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Abstract Infrequent, large-magnitude discharge (>10° m3/s) outburst floods—megafloods—can play a
major role in landscape evolution. Prehistoric glacial lake outburst megafloods transported and deposited large
boulders (>4 m), yet few studies consider their potential lasting impact on river processes and form. We use

a numerical model, constrained by observed boulder size distributions, to investigate the fluvial response to
boulder deposition by megaflooding in the Yarlung-Siang River, eastern Himalaya. Results show that boulder
deposition changes local channel steepness (k) up to ~180% compared to simulations without boulder bars,
introducing >100 meter-scale knickpoints to the channel that can be sustained for >20 kyr. Simulations
demonstrate that deposition of boulders in a single megaflood can have a greater influence on k, than another
common source of fluvial boulders: incision-rate-dependent delivery of boulders from hillslopes. Through
widespread boulder deposition, megafloods leave a lasting legacy of channel disequilibrium that compounds
over multiple floods and persists for millennia.

Plain Language Summary Megafloods (discharge equivalent to >400 instantaneously draining
Olympic-sized swimming pools per second) can transport a lot of material, including car- to house-sized
boulders. Because these boulders are so big, they remain in the channel until the next megaflood or until they
weather into smaller pieces. We use a computer model to understand the impact of these megaflood deposited
boulders on mountain river processes. We find that megaflood boulders can protect the river from being eroded,
causing other processes, like tectonic uplift, to outcompete erosion. Megaflood boulders cause small steps to
form within the river. Our modeling shows that these effects can be felt for >20,000 yrs after a single flood. We
suggest that megaflood deposition (in addition to erosion) can cause a significant, unique change in mountain
river processes.

1. Introduction

High-magnitude, low-frequency geomorphic events, such as large floods and landslides, perturb landscapes and
cause long-lasting geomorphic disequilibrium. For instance, megafloods (>10° m?%/s) sourced from the failure
of dammed lakes have been shown to dramatically alter the topography they inundate (Baker & Milton, 1974;
Bretz, 1925; Gilbert, 1890; O’Connor et al., 2013). Quantifying the amount, rate, and mechanisms of erosion
has been a primary focus of megaflood research (Baker & Kale, 1998; Lang et al., 2013; Larsen & Lamb, 2016).
However, megafloods and other high discharge outburst floods can also deposit immense volumes of sediment
throughout the flood pathway, including very coarse sediment like boulders 4-20 m in diameter (hereafter,
“coarse boulders” refers to any sediment >4 m in diameter).

The introduction of coarse boulders into mountain river channels may inhibit erosion by increasing hydraulic
roughness and armoring the channel bed (Cook et al., 2018; Schneider et al., 2015; Shobe et al., 2016; Shobe,
Bennett, et al., 2021; Shobe, Turowski, et al., 2021; Sklar & Dietrich, 2004). Boulder-driven erosion resist-
ance can create knickpoints that can be sustained for 10'-10* years (e.g., Hewitt, 1998; Korup, 2006; Korup
et al., 2006; Ouimet et al., 2007; Pratt-Sitaula et al., 2004). These findings suggest that megafloods have the
potential to leave a long-lived imprint on river form through widespread, geologically instantaneous boulder
deposition in otherwise rapidly eroding rivers. The magnitudes and timescales of river response to megaflood
deposition have not been quantified.
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In this paper, we present numerical modeling results that quantify the geomorphic legacy of megaflood boulder
deposits, using the Yarlung-Siang River (YSR) in the eastern Himalaya as a case study. Informed by >10,000
boulder measurements on the YSR, we modify an existing river profile evolution model (Shobe et al., 2016, 2018;
Shobe, Bennett, et al., 2021) to elucidate how the extreme sizes of megaflood-derived boulders as well as the
regionally synchronous nature of boulder deposition influence the post-megaflood evolution of the YSR river
profile (Figure 1). In general, we expect that megaflood boulder delivery will result in localized surface uplift of
the riverbed driven by rock uplift that outpaces boulder-inhibited erosion. We hypothesize that the morphologic
response to megaflood boulder deposition will (a) be greater in magnitude and (b) have a unique signature rela-
tive to that of the incision-rate-dependent delivery of hillslope-derived boulders to a bedrock river channel that
might be expected in a rapidly eroding landscape in the absence of megafloods (e.g., Attal et al., 2015; Shobe
et al., 2016). While we are inspired by megafloods on YSR in the eastern Himalaya, we expect the results to be
applicable to any event that can lead to synchronous widespread deposition of large, immobile boulders in moun-
tain regions (e.g., earthquake-triggered regional landsliding).

2. Eastern Himalayan Megafloods

The YSR in the eastern Himalaya (Figure 1) provides an interesting case study to examine the impact of wide-
spread megaflood- or event-deposited boulders because of its history of outburst floods and high concentrations
of related coarse boulders in the channel. Throughout the late Pleistocene and early Holocene, the YSR experi-
enced outburst megafloods sourced from glacially impounded lakes with estimated volumes up to 80-800 km?.
Estimates from paleolake deposits (Liu et al., 2015; Montgomery et al., 2004; Song et al., 2013; Xu et al., 2020),
moraine dams (Figure 1, Montgomery et al., 2004), and slackwater flood deposits (Borgohain et al., 2020; Lang
et al., 2013; Panda et al., 2020; Srivastava & Misra, 2012; Srivastava et al., 2017; Turzewski et al., 2020) indicate
that multiple megafloods originated from glacially impounded lakes at or upstream of the Namche Barwa massif
(Figure 1). Outburst megafloods resulting from the failure of dams at the Namche Barwa massif coursed down
the YSR, and preliminary observations of the eastern Himalayan megaflood pathway identified >70 boulder bars
that contain coarse boulders too large to be regularly moved by modern meteoric discharges (Morey et al., 2022;
Turzewski etal., 2019). In the YSR, we observe evidence that many boulder bars are megaflood-derived, including
large (>4—10 m diameter) imbricated boulders that are rounded on all sides (Figures 1d—1f). On at least one such
bar, coarse boulders are of a different lithology than the local bedrock on which they are deposited (Figures 1d
and le). While some of the coarse boulder bars identified could have been deposited by local landsliding rather
than megaflooding, most observed boulder bars contain grains that could only be moved by outburst megafloods
(Morey et al., 2022).

Megaflood boulder bars are unique compared to typical hillslope-derived boulder deposits because they are
deposited synchronously and regionally throughout the flood pathway. There is also reason to believe that loci
of boulder deposition may remain consistent over multiple megafloods. Two-dimensional hydraulic modeling of
a glacial lake outburst megaflood (Morey et al., 2022) on the YSR indicates that high-relief valley topography
exerts a primary control on flood hydraulics and subsequent depositional patterns. This means that the spatial
distribution of megaflood boulder bar deposits may differ from boulder bars deposited by meteoric flooding
(i.e., monsoon flooding) or those produced from typical channel-hillslope interactions (i.e., boulders like those
described in Shobe et al., 2016), and further that repeated megafloods may deposit coarse boulders in the same
locations. These unique characteristics of megaflood boulder bars suggest that megaflood-derived boulders might
have a different long-term legacy in mountain rivers compared to boulders deposited through other processes.
While deposition of any large boulders in a bedrock channel locally reduces erosion rates, which causes the chan-
nel to steepen (Ouimet et al., 2007; Shobe et al., 2016, 2018; Shobe, Turowski, et al., 2021), we assess here the
extent to which megaflood boulder deposition leaves a distinctive imprint on mountain rivers.

3. Methods

We modify a 1D numerical model, that calculates the erosion-inhibiting effects of infrequently mobile boul-
ders along a river's longitudinal profile (Shobe et al., 2016, 2018; Shobe, Bennett, et al., 2021), to assess
post-megaflood erosion dynamics in a modeled mountain river scaled to the YSR. The model accounts for two
key effects of immobile boulders in the channel: armoring that shields the bed from erosion, and hydraulic drag
that reduces erosive stresses on the bed. Once a boulder is in the channel, it can degrade via abrasion and move
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via sliding if there is sufficient shear stress to mobilize it. For simplicity, we neglect bedload and suspended load
sediment dynamics. Model runs are inspired by the YSR, so the model domain encompasses a 500 km stretch of
the YSR longitudinal profile, with imposed relationships among downstream distance, drainage area, and river
width that are broadly reflective of the YSR (see Supporting Information S1 for detailed model methods).

3.1. Initial and Boundary Conditions

The initial condition is a steady-state river profile generated to roughly match the length and fluvial relief of the
YSR between the moraine dam at Namche Barwa (Figure 1) and where the YSR exits the mountains to join the
Brahmaputra River (Figure 1a). The upstream extent of the model domain is restricted to the YSR downstream
of the moraine dam (Figure 1a)—the same location as the megaflood dam in Morey et al. (2022). We assume a
constant rock uplift rate of 0.001 m/yr, similar to typical eastern Himalayan exhumation rates that characterize
much of the flood pathway (e.g., Lang et al., 2016), and a concavity of 0.8 is calculated for the equilibrium chan-
nel profile and is used as the reference concavity for later calculations (Fig. S1). River width follows a power-law
function of drainage area (e.g., Wohl & David, 2008); downstream width increases were constrained by width
measurements from satellite imagery at the upstream and downstream ends of the study reach. We derive the
spatial distribution of megaflood boulder bars, as well as the size distribution of the boulders in each bar, from
new measurements of boulder size distributions from satellite imagery of 106 in-channel boulder bars interpreted
to be associated with megaflood deposition by us and by previous studies (Figures 1a and 1g, Morey et al., 2022;
Turzewski et al., 2019). River discharge is modeled using a Weibull distribution with parameters appropriate to
monsoon-influenced Eastern Himalayan rivers (Scherler et al., 2017). We track bed elevation (bedrock surface
not including any boulders), channel steepness (k ), the number and size of boulders, and the fraction of the bed
covered by boulders at a grid spacing of 250 m along the river profile.

3.2. Experimental Design

We compare four experiments to examine the influence of megaflood-deposited boulders on subsequent channel
evolution. All four scenarios (R1-R4) were run over 20 kyr with timesteps of 1 year beginning from the equilib-
rium longitudinal profile described in 3.1. R1 is a control scenario. It involves no boulder delivery to the river
by any mechanism. R2 is a run with exclusively hillslope-derived boulders that represents a system that does not
experience megaflood boulder deposition. This run mimics the experimental set up from Shobe et al. (2016), in
which hillslopes deliver boulders to the channel at a rate proportional to the rate of river incision (see Supporting
Information S1 for details of model setup). In R2, hillslope-derived boulders have a uniform size of 4 m. R3 uses
observed measurements of boulder size from the YSR to simulate the impact of boulders deposited in a single
megaflood. Boulders are “deposited” in the first timestep in bars, the locations of which are taken from remote
observations of 106 megaflood boulder bars in the YSR (discussed below, Figure 1). In R4, the spatial distri-
bution is the same as in R3, but all boulders are 4 m in diameter—the hypothesized upper limit of what modern
flows could potentially mobilize (Morey et al., 2022). This final scenario allows us to disentangle the impact of
the spatial distribution of boulder deposition style from the impact of grain size.

In addition to the 76 bars identified in Turzewski et al. (2019) and Morey et al. (2022), we identify a further
30 boulder bars that are below monsoon inundation levels in the YSR and contain boulders too coarse to move
in modern annual flows. We made measurements of roughly 100 individual boulders within each bar using
Google Earth imagery. Uncertainty was estimated by comparing measurements to structure from motion (SfM)
photogrammetry from one bar (Figure 1c; see Supporting Information S1 for detailed methods). For boulders
>2 m, there is a maximum compounded error between the two measurements of 0.3 m (Table S1 in Supporting
Information S1). We scaled the model cell length to the average length of bars (250 m) and determined the cover
fraction of each boulder bar deposit by calculating the percent of the monsoon-inundated channel covered by the
bar. We determined how many boulders to add at each location based on cover fraction and the 100-measurement
grain size distribution. This resulted in 106 unique boulder deposits that cover some fraction of one cell, each at
their measured distance downstream of the moraine dam (Figure 1). Simulations of megaflood hydraulics (Morey
et al., 2022) indicate that megafloods can mobilize boulders at least 4 m in diameter throughout the eastern Hima-
layan megaflood pathway. Because we are interested in exceptionally coarse boulders that cannot be moved in
annual monsoon floods, we excluded boulders smaller than 4 m in R3. The number and size of boulders in each
cell is tracked for each output timestep. We assess the impact of boulder deposition on the river's longitudinal
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a Longitudinal profile and initial boulder bar grain size distribution included in Experimental Run 3
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Figure 2. (a) Experimental Run 3 results of the longitudinal profile with initial grain size distributions shown. (b, c¢) elevation (m) (d, e) elevation change (m) (f, g)
channel steepness (k,,), calculated with a fixed concavity of 0.8.

profile through time by calculating the percent difference in profile-averaged k , for R2, R3, and R4 relative to the
same river experiencing no boulder delivery (R1). This value is calculated locally for each cell along the profile
(Figure 2) and then local values are averaged over the entire longitudinal profile to obtain an average local percent
change in k, (Figure 3).

4. Results

Boulders sourced from both hillslopes and megafloods reduce erosion rates where they are deposited, allowing
rock uplift to outpace river incision, but the scale of elevation change from megaflood boulders (R3) is about an
order of magnitude greater than that from hillslope-derived boulders (R2). We observe local, meter-scale changes
in elevation that manifest as individual knickpoints at the reach scale but are not visible at the scale of the entire
longitudinal profile with its 3,000 m of total fluvial relief (Figures 2a and 2b). In R3, boulders cover a maximum
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a Average difference in channel steepness compared to control run
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hillslope-derived boulder deposition.

of 44% of the channel bed at any given location along the longitudinal profile (a realistic cover percent based on
observations), which drives up to 3.5 m of elevation change at each boulder bar over the 20 kyr run (Figures 2c
and 2d). Boulder bars from R4 only cause ~1 m of elevation change at each bar location (Figure S4 in Supporting
Information S1).

Bars exert a zone of influence both up- and downstream of their initial locations that grows with time as the
channel bed adjusts to the presence of boulders. The largest boulders move downstream <500 m during R3 after
degrading to smaller sizes that allow transport. As expected, the smaller the initial boulder size, the quicker subse-
quent transport happens. As boulders degrade to sizes able to move downstream under the imposed discharge
distribution, the area that experiences suppressed erosion rates spreads to downstream locations that receive the
transported boulders. This effect is enhanced when two boulder bars are close to each other and their zones of
influence begin to interact (Figures 2b and 2c). Boulder bars that retain the most megaflood-deposited boulders
are those that have boulder bars upstream of them. Winnowed boulders from the upstream bar are transported
downstream but get “stuck” at the downstream bar: a boulder that could have been moved at that bar at the
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beginning of the run now requires more shear stress to move because that downstream bar has decreased the slope
at its upstream edge. In R4, because boulders are smaller, they are able to move through the system quicker than
boulders in R3. This causes the number of boulders at each location to increase compared to R3 (Figure S4 in
Supporting Information S1). However, the smaller size of the R4 boulders means the amount of influence they
have is small compared to megaflood-deposited boulders of R3. How long boulder-induced knickpoints remain
fairly stationary versus beginning to migrate upstream depends on the river's ability to adjust to the influx of
coarse sediment, which is a function of the interactions between discharge, channel width, channel cover fraction,
and deposited boulder sizes. We observe in these experiments that the farther downstream a bar is, the earlier
knickpoints it creates begin to migrate.

Boulder-induced changes in elevation lead to an increase in k, immediately downstream of the locus of boulder
deposition and a decrease in k, immediately upstream (Figures 3f and 3g). We assess the impact of boulder
deposition on the river's longitudinal profile through time by calculating the average local percent change in
k,, compared to the baseline, no boulders run (R1). We then plot the average local percent change for the entire
longitudinal profile for each time-step in Figure 3. Megaflood boulders (R2) cause local k_, to change up to 174%
with a maximum mean percent change of 6.8% compared to R1 (at 2.5 kyr; Figure 3). 4 m boulders instantane-
ously deposited in the same locations (R4) cause a maximum change in local k, of 104%, but only produce a
mean percent change of 1.1% (at 1 kyr; Figure 3). Hillslope-derived boulders (R2) only cause k,, to change up to
30% with a mean percent change of 1.7% (Figure 3). Although the peak impact at every bar and location might
not occur simultaneously, the average percent change allows us to make interpretations about the influence that
widespread megaflood deposited boulder bars have on the whole river reach profile.

5. Discussion

After a megaflood, the river does not return to a smooth, equilibrium profile, even after 20,000 years. While this
exact timescale and magnitude of change in k, depend on our model parameters (e.g., bedrock vs. boulder erodi-
bility), the shape of the megaflood boulder impact curve is revealing (Figure 3). By 500 years, under our imposed
boulder size distributions, megaflood boulder deposition has changed k, more than is possible in a channel with
only hillslope-derived boulders (Figure 3a). Megaflood-deposited boulder bars reach their peak impact on the
river 2,500 years after deposition (time to peak boulder impact, 7,,,,). Before 7, , the river is primarily responding
to the boulder deposition by steepening as rock uplift outpaces erosion in boulder-mantled reaches. After 7,
the river's response is defined by relaxation toward its pre-megaflood state at a rate set by how efficiently it can
abrade and transport the boulders and resume bedrock incision. After 7, the average change in kg, diminishes
with time as the high slopes developed by boulder-driven knickpoints relax. The #,; of R4 occurs after only 1 kyr
and R4 never reaches the magnitude of the peak impact of hillslope-derived boulders (Figure 3a). k, is perturbed
more in the megaflood boulder deposition case (R3) than our deposition scenarios with boulder bars composed
of 4 m grains (R4) and hillslope-derived boulders (R2; Figure 3a).

Other landscapes experience the creation of knickpoints by landslide boulder deposits (e.g., Korup et al., 2006;
Ouimet et al., 2007; Pratt-Sitaula et al., 2004). However, megaflood-deposited boulder bars are unique because of
the regionally extensive/synchronous nature of these deposits and the ability of repeated megaflooding to refresh
these deposits (i.e., deposit large boulders in the same locations during subsequent floods), leading to compound-
ing effects. While the individual changes in bed elevation caused by each megaflood boulder bar (<4 m) are small
relative to the total fluvial relief in our study area (~3,000 m), these small knickpoints occur everywhere a mega-
flood deposits groups of immobile boulders. The positions of these deposits within the flood pathway result from
the interactions between megaflood hydraulics and the high-relief YSR valley topography (Morey et al., 2022).
We posit that the spatial pattern of knickpoints produced by megaflood boulder deposition may depend more on
valley-scale topography rather than either local stream power or hillslope stability. Because recurring megafloods
of similar magnitude are likely to inundate the same features and deposit coarse boulders in the same positions
in the landscape (Morey et al., 2022), there is a potential for a compounding effect of megaflood deposition.
Figure 3b illustrates this effect for different recurrence intervals. If a flood has a recurrence interval shorter than
Tpi (2,500 years for our choice of model parameters), compounding effects of megaflood boulder deposition
result in rapid change in average local k. k,
vals that are longer than 7,,; (Figure 3b), but still outpace the effects of hillslope-derived boulders provided that

perturbations accrue at a slower rate for floods with recurrence inter-

the recurrence interval is shorter than the time it takes for all megaflood boulders to decay—a point not reached
in our experiments (i.e., >20 kyr).
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Our results suggest that the depositional effects from a single megaflood could be felt for >20 kyr even with no
subsequent megaflooding, but it is unlikely that, during past deglaciation, the eastern Himalaya went 20 kyr with
only a single megaflood. In the eastern Himalaya, at least 3-8 megafloods likely occurred in the last 8—13 kyr
(e.g., Borgohain et al., 2020; Liu et al., 2015; Montgomery et al., 2004; Panda et al., 2020; Song et al., 2013;
Srivastava & Misra, 2012; Srivastava et al., 2017; Turzewski et al., 2020; Xu et al., 2020), suggesting that mega-
flood recurrence intervals might be short relative to the time required for rivers to process megaflood-derived
boulders. The compound effects of megaflood deposition might therefore cause bedrock river valleys downstream
of breached impounded lakes to retain the signature of megaflood deposition from past glacial/interglacial cycles.
Our results illustrate the potentially long-lived legacy of megaflood deposition, with the caveat that megaflood
erosion might also influence depositional perturbations to river form.

While our study focuses on megaflooding, any event that can cause repeated, regionally synchronous boulder
deposition (i.e., earthquake-triggered landslides, seasonal flash flooding, etc., Dewey et al., 2021) could have
similar geomorphic impacts. For example, large earthquakes can trigger landslides that deposit boulders synchro-
nously and regionally in patterns unrelated to stream power (e.g., Devi & Bora, 2016; Meunier et al., 2007,
Nowicki Jessee et al., 2018; Parkash, 2013). Earthquakes that recur in similar locations (i.e., on the same faults)
could cause region-wide, repeated boulder deposition that could produce results similar to ours. Repeated land-
slide dam breach events at the same location have also been shown to cause widespread changes in channel slope
(e.g., Korup et al., 2006; Li et al., 2022; Lin et al., 2022; L. Zhang et al., 2018; Q. Zhang et al., 2022). However,
this change is tied to an event that impacts an individual location, creating a single knickpoint at the location of
the landslide with effects diffusing downstream. The boulder deposition that occurs during repeated megafloods
and/or large earthquakes is unique because it drives regional-scale geomorphic changes over several hundred
kilometers.

Two potentially important complexities that our model does not address are the difference in deposit architecture
between megaflood- and hillslope-derived boulder deposits and the impact of megaflood boulders deposited on
hillslopes. Recent studies have found that individual particle placement (Yager et al., 2018) and the history of a
deposit (Masteller et al., 2019) impact the entrainment threshold for particles. Because megaflood-derived boul-
der deposits are imbricated (Figure 1c), their entrainment threshold may be higher than if the same size grains
were deposited by a landslide. Additional, the locations of greatest shear stress in an eastern Himalayan mega-
flood are not confined to the modern channel (Morey et al., 2022), but often occur on hillslopes, making it likely
that megafloods also deposit boulders there (e.g., Clague et al., 2021). Boulder deposition on hillslopes could
impede soil production, influencing the downslope transport of material (e.g., Glade et al., 2017; Shobe, Bennett,
et al., 2021; Shobe, Turowski, et al., 2021), and blur the line between boulder sources as megaflood-derived
boulders make their way into the valley bottom over time.

6. Conclusions

This study investigates the impact of widespread megaflood boulder deposition on bedrock river process and
form. Inspired by documented megaflooding and observations of boulder bar deposits in the eastern Himalaya,
we conduct model simulations that explore the geomorphic legacy of megaflood-derived boulders. Results show
that, under our assumed boulder delivery dynamics and size distributions, the megaflood-deposited boulders
initiate over 100 knickpoints with up to 3.5 m of relief each. Elevation change occurs at the locations of mega-
flood boulder bars; timescales of post-deposition knickpoint persistence depend on the river's ability to adjust to
this influx of coarse sediment. Patterns of morphologic change produced by megaflood boulders are diagnosti-
cally different from those driven by hillslope-derived boulders. Given our assumptions and grain size observa-
tions, the deposition of boulders in bars during a single megaflood produces more change in channel steepness
than do boulders supplied to the channel by hillslope processes responding to fluvial incision. Because mega-
flood boulder depositional patterns are dictated by valley-scale topography rather than modern fluvial hydraulics
(Morey et al., 2022), if megafloods happen in rapid succession then the impact from boulder bar deposition might
compound after each flood. Our results suggest that the modern YSR may still be experiencing the impacts of
boulder bar deposition from the last sequence of megafloods and that it will continue to experience these effects for
the next several thousand years, regardless of whether or not it experiences future megaflooding. Instantaneous,
wide-spread, coarse boulder bar deposition from high-magnitude, low-frequency events like megafloods or earth-
quakes perturbs mountain landscapes, causing long-lasting geomorphic disequilibrium. Determining precisely
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