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ABSTRACT

Pleistocene outburst floods from the drain-
age of glacial Lake Missoula carved bedrock 
canyons into the Columbia Plateau in eastern 
Washington, USA, forming the Channeled 
Scabland. However, rates of bedrock incision 
by outburst floods are largely unconstrained, 
which hinders the ability to link flood hydrol-
ogy with landscape evolution in the Channeled 
Scabland and other flood-carved landscapes. 
We used long profiles of hanging tributar-
ies to reconstruct the pre-flood topography 
of the two largest Channeled Scabland can-
yons, upper Grand Coulee and Moses Coulee, 
and a smaller flood-eroded channel, Wilson 
Creek. The topographic reconstruction indi-
cates floods eroded 67.8 km3, 14.5 km3, and 
1.6 km3 of rock from upper Grand Coulee, 
Moses Coulee, and Wilson Creek, respec-
tively, which corresponds to an average inci-
sion depth of 169 m, 56 m, and 10 m in each 
flood route. We simulated flood discharge over 
the reconstructed, pre-flood topography and 
found that high-water evidence was emplaced 
in each of these channels by flow discharges 
of 3.1 × 106 m3 s−1, 0.65–0.9 × 106 m3 s−1, 
and 0.65–0.9 × 106 m3 s−1, respectively. These 
discharges are a fraction of those predicted 
under the assumption that post-flood topogra-
phy was filled to high-water marks for Grand 
and Moses Coulees. However, both methods 
yield similar results for Wilson Creek, where 
there was less erosion. Sediment transport 

rates based on these discharges imply that 
the largest canyons could have formed in only 
about six or fewer floods, based on the time re-
quired to transport the eroded rock from each 
canyon, with associated rates of knickpoint 
propagation on the order of several km per 
day. Overall, our results indicate that a small 
number of outburst floods, with discharges 
much lower than commonly assumed, can 
cause extensive erosion and canyon formation 
in fractured bedrock.

INTRODUCTION

Reconstructing the paleodischarge of large 
floods is important for understanding landscape 
evolution and mechanisms of abrupt climate 
change on Earth (Clarke et al., 2004; Praetorius 
et al., 2020) and Mars (Baker et al., 1991). Out-
burst floods are capable of eroding deep can-
yons, particularly in landscapes with fractured 
bedrock (Bretz, 1923; Baker, 1978c; O’Connor, 
1993; Baker and Kale, 1998; Lamb et al., 2014; 
Baynes et al., 2015b). However, with the excep-
tion of limited historical cases where the hydrol-
ogy and hydraulics of canyon formation and 
flood erosion are constrained (e.g., Lamb and 
Fonstad, 2010; Anton et al., 2015; Cook et al., 
2018; Bender, 2022), it remains a challenge 
to understand the rates of landscape evolution 
generated by repeated outburst floods. Recon-
struction of pre-flood topography is necessary 
to both quantify the volume of bedrock eroded 
by floods and to interpret paleo-flood discharge 
from high-water evidence (Larsen and Lamb, 
2016; David et al., 2022; Lehnigk and Larsen, 
2022). However, without observations of the 
pre-flood land surface, it can be challenging to 
reconstruct the topography first encountered by 
outburst floods. Developing a better understand-
ing of the links between flood hydraulics and 
the topographic expression of outburst flood 
erosion can aid in assessing paleo-flood dis-

charge from topographic data alone, which is 
particularly relevant for interpreting the history 
of water on Mars, where canyon geometry pro-
vides one of the few observable constraints on 
paleo-flood discharge (e.g., Baker, 1982; Lapo-
tre et al., 2016).

The Channeled Scabland in eastern Wash-
ington, USA, is an iconic outburst flood-carved 
landscape (Bretz, 1923). The Channeled Scab-
land contains several large canyons incised by 
headward waterfall or cataract (a cataract is a 
waterfall with high discharge) retreat during 
Pleistocene outburst floods from glacial Lake 
Missoula, as well as flood channels that were 
eroded, but did not evolve into deep canyons 
(Bretz et al., 1956; Bretz, 1969). Stratigraphic 
evidence from fine-grained slackwater deposits 
(Bretz, 1969; Atwater, 1984; Waitt, 1985, 2002) 
and marine records (Gombiner et  al., 2016) 
have been interpreted to indicate that there were 
at least dozens of floods. The total number of 
floods inferred from glacial Lake Missoula 
by combining evidence from different sites is 
104–108, though the incompleteness of the indi-
vidual records indicates there were likely more 
(O’Connor et al., 2020). However, many of these 
floods occurred after canyons were incised into 
the Columbia Plateau (Baker and Bunker, 1985; 
Atwater, 1986). Hence, it is unclear how many 
of the ∼100 floods exceeded thresholds for 
plucking erosion and contributed to landscape 
evolution.

The routes that outburst floods took across the 
Columbia Plateau were influenced by pre-exist-
ing topography. For instance, floods deepened 
pre-existing valleys, which generated hanging 
tributaries that are still graded to the pre-flood 
base-level (Bretz, 1932; Hanson, 1970; Waitt, 
2021). Previous work in a variety of landscapes 
has shown that extension of hanging tributary 
long profiles can be used to reconstruct pre-
incision topography and thereby estimate the 
volume of eroded bedrock (Brocklehurst and 
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Whipple, 2006; Valla et al., 2010; Fox, 2019), 
including efforts by Hanson (1970) to manually 
reconstruct paleo-tributary profiles and approxi-
mate the pre-flood paleo-topography of Moses 
Coulee in the Channeled Scabland. In this study, 
we build on the work of Hanson (1970) and use 
quantitative slope-distance relationships from 
bedrock streams to reconstruct pre-flood stream 
networks and topographic surfaces. By compar-
ing the reconstructed topography against the 
present-day topography, we quantify the volume 
of rock eroded from three sites: Grand Coulee 
and Moses Coulee, the two largest flood-carved 
canyons in the Channeled Scabland, and Wilson 
Creek—a smaller channel that was eroded by 
floods but did not develop a large knickpoint or 
deep canyon topography. We then use hydrau-
lic models to constrain the paleo-discharge that 
matches high-water evidence on the pre-incision 
topography and use modeled shear stresses to 

predict sediment flux, erosion and knickpoint 
retreat rates, and the number of floods required 
to erode each canyon or flood channel.

STUDY SITE

The Channeled Scabland (Fig. 1) is a land-
scape of fluvially scoured bedrock formed by 
outburst floods from glacial Lake Missoula 
(Pardee, 1942; Bretz et al., 1956). During the 
last glaciation, floods from glacial Lake Mis-
soula overtopped the Columbia and Spokane 
River valleys and flowed across a broad pla-
teau formed by the Miocene-age Columbia 
River flood basalt (Barry et al., 2013). As floods 
crossed the Columbia Plateau, they eroded 
the columnar and jointed bedrock primarily 
by plucking (Bretz, 1923, 1928b, 1969; Bretz 
et al., 1956; Baker, 1973; Lapotre et al., 2016; 
Larsen and Lamb, 2016; Lehnigk and Larsen, 

2022). In the northwest portion of the Channeled 
Scabland, cataract retreat driven by floods spill-
ing out of the Columbia valley into pre-existing 
drainage networks carved upper Grand Coulee 
and Moses Coulee, the two largest canyons in 
the Channeled Scabland. Floodwater overtopped 
drainage divides at 660–720 m and 655–710 m 
(Waitt, 2021) to form canyons with depths up 
to 240 m and 220 m and lengths of 37 km and 
56 km in upper Grand Coulee and Moses Cou-
lee, respectively. Floods also eroded the Wilson 
Creek drainage, spilling over drainage divides at 
higher elevations of 708–730 m (Waitt, 2021) 
to form a narrower 90-km-long channel with a 
maximum valley depth of ∼80 m.

Flood pathways and associated erosion in 
the channels shifted during the course of flood-
ing from glacial Lake Missoula in response to 
changing ice margins and topography (Balbas 
et al., 2017; O’Connor et al., 2020; Denlinger 

Figure 1. (A) The study area 
showing locations of the three 
flood channels (upper Grand 
Coulee, Moses Coulee, and 
Wilson Creek) where we re-
constructed topography and 
flood discharges. (B) The loca-
tion of the study area in the 
northwestern USA showing the 
locations of ice lobes, glacial 
lakes, and areas inundated by 
floods from glacial Lake Mis-
soula during the last glaciation 
(Ehlers et al., 2011).B

A
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et al., 2021; Pico et al., 2022). The timing of the 
origin of Grand Coulee is debated (Waitt et al., 
2021). Bretz (1932) speculated that flooding dur-
ing multiple glaciations may have been required 
to erode Grand Coulee and interpretation of stra-
tigraphy has led to the conclusion that incision 
of Grand Coulee was completed before the end 
of the last glaciation, and potentially during a 
prior glaciation (Atwater, 1986). However, more 
recent geochronology and hydraulic modeling 
results indicate the incision of upper Grand Cou-
lee was more likely completed during the late 
Pleistocene, after ca. 18 ka (Balbas et al., 2017; 
O’Connor et al., 2020; Denlinger et al., 2021; 
Waitt et al., 2021).

The maximum extent of flood inundation is 
constrained by depositional and erosional fea-
tures, which are called “high-water marks.” 
Examples of high-water marks that record 
minimum flood stage include ice-rafted erratics 
inferred to have been deposited in shallow water 
at flow margins, erosional scarps in the loess 
that covers the uplands of the Columbia Pla-
teau, or the highest drainage divides overtopped 
by floods (e.g., Baker, 1978a). However, using 
these high-water marks to constrain flood sizes 
is challenging due to uncertainty in the eleva-
tion of the pre-incision valley floor at the time of 
emplacement (Larsen and Lamb, 2016; Lehnigk 
and Larsen, 2022).

Locations of focused bedrock incision in the 
Channeled Scabland are predominantly associ-
ated with geological structures that fractured 
rock and generated topographic relief. The cata-
ract that retreated through upper Grand Coulee 
initiated at the Coulee monocline (Bretz, 1932) 
and the most extensive erosion in Moses Cou-
lee occurred where floods crossed the Badger 
Mountain anticline (Fig. S11); there is >100 m 
of relief in the landscape associated with each of 
these structures. In contrast, although folds cross 
Wilson Creek (Washington State Department of 
Natural Resources, 2010), none generate sub-
stantial relief. With the exception of flood-gen-
erated incision, the post-eruption surface of the 
Columbia Plateau has been thought to be largely 
preserved (Swanson and Wright, 1978), an infer-
ence supported by cosmogenic nuclide concen-
trations in basalt that indicate the plateau surface 
has eroded at a rate of only 1.5 m Ma−1 since the 
Miocene (Larsen et al., 2021). Pre-flood drain-

age routes are thus assumed to have been graded 
to local baselevels (Bretz, 1932; Hanson, 1970).

There are no field-based estimates of the num-
ber of floods that incised upper Grand Coulee, 
although Bretz (1932, p. 82) hypothesized that 
the ice of the Okanogan Lobe would only have 
been sufficiently thick to divert water from the 
Columbia River into Grand Coulee for long 
enough to allow about six floods, with pos-
sible additional floods during prior glaciations. 
At least four separate floods have been inferred 
from upward-fining deposits of basalt clasts at 
Rock Island Bar at the mouth of Moses Cou-
lee (Waitt, 1985). Gravel beds displaying giant 
ripples at three distinct elevations that are sepa-
rated by erosional scarps at the junction of Wil-
son Creek and Crab Creek have been used to 
infer that three distinct floods occurred in Wilson 
Creek (Bretz et al., 1956, p. 980; Bretz, 1969, p. 
528). Whereas the geologic record at the mouth 
of Moses Coulee provides definitive evidence for 
the minimum number of floods (Waitt, 1985), 
the flood numbers Bretz proposed for Grand 
Coulee and Wilson Creek are very speculative, 
as stratigraphic evidence for multiple floods is 
lacking at these sites.

METHODS

Topographic Reconstruction

We reconstructed topography for upper Grand 
Coulee, Moses Coulee, and Wilson Creek and 
tested the reconstruction method on Douglas 
Creek, a large tributary of Moses Coulee that 
was not eroded by floods. Pre-flood topogra-
phy can be inferred by interpolating between 
the rims of flood eroded canyons (e.g., Baynes 
et al., 2015a; Larsen and Lamb, 2016; Lehnigk 
and Larsen, 2022), but such an approach does 
not account for pre-flood fluvial incision if there 
was a drainage network prior to flooding, and 
hence could overestimate elevation. Our topo-
graphic reconstruction is based on the observa-
tion that in an equilibrium fluvial landscape, as 
the Channeled Scabland region likely was prior 
to flooding (Bretz, 1932; Hanson, 1970; Larsen 
et al., 2021), tributary streams join trunk chan-
nels without a break in elevation or slope at 
junctions (Playfair, 1802; Whipple and Tucker, 
1999). As discharge increases with drainage 
area, channel bed slopes decrease, resulting in 
a concave-up elevation profile that can be mod-
eled as a power law relationship between local 
channel slope (S, m m−1) and drainage area (A, 
m2) as S = ksA−θ, where ks (m−2) is the steepness 
index and θ is a dimensionless concavity index 
(Hack, 1957; Flint, 1974; Howard and Kerby, 
1983). An equilibrium stream has a uniform inci-
sion rate (Wobus et al., 2006), which depends on 

channel bed slope and discharge (Leopold et al., 
1964; Howard and Kerby, 1983; Seidl and Diet-
rich, 1992). Because discharge is proportional to 
distance from the channel head (Leopold et al., 
1964; Hack, 1973), slope can be defined in terms 
of distance downstream (L, m) rather than drain-
age area as:

	
S kL= −λ ,

	
(1)

where k and λ represent a length-dependent 
steepness index (m−1) and dimensionless con-
cavity index, respectively (Bishop and Goldrick, 
2000; Goldrick and Bishop, 2007). Using the 
distance-slope form to describe channel profiles 
allows a stream profile to be extended beyond 
the rim of a canyon along its average heading, 
to intersect with the pre-canyon paleo-valley 
(Fig. 2).

We identified tributaries lacking evidence 
of direct impacts from glacial ice or outburst 
flood erosion and used these to reconstruct pre-
incisional topography. Tributaries draining into 
each canyon or channel were identified on a 
10 m digital elevation model (DEM) constructed 
from U.S. Geological Survey topographic maps 
with sinks filled (see the Supplemental Mate-
rial), using a D8 flow algorithm and assuming 
a threshold drainage area of 1 km2 for channel 
heads (Montgomery and Dietrich, 1989; Wobus 
et  al., 2006). The profile of the longest reach 
for each tributary was extracted from the DEM 
using TopoToolbox (Schwanghart and Scher-
ler, 2014). We identified 48 tributaries draining 
into upper Grand Coulee, 94 tributaries drain-
ing into Moses Coulee, and 69 tributaries drain-
ing into Wilson Creek. However, we excluded 
tributaries from the analysis if mapping (Bretz, 
1932; Washington State Department of Natural 
Resources, 2010; Fig. S1) indicated they were 
located entirely in areas that were modified by 
outburst floods or by the Cordilleran ice sheet, 
or if the resulting extrapolation did not produce 
a profile that resembled that of a graded stream. 
The 211 tributaries for which elevation profiles 
were extracted yielded 17, 65, and 31 tributary 
elevation profiles that were included in the anal-
ysis for upper Grand Coulee, Moses Coulee, and 
Wilson Creek, respectively (Fig. 1). More details 
on the justification for the selection of individ-
ual tributaries can be found in the Supplemental 
Material (Tables S1–S3).

The long profiles for each tributary were 
smoothed to remove noise and eliminate DEM 
artifacts (e.g., Wobus et al., 2006) using a mov-
ing average over a 50 m length scale, a distance 
10 times greater than the mean channel width 
of 5 m that was measured using 1 m resolution 
aerial imagery (USDA-NRCS-NCGC, 2009). 
Elevation and distance data extracted from DEM 

1Supplemental Material. Details about 
sensitivity testing and validation of the topographic 
reconstruction methods described in the main text, 
additional details about modeling methods, and 
figures and tables with additional details about 
the study area and models presented in the main 
text. Please visit https://doi​.org​/10​.1130​/GSAB​
.S.25320616 to access the supplemental material, and 
contact editing@geosociety​.org with any questions.
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grid cells along each tributary long profile were 
binned into 100 m distance increments, and an 
average slope for each bin was calculated. We 
assessed the sensitivity to bin width using a 
range of values and found that the results did 
not vary (details provided in the Supplemental 
Material). We manually selected the reach of 
each tributary that was used to extrapolate slope-
distance relationships to use only the portion of 
the profile adjusted to the pre-flood base-level 
to exclude short channel segments directly adja-

cent to the canyon rim where limited enhanced 
incision in response to flood-induced base-level 
fall has occurred in some tributaries. The val-
ues of k and λ in Equation 1 were determined 
by linear regression through the log-slope log-
distance data, using the y-intercept of the regres-
sion line as k and the slope as λ (Wobus et al., 
2006). The sinuosity of each tributary was also 
calculated as the ratio of the along-channel 
distance to straight-line distance. Slope and 
elevation were extrapolated at 10 m intervals 

as ( )z z S x xi i i i i= − −− −1 1 , where Si (m m−1) is 
the slope calculated from Equation 1 at distance 
xi (m), yielding a new elevation value zi (m) at 
each point (Fig. 2). Extrapolation was completed 
over the straight-line distance between the point 
where the tributary stream crossed the canyon 
rim and the canyon midline along the tributary’s 
average heading, multiplied by the measured 
sinuosity to account for additional along-chan-
nel distance. We identified the intersection of 
each tributary with the canyon rim manually 
based on slope-distance data, as slope values 
increase abruptly downstream from the canyon 
rim (Fig. 2B). The average stream heading was 
calculated over 500 m or the distance to the first 
tributary confluence upstream from the canyon 
rim, whichever was shorter. We determined the 
position of the midline for Wilson Creek using 
the stream network extracted from the DEM, 
whereas we delineated the midlines of upper 
Grand Coulee and Moses Coulee manually as 
a line approximately equidistant between the 
two canyon rims, as their floors are too flat for 
a streamflow path to be determined from DEM 
data. Automated methods for delineating val-
ley midlines exist (Clubb et al., 2022), but we 
opted for a manual method as adjustments to an 
automated approach would have been necessary 
to ensure the delineated midline did not cross 
large rock monoliths that are present within in 
the canyons, such as Steamboat Rock in upper 
Grand Coulee.

To create the reconstructed paleo-long profile 
of each of the three trunk streams, the confluence 
elevations of the reconstructed tributary reaches 
were plotted as a function of distance along the 
midline of each canyon or flood channel. The 
maximum elevation of Steamboat Rock, 716 m, 
was also plotted along the midline of upper 
Grand Coulee, because its surface was not sub-
stantially lowered by flood erosion (Bretz, 1932). 
A pre-incision longitudinal profile for the trunk 
channel (Fig. 3) was generated at 10 m resolu-
tion for each canyon or channel by smoothing 
the extrapolated confluence elevations along 
the midline using a robust loess algorithm—
a weighted linear least squares second-order 
polynomial model that assigns lower weight to 
outliers (Savitzky and Golay, 1964), which per-
formed best out of the algorithms we tested (see 
the Supplemental Material for details). Generat-
ing the trunk channel profile by smoothing rather 
than connecting the extrapolated confluence ele-
vation points accommodates the uncertainty in 
the two-dimensional location of the paleo-valley.

We constructed the pre-flood valley topogra-
phy by interpolating between the elevations of 
the reconstructed longitudinal profile of each 
paleo-trunk channel (i.e., trunk-channel long 
profile) and the rim on each side of the canyon 

A

B

C

Figure 2. (A) Schematic illustration of the tributary extrapolation method used to recon-
struct pre-flood long profiles. (B) A power-law regression (gray line) was fit through the 
binned slope-distance points for the tributary reach upstream of the intersection of the can-
yon rim. (C) The fit was used to extend the tributary elevation-distance profile (solid dark 
gray line) to the canyon midline (dashed line), producing a new estimate of elevation at the 
confluence (circle) that was used to reconstruct the pre-flood trunk channel long profile 
(Fig. 3).

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/136/9-10/4398/6900623/b36975.1.pdf by California Institute of Technology  user on 11 February 2026



Lehnigk et al.

4402	 Geological Society of America Bulletin, v. 136, no. 9/10

or channel. The outline of each canyon or chan-
nel rim, which defined the limit of interpolation, 
was delineated manually using aerial imagery 
and DEM-derived slope maps. The canyon rims 
were discretized into points with 10 m spacing 
and were assigned their present-day elevation. 
A modified spline function that allows for abrupt 
changes in topography and enforces connected 
drainage paths (Wahba, 1990; Hutchinson et al., 
2011) was used to interpolate elevations between 
the points along the rims and those along the 
reconstructed trunk-channel long profile. The 
interpolation process involved a maximum of 20 
iterations and an elevation tolerance of 200 m to 
produce topography with a cell size of 10 m. A 
DEM with the reconstructed, pre-flood topogra-
phy was generated by merging the interpolated 
topography over the present-day topography for 

each canyon or channel, keeping only the higher 
of the two elevations (Fig. S2). The volume of 
eroded rock, Vr (m3), was calculated as the sum 
of all elevation differences between the recon-
structed pre-flood topography and the present-
day topography, multiplied by the cell area. Our 
estimates of the volume of rock eroded from 
each flood channel do not account for post-flood 
erosion or deposition, and thus are minimum 
estimates. Post-flood erosion is thought to have 
caused only minor changes in canyon dimen-
sions (Bretz, 1923). However, local deposition 
on the order of many tens of meters has been 
identified in Moses Coulee (Hanson, 1970). 
Deposition in Moses Coulee includes coarse-
grained flood deposits, slackwater sediments 
deposited in the lower coulee due to backflood-
ing from the Columbia River by floods in other 

channels, and post-flood glacial outwash. Addi-
tional details on sediment thickness and well log 
data are included in the Supplemental Material 
(Fig. S2).

We tested the topographic reconstruction 
methods by comparing reconstructed topogra-
phy against the present-day topography in the 
Douglas Creek watershed, a tributary of Moses 
Coulee that was not eroded by floods. The error 
in the predicted thalweg elevation was a minor 
2.8% of the total long profile relief, and mod-
eled shear stresses on the reconstructed and real 
topography were similar, as expected. A com-
plete description of the methods and results of 
error analysis and sensitivity testing in Douglas 
Creek are included in the Supplemental Material.

Paleo-Discharge Reconstruction

Upper Grand Coulee eroded by retreat of 
an ∼200 m tall vertical waterfall (Bretz, 1932) 
and Moses Coulee eroded by retreat of a broad 
knickpoint or cataract complex several km in 
length (Hanson, 1970; Larsen and Lamb, 2016). 
Whether Wilson Creek was eroded by a promi-
nent knickpoint is unclear, but we assume that 
headward incision by plucking played a role in 
its incision for the purpose of calculating cata-
ract retreat rates. Due to the field evidence for 
channel bed lowering during floods, we assume 
high-water evidence was emplaced while floods 
were flowing across the paleo-topography, 
before the canyons reached their present, post-
flood depths (Larsen and Lamb, 2016; Lehnigk 
and Larsen, 2022).

To reconstruct the paleo-flood discharge in 
each canyon, we simulated outburst floods on 
both the reconstructed and present-day topogra-
phy using ANUGA, a hydraulic modeling soft-
ware that solves the two-dimensional shallow 
water equations (Roberts et al., 2015). ANUGA 
solves the flow equations on an irregular trian-
gular mesh to optimize numerical efficiency and 
stability; the maximum cell size in our simula-
tions was 5000 m2. The purpose of these simu-
lations was not to simulate the hydrograph of 
a flood from glacial Lake Missoula, but rather 
to conservatively determine the smallest dis-
charge that just inundates specific high-water 
evidence. Therefore, a series of steady-state 
flood discharges were routed through each can-
yon to determine which discharge best matched 
high-water evidence for both the reconstructed 
and present-day topography using an approach 
similar to that of Lehnigk and Larsen (2022) 
and David et al. (2022). A range of discharges 
of interest for each canyon was simulated using 
a stair-step hydrograph, with periods of constant 
discharge separated by incremental stepwise 
increases in discharge. The discharge step incre-

A

B

C

Figure 3. Reconstructed long profiles for upper Grand Coulee (A), Moses Coulee (B), and 
Wilson Creek (C) in eastern Washington, USA, showing the present-day long profile (solid 
black line) and the top of the canyon or channel rims (gray lines), and the projected eleva-
tions of hanging tributaries (points), which were fit with a polynomial function that was 
smoothed to generate the reconstructed long profile (dashed line). Well log data indicating 
the minimum depth of sediment fill in each canyon is indicated by vertical gray lines, with 
squares indicating wells where the bedrock surface was encountered (see the Supplemental 
Material [text footnote 1] for details on well log data).
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ments varied depending on the model domain, 
such that larger steps were used for larger dis-
charges (Table 1). Periods of constant discharges 
were maintained for 150,000 s (41.67 h), which 
was sufficient or longer than required to achieve 
steady-state flow (Lehnigk and Larsen, 2022).

Water discharge was introduced from the 
upstream boundary of the modeling domain. 
Outlet boundary segments were modeled as 
Dirichlet boundaries with water levels >500 m 
lower than topography, so that flow encounter-
ing the boundary immediately exited the domain 
and the boundary did not produce a backwa-
ter effect (Larsen and Lamb, 2016). The inlet 
and certain lateral boundaries that were likely 
blocked by glacial ice (Bretz, 1932; Lehnigk 
and Larsen, 2022) were modeled as reflective 
boundaries (Fig. S3). The maximum distance 
over which drawdown effects from the Dirich-
let outlet may have influenced modeled stages 
and shear stresses were estimated using meth-
ods outlined in Lamb et al. (2012) to be 15.2 km 
(upper Grand Coulee), 7.9 km (Moses Coulee, 
scarp boulder high-water mark), 8.3 km (Moses 
Coulee, flood gravel high-water mark), 7.8 km 
(Wilson Creek, lateral boundaries closed), and 
8.3 km (Wilson Creek, lateral boundaries open), 
all of which are downstream of the high-water 
marks used. A spatially uniform Manning 

roughness coefficient of 0.065 s m−1/3 was used, 
representative of roughness values previously 
estimated in Moses Coulee (Larsen and Lamb, 
2016). Different roughness values cause only 
minor changes in reconstructed discharge, as 
discussed by Lehnigk and Larsen (2022).

For each simulation, we determined the 
smallest magnitude discharge at steady-state 
that inundated the geologic evidence of high 
water in each canyon. The high-water marks in 
all three canyons or channels provide minimum 
constraints on flood water-surface elevation and 
discharge, yet likely formed at shallow depths 
(Baker, 1978a; Bjornstad, 2014; O’Connor et al., 
2020). In upper Grand Coulee, only one high-
water mark was used: a shallow drainage divide 
crossed by floods near the eastern-most extent of 
local flooding that separates a loess hill from the 
adjacent loess-covered uplands (47.85010°N, 
119.00920°W; elevation: 744 m; O’Connor 
et al., 2020; Fig. S4), which was also used by 
Lehnigk and Larsen (2022).

We evaluated high-water marks in two areas 
of Moses Coulee. In the lower portion, within 
a knickzone, we used the highest rounded, 
flood-transported boulder found at the base 
of an erosional scarp in loess (47.430867°N, 
119.817633°W; elevation: 522 m; Larsen and 
Lamb, 2016; Fig. S5) and flood gravel on a mid-

coulee butte (47.481909°N, 119.744475°W; 
elevation: 519 m; Washington State Depart-
ment of Natural Resources, 2010; Fig. S6). 
We considered other high-water evidence in 
Moses Coulee, such as a flood bar deposited in a 
hanging tributary (Armor Draw; 47.584218°N, 
119.698131°W; elevation: 618 m). However, our 
topographic reconstruction infilled the tributary 
mouth, which prevented us from determining the 
discharge that inundated the bar. We also evalu-
ated the discharge required to inundate the Great 
Bar, the largest flood-depositional landform in 
Moses Coulee (47.591389°N, 119.688889°W; 
elevation: 582 m; Fig. S7), with a top that is 70 m 
above the coulee floor (which has been locally 
infilled by post-flood glacial outwash). The ele-
vation of the base of the Great Bar is below that 
of the mouths of the hanging tributaries, indi-
cating the bar was deposited after canyon inci-
sion. Hence, the discharge we reconstruct for the 
Great Bar provides a minimum estimate of the 
magnitude of floods that post-date canyon inci-
sion, which we compare against the magnitude 
of canyon-incising floods for Moses Coulee.

One high-water mark was used in Wil-
son Creek: a region of stripped basalt adja-
cent to loess streamlined by floodwaters that 
overtopped a drainage divide (47.63463°N, 
118.91333°W; elevation: 613 m; O’Connor 

TABLE 1. SUMMARY OF MODEL RUNS TO CONSTRAIN HIGH-WATER-INUNDATING DISCHARGES IN THE CHANNELED SCABLAND, EASTERN WASHINGTON

Lateral boundary 
conditions

High-water mark Ranges of simulated discharges
(106 m3s–1)

Discharge interval
(106 m3s–1)

High-water-inundating discharge
(106 m3s–1)

Upper Grand Coulee
Closed Crossed drainage divide Reconstructed: Reconstructed: Reconstructed:

0.25–0.5 0.25 3.1
0.55–1.25 0.5
1.5–3.0 0.25

3.05–3.25 0.05
3.5–5.0 0.25

Present-day: Present-day: Present-day:
5–6 1 14

6.25*
6.5–6.75 0.05
7.0–8.0 0.25
10–20 1

Moses Coulee
Closed Scarp boulder and flood gravel Reconstructed: Reconstructed: Reconstructed:

0.25* 0.65 (scarp boulder)
0.5–1.25 0.05 0.9 (flood gravel)
1.5–2.5 0.25

Present-day: Present-day: Present-day:
0.65* 3.1 (scarp boulder)
0.9* 2.2 (flood gravel)

2.0–2.25 0.05
2.5–4.0 0.25

3.05–3.5 0.05

Wilson Creek
Open Streamlined basalt Reconstructed: Reconstructed: Reconstructed:

0.05–1.0 0.05 0.9

Present-day: Present-day: Present-day:
0.25–1 0.05 0.9

Closed Streamlined basalt
Reconstructed: Reconstructed: Reconstructed:

0.05–0.95 0.05 0.65

Present-day: Present-day: Present-day:
0.25–1 0.05 0.8
1.1–1.2 0.1

*Indicates a single discharge rather than a range of discharges.
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et  al., 2020; Figs. S8 and S9). Flow through 
Wilson Creek can overtop drainage divides to 
the west and exit the model domain in the pres-
ent-day topography. Hence, we ran two models 
for Wilson Creek—one with lateral bound-
aries open to flow and a second model with 
lateral boundaries closed—to account for the 
unknown state of erosion in neighboring drain-
age networks when flooding occurred. Results 
for models through upper Grand Coulee and 
Moses Coulee with open lateral boundaries are 
given in Table S5.

Constraints on Erosion Rates and Number 
of Floods

In landscapes where outburst floods erode 
fractured bedrock, such as the Channeled Scab-
land, the rate at which blocks entrained by pluck-
ing are transported downstream can be the rate 
limiting step for canyon incision (Lamb and 
Fonstad, 2010; Lamb et al., 2015). Likewise, at 
waterfalls and cataracts where erosion is caused 
by toppling, erosion can be limited by sediment 
transport, otherwise talus will accumulate at 
the base of knickpoints and buttress them from 
headward erosion (Lamb et al., 2008; Lamb and 
Dietrich, 2009; Lapotre et  al., 2016; Bender, 
2022). Therefore, given estimates of the volume 
of rock eroded by floods, Vr, we predicted the 
number of floods required to incise bedrock can-
yons in well-fractured rock (Lamb et al., 2008; 
Lamb and Fonstad, 2010).

From mass balance, the number of floods 
necessary to incise each canyon (N) is (Lapotre 
et al., 2016):

	

N
T

T

V Q

T
f

d

r s

d

= = ,

	

(2)

where N is the number of floods responsible 
for the observed erosion, Tf is the total dura-
tion of flooding required to remove all of the 
missing rock in the canyon, Td is the duration 
over which the flood is capable of erosion, and 
Qs is the volumetric sediment transport rate. 
The floods from glacial Lake Missoula were 
likely of different sizes and durations (Benito 
and O’Connor, 2003); however, our analysis 
considered only a single repeating representa-
tive (e.g., average) flood for purposes of recon-
structing the floods from topographic change. 
The characteristic flood was assumed to have 
Td = 100 h, the duration in which most of the 
flood energy is expended according to previous 
two-dimensional modeling that dynamically 
simulated drainage of glacial Lake Missoula 
through the Channeled Scabland at the maxi-
mum extent of the Okanogan ice lobe (Denlinger 
and O’Connell, 2010).

To estimate the sediment transport rate, Qs, 
for the characteristic flood, we followed previous 
work and assumed that the sediment transport rate 
was set by sediment transport capacity, rather than 
the rate of bedrock erosion (Lamb et al., 2008; 
Lapotre et al., 2016). To calculate sediment trans-
port capacity, we first needed to estimate the bed 
shear stress. To find the bed stress, we simulated a 
flood using ANUGA over the present-day topog-
raphy with a discharge equal to that which just 
inundated high-water marks on the reconstructed 
topography, as this best approximates the topog-
raphy in the wake of a retreating (but not fully 
eroded) knickpoint or cataract. We calculated the 
bed shear stresses, τ (Pa), for all cells as:

	
τ ρ=

−
gn u h2 2

1

3 ,
	

(3)

where ρ (1000 kg m−3) is the density of water, 
g (9.81 m s−2) is acceleration due to gravity, n 
(0.065 s m−1/3) is the Manning roughness coef-
ficient, u  (m s−1) is the modeled depth-averaged 
flow velocity, and h (m) is the modeled flow 
depth. Depth-averaged velocity was calculated 

as 
( )

u
p p

h
x y=
+2 2

1

2

, where px and py are the x 

and y momentum, respectively, defined within 
ANUGA as the fluid momentum normalized 
by fluid density and cell width (Roberts et al., 
2015). The sediment transport calculations used 
the median value of τ for cells with water depths 
greater than 0.5 m in a 10 km reach of each can-
yon starting 0.5–1 km upstream of the maximum 
distance estimated to be impacted by drawdown 
effects (Lamb et al., 2012; Figs. S10 and S11). 
Due to the >10 km maximum drawdown dis-
tance in upper Grand Coulee, the domain for 
the model using the high-water-inundating shear 
stress on the present-day topography in upper 
Grand Coulee was extended to ∼30 km down-
stream from the Dry Falls cataract, so that any 
observed drawdown would be due to flow over 
the cataract rather than interaction with the model 
boundary. The standard error in shear stress was 
calculated as the standard deviation divided by 
the number of cells. The range of shear stresses 
spanned by the difference between the median 
and standard error defined the minimum and 
maximum values used to calculate transport rates.

We calculated the sediment transport capacity, 
Qsed (m3 s−1), as:

	
Q w q qsed b s= +( ),

	
(4)

where qb (m2 s−1) and qs (m2 s−1) are the volu-
metric bedload and suspended load transport 
capacities per unit width, and w (m) is the mean 
canyon or channel width in the 10-km-long reach 

where shear stresses were extracted. To calculate 
bedload transport capacity, we used (Fernandez 
Luque and Van Beek, 1976):

	
q rgDb c= ( ) −( )5 7 3 1 2 3 2

. ,
/ /
τ τ* *

	
(5)

where r r=
−ρ ρ
ρ

 (ρr = 2800 kg m−3 is the den-

sity for basalt) is the relative density of basalt to 
water, D is the grain diameter (m). The Shields 
stress is τ

τ
ρ ρ*

( )
=
− r gD

, where τ (Pa) is the 

value of shear stress from Equation 3 averaged 
over the 10-km-long reach for each canyon. The 
critical value for transport was set to τ*c = 0.045 
(Buffington and Montgomery, 1997).

Grain size was estimated from intermediate 
axis measurements of 220 clasts at 1 m spac-
ing on the top of an abandoned channel bar on 
a terrace 70 m above the channel floor of Moses 
Coulee (Larsen and Lamb, 2016). The basalt 
clasts that comprise the bar are well-rounded, 
indicating bedload transport, and the majority 
of clasts are <0.5 m in diameter (Larsen and 
Lamb, 2016). Since armoring may lead to over-
estimation of grain sizes on bars in the Channeled 
Scabland (Atwater, 1987), we used the median 
measured grain diameter of 0.15 m as an upper 
bound, and a lower bound of 0.03 m that was cal-
culated using an empirically determined armor-
ing ratio of 4.8 (King, 2004, p. 200). We assumed 
the range of grain diameters is representative of 
all three canyons because the fracture spacing of 
the basalt bedrock is comparable throughout the 
study area (Reidel and Tolan, 2013).

Suspended sediment discharge per unit width 
(qs) was calculated using the modeled bedload 
discharge and a suspended-to-bedload trans-
port ratio. A suspended-to-bedload ratio of 8.3 
was determined by dividing the volume of fine-
grained offshore flood deposits by the volume 
of coarse-grained terrestrial flood deposits. We 
assume the 1450 km3 of late Marine Isotope 
Stage 2 fine-grained deposits located offshore on 
the Astoria Fan (Normark and Reid, 2003) com-
prise the flood-generated suspended sediment. 
The offshore deposits do include contributions 
from loess stripped from the Columbia Plateau 
by floods, which is not attributable to bedrock 
erosion; however, this influence is compensated 
by the presence of terrestrial fine-grained flood 
deposits, which are not included in our analy-
sis, and because the offshore sediment volume 
estimate is a minimum value (Normark and 
Reid, 2003). We assume mapped coarse-grained 
gravel comprise the flood-generated bedload 
sediment (Washington State Department of Nat-
ural Resources, 2010; Franczyk, et al., 2023). 
Applying a median thickness of 30 m to all 
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mapped deposits, which is based on thickness 
values determined at 63 locations throughout 
the Channeled Scabland by Bretz (1919, 1928a, 
1929, 1930) and Bretz et al. (1956), yields a total 
bedload volume of 175 km3 (Table S6). Differ-
ent ratios result in different predictions of flood 
numbers (Table S7).

To find the number of characteristic floods, 
we combined Equations 2–5. To find the average 
erosion rate per flood for each canyon or channel 

(E, m3 s−1), we used E
V

NTd

= . Assuming all the 

erosion occurred by waterfall or cataract retreat, 
which is likely for Grand and Moses coulees 
(Bretz, 1923) but less clear for Wilson Creek, the 
retreat rate (R, m s−1) for each canyon or chan-

nel was calculated as R
L

NT
c

d

= , where Lc (m) is 

the canyon length. The shear stress values we 
used to model sediment transport for the char-
acteristic flood are minimum estimates, because 
they are derived from the smallest discharge to 
inundate the high-water marks, which could bias 
our estimated number of floods to be too large 
and erosion rates too small. However, this uncer-
tainty might be partially compensated for by the 
assumption that the floods were at transport 
capacity. If instead bedrock erosion was rate lim-
iting, then this would bias our estimated number 
of floods too small and erosion rates too large.

We calculated a set of values for the number 
of floods, erosion rate, and knickpoint retreat 
rate for each combination of parameters, includ-
ing the standard error in shear stress associated 
with each high-water mark and boundary condi-
tion (for Moses Coulee and Wilson Creek only), 
the median grain diameter assuming both bar 
armoring and no armoring, and the suspended-
to-bedload transport ratio. Each combination 
of parameters generated an estimated number 
of floods, and we determined the median and 
95th percentile of these estimates for each can-
yon to predict the range of the number of floods 
that contributed to the erosion of each canyon 
(Table S8). All calculated values for the num-
ber of floods were rounded up to the nearest 
whole number.

RESULTS

Topographic Reconstruction

Interpolation of pre-incision topography 
from the reconstructed long profiles (Fig.  3) 
produces the expected V-shaped fluvial valleys 
with thalweg profiles that slope in the down-
stream direction (Fig. 4), giving support for the 
reconstruction methodology. We found that the 

largest magnitude of erosion was in upper Grand 
Coulee where 67.8 km3 of rock was eroded by 
floods, with most removal occurring in the 
upstream two-thirds of the canyon. In Moses 
Coulee, 14.5 km3 of rock was eroded, primarily 
from the upstream section of the canyon. Wil-
son Creek experienced the smallest amount of 
incision, with 1.6 km3 of rock eroded, largely 
along the channel center. The mean depth of ero-
sion we calculated was 169 m for upper Grand 
Coulee, 56 m for Moses Coulee, and 10 m for 
Wilson Creek.

Paleo-Discharge Reconstruction

Using the reconstructed pre-flood topogra-
phy, the smallest flood discharge to inundate 
the high-water mark in upper Grand Coulee was 
3.1 × 106 m3 s−1 (Fig. 4; Table 1). This calcu-
lation assumes that the high-water mark was 
emplaced prior to the majority of canyon inci-
sion. In contrast, matching the high-water mark 
over the present-day topography requires sub-
stantially more flow (14 × 106 m3 s−1) in Grand 
Coulee. Likewise, in Moses Coulee, simulated 
discharges of 0.65 m3 s−1 and 0.9 × 106 m3 s−1 
inundate the scarp boulder and flood gravel 
high-water marks, respectively, using the recon-
structed pre-flood topography. Using the pres-
ent-day topography required, again, much larger 
values of 3.1 × 106 m3 s−1 and 2.2 × 106 m3 s−1. 
Simulations indicate a discharge of 0.9 × 106 
m3 s−1 inundates nearly all of the Great Bar in 
Moses Coulee, and the next-highest simulated 
discharge of 2.0 × 106 m3 s−1 fully inundates it. 
In Wilson Creek, the discharges that inundate 
high-water evidence on the reconstructed topog-
raphy are 0.65 × 106 m3 s−1 and 0.9 × 106 m3 
s−1 when the model boundaries are closed and 
open to flow, respectively. However, unlike the 
other sites, the values for Wilson Creek for the 
present-day topography (0.8 × 106 m3 s−1 and 
0.9 × 106 m3 s−1) were more similar to those on 
the reconstructed topography.

Sediment Transport and Erosion Rates

The median bed shear stresses in the 10 km 
reaches using the present-day topography were 
2276 ± 5 Pa for a discharge of 3.1 × 106 m3 
s−1 in upper Grand Coulee, 1049 ± 5 Pa and 
1180 ± 6 Pa for Moses Coulee (for the small-
est discharge to inundate the scarp boulder and 
flood gravel, 0.65 × 106 m3 s−1 and 0.9 × 106 
m3 s−1, respectively), and 157 ± 7 Pa and 
174 ± 6 Pa for Wilson Creek (for the smallest 
discharge to inundate the stripped basalt with 
lateral boundaries open and closed, 0.65 × 106 
m3 s−1 and 0.9 × 106 m3 s−1, respectively; Fig. 
S10). Despite having the same high-water-inun-

dating discharges, the shear stresses generated 
in the 10-km-long reach of Moses Coulee were 
several times higher than those generated for 
the equivalent section of Wilson Creek, likely 
because the inundation in Moses Coulee is nar-
rower than Wilson Creek (average width of 2.1 
versus 5.1 km) in the corresponding portion of 
the channel.

Using the discharge or set of discharges pre-
dicted for each canyon or flood channel to match 
high-water marks on the reconstructed pre-flood 
topography, and assuming that flows exceeded 
erosion and transport thresholds for 100 h per 
flood, we predicted that it took 6 ± 1, 6 ± 2, and 
13 ± 14 floods (± values indicate 95th percen-
tile uncertainty) to erode upper Grand Coulee, 
Moses Coulee, and Wilson Creek, respectively. 
Volumetric erosion rates calculated as ranges 
defined by the 5th and 95th percentile estimates 
are 32,830–35,200 m3 s−1 for upper Grand Cou-
lee, 5580–8260 m3 s−1 for Moses Coulee, and 
170–4350 m3 s−1 for Wilson Creek. Assuming all 
erosion occurred via waterfall retreat, the water-
fall retreat rates per flood were 2280–2440 m 
day−1 for upper Grand Coulee, 2320–3430 m 
day−1 for Moses Coulee, and 680–17,930 m 
day−1 for Wilson Creek (Fig. 5).

DISCUSSION

Topographic and Discharge Reconstruction

Bretz (1932, p. 82) estimated that “about 
eight cubic miles of rock,” or ∼33 km3, had 
been eroded from upper Grand Coulee by floods. 
Our estimate of flood-induced bedrock erosion is 
approximately twice that value. Although Han-
son (1970, p. 124) generated contours of bed-
rock erosion in Moses Coulee, the total volume 
of eroded rock was not calculated. However, 
the pattern of erosion predicted by our method 
is similar to that predicted by Hanson (1970), 
with the greatest erosion occurring in the nar-
row upper and lower canyon reaches of Moses 
Coulee and minimal erosion in middle reach, 
where the width is greatest (Fig. 4). There are 
no prior estimates of erosion for Wilson Creek. 
Hence, our results place new estimates on the 
volume of rock eroded from these channels 
by the floods from glacial Lake Missoula. The 
median shear stresses in Wilson Creek are an 
order of magnitude lower than those predicted in 
upper Grand Coulee and Moses Coulee, despite 
having a similar predicted discharge range to 
Moses Coulee on reconstructed topography. The 
lack of major geological structures, and hence 
topographic relief and associated rock fractur-
ing, prevented development of a major retreat-
ing waterfall or cataract in Wilson Creek. Hence, 
although we calculate cataract retreat rates from 
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Wilson Creek, the values are likely not physi-
cally realistic.

The paleo-discharge values we reconstruct for 
Moses Coulee based on topographic reconstruc-
tion and high-water evidence are nearly identical 
to independent estimates based on the assump-
tion that canyons incise into fractured bedrock 
when bed shear stresses just exceed the threshold 

for erosion by block plucking (Larsen and Lamb, 
2016). Larsen and Lamb (2016) reconstructed 
the topography in Moses Coulee by extrapolat-
ing the elevations of erosional surfaces defined 
by basalt flow bedding horizontally across the 
canyon, and found that a discharge of 0.6 × 106 
m3 s−1 generated sufficient shear stresses to erode 
the canyon. A discharge of 0.6 × 106 m3 s−1 is 

essentially the same as the value of 0.65 × 106 
m3 s−1 that we infer for the same location, espe-
cially given that Larsen and Lamb (2016) only 
simulated discharge in larger (0.1 × 106 m3 s−1) 
increments. A discharge of 0.6–0.65 × 106 m3 
s−1 is substantially lower than discharge esti-
mates that infer the present-day topography was 
filled to the canyon brim with water, which we 

Figure 4. Hillshade images of 
reconstructed pre-flood topog-
raphy (A, C, and E) and flood-
eroded present-day topography 
(B, D, and F) for upper Grand 
Coulee (A and B), Moses Coulee 
(C and D), and Wilson Creek 
(E and F) in eastern Washing-
ton, USA, with the extent of 
inundation for the lowest dis-
charge that inundated a given 
high-water mark delineated as 
a black line. Two cross sections 
are included for each canyon; 
the present-day topography is 
shown with a solid black line, 
and the reconstructed topogra-
phy is shown with a solid gray 
line. Water surface profiles for 
the lowest discharge that inun-
dated a given high-water mark 
are delineated as dashed or dot-
ted lines on the cross sections. 
Discharges are in units of m3 
s−1. Minimum sediment depths 
from well logs near cross sec-
tions are indicated by vertical 
gray lines, with squares indi-
cating wells where the bedrock 
surface was encountered (see 
the Supplemental Material 
[text footnote 1] for details on 
well log data).

A B

C D

E F
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infer was up to 3.1 × 106 m3 s−1, but has been 
previously been estimated to be on the order of 
10 × 106 m3 s−1 (Hanson, 1970; Harpel, 1996; 
Harpel et al., 2000). The flood discharge inferred 
to inundate the Great Bar in Moses Coulee is 
slightly greater than 0.9 × 106 m3 s−1, which is 
similar to the discharge required to inundate the 
flood-gravel high-water evidence in Moses Cou-
lee. Hence, in Moses Coulee, the discharges that 
drove canyon incision may have been of simi-
lar magnitude to subsequent flows through the 
entrenched coulee.

The 3.1 × 106 m3 s−1 discharge we recon-
struct for upper Grand Coulee is comparable 
to the value recently estimated using a different 
method of topographic reconstruction. Lehnigk 
and Larsen (2022) reconstructed the pre-flood 
topography in upper Grand Coulee by inter-
polating topography between the canyon rims 
upstream of a partially retreated waterfall, and 
found that a discharge of 2.6 × 106 m3 s−1 was 

sufficient to inundate high-water mark evidence 
and drive canyon incision by generating shear 
stresses large enough to topple rock columns 
at the waterfall face. The consistency of these 
results strongly indicates that upper Grand 
Coulee was eroded by a flood with discharge 
on the order of 3 × 106 m3 s−1. A discharge of 
3 × 106 m3 s−1 is much lower than the discharge 
of 14 × 106 m3 s−1 we infer for brimful flow in 
the present-day upper Grand Coulee topography, 
which is comparable to prior estimates of 12–14 
106 m3 s−1 determined using one-dimensional 
step-backwater modeling (Harpel, 1996; Harpel 
et al., 2000; Waitt et al., 2000).

Our discharge estimates, which are based 
on a more robust method of reconstructing 
pre-flood topography than prior work in the 
Channeled Scabland (Hanson, 1970; Larsen 
and Lamb, 2016), support the conclusion that 
modest-sized outburst floods of only a few mil-
lion m3 s−1 were capable of carving the largest 

canyons into the Columbia Plateau (Larsen and 
Lamb, 2016; Lehnigk and Larsen, 2022). The 
canyon-carving discharges we infer are still 
exceptionally large relative to the present-day 
flow of the Columbia River, but the flood dis-
charges we infer for the reconstructed topogra-
phy are only a fraction—22% and 21%–40% 
for upper Grand Coulee and Moses Coulee, 
respectively—of the discharge that is required 
to fill the present-day canyon topography to the 
high-water marks. Hence, canyon-filling floods 
are not required to generate large-scale erosion 
and deep incision. The similarity in the results 
from this study and from Lehnigk and Larsen 
(2022), which are based on topographic recon-
struction and high-water evidence, to those of 
Larsen and Lamb (2016), which are based on 
plucking thresholds alone, indicates that assess-
ing plucking thresholds and the discharges that 
exceed them provides a robust and alternative 
method to reconstructing discharge using high-
water evidence, especially in landscapes where 
pre-flood topography and high-water evidence 
is difficult to reconstruct.

Rates of Waterfall Retreat and Erosion

The erosion rates inferred by our analyses 
indicate the landscape of the Columbia Plateau 
responded rapidly to flooding. If all the erosion in 
Grand and Moses coulees occurred by headward 
waterfall or cataract retreat, we predict retreat 
rates on the order of a kilometer or more per 
day. Knickpoint retreat rates inferred for other 
outburst flood-carved canyons carved into basalt 
have been estimated to be hundreds of meters 
over the course of several days (O’Connor, 1993; 
Lamb et al., 2008; Baynes et al., 2015b). Hence, 
the retreat rates are reasonable compared to those 
from other outburst floods that have occurred in 
landscapes with fractured bedrock, but cataracts 
in the Channeled Scabland may have retreated 
much more rapidly than other documented 
cases. At the source, just downstream from the 
ice dam, the floods from glacial Lake Missoula 
generated some the largest discharges of water in 
Earth’s history (O’Connor et al., 2022) that have 
been estimated to be 17 × 106 m3 s−1 (O’Connor 
and Baker, 1992). As the floodwaters overtopped 
the Columbia River valley and were distributed 
across the Columbia Plateau, this study and our 
prior work (Larsen and Lamb, 2016; Lehnigk 
and Larsen, 2022) indicate individual flood 
routes conveyed much lower discharges of a 
few million m3 s−1 or less. Despite these lower 
discharges, our analysis of cataract retreat sug-
gests the erosion of the fractured and jointed 
basalt occurred at rates that were potentially 
also among the most rapid that have occurred 
on Earth.

A

B

C

Figure 5. (A) Field-based estimates of flood numbers for locations throughout the Chan-
neled Scabland, eastern Washington, USA. (B) Predicted numbers of floods (horizontal bars 
span 95th percentile and are smaller than some of the symbols). The gray bar extending 
from the right-hand side of the plot indicates the 89 floods through upper Grand Coulee that 
post-date canyon incision (Atwater, 1986), using either 108 floods (thick bar) or 104 floods 
(thin line) as the total number of floods (O’Connor et al., 2020). (C) Predicted erosion rates 
(solid lines), waterfall or cataract retreat rates (dashed lines).
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The Number of Canyon-Carving Floods

Determining the number of floods that formed 
the Channeled Scabland has long been a topic 
of inquiry. It was initially thought that a single 
flood formed the Channeled Scabland (Bretz, 
1923). The number of floods was then revised to 
seven or eight (Bretz et al., 1956; Bretz, 1969), 
and later to five (Baker, 1978b). Investigation of 
slackwater deposits in subsequent decades indi-
cated that glacial Lake Missoula experienced at 
least dozens of outburst floods, on the basis of 
graded bedding and other sedimentary evidence 
(e.g., Waitt, 1980, 1985; Atwater, 1986). The ori-
gin of the slackwater deposits and the interpreta-
tion that each graded bed was deposited by a sin-
gle flood was later debated (Baker and Bunker, 
1985; Waitt, 1985), but the current consensus is 
that beds in different stratigraphic sections rep-
resent ∼100 individual floods (O’Connor et al., 
2020). However, the proportion of those ∼100 
floods that had sufficiently high discharge to 
contribute to bedrock erosion and canyon inci-
sion is unclear (e.g., Baker and Bunker, 1985) 
and the preservation of slackwater deposits in 
areas predicted to have high bed shear stress 
during large floods (Smith, 2006; Alho et  al., 
2010) and upward fining and thinning of rhyth-
mites suggest some slackwater deposits are from 
smaller floods that postdate canyon incision 
(Waitt and Atwater, 1989). Atwater (1986) doc-
umented 89 floods from glacial Lake Missoula 
through upper Grand Coulee from slackwater 
deposits upstream that post-date incision of the 
canyon; with a total of 104–108 floods from gla-
cial Lake Missoula (O’Connor et al., 2020), this 
would leave a maximum of 15–19 floods to pre-
date upper Grand Coulee’s incision. Our esti-
mate of 6 ± 1 canyon-incising floods in upper 
Grand Coulee is consistent with the constraint 
that 15–19 or fewer floods pre-date canyon inci-
sion (Fig. 5). Additionally, since flood pathways 
changed in response to changing topography 
and ice margins (Balbas et al., 2017; O’Connor 
et al., 2020; Denlinger et al., 2021; Pico et al., 
2022), slackwater deposits found in downstream 
reaches and marine deposits cannot be attributed 
to flooding through individual canyons (Waitt, 
1980, 1985; Clague et al., 2003; Gombiner et al., 
2016). Even evidence of high energy floods from 
the Columbia Gorge, where sedimentary depos-
its and hydraulic modeling indicate there were at 
least 25 floods with peak discharges >1–3 × 106 
m3 s−1 (Benito and O’Connor, 2003), cannot 
resolve the number of floods that contributed to 
the erosion of any particular canyon.

Our results place constraints on the number 
of characteristic floods that could have carved 
flood channels on the Columbia Plateau, and 
suggest that <10% of the ∼100 documented 

floods played a role in eroding the largest can-
yons in the Channeled Scabland. At Moses 
Coulee, the only major canyon where there is 
clear evidence of the number of floods (Waitt, 
1985), our prediction of 6 ± 2 floods is con-
sistent with the field-based estimate of at least 
four large floods (Waitt, 2016; O’Connor et al., 
2020). Hence, despite the assumptions we have 
made in our analysis and expected variability 
in parameters such as flood discharge, dura-
tion, and bedload dimensions, the similarity 
between our predictions and field-based esti-
mates of flood numbers for Moses Coulee 
suggests our method provides a reasonable 
first-order estimate of the number of floods 
that contributed substantially to landscape evo-
lution in the Channeled Scabland by carving 
deep canyons.

CONCLUSIONS

Using hanging tributaries to reconstruct pre-
flood topography, we estimate that floods from 
glacial Lake Missoula eroded a combined 83.9 
km3 of rock from upper Grand Coulee, Moses 
Coulee, and Wilson Creek, with the highest 
magnitude of erosion occurring where retreat-
ing waterfalls or cataracts developed. Flood 
discharges estimated through the pre-incision 
topography in the largest canyons are ∼20%–
40% of the discharges required to inundate 
the same high-water marks on the present-day 
topography, and are consistent with previous 
discharge estimates for upper Grand Coulee 
and Moses Coulee that used simpler methods to 
reconstruct the topography initially encountered 
by floods. Predictions based on shear stresses 
generated by the simulated floods and sediment 
transport modeling indicate that the two largest 
canyons in the Channeled Scabland could have 
been eroded by only half a dozen floods. Hence, 
our analysis suggests that the largest canyons in 
the Channeled Scabland were eroded by out-
burst floods with discharges on the order of a 
few million m3 s−1 or less, but with exceptionally 
high erosion rates that formed the canyons over 
cumulative time scales of only a few weeks.
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