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ABSTRACT

An Investigation of Salinity Fluctuations

In Soils of a Northern Utah Marshland
by
Gary Roy Newman, Master of Science
Utah State University, 1979

Major Professor: William J. Grenney
Department: Civil and Environmental Engineering

Ogden Bay Waterfowl Management Area is one of many marshlands
bordering the Great Salt Lake that are extremely important as breed-
ing habitats for North American waterfowl. Salinity, both of surface
and interstitial waters, is an important factor in maintaining a
suitable habitat within the marsh. For this reason, a study was
undertaken to determine the factors affecting the salinity of surface
and interstitial waters. A small (approx. 100 acre) subunit was
studied extensively to determine; 1) variations in surface water
salinity with flowrate and water level; and 2) variation in inter-
stitial water salinity with depth and location within the subunit.
Field data indicated a substantial increase in salinity (as measured
by electrical conductance) with depth in the interstitial waters.
Wide variation in interstitial water conductivities was also observed
within the study unit. Of major significance were large increases

in interstitial water salinities in areas where the soil had dried,

due to a low water level, and again re-wetted. This was in contrast to

relatively constant soil water salinily observed in areas that were

perenially flooded.
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In addition to the field study, a laboratory study, using three
20 cm diameter undisturbed soil cores, was performed to determine the
factors affecting the movement of salts through the marsh soils. The
surface and bottom of the cores were fed with fresh water and
brine, respectively, for a period of three months, while interstitial
water samples were taken to monitor changes in soil water conductivities
with depth of soil. A computer model was developed to simulate the
experiment, as well as to help interpret the experimental results.
The comparison between the observed data and data predicted by the
model, as well as the results of the field data, indicated that the
major mechanisms affecting fluctuations in soil water salinity in

the Ogden Bay marsh system is the movement of water through the soil.

(132 pages)



INTRODUCTION

The marshes bordering the Great Salt Lake are important breeding
grounds for the migrating waterfowl of the Western North American
continent. For this reason, waterfowl management areas have been
established to help insure that a suitable habitat is ﬁaintained for
waterfowl production. Adequate supplies of high quality water are
essential for the maintenance of these marsh ecosystems. However,
rapid urban and agricultural development in the Salt Lake Valley have
increased the demand for the Timited fresh water supplies in the area.
Concern has arisen over the possibility that further development will
reduce the quality and quantity of fresh water available to these
marshes. This concern has prompted a study to determine the effects
of reduced fresh water flow through the marshes on the quality of the
marsh water themselves.

The study area involves the Ogden Bay Waterfowl Management Area,
located adjacent to the Great Salt Lake, approximately 12 miles west
of Ogden, Utah (Figure 1). The marsh system consists of three units,
of which Unit 1 is the most convenient for study as it is completely
surrounded by dikes and flow is controlled through culverts and con-
crete structures. For this reason, Unit 1 was chosen for study. It
consists of approximately 3000 acres, within which cross-dikes have
been constructed forming smaller units. Within Unit 1, a smaller
unit of approximately 100 acres was chosen for intensive study.
Virtually all the water entering the marsh comes from the middle run

of the Weber River and enters through a gate structure in the
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Map of Ogden Bay Waterfowl Management Area.
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northeast corner of the refuge. Water entering the area flows into a
channel along the eastern boundary of the marsh. From there water is
distributed throughout the marsh through a series of culverts and
concrete control gates placed at intervals in the cross-dikes. Water
depths within the marsh range from a few centimeters to 1.5 meters.
Areas in shallow water are covered with various forms of vegetation;
some of the most prominent being cattail (Typha latifola), bullrush
(Seirpus acutus), and saltgrass (Distichlis stricta).

For this study the primary water quality parameter of importance
is salinity. Many studies have shown the variétion in sensitivity of
marsh plants to salinity. Conceivably, a reduction of fresh water
flow through the marsh could cause a build-up of salts in the surface
waters to a level detrimental to the marsh vegetation. This potentially
could occur through two major mechanisms. The first, evapotranspira-
tion, which has been extensively studied on Northern Utah marshlands,
acts to concentrate the salts brought into the marsh in the inflow
water. The second potenfia] mechanism is the movement of salts between
the surface waters and the interstitial waters of the marsh soils. The
presence of high salinity water just a few centimeters below the soil
surface has been well documented. However, the movement of salts
within the soil has been studied very little to date. Thus, a deter-
mination of the factors affecting salinity fluctuations within the
marsh soil and the subsequent effects on surface water is necessary if
a comprehensive assessment of water quality and water flow is to be
made for the Ogden Bay marsh system. For this reason, this research
effort has been devoted to the study of the transport of salts within

the soil system, with particular emphasis on the movement of salts



with soil water.

The data collected and used in this study were generated in three
separate procedures. First, field data consisting of electrical con-
ductivity measurements of surface and interstitial waters were collected
over a period of approximately 18 months. In addition, water movement
in terms of flow, was measured at various points within the marsh
system. The second procedure was a laboratory experiment using 20.3
cm (8 inch) diameter undisturbed soil cores, which were taken from
the marsh itself. This experiment was designed to monitor interstitial
water salinity over a périod of time under confro11ed conditions of
static hydraulic head. Finally, the third procedure involved
laboratory analysis of the soil used in the soil cores themselves.

The soil was characterized in terms of hydraulic conductivity, soil
texture, and bulk density. With this data, the soil-water system can
be characterized as to its ability to transmit water and salts under

different hydraulic conditions.



LITERATURE REVIEW

The literature dealing with the relationship between surface and
interstitial water salinity can be divided into two general categories:
(1) studies on marshes in general, including specific studies on
salinity fluctuations, as well as general information on marshes and
marsh soils; and (2) literature dealing with the movement of water
and solutes through soil. A review of the significant literature in

these two categories follows.

Marshes and Marsh Soils

In a report that deals specifically with Northern Utah marshlands,
Christiansen and Low [1970] made extensive studies of surface water
salinities, evapotranspiration, and salt tolerances of marsh plants.
The authors developed a relationship between salinity of incoming and
outgoing marsh water and the total water requirement for the marsh.
Although they did not consider the effect of soil water salinity on
surface water salinity directly, their work is important in that they
provided background information with which to compare present results.

In the Christiansen and Low report, electrical conductivity (EC)
data is reported over a five year period from 1959 to 1963 at Ogden
Bay Waterfowl Management Area. Average EC values for spring, summer,
and fall consistently show at least a two fold increase in EC from
inflow to outflow through Unit 1. Average inflow EC over the five
year period ranged from 0.7 mmhos/cm in the spring and fall seasons

to 1.0 mmhos/cm for the summer. Average outflow EC values ranged
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from 1.6 mmhos/cm in the fall to 1.8 mmhos/cm in the spring and 2.4
mmhos/cm in the summer. A general classification of water quality in
waterfowl marshes, based on studies of salinity tolerances of marsh
plants, shows that water flowing out of Ogden Bay Waterfowl Management
Area ranged from good to fair (Table 1).

Another important aspect of the work done by Christiansen and Low
was the development of relationships which predicted evapotranspiration
from Utah marshlands based on climatic data. Evapotranspiration is
important in salinity fluctuations as it acts to concentrate salts by
reducing the volume of water moving through the.marsh. The authors
used established evapotranspiration equations, such as the
Christiansen method, the Blaney-Criddle method, and the Grassi method,
and developed empirical constants to fit data from Howard Slough
Waterfowl Management Area to predict water losses from a marsh.

Based on the evapotranspiration relationships and extensive
studies on the tolerance of different species of marsh plants to
salinity, Christiansen and Low developed an equation to estimate the
water requirements of a marsh. In inches of depth, the annual water
requirement for a marsh (WR) is given by:

WR = Fs(Et-Pn)
where £t is the seasonal evapotranspiration requirement for the wetted
area in inches, Pn is the mean annual precipitation in inches, and
Fs is a salinity factor.
The value of Fs is given by:
Co-Cw
Co is the maximum desirable average annual conductance of the outflow

from the marshes (6 mmhos/cm); Cw is the average annual conductance



Table 1. Tentative classification of water quality for waterfowl
management areas in Utah.

Class Rating Conductance Salinity
(ppm)
1 Excellent Less than 1 0 - 640
2 Good 1-2 640 - 1280
3 Fair 2 -4 1280 - 2560
4 Poor 4 -8 2560 - 5120
5

Restrictive . More than 8 More than 5120

Christiangen and Low, 1970. p. 85

of available water; and z is the conductance of a saturated calcium
bicarbonate solution (approximately 0.3 mmhos/cm).

Generally, Fs values range from 1.0 to 2.5 depending on the
specific conditions. Thus, from these equations, it can be seen that
salinity plays a major role in determining water requirements for
marsh systems.

Nelson []955] completed a general survey of soil salinity changes
over a 6 year period (1946 to 1952). The author maintained records
on plots representing intermittently flooded areas, areas that would
have 0-18 cm (0-7 inches) of water flowing over them, and an area
that would constantly be flooded with 25-30 cm (10-12 inches) of
standing water. Salinity was monitored at soil depths of 0-7.6 cm
(0-3 inches), 7.6-15 cm (3-6 inches), 15-30.5 cm (6-12 inches), and
30.5-61 cm (12-24 inches).

The results of these studies showed that over a period of six

years, intermittent flooding had 1ittle effect on the salinity of soil
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at all depths studied. The areas that were covered with flowing and
standing water were within an 1rrigafion system that was constructed
in 1947, prior to the study. Before this time the areas were dry,

the water table being 15-30.5 (6-12 inches) below the surface.
Monitoring of soil salinity began when the area was initially flooded.
Over the six year study period, salinity was markedly reduced,
particularly in the first 8 cm of soil. Most of this decrease in

soil salinity occurred in the first one to two years after flooding.
Of particular importance is the fact that prior to flooding, soil
salinity decreased with'depth of soil. After é period of flooding,

this trend reversed itself, with salinity increasing with depth.

Also of interest is the variation of soil salinity along a
transect. Figure 2, taken from the Nelson paper, shows typical
variation in soil salinity, soil pH, and vegetation types along a 427
meter (1400 foot) transect. The important features to note are the
very low soil salinities (as indicated by the EC of a 1:5 soil-water
suspension) at all depths, in areas covered by 15-30.5 cm (6-12 inches)
of water. In contrast, the areas covered by shallow water show much
higher soil salinities at depths from 8-61 cm (3-24 inches). Another
interesting feature of this figure is the very high salinity in the
surface 7.6 cm (3 inches) of soil in the region of barren ground
between 366-427 m (1200-1400 feet) along the transect. Also, the soil
salinity was found to vary during the course of the year. At one
station Nelson reported that a 1:5 soil suspension had an EC of 1.33
mmhos/cm during the spring months and 8.10 mmhos/cm in the late summer
and fall. The author did not mention, however, whethér or not this

station was intermittently flooded or submerged yearly.
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a 427 m (1400 ft) transect [Nelson, 1955].



10

Salt affected soils and marshes can be classified into three basic
categories [Chapman, 1960]: (1) non-saline alkali soils, which are
high in exchangeable sodium, but Tow in soluble salts; (2) saline
alkali soils, which are high in both exchangeable sodium and soluble
salts; and (3) saline soils, where soluble salts dominate. Though
this is a purely arbitrary classification, it is useful as an indicator
of the types of soil-salt systems that exist.

Chapman describes five evolution processes of alkali and saline
soils. The first phase, salinization, refers to the actual accumula-
tion of salt in the surface layers of soils. This could be due to

capillary rise of saline water from subsurface deposits, or from

evaporation of saline surface water. The second process, alkalini-
zation, is the adsorption of sodium ions as a result of base exchange.
Third, desalinization, refers to the removal of salts through leaching.
This often acts in the presence of calcium, which will exchange with
sodium, on the soil particle surface, allowing the sodium to become
soluble and thus readily leached out. The fourth process, degradation,
is the exchange of hydrogen ions for sodium ions; again allowing the
sodium to come into solution and be leached from the soil. Finally,
the fifth process, regradation, refers to the reaccumulation of
soluble salts.

In addition to the chemical processes mentioned above, nine
physical factors that affect the salinity of inland marsh soils have
been listed [Chapman, 1960]:

| Raj?fall, which causes downward leaching of salts through
soil.

2. Proximity of streams and creeks. Good drainage to a stream
will act to flush the salts from the soil.
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3. Nature of soil. Fine silty mud will retain more salt than
sandier soil.

4. Presence or absence of vegetation. Bare soils always have
higher salt concentrations than soils covered with vege-
tation. Vegetation acts to bring a continual rise of water
to the surface of the soil and also reduces evaporation from
the surface.

5. Slope of ground surface. Greater slopes will produce higher
drainage rates and hence greater flushing.

6. Depth of soil water table. The nearer the water table is
to the surface the more constant the soil salinity.

7. Depth of subsurface salt deposits. The greater the depth,
the less saline the surface layers. .

8. Inflow of streams into area. Streams Wi11 bring salt into
the area or act to dilute or flush the salt from the marsh.

9. Climate and temperature. High temperatures, particularly in
areas that are not continually submerged, may have profound
effects on salinity. This is of great importance in inland
marsh systems.

Specific factors will be more important at one location than at
another.

The relationship between soil salinity and salinity of applied
surface water was explored in a study done on Suisun Marsh in California
[Rollins, 1973]. This study was conducted in two phases. The first
was performed at four private hunting clubs, to determine the salinity
response of soils to the normal applications of slough water as
applied under routine management conditions. The second phase was
undertaken to determine the interrelationship between soil salts and
the salinity of applied water, using a control pond and high salinity
infi]trometer§. The results show a significant relationship between
surface water salinity and soil salinity.

During Phase I, surface and soil salinities were monitored

for a 12 month period. During this time the marsh areas were flooded
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for 4 months, drained, and allowed to remain relatively dry for the
remainder of the year. The water used for flooding was relatively
fresh, averaging 1000 to 8000 parts per million (ppm). The results

of the study showed that significant reductions in soil salt concen-
trations, as well as amounts of salts (as determined by a 1:5 salinity
extract) in the first 20 cm (8 inchés) of soil accompanied the
flooding of the marsh areas. Reductions of 72 to 85 percent in salt
concentrations and 50 to 67 percent in salt amounts occurred during
the flooded periods when compared to the dry season.. A majority

of this reduction occurred during the first mohth of flooding. Whereas
salinity fluctuations in the top 20 cm (8 inches) of the soil were
large, salinity in the 50-100 cm (20 to 40 inch) range was observed

to be relatively constant during the year. Differences in response
between the areas monitored were explained by the differences in

soil types. The denser clay soils showed the smallest reduction in
salinity.

The second phase of the Suisun Marsh study used infiltrometers
located in a pond where water level could be controlled. Water level
in the infiltrometers was controlled to simulate the flooding, draining,
and dry periods in the actual marsh areas. Water of 20,000 ppm and
10,000 ppm salinity, as well as slough water of varying salinity, was
used for flooding. The results of this study showed a statistically
significant correlation between applied surface water salinity and
soil water salinity at the one and two foot levels within the soil.
Application of 20,000 ppm water was applied to dry, highly saline
soils, and significant decreases in soil salinity in the systems

studied was clearly a function of moisture and salinity of overlying water.
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Of related interest is the relationship between interstitial

water salinities and surface water salinities in a marine (tidal) marsh
system. In one study [Lindberg and Harriss, 1973] soil cores 25 cm
deep were taken at different times during a tidal cycle. Of primary
interest were salinities of interstitial water at 2.5 cm and 23.5 cm
below the mud water interface. Results showed that interstitial sal-
inity at 2.5 cm decreased slightly in response to lower surface water
salinity; but rose again after a period of exposure to more saline
water. The authors suggest that mass exchange or convective interchange,
due to a density gradient, is responsible for these fluctuations at
shallow soil depth. At 23.5 cm, however, salinity of interstitial water
decreases as depth of overlying water decreases. This occurred in
spite of the fact that surface water salinities remained relatively
constant. In this case, the authors believe that bulk flow of sub-
surface freshwater acted to decrease the salinity in response to the

lower hydrologic head of salt water at low tide.

Movement of Water and Solutes Through Soils

The principles which affect the transport of solutes through soil
must be addressed if the potential for salt movement from interstitial
to surface waters is to be adequately described. These principles
can be divided into three categories: (1) the physics of water flow
through soils; (2) the effect of chemical composition of the soil
and permeating solution on soil-water movement; and (3) the diffusion
of solutes through the soil in response to a concentration gradient.

The basic equation which describes water movement through a

porous media, such as soil, is Darcy's Law, given as:
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- §
o = K

For this equation, dH/dx is the hydraulic potential gradient across
the soil (expressed in units of length per length when # is defined
as an equivalent head of water), J,, is the water flux density (flow
per unit area, L3/TeL?), and X is a constant called the hydraulic
conductivity (expressed in units of L/T). The hydraulic conductivity
is probably the most important term in Darcy's Law with respect to
characterization of a soil. The hydraulic conductivity is dependent
on several soil propertigs [H#illel, 1971]. Total porosity and size
distribution of soil pores are very important. A soil with Tow
porosity but large pores, characteristic of a sandy soil, will have

a larger hydraulic conductivity, under saturated conditions, than a
clay soil, which is characterized by high porosity and very small pores.
The value of X, however, is not dependent on the soil alone. Density
and viscosity are important physical properties of the fluid which
can also affect hydraulic conductivity. In addition, the chemical
properties of the soil and the permeating solution can also have a
profound affect on the hydraulic conductivity, as will be explained
later.

Another factor that has a major effect on X is the water content
of the soil. The transition from a saturated soil to an unsaturated
soil entails a large drop in hydraulic conductivity, often several
orders of magnitude. There are several factors that account for this.
First, as soil pores empty of water, the cross-sectional area for
water flow decreases. Related to this is the fact that the large
pores, which are highly conductive at saturation, are the first to

empty; thus, leaving the smaller, less conductive pores to carry the
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flow. These empty pores must be circumvented, thus increasing the
tortuosity of the conducting media.

Though the hydraulic conductivity decreases dramatically with
decreasing water content, flow will occur if a hydraulic potential
gradient exists. Unlike saturated soil, where the water is under
positive pressure, water in unsaturated soil is under a negative
potential energy (suction), being held to the soil particles by matric
forces (forces resulting from the interaction of soil water with the
soil matrix). As the water content decreases, the potential energy
holding this water to the particles increases. ’Thus, a hydrau]ic
potential exists in unsaturated soil when a moisture gradient exists.
Water will flow from a region of high moisture and higher potential
energy, to a region of low moisture and more negative potential energy.
Thus, the hydraulic potential gradient provides the necessary energy
difference to cause flow.

The variatfon of hydraulic conductivity with water content and
suction is important in the characterization of soils. Hydraulic
conductivity varies differently with moisture content for soils of
different textures (Figure 3). It is evident that hydraulic conductivity
decreases much faster with decreasing potential energy (decreasing
water content) for sandy soils than for clay soils. As desaturation
occurs in sandy soils, the large pores empty, thus severely limiting
f]ow; On the other hand, many of the small pores in clay soils remain
filled even at high suction and continue to conduct fluid. These
types of graphs can be useful in characterizing a particular soil.

The concept of the dependence of hydraulic conductivity on soil

moisture is important when describing water flow through a soil system
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® Figure 3. Variations of hydraulic conductivity with soil marshes
suction in soils of different texture [Hillel, 1971].
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consisting of two or more layers. Srinilta, et al., [1969] studied
such a system, in which a profile consisted of a topsoil with a smaller
saturated hydraulic conductivity than its subsoil. In such a system,
the subsoil may remain unsaturated even though water is ponded over the
topsoil.

The experimental procedure utilized by Srinilta, et al., involved
measuring soil water pressure at given depths within the two layer soil
column while the water flow was maintained at a steady-state. In
general, the results showed that the observed steady-state flux rates
for the two layer systems were greater than the saturated hydraulic
conductivity of the topsoil, but less than the saturated hydraulic
conductivity of the subsoil. Specifically, the authors found that
by increasing ponded water depth from 5 cm to 25 cm, both soil water
flux and soil water pressures were increased. Also, for a given depth
of ponding, increasing topsoil thickness decreased soil water fluxes
and soil water pressures. On the other hand, increasing subsoil
thickness had an almost insignificant effect of measured soil water

fluxes. In addition, the type of topsoil was shown to have a profound

effect on the soil water pressure profiles. The authors demonstrated that

for a more sandy topsoil (56 percent sand) the soil water pressures
were approximately twice those found for the same depth of a clay soil
(10 percent sand). ~Also, the soil water flux for the sandy topsoil
was found to be about 20 times that for the clay topsoil. Outflow
pressure also had a large effect on soil water pressures. At large
outflow pressures, the soil-water pressures throughout the column were
greater than zero. As the outflow pressure was decreased through

increments the soil-water pressures were observed to decrease also.
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Perhaps the most important result was the excellent agreement between
observed and calculated soil-water flux rates and soil-water pressures.
Thus, it is apparent that a two layer soil system can differ substan-
tially from a monolayer system, but the flow and moisture regime can
be accurately described by theoretical equations.

As was mentioned earlier, the physical properties of the soil are
not the only factors affecting the movement of water through soil
[Quirk and Schofield, 1955]. The chemistry of the soil and the per-
meating solution can have large effects on hydraulic conductivity;
especially in soils that have a large percentage of clays. In their
paper, Quirk and Schofield examined the effect of electrolyte concen-
tration and ion species on the permeability of soil samples. The well
accepted phenomenon of decreasing permeability with decreasing electro-
lyte concentration was studied by passing solutions of differing
concentration of specific cations (Nat, K, Ca**, Mg**), through soil
pads 1 cm thick. The definition of a threshold concentration as that
concentration of a particular cation that causes a 10-15 percent
reduction in permeability was made to aid in the comparison of the
effects of different ions on soil permeability. For the soil studied,
the threshold concentration for a Nat solution was 2.5 x 10~! Molar (M) i
and 2.0 x 10" M for a calcium solution: a difference of approximately
three orders of magnitude. The threshold concentrations for a K* and
Mg+t solutions were 6.7 x 10-2M and 1 x 10~® M respectively. The
authors also studied the effects of mixed ion solutions on the perme-
ability of soil samples at varying degrees of Na* - Ca** saturation
(exchangeable sodium percentage - ESP). The results of the experiment

showed that as the ESP of the soil increases, the electrolyte
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concentration necessary to maintain a satisfactory permeability also
increases. Also, the divalent cation concentration in the percolating
solution seemed to be critical in affecting soil permeability, regard-
less of the ESP of the soil sample. In addition to these observations,
the authors noted that at certain concentrations, a turbid percolate
was obtained; indicating that deflocculation was occurring. The
concentration at which turbidity occurred in the percolate was found
to increase as ESP increased. Also, when turbidity was observed,

high ESP samples yielded percolate solutions of much. higher turbidity
than Tow ESP soil samplés. |

In discussing their results, Quirk and Schofield explain that
decreases in electrolyte concentration can cause decreases in per-
meability, as a result of swelling of clay particles resulting from
repulsive forces acting within the particle itself. Also, as swelling
increases, deflocculation occurs, which results in the breaking up of
the clay particles. The "broken pieces" then flow with the percolating
fluid before lodging in a pore and blocking flow. The authors also
suggest that mechanical stress can add to this problem, causing the
particles to deflocculate at a higher electrolyte concentration than
if no stress were applied. The individual effect of swelling and
dispersion on decreased permeability will be discussed later.

Further investigation of the effect of soil and water chemistry
on the permeability of soil has led to many papers examining the
different mechanisms involved. Some factors that influence the
effect of saline water on soil hydraulic conductivity are given in a
paper dealing with Texas soils [Naghshineh-Pour, et al., 1970]. In

this study soil characteristics and solution composition were related
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to hydraulic conductivity. The authors found that two soils high in
montmorillonite clays exhibited pronounced decreases in hydraulic
conductivity at high sodium adsorption ratios (SAR = Na/(gg——%—ﬂﬂ)li
concentrations in meq/%) and low electrolyte concentrations. On the
other hand, two soil samples Tow in montmorillonite clays were shown
to be much less sensitive to solution composition. In addition, the
authors found that for the high montmorillonite clays, higher soil
ESP required substantially higher salt concentrations in the permeating
solution to maintain a significant hydraulic conductivity in the soil.
This finding agrees with the results of Quirk and Schofield. A related
paper which also studied Texas soils [Yoron and Thomas, 1969] made
similar conclusions. In this paper the authors found that as a high
sodium water was leached through a soil sample, the sodium was
adsorbed more rapidly in the top layers until equilibrium was reached.
The authors also concluded fhat the hydraulic conductivity of the
entire column was controlled by the mean ESP of the column rather than
the ESP of the top layer. .

Two papers by B. L. M&NeaL et al., [1966 and 1968] deal
with factors affecting soil hydraulic conductivity. Several soils
with differing mineralogies were studied by measuring hydraulic
conductivity in the presence of solutions with varying SAR's and
salt concentrations. All the soils reacted differently, yet all
demonstrated decreasing hydraulic conductivity at high levels of
sodium and low electrolyte concentration. On the other hand, solutions
with SAR = 0 caused Tittle variation in hydraulic conductivities even
at very low salt concentrations. Also, as Naghshineh-Pour, et al.,

reported, the presence of montmorillonite increased the sensitivity of
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a soil to low salt-high sodium solutions. On the other hand, soils
containing kaolinite, amorphous materials or sesquioxides were found
to be much more stable. As might be expected, the clay content was
also found to affect the stability of a soil. A soil with a high
clay content, when compared to one with a low clay content, showed a
greater susceptibility to reductions in hydraulic conductivity in the
presence of low salt-high sodium solutions.

In another paper by MeNeal, et al., [1966], the authors discuss
clay particle swelling as a mechanism causing reductions in hydraulic
conductivity. In this study, macroscopic swelling was measured as
the amount of additional solution imbibed by a soil-sample after
equilibration with a high salt solution. The results showed a strong
correlation between observed macroscopic swelling and reductions in
hydraulic conductivity. The authors attempted to explain the observed
macroscopic swelling in terms of the theoretical interlayer swelling
of the clay particle. Interlayer swelling values were based on a
theory which assumes that the clay soil is divided into sodium sat-
urated domains and calcium (or magnesium) saturated domains. The
percentage of Nat saturated domains and Ca** saturated domains depends
on the saturation percentage of the ions in the soil-water system. When
compared to the experimentally determined macroscopic swelling values,
a good correlation (> .900) was observed for the four soils studied.
Also, interlayer swelling regressed against relative hydraulic con-
ductivities also showed a highly significant correlation. Based on
these observations, the authors concluded that in situ mineral swelling
resulting in the closing of water conducting pores isa plausible mechanism

causing reductions in hydraulic conductivity in soils under the



22
influence of high SAR and low salt solutions. The authors did, however,

indicate that dispersion and the resulting blockage of water conducting
pores could also act to decrease hydraulic conductivity; especially in
‘loosely compacted soils where the movement of particle layers are not
restrained by surrounding soil particles.

A paper which examines dispersion as the major mechanism resulting

in hydraulic conductivity reductions was done by Frenkel, et al., [1978].

The authors performed a study in which hydraulic conductivity was
measured on montmorillonite, kaolinite, and vermiculite soils as they
were leached with different electrolyte solutions. The ESP of the
soils and the solution electrolyte concentrations were chosen to be
representative of that found in the field. Hydraulic head was monitored
at different depths throughout the soil column to determine what layers
in the soil were limiting to water movement. In addition, clay content
in the leachate was monitored to determine the amount of dispersed

soil particles passing out of the soil. The results showed that for
all soils the reduction in hydraulic conductivity was due to disper-
sion and subsequent plugging of soil pores. Hydraulic conductivity
reductions were more pronounced at higher ESP values (20 to 30).

Some plugging was observed at ESP of 10 and electrolyte concentration
of 10 meq/% for both kaolinite and montmorillonite; but vermiculite
remained virtually unaffected. Leaching with distilled water, however,
caused appreciable reductions in hydraulic conductivity at all levels
of ESP. Also, the sensitivity of a soil to excessive exchangeable
sodium and low electrolyte concentration increases with clay content
and bulk density. Thus, the authors concluded that in the range of

soil ESP's and solution salt concentrations normally found in the
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field, dispersion of clay particles and the resulting plugging of
conductive pores is the dominant mechanism controlling reductions in
hydraulic conductivity.

Powell, et al., [1969] also studied clay particle dispersion and
its effect on soil permeability. In addition, the authors determined
the effect of mechanical stress on the dispersion of soil particles.
Their results demonstrated that turbidity, which indicates the amount
of dispersed and displaced particles, increased with decreased salt
concentration and increased ESP. This agrees with the results of
Frenkel, et al. Also, Powell, et al., concluded that the initial
drop in hydraulic conductivity was due to clay particle swelling.
Mechanical stress, however, can also have a profound effect on the
degree of dispersion and the conditions under which dispersion will
first occur. For example, the electrolyte concentration at which
dispersion first occurs depends on the amount‘of mechanical stress
applied. In the presence of mechanical stress, such as raindrop
impact or actions of machinery, dispersion will occur at a higher salt
concentration than if no stress were applied. When small amounts of
stress are applied, the proportion of sodium saturates zones will have
a large effect on the amount of dispersion that occurs. Finally,
Powell, et al., showed that under conditions of large mechanical stress,
dispersion will occur even in the Ca** saturated zones. Thus,
significant reductions in hydraulic conductivity will result even at
Tow ESP's when large dynamic stresses are applied to the soil.

When the flow of water through a soil is very small, and a con-
centration gradient exists within the soil water solution, then the

movement of solutes may occur through diffusion. Mathematically, the
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quantity of solutes moving at any time can be described by Fick's
Law given as: |

q=-D=

In this equation g is the flux of solutes, expressed as moles per area
per time; dC/dx is the concentration gradient where C is in moles/liter;
and D is the diffusion coefficient, usually expressed as cm?/day.
Peck [1971] describes some of the factors important in the
diffusion of solutes through soils. First, diffusion in soil will
only occur through that portion of the soil cross-section occupied
by water. Therefore, both the porosity and the moisture content will
affect the rate of diffusion. The diffusion rate will also be affected
by the tortuosity, or the diffusion path length. As the path length
for a diffusing ion exceeds that of a straight line separation
between two points, the diffusion coefficient, and hence the diffusion
rate, will decrease.

Another paper on diffusion through a porous media [Saxena, et al.,
1974] related diffusion coefficients to the effective pore radius of a
small matrix. The authors fit an exponential equation to observed
data to obtain a relationship between the relative diffusion coefficient

and the pore radius. The equation developed was given as:
1 - -0. 2
B/E =1 -g1%

where X is the free solution diffusion coefficient, X' is the soil
diffusion coefficient, and » is the pore radius.
Thus, from this equation, it can be seen that pore size can signi-

ficantly affect the diffusion coefficient for the soil-water system.
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EXPERIMENTAL THEORY

Fluctuations in salinity of soil water at a given soil depth can
be produced by several mechanisms. Perhaps the major mechanism that
could potentially act to move salt through the soil column is the
movement of the soil water itself. Water, however, will only move
through the soil media in response to a hydraulic potential difference.
This potential difference could be created in the field under
circumstances of high surface water level and low water table, or high
soil water pressure and shallow surface water depth. As the soil
water flows through soil pores it carries dissolved salts, thus causing
changes in the interstitial water salinity. The magnitude of the
salinity change depends on the flow rate of water and the salinity
gradient existing within the soil.

To study the effects of surface and water table levels on soil
water salinity, an experiment was designed using 20.3 cm (8 inch)
diameter, undisturbed soil cores. The cores were placed in a hypo-
thetical situation where surface water depth and water table level
were maintained constant, while soil water salinity was monitored with
depth, over a period of time. In theory, the observed salinity changes
could be related to the rate of water movement through each core, which
in turn could be related to the hydraulic potential difference between
the surface water elevation and the water table elevation. A schematic
of the experimental apparatus is shown in Figure 4. Water was ponded
on the surface of each core to a depth %, above the soil water interface.

A water table was simulated by brine solution whose level was
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maintained at a level hs below the soil water interface. Thus, a
hydraulic potential was created, equal in feed of head to hs + hb,
causing water to move through the co]ﬁmns. The amount of water that
flows through the column is dependent on the magnitude of the hydraulic
head and the properties of the soil. The direction of water flow
depends, of course, on the elevation of the brine level relative to the
surface water level. If the brine level is below the surface water
level, then water will flow down through the column. The resulting
change in salinity within the column is in turn related to the
quantity and salinity of the water moving through the column. During
the experiment, salinity was monitored by removing a small water sample
from the soil through samplers placed at 10.2 cm (4 inch) increments
along the soil column. By measurihg EC on these samples, salinity
fluctuations could be monitored in each layer over the course of
the experiment.

To help interpret the results of the soil core experiment, a
computer program was developed which would predict salinity changes
in the soil column experiment, based solely on the‘mass transport of
salts resulting from the movement of water. In short, the model was
designed to predict the electrical conductivity (EC) at each sampling
port in a column, on each sampie day, based on the amount of water
that flowed through the column between sampling days.

To develop the model the soil column was broken up into imaginary
sections, as shown in the schematic diagram in Figure 5. For each

section a water balance can be written as:

Inflow - Outflow - Sample = Soil water storage (1)



o L o & [ ] ® »
INFLOW Porous Cup Sampler 1 > Cl
SW = Volume of soil water within section C1 = Concentration of inflow
solution
CS = Average concentration of salt within section
Ms = Total mass of salt within the section
= (SW) - (Cg)
Porous Cup Sampler 2 -’Cz
OUTFLOW C2 = Concentration of outflow

and sample solution

Figure 5. Schematic of soil core suction used to develop an equation for EC change.
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where all terms are in units of volume. As shown in Figure 5, the

sections were chosen so that a sampling port lay just above the section,
and one lay at the bottom of the section. In this way, the salinity of
the solution entering, as well as leaving, the section is known. Thus,
if the salinity is expressed as a concentration, a mass balance of salt

can be written around the section.

Inflow (C1) - Outflow (C2) - Sample (c;) = AM, (2)

In this equation, C1 and C» are the salt concentrations at samplers

1 and 2 respectively, while AMg is the change in the mass of salt within
the section. Because the salinity in this relationship is expressed

as a concentration and the data taken in the soil core experiment is in
terms of EC, a relationship was used which related EC to milliequivalents
per liter [U.5.D.A., Agriculture Handbook 60, 1954]. This was assumed

to be valid over the range of EC encountered in the experiment. Also,
because the cores were enclosed, changes in soil moisture were impossible
to measure. Therefore, soil water storage was assumed to be constant
over the course of the experiment. The above expression can now be

written as:

F (cy - C2) = sW «(ac,) (3)

F, in this case, equals the total volume of water flowing through the
section between sampling days (F = Inflow = Qutflow + Sample). By
defining the terms Ci, C2, and AC; in terms of average salt concentra-
tions between sampling days (see Appendix II), Equation 3 was used to
predict the salt concentration, and EC, at each sampling port over the

course of the experiment, based on the flow of water through the column.
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The major advantage to predicting salinity changes based on this
simplified approach is that the input data is easily obtained. As
explained in Appendix II, the data necessary for this model consisted
of initial EC at each sampling depth, the surface water EC on each
sampling day, the average flow of water ner day through the column,
the volume of sample taken from each sample port and the moisture
content of each layer (measured at the end of the experiment). The
limitations of this model include the fact that it assumes other
mechanisms affecting soil water salinity have a negligible effect on
the salinity fluctuations within the soil. These mechanisms include
the cation exchange process, the precipitation and solubilization of
salts in high concentration, and the diffusion and dispersion of salts
in response to the salinity gradient within the soil column. Also, the
model ignores changes in soil water storage which could have a major
effect on the salt content in a particular section and the flow of
water and sa]tshinto another section. A discussion of these assump-
tions, as well as a comparison of predicted and actual EC values, will

be given later.
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METHODS

Data were collected in three phases. In the first phase field
data were collected over a seven month period, beginning in April 1978.
The second phase involved monitoring salinity fluctuations in 20.3 cm
(8 inch) diameter, 76.2 cm (30 inch) deep undisturbed soil cores taken
from the field. The third phase consisted of determining the chemical

and physical properties of the soil used in the soil core experiment.
Field Data

Collection of field data was begun in the Spring of 1977. Chemical
data, electrical conductivity (EC), as well as flow data, was collected
on a weekly basis to provide background information for further, more
intensive study. Also, the data that was collected was used to deter-
mine what chemical and physical parameters were most important in terms
of salinity and salinity fluctuations.

Beginning in the spring of 1978, field sampling was directed
toward determining the factors affecting salinity fluctuations in the
marsh system. A small sub-unit of the marsh (approximately 100 acres)
was chosen as a study area; in which inflow, outflow, water level, and
EC of the surface water was monitored on a weekly basis. Also, inter-
stitial water sampling stations were established at nine locations
within the sub-unit. At each station three wells were installed at 15,
38, and 61 cm (6, 15, and 24 inches) of depth, below the soil surface.
Interstitial water samples, as well as surface water samples were taken

and analyzed every other week for a neriod of 28 weeks. In addition,
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flow and EC were measured weekly along the western dike and at the inlet
structure of Unit 1. It should be noted that all water samples were
taken by technicians working through the Department of Wildlife Science
at Utah State University. Figure 6 shows Unit 1 and the location of

the study area (hereon referred to as the "study unit"). Also shown

are the surface water sampling locations around the outer dike of

Unit 1.

These sampling locations are also the locations of water flow
control structures. Thus, all surface water EC data is associated with
a flow of water for a specific date and station. Figure 7 is a detailed
map of the study unit showing the locations of the interstitial water
sampling stations. Interstitial water samples were collected on
alternate weeks from surface samples. Also shown are the locations of
water table monitoring wells established in October of 19783.

The following are descriptions of the specific procedures used

for each step of the field sampling phase.

Flow Measurements

Water flow through most of the control structures was measured by
use of a Marsh McBirney, Model 201, Portable Water Current Meter. All
but two control structures consisted of circular steel culvert pipe
46 to 61 cm (1.5 to 2 feet) in diameter. Flow was determined by
measuring the water velocity at three locations in the cross-section
of the downstream end of the culvert pipe. The three velocity readings
obtained were averaged and the resulting velocity taken as the average
velocity through the pipe. The depth of water flowing through the pipe
was measured and a cross-sectional area of water flow determined.

Finally, the flow was calculated as the product of the cross-sectional
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area and the average velocity.

The method described above was used to calculate flows at all
stations except 25 and 26. Due to the type of structures at these
locations, flow could not be measured with the velocity meter. These
structures were constructed as weirs, with the amount of water flowing
over the structure dependent on the elevation of water behind the weir.
Thus, flow was measured using the equation for the flow of water over
a sharpcrested weir.! This equation is believed to have yielded fairly
accurate results at low flows. At high flows, however, the measured
flows were probably Tow. "

Flow was not measured at the inlet structure station. It was
originally believed that flow at this point could be obtained from the
water superintendent for the Weber River Basin. In mid-1978, however,

it was discovered that this data was inadequate and could not be used.

Water Level Fluctuations

Surface water level in the study unit was measured by use of
staff gauges set at each control structure. The purpose of the gauges
was twofold. First, changes in water level from week to week could be
monitored. Second, empirical relationships between discharge through
the control structures and water level elevations could be developed
to aid in future research efforts.

Water table monitoring stations were installed in late September

! Equation ggr the flow of water over a sharpcrested weir: ¢ =
ke2g-L(H) 7, where @ = flow in cubic feet ner second, L = length of
weir (feet), # = height of water over top of weir, g = gravity =
32 feet/sec®, k = 0.40 + 0.05 (#/P), P = height of weir above the
bottom of the channel.
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and monitoring was begun in October. The stations consisted of a 4
foot length of PVC pipe with the end set 60 to 76 cm (2 to 2.5 feet)
below the surface of soil. A meter stick attached to a bottle was

placed into tube and allowed to float on the free surface. Thus, by
reading a meter stick at the top of the tube, the depth of the water

table could be determined.

Electrical Conductivity Measurements

Electrical conductivity (EC) was measured in the field by use of
a Yellow Springs Instrument, Model 33, conductivity heter. At all
locations, including the interstitial water wells, temperature and EC
were recorded. The field EC values were then corrected for temperature
using the equation given in the 1975 edition of Standard Methods.
Flow and EC data were then used to determine average inflow and out-

flow EC for the study unit and for all of Unit I.

Interstitial Water Samples

The interstitial water sampling wells consisted of PVC pipe
fitted with a porous ceramic cup at the end. The pipe and cup were
set at the desired depth and the open end covéred with a rubber stopper.
Every two weeks, EC was measured on the water that had drained into
the cup. After EC had been measured the water was pumped from the

pipe and the rubber stopper replaced.

Soil Core Experiment

As was discussed earlier, the soil core experiment was designed
to determine how soil water salinity changed in response to different

conditions of hydraulic head acting across the soil column. Thus, an
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apparatus was developed to allow the taking of large undisturbed soil
cores from the field. These cores were brought back to the lab and fit
with soil water samplers in order that soil water salinity could he
measured. Finally, an experimental procedure was developed so that
water movement, hydraulic head, soil water salinity and surface water
salinity could be monitored over a period of several weeks.

The core containers themselves were 20.3 cm (8 inch) diameter
steel well casing, cut to 1.37 meters (4.5 feet) long lengths. The
wall thickness was approximately 0.3 cm thick. Holes of 2.5 cm (1 inch)
diameter were drilled thfough the casing at 10.2 cm (4 ihch) ihcrements
along the bottom 76 cm (2.5 feet) of the casing. These were used to
insert the soil water samplers. While taking the soil samples in the
field, these were covered with duct tape to avoid loss of soil or
water. The inside of the core casing was sanded and then painted with
an epoxy seal. This seal minimized the steel from‘rusting during the
experiment.

One end of each core was beveled to create a sharp cutting edge
for driving into the soil. The other end was fitted with steel
brackets. The brackets contained holes through which a large bar
could be inserted for 1ifting and driving the containers into the
ground. Aluminum caps were made for each end. The top caps were
designed to make an airtight seal so that suction could be maintained
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