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Introduction  19 

This supporting information file contains an extended description of the methods 20 

describing the topographic reconstruction and sediment flux calculations, 1 supplemental 21 

table and 4 supplemental figures. 22 
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Text S1. Extended Methods 24 

Topographic Reconstruction 25 

The pre-Missoula flood topography in the Columbia Gorge was reconstructed 26 

using an artificial neural network (ANN) to estimate the paleo-elevation in the 27 

megaflood-eroded, lower elevation portions of the gorge. The ANN required two inputs: 28 

a DEM and a mask of the unknown, eroded topography (Figure 2). The topography 29 
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outside of the erosional mask was used to train the ANN to predict what the elevations in 30 

the lower elevation part of the gorge would have been prior to flooding. The training 31 

extent was set by either a threshold of two kilometers from the edge of the masked eroded 32 

area or any region that was bounded by topographic ridges (Figure 2 & 3). The ANN 33 

randomly samples the training data, excluding all low gradient slopes (<10°), to develop 34 

a predictive model to estimate the topography in areas where the data are masked. Inside 35 

the masked, eroded, portion of the domain the ANN uses the derived relationships from 36 

the training data to interpolate a prediction of the uneroded, pre-flood topography.  37 

To apply the artificial neural network to the Columbia Gorge, we created a mask 38 

to delineate the extent of erosion in the Columbia Gorge. The extent of the erosion mask 39 

was determined by manually delineating (mapping) the highest elevation erosional 40 

features (e.g. escarpments, hanging tributaries, butte-and-basin scabland topography) 41 

using lidar derived DEMs guided by prior mapping of erosional features in the Columbia 42 

Gorge (Benito, 1997; Benito & O’Connor, 2003; Bretz, 1924).  43 

The ANN was run with 1000 network learning cycles and a maximum of 10 44 

directional sectors, 10 hidden nodes, 2-km maximum distance between training cells and 45 

predictive cells, and used a training-predictive cell ratio of 0.1. The values were chosen 46 

because those values balance minimizing error and maximizing computational efficiency 47 

(Mey et al., 2015).  48 

A limitation to the ANN approach is that the ANN is only trained with data from 49 

the gorge walls and no information is provided to predict the paleo-Columbia River or 50 

valley bottom geometry. Hence, the ANN approach we used can only predict the gorge 51 

wall geometry and not the river channel geometry. In our analysis, we simply used the 52 

modern Columbia River channel geometry for the gorge bottom, which makes a 53 

conservative assumption that the river bottom elevation did not change due to flooding. 54 

Furthermore, fixing the river channel elevation can create potentially artificially steep 55 

slopes along the transition between gorge walls and the river channel (Figure 2). Hence, 56 

the reconstructed topography presented here only accounts for gorge widening and not 57 

gorge incision, and thus should be considered a minimum estimate of the amount of 58 

megaflood erosion that occurred in the Columbia Gorge.  59 

We do not account for changes in sea level between the Pleistocene and present 60 

day. Like prior work by Benito and O’Connor (2003) we assume the present-day valley 61 

bottom was the same surface that floods were routed over, though others have accounted 62 

for Holocene alluviation in flood reconstructions (Denlinger et al., 2021). Our 63 

quantification of the change in gorge width and cross-sectional area between the present-64 

day and reconstructed topography is calculated from gorge wall to wall. The Columbia 65 

River is dammed at multiple locations in the gorge, which increase the elevation of the 66 

water surface by tens of meters (O’Connor et al., 2020). Our reconstructed topography 67 

and width measurements are limited to areas above the elevation of the present-day, dam-68 

influenced channel. Our model domain does not extend to the Portland basin and we do 69 

not attempt to estimate discharges that match high water evidence there. 70 

 71 
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Sediment Flux Calculations 73 

ANUGA directly outputs water surface elevation and two components of specific 74 

discharge (qx,y) at the resolution of the computational mesh. The mesh within the 75 

Columbia Gorge had a maximum triangle area of 3,500 m2 (~90 m nominal cell spacing) 76 

and outside the gorge had a maximum triangle area of 250,000 m2 (~260 m nominal cell 77 

spacing; Figure S1a). For each discharge we simulated, water surface profiles were 78 

compared against published field evidence of high-water indicators (Table S1 Benito & 79 

O’Connor, 2003; O’Connor et al., 2020). Water surface elevations for each simulated 80 

discharge were gridded at a 90-m resolution, and profiles were extracted down the center 81 

of the Columbia Gorge (Figure 1a). All subsequent analyses used the unstructured mesh 82 

(maximum node spacing 90 m). Bed shear stress (𝜏) from model outputs was calculated 83 

as: 84 

 𝜏 = 𝜌𝐶𝑓�̅�2      (eq. 1) 85 

where ρ is water density, 𝐶𝑓 is the friction coefficient, and �̅� is the depth averaged 86 

velocity. The friction coefficient (𝐶𝑓) is computed as: 87 

 𝐶𝑓 =
𝑔𝑛2

ℎ
1

3⁄
      (eq. 2) 88 

where g is gravitational acceleration, n is Manning’s roughness coefficient, and h is water 89 

depth, which is extracted from ANUGA by subtracting the topographic elevation data 90 

from water surface elevation. Depth averaged velocity (�̅�) is computed from ANUGA 91 

outputs as: 92 

 �̅� = √(
𝑞𝑥

ℎ
)

2

+ (
𝑞𝑦

ℎ
)

2

.     (eq. 3)  93 

We calculated bed shear stresses for each simulated discharge at six key locations 94 

on the reconstructed topography of the Columbia Gorge (Figure 1a & 3). We computed 95 

shear stresses along the base of the gorge wall at Crown Point, Collins Point, and 96 

Mitchell Point, which are key plan-view constrictions in gorge width that control water 97 

surface profiles; the sites also contain sharp steps in topography that are diagnostic of 98 

erosion (Figure 3). Additionally, we calculated bed shear stresses at other locations with 99 

megaflood erosional features: on a flood-scoured bench near Rowena Gap containing 100 

butte-and-basin topography, at Miller Island where the Haystack Butte basalt flow was 101 

severed, and near the John Day-Columbia River confluence where valley wall retreat 102 

created topographic discontinuities (Figure 3). For each simulated discharge, we report 103 

the first, second, and third quartiles for shear stress distributions at each location (Figure 104 

3).  105 

 We compared the measured shear stresses the floods exerted at these locations to 106 

critical shear stresses needed to initiate erosion by sliding bedrock blocks (Lamb et al., 107 

2015). We computed a dimensionless shear stress threshold (𝜏𝑝𝑐
∗ ) to pluck a bedrock 108 

block by sliding as: 109 

𝜏𝑝𝑐
∗ =  

𝑐𝑜𝑠𝜃(𝑡𝑎𝑛𝜙−𝑡𝑎𝑛𝜃)+2𝜏𝑤
∗

(1+
1

2
𝐶𝐷(

𝑢

𝑢∗
)

2𝑃

𝐷
)(1+𝐹𝐿

∗𝑡𝑎𝑛𝜙)
    (eq. 4)  110 

where 𝜃 is the bedrock block dip, 𝜙  is the bed friction angle, 𝜏𝑤
∗  is the dimensionless 111 

block wall frictional stress, 𝐶𝐷is the local drag coefficient, 𝑢 is the time averaged 112 

velocity, 𝑢∗ is the bed shear velocity, 𝑃 is the block protrusion or roughness height, 𝐷 is 113 

the bedrock block length, and  𝐹𝐿
∗ is a dimensionless lift force (Lamb et al., 2015). We set 114 

the 𝜃 to 1°. Although the bedrock block dip can vary locally, the critical shear stress is 115 
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rather insensitive to this choice. For instance, for 𝜃 of 0.1° and 10°—two extreme 116 

endmembers—critical shear stresses are 47 Pa and 57 Pa, respectively. The 𝜙 and 𝑃 was 117 

34° (Selby, 1993) and 0.1 m, respectively. Bedrock block lengths were tested with a 118 

range of values from 0.13 m to 0.84 m based on bedload grainsize measurements 119 

elsewhere in the Channeled Scablands (Larsen & Lamb, 2016). The values for constants 120 

𝐶𝐷,  𝑢 𝑢∗⁄ , 𝐹𝐿
∗ were taken to be 1, 8.3, and 0.85, respectively (Lamb et al., 2015). The 121 

dimensionless critical shear stress is related to the critical shear stress thresholds (𝜏𝑝𝑐) for 122 

block erosion as: 123 

 𝜏𝑝𝑐 = 𝜏𝑝𝑐
∗ (𝜌𝑠 − 𝜌)𝑔𝐷    (eq. 5) 124 

where 𝜌𝑠 is the block density which was set to 2800 kg m-3. 125 

Cumulative Sediment Flux for Multiple Hydrographs  126 

Prior work using field observations and 1D step backwater modeling indicated the 127 

Columbia Gorge experienced one flood with a peak discharge of 10x106 m3s-1, six floods 128 

of at least 6.5 m3s-1, eight floods of 3-6x106 m3s-1 floods, and ten floods of 1-3x106 m3s-1 129 

(Benito & O’Connor, 2003). However, the peak discharge estimates were based on 130 

modeling experiments routing flow over the present-day topography, and thus 131 

overestimate peak discharges for the paleo-topography. We rescaled these peak discharge 132 

estimates by adjusting water surface elevations based on our steady state simulations over 133 

the reconstructed topography to peak flood magnitudes of 6.3x106, 4x106, 2x106, and 134 

1x106 m3 s-1. The total flood volume we simulated for these floods were 2389.4 km2, 135 

1571.4 km2, 785.7 km2, and 392.8 km2, respectively. The largest discharge, after adjusted 136 

for the paleo-topography, agreed with prior discharges modeled by Denlinger & 137 

O’Connell (2010), who simulated discharge through the Wallula Gap constriction just 138 

upstream of the Columbia Gorge. Hence we applied the hydrograph predicted by 139 

Denlinger & O’Connell (2010; their Figure 9b) to the upstream boundary of our model 140 

domain. Our simulation using the Denlinger & O’Connell (2010) hydrograph showed 141 

minimal floodwave attenuation or reshaping (Figure S3a) as the flood was routed through 142 

the Columbia Gorge. Discharge was calculated using the decomposed magnitude of 143 

specific discharge (q) as: 144 

𝑄 = ∑
𝑞𝑖+𝑞𝑖+1

2
𝑑𝑖𝑖       (eq. 6) 145 

where 𝑑𝑖 is the distance along each line segment and attenuation is calculated as the 146 

difference of peak discharge entering and exiting our area of interest (AOI; the portion of 147 

the model domain with the finer mesh resolution; Figure S1a). Thus, we assume all 148 

floodwaves have the same shape and timing (Figure 5a) at the downstream end of the 149 

AOI (Figure S1a) because the upstream constriction controls the timing of floodwaters 150 

entering the gorge and the floodwave experiences negligible reshaping as it is routed 151 

through the gorge. 152 

Assuming the timing and shape of the floodwave allowed us to apply a discharge-153 

sediment flux relationship (Figure S3b) based on the largest flood simulated to all other 154 

discharges of interest. In total, we modeled the total sediment flux over four unique 155 

floodwaves (Figure 5a). Multiplying the number of times a given flood occurred by the 156 

total sediment flux per flood produced our frequency-magnitude or geomorphic work 157 

analysis (Figure 5c). Summing the product of frequency and sediment flux for all 158 
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discharges then gave a cumulative sediment flux for all megafloods in the Columbia 159 

Gorge (Figure 5b). 160 

Sediment flux was calculated at ten cross-sections spaced 1-km apart at the 161 

downstream end of our AOI (black box in Figure 1a). The flow velocity vector, water 162 

depth, and roughness coefficient were extracted from model results along each cross-163 

section. The flow velocity vector was decomposed to find the magnitude of velocity 164 

perpendicular to each line. At each point along the cross-sections, we calculated the 165 

component of bed shear stress perpendicular to the cross-section by solving eqn. 1 using 166 

the velocity perpendicular to the line segment (�̅�𝑛). The shear stress was used to calculate 167 

the shields number (𝜏∗) using: 168 

 𝜏∗ =
𝑢∗

2

(
𝜌𝑠𝑔𝐷

𝜌𝑠−𝜌
)
       (eq. 7) 169 

where 𝑢∗ is the shear velocity calculated as: 170 

 𝑢∗ = (
𝜏

𝜌
)

1
2⁄

      (eq. 8). 171 

The bedload sediment flux per unit width (𝑞𝑏) was then calculated as (Fernandez Luque 172 

& Van Beek, 1976): 173 

𝑞𝑏 = 5.7(𝜏∗ − 𝜏𝑐
∗)

3
2⁄ (

(𝜌𝑠−𝜌)𝑔𝐷3

𝜌𝑠
)

1
2⁄

    (eq. 9) 174 

where, 𝜏𝑐
∗ is the critical Shields stress for sediment transport, which is 0.045 for coarse 175 

sediment (Lamb et al., 2015).  176 

 177 

To calculate the suspended sediment load, we first calculated bed load layer 178 

height, velocity and sediment concentration profiles. Bed load layer height (𝐻𝑏) was 179 

calculated as (Chatanantavet & Lamb, 2014):  180 

𝐻𝑏 = ℎ (𝐹𝑟 (
𝐷

ℎ
)

2
)

0.3

     (eq. 10) 181 

where 𝐹𝑟 =
𝑢𝑛̅̅ ̅̅

(𝑔ℎ)
1

2⁄
 is the Froude Number.  The bed load layer volumetric sediment 182 

concentrations (𝑐𝑏) was calculated as: 183 

 𝑐𝑏 =  
𝑞𝑏

𝐻𝑏𝑈𝑏
       (eq. 11) 184 

where 𝑈𝑏is bed load velocity, set to 60% of 𝑢𝑛̅̅ ̅ (Chatanantavet & Lamb, 2014). We set a 185 

maximum value for 𝑐𝑏 of 30% (Garcia & Parker, 1991).  186 

The vertical suspended sediment concentration profile (c) was calculated as:  187 

𝑐 =  𝑐𝑏 [
(1−𝜁𝑧) 𝜁𝑧⁄

(1−𝜁𝑏) 𝜁𝑏⁄
]

𝑃

     (eq. 12) 188 

where 𝜁𝑧 = z/h is a dimensionless height above the bed, 𝜁𝑏 = 𝐻𝑏/ℎ is a dimensionless 189 

bedload layer height, and 𝑃 is the Rouse number (Rouse, 1939). The Rouse number is 190 

𝑃 =
𝑤𝑠

𝑢∗𝑘
, where k is von Kármán constant (0.41), and 𝑤𝑠 is the sediment terminal settling 191 

velocity. Settling velocity was calculated (Ferguson & Church, 2004) using values for 192 

natural sediment (C1
 = 20, C2 = 1.1). We then solve for a vertical flow velocity profile 193 

using the log law approximation: 194 

 𝑢 =
𝑢∗

𝑘
𝑙𝑛 (

𝜁𝑧

𝜁𝑧0

)      (eq. 13)  195 
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where 𝜁𝑧0
 is a dimensionless roughness height. To calculate the dimensionless roughness 196 

height we first integrate eq. 12: 197 

�̅� = ∫
𝑢∗

𝑘
𝑙𝑛 (

𝜁𝑧

𝜁𝑧0

)
ℎ

𝑧0
𝑑𝑧      (eq. 14)  198 

Eq. 14 was then combined with the friction coefficient definition 𝐶𝑓 = (𝑢∗

�̅�⁄ )
2

to give: 199 

𝐶𝑓 = (
log(

𝜁𝑧0
−1

𝑒
⁄ )+𝜁𝑧0

𝑘
)

−2

    (eq. 15) 200 

𝐶𝑓 in eq. 15 is set to the value computed in eq. 2 and iteratively solved for 𝜁𝑧0
. The 201 

suspended load per unit width (𝑞𝑠) was finally calculated as:   202 

𝑞𝑠 = ∫ 𝑐𝑢𝑑𝑧
ℎ

𝐻𝑏
       (eq. 16). 203 

The bed and suspended load per unit width calculations were performed at 204 

individual points along each cross-section. We calculate the total volumetric bed (𝑄𝑏) and 205 

suspended (𝑄𝑠) load fluxes for each cross-section as: 206 

𝑄𝑏 = ∑
𝑞𝑏𝑖

+𝑞𝑏𝑖+1

2
𝑑𝑖𝑖     (eq. 17) 207 

𝑄𝑠 = ∑
𝑞𝑠𝑖

+𝑞𝑠𝑖+1

2
𝑑𝑖𝑖       (eq. 18) 208 

 209 

where 𝑑𝑖 was the distance between each point (i) on the cross-section. The total sediment 210 

flux (𝑄𝑇) was then calculated as 𝑄𝑇 = 𝑄𝑏 + 𝑄𝑠 (Figure S3b). We reported the median 211 

value from the 10 cross sections.  212 

 213 

 214 

 215 

 216 

 217 

 218 

 219 

 220 

 221 
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 222 

Figure S1. Numerical model setup. a) Numerical modeling extent highlighting the 223 

upstream and downstream boundary conditions (B.C.). Inset shows an example of the 224 

computational mesh. Note the use of a high-resolution mesh inside the area of interest 225 

and a low resolution mesh outside of the area of interest. b) Steady state discharges 226 

imposed at the upstream boundary. 227 

 228 

 229 

 230 
 231 

Figure S2. Change in cross-sectional area in the Columbia Gorge based on the present-232 

day and reconstructed topography. 233 
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 234 
Figure S3. Unsteady discharge simulation and predicted sediment flux. a) Inflow and 235 

outflow hydrograph from unsteady modeling experiments that route the hydrograph 236 

modeled by Denlinger and O’Connell (2010) through the Columbia Gorge. The inflow 237 

hydrograph was imposed at the upstream boundary and the outflow was measured at the 238 

downstream end of our area of interest. Note there is minimal hydrograph attenuation or 239 

reshaping. b) Computed sediment flux through time for the outflow hydrograph using a 240 

grainsize of 33 cm.  241 

 242 
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 243 

 244 
 245 

Figure S4. Influence of grid resolution on valley geometry. Upper image is a DEM-246 

derived hillshade near the Collins Point constriction. The cross-sections from the A-A’ 247 

profile (lower panel) show that using a coarse 250 m resolution DEM produces an 248 

artificially narrow valley compared to a 90 m resolution DEM.  The horizontal lines show 249 

the gorge widths at 50 m elevation. Note there is a 200 m width difference due to 250 

resolution.  251 

 252 

 253 

 254 

 255 
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Location Feature Ref.* Constraint Latitude Longitude Elevation 
(m) 

Modern Topo. 
Bounds 

Reconstructed Topo. 
Bounds 

Discharge 
(m3s-1) 

Stage 
(m) 

Discharge 
(m3s-1) 

Stage (m) 

Columbia 
Valley east 
of John Day 
River 

Erosional 
trim line 

1 Min 45.68806 -120.39167 332.4 7-8 x 106 318.0-
337.5 

5-6 x 106 317.7-337.9 

The Nook at 
John Day 
River 

Divide not 
crossed 

1 Max 45.68660 -120.50080 345.1 8-9 x 106 336.7-
355.0 

6-7 x 106 337.0-356.0 

John Day 
River 
confluence 

Divide not 
crossed 

1 Max 45.73470 -120.62000 359.3 9-10 x 106 348.3-
366.6 

7-8 x 106 350.1-368.6 

Deschutes 
River 
confluence 

Erosional 
trim line 

1 Min 45.63100 -120.88460 315.6 7-8 x 106 302.7-
321.7 

6-7 x 106 306.0-326.0 

Deschutes 
River 
confluence 

Divide not 
crossed 

1 Max 45.66450 -120.91840 336.4 9-10 x 106 335.4-
352.7 

7-8 x 106 323.6-342.6 

Fulton 
Ridge east 
of 
Fairbanks 
Gap 
 

Divide not 
crossed 

2 Max 45.63590 -120.99180 359.9 >10 x 106 >349.5 9-10 x 106 337.1-373 
 

Dalles 
Basin 
trimline 

Base of 
erosional 
trim line 

1 Min 45.64875 -121.24395 312.8 8-9 x 106 295.8-
312.9 

7-8 x 106 295.5-315.7 

Tom McCall 
Point 

Base of 
erosional 
trim line 

1 Min 45.67642 -121.30160 279.1 7-8 x 106 276.0-
294.8 

6-7 x 106 273.5-295.5 
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Balch Lake Divide not 
crossed 

1,3 Max 45.72480 -121.30904 298.1 8-9 x 106 294.0-
311.7 

7-8 x 106 296.4-315.9 

Hood River 
Valley 

Erratic 1,3,4 Min 45.65407 -121.50511 260.8 6-7 x 106 243.4-
264.5 

5-6 x 106 244.1-267.1 

Underwood 
Mountain 

Prominent 
trimline 
 

2 Min 45.73570 -121.55390 274.2 
 

7-8 x 106 264.8-
283.9 

6-7 x 106 268.1-289.9 

*1. Benito and O'Connor (2003); *2. *O’Connor et al. (2020); *3. Allison (1933); *3. Bretz (1919) 

 
Table 1. High water indicators from prior studies. Elevations for high water indicators were derived from lidar data. 
Discharge and stage bounds are shown for the simulations using the modern and reconstructed topography. 
 


