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Foreword

The technology described in this report for measuring soil salinity has been extensively and
successfully field-tested. It is concluded to be sound, reliable, accurate and applicable to a wide
variety of useful applications. It is based on proven theory of soil dectrical conductivity. The
required equipment is commercially available. The advocated instrumental methodology is
practical, cost effective and well developed for essentially all general applications. It is cheaper,
faster and more informative than traditional methods of salinity measurement based on soil
sampling and laboratory analyses. Software is available to facilitate its use for mapping and
monitoring uses, as is equipment to mobilize and automate the measurements for use in detailed
field-scale assessments. Its usefulness has been demonstrated: 1) for diagnosing soil salinity, 2)
for inventorying soil salinity, 3) for monitoring soil salinity, 4) for evaluating the adequacy and
appropriateness of irrigation and drainage systems and management practices, 5) for determining
the areal sources of excessive leaching, drainage and salt-loading in crop lands, 6) for
establishing the spatial soil information needed to develop prescription farming plans to manage
fields with spatially-variable salinity conditions, and 7) for scheduling and controlling irrigations
under saline conditions. It offers the potential to identify the inherent causes of salinization in
fidds, especially when integrated with GIS technology, and to identify mitigation needs,
especialy when integrated with fied-scale deterministic, solute-transport models. The salinity
assessment approach advocated in this report offers a more suitable basis for evaluating,
managing and controlling soil salinity than do the leaching requirement and salt balance
concepts/measurements as traditionally applied. National programs need to be implemented to
mitigate the substantial problems of secondary salinization that threaten the sustainability of
irrigation in many places in the world. Halistic; meaningful salinity assessment approaches
needed in this regard are illustrated in this report. The presented salinity assessment technology
offers substantial practical potential to inventory, monitor, manage and control soil and water
salinity, as will be needed to sustain irrigated agriculture and to meet the worlds food needs in the
coming decades.
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Chapter 1

Introduction

Theworld' s demand for food is increasing at such a rate that the ability to meet anticipated needs
in the next several decades is becoming questionable. Irrigated agriculture presently accounts for
about one-third of the world's production of food and fibre; it is anticipated that it will need to
produce nearly 50 percent by the year 2040 (FAO, 1988). This will likely be difficult, because
extensive areas of irrigated land have been and are increasingly becoming degraded by
salinization and waterlogging resulting from over-irrigation and other forms of poor agricultural
management (Ghassemi, et al., 1995). Available data suggest that the present rate of such
degradation has surpassed the present rate of expansion in irrigation (Seckler, 1996). In some
places, the very sustainability of irrigated agriculture is threatened by this degradation (Rhoades,
1997a; Rhoades, 1998). At the same time, irrigated agriculture is also depleting and polluting
water supplies in many places. Increased irrigation efficiency is being sought to conserve water,
to reduce drainage, waterlogging and secondary salinization, and to mitigate some of the water
pollution associated with irrigated agriculture. Restrictions are increasingly being placed on the
discharge of saline drainage water from irrigation projects. Concomitantly, the reuse of saline
drainage water for irrigation is being increased. With less leaching and drainage discharge and
greater use of saline water for irrigation, soil salinity may increase in some areas. Thus, a
practical methodology is needed for the timely assessment of soil salinity in irrigated fields, for
determining its causes and for evaluating the appropriateness of related management practices.

Ideally, it would be desirable to know the concentrations of the individual solutes in the soil
water over the entire range of fidd water contents and to obtain this information immediately in
the fidd. Practical methods are not available at present to permit such determinations, although
determinations of total solute concentration (i.e., salinity) can be made in situ using eectrical or
eectromagnetic signals from appropriate sensors. Such immediate determinations are so valuable
for salinity diagnosis, inventorying, monitoring and irrigation management needs that, in many
cases, they supplant the need for soil sampling and laboratory analyses. However, if knowledge
of a particular solute(s) concentration is needed (such as when soil sodicity or the toxicity of a
specific ion are to be assessed) then either a sample of soil, or of the soil water, is required to be
analysed. Of course, the latter methods require much more time, expense and effort than the
instrumental field methods. In this case, a combination of the various instrumental and laboratory
methods should be used to minimize the need for sample collection and chemical analyses,
especially when monitoring solute changes with time and characterizing the salinity conditions of
extensive aress.

Customarily, soil salinity has been defined and assessed in terms of laboratory-
measurements of the dectrical conductivity of the extract of a saturated soil-paste sample (ECs;
thisaswell as all other symbols used in this report are summarized in the list of symbaols). Thisis



2 Introduction

because dectrical conductivity is an easily measured and practical index of thetotal concentration
of ionized solutes in an aqueous sample. The saturation percentage (SP) is the lowest water/soil
ratio suitable for the practical laboratory extraction of readily dissolvable salts in soils (US
Salinity Laboratory, 1954). As the water/soil ratio approaches that of a fidd soil, the
concentration and composition of the extract approaches that of soil water. Soil salinity can also
be determined from the measurement of the eectrical conductivity of a soil-water sample (EC,,).
This latter measurement can be made either in the laboratory on a collected sample or directly in
the fidd using in situ, imbibition-type salinity sensors. Alternatively, salinity can be indirectly
determined from measurement of the eectrical conductivity of a saturated soil-paste (EC,) or
from the dectrical conductivity of the bulk soil (EC,). EC, can be measured ether in the
laboratory or in the field using simple and inexpensive equipment. EC, can be measured in the
field ether using eectrical probes (dectrodes) placed in contact with the soil or remotely using
electromagnetic induction devices. The latter two sensors are more expensive than those used to
measure the EC of water samples, of soil-extracts or soil-pastes. However, their use is very cost
effective when one considers the amount of spatial information that can be acquired with them
(the relative costs of the different methods for assessing soil salinity are discussed later; the basis
for this economic evaluation is presented in Chapter 5). From measurements of EC, and EC,, soil
salinity can be deduced in terms of either EC, or EC,,. The appropriate sensor and method to use
depends upon the purpose of the salinity determination, the size of the area being evaluated, the
number and frequency of measurements needed, the accuracy required and the available
equipment/human resources.

Traditionally, the leaching requirement (L,) and salt-balance-index (SBI) concepts have
been used to judge the appropriateness of irrigation and drainage systems and practices, with
respect to the avoidance of salinity and waterlogging problems; these concepts have also been
used to estimate the extra water requirements associated with saline irrigated lands (US Salinity
Laboratory Staff, 1954). However, these approaches are ether inadequate or impractical for
these purposes. The leaching requirement (L), refers to the amount of leaching required to
prevent excessive loss in crop yidd caused by salinity build-up within the root zone from the
salts applied in the irrigation water. Its calculation is based on the assumption of steady-state
and of uniform conditions of irrigation, infiltration, leaching and evapotranspiration; none of
which are achieved in most field situations which typically are dynamic and variable, both
gpatially and temporally in the above mentioned attributes. Furthermore, salt build-up in the root
zone resulting from the presence of shallow water tables is ignored in the traditional L,
calculation. Additionally, no practical way has existed to directly measure the degree of leaching
actually being achieved in a given field, much less in the various parts of it, asis required in order
to determine its appropriateness. However, a potential means has been developed to estimate the
extent and adequacy of leaching based on measurements of the levels and distributions of salinity
within irrigated root zones, as will be described later.

The salt-balance index (SBI), which is the net difference between the amount of salt added
to an irrigation project and that removed in its drainage effluent, is another “concept” that
traditionally has been used to evaluate the appropriateness of irrigation, leaching and drainage
practices. This approach is also inadequate for these purposes because it provides no information
about the average leve of soil salinity in the project, nor about the actual level of soil salinity
existing within any specific field of the project. The approach also fails because it does not even
provide a redlistic measure of trends in salinity within the root zone, because salt derived from
below the soil profile and of geologic origin is typically contained in the drainage water collected
by the subsurface drainage system (Kaddah and Rhoades, 1976). Additionally, the transit times
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involved in the drainage returns are so long (often more than 25 years) that the index values are
not reflective of current conditions/trends (Jury, 1975a, 1975b). From project-wide SBI values,
one can not deduce the extent of leaching being achieved in any field, nor the uniformity and
efficiency of irrigation and leaching, nor the extent of waterlogging- and of salinity-induced losses
in crop yidd; traditional SBI measurements are impractical to make on the basis of individual
fields and of root zone environments.

In the author's opinion, the effective control of soil salinity and waterlogging, and also of
salinity in drainage-receiving waters, requires the following: (i) knowledge of the magnitude,
extent and distribution of root zone soil salinity in representative fields of the irrigation project (a
suitable inventory of conditions); (ii) knowledge of the changes and trends of soil salinity over
time and the ability to determine the impact of management changes upon these conditions (a
suitable monitoring programme); (iii) ways to identify the existence of salinity problems and
their causes, both natural and management-induced (a suitable means of detecting and
diagnosing problems and identifying their causes); (iv) a means to evaluate the appropriateness
of on-going irrigation and drainage systems and practices with respect to controlling soil salinity,
conserving water and protecting water quality from excessive salinization (a suitable means of
evaluating management practices), (v) an ability to determine the areas where excessive deep
percolation is occurring, i.e., to identify the diffuse sources of over-irrigation and salt loading (a
suitable means of determining areal sources of pollution), (vi) knowledge of the spatial
variability in soil salinity needed to develop site-specific management “tailored” to deal with such
variability and to avoid excessive and wasteful inputs of irrigation, fertilizer and other potentially
harmful and costly cropping inputs (a suitable means of establishing the spatial-variability of
soil salinity at the field scale), and (vii) a methodology for including soil salinity in the
determination of plant-available soil water and for guiding irrigation management (a suitable
means for scheduling and controlling irrigations under saline conditions).

From measurements of the levels and distributions of soil salinity within the root zones of
individual fieds, one can determine whether, or not, salinity is within acceptable limits for crop
production. One can also infer from these measurements whether, or not, leaching and drainage
are adeguate anywhere in a fied, since soil salinity is a tracer of the net processes of infiltration,
leaching, evapotranspiration and drainage. Thus, a more appropriate and practical approach for
assessing the adequacy of salinity control than either the L, or SBI approaches is the acquisition
of periodic, detailed information of soil salinity levels and distributions within the root zones of
representative individual fields of the project. The same data can also be used for delineating the
sources of salt-loading in fields and irrigated landscapes, as well as for mapping the distribution
and extent of drainage problem areas, both at the project and field scales. The author refers to the
above described approach as “salinity assessment” and advocates its use to diagnose, inventory
and monitor soil salinity, as well as to evaluate the appropriateness of leaching and drainage and
to guide management practices.

An assessment technology of the type described above begins with a practical methodology
for measuring soil salinity in the field. This is complicated by the spatially variable and dynamic
nature of soil salinity, which is caused by the effects and interactions of varying edaphic factors
(soil permeability, water table depth, salinity of perched groundwater, topography, soil parent
material, geohydrology), by management-induced factors (irrigation, drainage, tillage, cropping
practices), as well as by climate-related factors (rainfall, amount and distribution, temperature,
relative humidity, wind). Numerous samples (measurements) are needed to characterize just one
field and the measurements often need to be updated as conditions change, or to determine if they
are changing. When the need for extensive sampling requirements and repeated measurements are
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met, the expenditure of time and effort to characterize and monitor the salinity condition of a
large area with conventional soil sampling and laboratory analysis procedures becomes
impractical (asis shown later). Soil salinity istoo variable and transient to be appraised using the
numbers of samples that can be practically processed using conventional soil sampling and
laboratory analysis procedures. Furthermore, the conventional procedures do not provide
sufficient detailed spatial information to adequately characterize salinity conditions nor to
determine its natural or management-related causes. A more rapid, field-measurement technology
is needed. Additionally, this assessment technology should ascertain the spatial relations existing
within extensive areal data sets. It should also provide a means for evaluating management effects
and for proving changes or differences in an area salinity condition over time.

A system of the type advocated above has been developed. It consists of mobile
instrumental techniques for rapidly measuring bulk soil eectrical conductivity (EC,) directly in
the field as a function of spatial position on the landscape, procedures and software for inferring
salinity from EC,, computer-assisted mapping techniques capable of associating and analysing
large spatial databases, and appropriate spatial statistics to infer salinity distributions in root
zones and to detect changes in salinity over space and time. It will be described in some detail in
this report. The complementary use of geographic information systems and remote sensing
technology to facilitate the determination of the underlying causes of the observed salinity
conditions would extend the utility of this system. The additional use of solute transport modds
utilizing the spatial data provided by the assessment system, as a basis to predict the
consequences of alternative management practices, would extend its utility even more.

This report reviews the various dectrical conductivity methods for determining soil
salinity, for monitoring it and for mapping it, along with methodology for establishing the
locations of measurement sites. Advantages and limitations of the alternative methods are
discussed, including their reative costs, practical integrated mobile-systems for
measurement/monitoring/ mapping applications are also described. Examples of the utility of the
various methods are given for mapping and monitoring soil salinity, for diagnosing saline seeps,
for evaluating the adequacy and appropriateness of irrigation and drainage management, for
scheduling and controlling irrigations, for determining the leaching needed to reclaim saline sails,
and for locating areal sources of over-irrigation and salt-loading. For earlier reports on
instrumental field methods of soil salinity measurement and assessment see Rhoades (1976, 1978,
1984 and 1990a, b, 1992a, 1993, 19964), Rhoades and Corwin (1984, 1990b), Rhoades and
Miyamoto, (1990), Rhoades and Oster (1986) and Corwin and Rhoades (1990).



Soil salinity assessment 5

Chapter 2

Determination of soil salinity from aqueous
electrical conductivity

The term salinity refers to the presence of the major dissolved inorganic solutes (essentially Na',
Mg™, Ca™, K*, CI, SO;,, HCO;, NOs; and COs") in aqueous samples. As applied to soils, it
refers to the soluble plus readily dissolvable salts in the soil or, operationally, in an agueous
extract of a soil sample. Salinity is quantified in terms of the total concentration of such soluble
salts, or more practically, in terms of the ectrical conductivity of the solution, because the two
are closdy rdated (US Salinity Laboratory Staff, 1954).

PRINCIPLES OF AQUEOUS ELECTRICAL CONDUCTIVITY

Electrical conductivity (EC) is a numerical expression of the inherent ability of a medium to carry
an dectric current. Because the EC and total salt concentration of an aqueous solution are closdy
related, EC is commonly used as an expression of the total dissolved salt concentration of an
agueous sample, even though it is also affected by the temperature of the sample and by the
mobility, valences and relative concentrations of the individual ions comprising the solution
(water itsdf is a very poor conductor of eectricity). Furthermore, not all dissolved solutes exist
as charged-species; some are non-ionic and some of the ions combine to form ion-pairs which are
less charged (they may even be neutral) and, thus, contribute proportionately less to eectrical
conduction than when fully dissociated.

The determination of EC generaly involves the physical measurement of the materials
eectrical resistance (R), which is expressed in ohms. The resistance of a conducting material
(such as a saline solution) is inversaly proportional to its cross-sectional area (A) and directly
proportional to its length (L). Therefore, the magnitude of the measured dectrical resistance
depends on the dimensions of the conductivity cell used to contain the sample and of the
eectrodes. Specific resistance (Ry) is the resistance of a cube of the sample 1 cm on edge.
Practical cdls are not of this dimension and measure only a given fraction of the specific
resistance; this fraction is the cell constant (K = R/Ry).

The reciprocal of resistance is conductance (C). It is expressed in reciprocal ohms, i.e.,
mhos. When the cdl constant is applied, the measured conductance is converted to specific
conductance (i.e., the reciprocal of the specific resistance) at the temperature of measurement.
Often, and herein, specific conductance is referred to as eectrical conductivity, EC:

EC=1/R=K/R. [1]
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Electrical conductivity has been customarily reported in micro-mhos per centimetre
(umho/cm), or in milli-mhos per centimetre (mmho/cm). In the International System of Units (S),
the reciprocal of the ohm is the siemen (S) and, in this system, dectrical conductivity is reported
as siemens per metre (S/m), or as decisiemens per metre (dS/m). One dS/m is equivalent to one
mmho/cm.

Electrolytic conductivity (unlike metallic conductivity) increases at a rate of approximately
1.9% per degree centigrade increase in temperature. Therefore, EC needs to be expressed at a
reference temperature for purposes of comparison and accurate salinity expression; 25° C is most
commonly used in this regard. The best way to correct for the temperature effect on conductivity
is to maintain the temperature of the sample and cdl at 25° + 0.5°C while EC is being measured.
The next best way is to make multiple determinations of sample EC at various temperatures both
above and below 25° C, then to plot these readings and interpolate the EC at 25° C from the
smoothed curve drawn through the data-pairs. For practical purposes of agricultural salinity
appraisal, EC is measured at one known temperature other than 25° C and then adjusted to this
latter reference using an appropriate temperature-coefficient (f). These coefficients vary for
different salt solutions but are usually based on sodium chloride solutions, since their temperature
coefficients closdly approximate those of most salt-affected surface, ground, and soil waters.
Another limitation in the use of temperature coefficients to adjust EC readings to 25° C is that
they vary somewhat with solute concentration. The lower the concentration, the higher the
coefficient, due to the effect that temperature has upon the dissociation of water. However, for
practical needs, this latter limitation may be ignored and the value of f; may be assumed to be
single-valued. It may be estimated as:

f,=1-0.20346 (T) + 0.03822 (T?) - 0.00555 (T3), [2]

where T = [temperature in degrees Celsius - 25] /10. This relation was derived from data given in
Table 15 of Handbook 60 (US Salinity Laboratory Staff, 1954). In turn, the dectrical
conductivity at 25° C, EC,s, is calculated as:

EC25 = ft * EC[ y [3]
where EC; isthe EC at the measured temperaturet.

The above approach and f; - temperature relations have been routinely used to reference
soil eectrical conductivity values (Rhoades, 1976), as well as solution/extract conductivities. The
applicability of these f; factors were tested for their appropriateness in this regard and concluded
to be appropriate by McKenzie, et al. (1989), Johnston (1994), and Heimovaara (1995).

Because of differences in the equivalent weights, equivalent conductivities, and variations
in the proportions of the various solutes found in soil extracts and water samples, the
relationships between EC and total solute concentration and osmotic potential are only
approximate. However, they are still quite useful. These relationships are as follows: total cation
(or anion) concentration, mmoles chargel/litre @O0 x ECys, in dS/m; total dissolved solids, mg/litre
@640 x ECys, in dS/m; and osmotic potential, M Paat 25° C @0.04 x ECys, in dS/m.

SOIL WATER SALINITY

Theoretically, the dectrical conductivity of the soil solution (EC,,) is a better index of soil salinity
than is the traditional index (EC.). This is so because the plant roots actually experience the soil
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solution; they extract their nutrients from it, absorb other solutes from it and they consume this
water through the process of transpiration. However, EC,, has not been widdly used as a means
for measuring or expressing soil salinity for several reasons. Firstly, it is not single-valued; it
varies over the irrigation cycle as the soil water content changes (Rhoades, 1978). Thus, EC,,
does not lend itsdlf to simple classifications or standards unless it is referenced to a specific water
content, such as fidd capacity. Secondly, and probably most importantly, EC,, has not been
widdy adopted for routine appraisals of soil salinity because methods for obtaining soil water
samples are not practical at typical field water contents.

Samples of soil solutions may be obtained from soil samples in the laboratory by means of
displacement, compaction, centrifugation, molecular adsorption and vacuum- or pressure-
extraction methods. The latter methods are described by Richards (1941); displacement methods
by Adams (1974); combination displacement/centrifugation methods by Gillman (1976),
Mubarak and Olsen (1976, 1977) and Elkhatib et al. (1986); a combination
vacuurm/displacement method by Wolt and Graved (1986); a simple fied-pressure filtration
method by Ross and Bartlett (1990); adsorption techniques by Davies and Davies (1963),
Yamasaki and Kishita (1972), Gillman (1976), Dao and Lavy (1978), Kinniburgh and Miles
(1983) and Elkhatib et al. (1987). Comparisons of the various methods have been made by
Adams et al. (1980); Kittrick (1983); Wolt and Graved (1986); Menzies and Bell (1988) and
Ross and Bartlett (1990).

Two means of measuring EC,, in undisturbed soils exist. One is collect a sample of soil
water using an in-situ extractor and then to measure its EC; the second is to measure EC,,
"directly" in the soil using in-situ, imbibition - type "salinity sensors’.

A typical vacuum extractor system used to collect soil water samples in the fied is shown
in Figure 1. This suction-method, first proposed by Briggs and McCall (1904), is useful for
extracting water from the soil when the soil-water suction is less than about 0.1 M Pa. Although
the available range of soil moisture for crops extends to 1.5 M Pa of soil suction, most water
uptake by plants takes place within the zero to 0.1 M Pa range. Therefore, the suction method is
applicable for many salinity-monitoring needs. While different extraction devices have been used,
the most commonly used is the porous ceramic cup. Early vintage extractor construction and
performance are described in a bibliography assembled by Kohnke et al. (1940). Reeve and
Doering (1965) described the more modern equipment and procedures for its use in detail. These
procedures have been used in fied experiments with good success for salinity appraisal purposes.
Wagner (1965) used similar devices to estimate nitrate losses in soil percolate. Other, improved
and specialized, versions have since been developed for various purposes, including the following:
a miniature sampler which diminates sample transfer in the fied (Harris and Hansen, 1975),
samplers which shut off automatically when the desired volume of sample is collected (Chow,
1977), samplers which function at depths greater than the suction lift of water (Parizek and Lane,
1970; Wood, 1973) and samplers which minimize "degassing”" effects on solution composition
(Suarez, 1986, 1987). Soil water has also been extracted using cellulose-acetate hollow fibres
(Jackson et al. 1976; Levin and Jackson, 1977), which are thin-walled, semipermeable, and
flexible. Claimed advantages include flexibility, small diameter, minimal chemical interaction of
solutes with the tube matrix, and compositional results comparable with those from samples
obtained from ceramic extraction cups. Collection "pan”-type collectors have also been used to
collect soil percolate (Jordan, 1968). Additionally, large-scale vacuum extractors (15 cm wide by
3.29 mlong) have been built and used to assess deep percolation losses and chemical composition
of soil water (Duke and Haise, 1973). Ceramic "points’, which absorb water upon insertion into
the soil, have also been used to sample soil water with some success (Shimshi, 1966). However,
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FIGURE 1
Diagram of vacuum extractor apparatus for sampling soil water (after Rhoades and Oster,
1986)
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only very small samples are obtained with these "points" and there are potential errors due to
vapor transfer and chromatographic separation. Tadros and McGarity (1976) have analogously
used an absorbent sponge material.

Various errors in sampling soil water can occur with the use of any of the above types of
extractors. Included are factors related to sorption, leaching, diffusion, and sieving by the cup
wall; also to sampler intake rate, plugging, and sampler size. Nielsen et al. (1973), Biggar and
Nielsen (1976), and van De Pal et al. (1977), used soil water extractors to determine salt flux in
fields and have demonstrated that field variability in thisregard is very large. They concluded that
soil water samples being "point samples’ can provide only indications of relative changes in the
amount of solute flux, but not of quantitative amounts, unless the frequency distribution of such
measurements is established. Because the composition and concentration of soil water is not
homogeneous through its entire mass; water drained from large pores at low suctions (such as
that collected by vacuum extractors) may have compasitions very different from that extracted
from micropores. A point source of suction, such as a porous cup, samples a sphere of different-
sized pores dependent upon distance from the point, the amount of applied suction, the hydraulic
conductivity of the medium, and the soil water content. Although vacuum extractors are versatile,
easily usable and provide for in situ sampling of soil water, they have, as evident from the above
discussion, limitations. For more discussion of the different suction-type samplers and other
methods for sampling soil solution and various errors associated with them see the reviews by
Rhoades (1978, 1979a), Rhoades and Oster (1986), Litaor (1988) and Grossman and Udluft
(1991).
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FIGURE 2
(A) Imbibition-type salinity sensor with spring, housing and pin in disassembly; (B) schematic
of internal elements of salinity sensor (after Rhoades and Oster, 1986)
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When the total concentration of salts in the soil water is sufficient information, i.e., when
specific solute analyses are not needed, in-situ devices capable of directly measuring EC,, may be
used advantageously. Kemper (1959) developed the first in situ salinity sensor. It consisted of
electrodes imbedded in porous ceramic to measure the eectrical conductivity (EC) of the solution
within the "ceramic cdl”. When placed in soil, these devices imbibe water which, in time, comes
to diffusional equilibrium with the soil water. Richards (1966) improved the design of the soil
salinity sensor to shorten its response time and to eiminate external eectrical current paths. This
unit is now produced commercially. In this unit (Figure 2), the salinity sensitive dement is an
approximately 1-mm-thick ceramic plate which contains platinum screen eectrodes on opposite
sides. This gives a short diffusion path and thus lowers response time. Another feature of the
design is a preloaded spring. After the salinity sensor is placed in the soil, the spring is released to
ensure good contact of the ceramic plate with the soil. A thermistor is incorporated in the sensor
so that the EC may be adjusted for temperature effects. A commercially available meter
developed for these sensors is shown in Figure 3. An oscillator circuit system has been developed
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FIGURE 3
Commercial meter and salinity sensor showing ceramic disc in which platinum electrodes are
embedded (after Rhoades, 1993)

for automated salinity sensor measurements and data logging (Austin and Oster, 1973). This
permits linear readings to be obtained with lead lengths of up to several hundred meters.

Salinity sensors have been mostly used in agricultural research, where continuous
monitoring of soil salinity in soil columns, lysimeters, and field experiments is required (Oster
and Ingvalson, 1967; Rhoades, 1972; Oster et al. 1973; Oster et al. 1976; Ingvalson et al. 1970).
The accuracy of the commercial ceramic sensor under such conditions has been found to be £ 0.5
dS/m (Oster and Ingvalson, 1967). Rdiability was determined by removing the sensors from field
and lysimeter experiments after 3-to-5-years of continuous operation and comparing their
calibrations relative to original ones (Oster and Willardson, 1971; Wood, 1978). About 68
percent of the tested sensors had calibrations within 14 percent of the original calibrations after
five years. Shifts varied in direction and magnitude, and some complete failures occurred.

Response times of the commercial salinity sensors have been evaluated in fidd situations
(Wessding and Oster, 1973; Wood, 1978). In the matric potential range of -0.05 to -0.15 M Pa,
90 percent of the response of these sensors to a step change in salinity will occur within 2 to 5
days. At lower matric potentials, response times are longer. Thus, it may be concluded that
salinity sensors are not well suited for measuring short-term changes in salinity because of their
relatively long response time of at least several days. Desaturation of the ceramic occurs at matric
potentials more negative than -0.2 M Pa, significantly reducing the conductance of the ceramic
salinity sensor (Ingvalson et al. 1970). Hence, this type of sensor is not accurate in "dry" sails.
Salinity sensors constructed of porous glass have been developed which remain saturated with
soil water to 2 M Pa matric potentials (Enfiddd and Evans, 1969), but they are fragile and not
available commercially.
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FIGURE 4
Variations in soil water electrical conductivity (ECy) and soil water tension in the root zone of
an alfalfa crop during the spring of the year (after Rhoades, 1972)
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Sail disturbance during installation can result in errors associated with modified water
infiltration in the back-filled hole used to install salinity sensors. Special precautions during their
installation must be taken to avoid this.

While, obviously, also with limitations, salinity sensors may be used advantageously for
continuously monitoring electrical conductivity of soil water at sdected depths over reatively
long periods of time, as illustrated in Figure 4. They are not well suited for measuring short-term
changes of salinity, especially in "dry" soils. Many units may be needed because of their small
sampling volume, and the substantial heterogeneity of soils, in order to characterize the actual
conditions existing in irrigated soils. These numbers can be minimized if the sensors are primarily
used to follow changing salinity status at a specific location over time. They are simple in
principle, easily read, and sufficiently accurate for intermediate-term salinity monitoring
purposes. They must be individually calibrated; these calibrations may change with time. They
are, of course, not practical for mapping purposes for obvious reasons.

SOIL EXTRACT SALINITY

Because present methods of obtaining soil water samples at typical field water contents are not
very practical, agueous extracts of the soil samples have traditionally been made in the laboratory
at higher-than-normal water contents for routine soil salinity diagnosis and characterization
purposes. Since the absolute and relative amounts of the various solutes are influenced by the
water/soil ratio at which the extract is made (Reitemeier, 1946), the water/soil ratio used to
obtain the extract should be standardized to obtain results that can be applied and interpreted
reasonably generally. As stated earlier, soil salinity is most generally defined and measured on
agueous extracts of so-called, saturated soil-pastes (US Salinity Laboratory Staff, 1954). The
water content of saturated soil-pastes (the so-called saturation percentage, SP), as well as the
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water/soil ratio, varies with soil texture.

Itis related inar nably general and (A) Saturated soil-paste in mixing container and

predicta_ble way .t.O soil-water contents in drying/weighing container; (B) saturated soil-
under field conditions. For these same paste being extracted by vacuum; and (C)

reasons, crop tolerance to salinity is also collection of saturated-paste extract
most generally expressed in terms of the
eectrical conductivity of the saturation-
extract (EC,, Maas and Hoffman, 1977,
Maas, 1986, 1990). Herein, the term
saturated soil-paste extract is often used
in place of saturation-extract; the two
terms are synonymous.

FIGURE 5

Estimates made of the EC,, from
EC. and theratio of their water contents
will usually be excessively high. This is
because salts will often be present in the
saturation-extract that would not be
under actual fied conditions. Addi-
tionally, salts contained within the fine
pores of aggregates will contribute to the
EC. value, though it is doubtful that
significant amounts of such salts are
absorbed by plant roots or affect the
availability of the majority of the water
extracted by the plant (which is
primarily that present in the larger
pores).

EC. is typically determined as
follows. A saturated soil-paste is
prepared by adding distilled water to a
sample of air dry soil (200 to 400 @)
while stirring and then allowing the
mixture to stand for at least severa
hours (but often overnight) to permit the
soil to fully imbibe the water and the
readily soluble salts to fully dissolve, so
as to achieve a uniformly saturated and
equilibrated soil-water paste (see Figure
5A). At this latter point, which is
sufficiently reproducible for practical purposes, the soil paste glistens as it reflects light, flows
dightly when the container is tipped, slides fredy and cleanly off a spatula, and consolidates
easily when the container is tapped or jarred after a trench is formed in the paste with the broad
side of the spatula. The extract of this saturation-paste is usually obtained by suction using a
funne and filter paper (see Figure 5B and 5C). The EC and temperature of this extract are then
measured using standard conductance meters/cells and thermometers, respectively (see Figure 6);
the EC,s value of this extract is calculated from Equation [3] to give EC..
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Once soil extract samples are

. . FIGURE 6
obtained, Iab_oratory chemical a_nalys_s Measurement of the electrical conductivity of a
can be carried out to determing in saturated-paste extract (ECe) using a laboratory
addition to the dectrical conductivity of micro-conductivity cell

the extract (EC¢), the concentrations of
the individual solutes, i.e, Na’, Ca™,
Mg++, K+, Cl-, 804:, HCO3-, CO3:,
NOs-, etc. Methods for such analyses
are given dsewhere (Rhoades, 1982
Soil Science Society of America, 1996).
More details about the methods for
measuring the eectrical conductivity and
total dissolved solids contents of
agueous samples and extracts are given
in Rhoades (1982, 1993, 1996a); for a
good discussion of some of the
operational  factors influencing the
procedure see Shaw (1994).

Though the above-described
procedure for making a saturated soil-
paste is somewhat subjective, diagnoses
are not compromised by the normal
variations experienced in it. Yet this
subjectivity seems to be a concern to
some people (Shaw, 1994). To diminate
some of the subjectivity of the saturation
extract method, Longenecker and Lylerly
(1964) proposed wetting the sample by
capillarity using a "saturation table'. Beatty and Loveday (1974) and Loveday (1972) advocated
predetermining the amount of water at saturation on a separate soil sample using a similar
capillary wetting technique and then adding this amount to all other samples of the same sail.
Allison (1973) recommended slowly adding soil to water, rather than water to soil, when making
pastes to speed wetting of the soil and preparation of the saturated-paste condition. All of these
modifications offer advantages over the standard procedure under certain situations, but all but
the last one slow the procedure considerably without significantly enhancing the diagnostic value
of the result.

Other extraction ratios, such as 1:1, 1.5, €tc., are easier to use than that of the saturation
paste but they are less wdl-related to meaningful soil properties and are more subject to errors
resulting from peptization, hydrolysis, cation exchange, and mineral dissolution. Sonnevelt and
van den Ende (1971) recommended a 1:2 volume extract. This method is a compromise between
the saturation-paste extract and the higher-dilution "weight" extracts. The water contents of the
1:2 volume "pastes” of sandy and clayey soils are higher and lower, respectively, relative to the
saturation-paste extract. For purposes of monitoring, when relative changes are of more concern
than the absolute solute concentration(s), these quicker, simpler methods of "fixed-extraction-
ratios' may be used to advantage in place of the saturation extract. Of course, the relations given
in Handbook 60 to predict exchangeable sodium percentage from the sodium adsorption ratio
apply only to the saturation-paste extract, as do most of the other indices/criteria/ standards used
to express/interpret soil salinity/sodicity/toxicity and plant response (salt-tolerance, plant-growth
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data) from soil analyses. Criteria for evaluating salinity and sodicity effects on soils and crops
have been developed for some of the higher-dilution extracts, but the greater errors and lack of
uniformity they create in this regard makes the extrapolation of results more difficult and the
literature more confusing (Rengasamy, 1997). Consistency and uniformity of methodology and
criteria/standards should be sought whenever possible to facilitate interpretation of results and
their general applicability.

Because of the numerous interacting effects of the following: mineral dissolution/
precipitation, cation exchange, ion-pair formation, negative adsorption, time of equilibration,
amount of grinding and drying, presence or absence of suspended minerals and organic matter in
the extract, microbial production of CO, during equilibration, etc., a computer deterministic-
chemical modd is required, along with the determination of the ionic-composition of the extract,
of the associated cation exchange composition, of the cation-exchange-capacity and the cation
exchange coefficients, in order to accuratdly calculate the EC of a solution in association with soil
as the water/soil ratio is altered (Paul et al., 1966). The assumption of conservation of mass with
change of water content during a change in water content is not sufficiently valid to permit the
EC at a second water content to be accurately calculated as the product of the EC at the second
water content and the ratio of the two water contents. Since the computer-mode approach is too
demanding and the second ratio approach too simplistic, various empirical relations have been
developed to estimate EC, from EC values measured on higher-dilution extracts. Shaw (1994)
has reviewed most of these methods and concluded that they are very location-specific and can
not be extrapolated reliably esewhere. He developed an improved, more generally applicable
relation to estimate EC, from the EC of a 1.5, soil:water extract, but it requires an analysis of the
extract for chloride concentration and the determination of the air dry moisture content of the soil
sample used to make the 1.5 extract. This method and all of the others like it will be more
accurate for solutions dominated by chloride salts; very substantial errors may occur with soils
containing gypsum, especially if they are also sodic (Adiku et al., 1992). One must question
whether any of these “conversion” methods save sufficient time and effort to make them
worthwhile, especially considering the uncertainty in their resulting estimates of EC.. A faster and
more accurate method for estimating EC,, based on simple measurements of the volume-weight
and EC of the saturated-paste itsdf (rather than of its extract), is described in the following
chapter. This method eiminates much of the work involved in measuring EC. and SP using
conventional methods (the latter involves oven-drying for 24 hours) without the loss of accuracy
that occurs in estimating it from EC measurements made on extracts obtained at higher dilutions.
Additionally, one obtains the added SP information with this method, which is valuable as an
estimator of many soil properties including texture, water-holding capacity and cation-exchange

capacity.
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Chapter 3

Determination of soil salinity from soil-paste
and bulk soil electrical conductivity

The methods of soil salinity determination already described are not well suited for usein thefield
nor for intensive-mapping and monitoring applications because they require the collection of soil
samples and their aqueous extracts. Thus, they are relatively slow and expensive to carry out (see
later discussions and Chapter 5). For this reason, more practical fiedd methods have been sought
and developed. One such method diminates the need for agueous extractions, though it still
requires the collection of soil samples and the making of saturated soil-pastes. Another still more
practical method is based on direct measurements of bulk soil eectrical conductivity (EC,) made
upon undisturbed soils using geophysical-type sensors; this methodology is especially well suited
for intensive mapping and monitoring applications. These two methods are described in this
section.

PRINCIPLES OF SOIL AND SOIL-PASTE ELECTRICAL CONDUCTIVITIES

A modd of the éectrical conductivity of mixed soil/water systems that has been shown to be very
useful and generally applicable for purposes of salinity appraisal is illustrated in Figure 7. This
mode supersedes the earlier mode of Rhoades et al. (1976). It assumes that the eectrical
conductivity of a soil containing dissolved dectrolytes (salts) in the soil "solution" can be
represented by conductance via the following three pathways (or eements) acting in paralld: (1)
conductance through alternating layers of soil particles and the soil solution that envelopes and
separates these particles (a solid-liquid, series-coupled dement), (2) conductance through
continuous soil solution pathways (a liquid dement), and (3) conductance through or along the
surfaces of soil particlesin direct and continuous contact with one another (a solid element).

Because most soil minerals are insulators, ectrical conduction in sufficiently moist soilsis
primarily via the dectrolytes (salts) contained in the water occupying the larger pores. The
contribution of the solid phase to dectrical conduction in moist soils, the so-called surface
conduction, is primarily via the exchangeable cations associated with the clay minerals (though
the latter are actually present in the aqueous phase). Surface conductance is generally smaller
than that of the pore-solution because the former dectrolytes are more limited in their amounts
and mobilities. The magnitude of surface conduction is assumed (and tests have confirmed this)
in the soil dectrical conductivity mode to be, for practical purposes, independent of the dissolved
salts and essentially constant for any given soil (Rhoades et al., 1976; Shainberg et al., 1980;
Bottraud and Rhoades, 1985a). The surface conductance is also assumed to be coupled in series
with the eectrolyte present in the water films associated with the solid surfaces and in the small
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FIGURE 7

Model and schematic representation of electrical conduction in soil: (A) the three paths that
current can take in unsaturated soil; (B) simplified soil electrical conductance model
consisting of the three conductance elements (a-c) acting in parallel (after Rhoades et al.,
1989a)

|= lem =

water-filled pores which serve as “links’ between adjacent particles and aggregates to provide a
secondary pathway for current flow in moist soils. This pathway is modelled as acting in paralld
with the primary, continuous pathway (salt-solution contained in the large water-filled pores).
The solid eement pathway may exist in soils with indurated layers. In such layers, conductance
could occur through, or along the surfaces of, the soil particles, which are in direct and
continuous contact with one another (a solid element). The relative flow of current in the three
pathways depends upon the volumetric contents and solute concentrations of the water in the two
different categories of pores and on the volumetric contents and magnitudes of the surface-
conduction and of the indurated solid-phase. This modd is mathematically represented by
Equation [4]:

é + 2 u
EC. =& (Qs + Q) EC,, ECy G+Q_ EC_ + Q, EC,., [4]

8(Qs) EC, +(Qy) EC g
where EC, is the dectrical conductivity of the bulk soil; Qs and Q. are the volumetric soil
water contents in the series-coupled pathway (small pores) and in the continuous liquid pathway
(large pores), respectively; Qs and Qg are the volumetric contents of the surface-conductance and
indurated solid phases of the sail, respectively; EC,s and EC,. are the specific dectrical
conductivities of the soil water that are in series-coupling with the solid particles and in the
continuous conductance eement, respectively, and ECs and EC, are the dectrical conductivities
of the surface-conductance and indurated solid phases, respectively. The soil water in the
continuous pathway is envisioned as the water occupying the larger pores, commonly referred to
as “mobileé’ water. This water can be different in composition from that in the small pores and
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intra-ped pores, which is envisioned as the “immobile’ water associated in the mode with the
series-coupled pathway. Ultimately, diffusion processes will cause EC,s and EC, to be equal.
However, when water is being added by irrigation or rain, or is being removed by drainage or
evapotranspiration, equilibrium will not exist; consequently, EC,s and EC,. may be different
during these periods.

The second term of the second member in Equation [4], i.e. Q« ECs, usualy may be
dropped. This is so, apparently, because soil structure simply does not allow for enough direct
particle-to-particle contact between aggregate units in typical agricultural soils to provide a
continuous solid-phase pathway for eectrical current flow. This latter potential, pathway is
disrupted by water films surrounding the particles and peds or by void spaces within the matrix
that are filled with either liquid or air. Experimental data show it to be negligible (Rhoades et al.,
1976, 1990a). Thus for all but soils with indurated layers, Equation [4] may be simplified to the
following two-pathway mode (Rhoades et al. 1989a):

_8Q. 0, EC, EC.U_
* 80, EC, +(Q.) EC (B ) ECe "

where (Qu - Que) is substituted for Q.. , Qw is the total volumetric soil water content, and EC; is
the surface conductance of soils without indurated layers. This equation has been shown to be
generally applicable to arid-land mineral soils of the Southwestern United States (Rhoades et al.,
1989a, 1990a). Thereis no reason to believe that it is not equally applicable to similar arid-land
soils found esewhere in the world. However, the mode has not been tested on soils containing
high contents of gypsum, which may differ because gypsum particles may be more conductive
than silicate mineral particles. This could result in higher values of ECg and ECg. This problem
has not been observed by the author in gypsiferous US sails, but they do not contain as high of
gypsum contents as occur in some parts of the Near East; no reports have been found indicating
that others have observed this to be a significant problem.

For conditions of EC,, greater than about 2-4 dS/m and for soils with typical values of EC
(less than about 1.5 dS/m), the product (Qs * EC,s) is so much larger than the product (Qus *
EC,) that the latter product can be neglected; thus simplifying Equation [5] to the following one
for typical saline soils:

é Q) Q

Equation [5] is the more generally applicable relation and must be used for soils with low
values of EC,s, i.e. non-saline soils, where the relation between EC, and EC,,. is curvilinear at
low levels of EC,.. The first term of the second member of this equation determines the shape of
the nonlinear portion of the EC,EC,, curve. Over the remainder of the EC, range, EC, and EC,.
are linearly rdated, with (Q, - Qus) representing the slope of this reation. In contrast, the
simplified relation expressed in Equation [6] should only be used for conditions of EC,,c 3 about 2
dS/m (EC, 3 about 1-2 dS/m) and ECs £ 1.5 dS/m, i.e,, for typical saline soils. For such cases,
the relation between EC, and EC,,. expressed in Equation [6] is linear and proportional to (Qy -
Quws) beyond the threshold value of EC,,. and the y-intercept depends upon EC,, Qs and Q.. Since
theratio [(Qs + Q we)®/ 4 is typically close to the value 1 (because Qs is typically about 0.5 and
Qus is less than or equal to 0.5 Q,, , where Q,, is typically about 0.4 or less); the intercept of
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Equation [6] is approximatey equal to
EC; and may be symbolized as EC*.
The earlier EC, modd of Rhoades, et al.
(1976) is analogous to this limiting case
version of Equation [6], as shown

FIGURE 8

Electrical conductivity of Waukena loam soil as a
function of the electrical conductivity and
volumetric content of soil water. The measured
data points (0) are shown and the solid line is the

“fit” of these combined data by Equation [5] (after

esewhere (Rhoades et al. 1989a). This
Rhoades et al., 1989a)

earlier model expressed the slope in
terms of a tortuosity concept, but it is T

]
I
]
I
L]
1

mathematically  identical  to  that i
expressed in Equations [5] and [6] which &f :
supersede it. The maor improvement is '
contained within the intercept term of sl !
Equation [5]. ;
. . . 4 = E.._
Data illustrating the appropriate- Waukena loam Sw

ness of the above described modd and
generalizations are shown in Figure 8 for
Waukena loam soil. The solid lineis that
described by Equation [5], the dashed
line is that described by Equation [6] for
the one example water content (0.375,
for purposes of illustration), and the
circles represent experimental data. EC,, ob—— ot .
represents the EC of the equilibrating g B 8 e 8 =
water or the water extracted from the Electrical Conductivity of Soil Water, ECy,, dS/m
soil by pressure filtration. Note that
sats, as wel as water, were removed
during the pressure filtration of the soil that was used in this controlled-experiment to vary water
content while keeping EC,, constant. The soil had been extensively leached with waters of
different salinities (EC,, values), therefore EC,,. and EC,,s were essentially equal to EC,, under the
conditions of this experiment. These data and the mode relations also show that EC,, can be
inferred from measurements of EC, made at relatively low water content, but the ability to
accurately do so decreases as Q, decreases. This is so because the required accuracy of
measurement of EC, becomes limiting as the EC, = f (EC,,) relation flattens at low values of g,
(Rhoades et al., 1976; Bottraud and Rhoades, 1985b). However, at very low values of Q,, it is
not possible to determine EC,, (or EC¢) from EC, at all. The value of the “threshold” water
content is approximately 0.10. For more discussion and data about the threshold water content
see Figure 6 and Table 3 in Rhoades et al. (1976). “ Dry” soil measurements are to be avoided for
the reason given above and for those which follow.

8, * 0634

o e ey

Electrical Conductivity of Soil, EC,, dS/m

As explained above, the ability to accurately determine EC,, (or EC¢) from EC, decreases
as Q, decreases. For this reason, it is recommended that EC, measurements be limited to
moisture contents that are not less than about one-half of fied-capacity water content. Most
irrigated soils are kept above this level during the cropping season. As also stated above and
e sawhere (Rhoades et al., 1976), it is not possible to measure EC, at very low values of Q,,; nor
is it possible to use measurements of EC, to determine salinity under such conditions. This is so
because there must be a continuous pathway for eectrical flow through the soil in order to make
the measurement. It should be noted that the soil-EC model assumes the presence of sufficient
moisture to permit current flow to take place via the two pathways existing within the soil matrix
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(the water phase which is in continuous contact via the larger soil pores and the water films
which envelope and bridge soil particles to form another continuous pathway). As explained
above, the threshold value of Q,, required to satisfy the above requirement is about 0.1, possibly
morein sandy soils. This minimum limit will usually be met in all but the surface dry-mulch layer
of irrigated soils during most of the irrigation season. However, it is another matter for dryland
soils. Since dry soil is essentially an insulator, no useful information about salinity, or other soil
properties for that matter, can be inferred from EC, measurements made on such dry sails.
Therefore, one should not include the dry surface mulch in samples used to calibrate EC, - soil
properties. EC, measurements should only be made in dryland soils during the time of the year
when they are sufficiently moist for the measurable-conduction of dectricity. It is sufficiently
important to repeat: it is inappropriate to try to infer salinity from measurements of EC,
made on dry, or nearly dry, soil asit is to include salinity analyses of such soilsin the data
used to establish EC, - EC. calibrations . This will be commented on later when the reative
merits of the different sensors which can be used to measure EC,, as wdl as the different methods
of calibration, are discussed.

Since, Qs =ry / rg, soil bulk density (rp,) and soil particle density (r¢) are two soil
properties, besides salinity, that affect EC,. The value of EC, is also affected by clay content and
type, since EC; is primarily associated with the cation exchange capacity. Additionally, EC, is
expected to be affected by the pore size distribution and structure of the soil, since they influence
the contents of “mobile’ (Qu) and “immobile’ (Q.s) water. Likewise, prior events (i.e,
irrigation, rainfall, evapotranspiration) and processes (i.e, diffusion) which influence the
distributions of salt concentrations between the mobile and immobile phases (EC,.. and EC,s ,
respectively) can affect EC, The sensitivity of EC, to each of these factors can be determined
from Equation [5] to the extent that they can be related to the parameters used in the modd, for
example EC, = f (% clay, clay type), Qsand Qy, =f (rpand r ), etc. A sensitivity analysis of this
equation was undertaken with emphasis on soil salinity appraisal (Rhoades et al., 1989c;
Rhoades and Corwin, 1990). These findings are not reviewed herein. They show that the values
of the soil parameters that can not be easily measured in the field (i.e.,, bulk density, particle
density, clay percentage and total and
“immobile’” water contents) can be

FIGURE 9

estimated sufficiently accurately for Correlation between ECs and clay percentage for

the pl_eroses of practical soil salinity a number of soils from the San Joaquin Valley of
appraisal. California (after Rhoades et al., 1989a)

To use Equation [5] or [6] to
assess soil salinity (EC,, or EC,) from
EC, the values of ECs, Qus and Qy
must be known. ECs, Qus and Qyc can
be estimated using Figures 9 and 10,
respectively. The means used to obtain
these relations are described elsewhere
(Rhoades et al. 1989a). Q, can be
measured in the field using various
methods, if salinity is not too high, or it
can be adequatdly estimated, for our . \ . , .
purpose, by an indirect method that B B 20 oo AR 3R
will be described later. Qs can be Gay: Content, G, %
estimated from bulk density ( rg) as
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Qs @ry /2.65, where 2.65 is a reasonable
estimate of the average particle density of
most mineral soils. Bulk density can also be
estimated sufficiently accurately for our
purposes, as explained later.

FIGURE 10

Relationship  between the volumetric
content of soil water existing in the series-
path (Quws), the continuous-path (Quc), and
the total water content (Qw) found for

various California soils (after Rhoades et al.,

1989
Another factor affecting EC, which %)

may be important in some situations, is sail
temperature. The dectrical conductivity of
soils  containing ~ moisture  increases
approximately 2 percent per degree Cdsius
increase in temperature. To simplify the
interpretation of soil salinity data, it is
customary to determine the temperature at
which the measurement of EC, is made, and
then, by means of correction tables or
equations, to convert the measurement to a
reference temperature (Rhoades, 1976). The
temperature factors (f) obtained from
Equation [2] are suitable for this purpose
(McKenzie et al., 1989; Johnston, 1994, and
Heimovaara (1995). However, sometimesit is
preferable to encompass the effect of
temperature by including it within the calibration relation established to predict soil salinity for
the particular field conditions that existed at the time the EC, measurements were made.
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Equation [5] may be solved for EC,,, with the assumption that EC,,s = EC,., by arranging
it in the form of a quadratic equation and solving for its positive root as:

- b+./b*- 4ac
EC, =2—a, [7]

wherea = [(Qs)(Quw - Qus)], b=[(Qs+ Q WS)Z(ECS) + (Qw - Qus) (Qus ECy) - (Qs ECJ)], and
¢ = [Qus ECSECY.

If EC.isdesired, it can be estimated from:

(ECWC ch + ECws Qws) = ECW Qw @ECe My SP/ 1001 [8]

where SP is the gravimetric water content of the saturated-paste expressed as a percentage, and
I'y is the bulk density of the soil (Rhoades, et al. 1989a). The latter derived rdation is strictly
valid only for chloride-salt systems. The errors inherent in this approximation are analogous to
those discussed with reference to estimating EC, from the EC value of extracts obtained at higher
dilutions. However, the errors involved in Equation [8] are smaller because of the lower water
contents used to make the saturation extract (compared to higher water/soil extracts). Some data,
which supports the approximate equality of Equation [8], is presented in Figure 11. It may wdll
be that EC, values predicted from EC, are more appropriate estimations of soil salinity than
conventionally measured values of EC.. This is so because the latter measurements are subject to
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the errors inherent to aqueous extracts previously discussed, because salts present within the
“immobile’ water contribute to EC. but not to the EC,. value, which the author considers the
plant is more responsive to, and which mostly contributes to soil leachates.

The close relation that exists between EC, and EC, (as observed by numerous investigators) is
made more apparent by substituting the above-mentioned approximate identity (Equation [8]) into
equation [5], which yidlds the following relation:

_9Q, +Q,.)" EC, EC,

@wc O@Dr bOEC
& Q.EC,.+Q, EC,

EC €0 #1000

+

[9]

[co Y ey ey

The experimental data presented in Figures FIGURE 11

12 and 13 imply that_ this relgtion ?S Relationship between the product of soil
generally applicable to arid-land sails. This water electrical conductivity (ECw) and

relation also implies that the slope of EC, = volumetric water content (Qw) and the
f (ECe) plots, and vice-versa, are reated to
soil type , since SP and r, vary with soil
type (evidence of this is shown in Figures
14 and 15). It aso implies that the relation

product of the electrical conductivity of the
saturated-paste extract (ECe), its saturation
percentage (SP), and the soil bulk density
(rp ) found for soils of the Wellton-Mohawk
Irrigation and Drainage District, Arizona,

beween EC, and EC. is not much USA (after Rhoades, 1980)

influenced by variation in soil water
content, as stated earlier, since the ratio Quc 18— e
/ Qu is essentially a constant (~ 0.36; see (EC.y 8108215 {E Gy 5 Pa ) +0.0283
Figure 10). The linear reations shown in L rrednd

Figures 13 and 14 were based on a
relatively small data set of soils; they may
be expected to be more curvilinear, like that
shown in Figure 15, when a wider range of
soil types are included. A curvilinear
relation also has been reported by Johnston N
(1994).

Equation [9] can be further simplified
and approximated by substi-tuting into it
the value 0.36 for Q. / Qu found to be
typical of California arid-land soils and the
familiar approximation (U. S. Salinity
Handbook 60, 1954), SP ry, / 100 = 2 Qx,
where Qx is the volumetric water content at
field capacity, to give:

7 2 N

Q. +Q.,) EC, EC.Y
Eca=§ S B0 e E+(O.72)(QfC)ECe. [10]

S Ws Ws S u

Evidence to support this relation is given in Figure 16.
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The above two relations, along FIGURE 12
with Equation [6], provide the Correlation between slopes of ECe vs. EC,
theoretical basis for the previously calibrations obtained for different soils and their
reported findings that the calibration saturation percentage (SP) and bulk densities (rp)
rdating EC. and EC. for any sdline (after Rhoades et al., 1989a)

soil can be expressed as a simple !
linear equation of the following type: -~

O gl 1
EC. (or EC,y) = M (ECa- ECJ)[11] s

n Bl
for which the slope can be predicted 33

R ) w

from their fidd capacity water — 4k i
content, or their SP value, or their 2
texture using relationships like those E 2l siope = DO3ITSK" + 4.1156x - 1502 |
shown in Figures 12 to 16 and the * e eyl
intercept value (EC,, the intercept : . , N
term of equations [5], [6], [9] and o ! e 3 " 5
[10], essentially EC.) can likewise be (100)/ (SP)(,)

predicted from soil-texture reated
relationships such as that shown in
Figure 9 (Rhoades, 1981; Rhoades, FIGURE 13

Correlation between slopes of ECe vs. ECy
et al., 1989, 1990a). Of course, calibrations obtained for different soils and

empirical calibrations of the type saturation percentages (after Rhoades, 1981)
expressed by Equation [11] may be
obtained for soils using various direct o ! 4 4 ' !
methods. Simple field-procedures
have been developed in order to
obtain calibration relations ]
appropriate to field soils with their
particular natural structures, pore
size distributions and water holding
properties (Rhoades, 1976, 1980,
1981; Rhoades and Ingvalson, 1971,
Rhoades and van Schilfgaarde, 1976; Slope » = 0,2206 (SF) +14.6688
Rhoades et al. 1977). Two of these ¥ 20,980
procedures are illustrated in Figures 2+
17 and 18 and are discussed in more
detail in Annex 1.

=]

Stope of EC, = FIEC,)

o T
. . . . o |:;:| EID EID ﬂ-ln 50 &0
A typlcal linear rd atlonshlp Saturafion Percamage , 5P

between EC, and EC, of the type
expected from Equations [9] to [11],
as obtained by the direct calibration of an arid-land soil at near field-capacity water content, is
shown in Figure 19. Analogous relations between EC,, and EC, have been developed for some
typical arid-land soils (see Figure 20, after Rhoades, 1980). With such calibrations, one can
predict EC. (or EC,) from EC, for field soils of various types, provided they are in a sufficiently
moist condition. While most of these calibrations have been developed for soils at or near fidd
capacity water content at the time of EC, measurement, they have also been developed for soils
under drier conditions and found not to differ substantially (Halvorson and Rhoades, 1974).
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Numerous satisfactory fied
calibrations (like Figure 19) have been | FIGURE14 .
Relationship ~ found between  saturation

obtained for many soils around the world
and they have been found to be similar for
soils of similar textures (Rhoades and
Ingvalson, 1971; Halvorson and Rhoades,
1974; Rhoades, 1976, 1979a, 1980, 1981;
Halvorson et al. 1977; Rhoades et al.
1977, 1989a; Yadav et al. 1979; Loveday,
1980; van Hoorn, 1980; Nadler, 1981;
Bohn et al. 1982; Johnston, 1994). These
calibrations have been found to be
essentially independent of soil sodicity,
provided soil structure and porosity have
not been seriously degraded by the
sodicity. Evidence of this is given in
Figure 21 obtained in the controlled
laboratory experiments of Bottraud and
Rhoades (1985a). The sodium adsorption
ratio (SAR) is a good estimator of soil
sodicity (US Salinity Laboratory, 1954).
Additional supportive evidence, though
less rigorous and exact, is found in
Shainberg et al. (1980) and Johnston
(1994).

An alternative modd procedure for
determining salinity from EC, at various
water contents has been suggested by
Nadler (1982). This procedure "curve-fits'
what amounts to a f = (Q) reation using
moisture-tension data established for the
particular soil in question and an empirical
"effective porosity” relation based on DQ.
To date, the method has been successfully
applied only to disturbed soil samples; it
requires considerable laboratory effort to
establish the empirical fit; it only applies
to the "fitted" soil, and its applicability to
field soils was found to be not generally
good (unpublished data).

The advocated modd  and
experimental data (Rhoades et al., 1976,
1989a, 1989c; Rhoades, 1990b) show that

percentage and clay percentage for some
California soils (after Rhoades et al., 1990a)
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Relationship between slopes of ECe vs. ECy
calibrations obtained for different soils of
Montana, USA, and their clay contents (after
Halvorson et al., 1977)
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EC. is primarily a measure of the content of dissolved electrolyte present in a unit-volume of
soil; note that the product (EC.c * Quc) is analogous to the product of concentration of soil water
times volume of mobile soil water. Salt-free water is not a significant conductor of dectricity;
hence, the water in the sail is simply the “container” of the mobile eectrolyte (the dissolved salt)
and the “conduit” for the flow of dectricity. Therefore, the effect that changes in water content
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have on EC, measurements and salinity
appraisal depends on whether or not salt loss
occurs with the change in water content.
Immediately following an irrigation or rain
event, salt removal from the soil occurs as the

FIGURE 16

Correlation between slopes of ECe vs. ECy
calibrations obtained for different soils and
their field-capacity water contents (after
Rhoades, 1981)

water content drains to “field capacity”;
hence, measurements of EC, are reatively
sensitive to changes in Q,, during such times
because the product (EC,, * Q) decreases in
proportion to the change in water content.
However, the soil is usually too wet during
this period to permit one to access the fied
and to undertake measurements of EC,. These
measurements generally only become feasible
later and are typically made after the rapid
drainage has ceased and the sail is at, or
beow, fidd capacity water content. During
this latter period, further major losses of soil
water in the rootzones of cropped soils occur
mainly through transpiration and almost all of
the salt contained in the water retained by the

soil following irrigation is left behind in the . 0 5 © 15 20 25 30
remaining soil water; hence, the salt
concentration (and EC,) of the remaining
water is increased approximately
proportionately to the reduction in Q,, and, thus, the product (EC,, * Q) is approximatey
constant (hence, EC,) is fairly independent of changes in water content following drainage. Thus,
in saline soils, EC, is much more related to salinity (as expressed in terms of EC, or EC,,) than to
water content and is, for any given_irrigated and cropped soil, not much affected by the
changes in water content that occur in the time period between the cessation of rapid drainage and
the next irrigation event, i.e.,, during the period of time when measurements of EC, are normally
made. The rdativdly small changes in EC, that do occur with changes in Q, under these
conditions result from a variation in the partitioning of soil water between Qus and Quc
(previously referred to in Rhoades et al.1976, as a change in tortuosity) and from the
precipitation of some salt as the solubilities of calcite and gypsum are exceeded. As Q,, decreases
bdow fidd capacity due to evapotranspiration, EC, will show a rdativdy small and
approximately linear decrease according to the relationship:

Slope of EC,= f(EC,)

Slapas -0 3’3?'{{7]11: y* 122371
& = 0,063

Water Content ai Field Capacity, Bl

DEC,=a DQy K, [12]

where a is a factor related to the relation between Q.. and Q,s, and K = EC,, Q,, @a constant.
For typical soils the error in EC, caused by a DQ,, is not large with reasonable deviation in Q,,
from fidd capacity water content. Experimental evidence to support the above “argument” made
on the basis of theory and logic have been obtained in both laboratory and field studies; some are
reported in Rhoades et al., 1981, 19893, 1989¢c, 1990a; Rhoades and Corwin, 1990; Rhoades,
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FIGURE 17

(A) Cylinder and surrounding “moat” with impounded saline water used to leach the soil and
adjust it to a desired level of salinity; (B) access-hole being made in soil with Oakfield-type
soil sampling tube for subsequent insertion of ECa-probe; (C) ECs-probe being inserted into
salinity-adjusted soil for determination of EC,; and (D) sample of salinized soil being
collected for subsequent determination of EC. (salinity) (after Rhoades et al., 1977)
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1990b; Bottraud and Rhoades,
1985b). Example data supporting
this conclusion are given in Figure
22, after Rhoades et al. (1981).
Indirect evidence supporting this
conclusion are the low correations
typically found between EC, and
Qw in any given irrigated, salt-
affected fidd but for which high
EC, - EC. corrdations are found.
Johnston (1994) concluded in a test
of this concluson that the
“compensation” described above
was valid, but less than what the
author found. However, he did not
carry out his study in cropped fields
where the “drying” mechanism is
water removal by roots that are
distributed throughout the entire
relatively large volume of soil. He
subjected small soil columns to the
drying action of air which would be
expected to cause water (and salt)
to flow to the ends of the column
away from where the dectrodes
were located. This mass flow is
analogous to that which causes the
changes in water and salt contents
that occur in soils during drainage
that, as discussed earlier, result in
changes in EC, because the
product of (ECy. * Quw) IS
reduced; whereas, changes in water
content caused by transpiration do
not reduce this product except when
salt solubilities are exceeded.

The appropriateness of using
Qw as a reference for water content
and of the inappropriate-ness of
using matric potential (such as
tensiometer readings) in
establishing EC. = f (EC)
calibrations is supported by the
results of the laboratory column-
studies of Bottraud and Rhoades
(1985b). These data are not
reviewed here. Suffice it to say that
EC, is directly rdated to Q,, in the

FIGURE 18

Soil-filled, four-electrode cell (as obtained with a
coring device) showing one group of four of the eight
electrodes inserted into the undisturbed soil used to
measure EC,; after the soil is removed, it is analysed
in the laboratory for EC.. (after Rhoades et al., 1977)

FIGURE 19

Relationship between bulk soil electrical conductivity
and electrical conductivity of the saturated-paste
extract for Dateland soil at field capacity water
content (after Rhoades, 1980)
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manner previously described (and not

to matric potential by any general FIGURE 20 . .
Relationships  between  bulk soil electrical

relation) and if matric potential were
used as a reference one would aso
need to know whether the soil was in
awetting or drying cycle.

As shown above and in the
previous section, EC, is highly
influenced by salinity and, for any
given soil, is not much influenced by
normal variations in water content
encountered during practical mea-
surement times. However, as shown
in equations [9] and [10], for_a given
salinity, EC, increases as Q, SP
(which itsdlf increases with clay and
organic matter contents) and ry
increase, because of ther effects on
the slope term, and as EC,, Qs, and
Qus increase, because of ther effects
on the intercept term. ECs will
increase as the clay content, cation
exchange capacity and organic matter
content of the soil increase. Qs Will
increase  with increases in clay
content, organic matter content and
bulk density, which itsdf generally
decreases with increases in clay and
organic matter. Thus, it is evident
that soil texture and organic matter
content, and corrdated  soil
properties, will influence EC, and, in
the absence of sdinity, can be
expected to be capable of being
determined from sensor measure-
ments of EC,, or EC;*, so long as the
soils contain enough water to provide
a continuous pathway for eectrical
curent flow. The use of the
mobilized sensor-surveys / “stochas-
tic-calibration” approach described
later is a very practical, efficient and
accurate methodology for esta
blishing such EC, - soil property
correlations and for developing much
of the soil-property information
required for prescription farming
purposes (Rhoades et al., 1997d).

conductivity and soil water electrical conductivity
for the major soils of the Wellton-Mohawk Irrigation
Project of Arizona USA (after Rhoades, 1980)
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FIGURE 21

Relationship between the soil electrical conductivity
of Fallbrook soil and the electrical conductivity and
sodium adsorption ratio (SAR) of the soil water (after
Bottraud and Rhoades, 1985)
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FIGURE 22
Response of soil electrical conductivity to irrigations and evapotranspiration over several
irrigation cycles (after Rhoades et al., 1981)
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This prescription farming application is discussed more later.

An equation analogous to that of [5] established for bulk soil dectrical conductivity has
been developed (Rhoades et al. 1989b) for saturated soil-pastes, as follows:

é(Q. + 2 u
e(Qs Q,.)? EC,. EC, i+ (Q, - Q.) EC, (13
e(Qs) ECWS + (Qws) ECSU

where the EC of the equilibrated extracted solution (ECe) is analogous to EC,. , EC, is the
eectrical conductivity of the saturated-paste, Q., and Qs are the volume fractions of total water
and solids in the paste, respectively, Qs is the volume fraction of water in the paste that is
coupled with the solid phase to provide a series-coupled ectrical pathway through the paste, EC;
is the average specific eectrical conductivity of the solid particles, and the difference (Qu - Qus)
is Que, Which is the volume fraction of water in the paste that provides a continuous pathway for
dectrical current flow through the paste (a paralld pathway to Q.s). Assuming the average
particle density (r) of mineral soils to be 2.65 g/cm® and the density of saturated soil-paste
extracts (r ) to be 1.00, Q, and Qs for saturated pastes can be directly determined from SP as
follows:

EC, =

a, =sP/|(r., 200/ )+ P, [14]

and

Qs=1-Qu. [15]
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The saturation percentage of most
mineral  soils can be adequatdy
estimated in the field, for purposes of
salinity appraisal, from the weight of a
known volume of paste (Rhoades et al.
1989Db). Figure 23 may be used for this
purpose, for details of the reationships
inherent in this figure see Wilcox
(1951). Evidence of the validity of thisis
shown in Figure 24.

These relationships can be used to
determine  soil salinity using  soil
samples. The method requires the
creation of saturated soil-pastes but
avoids the need for the collection of the
extract. Calibrations are needed for each
different soil, but they are easily and
accurately predicted by the means
described in the next section. The
method is faster and more field-practical
than the conventional extraction
procedures.

DETERMINING SOIL SALINITY FROM
SATURATED SOIL-PASTE ELECTRICAL
CONDUCTIVITY

ECc can be deemined from
measurements of EC, and SP (using
equations [13] to [15]), if values of rs,
Qws and ECs are known. These
parameters can be adequatdy and
simply estimated, as demonstrated by
Rhoades et al. (1989b & c). For typical
arid land soils of the Southwestern
United States, r s may be assumed to be
2.65 g/cm”; ECs may be estimated from
SP as: ECs = 0.019 (SP) - 0.434 (see
Figure 25), and the difference (Qw - Qus)
may be estimated from SP as: (Qw - Qus)
= 0.0237 (SP)**®’ (see Figure 26). The
measurement of EC, and SP (from the
volume-weight of the paste and Figure
23) can be easily made using an EC-cup
of known geometry and volume,
conductance meter and battery operated
balance as shown in Figure 27. This
permits ECe to be determined from

FIGURE 23

Theoretical relation between saturation percent-
age (SP) and weight (in grams) of 50 cm?® of
saturated paste, assuming a particle density of
2.65 g/cm?® (after Wilcox, 1951 and Rhoades et al.,
1989b)
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Correspondence between measured and
estimated (using Figure 23) saturation

percentages, for a set of California soils (after
Rhoades et al., 1989b)
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equations [13] to [15] (as
described below, or from
Figure 28) from the simply
made measurements of the
volume-weight and the EC of
the saturated soil-paste. Evi-
dence of the validity of thisis
shown in Figures 29 and 30.
The method is suitable for
both laboratory and fied
applications, especialy the
latter, because the apparatus
is inexpensive, simple and
rugged and because the
determination of EC, can be
made much more quickly than
with the conventional
procedure which involves the
vacuum-extraction of the
paste and, subsequently, the
measurement of the EC of the
extract. An additional savings
in time occurs because less
soil needs to be sampled (100
grams is sufficient, which
can be collected reatively
quickly with a Lord-type, or
similar, sampling tube) and
less saturated-paste needs to
be prepared (it takes about
1/3 the time to prepare a
saturated-paste for  this
method compared to the
conventional method which
requires about 400 grams
and collection with a more
time-consuming soil auger).

As indicated above,
ECe may be estimated from
Figure 28 given EC, and SP,
using the curve corresponding
to the appropriate SP value,
or dse it may be calculated
using the following equation:

— b+,/b?- 4ac
e 2a :

FIGURE 25

Correlation between the electrical conductivity of the soil
solid phase (ECs) and the saturation percentage (SP) for
some soils of the San Joaquin Valley of California USA (after
Rhoades et al., 1989a)
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FIGURE 26

Relationship between the volumetric content of water in the
saturated soil-paste which is in the continuous electrical
conduction path (Qw - Quws) and the saturation percentage
(SP) for some San Joaquin Valley California USA soils (after
Rhoades et al., 1989b)
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FIGURE 27
(A) Portable balance used in the field to determine the weight of the saturated soil-paste
filling the “Bureau of Soils Cup”, (B) “Bureau of Soils Cup” filled with saturated soil-paste

connected to conductance meter, and (C) close up of “Bureau of Soils Cup” (after Rhoades
1992)

wherea=[Qs (Qu- Qw)], b=[(Qs + Qu)” (ECY + (Qu- Que) (Qus ECY) - (Q) ECy], and ¢ = -
[(Qws) (ECs) (ECp)]. The values of ECs, Qs, Qw and Qus are estimated from SP using the
relationships described above.

Sensitivity analyses and tests have shown that the estimates used in this method are
generally adequate for purposes of salinity appraisal of typical mineral arid-land soils (Rhoades
et al. 1989c). This method has been found to be quite accurate and robust (considerable
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experience and data have been abtained
using it in the salinity assessment research
of the US Sdlinity Laboratory). As
discussed earlier, this method is a better
choice to estimate EC. than those
calculated from 1:5, and similar, soil:water
extracts. For organic soils, or soils of very
different  mineralogy or  magnetic
properties, these estimates may be
inappropriate. For such soils, appropriate
values for Qs, ECs and Qus Will need to be
determined using analogous techniques to
those of Rhoades et al. (1989b). The
accuracy requirements of these estimates
may be evaluated using the approaches
given in Rhoades et al. (1989c).

It should be noted that (ECe Qe) is
not equivalent to (ECwQw) because
different amounts of soil are involved in
the two measurements. The rdationship
between these two productsiis:

ECWlerb: ECeQe/I’p.[l?]

Data to support this is given in
Rhoades (1981) and Rhoades et al. (1990).
The ratio Q¢ rp is equivalent to SP/100
(see Rhoades et al. 19893, b).

The procedure described in this
section is especially suitable to determine
the ECe values of the soil samples used to
calibrate the stochastic-modd (described
later) which, in turn, is used to predict soil
salinity from sensor measurements of ECa.

This pastemethod of determining
ECe has been commercialized in the United
States (see Table 12, Chapter 5) and is
available in a kit form, including software
for the calculations. This company also
sdls an analogous field-kit to determine
soil sodicity (in terms of SARe) without the
need for collecting extracts or performing
analyses of calcium and magnesium
concentrations, based on the methodology
of Rhoades et al., (1997c). The sodicity
method, while not as accurate as the
salinity method, is sufficiently accurate for

FIGURE 28
Relationships between ECp, ECe and SP for
representative arid-land soils (after Rhoades et

al., 1989b)
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FIGURE 29
Relationship between ECp, and ECe for
Grangeville soil. The symbols represent

empirical data and the solid line is the “fit” of
these data using Eq. [13] (after Rhoades et al,,

1989D)
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many fied diagnosis purposes and, most FIGURE 30
certainly, for screening samples to Correspondence  between measured and
identify those that merit the time, labour festimated (using FigllJre f25:1) s§” sJaliniti_esV(E”ce)
or representative solls of the San Joaquin Valley
?’T}Leei\ril?slgtsoz)erlr?lﬁogﬁ r)éal %?gl/yﬁ of California USA (after Rhoades et al., 1989b)
sodicity to be determined directly in the L e s s s e
fidld using saturated-pastes of soil 5
samples.

DETERMINING SOIL  SALINITY FROM
BULK SOIL ELECTRICAL CONDUCTIVITY
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measurements of bulk soil €ectrical
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conductivity using essentially three [ ecs ECy + G073 + LOOT Wt g

different approaches. After reviewing the L et -
various instrumental means of measuring Syt LOIG

EC, this section discusses these 40t o =
aternative methods of salinity appraisal.

Sensors and equipment for measuring 20l- ]
soil electrical conductivity

Three types of sensors are commercially T I S R
available for measuring bulk soil i 20 40 §0 80
eectrical conductivity. Two are fidd- Estimoted Soil Salinity, EC_, dS/m

proven, portable sensors. (i) four-
dectrode sensors and (i) dectro-
magnetic induction sensors. A third sensor-type, based on time-domain-reflectometry (TDR)
technology, has not yet been shown to be sufficiently accurate, simple, robust or fast enough for
the general needs of fidd salinity assessment. Each of the first two sensor-types has its' own
advantages and limitations. The first two sensors and related equipment will now be described
and discussed.

Four-electrode Sensors

Bulk soil dectrical conductivity can be measured using four-electrodes inserted into the soil, a
combination eectric-current generator/resistance, or conductance meter, and connecting wire. A
photograph of the basic “surface-array” equipment is provided in Figure 31. With such
equipment the depth and volume of measurement may be varied by changing the spacing between
the current (outside) dectrodes, asillustrated in Figure 32. When the distance between the outside
pair of dectrodes (the current ectrodes) is small, the flow of dectricity is shallower than when
the distance is greater. The effective depth of measurement is about one-third of the distance
between current eectrodes (see Figure 33). The spacing-depth relation is discussed in more detail
later. The calculation of EC, from surface-array measurements requires knowledge of the spacing
between the current and potential (inner pair) dectrodes. An equation for calculating the “cell
constants” for different arrays and spacings of dectrodesis given later.
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The current source- FIGURE 31
meter unit may be either a Four electrodes positioned in a Wenner-type surface-array
hand-cranked (see Figure 31) and a combination electrical generator and resistance
or a battery-powered type meter (after Rhoades and Oster, 1986)
(see Figure 34). Some of the
available generator/ meters
were designed for
geophysical purposes and
these generally read in ohms
of resistance. If such units
are to be used for purposes
of general soil salinity
assessment, they  should
measure from 0.1 to 1000
ohms. A unit specifically
developed for soil salinity
appraisal is available from
Martek Instruments”. It is
battery powered, allows the
geometry constant to be set
for different configurations FIGURE 32
of dectrodes and reads out Schematic showing increased depth and volume of ECa
directly in terms of soil r;f?astqren;entthwifth increasedtc_ll-Cz ele<_:tro?t=i spacilntg.

; i ective depth of measurement is approximately equal to
dlectrical conqluctlwty (an one-third Ofp(Cl' C2). C stands for ch;Fr)ent-eIectrg/deqand P
early modd is shown in

- .. stands for otential-measurin electrode (after
Figure 34; it is also more Rhoades,1976) P 9

portable (smaller/lighter)
than the typical units built small Lar ger

for geophysical prospecting C P PaCs Cy Py By €z
purposes). One can build a |

smple  but  adequate, LA dt
generator/meter  unit  from
components  using  the
circuitry-schematic and
parts-list provided in Austin
and Rhoades (1979) and in
Annex 2. Units which can data-log time and ECa measurements have also been developed for use
with both hand-held four-dectrode sensors and with a mobilized, tractor-mounted version of a
"fixed-array" unit developed for making automated “on-the-go” measurements of bulk soil
eectrical conductivity. The latter unit and mobilized system are described below.

Electrodes used in surface arrays of the type shown in Figures 31 and 34 can be made of
stainless sted, copper, brass, or almost any other corrosion-resistant, conductive metal. Array
electrode sizeis not critical, except that the dectrode must be small enough to support itself when
inserted to a depth of 5 cm or less. Electrodes 1.0 to 1.25 cm in diameter by 45 cm long are
convenient for most measurement purposes, although smaller eectrodes are preferred for
determining ECa within soil depths of less than 30 cm. The effect of depth of insertion of the
eectrodes is discussed later; an equation useful in this regard is given in Annex 3. Any flexible,
well-insulated, multi-stranded, 12 to 18 gauge wire is suitable for connecting the array-electrodes
to the meter.
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For hand-carried mapping or
traverse work, it is convenient to
mount the array-éectrodes in a
board with a handle (see Figure 34)
so that soil resistance, or
conductivity, measurements can be
made rdativdly quickly. Such
mounted-units are practical for
current-electrode spacings of up to
about two metres; switching devices
have been developed to make it
easy to switch the meter quickly
between the different sets of
eectrodes (Rhoades, 1976). These
"fixed-array" units save the time
involved in spacing the dectrodes
and keep the “geometry factor”
constant from one measurement site
to another.

A mobilized, tractor-mounted
version of a "fixed-array" four-
eectrode unit has been developed
for making automated “on-the-go”
measurements of bulk soil eectrical
conductivity.
Generator/meter/logger units which
can datalog time and ECa
measurements have aso been
developed for use with this
mobilized equipment, as well as
with  hand-held  four-eectrode
sensors.  The mobilized four-
eectrode system also data-logs the
associated locations in the figd, as
determined using global  posi-
tioning system (GPS) equipment.
This system, shown in Figure 35, is
capable of making both faster and
wider-spaced readings than can be
accomplished manually, while
simultaneously providing the X, y
coordinates of each measurement
site. It is especially well suited for
collecting detailed information
about the variability of average root
zone soil dectrical  conductivity
within fields and of the various soil
properties that can be inferred from
ECa

FIGURE 33
Variation of: (A) current density with depth in a plane
mid-way between the current electrodes; (B) current
density at unit depth as a function of current electrode
separation (after Rhoades and Ingvalson, 1971)
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A close up view of one of the
r in thi i
dlectrodes used this “system IS A mobilized (tractor-mounted) “fixed-array” four-

shown In. Figure 36. The u_se Of_ t_he electrode system, with mast for GPS antenna (after
latter equipment to assess soil salinity Rhoades, 1992)

and related management is described
in more detail later and esewhere
(Rhoades, 1992a, 1992b, 1993,
1994, 1996b; Carter et al., 1993;
Rhoades et al., 1997a, 1997b). The
eectrodes and generator/meter can be
attached to the tool bar of almost any
tractor, or they can be provided
“together with a dedicated tool bar
and weather proof container for the
generator/meter system (as shown in
Figure 35). This  mobilized/
automated four-eectrode system is
commercialy available from
Agricultural Industrial Manufactur-
ing, Inc.". A more recently commer-

FIGURE 35

: L . FIGURE 36
cial mobilized four.-eleCtrOde unl.t’ (A) Close-up of the four fixed-array electrodes used
though less well suited for use in on the mobilized tractor-mounted system, (B)
furrow-irrigated cropped fields, is insulators used to isolate sensor part of shank from
availablefromVerisTechnoIogiesl. the rest of the tractor, and (C) close up of
replaceable pad at bottom of electrode (after Carter

et al., 1993)

A salinity probe, in which the
four eectrodes are incorporated into
a shaft, was developed by Rhoades
and van Schilfgaarde (1976). With
this probe, ECa can be measured in
small soil-volumes and at various
depths in the sail profile. Convenient
Sized current source-meter units have
been designed for use with the four-
dectrode salinity  (Austin and
Rhoades, 1979). Commercial ver-
sions of both the four-electrode probe
and "meter” are made by Martek
Instruments’, by Eijkdkamp Agri-
search Equipment’ and by Elico
Limited". The probe and meter sold
by “Eijkdkamp” are essentialy the
same as those developed by Rhoades and collaborators. The units sold by Martek Instruments are
improved versions. The newest version of the Martek SCT meter, which reads directly in ECa
corrected to 25 °C and which incorporates a data logger and a timer is shown in Figure 37, along
with the moulded, insertion salinity-probes (both standard- and micro-sizes) they sdll. Versions of

! Mention of trademark or proprietary products in this manuscript does not constitute a guarantee or

warranty of the product by the Food and Agriculture Organization of the United Nations and does
not imply its approval to the exclusion of other products that may also be suitable.
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the four-eectrode probes could be, FIGURE 37

but have not yet been, developed that Two commercial four-electrode probes (small and
are suitable for incorporation into a standard sizes) and electrical generator-meter/data-
mobilized, automated system; logger (after Rhoades, 1992).

however they can presently be used
to advantage, even if manually, for
some detailed assessment purposes
(such as characterizing the salinity
patterns within seedbeds and through
root zones). Buria-type four-
dectrode units (see Figure 38)
suitable for monitoring applications
are aso avalable from Martek
Instruments. Simpler units can be
built as originally developed by
Rhoades (1979). Information in this
regard is given in the Annex 4. Other
special-purpose cells have been built
for measuring ECa of undisturbed

soil cores or in laboratory soil FIGURE 38
columns/cdls. These units are shown Commercial burial-type four-electrode conductivity
in Annex 5 probe used for monitoring changes in soil electrical

conductivity (after Rhoades and Corwin, 1984)
Electromagnetic-induction Sensors

Sail dectrical conductivity can be
measured remotely using eectro-
magnetic induction (EM) method-
ology. The basic principle of
operation of the EM soil dectrical
conductivity meter is  shown
schematically in Figure 39. An EM
transmitter coil located in one end of
the instrument induces circular eddy-
curent loops in the soil. The
magnitude of these loops is directly
proportional to the dectrica
conductivity of the soil in the vicinity
of that loop. Each current loop generates a secondary electromagnetic field that is proportional to
the value of the current flowing within the loop. A fraction of the secondary induced
eectromagnetic fidd from each loop is intercepted by the receiver cail of the instrument and the
sum of these signals is amplified and formed into an output voltage which is linearly related to
depth-weighted soil eectrical conductivity, EC. . The nature of the depth weighting is discussed
later.

Figure 40 shows a commercially available EM soil salinity sensor (Geonics EM-381)
oriented in both the horizontal (EM#; Figure 40A) and vertical (EMv; Figure 40B) coil-positions.
This device was designed, at the request of the author, to meet the general-purpose needs of soil
salinity appraisal (McNeill, 1992). The EM-38 device contains appropriate circuitry to minimize
instrument response to the magnetic susceptibility of the soil and to maximize response to
eectrical conductivity. It has an inter-coil spacing of 1 metre, operates at a frequency of 13.2
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kHz, is powered by a 9 volt battery,
and reads out directly in terms of
EC.. The coil configuration,
frequency and inter-coil spacing were
chosen to permit measurement of
EC. to effective depths of approxi-
mately 1 and 2 metres when placed at
ground leve in horizontal and
vertical configurations, respectively.
Other "EM" units are available which
are capable of degper measurement.
For more details about the principles
of EM measurements and the various
sensors that can be used in this
regard, see McNeill (1980 and 1992).

Mobilized, automated EM-
measurements can be made within
various depths of the rootzone using
the EM-38 sensor, as wdl as with a
combined four-dectrode sensor if
desired, and the mobilizing/ auto-
mating equipment developed by
Rhoades and collaborators shown in
Figure 41 (Rhoades, 1992a, 1992b,
1993, 1994, 1996b, Carter et al.,
1993). With this system, some 52
operator-actions are automatically
performed to collect a sequence of
EM-38, four-éectrode, and GPS
readings at a given site These
actions are made in less than one
minute (about 20 sites per hour,
including travel time, can be sampled
with this system). With these data,
the salinity level and distribution
within the soil profile to be
determined in two dimensions. The
EM-38 is contained within the
cylinder protruding in front of the
mobilizing unit. The sensor is in the
“up” (travelling) position in this
picture. The optional four-electrode
component is shown in Figure 42 in
the “down”, inserted position. As
with the mobile, four-eectrode
system previously described, this
system also incorporates synchro-
nized, GPS site-positioning equip-
ment and data logging capabilities.

FIGURE 39
Schematic showing the principle of operation of an

electromagnetic induction soil conductivity sensor
(after McNeill, 1980)
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FIGURE 40

Geonics EM-38 electromagnetic soil conductivity
sensor in (A) horizontal orientation and (B) vertical
orientation (after Rhoades, 1992)

A
B

FIGURE 41
Mobilized salinity assessment system  with
combined EM-38 and four-electrode  soil

conductivity sensors and mast for mounting a GPS
antenna. Both sensors are in the ‘up’ travel position
(after Rhoades, 1992; 1993; Carter et al., 1993)
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This mobilized/automated system is
very wel suited for the detailed | FISURE42

. - Close-up of the fixed-array four-electrode unit in
*
mapping of EC:* and correlated soil (A) the travel-position and (B) inserted into the soil

properties, as well as for the mapping by the hydraulic “scissors” apparatus of the
of these properties within different mobilized combination sensor assessment system
depth-intervals of the root zone and (after Carter et al., 1993)

dightly deeper. The system s
commercially available from AIM
Inc.'. It also incorporates a laser mast
and a load-cdl which permits the four-
eectrode array to also function as a
penetrometer  (not  shown). Thus,
additional, complementary informa-
tion can be simultaneously obtained
about the micro-rdief features of the
fiedld and about the compaction and
crusting properties of the soil surface.
The latter co-located information helps
determine the cause(s) of salinization,
and the appropriateness of irrigation/
drainage management, considering the
observed salinity levels and patterns.
Several prototypes of this system have
been designed and tested; they are
described in more detail in Rhoades
(1992a, 1992b), Rhoades, (1993),
Carter et al. (1993), Rhoades (1994),
Rhoades (1997b), and Rhoades et al.
(19974, 1997b, 1997d). Other forms of
mobilization of EM-sensors have been
undertaken, though they are not as
integrated nor as well adapted to row-
cropped fidds as the above described
system (Cameron et al., 1994; Jaynes,
1996; Kitchen et al., 1996).

Proceduresfor Measuring Bulk Soil Electrical Conductivity
Large-volume Measurements

For the purpose of determining soil salinity within root zones, or some fraction thereof, it is
desirable to make the measurement of ECa to depths of up to 1 to 1.5 metres. This may be
accomplished with both four-dectrode and EM-sensors. It is accomplished with the four-electrode
equipment by configuring the surface-array of eectrodes in a straight line with the spacing
between the two outer (current) eectrodes selected depending upon the desired depth(s). As
implied in Figure 32, the depth and volume of measurements are readily altered by varying the
spacing between the current-dectrodes. The relative spacing between the inner (potential)-
eectrode pairs can also be varied, but this does not affect the depth of measurement. The
electrodes are often spaced in the so-called Wenner-array with equal spacings between all of them
(Wenner, 1916; Rhoades and Ingvalson, 1971). When using the Martek' SCT meter, each of the
inner-pair of dectrodes is preferably placed inward from its closest outer-pair counterpart a
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distance equal to 10 % of the spacing between the outer-pair. In both of the above-mentioned
eectrode-arrangements, as wel as for others, the inner-pair of eectrodes is generally used to
measure the electrical potential (or resistance) while current is passed between the outer-pair. The
effective depth of current penetration for ether configuration (in the absence of appreciable soil
layering) is approximately equal to about one-third the outer-eectrode spacing, y; thus "average"
soil salinity is measured to a depth equal to approximately y/3 (Rhoades and Ingvalson, 1971,
Rhoades, 1976; Halvorson and Rhoades, 1976). Thus, by varying the spacing between current
eectrodes, one can measure salinity to different depths, also of different volumes, in soil using the
four-electrode system.

An advantage of this "surface-array" method is the rdatively large volume of soil that is
measured compared to that of the insertion four-eectrode probes (discussed later) or of
customary soil samples. The volume of measurement is about (y/3)3, wherey is as defined above.
Hence, effects of small-scale variations in field-soil salinity can be minimized by these relatively
large-volume measurements.

For measurements taken in the Wenner-array (eectrodes equally spaced) using geophysical
type meters, which measure resistance, bulk soil dectrical conductivity is calculated, in dS/m, as:

EC.=159.2f /aR:, [18]

where a is the distance between the electrodes in cm, Ry is the measured resistance in ohms at the
field temperaturet, f;isthe previously described temperature compensating factor used to adjust
the reading of ECa to a reference temperature of 25° C, and 159.2 is the numerical equivalent of
1000/2 p. For measurements made with other spacings of eectrodes, EC. is calculated (after
Dobrin, 1960) as:

e pY

I é 1 (JI.

- : e .,
EC, =(1000/2p R) : fo/§ 111, 1y [19]

f & n R R

where R is resistance, fi is the FIGURE 43

temperature correction factor, and
ry, r2, R1 and Rz are the distances in
cm between various pairs of
dectrodes (Figure 43). For
measurements made with the
Martek SCT meter, the meter is
calibrated for any set of eectrode
spacings by setting it to read the
value of EC,; calculated from
Equation [19] while the corres-
ponding resistance is connected
between the outer-eectrodes. Use
of a variable resistor box is
convenient in this regard.

Schematic of distances between the current and
potential electrodes in four-electrode array for use
with Equation [19] (after Dobrin, 1960)
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In both Equation [18] and [19], the dectrodes are assumed to make only point contacts
with the sail. In practice they must be inserted into the soil far enough to support their weight and
to make contact with soil having sufficient moisture to permit a meaningful measure of EC, and
interpretation of salinity. An equation is provided in Annex 3 to correct for this depth of insertion,
assuming the soil is uniform throughout this depth and the rest of the soil volume involved in the
measurement. Since this assumption is seldom true, the “correction” equation given in Annex 3 is
seldom used in practice. Instead, an attempt is made to minimize the depth of insertion, especially
for shallow soil depth measurements. Based on empirical findings of Rhoades and Ingvalson
(1971), the depth of insertion should be no more than 25 mm for measurements within the 0-0.3
m soil depth and no more than 50 mm for measurements within the 0-0.6 m soil depth. For degper
soil depth measurements, the eectrodes may be inserted up to depths of 75 mm with no
discernible effect. The diameter and length of the dectrodes should be reduced when
measurements are to be made with them inserted to shallow depths; otherwise, the larger
electrodes can not be supported by the soil and make good contact. They tend to fall over and to
“break contact” with the soil.

In most fidd situations, the immediate topsail is too dry and loose to attempt to make
measurements when the eectrodes are inserted to shallow depths. Hence, they are inserted to a
depth below the boundary separating the dry/loose surface mulch and the underlying moist/firm
soil, at whatever depth this boundary occurs. This depth is then taken as the “zero-depth” for
inferring soil salinity from the ECa measurements, or for collecting soil samples to be used to
establish ECe - EC calibrations for the soil, since no useful relation exists between salinity and
EC.in dry soils as explained earlier. The fact that four-eectrode measurements do not apply to
the dry/loose surface mulch through which the dectrodes were inserted in order to reach
moist/firm soil may be seen as either a serious limitation of the surface-array, four-eectrode
method, compared to the EM method/sensor (Johnston, 1994), or as an advantage for reasons
given later. Unfortunately, the incorporation of such surface soil, especially when it is highly
salinized through evaporation-driven processes, in soil samples collected to calibrate or test four-
dectrode systems (also EM systems) has resulted in some erroneous calibrations,
misinterpretations, and conclusions reported by a number of users and even investigators. It needs
to be stressed that the variability that exists over very short distances in surface irrigated soils is
often very great. Hence, great care must be made to avoid the collection of samples from regions
of the soil that are not within the volume of the four-eectrode sensor measurement when
establishing calibrations or applying/testing them. A good example of such short-scale variability
is shown in Figure 73, which is presented and discussed later. It needs to be recognized, as
mentioned earlier, that what is many times used as “truth” regarding soil salinity in testing the
models, data, various sensors, approaches and methodology involved in salinity assessment is, in
fact, often not an adequate/appropriate index of salinity; certainly not that involving dry soil
samples and high water:soil ratio extracts. Special care must be taken to account for the spatial
variability that exists in typical saline soils. The mobilized measurement systems and stochastic-
mode approach of salinity assessment, which is discussed later, were explicitly developed to
provide practical tools to measure and characterize spatially variable soil salinity in irrigated
fields. Examples will be given later to illustrate the utility of these systems and approach to
describe and account for this spatial-variability dilemma

Relatively large volumes of soil can also be measured with the EM-38 sensor, though less
than with the tractor-mounted, fixed-array, four-dectrode system. The volume and depth of EM-
sensor measurements are influenced by the spacing between cails, the current frequency, and the
orientation of the axes of the magnets/coils with respect to the soil surface plane (McNeill, 1980).
The effective depths of measurement of the Geonics EM-38° device are about 1 and 2 metres
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when it is placed on, or in close proximity FIGURE 44

to, the ground and the coils are positioned Cumulative relative contribution of all soil
horizontally and vertically, respectively. electrical conductivity, R(Z), below various
The effective width of the measurement depths sensed by the EM-38 unit when placed

. on the soil surface in horizontal (parallel) and
1
extends out about 2 metre to the sides and vertical (perpendicular) magnetic-coil positions

ends of the unit (McNeill, 1990). Thus the (after McNeill, 1980)
dliptical volume of the measurement has
an length of about 2 m, a width of about 1 gl o e 5 N W RSN
m and a depth that corresponds to the “ Z”

values given in Figure 44 and described o .
by the equations provided in footnote
number 2. The depth (and associated
volume) does not contribute equally to the otk
measurement, as explained next.

[=l:] o 1

The EM-38 device does not provide T

alinear measure of ECa with depth, rather
a depth-weighted value EC. is obtained as
stated earlier. The theoretical depth- i I
distributions of this weighting for an
homogeneous soil are shown in Figure 44
for both the vertical (EMv) and horizontal oz
(EM4y) configurations. The ratio of these
distributions is shown in Figure 45. These
distributions show that the EMy and EMv | b o o o 0 2 0 o a s
measurements are not independent; they
are interrelated measurements, though not
so much in the shallow depths (such as 0-
0.30 m). TheOto 0.3, 0.3 to 0.6, 0.6 to
0.9, and 0.9 to 1.2 m soil depth intervals contribute about 43, 21, 10, and 6 percent, respectively,
tothe ECa reading of the EM unit when it is positioned on homogeneous ground in the horizontal
position (Rhoades and Corwin, 1981). Thus, the depth-weighted bulk soil eectrical conductivity
read by the EM devicefor this situation and in this configuration is approximately:

aspE

R(Z)

Q3ipF
Wertical

ol e

DEPTH, Z, melres

ECa = 0.43EC; 0.03 + 0.21ECa 0306 + 0.1EC 06.09 + 0.06ECa 0912 + 0.2ECa 512, [20]

where the subscript designates the depth interval in metres. Corresponding percentages in the
vertical position are 17, 21, 14 and 10, respectively’. Recent studies show that these proportions
do not hold for non-homogeneous profiles (Rhoades et al. 1990b). The EMy and EMv
measurements made with the EM-38 measurements also depart differently from the actual ECa
values, even in homogeneous soils, when these levels exceed about 2 dS/m, as shown in Figure
46. For these reasons, the “profiling” methods based on theoretical, uniform-profile weighting
functions (such as that of Slavich, 1990) are not generally reiable in their applications. Methods
that account for the effect of non-uniform weighting functions need to be used. Some of these
methods are discussed/referenced later.

2 The relative contributions (R) to the secondary EM field (or EC,) from all material below a depth

can be theoretically calculated from Ry = 1/(4 + 1)?, and Ry = (4 % + 1)V2 - 2, for the vertical (V)
and horizontal (H) dipoles, respectively (McNeill, 1980).
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The EM-38 does not lend itsdf FIGURE 45

wdl to the direct determination of Ratio of vertical and horizontal weighted responses
average ECi (or ECe) since its of the EM-38 unit as a function of compsite depth

(generally decreasing with depth) (after Corwin and Rhoades, 1990)

However, as pointed out by Rhoades
and Corwin (1981), the depth-
weighted reading it provides
(Equation 20]) is close to that which
many researchers regard as the way
crops extract soil water within their
root zone and the way they
proportionately respond to the
variation of salinity with depth in the
root zone. For this reason, Rhoades
and Corwin (1981) suggested that the
EC. reading obtained with the EM-
38 might provide a reasonable
measure of crop-effective salinity.
Based on this concept/suggestion, 0 VN P RS SRR o\ N SR
Wollenhaupt et al. (1986) developed 0 02 04 06 08 0 12 4 K
depth-weighted calibrations for the COMPOSITE DEPTH INCREMENTS (melres)
EM-38 and soils they worked with in
Canada using sdlinity values by FIGURE 46

depth in the soils weighted in EM-38 readings for homogeneous profiles as a
accordance with slightly modified function_ o_f the profile ECa_ . value (personal
versi_ons .Of the depth-response igrgor;lunlcatlon from J. D. McNeill; Rhoades, et al,
relations given above. Subsequently,

McKenzie et al. (1989) deveoped 10.0
analogous but dightly different
weighted-calibration reations for the
EM-38 for use with their soils, as did
Johnston (1994) in South Africa
There is some evidence that crop
response to salinity can be reasonably
related to the depth-weighted reading
provided by the EM-38 (Slavich and
Read, 1983; McKenzie et al., 1990;
Rhoades et al., 1997d). In spite of
this, the latter three sets of
calibrations referenced are subject to
the same criticism given above about 0.0 E_ i ,
the inapplicability of the theoretical o Al A0 80 AL 1A
depth-response of the EM sensors
(which are based on uniform-depth
salinity conditions) to depth-varying conditions of soil salinity. However, they can be used
advantageoudly for applications where relative differences in salinity need to be mapped in
landscapes; but one should not expect to accurately determine the salinity distribution through the
soil profile using such calibrations.

RATIO OF THE HORIZONTAL TO VERTICAL
WEIGHTED RESPONCES

EMy = 0.850MEC,) — 000THEC 2]

- - )
a0 | Ehdy = 0,8899(EC,) — 0.0155(EC, 2)

6.0
4.0

2.0

a verlicol configuralion
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Meosured ECo volues with EM=38, d5,/m
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It is often desirable to be able to determine soil ECa within various depth intervals so that
soil salinity levels within the various parts of the root zone can be calculated, as needed for
making certain assessments and management decisions. Since the proportional contribution of
each soil depth interval to the EM-38 reading (ECa*) can be varied by changing the coil
orientation or, as shown by Rhoades and Corwin (1981), by raising the unit to various heights
above the ground, it is possible to estimate ECa within various depth-increments of the soil from a
succession of EM measurements made at various orientations, or at various heights above-
ground, or both. The EC, values within different discrete soil depth intervals of a group of
California soils have been found to be corrdated with a succession of EMy readings made above
ground as:

ECa 003 = acEMo + a1EM1 + a2EM2 + asEMs + a4EMg, [214]
EC4 0306 = hoEMo + b1EM1 + b2EM2 + bsEM3 + hsEMg4, [21b]

where EM represents the reading obtained with the EM-38 unit held in the horizontal position and
0, 1, 2, 3 and 4 represent height above ground in increments of 30-cm. The author has found
these relations to apply in each of the several widely distant places in the world where he has
personally tested them. But since they have not been widely tested and may be expected to vary
for different EC, - depth patterns, for the reasons described above, they should be used with
caution until they have been evaluated for the specific conditions of interest.

Subsequently, another series of empirical equations and coefficients were developed to
estimate ECa within discrete soil depth intervals using just two measurements made with the
magnetic coils of the EM-38 instrument positioned at ground level, first horizontally and then
vertically (Corwin and Rhoades, 1982, 1984). These equations were initially developed using the
same relatively small data set as that involved in the development of Equation [21]. Salinity
increased with depth in all of these soil profiles. Subsequent tests showed the new empirical
relations were inaccurate when applied to soils with salinities which decreased with depth; hence,
a new set of coefficients were developed for such soils (Corwin and Rhoades, 1984). The two
categories of soils were distinguished by the EMyv / EMu ratio. Profiles in which salinity
increased with depth were called “regular” profiles and were associated with EMv / EMy ratios
of 3 1. Profilesin which ECa (salinity) decreased with depth were called “inverted” profiles and
were associated with EMy / EMy ratios of < 1. The derivation of these rdations and the resulting
general form of the equation are given in Annex 6. These reations were subsequently
modified/improved using a substantially larger data base (Rhoades et al. 1989d) and expressed in
the following form:

(ECa, x1x2)>” = kit (EM)°>® + kv (EMV)*? + ks, [22]

where x1 - x2 represents a given depth increment in cm, EMv and EMu are the readings obtained
with the EM-38 device positioned at the soil surface in the vertical and horizontal positions,
respectively, ku, kv and ks are empirically determined coefficients for each depth increment, and
the exponent 0.25 is an empirical factor used to provide a more normally-distributed set of
values. This approach based on but two EM-38 readings is more practical to use than the
approach inherent in Equation [21] which requires five measurements. Equation [22] is also more
easily solved than is Equation [21] and the results were found to be almost as accurate for the
two depth intervals 0 - 30 and 30 - 60 cm, when tested using the same original data set. Johnston
(1994) evaluated these relations and those of Slavich (1990) for their applicability in South
African soils; he found Equation [22] to be more accurate for the variety of soils and situations
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he tested. In fact, Johnston FIGURE 47

concluded that the agreement Theoretical relation between In EMwu and the difference
between his measurements and those (In EMk - In EMv) for uniform ECa profiles (after Rhoades,
predicted using the published | 1999
relationships based on Equation [22] a0
(givenin Rhoades et al., 1989d) was
“impressive’, with “very little bias
or eror” and with very good 15}
correspondence (r> = 0.89; slope=
0.944, and intercept = 0.110). In
contrast, he found the relationships
of Slavich (1990), which are derived
from the theoretical homogeneous 45}
depth-response functions (and as
previously discussed are concluded

0.0 f----------

In{EMH)

R R e —-

to be inapplicable for non- R i e 2 o
homogeneous conditions), to have

much poorer correspondence (slope In(EMw)-In(EMy)

of 0.71) and to produce a strong

systematic prediction error.

Surprisingly, Johnston (1994) did not evaluate the following improved, more rigorous and
more general relationship that was developed more recently and based on a larger and more
varying set of ECa profiles (Rhoades, 1992a) and which the author concludes to be more
generally applicable and accurate than those represented in Equation [22]:

In ECa=bo + bl In EMu + bs(In EMk - In EMv), [23]

where bo, bi and bs are empirical coefficients. In the earlier approach inherent in the
development of Equation [22], two profile types were distinguished based on EMv / EM4 ratios -
regular (EMv 3 EMu) and inverted (EMy > EMv). Equation [22] and its manner of use have at
least three deficiencies. The non-linearity that exists in the EMy - ECa and EMy - ECa
relationships that occur at high values of ECa (see Figure 46, after Corwin and Rhoades, 1990) is
not taken into account; near-uniform profiles are incorporated into either regular or inverted
types, and the colinearity that exists between EMy and EMv (see Lesch et al. 1992) is not taken
into account. Equation [23] minimizes these deficiencies by separating soil profile types into three
classes (regular, uniform and inverted), by utilizing curvilinear EMy - ECa and EMv - ECa
relationships to identify the three profile types, and by using the difference (In EMy - In EMv) in
place of EMv as the second variable in the relationship, in order to minimize the colinearity
problem.

The theoretical relation between In EMy and (In EMy - In EMv) uniform EC, profiles is
shown in Figure 47. The fitted curve ((In EMy - In EMy) = 0.04334 + 0.03058 In EMy +
0.00836 EMHZ)) describes a theoretically uniform EC, profile. Profile types may be classified
based on deviation from this relation better than by the EMv / EMwu ratio. For the practical
purposes of solving Equation [23], the profile types have been classified as follows, after
Rhoades (1992a): sites having values of (In EMu - In EMy) within + 5% of the theoretical value
(i.e, 0.04334 + 0.03058 In EMy + 0.00836 EMHZ) are designated "uniform"; those with
measured values > 5% of the theoretical are designated "inverted", and those with measured
values < 5% of the theoretical are designated "regular”. Empirically determined values of the
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coefficients for Equation [23] based on these classification criteria and empirical data obtained
from alarge number and wide variety of California soils are givenin Table 1.

TABLE 1
Relationships for predicting soil electrical conductivity within soil-depth intervals from EM-38
readings®

Depth | Predictive Equation n r
(cm)

For Regular Profiles (measured values® < 5% of theoretical value)

0-30 In ECa = 0.414 + 0.985 In EMu + 2.336 (In EMH - In EMv) 650 | 0.76
30-60 In ECa =0.836 + 1.262 In EMy + 1.307 (In EMH - In EMy) 626 | 0.75
60-90 In ECa =0.674 + 1.089 In EMy - 0.446 (In EMH - In EMv) 200 | 0.69
For Uniform Profiles (measured values® within 5% of theoretical value)

0-30 In ECa =0.478 + 1.209 In EMn + 0.411 (In EMH - In EMv) 73 0.81
30-60 In ECa =0.699 + 1.234 In EMK - 0.623 (In EMH - In EMv) 70 0.81
60-90 In ECa = 0.477 + 1.053 In EMy - 0.691 (In EMH - In EMv) 24 0.81
For Inverted Profiles (measured values’ > 5% of theoretical values)

0-30 In ECa =0.626 + 1.239 In EMy + 0.325 (In EMH - In EMy) 56 0.91
30-60 In ECa =0.881 + 1.216 In EMy - 1.318 (In EMk - In EMv) 55 0.81
60-90 In ECa = 0.563 + 1.206 In EMy - 1.641 (In EM4 - In EMv) 21 0.91

Predictions are based on measurements made with the EM-38 sensor placed on the ground in the
horizontal (EMw) and vertical (EMv) configurations. b Comparing measured2 values of (In EMy - In
EMv) with the theoretical value = (0.04334 + 0.03058 In EMH + 0.00836 EMK").

As mentioned earlier, the immediate topsail is often dry and loose when measurements of
ECa need to be made. This has been viewed by some as a “problem” and disadvantage of the
four-electrode method compared to the EM method, because of the poor dectrode contact that
occurs with the former method under such conditions and the lack of need for contact with the
latter method (Johnston, 1994). However, as explained earlier, no useful information about
salinity can be made from EC, measurements made upon dry soil (dry soil behaves essentially
as an insulator). Hence, when these measurements are made upon a soil having dry/loose surface
mulch, the eectrodes should be pushed through the “insulating” depth and into the moist soil to a
depth of 25-75 mm (the minimum required for the eectrode spacing, as explained earlier). In this
manner, the dry/loose mulch does not affect or enter into the measurement of ECs, hence, no
attempt should be made to infer salinity in the depth of “bypassed” soil, nor to include it in any
calibration relation. When the procedure is followed as just explained, which has always been the
case with the author, thereis no “problem” or disadvantage in the use of the four-electrode sensor
compared to the EM-38 sensor. To the contrary, the “problem” and limitation more often occurs
with use of the EM sensor. Because no contact is required with this sensor, many users simply
place the unit on top of the dry/loose soil and read and interpret/calibrate it as if the “insulating”
layer contributes to the reading. Thus, the EM-38 reading made in this manner includes an error,
especially the EMy reading, that is proportional to the depth of the dry layer times its weighting
contribution. If the dry layer of soil isincluded in the calibration of the EM unit it will bein error;
if the user attempts to infer the salinity in this layer from the EM-reading, it will bein error. It is
inappropriate to include the dry layer in a depth-increment sample that includes moist soil. The
errors created can be substantial, especially where salts are concentrated in the solid form by
evaporation in the near-surface soil. Whenever feasible, the dry/loose soil should be scraped away
from the measurement site before positioning the EM-38 sensor and measuring ECa. This has
been the routine practice of the author and his collaborators and is included in the calibrations
that they have reported. It takes more time and effort to use the EM sensor in this more
appropriate manner, compared to the four-éectrode unit, because the dry/loose soil must be
removed for the former sensor but not the latter unit. With the four-eectrode unit you simply
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push the eectrodes through the dry/loose layer; one can easily fed when moist sail is encountered
and the depth of effective insertion is simply referenced from this point.

Another practice routingly used by the author and collaborators involving the EM-38 for
about the last 6-7 years, is to position the axis-centers of the magnetic coils 100 mm above the
soil surface at the time EC. measurements are made. This practiceis included in the most recent
calibrations reported by Rhoades (1992a). This practice was instituted for several reasons. Oneis
the observation made in the study of the EM-38 response to depth-varying ECa distributions
(Rhoades et al., 1990b) that the reading of EMy was higher (near a maximum) when the sensor
was held at a height of 100 mm above ground than when placed on the ground. When questioned
about the reason for this phenomenon, the manufacturer (McNeill, 1990) could offer no physical
explanation for this phenomenon but confirmed that he had also observed it. Another reason was
to keep the instrument clean by avoiding contact with muddy or dusty soil. A device was built to
permit the sensor to be positioned so that the coil-axis would be located 100 mm above the soil
during both EMn and EMv measurements. It is shown in Annex 7. This device is also used
advantageously to scrape away the dry/loose surface soil before it is positioned on the ground; it
is also used to “level” the EM-38 sensor. The EM-38 readings will vary some as the sensor is
tilted with either the transmitter or receiver end held higher than the other. The third reason was
that some height was needed to clear the clods and rough surface that exist in many fields when
the sensor was incorporated into the mobilized system of measurement described earlier (Figure
41). The advantage of measurements taken at a height of 100 mm is that essentially maximum
readings (depths of signal “penetration”) can be achieved while avoiding contact of the sensor
with the soil. It is not practical to remove the dry/loose surface layer of soil when EM-38
measurements are made with the automated/mobilized system described earlier. The associated
error is minimized using a stochastic, field calibration method that creates calibrations for the
specific field conditions and methods of measurement. This stochastic-method is explained later.

Small-volume Measurements

Sometimes information is desired about the levels of salinity within small, localized volumes of
the soil, such as that within different sections of the seedbed or under the furrows, and about the
distribution of salinity within the rootzone. For such uses/needs, the insertion four-electrode EC-
probe developed by Rhoades and van Schilfgaarde (1976), and commercialized by Martek
Instruments’, Eijkdkamp Agrisearch Equipment1 and Elico Limited', is recommended. The
insertion EC-probe available from Eijkdkamp Agrisearch Equipment is a mechanically
constructed unit consisting of four annular-ring dectrodes separated by insulators directly
patterned after that of Rhoades and van Schilfgaarde (1976). The construction details of the latter
probe are given in the Annex 8 for those who might wish to construct their own. In the standard-
sized “Martek” probe (see Figure 37), the four annular eectrode-rings are molded into a plastic
matrix that is slightly tapered so that it can be inserted into a hole made to the desired depth with
aLord- or Oakfieldl-type coring tube (or one of similar diameter, ~25 mm). The smaller-sized
probe (so-called “bedding” probe, see Figure 37), can be simply pushed into the soft upper-sail to
the desired depth. In ether sized unit, the probe is attached to a shaft (handl€) through which the
eectrical leads are passed and connected to a meter. Burial type units are also commercially
available in which the leads from the probe are brought to the soil surface (see Figure 38). The
original burial unit developed by Rhoades (1979b) is simple and cheap to construct, as shown in
Annex 4. A multiple-depth version of the four-eectrode probe has been built by Nadler et al.
(1982). The volume of sample under measurement with any of these probe-sensors can be varied
by changing the spacing between the current eectrodes and the over-all diameter of the praobe.
The standard-sized, Martek SCT Probe, has a spacing of 6.5 cm between outside e ectrodes and
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measures a soil volume of about 2350 cm’. The Martek "beddi ng" probe measures a soil volume
of about 25 cm’. Other four-electrode cells and units have been designed for other purposes
including: making measurements on undisturbed soil-cores (Rhoades et al., 1977), making
measurements at variable water contents (Rhoades et al., 1976; Bottraud and Rhoades, 19853,
1985b; Johnston, 1994) and making measurements in soil columns (Shainberg et al., 1980;
Bottraud and Rhoades, 1985b). Examples of some of these units are shown in Annex 5. Very
small, fixed-array units have also been constructed to measure ECa along the wall of exposed soil
profiles and in very shallow depths of soil surfaces (an example is shown in Annex 5). The
possibilities are numerous and four-dectrode units are easily made for such specialty
purposes/studies.

When using meters which display resistance, ECa in dS/m is calculated, for any of these
probes, as:

ECa=kf /R, [24]

where k is an empirically determined geometry constant (cell constant) established for the probe
in units of 1000 cm*, Ry is the resistance in ohms at the field temperature, and f; is the factor used
to adjust the reading to a reference temperature of 25° C (see Equation [2]). With the Martek
unit, values of EC, are given either at fidd temperature or at 25° C. Since the time response of
this thermistor is slow, because it is embodied in the probe, it is usually more convenient to use
an dectronic temperature sensor to measure soil temperature. The author has used a soil
temperature probe sold by the Wah!* Company for more than ten years with very good results. In
normal fied applications, ECa readings are generally made in the uncorrected temperature mode
and the temperature distribution throughout several soil profiles in the field is determined either
with the temperature read-out of the Martek unit or, preferably, with a faster dectronic
temperature sensor. Subsequently the ECa readings made at fied temperature are converted to
25° C values using Equations [2] and [24].

Proceduresfor Interpreting Soil Salinity

Soil salinity, in terms of either ECw or ECe, can be determined in the field from measurements of
bulk soil eectrical conductivity by essentially one of three ways. Each has its own advantages
and disadvantages. These alternative ways will now be described.

“ Specific Field or Soil-type Calibration” Technique

Soil salinity (ECw or ECe) can be determined from the measurement of ECa, or ECa, made at
approximately a reference soil water content using a calibration either established or predicted for
the particular fidd or soil in question. Such calibrations are essentially applications of Equation
[11]. Such linear calibration relations have been reported by Rhoades and Ingvalson (1971),
Halvorson and Rhoades (1974), Rhoades (1976), Rhoades et al. (1977), Halvorson et al. (1977),
Rhoades (1981), Rhoades and Corwin (1981), Cameron et al. (1981), Corwin and Rhoades
(1982), Williams and Baker (1982), and by Slavich and Read (1983). These “pioneering”
findings provided the impetus to the use of four-eectrode and EM instruments to survey soil
salinity that has occurred since then. Numerous satisfactory field calibrations (r2 > 0.9) have been
obtained using this empirical technique for many areas, fields and soil types around the world and
successfully used to diagnose and map soil salinity. Examples of such calibrations were given
earlier (see Figures 19 and 20). Other examples are shown in Figures 48 and 49 for
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representative soils of the Northern
Great Plains region of the United
States.  Various  methods  for
establishing these types of calibrations
are described in Annex 1.

Since water content affects soil
eectrical conductivity somewhat, as
well as the reationships between ECa
and soil salinity, determinations of ECa
and the salinity-calibrations are made
preferably when the sail is near fidd
capacity. However, measurements and
salinity appraisals can be made at
lower water contents that exceed a
certain minimum level, as discussed
previously. For irrigated  soils,
measurements and calibrations ideally
should be made after irrigation when
the soil water content is at fied
capacity. This water content is
sufficiently reproducible for such
practical calibrations. Under dryland
conditions, calibrations and measure-
ments should be made in early spring,
or on fallow land, in order to take
advantage of the reative uniform
conditions of soil water that exist then.
In any case these empirica
calibrations should be established so as
to apply to fied soils with their natural
structures, pore size distributions and
water holding properties. Though
Johnston (1994) has reported that he
found calibrations established in the
laboratory using disturbed samples
were not different than those found
under fidd conditions, this has not
been the author's experience. If one
desires to establish the kind of
calibrations described in this section, it
is recommended to do so under
conditions that are as close as possible
to the fidd conditions anticipated in

FIGURE 48

Relationship between soil electrical conductivity
(ECa), as determined with different interelectrode
spacings and measured average soil salinity (ECe)
for a glacial-till soil in Montana, USA (after
Halvorson and Rhoades, 1977)
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FIGURE 49

Relationships between soil electrical conductivity
(ECa ) and salinity (expressed as ECe) for
representative soil types of the northern Great
Plains, USA (after Rhoades and Halvorson 1977)
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their applications. This will maximize their accuracy and appropriateness. This is especially true
if the EM-38 is to be used to measure EC,, since its depth-response function will vary with the
distribution and magnitude of EC, in the prafile, the presence of a shallow, saline water table, and
certain other soil properties.
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Given the value of ECy, at field capacity (or ECe), one can readily estimate ECy at lower
field water contents using Equation [8]; the values of EC, (or osmotic potential) occurring over
the irrigation cycle can then be estimated and used to predict crop response to varying irrigation
management. Of course, this estimation ignores the precipitation of salt that occurs with the
reduction in water content. If more accurate estimates are required, corrections can be made for
this latter process, as well as for some others, using computer models as discussed earlier. For
many practical applications, the "compensation® phenomenon (implied in Equation [8] and
discussed earlier) precludes the need to measure ECw per se, or to be too concerned about
measurements of EC. having to be made exactly at calibration water content.

The measurements or bulk soil dectrical conductivity may be made using a four-eectrode
sensor or an EM sensor. The only difference is that the latter measurement provides a more
depth-weighted value of ECx (i.e. ECa*). If the sail is essentially uniformin ECa and texture, both
sensors will read the same, as shown or implied by the results of Rhoades and Ingvalson (1971)
and Rhoades and Corwin (1981), and their salinity calibrations (i.e., Equation [11] relationships)
will be the same. That is to say, one should obtain essentially the same linear reationship
between soil salinity and either EC,, or ECa, irrespective of the type of sensor used for soils of
uniform properties. However, one does not expect the same calibration to be obtained from the
different sensors when EC, varies substantially with depth in the soil profile. Thisis implied by
the finding of Corwin and Rhoades (1984) which showed that the depth-weighting response of the
EM-38 sensor was different for soils whose ECa values increased with depth compared to those
whose EC, values decreased with depth. It was conclusively shown in the study of Rhoades et al.
(1990b) that the EM-38 depth-response relation varies with the magnitude and distribution of ECa
within the 0-2 m depth of soil. This phenomenon has important implications with respect to
deciding whether it is preferable to estimate soil salinity directly from the EM readings (i.e, to
establish ECe = f (EM) rdationships) or to first estimate ECa, values from a sequence of EM
readings and then to estimate salinity from ECa (i.e, to establish ECe = f (ECy) = f (EM)
relations). The advantages and disadvantages of the two approaches will now be discussed.

Because calibrations vary with sail type and because many soils, especially alluvia arid
land soils, have strata in their profiles which vary in texture and water content, it is obvious that
no single ECe (or EC1:5) = f (ECa, or ECa ) relationship can be established for such a non-uniform
soil which will apply to all of its different layers/strata/depth-increments. It is often important to
know the salinity distribution that exists within the various depths and strata of a root zone; for a
variety of obvious reasons, knowing the mean leve is not sufficient. It was for these reasons that
the author and his collaborators, from the very beginning in their use of the surface-array four-
eectrode and EM-38 sensors to determine soil salinity, decided to develop ways to estimate the
EC. values within different soil-depth intervals (from a succession of fixed-array four-eectrode
and EM-38 sensor readings) and, from these values and knowledge of the soil-textural properties
within the various depths, to estimate (using texture-based calibrations) the salinity level for each
significant region of the soil profile The earlier means developed for predicting depth
distributions of EC, within soil profiles from a succession of EM-38 readings has already been
described; analogous means using a sequence of surface-array four-eectrode readings will be
described later. Also described later are the newer methods that the author and collaborators,
have developed for calibrating these sensors so as to able to predict soil salinity within various
depth-increments of the soil profile. Of course, when the sensor measurements are made with an
insertion EC-probe, one abtains directly the EC, within each specific depth of interest (an
advantage in accuracy that is associated with this sensor). Other users of the EM-38 sensor,
especially those in Canada, have chosen to corrdate the EM-38 readings with either mean profile
salinity or the salinity weighted by depth in accordance with the uniform-soil depth-response
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nature of the sensor (Cameron et al., 1981; Wollenhaupt et al., 1986; McKenzie et al., 1989;
Slavich and Peterson, 1990). The author believes that they did this for three reasons: 1) the soils
they work with are not highly stratified (they are mostly glacial-till soils, in the case of Canada),
2) their primary objective has been to map general and gross conditions of salinity, and 3) they
did not have a good method for estimating ECa by soil depth from their EM-38 readings. Johnston
(1994) concluded that these latter approaches, as well as his method for estimating the mean
profile salinity value from the mean (EM+ + EMv) reading, were more accurate and simpler to
use, hence preferable, compared to approaches which first estimate ECa and, in turn, ECe. He
based this conclusion maostly on the assumption that a one-step procedure would entail less error
than a two-step one and on the results of a limited test made on a reatively small number of
South African soils. This assumption/premise is not inherently valid. Nor is the test convincing,
since it was based on estimates of aver age pr ofile values. For the reasons given above, different
calibrations are obviously required for the different textural-layers of stratified soils. Thus, the
author recommends that, where it is useful to know the salinity distribution in the root zone, the
surface array four-dectrode or EM-38 sensor readings be converted to their depth-increment ECa
values and these latter values be used to estimate salinity for the various important soil-depth
increments of the root zone, or that direct regression relations be established between the sensor
readings and the salinity levels for each important depth-increment/strata of the root zone (a
stochastic method for obtaining the latter calibrations is given later). Of course, if only simple
maps of gross spatial differencesin salinity are needed for general characterization purposes, then
the“ mean” or “ weighted” calibration approaches may be suitable and used.

Information about salinity within discrete soil-depth intervals can be obtained by one of
three methods: 1) measurements of ECa can be made directly within the desired depth-interval(s)
using an insertion four-electrode probe (see Figure 37), 2) the ECa values within different depth
intervals can be estimated from a sequence of variably-spaced surface-array four-electrode
readings (using methods described below), or from variably configured EM-38 readings (using
methods described earlier for the EM-38 sensor based on Equation [23], Figure 47 and Tables 1
and 3) the ECa values within different depth intervals can be estimated from a sequence of
variably-spaced surface-array four-dectrode readings and/or variably configured EM-38 readings
using directly established depth-specific sensor-calibrations. The latter stochastic method is
described in a later section. Of course, more accurate results can be obtained from the direct
measurements of ECa made within each depth-interval using an insertion EC-probe (Rhoades and
van Schilfgaarde, 1976).

EC. values within various soil depth-intervals, hereafter designated by ECx , can be
estimated from the sequence of ECa values obtained with a surface-array of electrodes and
successively increasing current-electrode spacings using the following relation:

ECa-@1)=ECx=[ (ECa- @) - (ECa1- a@1)]/ (@ -a1), [25]

where a represents the depth of measurement and a.1 represents the previous depth of
measurement. The conventional use of this equation is based on the following assumptions: the
depth to which conductivity is measured is equal to the one-third of the spacing between current-
electrodes (or the space between each pair of eectrodes when configured in the Wenner-array)
and that the stack of soil eectrical resistances of a sequence of “stacked” soil layers behave
analogous to resistorsin paralld (Barnes, 1954). Some good results have been obtained using this
approximation (Halvorson and Rhoades, 1974; Rhoades and van Schilfgaarde, 1976), as shown
in Figure 50.
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Alternatively, the ECa value
\;thhlg ap.artlceu(ﬁr depth-lnterva_ﬂ Ca? Relationship between ECx, as calculated from
SO eestlmgl rom asucc&_son 0 Equation [25], and soil salinity (expressed as ECe),
EM-38 readings made at different | for soil-depth intervals of 0-30, 30-60, 60-90, and
heights and coil-orientations, as 90-120 cm for a glacial-till soil in Montana, USA
explained earlier. An example of such (after Rhoades and Halvorson, 1977)
predictions made using the earlier

FIGURE 50
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shown in Figure 51. More generally
accurate predictions can be made using
Figure 47 and the reations given in
Table 1, based on Equation [23].
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(measurement) of EC.. These estimates of percent clay and relative water content are simply
made in the fidd by “fed”. These estimates are deemed sufficiently accurate for practical needs,
as shown in Rhoades et al. (1989c, 1990a).

Thus, in this approach, soil salinity is determined for each different condition of soil-type
and water content, provided the latter is in excess of the threshold value, encountered at each
survey location from the solutions of Equations [5] or [6], [7] and [8] (i.e., the bulk soil dectrical
conductivity model and the relation between EC, and ECe) using measurement(s) of EC,,
estimates of soil clay percentage and percent water content relative to fiedd capacity and the
following empirical relations to estimate r b, Qs, Quws, Qrc and ECs:

SP = 0.76 (%C) + 27.25, [26]
ro=173-0.0067 SP, [27]
Qs=rb/2.65, [28]
Qtc = SP(r»/200) , [29]
Qw = Qr (FC/100) , [30]
Ows = 0.639 Qu + 0.011 [31]
and

EC.=0.019 SP- 0.434, [32]

where %C is clay percentage as estimated by “fed” methods, Qrc is the volumetric water content
at field capacity, and FC is the percent water content of the soil relative to that at fidd capacity
as estimated by “fed”.

Given the above assumptions, estimates and measurement of EC,, ECy is calculated from
the solution of Equation [7]. Then EC. is determined from Equation [8], assuming that ECwc @
ECuws and, therefore, that (ECw Qw) @(ECwe Que + ECuws Qus). These calculations can be made
simple using a programmable pocket calculator; alternatively, ECe can be abtained graphically
using Figure 52, after Rhoades (1990b) and Rhoades and Miyamoto (1990). Examples of the
successful use of this technique are given later.

Sensitivity analyses and results of fied tests have shown that the estimates and
assumptions described above are generally adequate for practical salinity appraisal purposes of
typical mineral, arid-land soils (Rhoades et al. 1989c and 1990a); i.e., that EC. can be estimated
in the fidd sufficiently accurately for most salinity appraisal purposes from the accurate
measurement of EC, and reasonable fidd estimates of %C and FC made by "fed". For organic
soils, or soils of very different mineralogy or magnetic properties, these estimates may be
inappropriate. For such soils, appropriate estimating procedures will have to be developed using
analogous techniques to those used by Rhoades et al. (1989a). The accuracy requirements of
these estimates may be evaluated using the relations given in Rhoades et al. (1989c).
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FIGURE 52

Relationships between electrical conductivity of bulk soil (ECa), electrical conductivity of
saturated-paste extract (ECe), relative soil water content as percent of field-capacity, and soil
clay content (% clay), for representative arid-land soils (after Rhoades and Miyamoto, 1990)
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If more accurate determinations of ECe, or ECy, are required than can be obtained by the
estimation procedures described above, then quantitative measurements of Qw, ECs, ro, €tC.
should be made using appropriate methods and used in place of the above-described estimates.

The major advantage of the “ EC-mode /field-estimates’ method described above is that it
accounts for the site-to-site variabilities in soil properties (clay and water content in particular)
that can occur within individual fields, mapping units, or other areas of interest. Essentially, it
generates a specific calibration between ECa and ECe, or ECy, for the particular soil condition
encountered at each site of ECa measurement in the field (area) under evaluation. Such "specific"
calibrations are generally more accurate than are the "average soil-type' calibrations when
applied to an area of field size or larger which is assumed to be the same as the calibration soil-
type (Rhoades et al. 1990a). Field tests of this method have shown it to be sufficiently accurate
for the practical purposes of salinity diagnosis and mapping, to be faster than conventional soil
sampling and laboratory methods (measurement of ECe per se, ether directly or as estimated
from EC;) and to be generally more accurate than the “soil-type’ calibration (Rhoades et al.
1990a; Annex 1). Another advantage of this approach is that it saves the time involved in
establishing calibrations for each of the different kinds of soils found in the survey area. The
major disadvantage of the method is that one must estimate (by fed) the clay percentage and
relative water content of the soil at each site and for each depth of measurement. This requires
that the soil be probed at every measurement site and that time be taken to make these estimates.
Of course, when one collects sensor readings at any “unexamined “site and estimates the
corresponding leves of salinity, especially within the various depth increments of the root zone,
by one of the other approaches, there will always be uncertainty about the properties of the soil
within the profile at that site and, hence, about the appropriateness/applicability/accuracy of the
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predictions. As will be discussed in more detail later, the combination of the EC-mode with the
stochastic field-calibration approach, which is described next, is very appealing.

Sochagtic Field-Calibration Technique

As explained earlier, when measurements of EC,, or ECa, are made using the mobilized and
automated sensor systems, it is not possible to simultaneously estimate or measure the other
secondary soil properties that are required to use the “ EC-Modd” technique described in the
preceding section. For that reason, the “ stochastic field-calibration” technique that was mentioned
earlier was developed. This latter method is also applicable to hand-held sensors and is more
rigorous than the “generic field or soil-type calibration” technique. This stochastic fied-
calibration technique is essentially a statistical/ground-truthing approach in which a predictive
(regression) rdationship between EC, or EC., and ECe (or ECyw) is established and,
subsequently, used to determine salinity from sensor measurements in a calibrated area of land
that is relatively homogeneous with respect to soil conditions other than salinity. In this approach,
gpatial regression modding techniques are usually preferable to the classical geostatistical
modeing techniques, since the former require less calibration data and are typically easier to
estimate (Lesch et al., 19953, 1995b).

The numerous sensor readings of EC. are obtained within the sampling area (usually a
field) under evaluation on a uniform (centric systematic) grid basis. Based on the observed fied
pattern of ECs, or ECa, readings, a relatively small number of sensor measurement sites are
chosen for soil sampling using a statistical mode/procedure, which is described in more detail
later. Soil samples are collected at these sites and their salinities are determined by any accepted
method of salinity appraisal (the EC-paste method of Rhoades et al. 1989b is recommended for
this purpose). A multiple linear regression relation is then established between the EC, and/or
ECa readings, the measured soil salinities (ECe, ECw, or some other expression of salinity), and
the x/y coordinates for each soil depth of interest. Such a spatial regression model can be written
in matrix notation as:

Y = Xb, +Wh, +e, [33]

whereY represents the vector of log transformed soil salinity values, X represents a matrix of log
transformed and de-correlated sensor readings, W represents a trend surface matrix based on the
gpatial coordinates of the measurement sites, and e represents a random error component. For the
fairly typical case where W is a 1% order trend surface matrix, equation [33] becomes:

log(ECg) =bg + bllog(EM H )+ bz[log(EM H ) Iog(EMV )]+ bg Iog(EC4p)+ byX +bgY +e [34]

where EMv and EMu are as previously defined, ECap refers to ECa as determined from the four-
eectrode sensors, (X,Y) refer to the spatial-coordinates of the measurement sites, b represents the
regression-fitted parameter estimates, and e is the random error component. The resulting field-
specific reation is subsequently used to predict the salinities at the vast number of unsampled
sites/depths in the area where the remainder of the EM-38 and four-electrode sensor
measurements were made. This "single-step” method diminates the need to first convert EM-38
(essentially ECa*) readings to equivalent ECa values within a particular soil depth using general
relations (such as those in Table 1 which are based on Equation [23]) and thence to ECe, as is
required by the* EC-Modd” technique.
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Software (Estimated Salinity Assessment Programme, ESAP) has been developed to
determine the regression model and to prepare a map of the predicted salinity pattern for a
surveyed fidd; the procedures for use of this software are described, with examples, in a User
Manual (Lesch et al., 1995c). The ESAP software also provides an algorithm to determine the
numbers and locations of sites in a surveyed field to be soil sampled for calibration purposes; this
is discussed more in a following section. This software is available from the US Salinity
Laboratory. A “windows-based” version with various “user-friendly” features is now under
development; it should be available by the time this paper is published.

Experimental results show that this method works very well for fidds/landscapes that are
relatively homogeneous in al factors affecting ECa conditions other than salinity, such as
individual fieds uniformly managed or sections of natural landscapes that have similar soil types
and properties (certain dryland landscapes for example). This approach substitutes easily
acquired EC-sensor field measurements for the more difficulty carried out procedures of soil
sampling and laboratory analysis. It very substantially reduces the number of soil samples
required by traditional methods to accurately and intensively map the spatial salinity patterns
within fields, as well as the overall cost. Larger areas of land can be mapped by joining adjacent
areas on a fidd by fied basis. This method is more practical than those based on conventional
geostatistical procedures, such as those traditionally used for salinity mapping purposes (i.e,
Webster, 1985, 1989), because it reduces the intensive soil sampling generally needed to abtain
the accurate variogram estimates required in these latter procedures (unpublished data). The
major limitation of the method is the requirement that the fields be under reatively uniform in
management and that soil water, bulk density, and clay content be reasonably homogeneous. If
needed however, larger fields (or areas) can be subdivided into smaller more homogeneous units
and the method applied analogously to each sufficiently homogeneous subunit. Alternatively,
additional practical measurements besides ECs, such as location coordinates, eevation, ec., can
be made and incorporated into the regression reation (such as coefficients bs and bs do in
Equation [34]) to adjust for some of the "other" factors influencing the salinity prediction (Lesch,
et al. 1992). Disadvantages of the method are the need to enter the field a second time after the
ECasensor readings have been taken to locate the sdected sample-sites and to acquire the
“calibrating” soil samples. The latter locations are not difficult to establish when numbered
markers have been |eft in the field at the sites of each EC, measurement, or with the use of “real-
timg” GPS systems. This need for re-entry is not a major factor when large areas are being
mapped. A soil sampling team is usually sequenced one-day after the ECa measurement
operation; the statistical calculations used to sdect the sampling sites can be made at field-side by
another team member. This method is especially appropriate where very rapid, mobile
instrumental systems are being used to intensively map largefields or areas of land.

While the use of both EM-38 and four-electrode measurements are included in Equation
[34], analogous rdations can be developed using just EM data or just four-eectrode data.
Furthermore, the relations can be developed for a single soil depth or for a series of soil-depth
intervals. These empirical relations typically yied highly accurate predictions of the spatial
pattern of soil salinity in fields, since the modd is specifically calibrated for each field (Lesch et
al., 1992, 1995a,b). They are highly field-specific and can not be developed without calibration
data. Such relations can also be used for monitoring purposes (i.e., testing for a change in the
condition of salinity over time), provided additional soil samples are acquired at the future time
(Lesch et al., 1998). This useis discussed later in the context of salinity monitoring.

Since the major effort involved in this “stochastic-calibration” approach stems from the
collection and analysis of the soil samples, one tries to minimize the number of calibration sites.
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The location of these sites are chosen so they meet certain statistical criteria, such as the optimal
estimation of the regression parameters and /or the minimization of the prediction error. An
algorithm was developed for generating such a modd-based sampling/calibration methodology
for use with the maobilized combination-sensor, salinity assessment systems described above (but
which has more general applicability) and it is described in Lesch et al. (1995a, 1995b) and in the
Estimated Salinity Assessment Programme (ESAP) Software (Lesch et al., 1995c).

The good success obtained in determining the levels and spatial patterns of soil salinity in
irrigated fields and crop root zones using the various above-described methods may be seen in the
following publications (Lesch et al., 1992, 1995b; Rhoades, 1992b, 1993, 1994, 1996b; Rhoades
et al., 1997a, 1997b). Examples are given later which illustrate the typical success achieved with
this stochastic field-calibration approach to measure and map salinity. While the above described
approach has been found to be generally quite robust and accurate, it is not suitable if the fidd is
very heterogeneous in soil type. For such situations, the EC-modd (Equation [5]) method is
advised, or the combined use of it with the stochastic-calibration method.

Comparisons of the Different M ethods of M easuring Soil Salinity

Only a few direct comparisons of the various instrumental and conventional methods of
measuring soil salinity have been made to date. Salinity measurements were made by four
methods in a fidd experiment in India (Yadav et al.,1979), i.e, porous-matrix salinity sensor
(ECw), vacuum-cup soil water sampler (EC.), soil samples (ECe), and four-electrode soil
conductivity sensor (ECs; surface Wenner-array method). These investigators found a better
linear correlation between EC, and EC. (r = 0.93) than between ECe and EC (r = 0.78) or
between EC. and EC, (r = 0.78). They concluded that, for purposes of diagnosing the salinities of
the soils of an extensive area, the four-dectrode technique is preferred because it is more rapid,
simpler, and more practical. Loveday (1980) compared the four-dectrode (surface Wenner-array)
technique with soil sample extracts (ECe) in a survey of 50 field sites in Australia. The water
contents of the soils at the time of measurement were not generally at field capacity. He obtained
relatively high correations between ECa and ECe, though variance was high. He attributed this
high variance to fidd variability factors and concluded that the four-electrode method was good
for gross survey work but not accurate enough for predictive purposes. However, Loveday used
generic soil-type calibrations and only two 5 cm-diameter soil samples to estimate the salinity of
the relatively large volume of soil included in the Wenner measurement. One must question that
such small samples represent "ground truth”, and hence the appropriateness of his conclusion.
Indeed, it has been found that the so-called salinity " ground-truth", as typically determined
using small-volume soil samples, used to test the credibility of instrumental techniques of
salinity appraisal are usually not very representative of the larger volume of soil involved in
the instrumental measurements (Rhoades et al. 1989d, 1990a; Lesch et al. 1992). Loveday also
concluded from his results that ECe - ECa calibrations found in the US by the author and
collaborators were probably universally applicable to soils of similar texture. Van Hoorn (1980)
compared salinities measured using extracts of soil samples with both those obtained by four-
eectrode surface-array and four-eectrode EC-probe methods in large experimental tanks. He
concluded that for survey work ether the Wenner method or the four-electrode probe could be
used, but that the accuracy of the latter is much greater. Nadler and Dasberg (1980) compared
soil salinity measurements made in small salinized field plots using in situ ceramic porous matrix
sensors, four-electrode EC-probes, a four-electrode Wenner-array, and soil sample extracts (1:1).
They found good correspondence between "expected” salinity and both "soil extract” salinity and
"four-electrode" salinity, but not with "porous matrix salinity sensor” salinity. They attributed the
latter discrepancy to lag-time problems. They concluded that the Wenner-array method could be



Soil salinity assessment 59

used more reliably under drier soil conditions than could the four-eectrode probe, which requires
better dectrode-soil contact for accurate measurements. Johnston (1994) evaluated the
suitabilities of four-eectrode and EM-38 sensors for appraising soil salinity, as well as various
means of their calibration. The authors has already discussed most of his findings and
conclusions in previous sections of this paper. He found that the methods were suitable for
practical salinity diagnosis and mapping purposes, given appropriate site-specific calibrations,
and concluded that the EM-38 was more convenient and accurate. As the author has already
stated, he does not agree with all of his conclusions for the various reasons previously given.
While he made the most thorough and field-based evaluations of the attributes of the various
sensor-methodology that is the subject of this paper, much of it was directed to the earlier less-
developed procedures than those advocated herein.

The author obtained good results with the use of both four-eectrode and EM-38 sensors
and with all of the various methods of soil salinity assessment described in this report, not only in
the numerous locations in the US, but also in other countries. He has found these sensors and
techniques to be useful in varied applications including salinity diagnosis, mapping, monitoring,
saline seep and water table encroachment identification, irrigation scheduling and contral,
leaching fraction assessment, identifying areal sources of salt-loading, evaluating drainage
adequacy, evaluating irrigation-infiltration uniformity, and in developing site-specific farming
plans. The author finds the porous matrix salinity sensors to be less generally useful than the
sensors which measure soil eectrical conductivity, because of their small sampling volume and of
their substantial lag time response to changing soil salinity situations. However, for some
applications they may still be the preferred technique. He also finds the TDR sensors to be less
useful for salinity appraisal than the four-eectrode and EM-38 sensors, because the former are
less robust, more limited in their volume of measurement, less adaptable to mobilization, more
limited in the range of salinity they will sense, and more time-consuming in data acquisition and
interpretation. But in fact, the author recommends that the various techniques be used
complementarily; the mobilized and combined EM/four-eéectrode system is most suitable for
surveying large fields in detail to establish the larger scale spatial variability in salinity conditions
and the underlying causes of it, and the four-eectrode probe is more suited to acquiring detailed
information of ECa (and salinity) within various regions of the root zone, such as below the
furrow, within the bed, with distance from drip emitters, etc. The fewest appropriate number of
soil samples can then be taken from the different areas for detailed chemical analysis of the
salinity composition, if desired, using the salinity variability information obtained with the
instrumental readings and the ESAP software. This "combined-use' approach greatly facilitates
the tedious, time-consuming and costly aspects of soil sampling. Whether the soil samples are
reacted with water, or soil water per seis isolated from the soil for detailed analysis, is a matter
of need and practicality. For practical reasons, agueous extracts are generally used, although
ideally one would prefer an analysis of the actual soil water. When an extract is to be used, it
should be the one with the lowest water:soil ratio feasible. The EC-paste method has proven to be
very accurate and dependable; it can be used advantageously in lieu of extracts when soil samples
need to be analyzed only for salinity. The new SAR-paste method, referred to earlier, can be
analogously used to diagnose and screen soil samples that need to be appraised, especially in the
field, for sodicity problems (Rhoades et al., 1997c¢).

The equipment and procedures described and advocated herein are all undoubtedly useful
for many purposes of salinity assessment and can be used in many different ways; the most
appropriate will vary with the exact needs and circumstances of the user. It is for this reason that
the approach taken in this report is to provide a fundamental understanding of soil eectrical
conductivity, of the attributes of the various sensors and methods of their calibration and
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interpretation, so that the various kinds of users can adapt them as needed to meet their specific
applications and circumstances. Such users should always be aware of the limitations inherent in
each of the alternative methods of measuring soil salinity and take them into account. The most
appropriate one(s) should be used according to the specific needs and objectives of each
particular situation. Again, the overall task of measurement and monitoring of soil salinity can be
greatly facilitated through the combined use of the various methods. The EM and four-eectrode
instrumental methods should be used for most of the fidd characterization needs; laboratory
analyses can then be carried out on only the minimum appropriate number of soil samples
collected in accordance with the findings of the surveys made with the field-instruments. The
areas requiring separate sampling are most easily determined from mobilized EM/four-electrode
measurements; the depths to be sampled and numbers of samples to be taken from within each
sampling area/depth are most accurately determined using the ESAP software. The most accurate
salinity profile information can be determined from four-electrode probe readings and the EC-
model relations.

A comparison of the costs and time involved in making salinity assessments at the field and
regional scales using the different methods and equipment reviewed above is given in Chapter 5.
The results are summarized in Table 26, along with a comparison of the differences in the amount
of information/data provided by the different methods. Only the overall results of this evaluation
will be summarized here.

The evaluation should be understood to be only relative, since the actual costs (both capital
and operational) will vary from one country to another depending on differences in their labor
costs and technical development. The costs are based on conservative estimates and US
conditions; if there is bias in this evaluation, it is made intentionally in the favor of conventional
soil-sampling and laboratory analysis methodology, so as not to over-promote the instrumental
methods. The cost to undertake detailed field-scale surveys (for a typical 64-hectare fied, 12 by
12 grid and three soil-depths) using soil samples and traditional laboratory extraction procedures
is concluded to be completely cost prohibitive ($146 per ha.; 43 hours of field time). The cost can
be reduced to $26 per ha. using the EC-paste method of Rhoades et al. (1989b), but with no
savings in field time. The cost can be reduced even more with the use of fidd instrumentation
which measures bulk soil dectrical conductivity. Detailed field-scale surveys can be made using
three different hand-held, instrumental approaches (two of which require the use of some soil
samples for calibration purposes) at a cost savings of 96% compared to conventional method.
Such surveys can be accomplished: 1) using the EM-38 at a cost of $6.50 per ha., requiring 4.4
hours of fidd time, 2) using a four-eectrode surface-array sensor (two soil depths only) at a cost
of $7 per ha., requiring 6.2 hours of fied time, and 3) using the EC-probe (without the analysis
of any soil samples) at a cost of $6.60 per ha., requiring 14.6 hours of fied time. With the use of
the mobilized instrumental systems, the costs can be lowered even more when regional
assessments are undertaken ($3.24-$3.68 per ha.) and are as cost effective as the hand-held
instrument methods for detailed fidd assessments while providing substantially more spatial
information in the latter case. An added benefit of the mobilized instrumental methods, compared
to conventional methods and hand-held instrumental methods, is the very substantial reduction in
the field time that is required by the former methods (the required time with these methods is 2.7-
3.7 hours per 64-hectare-fidd). It is concluded that the instrumental methods of soil salinity
assessment described herein are very cost effective; they are also very time effective. As shown in
this evaluation, the savings in fied time is substantial with the use of the fidd instrumental
methods. Another time savings feature of these methods, but not included in the
evaluation/comparison, is the timeliness of the information/results they provide. With the
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mobilized systems, a detailed fidd-scale survey can be completed in the same day. With
conventional methods, weeks to months are usually required in this regard.

Deter mination of L ocations of M easurement and Calibration Sites

For purposes of salinity mapping and many other salinity assessment applications, the sites where
EC-sensor readings or soil samples are taken must be associated with geographic location (x- and
y-coordinates). If rapid methods of salinity measurement are to be used to best advantage, then an
equally rapid means of determining sample site location must also be used. For this purpose, the
LORAN and GPS systems used in marine and aviation navigation can be employed, where it is
available, with success for certain types of salinity mapping (see Rhoades et al. 1990a, 1990c).
The LORAN-C system, which broadcasts pulsed radio signals at a frequency of 100 kHz, is
operated by the U S Coast Guard in cooperation with several other countries as an aid to marine
navigation. The coverage is very good regardless of terrain and is not limited to line-of-sight
transmission because of the use of the LF radio waves. The LF radio band is propagated by
means of the Ground Wave, so that the radio waves closdy follow the surface of the earth. The
receiver calculates its location by measuring the time delays of the received signals from three
different transmitter locations and applying the principle of triangulation. Thus, the LORAN-C
receiver is essentially a precise time-difference measuring instrument which processes the
received information to determine a position-fix. The position-fix is given directly in terms of
latitude and longitude coordinates expressed in degrees, minutes and seconds. With local
calibration the repeatability of position determination can be as good as 10 meters, or better
(Rhoades et al. 1990c). This "accuracy" is good enough for regional surveys, but not so for more
detailed mapping and small-scale assessment applications.

The global positioning system (GPS) provides a more accurate and generaly available
means to establish sample-site positions for assessment and mapping purposes. The GPS is a
satdlite-based radio navigation system operated by the U S Department of Defense. It consists of
21 satelites in circular orbit at a 20,000 - km altitude and provides world-wide, 24-hour
coverage. The system is analogous in concept to LORAN, but utilizes the line-of-sight reception
of signals from multiple satdlite-based transmitters of known position. A GPS receiver unit
obtaing/deciphers coded and synchronized signals emitted by several (usually at least 3) GPS
satellite - transmitters in terms of time of measurement, distance from the transmitter, and
position of the receiving antenna. Distances are determined by measuring the difference in time it
takes the radio signal to travel between the various satdlites and receiver by means of accurate,
synchronized clocks contained within both the transmitters and receivers. The receiver (sample)
position is calculated by "triangulating” the range distance from three or more satellites of known
position. These calculations are carried out by the GPS receiver. The Global Positioning System
includes five control stations evenly spaced around the earth near the equator. They track each
satdlite, determine their exact positions and transmit correction factors to the satelites and, in
turn, back to the receivers. The suitability of the simplest/cheapest GPS for soil survey purposes
has been shown by Long et al. (1991) to meet the accuracy requirements for detailed soil surveys
(30.5-m). Accuracy is increased by averaging multiple readings taken over 10 seconds and by
post-processing the data obtained by the mobile-receiver data to correct it for "drift" using
analogous data collected over the same time period with a fixed-base, reference receiver (base
station). Accuracy’s of receiver position to within 2 to 5 m of true is made possible through use
of this so-called "differential-mode’ of operation (two receivers; one mobile and one stationary)
and post-processing technique. Positional accuracy, under the mountainous and forested
conditions of western Montana (USA), was found to average between 3 and 4 meters in the open
and between 5 and 6 meters under closed forest canopies (Gerlach and Jasumback, 1989). Real
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time, differentially-corrected readings can be obtained using radio receivers and transmitted
“corrections” from either dedicated stations or your own base station. The latter procedure is
used in my mobile salinity assessment systems to establish the coordinates of EC. measurement
sites and of soil sampling locations (Rhoades, 1992a,1992b; Rhoades et al., 1997d). The
accuracy of this systemis about 20 cm. The differential corrections can also be madein real time
by incorporating a portable PC/software into the GPS system. There are numerous companies
now sdling this kind of equipment; the rdiability and convenience features have been increasing
steadily as the cost has been steadily declining (some costs are given in Chapter 5). The
technology is well developed and extremey useful, in fact almost a necessity for salinity
assessment techniques based on the mobilized system advocated herein.

In an earlier section, the stochastic fidd-calibration technique for predicting soil salinity
from ECasensor readings was described and advocated as an accurate and efficient means for
assessing salinity at the field scale. In this method a spatial multiple linear regression mode is
established for the surveyed field based on intensive sensor readings and limited soil samples
collected and analysed for salinity. The intent is to minimize the number of soil samples used in
the calibration while assuring that the calibration is representative of the whole fidd. A site
sdlection algorithm has been designed to facilitate this calibration, and also to sdlect sites for
follow-up monitoring evaluations. The algorithm selects sites that are spatially representative of
the entire survey-area and simultaneously facilitates the accurate determination of the mode
parameters, based on rigorous geostatistical procedures. The advantage of the algorithm is that it
is more cost-effective compared to conventional cokriging methods; regression models can be
fitted with substantially fewer calibration sample sizes than is required with cokriging. With this
algorithm, a suitable stochastic field-calibration is obtained with a small number of calibration
sites (n ~ 8-20, depending upon the accuracy requirements of the survey) by combining the
survey site information with response surface design techniques. It ensures that the seected set of
calibration sites (i) is spatialy representative of the entire survey-area and (ii) is suitable to
permit the efficient determination of the regression equation parameters of Equation [34].

This sampling-location algorithm is provided in the ESAP software package. The details of
the procedure are described in Lesch et al., (1995a and 1995b). Briefly, this algorithm transforms
and decorrelates the ECa readings by a principal components analysis; it uses the transformation
in conjunction with a response surface design to identify a statistically efficient set of calibration
sites, and it modifies the response surface design as needed to optimize the spatial locations of the
final calibration sites. An earlier version of this approach is described and illustrated in Lesch et
al. (1992). An example illustrating the locations of the sensor readings and the calibration sitesis
given in Figure 58, which is discussed later.
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Chapter 4

Example uses of salinity assessment
technology

The following examples are intended to illustrate the utility of the instrumental salinity
assessment technology described earlier. It is not intended to show how to apply the equipment to
each and every kind of problem and situation; there are too many combinations in this regard.
Many of the examples are based on earlier studies carried out before subsequent improvements
were made in equipment, spatial statistics, software, theory/models and empirical relationships.
Thus, better results than those obtained in some of these examples could most likely be obtained
today using the newer improved versions of the technology, especially the mobilized systems, the
EC-modd technique and the stochastic field-calibration technique. Still, the simpler earlier
methodology can be useful for many applications. Thus, the examples given should be viewed as
instructional and as illustrative of the many ways and opportunities that exist to utilize the
measurement and assessment technology and as a means to hep the readers envision other
possibilities and manners of utilization; the possibilities are numerous.

DIAGNOSISOF SOIL SALINITY AND SALINE SEEPS

A saline seep is an area of formerly productive non-irrigated soil that has become too wet and
saline for economical crop production, as a result of the flow of saline subsurface water to the
soil surface. Seeps generally develop on the lower positions of hillsides where thereis a change in
slope. Typically, water percolates through the soil profile located in an upslope recharge aresa,
picks up salt in the process, is intercepted by a slowly permeable horizontal stratum, moves
laterally through the relatively more permeable layer, resurfaces where the permeable stratum is
truncated on a hillside, evaporates and deposits the accumulated salt, forming a saline seep. The
recharge area is that area upslope from the seep (discharge area) from where the percolating
water originates. Typically, excess percolation is caused by the conversion of permanent
vegetation of higher net evapotranspiration to an annual crop of lower usage. Problems in
combating saline-seep development are associated with diagnosing soil salinity, identifying
potential saline-seep areas, determining increasing soil salinity trends in the field, and detecting
the encroachment of a shallow perched water table before excessive crop damage occurs.

The levels and distributions of salinity in the landscape, especially in the soil profile, were
shown to be good indicators of encroaching seep development, as well as of the likelihood of
incipient crop failure. Plots of EC,, as determined by surface-array, four-electrode measurements,
versus interelectrode spacings (essentially equivalent to soil-depth in the Wenner-array) yielded
distinctively shaped curves for recharge areas, encroaching shallow water tables, and seep areas,
as shown in Figure 53 (after Halvorson and Rhoades, 1974). The curves for seeps showed a
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sharp decline in EC, with depth
indicative of salts being carried upward
to the soil surface from the shallow
water table and their accumulation at the
surface by evaporation. In contrast,
curves for recharge areas showed a
gradual increase in EC, with depth and
then a steady level with further depth
corresponding to the leaching of salt in
the sail profile and a net downward flux
of water. Curves in areas that were not
yet excessively salinized but which had
water tables approaching critical depths
displayed a level of EC, (sdlinity) that
was significantly higher than typical of
the normal regional soil. These areas
also displayed an initial sharp increasein
EC, with depth (to about 0.5 m) and
then a gradual decrease with further
depth corresponding to the interaction of
leaching of salts in the near-surface soil
and the upward flow of saline shallow
groundwater into the soil profile. These
salinity levels and distributions are
distinctive and readily interpretable in
terms of the processes of leaching and/or
drainage.

The presence of a water table
within the critical depth (capable of
contributing salts to the root zone by
capillary flow) in the soils of the
Northern Great Plains (USA) where
saline seeps occur was found to be
detectable from the level of salinity (or
EC,) inthetopsail (0-30 cm depth), asis
illustrated in Figure 54 and in Table 2.

The location of the recharge area
of a particular saline seep was shown to
be identifiable by mapping/tracing the
subsurface pattern of high EC, levels
upslope from the seep.

An example is given in Figure 55,
after Halvorson and Rhoades (1976).

FIGURE 53

Relationship between electrical conductivity of
bulk soil (EC,) and “Wenner-array” interelectrode
spacing (approximately equivalent to soil depth)
for a saline seep, an encroaching saline seep
site, and an unaffected site for glacial-till soil in
Montana, USA (after Rhoades and Halvorson, 1977)
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FIGURE 54

Relationship between electrical conductivity of
bulk soil (ECy) in the 0-30 cm. depth- increment
and depth to water table in typical glacial-till
soils of Montana, USA (after Halvorson and
Rhoades, 1974)
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TABLE 2
Diagnostic EC, values for distinguishing unaffected soil sites, incipient saline-seeps and
developed saline-seeps for representative soil types of the Northern Great Plains, USA

Site Condition
Soil Type1 Unaffected | Incipient Seep | Developed Seep
ECs,, dS/m
C, SiC <0.5 0.8 >2.5
SiCl, Cl, SCI, L <0.3 0.5 >1.5
Sl <0.2 0.4 >1.0

T

C = clay; SiC = silty clay; SiCl = silty clay; Cl = clay loam; SCI| = sandy clay loam; L = loam; S| =
sandy loam

FIGURE 55

Maps showing:(A) surface topography and location of saline seep, and marginally and
unaffected alfalfa crop surrounding it; (B) isolines of ECy in the 0-30 cm. soil depth-interval, and
(C) isolines of ECx in the 30-60 cm. soil depth-interval (after Halvorson and Rhoades, 1976)
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These figures show that the flow of water into the seep is from the north (there were
several possibilities) and outward primarily toward the southwest. This methodology permitted
the location of the recharge area to be identified and planted with permanent vegetation to help
mitigate the problem.

This example illustrates how the instrumental field-salinity assessment methodology may
be used to facilitate the collection of spatial information about the levels and distributions of soil
salinity in dryland soils, which in turn leads to the useful determination of the eminence of a
saline seep problem and to the interpretation of the sources and causes of salinization in an
affected seep-area and, thus, to meaningful management implications. Of course, the
measurement technology also permitted the problem of salinity to be diagnosed and the areal
extent of the salinized soil in the surveyed area to be mapped. This latter topic is the subject of
the following section.

While the example given in this section was based on the use of four-eectrode
methodology, EM methods could have also been used; however, when this work was undertaken,
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such equipment was not yet available. Likewise, the mobilized-sensor equipment and interpretive
methodologies developed since then would also permit faster and more detailed faster surveys to
be made now days.

INVENTORYING SOIL SALINITY

Both near surface and subsurface salinity have been successfully mapped using several of the
instrumental approaches/methods of salinity assessment previously described by collecting the
instrumental measurements in relationship to spatial location and by displaying the data in terms
of maps, or as "transect” plots, of EC,, EC,, or EC..

Example maps of soil salinity in the

vicinity of a saline seep produced by the
“soil-type’ technique were shown in Figure
55. A detailed evaluation of the suitability of
the various sensors for measuring EC, and of

FIGURE 56

Antenna, battery pack and meter for
measuring location on the landscape using
the LORAN technique (after Rhoades et al.,
1990c)

the “EC-Modd” technique (see Chapter 3,
section Procedures for measuring bulk soil
electrical conductivity) for converting EC, to
EC. and for mapping soil salinity was
undertaken in a 15-sguare mile (39-square
km) sized study-area in California (Rhoades
et al. 1990a). In this project, the instrumental
measurements were made manually at pre-
determined sites which were located by use of
LORAN navigation techniques (see Figure
56; GPS equipment was not yet readily
available nor affordable at the time); the area
was traversed on foot (practical mobilizing
equipment had not yet been deveaoped).
Contour maps were made of measured and
predicted salinities using data collected at
about one thousand locations. EC. was
predicted from EC, as measured by both
four-electrode (Wenner-array and insertion
EC-probe) and EM-38 sensors. The values of
EC. (both measured and predicted) were
plotted using SURFER (1986) software at
both 200-m and 400-m grid spacings. This
resulted in 1000 and 273 equally spaced grid nodes, respectively. Only contoured maps for the
400-m grid spacing are shown here (see Figures 57A and 57B), because the 200-m grid spacing
resulted in too many contours to clearly represent in maps of such scale. The corresponding
values of measured and predicted EC, at each of these hodes were determined with the SURFER
software. The proportions of the surveyed area by classes of soil salinity are given in Table 3.
Such data can be used advantageously to assess the magnitudes of crop yidd losses and
associated economic losses caused by soil salinity.
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FIGURE 57

Central California USA (after Rhoades et al., 1990a)
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Contour map of:(A) measured and (B) predicted soil salinities, in 15-square mile study area in

Visual comparisons of these measured and predicted
salinity maps showed them to be essentially the same
irrespective of which of the three sensors was used to
measure EC, The absolute levels of salinity estimated from
the three sensors were also similar (see Rhoades et al.
1990a). Where the differences were substantial, the salinity
levds were so high as to make the errors in estimate
agriculturally unimportant. Of the three methods used to
measure EC, , the four-dectrode probe was found to be the
most accurate, followed by the four-eectrode surface-array
and then the EM-38. The accuracy’'s essentially followed
the degree to which the volume of soil measured by the
sensor compared with that of the soil sample used to

TABLE 3

Salinity distribution in Kings
River Watershed Survey Area

Quantiles
Percentage, % | Soil Salinity;
ECe, dS/m

100 79.8 (max)
90 15.6

75 8.1 (Q3)

50 3.5 (med)
25 1.2 (Q1)

10 0.7

0 0.3 (min)
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determine salinity (which was

determined by  conventional FIGURE 58 : .
Maps of measurement and sampling locations and of
laboratory methods and assumed measured and predicted soil salinity patterns in a field

to represent “truth”). The (Hanford S2A) located in the San Joaquin Valley of
accuracy of any of these California USA (after Rhoades et al., 1997d)

instruments was adequate for
practical salinity mapping
purposes. Sample variability due
to size differences in the volumes
of soil used to measure salinity, 51
which was small compared to that
measured with the four-electrode
surface-array and EM-38 sensors,
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These  latter  findings : xometres o X, metres
demonstrate that soil salinity can
be appraised and mapped without
need for collecting any soil
samples or for carrying out
laboratory analyses by using sensor-measurements of soil dectrical conductivity (by any of the
three methods tested: four-dectrode probe, four-electrode surface array, and dectromagnetic
induction) and simple estimates of soil water content relative to field-capacity and clay percentage
made in the fidd by “fed” methods. The simpler, “soil-type’ calibration-approach was deemed
unsuitable for this situation where the soils varied so much in texture and moisture condition
within individual fieds and from one field to another over the area. The variability of soil-type
within mapping units was concluded to be too large for this latter method to work wdl in this
situation. However, the EC-modd approach gave good results, irrespective of this variability-
problem.

More recently, soil salinity has been characterized in even more detail than that described
above using the mobilized four-electrode and EM systems and the newer “stochastic field-
calibration” technique for converting EC, readings to EC, described earlier. Numerous fields have
been successfully surveyed with the mobile systems, collecting readings at spacings that provided
a grid-like pattern of required/desired intensity (generally between 10 and 50 m apart). The
locations of the measurement and calibration-sample sites were established using the GPS
technology described above. A small number of the measurement sites were selected for soil
sampling (ground-truthing) based on the observed EC, fidd pattern (using the ESAP software
described in Chapter 3, section Determination of locations of measurement and calibration
sites). A second trip into each surveyed fidd was undertaken to collect the rdatively small
number (usually 8-16) of soil samples using rapid, tractor-mounted augering/coring equipment.
The salinities of these soil samples were then determined using the rapid method of Rhoades et al.
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(1989Db). The salinities at the remaining nonsampled sites were predicted from the corresponding
EC-sensor readings through use of the multiple linear regression relation (Equations [33] and
[34]) established for each fidd using the ESAP software. The salinity contour-maps obtained
using this method/software were nearly identical to those obtained by conventional soil
sampling/laboratory analysis and cokriging methodology. An example of this approach is
illustrated in Figure 58, after Lesch et al. (1992) and Rhoades (1997b). This approach provides a
very practical and cost effective means to substantially reduce the number of soil samples needed
to accurately map the detailed spatial salinity patterns that occur at the field scale (see Chapter
5). Such detailed spatial data can also be used to assess the adequacy/appropriateness of
irrigation/drainage systems as is discussed later. This methodology is less suitable to map large
aress in broader detail, such as the variable 15-square mile area discussed just above, because
each fidd would have to be surveyed in full detail. Thus, for the less detailed broad-scale
mapping purposes the “ EC-modd” technique is recommended; the “stochastic field-calibration”
technique is recommended for detailed fiel d-scale mapping purposes.

MONITORING SOIL SALINITY

It isimportant to be able to detect changes and trends that are occurring in salinity conditions and
patterns over time in fields and projects, in order to be able to detect emerging problems, to
evaluate the effectiveness/appropriateness of management practices, especially newly
implemented ones, and to determine the progress of reclamation efforts. Traditional statistics
provide tests to compare the means of two populations for differences and can be applied for
some of these needs. However, the changes in the spatial levels and distributions of salinity within
the soil profile and within the various fieds of the project are also of interest. Formal quantitative
statistics for monitoring purposes compatible with the instrumental salinity assessment
technology described herein have been lacking until just very recently (Lesch et al.,1998). The
methodology developed in the latter research utilizes the stochastic field-calibration technique of
predicting salinity from EM-38 and/or four-eectrode sensor measurements and a field-specific
calibration based on limited soil-sample data. It is advocated herein, together with certain test-
statistics for monitoring purposes, i.e, for determining if the salinity pattern of a fidd has
changed or if the average sdlinity leve of the entire fiedd has changed over time. This
theory/methodology was successfully tested and its utility demonstrated using the data of Diaz
and Herrero (1992) and Lopez-Bruna and Herreo (1996), which is rather unique, in that it is one
of the few published data sets where both EM-38 and soil salinity data were both acquired at
multiple times from within the same field. Because the statistics involved in this procedure are
rigorous, as wdl as beyond the training expected of the typical reader, they will not be presented
here in detail. Rather, the interested reader is referred to the publication of Lesch et al.(1998) for
this information and to Annex 9 where a very brief description of the test-statistics and relations
are provided. However, a brief qualitative overview of the approach and tests will now be given
to illustrate the general features of the monitoring approach and methodology.

The basic approach used to monitor soil salinity is: (a) first, to estimate a regression moddl
(using Equations [33] and [34]) which is capable of predicting soil salinity at every grid site
within the surveyed field from the collected sensor readings, (b) at some future time, to acquire
new soil samples at two or more of the previously surveyed sites, and (c) finally, to apply the
formal test-statistics described in Annex 9, in order to determine if differences exist between the
reviously predicted and recently observed salinity levels and patterns. Two test-statistics are used
in this comparison: (a) a test to detect a change in the fields median value of salinity between the
initial and current times and (b) a test to detect any change in the dynamic spatial variation of the
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salinity pattern over time - i.e, to see if the salinity pattern has changed in a non-random,
dynamic manner across the field. Neither of these tests require that the entire field be resurveyed
nor that extensive repeated soil sampling be undertaken. For example, 15-20 soil samples are
usually sufficient for monitoring purposes for establishing the initial spatial regression equation
for afied; the acquisition of 8-10 new samples are typically sufficient for each subsequent period
of testing. However, if a new map is desired in order to display the new pattern, presuming it has
changed, a second full-survey of the fidd is required, as wdl as the devdlopment of a new
regression modd between the sensor readings and soil salinity appropriate for each successive
testing period. Although the second set of survey data is not required to compute the test
statistics, these data must still be acquired in order to create a new salinity map. Since, the
changes in the pattern of salinity in a fidd are generally meaningful and of interest, it is
recommended that the analyst repeat both the sensor readings and the calibration procedure for
each subsequent time period for which significant changes in salinity condition have been
detected. Whenever these surveys are to be repeated, the successive survey-sites should be co-
located with the initial ones in order to permit the test-statistics to be correctly applied. One
should not try to apply the predictive regression relation established between the sensor readings
and soil salinity for the first survey time to any subsequent time, nor should one try to apply the
test-statistics to data sets that were established on non overlapping grids.

A more general treatise on various statistical methods available to determine and map soil
degradation over timeis that of Hoosbeek et al. (1997).

DEVELOPING INFORMATION FOR SITE-SPECIFIC MANAGEMENT

Information concerning the spatial distribution of various soil physical and chemical properties
within a fidd are needed, along with corrdated plant yield rdations, to optimally develop a site-
specific farming plan, i.e., management that accounts for the variability of soil properties and
crop differences that exist within the field. Among the soil properties of interest, besides salinity,
are infiltration rate, water-holding capacity, drainage rate, micro-rdief, soil-depth, fertility,
organic matter content, pH, and texture. Traditionally many of these soil properties have been
estimated and mapped from laboratory analyses of soil samples collected on the basis of a
relatively coarse grid, due to the lack of practical ways to measure them directly in the fidd.
Alternatively, yield maps have been developed by spatial-samplings as a means to estimate the
different crop input needs that vary among the various regions of the field. Corrdations between
these soil properties and plant responses are being sought to identify the causes of observed
spatial-differences in yield and to develop predictive modds for estimating the spatially varying
farming input needs that exist within individual fieds or management units. Management to
compensate for field variability in salinity has not received much attention in the past, but, the
author believes, it will in the future.

A limitation in the use of conventional soil sampling/laboratory analysis methodology for
characterizing the spatial variability of soil properties is the high labor requirement involved.
Typically for prescription farming applications, a grid of 100 by 100 metres (330 by 330 ft) is
used (about one sample per ha. about one sample per 2.5 acres), which often is not intensive
enough. The proper grid spacing depends upon the variability of the property of interest, which,
of course, is unknown at the outset. Thus, the proper locations to collect the samples and the
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number of samples required cannot easily be determined by the conventional approach. As a
result, too few samples are frequently taken to properly characterize the variability that often
exists in fidds for prescription farming purposes. No cost effective, scientific approach for
determining grid size has been developed using such grid-point methods. Thus, directed sampling
and remote sensing techniques are being sought and advocated, in order to site optimum soil-test
locations and to minimize sampling needs. But traditional methods of directed sampling and
remote sensing often do not provide enough, or sufficiently quantitative, information about the
various soil properties described above for the needs of prescription farming.

On the other hand, measurements of EC, and of geospatial position can be abtained
rapidly with geophysical sensors and used to determine optimum soil-test sites as explained
earlier; additionally, EC, can be used to infer a number of soil properties, besides salinity, that
are useful to prescription farming purposes and thus to create much more detailed and affordable
soil-property maps than those obtained by the use of conventional soil/grid-point sampling
methods (Kachanoski et al., 1988; Lesch et al., 1992; Doolittle et al., 1994; Jayne, 1996). The
theory for using measurements of soil eectrical conductivity and spatial calibrations of pertinent
soil properties for use in prescription farming applications is described in the paper by Rhoades
et al. (1997d). Some example-applications for salt-affected soils follow.

FIGURE 59
Three-dimensional map of the electrical conductivity of bulk soil (EC,) of a salt-affected field
in the Coachella Valley of California USA (after Rhoades et al., 1997d)
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There are numerous situations where the reclamation and management needs of saline soils
vary within individual fields and prescription farming methods could be used to advantage. An
obvious situation is evident in Figure 59, which displays the marked variability of EC, that
existed in a salt-affected field located in the Coachella Valley of California, as measured by the
mobile, combination four-dectrode/EM system previously described. These data were converted
to units of soil salinity by the stochastic field-calibration calibration method and corresponding
maps were prepared. The results showed that salinity was exceedingly excessive (see Figure 60)
for crop growth in most of the field; the median EC, level was 43 dS/m and ranged from 3 dS/m
to 106 dS/m. Additionally, soil sodicity, as expressed in terms of the sodium adsorption ratio of
the saturation extract (SAR.), was very high (see Figure 61), and quite variable, in the fied
(median value of 146; ranging from 9 to 475).
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SAR. is genealy wdl
correlated with EC.in most fidds;
as is the case here, though less so
than typical (r = 0.78).
Reclamation was obvioudy re-
quired before this fiedd could be
successfully farmed and a plan
was sought accordingly. In this
regard, it was recognized that the
reclamation of such saline/sodic
soils may, or may not, require the
use of amendments to replace
exchangeable-sodium and to
sustain  permesbility  during
leaching. To determine the spatial
differences in the needs of gypsum
for reclamation purposes in this
fidd, the combinations of
SARJEC, exigting in the fidd, as
obtained by the deailed
measurements of EC, and the
analysis of soil samples collected
from the “cdlibration” sites
sdected wusing the gpatial-
sampling procedures described
earlier, were classified into four
categories. The gpatial patterns of
these four conditions of SARY
EC. are depicted in Figure 62.
Bulk samples of soil (0-60 cm
depth) were collected from these
four  regions, packed in
permeameter-columns, with and
without the addition of gypsum
(2, 5 and 10 tons per acre basis,
45, 11.2 and 22.4 Mg per ha))
and leached with the local
irrigation water. The hydraulic

FIGURE 60

Estimated salinity (ECe in dS/m) of the 0-60 cm depth-
interval of a salt-affected field in the Coachella Valley of
California USA (after Rhoades et al., 1997d)
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FIGURE 61

Estimated sodicity (SARe basis) of the 0-60 cm depth-
interval of a salt-affected field in the Coachella Valley of
California USA (after Rhoades et al., 1997d)
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conductivities of these soil-columns were monitored throughout the more than five pore-volumes
of leaching they were subjected to, as were the EC and pH leves of the effluents. The results
obtained showed that only the regions of the fidd with SARJ/EC. ratios of greater than 5 and EC,
levels of less than 20 dS/m benefited from the addition of gypsum; without it the permeabilities of
the soils in these areas decreased by more than a factor of two after 2 pore volumes of leaching,
as the effluent EC decreased below 2 dS/m and its pH increased to 9.3 or greater. Given this
information, it was determined that gypsum would be beneficial in only a small area of the fidd,
that part of the field shown in Figure 62 having SARJ/EC, ratios greater than 5. In this manner,
the reclamation prescription, in terms of gypsum requirement, was established for the different
classes of chemistry and soil type existing in the different regions of this saline/sodic fidd.
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The ovedl nead for

gypsum - determined by this Estimated salinity/sodicity ratio of the 0-60 cm depth
spatialy dlscrl.ml.natl ng pro_ce interval of a salt-affected field in the Coachella Valley of
dure  (prescription  farming | california USA (after Rhoades et al., 1997d)

approach) was less than one-third
of the amount that would be

required to uniformly treat the

FIGURE 62

fidd, asis traditionally done. The W Rato7
resulting savings in the cost of the B Rstos5
gypsum and its application was Ratio > 3
more than US$ 25000 for this £ #e<id

one reativdy small fidd (40
acres; ~ 16 ha.). The conditions of
salinity and sodicity existing in
salt-affected soils are typically
spatially variable, not unlike those T e o
seen here. Thus, one can conclude X, metres

that the reclamation requirements
of typical salt-affected fidds are
spatially variable and can be defined and prescribed advantageously using the general approach
undertaken in this example.

FIGURE 63
Three-dimensional map of the electrical conductivity of bulk soil (EC,) of a salt-affected
Sudangrass field in the Coachella Valley of California USA (after Rhoades et al., 1997d)
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Another salt-affected field in the Coachella Valley of California that was “surveyed” with
the mobilized EC, measuring equipment is depicted in Figure 63. Like the other salt-affected field
discussed above, this fidd also displayed substantial spatial variation in EC, (and
correspondingly in salinity and sodicity). However, in contrast to the previous field, the pattern in
this second fidd was markedly cyclic in a north-south orientation, as illustrated in Figure 64; the
“valleys’ in the north-south oriented traverses correlated spatially with the presence of a sub-
surface tile-drainage system (which will be discussed more |ater).
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The soil sdinities (ECe

basis) corresponding t.o the EC, Relationship between the electrical conductivity of bulk
values  shown varied from soil (EC,) and distance across (and perpendicular to the
relatively low values of 2-3 dS/m sub-surface drainage system) a salt-affected sudan-
in the regions of the fidd grass field in the Coachella Valley of California, USA
overlying the drain lines to (after Rhoades, 1996D)

relatively high values of 20-25
dS/m in the mid-line regions. The
height of the sudan crop planted
in this fiedd was wel correlated

FIGURE 64
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shown in Figure 66. These results
lead to the conclusion that the v 19 20} Lk b
drainage system in this fidd is S T e

inadequate, ether because of

“clogging” or insufficient capacity for the given situation of irrigation practices and local
hydrology. In any case, they indicate that different parts of the fidd vary in their management
needs. For example, the areas of high salinity have less need for fertilizer, because of the reduced
crop growth there, and greater need for effective leaching and drainage. The spatial variation in
input needs and management reguirements existing in this fiedd is conducive to the
implementation of prescription farming methodologies. Management should be altered to
increase the rate of drainage and the extent of leaching in the “ midpoint“ regions of the fidd,
éther through renovating the drains or decreasing their spacing. Meanwhile, the amount of
fertilizer applied should be reduced in these areas and the seeding rate increased. Other
management practices to reduce the level of salinity in the seedbed and to improve irrigation
efficiency, as described e sewhere (Rhoades et al., 1992), should also be adopted in these areas.

A third fidd, this one from the Imperial Valley of California, with excessive salinity in
certain sections of the fied, as determined by calibrated spatial measurements of EC, is
illustrated in Figure 67. In this case, the salinity increased with distance along the “head-to-tail
traverses made across the field (only one traverseis shown in Figure 67) and was excessive in the
“lower-third” region of the gravity, furrow-irrigated field for the full-production of even the salt-
tolerant sugarbeet crop growing there (this pattern is commonly observed in fields irrigated by
such irrigation methods). The distributions of salinity observed within the root zone (data not
shown) indicated that excessive water had been infiltrating the “ upper” sections of the field, while
inadequate amounts had been infiltrating in the “lower” sections (which will be discussed more
later). Obviously this situation creates variable management needs for the differentially
irrigated/salinity-affected regions of the fidd. Management needs to be altered to improve the
uniformity of irrigation and infiltration in this field.

The latter two examples illustrate a form of prescription farming that is little mentioned
and utilized, i.e, management to accommodate or mitigate the non-uniformities that occur in
water application, crop-consumption, leaching and drainage in gravity-irrigated fields.
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FIGURE 65

Relationship between the EM-38 sensor readings of EC. , Sudangrass plant height, and
distance across (and perpendicular to the sub-surface drainage system) a salt-affected
Sudangrass field in the Coachella Valley of California, USA (after Rhoades et al., 1997d)
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FIGURE 66

Three-dimensional map of the predicted Sudangrass yield (in terms of height) predicted from
the data of Figures 64 and 65 for a salt-affected Sudangrass field in the Coachella Valley of
California USA (after Rhoades et al., 1997d)
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Example uses of salinity assessment technology

The wuse of the gpatia
measurements of EC, and of the
gpatial-methods of their calibration/
interpretation, as described and
advocated herein, offer a potentially
valuable new tool to assess and better
manage  such variable-fid d/sail

FIGURE 67

Relationship between (a) soil electrical
conductivity (ECy), as measured by both the
mobilized, four-electrode system and the
mobilized, electromagnetic (EM) system, and (b)
measured and predicted soil salinity (EC. basis)
and distance along a transect across a furrow-
irrigated, sugar beet field located in the Imperial

Situations using prescription farming
approaches. More details about the
variability of salinity in the fieds used
in these two examples, and in others,
are given dsewhere (Rhoades, 1992b,
1994, 1996b; Rhoades et al., 19973,
1997b). More details about the use of
gpatial measurements of soil salinity
and dectrical  conductivity  for
prescription farming purposes is
described in Rhoades et al. (1997d).

Valley of California, USA (after Rhoades, 1997)
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As mentioned earlier, the distribution
of salinity within the root zone of a soil
is a reflection of the direction of the
past net flux of water flow. A net o

upward flow, such as may occur in the . +  measuted ECsleve
presence of a shallow water table or T T
otherwise poorly drained situation, is 0 80 120 180 240 300 260
reflected by the presence of high Laterai Distance, metres

salinity in the near-surface depth of
soil and by decreasing leves with
depth to a minimum level determined by the salinity of the shallow groundwater. On the other
hand, a net and excessive downward flux of water through the soil is reflected by low levels
(controlled by the salinity of the irrigation water) of salinity in the near-surface depth of soil with
relatively little increase in the degper depths. Evidence of the credibility of this generalization was
presented earlier for the saline seep situation. Other examples for the case of irrigated soils will
now be given to further demonstrate the utility of the salinity assessment technology to evaluate
the adequacy/appropriateness of irrigation and drainage systems and practices.

-
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Soil Salinity ECe, dS/m
-4

four-electrode predictions

The data obtained with the mobile, four-dectrode and EM sensing systems presented in
Figure 67 can be used to demonstrate this utility. Average rootzone soil salinities, expressed in
terms of EC,, as predicted from measured EC, data (Figure 67a) obtained in a furrow irrigated,
sugar beet fidd (Glenbar silty clay loam soil) in the Imperial Valley of California and as
measured in some “calibration” samples collected along the transect are shown in Figure 67b.
The salinity values were predicted from the sensor readings and limited calibration information,
using the “stochastic fidd-calibration” technique. As is shown here, the accuracy of these
predictions is very good. If irrigation application and infiltration were uniform across the fied
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involved with Figure 67, the value of EC, (and of EC,) should be the same at each distance,
provided crop stand and soil type were also uniform. However in this case, the EC, (and EC,)
values increased from the “head” to the "tail end" of the field; the coefficient of variability (CV)
was 14.2% and the linear correation coefficient (r) between EC, and distance down the transect
was 0.67. Thus, one may conclude from these data that the field is not uniform with respect to
one or more of the three possibilities. In this case, the crop was planted uniformly and the soil
type was essentially the same along the transect. Hence, these observations/data imply that
irrigation application, or infiltration, was not uniform across this field, presumably due to
reduced opportunity-time and infiltration of irrigation water with distance from the point of water
delivery to the furrows. Another factor likdly influencing the salinity distribution within this field
is the lateral transport of salt that occurred in it as a consegquence of the “cracking” type of soil
present in the fied. This latter aspect is discussed esewhere (Rhoades et al., 1997b). This
example illustrates how information about the spatial variation of average root zone soil salinity
can be used, assuming it is a tracer of the interactions of water infiltration, evapotranspiration,
leaching and drainage, to evaluate irrigation uniformity in fields which are relatively uniform in
soil type and cropping intensity.

Another  example  of FIGURE 68
spatial-data  obtained in  an Correspondence between soil salinity predictions based
irrigated/drained fidd with the on soil electrical conductivity measurements obtained
e o e | e e
.SyStem oa QGpth. of 1.2 margs field (Imperial clay soil) Iocatec%J in tl‘lle Imperial Valley of
is presented in Figure 68. ThiS | it nia (after Rhoades, 1996b)
figure shows EC. values
calculated using the stochastic = [ L e e T '
fidd-calibration method from % 15| Comparisonof EM-38 and Four-Electrode data: 3
EC. readings collected every % [ Imperial Clay Soil o ]
second (about every 1 m apart) @ o1af o]
as the tractor moved across a Z
furrow irrigated, tile-drained & W 1T 7
afalfa fied (Imperia clay soil) m | ]
in the Imperia Valley of s ° g ! b
California. The "minimum" in 2 7l ]
the EC. readings occurring at 5 Fi b el
about 380 metres from the £ el | io Hesdh
irrigation-intake end of the fied L . D
corresponds to the position of a 0 100 200 300 400 500 600 700
suite of subsurface drains. | ataral histanca maires

Otherwise, the EC. values

increased toward the "tail end" of the field, presumably due to reduced application and infiltration
of irrigation water with distance from the point of water delivery to the furrows and to lateral
transport of salt across the fiddd as a consequence of the soil cracking and lateral-transport
phenomena previously mentioned (Rhoades et al., 1997b). Examples of fidds with much greater
increases in "tail end" salinity have been observed in other fidds (Rhoades, 1992b). Tile drains
are also located in the tail end of the field involved in Figure 68, but were ineffective in lowering
the salinity except in the four narrow regions, indicated by the sharp downward spikes apparent
in the “curve’, where the trenching had occurred many years (decades) earlier. These data
suggest that much of the variability in average root zone salinity observed in typical
irrigated/drained fields is caused by the interactive, effects of the drainage and irrigation systems
and trenching operations. They also demonstrate how the adequacy or inadequacy of a drainage
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system can be inferred from the

.d?a”ed. Spatl.a(ljed bsa“nlrt]y Relationship between soil electrical conductivity (EC,)
n or_matlon p.rO.VI y the and distance along a transect crossing two sets of
mobilized  salinity  assessment subsurface tile-drains in a salt-affected field located in

FIGURE 69

systems. the Coachella Valley of California (after Rhoades, 1994)
Another - example of the Smoothed Mobile Four-Electrode Data:

marked effect that a subsurface Kohl Farm, Coachella Valley
drainage system can have on T T
average root zone salinity is given : :
in Figure 69 in terms of EC, ; :
Corresponding values of EC, (not : 5 ]
shown) cycled between low values 5 o

of about 2.5 dS/m to high values e )f‘
of about 25 dS/m. The CV and r : .fn‘u : ]I\'\/L\(""'.
values for this EC., distance P SR B T 1
traverse were 36.8 % and -0.20 : i b P ]
respectivdy. This example in- : B 3 -
volves a fidd of silty loam soil in i i i

the Coachdlla Valley of California ar.5 1.3 1854 2788 i
which has two sets of buried "tile- Lateral Distance. metres

lines" oriented perpendicular to the
direction of the EC, traverse; one
set being about 2.7 m degp and
gpaced about 90 m apart and
another set being about 1.7 m deep and located at one-third and two-third distances between the
deeper lines. The two sets of tile-lines are represented by the solid and dashed lines, respectively,
inthefigure. In thisfidd, soil salinity levels“ mimicked” the drainage system, with high values of
EC, (and EC,) occurring in the soil located between tile-spacings and low values in the soil
overlying them. These data suggest that most of the variability in average root zone salinity
across this fidd was caused by the effects of the drainage system. They also imply that the
drainage system there was inadequate given the circumstances of irrigation, soil type,
geohydrology, etc. The distributions of salinity within the root zone depth of such fieds will be
discussed later; they give further credence to the preceding conclusion.

A

Soil Electrical Conductivity, ECa, dS/m

deep tile lines
shalow tile ines

The time involved in collecting these data was only about seven minutes. Again, they
demonstrate the utility of the assessment methods for evaluating the adequacy of the drainage
conditions of the field. An even more dramatic drainage system effect on soil salinity is evident in
the previously discussed Figure 64; again, such data show the utility of the rapid salinity
assessment equipment and methodol ogy.

The gpatial pattern (average root zone basis) of the field depicted in Figure 69 is shown in
Figure 70. The average profile EC. value of 10-12 dS/m measured within the 0-1.2 m depth in
much of this field is excessive for successful crop production. This observation itsdf is evidence
of the inadequacy of the past irrigation and drainage management in the field. Assuming uniform
irrigation and a leaching fraction of 0.05, the expected value of average root zone salinity (as
calculated using WATSUIT, Rhoades et al.,1992) would be about 2.1 dS/m under steady-state
conditions of irrigation with the Colorado River water. Since the average soil-profile salinity in
this field of silty-loam soil (non-cracking soil) exceeds 2.1 dS/m, one must conclude that the
overall leaching fraction is negative either because of deficit-irrigation or because salt is being
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accumulated in the root zone from

the upward flow of saline water _ _ L .
from the shall roundwater Predicted average root zone soil salinity in a tile-
oW g ) drained field located in the Coachella Valley of

Since information supplied by the | cajifornia, USA (after Rhoades, 1997a)
irrigator showed that the applied

FIGURE 70

water exceeded ET, the latter cause R ==
is  deduced. The  sdlinity
distributions found within the 270 Awarage Salinity

i within D.0-1 .2 m depth

profiles over much of this fidd are
presented in Figure 71; they are .
concluded to be affected by the |-
drainage system. As discussed *
above, lower salinities occurred in
this fidd in the soil overlying the B :
tilelines and higher salinities o N ..
occurred in the soil located in X metres

between the tile lines. Additionally

M EC.=1245/m
[ 10<ECe<12dSim
5 8<ECa<10dSim
[0 ECe<BdSim

. - . . FIGURE 71

Inth|§ ﬂ?ld’ ?SShown m FIgUfG?l, Relationship between salinity distribution and mean
the distribution of salinity in the level of salinity in the soil profile of a tile-drained field
soil profile varied with the mean located in the Coachella Valley of California, USA

level of salinity. These distributions (after Rhoades et al., 1997a)
imply that salinity is high in areas g e
where the net flux of water has Typical Salinity Profiles
been upward in the fidd (in the

region of the fidd located in okl |
between the drain lines) and is low i
in the areas where the flux has been e 5
downward, i.e., where leaching has

0rs -

occurred in the soil overlying the
tile lines. Figure 72 portrays the
salinity distribution in the upper
part of the root zone (0-0.5 m) of . 3
the Coachdla Valley fidd. These
data indicate that the salinity levels
and patterns within the seed bed of
this fiedd are also reated to the
mean profile salinity levels, which in turn are related to the drainage pattern. Taken together, all
these data (Figures 69 to 72) indicate that the drainage system in this Coachedla Valley fidd is
inadequate given the manner of irrigation, or geohydrologic situation, or both, existing there. As
shown in Figure 72, the salinity distributions in this Coachella Valley silty-loam soil are clearly
two-dimensional in contrast to the one-dimensional profiles observed for the clay textured
Imperial Valley soil (see Figure 73, after Rhoades et al., 1977b). This latter figure shows that
salinity in the center of the seed-bed of the fine-textured sail is not as high as might be expected.
A likely reason for this is the presence of an extensive network of cracks within the bed which
alowed water movement through it, especially in the later stages of the irrigation season
(Rhoades et al., 1997h).

Kaohl Farm:
Coachalla Valley

Depth belaw surface , meires

1.05 |

T4 20 26 a2
Sell Salinity, ECe. d3/m

This "inter-flow" likely leached out salts which otherwise would have accumulated by
capillarity and upward flow and evaporation of water in the bed, if it was completdy isolated
from the furrows. The patterns of salinity within the soil profiles of the Imperial Valley soil were
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FIGURE 72
Salinity distribution in the soil profiles of a tile-drained field located in the Coachella Valley
of California USA, as influenced by mean (0-0.5 m) salinity level (after Rhoades et al., 1997a)
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very similar at various points FIGURE 73
along the transect; how-ever, in Average salinity distribution in the soil profiles along a
relation to the average profile transect across a furrow-irrigated, tile-drained alfalfa

TR i field (Imperial clay soil) located in the Imperial Valley of
shape, sdlinity incr . in the California, USA (after Rhoades et al., 1997b)
upper part of the profile and
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Salinity “distribution”
data obtained with the *com-
bination sensor system” in two
other fields (both near each
other in the San Joaquin Valley
of California) are given in %50 oz 000 o0z 00
Tables 4 and 5 to further i ey e
illustrate how information about
the levels and distributions of salinity within the rootzone obtained with the mobilized EC-sensor
systems can be used advantageously to evaluate the adequacies of salinity control and irrigation
and drainage management. The percentages of the Borba-farm field having levels of salinities
with certain ranges are given in Table 4. By reference to salt-tolerant tables, one can use these
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data to estimate how much yield loss caused by such salinity conditions would result for any
given crop. For example, assuming the crop is alfalfa (which has a threshold EC, value of 2.0
dS/m and a rate of yield loss of 13% for each unit of EC.in excess of 2.0; Maas, 1990) and its
effective depth of rooting is 1.2 metres, one would estimate the relative yidd loss due to salinity
to be as follows by percentages of the Borba field: 0% loss in 3% of the fidd, 14.6% loss in 49%
of the fidd, 44% loss in 29% of the field, and 100% loss in 18% of the field. Thus, on a whole
field basis, the expected salinity induced loss in reative alfalfa yiedd would be 38%. The
economic significance of this yield loss in turn can be calculated given other cost information and
used to evaluate the economic impact of salinity on the profit-line of the operation of this fied
and also to evaluate the affordability of improving the management to diminate the salinity-
induced yield losses.

TABLE 4
Percentages of field with soil salinities (ECe ) within certain ranges

Soil salinity Soil depth, metres
dS/m 0-0.3 0.3-0.6 0.6-0.9 0.9-1.2 0-1.2
0-2 14 44 17 15 3
2-4 41 32 34 31 49
4-8 36 17 22 25 29
8-16 9 6 16 17 16
<16 0 1 10 11 2
TABLE 5
Percentages of fields by different soil salinity (ECe basis) profile types
Profile characterization % area
Salinity Profile Ratio Profile Type Furrow-field Sprinkler-field
>0.75 very negative leaching 5 0
0.50-0.75 negative leaching 23 3
0.35-0.50 excessive leaching 17 13
0.20-0.35 normal leaching 35 71
<0.20 low leaching 20 13

As explained earlier, the information of salinity by depth and location in the soil profiles of
irrigated fields, as is provided by the mobilized EC-38 sensor system, can be used to assess the
adequacy of the past leaching and drainage practices. For example, where salinity is high in the
near-surface soil of non-deficit irrigated fields and decreases with depth in the profile, the net flux
of water (and salt) can be inferred as having been upward. This is reflective of inadequate
drainage. Where salinity increases with depth in the profile, the net flux of water and salt can be
inferred as having been downward. When salinity is low and reatively uniform with depth,
leaching can be inferred as having been excessive, probably contributing to water-logging
elsewhere. As shown previously (Table 29 in Rhoades et al., 1992), an approximate relationship
can be established between steady-state leaching fraction (L) and theratio: EC. in the top-half of
the root zone/the sum of EC, throughout the profile. This relationship (see Figure 74) between L
and the latter ratio (salinity profile ratio, P) is: L = 0.01843 (é*™). Thus, one can infer the
approximate degree of leaching (under steady-state conditions) from the salinity profile ratio,
which, in turn, can be determined from the data acquired with the mobilized EM-38 sensor
system. As an example, the percentages of a furrow-irrigated cotton fied in the San Joaquin
Valley of California are given in Table 5 by classes of salinity profile ratios. Inverted salinity
profiles (P > 0.50) occurred in 28% of this field. Such profiles are indicative of the net upward
flux of water for the reasons previously given. The author speculates, knowing that the irrigator
applied water in excess of ET in this fidd, that excessive deep percolation occurred in the pre-
season and early-season irrigations, causing a “ mounded, perched” water table which was the
source of the water and salt that subsequently “subbed” back up into the root zone. Profiles with
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salinity distributions indicative of
excessive net-leaching (L values of
greater than 0.3; salinity profile
ratios of 0.35-0.50) occurred in
17% of the fidd, and profiles with
salinity distributions indicative of
normal leaching (L values of less
than 0.3; salinity profile ratios
<0.35; salinity increasing with
depth) occurred in only 55% of the
fidd. Such data indicate that the
leaching/drainage management this
fied has received was inadequate
over much of the fidd. The
analogous percentages obtained in a
nearby San Joaquin Valley fidd
(this one sprinkler irrigated) are
also given in Table 5. While both
fields were of the same sail type
(SiCl) and water table depth (~1.5
m), quite different results were
obtained. Hardly any of the
sprinkler-irrigated field had inverted
(net upward-flux; P>0.5) profiles;
the desired normal leaching profiles
were evident over 84% of thefidd.

These examples show that
improved irrigation, drainage and
salinity management that can result
from the use of the more efficient
and uniform method of sprinkler
irrigation compared to furrow-
irrigation. These data further
illustrate the utility of the mobilized
assessment system and of detailed
spatial information of soil salinity
and its distribution through the root
zone to evaluate the adequacy and
effectiveness  of irrigation and
drainage systems and practices.
Maps of the areas with excessive
leaching or of inadequate drainage
can easily be prepared from these
data to display the areal extent and
locations of these conditions. An
example of such an application is
given in Figure 75, which shows the
pattern of average soil salinity in

FIGURE 74
Relationship between the salinity profile ratio and
leaching fraction (after Rhoades et al., 1997a)
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FIGURE 75

(A) Predicted soil salinity (ECe) and (B) salinity profile
ratio for a tile-drained field located in the Coachella
Valley of California, USA (after Rhoades, 1997)
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the 0 to 60 cm. depth (Figure 75a) of an irrigated fidd (Kohl-5) located in the Coachella Valley
of California and the corresponding pattern of the salinity profile-shape ratio (Figure 75b)
predicted from the calibrated sensor readings. Profile-ratio values exceeding 0.5 imply inadequate
drainage (a net upward flow of water) for steady-state conditions (the interpretation of the
profile-ratio is discussed more later). These data imply that salinity in the major rootzone depth
(0-60 cm.) is high in the areas of the fidld which are the least well drained, in fact in regions
where the net flux of water through the root zone over the past years of cropping has been
upward.

_dees _ irrigation and FIGURE 76
drainage, tillage and tractor Cyclic pattern of soil electrical conductivity (ECa)
traffic-patterns have also been across a succession of furrows, some of which were
deduced from the intensive trafficked by a tractor (N) and some which were not

spatially referenced data sets (after Rhoades et al., 1997a)
obtained using the mobilized EC-
sensor systems to significantly
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affect soil salinity levels and S0,
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Tractors typically move through E \)& 7 ’

the fidds in a systematic way, as B 1l Yifi o _
dictated by the invoked practices | 4 | o H : |
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cultivation and tillage. As a resullt, A i H Ly
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exerted in some furrows, but not . , :
in others, leading to cyclic i Residual Signal Pattern

patterns of compaction among
some  sequential ss  of
neighboring furrows. Similarly,
tillage and cultivation operations
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are often implemented using 23k

equipment  with  guide/depth - L = —E— T
wheels which similarly lead to Distance across furrows, metres

other analogous definable
“traffic’ patterns. As a result,
some furrows can become more compacted than others leading to reduced water-intake rates and
to reatively increased lateral water flow rates and, hence, to higher salinity levels in both the
associated furrows and beds. Systematic, cyclic differences have been observed in the salinity
patterns of some irrigated fidds surveyed with the maobilized EC-sensor equipment and to
“mimic’ the traffic patterns undertaken with the tillage equipment. An example is shown in
Figure 76, in which the EC, readings abtained in a succession of neighbouring furrows are
presented (Figure 76a). The furrows in which the tractor tires traveled are indicated by a small
inverted triangle. The EC, values associated with the “splinefit” (the plot of the “running
average’ of neighbouring values) of the readings are indicated by the dotted line. The differences
between the individual EC, values for each furrow and its spline-fitted value are presented in
Figure 76b. These data show that EC, (and, by implication, salinity) is substantialy higher in
each furrow in which the tractor tires traveled compared to its neighboring furrows. They also
show that EC, (thus salinity) is substantially lower in each furrow that is “sandwiched” between
“traveled” furrows. The other furrows have EC, values that are only slightly higher, or lower,
than its neighbors, as would be expected if there was no cyclic pattern or significant difference
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between them (that is, if all the furrows were essentially the same in their degree of compaction).
The observed salinity pattern across this succession of furrows was clearly cyclic in nature and
related to the tractor traffic pattern that had been followed in the fied. In some fieds which
displayed this same phenomenon, the EC, values in adjacent beds of furrow-irrigated fields have
differed from their neighbors by as much as 4 dS/m, or more. Analogous cyclic patterns of soil
salinity have been observed in other “surveyed” fidds that were caused by deep chisdling actions
of subsurface tillage operations. In this case, the data obtained led to the inference that water had
infiltrated and flowed preferentially in the tillage “dlits’, then flowed horizontally out into the
adjacent soil causing salinity to be lower in the vicinity of the “dlit” compared to the inter-dlit soil
areas (data not shown). In one “surveyed” field which had been "ripped” to 0.5 m with chisdls,
markedly abrupt cyclic patterns of EC, were observed that mimicked the tillage pattern. An
excavation and detailed examination of the soil profile was made at the cyclic locations where the
abrupt changes in EC, were measured. This examination revealed (once the topsoil was removed)
the presence of deep narrow trenches, or cracks, approximately 2.5 cm widein the soil underlying
the topsoil mulch. An interesting feature of these "cracks' was that they were full of dry
aggregates of surface soil that had fallen down into them. Hence, such "cracks' not only provide
preferential paths for water flow, but as well provide a means for soil particles and associated
organic matter to “fall” to degper depths in the soil profile and thus a means by which certain
pesticides and other relatively immobile chemicals may be transported in soils that is not
accounted for in classical solute transport theory. This observation would not have been made
without the use of the detailed spatial measurement system.

The examples given above indicate how the salinity patterns within fields and root zones can
be used as tracers of the net interactions of irrigation/infiltration, evapotranspiration and drainage
to deduce much useful information about the adequacy, uniformity and appropriateness of the
irrigation/drainage/salinity management. The required spatial data can be practically acquired
using the mobilized systems of salinity assessment. Ways to obtain more quantitative
interpretations of the amounts of leaching and its associated salt-loads are discussed in the next
section.

ASSESSING L EACHING AND SALT-L OADING

While salt—affected soils and waters occur extensively under natural conditions, the salt problems
of greatest importance to agriculture arise when previously productive soil and water resources
become salinized as a result of agricultural activities (so-called secondary salinization). The
extent of salt-affected soil and water resources has been influenced considerably by the
redistribution of water (hence salt) through irrigation and drainage.

Essentially the same processes are the root causes of both soil and water salinization
(Rhoades, 1997a). Salinization comes about primarily as a result of the processes described in the
following scenario. Water containing salt is applied in excess of that which the crop can use and
the soil can retain, in at least in some of the irrigations and/or in some parts of the field. The
excess water passes beyond the root zone as drainage flow containing most of the applied salts in
a reduced volume and proportionately increased concentration. This water, together with that
percolating downward from canal seepage, dissolves additional salts (over and above those
present in the applied water) from the soil and underlying substrata. Such concentrated and
additionally mobilized salts, when transported to lower-lying landscapes and receiving waters,
result in excessive salt accumulations in these aress, i.e, in soil degradation and/or in water
pollution. From the preceding it is clear that the major source-areas of salt-loading in irrigated
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lands are the regions where the application of irrigation water is high, the leaching fraction is high
and the substrata contains readily dissolvable salts within them. In order to determine the salt-
loading coming from the root zone, one needs to be able to measure, or calculate, the volume and
concentration of deep percolation. As mentioned earlier, the protection of our soil and water
resources against excessive salinization, while sustaining agricultural production through
irrigation, requires the ability to determine the areas in irrigation projects and in individual fields
where excessive deep percolation is occurring, i.e, where the water- and salt-loading
contributions to the underlying groundwater and surface water are coming from (a suitable means
of determining areal sources of pollution). Though less critical, it is also useful to know the
amounts of leaching and associated salt-loading.

As explained earlier, the level and distribution of salinity in an irrigated sail is a reflection of
the net interactions of irrigation, evapotranspiration, leaching and drainage and, thus, may be
used as a tracer in this regard. The relationships that have been developed between soil salinity,
leaching and salt-loading, with reference to the soil profile, will be discussed in this Section.
These relationships have been based primarily on simple salt- and water-balance concepts, though
some refinements can and have been attempted to adjust them as needed to account for certain
deterministic processes. The following equation describes the major inputs and outputs of salts
that areinvolved in the salt-balance of the rootzones of cropped sails:

salt input = salt output £ Dsoil salinity, [354]

ViuCu +VyuCou + Sn + St =V4uCay +ViuCoy + S, + S, £ DS, [35b]

iw ~iw gw ~gw

where Vi, Vgw, Vaw and Vy, are the volumes of irrigation water applied, groundwater influx
either by capillarity or direct invasion of the water table, deep percolation of drainage water, and
surface runoff (tailwater), respectively; Ciy, Cqn, Caw and Cy, are the soluble salt concentrations
in the preceding four types of water, respectively; S, and S are the amounts of salts brought into
soil solution by mineral weathering and from the dissolution of fertilizers and amendments,
respectively; S, and S; are the amounts of salts precipitated out of solution in the soil and
removed from the soil solution by crop uptake, respectively and DS, is the change in soil solution
salinity (Kaddah and Rhoades, 1976). This relation can be simplified (approximated) for certain
situations by making some reasonable assumptions. For example, except for heavy-textured,
cracking sails, it may be assumed that C;,, and C,, are essentially the same. It may also be
assumed, with the shallow water table situation in mind, that Cy, and Cgy, are about the same.
Additionally, because S, &, S, and S are usually small in relation to the other quantities and the
contributions of the S, and S inputs tend to offset the losses associated with S; and S, these
terms have been traditionally deleted from the calculations (U S Salinity Laboratory Staff, 1954).
However, S, may be significant and some adjustment for this process may be necessary, if salts
other than chloride are considered (Rhoades, et al., 1974). Substitution of these “equalities” and
assumptions into Equation [35b] yields the following relation, where rainfall is insignificant:

(Viw - Vtw) Ciw + (ng -V,

dw

)Cy4, =DS

ow [36]

This relation, along with measurements of the volume of infiltrated water (Viw - Vi), Of the
concentration of theirrigation water (Cy,,), of the concentration of soil salinity at the bottom of the
root zone (Cqy) and of the change in soil salinity within the root zone over the measurement
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period, can be used to estimate the net amount of leaching (V= Vg - V) and the load of the salt
(V, Cqw) draining from the root zone.

Substitution of eectrical conductivity for concentration and of the volume of infiltrated water,
Vine , for (Viw-Viw) into Equation (36) yidlds the following equation relating leaching fraction (L =
Vaw/Vir) for steady-state (DSsy = 0) and good drainage conditions (V4. = 0), as was published in
Handbook 60 (U S Salinity Laboratory, 1954):

Li =V Vi = EG,, [ EC,,. [37]

For such conditions, the leaching fraction can be obtained from the EC-ratio. Thus, the amount of
leaching and salt-load can then be calculated, if ECy, can be measured and if the volume of
infiltrated water is known. Similarly, the amount of water consumed by evapotranspiration (V)
can also be determined, since Vi = Vo /(1-L¢ ) under such steady-state conditions. Remember
that all of the assumptions that are contained in Equation [37] are also inherent in the so-called
leaching requirement concept, as traditionally applied. Later, the author will give an example of
the use of this relation and show how a correction can be made for the disparity between the
concentration ratio and the EC ratio, as wdl as for the eror caused by salt
precipitation/dissolution processes.

Rose et al. (1979) derived an analogous pair of relations to Equations [36] and [37],
respectively, for non-steady-state and for steady-state conditions, meeting the more limiting
assumptions described below. The intended use of these reations was for predicting from
relatively short term measurements whether leaching would be adequate in the long term to keep
salinity within acceptable limits for cropping. The claimed value of this relation was that it would
permit L (defined below) to be determined from relatively easily obtained information. Retaining
most of their symbols, the expression for non steady-state conditions given in differential formis:

20, Mm% 1oL s, (3]
E 1

where z is soil depth, Qy,is mean volumetric soil water content averaged over depth z, s, is the
mean concentration of a conservative solute (such as chloride) over depth z, t is time (yr.)
measured from an initial time (to)) when s, is first measured, | is the rate of irrigation averaged
over the time period of measurement, c is the concentration of the tracer solute in the irrigation
water, L is the leaching flux density at depth z averaged over the time period of measurement and
s, is the mean concentration of the tracer solute at depth z over the time period of measurement
at the reference water content gp,.

The following assumptions are inherent in Equation [38]: (i) water and solute flow are only
vertical, (ii) the amount of leaching is low and the soils are only slowly permeable, (iii) the tracer-
solute is non-adsorbed and non-transformed in the rootzone, (iv) the rates of water application
and drainage at an arbitrary specified depth z are constant and equal to their mean annual values,
(v) leaching occurs when the soil is essentially saturated, (vi) there is negligible uptake of the
solute by the crop and rainfall is negligible, (vii) there is no surface runoff of water, (viii) the
irrigations and croppings are uniform within the field, and (ix) the shape of the solute-profiles
changes very little over the time period.
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Rose et al. (1979) also developed the following expressions for predicting the mean solute
concentration in the soil profile at later times, including the steady-state condition. For non-
steady-state conditions, the Equation is:

Sn- Swo =(1 /LI - Sy ){1- e~ (L1 72Q,)1]}, [39]
and for steady-state conditionsit is:
s. =lc/LI, [40]

where s, is the mean concentration of the tracer solute in the soil profile at steady-state and | =
s, | sn, Which is estimated at any time from the shape of the tracer concentration-profile. The
history of s, can then be computed with the later two equations for all values of t, assuming the
irrigation/crop system remains as it was for the period when the data that yielded the value of L
was collected. The value of the non-steady-state Equation [39] is that it permits the average
annual value of L to be determined from two measured value of s, and knowledge of | & ¢ over
time. Equation [40] is equivalent to Equation [37] when | = 1. Equation [38] is analogous to
Equation [36].

Slavich and Yang (1990) modified the equations of Rose et al to account for anion exclusion
and pore-bypass during leaching. While the refinements contained in their approach to
compensate for some of the processes which influence leaching-efficiency are physically sound
and potentially beneficial, it will be difficult in actual field practice to obtain the needed inputs for
the various parameters, especially for those describing by-pass flow, required by this approach.
Furthermore, one would not expect leaching efficiency to be single valued but rather to vary with
irrigation systems, with management, with different soil types, with depth in the soil, and from
place-to-placein the fidd. Thus, the method seems needlessly complicated, given the uncertainties
in the other inputs and is probably impractical. Reasons for these comments will be more
apparent from the information that is given later in this Section. Therefore, their modified
relations will not be given herein.

The above rdations (Equations [35] to [40]) provide a means for the estimation of the amount
of through-drainage (extent of leaching), of the long-term “equilibrium” salinity level resulting
from irrigation, and of the salt-loading leaving the root zone (or past the maximum depth of
sampling) in different fields of an irrigation project and within the different areas of individual
fiedds. Additionally, they provide a means to locate the primary areal sources of salt-loading from
irrigation because, as discussed earlier, the amount of salt-loading is proportional to leaching
volume, though it is also affected by Vi , Ciw and the properties of the substrata through which
the deep percolation flows enroute to its receiving water or soil. Various studies have been
undertaken to evaluate the above equations; their findings have been reviewed and critiqued by
Rhoades (1997b) and will not be reviewed here. Most of these evaluations were made using
analyses (primarily chloride analyses) of soil samples. Such analyses are too time-consuming to
be very practical for large area assessments of leaching and salt-loading. For this reason some
attempts have been made to determine if analogous assessments can be made from the more
practical measurements of in-situ, bulk soil eectrical conductivity made using the geophysical
sensors described earlier, while still utilizing the same salt-balance reations and approach
(Rhoades, 1980; Cook et al.,1989; Slavich and Yang, 1990).
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Rhoades (1980) was the first
to combine the use of EC, m_easure- Relationship between electrical conductivity of soil
ments and salt-balance relations FO water and leaching fraction for the Colorado River
estimate leaching amounts in water used in the Wellton-Mohawk Irrigation and
irrigated fidds. His method is Drainage District of Arizona, USA (after Rhoades,
practical and will be described to 1980)
show how the assessment techno-
logy and sdlt-balance rdations
described in this book can be
combined into a practica pro-
cedure for determining the extent of
leaching and the areal sources of
sdt-loading. He used measure-
ments of EC, (made at the bottom
of the root zone with a four-
eectrode EC-probe), along with
soil-specific  calibrations relating
EC, and EC,, , the assumption that
the EC of the drainwater is the
same as the EC of the soil water at
or bdow the bottom of the root
zone, and a modified version of the
steady-state model (Equation [37])
to infer leaching fraction in some
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modified to incorporate the effects

of Sy, and S, (discussed earlier in

terms of Equation. [35b]) in the reation between L; and the EC;,, / ECy, ratio, as well as to
replace the implied assumption of a 1:1 reation between concentration (C) and EC that is
inherent in Equation [37] with a more appropriate curvilinear relation. These modifications were
calculated using a steady-state chemical modd (Rhoades and Merrill, 1976; Oster and Rhoades,
1990; Rhoades et al., 1992) that incorporates the effects of salt precipitation (S;) and mineral
wesathering (S.) reactions which occur in irrigated root zones on the resulting concentrations of
solutes in the soil water and that calculates the corresponding EC value from these
concentrations. The following curvilinear relation, which he obtained for the Colorado River
water used for irrigation in the Wdlton-Mohawk, illustrates the nature of the modification:

EC,, = 0509 + 0.985(L—1f) - 0008 (Li) g [41]

with an r? value of 0.999 (see Figure 77). The value of EC;,, was inherently incorporated into this
relation by means of the coefficient values, as are the corrections for salt precipitation and
dissolution and for conversion of total salt concentration to its EC equivalent. These
modifications permit EC to be used in place of the conservative chloride solute concentration and
Equation [41] used in place of Equation [37] as a basis for estimating the steady-state value of
leaching fraction. Additionally, he took steps to assure that the method would apply to each soil
type encountered in the surveyed fidds. To accomplish this, he established the slope and intercept
values in Equation [5] rdating EC, and EC,, for each soil encountered in the project fieds (see
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Figure 20, after Rhoades, 1980). He then
substituted Equation [41] into Equation
[5] with the assumption that EC,c = ECys
=EC4y (since the measurements applied to
the bottom of the rootzone, where EC,, =
ECqv) to give specific equations relating
EC, and L for each of the different soil
types encountered in the surveyed fidds.
These equations took the following form:

(ﬁ) =dopeEC, - intercept , [42]

where the slope and intercept values were
specific for each soil type (see Figure 78,
after Rhoades, 1980). The appropriate-
ness of the approach was tested in four
different fields. The leaching fraction at
each site was also estimated as the
chloride-concentration  ratio  Cl;,/Clsy,
assuming the chloride ion was a
conservative (tracer) solute that would
behave ideally according to Equation [37].
The steady-state assumption was assumed
applicable for the test-fields because the
same crop had been irrigated for many
years in each fidd with consistent
management. This assumption was
concluded to be appropriate, since
essentially the same values of Ly were
determined using both methods (Equation
[42] and chloride ratio) of estimation (see
Figure 79, after Rhoades, 1980). It was
also concluded from these results that the
more practical measurements of EC, could
be used in place of the sail
sampling/chloride ratio procedure to
estimate leaching fractions. Since the
composition of the drain water is defined
in relation to ether the leaching fraction
value or EC, value in this approach, it isa
simple matter to express the data in terms
of absolute salt-load, provided Vi is
known. This latter information, however,
will be difficult to obtain in practical field
appraisals, especialy at the many different
sites in the fidd where measurements of
EC, are easily made. Analogously, the
areal sources of salt-loading and the
regions of high leaching can be readily

FIGURE 78

Calibrations established between leaching
fraction (L) and electrical conductivity of soil
(EC,) for different soil types in the Wellton-
Mohawk Irrigation and Drainage District of
Arizona, USA (after Rhoades, 1980)
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Correlation found between electrical
conductivity of soil water (ECy) and the ratio
of chloride concentration in soil water (Clw)
below the rootzone to that in the Colorado
River irrigation water for the Indio fine silty
loam soil at four study sites in the Wellton-
Mohawk Irrigation and Drainage District of
Arizona, USA (after Rhoades, 1980)
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inferred and delineated by representing the data in the form of a leaching fraction map. Of course,
inherent to the success of this approach are the following assumed conditions: (i) the soil is at
steady-state, (ii) the chemical composition of the irrigation water is known and essentially
constant over time, (iii) the soil water is near field-capacity at or below the lower extremity of its
root zone, (iv) the relation between soil dectrical conductivity and soil water eectrical
conductivity is known for the soil type that exists at that depth and fidd-site, and (v) thereis no
upward flux of water and salt from the shallow water table into the depth of EC, measurement.
For cases where the latter condition exists, or other such non steady-state effects exist, an
analogous approach based on Equation [36] or [38] could be developed to estimate leaching and
salt-loading amounts. The advantage of this spatially-calibrated EC;-sensor approach is that a
detailed pattern of leaching and salt-loading, and of their variability within the field, can be more
practically obtained using the mobilized system of calibrated-EC, measurements described earlier
than is possible using the soil sampling/laboratory procedures employed by the preceding
investigators. Additionally, the salt-load can be more accurately estimated using the approach of
Rhoades (1980), because the chemical composition of the drainwater is known as a function of L
by means of the chemical model which isincorporated into the approach.

The above example, as well as those of Cook et al. (1989) and Slavich and Yang (1990),
studies have demonstrated that a generally good potential exists for the assessment of leaching
rates in fields and for their associated salt-loads using rdatively simple salt-balance modds and
geophysical sensors which measure soil eectrical conductivity. This is especially true, if these
modes are modified by a method analogous to that described above so as to correct for some of
the errors associated with the simplifying assumptions inherent within them. However, no one to
date has combined all of these refinements together with the measurement/calibration methods
into a practical system for such an assessment, especially one that permits the infiltration
amounts to be established at the many points of measurement that are needed to account for the
highly variable conditions of irrigation and leaching that typically exist in agricultural fidds.
Some data illustrating the degree of this variability and of the need to account for it in the desired
assessments will be presented and discussed in the following paragraphs; additionally, some
procedures will be suggested to make the assessments more practical than was possible when
many of the previously discussed methods were devel oped.

The practicality of the application of the salt-balance approach to the estimation of leaching
and salt-loading rates has been markedly enhanced through the development by Rhoades and
collaborators of the integrated, mobilized system of soil dectrical conductivity measurement and
of the salinity calibration software that was described earlier. This technology now makes it
practical to obtain detailed accurate information of soil salinity distributions in irrigated root
zones and fidds. This technology has already been demonstrated to be capable of providing
useful, qualitative information about irrigation uniformity, the adequacy of drainage, the rdative
degree of leaching, and the major source areas of excessive degp percolation and salt-loading
(Rhoades et al., 1997a; 1997b). The utilization of this technology in combination with improved
salt-balance models offers good potential to make rapid quantitative estimates of leaching and
salt-loading rates. Some examples will now be given to support these conclusions and to illustrate
the utility of this technology.

Many of the examples already given in the section Evaluating adegquacy and appropriateness
of irrigation/drainage demonstrate how the relative degree of leaching can be inferred from the
level and pattern of soil eectrical conductivity within the root zones of irrigated fields. Figure 67
illustrates the often observed reatively high leaching that occurs in the “upper” sections of
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furrow-irrigated fields, as does Figure 68. With reference to Figures 70 and 71, it was shown
how the net leaching fraction could be inferred from the mean salinity leve of the root zone and
chemical-modd (WATSUIT) predictions assuming steady-state conditions. Additionally, these
data and those of Figure 72, show how variable leaching can be from place to place within
individual fields and how useful the maobilized systems of salinity assessment can be to determine
this variability, its patterns and causes. With reference to Figures 74 and 75 and Tables 4 and 5,
it was shown how the shape of the salinity profile could also be used to advantage for
ascertaining and mapping those regions of the fidd where the reative leaching flux was
excessive, or inadequate, as well as for evaluating the suitability of the irrigation practices. The
absolute amount of leaching can be inferred from such data provided the amount of infiltration
can be established for the various sites, and in turn the associated salt-load can be calculated
from the ECqy, , Which can be determined from the assessment measurements by the methods
previously explained/demonstrated. Practical methods are not available to measure this spatial
variation in infiltration amount. Hence, the levels of soil salinity can be used to estimate the
distribution of leaching rates that have occurred within the field from the overall field-average of
infiltration amount and , in turn, the distribution of the associated salt-loading from the rootzone.
Such methodology needs to be implemented to achieve management that is efficient in water use
and protective of the environment. All of the measurement aspects needed to do this have been
presented in this report.

SCHEDULING AND CONTROLLING IRRIGATIONS

Practical means of scheduling and controlling irrigations to conserve water while avoiding yield
loss from salinity or water deficiency have not been given much attention. Presently utilized
typical methods of scheduling irrigations are based on measurements of soil water status and/or
predicted evapotranspiration. These latter methods are inadequate for saline soil conditions
because they do not take into account salt (osmotic) effects on water availability, which also
depends on soil water depletion allowed between irrigations. Furthermore, direct measurements of
soil water depletion or matric potential can not be used to control the leaching fraction which is
required to prevent excessive soil salinity accumulation. For saline water, irrigations must be
scheduled before the total soil water potential (matric plus osmotic) drops below the level which
permits the crop to extract water at a sufficient rate to sustain its physiological processes without
excessive loss in yied. The crop’s root system normally extracts progressively less water with
increasing soil depth because rooting density decreases with depth and because available soil
water decreases with depth as the salt concentration increases (Rhoades and Merill, 1976).
Therefore the frequency of irrigation should be determined by the total soil water potential in the
upper rootzone where the rate of water depletion is greatest. On the other hand, the amount of
water to apply depends on stage of plant development and the salt tolerance of the crop and,
consequently, should be based on the status of the soil water at deeper depths. In early stages of
plant development it is often desirable to irrigate to bring the soil to “fidd capacity” to the depth
of present rooting or just beyond. Eventually, however, water must be applied to leach out some
of the salts accumulating in the profile to prevent salt concentration from exceeding tolerable
levels. Thus, the amount of water required is dictated by volume of soil reservoir in need of
replenishment and leve of soil salinity in the lower root zone.
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Since soil dectrical  con-
ductivity is a tracer of the
interactions of water infiltration,
evapotranspiration and leaching as
demonstrated above, it can be used
as the basis for irrigation/salinity
management. As shown earlier soil
water salinity (and hence osmotic
potential; M Pa at 25 C° @0.04 x
ECx, in dS/m) and leaching
fraction can be determined from
measurements of soil dectrical
conductivity. Also as shown earlier,
EC, is, for a given soil, mostly
responsive to the EC (hence
osmotic potential) of the soil water
in the pores which supply most of
the water to the plant and it can be
used to determine leaching fraction.
With calibration for the particular
soil-type, the total soil water
potential can be determined from
EC, and Q,, using Equation [5] and
knowledge of the matric potential-
Qw reation for the soil and the
leaching fraction can be determined
soldy from EC,. The means for this
and data showing its feasibility
have been demonstrated by
Rhoades et al.(1981).

Rhoades et al. (1981) showed/
concluded that the EC, measure-
ments could be made in the upper
profile to schedule irrigations and
the latter measurements could be
made in the lower profile to
determine that sufficient, but not
excess, water is being applied over
the long-term to keep salinity within
acceptable limits. As also shown by
Rhoades et al. (1981), one can also
associate a “ set-point” value of EC,
(equivalent to a desired total water
potential) to use as a basis for
scheduling irrigations, but the
combined use of moisture and
salinity measuring sensors would
likely be more accurate (evidence of

FIGURE 80

Water penetration following a small irrigation, as
deduced from measurements made with four-
electrode sensors and a neutron probe (after
Rhoades et al., 1981)
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Water penetration following an irrigation of
moderate amount, as deduced from measurements
of soil electrical conductivity (EC,) with four-
electrode sensors (after Rhoades et al., 1981)
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this is shown in Figures 22 and 80). For such scheduling and monitoring purposes, the
measurements of EC, can be made at monitoring locations using burial-type four-electrode
sensors or estimated at many places in the field using the above-ground sensors and profile
estimating procedures, as described earlier.

At theend of an irrigation cycle, a certain EC,-depth relation will exist through the sail profile
for any given combination of soil-, plant- and water-type. Upon irrigation, the water content will
increase at every depth in the profile reached by the wetting front and EC, will increase
correspondingly as water flows into that soil volume and Q,, increases (see Figures 80 and 81).
Thus, in principle, irrigations can be automated using EC,-sensors placed in the profile at desired
depths to initiate irrigations when the set point value is reached and to terminate them when the
EC, reading at the desired depth shows the arrival of water and/or sufficient leaching to keep
salinity within limits. An example of the use of EC,-depth measurements to sense the movement
of anirrigation wetting front is shown in Figure 81.

Thetheory and data presented here and in Rhoades, et al. (1981) support the conclusion that
measurements of soil eectrical conductivity could be used to schedule irrigations, control the
depth of water penetration, and obtain the desired leaching fraction. Some irrigation systems
could be automated with burial-type sensors. The methodology has good potential that should be
exploited where salinity is a limiting factor.

RECLAMATION OF SALINE SOILS

Though excessive levels of salts in soils can sometimes be reduced over time using management
practices that are compatible with cropping, it is more usual to set aside cropping temporarily and
to speed the removal process by reclamation practices. The seection of appropriate reclamation
practices requires knowledge of the cause and source of the salt-related problems. Some examples
were given in earlier sections to illustrate the utility of the salinity assessment methodology to
help determine such causes and sources.

The only practical way to reduce excessive soluble salts in soils is to leach the salts out by
passage of lower-salinity water through the active rootzone depth of the soil. The amount of
leaching required to reclaim saline soils is a function of theinitial level of soil salinity, of the level
desired and the depth of soil needed to be reclaimed (which are largely determined by the crops to
be grown), and of certain soil and field properties and the method of water application (which
influence leaching efficiency). Several theories have been developed to predict needed leaching
but various required parameter “unknowns’ usually limit their usefulness and accuracy without
on-site calibration. For this reason empirical relations, which are based on fied experiments or
experience, are generally used as guiddines for reclamation. The accuracy of these guiddines are
unknown for most situations.

A simple, straight-forward way to determine the amount of leaching required for saline sail
reclamation for a particular field and method of water application, or to follow its rate of
accomplishment, is to initiate leaching of a test site by the intended method of water application
and to follow the change in soil salinity with amount of water application/infiltration. A very
convenient, practical monitoring approach is to measure changes in soil dectrical conductivity, in
this regard, using any of the sensor techniques previously described (though a burial-type four-
eectrode EC-probe would be more generally appropriate). The progress of salt removal is
immediately evidenced from the EC, readings during leaching; this clearly and simply establishes
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the required leaching for that field and
water application condition. The data
shown in Figure 82 (after Rhoades,
1979Db) illustrate and demonstrate this
method for a simple situation where a
“salinity-probe” was indtaled a a
depth of 15 cm for monitoring
purposes. Analogous data would be
used to monitor the deeper depths and
rate of progress.

The process of detecting the degree
of change resulting during reclamation
process is the same as that previously
described for monitoring  salinity;
hence, it will not be repeated. The
changes resulting from the reclama-
tion processes in the mean value of

FIGURE 82

Plot of soil electrical conductivity vs. depth of
water infiltrated during the ponded leaching of
salinized Pachappa soil (after Rhoades ,1979)

Spil Electrical Conductivity, Eﬂ¢ Ld54m
= L] [ = w L] -

=]

o z 4 [ ] 1] 12 ] " 1]
Depth af Leaching, cm

salinity and in its spatial pattern for a given field would be determined by the same set of

calculations provided in Annex 9.
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Chapter 5

Operational and equipment costs associated
with salinity instrumentation measurement
techniques

Salinization is the increase in concentration of total dissolved solids in soil and water. Secondary
salinization is the terminology commonly used for any type of human activity which increases the
salinization of land or water resources. Secondary salinization of land resources has been
occurring since the beginnings of human settlement, and is most often directly related to the
development and expansion of irrigated agricultural practices.

Secondary salinization reduces agricultural crop yidds, degrades land values, and if left
unabated, eventually leaves the affected soil in an unusable state. The economic costs of
secondary salinization at both the farm and regional scale have been well documented. Grieve et
al., explored the economic costs of waterlogging and soil salinity to the Murray Valley basin in
New South Wales, Australia (Grieve et al., 1986). They estimated these costs to be in excess of
16 million Australian dollars on an annual basis, which represented 16% of the district’s total
agricultural production. In a follow up study in 1994, Oliver et al., performed a capital cost
survey of 177 local government agencies and 39 public utilities located in the greater Murray-
Darling Basin (Oliver et al., 1996). They found that over 27.7 million Australian dollars were
alocated and/or distributed for salinity related repairs and maintenance, and for salinity related
research and education. In 1994, Luke and Shaw performed economic assessments of the costs of
salinity to agriculture in the Loddon, Campase, and Avoca dryland sub-regions of Australia
(Luke and Shaw, 1994a,b,c). They found that if left unabated, by the year 2001 the total
economic losses for salinity in these three regions could reach 880, 323, and 531 thousand
Australian dollars, respectively.

The total area of salt-affected land on a global basis has been estimated to be
approximately 76.3 million hectares (Mha), of which 41.5 Mha is considered to be seriously
degraded (Oldeman et al., 1991). Serious secondary salinization is occurring at an ever
increasing rate across the world's irrigated agriculture, and is responsible for substantial
economic losses in agricultural production. Overall, the ratio of salt-affected to irrigated land has
been estimated to be between 9 to 34% in the following countries: Argentina, 33.7%; Australia,
8.7%; China, 15%; Commonwesalth of Independent States, 18.1%; Egypt, 33%; India, 16.6%;
Iran, 30%; Pakistan, 26.2%; South Africa, 8.9%; Thailand, 10%; and in the United States, 23%
(Ghassemi, Jakeman, and Nix; 1995).

Secondary salinization can be effectively controlled, provided proper land management and
agricultural production methodologies are employed (Rhoades, 1997). However, the successful
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implementation of agricultural salinity management strategies depends upon many political,
economic, and technical factors which must be synthesised together in an aobjective fashion. In
general, this process is not possible unless the magnitude and distribution of the soil salinization
can first be quantified. Therefore, the inventorying and/or monitoring of soil salinity in a cost
effective manner represents a critical first component to this management process.

Within the last 25 years, a tremendous amount of progress has been made in regard to the
assessment of soil salinity using eectrical conductivity measurement techniques. These survey
instrumentation techniques have been shown to be both highly accurate and rapidly employable,
and in general represent the most cost effective salinization inventorying methodologies currently
in use. However, to date these techniques have not been fully realized nor taken advantage of .

In order to objectivdly quantify the cost benefits of the above instrumentation
methodologies, an economic cost analysis must be performed. Such an analysis must include two
components; (1) a detailed description of the capital costs associated with the various equipment
used in the most common survey instrumentation techniques, and (2) an assessment of the
operational costs incurred when applying these techniques for the measurement of soil salinity.

SALINITY INSTRUMENTATION: EQUIPMENT SPECIFICATIONS AND COST INFORMATION

Before an operational cost analysis can be performed on any type of soil salinity survey
instrumentation technique, the performance specifications and capital costs of the instrument
must first be determined. Hence, a summary of equipment specifications and product cost
information for the most commonly used field salinity assessment instruments is given below.
This discussion includes information concerning both manual (hand-held) instruments and
mobilized salinity survey systems, global positioning systems (GPS), relevant analytical
equipment, and soil salinity assessment and mapping software.

Soil Salinity Survey I nstruments
Non-invasive Electromagnetic I nduction I nstruments
EM38

The Geonics EM 38 was designed specifically for agricultural soil salinity surveys, and can be
used to survey large areas quickly without employing ground (contact) eectrodes. The EM38
uses Geonics patented e ectromagnetic induction principle, providing depths of exploration of 1.5
meters and 0.75 metersin the vertical and horizontal dipole modes, respectively.

The EM38 is very lightweight (2.5 kg), compact (1 meter long), and highly durable. It can
be used to measure either apparent conductivity in millisiemens per meter (mS/m) or the inphase
ratio of the secondary to primary magnetic field in parts per thousand (ppt). Either conductivity
or inphase measurements can be collected in both the horizontal and vertical dipole modes.
Measurements are normally made by placing this instrument on the ground and physically
recording the meter reading. Signal readings can also be digitally logged by using a data logger in
conjunction with the meter (see DL720 Data Logger, described below). Measurements can be
made either manually (using a trigger switch) or in a continuous mode. Both the meter and data
logging system can be operated by a single surveyor.
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The EM38 is well suited for mechanized applications, since it can be easily mounted to
various types of transport vehicles and/or towing platforms and its data acquisition software can
be readily modified to interactivdly communicate with various types of computer systems,
controller boards, and/or other survey instrumentation (such as GPS survey systems, etc.).

DL720 Digital Data Logger

The DL720 digital data acquisition system is a rugged and weatherproof logging system designed
to support all Geonics ground conductivity meters. The DL720 system includes an Omnidata
Polycorder 700 series data logger, interconnecting cables, and DAT software for data storage and
manipulation.

Conductivity data can be collected and stored in either static (manual) or continuous mode
(using atimeinterval sdected by the surveyor). Stored data are downloaded from the data logger
directly into the DAT software program using RS232 serial connections. All Geonics DAT
software has been designed for use on IBM compatible personal computers, and can be used to
edit, plot, and print profiles of either the conductivity or inphase signal data. The data logging
software also includes a time-stamp option, which facilitates the merging of any DAT data file
with many common GPS file formats.

Invasive (in situ) Electromagnetic I nduction | nstruments
SCT-10 Conductivity Monitoring System

The Martek Model SCT-10 is a portable, monitoring system capable of in situ measurement of
soil conductivity and temperature. The SCT-10 is small, light weight, and contains its own
rechargeable battery power supply, internal clock, memory, and communications port. All meter
calibration and computations are performed via a low power, CMOS microprocessor while a
large, aphanumeric display provides instructions and data in simple English.

The SCT-10 accepts a wide assortment of conductivity sensors for soil and water
applications and is capable of accepting all common cell constants and adjusting any collected
conductivity data to 25 degrees centigrade. Signal data measurements are displayed in direct
engineering units, and simultaneous digital and analog signals are available for secondary
recording instruments. For recording data, the SCT-10 comes standard with 0-1 volt DC for
analog recorders and a serial ASCII port for communication with computers or controlling
devices.

Four types of soil sensors are available for use with the SCT-10; including a (i) vertical
sensor, (ii) horizontal array, (iii) bedding sensor, and (iv) burial sensor. The vertical sensor
(commonly referred to as a standard soil-probe, insertion four-electrode probe, or Rhoades probe)
can be used to acquire conductivity readings down the first 1.2 meters of the soil profile. The
bedding probe is a miniature version of the vertical sensor, and is designed primarily for
acquiring near-surface conductivity readings in seed beds or high density root areas. The burial
sensor is an in situ sensor which can be left buried in the ground to facilitate the long term
monitoring of soil conductivity over time. The last soil sensor, the horizontal surface array, can
be used to determine the average conductivity of large volumes of soils by manually varying the
configuration of the current eectrodesin the array.
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Equipment Specifications and Product Cost | nformation

Detailed equipment specifications and product cost information for the Geonics EM 38 meter and
DL 720 digital data logger arelisted in Table 6. Equipment specifications and cost information for
the Martek SCT-10 meter and sensors are givenin Table 7.

TABLE 6

Geonics EM38 and DL720 equipment specifications and costs.
EM38
Measurements conductivity (mS/m) or inphase ratio (ppt)
Sensor dipole transmitter

Intercoil spacing
Operating frequency
Power supply
Conductivity range
Inphase range
Resolution
Accuracy
Instrument dimensions
Case dimensions
Instrument weight
Shipping weight
Cost

1 meter

14.6 kHz

9 volt alkaline battery
100 to 1000 mS/m
+29 ppt

+0.1% of full scale
+5% at 30 mS/m

103 x12x 12.5cm
117 x19x 13 cm
2.5kg

10 kg (including case)
US$7 195

DL720 Specifications

Storage capacity
A/D resolution

16 500 1-channel records; 10 000 2-channel records
16 bits

Dimensions 20x10x5.3cm

Weight 1.5 kg

Cost USS$ 3 775 (includes DAT software and interconnecting cables)
TABLE 7

Martek SCT-10 equipment specifications and costs.

Measurements
Sensor types

Power supply
Conductivity range
Temperature range
Resolution

Accuracy

Instrument dimensions
Instrument weight
Cost (add 30% for foreign
orders)

temperature (°C) and conductivity (milli S/cm)

vertical, horizontal, bedding, in-plant (in situ), flow-through (liquid)
rechargeable, internal nicad battery

0-1, 0-10, 0-100 milli S/cm

0-50 °C

+0.0001, +0.001, £0.01 milli S/cm; £0.01 °C for temperature
+0.01, £0.05, +0.5 milli S/cm; +0.1 °C for temperature

16.5x10.1 x20.3 cm

2.7 kg (not including sensors)

SCT-10 meter: US$ 2,000

Probes: (i) Vertical probe: US$500; (ii) Horizontal probe: US$300;
(i) Bedding probe: US$250 and (iv) Burial probe: US$100.

GPS Equipment

Other useful instruments for soil salinity survey work include, but are not limited to, soil
temperature probes (for measuring soil temperature throughout the soil profile), GPS survey
equipment (for acquiring spatial location), laser range finding systems (for measuring changes in
micro-elevation), and various sensors designed to measure other types of soil or crop attributes
(such as infrared spectrometers for measuring crop biomass or time domain reflectometric
sensors for measuring volumetric soil water content). Amongst all these instruments, a rdiable
and versatile GPS system is by far the most important.

There are three primary reasons why a good GPS system should be employed when
performing soil salinity survey work. First, salinity survey data are aimost always spatial in
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nature, i.e, survey data is generally acquired across a spatial region and hence the spatial
locations of the survey sites must be known in order to construct any sort of contour or relief
map. While it is possible to physically grid (i.e.,, measure) out these survey locations, this data
can typically be acquired faster and more efficiently using a GPS system. Second, nearly all types
of mechanized conductivity transport systems collect their signal data “on-the-go”; i.e, the
conductivity data is acquired while the vehicle is continuously moving. This in turn requires the
use of a GPS system, since this is the only type of commercially available system which can
readily collect and record the continuously changing spatial location of a moving object (i.e, the
moving transport vehicle). And third, nearly all commercial GPS units are designed to interface
with multiple types of geographic information systems (GIS). Thus, the transfer of the spatial
location information into a GIS is readily facilitated using GPS equipment.

Typical GPS systems range in price from a few hundred to many thousands of dollars or
more, depending on the system accuracy specifications. Most types of salinity survey work
require survey location accuracies of +1 to 2 metres, which can be obtained from GPS units
which facilitate differential correction (the typical cost of a differentially correctable GPS unit
starts around US$1000). Differential correction can be obtained in two ways; either through post-
processing or real-time. Post processing (i.e., correcting the data after it has been collected and
downloading from the GPS unit) is usually more accurate and less expensive. However, real-time
differential correction is generally required when one must navigate to pre-determined survey
locations.

The largest commercial GPS companies and satdlite differential correction suppliers
include Trimble Navigation, Magelan, Garmin, Ashtech, Racal, and Ominstar. These companies
can be contacted directly for current product line and pricing information.

Mobilized Soil Salinity Survey Systems
Mobilized Systems for Non-invasive I nstruments (EM 38)

In its simplest form, the mobilization of the EM38 can be achieved by simply mounting the
instrument on some type of sled or trailer and then towing it over the survey area. The sled or
trailer must be completely non-metallic and must be kept at least 1 to 2 meters from the towing
vehicle (which can be either a small tractor or an alternative terrain vehicle). A GPS system must
also be set up and mounted on the towing vehicle (or more preferably, to thetrailer itsdf) in order
to simultaneously record spatial location information. The EM38 would be set to record
conductivity data in a continuous mode (defined by a time interval which may be sdected by the
surveyor) and this data would then be automatically “time-stamped”. Hence, once the survey was
completed, this data could be readily merged with most types of post-processed GPS location
information to create a spatially referenced conductivity map.

There are currently no third-party vendors who sell commercially available, “ off-the-shelf”
deds or trailers for the EM38. However, these types of towing apparatuses are fairly simple to
fabricate, and can generally be built for between US$500 to US$3 000 by many trailer
fabrication shops.

More complex trailering platforms generally require data logger software modification
and/or customized system integration. For example, a simple EM38 trailer design will typically
support (i.e., physically hold) only one EM38 unit at a fixed height and orientation above the soil
surface. To acquire both horizontal and vertical EM38 signal data, the trailer must support and
control two EM 38 units (operated in sequence), or the trailer must be able to mechanically rotate
the unit (as wel as control the timing of the data logging). Additionally, it is usually desirable to



100 Operational and equipment costs

directly interface the GPS system with the DL720 data logger so that either system can
communicate (and/or control) the other. Again, there are currently no commercially available
systems which are designed to perform these sort of survey operations. However, there are
geophysical companies which can perform the software modification and/or system integration
necessary to create such trailering platforms. One such company with previous commercial
experience in Geonics DL720 custom software modification and EM38/GPS system integration
is Geomar Geophysics Ltd.,, in Toronto, Canada. Geonics Limited can also sometimes
recommend one or more appropriate companies for the design, integration, and fabrication of
advanced trailering platforms.

The total cost of such a trailer obviously depends on the mechanical and dectronic
complexity of the platform design. Hence, estimating an approximate cost for such a trailering
system is impossible without first knowing the design specifications. However, a very gross price
range for most types of complex platforms would be between US$2 500 to US$10 000. (Note
that this cost does not include the EM 38, GPS system, or towing vehicle)

An even more sophisticated and versatile approach to mobilized surveying can be
employed by suspending and controlling the EM instrument(s) directly from a specialized, sdlf
contained transport vehicle. This sort of system has been developed at the United States Salinity
Laboratory by Rhoades and colleagues (Rhoades 1992a, 1992b, 1993, 1994, 1996b; Carter, e
al., 1993) and is currently being developed for commercial distribution by Agricultural Industrial
Manufacturing (AIM) Inc., in Lodi, California. This automated transport system incorporates
both the use of a Geonics EM38 meter and modified Martek SCT-10 meter / horizontal array
system, along with a synchronized GPS system for recording spatial location information. This
automated transport system can also be readily adapted to incorporate additional sensors. Retail
pricing information for this system is not yet available however, Table 8 lists the price
breakdown of the various costs associated with fabricating the basic hydraulic transport vehicle
(available from West Texas Lee Company Inc.) into a multi-purpose salinity assessment vehicle.

TABLE 8
Price breakdown for fabricating a basic hydraulic transport vehicle into a multi-purpose salinity
assessment vehicle.

Design and fabrication category Modification costs,
uss$
1. Construction of front mast assembly with EM38 tube and rotating unit 5883
2. Horizontal array probe assemblies and scissors frame structure 5900
3. Electronic controls, computerized control system and programming 6 450
design
4. Wiring, limit switches, enclosures, and control box 2 680
5. Hydraulic control valves, manifold, and plumbing 2 560
6. Console, mounting brackets, and accessories 1490
7. Parking brakes on drive wheels, positive neutral on hydrostatic pump 1980
8. Miscellaneous: bracket, paint, etc. 990
Total modification cost 27 933

Note: total modification cost does not include the costs of the EM38, DL720, SCT-10, GPS, or cost of
the basic hydraulic transport vehicle.

Mobilized Systems for I nvasive | nstruments

Like the non-invasive EM instruments, mobilized versions of conductivity sensors using four-
eectrode technology have been developed for both research and commercial applications. The
most common systems employ one or more sets of four dectrodes (in the form of either
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penetrating shanks or circular disk blades) which are mounted to either a tractor tool bar or trailer
platform. This tool bar or trailer platform is then towed or dragged across the survey areg,
allowing for the near continuous collection of conductivity data (up to one reading per second).
These systems are also typically designed to interface with and/or incorporate simultaneously
recorded GPS location information.

A mobilized, tractor-mounted version of the horizontal fixed-array conductivity sensor
system has been developed at the United States Salinity Laboratory by Rhoades and colleagues
(Rhoades 1992a, 1992b, 1993, 1994, 1996b; Carter et al., 1993) and is also currently being
developed for commercial distribution by AIM Inc., in Lodi, California Retail pricing
information for this system is not yet available; however, Table 9 lists a price breakdown for
assembling such a sensor system. A commercial version of a similar four-dectrode system
(employing the use of circular disk blade technology) is currently available from Veris
Technologiesin Salina, Kansas. This latter system simultaneously collects two sets conductivity
data by employing two sets of horizontal four-eectrode arrays, and can be towed using an
aternative terrain vehicle (ATV) or standard tractor. However, this system is not designed to be
operated in a bed-furrow environment (the spacings between the disk blades are not adjustable
and the clearance ratio between the toolbar and the soil surfaceis less than 30 cm). More detailed
equipment specifications and product cost information for the Veris 3100 System are given in
Table 10.

TABLE 9

Estimated system equipment costs for building a mobilized, horizontal array conductivity sensor
system

Component Estimated costs,
uss$
1. SCT-10 unit 2 000
2. SCT-10 modifications 1 000

(includes pre-amp, RS232 serial interfacing, and circuit board

modifications)

3. Tractor mounted tool-bar with adjustable vertical penetrating shanks 2 000

4. Wiring and instrument control box 250
Total system cost 5250

Note: total estimated system cost does not include the cost of the GPS system or tractor.

TABLE 10
Verris 3100 system equipment specifications and costs
Item Cost, US$
Verris 3100 Soil mapping system. with standard features: 11 000
- all-welded tubular steel frame
- heavy duty spring-loaded coulter/electrodes
- non-invasive 17 inch flat disk blades
- P205 R75 highway tires
- ratchet raising/lowering system
- adjustable 4-position clevis hitch
- built in micro-processor
- 3.5 inch floppy disk drive
- internal flash memory to store up to 10 hours of data
- back-lit transflective display
- DGPS compatible RS232 serial port
Road kit: ball hitch, lights 175
Weight package 725
Notes: (1) Conductivity measurements acquired in milli S/m; supplier should be contacted directly for
conductivity range, resolution, and accuracy specifications under various operating environments.
(2) Verris 3100 system cost does not include GPS or towing vehicle costs
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Analytical (Laboratory) Conductivity I nstruments

There are numerous analytical conductivity meters which are capable of measuring the
conductivity of a solution extract. The cost of such equipment can be quite variable, depending
upon the specific instrument specifications. However, there is one conductivity meter which
deserves special mention because of its unique ability to measure soil conductivity in a saturated
soil paste; the Hach CO150 Conductivity Meter.

The basic Hach CO150 system includes a portable battery operated meter, one
conductivity probe for solution extracts, and one soil cup for measuring conductivity of a
saturated soil paste. The CO150 system also includes all the necessary software to estimate soil
salinity from the saturated paste conductivity reading, based on the methodology of Rhoades et
al., 1989b,c. This latter ability makes the CO150 system uniquey different from all other
commercially available conductivity meters, since it is the only meter to incorporate this
technology. The basic CO150 system is scheduled for commercial release in early 1998. (An
upgraded system is also scheduled for release in 1998 which will include a sodium probe, pH
probe, and additional software for estimating the sodium adsorption ratio from the saturated paste
conductivity, sodium, and pH readings.) Advanced equipment specifications and retail price
information for the basic conductivity system are givenin Table 11.

TABLE 11
Equipment and estimated cost specifications for basic Hach CO150 conductivity meter
Measurements temperature (°C), conductivity (milli S/cm) and total dissolved solids (mg/L)
Electrode types conductivity probe (liquid), soils cup (saturated paste)
Power supply 9 volt alkaline battery (9 VDC line adapter to 115 or 230 volts also
available)
Conductivity range 0-0.2, 0.2-2, 2-20, 20-200 milli S/cm
Temperature range -10-110 °C
TDS range 0to 19 900 mg/L
Resolution 3 significant digits in conductivity or TDS mode
+0.1 °C for temperature
Accuracy +0.5% of full scale within each range of conductivity
+1.0 °C for temperature
+1% RSD, 5 to 70 °C for TDS
Instrument dimensions  20.5 x 8.3 x 4.8 cm (not including probe or soils cup)
Data logging 50 data set storage; LCD display output and RS232 output
Cost US$1 295 to US$1 895(estimated, includes one probe, soils cup, and
software)

There can be significant cost savings associated with the measurement of soil salinity in the
saturated soil paste, as opposed to a solution extract. This is due primarily to the speed in which
samples can be processed and the ability to forego the use of a vacuum extraction system.
Additionally, saturated soil paste conductivity measurement systems make it ssimpler and more
inexpensive to process salinity samples “in house’, and thus reduce (or eiminate) the need to
send the soil samples out for commercial laboratory analysis. The various costs associated with
commercial versus internal laboratory sample analyses are discussed in detail in the section
Operational costs associated with the appraisal of soil salinity.

Soil Salinity Assessment and M apping Software

All instrumental salinity assessment methods used for fied survey work require that measured
conductivity readings be somehow converted into (estimated) salinity levels. This conversion can
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be made using either a deterministic (theoretical) or stochastic (statistical) modd. In either case,
computer programs can be employed to perform the necessary conductivity- to-salinity
calculations, and/or generate the estimated salinity map.

All of the formulas needed to estimate soil salinity from bulk soil conductivity data in
conjunction with known or estimated secondary soil properties is given in Rhoades & a.,
(1989a). Statistical software for estimating spatial regression conductivity-to-salinity models
(given a limited set of calibration soil samples) is available from the United States Salinity
Laboratory (the ESAP Software Package, version 1.0; Lesch et al., 1995c). ESAP is public
domain software, and available free of charge.

Numerous high quality contouring programs are available commercially. Any professional
grade mapping and contouring package can be employed for the purpose of creating two or three
dimensional conductivity and/or salinity maps. Retail prices for such software typically range
between US$250 to US$750.

Company I nformation

Full addresses are given in Table 12 for all the salinity instrumentation companies discussed in
this report.

OPERATIONAL COSTSASSOCIATED WITH THE APPRAISAL OF SOIL SALINITY

To appreciate the potential cost savings which can be redlized from employing survey
instrumentation techniques, the overall operational costs for these various methods must be first
determined and then compared to the costs associated with conventional sampling. Such an
analysis will invariably depend on a number of economic and/or technical assumptions, and these
assumptions should be clearly stated and explained. However, there are two underlying
assumptions made throughout the entire cost assessment process which deserve to be daborated
on beforehand.

First, it isimportant to realize that all of the various fidd instrumentation used for salinity
survey work actually measure soil conductivity, and not soil salinity per se. Furthermore, the
conversion from conductivity to salinity requires ether (1) the accurate measurement or
estimation of additional soil properties at each and every conductivity survey site, or (2) the
collection of a limited set of “calibration” soil samples from the survey area under study. The
latter approach is usually more cost effective, since acquiring soil samples at a few survey sites
tends to be cheaper than acquiring soil property information at every survey site. (This approach
is often referred to as “ stochastic calibration”, since it is based on statistical and/or geostatistical
modelling techniques.) Therefore, throughout this discussion it is assumed that all but one of the
survey instrumentation techniques require the collection of at least a few calibration soil samples,
in addition to the collection of the survey data. The one exception is the insertion four-electrode
survey, since this type of survey directly facilitates the estimation of the above mentioned
secondary soil properties at each and every survey site.

Second, there are two methods which one could use to describe the average cost of a
survey instrument over its expected life time. The first would be on a cost per reading basis, and
the second would be on a cost per time basis. Most of the instruments typically used for fied
conductivity surveys (such as the Geonics EM38 or Martek SCT-10 meter) go immediately into
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TABLE 12

Addresses for salinity instrumentation companies

Product

Company

Mechanized Salinity
Assessment Vehicle

Agricultural Industrial Manufacturing, Inc. P. O. Box 53 Lodi,
California 95241 USA; Telephone: 209-369-1994

Veris Technologies

601 N. Broadway

Salina, Kansas USA 67401
Telephone: 913-825-1978
Fax: 913-825-2097

web: www.veristech.com

Custom GPS / EM38 Integration
and / or Software Interfacing

Geomar Geophysics, Ltd; Attn: Jerzy Pawlowski

2-3415 Dixie Road, Suite 348; Mississauga, Ontario Canada L4Y
436

Telephone: 905-306-9215; fax: 905-276-8158
e-mail:jerzy@geomar.com

EM38

Geonics Limited

1745 Meyerside Drive, Unit 8 Mississauga, Ontario Canada L5T
1C6

Telephone: 905-670-9580

fax: 905-670-9204

web: www.geonics.com

Conductivity Meter (C0O150), Soil
Cup System and Salinity and
Sodicity Kits

Hach Company

P. O. Box 389

Loveland, Colorado USA 80539

Telephone: 800-227-4224 (in USA only), otherwise 970-669-3050
fax: 970-669-2932

web: www.hach.com

Four electrode sensor, SCT-10

Martek Instruments, Inc.

2609 Discovery Drive, Suite 125
Raleigh, North Carolina 27616, USA
Telephone: 800-628-8834
web:www.4martek.com

Eijkelkamp Agrisearch Equipment
P O Box 4

6987 Z G Giesbeek, The Netherlands
Telephone: + 31 313 631941

Fax: + 31 313 632167

web: www.eijkelkamp.com

Elico Limited

B-17, Sanathnagar Industrial Estate
Hyderabad, 500 018, India
Telephone: 040-22-2221

Fax: 040-31-9840

Soil Temperature Equipment

Wahl Instruments, Inc.
5750 Hannum Avenue
Culver City, California USA
Telephone: 310-641-6931
Fax: 310-670-4408

TDR Equipment

Environmental Sensors Inc.
100-4243 Glanford Avenue
Victoria, BC, Canada V8Z 4B9
Telephone: 250-479-6588

Fax: 250-479-1412
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a “scan” mode the moment they are turned on. Thus, these meters are continuously analysing
signal data and calculating conductivity readings, regardless of whether the surveyor actually
records a reading once per second or once per hour. Therefore, it seems appropriate to use the
cost per time unit method for estimating survey equipment expenses.

Operational Costs Associated with Conventional Sampling

In order to facilitate a reasonable cost analysis of the various instrumental approaches, it is first
necessary to establish the overall cost associated with a conventional sampling approach. In this
context, “conventional sampling” means that all salinity information is acquired through the
direct laboratory analysis of soil samples, without benefit of any type of secondary instrument
information.

Table 13 documents the various costs associated with such an approach for a typical 64-
hectare fidd. The following assumptions have been made in the analysis shown in Table 13.
First, the sampling is performed on a 12 by 12 grid, yieding 144 sample sites, and each site is
sampled at 3 depths (0-30 cm, 30-60 cm, and 60-90 cm). Second, this process (the collection of
three samples at one site) takes a two-person crew 15 minutes to complete, and this crew can
walk across the fidd at a rate of 4 km per hour and lay out the survey grid as they walk. Third,
the total walking distance is equal to 2 plus the number of transects times the physical length of
the transect; note that the factoring in of 2 extra transects is done to cover the additional travel
distance in between transects and the return distance (back to the starting point) after leaving the
last sample site. Fourth, the total cost associated with each sample on a per sample basis is
US$20.00, which includes the labelling and packaging in the field (US$0.50), handling and
shipping costs (US$1.50), and external laboratory analysis costs (US$18.00). Fifth, after the soil
salinity measurements are returned from the external laboratory, it will take 4 hours to input and
process this data and generate a fidd salinity map. And finally, the two-person sampling crew is
comprised of two technical support personnel paid at a rate of US$8.00 each per hour, and the
data processing is performed by one technical specialist paid at a rate of US$20/hour.

TABLE 13

Cost analysis for a salinity appraisal of a typical 64-hectare field using a conventional soil

sampling approach
Assumptions

800 m by 800 m field size (64 ha); 12 by 12 grid (144 sample sites); 3
sample depths per site (0-30, 30-60, 60-90 cm depths)

Time: Sampling : 5 minutes per 30 cm sample increment; Walking speed : 4
km/hour

Labelling / packaging US$0.50/sample

Shipping / handling US$1.50/sample

Laboratory analysis US$18/sample

Total cost US$20/sample

Sampling costs:

Total walking distance
Total walking time
Total sampling time
Data processing time
Labour costs

Crew size

Total labour costs

Total sampling costs
Overall Survey Cost

(number of transects +2) x (transect length) = 14 x (0.8 km) = 11.2 km
11.2/4.0 = 2.8 hours
(5 minutes / sample ) x (3 sample depths) x (144 sites) / 60 = 36 hours
4 hours
Specialist at US$20/hour
Technical support at US$8/hour
2 Tech Support for Sampling, 1 Specialist for data processing
38.8 hours @ US$16/hour + 4 hours @ US$20/hour =US$700.80
(144 cores) x (3 samples / core) @ US$20/sample = US$8 640
US$9 340.80 per field (64-hectare) or US$145.95/ha
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The total labour costs associated with this survey would be US$700.80 and the total
sampling costs would be US$8 640. Hence, the overall survey cost associated with the
conventional sampling approach would be US$9 340.80 per fidld (64-hectare) or US$145.95/ha.

From a farming for profit perspective, an operational cost of approximately US$146.00/ha
is inordinately expensive, and hence non-justifiable. Furthermore, as Table 13 shows, the vast
majority of this cost is incurred from the commercial laboratory analysis of so many soil samples.
Therefore, any techniques which can be used to reduce the total soil analysis cost will also clearly
generate the greatest financial savings (with respect to the overall survey cost).

Obvioudly, one way to lower the analytical costs is to simply collect less samples. Of
course, this is the primary idea behind each of the various instrument appraisal methods; i.e., to
use the instrument readings as surrogate information (in place of actual soil samples). However,
another way to achieve significant savings in the overall analytical cost is to forego the use of an
commercial laboratory, and instead use some practical form of internal salinity appraisal method.
In other words, one would set up their own laboratory and perform their own salinity analyses.

The simplest (and most cost effective) way to run an internal “laboratory” for soil salinity
determination is to use the saturated paste salinity appraisal methods described in Rhoades,
1989b,c. In practice, such alaboratory would actually be nothing more than a work area having a
sink, portable balance, a few basics laboratory supplies, and a conductivity instrument capable of
measuring the conductivity of a saturated soil paste.

Table 14 documents the cost savings which can be achieved by employing such an
approach in conjunction with the Hach CO150 Conductivity System. The following assumptions
have been made in the analysis shown in Table 14. First, the cost of the CO150 system is
assumed to be US$1,500 and its expected lifespan is 15,000 samples, yieding an equipment cost
of US$0.10 per sample. Second, the average time to make a saturated soil paste is assumed to be
6 minutes, the average time to operate the meter and measure the paste is assumed to be 2
minutes, and that all other additional laboratory costs incurred during this process amount to
US$0.25 per sample, and third, one technical support person is used to make the soil paste, and
one technical specialist is employed to operate the conductivity meter. Using these assumptions,
the total labour cost incurred during the measurement of one sample would be US$1.46 and the
total equipment cost would be US$0.35. This implies that the total salinity appraisal cost would
be US$2.31 per sample (after adding in the US$0.50 per sample field labelling and packaging
costs), which represents a 88% reduction in the laboratory analysis cost (down from
US$20/sample). Hence, the recalculated cost of the conventional sampling method becomes
US$1 698.72 per fidd (64-hectare) or US$26.54/ha.

The cost savings calculated above represent the typical savings one would achieve by using
the saturated soil paste appraisal method. Furthermore, the external laboratory reference cost of
US$18/sample is conservative compared to most current US commercial laboratory rates (and
hence the actual savings could be greater). None the less, these figures demonstrate that the
CO150 conductivity system would pay for itsdf after only onefield survey.
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TABLE 14
Cost analysis associated with the saturated paste salinity appraisal method.

Cost of Hach CO150 System US$1 500

Expected life span 15 000 samples

Cost per sample US$0.10 / sample

Other laboratory costs US$0.25/sample

Average time to make saturated paste 6 minutes

Average time to measure saturated 2 minutes

paste

Laboratory crew size 1 Technical support for making paste, 1 Specialist to
operate equipment

Labour cost per sample 0.10 hours/sample @ US$8.00/hour +
0.033 hours/sample @ US$20/hour = US$1.46/sample

Lab cost per sample US$0.10 per sample (CO150) + US$0.25 per sample
(supplies)

Revised sampling costs: Labelling/packaging US$0.50/sample
Shipping/handling eliminated
Laboratory analysis US$1.81/sample
Total cost US$2.31/sample

Recalculated Cost of Conventional Sampling Method

Total labour costs 38.8 hours @ US$16/hour + 4 hours @ US$20/hour =
US$700.80

Total sampling costs (144 cores) x (3 samples/core) @ US$2.31/sample
US$997.92

Revised Overall Survey Cost US$1 698.72 per field (64-hectare) or US$26.54/ha

In general, significant cost savings can be realized using the saturated soil paste appraisal
method. Furthermore, when this approach is used in conjunction with the various instrumentation
methods, it becomes possible to achieve a substantial reduction in the total cost of a typical
salinity survey. Therefore, although the remainder of this document will focus primarily on the
various instrument appraisal costs, one should keep in mind that the greatest cost savings are
always achieved through a combination of these two approaches.

Operational Costs Associated with Survey I nstrumentation

As previously stated, the basic idea behind the various instrument appraisal methods is to exploit
the instrument readings as surrogate information in place of actual soil samples. In principle, soil
salinity can be calculated from soil conductivity provided the following additional soil
information is known (or accurately estimated): temperature, saturation percentage, volumetric
soil water content, and bulk density (Rhoades, 1989a). However, this additional soil information
is usually not acquired during most surveys (with the exception of insertion four-electrode
surveys). Hence, it usually becomes necessary to acquire a limited set of additional soil samples.
These soil samples are typically referred to as “calibration” samples, because they are used to
calibrate the soil conductivity to soil salinity through various statistical modelling techniques
(such asregression or geostatistical models, etc.).

A formal review of the various stochastic calibration techniques is beyond the scope of this
discussion (the interested reader should refer to the main text of this book or Lesch et al.,
1995a,b). However, the following brief comments are in order. First, an insertion four-electrode
conductivity reading can generally be used to supply a more accurate estimate of soil salinity then
a non-invasive (EM or horizontal array) reading. This is true because (1) the insertion four-
eectrode reading is depth specific, and (2) to acquire this reading one must first bore a hole into
the soil, which in turn means that the soil removed from the bore hole is available for physical
inspection (and hence the above mentioned secondary soil properties can be inferred from this
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inspection). Second, in most field survey applications an ordinary regression modd can be used
for purposes of calibration. And third, any type of instrument survey will generally require
calibration soil samples in order to achieve maximum prediction accuracy when accurate
knowledge of the secondary soil physical properties is unavailable. Therefore, in the analysis
which follows, the instrumental salinity survey costs have been broken down into two separate
components: (1) the costs associated with acquiring the actual instrument survey data, and (2) the
costs associated with acquiring the calibration soil samples.

Table 15 documents the costs associated with acquiring EM 38 survey datain a typical 64
hectare fidd. The following assumptions have been made in the analysis shown in Table 15.
First, the EM38 survey is performed on a 12 by 12 grid (yidding 144 survey sites), two EM 38
readings are acquired each site, and the data acquisition at each site takes 15 seconds. Second, the
total walking distance and walking time is assumed to be the same as the distance and time
required in the conventional sampling approach. Third, one hour is needed to perform all the post-
survey EM 38 data processing, and both the survey and data processing can be performed by one
technical specialist (at a rate US$20/hour), and fourth, the total equipment cost is US$10 970,
the expected equipment lifespan is 4 000 hours, and hence the average equipment cost can be
estimated to be US$2.74 per hour.

Thetotal labour costs associated with this survey would be US$88 and the total equipment
costs would be US$9.32. Hence, the overall cost associated with the EM38 survey would be
US$97.32 per fidd (64-hectare) or US$1.52/ha.

TABLE 15
Operational survey costs associated with an EM38 survey in a typical 64-hectare field
Assumptions: 800 m by 800 m field size (64 ha); 12 by 12 grid (144 survey
sites); 2 survey readings per site (horizontal and vertical)
Equipment cost: US$7 195 (EM38) + US$3 775 (DL720) = US$10 970
Expected life span: 4 000 hours
Cost per hour: US$10 970/4 000 = US$2.74/hour
Time: EM38 survey readings (15 seconds/site); Walking speed: 4 km /
hour)
Total walking distance (number of transects +2) x (transect length) 14 x (0.8 km) =11.2
km
Total walking time 11.2/4.0 = 2.8 hours
Total survey time (0.25 min ) x (144 sites) / 60 min = 0.6 hours
Data processing time 1 hour
Labour costs: Specialist US$20/hour
Crew size 1 Specialist for EM38 survey work and data processing
Total labour costs 4.4 hours @ US$20/hour = US$88
Total equipment costs 3.4 hours @ US$2.74 per hour = US$9.32
Overall survey cost US$97.32 per field (64-hectare) or US$1.52/ha

Table 16 documents the costs associated with acquiring SCT-10 insertion four-eectrode
survey data in the same 64-hectare field. The following assumptions have been made in the
analysis shown in Table 16. First, the insertion four-eectrode survey is performed on a 12 by 12
grid (yidding 144 survey sites), three insertion four-electrodes are acquired each site (at depths of
15, 45, and 75 cm), estimates of the secondary soil physical properties are acquired during this
process, and all of the data acquisition at each site takes 4.5 minutes. Second, the total walking
distance and walking time is assumed to be the same as the distance and time required in the
conventional sampling approach. Third, one hour is needed to perform all the post-survey SCT-
10 data processing, and both the survey and data processing can be performed by one technical
specialist (at a rate US$20/hour). And forth, the total equipment cost is US$2 500, the expected
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equipment lifespan is 4,000 hours, and hence the average equipment cost can be estimated to be

US$0.63/hour.

TABLE 16

Operational survey costs associated with an insertion four electrode survey (using a Martek SCT-

10 meter) in a typical 64-hectare field

Assumptions

Equipment cost
Expected life span
Cost per hour
Time

Total walking distance

Total walking time

Total survey time

Data processing time

Labour costs

Crew size

Total labour costs

Total equipment costs
Overall survey cost

800 m by 800 m field size (64 ha); 12 by 12 grid (144 survey sites)
3 survey readings per site (0.15, 0.45, and 0.75 cm depths)
US$2 000 (SCT-10 meter) + US$500 (Probe) = US$2 500
4 000 hours
US$2 500/4,000 hours = US$0.63 per hour
SCT-10 Insertion 4-probe survey readings (1.5 min per 30 cm depth
increment)
Walking (4 km / hour)
(number of transects +2) x (transect length) = 14 x (0.8 km) = 11.2 km
11.2 km/(4 hours/km) = 2.8 hours
(1.5 min) x (3 readings per site) x (144 sites)/60 min = 10.8 hours
1 hour
Specialist at US$20/hour
1 Specialist for SCT-10 survey work and data processing
14.6 hours @ US$20/hour = US$292
13.6 hours @ US$0.63 per hour = US$8.57
US$300.57 per field (64-hectare) or US$4.70/ha

The total labour costs associated with this survey would be US$292.00 and the total
equipment costs would be US$8.57. Hence, the overall cost associated with the SCT-10 insertion

four-eectrode survey would be US$300.57 per field (64-hectare) or US$4.70/ha.

Table 17

Operational survey costs associated with a fixed, horizontal array survey (using a Martek SCT-10

meter) in a typical 64-hectare field

Assumptions

Equipment cost
Expected life span
Cost per hour
Time

Total walking distance

Total walking time

Total survey time

Data processing time

Labour costs

Crew size

Total labour costs

Total equipment costs
Overall survey cost

800 m by 800 m field size (64 ha); 12 by 12 grid (144 survey sites)
2 survey readings per site (1 m and 2 m span)
US$2 000 (SCT-10 meter) + US$300 (Probe) = US$2 300.00
4 000 hours
US$2 300/4, 000hours = US$0.58 per hour
SCT-10 Horizontal Array Survey Readings
(1 minute/site); Walking speed: 4 km/hour)
(number of transects +2) x (transect length) = 14 x (0.8 km) = 11.2 km
11.2/4.0 = 2.8 hours
(1 min per site) x (144 sites)/60 min = 2.4 hours
1 hour
Specialist at US$20/hour
1 Specialist for SCT-10 survey work and data processing
6.2 hours @ US$20/hour = US$124
5.2 hours @ US$0.58 per hour = US$3.02
US$127.02 per field (64-hectare) or US$1.98/ha

Table 17 documents the costs associated with acquiring SCT-10 horizontal array survey
data in a typical 64-hectare fidd. The following assumptions have been made in the analysis
shown in Table 17. First, the horizontal array survey is performed on a 12 by 12 grid (yieding
144 survey sites), two array readings are acquired each site (a 1 metre and 2 metre span), and the
data acquisition at each site takes 1 minute. Second, the total walking distance and walking time
is again assumed to be the same as the distance and time required in the conventional sampling
approach. Third, one hour is needed to perform all the post-survey SCT-10 data processing, and
both the survey and data processing can be performed by one technical specialist (at a rate
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US$20/hour), and forth, the total equipment cost is US$2 300, the expected equipment lifespan is
4 000 hours, and hence the average equipment cost can be estimated to be US$0.58/hour.

The total labour costs associated with this survey would be US$124 and the total
equipment costs would be US$3.02. Hence, the overall cost associated with the SCT-10
horizontal array survey would be US$127.02 per field (64-hectare) or US$1.98/ha.

The EM38 and SCT-10 equipment life spans have been assumed to be 4 000 hours (Tables
15, 16 and 17). These lifespan estimates are conservative, since they imply that either instrument
would only last about 100 weeks (i.e., two years) when used 8 hours per day, five days aweek. In
reality, both instruments will last much longer than this, provided they are not seriously abused
during the field survey work.

Note that the above overall cost estimates only reflect the costs associated with the
instrument survey process; the costs associated with the collection of additional calibration soil
samples still must be determined for two of the survey techniques. For calibration purposes,
assume that the regression models associated with ether the EM38 or SCT-10 horizontal array
data will be estimated using 12 soil samples. Furthermore, note that one must estimate a unique
regression modd for each sample depth (i.e., 3 separate regression models for the three sample
depths). Thus, soil samples from 12 separate sample sites must be acquired to calibrate either the
EM38 or horizontal array data, implying that 36 total soil samples must be analysed.

Table 18 documents the costs associated with acquiring either EM38 or SCT-10 horizontal
array calibration soil samples in the 64-hectare fidd. The assumptions made in Table 18 are
identical to those made in Table 13, except for the following adjustments: (1) only 12 sites need
to be sampled, and (2) the post laboratory data processing time can be done in one hour. Hence,
the revised total labour costs for this calibration sampling become US$112.80, and the revised
total sampling costs become either US$720 (if the samples are sent to an commercial laboratory)
or US$83.16 (if the salinity is measured using the saturated soil paste methodology).

TABLE 18
Operational costs for the calibration soil sampling associated with either the EM38 or SCT-10
horizontal array survey

Assumptions 800 m by 800 m field size (64 ha); (12 sample sites)
3 sample depths per site (0-30, 30-60, 60-90 cm depths)
Time Sampling (15 minutes/site); Walking speed: 4 km/hour.
Sampling costs External Laboratory US$20/sample
Internal Laboratory US$2.31 / sample
Total walking (number of transects +2) x (transect length) = 14 x (0.8 km) = 11.2 km
distance
Total walking time 11.2/4 = 2.8 hours

Total sampling time (15 min ) x (12 cores)/60 min = 3 hours
Data processing time 1 hour

Labour costs Specialist at US$20/hour and Technical support at US$8/hour
Crew size 2 technical support for sampling and 1 specialist for data processing
Total labour costs 5.8 hours @ US$16/hour + 1.0 hours @ US$20/hour = US$112.80

Total sampling costs (12 sites) x (3 samples / site) @ US$20/sample = US$720 (using commercial
laboratory) or
(12 sites) x (3 samples / site) @ US$2.31/sample = US$83.16 (using
saturated paste method, internal laboratory)
Overall survey cost US$832.80 per field (64-hectare) or US$13.01/ha (commercial lab)
US$195.96 per field (64-hectare) or US$3.06/ha (internal lab )
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Given these figures, it is now possible to estimate the total (composite) survey costs
associated with each instrument. Table 19 lists these estimates, which represent the sum total of
three separate costs: the instrument survey costs, the calibration sampling costs, and the final data
processing costs. (In Table 19, the data processing time is estimated to be 6 hours regardless of
which instrumentation approach is employed. This time includes performing all the stochastic or
deterministic salinity calibrations and generating the final field salinity estimates and/or maps.)
Note that the overal, total costs for the EM38, SCT-10 horizontal array (internal Lab), and
SCT-10 insertion four-electrode surveys come to US$413.28, US$442.98, and US$420.57 per
fidd (64-hectare), respectively (assuming internal laboratory analysis of all calibration soil
samples in thefirst two surveys, and no collection of calibration samples in the third survey).

This last cost analysis highlights two points. First, on a total expense basis, there is
reatively little difference between the three types of instrumentation survey techniques. This is
because the various cost factors (i.e., survey costs, hourly instrument costs, and calibration
sampling costs) tend to balance each other out. More importantly, these final figures show the
tremendous cost savings which can be achieved through the judicious use of field instrumental
methods in conjunction with internal laboratory (saturated soil paste appraisal) methods. Recall
that the original cost for performing a conventional soil survey within this hypothetical 64-hectare
fidd was estimated to be US$9 340.80. By employing the EM38 or ether one of the SCT-10
surveys described above, one could now reduce this cost to about US$415 - US$440. In other
words, one can achieve a 96% reduction in the overall survey cost.

TABLE 19
Total survey and calibration costs for the different survey instrumentation approaches

Base : Data processing time is 6 hours @ US$20/ hour for either type of survey (includes basic
statistical or deterministic calibration and map generation)

Item uss$
1. SCT-10 Survey Cost, insertion four-electrode (IF), (Table 16) 300.57
2. SCT-10 Survey Cost, horizontal array (HA), (Table 17) 127.02
3. EM38 Survey Cost, (Table 15) 97.32
4, Calibration Sampling Costs EM38 or SCT-10(HA)/Commercial Lab, (Table 18) 832.80
5. Calibration Sampling Costs EM38 or SCT-10(HA)/Internal Lab, (Table 18) 195.96
6. Calibration Sampling Costs SCT-10(IF)/ no soil samples 0.00
7. Data processing cost 120.00
Total survey costs = instrument survey cost + calibration sampling US$ per field US$/ha
cost + data processing cost (64-hectare)
EM38 / Commercial Lab (Per field = Line 3 + Line 7 + US$ 832.80) 1 050.12 16.41
EM38 / Internal Lab (Per field = Line 3 + Line 7 + US$ 195.96) 413.28 6.46
SCT-10(HA) / Commercial Lab (Per field = Line 2 + Line 7 + US$ 1079.82 16.87
832.80)
SCT-10(HA) / Internal Lab  (Per field = Line 2 + Line 7 + US$ 195.96) 442.98 6.92
SCT-10(IF) / no soil samples (Per field = Line 1 + Line 7) 420.57 6.57

Conventional Sampling versus Survey Instrumentation Costs in Multi-Field (Large Area)
Survey Applications

The previous cost analysis discussion has been based on a comparison of costs for surveying a
singlefield. In practice, alarge scale salinity survey will typically encompass many fields (and/or
afairly large survey area). Therefore, a comparison of the conventional sampling versus survey
instrumentation costs inherent in such a large scale survey is obviously desirable.
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Table 20 documents the conventional sampling and survey instrumentation costs associated
with a large scale salinity survey encompassing 6 400 hectares of continuous agricultural land.
The following assumptions have been made in the analysis shown in Table 20. First, the 6 400-
hectare area is assumed to be comprised of 100 individual 64-hectare fieds, and each fidd is to
be sampled (or surveyed) on a 12 by 12 grid. Second, for the conventional sampling, all the time
and cost assumptions stated in Table 13 are assumed to be the same. Third, for the survey
instrumentation process, each fidd is surveyed using an EM38 meter. Hence, all the time and
instrument survey cost assumptions stated in Table 15 are assumed to be the same. Additionally,
it is assumed that 4 sites from each field are selected for calibration soil sampling (generating 400
sample sites and hence 1 200 soil samples across the survey area), and that this calibration
sampling cost can be estimated to cost US$72.92 on a per fidd basis (see Table 21). Third, an
additional cost of US$3 000 (for purchasing a single GPS unit) is assumed to be incurred by
gither survey process. Fourth, for the survey instrumentation process, an additional cost of
US$4 000 is incurred for 80 hours worth of geostatistical analysis (for purposes of conductivity-
to-salinity calibration and map generation). And finally, the conventional sampling approach uses
a commercial laboratory to perform all of the laboratory salinity analyses, and the calibration soil
samples are analysed for salinity using the saturation paste conductivity method (i.e., internal
l[aboratory).

TABLE 20

Cost comparison between the conventional versus survey instrumentation and calibration

methodologies for a 6 400-hectare survey (one hundred 64-ha fields).
Assumptions: (i)100 fields, each 800 m by 800 m, all located across one continuous area, (ii) 12 by 12
grid (144 sites) per field,(iii) Conventional approach requires 144 sample sites (3 samples per depth),
(iv) Composite approach requires 144 survey sites (2 readings per site) + 4 sample sites for calibration
(3 sample per depth), (v) Both approaches require the purchase of 1 GPS unit @ US$3,000 per unit,
(vi) Conventional approach uses commercial laboratory and (vii) Composite approach uses internal
laboratory (saturated paste method)

Total conventional survey cost =100 x (US$9 340.80) + GPS cost
= US$934 080 + 3,000 = US$937
080

Total instrument survey cost 100 x (US$97.32) = US$9,732

Total calibration sampling cost 100 x (US$72.92) = US$7,292

GPS cost US$3,000

Total data analysis cost (for geostatistical analysis) 80 hours @ US$50/hour = US$4 000

Total instrument Survey/Calibration/Analysis Cost US$24 024

Notes: (i) Overall time to complete conventional survey is 4,280 hours, not including external
laboratory time for salinity analysis and (ii) Overall time to complete instrument survey / calibration
analysis is 950 hours, including internal laboratory salinity analysis and contracted data analysis.

The overall cost of the conventional sampling approach would be US$937 080
(US$146.42/ha), while the overall cost of the survey instrumentation approach would be only
US$24 024 (US$3.75/ha). Hence, by exploiting the use of the survey instrumentation approach,
the composite cost of the entire survey process would be reduced by over 97%.

Some details inherent to the assumptions in Table 20 are worth expanding on. It has been
assumed that EM 38 instrumentation is being used in this analysis, because this survey process is
the fastest (and hence the least expensive). However, for calibration purposes, only four samples
per fied are acquired. The reason why this further reduction in the number of soil samples is
possibleis due to the fact that the 6 400-hectare survey area is assumed to be continuous. Hence,
because the survey has been conducted across one large ares, it will be possible (and in fact,
preferable) to employ more sophisticated geostatistical techniques to estimate the calibration
equation(s). Note that such an analysis would have to typically be performed by a trained
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statistician, implying an additional data analysis expense (in this example, US$4 000). However,
this additional expense is more than offset by the cost savings achieved through the reduction of
the soil sampling requirements.

Second, the total survey time under the survey instrumentation approach is significantly
faster than the total time under the conventional sampling approach. The instrumentation
approach requires a total of 950 hours; which represents the sum of 340 EM 38 survey hours, 220
soil sampling hours, 150 data processing hours, 160 laboratory analysis hours, and 80 hour of
external data analysis. In contrast, the conventional sampling approach would require a total of
4 280 hours, not including the time required for the commercial laboratory analysis of the soil
samples. Additionally, since 340 hours < 4 000 (equipment life span), all of the EM38 survey
work can be done with one EM38 and since 1 200 (number of calibration samples) < 15 000
(equipment life span in sample number) all of the saturated paste soil conductivity measurements
can be made with one CO150 conductivity meter.

Finally, it should be pointed out that this sort of non-invasive survey / calibration sampling
process is not necessarily the most cost effective approach if the survey region is highly
discontinuous and/or the survey grid is extremdy large. If 100 separate, discontinuous fields are
to be surveyed, then in general no reduction in the per field calibration sampling size is possible.
Hence, the cost differences between the three survey instrumentation techniques are rather
minimal (see Table 19). Likewise, suppose a very coarse survey grid was to be employed over a
large area; for example, a 1 km by 1 km grid over a 10 000-km? area. Then the variation in the
secondary soil physical properties would undoubtedly be quite large and the site to site
corrdation between these properties would probably be minimal. Hence, the insertion four-
eectrode technique would be expected to yield the most accurate information for the least cost,
since the calibration sampling requirements for the other two techniques would be grestly
increased.

TABLE 21
Operational costs for the calibration soil sampling associated with 6 400-hectare survey
discussed in Table 20

Assumptions 800 m by 800 m field size (64 ha); (4 sample sites per field)
3 sample depths per site (0-30, 30-60, 60-90 cm depths) and internal
laboratory (saturated paste) appraisal methods.

Time Sampling (15 minutes/site); Walking speed: 4 km/hour.

Sampling costs Internal Laboratory US$2.31 / sample

Total walking distance (number of transects +2) x (transect length) 6 x (0.8 km) = 4.8 km

Total walking time 4.8/4.0 =1.2 hours

Total sampling time (15 minutes/site) x (4 sites) / 60 min = 1 hour

Data processing time 0.5 hour

Labour costs Specialist at US$20/hour and Technical support at US$8/hour

Crew size 2 Technical support for sampling, 1 Specialist for data processing

Total labour costs 2.2 hours @ US$16/hour + 0.5 hours @ US$20/hour = US$45.20

Total sampling costs (4 sites) x (3 samples / site) @ US$2.31 / sample US$27.72 (using
saturated paste method, internal laboratory)

Overall survey cost US$72.92 per field (64-hectare) or US$1.14/ha

Cost Advantages associated with Instrument M obilization

As the previous example demonstrates, it is possible to survey fairly large areas without
mobilizing any of the instrumentation equipment. However, as the survey regions become
increasingly large, the additional cost saving advantages of instrument mobilization can become
quite significant.
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There are three primary cost advantages associated with the mobilization of the various
salinity survey instruments. The first advantage is the speed in which the survey process can be
completed. Mechanized systems can almost always be used to survey more land than hand held
systems, simply because of their increased travel speed. Second, mechanized systems can be used
to collect significantly more survey data. Indeed, many of the commercial systems currently
available can collect survey data in a nearly continuous fashion. And third, when hand held units
are mounted or adapted into mobilized platforms, they simply tend to last longer. This increased
lifespan is primarily due to the significant reduction in operator handling and/or manual abuse
that these units receive.

TABLE 22
Typical start up costs for three types of mobilized instrument assessment systems

Dual EM38 Trailering System Us$

EM38 Meters (2x US$7,195) 14 390

DL720 data logger 3775

Trailer Platform 3 000

Instrument interfacing 4 500

GPS Unit 3 000

Alternative terrain vehicle (ATV) 6 000

Total system cost 34 665

Expected system Life 10,000 hours

Equipment maintenance 50%(ATV cost) + 10%(Trailer cost)
US$3 300 over expected system life

Cost per hour (34 665 + 3 300) / 10 000 = US$3.80/hour

Mobilized, Tractor Mounted Horizontal Array uUss$

System

Horizontal array system 5250

GPS Unit 3 000

Tractor 12 500

Total system cost 20 750

Expected System Life 10 000 hours

Equipment Maintenance 50%(Tractor cost)
US$6 250 over expected system life

Cost per hour (20 750 + 6 250)/10 000 = US$2.70 per hour

Mobilized, Multi-Instrument Transport System uUss$

Basic hydraulic transport vehicle 8 000

Structural fabrication costs 27 933

EM38 Meter 7195

DL720 data logger 3775

SCT-10 Meter 2 000

GPS Unit 3 000

Instrument interfacing 1400

Total system cost 53 303

Expected system life 10 000 hours

Equipment Maintenance 50%(Basic Transport Vehicle cost) + 10%
(Fabrication cost) = US$6 793 over expected
system life

Cost per hour (53,303 + 6,793) / 10,000 = US$6.01 per hour

Notes: secondary vehicle costs (for transporting systems from field to field) are not included in these
cost per hour estimates.

Table 22 lists the approximate start up costs for three mechanized salinity assessment
systems; a dual EM 38 trailering system, a mobilized horizontal array system, and a mobilized,
multi-instrument transport system. The first two systems can be used to rapidly acquire bulk soil
conductivity information in a continuous manner, while the third system is primarily designed to
rapidly collect more depth specific conductivity information in a stop and go manner. Hence, the
dua EM38 trailering system and mobilized horizontal array system are ideally suited for
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collecting large amounts of average soil profile conductivity information. In contrast, the
mobilized, multi- instrument transport system is ideally suited for rapidly acquiring multiple sets
of soil conductivity data over a grid of fixed locations. Hence, this system supplies more
accurate, depth specific information, which in turn makes it more useful for repetitive salinity
monitoring activities and/or any large scale inventorying process with requires high vertical (soil
profile) resolution.

The total start up cost for the dual EM38 trailering system includes the following: two
EM38 units (one each for horizontal and vertical readings), one DL720 data logger, the trailer
platform (estimated to cost US$3 000), the eectronic instrument interfacing (estimated to cost
US$4 500), one GPS unit, and one ATV. Assuming that the GPS unit and ATV can be
purchased for US$3 000 and US$6 000, respectively, the total system cost would be US$34 665.
Additional equipment maintenance expenses (for maintaining the ATV and trailer) should also be
factored into the system cost; in Table 22 this cost has been estimated to be approximatey
US$3 300 over the life of the system. Assuming that the system life is 10 000 hours (which is
roughly equivalent to 5 years, if the system is operated 8 hours a day, 5 days a week), the average
cost per hour for operating this dual EM 38 trailering system would be US$3.80. Note that this
hourly cost does not include any fue or labour costs associated with the surveying process.

The total start up cost for the tractor mounted, horizontal array system would be
US$20 750, after factoring in the cost of the horizontal array unit, the GPS unit, and a tractor.
The additional equipment maintenance cost for maintaining a tractor would probably be
somewhat higher; in Table 22 it has been estimated to be approximatey US$6 250 over the life
of this system. Thus, assuming the same sort of system life expectancy (10 000 hours), the
average cost per hour for operating this system would be US$2.70. Once again, this hourly cost
does not include any fud or labour costs associated the surveying process.

In asimilar manner, the total start up cost for the multi-instrument transport system would
be US$53 303, after factoring in all of the various equipment costs, structural fabrication costs,
and the base cost of the initial hydraulic transport vehicle. Additionally, the estimated equipment
maintenance costs for this system would be US$6 793 of the expected system life. Again,
assuming a system life of 10 000 hours, the average cost per hour for this system would be
US$6.01 (not including fud or labour costs).

Note that in all three start up cost examples, no additional secondary vehicle costs have
been incorporated into the analysis. However, some sort of towing vehicle would typically be
needed if any of these systems were to be transported over significant distances. Additionally, the
start up costs for both the dual EM 38 and the tractor mounted horizontal array systems could be
significantly reduced, if one was already in possession of a suitable ATV or tractor.

Based on the hourly cost estimates discussed above, it is now possible to calculate the total
instrument survey cost one would incur in a survey of a typically 64-hectare field using each of
these three systems. These survey costs are documented in Tables 23, 24 and 25 for the dual
EM38, horizontal array, and multi-instrument transport systems, respectively.

The assumptions used in the Table 23 calculations are as follows. The dual EM38
trailering system is assumed to traverse the field at a rate of 12 km per hour, and the survey is
performed across 24 equally spaced 800 meter transects. Thus, the total travel distance would be
20.8 km, and the system fud costs are assumed to be US$0.15 per km. Furthermore, the system
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can still be operated by one technical specialist (paid at a rate of US$20/hour), and the post
survey data processing still takes one hour. Based on these assumptions, the overall mechanized
EM38 survey cost for this 64-hectare fidld would come to US$64.29, or about US$1.00 per
hectare.

TABLE 23
Operational survey costs associated with a mobilized EM38 survey in a typical 64-hectare field
(dual EM38 trailering system costs)

Assumptions 800 m by 800 m field size (64 ha)
24 transects (readings collected every 1 to 10 seconds per
transect )
(576 to 5760 total survey sites)

Cost per hour US$3.80

Travel time 12 km / hour

Total travel distance (number of transects +2) x (transect length) 26 x (0.8 km) = 20.8
km

Total travel time 20.8/12.0 = 1.73 hours (includes survey time)

Total fuel costs (US$0.15 per km) x 20.8 km = US$3.12

Data processing time 1 hour

Labour costs Specialist at US$20/hour

Crew size 1 Specialist for automated survey work and data processing

Total labour costs 2.73 hours @ US$20/hour = US$54.60

Total equipment costs 1.73 hours @ US$3.80 per hour + fuel cost = US$9.69

Overall survey cost US$64.29 per field (64-hectare) or US$1/ha.

A nearly identical set of assumptions in Table 24 yield an overall horizontal array survey
cost of US$83.18, or about US$1.30 per hectare. Note that the only differences in the Table 24
assumptions concern the trave time and fuel costs. Direct contact horizontal array systems tend
to be towed across a fidd at a somewhat slower rate, and a tractor would be expected to use
dlightly more fud.

TABLE 24
Operational survey costs associated with a mobilized, horizontal array conductivity survey in a
typical 64-hectare field

Assumptions 800 m by 800 m field size (64 ha); 24 transects (readings collected
every 1 to 10 seconds per transect) and 864 to 8640 total survey sites
Cost per hour US$2.70
Travel time 8 km/hour
Total travel distance (number of transects +2) x (transect length) = 26 x (0.8 km) = 20.8 km
Total travel time 20.8 /8.0 = 2.6 hours (includes survey time)
Total fuel costs (US$0.20 per km) x 20.8 km = US$4.16
Data processing time 1 hour
Labour costs Specialist at US$20/hour
Crew size 1 Specialist for automated survey work and data processing
Total labour costs 3.6 hours @ US$20/hour = US$72.00
Total equipment costs 2.6 hours @ US$2.70 per hour + fuel cost = US$11.18
Overall survey cost US$83.18 per field (64-hectare) or US$1.30/ha

The assumptions shown in Table 25 are dlightly different. A mobilized, multi-instrument
transport system would generally be used to perform a grid survey similar to the earlier manual
survey instrumentation processes (only faster and in more detail). Hence, in Table 25 the same 12
by 12 survey grid is used. Additionally, 4 EM38 and 4 horizontal array survey readings are
acquired at each site, and the total data acquisition time is assumed to take 45 seconds (per site).
As in Table 23, the travd time is assumed to be 12 km/hour, the fud costs are assumed to be
US$0.15/km, one technical specialist can still operate the system, and data processing still takes
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one hour. Based on these assumptions, the overall multi-instrument transport system survey cost
for this 64-hectare fiedld would come to US$92.69, or about US$1.45/ha.

TABLE 25
Operational survey costs associated with a mobilized, multi-instrument survey in a typical 64-
hectare field (multi-instrument transport system costs)

Assumptions 800 m by 800 m field size (64 ha); 12 by 12 grid (144 survey sites) and
4 EM38 and horizontal array survey readings per site.
Cost per hour US$6.01/hour
Travel time 12 km/hour
Survey time 45 seconds per site
Total travel distance (number of transects +2) x (transect length) = 14 x (0.8 km) = 11.2 km
Total travel time 11.2/12.0 = 0.93 hours
Total survey time (0.75 min) x (144 sites)/60 min = 1.8 hours
Total fuel costs (US$0.15 per km) x 11.2 km = US$1.68
Data processing time 1 hour
Labour costs Specialist at US$20/hour
Crew size 1 Specialist for automated survey work and data processing
Total labour costs 3.73 hours @ US$20/hour = US$74.60
Total equipment costs 2.73 hours @ US$6.01 per hour + fuel cost = US$18.09
Overall survey cost US$92.69 per field (64-hectare) or US$1.45/ha

In all three cases, thefinal per hectare costs can be seen to be lower than the lowest manual
instrument survey cost, which was US$1.52 per hectare for the EM38 (Table 15). Furthermore,
the amount of instrument survey data collected during each of the automated survey processes
has been greatly increased. For example, given the assumptions in Table 23, the dual EM38
trailering system would complete each survey transect in 4 minutes. If one set of readings
(horizontal and vertical) are acquired every 5 seconds, then this automated system can effectively
collect signal data at 1152 survey sites within the field (24x240/5=1 152). Hence, either the dual
EM38 or tractor mounted horizontal array systems can be used to greatly increase the spatial
resolution of the conductivity data without raising the per hectare survey instrumentation costs.
Likewise, the multi-instrument transport system can effectively collect 4 to 8 times the amount of
conductivity data in the same amount of time over each survey site, compared to manual survey
methods. Thus, the vertical resolution of the survey process is greatly increased, again without
raising the per hectare survey instrumentation costs.

For very large survey applications, instrument mobilization becomes highly cost effective.
For example, each of these mobilized systems could be used to effectively survey thousands of
hectares per week in typical, large scale agricultural regions. Without question, this represents a
far greater amount of landscape than can ever be effectively inventoried in the same amount of
time using manual survey techniques.

CONCLUSION

A comprehensive cost analysis of the various survey instrumentation techniques currently used
for soil salinity assessment has been carried out. It included a description of the capital costs
associated with both manual and mobilized instrumentation techniques, useful analytical
laboratory techniques, and current software. Additionally, a detailed analysis of the operational
costs incurred when applying these various techniques for the measurement of soil salinity has
been performed.
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Table 26 summarizes the operational costs associated with the various survey
instrumentation techniques discussed herewith. The operational cost of the three most common
manual instrumentation techniques were all found to be between US$6.40 to US$6.90 per hectare
in a typical 64-ha fied. These operational cost figures were comprised of three components; the
actual survey instrumentation costs, the data analysis costs, and the calibration sampling costs
(when necessary). In al three cases, these figures were about 96% less than the conventional soil
sampling costs, which were estimated to be about US$146/ha. Additionally, the cost analysis of
the three most common mechanized instrumentation systems demonstrated that these per hectare
costs can be further reduced by suitably mobilizing the various instruments, especially when large
agricultural regions are to be surveyed.

Overadll, this cost benefit analysis suggests that the proper implementation of the various
survey instrumentation techniques can lead to significant financial savings in most all types of
salinity survey applications. Furthermore, these savings would be expected to be greatest in large
scale agricultural surveys and/or regional inventorying applications.

TABLE 26

Summary table of various survey instrumentation costs discussed in Tables 13 through 25. All
cost and time factors based on a 64-hectare field size, and time factors do not include
commercial or internal laboratory analysis time components

Survey Method Cost, Time Number of Survey
US$ /ha hours/field Sites per field

Individual 64-ha Field
Conventional sampling ) 145.95 42.8 144
Conventional sampling © 26.54 42.8 144
EM38 manual © 6.46 4.4 144
SCT-10 HA manual © 6.92 6.2 144
SCT-10 IF manual © 6.57 14.6 144
EM38 mobilized “ 5.94 2.7 576+
SCT-10 HA mobilized “ 6.24 3.6 576+
Multi-instrument mobilized © 6.39 3.7 144
Continuous 6400 ha Region:
EM38 mobilized © 3.24 2.7 576+
SCT-10 HA mobilized © 3.53 3.6 576+
Multi-instrument mobilized © 3.68 3.7 144
Notes: (1) from Table 13; (2) from Table 14; (3) from Table 19; (4) from Tables 23-25 & 19
(substituting mobilized for manual survey costs) and (5) from Tables 23-25 & 20 (substituting
mobilized for manual survey costs).
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Annex 1

Methods for establishing EC. = F(Ec,)
calibrations

EC.EC, calibrations may be directly established in one of four ways depending on equipment
availability, time availability, and desired accuracy.

1

2.

The earliest-used, simplest and least accurate method is to measure EC, (using a surface
array of four-éectrodes or EM-38 sensor) at numerous locations in the field (or area) of
interest, to analyze for salinity (ECg) soil samples collected at no less than 4-6 sites that
provide an approximately equally spaced interval of EC, readings over the observed range
and to determine the best-fit linear relation between the EC, and EC, data-pairs using a
graphical plot or standard regression analysis procedures. Examples of calibrations
established in this manner are shown in Figures 48 and 49. Since soil salinity is typically
quite variable from spot-to spot and with depth in saline fidds/areas, numerous samples
should be taken within the dimensions of the measurement-volume given in Chapter 3 for the
four-electrode and EM-38 sensors, respectively, in order to obtain a representative sample of
the rdatively large volumes of soil measured by these sensors. For any site, the samples
should be composited for each depth-increment of interest. This type of calibration is limited
to whatever range of salinity exists in the field (area) at the time of sampling. The accuracy
is limited by the variability in soil properties that exist within the sampled area and by the
degree to which the relatively small soil sample represents the much larger volume of sail
measured by the sensors. The accuracy is generally sufficient for salinity diagnosis and gross
mapping purposes, but not for certain other assessment purposes.

A more accurate method is depicted in Figure 17. In this method a soil EC-probeis used to
determine the EC, values of small volumes of soil that have been adjusted in the fidd to
provide a desired optimum range and distribution of salinity values. To adjust the salinity,
saline waters of various salinities (EC = 5, 10, 20, 40, etc.; SAR values = 8, or whatever dse
is deemed appropriate) are impounded in column sections (30 cm in diameter by 45 cm in
length) driven about 10-15 cm into the soil and in a surrounding 15-cm wide excavated moat
(seeFigure 17a). (About 40 litres of saline water is required to bring the soil to a depth of 30
cm benesth the impounded area to the desired level of salinity).

When the soil has drained to about “fied-capacity” water content, 2-3 days after the
impounded water has infiltrated, a 2.5 cm hole is cored to a depth of 30 cm in the centre of
the uniformly salinized soil volume using a Lord, or equivalent diameter coring tube (see
Figure 17b). Next, the soil EC-probeisinserted (see Figure 17¢) into the dlightly undersized
hole to a depth that centres its electrodes at the desired depth (usually 15 cm) and the reading
of EC, is obtained along with the temperature (using either the thermistor in the Martek
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3.

probe or any suitable temperature
probe). - After .th.e SOII. EC-probe_ IS Series of four-electrode cells containing
removed, the soil ImmedIaIely exterior undisturbed soil-cores being segmented after
to the position of the centered EC- removal from the soil-core sampler

probe is sampled (essentially the 7.5-
225 cm depth) using a 10-15 cm
diameter soil auger (see Figure 17d).
This sample of soil (which closdy
correspond to the volume measured by
the EC-probe for EC,) is analysed by
any conventional method for salinity
(ECe). Thelinear EC,EC, calibration
is established by graphical means or by
regression  analysis. Example
calibrations of this type are shown in
Figures 19 and 20. Such calibrations
are the quickest to obtain of any of the
methods and are generally quite
accurate because the volumes of soil
sampled for EC.and EC, are nearly the
same and because the variability in soil
type and water content is minimized, as
is salinity (within the sampled region of
soil). Such calibrations have been used
to establish predictive calibration-
relations by soil type using auxiliary
soil-property data of the soil samples
obtained during the calibrations of numerous different soils. Very nice relations have been
established in this regard as previously discussed in the main text sections of this report.

FIGURE 1.1

il
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A till more accurate direct calibration method has been developed using specially built four-
eectrode cdls that fit as removable inserts within soil coring devices used to obtain
undisturbed soil-core samples. Undisturbed soil cores are collected from the soil sites
representative of the soil type, field, or area of interest (or from the soil bodies whose salinity
has been adjusted by the previously described method) using lucite column sections as corer-
inserts.. A soil-filled four-electrode cdl is obtained by dicing through the soil core, removed
from the corer, between adjacent cylinder segments and then screwing eectrodes into the
tapped hoes in the cdl wall, as illustrated in Figures 18 and 1.1. The composite EC, of the
sail is calculated from the succession of readings made by sequentially connecting the four-
electrode generator/meter to the eight combinations of dectrodes that can be achieved with
the eight equidistant-spaced eectrodes inserted into the cell/soil (only four eectrodes are
shown in Figure 18). The cdl constant (k) of these four-electrode cells are obtained by filling
them with standard EC-solutions and measuring the resistance of the filled-cel using
Equations [1] to [3]. The soil temperature is also measured using a suitable temperature
probe and EC, is calculated from the these data using Equations [1] to [3]. After EC, is
measured, the soil is removed from the cdl and analyzed for salinity (and other properties of
interest). Next, the linear EC.-EC, calibration is established as described for the other
methods. Thesetypes of calibrations are very accurate because the measurements of EC. and
EC, are made on exactly the same volume of soil. An example of the improvement in
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accuracy is illustrated in Figure 1-2; FIGURE 1.2

the improvement in the lower range of Comparison of ECe-EC, calibrations as
salinity is especially evident. The determined by methods (1) and (3)
above-described methods of
calibration are described in more
detail esewhere (Rhoades, 1976;
Rhoades and Halvorson, 1977
Rhoades et al., 1977).

35 p &
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4. An analogous but more accurate and
statistically  rigorous method  for
establishing EC.-EC, calibrations that
apply to specific fidd situations is the
stochastic, fied-calibration method
previously described in the main text.
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Annex 2

Circuitry and parts-list for soil EC-meter

The circuit developed for use with soil EC-probes is shown in Figures 2.1 and 2.2. The
components cost is less than about US$100. With this circuit, a current is passed through the
outside pair of current eectrodes, and the voltage across the inside pair is measured. Since, the
current and voltage are known, the resistance can be calculated and, in turn, the conductivity of
the soil determined using Equation [24]. The accuracy of the circuit is £ 0.3 ohms from 0-100
ohms and + 4 ohms from 100-200 ohms (or 2 % of range). For more detail about the operation
of the circuit see Austin and Rhoades (1979).

FIGURE 2.1

Diagram of a simplified circuit or ECs-meter; Ry, the resistance of the null adjustment
potentiometer, is adjusted to equal Ry, the resistance of the salinity sensor (after Austin and
Rhoades, 1979)
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FIGURE 2.2

Rhoades, 1979)
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Annex 3

Equation for calculating effect of insertion-
depth of four-electrodes

The depth of dectrode-insertion affects the measurement of soil dectrical conductivity. For
eectrodes configured equidistantly apart in the so-called Wenner-array, the relationship between
EC,, distance between dectrodes (a, in m) and depth of eectrode insertion (b, in m) is, according
to Wenner (1916), as follows:

EC,=%+ - i}
€ Ja  (b/a)? J1+(ora)®

(4paR), [43]

where R is resistance in ohms. The term inside the brackets in the numerator approaches the
limiting value of 2 as the depth of eectrode insertion (b) becomes small reative to the distance
between the eectrodes (a).
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Annex 4

Construction of burial-type
four-electrode probe

Salinity monitoring sometimes requires that repeated measurements be made over a period of time
at the same location. For such uses, implanted probes offer certain advantages. For this reason,
an inexpensive four-dectrode unit was developed that can be implanted and left in the soil for
extended periods of time. This burial-type probe is constructed using the components shown in
Figure4.1.

FIGURE 4.1
Inexpensive four-electrode burial-type probe before and after assembly (after Rhoades, 1979)

The probe casing is a 4 3/4 inch long length of PVC pipe (3/4 inch schedule 80) in which
four grooves (0.040 inch wide and 0.025 inch deep) are made. The distance between the outside
grooves is 2.5 inches; the inside grooves are inset by 0.25 inches. The outside wall of the pipeis
tapered at 0.5° on alathe. Two holes (1/16 inch in diameter) are drilled in each of the grooves for
the passage of 18-gauge thermostat-type wire, with the insulation removed from the last 4 inches.
Each of the four bare wire-ends is passed from inside of the pipe through a hole, is rapped around
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the outside of the pipe in one of the grooves to form one of the four eectrodes, and is returned to
the inside of the pipe through a second hole in each groove. The returned end of the wire is
crimped against the inside pipe wall to firmly secure the wire in place. A 1.37 inch-long tapered
(7° on aside) solid PVC tip is inserted into the head-end of the probe and cemented in-place with
PVC solvent cement to serve as a leading edge. Finally, the inside of the pipe is filled with
laminating resin to within 0.75 inches of the exit end in order to prevent water entry. The
materials cost is less than about US$1. per probe. Data illustrating the utility of the burial-probe
are given in Figures 80, 81, and 82. More details about the construction of these probes and
about devices to facilitate their installation in the soil are given in Rhoades (1979). The
commercialized version of the probe, which consists in part of plastic and which is formed by a
pressure injection/molding techniques, is shown in Figure 38.
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Annex 5

Examples of various special-use
four-electrode cells and sensors

Various types of four-dectrode cells and miniaturized four-el ectrode sensors have been developed
for special needs. A few are shown here to illustrate how easy they are to make and to provide
ideas for their construction, as well as for others. The detailed information is not provided, since

the exact dimensions vary with
purpose and availability of
materials. Figures 5.1 and 5.2
illustrate a four-eectrode cdl that
permits the composition and water
content in soil cores (either packed
or undisturbed cores) to be varied
and the corresponding value of soil
dectrical  conductivity to be
determined (after Bottraud and
Rhoades, 1985b). Two other
versions of cdls used to adjust soil
columns to different solution
compositions, with and without the
opportunity for changes in soil
volume, are shown in Figure 5.3
(after Bottraud and Rhoades,
1985a). Analogous versions shown
in Figure 5.4 have been made with
ceramic plates as bases to permit
the application of pressure so as to
be able to vary water content over a
greater range than possible with the
cdls shown in Figures 5.1 and 5.2.
Even greater pressures can be

FIGURE 5.1

Schematic of apparatus used to vary water content
and composition and of a four-electrode cell used to
measure the associated values of soil electrical
conductivity (after Bottraud and Rhoades, 1985b)

applied to vary water content using pressure plate apparatus and the types of cdls and
undisturbed soil cores. Micro four-éectrode sensors, such as those shown in Figures 5.5 and 5.6,
can be constructed to permit the measurement on EC, in very shallow soil depths (Figure 5.6) or
in small increments of an exposed (excavated) soil profile (Figure 5.5).
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FIGURE 5.2
Several kinds of four-electrode cells and bases used to vary water content and composition
and to measure the associated values of soil electrical conductivity

FIGURE 5.3

Schematic of apparatus used to hold four-electrode cells for studying the effects of varying
solution composition and induced changes in water content and porosity and to measure
the associated values of soil electrical conductivity (after Bottraud and Rhoades, 1985a)

\
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FIGURE 5.4

An apparatus built to hold a four-electrode
cell with ceramic containing end-plates to
permit changes in water content to be
induced by the application of pressure

FIGURE 5.5
Small-span four-electrode sensor used to
measure soil electrical conductivity in
small depth-increments along an exposed
soil profile
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FIGURE 5.6
(A) Small-span four-electrode array used to measure soil electrical conductivity in shallow
depths, and (B) connection of meter to four-electrode cell (after Rhoades et al., 1977)
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Annex 6

Derivation of EM,g; equations

This appendix gives the original basis of the rdations of the type given in Equation [22] and
Tablel for estimating the EC, levels for different depth-intervals of the soil profile using only two
EM-38 readings. In this approach the EM-38 readings are reated to EC, by a series of simple
equations which are based, in part, upon the theoretical response functions of the sensor for
homogeneous media as given in Figure 44. This figure shows that EMy and EM,, measurements
give depth-weighted EC, values to about 1 and 2 metres, respectivdly. For the O to 0.3-m
increment of soil, the following relations apply for homogeneous profiles:

EM oV = 0.150 EC0_0_3’ v + 0.850 EC>O.3,V and [a]
EM OH = 0.435 EC0_0‘3Y n + 0.565 EC>O.3, H [b]

where EMoy and EMgy are the EM-38 values measured at the soil surface in the vertical and
horizontal positions, respectively; and ECo.o3 v , ECs03v » ECoo03 1 ,» and ECso3 1 are the actual
EC, values for the 0 to 0.3-m and >0.3-m soil depth intervals. He subscript “, “ in EC, is dropped
from these equations and some of the following ones in order to minimize the clutter in the
subscripts. In an homogeneous profile, the 0 to 0.3-m depth of soil only contributes 15 % of the
EM,yv value, while the deeper depths contribute 85 %. The corresponding values for the EMopy
value are 43.5 % and 56.5 %, respectively.

Since the volume of soil measured within the O to 0.3-m increment is very similar for the
vertical and horizontal orientations, it is reasonable to assume that ECo.03 v = ECo03 1. HOwever,
in the case of the >0.3-m increment, the volumes of measurement are quite different and,
consequently, EC.q3v and EC.3 1 can not be assumed to be equal in value. However, in order to
establish a reationship between EC, 003, EMoyv and EMgy using equations [a] and [b], it is
necessary to equate EC.o3v and EC.3 . This problem was overcome when it was found using
empirical data that EMq could be adjusted using empirical relationships (see Figure 6.1) so that
EC.o3v calculated from Equation [a] would equal EC.o3 ¢ calculated from Equation [b]. The
empirical data and its means of collection are explained in detail in Corwin and Rhoades (1982,
1990). Briefly, an adjusted EMqy (for the O to 0.3-m increment) was calculated from Equation
[b] using the measured values of EC, 03 and the values of EC.q3y calculated from Equation [a].
The plot of measured and adjusted EMoy values for each depth increment of the test soils
revealed the set of linear relations shown in Figure 6.1. Assuming these relations would apply to
other sails, measured values of EMg for a specified depth increment (0-h metres) can be adjusted
sothat EC., v = EC. 1, aswas demonstrated for the O to 0.3-m depth-increment as follows:
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FIGURE 6.1

Relationship between electromagnetic soil conductivity as measured by the EM-38 in the
horizontal position at the soil surface, EMo, v (measuredy @and adjusted electromagnetic soil
conductivity, EMo, H (adjusted) fOr composite depths (after Corwin and Rhoades, 1990)
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EMoy = 0.150 ECqq3 + 0.850 EC>0_3,\/ and [C]
EMoH (adgjusted, 0-0.3m) = 0.435 ECgo3 + 0.565 ECso3,v. [d]

Equations [c] and [d] can now be reduced by substitution to form the following single
equation:

ECa 003 = 2.982 EMoy (adjusted, 0-0.3m) - 1.982 EMoy (€]

where EMo  (agjused, 0-0.3-m) 1S @n empirically obtained linear expression of the form shown in Figure
94, such as:

EMoH (adjused, 0-03-m) = Ki EMop + ko [f]

Equations [€] and [f] can be reduced by substitution to form a single equation. Following
the same rationale, an analogous set of equations can be obtained to predict EC, for other soil
depth intervals from EMgy and EM . These equations are of the form:

ECi xix2 = ki EMon - kv EMgy + K, [d]

where ky , ky, and k are empirically determined coefficients for the depth interval x;-x,. The value
of k should ideally be zero, but often is not, due to experimental error in the data. Equation [22]
is a modification that was undertaken to achieve a more normal distribution of data so as to
establish better values of the coefficients by statistical methods. Equation [23] is a further
moadification that was undertaken for the reasons explained in the main text.
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Annex 7

Device for positioning EM-38 sensor during
hand-held measurements

The device used to position the midpoints of the EM-38 magnets at a height of 10-cm and 50-cm above
the ground when readings are taken in either the vertical or horizontal configurationsis shown in Figure
(7.1A and 7.1B) and Figure (7.2A and 7.2B), respectively. It isablock of lightweight wood (redwood)
of dimensions 8.5 by 8.5 by 50 cm in which a 3.5 cm wide groove is cut 4.7 cm deep along the
longitudinal axis and 6.0 cm deep in the end section (see Figure 7.3). A handle is attached by wooden
dowels, plastic screws and glue; metal is not used or contained in any part of the “block”. The EM-38 is
laid on its side for the EMy, reading and is placed in the dot for the EMy, reading.

FIGURE 7.1
EM-38 sensor (centre of coils) positioned 10 cm above ground in the (A) vertical and (B)

horizontal orientations, respectively
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FIGURE 7.2
EM-38 sensor (centre of coils) positioned 50 cm above ground in the (A) vertical and (B)
horizontal orientations, respectively

FIGURE 7.3
Wooden device used to position EM-38 at 10- and 50-cm heights above ground
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Annex 8

Schematic and parts-list for soil four-electrode
probe

The construction details of a

meChan:Jca”y fabncaltzded Sql Schematic of the design and parts list for the construction
E_C'pro e are provi In of a four-electrode soil EC-probe (after Rhoades and van
Figure 8-1. Four brass annular Schilfgaarde, 1976)

rings (electrodes) are juxta-
posed between lucite USS.L SALINITY PROBE
insulators/spacers to form the
probe. Teflon gaskets are /
placed between the eectrodes - S [ e

and insulators/spacers, along
with epoxy sedler, to prevent
water from entering and
shorting out the eectrodes (see
Figure 8.2A). The size of the
probe is dimensioned to permit
EC, to be measured in 15-cm
increments. The probe is T |

FIGURE 8.1
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afixed to a thick-walled, e~y
anodized aluminum shaft so -
that it can be inserted to the A 7
desired depth in the soil via a T

hole made with a standard 2.3
cm Oakfiedd or Lord soil
sampler (see Figure 8.2B).
The probe is dlightly tapered
(1°) toward the tip so that all
four dectrodes firmly contact
the soil upon insertion in the
hole. The leads from the dectrodes exit the handle for connection to the generator/meter. More
details and description of this soil EC-probe is given in Rhoades and van Schilfgaarde (1976).
The commercia probe sold by the Eijkelkamp Agrisearch Equipment Company is essentially a
copy of the above-described unit; that sold by Martek Instruments is a plastic-moulded version.
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FIGURE 8.2
(A) An unassembled and (B) assembled four-electrode soil EC-probe
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Annex 9

Description of statistical tests for monitoring
soil salinity

The periodic assessment of sail salinity conditions over timeis a critical component of any sort of
serious, long-term monitoring strategy. The selection and acquisition of soil samples should be
performed in a manner which optimizes the possibility of detecting any temporal and/or spatial-
temporal trends occurring in the fied. Lesch et al., 1998, describes a regression based testing
methodology that can be used to detect such trends. In this approach, and eectromagnetic (EM)
survey is performed at grid-points across the field and a limited number of soil salinity samples
arethen acquired at a sdected small number of these survey grid sites. An EM-salinity regression
mode (Equation [34]) is then estimated and used to calculate (i.e., predict) the soil salinity levels
at every grid site. Once this model has been estimated, new salinity samples can be acquired in
the future at one or more of the known survey grid sites and compared to the predicted salinity
levels (from the model). Lesch et al., 1998, show that two statistical tests can be developed from
such data: (1) atest to detect dynamic spatial variation over time - i.e., has the pattern changed in
a non-random, dynamic manner across the field, and (2) a test to detect a shift in the median field
salinity level - i.e, has the median salinity level increased up or decreased over time. This
methodology does not require extensive soil sampling. For example, 12 to 20 soil samples are
usually sufficient for establishing the initial regression equation, and the periodic acquisition of 8
t010 new soil samples are typically sufficient for testing purposes.

In more formal terms, the above tests are based on fitting a conditional regression mode to
the EM-salinity data, where the EM covariate data is assumed to be random (i.e., implying that
the regression equation is really a mixed linear modd). To do so, define y;; and yx as the
observed In salinity levels from the j™ and k™ sample site acquired during the first and second time
frames, wherej =1, 2, ..., nandk =1, 2, ..., m. Let y; represent the vector of observations from
the first time frame, and y, represent the observations from the second time frame. Additionally,
define X, as the matrix (grid) of EM covariate signal data observed during the first time frame.
For this discussion, suppose that a survey grid of size N (N > nm) of representative EM
covariate data has been acquired during the first time frame only, and that the n and m sample
sites (from the first and second time frames, respectively) are chosen from this grid. Note that the
two sets of sample sites need not be collocated. Furthermore, assume that the conditional
distribution of y given the observed X; matrix is Normal with constant variance, and that the
distribution of X; does not depend on either the b parameter vector or the error variance. Assume
that a suitable modd for the first time frameis:

ya | X1 = Xib+T 4 (@
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where T ; ~ N(0,s?1), and | represents the identity matrix. Furthermore, assume that a suitable
mode for the second time frameiis:

y2|X1 = X1b+d0+h+iz (b)

where do = [do, Go,... ,do], h ~ N(0,g%), T 2 ~ N(0,s4), and the h, T 3, and T , random error
components are mutually independent. Hence, (Y2 | X1) - (Y1 | X) = do+ h + 1 ,- 1 1, where dy
represents the shift in the average In salinity level between the two time frames and the additional
error term h represents the dynamic variability component.

Now, suppose that m new samples located on the grid are acquired during the second time
frame. Let y, represent this vector of sample observations, y; represent the corresponding vector
of predicted levels computed from equation (1) at these m sites, and define Hy = X' (Xn X)X m,
where X, represents the matrix of EM covariate data associated with these m prediction sites
from the first time frame. Then equation (2) implies that the prediction error associated with
these sites would be (y2-y1) | X1 ~ N( do, %1 m+0?(Im + Hi)). Now, let d = y,-y; where = {dy, db,
..., Om}. Define the calculated sample mean and variance of these observed differences as u and
W, where u = (Um)[dy+dy+...+dy] and w? = (1/(mr1))[(ds-u)®+(d-u)*+...+(d-u)?]. Clearly u
represents a conditionally unbiased estimate of d,. Furthermore, given the previously stated
maodelling assumptions, the following three results can be derived: 1) an F-test for determining if
g’ > 0, 2) amethod of moments estimate of g% and 3) an approximate t-test for determining if do
= 0. These results are given below:

1. AnF-test for determining if g° > 0 can be computed as f = (d-u)'@ *(d-u) / (m-1)s’, where &
= (I + Hy), and where f is compared to an F distribution with m-1 and n-p-1 degrees of
freedom.

2. Theexpected value of w?is o + s%(1+l 1-1 5), with| ; = (/m)& h; and | , = (1/(m(m-1)))& &
h; V it (where hy; represent the i"j™ diagonal eement of the H,, matrix). Hence, a method
of moments estimate of g% isv? = W? - (1+l 1-1 ).

3. An approximate t-test for dy = O can be computed as ¢ = u / g, where ¢* = (Um)V* +
257(U/m) + how 1, e = X' K X ) Xy Xew = (UM)[Xq + X + ... + %], and where ¢ is
compared to a t distribution with n-p-1 degrees of freedom. This test statistic assumes that
the two sets of soil samples are not collocated.

Note that the F-test represents a test for dynamic salinity variation, while the t-test represents a
test for a shift in the median level over time.



