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Chapter 1 - Introduction

Desert piedmonts and the processes that formed them have remained an enigma to
geomorphologists for many years. Desert piedmonts are the long, low angle slopes that
extend from steep mountain fronts down to flat basin centers or to outlet rivers. Sediment
transport rates on these and other desert landforms are slow due to little and variable
rainfall (Abrahams, 1984). Scant rainfall allows disturbance of desert soils by wheeled
and tracked vehicles (Figure 1.1) to persist for more than a hundred years (Iverson, 1979;
Iverson et al., 1981; Webb et al., 1986; Nichols and Bierman, 2002).

Using painted pebbles as tracers, this study determines short-term sediment
transport rates in order to understand better how piedmont surfaces work and to provide
environmentally relevant information. I use experimentally determined infiltration rates,
centimeter-scale GPS mapping, on-site rainfall data, and land-use histories to explain
rates of pebble movement and to infer the mechanism of pebble transport on piedmonts at
four sites in the Mojave Desert. Furthermore, this study provides a quantitative
measurement of how vehicle activity affects desert surfaces. Such an understanding will
allow land managers to make informed decisions as they govern military training
exercises and off-road vehicle (ORV) access in order to minimize environmental impact.

Tracer studies are a commonly used method of calculating sediment transport
rates in large rivers as well as ephemeral channels (Hubbell and Sayre, 1964, 1965; Sayre
and Hubbell, 1965; Laronne and Carlson, 1976; Ergenzinger and Custer, 1983; Abrahams
et al., 1984; Hassan et al., 1984, 1999; Hassan 1987, 1984, 1993; Hassan and Church
1991, 1992, 1994; Slattery et al., 1995; Lekach and Schick, 1995; Fergueson and Wathen,

1998). Sediment tracing follows the movement history of individual grains during a



transport period. The individual grains are assumed to be representative of the larger
populations of which they are part. Therefore, it is essential that the tracer sample is in
fact representative of the population as a whole. The ability to relocate tracer pebbles
after transport events is critical. Many methods have been used to relocate tracers
including paint (Abrahams et al.; 1984, Laronne and Carson, 1976; Lekach and Schick,
1995), radioactivity (Hubbell and Sayre, 1964, 1965), and magnetic tagging (Hassan et
al., 1984, 1999; Hassan 1987, 1984, 1993; Hassan and Church, 1991, 1992, 1994;
Fergueson and Wathen, 1998). Tracer techniques have never been used to determine rates
of pebble transport across desert piedmonts; this is the first study of its kind.

A variety of field methods were used in this study. Perpendicular 20 m long lines
of pebbles were laid out at four sites in the Mojave Desert (Figures 1.2, 1.3). Repeated
surveys over two years (May 2000, November 2000, March 2001, May 2001, October
2001, and April 2002) of the 1600 painted tracer pebbles were used to determine rates of
pebble transport. Pebble movement rates were compared to long-term piedmont
sediment transport speeds as determined by Nichols et al. (in press). Infiltration rates
were determined using sprinkling infiltrometers on small plots (~0.6 m?) in order to
characterize the ability of soils to absorb rainfall and generate runoff (Figure 1.4). Rain
data were collected at 3 of 4 sites with automatically recording rain gauges (Figure 1.5)
and were supplemented with weather station data from other areas in order to correlate
pebble movement with the timing and intensity of rainfall. Channel surveys along a 0.3-
to 0.5 km long line centered on the plots, were also performed by counting and measuring

the width of channels in order to characterize better the desert surface. Background



.m:rkh_, s RE S

topography surrounding the pebble sites was mapped using a differential global
positioning system (GPS) with centimeter accuracy (Figure 1.6).

The U.S. Army is a major desert landholder and off road vehicles used in training
disturb the desert surface and alter soil hydrology (Prose, 1985). Most army maneuvers

occur on desert piedmonts. Tank, Humvee, and ORV traffic disturbs and compacts soil,

_decreases infiltration, and increases surface runoff, potentially increasing sediment

transport (Prose, 1985). This study compares sites along a gradient of disturbance to

determine if pebble transport on impacted surfaces differs from pebble transport in

undisturbed areas.
Field Sites

I conducted research at four sites in the Mojave Desert of southern California
(Figure 1.2). The Mojave Desert is bounded by the Colorado River to the East, the San
Andreas Fa.ult to the West, and the Garlock Fault to the North. Two sites, Goldstone and
East Range Road, are located within the Ft. [rwin Military Complex near Barstow,
California. The other two sites are located further south, adjacent to the Iron and
Chemehuevi Mountains.

There are many landforms common to all of the field sites. All sites are located
on piedmonts at varying distances from the range front. The surface material is
dominantly clasts of dissaggregated granite. Some of the surfaces are punctuated by
isolated granite tors, or other nearby bedrock outcrops. Tors are large rock hills that
protrude from the desert surface away from the range front.

The field sites were chosen to be geologically and geomorphically similar, but to

represent four distinct land uses. East Range Road is heavily and continually impacted by
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many off road Army vehicles. fron Mountain was a heavily impacted army-training base
during World War II but is now off limits to vehicles (BLM, 1986). General Patton
established it and 12 other camps as part of the Desert Training Center (DTC) in 1942.
Camps of the DTC were located throughout the Mojave Desert, and used to train soldiers
for battle in northern Africa. Thousands of troops lived and trained at these camps,
greatly disturbing the surfaces (Figure 1.7). Some of these disturbances can still be seen
today including dirt roads, road berms, and walkways outlined by rocks. The
Chemehuevi site is located deep within the Mojave Desert and receives little vehicular
traffic. Goldstone, the control plot, is located within the Goldstone Deep Space
Communications Complex and is off limits to all vehicles.

The rocks surrounding Goldstone are granite. The source material at East Range
Road is reworked Tertiary alluvial sediment containing granite. The Iron Mountains are
comprised of Cretaceous age granites (Miller et al., 1981). The Chemehuevi Mountains
contain many different lithologies including eruptive igneous rocks and crystalline
metamorphic rocks and younger Cretaceous and Tertiary basaltic dikes (Miller et al.,
1999).

The piedmonts near the Chemehuevi Mountains have well developed pavements
where clasts on interfluves are coated with rock varnish. The pebble line was not placed
on ohe of these well-developed pavements; rather, it was placed on an active wash
surface further down gradient. Goldstone, Iron Mountain, and East Range Road have
neither pavements nor rock varnish. All of the sites have Creosote bushes (Larrea
tridentata) and desert sage (Salvia Dorrii), as well as evidence of animal burrowing

activity (Figure 1.8).



East Range Road-

East Range Road (Figure 1.9) is located on a piedmont 3 km from the range front
on the Fort Irwin Military complex. The local gradient is 4.74°. The site is a heavily
used training range and many different types of vehicular traffic, including tanks and
humvees, frequently cross the surface. The vegetation is very sparse consisting almost
entirely of creosote bushes. Most soil here appears to be disturbed:; it is compacted and
stirred from repeated tank and vehicle traffic.

Iron Mountains-

The Tron Mountains are granitic and surrounded by low gradient piedmonts
(Figure 1.10). This field site is 3 km from the range front where the local gradient is 3.36°
Sediment size on piedmont surface is mostly between 0.5 - 1.0 mm (Nichols et al., in
press). This site was compacted by intense vehicular and foot traffic fifty-five to sixty
years ago (Prose, 1985), but is now fenced preventing entrance of motorized vehicles.
There is also some foot traffic as tourists occasionally visit the site. There was some
animal burrowing activity in the mounds underneath creosote bushes (Figure 1.8).
Chemehuevi-

The Chemeheuvi Mountains are granitic and surrounded by low gradient
piedmonts (Figure 1.11). Chemehuevi is the furthest of the four field sites from the range
front. It is 12 kilometers from the Chemehuevi Mountains, and 5 km from the wash
between the Turtle Mountains and the Chemehuevi Mountains. The local gradient is
1.69°. This field site is protected from use and development because of desert tortoise

activity. The vegetation consists mostly of creosote bushes, barrel cacti (Ferocactus),



and beavertail cacti (Opuntia basilaris). There are many animal burrows that cave in
when walked upon. The silt-rich, vesicular, Av soil horizon crumbles when walked upon
leaving depressions up to 5 cm thick. The soil below the Av horizon is dark. This site
has an extensive ephemeral channel network. Many of these channels are active. There
is little evidence of vehicular traffic. There are relic tank track scars further up the
piedmont from tank movement during the days of DTC from 1942 to 1944.
Goldstone

The mountain range above Goldstone is granite and surrounded by a low gradient
piedmont (Figure 1.12). This is the closest site to the range front, 0.14 km. The local
gradient is 3.96° and this site is located on the Goldstone Deep Space Communications
Complex operated by the National Aeronautics and Space Administration. The area is
closed to the public and the site is not disturbed. There are no channels on the site;
however, very large channels begin 50 meters down slope of the site. Some of these
channels are deeper than 35 centimeters. The channels appear to head on power line
roads. There is extensive vegetation at this site, and there are large, 2-meter-diameter,
creosote bushes. Animal activity, including burrows, is frequent at this site and is
concentrated around creosote bushes (Figure 1.8).
Significance of Research

The research quantifies short-term sediment transport across broad desert
piedmonts, something that has never been done. The measurements reflect the history of
1600 pebbles, tracked and surveyed five times over the course of two years. I compare
my data to long-term rates calculated over millenia by Nichols et al., 2001. 1 quantify off

road vehicle impacts on pebble movement, and have collected rainfall data in the Mojave



Desert, where such data are sparse, including quantity, duration, time, and intensity of
rainfall at three of the four field locations. Not only were these measurements essential to
the success of my research, they help to fill a gap in our understanding of arid climates.
Structure of Thesis

This thesis is divided into five chapters. The second chapter will follow with a
detailed literature survey. Chapter Three is extended methods. Chapter Four includes all
results and interpretations in a paper that will be submitted for publication in the refereed
Journal, Water Resources Research. Chapter Five presents conclusions and suggestions

for future work. All primary data are presented in the appendix.



Figure 1.1 - The desert has been used for Army training for many years.
Tanks and other heavy machinery greatly affect the surfaces on which
they drive. This picture illustrates how clearly tank tracks can be seen.
The site of this picture is East Range Road.
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Figure 1.2 - All of the Field sites are located in the Mojave Desert of

Southern California. A is the location of the Chemehuevi Mountans, B
is the Iron Mountains, and C is the location of both East Range Road
and Goldstone.



Figure 1.3 - Pebbles were spaced every 10 cm on a 20 meter line. Blue and
green pebbles were used, one color for each line. Both pictures are of
pebble deployment on East Range Road in Februay 2000.
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Pump Sprayer ]
Outlet Bucket Rain Gauges

Figure 1.4 - Infiltration rates were measured at each site. The infiltration
site was sectioned off with metal, and rain gauges were put in the
middle. The surfaces were wetted with manual pump sprayers for one to
three hours. Runoff was collected in the outlet bucket. This picture is
from Iron Mountain; the white barricade is to block the wind.
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Figure 1.5 - Rain Gauges were installed at three of the four sites. All
gauges were installed vertically on a metal pole East Range Road
did not receive a rain gauge. Data from the rain gauges were
downloaded by laptop computer.
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Figure 1.6 - A differential GPS was used to survey background
topography and bushes. The base unit can be seen in Picture A. The rover
unit, Picture B, was used to survey the features. Background topography
was surveyed in a 40x40 m square. The pebble cross was located in the
middle of each square. Bushes were surveyed and thier diameters were
measured. 13



Figure 1.7 - Thousands of troups trained at Camp Iron Mountain for desert
fighting in World War II. The soldiers trained, Picture A and lived, Picture

B, at many camps in the desert. Currently only road berms and rock
outlines remain, Picture B.
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Burrows

Figure 1.8 - All of the field sites show some evidence of animal activity,
mostly in the form of burrows. The burrows concentrate around bushes
but can be found throughout the plots.
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L e s

Figure 1.9- East Range road is heavily impacted by tank and humvee traffic.
Picture A is taken looking down gradient. Picture B is looking up gradient at
reworked alluvial sediment. The lack of vegetation can clearly be seen in pictures
A and B. Pictures C and D show tank tracks, which greatly disturb the surface.
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DA o Mountains

Figure 1.10 - The Iron Mountain site is located on an old Patton training
camp. Evidence of the camp can still be seen by the outline of
walkways, Picture B, and road berms, Picture D. The surface has some
creosote bushes, Picture A and C. The Iron Mountains are up the
piedmont from the pebble site, Picture A. The Granite Mountains are
located down the piedmont and across the wash, Picture B.
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___ Chemehuevi Mountains

e | st

Figure 1.11 - The Chemehuevi Mountain field site has very little disturbance. The
Chemehuevi Mountains can be seen looking up the piedmont, Picture A. There are
many creosote bushes and desert sage at this site. Channels, Picture C, are found
throughout the site. Pebbles have moved over 30 meters in two flow events in one
of these channels. The cross was placed in an area with few bushes, Picture B. In
Picture C the geologist is marking a pebble that has moved down gradient in an
ephemeral channel.
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Granite Tor

Figure 1.12 - Goldstone is located on the Goldstone Deep Space
Communications Complex of Fort Irwin. The site is not affected by
human activity. Large Creosote bushes cover surface, Picture A and B.
Granite tors are located 140 meters behind the site, Picture A. Animal
burrows can be seen nearly everywhere, especially near creosote
bushes, Picture C. Looking down gradient, the satellite
communications center can be seen, Picture B.
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Chapter 2 - Literature Review

Background material considered important for this research falls into three
categories. The first category is sediment transport. It should be noted that short-term
sediment transport rates have never been measured on desert piedmonts and all of the
transport studies referenced were done in fluvial systems or on hillslopes. Tracer studies
are the most common way of measuring sediment transport, but other quantitative
measuring devices such as erosion pins and scour chains have also been used to quantify
transport. Some papers were qualitative, including visual descriptions of storms and
runoff. The second category, infiltration, includes research on several topics including
soil penetration, rainfall and flow infiltration, rainfall simulation, soil compaction, and
stone cover studies. The third category, desert climate, included papers describing desert
rainfall qualitatively and quantitatively.

Sediment Transport

Scientists have used a variety of tracer techniques to understand how sediment
moves, including painted sediment, magnetic particles, dye tracers, radioactive tracers,
and flume studies (Hubbell and Sayre, 1964, 1965; Hubbell, 1965; Laronne and Carson,
1976; Ergenzinger and Custer, 1983; Abrahams et al., 1984; Hassan et al., 1984; Hassan
1987, 1984, 1993; Hassan and Church, 1991, 1992, 1994; Lekach and Schick, 1995;
Slattery et al., 1995; Fergueson and Wathen, 1998; Hassan et al., 1999).

Hassan (1992) provides an excellent review of tracer studies in streams,
summarizing and analyzing all of the streambed tracing studies of recent years. The
studies were conducted in many places including Japan, Germany, Israel, and Wales.

The article does not present any new data, but does a very good job of explaining the
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experiments that have been done and tries to correlate them in order to understand stream
dynamics. Hassan (1992) confirms the lack of correlation between pebble movement
distance and pebble size, suggesting that when channels do become active, they are able
to transport most if not all of the sediment in them. Ephemeral channels in the desert
infiltrate water quickly when they are active. There is no size dependency for small
stones because flow does not last long enough to sort the sediment into different particle
sizes. Some studies show that when larger stones are monitored, the distances traveled
decline rapidly with increasing particle size. Hassan and Church (1992) recommend
using large sample populations to overcome the problem of noise.

One of the main sites for desert research is in Israel at the Nahal Yael research
watershed. Schick (1970) summarizes some of the results of the work done there.
Fifteen minutes of rain with an average intensity of 30 mm/hr is enough to produce
runoff. The rates of infiltration range from 10-30mm/hr. Bedload travels an average of
50 meters per event. One per cent of the particles break during movement.

Magnetic Tracers

The use of magnetic tracers to study ephemeral channels in arid regions (Hassan
et al., 1984, 1999; Hassan and Church, 1991, 1992, 1994; Fergueson and Wathen, 1998;
Hassan, 1987, 1984, 1993) is popular and applicable to other environments as well.

Hassan et al. (1984) performed the first magnetic tracer study. This tracer study
was performed in the arid watershed of Nahel Yael, which is located in the Southern
Negev Desert. The paper is valuable in that it describes in detail the methods used to
prepare pebbles for magnetic tracing. The magnetic tracing method produced recovery

rates of 93%. The study does not make conclusions about sediment transport; rather, it
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describes the reliability of magnetic tracing. It is interesting to note that Hassan et al.
(1984) detected a thick active layer where sediment is well mixed, 42 cm, during fluvial
sediment transport events.

Hassan and Church (1991) tracked magnetically tagged particles to determine
mean coarse particle movement distances in ephemeral streams in Israel. They concluded
that bedload movement is complex, but controlled by three variables: sedimentological
characteristics of the bed, hydraulic conditions of the flow, and characteristics of
individual moving particles. Several hundred magnetically tagged cobbles and pebbles
were placed in two streams and tracked for 21 flow events over five years. The
introduction of their paper explains the difficulties in tracking pebbles in natural,
uncontrolled environments. Particles move in a stop and go pattern. Entrainments from
the bed occur at random and the path of the particle, once entrained, is random. There is
no conflict between this conclusion and a correlation between flow conditions and *bulk’
sediment movement because even if the path of the particle is unknown, the total distance
of movement is known.

Next, in the course of their sediment transport studies, Hassan and Church (1992)
investigated relations between travel distances of pebble-size material and stream power
in gravel-bed rivers. They present data from several studies from Israel, England,
Canada, Japan, and Hungary. The paper focuses on two questions, the relation between
the mean distance of movement observed after a flow event and the event magnitude, and
the relation between the virtual rate of travel and the magnitude of the sediment

mobilizing event. The paper concludes that grain size has only a minor influence on the
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distance traveled by a clast. It appears there are mechanisms that tend to equalize travel
distances for the varying clast sizes.

Hassan and Church (1992) reinforces the idea that bedload transport 1s
characterized by movement and rest periods of particles. There are two velocities, the
actual velocity a particle moves during a single event and the average virtual rate of
travel. The actual velocity is determined by the distance and speed a particle moves
during a single step; the virtual rate of travel considers the average travel during several
steps, which includes at least one rest period. The mean distance of movement increases
with an increase in the sediment discharge, meaning that either the actual velocity or
duration of the event must increase if there is an increase in sediment transport. Hassan
and Church (1992) also identify two types of bed structures, hard beds with sporadic
movement and soft beds with a thick moving layer. They also make the point that
pebbles placed on the channel surface might move more easily than pebbles incorporated
into the bed, meaning that initial events might have larger movements than succeeding
events. The fact that only recovered stones are measured is important. It might be the
case that the recovered stones represent a subset with a singular behavior, because the
movement history of lost pebbles is unknown.

Hassan, Schick, and Shaw (1999) record movement of particles directly after
every flood in the ephemeral sandbed river, the Metsemotlahaba, located in semi-arid
South Africa. There is an absence of large clasts in the riverbed. The researchers tried to
record pebble movement after every flood, but this proved impossible because the water
table rose to cover the bed surface. At the end of the first season, not a single pebble was

found at the surface. The pebble recovery rate was very low, indicating the pebbles were
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buried deeper than 1 m, which is the maximum depth to which their magnetic method
could detect buried particles. Many of the pebbles found were near islands and low point
bars, places where the energy of the stream dissipated and can no longer move relatively
large pebbles.

Hassan, Schick, and Shaw (1990) found that many pebbles were located near
islands and low point bars. They concluded that the hydraulic geometry of these features,
reduced stream power and allowed the deposition of particles. As in Hassan and Church
(1991), there was an examination of only particles that moved. Another conclusion is
that during small events, the movement of wave-like bedforms dominates mixing, and
particle size has little effect. On the other hand, during high flows, particles move in
suspension and are incorporated in bedforms.

The experiment by Fergueson and Wathen (1998) was one of the largest tracer
pebble studies ever done, 1400 pebbles. This study was conducted in Allt Bubhaig,
Scotland. This experiment is very different from all of the other magnetic tracer studies
because it was conducted in a perennial river, not an ephemeral stream. It was the first
study aimed at tracing pebbles in a downstream fining environment. Pebble movement
was size selective in all parts of the river. This is a very different conclusion than that of
Hassan (1992). Hassan and Church (1991) there was only a weak correlation between
pebble size and pebble movement. Within reaches, the decrease in mean travel with
increasing grain size was the strongest correlation. Particle shape had only a minor affect
(Fergueson and Wathen,1998). Flowing rivers have enough of an energy gradient and

flow long enough to sort particle sizes whereas ephemeral streams cannot.
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Ergenzinger and Custer (1983) report a different way of tracing pebbles in
streams using naturally occurring magnetic tracers. This is different from Hassan (1984,
1993) who used artificial magnetic tracers implanted into pebbles by drilling. The study
took place in Squaw Creek near Bozeman, Montana. A detector recorded the passage of
magnetic particles larger than 32 mm. The study concluded that 66% of the total stream
transport was included in bedload transport. This paper does not provide many results
but rather reports the use of a new tracing technique. The results appear promising for
streams that have naturally occurring magnetic particles.

Hassan (1993) uses several methods to characterize pebble movement in
ephemeral channels, magnetically tagged particles, scour chains, erosion pins, bed-
elevation cross sections, and bed material samples. The tests were conducted in the
Negeve and Judean deserts of Israel. Again, the results do not show a strong relationship
between transport distance and particle size (Hassan and Church, 1991). This is different
than the results produced in flowing rivers by Ergenzinger and Custer (1983). Vertical
tracing in the active layer adds another way that pebble movement can be analyzed. Most
of the particles relocated after the first event were located in bars. Burial depth of the
particles was not related to any of the particle characteristics. Both streams show that a
high percentage of particles are buried or are exposed in each event.

Hassan and Church (1994) focused on the vertical distribution of magnetically
tagged particles in arid region ephemeral channels. Most of the previous magnetic tracing
studies do not focus on particle movement in the third dimension. Hassan and Church
found that there was no simple relationship between burial depth and particle size. A

controlling factor in the depth of particle burial is the thickness of the layer that is moving
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during each event. Scour of the buried pebbles occurs only after surface particles and
other overlying particles are removed. Vertical mixing increases with time. Burial depth
is greater in bars than in pools and riffles. Vertical mixing in sand bed rivers is dictated
by the movement of ripples and dunes while in gravel bed rivers the movement is
random, and the mixing results from local scour and fill. Particle recovery varied greatly
between different events, from 25 % to 93%. There was no simple relation between
burial depth and grain size.

Hassan (1990) and Hassan and Church (1994) both used magnetic tracers to
determine the burial depth in different river features including bars, pools, and thalwegs.
The paper (Hassan, 1990) qualifies the type of burial experienced by particles. The
maximum burial depth was located in bars but a difference in mean depth between the
features studied was insignificant. Some tracers were not even transported, just buried in
situ. Shallowly buried particles have a higher probability of movement than deeply
buried ones. Particles become buried in 5 ways: by advancing bed forms, by deposition
of small particles around larger clasts, by scour around a large particle, moving in a
traction carpet, or by covering of particles with other particles after the initial grain stops
moving. The three-dimensional aspect of the study indicates that most of the missing
pebbles are probably buried deeper than 1 meter. It is possible for pebbles missing at one
survey time to appear later.

A paper with a very different, almost opposite approach to sediment tracing is
Slattery et al. (1995). This paper tries to determine sediment source by measuring
properties of the sediment in Oxford, England. It is similar to Ergenzinger and Custer

(1983) in that it uses natural tracers but traces sediment upstream instead of down. The
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technique provides an alternative approach to monitoring techniques such as erosion pins.
The samples were subjected to nondestructive magnetic measurements. These tests
clearly distinguished between the different source areas. The results showed that
cultivated fields provided much of the sediment especially during storm runoff.

Painted Tracers

Another tracing method involves tracking painted sediment. Ferguson and
Wathen (1998) used painted pebbles in conjunction with magnetic pebbles (magnetically
tagged particles were painted) which provided much higher recovery rates than just
painted pebbles (Laronne and Carson, 1976). Laronne and Carson (1976) included 250
tracer pebbles in Seale’s Brook, Canada. Lekach and Schick (1995) also used magnetic
and painted pebbles in the Nahal Yahel catchement in the southern Negev Desert. The
difference is that Lekach and Schick (1995) had separate particles for painting and
magnetizing. They found that short pebble movements are associated with a burial
episode and long movements are associated v.vith movement within the active layer. The
interchangeability of surficial and buried material helps to explain the simple morphology
of braided channels.

Tracing particles for long term monitoring of sediment is also possible (Abrahams
et al.,1984). In this study, particles were tracked on desert hillslopes, not ephemeral
channels, located in arid regions of northern New Mexico. The stones were monitored for
sixteen years. The goal of the project was to determine if creep or hydraulic action was
the dominant process on hillslopes. Unlike Hassan (1993), this study found that the

distance moved was inversely related to particle size. The paper concludes that on most
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hillslopes hydraulic action is the dominant process. Only at higher elevations, where
winter is more severe, is creep the dominant process.
Radioactive Tracers

Another form of particle tracing uses radioactivity to relocate particles. For
example, Hubbell and Sayre (1964, 1965) traced radioactive sand in the flowing North
Loup River, Nebraska. Consideration of sediment movement is possible in two ways.
The first technique, Eulerian description, focuses on a cross section of the channel and
describes the concentration, discharge, and characteristics of the sediment moving past
the cross section. The second technique, Lagrangian description, focuses on the
movement of individual particles dosed with Iridium-192 and then placed on the river
channel via a funnel in two-pound packages. The study verified the step motion of
particle movement. Mean particle velocity in the river ranged between three and seven
feet per hour. This method is helpful because it measures the displacement of individual
particles or groups of particles.

Sayre and Hubbell (1965) uses the same design as the other radioactive studies.
The study was also conducted in the North Loup River in Nebraska. This paper
emphasizes the importance of sediment tracing in solving environmental problems.
Sorption of radioactive wastes by clay, silt, and sand is a common occurrence. Transport
and dispersion of waste can be affected by the transport and dispersion of the individual
sediment particles. Discharge was calculated with a continuity-type equation, which
states that discharge is the product of the mean velocity of the particles and the cross-

sectional area through which they move.
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Dye Tracers

Another method of tracing includes the use of dyes. These methods use colored
dye injected into water and tracked. They do not trace individual sediment particles.
Although sediment transport is not directly measured, dye tracing is important in
characterizing the way in which water moves through streams, which does affect
sediment transport.

Lange et al. (1997) used three dye tracers to follow an artificial flood produced in
an ephemeral stream, Nahal Shahmon, Israel. At the end of the flow, exfiltration
occurred. The conclusions of the study are that channel alluvium plays a dual role in
floods. First, the alluvium absorbs water and then as flow decreases water exits the
alluvium; this phenomena could be due to the steep channel slope. The study suggests
that infiltration is lower at the beginning and higher at the end of a flow.

Flume Experiments

It is possible to trace sediment in artificial environments such as a flume. Such
data can provide invaluable information for calculating transport capability and sediment
yield.

Einstein did the first studies done on individual particle movement in 1937. He
concluded that movement of stone is a statistically random event. The factors affecting
movement fall into one of three categories: channel morphology, pebble material, and the
characteristics of flow.

Abrahams et al. (1998) used a flume to determine what factors contribute to
sediment transport. The paper attempts to identify all variables and determine their

importance in sediment transport. The studies were performed on a flume at different
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slope angles. The difference between the transport capacity and the influx of sediment
from up slope control both the rate of bed erosion and the rate of sediment deposition.

Gover and Rauws (1986) studied the transport capacity of thin flows on irregular
as well as plane-bed surfaces. Both cases clearly showed the relationship between grain
shear velocity and unit stream power (which is defined as the product of mean velocity
and slope). This is calculated from simple measurements of slope and depth, making it a
very useful tool to estimate stream sediment transport capacity.

Li and Abrahams (1999) investigated controls on soil erosion using flume
experiments. Transport capacity is related positively to rainfall intensity during low
intensities of rainfall. Interestingly, transport capacity is negatively related to rainfall
intensity during high intensity rainfall. These conclusions agree with Abrahams et al.
(1998).

Hassan and Church (2000) experimented with flumes to determine information
that they could not glean from natural systems. They conclude that when transport does
occur, the bed is only partially mobilized. The flume experiments suggested that bed load
transport was equal to or exceeded the supply except at the highest supply rate. Bed
transport is sensitive to surface structure and grain size.

Bagnold (1966) approached the problem experimentally and theoretically in an
attempt to define sediment transport from a general physics perspective. He begins by
arguing that no agreement has been reached on the effect of flow quantity on sediment
transport, discharge, mean velocity, tractive force, or energy dissipation. He concludes
that transport conditions are easier to quantify at high flow where the process is much

simpler than over the lower transitional phases. Bagnold concludes that more studies
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must be done on the quantitative aspect of sediment transport. Such study has been

slowed by a refusal to appreciate the significance of experimental results, which may
appear superficially to be unpractical.

Stone Cover

Stone cover on hillslopes is a very important variable that affects sediment
transport during overland flow (Abrahams and Parsons, 1994; Abrahams et al., 2000).
Stones are very important in creating roughness in sheet flow (Abrahams and Parson,
1994). Interrill overland flow is a sheet of water moving across the desert surface with
threads of deeper, faster flows moving around stones. The result of these diverging and
converging threads is varying velocity and flow depth over short distances. All runoff
models (Abrahams, et al., 1992; Einstein, 1950; Govers, 1990; Harelman and Rumer,
1961) contain a variable for stone cover, which reflects its importance in determining
flow resistance.

Abrahams et al. (2000) expanded upon their previous work (Abrahams and
Parsons, 1994) and used a flume to quantify how stone cover affects sediment transport.
They investigated sediment transport capability as a function of stone cover. This paper
explores sediment transport capacity of interrill overland flow and how capacity varies
with the amount of stone cover at two flow intensities. The ability of overland flow to
transport sediment is positively related to surface stone cover size and the relationship
strengthens when the stone cover increases and flow intensity decreases. This positive
relationship is attributed to flow resistance decreasing and the size of horseshoe vortices

increasing as stone size increases.
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Event Studies

McGee (1897) experienced and wrote about the torrential sheetfloods that occur
in the Amercian Southwest. While surveying land for the U.S. Government, McGee
encountered a large runoff event he experienced while traveling through the Sonoran
desert in Arizona. A light rain fell on the party, about half a centimeter, and then
stopped. Within a half an hour, a wave of water came out of the mountains. The wall of
water was low and lobate, 15 to 30 cm high. The depth of water was up to ~50 cm in
some places. McGee does a wonderful job of describing the flood and providing a
detailed geologic and geographic description of the area.

Asher Schick is another person who experienced a rare flow event in the southern
Negev Desert, but was not fortunate to have any equipment to quantify the storm. This
did not stop Schick (1986) from sharing his results, qualitatively, with the rest of the
community. In a wonderfully written paper that is very entertaining and educational,
Schick describes a rainstorm he experienced while trying to dig a hole in an ephemeral
channel to try and locate bedrock. As the rainstorm begins, the hole that Schick is
digging begins to fill in with water and sediment. The hole was completely filled with
sediment by the end of the rainstorm and the depth to bedrock was never determined.
Before flooding in arid regions occurs, Schick argues there must be three stages of
storage filled. First is wetting of the surface, second wetting of colluvial areas, and third
and most important, alluvial storage of floodwater in the channel system.

Schick and Lechack (1981) used very different methods to quantify sediment
transport rates during a runoff event. The runoff event occurred in the hyper-arid region

of the southeastern Sinai Mountains. They used high water marks, which helped them to
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evaluate peak discharge. The paper was focused on a very large storm that created an
entirely new alluvial fan at the outlet of the watershed. They compared the storm to other
storms in the previous 15 years to determine probable hydrographs. They computed
bedload yield by measuring the amount of sediment deposited on an alluvial fan, because
direct measurement of transport of coarse bedload in heavy floods is "impossible to
accomplish." This paper verifies previous data suggesting the use of the 3/2-power rule
to calculate bedload transport, which states that "the bedload transport rate is proportional
to unit stream power in excess of that necessary for initial motion, raised to the 3/2
power."

Another quantitative study was performed by Abrahams et al. (1986) and
examined the relationship between friction and the Reynolds number for overland flow
on desert hillslopes in semi-arid southern Arizona. Normally overland flow on these
hillslopes consists of a shallow sheet of water with rivulets of deeper, faster flowing
water. Rivulets normally occur around vegetation or rocks. Runoff plots in southern
Arizona were the site of the experiments. As overland flow increased, roughness
elements, which interrupted overland flow, were inundated, lowering flow resistance.

Infiltration

Another way to characterize desert surfaces is by measuring the permeability of
the soil. Many variables, including stone cover, animal burrowing, and raindrops,
influence the permeability of soil. Infiltration rates, penetration resistance, and bulk
density are all related to permeability and the distribution and connectivity of macropores

Webb et al. (1986).
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Desert rainfall is rare and spatially variable; therefore, it is necessary to create
artificial rain to simulate runoff. Rainfall simulators are very important in determining
sediment yield, rainfall infiltration rates, and sediment transport speeds. Luk et al. (1986)
explain how to set up a low cost, less than six hundred dollars, portable rainfall simulator
that can be operated by a small group. Its design characteristics included the ability to
simulate drop size, fall velocity, kinetic energy, and drop frequency. It has a low fall
height to minimize wind disturbance. This simulator requires a pumping system and large
amounts of water.

Another simpler type of rainfall simulator can be used to determine infiltration
rates (Kurfis et al., 2001). This system involves sectioning off a small portion, ~1 m?, of
soil on a hillslope using a continuous boundary of roofing tin. The down gradient section
of the plot is dug out and small buckets inserted to collect runoff. Rainfall gauges are
placed at different areas in the plot. The plot is then sprayed with water from a manual -
backpack sprayer until the soil is saturated and the runoff rates stabilize, between 30
minutes and 3 hours. Runoff that is produced is collected as it exits the plot and drains
into a collection bucket. As each bucket fills, it is replaced with another and the water
volume measured in a graduated cylinder before being discarded. Rainfall on the plot is
also measured. With these data, it is possible to calculate the infiltration rate of the plot
by difference.

Compaction by humans affects the permeability of desert soils. Compaction can
occur by road building, military training, and infrastructure building. Disturbance of
desert soils due to wheeled and tracked vehicles can affect desert landscapes for more

than a hundred years (Nichols and Bierman, 2001; Webb et al., 1986). Webb et al.
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(1986) studied how compacted soils of Mojave ghost towns in southern California
recover through time. They used compaction measurements including penetration depth,
penetration resistance, bulk density, and peak shear strength. Their tests indicated that
only one site had completely recovered after 75 years. Recovery times average around
100 years and relate to elevation, which suggests that freeze-thaw cycles play a critical
role in loosening compacted soils.

Many years after military maneuvers, Mojave Desert soils still show signs of
disturbance (Prose, 1985). Prose studied an area located on a Patton Desert Training
Camp. During the late 1940’s, General Patton set up huge desert training centers
throughout the Mojave desert to train soldiers for northern Africa. Thousands of troops
lived and trained at these camps, greatly disturbing the surfaces. Some of these
disturbances can still be seen today. Prose found that some segments of tank track show
a 73% increase in penetrometer resistance over undisturbed soils. Some roadways could
not be penetrated more than 10 cm due to extreme compaction. Prose also trenched
below tank tracks and found that modifications of the substrate can extend 25 cm down
and 50 cm out from a tank track. Compaction from tanks is also detrimental to plant life
in the Mojave Desert (Prose, 1987). The compaction of soil and alteration of drainage
channel density changes the perennial plant cover, density, and species composition. In
these experiments, Prose estimated porosity by measuring the bulk density.

Stone cover is another important variable determining permeability of desert
surfaces. Dunkerley (1995) describes a process to quantify stone cover. The study was
done in New South Wales, Australia, at the Fowlers Gap Arid Zone Research Station.

Surface stones of varying size cover desert hillslopes. These stones influence surface
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cover fraction, infiltration rates, and geometric packing. They also have impacts on
sheet flow behavior. This study analyzed two study sites in Australia using photographs.
This study determines the most efficient technique to characterize stony surfaces. The
most important characteristics are stone count, surface area, edge length, and stone
volume or mass.

Dunkerely (1995) suggests how stones influence run off and infiltration. Stones
provide places for surface detention storage, which varies by stone size, sorting, and
rubble depth. He concludes that simple cover percentage may not provide sufficient
information for understanding slope hydrological processes. Currently there is no
uniform procedure for stone cover description.

Abrahams and Parson (1991) attempted to identify how stone cover affects
infiltration in southern Arizona. They found that infiltration rates are highest under
shrubs. High infiltration rates are caused by animals digging as they mix much of sand in
the near surface soil. The study concludes that infiltration rates are negatively correlated
with stone cover and that infiltration rates are positively correlated with shrub canopy.

Shanan and Schick (1980) created a computer model that incorporates many of
the variables thought to influence permeability. The computer model incorporated
relationships between "infiltration rates of soils, effects of slope angle on runoff, stone
cover, rainfall intensity, antecedent rainfall, basin size, soil crust, overland flow and
channel losses." Infiltration rates were calculated by releasing a thin sheet of water onto
a narrow strip of sample area. The results of this experiment and rain data were used to
predict infiltration rates on different surfaces with variable slope. Mid-slopes receive

twice the amount of falling rain as the peaks of hilltops. This pattern was also recorded
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by Sharon (1970). The pattern is most likely caused by raindrops drifting away from the
exposed ridges and high altitudes and falling on more protected sites at lower altitudes.

Shanan’s and Schick’s model (1980) reaches several interesting conclusions.
Cleared plots produce more runoff than stone-covered plots in small rainfall events, 10 to
12 mm/day. In larger storms, the opposite proved true. Infiltration rates were greater on
steeper slopes than on moderate slopes. Autumn infiltration rates were higher on all plots
than infiltration rates during winter months. Temperature, evaporation, vegetation and
biological activity explain infiltration variability. The results of Shanan and Schick
(1980) suggest that infiltration rates are a function of hillside slope and moderate slopes
with the low infiltration rates are the principal contributors to runoff. Stone clearing has a
significant effect on runoff, as runoff increases with a loss in stone cover. This model is
important because in contributes to an understanding of basin processes and can predict
contribution of first, second, and third order catchments, as well as human impact.

Biological activity affects infiltration rates as well. Elkins (1983) studied how
termites can effect the hydrological responses of small plots to simulated rainfall in
Arizona. He concluded that under low vegetative density, the eradication of termites
might initialize or accelerate desertification processes because termites churn soils and
make them more permeable.

Desert Climate

In arid regions, such as the Mojave Desert, precipitation data are scarce and/or
incomplete due to the low number of weather stations and great spatial variability in
precipitation amounts. For example, in Barstow, California, near our field sites, the mean

annual precipitation is only 100 to 200 millimeters (Abrahams, 1984). What rain occurs
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is often spotty. A desert surface might receive centimeters of rain in a single storm event;
yet, adjacent areas less than one kilometer away, might not receive any precipitation
(Prose, 1985).

Sharon (1972) identifies and explains how difficult it is to track storms in the
desert. Most of the rainfall occurring in southern Israel is from highly localized small
convective cells. Time and space separate most cells from each other. This means that
on any given stormy day, only 20 percent of a basin could be receiving rainfall.
Spottiness mostly occurs in late spring and fall, and rainfall is more spatially uniform in
the mid-winter. This paper does a very good job at summarizing the problems with
understanding precipitation in arid environments. Sharon found no cells smaller than 1
km. The paper quantifies the degree of spottiness observed.

Even when a rain gauge is located in a rainstorm, it might not always record the
correct amount of rainfall. Rainfall does not always fall directly perpendicular to the
surface (Sharon, 1980). During windy storms, rain falls at an angle, thus affecting the
amount of water recorded by a rain gauge. The angle eftectively reduces the area of the
gauge orifice thus throwing off the calculations of total water depth. A tilted rain gauge
can minimize this affect by enabling the raindrops to hit the entire orifice.

Osborn and Renard (1970) tried to qualify desert rainfall spottiness and determine
the rainstorm spatial and temporal relationships in a controlled watershed. Runoff in the
Walnut Gulch Watershed, Arizona, occurs mostly in summer thunderstorms. Rainfall
variability in time and space dominates the rainfall-runoff relationship. Infiltration rates
start high, 25 cm/hour and decrease to 12 to 5 cm/hour. Osborne and Renard (1970)

conclude that the largest runoff events occur after dry periods. They are uncertain if this
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relationship is by chance or whether there is a real correlation between the size of events,
runoff, and the length of the intervening dry period.

Osborne and Renard (1969) were able to use Walnut Gulch watershed to obtain
very accurate information about rainstorms in arid environments. This paper analyses the
precipitation and runoff of two 10-year recurrence storms in southeastern Arizona. The
paper agrees with Sharon (1970) that recording rain gauges are widely scattered and do
not provide satisfactory information on thunderstorm activity. Warm air in the Pacific
during the late summer and early fall creates storms that are generally longer duration and
lower intensity than winter storms. The paper does a good job at describing the sequence
of events in storms using isohyetal rainfall maps. Individual large storms produce more
surface runoff than several years of smaller, more-common storms.

Synthesis

The main method of my study is sediment tracing using 1 cm pebbles. It is
important that the techniques that I have used will characterize the surface accurately and
provide the necessary results. Our chosen pebble size is slightly larger than the average
grain size of the surfaces. Hassan and Church (1992) and Fergueson and Wathen (1998)
explain that particle size and shape are not correlated with the distance a particle moves.
Therefore the discrepancy in grain size in our study should have no effect. Our pebble
movment data can be compared to those measured by Nichols et al. (in press) and
Abrahams et al. (1984). Previous infiltration tests were important in determining the
appropriate sprinkling rates. We are able to compare our infiltration rates to those

already published (Schick, 1970; Webb et al., 1986). Background information on desert
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storms is important for comparison with our onsite rainfall data (Osborne and Renard,

1969, 1970).
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Chapter 3 - Methods

Three distinct field procedures were used to collect the data necessary to
characterize and explain sediment movement for this study. These included measuring
sediment transport rates directly by repeatedly surveying painted and numbered pebbles,
measuring infiltration rates using sprinkler infiltration tests, and recording precipitation
using data-logging, tipping-bucket rain gauges. Data collection and analysis methods
differed for each data set. The data were combined to explain and quantify piedmont
sediment transport processes and rates.

Pebble Tracing

In order to determine how sediment moves over short time and spatial scales, 1
placed pairs of perpendicular, 20-m-long pebble lines across four piedmonts. The stones
were then placed at 10 cm intervals along the lines to produce an orthogonal cross shape.
One line was placed parallel to contour and the other was oriented down gradient.

These pebble lines are constructed from 1 cm crushed granite (Figure 3.1)
obtained from Pike Industries in Barre, Vermont. Half of the stones were painted blue
and the other half painted green with a high-gloss latex paint; one color was used for each
line. The stones were individually labeled in batches from 1 to 200. The stones were
then sprayed with a UV-resistant coating to prevent fading. However, the painted stones
faded and had to be relabeled several times in the field. On the final trip (April 2002), the
stones were permanently tagged with a small aluminum marker with the number
imprinted on it. The tags were attached to the stones with all-weather, high-temperature
epoxy, Devcon HP-250 (Figure 3.2). This will allow for future relocation of pebbles

using a metal detector. In addition the metal tags may allow for location of buried
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Mountain and Chemehuevi, the initial pebble locations were surveyed with the total
station. Two data sets, Goldstone and East Range Road of November 2000 were
corrupted by a zero-set rotational error and have not, as yet, been rectified.

The pebbles have been resurveyed 5 times, November 2000, March 2001, May
2001, October 2001, and April 2002. Each trip produced up to 1600 data points for a
total of nearly 9600 pebble data points. Not every field site was resurveyed each time.
East Range Road and Chemehuevi were not surveyed in March 2001 due to conflicts

with the military schedule and a chemical spill, which prevented us from driving to the

Chemehuevi Mountains.
Infiltration

Infiltration rates were measured using a sprinkler infiltrometer (Figure 3.5, Kurfis
et al., 2001). Infiltration rates were calculated by sprinkling a ~0.6 m” plot at each site
while measuring surface runoff. The amount of runoff was recorded over time.

The sprinkled area was enclosed with sheet metal flashing to collect surface
runoff. The downstream end of the plot was dug out and plastered to collect surface
runoff and to stop erosion of the outlet. The runoft was collected in a bucket, which was
placed below the plaster outlet (Figure 3.5). Three rain gauges were placed in the plot to
record the amount of water being sprinkled on the plot (Figure 3.5). The plots were
sprinkled with backpack pump sprayers normally used for fertilizers or pesticides, (Solo
Backpack Sprayer 425). We used approximately 1 L/min of water to create runoff on the
meter plots; some plots did not produce runoff. The water was applied over the time span
of one to several hours. The final infiltration rate was calculated after infiltration had

stabilized.
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Rainfall Data

Flowing water moves sediment and comes from infrequent but severe rainstorms.
In arid regions, such as the Mojave desert, precipitation data are scarce and/or incomplete
due to the wide distribution of weather stations and the great spatial variability in
precipitation amounts (Abrahams, 1984). Thus, we used recording rain gauges (Figure
1.5) to document precipitation over time determining how much rain fell and when it fell
at each of the pebble sites. We used these data to determine if there was a relationship
between rainfall and pebble movement.

Precipitation was measured with 0.25 mm precision using tipping-bucket rain
gauges and digital rainfall loggers (Hobo Event Logger made by Onset). With these
collectors, I recorded the quantity, duration, and time of rainfall at each of the field
locations. In the Chemeheuvi Mountains, I installed two gauges, one at the pebble cross,
12 km down the piedmont and the other only 4 km from the range front. This was done
to compare rainfall amounts 8 km apart and to determine the spatial variability of rainfall.
The rain collectors were mounted 0.5 m above the surface on metal poles 5 cm in
diameter, pounded into the soil. The collectors were leveled and did not use windshields.
Site Characterization

Each of the four sites was analyzed using five additional characteristics: soil
density, soil description, plant description and count, background topography, and
channel count. Background topography was surveyed at each site. This was done using
a Trimble 4400 Real Time Kinematic Differential GPS for accuracy and speed (Figure

1.6). The survey area was roughly four times the size of the pebble cross. Bushes,
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mounds, boundaries, and channels were surveyed. At each site, between 600 and 900
data points were collected to characterize background topography, channels, and bushes.
In order to characterize the broader piedmont surfaces on which the pebbles were placed,
the number and width of ephemeral channels were counted along a transect. This was
done by walking a 0.3-0.5 kilometer transect that included the pebble line. Shrubs were
counted and measured to create a percent cover of woody vegetation on the plots. Bush
center points were surveyed with differential GPS, and their diameters measured with a
tape. Soil descriptions were made in shallow soil pits at each site. Soil descriptions
characterized the texture, color, and structure of the different layers within the pits (_<50
cm).
Data Analysis

The survey data were written by hand in the field and entered manually into a
spread sheet, then plotted to check for data entry error. In order to ascertain the precision
with which the pebbles were measured, the control pin data were analyzed. Each time
the pebbles were surveyed, the pins were surveyed twice, once at the beginning and once
at the end of the survey. The average northing and easting of every East, West, South
and North pin was calculated individually for each site. The average standard deviation

of the pin location was then calculated, and this value (2.3 cm, 10) is used to estimate the

long term precision of our survey measurements.

Pebble movement distance was calculated for each pebble and for each survey
period. First, we compared the location of each pebble to its previous location. Second,
we compared the location of every pebble during every survey period to its original

placement location. Both incremental and integrated movement distances were then
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calculated. For example, the first method compared May 2000 to November 2000, then
November 2000 to March 2001, and so on. The second method compared May 2000 to
November 2000, then May 2000 to March 2001, then May 2000 to May 2001, and so on.

The Pythagorean theorem was used to calculate the movement distance. The
following equation was used:

((Original Easting - New Easting)” + (Original Northing - New Northing)?)"?
This calculation produces the gross movement of every pebble. It does not take into
account whether the pebbles moved up or down, or left or right, from the line.

Pebbles that were arranged on the contour parallel line were analyzed differently
than pebbles on the line oriented down gradient. Pebbles on the contour parallel line
were characterized as moving either up or down gradient. Net pebble movement assigns
a negative or positive value to movement depending on whether the pebble moved up or
down from the line. Net movement is used to determine pebble speed down piedmont.
Gross movement characterizes the dispersion of pebbles over time.

Pebbles on the line oriented down gradient were used to examine pebble
dispersion. Gross movement away from the original line for each set was calculated. Net
movement away from the original line was also calculated for each set.

The rain data were downloaded using a laptop computer and download cable
directly linked to the recording unit in the rain gauge. The rain gauges were installed in
November, 2000. Information was downloaded from the gauges in May 2001, October
2001, and April 2002. The data were then divided into rain per day and displayed in bar

graph form. Rainfall intensities were then calculated for each storm to correlate intensity
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to pebble movement. The data were compared to a long-term monitoring station in

Barstow, California.
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Figure 3.1 and 3.2 - Pebbles are made from 1-cm crushed granite and
spaced every 10-cm, Picture B. The pebbles were painted with latex paint
and then numbered. A metal tag was epoxied to the pebbles during the
April 2000 trip, Picture A.
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Figure 3.3 - All of the bushes have small mounds underneath them. The
mounds have have looser soil that is varied in texture. The mounds
concentrate the animal activity. There is not much vegetation which is
characteristic of East Range Road where this picture was taken.
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Figure 3.4 - The pebbles were individually surveyed during each trip
producing ~1600 measurements, Picture A. The survey rod was placed
to one side of the stone. Measurements were recorded manually, Picture
B, and later entered into a computer spreadsheet. Both pictures are from

Iron Mountain.
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Figure 3.5 - Infiltration measurements were taken at each field site. The
infiltration tests were performed by sprinkling water from manual pump
backpacks. The outlet where runoff was collected can by seen in Pictures
A and B. Both pictures are from East Range Road.
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Figure 3.6 - The two stars on this map indicate the positions of the two
range gauges at the Chemehuevi Mountains. The black star is the location
of the pebble cross and rain gauge. The white star is the rain gauge
installed at the range front.
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ABSTRACT

To quantify short-term sediment movement rates across low gradient Mojave
Desert piedmonts, 1600 painted and numbered pebbles were surveyed 6 times at four
sites over 2 years. The four sites represent geomorphically similar surfaces with different
land use histories. Two sites are located on surfaces currently (East Range Road) or

previously (/ron Mountain) impacted by military training activities including the use of
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wheeled and tracked vehicles. The two other sites, Goldstone and Chemehuevi, are in
mostly undisturbed areas.

There are three distinct mechanisms for pebble transport: ephemeral channels
transport a few pebbles long distances (m) down gradient, bioturbation moves most
pebbles small distances (cm) in any direction, and vehicular disturbance transports
pebbles varying distances in any direction. The recovery rate of pebbles in natural
systems after two years was 98% and 93% (Chemehuevi and Goldstone). At East Range
Road, where vehicles currently disturb the surface, recovery was only 76%. At Iron
Mountain, where impact ceased nearly 60 years ago, the recovery rate was 87%. Off-road
vehicle use is coincident with accelerated pebble movement. Pebbles move further and
faster down gradient at the disturbed Iron Mountain and East Range Road sites, (0.71 m
yr " and 0.29 m Vi respectively) than at the undisturbed Chemehuevi and Goldstone

sites, (0.18 m yr”' and 0.04 m yr, respectively).

INTRODUCTION

Desert piedmonts, the long, low angle slopes that extend from steep mountain
fronts down to flat basin centers, are still an enigma to geomorphologists after many
years of research (Oberlander, 1974; Lecce, 1990). Processes that form and change these
landforms are so episodic that only rarely can they be observed directly (McGee, 1897;
Schick, 1986). Sediment movement rates on piedmonts and other desert landforms have
rarely been quantified because they are slow and irregular due to scant as well as
temporally and spatially variable rainfall (Abrahams, 1984). The rarity of run off and

vegetation allows disturbance of desert soils by wheeled and tracked vehicles to persist
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for more than a hundred years (Nichols and Bierman, 2001; Webb et al., 1986; Iverson et
al., 1981; Iverson, 1980).

Pebble tracing, which follows the movement history of individual grains during a
transport period, has been used to study sediment primarily in fluvial systems (Hassan et
al., 1984, 1999; Hassan and Church, 1991, 1992, 1994; Fergueson and Wathen, 1998;
Hassan, 1990, 1993; Ergenzinger and Custer, 1983; Slattery et al., 1995; Laronne and
Carlson, 1976; Schick and Lekach, 1995; Abrahams et al., 1984; Hubbell and Sayre,
1964, 1965; Sayre and Hubbell, 1965). Most studies have been done in confined
channels such as flowing or ephemeral rivers. One study tracked pebbles and clasts down
desert hillslopes (Abrahams, 1984). Never has sediment been tracked across the
unconfined drainage network of desert piedmonts despite the ubiquity of this landform in
arid regions.

This study analyzes the movement of 1600 painted and numbered pebbles over 29
months on 4 piedmonts in the Mojave Desert, California (figure 4.1). Our measurements
include over 10,000 data points in order to overcome the problem of noise and to ensure
that the individual grains are representative of the larger population of which they are part
(Hassan and Church, 1992). We use rainfall and infiltration data collected from each site
to determine if pebble movement correlates with the local rainfall and infiltration.

PREVIOUS RESEARCH

Desert piedmonts, ubiquitous landforms in the arid regions world wide, are large-
scale features (10° to 10> km). Some piedmonts are erosional near the mountain front and
are termed "pediments," others are depositional and are termed "alluvial fans" (Hadley,

1967). Some piedmonts are a surface of transport where there is no net erosion or

99




deposition. Although piedmonts usually have gently sloping topography, complex
interactions of climate change, tectonic activity, lithology, and drainage basin
characteristics and networks make piedmont processes difficult to model and quantify
(Bull, 1977; Lecce, 1990; Oberlander, 1974). The sites which we studied are surfaces of
deposition (Nichols et al., 2001; Nichols et al., in press).

Sediment movement rates can be influenced by particle size (Abrahams et al.,
1984). It is well established that particle size and distance traveled are correlated in
flowing rivers, (e.g., Furgueson and Wathen, 1998). However, in ephemeral arid region
streams, particle size and distance traveled are often unrelated (Hassan, 1992; Hassan
and Church, 1991; Laronne and Reid, 1993) because flows do not last long enough to sort
the sediment and transport grains selectively. We used cm-size clasts to track sediment
movement because they were large enough to see and similar in size to pebbles naturally
occurring on our four sites.

Many years after human disturbance, Mojave Desert soils still show signs of
disturbance demonstrating the fragility of these environments (Nichols and Bierman,
2001; Webb et al., 1986; Iverson et al., 1981; Iverson, 1980). Vehicle-induced
disturbances include compaction, decreased infiltration, vegetation change, channel loss,
and redirection of drainage networks. Desert surfaces receive little rainfall. The lack of
runoff slows sediment transport, and slows the mixing of the soils, thus allowing

disturbance to persist for many years.

56




STUDY AREA

All four study sites are located in the Mojave Desert (figures 4.1 and 4.2). In
Barstow, California, west of the field sites, average annual precipitation is 10.3 cm
(National Weather Service). The vegetation at all sites is predominantly creosote bush
(Larrea tridentata) and desert sage (Salvia Dorrii). Field sites are located on surfaces
dominated by coarse sand and fine gravel. Source lithologies for all sites are dominantly
granitic or coarse crystalline metamorphic rocks.

The field sites were chosen to be geologically and geomorphically similar, but to
represent four distinct land uses. East Range Road piedmont is an active Army training
range, which is heavily and continually impacted by off-road Army vehicle use including
tanks and humvees. The site has sparse vegetation, 12% plant cover (table 4.1), and is 3
km from the range front. There are no distinguishable channeis at this field site (table 4.2
and figure 4.1 D).

Iron Mountain piedmont was a heavily impacted army base and training facility
during World War II. This site was compacted by intense vehicular and foot traffic from
1942 to 1944 (Prose, 1985), but is now fenced preventing entrance of motorized vehicles.
There is some foot traffic as tourists occasionally visit the site. The Iron Mountain
piedmont has sparse vegetation, 14% plant cover (table 4.1 and figure 4.1 E), and is 3 km
from the range front.

The Chemehuevi Mountain piedmont is remotely located and receives no
vehicular traffic today. There are a few World War II vintage tank tracks several

kilometers up the piedmont. Vegetation covers 25% of the surface at the site (table 4.1),
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which is 12 km from the range front. This site has an extensive ephemeral channel
network that appears to have been active recently (figure 4.1 F).

The Goldstone Piedmont is located within the Goldstone Deep Space
Communications Complex (DSCC), operated by the National Aeronautics and Space
Administration. The study location is ~0.5 km from the road. There is no disturbance on
this site because vehicle use is prohibited and the public is restricted from entering the
DSCC. The Goldstone piedmont has extensive vegetation, 39% plant cover, and the
study site is only 0.14 km from the range front (table 4.1). There are no channels at the
field site (figure 4.1 G).

METHODS
Pebble surveys, infiltration rates measured by sprinkling, and rainfall data were

used to characterize each site. These data were supplemented with soil density, soil

description, plant description and enumeration, background topography, and a channel

count to characterize further the surfaces on which the pebbles sit. Background

topography was surveyed at each site using a Trimble 4400 Real Time Kinematic

Differential GPS at cm resolution.

In order to determine how sediment moves on short time and spatial scales, we
placed 1600 painted and individually numbered pebbles of 1-cm-sized crushed angular
granite on the desert surfaces. The pebbles were placed at 10-cm intervals along 20-meter
long orthogonal pebble lines to produce a cross shape at each of the four sites. One line
was placed parallel to contour and the other was oriented down gradient. Repeated
surveys of 4 rebar control pins at each site, pounded 1 m into the desert surface, suggest

long-term survey precision of 0.021 m (1o, table 4.3).
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In February, 2000, we laid out two crosses, one at East Range Road, the other at
the Goldstone Deep Space Communications Complex. In May 2000, two additional
crosses were laid out, one on the Chemehuevi Mountain piedmont, and one at Iron
Mountain. To determine the amount and direction of movement of these 1600 pebbles
over time, we repeatedly resurveyed each pebble using a Pentax 2cs electronic total
station, which provided cm-scale accuracy. The pebbles have been resurveyed 5 times,
November 2000, March 2001, May 2001, October 2001, and April 2002 (tables 4.4 and
Appendix 1).

Infiltration rates were estimated by sprinkling a ~0.6 m” plot at each site and
measuring surface runoff. The sprinkled area was enclosed with sheet metal flashing.

The downstream end of the plot was dug out and plastered to collect surface runoff and to
stop erosion of the outlet. The runoff was collected in a bucket placed below the plaster
outlet. Three rain gauges placed in the plot recorded the amount of water being
sprinkled. On average, we sprinkled about 1 liter of water per minute (from a backpack
sprayer) to create runoff. Some plots did not produce runoff. The water was applied over
a time span of one to several hours at rates between 7 and 23.8 cm h' (table 4.5).

Precipitation amounts and intensities were measured using tipping-bucket rain
gauges (0.25-mm precision) and digital rainfall loggers to record the quantity, duration,
and time of rainfall at each of the field locations except East Range Road where such data
were available from the Army (tables 4.6 and 4.7). In the Chemehuevi Mountains, we
installed two rain gauges, one at the pebble cross, 12 km down the piedmont, and the
other, 4 km from the range front. This was done to compare rainfall amounts at two sites

8 kilometers apart.
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Movement distances were calculated for each pebble and for each survey period.
First, we compared the location of each pebble to its previous location; second, we
compared the location of every pebble during every survey period to its original
placement location. Both incremental and integrated movement distances were then
calculated.

The Pythagorean theorem was used to calculate the movement distance where Eo=
original easting, E,= new easting, Ny= original northing, and N,= new northing:

((Bo- En)* + (No- No)*)'? (eq. 1)
Such a calculation indicates the gross movement of every pebble. It does not take into
account the direction pebbles moved. Pebbles on the contour-parallel line were
characterized as moving either up or down gradient. Pebbles on the line oriented down
gradient were characterized as moving right or left and the gross movement used to
examine pebble dispersion. Down gradient pebble speed was calculated using the time
interval between each measurement and net pebble movement.

Pebbles that move great distances and then disappear greatly affect average
movement rates because most pebbles move only centimeters. For this reason, when a
pebble was lost, the last known position of the pebble was used to determine travel
distance. By only recording the last known locations of each pebble, we calculate
minimum pebble movements. It is likely that the lost pebbles are either buried or are
transported further down gradient. Although some pebbles move centimeters up slope
due to animal activity, it is unlikely that lost pebbles moved up slope any significant

distance by natural means. In fact, there were survey periods where we did not find a
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pebble but located it during the following survey. Each time these pebbles were further
down gradient than the previous observation.
RESULTS

Survey data demonstrate that piedmont sediment moves and that such movement
can be traced over time. Either net or gross pebble movement can be considered; both
increase over time. At all sites but Golstone, pebbles move in a step progression
characterized by long periods of rest and short periods of fast movement.

Pebbles on the lines oriented down gradient were analyzed separately from
pebbles on the lines oriented parallel to contour. At each site, during every survey
interval, the mean gross pebble movement was higher on the lines oriented parallel to
contour (table 4.4) than the lines oriented down gradient. Average net movement also
differs according to line orientation. On the lines oriented parallel to contour, net
movement increases overtime. On the lines oriented down gradient, the mean net
movement increased with time at [ron Mountain and Goldstone but was constant within
survey precision at the East Range Road and Chemehuevi sites.

Mean pebble movements varied between sites and between lines (tables 4.4).
Mean gross down gradient movement of pebbles on the line parallel to contour over 23
months from May 2000 to April 2002 was greatest at the human-impacted sites of East
Road and Iron Mountain, 0.80 meters and 1.41 m, respectively. At the unimpacted sites,
Goldstone and Chemehuevi, the mean gross movement on the lines parallel to contour
was smaller, 0.09m and 0.37 m, respectively. The human-influenced sites have distinct
jumps in the values of average gross and net pebble movement on both lines (figures 4.3,

4.4, 4.5, and 4.6) reflecting transport events. At the undisturbed sites, the average gross
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and net movement values progress in near linear trends (figures 4.3, 4.4, 4.5, 4.6, 4.7, 4.8,
4.9, and 4.10).

At each site, average movement was always greater than median movement
because a few pebbles moved great distances in channels, right skewing the distribution
(e.g., figure 4.13). Median gross values are greater than median net values indicating that
pebbles are moving both up and down gradient and side to side. Median values remain
similar through time indicating that most pebbles are moving only small amounts
between each survey period.

Pebble recovery rates varied greatly between sites (figure 4.11). Pebble recovery
rates at sites not affected by off road vehicles are high; after two years, we found 98% of
the pebbles at Chemehuevi and 93% at Goldstone. At sites impacted by off-road
vehicles, recovery rates are lower, 87% at Iron Mountain and 75% at East Range Road.

Infiltration rates differ between sites (table 4.5) although soil densities are similar
(table 4.2). The highest infiltration rate was measured at Goldstone (>23.8 cm h™') where
runoff could not be produced. The lowest infiltration rate was measured at Chemehuevi
(4.7 cm h™"). The two infiltration tests at East Range Road gave very different results.
The first test produced no run off due to detention storage in tank tracks and a collapsed
animal burrow, which captured the little runoff that started to form. The second test,
made less than 5 meters away, indicated a much lower rate of infiltration, 6.7 cm h™'. The
infiltration rate at the Iron Mountain site was similar to second test at the East Range
Road site, 6.5 cm h™' (table 4.5).

The rain gauges at Goldstone, Chemehuevi near the mountains, Chemehuevi near

the pebble site, and Iron Mountain measured similar rainfall totals over one year, 2001,
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14.32 cm, 10.71 em, 9.57 cm, and 9.37 cm respectively (table 4.6). These amounts are
similar to that measured at Fort Irwin, the location of the East Range Road site, 10.35 cm.
In 2001, our gauge at Goldstone measured 2.18 ¢cm more precipitation than the permanent
gauge installed 5 km away. The three largest maximum 1-day events occurred at
Goldstone (3/6/01, 1.80 cm; 1/11/01, 1.68 cm; 2/26/01, 1.45 cm; table 4.7). The two
highest 1 hour intensities occurred at Iron Mountain (7/6/01, 1.35 cm h™") and (3/9/01,

0.94 cm/ h'"); the third highest intensity was Goldstone (11/24/01, 0.85 cm/ h'l).

DISCUSSION
Pebble-Moving Processes

Three distinct processes move pebbles across piedmonts: flow in ephemeral
channels, bioturbation, and human activity (figure 4.12). The process moving pebbles
affects the recovery rate. Pebbles moved by bioturbation are easily found unless they are
buried by burrowing such as we observed at Goldstone (figure 4.12). Pebbles moving in
channels can often be traced down channels, but can be buried during flow. Pebbles
disturbed by off-road vehicles get caught in treads, scattered varying distances in any
direction, and may be buried, making recovery difficult. Subsequent rain or wind events
can uncover some of the more shallowly buried pebbles.

The process moving pebbles affects the mean and median movement values. Far
moving pebbles inflate the mean values but make little difference to medians. Median
values better reflect the most common movement distance. Pebbles located in ephemeral
channels have the potential to move great distances down gradient, because during
rainstorms water is concentrated into the established channels. At Chemehuevi, one

pebble in a channel moved 25.1 meters in two or more events over 12 months. At all sites
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except Goldstone, pebbles are located in both channels and interfluves and there are more
pebbles on interfluves than in channels. Pebbles incorporated into channel flow are
sometimes buried. However, not all site-crossing channels are active during any one
event.

Bioturbation appears to move more pebbles than channel flows, but bioturbated
pebbles move shorter distances, <10 cm. Bioturbation, which includes burrowing, is
important and appears to move pebbles up, down, or across the slope. Increasing average
gross movement on down gradient lines indicates continued pebble scattering or
dispersion. At each site, the median net movement on the line oriented down gradient
increases gradually over time (advection), indicating that our lines were not laid out

exactly down gradient and thus, there is a small preference for movement to one side of

the line.
Pebble Recovery

The number of pebbles recovered over time appears to reflect land use. Sites
impacted by human activity have lower pebble recovery rates than the pristine sites
(figure 4.11). Pebbles on impacted sites have recovery rates that drop sharply whereas
the pebbles on pristine sites are lost gradually (figure 4.5). For example, the number of
pebbles recovered drops sharply in October 2001 at Iron Mountain (figure 4.11) because
a large storm event moved and presumably buried many pebbles in channels. At East
Range Road, a sharp drop occurs in November 2000 after many off road vehicles had
traversed the site (figure 4.2).

The patterns of pebble loss are similar at the two human-disturbed sites, but the

process by which pebbles are lost differed. For example, Iron Mountain pebbles are lost
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due to flows in channels. At East Range Road, pebbles are lost by the direct action of
tank tracks, which can move many pebbles over a large area as well as bury them. Iron
Mountain, the recovering site, has larger channels than the other three sites (table 4.2)
meaning that more pebbles will move when channels are activated by rainstorms. In
contrast, at the unimpacted Goldstone site, which has almost no channels, pebble loss is
due entirely to animals burrowing and burying pebbles (figure 4.12).

Distribution of Pebble Movement and Processes

Mean pebble travel distances and speeds consistently exceed median values
because the distribution of pebble movements is strongly right skewed (figure 4.13).
Mean values primarily reflect the effect of pebbles moved large distances in channels by
flow and median values represent pebbles moving on interfluves by bioturbation.

Some pebbles are lost when channels flow and then reappear in subsequent
surveys potentially biasing the interpretation of why and when pebbles moved. For
example, at the Iron Mountain site, the gross average movement on both lines increased
between October 2001 and April 2002 even though there was very little rain during this
period (figure 4.5 and figure 4.6). Nine of the large movements in measured April are
pebbles that were lost or buried in a channel during the October survey (they were most
likely buried in the high intensity storm on 7/6/02, 1.35 cm h™') and then resurfaced
before the April survey. This is an example of survivorship bias influencing movement
calculations. This bias, first described by Hassan and Church (1992), reflects movement
rates of found particles when in fact, lost particles exhibit a different behavior. Magnetic
particles in the <1km? Nahel Yael basin, were buried as deeply as 0.5 m in ephemeral

channels leading Hassan et al. (1984) to conclude that channels must have a thick active
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layer in which sediment is well mixed. The high recovery and resurfacing rates for
channel-transported pebbles in our study indicates that the active layer is very thin,
perhaps only cm, when the channel becomes active.

A very different process moves pebbles at the currently impacted East Range
Road site. Pebbles were found meters down gradient on interfluves, indicating that the
pebbles were transported by tank tracks and not channel flow. There are more resurfaced
particles at Iron Mountain than East Range Road. It is likely that the pebbles at East
Range Road were not lost in channelized flow; rather, they were scattered great distances
or buried by the tanks, decreasing the likelihood that they would ever be found.
Relation of Pebble Movement to Rainfall and Infiltration

Pebble movements can be correlated to rainfall occurrence and intensity. The
largest average movement at Iron Mountain occurred between May 2001 and October
2001, which correlates with the largest and most intense rainstorm (July 7, 2001; figure
4.7). At Iron Mountain a rainfall event produced flow in two channels that moved 18
pebbles further than 5 m from their previous positions. In contrast, at all of the sites,
only small movements were recorded between October 2001 and April 2002. This period
of stability correlates with the lack of rain over this time period at all of the sites.

The infiltration and rainfall intensity data indicate that the storms we measured
were not of sufficient intensity to initiate runoff during our monitoring period (table 4.5
and 4.6). The highest one-hour intensity of any storm was 1.35 cm h™. The lowest
infiltration rate, measured at Chemehuevi, was 4.7 cm h™'. However, our data suggest at
least one period of channel runoff at the Chemehuevi, Iron Mountain, and East Range

Road sites. The runoff filling channels indicates the importance of surfaces up gradient.
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Rainfall data from the two Chemehuevi gauges indicates that mountain ranges receive
more precipitation than areas further down the piedmont. Heavy rain in less permeable
rocky mountain ranges is not able to infiltrate and flows down the piedmont (McGee,
1897). Because only pebbles in channels moved great distances at our sites, we infer that
flow of sufficient depth and velocity to move 1-cm clasts was restricted to channels.
Because precipitation intensities were much less than measured infiltration rates, we infer
that flows originated up gradient.

Infiltration rates vary greatly between sites and are not related to average pebble
movement or speed. Chemehuevi had the lowest measured infiltration rates and the
second lowest gross and net average movement of pebbles (table 4.5). East Range Road
infiltration rates vary because of the surface heterogeneity caused by off-road traffic.
Goldstone has the highest infiltration rates indicating that the soil is kept loose by plant
roots and animal burrowing which enable water to percolate quickly and not concentrate
in channels. This is reflected in the lowest gross and net average movements observed at
any of the sites. In contrast, East Range Road has little vegetation (table 4.2) and
significant tank traffic, which compacts the surface thus greatly decreases infiltration
(Webb et al., 1986).

Mojave Desert summer monsoons are known for their high intensity of rainfall
(Osborne and Renard, 1970) reaching 14.6 cm h! (Osborne and Renard, 1969). These
intensities were produced during the largest thunderstorms in a ten-year period, 1959-
1969. Based on our measured infiltration tests, intensities of this magnitude would create
runoff at the Chemehuevi, East Range Road, and Iron Mountain. The largest 10 year

storms still do not produce enough water to create runoff at Goldstone, meaning that the
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surface at Goldstone rarely experiences overland flow. These rare but high intensity
summer rains must play an important role in filling channels and moving pebbles great
distances.

The spottiness of desert rain (Sharon, 1972) means that the entire mountainous
drainage basin and piedmont rarely receive the same storm. The typical diameter of
desert thunderstorms is estimated to be ~ 5 km (Sharon, 1972), meaning that not all of the
channels on the piedmont surface have flowing water from one storm. Our two gauges at
Chemehuevi (table 4.6) indicate that more rain falls at the range front than down
piedmont; therefore, it is possible that channels near the range front fill more often than
those down gradient thus moving sediment near the range front more often. This would
mean that sediment movement rates vary with distance to the range front with rates being
highest on surfaces closest to the range. In contrast, our data indicate that Goldstone,
closest to the range front, has the slowest movement rates. This is most likely the result

of the comparatively small drainage basin up gradient of Goldstone which does not
generate as much runoff as the other sites.
Comparison to Previous Research

At Iron Mountain, pebble speeds measured by tracing compare well with those
measured by Nichols et al. (in press), using in situ produced “Be. Cosmogenic data and
interpretive models suggest pebbles move decimeters to up to a meter per year at [ron
Mountain. Net down gradient speed determined by pebble tracing at Iron Mountain is 7.0

-1
myr .

Stones traced on hillslopes (Abrahams et al., 1984) move far less than the

piedmont stones we traced at our field sites. The hillslopes are steeper, (7°-23°) than our
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field sites (<1°-5°) and the size of the particles used on hillslopes ranged from 8 to 70
mm. The distances that particles move on hillslopes was smaller, 1- 100 cm over 16
years averaging 10 cm. Our piedmont movements measured over a 2.5 year period are
much higher than these. Abrahams et al. (1984) conclude that creep is the dominant

process moving pebbles, whereas we concluded that far moving pebbles on piedmonts

move primarily in channels.
CONCLUSIONS

Using 1600 painted pebbles, we measure short-term particle movement rates
across low gradient desert piedmonts. Higher speeds down gradient were measured on
human-influenced surfaces (East Range Road 0.29 m y') and sites previously impacted
by off-road vehicles (Iron Mountain 0.71 m y™') than on pristine sites, Goldstone and
Chemehuevi, 0.04 m y"' and 0.18 m y', respectively. Impacted sites have lower pebble
recovery rates than pristine sites.

Significant pebble transport occurs in channels. On the interfluves, pebbles move
only small amounts, presumably the result of animal activity. None of the rainfall events
we measured had anywhere near the intensity of precipitation necessary to initiate
overland flow on any of the four sites; yet, flow occurred in channels at three of the sites
moving pebbles down gradient. Thus, it appears that the size and permeability of the
steep, mountainous drainage basins supplying runoff to the piedmont are an important

control on pebble speeds.
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FIGURE CAPTIONS
Figure 4.1 - All field sites are located in the Mojave Desert, of southern California. A,
Chemehuevi Mountans; B, Iron Mountains; and C, East Range Road and Goldstone.
Figure 4.1 D - Site Map of East Range. The contour interval of these maps is 20 cm. The
line corner pins are labeled as N, S, E, W and PEN. The total station pin is TS PIN. The
gray circles are creosote bushes and desert sage.
Figure 4.1 E- Site Map of Iron Mountain. The line corner pins are labeled N, S, E, W,
PEN. The dark boxes are channels and the light boxes are walkways.
Figure 4.1 F - Site Map of Chemehuevi. The symbols here are the same as figure 4.1 E.
Figure 4.1 G - Site map of Goldstone. The symbols here are the same as figure 4.1 E
Figure 4.2 - A is the East Range Road field site located on Ft. Irwin. The surface is
highly impacted by off-road vehicles including tanks and humvees. K. Nichols in tank
track for scale. Iron Mountain, is a former G.S. Patton tank corps training camp.
Distance between the two rock lines is approximately 1 m; B. Chemehuevi site received

little vehicular traffic of any kind, C. The field site is located 12 km from the range front.
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D. Goldstone is close to the range front and because access is restricted is used as a
control.

Figure 4.3 - Integrated pebble movement and speed at East Range Road. The top graph is
monthly rainfall averages for Ft. Irwin. The second graph is pebble movement on the
line oriented parallel to contour. The third graph is pebble movement on the line oriented
parallel to slope. The fourth graph is pebble speed on the line oriented parallel to
contour. The fifth graph is pebble speed on the line oriented parallel to slope. Each
graph has average and median gross and net values.

Figure 4.4 - Interval pebble movement and speed at East Range Road. These diagrams
represent the step movement of pebbles at each survey interval. Each survey period is
compared to the one directly preceding it. Graphs are in same order as 4.3.

Figure 4.5 - Integrated pebble movement and speed at Iron Mountain. The first graph is
rainfall data collected on site. Graphs are in same order as figure 4.3.

Figure 4.6 - Interval pebble movement and speed at Iron Mountain. The first graph is
rainfall data collected on site. Graphs are in same order as figure 4.3.

Figure 4.7 - Integrated pebble movement and speed at Goldstone. The first graph is
rainfall data collected on site. Graphs are in same order as figure 4.3.

Figure 4.8- Interval pebble movement and speed at Goldstone. Graphs are in same order
as figure 4.3.

Figure 4.9 - Integrated pebble movement and speed at Chemehuevi. The first graph is
rainfall data collected at the pebble site and 12 km up slope at the range front. Graphs are

in the same order as figure 4.3.
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Figure 4.10- Interval pebble movement and speed at Chemehuevi. Graphs are in same
order as figure 4.3.

Figure 4.11 - Pristine sites (Goldstone and Chemehuevi) have the highest pebble recovery
rates. East Range Road has low rates because of tanks scattering pebbles great distances.
The drop at Iron Mountain between may and October was flow in channels.

Figure 4.12 - Three distinct types of movement can be seen at the field site. A.
Bioturbation is characterized by small movements in any direction. Each pebble is
approximately 1-cm. The line is not strait and a pebble is missing indicating the presence
of animal activity. B. Channel movement, is characterized by pebbles moving down
gradient great distances Nichols for scale. C. Human disturbance, is characterized by
large or small movements in any direction. The picture is the cross gradient pebble line
at East range road. The pebbles are approximately 1-cm. The tank track was not present
when the pebble line was set out.

Figure 4.13 - Log-normal cumulative frequency plots show the great variation in pebble
movements and right skewed distribution for all but goldstone.

Figure 4.6 - Interval pebble movement and speed at Iron Mountain. The graphs are
similar to those at East Range Road B.

Figure 4.14 -A. Pebbles moving past | ¢ RMS survey precision is sensitivity a test for

pebble movement. B. Pebbles moving past 2 ¢ RMS survey precision.
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Chapter 5 - Conclusions and Future Research

The pebble tracing method used in this experiment was successful in tracking
pebbles and quantifying pebble movement over time. The transport rates reflect over
eight thousand individual pebble measurements made over 2.5 years. The analysis has
shown that pebbles move down gradient over time and that movement distance increases
over time. Never before have short-term sediment movement rates been measured on
desert piedmonts. Many studies have traced sediment in ephemeral streams or on
hillslopes but none have attempted to apply these methods to broad piedmonts. This
research fills a gap in the research literature of arid regions.

Sediment tracing, as done here, has applications in the evaluation of hazardous
waste sites. Many surfaces in the desert Southwest have been contaminated by mining
and nuclear experimentation. Sediment tracing is important for understanding how and
where this waste will move. Population in desert regions is increasing; thus, the behavior
of desert piedmonts is important to understand. Such an understanding will influence
land management decisions, including where people should be allowed to settle.

Desert piedmonts are ubiquitous in the desert Southwest. Because of their large
size and broad distribution, humans will impact them. The impacts are in the form of
road building, infrastructure building, and off-road vehicular recreation. Such activities
occur with little regard as to how they will affect the piedmont or how piedmont
processes will affect infrastructure.

Understanding piedmont processes is fundamental to protecting and rehabilitating
these surfaces. In order to protect piedmonts, one needs to quantify and understand the

effects of human disturbance. This research makes advances both fundamental and
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applied by providing a new means to characterize piedmonts and evaluate of the many
factors that need to be included when assessing piedmont behavior. These factors include
sediment transport, surface infiltration, surface compaction, plant activity, and animal
activity. Only when all these factors are understood and that understanding integrated
fully, will it be possible to quantify human disturbance and make wise land management
policies to protect these surfaces.

Many piedmonts are recovering from army use in the 1940’s. Studies, including
this one, have shown that these piedmonts function differently than pristine surfaces. Not
all of the impacts that humans have on piedmonts are known. Pristine piedmonts must be
protected so that they are not destroyed, as some were 60 years ago. Recovering
piedmonts, such as Iron Mountain, must be protected so that we can understand how they
recover to their original pristine state.

Future Research

One conclusion of this research is that up-piedmont surfaces are very important in
determining how and when sediment moves. Future studies can analyze the size and
permeability of the steep mountain ranges and the runoff that they generate. There is
potential to characterize further individual piedmonts by classifying the different surfaces
on them, and by measuring them individually.

Further studies could include-
e Pebble movement rates on different surfaces on one piedmont. This approach would
reveal systematic differences across a single piedmont. Surfaces would include

hillslopes, pediments, large channels near the rangefront, interfluves and washes.
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® Quantification of channel network. 1 would map channels across one piedmont and

place a few pebbles in the ephemeral channels at many places on the piedmont. I
‘ would install many rain gauges all over the piedmont to correlate precipitation with

flow in different parts of the ephemeral channel network.

* Large-scale infiltration tests on army impacted surface. This study would clarify
how tank traffic impacts surfaces by the compacting soil and creating detention
storage in tank tracks. This would show if runoffis increased by compaction, or if
runoff is decreased by detention storage.

* The effect of size and relief of mountain ranges on sediment transport rates. This
study could use pebble crosses on several piedmonts with varying mountain sizes.

The crosses would be placed on geomorphically similar surfaces at the same distance

from the range front.
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Appendix 1 Integrated Pebble Movement
Caculations for Pebble data East Range Road
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£653.162 5031.440 BUS1.305 5031.184
9853178 §831.854 9453.48 5831007

0853214 §831.050 $053.5 31,072
053,245 5831737 £853.652 5631.024
9853.321 5831.822 £453.73a £630.080
8853.354 56310 - 30

083,401 B032.018

0853.402 §832,124 5630050
0453458 5832.183 b 5620821
9853488 5032278 5430758

0853.662 §832.448 $454.205 5630720
©0853.568 5632483 0854.972 5030.093
8630801

3.818 5832541 @684,
9853.043 §832.837 BAS4 534
©853.703 5832.730 as4.6:

0853727 5032841 BOS4.T54 5630544
0853701 £832,042 0AS4.857 5630.472
DA53.510 5833.018 DaS4 041 6630455
9853.804 £833.102 BAS4.058
0853.003 £833.102 POSE.148 0
0653.04 683320 9855.242 $030.402

9853.088 §833.373 0855.301 5030.195
9054.033 5833470 08554 5630270 0653.680 8833045
0 965408 6033.557 D855.437 5630.194 85408 5833857
0654.108 §032.017 $055.5 BaTa.712  5830.874
PE54.121 5833760 9055578 5030.121 Bes4.121 5832756

1 5833.884 0865705 §030.111 65,

9854.175 5833.070 08S5.T07 530.083 B8S41TS 58330970

9854.243 5034002 PASS.ERS 5630020 BeS4.243 5834082

0854288 5634.118 0050.0208 5020907 6054288 5834118

0854.311 5834.201 D854 158 §630,002 9654311 §634.201
4.360  5834.28 0a58.248 Bes43es  £43428

9054.440 §034.391 050.3: BeS4.44e 5834301

o884.488 Sa34.a8

5054488 5834.45.

9es0.T40 SEI2312
©850.848 5832.250
0850020 $432.227
9851011 832,184

Pesa.01e 5030.307

e58.330
§850.430

Caculations for Pebble data East Range Road

Grows movement sccourds. for all mAvement Rl et mevimant in downelopa deaction
Should wa aleo ligure out e down slops

LAE PAPALLEL TO CONTOUR
4TII0SWMEASTING) +

UME PARALLEL
TOCONTOUR

§5656656
655565676 ]556555655]f65555555555555555555556555555656555]5655]cessssss5655555555]fsafsonscsscsassasassasfecsnassfescssssssssssss

119

NORTHNG = -
1ade 3478001

UME OPSENTED
DOWNGRAOENT

UME CRENTED DOWN GRATIENT  NORIHTIMG =
024T40BANEASTING] + 1125 803681043

UNEPARALLELTO  UMEORIONTED  UME PARALLEL  UNE CRIENTED

GAOSS movamast  GAOSS movarment MET movement  NET movement

0.0
0.050
0,098
st
©0.007

-0.018 a.000
-0.088




5634.502 0050522 5820.442 907.733  EE31.045  SESE52? 6820842
5034.857 0050578 5420758 0854837 Oes0.5Te 5820758
5034.700 0854024 ve8s.713
5634.838 0455.080 853,443
141 954.053 534,063 G058.774 ves4.053
142 9054.730 535,047 Gase.08 Be54.728
143 0054,722 5635,145 $057.020 ves4.722
144 9054.753 5035.244 088712 ve54.783

5835 9o57.185
140 085487 5635475 9es7.27
147 9054.508 5835.504 0857.303

82
2
e

6835.015 B857.578
5635.765 00sT.710

162 0888101

154 0085.108
155 9085214
158 0085202
187 0885200
158 9055.348 S834504 gess.a2
150 0055308 563850 08Se.83
180 0665.408 5030705 o

855,443 5636.778 ©058.800
02 9055.438 5638876 Oese.702
183 0055.517 5030.051 048,006
§037.027 0458.072
$637.10 9659063
5837.237 6050.173

81
0685721
0055845
#os8.237
6oss 652

£636.313  Baat.ee
530,400 ©8a1.205
5830,402 081,308
5630.577 901,481
5430

5640.208 002,005
5040.283 0842.184 5627.412
§640.320 9o02.205 $827.348

sssassssisssiﬁn-;§nsj’fsisssﬂw:s:sg’:r.sHﬁssu:ssj‘ssﬁssssj‘fc[
H

s
L
3
"
]

GROSS movement
170,882 180,918

[ —— SoMA oo m
e 124 [
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THES £5 THE SENSITIVITY TEST FOR HOW MANY PEBELES REALLY MOVED.
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Caculati i
Romgchomss g ulations for Pebble data lron Mountain
separaied info Line counlour paralel and Line orianiad down gradiant patbles. Gross movermnl sccounds fot sl movement #ot jusl mavment in downtiope. drection
Thcmr—r-l-llr-wbuumwmmmwl«uhmuom T i (= e

Pt b o g ad e

The calculations inctuds gross mavement and nel movemant. Gross movement doss not

lake info acoourd thal some pabbles move up from the line and some down
F mave from UNE PARALLEL TO

CONTOUR HORTHING
4.1I0SIOMEASTINGY « 41440 303475001

LIE CRENTED DOWN GRADIENT  HORHT®G =
024740848 XEASTING) + 112509681083

The maximum, minimum, average, standard deviation snd median of
. oross and net
pabbls movment is shown st ihe botiom of the spread shast. A sensdiily lest is aiso

included 10 datermine how many patbies are actuslly maving,

May-00

LIME PAPALLEL TG
CONTOLR

.
0202.0%0
8202.040

8 0202224
10 9202.245
11 9202.200
12 e302.007
13 0202318

61 9203.43%
62 0203 420
€3 0203 508
9203527

8204.103
204,113
8204.178
204,182
8204.211
8204.224
#204.250
6204,204

100 9204,365
101 0204.380

102 9204418
103 9204438 204,004
104 0204470 205,011

106 9204504
108 0204.812
107 9204.542
108 9208674

100 0204004 3403.318 0204.578
110 0204801 3403.219 0204.502
111 0204832 3403.120 9204.012
112 9204,046 3403.040 0204.622
113 9204.084 3402847 9 0204.880
114 0204,007 3402857 0204.007
115 9204.713 3402781 0208.081 3403.570 v204.078

3402.650 0208.178 3403508 0204.721

3402.542 0200.247 3403.084 0204.781

8 3401857 0207,

128 0206020
120 0206.052

n
3412017

9184500
916,51
0188007
9180.778
9100875

97.070
8197102
8107.283
07,382
8107458
0107571

3411.103
3410858
3410812
3410.803
3410.711
3410.810
3410.620

9200.283
9200.377
0200.484 3402.142
0200588 3402.188
§200.083 3402.200
8200784 3407.227
£200.834 3402.252

6202.008
0202.178

3404.284 8204552

3404,205 9204.023
344,100

8204708

3403.715 920506
3402,008 9205.221
3403510 6208200
3403.308

3402.454 9200.379 3403841
3402.350 $200.408 3403.084
3402.282 0206.508 3403005
3402.181 0204.882 3403.730
208,780
9200,
©208.003
3401.760 0207.080

34
3401.504 ©207.200

3401.483 9207.254
3401.381 0207.448

0205,020

130 9205.082 3401.278 0207.528 0208040 3401302  0207.522
131 9205.109 3401.188 9207.837 205,082 3401224 6207.028
132 0205.113 3401.003 e207.7280 207722
133 0205.160 3401.000 0207.820 6207818
134 0205.171 3400.800 0207.924 c20T.818
195 9205.202 3400.790 ©208.031 208,020
136 9205.220 3400.700 9208.107 3404.075 s208.102

UNEPARALLEL  UNECRDIED

TOCONTOUR  DOWNOIRADENT

UME PARALLEL TO
oo

UP vx DOWN

MOV

MORTH ve SOUTH
MOVEAENT

0.081
e.018

LRI EEEEEEE L L EE L E LR EEREEEEEFELELEEEE LR EEEEEEL LR EEEEELHE R E L R

P S P R SO T S LSRR AR AR AR S Sl S 3 S A

ek
3]
—

0.021 0.082
0.041

TOCONTOUR

0.021

GAOSS movement  OROSS movement NET movement  MET movemsnd

-0.082
-0.041
0.048
-0.045
-0.020
-0.0%8
~0.081
-0.032
0,088
0,034
+0.040
-0.940



208,238
0208.203
0205.202
9208,308
9205327

9208 ,487
0205496

8205620
205,563
0205502
9205.509
©205.023
0205638
020552

9205.713

4 3400117

9205884 T30

3400.508 0208 221
3400.489 6208
3400301 6
300311
3400212

0 93404008
5 340

3400018

8200.780
9200878 3404.476
$209.973 3404.515
9210.000 3404.534
$210.172 3404603
9210.271 3404.850
§210.352 3404818
6210434 340403
6210568 3484004

0211.528
0211.834 3404 601
9211710 3404030
9211.800 3404903
8211.800 3404,001

2308.687
3308.600 0212.211 3406065
3300.620 9212.200 3405084

9212.874 3406.200
0212.084 3405.283
9213.184 3405.308

3394481 9214.323 3405581

6208 208
0208 233

igggEfgiscisssgsgg;g::::gssgsssssaaqsisgaisssqq:qusggsagggggggg

-
=

L EEE R EEEE P R ELEE

Thi s mumiver of sabbies moving dflerant wavy
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o of masmas
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Caculations for Pebble data Iron Mountain
Thes calculations COMpAte movement from orginal postions. The pebbles wre
umumnmmwuwm-mmm-mwmnp.mn‘ Gross movement sccaunts for M movement hol st movman i Sowatiops drection
'fn-mmﬂn-nulcl‘mﬁ-hﬁ-mw-ndﬂs—nmmi’---ﬂlam o Ve e sy

o e e ey

The calculations include gross movemant and el movemant,

Gross mavement does not
lake into acoourt. thet some pebbies move up from the fne a
e fina,

nd some move down from

UNE PARALLEL TO CONTOUR NORTHING = LUMNE OFENTED DOWN GRADIENT  NORHTING =
" ANIDSIONEASTING) » 41448383475 801  AOBASWE & 118 80381083
The maximum, minimum, average, Handard devialion and median o gross and ne S S BETRO LS AT
Pabble movmant & shawn &l tha botiom of the sprasd shesi. A senstiiy teet i aivo
inchuded 10 delarming how many pabbs ars actually moving.
May--00 UINE PARALLEL UNE OFSENTED UNE PARALLEL TO UNECRIENTED  UNE PARALLEL  UNE ORENTED
TOCOMTOUR OONTOLR. DO TOCCHTOUR

UME PARALLEL TO LHE ORENTED UPwDOWN  MORTH va SOUTH
. " .

1 9202.092 3413.817 0195.012
2 ©202.040 3412.723 8195128
3 9202.070 3413.024
4 9202100 3413825
5 9202123 3413.428
8 0202150 3413.323
7 0202188 3413.232
8 9202104 3413.120
© ©202.224 3413.024
0202248 3412.932
902,260 3412.851
9202287 3412.748
©202.916 3412.847
0202320 3412.553 9190.201
9202350 3412.447 8100.325
©202.378 3412,352
0202.407 3412.258
9202421 3412,187
9202.458 3412,084

o104.18

©202.724 3410812
32 0202737 3410.80
33 0202784 3410.711
34 9202775 3410.810
3§ 0202795 3410.520

37 9202847 3410.328
38 0202.880 3410.230

30 0202.807 410133
40 9202.92¢ 3410.031
©202.637 3400.838

0203.15¢ 3409.187
50 0203.187 3400.078

225 3408.071
57 0203255 3408.870
53 0203281 3408.787
54 9203.300 3408881
6203323 3408.580
203,352 3408.483
9203375 3408302

0203505 3407
8203827 3407.000
o20: 2407813
9203509 3407.408
8203600 3407.418
9203.844 3407.314
85 9203.048 3407.231
70 9203.672 3407.1
71 9203.808 3407.010
72 9202.727 3408.01
73 0203.750 3400.831
T4 9203770 3408.71
75 9201.707 3408.810
76 09203.420 3408.547
7T 0203.814 3400.442
78 9203.852 3408.362 §202.403
76 $203.085 3408.248 9202605

9202774
0202.881
9202.951
9203.066 3402
8203170
9203280
9203378
0203.488
0201580
0203068
0203738
0203838
92042711 3404.884 0203033
9204,224 3404.788 §204.040
0204258 3404.888 G204.1
9204.754 3404.585 0204232
0204.208 3404.477 9204320
9204.318 3404.380 9204.428
9204322 3404.204 0204582
0204305 3404.208 §204.623
9204389 3404.100 9204.708
9204418 3404.010 8204.817
9204.439 3403 0204,004
0204470 3403 9208011 3403.232
9204504 3401.715 0205000 3401.301
9204512 3403.608 0205221 3401.370
9204.542 3402.510 0205.200 3403.303
9204574 3403.308
9204.604 3402318
0204601 3402.219
0204.832 3402.120
9204.048 3403.040 208,787 3403507
9204.004 3402.047 0208.803 3403824
204,667 3402.857 920!

§204.713 3402.701 9200.08
$204.740 3402850 6208.178
9204.747 3402.542 0208.287

0204,038 3405550
9204.084 3405 481
34053

3403.380

£204.810  3403.233
a2/

8 3401.760 8207.009
120 9204.988 3401.857 0207.140
127 0204.980 3401.504 8207.280
128 0205020 2401.403 9207.364
125 0205.052 3401.381 6207.440
130 0205.082 3401.278 9207528
131 0205.103 3401.188 ©207.837

3401.210

L EEEEEE LR EE LR LR P R EEE EEE R A U H TR

B PSR B OB L S TR O S TS C AL SHH SRR S A H S L

0.0417 0,023 o013 0.023 -0.013
132 0205113 2401.003 9207.728 3401100 0,023 0.008 0.012 8,008 -0.012
133 0205150 3401.000 8207.820 3401.010 0,030 a.020 o.a31 0.020 -0.031
134 9205171 3400.600 0207624 3400800 0.0310 a.022 0.018 0.022 0010
135 9205201 3400.700 0208.031 3400803 0.0233 0.118 o011 a8
136 0205226 3400.700 208,107 3404.075 5205.221 3400725 3404.074 00321 0011 0.017 -0.011

—
b
(FS]



0208238
9205.203
0208 202
0208308
9208.327
0205.344
0208.373
9208.304
9205

400,508
3400488
400,301
3400.311
3400.212
3400.117

3308, 107
3308.088
334754

0208.220
0208.318
920841

3404008
.1

0208.811
9208.714
208,817
0208460

9214323

SHHHH B R

ZrssfifilcscscacicfisiesssfesosfossosfocciooacciecfiocilocfiicEiEE
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Caculations for Pebble data Iron Mountain
Nt from orginal positions, The Pabbles are
and Line orisnted down gradien pablles.

Thete calculations compars movema:

saparated into Line countour paralisl Geost moverant. socounts for all movemant nad just movmant i downskops drection

Shoubd we ks ligurs. ot the down

The countour paralist line pebbies move up and down and the fne ormnted down o
MIAdiact pabbian move nrth and s,

The lmmmlmmln\dﬂ\mm’d‘ Gross movement does not
\ake inlo account kel some pebbiss Move o rom the fine and some move dos e wEr CONTOUR NORTHING « - LPE CFICNTED DOWN GRADIENT  NORHTING =

S - s i, 41330500NEASTING] + 41440.303475001 BMTAGBENEASTING) + 1125.097681083

The maximum, minimum, Sverage, sandard devialion and median of gross and net

pebbla movmant s shovm at the butiom of e spread shaet, A sansitivity lest s also

included 1o delermine how many pabbies are actuslly moving.

UNEPARALLEL  UNE ORSENTED UMEPARAULELTO  LMECRENTED  UNEPARULLEL  UNE ORIENTED

Hricr Mopt1 TOCONTOUR  OOWNGRADENT CONTOUR. occRc

UNE PARALLEL TO LFE CRIENTED UME PARALLEL TO P wDOWN  HORTH ve SOUTH
COTIUR DD CONTOLR Mo MOVEMENT

. GROSS moveant  GROSS movenent NET movement  NET movement
n . . "
1 0202.012 313,817 w185.012 9202028 3413.450 0.004472138 0.042 0,028 “0.028 0034
2 8202040 3413.723 8195120 0219100434 0.200 o2
3 0202070 3413.024 B105.223 ootez08ar3 cote 0.0
4 9202100 3413.826 9108313 :

§ 0202123 3413.425 0195.405
© 0202.160 3413.323 0195.508
7 0202.188 3413.232 s
8 9202.104 3413.128 9195.003
© 6202.224 3413.024 6165787
| 10 9202.245 3412.932 9105887
L 11 9202.200 3412.851 9105 cos
i 12 9202.267 3412.748 9159.007

v.ov4zizer

18 9202.421 341217 o16a.407
18 6202.458 3412.084 10778
20 0202474 3411.600 9108.875
21 §202.508 3411.473 e1ea.a0e
22 6202498 3411.773 @167.070

9202478 a411.902

28 6202.801 3411.383 9107.458
27 6202.017 3411204 @1e7.6T1
28 6202.628 3411.183 0107.043 340

20 0202.005 341
30 9202.070 3410058 019]
A1 6202.724 3410812 0107642
32 §202.727 3410803 9168.040
93 9202.756 3410711 9198131
84 9202.775 3410810 0188.234
36 6202.795 410520 0168330
30 9202831 3410420 0198437
A7 9202847 3410326 9194.540

44 0203070 3400.884 0109.218
45 0203054 3400.558
46 9203.074 3400467

EHERHEHEHH B H BRI B B HEHEHEH T

0.017091808

47 0202107 3400.358 0.018027788
48 0203128 3400274 0.018439089
44 0203.159 3409.147 B155.T08 o.018124518
50 0203.167 3400.078 9196.779 0.02041889
2401 0.018208373

a.02e

0.02030¢078

0.028480490

0291247318

o.014317821

0.01018803¢

e 6203.401 3408.262 9200.580 0.0205 18285
£203.422 3408.182 0200.663 ©.02184033
0.0304005 49

#1 6203.430 3407.967 9200.834 0.03e221841
82 6203400 3407.004 9200047 o.018873888
83 0203505 3407.828 8201.053 0.04110001
4 0203527 3407.608 9201.141 0.0580803
5 0201500 3407.813 9201.243 v.ot81107T
88 0203.509 3407.488 §201.330 o.ez1e371Z
7 8203800 3407.418 §201.431 0.010824850
$203.044 3407.314 9201524 ©.031304082
203,049 3407.231 9201822 0.00728011
672 3407111 wEITH o 0.018384778

283 3407.010 9201810 o ©0.012380317

T2 9203.727 08014 6201614 0.018052470
73 0203.750 3400.831 0201,000 0015287080
74 9202.770 3400714 9202.00 8203 781 ©.02570802
75 0201797 3408816 6202178 203,704 0.015
T8 0203.829 400547 0202.257 203021 0.022022718
4 3400442 9202410 8203811 0014704823

3408.302 9202.403 20 0.054203321

70 9203.895 3408248 0202.805 0.077784801
30 9203.860 3400.135 9202.884 .08 712878
$202.921 3408037 9202.774 0.007071088
32 6209050 3405.044 4202.881 c.015820400
83 9203876 3405.847 9202.051 0.02078230

84 0203008 3405787 9203005
85 0204.017 3405.882 0203178
9204.038 3405.550 9203.28¢
9204.084 3408481 9203.378
0204.080 05T 0203408
0204.103 3406.200 9203.580
80 9204.113 3406.168 ©203.050
1 9204.178 3405.077 0203.738
92 5204.182 3404,
03 8204.211 3404

0.012520084

0204264 3404.585 0204232
©7 B204.200 3404.477 §204.328

0.023104827
$204.318 3404,380 9204.428 0.085880133
018073000
0.008802328

0.008 X

0.02778488: o.ota

002878238 .00

0.013802444 0.013

0.028100250 LXIY

0.087708152 .081

0.008 0.008

0.02058128 0.027

100 0204.604 3403.318 0205500 ©0.0223¢088 0.021

110 0204801 3403219 9205.581
111 0204.832 3403.120 0205.088 340:
112 0204.840 3403.040 0205787
4 3402.047 0205803
114 0204.867 3402.857 9205.
115 0204.713 3402.761 9200.081
118 0204.740 3402.650 0200.170
117 0204.787 3402.542 0204.267
5

©0.013928388

[
0.123380384
0.048380854
o.011313708
0.055443005
0.020818528

0.037
0.115003581
0.012208558
0.025050028

BRI RS BRI B H DR E R R PR HHH ST SRS S H AR H O SO

3393393983993893909993993999895995803090099800080800503500800805¢

125 9204.058 3401.760 9207.009

126 0204988 3401.857 £207.140

127 0204990 3401.504 0707.200

128 9206.020 3401.481 §207.364 9205018 3401.484

129 9205.052 3401381 8207.440 3401.304 o.017020388
130 0205.002 3401.278 6207626 3401312 0.017691800
131 9205103 3401.188 0207637 3401.222 0.022581028
132 9205.113 3401.093 9207.728 3401.08 0.008802325
133 0205, 3401.002 3404034 0.020248457
134 9205.171 3400.000 0207.924 340091 3404,081 0.021631712
135 0205.202 400700 ©208.031 3404.048 400,810 404,080 001077033
136 0205.226 3400.709 ©208.107 3404.075 3400755 3404.00 0.018573T74

p—
[ve]

5




137 6208238 3400508
400,488
450,361
343,311
3400212
340,117
3400.018
339,525
145 6205410 3300 426
148 0205435 3300.714

3404008 6205208 3400503 0200220  3404.108
6205255 340051 0208318  3a04.135

6205.289 3400308  P0NS10 3404208
020531 3400327 0208503  34D4.162
5205.328 3400182 808 3404181
6205.37%  3400.188  P0NTI4  340e221
208,371 04184
6208984 3404277
. 3404308
3404.330
3404358
3404.28
3404373

0.022472208
0.015858348
o.005205 108
S.018811308
0.000853881
0.01811077

£

04, 4.
404,470
3404515
404,634
3404.583
3404.500
3404018

9210862
9210.754
8210830
185 0208876 3397.808 8210031
189 0205.808 3307.7¢3 9211.027
167 9205.875 3307.880 6211.120
188 0205.0¢8 3307.555 0211.231
180 0205.062 3307.475 §211.330
170 0206.082 3307374 0211419
171 9200.014 3307.284 8211520
172 0208,030 3397.177 82118
173 9206076 3307062 9211.718

11.000

0214174
o214.205
o214 437

&
8214.323
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Caculations for Pebble data Iron Mountain

Tha pabbies are
d down Gragient patble

Thasa caiculations compars movement Irom orginal positions.
Saparated inlo Line countow paralisl and Line orient

Gross movemant Socounts or B8 movement mot just movmant n downtiops Grscion
= down
The countour parsiiel fne pebbles Move up and down and the line orisrded d Should we sisa ligurs out the Wopa movemant
L bhing miwe noeth and mouth

The caloulations includs gracs mavement and el movemant. Gross movement does not
1ake inta acoount thal 55me pebibies move up Irom the hine and soma move down from
e fma.

LV PARALLEL TO CONTOUR HORTHBG = - LN IVENTED DXOWN GRAIENT_ NORTING =
A s “ x
The maximum, minimum. average, standard devialion and median of gross and nat FIOSRINEASTING] + 41448363475 001 0I4TOBANEASTING] « 112580981087
patible movment i shown at the batiom of the spread sheet. A Bansitiity lest is also
ncluded 1o dainrmine how many pabiies are sctusly vy
Map-g0 UMEPAMUEL  UNEORENTED UNEPARALLELTO  LMECRIGTED  UNEPARALLEL  UNECRIENTED
Oct01 TocowTan crran TocoHTOUR
UNEPARALLELTO LAECRBMTED prtir kit s
ConTaLR. DOWNRADENT
" . RN GROSS movament  GADSS maverment MET movement  NET movemert
.
413,617 9195012
g o1905.020 0.042 0.042 -0.042 ~0.001
Seiaas aweaes sios 11 o250 H e
3413625 9165213 fides; o018 0.0% -0.0%
7 195.208 0028 0.017 017
s owsam 105 388 .04z a.017 o7
HII.ZJZ QIS .ATO 0.0 .03 0933
3413120 e .03 a.ote
.04 0ate

313,024
10 9202245 o

11 0202.200
12 0202287
13 p202.18
14 9202920 9412.553
15 8202.350 3412447
18 9202.978 3412362
17 0202.407 3412.258
18 0202421 3412.157
19 9202458 3412.084
9202.474 3411580
0202508 3411.873
0202488 3411773
9202524
0202.541

0,001

$202.412  3412.080

0140218
305

3401.678
©190.872 3402.008
3402.020
0200075 3402.082
9200183 3402.077
0200263 3402.008
0200.377 3402.12¢
200,484 302,142
0200.580 3402.108
6200883 3402.200
0200.784 382,221
9200.834 3402252
9200647 3402205
9201.053 3462316
9201.141 3402327
0201.243 3402.388
9201.330 3402.380
0201.431 3402.418
9201524 3402430

341,018
3408.014
3400.831
3400.714
3408.918
308,847
408,442
400,302

3405 84T
3405757
3408 882
3405558
3405 401
200,488
0203580
9202.850
0203.738

o203
0202.633
0204.040
9204.133
0204.232
0204.328
9204.428
0204552
0204.623
az04.708
oz04.817
0204.004
0205011 3403.232

B204.211
§204.224
204,250
8204.204
6204.20a
204,310
0204.322
204,305
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100 9204.804 3403.318 £205.500 3403.420 3403444
110 9204.801 3403.218 D205.581 3403441 402,477
111 0204822 3403.120 620¢ 3403488
112 0204848 3403.040 0205.787 3403518
113 0204.884 3402.647 ©6205.883 401528
114 9204.007 3402.857 ©205 088 3402576
115 6204.713 3402.761 ©200.081 9204870 3402840 3402584
116 0204740 3402.050 9200170 1 9204.743  3402.805 3403823
117 0204787 3407542 9200.287 3403.004 o 110 9210334 410547 402008

T18 0204.805 3402.454 ©206.376 3403.041
119 9204.818 3402356 0206 3403.884
0200.509 3403085
9200.002 3403.730
©208.760 3403.735
0208858
0208,083
9207.008
6207, 148
207,200
0207.384
207,448
s207.528
o207.837
o207.728
oza7.820
136 0208471 e207.924
135 0208202 9208,031
138 9205.220 3400.700 ©208.107 3404.075 0208.228  3400.785

125 204850
128 ©704.088
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Caculations for Pebble data lron Mountain
Thasa calcutations GMPare movement from orginal posklicns. The pabbles sre
Saperaled ino Lime countour parabel 4nd Ling orteried down gradiert pebbies. ot et oty bt 24 e s i . B B
Yhmmgmuhuﬂhm'wl-mmlhhm-amvm etttk Lol ]

T e

The caleulations inchide gross maovemant and net . Gross movement doat
mmn-mwm.ﬂ:hm-wmnh-‘mmnﬁ UM PASALLIL TO COMITUR, MOSTTHING o -
mem tha. e
Tha maimum, minkmum, ararage, tandard devistion
pabble movimant & shown af the butiom of e spresd theel A vensiiity lest s
¥so includer 10 deterrming how many pabhies are schually meving
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Caculations for Pebble data Chemehuevi
leulaticne eompars mavemant from orginal postions. The pabbles are
uymmwummmww.n.rmuue..m.am-nmmmp-mu. Gross maovemant sccourts or Bl movement nol et movment in downtlops drmction
The courtout paratel ™ patbies move Up end down and the kne orinted down AR e v

ool s bk

The calculations includa gross move

mant and nel movement. Gross movement dpes
taks infa wcoount that same pabl 5y =

blez Move up trom the e and some mave dewn from
Iha fa,

e COHTOUR NORTHING = LME OENTED DOWN GRADIENT NORHTING =
3 41IM05TONEASTING) + 41448 38275001 024748 ACASTINGY + 1126067541083
The mum‘_ minimum. average, standaerd devieton and madian of gross and ret
Patble mavment i shown e the bofiom of the spresd thest. A sanchiy test i aizo
inclutad 10 Gelarming how Many pabbies are actually moving
UMEPARMUEL  WnECRENTED UNEPARALLELTO  LMEORENTED  UNEPARALLEL LNEORENTID
May00 Mav-00 TOCOMIIUR  DOWNGRIDENT o TOCONTOLR
UNEPARALLELTO  LNECRBNTED UNE PARMLLEL TO UNECFRENTED UPWDOWN  MORTH e SOUTH
conmou DOMERADENT comon COWNRADENT GAOSS movemat  GROSS movement MET movemert  NET movenrt
. . n .
1 2674170 2248.857 2882071 2674.183 0.012 baprid
2 2074.005 2245.014 2082 652 2814103 byt
2 2674.000 2248 845 2074.004 AR
4 2673.080 037
: 2073.826 0.083
0.041
T 0.020
. 0.032
& 2073.430 2240.385 a.016
10 2073341 2248.382 2002.077 a.ea2
11 26073.254 2248.310 2002.0m1 o080
12 2873185 2248.301 2862 643 0.020
13 2073.084 2248278 2002505

14 2072970 2248.281 2002681
15 2720871 2244.200 2662837
18 2072778 2248.108 2002.525
17 2072.088 2248.143 2002.400

2248348
224830

n
224n.102

2248141
18 2672607 2248000 2442.454 2248.000
19 2072484 2248.085 2 2248.050
20 2072.350 2248.027 2002304 2248.023
21 2672.300 7248.012 224n.078
22 2072.224 2247802 2247670

23 2872123 2247084
24 2672.015 2247508
26 2071.814 2247871
26 2671.423 2247860
27 2671720 2247,
20 2071.832 2247708
26 2671536 2247.780
20 2671432 2241717
31 2071341 2247.701 2002.020
a2 2071,
a3 ze71

2247.081
22479018

29018
3 2881774
2081.131
2681.711
2881872
2001.045
2481005
2001.500
2001.572
2841.508

46 2000827 224T.162
60 2000527 2247.118
1 2€83.435 2247055

99.350 2247.007
&3 2000.283 2247.008
54 2683181 2240005
65 2080.083 22¢6.840
69 2000580 2248.312

2888 764 2240.842

84 2008.230 2240.873
85 2688 137 2240.934
00 2088017 2248.803
18 7248550

2687.023 2240.547
85 2987744 2246.524
70 2087.044 2244.488

2240.1
2240.771

2890 807
T1 2667545 2240.451 2080880
2000.037
2241540 2080022
T4 2007.257 2240.35¢ 2660.T34 2241.830 2080736
TS 2687.100 2246.344 2800.7T18 2241780 2080743
76 2007.052 2246.303 2000.700 2880.731
77 2880857 2248.287 2680.871 2080888
1 250 2080.850 2242.017
e 17

2680.871 2242.128
2080584 2242.223
2080594 2242.200

86 2080.073 2248.101

2000.108 2245.001
2686,007 2245050
2005.008 2245055
2005.811 2245.008
2085737 2245.887 2080.274 2243.160
2085.642 2245.850 2000.274 2243.240
2005.508 2245.801 2660.201 2243.343
2885441 2245781 2650183 2243.530
285,340 2245.744 2840.185 2243542
2065.261 2245.738 2000.140 2243884
2085121 2245.702 2000.107 2243.722
7 2005.038 2245 2660.088 38
2064930 2245.035 2600.041

2084850 2245.003

2004750 2245578
005 2245 553
2684.601 2245.513
2084440 2245.474
2004398 2245.457
2604.287 2245.438
2664.184 2245394
2004112 2245384
2004.020 2245.920
2003.032 2248.208
2003.815 2245.278
2003.741 2245.230
2063.644 2245227
2603.548 2245101 2650.000
2003.450 2245.182 2650570
2063.960 2245141 2050552
2663.248 2245102 2050514
BELIZ 2245085 2050408
118 2803015 2245.042 2650445 an
110 2002.920 2245.000 2050430 2245.041
120 2002.827 2244.680 2050380 2248.03%

PP ETT T TSP T T Ty TEETT e RRTETegaq TETvEvnanerrvevervenarqrreeioanaeqeiririrarriiiiistsssissssseseassssssssseesessasssssssaesenssssses

2241.908

22¢00.132

2240.221

2240.330

2248.418
2240811 sami
2002.200 2244.802 228 2240.000 ot
127 2002.182 2244760 2650.184 2248.700 s
2248810 s
120 2081.997 2244.712 2050.120 2248.008 s
130 2681001 2244.007 2050.108 2248.001 SCUTH
131 2061823 2244.850 2050.080 2247.085 UM
132 2081.722 2244.838 2450.038 2247.107 o
133 2001.014 1244.505 2050.020 2247202 ot
134 2681516 2244, 18 2247373 2658.981 soUTH
135 2081417 2244.554 2058.950 2247.450 2204540 2858058 U
136 2081.318 2244.528 2058.028 2247 500 2244522 s
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W
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2081223 2658004 2247.050
2058.078

2001224 2244808
2061110 2244485

2658.483
2058 441
2858.400
2058308

2057418 2282434
2057.382 7252520

2657.247 2262.925
205T.240 2262.048
2057.200 2253081
2657471 2263.180
2057131 2253202
2657.004  2253.400
2657.104  2253.104

2242707 2857.038 2253038
2065175 2242.8T4  2057.067 2253.009

2055.160 242,085
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separaiad into Line countour paraliel and Line ariented down gradient pabbles.

The countour paral

Kine pabbles move up and down and the i oriected down
eadfiant pabhias move norh and south

Tha calculations include gross movament and nel movemenl. Gross movemant doss ol
1ake info acoount ihat some pabibles move up from the line and some move down from
The fa

maximum, ninimum, aversge, dandard devialion and median of gross and il

The
pabbls movmant is shown st the botiom of the spread shasl,

included 1o delarming how many pabbies ars actually maving.

May-00

.
2674.170 2248.857 2662.871
2674.005 2248814 2062.852
2074.000 2248.585
2248.540
2248523
2248480
34 2248.451
2248 408
2248.385
2248.352
2248.370 2002.001
2248301 2602
2248.278 2662.805
2240.251 2002.651
2248,200 2062.537
2248,
2248143
2672.567 2248.000
2672.404 2248.055
2072350 2240.027
2672308 2248.012

o8;

1
2

a

4

5

o

7

]

o

10

1"

12

i3

14

15

18

"

18

1°

20

21

22 20712.224
23 2012123
24 2072.018
25 267

20
27
28
21
20
a1
a2
2
a4
as
2
a7
as

2671.720
2071.832
2071539
2671.432
2671.341
2671255 2247.008
2071.154 2247.090
2071.058 2247.605
2670.040 2247.505
2070058 2247634
2670767 2247.402
2670.08T 2247474
30 2070503 2247.437 2001
40 2670483 2247403
41 2070388 2247.380
42 2070207 2247.350
43 2670181 2247.327
44 2870.104 2247.205
45 28710.028 2247.250
48 2060.604 1247.235
47 2060.000 2247.200
48 2080.711 2247471
2247.1
2247115
2247 055
2247.007
2247.000
2249.085
2248040 2661320
2001219
2061.204
2081.227
1,185

2081100
2081.078
2061.048

75 2087.108
78 2867.082
77 2000.057
78 2000.870

2620,
2000.574
2680,530
2080511
2000452
2080451
2248,021 2680.415
2245.981 2000.374
2245059 2660,308
2000.310
.

2000.274
2680.201
280,183
2080,155
2080140
2880107
2060.008
2660.041
2660.000

UNE ORENTED
DOWHIRADENT

n
2234 800
2234.787

2238 301
2238.428
238,500
2238872
2238.702

2060.2T4 224

102 2064501 2244323
103 2064.480 2244418
104 084,308 2244489
105 2nas.287 2244 588
108 2084.194 2244.002
107 20 2 2244783
108 2984.020 2244.885
100 2863032 720 2244.871
110 2063.815 2245 087
111 2003741 200,650 2245170
112 2663844 2060.618 2245254
113 2883548 208 2245301
114 2083.450 2068.570 22454083
115 2003350 2050.552 2245 850
2063.248. 2650.514 2245.851
2245742

2245.840

2245,041

o 2248.030

121 2902.750 2244071 2248.132
122 2062.662 2244.030 22408221
123 2062571 2244.001 230

124 2002.479 2244.877
125 2002.380 2244.814
120 2002.200 2244.8
127 2002182

286200

126 2001.907

130 2081.001 2650.108
131 2081.823 2¢50,080
132 2081722 X: 2050.090
133 2001014 2050.020
134 2001518 2058078

135 2081.417
130 2081

2058058
2244.528 2088620

2247.500

May-01

A sancitvity fast ks slsa

UNE PARALLEL TO
oMo

2074213

2004.008
2004.400
2884381
2804344

2081 844
2041738
2081824
2001540
2681.440
2001.384

2247874
2247808
2247770
247704

2244520

Caculations for Pebble data Chemehuevi

These calculations compars movement from orginal posiions. The pebbies ars

Grons movemant socmunts for ad mevemerd rol st movmest n dewnakpe dredien

Should we aka gure ol The down Eops mavement?

UME PARALLEL OUR HORTHIMG.
413305@0NEASTING) o 414de 363475001

0
2238.104
2230173
2230.234
2238.372

26001624 2230.130
2081613 2230.220
2001508 2239.335
2081481 2238.410
2081418 2230483
2081.431 2238580
2001.307 2230.720

2061187 2240371
2081.132 2240.487

2081.088 2240788
2081.023 2240.850
2080809 2240048
26000840 2241.038

2800

2000.820
2060.731
2080747
2000737

2660302
2680373
2000.348
2860331
2600324
2000.278
2000.228
2680,207
2000108
2000144
2680120
2880.001

2243818
2244017

2050.8:

2050818

2058.783

2058752
7

22451857
2245.230
2245303
2245448
2245 500
2245.040
2245.743
2245.835
2245831
2248010

2059.103

2088.077
2050070 2247547

TO CONTY

UME PARALLEL
TOCCHTOUR

UP v DOWN

G ii’??ii’i’?iH‘Hi’i%fii’?fﬁi‘?f?ﬁﬂ?iifiifiEfﬂﬁii’i‘ii?ﬁii’ii‘ii‘ii‘i‘i’i’?fHi’ii‘i’?ii’ﬂi’ﬂfiYi’ﬂ=§N§ﬂ““‘iiii“““f‘““"‘“““““E““““““ §

3

HORTH vs SOUTH
e

§§§%%%EEEﬁEE555§§§5§E%%E5‘3?%5%5%%5%5EggggggggggggéggE%E§§2§§§§§§§§E%%5§§§§§§§§§5§§E§§5%5§§ZE5%%3%5!?535§§§§§§S§2§§35§53295255232§2355253

LME ORIENTED DOWN GRADIENT  HORHTREG =
0.2474084ENEASTING) + 1125 BOTA1083
UNEPARALLELTO  UNE DFVENTED
MO

GROSS moverwet  GROSS movement NET movemant  NET movement

6.034
0.024
0.0m
v.010

UNE PARALLEL  UNE OFFENTED
TOCCNTOU

-0.034

~0.027




2244.501 2058 864
2244.478 2058.078
2244.440 2058 852
2244.418 2088 020
2244 384
2244388
2244314
2244300
2244.270
2244.340
2244.242

2088 500
2058883
520
2058503
2858 423
2058441

2057.078
172 2657500

2247.080
2247743

808 226

2687.578
2657.584

2080.741
2058827
2050.548
2050448
2058.341
2058.253
2650, 145
2050.071
2855873
2055.870
2855775
2055 888
180 2055378
197 2855.470
198 2855378
190 2e55.287
200 2055108

2
2860.047
2880.880

2244470
2244.458
2244423

243,002
24817
2243588
2243.532
2243 542
2242518
202

2247.073
2247.720
2247.818

FSS5555566585555555555aacaa]essfsssscssssfisfsfosiiossiiiiiisifyf
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Caculations for Pebble data Chemehuevi
The pebbles are

Thesa calculations compars: movement from arginal postions.
taperaiad into Line countour paratiel and Line orisnted down Groet mavament pocounts 1or 8 Mmovement nol fust movmat in downilops draction
ses ot tha down
The countour parallsl ne pabties move up and down and the bne crierted down e =
Aeadiant pabhias mmen Aonh Acd sedh

The calculations. inchude gross movement and nel movement, Grost movemant doas ot
uum.mumm'wmmulmh\hwmmmim URNE PARALLEL TO CONTOUR MORTHNG =« UNE ORENTED DOWN GRADIENT  NOAHTING =
x 3 o + 11250001083

tha ina.

Tha maximum, minimom, average, standard daviation and median of gross and et

Patbie movment s shown al fhe boflom of the sprasd thest. A sensiiniy lect i siso
included {0 delermine how many pebbles are actuslly moving,

UNE PARALLEL
May-00 Oet-01 TOCCHTOUR

H
:
3

UNE PARALLEL
TOCONTOLR

§
|

UNE PARALLEL TO LIME CRENTED
R P v DOWN

;
:

UNE PARALLEL TO
conTouR

GROSS movemant  GAOSS movemant HET movement  HET movement

. . n
1 2074170 2248.057 2662071 2234.800
2 2074008 2248.814 2002.052 2234707

0.020

0.0
-0.013
0.032
-0.000
-0.030

8 2073540 2248.408
0 2073.430 2248385

11 2673.264 2248.370
12 2673.186 2248.301
13 2073.084 2248278
14 2072076 2248.251
15 2072871 2744 200
10 2672.778 2248.108
17 207; 2248.143
18 2072587 2240.000
19 2672.48¢ 2248065
20 2072.350 2248027
21 2672304 2248.012
22 2072.224 2247682
23 2072173 224T.084
24 2672015 2247.508

2¢ 2071.832 2247.760
20 267163 2247.780
30 2671.432 2247.717
31 2071.341 2247701
37 2671.265 2247.000

33 2071.154 2247
34 2071.088 2247.005
95 2070049 2247505
38 2070.850 2247.534
3T 2670.767 2247.402
38 2070.88T 2247.474
30 2670.583 2247.437
40 2670.483 2247.403
41 2070358 2247.380
42 2670.207 2247.360
43 2670.191 2247.327
44 2070,104 2247.205
45 2070,028 2247.250
46 2080004 2247.23%
47 2000.800 2247.200
48 2006.711 2247171
40 2000.827 2247.182
50 2046.527 2247.118
51 2000.435 2247.085
62 2000.350 2247.007
53 2000.203 2247.000
54 2080181 2240
§5 2000.083 2248.040
5 2000.980 2244012 2841279
E7 2648883 7240.888 Zea1.264
68 2088.784 2245842 2081.221
60 2008.880 2248.811 2681185
80 2085.502 2244.754 2081.158

2068.401 2240.743 2001131
2001.100

2681078

05 2008.137 2248834
06 2008017 2248533
67 2067.014 2248.558

72 2067.444 2248.410 2000.801
73 2007.35¢ 2244384 2860801
T4 2007.257 2240.350 2080.734
75 2067.186 2248344 2000.718
76 2007.082 2248.303 2660.700
TT 2000.057 224827 2060.871 2241.915

2066.870 2240250 2242.018

80 2000,073 2240.1
B1 2066505 2240.153 2000530
82 2088.471 2248.118 2000.511
83 2090.411 2248.003 2080.452
B4 2006311 2248.007 2080.451 2242.504
85 2000.204 2248.021 2060415 2242.097
86 2080.108 2245.901 2080374 2242786
BT 2006.007 2245.950 2000358 2242.888
2000.319 2242.980

£
5
3

2000.274 2243.180
2000274 7243240

2005340 2245744
2805.201 2245.730
2605121 2245702

2844038 2245035
2804850 2245
2004.750 2245678

04,085 2245.553
2804501 2245813
2004.480 2245.474
2004.300 7245457
2604207 2245.438
2084104 7245304
2004112 2245384
2004020 7245320
2003932 7245.208 2680.720
2003015 7245278 2650.085
2083741 7245230 7050.050
2083.844 2248227
2003649 2245101 2650.008

a

2003.450 2245.18;
2683.350 2245.141
2083.248 2245102
MWELI 2245.085

2662.388 2244,
2602200 2244.

WELONT 2244.748

120 2641.007 2244.712 201

2 2050570

2050852

2050.514 22
2650,488
2050,445

2248041

2248.030

2248.132
2248.221

2850228 2240.600
2650.184 2248700
2650.180 7248.810

126 2248.500

130 2881,001 2244.807 2059108 2248
823 2244.850 2650.080 2247.095
2244 2050,038 2247.187 2059.003
133 2661,614 2244.505 020 2247.262 2050.020
134 2661518 2244.504 oTe 2247372 2850.004.

135 2061417 s5.
138 2001318 2244.528

2247459
2247488

2058077
2050981

2248.310
2248301

2241.530
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137 2081.223 2284501
138 2081.123 2264478
199 2001.034 2244.440
140 2600.635 2244.410
141 2060851 2244384

2244 212

]

0
148 2860.0T8 2244.143

150 2850.076 2284.081
151 2050.804 2244.078
2244.085
2244.095

158 2650.421
157 2680324
2050.220

2243.073
2243048
2243.008
2263888
2243 84

2242518
2243.500
8 2243481
2243448
2243423
2243300

2085, 180

2058.812
2050.50

2458.500
2058.583
2058820

2858.251
2058.223
2658.104
2858.100
2858.040
2858001
2057547
2057 848
2647.023
2057.804
2057
2057812
2057.777
2087.748
2057.738
2087,
2657.077

2250.012

2057.521
2657404

2057.321
2087237

2242.002

2247084
241728

2249.104
2240.072
2200.267
2240.33%
2240 481
2240547
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Caculations for Pebble data Goldstone

Gross. movemant secourts for 3 Mavement not fusl movmert iy downuiops drsction
Shoutd we slsn lgure o e down tiops moveman?
The countour parakiel i pebbies move up and down and the ne orieniad down

Araciant pabhine mova nodh and mnadh.

Thesa calculations compars movement Irom orginal potiions. The pebbles ars
Baparated nlo Line countour paraliel and Line oriantad down gratient pebbies

The calculations include gross movemant and nel mavement, Gross movemant does not
1ake o monount that coma pabbiss move up from the line and some move down from UNE PARALLEL TO CONTOUR MOFTHING =« LNE OFYENTED DOWN GRADIENT  HORHTING =
= i 41IMSFONEASTING = 41440.38347500 BMTAOBANEASTING) + 1125083641083
The maximum, minimum, Average, standard deviaion and median of gross and nel

Patble mavment is shown ol 1ha boftom of the spread sheel. A senstivity test ks ako
included 1o delerming how many patibies are aciually moving.

May-00

Mar-01

UNEPARAULFLTO  UMECRIBNTED  UNE PARALLEL  UNE OFIENTED
oot

UNE PARALLEL TO LBE OABNTED UP W DOWN  NORTM ve SOUTH
CONTOUR

GROSS movement  GAOSS movement NET movemat  NET movemant
. "
7134205 S462.587
7134270
7134314
7134342

5492.748
7134333 €402.027
T134.343 8452.908

1 -0.003
2

3

.

& 7134.340 5453.020

.

7

[l

)

T134,307 543.131
T134.420 8483213
TI34.417 5423324
T104.445 5483434
5493523

8403.610
18 TI3580 8404025
18 7134877 S4aa112
17 7134504 6484211
5484.307
5484.395
5464501
544,801 8800.512
22 T134.702 $484.700 T143.471 §500.531
23 T134.710 5404810 T142.772 6500 545
24 T134.730 6494901 T143.080 6500805
26 T134.763 6404904 T143.504 6500.812
28 T134.784 6406.110 7143.455 6500.015
27 7134.703 6405, 5500.630
28 7134833 6495301 7142.271 6500.058
20 7134.830 S406.3T4 7143.180 $500.008
90 7134.003 $495.450 7143.085 $500.703
31 7134,882 $405 550 T142.078 $500.718
32 7134.850 5455848 T142.002 6500734
33 7134018 5405730 T142.780 §500.756

T144.293
T144021
T144.000
7143883
7143880
Taa7e
143,861
Tia3878
T143.471
T143.413
T143.208
7143201
T143.081
T143.017

T143.01
7142780
T142.005
7142
Ti42.037
T142.301
142,308
T142.184  5500.888

48 7135.122 5467.080 T141.524
7141384
T141.348
7141.227
7141423
7141048
7140638
7140438
7140758
7140.601
T140.818
T140.480
T140.362
Ti40.270
7140148
T140.048 5501.308
5501.977
51,208

7141420 5501.081
7141010

5490070
5499.193
s480.281
5400.370

5501.550

7138754
6499.083 7130.000 5501.871
6400.958 7138575 $501.708
6500082 7138477 $501.745
§500.154 7130436 $501.727
$600.268 7138.274 §501.756
£400.810 T138.187 5501.787
7 $500.440 T130.114 5501.808

8501.707
8500618 7138,007 £501.820 5501824
5500.623 T137.820 5501 TIAT.eOT  $501.85
$600.714 T137.8018 5501.073 5601.871
8500858 7137.728 §501.871 501,81

5500033 T137.615 5501.035
§501.020 7137.515 §501.932
§501.161 7137.414 8501.880
7137.208
7137182
7137138
7137.020
<2 Ti3s.058
Ti30.878
7120.788 6502.003
7136048 8502.101
7130538 5502.153
7130.401 5502
7134.345 6502.182
7138253 ssmzr
7130.100 §502.245
7130,050 8502.250
7136.073 §502.201
7135.005 $502.308
7195.750 5502.348
08 7135640 502.378
7136.581 5502403
7136458 5502428
7135.382 £502.451
7135240 5502.443
7135172 6502.408
5502.601
ss02.632
5602.485
5502.851

5501
7137.808 B5a1.028
7137.387 §501.852
7137.908 501,012
7137.211 §601.048
7137127 $802.013
7197.002  8Saz.ar

T134.605
7134008
7134.324
7134.503
7194.201
7134.203
7134.080
7134.008

122 7128830
123 7138.880
130,

125 T130.087
128 7130.728
127 7130737
120 7136757
120 7138.779
130 7136.74
131 7138818

138,784

5505437 T133.159
5505.519 7133.050
7132.940

5505.403

ss0s.88  Tix
ss0s.873  T132
5505.780  T132.731 550304

5503.027

505,808 7132.741 $503.054

cessssfesssessTsTITTTTsTTss TP PRTEIIITTIETEETE RIS TEROETEENEEEOENTEOSVORRT RPN R OO RRT RN v OnvTOOnTenToIOvamavvIvvequevystetscts
szssssassssssssssssssssssssssgssssssssssszssssgsssssss%ssssésazssgsssssssszssssssssssz%sssss;ssa%ssssssssssssszszsszssgssssssssgssgsssss i

139




137 7130903 8505800 7132.632 6503068
198 7130.013 §508.000 7132.537 550,080
130 T137.030 6506.088 T132.452
5608.178 T132.975
6500.318 7132.2¢5
5508,288 7132.170
500479 7132118
506,508 7131802
5508.678 713
§600.780 T131.805
6508.850 T131.070
6508087
6507.047
500,924
507,275
5507.371
5507437
07.538 T
507,037
8507.780
s507.820

5505853 7132631 8502.08
5505.082

8503147
550,01
7132103 6503278
5502158
§503.105
8503179
8502.237
503,283
§503.323
503,208

a3

158 T1ar.a7s
150 T1a7.380
180 7137410
181 7137.482
82 7137.470
163 7137518
184 T137.518
105 T1aT.528
717541
7137.51
7137503
7137 608
7137.638
T13T.
T1aT.058
717704
T3t
137,738

s5a3. 70
85038

£503.035
7128 463 6503838

5503917
7128.780 §503.054 5503048
T120.095 5603095 5503077
7120637 6504.03¢ 8504.027
TI28ATI 6504.024 £504.03

7120.319 §604.090
7126.272 8504,063
7128171 $604.07T0
7120.077 §504.107
T127.038 6504.117
TiaT.%6 7
T127.748 650417
T127.800 5504178
7127677 6504103

71203 8504.032
1128250 5504052
7128.137 8504.084
T120.083 504,102
127, 5504003
7127837 13
7127.737 8504105
T127.884 5504.103
T1271.573 850447V

TIZT.2T1 5504.238
TIZL188 5504.273
T127.004 6504.205
7126.807 5504.207
6504.330
£504.323
5504377
198 7138.238 §511.834 7120500 5504.400
200 T136.262 5612023 T126.405 5504.380
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Caculations for Pebble data Goldstone

Grout Mmovemant socounts 101 M Movement Rt pull Movaed I domntiops Sracton
Shoukd we 4k figurs Suf e down sicpe movemant]

calculations compare mavement from arginal pasiions. Tha pabbies are
saparaiad inlo Line couniour parslial and Line oriented down graciert patbles.,

The countour parael ine pabbies move up and down and the Bne orienied dosn
Aoadiant nabbias mova north and soah,

The calcuations include pross movement and net movement. Gross mavement doss not

lake into accourd (hat some pebbies move up Trom the ine nd some Move down from e

PARALLEL TO CONTOUR NOATHING
T0STHNEASTING) + 41449.363475801

UME OPRSENTED DOWN GRADIENT  HORHTING =
Q.24T4ORENEASTING) + 1125803681083

verage, slandard deviation and median of gross and el
Pabtle movment is shown sl the bofom of the spresd shael. A senchiity lest b alsa
Inciudad 1o dalarming how many paboles are aciusly maving.

UNEPARALLEL  LNECRENTED UNE PARALLEL TO UNE PARALLEL
Mar-at TOOONTOLR  DCMMIRADENT R o
UNE PARALLEL TO WP DOWN  NORTHw S0UTH

OCRSORES MCVEMENT GAOSS movement.  GROSS movement NET movemant  NET movament

. "
1 7134202 5402.848 .04t 0024 .04t
2 7134.307 5402.748 0.037 o.028 * 097
3 7134333 5402827 0012 o012 s0nz
4 7134343 §452.508 0.028 0.000 0028
6 7134348 £403.020 0.093 a.o7 -0.013
& 7134397 482,131 0.0%0 o012 .09
7 7134420 6483.213 a.008 .02z 6.008
B 7130417 5403324 0.030 0024 .03
§ TI34.448 5403430

T134.482 B403.010
T134.503 643,608
7134 610 6483823
7134535 5489,
T134.580 §484,025
TNMSIT 484112
7134.604 8484211
T134,828 §404.307
544,305
5404.501
5404801
404,700
464,010
£404.001
5484004
8485,110
485,175
5485.301 7143.271
714,

T142.700
Ti42.078

4
450501

3442 5408840 T
7135.035 5408.751
7196.008 5490.080
T134.875 6406922
T135.122 5497.088
TI35.136 5497143
T135.145 5407.234
7135151 §487.332
$497.448
5487.534

8501.182

£501,148

5487.033

8487708 £
£407.828 7140.755 £501.180 713822
5487.811 T140.841 550 7135.230

228
5498073 T140.518 5501.244

T135.215
5408,081 T140.480 8501267 7135303
5408.233 7140.36 5501200 7135.372

5498.201 7140279 §501.933
5408.417 7140,146 5501391
5428514 7140.048 $501.368
23 §498.504 7139.978 §501.377
§408,005 7130.878 5501.308
5408814 7120.728 £501.432
7138 5501488
1139.602 5501.4a7

7

S48
£480.070
5400.183

7138473
7130.088
7138007
T130.078
7138754
138,080
7138.575
5500.082 7138.477

T130.122
138,093
T138.818

T138.70
7138712
7138583
7138518

0.018

5500.154 T138.438
§500.208 T138.274

T138.845

7i38.20
£400.810 7138.107 Tia8.108 £501.788
5500448 T138.114 7130.140 §501.709
$500.518 7138.007 7134.000
500,623 7137820 Tiar.028
5500.714 7137.818 T3

§500.058 7137.128
$800.933 7137818

TE I EL L L EEL LT EELEFELEL LR LLEELEEEEEREELEEELEL LR EEEERRH L ERLE LR E

7137.518

7137414
6801240 7137.208 £501.063 7137.307 HORTH
$501.334 7137.102 5502.026 7197,

5501.424 T137.138 §502.017
5501.534 T137.020 5502.041
5501042 7120058 5502.008

01.704 7138.878 6502.088
§501.748 7138.788 6502.003

7137.120
5501.53
£501.585

53 §501.885 §502.101

502,018 8502.15;

502,000 5502,
T130.180 $502.238 $602.182 5502.208
7130.220 5502.200 8502227 §502.244
7138218 $502.402 8502.245 $502.257
7138244 5502487 5502.250 8502248
7130.270 6502.020 7 5502.201
7130.277 8502.885 5502.308

7126.308 §602.700 T135.750 §602.348
108 7136320 £502.608 7135840 £502.378
5

107 7136,351 §503.018 5502.403 7130443 6502843
108 7136.350 £503,085 7130398  5503.008
108 7120400 §503.204 7138.302 6503100
110 7136.416 5503,204 713039  Ss03.207

111 T138.412 §503.388
112 T130.345 £503.451
113 T130.479 §503.500 7134.680
114 T130.477 $503.865 7134.081
115 7136408 $503.768 7134.T84

7190.407  §803.328
7138.540 5503324

118 7130.505 5503.881 T134.005 8502507
V1T 7130.517 6502.801 7134.008 $502.63
118 7130851 §504.079 T134.324 5502.373
80 7134.503 5502.553

T134.281 5502.002

7134.203 5502.728

7134080 §502.721

5504 558 7134,000 5502.790

5504,674 T133.825
BEOL.TSE 7131812

726 6504.854 7133716
121 7130.737 §504.952 7133.632
128 7130.767 $506.033 7133500
120 7136770 $505.115 7133.400
130 7130.780 5505.227 7133.334
712225

7133.632

7133528

3
5502.803
5502.837
§502.974
7132030 5502958

5602.852

7123.150 §502.081

133 7138844 §505.510 7133.088 5502980
a o

IR T o R R T T e UL ]
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134 7138 7132,640 §503.008 T132.928 §503.004
135 7130470 $505.87 7132.818 £503.02¢ 7130871 §505.883  Tia2. 5502.974
138 7130603 $505.808 7132741 §503.054 713a.881  S505.705  T132.741 5503.081

o0.028 0,003 -0.02¢ +0.003

—
H Y
o




137 7136.003 §505.000 7132632
138 7138.013 $506.000 7132.537
138 7137.030 5508088 7132.452
140 7134034 6500.178 7132.975
141 7130001 8500.318 7132.208
142 7136060 5508.308 7132.170 8503160
143 7137031 7192.118 $503.247
144 7137.048 8500508 ss503.218
145 T137.008 6503228
140 T137.007 8503.207
147 7137.133 5508.850 5503278

137,101 6503.203
140 7137y §503.320
150 T137.168 8508024 £503.353
151 7137225 8507.278 5503.371
152 7137.203 ss01.37M1 5503.374
153 7137.238 §507.437 5503.390
154 7137.208 8507.53¢ 5503420
188 7137.300 ssar.
158 7137.928 ssoT.780
s507.020
507,001
508,048
508,131
6500255

8

5502.587
£503,500
8503011

850!
5503808
5603.727
5602.742

174 7137723
178 137,738
178 7137173
177 187,782
178 7137808
7137422

T128.8:
1T
Tiz8.318
Ti28.272
128171
Ti28.077
T127.938
7127850
7127740
T127.008
127877

37
73

168 7130.218 5511852 T128.602
108 7138234 6511.634 Ti20.580
200 7138262 5612.023 T128.405

7130804

a7
naer
T137.723

5508878

$605.985 en

$600.061 7132818 £603.115
5508, vt 7132.347 §503.128

7191402 §503.354
TI31,450 $503.317
7131200 $503.388

7120.136
7120.022
71288851
7128842

anz
s511.687

122
sE11.818

ss11.81
s512.027
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Thi s aumtiec of Datitles movind Sferent wave
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GAOSS moverent  GROSS movement NET movment
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Caculations for Pebble data Goldstone

Grots movemant Bocounts lof 84 Mavement ol movmet I Bowngiope Seecton
Shoutd wa seo figure out B down tipe movemant?

Thess calculations compars movement Irom orginal postions, The pabbles are
Saparaied into Line countour parallel and Line oriented down gradiant pebbies

mmlwnnihp&himqwﬂwﬂn-\dhhmmdm
eliant Dabhlas moua revth And tdh

Tha calcualions inckids gross movement and net movemant. Gross movament doss ol
laks into acoount that £oma pablies move up rom Ihe lne and some move down from

UME PARALLEL HORHTRG =
A1TOSINEASTING] » 41448.383475801 0474084 NEASTING] + 1125803681083
The maximum, minimun, um,._ standard daviafion and median of gross and rl

pablils mavment ie shown &t fhe botlom of the spread shest. A seaskivity lest i aiso

included 1o determine how many pabbies sre actually moving.

May-00

UNE PARALLEL

LME ORENTED UNE PARALLEL TO
Qct-a1 TOCCHTOUR  DCWNGRADENT oo TOOGNTGLR
UNE PAPALLEL TO UME GFRENTED LNE PARALLEL TO UNE ORIENTED UPVDOWN  MORTH ve SOUTH
CoTOUR DOMERDENT COMTLR

. n

1 7134202 6402848
2 7134307 5492.748
3 7134333 64e2027
4 7134343 6402000
§ 7134.348 6403.028
8 7134.307 $493.121
7 7134420 $493.213
B TI3ANT 5402324

10 7134474 §403.523
11 Tiad.de2 llﬂi.lﬂ
12 T134.500
19 1184810 6dsziaza
14 TI3483 6403016
15 7134500 5404025

7134, t:l 5484.307
16 7134.031 5494.305
20 7134.847 §404.501
21 7134.082 5484.601

28 TI34.784 6405.110
2T 7134793 §406.175
28 7134833 5495901
20 T134.830 8485374
30 7134.883 8485480
1 7134.862 6405.5
a2 7134.090 6485040
33 7134.018 5485.730
34 7134.012 5495.802

5408.048
37T m3Asss G4sa.ise
38 T134.670 5408.240
30 T136.003 §408.353
40 T134.57T 5408414
41 7135018 5400.501

43 7135.036 $484.751
44 7135.000 5490000
45 7134475 540922
48 7135122 S497.008
A7 7138135 S407.140
48 7136.145 $497.23¢
48 7136.151 5467.332
5D T136.181 5407448
61 71351 7.834
62 T135.201 5497.633
53 T135.220 §407.708
54 T135.230 5407828
65 7135236 549
56 T135.234 5438.01
67 7135278 5488.001

56 7135.380 5498.281
80 7135.377 $408.417
a1 7135.307 5408514
02 7136.423 5490.50¢
83 7136,427 6408.805

65 7135.500 5498.850
85 7136513 5408.084
T136.640 §420.070

71 T135.000 5400482
72 7135.038 5490.502
73 7135738 5400858

-nu ru um,
3

"
T145.082 §500.118
T145.845 §500.118
T145.728 5500145
T145.003 5500.163
7145542 5500.106

7144.050 5500.203
T144,683 8800.341

T144.253 §500.407
T144.116 §500.458
7144.048 5500.482
7143.053 §500.612

7143.772 §600.545
T143.680 £500.605

7142.180 6500.008
7143.005 5500.708

42.078 8500.710
7142.802 $500.734
7142.780 §500.755
T142.078 $500.772
588 £500.800

T142.487 5500.827
T142.391 £500.884
7142.303 §500.885

T142.041 5500044
7141988 6500.483
Ti41.608 §500.945

7 5501.015
7141.524 $501.040
T141.364 §801.004
7141.348 $501.001
T141.227 §501.110
1m 123 8601.152

7140001 lsm.z:u

7140.480 5501267
200

7130.562 5501.407
7130.487 6501887
7130.428 5501.542
7139.208 5501.544
7130.173 $501.585
7130.088 £501.503
7138.907 §501.802
7138.478 5501.845

u:o 782

8 7136714 5490834
78 7196.717 5489.858 1|u s?s ssu- 7-5 T135.735  £400.804
77 T136.717 5500.082 TIISATT 5501.746 7135.730  §500.020
78 7135.770 §500.154 T138.438 6501.727 T135.645 500,473
78 T135.774 5600208 7138.274 5501.755 7135.783 6500276
80 T135.867 8400810 7138187 501.787 542070
B1 T135.817 £500.448 6500.301
82 T135.837 55005 6500477
3 7136848 $500.623 5500.58

T135.872 8500.714 5500.091
85 7135.003 5500 $500,707
B8 7135036 $§500.633 $500,804
87 7138 501.020 6500.902

7135.075 §501.151 8501.12T

7136.008 §601.249 T137.208 6501603 7138.007 6501232

90 7130.002 5501.334
01 7134.032 6501.424
82 7130.002 6501.834
03 7136.001 §501.042
B4 T136,128 B501.704
5 7130130 6501.748
96 7130.153 5501.085
©T Ti3s.161 £502.018

T137.192 5502.025
T137.138 5502.017
7137.020 5502.041
7130.950 5502.008
7138.878 §502.0
7130.788 8502.003
7130.648 §502.101
7136538 §502.163

502,104
5502128

©8 7138182 $502.000 7134.481 55021 7130212 $502.047
9 7134.180 6502.238 7130.305 $502.182 7190.183  £842.405

100 7136.220 6502.200 7136.253 6502227 7138.227 5502.202

101 7134.215 £602.402 T136.180 §502.245 7130.218  $602.385

102 7130.244 5502.487 T130.089 5502.250 7130.318  5502.421

103 7130.278 6602 T138.283 5502524

104 7138277 5502.685 T134.281  6502.058

105 7136308 6502.709 T135.756 £502.348 TI3.311  BE02.TT4

184 7136.320 £502.608 7136840 §502.378 7130343 5502431

107 716,361 §503.018 7135561 5502.403 T120.434 5502941

108 7130.350 6603005 7135.458 §502.428 713636 £503,082

108 7136.400 5603204 7135.362 502,451 T138,30  5503.187 -

110 7136.415 5503204 7135280 6502.443 7130377 $503.282  T135.273 8502474
1 7138412 6503.355 7135,172 £502.408 7130403 $503.318 7135.21 8502.404

112 7130345 5503.451
113 1130479 §603.508
114 T136.477 8503,085
118 7138.405 §503.788
118 7134.608 5503081
117 7130.617 5503901
118 7130.551 6504070
118 7134,860 56042680
120 7138503 6504281
121 7130583 5504354
122 7120.029 504,471
123 7136060 6504.85¢
124 7138400 5504.874
125 7134.887 B504.755
126 T130.720 6504.854
127 T130.737 §504.052
128 T136,767 §606.033
120 T136.778 E605.115
130 T136.780 8508222
131 7136.018 6505.317
12 §505.437
4 5505510
05 5605.819
135 7130.879 $506.007
136 7130.903 505,808

7135.091 §502.501
7134.800 5502632

7134,005 5502573
7134.608 5502560
7134,524 8502411
7134.503 §502.550
7134.281 8502.020
T134.203 §502.721
7134000 5502.720
7134000 6602.773
7133925 5502.80
7133012 6502.523
712,719 5502.838
7133,632 8502.808
7133500 5502.000
7133.400 5502.014
7132.334 5502013
7133.258 $602.082
7133150 502,081
7133.060 £502.900
7132.940 $503.008
7132.616 $502.028
7132.741 8603054

8505773

7132.720

5503043
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GROSS moverent  GACSS movement MET movement  NET movemant




137 7130.803 5505808 7132.8327 5503.088

008

T190.886 5506887  T132.638 $503.077 :. .z
138 7132.912 5508.000 7132.537 £503.080 TII.TE0 6605202 7132672 $E0I.112 0.081
130 7137.030 5500088 7132.452 §503.107 3 7132513 ~0.043
40 7136.034 8500178 T132.376 £803.135 Ti32.332 -0.037

5503158 T132.23

503,180 T13zam

503,247

§503.21,

5603.220

503,207

0
5507047
5508624

152 7137203
153 7137.238
154 7137.208
156 7137.300
158 7137328
157 7137383
158 7137378
150 7137.350
180 7137410
181 7137482
162 T13t.418
163 7137616 5508.48
184 1137518
165 Trar.s2m
186 T131.641
187 T137.864

7120.008
108 7137.503 6508 822 7120578
801 7120.520

T120.47
7120383
7120.284

163 T137.802 510313
184 T137.840 5510.485
8510.415

8504178
5504178

§504.237
8504.223
5504.233

$504.213
8504.205
6504.207
8604330

§512.023 5504388 7138.258  §512.014
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GROSS moveraat  GADSS movement NET movement  NET movament
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Caculations for Pebble data Goldstone

ok movemant accourts for 8 Mervement ROl futl movmend in downtiops Sracion
Shoukd we aka lgure ool the down thaps.

Thess caloulations compars movermant from orginal postions. Tha petties are
#4Pa1aind inlo Line countour paraliel and Une orisnted down gradiant pabbies.

bbies move Up and down and the kne oriemed down
rabblas move morth and woh,

The countour paralel fine pa
it

Tha calouations include gross movemant and net movement. Gross movement doss not
take into acoount that some pabbiss move up from the line and some move down from

. PARALLEL TO CONTOUR, NORTHONI = - LINE CFIENTED DOWN GRADIENT  HOFHTING =
; 4.15TONEASTING) + 41448.303475801 024740846 NEASTING) + 112680381083
The maximuen, minimum, avetage, standard deviakon and median of gross and net
Pabbls movmant i shawn sl the boflom of the soread sheel. A sensitivity tet i s
Included 1o deleiming how many pabbies are actually moving
i UNEPARALLEL  UME ORENTED UINE PARALLEL TO UNE PARALLEL
00 Apr-oz TOCONTOUR  DOWMGRADENT CONTOUR TOCCHTOUR
UNEPARALLELTO  UNEORENTED UNE PARALLEL TO) LMEOROIED UPwDOWN  MORTHw SOUTH
CoNIOUR DOMAGAAOENT CONTOLR DOWNORADENT MOVENENT

OAOSS movement  GRACSS movamant NET movement  KET movement

. "
7134.202 6402.843 7145082

" . n
T134.256  6402.608 T145.000 §500.000 0.048 0.054 et
7134307 6462748 7145845 7134205 5402.750  7145.853 5500.150 0.077 0.082 Ippose
T134.333 £402.927 714572 T 0.024 0.003 o021 ~0.021
5452.608 7145883 -

i a.010
6493028 7145 542 s403.011
S493.131 5500,197 5402.115
8403213 $500,230 §483.227
8492324 $500.232
5483434 5500291
6493523 800,207
541810 5500203
5483.805 6500.341
483,023 500,33
483,810 2 5500377
5484.028 §500.304
5494.112 5500.412
54od 211 5500.428
5500.487
500,450
5500482
§500.612
500,631 T134.788
7143.772 §600.545 T134.T88
7143.880 8500.505 T134.751
7143884 8500812 T134.727

7143.455 6500.015
7143.383 $500.230
7143.271 5500858
£500.008

7143,
7143.085
T142.078
T142.002

T142.780
34 713402 Ti42.878
T134.87 Tiaz.608

Ti42.487
T142.301
7142303
T142.200
T142.041

7141800 5408540 T142.025 550083
7141808 5490545 T141.081 6500.041
7141801 5406773 TU41M1S 5500832
7141715 5430.848  T141.745 Sc0.ws2
RALIRCIES 5408.801  7141.059 5501.004
Tid1524 §407.023 7141614 6800627
7141380 5497122 7141.384 5501.104

5407230 7141349

5468077 7141358 5501.071
5407.332 7141.227 5501

5407448 7141123
5407.534 T141.048
5407.633 714,938

501,123

7140838 8501118
7140.755 5501188 5501147
7140.081 5501.228 501,220

T140.518 $501.264
7140.480 5501 207
T140.352 5501200
7140.279 5501333
T140.148 8501.331
T140.048 5501348
710,678 5501377
T134.878 5501.398
7139728 5501.432
7139080 5501.428
7130562 5501.487
7130487 8501887
7130428 5£01.542
7190.208 5501544
7136173 501,585
7130.088 5501503

s501.228

7134607 6501.602

5501.045

8501650

78 7138702 s501.871
78 7138717 7130.676 $501.705

77 T138.T17 7138477 $501.748

$500,071
78 7135770 7138438 ssa1.727 $500.473
78 7138774 §501.755 5500238
80 7135807 8501787 s450.797
81 7136817 sso1.808 5500.978
82 T135.837 §500.518 7138.007 5501.820 8500.473
45 5500.823 7137.020 801887 5500589

$500.714 T137.818 5501873 §500.097

5500088 7137.720 $501.871 5500.820

35 5500033 T13T.616 501836 §500.815

T1ar.818 s500.608

7137.414 5501.800 5501.147

7

9 713,000 5501.248
©0 T134.002 §501.334
©1 7130.032 5601.424
02 7138.002 5501.534
©3 T138.001 5501.642
9e T13a.128 501,704
5501740
5501.895
502,010

£501.331

502,153

5502.000 s502.184
5502.238 5502.182
5502.208 ssezz2?
5502.402 5502.245
s502.487 s502.250
502,620 8502.201
5502.005 5502.308
5502.T80 5502.348 736,750 6502.330
5502.008 8802378 7135.021 502371
5503.018 8502.403 7135.508 5602388
§503.005 5502.428 7135443 £502.434
5503.204 $502.451 7136.405  §602.409
5503.204 8502443 7135.245 6502435
6503.355 5502.408 7138.40 8502834
§603.451 $502.501 502,478
5503.588 8502592 3 502,532
5503.855 $502.408 502,404
5503.780 5502851 55028534
§503.001 5502573 a8
117 7136.517 6503001 7134.608 5502.509 502,814
118 7138861 B504.078 7134324 8802.411 5502,420
7136.550 504,200 7134.503 5502650 5502 602
7136.593 5504.261 7134.281 5502.620 s5502.084
7190.563 5§504.354 7134.203 6502.721 502,702
7136.630 504,471 7134.080 $502.720 5502871
7136.660 5504.558 7134.000 5502773 §502.783

7136.600 5504.874 7133.025
7190.087 5504.755 7133812
7136.720 5504.854 7133.710
127 7138.737 §504.952 7133.632
128 7134.787 §505.033 7133.600
126 7130.770 5505115 7133.400
00 5506.222 7133.334
18 8505317 7133.288
505,437 7133.158
5508.510 7133.080
05 §505.819 71329040 502,008
70 5505687 7132.610 5503.028 7138.887  8508.721
138 7138003 7132.741 6503.084 7136.882  §505.785

5502.881

6502.070

502,048

502,073
502

HH

§503.010
502,600
s502.018

§95953999939389999900500499980999999300000939000099900009390080000000009930000093990009930090000000000000000000000000009005809801

L anaaigunirata g aai i aaut s a s g a i aa i a U i R R A g

,_.
'S
o




137 7138.003 8505.0%0

850,008

7132.000 §503.03¢
5506.000 7132589 $503.038
5508.058 T132.836  §503.080

f 500,178 8503112
5508.319

5503134

5508.308

145 7137008
148 T137.007
147 1137133
188 T30
148 TIaTATE
150 1137158
151 Tiar.2z8
152 7137.200
153 7137228
154 T137.288

T1a1.870

Tia1.604

7191 a8
a

T130.078

7137.300 7130.004

T137.320

7137383 5

T137.378 6503410

7137350 5503318

T137.410 8503471

T137.482 5503818
182 7137478 s503.505

3 7137.618 5502508

184 7137510

108
188

$502.072
5503.074

508,718
187 £508,835
188 7137603 22 7128
186 7137.008 6500.042 7120.540
170 7137.638 §500.126 T120.408
171 7137.640 6500201
172 7137.858 6300207
173 7197704 8500.428
174 7137.723 5500.493 T120.033
175 T137.738 $508.883 7128538
176 T137.773 6500.705 7128853
T128.780
7120.095
7128 837
7128473

Ti28.773
T128.871
T120.840
T128.478

B510.174 7120.3¢ Ti28.170
0.235 7128.272 120,123
£610.913 7128171 T120.071

5510488 T128.077 7127.000

FIT7iffsifsssssssssssssssesssssafsass{fIIIITIIiisiqiegifsssiil

$610.418 7127.038 7127870
510,021 7127.859 8504107
5510.722 5504.207
5510.878 8504253
5510.050 $504.270
5511.032 5504.262
S511.118 5504.193
5511.250 8504227
5511,358 s504.258
B511.454 s504.242
5511541 §511.471 s504.102
6511.638 $511.508 5504.303
B611.740 Ti3a.040  ss11e72 §504.208
B511.052 5504.377 7138258 $511.807 5504383
5511634 5504.400 7138.283  £511.008 5504318
7138.202 6512.023 7126.406 £504.380 7138270 s512.013 8504350
3 [ WORTH
oo

a souTH
This in number of pebbles moving Stierent wave
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