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CHAPTER 1

INTRODUCTION

1.1. Statement of Problem and Scope of Study

The Colorado River Basin is the main water resource for the
entire Southwest, providing water for irrigation, industry, power,
municipal needs and recreation. A critical shortage of water and a
deterioration of water quality plague this vital resource. The most
serious water quality problem in the basin is salinity and the
continued increase in salinity over the last century (U.S. Bureau of
Reclamation, 1972). The Colorado River Basin is divided into the
Upper and Lower Basins by the Colorado River Compact of 1922 (U.S.
Congressional Record, 1928). The physical dividing point is Lees
Ferry, Arizona (Fig. 1.1).

Salinity sources are categorized into two distinct groups:

(1) Point sources are usually easy to identify because of the high
solute concentrations involved. They include springs and large seeps
as well as saline effluents of urban, industrial and agricultural
origin; (2) diffuse sources frequently cover large tracts of land.
Spatial variations in solute contribution within such large areas are
not easily determined. This report deals only with the role of
sediment in diffuse-source salt loading. The scope of this study
includes:

1. A brief review of current knowledge;

2. Spatial variability of soluble mineral content (herein

denoted SMC);

3. Identification of variables that determine the rate of

solute pickup;

4. Role of sediment in salt loading of flows over hillslopes;
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5. Movement of sediment and solutes in streams;

6. Preliminary estimation of diffuse, non-agricultural salt
loading, and

7. Preliminary identification of areas where management and

treatment practices will reduce salt loading.

1.2 Salinity Problem

The Colorado River Basin spans from Wyoming, Colorado and Utah
down to Arizona and California with a drainage area of more than
200,000 square miles. At the headwaters the average salinity (concen-
tration of solutes, or the misnomer total dissolved solids) in the
Colorado River is less than 50 mg/l. This progressively increases
downstream until, at Imperial Dam, the modified condition is 865 mg/1
(Maletic, 1973). Salinity values refer to the concentration of
solutes and are reported in milligrams per liter (mg/1l). This weight
per volume unit of concentration is nearly equivalent to parts per
million (ppm) up to concentrations of 7000 mg/1l. 'Present unmodified
condition" refers to conditions during 1941-1968 modified to reflect
all upstream existing projects in operation for the full period.

Projection of future salinity levels without a control program
suggests that values of 1250 mg/l or more will occur at Imperial Dam
by the year 2000. One projection used in the Lower Colorado Region
Comprehensive Framework Study (based on a U.S. Water Resource Council
study) foresees such a level being reached by 1980. The salinity
problem is especially severe due to the importance of this region
of the nation for energy development, which almost unavoidable will
result in increased salinity levels (Coos, 1973; Schmehl and McCaslin,

1973).



Should these increases in salinity levels occur, the agricul-
ture in the Imperial, Coachella, Gila and Yuma Valleys would be
further threatened. Also, a poorer water quality would be diverted
to the Metropolitan Water District of Southern California and the
Las Vegas Valley Water District, causing further economic losses to
the very large block of domestic water users in California and Nevada.
Upon completion of the Central Arizona Project, water users in the
Phoenix and Tucson areas would be similarly affected.

The enactment of the Federal Water Pollution Control Act
Amendments of 1972 (Public Law 92-600) and the conclusion of negotia-
tions with Mexico regarding the control of salinityin waters delivered
to Mexico have greatly increased the needs for salinity investigations
in this river basin.

Various studies have been accomplished by different government
agencies on the salinity problem in the Colorado River Basin. Be-
cause of non-uniformity in assumptions, data sets, and procedures,
the findings of these studies differ. However, the conclusions
derived are generally similar. The major conclusions (U.S. Bureau
of Reclamation, 1974) are that the largest portion of the mineral
burden was found to originate in the upper basin, tnat natural sources
were thought to be the major contributors to the salt loading, that
salinity was projeéted to continually increase in the lower reaches
unless control programs are implemented, and that the impact of the
increasing salinity levels was found to be primarily economic.

In order to evaluate the salinity problem, it is essential to

identify the point and diffuse sources of salinity (Fig. 1.2) and to
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understand the mechansims of salt transport. As shown on Figure 1.2,
both ground water flow and surface flow carry the salt load from

one source to another. The non-agricultural source of salt input

is derived from hillslopes and channels. Dominant hillslope processes
giving rise to salt input are either mass wasting or liquid flow in
rills and as overland and rill flow. Channel sources arise from

bank collapse and from bed material transport. In this study, the
work is addressed to the role of sediment on salt loading from both
hillslopes and channels.

Recent studies (U.S. Department of Agriculture, 1975; Whitmore,
1976; White, 1977; Ponce and Hawkins, 1978; Laronne, 1981; and
Laronne and Schumm, 1981) as well as earlier reports recognize
the large portion of solutes produced by diffuse sources (especially
in the upper basin, Fig. 1.3) and the possibility that the transport

of sedimentsis the cause for much of the solute pickup.

1.3 Description of Area

Most of the water in the upper Colorado River Basin originates
from spring snow melt in the Rocky Mountains. These vegetated
mountain ranges expose primarily crystalline rocks with derived soils
that produce relatively insoluble weathering products. The mountains
are also generally characterized by low sediment yields (Colorado Land
Use Commission, 1974). The lower areas of the basin are principally
underlain by sedimentary rocks, many of which (and specifically, the
shales), are of marine origin. Figure 1.4 presents a photograph

showing a general view of this area. Salts in the sediments eroded
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Figure 1.4.

General view toward the southwest of the Mancos Shale
terrain in the Grand Valley near Grand Junction, Colorado.
Note the sparse vegetative cover, high hillslope inclina-
tions, rilling and high drainage density in the foreground.
The flat surfaces in the background are pediments capped by
coarse alluvium.



from such strata below the Book Cliffs (between Grand Junction,
Colorado and Price, Utah) may eventually reach the waters of the
Colorado River. These areas are not only typified by an underlying
material containing many diagenetic soluble minerals derived from
the original contact with seawater, but they are also semiarid to
arid in nature. Such climatic regions are by definition those of
low annual precipitation and high evaporation (Fig. 1.5). The natural
runoff of these regions becomes more concentrated with dissolved
matter, or ''salt-loaded'", as evaporation occurs. The marine origin
of these sediments, their shaly nature and salt loading are primary
causes for the saline nature of the associated surficial materials,
which are rich or enriched in calcium and magnesium carbonates and
in soluble sulfates. The Bureau of Reclamation (1974) stated that:

The major part of the dissolved constituents in the Colorado

River water is made up of the cations: calcium, magnesium

and sodium, and the anions: sulfate, chloride and bicarbonate.

These, plus minor amounts of other dissolved constituents, are

commonly referred to as salinity, '"salt', dissolved solids,

or dissolved mineral content.

A review of the occurrence of saline deposits within the Upper
Colorado River Basin revealed that almost all of these outcrop in the
arid-semiarid lowlands. .- Practically all the saline deposits are fine-
grained and most are shales. The shales of the Colorado Plateaus
were mostly deposited in shallow (epicontinental) seas that were
often very saline; much calcium sulfate, if not sodium chloride and
even potassium salts were, therefore, deposited contemporaneously
with the sediments and subsequently remobilized and diagenetically

altered. Among the variety of saline shales in the basin (Paradox,

Moenkopi, Carmel, Summerville, parts of the Morrison, the
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Figure 1.5a. Mean annual precipitation and potential evaporation in the Green
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Mancos-Mesa Verde and some shaly parts of the Green River Formations,
herein mentioned in ascending stratigraphic sequence), the Upper
Cretaceous Mancos and Mesa Verde Shales are the thickest in the
succession, reaching a total thickness of 1000 m and covering bands
10-20 miles in width. Figure 1.6 is a map of a portion of the state
of Colorado, showing the location of Mancos Shale outcrops.

The identification of specific soluble minerals by X-ray diffrac-
tion and chemical analyses, as well as the spatial trends in SMC
are discussed in detail in the Appendix (A-1).

The occurence of Mancos Shale in this area is mostly restricted
to the lowlands (e.g., Grand Valley and the Delta-Montrose area),
which suggests that these low-lying semiarid areas are the largest
potential contributors to the salinity of the Colorado River. In
fact, the Environmental Protection Agency (1971) clearly identified
these upper basin areas as being the Price, San Rafael, Dirty Devil,
McElmo and Mancos River Basins, including the Grand Valley-Montrose
region. In view of the preceding discussion on the simultaneous
location of saline outcrops and semi-aridity, the Chaco Wash and
Paria River Basins may also be included among the major contributors.

Figure 1.7, derived from Reir and Wadell's (1973) investigations,
shows the quality of surface waters in the Upper Basin. It can be
noted that the highest salinities are associated with low-lying
semiarid areas where extensive outcrops of saline deposits occur.
This map is useful in showing large-scale trends in water quality,
mostly associated with the Green, Grand and San Juan main stems and
their large tributaries. However, it is not useful for a precise

delineation of those areas contributing mostly to the salinity of
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the Colorado River. For instance, the central to lower reach of the
Dirty Devil River, from Hanksville to Lake Powell, carries low
quality water, but the exact delineation of the areas contributing
most of the dissolved constitutents is not specified. This generality
in assigning a given salinity to a long channel reach and its immedi-
ate tributaries may be misleading to government officials whose duty
it is to plan the reduction of salt yields from diffuse source areas.
It is also very general because the water quality data upon which this
and other similar maps (e.g., Iorns, Hembree and Oakland, 1965) are
based is very meager. Most of it is derived from samples taken from
main stems or main tributary basins (from which little can be con-
cluded about the source areas) or from mountainous watersheds yield-
ing very high quality runoff. Note, for example, that there are only
four locations in the Utah section of the Upper Basin (Fig. 1.8)
where both chemical quality and sediment discharges are recorded, and
all are on large rivers; in addition, there are only nine sections,
all in rivers draining more than 100 square miles, for which water
quality data is available (for some, this includes merely two analyzed
water samples per year). Also, note that all sites where data were
obtained on the specific‘conductance of surface water (Fig. 1-8) are
for large rivers or small mountain streams.

Although the identification of major source areas of salts is
not sufficient to delineate potential salinity hazard areas, it is
interesting to note that the watersheds within the Upper Basin with
high sediment yields occupy the terrain of the major source areas of
salts. This areal correspondence may point to a causal relationship

between sediment transport and solute pickup.
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1-4. The Research Team

The research project was jointly planned and executed by staff
from Colorado State University and the University of California,
Davis. These two teams have met at several times every year to
closely coordinate efforts. The areas of expertise of the staff
include hydraulics and sediment transport, soil physics and chemistry,
mineralogy, water quality and geomorphology.

The Colorado State University team had primary responsibility
for data collection in addition to planning, site selection, data
analysis and the final report for this proposed project. The
University of California team has provided support for the chemical,
mineral and water quality analyses. They also provided field equip-
ment for on-site filtration of water samples and assistance in field

sampling.

1.5 Project Approach.

Following the processes of flow from hillslopes to streams, the
investigations were divided into the following steps:
A. Laboratory Investigations (Chaper 2).
(1) Variation of dissolution rate of soluble minerals
with flow velocity;
(2) Variation of dissolution rate of soluble mineralswith
intensity, duration and frequency of rainfall; and
(3) Effect of dilution, agitation and contact time between

water and soil on dissolution rate.
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Field Investigations

(1)

(2)

(3)

Spatial variation of soluble mineral content (herein
denoted SMC) and of soluble minerals in the region
(Appendix A.1).

Movement of water, sediment and solutes on hillslopes.
Rill-flow as well as overland flow with raindrop
splash were studied (Chapter 3). The prominent
effect of rilling on solute yield has prompted the
development of a computer simulation of rill pattern
development (Appendix A.5).

Mass transfer of sediment and solutes in a medium-
sized drainage basin (Chapter 4), at a confluence
(Appendix A.6) and in several large tributaries

(Appendix A.7).

Determination of solute contribution and hazard areas

Based on results obtained from both field and laboratory

analyses, estimates of solute contribution from diffuse

sources and of general hazard regions in the Upper Colorado

River Basin are given in Chapters 5 and 6, respectively.



CHAPTER 2

LABORATORY INVESTIGATIONS

Three laboratory tests were designed to isolate the effects
of velocity, sediment concentration, dilution, exposed surface area,
extended contact time and agitation on solute concentration in flow
over Mancos Shale. In the first experiment, a specially designed
apparatus was used to relate solute concentration to carefully
controlled flow rates. The rate of dissolution was observed with
standing water, a slow rate of flow (before incipient motion) and at
rates which produced sediment transport. These conditions were
repeated for weathered and unweathered samples. The unweathered
shale was grouped into two sizes.

A second experiment using a simple jar test was conducted to observe
the effects of dilution, agitation and contact time on EC values. For
the third laboratory experiment, simulation was conducted over a bed
of Mancos Shale using artificial rainfall in a tilting flume.
Velocity, total solute concentration and total sediment concentration
were measured for runoff over weathered Mancos Shale.

Soil description. The Mancos Shale used in all the experiments

is from the Grand Valley near Fruita, Colorado. Two layers were
removed. The upper weathered portion was approximately five inches
deep. The second, unweathered sample of shale was taken from a
depth of 5-12 inches below the surface. Table 2.1 lists the character-
istics of the shale.

The shale samples were greatly disturbed in the removal process
and in placement for the experiments. The shale was wet when

removed from the field. It was dried before storage.
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Table 2.1. Analysis of Mancos Shale samples used for laboratory tests

Saturation Extract - Not Corrected for Percent Moisture

(meq/1)
Percent EC ph Sand Silt Clay
Moisture (umho/cm @ 25°C) ---Percent----- ----
Wéathered 36 5667 7.65 19 52 29
Unweathered 33 13421 8.23 38 36 26
Cation
Na Ca Mg K Total
Weathered 27.10 27.00 27.00 1.00 82.10
Unweathered 128.00 18.00 29.00 1.00 176.00
Anion
HCO3 C1 SO4 Total
Weathered 1.88 1.13 78.00 81.01
Unweathered 1.25 1.35 172.50 175.10

2.1 Experimental Measurement of Salt Pick-up at Varying Flow Rates
(In a Cylinder)

The purpose of this experiment was to relate solute concentration
to carefully controlled flow rates. The rate of dissolution was
observed with standing water, a slow rate of flow (before incipient
motion) and at rates which produced sediment transport. These
conditions were repeated for two samples of Mancos Shale, weathered
and unweathered. The unweathered shale was grouped into two sizes,
small particles similar to the unweathered material and rock size

particles.

2.1.1a Experimental Procedure

The cylinder for this study is shown in Figure 2.1. An electric

motor mounted in the hollow inner cylinder produced circular flow



Figure 2.1.

Flow cylinder designed to

vary flow velocity over Mancos Shale samples.

Z
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required to fill the water sample. Timing of each of the runs
started when water introduction was complete and the water surface
was in contact with the rotating disc.

EC was measured by withdrawing a water sample from the lowest
port (just above the bed) at specified time intervals. Samples were
taken at 5, 10, 15, 20, 30, 40, 50, 60, 70, 80, 90, 105 and 120
minutes and their temperature was also recorded. They were returned
to the flow cylinder by pouring over the disc as in the beginning
of the run. The volume required for a measurement was approximately
0.5 liters or about 13% of the total water in the cylinder. Each
sample took between thirty and forty-five seconds from the time the
sample was removed (and the flow stopped) and returned. Losses
during the sampling were generally insignificant. At the completion
of the run, the so0il surface was changed by as much as 20 mm from
the original level. This was mostly the result of water intro-
duction and returning of samples. A separate run (W-4b) with omnly
one sample taken at completion (120 minutes) was done to check this
effect. Repeatability was also checked by doing three runs at the
same speed (W-3a, b, c). Between each EC sample, the motor speed
was measured so that a consistent value could be maintained. The

motor was connected to a variable-speed controller for this purpose.

2.1.1c Velocity Measurement

Average velocity for the depth of flow was measured by injecting
dye through a port and timing its movement. The window in the side
of the flow cylinder was adjacent to the upstream side of the injec-

tion point. The dye was viewed just as it completed one revolution.
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The velocity dropped off very quickly with distance from the plate.
The greatest mass of dye substantially trailed the leading edge
which was just below the plate. This large mass was assumed to be
representative of the average velocity.

Measurements were made with varying disc speeds. Measurements
at medium speeds (30-60 rpm) were most accurate. At high speeds, the
dye moved across the viewing window too quickly for accurate timing.
At low speeds the dye diffused and clouded the viewing window before
the leading edge could be detected.

1t was assumed that the velocity of flow over the small size
range of unweathered shale would not differ significantly from the
velocity of flow over the weathered shale. A curve (Sunday, 1979) was
used to détermine the average velocity for both the 'U' runs and the
'"W' runs. Separate dye measurements were made for the rock bed. The
average velocity was slightly lower (0.47 ft/sec, Figure 2.2) than for
the small size range of particles (0.50 ft/sec, Figure 2.3). This

resulted from the higher roughness in the rock bed.

2.1.1d Calculation of Average EC

The measured EC values were weighted according to the time

interval of sampling and averaged.

i =Z‘(tjECi)
It (3.1)

where ECi denotes the average of the EC values measured at ti 1 and

t. is the time interval of sampling.

He o - : < re s

»



26

2.1.1e Varitation of Parameters

The experimental runs were divided between tﬁose using weathered
shale (W-1 through W-6) and those using unweathered shale (U-1
through U-3 and R-1 through R-3). In W-1 there was no flow rotation.
The water and samples were introduced in the described manner to
contrast the runs with water movement over the sample. Next, a very
low rate of flow (8 rpm) was used. The repeatability of the results
was checked with a still higher rate (17 rpm) on W-3a, b and c. W-4a
was sampled in exactly the same way but at 33 rpm. W-4b was run at
33 rpm but with only one sample taken at the end of two hours. This
demonstrated the effect of sampling on the results. For the next
run, W-5, the rate was increased to 60 rpm which was sufficient for
bed motion. W-6 was at 82 rpm.

For the unweathered shale, U-1, U-2 and U-3 runs were performed
at 9, 58 and 77 rpm. Bed motion was noted at a higher velocity
(77 rpm) than on the weathered samples due to increased particle size.

Runs R-1, R-2 and R-3 also used unweathered shale using coarser
material than in the U runs. Rocks with diameters in the range 12.7-
76.2mm (0.5-3 inch) were placed in the cylinder as closely
packed as possible. These runs were done to contrast the U runs where

bed motion was an important factor.

2.1.2 Results

The changes in EC of the water as it was rotated over the various
samples of shale are shown in Figures 2.2 through 2.4 and in Table 2.2.
All the curves show that EC increases at a decreasing rate. The EC

vs time curves of Figure 2.2 show that dissolution rate of weathered

i



Table 2.2 Summary of data for the cylinder experiment.

Run Soil Dens- Motor Speed Avg. Vel. Avg. Vel-  Water Avg. EC Final EC
No. ity at top ocity Temp (at two hours)
(pcf) (RPM)  —------- ft sec ---=------ (°C)  mem=----- (umho/cm @ 25%)----~
W-1 84 0 0.00 23 460 700
W-2 101 7.1 0.37 0.19 23 660 850
W-3a 85 16.2 0.85 0.43 22 920 1260
W-3b 65 17.5 0.92 0.46 21 950 1260
W-3c 83 17.7 0.93 0.47 23 1040 1500
W-4a 77 32.9 1.70 0.85 19 1030 1480
W-4b 87 33.4 1.75 0.88 20 Uninterrupted 1360
flow
W-5 78 59.8 .13 1.57 22 1570 2100
W-6 82.0 4.10 2.05 21 1760 2310
u-1 82 8.7 0.46 .23 20 1660 2400
u-2 89 58.6 3.07 1.54 24 2850 3820
u-3 87 77.0 4.03 _ 2.02 18 3870 4080
R-1 63 . 45.4 2.27 1.07 22 1100 1460
R-2 56 79.8 3.99 1.88 21 1240 1540
R-3 63 103.6 5.18 2.43 21 1650 2220

Weathered Shale W-1 through W-6; Unweathered shale U-1 through U-3 (small size) and R-1 through R-3
(larger size)
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Figure 2.2. Temporal variation of EC for weathered Mancos Shale samples in cylinder
experiment. See text for details.

8¢



29

shale increases with increase in velocity of flow. The same trend
holds for unweathered crushed shale (Figure 2.3) and for unweathered
shale rocks (Figure 2.4). These curves also demonstrate that the
unweathered shale is richer in soluble minerals and that dissolution
rate decreases with increase in size of dissolving mineral particles.
The large impact of particle size on dissolution rate is demonstrated
in Figure 2.5. Note that the unweathered large particles of shale
dissolve slower than the finer weathered shale, although SMC is

higher in the former.

2.1.3Analysis of Results

Rate of dissolution is controlled by the solute concentration
gradient between the bulk solution (the main body of flowing water)
and the region near the surface of the dissolving mineral crystal.
It is also inversely proportional to the thickness § of this so-
called double-layer. & decreases as flow velocity increases and,
therefore, dissolution rate increased with increase in velocity as
depicted in Figures 2.2 - 2.5.

The rate of dissolution is also pfoportional to the surface area
of the dissolving mineral that is in contact with.the bulk solution.
This surface area is per unit weight or per unit macro-surface area
of mineral particles. Dissolution rates were, thus, larger for U
runs than for R runs.

The shape of the EC-time curves for the lab experiment can also
be explained. For a given run, the exposed surface area and § are
relatively constant. The only factor which affects the dissolution

rate is the diffusion gradient between the ¢ layer and the rest of
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the solution. As the flow becomes increasingly saline, this
gradient will decrease, causing a corresponding decrease in
dissolution rate. In general, one-half the final value of flow EC
(reached after two hours contact with the shale) was obtained prior
to twenty minutes. The diffusion gradient explanation suggests that
the lower velocities would reach the same equilibrium value in a

longer time period than the high velocity flows.

2.2 Dissolution Changes with Agitation and Dilution

2.2.1 Procedure
A jar test using varying concentrations of Mancos Shale in
water was designed to demonstrate the effects of agitation and
extended contact time between water and sediment on solute concentration.
Each sample of shale was exposed to three water samples of high
quality to demonstrate the effect of dilution on high solute

concentrations,

For jar test number one, 100 g of weathered Mancos Shale were
added to 2000 ml of good quality water and agitated for 30 seconds.
Measurements of EC were taken at 2, 4, 8, 12 minutes, 5 hours, and
43 hours after the agitation. The mixture was reagitated and sampled
at one minute and 24 hours. This agitation cycle was repeated until
the EC was not significantly increased by the agitation. At this

point, 1500 ml of water in the mixture was replaced with 1500 ml of
fresh water. Agitation and sampling were repeated until there were

no increases in EC measured in the water-sediment mixture. A third
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change in water was sampled in the same manner. The entire

procedure was repeated twice using 250g and 500g of weathered Mancos
Shale for jar tests two and three. The sampling intervals varied
according to the changes in EC. Temperatures were recorded for all
samples. EC of the fresh water was less than 10 pmho/cm at 25°C. The

results are summarized in Figures 2.6 through 2.8.

2.2.2 Results and Discussion

EC increased with time as a step function with agitation; it
increased immediately after agitation for the first three to four
minutes. The EC of the sample then remained nearly constant until
reagitated. The increases were most significant in the dilute
solutions.

Replacing part of the high concentration water with clean water
significantly reduced the initial EC of the sample. However,
agitation increased the EC in the water more than in the original
sample. Most of the second and third water samples approached the
high EC levels of the initial sample with continued agitation. This
suggests that the plateau level of EC attained by the runoff in
hillslope studies represents incomplete dissolution (see Chapter 3). Mixing
high concentration runoff with more dilute flow would most likely
result in continued leaching of salt from the sediment. This sub-
stantiates results demonstrated by Laronne (1977) where dissolution of
sediment was found to be more complete as sediment concentration

decreased.
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2.3 Simulation of Direct Runoff and Rainfall-Induced Runoff

Runoff over Mancos Shale from simulated rainfall in a flume with
an adjustable slope was measured to determine changes in EC in the
flow at three locations upslope of the outlet. The effect of initial
soil conditions on salt pick-up, and the relationship between total

sediment load and EC in the flow were also investigated.

2.3.1 Experimental Facility

The CSU Indoor Rainfall Facility was utilized as the base facility
in this laboratory experiment. The rainfall facility consists of a
18.3 x 1.2 m metal and plexiglas flume with 40 plexiglas reservoirs
(rainfall modules) suspended 2.82 meters above the floor of the flume.
The rainfall modules are 61 x 61 cm, with 576 capillary spaced at 2.5
cm. There are over 23,000 capillary tubes, each with an inside
diameter of 0.56 mm and which produce a mean drop diameter of 3.63 mm.
The facility has the capability of producing either a uniform or a
spatially varied rainfall over a 12.5 x 1.2 m basin with intensities
varying from 2.5 cm/hr to 12.7 cm/hr. .Slopes can be varied by
mechanically altering the slope of the flume between 0 and 3-1/3
percent. The basin consists of a 12.7 cm thick layer of soil placed
on the impermeable metal bottom of the flume. A soil suction system
keeps the soil from becoming totally saturated during a rainfall event.

For the laboratory simulation in this phase of the study, a
masonite flume was laid down the center of the rainfall facility so
the actual study area was just 0.305 m wide. The narrower basin was

used to conserve soil without drastically reducing slope length.
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The soil profile in the laboratory basin consisted of three
different soils. The bottom layer on the impervious flume bottom
containing the soil suction system was a sandy loam from the area
east of Ft. Collins. This layer was approximately 7.6 cm thick. A
2.5 cm layer of fractured unweathered Mancos Shale from the West
Salt Creek basin was then packed in. The surface layer consisted of
a 2.5 cm layer of weathered Mancos Shale, also from the West Salt

Creek basin (see Figure 2.9).

2.3.2 Data Collection and Sampling

The facility is equipped with a critical depth measuring flume
and stage recorder which allows for a continuous record of discharge
at the end of the experimental area. Due to the constriction of the
flow at the measuring flume, this location was used to take water and
sediment samples. A vacuum bottle was used to take water samples of -
the overland flow on the basin without disturbing the bed. Flow
velocity measurements were estimated from average travel times of
Rhodamine WT dye. The dye was injected in a line source across the
30.5 cm width and the peak concentration was observed as it crossed
a cross section some specified distance downflume,

Four separate data collection runs were made with this laboratory

set-up.

2.3.2a Storm 1
Storm 1, on a 6.4m long 3-1/3 percent slope, occurred on a surface

layer that was initially dry with a powdery consistency. A steady
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rainfall intensity of 12.4 cm/hr was applied for 70 minutes. Water
quality samples were taken 2.1 m and 4.3 m from the top of the

basin and at the end of the flume. Water discharge was also recorded.

2.3.2b Storm 2

This storm was generated on the same basin as Storm 1, 12 hours
after drying. The soil surface was still wet and had a very sticky
consistency. Steady rainfall of 13.1 cm/hr was applied to the study
area for 130 minutes. Water discharge and travel time were also

recorded.

2.3.2c Storm 3

Storm é took place on a 6.4 m slope at 3-1/3 percent. The surface
was prepared with fresh weathered Mancos Shale placed into the flune
with a dry and powdery consistency. The shale was then wetted and
packed by walking on it. The surface was aliowed to dry forming a
cracked surface crust (Figure 2.10). The soil surface appeared to be
similar to that observed in the West Salt Creek basin and to the
Mancos Shale surfaces dcscribed by Laronne (1977). Rainfall was
applied to the basin for 120 minutes. During this time water quality
and sediment samples were taken at the end of the flume. Water
quality samples were also taken of the overland flow at 2.1 m and 4.3 m
from the top of the basin. Flow velocity data was taken and a

continuous record of discharge was kept for this storm.

2.3.2.d Baseflow 1

For this data collection run, water was applied to the top of a
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12.5 m slope at 3-1/3 percent. The application was made uniformly
across the flume width with a head box. There was no rainfall

in this study. The soil surface was prepared in a similar procedure
as the soil in Storm 3. The resultant soil surface had the same
cracked, crusty appearance as that used in Storm 3. A flow rate of
190.5 cm3/sec was applied for 200 minutes. Discharge, water quality
and sediment samples were collected at the end of the flume while
flow velocity data was collected on the basin. -Water quality samples

were taken at 3.05, 6.10 and 9.14 m from the top of the basin.

2.3.3 Results

Figures 2.11 and 2.12 present the temporal variation of EC with
distance downslope for storms 1 and 2. The runoff at the beginning
of storm 1 was high in EC, but EC rapidly dropped to a rather unstable
value not only for the water quality samples taken at the end of the
tlume, but also tor those taken midslope. An initial high EC with a

consistent asymptotic decrease characterized storm 2.

Figure 2.13 presents the EC versus time data for
storm 5. The dry crusted surface produced a very high EC value
relative to the initial value for storm 1 and 2 after 20 minutes.
Once again EC decreased with time and with distance downslope. The
compaction and drying of the surfaces only affected the EC in that the

initial values were higher and the salt‘loading stabilized much faster

than with a dry powdery initial soil condition.
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2.3.4 Analysis of Results

The temporal variation of solute concentration in rainfall-
induced runoff (Figures 2.12 and 2.13) follows a general downward
asymptotic path: EC is initially high due to the large concentration
gradient between the bulk solution and the soil solution; it
decreases with time because the soil is leached with a resultant
decrease in the above-mentioned concentration gradient. Runoff EC
did not appear to decrease asymptotically during run 1 (Figure 2.11),
possibly because of induced upflume erosion and concommittant solute
release at the head of the flume as the experiment progressed. The
general shape of the EC vs time curve was, however, maintained in the
direct runoff experiment (Figure 2.14).

The downflume increase in EC was maintained during the baseflow
run due to 1) a downflume increase in sediment concentration and
2) a downflume increase in contact time between runoff and transported
sediment. Runoff EC was highest at the head of the flume during runs
1-3 because erosion of the tlume bed was restricted to the upper
flume section (compare Figures 2.15 and 2.16) and because the runoff
was diluted by rainfall in the central and lower sections of the flume
(for further details consult Achterberg, 1981).

The effect of sediment transport on solute concentration is as
important as that of contact time. Figure 2.17 depicts the temporal
variation of water discharge, EC and sediment concentration during
Run 3. Although sediment concentration rose 70 minutes into the
run, the general downward asymptotic trend of EC with time may be
assigned to the same trend in the concentration of soluble mineral

bearing transported sediment.
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CHAPTER 3

HILLSLOPE STUDIES

The objective of these studies is to trace salt loading through
the movement of sediment and solutes in runoff from hillslopes. Two
field studies were conducted in the Grand Valley, Colorado: 1)
Application of direct runoff on hillslopes with a perforated pipe, and
2) generation of runoff with an artificial sprinkling system. Measure-
ments were taken and data were analyzed to determine the effects of
hillslope angle, types of flow (rills, overland flow, or a combination
of both) and duration of flow events on the magnitude and spatial

trend of solute yicelds.

5.1 Experimental Setups, Procedures and Observations

3.1.1 Hillslope Study 1

The first hillslope study (Hillslope Study 1) was conducted
during June and July of 1977. The location of the study area is
north of the Grand Junction airport, in the Indian and Leach Creek
basins (see Figure 3.1). The chosen sites had a typically low
vegetation cover and contours that developed into two, well-defined
rills near the bottom of the slope. These were used to assess cross-
slope variability. Hillslopes ranging from sixteen to seventy-one
percent were studied (Figure 3.2). The total length of the runs was
in the range 12.2-76m (40-225 ft.). The underlying bedrock
raterial was gray or dark gray Mancos Shale. About half of the areas
chosen were covered extensively by calcareous cemented sandstone. The
selected hillslopes represent well the variation in slope angle, rill
development, vegetation cover and soil crust appearance throughout the outcrop

areas of Mancos Shale in the Upper Colorado River Basin (see Table 3.1).
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TABLE

3.1 Genevalized Description of Plots, Hillslope Study I

Extent of Surfuace

Covered by Inclination From
Lxperiment  Underlying Calcarcous Cemented  Station A to llillsiope
Plot Number Date Bedrock Sandstone Station Dy Faces Disturbance Remarks
I-3 6/26 gray extensively 23° S 1 off-road vehicle hummocky with few
Mancos Shale track at bottom animal (gopher?)
holes
1-4 6/26 gray extensively 17° N ibid at top and ibid, more holes
Mancos Shale at bottom
1-5 6/27 dark-gray hardly at all 32° E undisturbed two sandy stata
Mancos Shale rich in gypsum
crystals
I-0 6/27 dark-gray hardly at all 29° WSW undisturbed several holes
Mancos Shale between stations
C2 and D1
I-7 6/28 dark-gray - somewhat 17° S undisturbed same as above,
Mancos Shale ~10% vegetative
cover, very hummocky
I-8 6/28 gray extensively 11° S few Cattle footprints serve as
Mancos Shale footprints miniature ponds
I-9 6/29 gray extensively 7° WNW few cattle footprints serve as

Mancos Shale

footprints

miniature ponds




3.1.1a Experimental Set-up

Flow was supplied using a perforated four-inch PVC pipe and a
constant head tank. Samples were taken approximately five, fifteen
and thirty feet downslope (stations A, B and C, respectively) and
also where the end of the slope entered a channel (as well as further
down-channel, stations D1 and DZ). Sampling was continued for up to
three hours after the leading edge of the flow reached the sampling
station. At the fifteen and thirty foot stations, samples were taken
at two locations across the slope. Figure 3.3 shows a typical field
set-up used during Hillslope Study 1; exact sample sitesAfor data
collection are shown in Figure 3.4. Relatively high quality water,
450 umho/cm @ 25°C and 100 ppm suspended solids was supplied by a
local artesian well service. The water was trucked to the site and
fed as necessary into a 30-gallon constant head tank. A single 50.8cm
valve was located at the bottom of this tank to regulate the outflow
between the tank and outlet device. The outflow then passed through
a 50.8 cm (2'") 'tee' connected to two 25.4 cm (1") hoses. The two
hoses led to the outlet device, which consisted of a 3.66 m (12 ft)
long, 50.8 cm (2") piece of perforated (3.2 mm holes) PVC pipe. One
hose was attached to each end of the PVC pipe and the pipe was laid
across the top of the slope. Water was then applied to the slope at
a nearly constant flow rate ranging from 0.51 to 0.57 1/sec (0.018 to 0.02
cfs). The flow of water from individual holes was dampened by wrapping
a fabric around the pipe; this ensured a uniform flow which also
minimized soil erosion at the outtall.

The direct application of water at the top of the slope deter-

mined the flow conditions. Due to the micro-topography of any



Figure 3.3. Photographs of field setup, Hillslope Stuay I: (a) general
view and (b) dark surface indicating surface flow. Note the
shallow, rilled and somewhat hummocky appearanceof the surface.
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particular slope, the water was concentrated into a small area,
rather than uniformly wetting the hillslope surface. Anastomosing
overland flow was geﬂerated downslope of the pipe on all hillslopes
except those steeper than 30°. The steeper hillslopes were typically

rilled before runoff was generated.

3.1.1b Experimental Procedure

Samples were collected at regular time intervals at various
locations on the hillslope. Approximately half of the collected
runoff samples were filtered to prevent further dissolution of the salt
from the sediment into the water. Electrical conductivity measure-
ments of the samples were taken in the field at the time of collection.
For further analysis, the samples were shipped to the Natural
Resources Lab at the University of California at Davis, where most
underwent a complete analysis for: 1) total solute concentration, 2)
suspended sediment concentration, 3) ion specie determination and
4) content of solutes in sediment.

An operator was located at stations A, B1 and Cl' Each operator
was supplied with a data sheet which instructed him to sample the
leading edge of the overland and/or rill flow (zero minutes) and to
collect additional samples at 2, 4, 6, 8, 10, 12, 15, 20, 30, 45 and
60 minutes after the leading edge. Operators were given a box of pre-
marked half-quart sample bottles. One of the operators was required
to note the time the leading edge reached each of the stations. When

the sampling time intervals for station A became large enough (i.e.,

15 minutes), the operator at station A moved to station Dl' In a
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similar manner, the station B, operator transferred to station D

1 2’
leaving operator Bl to collect the remaining samples at stations A,
Bl and B2.

The sample bottles were each marked with the station letter, the
sample number (time) and the run number. All bottles numbered 0, 4,
8, 12, 20, 30, 45, 60... were immediately brought to the analysis
station for EC determination. Samples 0, 8 and 30 were also filtered.
Samples 2, 6, 10 and 15 (i.e., 2, 6, 10 and 15 minutes after the
leading edge) were brought in for laboratory analysis only at the end
of the run.

Much care was taken not to disturb the rill/overland flow, nor
to cause erosion due to sampling. This was achieved by constantly
changing the shape of especially prepared aluminum funnels to suit a
given sampling situation. Broad flat funnel shapes were used for
overland flow (also to decrease the sampling time) and narrow funnel
shapes were used in rills.

Soil samples were taken before and after each run. Samples of
both the crust and the underlying materials were collected at each
of the sampling stations. Table 3.2 describes the numbering system
for soil samples at two different plots.

Time-lapse movies were taken during each run. The film speed was

set at either 1 or 1/2 frames per second.

3.1.1c Observations During Flow

Site I-1 was selected for preliminary testing with a short pipe
runoff generator and results were, therefore, not analyzed. Site I-2
was performed with poor quality water. Results from plots I-3 through

I-9 are given below.



Table 3.2 Description of numbering system of soil samples.

Wet Surficial Underlying

Plot Dry Crust Dry Material Material Wet Material Nearest
Number 0-5cm 5-25cm 0~5cm 5-25cm Sampling Station

1-8 1 2 3(3) 4(P) A

5 6 7 8 B2

9 10 11 12 C2
1-5 1 2 3 4 A

5 6 7 8 B1

9 10 11 12 C1

13 14 15 i6 D1

17 18 19 20 D2

(a) The wet surficial material was collected from both rill and inter-rill
areas.

(b) The sampled underlying material at times included at the bottom dry
weathered bedrock into which the wetting front did not penetrate

Table 3.5 Timing of rill flow appearance and velocity of leading edge of flow.

Average Velocity (£fps)

Slope Overland Time (min.) of Leading Edge of Flow
Run (degrees) Rills Flow to Rill From Field Notes From Movies
1-9 7 X 0.03 0.07
1-8 11 X X 40 0.06 0.06
1-7 17 X X 8 0.03 0.03
1-3 17 X X 15-20 0.03 0.04
I1-4 23 X X 2-6 0.03 0.03
1-6 29 X 4-5 0.09 0.10
I-5 32 X slope initi- 0.15

ally rilled
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The timing of the rill formation listed in Table 3.3 should be
carefully noted. The mildest slope never rilled. Rills formed on
I-8, but after a much longer time than on the steeper slopes. Runs
1-8 and I-7 had very shallow, surface rills only. Runs I-3 and I-4
formed noticeable concentrations of flow followed by rills which
deepended for the next four to five minutes. The much steeper slope
of I-6 had surface rills at four minutes and after five minutes there
was no overland flow, only a few deep rills. Run I-5 was on a slope
that was initially very rilled. The number of rills deepened sub-
stantially after eight minutes; the total depth was 17.8-25.4cm (4-10") at the
end of the run. The two steepest runs had mud and slug flows in the rills.
Velocity of the leading edge of flow was calculated using time of
arrival at kﬁown distances from field notes. Independent observation
of timing using time-lapse movie films was in reasonable agreement

with these results.

3.1.2¢c Hillslope Study IT

Hillslope Study II was conducted in the West Salt Creek and East
Salt Creek Basins, approximately nine miles northwest of Mack, Colorado
(see Figure 3.5). Slope length varied from 11 to 22.6m (36-74ft).
All slopes chosen were slightly concave so all of the water applied to
the slope could be collected at one point. The angle of the slopes
ranged from 15 to 41 percent. This study was conducted in order to
reinforce the conclusions drawn from the first study by using an
experimental set-up that more closely simulated a natural rainfall-

runoff event.
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3.1.2.a Experimental Set-up

Water was supplied by the same artesian well service used for
Hillslope Study I. The water was trucked to the sites with a 1600
gallon tank truck. The truck had been used exclusively for hauling
water so there was no chance for contamination by foreign substances.
It was equipped with a five-horsepower pump that supplied water to
a series of three sprinkler risers. Each riser had two 25.4cm (1") brass
sprinkler heads. The risers were connected in series using one-inch
plastic line. Each riser had a flow regulator that was used to vary
the flow to the sprinkler heads. This provided a reasonably uniform
areal coverage for each sprinkler head. Three rainfall gages which
were spread over the hillslope measured the rainfall distribution (Fig. 3.6).
The leﬁgth and width of the wetted surface was measured after
each run. The distance between the risers was carefully measured
for use as a scale in the time-lapse movies.
A collection funnel was designed and built to collect all of the
runoff at the bottom of the slope. A hole was dug below fhe weir and
a bucket positioned in the hole to catch the flow. The flow rate
was measured and all samples were taken below the weir. An EC
monitoring station was set-up adjacent to the collection weir. Figures

3.4b and 3.6 show a typical experimental set-up.

3.1.2.b Experimental Procedure

One operator was assigned the job of foreman. His job was to
coordinate all operations, take photographs and make general observa-
tions and notes. Three additional operators were stationed at the

collection weir. The first operator measured the flow rates. The



Figure 3.6.

Photograph of typical field arrangement, Hillslope Study II.
sprinklers.

Note the spatial coverage of the

79
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second operator collected samples at specified time intervals. The
third operator immediately measured and recorded the EC values of the
samples.

A number of soil samples were taken prior to each rum, and all
sample bottles were labelled with their collection time and run
number. Time-lapse movies were taken during each run. The exposure

rate was set at 0.5 frames per second.

3.1.2.¢c Observation During Flow

Unlike the generation of runoff at the top of the hillslope in
Hillslope Study I, the entire sprinkled area was wetted and produced
runoff in Hillslope Study II. Table 3.4 summarizes the types of

encountered flow and the timing of rill flow appearance.

3.2 Results of Hillslope Data

3.2.1 Variation of Flow with Hillslope Inclination

Analysis of the data in Table 3.3 shows that overland flow and
rill flow were generated on hillslopes with intermediate inclinations.
The time to rilling was lengthened as hillslope inclination decreased.
The mildest slope produced only overland flow and the two most steep
slopes only rill flow; hillslope I-5 (32°) had an initially rilled
surface.

The mild and intermediate inclined hillslopes in the second study
(Table 3.4) produced both rill and overland flow. Hillslope II-2
(32°) produced only rill flow. Time to rilling did not correlate
as well with hillslope inclination for the artificial rainfall runs

as it did for the first set of runms.
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Table 3.4. Types of encountered surface flow and timing of rill flow

appearance, Hillslope Study II.

Slope Time (min.)
Run (degrees) Rills Overland Flow to Rill
I1-8 15 X X 25
I1-1 16 X X 16
-7 20 X X 25
II-6 20 X X 16
II1-3 25 X X 15
I11-4 30 X
I1-2 35 X immediate

I1-5 41 X
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3.2.1 Electrical Conductance (EC) as a Measure of Solute Correlation

(sC)

Detailed stoichiometric determinations of iom concentration are
expensive and time consuming. However, specific electrical conduc-
tance (herein denoted EC) is a measure of the total positive
(cationic) or negative (anionic) charge in electrolytes. Although
the electrical charge of ions varies with ion species, it is quite
constant for natural aqueous solutions containing typical solutes.
Therefore, EC is a reliable measure of total solute concentration
(herein denoted SC).

For high quality water it is customary to use the empirical
relationship

SC = k EC (3-1)
where k=0.65, concentration is expressed in mg/1 and conductance
in upmho/cm @ 25°C. Such a linear relationship breaks down when a
wide range of solute concentrations are considered because of ionic
pairing and the formation of ion complexes. Hence, k increases as
SC and EC increase.
The relationship between EC and SC is shown in Figure 3.7 for

our data. The regression curve is
2

SC = 5.3-10°° EC® + 1.05EC-348.4 (3-2)

A similar relationship was found by Laronne (1977).
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3.2.3 EC vs Time

Figures 3.8 through 3.14 show the temporal variation of EC
from the onset of water application at different stations for Hillslope
Study I. Note that sample collection was initiated at each station
with collection of the leading edge of flow and, therefore, the first
data point for each station is gradually moved to the right along the
abcissa from station A to station D2.

The temporal variation of EC cannot be expected to be identical
for all runs and stations because each has inherent characteristics
of type of encountered flow, soluble mineral content and mineralology
of soluble minerals.

All stations exhibited an initial high EC when compared to the
EC of the aﬁplied water. The smallest increase, about 25% (550
pmho/ cm at station A, Figure 3.14), took place at the beginning
of overland flow in the mildest hillslope. EC continued to increase
for a few minutes at all stations in Figures 3.8-3.10 inclusive, or
else reached a maximum value for the leading edge of flow. There-
after, EC decreased exponentially in most stations.

The decrease in EC was not continous for all stations. Rather,
a second EC maximum appeared later in the run at several stations.
(e.g., at Bz,Figure 3.9; at BI’ Figure 3.11; B1 and Cl’ Figure 3.12;
and most notably at all stations, Figure 3.13).

Figure 3.15 shows the temporal variation of EC from the onset
of sprinkling for Hillslope Study II. The variation of EC with
time also varies among these hillslopes. The quality of runoff
generated in these runs also exhibits initial high EC values in

comparison to the applied rainfall. Similarly, the temporal trends in
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EC exhibit either one or two maxima. No distinct decrease in EC with
time was noted in runs II-2 and II-3 for which only few water samples
were analyzed. Note that runoff was collected only at the bottom

of the hillslope in this study.

3.2.4 Cross Slope and Downslope Variations in EC

Comparison of EC values across a hillslope (B1 with B, and/or Cl

2
with C2) shows a small spatial variation. This variation is par-
ticularly small, generally less than 10 percent, considering that
comparable EC-time curves must be horizontally shifted, i.e., the
comparison should be undertaken on an EC-time (from leading edge of flow)
set of coordinate axes. For example, EC values at station C2 {(Figure
3.9) are cogsiderably higher than C1 at a given time, but they do not
differ as much when both curves are horizontally shifted to the begin-
ning of the abcissa.

Downslope variations in EC exhibit two distinct trends. EC
increases downslope in all but few occasions. Also, the temporal
maximum in EC flatten downslope considerably, a trend which is

particularly noteworthy in Figures 3.8-3.10. The downslope increase

in average EC during each run is shown in Figure 3.16.

3.2.5 EC vs Hillslope Inclination

Possibly the most important and useful result of the hillslope
studies is the observed correlation between the steepness of a
particular hillslope and the average EC values of the runoff from the
hillslope. Table 3.5 shows hillslope steepness, flow velocity or
rainfall rate, the maximum, minimum and average EC values of the
runoff from each of the hillslope runs, as well as the respective flow

types. The average EC values are plotted for the study in Figure 3.17.
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Table 3.5 Summary of llillslope Study Data

A. Hillslope Study I (Q=0.02 ft3/sec

Slope Estimated Flow EC o
Run No. (Degrees) Velocity (ft/sec) (pmho/cm §§“25 ) ) Remarks
Max. Min. , Avg.
I-9 7 0.03 900 500 600 Overland
-8 11 0.06 2000 950 1490 Overland
I-3 17 0.03 2500 1650 2190 Overland
1-7 17 0.03 1600 850 1115 Overland
1-4 23 0.03 2700 2250 2500 Overland
1-6 29 0.09 2900 1600 2388 Overland
I-5 32 0.15 6000 2100 3800
B. Hillslope Study II
Slope Rainfall Rate EC

Run No. (Degrees) (inches/hour) (urtho/cm at 25° C) Remarks

Max. Min. Avg.
11-8 15 1.68 2500 1300 1585 Overland
I11-1 16 0.98 1900 300 1385 Overland
11-7 20 0.58 2100 850 1225 Overland
11-6 20 1.67 2000 700 1430 Overland
I1-3 25 1.50 2000 1950 1990 Overland
11-4 30 2.68 1750 1250 1500 Overland
11-2 35 0.99 2750 2750 2750
I1I-5 41 0.82 2350 1600 2040

Study I Study II

Correlation coefficient (r)
of EC vs slope 0.795 0.813
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flow

flow
flow

flow
flow

flow
flow
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flow
flow
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A correlation coefficient (r) of 0.795 and 0.813 was found for
Studies I and II, respectively. Runs 11-4 and 11-5 were located on

alluvium. As would be expected, the runoff over these slopes had

much lower EC values.
5.3 Discussion

3.3.1 Downslope Variation of EC

Solute concentration should consistantly increase‘according to
principles of dissolution kinetics as long as the bulk solution
(flowing water) is undersaturated with respect to any mineral specie.
Dissolution rates typically decrease with time at a constant
temperature, pressure and given size of dissolving particles. This
explains the continous increase in EC in the downslope direction at
a given time witH few exceptions. Minor variations may be accounted
for by measurement errors and by short-term variations in EC due to
sampling of runoff at an upstream location. The downslope increase
in EC 1is particularly noteworthy when comparing average EC of gener-
ated runoff for the two hillslope studies. Both ovérland and rill
- flow in the first study incorporate additional solutes as they move
downslope due to 1) longer contact with dissolving minerals on the
hillslope surface, 2) longer contact with transported sediment particles,
and 3) increased concentration of sediment. EC must, therefore, in-
crease downslope at a slower rate in runoff generated by rainfall
that dilutes the runoff downslope and transports less sediment.

3.3.2 Flow Velocity and Flow Type

The primary objective of this study was to determine the role of
sediment transport in solute pickup. Therefore, variables related to
sediment transport were analyzed in light of the solute concentration

data presented in sections 3.1 and 3.2.



81

Correspondence of higher flow velocities, more rilling and in-
creased rill erosion on the steeper hillslpes with higher flow
salinities is indicated by the data in Table 3.5 and Figure 3.1.
Given the assumption of a nonvarying soil cover (in terms of
infiltration characteristics, erodibility, SMC and minerology of
soluble minerals), as hillslope gradient increases so does the
power available for sediment transport increase. This may be illus-
trated by the following equation:

0 =qpgs (3.3)
where @ is the available stream power per unit width, q 1s discharge
of surface flow per unit widthand g,p and S denote mass density,
acceleration due to gravity and hillslope gradient, respectively.

The limiting step for the rate of dissolution of minerals may be
governed by primary chemical reactions, diffusion kinetics or by the
rate of transport (i.e., the velocity, and associated turbulence)
of the flow. Because both chemical and diffusional kinetic principles
appear to governthe rate of solute release from Mancos Shale and
alluvium (Jurinal, Whitmore and Wagenet; Laronne, 1981), it is evident
that solute release should increase as more sediment 1s entrained
and transported by the flow. This conclusion is based on higher
solute gradients between transported sediment particles and the
solvent (the main body of flowing water) than the respective gradient
in soil water. These differences in gradient are due to differences
in flow velocity.

Not only does 2 increase with S, but it increases sharply when
rilling takes place. Therefore, rilling is conducive to high rates
of soil erosion. This explains the positive correlation between
solute concentration (EC in Figures 3.8-3.15) and slope inclination,

flow velocity and rilling.
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3.3.3 Temporal Variation of EC

The EC vs time curves consist of an initial maximum, at times
with a subsequent second maximum, and thereafter an asymptotic type
decrease. The initial maximum may be explained as a surface flushing
effect. Highly erodible weathered particles and accumulations of
soluble minerals account for this first stage. This may be seen by
comparing the temporal variation of sediment concentration (Figures
3.18 and 3.19) with the EC vs time curves (Figures 3.10 and 3.13,
respectively). Note the contemporaneous increase in both EC and
sediment concentration for thcse hillslopes. These observations agree
with the high correlation found by Ponce (1975) and White (1977)
between EC and sediment concentration.

The statistical correlation between sediment concentration and
EC is further manifested in Run I-8 (Figures 3.13 and 3.19) where a
rilling late in the run accounts for increase in both sediment
concentration and EC.

It should be noted that the initial increase in EC at a given
location and the subsequent asymptotic decrease of EC could not take
place if the flowing water had been equilibrated (saturated). Basic
dissolution kinetics dependent on solute gradients account for much

of the initial high EC values and their subsequent decrease.

3.3.4 Role of SMC in Solute Pickup

The second temporal peak in EC during run I-8 results not only
due to the rilling and increase in sediment concentration, but
particularly due to the high SMC of the underlying material. Table

3.¢ shows the salinity potential of crust and underlying less weathered



70000
60000}
50000

40000}

30000

Sediment concentration, ppm

20000

-0
10000 I S
A~ g
0 — |
0 60 70 80 90

Time from leading edge, min

Figure 3.18. Temporal and spatial variation of sediment concentration, plot I-5. Note that sediment
concentration is almost linearly related to sediment load due to low seepage losses.

¢8



18000

16000 / \

Sediment concentration, ppm

1 [ J
0 0 20 30 40 50 60 70 80 90 00 110
Time from leading edge, min

Figure 3.19. Temporal and spatial variations of sediment concentration, plot I-8. Seepage losses
were larger than on plot I-5.

78



35
material of Mancos Shale. This potential is denoted by the EC of 1:99
soil:water extracts. Note the substantial higher SMC of underlying
material in comparison to the crust, as discussed in detail in section

A.1 of the Appendix.

Table 3.6. Salinity potential of the crust and underlying less

weathered Mancos Shale in runs I-5 and I-8, HillslpPe Study 1I.

RUN I-5 RUN I-8
Distance EC (umho/cm) Distance __EC_(pmho/cm)
pownslope Crust  Underlying Downslope Underlying
(ft) Material (ft) Crust Material
dry wet
7 600 900 1700
19 620 925 12 50
28 " 760 925 28 350
82 850 44 50 1600 875
190 800 625

The role of SMC on solute concentration of generated runoff is
minimized in comparison to the role of sediment transport. EC values
as high as 2000 umho/cm characterize the runoff in run I-8 during
rilling (Figure 3.13), one hour after the beginning of runoff
generation. In comparison, EC values are in the range 2000-5000
uinho/cm one hour into I-5 (Figure 3.10) because the niillslope
inclination, flow velocity and resultant sediment concentration are
higher in. this run. This difference in solute yield took place even
though the eroded material in run I-5 (i.e. the underlying material of

Table 3.6) contained half as much soluble minerals.
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3.3.5 Role of Sediment Transport in Solute Pickup

The discussion of the spatial and temporal variations of EC in
sections 3.3.1-3.3.3 relies partly on basic theory of dissolution
kinetics, but also on statistical relations between hydraulic,
hydrologic and geomorphic processes and EC. The effect of increased
flow velocity and turbulence {(Chapter 2}, in fact, also relies on
dissolution kinetics theory.

A more straightforward, causal relationship between sediment
transport and solute pickup is, however, necessary. The missing
link prooving a causal relationship must necessarily rely on actual
quantities of solutes released from sediment transport. This informa-
tion is available in two forms. The sediment filtered from the runoff
samples of étudy I1 was analyzed for salt content and ion concentra-
tions (Table 3.7). The average EC values of 1:5 soil-water extracts
of these sediment samples for each of the runs indicate that substanial
quantities of soluble minerals were still present in the sediment;
these have the potential to increase the solute content of a higher
quality diluting source (e.g., Colorado River water). Calcium and
sulfate were the dominant ions in the sediment which indicates that
Gypsum is the main source of salinity from sediment transported from

these hillslopes.

Table 3.7. Average EC of 1:5 soil-water extracts of suspended

sediment sampled from runoff, Hillslope Study II.

Run No. 1 2

w
I~
(%a]
(o)
~J
oo

Average EC
(pmho/ cim) 980 1700 1300 200 1500 1200 650 750
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The above-mentioned filtration was undertaken in the laboratory
and only indicates the potential for salt release from transported
sediment. However, many runoff samples collected during runs of
Hillslope Study I were immediately filtered in the field. Because of
the large number of filtered samples and the actual time needed for
filtration, the runoff samples were filtered approximately 5 minutes
after collection (see Appendix 2 on extent of delay, Tty of
filtration). Ty was in the range 1-35 min; smaller ty values
would have necessarily brought about larger differences between EC
of paired filtered and unfiltered runoff samples. Table A-3 of the
Appendix summarizes EC data for filtered and unfiltered runoff samples.
Analysis of this data shows that the increase in solute concentration
due to continous dissolution of soluble minerals from the transported
sediment averaged 32.3 percent, varied between 12.7 and 86.9 percent
within each run and between 4.8 and 115.3 percent within each
measuring station. Only two such comparisons between filtered and
unfiltered samples yield a decrease larger than 3 percent, the latter
value being a reasonable measurement error.

Figure 3.20 (a) depicts the mean measuring station increase in EC
with distance downslope. Note that for all runs (except I-8) the
increase in EC for unfiltered as compared to filtered runoff samples
decreases downslope. This trend is explained by higher sediment
concentrations associated with increase in distance downslope. A
higher sediment concentration has been shown (Laronne, 1981) to increase
the initial rate of dissolution. The actual increase in EC due to
continuous dissolution from transported sediment decreases from 70
percent near the hillslope divide to 30 percent at the bottom of the

hillslope.
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The average solute concentration in runoff also affects the
increase in EC (Figure 20.b). This trend also conforms to principles
of dissolution kinetics (Laronne, 1981).

It cannot be overstressed that the data in Table A.3 shows the
causal relationship between sediment transport and solute pickup.

Additional quantities of solutes would have necessarily been added if

t . values were shorter; moreover, solute yields also increase upon

d

dilution of such partially equilibrated runoff with higher quality

river water.

The specific ion data (Table A.4 of the Appendix) of both filtered
and unfiltered I-5 and I-9 runoff samples is of utmost importance. It
not only proves that transported sediment contributes significantly to
runoff salinity, but also clarifies which minerals contribute most
significantly.

Comparison of ion specie concentrations (meq/l) for filtered and
unfiltered run I-5 and run I-8 runoff samples shows the following
temporal trends within the soluble transported sediments: (804)/(HC03),
(Ca), and (Ca)/(Na) increase while (Na) stays approximately constant
with contact time for 1-8 samples. (Na) and (Mg) increase, (Ca)
remains approximately constant and (SO4)/(HC03) = 7.

Comparing the temporal trends in ion specie concentrations between

I-5 and I-8 samples shows that [(Na)+(Mg)]/(Ca)I_5>>[(Na)+(Mg)]/(Ca)1_8,

and that (C1)1_5=7(C1)I_8.
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These results indicate that due to the high salinity of I-5 runoff
which is already saturated with respect to Gypsum at the hilltop,
increase in salinity from dissolving sediment is achieved primarily by

the dissolution of very soluble minerals - sodium-magnesium sulfates.

The runoff of run 1-8 has lower sediment concentrations and, therefore,
continuing lower solute concentrations; the main salt enrichment
mechanism is one of continued dissolution of Gypsum.

It may be concluded that the chemical quality of runoff, and not
only its total solute concentration, is strongly controlled by sediment
entrainment and, consequently, by sediment concentration. In this
connection, it may be illustrated that the average sevenfold higher
chloride concentration of I1-5 runoff samples (relative to I-8 runoff
samples) is a direct result of the a?erage sevenfold higher sediment
concenteation (7000 ppm for [-8 vs 32250 ppm for I-5) involved. Being
highly -oluble, chloride salt (i.e., evaporite) concentrations would

be expected to increase linearly with sediment concentration.



CHAPTER 4

SEDIMENT AND SOLUTES IN WEST SALT CREEK

Laboratory investigations and simulation of salt loading with
particular emphasis on the role of sediment transport have clarified
the pertinent processes operating on hillslopes. Similarly, under-
standing the temporal and spatial trends in sediment and solute yields
from hillslopes is needed to explain the more complex variability of
water quality in channels. The objectives of the watershed study were
1) to investigage the role of sediment transport in salt pickup 2)
to develop a procedure for estimating expected flow peaks and volumes
from West Salt Creek, and 3) to estimate the salt loading from the
Grand Valley in general and from the test basin in particular (see
Chapter 5). Section A.5 in the Appendix deals with the first objective
in a river confluence study and Section A.6 in the Appendix summarizes
relevent information on several large tributaries of the Green and

Grand Rivers.

4.1 Description of Study Area

West Salt Creek, with a drainage area of 435 km2 (170 miz), is
located in the western-most extremity of the Grand Valley (Figure
4.1). Its headwater channels drain the southern face of the Book
Cliffs (Green River siltstones and marls) and the mid reach drains

sandstones and shales of the Mesa Verde Group.
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Figure 4.1. Map of West Salt Creek Basin showing the spatial distri-
bution of mean annual precipitation with altitude.
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The lower half of the basin is underlain by Mancos Shale (Figure
4.2). Elongated alluvial aprons that slopein the direction of the
drainage cover.parts of the shale, thereby limiting its exposure.

The channel of West Salt Creek is incised in alluvium throughout
its length. The incision has formed a series of alluvial terraces
(see Figure 4.3), the upper of which forms the flat valley bottom
(Figure 4.2). The alluvium thickens downchannel, its thickness
exceeding 50m at the U.S. Geological Survey gaging station (Laronne,
1977). This location is also the western extremity of irrigation,
evidenced by the exit up the Government Highline Canal (Figure 4.1).
A sweeping action of the sinuous channel has widened the valley and it
has formed steep, arroyo-type banks. Saline seeps are found in some
of these banks where the channel abbuts against Mancos Shale hillslopes.
The channel bed is often covered by an efflorescent surface crust
near the shale exposures.

The valley floor, where left unirrigated, is sparsely vegetated
with pinyon-juniper (primarily on the alluvial aprons}, shadscale and
greasewood. The climate is semiarid with an annual potential evapora-
tion of 750-1000 mm, a mean annual temperature of 12°C (records of
-27°C in February and 40°C in July) and 175 frost-free days.

The valley floor annually receives 200-250 mm of precipitation
while the headwaters receive 250-400 mm/year. Figure 4.1 shows the
estimated average change in mean annual precipitation across the basin.
It was constructed by averaging 30 years of precipitation records for
stations in the vicinity of the Grand Valley and from precipitation

records from gages installed as part of this study, and regressing



Figure 4.2. Photograph depicting the character of the lower West Sailt
Creek Basin.

Figure 4.3. Photograph of West Salt Creek showing an alluvial terrace in
the foreground and Mancos Shale in the background.



95

these averages against the station elevation (for details consult
Enck, 1981).

"Summer' (May - October) precipitation events are intense and
of short duration. Winter precipitation may fall as snow which sub-
limates, evaporates or infiltrates without producing much runoff

during most years.

4.2. Design and Installation of Samplers

Two types of samplers were installed in the bed of West Salt
Creek. The samplers were required in order to collect water and
sediment data related to hydrologic and geologic variables. One
sediment sampler was designed according to Schick and Sharon (1974).
Figure 4.4. shows the installed sampler in the bed of West Salt Creek,
and its internal layout is exhibited in Figure 4.5.

Eleven samples of water and sediment may be collected by the
sampler at the water surface while water stage rises. Upon entrance
into the sampler, the water and sediment are collected in 1 liter
bottles where they are stored until the sampler is serviced. Although
this sampler has performed well, its initial cost is high and it does
not separate the transported sediment from the water.

A new low-cost sampler that filters the sediment from the water
during runoff events was specifically designed for this study in 1978.
Its basic layout is depictea in Figure 4.6. The outside casing of the
sampleris constructed from a recycled 30-gallon drum in order to reduce
costs (Figure 4.7). This modified sampler was designed to be set into
the channel bed so that the bottom of the door is flush with the channel

bed. Unlike the original sampler, it can hold only four samples.
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Figure 4.4. Photograph of the first sediment sampler installed in West
Salt Creek. Notice the amount of fill around the sampler.
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Figure 4.7. Photograph showing the newly-designed water and
sediment sampler,
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Samples are collected during the rising limb of a flow event at
a depth of 2 inches below the water surface. The sample taken at the
channel bed level is collected from the leading edge of flow. Each
sample is carried from the opening to 1 liter sample bottles located
inside the sampler. When a sample bottle is full a float valve shuts
the supply of incoming water. The captured sample then filters through
a built-in filter that separates thé sediment from the aqueous phase
to prevent a further increase in solute concentration by continued

dissolution of soluble minerals.

Each sampler was carried by two people to the streambed and was
set uprignt in a hole measuring 4x3x3.5 ft. It was then leveled and
held right with guide wires while concrete was poured around the base.
The hole was filled to the level of the bed and compacted after the
concrete had cured. The sampler bottles were thereafter inserted, the
sampler was loaded, and a profiie of fhe streambed was surveyed.

The first sampler was positioned 1000 ft downstream of the gaging
station and approximately 8 miles northwest of Mack. The site was
ideal because of the availability of stage and EC data. Also, the
channel reach was well defined so that incoming flows did not change

location. Moreover, the sampler was easily accessible by vehicle, but

not directly visible from the road. The other samplers were similarly

installed further upstream (see Fig. 3.5).

4.3 Temporal Variatiqﬂ of EC

Figures 4.8 - 4.10 depict the temporal variation of EC and dis-
charge Q) during three thunderstorm-induced flow events. Note the

initial rise in EC preceding the discharge peak in Figure 4.8. EC also
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decreased witih time during the latter part of the other flow events
but the EC-( relationship is less defined. In fact, it is not a
straightforward dilution effect, as evideinced by low correlation
coefficients between EC and flow rates (e.g., Figure 4.12).

Figure 4.11 shows the EC vs time curve for the leading edge of
flow 7 miles upstream of the gaging station during snowmelt. This
curve is similar to the ones derived in both hillslope studies and

attests to a flushing phenomenon.

4.4 Spatial Variation of EC

During March 16-21 extensive field sampling of snowmelt runoff
was undertaken in various tributaries of West Salt Creek. Each day
as many locations along the channel as could be reached were sampled.
For each flowing tributary these samples were taken from the main
channel above the confluence with the tributary, from the tributary
proper and from the channel downstream of the confluence at a location
in which flow appeared to be well mixed. The EC data for these days
are plotted in Figure 4.13. Mile 12 is the upstream and of the Mancos
Shale outcrop area.

Interpretation of the data on the downstream variation of EC must
be undertaken with care because the stream flowed intermittently
depending on the inflow of ground water and daily snow melt variations.

In general, the variation of EC along the channel wasvery large. Never-

theless, it can be seen that 1) overland flow that came directly from

snowmeit was of high quality (100-300 umho/cm), 2) there was a sudden

increase in EC downstream of saline seeps and 3) a sudden decrease
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in EC downstream of tributaries carrying high quality snowmelt runoff,
and 4) there was a general increase in EC as water flowed downstream

with little or no influx of groundwater or tributary flow.

4.5 Mineralogy of Transported Sediment and Water Quality

Water samples collected from West Salt Creek underwent chemical
analysis. Description of these samples is summarized in Table 4.1.
Note that samples 145, 146 and 147 were obtained as grab samples
during baseflow. Specific ion and sediment concentration data are

summarized in Table 4.2.

Table 4.1. Description of water samples from West Salt Creek.

Sample Sampling
No. Date Type of Sample and Location
145 7/29/76 Spring (large), Railroad Canyon
146 7/29/76 Spring (small), Railroad Canyon
147 7/29/76 Seep, bed of West Salt Creek near Mitchell Rd
10-6-1 10/6/77 Eleven water-stage height samples of a 550 cfs
to peak flow storm event
10-6-11
3-5-1 3/5/78 Eleven water-stage height samples of a 200 cfs
to peak flow storm event
3-5-11
5-2-1 5/2/78 Five water-stage height samples of a 90 cfs
to peak flow storm event
5-2-5

Note the high salinity of the springs and the saline seep (Table
4.2). This poor quality water derives from the dissolution of Gypsum

and more soluble Na-Mg sulfates. The stoichiometric ion concentrations

during the three sampled runoff events show that sulfate 1s the dominant
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Table 4.2. Chemical Analyses of Water Sumples frowm West Salt Creek.

Sample pH sS Turb. 56 EC Na Ca Mg K HCO cL S0
No. (mg/%) (JTU) (mg/L) umho 3 4
(per cm) ---------------------- (meq/liter)—--mmcmccm e
145 8.1 25 8 2,000 2,370 10.0 7.2 10.8 0.12 6.6  0.41 22.0
146 8.2 18 2 1,880 2,630 18.0 5.5 5.2 0.15 7.6  0.35 22.0
147 7.9 3 <1 7,180 15,800 128.0 19.5 93.0 0.64 11.3 6.9 225.0
10-6-1 7.0 593 1.09 3.70 1.05 0.20 1.36 0.16 4.6
10-6-2 7.0 1,110 1.06 9.50 1.80 0.23 1.36 0.25 10.8
10-6-3 7.1 1,160 1.22 10.0 2.00 0.25 1.25 0.19 12.5
10-6-4 6.9 948 1.65 7.14 1.70 0.22 1.3 0.19 8.7
10-6-5 6.5 2,010 1.38 22.5 2.30 0.35 1.3 0.25 25.0
10-6-6 6.8 2,090 1.14 24.0 2.10 0.36 1.36 0.25 26.0
10-6-7 6.9 2,010 1.13 23.0 2.10 0.34 1.46 0.25 25.0
10-6-8 6.9 1,930 1.13 22.0 2,00 0.32 1.15 0.25 24.0
10-6-9 7.1 2,010 1.71 22.5 2.10 0.37 1.57 0.6% 25.0
10-6-10 6.7 1,860 1.62 20.0 2.00 0.33 1.04 0.30 23.0
10-6-11 6.9 2,080 2.71 22.0 2.30 0.34 1.36 0.30 25.0
3-5-1 7.6 46,700 3,780 3,860 17.0 18.2 17.5 0.40 2.87 1.03 50.0
3-5-2 7.9 29,080 . 2,350 2,430 6.50 14.5 10.5 0.35 1.83 0.49 29.0
3-5-3 7.8 22,150 2,300 2,370 6.50 14.0 10.0 0.30 1.93 0.46 28.0
3-5-4 7.5 85,750 2,190 2,430 8.10 11.5 11.5 0.30 2.77 0.63 3l.4
3-5-5 1,830 5.42 11.0 5.25 0.25
3-5-6 7.8 27,290 1,380 1,59 5.18 7.75 5.75 0.25 1.93 0.44 16.5
3-5-7 7.7 29,480 1,530 1,820 5.42 9.50 5.25 0.20 1.98 0.52 18.5
3-5-8 30,020 1,530 4.72 8.00 5.00 0.20
3-5-9 2,220
3-5-10 1,720
3-5-11 1,290
he2-1 1,201 2,273 13.7 6.5 8.25 0.1 4,33 0.65 24.5
5-2-2 2,382 3,333 21.0 7.5 13.12 0.23  3.24 0.93 37.0
5-2-3 2,381
§-2-4 4,197 : 2,703 14.7 9.7 10.2 0.24  3.50 0.85 31.0

5.2-5 4,448 1,887 8.4 7.5 6.4 0.20 3.65 0.51 19.0
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anion under all flow conditions. The ratios (Ca)/|(Na)+(Mg)] and
(SO4)/(HCO3).increase as discharge increases, implying that lalcite
and even: Gypsum precipitation ensue as the contact time of water
with sediment (i.e., with time during baseflow) increases with con-
temporaneous increase in solute concentration,

Supernatants from the sediment water samples were decanted a
few days after being collected in the samplers. EC values of mud and
filtrates are compared in Table 4.3. Note the overall high EC values
of the mud samples which are expected to yield more solutes when
diluted. The lower values of the filtrate indicate that the runoff was

kinetically unequilibrated during the flow event.

Table 4.3. Comparison of salinity (EC, in umho/cm) of supernatant and
nud-water samples.

Date of storm runoff 10/6/77 11/6/77 3/5/78
Lstimated peak tlow (cfs) 550 50 200
Date of chemical analyses 12/1/77 12/12/77 3/24/78
Estimated
discharge
Stage levels (cfs) Mud Filtrate Mud Mud Filtrate
1 .1 593 2,170 3,885 3,795
2 1.5 761 1,110 1,821 2,388 2,388
3 5.2 1,085 1,159 1,397 2,510 2,277
4 11 1,085 943 1,700 2,510 2,388
5 21 2,615 2,006 1,962 1,883
6 25 3,091 2,086 2,833 1,780 1,530
7 52 2,488 2,006 1,998 1,748
8 80 2,757 1,931 2,170 1,530
9 170 2,318 2,006 2,225
10 205 2,170 1,862 1,718
11 264 2,757 2,086 1,288 Units
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The dissolution of Calcite, Dolomite and Gypsum is evidenced by
the detection of these minerals in the sampled sediment during the
October, 1977 flow event (Table 4.4). The presence of more soluble
minerals, particularly sulfates, is manifested by their identification,
though only in trace quantities. Note that the trace amounts result
from the dilution of this rare event. Samples from the bed of West Salt
Creek below the USGS gaging station were also analyzed for mineral
identification by X-ray diffraction. Sample location is shown in
Figure 4.14. Gypsum and minor quantities of more soluble sulfates
have been identified in the bed material (Table A.1.5). However, the
data display no distinct spatial variation in Calcite (Figure 4.15)
or in Dolomite (Figure 4.16) predominance neither along the channel

nor with depth.

Table 4.4. X-ray diffraction data for the West Salt Creek sediment sampler.

Samples are from the storm of 10/6/77. Scale used is 0-10; T - trace.
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West sat cree¥

Figure 4.14. Location of samples collected from the bed of West Salt Creek.

3.6, Dir-cussion

The temporal variation of EC of West Salt Creek runoff has an
initial peak which precedes the water discharge peak. Thereafter,
EC decreases asymptotically or else increases much later during base-
flow. Such temporal trends may be explained by a surface phenomenon
whereby weathered material in the surface and surficial accumulation

of saline deposits are flushed.

The later increase in EC is attributed to flow from saline seeps.
In fact, the increase in flow EC due to saline seeps is evidenced
in Figures 4.10 and 4.11.

The chemical quality of West Salt Creek runoff is principally
determined by the dissolution of Gypsum; it is affected by the dissolu-
tion of both less soluble minerals (Calcite and Dolomite) and of more

soluble sulfates.
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Snowmelt runoff had a consistently low solute concentration, and
it is, therefore, expected to add only minor quanitities of solutes
to the yearly solute yield of West Salt Creek. Runoff is equilibrated
with respect to carbonates and usually also with respect to Gypsum.
Moreover, runoff is also kinetically undersaturated with respect to
Gypsum and to more soluble sulfates. Hence, West Salt Creek runoff
reaching the Colorado River is expected to yield considerably higher

quantities of solutes than those determined solely from EC measurements.



CHAPTER 5

ESTIMATION OF SOLUTE YIELD FROM DIFFUSE
SOURCES AND DELINEATION OF HAZARD AREAS

Calculation of the mass of solutes (M) transported from a given
basin is essential in order to delineate hazard areas. The first part
of this chapter deals with estimation of solute yields from natural
diffuse sources in the whole Upper Colorado River Basin, in a selected
small tributary (West Salt Creek) and in the Grand Valley. The second
part deals with identification of hazard areas on a site specific case

and on a larger scale.

5.1. Estimation of Solute Yield

5.1.1. Upper Colorado River Basin

Procedures to calculate M are described in this chapter. They
are not based on a mass balance involving dissolution, transport and
precipitation of solutes because there is insufficient data and infor-
mation to undertake such a calculation. Rather, M is calculated from
the volume of saline water discharged from diffuse sources (V) and its
solute concentration (SC) as follows:

M =y VSC (5.1)
where Y denotes the specific weight of the bulk solution (i.e.,‘water
and solutes). Estimation of V is accomplished by examining the saline
outflow from diffuse sources in the Grand, Green and San Juan Divisions
obtained by superimposing hydrologic and salinity information (Figures
5.1-5.3) on a map of mean annual precipitation (Figures 1.5-1.7).
Respective values for these three divisions are 25, 35, und 20 percent,
Each of these percentages is weighted by its respective contribution to

the total water discharge of the Colorado River at Lees Ferry, Arizona.
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Figure 5.1. Relative salinity of rocks and mean annual precipitation

in the Green River Basin.
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Thus, the Grand River, which drains a smaller area of saline soils
than the Green River, has a comparable effect on V because it yields
44 percent of the total flow at Lees Ferry, while the Green River
contributes less, only 37 percent. The San Juan River contributes
the rest, 19 percent.

Thus, the weighted average volume of saline outflow is equal to

V = .44 (25%) + .37(35%) + 19 (20%) (5.2)

or 28% of the total volume of water passing Lees Ferry annually (i.e.,
12,733,100 acre-feet).

Calculation of the weighted mean concentration of solutes (SC in
mg/1l) is based on the product of the weighted mean EC (in pmho/cm) times
the constant K (equal to 0.65). Mean EC, the EC of overland
and rill flow entering the channel from hillslopes, is derived from the
regression of EC against slope inclination averaged over time
(Figure 3.17).

Using an average value of 15 percent inclination of contributing
hillslopes, EC is equal to 1400 umho/cm and SC = 910 mg/l. For this
assumption involving steep hillslopes, the mass of solutes from the
entire Upper Colorado River Basin is 4.4-106 tons of solutes. This
value is 51 percent of the total 8.64~106 tons/year of solutes passing
Lees Ferry, assuming a non-varying basin-wide water yield.

Classification of the diffuse source areas according to weighted
mean hillslope inclination, in fact, must also consider that the size of
such drainage areas depends on S, their inclination. For instance, a
region the area of which has been measured from a map to be 950 mi2
sloping an average 18° is, in fact, 1000 mi (an increase of 21 percent).
Thus, as hillslope inclination increases so do EC as well as the actual

contributing area increase.
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A mean hillslope inclination of 15 percent may be too high. A
more thorough analysis of mean inclination should be based on a
modified version of Horton's (1926) determination of mean land slope.
Changing mean inclination to 10 and 20 percent yields respective estimates
of 44 and 58 percent of the total solutes contributed from Mancos Shale.
While there is, admittedly, a wide range in these estimates, even
the lowest is substantially larger than the 0.5 percent figure
suggested by Ponce and Hawkins (1978).

Estimates of solute yield from diffuse sources in the Upper
Colorado River Basin presented herein are preliminary. Discussion
of a more detailed and accurate calculation procedure is

given in Chapter 6.

5.1.2. West Salt Creek Basin

The first step in providing a rough estimafe of the solute load
of West Salt Creek is to determine the quantity of soluble minerals
transported as particulate matter (suspension and traction load) that
dissolve in the Colorado River. Such a late dissolution is brought
about by dilution if the West Salt Creek flow is saturated with
respect to any of the transported soluble minerals. In fact, samples of
streamflow from West Salt Creek were saturated with respect to Gypsum
at about 2000 Kmho/cm, well undersaturated at 1200 pmho/cm and saturated
or undersaturated between these values (Chapter 4). This means that
West Salt Creek flow events with EC values above 2000 umho/cm con-
tribute additional solutes to the Colorado River when diluted by its
water.

Furthermore, it has been shown (Laronne, 1977) that the time
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necessary to reach 90 percent dissolution ranges from 0.5 to 24 hours
for a suspended sediment concentration of 105 ppm to 0.25 - 10 hours
at 104 ppm, which indicates that the sediment is initially Kinetically
unstable. Laronne (1977) estimated that soluble minerals (primarily
Gypsum) transported as particulate matter can continue dissolving, there-
by increasing the total solute load by as much as 500 percent over the
solute load calculated from EC data obtained in the field. Assuming
a mean velocity of flow of 5 ft/sec, the transported sediment can
continue dissolving in a river stretch 1.4-131 km long from its
source.

Unfortunately, it is beyond the scope of this study to incorporate
the effect of all the sediment associated variables upon solute yield.
Estimates of solute yield made hereafter exclude the affects of

kinetic disequilibrium and dilution of undersaturated solutions.

5.1.2a. Standard Procedure of Estimation

Only three years of hourly records are complete for the period of
record available (August 1973 - May 1978) to an extent whereby they
may be used to calculate yearly solute production from West Salt Creek.
These years include 1974, 1976 and 1977.

The stage strip charts from the USGS gaging station 09153400 at
West Salt Creek were examined and average flow rates for appropriate
time intervals were recorded. The EC values were read from the gaging
station EC records ana the average EC values were determined
for the intervals of the recorded flow rate. Flow rate intervals were
adjusted if large changes in EC occurred during periods of steady flow.
The following equation was used to determine the solute load (pounds) for

each time interval.
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0.18 I Q (EC) = Solute Load (5.3)
where, I is the length of the time interval used in hours, Q is the
average flow rate during interval I in cubic feet per second, EC is
the average value for thé interval I in pmho/cm and 0.18 is a conversion
factor that changes EC into pounds of dissolved solids per cubic foot
of flow and I into seconds. The loads for each interval were summed
to determine the total solute load for the year. Table 5.1 shows the
values of Q, EC and I used to determine the load for each day of the 1977
water year. Mean annual yields are summarized in Table 5.3.

Analysis of available discharge and EC data for West Salt Creek has
shown that monthly solute loads may be closely approximated by a sim-
plified method (see Table 5.3). The appropriate equation is

SL = K (EC) V (5.4)
where the monthly solute load (SL) is equal to the product of K
( = 2.32 for (EC) < 2000 umho/cm; = 2.69 for (EC) > 2,000 pmho/cm),
which converts EC to pounds per acre-feet, and V is the monthly flow
volume reported in acre-feet. The variable (EC) is the monthly flow
welghted average EC in wmho/cm, and is determined according to

(5.5)
= .m _ m
(EC) = (i, BC, Q)/%;_,Q

where ECi and Qi are the daily average EC (in umho/cm) and discharge (in

cfs) respectively, as reported by the USGS publication Water Publication

Data for Colorado.

5.1.2b. Estimation DBased on Hillslope Study II

The following procedure was developed in order to estimate the
annual solute. load of West Salt Creek based on the results of Hillslope

Study II (Chapter 3). For each plot a solute load (mass of solutes per
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Table 5.1. Data from U.S.G.S. gaging station 09153400 used to
determine salt load for the 1977 water year.

DATE  (hrs) Q EC LOAD
(cfs) ( mho/cm) (1b)

10/2 1.5 35 1325 12521
1 26 1400 6552

10/3 , 19073
.25 26 1450 1670

.50 157 1450 20488

.75 81 1400 15309

1 78 1300 _ 18252

1 102 1330 24419

1.5 82 1375 30442

4 40 1200 34560

4 14 1100 11088

6 4 1250 5400

3.5 52 - 950 1729
163357

10/4 6 .31 900 301
6 .07 900 68

369

7/21 .5 4.75 2650 1133
.75 1.48 2710 752

.50 3.75 2900 979

1.25 2.33 2700 7864

2.00 .66 1900 _ 451

3.00 .17 1800 918

12097

8/18 0.50 .04 2100 8
0.50 .04 2200 9

0.25 20.25 2200 2005

1.00 43.0 2250 17415

1.75 25.38 2200 17588

3.25 12.19 1900 13549

2.25 2.18 1900 1678

1.25 3.44 1900 1471

4.25 5.57 1950 8309

6.0 .60 1880 1218

3.0 .15 1400 113
63362

8/24 8.0 .03 1300 56
3.0 6.05 1350 4410

6.0 .97 1350 1414

3.0 .10 1350 73

5953

8/25 11 .94 1250 2326
1 .90 1350 219

2 .88 800 253

8/27 3 1.14 1000 616
3 11.25 1370 8323

6 .66 1400 998

6 .73 1600 1348

6 1.04 1600 1797

8/28 15880
8 .06 1600 138

2 .06 1250 27

6 .06 1000 65

230

9/11 3 1.05 2200 1247
14 1.05 1550 4101

5348

9/15 1 1.0 1100 198
7 1.0 1270 1600

1 1.0 1350 243

3 1.0 1400 756

1 1.0 1250 225

1 1.0 1185 213
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inch rainfall per plot wetted surface area) was determined. These
values are plotted on Figure 5.4 against the gradient of the plot.
This presentation of solutes derived from each plot provides an
estimate of the quantity of solutes produced per square mile per inch
of applied rainfall. In Figure 5.4 these values are plotted against
hillslope inclination.

The second step of this estimation procedure involves the determin-
ation of the percent of the total area for each slope interval. A
standard topographic quad map was used as a base and the lower West
Salt Creek basin was sectioned into squares (0.25 miz). Average
contour pattern and number of contours were used to tabulate this data
(Table 5.2). The percent of the lower basin area covered by shale

badlands was estimated using a recent SCS (1978) survey.

Table 5.2. Percent of lower West Salt Creek Basin with varying hillslope

inclinations.

Slope interval  0-5 5.1-10 10.1-15 15.1-20 20.1-25 25.1-30 30.1+
(degrees)

% of lower 56 26 10 7 0.9 0.2 0.1
basin area

The information from Figure 5.4 and Table 5.2 was used to derive
the following solute load (SL,short tons) equation:

SL = 491 P B (5.6)
where P is total precipitation during the "summeftmonths and B is a runoff
coefficient similar to the one used in the rational formula. The
constant 491 was determined from soil type and hillslope inclination
as detailed by Enck (Appendix D, 1981}).

Annual solute loads for West Salt Creek using both procedures

are summarized in Table 5.3. It is realized that this procedure is an
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oversimplification of the dissolution-salt loading process. The
major problem is that rainfall is not linearly related to runoff; one
must ideally consider intensity, duration, frequency and antecedent

conditions in order to determine runoff volumes.

Table 5.3. Annual solute loads from West Salt Creek calculated by

different procedures.

"Summer" Solute Load (short tons)
Precipitation Standard Simplified Hillslope 11
Year (in) Procedure Procedure Procedure
1974 2.08 702 717 508
1975 2.87 - - 701
1976 4.98 1700 2092 1217
1977 3.13 144 765

It can be seen in Table 5.3 that the annual loads do not vary
directly with summer precipitation; therefore, the estimation equation
can overestimate or underestimate the loads for any given year. All in
all, this is a quick inexpensive methodology; however, it is not a very

accurate method to determine short term loads for ungaged watersheds.

5.1.2c. Long Term Frequency Analysis of Solute Load

By using the flow-duration curve that has been derived from long
term precipitation records (see Enck, 1981), the expected long term
solute load from the West Salt Creek can be estimated. From this curve
the duration of expected flows can be determined. Flow rates, when
combined with an average EC value, produce an estimate of the long term
load. An average EC value of 3068 umho/cm was determined using a flow
weighted average of all of the available EC records for West Salt
Creek. (As noted in Chapter 3, an attempt to correlate EC and flow

rate was unsuccessful}.



The procedure used to estimate a 50 year solute load is outlined
in Table 5.4. The calculations show that if c¢limatic conditions have
5
been similar for the past 50 years, 3.6-108 1b or 1.8°10° short tons of

salt may have been produced by West Salt Creek.

Table 5.4 Estimation of 50 year solute load of West Salt Creek

1) (2) (3) (4) (5 (6)

Tiime exceeded

(adjusted with  time column(l) time column(l) V, water Qissolved
Discharge precip. data) flow expected flow expected volume mineral load-
(cts) (%) (%) (hr) (ft) (1b)*
1 5.9 .6 2628 9.5x107 1.6107
1.0 5.5 .3 1314 4.7x107 8.4-106
5.0 5.0 .2 876 1.6x108 2.8-107
10 4.8 1.8 8760 3.2x107 5.6‘106
25 3.0 .1 438 3.9)(108 7.0-107
50 2.9 .7 3066 5.5x108 9.8-107
1Ju 2.2 2 876 3.2x108 5.6 108
250 2.0 .2 876 7.9x10 1.4-10

*Solute “load = (0.0000053 P

oo

+ 1.05 EC - 348.4).000062V 3.6-10

5.1.32 Grand Valley and Selected Tributaries

The simplified procedure was adopted in order to estimate the
relative contribution of solutes from natural and man-affected diffuse
source areas in the Grand Valley and its viéinity. 1976 data were used
to calculate the annual or seasonal solute concentrations for nine
tributaries of the Colorado River and four of its reaches (denoted A-D,
see Figure 5.5). The calculated annual solute load was divided by the
annual volume of flow. An average value of 600,000 acre-feet of water
diverted from the Colorado River for irrigation was used in this cal-

culation (Leathers and Young, 1976).



127

Calculated mean annual solute loads are summarized in Table 5.5.
Note that the highest loads derive from baseflow during the non-irriga-
tion period (November-March), and that natural diffuse sources con-
tribute appreciably more solutes than irrigation return flow and
tailwater during irrigation months. This statement is particularly
true when considering solute loads (equal to the product of solute

yields times the respective drainage areas).

5.2 Delineation of Hazard Areas

Salt loading from wildland areas appears to be an unmanageable problem
because of the diffuse nature of the solute pickup process; vast areas
of exposed saline soils are located throughout the Upper Colorado River
Basin. However, the quality of runoff is highly variable. Areas that
potentially contribute large quantities of solutes and specifically
large quantities of saline water can be defined and delineated by
isolating those factors that control high salt loads and yields,

respectively. Delineating areas that produce high solute yields is

the essence of the salinity management problem. High solute loads
(expressed as weight per unit time) are not problématic as long as
solute concentrations, equivalent to solute yields, remain low. The
feasability of effective mitigation measures could be greatly increased
if relatively small, well-defined areas producing high solute yields

can be identified as salinity hazard areas.
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pean annual (1976 water year) solute yields and relative hazard,

seiected tributaries and Colorado KRiver reaches in the Grand
Valley region.

Strean or Reach

Solute Yield

(tons/acre-foot)

Comments on the origin of
flow (U.S.G.S., 1976)

Relative hazard o:
source area*

Reed Wash 6.9 Base flow from irrigation
returns during non-irrigation
Adobe Creek 6.4 months (November through 1 (5.0+)
March).
Leach Creek 6.1
Biy salt Wash 5.4
San Rafael River and 4.8 Mean annual of returns from
Price River natural sources and 42,000
acres (4% of drainage basin)
and 18,000 acres (2%) of
irrigated land for the San
Rafael and Price Rivers,
respectively.
west Salt Creek 4.7 Yearly average of returns
from snowmelt and precipita- 2 (3-4.9)
. tion nduced runoff from
natural sources induced.
East Salt Creek 3.6
Reach B (The Grand Valley) 3.5
Biy Salt Wash 2.3 Base flow from irrigation
return and tailwater during
Reed wash 2.1 irrigating months (April
through October).
Adobe Creek 1.9 ’
Leach Creek 1.9
Reach D (Colorado River 1.31 All types of flow entering 3 (1-2.9)
above the Colorado-Utah the Colorado River above Cisco,
Boruer) Utah.
Reacn C (Colorado River 1.25 All types of flow entering
above the Colorado-Utah the Colorado River above the
border) Utah-Colorado border.
Gunnison River above conflu- .99 All types of flow entering
ence witn the Colorado River the Gunnison River above its
confluence with the Colorado
River. 4 (0-0.9)
Reach A (Colorado River 0.73 All types of flow entering

above Cameo, Colorado)

the Colorado River above
Cameo, Colorado.

*range of respective solute yields in parenthesis
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Solute yields depend on the following three criteria: 1) availabil-
ity of soluble minerals, 2) availability of runoff, and 3) availability
of potential energy. The first criterion listed above is synonymous
with soluble mineral content and in general corresponds to the solute
concentration of subsurface water. Areas that meet this first criterion
(i.e., saline exposures) may be mapped using existing data. High
(surface and subsurface) water yields may be related to precipitation,
although it is realized that evaporative losses vary such that the rain-
fall-runoff relationship is non-linear. Areas meeting this requirement
of high precipitation may also be delineated using existing data. The
last criterion, high transport capacity, is indicated by hillslope

steepness, which can be traced from existing topographic maps.

5.2.1. Upper Colorado River Basin

Areas that meet the first two criteria have been delineated using
existing maps of rock salinity and precipitation (Figures 5.1 - 5.3

and 1.5a - 1.5¢) from which areas were identified as follows: Hazard

[ areas (Figure 5.6) include regions that receive more than twenty
inches of mean annual precipitation and Hazard II areas receive less
precipitation; both areas, however, yield moderately to highly saline
surface and groundwater flow (see Figures 5.6 - 5.8). The delineated
hazard areas can be further reduced in size by examining relief maps
of the relevant subbasins. Results of field studies (chapter 3) and

indirect implications from laboratory experiments (chapter 2) show
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Figure 5.6. Salinity hazard areas in the Green River Basin; preliminary
delineation.
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Figure 5.7. Salinity hazard areas in the Grand River Basin; preliminary
delineation.
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that solute yields are directly correlated with hillslope inclination.
Therefore, structural or land use mitigation measures could most
effectively be used in the portions of the basin with steep slopes in
basins with saline rock and high precipitation.

This type of problem analysis, identifiﬁation of hazard areas by
parameters known to affect high salt loading, is presented here on a
very large scale, i.e. the entire Upper Colorado River Basin. However,
a similar, more detailed analysis of non-point source salt loading in a
smaller basin could produce very detailed maps of hazard areas. The
procedure can be refined according to the type and accuracy of avail-
able data in a basin. For example, some tributary basins to the
Colorado River have very detailed mapping of soils and bedrock. This
information could be used as input to a water and sediment routing
model, which would also utilize accurate climatic and watershed data
to develop water and sediment hydrographs. This type of hydrologic
analysis is, of course, much more informative than using only high
precipitation as an indicator of high runoff.

Additional accuracy can be obtained by comparison of high salinity

predictions with actual measurements of SMC in the basin. Temporal

and spatial variations in SMC are good indicators of contributing
factors. This data can also be used to calibrate any hydrologic
analysis, whether be it a standard hydrograph technique or a complete

watershed model.
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In summary, effective planning of structural and nonstructural
measures to reduce salt loading from non-point sources should succeed the
identification of major contributing areas. This should be undertaken
with predictive procedures, as discussed in this section, and with a

verification program that includes field data collection and analysis.

5.2.2. Grand Valley and Vicinity

The relative hazard of source areas in the vicinity of the Grand
Valley is summarized in Table 5.5. Note that the extent of total
chemical pollution has been defined arbitrarily by solute yields and
relative hazard ranges. However, it should be realized that extent of
hazard also depends on the cost of measures to reduce salinity.

For instance, Anderson and Kleinman (1978) have estimated that
the opportunity cost of water directed from the Upper Colorado River
Basin is $15/acre-ft. At 455 acre-ft of water and 1700 tons of
dissolved matter produced by West Salt Créek during the 1976 water year,
it becomes apparent that the water supplied by this stream is worth
considerably less than the damages incurred by the solutes it carries;
If this total volume of water had been diverted, the avoided damages
would have totalled $28,521 and the value of the lost water would have
equalled $6,832. The cost and effectiveness of measures aimed at the
reduction of solute concentration must be estimated. Such proposed

measures are discussed in the next chapter.



CHAPTER 6

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

The studies and results reported herein involve three labofatory ex-
periments (cylinder, jar and flume), two computer simulations (the first
of specific ion concentrations of solutions derived from dissolution of
minerals from Mancos Shale - soon to be reported in detail by Fujii, K.
Tanji, Pers. Comm. the second of rill pattern formation), as well as field-
work that included two hillslope studies and a watershed, tributary
and confluence study. Several of these research efforts have been
written as theses (for details consult Sunday, 1979, Achterberg, 1981,

and Enck, 1981), and parts thereof have already been published (Shen,

et al, 1979, and Laronne and Shen, 1981}.

6.1. Summary

The following is a summary of the results obtasined from this

research project.

1. Dissolution kinetics experiments, soluble mineral and specific
ion determinations, and X-ray diffraction diagrams reveal the
following:

a. Dissolution rate of minerals from Mancos Shale is
initially rapid but slows:down considerably as determined
by Laronne (1977) and Jurinak, wWhitmore and Wagenet
{(1977); the rate is not necessarily diffusion controlled.
b. Surface crusts of Mancos Shale are leached, containing
about half as much soluble minerals as underlying material.
c¢. The main soluble mineral in Mancos Shale is Gypsum; varying
amounts of less soluble carbonates and more soluble sodium-

magnesium sulfates have also been detected.



137

d. Sulfate minerals are particularly enriched in efflorescent
crusts.

e. Calcite and bolomite are present in Mancos Shale but they
do not contribute significantly to the solute load.

f. A computer simulation of specific ion concentrations in
aqueous solutions derived from contact of water and
Mancos Shale agrees well with stoichiometric data.

Laboratory experiments were designed to identify the effects

of various parameters on the rate of solute pickup. It has

been shown that solute pickup rate

a. -ncreases linearly with flow velocity;

b. 1is larger for unweathered shale than for weathered shale;

c. increases as the size of the shale particles decreases
according to kinetic principles and as shown by Laronne
(1977} ;

d. increases with agitation or increased turbulence;

e. increases initially with increase in sediment concentration;

f. Jincreases as erosion and sediment concentration increase in
flume studies;

g. 1s higher at the upper end of a simulated surface flow
event (i.e., flume) rather than at the bottom end due to
upflume erosion and downflume dilution; and

h. increases downflume under 'baseflow' (i.e., direct runoff
generation) conditions.

Solute pickup during field experiments on hillslopes

a. is initially very high but decreases asymptotically after

an early maximum is reached due to:



C.

d.

I.

II.

III.

may

II.
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a surface flushing effect

decrease in erosion rate (i.e., sediment concentration),
and

decrease in solute concentration gradient between the
bulk solution and the 'soil' solution;

reach a second, later maximum, due to:

rilling or downcutting of rills with concommittant
increase in sediment production, and

erosion and transport of deeper-lying, more saline

Mancos Shale material;

is higher during direct runoff generation than during

rainfall induced runoff generation due to:

I.

II.

has

downslope dilution by rainfall, and
larger water losses and resultant less channelized
flow associated with rainfall-induced runoff;

been shown to be strongly dependent on sediment

transport. This is based on

I.

II.

IIT.

correspondence in temporal trends of sediment and solute
concentration,

correspondence in time of rilling and time to EC maxima,
and

increase of solute concentration in unfiltered runoff

samples;

increases downslope and downchannel during direct runoff

generation, but does not vary appreciably across-slope;

increases when underlying shale material that contains a

high SMC is eroded; and
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g. increases with increase in hillslope inclination.
The chemical character of runoff from Mancos Shale hillslopes
a. 1is generally of the Ca—Na—Mg—SO4—HCO3 type;
b. changes with increase in hillslope inclination as follows:

I. [(Na)+(Mg)]/(Ca) increases and

II. (804/(HC03) increases;
c. changes temporally during an event as follows:

I. (504)/(HC03), (Ca) and (Ca)/(Na) increase on mild

hillslopes, and
II. |[(Na)+(Mg)]/(Ca) increases on steeper hillslopes
Note that ion concentrations are in meq/l.

Under natural conditions (West Salt Creek), solute concentration
in.runoff
a. does not vary systematically with discharge,
b. is high such that saturation with respect to Gypsum is

ordinarily attained,
c. 1is typically very low when contributed directly from snow-

melt runoff,
d. increases initially due to surface flushing and decreases

thereafter,‘and
e. varies spatially to a large extent due to inflow from

saline springs and seeps and with the SMC of the contribu-

ting surface.
Mixing of water at a large confluence is
a. complete only several miles downstream of the confluence, and
b. continues for several hours during which soluble minerals

continue to dissolve because of kinetic disequilibium and/or

saturation.
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The quality of runoff from natural diffuse source areas in the
San Rafel, Dirty Devil and Price Rivers is low.
The solute yield from diffuse source areas in the Upper
Colorado River Basin
a. may be roughly estimated using
I. the standard procedure
II. monthly averages, or
III. the relationship between mean EC and hillslope inclina-
tion, and
b. accounts for approximately half the solute load transported
by the Colorado River at Lees Ferry.
Salinity hazard areas in the Colorado River Basin and in
spécific, smaller basins thereof can be delineated quite
accurately by superimposing available geologic, precipitation
and topographic information on a map showing spatial trends

in SMC. Data on SMC requires additional field investigations.

Conclusions

The results of the studies summarized in the previous section prove

that entrainment and transport of sediment by overland and channelized

flow are crucial factors affecting the salinity of runoff from diffuse

source areas. Increased concentration of transported sediment

increases the availability of soluble minerals. Moreover, transported

sediment may continue dissolving due to kinetic disequilibrium and/or

when mixed with a more dilute aqueous solution such as water of the

Colorado River.
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An increase in either flow velocity or agitation increased solute
release rate. However, the magnitude of the increase due to agitation
was very small. The laboratory results also suggest that high velocities
of flow are not the direct primary contributor to high solute concentra-
tions and solute yields. The velocities obtained in the experimental
apparatus are not directly comparable to those under natural runoff
because of the different bed conditions. Moreover, the variation
in velocity of flow on a natural mild hillslope and a steep one (in the
range 0.9-4.6 cm/sec, or 0.03-0.15 ft/sec) are too small to account for
the large effect of hillslope inclination on solute yield.

The effect of transported sediment on solute yield is shown by
several parts of this study. Sediment yield increases during rilling
with a contémporaneous increase in solute yield. Rills form faster
and are undercut to a greater extent by direct runoff than by rainfall-
induced runoff. In fact, the importantce of rill flow (which has a higher
power per unit width than overland flow) to erosion and solute yield
is so overwhelming that a computer simulation of rill pattern and its
variation with hillslope inclination has been developed (Chapter A.5
of the Appendix). The effect of rilling and rill downcutting on solute
yleld is manifested by the correspondence of a) time to rilling and
time to EC maxima, b) sediment and solute concentrations, and by c) high
sediment concentrations giving rise to higher temporal increases in
solute content in unfiltered runoff samples. The most practical con-
clusion arising from the rilling effect is the indirect dependence of
solute yield on hillslope inclination. The regression of solute yield
against slope may be used as a reliable procedure to estimate solute yield
under varying climatic conditions from diffuse source areas that are com-

parable in terms of their SMC and erodibility.



142

The extent of dissolution of soluble minerals transported as sus-
pended load and bedload is difficult to determine quantitatively. For
instance, results from the confluence study show that an increase of
merely 1-3 ppm of solutes may have taken place in the Green River.
However, that such continuous dissolution does occur is shown by the
agitation and dilution experiments (see also Laronne, 1977), by the saturation
with respect to Gypsum of runoff from various tributaries, and by the
increase in solute concentration of unfiltered runoff samples. This
latter increase decreases downslope due to the increase in contact
time between runoff and transported sediment; it also decreases as the
average SMC of the contributing area (or else, the SC of the runoff)
increases according to principles of dissolution kinetics.

Erosion and fransport of sediment not only increéses total
solute yield, but it also affects the chemical composition of runoff.

Ionic derivatives of more soluble minerals are more common as sediment

load increases.

6.3. Recommendations

At first hand it may appear economically unfeasible to decrease
solute yields from diffuse sources because of the large expanses of
area involved. However, areas contributing high solute yields are
invariably drained by channels. Therefore, the ultimate goal of
specific structural or nonstructural measures is an optimization
study that would determine the best location, size and type of treatment.
Delineation of salinity hazard must be undertaken to determine location.
Certainly, it 1is unfeasible to treat first order basins because of

the large number involved, and it is inappropriate to treat the water
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at a location downstream from the confluence of a tributary discharging
saline water. In fact, evaluation of solute yields must preempt the
determination of the size of treated area.

The following, recommendatiens, based on results presented in this
report, should apply in order to access optimal measures to decreasec
solute yields:

1) Monitor water quality of runoff from medium and small sized
channels that drain Mancos Shale and other saline outcrops. The
monitoring program should include EC metering as well as collection
of water samples to determine sediment concentration and detailed
water chemistry.

2) Delineate salinity hazard from natural diffuse source areas
by undertaking extensive field determinations oi SMC in Mancos Shale
and similar saline deposits;

3) Locate saline seeps and springs by identifying efflorescent
crusts and saline water in channels with the aid of aerial photography
and other remote sensing techniques.

4) Construct a primarily deterministic mathematical model of the
mass balance of soluble minerals, solutes, sediment and water based
on further research. Sdch a required additional research effort would
determine the path of soluble minerals and their dissolution from the

origin, the diffuse source area, into and through the channel system.
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A.1 MINERAL AND SALT CONTENT

The solute yield which eventually reaches a given downstream point
in a river is transported from its source either completely in the
aqueous phase or it may move partly in the solid phase (i.e., particulate
sediment which partly/totally dissolves while in transport). Consider-
ing only transport processes acting upon the land surface (i.e.,
excluding interflow and ground water flow), the yield of solutes per
unit watershed area is a function of: (1) the salt content and type
(mineral species) within the surficial minerals, (2) the dominant
mechanisms by which the dissolved and particulate matter is transported
(i.e., aqueous dissolution upon contact with surficial materials, and/
or aqueous dissolution from particulate sediment in transport), (3)
the duration; magnitude and frequency of flow events, and (4) the
rate of weathering of surficial materials and storage of soluble
minerals in horizons (i.e., vertically) and locations (i.e., horizontally),
including aeolian transport and mass wasting of sediment between runoff
events. The material dealt with in this section belongs to the first
category--the quantity and quality of soluble salts within

surficial geologic materials.

A.1.1 Salt Content

Salt content determinations of saline formations within the Upper
Colorado River Basin were first undertaken by Ponce (1975). His work
was limited to the Price River Basin in east central Utah and although
the values reported by him are not equivalent to salt content (e.g.,
weight-soluble salts per weight soil) as will be explained later, they

may be used as indicators. Ponce reported the EC of solutions derived
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from 1:10 soil:water ratios* which were allowed to remain in contact a
fixed period of time. He found that the salinity of non-Mancos Shale
members and of several shale members was much lower that that of the
Blue Gate member, and especially the Mancos Undivided. 1In his disserta-
tion (Ponce, 1975), and in its more available version (Ponce and
Hawkins, 1978), an emphasis is laid on the large inherent variability
of salt content. This variability, related to shale crust samples
within several small (28 m2 and 167 m2) grids, was manifested by a
difference of one order of magnitude between the lowest and highest
values and by coefficients of variation in the range 0.25-0.41 (calcu-
lated from Ponce and Hawkins, 1978, Fig. 4) for the microgrids.

An intentional emphasis on salt content variability led Wagenet
and Jurinak- (1979) to conclude, based on 35 samples - each at three
depths - from various locations within the Price River Basin, that a
large number of samples must be collected to determine the mean salt
content with reasonable accuracy of estimation. They demonstrated
that the point of diminishing returns for their data occurred at 50-100
collected samples (of a given soil or sediment), increasing as the
accuracy of estimation is increased. They and Laronne and Schumm (1981)
concluded that care must be taken to avoid using salt content values
based on few measurements. Additionally, having found that the salt
content values (determined from 1:1 and saturated extract solutions
in a manner similar to Ponce) are lognormally distributed about the

mean, Wagenet and Jurinak (1979) concluded that the salt content

*A 1:10 mixture is a one part soil to ten parts water (by weight), and
is equivalent to a sediment concentration of 1/11=90,909 ppm, or 100,000 mg/1.
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variation in Mancos Shale is typified by "hot spots", i.e., few loca-
tions with very high salinities and most of the area typified by much
lower salinities.

Laronne and Schumm's (1977) report in conjunction with the present
report contain extensive data on over 800 samples of Mancos Shale and
associated alluvium. The samples were divided into morphological
groups, most of which are characterized by salt contents significantly
different (determined by the same analysis of variance used by Wagenet
and Jurinak) from those of other groups. Among the important morpho-
logical groups were several crust types and alluvial materials either
in close proximity to Mancos Shale or far removed from it.

Unlike Wagenet and Jurinak's (1979) conclusions, Laronne and
Schumm (1981) showed that significant (mostly at the 5 percent confi-
dence level) differences in salt content can be determined with relatively
few samples. This apparent discrepancy is explained by the non-
random nested sampling program in the latter study, in which samples
were collected from specific morpho-geologic units (e.g., crust of
lower part of shale gully wall or underlying alluvial bed materials
at specified depths) with extensive notation on the characteristics of
the sampling locality. Hence, the variability in salt content can be
reduced significantly by referring to natural morphologic, pedologic
and geologic units. In fact, being as thick as it is and covering
such extensive and variable terrain, one should expect Mancos Shale or
other surficial materials to show not only variations with depth, but
also variations with locale. A similar statement also holds for soils
as evidenced by the need and wide use of soil classification schemes

and maps by agronomists and soil scientists. It might herein be
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stressed that salt content, like any other physical or chemical property
of natural materials, varies considerably in space and time. The use

of statistical moments (such as the mean value) necessitates knowledge
of deviations about that moment.

Surficial materials are normally leached such that salt content
increases with depth. This also holds for semiarid and arid areas
(high evaporation rates and resulting considerable upward capillary
transport) where the surficial material has a high infiltration
capacity. Characteristic of this situation is coarse alluvium (most
dry washes and their terraces) removed sufficiently from Mancos Shale
outcrops (Laronne and Schumm, 1977). Under these circumstances much
more water moves downward than upward and the net result is either a
high degree -of leaching throughout the whole profile to great depths,
or else a similar trendwith a relatively small saline accumulation
at the surface proper due to the last precipitation-evaporation event.

Significant surface accumulations of salts appear whenever down-
ward percolation is strongly inhibited and relatively large moisture
contents prevail near the surface after a precipitation event. Such
is the case with shallow (fine and coarse)} channel bed alluvium over-
lying Mancos Shale, associated steep alluvial gully walls and bedrock
(Mancos Shale) channels.

The surficial accumulation of salts where slow downward percola-
tion takes place will not be effective, however, if the surface is not
saucer-shaped, serving as a temporary water-storing depression or
water conveyance conduit in which the processes of downward water move-
ment and subsequent evaporation are of long duration. Mancos Shale

hillslopes are an example of such a situation wherein downward
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percolation of wateris so inhibited that after all but the most intense
and long rainstorms, the wetting front merely advances 5 cm. The
advance and retreat of these wetting fronts is evidenced by the forma-
tion of slightly (clay-) lithified crusts, the thickness of which varies
but is usually less than 2 cm. To determine salt content variations
with depth within the Mancos Shale, it is, therefore, necessary to
sample undisturbed crusts separately from the underlying material.
Laronne and Schumm (1977) found these crusts contained less than half
the salt content of underlying material. Additional samples analyzed
within this reported project confirm this statement. Figures A.l.la -
A.l.le (consult Table 3.2 for description of these samples) depict
results from dissolution kinetic experiments wherein the EC of
aqueous mixtures varies with contact time. With undersaturation with
respect to the major soluble salts, the equilibrium (horizontal) parts
of the scatter diagrams invariably show higher salinities in underlying
materials and lower salinities in shale crusts. This holds for the
following paired samples: T5-1 and 2 (Figure A.l1.la), T5-5 and 6
(Figures A.1.la, A.l.1b), T5-9 and 10 (Figure A.1.1b), T8-1 and 2
(Figure 2.1.1d), and T8,9 and 10 (Figure A.l.le). Also, the wetting of
material underlying a rill apparently also leached it (T8-12, Figure)
A.l.le). Unlike Mancos Shale:, the crust of the alluvium (T5-17)
has slightly accumulated salts relative to the underlying alluvium
(T5-18, Figure A.l.1lc).

Dissolution experiments such as these are necessary in order to
determine salt content, proving by chemical analyses that the mixtures
are undersaturated. A straightforward use of EC data from saturated

extracts, 1:1 or even 1:10 soil:water mixtures in contact during a
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Figure A.1. Dissolution kinetics of selected 1:99 soil/water mixtures.

Equilibrium EC values transposed to SC (mg/%) and divided
by 100 are equivalent to SMC in percent. Refer to Table
3.2 for description of soil samples.



154

2000 -
7] Ts8-10
- A A A
A
A
e A
o | A
it A
o~ 7 a
® 7 A
= 1000 T 8-12
€ 14 0 o 0
© s o000 o O o OO (d)
° | A O
1S
© 5uu—§3
= _ T8-9
ﬁ+++ + + + + + ++ + + +
nl]lTlllllTlIllIllllllIlllllllTﬁ
0 10 20 30 40 50 60
. . 0.5
Time, min
2000~
] T8-2
4 A
A A A A AA 44
. A A
1500- A
- A
i A
o _
o - A
- T a
® 16004 A
E 1 A (e)
T A
o -4 A
K =
E -4 A
1-500— T3-5
O A
o _
L oo o o o © @ O 0o
_AO
T 8-1
+ + + + + + + +H+ + + +
0l[lllllllllllllllllllllllllll—l
0 10 20 30 40 50 60

Figure A.l. continued.



1557

fixed period of time, may be very misleading. A minimum contact period

(which varies with the soil:water ratio and with the actual salt
content) is necessary to insure an asymptotic closeness to equilibrium,
undersaturation must be assured and a realistic sediment:water ratio
should be used if sediment transport (rather than soil water movement)

is studied.
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A.1.2 Identification of Chemical and Mineral Species

SMC and EC data are used throughout this and other reports dealing
with the salinity problem in the Colorado River Basin. Such data
provide the necessary information to calculate solute loads and yields.
However, it is insufficiently intricate to provide a means to under-
stand the dissolution process nor the spatial and temporal variations
of salt content and salt loads. Chemical analyses are tools by which
cations and anions are determined, thereby forming a necessary backbone
to water quality studies. For instance, a high concentration of 8042— is
more harmful than the same dosage of HCOSI— for drinking purposes.

The acquisition of specific ion data is time-consuming and expensive,
but an inquiry into the actual minerals (i.e., salts) which dissolve
and thereby dissociate is ultimately needed to fully comprehend the
specific chemical nature of the water and the chemical reactions which
led to its present character. For example, sodium and bicarbonate

may be identified in water samples, but their origin need not be the
mineral Nahcolite (NaHCOS) nor its more soluble hydrates; they may have
originated separately from Thenardite (Na2804) and Calcite (CaCOS), or
from very slightly soluble minerals.

The identification of soluble minerals is, however, the only infor-
mation necessary to chemically characterize, by common thermodynamic
laws, the contact solution (provided equilibrium is reached and that
the ionic strength - a measure of the salinity of the aqueous solution
- is not too high). Furthermore, the identification, though only
on a relative scale, of mineral species is a useful tool in

explaining variations in solute loads.
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Soluble ion and mineralogical analyses were performed on a
wide range of earth materials sampled throughout the study area in
conjunction with water quality studies. Mineral identification
analyses were performed on corresponding dry, powdered samples by
means of X-ray diffraction on a bakelite mount. In mineralogical
analysis, attention was directed toward évaporite or precipitate
mineral species which might contribute significantly to soluble ion
concentrations of natural waters. In all, thirteen different relatively
soluble mineral species have been identified within the study area
by X-ray diffraction. For reference, these mineral species with their
cheﬁical compositions are listed in Table A.1.1.

Chemical analyses, Gypsum detérminations and kinetics experiments
were perfromed on six samples of Mancos Shale and bed crusts from
West Salt Creek and from the Green River below the confluence of the
Price River. Four of the samples were examined by X-ray diffraction
and of these, three were used to test a computer simulation analysis
(Table A.1.2). If in sample 164 the Hemihydrate (CaSO4 . 1/2H20)
identified by X-ray diffraction is combined with Gypsum (CaSO,-2H.0)
for the purpose of comparison, then there is a very good correlation
between the Gypsum identification by chemical analysis and that by
X-ray diffraction. This is justified because the chemical analysis is
unable to differentiate between the various hydrate forms of CaSO4 and
the solubilities are of the same magnitude (Anhydrite 0.463 moles/1,
Hemihydrate 0.0521 moles/1, and Gypsum 0.0154 moles/1). The data
summarized in Table A.1.2 show the potential of solute release from
these soil materials. Most of the increase in solute content is
attributed to Calcite, Dolomite, Gypsum and Aragonite with minor

contributions to sulfates.
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Table A.1.1. Salt mineral species identified in earth materials by

X-ray diffraction analysis.

Mineral Composition
Calcite CaCO3
Dolomite CaMg(C03)2
Nahcolite NaHCO3

Soda (Natron) Na2C03-2H20
Trona Na2C03-10H20
Gypsum CaSO4-2H20
Hemihydrate CaSO4-l/2H20
Epsomite MgSO4'7H20
Hexahydrate MgSO4-6HZO
Mirabilite NaZSO4-10H20
Thenardite Na2804
Bloedite NazMg(SO4)2'4H20
Halite (detected once in NaCl

trace awnount)

The X-ray diffraction (Table A.1.3) patterns also indicate large

amounts of Calcite and Dolomite in samples 164, 165 and 169, and a

moderate amount in sample 156.

tion were Thernardite (Na2SO

Other minerals detected by X-ray diffrac-

samples 156, 164 and 175), Bloedite

(NaZMg(SO4)2'4H20, sample 156), and Hexahydrite (MgSO4=6H20, samples

156 and 164). The presence of these soluble minerals may explain the

discrepancies between the computer analysis and the chemical analyses.
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Table A.1.2. A comparison of X-ray diffraction data, saturation extract
analysis, a kinetics experiment and computer simulation. See table A.1.3

for description of samples.

o o)

E s o E
= 9 H o et s
o 3 5 B 5 & e z
= B 5 = @ g % g
5 3 s 3 -
%) O a o &) B~ en T
156 2 0.5 1 1 T
169 10+ 7 T
164 5 4 1 T 0.5 T
165 5 5 T T

Scale is 0-10, T = trace

Saturation Extract, meq/100g of soil
Sample # HCOS Ei SO4 fi Ei gﬁ E
156 0.93 2.53 109.25 63.84 0.76 47.31 0.76
169 0.10 0.02 0.13 0.02 0.16 0.03 0.02
164 0.14 0.13 4.72 3.28 1.03 0.64 0.06
165 0.16 0.17 2.69 2.70 0.15 0.17 0.05
Kinetics Experiment—l:lOO dilution, meq/100g of soil

156 15.70 6.20 130.00 85.00 17.50 53.80 1.20
169 14.60 0.60 0.40 7.50 5.50 2.30 0.80
164 8.40 5.10 38.00 10.40 34.00 5.50 0.80
165 21.90 0.60 2.80 12.80 4.50 3.80 1.20

Computer Simulation vs Measured Data-1:100 dilution, meq/2%

156 meas 1.57 0.62 13.00 8.50 1.75 5.38 0.12
156 sim 1.80 0.665 29.06 16.80 2.10 12.46 0.20
169 meas 1.46 0.06 0.04 0.75 0.55 0.23 .08
165 sim 0.229 0.0052 0.039 0.005 0.249 0.008 0.007
164 meas 0.84 0.51 3.80 1.04 3.40 0.55 0.08
164 sim 1.133 0.033 1.152 0.40 1.365 0.155 0.015



Table A.1.3. Minerals detected by X-ray diffraction in samples from the Upper Colorado River Basin.
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West Salt Creek
Bed crust 156
Bank crust : 158
Soil under bank crust 159

Mancos shale, weathered talus 169

Soil, from Mancos Shale 173
Bed of channel G7A1S
Bed of channel G7A1S
Lfflorescence, channel bed G8B1
Efflorescence, channel bed G8B1
Salt seep (air dry) G8
Salt seep (field moist) G8
Salt from creek bed X2

South Canyon, West Salt Creek

Bank crust, Mesa Verde Frm. 162

Prairie Canyon, West Salt Creek

Bed crust 175
Bed crust 176
Badger Wash

Soil Mancos Shale surface X6
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Table A.1.3. Continued.

CaSO4-2H20

mineral
9
R =
o E '%: & 5o g
° o E S w = T
“ fe & 2 8 8 8% ¢
£ “ RO = 5 ~ ~ 7]
8 g8 & 2 2 2 8
Leach Creek
Efflorescence, Mancos Shale X3 T 1 1
Weathered Mancos Shale XS T 2 0.5 T 2.5
Bed Crust (0-2 cm), alluvium G1Bl1 >1 2 3.5 1
Bed crust (0-2 cm), alluvium  GI1B1 <1 2 4.5 0.5
Mancos Shale, hillslope GlE3 1 2.5 7.5
Mancos Shale, hillslope - GIE3 <l 2 7.5
Bed of channel, alluvium G2A1 >1 2.5 8 6
Bed of channel, alluvium G2Al <1 3.5 7 7.5
Crust, Mesa Verde shale G20A >1 T 3 6
Crust, Mesa Verde shale G20A <1 1.5 0.5
Green River
Weathered Mancos Shale 164 5 4 1 T
Unweathered Mancos Shale 165 5 5
Fresh Mancos Shale X1 3.5 4.5 T T T
Sandy shale, bedrock 167 3.5 7
Exposed salt layer 168 10+ 3 10+
Evaporite Mancos Shale X4 10+
North Miller Creek
Channel bed efflorescence USC4A >1 5.5 5.5 0.5
Channel bed efflorescence USC4A <l 4 6 1
Channel bed efflorescence USM2A >l 3.5 8.5 T T T
Channel bed efflorescence USM2A <l 2 2 T
Mancos Shale mass wasted Us1J >1 4.5 8 2.5
Mancos Shale. mass wasted Us1J <1 2.5 3 1.5
Channel bed Mancos Shale crust U6F1 >1 3 3.5 0.5

Channel bed Mancos Shale Crust U6F1 <1 3 4.5 1

Na2504
NaZSO4'10H20
Na,Mg (s0,)
i4ll20
MgS0,, * 61,0
MgSO4-7H20
NaCl
Unknown Pcaks

191
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The coating of more soluble minerals by less soluble minerals may
also cause discrepancies between X-ray diffraction and chemical
analyses. If a soluble mineral is coated by a mineral of lower
solubility, then its rate of dissolution and, more importantly, whether
it dissolves at all, will depend on the behavior of the coating.

While the lithification of clays and the formation of iron oxide
coatings must be measured by a geologic time scale, the formation of
a less soluble salt coating could be quite rapid in soils and on channel
beds by the following mechanism. As the soil solution becomes concen-
trated as a result of evaporation, two things occur: the solution
boundary moves from the larger pores towards the smaller pores, keeping
the small pores full of liquid while the large pores empty; and at
the same time, the less soluble salts start to precipitate and form
around the edge of the boundary, thus enclosing or partially enclosing
the more soluble salts still in solution.

Data supportive to a coating or other dissolution limiting theory
are supplied in the last column of Table A.1.4. Denoting solute concentra-
tion of a 1:X sediment:water mixture by SC

, the ratio SC SC

1:99/ 1:9°

is an indicator of additional dissolution upon dilution even when the

1:X

more sediment laden mixture is undersaturated with respect to the
major dissolving minerals (Laronne, 1977). Note that all except two
1:9 mixtures (G8B1 and USM2A) of Table A.1.4 were undersaturated with

respect to Gypsum.

A.1.3 Soluble Mineral Species available in Study Area

Numerous soil samples have been collected from locations throughout

the potentially saline areas of the Upper Colorado River Basin. The
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Table A.1.4 EC and total solute concentration data for selected soil
samples from West Salt Creek (G7 and G8), Leach Creek (Gl and G2) and North

Miller Creek in the Price Basin (U5 and U6).

EC* SC

pmhos/cm at 25°C mg/ %
Sample 11 _;;1;22_
No. 1:1 1:9 1:99 1:9 1:99 1:9
G7A1S 2000 435 61 294 30.6 1.14
G8B1 71600 12500 2130 14131 1836.9 1.43
G1B1 1915 181 107.1
GlE3 3220 760 599.8
G2Al 2140 670 484.1
G20A 1975 1050 222 812 135.5 1.83
U5C4A 6500 1420 242 1151 149.6 1.43
USM2A 38700 6700 1230 6885 975.3 1.56
Us1J 4300 1660 450 1378 305.9 2.44
U6F1 2400 682 121 494 67.3 1.50

*Particle size separation was not used in EC or SC analyses.
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samples consist mainly of grab samples from the streambed crust, under-
lying streambed materials and stream banks and from various Mancos
Shale outcrops. The samples were taken to identify soluble mineral
species (Table A.1.3) and to observe the variations in saline mineral
concentrations {(on a relative scale of 1 to 10) throughout the study
area.

Selected samples of earth materials from seven regions within the
study area have been analyzed for salt mineral species and for soluble
salt content. The sampling locations included areas in or near the
Green River at the confluence with the Price River and North Miller
Creek in Utah, and Leach Creek, Badger Wash, Prairie Canyon, South
Canyon, and West Salt Creek in Colorado.

Although the principal bedrock in each of these areas is shale
of the Mancos Formation, there are differences in relative quantities
and types of salts among these locations. Differences are due to the
type of samples taken at a particular location (rock formation, soils,
stream bed material, stream transported sediment, efflorescent crusts
or crystal deposits at evaporative surfaces). Differences in soluble.
minerals among locations may also be due in part to different sections
of sampled shale which fepresent different geologic time spans as well
as varying conditions of marine sedimentation during formation.

In general, the less soluble minerals (Calcite and Dolomite) were
dominant in soil materials, as was the more soluble Gypsum, The highly
soluble minerals (Nahcolite, Soda, Hemihydrate, Epsomite, Hexahydrate,
Thenardite, Mirabilitie and Bloedite, as well as Gypsum) were more
concentrated in efflorescent crusts in dry stream beds and near seeps

where evaporative concentration has occurred. The single occurrence of
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Halite was in an efflorescent crust from the dry channel bed of West

Salt Creek. Gypsum was commonly found in pure crystalline form within
voids and on surfaces of bedding and fracture plains in the Mancos

Shale formation. Relatively large (1-20 mm) Gypsum crystals were
distributed on the surface of weathered shale in some locations. The
presence of more soluble minerals in the shale proper is inferred from
soluble ion analyses and also by the low or trace concentrations detected

by X-ray diffraction.

A.1.4 Soluble Mineral Variations on a Selected Hillslope and a Channel

Leach Creek Erosion Study: Earth materials from this area were

taken in conjunction with slope erosion studies (see Chapter 3). The
samples, as. collected and reported herein, were not materials transported
during the erosion study itself, but rather were undisturbed samples
taken at various positions along the hillslope (Run I-5). The parent
material on the slope was dark gray Mancos Shale. The soil on the

slope and over the shale was of shallow depth (<20 cm).

All but one of the samples were subdivided by dry sieving into
greater than 1 mm and less than 1 mm fractions prior to X-ray diffrac;
tion analysis. Calcite and Gypsum were most concentrated in coarse
fractions, whereas Dolomite was most concentrated in finer fractions
(Table A1.5. At the upper slope positions, Gypsum was most concentrated
near the surface at each sampling location. This did not appear to
hold for Gypsum near the base of the slope, nor was there an evident
relationship between Calcite or Dolomite content and soil depth. All
samples contained relatively large amounts of these minerals. Gypsum
was dominant throughout. Identification of other possible mineral

species in these samples is still being studied.
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Table A.1.5. Results from X-ray diffraction measurements for Hillslope

Study I on run (plot) I-5. Scale used is 0-10; T = trace
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Dry soil A T5-1 0-5 >1 2 2 10+ v/

Dry soil <1 1 3 3.5 v
Dry soil T5-2 5-25 >1 1 1.5 2.5
Dry soil <1 1 3.0 3
Dry soil Bl T5-5 0-5 >1 1 2.5 5.5

Dry soil <1 0.5 2.0

Dry soil T5-6 5-25 >1 1 2.0 v
Dry soil <1 0.5 1.5 2

Dry soil o T5-9 0-5 >1 1 2.5 5 v
Dry soil <1 1 2 3.5

Dry soil T5-10 5-25 >1 1.5 2 4.5 v

Dry soil <1 0.5 2 2.5 v

Dry soil D, T5-13 0-5 >1 1 1.5 1.5 v

Dry soil <1 0. 2 2 v
Dry soil T5-14 5-25 >1 5 4
Dry soil <1 T 2.5 2
Dry soil D2 T5-17 0-5 >1 0.5 2
Dry soil <1 T .5 1.5
Dry soil T5-18 5-25 >1 0 2 2.5
Dry soil <1 5.5 3
B T5-8 5-25 0.5 3 5.5
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West Salt Creek Stream Sampling Study: Selected samples, taken

in conjunction with flow and water quality studies following a storm
event, were examined for presence of saline minerals. Samples at this
location were taken under two different situations. The first set of
samples represent suspended sediment collected by sediment sampler No. 1
during a storm event on October 6, 1977 (Chapter 4). The second set

of samples represented stream bed sediments collected 12 days after

flow from the storm event had subsided.

The twelve stream bed samples selected for analysis were taken
from depths of 3 and 6 inches. All samples contained Calcite, Dolomite
and Gypsum (Table A.1.6). Calcite and Dolomite were most concentrated
in sediments greater than 1 mm diameter. Gypsum was randomly distribu-
ted between the coarse and finer fractions and there was no consistent
difference in relative amounts of Calcite, Dolomite or Gypsum between
the two depths of sampling. Note that sample G8B was collected from
the bed crust near a saline seep; sample G20 characterizes Mesa Verde

Shale in contact with the channel in .the upper part of the basin.
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X-ray diffraction data from West Salt Creek bed samples.

Table A.1.6.
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Table A. 2. Data on extent of
delay (time from collection of
runoff sample to its filtration)
for Hillslope Study I. Note: an
asterisk, usually denoting the
odd numbered samples which were
not measured immediately, means
that the data were excluded from
the determination of the average

delay.
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RUN 1-3
Sample # 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15  Average
Station A S 184* 2 181* 2 182* 4 2 1 2 9 14 4.6
Bl 1 2 180* 3 174 4 3 1 2 1 1 2.0
B2 6 6 175* 4 4 167* 5 5 1 2 12 8 5.3
c1 5 S 178* 3 176* 5 171* 4 9 2 1 1 3 3.7
c2 6 9 7 7 99* 7 4 4 7 6.4
D1 4 157* 3 154* 3 150* 2 146* 1 5 5 3 3 3.2
p2 7 117* 6  115* 5 113* 4 110* 5 10 5 8 6.3
RUN 1-4
Station A 6 192* 5 190* 4 188* 6 184* 8 5 9 6 19 6.7
Bl 2 196* 6 194* 7  191* 11 187* 8 8 10 7 10 7.7
B2 12 9  201* 12 10 185* 10 11 9 7 1 7 9.1
Cl1 10 9 9 185* 11 13 10 10 9.0
c2 10 10 12 11 9 19 11.8
RUN 1-5
Station A 2 160% 4 157* 10 156* 12 152* 13 20 17 25 8 12.5
Bl 3 106* 9  104* 11 10i* 14 97* 16 24 18 25 9 14.9
cr 3 168* 8 166* 11 164* 14 160* 18 27 18 26 12 12.2
D1 7 8 169* 11 167* 15 164* 17 26 26 11 .15.1
D2 6 9 155* 11 152* 9 148* 10 24 11 14 1 10.6
RUN 1-6
Station A 3 3 88* 2 85% 1 81* 3 2 5 5 4 3.1
Bl 1 yi* 2 89* 3 86* 4 98* 3 5 7 3 7 3.9
c1 4 3 122 6 4 114* 2 6 9 10 11 6.0
bl 4 88* 8 86* 20 84* 19 74* 13 13 4 11.8
p2 6 91* 12 88* 10 87 12 82* 11 35 27 14 15.5
RUN 1-7
Station A 2 1 97* 1 95*% 1 91* 5 11 5 5 4 3.9
Bl 2 97* 2 95% 5 91* 6 88* 8 8 7 4 4 5.1
B2 10 8§ 125% 9 122* 17 18 2 10 2 6 9.0
Ccl1 6 127* 10 130* 10 9 122* 10 20 19 26 50 17.7
c2 20 113* 46 13 15 4 27 20.5
DL 6 96* 13 81* 8 78% 8 9 8.8
RUN 1-8
Station A 3 1 105* 1 103* 1 9 12 3 1 2 301 2.6
B1 4 115* 6 118 5  115* 15 112* 6 10 6 9 3 3 6 6.7
B2 5 132* 5 129* 3 19 122« 1 11 9 9 13 5 1 9.2
€2 14 11 121* 18 119* 15 115% 12 9 12 6 4 3 4 9.8
RUN 1-9
Station A 2 1 36* 1 33 1 30 7 3 6 1 1 1 1 2.3

B2 4 5 37* 3 33* 10 31* -3 4 3 3 1 6 3 4.1
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Table A.3. EC data (in pmho/cm-1 at 25°C) for filtered (Column
2) and unfiltered (column 3) runoff samples collected in Hillslepe
Study I. Column 4 shows the increase in EC, in percent. Column 5
shows the average increase in EC for each station, in percent. Note:
the increase in EC took place over a 60 day period. The increase in

EC for runs 1-5 and 1-8 are based on unfiltered samples for both the

immediate and the late EC reading.
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RUN I-2
(1) (2) (3) (4) (5)
ECg¢ ECyuf {(8)-(2) 1100
No. (29.8.77) (26.8.77) (2) Average (4)
A-1 1160 1434 23.7
5 1360 1818 33.7} 41.6
10 1940 3260 68.0
B -1 2100 3090 47.1
5 2430 3160 30.0
10 2890 3190 10.4
B,-1 . 1620 2480 53.1 30.7
5 1570 2160 37.7
10 2880 3060 06.0
c,-1 2780 3110 11.8
5 2810 3140 11.4 11.8
10 2890 3240 12.1}
D -5 2940 3120 6.1
I 2790 3130 12.2
D,-1 2800 3160 12.9 10.2
5 2640 2920 10.6
10 2430 2680 10.3

N
[*]
N

Average: 2355
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RUN I-3
(1) (2) (3) (4) _ (5)
EC, ECyuf {(3)-(2) }100
No. 30.8.77 29 & 30/.8/77 (2) Average (4)
A-1 1390 2660 90.6
5 1940 2660 37.1} 76.4
10 940 1950 107.4
B,-1 1050 1680 60.5
5 2090 2790 34.0
10 2310 2810 21.44
B,-1 2350 2770 17.9‘ 46.9
5 1730
10 1300 2610 100.9
c,-1 2000 2780 39.0
5 2240 2830 26.3
10 2450 2860 16.7
€)1 1870 2730 46.0( 33.1
5 2080 2620 26.0
10 1860 2710 45.0
D,-1 2480 2870 11.0
5 2560 2740 7.0
10 2480 2720 9.7
D,-1 2630 2820 7.2( 9.0
5 - 2390 2630 10.0
10 2140 2230 8.9
Average: 2016 36.1
RUN I-4
(1) (2) (3) (4) (5)
ECs EC uf {(3)-(2)}100
No. (1.9.77) (31.8.77) (2) Average (4)
A-1 1520 2770 83.3
5 2410 2710 12.4} 67.9
10 1230 2560 108.1
B,-1 2600 3160 21.5
5 2550 2760 8.2
10 2520 2740 8.7
B,-1 2470 2820 14.2( 28.6
5 1800 2690 49.4
10 1550 2630 69.7
c,-1 2580 2770 7.4
5 2660 2880 8.3
10 2640 2880 8.3
C,-1 2080 2740 31.4( 16.7
5 2760 3330 20.7
10 2420 3020 24.8
D,-1 2960
5

Average: 2253 2950 31.7
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RUN I-5
(1) (2) (3) (4) (3)
EC "immed'"-uf ECuf later {(3)-(2)1}100
No. much shaking (2) Average (4)
A-1 3200 2958 -7.5
5 5950 5949 0.0 25.4
10 1910 3513 83.7
Bl—l 2980 3232 8.4
5 5620 6087 8.2‘ 177
10 2400 3610 50.4 “r
B2—1 3700 3467 -6.2
Cl—l 3000 3399 13.3}
5 5800 6627 14.3 15.1
10 3850 4513 17.6
Dl—l 3800 4674 23.0
5 5200 . 7271 39.8
10 5150 5569 8.1
D,-1 6350 6888 8.5 11.1
5 6450 6423 -0.4
10 6000 5235 -12.7
Average: 4460 15.5
RUN 1-6
(1) (2) (3) (4) (5)
ECe Ecgf {(3)-(2)}100
No. (2.9.77) (2.9.77) (2) Average (4)
A-1 2530 2930 15.8
5 2550 2680 6.0} 52.7
10 1210 2660 : 136.2
Bl—l 2560 2780 8.6}
5 2560 3100 21.1 14 .4
10 3160 3590 13.6
C,-1 2640 2810 6.4
S 3620 3730 4 7} 8.7
10 5560 4090 14.9
D, -1 3650 4270 70.9
Ls 3020 3520 16.5
10 2890 3590 24.2 13.6
D,-1 3170 3790 19.6
2 5 3260 3470 6.4
10 3140 3260 3.8

Average: 2915 20.6



175

RUN I-7
(1) (2) (3) (4) (5)
EC uf
E (2.9.77) {(3)-(2) 1100
No. (2.9.77) +(6.9.77) (2) Average (4)
A-1 1060 2620 147.2 115.3
5 1320 2520 90.9
10 1030 2140 707.7
Bl_l 1530 2950 92.8
5 1260 2500 98.4 82.3
10 720 1210 68.1 )
82-1 1790 2950 64.8
5 2020 3020 49.5
10 1090 2290 110.1
Cl—l 1630 2850 74.2
5 1660 2780 67.5
10 §20 1380 68.3 83.5
C,-1 1380 2880 102.9 ’
10 1060 2170 104.7
Dl-l 1740 3060 75.8
5 1630 2810 72.4 76.9
10 1190 2170 82.4
Average: 1349 86.9
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RUN I-8
(1) (2) (3) (4) (5)
EC "immed"-uf EC . 2 months {(3)-(2)}100
No. u later (2) Average
A-1 708 709 0.0
5 802 844 4.7} 4.8
10 1002 1097 9.7
B -1 778 806 3.6
lg 1060 967 -8.8
10 830 806 -2.9 10.3
B,-1 605 641 5.9
5 788 1064 35.1
10 1164 1499 28.8
C,-1 990 1182 19.3}
5 1124 1612 34.5 25.5
10 1140 1400 22.8

Average: 830 12,

~
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Table A.4. EC (in umho/cm at 25°C) and ion specie concentrations
(in meq 1—1) for I-5 and I-8 runoff samples of Hillslope Study I. Note:

All sample numbers denoted by "F'" refer to on-site filtered samples.
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Sample
No. EC HCO, c1 SO, Total Na Ca Mg K Total
T8 A-1 709 5.32 0.53 2.29 8.14 3.60 3.55 0.55 0.22 7.92
3 729 5.01 0.36 3.12 8.49 3.50 4.05 0.55 0.20 8.30
4 831 4.91 0.37 4.68 9.96 3.40 5.30 0.70 0.19 9.59
5 844 4.59 0.34 4.95 9.88 3.50 5.50 0.50 0.19 9.69
6 806 4.70 0.34 4.30 9.34 3.30 5.20 0.50 0.17 9.17
7 917 4.80 0.57 5.40 10.77 3.30 6.50 0.70 0.17 10.67
8 1267 4.96 1.02 9.75 15.73 3.60 10.50 0.70 0.20 15.00
9 1637 5.22 0.88 18.00 24.10 3.50 18.50 0.90 0.25 23.15
10 1097 4.44 1.44 7.60 13.48 3.30 8.80 0.70 0.16 12.96
11 1013 4.44 0.52 7.20 12.16 3.30 7.40 0.50 0.15 11.35
12 2217 5.48 0.74 26.00 32.22 3.05 27.50 0.75 0.20 31.50
13 2264 3.65 0.43 29.00 33.08 3.25 28.75 0.50 0.18 32.68
14 1637 4.18 0.28 18.50 22.96 3.50 18.00 0.50 0.17 22.17
15 1520 4.02 0.20 15.50 19.72 3.40 15.00 0.50 0.15 19.05
T8 B-1 806 4.49 0.34 3.90 8.73 3.50 4.50 0.50 0.21 8.71
2 657 4.75 0.20 2.55 7.50 3.40 3.50 0.55 0.15 7.60
3 649 4.91 0.17 2.50 7.58 3.40 3.45 0.65 0.16 7.66
4 673 4.38 0.20 3.10 7.68 3.40 3.70 0.50 0.14 7.74
5 967 3.45 0.26 7.50 11.41 3.40 7.00 0.70 0.16 11.26
6 771 4.18 0.20 4.30 8.68 3.35 4.50 0.50 0.15 8.50
7 739 4.33 0.23 3,90 8.46 3.35 4.25 0.55 0.14 8.29
8 749 4.18 0.20 3.70 8.08 3.20 4.25 0.55 0.13 8.13
9 729 4.07 0.14 3.70 7.91 3.25 4.10 0.55 0.12 8.02
10 806 3.86 0.20 5.20 9.26 3.20 4.90 0.55 0.12 8.77
11 749 4.23 0.26 4.10 8.59 3.25 4.40 0.55 0.12 8.32
12 1716 4.02 0.23 18.50 22.75 3.50 17.50 0.90 0.18 22.08
13 1834 3.65 0.26 19.50 23.41 3.50 18.50 0.70 0.16 22.86
14 1132 4.12 0.20 8.75 13.07 3.50 9.20 0.70 0.12 13.50
15 985  4.07 0.23 7.00 11.30 3.20 7.30 0.50 0.10 11.10
I8 B,- 1 641 4.96 0.31 1.75 7.02 3.45 2.80 0.50 0.22 6.97
2 641 >.010.17 '1.95  7.13 3.40 3.05 0.55 0.16 7.16
3 641 4.59 0.20 2.40 7.19 3,40 3.00 0.55 0.16 7.11
4 818 4.33 0.20 4.40 8.93 345 4.60 0.75 0.17 8.97
5 1064 4.120.20 8.00 12.30 3.40 7.60 0.90 0.15 12.05
7 902 4.28 0.20 5.60 1U.08 3,40 5.90 0.70 0.14 10.14
8 1023 5.970.17 7.50 11.64 3,30 7.20 0.90 0.16 11.56
9 1064 4.23 0.23 8.00 12.46 3.30 8.20 0.70 0.15 12.35
10 1499 3.39 0.26 15.00 18.65 3.30 14.00 0.90 0.16 18.36
11 2128 4.02°0.20 26.00 30.22 3,25 25.00 1.25 0.19 29.69
12 2046 3.920.23 26.00 30.15 3.25 24,50 1.25 0.20 29.20
13 2264 3.86 0.26 30.00 34.12 3,05 29.00 1.00 0.21 33.26
14 1834 3.97 0.31 22.25 26.53 3,50 21.00 1.00 0.16 25.66
15 1237 2.92 0.28 11.00 14.90 3.40 9.80 0.70 0.14 14.04
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Sample

No. EC HCOS Cl SO4 Total Na Ca Mg K Total pH
T8 C,-1 1182 4.18 0.26 9.75 14.19 3.60 9.20 0.70 0.22 13.72 7.7
2 1612 3.76 0.26 16.50 20.52 3.50 15.00 0.90 0.24 19.64 7.8

3 985 3.97 0.26 7.00 11.23 3.50 6.80 0.70 0.21 11.21 7.&

4 1298 4.23 0.28 10.75 15.26 3.50 10.50 0.50 0.24 14.74 7.5

6 985 4.18 0.2C 6.60 10.98 3.50 7.00 0.50 0.18 11.18 7.7

7 1330 3.76 0.23 12.50 16.49 3.50 12.00 0.70 0.18 16.13 7.9

8 1298 3.81 0.28 12.00 16.09 3.40 12.50 0.50 0.16 16.56 7.8

9 1520 3.97 0.26 14.75 18.98 3.60 13.50 0.90 0.18 18.18 7.8

10 1400 3.39 0.26 11.50 15.15 3.30 11.00 0.70 0.17 15.17 8.0

11 1834 3.97 0.28 19.00 23.25 3.60 18.00 0.70 0.21 22.51 7.7

12 2217 4.33 0.23 28.00 32.56 3.85 26.25 1.25 0.23 31.88 7.8

13 1970 3.13 0.26 21.50 24.89 3.7521.00 1.00 0.19 25.44 7.9

14 1803 3.50 0.28 18.50° 22.28 3.50 17.50 0.70 0.18 21.88 8.0

15 1773  4.33 0.26 24.00 28.59 3.50 24.50 1.00 0.14 29.14 7.8

T8 A) - F 633 4.33 0.31 2.20 6.84 3.70 2.70 0.50 0.24 7.14 8.4
A - F 739 3.71 0.23 3.90 7.84 3.50 4.00 0.55 0.20 8.25 8.1
ATO- F 967 3.97 0.20 6.60 10.77 3.30 6.80 0.70 0.16 10.91 8.2
B)1- F 673 3.97 0.28 2.80 7.05 3.50 3.25 0.50 0.22 7.47 8.2
Bj5- F 950 3.65 0.17 6.60 10.42 3.40 6.40 0.90 0.17 10.87 8.2
Bj10-F 739 3.71 0.17 4.10 7.98 3.35 4.05 0.55 0.13 8.08 8.2
B,1- F 578 3.97 0.31 2.15 6.43 3.45 2.35 0.45 0.25 6.50 8.3
BS- F 739 3.13 0.20 4.10 7.43 3.20 3.90 0.50 0.16 7.76 8.1
B510-F 1004 2.71 0.20 7.60 10.51 3.20 6.90 0.70 0.15 10.90 8.1
Cyl- F 818 3.65 0.68 5.00 9.33 3.20 4.80 0.50 0.20 8.70 8.1
C55- F 985 2.82 0.17 8.00 10.99 3.40 6.70 0.70 0.23 11.03 8.1
C510-F 1108  2.61 0.17 9.25 12.03 3.30 8.20 0.70 0.14 12.34 7.9
As - F 5668 3.76 3.1C 82.50 89.36 11.75 22.00 59.00 0.50 93.25 §'i
Alo- F 1931 4.18 1.24 19.50 25.03 5.88 4.50 14.75 0.26 25.39 &.1
B.1-.F 3068 4.04 0.88 40.00 45.03 4.50 28.00 11.50 0.50 44.50 8.1
ls_ F 5926 3.71 2.43 92.75 98.89 13.10 22.50 63.00 0.50 99.10 8.0
gllo-F 2370 3.97 0.74 26.00 30.82 6.10 10.50 14.00 0.44 31.04 8.2
Y1 F 3259 3.92 0.88 45.00 49.91 4.50 27.50 16.50 0.50 49.00 <£.0
cfl- F 3259 3.65 1.58 45.00 50.31 4.50 29.50 16.50 1.00. 51.50 {-?
C/5- F 6360 3.71 1.92 98.00 103.74 15.50 21.50 69.50 1.00 107.50 9J.:
C 10-F 3524 3.8 1.07 48.00 53.03 10.85 15.00 27.00 0.68 53.53 8.1
pli- F 4741 3.65 2.43 66.50 72.69 11.75 29.00 32.00 2.00 73.75 8.1
DiS— F 6432 3.65 3.14 100.00 105.79 18.00 21.50 67.50 1.00 108.00 8.1
D) 10-F 5321 3.65 2.14 78.00 83.90 15.00 23.00 45.00 0.50 83.50 8.1
D,1- F 6773 3.92 3.83 100,04 111.75 20.00 23.50 67.50 1.00 112.00 8.2
D35- F 6208 3.39 2.43 90.30 96.12 19.00 22.50 55.00 1.00 97.50 7.8

D510-F 5113  3.65 1.86 80.00 85.51 19.00 23.00 41.50 1.00 84.50 8.1
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EC HCOS C1 SO4 Total Na Ca Mg K Total pH
2958 6.53 2.14 35.00 43.67 3.35 28.00 10.50 0.85 42.70 7.6
3467 4.83 1.58 46.00 52.41 3.70 27.50 19.50 1.04 51.74 7.8
4695 4.18 2.00 74.00 80.16 7.70 24.00 48.50 1.06 81.26 7.9
5288 3.65 1.86 86.00 91.51 9.45 22.50 59.00 1.00 91.95 7.9
5949 4.44 3.83 97.50 105.77 13.10 23.50 69.50 1.28 107.38 7.8
6755 3.78 2.28 115.00 121.06 15.50 21.00 85.00 0.98 122.48 7.9
6270 3.92 2.00 1(.00 114.92 14.50 22.00 78.00 0.90 115.40 8.0
5107 4.05 1.86 80.00 85.91 9.00 22.00 55.00 0.78 86.78 8.0
3466 4.31 2.00 56.00 62.31 7.70 21.00 32.00 0.57 61.27 7.9
3513 3.26 2.00 52.00 57.26 5.30 22.50 28.00 0.40 56.20 8.1
1370 3.13 0.74 12.00 15.87 2.85 6.25 6.00 0.18 15.28 8.2
1722 3.65 0.62 17.50 21.77 3.65 8.25 8.50 0.21 20.61 8.3
2727  3.39 0.96 36.25 40.60 4.50 21.50 13.50 0.23 39.73 8.1
3232 6.26 2.71 39.00 47.97 3.70 30.00 12.50 0.87 47.07 7.7
3537 6.00 1.86 46.00 53.86 4.50 28.00 20.50 1.00 54.00 7.8
4633 4.70 1.58 69.00 75.28 8.10 24.00 43.00 1.14 76.24 7.8
5540 4.70 1.72 90.00 96.42 11.52 22.00 61.00 1.12 95.64 7.9
6087 4.18 2.43 10(.00 110.61 13.32 21.00 74.00 1.14 109.46 7.9
7322 4.18 2.57 13%.00 141.75 18.00 20.00102.50 1.16 141.66 8.0
6017 4.05 2.85 104.00 110.90 13.55 22.00 75.00 0.95 111.50 8.0
7322 4.18 2.00 13500 141.18 17.50 21.00101.25 1.16 140.91 7.9
5034 4.18 2.14 80.00 86.32 9.90 22.50 53.50 0.72 86.62 7.9
3610 4.31 1.02 49.00 54.33 4.90 24.50 24.00 0.57 53.97 8.0
2991 4.18 "1.16 37.00 42.34 4.90 23.00 13.50 0.40 41.80 8.0
1315 3.18 0.40 11.50 15.08 3.65 6.00 5.75 0.16 15.56 8.3
2657 3.86 0.79- 33.00 37.65 4.0519.25 13.50 0.37 37.17 &.0
3467 4.96 1.58 46.00 52.54 3.35 29.50 18.50 0.95 52.30 7.5
3713 7.31 3.27 54.00 64.58 7.30 27.50 29.50 0.90 65.20 7.7
1 3399 6.79 2.71 45.00 54.50 4.95 29.00 19.00 0.98 53.93 7.5
2 4222 5.87 1.44 58.00 65.31 6.90 26.50 31.00 1.16 65.56 7.7
3 5183 5.35 2.00 78.00 85.35 10.85 25.00 49.25 1.24 86.34 7.7
4 5660 4.57 2.14 90.00 96.71 12.20 23.00 61.00 1.20 97.40 7.8
5 6627 4.70 2.43 109.00 116.13 15.50 22.00 78.00 1.34 116.84 7.8
6 7699 3.92 2.71 13500 141.63 20.00 21.00100.00 1.42 142.42 7.8
7 7813 3.92 2.28 13500 141.20 21.00 20.00100.00 1.36 142.36 7.8
g8 7992  4.57 2.43 13500 142.00 19.00 20.00102.50 1.40 142.90 7.8
5949 4.31 2.00 95.00 101.31 15.00 21.00 65.00 1.06 102.06 7.8
4513  3.92 1.44 65.00 70.36 9.45 23.00 36.50 0.74 69.69 8.0
3422 3.24 0.85 46.00 50.09 5.88 23.75 20.00 0.60 50.23 7.9
2925 3.86 1.02  36.00 40.88 4.73 23.50 11.50 0.44 40.17 7.8
3061  3.71 0.79 41.00 45.50 4.95 22.50 17.50 0.45 45.40 8.0
1 4674 8.87 3.27 58.00 70.14 10.35 25.00 33.50 1.28 70.13 7.6
2 5315 6.79 2.71 76.00 85.50 10.85 24.00 48.50 1.24 84.59 7.7
3 6159 7.83 2.43 95.00 105.26 15.50 23.00 65.00 1.30 104.80 7.8
47221 7.31 2.99 11375 124.05 19.00 21.50 82.50 1.38 124.38 7.6
5 7271 8.87 3.27 107.50 119.64 19.00 20.00 80.50 1.36 120.86 7.
6 6799 7.31 4.40 104.50 116.21 18.00 22.00 76.00 1.38 117.38 7.
76980  6.53 3.27 11250 122.30 20.00 21.00 80.50 1.40 122.90 7.6
8 6843 6.26 4.13 104.00 114.39 19.50 21.50 71.50 1.40 113.90 7.7
9 6384 5.74 3.27 95.00 104.01 19.00 22.00 61.00 1.36 103.36 7.7
10 5569 6.79 1.86 74.00 82.65 15.00 21.00 46.50 1.20 83.70 7.7
11 5288 5.35 1.86 74.00 81.21 15.50 22.00°43.00 0.94 81.44 7.7
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Sample 6
No. EXC10 HCO3 Cl 804 Total Na Ca Mg K Total pH
T5 D,-1 4513  4.70 2.28 63.00 69.98 9.90 23.00 35.00 0.88 68.78 7.6
3 4363 6.13 1.58 55.00 62.71 9.00 23.50 31.00 0.76 &1.2¢ 7.6
4 6888 7.57 3.27100.00 110.84 19.50 22.00 67.50 1.40 110.40 7.6
0 7027  6.39 2.57104.00 112.96 21.00 22.00 67.50 1.46 Ililvo 7.5
7 6503 5.35 2.43 98.00 10578 20.00 22.00 63.00 1.48 10v.48 7.6
3 6423 6.39 2.99 95.00 104.38 19.00 22.50 61.00 1.42 10392 7.6
9 6159 5.35 2.00 92.50 99.85 19.00 22.50 56.00 1.36 98.86 7.7
10 6181 5.87 2.43 90.00 98.30 19.00 23.00 55.00 1.36 98.36 7.8
11 6017 5.35 2.71 85.00 93.06 18.00 22.00 51.50 1.30 92.80 7.9
12 5540 5.09 2.14 82.00 89.23 16.00 22.50 48.50 1.14 88.14 7.8
13 5235 5.09 2.00 74.00 81.09 14.50 22.00 43.00 1.10 80.60 7.9
14 4695 4.44 2.00 66.00 72.44 13.55 22.50 35.00 0.96 72.01
15 5235 4.83 2.00 76.00 82.83 16.50 23.00 43.00 0.98 83.48
1o 3212 3.55 0.90 39.00 43.45 7.25 18.75 16.00 0.50 42.50
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A.5 FEASIBILITY OF USING COMPUTER SIMULATION TO STUDY RILL PATTERNS

Introduction

Drainage basin form has been qualitatively described by Zernitz
(1932), who identified patterns controlled by slope and structure. It
has been suggested that drainage basin characteristics include topo-
graphic, soil, geologic or structural and vegetational factors. 1In a
classic paper, Horton (1945) made a comprehensive analysis of many of
the variables included in these categories, and introduced the concept
of stream ordering as a measure of basin size and shape. He presented
data that linked stream length, strgam slope, and number of streams to
order. Strahler (1957) improved the ordering system and validated the
relationships. Schumm (1956) proposed the law of drainage areas which
also used stream ordering and emphasized drainage density (total stream
length divided by drainage area) as an indication of the deterministic
factors in drainage basin development. Using physical models, Parker
(1977) and Mosley (1973) showed that stream length and drainage density
are related to changes in slope.

A more recent development in the study of drainage patterns is the.
use of random walk computer simulation. Leopold and Langbein (1962)
proposed a random walk model to simulate the development of drainage
patterns in areas of uniform lithology. This model was programmed and
used as a basis for subsequent work (e.g., Smart, 1967). Discussion by
Howard (1971) indicates that the similarities between simulation models
and actual systems may result because the models produce topologically
random networks and common link length distributions that are representa-
tive of regions with uniform lithology and no pronounced regional slope.

Smart and Moruzzi (1971) moved closer to natural conditions with a
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headward growth model in which channel growth is dependent on the amount
of undissected area upslope of the stream tip. The uphill direction 1is
made favorable to horizontal moves through decision rules.

The purpose of this study is to use physical assumptions to
simulate reasonable dendritic and parallel rill patterns. The effect
of slope on drainage patterns and drainage basin form has not been
studied quantitatively because it is difficult to isolate the effects
of a single variable in field studies. A conceptually simple model
is proposed to determine if assumptions based on a single variable such
as slope can produce results that will aid the study of rill pattern

and rill formation.

Model Description

A drainage basin of fixed shape is modelled with various topographic
conditions with assumed no structural controls. Main slope and cross-
slope are the major parameters. The channels are formed sequentially by
moving from a fixed set of sources, which define the drainage area and
shape, to either an exit boundary or to a junction with a preexisting
channel. This approach is one of many that could be used to simulate
drainage patterns. The input values are relative numbers and have no
connection to real data.

The hypothetical drainage area is represented by a square (100x100)
matrix. At any location, the channel can move to one of five adjacent
matrix points. It can move horizontally in either direction, straight
downslope, or downslope at 45° in either direction. The direction of
each move is chosen by a set of probabilities assigned to the move and

a random number chosen from a uniform distribution between 0.0 and 1.0.
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The adjustment of these move probabilities is the method by which the
parameters affect the channel formation. After each of the rills is
completed, an area of influence is defined on both sides of the rill.

The move probabilities of later channels are adjusted in this region to
encourage moves in the cross-slope direction toward the existing channel.
The network is complete when all the predefined source points have been
used in forming a channel.

The fixed sources are a limiting condition because, for the purpose
of this preliminary study, we are only interested in the effect of the
topographic assumptions. The first set of sources follows part of the
evolution of a drainage area in a simplified manner by blocking out
the area with main streams and then filling in with interior tributaries.
Because the sources were choscn arbitrarily, two independent fixed sets
were used so the effects of symmetry and shape would not dominate the
resulting patterns (Figures A.5.1 and A.5.2). A third set of sources is
generated randomly. kach set contains twelve simulations, four variations
of slope and three variations of cross-slope, all with the same sources.

The main slope parameter determines the relative weight of the
probability of moving downslope with respect to other possible moves.
Using the main slope, default move probabilities are calculated. These
are assigned to the five moves if the rill is not in the area of
influence of a pre-existing rill. A mild slope has a smaller chance to
move straight downslope than a steeper one. The default move probabili-

ties for each value of main slope are shown in Figure A.5.3.
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Figure A.5.1. Source points for first set of runs.
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Figure A.5.2. Source points for second set of runms.
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Figure A.5.3. Default move probabilities
The other function of slope is to determine the width of the cross-
slope influence. The move probabilities of later rills which originate
or venture into this cross-slope area are redistributed. The width
of influence is also a function of the rill length, a longer one
having a wider area. This assumes that a rill formed on a steep
slope will not be affected by cross-grading as much and that a longer
rill has degraded the hillslope more than a short one.

Although they are not simultaneously generated, as in natural systems,
the channels do not form independently. For any potential move,
consideration is given to the cross-slope as a function of distance
from preexisting rills and the length of the preexisting rill (for
details see Sunday, 1979). This is a stream capture process. After
the default move probabilities are calculated as a function of slope,
the location of the channels with respect to preexisting channels is
checked. If the channel being generated is within the area of influence
of another channel, its default move probabilities are adjusted accor-
ing to the distance from the first channel to encourage the flow in

this direction. The total amount the default move probabilities



change as the channel moves fro%sgutside the area of influence to a

point adjacent to the first rill, is the value of the cross-slope. Channels
are encouraged to join more quickly with a steep cross-slope. The move prob-
abilities at various distances from a channel are shown in A.5.4. Note that

the cross-slope extends symmetrically on both sides of the channel.

The manner in which the probabilities are redistributed using
the cross-slope is this: Number the move probabilities, as shown

(Figure A.5.4) X marks the location from which the move will be made;

PRS f—“‘Xf—f>PR4 existing

o\ rill

PR3 PRZ 4
PR1

Figure A.5.4. Numbering of move probabilities.

PRl is reduced according to its distance from the existing channel and
the value of cross-slope (mild, medium or steep). With a mild cross-
slope (Figure A.5.5), the value of PRl outside_the area of influence
(its default value) and its'value two moves away from the existing
rill differ by 6.4 percent. In a medium cross-slope simulation the
difference is 12.8 percent. A steep cross-slope would change

these arbitrarily chosen values to 19.2 percent. The values
of PR1 between the default area and the area adjacent to the rill vary
linearly with the distance from the rill. After PRI is reduced, half

the reduction is added to PR2 and half to PR4 (as labelled in Figure A.5.5).

‘ >'area of influence
| existing
| rill
) I'.18<—,l<>.23 ! Sé;r\?
2 e 2 L18¥e> 23 . .15
L2 Ky L2 | 18 15
2

Figure A.5.5 Change in Default Probabilities on a Mild Slope
Due to a Steep Cross-slope



188

PR5 and PR3 are reduced an equal percentage as PR1. The amount by which PRS
is reduced is added to PR4. The amount by which PR3 is reduced is added to
PR2. The assumption of the cross-slope parameter is that, as a
channel moves closer to an existing channel, the cross-grading will
increase the likelihood of a move toward the existing channel.

Thus, the move probabilities at any given point are a function of:
slope, cross-slope (as a function of distance from an existing channel)
and a random element which takes into account local resistance and

irregularities.

Results

The flattest slope pfoduced a dentritic pattern (Figure A,5.6). As
the slope steepened, the network became parallel. According to Zerniti
(1932), as slope becomes the controlling factor, the pattern departs
from the true dendritic type. Parallel drainage is the result of a
pronounced regional slope or parallel geologic controls.

For comparison purposes, the bifurcation ratio, defined by Horton to
be the relationship between ' rill order and number of rills, was
calculated for all thirty-six of the generated drainage patterns. The
length ratio, or relationship between vrill order and average rill
length, was also calculated. For one set of fixed runs (twelve
patterns) Strahler ordering was also utilized to calculate the bifurca-

tion and length ratios. The results are listed below:

Bifurcation Ratio Length Ratio
Horton Strahler Horton Strahler
First set of fixed sources 2.05-4.61 2.71-5.60 1.82-4.23 0.63-2.49
Second set of fixed sources 2.02-4.16 1.35-3.25
Random sources 2.00-5.67 1.32-5.38
Horton (field data) 2.22-3.91 1.84-2.74

Strahler (field data) 3.00-5.00 1.50-3.50



189

NO CROSS-SLOPE -MILD CROSS-SLOPE STEEP CROSS-SLOPE

STEEP
MILD
SLOPE

T
¥
|

MILD '
STEEP A
SLOPE

Figure A.5.6. Generated rill patterns using the first set of fixed
sources.
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The computer patterns are in reasonable agreement with the range
of values of bifuraction ratio and length ratio noted in field observations.
The fixed number of streams may constrain the results. The number of
rill sources used, 21 to 24, is small in comparison to Horton who
reported his values of bifurcation and length ratio for networks which
contained 24 to 472 sources. The total length of the Trills produced
by the computer runs is limited by the size of the hillslope matrix. How-
ever, the large size (100x100) discretizes the moves so the distance be-
tween points does not control the derived channel lengths.

Several observations can be made with respect to the data from the
generated Till patterns. As the main slope is increased, keeping the
cross-slope constant: '

1. Longer total rill lengths are noted (Figure A.5.6, A.5.7, and A.5.8).
The numbers have no physical meaning but are relative values. For the
slope, 10 corresponds to a mild slope, 30 is a steep mild slope and 50 is a
mild steep slope. This is related to increased outlet density. The rills
produced by the steeper slopes follow a fairly direct path to the exit
boundary. More rills extend the length directly from their source to the
exit rather than the shorter path to adjacent rills. This can be related
to experimental results by Mosley (1972) for which drainage density was
found to increase linearly with slope. Drainage density is total channel
length divided by drainage area. In the computer simulation, the drainage
area was relatively constant so changes in drainage density are mostly re-
lated to changes in channel length.

2. There is a tendency toward longer first-order and second-order
rills (Figures A.5.8b and A.5.8c). An increase in length of first-order
rills with an increasing slope was also noted by Parker (1977) in

laboratory simulation of basin evolution.
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Figure A.5.8a. Variation of total rill length with hillslope
inclination.
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3. A related result is a decrease in length ratio (Figures
A.5.8d and A.5.8c). The average first and second-order rill lengths
increase with slope more quickly than the higher-order  rills. As
the cross-slope is increased, keeping the main slope constant:

1. A smaller total rill length results from reduced outlet
density. The steeper main slopes with greater outlet density are less
affected. This is partly a result of the assumption that a steep slope
has a smaller area of influence.

2. Shorter second-order rills result from a more direct path
to the main channel. The number of junctions on the main channel down
the center of the area are fewer with a mild cross-slope. With a
mild cross-slope, there are more likely to be two main channels which
compete for tributaries. Thus, the rills have a shorter distance to
traverse before joining. There is no corresponding decrease in first-
order streams.

The total length of rills produced by the random sources
depends mostly on the location of the source point with respect to the
exit boundary. However, longer first-order rills are produced in the
steeper slopes just as in the fixed source runs. A corresponding
decrease in length ratio with increasing slope is noted. As shown in
Figures A.5.8a and A.5.8c, the runs without the cross-slope parameter do

not demonstrate the same results.
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Conclusions

It appears to be feasible to evaluate the deterministic factors
in drainage basin form and specifically in rill pattern formation
with computer simulation. Dendritic and parallel patterns have been
produced with conditions of slope similar to those observed in natural
systems. The results are in reasonable agreement with Horton's laws
of drainage composition. Some of the network changes resulting from
varying topographic conditions are similar to experimental results by
Parker (1977) and Mosley (1972). Using computer simulation methods,
large quantities of data may be obtained more readily than with field
studies. It is also possible to determine the.effect of certain
variables such as slope on drainage basin form and rill formation.

In this preliminary study, increases in hillslope gradient are
shown to increase total channel length in drainage patterns. A more
interesting result is decreasing length ratios with increasing slope,
indicating that first and second-order rill lengths may increase with
a steeper slope more than higher-order streams. Increasing the cross-
slope parameter decreases the total rill length by reducing the
outlet density. Shorter second-order rill lengths are produced with

increasing cross-slope.
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A.6 CONFLUENCE STUDY

An intensive sampling program was undertaken on the confluence of
the Price River with the Green River, upstream of Green River, Utah,
during May, 1976. The objectives of this study were twofold:

1) to study the dispersion of a plume and determine the mixing
length for two dissimilar water bodies, and

2) to determine the role of sediment release.

This confluence is of particular interest because the Price River
conveys high concentrations of both solutes and sediment into the main
stem of the Green River. The dimensions and characteristics of the
plume formed in the Green River downstream of its confluence with the
Price River denend on the relative flow rates of these two streams.
Because of the effect and expense involved with an intensive sampling
program, additional sampling solely included a few grab samples col-

lected under different relative flow rate conditions.

A.6.1 Intensive 1976 Sampling Program

Figure A.6.1 shows the location of sampling stations for the
intensive sampling program. The inset table summarizes the character-
istics of flow, and the type of samples obtained at each cross section.
Pertinent information on EC, SC, turbidity and suspended sediment con-
centration (herein denoted SS) is shown in Table A.6.1. EC values at
varying cross-sectional locations for each cross section are summarized
in Table A.6.2.

During the sampling period thé water discharge in the Green and
Price Rivers was 13,800 pt 256 cfs and 52 f 6 cfs (USGS Water Resources

Division, Salt Lake City), respectively. From the concentration of
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Section 1:
52 cis
2,032mg/2=5C
287 tons /day=Solutes
31,911 mg/€=SS
4,513 tons/day=SS

Section 2:
S/ ® 13,000 cts

@ 10.623 tons/day-=Solutes

@ 749 mg/l=SS
28,114 tons /day=SS

@ 283 mg/t=5C

Section 8:
13,850 cfs

289 mg/f=5C .
10,887 tons /day=Solutes
744 mg /R=SS
28,028 tons/day =SS

V) ) 3) | @ [BONG®D (B
Distance |Depth |Vvel %k | %k [ % | %
Sec|From Range|Range
Confluence| ( ft ) [ fps)
1 600 ft 2 61 j1|{0|2(0
2 500 ft 61 (3543|003
3 100 ft 2-17 136 ([5|4}2]7
4% 500ft 310 | 3-7 {3|3|51|3
5 | 1100 ft 510 | 3-5 |3 |3 6|2
6|2200ft [ 612 |57 [3]|3|5]2
© 713600ft {1092 | 3-6 |3 | 3|61
8| 4miles | 912 | 35 33|61
9| 8mies |610] - |2)2]|-|-
10 {18miles | - | - |2|-]|-]|-
C|Omiles | 3 - |l7(4|4)0
W |22 miles 3 - {1]1]a0

*

(5) No. of surface water quality samples
(6) No. of integr. depth sed. samples
River (7) No. of point sed. samples

(8) No. of soil samples

Figure A.6.1. Schematic map of the confluecnce area showing location of
selected cross sections. The inset table summarizes in-
formation on the selected cross sections.



199

solutes and suspended sediment and these water discharges, the daily
mass flux of dissolved constituents and of transported suspended
sediment was calculated for sections 1, 2 and 8 (Figure A.6.1). Note
that the massflbws of solutes and suspended sediment in section 2 were
nearly identical to those of section 8. This is attributed primarily to
the low flow in the Price River which contributed only 0.4% of the

total discharge of section 8.

Table A.6.1. Water quality data for the confluence of the Price and

Green Rivers, May 20-23, 1976.

SC Turb. SS
Description of Stations (mg/1) (JTU) {mg/1)
Green R., 500 ft above confluence 283 260 749
center
Price R*, 600 ft above confluence, 2,032 9,750 31,911
center
Green R., 100 ft below confluence
30 £t from right bank 399 250 831
50 ft from left bank 282 260 781
Green R., 500 ft below confluence
30 £t from right bank 405 370 2,170
30 £t from left 286 235 710
Green R., 4 mi below confluence
70 ft from right bank 289 250 744

*The Price River discharges into the right bank of the Green River.
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Taking the measured data from sections 1 and 2 and assuming com-
plete mixing, the calculated flow weighted average concentration of
solutes and suspended sediment downstream of the confluence should be
290 mg/1 (an increase of only 7 mg/l) and 866 mg/l, respectively. As
far as SC is concerned, the calculated value of 290 mg/l is in excel-
lent agreement with the measured value of 289 mg/l at section 8
(Table A.6.1). However, 866 mg/l suspended sediment is far in excess
of the measured 744 mg/l at section 8. This discrepancy attests to
deposition of suspended sediment downstream of the confluence.
Integrated suspended sediment samples taken 30 feet from the right banks
show that sediment concentration decreases from 31,900 to 2,170 mg/1,

a 93% reduction, between the confluence proper and 500 feet downstream
of it. This decrease substantiates the hypothesis that most of the
Price River sediment is deposited immediately downstream of the confluence.

Examination of field EC measurements (Table A.%.2) indicates that
a narrow plume, 10-50 ft wide, is formed along the right bank of the
Green River under these base (low) flow conditions for quite some dis-
tance. The cross sectioned sample located 30 feet from the right bank
and 100 feet downstream of the confluence (section 2, Table A.6.1 and

A.6.2) is at the plume interface. Although the plume widens further
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Table A.6.2. Summary of EC values at the studied cross-sections and
at selected distances from the right bank, Price and Green Rivers,

May 20-23, 1976.

Section Distance from EC at EC for
No. width right bank water surface integrated Depth
(ft) (ft) (umho/cm)
1 60 15 2483
25 3923 3778
30 3547 3725
0 60 average 2318 2267
2 140 0 418
50 429 417
70 432 425
90 429 414
3 140 5 1159
30 600 1185
50 495 652
70 432 407
90 429 421
4 200 30 607 564
80 567 560
170 436 418
5 400 30 573 555
75 440 431
155 432 407
6 400 30 537 492
50 464 450
350 432 401
7 300 10 515 497
50 453 457
265 411 404
8 300 30 447 427
70 447 435
260 443 435
20 436 427
9 400 370 438 427
10 450 0 447

450 455
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downstream (section 3), it is still detectable there 30 feet from the
right bank. In fact, the mixing length for the plume for these dates
is substantially greater than 0.7 miles (3,600 feet) but only slightly
less than 4 miles. It is interesting to note that complete mixing is
achieved 1in such a long stretch during high turbulence (5 fps average
and as much as 10 fps in riffles) in the Green River.

Some of the water samples were subjected to detailed chemical
analyses (Table A.6.3), part of which areplotted in Figure A.6.2. The
variations in chemical composition clearly demonstrate the inherent

difference between the Price and the Green Rivers.

Cross CATIONS (meq I"1) ANIONS

Section 3? 29 19 0 19 gP 39

z siEmn o
| [Ther [ wor] Carr cor- HCOB\Iv I
3 L L] L1
4 LI L]

8 NI

Figure A.6.2. Water quality at the confluence and vicinity.




Table A.6.3. Water chemistry data for the Price and Green River confluence study, May 20-23, 1976.

Total Total
Description of Stations pH Na Ca Mg K Cations HCO Cl1 SO Anions

Section 2, center 8.2 1.33 2.05 1.10 0.08 4.56 2.16 0.24 2.35 4.75
Section 1, center 8.0 7.08 15.0 5.0 0.33 27.41 3.48 0.44 25.0 28.92
Section 3, 30 ft from right bank 8.2 2.60 2.25 1.50 0.10 6.45 2.16 0.30 3.90 6.36
Section 3, 50 ft from left bank - 8.0‘ 1.31 2.10 1.10 0.05 4.56 2.12  0.22 2.30 4,64
Section 4, 30 ft from right bank 8.2 1.89 3.00 1.55 0.15 6.5 2.16 0.28 4.10 6.54
Section 4, 30 ft from left bank 8.1 1.36 1.95 1.10 0.08 4.49 2.08 0.22 2.30 4.60
Section 8, 70 ft from left bank 8.0 1.36 2.05 1.20 0.08 4.69 2.30 0.20 2.55 5.05

-
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The latter is a low-salinity CaHCO —CaSO4 type water shile the former

3
is a high-salinity Ca (Na, Mg)- SO4 (HCOS) system. Figure A.6.2
shows that the detailed water chemistry of the Green River above the
confluence is identical to its nature 4 miles downstream of the con-
fluence. This supports the earlier observation regarding mixing
length.

Note that the increase in SC within the Green River was only
7 mg/l. It is possible that additional solutes had been released
from sediment transported by the Price River into the Green River.
This release is not documented in the data presented herein because
it would have amounted to 1-3 mg/l (i.e. less than 1% accuracy), a
figure below detectability associated with the sampling and laboratory

tecniques used in this study.

A.6.2 Occasional Sampling of Runoff

Results of grab water samples from the Price River at Woodside,
Utah from where it leaves the Mancos Shale terrain, and from:the Green
River at Green River, Utah (below the confluence with the Price River)

are given in Table A.6.4.
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Table A.6.4. Water quality data for grab samples.

—
-—
—~—

— ~ _ Location Price River at Green River at
Description = - Woodside, Utah Green River, Utah
Sampling date 7/30/76 3/24/77 7/30/76 3/25/77
EC, umho/cm 2,160 5,100 761 844
SC, mg/liter 1,840 4,980 467 573
Turbidity, JTU 375 -—- 220 -——
SS, mg/liter 975 42 429 118
pH - 7.9 8.4 - 7.9 8.6
Solutes, meq/liter
Na 13.00 33.50 2.35 2.95
Ca 8.00 12.50 3.00 3.25
Mg 9.75 20.50 2.10 2.30
K 0.31 0.39 0.10 0.08
HCO3 4.54 4.07 3.13 3.24
Cl 1.28 2.72 0.66 0.69
SO . 26.00 61.00 4.30 5.00

4
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A.7 TRIBUTARY STUDY

The Price, San Rafael and Dirty Devil Rivers with draihage areas
of 1,500, 1,670, and 4,200 square miles, respectively, were chosen
because they contribute significant solute loads to the Green and
Colorado Rivers (Iorns, Hembree and Oakland, 1965; USBR, 1974).

Runoff from these major tributaries was sampled in order a) to
supplement the meager water quality data available for these rivers,
and b) to determine whether appreciable quantities of solutes are
released from sediment transported in sampled runoff. It should be
noted that the timing of the sampling program was initially dependant
on the presence of investigations near the tributaries. No long-term
estimates of mass transport of solutes and of sediment may, therefore,
be based uniﬁuely on this set of data. Moreover, none except one
of the runoff events were characterized by high solute and sediment

concentrations typical of thunderstorm-induced flash floods.

A.7.1 Mass Flow of Dissolved and Suspended Matter

The location of runoff sampling collected during June 22-26, 1976
from the Price, San Rafael and Dirty Devil River is shown in Figures
A.7.1a, A.7.1b and A.7.1c, respectively. Table A.7.1 summarizes the
pertinent data for these sampling events. The salinity of the sampled
runoff was consistently high (2,000 to 3,400 mg/l). These solute con-
centrations are substantially higher than those of the receiving waters
in the Greén and Colorado Rivers.

Suspended sediment concentrations were low during the June, 1976
sampling period with the exception of higher concentrations associated

with a storm event in the Grassy Trail Creek Basin. The sample
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Figure A.7.1.

Schematic maps showing sampling locations in the Price (a),
San Rafael (b) and Dirty Devil (c) Rivers.
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collected during the runoff event at section 2 (Figure A.7.1.a) con-
tained 44673 mg/4 suspended matter but its solute content was only
slightly higher than that of the Price River further upstream. Most

of the drainage basin of Grassy Trail Creek is comprised of thick
alluvial fills covering Mancos Shale pediments - hence, this area is not
expected to yield large quantities of solutes. The sample collected

at section 6 two days after the peak associated with the flow event from

Grassy Trail Creek contained a substantially lower sediment concentration.
Baseflow in the San Rafael and Dirty Devil Rivers was characterized by

moderately high solute concentrations and low sediment concentrations.

Taking-the estimated flow discharges and the gravimetric
parameters, the calculated mass flows of solutes and sediments are
presented in Table A.7.1. Note that except for section 2, the fluxes
of solutes in various reaches of the Price River during baseflow in
June, 1976 were of about the same order of magnitude as that determined
for the outlet of the Price River into the Green River in the May, 1976
confluence study (see section A.6). However, the flux of sediment was
considerably lower during June than during May, 1976, except for
section 2.

The water sample collected at section 2 in the Price River,
containing about 4.5% suspended sediments, was subjected to a tenfold
dilution with distilled water. This dilution was undertaken in order
to determine whether the suspended sediment would yield additional
solutes. Table A.7.2 summarizes sediment and ion specie concentrations
for the undiluted and diluted sample. The EC in the diluted sample

was higher one-tenth of the one in the undiluted sample due to common



Table A.7.1. Flow, quality and mass transfer in the Price, San Rafael and Dirty Devil Rivers.

Sampling EC Turbidity Q TDS SS

River Section “date ymho/cm JTU cfs mg/% tons/day mg/% tons/day
Price 3 6/22/76 3,446 47 69 2,970 552 78 14
2 6/22/76 3,571 3,571 145 3,400 1,330 44,673 17,480

1 6/22/76 3,000 24 27 2,529 184 ’ 28 2

6 6/24/76 3,500 850 42 2,956 335 6,182 701

San Rafael 3 6/24/76 3,091 69 73 2,671 526 118 23
1 6/24/76 3,400 130 50 3,033 409 256 347

Dirty Devil 1 6/26/76 2,550 19 2,066 17 46 0.4
2 6/26/76 2,318 22 4 2,004 22 38 0.4

60¢
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Table A.7.2. Effects of tenfold dilution with distilled water of an

unfiltered Price River water sample obtained from Section 2 on June

22, 1976.
Water sampled on Water sampled on 6/22/76;
6/22/76; analyzed diluted on9/20/76;
Parameter on 7/7/76 analyzed on 9/21/76;
SS, mg/% 44,673 4,467
EC, umho/cm 3,571 464
SC*, mg/ % 3,176 319
Cations, med/z
Na 17.75 1.83
Ca 14.62 1.45
Mg 13.75 0.98
K 0.36 0.05
Total 46.48 4.31
Anions, meq/%
HCO3 5.40 0.73
Cl 1.88 0.21
S04 39.50 3.80
Total 46.78 4.74

*Sum of mg/liter of cations and anions.
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ion effects (Tanji, 1969). In this test the sediments did not yield
additional solutes as evidenced. by a one-tenth decrease in ion specie
concentrations. Note, however, that the water sample was analyzed two
weeks after being collected; this was sufficient time for the soluble
mineral originally present in the sediment to dissolve. This

dilution experiment must, therefore, be considered inconclusive.

A.7.2 Filtration of Sediment from Runoff Samples

Additional water samples collected from the tributaries were
filtered at the time of sampling. A comparison of SC between filtered
and unfiltered samples would indicate the quantity of solute released
from suspended matter. Sediment was filtered by vacuum filtration using
a No. 41 Whatman filter paper.

Table A.7.3 shows no significant difference in solute content
between the filtered and unfiltered samples pf runoff collected during
March, 1977 from three locations in the Price River and from the Green
River at Green River, Utah. The reason for this similarity is the low
concentration of suspended sediment in the sampled runoff, i.e.,
sediment concentrations were so small that even if evaporite minerals
had dissolved, they would yield undetectable quantities of additional
solutes.

It may also be inferred that the collected water samples were
undersaturated to only slightly saturated with respects to the more
soluble evaporite minerals, and that such mingrals were not .present
in significant quantities in the transported sediment. This is sub-
stantiated by the nearly identical ion specie concentrations in both

filtered and unfiltered samples (Table A.7.3). The concentration of
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A.7.3. Comparison of unfiltered and on-site filtered water samples from

the tributary sampling program, March 23-27, 1977.

Sampling Nature EC SC SS
Sample Location date  of sample* (umho/cm) (mg/2) (mg/%)
Price River at Woodside 3/23/77 U 5,000 4,830 23
F 5,050 4,750 1
3/24/77 U 5,100 4,980 1
F 5,210 4,900 1
3/27/77 U 4,900 4,630 5
F 4,990 4,700 2
Price River above 3/24/77 U 5,320 5,110 5
Grassy Trail Creek F 5,320 5,070 4
Price River at 3/24/77 U 1,630 1,300 303
Highway 10 F 1,630 1,340 8-
Miller Creek at 3/24/77 U 3,160 2,950 3
Highway 10 F 3,160 2,920 5
Green River at 3/25/77 U 844 570 118
Green River F 844 570 3

*

U = unfiltered, F = filtered through No. 41 Whatman filter paper.

Ca, HCO3 and the pH, however, indicate that the runoff was saturated
with respect to carbonate minerals such as Calcite.

On July 29, 1976 one more set of filtered and unfiltered water
samples were obtained from the Price River at Woodside and from the
Green River at Green River. The analyses are reported in Table A.7.4

giving similar results as those in Table A.7.3.



Table A.7.4. EC, SC, suspended scdiment concentration (SS$) and stoichiometric ion concentrations of unfiltered and on-
site filtered water samples.

Total Total

Sampling Sampling Sample EC SC SS pH Na Ca Mg K Cations HCO Cl SO4 Anions
Location date type (umho/cm) (mg/2) (mg/2) = —mmmeeemeeeecmmmocoooaooo meq. per liter=--eeocmecoccmocao.
Price River at 3/23/77 U 5000 4830 23 8.5 32.5 12.0 20.5 0.4 65.40 4.07 2.66 60.0 66.73
Woodside F 5050 4750 1 8.5 33.5 11.5 20.5 0.38 65.88 4.07 2.66 60.0 66.73
3/24/77 U 5100 4980 1 8.4 33.5 12.5 20.5 0.39 66.89 4.07 2.72 61.0 67.79

F 5210 4900 1 8.5 32.5 13.0 21.5 0.39 67.39 4.18 2.72 61.0 67.90

3/27/77 U 4900 4630 5 8.2 30.0 13.5 19.5 0.38 63.38 4.91 2.49 57.0 64.40

F 4990 4700 2 8.6 30.5 14,0 19.5 0.38 64.38 5.01 2.55 57.0 64.56

Price River at 3/24/77 0] 5320 5110 5 8.1 34.0 13.5 21.5 0.38 69.38 5.22 2.72 62.0 69.94
Grassy Trail Creek F 5320 5070 4 8.5 34.5 13.0 21.5 0.38 69.38 4.91 2.66 62.0 69.57
Price River 3/24/77 U 1630 1300 303 8.4 .5 6.8 8.3 0.16 19.76 5.53 1.20 14.0 20.73
Highway 10 F 1630 1340 8 8.4 .5 6.9 8.3 0.16 19.86 5.53 1.25 13.5 20.28
Miller Creek at 3/24/77 u 3160 2950 3 8.2  12.5 10.0 19.0 0.28 41.78 4.59 2.89 33.0 40.48
Highway 10 F 3160 2920 S 8.5 12.3 10.5 18.2 0.28 41.28 S5.12 2.77 30.0 37.89
Green River at 3/25/77 U 844 570 118 8.6 2.95 3.25 2.3 0.08 8.58 3.24 0.69 5.0 8.93
Green River F 844 570 3 8.6 2.95 3.20 2.4 0.08 8.63 3.34 0.75 5.2 9.29

*
U = unfiltered water subsample, F = on-site

¢Ic



	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


