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_.~t~flii*?e—process framework places most hot deserts in regions receiving less
than 150 mm/yr of mean annua l precipitation . Major geomorphic processes
and events, occurring in rocky deserts are: mechanica l weathering ; debris
flows and wash on hillslopes ; free wind activity , precipitation of salts in
fractured and elastic rocks and soils , and floods. Differential areal
geomorphic activity and differential runoff-sed iment contribution are

I very strongly emphasized In the arid environment.
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APPENDIX C

- SIZE CHARACTERISTICS - SOME PRACTICAL CONSIDERATIONS

Measurement of particle size in clastics is conducted for understanding

- , - the processes that produced the measured sizes and their distribution and

1 
- for reconstructing the environmental conditions of sediment transport and

deposition. Although many thousands of samples were characterized

~ j i ’ -.-,— quantitatively all over the world, size distribution-process relation-

ships for gravel is still obscure. -

- I 
- 

criteria to characterize environments, on the basis of statistical

measures of the size distribution, are still only moderately successful

- and are still not diagrastic enough for process—oriented assessements,

~ 0
especially for gravel.

- The conventional approach to particle size analysis is to treat it as
0

having a gaussian distribution. Statistical treatments of granular clastic

- 
sediments are on the assumption that most grain—size distributions approach

log-normality and, hence , may be represented by mean size and standard
0

- deviation, describing the central tendency and the spread of the distribution

- cure. For definitions of sediment characteristics, see Appendix G.

II I Many sediments are polymodal , being mixtures of combined populations. In

stream channels, this is a result of various processes operating at the

same time (such as suspension and traction) and of mixture of superposition

~~~0 of sediments related to different flow events.

C-b
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Still, there is no experience of population separation and subsequent statistical

treatment of coarse fluvial sediments. Identification of component populations

- - and relating their distributions to specific flow events have not been done yet.

It is not within the objectives and scope of the present report to develop 
- -

the procedures and statistical treatment of polymodal population. However, S

it has to be kept in mind that treated sediment samples may deviate from ideal

log—normal grain size distributions. Examinations of sediment size distributions

of samples chosen in the present project shows that many of them are skewed

and/or bimodal. The source of these characteristics may lie in production

transportation , deposition, mixture of original populations, superposition

of deposits and their combinations. Until sampling during transport and

deposition is performed, one should not treat the samples in a process—

oriented manner.

Hence, although misleading to some extent, the traditional statistical

treatment was selected, as presented in Appendix G.

The commonly used grain—size scales are presented in Table C-3 (Folk, 1974).
I )  

Because of the technical diff iculties of sufficiently accurate measurement

in the field of particles smaller than 8 mm (see Appendix D),, we have

included pebbles of 4 to 8 mm size range within the “granule” size class.

BIBLIOGRAPHY

Folk , R. L., 1974. Petrology of sedimentary rocks. flemphil Publishing

Co., Austin, 188 pp. -
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TABLE C-3: GRAIN SIZE SCALES FOR SEDIMENTS (Folk , 1974 , p. 25)

The grade scale most commonly used for sediments is the Wentworth (1922)
scale which is a logarithmic scale in that each grade limit is twice as large as the

~~ next smaller grad e limit. The scale starting at 1mm and changing by a fixed ratio
of 2 was Introduced by J .  A. Udden (1898), who also named the sand grades we use
today. However, Udden drew-the gravel/sand boundry at 1mm and used different
terms in the gravel and mud divisions. For more detailed work, sieves have been
constructed at intervals 2~~ and . The ~ (phi) scale, devised by Krumbein,
is a much more convenient way of presenting data than if the values are expressed
in millimeters, and is used almost entirely in recent work.
U. S. Standard Millimeters Microns Phi (~

) Wentworth Size Class
Sieve Mesh # -20

4096 -12
1024 .10 Boulder (.8 to -120) _J

t h e  256 - 8  Cobble (-6 to -80) Lii
wire 64 -~ .i

squares 16 -4 Pebble -(..2 to -60)
4 -2 <1:

6 3.36 -1.75
7 2.83 -1.5 Granule
8 2.38 -1.25

— 10 2.00 -1.0
L 12 1.68 -0.75

14 1.4]. -0.5 Very coarse sand
16 1.19 p.25

— 18 1.00 0.0
20 0.814 0.25
25 0.71 0.5 Coarse sand

~~~~~

“ 30 - - 0.59 0.75 . -

—35 1/2 — 0.50 500 hO
40 0.42 420 1.25
45 0.35 350 1.5 Medium sand
50 

- - 0.30 300 1.75 z- - — 60 1/4 —0 .25 250 2.0 -

70 0.210 210 2.25
80 0.177 177 2.5 Fine sand

100 - - 0.149 149 2 ,75
— 120 l/~~— 0.125 125 3.0

140 0.105 105 3.25
C) 170 0.088 88 3.5 Very fine sand

S - 200 0.074 74 3.75
- — 2 30 1/ 16—0.0625 62 .5 4.0

270 0.053 53 4 .25
- I 325 0.044 44 4.5 Coarse silt

0.037 37 4.75
1/32—0.031 3]. 5.0

Analyzed 1/64 0.0156 15.6 6.0 Medium silt
1/128 0.0078 ~.8 7.0 Fine silt

by 1/256 0.0039 3.9 ~~~~~~~~~~~~~ fine silt
. 0.0020 2.0 9.0 ~

Pipette 0.00098 0.98 10.0 )
~ 

Clay
0.00049 0.49 11.0 I (Some use 2,por
0.00024 0.24 12.0 9~ as the clayor 0.00012 0.12 13.0 boundrv)
0.00006 0.06 14.0

Hydrometer

C-3
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APPENDIX D

V
SAMPLING LOOSE GRAVEL

- Several difficulties arise when sampling representatively gravel-bed

streams, especially in arid regions.

— 1. Spatial variations in bar and swale sedimentary landscape, lateral,

longitudinal and vertical .

- 2. Time variations, related to frequency, magnitude and resulting super—

position of gravel of different flow events.

3. Mixing of sedimentary populations in space and time .

4. Size of sample.

5. Field constraints in size measurement. These involve mainly difficulties

0 in measuring partially exposed gravel and sampling of the top layer only.

Bulk sieve or volumetric sampling is by far the most accurate, but is not

0 practical in gravel-bed channels. Grid sampling with frequency analysis

by number is a practical sampling method which represents fairly well the

— surface layer of the bed (Kellerhals and Bray, 1971). Using tape, an operator

0 walks along several parallel lines and picks a rock at every predetermined

interval, as described by Leopold (1970). The B, or intermediate, axis of the

— ‘  particle is measured with a scale and registered on a form (Table D-4).

0

I As demonstrated by Kellerhals (1971), conversion of the number of particles

within a given size interval into percentage by weight of the same size

0 fraction should be used for constructing the size distribution.

D-l
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The procedure used in the present project is as follows: H

1. Decision on the interval between sampling sites along the stream.

Straight reaches at the predetermined sampling point or close to them

should be sampled.

2. Stretch a tape along the reach and decide on interval of point samples

(individual particles). In many cases, it is necessary, either for getting

- the required number of particles or for representing the reach to sample

along parallel lines. In narrow channels, it may prove impractical.

3. The sample is considered complete when about 100 particles have been

measured (Leopold, 1970).

4. Pick—up methods usually fail for the smaller sizes. Leopold (1970),

— considers 2 nun to be the smallest particle to be measured in the field ,

whereas Kellerhals (1971) points out that below 8 nun measurement is not

accurate enough. Granule sizes pose a measuring problem. One may try

to pick up particles between 2 and 8 mm, but it would be better to

L follow the 8 nun limit for scale measurement in the field and include

the 2 to 8 nun fraction with the sand in the sieve analysis.

5. Granules and sand are analyzed by sieves, which also aid in separating
0 

the fines from coarser materials. Dry sieving is suggested for loose

clastics , whereas wet sieving is essential foraggregated clastics that

are not cemented.

0 -6. Fines are treated in this report collectively as silt and sand sizes. Most

of the fines in surf icial materials, as well as in buried sections, are

within the silt size classes. Only in buried soils, salts, silts and clay - ‘

are separated, in addition to sand and gravel. Procedures for these separa-

tions are described in Appendix F.
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7. The materials fractioned to number of particles (gravel ) or weights

(sands and fines) are treated statistically to find mean sizes, sorting

(standard deviation), using a SPSS computer program (see Appendix G).

8. Grain size scale for clastic sediments are used according to Folk (1974).

Definitions are presented in Appendix C.
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APPENDIX E

DESCRIPTION AND SAMPLING OF THE MX TRENCH WALLS

INTRODUCTION

The MX 20 ,000 ft  (6 ,096 in) Demonstration Trench trends NE from the eastern

flank of the Mohawk mountains and transects nearly all of its piedmont slope .

The exact location of the trench is shown in Appendix K.

Sections of the trench wall approximately 3m (10 f t)  and 6 in (20 f t)  deep - -
were exposed by trenching dperations along its entire length , which aff orded

an unusual opportunity to observe depositional and pedogenic trends along

nearly all of the Mohawk—San Cristobal piedmont. A reconnaissance and

sampling program of some sections of the trench enabled observations of -
.

the stratigraphy, soil properties , and particle size distribution as they

ranged along the length of the trench.

The trench was excavated by two different machines in two steps: the first

excavated a trench 2.8 m (9.19 ft) deep with vertical walls in the lower

0 - -1.23 in (4.04 ft) and walls angled out at 35 from vertical in the upper

1.57 in (5.15 ft); the second machine excavated the vertical walls an

additional 3 in (9.84 ft) to a depth of 5.8 in (19.03 ft). Due to safety

regulations, detail sample gathering and stratigraphic description was

limited to the shallow excavation. Only photographic reconnaissance and

spoil pile sampling was possible with the deep trench.
‘ - I

In this report, all reference to position along the length of the trench is 
- 

-
$ given in the survey engineers’ format: hundreds of feet plus feet distance
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from the northeasterly origin of the trench . For example , a station

1,050 feet from the origin is written as 10 + 50 f t .  The photography

accompanying the text is scaled with a measuring tape in feet which ,

due to the angle of the upper trench walls , is not true depth . References

to units given in photographic captions are in tape measure depth since

these are merely for the purpose of illustrating the units . However , strati-

graphic descriptions are given in true depth.

RECONNAISSANCE, SAMPLING & DESCRIPTION

Reconnaissance of the trench consisted of photography and sample gathering

from the trench walls and spoil pile. Two personnel from the University

of Arizona took samples while a third took photographs from the ground

surface. An air force representative acted as safety observer.

Access to the shallow trench was made possible by lowering an 18 foot ladder

into the trench. Two personnel then moved the ladder to the other side of

the trench to set up a wide measuring tape on the far wall for photographic

scale. Approximately 2 kg (4.4 lbs) samples were obtained with hand trowels

-: from each distinct horizon and placed in sample bags for later laboratory

— 
analysis (see Appendix F).

_

) -
S

The results of laboratory analysis are listed in Tables E3a & b and are 
- -

graphically depicted in Figure E4. In addition, the general characteristics

of the trench walls, its color, consistency, horizon boundaries, and maximum

particle sizes were noted. In the interval 74 + 54 to 193 + 90 ft, four

complete stratigraphic sections of the shallow trench are described. These

are given in Tables E6, E7, E8 and E9. A generalized stratigraphic column,

showing the most salient features of each distinct unit and boundary is given

in Table ES.
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TABLE E3a

Clay and Ca-salt percentages of samples taken

above and below the erosional unconformity

S 

Above the unconformity

- 
I Horizon Section A Sceti (UI B ~;-rt ion C ~ec-t. j On U

- 

- 

& (Station 74+54) (Station ‘14 I L~ ) (St at ion 142-sTh) (Station 193C)O)
Subhorizon Ca-S:lts Clal Ca-Salts Clay Ca-Salts Clay Ca-Salts Clay

VI 4.64 4.93 4.01 5.30 4.46 1.63 15.33 4.87

VII 4.12 3.25 5.15 0.93 1.83 12.42 20.07 5.37

viii 29.82 18.57 2.95 2.65 5.93 17.78 5.73 2.99

Below the unconformity

IX (upper) 27.73 13.20 11.85 8.42 4.85 18.82 29.67 9.89 
-

(lower) 1.91 12.49 10.82 11.21

X (upper) 23.57 24.14 11.85 10.75 8.99 22.99 24.79 5.67
(lower) 26.72 35.89 12.24 14.83

TABLE E3b

Clay and Ca—salt percentages of samples taken

f rom the spoil pile

Station Ca-Salts Clay

32+00 12.85 23.32
1 o 43+50 16.91 10.82

55+00 11.39 15.79

73+00 28.86 37.14

94+00 13.81 13.57

114+00 13.14 11.50
-- 135+00 16.82 11.01

148+00 27.74 8.97

158+00 32.68 14.25

168+42 23.65 10.87
I;

176+85 30.18 13.82

Average 20.73 15.55

E17 is the gri~ hica1 presentation of trends along trench

~~ qGJ 
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Photographic reconnaissance of the trench was performed with a Hasselblad

6 x 6 cm (2¼ in sq) format camera. Photographs were taken of the described

sections along the far wall of the trench and also of other areas of interest

along the trench. Much of the maximum particle size data given in Figure El7

is based on this photography.

In order to obtain a general idea of the sediment characteristics of the deeper

portion of the trench not accessible by other methods, samples were taken

from the spoil pile of the second excavatsir approximately every 1,000 feet

from 32 + 00 ft to 176 + 85 ft. The results of laboratory analysis of these

samples are tabulated in Table E3b.

-
. 

CHARACTERISTICS OF TH~ TRENCH WALLS

Excavation of the trench exposed numerous layers of sediments deposit~.d during

the Pleistocene and Holocene epochs, along with erosional surfaces and soils

formed upon the sediments. Soil horizons, erosional unconformities and

boundaries between stratigraphic units remained roughly parallel throughout

the entire length of the trench without any noticeable divergence or con-

vergence. There may have been a slight divergence of the upper units toward

the mountain front , but , due to planation by surface grading activity , this

was difficult to assess.

The major feature exposed in the trench was an erosional unconformity between

I 0 units IX and VIII which occurred from 1.5 to 2 in (5 to 8 ft) below the leveled

4 surface. (see Figures El2, El3 , E14) This unconformity was abrupt and its

surface undulated irregularly with a maximum relief of 1 m (3 ft). Generally,

sedii- -’mts found above the unconformity were loose to slightly cohesive ,

- 
1 - clasts were large , and the colors ranged from dull orange to bright reddish

E—4
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Figure E-5

I 
GENERALIZE D STRATIGRAPHIC DESCRIPTION

The description was based on the four  complete section
S descriptions from the shallow trench. Depth measurements

were converted from the measuring tape (marked in feet)
and the slope of the walls to true depth in meters. Gravel
content was estimated , but the texture of the fines was
based on lab analysis. Values in the description for Ca-
salts and clay were less than 6% for low, 6—16% for inter-
mediate and greater than 16% for high.
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_________________ o Me ters
0 0

-
S .

D 5 YR 6/4 dull orange, (gravelly) silty sand, loose to sof t, low

~~ in Ca-salts and clay, cut-and-fill in places, upper surface
planed of f .  This horizon not found beyond Section A.

o

-~~~~~~~~~05

O 5 YR 6/4 dull orange to 5 YR 5/8 bright reddish brown, texture

~~
, 

0 o varies from (gravelly) silty sand to sandy (gravel) , mostly low
- - 

0 
~~ 

in Ca—salts and clay but can have intermediate values, upper
) 

~~ 0 boundary wavy and gradual.

)
O

0Ct70 0C)
—

~~~~~~ -—— ..._ !- 0.9
0 5 YR 5/6 bright reddish brown, silty—sandy (gravel), loose mostly -

0 low in ca-salts and clay but can have intermediate values, upper

I I 
boundary wavy and diffuse. S

1 c3
t:, c:.::~°ç’~

A 0 ~~ 5 YR 7/4 dull orange to 5 YR 5/6 bright reddish brown , (gravelly) -
‘_‘o ~~~ 0 sandy mud to silty sandy (gravel), soft to slightly hard, few to

- )  
VIII  no mottles, some discontinuous carbonate coatings on clasts, Ca- -

salts vary from low to high, and clay content low to intense-
I ~ di~te, upper boundary wavy and clear to gradual.

~C) 0

oO~~ 1.5

. o~~~. y .
i
.
.

.
.

S ~~~~~~~~~~~ 0. 
5 YR 8/3 pale orange at the top of the horizon to 5 YR 5/4 dull

I reddish brown at some lower areas , (gravelly) muddy sand to
0 ~~~~~~~~~~~~~ . 

.
. silty sandy (gravel), hard, many to common distinct mottles,

— 
- . 

~~~~~~~~
. ~~~~~~~~~~~~~ continuous carbonate coatings on clasts, Ca—salts intermediate

o ~~~~ . . D 
~~) 

to high and clay mostly intermediate, upper boundary wavy and
: o

. • •
~~~~~ 

abrupt .

-

~~~ 
(~

) 
~~~~~~~~ . ~~~ 

° •
.~~.

•

S 
~~~~~~~~~~~~~~~~~~~~~~~~~~~ 2.2

~ S~~~~~

~:•~ ‘ 
~~~~~~~~~~~~~~~~~ 5 YR 8/3 pale orange to 5 YR 7/4 dull orange, (gravelly) mud to

~~~~~~~~~ ::: (gravelly) muddy sand, hard, many distinct mottles, continuous
.0 1 carbonate coatings which may decrease to bottom of horizon,

0. :. Ca-salts and clay intermediate to high, upper boundary wavy
~~ . 

~ ~~~~~~~~~~~~ : and abrupt or broken.

- 
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TABLE E6
I!

SECTION A (Station 74+54)

Horizon Depth Description
(meters (feet readings
below on tape)
surface)

V (0 — .5) (0 - 2) 5 YR 6/4 dull orange, (gravelly) silty
sand, loose to soft, max. particle size
4 cm , upper boundary planed off.

VI (.5 — . 9 )  (2 — 3 . 5)  5 YR 6/4 dull orange, (gravelly) silty
— sand, max. particle size 3 cm, loose

to soft, upper boundary wavy and gradual.

VII ( . 9  — 1.1 ( 3 . 5  — 4 . 5 )  5 YR 6/4 dull orange, silty sandy (gravel),
max. particle size 4 cm, loose, upper
boundary wavy and diffuse.

VIII (1.1 - 1.5) (4.5 - 6.0) 5 YR 7/4 dull orange, (gravelly) sandy mud ,
max. particle size 3 cm , slightly hard ,
discontinuous carbonate pebble coatings,

- 
— upper boundary wavy and clear.

IX (1.5 — 2.4) (6.0 — 9.0) 5 YR 8/3 pale orange at the upper part of
horizon to 5 YR 5/4 dull reddish brown
at the lower , (gravelly) silty sand at
upper changing to (gravelly) sandy mud
at lower, max. particle size (2-5 cm),
hard, many distinct medium mottles near
top decreasing to a few at the bottom,
continuous calcium carbonate coatings,
upper boundary abrupt and wavy.

X (2 .4  — 2.9+) (9.0 — 10.5+) 5 YR 8/3 pale orange at upper part of
horizon to 5 YR 5/4 dull reddish brown
at lower section, (gravelly) mud through- -

out most of the unit, max. particle size
2 cm, hard, many distinct medium mottles
near top and slightly decreasing below,
continuous carbonate coatings, upper

S 
boundary abrupt and wavy or broken.

E-6
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TABLE E7

SECTION B (Station 94+12)
- - 3

Horizon Depth Description
(meters (feet readings
below on tape)

-~ __) surface)

VI (0 — .6) (0 — 2.5 ) 5 YR 5/8 bright reddish brown, (gravelly)
silty sand , max. particle size 5 cm, soft ,
upper boundary planed off.

VII ( .6 - 1.1) (2.5  - 4 . 5 )  5 YR 5/6 bright reddish brown, sandy
(gravel) , max. particle size 7 cm , loose ,
upper boundary wavy and gradual to clear.

VIII (1.1 - 1.5) (4.5 — 6 . 0 )  5 YR 5/6 bright reddish brown, (gravelly)
sand, max. particle size 7 cm , some iron
oxide coatings on sand and gravel, sof t,
upper boundary wavy and diffuse.

IX (1.5 — 2.4) (6.0 — 9.0) 5 YR 6/4 dull orange , (gravelly) muddy
sand, max. particle size 4 cm , many medium -

- - to fine mottles decreasing slightly to
‘k~ ~

-‘ lower part of unit, there is an indistinct
wavy broken band near 2.2 meters, hard ,
upper boundary abrupt and wavy.

X (2.4 - 2.9+) (9.0 — 10.5+) 5 YR 7/4 dull orange (gravelly) muddy
sand, max. particle size 5 cm, many
medium mottles decreasing slightly
downward, continuous carbonate coatings,

— hard, upper boundary wavy and abrupt or
broken.

~1I
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TABLE E8

SECTION C (Station 142+75)

Horizon Depth Description
(meters (feet readings
below on tape)
surface)

VI (0 - . 9 )  (0 - 3.5) 5 YR 6/4 dull orange, (gravelly) sand,
max. particle size 11 cm , soft to loose,
upper boundary planed off.

VII (.9 — 1.2) (3.4 - 5) 5 YR 5/6 bright reddish brown, muddy
sandy (gravel) max. particle size 9 cm ,
soft to loose, no carbonate coatings,
upper boundary wavy and diffuse.

VIII (1.2 — 1.6) (5.0 — 6.5) 5 YR 5/6 bright reddish brown, (gravelly)
muddy sand, max. particle size 5 cm,
slightly hard , discontinuous carbonate

• coatings, some physical weathering of
clasts , upper boundary wavy and gradual.

IX (1.6 - 1.9) (6.5 - 7.5) 5 YR 6/4 dull orange , (gravelly) muddy
sand, max. particle size 6 cm, hard,
common medium distinct mottling, some
continuous carbonate coatings,
upper boundary wavy and clear or broken.

X (1.9 — 2.6+) (7.5 - 10.5+) 5 YR 6/4 dull orange near the top to
5 YR 7/3 dull orange near the bottom ,
(gravelly) muddy sand, perhaps with
more gravel near top of the unit, max.
particle size 8 cm near top to 5 cm near
bottom, hard, many medium distinct mottles,
continuous carbonate coatings, the horizon
may be broken down into subhorizons by
a faint wavy boundary at 2.1 meters ,
upper boundary wavy and abrupt .

4 ’
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TABLE E9

SECTION D (Station 193+90)

Horizon Depth Description S -
(meters (feet readings
below on tape )
surface)

VI (0 — .5) (0 — 2) 5YR 5/4 dull reddish brown, silty
sand (gravel), max. particle size
10 am , sof t , no carbonate coatings ,
upper boundary planed off.

-) VII (0.5 — 1.1) (2 — 4.5) 5 YR 5/6 bright reddish brown, silty
sandy (gravel), max. particle size
20 cm, loose, some discontinuous
carbonate coatings , upper boundary
wavy and diffuse.

S VIII (1.1 - 1.9) ( 4 . 5  — 7.5) 5 YR 4/6 reddish brown, silty sandy ]

(gravel), max. particle size 39 cm,
soft, few carbonate coatings, upper I -

boundary wavy and gradual.

IX (1.9 - 2 . 2 )  ( 7 . 5  — 8 . 5 )  5 YR 6/4 dull orange, silty sandy
- 

-‘ (gravel), max. particle size 13 cm ,
hard , common medium distinct mottles,
upper boundary wavy and abrupt.

X ( 2 . 2  - 2 . 7 + )  ( 8 . 5  — 10+) 5 YR 8/4 pale orange, slightly sandy
(gravel), max. particle size 12 cm,
hard, many medium to fine distinct
mottles, some redder lenses (or few
mottles), upper boundary wavy and 

S

abrupt. —

A
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brown. Those found below the unconformity were moderately indurated, clasts

were smaller, the distinguishing colors ranged from pale orange to dull orange.

- 
— A second major unconformity exposed only with the deeper excavation was found

- 
at a depth of about 4 in (14 ft). This surface was not accessible for study.

-

~ The two erosional unconformities are shown in the oblique photo (Figure E12)

taken near station 94 + 50.

Another prominent feature exposed in the trench was the presence of cut—and--

fill structures found in several horizons of the trench . Figure E13 shows

two different age cut—and—fill structures at station 83 +70 ft. Most of

these structures were between .5 to 1.5 in deep (1.5 to 4.5 ft) and about

- 1.6 to 3 in (5 to 10 ft) wide. The larger cut-and-fill structure did not

I exceed 2 in (6 ft) in depth and 5 m (15 f t)  in width. No systematic change

in the magnitudes or frequencies of cut—and-fill structures along the

length of the trench was detected.

The average maximum size clast exposed in the trench ranged from 1 cm

- (.4  in) in diameter near the beginning of the trench to 20 - 40 cm (7.9

to 15.7 in) near the end of the trench. A few anomalous sized clasts were

found, for example, a 15 cm (5.9 in) basaltic clast found in essentially

- sandy mud sediments in the short demonstration trench in Stoval air field.

F H )

Average maximum particle size was generally one to two times larger above

- the unconformity than below it. This difference tended to increase toward

1 the mountain front. Figure El4, taken at 143 + 00, shows the trend of

j  greater rate of increase above the unconformity than below it, especially

when compared to Figure £12.

The texture of the fine fraction of the sediments (sand , silt and clay)

I ~i 
ranged from mud to muddy sand to silty sand below the unconformity and

F ~~ 
E—lO
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muddy sand to mostly silty sand above the unconformity according to the —

textural names derived from Folk’s (1974) ternary diagram. The fine

fraction texture in the bottom of the deep trench, as indicated by the

spoil pile samples, varied from muddy sand to silty sand . The plots of

the fine f raction on the ternary diagram are given in Figure £16.

As seen ’in Figure El6, the fine fraction was generally coarser above the

unconformity than below it, but these differences lessen approaching the

mountain front. These trends reflect the complex influences of deposition j
- T and pedogenesis on clay and silt content. -

~

Clay percentages ranged from less than 1 to 19% above the unconformity

and averaged about 7%or less , below the unconformity, the range was from

5 to 30% and averaged about 13% or more . Spoil pile clay percentages ranged

from 9 to 38% and averaged about 16%. However, these samples were obtained a

from an interval of the trench shifted downslope from the trench samples.

The Ca-salts , calcium carbonate and gypsum, like the clays, varied non-

linearly and non—exponentially along the trench. These trends are shown

graphically in Figure E17. Based on visual observation of the samples,

S
.—’ gypsum crystal content seems to increase toward San Cristobal wash and -

with stratigraphic depth . No crystal gypsum was found in shallow trench

samples beyond station 74 + 50 ft.

0

Above the unconformity , the Ca-salts ranged from 2 to 30% and averaged 9% - 
-

or less. Below the unconformity, the Ca-salts ranged from 2 to 30% also

but averaged 16% or more. The spoil pile had higher values of 11 to 33% and 
-

averaged 21%. Soluble salts, particularly the Na-salts, usually averaged

0 E-1l
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Fi gure E 12 Oblique view SW showing a large section of
the 20 feet deep trench near station 94+50 .  The major
unconformity between uni t  VIII  & IX can be seen as a
wavy abrupt line below the change in slope . The erosional
surface between uni ts  VII and VI above the change in slope
marks an increase in larger part icle sizes.
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Figure El3 University of Arizona personnel obtaining
sample from trench wall at Station 83+70 ft. The trench
wall exposes two superimposed cut and fill structures.

• The younger cut is a wash filled in by recent grading
operations and is offset laterally from the older cut

S and f i l l .  At the measur ing tape , unit VI extends f rom
o to 2 f t ;  unit VII from 2 to 2 .6  f t ;  unit  VIII is the
f i l l  in the older cut, extending to 4.5 ft; unit  IX
from 4.5 to 8.1 ft; and unit X extends to the bottom.
Note that these depths are not true depths.
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Figure El4 Two Univers i ty  of Arizona personnel
inspecting a section of t rench wall  at stat ion 143+00.
Note the increased size of maximum sized particles
from Figures E12 and E13. This is especially apparent
in the upper units.
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below 1% of the total weight (data from short trench, Aguilas; Mohawk).

The Mg—salts ranged about 2 to 8% of the Ca—salt values and averaged between

3 to 4% of the ca—sa1ts~ 
-

In conclusion, above the erosional unconformity or the top five feet of the -

trench, the clasts are larger and the percentage of clay and Ca-salts are -~

lower while below the unconformity, the clay and Ca-salts percentages are

- c
• higher but the maximum clasts sizes are smaller. Samples from the 20 foot -

trench spoil piles indicate little change in clay cor~tent but a slight - 

S

increase of Ca—salts over that of the samples from just below the uncon- —

fornu.ty. These general trends suggest a greater degree of pedogenesis

below the unconformity than above it and suggest that the unconformity

is an erosional surface coincident with significant changes in depositional

style and pedogenetic influences.
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APPENDIX F

LABORATORY ANALYSIS

by Lanny R. McHargue and Ernest 11.5. Shih

INITIAL PROCEDURES

— 

A sample of at least 0.5 kilo is obtained from the sampling si te.

If the sample is indurated, it is ground down by mortar and pestle .

Gravel is sieved out by a -l phi (2 mm) size screen. The fine portion

is then divided by a sample splitter to obtain a representative sample

S 
of about 30 grams . This is then placed in a preweighed 50 ml beaker.

At this point, the number of the beaker and its empty weight is recorded

on the sample data sheet. The samples are then placed in an oven to dry

for two hours at 105°c and then placed in a dessicator until cooled . S

The cooled samples are then weighed one at a time to a precision of +

U

.001 gin on a Mettler balance. These weights are recorded on the data

sheet.

REMOVAL OF SOLUBLE SALTS

The sample is removed from its 50 ml beaker and placed in a 1000 ml beaker

filled with 900 ml of distilled water. It is allowed to settle overnight.

After the solution has cleared, it is carefully siphoned off with a small —

aperture siphon so that the settled sample is not disturbed. (A good small

aperture siphon is easily fashioned from a plastic laboratory hose and theo
glass tip of an eyedropper.) 300 ml of the solution is filtered and retained

in a labeled polyethelene bottle, the remainder is discarded. The sample

is then carefully transferred into a 150 ml preweighed beaker such that

none of it is lost. This operation is performed with the aid of a rubber

F-l
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policeman (a glass rod with a rubber spatula tip) and a squirt bottle 
S

of distilled water . The sample is then dried , cooled and weighed in

the manner described above.

u REMOVAL OF CALCIUM AND MAGNESIUM SALTS WITH EDTA SOLUTION

The sample is placed in a 1000 ml beaker with 500 ml of prepared EDTA

solution at ph 11 (see Bodine and Fernald, 1973, for preparation procedures).

This solution is boiled on a bunsen burner for one hour to remove most of

the Ca—Mg—salts. It is then allowed to settle overnight or until cleared.

Once cleared, the same procedure as outlined above is used to obtain a

300 ml sample of calcium and magnesium salts dissolved in solution for

later analysis. To remove the remaining EDTA from the sample, the 1000 ml

beaker containing the sample is filled with water, allowed to settle,

and siphoned off. This is performed twice. The second time, a few drops

of Rd may be added to help flocculate the clays so that they will settle

from the solution.

L)

The sample is then transferred to a 150 ml beaker, cooled and reweighed

in the usual manner .

i - H  

_ _ _ _ _ _ _ _ _ _ _ _ _ _
FRACTIONAL ANALYSIS OF CLAY, SALT, AND SAND

The sample, still in a 150 ml beaker, is mixed with distilled water

containing 2.48 gm/liter of Ca].gon. This mixture is then stirred .

With the aid of a rubber policeman and a squirt bottle of distilled

water , the mixture is flushed out of the beaker and wet sieved through

a 4 phi screen (.0625 mm) (Folk, 1974). The material which 1~a~-:;c-~
; Llirow;li

the screen is the silt - clay fraction. This fraction is placed in a

F-2
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1000 ml graduated cylinder and the cylinder is filled to the 1000 ml
1~mark with a solution of Calgon and distilled water. This mixture is

LI  stirred thoroughly with a stirring rod and allowed to settle for 30

minutes. After 30 minutes, a 25 ml sample is withdrawn with a pipette - 
-

from the upper 2 cm of the mixture and placed in a 50 ml beaker. This

o sample is the clay fraction.

The sand fraction remaining in the sieve is transferred into a 50 ml

beaker. Both beakers containing sand and clay fractions are dried,

cooled , and weighed in the usual fashion. In some cases, the sand

sample is sieved further to obtain its size distribution (Folk , 1974).

ANALYSIS OF CATION CONTENT

The solutions retained in sections II and III are taken for atomic

absorption (AA) analysis of sodium (Na), potassium (K), calcium (Ca),

and magnesium (Mg). This analysis requires a separate cathode ray

tube for each element and yields the results as ppm (parts per million)

C concentration of the soluble salt in solution.

CALCULATIONS -

Calculations of the soluble salt content is based on the difference in 4
weight between the dry, initial sample and the weight of the sample after -

~~~~~

section II. This is then divided into separate cation content with the

results of the AA analysis.

The weight loss from section II to section III yields the amount of Ca

and Mg salts in the sample . AA analysis gives the individual percentage

of each element in the sample. These percentages must be changed by a

F-3
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tt
~~ constant factor to obtain the true weight since dissolution of CaSO4-4H20,

S - MgCO
3 
and CaCO

3 proceed at different rates. A conversion factor for one

hour of boiling was derived from the graph (p. 1155) in Bodine and Fernald

(1973).

Silt, sand, and clay percentages are based on the remainder of the sample

after EDTA dissolution. These percentages are normalized to 100%. The

sand fraction is obtained directly from weighing. The clay weight is

calculated as 40 times the dry weight of the sample withdrawn by the pipette

minus the weight of the added Calgon (2.48 gin) . The weight of the silt is

given by the subtraction of the sand and calculated clay weights from the

weight of the sample after section III.

The sand, clay, and silt percentages are plotted on a ternary diagram
L~)

(Folk, 1974) to obtain a textural name for the sample. The sample plots

- are shown in Figure E16.
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APPENDIX G

SIZE ANALYSIS DATA

Following data collection in the field or laboratory, particle size

information was punched on computer cards. The group of computer cards

-J for each sample is called a data-subfile , while the group of data—subfiles

for each sampling area is called a data-file. Two sets of computer programs

were used to process the particle size data; Statistical Package for the

Social Sciences (SPSS) and Frequency Plot (FRQPLT) . Both are compatible

with the University of Arizona’s CDC Cyber computer.

SPSS (Nie and others, 1975) is an integrated system of computer programs

- . 
that can perform various statistical operations. Statistical description

of the particle size data was generated by using SPSS subprogram FREQUENCIES.

FREQUENCIES is used by supplying a list of variables to be processed , their

format in the input stream and a list of statistics desired (for a complete

description of SPSS see Nie and others, 1975, SPSS, p. 1—34, 181—202).

U

The computer cards which inform SPSS what is to be done with the data are

called control cards. Twelve control cards are needed to use FREQUENCIES

S - in this study. An example of using SPSS subprogram FREQUENCIES is as

follows:

Column 1

RUN NAME PARTICLE SIZE DISTRIBUTION S

VARI ABLE LIST SAMPLE, CLASS , FREQ

SUBFILE LIST BBO1, BBO2, BBO3, BBO4, BBOS, BBO6, BBO7, 3B08

INPUT FORMAT FIXED (lx , A4 , lx , F6.l , 2X , F2.O)

INPUT MEDIUM CARD
G—l
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r!.~ 1~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - —
PRINT FORMATS CLASS (1), FREQ (2)

WEIGHT FREQ

RUN SUBFILES EACH

- 
S FREQUENCIES GENE RAL = CLASS

OPTIONS 1, 3 , 8

STATISTICS ALL

READ INPUT DATA

Data—Subfiles Here

- - - 
This sequence of cards tells SPSS that:

1. The identify of the run is “Particle Size Distribution”

2. The variables inputted are a sample code, size class, and frequency

of the class.

3. The data—file consists of data-subfiles BBO1, BBO2, etc.

4. The format of the data on punched cards is:

Variable Columns Format

SAMPLE 2-5 A4

CLASS 7—12 F6.l

0
FREQ 15— 16 F2.O

5. The data is on punched cards .

6. CLASS and FREQ will be printed.

0
7. FREQ is to be weighted.

S 
8. All the subfiles are to be processed.

9. The processing is to be done by FREQUENCIES; the data ~i~ay be

integer or decimal and is contained in variable ‘class’.

10. Output options :1

11. All statistics availalbe in FREQUENCIES are to be printed.

12. Begin reading in the data.

G-2
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The output from this run through SPSS will be a table listing of the

class intervals, absolute frequency, relative frequency, and cumulative

frequency of each subfile (see Figure G—5 ) .

The particle size statistics for gravel samples are summarized in Tables G-8,

13, 21, 22 , 40 , 49 , 59 , 60 , 61. The sample sizes for each sample locality are

listed in Table G—11 .

Graphic output of the distribution data was facilitated by writing a ut i l i ty

computer program in Fortran IV. The utility program , named FRQPLT , was

written to be run on the University of Arizona’s CDC Cyber computer in

conjunction with a Calcomp drum plotter. FRQPLT accepts input data that

• is formatted to be run SPSS, thus avoiding extensive reformatting. The

output is on two devices. The printed output consists of a listing of :

- ) the particles recount of each sample; the frequency of each phi interval;

the cumulative frequency of each phi interval ; a histogram of frequencies ,

and a histogram of cumulative frequencies. Output on the Calcomp plotter

consists of a graph showing the cumulative frequency curve for each phi

interval. The Calcomp output is formatted to provide two graphs per standard

8½ by 11 inch page. FRQPLT requires 52 K of memory for execution and

compilation on the CDC Cyber computer. An example of the printed output

is shown in Figure G-6. A listing of FRQPLT is provided below. In its

present design, all phi categories must be filled with either a frequency

or a zero. Thus , nineteeen cards are required for each sample.

In addition , a histogram of frequencies and the following statistics are

printed (see Figure G-7h

Maximum — largest particle size recorded at a sample site.

Minimum - smallest particle size recorded at a sample site. G-3

~ 
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Mode — the particle size most frequently recorded at a sample site.

Median - the particle size category that lies on the 50th percentile.

Half the sizes will lie above this value.

Mean - the central dendency of a sample site. Numerically the average value.

Variance — a measure of the dispersion of the data about the mean.

Standard Deviation - the square root of variance ; another measure of

dispersion about the mean value.

Skewness - measure of symmetry of particle size distribution. Positive S

values indicate a clustering towards the left while negative values

indicate clustering towards the right.

Kurtosis — measure of peakedness of particle size distribution. Normal

distribution have a zero value; positive Kurtosis indicates more

peakedness while negative values indicate a flatter distribution

I I  curve.

0
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P-P.--

o

SAMPLE CODEI

5M25J
o

0
LU

LI- a
Lii -~ 

-

4-
C cc

- —

LI - 
- -

8
1 -I. ‘a I. -‘a- ~~~~-3.00 -4.00 -6 .011 —6 .0(1 -1.00 -4 -00 -9.00 -00.00 -41.00 -~?.QQ ’ “

8 16 32 64 128 256 512 tCI24 2048 1111

0 G-73
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PEBBLES COBBLES ~ BOUL DERS

/ SAMPLE CODE
‘p. / - -

L)I ILIO

“ a
-340 -440  -5.0(1 —6.00 -1.00 -4 .00 -0.00 -(0.00 -((.0(1 -(2.00

8 16 32 64 128 266 512 1024. 2048 McI

PEBBLES COBBLES 8OULDERS
4- -tz
LU

SAMPLE CODE

o kM27~(‘ia
0 -~ -~~~~
I-U

L~J c  -H
>~~
4-cc -: -

C-i

- - ; -  a
S I ‘a -% _5 ‘a440 -4.00 -4 .00 -6.00 —1.00 -4 .00 —9 - 011 -10.00 -(1.00 -(2-0(1

8 16 32 64 128 256 512 1Q24 2048 MM

G—74
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PEBBLES , COBBLES 1 BOULDERS

/ SAMPLE CODE
U 

/ 
_ _ _ _ _ _

0
LU

I- - -.

4-cc

‘a I ‘a — ‘a ‘a
-340 -4.00 -5 40 —5 40 -1.00 -4 -0(1 —9.00 -(0.0(1 -(1.00 -12-00
8 16 32 64 128 256 612 1Q24 2048 MM

(3

PEBBLES COBBLES 
~

- BOULDERS
4-.. 4-
‘-p /

/ _ _ _

/ SAMPLE CODE

o 1! / 7
/ 5M29

/ 4

‘a ‘a ‘a-3.00 -1.00 -5 .00 -6.00 -1.00 -1.00 —0 .00 —10.00 —LI - JO -(2.00
8 16 32 64 128 256 ~12 1Q24 2048 NIl

G—75

- —  - • ,r 
~~~~~~~~~~~~~~~~~~ . ‘ a.._

..- - : -..-- 4~~



_ _ _- -~ 
- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -
-- - - 

:~~~~~~~~~ 

-!

U

~1~

PEBBLES COBBLES BOULDERS
-

4-

LU

SAMPLE COOE1
U

0
Lii

U.g
UJc - -‘—

p 
>~~-a
I-
cc
-J

:~~~1

8
‘a -‘a ‘a ‘a I ‘a

-3 .00 -4.00 -5 QQ —6 .00 —1.0(1 -4 .00 —9.0(1 —10 .00 -11.00 -(2.00

8 16 32 64 128 266 612 1024 2048 NIl
0

PEBBLES COBBLES 
~ 

BOULDERS

4-
~.1 J-

U) -

- -

cr c ____________

SAMPLE CODE

o 5M31
LU8
0 - -- • -

‘a ‘a 4 ‘a -%

—1.00 -4.00 -640 —6 .00 -1.0(1 -9 .00 -0.00 —1(1.00 —1 1 .00 -12 40

j 8 16 32 64 128 256 512 1024 2048 MM
I
J
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BOULDERS

SAMPLE CODE -

‘a ‘a 

M3~ 
‘a

-340 -440 —5.00 —940 -7.00 —4 40 —9.00 -10.00 -((.9(1 -(2.00

8 16 32 64 128 256 512 1024 204-8 fill

U
I

PEBBLES COBBLES r BOULDERS
-1(i z

1~)

SAMPLE COOEJ 
:~

~5M33 (

I 
‘a ‘a ‘a ‘a ‘a ‘a 1

3-00 -4.00 -6.00 -6.00 -7.00 —1.011 -9.00 -10.00 -11.00 -(2.00
8 16 32 64 128 256 512 1024 2048 MM
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PEBBLES COBBLES BOULDERS

_ _ _ _ _

/ SAMPLE CODE

0
LU

L & 8

>.~~P -a
4-cc

LI

- 3

‘a ‘a ‘a ‘a ‘a ‘a
—340 —4.00 -6-00 4.00 -7.00 -1.00 —9.00 -10.00 -11.00 -(2.00
8 16 32 64 128 256 51.2 1024 2048 fIll

I

PEBBLES COBBLES 
~ 

BOULDERS

4-
‘ -p. z

LU

SAMPLE CODE

SM3U
~~
I)

0
iLl

‘I-a
LU

• >

4-cc

Ii

~1o ‘a ‘a ‘a ‘a ‘a ‘a 1
40 0  —4.00 -6.011 -6 .00 -1.00 —4 .00 —940 -10.00 —11.00 —(2.00
8 16 32 64 128 256 51.2 1024 2048 tIM
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C

- 

PEBBLES COBBLES ~~~~~~~ 8OUL0ERS

/ SAMPLE CODEIC, 
/  51137 j

0
iLl

O (‘J o-

-3.00 -4.00 —5 .09 -4.00 — 740 -4 .0(1 —940 -(0.00 -(1.0(1 -12 -0(1
8 16 32 64 128 256 512 1024 21348 tIll

o

• PEBBLES COBBLES BOULDERS
4-

Lii

SAMPLE CODE

-3.00 -440 -5.00 4.00 -7.90 440 -0.00 -10.00 -11.90 -12.00 —

8 16 32 64 1.28 256 512 1024 2048 NIl
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PEBBLES COBBLES ~ BOULDERS 
—

SAMPLE CODE 
-

51139

°-3.00 -4.90 -540 —9 .00 -1.00 -4 .00 -0.0(1 -1040 -U-JO -12.00
8 16 32 64 128 256 51.2 1024 2048 MM

0

PEBBLES COBBLES , BOULDERS

4-( 3  z

SAMPLE CODE
L ~~~1QQ -

~~L)11.J UC. _ _ _ _ _ _ _ _ _ _ _

0
LU -cx
Li-a
Lii -
-a
4- - -~ -cc

-~~~~~

U

I ‘a I ‘a I -‘a ‘a ‘a-140 -440  -540 -6 .011 -7.00 -4.011 -0.00 -(0.00 -11.00 -12.00 ‘ ‘
8 16 32 64 128 256 512 1024 2048 MM
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C

PEBBLES COBBLES r BOULDERS
Ci -

I—z
LU

SAMPLE CO5~J

0
Liicx
LgJ~~-P >-~ 

P t

-a
— 4-cc

-I

U

• ‘a -‘a ‘a ‘a ‘a ‘a ‘a
-3.00 -4.00 -5.00 —9 .00 -7.0(1 -440 -9.00 -10.00 -11.0(1 -12.00
8 16 32 64 128 256 51.2 1024 2048 MM

-

~~~~~~

- 
- PEBBLES COBBLES 

~ 
BOULDERS

— 
SAMPLE CODE

11401

-3.00 -440  -4.011 -6.00 -740 —1.00 -9.00 -10.00 -11.00 -I2.00~~~~8 16 32 64 [28 256 512 1024 2048 till

I.
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PEBBLES F COBBLES 
~ 

BOULDERS

4-

LU

SAMPLE CODE

51143
0
LU
cx

LUp >

4-cc
-J

U
N

8
‘a ‘a ‘a ‘a ‘a ‘a

~~~ ~~~~ -6.00 440 -1.90 ~~ —9.00 -10.00 -11-00 -12.90
8 16 32 64 128 256 51.2 1.024 2Q48 till

D

PEBBLES COBBLES BOULDERS

/ SAMPLE CODE

_ _ _ _ _ _ _ _ _ _ _  

:;~ ,

0
LUcx
(‘-a

-a
4-cc

U

a
‘a I 4 ‘a -‘a ‘a I

440 -4.00 —6 .00 -6.00 -1.90 —4 .00 4.00 -10.00 -11.00 -I240~~~~8 16 32 64 128 256 512 1024 2048 Nfl

G-82
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C-

L 
PEBBLES COBBLES BOULDERS

SAMPLE CODE

‘ a : :03 9 0  400 —6.00 440 -1.00 —4 .00 -0.00 -10.00 -11.00 -12.0(1

8 16 32 64 128 256 512 1Q24 2Q48 NM
I

PEBBLES COBBLES ~ BOULDERS
4- -z -

LU

SAMPLE CODE • 

-

M44

‘a -340 -4.00 -6 -00 4.00 -1.00 -440  —9.00 -10.00 -11.90 -12.00
8 16 32 64 128 256 512 1024 2048 MM -.
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PEBBLES COBBLES BOULDERS - 
-

4-z
LU

SAMPLE CODE

51147

-3 40 -4.00 -5 .00 -6.00 -1.00 -4 .00 -0-0(1 —(0.90 -11.00 -(2 .00
8 [6 32 64 1.28 256 51.2  1.024 2048 fIr-i

a

PEBBLES COBBLES BOULDERS

4-
- _ )  z -

(Li

SAMPLE CODE - -
>- C M A C

U I  19 U

-i
Lii c

-a
4-
cc

H

8
0 ‘a ‘a I ‘a -‘a ‘a ‘a Pt-I L-3 .00 -4.00 -540 4.00 -1.00 -4- 00 -9.00 -10.00 -(1.90 -12.00

8 16 32 64 128 256 51.2 1Q24 2048 Mr-i

G-84 

I
—• -,_ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — - - -



~ 
~i~iH1 

-
~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

C—

PEBBLES COBBLES BOULDERS
—
4-

U)

SAMPLE CODE

: 

‘a ‘a 1 4 - - 

M4~~

-3.90 -4.90 -540 440 -1.00 -440 -0.00 -10 40 -((-0(1 -1240 •

8 16 32 64 [28 256 512 [024 2048 Nfl
I

L

PEBBLES COBBLES BOULDERS

o

SAMPLE CO5~1

/ 

5ri~~.t
/

taJ o

/
/ ~ _

~~~~~~~~~
_ _ _ __

-3 .00 -4.90 -5.00 -6 .0(1 -7.00 -4 -90 -0.00 -10.00 -11.00 _12~00
Pt-1( 

- -8 16 32 64 [28 256 512 1Q24 2048 Nfl - -

G-8 5
0

- 
-



Sample Sample Sample Sample Sample Sample
Code Size Code Size Code Size

BBO1 84 BWO5 86 BWJ5 27

BB02 72 BW06 117 BWJ6 19

— BBO3 69 8W07 97 BWJ7 24

BBO4 66 BWOB 98 BWT8 39

BBO5 81 8W09 51 BWT1 92

BBO6 89 BWXA 31 BWT1 73

8B07 91 BWXB 49 CXO1 114

BBO8 76 BW12 30 CXO2 24

LHBJ 70 8w15 44 CXO3 34

• LHO2 77 Bw16 63 cxo4 89

U403 42 8W17 81 CXO5 77

12304 54 BW18 97 cxo6 97

12109 53 BW19 97 CXO7 81

12110 82 BW2O 51 CXQ3 62

12111 61 BW2X 28 P501 92

12112 56 8W22 102 P502 79

12313 49 BW30 91 RSO3 136

1.1114 52 8W31 112 RS04 112

1.1115 42 3W32 101 P.505 112

LHQ2 44 BW33 81 P.506 189

LHQ3 72 BwJ1 41 P507 167

SWO 1 147 BWJ 2 31 PP.01 82

8W02 122 BWJ3 30 PRO2 53

0W0 3 145 BWJ4 24 PP.03 86

Table G—86 Sample Sizes for Gravel.
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Sample Sample Sample Sample Sample Sample
Code Size Code Size Code Size —

PP.04 85 SM17 112 5M38 131 
- 

-

AGO1 113 S1417 133 S1439 113

AGO2 174 5M18 139 SM4O 88
‘P

TTO5 173 SM19 137 SM41 85

TT11 199 SMI9 46 SM4 2 107

TT17 241 SM2 O 175 51142 102

TT2 O 117 S1121 143 SM44 51

rr23 82 Sf422 82 SM45 101

TT25 78 SNB 2 62 Sf446 50

• T!F27 83 SM24 108 SM47 87

TT3O 58 Sf42 5 75 SM48 110

TT24 98 S1126 98 Sf449 81

SMO1 108 Sf427 82

SMO2 70 Sf42 8 88

SMO5 72 SM29 101

SMO6 81 Sf430 76

Sf407 79 Sf431 93

Sf408 224 SM32 103

SMO9 62 Sf433 89

Sf411 53 SM34 164

Sf412 40 SM3D 97

SM13 61 SM35 89

SM14 56 Sf436 96

Sf416 64 SM37 79

Table G—87 Sample Sizes for Gravel
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PROGRAM FRQPLT LISTING

PRO GRAM FRQPLT(INPUT ,OUTPUT ,PLOT ,TAPE 5 INPUT ,TAPE6=OUTPUT ,TAPE99 =PLOT )
DIMENSION CUMFRT(19)
DIMENSION X (21)
DIMENSION Y(19)
DIMENSION CUMFRQ(21)
DIMENSION RELFRQ(19)
DIMENSION CrJMFRK(2 1)
DIMENSION XI(19)
DIMENSION P T ( 3 5 )
INTEGER BXFACT ,BCUMFT
DATA PT/35 * (1H*)/
TEST 1
CALL INITIAL(0 ,99 ,.1 ,0,0)
CALL PLTCHK(0)
CALL SETFACT (6.5/10.5 ,9.5/14.0)
DO 300 K=l,45
READ(5 ,53) NSYMBL
WR ITE(6 ,14) NSYMBL

14 FORMAT ( ” “ ,4(/ ) ,15X ,A4 ,T60 ,”HISTOGRAN” ,T96 ,”CUMULATIVE PERCENT ” ,!)
WR ITE(6 , 11)

11 FORMAT ( ” ‘a’ ,2X , “CODE ” , 7X , “PHI” , 5X , “COUNT ” , 3X , “FREQ” , 5X , “CUM FREQ” ,/)
YS UM= 0

• DO 100 1=1 ,19
READ (5 ,10) TITL ,X(I) ,Y( I)
YSUM=YSUM+Y(I)
IF (I .EQ . 1) X(I) —3 .0
IF (I .GT. 1) X(I)=X(I—1) — 0 .5
CUMFRQ(I)=0

100 CONTINUE
DO 200 J=1,19
RELFRQ(J)=100*Y(J)/YSUM
IF (J .EQ . 1.) CUMFRQ(J)=CUMF RQ(J)+RELFRQ(J)
IF (J .GT . ~

) CUMFRQ(J)=CUMFRQ(J-1)+RELFRQ(J)
200 CONTINUE

DO 240 J=1,19
IF (J .EQ. 1) GO TO 240
CUMFRT (J)=CUMF RQ(J-1)

240 CONTINUE
CUMFRT(1)=0.0

- - 
DO 250 J=1,19
WR ITE(6 ,33)NSYMBL, X (J) ,Y(J) ,RELFRW(J) ,CLJMFRT(J)

33 FORMAT (“ “ ,2X ,A4 ,5X ,F6.1,4X ,F 6 2 ,2X ,F 6 3 ,5X ,F7.3 , T50 ,”I”)
IF (Y(J) .GT 35) BXFACT=35
IF (Y(J) .LE . 35) BXFACT=Y(J)
BCUMFT= (CUMFRT(J) *0.01*30)
WRITE (6 ,83) (PT(L) ,L=1,BXFACT

83 FORMAT ( “+“ ,T51,35(A 1))
• WRITE( 6,84)

- I 84 FORMAT ( ”+” ,T85 ,”I” ,T90 ,”I”)
WR ITE (6,85) (PT(L),L= ].,BCUMFT

85 FORMAT ( ”+” ,T91,35(A 1))
WRITE(6 ,87)

87 FORMAT V -s- ” ,T120 ,”I” )
CUMFRK(J)=CrTMFRT(2 0~ J)

________________ 
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~~50 CONTINUE
TOT O
SUM=0
DO 152 1=1,19
IF(I .EQ . 1) XI(I)=— 3 .5
IF(I .GT . 1) XI(I)=XI (I—1)— 0 .5
TOT=XI(I) *Y(I)
S UM=S UM+TOT

152 CONTINUE
XMEAN=SUM/YSUM
SVAR2=0
DO 153 1=1,19
VAR2= ((XI( I) *Y ( I) )  _ XMEAN*Y ( I ) ) **2
SVAR2=SVAR2 +VAR2

153 CONTINUE
ASVAR2=SVAR2/YSUM-1
SD=SQRT (ASVAR2 ) 

-

WRITE(6 , 92) NSYMBL,AD, XMEAN
92 FORMAT ( ” “ ,lOX , ”THE STANDARD DEVIATION FOR LOCATION ” ,1X,A4 ,” IS” ,

+1X,F10.5 ,3X ,”PHI : THE MEAN IS” ,F10.5 ,” PHI”)
CALL SCALE (x , 9.5 ,19,1,19.0)
CALL SCALE (CUMFRX ,5.0 ,19 ,1,20.0)
CALL AXIS(0.0,2.0,9H ,—9 ,9.5 ,0.0 ,--3.0 ,— .95 ,9.5)

• CALL AXIS(0 .0,2.0 ,30H
-+30 ,5.0 ,90.0,0.0,20.0 ,20.0)
CALL PLOT(0.0 ,2.0,-3)
W=CUMFRK (19)/20 .00
CALL PLOT(0.0,W ,-3)
CALL LINE(X ,CUMFRX ,19,1,0,L)
CALL PLOT(0.0 ,-W ,-3)
CALL PLOT(0.0 ,0.0 ,-3)
CALL PLOT(7.0 ,3.0 ,3)
CALL PLOT(9.0 ,3.0 ,2)
CALL PLOT (9.0 ,4.0 ,2)
CALL PLOT(7.0 ,4.0 ,2)
CALL PLOT (7. 0 , 3. 0, 2)

- - 
CALL SYMBOL(- .3,.75 ,-. 16 ,”CUMULATIVE FREQUENCY (PERCENT) ” ,90. ,30.)
CALL CYMBOL(7. 1, 3. 7, 0.2, “SAMPLE CODE” , 0. 0,11)
CALL SYMBOL(7.25 , 3.13 , 0.40 ,NSYMBL, 0.0 ,4)
CALL SYMBOL (1.03 ,5.1, .2 ,”PEBBLES” ,0.0 ,7)
CALL SYMBOL(3 ..i2,5.0,.15 ,”I” ,O . O ,l)
CALL SYMBOL(3 .66 ,5.1, .2 ,”COBBLES ” ,0.O ,7)

- 
- CALL SYMBOL (5.25 ,5.0,.15 ,”I” ,O.O ,l)

CALL SYMBOL(6.84 ,5.1,..2 ,”BOULDERS ” ,O .O ,B)
CALL PLOT (0.0 ,5.0,3)
CALL PLOT ( 9.5 ,5.0 ,2)
CALL PLOT ( 9.5 ,0.0 ,2)

4 CALL SYMBOL(9 .95 ,— .13 ,.15 ,”PHI” ,0.0 ,3)
CALL SYMBOL (0 .0 ,— .5,.2 ,”8” ,0.0,1)
CALL SYMBOL(1 .0 ,— .5 ,12 ,”16” ,0.0 ,2)
CALL SYMBOL (2 .1,— .5 ,.2 ,”32” ,0.0,2)
CALL SYMBOL(3 .13 ,— .5 ,12 ”64” ,0.0 ,2)
CALL SYMBOL(4 .13 ,— .5 ,.2 ,”128” ,0.0 ,3)
CALL SYMBOL(5 .13 ,— .5 ,.2,”256” ,0.0 ,3)
CALL SYMBOL(6.2 ,— .5 ,.2 ,”512 ” ,0.0 ,3)
CALL SYMBOL (7 .2 ,— .5 ,.2 ,” 1024” ,0.0 ,4)
CALL SYMBOL(8.25 ,— .5 ,.2 ,”2048” ,0.0 ,4 )

G—89 
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CALL SYMEOL (9. 95 ,— . 5, . 2, “MM” , 0. 0 , 2)
CALL PLOT (0.0,0.0,3)
IF (TEST .EQ . 1) GO TO 260
G 0T 0 261

260 CALL PLOT(0.0,5.0 ,—3)
TEST O - 

-

GO TO 300 t -

261 CALL PLOT (14.0 ,—9.0 ,— 3)
TEST 1

300 CONTINUE
10 FORMAT (A4 ,1X ,F6.1,1X ,F3.0)
13 FORMAT (“  “ , 2X , A4 , 5X , F 6 .0 , 4x , F 6 . 2 , 2X , F 6 . 3 , 5X , F 7 . 3 )
53 FORMAT(A4 )

— CALL ENDPLT
STOP
END

•
1

I

- -

o
H
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APPENDIX H

MULTIVARIATE ANALYSIS

Multivariate analysis is the quantitative study of problems that involve

more than a single variable. One tool of multivariate analysis is correla—

tion and regression . When one variable increases in val ’ai~ and a second

variable increases or decreases uniformly with changes of the first

variable , correlation is said to exist. A measure of how closely variables

are correlated is called the correlation coefficient whose symbol is the

letter “r”. Where an increase of one variable is perfectly correlated

with an increase of a second variable , the correlation coefficient would

be +1.00. Where an increase of one variable is perfectly correlated with

a decrease of a second variable , the correlation coefficient would be —1.00.

Values of r, therefore , can vary between +1.00 through -1.00. The value s of

these two variables may be plotted on an x—y coordinate graph commonly called

a scattergram . When these variables show good correlation (values near +1.00

or —1.00) the points tend to lie on a line called the regression line . The

- - equation of the regression line , can be called the regression equation , which

describes the estimated change of the second variable with a given change of

the first variable. The difference between values estimated by the regression

equation and the actual value is called a residual.

The Statistical Package for the Social Sciences (SPSS) was used (see Appendix G)

to perform the multiple regression analysis (Nie and others , 1975 , p. 320-367).

‘
1 sPSS uses the following formulas to calculate the above described statistics:

B 
Z (x-x) (y-y)

-‘ — 2
~ (x—x )

A = y — B X  (2)

‘
~~~~
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Where A, B are part of the regression equation ,

1Y = A + B X  (3)

Y
1 is the expected value of the dependent variable and y is the actual value

of the dependent variable.

1Residuals = y — y (4)

r is calculated by the Pearson product moment equation ,

— 
N IXY — (LX) (EY)

2 2 2 2N EX - (EX) N EX - (EY)

The significance of the regression coefficient is evaluated by SPSS using

the F ratio

F 
Z(y

1 
— /1 (6)

E (y—y
1
) / (N—2)

SPSS provides the significance level of the F ratio routinely. The

— confidence level is simply 1—significance leve. In univariate analysis ,

the F ratio is used to test whether more variation occurs between categories

than within categories. In multivariate analysis , the F ratio is used to
(~~)

determine whether correlation between variables may be due to sampling

fluctuation or measurement error. When the significance of the F ratio is

low (e.g., 0.001), it is unlikely that the sample was drawn from a population

where the multiple correlatiQn coefficient equals zero.
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The SPSS subprograms used for regression and multiple regression are

SCATTERGRAM and REGRESSION. Subprogram SCATTERGRAM performs bivariate

regressions and outputs a scatter diagram (see Figure H-5).

The format of the input data is provided by the user. The control cards - -

for executing SCATTERGRAI4 are :

Column 1 16

RUN NAME REGRESSION ANALYSIS

VARIABLE LIST V1 TO V7

INPUT FORMAT FIXED (A2 ,3X,A2 ,2X ,F5.2 ,5X ,F5. 3,5X ,F4.0,5X ,F5.0)

INPUT MEDIUM CARD

N OF CASES UNKNOWN

0 RECODE Vl(”LH”=i) (“TT ”=2) (“BB” =3)

- - 
- - DO REPEAT X1=V23 TO V27/

X2=V3 TO V7/

COMPUTE Xl-LN (X2)

END REPEAT

VAR LABELS Vi WATERSHED CODE! -)

V2 SAMPLE LOCATION/

V3 DISTANCE/

V4 SLOPE!

VS MEAN PARTICLE SIZE/

V6 STANDARD DEVIATION/

V7 MAXIMUM PARTICLE SIZE/

V23 NATURAL LOG OF DISTANCE!

V24 NATURAL LOG OF SLOPE!

V25 NATURAL LOG OF MEAN SIZE/

11—3



• 
V26 NATURAL LOG OF STANDARD DEVIATION !

-
~ ( I  - V27 NATURAL LOG OF MAXIMUM SIZE! 

- • 

-

- - 
VALUE LABELS Vi (1) LH (2 ) TT (3) BB

SCATTERGRAM VS WITh V3 TO V4/V25 WITH V23 TO V24!

H u STATISTICS ALL

READ INPUT DATA

Data—files HERE

I -
~~ 

‘ - -‘a These control cards tell SPSS SCATTERGRAI4:

1. The computer run is called Regression Analysis.

j 2. The variables inputted consist of Vl , V2 , V3 , V4 , V5 , V6 , V7 .

3. The format of the data input ~~~S :

VARIABLE COLUMNS FORMAT

Vi 1—2 A2

V2 6—7 A2

V3 10—14 F5.2

v4 20—24 F5.3
— 

~~~ VS 30-33 F4.0 - -

V6 40—43 F4.0

- V7 49—53 F5.0

— ‘a 4. The data will be input from punched cards.

5. The number of cases is unknown .

6. Variable 1 (Vi ) will have 3 labels.

7- Calculate V23-V27 from V3-V7
10.

11- The labels of the 12 variables are as described.
22.

23. Vi is given numeric labels for testing when needed .

24. Produces a scatter diagram for V5 -V3 , V5-V4 , V25-V23 , V25-V24 .

14. All statistical options are to be calculated
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In order to use subprogram REGRESSION , the SCATTERGRAM card (24) may be

replaced with :

Column 1 16

REGRESSION VARIABLES = V3 TO V7 ,‘REGRESSION = VS WITH V3 TO V4

Both can be executed in a single run by placing the REGRESSION card after

the data. The data-file for regression analysis is defined by the select

card which precedes the REGRESSION card.

*SELE~~ IF (Vi EQ 3)

This card informs SPsS that the operation is to be performed on the watershed

with value lable of 3 (control card 2 3 ) .

The results of regression analysis is presented in Table H-7 through Table

11—18. The data in even numbered tables are taken from SPSS REGRESSION while

- 
- 

the odd numbered tables are derived from SPSS SCATTERGRAM .

0
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APPENDIX I

• THE ALLUVIAL FAN ENVIRONMENT

BY

WILLIAM B. BULL
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The alluvial-fan environment
by William B, Bull

I Introduction

Alluvial fans are distinct terrestrial landforms that have been studied inten-
sivel y, especiall y during the last two decades. It is the purpose of thi s review
to summarize the present state ofknowled ge about alluvial fans. The section
about the depositional environment discusses some recent work about the
hydraulics of streamflow on a small alluvial fan , describes the great diversity
of depositional environments that are characteristic of fans, and summarizes
t he strati grap h y offans as a distinct sedimentary environment. Mathematical

‘ 
descri ption of alluvial fans and the factors affecting fan area and slope arc
the subject ofa section about fan morphology. Then , some new ideas are pre-
sented about the tectonic environment of alluvial fans. An attempt is made
to exp lain wh y alluvial fans occur adjacent to some mountain fronts , whereas
pediments are the typ ical landform adjacent to other mountains. The tectonic
environment is but one of many aspects of fans tha t  are important to man.

An alluvial fan is a deposit whose surface forms a segment of a cone that  ‘a

I )  ra diates downslopc from the point where the stream leaves the source area.
The coalescing of many fans forms a depositional piedmont that commonly
is called a bajada (Blackwelder , 19 3 1) .  Each fan is derived from a source area

4 w i th  a drainage net that transports the erosional products of the source area
to the fan apex in a sing le t runk stream. The plan view of the cone-shaped
deposit is often fan-shaped , and the contours bow downslope. Overall radial
profiles are concave and cross-fa n profiles are convex. Those authors using
the term ‘alluvial cone’ generall y are referring to small cones steeper than 20

0
,

which are formed both by fluvial deposition and gravitational processes more
t~-p ical of talu s and debris cones.

In tr y ing to distinguish an alluvial fan fro m a pediment in the field , it is
usefu l to remember that alluvial fans are formed in a depositional environment
and that pediments are formed in an erosional environment. Many pedi-
mented areas have a large number of streams and ri lls that drain to the pied-
mont , but an alluvial-fa n piedmont has fewer streams , each acting as a major
conduit for water and sediment that is transported to the fanhead. Bedrock
knobs rarel y protrude throug h the alluvium of fans but are typ ical of pedi-
mented terrains , where a veneer of alluvium and colluvium mantles bevelled

—- - -- -~~~-~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~--~~~~~~ - —4
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bedrock. No one criterion should be used to define an alluvial fan. Some pedi-
ments approximate a segment ofa cone (Hadley, 1967, Figure 2) and many
alluvial fans are not fan-shaped because they are restricted by adjacent larger
fans. Surell (184 1) may have been the firs t to discuss alluvial fans, and Haast
( i 864, 1 879) and Thompson ( i 873) outlined the deposition offans on the Can-
terbury Plain in New Zealand. In his detailed account of the Upper Indus
basin Drew (1873) firs t used the term ‘alluvial fan ’ (Dana , t88o ; Cotton ,
1948). Dutton (i88o), Gilbert (1875 ; 1877; 1890), Geikie (i886), Miller
(1883), McGee ( i 8gi ), Davis (i~ o~), Baker ( i g i t ) ,  Eckis (1928), Longwell
( 1930), and Twenhofel (1932)  and most subsequent workers have continued
to use the term ‘alluvial fan’ in the same general context as defined above.
An alluvial piedmont that lacks the form of several coalescing alluvial fans
is best called an ‘alluvial slope’ (Hawley and Wilson , 1965, 8).

: The above aspects ofalluvial fans are easy to recognize by viewing the land-
form from the ground , from a mountain or aeroplane ; or through the use of
topographic maps and aerial photographs. A more difficult characteristic to
determine is the minimum thickness ofdeposits needed to class part of a pied-
mont as an alluvial fan. Doehring (1970) has indicated that the minimum

~ 

a thickness ofan alluvial fan is i 
~~~~~ 

m. Fans vary greatly in size (Spearing, i

from less than io m  in length to more than 20 km. Thus it is not possible to
assign some minimum value of thickness (such as t o r n )  as being definitive
of alluvial fans. Three metres ofdeposits would be substantial for a small fan
that is only 30 m from apex to toe . The same thickness on a piedmont that
is 20 km long would be best interpreted as a pediment mantle that could be
easil y removed by streams , thus exposing the bedrock. As a general guideline ,
fan s may be distinguished from pediments as being landforms where the thick-
ness of deposits is more than I/ t oo  the length of the landform. Many large
fans are thicker than 300 m. Information about the thickness of alluvial fans
may be obtained from stream-channels incised into the fan , from water wells
or other boreholes, and by geophysical techni ques.

Some characteristics of alluvial fans are shown in Figures i and 2. The in-
dividual nature of the component fans of the piedmont is readil y apparent. -~ 

-

A marked downfan change in the size of the debris deposited on a fan can
he seen in Figure ic . At the mountain front , the largest boulders have an inter-
mediate diameter of 350 cm , but the maximum size decreases to onl y i~~cm
at the toe of the fan. Downfan variation of particle size may also be affected
by temporary channel entrenchment , which causes deposition to occur in dif- - -

ferent areas along a given radial line (Buwalda , 19 5 1) .  Several variations of
mean particle size along a given contour , such as occur on the fans of the east-
ern Sinai peninsula , can be ascribed to large variations in flood competence.

Alluvial fans have greatl y diverse sizes , slopes , types of deposits , and source-
area characteristics. They are most widespread in the drier parts of the world
(B lissenhach , 1954 ;Suslov , ig 6i ; Anstey, 1965; t 966), but occura lsoin humid
regions (Bu izer , 19 65; Lusti g, 4974 ) such as Japan (Sato , 1960; Murata ,
19 3 1a ;  i93 ih ;  4 9 66; Yazawa el al., 4 9 7 ! ) ,  in the Himalayan Mountains
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~tffc ’ct th e slope , and loci and mode ofdeposition. Such changes may he caused
b y changes in discharge , ofscdimcnt and water , mode oltransport , or by tec-
ton ic  ( ‘Vents.

Several conceptual frameworks have been used in studies of al luvial  fans.
Davis ( i 905 ~ an d his s tudents  regarded fans as indicative ofcondit ions of youth
in the (-vc le of erosion - ‘fa n development is tcmporar\- . a mere incident in
th c geograp hi c cycl ( ’a’ (Ecki s , 1928 , 247 ).  Hack ( 19 65i and Denny ( 19 65; 19 67) ~ 

-

ba
~

- t ’ a used a l luvia l  thu s as examp l es to supp ort the dynamic equi l ib r ium (stead y ~ -

s ta t e)  iiiodcL I n th e i r  view , fans arc dise qui l ibr ium hndforms ~s-h ilc they are -:
growing. bu t  incr ras t ’ a  in fan area ~s-i ll  result in a balance between the amounts

‘a 

ofscdiment  delivered to and eroded from a fan. Lu sti g ( i 965) and Bull ( i 97 6)
hav e conte n dt’ ac l t h a t  it is hi ghl~ un l ik e ly  tha t  fans ever a t t a in  a stead~ state.
1\ fan is ~t11 cn(I point  ofar i  erosional dep ositional sy stem . Al thoug h streamfiow

1 i processes, channr l  niorp hologics a nd ~irr a in te r re la t ions  of adjacent a l luvia l
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fans (Hooke , 19 68) may tend towards stead y stat es, a fan is a depositional
Iandform that increases in volume. Overall degradation may exceed aggrada-
tion if the sediment y ield of the erosional part of the system is reduced , or
should the rate of accumulation of deposits be decreased in any other way.
if erosion predominates , mos t of the surfaces of a fan are best considered as
erosional slopes that are underlain by alluvium. For a fleeting instant of geo-
logical t ime the overall rates of fan deposition and erosion may be equal , but

4 this i n s t an t  should not be regarded as an attainment of stead y state . Stead y
Sta te not onl y implies time-independent landforms but also implies that , once
achieved , stead y-state conditions will persist as long as the independent van -
ables of the system remain unchanged. Those who are interested in fans as
growing landforms that are related to the erosional parts oftheir  open systems
may prefe r to use the conceptual framework ofallometnic change (Bull , 1975a)
where landscape elements are considered to be chang ing at different rates ,
and adjustment  to relative rates of change is emp hasized.

II The depositi onal environment

I Sireamf lou ’ hy drology on alluv ial f ans
In 1 909 Chamberlain and Salisbury introduced the unsubstantiated idea that
fan deposition results from an abrupt change of stream gradient. Repetition
of this false generalizat ion , particularl y in textbooks , has continued to th e
present desp ite contrary arguments and evidence published by Bull ( 19 64a),
Mc lt on (1 9 65), I)enny ( t g 6~ ) and Hooke ( 1972) .

The slopes of the upper part s of most alluvial fans are about the same as
th e st ream-channel gradients immediatel y ups t ream from the fan apexes.
Therefore alluvial-fa n deposition is not caused by an abrupt decrease in
stream-channel  gradient. Deposition is caused by changes in the hydraulic
geometry of flow after the stream leaves the confines of the t runk stream-
channel (Bull , I9 64a , 17 ) .  The t runk  stream-channel may end at or upsiope
from the mountain  front , or it may emerge from a reach entrenched into the
fanhead at what  has been termed the ‘intersection point ’ (Hoo ke , 19 67; Was-
son , 1q74 ; 1975) . The stream discharge (Q) is equal to the product of the
mean width  ( U ) ,  depth (d and velocity of flow ( v) .

Q= wdv ( 1 )

A stream or debris flow spreads out when it reaches the end of a stream-channel
on a fan. The increase in width is accompanied by concurrent decreases in
depth and velocity , which are the primary causes of deposition of sediment.
Discharge also may decrease when flowing over permeable surf icial deposits ,

q thereb y t ending to increase sediment concentration and cause deposition.
‘I’he proportion ofan alluvial fan that is flooded by a low recurrenc e-interval

flow varies wi th  the size of the source and fan areas. Large flows may cover
less than 5 per cent of fans that  are larger than iookm 2 , part icularl y in arid
reg ions. Flows of similar recurrence interval may cover more than 20 per cent

V -



rr~- 
~~

-‘- 

_ _ _ _ _ _ _ _ _ _ _ _ _ _  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~

- 

1 
228 The alit ia/-fa n e-nr ironment

~ 
.
‘
~~
‘
: ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-

- - - -
- : ~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~ 

‘ 
S

~
- , I f~

: ~ ~~‘1 ~ 

‘a
. ~~~~~~~~~~~~~~~~~~~~ ?~~~~-~~ :w ~

_ ’- - 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
~~~~~~~~~~~~~~~~~~~~~~~~: 

: 

~~~ 
—

# 
~~~~~~~~~~~ 

p

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~ 
V 

T
~t~: ~

Figu re 3 D~t1~’rent ages of d ebris f l ’ a~s - ‘a ’an a I~ IU  ( ‘ a t  ‘a t ’ a  ‘ a l I t  (I ‘a ‘a 
~ 

k i i ’a -~ , ‘a , ’ a ’ t i ’ a j  l t ? I  ( ‘aq ;j~er
(an\-on Li ii , I)eath \‘ a ll ( Ili(~o—ni~I. \ ‘ a ’ a I C  tli~ f a ’ a ’ a I i  ~‘a .4I~l) (t it t i l i g  111 1 Li i ’ a ( l ( - 1 u ’ a—I I  ‘a t h(- l~ lt
of t he Centre (lebris 11ott~

of fans tha t  are smaller t h a n  I km 2 . An ex anip le is sh~ )wn in Figu~e ~~ . The
part s ofth e  fan tha t  have not received fresh deposits for several thousand years
have been darkened by (lesert va rni~h . Two large debris flows cover much
of the centre and ri ght sides of the f~m n .  The centre flow has 1)(’cn darkened
sli gh t l y  i)y desert varnish .  The ri ght—sid e  flo w has no var n i sh ing of the surface 4

‘a .; rit aterials , 111(il has b et ter  preserved sur lic ia l  flow 6 ’aatt ir es .  ‘l’he y n~ngcr h o w

~ 
has also bCefl th e site of some smal ler  sub scqucnt  water  11o~s-s. 1 111’ two major

) flows tha t  ar c chiefly responsibl e f o r  th e t~s() (I(’po Sit ioflal  areas pr obab ly l~ t~’ac
a recurrence in te rva l  in excess of i 000 years.  ;\long the ed ges o f t h c  Sinai P eni n—
sula , fan areas are sm all compared to the i r  source areas because th e  ocean

~ 

-;_ removes part of the sediment deposited on the f~ins. A giv en flood event w i l l

~ 
inunda t e  a larger proportion of th e  Sinai f~ ns tI~~n sim i l a r— si z e  f a n s  t ha t  havc
been (leposited in an a l l u v ia l  b asin.

~ Few measur enlent s  have lx’en made of ~s-~t t e r ~t r1(l se ( l i t l lcII t  discharge on

I , a l luv i a l  l~ins. 1) ifTicu lt ies in mak ing  such n I t -asur ements  inc lud e  - 
-

I the  i n f r e q u en c y  and short  duration of streamfiows,
2 the presence of bould ers in t ransport , or creat ing i r regular i t ies  ii i  s t r eam—

channe l s ,
‘
~ the  d i t l i cu l tu - s  i nh er en t  in measur ing  sheetflow , a nd flow in shal low ri l l s ,

and
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4 the large width  for which streamfiow should he measured in a short period
of time.

A detailed stud y of streamfiow on an alluvial fan that  is part of a discon-
t inuou s  stream system in southern Arizona has been made by Packard ( 1974).
The stream system studied by Packard had the advantage of small size , and
nearly all the sediment transported was sand-size and finer material.  The Dead
Mesquite fan (Fi gure 4) iS 700 m long and has maximum width of 270 m. The
8.6 km 2 drainage basin upstream from the fan is underlain by sand y gravel
wi th  an extensive ~‘aa lley fill of clavev sediments.  The maximum discharge
measured in the fifth-order stream-channel  ups tream from the fan apex was
3-5 m 5.

BYPASS CHANNEL
SHEE TFLOW A COMPLEX CHANNEL
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After streamflow leaves the trunk stream-channel , the flow on the Dead
Mesquite fan consists of the f~ llowing progression ( Packard , 1 q 7 4 ) :  flow in
braided channels , comp lex channel flow and sheet fiow , sheetfiow , and ri llfl ow
tha t  enters headcut channels at the toe of the fan - A bypass channel along
the north side of the fan receives water from several t r i butaries as well as flow
from the main channel. All the streamfiow upstream and downstream from
the fan is in entrenched channels. The above types of streamfiow on the fan
were measured along a sing le selected path of flow indicated by the arrows
in Fi gure 4. In the fanhead area , flow is along wide shallow braided channels
with a mean slope of o.oo53 (the t runk  channel slope is 0.0042). The depth
of the channels decreases downfa n unt i l  at point C the channel ends (which
would be the intersection point of Hooke , 1967). A miniature fan of coarse-
grained sand occurs immediatel y downstream from the end of the channel
along the path of flow studied in detai l .  Other similar min ia tu re  fans are com-
mon in the fanhead area, and each occurs where flow in shallow channels
changes to sheetfiow, The change to a surface where all the streamfiow occurs

I

_ _ _ _  ~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~ _ _ _ _ _ _ _
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~IS sheetflow is accompanied by a marked increase in slope. Sheetfiow surface
slopes (points C-E) average o.oog. Local scour wi th in  the sheetfiow reach has
made several narrow incised channels into which part of the sheetfiow is col-
lected , onl y to spread out again at the end ofthe channel. These discontinuous
channels are small-scale analogues of the large discontinuous stream.

The toe ofthe fan is characterized by the collection of water from sheetfiow
into r illflow. The nills are broad swales that are hard ly noticeable , except dur-
ing t mes offlow. Sheetfiow may occupy much of the toe of Ihe fan , but the
flow velocities are much greater along the ni lls than between the ril l s. The
rills end in headcuts that abruptl y channelize all the sheetfiow , and which
represent an erosional modification at , and downslope from , t he toe of the
fan. The mean slope along the ri lls is 0.0 1 02 and along the headcut channels
it is 0.01 16.

As is the case for most alluvial fans in arid regions , the area of modern
streamflow is also the area o fmax imum density ofvegetat ion. A mean annual
preci pitation of about 250 mm supports onl y a widel y scattered growth of
hushes on the hillslopcs adjacent to the fan , but flow durations as long as 5
hours may occur on the fan. Small trees are the dominant  type of vegetation

~ ‘a in the area ofbraided-channel flow on the fanhead , but shrubs and grass are
the most important vegetative cover in the sheetfiow part of the  fan ( Packard ,
1974). In the headcut channels downstream from the fan , prac ticall y no
vegetation grows between the stream channels.

Important  self-enhancing feedback mechanisms operate between the
vegetation and streamfiow. Prolonged sheetfiow allows abundant  water to soak
in tO the clayey soil to support shrubs , grass and t rees. The vegetation tends
to disperse flow and maintain  the sheetfiow mode of streamfiow. Slow flow
ve locities on the vegetated part of the fan promote deposition. Near the toe
of the fan , flow becomes channelized once again , in part because of a decrease
in sediment concentration. The formation of headcut channels is part of an
opposite feedback mechanism that  decreases inf i l t ra t ion  and vegetation
between the channels , thereby tending to enhance further  erosion of channels.

Packard made hy draulic measurements of two 2.4 m 3 s I flows on the
alluvial  fan. His observations are summarized in Figure 5. The grap hs of bed
slope and flow velocity change with  the types of streamfiow on the fan. The
l~snhead , characterized by braided channels , h~’s a variable bed slope and a

f flow velocity that  decreases dowofan. Flow velocities are m in imal  on the sheet-
flood part of the fan despite the marked increase in bed slope downslope from
the fanhead area. Low ~‘a elocities in the sheetflood area are the result of the
hi gh h ydraulic roug hness due to decreased depth of flow and increased vegeta-
tiv(- density.  An increase in depths of flow in the channelized reach below the
toe of the fan results in increased velocities. The graph showing flow depths
and width-  depth ratios in Figure 5 shows the marked change in mode of flow
and an increase of two orders of magnitude in the width -  depth ratio on the
sheetflood part of a fan.

Packard collected scour and backfill data at nine stations along the channels

‘ a -s
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in the upper and middle parts of the fan. The data are for a variety of flows
ranging from low- to high-stage. The scour-cord data indicates that low- and
intermediate-stage flows cause net deposition along the channels , and that
high-stage flows cause net scour of the channels on the fan.

The hydraulics of the fan studied by Packard are similar to those of larger
alluvial fans. Most large alluvial fans do not have headcuts near the toe of
the fan, chiefl y because streamfiow on most large fans occupies only a small
part ofthe fan ; whereas the Dead Mesquite fan is largely covered by sheetfiow
during times ofmajo i- runoff. The presence ofclayey deposits also favours the
formation ofheadcuts. Large fans composed chiefl y ofsand and silt commonly
have rills downslope from the area of promminent sheetfiow , which indicates
that deposition in an area ofslow-moving sheetfiow decreases sediment concen-
tration so that a threshold is crossed and inci pient erosion of channels can —

begin on the lower parts of fine-grained fans during certain large flow events.
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26
a Grap hs of bed slope and flow velocity. The letters A—G refer to the locations on Figure 4.
-b Graphs of channel depth and width—depth ratio.

Fans that are much larger than the Dead Mesquite fan will have a greater
range of discharges during the course of accumulation of fan deposits. The
h ydraulic model outlined by Packard ’s stud y of the Dead Mesquite fan should
be regarded as suggestive of the processes that occur locall y for tinw spans
of a few years or decades on large fans. The longer-term h ydraulic processes
on large fans include marked shift s in the area of deposition along radial lines—
shift s that  are in part the result of depositional and fan-gradient contrasts in
areas of braided streamfiow and sheetfiow. The irregularities created by

~~
- ‘a h ydraulic variations such as those described by Packard result in local vania-

tions in surficial topograph y of alluvial fans.
During the accumulation ofan alluvial fan , stream-channel shifts may occur

both across the fan and along the radial lines of the fan. Lateral migration
of the area of deposition across the fan occurs when deposition has raised the
fan surface sufficientl y to favour shifting of the stream to an adjacent lower
part  of the fan. Minor shifts in stream-channel position near the fan apex may
cause large changes in channel position on the downslopc parts of the fan

,~10
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Figure 6 Braided stream deposits of Furnace Creek Wash , Death Valley, California.
a Bar-and-channel topography in area of present-day streamfiow.
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‘a- C Sequence of beds deposited by braided Sne .IWS , in ~.k 1~,JN ur(’a parallel to ~hc dzree tinn of
St rca in ~~~ -

(Denny, i 967) . These changes in the area offan deposition along the radiat ing
streamfiow lines from the fan apex are largel y responsible for the fan-shaped

~ ; plan view of the result in g deposit.
Mi gration of the deposit ional area along a given radial line occurs as a result

of entrenchment or backu ill ing of the stream-channel extending from the
source area. Fanhead trenches commonl y extend half the length of a fan. Some
streams are permanently entrenched , and may have channel bottoms that  are
as much as 50 m below a fan surface with an old soi l profile. Other fanhead
trenches appear to be temp orary, being less tha t  15 m below a fan surface has’-
ing no visible soil profile ; and having been entrenched and backfillcd one or
more times before the present channel down-cutt ing.

Stream-channel entrenchment tends to ma sk trends in downfan particle-
size dis tr ibut ion by providing a channel to transport streamfiows to the
downslope parts of fan s tha t  previousl y did not receive the coarsest part of the
sediment load (Buw alda , i q~j  I ) .  Decrease in the maximum and the mean - ;

pa rticle si-irs on a l luvia l  fan s has been noted by many workers (Blissenback ,
I q )  2 ; i q )  ~ ; Beat~ , I q( r- ; ; EJre~vcs , I () ( 3 ; Bu ll , t q(i .~a Ru h e, i 964 ; Bluck , I 964 ;
and Hooke , I - j

2 .1 l luria l—Jan depo .sii.s I 
- -

Alluv ia l  6tns have greatly differ ing litholog ies. Some fans consist of organic
0 sil t  (I ~egget t Pt at , I qbui , 2 I ). o thers consist largely of pebbl e— to bould er—size
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material with minimal amounts of sand and silt (Hooke , 1967, 456). More
than one mode ofdeposition occurs on most fans , and the proportions of dif-
ferent types of deposits may vary both verticall y and downslope from the fan

: apex. The runoff that is supp lied to the main stream-channel leading to a
fan may be the result of rainfall or snowmelt runoff from all or part of a given
basin. Thus differences in runoff characteristics , source, and amount of sedi-

r ment load , mode of transport , and other factors vary greatly and are reflected
in the individual beds preserved in the fan.

a Water-laid deposits : Two types of water-laid deposits can be found in most
alluvial fans, and a third type occurs on fans with certain source-area condi-
tions. Most ofthe water-laid sediments consist ofsheets ofsand , silt and gravel
deposited by a network of braided distributary channels. The second type of
sediment Consists offillings ofstream-channels that were entrenched tempor-
aril y into the fan. The third type is sieve deposits (Hooke , 1967, 453—6), which
are formed when the surficial fan material is so coarse and permeable that
most discharges infiltrate the fan before reaching the toe.

Sheets of sediments are deposited by surges of sediment-laden water that
- . spread out from the end ofthe stream channel on a fan. Depths ofwater gener-

all y are o .i—o .~~m , and shallow distributary channels rapidl y fill with sedi-
ments and then shift a short distance. The resulting deposit is commonl y a
sheet-like deposit ofsand and gravel traversed by shallow channels , which re-
peatedl y divide and rejoin.

Water-laid sediments commonly consist of gravel , sand and silt that contains
little visible clay. Claycy sand may be the typical deposit on fans derived
from source areas underlain by shale , mudstone and other clay-rich rocks.
Waterlaid deposits may be well sorted and may be cross-bedded , laminated
or massive. The characteristics of sediments deposited by braided streams
are described in detail by Doeglas (1962).

Low bars and anastomosing channels characteristic of water-laid sheets of
sediments on fans are shown in Figure 6. Deposition of low bars results in the
lensing nature of most braided-stream deposits , which is readil y apparent in
exposures of fan deposits normal to the direction of flow (see Figure 6b) .

Deposits that  backfill stream-channels temporaril y entrenched into a fan
generall y are coarser-grained and more poorl y sorted than adjacent sheets of
water-laid sediments that were deposited by braided distributary channels.
Bedding of the channel-fill sediments may not be as well defined as for the

‘a sheet-like deposits. The thickness of individual beds ranges from less than i cm
to more than 2 m , but bed thicknesses of 5 cm to i m are the most common.

If the source area supp lies little sand , silt and clay to the fan , deposits may
be sufficientl y permeable to allow water from a flood discharge to infi l trate -:
entirel y before reaching the toe of the fan. Lobes of gravel deposited where
the flow infil trates decrease the local slope , which also tends to promote deposi-
tion. Hooke (1967, 453—6 ) has studied these lobate gravel deposits and has
named them ‘sieve deposits ’. He stated that because ‘water passes throug h
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236 The alluvial-fan environment

rather than over such deposits, they act as strainers or sieves by permitting
the water to pass while holding back the coarse material in transport ’. Sieve
deposits are much less common than other types of water-laid alluvial-fa n de-
posits , but are among the most distinctive. Sieve deposits on a small , steep ly
sloping fan are shown in Figure 7. Most of the surficial dolomitic gravel has
been darkened slightl y by desert varnish , thereby making the most recently
deposited sieve lobes more obvious by their lighter tone. Each lobe may
have a different particle-size distribution.

Uni que source-area conditions are responsible for fans composed of sieve
deposits. Source areas for sieve deposits are underlain by rocks such as jointed
quartzite , and the clasts supp lied to the fans are characteristicall y sub-angular
blocks instead of well-rounded gravel. The excellent sorting of sieve deposits
results in massive beds and poorl y defined contacts between beds.

For additional information about processes on fans the reader is referred
to Blackwelder (1954), Beaumont and Oberlander ( 197 1) ,  Karcz ( 197 2 ) ,
Cooke and Warren ( i ~~~~~~ ) and Picard and Hi gh (1973).

b Debris-f low deposits : Water flows can selectivel y deposit part of their sedi-
ment load as a result of decrease in velocity or depth of flow. When a flow
incorporates sufficient sediment . sediment entrainment becomes irreversible
and the flow behaves more like a plastic mass (a Bing ham substance according
to Johnson , 1970 , 496) than a Newtonian fluid. Debris flows have a high
density and viscosity compared to streamfiows (Fisher , 197 1 ). Because of these
traits debris-flow deposits are poorl y sorted , are deposited as levees adjacent
to stream-channels, and have lobate tongues with well-defined margins
extending from sheet-like deposits on the fan surfaces . Debris flows are capable
of transporting boulders weighing many tons. Factors that promote debris
flows are abundant water (usuall y intense rainfall) over short periods of time
at regular intervals , steep slopes having insufficient vegetative cover to prevent
rapid erosion , and a source material that provides a readil y available and
abundant source of detritus and a matrix of mud. Viscous debris flows are
mos t common near fan apexes (Hooke, 1967, 452 ; Crowell , 1954). Since the
publication of Blackwelder ’s important paper (1928), publications about
debris flows have treated theoretical , experimental and field aspects : Sharp
(1942),  Woolley (1946), Jahns , ( 1949), Sharp and Nobles ( i 9~ 3), Bagnold
(‘954 ; 195 6), Kesseli and Beaty ( 1959), Rapp (1962), Bull ( I 9 62b; 1964a),
Beaty ( 1963; 1968 ; 1974), Winder (1965), Hooke ( 1967), Pashal y (1967),
Lindsay ( i g 68) , Landim and Frakes ( 1968) , Oliferov ( 1970), Johnson (t g 7 o) ,
Johnson and Rahn ( 1970), Fisher ( ‘97 ’),  Morton and Campbell (1974),
Price ( ig ~i~), Campbell (1975), Pe and Piper ( ‘g7~ ), Rodine and Johnson
(1976 ).

Debris flows also occur on hillslopes (an erosional environment) (Conway,
1893; Rickmers , 19 13), and in river valleys. However , debris flows are gener-
all y stored onl y temporarily in river valleys , because they are associated with
terrains that produce rapid runoff , and are likel y to be eroded by subsequent
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water flows. Litt le erosion occurs on an activel y aggrading alluvial fan ; the
fan environment is thus ideal for preservation of debris flows in the- strati-
grap hic record .

The proportions of water-laid and debris-flow deposits vary greatl y from
fan to fan , and may change during the history ofaccumulation ofa fan. Where
source-area conditions are not conducive to the production of debris flows ,

t the fan may consist entirel y ofwater-laid sediments. Other fans consist mainl y
ofdebris flows (Schafer and Schwab , 1975). Most fans whose source areas pro-
duce debris flows also have flood events that  result in the deposition of water-
laid deposits.

Part ofa thick debris flow is shown in Figure 8a. Thick margins of lobate
tongues of debris in the foreground indicate that the flow was hi ghl y viscous.
the round protuberances further upslope are i to 3 m mud-covered boulders.

‘a The smooth surface of most of the flow is characteristic of fresh debris flows
deposited on alluvial fans. Old debris flows commonl y consist ofsurficial lobes
and levees of cobbles and boulders , because rain splash has removed much
of the matrix. Subsequent water flows may cut throug h the debris-flow de-

a posits . The maximum thickness of the flow shown in Figure Ba is i .3 to 2 m
(Beat y , 19 68, i8) .

A mudflow is a type of debris flow that consists mainl y of sand-size and
finer sediment. Many workers use the term ‘mudflow ’ in a genetic sense for
all types of debri s flows , because a matrix of mud is the distinguishing feature
as contrasted with water flows (Blackwelder , 1928; Crandell, 1971).
The mudflow shown in Figure 8b consists of poorly sorted clavey sand. The

viscosity of the flow was not great , as is indicated by the thin marg ins of the
lobate tongue. The flow thickens rapidl y inward from the marg ins and is i 0 cm
thick by the shovel. Althoug h the flow contained virtuall y no material larger
t h an 4 mm , the cobble train shown at the ri ght side of the photograph was
part of a lobate tongue of an earlier debris flow that transported larger par-
ticles. Pol ygonal desiccation cracks are characteristic of clay-rich mudflows
that  contain l i t t l e  gravel.

The bedding of debris-flow sequences is not usuall y well defined , but upon
close examination , bedding planes between flows can be discerned in outcrops
(see Figure Hc).  Where interbedded with water-laid sediments , debris-flow
beds are readil y apparent. - - -

The relative viscosities of debris flows can be obtained by stud y of the posi- ‘a

t ion and orientation of the the larger clasts. A low-viscosity debris flow will
have graded bedding and a horizontal or imbricated orientation of the tabular
gravel fragments. The more viscous flows have the larger clasts distributed
uniformly throughout the flow (Figure 8c). The most viscous flows not onl y
have uniform distribution of the larger clasts, but the tabular particles corn- 

- 
-

monl y have a vertical preferred orientation normal to the direction of flow.
Poor sorting is characteristic of debris flows. Many debris-flow deposits are . 

-

so coarse grained that it is difficult to obtain a representative samp le for deter-
mining the particle-size distribution of the material. As a result , few particle-
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Figure 8 Characterisdcs of debris flows.
a Debris flow on the Spark plug Canyon fan. west side of tlu’a ~Vhi te J~’a 1ountains . (~alitornia.

size anal yses have been made of debris flows (Crawford and Thackwell , 193 1
Sharp and Nobles, 1953, 566) . Bull ( 19 64a) made 50 particle-size anal yses
of mudflows.

1 
/ 

Logarithmic plots of the coarsest one-percentile versus median particle size
may make patterns distinctive of depositional environments on fans (Bull ,
I 96~ b~. Sinuous patterns indicate shallow ep hemeral-stream environments.
Rectilinear patterns indicate debris-flow environments.

3 Stra tigraph y of alluvial fans
Two earl y workers who considered the strati grap h y of alluvial  fans were Drew
( I 8 7~ and Gilbert ( i8q o) .  Some of the first workers to relate fans to adjacent
deposits and Pleistocene chronology were Rickmers (1913), and Terra and
Paterson ( 1939) . Criteria for the recognition of alluvial-fa n deposits in the H
strati grap hic record are discussed by Bu ll (1972a). Relations of fans to terraces
have been discussed by Bull ( 1964b) , Lusti g ( 1 965) and Pain and Pullar
(1968).

4 The bedding of the deposits is one of the better methods of ident ify ing the
alluvial-fa n environment in the strati graphic record. Within a sing le outcrop
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An example of bedding variety is shown in Figure 9. The massive bed of
uniform thickness above the hat consists of clayey gravel that was deposited
as a viscous debris flow. Beneath the debris flow are beds of well-sorted water-
laid sand. A i cm bed ofwater-laid clay immediately above the sands is typical
of the waning phase of ephemeral water flooding on a fan , when the corn-
petence is sufficient to transport onl y silt and clay. Beds of poorly sorted , silty
gravel occur above the debris-flow bed and beneath the water-laid beds. These
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Figure to A diagr .trnmat ic ckeu-h showing t i-u- internal structure of a ivp ical alluvial fan.

beds may be in terpreted as low-viscosity debris-flow deposits, or as poorly

sorted water-laid deposits.
The sheets and tongues of water-laid and debris-flow deposits of alluvial

fans are generall y 5- 20 times as long as t h e y  are wide. The lengths of the sheets
range from a few tens of metres to many kilometres. Exposures are not usually
available to indicate the extent of the larger sheets comprising fans.

Although local variations of flow direction on a given fan may exceed 30

(Bull , 197 Th , Fi gure ~ -2 ) ,  the lack of meandering channels on most fans results
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Figure ii Longitudinal section of fan deposits that are thickest adjacent to the mountain
front. After Magleby and Klein (1965, Plate 5).  (From Figure 13. Bull 1972a )

in a high consistency of current flow directions. Statistical studies by Howard
(i g66, 152) and Nilsen (1969,50) indicate that a high consistency of flow direc-
tions is characteristic of ancient alluvial-fan environments.

Depositional hiatuses in fan deposition are commonly represented by soil
profiles that have formed during periods of io 3— i o years while deposition
occurred elsewhere on the fan. Soil profiles on fans are discussed by Ruhe0 ( 1 9 64) ,  Bull (,964b), Hawley (1965) and Lattman (i~~~~ ).

The overall geometry of an alluvial fan reflects the accumulation of vast
numbers of beds of differing extent and thickness, and the changes in loci of
deposition caused by entrenchment and backfilling of the trunk stream-
channel. The typical situation is shown diagrammatically in Figure i o. The
area portrayed is one where recent uplift along a boundary fault has induced
rapid accumulation of fan deposits adjacent to the mountain front. The trun-
cated ends of the ridges extending out from the mountains form triangular-
shaped facets similar to those shown in the right side of Figure i b. The surface
of the fan is not entrenched and is traversed by braided distributary streams,
some of which are associated with the most recent episode of deposition.

Considerable variety exists in the radial and cross-fan stratigraphic rela-
tions. Along radial sections of a fan, individual beds may be traced for long
distances, and channel-fill deposits are rare. In contrast , the cross-fan sections
reveal overlapping beds of limited extent that are interrupted by backfilled
stream channels. Because some channels were entrenched only a short distance
downslope from the fan apex and others were entrenched as far as the midfan
area , backfllled channels are most common near the apex and rare near the
toe of the fan.

The overall shape of alluvial fans may be wedge-shaped or lenticular. Figure
t shows a wedge of deposits that is thickest near the mountains. In this area,

• up lift of tne mountains occurred mainly before deposition of the Corcoran
• Lake Clay, which is only slightly deformed. Uplift of the mountains has

j~)
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Figure ta Longitudinal section of fan deposits that are lenticular. After Magleby and Klein
(‘�5, Plate 

~
). See Figure ii for explanation of symbols. (From Bull, !972a, Figure i~ )

0

FIgure 13 Diagrammatic sketch showing a tectonically stable terrain with a single erosion
surface that truncates the rocks of the mountains, the fault, and the alluvial fans that had
been deposited in the basin.
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increased the sediment yield of the source areas, and fans that were only 4 km
V long at the end of the lacustrine period have expanded to. 35 km. A lens-

shaped mass of fan deposits is shown in Figure i 2. In this case, the Pleistocene
lake clay has been folded along its western extent , along with an undetermined
amount of the overlying fan deposits. The largest thi’ kness of post-pluvial fan
deposition have occurred in the midfan area.

The relations shown in Figures i i  and 12 reveal the influence of an active
orogenic environment—an environment typical of thick accumulations of
young fan deposits (Beaty, 1970). After the tectonic uplift of a mountain ceases,
the stream will continue to downcut within the mountains, and will eventually
cut below the altitude of the fan apex (Eckis, 1928, 237—8). The resulting
entrenchment of the fanhead may be permanent if it removes the fanhead
area as a potential area of deposition. The surface of a fan may lose much
of its aspect of a segment of a cone after extensive erosion of the fan deposits
upslope from the point where the stream intersects the fan surface.

Continued lack of tectonic uplift will change the depositional environment
to an erosional environment where pedimentation is the main process operat-
ing on the landscape. The typical situation of those parts of the world with
a basin-and-range structura l setting is shown in Figure ‘3. A highly eroded
mountain fror.~ has retreated from its original location at the buried fault scarp.
Remnants of the form:r mountain mass now rise above a pediment mantle
traversed by shallow stream-channels that transport new debris derived from

1 0 the mountains, and rework the weathering products from the pedimented sur-
face and alluvium. Downslope from the buried fault is a thick sequence of
basin-fill deposits, whose upper part has been eroded so that the alluvium
has an erosional surface that is an extension of the sediment. The beds of the
basin fill continue for long distances in the downslope direction , but the

0 exposure parallel to the mountain front reveals overlapping beds of limited
extent interrupted by numerous backfilled stream-channels——features that
suggest that the basin fill was deposited as alluvial fans. In this case, the change
from a depositional to an erosional environment may have removed more than
i oo m of surficial fan deposits, and has destroyed the depositional morphologyC) of the fans.

4 Relation offans to adjacent defrositional environments
Alluvial-fan deposits are commonly in contact with adjacent fans or deposits

r of flood-p lain and lacustrine environments (Hunt and Mabey, ~g66; Vita-
Finzi, ig6g; Hunt , ig75). The deposits of individual alluvial fans interfinger
in zones of coalescence. The distinctive lithologies between individual fans
derived from differing source-area lithologies arc discernible through use of
lithology studies of gravel-size detritus (Miall, i~~o), differing percentages of
components such as clay or gypsum (Bull , 1964a) , or by electric-log data
from boreholes. .

If the downslope edge of a fan is adjacent to a through-flowing stream, the
fan deposits will be in contact with flood-plain deposits (Figures i i  and 12) .
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If the rate of fan deposition exceeds the rate of flood-plain deposition, the
fans will tend to expand their area by encroachment over the flood-plain area
until the rates of deposition of the two areas are equal. In the western Fresno
County area , accelerating rates of sediment yield during the last 6ooooo years
(the age of the top of the lake clay (Janda , 1965, 13 1)) and the tendency to-
wards equal rates of accumulation of the various types of basin-fill deposits
have resulted in overlap of the fan deposit on the flood-plain deposits.

The tendency towards equal rates of deposition among coalescing alluvial
fans and between fans and the playa in a closed basin has been described by
Hooke (1968, 6 14— 16) . Hooke’s model suggests that the areas of accumulation
of fan and playa deposits are directly proportional to the volumes of materials
being supplied to each fan and the playa per unit time.

In closed basins, pluvial lakes may have formed and inundated parts of the
alluvial fans. Lake beds deposited during pluvial intervals form extensive blan-
ket-like deposits that occur as layers in the sequence of fan deposits (Smith ,
i q68). Where the areal extent of a lake bed can be defined in the subsurface,
the upsiope extent of the lake beds will not only depict the location of the
shoreline, but also the fan contour at that point in history of accumulation
of the fan deposits (Miller et a!., 197 1 , 3,).

HI Morphology of alluvial fan.

The areas, slopes and deposits of alluvial fans record a tendency towards
mutual adjustment among a complex set of controlling variables. These vari-
ables include the area , lithology, mean slope and vegetation cover of the source
area ; slope of the stream-channel , water and sediment discharge, climatic
(Tricart , ig66) and tectonic (Bull , i964b) environment ; and the geometry
of the mountain front , adjacent fans, and the basin of deposition. Changes in
one or more variables will tend to cause a readjustment of the fan morphology.

The concentric contours and fan-shaped plan view of many alluvial fans
suggests that the shape of the deposit can be expressed mathematically. If the
gradient of a fan did not change, and if its contours were true circular arcs,

0 it is confi guration could be expressed by the equation for a circular cone. Few
fans meet these requirements because the slope generally decreases downslope
from the fan apex ; and , for most fans, only parts of the contours are true circu-
lar arcs about a given point. The typical fan has both concave and convex

I I curvature—the radial profiles are concave, and the cross-fan profiles are con-
vex.

Troeh (1965) has derived an equation which , by changing signs, may be
used to describe four basic types of landforms. His equation for the concave—
convex curvature of alluvial fans is:

00 Z=P + SR+LR2 (2)

where Z is the altituci e of any point on the surface of the fan. P is the altitude
of the theoretical fan apex, and may be located graphically by constructing
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perpendiculars to two or more tangents to a contour that approximates a circle.
The altitude of P usually is higher than the true altitude of the fan apex. S
is a slope of the theoretical fan at P , and L is half the rate of change of slope
along a radial line. R is a radial distance from P. The equation can be solved
for a specific fan by making measurements along radial lines topographic
maps.

Troeh’s equation was applied to the Copper Canyon alluvial fan in Death
Valley, California. Although this fan has segmented radial profiles , the change
of slope between fan segments is not large . The fan is a fairly symmetrical
segment of a cone whose contours make i 8o arcs. The equation for the Copper
Canyon fan is:

$ Z = 49m_ (93/km)R+ (12/kml) R2 (3)
Discrepancies between estimated and true altitudes average only 2 to 3 m, less
than a quarter of the 15 m contour interval—except for the extreme northwest
side of the fan, which is anomalously steep.

Mathematical descriptions of individual fans using Troeh’s general equation
provide a means of describing variations ofdepositional landforms. Such equa-
tions also define anomalies of fan geometry and suggest the depositional pro-
cesses that cause anomalies from the general fan shape as determined by the
equation. An examp le would be the presence of steeper lateral slopes than
medial slopes on most fans.

The area of a fan is influenced by many factors. One of the most important
is the effect of the size of the source area of the deposits. A general relation
(Bull , 1962a) can be expressed by the equation :

A1=cAj ’ (
~

)
~ 0 in which A, is the fan area , and Ad is the drainage basin area. Fan area/

drainage-basin area plots for widely spaced suites of fans in the western United
States are shown in Figure 14. The plots roughly parallel each other and have
a mean slope (n) about 0.9. The mean value of the exponent of o.g is similar
to the exponent of the power function between source area and sediment yield0 as determined by Brune (£94 8). In Equation 4, fan area is serving as a proxy
for sediment yield. However, Lustig (1965, 1 34) has pointed out that one

• . should be careful not to use fan areas as a sole indicator of fan volumes. The
relation between fan areas and fan volumes may vary from one basin to
another, with small enclosed basins having small thick fans and large openk 0 basins having large thin fans. Furthermore, fan area/fan volume relations will
differ if deposition is concentrated near the mountain front , or if it is spread
out over a large area as a result of prolonged deposition downslope from the
mountains. Hooke ( ig68) has suggested that an exponent of less than unity

9 reflects lower mean slopes of large source areas as compared to small source
3 areas, less likelihood of a storm covering the large source areas, and more

• opportunities for storage of alluvium in larger source areas.
The coefficient , c, of Equation 4 has more than a tenfold variation because
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FIgure 14 Relations of fan area to drainage-basin area for groups of fans in California and
Nevada. The equations and sources of data are as follows: (z , a) Af = 2 .1 A~°~9 ’ , A1—

O o.96A1°-98 , least square revisions from Bull (i~ç6~) ;  (~) Aj=o.74A10� (Hawley and Wilson ,
1965); (~) Af=o.5Ad0S , depositional parts of fans ( Denny, 1965) ; (f,, 6, 7) Aj=o.42A~°°4 ,
Af = O.24A~ ’-°’ , Aj r=o .I5A~°-9° (Hooke, ig68).

of the effects of variables other than drainage-basin area which affect fan areas
of different localities. The other variables include drainage-basin lithology,

- o climate, mean slope, and the amount of available space in which fans can
be deposited. Within a given basin of deposition, such as the San Joaquin Val-
Icy, California, fans derived from mudstone source areas are roughly twice
as large as those derived from sandstone source areas of compa rable size (Bull ,
1962 a). This is shown by the coefficients for lines 1 and 2 in Figure 14. The

U fans derived from the mudstone source areas are also the thickest and the dif-
ferences in fan volume can be attributed largely to the greater erodibility of
the mudstone and shale. Extremes in fan size that may be attributed largely
to lithology can be illustrated by the coefficients of sets of fans in the San Joa-
quin and Deep Springs Valleys, California. The fans derived from mudstone
areas are roughly twice the size of their source areas, but the fans derived
from the quartzite source areas studied by Hooke (1968) are only about one-
sixth the size of their source areas.

The effect of tectonic activity on the sizes of fans on opposite sides of Death
Valley was noted by both Hooke (1968 ; 1972) and Denny (1965). Eastward
tilting of the valley has caused the west-side fans to be extended , and the toes
of the east-side fans to be buried by playa deposits. Tectonic tilting has been
the chief cause of coefficients of i .05 for the west-side and 0.15 for the east-
side fans.

C
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Many of the factors that influence the slopes of streams also influence the
slopes of alluvial fans, but the relative importance of the variables may vary
between localities. In general, fan slope decreases with increasing fan and
drainage-basin size (Bull, 1962a ; Beaumont, 1972). Hooke (1968) concluded - :
from laboratory and field studies that fans produced by small discharges had
steeper slopes than fans produced by large discharges and that fans constructed
largely by debris flows or sieve deposition were steeper than fans constructed

0 by othcl fluvial processes.

T.bk z Effect of mode of deposition on alluvial-fan slope ( mod~f isd f rom Hook,, z968, 626)

Steepest slopes Most gentle slopes

• Dominant mode -

of deposition Sieve Sieve Debris flow Water -laid Fine grained
water -laid

Other modes
of deposition None Debris flow Water-laid Debris flow None

Steeper fan slopes also are associated with larger particle sizes. Bull (ig64b,
• 95) concluded that fans derived from source areas with high rates of sediment

production were both larger and steeper than fans from source areas with low
r - 0 rates of sediment production.

The importance of tectonic environments on alluvial-fan slopes is discussed
in detail in the next section.

IV T.ctoulc environment of alluvial fan.

Thick alluvial fans are orogenic deposits, not only because uplift creates moun-
tainous areas that provide debris and increased stream competence, but also
because the loci of deposition on alluvial fans are controlled by the rate and
magnitude of uplift of the adjacent mountains (Bull , i964b; 1968). Optimal

o conditions for accumulation of thick sequences of fan deposits occur where
the rate of uplift exceeds the rate of downcutting of the trunk stream-channel
at the mountain front. The orogenic interpretation of fan deposits is useful
in evaluating the thick sequences of fan deposits found in the stratigraphic
record . A variety of discussions of the tectonic environment of alluvial fans

L 0 are in the papers of Pumpelly (1go~), Berkey and Morris (1927), Longwell
( 1930), Teilhard de Chardin ( 1933) and Beaty ( 1 g6i).  Initial deposition, fault-
ing, erosion and renewed deposition of fans may be a common but unrecog-
nized sequence ofevents because of insufficient exposures or burial by younger
fans. Two of the better studies of this aspect of fan stratigraphy are by Berkey

I) and Morris (1927) and Pashley (i966).
Small alluvial fans may occur in areas of non-tectonic base-level change,

such as where a river or glacier has eroded the trunk valley at a more rapid

J _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



I ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - ~~~~~~~~~~~~~~~~~~~~~~~~

H)
- William B. Bull 249

rate than have the tributary streams (Cotton, 1922 ; Suggate, 1963 ; Carryer,
1966; Ryder, 197 I a ;  1971 b; McPherson and Hirst , 1972; Church and Ryder,
1972 ; Roed and Wasylyk, 1973). The first extensive description of fans (Drew,
1873) was in a paraglacial setting, rather than a setting of tectonic base-level

¾ fall.
Climate is also an important independent variable affecting alluvial fans.

Changes in entrenchment of the trunk stream-channel and in the mode and
loci of fan deposition that are ascribed to climatic changes are discussed by

- 
- 

Lustig (1965, i 83—6). Periods of accumulation of thin temporary alluvial fans
may coincide with climatically controlled times of increased sediment yield
of the source areas, or decreased competence of transportational processes
across piedmonts of pediment or glacis origin. Temporary fans that may be
ascribed to this origin occur in the study areas of Bond (i~~g), Czajka (1958),
Mensching (1958), Mabbutt (1966), Williams (1970 ; 1973), Werner ( 1972)
and Busche ( 1972) .

In order to understand better the effects of uplift on alluvial-fan systems,
one has to consider all processes that affect the altitude of a point on a stream
at a mountain front—the local base-level tectonic uplift (u) , fan deposition
(s) and channel downcutting (w) . The rate of uplift of the mountains relative
to the adjacent basin, either by pulsatory or continuous uplift , largely deter-

F mines the loci and thickness of alluvial-fan deposition .
The diagrammatic cross-section of Figure 15 shows the interrelations of local
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Figure i~ Diagrammatic cross-section showing conditions that favour the accumulation of
alluv ial-fan deposits next to the mountains.
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base-level processes conducive for the accumulation of thick alluvial-fan de-
— posits. The base-level processes of either channel downcutting in the mountains

7 U or basin deposition will tend to cause the stream-channel to become
entrenched into the apex of the alluvial fan, and thus shift the loci of deposition
downfan. Uplift of the mountain range counteracts the tendency to entrench
the fanhead. The uplift also allows both channel downcutting in the mountains
and fan deposition next to the mountains, but only when the rate of uplift
equals or exceeds the sums of the two base-level processes that are tending

• to cause fan-head trenching.

Au Aw As (
~

)

As long as the amounts of uplift equals or exceeds the sums of the amounts
of downcutting and deposition, fan deposits will continue to accumulate

- I 
adjacent to the mountain front.
Some of the rift valleys of the world provide ideal tectonic settings for rapid

accumulation of alluvial-fan deposits. An example is shown in Figure i6. The
alluvial fans along the eastern margin of the Sinai Peninsula are steep and
consist of water-laid gravel that has an indissected surficial morphology and
only minimal soil-profile development, indicative of rapid accumulation. The
typical alluvial fan along this mountain front is not entrenched and the inter-

(3 relations between the local base-level processes are those described by Equa-
tion 5.
Deposition of thick sequences of fan deposits have occurred during many

orogenic periods. Examples are:

t the fan deposits along the northwest coast of Scotland (Maycock, 1962 ;
0 Williams, 1966; Steel, 1974) ;

2 the late Precambrian Kewenawan red beds of the Canadian shield ;
3 the Devonian fan deposits of Norway that are associated with the post-

• Caledonian Svalbardian disturbance (Nilsen , ig 68a ; ig 68b ; 1969);
4 the Devonian of Arctic Canada (Miall , 1970) ;

5 the Pennsy lvanian Fountain Formation of Colorado (Tieje , 1923 ; Hubert ,
1960 ; Howard , 1966;

6 the Triassic Newark Group associated with the Appalachian revolution
• . (Dun bar , 1949 3 1 1— 16;  Krynine , 1950 ; Reinemund , 1955 ; Klein , 1962);

7 the Triasic of Wales (Bluck , 1965);
8 the earl y Tertiary fanglomerates of the Rocky Mountains that arc associ-

~ i ated with Laramide tectonism (Sharp, 1948); and
9 the late Tertiary deposition in the Rid ge Basin area of southern California

(Crowell , 1 954 ; 1974).

Equation 5 requires that the minimum relative uplift associated with the
alluvial-fan environment is more than the thickness of preserved deposits. The
amount of stream-channel downcutting during a specified span of geological
time is not known for most sites, but on the basis of the limited amount of

-
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Figure z6 Unentrenched alluvia l fans along the east side of the Sinai Peninsu la west of the
Neviot. The rapid rate of accumu lation of these fans can be described by Equation 5 of the
text.

data presentl y available channel downcutting appears to at least equal the
thickness of fan deposition.

Thickness of alluvial-fa n deposits in the strat i graphic record commonl y
exceed ~ooo m, and therefore represent evidence of large amounts of vertical
differential uplift of ancestral mountain ranges relative to their adjacent
basins. The conglomerate and sandstone adjacent to the San Gabriel fault
scarp of the Ridge Basin area has a stratigraphic thickness of 8ooo m (Crowell ,
1 954). The Newark Group in the Appalachian region exceeds 6ooom, and
the Devonian fan deposits in Norway have a maximum thickness of 5000 m.
Even the remnants of the Precambrian Torridonian fans of Scotland are
24OO~ f l thick.
The interrelations of base-level processes conducive to the development of

incised alluvial fans are

L~t U Aw Ae
— • — - — (6)
A l ~~

where u and w are the same as in Equation 5 and e is the erosion of the alluvial-
fan deposits adjacent to the mountains . In this case , the rate of long-term up lift
is relativel y less than indicated by Figure ‘5 and Equation 5. Since intermittent
to slight up lift is continuing or has occurred sufficientl y recentl y in the geologi-

~~

f  cal past, the fanhead morphology of these alluvial fans has not been destroyed

_ _ _ _ _ _ _ _
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by erosion. The loci of deposition have permanentl y shifted downslope from
the mountain  front because the rate of s t ream-channel  dow n cut t ing  at the
mountain front exceeds the rate of up lift at the moun ta in  front. Thus , the
fanhead area has been removed as a possible area of depo sition and the degree
of soil-profile development will provide clues as to the length o f  t ime  since
the fanhead area last received deposits. The comp lete and intense weatherin g
profile s that  are charac t eristic of the fanhead areas of many entrenched alluvial
fans also indicat e (h a : th e  r~ tr  of erosion of the abandoned depo sitional surface
has been lr~s t han t h e  mean r.L t e of ~ i 1—pro fil e development .
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Figure 17 Entrenched a l l u v ia l  fan of t - lanuap ah Cany on I ) r i  i i i  \ al l ey , C~ li6 rn i a .  I he
in t e r r e l a t i ons of the b ase—le vel processes t h a t  r esulted in th e  I . i i ih  u i  t r em-h in g  of t h i s  fan art’
described h~ Eq u a t i  in 6 of the text

Fanhead trenching may also be temp orary , last ing only i 01 to i o~ years • 

-

compared to the p ermanent en t renchment  discussed in relation to Equat ion  - •

6. Fanhead trenching caused by climatic variations has been studied in detail
by Bull ( 1g 64h and \Vasson ( i q ~,y. Schumm ( i q 7 ’~) points out that changes
in climatic and tectonic factors need not be present to cause channel
entrenc hment , and that entrenchment and ba ckf il l ing of stream systems may 

. -

occur as com plex response patterns. Weaver and Schumm ( 1 9 7 4 )  demon-
strated a case of comp lex response as app lied to fanhead t renchi n g  of a ph ysical
model. The ent renchment  ofth e  fans ofdiscont inu ous  ep herncrai streams , su ch -:

as the OflC discussed by Packard ( i  9 74 - . h as been the  top ic of discussion of
many workers inc luding  Schumm and l-Iadlev ( i  q57 and Cooke and Reeves
(1q7 6
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The Hanaupah Canyon fan in Death Valley, California, is a good examp le
of a permanentl y enriched a!luvial fan. Deposition occurred initiall y at the
mount ain front , then along the north side of the fan (the right side of Figure
17) ,  and then in the central part of the fan but still further downslope. Only
minor faulting has occurred at the mountain front , as is indicated by the few
fault scarps that cut the fanhead. Althoug h vertical differential up lift may be
st ill occurring at the mountain front , the rate of up lift is lower than the rate
of channel downcutt ing at the mountain front. These relative rates of local
base-level processes conform to the format of Equation 6 and have resulted
in modern deposition being concentrated at the toe, instead of at the head
of the fan. A vertical aerial photograph of the fan has been published by Denny
(1965, 34), and a geomorphic map of the fan has been published by Hooke
(1972 , 2079).

With decreasing tectonic activity, pediments become the typ ica l landform
and can be described by three additional equations (one of which is shown
by Bull , 1973) .

The slope of an alluvial fan is sensitive to changes of the erosional—depo-
sit ional system. Changes in the erosional area affecting the depositional area
by causing changes in the stream connecting the two parts of the system.
Bull ( 1964b) showed that changes in stream-channel gradient resulting from
tectonic or climatic events in the mountains caused changes in the depositional
slope of a fan.

Changes in fan slope can be observed in the radial topograp hical profiles
of most fans. The overall profiles are gentl y concave, but they are not smooth
curves. Instead , a radial profile comprises several straight or , less commonly,
concave segments (Bull , l96i , 1964b; Denny, 1967 ; Hooke, 197 2) .  The sur-
faces of the fan segments form bands of approximatel y uniform slope , which
arc concentric about the fan apex. The development of one type of fan seg-
mentat ion is shown in Figure i8. Figure t8a shows an initial condition where
alluvial-fan deposits are accumulating immediately adjacent to the mountain
front. The steam issuing from the mountain front does not undergo an abrupt
decrease in gradient where it enters the piedmont. Instead the stream and
the depositiona l area on the fan have about the same gradient (Bull , 1964b,
1 00—2) .  The hypothetical fluvial system sketched in Figure i8a is changed by
a period of tectonic activity during which s~vcra l tens of metres of vertical
differential up lift occurs at the mountain front as a result of either folding
or faulting. The uplift induces trenching headward from the mountain front ,
leaving parts of the uplifted stream channel as paired terraces. As headward
cut tin g by the stream proceeds into the drainage basin , the effects of the tec-
tonic perturbation are lessened in that the stream gradient at the mountain
front becomes less. However, the stream gradient is still steeper than before
the uplift . Deposition on the fan apex is concurrent with accelerated downcut- ‘ 

-

ting of the stream channel in the mountains. Downcutting of the valley and
ra ising of the fan surface Continue until a common and uniform gradient •
results. The fan surface now (Figure i8b) has two segments that appear as 

_  -
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straight lines on a radial profile. If deposition should continue at the fan apex,
the valley upstream from the apex might be aggraded in order to maintain
a common gradient—provided that streamfiow conditions, such as sediment
load and size—favour additional deposition instead of channel downcutting.

• Segmentation of the type shown in Figure i8b is not generally obvious in the
field , particularly where the change in slope the two fan segments is less than

-H 2°.

Figure 19 shows a map and radial profile of a segmented alluvial fan of
3 the type portrayed in Figure iS. The abrupt breaks in slope between the fan

segments cannot represent tectonic hinge points, because the segment boun-
daries are strongly concave (more concentric than the contours) towards the

- - -. fan apex. The concentric distribution shows that the fan segments are depo-
sitional features instead of purely tectonic forms. Each of the eight radial pro-
files of Figure 19 has three straight-line segments, and the angle, 4~

, between
the upper and middle segments is larger than the angle, ~,, between the middle
and lower segments. The data of Figure ig can be interpreted as evidence
that the depositional slope was steepened twice as a result of stream-gradient
steepening caused by intermittent uplift of the mountains. Differential uplift
was greatest at the mountain front, which was the locus of initial headward
stream erosion that resulted in a steeper-channel gradient than before uplift.
The type of alluvial fan described in Figures i 8 and 19 may have patches
ofolder fan deposits with well-developed soil profiles on the lowest fan segment,
but little or no soil-profile development will have occurred on the upper fan
segment which is the area of maximum present deposition. Equation 5 de-
scribes the tectonic setting of the fan shown in Figure 19.

A different situation is portrayed in Figure 20. The initial condition por-
trayed in Figure ~oa is similar to that of Figure i 8a in that deposition of fan
material occurs adjacent to the mountain front. If it is assumed that no further
perturbations to the system, such as tectonic or climatic change, occur, the
stream will continue to downcut and the loci of deposition will shift downfan.
Uniform rates of channel downcutting will result in uniform rates of downfan
shift in the area of deposition, and a concave fan profile will be formed.

- - Such uniform conditions are unlikely in nature. Instead , rapid downfan
shifts in the area of deposition appear to be common, and may be the result

- : of either tectonic or climatic changes.
In Figure 2ob a hypothetical climatic change has caused an acceleration

of stream-channel downcutting, which has rapidly shifted the area of deposi-
- 

• 0 tion to a new downfan location. Deposition has ceased at the fan apex shown
in Figure ~oa and deposition at the fan apex shown in Figure 2ob has created
a new fan segment. The stream gradient immediately upsiope from the new
fan apex has a lesser gradient than the prior stream. Thus, both the new
segment and stream-channel upstream from it have a more gentle gradient
than before the downfan shift of the area of deposition. Stream-channel
entrenchment of this type may be permanent , in which case the upper fan
segment no longer receives streamfiow and deposits, but undergoes weathering
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258 The alluvial-fan environment

and is eroded by runoff originating on the upper fan segment. Assuming no
change in sediment and water discharges, deposition cannot occur adjacent
to the mountain fron t again until uplift is renewed and the total amount of
uplift exceeds the amount of channel downcutting that has occurred at the
mountain front during the time since the loci of deposition were last adjacent
to the mountains. Because deposition does not occur on the upper part of the
fan, stream terraces that formed within the drainage basin as a result of periods

-~ 

- - 

of accelerated erosion resulting from climatic or tectonic change commonly
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0 FIgure 21 Relat ion of stream terraces to fan segments for Littl e Panoche Creek, Western
Fresno County, California.

extend down the channel incised into the fan , and terminate at the upslope
end of the fan segments.

The relation of stream terraces to fan segments for a fan of the type portrayed
in Figure 20 and described by Equation 6 is shown in Figure 2 1 .  Three paired
terraces occur near the mouth of Little Panoche Creek. All three are underlain
by a i —6 m veneer of sand and gravel that was deposited on truncated sedimen-
tary rocks. The mountain front has been subject to intermittent monoclinal
folding. Terrace divergence occurs upstream from the zone of maximum dif-
ferential uplift , and terrace convergence occurs downstream from the zone.
The amount of uplift has been less than the amount of stream-channel down-
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cutting; therefore, it has not been possible for fan deposition to remain imme-
diately adjacent to the mountain front. Intermittent uplifts have accelerated
the downcutting of the stream-channel in the mountains, and the overall effect
has been to entrench the fanhead and extend the end of the channel further
downfan. Each time this has happened, the area of deposition and the stream-
channel upstream from it have developed a more gentle gradient than previ-
ously.

The slopes of the terraces are continuous with the slopes of the fan segments.
The slope of the upper terrace continues onto segment A—B (Figure 21);  the
middle terrace ends at the upsiope end of fan segment B-C ; and the lower
terrace ends at the upsiope end of fan segment C—D. A gradient of the lower
part of each terrace approximates the gradient of the adjacent lower fan
segment (see the insert of Figure 2 1) .  A geomorphic map of the segments of
the Little Panoche Creek fan has been published by Bull ( r g 64b, tog).

V Man and the alluvial-fan environment

The study of alluvial fans has many practical applications. Flooding by streams
that traverse fans is of considerable interest to those farming and living on
fans, and is an important source of water to recharge the groundwater reser-
voir. The alluvial-fan environment also provides clues to those interested in
the Quaternary tectonic history of a given region.

Tectonic stability is important for engineering structures such as water-
transport systems and nuclear generating plants. The presence of rapidly ac-
cumulating, thick alluvial-fan deposits next to a mountain front should be a
warning sign to those who are looking for sites free of potential ground rupture ,
or which are distant from faults that may generate damaging earthquakes.

Consideration of the areas of tectonic activity in the southwestern United
States, as indicated by earthquake epicentres, shows that western Nevada and
much of California have had abundant epicentres. South-centra l Arizona
has been almost free of earthquakes. The areas of abundant seismic epicentres
have abundant alluvial fans, whereas pedimented landscapes are typical of
the tectonicall y stable region of south-central Arizona.

The arid and semi-arid regions of the world are highly dependent on
groundwater supplies. Alluvial-fan deposits are part of the groundwater reser-
voirs in basins filled with alluvium , and much of the recharge of the ground-
water reservoirs is through the permeable fan deposits that fringe the basins. •.

Examples would be the Los Angeles basin in southern California and the San
Joaquin Valley of central California. Tucson , Arizona, is one of the largest 

2

cities in the world totally dependent on underground water supplies. Much
of the water used in Tucson is pumped from an alluvial-fan deposit of late
Cenozoic age. The fan deposits of mid-Cenozoic age are so impregnated with
calcium carbonate cement that they yield little water.

Flood hazards on alluvial fans are different to those in valleys. Sheetfiow
is common on alluvial fans and stream-channel shifts can occur rapidly in the 

- 
~~~~~~~ - . -
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260 The alluvial-fan environment

alluvial-fan environment (Chawner, 1935 ; Troxell and Peterson , 19 3 7;  Wool-
ley, 1946; Schick, 197 1 ; Scott, 1973). Beaty (1968) has summarized the flood
hazards to roads and ranches for a bajada along the west side of the White
Mountains in California. Schick (‘974) concluded that roads should be built
on the same level as the fan surface. Roads that are lower than the surface
tend to be buried , and roads that are higher may be destroyed by floods. The
San Luis Canal—California Aqueduct that transports water i ooo km from the

- I water-rich areas of northern California to the water-deficient areas of southern
California crosses many alluvial fans, particularly in the San Joaquin Valley
of California. Where the canal crosses each fan, provisions must be made to

f siphon flood waters under the canal or to let streamfiows pass through over-
shoots that cross the canal.

The weathered sandy deposits on fans, particularl y on the downslope parts
of large fans, are commonly good agricultura l soils. Of equal importance is
the fact that these soils usuall y occur above the sands and gravels of the fan
deposits that furnish well water in sufficient abundance to support the agricul-
tural operations.

- - - 
-

, 

Not all aspects of alluvial fans are beneficial , Many of the basin fills—the
deposits of alluvial fans, through-flowing rivers, and lakes—are areas that are
subject to land subsidence (Schumann and Poland , 1969; Miller ci al., 19 71 ;

Bull 1975b). Pumping of groundwater from clayey sediments increases the
I - 

forces squeezing the basin-fill deposits, and as water is expelled from the poresL in the deposits the thickness of the groundwater reservoir becomes less and
the surface of the land sinks. More than 2 m of subsidence has been measured
in Arizona , and as much as 8 m of subsidence due to groundwater withdrawal
from alluvial-fan and adjacent deposits has been measured in central Cali-
fornia.

U The occurrence of earth fissures in Arizona such as those described by
Robinson and Peterson (1962) and Schumann and Poland (1969) appear to
be associated with land subsidence. Both the subsidence and earth fissures are
a potential danger to engineering structures , particularl y nuclear generating
plants , airport runways and water-t ransport systems. Quaternary alluvial-fan

• 
0 and other types of basin-fill deposits should be avoided for these purposes,

particularl y where the deposits contain large amounts of silt and clay.
Clayey alluvial-fan deposits may be susceptible to collapse when wetted ,

thus causing another type of land subsidence. In the west-central San Joaquin
Valley of California several hundred square kilometres of farmlands have
settled and cracked because irrigation has weakened the clay binder of fan
deposits for the firs t time since the drying and burial of the Late Quaternary
deposits (Bull , 1964a). In the same region, several thousand square kilometres
of large fans were the sites of near-surface subsidence during the Holocene
when streamfiow wetted the deposits for the first time since the burial (Bull ,
1972b).
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VI Summary

An alluvial fan is a deposit with a distinctive surface. The deposit is usually
a fan-shaped segment of a cone that radiates downslope from an apex where
a single-trunk stream leaves the source area.

Deposition is caused by decreases in depth and velocity where streamfiow
I ~ 

spreads out on a fan, and by infiltration of water into permeable surficial de-
posits. Changes in the hydraulic geometry of streamflow are accompanied by
changes in stream-channel pattern on fans with little gravel. A common
sequence is braided channels, complex channel flow and sheetfiow , sheetfiow
and riliflow that enter headcut channels formed because decrease in sediment
load creates conditions favourable for temporary channel incision.

Fans consist of water-laid sediments, debris-flow deposits, or both. Water-
laid sediments occur as channel, sheetflood or sieve deposits. Entrenched
stream channels are commonly backfilled with gravel that may be imbricated ,
massive or thick-bedded. Sieve deposits are overlapping lobes of permeable
gravel. Debris-flow deposits generally consist of cobbles and boulders in a
poorly sorted matrix. Low-viscosity debris flows have graded bedding, and

r — 
a horizontal orientation of tabular particles. Highly viscous flows have uniform

F particle distribution , and a vertical preferred orientation normal to the flow
direction.

— - 
A fan is deposited as a sequence of overlapping sheets (lengthfwidth ratio

~ to) that may have abundant backfihled stream channels near the fan apex.
Adjacent beds vary greatly in particle size, sorting and thickness. Beds extend
for long distances along radial sections, and channel deposits are rare. Cross-
fan sections reveal beds of limited extent that are interrupted by backfihled
stream channels. The longitudinal shape of a fan may be lenticular , or a wedge
that is thickest, or thinnest , near the mountains.
Several aspects of fans can be described mathematically. Troeh has derived

a polynomial equation that describes the concave—convex curvature typical
of most alluvial fans. A power function can be used to describe the relation
between fan areas and their respective source areas. An exponent of about
0.9 for most suites of fans suggests that sediment output from large basins is
less than that for small basins because of less steep hillslopes, and more oppor-
tunities for storage of alluvium in valleys. The coefficient of the power function
is indicative of the relative areas of fans per unit source area for regressions
of similar exponent. When compared with fans derived from quartzite areas,

L 0 fans derived from granite , sandstone and mudstone source areas are roughly
5, 10 and 20 times as large respectively. Fan slope is less with increasing fan
size and stream discharge, and with decreasing particle size and flow viscosity.

Thick alluvial fans are orogenic deposits, not only because uplift creates
mountainous areas that provide debris and increased stream competence, but
also because the loci of deposition on alluvial fans are controlled by the rates
and magnitudes of uplift of the adjacent mountains. The loci of deposition
are dependent on the interrelations of the rates of mountain front uplift (a~ U/
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At) , stream-channel downcutting (Aw/ t t t) ,  and fan deposition (As/At) or
erosion (As/At), two types of fans can be defined. -

Fans that continue to aggrade adjacent to a mountain front occur in tec-
tonically active areas, where the local base-level processes have the following

- 
- 

relation
Au Aw As

-J

Although the overall radial profiles of such fans are gently concave, they gener-
ally consist of several straight segments. The surfaces of the fan segments form
bands of approximately uniform slope that are concentric about the fan apex.
Each pulse of uplift induces channel trenching headward from the mountain

- . fron t that steepens the stream channel and the slope of the fan surface being
aggraded by the stream.

Fans that are not activel y aggrading next to the mountains occur where
rates of channel downcutting exceed rates of uplift

- H t J  Au Aw Ac

~~ Entrenchment of the trunk stream has removed the fanhead area as an area
of possible deposition. Either tectonic or climatic perturbations may cause - 

-

rapid downfan shifts in the loci ofdeposition, and result in a segmented alluvial
fan with the youngest segment at the toe of the fan.

The alluvial-fan environment is important to man. Crops are grown on fans,
and water is pumped from fan deposits. Floods that occur in channels and
as sheetfiow may damage roads, cities and agricultural operations on fans.

o Certain fan deposits may be susceptible to land subsidence caused by wetting
of dry clayey deposits, or by pumping of water from confined aquifer systems.
Many fans are indicative of active tectonism , and may be the sites of future

2 ground rupture by faulting.

University of Arizona
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~~ ABSTRACT

Five differential equations that interrelate uplift ,
I . erosion , and deposition along stream systems that cross

the mountain fronts of the northern Mojave Desert were used

to appraise three classes of Quaternary tectonism . Class

1 (active tectonism ) terrains are characterized by mountain—

f ront  s inuosi t ies  or 1.2 — 1.6 , unentrenched alluvial fans ,

elongate drainage basins with narrow valley floors and steep
hilislopes even in soft materials. Class 2 (moderate to

slightly active tectonism ) terrains are generally character—

o ized by mountain—front sinuosities of 1.8 - 3.4 , entrenched
alluvial fans , large drainage basins that are more circular

than class 1 basins in similar rock types , steep hillslopes and

valley floors that are wider than their floodplains. Class

o 3 ( t ec ton ica l ly  inactive ) terrains are characterized by
m o u n t a i n— f r o n t  s i n u o s i t i e s  of 2 to 7, pedimented mountain

fronts and embayments , steep hilislopes only on resistant

rock types , and few large integrated stream systems in the

• moun ta in s .
Marked contrasts of landscapes , that are due to differ—

- . ent relative rates of base leve l fall , are present north and
-H south of the strike—slip Garlock fault. In a northern sub—

0 area , class 1 terrains generally occur on the west sides and
class 2 terrains on the east sides of the eastward tilted

The- views ~nd conc’lusions contdned f~: thi s document -w~ those of the0 authors and should not be interpreted as necessarily representing the
official policies, either expressed or implied , of the U. S. government.
Spon8ored by the U. S. Geological Survey No. 14-08-0001-G-394.
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fault — block mountains . Extreme tectonic stability is shown 

~

- [
by the dominance of class 3 terrains south of the fault.
Pedimentation has left only remnants of the formerly more V
extensive mountain ranges and their drainage basins. Between
the extremes of these two subareas is a transitional sub—
area north of the Garlock fault , where the magnitudes of
Quaternary uplift of the mountain fronts decrease towards

U the south.

INTRODUCTION

The hilislope , stream , and depositional subsystems of

arid fluvial systems tend toward configurations that are

the result of the interaction of many variables. One impor—

tant independent variable is base level change . Tectonic

base level fall partly determines the relief of a uluvial

system , and a pulse of uplift along a mountain front will

cause adjustments in the systems that flow across the front .

For example , uplift can change a stream ’s erosional work

from predominately lateral cutting to downcutting, which will

leave the former floodplain as paired strath terraces. Of

course , one also has to take into account the concurrent

effects of other independent variables , such as climate

(which varies with time) and rock type and structure (which

varies with space). These independent variables largely de-

termine the morphologies of hillslopes , valleys and drainage

nets; and affect processes pertaining to soil and vegetation ,
) sediment yield , and discharge of water and sediment from the

erosional part of the system.

The subject of tectonic geomorphology deals with (1)

the impact of tectonic base level fall on the processes -4
and morphologies of fluvial systems and (2 )  assessment of
the relative degrees of tectonic activity of mountain fronts,

or other structural elements , during the Quaternary . These

are the chief subjects of a book manuscript by W. B. Bull

entitled , Climatic and Tectonic Geomorphology of Arid

Fluvial Systems.
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This article deals with the second type of study . We
wish to report the results of an application of a tectonic
geomorphology model to the landscape north and south of the

o Garlock fault in eastern California . This part of the Basin
and Range Province (Figure 1) has some obvious differences
in relief and continuity of mountain blocks. The purpose

of this article is to quantify some of these differences in

- 

U mountain fronts , and to evaluate areal variations in Quat—
ernary tectonism . The scope of the article includes a brief

outline of the tectonic geomorphology model , discussion of
two landscape parameters that are useful in defining rela-

tive rates of uplift , and classification and discussion of

the relative rates of Quaternary mountain front uplift in

the study area. Uplift and/or erosion of the mountains

during the Quaternary (the last 1.8 m .y .) accounts for most

of the configuration of the landscape elements discussed

in this article. Only major , localized tectonic processes

~~~~~~~~ 

- 
will be considered . Broad warping and minor faulting of

o on ly  a few meters  are not easily accommodate by the model
and only those mountain fronts that are more than 10 km long

are analyzed . A mountain front is considered as being a

zone that includes part of the mountains , the adjacent

escarpment and part of the basin adjacent to the escarpment .

The fronts studied are show in Figure 1 and the general rock

ty pes are shown in Figure 2.
The names of the mountains on Table 2 are not idefltical

o with geographic place names because the mountain fronts were

selected for this study on the basis of topographic , litho—
logic , geomorphic and structural , continuity. For example ,
the Spangler Hills occur just north of the Garlock fault ,

0 but are part of the Argus Range structural-lithologic block .

This block is named after the largest mountain mass within

it and the fronts are numbered from north to south on both

the east and west sides of the block .

The geomorphic characteristics of the mountain fronts

do not change abruptly at the Carlock fault. Because of the

transitional changes that are characteristic of the differ—

(~~o 117 
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ent blocks , northern , transitional and southern subareas
were separated for study and comparison (see Table 2 ) .

The basins and low ranges receive less than 100 mm of
precipitation during the average year , but the 3200 m high
Panamint Range locally receives more than 300 mm. Most of
the precipitation comes during the winter, although infre-

quent , but the intense rains from convective storms during
- the hot summers account for some of the major streamf low

events.

Earlier Studies

The eastward str iking Garlock faul t  in the Moj ave
Desert has a lef t  lateral displacement of at least 48-64 km

( Smith , 1962 ; Smith and Ketner , 1970 ; Davis and Burchfiel ,

— 1973) and separates markedly d i f fe ren t  landscapes to the
north and south. “South of the Garlock is the Moj ave Desert
block of generally old , low mountain blocks , largely buried
by basin deposits in the west. North of the Garlock fault

~ 
is a region of high and exceedingly active fault-block
ranges , the Sierra Nevada , Argus , Panamint , and Black

Mountains” (Hamilton and Myers , 1966). Davis and Burchfiel ?

conclude that the Garlock fault is an intracontinental trans—

0 form s tructure that  is related to the extensional origin of
the Basin and Range Province north  of the fault. Both

s t r ike—sl ip  and ver t ical  tectonic movements have occurred
north of the Garlock fau l t . Wright and Troxel (1967) de-

S scribe less than 8 km of r igh t—la te ra l  movement along the
Death Valley fau l t  zone , and Smith (1975 ) found that the
right- lateral  displacement of Quaternary landforms by the
Panamint Valley fault zone exceeds the vertical offset of

o the landforms.

THE EFFECTS OF VERTICAL TECTONIC MOVEMENTS
q ON FLUVIAL SYSTEMS

: 1 0
A process that changes the al t i tude of a point on a

streambed is a local base level process. Base level pro—
cesses include stream-channel downcutting in the mountains

t~~~~ O 120
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(w) and erosion (e)  or deposition (s)  on the piedmont adja-
cent to the escarpment . These three interdependent pro—
cesses are affected by the relative uplift (u) of the moun-

tam front . The four base level processes noted above
- 

_ affect the processes and morphologies of the stream and

hillslope subsystems , the loci of erosion and deposition

and , therefore , the topography of the basins.

o The effects of continued rapid uplift of mountains re-

lative to the adjacent basins, by eitner continuous or pul-

satory uplift , result in a distinctive suite of landforms .

Figure 3 depicts the accumulation of thick alluvial fan de-

o posits adjacent to a faulted mountain front . Either channel

downcutting in the mountains and/or basin deposition will

tend to cause the stream channel to become entrenched into

the fan apex , which will shift the loci of fan deposition

- 0 down the fan . Counteracting the tendency to trench the fan-

head is the uplift of the erosional subsystem along the

range-bounding fault. Continued channel downcutting will

occur only when uplift equals or exceeds the sum of the two

local base level processes that are tending to cause the

fanhead trenching as shown by equation 1:

~ ~w/~~t + A s/ a t  (1)

Equation 1 is but one of f ive  equations in terre la t ing
0 local base level processes for  three d i f f e r e n t  tectonic en-

vironments. The equations are shown in Table 1, and they
— - - form the basis of three classes of relative tectonic activi-

-: ty of mountain fronts within a given study area during the
U Quaternary .

The assignment of a tectonic activity class for a given
- 

I mountain front is based on numerical parameters that de-

scribe diagnostic landform morphologies within both the

erosional and depositional subsystems. The typical land-

form of Table 1 is but one of many diagnostic landforms for

a given class. For example , class 1 landscapes , when corn-
pared to class 3 landscapes of similar total relief , cli-
mate , and rock type , have more convex ridgecrests , steeper
footsiopes , narrower and steeper valleys , less sinuous

(~~~O 121.
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mountain  fronts, thicker basin deposits next to the mountains ,
and minimal soil profile development on the piedmont (Bull ,

y 1973). Thus, the tectonic geomorphology model defines the -
~~~~

o interrelations of tectonic base level change to the other

local base level processes by the equations of Table 1, and H-
allows the assignment of an appropriate tectonic activity

class by quantitative descriptions of selected landscape

0 elements .

RANGE BASIN

o

“A ~~~~~~~~~~
~~~~~~~~~~~~~~~~~~~

‘4a 0 0

•

Figure 3. Interrelations of local base level processes conducive for
the accumulation of thick alluvial fan deposits next to a
mountain front.

SELECTED PARAMETERS THAT DESCRIBE THE INTERACTION OF

FLUVIAL SYSTEMS AND VERTICAL TECTONIC MOVEMENTS:

- 

I 

C THEORY AND RESULTS

For the purposes of this reconnaissance , two chief

parameters were used that are reliable and easy to obtain.
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Mountain—front sinuosity uses the two horizontal dimensions

of the landscape at the junction between the erosional and

depositional subsystems. The ‘-ialley floor width—valley

height ratio uses one vertical and one horizontal dimension

-~ 
- at a given point along the stream in the erosional subsystem ,

and , thus , is affected by variables and perturbations both

upstream and downstream from the measurement point.
U

Mountain—Front Sinuosity

Many workers have used qual itat ive aspect of moun tain
fronts  to make general assessments of the degree of tecton ic
act ivity present . A straight moun tain f ront  might be ind ic-
ative of an active fault or fold while an embayed , pedimented

front generally is considered to be representative of tec-

c ton ic qu iescence . Because the plan views of most f au l t s

• and fo lds are gent ly  curv ing or straight , the degree of
erosional mod if icat ion of tectonic structures can be mea-
sured by a mountain—front sinuosity index. Mountain-front

& s inuos i t y  (S) is the rat io of the length alon g the edge of
the mountain-piedmont junction (Lmf) to the overall length

of the moun tain front (Ls) as shown in equation 2.

Lmf
- ,_

~
, - Ls (2)

The s inuos i ty  of a mounta in  f ron t  at any given time is
a balance between the tendency of u p l i f t  to m a i n t a i n  a f a i r -

ly s t r a ight f r o n t  tha t  coincides w i t h  a t ec ton ic  s t r u c t u r e

- 
g and the  work of streams that  tend to erode i r r eg u l a r i t i e s

i n t o  the f r o n t .  Erosional  re t rea t  of the  f ron t  f rom the
range bound ing  t ec tonic  s t ruc tu re  also increases wi th  t ime
and is accompan ied by increas ing values of S .

j  
C Values of S are in part  a f u n c t i o n  of the scale and

d e t a i l  of the maps and/or aerial photos . Small-scale topo-

graphic maps (1:250 ,000) prov ide on ly crude est ima tes of
S , but aerial photographs , large scale (1:62,500) topograph—

0 ic maps , and 1:250 ,000 geologic maps generally are adequate .

Results obtained from the different sources of data genera l ly
are about the same , but in some cases aerial photos or small

scale topographic maps will give values of S tha t  are 20-30%
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higher than the 1:250 , 000 geologic maps . Geologic maps that
depict intensive pedimentation cannot be used .

Studies made elsewhere in the Sonoran and Hojave deserts

- 

- show that each of the tectonic activity classes of Table 1

has fairly distinctive ranges of mountain—front sinuosity .

Class 1 fronts generally range from 1.0 to 1.6, class 2
from 1.4 to 3, and class 3 from 1.8 to more than 5. Sinuo—

sities of more than 3 characteris t ical ly are associated
with mountain fronts that are so embayed and pedimented that

the range—bounding tectonic structure initially responsible

for the mountain front may be more than 1 km from the pre-
sent erosional front .

Local base leve l pro-
cesses : u , uplift ;

• Class of w , channel downcutting;
Relative s, piedmont deposition ;
Tecton ic e , piedmont erosion ;
A c t i v i t y  t , t ime . Typical  l andform

- j 1. Act ive  A u / A t  ~ A w / A t  + A s/ A t  A l l u v i a l  f an  t ha t
is rece iv ing  depo-
sits on fanhead

2. Slight A u / A t  < A w / A t  > ne/At Entrenched alluvial
f an  w i t h  old soils
on fanhead

3a. Inac t ive  A u / A t  < <  Aw/At > A e / A t  Dissected pediment
or pediment ter-
races

3b. Inactive Au /At < <  Aw /At = Ae/A t TJndissected pediment

3c. Inactive Au /At < <  Aw /At < A e/At Undissected pediment

Table 1. Mountain Front Tectonic Activity Classes (from Sull, 2973).

The s inuosit ies for the mountain f ron t s  of the study

- 

-
‘_ area are summarized in Table 2. They range from 1.2 to 7 . 2 .

The mean mountain-front sinuosities are 2.1 , 4.1 and 3.8 for

the northern , transitional and southern subareas -respectively —

and the difference between the northern and southern sub-
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. Mean Valley
Morphologies
Valley Floor I 

-

• Mountain Front Mountain— Width/Valley Tectonic
and Direction Front Height Ratio Activity

— Front Faces Sinuosity (V f ) Class*
NORTHERN SUBAREA

Black Mountains Wi 1 1.4 O.2~ 1

Black Mountains W2 1 3.1 2.0 2

o Panamint Range El 3.4 1.1 2

Panamint Range E2 2.9 1.5 2

Panamint Range Wi 1 1.6 0.055~ 1

Slate Range E 1.8 2.3  2

Slate Range W 1.4 O .3~ 1

Argus Range El 1 2 .5  3.6 2 
_ - 

-

Argus Range E2 1 2.0 2.0 2

Argus Range Wi 1 1.2 0.9 1
- C Argus Range W2 1 1.5 O.S~ 2

TRANSITIONAL SUBAREA
Panamint Range E3 3.5 8.4 3

Panamint Range W2 2 .9  2 3

I 
0 Slate Range S 4.0 3.0 3

Argus Range E3 1 4.1 6 .2  3

Argus Range W3 1 7 .2  2.5 3

Argus Range S~ 2.6 10.0 3

SOUTHERN SUBAREA
Granite Mountains N 2. 7 3.1 3 j

— Granite Mountains S 3.4 4.0 3 
- 

- -

Tiefort Mountains S 3.0 3.7 3

Eagle Crags E 1.8 2.1 3
Eagle Crags W 6.0 47.0 3

Robbers Mountains N 6.5 2.9 3

Pilot Mountain E 3.4 3.9 3

Pilot Mountain W 3.6 12.0 3
1 Mountain—front sinuoaities derived from 1:250,000 scale 1° x 20

California Division of Mines Geolog ic Sheet.
2 No major drainage basins along mountain front , theref ore no Vf  val~-

usa obtained.

Vf  value ts a maximum, wi.4th of va l ley f loor  <100 meters .

* See Table 1.

j  

Table 2. Geomorphic Data fo r  the Mountain Fronts
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areas is signficant at the .005 level (i.e. ~ = . 005). The
H mountain front is considered to coincide with the range—

boundin g geologic s t ruc ture  only for the class 1 f ronts .
For the class 3 f ron t s  of the southern subarea , there are
few geomorphic clues as to the locations of possible range—

bounding structure that have been tectonically active in the

past.

Val l ey  Floor W i d t h  - Valley Height Ratio

Obvious d i f f e r e n c e s  in the transverse morphologies of
v al l e y5 , such as v-shaped canyons and broad-floored pediment
embayment~ can be described by a simple ra t io , the val ley
floor width-valley height ratio. At a given distance up-
stream from the mountain front (1 km in this study), com-
par ison of the w idt h of the f loor of the valley with the
mean he ight  of the  va l l ey , provides an index tha t  indicates
whether the stream is act ive ly downcut t ing  (being dominated
by the i n f l u e n c e  of a base level f a l l  at some point down—
stream) or is p r i m a r i l y  eroding l a t e r a l ly  in to  the adj acent
hil ls lopes. If  we let V fw be the wid th  of the val ley f loor ,
and E ld~ 

Erd~ and ~~~ be the  a l t i tudes  of the l e f t  and r ight
divides and the  s t ream re spec t ive ly ,  then the val ley f loor
w i d t h — v a l l e y  he igh t  r a t i o  (V f ) is def ined  as ,

V fw
• 

— 

( E ld 
- E

~~~
) + ( E rd 

— E5~~
)

V f — 2

• The loca t ion  of the  cross-valley t ransect  w i t h i n  a
drainage basin a f f e c t s  the values of V f .  Val ley  f loors  tend
to become progress ively  narrower  upstream from the mountain

-~ 
• 

0 f ron t  and for  a given stream system the values of V f tend to

4 become progressively larger  downstream from the headwaters .
In th is study the t ransec ts  for  d e t e r m i n i n g  V 1 were located
1 km upstream from the mountain front in the larger drainage

basins for a given mountain range . The reason for working

with a s-lected size range of drainage basins is that smal-
ler streams tend to maintain the downcutting mode of opera-
tion longer than the more competent larger streams .
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The dimensions for Vf vary in their ease of measurement.
Detailed topographic quadrangles provided accurate determin-
ations of the al t i tudes of the divide above the stream f

u channel , but the width of the valley floor could not be
measured with equal accuracy , even where well defined by the

topographic maps . In the narrow canyons that are typical of

class 1 mountains , only maximum values of valley floor width

could be estimated , which resulted in maximum values of Vf*
However , even when one uses conservative methods , such as
maximum values , highly significant differences in Vf are
present for the suites of mountain ranges north and south

of the Garlock fault.

The valley floor width—valley height ratios are summar-

ized in Table 2. They range from about 0.05 to 47. The

mean ratios are 1.3, 6.1 , and 11.0 for the northern transi-

tional , and southern subareas , respectively; and the differ-

ence between the northern and southern subareas is signifi—

cant at the .01 level. In the canyons of the class 1 land-

scapes the floodplain width and the valley-floor width are 4

the same , but in class 2 valleys the floodpla in width is less
-
. 

- than the valley floor width. In class 3 terrains the ratio

describes pediment embayments of the broad valleys upstream

from the embayments . Drainage basins were best defined for

class 1 f ronts , while along some class 3 fronts , the
scattered inselbergs so poorly defined mountainous drainage

basins t h a t  no ratios were computed (see Figures 4 and H
6) . For most of the f ronts , ratios were computed for one or

two drainage basins , and for Robbers Mountain (north), three
measurements were made .

Draina ge Basin Shape

The lack of well defined drainage basins in some of the

class 3 terrains precluded extensive comparisons of drainage

basin shape , but basin shape was compared for those drainage

basins that  extend from the divide to the mountain f ronts
on t he east and west sides o f the centra l  Panamint Range .
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The migration of drainage basin divides that occurs as
adjacent ba~ins compete for space results in planimetric
shapes that can be described quantitatively . The typical

- 
--) basin of a tectonically active mountain range is elongate

(Davis, 1909, p. 343) and basin shapes become progressively

more circular with time after cessation of mountain uplift .

The planimetric shape of a basin may be described by an

elongation ratio (Cannon , 1976). (4)

R = diameter of circle with the same area as the basine distance between the two most distant points in basin

Although the Panamint Range is a block that has been tilted

eastward (Maxson , 1950; Hunt and Mabey, 1966; Drewes , 1963;

Denny, 1965 and Hooke , 1972), the drainage divide between

the east and west flowing streams is in the central part of

the range. The western margin of the range is a class 1

-
• 

0 
front , and the eastern margin is a class 2 front. The elong-
ation ratios range from 0.39 to 0.65 (mean is 0.53) for the

west—side basins , and from 0.66 to 0.74 (mean is 0.69) for

the east-side basins. The difference between the means is
U

significant at the .01 level. Drainage basin widths are much
narrower near the mountain front on the tectonically active

west side where the streams have directed much of their en—
ergies to downcutting. Apparently the lack of continuing

rapid uplift along the east side has permitted widening of

the basins upstream from the mountain front and the produc—
— tion of well-developed straths that extend far into the

mountain range along the main streamcourses.

QUATERNARY TECTONIC ACTIVITY OF THE MOUNTAIN FRONTS

The mountain fronts of the study area were assigned to

appropriate relative tectonic activity classes (see Table 1)

on the basis of , (1) the mountain—front sinuosities and

valley floor width—valley height ratios , and (2) other fea—

tures (such as entrenched or unentrenched alluvial fans)

which were observed during trips to the study area and on

flights over the area. All of the mountain fronts are con—
sidered to be class 3 except in the northern subarea where
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four class 1 and seven class 2 f ronts  are present .
A typical class 1 landscape is shown in Figure 4. The

rugged , narrow drainage basins have V—shaped cross-valley
profiles and the valley floors are the same width as the
floodplains . The canyons are being downcut into the Paleo-
zoic sediments and are notched into an eroded fault scarp
that  comprises an unembayed mountain front. Thick alluvial

fans are actively accumulating on the piedmont immediately
downstream from the escarpment. This is an example of the
type of landscape sketched in Figure 3.

An example of a class 2 terrain in granitic rocks is
shown in Figure 5. Although rugged , the cross-valley pro-
file of Wilson Canyon is more U-shaped than V-shaped. An

embayment extends t’pstream from the topographic escarpment

that marks the mountain front , and the terraces upstream

from the embayment are clear evidence that the floodplain

is much narrower than the valley floor. A fault scarp is

not apparent and the embayments have created a more sinuous

mountain front than probably was formerly present .

The unentrenched alluvial fan downslope from the moun-

tam front shown in Figure 5 should not be considered as

evidence for a class 1 front , particularly in view of the

types of landscape elements noted above . The unentrenched

nature of the fan is the result of the impact of the Plei-

stocene—Holocene climatic change on a rock type that is

sensitive to climatic perturbations (Bull , 1976). Late

C Pleistocene climates in the Argus range were more conducive

to den’ier plant growth on the hillslopes and for weathering

of the !iillslope materials than Holocene climates. The

postulated decrease in vegetative density during the early
to  Holocene resulted in rapid erosion of the unprotected mat-

.J 
e r i a l s  on the slopes. Granitic colluvium responds more

r a p i d l y  to such a perturbation because lower stresses are
needed to move grus-size par t ic les  than blocks of rock that

would be weathered from most m e t a m o rphic  rocks . The resul-

ting increase in sediment yield completely backfilled any

en t renched  stream cha.~nels  in the  va l l ey  or on the a l l u v i a l
fan . In Homewood Canyon , 9 km to the north of Wilson Canyon

- - - -- 
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H o
the same sequence of events has occurred. The stratigraphy

• exposed in a streambank in the valley of Homewood Canyon con-
sists of well—sorted , reddish—brown , clayey grus of apparent

; -j Pleistocene age that is overlain by 2 m of gray bouldery
-

• 

grus of apparent Holocene age. With continuing decreases in
the amounts of colluvium left on the hilislopes during the
Holocene , the stream systems in both drainage basins have

changed their mode of operation and now are downcutting
through the alluvium that accumulated on the valley floors.

Mountains that are typical of the class 3 landscape
south of the Garlock fault are shown in Figure 6. In con-
trast to the class 1 setting of the Panamint Range , the topo-

graphic highs tend to be occupied by rock types that are

resistant to weathering and erosion . Large drainage basins

with mountainous areas are hard to define , and the defining

of topographic mountain fronts that extend for more than 10
- . km can be made only on a highly subjective basis. Much of

the terrain consists of inselbergs and small mountain masses

that are spaced in such a way as to suggest the absence of

larger intermontane valleys. Stream systems tend to be

discontinuous , and the presence of dune sand on the west

sides of some mountains is an additional complication in

s tudying  the fluvial systems.

A most useful parameter for assessing the relative
• tectonic activity of a given niountain front is the thickness

of deposits in the basin immediately downslope from an escarp-

0 ment . Alluvial fans that are thicker than 100 m most likely
• are the result of a tectonic perturbation , rather than being

caused by climatic variations such as were described for the

Argus Range. Class 3 terrains may have virtually no basin

deposits next to the mountains or may have fans as thick as

10 m that are the result of climatic perturbations. Unfort-

unately, alluvium thickness data are difficult to obtain ,

the best sources being from boreholes , entrenched stream

Q channels , and geophysical surveys.
A gravi ty  map of much of the study region (Nilsen and

Chapman , 1971 ) shows anomalies in the basins north of the
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Oarlock fault that are indicative of great thicknesses of
deposits. South of the fault , gravity anomalies appear to

be minor and are chiefly the result of local variations in
the density of surficial rock types. Both the geomorphic - 

-
-

and geophysical evidence suggest that the southern subarea

- - 
may be a batholith with low relief that is capped locally

with metasedimentary , volcanic , and Cenozoic terrestrial

rocks. Quaternary faulting is minor or absent in the ~- 

-

southern subarea. One exception appears to the north side

of the Tiefort Mountains (Figure 1). Here a 7 km long ,

straight mountain front trends east—west and is associated

1 ‘ .i with small V-shaped canyons and alluvial fans. This minor

class 1 front may be a product of the stress field associated
with  either the Oarlock fault , and/or the zone of northwest

• trending right—lateral strike—slip faults in t he central
i-’ Mojave Desert .

Another useful type of data is the age of the oldest

alluvium downslope from the mountains . Active deposition

of alluvial fans next to the mountains is indicative of
— class 1 tectonic conditions , except where such deposition

has been caused by climatic perturbations (Figure 5). The

presence of older alluvium next to the mountains provides

clues as to the length of time that has passed since class

1 conditions last prevailed . Within the arid parts of the

study area , Holocene soils lack the argillic horizons that

are so common on the late and middle Pleistocene geomorphic

surfaces. Early Pleistocene geomorphic surfaces generally
-
‘I

have been dissected into a ridge and ravine topography that

is not conducive to the preservation of soil profiles for
long periods of time .

The oldest a l luv ium associated wi th  class 1 f ron t s
general ly is of Holocene age . Late to mid-Pleistocene
piedmont al luvium is associated with most class 2 fronts
and patches of early Pleistocene al luvium in pediment em-
bayments are typical of the class 3 fronts. Any front that

is associated with  a granit ic  drainage basin may have a j
piedmont that is dominated by llolocene a l luvium , because of
the sens i t iv i ty  of g ran i t ic  rocks to climatic var iat ions.

134



________ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

_ _ _ _ _ _  - —

4.~)

- 

- Areal Variations in Quaternary Tectonism

Pronounced contrasts in the rates and magnitudes of
Quaternary uplift are reflected in the landscapes north and

south of the Garlock fault. The northern subarea is the

southern extent of one of the most tectonically active re-

gions in North America. Class 1 and class 2 mountain fronts

are typical of the northern subarea (Table 2) where the
— Panamint Range rises to more than 3200 m and Death Valley

has been depressed to below sea level. In addition to the

t i l t i n g  of the fault blocks, the mean a l t i t u d e  of the north-
em subarea may be higher than the transitional subarea
(significant at ~ = 0.20). Hooke (1972) uses geomorphic

criteria to estimate a maximum possible uplift rate for the

west front of the Black Mountains at 7 m per 1,000 years ,
and Quaternary studies by Smith (1975) indicate that the 4-

-

. central part of Panamint Valley is the most active tectoni—

cally. Fault scarps and faults in the piedmont alluvium 4-
also are common in the northern subarea (Hunt and Mabey ,

1966; Smith and others , 1968).

Although the Oarlock fault marks the southern extent

of the prominent north—south structural blocks (see Figure

2) that have been associated with the extensional tectonics

of the Basin and Range Province , the magnitudes of Quatern-

ary uplift do not change abruptly at the fault. The north—

south mountain fronts north of the Garlock fault have inor-

phologies that reveal decreasing magnitudes of Quaternary
O uplift toward the south (see Table 2). Within the northern

subarea the class 1 fronts change to class 2 fronts , which

then change to the class 3 fronts of the transitional sub-

area. The north—south decrease in uplift rates is most

apparent for the Argus Range block , which consists almost

entirely of granitic rocks that are susceptible to pedi-

4 
mentation . The fact that the general locations of the

fl 
- 

mountain fronts are still discernible in the transition
-) 

subarea , but are extremely poorly defined in the southern

subarea is suggestive that the southern subarea has been

even more inactive tectonically during the late Cenozoic
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- than the transitional subarea.

Another conclusion is that the general model of the

- Oarlock fault being the result of extensional tectonics to

-
- 

-
~~) the north of the faul t  may be too simple. A more complete

~ 

•
1 

model is needed to explain the north to south decrease in
Quaternary uplift along the mountain fronts north of the

-~ fault , and the possibly greater mean altitudes of the
- northern subarea.
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