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ABSTRACT 
 

 Headwater channels represent a significant portion of watershed relief within steep 

landscapes, and thus play a key role in the long-term topographic development of mountain 

ranges. Headwater channels are thought to be sculpted by debris flows, which are poorly 

understood compared to hillslope or fluvial processes, and no framework exists to relate the 

morphology of headwater channels to climate, tectonics, or rock strength. Here I analyze 

headwater channels in the tectonically inactive Guadalupe Mountains of New Mexico and Texas, 

where systematic variations in bedrock lithology present an excellent opportunity to investigate 

how rock strength influences the morphology of headwater channels. The lithologic gradient 

corresponds to the progressive exposure of a massively bedded progradational reef unit moving 

stratigraphically up section from west to east.  

 The lithologic transition to less fractured, massive cliff units results in an increase in 

grain size supplied to the channels and increased exposure of bedrock in the channels and in the 

catchment. I used 1 m lidar topography to extract channel longitudinal stream profiles and 

measure channel gradient. I analyzed the connection between headwater channel gradient and 

bedrock exposure on hillslopes and in channels mapped from high resolution (10 cm) imagery 

and sediment grain size measured in the field. I find that headwater channel gradient is sensitive 

to both the increasing trend of bedrock exposure and grain size along the WNW-ESE lithologic 

gradient, but the slope of channels appears more sensitive to the fraction of bedrock rather than 

the grain size. This study suggests that headwater channels in threshold landscapes become 

increasingly sensitive to spatial variability in the underlying bedrock of the hillslopes, set by 

stratal architecture of the lithologic units in McKittrick Canyon. 
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Chapter 1: Introduction 

Motivation 

 Landscape morphology emerges from the interaction of tectonic processes that generally 

increase topographic relief through rock uplift and climate-driven erosion and weathering 

processes that transport sediment and act to lower topographic relief (Hack, 1960; Ahnert, 1970). 

In unglaciated landscapes, incision of channel networks generates topographic relief that sets the 

base-level of hillslopes and channels serve as the main conduits that remove sediment from 

mountain landscapes. Channel incision is particularly sensitive to channel morphology, 

hydrology, and the strength of the underlying bedrock (Howard, 1994; Sklar and Dietrich, 2001), 

and as a result, channel incision into bedrock plays an important part in setting the relief of the 

landscape and coupling landscape morphology to changes in climate and tectonics (Howard, 

1994; Kirby and Whipple, 2012). The presence of headwater channels in steep landscapes is 

typically overlooked in river incision models, but this process change to debris flow dominated 

channels may have important implications for landscape evolution (Stock and Dietrich, 2003).  

 Headwater channels reflect a mixture of hillslope and fluvial processes (Benda, 2005), 

which means that these channels may not respond to tectonic or climactic perturbations in the 

same way we would predict for hillslope or fluvial models. Landscape evolution models 

typically use river incision models that exploit the characteristic concave form of fluvial 

longitudinal profiles to infer tectonic information based on the relationship between drainage 

area and slope, known as the stream power law (Howard, 1994; Whipple and Tucker 1999), but 
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the application of these models is limited to drainage areas greater than ~5 km2, where fluvial 

processes dominated (Penserini et al., 2017). In steep, mountainous landscapes, a change to 

debris flow mechanics may be linked to channel morphology at the field-scale, where headwater 

channels have a distinct topographic signature from fluvial channels (Stock and Dietrich, 2003). 

Debris-flow-dominated channels comprise a significant amount of the channel network in steep, 

mountainous landscapes (Benda et al., 2005) and erosion by debris flows has the potential to 

limit topographic relief more so than fluvial processes (Stock and Dietrich, 2006), which means 

that this process change from fluvial to debris flow dominated channels may play an important 

role in setting the relief of landscapes. 

 A distinct break in channel longitudinal profiles often exists at the transition point where 

fluvial channels transitions to debris-flow dominated channels, seen in a more linear longitudinal 

profile for headwater channels (Lague and Davy, 2003; Stock and Dietrich, 2003; DiBiase et al., 

2012), compared to fluvial channels which have a characteristic concave-upwards longitudinal 

profile, where the slope scales with drainage area in a power-law relationship. Laboratory flume 

experiments and numerical simulations have also shown that bedrock erosion and sediment 

transport in debris flows is distinct from that of fluvial processes (Hsu et al., 2008; Yohannes et 

al., 2012; Prancevic et al., 2014). 

 Sediment delivery by debris flow occurs from a stochastic process due to the failure of 

stored sediment that is evacuated following storms (Benda and Dunne 1997) and entrains loose 

material as it moves down the channel and erodes the channel bed by particle impacts rather than 

abrasion by sliding, with the magnitude of erosion dependent on the size of the entrained grains 

rather than the abundance of impacts (Yohannes et al., 2012). The stochastic nature of debris 

flows makes it challenging to connect observations from controlled flume experiments to natural 
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landscapes. Additionally, natural landscapes contain significant variability in rock type, sediment 

grain size, and climate forcing that controls sediment transport. A framework connecting the 

morphology of debris-flow dominated channels to parameters like climate, tectonics, or rock 

strength is lacking. Prior flume results or empirical comparisons of headwater channel 

morphology provide few constrains on how changes in rock type affect the morphology of steep, 

headwater channels. 

 Landscape-scale rock strength of the hillslopes plays a fundamental role in landscape 

evolution by resisting erosive forces (Clarke and Burbank, 2011) and limiting the relief of 

mountain ranges (Schmidt and Montgomery, 1995). The ability of streams to erode is sensitive to 

the strength of the underlying bedrock, from a mechanistic standpoint where harder rock is more 

difficult to abrade (Sklar and Dietrich, 2004), and the strength of bedrock on the hillslopes 

influences the onset of bedrock exposure and grain size of sediment entering the channel. 

Rock strength influences the fracture spacing on bedrock cliffs, which influences the size of 

sediment input into the channels (Sklar et al 2017; DiBiase et al 2018), and can be linked to the 

slope of fluvial channels (Attal et al., 2015; Shobe et al., 2016). In contrast, studies have found 

that the slope of sediment-mantled hillslopes are insensitive to changes in the grain size (DiBiase 

et al 2018). As a result, there is an important dynamic between rock properties on the hillslopes 

and ensuing grain size that enters the channels plays an important part in controlling the 

morphology of bedrock rivers (Sklar and Dietrich., 2004). This important dynamic for the slope 

of river channels has not been studied for the morphology of debris-flow dominated channels, 

which directly receives sediment from proximal hillslopes. 

 This study aims to address this knowledge gap by determining how a gradient in rock 

properties (set by the changing lithology) influences the morphology of headwater channels in 
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McKittrick Canyon in the Guadalupe Mountains of New Mexico and Texas, USA. I exploit a 

gradient in apparent rock strength in McKittrick Canyon that is expressed as smaller, more 

fractured cliffs in the WNW that transitions to massive, less fractured reef units in the ESE. The 

ESE transition to a larger fraction of hillslopes underlain by a massive carbonate reef unit that 

forms large cliffs additionally contributes larger grains to the channel network. Along this 

gradient, I compare how headwater channel morphology responds to differences in underlying 

bedrock lithology and the grain size of sediment delivered from hillslopes. Using high-resolution 

lidar topography, field surveys of surface sediment grain size, and 10 cm aerial imagery for 

McKittrick Canyon, I measure the slope of headwater channels and compare channel slopes to 

the abundance of bedrock waterfalls exposed in the channel network, the slope of waterfalls 

exposed in the channel network, and the grain size of sediment mantling headwater channels.,  

Through this approach, I isolate the relative influence of sediment grain size and bedrock 

exposure on headwater channel gradient. 

Study Area 

The Guadalupe Mountains of New Mexico and Texas consist of exhumed Permian strata 

that records deposition on the northwest shelf of the Delaware Basin (Smith and Kerans, 2018). 

McKittrick Canyon (Figure 1), the focus of this study, represents a complete shelf to basin 

outcrop of carbonate-siliciclastic sequences that is exposed within a ~5 km transect from WNW-

ESE (Figure 2). During the Upper Permian in the Guadalupian time (~255-251 Ma), the basin 

was characterized by the growth of extensive carbonate reefs that separated the deep ocean basin 

from a shallow backreef shelf lagoon. Over time the reef grew steadily upward and basinward, 
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which is seen today in the exposed progradational reef in McKittrick Canyon. The canyon is 

composed of a backreef in the WNW that consists of interbedded carbonates and siliciclastic, 

transitioning into a massively bedded Permian reef complex in the ESE that is called the Capitan 

Formation (Figure 2). The reef complex was subsequently exhumed and has been tectonically 

stable since the Miocene (Hill, 2000). 

The Guadalupe Mountains experience a semi-arid climate with mild winters and hot 

summers. During the hot season from May to September the mean temperature around 28 °C 

with the coldest season during November to February with temperatures around 1-11 °C (U.S 

National Park Service). The Guadalupe Mountains have a mean annual precipitation around 450 

mm/year with most of the rain accumulating during the warm summer months. While the 

Guadalupe Mountains can have variable climate at elevation, the study site in McKittrick 

Canyon is within a small area (~50 km2) and a narrow elevation range (1500-2300 m) so I 

assume uniform climate across the study area.  

McKittrick canyon is an ideal place to study the influence of rock properties on 

topography because there is a WNW-ESE gradient in lithology that creates a gradient in rock 

strength from the transition from small interbedded siliciclastic and dolomitic units to massive 

carbonate reef units. The massive carbonate units that compose the Capitan Formation are much 

less fractured and appear to have a stronger intact rock strength than the backreef units in the 

NW (Figure 3). The change in lithology spans only a few kilometers, which allows for isolation 

of how channel morphology responds to differences in rock strength. McKittrick Canyon has no 

knickpoints in its main channel, which in combination with its tectonically inactive setting 

suggests that baselevel fall and hillslope erosion are steady (Kirby and Whipple, 2012). As a 

result, I assume that McKittrick Canyon is not responding to tectonic perturbations, has uniform 
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erosion, and a consistent climate, which isolates bedrock lithology controls on erosional 

processes along the canyon.  
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Chapter 2: Methods 

2.1 Bedrock Mapping 

 I chose 8 catchments for mapping based on their location along the lithologic gradient 

(Figure 1) in the canyon from interbedded, laterally continuous beds in the WNW to massive reef 

units in the ESE with the catchments varying in the amount of bedrock exposure and steepness. I 

distinguished between bare-bedrock and soil-mantled hillslopes using 10 cm aerial imagery and a 

lidar-derived 1 m digital elevation model (DEM) to map areas with outcropping, in place 

bedrock (Figure 4) (Neely, 2019; Neely et al., 2019). The mapping was performed at a ~50 cm 

resolution to capture the finest scale resolvable from the imagery data. Everything else outside 

the bedrock mapping, including vegetation and loose sediment, was classified as “soil/sediment 

cover”. This mapping thus partitioned the landscape into bedrock hillslopes and soil-mantled 

hillslopes, which then allows for quantifying how the abundance of bedrock hillslopes changes 

along the 8 catchments spanning the lithologic gradient (Figure 1). 

We determined the fraction of bedrock in the catchments, Fcatchment, by taking the total 

area of the bedrock hillslopes, ABr, and dividing by the total drainage area, ADr: 

𝐹𝐹𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶ℎ𝑚𝑚𝑚𝑚𝑚𝑚𝐶𝐶 = 𝐴𝐴𝐵𝐵𝐵𝐵
𝐴𝐴𝐷𝐷𝐵𝐵

.     (1) 

The fraction of catchment underlain by the reef, Freef, was determined by using the 

georeferenced USGS Geologic Map of McKittrick Canyon 

(https://ngmdb.usgs.gov/Prodesc/proddesc_4205.htm) to trace the outline of the Capitan reef 

onto the lidar DEM (Figure 5). I calculated the area of the reef within the catchment, Areef, and 

divided this number by the total drainage area of the catchment, ADr. 

https://ngmdb.usgs.gov/Prodesc/proddesc_4205.htm
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  𝐹𝐹𝑟𝑟𝑚𝑚𝑚𝑚𝑟𝑟 = 𝐴𝐴𝐵𝐵𝑟𝑟𝑟𝑟𝑟𝑟

𝐴𝐴𝐷𝐷𝐵𝐵
.       (3) 

2.2 Hillslope Morphology 

The hillslope morphology for each catchment was calculated by creating a slope map of 

the 1 m DEM, where slope is measured as the maximum slope angle from a cell to one of its 

eight neighbors (Figure 4). The slope calculations were performed for the entire catchment and 

for bare-bedrock and soil mantled hillslopes independently by partitioning the landscape into 

each category based on the bedrock mapping (Neely et al., 2019). We extracted the slope map 

from the bedrock map to obtain the mean hillslope angle of bedrock hillslopes and did the same 

procedure for the soil mantled hillslopes.  

2.3 Channel Morphology/Extraction 

The stream channel network and morphology analysis was generated using the 

Topographic Analysis Kit (Forte and Whipple, 2019) and lidar topography. Channels were 

delineated using a minimum threshold area of 1 x 103 m2 to generate a stream network, which 

matches qualitative estimates of the smallest drainage area that convergence occurs on the 

hillslopes. We then calculated the slope of channel segments using the KsnChiBatch function 

from TAK using a channel segment length of 10 meters. Because the smallest bedrock steps, or 

height of outcropping lithologic units in the NW, range in size from 1-10 meters, we chose a 

smaller smoothing distance of 10 meters to capture finer scale changes and to match the 

resolution of bedrock mapping. We used the map of bedrock exposure to classify the stream 
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segments as a value of 1 (bedrock) and 0 (sediment mantled) based on whether the majority of a 

given stream segment crossed areas mapped as bedrock (Figure 6). 

Using the shapefile of the stream network, we extracted slope information from the 

channel profiles to obtain the mean and full distribution of channel gradients in each study 

catchment. The slope calculations were performed for the entire channel, bare-bedrock and 

sediment-mantled channels by partitioning the landscape into each category based on the 

bedrock mapping, similar to procedures used for hillslope morphology. Using the bedrock map, I 

calculated the fraction of bedrock in the channels (FChannel) by summing the length of the 

segments classified as bedrock (lBr) and dividing by the total length of the channel (LCh) (Figure 

6). I use this metric to determine how much of the channels are composed of bedrock compared 

to sediment mantle.     

    𝐹𝐹𝐶𝐶ℎ𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚𝑎𝑎 =  ∑ 𝑎𝑎𝐵𝐵𝐵𝐵
𝐿𝐿𝐶𝐶ℎ

      (2)  

 

 To compare the morphology of channels in catchments that contain the Capitan Reef to 

catchments without the Capitan Reef, we generated slope distribution plots of the entire channel 

and the channel network partitioned into bare-bedrock and sediment-mantled segments. The 

slope distributions for the channels in each catchment were calculated by using a kernel density 

smoothing function with a window size of 0.1 degrees (Figure 11).  

2.4 Grain Size Analysis 

 Sediment grain size was determined by performing point counts from Structure-from-

Motion photogrammetry (SfM) models (Figure 7) of sediment patches created from pictures in 
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the field. Locations for grain size mapping were focused at the base of tributaries to capture the 

grain size coming out of each study watershed. Sediment patches were roughly ~5 x 5 meters in 

size, and photos were collected using a Nikon D5500 camera or iPhone. Agisoft Photoscan was 

used to create the SfM models by aligning pictures of the sediment patches to create a sparse 

point cloud that can be processed into a dense cloud, 3D mesh, texture, and a scaled orthomosaic 

image (James and Robson., 2012; Neely et al. 2019). I scaled the orthomosaic by using a 15.3 cm 

yellow ruler placed in the pictures. The scaled orthomosaic is imported into ArcMap to perform 

the point count using the grid-by-number method (Bunte and Abt, 2001). A grid was created at 

roughly half the size of the largest boulder to measure the intermediate axis diameter of grains at 

the intersection points to obtain around 100 measurements for each site. 
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Chapter 3: Results 

3.1 Bedrock mapping 

Moving from WNW-ESE along the lithologic gradient in McKittrick canyon, the fraction 

of bedrock increases on hillslopes and in the channels (Figure 8). The hillslopes of catchments 

absent of the Capitan reef (1-5) have a bedrock abundance of 21%-50%, while the catchments 

with the reef have a smaller, but higher range of 40-53% (Figure 8). A similar trend is seen in the 

bedrock exposure of the channels. The channels in catchments that are not underlain by the 

Capitan Reef have a wide range in fraction of bedrock channels from 21%-71% compared to a 

smaller range of 51-71% for catchments containing the Capitan Reef unit.  

3.2 Hillslope morphology 

The mean hillslope angle for catchments absent of the reef have an average mean 

hillslope angle of ~32° while the mean hillslope angle for catchments containing the reef bedrock 

average ~39° (Table 1). The mean hillslope angle increases with the fraction of bedrock, with the 

steepest catchments (catchments 4-8) in a small range from 37-40° with 40-53% percent of the 

catchment composed of bedrock. Catchments with less bedrock exposed (catchments 1-3) have a 

lower mean hillslope gradient ~30° with less bedrock exposed. The mean distribution of soil-

mantled hillslope angle for all the catchments does not exceed 35° while the mean bedrock 

hillslope angle is significantly higher at 48°. The catchments underlain by the reef are steeper, 

with an average of 33° for sediment mantled hillslope angle while the mean bedrock hillslope 

angle is 45°.  
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3.3 Channel morphology  

The fraction of bedrock in the channels increases consistently from WNW-ESE following 

the lithologic gradient which is consistent with the trends on the hillslopes (Figure 8). The 

sediment mantled channel slope without the reef averages 24° while the mean slope of bedrock 

channels is higher at 32° (Table 1). The increase in mean slope of the channels corresponds to an 

increasing abundance of bedrock as well (Figure 10B). The catchments with the reef have higher 

mean channel slope with an average of 30° for the sediment mantled channel slope while the 

mean bedrock channel slope is 35° (Figure 11). The catchments absent of the reef have a greater 

abundance of sediment mantled channels than bedrock channels while catchments with the reef 

shift to a greater abundance of bedrock channels and fewer sediment mantled channels (Figure 

11). The mean slope of the channels in catchments underlain by the reef are about ~5° steeper for 

each partitioned segment compared to the channels in catchments absent of the reef (Figure 11). 

3.4 Grain size of tributaries 

The median grain size of the tributary channels increases along the WNW-ESE gradient 

in lithology with the smallest grain sizes found in the NW and largest grain sizes in the SE 

(Figure 9). There is an average median grain size of  D50 = 17 cm for the catchments without the 

reef and an average D50 = 34 cm for the catchments that contain the reef. The increase in grain 

size corresponds to an increase in slope with the largest mean grain size of 54 cm found in 

catchment 6, which also has the steepest mean hillslope angle of 40° (Table 1). The smallest 

median grain sizes of D50 = 8-15 cm are found in the catchments that do not contain the reef and 

have lower slopes around 30°. 
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Chapter 4: Discussion 

4.1 Sensitivity of headwater channel slope to grain size and bedrock abundance 

 Both the grain size and the fraction of bedrock influence the slope of the channels in 

McKittrick Canyon, as seen in the positive trend of the two parameters with mean channel slope 

(Figure 10). Grain size and bedrock abundance play a role in setting the slope of headwater 

channels, but the mean slope of channels appears more sensitive to the fraction of bedrock in the 

channel. This can be seen in Figure 10B, where the total channel slope is most sensitive to the 

fraction of bare bedrock. I interpret this as indicating that the steepening of channels is 

accommodated primarily by increasing bare bedrock exposure rather than steepening of the 

bedrock or sediment-mantled channel segments.  

 Isolating the influence of the two parameters is complex because grain size is coupled to 

hillslope morphology. The grain size entering the channels is dependent on various factors of the 

hillslope morphology. Typically, the upstream supply of sediment influences the grain size as 

well, but headwater channels are in the uppermost part of the river network and in close 

proximity to sediment supply from hillslopes, so the grain size of headwater channels is mainly 

dependent on the hillslope supply. The initial size distribution of sediment is set by the fracture 

spacing of exhumed bedrock supplying material to the hillslope and the residence time that 

sediment weathers on the hillslope affects the size of sediment supplied to the channel, which 

connects channel morphodynamics to hillslope processes (Sklar and Dietrich, 2017). 

 The abundance of bedrock on the hillslopes also plays an important part in headwater 

channel slope because in threshold landscapes, increasing abundance of bedrock increases drives 

up mean catchment slope when hillslopes become insensitive to erosion rate (Neely et al, 2019), 
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which is also tightly correlated to colluvial channel slope (DiBiase et al., 2012). A 1:1 ratio of 

mean catchment slope vs channel slope for data in McKittrick Canyon and Southern California 

mountains shows that in both landscapes, channel slope is sensitive to the catchment slope 

(Figure 12). An important note is that DiBiase et al., 2012 study used mean colluvial slope, 

calculated by subtracting the total drainage density minus the fluvial drainage density which is 

classified as channels that follow the fluvial slope-area scaling (DiBiase et al., 2012). The 

McKittrick Canyon data does not distinguish between fluvial and colluvial drainage density. 

Because the catchments are typically at smaller drainage areas (< 1 km2) and at steep slopes 

greater than 35°, a majority of the channel network is most likely composed of headwater 

channels. Regardless, with increasing mean catchment slope, the slope of the channels increases 

at the same rate, which means that channel slope is sensitive to similar drivers of hillslope 

morphology.  

4.2 Rock strength control on bedrock exposure 

 The characteristics of bedrock that composes steep, rocky cliffs is an important driver of 

mean catchment slope for threshold landscapes, which becomes increasingly sensitive to the 

strength of underlying bedrock and less sensitive to changes in erosion rate (Neely et al., 2019). 

In the Eastern San Gabriel Mountains (ESGM) and Northern San Jacinto Mountains (NSJM) of 

Southern California, the increase in mean catchment slope in NSJM is a result of more abundant, 

steeper cliffs from wider fracture spacing that decreases soil production efficiency and 

strengthens the cliffs, supporting higher relief (Neely et al., 2019). The strength of the underlying 

bedrock, set by the fracture spacing and competency of exhumed rock, affects when bedrock is 
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exposed, and thus the slope of the catchments. McKittrick Canyon plots in a similar trend as data 

from Southern California (Figure 13), but plots slightly above the data suggesting more bedrock 

exposed for a given slope. The difference could be a result of the landscapes differing lithology. 

The Southern California mountains are underlain by granitic rocks while McKittrick Canyon is 

underlain by layered sedimentary rocks. Because McKittrick Canyon has more bedrock 

exposure, this could mean a lower soil production efficiency in this landscape. 

 In McKittrick Canyon, qualitatively observing the morphology of cliffs in the NW 

compared to the SE, the smaller cliffs in the NW appear more fractured than the massive cliffs in 

the SE. The change in lithology from interbedded carbonates and siliciclastic to predominantly 

massive carbonate reef units from NW-SE corresponds to a greater abundance of bedrock in 

catchments and in the channels, seen by the increase in bedrock exposure with the presence of 

the reef (Figure 8). While the variation in fracture density between ESGM and NSJM is most 

likely due to differences in tectonic activity (DiBiase et al., 2018), McKittrick Canyon has no 

knickpoints or features to suggest changes in tectonic activity along the canyon, so the change in 

fracture spacing of cliffs in this landscape must have a different explanation, most likely due to 

differences in lithology or bed thickness. 

4.3 Lithologic control on bedrock exposure and fracture spacing in McKittrick Canyon 

In McKittrick Canyon, the change in fracture spacing and bedrock exposure along the 

NW-SE gradient is most likely driven by changes in bed thickness resulting from a transition in 

lithology. In the NW end of the canyon, the dominant lithology is the Carlsbad limestone unit, a 

thin bedded limestone with sandstone members which transitions to the Capitan limestone unit, a 
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thick to massively bedded limestone unit (Figure 5). The massive carbonate units maybe harder 

to weather and more competent, seen in the decreased fracturing of the cliffs and decrease 

increase in bedrock exposure. Many of the catchments are at threshold similar to the catchments 

in southern California, which means that catchment slope increases in response to increased 

bedrock exposure rather than erosion rates. In McKittrick Canyon, the massive carbonate cliffs 

are steep and take up a greater amount of the catchment, this can explain the increase in 

catchment slope moving WNW-ESE in the canyon. 

Differential erosion between the sandstone/siliciclastic and carbonate rock layers could 

be a mechanism that influences soil production as well. Based on fieldwork, a majority of the 

outcropping bedrock are the thin bedded carbonates in the NW and the massive reef units in the 

SE, suggesting that the siliciclastic could be more efficient at weathering in this climate. While 

we assume that erosion rates are equal along the canyon because of the small spatial extent and 

no knickpoints to suggest that the landscape is responding at different rates to perturbations, 

spatial variation in the erodibility of lithologic units can cause changes in landscape form that 

create variability in erosion rates (Forte et al., 2016). In the case of McKittrick Canyon, 

catchments 1, 2 and 3 are not yet at threshold slopes and primarily underlain by the Carlsbad 

limestone, a weaker unit than the Capitan Limestone. Future work could include careful mapping 

of the siliciclastic units and carbonate units to determine if the onset of bedrock exposure is 

mainly due to the presence of carbonate units and if there are differences in erosion rate between 

the Carlsbad and Capitan limestone units.  
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Chapter 5: Conclusion 

 The lithologic gradient in the Guadalupe mountains plays an important part in changing 

the strength of underlying bedrock that influences the grain size and bedrock exposure in the 

catchments and the channels. Headwater channel morphology is tightly coupled to the dynamics 

of hillslope morphology, with the effect of grain size from nearby cliffs influencing the slope of 

the sediment-mantled parts of the channel, while the amount of bedrock exposure changes in 

response to decreased fracture spacing of the adjacent carbonate cliffs reduces soil production 

efficiency. The gradient of the headwater channels in this landscape appears more sensitive to 

the amount of the channel composed of bedrock, which increases in catchments moving NW-SE 

McKittrick Canyon as a result of a greater abundance of carbonate units. The stratal architecture 

of the lithologic units sets the relief and fracture spacing of the cliffs with thicker beds in the 

Capitan limestone having a greater competency and strength than the thinner carbonate beds in 

the Carlsbad limestone in the NW catchments. This study suggests that headwater channels in 

threshold landscapes become increasingly sensitive to variability in the underlying rock strength 

of the hillslopes.  
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Table 1: Median grain size, partitioned hillslope morphology, and partitioned channel 
morphology. 

ID 

(Fig. 1) 

Drainage 
area (km2) 

Mean 
Hillslope 
Angle (°) 

Mean 
Channel 
Slope (°) 

Mean 
Bedrock 
Hillslope 
Angle (°) 

Mean 
Bedrock 
Channel 
Slope (°) 

Mean Soil-
Mantled 
Hillslope 
Angle (°) 

Mean 
Sediment-
Mantled 
Channel 
Slope (°) 

Fraction 
Channel 
Bedrock, 
Fchannel 

Fraction 
Bedrock 
Hillslopes, 
Fcatchment 

D50 
(cm) 

Distance  
Downstream 
of catchment 
1 (km) 

A 2.2 25.7 21.65 35.25 27.06 23.38 19.53 0.28 0.21 8.5 0 

B 2.1 30.7 27.85 35.89 30.93 28.03 25.81 0.40 0.28 15.8 0.55 

C 0.62 29.8 28.29 42.79 34.13 24.87 22.78 0.49 0.29 28.1 1.5 

D 0.1 37.2 29.83 42.14 32.48 32.67 25.08 0.64 0.50 - 2.00 

E 0.47 37 32.83 41.45 34.66 34.24 28.44 0.71 0.40 15.6 2.9 

F 0.35 40.6 33.64 48.88 35.06 35.13 31.72 0.57 0.40 57.5 5.9 

G 0.21 38.9 34.20 45.55 36.57 31.82 28.50 0.71 0.52 29 6.3 

H 0.43 37.8 33.06 41.92 33.83 33.31 30.42 0.77 0.53 32.4 9.8 
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Figure 1: Grain size analysis conducted for 7 of the catchments (excluding 4) with the median 
grain size (D50) calculated for for each survey. Detailed bedrock mapping of the hillslopes and 
channels of the 8 catchments outlined in red polygons at a ~50 cm scale resolution. The star 
symbols represent location of photographs in Figure 3A and Figure 3B.  
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Figure 2: Panorama of McKittrick Canyon (modified from Tinker et al., 1998) with the extent 
outlined in the overview map (Figure 1) by the cross section of A-A’. Top panel shows the 
transition from small, even beds in the WNW to more massive reef units in the ESE. Bottom 
panel outlines the prograding Capitan Reef (purple) that shifts higher into the catchments with 
distance to the ESE.  
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Figure 3: Location of pictures located at the star symbols on Figure 1. The NW end of 
McKittrick Canyon has laterally continuous, 2-5 meter tall bedrock cliffs (A) that transition into 
massive reef units up to 100 meters tall in the SE end of the canyon (B). 
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Figure 4: Bedrock mapping consisted of using the aerial imagery (far left panel) to identify areas 
of exposed bedrock and outline in a polygon to calculate the slope of the partitioned catchment 
using the slope map (far right panel)  

Roman DiBiase
Hard to read the text on the scale bar (increase font size)
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Figure 5: USGS National Geologic Map of Southern Guadalupe Mountains, Texas. Map used to 
outline extent of the Capitan Reef within the studied catchments. Based on the extent of the reef, 
Catchments 1-5 do not contain the reef while 6-8 contain the reef. 
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Figure 5: Partitioning of the channels based on the intersection of the channel segments with 
bedrock map. To classify as a bedrock channel, a majority of the channel segment must overly 
mapped bedrock. 
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Figure 6: Structure-from-Motion derived orthomosaic image of sediment patch with a 0.5 m grid 
spacing overlain. Purple lines indicate measurements of apparent intermediate axis diameter. 
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Figure 7: Fraction of bedrock vs distance downstream from catchment 1 along WNW-ESE 
lithologic gradient. The fraction of the catchment underlain by the Capitan reef is included on the 
plot to show how the abundance of bedrock changes with the presence of the reef. 
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Figure 8: Median grain size, D50, versus Distance Downstream of Catchment 1 along WNW-
ESE gradient in lithology. No grain size data available for Catchment 4.  
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Figure 9: (A) Mean Channel Slope versus Median grain size, D50, for the partitioned channels to 
see how slope changes compared to the grain size in each catchment. (B) Mean Channel Slope 
versus Fraction of bedrock for the partitioned channels to see how the slope changes for with 
bedrock exposure. 

Roman DiBiase
Remove titles for each panelI deleted the annotation boxes – these are helpful for a talk, but for a paper you want to just describe in the caption.add units to y-axesAdd description for top panel x-axis (should read “Median grain size, D50 (cm)”
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Figure 10: Kernel density plots of channel slope angle separated by whether the catchments 
contain the Capitan reef (Top panel) or do not contain the reef (bottom panel). The dashed line 
represents the mean angle of the partitioned channel slopes. Area under the curve represents the 
abundance of slopes classified as either bedrock or sediment-mantled.  
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Figure 11: Mean catchment slope versus mean channel slope for McKittrick Canyon data 
compared against data in Southern California (DiBiase et al., 2012). Dashed line represents a 1:1 
relationship. The channel slope for DiBiase et al., 2012 is calculated by using a linear fit to each 
colluvial channel in the catchments, and averaging all such channels for each catchment, 
weighted by mean channel length. McKittrick Canyon data averages over all channel segments 
in a given catchment, weighted by mean channel length.  
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Figure 12: Mean Catchment slope vs percent bedrock exposure for McKittrick Canyon data 
(Table 1) compared to data from Southern California in the Eastern San Gabriel Mountains 
(ESGM) and Northern San Jacinto Mountains (NSJM) (Neely et al., 2019). 
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