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Abstract 
The Alamogordo Fault bounds the western range-front of the Sacramento 

Mountains in south-central New Mexico. Previous studies have determined that uplift 

of the range initiated during Tertiary time and continues to present day. This study 

utilizes remote-sensing methods to observe relations between geomorphology—the 

bedrock fluvial network in particular—and tectonism in the Sacramento Mountains. 

Analysis of longitudinal stream profiles, stream slope-area data, and topographic relief 

reveal temporal and spatial variations in uplift rates along the Alamogordo Fault and 

support the hypothesis that the Alamogordo Fault consists of four segments. 

The geomorphic indices of concavity (Θ) and steepness (ks) are calculated 

from stream slope-area data. The concavity index is a measure of stream-profile 

curvature and is a function of channel substrate erosional properties. Concavity indices 

of the study area exhibit no consistent response to along-stream changes in 

sedimentary lithology of any type. This suggests that sedimentary bedrock of the 

Sacramento Mountains—though heterogeneous at small-scales (meters to 10‘s of 

meters)—may be generally uniform at larger-scales. However, concavity indices do 

suggest that a strong lithologic contrast is apparent at the scale of this study between 

granitic rocks and the surrounding sedimentary rocks. Concavity index values of 

stream segments within a granitic pluton are typically low (Θ < 0.40); whereas 

respective downstream channel segments that flow over sedimentary/tuffaceous rock 

are typically high (Θ > 1.0). 

Theoretical considerations of the detachment-limited, shear-stress incision law 

predict a relation between stream channel steepness (ks) and a response to uplift rates 

experienced by bedrock channel beds. North-south and west-east trends in normalized 

steepness indices (ksn, for reference concavity (Θref) of 0.45) are observed. Values of 

ksn, averaged for each watershed, are lowest (ksn < 60) in watersheds that are 

coincident to the northernmost, Three Rivers segment of the Alamogordo Fault. 

Average ksn values increase to maximum values (ksn > 120) along the Deadman fault-

segment. This north-south trend of average ksn values mimics the north-south trend of 
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measured, present-day uplift rates. The west-east trend in ksn values is demarcated by 

knickpoints that separate downstream channel segments with higher steepness (ksn > 

120) from upstream channel segments with lower steepness (ksn < 120). It is inferred 

that these trends reflect spatial variations of relative uplift rates of uplift along the 

Alamogordo Fault (north-south trend), and relative, temporal variations in uplift rates 

of the Sacramento Mountains (west-east trend). 
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Chapter I 

Introduction 

It has long been recognized that geomorphology is often controlled by, and can 

reveal, tectonic activity in a region. Many workers have sought to correlate 

topographic metrics to levels of tectonic activity. Such metrics include mountain front 

sinuosity and valley floor width to valley height ratio (Bull and McFadden, 1977), 

slope characterization, alluvial fault scarp analysis and facets (Menges, 1990; dePolo 

and Anderson, 2000), alluvial fan geometry (Ferrill et al., 1996), and drainage basin 

volume-area ratio (Frankel and Pazzaglia, 2006). However, such metrics often utilize 

subjective measurements and/or hillslope gradients. Sediment-covered hillslopes in 

stasis have an intrinsic threshold gradient which occurs where erosion rates approach 

soil production rates (Wobus et al., 2006). Threshold gradients limit the ability of a 

landscape to respond to changes in uplift, and sediments can mask the interaction 

between the underlying bedrock and tectonic events.  

Even when multiple topographic metrics are utilized, the topography-derived 

assessment of tectonic activity is often not only uncertain but can conflict with known 

tectonic rates. In their investigation of the Sierra Nacimiento range of northern New 

Mexico, Frankel and Pazzaglia (2006) found that in spite of known seismic 

quiescence, topographic metrics such as mountain-front sinuosity and escarpment 

facets suggest recent displacement along the Nacimiento fault zone. Fundamental 

controls on geomorphology not only include tectonism, but also climate and lithology 

(Stock and Montgomery, 1999; Roe et al., 2003; Whipple and Meade, 2006); the 

topographic metrics mentioned above place no constraints on variations in lithology 

nor climate, thus implicitly assuming that lithology and climate are either globally 

uniform or that they have no effect on landscape evolution. 

 In his landmark paper, Concept of the graded river, J.H. Mackin (1948) 

qualitatively recognized the dynamic ability of rivers to respond to changes in 

sediment supply, discharge, and base level. In deriving the detachment-limited stream 
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power law, Howard and Kerby (1983) effectively distinguished the quantifiable 

relations between uplift and erosion, lithology, discharge, and channel gradient. Since 

then, many workers (e.g. Snyder et al., 2000; Kirby and Whipple, 2001; 

VanLaningham et al., 2006; Wobus et al., 2006) have utilized the stream power law in 

conjunction with high-resolution digital elevation models (DEM) and geographic 

information systems (GIS) to investigate spatially large detachment-limited bedrock 

river networks in active orogenic regions. Such analyses have shown the capability to 

quantify the spatial and temporal effects of tectonism, climate, and lithology on 

landscape evolution. The potential of quantitative analysis by stream profile analysis 

offers researchers an improvement over the previously mentioned topographic metrics. 

Where geologic and climate settings do not meet the criteria required for use of the 

detachment-limited stream power law (discussed in Chapter 3), longitudinal stream 

profile analysis is qualitative in nature, but still yields useful information. 

Bedrock rivers are rivers that flow over erosionally resistant substrate and 

occur where transport capacity exceeds the sediment load (Howard et al., 1994). A 

primary advantage to bedrock river analyses over hillslope analyses is that bedrock 

rivers often expose, rather than mask, the bedrock, thus allowing researchers to 

observe discrete landscape responses to changes in base level/tectonic forcing, 

climate, and lithologic resistance (Wobus et al., 2006). Additionally, the fluvial 

network represents a local base level for transected hillslopes, therefore channel 

incision rates exert a fundamental control on topographic evolution (Kirby et al., 

2003). 

 Geomorphic metrics derived from longitudinal bedrock river profile analyses 

include concavity index (Θ), steepness index (ks), and the spatial distribution of 

knickpoints. Empirical studies demonstrate that channel gradient-drainage area 

relationships follow a power-law scaling (Howard and Kerby, 1983); when plotted in 

log-log space, concavity and steepness can be determined by linear regression of the 

slope-area data, where concavity (Θ) is indicated by the slope of the curve and 

steepness (ks) is the y-intercept (Wobus et al., 2006) (Fig. 1.1). The concavity and 
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steepness indices can both be affected by changes in tectonic forcing, climate, and 

lithologic resistance; where effects of climate and lithology can be constrained, 

disequilibrium profiles resulting from tectonic forcing can be elucidated (Snyder et al., 

2000; Kirby and Whipple, 2001; Kirby et al., 2003; Wobus et al., 2006; 

VanLaningham et al., 2006). Rivers in equilibrium have a characteristic concave-up 

profile that reflects the trade-off between increasing discharge and decreasing slope 

(Mackin, 1948; Montgomery, 2004). Disequilibrium is often indicated by a scaling 

break in a river‘s slope-area plot and/or by a knickpoint that can be observed in the 

longitudinal profile (Fig. 1.1). A knickpoint is an over-steepened reach of a stream. In 

nature, knickpoints are often observed in the form of waterfalls; in longitudinal 

profiles, knickpoints are identified by their convex-up geometry. The spatial 

distribution of knickpoints in watershed can reveal whether a landscape has undergone 

a change in base level and identify disparities in lithologic resistance between different 

formations and rock types (Kirby et al., 2003; Wobus et al., 2006; VanLaningham et 

al., 2006) 

The Sacramento Mountains (Fig.1.2) are the study area of this thesis and are a 

topographically asymmetric north-trending range ~65 km wide in south-central New 

Mexico that spans ~130 km from the Otero Mesa north to the town of Carrizozo. The 

fault-bounded western front rises from the Tularosa Basin and is characterized by high 

relief (7% – 13%). The eastern slope dips shallowly (~1°) towards the Pecos River 

(Pray, 1961). Maximum elevations across the Sacramento Mountains consistently 

range between 2500 m and 2900 m with Sierra Blanca, the highest peak, lying at  

3435 m. Tularosa Basin sits at an elevation of ~1400 m. Uplift along the range-

bounding fault began in the Tertiary as an extension of the Rio Grande rift system and 

continues to present-day (Pray, 1961; Keller and Baldridge, 1999).  Many structural 

features, including over-turned folds, high-angle faults and growth strata formed 

during the Pennsylvanian-early Permian during ancestral Rockies orogenesis (Otte, 

1959; Pray, 1961; Kluth and Coney, 1981). 
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 Streams along the western front of the range have deeply incised into mostly 

sedimentary bedrock and drain into the Tularosa Basin to the west. The western front 

of the range can be divided into two separate geomorphic regimes north and south of 

the 33° N latitude. The three drainages to the north of this latitude are large (average 

area: 314.4 km
2
) and typically triangular in shape (average length (W-E): ~27.5 km; 

average width along eastern major drainage divide (N-S): ~ 20 km). Within the 

northern zone, the mountain front is embayed and has retreated ~11 – 19 km from the 

range-bounding fault. 

The nine drainage basins south of the 33° N latitude are small (average area: 

54.3 km
2
) and typically ovular in shape (average dimensions: ~12.4 km long by 5 km 

wide). Between 32° 51.0‘ N and 32° 38.8‘ N the southern zone contains a steep 

escarpment that runs approximately parallel to the range-bounding fault. Where 

streams have incised into the escarpment, the escarpment has receded ~2 – 4 km from 

the range-bounding fault into the mountain front. Slopes along the escarpment range 

between 40° and 70°. Relief along the escarpment is approximately 200 m. 

Additionally, the Fresnal Fault (located at 32° 56.4‘ N, 105° 52.4‘ W) exhibits similar 

slopes and relief of ~200 m along its length. Longitudinal river profiles throughout the 

southern zone contain knickpoints—stream segments with convex-up geometries—

that suggest that drainages and their intrinsic geomorphic characteristics in the 

southern Sacramento Mountains are not in equilibrium with current tectonic or 

climatic conditions. 

 If the western range-bounding fault is indeed active, it is expected that the 

bedrock fluvial network should exhibit a response identifiable by spatial variations in 

geomorphic indices. Likewise, if the pre-Tertiary structural features located within the 

western front of the Sacramento Mountains are indeed inactive, no spatial variations in 

geomorphic indices should be correlative to such features. The questions this thesis 

seeks to answer are: (1) Is there geomorphic evidence for recent uplift in the 

Sacramento Mountains? (2) Do longitudinal bedrock river profiles reflect spatial 

and/or temporal variations in relief, deformation, and/or climate? And (3) If so, can 
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the detachment-limited stream power law of Howard and Kerby (1983) be used to 

quantitatively evaluate the role of river incision in uplift in the Sacramento 

Mountains?
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Figure 1.1. Relations between ks, Θ, and slope-area plots and longitudinal profiles. (A) Longitudinal profile of a stream in 

equilibrium with tectonic and climatic conditions. The profile exhibits a smooth, concave-up geometry. (B) Slope-area plot for 

a stream in equilibrium depicting the relations between line of regression (black line), Θ, and ks. A stream in equilibrium will 

exhibit a single concavity over the entire fluvial reach of the drainage. (C) Schematic longitudinal profiles of streams 

exhibiting irregularities along the channel bed because of variable uplift rates or climate conditions along the length of the 

drainage. Irregularities may be manifest as abrupt, over-steepened reaches (bottom profile), or convexities that occur over 

considerable distances (top profile). (D) Slope-area plot of situations observed in Figure 1.1C. A break in scaling occurs at the 

transition between the old (Θ2) and new (Θ1) equilibrium profiles. Dashed black lines indicate lines of regression. 



Texas Tech University, Joe C. Bauman, August 2011 
 

7 

 

 
 
Figure 1.2. Geography of the Sacramento Mountains. Geography and hillshaded 

relief of the study area and location of the study area within New Mexico, USA (inset 

map). (AF) indicates the Alamogordo Fault. Watershed abbreviations: (Gv) Grapevine 

Canyon, (BS) Bug Scuffle Canyon, (Es) Escondido Canyon, (Do) Dog Canyon, (SA) 

San Andres Canyon, (Mu) Mule Canyon, (Al) Alamo Canyon, (Fr) Fresnal, (Tu) 

Tularosa, (Tp) Temporal, (3R) Three Rivers. 
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Chapter II 

Study Area Setting and Geology 

2.1 Physiography 

The Sacramento Mountains are a north-trending mountain range located in 

south-central New Mexico approximately 130 km long by 65 km wide (Fig. 1.2). The 

range is distinctly asymmetrical. The western range-front rises abruptly from the 

Tularosa Basin—as much as 1.5 km over a horizontal distance of ~12 km in some 

areas. Conversely, the eastern slopes dip only 1° – 2° for a horizontal distance of  

~160 km towards the Pecos River to the east. The highest peak in the Sacramento 

Mountains is Sierra Blanca at 3635 m, which constitutes approximately 2380 m in 

relief above the Tularosa Basin. Peak elevations throughout the Sacramento 

Mountains consistently range between 2500 m and 2900 m. 

Important physiographic features adjacent to the Sacramento Mountains 

include the Tularosa Basin to the west, the Capitan range to the north, and the Otera 

Mesa and Guadalupe Mountains to the south and southeast, respectively (Fig. 1.2; 

Guadalupe Mountains not pictured). The Capitan range is an anomalous east-trending 

mountain range that is cored with plutonic rocks genetically-related, and similar in age 

and mineralogy, to those of Sierra Blanca (Allen and Jones, 1952; Pray, 1961; Weber, 

1964; Green and Jones, 1997). The Otera Mesa is a large, low-lying tableland that 

extends into Texas (Otte, 1959; Pray, 1961). The Guadalupe Mountains are a range 

structurally similar to, and en echelon with, the Sacramento Mountains (Pray, 1961). 

The Tularosa Basin is an endorheic, fault-bounded basin situated between the 

Sacramento Mountains to the east and the San Andres Mountains to the west (Hood, 

1959; Otte, 1959; Pray, 1961; Kottlowski, 1981). Pray (1961) estimated relative 

subsidence of the Tularosa Basin along the Alamogordo Fault adjoining the basin to 

the Sacramento Mountains to be a minimum of 7000 ft (2133 m) near the central 

portion of the escarpment based on the assumption of at least 2000 ft (610 m) of 

alluvial fill. However, more recent studies predict a minimum of 4000 ft (1220 m) of 

alluvial fill (Lozinsky and Bauer, 1991).  
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The Alamogordo Fault was divided into three segments by Machette (1987). 

North to south, these three segments are the Three Rivers Segment, Sacramento 

Segment, and McGregor Segment. These segments are identified in Figure 1.2. 

Koning and Pazzaglia (2002) performed detailed alluvial fault scarp analyses and 

proposed further dividing the Sacramento segment into two separate segments 

approximately north and south of the town of Alamogordo. 

The Sacramento mountain range is commonly separated into separate 

geographic provinces (e.g., Otte, 1959; Pray, 1961): the northern Sierra Blanca range 

(between the latitudes 33.62° N and 33.17° N), and the southern Sacramento 

Mountains (~33.17° N – 32.5° N). This thesis utilizes the title Sacramento Mountains 

in reference to the mountain range inclusive of the Sacramento Mountains, proper, and 

Sierra Blanca. Where discussed locally, the terms southern Sacramento Mountains 

and Sierra Blanca, respectively, will be used to differentiate between the two 

geographic provinces within the Sacramento Mountain range (shown in Fig. 1.2).  

The southern Sacramento Mountains consist of an east-tilted fault-block that 

forms a cuesta (Clark, 1959; Otte, 1959; Pray, 1961). The western range-front rises 

abruptly from the Tularosa Basin along the range-bounding Alamogordo Fault. 

Maximum elevations (2900 m – 2920 m) in the southern Sacramento Mountains occur 

between 32.80° N – 32.88° N. To the north and south of this zone, peak elevations 

decline gradually. In map view, the mountain range is arcuate with the north and south 

―limbs‖ flexing eastward (see Fig. 1.2).  

A topographic saddle between 33.27° N and 33.13° N separates the southern 

Sacramento Mountains from Sierra Blanca. Tularosa Canyon represents the 

approximate geographic axis of the saddle (Otte, 1959; Pray, 1961; see Fig. 1.2). 

Sierra Blanca is the intrusive core of a Tertiary volcano largely consisting of igneous 

rocks (Otte, 1959; Weber, 1964; Kottlowski, 1981). In contrast to the southern 

Sacramento Mountains, Sierra Blanca is largely embayed from the Alamogordo Fault. 

The western range-front of Sierra Blanca retreats as much as 15 km – 20 km from the 

Alamogordo Fault (see Fig. 1.2). Similar to the southern Sacramento Mountains, the 
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west-east profile of Sierra Blanca is asymmetric, although not as sharply asymmetric 

as the profile of the southern Sacramento Mountains. The greatest amount of relief 

along Sierra Blanca occurs along the western range-front where the mountain rises 

more than 1800 m above the piedmont (maximum elevation of 3635 m). The eastern 

slopes of Sierra Blanca dip generally ~1° to the Pecos River that lies to the east 

(Kelley and Thompson, 1964). 

Figures 2.1 and 2.2 depict the mean and maximum elevations for north-south 

and east-west profiles of the Sacramento Mountains. These profiles were created by 

overlaying a grid on the study area digital elevation grid and then extracting statistical 

values along each gridline (hypsometry) in ArcGIS. Gridlines were spaced 0.01° apart. 

Statistics were calculated along the entire distance of each gridline. For example, a  

N-S gridline at 106.00° W calculates the mean elevation and records the maximum 

elevation observed along the north-south trending gridline along the longitude of 

106.00°. Each gridline statistic (y-value) can then be plotted versus its longitudinal 

position (or latitudinal position for E-W trending gridlines). 

Figure 2.1 depicts the asymmetric E-W elevation and precipitation profiles of 

the Sacramento Mountains. The profiles in Figure 2.2 were only calculated between 

the Alamogordo Fault and the major eastern drainage divide. Note that south of 

~33.22° N (Fig. 2.2), the mean and the maximum elevations typically parallel each 

other. North of 33.22° N, the mean and maximum elevations are substantially 

separated. The profiles suggest that erosion is predominately by hillslope processes in 

the north, whereas the high mean elevation in the south suggests that fluvial incision 

dominates landscape evolution there (Burbank, 2002).
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Figure 2.1. East-west profile of mean and maximum elevation and precipitation values for the Sacramento Mountains.  

 



Texas Tech University, Joe C. Bauman, August 2011 
 

12 

 

 

Figure 2.2. North-south profile of mean and maximum elevation and precipitation values for the western range-front of 
the Sacramento Mountains. Black lines correspond to N-S extent of watersheds. Diamonds on black lines correspond to 

latitude of watershed mouth. Watershed abbreviations: (3R) Three Rivers, (Tp) Temporal, (Tu) Tularosa, (Fr) Fresnal, (Dr) 

Dry Canyon, (Al) Alamo Canyon, (Mu) Mule Canyon, (SA) San Andres Canyon, (Do) Dog Canyon, (Es) Escondido Canyon, 

(BS) Bug Scuffle Canyon, (Gv) Grapevine Canyon. 
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2.2 Climate and Hydrology 

 The climate of the study area ranges from arid to semi-arid. Paleoclimates 

spanning the past 5 Ma (Pliocene through Quaternary) were similar to present-day 

conditions, but slightly wetter and cooler as there is evidence for late Pleistocene 

paleo-lakes within the region that is now occupied by the Tularsoa basin (Hawley, 

1991; Weber, 2002), and for periglacial conditions near the Sierra Blanca and Capitan 

ranges during the late Pleistocene (Blagbrough, 1991). Locally, the present-day 

climate across the Sacramento Mountains is largely a function of topography and 

altitude (Hood, 1959; Newton et al., 2009). Precipitation statistics from reports by 

Hood (1959) and Newton et al. (2009) are listed in table 2.1. Newton et al. (2009) 

develop a reliable regression line to total annual precipitation (snow and rainfall) rates 

versus elevation for various weather stations located along the western and eastern 

slopes of the southern Sacramento Mountains. The data utilized by Newton et al. 

(2009) were compiled and made available by the Western Regional Climate Center, 

National Oceanic and Atmospheric Administration (NOAA) (see 

http://www.wrcc.dri.edu/summary/climsnm.html). Spatial analysis of annual 

precipitation data in this thesis utilizes a 10-m resolution precipitation estimate digital 

grid, which closely replicates the findings by Hood (1959) and Newton et al. (2009). 

The 10-m resolution grid was derived from resampling a 2.5 arc-minute resolution 

precipitation estimate digital grid created by the PRISM Climate Group, Oregon State 

University (data created October 14, 2003, see www.prism.oregonstate.edu). The 

methodology for creating the 10-m resolution precipitation estimate digital grid is 

discussed in Appendix A. Average precipitation rates across (north-south) the western 

range-front show little variability, which is discussed further in Chapter 4. Figures 2.1 

and 2.2 also depict the estimated mean and maximum annual precipitation rates for   

E-W and N-S profiles across the study area. The profiles were created in the same 

manner as the topographic profiles (see previous section) utilizing the 10-m resolution 

precipitation estimate digital grid instead of an elevation grid. 
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Table 2.1. Typical precipitation rates in relation to elevation in the Sacramento 
Mountains (Hood, 1959; Newton et al., 2009). 

Annual Precipitation Elevation Location and Physiography 
<  25 cm/yr 1200 m – 1350 m Tularosa Basin; relatively flat 

30 cm/yr 1350 m – 1450 m western range-front; foothills/piedmont 

50 cm/yr 2080 m High mountain-slope 

69 cm/yr 2685 m Town of Cloudcroft; mountain crest 

 

Precipitation rates in the Sacramento Mountains are highest during the months 

of June, July, August, and September (Hood, 1959; Koning et al., 2002; Newton et al., 

2009). Streams along the western range-front of the Sacramento Mountains are 

predominately ephemeral. According to Hood (1959), the only streams ―of any 

consequence‖ that enter the Tularosa Basin from the Sacramento Mountains are the 

trunk streams from the Three Rivers, Tularosa, La Luz (termed the Fresnal watershed 

in this thesis), and Alamo watersheds. Hood (1959) classified these particular streams 

as perennial streams. However, since the report by Hood, all of these streams are now 

classified as ephemeral streams (Newton et al., 2009). Changes in land use practices, 

the diversion of surface and ground water, and changes in vegetation density and 

climate patterns are important factors that have impacted the hydrology of the 

Sacramento Mountains region during the 20th century (Newton et al., 2009). Streams 

along the western range-front of the Sacramento Mountains typically flow only in 

response to rainfall (Hood, 1959; Hawley, 1991), in spite of the presence of springs 

located near the headwaters of multiple drainages (Kottlowski, 1981). Arid conditions 

in the Tularosa Basin (relative humidity = 8% – 10%), high summer temperatures 

(average: 35° C), and the porous nature of alluvial fans at the base of the western 

range-front and unconsolidated sediments of the Tularosa Basin cause the streams 

exiting the Sacramento Mountains to evaporate or entirely disappear underground 

(Hood, 1959; Koning et al., 2002; Naus, 2002). 

 The geometries of the box canyons that incise the western range-front of the 

Sacramento Mountain increase the erosive power of streams during precipitation and 

snow-melt events (Hood, 1959; Hawley, 1991). In the southern Sacramento 
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Mountains, watershed drainage areas are typically much smaller than watershed 

drainage areas near Sierra Blanca. However, during precipitation events the steep 

canyon walls and narrow valley widths of the box canyons in the southern Sacramento 

Mountains result in flows that are typically heavy with erosional debris (Hood, 1959). 

The erosional debris accumulates on alluvial fans at the base of the range-front; the 

alluvial fans range in size accordingly with the upstream drainage area size (Hood, 

1959; Koning, 2002).  

2.3 Geology 

The following discussion of geology is of ―higher resolution‖ than digital 

geologic maps of the study area permit for display. This section discusses features of 

individual geologic formations, and even members, whereas digital geologic maps of 

the study area may broadly group such features. In all cases, the digital geologic map 

used for spatial analysis in this thesis is the 1:500,000 scale geology map of New 

Mexico by Green and Jones (1997). The purpose of discussing features at higher 

resolution than the scale of the digital geologic maps is to emphasize to the reader that 

the regional geology is not as simple as the maps necessarily generalize. Figure 2.3 

provides a map of generalized rock age units. Higher resolution geologic maps of each 

watershed are included in Chapter 4. 

The Sacramento Mountains are primarily comprised of Paleozoic strata and 

exhibit a trend of younging south to north. Limited exposures of metasedimentary 

Precambrian rocks occur along the Alamogordo Fault in the southernmost extent of 

the Sacramento Mountains. Tertiary-aged intrusive igneous rocks are located 

throughout the range, but are especially prevalent in the northern end near Sierra 

Blanca. Sierra Blanca has a plutonic core. Surface flows of rhyolitic composition are 

extensive throughout the region near Sierra Blanca. Brief descriptions of the geologic 

formations and lithologies observed along the western range-front of the Sacramento 

Mountains are discussed in the following paragraphs. As noted by Kottlowski (1981), 

any stratigraphic report of the Sacramento Mountains draws heavily on the work by 

Pray (1961), and the following brief summary is no different. Even stratigraphic work 
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and mapping done as late as 2006 has made few, if any, corrections to the maps and 

reports by Pray (1961) (e.g. Romero and Koning, 2006; B. Hallet, personal commun., 

October 31, 2010).  

Precambrian Rocks 

 The oldest rocks exposed along the western range-front of the Sacramento 

Mountains are metasedimentary and metagranitic rocks. These rocks only occur in 

limited outcrops. The ages of these rocks have been interpreted as meso-Proterozoic 

(Green and Jones, 1997). Precambrian metasedimentary rocks are only exposed along 

the Alamogordo Fault scarp in the southernmost portion the Sacramento Mountains. A 

25-m section of Precambrian sedimentary rocks outcrops near Negro Ed Canyon and 

consists of slightly metamorphosed shales, siltstones, and sandstones. Later intrusion 

of diabasic sills resulted in contact metamorphism of the clastic strata (Pray, 1961). 

The only other exposure of Precambrian rocks occurs near the town of Bent, within 

the Tularosa watershed. The rocks near Bent are composed of grano-diorite (Foster, 

1959; Foord and Moore, 1991). 

Ordovician Rocks 

 Four formations of Ordovician age are recognized in the Sacramento 

Mountains. In chronological order of deposition, these formations are the Bliss 

Sandstone, El Paso Formation, Montoya Formation, and Valmont dolomite. The 

Ordovician formations consist primarily of dolomite with the exceptions of the Bliss 

sandstone and basal unit of the Montoya Formation. 

The most complete section of the Bliss sandstone in the Sacramento Mountains 

is ~30 m thick. Outcrops of the Bliss sandstone are limited to areas near Negro Ed 

Canyon. The Bliss sandstone is typified by fine – medium grain quartzose sandstone 

beds with glauconitic clays. Glauconite is present within the matrix of the sandstones 

and also occurs in glauconitic shales and siltstones that are interbedded between 

sandstone packages (Pray, 1961). 

The El Paso Formation overlies the Bliss sandstone and is exposed almost 

continuously along the base of the southern Sacramento Mountain escarpment. The 
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stratigraphic section of the El Paso Formation is 1400 m thick and consists primarily 

of thin-bedded dolostone. Thin layers of dolomitic sandstone and sandy dolostone are 

also present throughout the formation (Pray, 1961). 

The El Paso Formation is separated from the overlying Montoya Formation by 

a distinct, regionally-recognizable disconformity. Pray (1961) also noted that the El 

Paso Formation can be distinguished from the Montoya Formation by their different 

weathering profiles. The El Paso Formation weathers to a light grey color and has a 

slope profile, although small resistant ledges may develop where local massive or 

thick-bedded dolostone beds occur. Conversely, the Montoya Formation typical 

exhibits dark-colored, steep cliffs (Pray, 1961). 

The thickness of the dolomitic Montoya Formation ranges from 40 m to 75 m 

and consists of two members. The lower member that overlies the El Paso Formation 

averages ~30 m thick. Dolostone beds at the base of the lower member are massive- to 

thick-bedded, but diminish in thickness towards the top of the member. The lower 

member is differentiated from the upper member by the volume of chert and 

crystalline textures. The lower half of the lower member is essentially chert-free and 

comprised of coarse dolomite crystals. Conversely, the upper member is relatively 

chert-rich and dolomite grains range from very-fine to fine crystalline. The weathered 

profiles of each member further help to differentiate them. Whereas the lower member 

is cliff-forming, the upper member forms a slope and weathers to a light olive grey to 

olive grey. Thicknesses of the upper member are commonly ~ 34 m (Pray, 1961). 

The contact between the Valmont dolomite and the underlying upper member 

of the Montoya Formation is of a transitional nature. The basal units of the Valmont 

dolomite are similar in color and crystalline textures to the upper member of the 

Montoya Formation. The contact between the formations is indicated by a decrease in 

chert abundance, and the contact is commonly picked at the top of the chertiest unit. 

Other than the basal units and occasional local occurrences, chert is scarce throughout 

the Valmont dolomite (Pray, 1961). 
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Stratigraphic sections of Valmont dolomite range in thickness between 45 m 

and 70 m. The formation is divided into an upper and lower member on the occurrence 

of an argillaceous zone approximately 15 meters above the base of the formation. The 

argillaceous zone consists of two beds of shaly dolostone and dolomitic shale, each 

about 1 m thick and ~ 2 m apart. The argillaceous zone is laterally and regionally 

persistent. In outcrop, the argillaceous zone weathers out from between the upper and 

lower member dolostones. The upper member of the Valmont dolomite is relatively 

pure; however silicified dolomitic nodules and layers in the uppermost 15 m of the 

member are locally important and serve as marker beds (Pray, 1961). 

Silurian Rocks 

 The Silurian section of the Sacramento Mountains is solely represented by the 

Fusselman Formation. The Fusselman Formation is commonly about 20 m thick, but 

thicknesses are highly variable owing to the disconformities that mark the geologic 

contacts above and below it. The entire formation is predominately dolostone with 

abundant chert. The Fusselman Formation is typically darker than the underlying 

Valmont dolomite. Where the Fusselman Formation closely resembles the Valmont 

dolomite, the Fusselman Formation can be differentiated on the basis of its more 

massive bedding and higher resistance than the Valmont upper member. The 

Fusselman Formation is cliff-forming and laterally persistent along the central portion 

of the southern Sacramento Mountains (Pray, 1961). 

Devonian Rocks 

 Rocks of Devonian age in the Sacramento Mountains consist of three 

formations. In chronological order of deposition, these formations are the Oñate 

Formation, Sly Gap Formation, and Percha shale. The entire Devonian section has a 

maximum thickness of 30 m and in most outcrops it is less than 20 m thick. The 

Devonian formations are laterally and vertically discontinuous, and only occur in the 

central portion of the southern Sacramento Mountains. The Devonian basal unit, the 

Oñate Formation, is the most resistant unit of the Devonian formations as it contains 

beds of silty sandstone shaly dolostone. However the Devonian section is 
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predominately shaly and slope-forming. Slope wash and talus result in poor exposures 

of the Devonian section in outcrops (Pray, 1961). 

Mississippian Rocks 

 The cumulative Mississippian stratigraphic section of the Sacramento 

Mountains is commonly 90 m to 120 m thick, but individual units are highly variable 

in lithology, thickness, and spatial extent. A disconformity separates the Mississippian 

basal unit from the underlying Silurian formations. The Mississippian basal unit, the 

Cabellero Formation, is a shaly limestone/calcareous shale unit and is the only 

formation that is laterally continuous over the entire length of Mississippian 

exposures. This unit ranges as thick as 18 m in the north-central portion of the 

southern Sacramento Mountains but thins to ~ 5 m in the southern end of the 

Sacramento Mountains (Pray, 1961).  

The most distinguishable features of the Mississipian strata are the algal 

bioherm mounds of the Lake Valley Formation. These mounds are in excess of 100 m 

thick in some cases (Laudon and Bowsher, 1949; Pray, 1961). The general lithology of 

the Lake Valley Formation consists of calcareous siltstones and cherty limestones. The 

most resistant layers typically correlate to an abundance of chert nodules. Such layers 

are generally less than 2 m thick, but multiple layers may form cliff-forming packages. 

These packages are particularly prevalent in the uppermost segment of the 

stratigraphic section (Pray, 1961). 

 A distinct unconformity separates the Lake Valley Formation from the 

overlying Rancheria Formation. The Rancheria Formation consists of cliff-forming 

packages of thin-bedded, silty limestone and silty/sandy chrinoidal calcarenite. These 

packages are interbedded by thin, less resistant beds of brown shale. The formation is 

thickest in the southernmost portion of the Sacramento Mountains where it attains a 

thickness of 90 m. To the north-central portion of the southern Sacramento Mountains, 

the Rancheria Formation decreases in thickness but its beds become more massive 

(Pray, 1961). 
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 The Helms Formation overlies the Rancheria Formation. The Helms Formation 

is restricted to the southernmost portion of the Sacramento Mountains between Dog 

Canyon and Grapevine Canyon. Its maximum thickness is ~ 18 m and consists of thin 

interbedded layers of shaly limestone and shale. The Helms Formation is notably less 

resistant than the underlying Rancheria Formation (Pray, 1961). 

Pennsylvanian Rocks 

 Pennsylvanian strata represent more than one-third of the Paleozoic section 

and surface geology of the southern Sacramento Mountains. The Pennsylvanian 

section has a maximum thickness of 915 m, but lithologies are highly variable both 

laterally and vertically within the section. Facies within the Pennsylvanian section 

interfinger and transition cyclically between marine and terrestrial depositional 

environments. Pray (1961) interpreted the siliciclastic sediments of the Pennsylvanian 

section to be an indicator of an increasingly tectonically instable environment. The 

Pennsylvanian section is divided into three formations. In chronological order of 

deposition, these formations are the Gobbler, Beeman, and Holder formations. 

Additionally, the Bug Scuffle member is identified within the Gobbler Formation 

(Pray, 1961). 

 The base of the Gobbler Formation is marked by unconformity that Pray 

(1961) interpreted as a subaerial erosion surface. The Gobbler Formation represents 

the lower 370 m to 490 m of the Pennsylvanian section. Resistant cherty limestones 

and clean sandstones composed of coarse-grained quartz form resistant ledges within 

the lower 60 m to 150 m. However, this lower segment of the Gobbler Formation is 

interbedded with shales and overall the lower segment is slope-forming (Pray, 1961; 

Algeo et al., 1991).  

The Bug Scuffle member and an unnamed detrital unit comprise the upper 

section of the Gobbler Formation. These two units were deposited contemporaneously 

and are interfingered throughout the upper section, yet are practically mutually 

exclusive of similar sediments. The Bug Scuffle member consists almost entirely of 

limestone (primarily calcilutite) and forms prominent resistant cliffs 150 m to 215 m 
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high. The detrital unit contains minor amounts of limestone but primarily consists of 

terrigenous sandstones, siltstones, and shales. The detrital unit becomes increasingly 

predominant towards the northeast, whereas the Bug Scuffle member is predominant 

along the Sacramento escarpment south of the Alamo Canyon watershed (Pray, 1961; 

Algeo et al., 1991). 

The Beeman Formation comprises 100 m to 150 m of Pennsylvanian section 

above the Gobbler Formation. Important lithological transitions occur W-E within the 

Beeman Formation. The western exposures, along the Sacramento escarpment and 

western box canyons in the southern Sacramento Mountains, consist of slope-forming 

argillaceous limestone and calcareous shale. Eastward—and observable within Alamo 

Canyon outcrops—the shaly units of the Beeman Formation grade into resistant, cliff-

forming, massive-bedded limestones, marls, and limestone conglomerates (Pray, 

1961). 

The Holder Formation overlies the Beeman Formation. The Holder Formation 

is as much as 275 m thick within the Fresnal watershed but thins to the south and east 

because of erosion and depositional controls. Large resistant bioherm mounds within 

the formation form sheer cliffs along the crest of the Sacramento escarpment of the 

southern Sacramento Mountains. These bioherm mounds typically rise from the basal 

contact with the Beeman Formation and may be as thick as 20 m. Bioherm mounds 

may also be located higher in the section, particularly in the Dry Canyon and Fresnal 

watersheds. Higher in the Holder section, above the bioherm mounds, sediments 

become increasingly terrestrial in origin. The strata above the bioherm mounds are 

highly variable and include beds of shale and mudstone, limestone conglomerates, and 

a variety of quartz- and chert-rich sandstones and conglomerates (Pray, 1961; 

Toomey, 1991). 

Permian Rocks 

 Strata of Permian age demonstrate that tectonic instability continued and 

increased from the Pennsylvanian. Six Permian formations have been identified within 

the Sacramento Mountains. The Abo Formation is differentiated locally into upper and 
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lower tongues, separated by the Pendejo tongue of the Hueco Formation, in the 

southern Sacramento Mountains. The six Permian formations in chronological order of 

deposition are the Bursum Formation, the Abo and Hueco formations, the Yeso 

Formation, the San Andres Formation, and the Artesia group. The Permian section is 

as thick as 915 m (Pray, 1961). 

 The Bursum Formation is only exposed near the western range-front between 

the Dry Canyon and Tularosa watersheds where it overlies Pennsylvanian strata (Otte, 

1959; Pray, 1961; Green and Jones, 1997). The Bursum Formation was alternatively 

designated the Laborcita Formation by Otte (1959). The Bursum section may be as 

thick as 300 m, however the maximum thickness of exposed Bursum Formation is  

160 m, which occurs in the northernmost extent of its exposure (Otte, 1959). Within 

the Fresnal watershed, the Bursum section measures 100 m thick (Pray, 1961). The 

Bursum Formation consists primarily of thick packages of calcareous mudstones and 

thin beds of argillaceous limestones. More resistant beds of sandstones and 

conglomerates up to 6 m thick are also present within the section, but are infrequent 

(Otte, 1959; Pray, 1961). 

 The Abo Formation spans practically the entire length of the southern 

Sacramento Mountains. The Abo section has a maximum thickness of 430 m, which 

occurs within the Tularosa watershed (Otte, 1959). However, typical thicknesses of 

the Abo Formation range between 60 m and 170 m (Pray, 1961). The Abo Formation 

consists primarily of mudstones, some of which are ―red beds,‖ and occasional 

conglomerates and feldspathic sandstones. Conglomerate beds within the Abo 

Formation are composed of coarse-grained to cobble size quartzite, limestone, arkose, 

and chert grains (Otte, 1959; Pray, 1961). 

From the San Andres Canyon watershed to the southern extent of the 

Sacramento Mountains the Abo Formation is divided by the Pendejo tongue of the 

Hueco Formation. In this region the Abo Formation is differentiated locally into an 

upper and lower tongue. The Pendejo section is 130 m thick and consists of 

argillaceous limestone and shale (Pray, 1961). 
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The Yeso Formation overlies the Abo Formation and ranges between 370 m 

and 550 m thick (Otte, 1959; Pray, 1961). Geology of the Yeso Formation is complex 

and highly variable. Beds of anhydrite, shale, siltstone, sandstone, limestone, and 

dolostone alternate vertically and abruptly transition laterally. As a result of the 

lithologic variability and poor exposures because of extensive slumping, previous 

workers have struggled to describe and map individual lithologic units within the Yeso 

Formation (Bachman et al., 1954; Pray, 1954b, 1961; Otte, 1959). The areal extent of 

the Yeso Formation spans south from the Temporal watershed to beyond the extent of 

the study area (Otte, 1959; Pray, 1961). The amount of limestone strata within the 

Yeso Formation typically increases southward, whereas the amount of anhydrite 

decreases southward (Pray, 1959, 1961). 

Overlying the Yeso Formation is the San Andres Formation, which typically 

caps the crest of the southern Sacramento Mountains. The Glorieta sandstone 

separates the Yeso and San Andres Formations in much of New Mexico and west 

Texas, but is largely absent in the Sacramento Mountains. Stratigraphic sections of the 

San Andres Formation are as thick as 300 m in the subsurface of west Texas, but 

erosion has removed all but the basal 100 m to 150 m of the San Andres Formation in 

the Sacramento Mountains. Relatively resistant limestone beds comprise the majority 

of the San Andres strata, although beds of dolostone and thin beds of sandstone are 

also present. The sandstone beds consist of clean, fine- to medium-grained quartz and 

are typically less than 1 m in thickness (Pray, 1961). 

The Permian Artesia group has a limited areal extent within the Sacramento 

Mountains. Within the study area, the Artesia group is only present in within the 

Temporal watershed. In general, the Artesia group consists of dolostone and fine-

grained sandstones and silstones (Lucas, 1991a).  

Mesozoic Rocks 

 Mesozoic strata of the Sacramento Mountains are essentially restricted to the 

Three Rivers and Temporal watersheds. However, small exposures of Cretaceous 

strata are also present within the Tularosa watershed. Perhaps because of such limited 
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exposures, the Mesozoic strata of the Sacramento Mountains remain relatively 

unstudied and ―typical‖ thicknesses of the Mesozoic stratigraphic sections are 

unavailable. The Triassic Moenkopi Formation and the Chinle group, have limited 

areal extents within the Sacramento Mountains. The Moenkopi Formation consists of 

very fine- to fine grained, micaceous litharenites (Lucas, 1991a). Outcrops of the 

Moenkopi Formation are only observed within the study area near the mouth of the 

Three Rivers watershed. The Chinle group overlies and is spatially associated with 

Permian Artesia group within the Sacramento Mountains. Additionally, the Chinle 

group has a similar, restricted, areal extent as the Artesia group and occurs only within 

the Temporal watershed. Lucas (1991a) studied the Chinle group in areas that 

neighbor the Sacramento Mountains (~ 8 km east of the town of Capitan). In those 

study areas, the Chinle group section measured 13 m to 26 m thick and consisted of 

chert-pebble conglomerates and micaceous subarkose. 

 No Jurassic strata are present within the Sacramento Mountains (Pray, 1961). 

Cretaceous strata recognized within the Sacramento Mountains, in chronological order 

of deposition, are the Dakota group sandstones, the Mancos shale, and the Mesaverde 

group. Small exposures of Dakota group sandstones outcrop in the eastern side of the 

Tularosa watershed and also in the central portion of the Temporal watershed. Strata 

of the Dakota group within the Sacramento Mountain are typically 1 m – 8 m thick 

and composed of fine-grained quartzarenites (Lucas, 1991b). In some places, 

particularly near the western edge of the Three Rivers watershed, the Dakota group 

sandstones are intertongued with the Mancos shale formation. The Mancos shale is the 

most areally extensive Mesozoic unit within the Sacramento Mountains (Green and 

Jones, 1997). The Mesa Verde group overlies the Mancos shale, but is only exposed in 

parts of the Three Rivers watershed. The Mesaverde group consists primarily of fine-

grained sandstones and mudstones (Cather and Elston, 1991; Green and Jones, 1997). 

Tertiary Rocks 

Rocks of Tertiary age are predominately igneous and occur as dikes, sills and 

laccoliths, surface flows, or as intrusive stocks. Eruptions at 38 Ma covered much of 
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the area surrounding Sierra Blanca with lava flows of andesitic to rhyolitic 

composition (Moore et al., 1991).  The emplacement of plutonic stocks that are 

exposed in the study area occurred between 40 Ma to 25.8 Ma. The Three Rivers 

stock, the large stock that is the core of Sierra Blanca, was emplaced between 29.9 Ma 

and 25.8 Ma and is essentially granitic in composition (Thompson, 1972; Allen et al., 

1991; Moore et al., 1991). 

Dikes of felsic to intermediate composition are distributed throughout the 

sedimentary strata and typically trend northeast-southwest (Otte, 1959; Pray, 1961). 

The dikes are generally near-vertical and commonly as thick as 5 m wide (Otte, 1959; 

Pray, 1961). Within the study area, the dikes are most prevalent north of the Dry 

Canyon watershed. Dikes are likely common throughout the southern Sacramento 

Mountains but remain unexposed because of the higher resistance of the carbonates 

they intrude (Pray, 1961). Dikes that intrude siliciclastic rocks and shales are typically 

more resistant than the host rock and may protrude conspicuously above the ground 

surface (Otte, 1959).  

Sills of Tertiary age are observed throughout the Sacramento Mountains. The 

sills are most prevalent and attain the greatest thicknesses within shaly strata (Otte, 

1959; Pray, 1961). For example, sills that intrude the Bursum Formation are as thick 

as 60 m. Sills in the Sacramento Mountains typically have one of two mineral 

compositions. The largest sills are generally composed of quartz albite. Andesite 

porphyry is the second, and more common, mineral composition observed in 

Sacramento Mountain sills. Sills composed of andesite porphyry are generally less 

than 7 m thick (Otte, 1959). 

2.4 Tectonic History 

 The most important structural events related to the development of the 

Sacramento Mountains are (1) the uplift of the Pedernal landmass during 

Pennsylvanian time, (2) Compression and transpressional movements during the 

Laramide, and (3) Tertiary volcanic activity and basin-and-range crustal extension. 
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 During the Paleozoic, the present-day western range-front of the Sacramento 

Mountains was situated between the Pedernal landmass—a relatively positive 

topographic expression to the east—and the Orogrande basin to the west (see Fig. 2.4). 

The present-day Tularosa basin occupies essentially the same location as the Paleozoic 

Orogrande basin. The Sacramento Mountains during that time were a marine shelf 

facies that acted as a transition zone between the negative-area Orogrande basin and 

the Pedernal high. Through Mississippian time the region was relatively tectonically 

stable and deposition/erosion was largely controlled through eustatic changes in sea 

level. Increased uplift of the Pedernal landmass began in early Pennsylvanian time, 

which is denoted by the presence of siliciclastic, terrigenous sediments within 

Pennsylvanian strata. Increasingly immature Pennsylvanian sediments suggest an 

increasingly proximal source through the end of Pennsylvanian time. Prior to 

Pennsylvanian time, terrigenous sediments are largely absent from the exposed 

Paleozoic sections (Pray, 1961; Kottlowski, 1960; Kelley, 1971; Toomey, 1991). 

During Pennsylvanian-early Permian time, tectonism in the region resulted in high-

angle or vertical faults and folds (Pray, 1961; Kluth and Coney, 1981; Moore et al., 

1991). Most of these structures are aligned northeast-southwest. By late Permian time, 

south-central New Mexico was covered by warm, shallow seas, and the Pedernal 

landmass had been beveled (Pray, 1961; Bowsher, 1991; Moore et al., 1991). 

Laramide tectonism resulted in regional, north-trending folding and 

reactivation of late Paleozoic faults, but contributed little, if any, to the positive 

topography of the Sacramento Mountains. However, Laramide activity did result in 

the erosion of any Triassic-Cretaceous rock deposited over the area that now 

comprises the southern Sacramento Mountains. Reactivation of the late Paleozoic 

faults included both thrusting and strike-slip displacement (Kelley and Thompson, 

1964; Kelley, 1971; Beck and Chapin, 1991; Yuras, 1991; Cather and Harrison, 2002). 

Laramide activity in southern New Mexico concluded approximately 40 Ma (Keller 

and Baldridge, 1999).  
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 Intense tectonism and basin-and-range faulting during the Tertiary reactivated 

many of the Pennsylvanian-Permian structures (e.g. Pray, 1961; Moore et al. 1991; 

Keller and Baldridge, 1999). Dikes and sills were emplaced contemporaneously with 

local plugs and stocks during early Tertiary time. Dikes preferentially intruded 

through the pre-existing northeast-southwest trending fractures. At about 38 Ma, the 

eruption of Sierra Blanca covered nearby, exposed Cretaceous and Permian strata with 

volcanic rock of andesitic-rhyolitic composition. The intrusion of feeder stocks, such 

as the Three Rivers stock of Sierra Blanca, occurred between 38 Ma and 25 Ma 

(Thompson, 1972; Moore et al., 1991). Basin-and-Range faulting associated with the 

Rio Grande rift during late Tertiary time resulted in uplift of the southern Sacramento 

Mountains along the reactivated Alamogordo Fault (Moore et al., 1991; Yuras, 1991; 

Keller and Baldridge, 1999). 

 Fault scarps in alluvial fans along the range-bounding Alamogordo Fault 

suggest that uplift of the Sacramento Mountains continues to present-day (Pray, 1961; 

Grant, 1984; Machette, 1987; Koning and Pazzaglia, 2002). Multiple studies estimate 

current uplift rates to be ~0.11 mm/yr along the Sacramento segment of the 

Almogordo fault (e.g. Machette, 1987; Salyards, 1991; Koning and Pazzaglia, 2002). 

Uplift rates along the Three Rivers and McGregor segments of the Alamogordo Fault 

are less than uplift rates along the Sacramento segment of the fault (Pray, 1961; 

Machette, 1987; Hawley, 1991; Salyards, 1991; Koning and Pazzaglia, 2002). 

However, precise measurements of uplift rates along the northern and southern 

segments of the Alamogordo Fault have not been conducted; therefore, uplift rates for 

these fault segments have been assigned the broad, minimal rate of < 0.2 mm/yr 

(Machette et al., 2000).  
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Figure 2.3. Generalized geology map of the Sacramento Mountains (modified 

from Green and Jones, 1997). Watershed abbreviations are the same as those used in 

Figures 1.2 and 2.2. Finer-scale structures are not included in this map but are 

included in maps of individual watersheds in Chapter 4. 
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Figure 2.4. Spatial relationship between Paleozoic and present-day geography 
(after Kottlowski and Stewart, 1970; Cather and Harrison, 2002).The blue region 

represents the Orogrande basin, which is essentially occupied by the present-day 

Tularosa Basin. The Pedernal uplift (in green) provided the siliciclastic sediment 

observed in Pennsylvanian strata of the Sacramento Mountains. During Paleozoic 

time, the Sacramento Mountains represented a transitional zone between the uplifted 

Pedernal landmass and the marine Orogrande basin. The hillshaded relief map 

underlying the Paleozoic features represents present-day topography. The Alamogordo 

Fault (Green and Jones, 1997) and identified towns are added to give spatial reference 

between Paleozoic features and the study area. The Duncan-Tinnie Anticlinorium 

represents the uplifted axis of the Pedernal landmass during Paleozoic time (Kelley, 

1971; Cather and Harrison, 2002). 
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Chapter III 

Methods and Data Handling 

3.1 Theoretical Background 

 Bedrock channels denote an end-member type of stream channel reach where 

the stream only flows on erosionally-resistant substrate; alluvial channels are the other 

end-member type. Very few instances fully meet the end-member criteria in nature.  

Most stream channels recognized as bedrock channels, in fact, contain discontinuous 

accumulations of unconsolidated sediment in the channel beds and banks; however, in 

mountainous environments with steep relief, the sediment is generally temporary fill 

as sediment transport capacity (Qc) is taken to be greater than the sediment flux (Qs) 

(detachment-limited conditions; Howard, 1994), and is insignificant enough so that the 

stream primarily incises its bed through hydraulic flow patterns determined by the 

underlying bedrock (Howard and Kerby, 1983; Howard et al., 1994; Tinkler and 

Wohl, 1998; Ritter et al., 2002; Whipple, 2004; VanLaningham et al., 2006).   

 Bedrock channels typically develop in mountainous regions where landscapes 

are being incised by streams and are favored by high relief, high uplift rates, resistant 

bedrock, and low sediment yields (Howard et al., 1994; Tinkler and Wohl, 1998; 

Whipple, 2004).   The study of bedrock rivers is important in understanding landscape 

evolution in orogenic belts because bedrock channels represent a localized lower 

boundary for hillslope erosion processes and the rate at which bedrock channels incise 

their beds, which is determined by relations between climate, lithology, and tectonics, 

dictates the rate at which landscape denudation takes place (Howard et al., 1994; 

Kirby et al., 2003; Hancock et al., 1998; Tinkler and Wohl, 1998; Whipple, 2004; 

Wobus et al., 2006). 

Within an unglaciated drainage basin, erosion occurs by hillslope- or fluvial-

processes (Howard, 1994; Whipple, 2004; Wobus et al., 2006). Hillslope processes 

include soil creep and debris flows (i.e., colluvial processes). Fluvial processes are 

erosion processes in which sediment is transported by the hydraulic flow of surface 
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water (i.e., bedrock streams or alluvial streams). Empirical studies demonstrate that a 

transition from erosion dominated by hillslope processes to erosion dominated by 

fluvial processes typically occurs around drainage areas of 10
5
 m

2
 – 10

6
 m

2
 (e.g. 

Snyder et al., 2000; Kirby et al., 2003; VanLaningham et al., 2006; Wobus et al., 

2006). The drainage area at which the transition occurs is referred to as the critical 

drainage area (Acr). At drainage areas larger than Acr, fluvial processes are the 

dominant erosion process. The relation between drainage area and the slope of 

bedrock and alluvial stream profiles has been empirically modeled as a log-log 

relationship (e.g., Howard and Kerby, 1983): 

     S = ksA
-Θ

,     (1) 

where S is channel slope (elevation/horizontal distance), A is drainage area, and ks and 

Θ are geomorphic indices known as the steepness index and concavity index, 

respectively (Howard, 1994; Snyder et al., 2000; Montgomery, 2004; Schoenbohm et 

al., 2004). In accordance with observations made by Mackin (1948), empirical fits of 

this model suggest a general concave-up longitudinal profile geometry for alluvial and 

bedrock streams. At drainage areas smaller than Acr, debris-flow dominated colluvial 

processes prevail and relations between hillslope gradient and drainage area do not 

follow the concave-up generality (Tarboton et al., 1989; Montgomery and Foufoula-

Georgiou, 1993). 

 Howard and Kerby (1983) noted that river incision into bedrock could be 

expressed as a function of basal shear stress (τb) so that: 

     E = kbτb
a
,     (2) 

where E is the erosion rate, kb is a dimensional coefficient dependent on the dominant 

erosional process, rock resistance, and possibly sediment load (Sklar and Dietrich, 

1998; Snyder et al., 2000), and a is a positive constant dependent on the erosional 

process. Values for a are thought to vary from 1 for a linear-erosion process in highly 

erodible material (Howard and Kerby, 1983; Snyder et al., 2000) to ~5/2 for impact 
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abrasion (Foley, 1980; Hancock et al., 1998; Snyder et al., 2000; Whipple et al., 

2000). 

 Under the assumptions of conservation of mass, and steady, uniform stream 

flow, an equation for basal shear stress (τb) can be expressed as (e.g., Snyder et al., 

2000): 

     τb = ρ[gSQ/W]
2/3

,       (3) 

where ρ is the density of water, g is gravitational acceleration, Q is the characteristic 

stream discharge (Wolman and Miller, 1960), and W is the characteristic channel 

width. Next, a simplified assumption that average stream discharge (Q) is a function of 

drainage area (A) is made (e.g., Snyder et al., 2000): 

     Q = kqA
c
,     (4) 

where kq is a dimensional coefficient that is dependent on climate and flood frequency 

(Dunne and Leopold, 1978). The exponent C is a dimensionless constant that is 

typically assumed to be unity, except in the case of mountainous regions where 

orography and variable exposure to prevailing winds cause hydrological 

heterogeneity; in which case discharge does not necessarily increase linearly with 

drainage area and values of c are expected to be slightly less than unity (Dunne and 

Leopold, 1978; Pazzaglia et al., 1998; Snyder et al., 2000). Assuming that channel 

width (W) increases systematically with increasing discharge and drainage-area 

downstream, a relation between channel width and discharge can be expressed as (e.g., 

Snyder et al., 2000): 

    W = kwQ
b
= kwkq

b
A

bc
,     (5) 

where kw is a dimensional coefficient and b is a positive constant. The value of b has 

been empirically observed to approximate 0.5 in alluvial streams, but insufficient data 
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exists to constrain a range of values for b in bedrock rivers (Leopold and Miller, 1956; 

Snyder et al., 2000); however, from field measurements of channel width and 

inspection of drainage-area data, the products kwkq
b
 and bc can be calculated (Snyder 

et al., 2000). 

 Relations between equations 2 – 5 can then be exploited to derive the shear-

stress incision law (e.g., Snyder et al., 2000): 

     E = KA
m

S
n
,     (6) 

with the relations: 

    K = kbkw
-2a/3

kq
2a(1-b)/3

ρ
a
g

2a/3
;    (7) 

     m = (2ac/3)(1-b);    (8) 

            n = 2a/3;     (9) 

where K is an erosion factor with units of meters 
1-2m

 yr
-1

, and m and n are positive 

constants related to erosional processes, lithological resistance, and hydraulic 

geometry. Though values of K are likely influenced by multiple factors, such as rock 

strength, channel bed material, and channel width (Snyder et al., 2000), some 

researchers have chosen to hold K constant in space and time (e.g., Seidl and Dietrich, 

1992; Anderson, 1994); however, Stock and Montgomery (1999) concluded that K 

may vary by orders of magnitude across different study areas, and Snyder et al. (2000) 

demonstrated that holding K constant may require unrealistic values for the exponent 

n. 

 In tectonically active landscapes, changes in elevation over time (δz/δt) are 

attributable to the balance between rates of uplift (U) and erosion rates (E) so that  
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shear-stress incision law (equation 6) can be utilized to reflect this relationship: 

    δz/δt = U-E = U-KA
m

S
n
    (10) 

Where uplift rates (U) equal erosion rates (E), then δz/δt = 0 and the landscape is said 

to be steady-state. Under such conditions, equation 10 can be rearranged to solve for 

equilibrium slope (Se): 

     Se = (U/K)
1/n

A
-(m/n)

,    (11) 

which appears identical to equation 1, with the relationships: 

     ks = (U/K)
1/n

;     (12) 

     Θ = -(m/n);     (13) 

where: 

     (m/n) = c(1-b),     (14) 

which, by algebra (eqs. 8 and 9) and cancellation of the shear-stress exponent, a, 

suggests the ratio m/n is constant over a large range of erosional processes; however, 

as suggested by equations 9 and 12, and demonstrated by Whipple and Tucker (1999), 

the value of n is dependent on dominant erosion process and has a strong influence on 

equilibrium slope (Se); empirically determined values for n range from ~2/3 to ~5/3 

(Hancock et al., 1998; Kirby et al., 2003). Empirically obtained values of m range 

from 0.2 to 0.45 (Howard and Kerby, 1983; Hancock et al., 1998). The ratio m/n is the 

intrinsic concavity and should not be confused with Θ, the concavity index (the 

observed concavity). The relations seen in equations 12 and 13 are only valid under 

the following criteria: 

a) The landscape is steady-state, meaning uplift rates match erosion rates so     

that δz/δt = 0 (explicated by equation 10). Under steady-state conditions, a 

stream incises its bed at the same rate as the uplift taking place and is able to 

transport all sediment delivered to it from upstream (Whipple, 2004). 
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b) Uplift rates and the erosion coefficient (K) are uniform throughout the channel 

reach (implied by the relationship seen in equation 12). 

c) The investigated channel reach incises its bed under detachment-limited 

conditions (explicated by use of equation 2 in the derivation of the shear-stress 

incision law). Typically, detachment-limited reaches of streams are congruent 

with bedrock reaches, and are often used synonymously (e.g., Schoenbohm et 

al., 2004; Whipple, 2004). The term detachment-limited denotes a condition 

where sediment transport capacity exceeds sediment flux. 

When and where the preceding conditions are satisfied, values for (U/K)
1/n

 and (m/n) 

can be determined empirically from log slope-log area plots. 

3.2 Geomorphic Indices 

 Geomorphic indices are signals/characteristics observed in a landscape that 

may indirectly reveal quantitative information regarding the influence of tectonism 

and climate on landscape evolution. Geomorphic indices (discussed individually in the 

following paragraphs) include the concavity index (Θ), the steepness index (ks), and 

knickpoints. The term geomorphic index is used to distinguish such indices from 

metrics collectively referred to as topographic metrics, such as mountain-front 

sinuosity and valley floor-width to valley-height ratio (Bull and McFadden, 1977) and 

drainage basin volume-area ratio (Frankel and Pazzaglia, 2006). Topographic metrics 

are measurements that can only provide qualitative assessments of the influence of 

tectonism or climate on landscape evolution. For example, mountain-front sinuosity 

(S) is measured as (Bull and McFadden, 1977): 

     S = Lmf / Ls,     (15) 

where Lmf is the length measured along the edge of the mountain-piedmont junction, 

and Ls is the total length measured along the mountain front or range-bounding fault. 

Bull and McFadden (1977) offered three classes of relative tectonic activity according  
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to ranges of sinuosity values: 

Class 1: Tectonically Active (S = 1.0 to 1.6) 

Class 2: Slightly Active (S = 1.4 to 3) 

Class 3: Inactive (S = 1.8 to > 5). 

Note that the ranges of sinuosity show some overlap. Clearly, interpretations derived 

from mountain-front sinuosity require some subjectivity on behalf of the researcher. 

Also note that although Lmf and Ls are quantitative and measureable, the ratio Lmf/Ls 

is qualitative in nature and offers no specific information regarding uplift rates or 

erosion rates. 

 Conversely, the geomorphic indices of steepness (ks) and concavity (Θ) are 

metrics that can potentially be utilized to constrain actual uplift rates in a steady-state 

environment via the relationships observed in equations 1 – 14. The third geomorphic 

index, knickpoints—over-steepened reaches of streams—are readily discernible as 

definitive features in longitudinal stream profiles and slope-area plots. Knickpoints are 

useful in identifying boundaries between stream segments of differential concavity 

and/or steepness. 

Concavity Index 

The concavity index (Θ) indicates the vertical curvature observed over the length of a 

longitudinal stream profile. As observed in equation 1, Θ is the Area exponent that, 

when plotted in log-log space, is the linear fit of regression for stream slope-area data 

(Fig. 1.1). Under steady-state conditions and where uplift rates (U) and the erosion 

factor (K) are uniform along the entire length of the channel, Θ is equal to the intrinsic 

concavity (m/n) (see equation 14 and related text). Theoretical predictions of (m/n) 

give values between 0.35 and 0.60 (Whipple and Tucker, 1999). The concavity index 

can be determined empirically as the slope of regressions of data on log slope-area 

plots. Values of observed concavities (Θ) in bedrock rivers typically range from ~0.30 

to 1.20, but extreme values (negative or >1.2) may occur over short stretches (Snyder 

et al., 2000; Schoenbohm et al., 2004; Whipple, 2004).  
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Table 3.1 discusses the controls that often characterize values of observed 

concavities (Whipple, 2004, sources therein). However, because the concavity index is 

measured in log-log space, the downstream regression limit selected by a worker may 

inherently incorporate large measurements of error as small changes in log drainage 

area are typically associated with large changes in distance along the stream profile 

(Wobus et al., 2006). Additionally, comparisons of slope-area data from streams 

experiencing uniformly high uplift rates and streams experiencing uniformly low 

uplift rates often reveal concavity indices that are nearly identical but exhibiting 

different steepness indices (e.g., Snyder et al., 2000; Whipple, 2004; Wobus et al., 

2006). The differences suggest that the steepness index may offer greater potential as a 

quantitative geomorphic index. 

Table 3.1. Generalized associated controls on observed concavity indices (Θ) 
(Whipple, 2004). 
Observed Concavity (Θ) Associated Condition 

< 0.4 

 Short, steep drainages strongly influenced by debris flows. 

 Downstream increases in either incision rate or rock strength, 

commonly associated with knickpoints. 

0.4 – 0.7 
 Actively uplifting bedrock channels in homogenous substrates 

experiencing uniform rock uplift. 

0.7 – 1.0 

 Downstream decreases in rock uplift rate or rock strength. 

 Downstream transition to fully alluvial conditions 

 Disequilibrium conditions resulting from a temporal decline in 

rock uplift rate. 

negative or > 1.0 

 Abrupt knickpoints due to pronounced along-stream changes in 

substrate properties. 

 Abrupt knickpoints due to spatial or temporal differences in rock 

uplift rates or transitions from incisional to depositional 

conditions. 

Steepness Index 

 The steepness index is determined empirically as the y-intercept from 

regression of slope-area data on log-log plots (see equation 1, section 3.1; Fig. 1.1). 

Available data suggests there is a strong positive association between the steepness 
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index, ks, and rock uplift rates, U (Schoenbohm et al., 2004, sources therein; Wobus et 

al., 2006). Currently, there is insufficient understanding to correlate steepness index 

values to some definitive attribute of rock uplift other than ―all else being equal, 

higher ks values suggest higher uplift rates‖; additionally, steepness index values can 

be highly variable (e.g. VanLaningham et al., 2006). The empirically determined 

steepness index and concavity index are strongly correlated (see eq. 1) and sensitive to 

the user-selected regression limits (Kirby et al., 2003; Schoenbohm et al., 2004; 

Whipple, 2004; Wobus et al., 2006). However, normalization of steepness index 

values (ksn) by some reference concavity (Θref) allows for meaningful comparison 

between individual stream segments (e.g., Snyder et al., 2000; Kirby et al., 2003; 

Schoenbohm et al., 2004; Wobus et al., 2006) and available data suggests a much 

more limited range of possible values for ksn (data from the San Gabriel and King 

Mountains, California; Siwalik Hills, Nepal; the Nepal Himalaya; eastern margin of 

the Tibetan Plateau; North Island of New Zealand, southern Appalachian Mountains; 

Ural Mountains; and the Central Range of Taiwan), between 20 and 600 for a Θref of 

0.45 (Whipple, 2004). The normalized steepness index can be determined by: 

     ksn = ksAcent
(Θref – Θ) 

   (16) 

with 

         Acent = 10
(log Amax+log Amin)/2

    (17) 

(Wobus et al., 2006), where ks and Θ are the steepness index and concavity index, 

respectively, determined from regression of slope-area data, Amin and Amax are the 

drainage area minimum and maximum bounds of the analyzed stream segment, and 

Acent is the median drainage area. An appropriate Θref may be determined by taking the 

average concavity from streams within the study area that appear to be in equilibrium 

with current uplift and climatic conditions and exhibit no knickpoints (e.g., Snyder et 

al., 2000; VanLaningham et al., 2006). Typical values used for Θref range between 

0.35 and 0.65. A value of 0.45 is commonly used as a default value where 

characteristic Θref values are difficult to acquire (Snyder et al., 2000; Schoenbohm et 
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al., 2004; Whipple, 2004; VanLaningham et al., 2006; Wobus et al., 2006). The exact 

value chosen for Θref matters little, only that the same value is used for all streams in 

the analysis (Schoenbohm et al., 2004). However, where the difference between Θref 

and Θ is greater than 0.2, the values of ksn are only meaningful for comparison over a 

small range of drainage area near Acent (Wobus et al., 2006). 

Knickpoints 

As observed by Mackin (1948), equilibrium longitudinal river profiles 

typically have a concave-up geometry. Transport-limited alluvial rivers adjust their 

gradients in response to a drop in base level by mobilizing the bed load by diffusive 

processes that operate over the entire length of the channel (Mackin, 1948; Whipple 

and Tucker, 2002; Whipple, 2004). Detachment-limited bedrock streams, on the other 

hand, respond to a drop in base level by kinematic processes through a wave of 

incision that initiates at the stream outlet and propagates upstream, creating an abrupt 

transition between the ―old‖ profile (i.e., the upstream portion of the stream in 

disequilibrium with current uplift and/or climatic conditions) and the ―new‖ 

equilibrium profile (Howard et al., 1994; Schoenbohm et al., 2004; Whipple, 2004; 

Wobus et al., 2006). Figure 3.1 illustrates the difference between diffusive and 

kinematic responses to a drop in base level. In nature, this transition zone may be 

observed as a definitive feature, such as a waterfall or channel down-stepping 

(Howard et al., 1994; Whipple, 2004), or may be imperceptible as a gradual change 

over a long reach that separates zones of high and low uplift rates; however, analyses 

of longitudinal profiles and slope-area plots have shown the ability to identify the 

convex-up geometry of such transition zones regardless of their spatial extent (e.g., 

VanLaningham et al., 2006; Wobus et al., 2006).  

 Knickpoints may occur along a stream bed because of tectonic deformation, 

changes in base level because of tectonics, climate, or river capture, or variations in 

lithological resistance between formations (Howard et al.,, 1994; Whipple, 2004; 

Frankel et al., 2007). Under detachment-limited conditions, knickpoints in bedrock 

channels may migrate upstream by one of 3 processes: (1) inclination, (2) 
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replacement, or (3) parallel retreat (Gardner, 1983; Fig. 3.2). Migration by inclination 

works to smooth perturbations along the channel bed; while the lip of the knickpoint 

recedes, the base of the knickpoint remains relatively stationary as the gradient along 

the knickpoint face is reduced indefinitely until equilibrium between the channel 

segments upstream and downstream of the knickpoint is reached. Migration by 

replacement is similar to inclination except that erosion occurs at the base and top of 

the knickpoint, as well as the face, so that the knickpoint diminishes in size as it 

recedes upstream. In parallel retreat, erosion occurs evenly and only along the face of 

the knickpoint so that the angle between the lip and the base does not change. Parallel 

retreat is typically associated with knickpoints occurring where an erosionally-

resistant layer overlies relatively nonresistant rock (Gardner, 1983; Howard et al., 

1994; Frankel et al., 2007). 

It has been suggested by Wobus et al. (2006) that in homogenous substrate, the 

propagation of knickpoints should occur at a nearly constant vertical rate throughout 

the trunk stream and its tributaries; however, the shear-stress incision law (equation 6) 

predicts that incision rates should decrease with decreasing drainage-area, so that 

erosion rates should decrease with distance upstream, and that tributaries with smaller 

drainage areas should maintain evidence of disequilibrium, exhibited by knickpoints, 

longer than the trunk stream. Nonetheless, the spatial distribution of knickpoints in 

plan-view can suggest whether a landscape is in transient- or steady-state (e.g. Wobus 

et al., 2006; Fig. 3.3). In the transient-state landscape, it is expected that the spatial 

array of knickpoints will exhibit a fan shape as knickpoints migrate through the trunk 

stream and its tributaries. In a steady-state landscape, where δz/δt = 0, the knickpoints 

should be aligned linearly along the abrupt change in uplift rates (i.e., a fault or shear 

zone). Additionally, observing the spatial distribution of knickpoints in plan-view, 

overlain by a map of bedrock geology, can reveal important geologic contacts that 

may produce knickpoints because of variations in lithological resistance rather than 

changes in base level (Kirby et al., 2003; VanLaningham et al., 2006; Wobus et al., 

2006). 
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Figure 3.1. Schematic comparison of kinematic and diffusive responses to a drop  
in base level (after Whipple and Tucker, 2002). (A) A kinematic response is 

characterized by a migrating knickpoint. The channel bed upstream of the knickpoint 

is left relatively undisturbed as the knickpoint incises headward. Kinematic processes 

are indicative of detachment-limited conditions. (B) In a diffusive response, the stream  

adjusts the elevation of the channel bed along the entire length of the channel. A  

diffusive response is indicative of transport-limited, or alluvial, conditions. 
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Figure 3.2. Schematic diagram showing the different modes of knickpoint 
migration, after Gardner (1983). (A) illustrates the position of the knickpoint lip as 

discussed in the text. In inclination (B), the face of the knickpoint is rotated upstream 

while the base remains relatively stationary. Parallel retreat (C) is typically associated 

with alternating layers of resistant/nonresistant rock, where the rate of migration is 

dictated by the ability of the stream to incise the resistant layer along the face of the 

knickpoint. In replacement (D), incision occurs along the top of the knickpoint as well 

as the face so that as the knickpoint diminishes in size as it migrates upstream. 
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Figure 3.3. Schematic plan-view illustrations comparing transient- and steady-
state landscapes, after Wobus et al. (2006). In a transient system (A), knickpoints 

(open circles) migrate upstream through the trunk stream and tributaries. Wobus et al. 

(2006) suggested that the knickpoints should be approximately located at the same 

elevation contour (brown, dashed line) throughout the system as the wave of incision 

propagates at a nearly constant vertical rate. Conversely, in a steady-state landscape 

(B), δz/δt = 0, so that incision rates equal uplift rates, thus knickpoint positions remain 

stationary. The linear trend (black, dashed line) can be utilized to identify faults and 

shear zones. 

 

3.3 Assumptions of Channel Bed Morphology  

 In this thesis, the major assumption is made that the investigated streams are 

all detachment-limited bedrock streams because of (a) the prominent knickpoints 

observed along multiple longitudinal profiles within the study area, which suggests 

kinematic processes characteristic of bedrock channels, (b) the environment of the 

study area is characteristic of environments associated with bedrock channels,          

(c) under low- or no-flow conditions, channels can still be distinguished from aerial 

photos and lack vegetative cover, whereas the steep hillslopes are vegetated, which is 

diagnostic of detachment-limited conditions as such vegetation restricts the transport 

of sediment (Howard et al., 1994), and (d) the western slopes of the range are 

characterized by steep relief. 
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3.4 Stream Profile Analysis Methods 

 A series of computer programming scripts were used for this thesis. These 

were designed by Noah Snyder and Kelin Whipple in the late 1990‘s for use in Matlab 

(Snyder et al., 2000). Later improvements of the scripts by Daniel Sheehan and Eric 

Kirby allowed for the additional integration between Matlab and Esri‘s ArcGIS (Kirby 

et al., 2003; Wobus et al., 2006). The compilation of programming scripts is referred 

to as the profiler tool and is available free online (www.geomorphtools.org). The 

profiler tool has been utilized previously by many researchers (e.g. Kirby and 

Whipple, 2001; Schoenbohm et al., 2004; VanLaningham et al., 2006; Wobus et al., 

2006) and its use has been taught in multiple Geological Society of America short 

courses. The profiler tool extracts longitudinal profiles from digital elevation grids. 

Snyder et al. (2000) compared profiles created by 3 different methods: (1) extraction 

from 30-m USGS DEMs, (2) extraction from digitized elevations using USGS 7.5‘ 

topographic maps, and (3) field surveys using hand levels and hand inclinometers; 

they found the results statistically indistinguishable. Additionally, Wobus et al. (2006) 

compared profiles extracted from varying resolutions of digital elevation grids and 

found that steepness and concavity values typically fell within ~10% of each other 

regardless of the data source. 

 The profiler tool allows the user to experimentally determine values of 

concavity (Θ) and steepness (ks) from slope-area data regression in Matlab and 

extracts a longitudinal profile that enables the user to observe knickpoints and other 

irregularities in the stream‘s profile. Points and stream segments of interest identified 

in a profile can then be imported into ArcGIS; this allows observation and mapping of 

spatial variations in geomorphic indices. 

For the profiler tool to extract stream profile data from ArcGIS, a flow 

accumulation grid was required in addition to elevation grids, or Digital Elevation 

Models (DEMs). DEMs of the study area were imported from the USGS Seamless 

Data Warehouse (http://seamless.usgs.gov/). The DEMs used for analysis have a 

resolution of 1/3 arc-second (~10 m). These DEMs were created using National 



Texas Tech University, Joe C. Bauman, August 2011 
 

45 

 

Elevation Dataset (NED) data sources derived from cartographic contours and mapped 

hydrography and have an absolute vertical accuracy of 2.44 m root mean square error 

(Gesch, 2007). Website download restrictions limit individual file sizes so that 

multiple DEMs had to be imported and then mosaicked. The mosaicked DEM was 

then horizontally projected—Universal Transverse Mercator (UTM) projection—in 

ArcGIS to create a grid with equal-area, square pixels. The original DEMs imported 

from the seamless server were unprojected (USGS DEMs utilize the geographic 

coordinate system), which results in increasing spatial distortion with increasing 

distance from the equator and prime meridian. After mosaicking and projecting the 

DEM, a flow direction grid and flow accumulation grid were created using tools 

available in ArcGIS. The flow direction grid is intermediate output data used to create 

the flow accumulation grid; the flow accumulation grid creates the stream network 

that the profile tool will extract data from. National Hydrography Dataset (NHD) 

stream data (http://nhd.usgs.gov) were imported to ArcGIS to verify the accuracy of 

the flow accumulation grid. The created stream network very closely mimicked the 

NHD flowlines except where hillslope gradients became very shallow. In most cases, 

this loss of accuracy occurs just before streams enter Tularosa Basin and was therefore 

neglected as it had little effect on the stream profile as a whole. Disparities between 

the NHD and created stream networks occurring in higher elevations were few, but 

where such errors occurred they were identified and the affected streams were not 

used in analysis. After the DEM and flow accumulation grid were created, the grids 

were then clipped by individual watersheds to reduce file sizes, which increased 

computing speeds. Watersheds were identified by utilizing Peter Isaacson‘s hydrology 

module (available free online at 

http://arcobjectsonline.esri.com/ArcObjectsOnline/Samples/Spatial%20Analyst/Hydro

logy%20Modeling/HydrologyModeling.htm) and then verified with NHD watershed 

data. Lastly, the grids were exported as text files (.txt) and then converted to .mat 

format files to be read by Matlab. 
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 In ArcGIS, the user defines parameters by which the profiler tool will extract 

and display stream data (see Fig. 3.4): 

a) Theta ref: this is the reference concavity (Θref) that will be used to determine 

the normalized steepness index (ksn) for each stream. Field studies have 

demonstrated that concavity values typically range from 0.35 – 0.60. This 

study utilized a Θref of 0.45, which is a common default concavity value and is 

also the approximate value observed in smooth, concave-up equilibrium stream 

profiles within the study area. The actual value of Θref is of little importance as 

long as the same value is used consistently throughout the study area as it 

allows a researcher to compare normalized steepness indices (ksn) 

(Schoenbohm et al., 2004). 

b) Spike Removal: elevation spikes are a common artifact of SRTM (Shuttle 

Radar Topography Mission) data that may occur because of vegetative cover. 

Because this study utilizes NED-derived DEMs, elevation spikes are 

negligible. By default, the parameters are set to remove spikes. 

c) Step Removal: steps are an artifact observed in longitudinal profiles due to 

elevation grid resolution. DEMs are grids consisting of pixels that average the 

elevation over an area of specified dimensions (e.g. 30 m x 30 m, or 10 m x 10 

m), thus profiles extracted from DEMs have a step-like profile. The step 

removal option here is specifically for smoothing profiles extracted from 10 m 

DEMs; however, this option allows no additional smoothing and limits the 

functionality of other tool options, and was therefore not used. 

d) Smooth Profile: this option is similar to the step removal option with the 

exception that the user defines the smoothing window. This study utilized this 

option with a smoothing window of 250 pixels. Smoothed profiles closely 

matched raw elevation profiles. Wobus et al. (2006) evaluated the effects of 

various sizes of smoothing windows and noted that the position of scaling 

breaks, which are used to identify the different erosional-process reaches and 
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stream segments, are relatively insensitive to the size of the smoothing window 

and steepness and concavity indices typically fell within ~10% of each other 

regardless of the smoothing window size.  

e) Contour Sampling Interval: the contour sampling interval is the vertical 

distance between raw elevation points extracted by the profiler tool. Sampling 

vertical intervals minimizes stepping in profiles and reduces scattering in 

slope-area plots. USGS DEMs are created from NED data, which is 

determined at 40 foot (12.192 m) vertical intervals. This thesis utilizes USGS 

DEMs, so 12.192 m is an appropriate value for sampling. Additionally, it is the 

vertical sampling interval that minimizes any negative effects that are 

produced when shallow gradients limit the accuracy of the flow accumulation 

grid. 

f) Auto ksn: this tool option was not used in analysis. The default value of the 

tool is 0.5 km.  

g) Search Distance: this is the distance in pixels down-slope the profiler tool 

examines to determine where the stream channel is located; once the stream 

channel is identified, the tool tracks upstream to the channel head. When a user 

selects a stream in ArcGIS for extraction, this feature allows consistent stream 

extraction regardless of the user‘s precision in selecting the stream channel. 

This thesis uses the default setting of 10 pixels. 

h) Minimum Accumulation: the minimum accumulation option determines the 

channel head by setting the lower boundary of flow accumulation to begin 

profile extraction. The flow accumulation grid determines how many pixels 

contribute cumulative flow to each successive pixel down-slope. This thesis 

uses the default setting of 10 accumulated pixels. 

Once the parameters were set, stream profiles were extracted from each respective 

watershed and exported to Matlab for analysis. The profiler tool Matlab scripts plot 3 

figures for each stream: (1) elevation versus distance upstream (longitudinal profile), 
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(2) log drainage area versus distance upstream, and (3) log slope versus log drainage 

area (Fig. 3.5). A lower drainage area boundary (Acr) for data regression was set at  

10
6
 m

2
 as this commonly represents a scaling break between colluvial and fluvial 

processes (Montgomery and Foufoula-Georgiou, 1993; Snyder et al., 2000; Wobus et 

al., 2006); only streams with drainage area greater than 10
6
 m

2
 were analyzed. 

Regressions of log-slope log-area data were calculated for each stream segment, which 

were determined from scaling breaks observed in the log-slope log-area plot. 

Knickpoints and convexities observed along profiles were also identified. 

After streams were analyzed in Matlab, stream segment data and knickpoints were 

exported to ArcGIS to observe spatial variations of geomorphic indices in map view. 

By importing a digital map of surface geology, this process also allows the user to 

constrain variations in lithological resistance between rock types and geologic 

formations. This thesis utilized a 1:500,000 digital geologic map of New Mexico 

compiled by Green and Jones (1997). The scale of the map is smaller than preferred 

and likely generalizes and abstracts the geologic formations and contacts, but no other 

digital map, compiled from partial extents or otherwise, inclusive of the entire 

Sacramento Mountain range currently exists. In spite of the scale, the author justifies 

the use of Green and Jones (1997) map because knickpoints and convexities occur 

throughout the range without regard for a particular formation or lithology, with the 

possible exception of the Tertiary granite, which only occurs near the peak of Sierra 

Blanca. Other workers have also determined that in general, sedimentary rocks (which 

comprise most of the bedrock of the Sacramento Mountains) may be considered 

homogenous (e.g., Snyder et al., 2000). Surface geology, contacts, and faults were also 

mapped along each trunk stream longitudinal profile to observe possible correlations 

between geology and stream segment scaling breaks. 
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Figure 3.4. User-defined parameters utilized by the profiler tool. See text for 

explanation. 
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Figure 3.5. Plots created by the profiler tool. The longitudinal profile (A) is plotted 

as distance upstream versus elevation. Smoothed data (pink line) matches raw 

elevation data exceptionally well; raw elevation data appears as a green line, here it is 

overlain and hidden by the smoothed data). Blue lines indicate the spatial extent of 

regressed stream segments.  

Log drainage area versus distance upstream plots (B) allow for useful comparison 

between plots A and C. Large steps in drainage area typically indicate stream 

confluence. 

Slope-area plots (C) are plotted in log space and are used to determine scaling-breaks 

(stream segments) and for regression of data. The blue lines are inclusive of the data 

used in regression; here 2 stream segments were regressed. Acr typically occurs near 

10
6
 m

2
 drainage area.

Stream 

Confluence 

Acr 
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Chapter IV 

Results 

4.1 Introduction 

 This chapter contains the results of analysis of digital topographic data from 

the twelve major catchments within the western Sacramento Mountains (Fig. 1.2). 

Section 4.2 summarizes and lists the results of the digital analysis for each watershed, 

in addition to describing some of the methods used to determine the metrics. Section 

4.3 then provides in-depth discussion for each watershed individually regarding the 

derived geomorphic indices and spatial relationships of the indices to lithologic units 

and geologic structures. 

The naming convention used to discuss watersheds uses a geographic feature, 

such as the trunk stream or a major canyon within the watershed. Streams were 

identified by numbers, rather than names, because of the common case where a stream 

had no name. Streams were numbered sequentially in the order they were investigated. 

In all, 401 streams were investigated. Of those 401 streams, 110 streams across twelve 

watersheds have a drainage area greater than 10
6
 m

2
 (Acr).  

 Data acquired from regression analysis included normalized steepness    

indices (ksn), concavity indices (Θ), and the identification of knickpoints. These 

geomorphic indices were then classified and mapped. Values for normalized steepness 

indices ranged from 18.6 to 331.9. Approximate clustering occurred within that range 

in 30 unit increments, and thus ksn values were mapped based on that observation. 

Concavity indices ranged from -62.81 to +15.36. Concavity indices were classified 

following Whipple (2004), as discussed in Chapter 3 and table 3.1. Steepness and 

concavity indices were plotted along respective stream segments and can be found in 

the resultant shaded relief map figures at the end of this chapter. Longitudinal profiles 

that include identified knickpoints, and slope-area plots for each watershed are 

included at the end of this chapter. Slope-area plots include data points from all 

analyzed streams within a catchment. In an effort to improve visual clarity in 
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illustrations, plots of longitudinal profiles do not necessarily include all analyzed 

streams from a given watershed. However, longitudinal profiles and slope-area plots 

that include regression lines and identified knickpoints for each analyzed stream may 

be found in Appendix B. Tables containing all stream segment data may be found in 

Appendix C. 

 Also included at the end of this chapter are figures detailing hillslope gradients 

and bedrock geology for each watershed. Slope grids of 30-m resolution were created 

from 10 m resolution DEMs using the ArcGIS spatial analyst extension. Slope values 

within the study area range between 0° and 73.2°. Slopes greater than 40° appear to be 

greater than the angle of repose within the Sacramento Mountains, thus a linear stretch 

of the slope grid symbology was applied between 0° and 40°, with all slopes greater 

than 40° receiving the same symbology as 40° slopes. The following watershed 

geology maps utilize the 1:500,000 scale surface geology map of New Mexico by 

Green and Jones (1997). Figure 4.1 provides a legend for use with the enclosed maps 

that discusses lithologic units and ages. 

This chapter also lists elevation and precipitation values for each watershed. 

Elevations were acquired from 10 m resolution DEMs acquired from the USGS 

seamless server (see Chapter 3). Precipitation values were acquired by extracting 

values from a 30 m precipitation grid that had been resampled from an 800-m 

precipitation grid acquired from PRISM (see Chapter 2, Appendix A). 

4.2 Summary of Results 

 In addition to longitudinal stream profile analysis, digital geospatial analysis 

was performed to assist in interpreting the relationships between tectonism and 

landscape evolution in the Sacramento Mountains. Table 4.1 summarizes these results. 

This table will be used in Chapter 5 to draw conclusions regarding regional tectonism. 

Watersheds are listed in order of geographic location, north to south. The Area of each 

watershed represents a simple, 2-dimensional calculation of the amount of area within 

each watershed (i.e., the calculation is representative of a smooth surface and does not 
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account for irregular topography). The Maximum Elevation and Mean Elevation were 

determined by extracting statistics from a 10-m DEM using the spatial analyst 

extension in ArcGIS; Average Precipitation was determined in the same manner 

except that this calculation utilized the 10-m digitial precipitation estimate grid (see 

Appendix A). The values used to calculate Average ksn and Median Θ for each 

watershed are listed in Appendix C. The average normalized steepness index (ksn) 

appears to be fairly representative of ksn values within a watershed. The median 

concavity (Θ) of a watershed is more useful than the average Θ value. Extreme 

concavity values (Θ << 0.0, Θ >> 1.0) drastically limit the usefulness of the average Θ 

as the meaningful range of concavity only span between 0.0 and 1.1 (see Chapter 3). 

Percent-Relief was determined by dividing the Mean Elevation by the Maximum 

Elevation. In a landscape erosionally-dominated by hillslope processes (e.g. 

landslides, soil creep, etc.), the ratio of mean elevation to maximum elevation should 

be lower than in a landscape where fluvial incision predominates (Molnar and 

England, 1990; Burbank, 2002). 
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Table 4.1. Summary of stream profile and digital geospatial analyses. 

Watershed Area (km
2
) 

Mean 

Elevation 

(m) 

Maximum 

Elevation (m) 

Percent 

Relief 

Average 

Slope (°) 

Precipitation 
(cm/yr) 

Average 

ksn* 

Median 

Θ
†
 

Three Rivers 252.5 1964 3638 54.0% 12.9 42.9 73.98 0.473 

Temporal 266.3 2071 3271 63.3% 15.1 51.0 52.05 0.422 

Tularosa 424.5 2201 2757 79.8% 14.7 54.9 62.37 0.303 

Fresnal 164.6 2247 2918 77.0% 16.4 55.4 86.82 0.478 

Dry Canyon 31.7 2043 2685 76.1% 18.3 47.7 83.90 1.046 

Alamo Canyon 63.5 2172 2917 74.5% 20.8 55.5 110.17 0.656 

Mule Canyon 12.7 2061 2480 83.1% 23.9 45.3 140.17 0.374 

San Andres 

Canyon 37.4 2268 2943 77.1% 19.0 55.7 144.71 0.769 

Dog Canyon 26.2 2230 2822 79.0% 18.2 56.1 171.76 0.559 

Escondido 

Canyon 29.8 2166 2782 77.9% 15.0 58.3 174.64 0.612 

Bug Scuffle 

Canyon 35.1 1995 2766 72.1% 16.0 55.1 86.07 -0.394 

Grapevine 

Canyon 88 1924 2576 74.7% 15.8 52.6 63.79 -3.245 

* ksn is the normalized steepness index. 
†
 Θ is the concavity index.
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4.3 Inspection of  Individual Watersheds 

 Six figures are provided for each watershed (72 figures in all). These figures 

are presented systematically at the end of the chapter to (1) enable easy comparison 

between different figures of the same watershed (e.g. to compare the slope map of one 

watershed to the geologic map of the same watershed), (2) provide an orderly 

presentation that allows the reader to quickly find a particular figure for any 

watershed, and (3) make it easier for the reader to refer back to specific figures while 

reading the discussions in Chapter 5. Watersheds, and their respective figures, are 

presented in order of geographic location north to south. Table 4.2 explains the order 

and topic of each figure. 

Table 4.2. Presentation order of figures for each watershed. These six figures are 

provided at the end of this chapter for each watershed.  

Order presented for               
each watershed Figure topic 

1st Longitudinal Profiles 

2nd Slope-Area Plot 

3rd Normalized steepness (ksn) Map 

4th Concavity (Θ) Map 

5th Slope Map 

6th Geologic Map 

 

Three Rivers Watershed: Figures 4.2, 4.3, 4.4, 4.5, 4.6, 4.7 

The Three Rivers watershed lies between the latitudes of 33° 28.2‘ N and     

33° 17.9‘ N, and encompasses an area of 252.5 km
2
. Twenty-four streams were used 

in regression analysis of the Three Rivers watershed (Figs. 4.2, 4.3, 4.4, 4.5, 4.6, 4.7). 

The trunk stream in the watershed, stream 72, flows southwesterly approximately 35 

km to the Tularosa Basin. Measured from the range-bounding fault, Three Rivers 

watershed is approximately 25 km long and spans 18 km at its widest extent. Areas 

within the Three Rivers watershed receive a mean annual rainfall of 43 cm each year, 

according to PRISM estimates. Elevations in the watershed range from approximately 

1400 m near the Tularosa Basin to 3640 m near the peak of Sierra Blanca, with a mean 
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elevation of 1964 m. The mean hillslope gradient for the Three Rivers watershed is 

12.9°, which is the lowest mean slope value among the investigated watersheds.  

A large portion of the surface geology of the Three Rivers watershed consists 

of alluvium and unconsolidated Tertiary deposits (Fig. 4.7). Consolidated deposits 

within the watershed include the Cretaceous Mesa Verde sandstone and Mancos shale. 

The Tertiary granitic pluton of Sierra Blanca can be observed in the eastern corner of 

the drainage.  Surrounding the pluton is a large deposit of Tertiary rhyolitic lavas and 

pyroclastic rocks. 

 Five knickpoints were observed within the watershed; three of which occur in 

the granitic pluton of Sierra Blanca (profiles 59, 70, and 73) between elevations of 

2332 m and 2535 m. Two more knickpoints were identified along profiles 50 and 54 at 

elevations of 1921 m and 1957 m, respectively (Figs. 4.4, 4.5, 4.6, 4.7), and are 

situated proximal to a mapped fault. The average normalized steepness index (ksn) 

value for the Three Rivers watershed is 74.0. Streams with the highest ksn values     

(ksn >120) are spatially associated with the granitic pluton of Sierra Blanca. Elsewhere 

in the watershed, profiles typically exhibit low steepness values (ksn = 22.5 – 90.0). 

The median concavity index (Θ) value for the watershed is 0.47. Concavity index 

values are typically highest immediately downstream of the granitic pluton, whereas 

stream segments within the mapped granite have typically low concavity index values  

(Θ < 0.40). 

Temporal Watershed: Figures 4.8, 4.9, 4.10, 4.11, 4.12, 4.13. 

 No knickpoints were identified in the Temporal watershed (Figs. 4.8, 4.9, 4.11, 

4.12, 4.13). The Temporal watershed contains 22 streams with drainage areas greater 

than Acr, all of which exhibit smooth, concave-up equilibrium profiles (Figs. 4.8 and 

4.9). Temporal watershed is located between 33° 21.5‘ N and 33° 10.5‘ N and covers 

an area of 266.3 km
2
. The catchment is approximately 25 km long and fairly triangular 

in shape. Near the eastern major drainage divide, the watershed measures 18 km north-

south, and approximately 13 km wide north-south near the middle of the drainage. 
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Annual precipitation rates for the Temporal watershed average 51 cm/yr. The 

maximum elevation within the watershed is 3271 m and occurs near the peak of Sierra 

Blanca in the northwest corner of the drainage. The average elevation value is 2071 m. 

Streams enter the Tularosa Basin at an elevation of 1444 m. 

 The mean hillslope gradient within the watershed is 15.1° (Fig. 4.12). The 

highest slope values occur in the northern edge of the watershed and are spatially 

associated with Tertiary granite intrusions. The Temporal watershed is divided by an 

anomalous ridge of ~200 m relief that separates streams to the north and south. 

Streams north of this ridge flow due south—away from Sierra Blanca—and are then 

sharply diverted due west along the ridge before entering Tularosa Basin. One such 

stream is the trunk stream, stream 134, which has a stream-wise length of 

approximately 46 km.  Streams south of the anomalous ridge flow due west without 

any significant deviations. 

 Multiple faults transecting streams within the Temporal watershed have been 

previously mapped by Green and Jones (1997) (Fig. 4.13); however, recent 

displacement along these faults is not evident from longitudinal profiles and slope-area 

plots. Streams flow through multiple lithologies that span from Permian carbonates to 

Triassic and Cretaceous clastic rocks to Tertiary igneous rocks. Normalized steepness 

values within the Temporal drainage are typically low, ranging between 23.3 and 92.6 

(mean ksn = 52.0). The median concavity index value for the Temporal watershed is 

0.47.  

Tularosa Watershed: Figures 4.14, 4.15, 4.16, 4.17, 4.18, 4.19 

 Thirteen streams within the Tularosa watershed were analyzed (Figs. 4.14, 

4.15, 4.16, 4.17, 4.18, 4.19). The Tularosa watershed is the largest watershed along the 

western front of the Sacramento Mountains (424.5 km
2
) and spans from 33° 14.0‘ N to 

33° 0.8‘ N. Two prominent ―lobes‖ define the outline of the watershed: one at the 

northeast end, from which streams flow southwest to the Tularosa Basin; and one at 

the southeast end of the watershed, from which streams flow northwest, approximately 

parallel to the range-bounding fault, before joining southwest-flowing streams. The 
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trunk stream in the Tularosa watershed is stream 222, which has its headwaters in the 

southeast lobe and then flows nearly 60 km before reaching the Tularosa Basin. The 

eastern boundary of the watershed extends 30 – 35 km from the range-bounding fault. 

The Tularosa watershed spans approximately 24 km N-S at its widest extent, and      

16 km N-S near the middle. Elevations within the Tularosa watershed range from 

1403 m near the Tularosa basin to 2757 m. The average elevation in the watershed is 

2201 m, with the highest elevations occurring disparately in the southeast lobe. Slope 

values in the Tularosa watershed average 14.7°. Areas within the watershed receive an 

average of 54.9 cm/year. The bedrock within the Tularosa watershed is predominately 

Permian in age. West to east, the general bedrock lithology trends from shale to 

sandstone to carbonates. Small exposures of Ordovician-Cambrian sedimentary rocks 

(area < 1 km
2
) and Mesoproterozoic granitic plutonic rocks (area < 0.1 km

2
) are 

present near the geographic center of the watershed. Also, small outcrops of 

Cretaceous sandstones (area ~ 0.5 km
2
 – 2 km

2
) are exposed in a northwesterly trend 

near the head waters of stream 222. 

Slope-area plots of stream within the Tularosa watershed typically exhibit a lot 

of scatter, which made it difficult to determine scaling breaks (4.15). Longitudinal 

profiles of streams in the Tularosa watershed exhibit an undulating character (Fig. 

4.14). One knickpoint was identified in the Tularosa watershed, which occurs near the 

confluence of streams 210, 222, and 238 at an elevation of 1978 m. Stream segments 

typically exhibit low values for ksn (average = 62.4), although higher values were 

observed in profile 186 and its tributaries (ksn = 95.4 – 111.0), and in the trunk stream 

profile immediately downstream of the knickpoint (ksn = 135.1) (Fig. 4.16). Concavity 

index values (Fig. 4.17) are likewise typically low in the Tularosa watershed (median 

Θ = 0.30). Convex-up (negative concavity values) segments are present as short 

stream segments near headwaters in profiles 161, 195, and 240. In the trunk stream 

profile, profile 222, a segment of extremely high concavity (Θ = 15.36) is exhibited 

where the stream transects an alluvium deposit.  
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Fresnal Watershed: Figures 4.20, 4.21, 4.22, 4.23, 4.24, 4.25 

 Nine streams within the Fresnal watershed have a drainage area greater than 

Acr (Figs. 4.20, 4.21, 4.22, 4.23, 4.24, 4.25). The Fresnal watershed is located between 

the latitudes of 33° 1.5‘ N and 32° 52.4‘ N and covers an area of 164.6 km
2
. The 

watershed extends approximately 19 km east from the range-bounding fault. The 

north-south extent measures approximately 16 km near the eastern major drainage 

divide and 10 km through the middle of the watershed. Streams in the Fresnal 

watershed flow due west to the Tularosa Basin. Elevations within the watershed 

average 2247 m and range from 1468 m near the Tularosa Basin to a maximum 

elevation of 2918 m.  

Within the nine analyzed streams, eight knickpoints were identified from 

longitudinal profiles and slope-area plots (Figs. 4.20 and 4.21). The knickpoint 

observed along the trunk stream profile, profile 18, at an elevation of 1950 m is 

especially pronounced. This knickpoint is expressed as a convexity over nearly 5 km 

in stream distance and constitutes a 230 m change in relief. Normalized steepness 

index values for the Fresnal watershed have a wide range (ksn = 27.8 – 300.5) (Fig. 

4.22). The maximum ksn value occurs along the convexity noted in profile 18. The 

mean ksn value for the Fresnal watershed is 86.8; excluding the highest steepness value 

(ksn = 300.5) from the convexity along profile 18, the mean ksn is 75.6. Similarly, 

concavity index values exhibit a wide range for stream segments within the Fresnal 

watershed (Θ = -9.87 – 5.55); the median concavity value is 0.48 (Fig. 4.23). 

The Fresnal watershed slope map (see Fig. 4.24) shows two broad regions of 

relatively higher and lower slopes. Most of the watershed is relatively embayed and 

consists of lower slopes (< 20°) up to 10 km east of the range-bounding fault; beyond 

this distance to the east, the terrain exhibits typically higher slope values (> 20°) (Fig. 

4.24). The average hillslope gradient for the Fresnal watershed is 16.4°, with the 

highest slopes (> 40°) occurring immediately adjacent to the Fresnal Fault. 

Precipitation rates within the Fresnal watershed average 55.4 cm/yr, according to 
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PRISM estimates. The bedrock geology within the Fresnal watershed is predominately 

Permian in age (Fig 4.25). Pennsylvanian strata are exposed along the Fresnal Fault 

and in smaller outcrops (~ 0.1 – 1 km
2
) along stream 31.  

Dry Canyon Watershed: Figures 4.26, 4.27, 4.28, 4.29, 4.30, 4.31 

The Dry Canyon watershed is a narrow, arcuate watershed approximately    

12.5 km long by 2.5 km wide situated between 32° 58.2‘ N and 32° 53.0‘ N. Five 

streams within the Dry Canyon watershed have a drainage area greater than Acr (Figs. 

4.26, 4.27, 4.28, 4.29, 4.30, 4.31). The watershed is oriented SE – NW and covers an 

area of 31.7 km
2
. Precipitation rates in the Dry Canyon watershed average 47.7 cm/yr, 

according to PRISM estimates. Elevations within the Dry Canyon watershed average 

2043 m and range from 1457 m near the Tularosa Basin to a maximum elevation of 

2685 m. As in the Fresnal watershed, slopes of greater than 40° can be observed 

adjacent to the Fresnal Fault (Fig 4.30). The average hillslope gradient within the Dry 

Canyon watershed is 18.3°. The bedrock geology is primarily Pennsylvanian in age 

with some exposures of Permian aged rocks (Fig. 4.31). Small exposures (~1 km
2
) of 

Mississippian-Cambrian aged rocks also occur within the watershed.  

Normalized steepness index values (ksn) average 83.9 for streams in the 

watershed (Fig. 4.28). Prominent knickpoints (relief ~ 250 m – 300 m) can be 

observed along the longitudinal profiles of streams 278, 279, and 280 between 

elevations of 2019 m and 2199 m. These knickpoints are readily discernible in slope-

area plots also as they are manifested as large scaling-breaks. Downstream of these 

knickpoints, respective tributary stream segments exhibit very high concavity index 

values (Θ = 1.05 – 5.36) (Fig. 4.29).  

 Two knickpoints were identified along the trunk stream profile, profile 275; 

one near the headwaters at an elevation of 2245 m and one approximately 3.5 km 

upstream of the mouth at an elevation of 1587 m. Both are much more subtle than the 

knickpoints identified along profiles 278, 279, and 280. However, the lower 

knickpoint marks a substantial transistion in concavity, from 0.44 upstream of the 

knickpoint, to greater than 1.0 (Θ = 5.84 +/- 2.42) downstream of the knickpoint. 
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Alamo Canyon Watershed: Figures 4.32, 4.33, 4.34, 4.35, 4.36, 4.37 

 The Alamo Canyon watershed is situated between 32° 53.4‘ N and 32° 49.2‘ N 

and covers an area of 63.5 km
2
. Eight streams with drainage areas greater than Acr 

were identified within the Alamo Canyon watershed (Figs. 4.32, 4.33, 4.34, 4.35, 4.36, 

4.37). The watershed is fairly circular in shape. It extends 11 km east from the range-

bounding fault and spans 7.5 km N-S through the approximate center of the watershed. 

Streams in the Alamo Canyon watershed typically flow due west to the Tularosa 

Basin. The trunk stream within the watershed, stream 295, has a stream length of        

~ 17 km. Annual precipitation rates in the Alamo Canyon watershed average          

55.5 cm/yr, according to PRISM estimates. Elevations within the watershed average 

2172 m and range between 1454 m and 2917 m.  

Four knickpoints were identified from longitudinal profiles and slope-area 

plots between the elevations of 1995 m and 2218 m (Figs 4.32 and 4.33). The trunk 

stream profile, profile 295, contains a prominent knickpoint approximately 10 km 

upstream from the range-bounding fault that accounts for a nearly 200 m change in 

elevation along the channel bed.  Normalized steepness index values for stream 

segments in the watershed (Fig. 4.34) are typically greater than 100.0 (mean             

ksn = 110.2). The median concavity index value for stream segments within the Alamo 

Canyon watershed is 0.66 (Fig. 4.35). The mean hillslope gradient within the Alamo 

Canyon watershed is 20.8°, and hillslopes steeper than 30° are prevalent in the western 

half of the watershed (Fig. 4.36). Bedrock geology in the lowest portions of the 

watershed consists of Mississippian-Cambrian sedimentary rocks (Fig. 4.37). The 

knickpoints observed in profiles 288, 290, and 295 occur in Pennsylvanian strata, 

whereas the knickpoint observed along profile 301 occurs in the Permian Abo 

formation. Geomorphic indices do not appear to vary in concert with lithology in the 

Alamo Canyon watershed. 

  



Texas Tech University, Joe C. Bauman, August 2011 
 

62 

 

Mule Canyon Watershed: Figures 4.38, 4.39, 4.40, 4.41, 4.42, 4.43 

 The Mule Canyon watershed is the smallest watershed investigated in this 

study. It covers an area of 12.7 km
2
 between the latitudes of 32° 56.6‘ N and            

32° 48.5‘ N and contains only one stream with a drainage area greater than Acr (Figs. 

4.38, 4.39, 4.40, 4.41, 4.42, 4.43). This stream, stream 306, is approximately 9.5 km 

long. The Mule Canyon watershed is a narrow, elongate watershed oriented northwest-

southeast approximately 7.5 km long and less than 2 km wide. Elevations average 

2061 m and range from 1392 m near the Tularosa Basin to 2480 m. Average slope 

values in the Mule Canyon watershed are the highest among the investigated 

watersheds at 23.9° (Fig. 4.42). Annual precipitation rates within the watershed 

average 45.3 cm/yr, according to PRISM estimates. Bedrock geology throughout the 

watershed is predominately Pennsylvanian in age (Fig. 4.43). Sedimentary rocks of 

Mississippian-Cambrian age are exposed near the western end of the watershed. 

Stream segments and geomorphic indices do not appear to fluctuate with changes in 

lithology or at transitions between geologic formations. 

 Profile 306 contains a prominent knickpoint approximately 4.5 km from the 

mouth at an elevation of 1959 m. Spatially, this knickpoint coincides with a 

contiguous regional band of steep slopes (40° – 65°) observed in slope maps 

throughout the southern Sacramento Mountains (Fig. 4.42). Relief along the convex 

reach of the stream is approximately 200 m. Upstream of the knickpoint, the channel 

exhibits low steepness and concavity indices (ksn = 50.5, Θ = 0.37); downstream of the 

knickpoint, the channel exhibits high steepness and high concavity (ksn = 140.2,         

Θ = 2.21).  

San Andres Canyon Watershed: Figures 4.44, 4.45, 4.46, 4.47, 4.48, 4.49 

 The San Andres Canyon watershed is an elongate watershed oriented E-W 

approximately 12 km long by 4 km wide situated between 32° 49.5‘ N and               

32° 46.3‘ N. The total area covered by the San Andres Canyon watershed is 37.4 km
2
. 

Five streams in the San Andres Canyon watershed have drainage areas larger than Acr 

(Figs. 4.44, 4.45, 4.46, 4.47, 4.48, 4.49). Elevations average 2268 m within the 
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watershed, and range between 1376 m near the Tularosa Basin to 2943 m near the 

eastern major drainage divide. Hillslopes in the eastern two-thirds of the watershed 

have gradients typically ~10°, except where dissected by streams or near the eastern 

major drainage divide. The western one-third of the watershed is rimmed by slopes of 

40°-70° (Fig. 4.48). Annual precipitation rates within the San Andres Canyon 

watershed average 55.7 cm/yr, according to PRISM estimates. 

The trunk stream, stream 319, is nearly 15 km long and flows generally 

southwest to the Tularosa Basin. Three knickpoints were identified from longitudinal 

profiles and slope-area plots between the elevations of 2023 m and 2082 m; all of 

which coincide with the contiguous regional band of steep slopes. Stream segments 

upstream of these knickpoints exhibit significantly lower steepness index values       

(ksn = 56.2 – 69.9) than stream segments downstream of the knickpoints (ksn = 166.2 – 

325.8) (Fig. 4.46). Extreme concavities (Θ < 0, Θ > 1.0) are observed in stream 

segments immediately adjacent to the knickpoints (Fig. 4.47). Bedrock geology in the 

San Andres Canyon watershed consists of Mississippian-Cambrian sedimentary rocks 

(west end of drainage), Pennsylvanian sedimentary rocks (central portion of drainage), 

and Permian argillaceous and carbonaceous sandstones and carbonates to the east (Fig. 

4.49). Changes in geomorphic indices and stream segments do not occur at transitions 

between lithologies or geologic formations. 

Dog Canyon Watershed: Figures 4.50, 4.51, 4.52, 4.53, 4.54, 4.55 

 The Dog Canyon watershed is located between the latitudes of 32° 47.3‘ N and 

32° 44.5‘ N. It is an elongate watershed oriented E-W approximately 10.5 km long by 

3 km wide that covers an area of 26.2 km
2
. The Dog Canyon watershed contains two 

streams (streams 326 and 330) with drainage areas greater than Acr (Figs. 4.50, 4.51, 

4.52, 4.53, 4.54, 4.55). The trunk stream, stream 330, is approximately 14 km long. 

Annual precipitation rates for the Dog Canyon watershed average 56.1 cm/yr, 

according to PRISM estimates. Elevations within the watershed average 2230 m, and 

range from 1333 m near the Tularosa Basin to the maximum elevation of 2822 m near 

the eastern major drainage divide.  Hillslope gradients average 18.2°. A contiguous 
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rim of slopes between 40° and 70° can be observed approximately 1 – 3 km east of the 

range-bounding fault (Fig. 4.54). Bedrock geology in the Dog Canyon watershed is 

predominately Pennsylvanian and Permian sedimentary rocks. Small exposures         

(~ 1.5 km
2
) of Mississippian-Cambrian sedimentary rocks occur in the western end of 

the drainage (Fig. 4.55). 

 Two knickpoints were identified from longitudinal profiles and slope-area 

plots below the confluence of streams 326 and 330: one at an elevation of 1956 m   

(~5 km from the mouth) that coincides with the contiguous regional band of steep 

slopes, and a second knickpoint at a lower elevation of 1520 m. The lower knickpoint 

overlies a smaller change in elevation (~ 40 m) than the upstream knickpoint, which 

accounts for a ~ 180 m change in elevation along the channel bed. Changes in 

geomorphic indices do not appear to correspond to transitions between lithologies or 

geologic formations (Fig. 4.55). Upper reaches of streams in the Dog Canyon 

watershed exhibit low steepness and concavity (ksn = 46.9 – 71.7, Θ = 0.30 – 0.56) 

while traversing multiple lithologies. Lower reaches of streams exhibit very high 

steepness and concavity (ksn = 170.0 – 326.0, Θ = 1.71 – 3.18) and are primarily 

contained within Pennsylvanian strata. The observed knickpoints also occur within 

Pennsylvanian strata. 

Escondido Canyon Watershed: Figures 4.56, 4.57, 4.58, 4.59, 4.60, 4.61 

 The Escondido Canyon is oriented just south of west and is approximately       

8 km long by 5 km wide. The watershed covers an area of 29.8 km
2
 and is situated 

between the latitudes of 32° 45.4‘ N and 32° 42.2‘ N. The Escondido Canyon 

watershed contains two streams with drainages greater than Acr (streams 344 and 349) 

(Figs. 4.56, 4.57, 4.58, 4.59, 4.60, 4.61). The trunk stream, stream 344, is 

approximately 12 km long. Elevations within the Escondido Canyon watershed 

average 2166 m and range between 1356 m near the Tularosa Basin and 2782 m near 

the eastern major drainage divide. Hillslopes in the eastern two-thirds of the watershed 

are typically less than 10°, except in the easternmost ~1 km of the watershed where 

gradients between 20° – 30° may be observed (Fig. 4.60). The western one-third of the 
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watershed is bordered by a zone of steep hillslopes between 40° and 60°. Annual 

precipitation rates within the Escondido Canyon watershed average 58.3 cm/yr, 

according to PRISM estimates. The bedrock geology in the western half of the 

watershed consists primarily of Pennsylvanian sedimentary rocks, but small exposures 

(~1 km
2
) of Mississippian-Cambrian sedimentary rocks occur in the far western end of 

the drainage (Fig. 4.61). Bedrock geology in the eastern half of the Escondido Canyon 

watershed consists of Permian argillaceous and carbonaceous sandstones and 

carbonates. 

 Two knickpoints were observed along each longitudinal profile (Fig. 4.56). 

Two knickpoints occur along the broad regional band of steep slopes at elevations of 

1950 m and 2030 m (profile 344 and 349, respectively) within the Pennsylvanian 

geology. Each of these knickpoints have relief of approximately 200 m. Stream 

segments above the convexities associated with these knickpoints exhibit lower 

steepness indices (ksn = 44.7 – 65.5) and concavities (Θ = 0.44 – 0.79) than the lower 

reaches, which exhibit extreme concavities (Θ < 0.0 or Θ > 1.0) and very high 

steepness indices (ksn = 96.9 – 331.9) (Figs. 4.58 and 4.59).  

 The second knickpoint observed along the trunk stream profile, profile 344, 

occurs at an elevation of 1525 m and spatially coincides with the mapped transition 

from Pennsylvanian sedimentary rocks to Mississippian-Devonian carbonate rocks. 

The second knickpoint observed along the tributary profile, profile 349, occurs within 

the Pennsylvanian sedimentary rocks at an elevation of 1676 m. 

Bug Scuffle Canyon Watershed: Figures 4.62, 4.63, 4.64, 4.65, 4.66, 4.67 

 The Bug Scuffle Canyon watershed is a narrow, arcuate watershed oriented 

predominately north-south, located between the latitudes of 32° 44.8‘ N and            

32° 37.9‘ N. Five streams within the Bug Scuffle Canyon watershed have drainage 

areas greater than Acr (Figs. 4.62, 4.63, 4.64, 4.65, 4.66, 4.67). The watershed covers 

an area of 35.1 km
2
 and measures approximately 15 km long by 3 km wide. Elevations 

within the Bug Scuffle Canyon average 1995 m and range between 1355 m near the 

Tularosa Basin and the maximum elevation of 2766 m. Precipitation rates within the 
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watershed average 55.1 cm/yr, according to PRISM estimates. Slopes average 16.0° in 

the watershed. The northern half of the watershed typically exhibits low slopes (~10° 

or less) with the exception of the northernmost ~1 km where slopes of 20°-40° may be 

observed. The southern half of the watershed exhibits much steeper slopes (> 40°), 

especially along drainages near the Tularosa Basin. 

 Only the trunk stream profile, profile 355, contains a stream segment that 

flows through sediments other than the Pennsylvanian rocks. Stream 355 flows 

approximately 23 km before reaching the Tularosa Basin. The northern one-third of 

the Bug Scuffle Canyon watershed consists of Permian argillaceous and carbonaceous 

sandstones and carbonates (Fig. 4.67). The stream segment located in the Permian 

rocks (the uppermost reach of stream 355) exhibits low steepness and concavity       

(ksn = 54.5, Θ = 0.46). 

 Five knickpoints were observed along Bug Scuffle Canyon watershed profiles, 

all of which occur within the Pennsylvanian sedimentary rocks. These knickpoints 

occur over a broad range of elevations between 1679 m and 1992 m (Fig. 4.62, 4.64, 

4.65). Stream segments within the Pennsylvanian rocks all exhibit extreme concavities 

(Θ < 0.0, Θ > 1.0), but typically have low steepness values (ksn = 47.6 – 93.4) with 

exception of the three middle stream segments of the trunk stream (ksn = 103.5 – 

178.1). 

Grapevine Canyon Watershed: Figures 4.68, 4.69, 4.70, 4.71, 4.72, 4.73 

 The Grapevine Canyon watershed is located at the southernmost end of the 

Sacramento Mountains between the latitudes of 32° 43.1‘ N and 32° 35.4‘ N. The 

Grapevine Canyon watershed contains 14 streams with drainage areas greater than Acr 

(Figs. 4.68, 4.69, 4.70, 4.71, 4.72, 4.73). Precipitation rates within the watershed 

average 52.6 cm/yr, according to PRISM estimates. The Grapevine Canyon watershed 

covers an area of 88.0 km
2
. It measures approximately 15 km west-east and 14 km 

north-south. Streams in the Grapevine Canyon watershed typically flow due west to 

the Tularosa Basin, except for those in the northern portion of the watershed which 

flow due south before joining the westward-flowing streams. Slopes in the Grapevine 
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canyon watershed average 15.8°, but slopes and topography are variable throughout 

the watershed. The highest slopes (40° – 50°) occur along the trunk stream, stream 355 

(Fig. 4.72). Elevations within the Grapevine Canyon watershed average 1924 m, and 

range between 1368 m and the maximum elevation of 2576 m. 

 Bedrock geology in the Grapevine Canyon watershed is predominately 

Pennsylvanian sedimentary rock, but the westernmost 2 – 4 km of the watershed is 

bordered by Permian strata (Fig. 4.73). Exposures of Mississippian-Devonian 

carbonates also occur near the center of the watershed (area~ 2 km
2
). Streams in the 

watershed typically exhibit low steepness (average ksn = 63.8) (Fig. 4.70). The highest 

steepness values occur along the lower reaches of the trunk stream profile, profile 396 

(ksn = 111.0 – 112.6), and along the short, steep stream segments of profiles 379 and 

399 (ksn = 127.4, 165.7, respectively). The median concavity for streams within the 

Grapevine Canyon watershed is 0.41. Extreme concavities are contained within the 

extent of the Pennsylvanian strata (Figs. 4.70 and 4.73). Stream segments with 

extreme concavities also traverse the Mississippian-Devonian carbonates within the 

Pennsylvanian strata, but geomorphic indices of such stream segments do not fluctuate 

along the geologic boundaries. 

 Seven knickpoints were observed along Grapevine Canyon watershed stream 

longitudinal profiles and slope-area plots (Figs 4.68 and 4.69). All of these knickpoints 

occur within Pennsylvanian strata. Most of the knickpoints occur in close proximity to 

trunk stream profile, with the exception of the knickpoint observed along profile 364, 

which occurs ~10 km upstream of the confluence with stream 396. The knickpoint 

along profile 364 occurs near a mapped fault at an elevation of 1727 m. All other 

knickpoints within the Grapevine Canyon watershed occur in the north-central portion 

of the drainage between a range of 1711 m and 1839 m.
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Figure 4.1. Sacramento Mountains geology legend. This figure explains the lithologic units observed in 1:500,000 scale geology 

maps used throughout this thesis. 
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Figure 4.2. Three Rivers watershed longitudinal profiles. Blue crosses indicate observed knickpoints. Black profile indicates trunk 

stream profile. Green profiles indicate left-hand tributaries; red profiles indicate right-hand tributaries. Numbers above the profiles 

refer to respective stream ID‘s. Selected stream profiles have been omitted from this plot to improve observational clarity. However, 

every analyzed stream profile can be observed in Appendix B. 
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Figure 4.3. Three Rivers watershed slope-area plot. Black crosses indicate trunk stream data points; grey crosses indicate tributary 

data points. Vertical dashed line at 10
6
 m

2
 identifies Acr. 
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Figure 4.4. Three Rivers watershed normalized steepness map. Note the high ksn values spatially associated with the granitic 

pluton. Topographic contour lines (in tan) have an interval of 200 m. The 2000-m contour is emphasized in brown for reference. The 

inset map highlights the Three Rivers watershed (in red) within the study area, the Alamogordo Fault (black line), and the town of 

Alamogordo (A). Faults and geology are from Green and Jones (1997). 
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Figure 4.5. Three Rivers watershed concavity index map. Note the transition from low to high concavity (Θ) values near the 

geologic contact of the granitic pluton in profiles 59, 72, and 73. Topographic contour lines (in tan) have an interval of 200 m. The 

2000-m contour is emphasized in brown for reference. The inset map highlights the Three Rivers watershed (in red) within the study 

area, the Alamogordo Fault (black line), and the town of Alamogordo (A). Faults and geology are from Green and Jones (1997). 
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Figure 4.6. Three Rivers watershed slope map. The inset map highlights the Three Rivers watershed (in red) within the study area, 

the Alamogordo Fault (black line), and the town of Alamogordo (A). Faults and geology are from Green and Jones (1997). 
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Figure 4.7. Three Rivers watershed geologic map. The geology is mapped at a scale of 1:500,000 (Green and Jones, 1997). See 

Figure 4.1 for lithologic descriptions. The inset map highlights the Three Rivers watershed (in red) within the study area, the 

Alamogordo Fault (black line), and the town of Alamogordo (A). 
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Figure 4.8. Temporal watershed longitudinal profiles. Black profile indicates trunk stream profile. Green profiles indicate left-hand 

tributaries; red profiles indicate right-hand tributaries. Numbers above the profiles refer to respective stream ID‘s. Selected stream 

profiles have been omitted from this plot to improve observational clarity. However, every analyzed stream profile can be observed in 

Appendix B. 
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Figure 4.9. Temporal watershed slope-area plot. Black crosses indicate trunk stream data points; grey crosses indicate tributary data 

points. Vertical dashed line at 10
6
 m

2
 identifies Acr. 
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Figure 4.10. Temporal watershed normalized steepness map. Topographic contour lines (in tan) have an interval of 200 m. The 

2000-m contour is emphasized in brown for reference. The inset map highlights the Temporal watershed (in red) within the study area, 

the Alamogordo Fault (black line), and the town of Alamogordo (A). Faults and dikes are from Green and Jones (1997). 
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Figure 4.11. Temporal watershed concavity index map. Topographic contour lines (in tan) have an interval of 200 m. The 2000-m 

contour is emphasized in brown for reference. The inset map highlights the Temporal watershed (in red) within the study area, the 

Alamogordo Fault (black line), and the town of Alamogordo (A). Faults and dikes are from Green and Jones (1997). 
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Figure 4.12. Temporal watershed slope map. The inset map highlights the Temporal watershed (in red) within the study area, the 

Alamogordo Fault (black line), and the town of Alamogordo (A). Faults and dikes are from Green and Jones (1997). 
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Figure 4.13. Temporal watershed geologic map. The geology is mapped at a scale of 1:500,000 (Green and Jones, 1997). See Figure 

4.1 for lithologic descriptions. The inset map highlights the Temporal watershed (in red) within the study area, the Alamogordo Fault 

(black line), and the town of Alamogordo (A). Faults and dikes are from Green and Jones (1997). 
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Figure 4.14. Tularosa watershed longitudinal profiles. Blue cross indicates observed knickpoint. Black profile indicates trunk 

stream profile. Green profiles indicate left-hand tributaries; red profiles indicate right-hand tributaries. Numbers above the profiles 

refer to respective stream ID‘s. Selected stream profiles have been omitted from this plot to improve observational clarity. However, 

every analyzed stream profile can be observed in Appendix B. 
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Figure 4.15. Tularosa watershed slope-area plot. Black crosses indicate trunk stream data points; grey crosses indicate tributary 

data points. Cyan and magenta crosses indicate data points from large tributary profiles 186 and 238, respectively. Vertical dashed line 

at 10
6
 m

2
 identifies Acr. Note the scatter exhibited by profiles 222 (trunk stream data, in black), 186, and 238. 
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Figure 4.16. Tularosa watershed normalized steepness map. Topographic contour lines (in tan) have an interval of 200 m. The 

2000-m contour is emphasized in brown for reference. The inset map highlights the Tularosa watershed (in red) within the study area, 

the Alamogordo Fault (black line), and the town of Alamogordo (A). Faults and dikes are from Green and Jones (1997). 
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Figure 4.17. Tularosa watershed concavity index map. Topographic contour lines (in tan) have an interval of 200 m. The 2000-m 

contour is emphasized in brown for reference. The inset map highlights the Tularosa watershed (in red) within the study area, the 

Alamogordo Fault (black line), and the town of Alamogordo (A). Faults and dikes are from Green and Jones (1997). 
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Figure 4.18. Tularosa watershed slope map. The inset map highlights the Tularosa watershed (in red) within the study area, the 

Alamogordo Fault (black line), and the town of Alamogordo (A). Faults and dikes are from Green and Jones (1997). 
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Figure 4.19. Tularosa watershed geologic map. The geology is mapped at a scale of 1:500,000 (Green and Jones, 1997). See Figure 

4.1 for lithologic descriptions. The inset map highlights the Tularosa watershed (in red) within the study area, the Alamogordo Fault 

(black line), and the town of Alamogordo (A). Faults and dikes are from Green and Jones (1997). 
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Figure 4.20. Fresnal watershed longitudinal profiles. Blue crosses indicate observed knickpoints. Black profile indicates trunk 

stream profile. Green profiles indicate left-hand tributaries; red profiles indicate right-hand tributaries. Numbers above the profiles 

refer to respective stream ID‘s. Selected stream profiles have been omitted from this plot to improve observational clarity. However, 

every analyzed stream profile can be observed in Appendix B. 
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Figure 4.21. Fresnal watershed slope-area plot. Black crosses indicate trunk stream data points; grey crosses indicate tributary data 

points. Cyan crosses indicate data points from profile 31, a major tributary. Vertical dashed line at 10
6
 m

2
 identifies Acr. 
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Figure 4.22. Fresnal watershed normalized steepness map. The Fresnal Fault is identified within the map. Topographic contour 

lines (in tan) have an interval of 200 m. The 2000-m contour is emphasized in brown for reference. The inset map highlights the 

Fresnal watershed (in red) within the study area, the Alamogordo Fault (black line), and the town of Alamogordo (A). Faults and dikes 

are from Green and Jones (1997). 
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Figure 4.23. Fresnal watershed concavity index map. The Fresnal Fault is identified within the map. Topographic contour lines (in 

tan) have an interval of 200 m. The 2000-m contour is emphasized in brown for reference. The inset map highlights the Fresnal 

watershed (in red) within the study area, the Alamogordo Fault (black line), and the town of Alamogordo (A). Faults and dikes are 

from Green and Jones (1997). 



Texas Tech University, Joe C. Bauman, August 2011 
 

91 

 

 
 

Figure 4.24. Fresnal watershed slope map. The Fresnal Fault is identified within the map. Note the steep slopes adjacent to the 

Fresnal Fault. The inset map highlights the Fresnal watershed (in red) within the study area, the Alamogordo Fault (black line), and 

the town of Alamogordo (A). Faults and dikes are from Green and Jones (1997). 
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Figure 4.25. Fresnal watershed geologic map. The geology is mapped at a scale of 1:500,000 (Green and Jones, 1997). See Figure 

4.1 for lithologic descriptions. The inset map highlights the Fresnal watershed (in red) within the study area, the Alamogordo Fault 

(black line), and the town of Alamogordo (A). 
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Figure 4.26. Dry Canyon watershed longitudinal profiles. Blue crosses indicate observed knickpoints. Black profile indicates trunk 

stream profile. Green profile indicates left-hand tributary; red profiles indicate right-hand tributaries. Numbers above the profiles refer 

to respective stream ID‘s. 
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Figure 4.27. Dry Canyon watershed slope-area plot. Black crosses indicate trunk stream data points; grey crosses indicate tributary 

data points. Cyan crosses indicate data points from tributary profiles transected by the Fresnal Fault. Vertical dashed line at 10
6
 m

2
 

identifies Acr. 
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Figure 4.28. Dry Canyon watershed normalized steepness map. The Fresnal Fault is identified within the map. Topographic 

contour lines (in tan) have an interval of 200 m. The 2000-m contour is emphasized in brown for reference. The inset map highlights 

the Dry Canyon watershed (in red) within the study area, the Alamogordo Fault (black line), and the town of Alamogordo (A). Faults 

and dikes are from Green and Jones (1997). 
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Figure 4.29. Dry Canyon watershed concavity index map. The Fresnal Fault is identified within the map. Topographic contour 

lines (in tan) have an interval of 200 m. The 2000-m contour is emphasized in brown for reference. The inset map highlights the Dry 

Canyon watershed (in red) within the study area, the Alamogordo Fault (black line), and the town of Alamogordo (A). Faults and 

dikes are from Green and Jones (1997). 
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Figure 4.30. Dry Canyon watershed slope map. The Fresnal Fault is identified within the map. Note the steep slopes adjacent to the 

Fresnal Fault. The inset map highlights the Dry Canyon watershed (in red) within the study area, the Alamogordo Fault (black line), 

and the town of Alamogordo (A). Faults and dikes are from Green and Jones (1997). 
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Figure 4.31. Dry Canyon watershed geologic map. The geology is mapped at a scale of 1:500,000 (Green and Jones, 1997). See 

Figure 4.1 for lithologic descriptions. The inset map highlights the Dry Canyon watershed (in red) within the study area, the 

Alamogordo Fault (black line), and the town of Alamogordo (A). 
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Figure 4.32. Alamo Canyon watershed longitudinal profiles. Blue crosses indicate observed knickpoints. Black profile indicates 

trunk stream profile. Green profiles indicate left-hand tributaries; red profile indicates right-hand tributary. Numbers above the profiles 

refer to respective stream ID‘s. 
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Figure 4.33. Alamo Canyon watershed slope-area plot. Black crosses indicate trunk stream data points; grey crosses indicate 

tributary data points. Vertical dashed line at 10
6
 m

2
 identifies Acr. 
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Figure 4.34. Alamo Canyon watershed normalized steepness map. The Alamo Fault is identified within the map. Topographic 

contour lines (in tan) have an interval of 200 m. The 2000-m contour is emphasized in brown for reference. The inset map highlights 

the Alamo Canyon watershed (in red) within the study area, the Alamogordo Fault (black line), and the town of Alamogordo (A). 

Faults and dikes are from Green and Jones (1997). 



Texas Tech University, Joe C. Bauman, August 2011 
 

102 

 

 
 
Figure 4.35. Alamo Canyon watershed concavity index map. The Alamo Fault is identified within the map. Topographic contour 

lines (in tan) have an interval of 200 m. The 2000-m contour is emphasized in brown for reference. The inset map highlights the 

Alamo Canyon watershed (in red) within the study area, the Alamogordo Fault (black line), and the town of Alamogordo (A). Faults 

and dikes are from Green and Jones (1997). 
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Figure 4.36. Alamo Canyon watershed slope map. The Alamo Fault is identified within the map. The inset map highlights the 

Alamo Canyon watershed (in red) within the study area, the Alamogordo Fault (black line), and the town of Alamogordo (A). Faults 

and dikes are from Green and Jones (1997). 
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Figure 4.37. Alamo Canyon watershed geologic map. The geology is mapped at a scale of 1:500,000 (Green and Jones, 1997). See 

Figure 4.1 for lithologic descriptions. The inset map highlights the Alamo Canyon watershed (in red) within the study area, the 

Alamogordo Fault (black line), and the town of Alamogordo (A). 
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Figure 4.38. Mule Canyon watershed longitudinal profile. Only the trunk stream (stream 306) has a drainage area greater the Acr. 

Blue cross indicates an observed knickpoint. 
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Figure 4.39. Mule Canyon watershed slope-area plot. Vertical dashed line at 10
6
 m

2
 identifies Acr. 
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Figure 4.40. Mule Canyon watershed normalized steepness map. Topographic contour lines (in tan) have an interval of  

200 m. The 2000-m contour is emphasized in brown for reference. The inset map highlights the Mule Canyon watershed (in red) 

within the study area, the Alamogordo Fault (black line), and the town of Alamogordo (A). Faults and dikes are from Green and Jones 

(1997). 
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Figure 4.41. Mule Canyon watershed concavity index map. Topographic contour lines (in tan) have an interval of 200 m. The 

2000-m contour is emphasized in brown for reference. The inset map highlights the Mule Canyon watershed (in red) within the study 

area, the Alamogordo Fault (black line), and the town of Alamogordo (A). Faults and dikes are from Green and Jones (1997). 
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Figure 4.42. Mule Canyon watershed slope map. The inset map highlights the Mule Canyon watershed (in red) within the study 

area, the Alamogordo Fault (black line), and the town of Alamogordo (A). Faults and dikes are from Green and Jones (1997). 
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Figure 4.43. Mule Canyon watershed geologic map. The geology is mapped at a scale of 1:500,000 (Green and Jones, 1997). See 

Figure 4.1 for lithologic descriptions. The inset map highlights the Mule Canyon watershed (in red) within the study area, the 

Alamogordo Fault (black line), and the town of Alamogordo (A). 
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Figure 4.44. San Andres Canyon watershed longitudinal profiles. Blue crosses indicate observed knickpoints. Black profile 

indicates trunk stream profile. Green profiles indicate left-hand tributaries; red profile indicates right-hand tributary. Numbers above 

the profiles refer to respective stream ID‘s. 
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Figure 4.45. San Andres Canyon watershed slope-area plot. Black crosses indicate trunk stream data points; grey crosses indicate 

tributary data points. Vertical dashed line at 10
6
 m

2
 identifies Acr. 
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Figure 4.46. San Andres Canyon watershed normalized steepness map. Topographic contour lines (in tan) have an interval of  

200 m. The 2000-m contour is emphasized in brown for reference. The inset map highlights the San Andres Canyon watershed (in 

red) within the study area, the Alamogordo Fault (black line), and the town of Alamogordo (A). Faults and dikes are from Green and 

Jones (1997).v 
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Figure 4.47. San Andres Canyon watershed concavity index map. Topographic contour lines (in tan) have an interval of 200 m. 

The 2000-m contour is emphasized in brown for reference. The inset map highlights the San Andres Canyon watershed (in red) within 

the study area, the Alamogordo Fault (black line), and the town of Alamogordo (A). Faults and dikes are from Green and Jones 

(1997). 
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Figure 4.48. San Andres Canyon watershed slope map. The inset map highlights the San Andres Canyon watershed (in red) within 

the study area, the Alamogordo Fault (black line), and the town of Alamogordo (A). Faults and dikes are from Green and Jones 

(1997). 
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Figure 4.49. San Andres Canyon watershed geologic map. The geology is mapped at a scale of 1:500,000 (Green and Jones, 1997). 

See Figure 4.1 for lithologic descriptions. The inset map highlights the San Andres Canyon watershed (in red) within the study area, 

the Alamogordo Fault (black line), and the town of Alamogordo (A). 
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Figure 4.50. Dog Canyon watershed longitudinal profiles. Blue crosses indicate observed knickpoints. Black profile indicates trunk 

stream profile. Green profile indicates left-hand tributary. Numbers above the profiles refer to respective stream ID‘s. 
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Figure 4.51. Dog Canyon watershed slope-area plot. Black crosses indicate trunk stream data points; grey crosses indicate tributary 

data points. Vertical dashed line at 10
6
 m

2
 identifies Acr. 
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Figure 4.52. Dog Canyon watershed normalized steepness map. Topographic contour lines (in tan) have an interval of 200 m. The 

2000-m contour is emphasized in brown for reference. The inset map highlights the Dog Canyon watershed (in red) within the study 

area, the Alamogordo Fault (black line), and the town of Alamogordo (A). Faults are from Green and Jones (1997). 
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Figure 4.53. Dog Canyon watershed concavity index map. Topographic contour lines (in tan) have an interval of 200 m. The  

2000-m contour is emphasized in brown for reference. The inset map highlights the Dog Canyon watershed (in red) within the study 

area, the Alamogordo Fault (black line), and the town of Alamogordo (A). Faults are from Green and Jones (1997). 
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Figure 4.54. Dog Canyon watershed slope map. The inset map highlights the Dog Canyon watershed (in red) within the study area, 

the Alamogordo Fault (black line), and the town of Alamogordo (A). Faults are from Green and Jones (1997). 
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Figure 4.55. Dog Canyon watershed geologic map. The geology is mapped at a scale of 1:500,000 (Green and Jones, 1997). See 

Figure 4.1 for lithologic descriptions. The inset map highlights the Dog Canyon watershed (in red) within the study area, the 

Alamogordo Fault (black line), and the town of Alamogordo (A). 
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Figure 4.56. Escondido Canyon watershed longitudinal profiles. Blue crosses indicate observed knickpoints. Black profile 

indicates trunk stream profile. Red profile indicates a right-hand tributary. Numbers above the profiles refer to respective stream ID‘s. 
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Figure 4.57. Escondido Canyon watershed slope-area plot. Black crosses indicate trunk stream data points; grey crosses indicate 

tributary data points. Vertical dashed line at 10
6
 m

2
 identifies Acr. 
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Figure 4.58. Escondido Canyon watershed normalized steepness map. Topographic contour lines (in tan) have an interval of  

200 m. The 2000-m contour is emphasized in brown for reference. The inset map highlights the Escondido Canyon watershed (in red) 

within the study area, the Alamogordo Fault (black line), and the town of Alamogordo (A). Faults are from Green and Jones (1997). 
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Figure 4.59. Escondido Canyon watershed concavity index map. Topographic contour lines (in tan) have an interval of 200 m. The 

2000-m contour is emphasized in brown for reference. The inset map highlights the Escondido Canyon watershed (in red) within the 

study area, the Alamogordo Fault (black line), and the town of Alamogordo (A). Faults are from Green and Jones (1997). 
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Figure 4.60. Escondido Canyon watershed slope map. The inset map highlights the Escondido Canyon watershed (in red) within 

the study area, the Alamogordo Fault (black line), and the town of Alamogordo (A). Faults are from Green and Jones (1997). 
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Figure 4.61. Escondido Canyon watershed geologic map. The geology is mapped at a scale of 1:500,000 (Green and Jones, 1997). 

See Figure 4.1 for lithologic descriptions. The inset map highlights the Escondido Canyon watershed (in red) within the study area, the 

Alamogordo Fault (black line), and the town of Alamogordo (A). Faults are from Green and Jones (1997). 
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Figure 4.62. Bug Scuffle Canyon watershed longitudinal profiles. Blue crosses indicate observed knickpoints. Black profile 

indicates trunk stream profile. Green profiles indicate left-hand tributaries; red profiles indicate right-hand tributaries. Numbers above 

the profiles refer to respective stream ID‘s. 
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Figure 4.63. Bug Scuffle Canyon watershed slope-area plot. Black crosses indicate trunk stream data points; grey crosses indicate 

tributary data points. Vertical dashed line at 10
6
 m

2
 identifies Acr. 
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Figure 4.64. Bug Scuffle Canyon watershed normalized steepness map. Topographic contour lines (in tan) have an interval of  

200 m. The 2000-m contour is emphasized in brown for reference. The inset map highlights the Bug Scuffle Canyon watershed (in 

red) within the study area, the Alamogordo Fault (black line), and the town of Alamogordo (A). Faults are from Green and Jones 

(1997). 
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Figure 4.65. Bug Scuffle Canyon watershed concavity index map. Topographic contour lines (in tan) have an interval of 200 m. 

The 2000-m contour is emphasized in brown for reference. The inset map highlights the Bug Scuffle Canyon watershed (in red) within 

the study area, the Alamogordo Fault (black line), and the town of Alamogordo (A). Faults are from Green and Jones (1997). 
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Figure 4.66. Bug Scuffle Canyon watershed slope map. The inset map highlights the Bug Scuffle Canyon watershed (in red) within 

the study area, the Alamogordo Fault (black line), and the town of Alamogordo (A). Faults are from Green and Jones (1997). 
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Figure 4.67. Bug Scuffle Canyon watershed geologic map. The geology is mapped at a scale of 1:500,000 (Green and Jones, 1997). 

See Figure 4.1 for lithologic descriptions. The inset map highlights the Bug Scuffle Canyon watershed (in red) within the study area, 

the Alamogordo Fault (black line), and the town of Alamogordo (A). 
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Figure 4.68. Grapevine Canyon watershed longitudinal profiles. Blue crosses indicate observed knickpoints. Black profile 

indicates trunk stream profile. Green profiles indicate left-hand tributaries; red profile indicates right-hand tributary. Numbers above 

the profiles refer to respective stream ID‘s. Selected stream profiles have been omitted from this plot to improve observational clarity. 

However, every analyzed stream profile can be observed in Appendix B. 
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Figure 4.69. Grapevine Canyon watershed slope-area plot. Black crosses indicate trunk stream data points; grey crosses indicate 

tributary data points. Vertical dashed line at 10
6
 m

2
 identifies Acr. 
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Figure 4.70. Grapevine Canyon watershed normalized steepness map. The Bug Scuffle Fault is identified in the map. Topographic 

contour lines (in tan) have an interval of 200 m. The 2000-m contour is emphasized in brown for reference. The inset map highlights 

the Grapevine Canyon watershed (in red) within the study area, the Alamogordo Fault (black line), and the town of Alamogordo (A). 

Faults are from Green and Jones (1997). 
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Figure 4.71. Grapevine Canyon watershed concavity index map. The Bug Scuffle Fault is identified in the map. Topographic 

contour lines (in tan) have an interval of 200 m. The 2000-m contour is emphasized in brown for reference. The inset map highlights 

the Grapevine Canyon watershed (in red) within the study area, the Alamogordo Fault (black line), and the town of Alamogordo (A). 

Faults are from Green and Jones (1997). 
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Figure 4.72. Grapevine Canyon watershed slope map. The Bug Scuffle Fault is identified in the map. The inset map highlights the 

Grapevine Canyon watershed (in red) within the study area, the Alamogordo Fault (black line), and the town of Alamogordo (A). 

Faults are from Green and Jones (1997). 
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Figure 4.73. Grapevine Canyon watershed geologic map. The geology is mapped at a scale of 1:500,000 (Green and Jones, 1997). 

See Figure 4.1 for lithologic descriptions. The inset map highlights the Grapevine Canyon watershed (in red) within the study area, the 

Alamogordo Fault (black line), and the town of Alamogordo (A). 



Texas Tech University, Joe C. Bauman, August 2011 
 

141 

 

Chapter V 

Discussion 

5.1 Introduction 

 This chapter features interpretations of the results discussed in Chapter 4. This 

section introduces some general considerations regarding the methods used and 

assumptions that were made in interpretation of geomorphic indices derived from 

regression analysis. Section 5.2 discusses individual structural features and 

geomorphic indices for each watershed. Section 5.3 takes a step back and looks at the 

overall tectonic implications of observations and geomorphic trends across the western 

range-front of the Sacramento Mountains. Finally, discussion of future research needs 

is provided in Section 5.4. 

 In the following sections, data obtained from longitudinal profiles and slope-

area plots are distinguished from information and interpretations regarding the actual 

stream by ―profile ID‖ and ―stream ID,‖ respectively. In all cases, the profile being 

discussed directly corresponds to the stream of the same identification (i.e., data 

obtained from profile 52 is used to make interpretations regarding stream 52).  

 In order to effectively compare the regional response of bedrock rivers to 

changes in uplift rates, variations in climate and substrate lithology within the study 

area must be constrained. While climate and lithology variations—and  the effect these 

factors may have on longitudinal river profile geometry—within the study area are 

complex, the author makes the following assumptions: (a) climate may be considered 

homogeneous across (north-south) the study area, and (b) sedimentary lithology may 

be considered homogeneous throughout the study area. Observations that support 

these simplified assumptions are discussed in the following paragraphs. The author 

acknowledges that these assumptions are made to simplify interpretations regarding 

tectonism and geomorphic response in the Sacramento Mountains and that the 

assumptions may not accurately reflect the true role that lithology and climate play in 

geomorphology in the Sacramento Mountains, especially at resolutions higher than the 
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resolution of this study. Effects due to variable climate and lithology in the 

Sacramento Mountains should be investigated in future field work.  

Although the topography of the Sacramento Mountains certainly influences 

orography, Figure 2.2 (see Chapter 2) also demonstrates that the mean annual 

precipitation across (north-south) the western front ranges from only approximately  

30 cm/yr to 60 cm/yr. Precipitation rate estimates extracted from individual 

watersheds suggests that variability in precipitation rates along the western range-front 

may be even less (range of ~15 cm/yr, see Chapter 4). The author assumes that for 

these rates and variations, which are all characteristic of arid to semi-arid regions, are 

too small to create any measureable variation in erosion rates across the study area. 

This assumption is supported by a study by Riebe et al. (2001). In their study of 

climatic controls on erosion rates in the Sierra Nevada, Riebe et al. (2001) found that 

while annual precipitation rates range between 22 cm/yr to 178 cm/yr for individual 

study areas, erosion rates vary only by a factor of 2.5 and show no substantial relation 

to respective precipitation rates.  

 The potential influence of local variations in lithological resistance on stream 

gradients are discussed throughout the following sections that provide analysis of 

geomorphic indices for each watershed. In summary, stream profiles of the 

Sacramento Mountains show no systematic or consistent response to a change in 

sedimentary lithology at the scale of this study. Multiple sedimentary units within the 

Paleozoic section have been identified as particularly resistant/cliff-forming (e.g., the 

Bug Scuffle member of the Gobbler formation and bioherm mounds within the 

Mississippian Lake Valley formation and  the Pennsylvanian Holder formation; see 

Chapter 2). It has been noted by previous workers that within various formations—

particularly the Pennsylvanian and Permian units—lithology can be highly variable 

and lateral and vertical transitions in lithologies occur abruptly (e.g., Bachman et al., 

1954; Pray, 1961; Toomey, 1991). In the southern Sacramento Mountains, where 

Pennsylvanian and Permian units comprise most of the stratigraphic section, 

longitudinal stream profiles typically exhibit knickpoints at an elevation of ~2000 m. 
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Upstream and downstream of these knickpoints, stream profile segments are smooth 

and concave-up. With such consistency in knickpoint elevations and smooth profile 

stream segments above and below such knickpoints—despite such apparent 

inconsistency (laterally and vertically) in lithologic characteristics—it can be reasoned 

that lithologic effects are negligible in longitudinal stream profile development in the 

Sacramento Mountains. 

 Plutonic rocks do appear to have an effect on stream profile geometries. 

Profiles of streams that flow through the granitic pluton of Sierra Blanca in the 

northern Sacramento Mountains exhibit knickpoints or convexities approximately 

located at the mapped contact between the Tertiary granite (Ti) and Tertiary 

pyroclastic rock (Turf) (Figs. 4.4 and 4.7). Above the knickpoints, stream concavities 

are low (<0.40); immediately downstream of the knickpoints, concavities range 

between 0.57 and >1.0 (Figs. 4.5 and 4.7). The change in concavity that occurs at the 

lithologic transition is consistent with findings by previous workers (e.g. Kirby et al., 

2003; VanLaningham et al., 2006). VanLaningham et al. (2006) found that concavity 

index values for streams flowing through tuffaceous sediments to be 0.84, whereas 

streams flowing through crystalline igneous rocks had a lower average concavity of 

0.52. The differences in concavity values (between this thesis and the VanLaningham 

et al. study) are likely due to the use of different reference concavities (Θref) in each 

study. Numerous igneous dikes have been identified throughout the Sacramento 

Mountains (Pray, 1961; Green and Jones, 1997). In some cases, dikes appear to affect 

longitudinal profile geometries; in other cases, dikes either do not affect profile 

geometry, or the effect is too subtle to be recognized in longitudinal profiles and 

slope-area plots at the scale of this study. Dikes that apparently affect longitudinal 

stream profiles are discussed on a case-by-case basis in the following sections. 

 Field work was not utilized in this study; but the author recognizes field work 

is also an important component in the confirmation of interpretations and hypotheses 

made in this thesis. The extent of channel alluviation represents a critical unknown in 

this study. This thesis proceeded under the assumption that all analyzed streams are 
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detachment-limited bedrock rivers, meaning that sediment transport capacity is always 

greater than sediment flux. However, previous workers (e.g. Pray, 1961; A. 

Yoshinobu, personal commun., 2011) have noted that some portions of many streams 

in the Sacramento Mountains are indeed alluviated. The assumption of a bedrock 

channel bed, when it is actually an alluvial channel, can lead to obvious errors in 

interpretations. For example, it has been demonstrated by multiple workers that the 

transition from a bedrock channel to an alluvial channel may produce a downstream 

increase in profile concavity (e.g. Snyder et al., 2000; VanLaningham et al., 2006). 

However, a downstream increase in concavity may also occur in bedrock rivers 

undergoing a downstream decrease in uplift rates (Whipple, 2004; see table 3.1). 

Additionally, in order to utilize the shear-stress incision law as derived by Howard and 

Kerby (1983), detachment-limited conditions are required (refer to Chapter 3, 

equations 1 – 14). Therefore, calculations of uplift rates and erosion rates utilizing the 

shear-stress incision law are theoretically invalid under transport-limited, alluvial 

conditions. 

Another limitation of studies such as this one, as noted by previous workers 

(e.g. Tinkler and Wohl, 1998; Finnegan and Dietrich, 2011), is a general lack of 

scientific understanding of how a bedrock river may adjust its width in response to a 

change in climatic or tectonic forcing. In deriving the shear-stress incision law, 

channel width (W) is assumed to increase systematically with increasing drainage area 

(A). Previous investigations (Whipple, 2004, sources therein) of bedrock stream 

widths have observed this relationship as:  

W  A
0.3 – 0.5

.     (18) 

However, deviations from equation 18 may occur locally. For example, a significant 

downstream increase in channel width may be associated with the transition from a 

bedrock channel bed to an alluviated channel bed (e.g. Montgomery et al., 2002; 

Parker et al., 2003). In bedrock channels, a significant downstream increase in channel 

width may be associated with a downstream decrease is lithological resistance (e.g. 

Montgomery and Gran, 2001). Other workers have reported a narrowing of channel 
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width in response to increased uplift rate (e.g. Montgomery et al., 2002; Duvall et al., 

2004).  

Despite the previous examples, other studies have found that channel widths 

do not always deviate from the relationship observed in equation 18 under the given 

conditions. For example, Montgomery and Gran (2001) investigated streams of 

alternating weakly-resistant bedrock and alluviated reaches within the Sierra Nevada, 

Olympic Mountains, and the Oregon Coastal range. They found no appreciable 

variations in channel width correlative to the channel bed substrate (Montgomery and 

Gran, 2001).  

A narrowing of channel width in response to increased rock uplift rates does 

not always occur either. Snyder et al. (2003) investigated two series of drainage basins 

in northern California that have similar climates, bedrock lithologies, and drainage 

areas. However, one series of drainage basins is experiencing uplift rates ~0.5 mm/yr, 

while the other series of drainage basins has uplift rates of 3 – 4 mm/yr. Snyder et al. 

(2003) found no measurable differences in channel widths between the study areas and 

that channel widths typically increased proportionately to A
~0.4

 regardless of 

respective uplift rates. 

 To address the potential influence of alluviation or sudden changes in channel 

width on geomorphic indices, 30-m resolution slope maps were created using 10-m 

resolution DEMs. The slope maps distinguish and emphasize the approximate 

boundaries between valley floors and valley walls. Under widely accepted ideas 

regarding landscape evolution dominated by fluvial incision (e.g. Bull and McFadden, 

1977; Molnar and England, 1990; Burbank, 2002), it is expected that hillslopes 

transected by incising rivers will be steep and valley floors will be narrow. In contrast, 

landscapes dominated by hillslope erosion processes such as soil creep and colluvial 

processes should exhibit shallow slopes and wide valley floors (see Fig. 5.1).  
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Figure 5.1. Characteristics of different erosion processes (after Molnar and 

England, 1990; Burbank, 2002). Relative magnitudes of each erosion process are 

depicted by size of broad, vertical arrows. A) Where hillslope erosion processes 

dominate, hillslope gradients are lowered and alluviation occurs along channel bed. 

Mean elevations across the landscape are low. Valley floors are wide and valley walls 

are not steep. Small black arrows depict vector of sediment transport by hillslope 

processes. B) Where fluvial incision dominates erosion processes, hillslope gradients 

are steepened. Erosion occurs primarily at the stream bed, rather than on the hillslopes, 

so that mean elevations are high. Fluvial incision promotes narrow valley floors and 

steepened valley walls. 
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5.2 Watershed Analyses 

 This section discusses the tectonic implications interpreted from the 

geomorphic indices of each watershed. Discussion of watershed analyses is divided 

between four groups of watersheds. Watersheds that are adjacent and share similar 

geomorphic characteristics are discussed collectively. 

Three Rivers and Temporal Watersheds 

 The western range-front that contains the Three Rivers and Temporal 

watersheds is bound by the Three Rivers fault segment and the northernmost end of 

the Sacramento fault segment (see Fig. 1.2). Geomorphologic considerations suggest 

that no recent increases in uplift rates have occurred along these portions of the 

Alamogordo Fault. Hypsometry (see Fig. 2.2) and slope map and relief analysis (see 

Chapter 4) indicate that erosion processes in this region are dominated by hillslope 

processes rather than by fluvial incision. Longitudinal stream profiles from the Three 

Rivers and Temporal watersheds are typically smooth and concave-up and lack 

knickpoints associated with fault displacement (see Figs. 4.2 and 4.8). Concavity 

indices in the Three Rivers and Temporal watersheds are typical of short, steep 

drainages strongly influenced by debris flows (Θ < 0.4), streams in equilibrium with 

current climatic and tectonic conditions (Θ = 0.4 – 0.7), or streams experiencing a 

transition to fully alluviated conditions (Θ = 0.7 – 1.0) (see Figs. 4.5 and 4.11). 

Normalized steepness indices (ksn) of streams within the Three Rivers and Temporal 

watersheds are low when compared to other watersheds of the study area, which the 

author argues is a proxy for lower relative uplift rates in the Sacramento Mountains 

(discussed further in section 5.3). 

Longitudinal profiles of the Three Rivers watershed are typically smooth and 

concave-up (see Fig. 4.2), which suggests that the Three Rivers watershed is 

approximately in equilibrium with tectonic and climatic conditions. Knickpoints 

located along profiles 59, 70, and 73 (see Fig. 4.4) align linearly, which suggests the 

possible presence of a fault (e.g., Wobus et al., 2006; see Fig.3.3). However, the 
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presence of an unidentified fault is unlikely as knickpoints are absent in streams found 

between the streams that do contain knickpoints (streams 72 and 75). A more likely 

explanation is that these knickpoints occur due to a strong lithological contrast where 

the streams flow from more resistive granitic rock to less resistive pyroclastic and 

sedimentary rocks.  This hypothesis is supported by the relative differences in 

concavity above and below the knickpoints. VanLaningham et al. (2006) reported that 

streams flowing over resistant volcanic rocks in the Oregon Coastal Range exhibited 

an average concavity (Θ) of 0.53, whereas streams flowing over tuffaceous rocks had 

a higher average concavity (Θ) of 0.84. In the Three Rivers watershed, streams 59 and 

73 have respective concavities (Θ) of 0.39 and 0.36 upstream of the knickpoint, and 

1.10 and 1.12 below the knickpoint.  Within error, the concavity of the uppermost 

reach of stream 70 may also be very low (Θ = 0.78 +/- 0.46). A large range of error is 

inherent in regression analysis of such short segments (e.g. Wobus et al., 2006). 

Although no knickpoint was observed, stream 72 exhibits concavities that also suggest 

a transition from a channel bed of resistant granite to less resistant rocks (Θ = 0.19 

within the granite, Θ = 0.57 downstream of the granite).   

Digital mapping and longitudinal profile analysis offer three plausible 

explanations for the knickpoints that occur along profiles 50 and 54 (see Figs. 4.2 and 

4.7): (1) the knickpoints occur because of offset along a fault that appears to transect 

each stream; (2) the dike that transects the two streams is much more resistant than the 

channel bed downstream; or (3) the knickpoints occur at a sudden transition from a 

bedrock channel bed to an alluvial channel bed. The first possibility is the least likely 

since the fault also crosses stream 40 (see Fig.4.4), which exhibits a smooth profile 

(see Appendix B). If the watershed is in steady-state, a knickpoint should occur where 

the fault crosses stream 40. If the watershed is in transient-state, it could be suggested 

that a knickpoint occurring in stream 40 had already migrated out of the system; 

however, the author finds this unlikely since the upstream drainage of stream 40 is 

significantly smaller (4.8 km
2
) than the upstream drainage area of stream 50  
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(42.5 km
2
) (see Appendix D). The shear-stress incision law (see Chapter 3) predicts 

that incision rates should be higher in stream 50 (higher drainage area) than in stream 

40 (lower drainage area) during the same time span. Therefore, the knickpoint in 

stream 50 would be expected to travel a greater distance upstream from the fault. 

Instead, the author predicts that the knickpoints in profile 50 and 54 are attributable to 

the dike that transects the streams. Otte (1959) noted that dikes are far more resistant 

than Permian and Cretaceous siliciclastic host rocks (see Fig. 5.2). 

 The geologic map of the Three Rivers watershed suggests that the extent of 

alluivation in the watershed is quite significant (see extent of Qa, Fig. 4.7). Low slopes 

throughout the Three Rivers watershed (see Fig. 4.6) suggest that incision is only 

taking place near the headwaters located near the peak of Sierra Blanca. Where river 

incision processes dominate landscape evolution, steep-sided valleys are created by 

river incision. Where hillslope erosion processes dominate landscape evolution, 

hillslope gradients are lowered and rivers will become increasingly alluviated (Bull 

and McFadden, 1977; Molnar and England, 1990; Burbank, 2002; see Fig. 5.1). 

Despite the occurrence of multiple identified faults in the Temporal watershed, 

no knickpoints were observed during profile analysis (see Figs. 4.8, 4.9). Streams in 

the Temporal watershed typically exhibit smooth, concave-up profiles (see Fig. 4.8). 

As in the slope analysis of the Three Rivers watershed, slopes along the majority of 

streams in the Temporal watershed have very low gradients (see Fig. 4.12), which 

suggests that hillslope erosion processes have a greater role than river incision 

processes in the Temporal watershed (Bull and McFadden, 1977; Molnar and England, 

1990; Burbank, 2002). As discussed in Chapter 2, hypsometry also suggests that 

hillslope processes are the dominant erosion process in the Three Rivers and Temporal 

watershed regions (see Fig. 2.2 and 5.1). 
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Figure 5.2. Intrusive dike protruding from siliciclastic host rock (from Otte, 

1959). 

Tularosa, Fresnal, Dry Canyon, and Alamo Canyon Watersheds 

The western range-front that contains the Tularosa, Fresnal, Dry Canyon, and 

Alamo Canyon watersheds is bound by the portion of the Alamogordo Fault that 

approximates the Sabinata fault segment (sensu Koning and Pazzaglia, 2002, 

discussed further in Section 5.3). The Sabinata fault segment corresponds to the 

northern half of the Sacramento fault segment, as used by Machette (1987) and 

Machette et al. (2000). In the interest of brevity, the Tularosa, Fresnal, Dry Canyon, 

and Alamo Canyon watersheds are collectively referred to here as the ―Sabinata 

watersheds.‖ Geomorphology of the Sabinata watersheds suggests a landscape that is 

not in equilibrium with current tectonic conditions. Longitudinal stream profiles of the 

Sabinata watersheds are typically not equilibrium profiles (see Figs. 4.14, 4.20, 4.26, 

4.32), such as those observed in the Three Rivers and Temporal watersheds. 

Disequilibrium within the Sabinata watersheds appears to be localized and not 

necessarily related to displacement along the range-bounding Alamogordo Fault. 

Knickpoints occurring in these watersheds are commonly proximal to known 
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faults/structures within the western range-front (discussed further in the ensuing 

paragraphs). A knickpoint distribution indicative of displacement along the 

Alamogordo Fault (i.e., a wave of migrating knickpoints; see Fig. 3.3) is not observed 

in the Sabinata watersheds. Therefore, the author concludes that recent uplift has 

occurred within the western range-front of the Sacramento Mountains (i.e., east of the 

Alamogordo Fault). Any recent increases in uplift rates along the Sabinata fault 

segment are either negligible or below the resolution of this study. Hypsometry (see 

Fig. 2.2) and slope maps and percent-relief (see Chapter 4) imply that fluvial incision 

is an important erosion process in the Sabinata watersheds.  

Only one knickpoint could be identified with confidence in the Tularosa 

watershed. This knickpoint occurs at the confluence of streams 210, 222, and 238 (see 

Fig. 4.18). Downstream of this point, valley floor width increases significantly and 

channel concavity increases from 0.25 to 0.70 (see Fig. 4.16). Close inspection of 

Tularosa longitudinal stream profiles reveals an undulating, or stepping, character to 

the channel bed (see Fig. 4.14). Even with smoothing applied, slope-area plots exhibit 

significant scatter (see Fig. 4.15) that make regression of uncertain reliability  Whether 

the stepping observed in the longitudinal profiles is real or a digital artifact should be 

determined from future field work.  

Five knickpoints within the Fresnal and Dry Canyon watershed appear to be 

genetically correlative to the Fresnal fault. The Fresnal fault is a normal fault with the 

hanging block to the east (Pray, 1961). The fault trace extends from the southern end 

of the Fresnal watershed into the upper reaches of the Dry Canyon watershed (see 

Figs. 4.22 and 4.28). Relief along the Fresnal fault is approximately 200 meters and 

slopes along the face of the upthrown block commonly exceed 33°.  Pray (1961) 

estimated displacement along the Fresnal fault to be greater than 500 feet within the 

Fresnal watershed, and between 100 and 500 feet within the Dry Canyon watershed. 

Knickpoints occur upstream of the Fresnal fault in every investigated profile that the 

fault transects. Within the Fresnal watershed, such knickpoints occur in profiles 18 

and 24 (see Fig. 4.20). Within the Dry Canyon watershed, such knickpoints occur in 
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profiles 278, 279, and 280 (see Fig. 4.26). None of the knickpoints lie directly on the 

fault, and in the case of stream 18, the knickpoint has migrated greater than 2.5 

kilometers upstream of the fault. This suggests that erosion rates are greater than uplift 

rates (i.e. the landscape is in transient-state) in the Dry Canyon watershed and (at 

least) the southern portion of the Fresnal watershed. 

The knickpoint observed in profile 31 of the Fresnal watershed overlies a 

known normal fault (see Fig. 4.22). Displacement along this fault is estimated to be 

between 100 and 500 feet, with the downthrown block being located on the upstream 

side of the fault (Pray, 1961). The widened valley floors and shallow hillslopes along 

stream 31 (see Fig. 4.24) suggest that alluviation, rather than incision, is occurring in 

this stream—a hypothesis that is supported by the mapping of alluvium by Pray 

(1961).  

Profile 27 of the Fresnal watershed contains a knickpoint that occurs just above 

Acr (see Fig. 4.20; Appendix B), which is also coincident with a mapped dike. Slope 

and hill-shaded relief maps (see Figs. 4.22, 4.24) do not suggest any significant 

incision occurring along stream 27. It is possible that this knickpoint reflects the 

transition between colluvial and fluvial erosion processes. However, assuming that 

only fluvial processes occur at drainage areas larger than 10
6
 m

2
, and that the 

knickpoint occurs because of increased lithological resistance of the dike, the 

knickpoints observed in profiles 27 and 31 suggest that the northern portion of the 

Fresnal watershed may be at, or near, steady-state conditions. 

Two knickpoints occur along profile 14 of the Fresnal watershed. The author 

interprets the downstream knickpoint to occur at a transition from a bedrock channel 

to an alluvial channel bed. This hypothesis is supported by an increase in valley floor 

width (see Fig. 4.24) and by alluvium mapping by Pray (1961). However, data from 

this study cannot confirm nor refute that hypothesis, and an unidentified fault is 

certainly plausible. The upstream knickpoint in profile 14 is interpreted to occur as a 

result of offset along a fault identified by Pray (1961). This fault was not identified in 

the digital geologic map by Green and Jones (1997), which this thesis utilizes for 
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mapping purposes. Pray (1961) estimated displacement along the fault to be less than 

100 feet, with the downthrown block located on the downstream side of the fault.  In 

both cases, the knickpoints occur as readily discernible convexities in the longitudinal 

profile of stream 14 (see Fig. 4.20).  

Profile 4 of the Fresnal watershed contains two readily discernible, yet 

anomalous, convexities (see Fig. 4.20). Slope and relief maps suggest that significant 

incision is occurring immediately downstream of each knickpoint (see Fig. 4.24); 

however, neither the presence of a fault nor a change in lithology or substrate is 

apparent.  It is unlikely that the knickpoints occurring along profiles 4 and 14 are the 

result of a transient wave of incision emanating from the trunk stream, stream 18. If 

that were the case, one would expect that similar knickpoints would occur along 

profiles 6, 7, 10, and the upstream segment of profile 18; however, such evidence is 

not observed. Therefore, the author believes that the knickpoints observed in profiles 

14 and 4 occur because of local conditions—such as minor faulting or a change in 

substrate lithology—and warrant additional field investigation. 

A subtle knickpoint was identified along the uppermost reach of profile 275 of 

the Dry Canyon watershed (see Fig. 4.26). It is uncertain whether the knickpoint is 

real or perhaps a digital artifact. Three hypotheses were developed by the author 

regarding the formation of the knickpoint under the assumption that the knickpoint is 

indeed real: (1) the Fresnal fault actually extends across stream 275 and the knickpoint 

resulted from recent displacement along the Fresnal fault; (2) the knickpoint resulted 

from displacement along the fault identified transecting the uppermost segment of 

stream 275 (see Fig. 4.28); and (3) a local change in lithologic resistance occurs near 

the knickpoint. Whereas all three hypotheses seem plausible, the first hypothesis is 

least likely. In extending the trend of the Fresnal Fault to stream 275, the knickpoint 

would have had to have migrated upstream approximately 2.2 km, and 220 m 

vertically, in the same time that the largest of the streams transected by the Fresnal 

Fault, stream 18, incised an upstream distance of approximately 2.5 km, and 240 m 

vertically. This hypothesis is highly unlikely given that drainage area upstream of the 
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knickpoints are 73.7 km
2
 for stream 18, and only 2.26 km

2
 for stream 275. Data from 

this thesis is insufficient to verify or invalidate either the second or third hypotheses 

and field reconnaissance is warranted to determine the knickpoint‘s existence and its 

impetus. 

 The Alamo Canyon watershed contains four knickpoints. The linear 

distribution of the knickpoints, and the variability of the elevations at which the 

knickpoints are found, suggests a structural control, rather than a downstream drop in 

base level, on the formation of the knickpoints. In the slope map for the Alamo 

Canyon watershed (see Fig. 4.36), an apparent ridge with slopes of 20° – 40° can be 

delineated along the eastern banks of streams 288 and 303. This ridge is also 

coincident with the knickpoints observed along profiles 290 and 295. The controls on 

this geomorphic feature are unclear from the maps by Green and Jones (1997) or by 

Pray (1961).  The Alamo fault transects the Alamo Canyon watershed and is identified 

in Figure 5.5. Pray (1961) estimated the throw along the southern half of the fault to 

be between 100 feet and 500 feet with the downthrown block to the west; the northern 

half of the fault has a throw of less than 100 feet, with the downthrown block to the 

east. Displacement along the Alamo Fault is not a likely hypothesis to explain the 

presence of knickpoints in the Alamo Canyon watershed. In a steady-state landscape, 

knickpoints should align along the proximal edge (i.e. knickpoint lip; see Fig. 3.2) of 

the uplifted fault block, which is not the case in the Alamo Canyon watershed as 

knickpoints are located far upstream of the Alamo fault. In a transient-state landscape, 

the shear-stress incision law predicts that vertical incision should occur more rapidly 

in streams with larger drainage area. The trunk stream (stream 295) has a much larger 

drainage area than the tributaries, yet knickpoints in two tributaries (profiles 288 and 

301) are located at higher elevations than the knickpoint in the trunk stream profile. 

Therefore, knickpoints in the Alamo Canyon watershed appear to be structurally 

controlled but are not related to displacement along the Alamo fault. Knickpoint data 

for the Alamo Canyon watershed is listed in table 5.1 and can also be found in 

Appendix D. 
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Table 5.1. Knickpoint data for Alamo Canyon watershed. 

Stream 
Upstream Drainage 
Area (m2)  

Elevation (m) of 
knickpoint 

Distance-from-
mouth (m) 

295 (trunk stream) 11,602,100 2048 10,209 

288 1,465,600 2218 11,878 

290 9,058,700 1997 10,190 

301 4,097,800 2191 10,701 

 

Mule Canyon, San Andres Canyon, Dog Canyon, and Escondido Canyon 

Watersheds 

 The portion of the western range-front that contains the Mule Canyon, San 

Andres Canyon, Dog Canyon, and Escondido Canyon watersheds is bound by the 

southern half of the Sacramento fault segment. This portion of the Alamogordo Fault 

corresponds to the Deadman fault segment (discussed further in Section 5.3) as 

proposed by Koning and Pazzaglia (2002). Contiguous throughout the Mule Canyon, 

San Andres Canyon, Dog Canyon, and Escondido Canyon watersheds is a band of 

steep slopes (gradients = 40° – 70°) that the author interprets to correspond to the face 

of the Sacramento escarpment (see Figs. 4.42, 4.48, 4.54, 4.60). The general trend of 

the escarpment parallels the range-bounding Alamogordo Fault, except where 

drainage systems have incised into the range-front. Hypsometry (see Fig. 2.2) and 

percent-relief and slope maps (see Chapter 4) imply that fluvial incision has an 

important role in erosion processes in these watersheds. Prominent knickpoints that 

are spatially associated with the escarpment were observed in each of these watersheds 

approximately at the 2000-m topographic contour (see Figs. 4.38, 4.44, 4.50, 4.56). 

Each of these knickpoints signifies ~ 200 m relief in channel bed elevation. 

Additionally, the knickpoints along the escarpment separate substantially different 

geomorphic index values. Upstream of the knickpoints, normalized steepness and 

concavity are relatively low (average ksn = 59.2, average Θ = 0.61); downstream of the 

knickpoints, normalized steepness is very high and concavity is extreme (average     

ksn = 254.8, average Θ = 4.45). The author interprets the geomorphic indices of this 
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region to suggest recent uplift along the southern Sacramento segment (or Deadman 

segment, sensu Koning and Pazzaglia, 2002) of the Alamogordo Fault. Additionally, 

the spatial distribution of knickpoints along the escarpment is interpreted to indicate a 

transient-state landscape (refer to Fig.3.3). 

 Less prominent knickpoints (~20 m – 30 m relief) occur at lower elevations 

(~1500 m) in the Dog Canyon and Escondido Canyon watersheds (see Figs. 4.50 and 

4.56). These knickpoints may represent a change in substrate resistance along the 

channel length or may indicate a more recent increase in uplift rates along the 

Alamogordo Fault. Koning and Pazzaglia (2002) interpreted a series of ruptures along 

the Deadman fault segment using alluvial fault-scarp analysis. The timing of the 

ruptures were dated to late Pleistocene – early Holocene using 
14

C radiometric 

methods (Koning and Pazzaglia, 2002). The total maximum offset along the Deadman 

fault segment due to these ruptures is estimated to be 13 m (Koning and Pazzaglia, 

2002). Whether the ―less-prominent‖ knickpoints in the Dog Canyon and Escondido 

Canyon watersheds correlate to the events interpreted by Koning and Pazzaglia (2002) 

is unclear but warrants further investigation. This potential relationship between 

geomorphic indices observed in this thesis and the report by Koning and Pazzaglia 

(2002) is discussed further in Section 5.3. 

Bug Scuffle Canyon and Grapevine Canyon Watersheds 

 Geomorphology of the Bug Scuffle Canyon and Grapevine Canyon watersheds 

suggest a transient-state landscape undergoing incision. Percent-relief is relatively 

high at 72% and 75% for the Bug Scuffle Canyon and Grapevine Canyon watersheds, 

respectively (see table 4.1). Slope maps exhibit narrow stream channels with steep 

valley walls in the lower halves of the watersheds (see Figs. 4.66 and 4.72); yet slopes 

in the upper halves of the watersheds are relatively low and apparent fluvial incision is 

minimal. Lastly, knickpoints in the watersheds do not align along apparent structural 

features or lithologic contacts. Longitudinal profiles of streams in the Bug Scuffle 

Canyon and Grapevine Canyon watersheds exhibit disequilibrium profiles, excepting 

streams 367, 370, 373, and 375, which occur in the southernmost portion of the 
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Grapevine Canyon watershed. Stream segments associated with steep valley slopes 

and narrow channels have extreme concavities (Θ > 1.0 or Θ < 0.0). Such concavities 

are characteristic of transitions from incisional to depositional conditions (i.e. 

transient-state landscape), but may also occur because of abrupt along-stream 

variations in lithologic resistance (Whipple, 2004; see table 3.1).  

Previous studies have discussed fluvial response to uniform uplift along the 

entire length of channel segments and fluvial response to differential uplift related to 

an active strike-slip fault that transects a stream (e.g., Snyder et al., 2000; Kirby and 

Whipple, 2001; Wobus et al., 2006). However, the Bug Scuffle Canyon and Grapevine 

Canyon watersheds present a unique situation that has not been addressed by previous 

published studies. Headwaters of streams in the Bug Scuffle Canyon and Grapevine 

Canyon watersheds are located in the uplifted block of the Sacramento Mountains. 

The Sacramento fault segment either tips-out north of the Bug Scuffle Canyon and 

Grapevine Canyon watersheds, or it is concealed beneath these watersheds. Thus, 

streams in the Bug Scuffle Canyon and Grapevine Canyon watersheds are not 

apparently experiencing (A) uniform uplift along the entire channel length, or (B) 

differential uplift related to a transecting strike-slip fault.  

 The author concludes that the knickpoints observed in the Bug Scuffle Canyon 

and Grapevine Canyon watersheds reflect the same tectonic events evidenced by the 

geomorphic indices of the Mule Canyon, San Andres Canyon, Dog Canyon, and 

Escondido Canyon watersheds (i.e., displacement along the Sacramento segment of 

the Alamogordo Fault), and not a separate event that would have occurred along the 

McGregor segment of the Alamogordo Fault. Knickpoints in the Bug Scuffle Canyon 

and Grapevine Canyon watersheds occur at lower elevations than those in the 

watersheds immediately to the north. The lower elevation of the Bug Scuffle and 

Grapevine knickpoints can be explained as a result of topography and laterally-

differential displacement along the Sacramento fault segment, which is illustrated 

schematically in Figure 5.3. The eastward-tilt of the Sacramento Mountains and the 

decreased displacement of the Sacramento fault-segment towards the southern end of 
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the fault trace (Pray, 1961) result in a smaller vertical displacement for streams in the 

Bug Scuffle Canyon and Grapevine Canyon watersheds. This hypothesis is supported 

by the generalized observation that knickpoints in the Bug Scuffle Canyon watershed 

are typically located at higher elevations (1846 m – 1992 m; excludes 2 lowest 

knickpoints, which are discussed in following paragraphs) than knickpoints in the 

Grapevine Canyon watershed (1710 m – 1839 m). Furthermore, knickpoints are not 

distributed through the southernmost streams of the Grapevine Canyon watershed 

(streams 367, 370, and 373), which would be expected for displacement occurring 

along the McGregor fault segment. The knickpoint observed along profile 399 appears 

to be localized and attributable to the fault that transects the stream (see Figs. 4.68 and 

4.72). 

 One fault of the model illustrated in Figure 5.3 is that it does not explain the 

presence of the two lowest knickpoints (elevations = 1679 m and 1784 m) in the Bug 

Scuffle Canyon watershed. According to the model, and assuming the ―less-

prominent‖ knickpoints in the Escondido Canyon and Dog Canyon are attributable to 

an uplift event, it would be expected that the two low knickpoints in the Bug Scuffle 

Canyon watershed would be located at elevations below the ―less-prominent‖ 

knickpoints in the Escondido Canyon and Dog Canyon watersheds. Instead, the two 

lowest Bug Scuffle knickpoints are located at higher elevations than the ―less-

prominent,‖ low-elevation knickpoints of the Escondido Canyon and Dog Canyon 

watersheds. Further investigation is warranted to (A) test the model proposed in Figure 

5.3, (B) to determine if perhaps lithology is a factor in the development of knickpoints 

in the Bug Scuffle Canyon and Grapevine Canyon watersheds, and (C) to evaluate the 

possible presence/extension of the Sacramento fault-segment through the Bug Scuffle 

Canyon and Grapevine Canyon watersheds. 
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Figure 5.3. Schematic model to explain anomalous profiles in Bug Scuffle Canyon 
and Grapevine Canyon watersheds. Thin, parallel black lines represent arbitrary 

topographic contours. Stream A is a schematic representation of a stream aligned 

perpendicular to a range-bounding fault (such as stream 330 of the Dog Canyon 

watershed). Stream B is a schematic representation of streams observed in the Bug 

Scuffle Canyon and Grapevine Canyon watershed that are flow obliquely to the range-

bounding fault and may not actually cross the fault trace. Note that the north arrow has 

been adjusted to depict conditions similar to the Sacramento Mountains. At time 1 (top 

panel), the land mass (in green) is tectonically stable and streams are in equilibrium. 

At time 2 (bottom panel), recently uplifted rock is indicated in tan. Assume that 

lithologies of green and tan land masses are homogeneous. Maximum uplift (dzmax) 

along the fault occurs near the latitude of stream A, and diminishes towards where the 

fault tips out (bottom, center image). Eastward tilting results in additional diminished 

uplift for stream B (bottom, right image). The laterally-differential uplift along the N-

S trending fault and the eastward tilting of the land mass suggest that knickpoints (red 

―x‘s‖) occurring because of uplift along the range-bounding fault will occur at lower 

elevations in stream B than in stream A. 
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5.3 Regional Analysis of Study Area  

 Whereas the discussion in Section 5.2 recognizes and discusses even small 

anomalies regarding geomorphic indices within each watershed, this section discusses 

the larger implications of trends in geomorphic indices observed within the 

Sacramento Mountains. Additionally, this section discusses the preliminary questions 

posed in Chapter 1, which were: 

1) Is there geomorphic evidence for recent uplift in the Sacramento Mountains?  

2) Do longitudinal bedrock river profiles reflect spatial and/or temporal variations in 

relief, deformation, and/or climate? And 

3) If so, can the detachment-limited stream power law of Howard and Kerby (1983) be 

used to quantitatively evaluate the role of river incision in uplift in the Sacramento 

Mountains? 

 Quantitative interpretation of the detachment-limited shear-stress incision law 

by Howard and Kerby (1983) is inappropriate for the Sacramento Mountains‘ streams 

without further constraints. The extent of channel bed alluviation and transient-state 

conditions potentially restrict/invalidate the use of the detachment-limited shear-stress 

incision law in the Sacramento Mountains (see Chapter 3). ―Detachment-limited‖ 

denotes a condition in which sediment transport capacity is always greater than 

sediment input (i.e., non-alluvial bedrock channels). Based on analysis of slope maps 

(see Chapter 4), hypsometry (see Fig. 2.2), and surface geology maps (see Chapter 4), 

the northernmost watersheds—Three Rivers and Temporal—appear to be extensively 

alluviated and landscape evolution is dominated by hillslope erosion processes. 

Previous workers (e.g., Snyder et al., 2000; VanLaningham et al., 2006) have been 

able to effectively utilize the detachment-limited shear-stress incision law under 

conditions of variable, but known, channel alluviation. Therefore, future research 

regarding the extent of alluviation may enable use of the detachment-limited shear-

stress incision law in the Sacramento Mountains.   



Texas Tech University, Joe C. Bauman, August 2011 
 

161 

 

Normalized steepness indices (ksn) were found to be more useful than 

concavity indices (Θ) for regional comparison within the Sacramento Mountains. 

Large uncertainty was present in measuring Θ over short stream segments and 

irregular, unsmooth profiles (refer to Chapter 3 for explanation). Appendix C contains 

stream profile data, which includes error measurements for concavity (Θ) and 

normalized steepness (ksn). Concavity was useful, however, in interpreting local along-

stream characteristics and transitions in substrate resistance and tectonic conditions for 

individual streams.  

In the southern Sacramento Mountains, transient-state conditions are evident 

by the incision of box canyons into the Sacramento escarpment and the spatial 

distribution of knickpoints along the 2000-m topographic contour (i.e., erosion rates 

are greater than uplift rates). Transient-state conditions invalidate any quantitative 

interpretation of the detachment-limited shear-stress incision law (see Chapter 3). 

However, the author argues that if climate and lithology (factors that affect K; see 

Chapter 3) can be constrained as constant across a landscape, then the relationship 

observed in equation 12 (ks = [U/K]
1/n

 ; see Chapter 3) reflects qualitative variations in 

uplift rates. This thesis has presented evidence that climate may be considered 

constant across the western range-front of the Sacramento Mountains (see Figure 2.2. 

and Chapter 4). The author argues that lithology in the southern Sacramento 

Mountains may be considered homogenous at the scale of this study, excepting the 

granitic Sierra Blanca pluton. Previous workers (e.g. Otte, 1959; Pray, 1961) have 

discussed the lateral and vertical variability of lithologic units within the southern 

Sacramento Mountains. Despite the lithologic variations, knickpoints consistently 

occur at elevations of ~2000 m in the southern Sacramento Mountains, and channel 

segments upstream and downstream of respective knickpoints are smooth and 

concave-up. Under the assumptions that precipitation rates and lithologic resistance 

may be held constant, normalized steepness indices (ksn) display trends that reflect 

spatial and temporal variations in uplift rates across the western range-front of the 

Sacramento Mountains. 
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A general east-west trend in steepness values can be observed in the southern 

Sacramento Mountains between the Tularosa and Bug Scuffle Canyon watersheds. 

The trend is depicted in Figure 5.4. The eastern halves of these watersheds are 

characterized by individual stream segments with lower normalized steepness values 

(ksn = 0.0 – 120.0). The western halves of these watersheds are characterized by 

individual stream segments with typically higher steepness values (ksn = 120.0 to 

>180.0). Prominent knickpoints (relief ~ 200 m) typically demarcate the boundary 

between the higher/lower steepness zones. These general observations are consistent 

with a kinematic response (i.e. knickpoint migration) to a drop in base level under 

detachment-limited conditions (see Fig. 3.1). Furthermore, the headward propagation 

of knickpoints is indicative of a transient-state landscape (Wobus et al., 2006).  The 

downstream channel segments with high ksn values (ksn > 120.0) represent a ―new‖ 

equilibrium state (or possibly ―intermediate‖ phase, which is discussed further below) 

to which the entire channel profile will eventually degrade. The upstream channel 

segments with lower ksn values (ksn < 120.0) represent an ―old‖ equilibrium state, or 

relict landscape. The relict landscape will continue to exist until migrating knickpoints 

adjust channel bed elevations to the ―new‖ equilibrium state (Gardner, 1983; Whipple 

and Tucker, 2002; Wobus et al., 2006; see Fig. 3.1). The lack of steep stream segments 

(ksn > 120.0) suggests that the Three Rivers and Temporal watersheds have not 

experienced the same uplift event(s) evidenced by watersheds in the southern 

Sacramento Mountains, or that these watersheds have since reached equilibrium. The 

Three Rivers watershed contains stream segments with higher ksn values (see Fig. 4.4), 

but the author believes these channel segments are affected by flowing through the 

resistant, granitic Sierra Blanca pluton, which is discussed further below. The author 

interprets the observations of higher ksn values within the western halves of 

watersheds of the southern Sacramento Mountains to indicate a recent increase in 

uplift rates (i.e., an uplift event) along the Sacramento segment of the Alamogordo 

Fault. Furthermore, the author interprets the low ksn values that characterize streams in 

the Three Rivers and Temporal watersheds to indicate that the Sierra Blanca region 
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has not experienced significant (i.e., observable at the scale of this study), if any, 

recent increases in uplift rates along the Three Rivers segment of the Alamogordo 

Fault. These interpretations are consistent with observations and interpretations made 

by Otte (1959), Pray (1961), Machette (1987), Machette et al. (2000), and Koning and 

Pazzaglia (2002). 

Average normalized steepness indices (ksn) for each watershed also suggest a 

north-south trend in uplift rate variations. Average normalized steepness values for 

each watershed are listed in table 5.2. The north-south trend in steepness values is 

illustrated in Figure 5.5. The Three Rivers watershed has an average normalized 

steepness index of 74.0 when all streams within the watershed are accounted for. 

However, excluding the channel segments that are associated with the resistant, 

granitic pluton of Sierra Blanca, the average ksn value for the Three Rivers watershed 

is only 49.7. The author concludes that the latter ksn value is more indicative of 

tectonic conditions in the Three Rivers watershed as channel segments there with high 

steepness are only associated with the granitic Sierra Blanca pluton. As the author has 

argued above (see Section 5.1), the granitic rock has a strong lithological contrast with 

the sedimentary rocks that compose the vast majority of surface bedrock in the 

Sacramento Mountains. The general trend of average normalized steepness values 

depicts that steepness values are lowest within the northernmost and southernmost 

watersheds, but increases towards the southern half of the Sacramento fault segment.  

Assuming that variations in ksn values qualitatively reflect variations in uplift 

rates across the western range-front (i.e., higher ksn values are a proxy for higher uplift 

rates), the interpreted trend of uplift rates agrees with numerous studies by previous 

workers (e.g. Pray, 1961; Machette, 1987; Machette et al., 2000; Koning and 

Pazzaglia, 2002). Accordingly, the author categorizes relative uplift rates in the  
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Sacramento Mountains based on average normalized steepness index values as 

follows: 

 Lower uplift rates: average ksn < 60 

 Moderate uplift rates: average ksn = 60 – 120 

 Higher uplift rates: average ksn > 120. 

Table 5.2. Average ksn values as a proxy for relative uplift rates in the 
Sacramento Mountains. 

Watershed Average ksn
† Interpreted Relative Uplift Rate 

Three Rivers 74.0 / 49.7* Lower 

Temporal 52.0 Lower 

Tularosa 62.4 Moderate 

Fresnal 86.8 Moderate 

Dry Canyon 83.9 Moderate 

Alamo Canyon 110.2 Moderate 

Mule Canyon 140.2 Higher 

San Andres Canyon 144.7 Higher 

Dog Canyon 171.8 Higher 

Escondido Canyon 174.6 Higher 

Bug Scuffle Canyon 86.1 Moderate 

Grapevine Canyon 63.8 Moderate 
† 
ksn values were calculated using Θref = 0.45. 

* The ksn value of 74.0 corresponds to the average normalized steepness index for all streams in the 

Three Rivers watershed. The lower value (ksn = 49.7) is the average normalized steepness index for the 

Three Rivers watershed excluding stream segments that flow through the granitic pluton of Sierra 

Blanca. The latter value is the preferred value. Refer to text for details. 

 

The north-south trend in average normalized steepness values (ksn) represents 

an observation regarding the entire study area. However, what do the interpretations of 

relative uplift rates mean specifically (see table 5.2)? Clearly, because the average 

normalized steepness values (ksn) take into account stream profiles from a previous 

state of equilibrium (i.e., stream profiles of Three Rivers and Temporal watersheds 

and eastern stream segments of the southern Sacramento Mountains), the average ksn 

represents some overall characterization of the relict, intermediate, and modern 

landscapes. Therefore, the classifications of ―lower‖, ―moderate‖, and ―higher‖ 

relative uplift rates are a qualitative representation of recentness and magnitude of 

increases in uplift rates. In summary, the author concludes that the knickpoints and 
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steepness indices of the Sacramento Mountains indicate a recent increase in uplift 

rates along the Sacramento segment of the Alamogordo Fault, and that the maximum 

increase in uplift rates occurs along the segment of the fault that corresponds to the 

Mule Canyon, San Andres Canyon, Dog Canyon, and Escondido Canyon. Timing of 

the changes in uplift rates is now discussed. 

Koning and Pazzaglia (2002) proposed that the Sacramento segment of the 

Alamogordo Fault is actually two separate fault segments with individual 

displacement histories. Those authors named the north segment the Sabinata fault 

segment, and the southern segment the Deadman fault segment. The boundary 

between these two segments occurs approximately near the mouth of the Alamo 

Canyon watershed (see Fig. 5.5). Observations from this thesis support the argument 

by Koning and Pazzaglia (2002). As discussed in Section 5.2, geomorphic indices in 

the Temporal, Fresnal, Dry Canyon, and Alamo Canyon watersheds—termed the 

Sabinata watersheds, as used in Section 5.2—suggest that recent uplift has occurred 

within those watersheds, but that foci of displacement are localized along faults within 

the western range-front and not along the range-bounding Alamogordo Fault. 

Conversely, geomorphic indices in the Mule Canyon, San Andres Canyon, Dog 

Canyon, and Escondido Canyon watersheds indicate a migrating wave of incision that 

propagates from the Deadman segment of the Alamogordo Fault (see Section 5.1). 

Alluvial fan fault scarps indicate that vertical displacement along the entire 

length of the Alamogordo Fault continues at present-day (e.g. Pray, 1961; Grant, 

1984; Machette, 1987; Machette et al., 2000; Koning and Pazzaglia, 2002). Data from 

this thesis are inadequate to precisely constrain the timing of changes in uplift rates 

and the respective timing of a geomorphic response to such uplift rate changes. 

However, the data from this thesis does suggest that the event(s) that resulted in the 

high steepness values (ksn) of the southern Sacramento Mountains predates the rupture 

events recognized by Koning and Pazzaglia (2002). The rupture events recognized and 

dated (
14

C) by Koning and Pazzaglia (2002) occurred throughout the Holocene and 

late Pleistocene and account for a cumulative maximum displacement estimate of 13 
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m. The faces of the prominent knickpoints that occur along stream profiles in the 

southern Sacramento Mountains frequently represent ~ 200 m in relief (see Chapter 4). 

The mechanics of knickpoint migration predict that relief may persist or diminish 

along the knickpoint face, but not increase (Gardner, 1983; see Fig. 3.2). Therefore, 

the author believes that the current uplift rates along the Alamogordo Fault calculated 

by previous workers (~0.11 mm/yr; e.g., Machette, 1987; Machette, et al., 2000; 

Koning and Pazzaglia, 2002) do not characterize the uplift rates that resulted in the 

high normalized steepness indices (ksn > 120.0)  and prominent knickpoints of the 

southern Sacramento Mountains. Rather, the high normalized steepness indices of the 

southern Sacramento Mountains must reflect an earlier period of increased uplift rates 

that likely corresponds to basin-and-range faulting of the Rio Grande rift (discussed 

further below). An implication of this hypothesis is that a decrease in uplift rates 

(corresponding to present-day uplift rates) may result in transport-limited conditions in 

downstream channel reaches, further complicating use of the shear-stress incision law. 

Previous workers have determined that basin-and-range faulting of the Rio 

Grande rift, which resulted in the uplift of the Sacramento Mountains, began ~ 30 Ma 

(Keller and Baldridge, 1999). Extension of the Rio Grande rift has continued relatively 

consistently to present-day but was punctuated by two periods of increased extension 

rates during the late Oligocene-early Miocene and middle Miocene-Holocene 

(Hawley, 1991; Chapin and Cather, 1994; Keller and Baldridge, 1999). In southern 

New Mexico, the later phase of rapid extension initiated ~10 Ma and continued to ~5 

Ma (Hawley, 1991; Chapin and Cather, 1994). The author then finds the following 

hypothesis most plausible: after uplift of the Sacramento Mountains was initiated ~30 

Ma, streams reached equilibrium with tectonic and climatic conditions. A later phase 

of extension occurred between 10 Ma and 5 Ma (late Miocene) with maximum uplift 

rates occurring along the Deadman segment of the Alamogordo Fault. The rapid uplift 

rates of the late Miocene resulted in high steepness indices and prominent knickpoints 

throughout the southern Sacramento Mountains. Any response to an increase in uplift 

rates that may have occurred in the Three Rivers and Temporal watersheds appears to 
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have since been equilibrated. Current uplift rates and observations of transient-state 

conditions do not explain the development of the high steepness indices (ksn > 120.0) 

and prominent knickpoints within the southern Sacramento Mountains watersheds. 

Therefore, the author interprets the stream segments with high steepness indices to 

reflect an intermediate, transient landscape indicative of uplift rates that were higher 

than present-day uplift rates. 

In conclusion, longitudinal stream profiles of the Sacramento Mountains 

indicate three general uplift episodes along the Alamogordo Fault: (1) an early period 

of uplift (originating ~30 Ma) that corresponds to the relict landscape discussed above, 

(2) a period of increased uplift rates that likely correspond to rapid extension of the 

Rio Grande rift (10 Ma – 5 Ma), and (3) a period of decreased uplift rates that began in 

the late Pleistocene and continues to present day. 
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Figure 5.4. East-west trend between high/low normalized steepness indices. The 

dashed purple line approximates the boundary between stream segments with 

generally high ksn values (to the west) and those with generally low ksn values (to the 

east). Abbreviations correspond to Alamogordo Fault segments: (AF-3R) Three Rivers 

segment; (AF-Sac/Sab) Sacramento segment (sensu Machette, 1987) or Sabinata 

segment (sensu Koning and Pazzaglia, 2002); (AF-Sac/DM) Sacramento segment or 

Deadman segment (sensu Koning and Pazzaglia, 2002); (AF-MG) McGregor segment. 

Location of Alamogordo Fault is from Green and Jones (1997). 
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Figure 5.5. North-south trend in average normalized steepness indices. Shaded 

arrows identify the general north-south trend of ksn values, which increase towards the 

center of the Alamogordo Fault-Deadman segment. Average ksn values for each 

watershed are indicated in each respective watershed. Abbreviations for Alamogordo 

Fault segments are the same as those used in Figure 5.4. Location of Alamogordo 

Fault is from Green and Jones (1997). 

* ksn value for Three Rivers watershed (49.7) represents preferred value. See text for 

discussion. 
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5.4 Future Research Needs 

 Because no field work was done for this thesis, the digital analysis utilized in 

this study required various assumptions and quality-checks, and these are discussed 

throughout this thesis. Field observations of knickpoint physiography represent one 

opportunity to add certainty to conclusions derived from geomorphic indices. 

Appendix D lists digitally-derived data (including geographic location) regarding each 

knickpoint identified from longitudinal stream profiles. Anomalous knickpoints of 

particular interest for future field research are the various knickpoints in the Fresnal 

and Alamo Canyon watersheds (discussed in Section 5.2), and the ―less-prominent,‖ 

low-elevation knickpoints of the Dog Canyon and Escondido Canyon watersheds. A 

model explaining the descending elevations of the Bug Scuffle Canyon and Grapevine 

Canyon was proposed in Section 5.2 (see Fig. 5.3). Further work, utilizing field 

observations, could add important data to explain the model quantitatively. 

Streams in the Tularosa watershed exhibit anomalous, ―stepping‖ longitudinal 

profiles. Because no field work was done for this thesis, the author is unable to 

determine whether the stepping is real or a digital artifact. Satellite imagery and the 

stepping observed in the Tularosa longitudinal stream profiles suggest to the author 

two potential hypotheses: (1) vegetation, which may inhibit erosion, occurs in the 

channel bed as discontinuous patches that alternate between channel bed segments 

composed of gravel and/or bedrock, and (2) plucking is the dominate fluvial erosion 

process. An implication for either hypothesis is that the slope exponent, n, may require 

a different value than slope exponents for other watersheds in the Sacramento 

Mountains, further complicating regional shear-stress incision-law studies.  

 The most important consideration for future field research, in the opinion of 

the author, is to determine the extent of channel bed alluviation throughout the streams 

of the Sacramento Mountains. Constraining the extent of alluviation may allow for 

additional calibration of the shear-stress incision-law for use in the Sacramento 

Mountains. Also, the author hypothesized that geomorphic indices in the southern 



Texas Tech University, Joe C. Bauman, August 2011 
 

171 

 

Sacramento Mountains reflect three extant phases of geomorphic response to uplift 

conditions (see Section 5.3). However, a transition from higher uplift rates of the late 

Miocene to the lower, present-day uplift rates could not be discerned from longitudinal 

stream profiles, but only predicted from logical analysis of knickpoint migration 

mechanics. 
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Chapter VI 

Conclusions 
 Uplift of the Sacramento Mountains relative to the Tularosa Basin initiated 

approximately 30 Ma. The western range-front of the Sacramento Mountains is 

bounded by the Alamogordo Fault. Twelve watersheds with streams that are 

transected by the Alamogordo Fault were investigated. Quantitative topographic 

analysis and longitudinal stream profile studies in the Sacramento Mountains reveal 

spatial and temporal variations in uplift histories along the Alamogordo Fault. The 

spatial distribution of knickpoints and metrics derived from stream slope-area plots 

suggest that the Sacramento segment of the Alamogordo Fault consists of at least two 

sub-segments. These fault sub-segments correspond to the Sabinata and Deadman 

fault segments as proposed by Koning and Pazzaglia (2002). 

 Metrics derived from stream slope-area plots include concavity index (Θ) and 

normalized steepness index (ksn). While Θ is theoretically a function of lithologic 

resistance, streams in the Sacramento Mountains do not reveal spatial trends in Θ that 

are coincident with changes in sedimentary lithology (carbonate, sandstone, and 

mudstone). It is concluded that sedimentary lithology may be considered 

homogeneous at the scale of this study. However, observations of Θ for streams that 

flow through the granitic pluton of Sierra Blanca consistently reveal an along-stream 

transition from lower Θ values for channel segments within the pluton (characteristic 

Θ value < 0.40) to higher Θ values for downstream channel segments that flow over 

sedimentary/tuffaceous bedrock (characteristic Θ value > 1.0). These observations are 

consistent with a strong contrast in lithologic resistance between the granitic pluton of 

Sierra Blanca and the surrounding tuffaceous/sedimentary rocks. 

 Theoretical relationships between normalized steepness indices (ksn) and uplift 

rates suggest that ksn may be used as a proxy for inferring relative spatial and temporal 

variations in uplift rates. Watersheds of the western range-front of the Sacramento 

Mountains exhibit a north-south trend in average ksn values. Average ksn (Θref = 0.45) 
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increases north to south from the Three Rivers watershed to the Alamo Canyon 

watershed (ksn = 49.7 and 110.2, respectively), and from south to north in the 

Grapevine Canyon and Bug Scuffle Canyon watersheds (ksn = 63.8 and 86.1, 

respectively). Maximum average ksn values occur in the Mule Canyon, San Andres 

Canyon, Dog Canyon, and Escondido Canyon watersheds (ksn = 140.2 to 174.6). This 

trend mimics the trend of measured, present-day rates of uplift along the Alamogordo 

Fault. Therefore, average ksn values may be used to infer spatial variations in relative 

uplift rates along the Alamogordo Fault. 

 A general west-east trend in ksn values is also observed. This trend is most 

apparent in watersheds that are coincident to the Deadman segment of the 

Alamogordo Fault. In these watersheds, upstream channel segments to the west 

typically exhibit ksn values less than 120. Downstream channel segments are steeper 

and exhibit ksn values greater than 120. 

 The spatial distribution of knickpoints in the Sacramento Mountains reveals 

additional information regarding uplift-rate histories along the Alamogordo Fault. 

Knickpoints in the watersheds coincident to the Deadman fault segment separate the 

higher-ksn, upstream channel segments from lower-ksn, downstream channel segments. 

These knickpoints typically represent approximately 200 m in relief and are 

consistently located near the 2000 m elevation contour. These observations, in 

addition to the west-east trend of ksn values mentioned above, are consistent with 

characteristics of a transient-state landscape that has undergone a temporal increase in 

uplift rates.  

 In contrast to the knickpoints associated with the Deadman fault segment, 

knickpoints that occur in watersheds coincident to the Sabinata fault segment do not 

indicate a transient wave of erosion propagating from the range-bounding fault. 

Instead, knickpoints that occur in these watersheds occur proximal to localized, 

apparent faults or structures. This observation, in concert with observations regarding 

north-south trends in average ksn values, supports the interpretation that the 

Sacramento fault segment is composed of  two individual fault segments—the 
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Deadman and Sabinata fault segments—as proposed by Koning and Pazzaglia (2002) 

based on field geomorphic studies. 

 Longitudinal stream profiles reveal geomorphic responses to three episodes of 

tectonic activity in the Sacramento Mountains. (1) An early period of uplift, to which 

streams have equilibrated, is indicated by upstream channel segments with smooth, 

concave-up geometries and ksn < 120. This relict landscape is observed throughout the 

western range-front. (2) A second, intermediate period of increased uplift rates is 

indicated by a downstream-transition to channels segments with ksn values greater than 

120. Additionally, the transition from low to high ksn values is typically demarcated by 

prominent knickpoints. This intermediate landscape is observed north to south from 

the Tularosa watershed to the Grapevine Canyon watershed. (3) Present-day uplift 

rates signify a third, current period of tectonic activity that reflects a decrease in uplift 

rates relative to the intermediate period. The period of decreased uplift rates is not 

evident from longitudinal stream profiles or geomorphic indices but, rather, is inferred 

from knickpoint analysis. The spatial distribution of knickpoints within the western 

range-front suggests a transient-state landscape. Therefore, the author concludes that 

present-day uplift rates are less than present-day erosion rates and that present-day 

uplift rates would not have resulted in the prominent knickpoints observed along the 

western range-front of the Sacramento Mountains.
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Appendix A 

Digital Precipitation Estimate Grids 

The 10-m resolution digital precipitation grid used was created by resampling a 

2.5 arc-minute (~ 4 km) resolution annual precipitation grid created by the PRISM 

Climate Group, Oregon State University (created October 14, 2003, see 

www.prism.oregonstate.edu). PRISM (Parameter-elevation Regressions on 

Independent Slopes Model) incorporates point data from weather stations and 

underlying grids such as DEMs and a 30-year climatological average grid to generate 

precipitation estimates that account for orography. These annual and monthly 

precipitation estimate digital grids are available for free through the PRISM website 

(see www.prism.oregonstate.edu). The PRISM Climate Group creates precipitation 

estimate grids with two levels of horizontal resolution: 30 arc-second resolution and 

2.5 arc-minute resolution. The 30 arc-second resolution grid has higher resolution 

approximately equivalent to 800-m resolution. The 2.5 arc-minute resolution grid has 

lower resolution approximately equivalent to 4-km resolution. Each of these annual 

precipitation grids comprise a 30-year (1971 – 2001) annual mean of rain and snowfall 

(Gibson, 2006).  

Newton et al. (2009) investigated annual precipitation measurements made by 

eleven weather stations located at various elevations throughout the Sacramento 

Mountains and Tularosa Basin. The locations of these weather stations, and the 

periods of record, are listed in table A.1. The precipitation data had been compiled by 

the Western Regional Climate Center, National Oceanic and Atmospheric 

Administration (NOAA) (see http://www.wrcc.dri.edu/summary/climsmnm.html). The 

average precipitation values calculated by the NOAA cover a variable time span, but 

typically range from 1914 – 2007 (see table A.2). Newton et al. (2009) determined that 

elevation is a reliable predictor of annual precipitation in the Sacramento Mountains. 

A comparison is made using the data from the hydrology study by Newton et al. 

(2009) to the PRISM 30 arc-second and 2.5 arc-minute resolution precipitation 
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estimate grids by extracting grid values to points corresponding to the locations of the 

weather stations indicated by Newton et al. (2009). Table A.2 lists and Figures A.1 

and A.2 illustrate that comparison. In general, values extracted from the PRISM 2.5 

arc-minute resolution precipitation grid more closely replicate the mean annual 

precipitation values measured by NOAA weather stations and the best-fit curve of data 

from those stations. Values extracted from the PRISM 30 arc-second resolution 

precipitation estimate grid consistently over-estimate the NOAA measured 

precipitation values. On average, the PRISM 30 arc-second resolution precipitation 

estimate grid differs from NOAA measured values by 4.8 cm. Of special note is the 30 

arc-second precipitation estimate at the Mescalero weather station (33.167° N, 

105.783° W), which differs from the NOAA average annual precipitation by 15.3 

cm/yr.  

Although the point-accuracy of the PRISM 2.5 arc-minute resolution 

precipitation estimate grid more closely matches the NOAA measured precipitation 

values, the low resolution (i.e., large pixel size) of the 2.5 arc-minute grid makes it 

cumbersome for spatial analysis at the scale of study of this thesis, particularly within 

the smaller watersheds along the southern Sacramento Mountains. Therefore, the 

PRISM 2.5 arc-minute resolution precipitation estimate grid was resampled at 10-m 

resolution using a bilinear interpolation method. This was done with the Raster 

Processing Resample Raster tool in the ArcGIS Data Management Tools toolbox. 

Resampling by bilinear interpolation creates a new grid cell (output) by applying a 

distance-weighted average of the four nearest original grid cells (input). The distances 

used by the algorithm are measured from the center of the output cell to the center of 

the respective input cells. Therefore, input cells with centers closest to the center of 

the output cell will more greatly impact the new value of the output cell (Bolstad, 

2005). 

The resultant 10-m resolution precipitation grid was point-checked for 

accuracy. Of all the precipitation grids, the 10-m resolution precipitation grid most 

closely matches the NOAA measured values and best-fit curve (see table A.2 and Figs. 
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A.1 and A.2). As the 10-m resolution precipitation digital grid is derived from the 

rigorously-tested PRISM grid, and closely matches precipitation values observed by 

selected weather stations, use of the 10-m resolution precipitation estimate digital grid 

is justified.
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Table A.1. Locations and periods of record for weather stations. 

* Cloudcroft includes data averaged from 2 stations. 

† Periods of record may include gaps. 

 

 
Table A.2. Comparison of observed and estimated precipitation values. 

 

Observed Estimates 

 

NOAA PRISM 30 arcsec PRISM 2.5 arcmin This thesis 

Station Name cm/yr cm/yr δ cm cm/yr δ cm cm/yr δ cm 
White Sands Nat. 

Monument 22.581 25.647 3.07 26.658 4.08 26.665 4.08 

Hope 37.084 42.147 5.06 36.894 -0.19 36.940 -0.14 

Orogrande 25.730 29.042 3.31 30.096 4.37 30.440 4.71 

Alamogordo 29.185 32.283 3.10 31.713 2.53 31.643 2.46 

Tularosa 25.578 29.218 3.64 28.713 3.14 28.305 2.73 

Elk 41.783 45.078 3.30 44.825 3.04 45.404 3.62 

Mayhill Ranger Station 47.981 53.471 5.49 48.539 0.56 51.997 4.02 

Mescalero 49.098 64.440 15.34 53.379 4.28 52.947 3.85 

Mountain Park 49.047 54.037 4.99 56.401 7.35 51.639 2.59 

Ruidoso 54.483 54.808 0.33 50.486 -4.00 53.403 -1.08 

Cloudcroft* 70.104 75.168 5.06 63.782 -6.32 63.064 -7.04 

Average deviation from observed values (cm): 4.79 
 

3.62 
 

3.30 
 

* Cloudcroft includes data averaged from 2 stations. 

 

Station Name 
NOAA  

Station No. 
Lat. 
(⁰N) 

Long. 
(⁰W) 

Elev. 
(m) 

NOAA Period of 
Record† 

White Sands Nat. 

Monument 299686 32.782 106.176 1216.152 1939 to 2007 

Hope 294112 32.811 104.734 1249.680 1919 to 2007 

Orogrande 296435 32.377 106.090 1274.064 1914 to 2007 

Alamogordo 290199 32.867 105.941 1325.880 1914 to 2007 

Tularosa 299165 33.071 106.042 1383.792 1914 to 2007 

Elk 292865 32.916 105.338 1740.408 1895 to 2007 

Mayhill Ranger Station 295502 32.917 105.467 1996.440 1917 to 2007 

Mescalero 295657 33.167 105.783 2069.592 1914 to 1978 

Mountain Park 295960 32.950 105.824 2069.592 1914 to 2007 

Ruidoso 297649 33.350 105.667 2090.928 1942 to 2007 

Cloudcroft* 291927/291931 32.950 105.733 2685.288 1914 to 2007 
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Figure A.1. Chart of precipitation observations and estimates versus elevation. Note that the best-fit curve is only representative 

of NOAA observed precipitation values. 
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 Figure A. 2. Comparison of precipitation estimation methods to NOAA observed precipitation values. 
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Appendix B 

Stream Profile Regression Figures 

 This appendix contains the figures derived from longitudinal stream profile 

analysis. The figures are listed in order of stream number and contain three graphs for 

each stream. The graphs included for each figure are: 

a) Longitudinal stream profile (elevation versus distance from mouth). This is the 

graph located at the top of each figure.  

b) Drainage area versus distance from mouth. This is the graph in the center of 

the figure. 

c) Slope-area plot (log gradient versus log drainage area). This is the graph at 

the bottom of each figure. 

The pink curve in the longitudinal profile plots is the smoothed profile, which 

overlies the raw-data longitudinal profile (in green). Pink crosses in the slope-area plot 

are data values that have been sampled every 12.192 vertical meters; red boxes 

indicate the log-bin averages of these data points. Regression data (ksn and Θ) for each 

stream profile is listed within each slope-area plot proximal to the respective stream 

segment. Blue lines within longitudinal profiles and slope-area plots indicate regressed 

stream segments. Cyan lines within longitudinal profiles and slope-area plots indicate 

the line of regression between the selected upper and lower bounds of each stream 

segment fit to the reference concavity (Θref = 0.45). Knickpoints are identified by 

crosses (+) in longitudinal profile plots, and by blue circles (ο) in the slope-area plot. 

Stream segments were determined by subjectively separating the longitudinal 

profiles into two or more segments where obvious knickpoints or convexities divide 

apparently distinct profile segments. The minimum lower boundary (Acr) for data 

regression is drainage area (A) equal to 10
6
 m

2
. Trunk stream profiles were regressed 

(either singularly or by collective stream segments) from Acr to the mouth of the 
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drainage. Tributary stream profiles were similarly regressed from Acr to the confluence 

with the trunk stream profile. 
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Figure B.1.  Stream profile regression, Stream 38, Three Rivers watershed. Refer to 

text for explanation. 
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Figure B.2.  Stream profile regression, Stream 40, Three Rivers watershed. Refer to 

text for explanation. 
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Figure B.3.  Stream profile regression, Stream 50, Three Rivers watershed. Refer to 

text for explanation. 
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Figure B.4.  Stream profile regression, Stream 52, Three Rivers watershed. Refer to 

text for explanation. 
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Figure B.5.  Stream profile regression, Stream 55, Three Rivers watershed. Refer to 

text for explanation. 
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Figure B.6.  Stream profile regression, Stream 56, Three Rivers watershed. Refer to 

text for explanation. 
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Figure B.7.  Stream profile regression, Stream 59, Three Rivers watershed. Refer to 

text for explanation. 
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Figure B.8.  Stream profile regression, Stream 64, Three Rivers watershed. Refer to 

text for explanation. 



Texas Tech University, Joe C. Bauman, August 2011 
 

201 

 

 
 
Figure B.9.  Stream profile regression, Stream 65, Three Rivers watershed. Refer to 

text for explanation. 
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Figure B.10.  Stream profile regression, Stream 68, Three Rivers watershed. Refer to 

text for explanation. 
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Figure B.11.  Stream profile regression, Stream 70, Three Rivers watershed. Refer to 

text for explanation. 
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Figure B.12.  Stream profile regression, Stream 71, Three Rivers watershed. Refer to 

text for explanation. 
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Figure B.13.  Stream profile regression, Stream 72, Three Rivers watershed. Refer to 

text for explanation. 
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Figure B.14.  Stream profile regression, Stream 73, Three Rivers watershed. Refer to 

text for explanation. 
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Figure B.15.  Stream profile regression, Stream 74, Three Rivers watershed. Refer to 

text for explanation. 
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Figure B.16.  Stream profile regression, Stream 75, Three Rivers watershed. Refer to 

text for explanation. 
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Figure B.17.  Stream profile regression, Stream 77, Three Rivers watershed. Refer to 

text for explanation. 
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Figure B.18.  Stream profile regression, Stream 82, Three Rivers watershed. Refer to 

text for explanation. 
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Figure B.19.  Stream profile regression, Stream 85, Three Rivers watershed. Refer to 

text for explanation. 
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Figure B.20.  Stream profile regression, Stream 86, Three Rivers watershed. Refer to 

text for explanation. 
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Figure B.21.  Stream profile regression, Stream 87, Three Rivers watershed. Refer to 

text for explanation. 
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Figure B.22.  Stream profile regression, Stream 89, Three Rivers watershed. Refer to 

text for explanation. 
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Figure B.23.  Stream profile regression, Stream 91, Three Rivers watershed. Refer to 

text for explanation. 
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Figure B.24.  Stream profile regression, Stream 93, Three Rivers watershed. Refer to 

text for explanation. 
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Figure B.25.  Stream profile regression, Stream 94, Temporal watershed. Refer to 

text for explanation. 
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Figure B.26.  Stream profile regression, Stream 99, Temporal watershed. Refer to 

text for explanation. 
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Figure B.27.  Stream profile regression, Stream 106, Temporal watershed. Refer to 

text for explanation. 
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Figure B.28.  Stream profile regression, Stream 107, Temporal watershed. Refer to 

text for explanation. 
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Figure B.29.  Stream profile regression, Stream 110, Temporal watershed. Refer to 

text for explanation. 
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Figure B.30.  Stream profile regression, Stream 111, Temporal watershed. Refer to 

text for explanation. 



Texas Tech University, Joe C. Bauman, August 2011 
 

223 

 

 
 
Figure B.31.  Stream profile regression, Stream 115, Temporal watershed. Refer to 

text for explanation. 
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Figure B.32.  Stream profile regression, Stream 118, Temporal watershed. Refer to 

text for explanation. 
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Figure B.33.  Stream profile regression, Stream 119, Temporal watershed. Refer to 

text for explanation. 
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Figure B.34.  Stream profile regression, Stream 120, Temporal watershed. Refer to 

text for explanation. 
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Figure B.35.  Stream profile regression, Stream 121, Temporal watershed. Refer to 

text for explanation. 
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Figure B.36.  Stream profile regression, Stream 128, Temporal watershed. Refer to 

text for explanation. 



Texas Tech University, Joe C. Bauman, August 2011 
 

229 

 

 
 
Figure B.37.  Stream profile regression, Stream 129, Temporal watershed. Refer to 

text for explanation. 
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Figure B.38.  Stream profile regression, Stream 130, Temporal watershed. Refer to 

text for explanation. 
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Figure B.39.  Stream profile regression, Stream 133, Temporal watershed. Refer to 

text for explanation. 
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Figure B.40.  Stream profile regression, Stream 134, Temporal watershed. Refer to 

text for explanation. 
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Figure B.41.  Stream profile regression, Stream 137, Temporal watershed. Refer to 

text for explanation. 
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Figure B.42.  Stream profile regression, Stream 140, Temporal watershed. Refer to 

text for explanation. 
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Figure B.43.  Stream profile regression, Stream 147, Temporal watershed. Refer to 

text for explanation. 
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Figure B.44.  Stream profile regression, Stream 148, Temporal watershed. Refer to 

text for explanation. 
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Figure B.45.  Stream profile regression, Stream 151, Temporal watershed. Refer to 

text for explanation. 
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Figure B.46.  Stream profile regression, Stream 154, Temporal watershed. Refer to 

text for explanation. 
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Figure B.47.  Stream profile regression, Stream 159, Tularosa watershed. Refer to 

text for explanation. 



Texas Tech University, Joe C. Bauman, August 2011 
 

240 

 

 
 
Figure B.48.  Stream profile regression, Stream 161, Tularosa watershed. Refer to 

text for explanation. 
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Figure B.49.  Stream profile regression, Stream 171, Tularosa watershed. Refer to 

text for explanation. 
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Figure B.50.  Stream profile regression, Stream 186, Tularosa watershed. Refer to 

text for explanation. 
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Figure B.51.  Stream profile regression, Stream 194, Tularosa watershed. Refer to 

text for explanation. 
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Figure B.52.  Stream profile regression, Stream 195, Tularosa watershed. Refer to 

text for explanation. 
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Figure B.53.  Stream profile regression, Stream 210, Tularosa watershed. Refer to 

text for explanation. 
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Figure B.54.  Stream profile regression, Stream 222, Tularosa watershed. Refer to 

text for explanation. 
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Figure B.55.  Stream profile regression, Stream 238, Tularosa watershed. Refer to 

text for explanation. 
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Figure B.56.  Stream profile regression, Stream 240, Tularosa watershed. Refer to 

text for explanation. 
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Figure B.57.  Stream profile regression, Stream 253, Tularosa watershed. Refer to 

text for explanation. 
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Figure B.58.  Stream profile regression, Stream 254, Tularosa watershed. Refer to 

text for explanation. 
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Figure B.59.  Stream profile regression, Stream 255, Tularosa watershed. Refer to 

text for explanation. 
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Figure B.60.  Stream profile regression, Stream 4, Fresnal watershed. Refer to text 

for explanation. 
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Figure B.61.  Stream profile regression, Stream 6, Fresnal watershed. Refer to text 

for explanation. 
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Figure B.62.  Stream profile regression, Stream 7, Fresnal watershed. Refer to text 

for explanation. 
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Figure B.63.  Stream profile regression, Stream 10, Fresnal watershed. Refer to text 

for explanation. 
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Figure B.64.  Stream profile regression, Stream 14, Fresnal watershed. Refer to text 

for explanation. 



Texas Tech University, Joe C. Bauman, August 2011 
 

257 

 

 
 
Figure B.65.  Stream profile regression, Stream 18, Fresnal watershed. Refer to text 

for explanation. 
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Figure B.66.  Stream profile regression, Stream 24, Fresnal watershed. Refer to text 

for explanation. 
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Figure B.67.  Stream profile regression, Stream 27, Fresnal watershed. Refer to text 

for explanation. 
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Figure B.68.  Stream profile regression, Stream 31, Fresnal watershed. Refer to text 

for explanation. 
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Figure B.69.  Stream profile regression, Stream 270, Dry Canyon watershed. Refer 

to text for explanation. 
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Figure B.70.  Stream profile regression, Stream 275, Dry Canyon watershed. Refer 

to text for explanation. 
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Figure B.71.  Stream profile regression, Stream 278, Dry Canyon watershed. Refer 

to text for explanation. 
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Figure B.72.  Stream profile regression, Stream 279, Dry Canyon watershed. Refer 

to text for explanation. 
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Figure B.73.  Stream profile regression, Stream 280, Dry Canyon watershed. Refer 

to text for explanation. 
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Figure B.74.  Stream profile regression, Stream 283, Alamo Canyon watershed. 
Refer to text for explanation. 
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Figure B.75.  Stream profile regression, Stream 286, Alamo Canyon watershed. 
Refer to text for explanation. 
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Figure B.76.  Stream profile regression, Stream 288, Alamo Canyon watershed. 
Refer to text for explanation. 
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Figure B.77.  Stream profile regression, Stream 290, Alamo Canyon watershed. 
Refer to text for explanation. 
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Figure B.78.  Stream profile regression, Stream 294, Alamo Canyon watershed. 
Refer to text for explanation. 
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Figure B.79.  Stream profile regression, Stream 295, Alamo Canyon watershed. 
Refer to text for explanation. 



Texas Tech University, Joe C. Bauman, August 2011 
 

272 

 

 
 
Figure B.80.  Stream profile regression, Stream 301, Alamo Canyon watershed. 
Refer to text for explanation. 
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Figure B.81.  Stream profile regression, Stream 303, Alamo Canyon watershed. 
Refer to text for explanation. 
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Figure B.82.  Stream profile regression, Stream 306, Mule Canyon watershed. Refer 

to text for explanation. 
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Figure B.83.  Stream profile regression, Stream 312, San Andres Canyon watershed. 
Refer to text for explanation. 
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Figure B.84.  Stream profile regression, Stream 314, San Andres Canyon watershed. 
Refer to text for explanation. 
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Figure B.85.  Stream profile regression, Stream 315, San Andres Canyon watershed. 
Refer to text for explanation. 
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Figure B.86.  Stream profile regression, Stream 319, San Andres Canyon watershed. 
Refer to text for explanation. 
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Figure B.87.  Stream profile regression, Stream 321, San Andres Canyon watershed. 
Refer to text for explanation. 
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Figure B.88.  Stream profile regression, Stream 326, Dog Canyon watershed. Refer 

to text for explanation. 
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Figure B.89.  Stream profile regression, Stream 330, Dog Canyon watershed. Refer 

to text for explanation. 
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Figure B.90.  Stream profile regression, Stream 344, Escondido Canyon watershed. 
Refer to text for explanation. 
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Figure B.91.  Stream profile regression, Stream 349, Escondido Canyon watershed. 
Refer to text for explanation. 
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Figure B.92.  Stream profile regression, Stream 350, Bug Scuffle Canyon watershed. 
Refer to text for explanation. 
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Figure B.93.  Stream profile regression, Stream 351, Bug Scuffle Canyon watershed. 
Refer to text for explanation. 
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Figure B.94.  Stream profile regression, Stream 355, Bug Scuffle Canyon watershed. 
Refer to text for explanation. 
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Figure B.95.  Stream profile regression, Stream 357, Bug Scuffle Canyon watershed. 
Refer to text for explanation. 
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Figure B.96.  Stream profile regression, Stream 358, Bug Scuffle Canyon watershed. 
Refer to text for explanation. 
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Figure B.97.  Stream profile regression, Stream 364, Grapevine Canyon watershed. 
Refer to text for explanation. 
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Figure B.98.  Stream profile regression, Stream 367, Grapevine Canyon watershed. 
Refer to text for explanation. 
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Figure B.99.  Stream profile regression, Stream 370, Grapevine Canyon watershed. 
Refer to text for explanation. 
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Figure B.100.  Stream profile regression, Stream 373, Grapevine Canyon watershed. 
Refer to text for explanation. 
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Figure B.101.  Stream profile regression, Stream 375, Grapevine Canyon watershed. 
Refer to text for explanation. 
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Figure B.102.  Stream profile regression, Stream 377, Grapevine Canyon watershed. 
Refer to text for explanation. 
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Figure B.103.  Stream profile regression, Stream 379, Grapevine Canyon watershed. 
Refer to text for explanation. 
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Figure B.104.  Stream profile regression, Stream 380, Grapevine Canyon watershed. 
Refer to text for explanation. 
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Figure B.105.  Stream profile regression, Stream 381, Grapevine Canyon watershed. 
Refer to text for explanation. 
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Figure B.106.  Stream profile regression, Stream 388, Grapevine Canyon watershed. 
Refer to text for explanation. 
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Figure B.107.  Stream profile regression, Stream 391, Grapevine Canyon watershed. 
Refer to text for explanation. 
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Figure B.108.  Stream profile regression, Stream 393, Grapevine Canyon watershed. 
Refer to text for explanation. 
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Figure B.109.  Stream profile regression, Stream 396, Grapevine Canyon watershed. 
Refer to text for explanation. 
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Figure B.110.  Stream profile regression, Stream 399, Grapevine Canyon watershed. 
Refer to text for explanation.
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Appendix C 

Stream Segment Regression Data 

 This appendix contains the results of slope-area regression for each stream 

segment. Watersheds are listed in order from north to south. Streams are listed in 

numerical order within each watershed. Data listed in table C include: 

a) Normalized steepness index (ksn for Θref = 0.45) and error margins (ksn +/- 2σ). 

b) Minimum and maximum drainage area. These values represent the upper and 

lower bounds of slope-area regression. 

c) Concavity (Θ) and error margins (Θ +/- 2σ). 

d) Steepness index (ks). This value is a parameter determined by linear regression 

prior to normalization. 
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Table C.1.  Stream segment regression data. 

Drainage StreamID Segment 
Reach ksn                  

(Θref = 0.45) 

ksn 
error 

(+/-2σ) 

Minimum 
Drainage 

(m2) 

Maximum 
Drainage 

(m2) 
Θ Θ error 

(+/-2σ) ks 

Three Rivers 38   28.161 0.182 1.01E+06 1.83E+07 0.447 0.080 28.035509 

Three Rivers 40   76.513 1.430 1.01E+06 4.80E+06 0.291 0.089 7.982597 

Three Rivers 50 Lower 89.028 1.972 1.01E+06 1.19E+07 0.722 0.081 5926.0739 

Three Rivers 50 Upper 74.926 2.641 1.18E+07 4.25E+07 0.849 0.155 68733.697 

Three Rivers 52   23.237 2.711 9.88E+05 2.80E+06 1.252 0.724 2142750.5 

Three Rivers 54 Lower 46.433 2.259 1.86E+06 6.11E+06 1.100 0.231 857176.22 

Three Rivers 54 Middle 83.589 12.552 1.55E+06 1.93E+06 -3.003 1.729 2.15E-20 

Three Rivers 54 Upper 53.134 4.983 1.01E+06 1.55E+06 1.502 1.463 127637419 

Three Rivers 56   24.775 1.097 5.80E+05 5.26E+06 0.406 0.322 14.843349 

Three Rivers 59 Lower 121.376 4.383 4.71E+06 3.57E+07 1.102 0.091 5508683.6 

Three Rivers 59 Upper 151.034 1.853 1.46E+06 4.20E+06 0.388 0.119 63.880846 

Three Rivers 64   55.670 4.212 1.01E+06 3.25E+06 1.579 0.177 667797473 

Three Rivers 65   18.590 1.139 1.03E+06 4.98E+06 0.479 0.565 31.086776 

Three Rivers 68   29.766 0.382 1.01E+06 1.90E+07 0.416 0.104 18.651307 

Three Rivers 70 Lower 210.404 9.750 2.01E+06 3.13E+06 5.906 1.989 9.16E+36 

Three Rivers 70 Middle 131.440 23.884 1.79E+06 2.16E+06 -5.696 2.198 3.14E-37 

Three Rivers 70 Upper 112.931 1.759 1.01E+06 1.70E+06 0.775 0.460 11267.001 

Three Rivers 71   154.656 4.539 1.74E+06 2.95E+06 1.334 0.395 63344251 

Three Rivers 72 Lower 86.789 1.793 1.38E+07 3.50E+08 0.571 0.055 828.61758 

Three Rivers 72 Upper 130.212 3.440 9.03E+05 1.41E+07 0.191 0.047 2.405101 

Three Rivers 73 Lower 121.456 3.050 2.01E+06 3.84E+06 1.115 0.228 2293658.5 

Three Rivers 73 Upper 89.966 1.707 8.38E+05 1.83E+06 0.355 0.226 24.11404 

Three Rivers 74   73.920 2.422 9.89E+05 3.42E+06 1.149 0.119 1986436.6 

Three Rivers 75   89.645 2.726 1.01E+06 4.89E+06 0.913 0.126 87500.658 
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Table C.1. (continued) 

Drainage StreamID Segment 
Reach ksn                  

(Θref = 0.45) 

ksn 
error 

(+/-2σ) 

Minimum 
Drainage 

(m2) 

Maximum 
Drainage 

(m2) 
Θ Θ error 

(+/-2σ) ks 

Three Rivers 77   79.491 0.748 1.01E+06 2.12E+07 0.468 0.053 107.31509 

Three Rivers 82   39.261 1.577 9.55E+05 1.33E+07 0.239 0.119 1.548848 

Three Rivers 85   36.760 0.539 1.01E+06 1.28E+07 0.396 0.076 16.059261 

Three Rivers 86   21.855 0.546 1.01E+06 1.52E+07 0.369 0.230 6.356372 

Three Rivers 87   30.492 0.548 1.01E+06 4.06E+06 0.365 0.173 9.021105 

Three Rivers 89   32.213 1.585 1.03E+06 3.13E+07 0.287 0.070 2.5046 

Three Rivers 91   26.977 0.823 1.01E+06 4.98E+06 0.551 0.273 123.04239 

Three Rivers 93   22.516 0.426 1.03E+06 1.62E+07 0.356 0.059 5.401248 

          Temporal 94   23.289 0.797 1.01E+06 2.65E+06 0.699 0.113 871.45715 

Temporal 99   32.145 1.897 1.01E+06 6.46E+06 0.218 0.193 1.070435 

Temporal 106   36.452 2.525 1.03E+06 1.79E+06 0.716 0.656 1671.382 

Temporal 107   38.919 1.328 1.11E+06 4.18E+06 0.280 0.124 3.33626 

Temporal 110   57.352 1.460 1.24E+06 4.89E+06 0.573 0.261 355.62241 

Temporal 111   48.308 0.386 1.01E+06 3.37E+06 0.491 0.144 88.299482 

Temporal 115   51.641 1.865 9.73E+05 4.89E+07 0.198 0.067 1.053838 

Temporal 118   67.596 3.274 5.81E+05 6.55E+07 0.200 0.051 1.080328 

Temporal 119   64.702 2.531 1.01E+06 1.22E+08 0.168 0.044 0.631253 

Temporal 120   61.727 2.941 9.37E+05 8.08E+07 0.206 0.036 1.213119 

Temporal 121   43.743 0.430 1.01E+06 4.06E+06 0.485 0.110 73.160405 

Temporal 128   50.290 1.696 9.45E+05 2.20E+06 1.051 0.217 286434.37 

Temporal 129   59.289 1.547 1.01E+06 5.77E+06 0.771 0.130 6386.6511 

Temporal 130   59.759 1.160 1.00E+06 5.32E+07 0.468 0.076 80.717516 

Temporal 133   92.580 1.781 1.03E+06 2.46E+07 0.640 0.060 1844.9254 
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Table C.1. (continued) 

Drainage StreamID Segment 
Reach ksn                  

(Θref = 0.45) 

ksn 
error 

(+/-2σ) 

Minimum 
Drainage 

(m2) 

Maximum 
Drainage 

(m2) 
Θ Θ error 

(+/-2σ) ks 

Temporal 134   85.788 0.833 1.01E+06 5.68E+08 0.442 0.021 80.217591 

Temporal 137   55.340 0.827 1.25E+06 2.84E+06 0.465 0.250 71.470277 

Temporal 140   58.832 0.339 1.01E+06 8.86E+06 0.403 0.049 29.017477 

Temporal 147   48.616 0.612 1.01E+06 1.07E+07 0.376 0.090 16.272595 

Temporal 148   40.558 0.923 9.73E+05 4.14E+06 0.259 0.116 2.502005 

Temporal 151   32.982 0.826 1.01E+06 6.58E+06 0.365 0.150 9.745486 

Temporal 154   35.146 0.818 1.01E+06 1.01E+07 0.273 0.091 2.596583 

          Tularosa 159 Lower 20.497 34.975 3.28E+06 5.40E+06 1.488 11.193 207391446 

Tularosa 159 Upper 21.612 0.694 1.04E+06 3.28E+06 0.757 0.554 2014.9747 

Tularosa 161 Lower 87.050 1.018 8.14E+06 1.99E+07 0.558 0.138 513.37082 

Tularosa 161 Upper 44.616 3.741 1.67E+06 3.50E+06 -1.185 0.623 1.38E-09 

Tularosa 171   31.955 0.957 1.01E+06 4.89E+06 0.684 0.206 970.52174 

Tularosa 186   95.400 3.686 1.01E+06 1.09E+09 0.222 0.042 1.588687 

Tularosa 194   96.142 3.926 1.24E+06 1.33E+08 0.255 0.038 3.804084 

Tularosa 195 Lower 110.901 2.158 5.57E+06 1.15E+08 0.278 0.067 5.731283 

Tularosa 195 Upper 41.489 4.158 1.03E+06 5.57E+06 -0.971 0.538 1.79E-08 

Tularosa 210   55.464 1.273 9.91E+05 2.01E+07 0.453 0.110 62.866272 

Tularosa 222 Lower 98.368 12.353 3.82E+08 4.16E+08 15.357 8.811 1.42E+130 

Tularosa 222 Middle 135.059 1.413 2.11E+08 3.79E+08 0.702 0.257 18703.911 

Tularosa 222 Upper 57.999 2.114 1.23E+06 9.86E+07 0.252 0.050 2.206956 

Tularosa 238   48.816 3.567 1.01E+06 1.41E+08 0.116 0.046 0.194938 

Tularosa 240   31.424 4.078 1.01E+06 9.37E+06 -0.221 0.109 0.001088 

Tularosa 253   52.442 0.873 1.01E+06 3.31E+06 0.327 0.147 9.172063 
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Table C.1. (continued) 

Drainage StreamID Segment 
Reach ksn                  

(Θref = 0.45) 

ksn 
error 

(+/-2σ) 

Minimum 
Drainage 

(m2) 

Maximum 
Drainage 

(m2) 
Θ Θ error 

(+/-2σ) ks 

Tularosa 254   48.377 2.698 1.01E+06 1.13E+07 0.176 0.069 0.769726 

Tularosa 255   45.064 0.710 1.01E+06 5.37E+06 0.546 0.196 187.49006 

          Fresnal 4 Lower 65.766 7.590 2.12E+06 4.46E+06 -1.396 0.462 6.53E-11 

Fresnal 4 Middle 43.536 9.599 1.49E+06 2.28E+06 2.847 1.533 5.04E+16 

Fresnal 4 Upper 43.452 11.889 1.01E+06 1.64E+06 -1.305 1.485 7.14E-10 

Fresnal 6 Lower 97.094 1.818 3.60E+06 4.16E+07 0.437 0.087 81.224245 

Fresnal 6 Upper 65.422 5.117 1.01E+06 3.02E+06 -0.785 0.314 9.73E-07 

Fresnal 7   103.426 1.780 9.73E+05 1.11E+07 0.515 0.098 271.10424 

Fresnal 10   67.240 0.581 1.01E+06 3.77E+06 0.487 0.109 116.73816 

Fresnal 14 Lower 106.700 3.664 1.17E+07 4.89E+07 0.476 0.145 180.01802 

Fresnal 14 Middle 103.145 2.614 2.96E+06 1.03E+07 0.421 0.255 65.76044 

Fresnal 14 Upper 64.411 7.753 1.01E+06 3.37E+06 -1.603 0.333 5.19E-12 

Fresnal 18 Lower 130.929 7.337 8.01E+07 1.65E+08 1.677 0.547 1.121E+12 

Fresnal 18 Middle 300.503 17.050 7.34E+07 8.10E+07 -9.865 4.520 1.09E-79 

Fresnal 18 Upper 82.174 2.021 2.16E+06 2.96E+07 0.251 0.080 3.190211 

Fresnal 24 Lower 71.995 7.994 1.14E+07 1.34E+07 5.551 5.054 1.14E+38 

Fresnal 24 Upper 41.840 1.366 1.01E+06 1.07E+07 0.480 0.139 71.320817 

Fresnal 27 Lower 27.771 1.297 1.38E+06 5.47E+06 1.391 0.561 29950210 

Fresnal 27 Upper 38.698 5.531 1.01E+06 1.52E+06 -1.660 1.033 5.05E-12 

Fresnal 31 Lower 113.072 2.002 2.43E+07 5.27E+07 0.941 0.305 586725.55 

Fresnal 31 Middle 119.035 2.554 9.10E+06 2.39E+07 0.710 0.322 9220.8963 

Fresnal 31 Upper 50.126 4.693 1.03E+06 3.57E+06 0.787 0.911 7498.5515 
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Table C.1. (continued) 

Drainage StreamID Segment 
Reach 

ksn                  
(Θref = 
0.45) 

ksn 
error 

(+/-2σ) 

Minimum 
Drainage 

(m2) 

Maximum 
Drainage 

(m2) 
Θ Θ error 

(+/-2σ) ks 

Alamo Canyon 295 Lower 127.322 2.379 2.01E+07 1.67E+08 0.718 0.215 14383.879 

Alamo Canyon 295 Middle 265.565 25.802 1.09E+07 1.33E+07 -16.790 7.632 3.66E-120 

Alamo Canyon 295 Upper 104.319 1.607 1.01E+06 1.11E+07 0.514 0.079 282.37054 

Alamo Canyon 301 Lower 115.925 2.074 4.14E+06 1.90E+07 0.712 0.148 7785.9414 

Alamo Canyon 301 Upper 73.824 2.782 1.01E+06 3.70E+06 0.250 0.111 4.142253 

Alamo Canyon 303   56.478 1.483 7.50E+05 1.83E+06 0.894 0.499 29606.66 

          Mule Canyon 306 Lower 140.173 6.798 7.67E+06 1.27E+07 2.210 0.292 3.32E+14 

Mule Canyon 306 Middle 268.325 32.498 5.89E+06 7.64E+06 -10.623 3.295 3.40E-74 

Mule Canyon 306 Upper 50.471 0.998 1.01E+06 4.63E+06 0.374 0.094 17.438838 

          San Andres Canyon 312 Lower 325.843 23.979 5.18E+06 6.16E+06 7.614 1.189 7.08E+50 

San Andres Canyon 312 Upper 56.219 4.358 9.92E+05 3.53E+06 1.103 0.237 862851.75 

San Andres Canyon 313   57.669 1.948 9.91E+05 6.00E+06 0.692 0.129 2139.106 

San Andres Canyon 315   69.815 0.986 9.91E+05 4.38E+06 0.769 0.265 7402.3112 

San Andres Canyon 319 Lower 267.354 13.520 2.16E+07 5.78E+07 2.170 0.369 1.71E+15 

San Andres Canyon 319 Upper 69.850 0.748 1.01E+06 1.58E+07 0.504 0.082 161.55132 

San Andres Canyon 321   166.205 8.881 1.67E+06 2.96E+06 -3.413 1.509 7.64E-23 

          Dog Canyon 326   46.908 1.345 9.91E+05 1.41E+07 0.301 0.149 5.215481 

Dog Canyon 330 Lower 170.002 14.133 2.35E+07 2.62E+07 13.655 3.069 1.08E+100 

Dog Canyon 330 Low-Middle 325.976 15.099 1.95E+07 2.35E+07 5.762 1.710 2.98E+41 

Dog Canyon 330 Up-Middle 244.207 54.235 1.55E+07 1.97E+07 -12.769 3.183 2.95E-94 

Dog Canyon 330 Upper 71.718 1.205 1.05E+06 1.46E+07 0.559 0.058 378.45147 
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Table C.1. (continued) 

Drainage StreamID Segment 
Reach 

ksn                  
(Θref = 
0.45) 

ksn 
error 

(+/-2σ) 

Minimum 
Drainage 

(m2) 

Maximum 
Drainage 

(m2) 
Θ Θ error 

(+/-2σ) ks 

Escondido Canyon 344 Lower 169.418 27.119 2.41E+07 2.98E+07 6.373 1.986 2.51E+46 

Escondido Canyon 344 Low-Middle 331.946 21.351 2.11E+07 2.40E+07 8.789 1.247 6.90E+63 

Escondido Canyon 344 Up-Middle 96.864 9.384 7.50E+06 1.03E+07 -2.722 1.439 8.61E-21 

Escondido Canyon 344 Upper 44.725 0.978 9.81E+05 8.01E+06 0.435 0.169 38.835608 

Escondido Canyon 349 Lower 236.143 14.934 3.02E+06 3.92E+06 -4.526 1.890 5.36E-31 

Escondido Canyon 349 Low-Middle 226.140 27.952 2.24E+06 3.02E+06 8.044 1.555 7.71E+50 

Escondido Canyon 349 Up-Middle 226.375 15.073 1.90E+06 2.46E+06 -5.460 1.796 6.17E-36 

Escondido Canyon 349 Upper 65.485 5.327 1.01E+06 2.04E+06 0.788 0.421 8133.2254 

          Bug Scuffle Canyon 350   47.575 7.260 1.01E+06 2.65E+06 -1.656 0.747 2.71E-12 

Bug Scuffle Canyon 351   46.164 6.080 1.01E+06 3.44E+06 -1.244 0.526 1.24E-09 

Bug Scuffle Canyon 355 Lower 80.144 6.649 2.68E+07 3.50E+07 4.176 0.780 7.09E+29 

Bug Scuffle Canyon 355 Low-Middle 178.103 24.641 2.24E+07 2.65E+07 -8.825 6.316 3.73E-67 

Bug Scuffle Canyon 355 Mid-Middle 105.311 15.717 1.61E+07 2.28E+07 4.044 0.770 1.34E+28 

Bug Scuffle Canyon 355 Up-Middle 103.461 8.222 1.01E+07 1.67E+07 -2.077 0.467 1.06E-16 

Bug Scuffle Canyon 355 Upper 54.485 0.405 1.01E+06 1.05E+07 0.456 0.076 62.854557 

Bug Scuffle Canyon 357   66.632 5.224 1.01E+06 1.44E+06 1.910 2.087 5.803E+10 

Bug Scuffle Canyon 358 Lower 93.408 15.826 2.55E+06 4.06E+06 5.580 2.231 1.42E+35 

Bug Scuffle Canyon 358 Upper 85.432 4.407 1.52E+06 2.20E+06 -1.314 0.415 7.49E-10 

          Grapevine Canyon 364   29.028 3.165 1.01E+06 4.38E+06 0.916 0.350 29211.907 

Grapevine Canyon 367   40.144 0.936 9.57E+05 3.71E+06 0.353 0.153 10.212461 

Grapevine Canyon 370   43.097 0.796 8.61E+05 1.52E+06 0.372 0.619 15.551431 

Grapevine Canyon 373   49.051 0.958 9.36E+05 2.69E+07 0.338 0.047 8.613851 
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Table C.1. (continued) 

Drainage StreamID Segment 
Reach ksn                  

(Θref = 0.45) 

ksn 
error 

(+/-2σ) 

Minimum 
Drainage 

(m2) 

Maximum 
Drainage 

(m2) 
Θ Θ error 

(+/-2σ) ks 

Grapevine Canyon 375   24.072 0.614 1.01E+06 2.91E+06 0.685 0.468 733.67771 

Grapevine Canyon 377 Lower 55.981 5.415 3.44E+06 1.09E+07 2.121 1.279 5.87E+12 

Grapevine Canyon 377 Upper 33.188 1.559 8.38E+05 3.13E+06 0.217 0.126 1.198639 

Grapevine Canyon 379   127.407 13.096 2.12E+06 3.99E+06 2.886 3.981 3.99E+17 

Grapevine Canyon 380 Lower 62.815 9.219 4.14E+06 6.11E+06 -4.435 1.478 1.59E-31 

Grapevine Canyon 380 Upper 42.142 1.470 1.01E+06 4.46E+06 0.475 0.256 62.396114 

Grapevine Canyon 381   62.469 2.314 1.45E+06 1.64E+07 0.169 0.062 0.76026 

Grapevine Canyon 388   58.238 0.454 1.67E+06 2.20E+06 0.569 0.393 329.59496 

Grapevine Canyon 391   49.019 0.600 1.01E+06 5.78E+06 0.487 0.102 87.066558 

Grapevine Canyon 393   36.260 0.724 9.37E+05 5.17E+06 0.449 0.176 36.545605 

Grapevine Canyon 396 Lower 111.005 5.875 2.02E+07 8.79E+07 1.007 0.284 2429127.4 

Grapevine Canyon 396 Middle 112.559 24.785 1.33E+07 2.37E+07 -2.511 1.486 4.88E-20 

Grapevine Canyon 396 Upper 46.073 1.785 1.01E+06 1.36E+07 0.302 0.095 4.858816 

Grapevine Canyon 399   165.670 29.637 1.73E+06 1.93E+06 -62.806 21.671 0 
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Appendix D 

Knickpoint Data 

 This appendix contains geographical data regarding the knickpoints identified 

during longitudinal stream profile analysis. Watersheds are listed in order from north 

to south. Knickpoint data listed in table D include: 

 The stream in which the knickpoint was observed (StreamID). 

 The stream-wise distance from the drainage divide (DFD) and from the 

drainage mouth (DFM) that the knickpoint is located along the stream profile. 

 The elevation at which the knickpoint occurs. 

 The amount of drainage area upstream of the knickpoint. 

 The northing and easting of each knickpoint‘s location. The northing and 

easting are for a datum of WGS 1984, UTM Zone 13N. 
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Table D.1. Knickpoint geographical data. 

Drainage Stream ID DFD (m) DFM (m) 
Elevation 

(m) 
DrainArea 

(m2) Easting Northing 
Three Rivers 50 8146.6 25174.6 1922.65 11822400 416628.4 3688016.3 

Three Rivers 54 2344.4 25502.5 1959.69 1652800 417888.4 3690676.3 

Three Rivers 59 3121.0 31134.9 2539.38 4826400 422128.4 3693496.3 

Three Rivers 70 2929.0 30999.7 2459.12 1897500 420858.4 3695636.3 

Three Rivers 73 2346.4 30222.0 2336.74 1903300 420428.4 3697166.3 

        Tularosa 222 23289.0 34894.2 1978.00 185877600 426858.4 3668896.3 

        Fresnal 4 1999.3 16334.7 2192.59 1406100 421468.4 3643076.3 

Fresnal 4 4209.1 14124.9 2048.77 2696400 421058.4 3644956.3 

Fresnal 14 3720.5 21259.4 2493.65 2436600 427928.4 3644726.3 

Fresnal 14 7701.7 17278.2 2182.13 11573800 424508.4 3645026.3 

Fresnal 18 14810.0 13114.7 1949.00 73694000 421148.4 3645926.3 

Fresnal 24 6642.6 11192.0 1771.16 11338300 419848.4 3647506.3 

Fresnal 27 3046.4 8149.3 1681.78 1219500 418158.4 3648966.3 

Fresnal 31 10082.0 14528.9 2001.00 24270100 423848.4 3649936.3 

        Dry Canyon 275 1941.1 15591.6 2243.79 2263300 422118.4 3640806.3 

Dry Canyon 275 13882.8 3649.9 1587.34 27330600 415368.4 3646336.3 

Dry Canyon 278 1969.1 13917.3 2198.58 1060900 421108.4 3641766.3 

Dry Canyon 279 2233.9 11195.8 2125.79 1317700 419748.4 3642586.3 

Dry Canyon 280 2396.2 9012.2 2019.00 975200 419028.4 3644356.3 

 
  



Texas Tech University, Joe C. Bauman, August 2011 
 

313 

 

Table D.1. (continued) 

Drainage 
Stream 

ID DFD (m) DFM (m) 
Elevation 

(m) 
DrainArea 

(m2) Easting Northing 
Alamo Canyon 290 5133.7 10189.6 1997.01 9058700 420928.4 3634136.3 

Alamo Canyon 295 7013.2 10209.1 2047.72 11602100 420968.4 3634726.3 

Alamo Canyon 298 1725.0 11877.9 2218.22 1465600 420998.4 3632146.3 

Alamo Canyon 301 3138.7 10700.6 2190.74 4097800 421698.4 3637856.3 

        Mule Canyon 306 4937.2 4645.7 1959.17 7104100 415818.4 3632106.3 

        San Andres Canyon 312 3613.1 4997.8 2023.06 5168600 417568.4 3626996.3 

San Andres Canyon 319 8776.9 6189.3 2045.49 21795400 418528.4 3628396.3 

San Andres Canyon 321 1796.7 5797.0 2082.62 1320800 417388.4 3628986.3 

        Dog Canyon 330 8895.1 5131.9 1956.12 18680300 417698.4 3624816.3 

Dog Canyon 330 11158.8 2868.2 1520.42 23485900 415668.4 3624726.3 

        Escondido Canyon 344 7466.4 5061.9 1949.77 20953000 420018.4 3620146.3 

Escondido Canyon 344 9971.6 2556.7 1525.24 24051400 417938.4 3620096.3 

Escondido Canyon 349 2848.2 4466.8 2029.55 2146500 418998.4 3621346.3 

Escondido Canyon 349 4318.6 2996.4 1675.93 3486300 417858.4 3620856.3 
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Table D.1. (continued) 

Drainage 
Stream 

ID 
DFD 
(m) 

DFM 
(m) Elevation (m) 

DrainArea 
(m2) Easting Northing 

Bug Scuffle Canyon 350 3646.7 11425.8 1846.57 2458200 424678.4 3614036.3 

Bug Scuffle Canyon 351 3338.4 13397.2 1992.02 1854500 424018.4 3616406.3 

Bug Scuffle Canyon 355 9982.6 12509.8 1892.49 13291900 423688.4 3615566.3 

Bug Scuffle Canyon 355 13534.3 8958.1 1679.00 24768600 423058.4 3612716.3 

Bug Scuffle Canyon 357 2211.9 9972.1 1784.23 1384800 422878.4 3613546.3 

        

Grapevine Canyon 364 2640.3 13301.1 1727.20 975400 427278.4 3606986.3 

Grapevine Canyon 377 4910.8 11183.9 1710.91 3006700 426058.4 3610246.3 

Grapevine Canyon 379 2778.5 10579.1 1763.70 2170300 425958.4 3611276.3 

Grapevine Canyon 380 5453.9 12336.4 1816.01 4653100 426798.4 3612586.3 

Grapevine Canyon 391 5979.1 12736.1 1835.82 5757300 426038.4 3613466.3 

Grapevine Canyon 396 8089.1 12767.9 1838.97 14147100 426018.4 3613506.3 

Grapevine Canyon 399 3225.4 10650.4 1735.49 1790100 425528.4 3611936.3 

 
 


