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ABSTRACT

Five modern alluvial fans in Baja California have
been examined in terms of their sedimentary characteristics.

Three of the fans are located in Sierra Juarez.
They are composed of very coarse boulders up to 5 m 1in
diameter. The coarseness of these boulders 1is related to
the joint weathering of the granite plutons which comprise
the source area. The transport process is debris flows
which are probably triggered by one of the few but intense
summer rainfalls. The two other fans are less coarse and
largely formed by sheetflows.

Five alluvial-fan derived facies are defined. Two
of them; facies A and C, represent debris flow in which the
main clast-dispersion mechanism is thought to be dispersive

pressure generated by particle collisions. Two more; facies

B and D, represent debris flow 1in which the main
clast-dispersion mechanism is thought to be
matrix—-strength. Finally, facies E represents sheetflow

deposition.
A remarkable ancient analogue to Sierra Juarez
alluvial fans shows that given the same tectonic and

climatic setting, similar debris flow processes would take

place.
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CHAPTER 1

INTRODUCTION

1.1 STATEMENT OF THE PROBLEM:

1.1.1 The Alluvial Fan Environment:

Alluvial fans have been recognized by several
authors as one of the most conspicuous sedimentary facies
associated with tectonic activity (Dickinson, 1971).

Tectonic activity is responsible for crustal
mobility, which generates high relief mountains in
relatively short periods of geologic time. As an example,
the Laramide orogeny in 40 M.Y. created a high relief along
most of the west coast of the American continent, i.e. the
cordilleran mountain system (Damon, 1979).

The geomorphological response to crustal mobility,
is erosion and sedimentation. Climate has also a main role
in determining the main erosional and sedimentary
processes. But still, as pointed out by Ahnert (1970), it

is relief and not climate that mainly controls the rate of



denudation and supply of sediment.

The drainage nets of basins in high relief mountains
tend to converge in a single trunk stream towards the lowest
point of the drainage Dbasin. Where the stream becomes
unconfined, deposition of the erosional products spreads out
over a surface forming a segment of a cone, which is known
as an alluvial fan (Fig. 1.1). A series of coalescing fans
forms extensive bajada deposits. A wide variety of
deviations from a well-shaped fan morphology are likely to
occur (Bull, 1977).

The alluvial fan surface 1is dissected by a main
channel running from the apex towards the toes of the fan in
any one radial direction. The depth of the channel
decreases downslope until it intersects the fan surface and
becomes braided. The point where this takes place is known
as the intersection point, and is usually located in the
middle reaches of the fan. In the upper fan, deposition of
the «coarsest material takes place in levees, along'the main
channel walls. Below the intersection point, gravel bars
dominate the braided channel, and on the fan toe shallower
braided pebbly to sandy channels are still the main
distributary system. A sandflat and mudflat are found below
the area of the fan toes and are the ultimate receptors of
the finest fraction of the sediment. These deposits

accumulate 1in the playa, which occupies the center of most
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Depositional lobe below
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Fig. 1.1 Block diagram of alluvial fan morphology.
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Note that unentrenched fan surfaces are smaller
than entrenched fans, where the net deposition
of debris has been "shifted" downstream, just
after the dissected channel bed meets the fan
surface at the intersection point. (After

Bull, 1977 and Hooke, 1967).



alluvial basins (Bull, 1977).

Recent alluvial fans have been reported in a variety
of settings, 1in humid and in arid «climatic regimes.
However, 1in arid and semiarid zones, the lack of abundant
rain and poor development of vegetation and soils not only
enhance the direct control of morphology on sedimentation,
but the sedimentary features have a greater chance to remain
undisturbed or reworked by processes other than the ones
directly involved 1in their genesis, than 1in more humid
environments.

In desertic environments, provided that loose
sediment 1is available for transport 1in a steep drainage
basin, and that an intense enough precipitation occurs,
sediment 1is moved over the fan surface by several types of
flows, namely; debris flows, stream flows or mudflows.
Debris flows are one of the most common types of deposit
that comprise alluvial fans (Bull, 1964, 1977; Denny, 1965;

Blissenbach, 1954).

1.1.2 The Problem:

Most of the alluvial fan literature describes fans
in the arid and semiarid regions of the southwestern United
States, and 1is focussed mainly on ‘the geomorphological

features of these fans. Only a few experimental studies of



some alluvial fan processes (debris flows) are available
(Johnson, 1970; Hooke, 1968). Sedimentologists, however,
are 1interested in constructing an alluvial fan facies model
pased on the systematic documentation of a large number of
alluvial fan deposits. Construction of such a model should
begin with recent fans, where dissections of the fan surface
(such as active channels, fault scarps, or man-made pits)
allow detailed description of the vertical sequence of its
facies. Later, comparison with fans previously studied
elsewhere, and with ancient analogues from the geologic
record, will allow completion of the alluvial fan facies
model.

The prime difficulty 1in describing alluvial fan
facies 1s the ‘"structureless" nature of the conglomerates
that comprise most of the alluvial fan deposits. Isolation
in outcrop of individual depositional events is extremely
difficult, due to the lack of lateral continuity of a
typical debris flow deposit. Features such as imBrication,
crude stratification and grading do not necessarily have the
same physical and mechanical meaning in debris flow as in

streamflow conglomerates.

1.1.3 The Study:

The present study provides a detailed description of



the sedimentology of five alluvial fans located within a
small area in northern Baja California, where the tectonic,
climatic and geologic framework can be considered uniform,
and yet the sedimentary characteristics of the fans,
particularly the grain size, is very variable.

Observations of these five fans are compared with
those on ancient fans in Wyoming described in the literature
and with observations made of Triassic alluvial fan facies
in New Brunswick, made in the field. Comparisons with well

known alluvial fans in Death Valley and elsewhere are also

considered.

1.2 LOCATION AND GENERAL DESCRIPTION OF THE STUDY AREA:

1.2.1 The Sonoran Desert:

The Baja California Peninsula, part of Sonora,
southwestern Arizona and southern California comprises the
southernmost desert of North America; The Sonoran Desert,
(Fig. 1.2; Crosswhite and Crosswhite, 1980).

Topographically, Baja California is an integral part
of the North American cordillera. It is regionally known as
the Peninsular Range Province, and consists of an up-lifted

and west-tilted crustal block topographically higher in the
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North (where it reaches elevations of 1500 m) than in the
South (Fig. 1.3). This 1600 km long range is broken into
several elongate and subparallel batholiths by major
north-west trending faults. The best known of them
corresponds to the San Andreas Strike-Slip fault system.
Both the Peninsular Ranges and The Gulf of California
Trough are abruptly truncated against the Transverse Ranges
in southern California where the Basin and Range Province
commences. The peninsular batholith consists of Late
Mesozoic calc-alkaline granitic rocks which are intruding
older metamorphosed rocks (Allison, 1963; Larsen et al.e
1958).

The semiarid climate of the Sonoran Desert is mainly
controlled by the presence of the Gulf of California.
Precipitation decreases from 17 cm/yr in La Paz (the
southernmost tip of Baja California) to about 8 cm/yr in the
Salton Trough. Rainfall is strongly influenced by season
and topography; the peninsular ranges isolate the Gulf of
California from the influence of the Pacific Ocean.
Parallel to the east side of the Gulf 1lies the equally high
Sierra Madre Occidental. The trough of the Gulf of
California 1is enclosed between these two uninterrupted
physiographic barriers. Roden (1963) regards the Gulf as a
large evaporation basin which at its southern end is in open

communication with the Pacific Ocean. In the winter time,
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Selected topographic profiles of the Peninsular
Ranges at the study area. Note the westward

tilting of the block and the increase of height
towards the south. (From Gastill et al., 1975).
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northwesterly winds are channelized along the east side of
the Gulf, leading to ©precipitation which increases with
altitude and decreases northwards. In the summer time, the
wind pattern reverses, blowing southeasterly along the west
side of the Gulf. There 1is very 1little, if any
precipitation at the head of the Gulf, and precipitation
increases southwards (Fig. 1+44) s Other sources of
precipitation are hurricanes coming from the east Pacific
with the peak of intrusion into the Gulf occurring in

September (Fig. 1.4B; Roden, 1963).

1.2.2 The Salton Trough:

The Salton Trough is the most important sedimentary
basin of the Sonoran desert. It is an elongate basin of
extreme tectonic complexity and one of the most seismically
active areas of North America (Fig. 1.5; Crowell and
Sylvester, 1979).

The Salton Trough is bounded to the west by the 1-2
km high Peninsular Ranges, to the north by the Transverse
Ranges, to the east by several northwest elongated blocks
beyond which lies the Colorado Plateau, and to the south by
the Colorado delta beyond which is the Gulf of California.

The alluviated floor of the Salton Trough is largely

below or at sea level. The center of this playa basin is
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Fig. 1.5 The Salton Trough and its tectonic context.
Note the NW-SE orientation of main faults,
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area lies in the southern portion of the

basin. (After Kovach, 1962).
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occupied in the northern part by the Salton Sea (permanent
since 1905) and in the southwest part by the ephemeral

Laguna Salada.

1.2.3 The Study Area:

The study area 1s divided into 3 sites, in the

southernmost portion of the Salton Trough (Fig. 1.6).

i) The Laguna Salada Playa basin 1is elongated in
shape, 80 km long by 16 km wide. It is bounded on the west
by Sierra Juarez and to the east by Sierra Cucapas. To the
north it is in narrow communication with the Salton Trough,
and to the south it is in open communication with the head
of the Gulf of California. The outskirts of Sierra Juarez
are bordered by a series of very coarse alluvial fans. Two
of them were studied: La Poderosa and Las Palmas fans (Fig.

1.6)

ii) Sierra Cucapas 1is a north-west elongated
batholithic block, 1200 m high, and dissected by more than 5
north-west trending faults formed in the very recent past
(Fig. 1.6). Alluviation is more extensive on the east side
of Sierra Cucapas, where coalescing alluvial fans form an

extensive bajada that overlies the recent sediments of the



100 km

Fig.

1.6

The study area. Location of the
alluvial fans: 1l.- La Poderosa;
2.- Las Palmas; 3.- San Felipe;

4.- La Puerta and 5.- E1l Pantano.

14
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Colorado delta. Two individual fans were studied in this
area. La Puerta fan 1is located at the southeastern end of
Sierra Cucapas. El Pantano fan is located in the
southernmost block adjacent to Sierra Cucapas, locally

called Sierra del Mayor.

One more fan is located in Sierra San Felipe (an
extension of Sierra Juarez) in the vicinity of San Felipe
Village.

All five fans have the same type o0f granitic
calc-alkaline source rocks in their drainage basins, except
for La Puerta fan which, in addition, has a small amount of
metamorphic source rocks. The grain size varies greatly
from the fans located in Sierra Juarez (La Poderosa, Las
Palmas and to some extent San Felipe) to those located 1in
Sierra Cucapas.

Debris flows are by far the dominant sedimentary

processes involved in the formation of these fans.



. CHAPTER 2

GEOLOGIC BACKGROUND

2.1 REGIONAL AND LOCAL TECTONIC HISTORY:

The Baja California Peninsula has been affected by
the 1intense <circum-Pacific crustal mobility. The present
topography 1is the result of tectonism today and in the
recent past (Ernst, 1981). The nature and intensity of such
a crustal mobility is associated directly with the
subduction of oceanic plates west of the continental margin:
and the evolution through time of different types of
margins. Dickinson ~(l981) has divided the tectonic
evolution of the California <continental margin into four

main stages (Fig. 2.1).

1l.- A rifted Atlantic-Type margin evolved through
the late Precambrian and early Paleozoic leading to the

formation of the Cordilleran miogeocline.

2.- A complex Japanese-—-type margin with offshore

island arcs developed in the late Paleozoic and Mesozoic:

16
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during this tectonic regime, the Antler and Sonoma

Orogenies took place.

3.- An active Andean-type margin, with a trench
along the edge of the continent existed in the late Mesozoic
and early Cenozoic. This tectonic regime originated the

Laramide Orogeny.

4.- The present Californian-type margin dominated

by strike-slip faults developed along the San Andreas

transform fault system.

In the last 28 M.Y. the San Andreas fault system has
migrated inland from its original positionat the edge of the
continental slope (Fig. 2.2; Dickinson, 1981: Crowell and
Sylvester, 1979).

Extensional effects of the San Andreas system have
recently developed a series of pull-apart basins like Death
Valley (Burchfiel and Stewart, 1966), the Salton Trough and
Laguna Salada (Dickinson and Snyder, 1979).

These pull-apart basins are most active today: the
average spreading rate 1is about 10 cm/yr in the Salton
Trough, which 1implies a net extension of 1 km each 10,000
(Elders et al., 1984).

The sedimentation history in the Salton Trough has

Y

been fluvio-marine in the recent past and is alluviation at the

present time. The alluviated floor of the Salton Trough and
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30 MYBP i i A N

Fig. 2.2 Inland migration of the San
Andreas system and the rift of
Baja California from mainland
Mexico. Note the recent creation
of "Pull-apart" basins in the
Gulf and in the Salton Trough.
(After Crowell and Sylvester, 1979).
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Laguna Salada has remained at or near sea level in the past
4 M.Y. This nearly steady state balance between subsidence
of the playa and erosion-sedimentation from the steep
bordering mountains reflects the unique tectonic framework of

the study area (Crowell and Sylvester, 1979).

2.2 SOURCE AND NATURE OF DEBRIS:

Superficially, alluvial fans 1in Laguna Salada
closely resemble those of Death Valley and elsewhere 1in
southern California. But closer inspection reveals an
outstanding difference in grain size. This is due, in part,
to the petrography of the source. In Death Valley,
metamorphic, igneous and sedimentary material 1is Dbeing
eroded into sand, pebbles and cobbles; boulders larger than
1l m in diameter are not a significant fraction of the size
distribution (Denny, 1965). 1In Laguna Salada, the granitic
batholith and a few metamorphic (but no sedimentary)
materials are being eroded 1into very coarse rounded
boulders, up to 4 m in diameter, together with cobbles,
pebbles and sand. The immediate questions are, why 1s the
debris so coarse, and why is it relatively well rounded when
the distance from the source does not exceed 10 km?

The batholith of Sierra Juarez, as many others in
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the deserts of southwestern U.S., are distinctly armoured by
naked Dboulders. Many physiographers have pointed out that
this type of landscape 1is the product of continuing
near-surface weathering effects in well-jointed rock. Under
the present armour of more or less spheroidal boulders (Fig.
2.3), a second crop is assumed to be in formation through a
concentration of chemical weathering at joint intersections,
which tends to round the apices of original plane-faced

blocks (Oberlander, 1972).

2.2.1 Joint Origin And Boulder Production:

Joint patterns of many batholiths display a close
geometric relationship with the local and regional tectonic
framework (Balk, 1937). Some joints are related to the
upward doming and lateral extension of plutonic masses,
either during emplacement or subsequently, as a result of
isostatic readjustment (Bott, 1956).

The spacing of the joint system is basic to the
evolution of the boulder assemblage. The closer the joints,
the smaller the boulders and the larger the area exposed to
weathering. For closely spread joints production of granitic
sand 1is also very large compared to production of boulders.
But the most common situation 1in areas of high tectonic

activity 1is that of widely separated joints, commonly as



Fig.

2.3

Evolution of pluton residuals
in different geomorphic condi
tions. Note that the Mojave
type represents the downward
limit of chemical weathering.

(After Oberlander, 1972).
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much as 2-4 m apart. In this case, the joint blocks are
sufficiently large to allow their cores (or "kernels") to
resist prolonged weathering (Twidale, 1971). Clearly, the
spacing of the joint net has a direct influence on the size
of the boulders, through the duration and effectiveness of
weathering. The petrology and structure of the local
bedrock also have a significant effect. Twidale (1971) has
reported the variation within the Palmer outcrop 1in
Australia. Here gray granite forms boulders 20 cm in length
which are relatively weathered but only a few meters away,
blocks twice as large formed of a coarse pink granite have

been greatly disintegrated.

2.2.2 The Influence Of Climate:

Evidently, the role of the joints in the subsequent
formation of boulders, is to act as "moisture traps" which
will ensure a differential weathering. The arid deserts
like the Mojave, are good examples of boulder—-armour
landscape, but the source of moisture 1is difficult to
explain. Oberlander (1972) suggested that such a landscape
was first developed during a semiarid climatic regime which
no longer exists. Oberlander did not explore the lines of
inquiry that this statement opens up. How much moisture

does a joint system require to develop a boulder drape, and



24

what other factors control the rate of joint disintegration?
Roth (1965) conducted systematic measurements of
temperature and water content on the surface and at several

internal positions within an outcrop of gquartz monzonite in

the Mojave Desert. The maximum range observed was from
49 to 8 °C with temperature gradients in the rock of
15 to 4 °C/cm . These data and the coefficients of
expansion of the constituent minerals suggest that

temperature variations alone are not important in rock
disintegration. Water content of the rock, on the other
hand, 1increases towards the inside of rock fissures, ranging
from 0.05 to 0.15%. Griggs (1936) conducted an experiment
where a granite block was subjected under dry conditions to
heating and cooling daily cycles representing 244 years, but
no alteration was observed. When the same experiment was
repeated with the addition of sprayed moisture, rock
alterations were observed in a much  smaller numper of
cycles.

Unfortunately, rock temperature and moisture content
in other deserts has not been consistently studied and their
variation with time, topography and depth remain unknown.
But the importance of humidity conditions in hot desert
environments can be clearly appreciated 1in coastal deserts,
where not only is moisture available but the sea provides a

source of airborne salts. Many of these coastal deserts,
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like the Sonoran desert itself, are surrounded by high
mountain chains. Hollerman (1975) has observed that there
is evidence for altitudinal increase in moisture retention,
in cavernous hollows (the same can be applied to joints).
Dragovich (1967) has shown (in the Australian desert) that
relative humidities are consistently higher than in the air
outside.

In these examples, the principal role of increased
relative humidity is that it promotes the direct
precipitation of moisture onto rock surfaces during the
night in joint spaces, particularly in those where moisture
supply from other sources is either infrequent or
unavailable (McGreevy and Smith, 1982). The role of salts
in weathering involves not only physical and chemical
changes but the rate and nature of rock breakdown can also
be affected.

Even if these control factors have not been
quantified, their 1influence in Laguna Salada region can be
clearly distinguished. Air photographs (Fig. 2.4), reveal

that Jjoint systems occur predominantly in the highlands,

where scattered conifer flora indicates cooler
temperatures. Hastings and Humphrey (1969) report a mean
annual temperature range of 7° to 24%° ¢ in La Rumorosa

(Fig. 1.6) where precipitation is considerably higher (6.4

to 2.2 cm/yr) than in the valley (2.8 to 0.7 cm/yr). No



Fig.

2.4

Source of coarse boulders in the Sierra Juarez
alluvial fans. Note the NW-SE trend of the joint
system on the batholith surface. The space between
joints determines the size of the boulders. Steep
chutes on the drainage basin facilitates boulder

removal during the short but intense rainy season.
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relative humidity data are available but the Gulf of
California, a 1large evaporation basin itself, is likely to
provide extra humidity to the surrounding highlands and
associated intermontane basins.

Closer 1inspection of Fig. 2.4 reveals that boulder
armour occurs in the upper steeper (>350) walls of the
drainage basins,; suggesting that gravity instability may
rapidly increase as erosion proceeds. This provides a
suitable framework for flow generation to occur during
intense rainstorms, followed by evolution of the next "crop"

of boulders.

2.3 THE ALLUVIAL FAN MORPHOLOGY:

Alluvial fans are derived from a source area with a
drainage net that transports the eroded material of the
source area to the fan apex in a single trunk stream.

The plan view of the fan-shaped deposit has contours
bowing downslope. Overall radial profiles are concave
upwards. However, many alluvial fans are not fan-shaped
because they are restricted by adjacent larger fans, or they
may be coalescing forming extensive bajadas (Blissenbach;,
1954; Bull, 1964).

The main channel is the connecting link between the
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erosional and depositional parts of the system, and is a
dominant influence on the fan morphology. Changes in main
channel slope, depth and width affect the fan surface slope,
and the loci and mode of deposition on the fan surface.
Fans vary greatly in size, from less than 10 m to more than

20 km in length (Bull, 1977).

2.3.1 Factors Affecting Alluvial Fan Morphology:

Hooke (1967) studied artificial fans under
controlled experimentation in the laboratory. Deposition
during a single simulated runoff event was generally

localized. One part of the fan may build slightly higher
than the surrounding conical fan surface. Such "highs"
commonly develop below the intersection point, that is, the
point where the main channel merges with the fan surface.
Braided streams crossing the intersection point deposits
tend to shift laterally into adjacent lower areas. Gradual
migration of the intersection point in this way, in addition
to more abrupt diversions of the main channel nearer the
apex, are responsible for shifting the locus of deposition.
The experiments of Hooke suggest that over a period of
several simulated runoff events, shifting of intersection
points results in deposition of a relatively wuniform layer

of sediment over the entire fan surface. Various
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researchers (Beaty, 1970; Bull, 1977; Pierce, 1974) and
Hooke himself have demonstrated this process is applicable

to natural alluvial fans.

2.3.2 Segmented Alluvial Fans:

Bull (1964) described the nature of segmented
alluvial fans commonly occurring in arid environments. 1In
segmented fans, deposition at any particular time is
concentrated on the active channel, thus deposition is
considered to be wuniform only on the active channel.
Segmented alluvial fans originate by apex incision. Hooke
(1967) considered a fan to be apex incised only if overbank
flooding by water flows was likely to occur less than once
in a few decades. Water flows tend to erode the active
channel in debris flow deposits.

Despite the apex incision, some debris flows may
exceed the channel depth, overflow, and deposit broad sheets
of debris on the fan surface above the intersection point.
However, in some alluvial fans the apex incision is too deep
and wide for overbank deposition to take place.

Hooke's (1968) experiments show that a large number
of water flows are required to incise debris flow -

dominated alluvial fans, furthermore he observed that most

water flows were scarcely able to transport any of the
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armoured channel particles. Hooke suggested that after a
long period of time without overbank deposition,
sedimentation eventually results in backfilling of the active
channel above the intersection point, forcing the subsequent
debris flows to follow the easiest path toward other steeper

parts of the fan.

2.3.3 The Intersection Point:

The intersection point on laboratory fans studied by
Hooke (1968), commonly occurred near midfan (Fig. 1l.1)
probably because stream flow deposition predominates near
the fan toe and occurs without further down fan migration of
the intersection point, while debris flow deposits
predominate near the apex. Thus the average radial position
of the intersection point should be related to the relative'
importance of debris flow and/or stream flow processes 1in

transporting debris to the fan.

2.3.4 Alluvial Fan Slope:

Field and laboratory data presented by Hooke (1967,
1968), Bull (1964, 1977) and Denny (1965) suggest that fan

slope is controlled primarily by grain size and by the
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nature of debris-transporting processes. Thus, fan slope is
largely determined by the nature of the source area. Fan
slope tends to be steeper on debris flow dominated fans than
in stream flow dominated fans.

An increase in discharge with drainage area is
probably responsible for the decrease 1in fan slope with
increasing drainage area. This means that fan slope depends
on discharge; smaller discharges will deposit sediment
primarily near the apex, while 1larger discharges will
deposit more sediment near the toe. The actual slope that
the fan assumes will be determined by a balance between

these tendencies (Hooke, 1967).

2.3.5 Alluvial Fan Area Equilibrium:

Many alluvial fans in arid and semiarid zones are
found 1in enclosed basins containing an aggrading plava,
where the silt and clay fractions are deposited. There will
be a tendency for the rate of deposition on the playa to
equal that of the surrounding fans. Hooke (1968) points out
that if the playa were too large with respect to the volume
of material supplied to it per unit time it would increase
in thickness more slowly than adjacent fans. The fans would
encroach upon the playa, thus decreasing 1its area and

increasing 1its rate of thickening, so long as the volume of
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sediment supplied per unit time remained constant.

This process will continue until the rate of increase in
thickness of the playa equated that of the bordering fans.
This model assumes that playvas are currently aggrading, and
this seems to be true for many modern playas. For instance,
Death Valley, the Salton Trough and Laguna Salada have a
playa thickness 1in excess of 6 km and all of them are of
Pliocene to Recent age. This shows that an alluvial fan -
playa equilibrium theory is plausible, since deposition is a
relatively fast and continuous process when considered on a

time scale of thousands of years.



CHAPTER 3

THE NATURE OF DEBRIS FLOW

Debris flows are mass flows composed ot highly
concentrated mixtures of sediment and water: there 1is

generally a wide range of sediment grain sizes, the flows

o]

)

are initiated on high slopes (generally steeper than 10

but move out onto slopes that may be lower than 50, and

movement is relatively slow (generally "walking speed").

Debris flows consisting largely of mud are often called
mudflows: mud is prominent, mixed with coarse grains in the
fine-grained matrix ("slurry") of many debris flows, but
debris flows that contain 1little mud are also common.
Debris flows are generally decimetres to metres in thickness
and have a well-defined front. Like other mass flows, they
are episodic and most deposition takes place after the flow
has come to rest.

In this thesis, only coarse grained subaerial debris
flows will be described. The mechanism by which debris
flows move and support the larger «clasts 1in the flow 1is

controversial, and will be discussed later in this chapter.

33



34

A summary of the most interesting field observations
of debris flows is described in the next sections in order
to set an appropriate framework of reference for the

following chapters.

3.1 COARSE CONCENTRATED DEBRIS FLOW (CDF):

The best and perhaps the only well documented
occurrence of this type of debris flow has been reported by
Okuda et al. (1980) from the Disaster Prevention Research
Institute, Kyoto University in Japan. Debris flows in the
Japanese Alps occur several times a year; observational
systems equipped with several video cameras and measuring
devices have documented debris flow characteristics for over
10 years.

In the Kamikamihori fan, a debris flow frontal lobe
was sampled for clast size distribution whose diameter was
larger than 10 cm. Fifty percent (by weight) of the clasts
was between 0.1 and 1.0 m, 30% was between 1.0 and 2.0 m
and 20% was between 2.0 and 3.0 m. The mode (by number) was
composed of 10 to 20 cm <clasts, while the matrix was

composed of 94% sand and pebbles ard 6% silts and clay (Okuda

et al., 1980).

Annual precipitation amounted to 2000 to 3000 mm. A
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heavy rainfall of 7 mm in 10 minutes significantly increased
the probability of debris flow occurrence. A rapid rise of
ground water level 1in the <channel surface and sudden
appearance of surface runoff along the canyon were often
found immediately before the debris flow initiation.

The main source of debris was the canyon armoured
floor, where the slope ranges from 13 to 32°. Debris
flows initiated in slopes as low as 20°. Debris flow
occurring in the upper reaches of the canyon rarely reached
the fan apex, but they stopped in the canyon bed in the form
ot unstable piles of debris. Since the amount of silt and
clay was minimal, the slurry played a minor role in
preventing triction forces between clasts, and collisions
between clasts was by far the dominant mode of flow motion
(Fig. 3.1).

Velocities rarely exceeded 5 m/sec on the fan. The
frontal lobe velocity seemed to depend upon the scale of the
flow (i.e. the height of the snout, therefore on the maximum
clast size) and wupon the concentration of boulders and
cobbles <controlling the apparent viscosity of the‘flow.

Description of those who actively observed the flows

provides a better understanding of this type of debris flow:

"the frontal lobe, of a few tens of metres 1long, came

running down containing many large rock blocks and
broken trees, and next, a fast current of muddy water
containing many cobbles and pebbles followed the

frontal 1lobe, and 1last, shallow water current with
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pebbles, sand and mud in high concentration continued
to flow for several hours."
Due to the orientation of the research (towards prevention
of disasters), post-depositional descriptions of the

sediment are rarely reported.
3.2 COARSE DISPERSED DEBRIS FLOW (DDF):

The best, although not the only well documented
occurrence of this type of debris flow has been reported by
Curry (1966) in the Tenmile Range, Colorado. His
descriptions are very similar to those of Denny (1965) and
Johnson (1970), in semiarid regions of southern Califorﬁia.

Vegetation was relatively rare in the debris flo&
area of the Tenmile Range.

Sixty percent of the debris matrix material was

O

finer than 50 mm. 29% was finer than 2.0 mm. Less than
9.9% was silt size and only 1.1% clay size. Water content
in a fresh debris flow matrix averaged 9.1% by weight.
Individual angular boulders were as large as 80 cm.

A heavy rainfall of 2450 mm in 24 hr triggered the
debris flows of July 30, 1961. The event was characterized
by a series of pulses or waves of debris.

The main sources of debris were talus cones of
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previous rockfall avalanches shedding onto the canyon floor,

where slopes ranged from 33° to 25°. Debris flows

initiated on slopes ranging from 25° to 7.5°.

Individual flows occurred as a series of lobate pulsations;
the largest of them 1lasted for one hour. The boulders in
the flow were dispersed far enough apart in the matrix so
that there were few collisions between them (Fig. 3.2).

Velocities ranged between 15 m/sec near the apex, to
1 m/min in the lower fan. Some pulses that reached the
lowest part of the fan, easily breached natural levees 60-80
cm high and continued to flow slowly over the armoured
surface.

The eye witness reports:

"It was my impression that the flow pulse
resulted from the triggering effect of a shock wave
traveling through a talus cone lying at the angle of
repose and that, along the course of the upper half of
the debris flow, the velocity of the flow pulses
appeared to be incorporated into the surge front.
Material immediately in front of the flow was usually
pushed up the outside of the mud-lubricated surge front
to the top of the flow mass or pushed around the side
of the frontal lobe, perhaps to be carried for a short
distance but eventually forming well-defined natural
levees. In the lowest part of the fan and in the
meadow below it, the flow continued to move over the
armoured surface without incorporating new debris, but
deposited the largest levees, up to 1 mt high."

Johnson (1970, pg. 438) described a nearly identical
event produced by rapid snow melt in the San Bernardino

Mountains of southern California. The waves or surges
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Fig. 3.2 1Idealized diagram of a coarse dispersed debris flow.
Some of the coarsest clasts may concentrate on the
frontal lobe. Note that the fine—-grained matrix-

mixture is supporting the dispersed clasts.



40

appeared every 10 to 20 minutes during 10 days. It is
interesting to note that this type of event, characterized
by muddy water flow followed by a debris surge which in turn
is followed again by more diluted muddy water, produced
deposits which are 1likely to be remobilized in shallow
braided channels. In this way all of the matrix may be
washed out, so only the last pulses of the event are likely

to be preserved in their original depositional mode.

3.3 THE STRENGTH OF DEBRIS FLOW:

Water by itself, is a fluid that has no strength.
But even minute amounts of clay are enough to provide the
clay-water mixture with rheological properties such as
strength and cohesion. These are two important properties
that contribute to retard the sinking of particles suspended
in the slurry and reduce the internal angle of friction of
the bulk material to a low-value.

Rodine and Johnson (1976) tested the strength of
clay-water slurries and concluded that they all possess
virtually no frictional étrength regardless oF their
cohesion (as high as several thousand dyn/cmz). Therefore
the fine grained matrix, or fluid phase of the flow can be

described in terms of cohesion and unit weight. They
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observed the following regimes:

i) Cohesive regime; the addition of sand to the
slurry increased the wunit weight proportionally to the
voiume of sand. The cohesive strength however, remained
constant provided that the volume of sand was small compared

to the volume of slurry.

ii) Granular regime; 1if the volume of sand is
increased enough to produce particle interactions the
strength of the mixture depends on both the cohesive
strength of the slurry and the contact friction between

particles.

1ii) Frictional regime; if the volumetric
proportion of slurry (slurry volume) becomes insignificantly
small compared to the proportion of sand, the grains will
interlock and both the internal friction angle and the

cohesion of the bulk material will increase.

It is clear from these observations that the strength of
debris flows depend on the particle volume concentration in

both the finer grained phase and the coarser grained phase.

When one of the phases predominates, the model of
deformation will approach that of the predominant phase
(Bingham or Coulomb models) and will define the mechanism of

clast support by the flow (Figs. 3.1 and 3.2).
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3.4 COMPETENCE OF A DEBRIS FLOW:

The competence of a debris flow is directly related
to 1its strength (Section 3.3). The abundance of coarse
clastic material transported by debris flows indicates high
competence and therefore suggests high strength, vet the
movement of debris flow over gentle slopes suggests low
strength (therefore low competence).

Experimental work of Rodine and Johnson (1976)
suggested that strength and competence depends on grain
concentration as well as packing. Theoretical analysis of
various size distributions revealed that clasts, 1if
sufficiently poorly sorted, can comprise as much as 64% of
the volume of debris and yet have essentially no influence
on the gross strength of the debris flow. In addition, a
fluid phase composed of kaolinite and water proved to have
essentially =zero apparent friction, therefore the apparent
cohesion 1is determined by the water content of the £fluid
phase. According to this hypothesis, the debris may be
virtually frictionless on low slopes provided that
interlocking of particles is very low, and since the density
of the flow (assuming up to 64% clast content) is nearly
equal to the average density of the solid clasts themselves,

large blocks may be transported by debris with low strength.
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Although not strictly stated in this hypothesis, Rodine and
Johnson imply that debris with closer packing and thus a
degree of interlocking of clasts will require higher shear

stress (i.e. steeper slopes) to flow.



CHAPTER 4

INTRODUCTION TO FACIES:

Four months were spent in the field during the

summer of 1983. Work was conducted in two locations:
Northern Baja Califernia, Mexico and southern New
Brunswick, Canada. Six selected modern alluvial fans in

Baja California were studied based on 1:50,000 scale
geologic-topographic maps; 1:25,000 scale air photographs
photolog mosaics of longitudinal vertical sections
photographed in incised alluvial fan channels, and field
notes. In New Brunswick, the Maces Bay section of Triassic
alluvial fan deposits were studied based on 1:15,840 scale
air photographs; photolog mosaic of the 92 m section; field
notes amd hand samples.

Since the Triassic alluvial fan facies are only
partly analogous to the modern alluvial fan faclies in Baja
California, a brief section devoted to the Maces Bay facies
is presented in Chapter 7.

In the Baja California alluvial fans, the detailed
photologs comprise all incised channel outcrops, with the
exception of those that had been eroded into a talus.

In addition to the detailed documentation of these

fans, other localities described in the literature were
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visited. These 1include the alluvial fans in Death Valley
and White Mountains California (visited in March, 1883 ;

some debris flow deposits in canyons with no fan morphology
in Bagja California; and some Pleistocene inactive alluvial
fan deposits exposed in coastal cliffs in San Felipe.

All the geologic maps and air photos are presented
along with the description of the individual fan facies
distribution and interpretation (Chapters 5 and 6) and

selected folded-photologs are included in the back cover.

4.1 FACIES DESCRIPTION CRITERIA:

Facies description in this study is entirely based
on the photologs. Consistent estimations of
sedimentological characteristics such as sorting, packing
and texture were done by means of comparison charts
(Appendix [I). Features such as clast size and imbrication
are not direct field measurements. Texture was too
variable to be described only as being matrix or clast
supported, since a combination of both often occured.
Therefore, an area percent scale was used; as an example, a
70 % clast supported texture means that 30 % of the area

observed in the photolog is matrix supported.
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The boundaries between "beds" are only an attempt

to describe separately those parts of a section whose

texture was noticeably different from one another.
However, they may or may not represent real individual
events of deposition.

Slope estimations were derived from topographic

maps (Figs. 5.3 and 6.2).

4.3.1 Facies A:

Facies A consists of poorly sorted clasts from 0.8
up to 5.0 m in diameter. They are 60 to 100 % clast
supported. The matrix, if any, 1s relative to the coarsest
clast framework, therefore it may consist of poorly sorted
boulders, cobbles, pebbles and minor amounts of coarse
sand. The cocarsest clasts generally exhibit a well
developed imbrication in the upflow direction. Inverse

grading is present in a few cases (Fig. 1, Appendix III).
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Facies B consist of poorly to well sorted clasts,
generally within 10 to 40 cm in diameter, In a few
localities, a few coarse blocks and boulders may be
scattered about the deposit. The texture is 60 to 100 %
matrix supported (or 40 to 0 % <clast supported). The
matrix consists of relatively well sorted «clasts, ranging

from fine pebbles to mainly coarse sand with a few percent

content of fines. Imbrication, grading and stratification

are rare (Fig. 2, Appendix I1I11).

4.3.3 Facies C:

Facies C is very similar to Facies A; however, it
is distinguished by being 70 to 100 % clast supported, and
having little 1if any matrix, therefore large wvoids are
characteristic. Imbrication, grading and stratification

are rare to absent (Fig. 3, Appendix II1).
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4.3.4 Facies D:

Facies D has exactly the same characteristic as
Facies C, bt is distinguished by being considerably
smaller in terms of grain size. Facies D is mainly composed

of cobbles to fine pebbles (Fig. 4, Appendix I[II).

4.3.5 Facies E:

Facies E is composed of well sorted pebbles and

gravels, 80 to 100 % clast supp