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Figure 8. Color maps illustrating the topography predicted by model 1 for ¢ = (A) 4 Ma,
(B) 2 Ma, and (C) present. From 6 to 4 Ma, a large (700 m) knickpoint migrates headward
at a rate of ~100 km/Ma to form a deep gorge in western Grand Canyon down to the level
of the Redwall Limestone. By 4 Ma, the knickpoint has grown headward to a position east
of Muav Gorge. From 4 to 2 Ma the knickpoint moves through eastern Grand and Marble
Canyons. At the end of the model the canyon is wider in western Grand Canyon than in
eastern Grand Canyon, reflecting the longer elapsed time since knickpoint retreat and the
effect of fault-controlled subsidence of western Grand Canyon.

The planform geometry of Grand Canyon
predicted by both models reproduces the extent
of headward migration along the tributaries to
Grand Canyon and the relative widths of western
and eastern Grand Canyon quite well. Model 2,
with its wider canyon overall, is more consis-
tent with the observed topography compared to
model 1, however. The relatively narrow width
of the canyon in model 1 should not be inter-
preted as a rejection of the young canyon and
lake-spillover hypothesis, however, because the
width of the canyon depends sensitively on
the rate of cliff retreat, which is not well con-
strained for pre-late Pleistocene climatic condi-
tions. If cliff retreat rates in the Pliocene and
early Quaternary were significantly greater than
the rates inferred by Cole and Mayer (1982) for
the late Pleistocene to the present, then the width
of the canyon predicted by the model would be
greater in both models. The greater width of west-
ern Grand Canyon compared to eastern Grand Can-
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yon in both models is a consequence of the earlier
age of incision in western Grand Canyon (hence
the cliff walls in western Grand Canyon have
had more time to retreat) as well as the sub-
sidence that has dampened incision in this part
of the canyon. Subsidence in western Grand
Canyon means that bedrock channels in that por-
tion of the canyon have not had to compete with
rock uplift to the same extent as those in eastern
Grand Canyon, hence they have grown headward
at higher rates.

Determining the sensitivity of the model be-
havior to each input parameter provides a better
understanding of the controls on Grand Canyon
topography and the robustness of the model
results. Figure 11 illustrates the sensitivity of
model 2 to variations in each of the key model
parameters (the sensitivity of model 1 is qualita-
tively similar to that of model 2). A 5% increase
in the value of the drainage area exponent m
(from 0.5 to 0.525) results in faster drainage

network expansion, if all other parameters are
kept fixed (Fig. 11A). A similar model result is
obtained if the absolute value of the erodibility
coefficient K is scaled up by 25%. In both cases,
the resulting model topography is unrealistic—
the canyons of Kanab and Havasu Creeks, for
example, have eroded headward to distances
tens of kilometers beyond the observed extent
of deep headward incision in these canyons.
The model sensitivity to variations in K is par-
ticularly important because the absolute value of
this parameter is not independently constrained
except by consistency with the modern topog-
raphy. As such, it is important for the robustness
of the model reconstruction that only a narrow
range of K values are consistent with the mod-
ern extent of headcutting along the major side
tributaries. Figure 11B illustrates the results
of the model when no Plio-Quaternary normal
faulting is included. Comparison of Figure 11B
to Figure 10F illustrates that normal faulting has
had the effect of widening western Grand Can-
yon relative to eastern Grand Canyon because
bedrock channels in that portion of the canyon
have not had to compete with rock uplift (due to
Plio-Quaternary faulting) to the same extent as
those in eastern Grand Canyon.

Constraints on Models for Colorado
River Integration

The numerical models of this paper do not
model the integration of the Colorado River
explicitly. As such, they cannot constrain the
mechanism of integration in detail. They can,
however, address the geomorphic feasibility of
different models for river integration and they
can be used to evaluate proposed locations
where integration may have occurred. The re-
sults of model 1 illustrate that lake spillover at
6 Ma can produce sufficient headcutting along
the Colorado River to propagate the knickpoint
to its modern location in the vicinity of Lees
Ferry. The results of model 2 indicate that dur-
ing Miocene time an incised drainage could
have existed in western Grand Canyon large
enough to have eroded headward to a position
east of the Shivwitz Plateau by 6 Ma. The ability
of this hypothesized paleodrainage in western
Grand Canyon to grow headward is propor-
tional to the square root of the drainage area in
this model. As such, a drainage basin with an
area only one-quarter as large as the one Young
(2008) proposed would grow headward by a
distance only half as great in the same time pe-
riod (i.e., 75 km instead of 150 km in 10 Ma).
As such, it is possible to conclude that a paleo-
drainage with an area much less than the one
Young (2008) proposed could not have grown
headward to a point east of the Shivwitz Plateau.
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Figure 9. Color maps illustrating the topography predicted by model 2 for ¢t = (A) 12 Ma,
(B) 8 Ma, (C) 6 Ma, (D) 4 Ma, (E) 2 Ma, and (F) present. From 16 to 6 Ma, a large (700 m)
knickpoint migrates headward at a rate of 15 km/Ma to form a deep gorge in western Grand
Canyon. By 6 Ma, the knickpoint has grown headward to a position east of the Shivwitz
Plateau. Following integration, the rate of knickpoint migration increases by a factor of 4,
resulting in rapid incision of eastern Grand and Marble Canyons down to the level
of the Redwall Limestone from 6 to 4 Ma. The canyon is several times wider in western
Grand Canyon than in eastern Grand Canyon, as in model 1.

Similarly, the model rules out a drainage cap-
ture close to the Kaibab Monocline, as proposed
by McKee et al. (1967), because such an event
would have required headward migration of
~350 km instead of 150 km. Headward retreat
of this extent would have required a drainage
basin of ~50,000 km?, i.e., much larger than any
reasonable paleodrainage configuration. These
results show that it is geomorphically possible
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for a paleodrainage of the size proposed by
Young (2008) to capture an ancestral Colorado
River east of the Shivwitz Plateau and west of
Muav Gorge. As noted in the Introduction, how-
ever, most experts on the geology of this region
agree that the limited volume of clastic debris
deposited in the Grand Wash Trough and adja-
cent basins between 16.5 and 6 Ma rules out this
hypothesis (e.g., Pederson et al., 2008).

The Role of Flexural-Isostatic Rebound on
Grand Canyon Evolution

In both models, the excavation of rock from
the Grand Canyon triggers isostatic rebound.
Erosion occurs by both channel incision and
cliff retreat in the model, but cliff retreat is
responsible for the majority of rock removed.
Because the rates of cliff retreat are similar in
the two models, the spatial distribution and
timing of isostatic rebound in the 6-0 Ma in-
terval are also similar. As such, here I present
results for isostatic rebound predicted by
model 2 only. The rate of rock removal from
Grand Canyon increases slowly through time
in model 2 until 6 Ma (Fig. 9C); the rate then
increases abruptly following the integration of
the Colorado River. Figures 9C and 9D plot the
fraction of the total volume of rock removed
from the canyon system as a function of time in
the two models. It may seem counterintuitive
that the erosion rate should increase through
time in these models—after all, the slopes of
the bedrock channel system are decreasing
through time as knickpoints propagate head-
ward. However, most of the rock removed from
the Grand Canyon is eroded by cliff retreat
rather than by bedrock channel erosion. As the
channels of the Grand Canyon system deepen
and grow headward, the total area subject to
cliff retreat increases. Since long-term rates
of cliff retreat are two to three times greater
than long-term rates of channel downcutting
(i.e., 0.5 m/ka compared to 0.1-0.25 m/ka),
the rate of total rock removal in Grand Can-
yon is controlled primarily by the cliff retreat
process. The rate of total rock removal by cliff
retreat will be approximately proportional to
the total cliff area exposed along the canyon
walls, which increases through time in both
models 1 and 2.

Results of the flexural-isostatic component
of model 2 indicate that incision in western
Grand Canyon has triggered up to 350 m of
rock uplift (Fig. 12), most of which would
have occurred in Plio-Quaternary time due to
the increase in the rate of rock removal through
time (Fig. 9C). In model 1, the total isostatic
rebound predicted by the model is ~20%
lower than for model 2 (300 m of peak uplift
compared to 350 m), but the spatial distribu-
tion of uplift is indistinguishable in the two
models. Flexural-isostatic rebound occurs as a
broad zone of uplift distributed over a zone of
~100 km centered on the Colorado River. Ero-
sional unloading occurs over a relatively nar-
row zone compared to the flexural wavelength
of the lithosphere. Because of the flexural
rigidity of the lithosphere, however, isostatic
rebound is spatially distributed over a broad
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Figure 10. (A-B) Plots of the longitudinal profiles of the Colorado River (i.e., channel-bed
elevation, %, as a function of along-channel distance downstream from Marble Canyon, x)
predicted by models 1 and 2, respectively, in intervals of 2 Ma. Also shown is the actual
profile extracted from 30 m/pixel U.S. Geological Survey digital elevation models (DEMs).
(C-D) Plots of the rate of rock removal, E/E,, predicted by models 1 and 2 as a function
of time, illustrating that most of the rock removed from the Grand Canyon in both models
has occurred in Plio-Quaternary time. Although the overall gradient of the canyon system
is decreasing through time, rock removal increases through time as downcutting and back-
wearing of the canyon system activates more area undergoing cliff retreat.

zone whose width is characterized by a width
equal to approximately half of a flexural wave-
length. The timing and magnitude of flexural
isostatic rebound (i.e., up to 350 m of uplift
over Plio-Quaternary time) are consistent with
the timing and magnitude of uplift necessary
to reproduce the observed rates of Quater-
nary incision in western Grand Canyon (i.e.,
70 m/Ma). More details on Quaternary incision
rates are discussed below. Model results also
suggest that flexural-isostatic rebound has had
a significant effect on the topography of the
rim surface surrounding Grand Canyon. In
the model topography, abroad topographic swell
is predicted adjacent to the canyon rim in west-
ern and central Grand Canyon (Fig. 12B). It is
difficult to be certain that the topographic swell
observed in the actual topography (Fig. 12A)
is due to flexural-isostatic uplift, but the swell
observed in the DEM is consistent with the
model prediction.

The results of both models suggest that
Grand Canyon has evolved via a two-phased
erosional response to the integration of the
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Colorado River. The onset of incision trig-
gered the formation of a large knickpoint that
propagated upstream through time. After the
knickpoint propagates past a given point, a
phase of cliff retreat begins that continues to
the present. Cliff retreat leads to isostatic re-
bound, which triggers renewed incision of the
Colorado River. This type of cyclic response
is broadly analogous to Schumm’s (1977)
“complex response” of alluvial river chan-
nels to base-level drop. In Schumm’s model,
base-level lowering triggers knickpoint mi-
gration upstream. Channel widening by bank
retreat following knickpoint passage lowers
the stream power locally and promotes lo-
cal aggradation. Local channel widening and
aggradation eventually initiate renewed inci-
sion. In this way, alluvial channels undergo
damped oscillations in sediment flux and the
formation of multiple terrace levels in their
response to a single episode of base-level
drop. Cyclic models involving knickpoint re-
treat and flexural-isostatic response also have
a long precedent in the geomorphic literature.

In King and Pugh’s model for the geomorphic
evolution of southern Africa, for example,
supercontinent breakup in the late Cretaceous
triggered knickpoint propagation (King, 1956;
Pugh, 1956). Erosional unloading associated
with knickpoint propagation then triggered
isostastic rebound and renewed knickpoint
propagation. In this way, King and Pugh pro-
posed that one regional tectonic event (e.g.,
supercontinent breakup) was responsible for
the formation of multiple topographic levels
in the landscape of southern Africa.

Plio-Quaternary Incision: Comparison
between Model-Predicted and
Geochronologically Measured Rates

Geochronologically derived Plio-Quaternary
incision rates provide important constraints on
the late Cenozoic geomorphic history of Grand
Canyon. Depending on the offset datum (e.g.,
basalt flow, travertine deposit, fill terrace, etc.),
these data represent incision rates over time
scales from a few hundred thousand years to
a few million years. Given the abundance of
available data on Plio-Quaternary incision
rates, it is useful to compare the model predic-
tions for incision rates with observed patterns
over the same time intervals, both as a model
validation exercise and as a framework for bet-
ter interpreting measured rates in terms of their
underlying controls.

In the model, Plio-Quaternary incision rates
reflect the final retreat of knickpoints through
eastern Grand and Marble Canyons, flexural-
isostatic rebound, and the effects of Plio-
Quaternary normal faulting. At a given point
along the river, incision rates are essentially zero
until the knickpoint arrives, increases to a large
value as the knickpoint passes, and then de-
creases to a “background” rate controlled by the
rate of flexural-isostatic rebound plus the rate of
fault-controlled rock uplift with respect to base
level. Available geochronology data measure
the average rate of incision over a given time in-
terval, hence they may combine one or more of
these incision phases.

Model-predicted incision rates yield patterns
broadly similar to measured rates (Figs. 13A
and 13B for models 1 and 2, respectively). For
the measured data, I used all of the data com-
piled by Karlstrom et al. (2008) within Grand
Canyon (shown as squares). Age uncertainties
and/or uncertainties in the depth to bedrock in-
troduce a two-sigma uncertainty value of ~20%
in these data. The model-derived data for the
time intervals 4-0 Ma and 2-0 Ma were ob-
tained by differencing the elevation of the Colo-
rado River between 4 and 0 Ma and 2 and 0 Ma,
respectively, incorporating rock uplift relative to
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Figure 11. Color maps of the model predictions for modern topography according to varia-
tions of model 2, illustrating the sensitivity of the model results to individual parameters.
(A) A 5% increase in the value of the drainage area exponent m or a 25% increase in the
values of K results in unrealistic extensive knickpoint retreat along the major side canyons
of Kanab and Havasu Creeks. (B) Eliminating the offset along the Hurricane and Toroweap
Fault system results in a western Grand Canyon that is unrealistically narrower compared
to the actual canyon.
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Figure 12. (A) Color map of the topography of the Grand Canyon region. (C) Cross-sectional
topographic profile (from N to S) through the canyon at the location of Muav Gorge, illus-
trating the broad topographic swell that characterizes the plateau topography of western
and central Grand Canyon. White line indicates the location of the profile. (B) Color map
of total flexural-isostatic rebound predicted by model 2. (D) Cross-sectional topographic
profile extracted from the model predicts a broad topographic swell similar to that observed
in the actual topography at this location.
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base level, and dividing the result by the dura-
tion of the time interval. Model 1 does a better
job of predicting the relatively high rates of Plio-
Quaternary incision in eastern Grand Canyon
compared to model 2. In model 2, the knickpoint
has already propagated past eastern Grand Can-
yon into Marble Canyon by 4 Ma (Fig. 10B).
As such, knickpoint retreat influences incision
in the post—4 Ma time period in Marble Canyon
only in model 2 (Fig. 13B). The failure of model
2 to match measured incision rates in eastern
Grand Canyon should not be used to rule out
the proto—Grand Canyon hypothesis, however,
because model-predicted incision rates are
sensitive to the precise location of the knick-
point through time, which, in turn, is sensitive
to model parameters (i.e., K and m) that are
not precisely known. These results do suggest,
however, that the rates of Plio-Quaternary in-
cision measured in eastern Grand Canyon
over the 4-0 Ma time interval likely include a
knickpoint-passage component. The model sug-
gests that flexural-isostatic rebound and fault
incision alone could not have produced incision
rates as high as 250 m/ka.

Modeled rates of Quaternary incision
(2-0 Ma) in eastern Grand Canyon (maximum
150 m/Ma) are approximately twice as large
as those in western Grand Canyon (maximum
70 m/Ma) in both models. This largely reflects
the relative subsidence of western Grand Can-
yon, as proposed by Pederson et al. (2002).
Incision rates in Grand Canyon are strongly
controlled by uplift rates relative to base level
(shown schematically in Fig. 13C). The uplift
relative to base level is a combination of rock
uplift due to fault offset and the flexural-isostatic
response to erosional unloading. In western
Grand Canyon downstream from the Hurricane
Fault, the uplift relative to base level consists
of the flexural-isostatic response (FIR) to ero-
sion only (i.e., there is no Plio-Quaternary uplift
along the Grand Wash Fault or any other fault
between the Grand Wash Trough and the Hur-
ricane Fault, hence no fault offset between the
Grand Wash Trough and western Grand Can-
yon), which varies spatially in the model but has
a maximum value of 70 m/Ma in western Grand
Canyon. Between the Hurricane and Toroweap
Faults, the uplift relative to base level consists of
flexural-isostatic rebound plus the offset along
the Hurricane Fault (i.e., ~100 m/Ma). East of
the Toroweap Fault, the uplift relative to base
level is equal to the flexural-isostatic response
plus the combined offset along both faults. In
far eastern Grand and Marble Canyons, remnant
knickpoint propagation adds an additional com-
ponent of incision based on the location of the
knickpoint at the beginning of the time interval
under consideration.
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Figure 13. (A-B) Plots of Colorado River in-
cision rate, E (m/ka), as a function of along-
channel distance from Lees Ferry predicted
by models 1 and 2, respectively. Two time
intervals are included: 4-0 Ma and 2-0 Ma.
These data show broadly similar patterns
to those of incision rates determined geo-
chronologically (data from Karlstrom et al.
[2008] shown in squares), but model 1 is
more consistent with the measured data in
eastern Grand Canyon. (C) Schematic dia-
gram of incisional response to rock uplift
relative to base level, illustrating the effects
of relative fault offset, flexural-isostatic
rebound (FIR), and remnant knickpoint
retreat (KP).

CONCLUSIONS

The late Cenozoic geomorphic evolution of
Grand Canyon is controlled by mid-late Mio-
cene and Plio-Quaternary phases of normal fault
offset, bedrock channel erosion, cliff retreat, and
flexural-isostatic response to erosional unload-
ing. A model that combines these elements sug-
gests that following Colorado River integration,
incision took place as an eastward-propagating
knickpoint with a velocity of ~100 km/Ma, re-
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sulting in rapid incision of western Grand Can-
yon down to the level of the Redwall Limestone
from 6 to 4 Ma and eastern Grand and Marble
Canyons from 4 to 2 Ma. Widening of Grand
Canyon triggered flexural-isostatic rebound of
up to 350 m, primarily in the Plio-Quaternary
period. Plio-Quaternary normal faulting, how-
ever, acted in the opposite direction in western
Grand Canyon, causing dampened incision in
western Grand Canyon relative to eastern Grand
Canyon, as proposed by Pederson et al. (2002).

An alternative end-member model scenario
thatincludes a 13,000 km? paleodrainage in west-
ern Grand Canyon suggests that relief production
along the Grand Wash Fault could have initiated
the formation of a large (700-m-tall) knickpoint
that migrated headward at a rate of 15 km/Ma
to form a deep gorge in western Grand Canyon
prior to Colorado River integration. This result
is consistent with speleothem records of water-
table lowering in western Grand Canyon (Hill
etal., 2001; Polyak et al., 2008) and the Miocene
paleogeography of the region as interpreted by
Young (2008). Model results suggest that this
proto—Grand Canyon initiated by offset along
the Grand Wash—Wheeler Fault system could
have grown headward to a position east of the
Shivwitz Plateau by 6 Ma. Headward growth of
this proto—Grand Canyon, therefore, could have
been sufficiently rapid to capture the ancestral
upper Colorado River, if it drained through the
Kanab Plateau region west of the Kaibab Mono-
cline and east of the Shivwitz Plateau, but it was
not sufficient to capture the Colorado River, if it
flowed southeast in the direction of the modern
Little Colorado River as proposed by McKee
et al. (1967). The limited volume of Miocene
clastic debris in the Grand Wash Trough, how-
ever, still presents a problem for this hypothesis.
If this hypothesis is correct, the proto-Grand
Canyon must have been quite narrow, sediment
derived from the proto-Grand Canyon must have
been reworked to the ocean by a combination of
eolian and fluvial processes, and/or significant
sediment storage must have occurred within the
canyon upstream from the Grand Wash Trough
in late Miocene time.
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