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 16 
Abstract 17 
 18 
The evolution of net-erosional fluvial landscapes is often treated separately from net-19 
depositional fluvial landscapes, using different methods and different data input. Yet 20 
these landscapes are often tightly linked by means of a moving-boundary bedrock-21 
alluvial transition. We consider a linked canyon-fan system in the setting of a Basin and 22 
Range province, basing our work loosely on Rainbow Canyon and Panamint Valley, 23 
Death Valley National Park, USA. The canyon is mixed bedrock-alluvial, and is 24 
incising into a plateau undergoing relative uplift. The fan is purely alluvial, and is part 25 
of a bajada complex in an adjacent valley undergoing relative subsidence. It might be 26 
thought that uplift would push the bedrock-alluvial transition out to the fault line 27 
denoting the canyon-fan boundary. Yet this transition is observed to be well up the 28 
canyon itself. Here we show that this behavior can be explained in terms of canyon-fan 29 
interaction captured by a single dimensionally homogeneous morphodynamic model 30 
which folds in both alluvial and incisional processes. We find that all other things being 31 
equal, increasing uplift rate tends to push the location of the transition valleyward, but 32 
under appropriate constraints the elevation of the transition point can be insensitive to 33 
uplift rate. 34 

 35 
Steep, narrow canyons often link to wide alluvial fans1. The canyon is often bedrock-dominated, 36 
whereas the fan is alluvial. (“Bedrock” is shorthand for “mixed bedrock-alluvial”2, 3.). We 37 
consider a linked canyon-fan system in a Basin and Range province such as the southwestern 38 
United States. Such provinces consist of subparallel mountain ranges undergoing relative uplift 39 
bounding valleys undergoing relative subsidence, corresponding to alternating horsts and 40 
grabens produced by deep-seated tectonic extension4. A series of canyons perpendicular to the 41 
range crest incise into the mountains, each emptying to fan. The fans often amalgamate to form a 42 



bajada1. Basin and Range topography is not unique to the southwestern United States; two other 43 
examples are in east Asia5, 6. 44 
 45 
We consider the morphodynamics of a single linked canyon-fan system, loosely based on 46 
Rainbow Canyon and its fan within the Panamint Valley bajada, Death Valley National Park, 47 
USA7. Fig. 1a shows the region that motivates our study, including the Argus Range and 48 
Panamint Valley. Fig. 1b shows the V-shaped Rainbow Canyon. Fig. 1c shows the canyon, fan, 49 
and present location of the bedrock-alluvial transition. Fig. 1d is a definition diagram for our 50 
simplified morphodynamic model, in which Santa Rosa Wash is the alluvial feeder channel from 51 
Darwin Plateau in the Argus range, Bc = width of the canyon channel (also taken to be the width 52 
of a virtual channel on the fan), Bd = width of the depositional zone, and L = initial length of the 53 
initial canyon-fan system, evenly split between canyon and fan. (The length of the canyon 54 
subreach can change as a plateau-canyon knickpoint migrates upstream.). Sediment is supplied 55 
from Darwin Plateau beyond the canyon head. The watershed extends upstream into the Argus 56 
Range8. The canyon head (knickpoint) is characterized by three incisional cyclic steps9, 10, 11. The 57 
canyon itself is V-shaped lacking tributaries (Fig. 1b). 58 
 59 
Bedrock-alluvial transitions are commonly observed where mountains give way to plains. One 60 
example is the Fall Line, eastern United States, marking the boundary between the Appalachian 61 
Piedmont and the coastal plain12, 13. Bedrock-alluvial transitions can correspond to divides in 62 
plant species type14. Fig. 1c shows that in the case of Rainbow Canyon the bedrock-alluvial 63 
transition occurs not at the canyon mouth, where the normal fault bounds uplifting and subsiding 64 
zones, but approximately halfway up the canyon (verified by a helicopter survey by the authors 65 
on October 22, 2023 and a ground survey by the authors on January 18-19, 2024). This feature 66 
presents a conundrum: why does the uplifting mountain range not push the bedrock-alluvial 67 
transition to the canyon mouth? 68 
 69 
Experiments and morphodynamic modeling are powerful tools to study canyon-fan evolution. 70 
Morphodynamic models can link hydraulics, sediment transport, alluviation and incision to 71 
describe system evolution. Features such as tectonics, base level change and abrasion can be 72 
included. Experimental and field results have been used to verify morphodynamic models of 73 
alluvial fans and fan-deltas15, 16, 17, 18. Cellular models have been used to study linked uplands 74 
(including canyons) and fans19, 20, 21. These models do not, however, focus on the dynamics of a 75 
bedrock-alluvial transition. Bedrock-alluvial transitions have been modeled experimentally22, 23, 76 
24, 25. Numerical models can reproduce the dynamics of migrating bedrock-alluvial transitions 77 
observed at experimental and field scale26, 27, 28, 29. None of these models incorporates bedrock 78 
incision. 79 
 80 
Bedrock incision has been modeled using the stream power model, where the incision rate is 81 
linked to channel slope and upstream drainage area30, 31. While useful for many purposes in 82 
original and extended form32, 33, the original form does not incorporate sediment transport 83 
dynamics, and thus cannot be straightforwardly linked to a depositional zone. The first model of 84 
incisional bedrock channels that incorporates sediment transport dynamics appears to be the 85 
saltation-abrasion model2, 3, 34, 35, according to which incision occurs only when the bedrock has a 86 
partial cover of alluvium2, 36. This model captures bedrock incision mediated by particles striking 87 
the bedrock surface. The saltation-abrasion model can be linked to the Exner equation of 88 



sediment conservation to describe spatiotemporal morphodynamic evolution, as in the case of a 89 
model of incisional morphodynamics of a simplified configuration based on Rainbow Canyon8. 90 
That model is not linked to a fan downstream. 91 
 92 
Here we present a single morphodynamic model incorporating a) alluvial morphodynamics using 93 
a standard sediment transport equation and the Exner equation of sediment conservation, b) 94 
incisional morphodynamics including below-capacity sediment transport mediated by the 95 
fraction of bedrock surface area p covered by alluvium, c) simplified tectonics (uplift and 96 
incision without extension), d) upstream knickpoint migration at the channel head, e) sediment 97 
from sidewall erosion and f) a downstream boundary condition for either a closed or open basin. 98 
The bedrock-alluvial transition point is not assumed, but rather captured where the cover fraction 99 
changes from p < 1 to p = 1. 100 
 101 
Configuration, morphodynamic model and input parameters 102 
 103 
Our formulation for incision is the Macro-Roughness-based Saltation-Abrasion-Alluviation 104 
(MRSAA) model37. This model has been adapted for morphodynamic calculation based on the 105 
Moving-boundary Panamint Incision by Gravel Grinding (MOVING-PIGG) model8. Here we 106 
add a purely alluvial fan. The governing equations described in Methods constitute a unified 107 
model capturing canyon-fan morphodynamic interaction. Relevant caveats are listed there. 108 
 109 
Our configuration is the simplified version of the Rainbow Canyon-Panamint fan system of Fig. 110 
1d. It includes a) a tableland with slope Sp toward Panamint Valley (Darwin Plateau in the Argus 111 
Range) uplifting at constant rate υ, b) a non-incising feeder channel (Santa Rosa Wash) and an 112 
upstream-migrating canyon knickpoint, c) a V-shaped canyon with side slope Ss and initial 113 
length L/2, no tributaries and an incising canyon bottom with constant width Bc, d) a normal fault 114 
dividing the tableland and the valley (Fig. 1a), e) a valley basement subsiding at constant rate σ, 115 
f) an alluvial valley deposit (fan) of width Bd and constant length L/2, and g) a virtual channel on 116 
the deposit of the same width Bc as the canyon, but which implicitly spreads sediment deposits 117 
across the fan surface via migration-avulsion15, 16. Flood flows are intermittent, with constant 118 
flood discharge Qw occurring at constant time fraction If. Where x is distance downstream of the 119 
initial position of the canyon head (which is a knickpoint initially at x = 0 km but which migrates 120 
upstream), the uplifting canyon extends to x = L/2, and the subsiding valley extends from x = L/2 121 
to L. Canyon and valley slopes are Sc and Sv respectively; their initial values are Sci and Svi. 122 
Finally xba denotes the position of the bedrock-alluvial transition. 123 
 124 
Other parameters include elevation of the bedrock surface ηb, thickness of the alluvial layer ηa 125 
above it, bed elevation η = ηb + ηa, areal fraction cover of alluvium over the bedrock surface p, 126 
bedrock incision rate E, grain size D of the gravel alluvium, submerged specific gravity R of the 127 
gravel particles, bed slope S = - ∂η/∂x, dimensionless Chezy bed friction coefficient Cz, volume 128 
transport rate per unit width of sediment qa, capacity sediment transport rate per unit width qac, 129 
upstream sediment feed rate qaf, bedrock abrasion coefficient β used in the relation for incision, 130 
fraction fb of failed material from canyon sidewalls that remains as competent gravel on the 131 
canyon bottom and deposit porosity λ. Parameters that are common to all the runs here are given 132 
in Table 1, largely based on previous work8. Input parameters varied in the calculations are: σ, υ, 133 
Bd and fb. We specify the ratio r = Bd / Bc rather than Bd itself. The other parameters listed above 134 



are either specified or calculated based on the formulation in Methods. Downstream boundary 135 
conditions include a) free below-capacity outflow from basin37 and b) closed basin. 136 
 137 
Morphodynamics of pure incision and pure alluviation 138 
 139 
Our goal is the morphodynamics of the bedrock-alluvial transition in a linked system of an 140 
uplifting canyon and subsiding fan. Before proceeding, we study model behavior under simpler 141 
conditions of pure incision and pure alluviation. 142 
 143 
Results for pure incision are shown in Figs. 2a and 2b. In both cases the downstream “fan” 144 
(lower reach) is not actually a fan, but is instead a continuation of the canyon (upper reach) at 145 
half the slope Sb. The upper and lower reaches have the same width (r = 1). As outlined in 146 
Methods, the incision rate E in the upper reach is set at 3 mm/yr; a somewhat lower value 147 
prevails in the lower reach due to lower slope but invariant below-capacity sediment transport 148 
rate. The downstream boundary condition is free below-capacity sediment outflow. Sidewall 149 
erosion contributes no competent gravel to the bed, so fb = 0. 150 
 151 
In Fig. 2a uplift rate  = 5 mm/year. Uplift outpaces incision rate E = 3 mm/year everywhere, so 152 
bedrock elevation b increases over time, and the knickpoint migrates upstream at a slope that is 153 
higher than the upstream reach. In Fig. 2b uplift rate  = 0.5 mm/year; incision outpaces uplift, 154 
bedrock elevation everywhere decreases over time, and the knickpoint migrates upstream at a 155 
slope that is lower than the upstream reach. Under pure incision, bedrock slope remains 156 
temporally constant at its initial value. Were the uplift rate set equal to the incision rate of 3 157 
mm/year and the lower reach have the same slope as the upper reach, nothing would change in 158 
time other than the upstream migration of the knickpoint. This is case is illustrated for the upper 159 
reach in Extended Fig. E1. 160 
 161 
Results for pure alluviation are shown in Figs. 2c and 2d. Tectonics are turned off, so that E =  162 
=  = 0, and also fb = 0. The bedrock basement remains fixed with the lower reach having half 163 
the slope of the upper reach, and r = 1. The downstream boundary condition is such that all 164 
sediment is captured (zero outflow; closed basin). Fig. 2c shows bedrock elevation b and 165 
elevation of the top of the alluvium  up to 1600 years. Alluvium is seen to passively onlap the 166 
bedrock basement. Fig. 2d shows a continuation of the calculation of Fig. 2c until alluvium spills 167 
onto the plateau. 168 
 169 
Morphodynamics of the bedrock-alluvial transition as the canyon and fan interact with 170 
each other in a Basin and Range setting 171 
 172 
We now capture canyon-fan interaction where the canyon uplifts and the valley subsides. As in 173 
Figs. 2a and 2b, upper-reach parameters are set so the bedrock incises at E = 3 mm/year 174 
wherever exposed. The fan (lower reach) subsides at  = 3 mm/year in all cases, and r = 5, so 175 
the fan is 5 times wider than the canyon. The canyon (upper reach) uplifts at rates  = 0, 3 and 5 176 
mm/year. Sidewall failure does not produce competent gravel, i.e. fb = 0.  177 
 178 
Figs. 3a, 3b and 3c show bedrock elevation b and elevation  of top of the alluvium after 179 
24,000 years for the cases  = 0, 3 and 5 mm/year. In Fig. 3d, the three results are superimposed. 180 



These figures show three features capturing how the canyon and valley communicate with each 181 
other. a) For the case  = 3 mm/yr (Fig. 3a), onlapping of alluvium atop the bedrock turns off 182 
incision in the canyon, so that bedrock elevation rises downstream of the bedrock-alluvial 183 
transition. Uplift and incision balance upstream of this transition, so bed elevation does not 184 
change there. Onlapping onto the bedrock causes cessation of incision (blue box), reduces 185 
accommodation space (yellow box) and thus drives the bedrock-alluvial transition upstream 186 
faster than otherwise. b) A comparison of Figs. 3a and 3b shows that vanishing uplift does not 187 
give rise to concomitant loss in accommodation space, but a similar comparison of Figs. 3a and 188 
3c shows that increased uplift exacerbates the loss in accommodation space. c) Fig. 3d shows 189 
that at 24,000 years, increasing uplift rate pushes the streamwise position xba of the bedrock-190 
alluvial transition valleyward, indicating strong canyon-valley communication. The elevation 191 
ba, however remains invariant. This evidently implies a balance between the effect of net rise or 192 
fall of the bedrock reach upstream of the transition and net loss of accommodation space as 193 
alluviation turns off incision below the deposit. Although results are shown for only 24,000 years 194 
for clarity, they generalize for earlier and later times when a) the valley floor is no longer 195 
exposed and b) the alluvium has not yet spilled onto the plateau.  196 
 197 
Fig. 4a shows a plot of ba and xba versus uplift, summarizing Fig. 3. Over the range  = 0 to 5 198 
mm/year, the elevation of the transition remains constant. Increasing uplift rate pushes the 199 
position of the bedrock-alluvial transition valleyward, but not into the valley itself. This raises 200 
the question as to whether any rate of canyon uplift is sufficient to keep alluvium from onlapping 201 
the canyon floor. This issue is explored in Fig. 4b. All model conditions are the same as for Fig. 202 
3a, except r is increased from 5 to 40, an 8-fold increase in the width of the accommodation 203 
space of the fan. The creation rate of accommodation space due to subsidence in the wide valley 204 
is so large that an uplift rate of 3 mm/year is sufficient to ensure that alluvium remains confined 205 
to the valley up to at least 19,200 years. Instead, a hanging valley, or waterfall appears at the 206 
canyon-fan transition38. This feature likely relaxes to sub-vertical and migrates upstream11, but 207 
relevant mechanics are not included here. Such a waterfall, Darwin Falls, is seen two canyons 208 
south of Rainbow Canyon (inset of Fig. 4b). It is located about 5 km upstream of the mouth, and 209 
forms a waterfall due to a permanent spring. Raming and Whipple39 have shown how such a 210 
feature can prevent the upstream transmission of base level fall, in this case induced by a high 211 
rate of production of accommodation space in the valley. Upstream of the waterfall in Fig. 4b, 212 
incision and uplift continue to balance. This example demonstrates how canyon and fan can fail 213 
to communicate with each other. 214 
 215 
Several variant cases are shown in the Extended Figures. Extended Fig. E1 corresponds to Fig. 2 216 
but considers pure incision with E balancing  = 3 mm/year in the upper reach. Nothing happens 217 
in that reach except upstream migration of the knickpoint. Extended Fig. E2 corresponds to Fig. 218 
3a, but with punctuated uplift every 240 years rather than continuous uplift. Little difference is 219 
seen at sufficiently large time and space scales. Extended Fig. E3 corresponds to Fig. 3, but with 220 
a sediment sidewall input factor fb = 0.25; it is seen that ba is no longer invariant to uplift rate. 221 
Extended Fig. E4 corresponds to Fig. 4a, but with a sediment sidewall input factor fb = 0.25. 222 
Extended Fig. E5 shows the effect of heavy sidewall sediment input for 6000 years, and a 223 
reduction of the sediment feed rate to 1/100 beyond that time. The figure illustrates the ability of 224 
the model to capture multiple interacting drivers. 225 
 226 



Discussion  227 
 228 
We bring together in a simplified way tectonics, sediment transport, alluviation, incision and bed 229 
morphodynamics to link erosional and depositional processes in a canyon-fan system. This 230 
linkage advances the study of geomorphology at source-to-sink scale. 231 
 232 
Our model is “1.5 D” (1D with extension to canyon sidewall erosion and channel migration on 233 
the fan). In this sense, it is less complex than 2D cellular models19, 20, 21. It does, however, 234 
include relations for sediment transport, cover and incision that have a strong basis in 235 
experimental and field research. It allows specific insight into canyon-fan interaction and 236 
migration of a bedrock-alluvial transition. Three novel results follow.  237 
 238 
1. Canyon and fan can communicate with each other, in the sense that even when the canyon 239 

undergoes uplift, alluviation from downstream can push the bedrock-alluvial transition well 240 
into the canyon itself. This alluviation “turns off” incision by burying the bed, so that uplift 241 
there reduces the accommodation space for alluvium and pushes the transition even faster up 242 
the canyon (Fig. 3a). 243 

 244 
2. When competent sediment delivered from canyon sidewalls is excluded, a set of conditions 245 

exist whereby at any given time (within some range) the streamwise position of the bedrock-246 
alluvial transition in the canyon displaces downstream with increasing uplift rate, but the 247 
elevation of that point remains invariant (Figs. 3d and 4a). 248 

 249 
3. When the valley is sufficiently wide compared with the canyon, however, alluvium may never 250 

onlap the canyon bedrock, and instead a hanging valley, or vertical face forms at the canyon 251 
mouth (Fig. 4b). 252 

 253 
The effect of climate change could be included in part by changing the flood discharge and 254 
intermittency. Based on the results for punctuated uplift in Fig. E2, the model would not likely 255 
show a clear signal for cyclic climate change over hundreds of years. Changes in flood discharge 256 
and intermittency corresponding to inferred records of climate change over a glacial cycle would 257 
give rise to a signal. Death Valley itself is often partially or fully occupied by Lake Manly, 258 
especially during glacial periods. Lake Manly had highstands approximately 26,000, 18,000 and 259 
12,000 years before present40, and Panamint Valley was similarly occupied by Panamint Lake41. 260 
Under such circumstances, the model used to model the bajada (line fan) can be altered in a 261 
straightforward way to describe a line fan-delta42 that responds to rise and fall of the lake level43. 262 
 263 
Methods 264 
 265 
The methods used here largely follow previous work where more detailed information can be 266 
found8. We assume a single, non-abrading grain size of sediment with size D moving as bedload. 267 
During a flood, the flow is assumed to obey the normal assumption for momentum balance and a 268 
water conservation equation for constant width Bc. This allows the following relation between 269 
the Shields number of sediment mobility * and channel slope S. 270 
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where Qw is the flood water discharge, Cz is the dimensionless Chezy coefficient of bed 272 
resistance, g is the gravitational acceleration and R is the submerged specific gravity of the 273 
sediment ( = 1.65 here). We calculate the sediment transport rate as follows:  274 
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where qa is the volume rate of sediment transport rate per unit width, qac is the capacity transport 277 
rate44 and p is an adjusted areal fraction of alluvial cover over the bed2, 3, 8, 36, 45. We parameterize 278 
p as follows: 279 
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where ηa is the thickness of the alluvial layer over bedrock or basement, Lmr is a macro-281 
roughness characterizing the rugosity of the bedrock surface, pl = 0.05 and ph = 0.95. Here the 282 
value Lmr = 1 m8. The use of cover fraction p is equivalent to a mushy layer formulation46. 283 
 284 
Bedrock balance is treated as follows. In the canyon, where ηb = top of the bedrock surface and E 285 
is the bedrock erosion (incision) rate, 286 
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where  is a coefficient of bedrock abrasion, here approximated as a prescribed constant. In the 289 
valley, the bed is assumed to be alluviated, so that the corresponding form of Eq. 4a for the 290 
valley basement is 291 
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 293 
The Exner equation of sediment conservation takes the following form in the canyon8: 294 
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where  is the porosity of the alluvial deposit. The last term on the right denotes the production 296 
of sediment from the sidewalls as the bed incises downward. Here ηT denotes the local top of the 297 
uplifting plateau, which is assumed to have slope Sp, and fb denotes the fraction of failing 298 
sidewall material that is retained as competent bed material (rather than shattering to wash load). 299 
Wherever the canyon flow is completely alluviated (p = 1), the last term on the right of Eq. 6 is 300 
taken to be vanishing. The corresponding Exner equation for the valley is  301 
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where r = Bd / Bc is the ratio of the depositional width of the valley fan Bd to virtual channel 303 
width Bc, which for simplicity is assumed to equal the width of the channel at the bottom of the 304 
canyon. Elevation to the top of the bed η is given as 305 

b a             (8) 306 

 307 
The equations are solved numerically using an upstream boundary condition of specified alluvial 308 
feed rate qaf. The downstream boundary condition can be either open (all sediment flows out8, 37 309 
or closed, in which case  310 

0a x L
q


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 312 
The calculations use either a fixed spatial domain extending from x = 0 to x = L, or a moving 313 
boundary formulation which can track an upstream-migrating knickpoint at the canyon head8. 314 
 315 
We enumerate several caveats regarding the formulation. We assume constant canyon bottom 316 
width, whereas Rainbow Canyon is observed to widen downstream. We do not include basin 317 
extension4. We assume that deposition is driven by channelized fluvial processes, and do not 318 
include the effect of sheet or debris flows1. We assume a single bedrock lithology, whereas a 319 
complex pattern of lithology can be found in the area47. We assume a single sediment grain size 320 
D in transport that does not abrade, as opposed to multiple grain sizes that abrade48. We assume a 321 
constant hydrologic regime over 10’s of thousands of years, whereas climactic oscillations have 322 
been inferred over at least the last 155,000 years49, 50. The uplift and subsidence rates used here 323 
are on the high side in order to illustrate morphodyamics over 10’s of thousands of years, but are 324 
still of the correct order of magnitude8, 51. The flow model used here is a normal flow model and 325 
so cannot specifically capture the details of the morphodynamics of the three steps at the head of 326 
Rainbow Canyon. The flow model would have to be extended to a gradually varied backwater 327 
model to do this52. These myriad features are not included because a) the necessary parameters 328 
are highly site-specific and often difficult to constrain, and/or b) because their inclusion would 329 
obscure the several fundamental canyon-fan interaction processes elucidated herein. 330 
Complexities can be added as the need arises, with a corresponding change in the interpretation 331 
of model results. 332 
 333 
Data availability 334 
All data used herein are included in the text. 335 
 336 
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 500 
 501 
Table 1  Values of parameters in the present study. 502 

Parameter Value Notes 
Qw, m3/s 29 Flood discharge 
If 0.005 Flood intermittency fraction 
D, mm 60 Grain size 
Bc, m 20 Canyon bottom width 
Cz 10 Chezy resistance coefficient 
qaf, m2/s 0.00134 Computed volume sediment transport rate/width during floods for 

prevailing conditions in Santa Rosa Wash 
L, km 8 L/2 = initial length of canyon and L/2 = length of valley 
β, km-1 0.015 Abrasion coefficient for incision relation 
λ 0.35 Porosity of alluvium 
Ss 0.7 Canyon sidewall slope 
Sci 0.094 Initial canyon slope 
Svi 0.047 = Sci/2, initial valley slope 
Sp 0 Tableland slope 
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Figures 506 
 507 
 508 

 509 
 510 
Fig. 1  Setting for Rainbow Canyon and its corresponding fan in Panamint Valley. a, The Argus Range and 511 
Panamint Valley showing the fault line between the two. b, Helicopter view of Rainbow Canyon looking upstream 512 
on October 22, 2023. c, Rainbow Canyon and its corresponding fan, showing the position of the bedrock-alluvial 513 
transition upstream of the canyon mouth. d, Definition diagram for a simplified model of the canyon-fan system; 514 
symbols are defined in the text. 515 
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 519 

 520 
 521 
Fig. 2  Behavior for pure incision and pure alluviation. a, Case of pure incision; no fan, slope Sb = 0.094 for 522 
upper reach and 0.047 for lower reach, r = 1, incision rate E = 3 mm/yr for upper reach and 2.74 mm/yr for lower 523 
reach (corresponding to the same sediment transport rate as upstream but half the slope), uplift rate  = 5 mm/year 524 
everywhere. b, Case of pure incision; no fan, all parameters identical to Fig. 2a except  = 0.5 mm/year everywhere. 525 
c, Case of pure alluviation; slope Sb = 0.094 for upper reach and 0.047 for lower reach, r = 1, E =  =  = 0. d, 526 
Same as Case c, but calculation continued until sediment spills onto plateau. 527 
 528 
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 531 

 532 
 533 
Fig. 3  Behavior for canyon-fan interaction. In all cases r = 5,  = 3 mm/year, E = 3 mm/year wherever bedrock 534 
is exposed and fb = 0. a,  = 3 mm/year. b,  = 0 mm/year. c,  = 5 mm/year. d, cases a), b) and c) plotted together. 535 
Note that the streamwise position of the bedrock-alluvial transition is displaced valleyward with increasing uplift 536 
rate, but the elevation of this transition remains constant. The results generalize for times other than 24,000 years. 537 
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 541 

 542 
 543 
Fig. 4  Communication between canyon and valley. a, Streamwise position xba and elevation ba of the bedrock-544 
alluvial transition at 24,000 years for valley subsidence rate  = 3 mm/year, bedrock incision rate E = 3 mm/year 545 
when exposed, uplift rate  varies from 0 to 5 mm/year and ratio r of valley width to canyon width = 5. The 546 
variation of xba with  is indicative of strong communication between canyon and valley. Elevation ba, however, 547 
remains independent of . b, Calculational results at 19,200 years for conditions that are the same as Fig. 3a ( =  548 
= E = 3 mm/year) except that the valley is 8 times wider (r = 40). Under these conditions, the canyon and valley no 549 
longer communicate with each other. Instead, a vertical knickpoint, or waterfall forms. The example of Darwin Falls 550 
two canyons south of Rainbow Canyon is shown as an example in the inset. 551 
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Extended Figures 555 
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 557 

 558 
 559 
Extended Figure E1. This figure corresponds to Fig. 2 of the main text, but E =  in the upper part of the domain. 560 
As a results, nothing happens there except upstream knickpoint migration. There is a slight rise in bed elevation in 561 
the lower part of the domain because bed slope is half that of the upper part with unchanged sediment transport, 562 
resulting in a lower incision rate. 563 
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 567 

 568 
 569 
Extended Figure E2. The modeling conditions are the same as those of Fig. 3a, but with punctuated uplift of a 570 
sudden 0.72 m jump every 240 years. a, Bed elevation evolution within 24,000 years plotted to be comparable with 571 
Fig. 3a at sufficiently large spatial and temporal scales, the results are indistinguishable from the case of constant 572 
uplift of Fig. 3a. b, Expanded view of a short section upstream of the canyon-fan transition within 12,000 years, 573 
again demonstrating that the pulsed uplift is not recognizable at the time and space scales of the plot. 574 
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 579 
 580 
Extended Figure E3. Conditions are the same as Fig. 3 of the main text, except that sediment input from sidewall 581 
failure is allowed with fb = 0.25. a,  = 3 mm/year. b,  = 0 mm/year. c,  = 5 mm/year. d, The three cases 582 
superimposed. The elevation ba of the bedrock-alluvial transition no longer remains invariant to uplift rate when 583 
sidewall input is included. 584 
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 588 

 589 
 590 
Extended Figure E4. The plot corresponds to Fig, 4a of the main text, except that sidewall sediment input is 591 
accounted for with fb = 0.25. The streamwise position xba of the bedrock-alluvial transition moves downstream and 592 
the elevation ba increases with increasing uplift rate . 593 
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 598 
 599 
Extended Figure E5. This case is the same as that of Fig. 3a except that fb = 0.5 and the sediment supply rate is cut 600 
by the factor 1/100 after 6000 years. The results illustrate the ability of the model to capture the effect of several 601 
interacting drivers, and shows the formation of an autogenic knickpoint within the canyon reach8. 602 
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