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ABSTRACT

A laboratory soil-column experiment was conducted

to study the effect of soil stratification on salt dis-

tribution in soil profiles under fallow condition.

Columns (6.3 cm ID. x 55 cm) of homogeneous and

stratified Pima clay loam and Pima sandy loam were used.

The stratifications consisted of 1 and 5 cm thick layers,

10 cm below the surface. Salty groundwater containing a

total of 5,000 ppm of the ions Na, Ca, Mg, Cl, and SO4 was

maintained at 55 cm below the soil surface of each column.

Observation of capillary rise and evaporation were made

daily. Chemical analyses of the soil for the selected

depths were carried out after 32 days.

In general, the column surfaces of the stratified

soils were significantly higher in salt than the homo-

geneous sand and clay soils, due to the upward movement of

the salty groundwater through the soil columns which final-

ly evaporated at or near the surface. The major ions

contributing to the surface salts were Na+, Ca++, and Cl.

Furthermore, salt in clay soil columns was relatively

higher in Ca++ concentration and lower in levels of Na+

than in the sandy soil.

ix



CHAPTER I

INTRODUCTION

The capillary rise of water from shallow water tables

can in some cases serve the useful purpose of supplying water

to the root zone for crop production. This process also en-

tails the hazard of salinization, especially in arid and

semi-arid climates where soluble salts accumulate in

the soil profile as a result of continuous evaporation of

water from soil surfaces associated with capillary rise of

high salinity water from the groundwater table caused by

lack of effective drainage systems.

Soluble salts increase or decrease in the soil pro-

file depending on whether the net downward movement of salts

is less or more than the net salt input from irrigation

water and upward movement of salty groundwater by capillary

action. The tendency for water to flow from the groundwater

towards the soil surface will persist as long as the suction

head at the surface is greater (smaller negative value) than

the depth of the water table. Meanwhile, as liquid water

moves upward through a soil profile, the dissolved salts

move with it; but, when the water evaporates, the salt

remains at or near the surface. Moreover, salts in solution

also move by diffusion because of concentration and tempera-

ture gradients. As salt concentration increases near the

1
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soil surface, because of the capillary rise and evapora-

tion, the concentration gradient will tend to move salt

downward against the upward flow of soil solution (Doering

1963). On the other hand, the temperature gradient tends

to move salt in solution by diffusion from the warm zone

to the cool zone within the soil profile. The net salt

accumulation in the profile, or on the surface, depends on

the balance between these two major forces (Fig. 1).

Salts included in salt-affected soils usually are

the sulfates and chlorides of calcium, magnesium, sodium,

and sometimes potassium (iIiller, Turk, and Foth 1965).

The concentration of salt at various depths in the

soil profile varies with the soil-forming factors (parent

material, climate, vegetation, topography, and time).

Climate, primarily rainfall, is the dominant factor. The

intensity as well as the total amount of rainfall influences

the distribution and concentration of salt in soils. Expe-

rience in arid land soils leads to the observation that

factors other than rainfall, such as soil texture, strati-

fication, compaction, and amount and distribution of organic

matter also affect salt variability throughout the profile.

Texture has a great effect on the rise of water

from a water table in the soil because of the capillary and

surface forces acting in the pore spaces which are predom-

inantly large in the case of a sandy soil and mall in the

case of clay soil. Therefore, water will rise higher but
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Fig. 1. Flow diagram for the movement of water and salt
in soil with a shallow water table. (After
Doering 1963).



4
less rapidly in clay than in sand. Meanwhile, the maximal

transmission of groundwater and evaporative rate decrease

with water table depth, more steeply in coarse-textured

soils than in fine-textured soils. Homogeneous soil pro-

files occur only rarely in nature, therefore the possible

effect of textural stratification on capillary rise, rate

of evaporation, and then on salt accumulation will exist.

An example of soluble salt distribution in the

Pecos River basin soil (Fuller 1967) is presented in Table

1. If water alone, either from rain or irrigation, was

responsible for the variation of salt distribution in the

soil, then there would be a fairly uniform increase with

depth to the maximum point of water penetration. Since

this is not the case, texture seems to play an important

role in this variability.

Soils in alluvialflood plains and river valleys

may be stratified in other ways than texture; i.e., com-

paction, lime, and/or gypsum, organic matter, tilth,

wetness, and different types of clay minerals. The current

work is aimed towards studying the effect of texture strati-

fication on the process of soil salinization.



Sand

Soil
Paste
pH

Depth of
Sampling

Total
Dissolved
Solids*

inches mmhos/cm

Textur

Silt Clay Class

32 20 Loam
21 17 Sandy Loam
34 18 Loam

31 20 Loam
33 25 Sandy Clay

Loam
25 10 Sandy Loam

20 15 Sandy Loam
43 20 Loam
41 16 Loam
23 16 Sandy Loam

32 33 Clay Loam
36 16 Loam
22 18 Sandy Loam
26 9 Sandy Loam

9 30 Clay Loam
37 23 Loam
25 31 Clay Loam
24 12 Sandy Loam

0-12 7.9 7.2
12-24 8.0 6.0
24-50 8.0 7.4

0-12 8.1 7.3
12-24 8.1 10.2

24-50 8.1 5.5
0-1'2 5.0 5 . 9

12- 8. 0 10.0
24-3 8.1 10.8
36-50 8.2 8.5

0-12 7.9 21.3
12-24 7.9 13.2
24-46 7.9 11.5
46-50 7.9 10.3

0-12 7 0.0
12- 7.9 16.0
24-3 7.9 19.0
36-50 8.0 13.2

48
62
49

49
42

65

65-
42
43
61

35

itg
65

40
Lj4
6L1.

Table 1. Some Examples of the Relationship Between Texture
and Salt Characteristics of Soils from an Irri-
gated Valley in the Sonoran Desert Where Salty
Water is Used for Irrigation (Fuller 1967)

*To get the approximate total dissolved solids in terms
of ppm or mg/1, multiply by 700.



CHAPTER II

REVIEW OF LITERATURE

Very little actual experimental data are available

on the mechanism of differential salt accumulation in

naturally stratified soil profiles. Most of the work which

has been done in this area is related to the upward flow of

water from the groundwater and its final evaporation from

the surface.

Evaporation and Salinization

Closely associated with irrigation in the arid and

semiarid regions is the problem of salt accumulation at or

near the soil surface. Evaporation and salinization are

very closely related. Richards, Gardner, and Ogata (1956)

and Doering, Reeve, and Stockinger (1963) estimated evapo-

ration by measuring the accumulated salt on the soil surface

and salt concentration of the groundwater.

Salt movement in the soil takes place with the

water movement, especially in the wetting front after irri-

gation and in the evaporation zone at the surface during

the drying cycle (Fuller and Halderman, in press).

The salt in soil solution moves either by viscous

flow or diffuse flow, or both. Kemper (1961) discussed in

detail the relative importance of viscous and diffuse flow

6
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as a function of the thickness of water films. In films of

water 3-20 A° in thickness, diffusive flow may be important;
while in films of 100 A° or more in thickness, viscous flow
generally predominates. gayum and Kemper (1961), and the

U. S. Salinity LaboratoryCiandbook No. 60, 1954) clarify the

process of soil salinization: as water moves upward to the

surface from the groundwater as a result of soil-water po-

tential gradient and capillary rise, it carries salt with

it. Since the proximity of the groundwater from the water

table to the soil surface often results in the evaporation

of large amounts of water from the surface, the salt that

remains after such evaporation is concentrated at or near

the surface.

Hide (1954: 234) stated,"Inadequate moisture supply

is the factor which most commonly limits crop yield on 61

million hectares (150 million acres) of cultivated lands

and on 324 million hectares (800 million acres) of range

lands in the western seventeen states of the United States."

This problem is due partly to an insufficient water supply

and partly due to the inefficient utilization of the water

normally available in the soil.

Evaporation of Soil Moisture 

Evaporation is the process whereby water in a liquid

phase within the soil changes into gaseous phase which moves

out to the atmosphere in the absence of plant affects.



8

Hillel (1972) and Luthin (1957) pointed out that

for the evaporation process to exist, first there must be

a continuous supply of heat to meet the latent heat require-

ment (590 cal/gm at 15 C°). Secondly, the vapor pressure

in the atmosphere must remain lower than the vapor pressure

at the evaporation surface. Finally, there must be a con-

tinual supply of water moving to the site of evaporation.

Accordingly, the actual evaporation rate from the soil is

controlled either by the external evaporativity or by abili-

ty of the soil to deliver water from the groundwater to

the surface.

Lemon (1956) divided the evaporation process of

soil moisture into three states: the first stage is that

of rapid loss of water where capillary flow to the soil

surface is sufficient to meet the evaporation demand of the

above-ground environment. The second stage is one of rapid

decline in rate of loss as the soil reservoir is depleted.

In this case, the climate conditions are no longer important

since the intrinsic soil factors govern the rate of evapo-

ration. The last stage of moisture loss is that of extremely

slow rates of movement and is governed by adsorptive factors

of molecular distance at the soil liquid-solid interface.

In fallow land, and when the soil surface is sub-

jected to radiation and wind effects, a considerable loss of

water will OCCUT from both irrigated and nonirrigated agri-

cultural land. Petes (1960) indicated that up to 50 percent
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of water lost by evapotranspiration during a normal growing

season was lost by evaporation alone. Hanks, Gardner, and

Fairbourn (1967: 593) stated that "in water-deficient areas,

such as the Great Plains of the United States, it is esti-

mated that about 60 percent of the precipitation is

returned to the atmosphere by evaporation."

Potentialities for Decreasing Soil
Moisture Evaporation Loss

Because of the great importance of evaporation much

research has been done to further understand the process

and find means for its minimization. Hide (1954) and Lemon

(1956) published extensive reviews of work on factors in-

fluencing the evaporation of soil moisture and the potenti-

alities to eliminate such loss. Lemon emphasized two basic

concepts for its reduction. First, decreasing the turbulent

transfer of water vapor above ground by allowing stubble to

stand, adding mulching materials, increasing the soil sur-

face roughness, and using wind breaks. The second was to

decrease the capillary conductivity and hold the water

capacity of the soil surface by chemical additive and sur-

factant such as "Naphtha Soap Compound."

Hanks, Gardner, and Fairbourn (1967) indicated that

the soil moisture loss is more affected by radiation than

by wind movement.
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Fritton, Kirkham, and Shaw (1967) pointed out a

direct relationship between accumulative evaporation and

evaporation potential with time. From testing the chlo-

ride redistribution, they showed that evaporation occurs

mainly in the upper two centimeters from the surface.

Often the soil profile consists of a number of

distinct layers. Holmes, Greacen, and Gurr (1960) pointed

out the possible effects of surface layers with different

tilth upon evaporation in the presence of the water table.

Gardner and Fireman (1958) showed that a dry layer at the

soil surface reduces the evaporation rate and water move-

ment through such a layer OCCUTS slowly and mainly by vapor

diffusion.

Salt and clay content of the soil have a great in-

fluence on the evaporation process. Bolt and Miller (1955)

showed that an increase in salt content decreases swelling

pressure of clay and thereby decreases its moisture con-

tent. Qayum and Kemper (1961) pointed out that high salt

concentration reduces the moisture loss of soils. Hanks

(1958) conducted experiments verifying earlier works and

indicated that there was a direct relationship between

porosity and water vapor flow rates, and an inverse rela-

tionship between depth of dry soil layers and the flow

rate.

Texturally stratified soil profiles seem to play an

important role in distribution and concentration of salt in
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soils and, accordingly, on evaporation loss. In a study

of soils along the Pecos River in Texas, Fuller compared

the distribution of soluble salts in the profiles of a great

number of irrigated fields in 1940 with salt distribution in

the same locations in 1964 (Table 2). The effects of the

24-year period of irrigation indicates that there is a cor-

relation between soil texture and salt accumulation in the

soil profile.

Saline and Alkali Soils

Saline and alks3i soils contain excessive concen-

tration of either soluble salts or absorbed sodium, or

both, which interfere seriously with the growth of plants

and, consequently, the productivity and the value of the

land. The soluble salts that effectively contribute to

soil salinity consist mostly of various concentrations of

the cations: calcium, magnesium, sodium, and sometimes

potassium; and of the anions: sulfate, chloride, bicar-

bonate, and sometimes carbonate.

According to Allison (1964), bicarbonate and carbo-

nate are usually present in minor amounts as compared to

chloride and sulfate. Appreciable amounts of carbonate

ions occur in soils, primarily with pH values greater than

8.6.

The original sources of the salts which contribute

to saline soils are the primary minerals found in soils and
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in the exposed rocks of the Earth's crust. As a result

of chemical decomposition and physical weathering during

soil formation, the soluble salts are gradually released

from the minerals and rocks (U. S. Salinity Laboratory

1954, Luthin 1957).

Salinization 

Salinization is the process whereby soluble salts

accumulate on, or below, the soil surface and it is mainly

limited to lands of the arid and semiarid regions (U. S.

Salinity Laboratory 1954).

Salts move and accumulate in soils mainly as a

result of the movement of soil water. Controlling or

reducing salinity levels in the soil, therefore, depends

largely on the management practices that have to do with

water movement and its control (Fuller 1967).

Irrigation waters contain soluble salts varying

from 1.25 to 60 gm/m3 (0.1 to 5 tons/acre-foot), and the
annual application of water may range from 9200 to 15,500m3/ha

(3 to 5-acre feet per acre) (Allison 1964). Drainage prob-

lems commonly arise in large irrigated areas (Israelsen and

Hansen 1950) as a result of low efficiency in the conveyance

and application of irrigation water. On the other hand,

these problems might be a result of surface flows from areas

of excess irrigation water application, and of seepage from

higher surrounding lands.
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Determination  of Salinity and Sodium
Hazard in Soil and Irri ation Water

Classification for the quality of irrigation water

based on salt content and sodium absorption ratio (SAR), is

shown in Fig. 2 (U. S. Salinity Laboratory 1954). Continued

irrigation with water from a higher class of salinity and

sodium hazard in the absence of some form of removal will

add salts to the soil which will eventually accumulate suf-

ficiently to affect plant growth and reduce crop yield.

Finally, such salts stop all growth (Fuller 1967, Luthin

1957).

An effective diagnostic system for appraising the

salinity and sodium hazard of soils must take into con-

sideration field moisture conditions because plants are

responsive to the salt concentration of the soil solution

which reflects osmotic suction conditions. Therefore, salin-

ity and sodium measurement would be more reliable if made on

extracts of the soil solutions within the field moisture

range. The difficulty of obtaining such extracts makes it

impossible for the usual routine laboratory work.

Use of the electrical conductivity of the satura-

tion extract (ECe) expressed in millimhos per centimeter at

25°C is recommended by the U. S. Salinity Laboratory (1954).

The unique feature of this method is that the salt concen-

tration in the saturation extract is roughly one-half the

concentration of the soil solution at field capacity and
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roughly one-fourth the concentration at the permanent wilt-

ing percentage.

The exchangeable-sodium percentage (ESP) has been

used to indicate the sodium hazard of salt-affected soils.

In fact, the definition of sodic soils is based on the ESP

determination. The determination of ESP by conventional

chemical methods requires the following separate determina-

tions:

1. Soluble sodium in a saturation extract of the soil.

2. Total sodium in an ammonium acetate extract of the
soil.

3. The cation exchange capacity (CEC) of the soil.

When so determined, much time is required. The U. S. Salin-

ity Laboratory staff (1954) reported that the ESP can be

estimated from the sodium adsorption ratio SAR which is

defined as:

SAR =

2
where concentrations are expressed in milliequivalents per

liter. Figure 3 represents a nomograph for determining the

the BAR (U. S. Salinity Laboratory 1954).

Classification of Saline and Alkali Soils 

Before 1950 most soil texts classified salt-affected

soils according to either the category outlined by Hilgard

in 1906, or that proposed by the Russian workers (deSigmond

1938). After that date the U. S. Salinity
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Laboratory Handbook No. 60 (1954) became widely

used. It is simpler and appeared satisfactory for prac-

tical field operation. The United States classification

system includes three categories (Table 3) which are em-

ployed for soils containing either sufficient amounts of

soluble salts or high exchangeable sodium or both, which

interfere with the growth of most crop plants. The defi-

nition of each category is dependent on the electrical

conductivity in millimhos/cm at 25°C, and the exchangeable-

sodium-percentage for the saturated extracts.

Table 3 , Classification Categories for Salt-Affected
Soils (U. S. Salinity Laboratory 1954).

EC
Category	 mmhos/mu
	 ESP

Saline soils
	 <15

Saline-alkali soils
	 > 15

Nonsaline-alkali soils
	 < 4
	

> 15

Theoretical Considerations

The process of soil salinization is affected by

general factors including liquid, vapor, and solute movement

in soil. Upward movement of water through a soil profile in

the presence of a shallow water table is mainly affected by

the capillary rise and unsaturated upward flow (Hillel 1972).
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The rise of water in the soil from a water table

has been termed "capillary rise". This term is derived

from the "capillary model" which regards the soil as anal-

ogous to a bundle of capillary tubes, large in the case of

sandy soil, and small in the case of clay soil. The equa-

tion relating the equilibrium height of capillary rise (h e )

to the radii of the pores is:

hc = 2 Cos Go 
r PWg
	

(1 )

where Yis the surface tension of soil water, r is the

capillary radius, Pw is the soil water density, g is the

gravitational acceleration, and O the wetting angle,

normally taken as zero (Taylor 1972).

A flow equation for the steady-state upward move-

ment of water from a water table through the soil profile,

after the ultimate height of capillary rise, to an evapo-

ration zone, is given by Gardner (1958). When steady-state

flow is upward, the direction will be described by the

equation:

or

q = K (cis 14)

dZ

q=D d9

where q is a constant representing the flux, S is the suc-

tion head, D is diffusivity related to the capillary con-

ductivity by the expression D = -K ds, Z is the depth, 9
d9
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is the water content on a volumn basis, and K is the capil-

lary conductivity.

An empirical equation given by Gardner (1958) for

determination of the hydraulic conductivity (K), which

gives a suitable result in most soils, follows:

K _	 a (4)- (Sn + b)

where a, n, and b are constants, which must be determined

for each soil. In general, the coarser the texture of the

soil, the larger the value of "n". For most soils, values

of "n" equal to 2 or 3 give the best fit. For "a" and "b"

there are six cases explained in detail by Gardner (1958).

Combining equation (2) and equation (4) gives:

q 	a 	 Ida
- (Sn + b	 1)( 5)

Willis (1960) studied the upward flow and evapora-

tion from a layered soil profile in the presence of a

water table. He indicated that a simple way to apply the

steady-state upward flow equation from a nonuniform soil

profile is by dividing the soil profile into a number of

uniform layers, each layer considered to be homogeneous.



CHAPTER III

MATERIALS AND METHODS

A laboratory experiment was conducted to study the

effect of texture stratification on salt accumulation in

soil profiles as a result of capillary rise from shallow,

salty groundwater and evaporation.

Soils 

The soils were taken from the surface horizons

(0-30 cm) of Pima sandy loam and Pima clay loam, located

on the Marana Experimental Farm of The University of

Arizona, 30 miles northwest of Tucson. The Pima series is

classified according to the 7th Approximation System

"Anthropic Torifluvent," and the great soil group is "Al-

luvial Soil" in the 1939 system. The physical and chemical

analyses of the two soils used in this experiment are shown

in Table L.

Soil Columns 

The study was carried out in polyglass columns 6.3

cm in diameter and 60 cm in height. The outsidesof the

columns were first painted black and then with metallic

aluminum paint in order to eliminate the growth of fungi

and microorganisms and reduce the direct effect of sun

radiation; meanwhile, a strip one centemeter in width along

21



12.5 19.5

80 135

18 15

125 120

69 50

85 70

50 60
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Table 4. Some Physical and Chemical Properties of the
Pima Soils Used in the Study

S o il s
Parameter
	 Units

Sand	 %

Silt	 %

Clay	 %

Saturation Percent of Soil

pH - Soil Paste	 -

EC - Saturation Extract	 EcX103	 1.31	 1.38

Soluble Salts, Saturation
Extract	 ppm	 917	 966

itMg

Na	 IT

K	
IT

cl tt

So4	
IT

No3	
It	 147	 336

EDTA(0.01 Normal)	 ml	 .75	 1.1

Sandy Loam Clay Loam

48.5 30.2

37.6 40.3

13.9 29.5

32.0 51.0

7.5 7.5

Cation Exchange Capacity meq/100gm
soil

meq/LC a
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each column was kept without paint, and instead was covered

with a removable masking tape.

Water Table Leve1in7 Device 

Each column was connected at the bottom by a plas-

tic tube to a polyethylene graduated cylinder of one liter

capacity containing the simulated groundwater to provide a

means of measuring the amount of groundwater passing through

the soil columns and evaporated at the surface. A glass

tube with one end opened to the atmosphere and the other

end immersed in the groundwater through a rubber cover,

was used in each graduated cylinder to provide an automatic

leveling device for maintaining a water table of 55 cm
below the surface in the soil columns.

Soil Salinity Control 

Total salt in the groundwater used was 5,000 ppm

consisting of the sulfates and chlorides of sodium, calcium,

and magnesium dissolved in dionized water. The percent of

each cation was as follows: Na 25%, Ca 65%, 11g 10%.

Quality and chemical analysis of the groundwater is

shown in Table 5.

E2222ImlaLaLikaaLan
The soil columns were divided into two groups. The

first group consisted of 18 columns--six treatments with



24

Table 5. Quality of the Groundwater Used

a. Concentration

Kind of Salt
	

% by weight

NaC1

Na2SO4

CaC12

CaSO4

MgC12

MgSO4

Total 

	18.75	 937.5

	

6.25	 312.5

	

48.75	 2437.5

	

16.25	 812.5

	7.50 	375.0

	2.50 	125.0. 

100.00	 5000. 0

b. Concentration 

Cations and Anions
	

PPm
	 raeq/L

Na+

Ca++

Mg ++

Cl -

S°4

Total

469.85

1118. 0 0

119. 30

2407.10

885.00

23.01

55.88

10.00

52 .75

18.45

4999. 25 160.72
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three replications--to study the differential salt accumu-

lation resulting from texture stratification (Fig. 4). The

second group consisted of six columns which were treated

as in the first group, but each column was connected with

a tensiometer (Coors porcelain - 5 )31), 10 cm below the soil

surface. Hanging columns of glass tubes filled with water

were used as a device for measuring the soil-water potential

in each column (Fig. 5).

All parts of the tensiometers were filled with air-

trapped water, having the same quality as the water

used in the experiment. A randomized complete block design

was applied for the experiment. Variation among the blocks

was kept as low as possible by realigning the direction and

location of the rows every ten days.

Physical and Chemical Analyses 

The following analyses were carried out on the soil

samples:

Mechanical analysis was by the hydrometer method of

Day (1956).

The pH and the electrical conductivity (mmhos/cm at

250C) for the saturated extract were determined as proposed

by U. S. Salinity Laboratory Handbook No. 60 (1954). Beck-

man expanded scale glass electrod pH-meter was used for pH

determination; conductivity cell, pipet-type (solu-bridge)

was used for measuring the electrical conductivity.
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GRAVEL PIMA
SANDY LOAM

PIMA
CLAY LOAM    

A                                                                 

55
CM.

	0

5Cm.
	t_s_,o_uro	

-41 6.3 cw

Fig. L. The vertical cross-section of the soil texture
design for the six treatments.



RUBBER TUBE
WITH

CLAMP

-at-FILLING TUBE

(-- THREE-WAY
ADAPTER

(FILL WITH WATER)

HANGING COLUMN
OF WATER

(GLASS TUBE)
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Fig. 5. Diagram of the tensiometer used in determining
the soil-water potential.
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The DIAL-ATOn analytical instrument was used for

calcium, sodiun, and magnesium determination using the atomic

absorption spectrophotometry for calcium and magnesium;

flame emission for sodium determination.

Chloride was determined by titration with silver

nitrate using potassium-chromate indicator.

Sulfate was determined by using the automated pro-

cedure proposed by Lazrus, )ill and Lodge (1966).

The cation exchange capacity (CEC) was determined

as suggested by Black (1965).



CHAPTER IV

RESULTS AND DISCUSSION

Soil Analysis 

The physical and chemical analyses of the two

soils (Pima sandy loam and Pima clay loam) are presented

in Table 4. It is evident that both soils are non-

saline and nonalkali. The cation exchange sites are

dominated by Ca++ as are most Arizona desert soils of pH

values below 8.4.

Capillary Rise 

The average rate of capillary rise and the amount

of water required to reach the surface may be estimated

from data in Table 6. The amount of water required for

the capillary rise through the soil columns to the soil

surface is higher in the clay soil than in the sandy soil.

The rate of upward movement of water through the sandy

soil was greater than that of the clay soil.

In soil columns where the soils were stratified,

the amount of water necessary for wetting and the rate

of wetting observed were between comparable values of the

homogeneous sandy and clayey soil columns.

29
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Evaporation from the Soil Columns 
and Free Water  Surface

The accumulative evaporation from the soil columns

for 32 days is shown in Table 7 and Fig. 6. The temperature

in the greenhouse during this period ranged between 25 and

350C. Generally, Pima sandy loam transmitted more water to

the evaporation surface than Pima clay loam, but the evapo-

ration from both soils was less than the evaporation from

a free water surface.

Stratified soil texture seems to have an important

effect on the transmission of water and the evaporation

process. It is obvious from the cumulative evaporation and

the soil-water potential (Table 8), that the clay soil

stratified with 1 and 5 cm of sand layers (columns D and
F) transmitted less water than the homogeneous

clay profile. On the other hand, stratified sandy soil

with layers of 1 and 5 cm of clay layers (columns C and E)
reduced the cumulative evaporation with respect to that of

the homogeneous sandy profile. These differences in water

losses could be explained in terms of salt and moisture dis-

tribution through the soil columns, as well as the pore

volume and size distribution of the two soils.

By definition, evaporation potential has the value

of the slope of the "linear" relationship between cumula-

tive evaporation and time for free-water surfaces (Lemon

1956). As a result of differential salt concentration and



Date
	

Columns 

1974	 A , C	 D
km of water)

Free
Water
Surface

Table 7. The Sum of Capillary Rise and Evaporation water
from the Soil Columns and a Free Water Surface-
cm Depth

32

5-28
5-29
5-30
5-31
6-1
6-2
6-3
6-4
6-5
6-6
6-7
6-8
6-9
6-10
6-11
6-12
6-13
6-14
6-15
6-16
6-17
6-18
6-19
6-20
6-21
6-22
6-23
6-24
6-25
6-26
6-27
6-28
6-29
6-30
7-1
7-2

6.74
12.03
15.08
17.97
19.73
20.69
21.33
21.99
22.78
23.42
23.96
24.54
25.02
25.35
26.15
26.79
27.27
27.91
28.55
28.87
29.36
29.84
30.32
30.64
31.12
31.76
32.24
33.04
34.01
34.65
35.29
36.25
37.05
37.86
38.82
39.46

6.h2
12.19
17.32
20.85
22.10
23.10
23.90
24.62
25.00
25.77
26.27
27.23
27.55
29.19
28.84
29.64
30.79
31.10
31.77
32.04
32.68
33.00
33.49
33.97
34. 1 7
34.65
34.97
35.13
35.61
35.93
36.
36.89
37.54
37.86
38.18
38.66

6.74
12.51
15.72
19.93
1973i
20.54
21.18
21.50
22.12
23.58
24.06
24.54
24.70
25.18
25.67
26.147
27.11
27.75
28.32
28.55
29.19
29.68
30.16
30.64
31.28
32.08
32.40
33.21
34.01
34.65
35.29
36.35
37.03
37.54
38.34
39.14

6.74
12.03
1 7.49
19.10
21.50
22.78
23.58
24.22
24.54
25.02
25.67
26.h7
26.63
27.11
28.05
29.19
29.68
30.00
30.64
30.80
31.28
31.60
32.08
32.56
32.72
33.21
33.37
33.85
34.))L9
3 4.b5
34.81
35.13
35.61
35.93
36.25
36.57

6.74
12.51
14.76
17.81
19.42
20.35
21.02
21.66
22.10
22.81
23.17
23.74
2)1.28
24.60
25.18
25.99
26.31
26.79
27.43
27.75
28.07
28.39
28.71
29.36
29.84
30.32
30.64
31.28
31.76
32.08
32.56
33.37
33.85
34.17
35.13
35.77

6.42
12.51
17.65
19.41
20.85
21.82
22.62
23.26
2)1.38
24.86
25.51
26.15
26.117
26.95
27.59
28.23
28.61
29.25
29.89
30.21
30.69
31.01
31.33
31.65
31.81
32.08
32.40
32.71
33.22
33.54
33.85
34.32
34.65
34.97
35.77
36.10

0.16
0.64
1.22
1.60
1.90
2.29
3.53
4.17
4.97
5.61
6.26
6.90
7.54
8.18
8.80
9.63

10.25
10.98
11.71
12.10
12.65
13.31
13.96
14.92
15.40
16.20
16.88
17.49
18.45
19.09
20.05
21.01
22.30
23.00
23.78
24.50
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the unsaturated flow condition, evaporation potential will

be affected in each case according to the kind and amount

of salts present and the moisture content throughout the

soil profile. Accordingly, the higher the soil-water

potential in the evaporation zone, the more tension and

less evaporation.

Table 8. Maximum and Minimum Reading of the Tensiometers
(Soil-Water Potential) for Each Column

Columns
Case
	 A	 B	 C	 D	 E	 F

(cm of water)

Max.	 97	 46	 46
	

4-3
	

55

36
	

81
	 38
	

L13
	 38
	

50

The homogeneous clayey profile (Col. B) had a rela-

tively high evaporation rate for the first two weeks and

then sharply declined. The reason for this probably was

salt accumulation in the soil solution near the surface.

It may have been high enough to reduce the swelling pressure

between the clay platelets and, consequently reduce the

moisture content and water loss from the surface.

In the homogeneous sandy soil (Col. A) cumulative

evaporation and rate of evaporation were close to the values

from the free water surface. As the sandy soil has less clay

content and hence, less swelling and shrinking phenomena,
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0------e FREE SURFACE WATER

(A) 	 PIMA  SL.
(B) PIMA CL.

20 (C) 	 'ç;'' PI MA SL/5 CM, PIMA CL.
(D) 0 	 PIMA CL./5 CM. PIMA SL.

(E) 	  1 PIMA SLII CM. PIMA SL.
(F) D	 0 PIMA CL./I CM. PIMA SL.

5

34

	_J__	   	 L.__	 E 

5
	

10	 IS	 20 .	 25	 30
TIME (days)

Fig. 6. Cumulative evaporation from the soil columns and
a free water surface.
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the high salt concentration near the surface was not a

factor in reducing the water loss, but it may have been

sufficient to help move water to the surface by the diffu-

sion process.

In the columns of sandy soil stratified with 1 and

5 cm of clay, evaporation was reduced compared with that of

the homogeneous sandy profile. This condition might have

been caused by a high salt concentration during the upward

movement of water. As the water moved through the soil

column to the evaporation zone, it would move the excess

electrolyte, especially from the clay layer. For an ex-

tended period of time the clay layer and the surrounding

parts of the soil profile then would have had a high level

of exchangeable sodium, which reduces the unsaturated hy-

draulic conductivity by disperation of soil particles and

finally reduces evaporation. On the other hand, the clay

profile stratified with sand should have reduced the cumula-

tive evaporation compared with that of the homogeneous clay.

A possible reason for this, besides the effect of salt

accumulation and exchangeable sodium, is the differential

pore volume and the effect of an interface layer between

the clay and sandy soil.

However, the rate and cumulative evaporation for

all of the soil columns, except that of the homogeneous

sandy profile, progressed smoothly and uniformly for almost

two weeks and then became differentially restricted. This
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may be interpreted to mean that the high level of salt

accumulation at the surface had an important effect on the

transmission of water through the soil columns and water

loss.

Concentration and Distribut ion of the
Soluble Salts and Ions in the 

Soil Profiles

The highly significant differences between the homo-

geneous soil columns (A and B) and that of the stratified

columns (C, D, E, and F) with respect to the total soluble

salts concentration, especially for the first and second

sampling depths (0-2 and 2-10 cm), suggest that textural

stratification is of special importance in the process of

evaporation and soil salinization from shallow salty ground-

water. Total soluble salt (ppm), pH, cations (Na, Ca++ ,

Mg) and anions (C1 - , SO4') concentration (meg/l) are

presented in Table 9 and Figures 7 through 12.

Sandy Columns

The water soluble salts of the homogeneous sandy

column (A) are concentrated at a deeper location than in

the stratified sandy columns (C and E). The electrical con-

ductivity in mhos/cm at 250 C for the first and the second

sampling depths (0-2 and 2-10 cm) are: homogeneous sandy

soil (A) 16.9 and 13.3; sandy loam soil with one centimeter



Depth
of

Samp-
ling

Elec ,
Cond.
(Sat.
Soil
Ext.)

pH ECx10 3cm

A	 0 - 2	 6.8	 16.9

	

2-10	 7.3	 13.3
	10-15	 7.4	 5.1
	15-20	 7.2	 5.2

o-	 .1	 .1

B 0-2	 6.6	 19.0
	2-10	 7.4	 5.1

	

10-15	 7.2	 4.5
	15-20 	7.3	 4.6

• 0 - 2	 6.9	 39.2

	

2-10	 7.3	 6.2
	10-15	 7.6	 4.9
	15-20	7.3	 4.5
	50755 _1.2	 4.7

D 0 - 2	 6.6	 31.8

	

2-10	 7.4 	6. 0

	

10-15	 7.5	 4.9

	

15-20	 7.5	 4.4
0-

E 0 -2
2-10

10-11
11-16
0-

	6.8	 30.0
	7.6	 7.4
	7.7	 5.4
	7.4	 4.5

.9

F 	0-2	 6.9	 45.0
	2-10	 7.5	 5.3
	10 -11	 7.6	 5.5

	

11-16	 7.5	 5.2

	

50-55 7.5	 4.5
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Table 9. some Chemicel Characteristics of the Salts Found
in the Soil Columns for the Five Selected Depths

Cations meq/1
Anions
meq/1

Ca MR. Cl S O

mea/1

155.0 10.0 526.1 135.5 20.8
87.3 3.5 291.1 32.0 5.4
31.1 1.4 17.4 9.3 5.2
29.4 1.2 15.8 8.8 5.5

6 0.9 16.6 .6 .2

263.9 5.8 218.3 126.1 15.8
50.9 1.6 13.7 27.4 7.6
35.1 0.6 11.2 8.4 8.5
32.3 0 .9 11.4 8.5 7.7

168.9 10.2 522.4 137.9 12.6
67.0 2.7 110.8 35.5 5.4
20.4 1.6 13.3 19.2 10.7
25.2 1.1 13.7	 17.8	 3.9
31. 1 0 .9 1-..5.zi12.1.2___21.2

274.3 10.0 392.0	 181.7	 6.6
39.5 1.2 11.9 30.1 5.4
37.5 0.9 11.0 21.4 6.2
31.3 0.9 10.0 17.8 4.8
1.1 1.1 12.9 19.0 4.8

187.3 11.9 575.3 161.4 16.6
45.8 1.6 85.4 47.3 2.8
33.1 1.4 15.3 18.8 5.3
25.4 1.2 10.4 16.6 2.9
1. 0 .9 1 .0 18. .9

345.5 10.5 423.2 146.2 9.3
35.5 0.7 11.0 29.9 6.0
40.9 1.0 11.7 18.7 6 .4
37.2 1.2 11.7 17.7 6.8
29. 0 1.0 12.9 18.6 5.2
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Fig. 7. The soluble salt distribution in the homogeneous
sandy loam and clay loam soil profiles (A and B),
and in the stratified soil columns (C, E, D, and
F).
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Fig. 8. Calcium concentration with depth for the homo-

geneous sandy loam and clay loam soil (A and B)
and in the stratified soil profiles (C, E, D

and F).
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Fig. 10. Sodium distribution in the homogeneous sw
loam and clay loam soil (A and B) and for -
stratified soil profiles (C, E, D, and F)
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thickness of clay loam layer (E) 30 and 7.4; and sandy loam

soil with five centimeters depth of clay loam layer (0) 39

and 6.2 respectively.

From those results it is obvious that clay loam

layers in sandy profiles will affect the depth at which

salt accumulation takes place, and shift the concentration

zone up near the surface. The possible effect of the clay

layers, with respect to salt and ion concentration, is due

to differences in the size and pore volume between the clay

loam and sandy loam soil. When the soil solution reaches

the clay layer, the soil-water potential starts to drop.

It reaches a point at which it is possible for the water to

move into the sandy loam soil above. As a result, at

steady-state, the clay layer retards the rate of water move-

ment and at the same time contains a relatively higher

moisture content than the homogeneous sandy loam soil at

the same depth. Then, as soluble salt starts to accumulate,

a higher gradient builds up which acts as a driving force

for the water permitting the sandy loam soil above the

clay layer to reach a higher salt level as evaporation of

water takes place at the surface. Meanwhile, the low

moisture content at the surface probably restricts the

downward movement of soluble salts by diffusion which

usually occurs as a result of a salt concentration gradi-

ent.
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The data of Table 9 and Figures 8 through 12 show

that in the clay loam soil the soluble salts are precipi-

tated mainly in the upper 2 cm. It also appears obvious

that the stratified columns (D and F) contain a higher

level of soluble salt and ion concentration than the homo-

geneous clay loam columns.

The general features of the texture, small particles,

small pore radii, high pore volume, and high cation exchange

capacity of the clay loam soils is the reason for the

soluble salt to accumulate near the surface of the profile.

As the water is depleted from the surface by evaporation,

the moisture content will be much lower than the remaining

part of the soil profile below the surface, as the salt

accumulation apparently resulted in a high soil-water po-

tential. Accordingly, a high unsaturated hydraulic con-

ductivity reached the soil solution to a higher elevation

near the surface and precipitate.

In the clay loam profiles stratified with a sandy

loam layer (Cols. D and F), the sandy loam disrupted the

homogeneity of particle sizes and slowed down the rate of

moisture movement throughout the columns. Water is known

to accumulate at junctures of two different particle sizes.

When the soil solution reached the sandy loam layer, the

soil-water potential decreased until the relatively large



L16

pore size of the sandy loam was able to draw up the water.

This left a high moisture content below the sandy loam

layer. So the interface layers between the sandy loam

and clay loam soil play an important role in the control

of unsaturated upward movement of water which, in turn,

finally reduced the rate of evaporation. But, at the same

time, since the cation exchange capacity (CEC) of the sandy

loam (l2.5) was less than the CEC of the clay loam soil

(19.6), it might be expected to result in a higher salt

concentration on the surface of the stratified rather than

the homogeneous clay profile. To further complicate mat-

ters ' 11 25 was detected in all columns during the sampling

time indicating that there was some reduction of sulfate

taking place.

Differential Distribution of the Soluble Salts and Ions
Within the Clay and the Sandy Soil 

The results show that the location of the precipi-

tated salt and the ion concentration for these salts in

sandy soil are different from clayey soil. In the clay

loam profile the soluble salts accumulated mainly in the

upper 2 cm, and at or slightly below this depth in the sandy

loam profiles. These differences in the locations of salt

accumulation may result from deeper locations of evapora-

tion taking place in the sandy loam soil profiles rather

than in the surface layer of the clay loam soil.



It is interesting to note that the soluble salts

in the surface layer of the sandy loam soil contained a

higher concentration of Na+ and Mg++ and lower concentra-

tion of Ca 	 did clay loam profiles. The reason for

these differences are probably due firstly to the initial-

ly higher Ca++ and lower Ng 	in the clay

loam soil than that in the sandy loam soil, while the Na+

has the same concentration in both soils (Table 4), and

secondly, to the differential moisture content of the clayey

and sandy soil.

In general, the attraction of a cation to a nega-

tively charged clay micelle increases with increasing

valence of the cation; thus, monovalent cations are replaced

more easily than divalent and trivalent cations. The order

of preference of cations in exchange reactions is as fol-

lows (Hillel 1972) A1 3-1- > Ca2+> 14g2+>K 4- > Na+ > Li.

The adsorption of cations is governed by the type of cation,

ion concentration and composition, nature of the anion

associated with the cation, and the nature of the colloidal

particle.

The sulfate ion concentration in the surface layer

of the sandy loam soil was higher than the clay loam soil,

while the remaining part of the sandy loam soil profile was

lower. The possible explanation for this is the higher

amount of water evaporated from the sandy loam soil and the

high moisture content of the clay loam soil during the
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sampling time. However, there was evidence that microbial

activity in both soils may have played an important role

in this distribution. Under saturated condition, the soil

became deficient in oxygen, and sulfate was reduced to

other compounds such as sulfide. These biological reduc-

tion processes are brought about by specific bacteria,

usually designated as "sulfate-reducing organisms." Two

such organisms are Microspira desulfuricans and Sporo-

vidrio desulfuricans (Alexander 1961). The sulfur is used

by the bacteria as a source of oxygen and energy. The

energy liberated in the oxidation process is mostly consumed

in the reduction of sulfate.



CHAPTER V

SUMMARY AND CONCLUSIONS

In this study textural soil stratification had an

important influence on the mechanism of soil salinization;

the soluble salts tended to accumulate with a higher con-

centration level in the stratified rather than in the

homogeneous soil profiles for both clay loam and sandy loam

soils. The salts mainly accumulated in the upper two am

and were fairly uniformly distributed in the remaining

part of the soil profiles. However, in the sandy loam

soil columns soluble salts tended to accumulate to a

greater depth than in the clayey soil which indicated that

the evaporation zone in sandy soil was relatively deeper

than in clayey soils. Calcium, sodium and chloride were

the major soluble salts for both the sandy and the clayey

soils. On the other hand, the soluble salts in the clay

loam soil contained relatively higher concentration levels

of Ca++ and lower levels of Na than in the sandy loam soils.

Although there was a lack of reference samples for

comparison, the previous work of Fuller (1967), and to a

certain extent the data presented, show that salt appears

to concentrate more in stratified than homogeneous soil

profiles. It might be suggested that more work be



50

undertaken in this area under different soil stratifica-

tion and field conditions. However, it seems reasonable

to recommend that if salt concentrations are to be main-

tained at low levels, more emphasis should be placed on

understanding the physical nature of the soil profile

particularly with respect to texture homogeneity, lowering

the water table by an effective drainage system to reduce

the rate of capillary rise, and on the practice of apply-

ing sufficient water for leaching and maintaining the agri-

cultural land under continuous crop production. Furthermore,

mixing of stratified soils near the surface would not only

aid in uniform distribution of water, but also aid in

lowering the salinity hazard.
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