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ABSTRACT 

A combination of geological and hydraulic techniques 

represents the most sensible approach to flood hazard 

analysis on alluvial fans. Hydraulic models efficiently 

yield predictions of flood depths and velocities, but the 

assumptions on which the models are based do not lead to 

accurate portrayals of natural fan processes. 

Geomorphological mapping, facies, mapping, and hydraulic 

reconstructions of past floods provide data on the 

location, types, and magnitude of flood hazards, 

respectively. Geological reconstructions of past floods 

should be compared with the results of hydraulic modeling 

before, potentially unsound, floodplain management 

decisions are implemented. 

The controversial Federal Emergency Management Agency 

procedure for delineating flood-hazard zones underestimated 

the extent, velocity, and depth of flow during recent 

floods on two alluvial fans by over 100, 25, and 70 

percent, respectively. Flow on the alluvial fans occurs in 

one or more discontinuous ephemeral stream systems 

characterized by alternating sheetflood zones and 

channelized reaches. The importance of sheetflooding is 

greater on fans closer to the mountain front and with 

unstable channel banks. 
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Channel diversions on five alluvial fans repeatedly 

occurred along low channel banks and bends where the 

greatest amount of overland flow is generated. Channel 

migration occurs through stream capture whereby overland 

flow from the main channel accelerates and directs erosion 

of adjacent secondary channels. The recurrence interval of 

major channel shifts is greater than 100 years, but minor 

changes occurred on all five fans during this century. 

Small aggrading flows are important, because they decrease 

bank heights and alter the location of greatest overland 

flow during subsequent floods. 

The results of this study demonstrate that 1) 

geological reconstructions of past floods can check the 

results of hydraulic models, 2) the character of flooding 

on alluvial fans can vary significantly in the same 

tectonic and climatic setting due to differences in 

drainage-basin characteristics, and 3) flood-hazard 

assessments on alluvial fans must be updated after each 

flood, because the location and timing of channel 

diversions can be affected by small floods. 



CHAPTER 1 

INTRODUCTION TO THE DISSERTATION 

14 

Active alluvial fans in Arizona and throughout the 

southwestern United States are becoming rapidly urbanized 

as large cities expand beyond their original valley bottom 

locations. The potential for severe flooding on these fans 

poses a great risk to both human life and property. 

Conventional methods of flood-hazard assessment designed 

for humid-region rivers, such as step-backwater computer 

programs, are inappropriate for alluvial fans where damages 

not only result from overbank flow but also from debris 

flows, sheetfloods, bank erosion, and channel avulsions. 

Several alternative hydraulic models have been used to 

delineate flood-hazard zones on alluvial fans, but there is 

a great need to verify the results of hydraulic models 

before, potentially unsafe, management decisions are 

implemented. 

The objectives of this study were 1) to devalop 

geological techniques for identifying the location, types, 

and magnitude of flood hazards on alluvial fans, and 2) to 

compare the results of hydraulic computer modeling of two 

alluvial fans with field-based geological data. 

The following appendices constitute the bulk of this 

dissertation. 



15 

APPENDIX A consists of a manuscript entitled "Promoting 

geomorphological mapping in flood-hazard assessments on 

desert piedmonts". This paper presents the criteria used 

in geomorphological mapping of desert piedmonts. Two 

geomorphological maps with accompanying-surface 

descriptions illustrate how the location of small flood

prone alluvial fans can be delineated on large piedmonts 

primarily composed of inactive surfaces. The manuscript 

will be submitted for publication in the Journal of 

Geological Education. 

APPENDIX B consists of a manuscript entitled "Surficial 

processes on two fluvially dominated alluvial fans in 

Arizona". In this paper, I describe the surficial 

processes acting on two alluvial fans, and the various 

internal and external variables that control the 

distribution of fan processes. The paper demonstrates that 

alluvial-fan characteristics are strongly influenced by 

local conditions, not only climate, as has been previously 

implied. In the context of the entire dissertation, the 

paper represents a strategy for identifying the types and 

distribution of flood hazards on active alluvial fans. The 

manuscript will be submitted for publication in the journal 

Sedimentology. 

APPENDIX C consists of a manuscript entitled "Channel 

migration on fluvially dominated alluvial fans in Arizona". 
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This paper documents recent channel changes on five 

alluvial fans in Arizona and describes the processes that 

precede, accompany, and follow channel diversions. In the 

context of flood-hazard studies, this paper presents an 

approach for identifying the likely locations of future 

channel diversions on alluvial fans. The manuscript will 

be submitted for publication in the journal Earth Surface 

Processes and Landforms. 

APPENDIX D consists of a manuscript entitled "Comparisons 

of geological and hydraulic methods of flood-hazard 

assessment on alluvial fans". This paper demonstrates a 

method that enables the results of hydraulic modeling to be 

compared with geological studies before floodplain 

management decisions are implemented. Several geological 

techniques useful in flood-hazard assessments on alluvial 

fans are discussed. The manuscript will be submitted for 

publication in the journal Environmental Management. 
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PRESENT STUDY 
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The methods, results, and conclusions of this study 

are presented in the papers appended to this dissertation. 

The following is a summary of the most important findings 

in these papers. 

Appendix A 

- Inactive surfaces on desert piedmonts not subject to 

flooding are characterized by well developed soils, 

dendritic drainage networks, desert pavement, and rock 

varnish 

- Long periods of tectonic quiescence accompanied by a 

series of climatic changes result in a down piedmont 

decrease in surface ages with flood-prone areas restricted 

to the middle and lower piedmont 

- Geomorphological studies can delineate inactive and 

active surfaces on large piedmonts and focus flood-hazard 

studies on flood-prone areas 

Appendix B 

- Four processes act on the two alluvial fans during 

large and small floods alike: channel erosion, channel 

deposition, sheetflooding, and overland flow 
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Floods of different size on the same fan affect the 

amount of area inundated, not the types of processes 

occurring 

- Depositional and erosional reaches alternate 

downstream as part of discontinuous ephemeral stream 

systems 

- Debris flows do not occur on the alluvial fans, 

reflecting the tectonic quiescence of the region 

- The character of flooding can vary significantly 

between fans in the same region, because the distribution 

and importance of processes is sensitive to local 

variables, including drainage-basin size and the bank 

composition of sediments 

APPENDIX C 

- Historical channel diversions on five fluvial fans 

repeatedly occurred along channel bends and reaches with 

low banks 

- Channel migration occurs by stream capture whereby 

overland flow from the main channel accelerates and directs 

erosion of adjacent channels and depressions 

- Small aggrading floods decrease bank heights, 

generating more overland flow during subsequent floods 

- The frequency of minor channel changes is less than 

100 years while major diversions occur every 600 years or 
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less 

APPENDIX D 

- Geomorphological mapping, facies mapping, and 

hydraulic reconstructions can establish, respectively, the 

location, types, and magnitude of flood hazards associated 

with recent floods on alluvial fans. 

- The Federal Emergency Management Agency's method of 

flood-hazard assessment understates the extent, velocity, 

and depth of past floods by as much as 100, 25, and 70 

percent, respectively 



APPENDIX A 

PROMOTING GEOMORPHOLOGICAL MAPPING IN 

FLOOD-HAZARD ASSESSMENTS OF DESERT PIEDMONTS 

ABSTRACT 

20 

Geomorphological studies need to become an integral 

part of all flood-hazard assessments on alluvial fans and 

piedmonts in the southwestern united States. Inactive 

portions of alluvial fans and piedmonts display well 

developed soils, desert pavement, and rock varnish, and are 

easily distinguished from flood-prone areas on aerial 

photographs and in the field. The distribution of flood

prone surfaces on large alluvial fans and piedmonts is 

strongly controlled by fanhead trenches dissecting the 

surface. Where fanhead trenches are permanent features cut 

in response to long-term conditions such as tectonic 

quiescence, flood-prone surfaces are situated away from the 

mountain front and are not subject to rapid relocation. 

Since the length and permanency of fanhead trenches can 

sometimes vary greatly between adjacent drainages, it is 

difficult to make regional generalizations regarding the 

distribution and stability of flood-hazard zones. 

To meet the growing need for trained professionals to 

complete geomorphological maps of desert piedmonts, 
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geomorphology courses should adopt an instructional unit on 

alluvial-fan flood hazards that includes: 1) an analysis of 

geomorphological characteristics that vary with surface 

age; 2) a basic mapping exercise; and 3) a discussion of 

the causes of fanhead trenching. 

Key Words: alluvial fan, piedmont, fanhead trench, 

flood hazards, geomorphological mapping 

INTRODUCTION 

Alluvial-fan flooding has caused millions of dollars 

of damage and the loss of life in the United States 

(French, 1987). Flood losses are likely to increase with 

the continued expansion of the southwestern United States, 

where an estimated 31.4 percent of the land surface is 

covered by alluvial fans (Antsey, 1966). Applications of 

the Federal Emergency Management Agency method for 

assessing flood risk on alluvial fans (Dawdy, 1979) has 

been criticized for incorporating inactive flood-free 

surfaces into flood-hazard zones (Baker et ale 1990). 

Large portions of alluvial fans and piedmonts are commonly 

isolated from flooding for thousands of years and 

geomorphological mapping has been used to delineate small 

areas subject to flooding (Rhoads, 1986; Pearthree and 

Pearthree, 1988; Kenny, 1990; Field and Pearthree, 1991a). 
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Despite calls for the wider use of geomorphological mapping 

in flood-hazard studies of alluvial fans and piedmonts 

(Nelson, 1988), its value is still not widely appreciated 

or acknowledged by floodplain managers traditionally 

trained in engineering and hydrology. Geology courses 

required for civil engineering and hydrology majors provide 

an ideal venue for demonstrating the reliability of 

geomorphological mapping as a method of flood-hazard 

assessment. 

The purpose of this paper is to promote wider use of 

geomorphological mapping in flood-hazard assessments of 

alluvial fans and piedmonts by: 1) outlining the numerous 

geomorphological characteristics used to distinguish 

surfaces of different age; 2) illustrating the mapping 

process with an example from two Arizona piedmonts; and 3) 

reviewing the causes of fanhead trenching, an important 

feature controlling the location of flood-prone surfaces. 

GEOMORPHOLOGICAL SURFACE CHARACTERISTICS 

A single flood is unable to inundate the entire 

surface of a large alluvial fan. As a result, deposition 

is not uniform and parts of a fan may not receive sediment 

for several thousand years. Portions of alluvial fans and 

piedmonts are sometimes permanently abandoned for hundreds 
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of thousands of years through long-term tectonic and 

climatic processes (see below, Fanhead Trenching). A 

distinctive set of erosional, weathering, and soil 

characteristics develop on surfaces not flooded for 

extended periods of time. Many of these characteristics 

have been cited in geomorphological studies of alluvial 

fans and piedmonts around the world (Table AI). The 

relative ages of several surfaces abandoned at different 

times can be determined by examining the degree to which 

surficial features are developed (Table AI). Relative ages 

based on a comparison of several characteristics are the 

most reliable, because no single feature is a fool-proof 

indicator of surface age. Several techniques have been 

used to establish the numerical age of abandoned surfaces 

(Table A2), but, unfortunately, these methods are not 

always reliable or applicable on every piedmont. 

Alluvial-fan surfaces isolated from depositional 

processes are quite common, and several terms and phrases 

have been coined to describe them (Table A3). "Fan-mesa" 

was the first term introduced in the literature (Eckis, 

1928) and its usage was reaffirmed by Blissenbach (1954) 

and Riccio (1962). However, the term "inactive" is more 

apropos for a discussion of flood hazards and is used here 

to refer to surfaces not subject to flooding. Active 

surfaces, in contrast, are those portions of the fan having 
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a finite though in some areas a low probability of being 

flooded in any given year (Hooke, 1972). Active surfaces 

are not necessarily inundated entirely by each flood, and 

portions of active surfaces may not be flooded for several 

thousand years. 

Geomorphological maps delineating the distribution of 

active and inactive surfaces can be of great value to 

floodplain managers. Inactive surfaces on an alluvial fan 

or piedmont are not subject to flooding and therefore do 

not need to be managed as flood-prone zones. Surficial 

features that develop on inactive surfaces over thousands 

of years, such as desert pavement and rock varnish, cannot 

form where floods abrade and transport gravel lying on the 

surface. The possibility that extensive flooding could 

resume on inactive surfaces during a SOO-year planning 

period (the maximum length of time usually considered 

during flood-hazard assessments) is remote, especially 

where fanhead trenches have permanently removed the 

surfaces from flooding. However, careful attention must be 

paid to areas of low relief adjacent to active surfaces. 

Since large portions of many piedmonts are composed of 

inactive flood-free surfaces, floodplain managers can use 

geomorphological maps to focus detailed hydraulic studies 

on flood-prone areas rather than expending usually limited 

resources over the entire piedmont. 
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GEOMORPHOLOGICAL MAPPING 

White Tank Mountains 

Geomorphological mapping (Field and Pearthree, 1991b) 

and a flood-hazard assessment (Field and Pearthree, 1991a) 

of the western piedmont of the white Tank Mountains, 

Arizona were completed for the Maricopa County Flood 

Control District in anticipation of urban expansion around 

the Phoenix metropolitan area. Simplified versions of the 

resultant map (Fig. AI) and surface descriptions (Table A4) 

are presented here to demonstrate how geomorphological 

features are used to delineate the location of flood-prone 

surfaces. The White Tank Mountains predominantly consist 

of felsic gneiss, granite, and dioritic dikes. Rock 

varnish is best developed on cobbles derived from the 

diorite. The average annual rainfall around the White Tank 

Mountains piedmont is approximately 18 cm. 

The relative ages of the surfaces are based on 

differences in drainage patterns, topographic relief, 

surface characteristics (e.g., desert pavement), and soil 

development as determined from 1:24,OOO-scale natural-color 

aerial photographs, soil and topographic maps, and field 

checking. The age of each surface represents the estimated 

length of time since the cessation of aggradation. The 

ages are inferred by correlation with similar surfaces and 
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soils radiometrically dated elsewhere in the southwestern 

United States (Gile et al., 1981; Menges and McFadden, 

1981; Bull, 1991). Desert pavement is progressively better 

developed as surface age increases (Fig. A2; Table A4). 

Surfaces that are subject to flooding are undissected, 

display well preserved bar-and-swale topography, and lack 

desert pavement and varnish (Fig. A3a). In contrast, 

surfaces that have not been flooded for hundreds of 

thousands have well developed desert pavements (Fig. A3b) 

and abundant salt-split cobbles (Fig. A3c). 

Tortolita Mountains 

A geomorphological map (Fig. A4) and surface 

descriptions (Table AS) of the southwestern piedmont of the 

Tortolita Mountains, Arizona are presented here in order to 

demonstrate how surficial features and the distribution of 

flood hazards can vary between piedmonts. Although many of 

the surfaces have similar ages as the White Tank Mountains 

piedmont, the surfaces, especially the older ones, were not 

necessarily abandoned at the same time. Surfaces with a 

similar estimated age have some features in common (e.g., 

surface relief and degree of dissection), but desert 

pavement and rock varnish are better developed on the White 

Tank Mountains piedmont (Figs. A2d and AS). Soil 

development has progressed further on the Tortolita 
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Mountains piedmont (Tables A4 and AS). Higher rainfall 

totals on the Tortolita Mountains piedmont (28 cm average 

annual rainfall) promote faster soil development, but may 

inhibit varnish development through faster weathering of 

surface cobbles. Additionally, the southwestern portion of 

the Tortolita Mountains is composed exclusively of felsic 

gneiss which does not varnish as readily as the dioritic 

cobbles found on the White Tank Mountains piedmont. 

FANHEAD TRENCHING AND THE DISTRIBUTION OF DIFFERENT AGED 

SURFACES ON PIEDMONTS 

The distribution of active surfaces on alluvial fans 

and piedmonts varies considerably throughout the 

southwestern United States. Flood-prone surfaces are 

common on the middle and lower White Tank Mountains and 

Tortolita Mountains piedmonts (Figs. Al and A4), but on 

some alluvial fans in California the active surfaces are 

located adjacent to the mountain front while inactive 

surfaces are found at the fantoe (Riccio, 1962; Bull, 1964; 

Hooke, 1972). To understand why the distribution of active 

surfaces (and therefore flood hazards) varies so widely 

between piedmonts and even adjacent alluvial fans a 

discussion of fanhead trenching is necessary. The 

processes responsible for fanhead trenching directly 
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influence the location and stability of flood-prone 

surfaces, as exemplified below by the Tortolita Mountains 

and White Tank Mountains piedmonts. 

Fanhead trenches, incised channels located at the 

fanhead, are common features on alluvial fans throughout 

the world. Since the incised channel has a lower slope 

than the adjacent surface, the channel intersects the fan 

surface at a point lower on the fan known as the 

intersection point (Hooke, 1967). Fanhead trenching 

results from a variety of short-term and long-term factors 

that precipitate increases in stream power, fan slope, or 

the water:sediment ratio of floodwaters (Table A6). 

Fanhead trenches cut by short-term processes may be 

subject to frequent (once in a few decades) overbank 

flooding (Hooke, 1967; Schumm et al., 1987) and are 

transient features subject to rapid backfilling. In 

contrast, fanhead incision caused by long-term processes is 

usually so deep that overbank deposition on adjoining 

surfaces is impossible (Hooke, 1967). Long-term trenches 

are permanent features taking thousands of years to form, 

and a significant change in the tectonic and/or climatic 

regime is necessary to initiate backfilling. Permanent 

trenches convey floodwaters past the fan-head region and 

their length and position on the fan surface dictate the 

location of flooding for thousands of years. 
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Recognizing whether a fan-head trench is a short-term 

or long-term feature on an alluvial fan is critical for 

establishing whether -the present location of flood hazards 

is stable. Several criteria can be used to distinguish 

between a permanent and temporary trench (Table A7). 

Fanhead trenches dissecting inactive surfaces with well 

developed soils, desert pavement, and rock varnish can be 

considered permanent, since it is the incision of the 

trench itself that is responsible for the long-term 

isolation of the surface. A trench dissecting a young 

surface, on the other hand, is likely to be a temporary 

feature. The depth of incision alone should not be used to 

determine if a trench is permanent or temporary. Trenches 

as deep as 8 m can be filled and/or cut during a single 

debris flow event (Pack, 1923; Blackwelder, 1928; Morton 

and Cambell, 1974). In contrast, permanent fanhead 

trenches on the Tortolita Mountains and White Tank 

Mountains piedmonts, where no debris flows occur, are 

commonly less than 3 m deep. Regardless of the absolute 

depth of incision, a fanhead trench is not a permanent 

feature if floodwaters can overtop or backfill the channel 

under the prevailing hydrologic conditions. 

Fanhead trenches on the Tortolita Mountains and White 

Tank Mountains piedmonts, as in most of Arizona, dissect 

old inactive surfaces, erode well indurated soils and 
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bedrock, and are part of tributary drainage networks. 

Consequently, the trenches should be regarded as permanent 

features and the present location of flood-prone surfaces 

considered stable. The long-term processes responsible for 

this regional entrenchment include tectonic quiescence and 

climatic changes. Normal faulting in the Basin and Range 

province of southern Arizona ended between six and three 

million years ago (Menges and McFadden, 1981). In the 

absence of tectonic uplift, permanent fanhead trenches will 

develop in response to the decreasing grade of the eroding 

headwater streams above the fan apex (Eckis, 1928). 

Material removed from the fanhead trench, as well as from 

subsequent dissection of the isolated alluvial-fan surface, 

will be redeposited on a younger surface downslope of the 

intersection point. For this reason, active surfaces are 

found primarily on the middle and lower portions of the 

Tortolita Mountains and White Tank Mountains piedmonts 

while older surfaces predominate close to the mountain 

front (Figs. Al and A4). 

Regional climatic conditions control the rate at which 

fanhead entrenchment progresses. Periods of increased 

sediment delivery to alluvial fans and piedmonts occurs at 

the onset of arid intervals (Bull, 1991), and may coincide 

with the deposition of thin alluvial fans (Bull, 1977). 

Subsequent decreases in sediment supply rejuvenate fanhead 
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trenching and result in the incision and abandonment of 

newly formed surfaces. This scenario is consistent with 

the general downslope decrease in ages of surfaces on the 

Tortolita Mountains and white Tank Mountains piedmonts 

(Figs. Al and A4). A similar down-piedmont decrease of 

surface ages is found on the Mohave Mountains piedmont in 

western Arizona (Wilshire and Reneau, 1992). Deposits 

associated with "climatic fans" are very thin, explaining 

why small remnants of inactive surfaces are exposed on the 

lower piedmonts (Figs. Al and A4). 

The down-piedmont age decrease of surfaces due to 

long-term tectonic and climatic controls is locally 

altered. The two longest and deepest fanhead trenches on 

the Tortolita Mountains piedmont are associated with the 

two largest drainages, Cottonwood and Derrio Wash (Fig. 

A4). The absence of unit 2a on the middle piedmont along 

these drainages (Fig. A4) suggests that trenching has 

continued uninterrupted. In contrast, the fanhead trenches 

along Ruelas Wash and Wild Burro Wash are much shorter, so 

active surfaces approach close to the mountain front (Fig. 

A4). The different trenching histories along the small and 

large drainages may be related to basin size or other 

factors affecting the threshold between entrenchment and 

aggradation, including base-level changes. Lower sediment

yields, steeper gradients, higher discharges, and greater 
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stream power are all conditions that would favor persistent 

trenching along Cottonwood and Derrio washes. 

LIMITATIONS OF GEOMORPHOLOGICAL MAPPING 

Geomorphological mapping, although valuable in 

delineating potentially hazardous areas, provides little 

information on the severity and types of hazards present 

within these zones. More detailed studies, including 

sedimentological facies mapping and hydraulic analysis of 

flood discharges, can more precisely delimit flood-prone 

areas, identify flood-hazard types, and quantify the 

frequency and potential magnitude of each hazard (Field, 

1994). Geomorphological mapping is useful as the first 

phase of more comprehensive multi-disciplinary assessment 

projects, because it enables floodplain managers to 1) 

formulate land-use plans (Rhoads, 1986), 2) focus future 

studies and limited resources on the most hazardous areas 

(Field and Pearthree, 1991), and 3) avoid misapplications 

of hydraulic models on inactive surfaces (Pearthree and 

Pearthree, 1988). 

RECOMMENDATIONS 

Geomorphological mapping of flood hazards is necessary 
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for each piedmont or alluvial fan being considered for 

development. Generalizing the results from one area to 

predict the distribution of flood hazards in another is 

unwise given the numerous regional and local factors 

controlling the development of fanhead trenches (Table A6) 

and location of flood-prone surfaces. The distribution of 

active surfaces can vary between piedmonts in the same 

region and even between adjacent drainages (Figs. Al and 

A4; Schumm, 1977). 

Geomorphology educators who incorporate a one to two 

week unit on geomorphological mapping of alluvial-fan flood 

hazards into graduate and undergraduate courses would serve 

three important purposes: 1) provide the needed numbers of 

trained professionals to complete geomorphological studies 

throughout the southwestern United States; 2) convince 

present and future floodplain managers of the value and 

reliability of geomorphological mapping to delineate flood

prone areas on piedmonts; and 3) demonstrate an application 

of basic geomorphological skills that may save lives and 

millions of dollars in property damage. The topics covered 

in such a unit should include (with suggested length of 

time): 1) a thorough examination of how and why the 

surface characteristics listed in Table Al vary with 

surface age, climate, and lithology (1-2 lectures); 2) 

basic geomorphological mapping exercise of an alluvial fan 



34 

from aerial photographs, soils and topographic maps, and, 

where possible, field reconnaissance (1-2 laboratories and 

optional field trip); and 3) a discussion of the processes 

responsible for forming fanhead trenches (Table A6) and 

methods for determining their permanency (Table A7) (1-2 

lectures). Without the help of geomorphology educators, 

who have the unique opportunity to simultaneously train 

geologists, hydrologists, and engineers, utilization of 

geomorphological mapping as a flood-hazard assessment 

technique on alluvial fans and piedmonts is likely to 

remain limited. 
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Figure AI. Geomorphological map of alluvial surfaces on 

the southwestern piedmont of the white Tank Mountains, 

Arizona. Dotted and dashed regions are flood prone while 

units represented by solid lines are largely flood free. 

See Table 4 for detailed unit descriptions. Surface ages 

reflect the time since surface abandonment (Modified from 

Field and Pearthree, 199Ib). 



DUnn Y2 -Active fans and (hannels, 0-3 ka 

t~: dUnn Yl -Weak~ dissected fans, 1·10 ka 

33°30' N 

~ Unn M2 -Moderately dissected inactive fons, 10·1 SO ka 

~ Unn M 1 b -H~h~ dissected inactive fans, 150-300 ka 

~ Unit M 1 a -H ~h~ dissected inactive fa os, 300-1,000 ka 

[ill] Unit 0 -Deep~ dissected and rounded fan remnants, >1,000 ka 
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Figure A2. Progressive development of desert pavement on 

surfaces of different age on the White Tank Mountains 

piedmont: a) unit YI; b) Unit M2; c) Unit MIb; d) Unit MIa. 
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Figure A3. a) Surface photo of Unit Y2 on the middle 

piedmont of the White Tank Mountains. Note the well 

preserved gravel bar in the left foreground and the absence 

of desert pavement indicating that this surface is subject 

to flooding. b) Surface photo of Unit MIa on the upper 

piedmont of the White Tank Mountains. Note the well 

developed desert pavement and rock varnish (dark tone) 

indicating that this surface is free from flooding. 

Compare with A. c) Salt-split cobble on Unit MIa on the 

upper piedmont of the White Tank Mountains. 
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Figure A4. Geomorphological map of alluvial surfaces on 

the southwestern piedmont of the Tortolita Mountains, 

Arizona. Dotted regions are flood prone while units 

represented by solid lines are free from flooding. See 

Table 5 for detailed unit descriptions. Redrawn from 

Pearthree et ale (1991) and unpublished data. 
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SANTA CRUZ RIVER FLOODPLAIN 

D Unit 2b -Active fans and channels, 0-5 ka 

~ Unit 2a -Weakly dissected inactive fans, 5-20 ka 

~ Unit 1 b - Moderately dissected inactive fans, 20-125 ko 

IIIill Unit 10 -Highly dissected fan remnants, 125-750 ko 
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Figure A5. Desert pavement developed on Unit la on the 

middle piedmont of the Tortolita Mountains. Compare with 

Figure 2d showing desert pavement of approximately the same 

age on the White Tank Mountains piedmont. 
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Table Al. Characteristics used in the relative-age dating of alluvial-fan surfaces 

Surface Sources of 
Characteristic Information Change with Increasing Age Previously Used By 

In-Situ Weathering 

Rock varnish F Darkening of cobbles* 2,3,4,5,9,10,12,16,19,20 

Desert pavement F TIghter interlocking of cobbles* 3,5,10,16,19.20 

Clast weathering F Deeper more intense weathering 4,8,9,10.12 

(Salt) splitting F More abundant and intense 10 

Carbonate etching F Greater relief on cobble surface 10 

Soils 

Soil development F,S Stronger horizonization 5.6.7.10.11.12.13.14.18.19.20 

Caliche rubble F Present on old denuded surfaces 5.11 

Surface color/tone A,F Varies with surface preservation 5.11.17 
Vegetation A,F,S More mature communities 1.10 

Depositional 

Relief/topography F Smoothing of original surface 5,10,12.16 

Sieve-lobe fronts F Gentler gradients 9 
Grain size F Increases if tectonically stable 12 

Erosional 

Drainage pattern A,T Denser dendritic drainage net 5,10,13.15.17 

Surface relief T,F,A Increasing relief 10,15,17 
Surface rounding A.F Increased rounding 5 

Note: 1 =Anderson and Hussey, 1962; 2=Denny, 1965; 3=Denny, 1967; 4=Derbyshire and Owen. 1990; 

5=Dorn, 1988; 6=Eckis. 1928; 7= Harden and Matti, 1989; 8=Herrick, 1988; 9=Hooke. 1967; 10= Hooke. 

1972; 11 = Lattman, 1973; 12=McFadden et al .• 1989; 13=Melton, 1965; 14=Mohindra et al.. 1992; 

15=Rhoads, 1986; 16=Ritter. 1986; 17=Sah and Srivatava, 1992; 18=Wasson. 1979; 19=Wells and 

Dohrenwend, 1985; 20=Wells et al .• 1987; F=Field survey; S=Soil Maps; A=Aerial photographs; 

T=Topographic maps. 

*Trend may be reversed on extremely old denuded surfaces. 
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Table A2. Numerical dating techniques used to 
date alluvial-fan surfaces 

Dating Technique 

Radiocarbon 
K-Ar (Basalt) 
U-Th (Carbonate) 
Volcanic Ash 
Desert Varnish 

Previously Used By 

4,8,20,21,26 
8 
21 
22,23,24,25 
5,20,21 

Thermoluminescence 4 
Paleomagnetism 4 

Note: 1-20 as in Table A1; 21 =Hooke and Dorn, 
1992; 22= Pain and Pullar, 1968; 23= Pain and 
Pullar, 1975; 24= Roed and Wasylyk, 1973; 25= 
Ryder, 1971a; 26=Williams, 1973 
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Table A3. Terms and phrases used to describe 
alluvial-fan surfaces isolated from flooding 

Term or Phrase Used 

Fan-mesa 
Abandoned surfaces 
Fossil fans 
Old(er) surfaces 
Old-age fans 
Inactive surfaces 
High-fan surfaces 
Ancient fan 
Stabilized fan 
Remnant fan 
Fan segment 
Depositional phase 
Surface facies 
Dismembered p'art 
of ancient bajatfa 

References 

6,28,33 
3,15,19 
32,36 
11,27 
1 
15,18,19,24,25,30,31 
11 
4 
1 
33 
21,29 
35 
10 
34 

Note: 1-26 as in Table A1-A2; 27=Antsey, 1966; 
28=Bllssenbach, 1954; 29=Bull, 1964; 30=Funk 
and Dort, 1977; 31 = Kesel and Lowe, 1987; 32= 
Mukerji, 1990; 33= Riccio, 1962; 34= Schick, 1971 
35= Silva et aI., 1992; 36= Wasson, 1975 
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Table A4. Summary of chllrllcteristics found on each geomorphological surface of the White Tank Mountains piedmont exemplifying the types of observations needed to assess 

nood hazards on piedmonts and alluvial fans 

Chllrllcteristic UnitY2 UnitYI UnitM2 UnitMlb Unit MIa Unit 0 

Drainage pattern Distributary Incipient dendritic Dendritic Dendritic Dendritic Dendritic 

Reliel above channels Om OtoO.Sm O.5t03m O.St06m I t06m IOtolSm 

Bar-and·swaJe topography Well preserved WeU preserved Modl!f!ltely preserved Pooriy preserved Not present Not present 

Desert pavement Not present Weakly developed Moderately developed Well developed \'Iell developed Denuded surfaces 

Rock·varnish color' Not developed Brownish black (IOYR 212) Very dark brown (7.SYR 2}3) Black (5YR 1.7/1) Black (5YR 1.711) Denuded surfaces 

Soil henzons" Not developed Cambic (Hue 7.5YR); Cambie (Hue 7.5YR): Argillic (Hue 5YR); Argillic SHue 2.5YR); StaQeV·VI 
Stage 1·11 calciC Stage HI calcic Stage II calcic Stage I calcic calCIC 

Others Salt·split cobbl es Caliche rubble 

Surface activity Active SlighUyactive Inactive Inactive Inactive Inactive 

Estimated age o t03 ka 1 to IOka 10 to 150ka 150 t0300ka 300 to 1 ,000 ka :>1,OOOka 

Aood hazard High Slight None None··· None-·- None 

'Varnish colors and soil hues from MunSell's soil color chart 
··Calcic henzon stages from Bachman and Machetle (1977) 

··'A slight chance of Hooding is locally present on the middle piedmont in areas of low reliet 
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Table A5. Summary of characteristics found on each geomorphological surface of the Tortolita Mountains piedmont 

Characteristic Unit2b Unit2a Unit 1b Unit 1a 

Drainage pattern Distributary Incipient dendritic Dendritic Dendritic 

Relief above channels Om 1 t02 m 1 t03 m 2 to 10 m 
Bar-and-swale topography Well preserved Moderately preserved Poorly preserved Not present 

Desert pavement Not present Weakly developed Poorly developed Moderately developed 

Rock varnish Not developed Not developed Incipient development Moderately developed 

Soil Horizons· Stage I calcic Cambic (Hue 7.5YR); Argillic (Hue 5YR); Argillic~Hue 5YR); 
Stage I-II calcic Stage II calcic Stage I -VI calcic 

Surface activity Active Inactive Inactive Inactive 

Estimated age o to 5 ka 5t020ka 20 to 125 ka >125 ka 

Flood hazard High None None None 

·Soil hues from Munsell's soil color chart; Calcic horizon stages from Bachman and Machette (1977) 
Note: Data from Pearthree et af. (1991) 
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Table A6. Documented causes of fanhead trenching 

Cause of Trenching 
Resulting On-Fan 

Increase In References 

Short Term (Temporary) 

Single storm W/S 39,47,51,53,57,58 
Variation in depositional W/S 9,40 
process 

Variations in rainfall 
patterns/storm discharge 

W/S 3,26,29,44,61 

Intrinsic a:eomorphic 
threshol s 

Slope 56,63 

Short and Long Term 

Base level fall Slope 43,55,62 

Shift in channel course Slope 3,9,54 

Toe trimming/truncation Slope 41,43,62 
Tectonic uplift on fan Slope 6,31,48,49,50 

Long Term (Permanent) 

Tectonic uplift of mountains Stream power 37 
Tectonic tilting of fan Slope 9,10,21 

Tectonic cessation Slope and W/S 6,32,35,41,45 
Change to glacial climate W/S 30 
Deglaciation W/S* 4,25,48,52,60 

Change to more arid climate W/S 13,18,26,35,38,42,50,59 
Change to more humid climate W/S 20,45,46,62 

Note: W/S=Water:sediment ratio of flood discharges; 1-36 as in Tables A 1-A3; 

37=Beaty, 1961; 38=Beaumont, 1972; 39= Blackwelder, 1928; 40=Bluck, 1964; 41= 

Carryer, 1966; 42=Dorn et aI., 1987; 43 = Drew, 1873; 44=Harris, 1964; 45= Harvey, 
1987; 46= Hunt and Mabey, 1966; 47=Kesseli and Beaty, 1959; 48=Knopf,1918; 49= 

Longwell, 1930; 50=Lustig, 1965; 51=Morton and Cambell, 1974; 52=Ono, 1990; 53= 

Pack, 1923; 54=Rich, 1935; 55=Ryder, 1971b; 56=Schumm, 1977; 57=8cott, 1971; 58= 

Sharp and Nobles, 1953; 59=Talbot and Williams, 1979; 6O=Trowbridge, 1911; 61 = 

Wasson, 1974; 62=Wasson, 1977; 63=Wells and Harvey, 19B7 
*Trenching usually follows a short period of rapid aggradation 
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Table A7. Criteria useful in distinguishing between permanent and temporary fanhead trenches 

Criterion 

Adjacent surfaces 

Drainage pattern 

Material incised 

Banks of trench 
HydrauUI) modelling 

Historical/eyewitness 
accounts 

Permanent Trench 

Inactive (i.e., well developed 
desert pavement and desert varnish) 
Part of tributary network draining 
mountains and adjacent sUrfaces 
Well developed indurated soils and 
bedrock 
Possibly rounded and well vegetated 
Probable maximum flood contained 
within banks 
Oldest available account shows 
evidence of trench" 

Temporary Trench 
Active (i.e., well preserved 
depositional features) 
Part of a distributary network of 
channels radiating from the fanhead 
Unconsolidated sediments 

Steep-sided and immature vegetation 

~:~~~~it~r~~:~~t not 

Trench Incision observed or not 
present on oldest maps or photos 

"This evidence Is consistent with trench permanency but not conclusive evidence of permanency 
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APPENDIX B 

SURFICIAL PROCESSES ON TWO 

FLUVIALLY DOMINATED ALLUVIAL FANS IN ARIZONA 

ABSTRACT 

64 

Two active alluvial fans in the tectonically quiescent 

region of southern Arizona are composed of discontinuous 

ephemeral stream systems characterized by alternating 

channelized reaches and sheetflood zones. Channel erosion 

and overland flow on inactive portions of the fans form new 

channel reaches with the capacity to divert active flow 

paths. The distribution and importance of sheetflooding on 

the fans is strongly controlled by local drainage-basin 

characteristics and base-level controls. Sheetflooding 

predominates where sandy bank sediments lead to the 

development of wide shallow channels, but channelization 

occurs at the fantoe in areas of long-term base-level 

lowering. The influence of climate on alluvial-fan 

formation has often been emphasized in previous studies, 

but is of only limited importance on active alluvial fans 

in Arizona. 
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INTRODUCTION 

Detailed studies of alluvial-fan processes have been 

conducted in arid climates (Beaty, 1963; Bull, 1964a; 

Hooke, 1967; Harvey, 1984; Blair and McPherson, 1992; 

Whipple and Dunne, 1992), permafrost regions (Catto, 1993), 

humid-temperate climates (Kochel and Johnson, 1984; Wells 

and Harvey, 1987; Orme, 1989), monsoonal climates (Wells 

and Dorr, 1987), and the tropics (Kesel and Lowe, 1987; 

Darby et al., 1990; Brierley et al., 1993). These diverse 

studies have created a general perception that climate is 

the primary reason for differences in the morphology and 

physical appearance of alluvial fans. However, the 

influence of climate on alluvial-fan development is not 

paramount to tectonics (Bull 1964a), lithology (Harvey, 

1984; Catto, 1993), drainage-basin characteristics (Kochel, 

1990; Whipple and Dunne, 1992), or storm hydrology (Wells 

and Harvey, 1987). Alluvial-fan development in most 

climates is characterized by only a few studies, and even 

the numerous reports of arid-region fans are almost 

exclusively of debris-flow dominated fans in California 

(Beaty, 1963; Bull, 1964a; Hooke, 1967; Blair and 

McPherson, 1992; Whipple and Dunne, 1992). This spatial 

bias in the selection of field sites has influenced 

generalizations made about alluvial fans (Leece, 1990). 
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Modern analogues developed for the interpretation of 

ancient fan sequences should not be applied until linkages 

between climate and specific fan characteristics are 

verified on a full spectrum of fans within a given climate. 

In this paper, I document the types and spatial 

assemblage of facies on two fluvially dominated alluvial 

fans in southern Arizona in order to establish a more 

complete representation of alluvial fan processes in desert 

climates (Fig. BI). Distinct differences in the drainage

basin characteristics of the two fans (Table BI) permit the 

discrimination of regional and local controls on fan 

processes. Surficial features associated with two recent 

floods on each fan provide a unique opportunity to study 

whether changes in flood magnitude affect process types 

and distributions. I demonstrate that climate has a 

relatively limited role in controlling the physical 

appearance of the fans, casting doubt on broad 

generalizations about alluvial-fan processes in deserts and 

other climates. 

STUDY SITES 

Cottonwood Fan and White Tank Fan are located on the 

piedmonts of the Tortolita Mountains and White Tank 

Mountains, respectively, in the Basin-and-Range province of 
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southern Arizona (Fig. BI). Major tectonic activity in 

southern Arizona ceased approximately three to six million 

years ago (Menges and McFadden, 1981). Downwearing and 

reduction of stream gradients since that time in the 

Tortolita and white Tank Mountains has led to the permanent 

entrenchment of Pliocene and Pleistocene alluvial fans 

containing debris-flow deposits. Cottonwood Fan and White 

Tank Fan are active secondary fans forming at the termini 

of fanhead trenches passing through the older deposits 

(Figs. BI and B2). Sediments on both fans are 

predominately composed of sand and are derived from similar 

source-area lithologies (Table BI). Large cobbles and 

boulders are rare. The thickness of late Holocene deposits 

exceeds 3 m at the toe of Cottonwood Fan but is less than 3 

m on White Tank Fan. Floodwaters on White Tank Fan become 

reconfined between older surfaces at the fantoe before 

reaching the alluvial apron on the lower piedmont (Fig. 

BIb). 

The two alluvial fans are located in the arid to semi

arid Sonoran Desert with annual rainfall averaging 28 cm 

around Cottonwood Fan and 20 cm around White Tank Fan. The 

surfaces of both fans are well vegetated, especially along 

the more frequently wetted water courses (Fig. B2). 

Rainfall at both sites results from three types of weather 

systems: (1) areally extensive winter westerlies of 
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relatively long duration but low intensity; (2) localized 

summer monsoonal thunderstorms of short duration but high 

intensity; and (3) occasional autumn tropical storms of 

long duration and high intensity. stronger monsoonal 

precipitation around the more southerly Cottonwood Fan 

accounts for the difference in average precipitation 

between the two locations. Effective discharges on the 

fans usually last for only a few hours after heavy 

precipitation in the summer and fall. 

Cottonwood Fan and White Tank Fan were chosen for 

comparison because of distinct differences in their 

drainage-basin characteristics (Table B1) and physical 

appearance (Fig. B2). The study of Cottonwood Fan 

complements an earlier investigation of subsurface facies 

distributions (Waters and Field, 1986). Initiation of 

hydrologic gauging on White Tank Fan by the Maricopa County 

Flood Control District prompted an examination of surficial 

processes. 

METHODS 

Surficial facies based on geomorphological and 

sedimentological features were mapped on 1:300-scale aerial 

photographs while transecting the fan surface on foot. 

Channel-wall exposures, limited trenching of White Tank 



69 

Fan, and previous investigations on Cottonwood Fan (Waters 

and Field, 1986) were used to determine vertical facies 

relationships and stratification. Long and cross profiles 

were measured with an EDM. 

The extent of two recent floods on each fan was 

established from surficial features, historical aerial 

photographs, and eye-witness accounts. Estimates of peak 

discharges were made at the fan apices using the slackwater 

deposit-paleostage indicator technique described by 

O'Connor and Webb (1988) and Wohl (1992). Manning's 

roughness values of 0.035 for channels and 0.05 to 0.07 for 

the vegetated banks were used in the step-back-water 

modeling. The wide range in discharge estimates presented 

reflects the uncertainty in step-backwater modeling along 

wide, alluvial channel reaches. 

DESCRIPTION OF FLOODS 

Cottonwood Fan 

Intense rains on July 24, 1990 precipitated flooding 

on the fan surface. Although precipitation totals are not 

available for the drainage basin, one 30-year resident 

described the thunderstorm as the strongest in memory. 

Rain gauges in other parts of the region recorded as much 

as 10.7 cm in a three-hour period (Pima County, 1990). 
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Peak-discharge estimates at the fan apex ranged from 40-50 

cubic meters per second (cms). A discharge of 40 cms has 

an estimated recurrence interval of less than ten years 

based on synthetic hydrological modeling (Eychaner, 1984). 

Synthetic 100-year discharge estimates for neighboring 

drainages in the Tortolita Mountains are substantially 

larger than any floods that have occurred in the past few 

hundred years (House, 1991), implying that the actual 

recurrence interval of the 1990 flood was greater than 10 

years. Local residents claim that a flood similar to the 

1990 event had not occurred in more than 20 years. The 

flood produced no significant channel changes. 

A much larger flood inundated the fan on September 13, 

1962. Rainfall totals exceeded 7.6 cm in a two-hour period 

with one resident recording 11.7 cm (Rostvedt and others, 

1968). A single slope-area measurement was made 8 km 

upstream of the fan apex and yielded a peak discharge 

estimate of 161 cms (Rostvedt and others, 1968). The 

discharge at the fan apex may have been higher, because the 

storm first saturated the fan and piedmont before moving 

into the upper drainage basin. A discharge of 161 cms at 

the fan apex is less than the lOO-year synthetic discharge 

(Eychaner, 1984), but the actual recurrence interval may be 

greater than 100 years. The fan's northern channel (Fig. 

B2a) was abandoned during the flood (Field, 1994). 
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white Tank Fan 

A flood of moderate magnitude occurred on the fan 

during the night of July 24, 1992. A rain gauge located 

just outside of the drainage basin recorded only 1.9 cm of 

rain in 45 minutes, but 7.6 cm fell at more distant 

localities during the extremely spotty storm (Maricopa 

County Flood Control District, personal communication, 

1992). The estimated peak discharge of 20-30 cms at the 

fan apex has a recurrence interval between 10 and 25 years 

based on synthetic hydrologic modeling (Alluvial Fan, 

1992). The flood caused no significant channel 

modifications. 

Differences in the 1942 and 1953 aerial photographs 

indicate that a large flood during this time interval 

resulted in extensive channel widening and migration. 

Large discharges emanated from the White Tank Mountains 

during a tropical storm in late August, 1951 (Kangieser, 

1969). This areally extensive storm was the most likely 

cause of the channel changes on White Tank Fan. Paleoflood 

reconstruction conducted 3.2 km upstream from the fanhead 

estimated a peak discharge between 57 cms and 114 cms for a 

flood that occurred during the past 100 years (Alluvial 

Fan, 1992), probably in 1951. Aerial photographs 

demonstrate that the 1951 flood was the most significant 

event in the past 50 years, and synthetic modeling suggests 
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that the actual recurrence interval may be greater than 100 

years (Alluvial Fan, 1992). Field (1994) describes in 

detail the channel modifications resulting from this storm. 

SURFICIAL FACIES AND PROCESSES 

Two erosional facies (erosional channels and overland 

flow zones) and two depositional facies (depositional 

channels and sheetflood zones) are recognized on both fans. 

Flow depths and directions, topographic expression, plan 

views, and other surficial features were used to describe 

and map each facies (Figs. B3 and B4). Subsurface 

information supplemented the descriptions of the two 

depositional facies. 

There is no surficial or subsurface evidence of 

debris-flow deposits on either fan. Destabilization of 

hills lope soils in southern Arizona during the Pleistocene

Holocene climatic change resulted in an increase in debris

flow activity that rapidly tapered off after 8000 yr B.P. 

(Bull, 1991). Modern rates of weathering are insufficient 

to produce an abundant supply of sediment for large debris 

flows (Melton, 1965). Although small debris flows may 

occasionally occur on steep mountain slopes, they evidently 

have not reached the apices of Cottonwood Fan and White 

Tank Fan, located 10.4 km and 4.0 km from the mountain 
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front, respectively. 

Erosional Channels 

Erosional channels consist of rectangular to v-shaped 

gullies and swales with relatively low width:depth ratios 

(Fig. B3). The channels are typically less than 1 m wide 

and 0.5 m deep but are as much as 3 m wide and 2 m deep. 

Sediment is not found on the floor of the channels except 

for intermittent pebble to cobble lags. Upstream, 

erosional channels end at a vertical headcut or gradually 

merge with the fan surface (Fig. B3). 

Erosional channels form from erosion of the fan 

surface due to (1) runoff generated by precipitation on 

inactive portions of the fan, (2) the reconcentration 

sediment-deficient floodwaters at the margins and distal 

ends of sheetflood zones, and (3) headward erosion where 

overland flow reenters established channels. Erosional 

channels are most prevalent on inactive portions of the fan 

(Fig. B4) 

Depositional Channels 

Depositional channels have higher width:depth ratios 

than erosional channels (Fig. B3). Depostional channels 

decrease in depth and merge with sheetflood zones 

downstream. They have vertical to rounded banks and are up 
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to 40 m wide and 1 m deep. Sedimentary sequences deposited 

on the channel bottoms contain 5- to 30-cm-thick, laterally 

discontinuous beds of poorly sorted, horizontally 

laminated, gravelly sands (Fig. B3). Each bed is truncated 

on top. Cross-stratified sands are locally present 

throughout but are most common at the top. The total 

thickness of the sedimentary sequences is less than 1 m on 

White Tank Fan but occasionally exceeds 1.S m on Cottonwood 

Fan. Discontinuous gravel lenses are found in scour 

pockets at the base of the channel deposits (Fig. B3). 

The basal gravel lenses, interpreted as gravel lags, 

indicate that depositional channels form from the widening 

and subsequent backfilling of erosional channels. During a 

flood event the channel bed is initially scoured, 

truncating earlier deposits. Laterally discontinuous beds 

later backfill the channel as flow rapidly infiltrates 

through the highly permeable sands. At the end of the 

flood, clear-water flow meanders across the channel bed 

depositing cross-stratified sands in shallow depressions. 

As channel width increases through bank collapse, the scour 

depths of successive flows decrease, resulting in a net 

increase in bed elevation. Consequently, the entire 

sequence of channel sediments is composed of several 

truncated beds, each deposited by a single flood. 
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Sheetflood Zones 

Sheetflood zones consist of broad unconfined planar 

surfaces. The upstream portions of the surfaces are fan

shaped in plan view with flow paths initially radiating 

away from the apex before reconverging downstream (Fig. 

B3). Flow depths rarely exceed 15 cm. The largest 

sheetflood zone on White Tank Fan is 185 m wide and 625 m 

long. On Cottonwood Fan the maximum width and length are 

155 m and 310 m, respectively. Depositional and erosional 

channels dissect the margin and toe of the sheetflood 

zones. 

Sedimentological features on the surface vary down 

slope. Depositional channels split into a series of 

indistinct distributary channels that rarely traverse past 

the upper third of the sheetflood zones (Fig. 83). Cobble 

bars radiate away from the apex and preferentially develop 

behind obstructions such as tree trunks and bushes. Short 

(up to 5 m) and shallow (less than 0.5 m) scour pockets 

form downstream of the obstructing vegetation. Gravel bars 

become finer grained and less prevalent on more distal 

sheetflood zones. Sand sheets are present downstream of 

the gravel bars and become finer grained further from the 

apices of the sheetflood zones (Fig. 83). 

Vertical stratification sequences contain 10- to 30-

cm-thick, laterally continuous, fining-upward beds of 
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horizontally laminated sands (Fig. B3). Discontinuous 

gravel lenses are locally present at the base. The total 

thickness of individual sequences rarely exceeds 0.5 m on 

White Tank Fan or 1 m on Cottonwood Fan. 

The geomorphological and sedimentological 

characteristics of the sheetflood zones are formed by 

rapidly decelerating sheets of shallow unconfined 

floodwater. A sheet of unconfined flood water moving down 

a slope is termed a sheetflood (Hogg, 1982). Expansion of 

flow at the apex, evidenced by the radiating pattern of 

flow directions, leads to deposition of linear gravel bars. 

Flow separation around trees and bushes enhances flow 

deceleration and gravel deposition. Linear cobble trains 

formed upslope of obstructions are a common feature on 

alluvial-fan sheetflood zones (Blair, 1987; Wells and 

Harvey, 1987). The rapid deposition of sediment promotes 

scouring of the surface immediately down slope of the 

gravel trains. As flow velocities decrease down slope, 

progressively finer-grained laterally continuous sand 

sheets are deposited. Blair (1987) also observed a lateral 

fining of sheetflood deposits away from the central axis. 

The sediment-deficient floodwaters that remain after 

deposition of the sand sheets promote shallow dissection of 

the surface, reconvergence of flow, and formation of 

channels at the margins and toe of the sheetflood zones. 
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Reconvergence of flow has been observed on natural 

sheetflood zones (Packard, 1974) and at the toe of 

distributary areas on experimental fans (Schumm et al., 

1987). McGee's (1897) observations of sheetfloods in 

southern Arizona share many characteristics with the 

sheetflood zones described here. However, the importance 

McGee (1897) attached to sheetfloods as agents of erosion 

is not supported by observations made on Cottonwood Fan and 

White Tank Fan. 

Overland-Flow Zones 

Overland-flow zones consist of ill-defined networks of 

interlocking, narrow, shallow flow paths (Fig. B3). The 

topographic expression of the overland-flow zones is very 

subtle and the facies is recognized in detailed cross

sectional profiles and by textural and tonal patterns 

produced by local disruption of older surficial features. 

The flow paths emanate from shallow depositional channels 

and sheetflood zones. Flow paths are deflected around 

trees, bushes, and low sand and gravel mounds formed by 

burrowing organisms. The distal ends of the overland flow 

zones terminate abruptly at headcuts leading into erosional 

channels or as thin « 10 cm) linear-to-arcuate 

accumulations of gravel and sand. 

The overland-flow zones form from shallow overland 
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flow generated where floodwaters flow beyond the margins of 

shallow channels and sheetflood zones. On-fan 

precipitation produces minor amounts of overland flow as 

well. The process operating in the overland-flow zones is 

best described as unconcentrated sheetflow, because 

sheetfloods are also considered a type of overland flow 

(Hogg, 1982). The term overland flow is used here, with a 

limited meaning, so as not to cause confusion between two 

similar terms. Overbank flow is an inadequate description 

of the process as much of the overland flow is generated 

from sheetflood zones where no channel banks exist. The 

low-velocity, sediment-poor, overland flow initially 

disrupts older surficial features by stripping a thin layer 

of sediment. The flow eventually infiltrates below the 

surface, depositing the thin gravel and sand accumulations. 

Extensive erosion does not occur unless flow reenters 

established channels. The ill-defined networks of flow 

paths may never be occupied in the same manner twice, 

although well established channels can develop along some 

paths through headward erosion. Overland flow at the toe 

of Cottonwood Fan during the 1962 flood flowed in sheets 

(Rostvedt and others, 1968), probably between the slightly 

raised linear ridges (Figs. B2a, B4a, and B5). 
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AREAL EXTENT AND DISTRIBUTION OF FACIES 

Although all four facies are present on both fans, 

comparisons of the areal extent and distribution of facies 

reveal the following differences: (1) sheetflooding is more 

prevalent on White Tank Fan and unlike Cottonwood Fan 

occurs at the fan apex, (2) the relative importance of 

sheetflooding decreases downfan on white Tank Fan but 

increases on Cottonwood Fan; (3) moderate discharges on 

white Tank Fan inundate a larger area than extreme 

discharges on Cottonwood Fan (Fig. B4 and Table B2). Cross 

sectional and longitudinal profiles of both fans help 

illustrate the reasons for these differences (Fig. B5). 

Two relatively narrow yet deep channels confine floodwaters 

at the head of Cottonwood Fan (Figs. B2a and B5). The 

amount of sheetflooding and overland flow increases as 

floodwaters reach the nearly planar distal fan (Figs. B4a 

and B5). In contrast, sheetflooding occurs at the apex of 

White Tank Fan, because the wide shallow channel is unable 

to contain even moderat9 discharges (Figs. B2b, B4b, and 

B5). Flow below the proximal sheetflood zone enters a 

system of several shallow channels and sheetflood zones 

(Figs. B4b and B5). Consequently, much of the fan surface 

is wetted during moderate events like 1992 (Fig. B4b and 

Table B2), enabling plants to survive over most of the 



surface (Fig. B2b). Increasing channel depths downfan 

(Fig. B5) accompany the decrease in sheetflooding and 

expansion of inactive surfaces (Fig. B4b and Table 82). 

so 

The stark differences between Cottonwood Fan and white 

Tank Fan mask some subtle similarities. Channels and 

sheetflood zones alternate downstream on both fans in a 

pattern characteristic of discontinuous ephemeral streams 

(Figs. B4 and 86), a unique type of stream system first 

described by Thornthwaite et ale (1942). The discontinuous 

nature of channels is best displayed on White Tank Fan 

(Figs. B2b and 84b). The reach between the distal ends of 

two sheetflood zones is known as a discontinuity (Fig. B6; 

Packard, 1974). A series of several discontinuities can 

develop along a single stream (Figs. 84 and B6; Schumm and 

Hadley, 1957; Patton and Schumm, 1975). On Cottonwood Fan 

and White Tank Fan discontinuities also occur side by side 

giving rise to a complex network where overland flow 

conveys water between adjacent discontinuities (Fig. 84). 

Headward erosion along paths of overland flow leads to the 

abandonment of channel reaches and migration of the main 

channel (Field, 1994). 

Discontinuous ephemeral streams are dynamic systems 

with each discontinuity migrating upstream over time. 

Concentration of flow into channels at the toe of the 

sheetflood zones causes headward erosion (Fig. 86). 
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Sediment created during upstream extension of the headcuts 

promotes channel backfilling downstream and upslope 

migration of the aggrading sheetflood zones. The 

stratigraphic result of this process is the deposition of 

1- to 3-m, upward-fining sequences with an erosional base 

(Packard, 1974; waters and Field, 1986). 

The headcuts and sheetflood zones do not necessarily 

migrate at the same rate. The rate of migration depends on 

several intrinsic factors which either promote erosion and 

the migration of headcuts or deposition and the migration 

of sheetflood zones (Table B3). If a combination of 

factors provide conditions that favor erosion, channels 

segments will eventually merge to form a long continuous 

channel, like those seen at the head of Cottonwood Fan 

(Figs. B2a and B4a). If on the other hand conditions favor 

deposition, channel reaches will become short and 

discontinuous and sheetflood zones will predominate, as on 

White Tank Fan (Figs. B2b and B4b). 

VARIABLES INFLUENCING THE TYPES AND DISTRIBUTION OF FACIES 

The various intrinsic conditions that control the 

relative importance and distribution of processes on the 

two fans (Table B3) are in turn dependent upon several 

extrinsic variables operating independent of the alluvial 
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fans (Table B4). Similarities and differences in the types 

and distribution of facies (Fig. B4 and Table B2) were used 

to identify links between the external forces and specific 

fan features. Similarities between the two fans reflect 

the influence of the regional tectonic and climatic 

setting. The distinct differences between Cottonwood Fan 

and White Tank Fan (Figs. B2 and B4) suggest that local 

variables exert a strong influence on facies distributions. 

Tectonic Setting 

Tectonic stability in southern Arizona is a 

significant reason for why debris flows do not occur on 

Cottonwood Fan and White Tank Fan. In areas where tectonic 

uplift has ceased, erosion of the mountain headwaters will 

reduce stream gradients and lead to entrenchment of 

alluvial fans at the mountain front (Eckis, 1928). Reduced 

stream gradients in the Tortolita and White Tank Mountains 

and substantial distances between the fan apices and source 

areas preclude debris flows from reaching the two fans. 

The threshold depths needed to keep debris flows moving are 

easier to maintain in the narrow confines of rapidly rising 

mountain ranges than on the broad valley floors typical of 

tectonically inactive piedmonts. Although short periods of 

debris flow activity are precipitated by climatic changes 

(Bull, 1991), tectonic stability is an important 
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prerequisite for the development of fluvial fans in desert 

regions. In tectonically active arid regions, debris flows 

can remain the dominant process on alluvial fans for 

hundreds of thousands of years despite significant climatic 

fluctuations (Beaty, 1974). 

Regional Climate 

Discontinuous ephemeral streams are characteristic of 

semi-arid climates where the rapid loss of runoff through 

channel absorption promotes valley-floor aggradation 

(Schumm and Hadley, 1957). High sediment yields in semi

arid climates (Ritter, 1986) further enhance aggradation, 

because greater quantities of sediment enter the stream 

system than are removed by the limited discharge. 

Vegetation, as is present on Cottonwood Fan and white Tank 

Fan (Fig. B2), is a third factor inducing sediment storage 

along semi-arid streams. Long periods of aggradation 

steepen stream gradients, triggering entrenchment of the 

stored sediment (Schumm and Hadley, 1957; Patton and 

Schumm, 1975). Sediment removed from the eroded reach is 

redeposited further downstream. In this manner, the 

distinctive pattern of the discontinuous ephemeral stream 

emerges with erosional and depositional reaches alternating 

downstream. 
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Lithology 

An abundant source of fine-grained sediment is 

necessary for the development of discontinuous ephemeral 

streams. Granite, granodiorite, and felsic gneiss found in 

the Cottonwood Fan and White Tank Fan drainage basins 

weather to sand-, silt-, and clay-sized particles under the 

semi-arid climate and moister conditions typical of glacial 

periods. Boulders are rare on the two fans and are derived 

from Pleistocene debris-flow deposits near the fan apices 

and along the fan margins. Secondary alluvial fans in 

southern Arizona are best developed where there is an 

abundant supply of fine-grained sediment to precipitate 

aggradation. 

Drainage-Basin Characteristics 

Differences in the bank composition of channels (Fig. 

B7) is the principal factor controlling the distribution 

and importance of facies types on Cottonwood Fan and White 

Tank Fan. Rapid erosion of the sandy channel banks on 

White Tank Fan produces wide shallow channels that enable 

sheet floods to cover large portions of the fan surface 

(Fig. B4b). Rapid channel widening can only occur if the 

bank materials are easily eroded (Graf, 1988). Channel 

widening on Cottonwood Fan is inhibited by the higher silt 

and clay content of the bank sediments (Fig. B7). 
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Consequently, flow is confined on the upper half of the fan 

to two relatively deep and narrow channels (Figs. B2a, B4a, 

and B5). 

The lithology of the Cottonwood Fan and White Tank Fan 

drainage basins are very similar, so differences in the 

bank composition of channels are most likely related to 

differences in drainage-basin characteristics. The apex of 

Cottonwood Fan is located much further from the mountain 

front and a greater percentage of the catchment basin 

drains old piedmont surfaces containing clay-rich soils 

(Fig. B1 and Table Bll. The general fining trend that 

accompanies the increasing distance from the source area 

further enhances the finer grained texture of Cottonwood 

Fan. In Arizona, the distance between secondary-fan apices 

and the mountain front has been related to drainage-basin 

size, with fans with larger drainages located further from 

the mountain front (Wells, 1977). 

Flood Magnitude 

Differences in the physical characteristics of the two 

fans (Fig. B2) do not reflect differences in the magnitude 

of floods crossing the surfaces. Both fans have 

experienced extreme discharges of roughly the same size. 

The 1951 flood on White Tank Fan, with a unit discharge 

exceeding 3.91 cms per square km, generated a single 
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sheetflood over the entire fanhead region (Fig. B4b), 

widened numerous channels, and activated large portions of 

the fan surface. During the 1962 flood on Cottonwood Fan 

(unit discharge of 4.66 cms per square km), flow in the 

northern channel was diverted into the preexisting southern 

channel. No major channel modifications resulted from the 

diversion, and sheetflooding was restricted to the midfan 

and fantoe (Fig. B4a). Channel configurations are 

relatively stable where the silt and clay content of bank 

materials inhibit erosion (Schumann, 1989). 

Subsequent smaller discharges have not significantly 

altered facies distributions on the two fans. 

Sheetflooding occurred at the apex of White Tank Fan in 

1992 and was restricted to the middle and lower portions of 

Cottonwood Fan in 1990 (Fig. B4). The major difference 

between large and small floods on the same fan is the 

number of discontinuous channel systems receiving flow and, 

consequently, the percentage of fan area inundated (Fig. B4 

and Table B2). The channel system along the northern 

margin of Cottonwood Fan was active during the 1962 event 

but not in 1990, because the bed of the southern channel is 

presently 70 cm below the northern channel at the fan apex 

(Figs. B4a and B5). On White Tank Fan, channel systems 

active along the southern margin in 1951 were not operating 

in 1992 (Fig. B4b) even though the southern margin is at a 
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lower elevation in the midfan region (Fig. BS); the main 

channel now at the northern edge of the fanhead 

preferentially directs discharges into the northern 

discontinuities (Fig. B2b and B4b). Smaller floods on the 

two fans follow only portions of the channel systems formed 

and occupied by high-magnitude events. 

Sheetflooding occurred closer to the apex of 

Cottonwood Fan sometime before 1962 (Fig. B4a) and will 

occur again if existing channels are backfilled through 

aggradation. While ephemeral streams characteristically 

aggrade their channels during low discharges, major flows 

may cause net scour (Bull, 1979). Therefore, sheetflooding 

at the apex of Cottonwood Fan is less likely to result from 

a single large flood than an uninterrupted series of low 

discharges. Short periods with an increased frequency of 

low-intensity rainfall have been linked to channel filling 

on alluvial fans (Bull, 1964b). Temporary weakening of the 

summer monsoons around Cottonwood Fan would increase the 

relative frequency of low-intensity sediment-charged winter 

discharges. Since moderate events like the 1990 flood on 

Cottonwood Fan are able to transport sediment across the 

entire fan, an almost complete breakdown of monsoonal rains 

might be needed before facies distributions, but not 

necessarily individual flow paths, can be altered on 

Cottonwood Fan. Human-induced increases in sediment supply 
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could have a similar affect, while human-induced increases 

in stream discharge would lead to channelization and the 

abandonment of sheetflood zones at the fan apex. 

Base-Level Controls 

The inselberg at the toe of White Tank Fan (Figs. BIb 

and B2b) functions as a local base level during periods of 

high sediment supply to the piedmont. When sediment supply 

tapers off, the oversteepened toe of White Tank Fan is 

dissected as the system adjusts to a new base level lower 

on the piedmont. The well developed tributary drainage 

system dissecting inactive surfaces at the toe of White 

Tank Fan (Figs. B2b and B4b) formed in response to "base

level lowering" that accompanied long-term decreases in 

sediment supply. Several erosional channels at the fan toe 

captured flow from the 1951 flood and are now linked to the 

active fan system (Field, 1994). This channelization due 

to base-level lowering inhibits sheetflooding at the toe of 

White Tank Fan. The few erosional channels at the toe of 

Cottonwood Fan (Fig. B4a) are not part of an integrated 

channel network; they are transient features developed in 

response to intrinsic conditions associated with 

discontinuous-ephemeral-stream processes. 
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DISCUSSION 

Previous studies (McGee, 1897; Blissenbach, 1954; 

Wells, 1977; Waters and Field, 1986) and limited field 

observations suggest that Cottonwood Fan and white Tank Fan 

are characteristic of active fans throughout southern 

Arizona. Although facies types are influenced by regional 

factors, the importance and distribution of each facies are 

sensitive to local conditions. As a result, two fans 

forming in nearly identical tectonic and climatic settings 

can display marked differences in physical appearance and 

facies patterns (Figs. B2 and B4). An over reliance on 

regional explanations for differences in fan 

characteristics may lead to inaccurate tectonic and 

climatic interpretations of ancient fan sequences. 

This study documents fluvially dominated processes on 

arid-region alluvial fans in a tectonically stable setting 

and reveals that the role of climate on alluvial-fan 

development has been overemphasized in previous studies. 

Debris flows are often considered characteristic of arid

region alluvial fans (Miall, 1978, Kochel and Johnson, 

1984; Nilsen and Moore, 1984; Kesel, 1985; Blair and 

McPherson, 1992; Catto, 1993). However, the similarity in 

climate between Arizona and the rest of the Basin-and-Range 

province of the southwestern United States suggests that 
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tectonic activity, not climate, is the major reason why 

debris flows are so prevalent on the well studied fans of 

California. The alluvial-fan literature from humid

temperate climates consists almost exclusively of 

descriptions of debris-flow dominated fans (Kochel and 

Johnson, 1984; Kostaschuk et al., 1986; Wells and Harvey, 

1987; Orme, 1989), but the importance of debris flows is as 

much a product of storm hydrology, lithology, and/or 

drainage-basin characteristics (Kostaschuk et al., 1986; 

Wells and Harvey, 1987; Kochel, 1990). The lack of debris

flow deposits on the few previously studied fans in the 

tropics (Kesel and Lowe, 1987; Darby et al., 1990; Brierley 

et al., 1993) probably reflects the small sample size more 

than a distinctive climatic trait. Using the presence or 

absence of specific depositional processes in ancient 

alluvial-fan sediments to interpret paleoclimates (for 

example, Mack and Rasmussen, 1984) appears unwarranted 

given that 1) certain processes (for example, debris flows) 

are found in a variety of climates, 2) alluvial fans within 

the same climate can be formed by different processes, and 

3) other factors also exert an influence over fan 

deposition. 

Blair and McPherson (1993) speculate that in many 

cases ancient fluvial deposits interpreted as distal-fan 

sequences may actually represent basin-floor river systems, 
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because, they state, no documentation exists of a natural 

fan with proximal debris flows and distal waterlain 

deposits. However, this facies pattern has been observed 

on modern fans during single flood events (Kesseli and 

Beaty, 1959) and in Quaternary alluvial-fan deposits 

(Harvey, 1984). Furthermore, fluvially dominated secondary 

fans located at the distal ends of older fans containing 

debris-flow deposits create an apparent proximal-debris

flow-to-distal-fluvial facies pattern (Figs. B1a and B2a). 

This conjunction of secondary and primary fans may be 

identifiable in the rock record by an abrupt transition 

from coarse debris to finer grained reworke~ fan sediments 

(Heward, 1978). Contrary to Blair and McPherson (1993), 

Nilsen and Moore (1984) believe that many ancient fine

grained fan deposits may be misinterpreted as basin-floor 

deposits. Although fine-grained secondary-fan 

accumulations would be volumetrically unimportant in the 

rock record, their presence would be a significant marker 

of tectonic quiescence during the episodic accumUlation of 

thick conglomeratic sequences. These fine-grained deposits 

should be composed of fining-upward sequences (Heward, 

1978) and increase in thickness away from the source area 

(Bull, 1972), characteristics associated with Cottonwood 

Fan (Waters and Field, 1986). White Tank Fan illustrates 

that fine-grained fan accumUlations are not necessarily 
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restricted to the distal portions of piedmonts. 

CONCLUSIONS 

The following conclusions emerge from the comparative 

study of floods and related surficial processes on 

Cottonwood Fan and White Tank Fan: 

1. debris flows do not occur on either fan, reflecting 

the tectonic stability of the region; 

2. sediments are fine grained as a result of the 

weathering and erosion of granite, felsic gneiss, and clay

rich alluvial soils; 

3. the semi-arid climate promotes the development of 

discontinuous ephemeral streams on the fan surfaces, but 

local factors exert a stronger influence on the relative 

importance and distribution of sheetflooding and 

channelization; 

4. during each flood, regardless of magnitude, two 

depositional and two erosional processes operate within or 

adjacent to one or more discontinuous ephemeral stream 

systems (Fig. B4); 

5. flood magnitude controls the amount of the fan 

surface inundated by floodwaters but not the types and 

distribution of facies; 

6. sheetflooding on White Tank Fan is more prevalent 
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at the fanhead and decreases in importance downfan (Fig. 

B4b and Table B2), because the shorter distance to the 

mountain front results in sandier channel banks and base

level adjustments precipitated dissection of the fantoej 

7. overland flow and channel erosion have a limited 

areal extent, but are important in initiating diversions of 

active flow paths; 

8. the present distribution of facies appear 

relatively stable but could be modified by short-term 

climatic events. 

The morphology of Cottonwood Fan and White Tank Fan 

reflects the combined influence of several external forces. 

Stressing the role of climate on fan development without 

understanding the importance of other factors is 

disingenuous and will lead to misrepresentations of modern 

fan processes and the misinterpretation of ancient fan 

sequences. Future studies must identify linkages between 

controlling variables and fan processes before significant 

inferences regarding climate are proposed. 
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Figure B1. Simplified geomorphological maps of the a) 

Tortolita Mountains piedmont and b) White Tank Mountains 

piedmont showing the location of Cottonwood Fan (CF) and 

white Tank Fan (WTF), respectively. 
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Figure B2. Aerial photographs of a) Cottonwood Fan and b) 

White Tank Fan. Note the older dissected surfaces above 

the apex of both fans. The Central Arizona Aqueduct 

crosses the middle portion of Cottonwood Fan, but natural 

surficial features remain unaltered. 
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a) Cottonwood Fan 
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b) White Tank Fan 
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Figure B3. Surficial and sedimentological features of the 

four facies types found on Cottonwood Fan and white Tank 

Fan. Sketches not to scale. 
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Figure B4. Detailed facies maps of a) Cottonwood Fan and 

b) White Tank Fan showing the distribution of facies 

resulting from the two documented floods on each fan. 

Earlier features are also mapped on Cottonwood Fan. 
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Figure B5. Topographic cross sections and longitudinal 

profiles of Cottonwood Fan and White Tank Fan showing the 

areas flooded during the documented floods on each fan. 

Locations of cross sections are shown on Figure B4. 

DC=Depositional channel; SF=Sheetflood zone; EC=Erosional 

channel; OL=Overland-flow zones. Areas inundated by more 

recent floods were also inundated during the earlier 

floods. 
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Figure B6. Schematic drawing of a discontinuous ephemeral

stream system showing the relationship between the four 

facies types. Not to scale. The longitudinal profile is 

vertically exaggerated. 
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Figure B7. Cumulative grain-size distribution plots of 

channel-bank sediments from different portions of 

Cottonwood Fan (CF) and White Tank Fan (WTF). 
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Table B 1. Selected drainage-basin characteristics for the two study fans 

Total Drainage Drainage Area on Drainage Area on 

Alluvial Fan Area (kmz) Piedmont (km.., Piedmont (%) 

Cottonwood Fan 34.54 9.89 29 

White Tank Fan 14.58 2.61 18 

Distance Fan Apex Dominant 

to Mtn Front (km) Lithology 

10.4 Granite 
Granodiorite 

4 Gneiss 
Granite 

Average Annual 

Rainfall (cm) 

28 

20 

I-' 
I\) 

o 
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Table 82. Estimated area of each facies and inactive surfaces on different segments 

of Cottonwood Fan (CF) and White Tank Fan (WTF) 

Total Area of facies types (%) Inactive 

Fan Segment· Area (km; EC DC SF OL Surface (%) 

UpperWTF 0.18 0 27 73 <1 <1 

MidWTF 0.81 <1 11 32 2 55 

LowerWTF 0.78 13 14 <1 72 

Total 1.77 <1 14 28 1 57 

UpperCF 0.17 <1 28 0 <1 72 
MidCF 0.51 <1 9 18 12 61 

LowerCF 0.58 <1 5 19 31 44 

Total 1.26 <1 10 16 19 55 

Note: EC=Erosional channels; DC=Depositional channels; SF=Sheetflood zones; 
OL=Overland-flow zones 

• Each segment covers one third the radial distance of the fan. 



Table 83. Intrinsic variables controlling the rate of headward 
erosion of headcuts and headward migration of sheetflood zone 

I ncrease Rate I ncrease Rate 
I ntrinsic Variable of Erosion of Aggradation 

Hydraulic roughness 
Channel width 
Water:sediment ratio + 
Channel gradient + 

+ 
+ 

Vegetation + 
Flow velocity + 

Note: -= Decrease in value of intrinsic variable; + = Increase 
in value of intrinsic variable. 

122 



Table B4. External variables controlling the types 
importance and distribution of facies on Cottonwood 
Fan and White Tank Fan 

External Variable 
Spatial 
Importance 

Temporal 
Persistence 

Tectonic setting Regional Long-term 
Climatic setting Regional Long-term 
Drainage parameters Local Long-term 
Basin lithology Local Long-term 
Base-level controls Local Variable 
Flood Magnitude Local Short-term 
Climatic variation Regional Variable 

123 
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APPENDIX C 

PROCESSES OF CHANNEL MIGRATION ON FLUVIALLY DOMINATED 

ALLUVIAL FANS IN ARIZONA 

ABSTRACT 

Historical aerial photographs, surficial features, and 

limited subsurface trenching on five fluvially dominated 

alluvial fans in Arizona demonstrate that channel 

abandonment occurs along bends and/or where bank heights 

are low. Channel migration occurs through a process of 

stream capture in which overbank flow from the main channel 

accelerates and directs headward erosion of a smaller 

channel heading on the fan. The action of small aggrading 

floods is critical in the migration process, because the 

greatest amount of overbank flow is generated where bank 

heights are lowest. Several large floods on the fans 

during the photographic record produced no significant 

channel changes and may have actually inhibited future 

diversions along certain reaches by eroding channel beds 

and increasing bank heights. 

Although the processes of channel diversion are 

different on debris-flow fans, a literature 'review of 

documented avulsions demonstrates that flow on debris-flow 

fans is also commonly diverted into preexisting channels. 
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These findings suggest that the location of future channels 

on alluvial fans may be more predictable than previously 

thought, although information on the frequency of 

diversions is still limited. 

INTRODUCTION 

The importance of channel shifting on alluvial-fan 

development has long been recognized (Drew, 1873). Over 

geological time, channels must migrate over the entire 

surface to ensure the establishment and maintenance of fan 

form. When considering the long-term aggradation of 

alluvial fans, the exact location of channels through time 

is indeterminate and channel migration can be modeled as a 

stochastic process (price, 1974; Hooke and Rohrer, 1979). 

However, short-term processes of channel migration on 

alluvial fans are of greater interest to engineers and 

geologists studying flood hazards and the geomorphological 

effectiveness of floods. What role, if any, do small and 

large floods play in the process of channel migration? How 

frequent are individual diversion events? Are the 

locations of future channels unpredictable as assumed by 

Dawdy (1979)? Although short-term channel migration on 

debris-flow fans (Beaty, 1963) and fluvial fans (Kesel and 

Lowe, 1987; Wells and Dorr, 1987) has been examined, 
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further studies are needed to adequately answer the above 

questions. 

In this paper the influence of both large- and small

scale geomorphological events on the processes and 

frequency of channel migration is examined on five 

fluvially dominated alluvial fans in southern Arizona (Fig. 

Cl). Historical aerial photographs and field 

reconnaissance were used to document the processes and 

events associated with recent channel diversions on the 

five fans. A literature review is conducted to determine 

if the findings from the Arizona fans are similar to 

previously documented channel diversions on debris-flow 

fans and other fluvial fans. Recurring observations made 

on fans of all types are potentially useful for predicting 

the location and timing of channel diversions and the 

positions of future channels. 

STUDY SITES 

Recent channel changes were studied on five alluvial 

fans located in the tectonically inactive Basin-and-Range 

province of southern Arizona: Ruelas Fan, Wild Burro Fan, 

Cottonwood Fan, White Tank Fan, and Tiger Wash Fan (Fig. 

Cl). Drainage-basin characteristics for the five fans are 

shown in Table Cl. All of the fans are active secondary 
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fans forming at the downstream termini of fanhead trenches 

passing through abandoned Pleistocene surfaces (Fig. C1). 

Fan deposits are predominately fine grained (sand through 

clay fraction) and boulders are uncommon, because the fan 

apices are not situated at the mountain fronts and a large 

proportion of sediment is supplied from weathered 

Pleistocene soils (Fig. C1 and Table C1). 

Rainfall at all five sites results from three types of 

weather systems: (1) areally extensive winter westerlies of 

relatively long duration but low intensity; (2) localized 

summer monsoonal thunderstorms of short duration but high 

intensity; and (3) occasional autumn tropical storms of 

long duration and high intensity. stronger monsoonal 

precipitation accounts for the southeasterly increase in 

average precipitation between the study areas. The highest 

discharges on the fans result from the high-intensity 

storms in the summer and fall, but Tiger Wash Fan drains an 

exceptionally large area and may also respond to regional 

winter storms. Significant flows on the alluvial fans last 

for only a few hours after periods of heavy precipitation. 

SURFICIAL PROCESSES 

Detailed studies of surficial processes have been 

completed on Cottonwood Fan and White Tank Fan (Field, 
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1994), wild Burro Fan (House et al., 1991 and 1992), and 

Tiger Wash Fan (Alluvial Fan, 1992). There is no evidence 

of debris-flow activity on the fans. Modern rates of 

weathering in southern Arizona are insufficient to produce 

an abundant supply of sediment for large debris flows 

(Melton, 1965). Secondary fans throughout southern Arizona 

are dominated by fluvial processes associated with 

discontinuous ephemeral streams, a distinctive stream 

pattern characterized by alternating erosional and 

depositional reaches (Fig. C2). Overland flow is generated 

along the margins of sheetflood zones and aggrading 

channels. Channel backfilling caused by the headward 

migration of aggradational reaches can transform a deep 

channel into an area of sheetflooding over periods of tens 

to hundreds of years (Packard, 1974; Waters and Field, 

1986). 

EVIDENCE OF CHANNEL MIGRATION 

Historical aerial photographs were used to document 

recent channel changes on the five fans. Field 

reconnaissance identified surficial features associated 

with the changes and confirmed the presence of previously 

abandoned channels observed on the oldest photographs. 

Subsurface trench data from Cottonwood Fan, White Tank Fan, 
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and Tiger Wash Fan further established the processes and 

frequency of channel migration. Of primary interest here 

are significant channel diversions responsible for major 

shifts in the locus of deposition, since these are the 

changes that produce the greatest surface modification and 

pose the greatest hazard. Minor diversions easily 

discerned on the photos are also discussed, but it is not 

practical or necessary to point out every change visible on 

the aerial photographs. 

In the following survey of each fan, channel changes 

occurring during the photographic record are described 

first, followed by a discussion of older abandoned reaches 

and stratigraphic cross sections. Finally, a brief note is 

made concerning the likely location(s) of the next 

diversion. The range of dates mentioned in the text for 

channel diversions are sometimes closer approximations than 

reflected by the photographs presented here. In these 

cases, additional information has been garnered from aerial 

photographs of too Iowa quality to reproduce. 

Ruelas Fan 

A significant channel diversion occurred on Ruelas Fan 

between 1949 and 1956 (Fig. C3). In 1949 the main channel 

followed the course a-b-c. The majority of flow now runs 

down a channel (b-d) that was much narrower and barely 
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visible on the 1936 photo. Boulders, showing signs of 

recent transport and found along the banks of the new 

channel (b-d), indicate that the diversion occurred during 

a large flood. No information is available on possible 

causative storms during this seven-year period. Although 

segment b-c has not been entirely abandoned, decreased 

discharge has led to vegetation growth (gray tone) in the 

channel and floodwaters now occupy only a small portion of 

the earlier channel (Fig. C3b). The main channel at the fan 

apex (a) shifted slightly southward during the same time 

period, probably a result of the same flood. 

Two abandoned reaches are present on the 1936 photo 

(Fig. C3a). Flow to the sheetflood zone (e) at the toe of 

the fan was diverted into channel reach b-c. Cactus and 

small brush grow in the abandoned channel on the southern 

margin of the fan (a-f) and the decrease in discharge and 

sediment supply to this reach has caused minor incision of 

the old channel bed (Fig. C4). 

The channel marked by the arrow in Figure C3b has a 

lower bed elevation than the main channel (a-b). During 

the next extreme discharge this channel could capture 

significant amounts of the flow and reactivate portions of 

channel a-f. 

Wild Burro Fan 
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No major channel changes have occurred on wild Burro 

Fan since 1936, despite an extreme flood in 1988 (Fig. C5). 

The recurrence interval of the 1988 flood was possibly much 

greater than 100 years, because it was the largest flood 

reconstructed during a paleoflood study of the drainage 

basin (House, 1991). Surface modifications resulting from 

the 1988 flood include: 1) deposition of fresh sand sheets 

(white tone) just beyond the banks of the main channel near 

points a,b, and C; 2) noticeable channel widening at points 

d,e, and gj 3) continued growth of the meander bend (f) 

that started forming after 1936. Flow crossing the sand 

sheets became reconfined downstream into narrow channels 

(Fig. C5), one of which was noticeably widened (d). The 

sand sheet near point c is slightly upstream of a similar 

sand sheet visible on the 1936 photo, and is evidence for 

the upstream migration of a sheetflood zone. The only 

other visible change on the aerial photographs is the 

appearance of channel segment f-g between 1949 and 1956 in 

the position of what was a much smaller channel. 

At some point prior to 1936, floods followed two 

primary flow paths (a-c-h-i and a-c-f-j). Subsequent 

diversion of flow into channel segment h-g forced the 

abandonment of reaches h-i and f-j. While floodwaters 

still frequently enter reach h-i, segment f-j, with a bed 

elevation 70 cm higher than the active channel, receives 
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very little flow and the channel has become increasingly 

less distinct on the aerial photographs (Fig. CSb). 

The absence of large abandoned channels on Wild Burro 

Fan suggest that no recent shifts in the locus of 

deposition have occurred near the fan apex (a). The 

present medial position of the main channel (a-c) may be 

particularly stable, as high discharges are less likely to 

be deflected into alternate flow paths. Flow during the 

1988 flood did enter three secondary reaches (a-k, b-l, and 

b-m) that might eventually become the next main channel. 

Cottonwood Fan 

Channel modifications on Cottonwood Fan since 1936, 

although numerous, have been restricted to the distal ends 

of the two main channels (a-b and a-c-d) (Fig. C6). 

Between 1936 and 1949, channel segment d-e started forming 

in a swale on the fan surface beyond the meander bend (dl, 

capturing flow that previously entered channel reach d-f. 

The bed of the new channel (d-e) is presently 40 em below 

the old channel bed (d-f). 

Along the other main channel (a-b), widening of reach 

b-i between 1936 and 1949 accompanied the appearance of 

segment g-h in the position of what was a barely visible 

channel. In 1949, segment g-h appears to have been fed by 

overbank flow only, while the majority of discharge 
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continued down reach b-i-j. The construction of a berm at 

point k between 1949 and 1956 diverted flow into reach g-h 

by forming a new extension of the channel (k-g) (see Fig. 

C6c). Although some flow returned to its original course 

(b-i-j) after the berm was breached between 1960 and 1972, 

the new channel (k-g-h) remained active. The Central 

Arizona Aqueduct built in the late 1980's has again 

diverted all of the flow into channel k-g-h (Fig. C6D). 

A well defined distributary channel (i-o) at the 

terminus of the eastern channel (a-b) was probably still 

active in 1936 (Fig. C6a). The channel was abandoned when 

flow was diverted into a portion of the channel (p-j) 

flowing along the eastern margin of the fan (Fig. C6d). 

The main channel along the western margin of the fan 

(a-c-d) was active until after 1960, but should now be 

considered abandoned because 1) trees along the banks of 

the lower channel (d-f) have disappeared, 2) vegetation 

(gray tone) is growing in the upper channel (a-c), 3) the 

bed of the upper channel (a-c) is being incised, and 4) the 

bed of the active channel (a-b) is presently 70 cm lower 

than segment a-c at the fan apex (a) (Fig. C6). A large 

flood in 1962, documented by Rostvedt and others (1968), 

was probably responsible for this abandonment and the 

breach in the berm (k). No major channel adjustments 

occurred along channel a-b in response to either this 
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diversion or a moderate flood in 1990. 

An old channel system (l-m), located on the medial 

line of the fan, was abandoned before 1936. The 

development of segment a-c may have caused the abandonment 

of this channel system by diverting flow into what was 

previously a channel draining the western margin of the fan 

(n-d). 

Stratigraphic cross-sections of Cottonwood Fan expose 

several large channels associated with buried 

archaeological sites (Fig. C7; Field, 1985). The main 

channel was not in its present position 600 years ago as 

evidenced by the fire hearth (Fig. C7), so at least one 

major diversion has occurred since that time. The numerous 

buried channels and the abandoned channel system (l-m) on 

the surface suggest that the main channel has shifted more 

than once during the past 600 years. 

The broad shallow swales (s) on the lower fan convey 

floodwaters during extreme events and are the potential 

sites of future channels. 

white Tank Fan 

Dramatic surface modifications occurred between 1942 

and 1956 on White Tank Fan (Fig. CB). Flooding was 

reported on parts of the White Tank Mountains piedmont 

during a large tropical storm in 1951 (Kangieser, 1969). 
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An extreme flood with an estimated recurrence interval 

greater than 100 years occurred during the past 100 years 

in the White Tank Fan drainage basin (Alluvial Fan, 1992), 

probably in 1951. On the 1942 photo, much of the fan 

surface appears inactive with the majority of flow 

following the fan's southern margin (a-b-c). During the 

1951 flood the main channel (a-b) was breached at the bend 

(a), transforming the narrow reach a-d into the present 

main channel. Additional changes resulting from the flood 

include: 1) widening of numerous channel reaches and 

activation of large portions of the fan surface (Fig. 8B); 

2) rerouting of flow towards the center of the fan (a-d

e/f); 3) incorporation of several minor dendritic drainages 

(g, h, and i) on the lower fan into the main flow path 

(Fig. C8a). Subsequent floods have produced no discernible 

modifications of the fan surface except for the 

transformation of a road into a narrow channel (k-l). 

Vegetation growth since 1951 has highlighted the northward 

shift in the main channel (a-d) and has obscured less 

active flow paths on the lower fan (j)(Fig. C8c). 

Although no large abandoned channels are present on 

the surface, a stratigraphic cross section of White Tank 

Fan reveals that earlier channels have overtopped their 

banks after being partially backfilled (Fig. C9). Channel 

migration on White Tank Fan is further substantiated by the 



presence of former channels directly below present-day 

channel bars (Fig. C9). 
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The fan surface is slightly lower to the south, so 

future floods may reoccupy the earlier main channel (a-b

c) • 

Tiger Wash Fan 

No significant channel changes occurred on Tiger Wash 

Fan during the photographic record extending from 1953 to 

1988, despite a gauged flood with a recurrence interval 

greater than 10 years on August 20, 1970 (Alluvial Fan, 

1992). Some channels abandoned before 1953 are, however, 

evident on the 1979 photo (Fig. C10). Faint traces of old 

channels are visible along the medial line of the fan (a

b). A younger abandoned channel (d-e) near the terminus of 

the present main channel (a-c-d) was active earlier this 

century, as historical tin cans are found scattered on the 

surface. Flow was diverted into channel reach d-f before 

1953, creating a bend in the present channel at point d. 

Another bend (c) formed in the main channel when flow 

occupied a portion of a preexisting piedmont channel (g-c

d) • 

A headward advancing gully system along the eastern 

margin of the fan (h-i) receives overbank flow from the fan 

apex (a) during moderate floods, and will ultimately divert 
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the majority of flow from the present main channel (a-c-d). 

A topographic cross section of the fan reveals that this 

gully system is at a lower elevation than the main channel 

(a-c-d) and the abandoned channel system along the medial 

radial line of the fan (a-b) (Fig. C11). 

FREQUENCY OF CHANNEL MIGRATION 

Significant channel diversions occurred on Ruelas Fan, 

White Tank Fan, and Cottonwood Fan during the photographic 

record, with those on Ruelas Fan and White Tank Fan 

resulting in dramatic channel modifications. However, 

since no fan experienced two major diversions, the 

frequency of channel migration on the fans must be greater 

than 50 years. Stratigraphic and archaeological evidence 

from Cottonwood Fan indicate that major diversions occur at 

least once every 600 years (Fig. C7; Field, 1985). Several 

lines of evidence suggest that the actual frequency of 

channel migration is less than 600 years: 1) the original 

channel form of several abandoned reaches is well 

preserved; 2) vegetation in some abandoned reaches has 

probably not been growing for much longer than 100 years 

(Fig. C4a)i 3) channel fill in the abandoned reaches still 

display well preserved sedimentary structures while lacking 

even incipient soil development. The abundance of 



abandoned reaches on Ruelas Fan may reflect a higher 

frequency of channel migration than on the other fans. 
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Tiger Wash Fan with the largest drainage basin has 

been the most stable. The fans with the smallest 

catchments, Ruelas Fan and White Tank Fan, have experienced 

the most dramatic changes. Some minor changes have 

occurred on all five fans this century, demonstrating that 

the fans are dynamic and prone to channel migration. 

PROCESSES OF CHANNEL MIGRATION 

Based on the examination of aerial photographs and 

field reconnaissance of new and abandoned channel reaches, 

a model is presented that depicts the processes preceding, 

accompanying, and following channel diversions on the five 

fans (Fig. C12). The following observations repeatedly 

made during the study must be incorporated into the model: 

1) five distinctive channel morphologies are associated 

with varying stages of channel development (Fig. C13); 2) 

channel diversions occur along channel bends and/or where 

channel banks are low; 3) "new" channels follow preexisting 

channels and depressions; 4) the bed of the new channel is 

lower than the abandoned reach; and 5) large floods do not 

always precipitate diversions. The last observation is of 

particular interest since small to moderate floods on 
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fluvial fans in other regions have caused significant 

channel diversions (Griffiths and McSaveney, 1986; Kesel 

and Lowe, 1987; Wells and Dorr, 1987). The model presented 

below demonstrates that certain stages of channel 

development are stable during extreme hydrological events 

while other stages of development are unstable even during 

small floods. 

Numerous narrow, shallow, v-shaped channels drain 

inactive portions of the fan surfaces (Fig. C13a) and are 

sometimes part of an incipient dendritic drainage system, 

as exemplified at the toe of White Tank Fan (Fig. Caa). 

Portions of these erosional channels occasionally approach 

the much larger, aggrading, distributary channels connected 

to the entire drainage basin (Fig. C12a). As observed 

repeatedly on the aerial photographs, the erosional 

channels are occasionally incorporated into the main 

drainage net during the course of a flood (Figs. C8 and 

C12b). A channel incorporated into the distributary 

network undergoes a rapid transformation in response to the 

dramatic increase in discharge (Figs. C13b). The old and 

new segments of the main channel, joined at the point of 

diversion, have distinctive morphologies (Fig. C12b). 

Channel banks are low, rounded, and vegetated upstream of 

the diversion point, while downstream the banks are 

vertical (Fig. C14). Deepening and widening of the new 
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channel reach continues as floods larger than the diversion 

event pass through the reach (Figs. C12c and C13c). At 

this stage of channel development a diversion is unlikely, 

because the channel is adjusted to convey large floods. 

As the frequency of floods large enough to continue 

channel widening decreases, smaller floods will begin to 

modify the channel's morphology. In channels with high 

width:depth ratios (Figs. C12c and C13c), transmission 

losses are maximized, and only the largest floods can 

transport the imposed sediment load through the channel. 

Ephemeral streams characteristically aggrade during low 

flows because streamflows infiltrate into the channel 

before reaching the channel mouth (Bull, 1979). Decreases 

in flow velocities and increases in hydraulic roughness 

also accompany increases in the width:depth ratio of 

channels, further promoting channel aggradation. In the 

absence of large floods to flush accumulating sediments 

through the channel reach, a succession of small floods 

will reduce the height of the channel banks by raising the 

bed elevation (Fig. C13d). 

As the bank heights decrease, floods begin to breach 

the channel banks, generating overbank flow (Figs. C9 and 

C12d). The carrying capacity of the channel is further 

reduced by the slumping, rounding, and vegetation of the 

stabilized channel banks (Figs. C13c and C14). with 
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continued aggradation and bank stabilization, the magnitude 

of the smallest flood capable of producing overbank flow 

decreases. 

Overbank flow is the most important agent responsible 

for channel migration on the alluvial fans. Since most of 

the sediment on alluvial fans is transported near the bed, 

overbank flows are relatively sediment free and thus 

capable of erosion (Hooke and Rohrer, 1979). Sediment that 

is carried by the overbank flows is deposited at the 

channel margins in response to the flow expansion, as 

illustrated by the sand sheets deposited during the 1988 

flood on Wild Burro Fan (Fig. CSb). previously abandoned 

channels are lower than the surrounding inactive surface, 

so overbank flow preferentially enters these reaches and 

erodes the old channel bed (Figs. 4, C12d, and CI3e). 

Although initially expanding, overbank flow tends to 

recollect in preexisting channels like on wild Burro Fan 

during the 1988 flood (Fig. CSb). Overbank flow deepens 

and enlarges small channels heading on the fan, and 

generates headward erosion directed towards the aggrading 

active channel (Figs. C12d and CIS). When a channel is 

extended back to the aggrading reach, stream capture will 

occur, because the eroding channel is generally lower 

and/or steeper than the backfilled channel (Figs. C12e and 

CIS). Stream capture caused by the headward erosion of a 
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side bank, as opposed to the upstream lengthening of a 

channel, produces a new channel reach with two distinct 

segments joined at a sharp bend (Figs. C12d-e). The 

downstream segment occupies a portion of a preexisting 

channel headed on the fan or piedmont, as observed on 

Cottonwood Fan and Tiger Wash Fan (Figs. C6 and C10). 

Previously abandoned channels can also become reactivated 

through the incision of the old channel bed. 

Although local runoff will cause some erosion, 

overbank flow accelerates and directs the erosion process. 

The sites of greatest overbank flow (i.e., low banks and 

outer bends) are the most common sites of stream capture. 

If headward erosion of the capturing channel was due 

exclusively to runoff generated by on-fan precipitation, an 

idea proposed by Denny (1967), then diversions should occur 

just as frequently on the insides of meander bends or where 

channel banks are high. The fact that this does not happen 

attests to the influence of overbank flow on channel 

migration. The capturing channel in this process of 

channel migration is in some respects a passive partner 

with the main channel dictating where and how rapidly 

headward erosion will occur. 

The above model assumes that small channels are 

present on inactive portions of the fan surface, without 

addressing the question of how they initially appear. 



143 

Alluvial-fan channels can form 1) from local runoff (Denny, 

1967), 2) on oversteepened slopes (Hooke, 1967), 3) when 

geomorphological thresholds are crossed (Schumm, 1977), 4) 

in natural lows and depressions (Kesseli and Beaty, 1959), 

5) along roads (Fig. C8), and 6) even along hippopotamus 

trails (McCarthy et al., 1992). In addition, overbank flow 

alone can erode broad swales that emanate from the main 

channel (Schumann, 1989). With the exception of the 

hippopotamus trails, all of these processes are probably 

operating on the Arizona fans. 

FACTORS CONTROLLING THE RATE OF THE MIGRATION PROCESS 

The rate at which the channel-migration process (Fig. 

C12) progresses depends on several factors, including: 1) 

the initial depth of the main channel; 2) the magnitude of 

the largest flood occurring during the active phase of the 

channel (Figs. C13b-d); 3) the sequencing of flood 

magnitudes; 4) the location of small on-fan channels; and 

5) the composition of channel-bank sediments. The depth to 

which a new channel is eroded will determine in part the 

amount of aggradation required before overbank flooding is 

initiated. In some instances, the new channel is not cut 

below the original reach, and flow continues down both 

paths (e.g, Wild Burro Fan reaches h-g and h-ii Fig. C5). 
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Elsewhere, a period of aggradation is necessary before 

significant overbank flow can occur. A truly catastrophic 

flood flowing down a deep main channel (Figs. C13b-c) could 

conceivably overwhelm the existing channel's capacity and 

produce enough overbank flow to precipitate a channel 

diversion. However, aggrading channel reaches (Fig. C13d) 

elsewhere on the fan would be the more likely sites of a 

channel diversion. 

A series of large floods during the early stages of 

channel development can potentially prolong the diversion 

process by periodically flushing sediment out of a channel 

reach before overbank flow commences. In contrast, 

continuous aggradation resulting from an uninterrupted 

sequence of small sediment-charged flows will eventually 

lead to overbank flooding during even the smallest 

discharges. Within this context, diversions during small 

floods on humid-region alluvial fans (Griffiths and 

McSaveney, 1986; Kesel and Lowe, 1987; Wells and Dorr, 

1987) should not be considered anomalous events. In arid 

and semi-arid climates, where record discharges can be 

hundreds of times larger than the mean annual discharge 

(Graf, 1988), an uninterrupted sequence of small floods is 

unlikely. Instead, aggradation resulting from a series of 

small floods increases the effectiveness of extreme events 

and hastens the diversion process. 
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Overbank flow will not produce channel diversions if 

there are no nearby channels receiving the flow. As parts 

of discontinuous ephemeral stream systems, aggrading 

reaches on the five alluvial fans migrate headward, and 

overbank flow is generated at different points along the 

channel through time. Eventually the aggrading portion of 

the main channel will approach an area where an on-fan 

channel can capture flow. For example, the incorporation 

of reach c-d into the main flow path on Wild Burro Fan was 

made possible by the upstream migration of sheetflooding 

(sand sheets) to point c between 1936 and 1988 (Fig. C5). 

Overbank flow emanating from the sand sheet in 1936 did not 

enter reach c-d and therefore could not precipitate the 

change. 

Sandy channel banks accelerate the migration process. 

Channels with sandy banks tend to be shallow, so overbank 

flows begin after much less aggradation. Channel 

diversions are also possible on alluvial fans if the main 

channel is widened up to the head or banks of a small 

channel heading on the fan. Bank erosion is fastest along 

ephemeral streams with sandy banks (Slezak-Pearthree and 

Baker, 1987), and increases in channel width of over 1 km 

can occur during a single flood along large ephemeral 

streams (Graf , 1988). Overbank flow is essential in 

precipitating channel diversions along ephemeral streams 
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with silt and clay-rich banks, because they are not prone 

to rapid widening (Schumann, 1989). Small aggrading flows 

become increasingly more important where channel banks are 

stable, because the chances of precipitating channel 

diversions through bank widening are low. 

LITERATURE REVIEW OF CHANNEL MIGRATION ON ALLUVIAL FANS 

Past channel diversions on alluvial fans worldwide 

have been documented numerous times through direct 

observations, surficial evidence, historical aerial 

photographs, and stratigraphic profiles (Table C2). Much 

of the evidence is fragmentary, sometimes recording 

diversion events that occurred thousands of years ago, but 

taken together a clearer picture emerges of the 

similarities and differences in channel migration on fans 

of different types. Channel avulsion is a term widely held 

synonymous with channel migration, but its usage here is 

limited to a process described by Beaty (1963) where the 

rapid blockage of a channel by debris dams forces the 

rerouting of flow into a new course. Channel avulsions are 

the most common process of channel migration on debris-flow 

dominated fans. Debris flows that massively overwhelm 

their channels are capable of activating large portions of 

the fan surface and completely altering the preexisting fan 
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topography (Pack, 1923; Chawner, 1935; Kochel and Johnson, 

1984). On fluvial fans, several years of channel 

aggradation typically precede diversions (Griffiths and 

McSaveney, 1986; Kesel and Lowe, 1987; wells and Dorr, 

1987), in a process referred to here as stream capture. 

Only one account exists of a channel avulsion due to stream 

flow alone (Eckis, 1928). The model of stream capture for 

the Arizona fans (Fig. C12) is similar to models 

constructed for other fluvial fans (Wells and Dorr, 1987; 

McCarthy et al., 1992) and ephemeral streams (Schumann, 

1989), and is consistent with observations from other 

fluvial fans (Griffiths and McSaveney, 1986; Kesel and 

Lowe, 1987). 

Although channel migration occurs by various 

processes, some aspects of channel migration recur, 

regardless of fan type or climate. Extreme discharges are 

usually responsible for precipitating diversions, 

especially on debris-flow fans, but they do not always 

result in significant channel shifting (Table C3). Low 

channel banks are not necessarily a preferred location for 

channel diversions on debris-flow fans, because thick 

deposits can backfill channels during a single flood 

(Chawner, 1935; Sharp and Nobles, 1953; Kesseli and Beaty, 

1959; Scott, 1971; Morton and Cambell, 1974). However, 

channel bends promote debris damming (Beaty, 1963), and are 
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common sites of channel diversions on debris-flow fans and 

fluvial fans alike. The position of channels following a 

diversion event commonly follow preexisting channels or 

depressions (Table C2). In a few instances an entirely new 

channel is reported to have formed (Table C2), but there is 

insufficient data presented in these works to substantiate 

these claims. After flow is diverted into a preexisting 

channel, dramatic changes in channel width (Figs. C3,C5, 

and C8) and depth (Kesseli and Beaty, 1959; Morton and 

Cambell, 1974) can take place that render the original 

channel unrecognizable. Only when an entire fan surface is 

modified by rare catastrophic floods (Kochel and Johnson, 

1984; Blair, 1987; Wells and Harvey, 1987) is it possible 

to assume that entirely new channels have developed. 

Very little information is available on the frequency 

of channel migration on alluvial fans. Occasionally, two 

or more diversions have occurred within the historical 

record of a fan (Gole and Chitale, 1966; Desloges and 

Gardner, 1981; Whitehouse and McSaveney, 1990), but the 

time span between two events does not necessarily represent 

an accurate long-term frequency. The frequency of debris 

flows is known in a few localities (Kochel and Johnson, 

1984; Hubert and Filipov, 1989; Orme, 1989; Lips and 

Wieczorek, 1990) and represents a minimum frequency of 

channel migration, as not all debris flows are associated 
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with diversions. 

The frequency of channel migration is highly variable 

between alluvial fans, even within the same climatic 

setting (Table C2). The fans with the most frequent (Wells 

and Dorr, 1987; Whitehouse and McSaveney, 1990) and 

infrequent (Kochel and Johnson, 1984) rates of diversion 

are found in areas of high annual precipitation. This 

contrast may reflect the opposing influences of frequent 

discharges that speed the diversion process and heavily 

vegetated drainages that hinder sediment delivery and 

increase channel stability. In desert regions, the 

frequency of debris flows, and therefore diversions, is 

highest on fans with smaller typically steeper drainage 

basins (Kesseli and Beaty, 1959). The frequency of 

diversions on the fluvial fans in Arizona also appears to 

be higher on fans with smaller catchments. 

DISCUSSION 

Since the landmark paper by Wolman and Miller (1960), 

geomorphologists have debated the relative importance of 

small-and large-scale geomorphological events on landscape 

modification. Large infrequent floods are widely regarded 

as the effective geomorphological agents of change in arid 

climates (Wolman and Miller, 1960; Baker, 1977; Wolman and 
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Gerson, 1978; Kochel, 1988). Although large infrequent 

floods result in most, if not all, channel diversions on 

arid-region alluvial fans, the action of small flows 

accelerate the migration process. Without small aggrading 

flows on fluvial fans, significantly less overbank flow 

would be produced, and the effectiveness of the large 

floods would be diminished. The lack of surficial features 

(e.g., abandoned channels) on a fan surface formed by high

frequency storms does not necessarily mean that they are 

ineffective agents of change. wolman and Miller (1960) 

recognized the importance of small floods on sediment 

transport. This paper demonstrates their role in modifying 

the surface of flu'vially dominated alluvial fans. 

Concern about alluvial-fan flooding is increasing with 

the rapid urbanization of the southwestern United States. 

In recognition of the potential hazards associated with 

channel migration, the Federal Emergency Management Agency 

has devised a stochastic hydraulic procedure for 

delineating flood-hazard zones on alluvial fans (Flood 

Insurance, 1985; Fan, 1990). The method is based on the 

assumption that channel position during each flood is 

random and, as such, every point on the fan is subject to 

flooding (Dawdy, 1979). While the potential for channel 

migration on alluvial fans during any 100-year planning 

period undeniably exists, this paper demonstrates that 
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stochastic procedures are not valid for evaluating the 

possible locations of new channels. New channels on 

alluvial fans usually follow preexisting channels or 

depressions (Table C2), and large floods do not always 

result in diversions (Table C3). Stochastic procedures 

appear safely conservative, because they consider an entire 

fan subject to flooding. However, hazards along existing 

channels are severely underestimated when these techniques 

are used (O'Brien and Fullerton, 1990; House et al., 1992; 

O'Brien and Fuller, 1993). 

Site-specific assessments are perhaps the most 

promising method of determining the likely locations of 

diversions. Although several channels may be present on a 

fan at any given time, the probable sites of a diversion 

can be constrained through hydraulic modeling of several 

reaches (Richards et al., 1987) and by identifying points 

along the main channel prone to abandonment (i.e., low 

channel banks and bends). The most likely paths of future 

channels have been identified on the five Arizona fans 

based on the positions of secondary channels in relation to 

meander bends and aggrading reaches along the main channels 

(see above). Follow up studies over a number of years will 

establish the accuracy of these predictions and the value 

of field studies for identifying future channel locations. 

Flood hazard assessments should not concentrate solely 
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on large floods. Headward migration of an aggrading reach 

due to a series of small floods will alter the likely 

location of a diversion event on fluvial fans. such 

changes will be missed if hazard assessments are updated 

only after large floods. Constant monitoring of fans is 

necessary to avoid unanticipated changes brought about by 

the action of seemingly ineffective small floods. 

SUMMARY AND CONCLUSIONS 

A model has been presented which characterizes the 

processes of channel migration on fluvially dominated 

alluvial fans in southern Arizona (Fig. C12). After a 

period of bank widening along a new channel reach, 

aggradation begins due to small floods that are unable to 

transport the imposed sediment load through the stream 

system. The resulting decrease in bank height leads to the 

generation of overbank flow which accelerates and directs 

the headward erosion of secondary channels. Stream capture 

ultimately occurs. 

The model is consistent with processes operating on 

fluvial fans in different climates and explains how small 

floods, under certain circumstances, can complete a 

diversion while large floods often do not precipitate 

changes. Small floods, in general, do not precipitate 
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diversions, but they do accelerate the migration process 

culminated by large floods. The role of both small and 

large floods on channel migration suggests that the debate 

on geomorphological effectiveness should focus on how 

different scales of geomorphological events work in concert 

to modify landscapes rather than on which scale of events 

is the most important agent of change. 

Although channel diversions may occur suddenly, 

channel migration on alluvial fans should no longer be 

regarded as an unpredictable phenomenon, since new channels 

almost invariably follow preexisting flow paths. A careful 

analysis of all existing flow paths in relationship to 

potentially unstable reaches along the active channel may 

help pinpoint the location of future channel positions. 

The frequency of channel diversions on alluvial fans is 

still poorly understood and should be the focus of future 

studies. 
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Figure Cl. Geomorphological maps of the a) Tortolita 

Mountains piedmont showing the location of Ruelas Fan (RF), 

wild Burro Fan (WBF), and Cottonwood Fan (CF), b) White 

Tank Mountains piedmont showing the location of White Tank 

Fan (WTF), and c) upper Harquahala Valley showing the 

location of Tiger Wash Fan (TWF). Surface ages reflect the 

time since surface abandonment. 
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Figure C2. Schematic drawing of a discontinuous ephemeral

stream system. Not to scale. 
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Figure C3. Aerial photographs of Ruelas Fan: a) 1936 and 

b) 1988. 
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.a. 1936 

b. 1988 
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Figure C4. Photograph of abandoned channel (a-f) on Ruelas 

Fan showing a) vegetation growth on old channel bed and b) 

incision of old channel bed. 
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Figure CS. Aerial photographs of Wild Burro Fan: a) 1936 

and b) 1990. 
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a. 1936 

b. 1990 
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Figure C6. Aerial photographs of Cottonwood Fan: a) 1936, 

b) 1949, c) 1980, and d) 1993. 
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a. 1936 

b. 1949 

c. 1980 d. 1993 
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Figure C7. Stratigraphic cross section of Cottonwood Fan 

showing the former and present (SE corner) positions of the 

main channel. Cross section interpolated from trench data. 

Modified from Waters and Field (1986). Location of cross 

section runs along a line between points d and i (Fig. 

C6c). 
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Figure C8. Aerial photographs of white Tank Fan: a) 1942, 

b) 1956, and c) 1992. 
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Figure C9. Stratigraphic cross section of White Tank Fan 

showing breach deposits at the edge of a former channel 

(point A)and a former channel directly beneath the position 

of a present-day bar (point B). 
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Figure C10. 1979 aerial photograph of Tiger Wash Fan. 



188 



189 

Figure Cl1. Topographic cross section of Tiger Wash Fan 

showing the former, present, and potential future positions 

of the main channel. Location of cross section runs 

through point b perpendicular to the flow direction. Cross 

sectional data from P.A. Pearthree (1994, written 

communication). 
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Figure C12. Model of channel migration developed from 

observations on the Arizona fluvial fans. See text for 

details. 
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a) 

b) 

c) 

d) 

e) 
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Figure C13. Five channel morphologies observed on the 

Arizona fluvial fans. Note that a single channel reach can 

go through each phase of channel development through time, 

and each stage of development may be observed at different 

places on the fan at the same time (see Figure C12). 
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Figure Cl4. Location (arrow) of major diversion on Ruelas 

Fan between 1949 and 1956. View looking downstream. Note 

rounded channel banks upstream of diversion and vertical 

banks downstream. 
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Figure CIS. a) Small-scale analogue of the diversion 

process presented in Figure C12. Photograph taken on the 

lower White Tank Fan near point f (Fig. CSe). b) Close-up 

of a portion of the same area shown in a. 
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Table C1. Selected drainage-basin characteristics for the five study fans 

Total Drainage Drainage Area on Area on 
Alluvial Fan Area (krrjlj Piedmont (k~ Piedmont (%) 

Ruelas Fan 9.3 0.51 5 

Wild Burro Fan 18.5 1.55 8 

Cottonwood Fan 34.54 9.89 29 

White Tank Fan 14.58 2.61 18 

Tiger Wash Fan 249.68 9.58 4 

Distance Fan Apex 
to Mtn Front (km) 

1.77 

4.3 

10.4 

4 

6.45 

Dominant 
Lithology 

Granite 
Granodiorite 

Granite 
Granodiorite 

Granite 
Granodiorite 

Gneiss 
Granite 

Mix 

Avera~e Annual 
Rain all (cm) 

28 

28 

28 

20 

15 

...... 
~ 
~ 



Tabl" C2. Docum"nted evidence of past ~hannel diversions on alluvial fans 

Type Flow Preexlltlng Type of frequency 

Referenc".· Location of Change·· Typ" Channel--* Evidence (Yra)···· Notes 

AridClimat .. 

1 California AvulSion DebriS Observed >20 Mudflows followed multiple courses 

2 California Capture Stream Yes Oblllrved Flow confined to 2 large channels 

3 California Overflow Debris New Observed -100 Forest fire preceded 1 OO-year storm 

4 California Avulsion Stream Observed Deposition dammed ~hannel and split flow 

!5 California Avulsion Debris Yes Surfi~ial >320 Debris flow frequency of 320yr5 

8 California Aggrade Debris? Surfi~ial Geologi~? Radiating channel pallern 

7 California Avulsion Debris Yes? Surficial Geologic Abandoned channell on Pleistocene surfa~e 

8 California Capture Stream? Ves Surficial Geologi~? Abandoned channels >2ka prasent 

9 California Captur. Debris Depression Surficial Evidence from geomorphic mep of fan 

10 California Capture? Stream New Observed Pre-flood surface completely changed 

11 California Capture Stream Ves Surficial Eng.? Abandoned channel. activ" during floods 

12 California Debna Surficial Abandoned channel. active during flood. 

13 Arizona Stream Surficial Eng.? Dead trees mark pOlltlon of old channels 

14 Arizona Stream Surficial Eng.? Older channels obliterated by flooding 

15 Arizona Capture Stream Ves Historical 50·600 Frequency 0' change at fan tOil <50yrs 

HI Utah Overflow Debris New Observed Diversion occurred at sharp bend 

17 Utah Debris Surlicial Several debris flows per century 

18 Utah Capture Stream? Yes Surlicial Geologic? Deeply entrenched Inactive fans 

19 Australia Capture Stream Yes Surficial >40 Observed 40-year flood caused no chang a 

20 Niger Stream Surficial >300 Sand-dune source area 

21 Israel Stream? Surlicial -3000 Six channel positions in 17,000 yrs 

22 Saudi Arabia Capture Stream Yes Surlicial Aeolian end human backfilling of channels 

Humid-Temperate 

23 Virginia Overllow Debris New Observed -3000 >30% 0' fan surfaces activated 

24 Washington Overllow Debris New Oblerved >50% 0' fan surface activated 

25 Canada Debris Strat. Geologic? Overflow from mudflows smooth surface 

26 Canada Avulsion Debris Depression Surlieial Eng.? Evidence from aerial photographs 

27 Canada Stream Surficial Eng.? Evidence from aerial photogrephs 

28 Canada Capture'? Stream Surficial Eng.? Dendrochronology used to date drversion N 
0 

211 Cenada Capture? Stream Surficial -1,500 B or 9 changes in Holocun .. 0 



Table C2 • conllnued 

30 N_Zllllland Capture 

31 New Zealand Avulsion 

32 Switzerland Avulsion 

33 England Overflow 

34 Japan Overflow 

Other 

35 Canada 

311 Costa Rica Capture 

37 Colorado Overflow 

38 Himalayas 

38 Himalayas 

40 Kosi Fan Capture 

41 Scandanavia 

42 Botswana Capture 

Stream Yes? 

Debris New 

Debris 

Debrla Depre .. lon 

Debris Yea 

Stream 

Stream Yes 

Debris New 

D.bris? 

D.brls 

Stream Yes 

Debris Yea 

Stream Yes 

Observed 

Historical 

Surficial 

Observed 

Observed 

Surficial 

Historic 

Observed 

Stra\. 

Obs.rved 

Historic 

Observed 

Observed 

100 

>3 

<5 

Eng.? 

100-500 

Geologic? 

<30 

>57 

50-100 

Lateral migration 0' preaent channel 
threatens abandonment 

2 changes 'rom 1957 to 1965; No change 
for morelhan 37yrs precadlng 1957 

Roman artifacts buriad 5 ft_ 

Large portions of small fun. activated 

Steep debris fnn with frequent flows 

Permafrost inhibits gullying 

Abandoned channels active during floods 

3 loci changes during dam break flood 

Back-filled channels observed in sedimenls 

Mudllows entirely changed the surface 

70 mile lateral shift of river in 200 years 

Debris flow lobes on various parts of fan 

Vegetetion accelerates channel blockage 

., = Morton and Cambell, 1974; 2=Scott, 1973; 3=Chawner, 1935; 4=Eckls, 1928; 5=Kesseli and Beaty, 1959; Bealy, 1963; Beaty, 1970; Hub.rtand Filipov, 1989; 

8=Trowbrldge, 1911; 7=Whipple and Dunn., 1992; 8=D.nny, 1987; 9=Hooke and Rohrer, 1979; 10=Antsey, 1965; 11 =Denny, 1965; t2=Hooke, 1987; 13=Bryan, 1922; 14= 

MeG .. , 18911; 15o:This paper; 1I1~Pack, 1923; 17=Wool.y, 1948; 18"'Hunt et aI., 1953; 19=Wasson, 1974; 20=Talbot and Williams. t979; 21 = Bowman, 1978; 22= Richards 

et aI., 1987; 23=Hack and Goodl.tt, 1960; Williams and Guy, 1973; Kochel and Johnson, 1964; Kochel, 1990; 24=Orme, 1989; 25=Ryder, 1971; 28=K"lIerh"ls and 

Church, 1990; 27=Kostaschuk et al., 1988; 28= De510ges and Gardner, 1961; 29=Rannie et al., 1989; Ronnie, 1990; 30=Grilfiths and McSaveney, 1986; 31 =Whitehouse 

and McSav.ney, 1990; 32 .. 0avla_ 1898; 33",W.lIs and Harv.y, 1987; 34~Ono, 1990; 35 c Legge\l et ai, 1968; 38=Kesel, 1985; Kesel ,md Lowe, 1987; 37--Bllllr, 1987; 

38=Drew, 1873; 39=Conway, 1893; 40=Gole and Chitllle, 1966; Wells lind Dorr, 1987; 41 =Rapp, 1960; 42= McCarthy el at., 1986; McCarthy et al., 1992 

··Avulslon=rapid abandonment of channel by debria blockage; Caplure=slower process by which backfilling of main channel accelerates headward erosion and 

deepening of on-fan channels that ultimately capture flow; Overflow=floodwaters overwhelm channel and significantly alter fan surface; Aggrade=long-term 

deposition raises surface and forces shift to lower regions of fan 

···Yes=flow diverted into preexisting channel; New=floodwaters formed an entirely new channel; Depression=flow diverted into a depression or topographic low 

····Geologic=div.rsions occurred severallhousand years ago; En9. = available evidence suggests diversions occur on an engineering time scale (10's-100's 01 years) 

Note: In many cases there is not enough Information presented in the original paper to determine the type and frequency of diversions. Question marks used where information 

given h.re Is not explicitly stated by orlginalaulhor_ 

'" C> 
I-' 



Table C3. Floods on alluvial fans that caused no major channel diversions 

Year of Recurrence Reference 
Location Flood{s) Interval (Yrs) 
California 1941,1943 Sharp and Nobles, 1953 
California Several 300? Kesseli and Beaty, 1959 
California 1984 >200 Ribble, 1988 
California 1970 Beaumont and Oberlander, 1971 
Arizona 1988 "'100 House et aI., 1991 
Utah Several .... 5 Wooley, 1946 

Canada 1962 Winder, 1965 
Canada Kellerhalls and Church, 1990 

Canada 1956,1967 <50 Desloges and Gardner, 1981 

Australia 197 >40 Wasson, 1974 
England 1982 >100 Wells and Harvey, 1987 
Spain 1980 25-100 Harvey, 1984 

Notes 

Snow-melt flood debris flows 
Numerous large debris flows 
No changes in existing channel alignment 
Small flood confined to main channel 
Wild Burro Fan 
4 debris flows in 20 ~ears followed 
path of large debris low in 1923 
Mudflow followed eXisting channels 
Historic photos show debris flow 
following preeXisting channel 
Decreasing sediment yield decreasing 
chances of diversion 
No changes above intersection point 
Small storm-generated fans 
Minor diversion on unconfined lower fan 

I\J 
o 
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APPENDIX D 

COMPARISONS OF GEOLOGICAL AND HYDRAULIC METHODS OF 

FLOOD-HAZARD ASSESSMENT ON ALLUVIAL FANS 

ABSTRACT 

203 

Geological studies of past floods combined with 

hydraulic modeling provide an optimal strategy for 

assessing flood hazards on alluvial fans. Hydraulic models 

are able to calculate flood depths and velocities on 

alluvial fans for use in designating flood-hazard zones, 

but the models are based on assumptions that do not lead to 

accurate portrayals of natural fan processes. Numerous 

geological techniques, such as geomorphological mapping, 

facies mapping, and hydraulic analysis, are available to 

reconstruct the types, location, magnitude, and frequency 

of hazards associated with past alluvial-fan floods. 

Geological studies on two active alluvial fans in 

Arizona reveal a complex pattern of sheetflooding, overland 

flow, and channelization that is not adequately 

characterized by the widely used Federal Emergency 

Management Agency (FEMA) procedure for designating flood

hazard zones on alluvial fans. Despite using input 

discharges greater than those of recent floods on the two 

fans, the FEMA method locally underestimates 1) the 
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potential extent of floods by over 100 percent, 2) the 

velocity of flow by more than 25 percent, and 3) flow 

depths by over 70 percent. In the future, the suitability 

of the FEMA method and other hydraulic models for a 

specific situation should be verified by comparison to 

field-based geological data. 

INTRODUCTION 

Alluvial-fan flooding has caused millions of dollars 

of damage and the loss of life in the united States 

(French, 1987). Flood losses are likely to increase with 

the continued expansion of the southwestern united States, 

where an estimated 31.4 percent of the land surface is 

covered by alluvial fans (Antsey, 1966). Conventional 

methods of flood-hazard assessment designed for humid

region rivers, such as step-backwater hydraulic computer 

programs, are not appropriate for alluvial fans where 

flooding is not primarily due to overbank flooding. Flood 

damages on alluvial fans result from debris flows (Pack, 

1923; Scott, 1971; Kellerhalls and Church, 1990), stream 

flows (Magura and Wood, 1980; Harvey, 1984; Griffiths and 

McSaveney, 1986), sheetfloods (Kesseli and Beaty, 1959), 

and channel avulsions (Scott, 1973; Gundlach, 1978). 

Several geological, hydraulic, and multi-disciplinary 
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flood-hazard studies have been conducted on alluvial fans 

worldwide (Table 01), but no single method of flood-hazard 

assessment has gained widespread acceptance among 

floodplain managers. Currently, the Federal Emergency 

Management Agency (FEMA) prescribes the use of a stochastic 

procedure to delineate flood-hazard zones on alluvial fans 

for flood-insurance purposes (Dawdy, 1979; Flood Insurance, 

1985; Fan, 1990). However, the FEMA method has been 

criticized for 1) incorporating inactive, flood-free, 

surfaces into regulatory 100-year floodplains (Pearthree 

and Pearthree, 1988; Baker et al., 1990; Fuller, 1990), 2) 

underestimating flood depths and velocities where flooding 

does occur (O'Brien and Fullerton, 1990; House et al., 

1992; O'Brien and Fuller, 1993), and 3) not analyzing mud 

and debris-flow hazards (O'Brien et al., 1993). Floodplain 

managers increasingly concerned about the validity of the 

FEMA method have cited the need to verify the method's 

results (O'Brien and Fuller, 1993), and are calling for the 

use of alternative assessment techniques (Nelson, 1988; 

Ribble, 1988). 

The purpose of this paper is 1) to briefly discuss the 

limitations of existing alluvial-fan hydraulic models, 2) 

to describe several geological techniques that are 

potentially useful for evaluating flood-hazards on alluvial 

fans, and 3) to illustrate a geological method for 
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verifying hydraulic models. Geological data, gathered 

through geomorphological mapping, facies (process) mapping, 

and hydraulic analysis, are used to document the location, 

types, and magnitude of flood hazards associated with 

recent floods on two alluvial fans in Arizona. The 

reconstructed flood parameters are compared to results of 

the FEMA method. In this manner, geological studies are 

able to verify hydraulic-model results before potentially 

unsound management decisions are implemented. 

STUDY SITES 

Geomorphological mapping was conducted on two desert 

piedmonts in the tectonically stable Basin-and-Range 

province of southern Arizona (Fig. 01). The Tortolita 

Mountains Piedmont and the White Tank Mountains Piedmont, 

located near the rapidly expanding cities of Tucson and 

Phoenix, respectively, are slated for residential 

development. One active alluvial fan on each piedmont was 

chosen for a detailed study of surficial processes 

associated with recent floods (Figs. 01 and 02). The 

drainage-basin characteristics of Cottonwood Fan and white 

Tank Fan are shown in Table 02. The fluvially dominated 

fans are predominately fine grained (clay through sand 

fractions), because a sUbstantial proportion of the 
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sediment is derived from the erosion of Pleistocene 

alluvial soils on the upper piedmonts (Fig. D1 and Table 

02). Despite an average annual rainfall of only 28 cm on 

the Tortolita Mountains Piedmont and 20 cm on the White 

Tank Mountains Piedmont, both alluvial fans are well 

vegetated, especially along the more frequently wetted 

water courses (Fig. 02). Flow in stream channels is 

ephemeral, with severe flooding following intense summer 

thunderstorms and the occasional autumn tropical storms. 

HYDRAULIC MODELS 

Four methods of hydraulic analysis, each with its own 

strengths and limitations, have been proposed as flood

hazard assessment methods on alluvial fans (Table D3; 

Dawdy, 1979; Magura and Wood, 1980; French( 1992; O'Brien 

et al., 1993). The hydraulic models are based on 

assumptions that do not always accurately reflect 

conditions on natural fans. However, the assumptions are 

vital for calculating conventional hydraulic parameters 

(e.g., flood depths and velocities) used to design 

mitigation structures and designate flood-hazard zones. 

Magura and Wood (1980) use modifications of step back-water 

procedures to model sheetflow conditions, but they do not 

account for channel avulsions. 
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Hydraulic modelers have addressed the question of 

channel avulsions by adopting stochastic methods that 

assume the channel position on an alluvial fan is random 

(Dawdy, 1979; French, 1992). The assumptions that underlie 

stochastic procedures hold over long time periods only and 

are not valid for predicting channel locations during 

individual diversion events (Hooke and Rohrer, 1979). 

Channel avulsions during a single flood are not random, 

because new channel positions are controlled by previous 

events (Rachocki, 1981). The assumption of a random 

channel distribution (Dawdy, 1979) that forms the basis for 

the widely used FEMA method (Flood Insurance, 1985; Fan, 

1990) may be valid in rare situations where no preexisting 

channels or topographic constraints are present on the fan. 

Although Dawdy's (1979) assumption appears safely 

conservative by considering every point on a fan subject to 

flooding, the FEMA procedure actually understates the 

magnitude of flood hazards along existing channels (O'Brien 

and Fullerton, 1990; House et al., 1992; O'Brien and 

Fuller, 1993). Further limitations of the FEMA method are 

illustrated below and discussed in detail by French (19B7). 

French (1992) develops a modification of Dawdy (1979) 

with data from 91 modern alluvial fans that show channel 

positions are normally distributed about the medial radial 

line of a fan. However, it is a misapplication of space-
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time relationships to predict the location of channels on a 

single fan during a lOO-year period from the present 

distribution of channels on several fans. A normal 

distribution in channel positions about the medial radial 

line on a single fan occurs over thousands of years and 

gives rise to the characteristic plan view and convex-up 

cross-sectional profile of alluvial fans. 

Two-dimensional hydraulic modeling requiring the input 

of detailed site-specific information such as topography is 

the best available method for hydraulic assessments of 

alluvial-fan flooding. The most sophisticated model, FLO-

2D, is capable of replicating debris-flow velocities, 

thicknesses, and travel distances on small alluvial fans 

when pertinent data about the event is known (O'Brien et 

al., 1993). FLO-2D is a rigid-bed model without a 

sediment-routing component, and as a consequence is 

inadequate for simulating channel modifications and channel 

avulsions. 

GEOLOGICAL METHODS 

Geological reconstructions of past floods exemplify 

the flooding behavior of a given fan and can therefore 

verify the results of hydraulic models before floodplain 

management decisions are implemented. The geological 
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techniques described below have been used to document 

processes and hazards associated with past floods on 

alluvial fans. This study presents detailed examples of 

three methods, geomorphological mapping, facies mapping, 

and hydraulic reconstructions. The strengths and 

limitations of these and other methods are presented to 

guide future geological studies on other fans (Table D3). 

Flood Observation 

First-hand observations of a flood or of its effects 

immediately after passage provide an opportunity to 

determine the types and severity of hazards that occur on 

an alluvial fan. Many of the early reports of flood damage 

on alluvial fans discuss the hazards associated with a 

flood, but do not assess the potential for future hazards 

(Davis, 1898; Pack, 1923; Taylor, 1934; Chawner, 1935). 

Kesseli and Beaty (1959) and Beaty (196B) documented 

several alluvial-fan floods in the white Mountains of 

California and Nevada. Patterns and distributions emerging 

from this detailed study of floods were used to determine 

the likely location of different hazards during future 

floods (Fig. D3). These findings have been regarded by 

some as representative of flood hazards on alluvial fans in 

general (Schick, 1971; Cooke and Doornkamp, 1974; Graf, 

1988), despite the influence of site-specific tectonic 
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conditions on the distribution of flood hazards on the 

White Mountain alluvial fans (Fig. 04). Every alluvial fan 

is unique, and it is unwise to generalize the results from 

one area to predict the flooding behavior in another. 

Geomorphological Mapping 

Extensive portions of large alluvial fans and 

piedmonts are often isolated from flooding for thousands of 

years by fanhead trenching, climatic changes, and long-term 

tectonic processes (Field, 1994). The distinctive suite of 

erosional, weathering, and soil characteristics that 

develop on these inactive surfaces permits their 

discrimination from active flood-prone areas. Active 

surfaces frequently inundated by floods typically have 

poorly developed soils, distributary drainages, and no 

desert pavement or rock varnish. In contrast, areas 

isolated from flooding for tens to hundreds of thousands of 

years commonly display strong soil horizonation, well 

established dendritic drainage systems, closely packed 

desert pavement, and dark rock varnish. Geomorphological 

maps showing the location of active and inactive surfaces 

have been used in flood-hazard studies to: (1) create land

use plans for desert piedmonts (Rhoads, 1986; Kenny, 1990), 

(2) focus detailed hydraulic studies on small flood-pro~e 

alluvial fans surrounded by large tracts of inactive 
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surfaces (Field and pearthree, 1991a), and (3) avoid 

misapplications of hydraulic models on inactive surfaces 

(pearthree and Pearthree, 1988). 

Geomorphological maps are initially completed by 

observing tonal differences and drainage patterns on aerial 

photographs, but field checking of preliminary flood-zone 

boundaries (i.e., geomorphic surface contacts) is 

necessary. Using only aerial photography, Kenny (1990) 

inadvertently delineates a flood-hazard zone on an Arizona 

piedmont as subject to "highly viscous debris flows" 

(p.334), presumably unaware that debris flows have rarely 

reached alluvial-fan surfaces in southern Arizona during 

the past 8,000 years (Bull, 1991). Although it is 

generally reasonable to assume that a surface isolated from 

flooding for thousands of years will not be reactivated 

during the span of a 100-to-500 year planning period, 

careful field checking may reveal small areas of low relief 

subject to shallow flooding during extreme events. 

Geomorphological maps of the Tortolita Mountains and 

White Tank Mountains piedmonts reveal that inactive 

surfaces predominate. along the mountain fronts (Fig. 01). 

Most of the active flood-prone alluvial fans are situated 

several kilometers from the mountain front at the termini 

of fanhead trenches dissecting the upper piedmonts. The 

trenches are up to 15 m deep near the mountain fronts while 
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small isolated flood-free "islands" on the lower piedmonts 

are less than 1 m above extensive areas of flood-prone land 

(Fig. 01). Detailed descriptions of the geomorphological 

surfaces on the two piedmonts are available in Pearthree et 

ale (1991) and Field and Pearthree (1991b), respectively. 

Facies Mapping 

While geomorphological mapping is useful for 

focusing attention on flood-prone areas, other techniques 

are needed to establish the types and magnitude of flood 

hazards. One active alluvial fan on each piedmont was 

chosen for further study (Figs. 01 and 02). Facies maps 

were constructed to document the types, extent, and 

distribution of flood processes acting on both fans (Fig. 

05). Each facies displays a distinctive suite of surficial 

and sedimentological features formed by a single 

depositional or erosional process (Table 04). The mapped 

facies were largely formed or reactivated during two recent 

floods on each fan (Fig. 03). Field (1994) provides 

detailed descriptions of the floods and the associated 

depositional and erosional processes. 

Facies maps have previously been used to document 

alluvial-fan processes (Hooke, 1967; Blair, 1987; Wells and 

Harvey, 1987; Whipple and Dunne, 1992), but their potential 

application to flood-hazard studies has not been fully 
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realized. The various processes represented by the facies 

on Cottonwood Fan and White Tank Fan are a proxy for the 

types of flood hazards present (Table D4). Although the 

exact location of flooding varies through time, facies maps 

detail the impact of past floods on the fan surface. 

Channelized reaches on both fans alternate with sheetflood 

zones along several flow paths in a pattern characteristic 

of discontinuous ephemeral streams (Fig. 05). 

Discontinuous ephemeral streams are a distinctive channel 

pattern (Fig. D6) common to semi-arid climates where rapid 

transmission losses lead to channel aggradation (Schumm 

and Hadley, 1957). Sheetflood zones on White Tank Fan are 

larger than on Cottonwood Fan (Fig. OS), because White Tank 

Fan has unstable, sandy, channel banks (Field, 1994). 

Stratigraphic Studies 

The analysis of alluvial-fan deposits reveals the 

dominant depositional process acting on a fan (Waters and 

Field, 1986; Blair and McPherson, 1992) and the types of 

flood hazards present (Kellerhals and Church, 1990). Low 

magnitude flows can modify the surface of a fan and obscure 

evidence of processes that operate only during high

magnitude floods (Blair, 1987). Subsurface trenching of 

fan deposits during flood-hazard studies is necessary to 

determine if the surficial features reflect the full range 
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of potential hazards. Limited trenching of Cottonwood Fan 

and White Tank Fan shows no evidence of debris flows or 

other processes not present on the surface (Field, 1994). 

Hydraulic Reconstructions 

Observations and facies mapping of floods are of 

greater value to floodplain managers if the magnitude of 

the specific event is known. Direct discharge and velocity 

measurements taken during alluvial-fan floods are rare 

(Rahn, 1967; Beaumont and Oberlander, 1971), but indirect 

estimates made after passage of a flood are easier to 

obtain (Harvey, 1984; House et al., 1991). Peak discharge 

and velocity estimates are calculated by matching high

water marks, observed along surveyed cross sections, with 

water-surface profiles generated with step back-water 

computer programs (O'Connor and Webb, 1988; Wohl, 1992). 

The estimates are more accurate if they are made along 

narrow, stable channel reaches where small increases in 

discharge produce large increases in flow depth. These 

conditions are not typically satisfied on alluvial fans, 

except at, or immediately above, the fan apex. 

Discharge and velocity estimates for the most recent 

floods on Cottonwood Fan and White Tank Fan were made along 

the narrow feeder channels at the fan apices (Table D5). 

Data for the earlier floods were already available (Table 
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05). The range of values given reflects the uncertainty in 

matching the altitude of high-water marks with computer 

generated step-backwater profiles. 

Debris-Flow Frequency 

The recurrence interval of debris flows on alluvial 

fans has been established by estimating sedimentation rates 

(Beaty, 1970) and through radiocarbon dating of successive 

debris-flow deposits (Kochel and Johnson, 1984; Hubert and 

Filipov, 1989; Orme, 1989; Lips and Wieczorek, 1990). This 

technique has been applied in flood-hazard studies along 

the Wasatch Front in Utah (Lips and Wieczorek, 1990). The 

recurrence interval of debris flows on individual fans is 

typically several hundred years or more, because a long 

period of sediment accumulation in the drainage basin is 

necessary between each event. On fans where debris flows 

have occurred recently the greatest hazard during a 100-

year planning period may be associated with erosive 

sediment-deficient streamflows. 

Historical Accounts 

Historical accounts of any kind are useful in 

establishing the types and frequency of flood hazards. The 

use of aerial photographs to determine the location of 

previous debris flows on alluvial fans was first proposed 
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by Jahns (1949). Aerial photographs have since been used 

to establish the approximate date of recent debris flows 

(Kellerhalls and Church, 1990) and channel avulsions 

(Kesel, 1985; Whitehouse and McSaveney, 1990; Field, 1994). 

Channel shifts on fluvially dominated fans can occur over a 

period of years due to increases in sediment supply (Kesel, 

1985), while debris flows can block channels and force an 

avulsion during a single event (Whitehouse and McSaveney, 

1990). Eyewitness observations and newspapers are a 

potential source of information on past debris flows and 

other flood hazards (Kesseli and Beaty, 1959). Historical 

maps have documented the frequency of channel avu1sions in 

areas where a long historical record exists (Gole and 

Chitale, 1966). 

Topographic Surveys 

The position of new channels following a channel 

avulsion is usually regarded as highly unpredictable. 

Debris flows do not necessarily follow existing channels 

(Whitehouse and McSaveney, 1990) and new channels have 

formed during large floods (Pack, 1923). However, flow 

after a diversion event on fluvia1ly dominated alluvial 

fans (Wells and Dorr, 1987; Kesel, 1985; Field, 1994) and 

some debris-flow dominated fans (Kesseli and Beaty, 1959) 

follows existing channels or depressions. Detailed 
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topographic surveys on fluvial fans have identified the 

likely locations of channel avulsions (Gole and Chitale, 

1966; Richards et al., 1987). An avulsion on the Kosi 

megafan in India between 1938 and 1957 could have been 

anticipated by the concavity of the 1938 contours (Schumm, 

1977). 

COMPARISONS BETWEEN THE FEMA METHOD AND GEOLOGICAL STUDIES 

In the discussion below the assumptions and results of 

the FEMA method are compared with the geological data from 

Cottonwood Fan and White Tank Fan in order to determine the 

validity and reliability of the hydraulic model. Similar 

comparisons should be possible on other alluvial fans with 

any hydraulic model. 

FEMA Method Assumptions 

The FEMA method computes channel depths and velocities 

for the 100-year design flood (that flood which has a one 

percent chance of occurring in any given year) by assuming 

that: 1) flow in channels is critical; 2) channel width and 

depth are solely functions of discharge, and 3) all flow 

occurs in self-formed channels that may take any path from 

the fan apex to the toe (Dawdy, 1979). Because preexisting 

fan topography is not incorporated into the method, 



positions of the existing main channel(s) and other 

depressions are considered to have no influence on the 

course of future floods. The implication is that the 

entire alluvial fan is subject to flooding during each 

flood. 
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These assumptions are not satisfied on Cottonwood Fan 

and White Tank Fan and portend inadequacies in the results 

of the FEMA method. Hydraulic reconstructions suggest that 

flow at the fan apices is supercritical. The width and 

depth of the channels are also strongly influenced by the 

bank composition of channels. Flow conditions on both fans 

are complex with sheetflooding as equally prevalent as 

channelized flow (Fig. D5). Historical aerial photographs 

demonstrate that channel position is not random, because 

existing channel networks are reutilized in successive 

floods on Cottonwood Fan and white Tank Fan (Field, 1994). 

FEMA Method and Geomorphological Mapping 

Many of the problems associated with the FEMA method 

derive from poor engineering judgement (French, 1993). The 

apex of an alluvial fan is either located at the mountain 

front or some distance down the piedmont at the end of a 

fanhead trench (Bull, 1968). The results of the FEMA 

method would be completely unrealistic if the apex of 

Cottonwood Fan and White Tank Fan were chosen at the 
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mountain front (Fig. 01). In such a scenario, existing 

channels entrenched up to 15 m at the mountain front would 

be considered no more likely to convey floodwaters than new 

channels carved into strongly indurated soils on long

inactive surfaces. Hydrologic and geomorphological 

conditions in southern Arizona today preclude the 

occurrence of large debris flows that can backfill deep 

fanhead trenches (Melton, 1965; Bull, 1991). Clearly, the 

FEMA method does not apply at the mountain fronts above 

Cottonwood Fan and White Tank Fan. Such misapplications 

are avoidable if geomorphological mapping is used to locate 

the apices and boundaries of active alluvial fans on large 

piedmonts. 

FEMA Method and Facies Mapping 

Large portions of Cottonwood Fan and White Tank Fan 

below the actual apices have been flooded during the past 

50 years (Fig. 05). Although this implies that the entire 

surface of both fans is subject to flooding during any 

given flood, the character and extent of flooding on 

Cottonwood Fan and White Tank Fan is misrepresented by the 

FEMA method. The FEMA method operates under the assumption 

that floodwaters are conveyed in a single channel that can 

split into multiple channels with a cumulative width 3.8 

times greater than the single channel (OMA, 1985). The 
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flow widths calculated using the FEMA method are based on a 

transition from a single channel to multiple channels 100 m 

below the fan apices (Table 05). The FEMA method does not 

account for flow reconvergence, although actual floods on 

Cottonwood Fan and White Tank Fan are a complex system of 

multiple channels and sheetflood zones with over four fold 

increases, and decreases, in flow width over distances less 

than 100 m (Fig. 05). The 1962 flood on Cottonwood Fan, 

which produced an extensive area of overland flow, 

inundated over 100 percent more of the fan toe than 

predicted by the FEMA method (Table 05). The implication 

is that the extent of damages expected during any given 

flood can be severely underestimated by the FEMA method. 

FEMA Method and Hydraulic Reconstructions 

The depth and velocity of flooding varies with the 

physical characteristics of each fan (Table 05). Stable 

silt- and clay-rich channel banks at the head of Cottonwood 

Fan retard bank collapse, confining floodwaters to narrow 

relatively deep channels (Figs. 02a and D5a). The FEMA 

method, which assumes alluvial fan channels are subject to 

rapid widening, predicts that a greater portion of the fan 

head will be inundated during the design flood (Table 05). 

At first, this error appears to be conservative. However, 

flood depths and velocities within the narrow channel at 
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the apex of Cottonwood Fan were higher during the 1962 

flood than estimated by the FEMA method (Table 05). Even 

during the much smaller 1990 event, flood depths were 

nearly 50 percent higher than anticipated. Oownfan, the 

attenuation of discharge results in aggradation, 

concomitant decreases in channel depth, and dramatic 

increases in sheetflooding and overbank flow. Still flow 

depths on the lower fan during 1990 exceeded predictions 

(Table D5), but this may be due to the reconvergence of 

flow below the Central Arizona Aqueduct (Fig. 02a). 

Channels on White Tank Fan are unstable because of the 

high sand content in the bank sediments. Consequently, the 

entire fanhead is flooded during even moderate discharges, 

impacting 33 percent more land than FEMA method estimates 

(Fig. D5b and Table D5). Flow is wide and shallow across 

the fan, yet maximum flow depths are significantly greater 

than anticipated (Table 05), because of the reconvergence 

of flow into channels. Although the discharges input to 

the FEMA method were higher than the geologically 

reconstructed floods on both fans, estimated velocities 

using HEC-2 and directly measured flow depths consistently 

exceeded the model results (Table 05). 

Possible Applications of the FEMA Method 

Application of the FEMA method may be warranted below 
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the intersection point on the eastern margin of cottonwood 

Fan (Fig. D2a). During.the 50-year photographic record 

preceding construction of the Central Arizona Aqueduct, 

floods appear to have followed several different courses 

along the numerous shallow distributary channels 

transecting the area (Figs. D2a and D3ai Field, 1994). Any 

sector of this smaller fan segment can reasonably be 

considered equally subject to flooding during a 100-year 

event, thus satisfying the FEMA method's assumption of 

random channel location. Neither synthetic nor 

reconstructed discharges are available for the intersection 

point, so verification of depth, width, and velocity 

predictions are not possible. The sheetflooding occurring 

in this area is not accounted for in the FEMA method. 

COMPARISONS WITH OTHER HYDRAULIC MODELS 

Verification of the results of other hydraulic models 

is possible through geological studies. Flo-2D, a two

dimensional model capable of simulating flow over complex 

topography, has successfully replicated velocity and depth 

conditions observed during a mudflow in utah (O'Brien et 

al., 1993). Geological data, as presented here, are 

potentially useful as exemplars of past flooding that will 

help calibrate models such as FLO-2D to specific 
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situations. 

DISCUSSION 

Interdisciplinary geological and hydraulic research is 

the most realistic approach to flood-hazard analysis on 

alluvial fans (French, 1987), but no standard procedure 

exists for integrating the two disciplines. The approach 

illustrated above is similar to an idea briefly broached by 

Gundlach (1974) and utilizes the strengths of geological 

techniques to improve and verify the results of hydraulic 

models. Geomorphological mapping should be employed first 

to delineate active alluvial fans. This permits detailed 

investigations and hydraulic modeling to be focused on 

areas that are prone to flooding. An assortment of 

geological studies should follow in order to document the 

types, distribution, magnitude, and frequency of flood 

hazards that have occurred during recent floods on the 

alluvial fans. The specific techniques best suited for 

each case depend on the individual fan and resources 

available. Finally, the flood-hazard parameters identified 

through geological studies should be compared with the 

results of hydraulic modeling to determine the reliability 

and suitabi.lity of a particular model for a given 

situation. Alternative land-use decisions that avoid 
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development of a fan might be appropriate in cases where 

hydraulic modeling does not accurately depict the flood 

processes acting on that fan. If urbanization of a fan is 

inevitable and no suitable hydraulic model is found, 

geological studies are sometimes detailed enough to design 

mitigation structures (Kellerhals and Church, 1990; 

Whitehouse and McSaveney, 1990). 

CONCLUSIONS 

Geological studies can provide substantial information 

about the character, extent, and magnitude of past 

alluvial-fan floods (Table D3). This paper presents the 

first thorough comparison of 'the controversial FEMA method 

with geological field data. The key findings of this study 

are: 

1. geomorphological mapping is necessary to locate 

accurately the active fan apex and avoid misapplication of 

the model; 

2. the FEMA method consistently understates the 

types, extent, and magnitude of flooding expected during 

any given event; 

3. the style of flooding varies significantly between 

fans in the same region (Fig. D5), raising doubts about the 

appropriateness of a model that requires little physical 
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characterization; 

4. the FEMA method may have limited applicability on 

alluvial fans in Arizona below intersection points where 

the frequency of channel migration is highest. 

Results acquired by using the FEMA method should be 

considered suspect until its suitability for a specific 

situation is verified through geological studies. There is 

no sound reason for arbitrarily applying hydraulic models 

on alluvial fans when a wealth of geological information on 

past floods is available. Integration of geological and 

hydraulic methods of flood-hazard assessment will ensure 

that urbanization precedes safely on alluvial fans 

throughout the southwestern united States. 
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Figure Dl. Geomorphological map of the a) Tortolita 

Mountains Piedmont and b) White Tank Mountains Piedmont 

showing the location of the two study fans, Cottonwood Fan 

(CF) and White Tank Fan (WTF). Surface ages reflect the 

time since the surface was last subject to flooding. 

Dotted and dashed regions are still subject to flooding, 

while units shown in solid lines are considered flood free. 
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Figure D2. Aerial photographs of a) Cottonwood Fan and b) 

White Tank Fan. 
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a) Cottonwood Fan 
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b) White Tank Fan 
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Figure 03. Diagrammatic sketch map showing areas of 

comparative flooding danger on a typical alluvial fan in 

the White Mountains of California and Nevada. The active 

channel is incised in the upper part of fan while the lower 

part of the fan is a zone of possible sheet flooding. From 

Kesseli and Beaty (1959, Figure 45). 
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Figure D4. Diagrammatic sketch map of Coldwater Canyon fan 

in the White Mountains of California and Nevada showing 

upfaulted areas free from danger of flooding. U = Uplifted 

area in the mid-fan region. From Kesseli and Beaty (1959, 

Figure 44a). 



Edge of . Mountains 

UU"''' ,{ ~ ?r::~~~ {~~~~~ 
I Scarps ,~ 

1~F7~¢~ 
~J~~' .~ ~ . 

. ~~I \ ~ 
v~/ " 

~~/ \ 
/ Incised Active ././ 
'- Channel .- ,/ --- ~~ -----

248 



249 

Figure D5. a) Facies map of Cottonwood Fan showing the 

extent of the 1962 and 1990 floods. b) Facies map of White 

Tank Fan showing the extent of the 1951 and 1992 floods. 
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Figure 06. Schematic drawing of a discontinuous ephemeral

stream system showing the relationship between channelized 

reaches and sheetflood zones. 
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Table 01. Published and frequently cited unpublished references focusing on alluvial-fan 
flood hazards 
Reference 

Geological Studies 
Kesseli and Beaty, 1959 
Gale and Chitale, 1966 
Beaty,1968 
Schick, 1971 and 1974 
Scott, 1973 
Kaliser, 1974 
Christenson et al., 1975 
Rhoads, 1986 
Griffiths and McSaveney, 1986 
Whitehouse and McSaveney, 1990 
Kellerhalls and Church, 1990 
Kenny, 1990 
Field and Pearthree, 1 991 
House et al., 1991 and 1992 

Hydraulic Models 
Dawdy, 1979 
Magura and Wood, 1980 
DMA,1985 
Flood Insurance, 1985 
French, 1992 
O'Brien et aI., 1993 

Multidisciplinary Studies 
Gundlach, 1974 
French and Lombardo, 1984 
Richards et aI., 1987 

Conference Proceedings 
Abt and Gesseler, 1988 
French, 1990 

Reviews and Critiques 

Comments 

Geomorphic study of floods in White Mts 
Historical analysis of avulsions on Kosi Fan 
Follow-up study to Kesseli and Beaty (1959) 
Damage assessment of large flood in Israel 
Damage assessment of large California flood 
Effect of development on a Utah fan 
Geomorphic mapping in Arizona 
Geomorphic mapping in Arizona 
Sediment yield studies on a New Zealand fan 
Study of avulsions on two New Zealand fans 
Analysis of debris flows in British Co. 
Geomorphic mapping in Arizona 
Geomorphic mapping in Arizona 
Hyraulic reconstruction of Arizona flood 

Stochastic model dealing with avulsions 
Uses HEC-2 (step back-water analysis) 
Modification of Dawdy (1979) 
Mandates use of Dawdy (1979) 
Modification of Dawdy (1979) 
Two-dimensional rigid-bed model 

Field surveys to check hydraulic analyses 
Sediment sampling and hydraulic analysis 
Predicting avulsions on a Saudi Arabian fan 

Includes geological and hydraulic studies 
Includes geological and hydraulic studies 

Rantz, 1970 Management techniques around L.A. reviewed 
Gundlach, 1978 Reviews assessment and management practices 
McGinn,1980 Critique of Dawdy (1979) 
Anderson-Nichols, 1981 Analyzes effectiveness of management methods 
Eisbacher and Clague, 1984 Assessment and management of debris flows 
French, 1987 Review and critique of hydraulic methods 
Burkham, 1988 Suggests field surveys for hazard assessment 

Note: Individual arlides In conference proceedings are too numerous to list separately. 
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Table 02. Selected drainage-basin characteristics for the two study fans 

Total Drainage Drainage Area on Drainage Area on 

Alluvial Fan Area (km) Piedmont ~km 1 Piedmont (%) 

Cottonwood Fan 34.54 9.69 29 

White Tank Fan 14.56 2.61 16 

Distance Fan Apex Dominant 

to Mtn Front (km) Uthology 

10.4 Granite 
Granodiorite 

4 Gneiss 
Granite 

Average Annual 

Rainfall (em) 

28 

20 

I'.) 

lJ1 
lJ1 



Table 03. Some uses and weaknesses of flood-hazard assessment methods for alluvial fans 

Method Used for assessing: Weaknesses 

Hydraulic Models 

Step back-water models 
(Magura and Wood, 1980) 

Stochastic procedures 
(Dawdy, 1979; French, 1992) 

Two-<llmensional models 
(O'Brien Itt aI., 1993) 

Geological Techniques 

Flood observation 

Geomorphic mapping 

Facies mapping 

Stratigraphic studies 

Discharge estimates 

Radiocarbon dating 

Historical accounts 

Topographic surveys 

- Depth and velocity of 
channel and overbank flow 

- Channel avulsions 
- Depth and velocity of 

channel flow 

- Depth and velocity of debris 
flows and water floods 

- Types and distribution of 
flood hazards 

- Location of flood-prone 
areas on large piedmonts 

- Types and distribution of 
flood hazards 

- Dominant process and hidden 
hazards 

- Magnitude and frequency of 
flood hazards 

- Frequency of debris flows 

- Types and frequency of 
flood hazards 

- Location of channel 
avulsions 

- Does not model avulsions 

- Assumption of random channel 
location valid over g8Ologic 
time only 

- Does not model avulsions 

- Best if accompanied with 
facies mapping 

- Few details on flood hazards 
within flood-prone areas 

- Mapped location of past 
hazards subject to change 

• Subsurface exposures usually 
limited on alluvial fans 

- Alluvial fans are not ideal 
setting for making estimates 

- Datable materials are scarce 

- Historical records usually 
very short 

- Not valid on debris·flow 
dominated alluvial fans 
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Table 04. Facies. processes. and flood hazards associated with recent floods on Cottonwood Fan and White Tank Fan 

Facies Name Surficial Features Sedimentological Features Flood Processes Associated Flood Hazards 

Erosional 
Channel 

Depositional 
Channel 

Sheetflood 

Overland 
Flow 

-Channels with low 
wldth:depth ratios «1 :1) 
-Vertical. unvegetated banks 
-Gullies draining fan 
surface 

-Channels with high width: 
depth ratios (>20:1) 
-Rounded. vegetated banks 
-Main channels connected 
to drainage basin 

-Broad planar fan-shaped 
surfaces 
-Linear cobble and boulder 
bars radiating from apex 

-Diverging and converging 
flow paths 

-Poorly defined networks of 

interlocking flow paths 
or broad shallow swales 

-Disruption of older 
surficial features 

-Gravel lenses on 
erosional surfaces 

-Laterally discontinuous 
5-30cm thick beds of sand 
-Cross stratified sand 
-Total thickness <1.5m 

-Laterally continuous 10-
30cm thick beds of sand 
-Horizontally laminated sand 
-Total thickness < 1 m 

-No deposits 

-Confined unidlr'3ctional -Erosion 
flow -Undercutting of structures 

-Sediment-poor flow -Bank widening 

-Can potentially capture 
flow from main channel 

-Confined unidirectional -Deep water (over 1 m) 
flow -Sediment and debris impact 

-Sediment-rich flow -Scouring 
-Scour and fill 

-Unconfined sheetfloods -Shallow «30cm) high 
-Rapidly decelerating velocity flow 

flow -Boulder deposition 
-Unpredictable flow paths 
-Erosive at toe 

-Overland flow emanating -Shallow «15cm) low 
from sheetflood zones velocity flow 
and shallow channels -Unpredictable flow paths 

-Headward erosion of -Channel diversions 
on-fan channels 
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