
ABSTRACT

The late Cenozoic geomorphic evolution 
of Grand Canyon has been infl uenced by 
three primary tectonic and drainage adjust-
ment events. First, 1 km of relief was pro-
duced along the Grand Wash–Wheeler Fault 
system beginning at 16.5 Ma. Second, the 
ancestral  Colorado River became integrated 
with the lower Colorado River through 
Grand Canyon between 5.5 and 6 Ma. 
Third, the Colorado River was infl uenced 
by Plio-Quaternary  normal faulting along 
the Hurri cane and Toroweap Faults. Despite 
the relatively  fi rm constraints available on 
the timing of these events, the geomorphic 
evolution of Grand Canyon is still not well 
constrained. For example, was there a deeply 
incised gorge in western Grand Canyon be-
fore Colorado River integration? How did 
incision rates vary through time and along 
the evolving river profi le? What is the role 
of isostatic rebound and Plio-Quaternary  
faulting on the recent incision history of 
Grand Canyon? In this paper I describe the 
results of a process-based numerical model-
ing study designed to address these questions 
and to determine the plausibility of different 
proposed models for the erosional history of 
Grand Canyon. The numerical model I de-
veloped integrates the stream-power model 
for bedrock channel erosion with cliff retreat 
and the fl exural-isostatic response to erosion. 
Two end-member paleodrainage and inte-
gration scenarios are considered. In the fi rst 
model, I assume no incision in western Grand 
Canyon prior to 6 Ma. This model is equiva-
lent to a lake-overtopping scenario for Colo-
rado River integration. In this scenario, the 
model predicts that Colorado River integra-
tion at 6 Ma initiated the formation of a large 
(700 m) knickpoint that migrated headward 
at a rate of 100 km/Ma, resulting in rapid 
incision of western Grand Canyon down to 

the level of the Redwall Limestone from 6 
to 4 Ma and incision of eastern Grand and 
Marble Canyons from 4 to 2 Ma. Widening 
of Grand Canyon by cliff retreat triggered 
fl exural-isostatic rebound and renewed river 
incision of up to 350 m in Plio-Quaternary 
time according to this model. The model also 
indicates that Plio-Quaternary normal fault-
ing signifi cantly dampened incision rates in 
western Grand Canyon relative to eastern 
Grand Canyon. In the second paleodrainage 
scenario, I assume that a 13,000 km2 paleo-
drainage crossed the Grand Wash–Wheeler 
Fault system at 16.5 Ma. The results of this 
model scenario indicate that relief produc-
tion along the Grand Wash–Wheeler Fault 
system could have initiated the formation of a 
large (700 m) knickpoint that migrated head-
ward at a rate of 15 km/Ma prior to 6 Ma to 
form a 150-km-long gorge in western Grand 
Canyon. Following integration at 6 Ma, the 
results of this model scenario are broadly 
similar to those of the fi rst model, i.e., rapid 
incision through Grand and Marble Canyons 
from 6 to 2 Ma followed by cliff retreat, iso-
static rebound, and fault-controlled incision. 
The results of the second model scenario 
illus trate that headward erosion of a proto–
Grand Canyon could have been suffi cient to 
capture the ancestral Colorado River east of 
the Shivwitz Plateau.

INTRODUCTION

The past decade has seen renewed interest 
in the late Cenozoic geomorphic history of 
Grand Canyon. The availability of new geo-
chronometers has primarily fueled this inter-
est. Alluvial terraces (Pederson et al., 2002, 
2006), travertine deposits (Abbott and Lund-
strom, 2007), and basalt fl ows (Pederson et al., 
2002; Karlstrom et al., 2007) have provided 
fi rm constraints on the Plio-Quaternary history 
of river incision. Plio-Quaternary incision rates 
measured by these studies are lower than late 
Cenozoic rates (determined by dividing the total  

depth of incision into the Kaibab Limestone 
by 6 Ma) (Pederson et al., 2002) and incision 
rates from 0.5 to 4 Ma are two to three times 
higher in eastern Grand Canyon compared to 
western Grand Canyon (Karlstrom et al., 2008). 
Pederson et al. (2002) and Karlstrom and Kirby 
(2004) argued that lower incision rates measured  
in western Grand Canyon were the result of the 
relative subsidence of the western Grand Can-
yon block due to offset along the Hurricane and 
Toroweap Faults. Higher incision rates in east-
ern Grand Canyon could also be a consequence 
of knickpoint propagation, however. The rela-
tionship between Plio-Quaternary incision rates 
and the longer-term history of river incision is 
still unclear, in part due to the complexity of the 
geomorphic processes involved, including bed-
rock channel erosion, cliff retreat, the fl exural-
isostatic response to erosional unloading, and 
the interaction of each of these processes with 
Plio-Quaternary normal faulting. Numerical 
modeling, calibrated with geochronology, can 
be a powerful tool for quantifying these com-
plex geomorphic processes and for using the 
detailed knowledge of recent incision rates to 
better understand the longer-term geomorphic 
evolution of bedrock-dominated river systems 
(e.g., Pelletier, 2007).

The erosional history of the Grand Canyon 
region has been infl uenced by three major tec-
tonic and drainage adjustment events since 
16.5 Ma (Fig. 1). First, extension along the 
Grand Wash–Wheeler Fault system from 16.5 to 
13 Ma resulted in relief production between the 
Colorado Plateau and the Grand Wash Trough 
(Faulds et al., 1990). The topographic step 
created  along this fault system triggered inci-
sion of drainages fl owing across it (Faulds et al., 
2001). The depth and width of that incisional 
response to offset is not well constrained, but 
speleothem records of groundwater-table eleva-
tions in western Grand Canyon suggest that a 
proto–Grand Canyon began carving down to the 
level of the Redwall Limestone at 16 Ma (Hill 
et al., 2001; Polyak et al., 2008). The speleo them 
records are controversial, however, because 
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groundwater  tables in western Grand Canyon 
could have lowered due to offset along the 
Grand Wash–Wheeler Fault system rather than 
by incision in western Grand Canyon (Pearthree 
et al., 2008; Pederson et al., 2008). Sediments 
of the Muddy Creek Formation indicate that the 
upper Colorado River was not integrated with 
the Grand Wash Trough until 5.5–6 Ma (Spencer  
et al., 1998; Faulds et al., 2001). Following in-
tegration, it is not known whether incision by 
the Colorado River took place predominantly 
by upstream migration of a steep knickpoint or 
by spatially uniform downcutting, but evidence 
for high rates of Quaternary incision in Marble 
and Glen Canyons (Davis et al., 2001; Hanks 
et al., 2001; Cook et al., 2009) suggest that the 
Colorado River may have incised as a steep, 
eastward-propagating knickpoint from 6 Ma 
to the present. Upstream from Glen Canyon, 
channels draining the San Juan Mountains do 
not appear to have been infl uenced by Grand 
Canyon incision (Wolkowinsky and Granger, 
2004), suggesting that Lees Ferry represents 
the farthest upstream location of the knickpoint 
that excavated Grand Canyon (Karlstrom and 
Kirby, 2004). The Hurricane and Toroweap 
Faults have produced a total of nearly 600 m 
of normal fault offset in the Plio-Quaternary 
period (Wenrich et al., 1997). Peder son et al. 
(2002) associated this fault activity with lower 
rates of Quaternary incision in western Grand 

Canyon relative to eastern Grand Canyon. 
Hanks and Blair (2002), however, argued that 
the effect of offset along these faults would be 
limited to a fairly short distance (i.e., <30 km) 
downstream from each fault.

Little is fi rmly known about how the ances-
tral Colorado River became integrated with the 
Grand Wash Trough at 6 Ma. The prevailing 
view is that the ancestral Colorado River termi-
nated in a lake on the Colorado Plateau and that 
spillover of this lake at 6 Ma initiated the inci-
sion of western Grand Canyon (Blackwelder, 
1934; Meek and Douglass, 2001; Scarborough, 
2001; Spencer and Pearthree, 2001; Peder-
son, 2008). Where and how this lake formed 
and drained is not well constrained, however. 
Spencer  and Pearthree (2001) argued that head-
ward erosion of a proto–Grand Canyon could 
not have occurred fast enough to have captured 
the ancestral Colorado River east of the Shivwitz 
Plateau. As such, they propose that water from 
the ancestral Colorado River most likely ponded 
into a lake that grew deep enough to drain cata-
strophically over the southeastern limb of the 
Kaibab Monocline to begin carving the Grand 
Canyon at 6 Ma. Basin morphological analy-
sis, however, suggests that the best candidate 
for the deposits of such a lake east of the Kai-
bab Monocline, i.e., the Bidahochi Formation, 
did not have suffi cient accommodation space 
to have been the primary depozone for a river 

of that size (Dallegge et al., 2001). Recently, 
Pederson (2008) argued that the Muddy Creek 
Formation in the Lake Mead area was the likely 
site of mid-late Miocene deposition of the an-
cestral Colorado River prior to integration with 
the Grand Wash Trough. If so, lake spillover or 
 groundwater-driven piracy east of the Shivwitz 
Plateau and west of the Kaibab Monocline could 
have caused integration (Peder son, 2008; Hill 
et al., 2008). Recent thermo chonologic results 
indicate that a 1-km-deep incised canyon existed 
in the post-Paleozoic sedimentary rocks atop the 
Kaibab Monocline (Flowers et al., 2008; Lee, 
2007). These results are relevant to the question 
of how the Colorado River became integrated 
because they suggest that the Colorado River 
could have been superposed on the Kaibab 
Monocline. Headward erosion of a proto–Grand 
Canyon is favored by some, in part, because it 
helps to explain the “problem” of how the Colo-
rado River “crossed” the Kaibab Monocline 
at its highest structural point. The results of 
Flowers  et al. (2008) and Lee (2007), however, 
suggest that this “Kaibab-crossing” problem 
may not, in fact, be a problem (Pederson, 2008).

An alternative view is that the ancestral Colo-
rado River was captured by a headward-eroding 
“proto–Grand Canyon.” McKee et al. (1967) 
proposed that this capture event took place near 
the Kaibab Monocline. Spencer and Pearthree 
(2001) argued against this mechanism based 
on characteristic rates of scarp retreat in arid 
climates. Headward erosion of a proto–Grand 
Canyon would have been driven by drainage 
basin  runoff, however, and hence scarp retreat 
by mass wasting is not an appropriate compari-
son. The headward-erosion scenario for integra-
tion suffers from limited constraints on the size 
of the paleodrainage system that drove head-
ward erosion. Young (2008) argued that this 
paleo drainage was >13,000 km2 in area based 
on his assessment of the Miocene paleogeog-
raphy, but this value is not well constrained. If 
a deeply incised canyon of signifi cant size did 
exist in western Grand Canyon prior to 6 Ma, it 
is reasonable to expect that such a canyon would 
have deposited large volumes of clastic debris in 
the Grand Wash Trough and its adjacent basins.  
The sediments in this area are well exposed and 
well studied and clearly contain only a very 
limited volume of clastic material (Longwell, 
1946). This volume constraint is known as the 
“Muddy Creek problem.”

Young (2008) recently argued that the limited 
volume of clastic debris in the Muddy Creek 
Formation is not as fi rm a constraint on the size 
of the proto–Grand Canyon as previous stud-
ies have concluded, however. The volume of 
clastic debris in the Muddy Creek Formation 
provides no direct constraint on the length of a 
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proto–Grand Canyon, only its volume. It is the 
length of such a canyon that is most important 
for determining whether headward growth could 
have led to capture of the ancestral Colorado 
River. Young (2008) pointed out that some of 
the clastic debris excavated from a proto–Grand 
Canyon could have been stored temporarily 
upstream from the mouth of the proto–Grand 
Canyon between 11 and 6 Ma, thus relieving 
some, but not all, of the volume problem. Some 
of the clastic debris excavated from a proto–
Grand Canyon could have been transported out 
of the Grand Wash Trough by eolian processes 
during periods of low lake level and, later, to 
the ocean by fl uvial processes. The majority of 
the basin-fl oor deposits of the lower Colorado 
River and its adjacent areas are Quaternary in 
age. The limited preservation of once-extensive 
Pliocene deposits in these areas is a testament 
to how much fl uvial reworking has taken place 
between Pliocene and Quaternary time (Howard 
et al., 2008). Finally, as noted by Young (2008), 
a signifi cant portion of the rock excavated from 
western Grand Canyon is Paleozoic limestone. 
As such, some of this rock dissolves and does 
not produce clastic debris. Given late Holocene 
dissolution rates of carbonate boulders in Grand 
Canyon (Hereford et al., 1998), ca. 200 ka is 
required to completely dissolve a limestone 
boulder 1 m in diameter under present climatic 
conditions. 87Sr/86Sr ratios, however, suggest 
that springs were the dominant source for the 
Hualapai Limestone (Crossey et al., 2009). 
While it is generally accepted that the volume 
of clastic sediment in the Muddy Creek Forma-
tion rules out a proto–Grand Canyon of any sig-
nifi cant size, these considerations suggest that 
further consideration of the headward-erosion 
mechanism for integration is warranted.

In this paper I use numerical modeling to 
address the following questions: was there a 
deeply incised gorge in western Grand Canyon 
before Colorado River integration? If so, is this 
proto–Grand Canyon necessary to explain the 
geometry and incision history of the modern 
Grand Canyon? Using stream-power erosion 
laws, how did incision rates vary through time 
(steady or time-varying), and how did inci-
sion rates vary along the evolving stream pro-
fi le? What is the role of isostatic rebound and 
Plio-Quaternary faulting on the recent incision 
history of Grand Canyon? In the model I con-
sider two end-member paleodrainage scenarios: 
one that assumes no incision in western Grand 
Canyon prior to 6 Ma and another that assumes 
a 13,000 km2 paleodrainage as proposed by 
Young (2008). In the fi rst model, lake overtop-
ping is not modeled explicitly, but instead the 
model abruptly introduces the full discharge of 
the Colorado River at 6 Ma, triggering upstream 

propagation of a knickpoint starting at the 
Grand Wash–Wheeler Fault system. As such, 
this model scenario is representative of a lake-
overtopping scenario in terms of how such an 
instantaneous introduction of discharge would 
initiate incision into the “rim surface” of Grand 
Canyon. In the second model scenario, knick-
point propagation begins at 16 Ma with offset 
along the Grand Wash–Wheeler Fault system 
but proceeds more slowly compared to the 
fi rst model due to its much smaller 13,000 km2 
paleo drainage. This second model scenario pro-
vides a specifi c evaluation of the Young (2008) 
and Spencer and Pearthree (2001) conclusions 
that such a proto–Grand Canyon could (Young, 
2008) or could not (Spencer and Pearthree, 
2001) have grown headward to capture the 
ancestral Colorado River at a point east of 
the Shivwitz Plateau by 6 Ma.

MODEL DESCRIPTION

Modeling the erosional response to base-
level drop requires mathematical models for 
hillslope and bedrock channel erosion. The 
classic method for quantifying bedrock chan-
nel erosion, the stream-power model, assumes 
that bedrock channel erosion is proportional 
to excess stream power, i.e., the product of 
unit discharge and channel-bed slope minus a 
threshold value:
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where h is local elevation, t is time, U is uplift 
rate, K is the coeffi cient of bedrock erodibil-
ity, Q is discharge, w is channel width, x is the 
along-channel distance, and K′τ is a threshold 
value that must be exceeded for erosion to take 
place (Whipple and Tucker, 1999). Scaling re-
lationships between discharge, channel width, 
and drainage area can be used to further sim-
plify equation 1 to:
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where A is drainage area and m is an exponent 
that combines the scaling relationships between 
discharge, channel width, and drainage area 
(note that the coeffi cient K in equations 1 and 
2 have different values and different units after 
equation 1 is transformed into equation 2). The 
stream power model is most applicable to the 
erosion of sedimentary rocks. Field evidence 

suggests that the dominant erosional process in 
jointed sedimentary rock is the plucking of rock 
from the channel bed during extreme fl oods 
(Whipple et al., 2000). Recent work, however, 
has also emphasized the importance of the 
saltation abrasion process in bedrock channel 
erosion (Sklar and Dietrich, 2004). In massive 
lithologies such as granite, plucking is not effec-
tive and channel incision is likely to be domi-
nated by abrasion. Given that the majority of the 
Grand Canyon sequence is comprised of Paleo-
zoic sedimentary rocks, however, the stream 
power model is the more appropriate model for 
quantifying bedrock incision in this case. Cali-
bration of each of the terms in equation 2 for the 
Grand Canyon region is described in detail in 
the Model Calibration section.

Hillslopes adjacent to the bedrock channels 
of Grand Canyon are dominated by cliff and 
talus slopes. Arid-region cliffs evolve predomi-
nantly by slope retreat, i.e., cliffs retreat later-
ally through time while maintaining their shape. 
This type of evolution is in marked contrast to 
the predominantly diffusive evolution common 
in humid and/or low relief landscapes. The cliff-
retreat process can be modeled using an advec-
tion equation (Lange, 1959; Luke, 1972):

 
∂h

∂t
= U − C ∇h , (3)

where C is the rate of cliff retreat. Equation 3 
is also known as the “one-way” wave equation 
because it has a form similar to that of the clas-
sical wave equation, except that topographic 
waves propagate in one direction (upslope) 
only. Equation 3 has been used to model cliff 
retreat in Grand Canyon in three of the earli-
est examples of numerical landform evolution 
models (Lange, 1959; Pollack, 1969; Aronsson 
and Linde, 1982). It should be noted that equa-
tion 3 does not explicitly include the storage of 
colluvium on talus slopes. As such, the model of 
this paper assumes that colluvial storage is neg-
ligible over the geologic time scales of canyon 
formation. The transition between hillslopes and 
channels in the model occurs when the drain-
age area is greater than a threshold value Ac, 
calibrated in the section below. Equations 2 and 
3 can be solved using the upwind differencing 
method coupled with an adaptive time step that 
ensures computational effi ciency and numerical 
stability (Press et al., 1992; Pelletier, 2008).

Any numerical model of landform evolu-
tion in Grand Canyon must honor the structural 
geol ogy of the region at least to fi rst order. The 
structural geology of the southwestern Colo-
rado Plateau includes rock types with vary-
ing resistance to erosion as well as signifi cant 
Plio-Quaternary offset along the Hurricane and 
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Toroweap  Faults (Fig. 2). The variable rock 
types of the Paleozoic stratigraphy and the older 
Precambrian units of Grand Canyon require that 
the bedrock erodibility coeffi cients, K, vary spa-
tially. Because the deformed stratigraphy closely 
parallels the modern topographic surface, K can 
be approximated as a function of the depth of 
incision into the modern “rim surface,” denoted 
by hrs, which corresponds closely with the struc-
tural surface of the Kaibab Limestone. In prin-
cipal, each layer of the Paleozoic stratigraphy 
and older Precambrian rocks is characterized by 
its own values of K. In practice, however, three 
major structural groups exert the predominant 
control on spatial variations in K: the resistant 
units of Kaibab Limestone through Coconino 
Sandstone, the weaker units of the Hermit Shale 
through Supai Group, and the resistant units of 
the Redwall Limestone and underlying rocks. 
Evidence for similar bedrock erodibility coef-
fi cients within each of these groups is presented 
in the Model Calibration section below.

Fault offset in the model is assumed to oc-
cur in two periods. First, 700 m of vertical offset 
is produced along the Grand Wash Fault from 
16 to 13 Ma. This magnitude of offset assumes 
that 700 out of the total 1300 m of modern topo-
graphic relief between the Colorado Plateau and 
the Grand Wash Trough were produced by late 
Miocene offset along the Grand Wash Fault. 
Structural offset along the Hurricane (400 m) 
and Toroweap Faults (nearly 200 m) (Jack-
son, 1990; Wenrich et al., 1997; Billingsley 
and Wellmeyer , 2003) constrain the remain-
ing 600 m produced by Plio-Quaternary offset 

along the Hurricane and Toroweap Faults. In 
the model I assume that both the Hurricane and 
Toroweap Faults develop their respective offsets 
with uniform rates between 4 Ma and the pres-
ent. The 4 Ma initiation age of faulting is not 
directly constrained, but late Quaternary slip 
rates of ~100 m/Ma (Fenton et al., 2001) along 
the Hurricane Fault imply an initiation age of 
ca. 4 Ma, if the slip rate along this fault (the 
larger of the two) has been constant since initia-
tion. In the model, fault offset rates are assumed 
to decrease over a distance of 120 km north and 
south of where the Colorado River crosses the 
fault zone. By including this assumption, 
the fault offsets approach zero along the north-
ern and southern edges of the model domain.

The model also includes the fl exural-isostatic 
response to erosion by solving for the defl ection 
of a thin elastic plate with uniform elastic thick-
ness subject to vertical unloading:

 D∇4w + Δρgw = q(x, y), (4)

where w is the defl ection (rock uplift), D is the 
fl exural rigidity, Δρ is the density contrast be-
tween the crust and the mantle, g is the accel-
eration due to gravity, and q(x,y) is the weight 
of the rock removed by erosion (Watts, 2001). 
Equation 4 can be used to solve for the rock 
uplift in response to the erosional removal of 
part of the topographic load. The average elas-
tic thickness of the Colorado Plateau is 22 km 
and ranges from 12 to 37 km (Lowry and Smith, 
1995). The elastic thickness of western Grand 
Canyon specifi cally (the area of the model 

where most of the erosional unloading takes 
place in the model) is ~10–20 km based upon 
the map presented in Lowry et al. (2000). In the 
model I assume a uniform value of 10 km for 
Te. I chose a value at the low end of this range 
based on the fact that Plio-Quaternary normal 
faulting will reduce the effective strength of the 
lithosphere in the late stages of the model when 
erosional unloading is most rapid. This value 
was then converted to a fl exural rigidity, D, 
using the relationship

 D = ETe
3

12 1− ν2( ) , (5)

where E = 70 GPa and ν = 0.25 (typical values 
for continental lithosphere), before input to the 
model. Equation 4 was solved in the model us-
ing the Fourier transform technique (Press et al., 
1992; Pelletier, 2008).

The initial condition of the model at 16 Ma 
assumes that the middle-late Miocene topog-
raphy of the region coincides with the modern 
rim surface formed on the Kaibab Limestone, 
minus the offset along the faults and fl exural-
isostatic uplift. This initial topography, ht = 0, was 
created from the modern topography, hobs, using 
the function:

 ht=0 =
hobs−150 if hobs >1700

1700 − hobs( )/10 −150 if hobs <1700

⎧
⎨
⎩

 . (6)

The “modern topography” is given by the 
30 m/pixel U.S. Geological Survey digital ele-
vation model (DEM) of the region, subsampled 

Kaibab
Plateau

Hurricane
Fault

Toroweap
Fault

Marble
Canyon

Kaibab

2400 -

2200 -

2000 -

1800 -

1600 -

1400 -

1200 -

1000 -

Toroweap
Coconino

Hermit

Esplanade

Wescogame
Manakacha

Watahomigi

Redwall

Temple Butte800 -

600 -

400 -

Muav

Bright Angel
Tapeats

Tonto Group

Supai Group

Permian

Pennsylvanian

Muav
Gorge

Elevation
(m a.s.l.)

Distance from upper Marble Canyon (km)

400 100200300

D-M

Cs

0

Colorado River

Grand Wash
Fault

Figure 2. Structural cross section of the modern Grand Canyon from Marble Canyon (far right) to the Grand Wash Trough (far left), after 
Pederson et al. (2003). The numerical model honors the fault architecture and Paleozoic rock types illustrated in the cross section.



Numerical modeling of Grand Canyon

 Geological Society of America Bulletin, March/April 2010 599

to the pixel resolution of the model (i.e., 90 m). 
Equation 6 effectively “fi lls” the incised can-
yons to near the 1700 m contour (i.e., approxi-
mately the lowest elevations of the plateaus 
surrounding Grand Canyon) and lowers the 
relief of the Hurricane and Toroweap Cliffs, 
but retains the high-elevation topography of 
the Kaibab Monocline because this feature was 
formed in the Laramide and hence was present 
in the mid-late Miocene landscape. Equation 
6 also lowers the initial plateau topography 
by 150 m, which is a spatially averaged value 
for the late Cenozoic fl exural-isostatic rebound 
produced by the model.

Two alternative scenarios are used for drain-
age architecture in the model, refl ecting the 
uncertainty that exists in the Miocene paleo-
geog raphy of the region and the controversy 
over whether or not an incised canyon of signifi -
cant size could have existed in western Grand 
Canyon in middle-late Miocene time. In both 
models, the upper Colorado River is “removed” 
from the model prior to 6 Ma by placing a di-
vide along the present course of the Colorado 
River on the southeast side of the Kaibab Mono-
cline. After 6 Ma, the divide separating the up-
per Colo rado River from the rest of the model 
domain is removed, “introducing” the river 
back into the system where it fl ows down the 
topographic gradients set by the course of the 
modern Colorado River via equation 6 (Fig. 3). 
Flow routing in the model is performed using 
the multiple-fl ow direction algorithm of Free-
man (1991). It is important to emphasize that 
removing the upper Colorado River by placing a 
paleodivide in the model is simply a convenient 
way to “introduce” the Colorado River into the 
model at 6 Ma along the path that it must have 
taken to carve the modern Grand Canyon. The 
location of the paleo divide placed into the model 
on the southeastern side of the Kaibab Mono-
cline prior to 6 Ma is not necessarily where or 
when the Colorado River crossed the Kaibab 
Monocline, however. The Colorado River could 
have crossed the Kaibab Monocline earlier than 
6 Ma, but without the relief associated with fl ow 
over the Grand Wash Cliffs, the river would 
not have incised into the Kaibab surface along 
whichever course it took. Precisely how and 
when the Colorado River crosses the Kaibab 
Monocline does not affect the behavior of the 
model of this paper because canyon cutting by 
the Colorado River only occurs once integration 
with the Grand Wash Trough takes place at 6 Ma. 
In the fi rst model scenario (herein called model 
1), no erosion is assumed to take place prior to 
6 Ma. In the second model scenario (model 2), 
a drainage area of 13,000 km2 is assumed in 
western Grand Canyon prior to 6 Ma based on 
the paleogeographic reconstruction of Young 

(2008). In mid-Miocene time, the topographic 
and structural dips of the Kaibab surface were 
oriented northeast. As a result, runoff routed 
through the Grand Wash Cliffs would have 
been sourced primarily from the Hualapai and 
Coconino Plateaus. Young (2008) estimated the 
contributing area of this likely Miocene drainage 
to be 13,000 km2. In the model, I fi rst calculate 
the contributing area through each pixel in the 
model domain using the modern topography 
with the upper Colorado River “removed” us-
ing the paleodivide placed into the model. This 
initial fl ow routing step yields a drainage area 
of ~22,000 km2. The drainage area values in the 
model are then scaled by the ratio of 13,000 to 
22,000 km2 at every point, thereby resulting in 
a drainage confi guration in western Grand Can-
yon that matches the Miocene paleotopography 
(i.e., northeast-dipping Hualapai and Shivwitz 
Plateaus, similar to today) and creates a proto–
Grand Canyon with the same drainage area esti-
mated by Young (2008). An alternative approach 
would have been to place multiple divides along 
the north rim of Grand Canyon to “shut off” the 
fl ow that contributes to the discharge in the can-
yon today but most likely did not contribute to 
the Miocene proto–Grand Canyon.

MODEL CALIBRATION

In order to calibrate the value of Ac, the 
threshold area for channelization, it is neces-
sary to identify some diagnostic measure of the 
topography that is different between hillslopes 
and channels, and then calculate that measure 
as a function of area to identify a threshold 
value that characterizes the hillslope-channel 
transition in this study area. A classic method 
of constraining the threshold drainage area for 
channelization is the slope-area relationship 
(Tucker and Bras, 1998). The average channel 
slope for a given drainage area is often found to 
be an inverse power-law function of area. Near 
the hillslope-channel threshold, however, there 
is often a “rollover” in the slope-area plot that 
represents the transition from channels to hill-
slopes. This rollover refl ects the transition from 
concave channels to convex (or planar) hill-
slopes. This approach does not work in Grand 
Canyon because there is no rollover in the slope-
area plot, even down to drainage areas equal to 
a single pixel. The reason for this continuous 
scaling of slope versus area down to the small-
est scales is most likely that it is the result of 
the extreme hillslope relief in Grand Canyon. As 
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Figure 3. Color maps of drain-
age area (A) after and (B) be-
fore integration of the Colorado 
River at 6 Ma (note logarithmic 
color scale). In (B), a paleo-
divide was placed into the U.S. 
Geological Survey digital eleva-
tion model (DEM) of Grand 
Canyon along the southeast 
limb of the Kaibab Monocline 
in order to separate the upper 
and lower Colorado drain-
age basins for the purposes of 
the model. Note that in (B) the 
drainage area is several orders 
of magnitude lower than in (A) 
(refl ecting the lack of drainage 
from east of the Kaibab Mono-
cline prior to 6 Ma), and the 
drainage area decreases to zero 
at the paleodivide.
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an alternative to the slope-area approach, I com-
puted the local curvature, or Laplacian, of the 
topography, ∇2h, in all pixels of the 30 m/pixel 
DEM of Grand Canyon (surrounding plateaus 
excluded) and plotted that data as a function of 
drainage area (Fig. 4). The idea behind this ap-
proach is that hillslopes in Grand Canyon can 
be expected to have lower curvature values rela-
tive to channels because hillslopes are generally 
more planar, thus yielding low curvature values, 
compared to the V-shaped, cross-sectional pro-
fi les characteristic of fl uvial channels, which 
yield signifi cantly higher curvature values. The 
plot of curvature (averaged for all pixels with 
the same drainage area) as a function of drainage 
area shows a “kink” in the plot at Ac = 0.3 km2. 
Therefore, I used 0.3 km2 as the value for Ac 
in the model. Sensitivity studies of the model, 
however, indicate that the model results are very 
insensitive to the specifi c value of Ac over a wide 
range of reasonable values, i.e., from 0.05 to 
2 km2. This insensitivity refl ects the fact that, at 
suffi ciently small scales, cliff retreat dominates 
over bedrock channel erosion in the model.

In order to calibrate the value of m, data for 
the relationships between peak discharge and 
drainage area and channel width and drainage 
area are needed. The relationship between peak 
discharge and drainage area, in particular, de-
pends on climate and must be constrained on a 
site-specifi c basis. Baker (2006) compiled data 
for peak discharge and drainage area in the Colo-
rado Plateau region of Arizona and found that 
peak discharges scale with drainage area to the 
0.73 power. The sublinear relationship between 
peak discharge and drainage area in this region 
refl ects hydrological loss mechanisms that are 
more effective per unit area in larger drainage 

basins (i.e., infi ltration and evapotranspiration) 
compared to small drainage basins, as well as 
the fact that storms of larger area generally have 
a lower average precipitation intensity. Peak dis-
charge was used in this analysis because most of 
the geomorphic work of bedrock channel ero-
sion in arid environments occurs during large, 
rare fl ood events. It is the largest discharges ob-
served over time scales of centuries to millen-
nia, not the typical or mean annual discharges, 
that best represent the geomorphically most ef-
fective fl ood events. Compilations of available 
data sets for the relationship between channel 
width and drainage area yield a scaling relation-
ship with a best-fi t exponent of 0.36 (Whipple, 
2004). This relationship has been confi rmed by 
later studies (e.g., Wohl and David, 2008). Com-
bining the 0.73 and 0.36 exponents between dis-
charge and drainage area and channel width and 
drainage area, respectively, provides a calibra-
tion value of m = 0.50 for active bedrock inci-
sion on the Colorado Plateau region in Arizona. 
It is now well established that relationships be-
tween channel width and discharge depend on 
incision rate (Finnegan et al., 2005; Whittaker 
et al., 2007); hence the uniform scaling relation-
ship between channel width and drainage area 
assumed in the model is not correct in detail. 
However, incision rates in the model are gener-
ally low except during time periods when knick-
points are actively retreating past a given point. 
Since most of the excavation of Grand Canyon 
occurs during this “incising” phase, a single 
scaling law that accurately represents that phase 
will accurately represent the majority of Grand 
Canyon’s downcutting history.

The relative erodibility of the Paleozoic and 
Precambrian rocks of Grand Canyon can be 
estimated using the longitudinal profi les of the 
major side canyons to the Colorado River. In 
topographic steady-state (i.e., ∂h/∂t = 0), equa-
tion 2 can be rearranged to infer the relative 
erodibility by normalizing the slope by a func-
tion of drainage area:

 K = U + ′K τ
SAm , (7)

where S is the along-channel slope. The side 
canyons of the Colorado River in Grand Canyon 
are not in topographic steady state, but equation 
7 can still be used to estimate the relative erod-
ibility coeffi cients of different structural zones 
using an iterative approach. In this approach, 
equation 7 provides a preliminary estimate of 
the relative values of K corresponding to each 
distinct erodibility zone. Then, the results of the 
model are used as a consistency check on the 
preliminary estimates. According to equation 7, 
values of K should be approximately inversely 

proportional to the product of channel slope and 
the square root of drainage area. In the side trib-
utaries of Grand Canyon, plots of SA0.5 along the 
channel profi le illustrate three distinct erodibil-
ity zones (Fig. 5). In Havasu and National Can-
yons, the top 300 m of the canyon stratigraphy 
is dominated by relatively resistant units (i.e., a 
relatively high SA0.5 value). The next 400 m in 
the stratigraphy are dominated by units approxi-
mately fi ve times weaker (i.e., a SA0.5 value fi ve 
times lower). The lowest segment of the canyon 
stratigraphy (i.e., depths of greater than 700 m) 
has approximately the same erodibility as the 
top 300 m. Using this approach, I estimated rela-
tive erodibility coeffi cients of 1:5:1 for incision 
depths less than 300 m, between 300 and 700 m, 
and greater than 700 m, respectively (Fig. 5). In 
some locations, exposure of basement rocks 
and the Bright Angel Shale can be expected to 
modify the erosional resistance of the lower-
most levels of the structural profi le, and more 
complex structural models that incorporate 
these and additional units could be developed. 
Model-predicted profi les for these canyons are 
quite similar to the actual profi les (Fig. 5), thus 
providing a post–model-development  valida-
tion or self-consistency check on these initial 
estimates. Using the observed side canyon 
profi les as calibration data for the model has 
an important advantage that should be noted. 
Channel widths in bedrock river systems scale 
with drainage area, but they are also strongly 
controlled by rock strength in areas where rock 
strength varies spatially. By using the observed 
channel profi les within a stream-power context, 
rock-strength controls on channel width are im-
plicitly included in the calibration procedure. If 
channels carving through the strong units of the 
Grand Canyon sequence are uniformly narrower 
for a given contributing area compared to chan-
nels in weaker rocks, that effect will be included 
in the lower relative values of K obtained for 
those rocks using this calibration procedure.

In order to constrain the absolute values of K, 
the relative values for each of the three erodibil-
ity units were scaled up and down in order to 
match the observed extent of headcutting along 
the two major side canyons to Grand Canyon 
(i.e., Kanab and Havasu Creeks). If the absolute 
value of K is set too high in the model, the extent 
of headcutting in these two canyons predicted 
by the model will be unrealistically large, given 
the model duration of 6 Ma (model 1) or 16 Ma 
(model 2). If the absolute value of K is set too 
small, the side canyons do not extend as far up-
stream as we observe them today. By modifying 
the absolute value of K in an iterative manner, 
the appropriate scaling factor for K was deter-
mined by requiring consistency between the 
model and the observed position of maximum 

0 321

2

0

1

3

4

∇2h
(×10–4 m–1)

A (km2)

Figure 4. Plot of average curvature versus 
drainage area computed using a 30 m/pixel 
U.S. Geological Survey digital elevation 
model (DEM) of Grand Canyon. The 
plateaus  surrounding the Grand Canyon 
were excluded from the analysis. The data 
show a kink in the curve at Ac = 0.3 km2, 
representing the transition from planar hill-
slopes to concave channels.
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headcutting along Kanab and Havasu Creeks. 
Using this iterative procedure, optimum values 
of K = 1.5 × 10–4 and 7.5 × 10–4 ka−1 were deter-
mined for the strong and weak units of the can-
yon, respectively, for model 1. For model 2, the 
constrained values of K decrease to 1.2 × 10–4 
and 6.0 × 10–4 ka−1, respectively. Higher val-
ues of K are required for model 1 because this 
model has less time to propagate the Kanab and 
Havasu headcuts to their present locations com-
pared to model 2. It should be emphasized that 
the goal of this model is to constrain the past 
evolution of the Grand Canyon system. In this 
context, it is appropriate to use aspects of the 
modern topography as observational constraints 
that the model must honor. In other words, it 
may seem circular to use the modern topogra-
phy of Grand Canyon as a calibration constraint 
on the model, but as long as the purpose of the 
model is to constrain the past evolution of Grand 
Canyon, the modern topography is just as valid 
a constraint as recent incision rates or any other 
measurement of the state of the system at a 
known point in time.

The approach of calibrating the absolute val-
ues of K using the modern extent of side-canyon 

headcutting has another important advantage 
that should be emphasized. At certain times 
in the geologic past and in certain segments of 
the river, alluvium has been episodically stored 
on the channel bed. In using a bedrock erosion 
model in this paper, I am not suggesting that the 
Colorado River and its tributaries have never 
stored alluvium on the channel bed. Rather, I 
am assuming that the alluvial storage that has 
taken place along the river for certain periods 
of time has had the effect of “shutting off” ero-
sion locally during the time period of alluvial 
storage. Over the long term, alluvial storage 
will have the effect of lowering the “effective” 
bedrock erodibility. In order to include this ef-
fect, it is necessary to use a long-term “effec-
tive” measure of bedrock erosion (e.g., the total 
extent of headcutting along major side can-
yons, as is used here) rather than a short-term 
measure  of erosion that may sample time peri-
ods during which there was signifi cantly more, 
or less, allu vial storage. As long as the effective 
bedrock erodibility, K, is calibrated over suffi -
ciently long time scales, the protective effect of 
episodic alluvial storage is implicitly included 
in the calibration.

Similarly, a sequence of trial and error was 
used to infer the value of K′τ most consistent 
with the observed longitudinal profi le of the 
Colorado River in Grand Canyon. The values 
of K′ were assumed to be proportional to K, 
hence the value of K′τ reduces to a critical 
value for τ = SA0.5. The modern Colorado River 
has a drainage area of 279,000 km2 above 
Lees Ferry and a slope of ~10–4. Therefore, 
the critical value of SA0.5 must be less than 
the observed value of SA0.5 = 0.53 km for the 
modern Colorado River. If the critical value of 
SA0.5 is assumed to be zero, the Colorado River 
in western Grand Canyon develops a slope of 
~3 × 10–5 by the end of the simulation, i.e., a 
value equal to roughly one-third of the actual 
value. The threshold value for SA0.5 was sys-
tematically increased from zero during model 
calibration until  the slope of the Colorado 
River in the model matched the observed slope 
in western Grand Canyon, simultaneously 
varying the absolute value of K as needed to 
maintain consistency with the observed ex-
tent of headcutting along Kanab and Havasu 
Creeks. The resulting best-fi t threshold value 
of SA0.5 was 0.25 km. More details on the sensi-
tivity of the model to individual parameters are 
described in the Model Results section below.

Rates of retreat of the cliff-forming limestone 
units of Grand Canyon have been directly in-
ferred by Cole and Mayer (1982) and Abbott 
and Lundstrom (2007) from latest Pleistocene 
time to the present. Cole and Mayer compared 
the spatial distribution of modern packrat mid-
dens to fossil middens in caves of the region. As 
cliffs retreat and middens near cave entrances 
are entrained by mass movement failures of 
the cliff wall, the population of middens in a 
cave becomes skewed toward younger ages. 
By quantifying this effect, Cole and Mayer 
(1982) were able to infer cliff retreat rates of 
0.3–0.7 m/ka in the resistant limestone units 
of Grand Canyon, a range later confi rmed by 
Abbott  and Lundstrom (2007) using travertine 
deposits. Cosmogenic dating of cliff retreat rates 
in the Negev Desert also provide supporting evi-
dence for the 0.3–0.7 m/ka range for arid-region 
cliffs comprised of resistant rock types (Matmon  
et al., 2005). In a large compilation study, 
Schmidt (1988) reported that most resistant rock 
types retreat at rates of ~0.5 m/ka in arid regions 
worldwide. In the model, I used C = 0.5 m/ka to 
quantify retreat rates (Fig. 6) in both the strong 
and weak rock units of the canyon. I used the 
same value of cliff retreat rates for both strong 
and weak units because, in a layered sequence, 
higher rates of cliff retreat lower down can have 
the effect of undercutting the strong units above 
them, thereby causing the strong units to retreat 
at rates similar to the weak units. Given that 
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the measured late-Quaternary rates of cliff re-
treat in the resistant units of Grand Canyon is 
0.5 m/ka, both the strong and weak units should 
be assigned the 0.5 m/ka value. It should be 
noted that rates of cliff retreat in nature de-
pend on the height of the cliff and the dip of the 
under lying geologic unit (Schmidt, 1988). As 
such, using a constant rate of cliff retreat should 
be regarded as only a fi rst-order approximation 
to a very complex geomorphic process. The 
components and calibration steps for the model 
are summarized in Figure 7.

MODEL RESULTS

Summary

Color maps of model topography (Fig. 8) 
illustrate the model-predicted history of river 
incision according to model 1 (i.e., 6–0 Ma in-
cision following introduction of the Colorado 
River). Incision beginning downstream at the 
topographic step associated with offset along 
the Grand Wash–Wheeler Fault system initiates 
a large (700 m) knickpoint that propagates up-
stream at a rate of ~100 km/Ma (Fig. 10A) in 
this model. By 4 Ma the knickpoint propagates 
upstream past Muav Gorge. As the knickpoint 
propagates upstream, it initiates the retreat of 
cliffs adjacent to the river. The width of the 

canyon, therefore, is a function of the rate of 
cliff retreat of the strongest (i.e., rate limiting) 
lithologic units and the elapsed time since the 
knickpoint has passed a given point along the 
river. As the knickpoint propagates upstream, 
the channel profi le develops into two distinct 
zones. The upper portion of the profi le that in-
cludes the knickpoint remains steep while the 
lower portion develops into a graded profi le 
controlled by the critical shear stress for erosion 
in the stream-power model. Differential erosion 
above and below the Redwall Limestone creates 
a topographic bench in the model prior to Plio-
Quaternary faulting and fl exural-isostatic uplift. 
This topographic bench correlates with the ele-
vation of the Esplanade Platform. The pattern 
of knickpoint retreat in the model is broadly 
consistent with Gardner’s (1983) observations 
of knickpoint retreat in an experimental channel 
comprised of homogeneous cohesive sediments. 
In his experiments, a steep knickpoint formed 
following base-level drop that retreated laterally 
while maintaining its shape in the uppermost 
portion. As the knickpoint migrated upstream it 
became shorter as a graded channel developed 
at its base. The slope of this graded channel cor-
relates with the threshold shear stress required 
to erode the bed. At the end of the simulation, 
the elevation of the Colorado River at the up-
stream boundary is ~200 m higher than the ac-

tual elevation (Fig. 10A). Therefore, the model 
underestimates the amount of erosion that has 
actually taken place in eastern Grand and Mar-
ble Canyons by 100–200 m.

Figure 9 illustrates the corresponding results 
for model 2 (incision of a proto–Grand Canyon 
driven by a paleodrainage of 13,000 km2). Off-
set along the Grand Wash Fault between 16 and 
13 Ma produces a large knickpoint east of the 
Grand Wash–Wheeler Fault system in this model 
that propagates at rates of ~15 km/Ma from 16 
to 6 Ma (Fig. 10B). By 6 Ma, the upper portion 
of this knickpoint has reached the eastern edge 
of the Shivwitz Plateau. Following integration of 
the Colorado River at 6 Ma, rates of knickpoint 
propagation increase by approximately a factor 
of 4 to 60 km/Ma. As in model 1, differential 
erosion above and below the Redwall Limestone 
creates a topographic bench that correlates with 
the Esplanade Platform. The extent of cliff retreat 
in western Grand Canyon is higher in model 2 
compared to model 1 because more time has 
elapsed for cliffs to retreat. The post–6 Ma history 
of model 2 is broadly similar to model 1 (more 
details below) except that the rate of knickpoint 
retreat is slower in model 2 (60 km/Ma) com-
pared to model 1 (100 km/Ma). Both models pre-
dict broadly similar responses to Plio-Quaternary  
fault offset and fl exural-isostatic uplift (more de-
tails below). This similarity is signifi cant because 
it illustrates that the lake-spillover  and headward 
erosion (to a possible capture point less than 
150 km upstream from the Grand Wash Fault) 
scenarios are both geomorphically plausible. 
There are differences between the two models, 
however, and those differences may be useful in 
distinguishing the two models based on compari-
son with measured data.
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Figure 6. Schematic diagram illustrating the spatial variability of bedrock erodibilities and 
cliff retreat rates in the model. The coeffi cient of bedrock channel erodibility, K, is a function 
of the depth of incision into the rim surface, hrs – h. If hrs – h < 300 m, the value of K is a rela-
tively high 1.5 × 10–4 ka−1 (model 1), corresponding to the strong units of the Kaibab through 
Coconino units. If 300 < h – hrs < 700 m, the value of K is a relatively high 7.5 × 10–4 ka−1, cor-
responding to the weak units of the Hermit Shale and Supai Group. Finally, if h – hrs > 700 m, 
K = 1.5 × 10–4 ka−1, corresponding to the strong units of the Redwall Limestone and lower 
units. In model 2 (i.e., no erosion assumed prior to 6 Ma, the values of K are 1.2 × 10–4 ka−1 
and 6.0 × 10–4 ka−1 for the strong and weak units of the Grand Canyon, respectively.
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rim surface.
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The planform geometry of Grand Canyon 
predicted by both models reproduces the extent 
of headward migration along the tribu taries 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 signifi cantly 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-

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 fi xed (Fig. 11A). A similar model result is 
obtained if the absolute value of the erodibility 
coeffi cient 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 suffi cient 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 8. Color maps illustrating the topography predicted by model 1 for t = (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, refl ecting the longer elapsed time since knickpoint retreat and the 
effect of fault-controlled subsidence of western Grand Canyon.
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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 km2, i.e., much larger than any 
reasonable paleodrainage confi guration. These 
results show that it is geomorphically possible 

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 fl exural-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 fl exural wavelength 
of the lithosphere. Because of the fl exural 
rigidity  of the lithosphere, however, isostatic 
rebound is spatially distributed over a broad 
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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.
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zone whose width is characterized by a width 
equal to approximately half of a fl exural wave-
length. The timing and magnitude of fl exural 
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 fl exural-isostatic rebound has had 
a signifi cant effect on the topography of the 
rim surface surrounding Grand Canyon. In 
the model topography, a broad topographic swell 
is predicted adjacent to the canyon rim in west-
ern and central Grand Canyon (Fig. 12B). It is 
diffi cult to be certain that the topographic swell 
observed in the actual topography (Fig. 12A) 
is due to fl exural-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 

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 fl ux 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 fl exural-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, 
super continent 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 fl ow, travertine deposit, fi ll 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 
refl ect the fi nal retreat of knickpoints through 
eastern Grand and Marble Canyons, fl exural-
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 fl exural-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 10. (A–B) Plots of the longitudinal profi les of the Colorado River (i.e., channel-bed 
elevation, h, 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 
profi le extracted from 30 m/pixel U.S. Geological Survey digital elevation models (DEMs). 
(C–D) Plots of the rate of rock removal, E/Etot, 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.
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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 infl uences 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 fl exural-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 refl ects 
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 fl exural-isostatic 
response to erosional unloading. In western 
Grand Canyon downstream from the Hurricane 
Fault, the uplift relative to base level consists 
of the fl exural-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 
fl exural-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 fl exural-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 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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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 
fl exural-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-

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 fl exural-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 
that includes a 13,000 km2 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 
et al., 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 suffi ciently 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 suffi cient to capture the Colorado River, if it 
fl owed 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 fl uvial processes, and/or signifi cant 
sediment storage must have occurred within the 
canyon upstream from the Grand Wash Trough 
in late Miocene time.
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