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INTRODUCTION

One of the greatest singie problems facing much of the world
populatioh today is the production of food and fiber. This implies the

necessity of both increasing Tand productivity of present agricultural

areas as well as the development of new areas for agricultural purposes.

In many instances both objectives will have to face ecological problems.

At present salt problems are seriously reducing the value and
productivity of millions of hectares all over the world. For
illustration purposes, the total area of the earth's land surface is
approximately 75 billion hectares, and about one-third of this has been
classified as arid and semi-arid. Only 3% of these arid and semiarid
areas are irrigated at present, although the potentially irrigable land
may exceed 4 billion hectares. A greater proportion of the irrigable
Tands would have béen under production by now if it were not for the
uncertainties resulting from the deve]opmeht of salt-affected soils in
the -older irrigated areas. In fact, it is recognized that saline and
alkali soil conditions were among the principal factors'involved in the
decline of many ancient civilizations.

From these considerations the need to maintain an ecological
halance of present prodgctive lands as well as the development of
potentially new agricultural areas is well understood.

The best way to either control or reduce the salt concentration in
the.soil profile is to displace the solution from the root zone with
water of lower salt concentration. The manner in which this leaching

nrocess proceeds - as well as does the salinization process - is an

-



jmportant consideration. Therefore it is necessary to monitor the
actual soil-water salinity with measuring devices. This is currently
done by Qeasuring the electrical conductivity (EC) of the soil solution
which is proportional to the total amount of soluble saits present in
the soil water.

The EC of the saturation extract has been used for years for
appraising soil salinity, especially in relation to plant growth.
Advantages of the method are that the saturation percentage water
content is related to the field moisture range over a considerable
textural range and therefore the soluble-salt concentration in the soil
water in the field can be approximated from the saturation extract if
the water content is known. Also, the extract can be analyzed for
particular ions. Disadvantages of the method are: (i) soil samples
must be taken, brought into the laboratory and the soil solution
extracted before solutions can be analyzed. The time and work involved
in this procedure is an important Timitation if we want to measure the
so0il solution conductivity continuously as is the case in many
management programs. (i1) The change in ion concentrations relative to
each other between the soluble and exchangeable phases, and (iii) the
inaccuracy of extrapolating salinity at saturation soil moisture to
lower soil water contents, since the concentrations of dissolved salts
in the soil solution do not usually change in direct proportion to
changes in soil water contents. However, despite these limitations, ]
the saturation extract continues to be one of the most useful methods for
appraising soil salinity, especially in relation to plant growth.

The extraction of the soil solution in-situ using suction probes

is useful only in a narrow range of hiyh matric potentials {up to -0.6



bars), and therefore is impractical in many field situations. However,
the method also permits the analysis of particular jons. |

The determination of soil salinity with soil resistance measurements
is an adaptation of earth resistivity techniques used by geophysicists,
and involves the measurement of resistance between an array of
electrodes that are placed in the immediate soil surface and over the
location of.concern. The four probe method eliminates many of the
disadvantages menticned above, but introduces the problem of correcting
the changes in conductivity for varying water contents of the soil.

An aItefnétive method for in-situ measurement of EC of the soil
solution is the salinity sensor, which has become commercially
available in the Tast few years. In some instances, a disadvantage of
the salinity sensor is that rather than measuring bulk soil salinity,
1t responds to a small Tocalized region within the soil body, and
therefore numerous buried in-situ devices are needed to assess the
salinity distribution within the soil profile. However, the simplicity
and rapidity of the procedure for making measurements makes it a
practical tool for monitoring soil salinity.

The salinity sensor uses the principle that spaced electrodes
embedded in porous ceramic measures the EC of the salt sclution in the
ceramic. The method is based on the assumption that the concentration
of salts within the porous insulater is in equilibrium with the ionic
concentration of the adjacent soil-water sclution, and that the porous
ceramic remains saturated with soil water at all times. Thus, as long
as the geometry of the water in the ceramic remains constant, the path
of flow of electric current between the two electrodes, fired into the

ceramic, is fairly censtant and the unit is comparable to a regular



conductivity cell. Therefore we can use the relation

&

Rx EC=KX

where R is the resistance of the cell and K is the cell constant.
Since K for a given ceramic cell can be found by saturating it with a
solution of a known conductivity and measuring R, the resistance of the
porous ceramic nconductivity cell" may furnish a reliable estimate of

the soil solution conductivity.



LITERATURE REVIEW

Kemper {1959) was one of the first workers to demonstrate the usé
of salinity sensors for the in-situ measurement of soil solution EC.
His sensor worked in the range of solution concentrations from 0.01 N
te 0.5 N and up to -6 atmospheres of soil matric poténtial. Although
successful in many instanceé, problems arose from the paralle)
arrangement of the electrodes which involved a relatively high current
outside the sensor, and from the dimensions of the probe which resulted
in a long response time. |

Richards {1966) developed a sensor in which the external field
nroblem was ovefcome by a different'arfangement of the electrodes and by
shielding and insulation. His design included a thermistor which
provide temperature compensation for the resistance of the electrical
conductivity element, The thin (1 mm thick) éeramic plate provided a
response time of about one hour for bulk solutions. (Response time is
defined as the time required for 63% of the total change*in resistance
to occur in response to a change in the eXternal'éoncéntration). The
element could operate within a matric potential rénge of 0 to -10
atmospheres.

The transducer developed by Enfield and Evans (1969) was constructed
of porous glass with platinum.eledtrodes and a thermistor to meaéure‘
temperature. Repeatability of the sensor was i_]G% in a solution
conductivity range of 0 to 20 mmho cm'1 at 25°C, operated over the -
field moisture range, and the tfme response in aqueous solutions was

less than 2 hours.



Reicosky, Millington, and Peters (1970) designed and constructed a
sensor in which the sensing element consisted of a Plexiglass core and
inner and outer platinum electrodes separated by a sleeve of porous
polyvinyl chloride, encased in a ceramic tube. Temperature compensation
was also provided by a thermistor resistance network. The Sensor was
Timited to a range from O to -0.65 bars of water potential. Response
time in free solutions was about one hour and the calibration of sensors
remained stable over periods of weeks.

Oster and Ingvalson (1967) modified the Richard's salinity sensor
by covering the face electrode with a thin layer of ceramic which
prevented dislodgement of the electrode and improved the stability of
the sensor. They concluded that the accuracy of salinity sensor
measurements in a Pachappa sandy loam soil -~ pepper plant system was
+ 0.5 mmho cm'] throughout irrigation and drying cycles. The behavior
was as good under conditions of Tow (-7 bars) as well as high matric
potentials {saturation). However, Ingvalson et al. (1970), working
with the same type of units, showed that sensor conductance was
significantly affected when the soil-water matric potential was below
-2 bars, although a correction could be made if the change in calibration
with matric potential was known. For the same sensors, 0Oster and
Willardson (1971) concluded that 85% of the units used in their
experiments were stable and performed satisfactorily for at least 1.5
years with an estimated accuracy of * 0.6 mmho an

From these studies we can deduce that despite the important
contributions made by these workers, some gquestions still remain
unsolved. The use of sensors to measure soil salinity in-situ is

becoming increasingly popular for laboratory and field research [Oster



et al. (1968), Rhoades (1972), Oster and McNeal (1971), Todd and Kemper
(1972)1. Also, it is apparent that the use of reliable sensors by
growers for evaluating the salinity of their soils on a routine basis
could bécome an important management practice.

For these reasons, the present investigation was undertaken to
elucidate further the reliability and limitations of presently available

commercial salinity sensors.



MATERIALS

A. Description of Sensor and Salinity Bridge

The salinity sensor (SS) commercially available from Soil Moisture
- Equipment Corporation (Santa Barbara, California) is that described by
Richards (1966) with minor modifications. Figure 1 shows the two
commercial types of SS and a cross section view of one of them {cat.
No. 5000 Alj). Cat. No. 5100-A is of the same design as number 5000-A
except that it does not have the spring locading feature and the cable
comes out coaxially from the end of the sensor. Both types are designed
for use with a salinity bridge (Soil Moisture cat. No. 5500, see
description below) in such a way that they provide a direct read-out
of soil solution conductivity in milTimhos em™! automatically corrected
to the standard temperature of 25°C.

The sensor incorporates the conductance element exposed at one end
of the sensor with a thermistor just behind the conductance element.
The assembly is encapsulated except for the exposed ceramic surface to
produce a permanently sealed unit. The €lectrical cable from the sensor
is d four-conductor cable. Each conductor in the cable is #27 gauge,
stranded copper wire with PYC insulation. The four separate conductors
are encased in a heavy, black polyethylene jacket which enters the
inner area of the sensor and is sealed to it with epoxy resin. The
opposite end of the cable is potted into a polarized plug for direct

connection to the salinity bridge.

1/ The No. 5000A, 5100A are catalogue numnber designations of Soil
Moisture Equipment Co.
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The conductance element is made of an extremely fine textured,
porous cerami¢ round disc with a cross sectional area of 0.32 cméu Two
fine mesh platinum electrodes of the same area are fired into the
ceramic and spaced 1 mm apart.

The thermistor incorporated into the sensor has a resistance of
2,000 ohms + 10% at 25°C, and changes approximately 3.9% per °C. By
reading separately the resistance of the thermistor, one can readily

determine the temperature of the sensor in the range between 0 and 40°C.

The salinity bridge is a 1,000 Hertz, solid state, sine wave AC
resistance bridge. The bridge makes it possible to directly read soil
sotution conductivity in millimhos cm'] at 25°C. It also provides a
separate scale for resistance readings.

Figure 2 shows the apparatus and diagram of the bridge circuit.
Once the Intercept Setting dial and the Slope-Thermistor Setting dial
resistance values are set according to the manufacturer’s .or other
experimental calibrations, the on-off switch is pushed down to energize
- the circuit and the Read-Out Dial is moved until the pointer.of the
galvanometer is on the null point. The inner conductivity scale of
the Read-Out Dial corresponds to the conductivity of the measured

solution corrected to 25°C.
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B. Porous Media

Different porous media were used in several experiments so that
the respofise of salinity sensors to different situations could be
determined.

1. Montmorillonite: Finely ground standard Wyoming Bentonite
{American Colloid Company, Chicago, I11inois). After separation of the
< 0.2 M fraction, X-ray diffraction patterns were taken in order to
detect impurities. The absence of others layered silicates in the
sample was confirmed by analyzing the X-ray scan. The reported CEC was
1.1 meq gm’1"

2. Kaolinite: Finely ground Virginia Kaolinite. The absence of
others layered silicates in this sample was shown by X-ray diffraction
analysis. The reported CEC was 0.05 megq gm_].

3. Resin: Bio+Rex 70 cation exchange resin, Na-saturated, with

an exchange capacity of 10.2 meq gm_]

was obtained from Bio-Rad
Laboratories {Richmond, California).

4. Sand: pure, uniform particle size sand, Figure 15 shows the
5011 water characteristic. curve.

5. Yolo Loam: surface soil taken from the UCD Campbell Tract
field experimental station was air-dried and sieved through a 2 mm
square-mesh sbreen“ The measured EC of the saturation extract was 0.8
mmho cm”], and the CEC was 0.24 meq gm“]” The particle size analysis by
sedimentation gave 27.7% sand, 47.2% silt and 25.1% clay. After N
separation of the < 0.2 u fraction by methods of M. L. Jackson (1974),
the X-ray analysis indicate montmorilionite, vermiculite, mica and

vaolinite as the predominant clay minerals. Figure 15 shows the soil

water characteristic curve.

12



Preparation of homoionic systems

Na-saturated samples of various concentration levels were prepared
by addin% NaCl solutions of known concentrations and stirring. After
the sample had settled, the supernatant liquid was decanted off and
discarded. The procedure was repeated twice more and samples were kept

saturated until used in the experiments.

C. Design and Construction of Columns

The columns (15 cm. in diameter by 14 cm. in height) were
constructed from acrylic plastic with 0.2 cm thick walls. Two holes,
2 em in diameter and 8 holes of the same diameter were made at 4 cm and
9 cm, respectively, from the top of the column for installation of
instruments. The top was sealed with a 1 cm thick acrylic plate
attached to the column with 4 screws, so that the whole system was
capable of holding moderate pressures needed to achieve constant fluxes
for the "time response" experiment. Evaporation was also prevented by

this procedure.

D. Design and Construction of Suction Probes

Suction probes have been used as sampling devices for many years
(Briggs and McCall, 1904). Basically, the sampler consists of a porous
ceramic cup or a porous fiiter cylinder connected to a vacuum system -
and receiver or collector. The receiver collects a sampie of soil
water when the vacuum in the sampler oxceeds the adjacent seil matric

potentialn



14

Important limitations of the suction probe are that extraction of
the soil water is possible only for soil matric potentials somewhat
higher than -1 bar (Reeve and Doering, 1965), and that it samples a
particular partial.volume of the total soil solution. Although this

has been interpreted as sampling bias - and therefore as a limitation -
| it might be only because it has not been properly evaluated.

Figure 3 shows a drawing of the apparatus for extracting soil
solution. Table 1 summarizes some measured and reported characteristics
and properties of the filter cylinder P-10-C, (Coors Porcelain Company,

Golden, Colorado)} used for extraction.



15

Rubber Septum

\j Polyethylene Tubing Valve
\ < Q)

\ -

Vacuum

Porous Probe Li
ine

1)

7
TR
| 774

Receiver ———

TN TN T,

i-—Hg Manometer

N

Figure 3. A drawing of the apparatus for extracting soil solution.

Table 1. Properties of Coors Porous filter Cylinder P-10-C

Length (MM) . . v v v v o b s e e e e e e e e e e 100
Diameter (MM) . « v v v o v v e e e e e e e e e e e e e e e 10
Wall thickness {mm) . . . « « .« « « .+ . e e e e e e e e e 2.5
Central cavity volume (€M) v e e e e e e e e e 1.6
Water retention in the wall (cm3) e e e e e e e e e e e 1.4
Pore diameter {microns} . 7-10.5
Absorption % 26.1

0.3-0.4

Bubbling pressure (bars)

Rate of flow (ml HZO/sec/in2 at 20 psi head} . . . . . . . . 1.7-2.4
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£. Modification of the Pressure Plate Apparatus

A 15-bar ceramic plate extractor (Soil Moisture Equipment Co.,
Santa Barbara, California) was modified so that instrument wires could
go through the wall without Teakage at relatively high pressures (up to
15 bars).

Electrically insulated conductors were screwed through 8 threaded
holes in the pressure cell walls. Conductors consisted of threaded
plastic plugs each with two threaded holes for installation of screws
" which conduct electric current through the waT] of the pressure cell.
The screws were sealed by means of O-rings. Wire Teads were attached
to both ends of the screws by means of suitable terminals. Three of
~the 8 conductors had constantan and copper wires, for the installation
of soil thermocouple transducers (Wescor Inc., model PT 51-10) used in
conjunction with a Dew Point Microvoltmeter model HR-33T (Wescor Inc.,

Logan, Utah) for water potential measurements by the Dew Point method.



PART I Comparison of the electrical conductivity obtained from

salinity sensors, solution extracted by suction probe, and

soil extract

i

Through several of the experiments, assessment of the accuracy
and response of the salinity sensors was accomplished by comparing the
EC with that obtained from suction probe extracted solutions. In so
doing, it was assumed that the solution extracted by suction probes was
representative of the actual bulk soil solution. Although it is well
known that this is not true in all cases [Kapp (1937}, Wolff (1967),
Hansen and Harris (1975)]. and that adsorption of ions by the ceramic
cell (Parker, 1925) and soil matric potential at the time of sampling
(Reeve and Doering, 1965) should be considered in many instances,

Figure 4A shows that the assumption was realistic under our experimental
conditions. The important consideration here is that the solution
extracted by suction probe had the same electrical conductivity as that
of the corresponding extract (2:5 soil-solution ratio) when the vacuum
applied was such that the sampling period was short (on the order of
minutes). For relatively Tow vacuum applications and large sampling
periods {hours), it is apparent that the electrical conductivity of the
solution extracted by suction probe could increase, due to evaporation
of the extracted solution in the collector. This was the case for the
volo loam soil, for which more than 4 hours were necessary to get enough
solution for the electrical conductivity measurement at the vacuum level
of 0.2 bars {Figure 4B). Therefore, according to this result, and
following recommendations by Hansen and Harris {1975), a relatively high

constant vacuum (0.8 bars) was used for all samples.

17
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PART II. Calibration of sensors

A.  Procedure

4

Calibration in solution

The sensors were calibrated in solutions of equivalent amounts of
calcium and sodium chloride. In making the solutions, equivalent
amounts of calcium and sodium chloride were weighed out and dissolved
in distilled water to make up the strongest solution desired. Portions
of the strong solution were diluted to produce the less concentrated
solutions. By this procedure, four solutions were prepared in the
range of 2 to 25 mmho en !

A standard conductivity cell together with the salinity bridge

described above was used to accurately determine the EC of the final
set of calibrating solutions. A conventional alternating current
wheatstone bridge was also intermittently used for comparison. The
conductivity cell was periodically calibrated with a standard 0.01 N
KC1 solution. Results of these checks on the conductivity cell are
presented in Figure 5 and Table 2. Table 2 shows that the cell constant
was relatively stable over a range of temperature for about a year.
Data on the relationship between solution conductivity and concentration
of ions, and temperature factors (Ft) for adjusting resistance and
conductivity data corresponding to the temperature as measured by the
sensor thermistors to the standard temperature of 25°C were taken from -
the USDA Handbook 60 (U.S. Salinity Laboratory Staff, 1954).

The sensors were immersed in the strongest calibrating solution for

a period of 10 days in order to minimize entrapped air from the pores of
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0.01 X KC1 solution.

20



Table 2. Conductivity cell calibration. Stability of the cell

constant over the range 14 to 24°C during one year of

operation.

Date. RT (ohms) Temp (°C) Fy Rog {ohms ) Keel]
9/8/75 363 24 1.020 355.8 0.502
378 22 1.064 355.6 0.502

397 20 1.112 357.0 0.504

429 16 1.218 352.2 0.497

440 14 1.277 344.6 0.488

4/13/76 388 21.2 1.085 3157.7 0.505
415 18.0 1.163 356.8 0.504

8/177176 410 18.8 1.142 359.0 (.507
10/21/76 412 18.4 1.152 357.7 0.5G5

Kee11 = ECas * Rog
(C1 0.01 N = 0.0014118 mhos cm™ ' (25°C)

Rog = Rp/Fy

Ft values from USDA Handbook No. 60
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the conductance element. Once egquilibrium was attained, readings of
the conductance element resistance, thermistor resistance and sensor
electrical conductivity were taken with the salinity bridge. The EC
of the calibrating solution was obtained immediately thereafter with
the conductivity cell. After readings had been completed in the
solution of largest concentration, the sensors were removed from the
flask. The excess solution €linging to the sensor was removed with
absorbent tissue, and the sensors placed immediately in the solution of
next lower concentration. After equilibrium - which usually took 1 or
2 days -, readings were taken as described above. The process was
repeated for each calibrating solution. Care was taken to minimize
evaporation by covering the flask with parafilm paper. A relatively
constant temperature was attained by placing the flasks in a water bath
in a constant temperature room (19.0 = 1°C).
To adjust the resistance Va1ue of the conductance element to 25°C,

it was divided by the temperature factor (USDA, Handbook 60, Table 15)
corresponding to the average temperature measured by the sensor

thermistor. The conductance of the element in millimhos was determined
| byudividing the resistaﬁce in ohms at 25°C into 1000. The conductance
value of the sensor at 25°C in each of the calibrating solutions was
then plotted on a graph agaihst the EC of the solutions at 25°C. The
calibration curve is a straight line in the range from 0.5 through 30

nmhos em 1.

The intercept and slope values of this line are
characteristic of each sensor and are used to obtain the Intercept
setting and the Thermistor-Slope setting on the salinity bridge.
Instructions are given in the salinity sensor operating instructions

for the calculation of these settings.



Influence of entrapped air in the conductance element on calibration

| A set of six sensors were used to study the influence of air in

«he conductance element on the calibration. Three different initial
conditions were imposed: (i) sensors ten days in solution, (i1) sensors
4t undey vacuum and {iii) sensors air-dry, and the calibration made as
wtlined above, omitting the 10 days in solution for cases (ii} and

(1i1) .

Stability of the calibration

After calibration, the sensors were placed in a 1 nmho c:m'1
solution for three days (in order to prevent large evaporation deposits
of salt on the surface of the conductance element), removed from the
solution and allowed to air-dry. Fourteen months later, after being
gsed in other experiments, the sensors were recalibrated as cutlined
ibove and the results statistically compared with the previous

calibration data.

Hysteresis cf the calibration

The sensors were checked for hysteretic behavior by making two
successive calibrations, one from”the-weakest to the strongest solution
and the other in the opposite direction. The results were analyzed

statistically.

ralibration in soil

Basically the procedure is the same as that described above for
calibration of sensors in bulk solution, except that four of the columns
described in imaterials" (p. 13) were filled with Yolo loam soil,

equilibrated at four different solution concentrations in the range from

';3\3 ]
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2 to 14 mmho cm-], and used instead of the solution itself. After
determining that the outflow solution and the solution extracted by
suction probe had the same EC as that of the influent solution, drainage

«

of the column was stopped, and salinity sensor readings were taken at

equilibrium.

B. Results and Discussion

Influence of entrapped air in the conductance element on calibration

Table 3 gives the regression analysis of the calibration data for
two of the sensors studied, and figure 6 shows their calibration curves.
0f the six sensors examined, four showed behavior "A" and the rest
behavior "B".

From these Iimited data, it is apparent that entrapped air in the
pores of the sensor ceramic results in higher than normal resistance
readings. Behavior "A" was considered to be the normal response of
well-made sensors to the presence of air in the ceramic: for the dry
sensor the first reading (largest ECs) resulted in lower than normal
conductance values but as the ca1ibrqtion proceeded, dissolution of air
in.the ceramic occurred, and the final readings were almost identical
to those obtained in the two other treatments. Also, it is noted that
both the wet under vacuum and 10 days in solution treatments gave close
results, although the wet under vacuum correlation coefficient was lower
than that of the 10 days in solution treatment. :

The "abnormal® behavior of the sensor represented in figure 6B can
be expiained by the presence of stagnant pores in the ceramic. When the
sensor was dry, the decrease in conductance values relative to the

standard calibration curve (10 days in solution treatment) was persistent
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throughout the calibration range meaning that lTittle dissolution of air
occurred. The relatively small decrease in the slope value with a still
high correjation coefficient (r = 0.985) confirms this hypothesis. On
the other hand, when the same sensor was wetted under vacuum, it showed
a large decrease in the slope value and a large increase in the
intercept or inherent conductance value. This suggests that some pores,
which were evacuated by the applied vacuum and became filled with
solution of relatively high EC were stagnant. The solution in these
pores did not change much during the calibration process so that they
imparted a relatively high conductance to the unit, despite the fact
that the rest of the pores were in equilibrium with the succeeding less
concentrated calibrating solutions. |

This result is of practical interest for many field situations
because it allows identification of those sensors which upon becoming
dry, will change in their calibration characteristics for appreciable
time. The fact that this change underestimates EC values is an
important consideration, especially when sensors are used for monitoring
soil salinity in relation to plant growth.
| It ié fécommended thé£ a test like the one depicted above be made
before installation of the units in order to eliminate those behaving
Tike the unit in figure 6B.

Also, the practice of wetting the sensors under vacuum before
calibration seems to be inappropriate for practical purposes because the.
situyation more 1ikely to occur in the field is that of most stagnant
pores being filled with air, although we should recognize that in soil
atmospheres of higher 602 content the air will be more readily

dissolved.



Stability of calibration

A set of twenty-two sensors were examined for stability of
calibration. The first year the sensors were calibrated (cal. 1975b)
and the re;ults compared with those given by the manufacturer (cal.
1975a). Table 4 shows that the average slope and intercept values of
both calibrations were very similar. Consequently, cal. 1975a was
chosen as our point of reference for the study of the shift in
calibration of the units with time. Fourteen months later the sensars
were recalibrated (cal. 1976) and the results compared with cal. 1975a.

Before further discussion, we should establish the criteria for
stability. Oster and Willardson {1971) considered that "sensors had
stablje calibration characteristics if the calibration curves at
different dates were within *15% of the average calibration curve
throughout the range of calibration." In our opinion, this criterion
involves some difficulties: (i) by taking the average calibration
curve as the reference, the possible shift of the calibration curve is
somewhat underestimated, and (ii) to generalize the application of a
+15% change in the calibration curve to all sensors as criterion for
'stability could givé effoneous conclusions.

We consider that a sensor has a stable calibration if the slope
and intercept values of the calibration curves at different dates are

within = two times their largest standard deviations.

With this criterion, 23% of the sensors examined were considered to

be stable. Of the unstable sensors, 93% showed a typical shift of the
calibration curves with an average decrease of 18.9% in the slope and an
average increase of 30.9% in the intercept. Figure 7 shows the

frequency distributions of the slope and intercept values of the
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Table 4. Average calibration curves and carrelation coefficients of

the twenty two sensors examined for stability of calibration

Calibration Curve Correlation coefficient
Cse = A + B ECs* r
cal. 16752 Cse = 0.212 + 0.1008 ECs 0.9994
cal. 1975b Cse = 0,211 + 0.1023 ECs {0.9372
cal. 1976 Cse = 0.259 + 0.0846 ECs 0.9965

¥ Cse = sensor conductance (mmho) at 25°C, E(s = solution conductivity

(mmho me1) at 25°C.

ez
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unstable sensors, with the corresponding mean and standard deviations.
Figure 8 shows calibration data for one sensor that was Jjudged to be
stable (AL and for another (B} which showed the typical deviation
mentioned above. The appendix is the regression analysis of individual
calibrations 1975a and 1976 performed for each sensor. The calibration
equation, correlation coefficient and standard deviation of the
intercept and slope values are shown.

In general, for the unstable sensors the difference in intercepts
between cal. 197ba and cal. 1976 were close to the * two times the
standard deviation, whereas the difference in slopes were far from this
figure. This is somewhat reflected in the average values of the
intercept and siope in Figure M.7

The reason for the apparent increase of the intercept value was
thought to be adsorption of ions on the surfaces of the porous ceramic
clay. Precipitation of salts on the surface of the electrodes and
probably within the ceramic itself will be mainly responsible for the
decrease of the slope value. Thus, after having nine sensors in a
1 N KC1 solution for 35 days under continuous stirring, their
recalibration showed a.tendency toward the original calibration curve
(1975a) for four of them. For three sensors the slope of the 1976
calibration remained constant or even decreased (this experiment was

done three months later than cal. 1976), and two sensors had a relative

increase in the slope values. -

/
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Although these 1imited resuits are not conclusive, it seems that
precipitation of salts is one of the main reasons for this shift in
calibration although some other factors shouid probably be taken into
account” If this is the case, we could expect the instability of field
installed sensors to be accentuated due to the presence of salts more
Tikely to precipitate in the conductance element {alkaline-earth
carbonates, gypsum, etc.), especially under wetting and drying cycles,
In that sense, the seriousness of the problem will probably be of less
importance in trickle irrigation or high-frequency irrigation systems
where the soil water content remains re}atively constant,

Due to the typical shift of the calibration curves which appears as
a clockwise rotation of the lines with the center of rotation in the
region around EC = 4 pmho cm"], errors produced by the change in
calibration were relatively small for this region and increased for
increasing EC's. Figure 9 shows the frequency distribution of EC errors
involved in the shift of calibration and the mean of these errors at
various EC levels.

Although the errors involved at low EC levels are not important for
most practical situations, we should consider that, according to the
USDA Agricylture Handbook No. 60, a soil is considered to be saline
when the EC of the saturation extrjkt is more than 4 mmho cm”! at 25°C.
In terms of actual concentration of the soil solution, with which the
sensor is in equilibrium, this is about 8 mmho cm"] for the upper end of
the field moisture range and about 16 mmho cm™! for the "permanent
wilting" point, Therefore,.it is apparent that the shift in calibration

might be of practical importance for many saline conditions.
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With these limited data at hand, a way to correct installed sensors
suspected to have become unstable (generally those with unpredictably
Tow EC rei§ings) without removal and recalibration is to correct the
sensor conductivity reading to the actual soil water conductivity by

means of figure 10. Figure 10 is obtained from the calculated ECs values

as

and plotted against actual EC2. Numbers 1 and 2 refer to average cal
1975a and cal 1976, respectively. The shaded area represents the
estimated accuracy of the correction.

Further work should be done to elucidate the importance and
progression of the shift in calibration with time. Limited results from
sensors calibrated five months after ca]; 1976 suggest that those
sensors considered to be stable on the basis of previous calibrations
showed a tendency toward the typical shift mentioned above, whereas in
the unstable sensors calibration shifts have stopped or are greatly
reduced.

Oster and Willardson {1971) evaluated the stability of 26
commercial sensors for 1.5 years, during which/;ime 85% were stable.
They did not mention how the sensors were kep% during this period of
time. Using their criteria for stability, we found that only 30% of
our sensors were stable for 1.2 years of operation. Kemper (1959) did
not find consistent changes in the resistance of the units after three
months of operation except in the case of one set of units which was

allowed to air-dry in contact with Fort Collins soil. Although his
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sensors were different in design and construction from the commercial
units we used, we should specify that during our experimental work all
the units were dry one time or another. We were not able to correlate
dryness ofgsenscrs with the shift in calibration, but a rigorous
analysis of this fact was not performed. However, we should recognize
that the drying of sensors will enhance the precipitation of salts in
the conductance element, a fact that will be in accordance with our

results.

Accuracy of measurement

The accuracy of EC measurements obtained with a calibrated sensor
can be estimated from the linear regression analysis of the calibration
data. Table 5 shows the average standard deviations and correlation
coefficients from regression. The standard deviation from regression
S .y divided by the slope of the calibration line, is an estimate of the

Y
standard deviation of EC measured by the sensor. Assuming that a
o
variation of two times the standard deviation can be expected to occur,
the accuracy of the EC measured by the units is shown in last column.

From these data, it is apparent that the accuracy of sensors
decreased with time. Still, the estimated level of accuracy seems to be
satisfactory for most practical needs. However, we should be aware of
the fact that these estimates of accuracy are on the basis of the actual
calibration curves. It should be recognized that for practical purposes,
calibrating the sensors every six months is not a current practice. )
Thus, the values obtained take into account the change in calibration

and do not represent the actual accuracy of the installed sensors. If a

regression analysis is performed on all thg data from calibrations 1975a



/ h-xm sawly} oM} = AJ2RUANdIY

. A=% x-K
UOL1RLASP PAEpURLS = § S = S

1UBLIL 44900 UOLIR|[BAI0D = J

]
[t}

7,52 1e {, wo oyuww) 33 UOLIN{OS

(i X = 593

iH
|

1,62 29 (oyww) 3duRIONPUOD AOSUIS

A = 3]

bl ¥ ZL’o TAAVY 6v.6°0 $33 p00L"0 + [9270 = 953 GL6L LBD LLOS
86°0 ¥ 6v°0 FAJURY §966°0 $J3 9¥80°0 + 65270 = 953 9/61
29°'0 = te'0 2€0°0 2.66°0 $93 £20L°0 + L1270 = 33D 66l
AR 9170 9L0°0 v666°0 533 8C0L'0 + 212°0 = ®s) TA
mﬁlau oyui) ﬁpaewlmzﬁev ﬁmmmeu . 1 d sy o 05 10110491 L)
Aoedndoy S S ‘ )

pajewilsa syl

*SJA0SUIsS oMl

‘umn oD 950y Yl UL UMOYS SL JuawaUnseall sy 4o £aeanooe

£3UaMl U0 pauiiojaad sisAleue uoLssasbaa ayy 4o sangea afeaaAay G aiqel



39

and 1976 for each sensor, the corresponding estimated accuracies are
(on the average) 20.71 mmho c:m"1 for the stable sensors and +1.92 for
the unstable sensors. For illustration, figure 11 shows the regression

¥

analysis performed on two of the sensors, one considered to be stable
and the other unstable.

Calibration of sensors in soil was performed only at the beginning
of the work when cal 1975b was done (table 5). Experimental data
indicate that the estimated accuracy (#1.4% mmho cm'1) is conservative.
Probably the soil did not achieve true ioniﬁ equilibrium, especially at
low concentration leveis due to the relatively high Mg content of the
dry soil. Therefore, this result is questionable.

On the basis of these data we concluded that the estimated accuracy
of EC measured by the sensors after more than one year of operation was
in the order of +0.7-0.9 mmho cm™} for the stable and corrected

unstable units and around 2 mmho cm |

for the non-corrected, unstable
Sensors.
We tried to elucidate the feasibility of using a single calibration

curve rather than individual calibration values for sensors of

T

somewhat similar charécteristics. The change in calibration
characteristics of units with time did not allow us to perform such
analysis. Even if it is assumed that the shift in calibration stopped
after one year of operation the approach is unrealistic for actual
sensors. For illustration, Figure 12 shows the uncertainiy of the
measurement when the average calibration curve 1976 in Figure §,

{se = 0.27 + 0.09 ECs was applied to those sensors with intercepts of

0.27 = 0.1 mmho and slopes of 0.09 = 0.0] cm.
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Hysteresis of calibration

Six sensors were checked for hysteretic behavior by calibrating
them in NaCl solutions. Table 6 shows the regression analysis of the
data for i;dividuaT sensors.

Two of the sensors (No. 4606 and No. 6197) showed a significant
increase of their intercept values for case b. Again the reason could
be the presence of stagnant pores in the porous ceramic. As expected,
the increase of the intercept value is much less than that obtained for
those wet under vacuum because here we used the standard method of
calibration (10 days in So]ution treatment) and therefore most of the
stagnant pores will be filled with air rather than with solution. The
conclusion is that normal sensors show little, if any, hysteresis,

whereas those sensors with non-conductive pores show appreciable

hysteresis in their calibration curves.
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PART I1I. Time response of sensors

A. Procedure

Time response in solution

Three experiments were conducted for three different initial
conditions. For the first experiment a set of 12 sensors were placed
in a solution of known EC for ten days to assure true equilibrium. The
sensors were then placed in another solution and sensor readings were
periodically recorded until equilibrium was reached.

The procedure was repeated for several different salt solutions of
known EC, in both an increasing and decreasing direction of solution
concentrations.

For the second and third experiments the sensors were first
allowed to air-dry or wet under vacuum and then placed in solution.

The time needed to achieve equilibrium in the new, imposed concentration

was recorded.

Time response in porous media

Time response of salinity sensors in porous media was determined by
two procedures:

(i) After equilibration of the sensors in a 0.5 mmho em™ ! NaCl
solution for ten days, a set of six sensors was placed in a sand cojumn
and another set in Yolo loam column which had been previously .
equilibrated with a NaGl solution of known concentration. Two air-dry
censors were also placed at the same time in each column. Sensor
readings were periodically taken until equilibrium was reached. The

sensors were then placed in the next soil column and the procedure




repeated. Time response was alsc checked for sensors in sand and Yolo

loam soils previously equilibrated at matric potentials of -0.1 and
- -0.4 bars. ,

(i1) Figure 13 shows the apparatus of an experiment in which
NaCl solutions of inct§aiing concentrations were consecutively forced
at a constant flow raé:vzgiough four porous media: cationic resin,
sand-Kaolinite (2:1 by weight), sand and Yolo loam. Once these porous
media attained a dynamic equilibrium with the NaCl solution of lower
concentration, the next concentrated solution was added.

Sensor readings and suction probe extractions were periodically
made until achievement of a new "equilibrium". The procedure was
continued for the next concentrated NaCl solution. After the system
equilibrated with the strongest solution, the NaCl solution of Towest
concentration was forced again through the column. Constant fluxes
. were attained with a syringe pump connected to an electronic motor

speed control (model 4X796 of Dayton Electric Manufacturing Co.,

Chicago).
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B. Results and Discussion

Table 7 is a summary of the results obtained from time response
experiments, part (i). The last column of the table indicates the
number of senscrs used in each experiment, with the number of
replications in parenthesis. Sensors in porous media at Yo = -0.4 bars
never attained the conductivity value of the soil water; the range of
equilibrium values as pefcent of change expected with normal response
are given in parenthesis in the third column of the table. Time
response of experiments #1, 2 and 3 was checked for four different NaCl

solution concentrations in the range from 2 to 24 mmho cm_].

No
significant differences in time response were found in general between
these solutions for each individual sensor. As an illustration, figure
14 shows the time response for a unit which is representative of the
average results obtained in solution.

Time response refers to the time required for sensors to reach 63%
{or 100% as indicated) of equilibrium response when moving the sensors

from one concentration level to another.

The percent change dt time t is obtained from

% change at time t = 100 x (EC, - EC,)(EC, - EC,)”)

t

. Lo -1 .
sensor electrical conductivity {mnho cm ') at time zero

where ECO =
ECt = sensor electrical conductivity (mmho cm_i) at time t
ECf = sensor electrical conductivity (mmho cm*]) at final

equilibrium
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The response time of any sensor depends on the diffusion of
solutés between the solution in the ceramic and the solution outside.
Also, it deEends on the geometry of the porous body, that is, on its
thickness, uniform spacing and shape of electrodes, clay slips and
firing procedures (Wesseling ahd Oster, 1973). Thus, the relatively
high standard deviations of the means found in the experiments are not
surprising. FEven for the same sensor, response time anong replications
in unsaturated soils was substantially different, a fai%\that could be
explained by the differences in contact between s0il and sensors for
different experiments.

For sensors of design similar to these, time response (63% change)
in solution reported in the literature varied between one hour
(Richard, 1966} and two hours {Wesseling and Oster, 1973), and total
time response (100% change) was ten hours (Wesseling and Oster, 1973).
The later authors also found that the sensor time response in a
saturated sandy-loam soil was 50% of that obtained in bulk solution.
From their analysis Wesseling and Oster (1973) concluded that time
response in soil should remain constant over a wide range of water
contents, but their work invelved soil matric potentials no Tower than
-0.11 bars.

Table 7(A) shows that sensor time response is apparently influenced
by the soil water content. Although the sand used in these experiments
is probably not representative of a normal agficu}tural soil,
experiment #6 shows that for ¥ = -0.4 bars, which corresponds to
g = 0.04 cmg/cm3 (Figure 15A), the sensor time response is practically
infinite, an indication of the lack of film water contact between the

50il and the sensor. Under these circumstances, the units will fail to

50
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read the actual soil solution electrical conductivity. For Yclo loam,

an agricultural soil extensively found in many areas of the county,
sensor time response was also extremely slow for Wm = -0.4 bars
(experiment #7). For illustration, Figure 16A shows the extremes found
in sensor time response for Yolo loam at Yo = -0.4 bars (0 = 0.28 cm3<:m_3

3

Fig. 15B). At time zero, the sensor readings were of the order of

1

2 mmho cm '. The soil was equilibrated with a NaCl solution of

EC = 6.6 mmho cn ',

The decrease in sensor EC at time 30 hours is very
significant as indicative of a partial desaturation ¢f the sensor
ceramic. In this case it seems that both matric potential sensitivity
and lack of soil-sensor contact are responsible for the behavior of the
sensor. As could be expectéd the slope of the time response curve for
sand at Wm = -0.4 bars (Figure 16B) was smaller than for the Yolo at
the same matric potential. For sand, the matric potential effect was
not as important as for Yolo lcam because the Jow water content and
subsequent lack of sand-sensor contact made the unit insensitive to it.
This is reflected by the smailer desaturation of the sensor ceramic
relative to that in Yolo Toam.

—In order to eva]uaﬁe.the influence of entrapped air on time
response, experiment B - table 7{B) - was conducted. On the average,
time response of a dry sensor (experiments 8, 9 and 10) increases about
fourteen times in comparison with the saturated sensor (experiments 1,

2 and 3). The 637% change is not reported because of the unorthodox -
behavior of the units (Figure 17): apparently. the dissolution of salts
precipitated in the conductance element is responsible for the sharp
increase in EC during the first minutes. Thereafter, the relatively

nighly concentrated solution diffuses away from the sensor. The shape

o
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of the curve depends on the amount of salt precipitated in the sensor
ceramic, on the concentration of the outside solution, and on the time
needed fer the empty pores to fill with solution. The last one will be
mainly responsible for the shape of the curve after 20 hours. Therefore
it is postulated that almost eight days are needed to resaturate a dry
sensor. The same type of curves were found for the saturated soils
(experiments 9 and 10), with the difference that fourteen days were
needed for the sensors to resaturate and reach constant readings. As
expected, the time needed for the dry ceramic to resaturate in
partially-saturated soils (Table 7, experiments 11 and 12) is

extremely long. The fact that in this case sensors are more sensitive
to soil water content than to soil matric potential is demonstrated by
comparing experiments 11 and 12. This leads to the conclusion that
under these circumstances the main reason for the absence of a 100%
response of the units is the lack of film water contact between the
soil and sensor, as discussed above, rather than the geometry of the
pores in the ceramic. It is therefore recommended that, before
installation, sensors be kept in solution for at least 10 days, and if
possible should be ﬁnéta]1ed when the so0il is at a relatively high
water content.

Experiment C - table 7(C) - was conducted to confirm the existence
of non-conductive pores. According to the limited results, the four
sensors studied showed a long time response for the 100% change which
suggested that all the units have non-conductive pores to some extent.
However, if the geometry of these pores remains constant, the behavior
of the sensors will not be greatly influenced by them. Figure 18 shows

the shape of the time response curves for three of the sensors studied.
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The results for the sensor No. 6197 confirms the presence of stagnant
pores in this unit {see hysteresis of calibration, p. 42}, and
indicates its lack of reliability. The application of this analysis to
all sensors seems to be an adequate procedure to identify defective
units.

In order to evaluate the reliability of the results obtained and
relate them to a more realistic situation, the experiment described
on p. 45 {see aiso Figure 13) was undertaken. Figure 19 shows the
general sequence of changes in ECse (sensor electrical conductivity)
and ECsp (electrical conductivity of the solution extracted by suction
probe) due to changes in imposed solution concentrations for four
porous media: cationic resin, Yolo loam, sand:kaolinite (2:1 by
weight) and sand. Each triangle in the figure 1is an average of four
salinity sensors. In order to account for a possible change in
calibration, the results obtained were normalized in terms of per cent
change of response. This was necessary because the experiment was done
in mid-1976 and corre§t10ns were not made for a shift in calibration
which may be particulér}y important at higher concentrations. Table 8
shows the time response (for a 63% change in ECse and ECsp) for the four
porous media studied during the first 22 days of the experiment.

Figure 19 shows that data obtained by sensor measurements when the
salinity changes occur over more than four days are reliable for all
the porous media examined. However, when changes occur over less than
four days (days & to 11 in the experiment) the sensors in the Yolo loam,
and particularly in the sand-kaclinite column, were not able to reach
the eguilibrium concgntrafion given by the solution extracted by the

suction probe. This is also reflected in Figure 20, which shows the
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Figure 19. Response of salinity sensors (a) and suction probes (8) to

solutions of various concentrations in four different porous

media.
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;response of the sensors relative to the suction probes (ECsp/ECse).

| From Figures 19 and 20 a clear distinction can be made between the
“resin and the other porous media. The sensor electrical conductivity
 (ECse) in the ;esin is always higher than the electrical conductivity
of the solution extracted by suction probe (ECsp) while the opposite

is true for the other three columns during the first 22 days of the
experiment. This response might result from the high surface charge
density of the resin (CEC = 10.2 meq gm']). The resin creates a large
negative adsorption or salt exclusion in the liquid-solid interface
with a resulting increase in the concentration of the soil solution
with which the sensor is in equilibrium. As a result of the compression
of the diffuse double layer, the salt exclusion effect decreases as the
concentration of the imposed solution increases {Bower and Goertzen,
1955; Bolt and Bruggenwert, 1976) which is reflected 1in Figures 19 and
20. Further discussion on the effect of negative adsorption on sensor
readings is given in Part VII (sensor sensitivity to negative
adsorption).

The effect of the differences in pore size distribution of porous
media on the behavior of sensors and suction probes is reflected in
Table 8. If we assume that the solution in the sensor ceramic and the
solution extracted by suction probes are similar at equilibrium, the
differences in time response between the sensors and the suction probes
(Table 8, fourth column) will be an indication of the time lag of
sensors. Therefore, the values obtained should be similar to those in
Table 7(A) (experiments 2 and 3). Thus, any value far apart from about
3.5 hours, (time response for sensors in saturated porous media), will

be an indication of the inadequacy of the assumption, and will represent
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real differences in electrical conductivities of the soil soltutions
encountered. As we might expect, this is clearly reflected in the
cand-kaolinite column due to the fact that only very large and very
small partié%e sizes (sand and kaolinite respectively) predominate in
the system. Whereas the solution extracted by suction probe might be
expected to reflect the characteristics of the solution in the larger
pores (Miller et al., 1965), the sensor may reflect the contact with
the entire range of soil pores at its interface and therefore reduce
the effect of the lack of dynamic equilibrium between soil pores. The
extremely high standard deviation for the sensors in this column could
be a reflection of the lack of homogeneity of the porous media as well
as real differences in solution concentrations due to the distribution
of the sensors in the column (Figure 13).

On the other hand, sensors in the sand column gave values very
close to 3.5 hours, due to its narrow particle size distributiongand

relatively inert surfaces.
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PART IV. External current of sensors

A. Procedure

<

The sensors were checked for the external flow of current in the
solution by transferving them from the conductive solution into the
nonconductive air and recording the change in resistance and sensor
temperature with time. Care was taken to remove the solution clinging
to the sensor with absorbent tissue. To check the influence that
solution evaporation from the porous ceramic could have on the sensor
temperature and therefore on the sensor conductance, a set of sensors
were covered with parafilm paper at some time after removal from the
conductive solution and readings taken as before. The external current
was checked for four different conductive solutions in the range from

24 mmhos (:m—1 to 2.5 nmhos cm'}, including a saturated gypsum solution.

B. Results and Discussion

Figure 21A shows the general trend of the change in the average
sensor resistance with time (for ten sensors), after the units are
removed from the solution into the air, and Figure 21B shows individual
changes in resistance for two particular sensors at four different
initial solution concentrations. If we take the maximum percent change
in resistance before it starts to decrease as indicative of the external.
flow of current, it will be 7.4 ¢ 1.5% (Fig. 21A) with no significant

differences among the different solution concentrations (Fig. 21B).
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However, althoygh this estimate is close to that of Ingvalson et
al. (1970) - 5% decrease in conductance -, the fact that from time 5 to
time 30 there is a relative decrease in the resistance value leads to
the conc]usio; that solution evaporation from the sensor surface was
occurring, and therefore the values obtained were representatives of
both external current and evaporation. The principal effects that the
evaporation process will have on the units were thought to be: (i) A
decrease in sensor temperature, which will tend to increase the sensor
resistance, (ii) a decrease of the water content in the sensor ceramic,
which will cause an increase in sensor resistance, and {iii) an
increase in concentration of the solution remaining in the unit, which
will tend to decrease the sensor resistance.

Point (i) was evaluated by measuring the thermistor resistance and
converting it to degrees centigrade (Fig. 22). The sharp decrease in
sensor temperature from 20 to 18.5°C in a period of 4 minutes, despite
on the fact that the temperature gradient between the solution and the
air was negligible, indicates the evaporation process. Takin§ into
consideration this decrease in temperature, the estimated external flow
of current for the example depicted will be less by one half. Also,
figure 22 shows that when the sensor was covered with parafilm, the
temperature increased, presumably due to the lack of evaporation, and
it decreased again when the sensor was uncovered.

The effect of the increase in concentration of the solution in the .
sensor due to evaporation was evaluated by equilibrating two units with
a saturated Ca504-2H20 solution. A saturated gypsum solution will not
concentrate but will precipitate. Figure 23 confirms that the

resistance did not decrease as before, and the time for the abrupt
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increase in resistance to occur decreased from 30 to about 4 minutes.
Finally the decrease of water content on the ceramic will be
mainly responsible for the abrupt increase in the resistance at time

¥
4 minutes.,

To prevent the evaporation process which confounds the external
flow value, an experiment was conducted in which ten units were covered
with parafilm immediately after they were removed from the solution.
Fig. 24 shows that the temperature did not decrease, but rather it
tended toward room temperature (= 19.5°C) and that the resistance,
after an increase of 0.7% {(on the basis of the resistance at 25°C)
remained constant with time. On the basis of these data, it was
concluded that the external current of the salinity sensors was

negligible (less than 1%).
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PART V, Thermistor response and accuracy of sensors in measuring

temperature

<

A, Procedure

A set of six sensors were placed in a constant temperature bath
and readings of the thermistor resistance made at different times until
equilibrium was achieved. The process was repeated for different bath
temperatures in the range from 10 to 35°C. The time response of the
thermistor element was checked by moving the sensors from a bath at
34.8°C to another at 23.0°C and measuring changes in thermistor
resistance with time. The bath temperature was measured with a highly
sensitive electronic thermometer (Omega Eng., Inc., Stamford, Conn.)
and a copper-constantan thermecouple, type 36247 (accuracy = + 0.5°C).

Once the thermistor resistance readings were recorded, the
corresponding temperatures were determined as specified by the

manufacturer.

B. Results and Discussion

The accuracy of the temperature (°C) measured by the thermistor
in the sensors was evaluated. Tahle 9 shows the average values obtained
from six sensors compared with the temperature of the bath. Figure 25
shows the time response needed to achieve the imposed temperature. -
Time response (63% of the total change) was calculated to be
0.9 minutes, and the total time response 4 minutes, with an estimated

accuracy of £ .0.3°C, which is better than the electronic thermometer
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(+ 0.5°C) used in the bath experiment. On the basis of these data, we
concluded that the thermistor was accurate enough in the range from 10
to 35°C. Therefore, salinity sensors can be successfully used to
measure temperature, an advantage that is frequently omitted in the

titerature.
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PART VI. Sensor sensitivity to matric potential

A. Procedure

The salinity sensors were checked for sensitivity to decreasing
soil matric potentials (¥m) by two procedures:

a. For the range of relatively high ym (0 to -0.5 bars) the
sensors were placed in a 600 m] buchner funnel (Pyrex No. 36060 E,
“Corning Inc., New York) filled with the previously prepared homoionic
porous material. The fine porosity fritted disc was previousiy
saturated with the same solution. The funnel was covered with parafilm
paper to minimize evaporation (Figure 26). Initially, the sensors were
allowed to reach equ{librium in the saturated soil. A definite ym
corresponding to the vacuum applied was then imposed on the system, and
sensor readings were taken daily until equilibrium was reached. The
procedure was continued for decreasing ¥m until the air-entry value of
the fritted disc was reached or until salinity sensor readings went off
scale (EC < 1.5 mmhos cm"]). Due to the relatively small distance
between the sensors and the fritted glass, matric potential at the
sensors was assumed to'be the same as that at the plate.

After the EC of the sensors dropped an average of 50% from the
initial value, the time that the partially desaturated sensor reqguires

to resaturate and regain the initial EC at saturaticn was checked by

resaturating the soil with the same solution as used previously.
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Figure 26. Experimental apparatus used to measure the sensor sensitivity”

to soil matric potential. Procedure a ("high" ¥m range).



b. For the range of "low" matric potentials (-1 to -15 bars) the
sensors were attached to the conductors in the modified pressure plate
apparatus {p. 16) and calibrated with NaCl solutions of known
concentrations. The sensors were then installed in specially designed
cylindrical containers placed oﬁ-the saturated 15 bar ceramic plate and
filled with the previously prepared homoionic soils. Thermocouple
transducers wefe also installed at the same time (Figure 27).

After hydraulic and ionic equilibrium had been attained in the
saturated so1l, the sensor resistance was recorded and an increment of
pressure was applied to force solution from the soil. When cutflow had
ceased and resistance readings remained constant for five days, a new
increment was applied and the procedure continued for increasing
applied pressures.

Due to the lack of accuracy and sensitivity of the thermocoupie

transducers the values obtained are not reported.

/6



Figure 27.

Experimenta1'apparatus used to measure the sensor
sensitivity to soil matric potential. Procedure

b ("Tow" ¥m range).
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B. Results and Oiscussion

Figure 28 summarizes the data obtained for all sensors and
replications expressed in terms of the ratio ECi/ECs, where £Ci is the
sensor electrical conductivity at various ¥m and ECs is the sensor
electrical conductivity at saturation. It is evident that this ratig
ECi/ECs should be one or close to one at any soil matric potential if
the reliability of the sensors is adequate. In Figure 28 the symbol | is
used for the data obtained in procedure a (Figure 26) with parafilm |
cover. The symbol f refers to the data obtained in the same set-up
with the only difference being that the funnel was covered with wet
cheese cfoth and aluminum foil - besides the parafilm - trying to
minimize evaporation. For relatively low ¥m (-0.7 to -4 bars) the
modified pressure plate apparatus was used. Two symbols are given for
this procedure in Figure 28 which refers to sensors equilibrated for 10
days in solution before being placed in the saturated soil {symbo] | )
and sensors wet under vacuum (symbol. {7,

The differences in behavior for equal ¥m of sensors in the sand and
Yolo loam soils (procedure a, symbol |) suggest that the soil vm is
not the only component ta‘?e considered for the interpretation of the
resultsi Considering the possibility that some evaporation might be
occurring, to which the sand will be much more sensitive {in terms of
vm) then the Yolo loam, the funnels filied with sand were covered with
wetted cheese cloth and aluminum foil to prevent it as much as possible.
Figures 29 and 30 show the time sequence of the changes in sensor
electrical conductivities with decreasing soil matric potentials for the

cand and Yolo loam soils, respectively. At time 45 in Figure 29 the
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sand was resaturated with the same solution as used previously. Point ]
in Figure 30 indicates the point at which the air-entry value of the
fritted disS wés reached (day 48). Therefore the soil ¥m after this
day was probably much lower than the imposed (-0.57 bars) due to

drying of the soil by evaporation. The decreases in ECse after day 28
are therefore not computed in Figure 28.

Although the differences in sensor behavior for both soils
decreased when the funnels filled with sand were covered with wetted
cheese cloth and aluminum foil, it is apparent that whereas sensors in
Yolo Toam remain saturated {ECi/ECs = 1} for soil matric potentials of
the order of -0.4 bars {Figure 30}, the same sensors in sand showed a
significant decrease in electrical conductivity readings for the same
soil matric potential level (Figure 29). The reasons for these
differences are not well understood, but it seems that the relatively
lack of sand-sensor contact {due to the low soil water content at
relatively high ¥m} together with solution evaporating from the sensor
surface might be an important consideration. The fact that the time
needed for the sensors to yield their EC values at saturation when the
sand was resaturated (Figure 29, day 45) was more than & days suggest
that desaturation of the sensor ceramic occurred becaﬁse these large
time responses are of the order of those found for a dry sensor
(206 * 47 hours). i

The preliminary results obtained in the pressure plate apparatus -
were apparently opposite to those found in the fritted disc funnel;
sensor electrical conductivities increased as the pressure applied
increased in the sand, whereas for Yolo Toam the oppesite occurred. An

- explanation is that an increase in pressure causes a decrease in the
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volume of the air ‘bubbles present~in the sensor conductance elehent
{which, in turn, tends to decrease the sensor resistance) and although
the soil matric potential decreases to a value equal to the pressure
applied, the lack of sand-sensor contact (due to the relatively low
soil water content) makes the units insensitive to this decrease. On
the other hand, sensors in contact with Yolo loam are sensitive to
both phenomena, and the net result is a decrease in sensor electrical
conductivity with increasing applied pressures. This hypothesis is
confirmed by the behavior of the sensors when they were first wet under
vacuum: (ECi/ECs) values for the units in contact with sand remain
almost constant at values equal to one, whereas the sensor EC in Yolo
loam decreased more drastically than before.

In conclusion, the behavior of salinity sensors in partially
saturated soils is highly influenced by:

3cm3) which

(1} Relatively low water contents (6 < 0.05 cm
result in lack of contact between the soil and the units and therefore
in insensitivity to changes in soil solution EC.

(i1) Relatively low soil matric potentials (¥m < -1 bar) which

~result in desaturation of the sensor ceramic and therefore in lack of

reliability to measure soil soluticn electrical conductivity.



PART VII. Sensor sensitivity to negative adsorption

i Procedure

Systems of various montmorilionite:kaolinite ratios were prepared
by mixing washed samples of pure bentonite and kaolinite minerals.

These mixtures as well as a cationic resin sample were equilibrated and
saturated with NaCl solutions of known concentrations, so that a total
of 21 subsamples were prepared with a constant clay:solution ratio of
0.710:1 {gm:m1) (Jable 10).

Salinity sensors were placed in mixtures of successively increasing
montmorillonite:kaolinite ratios systems at the same salt content and
finally in the cationic resin system. Sensor readings were recorded for
each system after equilibrium was attained. These values were compared
with the corresponding EC's of the solutions extracted by suction
probes and with those of the NaCl solutions used in saturating the
sub-samples. The same procedure was repeated in the reverse direction

from ltow to high montmorillonite:kaolinite ratios.



Table 10. §ubsamples of various montmorillonite:kaolinite ratios and
various NaCl solution concentrations used to measure the

sensor sensitivity to negative adsorption.

R T

(mmho cm (mmho ¢m )
# _NaCl sin % Montmor % Kaol #_ _NaCl_ sin % Montmor % Kaol
1 2.3 0 100 11 6.5 30 70
2 2.3 5 95 12 6.5 74 30
3 2.3 10 30 13 6.5 1060 0
4 2.3 30 70 14 6.5 cationic resin
5 2.3 70 30 15 12.9 0 100
6 2.3 100 0 16 12.9 5 95
7 2.3 cationic resin 17 12.9 w90
8 6.5 0 100 18 12.9 - 30 70
g 6.5 5 95 19 12.9 70 30
10 6.5 10 90 20 12.9 100 Q

21 12.9 cationic resin
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B. Results and Discussion

Figure 31 shows the results obtained in this experiment. Part A
refers to the £C values obtained in the solution extracted by suction
probe, part B to the sensors placed in mixtures of successively
increasing CEC's and part C to the sensors placed in mixtures of
successively decreasing CEC's.

Only limited results can be given here due to the following
difficulties encountered in the experiment:

(i) The clay: solution ratio of 0.1:1 (gm:ml) used was too
high for the 100% Bentonite (CEC = 110 meq/100 gm) system and the
resulting suspension was so dense that sensor readings were not
consistent probably due to lack of contact between sensor and external
solution. Also the time needed to extract enough solution from the
100% Bentonite system with the suction probe was more than five hours,
giving rise to evaporation of the solution collected in the receiver
and subsequent concentration. Thus, values for the 100% Bentonite
system (CEC = 110 meq/100 gm) are not given.

(i1) The data obtained in the resin system were not comparable
to the clay systems, prgbgbly due to differences in specific surfaces.

(1i1) The time needed for the éensors to equilibrate with the
different clay systems was extremeiy high, especially for the lower
solution concentration and CEC's systems (up to 40 days). Due to

limited time, we were not able to obtain replications.

(iv) Centamination of the solution extracted by Suction Probe -

was found to be important in some cases. Trying to minimize it, the

probes were washed with about 100 ml of distilled water and let air-dry.
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Successive 5 ml portions of the desired electrclyte were then extracted
by applying suction to the probe immersed in the system of interest.

By this progedure, in general the first 5 ml portion was found to be
less concentrated than the subsequent ﬁortions, probably due to
distilled water remaining in the pores of the probe. The values given
in the figure correspond to the third portion of electrolyte extracted
which in general was close to the second extracted portion.

With these limitations in mind, the results obtained (Fig. 31)
clearly suggest the importance of negative adsorption on the sensor
behavior. Negative adsorption of anions or salt exclusion {Reitemeier,
1946; Schofield, 1947; Babcock, 1963} results from a defiéit in anion
concentration close to the surface of soil particles caused by the
negatively charged particle surfaces. This decrease in anion
concentration resuits in salt exclusion near particle surfaces with a
resulting increase in the concentration of the soil seolution further
from the surfaces. According to the double layer theory (Babcock,

1863} and experimentally confirmed (Bower and Goertzen, 1955; De Haan,
1965), sait exclusion increases with an increase in the specific
surface of the soil and with a decrease in the electrolyte concentration.
Consequently the concentration of the solution in the sensor ceramic
which is in equilibrium with the soil solution would also be increased.
The data shown in Figure 31 are in accordance with the above description.
A few interesting remarks can be made about the results: .
(1) The slope of the curves for the sensors are iargér than the
- corresponding slopes of the suction probes, except for the highest
; alectrolyte concentration. This suggest that under our experimental

conditions the solution extracted by suction probes is from a region
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Higure 31. Relative EC of sensors for increasing montmorillonite:

kaolinite ratios.
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~elatively closer to the clay surfaces - in other words, is relatively
jess concentrated - compared with the solution with which the sensors
are in equilibrium or is from a region contained mainly in the larger
nores. As could be expected the slopes are similar at the highest
concentration level (ECs = 12.9 mmho cmul) for which the salt exclusion
affect is of much less relative importance. The larger area of the
suction probe compared with that of the sensor as well as the vacuum
level applied for extracting the solution might be also of significance
in trying to explain these differences.

(i1) The minor differences in behavior when the sensors were
moveq from the lower to the higher CEC systems (case B) or from the
higher to the lower CEC systems (case C) may be important. It seems
that the history of the sensor might be considered, but more work
should be done to elucidate its significance.’

(ii1) The ratios ECse/Ecs are less than unity for the Tower
CEC systems. Although several reasons could contribute to this behavior,
such as specific adsorption of the chloride ion on the exposed alumina
of kaolinite surfaces (Bolland et al., 1976) or the presence of some
water in the Kaolinite mineral, an important reason could be the salt
iexclusion effect of the sensor ceramic which will act as a salt sieve
.in the opposite direction to the salt exclusion of the clay systems
;ment1oned above. At the Tower CEC the relative importance of the salt

zsieving effect of the sensor ceramic will be increased, and therefore
jtthe concentration of the solution in the ceramic will decrease relative
1 to that outside the sensor. This phenomencn seems to be of less
‘51gn1f1cance for the suction probe as could be expected due to the

‘relatively larger pore cizes of the ceramic in the probe compared with

|
1
l
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those in the sensor. The conclusion is that the sensor ceramic is not
as inert as might be thought, and that it shows surfacé prcperties

which could be of significance under certain circumstances. This will
have important implications in terms of interactions in the sensor
ceramic-liquid interface and poses additionai questions which shouid be
elucidated for a better understanding of the reliability and Timitations

of soil salinity senscrs.




SUMMARY AME CONCLUSION

Commercial salinity sensors were evaluated on the following
aspects: {i) correlation between sensor electrical conductivity ahd
solution extracted by suction probe, (i) calibration of sensors,

(111) time response of sensors (defined as the time required for
sensors to reach 63% (or 100% as indicated) of eguilibrium response
when moving the sensors from one concentration level to another),
(iv) external current of sensors (flow of current cutside the parous
bady of the units), (v) thermistor response and accuracy in measuring
témperature, (vi) sensor sensitivity to decreasing soil matric
pgfentials and (vii) sensor and suction probe sensitivity to negative
adsorption or salt exclusion.

The results of this study suggest the foliowing conclusions:

{1) The correlation of the results obtained between the sensors
and suction probes is good except for those cases of porous media with
a wide range of pore size distributions or systems of relatively high
surface charge pronerties.

(ii) The presence of stagnant or non-conductive pores in the
ceramic of some sensors is postulated and its negative effects on
calibration, hysteresis and time response cf sensors is discussed.

(ii1) Only 23% of the sensors examined were considered to be
stable over a period of fourteen months of operation. Of the unstable

&

sensors, 93% showed a typical shift in calibration which leads to
tnderestimates of the soil electrical conductivity, especially at
higher concentrations. Pracipitaticn of saits within the ceramic is

thought to be an important reason for the instability of the salinity

sensors.
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(iv) The estimated accuracy of EC measured by the sensors after
more than one year of operation is % 0.8 mmho cm™ ! for the stable and
corrected unstablie sensors and * 2 mmho cm"1 for the non-corrected,
unstable sensors.

(v) Time response of sensors in solution and saturated porous
media is adequate for most practicail <ituations, but it is extremely
long for partially caturated soils {ym = -0.4 bars). Lack of contact
between soil and sensor and discontinuities 1in the pore geometry of the
units are thought to be responsible for such jong time responses.

(vi) The external current of sensors is negligible (less than
1% of the resistance).

(vii) The time response (0.9 minutes for a 63% of total change)
and accuracy (+0.3°C) of the.thermistor element makes the sensor a
practical tool for monitoring temperature. |

(viii) The behavior of sensors in partiai}y saturated soils is

3cm3) which

highly influenced by the soil water content (8 < 0.05 cm
results in lack of contact between sensor and soil solution and by the
s0il matric potential (ym < -1 bar) which results in desaturation of
the sensor ceramic.

(ix) The effect of negative adsorptioh in increasing sensor
EC values is demonstrated. The salt sieving of the sensor ceramic clay

is suggested as 3 possibie explanation of the results obtained, but

the 1limited data do not allow any definite conclusion On this point.
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APPENDIX

Regression analysis performed on each of the sensors for

libration 1975a (manufacturer's calibration) and calibration 1976.

LEGEND

Regression Line Cse = A+ B ECs,

tere: (se sensor conductance in mmhos at 25°C
A = intercept (mmhos)
B = siope {cm)

FCs = electrical conductivity of the solution in mmho cm-I at

25°¢C
SA = standard deviation of A
SB = standard deviation of B

r = correlation coefficient
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