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1. Timing constraints on ice history and flooding 15 

Scouring of the Channeled Scabland likely occurred while the Columbia River was dammed by 16 

an advancing Okanogan ice lobe (Hanson, 1970; Waitt, 1985, 2017; Baker et al., 2016; Balbas et 17 

al., 2017), forming glacial Lake Columbia (Atwater, 1987; Hanson and Clague, 2016). Flood 18 

deposits dated to 18.2 ± 1.5 ka suggest that the Okanogan ice lobe blocked the Columbia River 19 

after this time, retreating after 15.4 ± 1.4 ka, based on the age of erratics, in addition to flood-20 

transported boulders dated to 15.3-14 ka (Balbas et al., 2017). Thus, glacial Lake Columbia likely 21 

existed after 18.2 and before 15.6 (1 sigma age uncertainty spans 19.7-14 ka); the Channeled 22 

Scabland were thus most recently carved during this time. Over eighty-nine flood events are 23 

recognized in varve sequences in glacial Lake Columbia, providing a minimum number of floods, 24 

given that other floods occurred before and after the blocking of Columbia River (Atwater, 25 

1987; O’Connor et al., 2020). Freshwater pulses in the ocean, as measured by 𝛿18O, show the 26 

largest freshwater event occurring between 20-18 ka, with other peaks at 16-15 ka, and 13-11.5 27 
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ka (Lopes and Mix, 2009; Praetorius et al., 2020). The marine record is not sensitive to the 28 

source of freshwater, and may include various flood sources including Lake Bonneville, which 29 

encompassed a substantially larger lake volume than Lake Missoula (O’Connor et al., 2020). 30 

Near British Columbia, 44 flood events with 80-50 yr periodicity from 19.3 to 14.9 ka were 31 

counted with sediments characteristic of Missoula floods (Cosma and Hendy, 2008; Gombiner 32 

et al., 2016).  Since we are interested in the formation of the Channeled Scabland on the 33 

Columbia Plateau, we focus on the time period when glacial Lake Columbia existed, from 18 to 34 

15.5 ka, (or 20 to 14 ka, including age uncertainty).  35 

 36 

2. Uncertainties associated with GIA-corrected glacial Lake Columbia shoreline 37 

reconstruction 38 

 39 

To reconstruct glacial Lake Columbia extent and depth, the observed geologic shoreline 40 

elevation must be corrected for topographic change due to GIA. However, the shoreline age 41 

does not have sufficient age precision to differentiate between early (~18 ka) and later (~15.5 42 

ka) floods (Atwater, 1987).  Atwater (1987) suggested that the highest lake stage, 730 m, which 43 

we adopted in our simulations, may have only lasted for 200 to 400 years, however this 44 

estimate may represent a minimum since the record is incomplete. We chose the highest 45 

known lake level at both times to isolate the influence of glacial isostatic adjustment on 46 

spillover into the scabland tracts in our simulations. Nevertheless, the lake level associated with 47 

each time (18 ka and 15.5 ka) is a source of uncertainty in our performed simulations. Knowing 48 

the precise age of the lake shoreline would allow the appropriate GIA correction to be applied 49 



 3 

to the observed shoreline elevation, which would help determine lake levels at the time of 50 

flooding. Thus, the initial lake level is an uncertainty in our flooding simulations since the most 51 

appropriate GIA correction to apply is unknown. Regardless of the shoreline’s actual age, 52 

simulating megaflood overspilling from glacial Lake Columbia using present-day topography 53 

without correcting for GIA overestimates initial lake depths (Supplementary Figure 2).  54 

 55 

3. Sensitivity Tests: Simulations at 20 ka and 14 ka 56 

Floods at the earliest time within the age uncertainty (20 ka; Balbas et al., 2017) on glacial Lake 57 

Columbia, simulated on the 20 ka GIA-corrected topography, result in comparable shear stress 58 

values between the channel tracts, similar to on the 18 ka topography for overspill discharge of 59 

6x106 m3/s  (21 hr) (Supplementary Figure 10; Supplementary Table 1). At the latest time within 60 

age uncertainty (14 ka), higher shear stress values are concentrated in the Telford-Crab Creek 61 

tract, similar to on the 15.5 ka topography simulations (Supplementary Figure 10; 62 

Supplementary Table 1).   63 

 64 

4. Sensitivity tests: Earth model 65 

We assessed the sensitivity of the calculated shear stress values to the earth model adopted in 66 

the GIA simulations. We adopted an alternate Earth model VM2 (Peltier, 2004) and modeled 67 

flooding on the 18 ka topography for overspill discharge of 6x106 m3/s  (21 hr). We found that 68 

the resulting maximum shear stress values were insensitive to this choice (Supplementary 69 

Figure 7; Supplementary Table 1).  70 

 71 
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5. Sensitivity tests: Friction coefficient and threshold shear stress 72 

 73 

We assessed the sensitivity of the calculated shear stress values to the choice of Manning’s 74 

friction coefficient by performing ANUGA simulations and calculating shear stress values with a 75 

friction coefficient of n = 0.03, as compared to n = 0.065 (Supplementary Figure 9). Changing 76 

the value of the friction coefficient (keeping all other simulation parameters as in Figure 3) 77 

lowers the magnitude of calculated shear stress values (Supplementary Table 1). If a lower 78 

friction coefficient is more accurate for our study area, then shear stresses would be lower and 79 

a higher input spillover discharge would be required to produce maximum shear stress values 80 

exceeding the threshold to erode basalt.  81 

 82 

Another uncertainty is the estimated threshold to erode basalt, which is based on entraining 83 

columnar basalt (Larsen and Lamb, 2016). In our study we assumed the majority of the basalt in 84 

the study region is columnar basalt. However, parts of this region are the top of basalt flow, or 85 

entablature basalt (Baker, 1978; Baker et al., 2016). For eroding entablature basalt, thresholds 86 

for plucking may be greater than assumed in our study, as prior literature suggests entablature 87 

basalt is more resistant to erosion that underlying columns (Schultz, 1995; Baker et al., 2016). 88 

Another possibility is that lower shear stress thresholds are required for plucking than for 89 

transport. Long, skinny, loose columns might be plucked from a ledge more easily than they 90 

could be transported along the bed. 91 

 92 
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The channelized landscape is used in our comparison with the threshold shear stress for basalt 93 

erosion. However, where basalt columns were plucked above a threshold shear stress, rock that 94 

could be eroded at shear stresses below that threshold would now be absent, altering channel 95 

geometry such that later flood events would produce lower shear stresses (e.g. Lapotre and 96 

Lamb, 2015).  If substantial erosion occurred during flooding, the post-erosion state would have 97 

a higher erosion threshold since exposed, loose columns would have been removed, leaving the 98 

less-weathered top of the underlying lava flow. Thus, simulations using the post-erosion state, 99 

which is what we include as the initial condition for topography in our simulations, may require 100 

higher shear stress thresholds than we assumed.  101 

 102 

6. Distribution of flood discharge and sensitivity to input discharge 103 

 104 

We analyzed the distribution of spillover discharge into four cross-sections bordering glacial 105 

Lake Columbia across the entire study area. Supplementary Figure 3 shows the discharge 106 

evolution for 18 ka (Supplementary Figure 3A), 15.5 ka (Supplementary Figure 3B), and present-107 

day topography (Supplementary Figure 3C) for overspill discharge of 6x106 m3/s (21 hr) across 108 

all regions of the study area. Discharge entering both the Telford-Crab Creek and Cheney-109 

Palouse tracts (blue; Supplementary Figure 3) varies depending on the topography used in 110 

simulations. On the 18 ka GIA-corrected topography, the maximum discharge entering Telford-111 

Crab Creek and Cheney-Palouse is 1.4x106 m3/s, in contrast to 0.7x106 m3/s on the 15.5 ka GIA-112 

corrected topography.  Simulations using present-day topography result in a higher maximum 113 

discharge of 3x106 m3/s. These differences result both from differing initial lake stages for 18 ka 114 
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and 15.5 ka GIA-corrected topographies and present-day topography (Supplementary Figure 2), 115 

as well as differing spillover elevations on each topography (Figure 4C).  116 

 117 

The spillover discharge entering the eastern region of the study area (red and yellow; 118 

Supplementary Figure 3) contributes to filling and expanding the extent of glacial Lake 119 

Columbia, as this region is inundated. The discharge evolution through these cross sections 120 

experiences an initial spike in the first timestep of the simulation on the order of 0.1-0.2x106 121 

m3/s. This initial discharge peak is from outflow of the initial lake stage, rather than the input 122 

spillover discharge. 123 

 124 

To explore how the calculated maximum shear stresses in the main text vary with maximum 125 

input spillover discharge magnitude, we performed simulations with a lower and higher 126 

maximum discharge of 5 x106 m3/s (21 hr) and 7 x106 m3/s (21 hr), respectively. Supplementary 127 

Figure 15 and Supplementary Figure 16 show the associated histograms and empirical 128 

cumulative distribution functions for maximum bed shear stresses compared with the basalt 129 

erosional threshold. At 15.5 ka, a peak spillover discharge of 5x106 m3/s (21 hr) results in 130 

exceeding the threshold to erode basalt in Telford-Crab Creek, but not in Cheney-Palouse 131 

(Supplementary Table 1). Because subsidence due to glacial isostatic adjustment concentrates 132 

erosional power in Telford-Crab Creek at 15.5 ka, a smaller discharge than that used in the main 133 

text can erode this single tract.  134 

 135 
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We assessed the sensitivity of our simulation results to different input spillover discharge 136 

scenarios. We performed simulations with a longer flood duration with a maximum discharge of 137 

6 x106 m3/s, with a longer duration (34 hrs) input discharge floodwave than that used in the 138 

main text.  We also performed simulations using a higher maximum discharge of 10 x106 m3/s 139 

(21 hr). Supplementary Figure 5 shows the discharge evolution in Telford-Crab Creek and 140 

Cheney-Palouse channel tracts for each of these discharge scenarios. We found similar patterns 141 

of discharge partitioning between Telford-Crab Creek (blue; Supplementary Figure 5) and 142 

Cheney-Palouse (orange; Supplementary Figure 5) to the results from simulations adopted in 143 

the main text. In particular, more discharge is routed into Telford-Crab Creek tracts relative to 144 

Cheney-Palouse on the 18 ka GIA-corrected topography compared (Supplementary Figure 5A) 145 

to on the 15 ka GIA-corrected topography (Supplementary Figure 5B). For simulations on the 146 

present-day topography, an equivalent discharge entered both channel tracts (Supplementary 147 

Figure 5C).  148 

 149 

Although these sensitivity tests suggest our major result (GIA influences discharge distributions) 150 

is robust, discharge partitioning between Telford-Crab Creek and Cheney-Palouse may change 151 

under substantially different flooding scenarios. Telford-Crab Creek and Cheney-Palouse tracts 152 

are characterized by different channel geometries; in particular, channels are narrower in 153 

Telford-Crab Creek compared to in Cheney-Palouse (Figure 4C). Thus, with increasing 154 

magnitudes of discharge, we would expect a greater volume in the Cheney-Palouse tract, where 155 

channel cross-sectional areas are greater. At very high discharges, we may expect the influence 156 

of glacial isostatic adjustment to diminish as flood dynamics become less sensitive to the 157 
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geometry of individual channels in these tracts. Indeed, Supplementary Figure 5 shows that the 158 

proportional difference in discharge entering Telford-Crab Creek and Cheney-Palouse tracts 159 

becomes less pronounced at the higher spillover discharge rate of 10 x106 m3/s (21 hr).  160 

 161 

We explored how the ratio of discharge entering Telford-Crab Creek and Cheney-Palouse tracts 162 

varied at different input spillover discharge magnitudes (Figure 2E). Simulating spillover from 163 

glacial Lake Columbia on GIA-corrected topographies results in a greater proportion of 164 

discharge in Telford-Crab Creek tracts relative to Cheney Palouse tracts, particularly at 15.5 ka. 165 

The influence of GIA on discharge partitioning becomes less pronounced at higher discharges. 166 

However, at the higher tested spillover discharges, more than 10% of non-scabland regions are 167 

predicted to exceed the threshold to erode basalt, violating the constraint imposed by non-168 

scabland areal extent (Supplementary Figure 17; Supplementary Table 1).  169 

 170 

We also analyzed the distribution of spillover discharge into four cross-sections bordering 171 

glacial Lake Columbia across the entire study area (as in Supplementary Figure 3 for main text 172 

simulations) using these additional flood discharge scenarios. Supplementary Figure 6 shows 173 

the discharge evolution for 18 ka (Supplementary Figure 6A), 15.5 ka (Supplementary Figure 174 

6B), and present-day topography (Supplementary Figure 6C). In contrast to simulations adopted 175 

in the main text, greater peak spillover discharge results in sufficient backfilling of glacial Lake 176 

Columbia to allow a greater proportion of spillover discharge to enter the Telford-Crab Creek 177 

and Cheney-Palouse tracts (blue; Supplementary Figure 6) after ~15 hours.   178 

 179 
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SUPPLEMENTARY FIGURES 180 

Supplementary Table 1: Percentage of area with maximum shear stresses that exceed 117 Pa for each flood 181 

simulation. Bold text highlights simulations where more than 10% of non-scabland area exceeds basalt erosion 182 

threshold. TC is Telford-Crab Creek and CP is Cheney-Palouse.  183 

  

scabland (basalt-
scoured) regions 

non-scabland (loess-
covered) regions 

simulation 
peak discharge 
(x106 m3/s) TC       CP      TC       CP 

present day 5 41.90% 49.14% 3.47% 17.79% 
18 ka 5 31.70% 22.16% 1.15% 5.18% 
15.5 ka 5 19.47% 0.00% 0.07% 0.00% 
present day  (main text) 6 52.34% 56.85% 5.24% 24.55% 
18 ka  (main text) 6 43.82% 35.46% 3.44% 9.13% 
15.5 ka  (main text) 6 40.21% 4.29% 3.16% 1.32% 
present day 7 60.48% 64.57% 8.88% 31.05% 
18 ka 7 54.41% 45.72% 7.55% 14.41% 
15.5 ka 7 49.61% 22.82% 7.19% 5.34% 
present day 10 66.82% 74.35% 18.26% 42.21% 
18 ka 10 67.97% 67.29% 19.53% 33.16% 
15.5 ka 10 68.08% 52.27% 22.65% 20.02% 
present day 6, 34 hrs  62.32% 66.64% 10.20% 32.36% 
18 ka 6, 34 hrs  59.98% 51.36% 11.24% 19.83% 
15.5 ka 6, 34 hrs  57.43% 35.78% 12.56% 9.72% 
boundary 
condition 
test  
18 ka 6  43.20% 35.83% 2.96% 8.97% 
alternate 
earth model 
18 ka 6  54.69% 47.22% 8.85% 14.80% 
alternate 
friction coef  
18 ka 6 14.40% 6.29% 0.60% 1.85% 
20 ka 6 46.44% 38.59% 4.12% 10.34% 
14 ka 6 40.99% 18.24% 3.13% 4.53% 

 184 
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Supplementary Figure 1| Inlet spillover discharge from glacial Lake Columbia hydrograph for simulations in main 186 

text with maximum discharge of 6x106 m3/s (21 hr) (A) and 6x106 m3/s with twice the duration as the floodwave 187 

duration in the main text (34 hr) (B), and 10x106 m3/s (21 hr) (C).   188 

 189 

Supplementary Figure 2 | glacial Lake Columbia initial lake depth at (A) 18 ka, (B) 15.5 ka, and (C) present day. 190 

Dotted red lines show outline of the boundary where topography is filled to glacial Lake Columbia maximum lake 191 

stage (730 m for present day, 748 m for 15.5 ka, and 790 m for 18 ka). D. Comparison of initial lake shorelines for 192 

18 ka (blue), 15.5 ka (pink), and present-day (black) topographies. The 18 ka and 15.5 ka glacial Lake Columbia 193 

boundaries do not connect in the northeastern corner of the modeled domain. 194 

 195 
 196 
 197 
 198 
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 199 

 200 

Supplementary Figure 3| Map of cross section locations (A), including inlet boundary in green (as in Figure 1A). 201 

Discharge evolution for 18 ka (B), 15.5 ka (C), and present-day topography (D) for overspill peak discharge of 6x106 202 

m3/s (21 hr) across all regions of study area. The blue line represents a cross section of discharge entering the 203 

Channeled Scabland region including Telford-Crab Creek and Cheney-Palouse. Yellow and red lines represent cross 204 

sections entering the eastern region of the study area, which contribute to filling and expanding the extent of 205 

glacial Lake Columbia. 206 

 207 
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 208 

Supplementary Figure 4 | Maximum achieved bed shear stress over course of simulation (see Methods)  on 18 ka 209 

GIA-corrected (A), 15.5 ka GIA-corrected (B), present-day (C) topography with a peak discharge of 6x106 m3/s (21 210 

hr). Orange (Cheney-Palouse) and blue (Telford-Crab Creek) lines contain basalt-eroded regions (Washington State 211 
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Geologic Survey Surface Geology Map 1:100,000, 2020). Turquoise lines indicate glacial Lake Columbia shoreline at 212 

start of simulation. UTM zone 11. 213 

 214 

 215 

Supplementary Figure 5 | Solid lines show discharge evolution for 18 ka (A,D), 15.5 ka (B,E), and present-day 216 

topography (C,F) in Telford-Crab Creek and Cheney-Palouse tracts for overspill discharge of 10x106 m3/s (top), and 217 

6x106 m3/s with twice the duration (34 hr) as the floodwave duration in the main text (bottom). Dashed lines show 218 

comparison to discharge evolution in Figure 2 for 6x106 m3/s (21 hr) flood event.  219 

 220 

 221 
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 222 

Supplementary Figure 6| Map of cross section locations (A), including inlet boundary in green (as in Figure 1A). 223 

Discharge evolution for 18 ka (B,E), 15.5 ka (C,F), and present-day topography (D,G) for overspill discharge of 224 

10x106 m3/s (21 hr) (top), and 6x106 m3/s with twice the duration (34 hr) as the floodwave duration in the main 225 

text (bottom). The blue line represents a cross section of discharge entering the Channeled Scabland region 226 

including Telford-Crab Creek and Cheney-Palouse. Yellow, red, and purple lines represent cross sections entering 227 

the eastern region of the study area, which contribute to filling and expanding the extent of glacial Lake Columbia. 228 

Dashed lines show comparison to discharge evolution in Supplementary Figure 3 for 6x106 m3/s (21 hr) flood 229 

event.  230 

 231 

 232 
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 233 

Supplementary Figure 7 | Histograms and empirical cumulative distribution functions for maximum bed shear 234 

stresses in Telford-Crab Creek (blue) and Cheney-Palouse (orange) for alternate Earth model VM2 on 18 ka 235 

topography (all other parameters held constant, using peak spillover discharge of 6x106 m3/s (21 hr) as in Figure 4).  236 

for (A) scabland regions and (B) non-scabland regions. Vertical dashed red lines show threshold shear stress values 237 

(117-1242 Pa) required to erode basalt. The dashed blue and orange lines show the empirical cumulative 238 

distribution functions in main text Figure 3. 239 

 240 
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 241 

Supplementary Figure 8 | GI31-ANUed-PC2 North American ice thickness at 20 ka (A), 18 ka (B), 15.5 ka (C), and 14 242 

ka (D).  243 

 244 

 245 

 246 

Supplementary Figure 9| Histograms and empirical cumulative distribution functions for maximum bed shear 247 
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stresses in Telford-Crab Creek (blue) and Cheney-Palouse (orange) for simulations using Manning’s coefficient n = 248 

0.03 with a discharge of 6x106 m3/s (21 hr) on the 18 ka topography for (A) scabland regions, (B) non-scabland 249 

regions. Compare to simulations shown in Figure 4 (n = 0.065, all other parameters held constant). The dashed 250 

blue and orange lines show the empirical cumulative distribution functions in main text Figure 3. 251 

 252 

 253 

 254 

Supplementary Figure 10 | Topographic change due to glacial isostatic adjustment with ice history GI31-ANUed-255 

PC2 for 20-14 ka  256 

 257 
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 258 

Supplementary Figure 11 | Maximum shear stress on 20 ka (A) and 14 ka (B) topography for simulations with same 259 

parameters as in Supplementary Figure 4, using discharge of 6x106 m3/s (21 hr). Gray lines contain basalt-eroded 260 

regions (Washington State Geologic Survey Surface Geology Map 1:100,000, 2020). 261 

 262 

 263 

 264 
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 265 

Supplementary Figure 12| Histograms and empirical cumulative distribution functions for maximum bed shear 266 

stresses in Telford-Crab Creek (blue) and Cheney-Palouse (orange) using peak spillover discharge of 6x106 m3/s (21 267 

hr), as in Figure 4, for 20 ka (A,C) and 14 ka topography (B,D) for scabland regions (A,B) and non-scabland regions 268 

(C,D). Vertical dashed red lines show threshold shear stress values (117-1242 Pa) required to erode basalt 269 

 270 

 271 

 272 
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 273 

Supplementary Figure 13| Histograms and empirical cumulative distribution functions for maximum bed shear 274 

stresses in Telford-Crab Creek (blue) and Cheney-Palouse (orange), (A) in scabland regions and (B) non-scabland 275 

regions, for alternate downstream boundary condition. In this simulation the southernmost open boundary 276 

location is shifted from 3.5x105 m Easting to 3.1x105 m Easting (all other parameters held constant, using peak 277 

spillover discharge of 6x106 m3/s (21 hr) as in Figure 4). Vertical dashed red lines show threshold shear stress 278 

values (117-1242 Pa) required to erode basalt 279 

 280 

 281 

 282 
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 283 

Supplementary Figure 14 | Predicted water depths for flooding simulation on 18 ka topography with a peak input 284 

discharge of 6x106 m3/s (21 hr) as in main text at 3 hrs (A), 18 hrs (B), 24 hrs (C), and 39 hrs (D).  Green lines show 285 

the location of inlet (inflow boundaries). 286 

 287 

 288 

 289 

 290 

 291 

 292 
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 293 

Supplementary Figure 15 | Histograms and empirical cumulative distribution functions for maximum bed shear 294 

stresses in Telford-Crab Creek (blue) and Cheney-Palouse (orange) for scabland regions (left side) and non-295 

scabland regions (right side) for 5x106 m3/s (21 hr) flood event on the 18 ka (A,D), 15.5 ka (B,E), and present-day 296 

(C,F) topography. Vertical dashed red lines show threshold shear stress values (117-1242 Pa) required to erode 297 
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basalt. 298 

 299 

 300 

 301 

Supplementary Figure 16 | Histograms and empirical cumulative distribution functions for maximum bed shear 302 

stresses in Telford-Crab Creek (blue) and Cheney-Palouse (orange) for scabland regions (left side) and non-303 
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scabland regions (right side) for 7x106 m3/s (21 hr) flood event on the 18 ka (A,D), 15.5 ka (B,E), and present-day 304 

(C,F) topography. Vertical dashed red lines show threshold shear stress values (117-1242 Pa) required to erode 305 

basalt. 306 

 307 

 308 

 309 

 310 

 311 

 312 

 313 
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 314 

Supplementary Figure 17 | Histograms and empirical cumulative distribution functions for maximum bed shear 315 

stresses in Telford-Crab Creek (blue) and Cheney-Palouse (orange) for scabland regions (left side) and non-316 

scabland regions (right side) for 10x106 m3/s (21 hr) flood event on the 18 ka (A,D), 15.5 ka (B,E), and present-day 317 

(C,F) topography. Vertical dashed red lines show threshold shear stress values (117-1242 Pa) required to erode 318 



 27 

basalt.  319 

 320 
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