

that subaerial exposure of channel beds between high flow events was common.  284 

 285 

2. Materials and Methods 286 

2.1. Fieldwork Protocols for Characterizing Early Oligocene Deposits 287 

Outcrop data collection was coordinated around paired landscape and climate reconstructions of 288 

rivers and their catchments. We collected high-resolution ground-based LiDAR with a Leica 360 RTC 289 

lidar scanner. The LiDAR was processed with aid from the NEHR Natural Hazards Reconnaissance 290 

facility using Cloud Compare and made available for analysis through ArcGIS and Potree. The LiDAR 291 

scans (Table S-1) were used for measurements of height and length in situations where outcrop access 292 

was challenging or when a “birds-eye” view was necessary for mapping features in three dimensions. 293 

Locations that were difficult to access and to shoot with the LiDAR unit were photographed at high 294 

resolution, and key elevations measured with a laser range finder.  295 

We generated vertical stratigraphic columns to characterize bed thicknesses, sand body 296 

thicknesses and sedimentary facies (Fig. 2J). We coupled these with detailed horizontal maps of 297 

sedimentary structures on exhumed bar deposits and their transition into floodplain deposits wherever 298 

possible. Paleocurrent directions, measured from exposed ripple crests, flow lineations, exposed dunes, 299 

trough cross-beds and flute casts in bar strata were recorded as was the direction of dip of the bar surfaces 300 

(Figure S-1). 301 
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Field measurements, LiDAR data and scaled photographs were used to measure: 1) dimensions of 302 

110 bar clinoforms (Fig. 3A-B; Fig. S3; Table S-2, 2) thicknesses of 125 dune cross-sets (Table S-3), 3) 303 

angles of climb on 48 sets of climbing ripple sets and climbing dune cross-sets (Table S-4), and 4) the 304 

relief on observed erosional surfaces (Fig. S-2). 305 

We collected 101 georeferenced rock samples that were keyed to sedimentary facies and to 306 

interpreted position on the paleo-landscape, i.e., channel or floodplain, for paired geochemical and 307 

sedimentological analyses. To link detailed grain-size distributions of deposits to different transport 308 

modes, we sampled deposits associated with (a) channel bed material load (n=35), which included plane-309 

laminated, cross-stratified and ripple-laminated sandstones, and (b) channel suspended load and washload 310 

(n=39), which included climbing ripple laminated and climbing dune stratified sandstones, in-channel 311 

mud-rich sediment drapes or mud deposits at the toes of inclined bar strata, and (d) laminated, rippled or 312 

structureless floodplain sandstones and mudstones (n=27). Detailed grain-size distributions were 313 

extracted from all 101 samples. The geochemical analyses, used for estimates of paleo-catchment relief 314 

and variability in moisture availability, are more time-consuming and expensive and were applied to 9 315 

channel deposit samples and 6 floodplain deposit samples.  316 

 317 

2.2. Reconstructing Paleohydraulic and Sediment Transport Patterns in early Oligocene Rivers 318 

2.2.1. Quantitative Constraints on River Flow and Sediment Transport 319 

2.2.1.1. Channel Width, Depth and Longitudinal Slope 320 

We used fully-preserved bars (n=6), as proxies for bank full flow depth (Hbf;(Mohrig et al., 2000; 321 

Chamberlin and Hajek, 2019); truncated and partially preserved bars were used as proxies for minimum 322 

flow depth (Hmin; n=104). On exposures that were transverse to flow, we used the measured widths of 323 

fully-preserved bar clinoforms (Wbar_full) to estimate bank full flow width (Bbf); truncated/partially 324 

https://paperpile.com/c/TQA8zQ/4n2h+Bygu
https://paperpile.com/c/TQA8zQ/4n2h+Bygu
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preserved bar clinoforms were used as estimates of minimum flow width (Fig. 1J - K) using the empirical 325 

relationship established by (Greenberg et al., 2021): 326 

 Bbf = (2.34 ± 0.13)Wbar_full     (Eq. 1) 327 

We used detailed grain-size data from bed material load samples (See Supplementary Information 328 

S-1 for detailed lab methods for grain-size extraction). Based on the relationships developed by 329 

(Trampush et al., 2014) and (Mahon and McElroy, 2018), we estimated paleoslope, S, using median 330 

particle diameter D50 of bed material and estimates of channel depth Hbf: 331 

logS = a0 + a1 * logD50 +a2 * logHbf     (Eq. 2)  332 

Where a0 = -2.08, a1 = 0.254, and a2 = -1.09 are empirical coefficients. 333 

 334 

2.2.1.2. Peak Flow 335 

We implemented the (Bagnold, 1966) assumption that the shear velocity (u*) of a transporting 336 

flow must be quasi-equal to the settling velocity (ws; estimated after Dietrich (1982)) of the D95 of fully-337 

suspended sediment sampled from climbing ripples and dunes. Using a drag coefficient CD = 0.21 338 

appropriate for sand bedded rivers (Lynds et al., 2014), we estimated the depth-averaged water velocity at 339 

peak flow (U avg) 340 

U avg = u* / CD       (Eq. 3) 341 

By assuming that sediment trapped in climbing bedforms was deposited in the period subsequent 342 

to peak flood, we generated estimates of peak water flux (Qw_bf)) using depth averaged velocity U avg and 343 

the width (Bbf) and depth (Hbf) of bank full flow 344 

Qw_bf = U avg * Bbf * Hbf      (Eq. 4) 345 

https://paperpile.com/c/TQA8zQ/vQ2Q
https://paperpile.com/c/TQA8zQ/B5cU
https://paperpile.com/c/TQA8zQ/P1HY
https://paperpile.com/c/TQA8zQ/3B2m
https://paperpile.com/c/TQA8zQ/9CUD
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 346 

2.2.1.2. Bedload Flux and Height of Formative Bedforms 347 

We used the relationships developed by Mahon and McElroy, 2018, to estimate dune translation 348 

rate (Vx) and unit bedload flux (Qbed) as shown below: 349 

log Vx = b0 + b1 * Log S     (Eq. 5) 350 

Where b0 = 0.6113, b1 = 1.305 are empirical coefficients,  351 

Qbed = εbed * Hbf * Vx / 2     (Eq. 6) 352 

Where εbed is the concentration of sediment in the bed and is given by 1- porosity, where porosity 353 

is estimated to be 35%. 354 

We measured the thickness of 125 cross-sets in the field or from scaled field photographs (Fig. 355 

3G, Table S-3). Only cross-sets that did not display identifiable internal stratification associated with bars 356 

or compound bedforms were used in these measurements. Cross-set thicknesses (Hst) were then used to 357 

generate distributions of estimated bedform heights (Hbed), using the relationships developed by (Das et 358 

al., 2022). 359 

Hbed = (2.9 +/- 0.7 ) * Hst     (Eq. 7) 360 

 361 

2.2.1.4. Minimum duration of depositional events 362 

Using the climb angles (ς) on climbing ripples and dunes, together with the downstream 363 

translation rates (Vx) from Eq. 5, we estimated the vertical translation rate or aggradation rate of the 364 

sediment bed (Allen, 1970, 1971; Rubin and Hunter, 1982). 365 

https://paperpile.com/c/TQA8zQ/Kgg5
https://paperpile.com/c/TQA8zQ/Kgg5
https://paperpile.com/c/TQA8zQ/EqCx+zWVt+fQ3X
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Vz = 2 (tan ς) Vx       (Eq. 8) 366 

Accounting for sediment concentration in the bed, we estimated deposition rate (RD) 367 

RD = Vz εbed       (Eq. 9) 368 

Using the thicknesses of the units displaying climbing ripples or climbing dunes measured in the 369 

field or from scaled photographs, we estimated the minimum duration of depositional events associated 370 

with the falling limbs of floods. In beds where climbing bedform lamination/stratification only 371 

represented a fraction of the bed thickness, the full duration of the depositional phase of the flood could 372 

not be estimated (Allen, 1971).  373 

Tdeposition = Hlayer / RD      (Eq. 10) 374 

 375 

2.3. Quantitative Constraints on Catchment Relief 376 

We used cuticular plant waxes, n-alkanes, in organic matter preserved in 9 channel deposit 377 

samples and 6 floodplain samples to characterize moisture availability and the scale of catchment relief. 378 

n-alkanes are waxes produced on the surface of plant leaves to aid in water repellency and shield against 379 

moisture loss (Holloway, 1969; Neinhuis and Barthlott, 1997). They can be preserved over long 380 

timescales (Schimmelmann et al., 1997; Yang et al., 2011) and with minimal isotopic alteration. The 381 

details of laboratory methods used for geochemical analyses are provided in Section S-2 of the 382 

supplementary information file. 383 

Organic matter found in fluvial deposits can originate from two sources: detrital material, which 384 

carries environmental information integrated from the entire catchment area, or in situ deposits from local 385 

vegetation, which reflect local environmental conditions. If the organic matter is catchment-integrated, 386 

the environmental signals may span >105 years and encompass large spatial areas corresponding to the 387 

https://paperpile.com/c/TQA8zQ/fQ3X
https://paperpile.com/c/TQA8zQ/hUG47+SUbaN
https://paperpile.com/c/TQA8zQ/YffvB+uap2h
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size of the catchment. In contrast, locally sourced organic matter may capture environmental signals over 388 

years to thousands of years, representing much smaller spatial scales. (Fernandes et al.; Chang et al., 389 

2023) 390 

In young floodplain surfaces or channels, the organic carbon is mainly detrital, derived from 391 

various parts of the upstream catchment area. Conversely, mature floodplain surfaces, which remain 392 

stable long enough to develop soils, accumulate significant amounts of in situ organic carbon that 393 

contains local environmental signals (Bobik, 2021). Therefore, analyzing channel and floodplain 394 

dynamics through their sedimentary records provides valuable context for understanding the scale of 395 

integration in terrestrial paleoclimate reconstructions from organic carbon, and for recovering 396 

paleoenvironmental information from other parts of the catchment.  397 

We based our reconstructions on 3 proxies of environmental state: 398 

 (2) Distributions of δD in plant lipids: The hydrogen isotopes of modern cuticular waxes 399 

reflect a time-averaged record of the δD of precipitation, water availability in the environment, and 400 

biological fractionation occurring during lipid synthesis (Sachse et al., 2012). Precipitation δD is 401 

primarily controlled by the isotopic composition of source moisture, the temperature of condensation, 402 

moisture transport path and distillation processes (Gat, 1996).  403 

In the Great Plains, modern precipitation is derived from the Pacific Ocean and the Gulf of 404 

Mexico (Fig. 1D). Moisture originating from the Gulf of Mexico today is ~30‰ enriched in deuterium 405 

compared to moisture from colder Pacific and/or polar regions (Liu et al., 2013). Seasonal variations in 406 

temperature in these regions can alter the isotope composition of air masses that bring moisture from the 407 

Pacific Ocean and Gulf of Mexico to the Great Plains.  408 

 Limited significant inputs of isotopically negative precipitation from the Pacific Ocean is 409 

expected during the Eocene and beyond owing to the ~4 km Sevier hinterland (Fan and Dettman, 2009; 410 

https://paperpile.com/c/TQA8zQ/WYpz+ck4k
https://paperpile.com/c/TQA8zQ/WYpz+ck4k
https://paperpile.com/c/TQA8zQ/nOD1
https://paperpile.com/c/TQA8zQ/DGdv
https://paperpile.com/c/TQA8zQ/HAWE0+3xon+sMc2C
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Chamberlain et al., 2012; Fan et al., 2018). (Fan et al., 2014a) showed that δD values of water recovered 411 

from volcanic glasses from the Eocene through Miocene and calculated surface water δD  display an 412 

eastward increase and lapse rate of 5‰ - 11‰ per degree longitude, similar to modern day values 413 

calculated from the δ18O of precipitation.  414 

To quantify paleo-catchment relief, we used the δD of modern river water across the Great Plains 415 

(Kendall and Coplen, 2001). The isotope composition of river water integrates the temporal and spatial 416 

variability of the local hydrological cycle over the scale of the drainage basin (Kendall and Coplen, 417 

2001)). This means that rivers can capture the overall groundwater/recharge isotope signal of a region 418 

more comprehensively than a single rainfall event (Kendall and Coplen, 2001). We only selected data 419 

points from rivers with small drainage areas (<20,000Km2), to minimize potential biases related to varied 420 

catchment hypsometry (Table S-5). This modern dataset also inherently includes heterogeneity in the 421 

proportion of moisture from the Gulf of Mexico and the Pacific Ocean (Kendall and Coplen, 2001). Mean 422 

δD of modern river water shows an eastward increase with a lapse rate of 7.6 ‰ per degree longitude, a 423 

similar value to the  5‰ - 11‰ per degree longitude estimated lapse rates from Eocene through modern 424 

estimates (Fan et al., 2014a). We assumed that altitude-driven δD lapse rates during the Oligocene were 425 

similar to that seen today and we estimated catchment relief using an estimated lapse rate for modern 426 

drainage basins in the Great Plains. To do this, we assumed the maximum and minimum δD values 427 

recovered from ancient cuticular waxes were proxies for the potential range in catchment elevation. 428 

(2) δ13C of plants and their biomarkers: The carbon isotope composition of C3 plants reflect 429 

ambient precipitation amount and physiological responses to moisture deficit or atmospheric pCO2 (e.g., 430 

(Diefendorf et al., 2010). δ13C in plant tissue reflects the pathway of carbon fixation, overprinted by 431 

environmental stresses such as water availability. When subjected to water stress, the stomatal 432 

conductance of C3 plants decreases to maintain water use efficiency, resulting in a positive shift in the 433 

carbon isotope composition of plant tissue (Farquhar et al., 1989). Lower temperatures, on the other hand, 434 

https://paperpile.com/c/TQA8zQ/HAWE0+3xon+sMc2C
https://paperpile.com/c/TQA8zQ/YOnPk
https://paperpile.com/c/TQA8zQ/V5eY
https://paperpile.com/c/TQA8zQ/V5eY
https://paperpile.com/c/TQA8zQ/V5eY
https://paperpile.com/c/TQA8zQ/V5eY
https://paperpile.com/c/TQA8zQ/V5eY
https://paperpile.com/c/TQA8zQ/YOnPk
https://paperpile.com/c/TQA8zQ/utxDE
https://paperpile.com/c/TQA8zQ/3FEu
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produce more negative δ13C values. We used the range in δ13C values from organic matter as a proxy for 435 

variability in plant physiology that may occur due to variability in moisture availability and temperature 436 

at different altitudes within a drainage basin. 437 

 (3) Distributions of n-alkanes (Average Chain Length, ACL): Plants in biomes with reduced 438 

atmospheric moisture typically have larger ACL values than plants growing in wetter habitats (Bush and 439 

McInerney, 2013). Eley and Hren (2018) provided a relationship between ecosystem-averaged ACL 440 

values and vapor pressure deficit, across varying vegetation distributions and climates. ACL distributions 441 

can change dramatically as a function of environmental conditions and correlates well with atmospheric 442 

vapor pressure deficit (Eley and Hren, 2018). We used the range in ACL values in n-alkanes as a measure 443 

of variability in moisture availability across the drainage basins associated with the studied strata. 444 

2.4. A Survey Dataset of Modern Great Plains Rivers and Catchments 445 

We characterized the hydrology of six streams in the Great Plains—the North Loup, Niobrara, 446 

Calamus, Platte, Republican, and Ninnescah—using data from 23 United States Geological Survey 447 

(USGS) streamflow gauges (Fig. 4A, Table S-6). Using stream maps from Elevation Derivatives for 448 

National Applications (EDNA) provided by the USGS, we measured the mean longitudinal slopes of the 449 

rivers (Fig. 4B) along the longest channel path from the highest elevation headwater to the relevant 450 

stream gauge, using Google Earth. Also with EDNA stream maps, we manually delineated the drainage 451 

basins for each gauge in Google Earth using the polygon tool (Fig. 4A) and measured the drainage area 452 

(Fig. S4). The catchment shape files, exported from Google Earth and loaded into ArcGIS, were 453 

combined with a 30-meter regional DEM to generate elevation distributions for each catchment (Fig. S4) 454 

and estimates of catchment relief (Fig 4E).  455 

We averaged yearly rainfall data from meteorological stations across each catchment to determine 456 

the mean annual precipitation for the area drained by each gauge (Fig. 4C).We compiled modern 457 

https://paperpile.com/c/TQA8zQ/PkFG
https://paperpile.com/c/TQA8zQ/PkFG
https://paperpile.com/c/TQA8zQ/gXxf6
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discharge distributions from continuous discharge series, with measurements taken at 0.25 to 1-hour 458 

intervals, from the 23 USGS streamflow gauges (Fig. 4D; Table S-6). Gauges within watersheds that had 459 

undergone significant engineered modifications, such as reservoirs, were either excluded from the dataset 460 

or the data was limited to periods before such modifications occurred. These data do not, however, 461 

account for alterations to groundwater discharge or land-use patterns that may impact stream-flow 462 

measurements. 463 

3. Results, Interpretation and Implications 464 

3.1. Descriptive and Quantitative Characterization of Early Oligocene Fluvial Strata at Toadstool 465 

Geologic Park, NE  466 

The measured thickness of the lower OM channel sand body is 5 - 6m. whereas estimated peak 467 

flow depths from fully preserved barforms was 1.6 - 2.8 m (Fig. 2J, Table S2). Estimated flow width at 468 

peak flow was 56 +/- 3 m. The estimated ratio of sand body thickness to bank full flow depth is 2 - 3. The 469 

thickest fully preserved bar clinoforms were recorded at the top of the sand body. We interpret that these 470 

fully preserved bars formed during a period just prior to abandonment and that overlying fine grained 471 

strata associated with abandonment preserved the full clinoform thickness. By contrast, fully preserved 472 

bar clinoforms lower in the section are thinner by more than a meter, while truncated bar clinoforms are 473 

as thick as 1.9 m. As smaller barforms are most likely to be preserved during channel migration, we infer 474 

that bank full flow depth estimates from lower levels in this sand body may be biased towards smaller 475 

values.  476 

The lower OM sand body overlies an unconformity that is associated with removal of up to 10m 477 

of the underlying Big Cottonwood Creek Formation (Sahy et al., 2015). Although discontinuous outcrops 478 

of the lower OM sand body could be mapped for ~400m, bar clinoforms were not traceable over 479 

significant horizontal distances.  (Mohrig et al., 2000) demonstrated that freely avulsing, i.e., unconfined, 480 

https://paperpile.com/c/TQA8zQ/Scn1H
https://paperpile.com/c/TQA8zQ/Bygu
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river systems can grade to roughly 1.6 times bank full flow depths before the channel is primed to avulse; 481 

the resulting sand body is thus expected to be roughly 1.6 times the bank full flow depth. We infer that 482 

the lower sand body was the product of deposition within a channel confined to an erosional corridor that 483 

was at least 6.5 m deep and that erosional relief exceeded peak flow depths. It is likely that the erosional 484 

relief prevented channel avulsion and facilitated the construction of a sand body that is significantly 485 

thicker than estimated flow depth ((Mohrig et al., 2000). We infer that the larger sand body thickness 486 

measurements correlate with locations closer to the axis of the erosional corridor, while smaller thickness 487 

measurements are associated with the lateral margins.  488 

The upper sand body is ~4m thick and is separated from the lower sand body by ~2m of 489 

laminated claystone and siltstone. Estimated peak flow depths and widths are 2.3 - 4.4 m and 70 +/- 4m, 490 

respectively. The sand body is therefore 1-1.5 times the estimated bank full flow depth (Fig. 3C), 491 

Individual bar deposits in the upper sand body could be mapped horizontally for tens of meters (Fig. 2A-492 

B; Fig. S-1). Based on the ratio of sand body thickness to flow depth, we infer that the upper sand 493 

body was created by a channel that was free to migrate and avulse laterally, either outside of the 494 

filled-in, pre-existing erosional container that housed the lower sand body, or within a wider yet 495 

erosionally-confined floodplain. These estimates indicate an erosional relief that was at least 5m, 496 

but as much as 11m. 497 

We infer that limited lateral continuity of bar deposits in the lower sand body may have been due 498 

to significant internal erosion while laterally confined. By contrast, laterally continuous bar deposits in the 499 

upper sand body can be used to loosely reconstruct local channel planform. Across a ~5,000 sq. m 500 

horizontal exposure of the top of the upper channel sand body (Fig. 1H-I; Fig. 2A-B; Fig. S-1), bar 501 

clinoforms show dips towards ~N 80o at the southwestern extent of the outcrop that transition to ~N 60o 502 

at the northern extent of the outcrop. We infer that these strata preserve the record of systematic north-503 

eastward channel migration. 504 

https://paperpile.com/c/TQA8zQ/Bygu
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 Bar strata preserve a wide range of paleocurrent directions sometimes at high angles (>90o) to the 505 

dip directions of the bar surfaces but indicate an average southeasterly direction of transport (Fig. S-1). 506 

From the lateral continuity of bar clinoforms, systematic accretion patterns and evidence of complex flow 507 

patterns from sedimentary structures, we infer that the deposits were created by a sinuous channel with 508 

highly variable local bed topography (Fig. S-1). Exhumed three dimensional ~0.4 m scale bedforms, with 509 

curved lee faces that can be tracked along a ~180o arc (FIG. S-) and internal cross-stratification, near the 510 

bases of laterally continuous dipping clinoforms are interpreted as unit bars and/or free bars (Seminara 511 

and Tubino, 1989; Cardenas et al., 2020) that may be responsible for imparting some of the observed 512 

complexity in measured paleo-flow and -transport directions.  513 

Bar clinoforms that intersect the horizontal surface are relatively straight along their exposed 514 

tops. Across the widest part of the outcrop (~46m in the cross-stream direction) bar clinoforms transition 515 

from a ~N 170o trend to ~N155o. We therefore infer that this outcrop preserves less than one channel 516 

width worth of lateral migration, and that the preserved strata are associated with a relatively small 517 

section of a bend characterized by a large radius of curvature and/or a high-amplitude bend. 518 

Suspended load and washload channel deposits, including climbing ripple laminated, climbing 519 

dune stratified and structureless deposits, contained median particle sizes ranging from 10 μm to 200 μm 520 

(Fig. 3D). Using the 95th percentile of particle sizes in these deposits, we estimated a reasonable median 521 

depth-averaged peak flow velocity of 1.2 m/s (Fig. 3E) and median peak discharge of 168 m3/s (Fig. 3F) 522 

(Bagnold, 1966; Dietrich, 1982; Lynds et al., 2014). Subaerial exposure of the Orella channel beds, 523 

evidenced by mudcracks and mammal hoof prints superimposed on ripples (Fig. 2D-E), support an 524 

inference that the formative channels were ephemeral and base flow was equal to or close to zero.  525 

Bed material load deposits, from both channel sand bodies, with sedimentary structures linked to 526 

high transport stages and/or stages of waning transport, i.e. trough cross-stratified or plane-laminated 527 

sandstones, and sandstone beds with ripple reworked surfaces, contained median particle sizes ranging 528 

https://paperpile.com/c/TQA8zQ/nSrE+f01K
https://paperpile.com/c/TQA8zQ/nSrE+f01K
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from 80 μm to 1000 μm (Fig. 3D). We estimated 3 x 10-4  to be the median reconstructed longitudinal 529 

gradient of formative channels (Fig. 3L) after (Trampush et al., 2014) and (Mahon and McElroy, 2018) 530 

and the estimated median downstream translation rate (i.e., celerity) of dunes is 10-5 m/s  (Fig. 3M). These 531 

estimates fall between measurements for the modern Rio Parana (Santos and Stevaux, 2000), and the 532 

Calamus (Gabel, 1993), Waal (Kleinhans Maarten G. and Brinke Wilfried B. M. Ten, 2001) and North 533 

Loup (McElroy and Mohrig; Mohrig and Smith) (Fig. 3O), and are one or two orders of magnitude lower 534 

than experimental observations . The estimated early Oligocene median unit bedload flux is 4 x 10-5 (Fig. 535 

3N) and similar to the North Loup (Fig. 3P).  536 

The median of measured cross-set thicknesses (Fig. 3G; Table. S-3) is 0.1m. These measurements 537 

yielded an estimated median dune height of 0.2 - 0.4 m m (Fig. 3L; (Das et al., 2022)). Modern 538 

measurements from the North Loup (Mohrig, 1994), Calamus (Gabel, 1993), and Waal (Kleinhans 539 

Maarten G. and Brinke Wilfried B. M. Ten, 2001) are similar to our reconstructed values (Fig. 3H). 540 

From significant volumes of mud in bed material load (~30%; Fig. 3D) and pervasive structures 541 

associated with suspension deposition, we infer that peak flow was accompanied by large, suspended 542 

sediment loads. Rapid deposition from suspension in low velocity zones and/or during waning floods is 543 

inferred from the abundance of closely associated climbing ripples, climbing dunes, and soft sediment 544 

deformation. From a distribution of measured climb angles (Fig. 3I, Table S4) we estimated a median 545 

deposition rate of 0.1 m/hr associated with strata produced by climbing bedforms (Allen, 1970, 1971; 546 

Rubin and Hunter, 1982)). Using the measured thicknesses of the same strata, we estimated a median 547 

minimum duration of deposition to be 2 hours. We refer to these values as minimum durations because 548 

climbing bedform deposits sometimes transition vertically to plane-laminated deposits within the same 549 

bed. It is not currently possible to estimate the duration of deposition associated with plane-laminated 550 

deposits. These durations are also a conservative estimate of flood durations, as we can expect the 551 

preserved depositional record to primarily represent sedimentation that occurred during waning flow after 552 
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the flood peak. Furthermore, these estimates are spatially averaged; they encompass deposits at different 553 

elevations along the channel bank and on the proximal floodplain, and therefore inherently integrate 554 

variability in durations for which they were inundated.  555 

Tabular floodplain sandstones are regularly interspersed within thinly laminated claystone and 556 

siltstone through the stratigraphy adjacent to and above the upper channel body. Floodplain sandstones 557 

are interpreted as crevasse deposits that are products of floods capable of suspending <200 μm sand.  558 

Supported by the description of Terry et al. (2001), who characterized floodplain paleosols in this section 559 

as weakly developed inceptisols, we infer that Orella floodplains were dynamic, and frequently inundated 560 

by floods associated with significant discharge variability in the adjacent ephemeral streams. We 561 

speculate that heightened seasonality, thought to be associated with the onset of the EOT (Wade et al., 562 

2012), may be reflected in significant variability in river discharge, frequent overbank deposition and the 563 

ephemeral nature of the river channels. 564 

Above the upper sand body and below the Serendipity Ash, we recorded several erosional 565 

surfaces that are interpreted to have formed through channel incision (Fig. S2). In general, erosional 566 

surfaces are overlain by flat lying mudstones or thinly bedded sandstones that onlap the margins of the 567 

erosional surface. One of the erosional features is draped by volcanic ash that preserves ~3.6 m of 568 

erosional relief. Another erosional surface is overlain by ~2m of inclined, fining-upward, medium-bedded 569 

sandstones interpreted as weathered channel bar deposits.  570 

We assumed two major erosional episodes punctuated by less significant filling and incision 571 

events. The first and second episode produced maximum erosional relief of approximately 10.8 m and 4 572 

m respectively. Elsewhere in TGP, (Sahy et al., 2015) measured two separate ash draped erosional scours 573 

with approximate erosional relief of 15 m and 5 m, draped by the Horus and Serendipity ashes 574 

respectively. From the dominance of fine-grained fill in the erosional scours, we infer that, with the 575 

exception of the single set of inclined beds, the mapped exposures primarily intersect the channel scours 576 
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away from the axes of the channels. We interpret the observed fill to primarily be floodplain and crevasse 577 

splay deposits, and infer that the true magnitude of erosional relief may be underestimated.  578 

3.2. Recurrent episodes of erosion and fill 579 

Our peak discharge estimates from flood-deposited sandstones are unremarkable; however, the 580 

recurrent episodes of sustained channel incision and fill suggest transience on early Oligocene fluvial 581 

landscapes that may have been caused by variability in external influences that altered discharge or ratios 582 

of water to sediment flux through the formative channels. We speculate that recurrent erosion may have 583 

been the result of one or both of two possible factors. First, during the ~300,000 year period at the onset 584 

of the EOT, atmospheric carbon dioxide (CO2) concentrations fluctuated between ~1,100 p.p.m.v. to 585 

<750 p.p.m.v.(Zachos et al., 2001). We speculate that the incumbent variability in atmospheric and 586 

oceanic circulation patterns (Zachos et al., 2001), may have produced significant instability in the 587 

terrestrial climate and, by extension, river landscapes of North America. Second, volcanogenic sediment 588 

from Great Basin volcanism, delivered by eolian or river transport may have been responsible for 589 

sporadic increases in sediment fluxes through the rivers studied here. A temporary pulse of increased 590 

sediment flux would cause steepening and aggradation of the beds of rivers; once sediment fluxes 591 

returned to their original state, river slopes would decrease and channels would incise. Thus, the patterns 592 

of recurrent erosion and fill recorded in the OM fluvial strata could be the result of unsteadiness in 593 

climate and/or volcanogenic sediment supply. However, the data collected for this study is insufficient to 594 

fully explore either hypothesis.  595 

3.3. Hydrology of Rivers and Catchments in Nebraska: Oligocene versus Modern 596 

Mean annual precipitation (MAP) in the catchments of most of the modern streams included in 597 

this study (excepting the Ninnescah) range from ~400mm to ~600 mm (Fig. 4C). These values are less 598 

than the ~739 mm estimated MAP for the early Oligocene at TGP (Terry et al., 2001). Our reconstructed 599 
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river discharges (~168 cms) from early Oligocene TGP strata are an order of magnitude greater than most 600 

of the modern streams surveyed in our data-set (Fig. 4D). Together, these data suggest that moisture 601 

availability was greater on early Oligocene river landscapes preserved at TGP than it is today.  602 

Interestingly, sediment transport reconstruction through early Oligocene rivers scale well with the 603 

modern North Loup (Mohrig, 1994) and Calamus (Gabel, 1993) rivers. Longitudinal river slopes in sand-604 

bedded rivers are controlled by the ratio of sediment flux to water flux. We therefore conclude that the 605 

order of magnitude differences in longitudinal gradient and discharge resulted in similar estimates of 606 

sediment flux for modern and ancient streams.  607 

3.4. Dynamic Topography and Post-depositional Tilting of early Oligocene Strata at Toadstool 608 

Geologic Park 609 

Crustal shortening and tectonic uplift associated with the Laramide orogeny ceased by the late 610 

Eocene (Sjostrom et al., 2006; Mix et al., 2011; Chamberlain et al., 2012; Fan et al., 2014a, 2014b); 611 

however, post-orogenic differential uplift, generally thought to have initiated during the Miocene ~6Ma 612 

and believed to be continuing today, appears to be driving a west-to-east tilting of the Great Plains (Heller 613 

et al., 2003; Fernandes and Roberts, 2021) (McMillan et al., 2002, 2006; Leonard, 2002; Heller et al., 614 

2003; Duller et al., 2012; Marder et al., 2024) (Moucha et al., 2008, 2009; Karlstrom et al., 2012; Hansen 615 

et al., 2013; Rosenberg et al., 2014) ; (Abbey et al., 2018; Abbey and Niemi, 2018) (Fernandes and 616 

Roberts, 2021); (Mitrovica et al., 1989; Tucker and van der Beek, 2013).  617 

Our early Oligocene estimates of river long profiles provide an estimate of post-Laramide river 618 

slopes, before significant tilting associated with dynamic topography occurred. The eastward flowing 619 

sand-bedded rivers that created the TGP strata possessed longitudinal slopes of ~10-4; the west-to-east 620 

average slope of the landscape surface today is ~ 10-3 (measured with Google Earth) and the longitudinal 621 
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slopes of modern rivers is also ~ 10-3 (Fig. 4B). These estimates support an inference that post-Laramide 622 

dynamic topography altered river longitudinal slopes by approximately one order of magnitude.  623 

McMillan et al., 2002, estimated that the Miocene-Pliocene fluvial strata (17.5 - 5 Ma) of the 624 

Ogallala Group, exposed in the Cheyenne Tablelands Wyoming and Nebraska and now tilting down 625 

towards the east at slopes as great as 10-2, represent longitudinal fluvial slopes of 10-4 - 10-3. From these 626 

combined estimates, we infer that river longitudinal slopes remained relatively stable from ~33.9 Ma - 627 

17.5 Ma; however, further data from strata associated with the intervening period is necessary to confirm 628 

this.  629 

3.5. Dynamic Floodplains and Catchment-scale of Environmental Information 630 

Cuticular wax δD values range from -150.79‰ to -170.34‰ from channel strata and -151.99‰ to 631 

-164.37‰ in floodplain strata, with the median δD from each depositional facies being -160.71‰ and -632 

159.66‰, respectively. Organic carbon δ13C values were also quite similar, ranging from -26.6‰ to -633 

30.1‰ from channel deposits and -27.7‰ to -29‰ in floodplain deposits, with the medians being -27.7‰ 634 

and -28.4‰ for channel and floodplain strata respectively. ACL values range from -29.04 to -29.56 in 635 

channel strata and -27.7 to –28.4 in floodplain strata, with median values of 29.24 and 29.34 respectively. 636 

Thus, environmental information recovered from channels and floodplains was more similar than 637 

different.  638 

From the similar paleoenvironmental signals in channels and floodplains, we infer that Orella 639 

Member channel and floodplain strata primarily recorded catchment-integrated information inherited 640 

from transported sediment. Our inference is supported by our characterization of OM floodplains as 641 

dynamic, and the pedological classification of floodplain paleosols as inceptisols (Terry et al., 2001). 642 

Inceptisols can be expected to form on floodplains that were frequently inundated and not static long 643 
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enough to develop mature soils or build up sufficient biomass to overprint the catchment-averaged 644 

environmental information with in situ information from local plant communities.  645 

3.6. Paleo-relief and Paleo-elevations of Fossilized Rivers and Catchments, during the Oligocene 646 

The mean δD lapse rate of modern river water (7.6 ‰ per degree longitude) is similar to Eocene 647 

through modern estimates (Fan et al., 2014a). On this basis, we assumed that altitude-driven δD lapse 648 

rates during the Oligocene were similar to modern lapse rates. We estimated a δD lapse rate of -23.6 ‰ 649 

per km elevation increase for modern drainage basins in the Great Plains (Kendall and Coplen, 2001). We 650 

inferred that the most depleted δD values recovered from ancient cuticular waxes represent transported 651 

plant carbon derived from high elevations in the paleo-catchment and the most enriched values represent 652 

plant communities living at the paleo-elevation of the local rivers and floodplains. Thus, the difference 653 

between maximum and minimum δD values can be used to estimate the relief of the catchment relative to 654 

the elevation of the studied river deposits during the early Oligocene. With these initial assumptions, we 655 

estimated a mean catchment relief of ~870 m (0.86 km). 656 

We explored potential pathways for constraining the paleo-elevation of early Oligocene rivers of 657 

TGP and the catchments that fed them. The work of (Müller et al., 2018) indicates that the TGP region 658 

has uplifted a total of 500m since the Oligocene. TGP lies at approximately 1100 m above sea-level today 659 

Fig. 1). Reconstructed sea-level estimates suggest that during the early Oligocene period in question (33.9 660 

- 33.4 Ma), global sea-level was ~25m lower than today (Miller et al., 2020). With the help of these 661 

estimates we infer that the rivers and floodplain sediments studied here were deposited at approximately 662 

625 m above sea-level. Combined with our estimates of paleo-relief, high elevations within the feeder 663 

catchents were approximately 1.6 km.  664 

5 Summary  665 

The early Oligocene was a pivotal period in earth’s history; it marks the beginning of the Eocene 666 
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Oligocene Transition when global climate had begun the long term transition from a greenhouse state to a 667 

to a cooler and drier icehouse state (Fischer, 1982), when global sea surface temperatures cooled by ~6 oC 668 

(Coxall et al., 2005) and when the first permanent ice sheets of the Cenozoic developed on Antarctica 669 

(Ivany et al., 2003, 2006; Galeotti et al., 2016). Fluctuating atmospheric CO2 concentrations introduced 670 

significant variability in oceanic and atmospheric circulation over a period of ~300,000 years (Zachos et 671 

al., 2001).  672 

Early Oligocene landscapes in North America, thought to be tectonically quiet after the final 673 

stages of Laramide uplift ended a ~40 Ma, may have been influenced by enhanced seasonality and 674 

increasingly cold winters in the Gulf of Mexico (Wade et al., 2012) and fluctuations in volcanogenic 675 

sediment supplied by the Great Basin volcanism. While a substantial body of work has helped to resolve 676 

patterns of climate change, tectonic activity and volcanism in the continental interior of North America 677 

during this period of time, the characteristics of rivers, floodplains and catchments during this period are 678 

relatively understudied. 679 

We employed a coordinated approach to couple descriptive and quantitative reconstructions of (a) 680 

flow, sediment transport, migration and avulsion patterns through river channels, (b) the dynamics of their 681 

adjacent floodplains, and (c) catchment-scale reconstructions of variability in moisture availability and 682 

ecosystem function, from early Oligocene fluvial strata (~33.9 Ma - ~ 33.4 Ma) of the Orella Member of 683 

the Brule Formation of the White River Group, exposed at Toadstool Geologic Park, Nebraska, U. S. A.  684 

We briefly summarize our key conclusions below: 685 

(1) From two preserved channel sand bodies, we estimated that the studied rivers had flow depths 686 

that were approximately 2.5 and widths that were 65 m wide. The lower channel sand body is 687 

anomalously thick (5-6 m; 2-3 times peak flow depth), from which we inferred that formative channels 688 

were confined within an erosional corridor with 5m - 11m of relief. The upper channel sand body 689 
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thickness is less than 1.5 times estimated peak flow depth, suggesting that it was free to avulse without 690 

erosional confinement. 691 

(2) Rivers were ephemeral; estimated median peak discharges were ~ 168 m3/s, and subaerial 692 

exposure surfaces on the beds of river channels suggest that base flow was equal to or close to zero.  693 

(3)  Measured modern annual precipitation is 100-200 mm less than reconstructions (Terry et al., 694 

2001) of ~739 mm. Reconstructed discharges are an order of magnitude larger than discharge through 695 

most modern rivers in the region. Together, these estimates suggest that modern landscapes in the region 696 

have significantly less available moisture.  697 

(4) Floodplains were dynamic; overbank floods were capable of suspending up to 200 μm sand 698 

which was deposited in extensive and recurrent sheets interspersed with floodplain mudstones. Floodplain 699 

soils were described by Terry et al. (2001) as primarily inceptisols, which are characteristic of relatively 700 

dynamic landscapes with floodplains that are not stable long enough to generate mature soils and/or 701 

cooler drier climes.  702 

(5) Floodplain and channel strata record similar paleoenvironmental signals ( δD, δ13C, ACL), from 703 

which we inferred that the recovered information was primarily catchment-integrated and inherited from 704 

transported sediment.  705 

(6) Reconstructed paleo-catchment relief, estimated from variability in δD values and modern 706 

altitude drive lapse rates, was ~800m.  707 

(7) Estimated paleoelevation of early Oligocene river landscapes preserved and exposed at Toadstool 708 

Geologic Park, based on published estimates of local uplift and sea-level, of early Oligocene rivers 709 

preserved was ~625m above sea-level. 710 

https://paperpile.com/c/TQA8zQ/ZA1r
https://paperpile.com/c/TQA8zQ/ZA1r


 

This is a non peer-reviewed pre-print submitted to EarthArXiv, and in review at the Bulletin of the Geological Society of America 

33 

(8) Channels had a gradient of approximately 3 x 10-4 , which is an order of magnitude less than 711 

modern rivers in the region. We inferred that eastward tilting of the Great Plains of Nebraska, associated 712 

with dynamic topography thought to have initiated during the Miocene produced a change in river 713 

longitudinal slopes from the early Oligocene to the present.  714 

(9) Median unit bedload flux of 4 x 10-5 m2/s is similar to the modern North Loup River. 715 

Reconstructed dune heights were approximately 0.3 m, which is similar in scale to measurements from 716 

the North Loup and Calamus Rivers. We attribute the similarity in modern and ancient sediment fluxes to 717 

the larger modern river gradients coupled with smaller modern water discharges.  718 

(10) While our peak discharge estimates from flood-deposited sandstones are unremarkable, we found 719 

compelling evidence for recurrent episodes of channel incision and fill. Reconstructed erosional relief is 720 

significantly greater than our estimates of flow depth. Our largest estimate of erosional relief was ~11m 721 

while other workers have estimated erosional relief as great as 15m ((Sahy et al., 2015)). We theorize that 722 

repeated episodes of erosion and fill may have been the result of unsteadiness in climate and/or 723 

volcanogenic sediment supply, but further work is needed to explore these hypotheses. 724 

Our work advances the state of knowledge under two key themes: 725 

 First, we deliver a detail-rich characterization of early Oligocene North American landscapes in 726 

the Toadstool Geological Park region of Nebraska during this pivotal period in earth history when North 727 

American landscapes had transitioned from humid forests of the Eocene to open, treeless, semi-arid, 728 

seasonally wet savannas seen today (Terry et al., 2001). Our results offer insight into river and catchment 729 

hydrology and hydrological variability, landscape morphology and dynamics, paleo-elevation and paleo-730 

relief, post-depositional tilting and the differences between early Oligocene and modern landscapes on the 731 

High Plains of northwestern Nebraska.  732 
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Second, we develop a coordinated workflow to check for internal consistency between 733 

reconstructions of catchment-scale hydroclimatic variability from paleoenvironmental proxies, the 734 

dynamics of rivers and floodplains, and the fluxes of sediment and water routed through or stored by the 735 

transport system. Such paired climate-and-river reconstructions are particularly powerful because they 736 

deliver estimates of climate, flow and sediment transport on temporal and spatial scales that are 737 

compatible with predictive hydraulic and sediment transport modeling tools and they bridge the timescale 738 

gap between hindcasts from the geologic record, modern hydrological data with hourly to decadal 739 

resolution, and model forecasts generated on hourly to millennial time-scales. 740 
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7. Manuscript Figures 750 

 751 

Figure 1: A) Terrestrial record 752 

of oxygen isotopic ratios from 753 

mammal tooth enamel and 754 

bone, in the White River 755 

Group, data from Zanazzi et 756 

al., 2007, replotted here. B) 757 

Marine record of oxygen 758 

isotopic variation from marine 759 

benthic organisms, data from 760 

Coxall et al., 2005. C) The 761 

stratigraphic units at 762 

Toadstool Geologic Park. D) 763 

Regional context for the study. 764 

E) Outcrops of the White 765 

River Group, with regional 766 

location indicated by the black 767 

rectangle in 1D. F) Satellite 768 

image, and G) Elevation map 769 

draped with a hillshade map 770 

showing the study location. H) 771 

Photograph, with I) annotated 772 

overlay, showing locations of 773 

dated ash beds and the lower 774 

and upper channel bodies. J) 775 

simplified cartoon, and K) 776 

annotated outcrop (location 777 

shown by black rectangle in I) 778 

indicating key measurements 779 

collected at channel outcrops.   780 
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 781 

Figure 2:  782 

A) Perspective image 783 

of the upper channel 784 

body, with B) 785 

annotations indicating 786 

the locations of key 787 

sedimentary 788 

structures, including 789 

C) mammal tracks 790 

superimposed on a 791 

ripple reworked 792 

compound bedform, 793 

D) sediment splatter 794 

around a hoof print, 795 

E) mud cracks on the 796 

channel bed, F) 797 

inclined bar strata 798 

with internal 799 

stratification from 800 

climbing dunes and 801 

super-critically 802 

climbing ripples,  G) 803 

ripple laminations in 804 

bar strata, H) soft 805 

sediment deposition in 806 

bar strata, and I) 807 

burrows on the 808 

channel bed. J) A 809 

composite 810 

stratigraphic column 811 

through the lower and 812 

upper sand bodies.  813 
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 814 

Figure 3: A) Flow 815 

depth estimates 816 

from bar clinoform 817 

thicknesses. B) 818 

Flow width 819 

estimates from 820 

cross-stream 821 

widths of bar 822 

clinoforms. C) 823 

Ratios of sand body 824 

thickness to flow 825 

depth. D) Grain 826 

size distributions of 827 

all sediment 828 

samples. 829 

Cumulative 830 

frequency 831 

distributions of E) 832 

estimated depth-833 

averaged velocity 834 

at peak discharge, 835 

F) estimated peak 836 

discharge, G) 837 

measured cross set 838 

thickness, H) 839 

estimated bedform 840 

heights, I) 841 

measured angle of 842 

climb in climbing 843 

bedform strata, J) 844 

estimated 845 

deposition rate 846 

from suspension, 847 

K) estimated 848 

minimum duration 849 

of depositional 850 

events, L) 851 

estimated reach slope, .) estimated downstream dune translation rate, and N) estimated unit 852 

bedload flux. O) Estimates of dune slope and dune velocity compared against a compilation of 853 

experimental and modern river measurements from Lin & Vendetti (2013) on which the method is 854 

based. P) Estimated median unit bedload flux compared against estimates from the North Loup 855 

River. Measurements of Q) δD, R) δ13C, and S) Average chain length of n-alkanes.  856 
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 857 

Figure 4: A) Locations of 858 

23 stream gauges and 859 

their catchments. Data 860 

collected for each stream 861 

gauge includes B) 862 

Longitudinal slope of 863 

stream, C) distributions 864 

of annual precipitation, 865 

D) distributions of 866 

discharges, and E) 867 

catchment relief. Shaded 868 

horizontal bars show 869 

reconstructed values in 870 

B- E. Whiskers indicate 871 

10th and 90th percentile, 872 

boxes indicate 25th and 873 

75th percentiles, bars 874 

indicate median in C and 875 

D. Change in δD values 876 

with F) longitude, and G) 877 

Altitude.  878 

 879 
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9. Supplemental Information 

Figure S-1: Map and perspective view of exhumed bar deposits and paleo-transport.  
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Figure S-2: Panoramic overview of recurrent erosional surfaces above the upper channel body  
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TABLE S-1.— LiDAR links to the Orella Member outcrops.  

 

Area Link to LiDAR 

Orella Member - Lower sand body  http://potree.villanova.edu/ts2/ts2_1p7/ 

Orella Member - Upper sand body http://potree.villanova.edu/toadstool1/ 

 

 

 

 

  

http://potree.villanova.edu/ts2/ts2_1p7/
http://potree.villanova.edu/toadstool1/
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TABLE S-2.— Field measurement results of bar height, bar width, and sand body thickness of Orella Member (OM).  

 

Bar Number Upper or 

Lower 

sand body 

Bar 

Preservat

ion 

Type Bar 

Height 

(m) 

Sand 

Body 

Thickness 

(m) 

Sand 

Body / 

Flow 

Depth 

Bar 

Width 

(m) 

Estimated 

Flow Width 

(m) 

Supple. Fig. Index 

OM-Bar 66 Upper Fully 

preserved 

Bar 

clinoforms 

4.35 4.35 1.00 30.31 70.93 Fig. S3(K) 

OM-Bar 110 Upper Fully 

preserved 

Bar 

clinoforms 

2.65 3.40 1.28 -- -- -- 

OM-Bar 111 Upper Fully 

preserved 

Bar 

clinoforms 

2.35 3.40 1.45 -- -- -- 

 

OM-Bar 112 Upper Fully 

preserved 

Bar 

clinoforms 

2.30 3.40 1.48 -- -- -- 

OM-Bar 49 Lower Fully 

preserved 

Bar 

clinoforms 

1.59 6.50 

 

4.09 

 

23.83 55.76 Fig. S3(G) 

OM-Bar 104 Lower Fully 

preserved 

Bar 

clinoforms 

1.70 6.50 

 

3.82 -- -- Fig. S3(R) 

OM-Bar 110 Lower Fully 

preserved 

Bar 

clinoforms 

2.82 5.26 1.87 -- -- Fig. S3(S) 

OM-Bar 74 Upper Truncated Bar 

clinoforms 

1.05 -- -- 7.18 16.80 Fig. S3(M-N) 

OM-Bar 22 Lower Truncated Bar 

clinoforms 

0.60 -- -- 3.70 8.66 Fig. S3(E) 
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OM-Bar 79 Lower Truncated Bar 

clinoforms 

1.95 -- -- 7.12 16.66 Fig. S3(O) 

OM-Bar 39 Lower Truncated Bar 

clinoforms 

0.97 -- -- 9.19 21.50 Fig. S3(F) 

OM-Bar 64 Upper Truncated Bar 

clinoforms 

1.57 -- -- -- -- Fig. S3(J) 

OM-Bar 65 Upper Truncated Bar 

clinoforms 

0.79 -- -- -- -- Fig. S3(J) 

OM-Bar 67 Upper Truncated Bar 

clinoforms 

0.94 -- -- -- -- Fig. S3(L) 

OM-Bar 68 Upper Truncated Bar 

clinoforms 

1.41 -- -- -- -- Fig. S3(L) 

OM-Bar 69 Upper Truncated Bar 

clinoforms 

1.10 -- -- -- -- Fig. S3(L) 

OM-Bar 70 Upper Truncated Bar 

clinoforms 

2.04 -- -- -- -- Fig. S3(L) 

OM-Bar 71 Upper Truncated Bar 

clinoforms 

2.51 -- -- -- -- Fig. S3(L) 

OM-Bar 72 Upper Truncated Bar 

clinoforms 

1.10 -- -- -- -- Fig. S3(L) 

OM-Bar 73 Upper Truncated Bar 

clinoforms 

0.82 -- -- -- -- Fig. S3(L) 

OM-Bar 01 Lower Truncated Bar 

clinoforms 

1.20 -- -- -- -- Fig. S3(A) 
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OM-Bar 02 Lower Truncated Bar 

clinoforms 

0.40 -- -- -- -- Fig. S3(B) 

OM-Bar 03 Lower Truncated Bar 

clinoforms 

0.20 -- -- -- -- Fig. S3(B) 

OM-Bar 04 Lower Truncated Bar 

clinoforms 

0.65 -- -- -- -- Fig. S3(B) 

OM-Bar 05 Lower Truncated Bar 

clinoforms 

0.40 -- -- -- -- Fig. S3(B) 

OM-Bar 06 Lower Truncated Bar 

clinoforms 

1.00 -- -- -- -- Fig. S3(B) 

OM-Bar 07 Lower Truncated Bar 

clinoforms 

0.60 -- -- -- -- Fig. S3(B) 

OM-Bar 08 Lower Truncated Bar 

clinoforms 

1.70 -- -- -- -- Fig. S3(B) 

OM-Bar 09 Lower Truncated Bar 

clinoforms 

0.25 -- -- -- -- Fig. S3(B) 

OM-Bar 10 Lower Truncated Bar 

clinoforms 

1.65 -- -- -- -- Fig. S3(B) 

OM-Bar 11 Lower Truncated Bar 

clinoforms 

0.20 -- -- -- -- Fig. S3(B) 

OM-Bar 12 Lower Truncated Bar 

clinoforms 

0.72 -- -- -- -- Fig. S3(C) 

OM-Bar 13 Lower Truncated Bar 

clinoforms 

0.48 -- -- -- -- Fig. S3(C) 
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OM-Bar 14 Lower Truncated Bar 

clinoforms 

0.48 -- -- -- -- Fig. S3(C) 

OM-Bar 15 Lower Truncated Bar 

clinoforms 

0.32 -- -- -- -- Fig. S3(C) 

OM-Bar 18 Lower Truncated Bar 

clinoforms 

0.58 -- -- -- -- Fig. S3(D) 

OM-Bar 19 Lower Truncated Bar 

clinoforms 

0.60 -- -- -- -- Fig. S3(D) 

OM-Bar 20 Lower Truncated Bar 

clinoforms 

0.50 -- -- -- -- Fig. S3(E) 

OM-Bar 21 Lower Truncated Bar 

clinoforms 

0.35 -- -- -- -- Fig. S3(E) 

OM-Bar 23 Lower Truncated Bar 

clinoforms 

0.92 -- -- -- -- Fig. S3(F) 

OM-Bar 24 Lower Truncated Bar 

clinoforms 

0.33 -- -- -- -- Fig. S3(F) 

OM-Bar 25 Lower Truncated Bar 

clinoforms 

0.67 -- -- -- -- Fig. S3(F) 

OM-Bar 26 Lower Truncated Bar 

clinoforms 

0.50 -- -- -- -- Fig. S3(F) 

OM-Bar 27 Lower Truncated Bar 

clinoforms 

0.67 -- -- -- -- Fig. S3(F) 

OM-Bar 28 Lower Truncated Bar 

clinoforms 

0.33 -- -- -- -- Fig. S3(F) 
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OM-Bar 29 Lower Truncated Bar 

clinoforms 

0.42 -- -- -- -- Fig. S3(F) 

OM-Bar 30 Lower Truncated Bar 

clinoforms 

0.30 -- -- -- -- Fig. S3(F) 

OM-Bar 31 Lower Truncated Bar 

clinoforms 

0.84 -- -- -- -- Fig. S3(F) 

OM-Bar 32 Lower Truncated Bar 

clinoforms 

1.14 -- -- -- -- Fig. S3(F) 

OM-Bar 33 Lower Truncated Bar 

clinoforms 

0.67 -- -- -- -- Fig. S3(F) 

OM-Bar 34 Lower Truncated Bar 

clinoforms 

0.47 -- -- -- -- Fig. S3(F) 

OM-Bar 35 Lower Truncated Bar 

clinoforms 

0.84 -- -- -- -- Fig. S3(F) 

OM-Bar 36 Lower Truncated Bar 

clinoforms 

0.67 -- -- -- -- Fig. S3(F) 

OM-Bar 37 Lower Truncated Bar 

clinoforms 

0.50 -- -- -- -- Fig. S3(F) 

OM-Bar 38 Lower Truncated Bar 

clinoforms 

0.92 -- -- -- -- Fig. S3(F) 

OM-Bar 40 Lower Truncated Bar 

clinoforms 

0.50 -- -- -- -- Fig. S3(F) 

OM-Bar 41 Lower Truncated Bar 

clinoforms 

0.58 -- -- -- -- Fig. S3(F) 
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OM-Bar 42 Lower Truncated Bar 

clinoforms 

0.64 -- -- -- -- Fig. S3(F) 

OM-Bar 43 Lower Truncated Bar 

clinoforms 

0.24 -- -- -- -- Fig. S3(F) 

OM-Bar 44 Lower Truncated Bar 

clinoforms 

0.16 -- -- -- -- Fig. S3(F) 

OM-Bar 45 Lower Truncated Bar 

clinoforms 

0.24 -- -- -- -- Fig. S3(F) 

OM-Bar 46 Lower Truncated Bar 

clinoforms 

0.24 -- -- -- -- Fig. S3(F) 

OM-Bar 47 Lower Truncated Bar 

clinoforms 

0.48 -- -- -- -- Fig. S3(F) 

OM-Bar 48 Lower Truncated Bar 

clinoforms 

0.24 -- -- -- -- Fig. S3(F) 

OM-Bar 50 Lower Truncated Bar 

clinoforms 

0.47 -- -- -- -- Fig. S3(G) 

OM-Bar 51 Lower Truncated Bar 

clinoforms 

0.47 -- -- -- -- Fig. S3(G) 

OM-Bar 52 Lower Truncated Bar 

clinoforms 

0.50 -- -- -- -- Fig. S3(G) 

OM-Bar 53 Lower Truncated Bar 

clinoforms 

0.33 -- -- -- -- Fig. S3(G) 

OM-Bar 54 Lower Truncated Bar 

clinoforms 

0.38 -- -- -- -- Fig. S3(G) 
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OM-Bar 55 Lower Truncated Bar 

clinoforms 

0.58 -- -- -- -- Fig. S3(G) 

OM-Bar 56 Lower Truncated Bar 

clinoforms 

0.63 -- -- -- -- Fig. S3(G) 

OM-Bar 57 Lower Truncated Bar 

clinoforms 

0.97 -- -- -- -- Fig. S3(G) 

OM-Bar 58 Lower Truncated Bar 

clinoforms 

1.26 -- -- -- -- Fig. S3(H) 

OM-Bar 59 Lower Truncated Bar 

clinoforms 

0.72 -- -- -- -- Fig. S3(I) 

OM-Bar 60 Lower Truncated Bar 

clinoforms 

0.18 -- -- -- -- Fig. S3(I) 

OM-Bar 61 Lower Truncated Bar 

clinoforms 

0.81 -- -- -- -- Fig. S3(I) 

OM-Bar 62 Lower Truncated Bar 

clinoforms 

0.94 -- -- -- -- Fig. S3(I) 

OM-Bar 63 Lower Truncated Bar 

clinoforms 

0.54 -- -- -- -- Fig. S3(I) 

OM-Bar 75 Lower Truncated Bar 

clinoforms 

0.65 -- -- -- -- Fig. S3(O) 

OM-Bar 76 Lower Truncated Bar 

clinoforms 

0.75 -- -- -- -- Fig. S3(O) 

OM-Bar 77 Lower Truncated Bar 

clinoforms 

0.75 -- -- -- -- Fig. S3(O) 
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OM-Bar 78 Lower Truncated Bar 

clinoforms 

0.95 -- -- -- -- Fig. S3(O) 

OM-Bar 80 Lower Truncated Bar 

clinoforms 

0.61 -- -- -- -- Fig. S3(P) 

OM-Bar 81 Lower Truncated Bar 

clinoforms 

0.50 -- -- -- -- Fig. S3(P) 

OM-Bar 82 Lower Truncated Bar 

clinoforms 

0.50 -- -- -- -- Fig. S3(P) 

OM-Bar 83 Lower Truncated Bar 

clinoforms 

0.85 -- -- -- -- Fig. S3(P) 

OM-Bar 84 Lower Truncated Bar 

clinoforms 

1.10 -- -- -- -- Fig. S3(P) 

OM-Bar 85 Lower Truncated Bar 

clinoforms 

0.80 -- -- -- -- Fig. S3(P) 

OM-Bar 86 Lower Truncated Bar 

clinoforms 

0.40 -- -- -- -- Fig. S3(P) 

OM-Bar 87 Lower Truncated Bar 

clinoforms 

1.45 -- -- -- -- Fig. S3(P) 

OM-Bar 88 Lower Truncated Bar 

clinoforms 

0.65 -- -- -- -- Fig. S3(P) 

OM-Bar 89 Lower Truncated Bar 

clinoforms 

0.50 -- -- -- -- Fig. S3(P) 

OM-Bar 90 Lower Truncated Bar 

clinoforms 

0.40 -- -- -- -- Fig. S3(P) 
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OM-Bar 91 Lower Truncated Bar 

clinoforms 

0.50 -- -- -- -- Fig. S3(P) 

OM-Bar 92 Lower Truncated Bar 

clinoforms 

0.30 -- -- -- -- Fig. S3(P) 

OM-Bar 93 Lower Truncated Bar 

clinoforms 

0.60 -- -- -- -- Fig. S3(P) 

OM-Bar 94 Lower Truncated Bar 

clinoforms 

0.60 -- -- -- -- Fig. S3(P) 

OM-Bar 95 Lower Truncated Bar 

clinoforms 

0.31 -- -- -- -- Fig. S3(P) 

OM-Bar 96 Lower Truncated Bar 

clinoforms 

0.30 -- -- -- -- Fig. S3(P) 

OM-Bar 97 Lower Truncated Bar 

clinoforms 

0.60 -- -- -- -- Fig. S3(P) 

OM-Bar 98 Lower Truncated Bar 

clinoforms 

0.60 -- -- -- -- Fig. S3(P) 

OM-Bar 99 Lower Truncated Bar 

clinoforms 

0.23 -- -- -- -- Fig. S3(Q) 

OM-Bar 100 Lower Truncated Bar 

clinoforms 

0.38 -- -- -- -- Fig. S3(Q) 

OM-Bar 101 Lower Truncated Bar 

clinoforms 

0.75 -- -- -- -- Fig. S3(Q) 

OM-Bar 102 Lower Truncated Bar 

clinoforms 

0.72 -- -- -- -- Fig. S3(Q) 
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OM-Bar 103 Lower Truncated Bar 

clinoforms 

0.35 -- -- -- -- Fig. S3(Q) 

OM-Bar 105 Lower Truncated Bar 

clinoforms 

0.48 -- -- -- -- Fig. S3(R) 

OM-Bar 106 Lower Truncated Bar 

clinoforms 

1.05 -- -- -- -- Fig. S3(R) 

OM-Bar 107 Lower Truncated Bar 

clinoforms 

0.30 -- -- -- -- Fig. S3(R) 

OM-Bar 108 Lower Truncated Bar 

clinoforms 

0.30 -- -- -- -- Fig. S3(R) 

OM-Bar 109 Lower Truncated Bar 

clinoforms 

0.48 -- -- -- -- Fig. S3(R) 
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FIG. S3.— (A)-(B) Bar height and bar width results of Orella Member (OM). 
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FIG. S-3. (cont.)— (C)-(E) Bar height and bar width results of Orella Member (OM).
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FIG. S-3. (cont.)— (F)-(H) Bar height and bar width results of Orella Member (OM).
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FIG. S-3. (cont.)— (I)-(J) Bar height and bar width results of Orella Member (OM). 
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FIG. S-3. (cont.)— (K)-(L) Bar height and bar width results of Orella Member (OM). 
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FIG. 

S-3. (cont.)— (M)-(N) Bar height and bar width results of Orella Member (OM).
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FIG. S-3. (cont.)— (O)-(P) Bar height and bar width results of Orella Member (OM). 
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FIG. S-3. (cont.)— (Q)-(R) Bar height and bar width results of Orella Member (OM).  
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FIG. S-3. (cont.)— (S) Bar height and bar width results of Orella Member (OM). 
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Table S-3 - Cross-set Thicknesses 

  

  

Cross- set 

Thickness 

Cross- set 

Thickness 

Minimum bedform 

height (m) 

Maximum bedform 

height (m) 

  T_xbeds T_xbeds H_bed H_bed 

units (cm) (m) (m) (m) 

formula 

used - - 

H_bed = Txbeds(2.9 

- 0.7) 

H_bed = Txbeds(2.9 + 

0.7) 

method 

measured in the 

field or from 

photographs calculated calculated calculated 

1 70 0.7 1.54 2.52 

2 10 0.1 0.22 0.36 

3 30 0.3 0.66 1.08 

4 5 0.05 0.11 0.18 

5 5 0.05 0.11 0.18 

6 10 0.1 0.22 0.36 

7 5 0.05 0.11 0.18 

8 4.5 0.045 0.099 0.162 

9 7 0.07 0.154 0.252 

10 4.5 0.045 0.099 0.162 

11 7 0.07 0.154 0.252 

12 5 0.05 0.11 0.18 

13 3 0.03 0.066 0.108 

14 4 0.04 0.088 0.144 

15 15 0.15 0.33 0.54 

16 20 0.2 0.44 0.72 

17 25 0.25 0.55 0.9 

18 15 0.15 0.33 0.54 
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19 30 0.3 0.66 1.08 

20 30 0.3 0.66 1.08 

21 20 0.2 0.44 0.72 

22 20 0.2 0.44 0.72 

23 13 0.13 0.286 0.468 

24 12 0.12 0.264 0.432 

25 4 0.04 0.088 0.144 

26 3 0.03 0.066 0.108 

27 31 0.31 0.682 1.116 

28 8 0.08 0.176 0.288 

29 4 0.04 0.088 0.144 

30 7 0.07 0.154 0.252 

31 6 0.06 0.132 0.216 

32 2 0.02 0.044 0.072 

33 2 0.02 0.044 0.072 

34 1 0.01 0.022 0.036 

35 6 0.06 0.132 0.216 

36 3 0.03 0.066 0.108 

37 4 0.04 0.088 0.144 

38 8 0.08 0.176 0.288 

39 6 0.06 0.132 0.216 

40 11 0.11 0.242 0.396 

41 4 0.04 0.088 0.144 

42 3 0.03 0.066 0.108 

43 2 0.02 0.044 0.072 

44 8 0.08 0.176 0.288 

45 3 0.03 0.066 0.108 

46 12 0.12 0.264 0.432 

47 13 0.13 0.286 0.468 

48 9 0.09 0.198 0.324 
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49 8 0.08 0.176 0.288 

50 13 0.13 0.286 0.468 

51 6 0.06 0.132 0.216 

52 42 0.42 0.924 1.512 

53 4 0.04 0.088 0.144 

54 20 0.2 0.44 0.72 

55 31 0.31 0.682 1.116 

56 30 0.3 0.66 1.08 

57 4 0.04 0.088 0.144 

58 6 0.06 0.132 0.216 

59 10 0.1 0.22 0.36 

60 11 0.11 0.242 0.396 

61 2 0.02 0.044 0.072 

62 16 0.16 0.352 0.576 

63 6 0.06 0.132 0.216 

64 10 0.1 0.22 0.36 

65 5 0.05 0.11 0.18 

66 35 0.35 0.77 1.26 

67 21 0.21 0.462 0.756 

68 15 0.15 0.33 0.54 

69 25 0.25 0.55 0.9 

70 11 0.11 0.242 0.396 

71 23 0.23 0.506 0.828 

72 23 0.23 0.506 0.828 

73 11 0.11 0.242 0.396 

74 6 0.06 0.132 0.216 

75 6 0.06 0.132 0.216 

76 11 0.11 0.242 0.396 

77 42 0.42 0.924 1.512 

78 40 0.4 0.88 1.44 
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79 38 0.38 0.836 1.368 

80 30 0.3 0.66 1.08 

81 30 0.3 0.66 1.08 

82 30 0.3 0.66 1.08 

83 10 0.1 0.22 0.36 

84 22 0.22 0.484 0.792 

85 15 0.15 0.33 0.54 

86 4 0.04 0.088 0.144 

87 26 0.26 0.572 0.936 

88 15 0.15 0.33 0.54 

89 4 0.04 0.088 0.144 

90 4 0.04 0.088 0.144 

91 25 0.25 0.55 0.9 

92 7 0.07 0.154 0.252 

93 8 0.08 0.176 0.288 

94 23 0.23 0.506 0.828 

95 10 0.1 0.22 0.36 

96 13 0.13 0.286 0.468 

97 10 0.1 0.22 0.36 

98 38 0.38 0.836 1.368 

99 9 0.09 0.198 0.324 

100 5 0.05 0.11 0.18 

101 5 0.05 0.11 0.18 

102 4 0.04 0.088 0.144 

103 25 0.25 0.55 0.9 

104 8 0.08 0.176 0.288 

105 95 0.95 2.09 3.42 

106 35 0.35 0.77 1.26 

107 12 0.12 0.264 0.432 

108 12 0.12 0.264 0.432 
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109 7 0.07 0.154 0.252 

110 4 0.04 0.088 0.144 

111 4 0.04 0.088 0.144 

112 1 0.01 0.022 0.036 

113 15 0.15 0.33 0.54 

114 4 0.04 0.088 0.144 

115 21 0.21 0.462 0.756 

116 10 0.1 0.22 0.36 

117 10 0.1 0.22 0.36 

118 8 0.08 0.176 0.288 

119 5 0.05 0.11 0.18 

120 15 0.15 0.33 0.54 

121 60 0.6 1.32 2.16 

122 25 0.25 0.55 0.9 

123 25 0.25 0.55 0.9 

124 20 0.2 0.44 0.72 

125 70 0.7 1.54 2.52 
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Table S-4 -Measurements and estimates associated with climbing bedforms 

 

  

Climb Angles 

 (degrees) 

 A 

climb angle 

(radians) 

 A 

Bed thickness 

 (cm) 

 from field 

measurements or 

photographs 

 H_layer 

Vertical 

Translation rate 

of dunes 

 (m/s) 

 Vz 

Deposition 

Rate from 

suspension Rd 

(m/s) 

Deposition 

Rate from 

suspension 

R_d (cm/h) 

Duration 

(hours) 

 T_dep 

method 

generated 

field 

measurements 

or 

photographs calculated 

field measurements 

or photographs calculated calculated calculated calculated 

formula       

Vz = 2 (tan A)*Vx 

 Vx = 0.0001 

Rd = Vz * 

E_bed 

 E_bed = 0.65   

T_dep = 

H_layer/R_d 

1 7 0.122111 28 0.00002637350 0.00000923073 3.32 8.43 

2 9 0.157000 18 0.00003402006 0.00001190702 4.29 4.20 

3 9 0.157000 18 0.00003402006 0.00001190702 4.29 4.20 

4 9 0.157000 18 0.00003402006 0.00001190702 4.29 4.20 

5 9 0.157000 29 0.00003402006 0.00001190702 4.29 6.77 

6 15 0.261667 26 0.00005755304 0.00002014356 7.25 1.52 

7 15 0.261667 55 0.00005755304 0.00002014356 7.25 5.10 

8 16 0.279111 80 0.00006159008 0.00002155653 7.76 8.38 

9 16 0.279111 26 0.00006159008 0.00002155653 7.76 3.35 

10 17 0.296556 80 0.00006566769 0.00002298369 8.27 3.75 

11 19 0.331444 20 0.00007395730 0.00002588506 9.32 1.82 

12 21 0.366333 80 0.00008244847 0.00002885697 10.39 1.16 

13 23 0.401222 20 0.00009117013 0.00003190955 11.49 1.74 

14 23 0.401222 20 0.00009117013 0.00003190955 11.49 1.74 
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15 24 0.418667 55 0.00009562718 0.00003346951 12.05 0.83 

16 25 0.436111 75 0.00010015396 0.00003505389 12.62 2.22 

17 26 0.453556 75 0.00010475496 0.00003666424 13.20 2.12 

18 26 0.453556 75 0.00010475496 0.00003666424 13.20 2.12 

19 28 0.488444 26 0.00011419871 0.00003996955 14.39 0.90 

20 33 0.575667 55 0.00013947172 0.00004881510 17.57 2.22 

21 33 0.575667 0 0.00013947172 0.00004881510 17.57 0.00 

22 34 0.593111 20 0.00014486118 0.00005070141 18.25 0.66 

23 34 0.593111 75 0.00014486118 0.00005070141 18.25 1.26 

24 34 0.593111 75 0.00014486118 0.00005070141 18.25 1.26 

25 34 0.593111 75 0.00014486118 0.00005070141 18.25 1.26 

26 34 0.593111 75 0.00014486118 0.00005070141 18.25 1.26 

27 34 0.593111 75 0.00014486118 0.00005070141 18.25 1.26 

28 34 0.593111 75 0.00014486118 0.00005070141 18.25 1.26 

29 34 0.593111 75 0.00014486118 0.00005070141 18.25 1.26 

30 34 0.593111 75 0.00014486118 0.00005070141 18.25 1.26 

31 34 0.593111 75 0.00014486118 0.00005070141 18.25 1.26 

32 34 0.593111 75 0.00014486118 0.00005070141 18.25 1.26 

33 34 0.593111 75 0.00014486118 0.00005070141 18.25 1.26 

34 35 0.610556 23 0.00015037891 0.00005263262 18.95 0.32 

35 38 0.662889 55 0.00016778582 0.00005872504 21.14 1.66 

36 38 0.662889 55 0.00016778582 0.00005872504 21.14 1.66 

37 38 0.662889 55 0.00016778582 0.00005872504 21.14 1.66 

38 38 0.662889 55 0.00016778582 0.00005872504 21.14 1.66 

39 38 0.662889 55 0.00016778582 0.00005872504 21.14 1.66 

40 38 0.662889 55 0.00016778582 0.00005872504 21.14 1.66 

41 39 0.680333 23 0.00017390385 0.00006086635 21.91 0.41 

42 42 0.732667 14 0.00019335673 0.00006767486 24.36 0.57 

43 42 0.732667 14 0.00019335673 0.00006767486 24.36 0.57 

44 42 0.732667 14 0.00019335673 0.00006767486 24.36 0.57 
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45 42 0.732667 50 0.00019335673 0.00006767486 24.36 0.53 

46 42 0.732667 50 0.00019335673 0.00006767486 24.36 0.53 

47 42 0.732667 50 0.00019335673 0.00006767486 24.36 0.53 

48 42 0.732667 50 0.00019335673 0.00006767486 24.36 0.53 

  

  



 

This is a non peer-reviewed pre-print submitted to EarthArXiv, and in review at the Bulletin of the Geological Society of America 

76 

S-1. Laboratory-based Sedimentological Analysis 

Samples (n=101) collected in the field were gently crushed using a mortar and pestle. The crushed sample was then disaggregated using a 

Q-sonica ultrasonic pulse generator which separated grains along partially cemented grain-grain boundaries. We assessed the effectiveness of 

sample disaggregation using a hand-lens, and repeated the process of sonication until the sample was fully disaggregated. The resulting 

disaggregated sediments were then separated into mud (< 62  µm), sand (62 µm- 2 mm) and gravel (> 2 mm), dried and weighed. The size-

distributions of the different components were measured using a Horiba LA-960 Laser Particle Size Analyzer (LPSA). The distributions of the 

different components were then recombined using the weight fractions of mud, sand and gravel (Fig. 3D).  

 

S-2. Laboratory-based Geochemical Analyses Methods 

Geochemical analyses of 9 channel deposit samples and 23 floodplain samples were used for geochemical analyses. Samples were crushed 

with a mortar & pestle and/or a shatterbox until the mean particle size was 63 - 250 μm; this size range produces a high surface area and enough 

permeability for solvent to flow through the sample during extraction. Crushed samples were freeze dried overnight to remove excess moisture, 

minimize extraction time and reduce the risk of contamination. n-alkane extraction involved adding 200g of each sample soxhlet extractors and 

then flushing each sample with 300 mL 2:1 dichloromethane (DCM):methanol (MeOH) at 35 - 40°C for 24 - 48 hours.  

The extracted samples were then processed through silica gel chromatographic columns to separate them into three 2 mL splits, first with 

hexane, then DCM, and then MeOH. Columns were prepared by adding 2 mL activated silica gel to 2 mL glass pipettes plugged with glass wool 

and vibrating the column until the silica gel settled as densely as possible. Straight-chained alkanes were isolated with urea adduction on the 

nonpolar fraction of biomarkers in hexane. The urea adduction involved evaporation of the solvent from each sample and adding 200 μL each of 

pentane, acetone, and a supersaturated urea:MeOH solution. This approach causes urea crystals to precipitate in the solution, trapping straight 

chained alkanes within them. Samples were frozen for a minimum of 30 minutes to stabilize the crystals, and then dried to remove any residual 

solution. The urea crystals were then rinsed with hexane and drained three times to remove any undesired organic compounds. Next, the crystals 

were dissolved in 1 mL of 1:1 MeOH:H2O, added to 1 mL hexane and mixed for 60 seconds. The hexane layer was then extracted into an adduct 

vial. Urea adduction was applied a second time to the adducts of each sample, to further reduce the volume of any unwanted compounds. The n-

alkane values for each sample were obtained by measuring the final adducts on a Thermo Scientific TRACE Gas Chromatograph Ultra and the 2H 

and 13C values were obtained by measuring the adducts on a GC-Mass spectrometer.   
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Table S-5 - Modern river δD from (Kendall and Coplen, 2001) 

 

Degrees 

Latitude 

Degrees 

Longitud

e 

Drainage 

Area  

(sq. km) 

Altitude km Mean 

river 

δD (‰) 

37.31 -95.11 12703.95 0.246888 -37 

41.29 -96.28 17871 0.336804 -59 

39.1 -96.6 10.36   -44 

41.78 -100.53 2486.4 0.85344 -74 

45.51 -100.82 13908.3 0.4965192 -91 

45.26 -100.84 12639.2 0.5062728 -91 

44.37 -102.57 18673.9 0.6620256 -109 

44.01 -103.83 214.97 1.801368 -123 

37.08 -105.76 19943 2.2640544 -100 

39.17 -106.39 62.16 2.996184 -129 

41.02 -106.82 189.07 2.520696 -131 
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Table S-6: Modern River Hydrology 

River 

Name 

Gage 

Number Latitude Longitude 

Elevation of 

Gage 

 (m above 

sea level) 

Mean 

Catchme

nt 

Elevation 

 (m above 

sea level) 

Median 

gage 

discharge 

 (cms) 

Stream 

Length 

 (km) 

Longitudinal 

slope (m/m) 

Catchment 

Averaged 

Mean Annual 

Precipitation 

 (cm) 

Catchment 

Relief (m) 

Draina

ge area 

 (sq. 

Km) comments 

NorthLou

p 6785500 41.941667 -99.860278 753.54 939.95 13.99 133.06 0.00 NA 267 4738 

no precipitation 

gages in catchment 

NorthLou
p 6786000 41.776944 -99.379167 687.16 904.95 16.59 179.80 0.00 54.08 308 5956   

NorthLou

p 6788500 41.606361 -98.919694 615.03 847.03 25.40 229.67 0.00 55.78 403 9594   

NorthLou
p 6788988 41.502222 -98.796389 606.55 648.29 0.06 17.36 0.00 NA 40 158 

no precipitation 
gages in catchment 

NorthLou

p 6790500 41.263333 -98.448889 538.58 819.57 28.60 288.94 0.00 55.94 458 10958   

Niobrara 6454100 42.423611 -103.792222 1344.47 1497.79 0.37 87.96 0.00 38.89 161 2383 

continuous series 
unavailable, daily 

average discharges 

used 

Niobrara 6461500 42.902078 -100.362528 699.96 1163.40 23.13 389.83 0.00 42.39 849 21505   

Niobrara 6463720 42.780556 -99.339722 548.59 1097.66 40.49 479.03 0.00 44.96 1032 25922   

Niobrara 6465500 42.739722 -98.222778 401.65 1160.88 55.22 575.67 0.00 48.68 1183 32978   
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Calamus 6787500 41.810278 -99.183056 658.95 775.58 8.41 106.29 0.00 57.60 182 2581 

Discharge File 
clipped to remove 

any influence of 

the Virginia Smith 
Dam. Series is 

from daily 

averages rather 
than continuous 

time series 

Calamus 6787000 41.947 -99.386028 693.29 793.98 7.28 128.96 0.00 NA 221 1861 

no precipitation 

gages in catchment 

Platte 6679500 41.926944 -103.813611 1200.14 2023.93 14.89 587.13 0.00 54.41 1745 62271 

continuous series 
unavailable, daily 

average discharges 

used 

Platte 6687500 41.316667 -102.125833 1005.95 1902.79 36.81 744.69 0.00 53.92 1997 74257 

continuous series 
unavailable, daily 

average discharges 

used 

Platte 6691000 41.21 -101.117222 891.36 1864.61 4.54 832.50 0.00 52.97 2101 77538 

continuous series 

unavailable, daily 

average discharges 

used 

Platte 6768000 40.6825 -99.540556 702.54 1789.63 34.55 980.76 0.00 53.24 2316 148322   

Platte 6768025 40.678889 -99.489167 696.68 1788.57 4.87 985.06 0.00 53.24 2321 148471   
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Platte 6768035 40.685556 -99.438889 690.60 1787.96 24.47 989.20 0.00 53.24 2326 148556   

Platte 6805500 41.014978 -96.1575 311.63 1429.59 207.85 1341.10 0.00 56.77 2672 219695   

Republica

n 6837000 40.187778 -100.618611 754.39 1184.02 1.31 281.89 0.00 43.92 941 31856   

Republica
n 6843500 40.284444 -100.143611 685.71 1136.37 3.57 322.75 0.00 46.20 1010 37420   

Ninnescah 7144910 37.637778 -98.720556 558.14 608.25 0.22 28.15 0.00 64.33 82 311   

Ninnescah 7145200 37.561667 -97.852778 415.71 533.15 3.77 117.05 0.00 66.70 226 1513   

Ninnescah 7145500 37.456964 -97.423556 374.59 511.19 5.52 164.35 0.00 68.08 267 5651   
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Table S-7: Geochemical proxy data 

 

Sample Latitude Longitude Elevation 

 (m) 

Depositional 

environment 

d2H d13C ACL CPI 

BM-TGPB1-001 42.85587 -103.58669 1170 channel -165.74 -30.1 29.28 5.91 

BM-TGPB1-002 42.85587 -103.58669 1170 channel -157.42 - 29.23 5.64 

BM-TGPB1-003 42.85587 -103.58669 1170 channel -162.95 -27.7 29.25 5.99 

BM-TGPB1-004 42.85587 -103.58669 1170 channel -150.79 -28.1 - - 

BM-TGPB1-005 42.85587 -103.58669 1170 channel -159.55 -27.7 29.22 5.6 

BM-TGPB2-011 42.85577 -103.58648 1171 channel - - 29.2 5.53 

BM-TGPB3-012 42.85581 -103.58639 1170 channel -154.46 -27.5 29.56 6.26 

BM-TGPB3-013 42.85581 -103.58639 1170 channel -161.87 -26.6 29.04 5.05 

BM-TGPB3-014 42.85581 -103.58639 1170 channel -170.34 -29.4 29.45 5.6 

BM-TGPB1-006 42.85587 -103.58669 1170 floodplain -158.13 -28 29.55 5.76 

BM-TGPB1-007 42.85587 -103.58669 1170 floodplain -160.18 -27.7 28.73 4.53 

BM-TGPB2-008 42.85577 -103.58646 1171 floodplain -159.14 -27.8 29.25 5.57 

BM-TGPB2-009 42.85577 -103.58648 1171 floodplain -162.95 -28.9 28.63 4.88 

BM-TGPB2-010 42.85577 -103.58648 1171 floodplain -164.37 -28.8 29.41 6.33 

BM-TGPB3-015 42.85581 -103.58639 1170 floodplain -151.99 -29 29.27 5.85 

 


