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ABSTRACT

Studies defining the earthquake hazards at the northern end of 
the San Luis Valley and Sangre de Cristo Mountains of Colorado have 
classified it as an area of minor seismic hazard, but these studies are 
limited to the activity recorded during the last 150 years. The area’s 
tectonic geomorphology allows estimates of Quaternary tectonic activity. 
The mountain streams are actively downcutting while continuing to depos
it sediments on the heads of their alluvial fans. For this to occur, 
the rate of tectonic base-level fall must be greater than the sum of the 
rates of channel downcutting in the mountains and sedimentation on the 
alluvial fans.

The morphology of the mountain front- escarpment reveals that al
luvial gravels have been uplifted 130 m above the present valley floor. - 
This uplift consisted of periods of tectonic quiescence and renewed up
lift. The most recent evidences of seismic activity found were fault 
scarps of the Villa Grove and Sangre de Cristo fault zones cutting fan 
deposits of early Holocene age. Apparently the northern Sangre de 
Cristo-San Luis Valley is an area of potential future tectonic activity, 
and classifications based on historic records and present seismicity 
are inadequate for determining the true seismic hazards of this area.



CHAPTER 1

INTRODUCTION

The study area is located in south—central Colorado and contains 
portions of the San Luis Valley and the Sangre de Cristo Mountains (Fig
ure 1). It has been recognized that the boundary between the San Luis 
Valley and the Sangre de Cristo Mountains is a fault (Figure 2), but un
til recently little attention has been paid to the possible earthquake 
hazards of the area. Historically the area has not experienced a major 
earthquake, and current seismic records indicate little seismic activity 
of magnitude 2 or greater (Simon, 1969). These two forms of data have 
been the most common criteria used to establish the earthquake hazards 
of a region, but the limitation is their short period of record. In
deed, evidence in other areas indicates that periods of fault movement 
may occur with intervals of more than just 100 or 200 years and the lack 
of any activity during the historic period is not a positive criterion 
to establish the lack of any future earthquake activity. In order to 
gain a better understanding of the earthquake hazards of the area, evi
dence of tectonic activity prior to the period of historic record must 
be used.

In.the Sangre de Cristo Mountains-San Luis Valley area, the 
knowledge that periods of fault movement may be greater than that of 
historic record and visible evidence of past faulting has led Glenn 
Scott (1970, p. Cll) to state "Faults along the west flank of the
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Figure 2. Telephoto Photograph Looking East toward Hot Springs
Canyon. —  Notice just beyond the end of the road the fault 
scarp cutting across the Hot Springs Canyon fan. Also no
tice the amount of area above present tree line.



Sangre de Cristo Mountains probably present the greatest likelihood of 
future earthquakes owing to their thousands of feet of pre-Quaternary 
movement and the lateness of their last movement less than 10,000 years 
ago." This study will use geomorphic evidence as a source of prehis
toric information on the tectonic activity of the faults along the west 
flanks of the Sangre de Cristo Mountains.

With this purpose in mind, a two-part approach should be taken:
1) the tectonically influenced landforms occurring in the area must be 
recognized, and 2) these landforms must be put into a useful time frame
work in order to develop a tectonic history which will be used to esti
mate present earthquake hazards.

The tectonically influenced landforms result from a vertical 
movement along a fault. This vertical perturbation causes a base—level 
fall that affects the geomorphic systems crossing the fault. This change 
in base-level influences the development of the landforms in the study 
area. Of particular interest in this study are the effects that tectonic 
perturbations have had on alluvial fan morphology, canyon morphology and 
morphology of the mount front escarpment. In addition, the relationship 
of faults cutting different ages of alluvium was studied.

A time framework of tectonic activity during the Quaternary was 
evolved through study of soil profile development and surficial weather
ing characteristics developed on the different geomorphic surfaces.
This provided a basis of correlation for the different geomorphic sur
faces and allowed a study of the changing geomorphic processes with time 
and changes in tectonic activity and climate.



CHAPTER 2

LOCATION 5 GEOGRAPHY AND CLIMATE

The study area is located in south—central Colorado and contains 
portions of the northern San Luis Valley and the western slopes of the 
northern Sangre de Cristo Mountains, The study area is contained on the 
Valley View Hot Springs 7% minute quadrangle and adjacent portions of 
the Electric Peak and Howard 15 minute quadrangles *

The Sangre de Cristo Mountains extend from central Colorado to 
northern New Mexico and form the eastern boundary of the San Luis Valley» 
The Sangre de Cristo Mountains are asymmetrical with the western slopes 
being the steepest9 and with peaks rising to elevations of greater than 
4200 m* Relief in excess of 1500 m can be found in as little as 5 km 
of horizontal distance on the western slopes (Figure 3).

The San Luis Valley9 as delineated by Siebenthal (1910), extends 
from Poncha Pass in the north, 240 km south into northern New Mexico, 
and has a maximum width of approximately 80 km. The valley has an ele
vation of between 2100 and 2400m.

Access to the field area is obtained by route 285 from the north 
and routes 285 and 17 from the south. Alamosa, Colorado lies approxi
mately 80 km to the south; Salide, Colorado is 50 km to the north and 
the small town of Villa Grove, Colorado is located just to.the northwest 
of the study area. Good dirt roads give access to the valley and allu
vial fan portions of the study area. Access to the higher elevations of
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Figure 3. High-altitude Air Photo Showing the Northern Portion of the 
San Luis Valley. —  Northern end of the study area is to the 
upper right hand corner of the photo. Note that the crest 
of the range is within 5 km of the valley floor. Center of 
photo shows vegetation lineations in the valley caused by 
faults which have interrupted groundwater flow. Faceted 
spurs along the mountain front are also visible. North is 
to the left and the scale is approximately 1:125,000.



the Sangre de Cristo Mountains is generally restricted to hiking and 
pack trails.

Climatically the San Luis Valley can be classified as a high 
elevation desert. Annual average rainfall at Monte Vista, Colorado is 
approximately IS cm with an average annual temperature of 5.5°C. The 
greatest amounts of moisture occur during the months of July, August and 
September. One local Chamber of Commerce calls the San Luis Valley the 
"Land of the Cool Sun." Due to the high elevation, plenty of sun and 
low rainfall, evaporation potential greatly exceeds precipitation. The 
valley floor is generally treeless and active sand dunes occur to the 
south of the study area. The mountains receive somewhat greater amounts 
of rain and snow fall and support forests of pine, fir and aspen.



CHAPTER 3

PREVIOUS WORK

One of the earliest recorded observations on the geology of the 
region was made by Jacob Fowler in 1821-1822.. Fowler was a mountain 
man and a trapper, but he speculated on the origin of the San Luis 
Valley (Fowler, 1898, p. 96); "I have no doubt but the River from the 
Head of those Rocks up for about one Hundred trifles has once been a lake 
of about from forty to fifty miles Wide and about two hundred feet 
deep « . . and that the running and dashing of the Watter has Woren a 
Way the Rocks so as to form the present Chanel . . .." Toward the end 
of the century, trained geologists were working in the area under the 
Hayden Survey. Their investigations were aimed at determining the basic 
geology and mineral wealth of the region (Endlich, 1874). Up to the 
present time, little mineral wealth has been found in the valley or ad
jacent mountains, but by the beginning of the 20th century the ground
water resources of the region came under investigation. Siebenthal 
(1910) and later Powell (1958) made detailed studies of the valley and 
its geology in relation to the groundwater potential.

Upson (1971) and Ray (1940) studied the physiography of the San 
Luis Valley and glaciation of the Sangre de Cristo Mountains, respec
tively. The geology and structure of the northern Sangre de Cristo 
Mountains was studied by Gabelman (1952) and Litsey (1958) with par
ticular attention paid to the Paleozoic deposits.



Six theses from the Colorado School of Mines were done in the 
northern San Luis Valley and northern Sangre de Cristo Mountains adja
cent to or including parts of the study area: Pierce (1969), Molting
(1970)9 Nicolaysen (1972)9 Wychgram (1972) and Enepper (1976). Currently, 
additional work is being done on the San Luis Valley’s relationship to 
the Rio Granda Rift System and the valley’s tectonic history; Scott 
(1970), Knepper and Marrs (1971), Lipman and Mehnert (1973, 1975),
Knepper (1976), Epis et al. (1976), Scott et al. (1976), and Taylor 
(1975).

To gain a better understanding of the structure of the San Luis 
Valley and also potential geothermal deposits, several geophysical stud
ies have also been done, including; Gaca and Karig (1966), Jordan (1974) 
and Stoughton (1977).



CHAPTER 4

GEOLOGIC SETTING AND HISTORY

The study area lies at the junction of the Sangre de Cristo
Mountains and the San Luis Valley. The San Luis Valley is a northern
segment of the Rio Grande Rift system, which stretches from Mexico
northward through New Mexico and into central Colorado. The development
of the San Luis Valley began in the mid-Tertiary. Lipman and Mehnert
(1975, p. 119) have established the beginning of the rifting of the San
Luis Valley: '

Along the west margin of the San Luis valley, silicic alkalic 
basalt flows.as old as 26 m.y. rest unconformably on a pedi
ment cut on middle Tertiary andesitic and related rocks (35- 
27 m.y. old), and similar basalts 20 to ,24 m.y. old 
interfingers with and overlies volcaniclastic alluvial fan 
deposits (equivalent to Santa Fe group) that accumulated in 
the subsiding depression.

The depth of the rifting increases to the south. Near Poncha 
Pass at the northern end of the valley, exposed bedrock is found at the 
surface, and furthers south near Villa Grove estimates of the depth of 
the valley range from 1200 m (Stoughton, 1977) to 4800 m (Gaca and Karig,
1966), and near Alamosa the depth of the valley is estimated to be over 
9000 m (Taylor, 1973).

The Tertiary and Quaternary sedimentary fill of the San Luis 
Valley has been divided into two formations by Powell (1958) —  the 
Santa Fe formation and the younger Alamosa formation.

10
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The Santa Fe formation underlies most of the valley and consists 

of conglomerates, sands, gravels, clays and interbedded lava and vol
canic debris (Powell, 1958). The Santa Fe formation represents sedi
ments shed into the subsiding basin from the highlands to the east.
Powell (1958) describes the age of the Santa Fe formation as Miocene- 
Pliocene based on fossil evidence. Lipman and Mehnert (1973) derived a 
similar age for the formation based on dates obtained on interbedded 
lavas. •

The Alamosa formation is also the result of sediments shed into 
the subsiding basin from the surrounding highlands. The formation con
sists of unconsolidated gravels, sands, silts and clays (Powell, 1958). 
The formation underlies a large part of the valley, but is not gener
ally well exposed. Powell describes the age of the Alamosa formation 
as late Pliocene or early Pleistocene and also includes recent deposits 
in the formation.

The history and structure of the Sangre de Cristo Mountains is 
very complex and as yet is not well understood. The present form of the 
Sangre de Cristo Mountains was developed first in mid-Tertiary time.
"The Sangre de Cristo Range owes most of its present elevation to Neogene 
faulting which truncated the Miocene-Pliocene Dry Union Formation and 
Oligocene-Miocene paleovalleys containing volcanic deposits" (Taylor, 
1973, p. 518). The San Luis Valley represents a graben and the Sangre 
de Cristo Mountains a horst, both tilting to the east. Lipman and 
Mehnert (1975, p. 122) describe the magnitude of the structural move
ment between these two features:
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Because the surface of alluvial fill in the valley is at an 
elevation of about 2,250 m, the bedrock floor of the graben 
may in places be as much as 7 or 8 km below sea level, and 
the total displacement on the eastern bounding fault system 
adjacent to the upfaulted Sangre de Cristo Mountains (maxi
mum elevation greater than 4,300 m) may be as much as 14 or 
15 km." -

The oldest rocks in the Sangre de Cristo Mountains are of Precambrian 
age and are represented by a complex of gneissic metasediments and gran
ites of at least two types and ages (Gabelman, 1952). Few details are 
known about the Precambrian history of the Sangre de Cristo Mountains 
due to the lack of detailed studies.

The Paleozoic in the Sangre de Cristo Mountains can be divided 
into two parts, each having a distinctive depositional and lithologic 
character. The early and middle Paleozoic (Cambrian to Mississippian 
periods) is characterized by carbonate rocks and relatively clean quartz- 
ites deposited on a relatively stable sheft environment. The study area 
is located along the southern edge of. a trough that extended through 
Colorado during much of the early and middle Paleozoic. This trouch 
experienced minor episodes of uplift which produced disconformities be
tween all the early and middle Paleozoic formations (Litsey, 1958).

The Upper Paleozoic saw a change in the depositional environment 
and character of sedimentation. The Pennsylvanian saw the beginning of 
the uplift of the Ancestral Rocky Mountains. The rocks were deposited 
in a subsiding trough positioned between two major highlands, the Uncom- 
pahgre Uplift and the Front Range Uplift (Litsey, 1958). The character 
of these sediments ranges from non-marine coastal shales and coal depos
its to dirty sandstones, conglomerates and arkosic sediments. This 
style of sedimentation continued into the Permian.
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Although, no Mesozoic rocks are known in the study area5, their 

presence in other areas of Colorado indicate that they had a wide dis
tribution. Erosion of these sediments has then been suggested for 
their absence in this area (Gabelman* 1952; Litsey, 1958).

The end of the Mesozoic saw the beginning of the Laramide Uplift
about 70 m.y. ago. An excellent summary of the Tertiary history of
south-central Colorado is provided by Epis et al. (19769 p. 323):

Laramide uplift started about 70 m.y. ago; streams generally 
eroded the sedimentary cover, and deeply beveled Precambrian 
rocks. Erosion kept pace with uplift so that few mountains 
stood very high above adjacent aggrading basins. A wide
spread, late Eocene surface of general low relief developed 
on Precambrian rocks during about 10 m.y. years of tectonic 
and magmatic quiescence. Eocene basin-fill deposits accum
ulated in small grabens that formed during the bevelling.

In Oligocene time, the late Eocene surface was covered 
by volcanic and lesser alluvial deposits. Locally channels . 
were cut into the surface, and these also were filled and 
covered by alluvial and volcanic material. Drainages that 
developed as early as Laramide time and were firmly estab^ 
lished in Eocene time were extensively disrupted by Oligocene 
volcanism.

In early Miocene time, uplift and faulting caused further 
disruption of the drainage systems and fragmentation of the 
late Eocene surface. Regional block faulting of basin-and- 
range style in Miocene and Pliocene time resulted in offsets 
of the surface of 1,500 to possibly 12,000 m., and resulting 
grabens were deeply filled with tectonic sediments. Volcan
ism continued until at least 19 m.y. ago, but most of the 
alluvial and volcanic channels had been severed in early Mio
cene time . . . c,

Late Pliocene canyon cutting exceeded that during any 
other part of the Cenozoic; accelerated uplift caused erosion 
of canyons 180-300 m. deep at mountain flanks. Resulting 
sediments are not abundant, but they can be found in upper 
parts of graben fills.

Major present-day geomorphic elements are post-Laramide 
and are related to middle and late Cenozoic volcanism, uplift, 
basin-and-range style block faulting, and attendant erosion.
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The present physiography of the area results from Miocene-Pliocene 
block faulting which disrupted the earlier landscape of gentle relief. 
Details of the pre-CenOzoic structural history are poorly known,. and 
present relationships to earlier structural features cannot be 
determined.

At the present time, the San Luis Valley/Sangre de Cristo Moun
tains are very quiet seismically. Hadsell (1968) (Figure 4) has plotted 
all known historic earthquakes in Colorado according to their location 
and magnitude. Neither the Sangre de Cristo Mountains nor the San Luis 
Valley have records of a noticeable earthquake. Simon (1969), locating 
earthquakes of magnitude 2 or greater, also found the San Luis Valley 
and Sangre de Cristo Mountains to be seismically quiet (Figure 5).

The apparent quiescence of the area is anomalous considering the 
large magnitude of structural movement that the area has experienced 
since mid-Miocene time. The presence of hot spring activity and fault 
scarps cutting the alluvial fans indicate that tectonic activity along 
this front may not have ended.

Fault scarps in the study area indicate the presence of two 
fault zones. The zone that follows the mountain front is referred to 
as the Sangre de Cristo fault zone. The second zone of faulting starts 
near Hot Springs Canyon and runs across the valley toward the town of 
Villa Grove. This zone is referred to as the Villa Grove fault zone.

Pleistocene Glaciation
Little detailed work has been done on the Pleistocene glacial 

history on the west side of the Sangre de Cristo Mountains. Peterson
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Figure 4. Known Significant Earthquakes of Record in Colorado. —
Roman numerals and radii of circles denote maximum observed 
intensity. Two-digit Arabic numbers denote year of occur
rence. After Hadsell (1968).
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(1971, p. 166) states: "In contrast to the rather well documented five
substages of the Wisconsin on the east side of the Sangre de Cristo 
Range, there are only isolated and incomplete reports of glacial activity 
on the west side." Table 1 shows the glacial chronology in other areas
of the Rocky Mountains, and it is likely that the Sangre de Cristo Moun
tains have undergone a similar history of glaciation. Alluvial outwash 
deposits in the form of alluvial fans occur along the west front of the 
Sangre de Cristo Mountains. Scott (1970) has described the outwash. fans
as being of Bull Lake or Pinedale age. Older glacial outwash fan depos
its have been either buried by younger deposits or have been included 
on the rising mountain block and been eroded.

Four canyons in the study area have evidence of late Pleistocene 
glacial activity. Cotton Creek Canyon and Black Canyon show evidence 
of extensive modifications due to glacial processes. Black Canyon is 
filled with a glacial moraine of Pinedale age, which reaches to the 
head of its alluvial fan (Figure 6). Cotton Canyon contains glacial 
debris of both Pinedale and Bull Lake ages as well as a glacial lake 
at its headwaters. Garner Creek Canyon and Major Creek Canyon also 
show evidence of lesser amounts of glaciation in their headward portions. 
One additional feature of interest is the tendency of the glaciated 
canyons to bend to the southeast due to selective glacial erosion on the 
more shaded north-facing slopes.



Table 1. Glaciation In the Rocky Mountains (after Richmond, 1965).

Location Bull Lake Pinedale Neoglacial Source
Rocky Mountain 
National Park, 
Colorado

Two stades Three stades Temple Lake 
Gannet Peak

Richmond (I960)

Mosquito Range, 
Colorado

Two moraines Three
substages

Two moraines Singewald (1950)

Sawatch Range, 
Colorado

Two substages Three
moraines

Two moraines Nelson (1954) 
Ray (1940)

Sangre de Cristo 
Mountains,
New Mexico

Two stades Three stades Temple Lake Richmond (1963)

San Juan Moun
tains, Colorado

Two moraines Three
moraines

Two moraines Atwood and Mather (1932)
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Figure 6. Air Photo Showing the Drainage Basin of Black Canyon. —  
North is to the top of the photo. The upper edge of the 
San Luis Valley can be seen in the lower left hand corner of 
the photo. This canyon shows many glacial features. A gla
cial moraine fills the canyon almost to the edge of the San 
Luis Valley. Cirque basins have been carved in the headwat
ers and two possible rock glaciers are located there. Also 
note the curving of the basin to the south in the headwater 
portion of the basin.



CHAPTER 5

TECTONIC GEOMORPHOLOGY MODEL

In order to understand or even recognize all but the grossest 
forms of geomorphic evidence indicative of prehistoric tectonic activity, 
it is necessary to utilize a model which, describes and explains the ef
fects that normal faulting (a base-level change) has on a landscape. Dr, 
W. B. Bull has proposed a model describing the behavior of the mountain 
front geomorphic system as affected by various rates of tectonic uplift. 
The mountain front geomorphic system model proposed by Bull comprises 
both the basin landforms adjacent to the range-bounding fault and the 
mountain front escarpment and canyons.

For a model to be compared and contrasted with a field situa
tion, several variables must be considered, since many factors contribute 
to the formation of a landscape. These variables may be divided into 
two classes, depending upon the period of time considered, which for 
this study is the Quaternary. Dependent variables are those that are 
subject to influence by other variables or processes operating in the 
geomorphic system. Independent variables are not subject to influence 
by processes within the geomorphic system. Their effects on the geo
morphic system are independent of being influenced by that system.

In this study, three independent variables must be considered—  

climate and base-level changes, which have varied ghrough time, and li- 
thology, which varies spatially. It is the variable of base-level
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change that is of particular interest, since this perturbation is con
trolled in part by the uplift and/or subsidence of the Sangre de Cristo 
Mountains and the San Luis Valley, This base-level change occurs at the 
fault separating the Sangre de Cristo Mountains from the San Luis Valley 
and its effects are felt throughout the geomorphic system; "Tectonic 
base-level fall partly determines the relief of a fluvial system,, and a 
pulse of uplift along a mountain front will cause adjustment in the sys
tems that flow across the front" (Bull and McFadden, 1977, p. 116).

These adjustments have been described by Bull and McFadden using 
four selected geomorphic base-level processes. These processes are sen
sitive to base-level changes and are also important in estimating the 
system’s relationship to the critical power threshold, a concept which 
stresses changing modes of operation in a geomorphic system. Critical 
power threshold is defined for the case where the stream power divided 
by the critical power is equal to 1. Stream power is defined as "the 
power available to transport sediment load" and critical power is de
fined as "the power needed to transport sediment load" (Bull, in prepa
ration, 1979). For example, when stream power exceeds the critical 
power, vertical erosion occurs, and when the critical power exceeds the 
stream power, alluviation occurs. For streams near the critical power 
threshold, the stream has just enough power to transport its sediment 
load, and any erosion taking place will be lateral erosion.

The four base-level processes used by Bull (in preparation) re
late the landscape’s position to the critical power threshold:
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cd: channel downcutting
pa; piedmont aggradation
pd: piedmont degradation
u: uplift

with a fifth factor being considered, t: time..
The relationship of these processes in the mountain front geo- 

morphic system can be used to estimate relative rates of tectonic up
lift. Table 2 relates the five processes to different rates of tectonic 
uplift and the morphologies associated with them.

r"
The process on the piedmont landforms and the mountain front es

carpment will be treated in more detail in the individual chapters deal
ing with alluvial fans, canyon morphology and mountain front morphology
and will be combined to define the activity class of the mountain front
geomorphic system in the final chapter.

In the following chapters, the independent variable of climate 
will also be considered, especially since climatically the area has un
dergone glaciation in some of the canyons, and this has had important 
effects on the landforms of the area.

The independent variable of lithology does not appear to be of 
major importance in determining the general character of the landscape. 
Lithologic contrasts of the basins were not great and any effects appear 
to be dominated by the effects of climate and base-level change.



Table 2o Tectonic Geomorphology Model (after Bull, In preparation).
Class of 

Relative Tectonic 
Activity

Local
Base-level
Processes^

Typical 
Landforms

1. active An/At - Acd/At + Apa/At alluvial fan that is re
ceiving deposits on the 
fanhead

2. slight Au/At < Acd/At > Apa/At entrenched alluvial fan 
with old soils on 
fanhead

3a. inactive An/At «  Acd/At > Apa/At dissected pediment or 
pediment terraces

3b. inactive Au/At << Acd/At = Apa/At undissected pediment
3c. inactive Au/At «  Acd/At < Apa/At undissected pediment
lu = uplift 
cd = channel downcutting 
pa = piedmont aggradation 
pd = piedmont degradation 
t = time



CHAPTER 6

CANYON MORPHOLOGY

A canyon*8 morphology reflects the rate of uplift of the moun
tain block. Due to the large competency of streams as an erosive agent, 
they react quickly to any base-level change in a manner reflecting its 
relationship to the critical power threshold. When a base-level pertur
bation occurs at the mountain front, the stream will adjust to the new 
base-level imposed by the mountain block uplift. This is felt as a 
base-level fall to the streams in the mountain block and increases the 
Stream power. As was described in the last chapter and in Figure 7, the 
behavior of a stream and the resulting canyon morphology can better be 
understood by using the critical power threshold concept. For a mountain 
block undergoing active uplift, the stream power will be larger than the 
critical power, and the dominant stream process will be downward erosion 
toward the critical power threshold (since stream power is larger than 
critical power). For this downward erosion to be maintained throughout 
the stream system, the rate of uplift must be greater than the rate of 
channel downcutting for any particular reach of the stream. A mountain 
block undergoing lesser amounts of uplift will have the lower reaches 
of the stream at or near the critical power threshold, with the stream 
power being almost equal to the critical power. The upper reaches of 
the stream will still be downcutting, but at the lower reaches down- 
cutting will be greatly reduced and lateral erosion will begin to
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Figure 7. Dominant Stream Processes. —  Diagrammatic sketches and graphs 
of stream power and critical power for an arid region. Modi
fied after Bull (in preparation).
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dominate and widen the canyon. If the stream power is reduced below 
the critical power then alluviation may occur.

Figure 7 shows the relationship of a stream at different posi
tions along its course to the critical power threshold and the typical 
canyon morphology associated with it. Near the headwaters, with a 
steep gradient and abundant water, the stream is able to carry more 
sediment than is available, and the stream power is greater than the 
critical power so that the stream erodes downward to increase its load. 
In the middle reaches where the stream channel is less steep and has al
so increased its sediment load, the stream power is approximately equal 
to the critical power. Since the stream is near the critical power 
threshold, lateral erosion will dominate relative to vertical erosion.
In the lower reaches of the stream, where the gradient is less steep and 
the stream is unable to carry its sediment load, the critical power is 
larger than the stream power and alluviation occurs. Figure 8 is an 
example of a mountain block where uplift is much less than the rate of 
channel downcutting. For a mountain block undergoing rapid uplift, the 
entire reach of the stream will be above the critical power threshold.

A similar treatment of the processes and morphologies of the 
alluvial fans using the critical power threshold concept will be treated 
in Chapter 7.

The author realizes that canyon morphologies are not controlled 
by just the one independent variable of tectonic base-level change. Al
though it is perhaps the most important variable in determining the gen
eral morphology of the canyons, climate has also had important effects.
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The Sangre de Cristo Mountains have experienced periods of glaciation 
during the Quaternary, and these glaciations have left their influence 
on the canyon's morphology. It is important to try to recognize the ef
fects of climate in addition to those of tectonic base-level change.
The two most important glacial effects on the canyon morphology are gla
cial morainal deposits and glacial erosion. These will be discussed 
later in this chapter.

Nine main canyons are present in the study area, and they were 
examined with three major questions in mind: 1) what tectonic base-
level change influences could be defined, 2) what climatic effects 
could be defined, and 3) when have tectonic or climatic effects 
dominated.

Table 3 gives the basin area and stream gradient of each of the 
nine canyons studied. There is a general relationship between the size 
of the basin and its stream gradient, the larger the basin the lower the 
stream gradient. This is to be expected, in that the larger canyons 
have larger more competent streams which have been able to erode down
ward more quickly and so reduce their gradient. Unnamed Canyon does not 
appear to follow this trend. However,. this is due to the small size of 
the basin, which does not even reach to the mountain divide.

A very useful parameter which relates to the rate of uplift of 
the mountain block is the valley floor width/valley height ratio (Vf 
ratio) (Bull and McFadden, 1977). This parameter compares the width of 
the valley floor (lateral erosion) to the height of the canyon divide 
(vertical erosion). The Vf ratio is an index of the amount of energy
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Table 3. Canyon Area and Stream Gradients,

Canyon Name
Canyon Area 

(km2)
Stream Gradient 

(percent)
Steel Canyon 9.6 .17
Lime Canyon 4.5 .21
Black Canyon 10.4 .13
Orient Canyon 3.8 .21
Hot Springs Canyon 3.9 .19
Garner Creek Canyon 13.2 .13
Major Creek Canyon 17.4 ' .18
Unnamed Canyon 2.0 .16
Cotton Creek Canyon 35.7 . .09
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spent on lateral erosion against vertical erosion, or a description of 
the canyon's relationship to the critical power threshold. The Vf ra
tio, as defined by Bull and McFadden (1977), is found by use of the fol
lowing equation:

'____  Vf w
Vf = (Eld - Esc) - (Erd — Esc)

2

Where Vfw is the width of the valley floor. Eld and Erd are the eleva
tions of the left and right divides and Esc is the elevation of the 
stream channel. A low value of Vf describes a narrow, deep canyon with 
a narrow valley floor, and a large Vf ratio describes a canyon with a 
wider valley floor. A small Vf ratio, then, represents a canyon where 
downward erosion is dominant, and a larger Vf ratio represents a canyon 
where lateral erosion is widening the valley floor due to the stream be
ing near the critical power threshold.

Vf ratios were calculated at .8 km %  mile) intervals along the 
length of the canyons, starting at the canyon mount. Values of the Vf 
ratios are listed in Table 4. The values at the first .8 km interval • 
ranged from a low of 0.12 at Cotton Creek Canyon to a high value of 
1.95 at Black Canyon. All the values except those for Black Canyon and 
the Unnamed Canyon were below 0.40. The low values of Vf ratios are 
indicative of streams whose stream power is much greater than critical 
power even through the lower reaches of the streams, and valley downcut- 
ting dominates lateral erosion. The mountain block has been rising (is 
being uplifted) faster than the streams can erode downwards.



Table 4* Vf Ratios*

Canyon Name
Vf Ratio at 

.8 km Intervals3
Steel Canyon .169 

. 172 

.260 

.170 

.300 

.370
Lime Canyon .240 

.211 .
Black Canyon 4.260

1.950
1.430
2.260

Orient Canyon .870
.360
.240

Hot Springs Canyon .270
.250
.240

Garner Creek Canyon .430 
.380 
. 620 
.350

Major Creek Canyon .230
.260
.430
.540

1.600
Unnamed Canyon .740

.950
Cotton Creek Canyon .550

.120

. 520 

.520

.490
1.280
1.030

aVf ratios start at the canyon mouth and pro
gress upstream.
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The larger value of 0.95 for the Unnamed Canyon is due to the 

fact that it is a small canyon and its stream competency is much less 

than the other streams« The result is that it has not yet been able to 

cut as deeply into the mountain block, and the larger Vf ratio is a re

sult of a less deep canyon rather than a wider valley floor. The very 

uppermost reaches of the canyons show similar large Vf ratios for the 

same reason. ^

The high value of the Vf ratio at Black Canyon is the result of 

a climatically controlled process. A Pleistocene glacial moraine of 

Pinedale age fills the valley and extends to the mountain front. A pre

liminary examination of the canyon * s large Vf ratio would indicate a 

wide valley floor and the assumption that this was due to lateral ero

sion by the stream. A closer examination, however, indicates that the 

flat valley floor is a glacial moraine that is being downcut and that 

the true width of the present-day valley floor is very narrow and occurs 

where the stream cuts through the glacial moraine. More importantly, if 

the wide valley floor had been the result of lateral erosion, then bed

rock would underlie the valley at a shallow depth. The large Vf ratio 

then reflects a wide valley floor due to being filled by morainal debris 

rather than a stream being near the critical power threshold and eroding 

laterally. So the Vf ratio indicates the occurrence of a climatic per

turbation in the canyon.

Bull and McFadden (1977) have used Vf ratios to help categorize 

tectonic activity classes in the Mohave Desert region of California. In 

general, they found that Class 1 (active fronts) fronts have a mean Vf
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ratio of Oo369 Class 2 fronts of 1.86. Although the two areas differ 

climatically and geologically9 a comparison of the values is worthwhile. 

The average value of the Vf ratio of the canyons in the Sangre de Gristo 

study area is 0.517 9 including the larger values of Black and the Un

named Canyon. This low value would put the canyons into activity Class 

1 when compared to the values of the Mohave Desert. The even smaller 

values of the Vf ratios in the Sangre de Cristo Mountains may be caused 

by one or more of the following factors: the mountains have much great

er relief than those in the Mohave Desert9 greater rate of downcutting 

due to more available moisture, and possibly a greater amount of moun

tain block uplift or valley subsidence.

A study of Vf ratios along the length of the canyon also offers 

insight into the history of a canyon? s morphology. Figure 8 is a series 

of plots of the Vf ratio versus its distance upstream from the mountain 

front for each of the canyons. In general9 the Vf ratios decrease up

stream 9 except at the very headwaters where the Vf ratio is likely to be 

larger due to the lack of competency of the stream in cutting into the 

mountain block. The most noticeable variation from this general trend 

can be found in Black Canyon, Garner.Creek Canyon, Major Creek Canyon 

and Cotton Creek Canyon. The larger Vf ratios upstream Are due to valley 

widening caused by Pleistocene glacial erosion. Cotton Creek Canyon and 

Black Canyon show evidence of major modification due to glacial erosion, 

and Major Creek and Gamer Creek Canyons show lesser amounts of widening 

due to glacial erosion. In general, the glaciated portions of the 

stream are more U-shaped and have correspondingly larger Vf ratios. The
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portions of the streams that have been subject to only stream erosion 
are V-shaped and have lower Vf ratios.

Over longer periods of time, even the shape of a drainage basin 
is affected by the rate of tectonic uplift of the mountain block. In an 
active tectonic setting where the streams are well above the critical 
power threshold and are expending much of their energy in downcutting 
into the mountain block, the canyons tend to be elongate in shape. The 
rapid uplift of the mountain block has resulted in the more competent 
trunk streams eroding back to the central divide and elongating the basin 
more rapidly than the less competent tributary streams can widen the 
basin. Basin elongation ratios (Cannon, 1976) for the canyons are list
ed in Table 5. The values range from .55 to .66 with a mean of .61.
This low value is descriptive of fairly elongate basins.

The streams in all but two of the canyons are eroding on or near 
bedrock. In Cotton Creek and Black Canyons the streams along some of 
their reaches are still removing Pleistocene glacial debris. The fact 
that most streams are actively downcutting near bedrock is evidence of 
their position well above the critical power threshold and that uplift 
of the mountain block and/or subsidence of the San Luis Valley is great
er than the rates of canyon downcutting.

Some small and scattered terrace remnants can be found in most 
of the canyons. These remnants, however, are poorly preserved, most 
times being no more than benches on the hillslopes, and were not judged 
adequate for terrace gradient studies. Their poor preservation is due 
to the rapid rate of downcutting of the streams into the mountain block.



Table 5. Basin Elongation Ratios. —  Re after Cannon (1976).

Canyon Name
Canyon
Area
(km2)

Diameter of 
Circle with 
the Same 

Area (km)

Distance between 
the Two Most 

Distant Points 
(km) Rea

Steel Canyon 9.6 3.49 5.80 .60
Lime Canyon 4.5 2.38 3.76 .64
Black Canyon 10.4 3.64 5.47 . 66
Orient Canyon 3.8 2.21 3.54 .62
Hot Springs 
Canyon

3.9 2.22 4.03 .55

Garner Creek 
Canyon

13.3- 4.11 6.92 .59

Maj or Creek 
Canyon

17.4 4.70 7.73 .60

Unnamed Canyon - 2.0 1.58 2.58 .61
Cotton Creek 
Canyon

35.7 6.76 10.63 .64

diameter of a circle with the same area as the basin 
distance between the two .most distant.points in the basin
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iwhich causes the canyon to be narrow and steep, as well as destruction 

by glacial erosion in the larger canyons.



CHAPTER 7

ALLUVIAL FAN MORPHOLOGY AND AGE

Alluvial fans, like their corresponding canyons, have distinc
tive characteristics associated with different rates of tectonic base- 
level changes. The mountain front geomorphic system contains the two 
subsystems of the basinward landforms and the mountain front escarpment 
landforms, the dividing line between them being the range—bouiiding fault 
which is the source of the tectonic perturbation. Since the main parts 
of the alluvial fans are located basinward of the range-bounding fault, 
the fans experience a base-level rise as contrasted to the mountain 
front escarpment on the opposite side of the fault which experiences a 
base—level fall when the fault is active. The fault then then repre
sents a dividing line between the process of erosion and deposition in 
an active tectonic setting. Bull (in preparation) has noted the impor
tance of this changing mode of operation at the range-bounding fault 
"The overwhelming dominance of tectonic control of the landscape is 
shown by the totally different geomorphic subsystems on either side of 
the range-bounding fault."

The critical power threshold concept is again useful in under
standing the behavior of alluvial fan morphology associated with differ
ent rates of tectonic base-level changes. An alluvial fan in an active 
tectonic setting will be experiencing a base-level rise and will alluvi- 
ate upwards toward the critical power threshold. In this case, the rate
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of tectonic base-level change is greater than the rate of channel down- 
cutting in the mountains, and alluviation occurs on-the fan head. When 
the rate of tectonic base-level change is less than and channel downcut- 
ting in the mountains is more rapid than uplift, the head of the fan will 
be entrenched and alluviation will take place down fan (Figure 9).

Two additional factors may also be important in determining the 
position of erosion and deposition on the fans. First, if a climatic 
fluctuation occurs, it may cause a fan to become entrenched or cause a 
surge of sediments that may bury a pre-existing fan head trench. For 
short-term climatic fluctuations, permanent entrenchment may be defined 
by the entrenched surface having soils of noticeably different develop
ment and age from that of the younger surface cutting it. If the soils 
are of very similar age, then the entrenchment may be only temporary, 
and the entrenchment does not necessarily indicate a reduction of the 
rate of tectonic base-level change. The alluvial fans studied are of 
sufficient age to have experienced periods of glacial and interglacial 
climates. The effects on the alluvial fans by long-term climatic fluc
tuations during periods of glacial and interglacial climates will be 
discussed in the next chapter.

Alluvial fan entrenchment may also result from a second cause, 
basinward migration of the fault, or a second or multiple zones of base- 
level fall. These are cases where faulting does not occur at the topo
graphic mountain front. In this situation, the portion of the alluvial 
fan mountainward of the fault is now part of the mountain block and is 
undergoing a base-level fall which will cause entrenchment of the fan
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Range-bounding fault

Mountain block Alluvial fan

Horizontal
Class 1 Mountain Front

Horizontal
Class 2 Mountain Front

Figure 9. Morphology of Class 1 and Class 2 Alluvial Fans.
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surface. Entrenchment in this case is a reflection of the location of 
the base-level fall, not a reduction of the rate of tectonism.

Since the independent variables of both climate and tectonic ac
tivity may vary with time, it is necessary to establish the age rela
tionships of the different alluvial surfaces. The author used two 
different approaches to this problem. The first was to study the mor
phology and Stratigraphic relationships of the alluvial fans in hppes 
that similarity in morphology would indicate a similarity in age. This 
approach was suggested by Knepper and Marrs (1971), but. showed some er
roneous correlations; the results of this method will be discussed later 
in this chapter. The second approach was to study the degree of soil- 
profile development and surficial weathering characteristics of the dif
ferent alluvial surfaces. This approach had the advantage of being 
unaffected by local variations in the depositional system such as basin 
size and extent of glacial activity.

With the assumption that an older surface will have a more de
veloped soil profile and a greater degree of surficial weathering, the 
alluvial fans were divided into four age classes. All of the fans were 
of Quaternary age, the oldest being of Bull Lake age (Scott, 1970) Class 
4, and the youngest fans which are still actively forming. Class 1.

Soil profiles were described on selected fan surfaces. The soil 
.descriptions were simplified and particular attention was paid to char
acteristics that reflected the development of the soil. Characteristics 
of particular interest were; the extent of horizon development of the 
profile, presence of an alluvial B horizon, presence and thickness of a

i
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carbonate horizon, and the degree of weathering of rocks buried in the 
profile. Classification of the soils was based on the Soil Taxonomy 
(1975) developed by the U. S. Department of Agriculture.

Four different ages of soils and associated alluvial fan surfaces 
were differentiated in the field area. Soils of age 1 were associated 
with areas of current erosion and deposition and have no profile devel
opment. These surfaces consist of the active stream and fan systems.
The soils were classified as Typlc Torriorthents. Rocks on the surface 
and buried in the profile were unweathered.

Soils of age Class 2 are also classified as Typic Torriorthents. 
The fans on which these soils developed are outwash fans formed during 
the end of the Pihedale glaciation. Black Canyon, Garner Creek Canyon, 
Major Creek Canyon and the Low Cotton Crefek Canyon fans have soils of 
this age. The soils, show little to no profile development. Buried rocks 
show little if any weathering; there are, however, some thin carbonate 
coatiiigs on scattered cobbles.

Soils of age Class 3 are classified as Aridic Argiborolls.
These sbils have a weakly developed A horizon, a thin mollic epipedon, 
and a B horizon that shows weak development of an illuvial clay horizon.
A weak Cca is also present, and thin to thick carbonate caps are visible. 
In some cases Cca is absent, but the carbonate may have been leached to 
a greater depth. Buried rocks show only slight weathering. These soils 
are found on the Low Steel Canyon fan. Lime Canyon fan. Orient Canyon 
fan and the Low Hot Springs Canyon fan.
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The oldest and most developed soils were associated with the 

high dissected fan remnants of Bull Lake age. These soils are classi - r  

fied as Aridic Argiborolls. The soils have a fairly well developed mol- 
lic epipedon, a well-developed but thin B2t illuvial clay horizon and 
generally a strong Cca horizon with thick carbonate coatings. Rocks 
present in the profile are weathered, and some have disintegrated.
These soils are found on the High Steel Canyon fan, the High Hot Springs 
Canyon fan. Unnamed Canyon fan and the High Cotton Creek Canyon fan.

For additional discussion of soils formed on Bull Lake and Pine- 
date deposits in Colorado, see Richmond (1963), Madole (1969, 1976a, 
1976b) and Mahaney and Fahey (1976).

In association with the soil profile studies and at many addi
tional locations, a study was made of the surfieial weathering charac
teristics. The exposed rocks were examined for several characteristics 
which were semi-quantified (Table 6). Lithology of each rock was noted 
as well as the size. The characteristic percent of abrasion faces re
maining is a reflection of how much weathering has taken place on the 
cobble or boulder surface to remove the abrasion faces as a result of 
being rounded and smoothed in the stream. Percent of original shape is 
a reflection of how extensive the weathering has been in altering the 
original stream-rounded shape of the rock. Extent of differential weath
ering is a.reflection of the degree of weathering on two contrasting 
mineral layers or mineral types in a rock. For example, gneisses were 
found where relief of over 2 cm resulted from contrasting weathering of 
the more mafic and silicic layers. Degree of solution weathering was



Table 6. Surficial Weathering Characteristics,

Size
1. 0-10 cm
2. 10-20 cm
3. 20-40 cm
4. 40-80 cm
5s 80-160 cm
6„ greater than 160 cm
Percent of 

Original Shape
1. 0-25
2. 25-50
3. 50-75
4. 75-100

Extent of 
Solution Weathering
1. none
2. little
3. moderate 
4„ strong
Extent of 

Varnishing
1. none
2. weak
3. moderate
4. strong
Is the Rock 
a Fragment?
Yes
No

Percent Abrasion 
Races Remaining 
1. 0-10
2. 10-20
3. 20-40
4. 40-60
5. 60—80
6. 80-100

Extent of 
Differential Weathering
1. none
2. little
3. moderate 
4o strong

Presence of 
Carbonate Coatings
1. none
2. 2 mm thick
3. 5 mm thick
4. thicker than 5 mm

Extent of 
Weathering Rinds
1. none
2. weak
3. moderate
4. strong

Lithologies
1. limestone
2. metamorphosed sandstone
3. arkosic sandstone
4. granite
5. mafic gneiss
6. gneiss
7. chert
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an indication of how fluted carbonate rocks were due to solution weath
ering. Thickness of carbonate coatings was recorded, since the pres
ence ,:and thickness of the caps is a reflection of the age of the surface. 
Although varnish on the rocks was not well developed or common, an index 
of the degree of varnishing was included. The development of weathering 
rinds on the rocks was also recorded. The final characteristic noted 
was rock fragmentation.

These semi-quantitative estimates of the degree of weathering 
for different lithologies proved very useful in classifying the fans in
to different age groups. For example, in comparing three fan surfaces 
of increasing age and three common lithologies (granite, gneiss and ar- 
kose), the youngest fan would have most rocks of all lithologies retain
ing most of their abrasion faces, few fragments and overall weathering 
slight. For the oldest fan, most rocks of all lithologies would have 
lost most abrasion faces, many rocks remain only as fragments or are al
tered in shape, and differential weathering of their surfaces is present. 
For the fan surface of intermediate age, the less resistant lithologies 
would show greater amounts of weathering than the younger fan, but the 
more resistant lithologies would be very similar to the younger fan.
Soil profiles taken in association with the surficial weathering studies 
agreed well with the age relationships indicated by the degree of sur
ficial weathering. An average of the classes was then calculated for 
the different lithologies on each of the fans and is used in comparing 
the surfaces (Table 7).

To utilize this approach, the assumption was made that the 
rocks were rounded arid smoothed by the stream processes and then
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Table 7. Weathering Characteristics.

Lithology
Average 
Abrasion 
Face Class

Average
Shape
Class

Percent
Fragments

Average
Differential
Weathering

Class
Class 4
granite 1.4 2.8 .30 1.70
mafic gneiss 2.9 2.9 .40 , .56
arkosic
sandstone . 1.4 2.8 .10. .60
gneiss 1.4 2.9 .20 2.90
Class 3
granite 2.7 3.4 .20 ..50
mafic gneiss 4.4 3.8 .10 .30
arkose 1.9 3.7 .10 .80
gneiss 3.1 3.6 .10 .10
limestone 1.0 1.5 .80
meta- 3.0 3.6 .10 .40
sandstone

Class 2
granite 4.5 • 3.6 .30 . 10
mafic gneiss 6.0 3.5
arkose 3.7 3.6 .30 .20
gneiss 6.0 4.0 -
meta- 4.5 3.6 .30 .10
sandstone
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deposited on the alluvial fans, and that any weathering on the rocks has 
taken place since that time. Observing present-day processes, this as
sumption appears valid.

The locations of both the soil pits and surficial weathering 
characteristic transects were chosen to minimize the possibility of sur— 
ficial erosion. The general locations were chosen in the middle of the 
fans or fan segments, far enough from their edges to minimize erosion 
and contamination from adjoining deposits. A blind toss of the rock 
pick was used to pick the exact location. This site was also examined 
for any unusual erosion. The soil pits were located where the rock pick 
landed. The surficial weathering characteristic transects were started 
at the rock pick landing site, and the tape was run directly downslope. 
Where possible, a distance of about 0.8 km from the mountain front was 
maintained.

As can be seen from Table 7, three distinct groups of weathering 
characteristics can be discerned. The significant differences between 
the surficial weathering characteristics of each class are summarized 
briefly below. Characteristics of age 2 surfaces show that most lithol- 
ogies retain over half their abrasion faces, most of their original 
shape and have little differential weathering on their surfaces. Only 
the less resistant arkose has lost more than half its abrasion faces.

Lithologies on the Class 3 surfaces have generally lost over 
half their abrasion faces, still maintain their original shape, and 
there is a slight increase in the amount and degree of surficial
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differential weathering. Arkose and limestone are the weakest litholo- 
gies present.

Characteristics occurring on the Class 4 surfaces have few abra
sion faces remaining on rocks of any lithology, and most rocks have not 
retained their original shape. The amount of fragments (split and bro
ken rocks) has also increased as had the amount and degree of differen
tial weathering.

The following pages include a brief summary of the soils, sur- 
ficial weathering characteristics, morphology of the fans and relation
ships of fault scarps cutting the fan surfaces.

The Steel Canyon fans consist of two distinct surfaces, an older 
higher surface Which has been entrenched by the lower younger fan. The 
older fan is entrenched approximately 20 m near the mountain front. The 
high fan surface is located to the north of Steel Canyon and smaller 
remnants can be found at the northeastern end of the fan. These rem
nants consist of small hills rising above the lower fan surface.

The high fan has the most developed soil that is found on the 
major fan surfaces and is of Class 4 in age. The soil has well- 
developed horizons which include a weakly developed argillic horizon. 
Rocks buried in the soil pit were heavily weathered. No carbonate 
horizon was found, but it may have been leached to greater depths.

The surficial weathering characteristics also indicate that this 
surface belongs to the oldest age class (Table 8).
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Table 8» Surflcial Weathering Characteristics of the High Steel
Canyon Fan.

Lithology
Average

Size
Class

Class of 
Abrasion 
Faces 

Remaining
Average
Shape
Class

Percent
Fragments

Differential
Weathering

Class
granite 2.3 1.6 •• 2.5 20 1.9
gneiss
mafic

4.3 3.3 .3 — —
gneiss 3.2 1;7 2.8 - 2.2

As can he seen from the above summary of characteristics, most 
rocks, regardless of their lithology, have lost the majority of their 
abrasion faces. Weathering has also been intense enough to cause many 
rocks to either be modified from their original shape or fragmented. 
Differential weathering of layers and minerals of different resistances 
is. also common.

The High Steel Canyon fan is cut by faults of the Villa Grove 
fault zone and the Sangre de Cristo fault zone.

The Low Steel Canyon fan is less steep than the higher surface 
and has a concave fan profile. The surflcial weathering characteristics 
are summarized in Table 9. These characteristics indicate that the de
gree of weathering on this fan is less than that on the higher fan sur
face. This fan has been classified as an age 3 fan. The surface is 
cut by fault scarps of the Villa Grove fault zone.

The Lime Canyon fan is gently concave and consists of two fan 
surfaces. The fan surfaces are of very similar age, as determined by
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Table. 9. Surfieial Weathering Characteristics of the Low Steel 
Canyon Fan. . . . : . _____ _

Lithology
Average

Size
Class

Class of 
Abrasion 
. Faces 
Remaining

Average
Shape
Class

Percent
Fragments

Differential
Weathering

Class
limestone 3.0 1.0 2.0 r— —
meta
sandstone 3.0 2.0 4,0 °” • .5
arkose 2.5 1.0 3.5 2..0
granite 3.1 2.0 3.3 ■ 10 .6
mafic
gneiss 3.5 3.5 4.0 — -
gneiss 3.0 5.0 4.0 —
chert 3.7 3.3 3.0 100
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surficial weathering characteristics, and the surfaces probably result 
from the main Lime Canyon fan cutting itself into the steeper coalescing 
fans coming from the small tributaries along the mountain front.

The soil on the fan is poorly developed, but there is the begin
ning of horizon development. A Cea horizon was not found, but carbonate 
coatings on rocks exposed in a road cut were found. There is also a 
very weak development of an illuvial B horizon in the profile, but rocks 
found in the profile are still fairly fresh.

The surficial weathering characteristics are summarized in 
Table 10 and suggest an intermediate age of the surface of age Class 3.

Table 10. Surficial Weathering Characteristics of the Lime Canyon 
Fan.

Lithology
Average

Size
Class

Class of 
Abrasion 
Faces 

Remaining
Average
Shape
Class

Percent
Fragments

Differential
Weathering

Class
limestone
meta-

2.5 1.0 1.0 — 1.5
sandstone 3.0 2.8 3.6 —  . 2.0

arkose 2,0 2.0 4.0
granite
mafic

2.7 2.1 3.4 30 .5
gneiss 2.8 5.25 3.5 30
gneiss 3.3 1.3 3.6 — 3.0
chert 3.0 4.0 3,0 100 ”0”

Again the surficial weathering characteristics are less than 
those on the oldest surfaces and the surface is classed as age 3. This 
fan is cut by scarps of the Villa Grove fault zone.

The Black Canyon fan has cut into the older Lime Canyon fan to 
the north and an older fan segment to the south. The Black Canyon fan
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is the steepest fan in the study area and is concave in profile and con
tains one predominant fan segment. The high gradient of the fan surface 
and the presence of the upper fan segment are probably due to the effects 
of a glacial moraine that reaches almost to the mountain front. The 
presence of the moraine would have raised the base-level of the stream 
in the mountains, and the abundance of melt waters and plentiful glacial 
debris would have been responsible for building the steep fan. The fan 
has been described as Pinedale in age by Scott (1970). At the present 
time the stream is still downcutting through the moraine and removing 
the glacial debris from the canyon.

The surficial weathering characteristics summarized in Table 11
testify to the more recent age of this fan:

Table 11. Surficial Weathering Characteristics of the Black Canyon 
Fan.

Lithology
Average

Size
Class

Class of 
Abrasion 
Faces 

Remaining
Average
Shape
Class

Percent
Fragments

Differential
Weathering

Class
meta
sandstone 2.8 5.2 3.6 30

granite < 2.8 4.6 4.0 " —
gneiss 4.0 : 6.0 4.0 -- —

As can be seen from the surficial weathering characteristics, most rocks, 
regardless of their lithology, retain the majority of their abrasion 
faces and shape. Most of the small rocks on the fan surface are small 
water-rounded pebbles and not the fragments that make up the smaller 
material on the older surfaces. This fan is also cut by the Villa Grove 
fault zone and is of age Class 2.
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The Orient Canyon fan is the only fan in the study area where 

present-day processes may have been affected by human activity. The 
abandoned Orient Iron Mine is located at the mouth of the canyon, and a 
spoil dump fills the canyon's mouth. The apex of the fan appears to be 
an area of accelerated erosion and this may be due to the presence of 
the mine. Orient Canyon is one of the smaller canyons and also has one 
of the steeper fan gradients. The fan profile is concave.

The surficial weathering characteristics indicate that the fan 
is of age Class 3. The surficial characteristics are summarized in 
Table 12.

Table 12. Surficial Weathering Characteristics of the Orient Canyon
.. Fan.

Lithoiogy
Average

Size
Class

Class of 
Abrasion 
Faces 

Remaining
Average
Shape
Class

Percent
Fragments

Differential
Weathering

Class
meta-
sandstone 2.5 3.2 3.4 30 .5

arkose 1.0 2.3 4.0 ' <— a— .2
granite 2.6 3.3 3.5 20 .5

Most of the lithologies have lost many of their abrasion faces 
with the arkosic lithoiogy losing most of its abrasion faces, but all 
rocks maintain their original shape. Differential erosion is not exten
sive. Thick carbonate coatings are found on some rocks. The surface 
is also cut by the Villa Grove fault zone.

The Hot Springs Canyon fan consists of two fan surfaces. The 
older higher fan surface lies to the south of Hot Springs Canyon. This 
upper fan segment becomes increasingly more dissected to the south.
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The high fan surface has a well-developed soil profile which includes a 
mollic epipedon, an argillic horizon and a strongly developed Cca hori
zon. Rocks buried in the soil pit are well weathered and many have car
bonate coatings.. The well-developed soil, stratigraphic position and 
the surficial weathering characteristics listed in Table 13 indicate 
that this is a surface of age Glass 4.

Table 13. Surficial Weathering Characteristics of the High Hot 
________  Springs Canyon Fan.  ‘_____ ■

Lithology
Average

Size
Class

Class of 
Abrasion 
Faces 

Remaining
Average
Shape
Class

Percent
Fragments

Differential
Weathering

Class
meta-
sandstone 3.3 2.0 3.7 .3
arkose 2.5 1.1 2.9 10 .8
granite 2.8 1.3 2.8 50 .9
mafic
gneiss 2.4 3.0 2.4 80

The surficial weathering characteristics show that most lithologies 
have lost most of their abrasion faces and that weathering has been se
vere enough to alter their original shape.v Differential weathering on 
the rocks is also common, and many of the smaller pieces on the fan sur
face are fragments.

The fan surface is cut by two fault scarps, one scarp that is
part of the Villa Grove Fault zone, and the other which is part of the
Sangre de Cristo fault zone.

I
The Lower Hot Springs Canyon fan profile is straight along its

upper half and then becomes concave in shape. This combination of
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profile shapes may be due to the same processes that preserved and 
formed the pediment embayment. The lower fan surface shows only minor 
soil profile development, with rocks and sand in the profile being only 
slightly weathered. There was no evidence of carbonate coatings.

The surficial weathering characteristics also indicate an inter
mediate age class for the low fan surface (Table 14).

Table 14. Surficial Weathering Characteristics of the Low Hot 
Springs Canyon Fan. ' , ____________'

Class of
Average Abrasion Average Differential
Size Faces Shape Percent Weathering

Lithplogy Class Remaining Class Fragments Class
meta-
sandstone 2.2 4.0 3.5 10 .3
arkose 1.8 2.4 3.4 20 .1
granite
mafic

2.1 3.1 3.1 40 .3
gneiss 1.8 5.8 4.0 — —

Most rocks maintain many of their abrasion faces, with all rocks retain
ing their original shape. Differential weathering is present but not 
extensive. These are the characteristics of an age 3 surface. This 
surface is cut by the Villa Grove and Sangre de Cristo fault zones.

The Hot Springs Canyon fans are unusual because of their larger 
than normal fan embayment. The dissection of the high fan surface has 
revealed a bedrock planar surface running just a few meters below the 
high fan surface and extending to the current mountain front. The pre
servation of this pediment embayment must be due to a structural isola
tion of this part of the mountain front, since all other major portions
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of this period of pedimentation have been destroyed. However, the loca
tion of current faulting, as indicated by fault scarps, is uplifting 
this pediment embayment and erosion will destroy the surface. Other 
remnants of pedimentation will be discussed in Chapter 9.

The Gamer Creek Canyon fan is a low-gradient fan that is gener
ally straight in profile and contains two fan segments. Gamer Creek 
Canyon experienced glacial modification during the Pleistocene, and the 
present fan is a glacial outwash fan of Pinedale age. The surficial 
weathering characteristics in Table 15 indicate the fairly recent age 
of the surface, and the fan is classed as an age 2 surface.

Table 15. Surficial Weathering Characteristics of the Garner Creek 
  Canyon Fan.     . ____ ___ ________ ___

Lithology
Average

Size
Class

Class of 
Abrasion 
Faces 

Remaining
Average
Shape
Class

Percent
Fragments

Differential
Weathering
Class

meta
sands tone 3.4 3.7 3.7 .2
granite 3.0 4.0 3.9 20 .6
mafic
gneiss 3.0 6.0 3.5 amKmm

Most rocks, regardless of their lithology, have retained their abrasion 
faces and their shape, differential weathering being minor. The fan is 
cut by scarps of the Sangre de Cristo fault zone.

Major Creek Canyon also has a low-gradient fan that is generally 
straight in profile and contains two fan segments. This canyon, too, 
experienced some glacial modification during the Pleistocene, and the
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fan is an outwash fan of Pinedale age. The present fan is also being 
slightly entrenched by Major Creek..

The evidence that the fan is a Pinedale outwash fan and the 
surficial weathering characteristics indicate that the fan is of age 
Class 2 (Table 16).

Table 16. Surficial Weathering Characteristics of the Major Creek 
 _____  Canyon Fan._______________________________________ _

Lithology
Average

Size
Class

Class of 
Abrasion 
Faces 

Remaining
Average
Shape
Class

Percent
Fragments

Differential
Weathering

Class
arkose 2.1 2.5 3.4 24 .3
granite 4.0 6.0 4.0 <=»—. —
chert 3.0 6,0 4.0 ”

The arkosic lithology dominates the lithologies on the Major Creek 
Canyon fan and, being the least resistant rock type, it gave the appear
ance of an older fan. A comparison of all lithologies present must be 
used to give an estimate of the surficial weathering characteristics of 
a fan. This fan is also cut by the Sangre de Cristo fault zone.

The Unnamed Canyon fan is the smallest fan in the study area 
and has a concave fan profile. Both soil development and surficial 
weathering characteristics indicate that the fan is of at least age 4.
A soil examined near a slump at a spring had a 54 cm thick argillic 
horizon with well-developed prismatic structure. There was also a Cca 
horizon at least 50 cm thick and several thin horizons that were very 
organically rich. The stage of development of this soil is difficult
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to relate to the rest of the area, since this soil developed in associ
ation with the spring. Surficial weathering characteristics observed 
on scattered rocks on the fan surface also indicate an age class of at 
least 4 for this fan. All lithologies show few abrasion f^ces remaining 
and differential weathering is present especially on the less resistant 
lithologies. Fragments make up the majority of the small particles on 
the fan’s Surface. Due to the small size of this canyon, the fan mor
phology was probably not greatly affected by the periods of Pleistocene 
glaciation and climatic change which caused periods of erosion or rapid 
alluviation on the other fans. This fan appears to be cut by fault 
scarps of at least two periods of the Sangre de Cristo fault zone.

The Cotton Creek fans consist of two fan surfaces, the older 
higher surface being entrenched by the younger low fan surface. Al
though portions of the old fan can be seen on either side of the canyon, 
the surface is best preserved to the south of the canyon. The high fan 
has been classified as an age 4 surface of Bull Lake outwash age. Sur
ficial weathering characteristics are similar to the other age 4 surfaces 
(Table 17).

Table 17. Surficial Weathering Characteristics of the High Cotton
Creek Canyon Fan.____________  .______ _

Class of
Average Abrasion Average Differential

Size Faces Shape Percent Weathering
Lithology Class Remaining Class Fragments Class
arkose 2.6 1.6 2.7
granite
mafic

3.2 1.4. 3.1
gneiss 4.0 1.3 3.0
chert 2.8 2.8 1.8
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Few rocks, regardless of their lithology, retain many of their abrasion 
faces, and extensive differential weathering is common. It was not pos
sible to delineate a fault scarp on this fan surface.

The younger Cotton Creek Canyon fan has a low gradient with two 
segments on its generally straight fan profile. Soil profile develop
ment is slight, with little horizon development being found and only 
thin carbonate coatings on some scattered boulders. Sufficial weather
ing characteristics also indicate that this is a young fan of age Class 
2 (Table 18).

Table 18. Surficial Weathering Characteristics of the Low Cotton 
Creek Canyon Fan.   . ____

Lithology
Average
Size
Class

Class of 
Abrasion 
Faces 

Remaining
Average
Shape
Class

Percent
Fragments

Differential
Weathering

Class
arkose 2,4 4.9 3.7 20 .1
granite
granite 2.0 6.0 4.0

The surficial weathering characteristics show that the surface has un
dergone only minor weathering. Even the weak arkose lithology has re
tained most of its abrasion faces.

The low gradient and young age of this surface results from the 
canyon being heavily glaciated during the Pleistocene. The fan appears 
to be a Pinedale outwash fan. The Sangre de Gristo fault zone crosses 
the fan and has left a prominent scarp (Figures 18 and 19, p. 85 and 86).
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Table 19 is a brief summary of some of the more important char
acteristics of all the alluvial fans studied.

Longitudinal profiles of the alluvial fans were made to study . 
fan morphology. The fans may be classed into two types, fans with an 
overall concave profile and those fans that have either a straight over
all profile or a segmented profile. These two classes of fans are also 
associated with distinct ages, the concave fans being of age 3 or 4 and 
the segmented or stragith fans being of age 2.

Steel Canyon, Lime Canyon, Orient Canyon, Hot Springs Canyon 
and Unnamed Canyon are the smaller canyons that were not heavily glaci
ated and have the older alluvial fans, with the concave profiles. Bull 
(1964) has suggested several possible origins for concave fan profiles:
1) lack of sufficient time for a straight profile to develop; 2) a grad
ual, continuous uplift of the mountain block; and 3) a zone of coalesc
ence between two fans segments with uniform slopes. Since these are the 
older fans, it would seem they have had sufficient time to develop a 
straight profile. There is also no evidence to suggest that the zone 
of coalescence is responsible for the fan's concave profiles. It would 
seem, then, that their concave profile is the result of gradual, con
tinuous uplift of the mountain front or some other unknown factor. The 
morphology of the mountain front, especially between Garnet Canyon and 
Cotton Canyon, suggests, however, that the uplift of the mountain block 
is neither gradual nor continuous. See Chapter 9 for discussion of this 
evidence.



Table 19. Alluvial Fan Characteristics.

Canyon Name
High Steel 
Canyon

Low Steel 
Canyon

Age
Class

Fan Profile 
Shape

Extent of 
Glaciation Age

Fault Zone 
Cutting Fjiit

Bull Lake Villa Grove

Sangrc de Crlsto 
Villa Grove

Lime Canyon

Black Canyon

Orient Canyon

High Hot 
Spring Canyon

Low Hot Springs 
Canyon

Garner Creek 
Canyon

Major Creek 
Canyon

Unnamed Canyon

High Cotton 
Creek Canyon

Low Cotton 
Creek Canyon

gently
concave

concave, has 
two segments

gently
concave

concave/
straight

straight, has 
two segments

straight, has 
two segments

major

straight, has 
two segments

some

none

major

major

Villa Grove

Pinedale Villa Grove

Villa G r o w

Bull Lake Sangre de Crtsto
Villa Grove

Sangre de Crlsto 
Villa Grove

Pinedale Sangre de Crlsto

Pinedale Sangre de Crlsto

Bull Lake

Sangre de Crlsto

Pinedale Sangre de Crlsto

ONO
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Black Canyon, Gamer Creek Canyon, Major Creek Canyon and Cotton 

Creek Canyon are nearly straight in profile or segmented, and are Pine- 
dale outwash fans of age 2. Because of the climatic effects, the author 
was not able to determine if the segmentation was of tectonic or climat
ic origin. Black Canyon has a very prominently segmented upper fan seg
ment that is probably due to the presence of a glacial moraine that fills 
the valley almost to the mountain front., The presence of the moraine 
filling the valley would have had two important effects: 1) it would
raise the base-level of the stream (the stream is still downcutting 
through the glacial debris), and 2) it would provide an abundant source 
of easily erodible material once the glacier had melted. In relation 
to the critical power threshold model, the moraine would have increased 
the stream power in the mountain block resulting in increased aggrada
tion on the fan head, producing a prominent fan segment. The other can
yons have only weakly segmented fans.

Several additional features of the fan's morphology were meas
ured to assess possible tectonic and climatic effects. These measure
ments also were used to compare the author's age determinations to those 
obtained for parts of the same area by Knepper and Marts (1971), who 
used morphologic characteristics of the alluvial fans as an indication 
of their relative ages. Knepper and Marts (1971, p. 257) used four cri 
teria to define the fans' relative ages: "The different fans can be
distinguished by the areal extent, degree of dissection, angle of 
slope, and the amount of vegetative cover."
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The author estimated, the dissection of the fan’s surface by 

measuring the distance along two arcs of contours at 200 ft elevation 
difference and counting the number of crenulations along that length.
The number of crenulations was then averaged, for the two lengths of 
contours and the number of crenulations per kilometer was calculated 
(Table 20) ?

Gradients of the alluvial fans were recorded over the first 
600 ft of elevation drop from the fan head.

The author found that although the morphologic characteristics 
of the fan were useful, especially in their relationship to changing 
processes with time, the most useful criteria in establishing age rela
tionships were the surficial weathering characteristics and the degree 
of soil profile development. These two criteria have the advantage of 
being directly related to the length of time the surface was exposed.

Generally the criteria suggested by Knepper and Marrs (1971) 
were based on physical features of the fans that are not directly re
lated to time-dependent variables. In a number of the criteria used, 
the fan morphology is controlled more by the physical aspects of its 
Canyon than by any time-related variable. For example, the criteria of 
fan size and fan gradient are more of a reflection of the size of the 
canyon than any time-related variable. Only indirectly does a time- 
controlled variable have a major effect on the fan morphology, such as 
when glaciation occurs only in the larger canyon and there is a large 
low-gradient outwash fan produced. This is the case with Cotton Creek 
Canyon, Garner Creek Canyon and Major Creek Canyon. However, the same



Table 20. Comparison of Knepper and Marrs9 
of Alluvial Fans.

(1971) and Peterson’s (this study) Class if ication

Granulation 
Count/km

Fan
Slope

Percent
Canyon
Size
km

Extent of 
Glaciation

Surficial 
Age*...

Surficial
Age

Equivalent'5
Steel0 -- — - 9.6 none 4 3
Steeld 8.0 7.4 9.6 none 3 2
Lime 12.7 11.1 4.5 none 3 . 3 ‘
Black 7.4 14.3 10.4 major 2 3
Orient 8.7 12.0 3.8 none 3 4
Hot Springs0 ---- 3.9 none 4 3
Hot Springs^ 8.7 11.5 3.9 none 3 3 .
Garner 7.7 7.5 13.2 some 2 2
Major 5.3 5.8 17.4 some 2 2
Unnamed 8.9 2.0 none 4 3 '

Cotton0 ---- ---- 35.7 major 4 . 3
Cottond 6.1 5,8 35.7 major 2 2
aPe£erson (This Study) 
^Knepper and Marrs (1971) 
‘'high fan 
“low fan

w
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period of glaciation in Black Canyon deposited a moraine almost to the 
mountain front and produced a very steep alluvial fan which, under 
Knepper and Harrs* (1971) criteria, would be of a different age than 
Cotton Creek, Gamer Creek and Major Creek fans„

The factor of fan dissection included both major dissection by 
the stream and minor dissection by small intermittent washes. The 
crenulation counts showed that despite the variation in fan slope, the 
older fan surfaces did have a greater degree of dissection when compared 
to the younger fans. Dissection by the main stream and a lower surface 
did provide information on which surface was younger, but could not pro
vide any additional age relationships. Also, age relationships between 
two non-adjacent fan surfaces could not be determined.

Differences in classification between the author and Knepper and 
Harrs resulted in the author’s system using directly time-controlled 
variables and Knepper and Harrs, using indirectly controlled morphologic 
features. It should be stressed, however, that Knepper and Harrs were 
trying to develop criteria to be used with remote sensing methods.
Table 20 summarized the differences in classifications and the basic 
physical feature controlling the morphology of the alluvial fans.



CHAPTER 8

CLIMATIC EFFECTS ON THE 
MORPHOLOGY OF THE ALLUVIAL FANS

The effects of different degrees of tectonic base-level changes 
on the morphology of alluvial fans has already been discussed in Chapter 
7. The effects of a climatic change on the fans’ morphology must also 
be considered, especially since the study area has undergone late Pleis
tocene glaciation which has potentially large effects on the erosional 
and depositional systems (Figure 10).

Brakenridge (1978) has developed gradients describing modern and 
full glacial tree and snow lines (Figure 11). Differences between full 
glacial snow line and present-day snow line are over 10Q0 m and the dif
ferences in tree line may have been as much as 1200 m. Certainly this 
change in the character of the hillslopes and canyons has important ef
fects on the rates of sedimentation and erosion on the alluvial fans. 
These estimated full glacial snow and tree lines are tentative, but 
they do indicate that significant environmental changes have occurred 
and these changes must be considered. The author proposes a general 
model which attempts to describe the alluvial fan’s relationship to 
the critical power threshold during periods of full glacial, paraglacial 
and interglacial conditions.

To avoid confusion, a definition of terms in relationship to the 
model is necessary. Full glacial time refers to the period of the major 
extent of glaciation. The term.paraglacial, as introduced by Ryder

65
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Figure 10. Glaciation in Black Canyon. —  Looking east into Black Can
yon. Notice the Pinedale age glacial moraine that partially 
fills the valley (located below the letter "M").
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Figure 11. Glacial and Present Snow and Tree Line Gradients. —  From 
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modern (a ) and full-glacial (£) snowlines, and relict cryo 
genic deposits (•). Scattered Ps and Ts show modern perma 
frost and timberline locations, respectively.
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(1971a, 1971b), refers to the period of time and processes that are non- 
glacial in association, but which are influenced strongly by the recent 
occurrence of glaciation. This time period covers the time of deglaci
ation and the period during which retreat of the snowpack and reforesta
tion of the hillslopes occurs. Interglacial time includes the interval 
of time between major glaciations where hillslope stability has in
creased, although some glacial debris may still be moving through the 
canyons.

Two additional descriptive terms of fan morphology must also be 
defined. In the tectonic geomorphic model, the term fan head entrench
ment is used to describe the conditions where the head of an older fan 
is entrenched and alleviation is presently taking place downfan from 
the mountain front. An inset fan, however, represents the case where 
an entire fan is entrenched into an.older fan surface with the important 
difference being that alleviation may still be occurring at the apex of 
the younger fan.

The basic climatic model will be briefly presented here with 
further discussion of the three component periods later in the chapter. 
The model is divided into three periods: full glacial, paraglacial and
interglacial. During the period of full glacial conditions, both run
off and sediment yield probably increased, but it appears that runoff 
increased more than sediment yield. This could have resulted in in
creased stream power so that the alluvial fans were above the critical 
power threshold causing entrenchment to occur. During the paraglacial 
period, retreat of the glacier, exposed glacial debris, abundant
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meltwaters and bare hillslopes provided a means for increased sedimen
tation and created large paraglacial outwash fans. The full glacial 
provided a large source of debris which was. transported during the para
glacial period. These conditions would have dramatically decreased the 
stream power and caused alleviation on the fans. Interglacial condi
tions appear to be close to the critical power threshold with no major 
deposition or erosion taking place oh the fans. In summary, the full 
glacial appears to be a time of erosion on the fan, the paraglacial a 
time of alleviation and the interglacial a time of relative stability 
or minor downcutting on the fans.

Although this model involves many generalizations and simplifi
cations, it is a useful tool in better distinguishing between the ef
fects of climatic and tectonic features on the alluvial fans. . Discussion 
of the rationale.behind this model is presented in more detail on the 
following pages.

The full glacial period represents the time of greatest diver
gence from the present conditions. Utilizing Brakenridge1s (1978) data 
(Figure 11), snow lines and tree lines were depressed over 1000 m.
These values for the Sangre de Cristo Mountains appear somewhat too 
large, but it would appear that few trees were able to survive on the 
mountain slopes, and the majority of the mountains were covered in a 
permanent snow pack. Runoff from the mountains would have increased 
over what occurs today, although it probably would be limited to the 
warmer months. Although there would have been an increase in sediment 
yield, this may have been much less than ordinarily expected, and its



increase appears less than the -increase in runoff.' An increase in sedi
ment yield would ordinarily be expected due to the removal of the pro
tective vegetative cover leaving bare slopes; however, Thorn (1976, p. 
1169) studying nivation in the Colorado Front Range, found that perma
nent snow cover or snow pack is protective of the slopes underlying it: 
"The snowpack itself is protective, sediment removal being focused down- 
slope of the retreating snow margin." The snow-covered slopes above 
tree line cannot be considered devoid of any protection against erosion; 
hence, the sediment yield during the full glacial period is less than one 
would otherwise expect.

The paraglacial is a transition period between full glacial con
ditions and interglacial conditions and represents only a fraction of 
the length of time of a glacial or interglacial period. Being a period 
of transition, it is also a period of instability. Little work has been 
done on the effects of a glacial climate on the morphology of alluvial 
fans. In North America, most work has been restricted to the northern 
latitudes of Alaska and British Columbia. Of particular interest are 
the studies of Ryder (1971a, 1971b) and Church and Ryder (1972), which 
were done in British Columbia. The differences in location from the 
study area in Colorado appear more important in terms of the magnitude 
of processes rather than the occurrence and behavior of the processes.

The paraglacial period is important concerning sources of sedi
ments; the glaciated valleys contain glacial drift which was stable in 
the glacial environment but is now exposed to fluvial erosion. The 
hillslopes also become an important source of sediments. The loss of



the snowpack removes their protective cover, and the exposed debris, 
which had accumulated during the glacial, are now exposed to erosion.
An important consideration here is the time lag of revegetation of the 
hillslopes-— how long do these slopes remain bare between the removal of 
the snowpack and revegetation? Madole (1976a), in studying organic lay
ers and peat deposits in bogs, has presented evidence suggesting that 
revegetation may have lagged as much as 2500-4500 years behind the dis
appearance of glacial ice. The data are not sufficient to tell if this 
is a typical time lag, but do indicate that there was a significant 
period of time between the retreat of the glaciers and revegetation.

A third important feature which increased alleviation on the al
luvial fan was the availability of sufficient water to transport the 
sediments . Runoff from precipitation, may or may not have been larger 
in paraglacial time, but meltwaters from glacial ice and snowpack would 
have contributed to the discharge.

The end of the paraglacial is controlled by revegetation of the 
slopes, much of the glacial debris having been removed, and a reduction 
of runoff due to the lack of meltwater contribution. Church and Ryder 
(1972, p. 3069) summarize the paraglacial to interglacial sedimentation 
patterns in the schematic diagram of Figure 12, and state "Maximum sedi
ment movement probably occurs very soon after deglaciation, with rates 
declining rapidly as the ice disappears. After that, the rate of para
glacial sediment yield probably follows an asymptotic decline toward 
the regional 'norm'."
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The interglacial period of today, then, has.a lower sediment 

yield than in paraglacial time. Due to the decline in sediment yield, 
Ryder (1971a, 1971b) found little alluviation occurring on his fans and 
most were either static or experiencing fan-head trenching.

Before applying this model, to the fluvial fans of the Sangre de 
Cristo Mountains, two important differences between paraglacial alluvial 
fans and arid or semi-arid fans must be noted. Ryder (1971b) suggests 
a number of important differences in paraglacial alluvial fan processes, 
two of which are relevant to this study.

1) The supply of debris to paraglacial fans decreases through time 
because it originates from a single 'event1, whereas debris sup
ply to arid fans is more constant through time or subject to 
climatically controlled fluctuations since it results from con
tinuous weathering processes.

2) Fan dissection by fan-head trenching is a normal process upon 
paraglacial fans, dependent upon reduction of debris supply.

It is evident, then, that the fans of the Sangre de Cristo Mountains are 
influenced by both climatic and tectonic factors. Figure 13 is a gla
cial time Scale to be used in this study and Table 21 is a summary of 
the processes operating during glacial, paraglacial and interglacial 
time.
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Table 21. Processes during Glacial, Paraglacial and Interglacial Time.

Sediment Yield Runoff
Process on 

the Alluvial Fans
Full glacial Larger than at present 

but controlled by 
snowpack and glacial 
cover»

Fairly high especially 
during warm months, 
but total is less than 
total precipitation;

??

Paraglacial Very high sediment 
yield. Erosion of un
stable glacial drift, 
exposed unstable < 
hillslopes.

Very high runoff. Pre
cipitation plus melt- 
water from glaciers and 
snowpack.

alluviation

Interglacial

3
Present sedimentation 
yield. Hillslopes re
vegetated, most un
stable glacial drift 
has been removed.

Present precipitation. Static or slight 
erosion on the fans,



CHAPTER 9

MORPHOLOGY OF THE 
MOUNTAIN FRONT ESCARPMENT

The morphologic characteristics of the mountain front escarpment 
may he used to gather additional data on the patterns of uplift of the 
mountain block. The mountain front escarpment morphology reflects the 
amount of uplift as well as periods of tectonic stability. W. K.
Hamblin (1976) has used patterns of faceted spurs to study the recur
rence of faulting along the Wasatch front in Utah. Hamblin’s model is 
based on patterns of faced spurs that result from periods of uplift, 
tectonic stability, incipient pedimentation and renewed uplift. Figure 
14 describes Hamblin’s model of mountain front escarpment morphologic 
development.

It should be realized that this model represents a minimum 
record of the activity of the mountain front escarpment. The model as
sumes that movement of the fault was restricted to the main range- 
bounding fault. If the fault has moved mountainward or even shifted its 
main focus mountainward, then all record of that portion of the old 
mountain front will have been buried by later sedimentation. Faulting 
occurring valley-ward of the present topographic mountain frong would 
also be buried by later sedimentation., Geophysical studies in the San 
Luis Valley indicate internal grabens whose activity would not be re
flected in the mountain front escarpment morphology. For the entire

76
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c.

a. Undissected fault scarp
b. Development of faceted spurs 

with streams cutting across 
scarp

c. Period of stability with slope 
retreat and development of a 
narrow pediment

d. Recurrent movement

X\v
e. Dissection of new segment of 

scarp by major streams and 
those developed on the face 
of older faceted spurs

Figure 14. Development of Faceted Spurs on the Mountain Front (from 
Hamblin, 1976).
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basin, then, faulting occurring in locations other than at the range- 
bounding fault would not be recorded.

The Sangre de Cristo Mountains have features very similar to 
those described by Hamblin. The presence of these features indicates 
that the range-bounding fault has had a history of periods of either 
very much reduced tectonic activity or tectonic stability. The faceted 
ridges in the study area provide additional support for Hamblin's (1976) 
model in that faceted spurs up to elevations of 130 m above the valley 
floor have old alluvial gravels on them. These gravels (Figure 15) rep
resent materials that were deposited by streams on what was a basin and 
subsequently uplifted and included on the mountain front escarpment. 
Further evidence that indicates the ridges were once part of the.basin 
is that their crests are very accordant along the lengths of the 
ridges.

The sequence of faceted spurs studied occurs between Major Creek 
and Cotton Creek, where the facets are best preserved. The preserva
tion is most likely due to the greater than normal distance between ma
jor canyons cutting into the mountain block and reduced erosion of the 
front by the larger streams. Figure 16 is an air photo of this portion 
of the front, and Figure 17 is a portion of the topographic map showing 
the correlation of the faceted spurs.

Seven different levels of faceted spurs were correlated along 
this portion of the front, based on topographic position and sighting 
along accordant ridges in the field. Preservation of the facets de- ‘ 
creased the further they were up the mountain front. Correlation of
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Figure 15. Old Alluvial Gravels on a Level 5 Faceted Ridge Crest. - 
Located 130 m above the present valley floor.
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Figure 16. Air Photo of Triangular Faceted Ridges Located between Cot
ton Creek and Major Creek Canyons. —  North is to the left. 
Also note the fault scarp cutting the age 2 Pinedale out- 
wash fan of Cotton Creek Canyon.



Figure 17. 
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Portion of the Valley View Hot Springs 7~' Quadrangle Show
ing Correlation of Faceted Ridge Crests. -- Location is be
tween Cotton Creek Canyon and Major Creek Canyon. Numbered 
line segments indicate accordant ridge crests. 
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ridges above level 5 becomes more tentative. See Table 22 for the range 
and variation of level heights. One source of variation is the pres
ence of resistant rock types which tend to preserve and extend the length 
of some of the faceted ridges. Ridges up to level 5 retain planar sur
faces at the top of the ridge crests. Above this level, only accordant
ridge crests are present.

The length of the ridge crests perpendicular to the mountain 
front should be indicative of the distance of mountain front retreat 
(pedimentation). This distance, then, has a direct relationship to the
amount of time that the mountain front fault was inactive, allowing
pedimentation to occur. One of the basic assumptions is that the fault 
continued to move along the same fault plane. Except for the lowest of 
the faceted ridges, the lengths have also been altered by erosion of 
the spurs; in addition, their uppermost boundaries have also become 
blurred. Despite the fact.that the length of time required for a cer
tain distance of mountain front retreat is not well known, it is still 
worth comparing the lengths of the ridges on the faceted spurs.

Table 22 summarizes the pertinent data for each level of faceted 
spurs and also gives an indication of the variation of any individual 
spur. The lengths of the ridge crests vary from an average of 0.1 km 
for level 6 ridge crest to a high of 0.18 km for the average length of 
level 9 ridge lengths. The short lengths of these ridge crests would 
indicate that although periods of tectonic quiescence have occured along 
the front of the Sangre de Cristo Mountains, there were no long periods 
of stability.



Table 22. Summary of Faceted Ridge Crest Data.
Cumulative

Length of Bottom Top Height of Height of
Facet Ridge Elevation + Elevation + Facet Facet Above
Level_______(km)_________ (m)_________ (m)____ (m)_______ Valley (m)
3 .13 2655 9.1 2670 12.2 33,5 33.5
4 .13 2700 18.3 2722 15.2 45.7 79.2
5 .16 2755 12.2 2785 7.0 54.9 134.1
6 .10 2816 12.2 2833 32.6 61.0 195,1
7 .16 2874 15.2 2896 18 i 3 57.9 253.0
8 .13. 2942 20.4 2971 28.7 68.0 321.0
9 .18 3040 20.4 3064 28.3 97.5 418.5
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.Table 22 shows facet heights taken to provide information on 

the amount of uplift during the periods of tectonic activity. Values 
range from 33.5 to 97.5 m per period of activity. The height of the 
facets becomes greater the higher the facet is found on the mountain 
front, which may be indicative of greater periods of activity in the 
past or of the increasing amount of error in measuring the higher fao- 
ets. The i values show the range of elevation for each facet level.

In summary, the faceted spurs indicate that patterns of faulting 
along the front of the Sangre de Cristo Mountains include uplift that 
is rapid enough to preserve alluvial sediments that have been raised 
over 130 m above the basin floor, and that there have been periods of 
quiescence long enough for mountain front retreat of 0.1 km to have oc
curred. This is significant in that a period of tectonic stability 
does not signal the end of all future tectonic activity in the area.

Fans along the front of the Sangre de Cristo Mountains are cut 
by faults from two related fault zones: the Villa Grove fault zone and
the Sangre de Cristo fault zone. The Sangre de Cristo fault zone is the 
main range-bounding fault, and portions of this fault can be seen adja
cent to the mountain front throughout the study area. The Villa Grove 
fault zone branches from the range-bounding fault between Hot Springs 
Canyon and Garner Canyon and strikes across the San Luis Valley toward 
the town of Villa Grove (Figures 18, 19, 20). Both the Sangre de Cristo 
and the Villa Grove faults cut post-Pinedale paraglacial outwash fans 
whose age is less than 10,000 years.



Figure 18. Air Photo of the Southern Portion of the Study Area. —  
The canyons from left to right are: Hot Springs Canyon, 
Garner Creek Canyon, Major Creek Canyon, Unnamed Canyon 
Cotton Creek Canyon. North is to the left of the photo. 
Figure 20 is a close-up of the Hot Springs Canyon fan.



Figure 19. Air Photo of the Northern Portion of the Study Area. —  The 
canyons from left to right are: Steel Canyon, Lime Canyon,
Black Canyon, Orient Canyon and Hot Springs Canyon. North 
is to the left.
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Figure 20. Air Photo of the Hot Springs Canyon Fan Showing the Junction 
of the Villa Grove and Sangre de Cristo Fault Zones. —  The 
hot springs are located at the left edge of the fan. Also 
note the presence of two fan surfaces on the Hot Springs Can
yon fan.



The Villa Grove fault zone shows only one period of faulting 
and extends from its junction with the range-bounding fault to the 
northwest across the Steel Canyon fan and toward the town of Villa Grove 
(Figures 19 and 20). Near the junction with the range-bounding fault 
the scarps obtain their maximum height of over 4.5 m. The large size 
of this scarp could be due to several periods of, uplift along the same 
fault. Some of the small streams running across the fault on the Hot 
Springs Canyon fan have small terraces upstream from the fault that may 
indicate several periods of movement on the fault. The scarps decline 
in height to the northwest and become a Series of discontinuous scarp- 
lets, some of which obtain heights of over 2 m. The youngest deposits 
cut by this fault are those of the Black Canyon fan. Several authors 
have suggested grabens in the center of the San Luis Valley, and this 
fault zone may be related to these grabens (Gaca and Karig, 1966; 
Stoughton, 1977).

The Sangre de Cristo fault zone reaches discontinuously from Hot 
Springs Canyon to Cotton Creek Canyon, and to the north is visible at 
Steel Canyon. The most dominant scarp cuts fan surfaces of Bull Lake 
outwash to Pinedale outwash age. The fault reaches a maximum height of 
over 4.5 m; again it is suggested that this height may represent more, 
than one period of movement along the same fault.

TO the south of Hot Springs Canyon, the fault cuts deposits 
younger than Pinedale age and indicates movement less than 10,000 years 
ago. Older periods of movement are preserved on an age 4 fan fragment 
at Steel Canyon where the fault does not cut the adjacent age 3 fan
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surface. Cotton Creek Canyon also appears to have a fault cutting the

1
older age 4 surface, but not the adjacent age 2 Pinedale outwash fan. 
Faulting older than this appears on the mountain front and is best ex
amined by using Hamblin* s (1976) model.

In summary, the two fault zones show at least one and possibly 
more periods of activity since post-Pihedale time some 10,000 years 
ago.

I ' •



CHAPTER 10

SUMMARY AM) CONCLUSIONS

The investigation of the tectonic geomdrphology of the northern 
Sangre de Cristo Mountains and San Luis Valley indicates tectonic activ
ity should continue in the future and that the area has a potential for 
earthquake activity. Some of the past movement may have occurred as a 
seismic movement along the fault planes (creep), but the present lack of 
movement or seismicity is suggestive of periods of quiescence between 
times of ground rupture that is associated with severe ground shaking, 
Three sources of geomoiphic evidence: 1) mountain front activity class,
2) age of deposits cut by fault scarps and the amount of displacement, 
and 3) the morphology of the mountain front escarpment indicate that : 
future earthquake activity may be expected. This conclusion contrasts 
greatly with other estimates of the tectonic hazards which classify this 
area as one of only "minor risk" (Figure 21). As.has been discussed, 
the difference in seismic hazard evaluation is due to most classifica 
tlons using only historic records of earthquake activity and current 
seismic records which are not long enough to give an adequate estimate 
of the tectonic hazards.

During the Quaternary, the rate of uplift and/or subsidence of 
the Sangre de Cristo Mountains/San Luis Valley has been great enough to 
form a mountain front of Class 1 activity class of Bull and McFadden 
(1977). Under these conditions, the canyons are narrow and steep and 
downward erosion predominates, while the alluvial fans are receiving

90



Figure 21. Seismic Risk Map of the United States. —  From Howell (1976).
Zone 0 - No damage.
Zone 1 - Minor damage distant earthquakes may cause damage to structures with fundamental periods

greater than 10 seconds corresponds to intensities V and VI of the M M ° Scale.
Zone 2 - Moderate damage corresponds to intensity VII of the M M 0 Scale.
Zone 3 - Major damage corresponds to intensity VIII and higher of the M M 6 Scale.
This map is based on the known distribution of damaging earthquakes and the M M 6 intensities
associated with these earthquakes evidence of strain release and consideration of major geologic 
structures and provinces believed to be associated with earthquake activity. The probable fre
quency of occurrence of damaging earthquakes in each zone was not considered in assigning ratings 
to the various zones.
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Figure 21. Seismic Risk Map of the United States. --From Howell (1976). 
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sediments on their fan heads. For this to occur, the rate of tectonic 
base-level fall must be greater than the sum of the rate of channel 
downcutting in the mountains and the rate of sedimentation on the allu
vial fans.

The youngest deposits cut by the faults are of post-Pinedale 
age (early Holocene) (Figure 22,,in pocket)- Some of the fault scarps 
have a vertical displacement of over 4.5 m, and this may indicate more 
than one period of uplift along the same fault. Referring to Figure 23 
for different fault systems, the maximum surface displacement is related 
to the earthquake magnitude. Utilizing curve "B" and a maximum displace
ment of 4.5 m found on fault scarps (over a distance of possibly 40 km) 
in the study area, an earthquake of magnitude 8 is indicated. Instead 
it seems more likely that more than one displacement makes up the 4.5 m 
scarp. Also terraces were found in some of the small streams cutting 
across the scarps, and these terraces may indicate movement along the 
faults. It would appear that faulting has continued into geologically 
recent times.

Investigation of the morphology of the mountain front escarpment 
has revealed alluvial gravels that were once part of the valley floor 
that have been uplifted over 130 m. Additionally, the morphologys of 
the accordant faceted ridges suggest that uplift of the mountain block 
has undergone periods of inactivity followed by renewed periods of up
lift, so that a period of inactivity does not indicate an end to all 
tectonism.
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A. Strike-slip faults.
B. Reverse faults, least squares fit to 5 earthquakes.
C. Curve proportional to B based on a maximum vertical displacement of

1.2 m for M 7.7 earthquake on White Wolf fault.
D. Curve proportional to B based on a maximum vertical displacement of

1.5 m for M 6.5 earthquake on Lakeview thrust segment of San 
Fernando fault.
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This study has found that the northern Sangre de Cristo 

Mountains-San Luis Valley is an area of high potential earthquake haz
ards, and that present hazard classifications based on historic records 
and present seismicity are inadequate in determining the true seismic 
hazards.
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