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ABSTRACT 

Salinity control is a major component of water management in 
arid climates and irrigated areas and one of part icular concern 
in the Colorado River Basin. The salts enter the water as it 
flows over land or moves through the soil or geologic formations. 
The principal salt collection processes are 1) dissolution from 
the soil surface during runoff events, 2) transpiration of soil 
water leaving salt residuals, 3) efflorescence left by evapo
rating seepage and then dissolved by subsequent runoff, 4) 
dissolution with weathering of fixed bed channels, 5) salts 
released by sediments entering the channel from sheet, gulley, 
and bank erosion, and 6) deep percolation through saline aquifer 
reaching the stream as base flow. This study examined processes 
3 and 5. 

Salt efflorescence was examined by field observation and 
instrumentation, laboratory experiments, and mathematical model
ing. The field data showed near saturation conditions of sodium 
sulfate waters below crusts of densities between 0.14 and 0.36 
g/cm2 and which formed over about a 10-day period following 
channel cleaning by storm runoff. Laboratory data on salt 
crusting in soil columns were also used in deve loping a model 
which when applied to the Price River Basin estimated that no 
more than 7.5 percent of the total salt loading comes from 
salt efflorescence being carried away in the stream flow. The 
conditions favorable to the accumulation of salt efflorescence 
are highly saline water just below the soil surface and a source 
of heat for vaporizing the water. 

Salt release from suspended sediments was studied by labora
tory experimentation with sediment material obtained from varlOUS 
locations in the Price River Basin. The Buckingham pi Theorem 
was employed to derive relationships expressing the EC of a 
sediment water system as a function of the controlling factors. 
The results were presented in two salt release equations, one 
excluding the effect of initial EC and the other providing for 
initially saline solutions. The salt release equations were 
incorporated into an adapted version of the Watershed Erosion and 
Sediment Transport (WEST) model and applied to a small tributary 
of Coal Creek. Extrapolation to the entire Price River Basin led 
to an estimate that about 0.50 percent of the total annual salt 
load is released from suspended sediments. 

This study concludes that surface salt sources produce a 
relatively small fraction of the total loading. Future studies 
need to go underground. They need to q uant ify and examine the 
flow lines of water movement from mountain source and valley 
floor recharge areas to points of emergence as base flow in the 
larger stream channels. They need to investigate the aquifers 
and their soluble salt content. 
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CHAPTER I 

THE PRICE RIVER BASIN AND THE COLORADO RIVER SALINITY PROBLEM 

Introduction 

The growing spectre of increasing 
river salinity causing increasing 
economic losses to users of the Lower 
Colorado River has intensified interest 
in salinity control programs in the 
Upper Basin. Much of the salinity load
ing occurs through natural processes. 
Additional loading results from human 
water development; 1) placing water flow 
paths in contact with natural 
salt sources, and 2) increas ing evapo
transpiration or consumptive use. A 
salinity control program requires 
identification of the major salt sources 
(locations where water accumulates 
salts) and quantitative understanding 
of the maj or s a I t loading proce s ses 
(expressions of how salt loading at a 
given location is influenced by various 
factors and changes over time). From 
this informa t ion, one can formulate 
effective designs for reducing salt 
loadings. 

This study examines salt loading by 
natural processes on the valley floor of 
the Price River Basin of Central Utah. 
Particular emphas is given to salts 
entering the stream with the sediment 
load, and salts dissolved from crusts 
of salt efflorescence that form in 
ephemeral channels and elsewhere on the 
ground surface between storms. 

Salt Sources 

Salt Loading by 
Natural Processes 

The Price River, 
Colorado tributaries, 

typical of many 
flows out of the 

1 

relatively small mountainous fraction 
of the basin and across a desert valley 
to its junction with the Green River. 
The streamflow emerging from the moun
tains enters the valley with an average 
salinity concentration of about 1000 
mg/!. On the valley floor, additional 
flows entering the stream add to the 
salt load even as evapotranspiration and 
infiltrat ion reduce flows by about 35 
percent. The combined effect is an 
average salinity concentration of about 
2500 mg/l at the mouth of the river 
(Riley et al. 1982b). 

The salinity, whether from the 
mountains or the valley, originates in 
salts leached from underlying soils 
and rocks. The relatively high annual 
precipitation on the weather-resistant 
igneous and metamorphic rocks of moun
tain areas produces greater runoff with 
relatively lower dissolved solids 
concentrat ions. In spite of the low 
concentrations, high runoff volumes from 
large areas make these uplands a major 
salt source, measured in tons, in the 
Price River Basin and other Colorado 
tributaries. 

Underground runoff also occurs from 
the mountains into aquifers underlying 
the va lley areas. The amount of such 
runoff, its salt content when entering 
the valley, the salt loading it collects 
from valley formations, and how these 
natural flowpaths and loadings arp. 
altered by human development are al~ 

unknowns and deserve greater attention 
than has been given them in previous 
work (CH2M Hill 1982). 

The relatively low preclpltation on 
the va lley floor produces much les s 



runoff, but the runoff that occurs has 
much higher dissolved solids concentra
tions. Even though the valleys produce 
less salt tonnage than do the mountains, 
the higher concentrations promise 
greater economy for salinity control 
measures. Hence, valley salt sources 
need to be identified and examined 
1n planning a salinity control program. 

Nearly 25 percent of the valley 
floor of the Price River Basin is 
underlain by Mancos Shales. These 
marine formations are erodable sediments 
with a high soluble salt content. Other 
soils contribute lesser but still 
significant salt loadings. 

The principal processes loading 
salinity from the soil to the stream 
are: 

1. Salts dissolve from the soil 
surface during surface runoff from 
cloud-burst storms. 

2. Evapotranspiration brings salts 
to the surface with the soil water and 
leaves them there. 

3. Water infiltrates saline 
formations, return to small ephemeral 
streams with dissolved salts, and 
evaporates under the desert sun to leave 
a white salt efflorescence crust that is 
dissolved and carried away by the next 
runof f event. 

4 . Sal t s are dis sol v e d from 
fixed-bed channels during runoff events 
at rates that are greatest at the 
beginning and decline over the course of 
a hydrograph. Between storms, natural 
weathering of the bed material sets the 
stage for increased mineral dissolution 
at the beginning of the next storm. 

5. Salts are exposed and dissolved 
during runoff events as erosion eats 
into the surface of soil formations and 
the grinding action of flowing water 
makes the particles progressively finer, 
exposing additional minerals to dis
solution. This exposure and dissolution 

2 

occur wi th the shee t eros ion from the 
soil surface, the gulley erosion that 
forms microchannels, and the degrading 
of the bed and cut t ing of the banks in 
larger streams. As flows increase 
downstream, the channels become more 
deeply entrenched, causing undercutting 
and mass wasting from the sides of the 
channels, and greater sediment and salt 
loads. 

6. Waters infiltrating more deeply 
into underlying saline formations dis
solve salts, travel longer distances 
underground, and emerge as the sustained 
low flows of the larger streams. Also 
on these larger streams during high 
flows, water enters bank storage and 
dissolves soluble salts contained in the 
bank material. Afterward, the waters 
draining from bank storage, which now 
contain salts dissolved from the sur
rounding alluvium (perhaps deposited 
there since the last storm by process
es mentioned above), emerge and add 
salinity to the base flow. Recharge and 
water use changes can substantially 
alter the depth of flow lines under
ground, and, thereby, the formations 
penetrated, and the salinity of the base 
flow. 

Of these six processes, the first 
two are diffused over the land surface. 
The third occurs in ephemeral streams of 
a size large enough to intercept inter
flow but not large enough to have 
permanent base flow. The fourth and 
fifth occur in channels of all sizes 
from the small rills left after a 
storm by gulley erosion to the largest 
streams. The sixth process is associated 
with only a few large perennial streams. 

Studies have pursued better under
standing of the workings of these 
processes and sought to estimatr, their 
relative magnitude. According to 
studies of land processes contributing 
to diffuse salinity production, less 
than 5 percent of the total salt load 
comes from the summed contributions 
of overland flow (Ponce 1975), natural 
vegetation transpiration CMalekuti 



1975), and the sediments eroded by 
microchannel flow (White 1977). Accord
ing to Dixon (1978), salt loadings from 
larger channels (Process 4) are unlikely 
t a be more than another 5 percent. 
Riley et al. (1982b) list the formation 
and dissolution of efflorescence, salt 
release during sediment transport, and 
deep percolation as the primary salinity 
sources remaining unquantified. Since 
the . above quantities are small, one or 
more of these last three must be the 
primary natural salinity sources from 
the valley floor of the Price River 
Basin. 

This study examines the first two 
of these. Should they, too, prove 
relatively minor, effluent base flow 
would be left as the primary natural 
salinity source. 

Salt Loading by 
Human Activity 

Man's abi li ty to manage hydrogeo
chemical processes within the waters of 
a river system to reduce salt transport 
is limited by the constraints imposed by 
nature. On the other hand, human 
activity (agriculture, mining, industry, 
urban deve lopment, etc. ) can have far 
reaching effects on river salinity. 

The effects of salinity on water 
users and natural aquatic systems are 
associated with the concentration of 
solids dissolved in the flow more than 
with the total salt load of a river 
system. Concentrations can be increased 
either by water losses or by salt 
loading. Water losses occur as a 
result of man's consumptive use of 
water. 

Salt loading occurs with the 
discharge into stream systems of the 
additional mineral salts in municipal 
and industrial wastes and in irrigation 
return flows. Overall, water resources 
developments in the Colorado River Basin 
in the forms of municipal and industrial 
uses, irrigation, construction of reser
voirs, and diversions out of the basin 
have added to salinity concentrations. 

3 

Human activity, however, is not the 
primary focus of this study. 

Problems Caused by River Salinity 

Data on the Problem 

The earliest concerns about the 
water quality of the Colorado River were 
over its suitability for irrigated agri
culture. As far back as 1903, limited 
sampling was performed in order to 
determine salinity levels and evaluate 
their acceptability for maintenance of 
crop production. Since 1941, fairly 
complete records of flow and water 
quality conditions have been main
tained at 17 stations throughout the 
basin by the U. S. Geological Survey. 

The institutionalized reference 
point for salinity control on the 
Colorado River is Imperial Dam, where 
irrigation water is diverted into the 
Imperial Valley just north of the 
Mexican border. Average annual salinity 
concentrations since 1941 are plotted on 
Figure 1. These show a long term trend 
(tested as statistically significant at 
the 5 percent leve 1) toward gr ea ter 
sal ini ty concentrations even though 
cons iderab Ie fluctuation occurs as new 
irrigation development or reservoirs 
come on line. 

Response to the Problem 

A water quality condition becomes 
a prob lem when some thing va lued by 
individuals or society is harmed. 
Damages are experienced through loss of 
crop production t degradation of environ
mental quality, corrosion of plumbing, 
and the like. In the Lower Colorado 
River Basin, significant damages are 
occurring (Andersen and Kleinman 1978). 
Society acts to protect these values 
(reduce these damages) through the 
adoption of water quality standards 
which are aimed at maintaining water 
q uali ty at leve Is that are acceptab Ie 
for various beneficial uses. 

The Colorado River water quality 
problem took on an international dimen-
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Figure 1. Weighted average dissolved solids concentration, Colorado River at Imperial Dam. 



sion in the mid-s ixt ies. The average 
annual salinity of the water delivered 
to Mexico at the Northerly International 
Boundary (NIB) under the treaty signed 
in 1944) had increased to the point 
where an action plan was negotiated, 
between the United States and Mexico. 
Some projects have been successfully 
implemented. The Colorado River Inter
national Salinity Control Project in the 
Gila Project area is attributed as 
having reduced the salt concentration of 
Colorado water at the NIB from 1641 mg/l 
in 1962 to 739 mg/l in 1979 (Clinton 
1980) . 

Future Threat 

Further river development is 
expected, in the absence of mitigating 
measures, to increase salinity concen
trations. Several major projects are 
now under construction in the Upper 
Colorado River Basin (USDI 1979). The 
Colorado River Board of California 
(CRB), the Environmental Protection 
Agency (EPA), and the U.S. Bureau of 
Reclamation (USBR) have all developed 
models to simulate the impact on sa
linity of future basin development. 
For example, USBR developed a Colorado 
River Simulation Model (CRSM) and an 
Interim Water Quality Simulation Model 
for the Colorado River. Specific 
predicted concentrations for the year 
2000 at Imperial Dam by the three 
agencies are respectively 1,340 mg/l, 
1,165 mg/l, and 1,250 mg/l (Maletic 
1972), All agree that, unless control 
measures are undertaken, river salinity 
will substantially increase. Without 
salinity control measures, damages in 
the Lower Colorado River Basin are 
predicted to reach $45-$60 million/year. 

Potential Control Measures 

Many methods have been proposed to 
reduce salinity in the Colorado River 
waters. Some would import large quan
tities of low salini water from other 
rlver basins~ desalt deep groundwater 
brines or sea water and transport the 
fresh water to the Colorado River, 
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or augment snow packs through cloud 
seeding to increase runoff. However, 
technical and economic analyses show 
that the most promising approach is 
to reduce the quantities of salt 
entering the river system. Specific 
projects are classified, depending on 
the source of salt, as 1) irrigation 
source control projects, 2) point source 
control projects, and 3) diffuse source 
control projects. 

Irrigation source control projects 
modify irrigation scheduling and the 
construction of water conveyance and 
drainage systems to reduce deep per
colation. The salinity control project 
undertaken in the Wellton-Mohawk 
Irrigation District is an example. 

Point source control projects deal 
with localized salt sources such as 
mineral springs or outcrops of solub Ie 
formations adjacent to or underlying 
surface water sources. The Crystal 
Geyser and Paradox Valley projects 
are good examples of point source 
control projects in Utah and Colorado 
respectively. 

Diffuse source control projects are 
targeted to reduce salt contributions 
that accumulate over areas. These 
conceptual projects have not been suf
ficiently formulated to have tentative 
plans or rough cost estimates. Some 
areas being examined for diffuse source 
salinity control are the 1) Big Sandy 
River Unit, 2) Price, San Rafael, and 
Dirty Devil River Units, 3) McElmo Creek 
Unit, etc. The purpose of this study is 
to add to the understanding of the 
physical processes causing diffuse salt 
loading and thereby work toward a 
technology for its successful control at 
a reasonable cost. 

Specific Introduction to 
the Present Study 

The Problem 

The specific area examined for 
sources of diffuse salt loading is the 



portion of the Upper Colorado River 
Basin within the Price River diffuse 
source control project. The Price River 
Basin encompasses 4921 square kilometers 
and is located principally in Carbon and 
Emery Counties of east-central Utah. 
Traditionally, Mancos Shales, marine 
shale deposits which underlie nearly 25 
percent of the area, have been consider
ed the prime source of salt in the 
basin. The Price River contributes 
approximately 3 percent of the salt load 
of the Colorado River in less than I 
percent of the water (Iorns et al. 
1965). 

As presented above, previous 
studies have eliminated all the identi
fied salt loading processes except 
efflorescence, salt-sediment transport, 
and deep percolation as major loading 
sources. This study examines the first 
two of these three sources. 

Salt efflorescence. Water enroute 
downstream in a channel may be los t by 
seepage or evapotranspiration and 
precipitate appreciable amounts of dis
solved solids. Extensive salt deposits 
are left as flows recede in' ephemeral 
stream channels. Other deposits are 
left by waters seeping through the banks 
and evaporating shortly after being ex
posed to the desert sun. These deposits, 
called efflorescence, form a crust on 
the soil surface. The efflorescence 
crust has irregular thickness but typi
cally rises above the soil surface an 
average of a few millimeters (Figure 2). 
The conditions most favorable to the 
growth of salt efflorescence are highly 
saline water just below and moving 
toward the soil surface and a source of 
heat above vaporizing the soil water. 
Salt efflorescence accumulates in nearly 
all the stream channels in the central 
part of the Price River Basin. It covers 
the bars, banks, and exposed pebbles 
within the streams as well as a few 
areas of land surface away from the 
streams. 

Salt efflorescence grows in thick
ness between runoff events in an ephem-
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eraI stream. When storms occur, the 
flow picks up the easily soluble salt 
crust. Higher salt concentrations often 
occur after high water periods when 
water from bank storage and containing 
salts dissolved from bank material 
returns to the stream. 

Salt sediment transport. Sediments 
accumulate from sheet erosion and 
eroding tributary gullies, erosion of 
the stream bed, and the sloughing of 
channel banks. Flows collect salts from 
the sediments. Whitmore (1976) observed 
t hat the rat e 0 f sal t reI e as e from 
Mancos Shale derived saline sediments in 
the first two minutes of the water/sedi
ment contact time is as high as 80 to 90 
percent of the total salt release. 
However, the churning action of the flow 
grinds the sediments progressively 
finer exposing more salts to dissolution 
and causing some salt loading to con
tinue. White (1977) found that the salt 
load resulting from the suspended 
sediments is directly proportional to 
the amount of suspended sediment and 
that "microchannels contribute 3.4 
percent of the total salt load of 
the Price River at Woodside." Dixon 
(1978) modeled the salinity uptake in 
natural channels transversing Mancos 
Shales, found a strong salt-sediment 
relationship, and recommended further 
studies. 

Study Objectives 

The objectives of this study are to 
identify and quantify 1) the physical 
and chemical processes of the growth of 
salt efflorescence in stream channels 
and subsequent release of salt from this 
source to the flow, and 2) the major 
processes involved in the release 
of salts from suspended sediments. Both 
objectives were pursued using data from 
the Price River Basin as input to 
mathematical models for quantitative 
process understanding. Both were 
targeted to assess overall process 
importance in contributing salt loading 
to the Colorado River. 



SALT CRUST USUALLY A MILLIMETER THICK I RAISED ABOVE SOIL BY A FEW MILLIMETERS 

. STREAM BED ALLUVIUM 

Figure 2. Sketch of a typical salt efflorescence crust. 

The growth of salt efflorescence 
was examined by field instrumentation 
and data collect ion, artificial growth 
of salt efflorescence in soil columns in 
laboratory, and mathematical modeling 
techniques using digital computers. 
Aerial photographs and field observa
tions were employed to assess the aerial 
extent and pattern of formation of 
efflorescence. 

Salt release from suspended sedi
ments was examined in seven steps: 

1. Identify the sediments contri
buting significant salinity to the Price 
River Basin. 

2. Perform laboratory experiments 
to ident ify the import ant proces ses of 
salt release from the sediment material 
and the factors controlling the rates of 
those processes. 
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3. Develop mathematical relation
ships to express salt release rates from 
suspended sediments as a function of the 
controlling factors (identified in 2). 

4. Model the process of salt re
lease from suspended sediments utilizing 
the mathematical relationships (develop
ed in 3). 

5. Incorporate the submode I 
(developed in 4) into a land erosion and 
sediment transport model to simulate 
total salt release from suspended 
sediments in a catchment. 

6. Demons trate the applicability 
of the model by using it to estimate 
salt release from suspended sediments 
for a stream in the Price River Basin. 

7. Extrapolate the model results 
to estimate salt release from suspended 
sediments for the entire basin. 





CHAPTER II 

STUDY AREA 

General 

The Price River Basin (Figure 3), 
located principally in Carbon and Emery 
Counties of east-central Utah, encom
pas s e s n ear I y 4, 9 21 km 2 (I 900 m i 2 ) • 
The Price River flows in a generally 
southeas terly direct ion and enters the 
Green River above the town of Green 
River, Utah. The basin elevation 
ranges from 3,182 m (10,433 ft) at 
Monument Peak in the west portion of 
the basin to approximately 1,280 m 
(4,200 ft) at the confluence of the 
Price and Green Rivers. 

Vegetation in the basin varies 
with elevation, amount of precipitation, 
and soil characteristics. The principal 
plant communities in the headwaters area 
are subalpine forest and sagebrush. A 
mixture of pinyon-juniper, shadscale, 
and greasewood dominates in the middle 
and lower portions of the basin (Mun
dorff 1972). 

The principal industry of the Price 
River Basin is coal mining. The upland 
areas contain numerous underground mines 
which serve as the source of coking coal 
for the western United States. Farming 
and ranching are concentrated in the 
central and lower basin. However, low 
precipitation and poor soils restrict 
both act1v1ties. A total of about 
18,600 ha (46,000 acres), or 3 percent 
of the basin, is irrigated (Mundorff 
1972). The irrigated lands are primarily 
used to raise hay, feed corn, and 
grains. The range lands are grazed by 
both cattle and sheep. 
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Climate 

The climate of the basin is conti
nental and semiarid. Weather records 
show that daily and seasonal tempera
tures vary over a wide range, with 
extreme values of 108°F (42°C) and -42°F 
(-41°C) reported (Mundorff 1972). In 
the higher elevations of the mountainous 
area, the growing seasons are short and 
precipitation is high, leading to an 
almost alpine climate. In the central 
part of the basin, precipitation and 
natural vegetation are sparse and the 
growing season is much longer. 

Normal annual precipitation ranges 
from 630 to 760 mm (25 to 30 inches) 
in the headwaters area, to 250 rom 00 
inches) at Price and 200 mm (8 inches) 
in the lower basin (Jeppson et al. 
1968). On the highest 30 percent of the 
area, about 65 percent of the precipita
t ion f aUs from Oc tober through April, 
and most of it is snow. Summer storms 
a re typically high intens i ty, short 
duration thunderstorms, while winter 
precipitation comes from low intensity 
frontal storms. 

The precipitation in the central 
and lower basin from May through Septem
ber is generally associated with convec
t ive thunderstorms. These storms, 
occurring most frequently in August, are 
generally isolated and produce high 
intensity events, 25-76 mm/hr (1 to 3 
in/hr) for a short durat ion, 15 to 60 
minutes. These high intensity summer 
and fall storms produce almost all of 
the surface runoff and erosion on the 
va lley floor. 
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Streamflow 

The Price River is approximately 
214 km (133 mi) long with an average 
annual discharge of 91.1 x 10 6 m3 
03,900 ac-ft). Average annual runoff 
for the Price River Basin ranges from 
less than 25 rom (1 inch) in the valley 
to over 305 mm (12 inches) in the 
mountains (Figure 3). The majority of 
the flow from the upper one-third of the 
watershed originates from snowmelt 
runoff. Many tributaries that drain the 
central and lower basin flow only during 
the early spring and for brief periods 
following rainstorms. Streamflow 
declines in the downstream direction 
because of infiltration and evapo
transpiration losses, and irr ation 
diversions in the central part of the 
basin. 

Fluvial Sediment 

Most sediment movement 1n the 
Price River Basin occurs during a short 
period of time each year. Mas t of the 
movement is caused by high intensity 
runoff from thunderstorms. Sediment 
concent rat ions and di scharge during 
snowmelt runoff increase significantly 
from concentrations and discharges 
during base flow periods, but amounts 
are low relative to those during 
runoff from high-intensity thunderstorms 
(Mundorff 1972). 

Sediment concentrations may range 
from a few hundred to more than 100,000 
mg/l (gm-3) during short periods. The 
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wide range is illustrated with data 
collected at a sampling site on the 
Price River. At 9: 20 a.m. the sediment 
concentration at a discharge of 2.5 cfs 
(0.07 m3 s-l) was only 408 mg/l (gm-3), 
and almost 3 hours later during a flash 
flood the sediment concentration at a 
discharge of about 150 cfs (4.24 m3 s-l) 
was 186,000 mg/l (gm- 3 ) (Mundorff 
1972). 

Geology 

Surface rocks and soils of marine 
shale origin have a predominant in
fluence on streamflow salinity in 
the Price River Basin (Mundorff 1972). 
The Mancos Shales, the major marine 
shale deposit and an important salt 
source, cover nearly 25 percent of the 
basin (Ponce 1975). The Mancos Shales 
are classified in three main members: 
Masuk, Blue Gate, and Tununk, which are 
generally separated by sandstone layers. 
When separat ing layers of sands tone 
are missing, the shale is termed "un
divided." These strata have a dip of 
about 10 degrees to the north and west 
and each member is consequently exposed 
at some point in the central Price River 
Basin (Ponce 1975). 

Other bedrock units, in descending 
order, which are potential sources of 
salinity are the Morrison Formation, 
Summerville Formation, Curtis Formation, 
Carmel Formation, Chinle Formation, and 
Moenkopi Formation (CH2M-Hill 1982). 
All seven formations outcrop within the 
basin. 





CHAPTER III 

LITERATURE REVIEW 

Salinity Processes and Sources 
in the Price River Basin 

Importance of Price 
River Salinity 

The Price River is a major salt 
contributor to the Colorado River 
system. Of the 90 sampl ing points in 
the Colorado River Basin above Lake 
Powell, the ratio of salt load to flow 
was highest from the Price River 
(Blackman et a1. 1973). lorns et a1. 
(1965) reported that the Price River 
contributes approximately 3 percent of 
the salt load of the Colorado River but 
less than 1 percent of the water. 

The sources of sal t in the Price 
River Basin are widely diffused. 
Mundorff (1972), following a detailed 
survey of salinity in the basin, report
ed a relatively good quality surface 
water in the headwater areas and in
creasing salinity concentrations 
as flows move downstream. In its 
headwaters, the total dissolved solids 
content of the Price River is normally 
less than 400 mg/l and is predominantly 
of the calcium bicarbonate type. In the 
valley, the river crosses various Mancos 
Shale members; and the average salt 
c oncent rat ion inc reases from 600 
to 2400 mg/l. At Woodside, near the 
confluence of the Price and Green 
Rivers, the annual average total dis
solved solids concentration over a 
period of 18 years has varied between 
2000 and 4000 mg/l and is predominantly 
sodium sulfate. Mundorff (1972) attri
butes this deterioration in water 
quali ty to drainage from the Mancos 
Shales, depletions from irrigation 
which concentrate the salt load, and the 
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discharge of municipal and irrigation 
ret urn flow sin tot her i v e r • Wh i t e 
(1977) reported suspended sediment and 
salt loads to be highly correlated, thus 
suggesting a need to investigate 
suspended sediments as a source of 
salinity. 

Salinity Studies in the 
Price River Basin 

A large number of investigators 
have attempted water and salt balances 
of the Price River Basin hydrosalinity 
system. Hyatt et a1. (970) modeled 
water and salt movement through the 
Price River Basin, us ing an analog 
comput er, wi th resul t s pre sent ed in 
Table 1. In contrast, in a report to 
the U.S. Bureau of Land Management (BLM) 
and the U.S. Bureau of Reclamation 
(USBR), Gifford et a1. (1975) estimated 
that agricultural practices account for 
one-third of the salt out flow from the 
basin. They also estimated that· point 
sources, such as salt wells and springs, 
contribute another one-third, and the 
remaining one-third was assumed to come 
from natural diffuse sources. 

In still another report (USDl 
1978), BLM estimated that nearly 40 
percent of the salt contribution oc
curred during spring runoff, 35 percent 
was from irrigation return flow, and the 
remaining 25 percent was associated with 
base flow (see Table 2). Riley et a1. 
(l982b) estimated that nearly 60 percent 
of the salt loading in the Price River 
Basin originates in the mountains and 
the remaining 40 percent on the valley 
floor area. CH2M Hill (1982) stated 
that agricultural areas on the valley 
floor are the primary salt source based 



Table 1. Water and salt budgets of the central Price River Basin. 

Water 
Inflows 

Measured Surface 70,000 
Unmeasured Surface 28,000 
Precipitation 15,000 
Natural Loading 
Agricultural Loading 
Subsurface 
Phreatophyte Consumptive Use 
Evapotranspiration of Soil 

Total 113, 000 

Source: Hyatt et al. (1970) . 

on the premise the subsurface flow from 
the mountain areas is negligible. The 
conflicts among these estimates need 
to be resolved if effective diffuse 
source salinity management is to be 
formulated. 

Other investigators have studied 
specific salt loading mechanisms. 
Ponce (1975) found that the salinity 
in the runoff was highly correlated with 
the salt content of the upper one-tenth 
inch of the soil crust. He deve loped 
salt loading functions which relate the 
total dissolved solids to the precipita
tion and runoff rates and concluded that 
overland flow accounts for about 0.5 
percent of the salt produced in the 
basin. Malekuti and Gifford (1978) 
estimated that saline soil water brought 
to the ground surface by plants contri
butes between 0.01 and 0.02 percent of 
the total annual salt load to the Price 
River. The salinity pickUp character
istics of small channels (called micro
channels and defined as streams of the 
highest order which receive negligible 
interflow) were studied and reported by 
White (1977). He concluded that "micro
channels contribute 3.4 percent of the 
total salt load of the Price River 
at Woodside. II Based on extrapolations 
from intensive analysis of salt loading 
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(Ac ft/yr) Salt (Tons/yr) 
Outflows Inflows Outflows 

68,000 20,000 220,000 
45,000 

168,000 
15,000 

4,000 28,000 
5,000 

36 2 °00 

113, 000 248,000 248,000 

from channel beds and banks in the Coal 
Creek drainage on the valley floor, 
Riley et a1. (1982b) estimated the 
combined loading from overland and 
channel flow to be certainly less than 
10 percent and probably less than 5 
percent of the average total. 

Salt Efflorescence 

Deposits known as salt efflores
cence form wherever unsaturated flow 
carries salt from the soil matrix to a 
surface where the water evaporates 
leaving a salt crust behind. Most salt 
efflorescence forms on channel beds 
where it can be picked up and carried 
downstream by subsequent flows. Salts 
leached from the soil, in part by the 
emergence of bank storage accumulated 
during previous high flows, are a source 
of salt loading. This is a different 
source than the salt which enters the 
stream in saturated flow and provides a 
base flow source to perennial or inter
mittent streams. 

In quantifying salt efflorescence, 
a distinct ion is made between salt 
efflorescence crust density and salt 
efflorescence density. The first refers 
to the mass of crust per unit area 
expressed in g cm- 2 • The latter 
refers to the total mass of salt found 
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Table 2. Annual water and salt yields for the Price River at Woodside, for selected years. 

Percent of Annual 

Year 

1966 
1967 
1968 
1969 
1970 
1971 
1972 
1973 
1974 
1975 

Average Concentration 

Average Monthly Discharge 

Average Monthly Salt Load 

Spring Runoffa 

Discharge 
(ac-ft) 

22,530 
44,320 
61,670 

100,950 
30,070 
23,920 
14,820 
84,240 
14,860 
61,970 

45,940 

54 

11,490 

Salt 
Load 
(tons) 

76,900 
110,400 
109,400 
151,100 
113,200 

69,600 
54,580 

156,700 
51,100 

114,400 

100,730 

40 

1,612 

25,180 

b Base Flow 

Discharge 

44,090 
32,230 
39,450 
61,460 
33,690 
28,690 
30,730 
54,760 
24,260 
35,570 

38,490 

46 

4,811 

Salt 
Load 
(tons) 

185,200 
138,670 
166,500 
218,530 
153,500 
112, 
115,710 
182,080 
99,130 

131,320 

150,300 

60 

2,871 

18,790 

aSpring runoff period used is April, May, June, and July. 

flow period is remainder of year. 

Irrigation Return 
Flowc 

Discharge 
(ae-ft) 

16,250 
24,830 
34,710 
37,400 
21,710 
18,270 
30,380 
23,760 
11,550 
31.790 

25,065 

30 

6,270 

Salt 
Load 
(tons) 

75,700 
86,800 

122,900 
137,000 
83,400 
67,900 
84,000 
84,800 
44,630 
91,500 

87,860 

35 

2,577 

21,970 ' 

Clrrigation return flow period is July, August, September, and October. 

Source: U.S. Department of the Interior (1978). 

Annual Total 

Discharge 
Cae-ft) 

66,620 
76,550 

101,120 
162,410 
63, 760 
52,610 

,550 
139,000 
39,120 
97,540 

84,430 

100 

7,040 

Salt 
Load 
(tons) 

262,200 
248,900 
275,800 
369,500 
266,800 
182,050 
170,290 
338,780 
150,230 
245,720 

251,030 

100 

2,186 

20,920 



in a specified depth of soil and is 
measured in the same units. 

the 
A parametric model 
formation of salt 

for simulating 
efflorescence 

needs to cover both water movement and 
salt transport in the unsaturated zone. 
r f water reaches the surface at rates 
less than the evaporation rate, all the 
water evaporates leaving the salts 
behind to form a crust. As the crust 
impedes movement to the surface and 
evaporation of continuing unsaturated 
flow, the format ion of salt efflores
cence may slow and eventually halt. 
These latter processes, however, are 
poorly understood and were a subject 
of this study. 

Solute Tranpsort Models 

Unsaturated Soil Moisture Flow 

A number of approaches to modeling 
solute transport has been proposed as 
shown in Figure 4. The cont inuity re
lationship provides a starting point for 
all of them. The equation of continuity 
for one-dimensional vertical flow of 
water in an unsaturated soil is 

ae av (1) = . at az 
in which 

e = volumetric water content 
(L3/L3) 

Solute Transporr Models 

Ch romatographic Nodels (Plate ~Iodel s) 
(Frissel and Poelstra 1967) 

I 
I 

Diffusion Models 
(Miscible Displacement Models) 

(Wagenet 1982) 

Discontinuous Plate Hodels 
(Martin-Synge Model) 

Continuous llate Models 
(Glueckauf's Model) 

Ion-soil Interaction 
Systems 

(Lai and Jurinak 1971) 

One Site System 
(Kinetic Model) 

(van Genuchten et a1. 1974) 

Non Ion-soil Interaction Systems 
(Nielsen and Biggar 1963) 

Steady State 
Water Flow Systems 

Transient 
Water Flow Systems 

Two Site System 
(Equilibrium and 
Kinetic Models) 

(Cameron and Klute 1977) 

Cation Adsorption 
Systems 

(Lai and Jurinak 1972) 

Figure 4. Taxonomy of solute transport models. 
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t = time 

z = distance 

v = volumetric flux of water given 
by Darcy's equation 

K( e) 
aH 
az ' (2) 

in which 

K(e) = hydraulic conductivity (LIT) 

H hydraulic head (L) 

Let H = '1' + g, where '1' = soil water 
potential and g = gravity potential, 
Equation 1 can now be written as 

ae a 
[K(e) 

a 
('1' + g)] at az az 

a ~ a'¥ ~J ' (3) 
az K(e) az + K(e) az 

Since ~= 1, 
a'¥ a'¥ ae chain 

az and az = ae'az by 

rule, Equation 3 can be rewritten as 

ae a 
[K(e) l.! ~ + K(e)] , (4) =-

at az ae az 

Bu t, ( ) a'¥ . K e dB 1S the diffusion 
coefficient D(e), Therefore, 

ae a 
[D (e) ~iJ + a K(e) • (5) -=-

at az az 
Equation 5 is the nonlinear di ffusion 
equation for vertical unsaturated flow. 

Vertical Flow Studies 

Vertical movement of water in 
unsaturated soils has been extensively 
studied to predict salinity profiles of 
irrigated soils (Warrick et ale 1971), 
rate of drainage from soils (Remson et 
al. 1965), drying of soils (Gardner 
1959), and evaporation from soils 
(Gardner and Fireman 1957). 

Gardner and Fireman (1957) conduct
ed some experiment s and found that 
one of two factors controls the rate 
of evaporation from a soil with a water 
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table. One is the potential evaporation 
rate determined by external conditions 
and approximated by the rate of evapora
tion from a free-water surface. The 
other is the rate at which water can be 
transmitted upward through the soil from 
the w~ter table to the surface. Obvious
ly, evaporation is limited by the lesser 
of these two rates. It may be further 
reduced by a barrier at the soil sur
face. Gardner and Fireman (1957) showed 
that the evaporation rate is inversely 
proportional to the thickness of a 
surface mulch when the rate of vapor 
movement through the mulch is less than 
the potential evaporation rate. 

Solute Movement According 
to the Theory of Miscible 
Displacement 

Miscible displacement theory 
considers solute movement to be jointly 
governed by the processes of convection 
(movement of the bulk soil solution) and 
diffusion (thermal motion within the 
soil solution). A substantial number of 
experimental studies (reviewed by, e.g., 
van Genuchten and Cleary 1979; Nielsen 
et al. 1980) have given credibility to 
this theory. The basic equations 
can be used in derivations that include 
many combinat ions of sources and sinks 
of solute (i.e., biological and chemical 
transformations, ion-soil interactions, 
plant extraction). Depending on the 
factors included and the assumptions 
made, the resultant equations vary 
greatly in complexity. Different ones 
are solvable by different analytic or 
numeric methods, with the result that a 
wide variety of equations and solutions 
exist in the literature. 

According to miscible displacement 
theory, the flux of solute is the result 
of the combined effects of diffusion and 
convection. That 1S: 

(6) 

where J = the mass of solute transported 
through a cross sectional area in a unit 
time (ML-2 T-l) and the subscripts 
S, D, and C represent total solute, that 



solute transported by diffusion, and 
that by convection, respectively. 

Fick's first law states that 

-D 
o 

de 
dx 

. (7) 

In which 

c the solute concentration 
(ML-3) 

x = distance (L) 

Do = the ionic diffusion coef
ficient in a pure water system 
(L2 T-1) 

The frame of reference for Fick's law in 
a soil system can be taken as either the 
entire bulk soil or the solution phase 
within which diffusion occurs. Consider
ing the entire soil volume, Equation 7 
becomes 

in which 

= -D 
P 

de 
dx 

• (8) 

the effective diffusion 
coefficient for any given ion 
(L2 T-1) 

and is related to Do by, 

• (9) 

in which 

6 = the volumetric soil water 
cont ent (L3 /13) 

a tortuosity factor (Olsen 
and Kemper 1968) 

and y and a contain the effects of anion 
exclusion and the charged soil matrix on 
water viscosity. Values of' Dp are 
always less than Do. Estimation of 
Dp for soils has been the subject of a 
number of studies (e.g., Porter et al. 
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1960; Kemper and Van Schaik 1966). One 
empirical representation of Dp (Kemper 
and Van Schaik 1966) is 

D (6) 
P 

D 
o 

be 
ae · (10) 

where a and b are empirical constant s 
reported (Olsen and Kemper 1968) to be 
approximately b = 10 and 0.005 < a < 
0.01. Using Equation 9, Equation 8 can 
be rewritten as 

(L )2 de 
-D e - ya d = -D (e) -d o L x P x 

e 
• (11) 

Assuming steady~ water movement 
through a homogeneous· soil of uniform 
wa ter cont ent, the total amount of 
solute transported by convection across 
a unit area in the direction of flow is 
given by 

where 

v 

- e D ( v) de + v 6 e 
m dx • (12) 

the average interstial flow 
velocity CLL1) 

= the mechanical dispersion 
coefficient (depending only 
on v) 

The first term represents flow by 
mechanical dispersion and the second 
term considers transport due to the flow 
velocity. For one-dimensional flow in a 
simple nonaggregated porous material, 
Dm can be considered proportional to 
the first power of the average velocity, 

where 

D (v) ;; A/v/ 
m • (13) 

Iv I is the absolute value of v, and 
A ~ 0.4. 

At high pore water velocities, Dm 
is much larger than Dp , and diffusion 
is completely obscured (Kirda et ala 
1973). 



Combining Equations 11 and 12 into 
Equation 6 sums the effects of diffusion 
and convection as: 

= -8 D (v,8) de + qC 
dx 

de + v 8 e 
dx 

. (14) 

1n which 

D = the apparent diffusion coef
ficient (L2T-1) 

q = the volumetric water flux 
(L'r 1) 

The continuity equation (Kirkham 
and Powers 1972) states that the rate of 
change of solute within a finite volume 
element must equal the difference 
between the amounts of solute that enter 
and leave the element. Applying these 
relationships to Equation 14, and 
including considerations of ion-soil 
interaction (i.e., cation adsorption) 
and sources or s inks of solute (i. e. , 
chemical precipitation-dissolution 
reactions) one obtains 

Cl 
Clt (S + 8C) 

Cl 
ClZ ~D(V,8) ~iJ 

Cl (qe) 
ClZ + </> • 

. (15) 

in which 

S = the concentration of solute 1n 
the "adsorbed" phase (ML-l) 

</> = solute movement from source or 
to sink (ML-3T-1) 

t = time (T) 

Z has replaced x to speci fically 
designate a positive downward 
coordinate 

Equation 15 1S the fundamental repre
sentation of miscible displacement 
theory. If the solute does not interact 
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with the soil (S = 0) and solute is 
neither gained nor lost (CP = 0) the 
equation may be simplified by dropping 
these terms. 

Solutions generally require a 
knowledge of one or more of I) the 
relationship between soil water content 
and soil water matric potential energy, 
2 ) the h y d r a u I icc 0 n d u c t i v i t y- w ate r 
content relationship, 3) the funct ional 
form of the apparent diffusion coef
ficient, and 4) the magnitude of the 
source or sink processes. In laboratory 
experiments, these relationships have 
been measured quite accurately, yet the 
implications of temporal and spatial 
variations of these relationships in the 
field are only beginning to be studied. 
Accurate predictions of solute flux on a 
field basis from miscible displacement 
theory is presently limited by this lack 
of technique for handling variability 
in field processes. 

Nevertheless, several models 
for describing solute transport under 
field conditions from the relationships 
of Equation 15 have been proposed (e.g., 
Bresler 1973, Warrick et a1. 1971; 
VanDePol et a1. 1977). Some consider 
ion-s oi 1 interact ions. Ad s orpt ion
desorption models generally assume 
either an equilibrium of the ions 
adsorbed on the soil with the concentra
tion of the solution (e.g., Lapidus 
and Amundson 1952; Lai and Jurinak 1971) 
or at least a situation approaching, 
equilibrium conditions (e.g., Hornsby 
and Davidson 1973; Cameron and Klute 
1977). Some adsorption-desorption 
models consider only one or two cations 
interact ing with the soil surface at a 
time. The more realistic representation 
is to model cation exchange with four 
(Ca, Mg, Na, K) cations competing for 
interaction with a negatively charged 
clay mineral surface. Robbins et al. 
(1980a) present a cation exchange model 
for est imat ing the Cl s/Cl t term in E,-!ua
t ion 15. 

Soil chemical regimes are usually 
transient. Irrigation water quality 



varies and precipitat ion supplies water 
of different ion content. Plant extrac
tion of water concentrates ions in the 
soil solution) producing changes in ion 
solubility and the composition of the 
exchange phase. Description of solute 
transport must consider these processes, 
part icularly in cases where gypsum or 
lime are present in the soil profile. 

An empirical representation 
of the soil chemistry for estimating 
t he ~ term 1.n Equat ion 15 (Me lamed 
et a1. 1917) is 

a. K (R - C) . (16) 

where K is a transfer coefficient 
related to salt composition and soil 
properties, R is the maximum soil 
solution concentration at which there is 
no precipitation or dissolution, and a = 
o for S = 0; a. = 1 when S > 0 or R > C. 
Values of K were determined by curve
fitting to match calculated solute 
distributions with observed. The value 
u sed for K comb ines the ef feet s of 
many processes, including cation ex
change and precipitation-dissolution 
reactions. Each application of this 
model requires recalibration of K for 
local conditions. 

Mechanistic models of soil chemis
try have been developed and coupled to 
descriptions of solute transport (e.g., 
Tanji et a1. 1972; Dutt et a1. 1972; 
Oster and Rhoades 1975; Jury and Pratt 
1980; Robbins et al. 1980b). These 
models are constructed upon the general 
principles of chemical equilibrium. 
They usually consider ionic strength to 
calculate ion activities, represent 
CaC03-pH-C02 relationships, and 
precipitate and dissolve various solid 
phases depending upon solubility re
lationships. These models are con
structed to be used as subroutines in 
numerical solutions of Equation 15, so 
that solution ion concentrations pre
dicted by transport alone can be adjust
e d for chern i cal e qui 1 i b r i urn . Ago 0 d 
summary of principles and models of 
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cation and salt movement in soils 1S 

available in Wagenet (1982). 

In order to use the water flow and 
sa It trans port eq uat ions to deve lop 
digital computer simulation models, it 
is necessary to write the partial 
differential equations in numeri
cal form. Finite difference techniques 
have been widely used for this purpose. 
Hanks and Bowers (1962) deve loped a 
numerical solution to be used in com
puter simulation of soil moisture flow. 
Bresler (1973) presented a numerical 
solution for noninteracting salt trans
port by approximat ing the terms in the 
diffusion-convection equation. Childs 
and Hanks (1975) incorporated a growing 
root zone and a growing plant cover as 
functions of time. Tillotson (1979) 
numerically approximated the equations 
describing transient one-dimensional 
transport of soil-water) nitrogen, and 
heat. 

The literature survey of water 
flow and salt transport in the un
saturated zone has shown that past work 
has emphasized transport within the 
soil profile. In contrast, salt 
efflorescence occurs at the soil 
surface. Extrapolation of existing 
water flow-salt transport models to 
predict the formation of salt efflores
cence requires information on the 
processes through which efflorescence 
develops and on the physical and chemi
cal characteristics of the crust that 
affect those processes. 

Salt-Sediment Relationships 

In examining the kinetics of salt 
release from a Mancos Shale derived 
soil, Jurinak, Whitmore, and Wagenet 
(1977) found that the initial 72 hours 
of salt release can be described by 
three first-order, diffusion controlled 
reactions. They applied the concept in 
investigating the applicability of two 
sets of assumptions in the description 
of the soil mineral dissolution process. 
Equation 8 (see also Crank 1975) was 
rewritten to describe the dissolution of 



a soil particle into a rapidly stirred 
solution with the results: 

dC 
dt 

DA 
L (17) 

in which 

A = the total surface area of the 
material undergoing dissolu
tion per unit volume of water 
(L2) 

L = the thickness of a stagnant 
boundary layer surrounding 
the particle and through which 
diffusion occurs (L) 

c 

the concentration at the sur
face of the part icle which is 
assumed to be the equil ibrium 
solubility (ML-3) 

= the concentration of the uni
formly stirred bulk solution 
into which the particle 1S 

dissolving (ML-3) 

Equation 17 assumes an isothermal 
closed system with the source material 
undergoing dissolution being present in 
amounts well in excess of that required 
to saturate the solution. This assump
tion was used by these authors to inte
grate Equation 17 between appropriate 
boundary conditions with the results: 

In (1 - ;J == -k t (18) 

in which 

k = DA/L 

Accordingly) a plot of -In(1 - (c/Cs» 
vs t should produce a line with slope of 
k if dissolut ion is a simple diffusion 
controlled reaction. 

Jurinak et a1. (1977) also con
s ide red concentration as being time and 
distance dependent during diffusion 
across a boundary layer of width L. 
Fick's second law of diffusion: 

~~ = D (::n. (19) 
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was integrated to describe the rate of 
transfer of material across the distance 
X where 0 < X < L and ultimately the 
rate of change of the concentration of 
the bulk solution. They used Crank's 
solution to Equation 19 which expresses 
the mass Mt of diffusing substance 
leaving the outer edge of the boundary 
layer and entering the bulk solution as: 

in which 

k 
kIf (t) 2 

k 
kIt = 2 Cs (Din) 2 

· (20) 

• (21) 

since Mt is directly proportional to the 
concentration of the bulk solution, they 
further stated that: 

k 
C == k! (t) 2 

in which 

k' a new constant 
and addi t ional 

• (22) 

including kIt 
factors re-

lating concentration to mass 

A plot of C vs t I/2 should produce a 
line with a slope equal to k'. The two 
rate Equations (18 and 22) fit experi
mental data equally well in describing 
sa It release. 

Laronne and Schumm (1977) studied 
salt release from sediment samples of 
Mancos Shales in dilutions up to 1: 99 
(sediment to water ratio), Their data 
suggested that many mineral particles 
react as if covered by a slightly 
soluble coating of iron or silica oxide. 
A rate expression was derived which 
provides for more rapid dissolution of 
sodium and magnesium hydrated sulfates 
than of gypsum or calcite. 

Dixon (1978) studied the salt 
pickup from flow induced in an ephemeral 
channel in the Coal Creek subbasin near 
Price (Riley et al. 1982a). A plot of 
salt load versus the square root of time 
indicated a linear relationship, sug
gesting that the diffusion controlled 
reaction, reported by Jurinak et al. 



(1977) for salt release from soil 
suspensions, also operates in natural 
channel systems. 

Peterson (1979) monitored the 
kinetics of salt release from Mancos 
Shale derived soils by electrical 
conductivity measurements. The data 
were analyzed to find mathematical 
relations that describe how salt release 
varies with parameters such as particle 
size and soil to water ratio. He also 
studied the effect of ionic strength on 
the kinetics of salt release. The best 
fitting curves were of the logarithmic 
form: 

Y = a t b •• • • • • • • (23) 

Y = EC 

t contact time 

a,b = coefficients 

Sediment Yield 

Sediment yield equals soil erosion 
less upstream deposit ion. Eros ion is 
the detachment of soil particles and 
their movement to a nearby channel. 
After reaching a channel, the particles 
are transported downstream as suspended 
sediment and bed load. 

Estimating sediment yield requires 
study of 1) the geographical variability 
of precipitation, 2) the amount of 
runoff, 3) the detachment of soil 
part ic les by raindrop impact or runoff 
or both, and 4) the transport and 
storage of sediment on the watershed. 
There are two major approaches. 

The first uses relationships, such 
as those describing the effect of rain
drop energy on erosion, antecedent soil 
moisture and infiltration on soil erod
ibility, the mechanisms of rill forma
tion and interrill erosion, and sediment 
transport by overland flows (Shen 1979). 
The fundamental processes are expressed 
for quantitative application to a 
watershed. Considerable additional 
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research is needed before a satisfactory 
operational equation can be proposed. 

Examples of needed relationships 
are the rill and interrill erosion 
equations of Onstad and Foster (1975), 
Foster and Meyer (1975), and Foster, 
Meyer, and Onstad (1977). Negev (1967) 
developed a model which simulated the 
entire erosion process including sheet, 
gully, and channel erosion. Smith 
(1976) discussed the capabilities and 
limitations of a deterministic distri
buted-parameter watershed model to 
simulate sediment production. He 
used hypothetical examples to illustrate 
the effects of erOSl.on on rainfall 
patterns, slope convergence, and com
parative sediment-production, rainfall, 
overland flow, and channel flow. 

Shirley and Lane (1978) derived 
analytical solutions by solving equa
tions of rill and interrill erosion, 
sediment concentration (continuity), 
and the kinematic flow equation by 
methods of characteristics for the 
rising, equilibrium, and recession limbs 
of the hydrograph. Woolhiser and Blinco 
(1975) modeled erosion from a fallow 
field by hypothesizing relationships for 
detachment, entrainment, transport, and 
deposition of sediment. Williams (1978) 
developed a model to predict sediment 
production from agricultural watersheds 
from an instantaneous burst of rainfall. 

Simons, Li, and Stevens (1975), 
simons and Li (I 976), Simons, Li, and 
Ward (977), and Li (979) developed 
the most comprehensive model to date. 
Their model incorporates raindrop 
eros ion, intercept ion, infi It rat ion, 
ground-surface irregularities, and 
water-sediment routing. Kinematic 
routing was used for both overland and 
channel flows. 

The second approach to estimating 
sediment yield is by regression. 
Numerous equations have been developed, 
bu t by far the mos t popul ar is the 
universal soil loss equation (USLE) 



derived by Wischmeier and Smith (1965). 
This equation has been tested, extended, 
and modified with data collected from 
many regions of the United States. 
Wischmeier and Smith (1978) have revised 
and extended their earlier handbook on 
the USLE. 

Sediment Transport 

Modes of Sediment Transport 

The processes of sediment transport 
have been described by a variety of 
empirical and semi-theoretical relation
ships based on the physical and hydro
dynamic characteristics of the flow 
system. Sediment part ic les are trans
ported by: 

1. Surface-creep; rolling or 
sliding on the bed 

2. Saltation; bouncing along the 
bed 

3. Suspension; being carried by 
the surrounding, fluid 

Sediments moving as surface-creep and 
saltation are supported by the river bed 
and called bedload. Sediments which 
are supported by flow are called the 
suspended load. The "total sediment 
load" is the summation of the bed 
load and the suspended load. 

A given particle may continually 
shift among these transport modes as it 
moves downstream. For example, sediments 
may be transported by saltation and 
then suddenly be caught by the flow 
turbulence and transported in suspen
sion. Experiments have also shown a 
definite exchange between the moving 
sediments and sediments on the bed 
(Einstein 1950). 

Water flowing over sediment exerts 
hydrodynamic forces that tend to move or 
ent rain the grains. The forces that 
resist entrainment vary with the grain 
size, grain size distribution, and 
plasticity of the sediment. When the 
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hydrodynamic forces reach a va lue that 
begins to move the bed grains, a 
" cr itial shear stress" or "critical 
velocity" is said to be reached. Many 
investigators have presented formulas 
for defining these critical conditions. 
In fact, Lelliavsky (1955) reports that 
Brahms presented a formula for cri tical 
velocity in 1753. 

The Bed Load Transport 

Sediment transport studies prior to 
1930 dealt almost exclusively with bed 
load. Numerous equations were proposed, 
and they can be categorized among three 
approaches (Graf 1971): 

1. The DuBoys-type 
are based on 
(DuBoys 1879; 
Kalinske 1947). 

equations which 
shear stress 
Shields 1936; 

2. The Schoklitsch-type equations 
which are based on using dis
charge to es t ima te the lift 
force (Schoklitsch 1914 and 
1930; Gilbert 1914), 

3. The Einstein-type equations 
which use regression incor
porating various factors to 
estimate the lift force 
(Einstein 1942 and 1950; Shen 
1970). 

Suspended Sediment Transport 

By integrating concentations. The 
discharge of suspended sed iment per 
unit width of channel for uniform 
two-dimensional flow is given by 

r o 

1n which 

U C dy 
y y 

(24 ) 

qs = the weight rate of suspended 
sediment discharge between 
the streambed, y = 0, and the 
water surface, y = D (kg/s) 



t he average we igh t of the 
water-sediment mixture (kg/m3) 

D total depth of flow (m) 

y 

= the velocity at the level y 
(m/s) 

; the concentration by weight of 
suspended sediment at the 
level y (ppm) 

a measured di stance above the 
streambed (m) 

The suspended sediment discharge 
rate for the entire stream cross
section, Qs, is obtained by integrating 
Equation 24 over the cross section to 
give 

Qs = Ys Q C (25) 

in which 

Q water discharge (m3 /s) 

C = a velocity weighted average 
sediment concentration (ppm) 

To integrate Equation 24, Uy and Cy 
must be expressed as functions of y. 
The customary approach is to describe 
the velocity distribution by a loga
rithmic equation and the relative con
centration distribution by a gradient
type diffusion equation (Nordin 1970). 

The vertical distribution of 
velocity for fully turbulent flow over a 
rough boundary is given by 

8.5 + 2.5 In (~) (26) 

in which 

U* = shear velocity (m/s) 

KS = a representative height of 
roughness elements (m) 
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An equation for the 
distribution of concentration 
introduced by Rouse (1937): 

C 
J 
C a 

in which 

z = empirical 
as 

exponent 

vertical 
was first 

(27) 

expressed 

W = the fall velocity of sediment 
(m/s) 

K = a universal constant equal to 
0.4 

a reference concentration at 
leve 1 y (ppm) 

Combining Equations 26 and 27, the 
eq uat ion for transport of suspended 
sediment per unit width of channel 
between the level a and the water 
surface is given by: 

JD [a (D-yy>l Z 
qs = YsU*Ca (D-a) J 

a 

2. 5 In ( Z) + 8. 5 dy (28) 

Einstein (950) integrated Equation 28 
by taking the lower limit of integration 
to be two grain diameters from the bed, 
a = 2d, and equat ing the suspended 
sediment concentration at that level to 
the concentration of material with 
diameter d moving as bed load. Einstein 
tabulated his solution (Einstein 1950). 
Colby and Hembree (1955) solved Equation 
28 in graphical form. 

Lane and Kalinske (1941) integrated 
Equation 24 by calculating an average 
value for the exchange coefficient 
(which is required in determining the 



concentration profile) and by assuming a 
logarithmic velocity distribution. They 
presented the results graphically in 
the form of Equation 25. 

From energy expended. The relation
ship between the energy in a stream and 
the quantity of sediment transported was 
considered by researchers even before 
the suspended load equations were 
formulated (Nordin 1970). Bagnold 
(1966) noted that the sediment transport 
rate could be equated to a work rate by 
multiplying by the ratio of the tractive 
stress needed to maintain transport of 
the load to the normal stress due to the 
immersed weight of the load. The 
resulting equation, after consideration 
of turbulence measurements, was 

i = W (
_eb-=----- + O. 0 1 u

V
) 

tan (l 
• (29) 

or for suspended load only 

1n which 

i :c 

is = 

Us = 

u 

e :; 
s 

a 

• (30) 

sum of the bed load and sus-
pended load transport rates 
(kg/ s/m) 

the suspended load transport 
rate (kg/s/m) 

mean velocity of suspended 
solids (m/s) 

mean stream velocity (m/s) 

efficiency factor for bed load 
transport 

suspended load efficiency 

suspended load rate 
stream power 

the average angle of encounter 
between sediment grains 
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v = the weighted mean fall veloci-
ty for suspended material 
(m/s) 

d = flow depth ( ft) 

S = slope 

W = stream power = P dSu (kg/m/s) 

From hydrodynamic concepts. 
Hydrodynamic models also have been 
deve loped for computation of suspended 
sediment transport. Owens and Odd 
(970) developed a two layer flow and 
sediment transport model. Computer 
simulation of unsteady flow and trans
port was undertaken by Tywoniuk (1969). 
Based on DeVries model, Kerssen et al. 
(1977) employed morphological com
putations to investigate the effects of 
human interference or geometrical 
changes in a river or estuary. The 
model is partly based on the two
dimensional sediment diffusion-convec
tion equation and restricted to non
cohesive and nearly uniform sediment 
material (Kerssen, Ad Prins, and van 
Rijin 1979). 

Total Sediment Load 

There are two methods of computing 
the total sediment load: 

1. Indirect method: computing bed 
load and suspended load sepa
rately and then summing the two 
component s. 

2. Direct method: by the equations 
developed for computation of 
total sediment load directly. 

An example of the direct method is 
the Watershed Erosion and Sediment 
Trans port (WE ST) mode 1 deve loped by 
HYDROCOMP Inc. for the Environmental 
Protection Agency (Leytham and Johanson 
1979). This model simulates the move
ment of water and sediment through 
the land and channel phases of the 
hydrologic cycle. The WEST model is 
composed of two separate models, the 



ARM model and the CHANL model, linked by 
a data management system. The ARM model 
(Donigian and Crawford 1976; Donigian 
et ale 1977) simulates land phase 
processes, and CHANL model simulates the 
instream or channel processes. Hydraulic 
routing is performed by using kinematic 
equations. Sediment routing is performed 
by explicitly modeling the component 
processes such as scour, deposition, and 
armoring. Ackers and White's technique 
(Ackers and White 1973) is used for 
calculating the potential or ultimate 
concentration of the cohesionless 
material, and the works of Camp (1943) 
and Brown (967) are used to estimate 
deposition of the fine cohesion mate
rial. The model gave promising results 
when tested using laboratory data. 

Role of Dimensional Analysis 

When theoretical methods fail to 
provide sufficient ordering of the 
independent variables to set up a 
successful field measurement program or 
laboratory experiment, dimensional 
analysis provides a convenient starting 
point for structuring experimentation. 

Buckingham pi Theorem 

Ancient mathematicians represented 
multiplication by n, just as they 
represented summation or addition by E. 
The Buckingham pi Theorem (Buckingham 
1915) states that the outcome of any 
complete physical process can be ex
pressed by multiplying independent 
dimensionless products (Pi terms) 
combining the variables shaping the 
physical phenomenon. That is: 

(31) 

For example, 

Cl Cz C3 
R=KX Y Z (32) 

where R represents the effect of 
any set of causes, X, Y, and Z, as their 
product when raised to some power Ci 
and multiplied by a dimensionless 

26 

coefficient K which mayor may not be 
constant depending on the outcome of the 
experiment. Field or laboratory experi
ments are designed to collect data, 
and the data are used to place numerical 
values on the coefficients. 

Characteristics of 
the pi Terms 

The pi-terms have the following 
characteristics: 

1. The number of pi terms equals 
the number of fundamental variables 
(measurable physical factors influencing 
process outcome) minus the number of 
basic dimensions (distance, mass, time, 
etc.). 

2. pi terms are mutually indepen
dent. This is assured if each pi term 
contains a fundamental variable which no 
other pi term contains. The fundamental 
variables in any subset of variables 
must also be mutually independent. 

3. pi terms are dimensionless. 

pi terms have two distinct advan
tages for finding a general relationship 
among pertinent fundamental variables: 

1. pi terms reduce the number of 
variables to be investigated. This ~s 
important because the work required to 
find the relationship among variables is 
proport ional to the cube of the number 
of variables. For example, reducing six 
fundamental variables to three pi-terms 
reduces the amount of work to 27/216 or 
about 12.5 percent of its former value. 

2. Because Pi terms are dimension
less, regardless of the size of the 
phenomenon, they apply equally to model 
and prototype. 

Derivation of individual pi terms. 
The Buckingham pi Theorem is applied by 
first listing the pertinent fundamental 
variables and their basic dimensions. 
Then pi terms are assembled by in
spection in a pattern that satisfies the 



three characteristics listed above. In 
a three pi terms experiment, for ex
ample, we have: 

• (33) 

A functional relationship such as: 

• (34) 

is found by regressing III vs II 2 , 
while II3 is held constant at different 
values. Adopting a different notation 
Equation 34 can be expressed as: 

· (35) 

in wh ich the II 123 is a funct ional re
lationship of three pi terms obtained by 
varying III and II 2 , and holding II3 at a 
constant value of say IT3. The functional 
re lationships between III and IT3, while 
holding IT2 constant, can also be deter
mined by regression and expressed as: 

• (36) 

The third funct ional relationship is a 
constant II123 determined by holding 
both ITZ and II3 constant. The order
ing of experiments requiring more 
than three pi terms requires a Latin 
square design (Murphy 1950). 

Combination of the pi terms. The 
three individual functional relation
ships described above can be combined by 
either addition or multiplication. As 
explained by Murphy (1950), the combina
tion by addition is valid if the dif
ference between ordinates is constant. 
In the above notation, 

or 

If two sets of data are taken, each at a 
different value for a constant pi term 
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(i.e. one set with IT2 and the other set 
with II2), then the vertical distance 
between the two curves must be equal for 
all values of the pi term used as the 
independent variable. For example, if 
the data plot as straight lines, they 
must be parallel. The general form of 
combination for pi terms by addition is 
(Murphy 1950): 

(37) 

The combination by multiplication 
is valid only if the ratio of the 
ordinates is constant. That is: 

= constant 

or 

== constant 

This means parallel lines on log-log 
plots of III versus II2 or, as an alter
native, on log-log plots of III versus 
II

3
• The combination of pi terms is 

performed by (Murphy 1950): 

II
123 

II l23 
II l23 

(38) 

The K value in Equation 32 is determined 
mathematically as a result of combina
tion by multiplication using Equation 
37. 

Conclusion 

Suspended sediments and salt ef
florescence are potentially significant 
sources of salinity loading of the Price 
River. The literature review, however, 
found little descriptive information 
that could be used in quantitative 
evaluation of these two sources. 
Experimentation was thus necessary. 





CHAPTER IV 

SALT EFFLORESCENCE EXPERIMENTS 

Field Studies 

In the summer of 1979, field 
sites were visited to study condi
t ions favorable to the formation of 
salt efflorescence. During the spring 
and early summer, soluble salt ef
florescence accumulates in nearly all 
stream channels in the central basin. 
In addition, efflorescence occurs in low 
lying poor ly drained areas, stagnant 
water ditches, and shallow water table 
areas. 

The conditions observed as favor
able for the growth of salt efflores
cence are a highly saline water table 
near the soil surface and a high rate of 
solar radiation for vaporizing the soil 
water. Other factors that increase 
evaporation rates, such as high wind 
speed and low humidity, may also enhance 
accumulation of efflorescence. 

Soil salinity sensors (Soil Mois
ture Equipment Corporation, Santa 
Barbara, California, Cat. No. 5000 A) 
were installed in the channel bed of 
Bitter Creek, a small ephemeral drainage 
near Price, Utah, at 10, 20, and 30 cm 
depths to monitor changes in electrical 
conductivity (EC) of the soil moisture 
during wetting and drying cycles. 

Both the water and the efflores
cence crust were analyzed in the labora
tory for chemical composition. Samples 
of water saturating the channel bed were 
collected from small depressions on the 
ephemeral channel beds of Miller Creek 
and Bitter Creek. Samples of efflores
cence were taken using cookie-cutters. 
These samples contained varying amounts 
of nonefflorescent soil material. This 
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dry sample was powdered by hand. Twenty 
grams of dry sample were mixed with 350 
cc of distilled water. The mixture was 
shaken for 15 minutes and then allowed 
to stand for 72 hours. The supernatant 
liquid was decanted, filtered, and 
analyzed. 

Salt efflorescence crust densities 
were also measured at several places on 
channe 1 beds. Large pieces of crus t 
were carefully lifted from the soil 
surface and brought to the laboratory. 
They were weighed, and their surface 
areas were measured. The densities 
varied between 0.14 grams per cm2 and 
0.36 grams per cm2 . 

The accumulation of salt efflores
cence was care fully monitored in a 
selected area on the Bitter Creek 
channel bed by taking samples and 
analyzing them in the laboratory. A 
small metallic pipe of 1.25 cm diameter 
with a cutting edge was pushed into the 
soil and a sample 2.5 cm deep was 
removed. This sample was mixed with 40 
ml of distilled water, shaken well, and 
then allowed to stand for 24 hours. The 
supernatant liquid was decanted, filter
ed and its EC measured. Three samples 
each were taken on August 20 and 30 and 
on September 9 and 18, 1979. A storm 
had occurred on August 16, but there 
were no storms during the period ef
florescence growth was monitored. 
For EC < 5 mmho cm- l in the Price 
River Basin (USDA 1969), 

ppm salt in solution 640 EC 

. (39) 

in which EC is in mmho em-I. Using 



this approximation, EC measurements 
were converted into salt efflorescence 
dens ity measurements in grams per em2 
in the upper 2.5 cm of soil crust. 

Laboratory Experiment 

Knowledge and understanding obtain
ed from field studies helped in design
ing a laboratory experiment to produce 
salt efflorescence under controlled 
conditions. The major laboratory objec
t ive was to dupl icate natural channel 
bed conditions in soil columns where 
efflorescence, soil water, and salt 
content could be continuously monitored. 
The data collected could be used in 
developing and verifying a water 
flow-salt transport model for predicting 
salt efflorescence formation. 

Soil was obtained from the bed of 
the Service Berry Creek tributary near 
the Wattis instrumentation site (Town
ship T 15 S, Range R 9 E, Latitude 
39°30'22"N., Longitude 110 0 55'27"W). 
More information on this subwatershed 
is provided by Riley et al. (1982b). 
The air dried soil was sieved through a 
Taylor series sieve no. 9 (opening size 
of 1.981 mm). PVC pipes of 10 em 
diameter were used to form soil columns 
by filling them with sieved soil 
samples. The bulk density of the soil 
was estimated to be 1.26 gms/ce. 

The columns were initially satu
rated with saline water matching the 
EC and chemical composition found 
in the field. Infrared heat lamps were 
used for evaporat ing water from the 
soil. The lamps were calibrated using 
an electrically calibrated pyroelectric 
radiometer (RS 3960, Laser Precision 
Corp.). Their distances from the soil 
surfaces were varied during the experi
ment to simulate diurnal variation of 
incoming solar heat (Figure 5), A 
sketch of the experimental arrangement 
is given in Figure 6. 

The experiment was conducted in two 
stages. In the first stage, only four 
soil columns, each 25 cm long, were 
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used. Two soil columns were saturated 
with saline water, and the other two 
were saturated with distilled water. 
Small columns were used so that they 
could be accurately weighed to monitor 
daily evaporation. The experiment was 
continued for 14 days. At the end of the 
experiment, all four columns were cut 
into sections, and the soil at different 
depths was analyzed for water content 
and the EC of the saturation extract. 

In the second stage, 27 columns, 
each 50 cm long, were used in an experi
ment lasting 13 days. The initial soil 
and saline water analyses are given in 
Tables 3 and 4. On the first, second, 
third, fourth, fifth, seventh, ninth, 
eleventh, and thirteenth days, sec
tions varying between 2 cm and 10 cm in 
thickness wer.e cut from the three 
columns. Water content measurements, 
chemica 1 analysis of the saturation 
ext ract s, and Ee measurement s were 
obtained for sections on each of the 
columns. The data obtained are given in 
Appendix A. 

Table 3. Saturation extract analysis of 
soil used in experimental col
umns. 

Sodium, as Na+ 
Calcium, as Ca++ 
Magnesium, as Mg++ 
Chloride, as cr _ 
Bicarbonate as_~C03 
Sulfate, as SO; 
Percent gypsum by weight 
Percent lime by weight 
Cation exchange capacity 
Saturation percentage 
EC of saturation extract 

13,500. (mg/l) 
200. 

1,OBO. 
1,505. 

153. 
30,816. 

2B.0 
9.80 

5 . 40 me /100 g 
30.8 
44.2 mmho/cm 

@ 25°C 
pH 8.9 
Soil is classified as Sandy Loam based 

on hydrometer/screen analysiS 
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Figure 5. Simulation of solar heat input using infrared lamps. 

Sections of soil for chemical 
analysis for Co, Mg, No, K, 
5°4 • CI and water content 

Inlet for initio I saturation 

lolllil------ Infrared heat lamp 
(elevation varied to 
simulate diurnal solar 
radiation pattern) 

• ..".---- Formation of salt 

.. 
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effloresence at the 
soi I surface 

Movement of salt and water 

PVC pipe column 

Soil initially saturated 
with saline water 

..L-___ ........ r---- Acrylic plastic plate bottom 

Figure 6. Sketch of an experimental column for growing salt efflorescence. 
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Table 4. Composition of saline water 
used in experimental columns. 

Sodium sulfate (Na2S04) 21,000 (mg/l) 
Sodium carbonate (Na2C03) 200 
Sodium chloride (NaCI) 700 
Magnesium sulfate (MgS04) 7,500 
Magnesium carbonate (MgCO~) 100 
Magnesium chloride (MgCI2 200 
Calcium sulfate (CaS04) 2,200 
Calcium carbonate (CaC03) 100 
Calcium chloride (CaCI2) 100 
Potassium sulfate (K2S04) 8,500 
Potassium chloride (KCI) 200 

Aerial Observation and Photography 

On August 4, 1980, Price River and 
some of its tributaries were observed 
from the air in a plane under- favorable 
weather conditions. The objective was 
to examine the extent and evidence on 
pattern of growth of efflorescence in 
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the channels. 
taken. 

Aerial photographs were 

Stream channels observed in a 
flight time of about 3 hours included 
Price River from Helper to the point of 
confluence of Grassy Trail Creek, part 
of Grassy Trail Creek, Desert Seep Wash, 
Coal Creek, Soldier Creek, and Mi ller 
Creek. All the streams except Miller 
Creek were flowing, and little efflores
cence was observed. On the other hand, 
Miller Creek, the dry channels of many 
small tributaries, and many land 
depressions were completely covered with 
efflorescence. 

No correlation was observed 
between efflorescence and reaches 
receiving irrigation return flows. 
If a stream bed was covered with ef
florescence, it seemed to extend over 
long distances with uniform density, 
suggesting that the salts were deposited 
during flow recession after a storm 
hydrograph rather than by direct evapo
ration of subsurface inflow. 



CHAPTER V 

MODEL OF SALT EFFLORESCENCE GROWTH 

Introduction 

The mathematical model developed 
for predicting the growth of salt 
efflorescence consists of three main 
components. Subroutines WATER, SOLUTE, 
and CHEM deal with water flow, salt 
transport, and chemical equilibrium, 
respectively. The theoretical approaches 
to water flow, salt transport, and 
chemical equilibrium used in develop
ing the mathematical model are described 
in this chapter. Subroutines IONPAR and 
EFFL, which represent the salt efflores
cence process, will also be discussed. 
Further annotations are available 
in the computer program listing (Rao 
1982, Appendix E). 

Water Flow 

Equation 

Equation 3 uses two variables to 
represent H (t/J and g). Rubin (1966) 
described three possible transformations 
for reducing the equation to a single 
dependent variable. The one used 
was developed by Richards (1931) and 
makes use of the relationship: 

c(e) ah (40) 

where C(O) is the soil water differen
t ial capacity (L-l). By the chain 
rule of calculus, 

at 
de ah 
dh at = c(e) at (41) 

The substitution of Equation 41 into 
Equation 3 yields: 

C(O) dh at 
a 
az (42) 
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where the hydraulic head (H = h - z) 
is the only dependent variable. Depth z 
is positive measured downwards from the 
soil surface. 

When written in the finite
difference form (Rao 1982), Equation 42 
becomes 

+ 

h j +l + 
i-I 

[0- It) (hi+! -hi) - ~Z2J 

2 Kj~ 
i-~ [0- A) (hi_l -hi) + 8ZJ . ! 

(43) 

The Crank-Nicolson (1947) implicit 
method for solving a finite difference 
equation was used with an approximation 
at the intermediate (j + 1/2) time 
interval. This is of a form with 0.5 as 
the coefficient preceding the hj+l and 
hj terms. The Laasonen (Richtmyer 
1957) implicit method of evaluation 
only uses the hj+l terms. The explicit 
method, solving for hj+l directly, uses 
only the hj terms. Several solution 
forms for Equat ion 43 can therefore be 
envisioned. A general form can be 



established by using a "weighting" 
factor, A., that can take on any value in 
the range 0 < A < 1. The Crank-Nicolson 
method in which = 0.5 and the Laasonen 
method in which A 1 are stable 
for all values of /:,z and /:'t. The 
computer program is written such that A 
can be given any value, but only the 
Crank-Nicolson solution (A = 0.5) was 
used 1n this study. 

To solve Equation 43 for vertical 
flow ina nun sat u rat e d so i 1 , it is 
necessary to estimate K (the hydraulic 
conductivity) and C (the change in soil 
water content with head). The value of 
C can be found by fitting a cubic spline 
funct ion to the 8 vs h data and dif
ferent iat ing (Erh 1972). Ti llotson 
(1979) developed a computer subroutine 
SPLINE to do this. The hydraulic 
conductivity, K, can be estimated from 
water content-pressure head relation
ships by one of the methods of Jackson 
(1972), Brooks and Corey (1964), 
and Campbell (l974). The 8-h data and 
corresponding C and K values used in 
this study were taken from Tillotson 
(l979). 

Instead of establishing a constant 
time increment, a variable increment was 
computed from volumetric water content 
changes in the soil profile. If the 
absolute value of the greatest simulated 
change in the volumetric water content 
over the entire soil profile is greater 
than a predetermined amount, the 
time increment is halved, and the 
pressure heads are recalculated using 
the smaller time increment. This 
prevents rapid changes in water content 
and solute concentration from masking 
the behavior of the water and solute 
movement. A predetermined va lue of 
0.03 em3 water per cm3 soil was used. 
Time increments range from 0.024 hr to 
6 hr. 

Equation 43 is of the form 

A hj+l + B hj +l + C hj +l D 
i-I i i+1 

(44) 
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For a given time, each depth boundary 
excluding the top and bottom, also 
produces an equation of this form. The 
linear system of equations produced at a 
given time is solved using the Thomas 
algorithm (Bruce et a1. 1953) which 
converts the tridiagonal coefficient 
matrix to an upper triangular matrix and 
solves for the pressure heads by back 
substitution. 

Conversion of pressure heads to 
volumetric water contents is performed 
by approximating the soil moisture curve 
with a straight line over pressure head 
intervals. The appropriate intervals 
(0.01 in this study) are used to calcu
late the dependent variable, 8. 

Top and Bottom Boundary 
Flux of Water 

The top boundary cond i t ion can be 
changed with time to simulate either 
rainfall or evaporation. Rainfall is 
represented by a positive flux of water, 
and evaporation by a negative flux. 
This surface flux (EOR) is incorporated 
into the numerical solutions of the 
water flow equation. Numerically 
approximating Darcy's law gives: 

Kj ;J-'2 
i-~ EOR --

- 2/:,zl 

(45) 

Using this approximation in developing 
the finite di fference water flow equa
t ion gives: 

(46) 

Since there is no (i-I) depth 
increment at the surface, the assumption 
is made that /:,z3 = 2 AZ2. Substituting 
for /:,z3 in Equation 46 and simplifying 
gives: 



Equation 47 provides values for 
the coefficient matrix and a vector 
corresponding to the unknown pressure 
head at the soil surface. If more water 
is applied than the soil can absorb) the 
surface soil-water pressure head equals 
the saturated soil-water pressure with 
runoff being calculated. During evapora
tion, the surface soil-water pressure 
head cannot go below the dry air soil
water pressure head. For the bottom 
boundary condition) the model can 
simulate no flux «aH/az) = 0») a unit 
gradient «aH/az) = 1), a constant 
soil-water pressure head, or a water 
table. 

The actual surface flux (WFDD) is 
calculated as the potential amount 
estimated from Equation 45. 

WFDD 

j.p-"2 
= Ki_~ fhj + h j +1 _ h j _ h j +1 

2 8z 1 \ i-I i-I i i 

+ 2 8Z1) . 

Salt Transport 

(48) 

The model for salt transport 
represents Ca, Mg, Na, K, Cl, and 804 
ions as independent species in order to 
facilitate the interfacing with the CHEM 
subroutine. 

Equation 

The diffusion-convection equation 
for a noninteracting solute is: 
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a(0c) 
at 

a =-
dZ (D(0,Q) ~~) a - - (q c) 

dZ 

(49) 

in which 

c = concentration of solute 

o = volumetric water content 

t = time 

z = depth 

D(0,q) = apparent diffusion coefficient 

q = water flux 

The second-order finite difference 
approximation of the left-hand side of 
Equation 49 is: 

a(0c) 
at 

(ei + :1+1) (ct :: c1 ) 
(50) 

The second-order finite difference 
approximation of the right-hand side is: 

(51) 

Substituting 



~Z3 = zi+l - zi-l 

in Equation 51 and simplifying: 

d 
0(e, q) ~~) d 

dZ 
- - (qC) 

dZ 

2 Dj~"2 
( j+~ j~"2) = i~"2 

~z2 lIz3 
c i +1 - c i 

j~"2 
2 D. 1 

( Cj ~"2 _ C~ ~"2 ) 1-"2 
lIz l ~Z3 i 1-1 

• (52) 

Substituting: 

j j+l 
c. + c i .. 1. 

1 J-r"'2 = 
2 ' C i +1 

j j+l 
C i +1 + c i +1 

2 ' etc. 

in Equation 52 and simplifying: 

(53) 

Substituting Equations 50 and 53 in 
Equation 49 and placing unknowns to the 
Ie ft and knowns to the r igh t, the 
diffusion-convection equation can be 
written in the finite-difference 
form as: 
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+ j+l c. 
1 

( ~ + e~+l 
1 1 

2 lit 

+ 1 1 = 
j + j+l) q. q. 

4 ~z3 

j + j+1) (ej 
+ ej

+1 q. q. ... 
+11 +Jl 1 

4 lIz
3 

c i 2 lit 

(54) 

j +~ 
where D. 1 is a modified form of 

1-"2 
Bres ler IS (1973) apparent d i ffus ion 
coefficient (combined diffusion-disper
sion coefficient). That is, 

(55) 

1n which 

Do = diffusion coefficient in 
a free water system 
(L2T-l) 

a and b e m p i ric a 1 con s tan t s 
characterizing the 
soil 



= experimental constant 
depending on the charac-
teristics of the porous 
medium 

ej -P-'2 
::: volumetric water • 1 average 1. --'2 

content over the space 
and time increment 

j-P-'2 
::: flux of water ·qi-~ average 

over the space and time 
increment 

Olsen and Kemper (1968) found that 
Equation 55 fit data collected on soils 
reasonably well when b ::: 10 and a = 
0.001 to 0.005. In this study a was 
assumed to be 0.001. Model predictions 
were found to be fairly insensitive to 
the values of a and b. A was given a 
value of 0.4 based on Bresler (1973). 
The fluxes of water were calculated 
using Darcy's law with pressure heads 
obtained from the solution of the water 
flow equation. 

Equation 54 is of the same form 
as Equation 44. The linear system of 
equations produced for a given time was 
solved for the solute solution concen
trations using the same method as 
described in solving the water flow 
equation for the soil-water pressure 
heads. 

Top and Bottom Boundary 
Conditions for Solute 
Concentration 

The model was sensitive to the 
boundary conditions. The best result 
for the simulation of salt efflorescence 
was obtained by a top boundary solute 
concentration during rain or irrigation 
(positive flux of water) given by: 

C
t 
+ SC

t
_

l 
Set = 2 (56) 

in which 

::: soil-water solute concentra
tion at surface at time, t 
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Ct = solute concentration 1n rain 
or irrigation water at time, t 

WC t ::: water content at soil surface 
at time, t 

During evaporation, the 

in which 

St i , 

Wt . 
,1 

d 

d 
L 

d 
Z s . 

t,1. 

= salt in the 
time increment 
increment i 

water in the 
time increment 
increment i 

• (57) 

system at 
t and depth 

sys tem at 
t and depth 

::: number of depth increments 

The bottom boundary solute concen
tration was best estimated as the 
soil-water solute concentration at depth 
d-l for the time increment t-l. 

Chemical Equilibrium 

After the transport model exe
cutes a predetermined number of salt and 
water movement calculations, the model 
can 1) print the salt profile without 
considering chemical precipitation 
or dissolution, 2) ca11 the chemistry 
subroutines, bring the solution salts 
into chemical equilibrium with lime and 
gypsum, and print the soil profile 
description, or 3) ca11 the chemistry 
and the exchange subroutines which model 
cation exchange equilibrium and print 
the soil profile description. In the 
present study, the exchange subroutine 
was not used as the soil had a low 
cation exchange capacity of 5.4 me/IOO g 
of soil. 

The chemical equilibrium subroutine 
(CHEM) used in this study was developed 
by Robbins (1979) and listed in Rao 



(1982), who validated it at normal soil 
salinity range (Ee of 4 to 5 mrnho/ cm) 
using lysimeter data. The original 
model used a method described by McNeal 
et a1. (I970) which calculated Ee from 
individual ion concentrations. Since 
this method does not give good results 
at the high Ee values encountered 
in this study (60-70 mmho/cm), a new 
relationship was established between Ee 
and t"atal dissolved solids (TDS) using 
data pertaining to this study. Figure 7 
plots the data and shows the best fit 
line of 

Ee = 0.6902 TDSO.6312 • • (58) 

I = 0.0127 Ee • • (59) 

which is corrected for ion pair forma
t ion in the Ee range of 0 to 35 mmho/ 
cm. 

The mono- and divalent ion activity 
coefficients (Yl and Y2) were calculated 
from the Davies relationship which has 
been shown to be valid up to I = 0.5 
moles/liter (Stumm and Morgan 1981): 

log y. = -0.509 z2 ( r~ 1 - 0.3 r) 
1 i 1. a + 1'2 

(60) 

Solution ionic strength (r, mole/ in which 
liter) was calculated (Griffin and 
Jurinak 1973) from: zi is the ionic charge 
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log EC=-O.1610+0.6312 log TDS 

(R 2 =O.98 

1.0 +-------,---------,---------,-------., 
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loglo TOS (mg/l) 

Figure 7. Electrical conductivity-total dissolved solids relationship. 
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The ionic strength in the column 
experiment varied from 0.5 to 6.5 
moles/liter. Other details of the 
chemical equilibrium submodel are 
available in Robbins (1979). 

Ion-Pair Formation 

The high concentrations of solute 
used in salt efflorescence modeling 
result in ion-pair formations and cause 
the EC-TDS relationship to be nonlinear. 
A method of successive approximations 
(Adams 1971) was used to write the 
subroutine IONPAR for computing ion
pair formations. But in this applica
tion, negative ion concentrations were 
obtained as intermediate values in its 
iterative solution. The same ion may 
participate in several ion associations 
in mixed salt solutions. An intermediate 
negative value for ion concentration is 
therefore more common with increased 
salt concentrations and more intense 
ion-pair formation. To overcome dif
ficulties with negative values, Darab et 
a1. (1980) modified the method by 
calculation of the weighted averages of 
ion concent rat ions after each iterat ive 
step. The negative deviation was 
eliminated by introduction of a function 
containing the ratio of the ion-pair 
concentration to the analytical concen
tration of the related ion. 

The concentration of the ion i in 
the n-th step of iteration was deter
mined by the relationship: 

C = i(n) reduced 

in which 

[CHn-I) .HF] + ci(n) 

HF + 1 

(61) 

Ci(n) = the analytical concentra-
t ion of 10n i at the nth 
iteration 

y 
E (c. A.) 

j=l 1 J 
HF (62) 

c. 
1 
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in which 

(qAj) = the concentration ion
pairs formed by ions ci 
and Aj 

Since the iterations converged 
slowly, it was necessary to make 
another averaging as follows: 

c. ( ) + c'(n-l) (c.) = -=l~n~ __ ~~~~L 
). n 2 

(63) 

Subroutine IONPAR then converged 
quickly for total dissolved solids 
concentrations up to 6,000 me/liter. 

Modeling Principle 

Formation of salt efflorescence was 
simulated based on the observation that 
the salt left behind at the soil surface 
forms a crust that -is not in physical 
contact with the soil water. The water 
evaporated in a given day was multiplied 
by the concentration of the soil solu
t ion at the top depth increment to 
estimate the amount of salt deposited 
and contributing to the accumulation 
of efflorescence. The rate of accumula
t ion is measured in grams of salt per 
unit area per day. 

Model Limitations 

The water flow-salt transport model 
developed to predict the rate of ac
cumulation of salt efflorescence crust 
contains a number of assumptions that 
should be considered before its use as a 
basin-wide salinity management tool. The 
model neglects the spatial variability 
of soil physical properties and temporal 
variability of soil-water quality. The 
model does not provide for the situation 
when the soil is dry and water movement 
is primari ly via the vapor phase which 
does not transport salt to the soil 
surface. At high electrical conduc
tivities of the soil solution, including 
the 60-70 mmh.o/cm encountered in this 
study, the chemical equilibrium model 
does not predict accurately because of 



the limitations of the Davies equation 
in calculating activity coefficients 
beyond the range of validity of the 
theory of a dilute electrolyte (Stumm 
and Morgan 1981). 

The accuracy of water flow and salt 
transport predictions is limited by the 
numerical approximation techniques used. 
The model is very sensitive to boundary 
condition formulations and moisture
release curve input data for the soil 
under consideration. These relationships 
are very difficult to accurately obtain 
from laboratory experiments and repre
sent in empirical equations. 
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Recommendations 

The model is a useful tool to study 
the effects of soil properties, water 
quality, and evaporation rates on salt 
efflorescence crust formation at a 
given location. For bas inwide applica
tions, the spatial variability of soil 
properties and temporal variabi lity of 
soil-water quality should be considered 
and results summed. A statistical 
analysis of the spatial variability of 
efflorescence crust densities may 
provide a more meaningful estimate of 
the contribution of salt efflorescence 
to overall salinity. 



CHAPTER VI 

RESULTS OF SALT EFFLORESCENCE STUDY 

Field Data 

The chemical analyses of soil water 
collected from the beds of Mi ller and 
Bitter Creeks are given in Table 5. 
Magnesium and sulfate ions predominate 
in Miller Creek. Sodium and sulfate 
ions predominate in Bitter Creek. 

The chemical analyses of the salt 
efflorescence samples (Table 6) show a 

dominance of sodium and sulfate. Similar 
results were obtained by Mundorff 
(1972), who analyzed efflorescence 
samples from Drunkards Wash and five 
other sites in the central basin. The 
dominance of sodium sulfate is probably 
due to the exchange of sodium by calcium 
resulting from solubilized gypsum. 

As described in Chapter IV, the 
accumulation of salt efflorescence in 

Table 5. Results of soil water analysis in ephemeral channel bed. 

Date of Collection 
Carbonate, as CO; _ 
Bicarbonate, as RC0

3 Calcium, as Ca++ 
Chloride, as CI
Magnesium, as Mg++ 
Potassium, as K+ 
Sodium, as Na+ _ 
Sulfate, as -

Miller Creek 

7/17/79 
O. (mg/l) 

672. 
215. 

81. 
230. 

10. 
170. 

1,331. 

Table 6. Results of chemical analysis of efflorescence. 

Date of Collection 
Carbonate, as COr _ 
Bicarbonate, as RC0

3 Calcium, as Ca++ 
Chloride, as CI-++ 
Magnesium, as Mg 
Potassium, as ~ 
Sodium, as Na+ _ 
Sulfate, as -

Desert Seep Wash 

7/17/79 
43. (mg/l) 

365. 
375. 

84. 
1,228. 
1,150. 
5,500. 

18,472. 
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Bitter Creek 

7/19/79 
23. (mg/l) 

183. 
144. 
519. 
925. 

1,400. 
3,350. 

11,872. 

Bitter Creek 

7/19/79 
38. (mg/l) 

1,109. 
506. 

1,113. 
4,042. 

123. 
10,616. 
40,616. 

Wattis 

7/19/79 
40. (mg/l) 

276. 
419. 
241. 

1,044. 
2,700. 
4,550. 

17,385. 



Bitter Creek was monitored by measuring 
the EC of the salt-crust solution and 
then converting into salt efflorescence 
density measurements in a gram per cm-2 
in the upper 2.5 cm of soil crust. The 
results (Table 7) show that the three 

Table 7. Accumulation of salt efflores
cence as measured by salt ef
florescence density, '<lith time, 
in Bitter Creek. 

Salt Efflorescence Density 
(Grams Per cm2 in the Upper 1 Inch 

of Soil Crust) 

Date Sample Sample Sample Average 
Ifl 112 1f3 

8/20/79 
8/30/79 
9/9/79 
9/18/79 

_ 0.20 
0+
I/) 

>- ~ 
.... u 
(/) 
Z 0 
W I/) 0.15 
0 .... o 
W..c o u 
Z t: 
W o Q) 
(f) t: 
W 0 
0:: ;U o a. 
...J a. 
lL. ::I 
lL. Q) 
W.t: 

+-
..... t: 
...J 
<IN 
(f)1 

E 
U 

0.10 

0.05 

0.04 0.04 0,05 0.04 
0.08 0.12 0.12 0.11 
0.09 0.10 0.12 0.10 
0.08 0.11 0.12 0.10 

+ 

+ 

+ 

field samples gave efflorescence density 
va lues wi th in a reasonab Ie range of 
sampling and analysis error. 

The data are plotted in Figure 8. 
Since very limited field studies were 
conducted, only four sets of data points 
are available. It is believed that the 
physical and chemical processes of salt 
accumulation are the same though density 
of salt crust may vary spatially. Hence, 
an attempt is made to interpret these 
lim~~ed data to draw some general infor
mation about the accumulation of ef
florescence. From the measurements made, 
the process of efflorescence appears to 
occur within the first 10 days after a 
storm runoff had dissolved the previous 
efflorescence. Beyond 10 days the ac
cumulation of efflorescence seems to 
be very slow, This behavior can be 
explained either by the fact that no 
more soil moisture was available to 
evaporate or that the salt efflorescence 
crust already formed considerably de-

+ + 

+ 

-----0 
+ 

+:: Measured densilies 

0: Average of three densilies 

measured on the same day. 

+ 

~ 0.00 +--------r------~--------r_------~------~------~------~ ....... o 5 10 15 20 25 30 

TIME FROM THE LATEST STORM (days) 
Figure 8. Accumulation of salt efflorescence with time, as measured by efflorescence 

density. 
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creased further evaporation of soil 
water. From the observation that the 
moisture content varied only between 22 
percent and 25 percent by weight during 
the period of data collection, the first 
rea son i s 1 e s s 1 ike 1 y . Howe v e r , i t 
should be noted that a slight deviation 
of water content from saturation may 
reduce hydraulic conductivity value and 
thus decrease the upward flux of water. 
Also, near saturation moisture contents 
were commonly found to exist below 
existing salt efflorescence crusts. 
Thus, it is deduced that, once formed, 
the salt efflorescence crust may act as 
a physical barrier for vapor flow or 
prevent heat radiation from reaching the 
soil surface. Also, precipitated salts 
may clog the soil pores. Both processes 
may reduce evaporat ion and the upward 
flux of water. 

The effect of salt efflorescence on 
the evaporation of soil water is not 
we 11 unders tood. The s truc ture of the 
efflorescence crust needs to be examined 
to determine how the crust might 
restrict evaporation. The reflectivity 
of efflorescence needs to be studied to 
determine the amount of solar radiation 
that is lost to the atmosphere and thus 
unavailable to evaporate soil moisture. 
In the Price River Basin the color of 
efflorescence varies from pure white to 
brownish white depending on the amounts 
of dissolved organic matter and wind
blown soil particles that are deposited 
along with the salts. 

The electrical conductivities of 
soil solution measured in the bed of 
Bitter Creek are given in Table 8. EC 
values ranged from 35 mmho/ cm to above 
45 mmho/cm. 

Laboratory Data 

An empirical function was needed 
for the water flow model to represent 
the reduction in evaporation rate caused 
by the growing salt crust. Laboratory 
data for the two soil columns saturated 
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Table 8. Soil solution EC measurements 
in Bitter Creek. 

EC (mmho/cm @ 25°C) 
Measured at Depths of 

Date 10 cm 20 cm 30 cm 

8/12/79 36.0 35.0 35.0 
8/20/79 > 45. 0 38.0 38.0 
8/30/79 41.0 40.0 40.0 
9/9/79 40.0 40.0 40.0 
9/18/79 38.0 40.0 40.0 

10/13/79 37.0 40.0 40.0 

with saline water were examined. The 
ratio of actual to potential evaporation 
(E/EP) was plotted against time (d 
since the start of formation of salt 
efflorescence (Figure 9), The curve fit 
to the data had an R2 = 0.92 and the 
equation 

E 
EP 

0.9243 t-0.52l4 (64) 

The cumulative evaporation was also 
plotted against time for four soil 
columns (Figure 10). Two had been 
initially saturated with distilled water 
and the remaining two with saline water. 
The columns saturated with distilled 
water evaporated about 7-8 mm more water 
over the 14-day period than did the 
columns saturated with saline water. 
This observation further indicates that 
the salt crust restricts soil-water 
evaporation and slows the accumulation 
of efflorescence. 

It should also be noted that the 
soil-water in columns saturated with 
distilled water had an EC of approxi
mately 20-25 mmho/cm due to the salt 
content of the soil itself (Figure 11). 
Otherwise, the difference in the cumula
tive evaporation could have been much 
larger. 
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Figure 9. Effect of salt crust formation on evaporation of saline soil water. 

The moisture content profiles at 
the end of the experiment are plotted in 
Figure 12 for all the four soil columns. 
This plot provides laboratory verifica
tion of the availability of moisture 
below salt crusts observed qualitatively 
in the field studies. 

In the second stage of the experi
ment, water content measurements, 
c h em i c a I a n a I y sis 0 f the sat u rat ion 
extracts, and EC measurements were made 
at five sections on each of the 27 
columns with the results given in 
Appendix A. These data were used 
in verifying the water flow-salt trans
port model developed for simulating the 
growth of salt efflorescence. 

Model Results 

The water flow-salt transport
chemical equilibrium model developed 
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for simulating the growth of salt 
efflorescence was verified in three 
stages. First, the model was verified 
as to water flow and salt transport 
by measuring and plotting predicted and 
measured water content and solute 
concentration profiles against time. 
The measured profiles are plotted as 
bands indicating the range of the 
values measured at a depth. The wide 
bands are caused by some combination of 
natural variability and errors or 
inconsistencies in measurement. The 27 
columns may not have been good repl i
cates of each other because of a lack of 
uniformity in filling the columns or 
saturating the soil. Some leakage of 
soil solution was noted in the bottom 
plate joints of a few columns, and the 
lower boundary condition for the water 
flow model was zero flux. Care was 
taken during the experiment to place the 
columns below infrared lights such that 
each column received an equal amount of 



35 

-en 
E 30 
E 

......... 

25 

'"0 
Q) - 20 0 
~ 

0 
0.. 
0 
> W 15 
~ 
Q) -0 
~ 10 
Q) 

> -0 5 
:J 

E 
:J 

U 
0 

13 D columns initio lIy saturated 
with distilled water 

o S - columns initially saturated 
with saline water 

0 2 3 4 5 6 7 
Time 

8 9 
(days) 

10 II 12 13 14 15 

Figure 10. Comparison of accumulative evaporation from soil columns saturated with 
distilled and saline waters. 

radient heat. The columns were grouped 
closely together and subjected to the 
same air movement conditions. 

The predicted and measured profiles 
are plotted for 24, 48, 72, 96, 144, 
and 240 hours for calcium, magnesium, 
sodium, potassium, chloride, sul
fate, and water content in Figures 13 
through 19, respectively. Most predicted 
profiles lie entirely within the mea
sured bands. There is a good agreement 
between the predicted and measured 
Ca++ concentration profiles. The 
predicted concentrations at the top 
boundary are at the maximum or little 
above the maximum of observed value. 
During test runs of the model it was 
observed that the top boundary salt 
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concentrations were very sensitive to 
the way in which top boundary conditions 
were modeled. 

The agreement is also generally 
good for the predicted and measured 
concentration profiles for magnesium 
(Mg++). However, the concentrat ions 
are overpredicted at the second and 
third depths. Since this was also 
observed corresponding in the profiles 
of sodium and chloride, it is thought to 
be caused by over estimation of water 
content. 

For sodium (Na+), there is a 
general agreement between the observed 
and predicted profiles except that the 
concentrations at second and third 
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dicted; solid line measured). 
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depths are overpredicted. In general, 
the band widths of the measured pro
files decrease with time as the initial 
variability among the columns is damped. 

Potassium (K+) had larger band 
widths on measured profiles than did 
the other ions. For example, the 
predicted profiles at 240 hrs lie 
completely within the measured profile. 

Profiles for chloride (Cl-) show 
good agreement for periods of 96 hours 
and longer. Shapes generally agree for 
shorter periods. Sulfate (S04) profiles 
also show satisfactory agreement. 

Overall, the profile comparisons 
suggest reasonable model performance. 
The model performs within the range of 
accuracy found in the laboratory data, 
suggesting that more precise measure
ments would be required to develop 
a better model. The fact that the 
subroutine CHEM was found to give 
reasonable concentrations for calcium, 
sulfate and carbonate is somewhat 
surprising considering that the original 
subroutine was developed for much lower 
electrolyte concentrations. 

Model validity was next examined by 
comparing the amount of salt efflores
cence on the soil surface predicted by 
the model with that measured in the 
field or laboratory, as part of this 
study or by others. Model densities 
are calculated in grams per square 
centimeter and based on an assumption of 
uniform efflorescence thickness. Actual 
densities vary over small areas (Figure 
1), and this variability requires that a 
number of measurements be made to get an 
average. 

In this study, the laboratory 
measurements of efflorescence crust 
density varied between 0.14 g/cm2 and 
0.36 g/cm2 . In the literature, Riley 
et a1. (1979) report salt efflorescence 
densities between 0.0001 g/cm2 and 
0.11 g/cm2 in the upper 2 cm of soil 
crust. Riley et a1. (1982a) report salt 
efflorescence densities varying between 
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0.002 g/cm2 and 0.94 g/cm2 in the 
upper 1 cm of soil crust. The model 
predicted 0.19 g/cm2 on the 13th day 
after the efflorescence started to 
form. 

The salt efflorescence densities 
predicted for each day of accumulat ion, 
starting on the second day, are 0.02, 
0.04, 0.05, 0.07, 0.09, 0.11, 0.13, 
0.14,0.16, 0.18 and 0.19 g/cm2 • Ac
cording to the model, the rate of 
efflorescence formation remains constant 
even though the evaporation rate de
creases with the formation of efflores
cence crust. This can be at least 
part ially explained by increases in the 
solute concentration of the evaporating 
soil water causing more salt to be left 
per unit volume of water evaporated. 

The observed stoppage of efflores
cence crust formation after 12 days 
could either be due to the salt crust 
growing to a thickness that prevents 
evaporation or due to the clogging of 
soil pores by precipitating salts at 
high concentrations. Overall, the 
present model prediction of salt 
efflorescence density seems reasonable 
compared with measured salt efflores
cence densities. The variation in 
measured efflorescence dens it ies is 
probably due to variation in the sa
linity of the soil-water which is the 
source of salt for efflorescence, 
spatial variation in the physical 
propert ies of the soil matrix, and the 
time of collect ion wi th respect to the 
formation stage of the efflorescence. 

In the third and final validity 
check, the model prediction of ion-pair 
formation was examined. The percentages 
of ions involved in ion-pair formation 
were predicted by the model as 55-75 
percent of calcium ions, 59-79 percent 
of magnes ium ions, 7-19 percent of 
sodium ions and 13-29 percent of pot as
s ium ions. The percentage of ion-pair 
forma t ion increases with increas ing 
concentration (EC from 30-100 mmho/em). 
The degree of ion-pair formation by 
different ions agrees with those report-



ed by Darab et a1. (1980) as 15-65 
percent of calcium ions, 15-75 percent 
of magnesium ions and 1-6 percent of 
sodium ions. 

Contribution of Salt Efflorescence 
to Overall Salinity 

In the estimation of salt loading 
from· efflorescence in the Price River 
Basin, it was assumed that 1) efflores
cence loading occurs mainly during 
the months of May, June, July and 
August, 2) every runoff-producing storm 
carries away all salt efflorescence 
in the channel bed, 3) the time between 
storms is the period for growth of 
efflorescence, and 4) the maximum 
density of salt efflorescence 1S 

reached in 12 days. 

Thus, if the time between storms 
exceeds 12 days, a maximum salt loading 
is predicted to occur. When the time 
between two storms is less than 12 days, 
the salt loading due to efflorescence is 
less than the maximum amount. Peckins 
(1981) wrote of a "cleansing effect that 
occurred between storm flows. There was 
evidence to indicate that the water 
quality of a storm flow was improved if 
it occurred shortly after another storm 
event. There are several instances when 
this phenomenon occurred during the 
study period. II 

In order to model the variation in 
the interval between storms, a proba
bilistic approach was chosen. Data for 
summer storms and intervals between 
consecutive storms are given in Appendix 
A for each year from 1941 to 1977. In 
assembling these data, it was assumed 
that a daily precipitation of 0.25 inch 
or more would produce runoff (Riley 
et a1. 1982b). An exponential distri
bution (Haan 1977) was fitted to the 
time int erva 1 da ta by the me thod of 
moments. The resulting probability 
dens ity distribution of the time inter
val between storms was 

f(t) = 0.0564 e-O.0564t (65) 
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where t is the number of days between 
consecutive storms. 

Salt efflorescence crust density 
was expressed as a funct ion of time 
since the last storm from data collected 
on the rate of accumulation of efflores
cence, 

get) = 0.0158t for 0 < t < 10 

= 0.158 for t > 10 

where get) 1S the density 
efflorescence crust in g/cm2 
the time in days since the 
storm. 

• (66) 

of salt 
and t is 
previous 

Thus, the expected salt efflores
cence density for a storm is expressed 
as: 

E(g(t» = f 10g
(t) f(t) :t 

o + 001581 f(t) dt 

J
lO 10 

= 0.0158t (0.0564e-o.OS64t)dt 

o ro 

+00151 (00564e-000564t)dt 

10 (67) 

To estimate the basinwide salt load 
from a storm, the expected value of 
salt efflorescence crust density was 
multiplied by the ephemeral channel bed 
area in the central basin of the Price 
River, where most efflorescence occurs 
due to the outcrop of Mancos Shales. 
The ephemeral channel drainage densities 
in three subwatersheds (Service Berry 
Tributary, Soldier Creek and Coal Creek) 
are 6.79, 9.79, and 9.45 km/km2 respec
tively. Taking an average drainage 



density of 8.67 km/km2 over an area of 
approximately 907 km2 , the total length 
of ephemeral channels is approximately 
1,172 km. With an average channel width 
of 300 cm (10 ft), total area of ef
florescence is approximately 5.7 km2 • 

By combining the area of ephemeral 
channel beds in the central basin with 
the expected salt efflorescence density 
at the time of storm occurrence, the 
expected value of salt loading for a 
storm is 6,9 x 106 kg. From the 37 
years of data in Appendix A, the average 
number of storms per year is four. 
Therefore, the expected value of salt 
loading from efflorescence in the Price 
River Basin is approximately 27.5 x 106 
kg/yr. Taking the total annual salt 
load at Woodside as 3.7 x 108 tons 
(Ponce 1975), the estimated contri
bution of efflorescence to the overall 
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salt loading in Price River Basin at 
Woodside is approximately 7.5 percent. 

This est ima te of bas inwide average 
annual salt loading from efflorescence 
is based on several assumptions, some of 
which bias the estimate toward being too 
high and others toward being too low. 
Assumptions that cause bias toward a 
high estimate are that none of the salt 
crust is leached back into the soil 
and that all of it is carried a 11 the 
way to the mouth of the Price River by 
each storm. Assumptions biasing toward 
a low estimate are that no efflorescence 
loading is associated with channel 
cleansing during spring snowmelt or 
other storms outside the four summer 
months. If one assumes that winter 
and spring runoff carries away summer 
storm residuals, the estimate becomes 
reasonable. 



CHAPTER VII 

LABORATORY COLLECTION OF SALT SEDIMENT DATA 

Introduction 

The experimental procedure used to 
study salt release from suspended 
sediments was designed: 

1) To examine the sources (land, 
channel bank, or in-channel) of suspend
ed sediment material in the Price River 
Basin. 

2) To perform laboratory experi
ments with sediment material in order to 
identify factors controlling the rate of 
salt release. 

3) To develop quantitative rela
tionships for salt release from sus
pended sediments based on the laboratory 
data. 

Sediment Materials 

Sediment samples were taken 1) from 
lands on the valley floor near the 
Channel, 2} from the channel banks, and 
3) from the channel bottom. Valley 
floor samples were taken from a site 
near Woodside, and channel bank and bed 
samples were taken from the Price River 
at Woodside, Wellington, and Price 
(Figure 3). An ana lysis of the satu
ration extract of the soil sample is 
provided in Table 9. 

Salinity Measurement Procedure 

The laboratory work was performed 
by the Soil Testing Laboratory of the 
Department of Soil Science and Bio
meteorology, Utah State University. The 
samples were mixed with water, and the 
electrical conductivity (EC) of the 
solutions was monitored using a Yellow 
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Spr ings salini ty-conduc t ivi ty-tempera
ture meter (YSI Model 33). Electrical 
conductivity l.S expressed as llmho/cm. 

All EC I s were corrected to a 
standard temperature of 25"C using 
temperature correction factors provided 
by Richards (954). All experiments 
were replicated two times for the entire 
range of the controlling factors. The 
data presented are the average results 
from the two replications. The values 
between replicates never varied by more 
than 210 llmho/cm. 

Structure of Laboratory Experiments 

Experiment s were conduc ted over 
ranges of the controlling factors 
matching observed ranges in the Price 
River Basin. These were dilution 
0:1000 to 1:5), particle size (less 
than 0.074 mm to 2 mm for soil samples 
and less than 0.074 mm to 7.92 mm for 
channel material), mixing velocity (0.3 
to 2 fps) (0.09 to 0.62 m s-l), and 
initial EC of solutions containing NaCl 
and Na2S04 (600 to 8000 llmho/cm @ 
25 "C). Table 10 lists the laboratory 
experiments. 

Saturation extract electrical con
ductivity measurements, as recommended 
by U. S. Salinity Laboratory (Richards 
1954), were made using a Beckman Model 
RC 19 conductivity meter incorporating a 
pipette solution cell and having a 
precision pf ~ 20 llmho/cm. The experi
mental procedure was to record the 
increase of EC with time. 

Recirculating Flume Experiments 

The initial experimental design to 
identify and quantify the factors 



Table 9. Chemical analysis of the soil material upland of the channel. 

Texture % Gypsum % Lime 
CaC03 

Silty loam 3.9 24.3 

--------------------meq/l---------------------------------------------------------
Sodium Calcium Magnesium Chloride Sulfate 

l35 20.6 5.2 

meq/l 
Bicarbonate 

0.1 

Saturation 
Percentage 
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controlling salt release from suspended 
sediment utilized a 15.25 m long recir
culating flume for channel flow and the 
transport of suspended sediments. 
However, nonuniform flows, with high 
turbulence intensltles, were generated 
at the diffuser. The fact that a con
stant ve loci ty could not be ma intained 
throughout the length of the flume made 
it impossible to study the effect of 
velocity on salt release. In addition, 
the impact of the recirculating pump 
b lades upon the sediment part ic Ie s 
affected the salt release process. 
Therefore, the laboratory experiments 
were shifted to a mixing tank and sub
sequently to a multiple stirrer, in 
wh ich the flow regime could be more 
closely controlled. 

Mixing Tank Experiments 

A 55 gallon (208 ~) steel drum was 
used to mix sediment and water at 
various mixing velocities. A rectangular 
152 rum wide by 508 mm long steel paddle, 
located at the center of the 559 mm 
diameter and 914 mm deep tank, was 
rotated using a variable speed motor 
(Figure 20). The motor speed was 
adjusted so that the average velocity 
measured with a current meter at two 
points, 152 mm and 229 mm from the 
center of the tank, was equal to the 
desired velocity. 
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Figure 20. Cross-section of the mixing 
tank. 



VI 
1.0 

Table 10. 

Experimental 
Apparatus 

Hlxing 
Tank 

~lultiple 

Stirrer 

'fotn 1 

Summary of the laboratory experiments. 

Experimental 
Set 

A 

B 

C 

D 

E 

F 

G 

H 

I 

Purpose of 
the experiments 

To study the effect 
of dilution 

To study toe effect 
of mixing velocity 

Comparison of various 
sediment material 

To study the effect 
of dilution 

To study the effect 
of particle size 

To study the effect 
of mixing velocity 

To Btudy the inter
action of mixing 
velocity and the 
particle size 

To study toe effect 
of initial EC (NaCI 
and Na2S0

4 
solutions) 

Verification of 
Equations 28 and 32 

No. 
of experiments 
for each set 

8 

5 

6 

6 

6 

14 

4 

24 

30 

103 

Factors which 
were varied 

Dilution 

Mixing veloci ty 

Dilution and 
particle size 

Dilution 

Particle size 

Mixing velocity 

Mixing velocity 
and particle 
size 

Initial EC 
and dilution 

Dilution. 
mixing velocity, 
and particle 
size 

Levels of factors 
varied 

Dilution (1:10, 1:20, 1:40, 
1:60, 1:80, 1:125, and 
1:250) 

velocity (.3, .7, 
1. 2 reet per second) 

Dilution (1:5, 1:10, 1:50, 
1:100) particle size d < 
2 rom, 0.125 < d < 0.5, and 
0.074<d < 0.125 mm) 

Dilution factor (1:100, 
1:75, 1:50, 1:20, 1:10, and 
1:5) 

Partiele size fraction 
(3.71 < d < 7.92 rom, 
1.651 < d < 3.79 mm, 
d < 2 rom, 1.0 < d < 1.651 
mID, 0.5 < d < 1.0 mm, and 
d < 0.074 rom) 

Mixing velocity (0.96 and 
0.43 fps) (d < 0.074 rom, 
0.175 < d < 0.5 mm, 0.85 < 
d < 1.651, snd d < 1.981mm) 

Mixing velocity (0.43 and 
0.96 fps) (0.175 < d < 
0.417 mm, 0.104 < d < 0.175 
mm) 

Initial EC (602, 1125, 2102, 
2658, 3484, 5851, and 7773 
umbo/em @ 250 C) Dilution 
(1:100, 1:75, 1:50) 

Dilution (1:1000, 1:500, 
1:250, 1:100, 1:75, 1:50, 
1:20, 1:10, 1:5) 
Mixing velocity (0.96 and 
0.43 fps) 
Particle size fraction 
(0.5 < d < 1 mm, 0.125 < 

d < 0.5 rom. and 0.074 < 
d < 0.125 nun) 

Factors which No. 
were held of replicates 
cOllstant 

Mixing velocity 8 
and particle 
size 

Particle size 
and dilution 

Mixing velocity 

Particle size 
and mixing 
velocity 

Mixing velocity 

Particle size 
and dilution 

Dilution 

Mixing velocity 
particle size 

Initial Ee, 
mixing velocity, 
particle size, and 
dilution 

5 

6 

6 

6 

14 

4 

24 

30 

103 



The soil samples were mixed with 
water varying the dilution factor 
(sediment:water ratio) and the mixing 
velocity. The particle sizes of the 
sediment material were not varied and 
were less than 2 mm for all the experi
ments. Tap water with an Ee of about 
350 ~mho/cm (~S cm- I ) was used; and, 
the tank was filled several days before 
each run to give the water time to reach 
ambient room temperature. During the 
experiments, the observed water tem
perature was about 25 + 1°C. The EC 
measurements were made at about 14 time 
intervals, ranging from 5 seconds to 
several hours. The probe of the EC 
meter was lowered to approximately the 
middle depth of the mixing tank and the 
electrical conductivity was monitored. 
The probe was taken out of the mixing 
tank and prepared for the next reading 
after careful rinsing in deionized 
water. The mixing tank was also emptied 
and washed with tap water after each 
experimental run. 

Multiple Stirrer Experiments 

For greater efficiency and more 
control, a multiple stirrer with six 
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stirring units was used. Each unit had 
a 25 mm wide by 75 mm long steel 
paddle which mixed the sediment-water 
solution in a 1000 ml glass beaker. The 
paddles were lowered into the beakers, 
and their depths were adjusted so that 
the velocity of the moving water closely 
approximated the parabolic distribution 
found in channel flow, a velocity 
maximum at the water surface and 
close to zero at the bottom. The mixing 
speed of the steel paddles, controlled 
by a powerstat and indicated by a 
centrally located tachometer, was set to 
match the velocity of the moving water 
when averaged over the depth of the 
beaker. 

The initial experiments used 
deionized water. To study the effect 
of initial KG upon the rate of salt 
release, experiments (Set H, Table 10) 
were conducted using initially saline 
so lut ions. Sodium sulfate (Na2S04) 
and sodium chloride (NaCl) were used to 
prepare solutions with the desired 
initial EC. Sodium salts, and sodium 
sulfate in particular, are the most 
common salts in the water system of the 
Price River Basin. 



CHAPTER VI II 

SALT RELEASE CHARACTERISTICS OF PRICE RIVER BASIN SEDIMENTS 

Introduction 

This chapter describes the results 
of the experiments to determine the salt 
release characteristics of the suspended 
sediments in the Price River Basin. 
First the salt release characteristics 
of sediment materials from various 
sources were examined in a search for 
the material with the greatest salt 
release potential. This material was 
then examined to determine the important 
factors affecting salt release. 

Salt Release Characteristics by 
Sediment Source 

The laboratory experiments examined 
sediments from the bottoms of perennial 
streams, the banks of perennial streams, 
and the surface of the valley floor. 
Representative samples were mixed with 
de ionized wa ter, and the elect rical 
conductivity of each solution was 
monitored until there was little or no 
change in the EC. The last EC measure
ment was assumed to be the equilibrium 
EC of the sediment-water suspension. 

The channel bottom material re
leased its salts quickly with little 
increase upon ml.Xl.ng. The saturat ion 
extract, EC, indicative of the low 
salt release potential of in-channel 
sediments, was in the order of 500 to 
1000 llmho/cm. 

The channel bank material was 
collected from the unwetted exposed 
cross-section of the Price River channel 
during low flows. This material had a 
saturation extract EC of 1000 to 3000 
llmho/cm two to three times that of 
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the bed material. Simi lar experiments 
were conducted with the soil material 
taken from the valley floor near the 
Price River channel. Figure 21 compares 
the salt release rates between bank and 
valley floor materials. The increase in 
EC for the channel material is quite 
rapid in the first few minutes (suggest
ing a spike on a halograph of dissolved 
salts) and decreases to almost zero soon 
thereafter. In contrast the soil 
samples taken upland of the Price River 
channel showed lower rates of salt 
release for about the first 12 minutes 
but larger rates thereafter, with the 
total EC reaching two to three times 
bank values. It took 1 to 4 hours for 
the EC of the solutions to approach 
equilibrium. The rapid initial salt 
release from the channel bank materials 
can probably be attributed to salt 
efflorescence. 

The apparent equilibrium EC can be 
assumed to give a good indication of the 
potent ial salt release from the sedi
ment. The greater equilibrium EC from 
the soil material taken from the uplands 
is undoubtedly because these materials 
are less weathered. This sediment 
material was selected for detailed 
further study of salt release character
istics. However, the channel bank 
material was also examined to probe 
the effect s of the factors controlling 
salt release from suspended sediments. 

Factors Controllin 
from Upland 

Laboratory Approach 

Salt Release 
ial 

The selected upland soil material 
was a compos ite sample taken from the 
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Figure 21. Comparison of the salt release characteristics of channel bank and 
valley floor sediments (Experimental Set C, Table 10). 

surface (0-15 em) at a site near Wood
side (Figure 3). The soil had a silty 
loam texture, and its saturation extract 
indicated a Ca2+ - Na+ - 8°42- system 
(Table 9). To determine their effects 
on the salt release characteristics 
of dilution, particle size, mixing 
velocity, and the initial EC of the 
solution, adjusted by adding sodium 
salts, were varied in the experimental 
runs. The e ffec t of each of these 
factors is discussed individually 
below. 

Effect of Dilution 

The dilution factor is defined as 
the ratio of sediment to water on a 
we igh t bas is. Figures 22 and 23 show 
the relationships between. the dilution 
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factor and salt release from soil-water 
suspensions in the mixing tank and the 
mult iple stirrer systems, respect ively. 
For both apparatuses, the initial 
dissolution rate increased with the soil 
to water ratio; however, the dissolution 
continued longer with smaller ratios. 

The pattern can be shown for di f
ferent soil to water ratios by comparing 
the salt release rates as indicated by 
slopes of the lines tangent to the salt 
release curves at given contact times. 
For example, at 1 minute of contact time 
and a 1:5 soil to water ratio, the salt 
release rate is 5.09 mmho/em/min, 
whereas it is 0.69 mmho/em/min at a soil 
to water ratio of 1:50. After 30 
minutes contact time, the salt release 
rates are 1.46 and 10.4 ]lmho/cm/min 
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Figure 22. Effect of dilution factor on salt release in the mixing tank apparatus 
(Experimental Set A, Table 10). 

for the 1:5 and 1:50 soil to water 
ratios, 
of the 
reversed. 

respectively, 
two rates has 

and the rat io 
approximately 

Another perspective of the rela
tionship is seen when best fit lines are 
constructed through salt release data 
presented on a log-log plot (Figure 24). 
The intercepts are higher at the larger 
soil to water ratios, representing 
initial rapid dissolution, whereas the 
slopes decrease with increasing soil to 
water ratios. 

From still another perspective, the 
dilution factor also affects the time 
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required to reach apparent equil ibrum. 
At the larger soil to water ratios, the 
salt release reaction approaches equili
brium after a few minutes of contact 
time. In contrast, at the smaller soil 
to water ratios (higher dilutions), the 
reac t ion proceeds for hours before it 
approaches equilibrium. The time was 
less than 60 minutes for di lutions 1: 5 
and 1:10 and about 4 hours for dilutions 
of 1:20 to 1:100. 

These di fferences can be explained 
by molecular diffusion, which is usually 
considered to be the rate limiting 
factor in a dissolution process (Stumm 
a nd Morgan 1970). The concent rat ion 
gradient is defined as the difference 
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Figure 23. Effect of dilution factor on salt release in the multiple stirrer sys
tem (Experimental Set D, Table 10). 

between the equilibrium concentration of 
the soil-water system and the concentra
t ion of the uniformly mixed bulk solu
tions. At higher soil to water ratios, 
the concentration gradient is less than 
that at lower soil to water ratios where 
the gradient remains relatively large 
throughou t the d i sso lu t ion process. 
Therefore, the system approaches equili
brium more rapidly at higher soil to 
wa ter rat ios. 
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Effect of Particle Size 

Figures 25 and 26 show relation
ships between particle size and salt 
re lease from channe 1 bank and s 01 1 
materials, respectively. The trend was 
for higher salt release from smaller 
sizes than from the coarser material. 
The effect was more distinct in channel 
bank than in soil material, where higher 
EC sometimes resulted from a coarser 
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Figure 26. Effect of particle size on salt release from channel bank material 
(Experimental Set E, Table 10). 

the consistently high r2 values. The 
k value increased as the sediment to 
water ratio increased. 

Equation 22, jUdging by r2 values 
only, seemed to predict salt release 
more closely in high than in low dilu
t ions. However, the tes t of r values 
provided by Snedecor (1967) failed to 
establish a significant difference among 
the coe fficients of determinat ion for 
different dilution factors. Consequent
ly, the equation originally tested in 
solutions of 1:1 dilution (Jurinak, 
Whitmore, and Wagenet 1977) can be 
applied up to dilutions as high as 
1:100. A relationship between k' and the 
sediment to water ratio was sought by 
regressing k' against the dilution 
factor, 0, with the results: 

k' = 1626.40 •••..•. (69) 
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The r2 value was 0.972, and the strong 
relationship between k' and the dilution 
factor suggests that k can be decomposed 
into factors controlling salt release 
and that the dilution factor is one of 
these. 

Equation 68 had the highest overall 
r2 values, but the Snedecor (1967) test 
did not show a significant improvement 
from Equation 22. However, in fitting 
data to Equation 22, only k' was evalu
ated and n was fixed at a va lue of 2. 
In the case of Equation 68, both J and n 
were evaluated, which resulted in 
slightly higher r2 values. Both J and 
n values increased with a greater sedi
ment to water ratio. The n values 
varied from 4.42 to 56.0 compared to 
the value of 2 reported by Jurinak, 
Whitmore, and Wagenet (1977), 



Table 11. Experimental data on increase 
in conductivity with time for 
various dilution factors. 

Dilution Factor Time 
(Min) 1:5 1:10 1:201:50 1:75 l:lO0 

0.5 
1. 
2. 
2.5 
3. 
3.5 
4. 
4.5 
5. 
6. 
6.5 

lO. 
lO.5 
11. 
15. 
15.5 
16. 
20. 
2l. 
25. 
30. 
31. 
45. 
46. 
60. 
61. 
90. 

120. 
EC 

eq 

5089 

5118 

5231 

5327 

5350 

5406 

5436 

5472 

5480 
5480 
5480 
5481 

3068 

3424 

3555 

3656 

3745 

3816 

3840 

3936 

3976 
3980 
3984 
3980 

1748 

2056 

2176 

2348 

2450 

2556 

2664 

2796 

2856 

2952 
3014 
3045 

690 

927 

951 

1189 

1248 

1368 

1416 
1488 

1650 

1716 

1896 
2046 
2296 

ECls are in ~mho/cm @ 25°C. 

Effect of Mixing Velocity 

547 

606 

690 

820 
892 

960 

lO26 
1056 

1206 

1296 

1416 
1535 
1632 

363 

559 

656 

713 

780 

822 
876 

984 

1056 

1170 
1206 
1285 

Soil samples of particle S1ze less 
than 2 rnm were prepared to investigate 
the effect of mixing on salt release 
(Experiment Set B, Table 10). The 
dilution of 1 :20 was kept constant. 
First the soil sample was weighed and 
poured into the mixing tank, containing 
a measured volume of water, without 
starting the motor (velocity = 0.0 fps), 
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and EC was recorded. Then a set of five 
experiments was conducted with average 
mixing velocities ranging from 0.3 up to 
2 fps (0.09 to 0.61 m s-l). Figure 27 
is a plot of the results. The lowest 
curve corresponds to the experiment 
performed without mixing, and therefore, 
salt movement principally by diffusion. 

An increased mlxlng velocity ac
celerated the salt release rate up 
to a velocities of I fps (0.31 m s-l). 
This velocity is approximately that 
required for suspension of material of 
the particle size used, 1.e., d < 2 rnm. 
The explanat ion suggested is that the 
thickness of the stagnant boundary layer 
formed during dissolution depends on the 
turbulence (mixing) of the system. At 
high turbulence this thickness is 
decreased and the rate of salt release 
(dc/dt) 1S increased (Equation 17). In 
other words the slow Fickian diffusion 
toward the liquid/solid interface 
IS replaced by more rapid turbulent 
diffusion away from the suspended 
particles. 

The reason that the rate of salt 
release did not increase for mixing 
velocities beyond that required for 
suspension of the sediment might also be 
that the turbulence is sufficient to 
limit the thickness of the stagnant 
layer to a lower bound. Beyond this 
point, increased turbulence would 
neither reduce the boundary layer 
thickness nor increase dC/dt in Equation 
17. To investigate whether or not the 
mixing velocity was affecting the 
total amount of salt released, another 
set of experiments (Set F, Table 10) was 
conducted using the multiple stirrer. 
Soil samples of different size fractions 
were prepared and mixed with deionized 
water at a mixing speed of 100 rpm 
(revolutions per minute) for about 6 
hours, and the EC of the solutions was 
recorded. Then the mixing was stopped 
and the suspensions were covered to 
minimize evaporation. After 2 days a 
final EC was recorded as the apparent 
equilibrium EC. 



Table 12. Summary of curve fitting analyses of data on increasing salinity concen-
tration with time. 

Eq. Dilution Average Equation 
No. 1: 100 1:75 1:50 1:20 1:10 1:5 Values 

18 In (1 - ~s) = kt 
k 0.0275 0.0254 0.0247 0.0515 0.0807 0.0993 0.0515 

2a 
r 0.946 0.935 0.911 0.931 0.911 0.830 0.910 

k k' 137 172 234 389 551 772 375.8 22 C = k' t 2 

2 r 0.952 0.945 0.937 0.863 0.808 0.754 0.876 

J 407.3 501.1 691.8 1698.2 3548.0 5128.6 1995.8 

68 C = J t lln n 4.42 4.44 4.48 8.0 17.45 56.0 15.82 
2 0.991 0.985 0.996 0.968 0.877 0.930 0.957 r 

ar values were tested for significance, and all were found to be significant 
at 99 percent level. 
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Figure 27. Effect of mixing velocity on salt release (Experimental Set B, Table 10). 
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The experiments were repeated at 
a speed of 50 rpm. Figure 28 contains 
the salt release curves. It was inter
esting that solutions mixed at different 
velocities converged to the same ap
parent equilibrium EC in three of the 
four cases. 

The anamoly between curves 7 and 8 
might have been caused by the presence 
of white material which X-ray diffrac
tion showed to be gypsum. It was 
suspected that the particles are coated 
with a less soluble mineral, such as 
iron or silica oxide, which retarded the 
s a It reI e as era t e • A sub s am pIe of 
gypsum, when analyzed by the Soil 
Science Department at Utah State Univer
s ity for chemica 1 content, had 2-3 
percent silica (Si02 ) and 1-2 percent 
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iron (Fe). This contamination could 
possibly retard dissolution. 

In a similar set of experiments 
(Set F, Table 10), different size 
fract ions of the channel material were 
diluted to various sediment/water ratios 
using deionized water without mixing. 
The solutions were covered to minimize 
concentration by evaporation, and the 
ECs of the solutions were monitored up 
to 12 days to investigate whether higher 
mixing velocities would cause the 
sediments to yield more salt. The same 
solutions were also mixed at the highest 
speed attainable with the multiple 
stirrer, 100 rpm. The mixing was 
s topped after 6 hours. Table 13 shows 
the apparent equilibrium ECs of the six 
solutions as measured after 12 days in 
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Figure 28. Effect of mixing velocity on salt release from soil material in the 
mUltiple stirrer apparatus (Experimental Set F, Table 10), 
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Table 13. The apparent equilibrium EC in solutions with different particle size 
fraction and dilutions as affected by mixing process (Experimental Set 
F, Table 10). 

Particle size fraction (mm) d < 0.074 0.074< d< 0.125 0.125<d<0.5 

~on 1:10 1:5 1:10 1: 5 1:10 1:5 

Mixing 
time 

After 12 days Mean 1051 1750 852 1636 1363 2385 
without mixing Replicate 1 1155 1810 910 1715 1426 2465 

Replicate 2 947 1690 794 1557 l300 2305 

After additional Mean 1081 1686 872 1512 1361 2093 
6 hours of mixing Replicate 1 1205 1785 925 1610 1400 2150 

Replicate 2 

EC in ~mho/cm @ 2SoC. 

still water and then after under
going mixing for another 6 hours. The 
mixing did not increase the ECs, and in 
fact the ECs at the end of the mixing 
are a little less. However, this 
difference is within the precision 
limits of the electrical conductivity 
meter. 

The logical inference from these 
results is that mixing accelerates the 
salt release rate but does not increase 
the ultimate salt loading from suspended 
material. The magnitude of the ac
celeration can be seen from the fact 
that it took about 50 hours for sedi
ment/water solutions mixed at a speed of 
50 rpm to reach the same apparent 
equilibrium EC which they reached in 18 
hours with a mixing speed of 100 rpm 
(Figure 28). 

Interaction between Mixing 
Velocity and Particle Size 

Mixing appeared to break the 
particles into smaller sizes. Such 
grinding would contribute to an in
creased salt release rate at higher 
velocities by increasing the particles' 

957 1595 819 1414 1522 2036 
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surface areas. To quantify this grinding 
effect, soil samples of different size 
fract ions were mixed with deionized 
water at two different mixing speeds. 
The samples were then dried and sieved 
to determine whether any reduct ion 
in particle size had occurred. 

Table 14 shows the results of S1eve 
analysis of the soil samples of size 
fraction 0.175 < d < 0.417 mm, and 0.104 
< d < 0.175 mm after being mixed at 100 
rpm. About 10 percent by weight shifted 
to the next smaller size fraction. 
Sieve analysis, however, was found to be 
a poor means of checking for part ic Ie 
size degradation because: 

1 • Separation of cohe s ive from 
cohesionless particles was not possible 
without washing the sample, which 
reduced the release of salt from the 
soil samples. 

2. The fine cohesive material 
was attached to the coarser particles 
during the wetting-drying cycle, and 
this was complicating preparation of 
samples within desired particle size 
fract ions. 



Table 14. The result of sieve analysis 
to determine the grinding ef
fect of mixing (Experimental 
Set G, Table 10). 

1. Size fraction 0.175 < d < 0.417 rum 
weight before the experiment (30 g). 

Sieve 
Opening Retained 

rum g 

0.175 25.2 
0.147 1.6 
0.104 0.4 
0.074 0.3 

pan 0.3 

Total weight 
after the 
experiment 27.8 g 

Passed Percent 
g Passed 

2.6 9.35 
1.0 3.6 
0.6 2.15 
0.3 1. 07 

2. Size fraction 0.104 < d < O. 175 rum 
weight before the experiment (30 g). 

Sieve 
Opening Retained Passed Percent 

rum g g Passed 

0.104 18.1 2.9 10.35 
0.088 2 0.9 3.2 
0.074 0.4 0.5 1.7 

pan 0.5 
Total weight 
after the 
experiment 28 g 

3. Upon contact with water the 
fine particles were detached from the 
cohesionless particles. This made it 
difficult to find out whether the size 
shift of the cohesion1ess material was 
due to a breakdown of part ic Ie size 
during the mixing process or the detach
ment of fine particles. 

4. Drying of the wet samples prior 
to the second seive analysis caused 
heat-sensitive particles to break due 
to expansion. 

Hydrometry and pipet analysis 
were also tried to check for particle 
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size degradation of the fine cohesive 
materials, but neither method was 
successful. 

Effect of Initial EC 

Saline solutions were prepared and 
used in place of deionized water in 
experimental runs (Set H, Table 10) 
conducted to study the effect of initial 
electrical conductivity on salt release. 
Sodium chloride (NaC!) and sodium 
sulfate (Na2S04) were used to make 
the solutions. Table 15 gives the 
results of chemical analysis of water 
samples taken from Miller and Bitter 
Creeks; the latter shows a particular 
predominance of sodium and magnesium 
s ulf ates. Sodium suI fate was also 
reported to be the predominant salt by 
Mundorff (972) and White (1977) 
in related studies in the Price River 
Basin. 

Figures 29 and 30 show the ef fect 
of initial electrical conductivity, 
ECO, on the salt release rate from a 
soil sample with a size fraction, 0.5 < 
d < 1 mm, and for three dilutions (1:50, 
1:75, 1:100). Initial EC varied from 
about 600 to 8000 Vmho/cm. 

The salt release rate did not show 
a significant change until the initial 
EC passed a threshold of about 2100 
~mho/cm for all dilutions. This implies 
that the EC of the salt release curve is 
addi tive to the initial EC. The point 
is better demonstrated in Figure 31 
which shows the salt release curves 
for the entire spectrum of initial 
salinities for a dilution of 1:50. 

The additive effect is also evident 
from the results of the experiments 
conducted in the mixing tank. Here, 
the saline solutions resulting from 
placing the soil material in tap water 
were used for investigating the effect 
of ECO on salt release characteristics. 
The experiments started by mixing the 
soil sample in the mixing tank and by 
monitoring the EC of the solution. When 



Table 15. Results of chemical analysis of water samples taken from two major creeks 
within the Price River Basin. 

Miller Creek Bitter Creek 

mg/l meq/l mg/l meq/l 

Alkalinity, as CaC0
3 551. 941. 

2- O. 38. 1. 27 Carbonate, as C0
3 0 

Bicarbonate, as HC0
3 672. 11.02 1,109. 18.18 

Calcium, 
2+ 

215. 506. 25.30 as Ca 10.75 
-Chloride, as CI 8l. 2.28 1,113. 31.35 

Magnesium, as Mg 2+ 
230. 19.17 4,042. 336.83 

Potassium, + as K 10. 0.26 123. 3.15 

Sodium, as Na+ 170. 7.39 10,805. 469.78 

Sulfate, as SO 2-
4 1331. 27.73 40,616. 846.17 

DILUTION 

1 :50 
J~~~===2:=::::::::::~======:=========~::::::::::::::::::::1:75 ___ 1:100 

U 8000 --
o EC initial = 7673 flmho fcm 

=:::~~~;;~~~~~~~~~~======~~~~~~~========::!:50 LO 7000- 1:75 
N ~ 1:100 
ti 6000 - EC initiol = 5815 fLmho fem 

5 5000-

'" o 1:75 ~~~~==~;;;;:;~~~~~~~~~~~;;;;~~;;~~~======il:50 .s:::. 4000- 1
- 1:100 

13000 _ "V' EC initial "3470 I-lmho fcm 

(,) 

W 2000- ~ ____ ----4-~~====~==============:===============:~1;50 .... __ --4-------------~~-------------. 1:75 
-=::==::~======~~~~~=----4--------------~--------------. 1:100 1000 iC; 
~ C initial :: 0.0 ( ionized water) 

O~--~----~--_r----~--_r----r_--_r----r_--~--~ 

o 25 50 75 100 125 

TIME (MINUTES) 

Figure 29. Effect of initial EC on salt release (Experimental Set H, Table 10). 
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Figure 30. Effect of initial Ee on salt release rate as compared with the rate in 
deionized water (i.e., EC

O 
= 0.0) (Experimental Set H, Table 10). 

an apparent equilibrium EC was reached, 
the concentration of the solution was 
doub led by adding a second soil sample 
of equal weight, and the EC measurements 
were cont inued until a new apparent 
equilibrium EC was reached. This 
process was reported five times with 
concentrations increasing to about 
25,000 mg/l (g m-3). Figure 32 presents 
the experimental data, and Table 16 is a 
summary of the results. The net increase 
in EC did not vary among the five soil 
additions by more than 8 percent. 
Furthermore, the percent of apparent 
equilibrium EC reached in different 
time increments (Table 16) is almost the 
same for different initial EC's up to 
about 1400 ~mho/cm. 

The effect of higher initial 
salinity is similar to that of higher 
dilution factors, that is, the system 
approaches equilibrium more rapidly. 
Furthermore, the net increase in EC was 
less in runs with higher ECO I sand 
higher dilution factors than in runs 
with lower ECO's and lower dilution 
factors. It should be recalled that the 
ini tial analysis of the selected soil 
material indicated a highly saline 
Ca2+ - Na+ - SO;;.- system (Table 16). 
C a 2 + was low ins a t u rat ion ext r act, 
probably because of the fract ion of 
gypsum; and when Na2S04 was added to 
the soil-water suspension, the high 
8°42- concentration further lowered the 
Ca2+ concent ration. 
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Figure 31. Effect of initially saline solutions on the salt release (Experimental 
Set H, Table 10). 

u 
0 
If') 
(\J 

~ 
E 
u 

........ 

0 
..c 
E 
::t.. ..... 

U 
l.IJ 

1250 

1000 

• 
750 

500 

250T-----~----~----~----~----~----~----._----~----~--~ 
o 50 100 150 200 

TIME 
250 300 

( MINUTES) 
350 400 450 

Figure 32. Cumulative dilution effect on salt release from soil samples in the 
mixing tank experiment (Experimental Set A, Table 10). 
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Table 16. Cumulative salinity concentrations with five soil sample additions in the mixing tank experiment 
(Experimental Set A, Table 10). 

Apparent Net Percent of Equilibrium EC 
Experi- Initial Equilibrium Increase (ECeq ) Reached in Different 
mental Velocity EC Cumulative EC in EC Elapsed Time (Minutes) 
Set A Range (]Jmho/cm Cumulative Concentration (]Jmho/cm (]Jmho/cm 

No. (£ps) @ 25°C) Dilution (ppm) @ 25°C) @ 25°C) 1 2 5 10 30 60 

1 0.917 - 296 1:250 3981 566 270 31.4 42.9 52.8 67.0 84.3 94.0 
1.028 

2 1. 028- 563 1:125 7932 858 295 27.3 33.2 63.6 79.3 - 90.9 
1.119 

3 0.937 - 854 1:80 11975 1108 255 39.5 47.4 55.2 71.0 - 94.7 
1.028 

4 0.937 - ll20 1: 60 16240 1362 243 46.1 49.7 56.4 61.5 84.2 89.7 
1.028 

5 0.937 - 1362 1:40 24592 1773 410 31.8 34.8 53.0 68.1 87.9 98.5 
1. 028 

-----~- ~ - -- --~L....._-



CHAPTER IX 

SALT-RELEASE EQUATIONS 

Introduction 

This chapter describes application 
of the Buckingham pi Theorem to quantify 
salt release from suspended sediments 
using the experimental data of Chapter 
VIII. The purpose was to develop 
mathematical equations describing the 
release of salt from suspended sediments 
as a function of dilution, particle 
size, mixing velocity, and initial EC. 
The salt release equations thus de
veloped were verified using addi
tional experimental data, and the 
predictive applicability and limitations 
of the equations are discussed at the 
end of this chapter. 

Application of Buckingham 
pi Theorem 

The Buckingham pi Theorem was 
applied to develop an empirical re
lationship for estimating the electrical 
conductivity of a sediment-water solu
tion (EC dimensions: D-IL-IT) from 

ECe :: saturation extract EC of a 
particular particle size 
fract ion (D-IL-IT) 

DSO :: average size of a particle 
size fraction (L) 

V = mixing velocity (LT-l) 

t = contact time (T) 

0 = dilution factor (dimension-
less) 

The dimensions of EC are based on the 
fact that EC is the reciprocal of the 
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electrical resistance (ohms) which has 
dimensions of DT-l, where D is the 
electrical inductance (Murphy 1950). By 
inspecting the dimensions of the funda
mental variables and satisfying the 
three characteristics of the pi terms, 
three independent dimensionless pi terms 
were formed as follows: 

= ( :sto) 
and 

:: (0) 

and combined by 

:: 

The individual pi terms were calculated, 
according to Equations 70 through 73, 
by using laboratory data obtained from 
experimental set D (Table 10 and Ap
pendix B), and arbitrarily selected 
values of the controlling factors of: 

DSO:: 0.029 in (0.75 mm) 

ECe :: 29 mmho/cm at 25°C 

V = 0.96 fps (0.29 m s-l) 

<5 :: 0.01, 0.01333, 0.02, 0.05, 
0.1, and 0.02 

The range of dilution factors (0) 
was used to establish criteria for 



combination of the pi terms as discussed 
in the literature review chapter. TIl 
was plotted against TI2 with II3 held 
constant at six different values (Figure 
33). A similar plot of TIl versus TI3 
with Hz held constant was also con
structed (Figure 34). By reading values 
of II3 from Figure 34 with TI2 being held 
constant at nine convenient values of IT2 
= 2.34 x 105 (corresponding to t = 10 
min). The funct ional relat ionships be
tween ITl and IT2. and ITI and IT3 were de
veloped using Equations 35 and 36. That 
is, log-log plots of TIl versus IT2 
and IT3 , respectively were constructed 
(Figures 35 and 36), and using a regres
s ion analysis the equations which best 
described the experimental data were 
calculated. 

The following functional relation
ships resulted: 

2000 

1500 

0 I I I I I I , I I , 
1 
, , I , 

023.4 117 234 351 481 

IO-41T
2 

Figure 33. Plots of ITl versus TI2 with IT3 
held constant at six differ
ent values (Experimental Set 
D, Table 10). 
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with IT3 held constant at 0.01, and 

IT - - 1 3838 TI 0.745 123 -. 3 

with IT2 held constant at 2.34 x 105. 
The constant of Equation 36 was deter
mined by insert ing the values at which 
IT3 and TI2 constant into the above 
funct lonal relat lonships, respect ively, 
averaging the two values. This resulted 
in: 

The following values of IT 123 were 
used for the validity check. 

IT123 = 1.545 x 10-3 IT20.222, 

IT12) = 2.726 x 10-3 IT2 0 .195 , and 

IT123 = 2.602 x 10-3 IT 0.222 
2 

001 0.02 0.05 0.1 0.2 

Figure 34. Plot of TIl versus IT3 with IT2 
held constant (Experimental 
Set D, Table 10). 
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Figure 35. Plot of log TIl versus log TIZ with IT3 held constant at six values (Ex
perimental Set D, Table 10). 

The ratios of TI123/ TI 123 and TI123/ TI 12=j 
were found to be equal to a constant. 
That is, 

= 0.78 (70) 

This is also evidenced by the parallel 
lines on the log-log plots of TIl versus 
TI2 (Figure 35). Consequently, the 
validity check revealed that the com
bination should be by multiplication. 
Based on Equation 38: 

TI l23 TI123 
TI 123 

(71) 
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The following equation resulted: 

(72 ) 

Substituting for the pi terms we have: 

(:~J = 

or 

0.048 (0)°·745 

EC 
e 

0.222 

(73) 

(74) 
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1n which 

K = 0.048 

a 0.745 

b = 0.222 

Inclusion of Initial EC (ECO) 

An attempt was next made to add the 
initial electrical conductivity (ECO) 
to provide a more general empirical salt 
sediment relationship. Addition of 
another fundamental variable. however, 
would necessitate a fourth dimensionless 
independent pi term and consequently a 
Latin-square design approach. 

as: 
A fourth pi term was assemb led 

EC 
o 

EC 
e 

(75) 
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This TI4. however, violates the in
dependency requirement of the Buckingham 
Pi Theorem in that both TIL and TI4 
must include ECe in order to make both 
pi terms dimensionless. Furthermore, 
the Latin square design is required to 
hold the Pi terms c~nstant, one at a 
time, while varying the others. It 
would not be possible to hold TIl 
constant because of the fact that it 
includes EC, a dependent fundamental 
variable, which would change upon change 
of the other fundamental variables. 

A preferred approach was to rede
fine the fundamental variable as: 

EC a = EC - ECO • (76) 

in which 

ECa increase in electrical con
ductivity 1n the solution 

The TIl term was thus modified to 



• (77) 

and the other pi terms remained un
changed. The procedure used to obtain 
Equation 74 led to: 

or 

EC 
e 

• (78) 

b 

EC=ECO+k (O)a(:5
tO) ECe · (79) 

For the same experimental data used to 
calibrate Equation 74 and for the ECO 

range of 600-8000 ~lmho/cm at 25°C, the 
coefficient values were 

k = 0.818 

a = 1.273 

b = 0.153 

Testing the Equations 

Additional laboratory experiments 
(Experimental Set I, see Table 10) were 
performed to verify Equations 74 and 79. 
The results for Equation 74 are listed 
on Table 17 and plot ted on Figure 37. 
The average prediction errors are 22, 
34, and ll}lmho/cm at 25°C foro= 0.01, 
0.0133, and 0.02, respectively. 

Table 17. The measured and predicted values of EC in llmho/cm at 25°C using Equa-
tion 74 (Experimental Set I, Table 10). 

Dilution Factor 

Time in 0.01 0.01333 0.02 
Minutes 

EC EC EC EC EC EC m E m E m E 
0.5 363 360 
1 547 521 690 704 
2 487 490 
2.5 606 638 
3 927 899 
4 559 571 
4.5 690 727 951 984 

10.5 665 708 
11 820 887 1189 1199 
15 713 766 892 950 1248 1285 
20 780 817 960 1012 1368 1370 
25 822 858 1026 1064 1416 1439 
30 876 894 1056 1108 1488 1499 
45 984 978 1206 1212 1650 1640 
60 1056 1043 1296 1292 1716 1748 
90 1170 1141 1416 1414 1896 1913 

120 1206 1216 1635 1508 2046 2039 

Note: EC = measured EC in llmho/cm at 25°C. m 
EC = p predicted EC by Equation 7l. 
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Figure 37. Comparison of the predicted 
mental Set I, Table 10). 

Figures 38, 39, and 40 are plots of 
measured versus predicted EC I s for the 
dilution factors of 0.01,0.0133, and 
0.02, respectively. The solid lines were 
obtained by regressing ECp on ECm. The 
coefficients of determination, r2, 
varied between 0.990 and 0.998. 

These experimental runs were 
repeated (Experimental Set I, Table 10), 
and Equation 74 was used to estimate the 
results. All the experimental variables 
were kept at their former values except 
the ECe value of particle size fraction 
0.5 < d < 1 rom was 32 mmho/cm at 25°C 
for the repl icates as compared wi th 29 
mmho/ cm at 25 0 C in the previous runs. 
The difference was due to natural 
variability among the soil samples. 
Figure 41 shows the measured and pre
dicted values of EC using Equation 74 

------

-----------

Predicted 
--+- Measured 

60 90 120 

( MINUTES) 

and measured EC using Equation 74 (Experi-
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for the replicate runs. The r2 in 
this varied between 0.950 and 0.971. 

Performance of Equation 74 with 
Higher Dilution Factors 

Figure 42 shows that for higher 
dilution factors, ranging from 0.05 up 
to 0.2, the predicted ECls were higher 
than the measured EC I s. The physical 
explanation probably lies in the dif
ference in concentration gradient. 
Specifically, the slopes of the log-log 
plots of EC versus t (Figure 24) are 
flatter for these higher dilution 
factors than they are in the dilution 
factor range of 0.01-0.02. 

For empirical analysis of this 
relationship, one can again turn to 
the Buckingham pi Theorem, where the 
validity check for combining pi terms by 
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multiplication requires parallel lines 
for results plotted on a log-log scale. 
The difference in salt release rates 
between higher and lower dilutions 
prevented the pi terms from produc ing 
parallel lines on log-log plots through
out the entire range of 0.01-0.2, but it 
was possible to separate the range into 
three zones within which the lines are 
approximately parallel. Separate coef
ficient s for three ranges of the dilu
t ion factor (0.001-0.02. 0.02-0.1, and 
0.1-0.Z) were derived from the experi
mental data and tabulated in Table 18. 

The experimental data taken in the 
dilution factor range 0.1-0.2 were then 
used for verification of Equation 74 
with the coefficients given in Table 18. 
From the comparison shown on Figure 43, 
the prediction improved significantly. 
The rZ increased from 0.570 to 0.981 
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(Figures 42 and 43). Figure 44 shows 
similar results for a dilution factor of 
0.05. 

Performance of Equation 74 with 
Smaller Particle Sizes 

The predictive capability of 
Equation 74 was also examined for 
particle sizes smaller than the 0.75 mm 
in the experimental data used in its 
development. Additional experimental 
runs (Experimental Set I, Table 10) 
with soil samples of size fraction 0.125 
< d < 0.5 mm, six different dilution 
factors ranging from 0.001 to 0.02, and 
three different mixing velocities (0.43 
to 0.96 fps) were conducted. The experi
mentally measured Eels were compared 
those predicted using Equation 74 and 
the coefficients from Table 18 with the 
results in Table 19. The results verify 



Table 18. Coefficients in Equation 74 as determined for different ranges of the 
dilution factor (Experimental Set I~ Table 10). 

Coefficients 

k 
a 
b 

0.001 < IS < 0.02 

0.048 
0.745 
0.222 

Dilution Factor (0) Range 

0.02 < IS < 0.1 

0.090 
0.604 
0.123 

0.1<8<0.2 

0.419 
0.660 
0.020 

Table 19. Data on predictability of EC from Equation 74 for smaller particle sizes. 

Mixing 
Coefficients of Determination, r2~ Result-

Particle Size Velocity Dilution 
ing from a Linear Regression of ECE on ECm 

Fraction 
(ips) Factor: 0.001 0.002 0.004 0.01 0.0133 0.02 

0.125<d<0.Smm 0.430 0.912 0.996 0.996 0.992 0.987 0.979 
0.655 0.993 0.985 0.995 0.981 0.967 0.986 
0.960 0.998 0.995 0.981 0.985 0.966 0.991 
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Figure 43. Comparison of predicted and measured EC using Equation 74 on dilution 

factor range 0.1-2.0 (Experimental Set I, Table 10). 
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Figure 44. Comparison of predicted and measured Ee using Equation 74 with coef
ficients: k = 0.09, a = 0.604, and b = 0.123 (Experimental Set I, 
Table 10). 

the applicability of Equation 74 for 
these smaller particles. 

Extrapolation of Equation 74 
to Larger Systems 

An attempt was made to test Equa
tion 74 using experimental data obtained 
with the mixing tank apparatus. This 
was considered important because Equa
t ion 74 was deve loped based on experi
mental data obtained from the multiple 
stirrer apparatus. A test of its 
applicabi lity to a larger system, such 
as the mixing tank, might provide 
important information about how well the 
equation extrapolates to the release of 
salt from sediments carried by a river 
system. 
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The only particle size fraction 
used in the mixing tank (Table 10) was 
d < 2 mm, bu t part ic Ie size varied 
considerably within the range. Equation 
74 utilizes an average (D50) particle 
size, which varies widely in natural 
soils. A second goal of this experiment 
was to investigate how well the median 
size of a natural soil sample represents 
a size range as far as salt release is 
concerned. 

Figure 45 shows a comparison of 
values predicted by Equation 74 with 
data collected in the mixing tank. The 
coefficients of determination, r2, 
resulting from linear regression between 
the predicted and measured values of Ee 
using Equation 74 ranged between 0.789-
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Figure 45. Comparison of the predicted and measured EC using Equation 74 applied 

to data obtained from the mixing tank apparatus (Experimental Set A, 
Table 10). 

0.901. In conclusion, Equation 74 
provides reasonable resul ts for ex
trapolating from small laboratory mixing 
systems to larger natural systems with 
heterogeneous particle sizes. 

Performance of Equation 74 in 
Initially Saline Solutions 

Equa t ion 74 was also tes ted us ing 
experimental data with initially saline 
solutions. Figure 46 shows Equation 74 
to predict the EC values well up to an 
initial EC (ECO) of 1125 l1mho/cm at 
25°C. Equation 74 did not predict 
well for solutions with EGO values 
beyond about 1500 mho/cm at 25°C as by 
the comparison for a solution with EGO 
of 2125 I1mh 0/ c mat 25 ° C • Th ego 0 d 
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prediction below 1500 l1mho/cm at 25°C is 
further indication of the additive 
affect of the sulfate sodium and sodium 
chloride solution up to a certain value. 
In conclusion, although Equation 74 does 
not include ECO as a variable, it may 
be applied to sediment-water solutions 
with EGO values up to 1500 mho/em at 
25°C by simply applying the equation to 
the data and adding ECO to the result
ing EC value. 

Testing Equation 79 and Its 
Comparison with Equation 74 

Equation 79 was used to predict EC 
values from experimental runs conducted 
with solutions of sodium sulfate instead 
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Figure 46. Comparison of measured EC with values predicted using Equation 74 for 
deionized water solutions with initial ECs of 602, 1125, and 2125 ].lmho/ 
em at 250 C (Experimental Set I, Table 10). 

of deionized water. The initial EC 
ranged from 600 to 8000 limho/cm at 25°C. 
Figure 47 shows the measured values of 
EC, the values predicted by Equation 79, 
and the values predicted by Equation 74 
in solutions with four different levels 
of initial salinity and three different 
dilution factors. 

Equation 74 did not predict well 
at these higher ECO's. In contrast, 
Equation 79 predicts well for all three 
dilution factors. Figure 48 shows EC 
values predicted by Equation 79 as 
plotted against the measured values 
using the experimental data from the 
entire spectrum of initial EC. The 
solid line denotes perfect fit. A 
linear regressl.on resulted l.n a r2 
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value of 0.99 for the experimental data. 
Equation 79 did not produce good results 
for solutions with initial EC below 
1500 ].lmho/cm at 25°C. 

Chapter Summary 

Equation 74, using the coefficient 
values in Table 18 for various dilution 
factor ranges, was found to do a good 
job of estimating the electrical con
ductivity in sediment water solutions 
beginning from deionized water or by 
adding the initial electrical conduc
tivity to waters with initial values as 
high as 1500 ].lmho/cm at 25°C. Equation 
79 can be used for initial values as 
high as 8000 ].lmho/cm. The equations 
only apply in the presence of mixing. 
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CHAPTER X 

SALT-SEDIMENT MODEL: DEVELOPMENT AND APPLICATION 

Introduction estimate salt release from 
the suspended sediments 

This chapter describes use of the 
sal t release equat ions in the deve lop
ment and application of a salt-sediment 
mode 1 designed to simulate the release 
of salt from suspended sediments in a 
stream channel. The water and sediment 
entering the stream channel were esti
mated from the Watershed Erosion and 
Sediment Transport (WEST) model (Leytham 
and Johanson 1979). The salt release 
equations were incorporated into the 
WEST model to estimate diffuse salinity 
loading in both overland flow and in the 
stream channel. The overall salt
sediment model was applied to a sub
watershed within the Price River Basin 
for the purposes of demonstrating appli
cation of the mode 1 and of quant Hying 
salt release from suspended sediments as 
a diffuse source of salinity in the 
study area. 

General Requirements of the 
Salt-Sediment Model 

The salt-sediment 
two phases wi th the 
ponents: 

1) Land phase: 

model requires 
fo llowing com-

a) hydrology component: simu
lating overland and sub
surface flow 

b) erosion component: simu
lating sediment washoff 
from land surface 

c) sal ini ty component: using 
salt sediment equations to 
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2) Channel phase: 

a) hydraulic component: 
routing the flow of water 
in the stream 

b) transport 
routing the 
deposition 
sediment 
stream 

component: 
suspension and 
of suspended 

load in the 

c) salinity component: using 
salt sediment equations 
to estimate the amount of 
sal t re leased from the 
suspended sediments 

Figure.49 is a schematic of the general 
requirements of the salt-sediment model. 
Channel bank scour and its contribution 
to the suspended sediment load were not 
included because it was found that these 
materials yield insignificant amounts of 
salt as compared with the sediment 
material originating from land surface 
erosion (Figure 21). 

Selection of the Watershed Erosion 
and Sediment Transport (WEST) Model 

The literature review of sediment 
transport models resulted in the selec
tion of the Watershed Erosion and 
Sediment Transport model (WEST model) 
developed by Hydrocomp Inc. (Leytham and 
Johanson 1979) because of features 
pert inent in s at is fy ing the general 
requirements listed above. WEST is com
posed of a) The ARM model (Agricultural 
Runoff Management model by Donigian et 
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Figure 49. General requirements of the 
salt sediment model. 
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al. (1977» and b) the CHANL model. The 
two models are linked by the data 
management system illustrated in Figure 
50. The ARM model. which operates the 
land phase, includes hydrology and 
sediment production components. 

The hydrology component of the 
ARM model is a modified version of the 
Stanford Watershed model (Crawford and 
Linsley 1966). One modification is 
the areal zone concept based on the 
infiltration capacity. The watershed is 
divided into five zones, each represent
ing 20 percent of the total area (Figure 
51). Schematically, Figure 51 shows 
that zone 1 will infiltrate much less 
water than zone 5, conversely, zone 5 
will provide less overland flow than 
zone 1. This zonal concept attempts to 
simulate the are.al variation in sediment 
loss due to variations in overland flow. 
This feature was found useful for the 
purpose of modeling salinity result ing 
from the eroded material because the 
areal variation in infiltration results 
in source areas or zones which generate 
more overland flow. Overland flow is 
important because it controls the 
production of sediment from the land 
surface and, consequently, the amount of 
salt released from the sediments. 

The sediment production component 
of the ARM model simulates sheet erosion 
based on a model developed by Negev 
(1967). He found that conventional soil 
erosion equations such as the Universal 
Soil Loss Equation do not work well 
because they do not directly account for 
the effects of runoff. Sheet erosion 
mechanism requires overland flow. Negev 
simulated the entire spectrum of the 
erosion processes. 

The component processes of sheet 
and rill eros ion pertain to 1) detach
ment of soil fines (silt and clay) 
by raindrop impact, and 2) pick-up and 
transport by overland flow. These 
processes are represented ~n the 
ARM model by 
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Figure 50. WEST model data management system (adapted from Leytham and Johanson 
1979). 

Soil fines detachment: 

R =(l-C)A 
B 

t T 
(80) 

Soil fines transport: r 0:, St < SR
t 

St 
SRe St < SR

t 

(81) 

(82) 

in which 

= soil fines detached during 
time interval t (tonnes/ha) 
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CT = fract ion of vegetal cover as 
a function of time, T, within 
the growing season 

A = detachment coefficient for 
soil properties 

Pt = precipitation during the time 
interval (mm) 

B = exponent for soil detachment 

E 

= transport of fines by over
land flow (tonnes/ha) 

= exponent for fines transport 
by overland flow 
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Figure 51. Source-zones superimposed on 
the infiltration capacity 
function. 

F = coefficient of transport 

= reservoir of soil fines at 
the beginning of the time 
interval, t (tonnes!ha) 

0t = overland flow occurring 
during the time interval, t, 
(mm) 

In applying these equations, the 
soil detachment (Rt ) during each time 
interval is calculated using Equation 80 
and added to the total fines storage 
(SR t ). Next, the total transport 
capacity of the overland flow (St) is 
determined by Equation 81. Sediment 
is assumed to be transported at the 
capacity rate if sufficient fines are 
available, otherwise the amount of fines 
in transport is limited by the fines 
storage, SRt , as described by Equation 
81. The sediment loss to the waterway 
in each time interval is calculated 
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using Equation 82 based on the fraction 
of total overland flow that reaches the 
stream. A land surface flow routing 
technique determines the overland 
flow contribution to the stream in each 
time interval. After the fines storage 
is reduced by the sediment loss to the 
stream, the simulation moves to the next 
time interva 1. The sediment that does 
not reach the stream is treated as part 
of the fines storage and is available 
for transport in the next time interval • 

The ARM model operates on a short 
time interval (5 or 15 minutes). This 
was also found to be appropriate for the 
s imul at ion of sal t re lease from eroded 
material using the equations derived in 
this study with contact time in minutes. 
Although ARM is a continuous simulation 
model, it can also be used to simulate 
single events if the initial hydrologic 
storage conditions can be estimated. 

The CHANL model is a one-dimen
sional model for simulating the movement 
of water and sediment through the stream 
network. Hydraulic routing is performed 
using kinematic wave equations. Sediment 
routing is performed by explicitly 
modeling the advection of sediment and 
the scour and deposition of both co
hesive and cohesionless material (Figure 
52). 

The estimate used in the model for 
potent ial or ult imate concentration of 
the cohesionless sediments is based on a 
technique developed by Ackers and White 
(1973). The theoretical basis of the 
method is described together with 
assumptions and restrictions by White 
(1972), The method has been extensively 
tested on both field and laboratory data 
and its performance compares favorably 
with that of other teChniques (Leytham 
and Johanson 1979). 

The deposition of clay and silt 
fractions (cohesive material) is esti
mated by modifying graphical solutions 
which Brown (1967) derived from work by 
Camp (1943) to incorporate work by 
Einstein (1968) and Owen (1969). 
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Figure 52. Processes simulated in a research (after Leytham and Johanson 1979). 

Modification of the WEST Model 

Only selected components of the 
WEST model were necessary for this 
study: 

1) The ARM model: Only the LANDS 
and SEDT subprograms were used in the 
land phase of salt sediment model. The 
other subprograms mode 1 movement of 
pesticides and nutrients and snowmelt 
and were excluded. The necessary 
changes were made to interface the SEDT 
and LANDS subprograms with the salt
release submodel discussed below. 

2) The CHANL model: The hydraulic 
routing subprogram was adapted in the 
channel phase of the salt-sediment 
mode 1. The sed iment transport sub
program was modified to include trans
port of suspended sediments originating 
from land erosion only. Bed load 
transport was excluded. 

The modified models were interfaced 
with the salt-release submodel and 
linked by a data management system to 
constitute the overall salt-sediment 
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model. The formulation of the salt
release submodel is described in the 
following section. 

Salt-Release Submodel 

The salt release submodel, desig
nated SALTSD, calculates the salt 
released from suspended sediments 
in both overland and channel flows. 
In the land phase, overland flow and 
sediment production are simulated at 
each time interval from a unit area of 
the watershed. SALTSD is interfaced 
with the LANDS and SEDT components of 
LANDHYD in such a way that the simulated 
sediment mass and overland flow are used 
to calculate the di lut ion factor on a 
weight basis. The velocity of the 
overland flow is also used in the 
salt-sediment equation (Equation 74) and 
is limited to a maximum value equal to 
the settling velocity of the median 
particle size (D50) of the surface 
soil. The TDS is estimated from EC 
by: 

TDS = .746 EC (83) 



in which 

TDS = total dissolved solids (mg/l) 
(gm-3) 

EC = electrical conductivity 
(~mho/cm at 25°C) 

Dixon (1978) derived this equation from 
samples taken from Coal Creek, in the 
Price River Basin. The TDS is used to 
estimate weight of salt per unit area. 
At the end of each time interval, the 
loading per unit area is input to the 
CHANNEL phase and an accumulated total 
is printed. 

The SAL T S D sub mod e lop era t e s 
somewhat differently in the channel 
phase. The initial EC of the channel 
(ECO)is used to determine whether 
Equation 74 or 79 is employed to esti
mate the salt release from sediment in 
the channel. In constrast, in the land 
phase no init ial EC is needed because 
overland flow is modeled to reach 
the stream within each model time 
interval. The channels receive inputs 
from the I and ph as e • Am 0 u n t s are 
estimated per unit area and accumulated 
by using the subarea of each reach as a 
multiplier to the runoff, sediment mass, 
and salt mass per unit area. The 
accumulated salt at the start of the 
simulation process becomes the basis for 
estimating the initial EC for a reach. 
The outflow from reach 1 becomes the 
inflow for reach 2, and similarly the 
electrical conductivity of reach 1 
becomes the initial EC of reach 2, and 
so on along the stream channel. 

Basic Assumptions for the 
Salt-Release Submodel 

The following assumptions were made 
in order to utilize the salt-release 
submodel in the salt-sediment model: 

l. Only soil materials which are 
washed off the land surface by the' 
act ions of rainfall and overland flow 
are included in the salt-release sub
model. 
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2. Snowmelt runoff is assumed to 
be an unimportant soil washoff mechanism 
and therefore not considered as gener
ating eroded material. 

3. The scoured channe 1 bank and 
bed materials are assumed to yield 
negligible salt and therefore excluded 
from the salinity calculations. 

4. The mixing velocity in the salt 
release equations is taken as the 
velocity of the overland flow or channel 
flow as long as the sediment load is in 
suspension. If these velocities 
exceed the settling velocity of the 
suspended material, the velocity used in 
the salt release equat ions is limited 
to the settling velocity. The magnitude 
of the settling velocity depends on the 
particle size and flow characteristics. 

5. Material deposited in the 
stream channel is assumed to be only a 
small percentage of the total suspended 
material and, therefore, is excluded 
from the salinity routing. 

6. The di lution factor is assumed 
to equal the ratio of suspended mate
rial discharge to the flow volume, 
on a weight basis, over a model time 
interval. 

7. Equation 74 can be used for 
initial EC values, ECO, less than 1500 
~mho/cm, and Equation 79 can be used 
for ECO va lues beyond that I imi t up 
to 8 mmho/ cm. 

8. The electrical conductivity of 
the sediment/water solutions, as pre
dicted by the empirical equations, is 
related to the TDS using Equation 83; 
and the amount of salt, on a weight 
basis, is calculated by converting flow 
discharge to volume and multiplying that 
by TDS over a model time interval. 

9. Any salt release occurring 
after a contact time of 2 hours is 
ignored. This is based on the obser
vation that more than 90 percent of the 
salt associated with the suspended sedi-



ments was diffused under the laboratory 
conditions in a 2-hour period. 

10. The spatial variability of 
the soil material upland of the water
shed is assumed to be adequately ac
counted for by dividing the watershed 
into "segments," each with uniform 
salinity characteristics represented by 
its saturation extract EC. 

Considerations in Applying the 
Salt-Sediment Model 

General 

Figures 53 and 54 show the orga
nization of the two models as linked 
together by a data management system. 
Operational considerations in applying 
the salt-sediment model are described 
below. 

MAIN 

Land Simulation Phase (LANDHYD) 

For applying the sa It-sed iment 
model, a watershed is spatially divided 
into "segments," and LANDHYD is applied 
to each segment. Segments are visualized 
as areas of land with uniform physical 
properties. Input consists of hydro
meteorologic data (rainfall, potential 
evaporation) and physical character
istics of the system. The inputs are 
transformed to time series of land 
surface runoff (LSRO), land surface 
erosion (EROS), and salt release from 
the sediments (SRSD), a series for each 
segment. LSRO is the depth of runoff, 
both surface and subsurface, flowing 
into the stream channel. EROS is the 
mass of sediment washoff per unit area, 
and SRSD is the mass of salt released 
from the sediment per unit area and 
reaching the stream system in a model 

INPUT 
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EXECUTIVE PROGRAM 

LANDS 
HYDROLOGY 

SEDT 
SEDI MENT PRODUCTION 

no 

yes 
SALTSD 
SALT RELEASE 
FROM SEDIMENTS 

Figure 53. Organization of the LANDHYD (land phase) of the salt-sediment model. 
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time interval. The sediment algorithms 
estimate the total mass of sediment 
washed from the land surface in each 
time interval but give no indication of 
the particle size distribution. The 
median diameter, D50' of the land 
surface material with size fraction of 
d < 2 mm was taken as a reasonab Ie 
approximation for use in the salt 
release equations. 

Channel Phase Simulation 
(CHANNEL) 

The CHANNEL model estimates the 
amount of salt being released from 
suspended material and simulates water, 
sediment, and salt movement through 
the stream channel system (Nezafati 
1982). It uses a tree-like structure of 
"reaches" to represent the principal 
water courses and routes movements of 
water, sediment, and salt through 
these reaches to the basin outlet. 
Allowance is provided for both point and 
diffuse loads. 

The CHANNEL model calculates flow 
discharges, sediment transport rates, 
and movements of released salt at 
sped tied points in the system. Reach 
outflow is computed for every time 
interval and becomes the inflow to the 
reach downstream. A maximum concentra
tion of suspended sediment is estimated 
for the flow characteristics at each 
time interval (Ackers and White 1973). 
A suspended sediment load that would 
otherwise exceed this concentration is 
assumed deposited and does not enter the 
salinity release or routing, 

List ings of both the LANDHYD and 
CHANNEL mode Is, and sample inputs and 
outputs are found in Nezatafi (1982, 
Appendix B). 

Application of the Salt-Sediment 
Model in the Price River Basin 

General 

Application of the model to the 
ent ire Price River Basin was not fea-



sible due to the lack of observed data 
for calibration and verification. In 
particular, most of the suspended 
sediment data are based on grab samples, 
consist of monthly concentrations, have 
no size distribution analysis, and do 
not necessarily correspond to discrete 
storm events. Better data exist for 
some subcatchments. 

Ephemeral channels in the basin 
were monitored by Riley et al. (I982a, 
1982b). Automatic recording devices 
were used to measure water flows, 
sediment, and total dissolved solids 
moving in these channels, and data were 
obtained for this study. For one such 
ephemeral channel, Coal Creek (Figure 
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55), has been studied. Dixon (1978) 
took soil samples and recorded single 
storm events and salinity measure
ments. He also applied his hydro
salinity model in order to estimate 
salt loading from the overland flow. 
Application of the salt-sediment 
model to Coal Creek would both indicate 
the salinity contribution of suspended 
sediments and provide additional infor
mation for comparison with Dixon's 
results. 

Subwatershed Selection 

The salt-sediment model was applied 
to a subwatershed within the Coal Creek 
subbasin which had been instrumented 

'·-l -' f 

Figure 55. Subwatershed in the Coal Creek subbasin. 
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with a control section, an automatic 
water leve 1 recorder, and an automatic 
water quality sampler (Peckins 1981). 
Figure 55 shows the configuration of the 
subwatershed and the locations of the 
recording rain gage and the stream 
gaging site. Data obtained for selected 
storm events on runoff, total suspended 
sediments, and electrical conductivity 
are given in Table 20. 

Model Calibration 

Rainfall charts were used to 
prepare 5-mi nute rainfall data for 
the land phase of the model. Daily 
potential evaporation data were obtained 
from a USGS weather station at Scofield 
Reservoir, located about 60 miles 
to the west of the study subwatershed 
and the only measurement location 
for evaporation data in the Pricp. 
River Basin. 

The land hydrology model was 
calibrated for two storms (values in 
Table 21), Figure 56 compares measured 
with simulated flows for a storm of 

18 mm which occurred on August 25, 
1980. The simulated hydrograph quite 
closely follows the shape of the mea
sured hydrograph, and the volume dif
ference is less than 5 percent. The 
calibrated model was also used to 
simulate runoff from a storm of 10 mm 
occurring on July 18, 1978. However, 
since this storm occurred earlier in the 
year it was necessary to change the 
va lues of two parameters, name ly, the 
initial lower soil moisture storage 
(LZS), and length of overland flow (L). 
Figure 57 is a comparison of measured 
and simulated flows as the result of 
using 2.5 centimeters and 45.7 meters 
for LZS and L, respectively, as compared 
with 12.7 centimeters and 91.4 meters 
used for the August storm. The soil 
moisture content has higher in July 1978 
than it was for the storm in August 
1980. 

Model Results 

The salt-sediment model was run for 
the two storms with the results shown 

Table 20. Coal Creek flow, sediment and salinity data for two storms. 

Time Flow Suspended Sediment ECa Time Flow 
(Min) cfs (mg/l) j.Imho/cm (Min) cfs 

Jul:¥: 18, 1978 August 25 z 1980 

1 15 90,000 845 1 11 
2 16 77.420 932 2 21 
3 16 96,290 1,166 3 44 
4 17 79,630 1,296 12 81 

12 42 132,700 1,417 20 300 
20 28b 28 56 
28 24b 44 15 
36 14b 60 8 
44 6 60,550 1,272 76 7 
60 2 53,350 1,781 100 6 
76 2 58,250 1,562 124 5 

aField measurement (does not correspond to the time of sampling). 

bAdjusted. 

Source: Peckins (1981) • 
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Figure 56. Comparison of observed and simulated flows from a storm on August 25, 
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Figure 57. Comparison of observed and simulated flows from a storm on July 18, 1978. 
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in Figures 58 and 59. The salt load 
released from suspended sediments was 
predicted for each storm and amounted to 
385 kg km- 2 and 214 kg km- 2 for the 
storms in 1978 and 1980, respectively. 

Table 21. Parameter values calibrated 
for LANDHYD. 

Parametera 

UZSN 
LZSN 
INFIL 
INTER 
COVMAX 
IRC 
NN 
L 
SS 
A 
UZS 
LZS 
SGW 
GWS 
KV 
K24L 
KK24 
lCS 
OFS 
IFS 
K24EL 
KK24 
JRER 
KRER 
JSER 
KSER 
SRERI 

Value 
(English 
Units) 

0.05 
8.00 
0.40 
0.05 
0.05 
0.00 
0.20 

150.00 
0.04 
0.00 
0.00 

12.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
5.30 
0.24 
2.00 
0.30 
1. 98 

a For the parameter definitions see 
Nezafati (1982). 

The higher estimate was extrapo
lated to estimate the total salt load 
released from sediment in the Price 
River Basin. Based on records of 37 
years, an average of four storms occur 
annually in the Price River Basin (Rao 
1982). The salt load per unit area was 
extrapolated to the entire Coal Creek 
subbasin by assuming that the modeled 
area was representative. The annual 
salt load extrapolated this way amounted 
to 8.5 x 105 kg from Coal Creek. 

These results were then extrapo
lated to salt load estimates for the 
Price River at Woodside. Dixon (1978) 
est imated that the Coal Creek subbasin 
contained about 55.6 km2 of undivided 
Mancos Shales out of a total for the 
Price River Basin (Ponce 1975) of 1211 
km2 • Extrapolating by the ratio of 
these two areas of 21.8 gives an annual 
salt load of 1.86 x 106 kg released from 
suspended sediments at Woodside. Ponce 
(1975) estimated the total annual salt 
load at Woodside as 3.678 x 108 kg. 
Therefore, les s than one percent of 
the annual salt load in the Price River 
Basin is estimated to be released from 
suspended sediments. 

Comparison of Results 

The salt load from overland flow 
and natural channels has been estimated 
by Ponce (1975), White (1977), Dixon 
(1978), and Riley et a1. (980). Table 
22 compares their results with those 
obtained in this study. Although none 
of these studies separate out salt 
loading from suspended material, the 
salt-sediment model seems to estimate 
within the ranges of the previous 
studies. 
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Figure 59. Flow, suspended sediment, TDS, and salt load predicted by model for 
storm on July 18, 1978. 

Table 22. Comparison of the estimated percentage of total annual salt load at 
Woodside with respect to source. 

Percent of Salt Load at Woodside 

Source This Ponce White Dixon Riley et al. 
Study (1975) (1977) (1978) (1980) 

Overland flow 0.50 5.70 2.10 
Overland flow (eroded material) 0.38 
1st order channels 0.12 3.40 0.74 1.10 
2nd order channels 0.36 0.36 
3rd order channels 0.23 0.23 
4th order channels 0.09 0.09 

Totals 0.50 0.50 3.40 7.12 3.88 
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CHAPTER XI 

SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 

Summary 

Overview 

The principal processes causing 
salts to move from underground forma
tions into streamflow are 1) dissolution 
from the soil surface during runoff 
events, 2) transpiration of soil water 
leaving salt residuals, 3) efflorescence 
left by evaporating seepage and then 
dissolved by subsequent runoff, 4) 
dissolution with weathering of fixed bed 
channels, 5) salts released by sediments 
entering the channel from sheet, gulley, 
and bank erosion, and 6) deep percola
tion through saline aquifer reaching the 
stream as base flow. Previous studies 
have shown processes 1, 2, and 4 to be 
minor salt sources in the Price River 
Basin. This study examined processes 3 
and 5 and found them to be similarly 
small (though efflorescence seems to 
contribute considerably more salts than 
do the other sources). This leaves 
wa ters perco la t ing through aqui fers 
containing soluable salts and emerging 
a s base f I ow as the p robab Ie source 
of perhaps most of the salt loading 
from natural lands. No one has tried 
quantifying salt loading from sediments 
entering the stream through bank cutting 
or sloughing or as the bed material is 
ground in transit, but these sources are 
probably minor. 

Study of Salt Efflorescence 

Studies of salt efflorescence as 
a source of salinity in the Price River 
Basin were conducted by field obser
vation and instrumentation, laboratory 
experiments, and mathematical modeling. 
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In the field, near saturation mois
ture conditions were observed below 
salt efflorescence crusts in many 
places. Electrical conductivity (EC) 
of the soil-water saturating the channel 
bed material varied from 35 mmho/ cm to 
above 45 mmho/ cm. Sodium and sulfate 
were the major ions. Salt efflores
cence dens it ies varied between 0.14 
and 0.36 g/cm2 . Field data indicated 
that salt efflorescence accumulates 
for the first 10-15 days after a storm 
washes off earlier efflorescence. After 
this period, the rate of accumulat ion 
of efflorescence is negligible. 

Soil columns were used to grow 
efflorescence artifically under con
trolled conditions in the laboratory. 
Moisture content and salt concentrations 
were monitored at different depths 
during the growth of efflorescence. The 
data obtained were used to verify the 
mathematical model developed for simu
lating the formation of salt efflores
cence. 

A water flow-salt transport model 
was developed and verified against the 
field and laboratory data. A chemical 
equilibrium submodel was later inter
faced with the water flow-salt transport 
model. The model satisfactorily pre
dicted water content, salt concentration 
profiles and efflorescence crust den
sities. Model extrapolation estimated 
that no more than 7.5 percent of the 
total salt loading in the Price River 
Basin is associated with salt efflores
cence. 



Study of Salt Release 
from Sediment 

Salt release from suspended sedi
ments was studied in the laboratory 
using sediment material obtained from 
various locations in the Price River 
Basin. The experimental procedure was 
to record the increase of electrical 
conductivity (EC) in a sediment/water 
solution while varying the dilution 
factor, defined as the ratio of sediment 
to water on a weight basis; particle 
size; mixing velocity; and initial EC. 

The Buckingham pi Theorem was 
employed to derive relationships ex
pressing the EC of a sediment water 
system as a function of the controlling 
factors. The results were presented 
in two salt release equations. one 
excluding the effect of initial EC and 
the other providing for initially 
saline solutions. These solutions were 
created using NaCl and Na2S04. the 
predominant salts in waters of the study 
area. 

Additional laboratory experiments 
were performed to collect data to 
validate the salt release equations. 
The results showed that it was necessary 
to divide the dilution factor into three 
ranges of 0.001-0.02, 0.02-0.1, and 0.1-
0.2 and separately calibrate the predic
tive equation for each range. The equa
t ions showed good predict ive capability 
over the ranges of the variables on 
which their development was based. 

The salt release equations provided 
a basis for assessment of salt release 
from eroded material in a river basin. 
The equations were incorporated into an 
adapted version of the Watershed Erosion 
and Sediment Transport (WEST) model. 
The resulting salt-sediment model was 
applied to a small tributary of Coal 
Creek for the purpose of assessing the 
importance of salinity resulting from 
sediments originating from upland 
erosion in the land and channel phases. 
The modeling assumed that 1) overland 
flow and stream velocity provide reason-
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able approximations of the mixing 
velocity of sediment water solutions 
provided the sediment load is st ill in 
suspension, and 2) the dilution factors 
in the salt-sediment equations can be 
approxima ted by the rat io of suspended 
sediment to flow volume, on a weight 
basis, over each modeling interval. 

The hydrologic submodel was cali
brated for two selected storms. The 
salt loading from the two storm events 
amounted to 385 kg km- 2 and 214 kg 
km-2 , respectively. Extrapolation to 
the entire Price River Basin led to an 
estimate that about 0.50 percent of the 
total annual salt load of 3.7 x 108 kg 
at Woodside, as estimated by Ponce 
(1975). is released from suspended 
sediments. 

Conclusions 

Study of Salt Efflorescence 

The conditions favorable to the 
accumulation of salt efflorescence are 
highly saline water just below the soil 
surface and a source of heat for vapor
izing the water. Readily soluble salt 
efflorescence accumulates in nearly all 
stream channels in the Price River 
Basin. Additional efflorescence occurs 
in poorly drained areas such as depres
sions, stagnant water ditches and areas 
with shallow water tables. 

Field data indicate that the salt 
efflorescence forms over the first 10-15 
days after a storm washes off the 
earlier efflorescence. After this 
period, the efflorescence forms a salt 
crust that acts as a physical barrier to 
further soil-water evaporation. 

Observations from aerial photogra
phy suggest that the source of saline 
water for efflorescence in ephemeral 
streams is the infiltration of water 
from an earlier storm rather than local 
subsurface inflow. This was not con
firmed by field data. 



An expected value of salt efflores
cence crust density at the time of a 
storm, 0.12 g/cm2 , was computed by 
fitting an exponential probability dis
tribution for the time interval between 
consecutive summer storms in the Price 
River Basin. This density was used with 
an average number of four storms per 
year and a proportional fraction of the 
total basin area underlain by undivided 
Mancos Shales to extrapolate that salt 
efflorescence contributes no more than 
7.5 percent of the total salt loading 
in the Price River Basin. Because of 
assumptions that all the salt efflores
cence is washed off during every storm, 
no salt is leached back into the soil, 
and all the salts picked up are carried 
by the storm to the mou th of the Pr ice 
River, the above percentage may be an 
overestimate. It does, however, neglect 
salt efflorescence movement by off 
season storms and spring snowmelt. 

Study of Salt Release 
from Sediment 

Salt release from suspended sedi
ments from the in-channel and channe I 
bank ma terial are believed to be minor 
salt contributors to the Price River. 
Most of the salt originally associated 
with in-channel material seems to be 
released before it reaches the stream, 
principally during its transport by 
overland flow. The channel bank 
material was shown to have a salt 
release rate that was rapid in the first 
few minutes but quickly decreased to 
almost zero. The soil washed into 
'the channel was found to be the most 
significant salinity contributing 
sediment material. 

Dilution factor, particle size, 
mixing velocity, and initial electrical 
conductivity (i.e., initial salinity) 
are the most important factors con
trolling salt release from the suspended 
sediments. The effects of dilution, 
particle size, and initial EC were 
found to be similar in that higher sedi
ment concentrations, smaller particle 
Sl.zes, and higher initial saline 

solutions all work to lower concentra
tion gradient. The system approaches 
equilibrium more rapidly than it does 
with lower sediment concentrations, 
coarser particle size, and lower initial 
EC. The study further indicated that 
salt release from suspended sediment 
is diffusion-controlled. 

The accelerated salt release rate 
in the higher mixing velocities is 
believed to be due to the reduction 
caused by turbulent mixing of the 
thickness of the stagnant boundary layer 
during the dissolution process. The 
slow process of Fickian diffusion toward 
the solid/liquid interface is replaced 
by more rapid turbulent diffusion away 
from the suspended particles. 

Particle size degradation result
ing from mixing at higher velocities 
could not be measured. New particle 
size measuring methods are needed to 
determine the extent of particle 
size degradation. 

The salt-release rate from studied 
,sediment-water systems 1n solutions 
containing NaCl and Na2S04 did not 
change up to an ionic strength of 0.019 
M. This indicated an additive effect of 
these solutions on the salt release up 
to that ionic strength. 

The equat ions derived by applica
tion of the Buckingham pi Theorem to 
estimate salt release from sediment as a 
funct ion of the above factors provided 
excellent predictive capabilities. 
They agree reasonab ly we 11 wi th the 
chemical and physical explanations of 
salt release processes reported in other 
studies. 

Application of the salt-sediment 
model to the Coal Creek subbasin and 
extrapolation of the results over the 
Price River Basin showed that only 0.50 
percent of the estimated total salt load 
at Woodside is contributed by suspended 
sediments originating from upland areas 
of the study area. Consequently, one 
would expect the total salt release from 

107 



suspended sediment s to be 
percent of the total salt 
Price River. 

Recommendations 

less than 1 
load in the 

Past studies of the salt loading 
of the Price River and other Colorado 
tributaries, including this study, have 
largely focused on salt loading at the 
land surface, whether from overland flow 
or within the channels. This study adds 
to the others in concluding that these 
surface salt sources produce a relative
ly small fraction of the total loading. 
Future salt loading studies need to go 
underground. They need to quantify and 
examine the flow lines of water movement 
from mountain source and va lley floor 
recharge areas to points of emergence as 
base flow in the larger stream channels. 
They need to investigate the aquifers 
and their soluable salt content. 

Water use changes that redirect 
major flow paths through underground 
formations with high soluable salt con
tents can at this point be hypothesized 
as the single human water management 
practice that increases salt loading 
most. Consequently, the salinity 
control measures most likely to be 
effective are those that reduce flow 
rates through these formations. The top 
priority for future studies should be in 
mapping formations and flowlines and 
determining how flowlines are inad
vertently or purposely altered by water 
use changes, wells, canal leakage, 
mining, etc. 

A second subject deserving further 
investigation is salt-sediment trans
port. Very little is known about trans
port dynamics as sharp crested cloud
burst hydrographs move down ephemeral 
streams. Studies should examine salt
sediment transport dynamics hydraulical
ly in terms of amounts and distances of 
movement during a given storm and 
chemically as ions interact. On a large 
scale, we know next to nothing about 
when salinity control measures in 
the Price River Basin might have any 

effect at Imperial Dam. Better under
s tanding of sal t-s ed iment transport 
dynamics may well be useful in water 
management applications moving salt 
trans port away from time s wi th high 
concentrations. 

Specifically to salt efflores
cence, future field experiments should 
be statistically designed to verify the 
hypotheses made in this study regarding 
the growth of salt efflorescence and the 
processes bringing it to a halt. This 
should be done by direct measurement of 
salt accumulations rather than through 
indirect EC measurements. Field research 
is also needed to determine what happens 
to salt efflorescence washed from the 
surface and to estimate the percentage 
of salt efflorescence that 1S leached 
back into the channe 1 bed ma ter ia I 
during storm events and thus does 
not contribute to stream salinity. 

As to salt-sediment modeling, the 
lack of basinwide data for model cali
bration, limitations of the model, and 
the complexity of the interacting 
natural processes make it difficult 
to consider the findings of this study 
conclusive. More careful modeling 
of salt-sediment loading in the Price 
River Basin and fuller model development 
for appl icat ions at other locations 
where this process may be relatively 
more important are needed. 

The Buckingham pi Theorem could 
be appl ied to quantify the release 
of individual ions while considering 
the effects of common ions and in
different salt. This method could 
also be applied to the salt-release 
data from soil material and the salt 
transport by water movement through the 
soil profile. The resulting mathematical 
relationships could be used to develop 
a submodel to simulate the salt contri
bution from subsurface flow. 

The salt-sediment model could 
be further expanded by addition of a 
salt efflorescence component. In this 
way the direct salt contribution from 
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channel bank material could be included 
in the salinity routing. Expansion of 
the salt-sediment model could also call 
for a chemical precipitation-dissolution 
submodel to cover the chemical pre
cipitation and dissolution of lime and 
gypsum. 

Attention needs to be given to bank 
erosion during storm events and slough
ing because of prolonged seepage. The 
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resulting sediments would be largely 
coarse materials and add to stream bed 
load~ The salt content of these sedi
ments may be high because the seepage 
water causing sloughing may well also 
cause efflorescence. Also bank sloughing 
is normally concentrated at a few 
problem locations that may well be much 
less expensive to correct (should they 
be creating a salt loading problem) than 
more diffuse salt sources. 
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Appendix A 

Water Content and Chemical Analysis Data 

Section 

0-2 em 
2-5 
5-10 

. 20-30 
40-45 

0-2 em 
2-5 
5-10 

20-30 
40-45 

0-2 em 
2-5 
5-10 

20-30 
40-45 

0-2 em 
2-5 
5-10 

20-30 
40-45 

0-2 em 
2-5 
5-10 

20-30 
40-45 

0-2 em 
2-5 
5-10 

20-30 
40-45 

0-2 em 
2-5 
5-10 

20-30 
40-45 

For the 27-Column Experiment 

3 3 Water Content (em !em ) 

Sample tIl Sample 

0.27 0.31 
0.32 0.32 
0.31 0.32 
0.34 0.37 
0.29 0.33 

0.35 0.33 
0.35 0.31 
0.30 0.33 
0.35 0.32 
0.33 0.35 

0.32 .0.39 
0.28 0.28 
0.31 0.29 
0.31 0.33 
0.29 0.34 

0.27 0.33 
0.30 0.29 
0.31 0.30 
0.32 0.31 
0.29 0.28 

0.28 0.29 
0.30 0.31 
0.30 0.32 
0.31 0.34 
0.33 0.32 

0.26 0.25 
0.26 0.28 
0.31 0.30 
0.33 0.34 
0.31 0.33 

0.19 0.22 
0.23 0.26 
0.25 0.27 
0.28 0.28 
0.28 0.29 
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112 Sample :13 

0.34 
0.32 
0.32 
0.36 
0.32 

0.23 
0.31 
0.33 
0.31 
0.31 

0.28 
0.31 
0.32 
0.35 
0.31 

0.30 
0.32 
0.28 
0.30 
0.29 

0.26 
0.29 
0.31 
0.35 
0.33 

0.30 
0.29 
0.31 
0.33 
0.33 

0.23 
0.25 
0.26 
0.33 
0.27 



-Day Section Sample /11 Sample 112 Sample t,!3 

em .71 
1 2-5 27.33 30.84 26.85 
1 5-10 30.60 30.80 26.04 
1 20-30 24.22 23.22 18.71 
1 40-45 25.89 22.75 23.47 

2 0-2 em 33.30 24.95 48.82 
2 2-5 27.41 25.92 27.16 
2 5-10 27.74 25.69 25.90 
2 20-30 20.61 25.11 25.98 
2 40-45 26.01 21.20 28.33 

3 0-2 em 26.83 26.67 30.30 
3 2-5 27.63 29.60 26.71 
3 5-10 23.27 31. 33 22.53 
3 20-30 23.57 22.75 21.40 
3 40-45 34.99 23.42 23.27 

4 0-2 em 3.7.29 23.27 33.47 
4 2-5 35.93 27.13 24.59 
4 5-10 28.99 24.49 28.34 
4 20-30 23.15 23.40 26.07 
4 40-45 23.40 37.25 28.70 

5 0-2 em 23.95 38.21 49.06 
5 2-5 29.94 25.25 25.89 
5 5-10 28.96 26.51 24.35 
5 20-30 23.18 23.02 25.69 
5 40-45 22.46 24.46 24.48 

7 0-2 em 52.16 46.28 29.15 
7 2-5 30.60 28.86 25.34 

-7 5-10 26.80 28.64 25.92 
7 20-30 21.09 26.43 22.88 
7 40-45 23.49 20.56 24.95 

11 0-2 em 80.27 37.09 36.70 
11 2-5 33.92 31.14 32.25 
11 5-10 31. 90 38.18 45.46 
11 20-30 31.90 27.66 30.36 
11 40-45 24.40 26.38 29.53 
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2+ 
}1agnesiu!:l, Ng (meq!l) 

Day Section Sample III Sample i12 Sanple {f3 

1 0-2 em 416.26 34.15 123.76 
1 2-5 266.38 325.95 266.54 
1 5-10 390.62 354.87 227.36 
1 20-30 233.94 127.35 109.00 
1 40-45 64.59 56.76 58.54 

2 0-2 em 172.40 196.61 453.88 
2 164.34 235.57 228.77 
2 5-10 190.41 230.54 176.04 
2 20-30 93.85 190.88 241. 22 
2 40-45 133.92 93.92 94.74 

3 0-2 em 222.01 251. 73 107.88 
3 2-5 157.83 282.05 92.93 
3 5-10 149.75 197.89 83.91 
3 20-30 113.05 125.86 70.70 
3 40-45 151.25 130.41 74.44 

4 0-2 em 591. 63 276.01 354.15 
4 2-5 245.80 143.99 164.73 
4 5-10 266.54 131.76 199 .1~6 
4 20-30 133.88 134.09 115.83 
4 40-45 109.84 166.35 291. 07 

5 0-2 em 227.52 547.37 634.82 
5 2-5 257.65 216.35 210.62 
5 5-10 292.20 254.35 182.63 
5 20-30 194.46 190.51 182.77 
5 40-45 120.11 161. 78 161. 94 

7 0-2 em 822.11 439~78 

7 2-5 380.82 332.82 226.88 
7 5-10 139.42 202.70 187.40 
7 20-30 129.83 129.01 139.87 
7 40-45 135.87 98.12 151. 37 

11 0-2 em 367.20 965.16 
11 2-5 257.42 162.40 288.84 
11 5-10 245.92 429.66 302.26 
11 20-30 341.00 289.12 321.07 
11 40-45 149.00 128.04 99.90 

121 



Sodium. Na+ (meq/l) 

Day Section Sample III Sample 1/2 Sal!!ple If3 
_ .. __ .-. ---

1 0-2 ·em 1802.25 1352.07 567.13 
1 2-5 991.34 1306.29 1167.48 
1 5-10 1742.15 1303.30 941. 99 
1 20-30 641.72 432.62 391. 48 
1 40-45 227.69 200.09 206.34 

2 0-2 em 855.66 1004.79 ' 1838.24 
2 2-5 661.16 935.34 815.09 
2 5-10 764.11 978.56 561.12 
2 20-30 344.50 583.14 816.63 
2 40-45 421.27 281.86 300.55 

3 0-2 em 855.00 959.40 359.17 
3 2-5 581. 00 1093.65 281. 47 
3 5-10 560.28 547.17 240.32 
3 20-30 416.73 434.98 198.85 
3 40-45 474.27 322.39 245.41 

4 0-2 em 2375.29 847.81 1563.01 
4 2-5 903.01 788.36 714.45 
4 5-10 843.85 449.47 703.11 
4 20-30 421. 38 430.63 377.99 
4 40-45 321.58 560.81 1153.14 

5 0-2 em 1411.81 '2246.27 3400.84 
5 2-5 1007.40 804.70 782.06 
5 5-10 1113.54 961.30 652.46 
5 20-30 547.79 662.31 556.77 
5 40-45 287.08 421.38 421.79 

7 0-2 em 3538.36 2712.16 1732.07 
7 2-5 824.78 1252.73 790.46 
7 5-10 602.23 793.40 703.82 
7 20-30 457.65 440.22 453.56 
7 40-45 413.09 278.38 421. 93 

11 0-2 em 5002.00 3903.20 3969.00 
11 2-5 1087.02 691. 04 1357.20 
11 5-10 1160.00 1675.80 1320.90 
11 20-30 1870.00 759.20 1037.90 
11 40-45 522.00 413.22 318.57 
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Pota.5sium, K+ (meg/l) 

Day Section Sample Ifl Sample 112 Sample /.f3 

1 0-2 em 13.13 6.81 23.78 
1 2-5 9.49 11.40 9.97 
1 5-10 25.08 13.31 18.46 
1 20-30 76.95 45.78 41.34 
1 40-45 68.39 60.10 61.98 

2 0-2 em 10.85 11.00 . 15.51 
2 2-5 18.05 13.61 10.99 
2 5-10 15.33 14.38 13.04 
2 20-30 46.30 47.21 29.20 
2 40-45 61.92 66.29 ·72.07 

3 0-2 em 11.68 13.38 86.95 
3 2-5 20.81 14.32 
3 5-10 29.13 . 86.07 58.15 
3 20-30 48.01 47.57 63.13 
3 40-45 57.14 68.45 69.42 

4 0-2 em 17.28 17.86 16.71 
4 2-5 8.59 25.40 16.69 
4 5-10 10.23 26.16 26.05 
4 20-30 48.31 47.57 50.36 
4 40-45 73.37 49.29 17.22 

5 0-2 em 12.28 39.79 25.97 
5 2-5 14.73 21.74 13.39 
5 5-10 15.55 21.19 19.44 
5 20-30 55.70 40.34 41.85 
5 40-45 69.05 78.04 78.12 

7 0-2 em 54.00 22.46 34.88 
7 2-5 14.71 12.86 23.51 
7 5-10 21.37 13.91 23.96 
7 20-30 39.40 38.47 40.84 . 
7 40-45 65.72 67.77 

11 0-2 em 31.54 89.35 32.26 
11 2-5 25.62 20.38 17.52 
11 5-10 18.68 24.40 
11 20-30 60.00 73.63 
11 40-45 76.70 55.10 80.03 
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Chloride, Cl (meg/I) 

, Day Section Sample Ifl Sample 112 Sample li3 

1 0-2 em ·125.40 71.32 46.77 
1 2-5 68.68 94.16 91.70 
1 5-10 128.31 92.76 54.55 
1 20-30 43.58 19.81 27.08 
1 40-45 16.96 14.90 15.37 

2 0-2 em 57.34 67.00 103.50 
2 2-5 43.10 58.44 64.81 
2 5-10 53.84 56.82 39.90 
2 20-30 15.84 38.57 49.74 
2 40-45 20.50 13.68 13.14 

3 0-2 em 57.69 54.66 23.19 
3 2-5 33.88 84.46 17.22 
3 5-10 34.60 25.71 13.28 
3 20-30 26.23 27.60 12.16 
3 40-45 31. 21 16.26 16.82 

4 0"-2 em 153.27 45.09 128.10 
4 2-5 63.36 28.43 25.76 
4 5-10 61. 20 22.32 48.27 
4 20-30 20.05 21.90 24.75 
4 40-45 12.69 27.41 85.62 

5 0-2 em 236.57 lS0.52 70.74 
5 2-5 94.44 80.40 64.41 . 
5 5-10 74.45 78.63 48.50 
5 20-30 24.77 4S.32 43.89 
5 40-45 10.60 34.68 30.06 

7 0-2 em 294.34 135.41 
7 2-5 78.85 141. 94 79.96 
7 5-10 45.59 61.12 57.27 
7 20-30 32.60 25.62 30.62 
7 40-45 22.71 15.22 30.30 

11 0-2 em 135.86 186.32 268.38 
11 2-5 91.01 82.77 96.86 
11 5-10 78.18 115.16 102.94 
11 20-30 67.20 SO.29 55.10 
11 40-45 18.90 33.17 15.43 

.~-. 
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Sulfate, SO; (meq/l) 

Day Section Sample ill Sample 112 Sample i!3 

1 0-2 em 2143.19 1347.42 692.92 
1 2-5 1225.86 1580.31 1399.14 
1 5-10 2060.13 1609.52 1159.30 
1 20-30 933.25 609.18 533.45 
1 40-45 369.61 324.80 334.95 

2 0-2 em 1014.87 1170.35 2252.95 
2 2-5 827.86 1152.00 1017.20 
2 5-10 943.75 1192.35 736.20 
2 20-30 489.42 807.77 1063.29 
2 40-45 622.61 449.59 482.55 

3 0-2 em 1057.83 1196.51 561. 10 
3 2-5 753.39 1335.16 439.99 
3 5-10 727.82 836.75 391.63 
3 20-30 575.13 603.56 341.91 
3 40-45 686.44 528.41 395.71 

4 0-2 em 2868.22 1119.85 1839. '24 
4 2-5 1129.97 956.45 894.69 
4 5-10 1088.41 609.57, 908.69 
4 20-30 606.78 613.79 545.50 
4 40-45 515.50 786.27 1404.50 

5 0-2 em 1438.98 2691. 12 4039.96 
5 2-5 1215.28 987.65 967.55 
5 5-10 1375.79 1184.72 830.38 
5 20-30 796.36 867.87 763.19 
5 40-45 488.09 650.98 656.27 

7 0-2 em 5347.37 3308.68 2100.48 
7 2-5 1172.06 1485.32 986.22 
7 5-10 744.23 977 .52 883.83 
7 20-30 615.37 608.52 626.53 
7 40-45 608.08 447.56 635.71 

11 0-2 em 6305.26 5713.36 4735.08 
11 2-5 1311.99 822.19 1599.06 
11 5-10 1378.78 2062.12 1590.44 
11 20-30 2291.80 1068.91 1468.77 
11 40-45 783.10 589.57 512.93 
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Electrical Conduetivitv, EC (n~,os/cm @ 250 C)* 

. Day Section Sample Ifl Sample ffi2 Sample If) 

1 0-2 em 88.50 50.60 
1 2-5 ]0.00 83.80 44.60 
1 5-10 90.80 77 .10 63.00 
1 20-30 60.60 43.00 45.00 
1 40-45 25.20 

2 0-2 em 55.00 70.00 62.10 
2 2-5 52.00 64.30 59.90 
2 5-10 59.60 48.40 
2 20-30 35.50 49.00 67.10 
2 40-45 41.30 30.80 26.10 

3 0-2 em 60.20 72.10 
3 2-5 41. 90 30.10 
3' 5-10 44.50 44.50 28.10 
3 20-30 39.40 41.30 29.00 
3 40-45 42.60 32.80 28.80 

4 0-2 em 87.50 62.10 82.10 
4 2-5 55.40 33.60 49.00 
4 5-10 63.60 39.40 51.30 
4 20-30 38.90 40.70 37.00 
4 40-45 32.70 39.90 

5 0-2 em 95.40 91.80 
5 2-5 63.20 56.00 
5 5-10 68.00 63.50 -53.50 
5 20-30 50.30 56.90 51.90 
5 40-45 34.00 40.60 

7 0-2 em 102.00 88.90 85.40 
7 2-5 50.80 71.60 57.40 
7 5-10 40.60 53.50 52.10 
7 20-30 44.90 42.40 44.10 
7 40-45 40.80 33.80 41.60 

11 0-2 em 104.00 95.00 102.00 
11 2-5 60.50 48.40 68.10 
11 5-10 64.70 75.40 67.40 
11 20-30 91.80 58.70 33.00 
11 40-45 45.40 40.90 71.10 

*EC data are measured for the saturation extracts. 
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Appendix B 

Experimental Data 
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Table B.lo Experimental Set A. EC (in )lmho/ cm @ 25°C) of soil/water solutions in different dilutions: d < 2 rom, 
and velocity = 1 fps. 

0 

1: 10 1:20 1:40 

Time (minutes) Replicate Mean Replicate Mean Replicate Mean 
1 2 1 2 1 2 

0 304 304 304 328 330 329 285 287 286 
0.5 2859 2759 2809 1500 1564 1532 
1 2985 3231 3108 1652 1796 1724 
2 3118 3250 3184 1805 2020 1915 489 511 500 
5 3689 3717 3703 2125 2165 2145 651 713 682 

10 3880 3910 3895 2289 2435 2362 781 923 852 
15 3921 3995 3958 2389 2565 2477 968 1144 1056 
30 4047 4125 4086 2651 2789 2720 1316 1506 1411 
60 4048 4150 4099 2620 3152 2886 1511 1651 1581 
75 2685 3189 2937 1539 1665 1602 
90 2685 3189 2937 1598 1704 1651 

120 4088 4212 4150 2715 3209 2962 1611 1733 1672 
180 4178 4250 4214 
240 4189 4265 4227 
EC 4190 4270 4230 2714 3210 2962 1678 1900 171\9 eq 

Table B.2. Experimental Set B. EC ()lmho/cm @ 25°C) of soil/water solutions in different mixing velocities: 0 
1:75, d < 2 mID. 

0.0 0.3 0.7 2 

Time 
(minutes) Replicate Mean Replicate Mean Replicate Mean Replicate Nean Replicate Nean 

1 2 1 2 1 2 1 2 1 2 

0 323 323 323 364 364 364 345 345 345 335 335 335 342 342 342 
1 328 360 344 651 645 648 626 744 700 706 742 724 721 755 738 
2 330 368 349 681 741 711 725 785 755 798 812 805 776 834 805 
4 326 388 357 712 760 736 800 820 810 900 844 872 802 888 845 
9 330 412 371 718 778 748 840 860 850 1005 895 950 910 968 939 

16 396 416 406 735 787 761 902 900 901 1010 1082 1046 1110 1036 1073 
25 400 424 412 756 790 773 950 1050 1000 1160 1226 1193 ll40 1115 1165 
36 412 482 447 781 777 779 1040 1080 1100 1198 1270 1234 1214 1198 1284 
49 431 529 480 781 777 779 1100 1200 1150 1234 1313 1274 1248 1300 1274 
64 482 536 509 780 792 786 1190 1210 1200 1280 1388 1334 1290 1378 1334 
81 512 548 530 780 792 786 1210 1290 1250 1300 1396 1348 1310 1378 1344 

100 548 554 551 780 792 786 1210 1290 1250 1300 1396 1349 1310 1378 1344 
121 552 590 571 780 792 786 1210 1290 1250 1300 1396 1348 1310 1378 1344 
EC 770 850 810 780 792 786 1210 

eq 
1290 1250 1300 1396 1348 1310 1378 1344 
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Table E.3. Experimental Set C. EC (~mho/cm @ 25°C) of channel material/water solutions: velocity = 0.96 fps. 

d < 0.074 mm 0.125 < d < 0.5 mm 

Dilution 

1: 100 1:50 1:5 1: 10 1:5 1: 10 

Time Replicate Mean Replicate Mean Replicate Mean Replicate Mean Replicate Mean Replicate Mean 
(minutes) 1 2 1 2 1 2 1 2 1 2 1 2 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
1 1183 1219 1201 1200 1032 1116 1421 1253 1337 
2 696 724 710 700 602 651 685 805 744 
4 1191 1239 1215 1210 1070 1140 1425 1275 1350 
5 696 724 710 705 597 651 700 858 779 

10 1206 1260 1233 1225 1077 1151 710 616 663 1524 1430 1477 
11 798 900 849 
12 703 739 721 
26 1216 1272 1244 1265 1107 1186 711 615 663 1600 1494 1547 830 950 890 
28 715 751 733 
45 723 753 738 1247 1289 1268 1262 1110 1186 725 625 675 1695 1539 1617 874 1010 942 
60 723 753 738 1262 1296 1279 1238 1110 1174 720 630 675 1670 1540 1605 895 1035 965 
90 723 753 738 1262 1296 1279 1245 1139 1192 715 635 675 1665 1545 1605 900 1030 965 

120 723 753 738 1262 1296 1279 1244 1140 1192 715 635 675 1665 1545 1605 900 1030 965 
EC 723 753 eq 738 1262 1296 1279 

.... 
N 
<J:) 



Table B.4. Experimental Set D. EC (~mho/cm @ 25°C) of soil/water solutions in various dilutions: 0.5 < d < 1.0 mID, and velocity 0.96 fps. 

Dilution 
1:5 1: 10 1 :20 1 :50 1:75 1: 100 

Time Replicate Mean Replicate Mean Replicate Mean Replicate Mean Replicate Mean Replicate Mean 
(minutes) 1 2 1 2 1 2 1 2 1 2 1 2 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0.5 395 331 363 
1 5121 5057 5089 715 665 690 520 574 547 
2 3108 3028 3068 1786 1710 1748 
2.5 579 633 606 
3 5153 5083 5118 1065 789 927 
3.5 3450 3398 3424 2127 1985 2056 
4 589 529 559 
4.5 1108 794 951 665 715 690 
5 5212 5250 5231 
6 3561 3549 3555 2216 2136 2176 

10 5342 5312 5327 
10.5 698 614 656 
11 3716 3596 3656 2359 2337 2348 1286 1092 1189 764 876 820 
15 872 912 892 739 687 713 
15.5 5489 5211 5350 1319 1277 1248 
16 3769 3721 3745 2531 2369 2450 
20 5568 5244 

~ 
5406 1398 1338 1368 941 979 960 798 762 780 

w 21 3843 3789 3816 2586 2526 2556 
0 

25 1478 1354 1416 1069 983 1.O26 868 776 822 
30 5628 5244 5436 2715 2613 2664 1519 1457 1488 1108 1004 1056 916 836 876 
31 3894 3786 3840 
45 5630 5314 5472 2803 2789 2796 1689 1611 1650 1278 1134 1206 1058 910 984 
46 3986 3886 3936 
60 2881 2831 2856 1786 1646 1716 1312 1280 1296 1129 983 1056 
61 5635 5325 5480 4005 3947 3976 
90 5635 5325 5480 4005 3955 3980 2991 2913 2952 2009 1783 1896 1456 1376 1416 1254 1086 1170 

120 5635 5325 5480 4005 3959 3984 3056 2972 3014 2125 1967 2046 1624 1446 1535 1298 1114 1206 
EC 5636 5325 5481 4000 3960 3980 3100 2990 3045 2300 2292 2296 1700 1564 1632 1400 1196 1285 

eq 



Table B.S. Experimental Set E. EC (~mho/cm@250c) as affected by particle size fraction, channel material, dilution 1:30, and v = 0.96 fps. 

Particle Size Fraction (mm) 

d < 0.074 0.5 < d < 0.85 1. 0 < d < 1. 65 1 1.651 < d < 3.92 3.92 < d < 7.92 d < 7.92 

Time Replicate Mean Replicate Mean Replicate Mean Replicate Mean Replicate Mean Replicate Mean 
(minutes) 1 2 1 2 1 2 1 2 1 2 1 2 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
2 1385 1615 1500 610 530 570 512 428 470 512 358 435 465 353 409 200 204 202 
5 1485 1635 1560 645 595 620 545 455 500 555 475 515 500 460 480 325 375 350 

10 1555 1645 1600 715 685 700 700 660 680 675 525 600 550 480 515 365 395 380 
15 1555 1645 1600 745 675 710 715 695 705 
16 700 528 614 
17 615 585 600 
18 435 395 415 
30 1555 1625 1590 760 680 720 800 760 780 
31 735 625 680 
31.5 645 575 610 
32 445 415 430 
45 1535 1625 1580 775 705 740 825 775 800 
46 745 635 690 695 605 650 446 430 438 
60 1535 1625 1580 800 700 750 805 775 790 750 650 700 
62 715 645 680 445 435 440 

105 1550 1570 1560 800 700 750 815 795 805 750 650 700 715 645 680 445 433 439 
..... 120 1550 1510 1530 800 700 750 805 795 800 750 650 700 715 645 680 450 446 448 
w EC 1650 1610 1630 1000 920 960 940 860 900 780 720 750 745 715 730 530 490 510 eq 



Table B.6. Experimental Set F. EC (~mho/cm @ 25 0 C) measurements of soil/water solutions of different particle 
size fractions. 

Time (minutes) 

o 
1 
2 
5 

10 
15 
20 
25 
30 
45 
60 
90 

120 
125 
150 
155 
180 
210 
240 
280 
300 
332 
360 
EC 

eq 

Particle Size Fraction (mm) Mixed in 
0.96 fps and Dilution Factor 1:20 

0.175 < d < 0.5 0.85 < d < 1.651 

Replicate 
1 2 

o 

693 
835 
951 
989 
997 

1009 
1056 
1105 
1205 
1286 

1245 

1350 

1359 
1362 
1362 

1375 

o 

721 
883 
983 

1075 
1177 
1209 
1226 
1373 
1393 
1388 

1423 

1432 

1445 
1464 
1464 

1517 

Mean 

o 

707 
859 
967 

1032 
1087 
1109 
1141 
1239 
1299 
1337 

1359 

1391 

1402 
1413 
1413 

1446 

Replicate 
1 2 

o 

951 
1020 
ll25 
1205 
1289 
1315 
1389 
1425 
1552 
1652 

1795 

1845 

1990 
1998 
2005 

2156 

o 

1027 
1220 
1375 
1425 
1471 
1511 
1481 
1651 
1708 
1838 

1945 

2022 

2130 
2144 
2157 

2194 

Hean 

o 

989 
1120 
1250 
1315 
1380 
1413 
1435 
1538 
1630 
1745 

1870 

1935 

2060 
2071 
2081 

2174 

Table B.6. Continued. 

Time (minutes) 

o 
1 
2 
5 

10 
15 
20 
25 
30 
45 
60 
90 

120 
125 
150 
155 
180 
210 
240 
300 
330 
332 
360 
EC

eq 

Particle Size Fraction (mm) Mixed in 
0.43 and Dilution Factor 1:20 

d < 0.074 

Replicate 
1 2 

o 
810 

958 
1456 
1562 

1806 
1819 
1905 
1905 
2116 
2189 

2201 

2309 
2316 
2342 

2358 
2405 
2650 

o 
756 

788 
1370 
1482 

1672 
1735 
1857 
1857 
2058 
2137 

2191 

2229 
2250 
2268 

2316 
2335 
2534 

Hean 

o 
783 

873 
1413 
1522 

1739 
1777 
1881 
1881 
2087 
2163 

2196 

2269 
2283 
2305 

2337 
2370 
2592 

d < 1.981 

Replicate 
1 2 

o 
541 

626 
661 
761 

867 
892 

1042 
1054 
1247 
1262 

1356 

1395 
1432 
1493 

1603 
1648 
1880 

o 
589 

678 
709 
869 

915 
1000 
1100 
1206 
1319 
1456 

1506 

1561 
1612 
1659 

1701 
1786 
1990 

132 

Mean 

o 
565 

652 
685 
815 

891 
946 

1071 
1130 
1283 
1359 

1431 

1478 
1522 
1576 

1652 
1717 
1935 

Particle Size Fraction (mm) Mixed in 
0.43 fps and Dilution Factor 1 :20 

0.175 < d < 0.5 0.85 < d < 1.651 

Replicate 
1 2 

o 
513 

587 
601 
609 

721 
758 
879 
903 

1023 
1097 

1125 

1125 
1165 
1191 

1230 
1235 
1450 

o 
465 

489 
541 
543 

659 
676 
719 
869 
945 

1015 

1071 

1071 
1075 
1135 

1216 
1221 
1420 

Mean 

o 
489 

538 
571 
576 

690 
717 
799 
886 
984 

1065 

1098 

1098 
1120 
1163 

1223 
1228 
1435 

Replicate 
1 2 

o 
569 

603 
751 
762 

829 
876 
908 

1043 
1084 
1172 

1185 

1206 
1256 
1289 

1425 
1467 
1700 

o 
539 

593 
629 
652 

779 
842 
896 
903 

1068 
1110 

1145 

1186 
1222 
1277 

1357 
1359 
1604 

Particle Size Fraction Mixed in 
0.96 and Dilution Factor 1:20 

d < 0.074 

Replicate 
1 2 

o 

1953 
2308 
2416 
2415 
2468 
2480 
2506 
2519 
2519 
2516 

2516 

2516 
2500 
2500 
2500 
2515 
2492 

2550 

o 

1853 
2214 
2346 
2389 
2358 
2410 
2450 
2481 
2481 
2464 

2464 

2464 
2394 
2460 
2460 
2467 
2468 

2496 

Mean 

o 

1903 
2261 
2381 
2402 
2413 
2445 
2478 
2500 
2500 
2490 

2490 

2490 
2447 
2480 
2480 
2491 
2480 

2523 

d < 1.981 

Replicate 
1 2 

o 

1125 
1312 
1416 
1498 
1519 
1589 
1605 
1697 
1712 
1786 

1815 

1886 
1889 
1916 
1919 
1925 
1938 

2050 

o 

987 
1188 
1302 
1350 
1415 
1411 
1461 
1521 
1548 
1584 

1641 

1636 
1643 
1748 
1755 
1759 
1746 

1820 

Mean 

o 
554 

598 
690 
707 

804 
859 
902 
973 

1076 
1141 

1163 

1196 
1239 
1283 

1391 
1413 
1652 

Mean 

o 

1065 
1250 
1359 
1424 
1467 
1500 
1533 
1609 
1630 
1685 

1728 

1761 
1766 
1832 
1837 
1842 
1842 

1935 



Table B.6. Continued. 

Particle Size (mm) Channel Material Dilution 1:5, 

< d < 0.5 

Time Replicate Mean Replicate Mean Replicate Mean Replicate He an Replicate Mean Replicate Mean 
(minutes) 1 2 1 2 1 2 1 2 1 2 1 2 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
1 200 150 175 265 211 238 110 70 90 140 106 123 136 104 120 100 86 93 
3 312 224 268 300 236 268 185 lOS 145 140 116 128 136 120 128 100 88 94 
5 165 149 157 174 164 169 215 169 192 
6 355 245 300 350 278 314 245 181 213 

10 365 297 331 370 280 325 400 332 366 192 158 175 215 203 209 300 188 244 
15 254 170 212 215 193 204 298 190 244 
16 410 298 354 398 346 372 400 250 325 
25 300 212 256 225 217 221 312 222 267 
26 415 283 349 390 354 372 390 210 340 
45 390 280 335 255 233 244 365 227 296 
46 444 312 378 510 466 488 i,25 413 419 
60 385 285 355 285 249 267 400 298 349 
61 585 381 483 515 473 494 495 435 465 

Time 
(hours) .... 

w 
w 20 1100 876 988 915 713 814 1080 896 988 712 568 640 565 481 523 815 651 733 

65 lidO 1242 1326 1300 1130 1215 1635 1385 1512 890 738 814 745 615 680 l100 946 1023 
93 1425 1301 1363 1385 1341 1363 1745 1571 1658 950 732 841 785 647 716 1115 953 1034 

119 1490 1350 1420 1350 1262 1306 1915 1721 1818 950 754 852 790 642 716 1135 1023 1079 
143 1600 1400 1500 1465 1375 1420 2100 1876 1988 951 753 852 800 676 738 1207 1155 1181 
256 1800 1688 1744 1700 1572 1636 2350 2150 2250 1100 910 1005 900 782 8ill 1400 1270 1335 
280 1810 1690 1750 1715 1557 1636 2463 2305 2385 1155 947 1051 910 794 852 1426 1300 1363 



Table B.7. Experimental Set E. EC (jJmho/cm @ 25°C) of soil/water solutions as affected by particle size and mix-
ing velocity: dilution 1 :20. 

Time (minutes) 0.107 < d < 0.175 0.175 <: d <: 0.417 0.107 <: d <: 0.175 0.175 <d < 0.417 

Replicate Mean Replicate Mean Replicate Mean Replicate Mean 
1 2 1 2 1 2 1 2 

0 0 0 0 0 0 0 0 0 0 0 0 0 
1 685 745 715 450 580 515 1700 1500 1600 815 659 737 
3 764 814 789 485 585 535 1845 1725 1785 990 840 915 
5 825 895 860 541 615 578 2015 1857 1936 1055 885 970 

10 1245 1385 1315 585 635 610 2160 2000 2080 1100 990 1045 
20 1510 1710 1610 640 690 665 2185 2035 2110 1200 1072 1136 
30 1590 1780 1685 710 780 745 2362 2110 2236 1315 1175 1245 
60 1645 1809 1727 810 960 915 2485 2289 2387 1425 1343 1384 
75 172 7 1845 1786 920 1100 1010 2510 2320 2415 1465 1365 1415 
90 1845 1985 1915 1000 1100 1050 2540 2320 2430 1500 1420 1460 

120 1892 2000 1946 1050 1150 1100 2540 2390 2465 1545 1475 1510 

134 



Table B.8. Experimental Set H. EC (jJmho/cm @ 25~C) of soH/water solutions as affected by initial EC (EC,..) and diluti.on factor: v ~ 0.96 fps 
and 0.5 < d < 1 rom. 

Mean Mean 
(minutes) 1 2 2 2 (minutes) 2 2 2 

0 20 20 20 0 0 0 0 0 0 0 1125 1125 1125 1113 1113 1113 1113 1113 1113 
1 398 486 442 684 548 616 1000 860 930 1 1417 1605 1511 1445 1623 1534 1900 1758 1829 
3 541 645 593 798 714 756 1125 1039 1082 3 1500 1700 1600 1515 1711 1613 2100 1944 2022 
5 658 714 686 914 808 861 1245 1155 1200 5 1523 1725 1624 1639 1815 1727 2145 2013 2079 

11 735 786 762 1015 845 930 1385 1243 1314 10 1623 1785 1704 1690 1900 1795 2200 2140 2170 
20 814 1000 907 1160 1004 1082 1596 1428 1512 20 1746 1986 1866 1877 2085 1981 2450 2342 2396 
40 1056 1200 1128 1415 1259 1337 1875 1683 1779 30 1840 2100 1970 2042 2150 2096 2600 2422 2511 
45 1064 1216 1140 1485 1283 1384 1935 1739 1837 45 1946 2200 2073 2100 2300 2200 2700 2530 2615 
60 1188 1300 1244 1600 1400 1500 2000 1930 1965 60 2063 2315 2189 2158 2450 2304 2815 2599 2707 
90 1295 1415 1355 1708 1548 1628 2116 2070 2093 90 2170 2400 2285 2316 2500 2408 2912 2688 2800 

120 1336 1500 1418 1785 1657 1721 2245 2151 2198 120 2195 2409 2302 2424 2550 2487 3000 2784 2892 

>-' ECO " 2100 
w 
t..n 

Dilution: 1: 100 1:75 1: 50 
Time Replicate Mean Replicate Mean Replicate Mean (minutes) 2 2 2 (minutes) 1 2 1 2 1 2 

0 602 602 602 602 602 602 602 602 602 0 2100 2148 2124 2200 2094 2147 2100 2104 2102 
1 1035 965 1000 1150 1100 1125 1515 1325 1420 1.5 2715 2851 2783 
3 1125 1033 1079 1235 1207 1221 1612 1456 1534 2 2585 2685 2635 
5 1195 1056 1130 1287 1213 1250 1665 1515 1590 2.5 2402 2550 2476 

10 1234 1128 1181 1512 1328 1420 1798 1632 1715 3 2498 2500 2499 2652 2800 2726 2811 2915 2863 20 1412 1262 1337 1650 1444 1547 1945 1823 1884 5 2683 2815 2749 2835 2935 2885 
30 1512 1372 1442 1745 1605 1675 2045 1921 1983 6 2425 2595 2510 45 1614 1450 1532 1945 1683 1814 2206 2074 2140 10 2541 2615 2578 2685 2835 2760 2973 3025 2999 60 1725 1531 1628 2015 1753 1884 2300 2142 2221 20 2616 2700 2658 2826 2900 2863 3063 3185 3124 
90 1800 1688 1744 2185 1815 2000 2450 2324 2387 30 2646 2750 2698 2875 2965 2920 3184 3200 3192 120 1900 1762 1831 2208 1920 2064 2600 2432 2516 45 2652 2800 2726 2944 3100 3022 3238 3350 3294 

60 2780 2900 2840 2978 3200 3089 3338 3410 3374 
90 2811 2915 2863 3110 3250 3180 3371 3445 3408 

120 2893 3015 2954 3244 3300 3272 3444 3600 3522 



Table B,8, Continued. 

ECO '" 2600 ECO '" 5800 

Dilution: 1: 100 1:75 1:50 Dilution: 1: 100 1:75 1:50 
Time Replicate Mean Replicate Mean Replicate Mean Time Replicate Mean Replicate Mean Replicate Mean 

(minutes) 1 2 1 2 1 2 (minutes) 1 2 1 2 1 2 

0 2600 2740 2670 2600 2648 2624 2600 2716 2658 0 5800 5830 5815 5800 5830 5815 5800 5830 5815 
1 2951 3115 3033 1 6000 6094 6047 6260 6300 6280 6450 6342 6396 
1.5 2890 2950 2920 3 5994 6100 6047 6250 6310 6280 6750 6508 6629 
2 2734 2900 2817 5 6054 6158 6106 6342 6450 6396 6790 6584 6687 
3 2777 2925 2851 2897 2965 2931 2999 3135 3067 11 6261 6415 6338 6426 6600 6513 6900 6672 6786 
5 2801 2935 2868 2933 2975 2954 3110 3250 3180 20 6307 6485 6396 6420 6606 6513 6995 6693 6844 

10 2974 3000 2987 3116 3268 3192 30 6300 6492 6396 6462 6680 6571 7100 6706 6903 
11 2885 2965 2925 45 6300 6492 6396 6500 6642 6571 7100 6706 6903 
20 3021 3045 3033 3128 3278 3203 60 6300 6492 6396 6578 6680 6629 7100 6706 6903 
21 2900 2984 2942 90 6492 6650 6571 6690 6800 6745 7155 6885 7020 
30 2908 3000 2954 3033 3055 3044 3166 3310 3238 120 6558 6700 6629 6751 6855 6803 7155 ~885. L02Q 
45 2952 3000 2976 3059 3075 3067 3193 3395 3294 
60 2983 3015 2999 3059 3075 3067 3200 3388 3294 
90 3021 3045 3033 3080 3100 3090 3200 3388 3294 

120 3020 3058 3039 3080 3100 3090 3200 3388 3294 

.... ECO '" 7700 
w Dilution: 1: 100 1:75 1:50 cr-

Time Replicate Mean Replicate Mean Replicate Mean 

ECO '" 3500 
(minutes) 1 2 1 2 1 2 

Dilution: 1: 100 1:75 1:50 
0 7700 7646 7673 7700 7646 7773 7700 7646 7773 

Time Replicate Replicate Replicate 
1 7895 7785 7840 7915 7875 7895 8150 7974 8062 Hean Mean Mean 3 7900 7802 7851 8100 7912 8006 8215 8019 8117 (minutes) 1 2 1 2 1 2 5 7985 7805 7895 8155 7969 8062 8286 8060 8173 

0 3500 3440 3470 3500 3460 3480 3500 3468 3484 10 7965 7825 7895 8200 8034 8117 8450 8230 8340 
1 3700 3684 3692 3715 3669 3692 4085 3831 3958 20 7960 7830 7895 8200 8034 8117 8400 8280 8340 
3 3710 3674 3692 3885 3787 3836 4150 3880 4015 30 8000 7902 7951 8250 8096 8173 8400 8280 8340 
5 2765 2707 3736 3900 3794 3847 4235 3953 4094 46 8055 7957 8006 8350 8218 8284 8565 8337 8451 

10 3815 3747 3781 3950 3822 3886 4285 3995 4140 60 8100 8024 8062 8350 8218 8284 8560 8342 8451 
20 3850 3778 3814 4000 3850 3925 4315 4055 4185 90 8155 8081 8118 8550 8352 8451 8600 8414 8507 
30 3850 3756 3803 3978 3850 3914 4315 4077 4196 120 8155 8081 8118 8600 _. 8414 8507 8635 8489 8562 
45 3850 3800 3825 4050 3900 3975 4365 4095 4230 
60 3885 3809 3847 4050 3900 3975 4385 4155 4270 
90 3915 3869 3892 4085 3921 4003 4390 4160 4275 

120 3986 3886 3936 4100 4018 4059 4400 4172 4286 



Table B.9. Experimental Set 1. Ee (j.lmho/cm @ of soil/water solutions: particle size fraction 0.125 < d < 0.5 mm. 

1: 1000 1:500 1:250 1: 100 1:75 1 :50 

Time Replicate }lean Replicate }lean Replicate }lean Replicate Mean Replicate }lean Replicate }lean 
(minutes) 1 2 1 2 1 2 1 2 1 2 1 2 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
1 68 76 72 118 86 102 116 144 130 515 335 425 612 518 565 715 685 700 
3 78 102 90 128 112 120 155 179 167 534 416 475 646 564 605 950 810 880 
5 84 112 98 142 122 132 186 274 230 625 515 570 715 585 650 985 875 930 

10 105 125 115 161 125 143 200 300 250 660 550 605 735 615 675 1100 880 990 
15 116 134 125 170 130 150 226 310 268 695 625 660 745 695 720 1215 935 1075 
20 126 138 132 175 145 160 244 312 278 725 675 700 800 750 775 1235 975 1105 
30 148 156 152 181 153 167 250 346 298 765 695 730 835 765 800 1256 1104 1180 
45 151 189 170 195 165 180 295 375 335 850 750 800 925 885 905 1315 1205 1260 
60 169 201 185 206 174 190 304 382 343 875 775 825 1015 935 975 1380 1230 1305 
75 179 215 197 215 185 200 321 385 353 915 845 880 1075 945 1010 1500 1300 1400 
90 184 236 210 216 204 210 325 395 360 955 845 900 1110 1030 1070 1500 1300 1400 

120 195 245 220 216 224 220 340 400 370 955 845 900 1120 1080 1100 1500 1300 1400 

..... 
v.> ..., 

Table E.9. Continued. 

v 

1: 1000 1:500 1:250 1:100 1:75 1:50 

Time Replicate }lean Replicate }lean Replicate }lean Replicate }lean Replicate }lean Replicate Mean 
(minutes) 1 2 1 2 1 2 1 2 1 2 1 2 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
1 76 44 60 117 73 95 205 123 164 412 298 355 384 492 438 789 693 741 
3 94 56 75 129 93 111 258 156 207 481 355 408 450 562 506 894 816 855 
5 98 62 80 130 104 117 261 175 218 496 380 438 575 625 600 983 843 913 

10 101 73 87 126 122 124 280 204 242 512 406 459 596 698 6tf 7 1002 876 939 
20 107 85 96 134 142 138 298 238 268 536 466 501 678 782 730 1100 986 1043 
30 113 93 103 136 156 146 313 261 287 
45 126 102 114 148 170 159 345 285 315 685 567 626 761 845 803 1195 1099 1147 
60 132 108 120 148 172 160 358 304 331 698 596 647 772 896 834 1216 1182 1199 
75 138 114 126 165 191 178 364 320 342 715 641 678 794 916 855 1285 1167 1226 
90 138 118 128 165 197 181 381 333 357 715 641 678 825 917 871 1286 1176 1231 

120 138 126 132 168 212 190 385 345 365 715 689 702 835 917 876 1289 1235 1262 



Table B.9. Continued. 

Dilution, v = 0.43 fps 

1: 1000 1:500 1:250 1: 100 1:75 1:50 

Time Replicate Mean Replicate Mean Replicate Mean Replicate Mean Replicate Mean Replicate Mean 
(minutes) 1 2 1 2 1 2 1 2 1 2 1 2 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
1 72 48 60 112 68 90 135 159 147 253 371 312 365 505 435 646 714 680 
3 81 63 72 115 97 106 164 176 170 301 395 348 405 515 460 662 738 700 
5 96 64 80 126 107 116 175 189 182 315 405 360 422 518 470 699 751 725 

10 98 76 87 136 124 130 198 218 208 340 428 384 426 560 493 752 798 775 
15 102 84 93 149 133 141 215 235 225 381 437 409 575 625 600 780 820 800 
20 106 84 95 168 134 151 221 251 236 393 451 422 575 625 600 848 912 880 
30 109 85 97 176 140 158 237 269 253 392 482 437 605 655 630 875 925 900 
45 112 86 99 186 164 175 251 289 270 425 495 460 645 715 680 915 965 940 
60 113 87 100 195 169 182 281 295 288 500 580 540 655 745 700 960 980 970 
75 113 91 102 201 183 192 284 312 298 551 589 570 655 745 700 985 995 990 
90 116 94 105 205 195 200 292 316 304 540 600 590 665 755 710 1005 1015 1010 

120 116 104 110 216 204 210 312 298 315 600 640 620 700 800 750 1020 1040 1030 

l-' 

'" co 

Table B.9. Continued. 

Dilution, v 0.96 fps and 0.5 < d < 1 mm 

1:5 1: 10 1:20 1 :50 1:75 1:100 

Time Replicate Mean Replicate Mean Replicate Mean Replicate Mean Replicate Mean Replicate Mean 
(minutes) 1 2 1 2 1 2 1 2 1 2 1 2 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
1 5000 5200 5100 3100 3020 3060 1850 1650 1750 685 715 700 610 490 550 384 332 358 
3 5030 5210 5120 3500 3320 3410 2150 1950 2050 1015 845 930 745 605 675 
5 5160 5300 5230 3650 3450 3550 2310 2050 2180 1024 876 950 764 616 690 684 516 600 

10 5165 5485 5325 3700 3620 3660 2450 2250 2350 1295 1105 1200 900 750 825 745 575 660 
20 5305 5495 5400 3845 3735 3790 2685 2415 2550 1425 1325 1375 1052 878 965 845 705 775 
30 5380 5500 5440 3915 3755 3835 2700 2620 2660 1515 1441 1478 ll50 990 1070 945 815 880 
45 5425 5515 5470 4000 3860 3930 2815 2775 2795 1724 1566 1645 1285 1115 1200 1015 965 990 
60 5445 5535 5490 4035 3895 3965 2915 2805 2860 1812 1638 1725 1350 1250 1300 1100 1030 1065 
90 5445 5535 5490 4045 3915 3980 2985 2915 2950 2000 1800 1900 1450 1362 1406 1215 1145 1180 

120 5445 5535 5490 4050 3910 3980 3050 2990 3020 2115 1985 2050 1600 1430 1515 1247 1185 1216 



>
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Table B.9. 

Time 
(minutes) 

0 
1 
3 
5 

10 
20 
30 
60 

Continued. 

1:1000 

Replicate !'lean 
1 2 

0 0 0 
5 15 10 
6 16 12 

10 18 14 
12 22 17 
15 25 20 
16 28 22 
19 31 25 

Dilution, v = 0.96 fps, and EC Saturation Extract, 4500 l~mho/cm @ 

1 :500 1:250 1: 100 1:75 1: 50 

Replicate l1ean Replicate Hean Replicate Nean Replicate Hean Replicate Hean 
1 2 1 2 1 2 1 2 1 2 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
26 12 18 20 40 30 56 86 71 100 82 91 136 120 128 
30 14 22 29 45 37 60 98 79 110 84 97 146 128 37 
30 18 24 30 50 40 64 100 82 112 90 101 152 130 141 
35 25 30 39 55 47 69 105 87 120 88 104 155 135 145 
38 28 33 40 58 1,9 70 110 90 120 96 108 160 138 149 
40 28 34 45 55 50 71 110 91 120 98 109 160 140 150 
42 32 37 45 61 53 76 llO 93 122 100 III 160 146 153 





Data For Analysis of Summer Storms in 

the Price River Bas:l.n 

Thirty-seven years of data for summer storms in the Price River Basin available 
from U.S. Weather Bureau Climatological reports were used. Days on which 
tion equals or exceeds 0.25 inches is considered as a storm that produces runoff ba
sed on the sutdy by Peckins (1981). The data were measured at Price (Latitude 3936' 
N., Longitude 110 38'W., Elevation 5,560') from 1941 to June 1957, at Price 'Gaime 
Farm (Latitude 30 37'N., Longitude 110 50'W •• Elevation 5,580') from July 1957 to 
May 1969 and at Price Warehouses (Latitude 39 37' N., Longitude 110 50'W., Elevation 
5,560') from June 1969 onward. 
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Year Number of Storms Interval Between Storms in Days 

1941 4 3, 16, 42 
1942 0 
1943 ° 1944 3 14, 24 
1945 2 60 
1946 2 2 
1947 5 88, 1, 11, 1 
1948 4 19, 5, 28 
1949 11 11, 6, 1, 7, 7, 1,14,1,1,33 
1950 3 1, 20 
1951 5 19, 18, 42, 1 
1952 6 5, 12, 64, 1, 18 
1953 3 13, 3 
1954 5 21, 12, 18, 9 
1955 3 11, 7 
1956 2 19 
1957 6 8, 3, 17, 1, 4 
1958 3 2, 94 
1959 5 49, 20, 15, 6 
1960 2 87 
1961 5 30, 12, 1, 14 
1962 2 25 
1963 5 60, 1, 13, 8 
1964 6 1, 1, 19, 20, 45 
1965 10 2, 26, 5, 1, 7, 14, 11, 14, 20 
1966 4 10, 10, 21 
1967 8 3, 2, 14, 7, 33, 9, 7 
1968 4 75, 12, 6 
1969 9 31, 9, 7, 27, 6, 24, 1, 11 
1970 4 3, 47, 30 
1971 4 60, 43, 8 
1972 1 
1973 6 1, 43, 6, 30, 1 
1974 0 31, 20, 8, 1, 13, 1 
1975 7 31, 20, 8, 1, 13, 1 
1976 2 108 
1977 8 2, 10, 40, 16, 1, 1, 1 
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