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Abstract 
 
 

Bedrock incision modeling and threshold slope development in a variable tectonic 
regime, Namche Barwa Region, SE Tibet 

 
 

Eric F. Buer 
 
 

Chair of the Supervisory Committee: 
David R. Montgomery, Professor 

Department of Earth and Space Sciences 
 
 

 Digital elevation model (DEM) analysis of the Namche Barwa region of the 

Himalaya, SE Tibet, was paired with new mineral cooling ages to examine assumptions 

common to many current bedrock incision models and investigate the development of 

landscapes in a variable tectonic environment.  Apatite fission track, 40Ar/39Ar Biotite and 

(U-Th)/He Zircon ages were used to determine general rates of rock exhumation in the 

region.  Bedrock channel profiles derived from the DEM were then examined in these 

tectonic regimes.  A strong correlation between channel steepness (ks) and concavity (θ) 

values was found to persist across a wide range of exhumation rates and hypothesized to 

result from a coupling between the influence of debris flow and fluvial processes on 

bedrock river incision.  Channel steepness ks and mean hillslope gradients of fluvial 

watersheds were correlated up to a slope of approximately 30° but showed no 

relationship in steeper catchments.   
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Introduction 

 In this study, we use tributaries to the Tsangpo River in the eastern Himalaya to 

obtain stream profiles for watersheds with a wide range of rock exhumation rates.  We 

use these watersheds to examine assumptions common to many models of channel 

incision and investigate threshold hillslope development.  Two important properties of 

channels are their indices of steepness (ks) and concavity (θ) (Whipple and Tucker, 

1999).  Researchers using traditional models of fluvial incision in the interpretation of 

many landscapes (e.g., Howard et al., 1994; Sklar and Dietrich, 1998; Kirby et al., 2003; 

and others) have noted that ks and θ show strong covariance among profiles as a function 

of the mathematical relationship describing individual channel profiles.  Subsequent 

research (e.g., Snyder et al., 2000; Kirby et al., 2003) has generally accepted the 

covariance between ks and θ, but noted that the range of θ values was small.  Thus, the 

practice of using a fixed θ value to normalize ks has become a commonly accepted 

method to facilitate interbasin comparisons.  Our analysis of Advanced Spacebourne 

Thermal Emission and Reflection Radiometry (ASTER) digital elevation models (DEM) 

presents a new set of observed θ and ks values that demonstrate the predicted covariance, 

and imply the influence of variable erosive processes on the channels in this region.  New 

mineral cooling age data in the region (Zeitler, unpublished data) have been used to 

determine general exhumation rates over the study area, allowing us to address further the 

relationship between tectonics, ks, and erosive process for bedrock channels. 

 We also use our watershed data to evaluate the relationship between channel 

incision, and surrounding topographic development as seen in hillslope gradient.  
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Previous studies (Burbank et al., 1996; Montgomery, 2001; Montgomery and Brandon, 

2002; Binnie et al., 2007, Korup et al., 2007) have addressed the development of 

threshold landscapes as a balance between erosion of the landscape and tectonic uplift, 

which allows new rock to replace material removed by erosion at the earth’s surface.  

Here, we specifically investigate the transition between dominant processes that control 

development of surface relief as the local tectonic regime changes from low exhumation 

rates on the Tibetan Plateau to high exhumation rates in the region surrounding the 

Tsangpo River gorge (Zeitler et al., 2001).   
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Study Area 

 The Himalayan Mountains were formed as part of an intercontinental collision 

between India and mainland Asia which began approximately 55 Ma (Harrison et al., 

1997).  The mountain belt comprises roughly one third of the total collision zone (Zeitler 

et al., 2001) and has a mean elevation of 5 kilometers, comparable to that of the Tibetan 

Plateau.  Previous studies focusing on erosion in the Himalaya have taken advantage of 

both the eastern and western syntaxis, where river incision rates range from <2 mm yr-1 to 

as much as 12 mm yr-1 depending on location (Burbank et al., 1996; Zeitler et al., 2001).  

In our study area, localized erosion rates of up to 5 mm yr-1 have been observed as part of 

a concentrated zone of higher-temperature material experiencing both rapid uplift and 

rapid erosion that forms a bull’s eye pattern centered over Namche Barwa (Zeitler et al., 

2001).  This “tectonic aneurysm” provides us an ideal opportunity to examine bedrock 

channel response to a range of uplift rates (which can be determined through mineral 

cooling ages), while limiting variation in aspects such as climate and changes in 

lithology, which are commonly combined in a single mathematical variable for modeling 

purposes.   

 Previous investigations into the rate of bedrock incision at the western syntaxis of 

the Himalaya postulated that bedrock hillslopes developed uniformly to a critical gradient 

of approximately 30 degrees (Burbank et al., 1996).  Beyond this slope, further increases 

in exhumation rate are thought to increase landslide frequency which moderates relief 

development resulting from fluvial incision.  Our study in the eastern Himalaya (Figure 

1) presents an ideal environment in which to examine development of hillslope gradients 

in a wide range of long-term exhumation rates to further test the relationship between the 
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Methods 

Calculation of Exhumation Rates 

 Calculation of local erosion rates depends on the thermal state of the crust.  A 

general approximation of the thermal profile of the crust can be calculated using the 

formula for depth dependent temperature (Stuwe, 2002) 

T(Z) = Tf (1 – e(-UZ/K))/(1-e(UZ0/K))     (1) 

where Tf is a fixed temperature at some depth in the crust, U is the erosion rate in m yr-1 

(later converted to mm yr-1 for our purposes), Z is the depth of interest in m, Z0 is the 

depth of the crustal boundary and K is thermal diffusivity.  Closure temperatures for 

mineral cooling ages have been previously established as follows: zircon (U-Th)/He 

closure temperatures are 185-210 °C (Reiners et al., 2002); 40Ar/39Ar biotite ages closure 

temperatures are 300-335 °C (Grove and Harrison, 1996); and apatite fission track 

closure temperature is 120 °C (Warnock et al., 1997).  Depth of closure can be calculated 

using established closure temperatures, the measured mineral cooling age, and an initial 

presumed rate of erosion.  This depth is then refined through an iterative process to match 

the known closure depth of each mineral and used to determine a final erosion rate.  

While the accuracy of this method is limited by several computational variables 

(including the number of iterations used to find the solution and the spatial resolution of 

the thermal profile), the method is sufficient for our purposes of distinguishing between 

watersheds with rapid and slow exhumation rates, and proved consistent between dating 

methods.   

 Isochron maps for each dating method were converted to generalized maps of 

exhumation rates using the method described above (Table 1).  Exhumation rates based 
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on calculations using each method were then combined to form an overall exhumation 

rate map for the study area (Figure 2), which accounted for density of age data points, 

number of similar ages, etcetera.  These exhumation rates are comparable to previous 

studies in the region (Zeitler, 2001) and are sufficient to discriminate between 

exhumation regimes (Table 2).   

 Each dating method closes at a unique depth, comparison of the closure ages for 

three different methods provides a set of “snapshots” into the rate of rock exhumation.  

Finding comparable rates of exhumation between closure depths indicates the rate of 

exhumation has remained constant as it passed through several depths, and provides 

strong evidence that the region has reached both erosional and thermal steady state.  We 

use this assumption when addressing bedrock channel profiles and presume that because 

the rate of erosion has been held steady over a long period, bedrock channel incision has 

adjusted, and allowed topographic equilibrium to be reached.   

 

DEM Analysis 

 Drainage area and slope data were assembled from watersheds in the study area 

using ASTER digital elevation models (DEM) with a spatial (grid cell) resolution of 15 m 

(Figure 3).  Previous work found that longitudinal profiles developed from DEMs with a 

10-m grid resolution were comparable to those calculated using surveyed longitudinal 

profiles or digitized topographic maps (e.g., Snyder et al. 2000).  Hence, the 15-m DEM 

resolution was deemed adequate to apply similar analytical methods for this study.  Initial 

locations were chosen to be roughly 10 km or less from any of the 52 mineral cooling age 
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sampling locations which were used to determine exhumation rates.  Some mineral 

cooling samples are therefore associated with more than a single watershed.   

 Watershed morphology was inspected visually prior to numerical analysis to 

screen out those with obvious non-fluvial features such as glacial moraines, hanging 

valleys, or river profile setting landslides.  Selected watersheds were then analyzed to 

calculate mean hillslope gradient and basin area, as well as the slope and drainage area 

for each pixel.  The data cloud of slope-drainage data thus obtained was then reduced 

using log-bin averaging to produce a single curve of watershed drainage area versus 

slope, following methods widely employed in previous studies (e.g., Tarboton et al., 

1989; Tarboton et al., 1991; Snyder et al., 2000, Montgomery, 2001).  Power-law 

regression analysis of the resulting data defining an area-slope curve was then used to 

determine the values of ks and θ.  Each channel profile regression was performed both 

without a fixed θ value, providing an un-normalized set of ks and θ values for all 

watersheds, and using the average study area θ value of 0.38 to generate a normalized set 

of ks values (e.g., Snyder et al., 2000, Kirby et al., 2003). 

 

Watershed Profile Selection 

 Previous studies generally concur that the minimum drainage area required to 

form a bedrock channel ranges from approximately 105 m2 to 1 km2 (Montgomery and 

Foufoula-Georgiou, 1993; Sklar and Dietrich, 1998; Snyder et al., 2000; Montgomery, 

2001).  For our analysis of bedrock channel profiles, the start of a bedrock channel was 

selected individually based on the log of bin-averaged area-slope data within this 

accepted range of watershed areas.  Channel profile slopes less than 2% were considered 
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to be artifacts of DEM preparation (such as may result from sink filling and channel 

calculation) and were excluded from further analysis.  Similarly, channel profiles that 

deviated significantly from the expected log-linear fluvial profiles (Howard et al., 1994; 

Stock and Montgomery, 1999, Snyder et al., 2000; Montgomery, 2001, Snyder et al., 

2003) were screened from further analysis (Figure 4 shows examples of selected and 

rejected channels).  Of the 65 watersheds initially selected in the study area, 42 were 

ultimately selected based on the criteria established for further analysis. 

 

Table 1.  Isochron values which were used to calculate exhumation rates based on mineral cooling 
ages of Apatite fission track, (U-Th)/He Zircon, and 40Ar/39Ar Biotite methods.  Calculated 
exhumation rates in mm yr-1 are shown to right of each age column.   

Apatite 
Age 
(Ma) 

Calculated 
Exhumation 

(mm yr-1)  

Zircon 
Age 
(Ma) 

Calculated 
Exhumation 

(mm yr-1) 

Biotite 
(Ma) 

Calculated 
Exhumation 

(mm yr-1) 
<1 >3 <1 >3 <5 >3 
1-5 1-3 1-5 1-3 5-10 1-3 
5-10 0.5-1 5-10 0.5-1 10-20 0.5-1 
10+ <0.5 10+ <0.5 20+ <0.5 

 

Table 2.  Exhumation rates in mm/yr based on all three mineral cooling ages.  Placement of 
exhumation rate contours in Figure 4 are approximate, but sufficient to discriminate exhumation 
regimes in region for the purposes of this study. 

Combined 
Exhumation 

Rate (mm yr-1) 

Exhumation 
Classification

>3 Rapid 
1-3 Moderate 
.5-1 Slow 
.1-.5 Very Slow 
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Figure 4.  Two watershed area-slope plots.  Top panel shows a bedrock channel profile which 
met the criteria for analysis (see text).  Dark blue points are log binned data from original 
watershed data cloud, pink points constitute the bedrock channel within the watershed.  
Bottom panel shows profile that was screened from analysis based on a clearly non-fluvial 
profile.  
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Bedrock Incision Modeling 

Background:  Incision Modeling Parameters 

 Incision rates of bedrock channels are generally considered to determine the rate 

at which a landscape can be lowered in response to tectonic uplift, changes in climatic 

conditions or other basal adjustments as the final mechanism that removes eroded rock 

and cover from a region (e.g., Stock and Montgomery, 1999; Whipple and Tucker, 1999; 

Snyder et al., 2000; Whipple et al., 2000a; 2000b; Sklar and Deitrich, 2001; Snyder et al., 

2003).  Previous studies of bedrock erosion have focused on the parameterization of 

environmental variables to formulate an appropriate model that scales with tectonic 

activity, relief, watershed size and changes in lithology (e.g., Howard et al., 1994; Stock 

and Montgomery, 1999; Snyder et al., 2000, Lave and Avouac, 2001; Montgomery and 

Brandon, 2002; Snyder et al., 2003; Finnegan et al., 2005; Binnie et al. 2007).   

 Bedrock channel incision is commonly modeled using drainage area as a proxy 

for discharge, and channel slope, and a dimensional coefficient giving the familiar 

equation 

ε = KAmSn       (2) 

were ε is erosion rate, S is channel slope, A is watershed area and the K is the 

dimensional coefficient of erosion.  Stock and Montgomery (1999) suggested that K is 

primarily set by bedrock lithology but variously it has been used to account for the 

influence of climate, sediment load, and tectonic environment (e.g., Sklar and Dietrich, 

1998; Stock and Montgomery, 1999; Whipple and Tucker, 1999; Snyder et al., 2000; 

Whipple et al., 2000b).  The exponents m and n are positive values that parameterize the 

influence of erosional processes, changes in channel width with drainage area and other 
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regional discharge-drainage area scaling relationships (Stock and Montgomery, 1999; 

Snyder et al., 2000; Whipple et al., 2000a).   

 For an erosional steady-state condition, and assuming the shear stress necessary to 

initiate erosion is negligible, the equation for bedrock incision can be recast for channel 

slope as a function of drainage area 

S = ksA-θ       (3) 

where S is channel slope, ks is regional uplift rate over the coefficient of erosion (given 

by (U/K)1/n) and θ is equal to m/n.  Under these assumptions, the θ value is thus 

representative of the dominant erosional process and hydrologic conditions, as expressed 

in the concavity of the channel.   

 The relationship seen in equation (3) leads to covariance between the variables ks 

and θ for regressions performed on individual area-slope plots (Sklar and Dietrich, 1998; 

Snyder et al., 2000).   Hence, small changes of the θ value in a regression can result in 

large differences in ks values that makes meaningful comparison difficult between 

watersheds (e.g., Sklar and Dietrich, 1998; Snyder, 2000; Kirby et al, 2003).  To control 

for this covariation, previous studies have calculated a normalized ks value using either a 

fixed θ (typically done by adopting the average of unconstrained θ values from the 

individual channel networks) or by normalizing by a representative area for all 

watersheds during regression (Sklar and Dietrich, 1998; Snyder et al., 2000).  This 

normalization is intended to allow interbasin comparison of steepness by removing the 

dependence of ks on θ.  Assuming the channel has reached erosional steady-state, and that 

the exhumation and K value for each channel is constant throughout the reach analyzed, 

ks values can then be used to examine spatial patterns in exhumation for a study area. 
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 In a previous study of the influence of m and n values on K, Stock and 

Montgomery (1999) compared paleochannel profiles with modern steady state profiles, 

which allowed calculation of an erosion rate.  These erosion rates were then used in a 

numerical analysis that optimized the calculated channel profile to match the modern 

steady-state profile, yielding optimized m, n and K values for each channel.  Their results 

indicated that in bedrock channels m/n values ranged from 0.3 to 0.5.  In contrast, the 

value of K varied by more than five orders of magnitude depending on channel lithology, 

which ranged from highly erodible siltstones to harder, more resistant igneous rocks (e.g., 

Hawaiian basalt).  In a similar study on the Upper Ukak River, Alaska, Whipple et al. 

(2000b) concluded that the value of K was dominated by the lithology of the bedrock 

within which the channel is located in.  However, K may also be influenced by other 

erosional processes in addition to traditional bedrock incision such as mechanical frost 

wedging and sand blasting during low flow periods.   

 Snyder et al. (2000) found that using the model of bedrock incision and slope as 

described by equations (2) and (3), and presuming both uniform K value within a 

drainage and constant erosion process through time for the drainage channel, changes in 

tectonic regimes were correlated with changes in K as well as ks. However no correlation 

was found between changes in uplift and θ value.  In the same setting Snyder et al. (2003) 

later concluded that by varying the threshold shear stress for erosion, a constant K might 

apply throughout the same region (Snyder et al., 2003).   

 Applications of equations (2) and (3) to bedrock channels typically report θ values 

from 0.3 to 0.6 irrespective of tectonic environment (e.g., Whipple and Tucker, 1999; 

Snyder et al., 2000; Whipple et al., 2000a; Kirby et al., 2003; Montgomery and Lopez-
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Blanco, 2003), although lower θ values ranging from 0.1 to 0.3 have been reported for 

debris-flow-dominated colluvial channels (Montgomery, 2001).  This relatively narrow 

range of reported θ values, together with the strong covariance of θ and ks, has resulted in 

θ being repeatedly normalized under the assumption that erosive processes do not change 

in a given channel reach.  Here we show that the change in observed θ values is both 

predictable and significant in determining an appropriate ks value for bedrock channels, 

and that the range of θ values spans from values for debris flow to fluvial dominance of 

bedrock incision. 

 

Data Analysis and Interpretation 

 Our bedrock profile analysis yielded a log-linear relationship between θ and ks 

values of the form 

ks = 2 x 106 x θ5.6 (units m2m)     (4) 

in which the correlation coefficient of R2 = 0.94 indicates this model to be a strong first-

order characterization of river profiles in the Namche Barwa region (Figure 5).  

Exhumation rates are distributed along the curve in a manner that does not show any 

significant stratification between populations.  Similarly, spatial mapping of θ and ks 

values in the study area demonstrated low θ and low ks values were found in both areas of 

rapid exhumation and slow exhumation, while moderate to high θ and ks values were 

found in all but the slowest exhumation regime (Figure 7).  Normalization of ks values 

following the methods of Sklar and Dietrich (1998) and Snyder et al. (2000) using a fixed 

θ value based on the study area average of 0.38 does not reveal any additional 

relationships between ks, θ and calculated exhumation rates (Figure 6). 
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 The strong correlation between ks and θ values observed in this analysis validates 

the theoretical solution set of possible bedrock channel values predicted by Sklar and 

Deitrich (1998) that define a positive correlation between ks and θ values.  More 

specifically, Sklar and Dietrich (1998) found mathematically that for a given value of θ, 

ks had a range of roughly one order of magnitude; creating an envelope of values in 

which bedrock channels were found.  This covariance is expressed in the positive 

correlation between the two variables throughout all river systems where the model 

applies.  Channels that were dominated by either all alluvial or debris flow processes 

were expected to plot beyond the bracketed range of θ and ks values.  Our data confirm 

the form of this predicted relationship over a range of watershed sizes and exhumation 

rates.   

 The strong correlation of θ and ks values through both the fluvial and colluvial θ 

ranges (from ≈0.1 to >0.06) suggests a gradational continuum between the dominance of 

debris flows and fluvial bedrock channel processes on incision.  Such an exchange may 

undermine the the key assumption that the shear stress needed for erosion is negligible, 

implicitly conceptualizing continuous, steady erosion through time.  This assumption is 

incorporated indirectly in many models during the normalization process when θ is fixed 

to calculate ks, implying a single continuous erosive process. 

 In reality, however, erosion is seldom a smooth, continuous process in mountain 

channel networks.  While some channel erosion may occur due to dissolution, abrasion 

and cavitation (Whipple et al., 2000a), bedrock channel profiles also reflect intermittent 

large discharge and/or debris flow events with considerably more erosive power and 

transport capacity than average flows.  We hypothesize that the range of ks and θ values 
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we observe result from time averaging of these intermittent highly erosive events with 

less effective but more continuous erosive processes.  We therefore consider it 

inappropriate to assume a single continuous erosion process dominates the channel, as 

has been previously assumed (e.g., Snyder et al., 2000; Kirby et al, 2003).  Moreover, the 

distribution of high and low exhumation rates throughout the observed range of θ and ks 

does not support a direct link between channel steepness (ks) and tectonic regime.   
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Threshold Slope Development 

Background:  Development of Threshold Slopes 

 Considerations of the interplay between bedrock incision and landscape 

development has helped to produce the concept of threshold slopes, wherein hillslopes 

reach both a maximum gradient and relief regardless of rock uplift rate.  Landscape 

development begins with regional uplift that initiates denudation.  Where rocks weather 

and erode at rates comparable to the rate of rock uplift, a balance is reached between the 

rate of hillslope surface weathering and the rate of material removal by fluvial channels 

(Burbank et al., 1996; Montgomery, 2001; Binnie et al., 2007).  Such landscapes are 

generally termed transport-limited due to an abundance of weathered material available 

for transport off the hillslopes and into the channel where it is removed.  In transport-

limited landscapes, local lithology sets the rate of rock weathering and thus is reflected in 

the hillslope gradients, which are coupled with changes in uplift and fluvial incision.  As 

would be expected, friable lithologies result in lower gradient hillslopes whereas more 

erosion-resistant lithologies result in steeper gradients (Montgomery, 2001).    

 Threshold, or detachment-limited slopes result from rapid uplift increasing 

hillslope relief to a point where further bedrock incision by a basal channel leads to slope 

instability (Burbank et al., 1996).  Intermittent landsliding limits the relief of the 

landscape and the frequency of sliding is determined by the rate of uplift and rate of 

bedrock incision (Montgomery and Brandon, 2002).  Rapid exhumation leads to more 

frequent landsliding, whereas slower uplift reduces slide frequency.  While some 

lithologic signature may be detected in threshold hillslope gradient, these slopes no 

longer track with changes in uplift or fluvial incision.  Rather, as relief develops, hillslope 
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gradients increase to a maximum of typically between roughly 30° and 40° and are held 

at that angle by intermittent landsliding as fluvial incision continues (Burbank et al., 

1996, Montgomery, 2001; Binnie et al., 2007). 

 

Data Analysis and Interpretation 

 Our analysis found a relatively strong correlation (R2 = 0.75) between mean 

hillslope gradient and ks values up to a threshold gradient of approximately 60%, which 

corresponds to a 30° slope (Figure 7).  The relationship between ks and mean hillslope 

gradient below 30° can be described using a power function of the form 

ks = 2 x 10-10 S7.68  (units m2m)     (5) 

Not surprisingly gentle hillslope gradients (i.e., those <60%) were located in slow 

exhumation regions of the study area and steeper slopes were concentrated in the 

moderate to rapid exhumation regions (Figure 7).  At slopes greater than 60%, no 

relationship is discerned between ks and mean hillslope gradient. 

 The log-linear relationship between mean hillslope gradient values less than 30° 

and channel steepness ks affirms previous findings: that for highly erodable (low K value) 

channels in slow exhumation environments, surrounding hillslope gradients reflect the 

influence of rock uplift rate and lithology, and are coupled with changes in the rate of 

channel incision (Burbank et al., 1996; Montgomery, 2001; Montgomery and Brandon, 

2002; Binnie et al., 2007; Korup et al., 2007).  In contrast, the lack of relationship 

between ks and hillslope gradient beyond 30° supports the idea that at high exhumation 

rates, threshold hillslope gradients develop which are no longer coupled with changes in 
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fluvial incision but remain at a threshold value and intermittent mass wasting to limits 

further relief development.   
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Conclusions 

 Stream profile analysis using un-normalized data from a wide range of watersheds 

suggests erosive processes in bedrock channels are well represented as a gradational 

transition between debris flow and fluvial erosion.  This transition is observed as a 

smooth log-linear function between θ and ks values, which range across the spectrum of 

values expected to characterize bedrock and debris-flow channels.  Moreover, new 

mineral-cooling data combined with stream profile analysis suggests that ks values are 

not directly correlated with rock uplift rates because watersheds with high exhumation 

rates are spread evenly along the curve of ks versus θ.  In addition the strong correlation 

between mean hillslope gradient and channel ks values up to about 30°, reflects 

expectations for subthreshold, transport-limited landscapes wherein hillslope gradients 

and channel morphology are closely coupled.  In steeper terrain, mean hillslope gradients 

show no correlation with channel steepness ks and instead support the idea that hillslope 

gradients become decoupled from the rate of fluvial incision, remaining at a maximum 

gradient of between 30° and 40° which is maintained through intermittent landsliding.   
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Appendix A:  Full Watershed Data  
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