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Abstract:
The Powder River serves as an important irrigation water source to local ranchers and farmers despite
high concentrations of suspended sediment in the water.

Deposition of sediments from flood irrigation with sediment-laden water has been shown to
dramatically alter the textural class of soils (U.S.D.A., 1950) and decrease irrigation efficiency
(WeStcot and Ayers, 1984).

Two laboratory studies were conducted investigating sediment impacts on soil properties. In Study I,
soil columns were leached with solutions containing various combinations of suspended sediment,
salinity, and sodicity levels. The purpose of the study was to determine the effect of suspended
sediment concentration in irrigation water on saturated hydraulic conductivity (Ksat).

In the second study, paired comparisons were made of particle size distribution between surficial soil
samples collected from adjacent irrigated and non-irrigated sites. The purpose of Study II was to
determine if irrigation with sediment-laden irrigation water alters surface soil textural class.

Suspended sediment shows no effect on Ksat. Impacts on Ksat were achieved as a result of salinity and
sodicity. Significant reduction in Ksat was achieved in soil columns leached with solutions containing a
combination of low salinity and high sodicity levels, a combination unlikely to occur in Powder River
waters. Data provide evidence that deposition of suspended sediment from Powder River irrigation
water results in a finer soil textural class on irrigated soils, compared to similar non-irrigated soils.
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ABSTRACT

The Powder River serves as an important irrigation
water source to local ranchers and farmers despite high
concentrations of suspended sediment in the water.
Deposition of sediments from flood irrigation with sediment-
laden water has been shown to dramatically alter the
textural class of soils (U.S.D.A., 1950) and decrease
irrigation efficiency (Westcot and Ayers, 1984).

Two laboratory studies were conducted investiqafing
sediment impacts on soil properties. In Study I, soil
columns were leached with solutions containing various
combinations of suspended sediment, salinity, and sodicity
levels. The purpose of the study was to determine the
effect of suspended sediment concentration in irrigation
water on saturated hydraulic conductivity (K..).

In the second study, paired comparisons were made of
particle size distribution between surficial soil samples
collected from adjacent irrigated and non-irrigated sites.
The purpose of Study II was to determine if irrigation with
sediment-laden irrigation water alters surface soil textural
class.

Suspended sediment shows no effect on K.ae.. Impacts on
K... were achieved as a result of salinity and sodicity.
Significant reduction in K., was achieved in soil columns
leached with solutions containing a combination of low
salinity and high sodicity levels, a combination unlikely to
occur in Powder River waters. Data provide evidence that
deposition of suspended sediment from Powder River
irrigation water results in a finer soil textural class on
irrigated soils, compared to similar non-irrigated soils.




CHAPTER 1
INTRODUCTION

Expansion of irrigated acreage is impacting water
quality and a&éilability on many riﬁers throughout.the_aria
_west. Water quality issues are ﬁagnifiéd on the Powder
River, in éoutheastern‘ﬁontana, which has been described as
"Too thick to drink and too thin to ploﬁ." The pfiority
water right ("firét in'timg, first in right") further '
complicates matters since irrigation by one'farﬁer can
completely deplete’water a&ailability to'the déwnstream
irrigator. Often, even when adequate amounts.of water are
available for é;l interested parties, the quality of that
water is marginal with resﬁect to salinity, sodium hazard,
and sﬁspendéd sediment load. The Poﬁéér Rivef‘Deveiopment
Council (P.ﬁ.D.C.) and the Montana Department of Natural
Resources aﬁd Conservation (DwN.ﬁ.C.) are concerned tﬁat oil -
exploration, oil well development, and a proposed reservoir
on‘Clear Creek in Wfoming could further elevate salinity and
sodicity levels of Powder River water.

Several investigators have aﬁalyzed watér-quality
trends in the Powder River basin with inconsistent results.

The DNRC (Gallagher, 1986), Wells and Shertz (1983), and




IS S W — dod e ld,

2
Gallagher (1986) predict aq increase in totai dissolved
solids (TDS) while others (Smith and Alexander, 1985;
Carey, 1989) find no such—trends_ Differénces 'in these
predictions may be due to differences in methods of analysis
and differences in the time frame during which data were
coliected. Trend-analyses on sodium-adsorption fatio (SAR)
predict significant annual increases (Gallagher, 1986 and
‘Cafey, 1989).

Data from the U.S.G.S. gauging station at Locate, MT
corresponding to 1975-1984 réveéled that average annual
electrical conductivity (EC) was 1.9 deciSiemens per meter
(dSm™) and SARIwas 4.8 (Gallaghef, 1986). EC increased 70%
(from 1.65 to 1.84 dsm™) and SAR increased 76% (from 2.9 to:
4.7) when data from 1954-1957 was compared to data for 1975-
1984 (Gallagher, 1986). | ‘

The Powder River is noteworthy with respect to the—‘
amount of sediment tfansported by the river, hdwever, no
increasing trend is predicted for suspended sediment((Smith
and Alexander, 1985). Scour effect, whiéh causes an
increase in suspended sediment ig the upper reach of a river
and deposition in the lower reaches, is an important feature
of the Powder River. The U.S.G.S. (1986) calcuiated an
average of 4.7 million tons of suépended.sediment are
transported past Arvéda, Wfoﬁing each year, and 2.7 million
tgns,are carried ‘past Locate, Montana, about 150 miles north

of Arvada (Figure 1). Thus 2.10 million tons of sediment




YfLLOWSTpNB
\ FALLON
TREASURE Forsylh co
co CUSTER
co
ROSEBUD
co
POWDER J
| RIVER |
BIQ HORN CO BrooAis
co
MONTANA
Wyoming
+ SHERIDAN
co
CROOK
co
BIO ~
HORN Buffalo
co
CAMPBELL
JOHNSON CO co
WESTON
co
CONVERSE CO
Solf VS NIOBRARA CQf
MONTANA
NATRONA CO
WYOMTNS
Figure 1I. Map of the Powder River drainage area

Carey, 1989).
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per year are deposited in the reach of the Powder River.
between Arvada and Locate. Silt and clay account for ~89%
of the suspénded‘sediment in the éntire basin (U.S.G.S.,
1986). ﬁighty samples collected at Locate contained an
average of 60% cléy, 26% silt, and 14% sand. Sediment
coﬁcéntratidhs greater thén 20,000 mg L™ are not uncommon
in the Powder River.

Deposition Sf éediments'from flood irrigation with
sedimént—laden water has been shown to dramat%cally'changé
the textural class of soils (U.S.D.A., 1550). Subsequenﬁly,N
irrigation efficiency may be reduced with decreaséd soil
uniformity (Ayers and Wéstcot, 1976) due to increased

variability in soilhpermeability and water-holding capacity.

Other farm=-related costs due to sediment in irrigation water

are increased pumping costs, accelerated deterioration_of
irrigation equipment, added time and expensé of removing
sediment deposits from c;nals, increased ﬁotential for
transport and accumulation of toxins or polluténts, and
reduced yields due to the inability of seedlings to emerée
through surface seals (Brown et al., 1974; James and Kiﬁg,
1984; Magieby et al., 1989). -Surface seals created during
sediment deposition, ovetland £flow dufing ifrigation, and
raindrop impact héve been shown to‘reduce infiltration by
fifty.percent (Ségeren and'Trouf, 1989; Eisenhauer, i9855.
Despite marginal quality of irrigation water, the

Powder River is an important resource for irrigation of
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cultivated crops in southeast Montana. Ninety-two percent
of the water used is for irrigation (U.S.G.S., 1986). A
recent survey of irrigators on the Powder River in Montana
(Bauder, 1990, personal communication) estimated 16,000
acres are flood irrigated'in Pfairie, Custer, ahd Powder
River counties. The three most urgent problems associated
with irrigation cited-by the irrigators were: 1i)
deteriorating water quality, ii) deprgasing wéter supply,
and 1iii) increasing cost of pumping. “ _

. Irrigators‘utilizing Powder Rivgr watér‘in parts of
Custer and Prairie Counties visualiy assess sediment load of
the irrigation water to decide whether or not to irrigate
(Scott Foulgér, 1990! fowder River irrigator, personal
communication). Irrigators claim that irrigation time is
reduced when river water'cérri;s a high sediment load. ' This
time savings is equated with more efficieﬁt irrigation.

The relationship betwéen irr;gatioﬁ water salinity,
SAR, and soil physical properties is well established. The
same is not true with respect to sediment_deposition oﬁ
irrigated land.” Most studies on the relationship between
irrigation and sediment have focused on sediment loss from
the field rather than the impact of sediment transported,
onto the figld. This thesis presents the results of an
investigétion to determine if irrigation with sediment-rich

Powder River water, has any quéntifiable éffects on the

surface texture or on movement of water through the soil.
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Objectives

Salinity and Na concentrations of the Powder River are
important variables with resﬁect to management of‘Powder'
River soils and water. ‘ConseQuehtly, several studies have
been undertaken to prject future trends in the qqality of
the Powder River. Despite the fact that the Powder River
carries relativeiy~high concentrafions of suspended |
sediment, and that current irrigation management dgcisions
are being made bésed on sédiment loéd.of the irrigation
water, no investigations have been made of the impact of
sediment deposition on the soils or soil physical properties
along the Pdwder River. The objectives of this study Wereé‘
i) to determine if sediment in various water-quality
regimes, with respect to Ecland SAR, 'affects the hydraulic
conductivity (K) of a representative Powder River irrigated
soil; and ii) to determine if irrigation with Powder River
water has'altered the surface soil textural class of an
irrigated soil compared to the same soil under non-irrigated

conditions.




CHAPTER 2
LITERATURE REVIEW

Sediment

f

Many irrigators in the intermountain region of the U.S.
are faced with problems stemming ffom‘suspénded sediment.
Ironically, the principle source of sedimeﬁt in surface
water -is cropland erosion (Brown et al., 1974; Magleby et
al., 1989). Fafm—related problems associated with sediment
in irrigation water are reduced soil pérmeability, inabilify
of seedlings to emerge through surface seals, increased
costs of pumping and maintenance of irrigation systems.
Sheet, rill, gully, streambank erosion,Aand streambank
scouring all contribute to the sediment load in a river.

Sediment 1oadydepends on several féctors., Amonélthese
afe stream flow velocity, TDS coﬁcentration, water

temperature, and rainfall intensity.

Streamflow Velocity

The kinetic energy of flowing water is described as the mass

of water capable of doing work bf virtue of its ve;odity:

=
T

¥ m v? egn 1

kinetic energy (ergs)
mass of water (gm)
velocity (cm sec™)

where:: E
m
v
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Stream flow velocity correlates directly with suspended

sediment load though daily fluctuations in sediment load

occur as a result of daily and seasonal fluctuations in

streamflow such as snowmelt run-off or rainfall iIntensity

(Leopold and Haddock, 1953; U.S.G.S., 1986) (Figure 2).

Furthermore, during floods, larger land areas along stream

banks are exposed to moving water, providing opportunity for

additional soil particles to be picked up and suspended in

the moving stream.

1,000,000

S = 100,000

&S

10,000

INSTANTANEOUS WATER DISCHARGE,
IN CUBIC FEET PER SECOND

Figure 2. Relationship between streamflow and suspended
sediment concentration for the Pwder River (from U.S.G.S.,

1986) -
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TDS Concentration

TDS concentration has been used as an indiéation of
salinity levels of irrigatiéh water. TDS concentration is -
generélly inversely proportional to discharge. This
conclusion ié‘supported by a U.S.G.S. (1986)'hydrograph of
Powder River stream-flow data plotted versus TDS
concentration (Figure 3). High éoncentrations of dissolved
solids result in a compression of the electrostatic double
layer surrounding particies of. suspended sediments. These
particle% subsequently join, forming flocs that settle ‘out

of the flowing system. thereby reducing sediment

concentration.

Watgr Temperature

| Water density and viséosityvare directly related t§
water temperature and have a direct influence on the
sediment load the water tfaﬁsports. .Colby and Scott (i965)»
rgported that as water temperature increases, the ability of

the water to support suspended sediments decreases.

Rainfall Intensity

~ Soil erosion increaées as rainfall intensiﬁy‘increases.
However, this does not neCeséarily mean flowing water will
carry more sediment follﬁwing rain. According tO’Smerdon
(196@), mean flow velocity decreases in the zone immediately
surrounding raindrop peénetration in a flowing water system

due to a momentum exchange from flow to the raindrop-
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affected zone. The result is'a_reduction in the ability of
the water system to erode stream banks or to carry sediment.
This effect is more important in smaller streams than in
larger tributaries since the raindrop-affected area is |

relatively greater in smaller streams.

.Sediment Charactefietics

Fine sediments increase the viscosity of the stream
system, thereby reducing the fall velocity of other
sediments in the stream‘systems. Simons et al. -(1963) found
that the falling veiocit? of sand’(0f47mm) decreased by 65%
and 20%, respectively, when bentonite and kaolinite were the
predominant suspehded sediments. Bentonite is a common
source of fine particle.sediment in many western streams
(Simons et al., 1963). Furthermore, suspended sediment
' increases the abrasive power of the flowing water to scour

streambanks.

Sediment Transport and Deposition

Hijulstrom (1935) proposed the line of deharcetion
between sediment transport ané depesition over a range of
flow velocities and particle sizes shown in Figure‘4.
According to the diagram, loose fine sand (0.02-2 mm) is the
ea51est to erode. Larger sand partlcles (>2 mm) and silt
and clay—51ze particles (<0.02 mm) are approximately equally
prohe to erosion. However; larger'sand‘size particles are

not easily transpbrted,‘even at high velocities, -while silt
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and clay particles, once in suspension, remain there even at
the lowest velocity range shown. Partheniades (1965) found
that the critical velocity (the velocity above which all

clay stays in suspension and

Figure 4. Erosion-deposition criteria for uniform particles
(from Hjulstrom, 1935).

below which all clay is deposited) iIn San Fransisco Bay is
about 0.5 sec"l (-15 cm sec'l); however, Bell (1942)

suggests a flow rate of only 3cm sec'l is enough to keep
particles less than 20 n iIn suspension.

The U.S.D.A. (1950) studied the effects of diverting
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sediment-laden runoff watér'onto'range and cropland in New
Mexico. Selected fesulfs are presented in Table 1. The
‘aﬁount of deposited sediment decreased with distance from
the water inlet; the extent of deposition was dependent on
. the configuration of the water spreading pattern.
‘Deposition of sediment "lightened soil texture in upper
reaches" ... and "just below lightened areas the texture
beqame heavier." Clay was the prevailing soil texture in
the entire study area prior to flooding. Afte; 8 years of .
repeated flooding, the texturél class of the upper 125 feet
of the flooded area was transformed to a sandy loam; 650
feet below the water inlet the textural class was
transformed to sandy clay loam; 1000 feet below the water
iplet the textural class was transformed to clay loam. At
2000 feet, the original clay textural class remained
unchanged, although sand contént increased by six percent.

On a set of plots served by a ditch, in the’same study
area, sand was deposited on the first 2000 feet of ditch.
As a result, flooded areas recieved heaVy—texturéd sediment
deposifs. Sand percent decreased an average of 37%, while
clay percent increased an -average of 38% on alI'plpts over a
nine year period. Apparently, déposition of the clay
fraction occurs on fringes‘of'irrigation water infiltration.
and along the fetreating'edge of the irrigation water

advance.
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Salinity

Soil and water are considered to be saline when the
salt concentration is sufficiently high to become harmful to
plants, either directly due to toxicity or indirectly due to

osmotic stress. The definition of saline soil and saline

Irrigated Non-irrigated
(Sediment Laden Water)

Year Sand Silt Clay Sand Silt Clay

1938 67.98 13.68 18.34 57.37 18.13 24._49
1939 50.63 19.83 18.34 59.51 18.78 24.49
1940 29.23 27.88 29.54 62.03 16.37 22.55
1941 13.53 35.40 42 .87 61.50 16.95 21.58
1942 32.03 22.73 50.96 61.78 16.37 21.53

1943 37.00 24.50 45_22 61.53 16.92 21.83

Table 1. Selected data comparing changes in textural
composition of surface soil on irrigated vs. non-irrigated
plots (from U.S_.D.A., 1950).
water is not rigid, but is determined by the sensitivity of
the plant or crop in question or the intended use of the
soil or water. All soils and all natural waters contain
some dissolved salts.

Many researchers have reported soil EC iIncreases with

prolonged irrigation in western states (Rhoades, 1972;

Grismer, 1990; Thellier et al., 1990). Chemistry of
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irrig;ted soil may reflect that of the irrigation“water in
as few as one to three years after the initiatioh of
irrigation (Schafer, 1983). Many irriéation waters in the
western states are modérately to higﬁiy saline. However,
irrigation water does not need to be saline to cause an
increase in soil Eé. Even "clean" irrigatipn water will
raise soil EC as a result of inédequafe leaching, mineral
dissolution, or capillary rise of deeper, more ‘saline water
towards the surface.

Salt congentrétion of irrigation water and of the soil-
Asaturation\extracf is commonly inferred from the EC of tﬁé
water sample or soil extract. The EC of a solution is
proportionai to the solutionisalt concentration.
Concentration of salts in water is frequently expressed as
TDS in mg L™. The expréssion TDS = 640 * EC (dSm™)
describes a generalized relationship between ﬁc and 'TDS
(U.S. Salinity Laboratory Staff, 1969), although the
proportionality éhould be verified for different wéter
sources. For Powder River waﬁer, TDS = 690 * EC
(Gallagher, 1986):' While some salt is necessary in the soil
solution to maintain soil aggregate stability, excessively

high salt concentrations in soil solutions are harmful to

plants. ; : -
Two factors are responsible for negative plant
responses to high salt concentrations (James et al., 1982):

i) the 6smotic effect, in which high concentrations of salt
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reducé soil solution osmotic potential and subsequently.
inhibit the ability of plants to absorb water, and ii5 the
specific ion effect, in which an accumulation of toxic gons
iﬁ solutioﬁ (usually Na, chloride (Cl), or boron (B)) occurs
as salts concentfaté in piants. |

"Primary mechanismé by which sbil solution EC ipcréases
are evapotranspiration of applied irrigation water (Rhoades,
1972) and‘inadequaté drainage (van Schilfgaarde et al.,
1973). Hﬁwever, with proper irrigation managemenf, a salt
balance in the soil can be maintained. Salt balance occurs’
when enough water is applied to satisfy crop needs, to
accommédate evaporation, and to displace salts below the
foot Zone. Water that passes ﬁhrough the root)zone is
called the leaching fraction and is determined'on the basis
of tﬁg salt load of the applied water and that of the
drainage water. Soils with low intake rates are often
insufficiently leached (Lonkerd et al., 1§79) because of the

slow rate of transmission of water through the profile.

Sodicity

Sodium accumulation frequently re;ults‘in destruction of
physical structure and aggregate stabiiity of soil,
resulting_in a reduction in hydraulic conductivity (Kj. ‘The
épurce of Na ﬁay berweatﬂering of priﬁary rocks, marine

sediment deposits such as shales or sandstones, or sodic

irrigation water.
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Exchangeable sodium percent (ESP), Which is the degree
of satufation'of the soil exchange cbmplex with Na, is the
commonly used meésure of Na hazard in soil. ESP is defined

in equation 2 as:

- Nax ) ' ‘ »
ESP = *100
e . egn 2

where X refers to the soil exchange complex, Na is the
concentration of adsorbed Na, and CEC is the cation exchange
capacity in mg per 100 grams of soil.

| SAR is typically used to approximate soil ESP because
of the relative ease of analyéis required‘to define SAR.
SAR is derived from analysis of the séil saturated éxtrgct.
The Na hazard of irrigation water;_also determined by its
SAR, 1is measured directly.

The equation describing SAR was dgveloped by Gapon,

based on the following exchange reaction:

- .

CaiX + Na* = NaX + %C’a“* ‘ eqn 3
3 .

At equilibrium, the Gapon selectivity coefficient (K;) is
written: ; : & o

[Ca**]Y2Nax

= A ‘eqn 4
g [Na*] caxX !
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Soluble ion concentrations are expressed in mmoles per liter

(mmL™) and exchangeable ion concentrations are in
milliequivalents (meq) per 100 grams of soil. . The ratio of

exchangeable Na.to exchangeable Ca is written:

.
NaX _ o _ [Na’]

. Cax 9 [cpmis ,ean 3
_ The ratio of NaX/CaX is a'unitlesé measure of the
. exchangeable Na ratio (ESR) as shown in equation 6.
ESP S
———— = ESR . :
100 -ESP ean 6

Assuming that Ca and Mg replace Na on the exchange complex
with equal strength, the ratio of Na to Ca'and Mg is the
SAR. When cation concentrations are converted to
milliequivalents pér liter (meq L), SAR can be calculated
as follows: |

(Na']
\J .[Ca“'+Mg”] eqn 7

-SAR =

2

Correspondihgly, the Gapon equation states:

ESP

_ESP__ _ g sar aan
100-ESP 97 eqn 8
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Analysis of fifty-nine soils of the western United States
revealed that K, = 0.01475 (U.S. Salinity Laboratory Staff,
1969)..1‘ | '

Two assumptions apply to use of the Gapon equation for
determination of Na haZzard: i) Ca and Mg repléﬁe Na
equaliy, and 1ii) a single K, value represents soils with
different clay mineralqgies; In fact, K, varies inversely
with the Ca to Mg ratio (Palawi and Gandhi, 19765.‘ This Ca
to Mg relationship may be important in cases where soils are
derived from Mg-rich parent materials. Shainberg et al.
(1980) élso found that K, depends on the‘composition‘oﬁ the
exchange phasg. Furthermore, when mineralogy of a soil ig
dominated by a single type of clay, the recommended Kg value
‘may not be adequate. According to Palawi and Gandhi (1976),
"If one wefe to caiculate ESP of a soil on the basis of the
average equatidn, it would under-predict.ESP of the 1light
textured soil and overpredict that of 5 heav§ textured soil
at a particular SAR." |

Where bicarbonate (HCO3) concentrations are

significant, Ca ions precipitate according to the equation:

Ca*™+2HCO; = CaCo,+H,0+CO, ~egn 9
Precipitation of Ca++heffectively raises the relative Na
concentration in solution (Wilcox et al, 1954). 1In order
to reflect this reaction, an adjusted SAR equation (SARadj)

was developed by the U.S. Salinity Laboratory Staff (1969).
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The SARadj values are often two to three times greater than
the standard calculation would predict. Several researchers
have reported that the SARadj overstates the potential for
precipitation of Ca. Saurez (1981) proposed a new method
for calculating SAR, adjusted for HCO3. SAR values derived
from the Saurez approach are quite similar to the predicted
values (egn 8) and are considered to be a better reflection
of true Na hazard (Westcot and Ayers, 1984; Saskatchewan
Water Corps., 1989). Comparison between predicted and
calculated SAR values of different irrigation waters 1is

presented in Table 2.

Water Source SAR* SARadj** SARadj***
Rivers:

S .Saskatchewa 0.53 1.03 0.58
n 3.71 10.02 4._.64
Qu-Appelle

Lagoons:

Swift Current 4.60 13.34 5.56
Govan 5.86 17.60 7.06
Groundwater:

Tyner Valley 13.63 32.70 15.86
Hatfield 15.67 40.00 18.24
* Standard SAR calculation U.S. Salinity
Laboratory Staff, (1969)

** Adj . SAR, U.S. Salinity Laboratory Staff,
(1969)

*** Adj. SAR, Saurez, (1981) and Westcot and
Ayers, (1984)

Table 2. Comparison of SAR and adjusted SAR values for
selected Canadian waters (from Saskatchewan Water Corps.,
1989).
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A}

Saturated Hydraulic Conductivity

Darcy’s Law is regarded as the fundamental law

describing flow of water through soil. It states:

= '
V== =-KvH :
AL K ‘ egqn 10

where velocity flux (v)}is equal to tﬁe volume of water (Q),
flowing through a cross-sectional area (A), per unit time
(t), VH is the hydraulic gradient, and K is‘a
proportionality constant. The driving force, VH, is the
hydraulic potential drop per unit distance in the direction
of flow: Hydraulic potehtial (H) is the sum of a pressure
potential (h) and a gravitational potential (z). In a
horizontal column; the gravitational potential is zero and
flow occurs in responée to the pressufe potential in the
direction of decreasing potential (Figure 5a).

In a vertical columﬂ; flow is due to gravitational
potgntial and pressure potential. The gravitational'
potential (z) is detefmined by the height of a point in
relation to a reference plane.TIn Figufe 5b, the‘reférence
piane (where g=0) is the bottom of the column. . The pressure
‘potential is determined by the height of the water column

above the point of interest. Darcy’s Law restated for a

saturated vertical column is written:




Ti --Ki eqn 11

where K is iIn centimeters per second and the hydraulic
gradient (hL"1) is the ratio of pressure potential to sample

length (L), which is also gravitational potential in this

case.

Figure 5. Flow through a) horizontal and b) vertical
saturated columns (from Hillel, 1982).

Hydraulic conductivity consists of a permeability factor (k)

and a fluid factor:

K=l eqn 12
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The Tluid factor accounts for solution viscosity (L)),
solution density (p), and gravitational forces (g); both D
and p are temperature-dependent variables. Under laboratory
conditions (and even in conditions common to field
applications), temperature ranges are sufficiently small to
render variations in solution density and viscosity
negligible. Permeability describes pore geometry, which
consists of pore radius, pore size distribution, tortuosity,
and total porosity. Soil texture and structure are the
principal determinants of soil geometry. Saturated
hydraulic conductivity represents an integration of the
differential in flow velocity throughout the entire range of

pore sizes and configurations within the soil (Figure 6).

Unweothered___
marine clay "
——————————— Glacial till------------memmmommmm-
— Sill, loess--------m-mm---
----- Silty sand----------—
------ Cleon sand--------
—  Gravel m—
1 1 K
/s)
0 5 5 (cm
si % % 9 5514

Figure 6. Range of K values for various earth surface
materials (adapted from Freeze and Cherry, 1979).

In ideal conditions, intrinsic permeability of a porous
medium remains constant with time despite properties of the

flowing solution. In reality, chemical properties of the
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soil solution chénge the poré geometry, parﬁicularly when
soil is dominated by 2:1 layer silicates. The discrepénqy
between intrinsic pérmeability‘and K can be ekplained by the
fact that permeébility is derived from ﬁhe Kozény-Carmenv
equation which ignores chemical féctors. The Kozeny-Carmen

equation states (Yaron et al., eds., 1973):

1'( _ 63 ] .
T et (1-0)2 - ean 13

where: 6 = porosity
m = a pore shape factor (~2.5)
t = tortuosity (~2 ") and ,
S, = specific area per unit volume of particles
In the following section some dynamic- relationships
between soil physical properties of clay-dominated soil,
electrolyte coﬁposition and concentration of the soil

solution, and K will be described. -

The Hydraulic Conductivity Connection

Water quality characferistics are intimately related to
soil chemical and physical propeftiesf The ratio of EC to
SAR of the soil solution regulates K and infiltration, two
componenté of permeabiiity. Claséificatioh‘of soils baéed
on EC and SAR levels of saturated soil éxtract‘are presented
in Tablé 3. . .

Irrigation water is also catagorized based 6n EC and
sodicity hazard (Figure 7). In addition, the need éo

consider soil texture when developing irrigation water
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Classification EC ' SAR
Normal : | <2 <15
Saline >2 ‘ <15
Sodic ‘ | <2 ) >15
Séline—Sodic ' >2 ‘ >15

Table 3. Classification of soils according to EC and SAR.

guidelines is widely recogﬁized. Park and O’Conner (1980)
suggest that when saline-sodic water is the main irrigation.
Qater source and is supplemented by‘rain, i) all waters can
be used.on'very sandy soils; ii) ﬂo‘séline—sodic water

. should be used.on fine'textured goils; and iii) slightly,
but not highly, saline~sodic wéter’can"be used on medium
textured soils. ‘

Hydraulic éonductivity may be drastically reduced when
leached with irrigation water which has low EC and high SAR
(McNeal B.L. and N.Tw‘Colgﬁan, 1966; U.S. $alinity
‘Laboratory Stéff, 1969; Pupinsky and Shainberg, 1979; Aﬁﬁ-
Sharrar.et al., 1987;: Yousaf et al.,‘1987). Conversely, K

can be maintained even under conditions of high SAR

irrigation water if the soil solution critical or threshhold:

electrolyte concentration is maintained above specified
critical threshéld levels (Quirk, 1957).

Aggregate s&élling'and aggregate diépersion‘are
responsible for reducing K. Dispersion appears to play the

- primary role in reducing K under low EC-high SAR conditions
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Figure 7. Suggested classification of irrigation
(from U .S. Salinity Laboratory Staff, 1969).

waters
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(when ESP is 10-20 or 1ess and the electrolyte_level is less
than 10 meq L™)(Shainberg and Caiserman, 1971;lFrenke1'et
al., 1978: Puéinsky and Shainberg, 1§79; Yousaf et al.,
1987). Dispersion“causeshclay particles to migrate-and
lodge in interstitial pores, thereby plugging pore pathways.
Interlayer swelling is responsible for reduciqg K at
extremely high SAR levels (SAR>25) in 2:1 clay silicates.
This swelling reduces effective pore size"(McNeai and
'Ccleman, 1966; Pupinsky and Shainberg, 1979; Shainberg and
Caiserman, 1971). When SAR levels exceed 30-40, swelling
pressure weakens fnterlaYer bonds and disposes clay'to
further dispersion and complete loss of structure
(Fenhendler et al., .1974). Slaking, or ‘breakdown of soil
aggregates, is more important than dispersion in reducing K
when soils leached with high‘SAR—ioleb‘waters are
subsequently leached‘with.distilled water (Abu-Sherrar et
al., 1987). Aggregate dispersion and pore plugglng lead to
crust formatlon and surface sealing follow1ng ralnstorms.

Dispersion occur's prior to swelllng in 2:1 layer
silicates. Ca-saturated clay particles generally form
small dlscrete aggregates. Effectlve surface area‘of these
~aggregates is much less than that*cf'the total of the
individual clay platelettes. With initial increases in soil
solution SAR, Na is adsorbed to external aggregate surfaces,
1ncreas1ng thickness of the diffuse double layer. Repulsive

forces that develop cause dispersion of aggregates.' Ca
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remains in the.interlayer positioné, thus preventing
swelling and loss of aggregate integrity. Further increases
in SAR cause displacement of some of the interlayer Ca and
subsequent replacement with Na. The resultant increase in
interlayer ion.qoncentratioﬁ decreases osmotic bbEential.
Soil so;utisn flowihg into the interlayer spaces then
results in swelliﬁg and, iﬁ extremely sodic conditions,
disintegration of aggregates occurs (ﬁrenkél ét“al.,~1978).

Severél researchers have attempted to predict K under a
variety of ci?cumstances. -Jayawardane and BlaCRWell (1991)
found a strong correlation betﬁeen predicted and measured K
for various equivalent sélt solutions. Equivélent Salt_
solutions are defined as solutions containing different
combinations of EC and SAR that produce a fixed amount of
swelling (loss of K) in a given soil. Jayawardane and
Blackwell (1991) bropcselthét equivalent salt solutionénfor
different soils can provide a safisfaétory prediction of |
changes in K. VYousaf et al. (1987) demonstrated a threshold
relationship between EC, SAE and clay éonteﬁt such thét a

sharp decline in K occurs with small amounts of clay

dispersion (4-10 g kg™ soil). Yousaf et al. (1987) suggest -

their method of measuring clay dispersion can be used for

predicting permeability problems associated with sodic soils

and waters.
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CHAPTER 3
METHODS AND MATERIALS

Two studies weré\conducted. The objective of Study I‘
was to determine if a relationship exists between sediment
concentration in irrigation_water and K... The objectivé of
Study II was to determine if sediment depoéitién from long-.

term irrigation promotes variation in surface soil texture.
T The Soils

Soil for both studiés'ﬁas collected from adjacent sites
within a single soil mapping unit bordering the Powder
River, at the Prairie-Custer County line (Figure 8). The:
soil is characterizgd as the,Glendive‘Series (Steve Van
‘Faussén, SCS Soils Scientist; personal psmmunication),‘a )
deep, nearly level soil derived from alluvium over
stratified sedimeptary‘bedroék. The:surface soil cop;ists
of clay loam, silty clay loam, or loam ranging from 30 to 80
centimeters thick and underlaid by stratified fine sandy
loam ana loamy fine sand.

The selection of this qgil was pracfical for ‘the

following reasons:

i. The Glendive soil is a benchmark series widely

,4
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1964 Spring Creek Quad, 7.5 minute series topographic
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distributed in MQnﬁana, Wyoming, Colorado, North and South

- Dakota and is most often found under irrigated conditions.

Knowledge gained from studies on benchmark series can be

applied to other soils with similar properties (Montagne et

al., 1982).

ii. Suspendéd sedimeﬁt is of considerable impbrﬁance
to irrigators who modify their‘management practices based on
sediment ibad in the water. |

iii. Concentration of suspended sediment in the
irrigation water source“(the Powder Rivgr) is Qell above the
avefage of other northwest and plains states rivers and |
irrigation water supplies (U.s.G.S., 1986j, thus, the
results of this study may éerveuas an ‘accelgrated’ model
for trends in other irrigation éources carrying lower

suspended sediment concentrations.

Study I: Saturated Hydraulic Conductivity (XK...)

Irrigation water regimes representing the range in

salinity and sodiciﬁy of irrigation water previously

described in Table 3 were used to measure K,,. . It is wéll

documented that K‘has a well‘documehted response to EC, SAR,
and EC-SAR interactioné. On thé'other hand, the effect of
sedimentrconéentration on K is not well documented.

cbnstanf head‘Kyﬁ was measured on packed cores éf
ground'soil obtained from the study site. The method ﬁsed

to assess K was recommendgd‘by'McIntyre and Loveday (1974)
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for the following reasons:
"Measurement of hydraulic conductivity under a positive
head is often made on cores or packed columns of ground
soil as being the best practical alternative (to field
measurement).  The data produced are useful in the
. comparative sense and in particular, ground soil may
perhaps be reasonably representative of the actual
condition of tilled surface soils. For most soils
finer in texture than sandy loam, the saturated
“hydraulic conductivies will rate in the same order as
the unsaturated values at which significant movement of
water occurs in the field."
McIntyre and Loveday further note that conductivity in
undisturbed cores may be altered by up to two orders of
magnitude. ' These disparities-are caused by compaction or
rearrangement of pore space that can not be avoided in field
collection (Rogers and Carter, 1987). ' Conversely, packed
cores can be made homogenous, thus providing reproducible
~values, if thoroughly mixed and prepared using standardized

methods.

Soil and Sediment Sampling

The systematic sampling procedure described by Petersen

and Calvin (1986) was used to collect discrete units of bulk

soil and bulk sedimént from transects on six adjacent graded
border panels 90 feét wide and 1,000 feet long. The field
from which samples were collected was in a three year oidv‘
stand of alfalfa at tho time of sampling.

Soil sampies were oollecfed from the top 15 centimeters-
of fhe brofileu The surface % centimeter of each sample
location'wao fese;ved as the sediment portion of the sample.

This depth was a randomly selected criterion to separate
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irrigation-supplied sediment from in-situ soil.

The soil portion was dried, ground, and packed into
sections of P?C pipe to create the soil core§ employed in
the measurement of K_,.. The sediment samplé was added to
irrigation water solutions to achieve suspendedjsediment
concentrations required for the various treatments.
Particle size analyses were completed for the soil and
‘sedimenﬁrsamples. Results (Table 4)‘reveal that the
sediment portion contained less sand and more clay than the

soil portion of each sample.

-Sand silt ' Clay
Sample 0.05mm 0.002~-0.05mm <0.002mm
Percent ,(g/é *#°100) ' \
Soil 48.5 31.1 { 20.1
Sediment 20.1 28.6 ‘ 51.3

Table 4. Particle size distribution of bulk soil and
sediment used in K, study (Study I)-

Soil and_ Sediment Sample Preparation

Bulk sediment was rinsed three times with disfilléd
water in order to remove free ions. Each rinse volume of
distilled water was double the Voiume of the bulk sediment.
-The sediment‘was then-dried, ground, and thoroughly mixed:

Bulk soil was paséed through a 2mm sieve{ and placed -
in each soil column accprding to the method described by
McIntyre and Loveday (1974). This method was used to iﬁsure

“the entire particle size spectrum was included  and well
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" mixed in each sample. ~One hundred forty five grams of soil

were measured into each cyllnder and packed by sixty seconds
of high velocity mechanical vibration, Average bulk density

of the soil cores was 1.64 gcm™.

Solution Chemistry Preparation

Four irrigation water solutions were prepared, which.
represented the four EC/SAR combinations presented in:Table
5. The GEOCHEM model was used to calculate amounts of
various salts required to achieve the salinity and sodicity
levels desired while preventing oversaturation with respect.

to CO, and SO, salts (Table 6).

EC (dS m™)
SAR
0.5 . 5.0
1 o WQ 1 | WQ 3
L 15 ©OWQ 2 | WQ 4

Table 5. EC and SAR combinations used to create water
quality categories for 1rrlgatlon solutlons for K.... study
(Study I).

GEOCHEM is an agqueous- speciation model that calculates ion

activity coefficients and predicts complex formation. (Page,

1980)

Treatments

Sedlment was addéd to each of the bulk solutions of ‘the
water qualities described in Table-5 to create irrigation

waters with concentratiens of 20, 2,000, and 20,000 mg'of
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sediment per L of irrigation water, as shown in Table 7.
These sediment concentrations reflect the annual range of
suspended sediment in the Powder River (Gallagher, 1986;

U.S.G.S., 1986).

Constituent “ WOl ** WQ2 “ WQ3 “ o WQ4
* Na* 1.35 4_.80 5.00 24 .63
* Ca** 1.71 0.55 27 .50 12.40
* Mg™* 1.81 0.10 27.50 12.50
* HCO3 1.35 4.80 2.50 12.50
* S0/ 2.62 0.55 32.50 36.76
cIv 1.53 0.25 13.75 6.20
EC 0.55 0.40 4_35 4 .57
SAR 1.04 17.50 2.85 14 .47
PH 7.4 7.6 8.1 8.2
* lons expressed in meq L"1

**  Water quality treatments with respect to EC and SAR

Table 6. Constituent composition and selected water quality
parameters of treatment solutions used in Kat study.

EC (dS nrl)
SAR © 5 5 o
Sediment Concentration (mg L"1)

20 20
| 2,000 2,000
20,000 20,000

20 20
15 2,000 2,000
20.000 20,000

Table 7. Irrigation water combinations (EC x SAR x sediment
concentration) used iIn Kat study.
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Experimental Apparatus
The experimental set-up is presented in Figﬁre 9.
Cylinders were constructed from 5 cm dlameter (L) thick=~

walled PVC plpes cut to 20 centlmeter lengths. Thln cotton

fabric and window screening were glued to the bottom of each

column tc nrotide support for the soil, to allow drainage of
effluent, and to prevent loss of soil partlcles. insides of
the columns were scarlfled w1th a wire brush and coated with
a‘thln layer of_sand in order to~reduce laminar flow along
the edges of the soil cores. Cylinders containing-the
packed soil cores .(a) were suspended over funnels with ring-
stands. Treatment solution was maintained at a constant
head (h) of 15 centimeters within the cylinders.

A flask'containing the treatment solution supply (b)“
was placed on a magnetic stirrer (c) set at a speed such
that all sediment was kept in suspension. The Erlenmeyer
flask apparatus (d)‘proVided the‘pressure necessary to

maintain constant head in the soil cylinder.

Procedure for Measuring Koot

Fach soil.core'was saturated from the bottom with the
appropriate treatment solution (Table 5) for a period of 12
hours prior to data collection.:vcbarse steel wool was
placed gently on the soil surface to minimize dlsturbance to
the surface of the s01l core at the time 1rr1gatlon water

waS'lntroduced to the column. A constant head of 18
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Figure 9. Experimental set-up for KMt. study.
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centimetérs of the appropriate irrigation water tréatment
was established. The steel wool was thenHremoved and the
solution level was adjusted as necessary by raising or
lowering the chinder. The amount of gffluent produced Qas
noted at freqdent igtervals for thirty minutes'to assure
that a constant and even flow had been established.
Effluent collected during the initiai thirt? minutes was
discarded. Following thi; calibration period, effluént
volume was recorded at fifteen minute intervals, for 90 to
120 minutes. The constant head level of each column was
ladjusted as necessary following each recording. K., was

calculated using Darcy’s equation as follows:.

~ L '
o Kt =jz1%72 ‘ eqn 14

is expressed in cm per min (cm min™)

quantity of leachate (cm®)

cross-sectional area of s01l core (20.268 cm®)
unit time (15 min)

length of soil core (5 cm)

hydraulic head (18 cm)

where:

£

5 H a0
| T I 1 O

Statistical Analysis

The study was conducted as a completely randomized
‘factorial with five replications of all twelve treatment
combinations. The averade K... for each column served as one

replication.
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Study I1I: Sediment Deposition Study

Soil textural variation across an irrigated blot

reduces irrigation efficiency due to non-uniform penetration

of irrigation water into the soil profile. On the Powder
*River, where irrigation Water has high sediment | '
concentrations, long term irrigation apbears té create
variation in soil textures across én\irrigated plot. The
purpose of the sediment deppsition‘study was fo determine if

surface texture of land irrigated with Powder River water

has been altered because of uneven sediment. deposition.

Layout of Plots

Study II was conducted on the same site previéusly
described (Figure 8). The two adjacent plots were within
one soil mapping unit, and, except fbr ifrigation‘hiétofy;
appeared identical. One plot 'was established in a field
‘that had been continuously irrigated for forty.years (Bill
Griffin, personal communication). .The field had been _
planted to alfalfa four years pribr to thé study and fhere
- had been no cultivation during those four years.

Presumably, any sediment that may have béen deposited-on the
soil surface as a result of irrigation during that time

period has remained relatively undisturbed. The second plot
was a non-irrigated site that had no histofy of cultivation7

Idenfical plot layout and sampling schemes were

conducted on the paired irrigated and non-irrigated plots
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(Figure 10). The top of the plots was defined by the gated-~
pipe irrigation line. Plots 45 m by 60 m were divided into

a grid of twelve blocks, each of which was 15 meters square.

Sampling Method

A template measuring 69 cm by 38 cm was placed in the
cenfer of each of the grid blocks. The entire surface one
cm of soil was collecfed from within the template. Three
sub;samplesfof this bulk sample were independently analysed.

for particle size distribution. .

Particle Size Analysis

Particle size distribution was determined using the
hydrometer method (Gee and Bauder, 1986). Forty gram soil

samples were used.

Statistical Analysis

Observations were made.on sets of paired experimental
pnits. Paired units consisted of percent-gand, percent .
silt, percent clay, and percent silt + clay on a mass basis,’
collected from four distance increments, on irrigated and
non-irrigated treatment sites. Data was analyséd'using the
MSU-STAT computer'prbgram developed by Lund (1991). Because
the paired study sites were nét fahdole'éelected, biaslis
inherent to this study. For this reason, statistically
determined differences may not necessarily be attributed to
irrigation treatment; differences. between the paired plots

appears to be due solely irrigation treatment.
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irrigation line

IRRIGATED
NON -IRRIGATED

replication

Figure 10. Layout of adjacent irrigated and non-irrigated
plots from which sediment samples were collected for Study
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CHAPTER 4

RESULTS AND DISCUSSION

Study 1 Results: Saturated Hydraulic Conductivity K.kl

Results of ANOVA (Table 8) indicate that Kaat was
significantly affected by EC and SAR of the irrigation water
(=0.01) and by the sediment concentration of applied water

(p = 0.10).

Source df Mean Square F-Value P-Value
EC I 9.3*10"" 87.54** 0000
SAR I 3.2*10"" 30.32**  _0000
EC*SAR I 7.5*%10"" 70.94*** 0000
SED 2 4_0*10"5 3.81** .0292
EC*SED 2 8.1*10"= 7.57**  _.0014
SAR*SED 2 8.8*10"= 8.31*** 0008
EC*SAR*SED 2 4_.3*10"= 4_06** .0236
RESIDUAL 48 1.1*10"=
Significant at a = 0.01; * at = 0.05

F(1:48) 0.01 = 7.1; F(2:48)0.01 = 5.0

Table 8. ANOVA for Kaat as a function of irrigation water
quality and sediment concentration.

EC and SAR Effects

Mean Keat was significantly greater (2.5*10~-3 cm min'1)
for soil columns leached with the high EC solutions than
for soil columns leached with low EC solutions (1 .9*10-3 cm

min®1) (Figure 11). Similarly, Keaat in soil columns leached



Figure 11. Mean K3t at low levels and high levels of EC and
SAR.
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with low SAR solutions was significantly higher (2.7*10"* cm
min™) than that éf soil columns leached with high SAR
solutions (2.1%10™* cm min™)."

These results would be predicted based on the

fundamentals of soil physics and éhemistry. High salt

concentrations in soil solution maintain clay particles in a
flocculated state which ihcreasés the ability oflsoil
solution to move through the soil profile. High'SAR levels’
prémote dispersion of clay particles, which in turn,

restricts movement of soil solution through the profile.

EC*SAR Interaction Effects

Interactive effects of EC and SAR on hydraulic
conductivity have been well documented (Mcﬁeal ana‘Coleman,
1966; U.S. Salinity Laboratory Staff, 1965} Pupinsky and
Shainberg, 1979; Abu-Sherrar et al., 1987; Yousaf et al.,

1987). A comparison of mean K. as -affected by irrigation

water quality is presented in Figure 12. The lowest K., was.

measured in those soils leached with the low EC/high SAR
combination irrigation water (WQ2). This low K.,. is likely

the result of swelling, dispersion and migration of clay

_ particles in the soil column with prolonged wetting .

The combination 6f‘high EC and low SAR (WQ3) did not
produce substantially higher K., than that of the_remaininé
two water quality solutions. Instead, mean K. of WQ3 was
clustered near fhe K..e resulting from lgaching with WQ1l and

WQ2 solutions. The lack of'sighificént differences in
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effect is probably a result of the particle size
distribution of the soil used for this study. The study
soil was of a loamy tékturerin which the sand fraqtinn
(0.485 g sand/g soil sample) and the silt fraction (0.311
g/9) eaéh comprise a greater proportion of the total soil
composition than the clay fraction (0.201 g/g). As a result
of thia relatively high sand to clay ratio,_the intrinsic
permeability associated with the sand fraction appears to
outweigh the effects of clay responses to salinity and
sodicity levels in the irrigation water. 1Indeed, Whitmyer
and Blake (1989f found that sand content was the primary
variable determining,physical proparfies, innluding‘K“t, of

a soil mixture.

Sediment Concentration Effects

Effect of suspended sediment concentration of
irrigation water on Ksat was not 51gn1f1cant at the 1%
probability 1evel. The mean K,,. for 5011 columns irrigated
with water containing 20 mg L ™ sediment was 2.37x107 am
min™; K;; for soil columns irrigated with watér containing
2,000 mg L™ sedlment was 2.15x10™® cm min™; and K.,. for 5011
columns 1rr1gated with 20,000 mg L™ sedlment was 2.42x107
cm min™ (Figure 13). Mean Kut,Aaveraged_across all columns,
is 2.30x10"° cm min™™. The effect of K... is significant at
the 10% probability level, however the data do not provide

evidence of trends or patterns with regard to sediment

'concentratlon or interactions w1th other water quality factors.‘
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éediment Concentration * WQ Interaction Effecté

The apparent importance of interactive effects of
sediment ¢concentration and EC and sediment concentration and
SAR on K_,. can be attributed to significant effects of the
chemical characteristics of the irrigation Qater andﬁnot to
the effects of sediment concentration,pn Kﬂt._ Mean K,,. for
each sgdiment concentrétion (averaged'across water qua;ity

treatments) clusters near the mean value for the particular

water quality treatment they occurred in and not near the’

respeétive sediment concentration means (Figure 14 and 15).

Effect of sample size on X.,.

Soil-sample volume can affect the rate and/or between-
sémple variability of K... Boumav(1983) reported mean K
.decreased by a factor of‘seven as soil core leﬁgth increased
from 0.05 m to 0.17 m. Parker and Albrecht (1987) reported
between-core variance in‘Kmm decfeased as core volume
increased from 92 ml to 1,770 ml. Similarly, Zobeck et al.
(1985) reported the smallest coefficient of variance for k“;
occurréd in samples with the largest cross—septional areas.
They suggested that é larger sampl; size inéorporafés more
field hetefogeneity. Tokunaga (1988) reported an inverse
:relatiénship between permeameter radius and annular flow.

The soii cores used in the study reported herein_were
five cm léné by five cm diameter and contained 101.3 cm®
soil. These dimensions resulted in soil cores which were on

the small end of the scale for the studies cited, therefore,
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Figure 14. Mean Kat as a function of sediment concentration
and EC of irrigation water.
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the cores used in this study are more likely to have higher
between-sample variation in Ksat. Though differences due to
field heterogeneity were reduced by using packed cores,
other factors associated with small sample size, such as
annular flow, may play a role in producing high between-

sample variability, masking other treatment effects.
Study 11 Results: Sediment Deposition Study

Results of paired comparisons on particle size analyses
(PSA*"s) conducted on surficial soil samples collected from
adjacent 1irrigated and non-irrigated sites are presented 1in
Table 9. The ANOVA indicates significant differences (p =
0.05) in surface soil texture can be detected as a result of

irrigation with sediment-laden Powder River water.

Mean
Source df Square F-Value P-Value
Sand: Between | 708.98 6.08“ 0.0488
Within 6 116.64
Total 7
Silt: Between | 199.22 4._.29“ 0.037
Within 6 46 .43
Total 7
Clay: Between | 171.54 3.91* 0.0955
Within 6 43.93
Total 7
Silt + Clay:
Between | 718.2 5.53* 0.0571
Within 6 130.16
Total 7

** Significant at a = 0.05; * Significant at a = 0.10

Table 9 . ANOVA of particle size analysis of soil samples
obtained from irrigated and non-irrigated study sites
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<

Sand

There is 18.8% more éand dﬁ thé ﬁon—irrigated site than
on the irrigated site when éﬁerééed across ﬁhe two sites.
Percent sand on the irrigated site decreases incrementally
with distance from the irrigation source (Figure 165. fhe
difference in percent sand from the top of the site to the
bottom of the site is 35f6%. By contrast, percent sand
increases.8.8% over the same distance on the non-irrigated
éite. The difference on the non-irrigéted site is
negligible and can be attributed to variation within tﬁé
field. At O ﬁeters, there is virtually no difference in the
amount of sand between the two sites. At 45 meters, the

difference between the two treatments is 34;8%. 

Silt and Clav

The surface soil samples from_the irrigated site
contained 10% more silt énd 9.3% more clay than soil'samplés
from the non-irrigated site when averaged across the entire
treatment site (Figures 17 and 18). There is virtually no-
differeﬁcevin percent of the non-sand fraction 5étweeﬁ'the
two sites at 0 meters‘(Figu;e’l9). Percent of non-sand soil

separates increases 10% and 16.4% respectively, from the 0

_to 45 meter positions on the irrigated site. On the non-

irrigated site, percent silt decreases only slightly (6%)
from the 0 to 45 meter position. Although percent clay

shows spatial variation, on the non-irrigated site, the

‘variation is not a stepwise change with respecﬁ to distance
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Figure 17. Comparison of percent silt iIn soil samples
obtained from various positions on irrigated and non-
irrigated sites.
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Figure 18. Comparison of percent clay in soil samples
obtained from various positions on irrigated and non-
irrigated sites.
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Figure 19. Comparison of percent silt + clay 1in soil
samples obtained from various positions on 1irrigated and
non-irrigated sites.
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since the percent clay at distance O meters and distance 45
meters are nearly equal. The increase iIn percent silt and
percent clay on the bottom half of the irrigated site
suggests that deposition of the finer particle size segment
IS occurring.
Particle size distributions of samples obtained from

the two study sites are presented in Table 10.

DISTANCE SAND*  SILT*  CLAY* SILT+CLAY™*
TREATMENT  FROM INLET

SITE m (9/g) x 100%
0 56.8 33.4 9.8 43.2
15 52.0 32.1 15.9 48.0
IRRIGATED 30 27.5 48.2 25.8 74.0
45 31.2 43 .4 28.3 71.6
Average 41.9 39.3 20.0 59.2
0 57.2 29.1 13.7 42 .7
15 57.2 36.7 6.1 42 .8
30 62.4 28.3 9.3 37.7
NON-
IRRIGATED 45 66.0 23.0 13.7 37.9
Average 60.7 29.3 10.7 40.3
Total 51.3 34.3 15.3 49.7
Average

* Diameter ranges in millimeters: Sand, 0.05-2;
silt, 0.05-0.002; Clay, <0.002

Table 10. Particle size distribution of surface soil samples

obtained from various positions on 1irrigated and non-
irrigated study sites.

The particle size distribution of the surface soil of the

entire non-irrigated site iIs characterized by sandy loam
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textures. Sandy textures charécterize oﬁly the 'samples
obtained from the top of the'irrigated site. Surface soil
texture becomes progressively more loamy with distance away
from the irrigation source, and af the bottom of the |
irrigated sige, the sbil'texture is clay loam.

Ratio of Percent Sand- to Percent Silt+Clay

On the non-irrigated site, percent of sample in the

- non-sand fraction declines slightly, and percent of sample

in the sand size fraction increases ;lightly with distance
from the irrigation source on the nohjirrigated site.
However, the overall ratio of percent sand to pe;centﬂ
silt+clay remains stable (Figure 20). On the irrigated -
siée,‘the ratio of percent of sémple~in the non-sand-sized
to sand-sized fraction more than doubles from the upper ena
to the lower end of the study site. The variability in
particle size distribution measured on samples from the
irrigated site does not occur on samples from the non-

irrigated site.

Discussion of Study IT Results
Based on the results of a study conducted by the

U.S.D.A. (1950), it was_anticipéted that sand-sized

- particles would settle out of suspension near the irrigation

source, leading to elevated levels of sandrsized particles
on ‘the irrigated site, compared to the dryland site. Lack

of anticipated deposition of sand-size particles in the
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Figure 20. Ratio of percent sand to percent silt + clay of
soil samples obtained from various positions on irrigated
and non-irrigated sites.
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upper end of the irrigated site may be a consequence of high
pressure and turbulent flow of irrigation water entefing the
site, scouring the éo}l surface, exposing parent material,
and transporting soil particles ‘downslope rather than
depositing soil parﬁicles in place. Becauée sand comprises
only 14% bf_the éotal sediment concentration of the '
irrigation water at this site (U.S.G.S., 1986), deposition
of sand‘may be masked as a result of deposition of flocs bf
Qilt and clay size ﬁarticies. Finally, §and sizé‘particles‘
may not. be feaching‘the irrigated site in measurable amounts
but may be settling out at the pump site or en route in the

irrigation systenm.
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Chapter 5
CONCLUSIONS -

Irrigation efficiency is an important issue for

irrigators in the Powder River Basin, who raise low cash-
value crops, and | who must make fhe best possible use of
limited water supplies. Dewatering, a_chronic problem on
the Powder River, is largely a result of irrigation.
Agriculture is responsible for the majority of riparian and
water quality impairments-(Mﬁnfana Department of‘Health and
Environmental Scieﬁces-Water Qﬁality Bureau, 1994). Impacts
include loss of aquatic life forms, fish,habitat; and
riparian plant c@mmunities; nutrient and sediment loadiﬁg;
chemical contamination; and bankvdestabilizatioﬁ.'

Water quality issues are of great importance to Powder
River 1rr1gators, who have economlc, historic, and personal
ties to the river. Improvement qf water quality is
dependent on a clearer understaqding of causes of
degfadation and iﬁplementation of improved agricultural
practices.

Good indicators of irrigation water quality atre
dissolved solids conéentration, relative composition of

ionic constituents, and suspended sediment concentration.
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Water quality quickly reflects the chemical constituencf of
the soils through which it flows (Schafer, 1983). Powder
River goils are derived from maring-deposited cretaceous
shales and sandstones which contain ﬁiéh concentrations of
salts and'sodium; The soils éontribute to the EC and SAR of
river wéter. Re?urn flows‘of‘irrigation drainage water also
add to the salt Ioad of the river:_‘High salt or sodiﬁm./ :
concentrations are directly responsible for reduced crop
yieids due to ion toxicity'or osmotic effects. Soil
responses to galt and sodium concentrations givé rise to
secondary impacts on cropxyields..

Sodicity levelslin Powder River irrigation’water are
‘incfeasing dramatically (Gallagner, 1986). Carey‘(1989)
found flow adjusted data for SAR increased progressively
from 1.1% to 1.9% per yéar frqm 1952 to 1985. A ten year
_ avérage for SAR and EC wefe 4.8 and 1.9 dsS m™*,
respectively, at a U.S.G.S gaugingyStation at Locate, MT
(Gallagher, 1986). While Gallagher (1986) showed a
gubstantial iﬁcréaée ih EC levels from 1954 to 1984, Carey .
found no such trend. 1In either caée, the rate of increase
in SAR is greater than that in EcC.

Soils in thé‘Powder River are unconsolidated and-
contribute to notably high suspended sediment.
concentratrations. Clay-size pérticles comprise a 1arge‘
percentage of the soil particle-size spectrum.  Normally low

base flow increases dramatically during times of snowmelt

{
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runoff from the Bighorn Mountains in Wyoming or following

short swift runoff events from plains storms. These sudden>

increases over base flow are assoclated with increased
suspended éediment concentration. Avéragersuspended
sediménf concentfation"is 3,000 mg L'* but may reach 30,000
mg L‘L1 during floods (ﬁ.S.G.S., 1986). Sixﬁy percent of
suspended sediment transported past Locate, MT are clay-size
partiéles. No increasing trend in suspended.sediment

concentration is predicted for the Powder River {Smith and
Alexander, 1985). o | ' B

A study was undertaken to determine the extent of
sediment deposition on an irrigated site and the effects of
such depositiqn on one soil physical bpoperty, Keate AN
irrigated site was characterized by a finer surface soil
te#ture than a similar non—irrigated site. —Particle'size
distribufion becomes progressively fiﬁer with distance from
the irrigation source on the irrigated site. The same’
variation in papticle size distribution with respect to
. position on the field is not apparent on the non-irrigated
site. .

Nielsen et al. (;973) reported that seemingly uniform
‘_land areas manifest large variations in hydraulic
coﬁductivity_values.\ Changes in particle size distribution
as a result of irrigation would‘have management implications
for irrigators. increment@l éhéhges in soil texture over a

number of years might result in reduced irrigation
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efficiency through a reduction in uniformity of surface soil
texture as well as a reduction in infiltration and
permeability due to surface eeal formetion.

Powder River-irrigated soils were leached in the
laboratory with a series Sf,solutions represehting a
spectrum of irrigation water'qualities with fespect to EC,
SAR, and suspended sediment copcentration. Classic K.,.
responses to EC and SAR were-achieveéd.

Typically Powder River watei is moderately saline and

SAR is too low to be considered sodic at this tlme. The

" water quality treatment that most closely resembles that of

Powder River water was the solution containing a high EC/low
SAR combination. No reduetion in K... was noted for this
treatment combination.

) Slgnlflcant reduction in K., was achleved only in those

soils leached w1th a_low EC/hlgh SAR comblnatlon 1rr1gat10n

‘water. This combination is not typical of the water or

soils in the Powder River Basin but may occur on sodium-
affected soils following a downpour. Even with the trend
towards increasing SAR, SAR levels are unlikely‘to.surpass
the EC threshhold at whieh_dispersion would occur on
Glendive soils (theé soils used in fhis studY) since low
salinity levels are not present in-the soil or ih the water:

K.at Yesponses to suspended sediment were small but

' significant. -Various trends‘were'apparenf with respect to

levels of sediment coneentrationlin combination with other
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water quality factors, however, the importance of such

I

patterns can not be determined or conéiusions drawn based on
the results of this study, due to high sample variation. It
is important to néte thatlresponses were achieved despite
short guration éf irrigation. Long-term, repéatgd
irrigation with treatment combinations may serve to bring
out trends that are no£ apparent in this study. Further'
investigétion is warranted.

K.ax Was not reduced by most Water.qualify treatments.
This suggests‘that irrigation with Péwder River water may
ha&e little negative impaqt‘on,the éustainability of éhe
Glendive series, or similar coarse texfured soils, with
| respect to K., despite high EC, SAR, .and sediment
concentrations. Soil texture and clay minefalbgy have a
profound effect on the:impacts of éélinity and sodicity on
Keaee Coarse textured soils will maintain movement of
irrigation water through thehprofilé under most conditions
known to occur on the Powder River. ‘Fine textured soils may
require special management not required for coarse textured

solils.
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Table 11. Study 1I: Quantity of effluent collected at )
fifteen minute intervals through soil columns irrigated with
solutions containing various combinations of EC, SAR and
sediment concentration.

SED CONC1. Q2
EC SAR CmaL-M REP TIME CmD
0.5 1 20 I 15 2.3
0.5 1 20 I 30 2.8
0.5 1 20 1 45 2.6
0.5 1 20 1 60 2.4
0.5 1 20 1 75 2.6
0.5 1 20 1 90 2.7
0.5 1 20 1 105 -
0.5 1 2,000 | 15 2.6
0.5 1 2.000 | 30 2.7
0.5 1 2,000 I 45 2.7
0.5 1 2,000 1 60 2.6
0.5 1 2,000 | 75 2.7
0.5 1 2,000 1 90 2.6
0.5 1 2,000 I 105 2.7
0.5 1 20,000 | 15 2.7
0.5 1 20,000 1 30 2.7
0.5 1 20,000 1 45 2.5
0.5 1 20,000 1 60 2.7
0.5 1 20,000 1 75 2.6
0.5 1 20,000 | 90 -
0.5 1 20,000 1 105 -
0.5 1 20 2 15 1.7
0.5 1 20 2 30 1.9
0.5 1 20 2 45 1.7
0.5 1 20 2 60 2.0
0.5 1 20 2 75 2.0
0.5 1 20 2 90 2.1
0.5 1 20 2 105 -
0.5 1 2,000 2 15 2.0
0.5 1 2,000 2 30 2.5
0.5 1 2,000 2 45 3.6
0.5 1 2,000 2 60 2.7
0.5 1 2,000 2 75 2.7

1Sediment concentration in treatment solution (ng L"1}.

Quantity of treatment solution (ml) passing through soil core
during 15 minute time interval.



74

Table 11 - continued

SED CONC.
EC SAR (maL"1) REP TIME

0.5 1 2,000 2 90
0.5 1 2,000 2 105
0.5 1 20,000 2 15
0.5 1 20,000 2 30
0.5 1 20,000 2 45
0.5 1 20,000 2 60
0.5 1 20,000 2 75
0.5 1 20,000 2 90
0.5 1 20,000 2 105
0.5 1 20 3 15
0.5 1 20 3 30
0.5 1 20 3 45
0.5 1 20 3 60
0.5 1 20 3 75
0.5 1 20 3 90
0.5 1 20 3 105
0.5 1 2,000 3 15
0.5 1 2,000 3 30
0.5 1 2,000 3 45
0.5 1 2,000 3 60
0.5 1 2,000 3 75
0.5 1 2,000 3 90
0.5 1 2,000 3 105
0.5 1 20,000 3 15
0.5 1 20,000 3 30
0.5 1 20,000 3 45
0.5 1 20,000 3 60
0.5 1 20,000 3 75
0.5 1 20,000 3 90
0.5 1 20,000 3 105
0.5 1 20 4 15
0.5 1 20 4 « 30
0.5 1 20 4 45
0.5 1 20 4 60
0.5 1 20 4 75
0.5 1 20 4 90
0.5 1 20 4 105
0.5 1 2,000 4 15
0.5 2,000 4 30
0.5 1 2,000 4 45
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Table 11 - continued

EC SAR
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SED CONC.

(maL 1) REP TIME
2,000 4 60
2,000 4 75
2,000 4 90
2,000 4 105
20,000 4 15
20,000 4 30
20,000 4 45
20,000 4 60
20,000 4 75
20,000 4 90
20,000 4 105
20 5 15
20 5 30
20 5 45
20 5 60
20 5 75
20 5 90
20 5 105
2,000 5 15
2,000 5 30
2,000 5 45
2,000 5 60
2,000 5 75
2,000 5 90
2,000 5 105
20,000 5 15
20,000 5 30
20,000 5 45
20,000 5 60
20,000 5 75
20,000 5 90
20,000 5 105
20 1 15
20 1 30
20 1 45
20 1 60
20 1 75
20 1 90
20 I 105
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Table 11 - continued

SED CONC.
EC SAR CitiaL"™M REP TIME
0.5 15 2,000 I 15
0.5 15 2.000 1 30
0.5 15 2,000 1 45
0.5 15 2,000 I 60
0.5 15 2,000 1 75
0,5 15 2,000 I 90
0.5 15 2,000 I 105
0.5 15 20,000 I 15
0.5 15 20,000 I 30
0.5 15 20,000 I 45
0.5 15 20,000 I 60
0.5 15 20,000 I 75
0.5 15 20,000 I 90
0.5 15 20,000 1 105
0.5 15 20 2 15
0.5 15 20 2 30
0.5 15 20 2 45
0.5 15 20 2 60
0.5 15 20 2 75
0.5 15 20 2 90
0.5 15 20 2 105
0.5 15 2,000 2 15
0.5 15 2,000 2 30
0.5 15 2,000 2 45
0.5 15 2,000 2 60
0.5 15 2,000 2 75
0.5 15 2,000 2 90
0.5 15 2,000 2 105
0.5 15 20,000 2 15
0.5 15 20,000 2 30
0.5 15 20,000 2 45
0.5 15 20,000 2 60
0.5 15 20,000 2 75
0.5 15 20,000 2 90
0.5 15 20,000 2 105
0.5 15 20 3 15
0.5 15 20 3 30
0.5 15 20 3 45
0.5 15 20 3 60
0.5 15 20 3 75
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Table 11 - continued

SED CONC.
SC SAR fmalL"1) REP  TIME
0.5 15 20 3 90
0.5 15 20 3 105
0.5 15 2,000 3 15
0.5 15 2,000 3 30
0.5 15 2,000 3 45
0.5 15 2,000 3 60
0.5 15 2,000 3 75
0.5 15 2,000 3 90
0.5 15 2,000 3 105
0.5 15 20,000 3 15
0.5 15 20,000 3 30
0.5 15 20,000 3 45
0.5 15 20,000 3 60
0.5 15 20,000 3 75
0.5 15 20,000 3 90
0.5 15 20,000 3 105
0.5 15 20 4 15
0.5 15 20 4 30
0.5 15 20 4 45
0.5 15 20 4 60
0.5 15 20 4 75
0.5 15 20 4 90
0.5 15 20 4 105
0.5 15 2,000 4 15
0.5 15 2,000 4 30
0.5 15 2,000 4 45
0.5 15 2,000 4 60
0.5 15 2,000 4 75
0.5 15 2,000 4 90
0.5 15 2,000 4 105
0.5 15 20,000 4 15
0.5 15 20,000 4 30
0.5 15 20,000 4 45
0.5 15 20,000 4 60
0.5 15 20,000 4 75
0.5 15 20,000 4 90
0.5 15 20,000 4 105
0.5 15 20 5 15
0.5 15 20 5 30
0.5 15 20 5 45
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Table 11 - continued

EC SAR
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SED CONC. Q

fmal"1) REP TIME  (mL)
20 5 60 1.6
20 5 75 1.7
20 5 90 1.6
20 5 105 1.9
2,000 5 15 1.3
2,000 5 30 1.2
2,000 5 45 1.1
2,000 5 60 1.3
2,000 5 75 1.4
2,000 5 90 1.2
2,000 5 105 -

20,000 5 15 1.5
20,000 5 30 1.6
20,000 5 45 1.7
20,000 5 60 1.6
20,000 5 75 1.6
20,000 5 90 1.5
20,000 5 105 -

20 I 15 2.1
20 I 30 2.0
20 I 45 3.8
20 I 60 2.2
20 I 75 2.6
20 I 90 2.4
20 I 105 -

2,000 I 15 2.3
2.000 I 30 2.3
2,000 I 45 2.2
2,000 I 60 2.2
2,000 I 75 2.2
2,000 I 90 2.2
2,000 I 105 -

20,000 I 15 2.1
20,000 I 30 2.5
20,000 I 45 4.4
20,000 I 60 3.3
20,000 I 75 3.5
20,000 I 90 3.7
20,000 I 105 3.9
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Table 11 - continued

SED CONC.
EC SAR (maL"1) REP TIME
5 I 20 2 15
5 I 20 2 30
5 i 20 2 45
5 1 20 2 60
5 1 20 2 75
5 I 20 2 90
5 1 20 2 105
5 1 2,000 2 15
5 | 2,000 2 30
5 | 2,000 2 45
5 1 2,000 2 60
5 1 2,000 2 75
5 1 2,000 2 90
5 1 2,000 2 105
5 | 20,000 2 15
5 1 20,000 2 30
5 1 20,000 2 45
5 1 20,000 2 60
5 1 20,000 2 75
5 1 20,000 2 90
5 1 20,000 2 105
5 1 20 3 15
5 1 20 3 30
5 1 20 3 45
5 1 20 3 60
5 1 20 3 75
5 1 20 3 90
5 1 20 3 105
5 1 2,000 3 15
5 1 2,000 3 30
5 1 2,000 3 45
5 1 2,000 3 60
5 1 2,000 3« 75
5 1 2,000 3 90
5 1 2,000 3 105
5 1 20,000 3 15
5 1 20,000 3 30
5 1 20,000 3 45
5 1 20,000 3 60
5 1 20,000 3 75
5 | 20,000 3 90
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Table 11 - continued

SED CONC.
EC 2AR _ (mgirl) REP TINME
5 I 20,000 3 105
5 I 20 4 15
5 I 20 4 30
5 I 20 4 45
5 | 20 4 60
5 I 20 4 75
5 | 20 4 90
5 I 20 4 105
5 I 2,000 4 15
5 I 2,000 4 30
5 | 2,000 4 45
5 | 2,000 4 60
5 | 2,000 4 75
5 | 2,000 4 90
5 | 2,000 4 105
5 [ 20,000 4 15
5 | 20,000 4 30
5 | 20,000 4 45
5 | 20,000 4 60
5 | 20,000 4 75
5 I 20,000 4 90
5 I 20,000 4 105
5 I 20 5 15
5 I 20 5 30
5 1 20 5 45
5 | 20 5 60
5 | 20 5 75
5 | 20 5 90
5 1 20 5 105
5 I 2,000 5 15
5 | 2,000 5 30
5 | 2,000 5 45
5 | 2,000 5 60
5 1 2,000 5 75
5 | 2,000 5 90
5 | 2,000 5 105
- 20,000 5 15
= | 20,000 5 30
= I 20,000 5 45
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Table 11 - continued

SED CONC.
EC SAR (maL'1) REP TIME
5 1 20,000 5 60
5 I 20,000 5 75
5 1 20,000 5 90
5 1 20,000 5 105
5 15 20 1 15
5 15 20 1 30
5 15 20 1 45
5 15 20 | 60
5 15 20 1 75
5 15 20 1 90
5 15 20 1 105
= 15 2,000 1 15
= 15 2.000 1 30
3 15 2,000 1 45
3 15 2,000 I 60
3 15 2,000 1 75
3 15 2,000 1 90
3 15 2,000 1 105
5 15 20,000 1 15
5 15 20,000 1 30
5 15 20,000 1 45
5 15 20,000 1 60
5 15 20,000 1 75
5 15 20,000 1 90
5 15 20,000 1 105
5 15 20 2 15
5 15 20 2 30
5 15 20 2 45
5 15 20 2 60
5 15 20 2 75
5 15 20 2 90
5 15 20 2 105
5 15 2,000 2 15
5 15 2,000 2 30
5 15 2,000 2 45
5 15 2,000 2 60
5 15 2,000 2 75
5 15 2,000 2 90
5 15 2,000 2 105
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Table 11 - continued

SED CONC
EC SAR (maL ™) REP TIME
5 15 20,000 2 15
5 15 20,000 2 30
5 15 20,000 2 45
5 15 20,000 2 60
5 15 20,000 2 75
5 15 20,000 2 90
5 15 20,000 2 105
5 15 20 3 15
5 15 20 3 30
5 15 20 3 45
5 15 20 3 60
5 15 20 3 75
5 15 20 3 90
5 15 20 3 105
5 15 2,000 3 15
5 15 2,000 3 30
5 15 2,000 3 45
5 15 2,000 3 60
5 15 2,000 3 75
5 15 2,000 3 90
5 15 2,000 3 105
5 15 20,000 3 15
5 15 20,000 3 30
5 15 20,000 3 45
5 15 20,000 3 60
5 15 20,000 3 75
5 15 20,000 3 90
5 15 20,000 3 105
5 15 20 4 15
5 15 20 4 30
5 15 20 4 45
5 15 20 4 60
5 15 20 4 75
5 15 20 4 90
5 15 20 4 105
= 15 2,000 4 15
S 15 2,000 4 30
- 15 2,000 4 45
- 15 2,000 4 60
3 15 2,000 4 75
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Table 11 - continued

EC SAR

15
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SED CONC

fmalL-M REP  TIME
2,000 4 90
2,000 4 105
20,000 4 15
20,000 4 30
20,000 4 45
20,000 4 60
20,000 4 75
20,000 4 90
20,000 4 105
20 5 15
20 5 30
20 5 45
20 5 60
20 5 75
20 5 90
20 5 105
2,000 5 15
2,000 5 30
2,000 5 45
2,000 5 60
2,000 5 75
2,000 5 90
2,000 5 105
20,000 5 15
20,000 5 30
20,000 5 45
20,000 5 60
20,000 5 75
20,000 5 90
20,000 5 105

ﬁnE)

&)}

RPENNNDNN NN

WNDNDNDNDNN ArhOWOPOW
OO OwOonN O 00 OO0 W™ ONONO OO CORFRPWWHAM o1

NNNNNWR



84

Table 12. Study 1l. Particle size distribution at various
positions on treatment site, averaged over three
replications.

TREATMENT VARIABLE DISTANCE REP PERCENT
fa/a*10
irrigated sand 0 I 58.03
irrigated sand 0 2 34.47
irrigated sand 0 3 78.00
irrigated sand 15 I 15.90
irrigated sand 15 2 84.40
irrigated sand 15 3 55.60
irrigated sand 30 I 21.50
irrigated sand 30 2 28.00
irrigated sand 30 3 32.20
irrigated sand 45 I 19.30
irrigated sand 45 2 37.36
irrigated sand 45 3 36.93
irrigated silt 0 I 30.93
irrigated silt 0 2 49.00
irrigated silt 0 3 20.13
irrigated silt 15 | 43.30
irrigated silt 15 2 15.03
irrigated silt 15 3 37.90
irrigated silt 30 I 52.53
irrigated silt 30 2 48.20
irrigated silt 30 3 43.87
irrigated silt 45 | 50.67
irrigated silt 45 2 46.90
irrigated silt 45 3 32.57
irrigated clay 0 I 11.03
irrigated clay 0 2 16.53
irrigated clay 0 3 1.87
irrigated clay 15 | 40.76
irrigated clay 15 2 0.57
irrigated clay 15 3 6.70
irrigated clay 30 1 25.53
irrigated clay 30 2 22.70
irrigated clay 30 3 29.20
irrigated clay 45 | 30.00
irrigated clay 45 2 24.30
irrigated clay 45 3 30.50



Table 12 - continued

TREATMENT VARIABLE DISTANCE REP PERCENT
(a/g*100)

irrigated si+cl 0 | 41.97
irrigated si+cl 0 2 65.63
irrigated si+cl 0 3 22.00
irrigated si+cl 15 I 84.10
irrigated si+cl 15 2 15.60
irrigated si+cl 15 3 44 .40
irrigated si+cl 30 | 78.07
irrigated si+cl 30 2 70.90
irrigated si+cl 30 3 73.07
irrigated si+cl 45 | 80.67
irrigated si+cl 45 2 71.20
irrigated si+cl 45 3 63.07
non-irrigated sand 0 | 60.90
non-irrigated sand 0 2 56.30
non-irrigated sand 0 3 54 .60
non-irrigated sand 15 | 65.10
non-irrigated sand 15 2 64 .57
non-irrigated sand 15 3 42 .00
non-irrigated sand 30 | 71.00
non-irrigated sand 30 2 31.10
non-irrigated sand 30 3 71.3
non-irrigated sand 45 | 60.57
non-irrigated sand 45 2 64.03
non-irrigated sand 45 3 73.43
non-irrigated silt 0 | 25.77
non-irrigated silt 0 2 36.00
non-irrigated silt 0 3 25.43
non-irrigated silt 15 | 29.40
non-irrigated silt 15 2 24.10
non-irrigated silt 15 3 66 .50
non-irrigated silt 30 | 25.56
non-irrigated silt 30 2 34.00
non-irrigated silt 30 3 25.43
non-irrigated silt 45 | 23.83
non-irrigated silt 45 2 26.93
non-irrigated silt 45 3 18.23
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Table 12 - continued

TREATMENT VARIABLE DISTANCE REP PERCENT
fq/q*100)
non-irrigated clay 0 I 13,33
non-irrigated clay 0 2 7.70
non-irrigated clay 0 3 20.00
non-irrigated clay 15 I 7.13
non-irrigated clay 15 2 7.76
non-irrigated clay 15 3 3.33
non-irrigated clay 30 I 6.43
non-irrigated clay 30 2 13.20
non-irrigated clay 30 3 8.33
non-irrigated clay 45 | 15.63
non-irrigated clay 45 2 9.03
non-irrigated clay 45 3 23.00
non-irrigated si+cl 0 I 39.10
non-irrigated si+cl 0 2 43.70
non-irrigated si+cl 0 3 45.43
non-irrigated si+cl 15 I 34.90
non-irrigated si+cl 15 2 35.43
non-irrigated si+cl 15 3 58.00
non-irrigated si+cl 30 | 32.00
non-irrigated si+cl 30 2 47 .20
non-irrigated si+cl 30 3 33.77
non-irrigated si+cl 45 | 40.20
non-irrigated si+cl 45 2 34.70
non-irrigated si+cl 45 3 47 .90






