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COMPARISON OF BATCH AND MISCIBL E
DISPLACEMEN T TECHNIQUE S TO DESCRIBE

POTASSIUM ADSORPTION KINETIC S IN
DELAWAR E SOILS1

D. L. SPARKS AND J. E. RncHCiGL2

Abstract
Kinetics of potassium (K) adsorption in three soils were compared

using batch equilibriu m and miscible displacement techniques. The
batch method reached equilibriu m sooner  than miscible displacement
in all cases. Greater  clay content did not affect the equilibriu m time
using the batch technique but increased that time for  miscible
displacement.

The percent-K adsorption was closely related to (time)"2 indicating
diffusion-controlled exchange. Relative rate coefficients were signif-
icantly higher  for  batch than for  miscible displacement.

Miscible displacement simulates solute movement in soils under
field conditions, and since flow rate and leachate volume can easily
be adjusted, miscible displacement has great advantages for  rapid
reactions. Batch techniques require separation of solid and solution
by centrifugation and/or  filtratio n in which the time of separation of
solid from liquid phases is not precisely known.

Additional Index Words: first-order  reaction, diffusion-controlled
exchange.

Sparks, D. L., and J. E. Rechcigl. 1982. Comparison of batch and
miscible displacement techniques to describe potassium adsorption
kinetics in Delaware soils. Soil Sci. Soc. Am. J. 46:875-877.

I N ADDITION to the rapidity of chemical reactions,
kinetic studies provide valuable insights into the

reaction pathways and mechanisms of chemical re-
actions. Unfortunately, due to theoretical and exper-
imental difficulties, applying pure chemical kinetics
to even homogeneous solutions is arduous (Frost and
Pearson, 1961). When kinetic theories are applied to
heterogeneous soil systems, the problems are magnified.

Most kinetic studies with potassium (K) and other
ions have employed batch techniques (Sparks et al.,
1980a) which usually require centrifugation to obtain

1 Contribution from the Delaware Agric. Exp. Stn. Published with
the approval of the Director of the Delaware Agric. Exp. Stn. as
Miscellaneous Paper no. 948. Contribution no. 129 of the Dep. of
Plant Science, Univ. of Delaware, Newark, DE 19711. Received
18 June 1981. Approved 17 Feb. 1982.

2 Assistant Professor of Soil Chemistry and Undergraduate Student.

a clear supernatant solution for subsequent analysis.
The uncertainty in the time required for separation
of solid from liquid phases during centrifugation is
most critical at short time intervals (Zasoski and
Burau, 1978) and the reactions may be faster than the
separation time. Also, in order to properly measure
the kinetics of a chemical reaction, the technique must
not change the reactant concentration (Zasoski and
Burau, 1978). Thus, the sample and the suspension
must have a similar solid-to-solution ratio at all times.

Recently, a miscible displacement technique was
developed to monitor the kinetics of K adsorption and
desorption in soils (Sparks et al., 1980b; Sparks and
Jardine, 1981). This technique enables (i) possibly sim-
ulating K reactions in the field, (ii) measuring short
reaction times, and (iii ) avoiding separation of liquid
from solid by centrifugation. As littl e is known about
the effect of methodology on the measured rate of
reaction, this paper compares the kinetics of K ad-
sorption in three Delaware soils using batch and mis-
cible displacement techniques.

Material s and Methods
The soils were the Ap and B21t horizons of a Matapeake

silt loam (Typic Hapludults), a Kennansville loamy sand
(Arrhenic Hapludults), and a Downer sandy loam (Typic
Hapludults) from Delaware. Their chemical, mineralogical,
and physical properties (Table 1) were determined according
to Sparks et al. (1980a, 1980b). Prior to the kinetic studies,
the soil horizons were Ca-saturated and prepared for anal-
ysis (Sparks et al., 1980a).

The batch technique used 1-g samples of the Ca-saturated
soils with 50 ml of a 50 jug K/ml solution. Duplicate samples
were mixed in 80-ml-polypropylene centrifuge tubes at 25¡C
on a reciprocating shaker. After sampling at 10-minute in-
tervals, the suspension was centrifuged for 3 min at 2,000
rpm and the supernatant solution was analyzed for K using
a Perkin-Elmer 5000 atomic absorption spectrophotometer.
The difference between the initial and final K concentrations
was assumed to be the amount of K adsorbed by the soil.

The miscible displacement technique used duplicate 1-g
samples of the Ca-saturated soils mixed with 50 ml of deion-
ized water. The suspension was injected into a 47-mm Nu-
cleopore filter column attached to a Fractomette Alpha frac-
tion collector and a peristaltic pump. The pump delivered
the K solution through the soil at a uniform flow rate of 1.0
ml min~'. Aliquots were collected at 10-minute intervals
until the concentration of the leachate equalled that of the
initial K solution.
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Table 1ÑSelected chemical, mineralogical, and physical
properties of Delaware soils used.

Particle-size analysis
Hori- ÑÑÑÑÑÑÑÑÑÑÑÑ Ñ  Organic
zon Sand Silt Clay matter CEC

Mineralogy of the
< 2 /an clay

pH fractiont

ÑÑÑÑÑ Ñ  meq/
100 g

Matapeake silt loam

Ap
B21t

Ap
B21t

Ap

B2H

14.5
7.0

81.6
71.9

76.5

70.0
75.0

15.0
19.1

15.0

16.0

15.5
18.0

2.3
1.9

8.9
10.5

6.3 KK.tVCs.QZ,
6.0 KK,,VC2,QZ,

Kennansville loamy sand

3.4
9.0

5.8 5.7 VC,, KK,, QZ3, MI.
3.4 5.5 VC,, KK,, MI,,

QZ.,GI6
Downer sandy loam

8.5 1.3 5.9 5.9 VR^C^MI,,
KK 4, QZ5

6.2 5.6 VR,,VC.,,Ml3,
KKÇ, QZ5

tVC = chloritized vermiculite; KK = kaolinite; QZ = quartz; GI =
gibbsite; VR = vermiculite; MI = mica.
| Subscript 1 = most abundant; 5 = least abundant.

Results and Discussion
The batch technique reached equilibrium sooner

than miscible displacement in both horizons of the
three soils (Table 2, Fig. 1 and 2). With the batch
technique, the time was similar in both horizons of
all three soils despite slightly higher clay contents in
the subsoil horizons.

With the miscible displacement technique, the equi-
librium of K exchange was ~ 35 min later in the B21t
than in the Ap horizon of the three soils. This is
consistent with the higher clay contents of the B21t
horizons which would provide more sites for K ex-
change and lead to more diffusion and intraparticle
transport, particularly where vermiculitic minerals
were present (Sparks et al., 1980a, 1980b).

Tamers and Thomas (1960) speculated that col-
umnar techniques would be slower than other methods
used for equilibrium studies. Ardakani and McLaren

Table 2ÑRelative K adsorption rate coefficients and time
required for equilibrium in K adsorption to be attained

using batch and miscible displacement techniques.

Time required for
equilibrium in K

adsorption to be attained

Horizon

Ap
B21t

Ap
B21t

Ap
B2H

Batcht

7.44
10.01

7.31
7.60

7.95
8.28

Miscible
displacement}  Batch}
t

Matapeake silt loam

7.33 50
7.31 60

Kennansville loamy sand

6.95 50
7.20 60

Downer sandy loam

6.88 70
7.31 80

Miscible
displacement}

90
120

80
130

100
130

t The relative K adsorption rate coefficients were significantly different at
thep < 0.010 level according to the t-test for each soil horizon.

t The two techniques were significantly different at thep s0.001 level ac-
cording to the t-test for each soil horizon.
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Fig. 1ÑLo g /tg/g K adsorbed vs. log time for B21t horizon of three
soils using batch and miscible displacement techniques.

(1977) compared the kinetics of NH4
+ adsorption on

a fine sandy loam soil with and without soil solution
movement in a soil column. In a static system, as
NH4

+ was adsorbed by the soil, the concentration of
NH4

+ in the soil solution decreased exponentially to
< 30% of its original value in < 30 min and remained
nearly constant thereafter.

The K exchange may be slower in the miscible dis-
placement technique because, in batch-type experi-
ments, the soil particles immediately contact the initial
solution concentration.

Although not shown, the kinetics of K adsorption
for both methods conformed to first-order equations
as had previously been found for a Matapeake soil by
Sparks and Jardine (1981). The kinetics of K exchange
in the B21t horizons of the soils for both methods also
conformed well to the parabolic diffusion law (Fig.
2). The results of the Ap horizon were similar. Sparks
et al. (1980b), Feigenbaum et al. (1981), and Sparks
and Jardine (1981) found that the percent-K exchange
is linearly related to (time)1/2. The slopes of the par-
abolic diffusion plots yielded relative rate constants
of 6.88 to 10.01 and were similar for the three soils
(Table 2). The K adsorption rates were significantly
higher for the batch than for the miscible displacement
techniques (p =£ 0.010). The time required for equi-
librium to be reached averaged ~ 60 and 108 min for
the batch and miscible displacement techniques, re-
spectively (Table 2).

The miscible displacement technique more closely
simulates solute movement in soils under field con-
ditions than batch studies. Since flow rate and volume
of leachate collected can easily be adjusted, the mis-
cible displacement technique is also more suitable for
rapid reactions such as with soils and clays high in
kaolinite where the kinetics of exchange with K and
with other cations are quite rapid (Sawhney, 1966;
Malcom and Kennedy, 1969; Sparks et al., 1980a).
The miscible displacement technique can be set up
easily and a sample may be leached for lengthy time
periods without constant attention. Once the adsorp-
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Fig. 2ÑPercent-K adsorption vs. (time)172 for  B21t horizon of three
soils using batch and miscible displacement techniques.

tion process is complete, desorption is easy. Repro-
ducibility of the amounts of K adsorbed and desorbed
in duplicate samples was excellent (Jardine and Sparks,
unpublished data).

With batch techniques, separating the solution from
the solid particles by centrifugation and/or filtration
is time consuming and difficult (Frost and Pearson,
1961; Posselt et al., 1968). The uncertainty in the time
of separation of solid from liquid becomes critical at
short intervals.
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A PERMEAMETE R WHIC H ELIMINATE S
BOUNDARY FLOW ERRORS IN SATURATED

HYDRAULI C CONDUCTIVIT Y MEASUREMENTS1

R. L. HILL AND L. D. KiNG2

Abstract
A permeameter  was designed to eliminate boundary flow errors

that occur  during saturated soil hydrauli c conductivity measurement.
Advantages of the permeameter  are its adaptability for  use with either
disturbed or  undisturbed soil samples, the elimination of possible
problems associated with acrylic swelling, and relatively low cost.
The permeameter  was effective in eliminating boundary flow errors.

Additional Index Words: hydraulic conductivity errors, acrylic
swelling.

Hill , R. L., and L. D. King. 1982. A permeameter which eliminates
boundary flow errors in saturated hydraulic conductivity measure-
ments. Soil Sci. Soc. Am. J. 46:877-880.

FLOW of solution along the soil-permeameter wall
interface is a major source of error in many lab-

oratory hydraulic conductivity measurements. Reeve
and Tamoddoni (7) noted this source of error when
previously swollen soils contracted from the permea-
meter wall when a salt solution of 1,000 meq/L or
higher was applied following a low concentration so-
lution. They confirmed this phenomenon by observing
a dye preferentially flowing along the soil-permeameter
wall interface. McNeal and Reeve (6) in later studies
confirmed that this leakage or boundary flow may
cause serious errors in hydraulic conductivity mea-
surements. In an attempt to circumvent this error,
they designed a permeameter of acrylic resin materials
utilizing two concentric flow regions. Mclntyre et al.
(5) indicated that, in addition to correcting for bound-
ary flow, the permeameter corrects for densification
of soil near the soil-permeameter wall interface. This
densification results from shearing and failure during
vertical swelling of the soil mass against the lateral
confinement of the permeameter.

One problem associated with an acrylic permea-
meter is that acrylic absorbs water and swells, thereby
encouraging a gap to form between the permeameter
wall and the soil sample. This swelling may occur
after 2 to 3 days of continuous flow (5). However, it
was felt that flow through the center section of the
permeameter probably was not significantly affected
by densification or acrylic swelling.

This note describes a permeameter designed to
eliminate boundary flow errors during hydraulic con-
ductivity measurements. The permeameter is similar
in principle to the design presented by McNeal and
Reeve (6), but has been modified to accept either dis-
turbed or undisturbed soil samples.

1 Contribution from the Dep. of Soil Science, North Carolina
State Univ. Paper no. 8006 of the Journal Series of the North
Carolina Agric. Res. Service. Raleigh, NC 27650. Received 28 Sept.
1981. Approved 16 Feb. 1982.

2 Graduate Research Assistant and Assistant Professor, Dep. of
Soil Science, North Carolina State Univ., Raleigh, NC 27650. The
Senior Author's present address is Dep. of Agronomy, Iowa State
Univ. Ames, IA 50011.
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Fig. 1ÑCross-sectional diagram of three-part permeameter  (mea-
surements in centimeters; English units are included in parenthesis
for  stock items).

Materials and Methods
Permeameter Design

Hydraulic conductivity was measured using a three-part
permeameter (Fig. 1). The top and bottom sections are con-
structed from acrylic resin materials. The center section is
an aluminum sleeve 7.64 cm i.d. by 7.64 cm in length. Two
concentric flow regions within the soil sample are delineated
by separation of the permeameter bottom section (Fig. 1
and 2) into an outer and inner flow chamber. The inner flow
chamber consists of a section of tubing beveled at the upper
end which extends 0.5 cm into the base of the soil sample.
Inside the tubing is a movable perforated disk mounted on
a stainless steel spring. The spring tension on the disk gently
supports the soil sample above the inner chamber of the
permeameter bottom section. When the disk is placed upon

0.6 did

6.1

12.2-

Fig. 2ÑOverhead diagram of permeameter  bottom section (all mea-
surements in centimeters).

the spring, the movable disk is flush with the top of the
beveled tube. The spring was made by winding stainless
steel wire, although a usable commercial spring may be
available. Flow of solution through the outer area of the soil
sample is drained through holes in the outer chamber of the
permeameter bottom section.

The carrier for the soil sample is the aluminum sleeve.
The aluminum sleeve is the size and type used with the
Uhland bulk density sampler for obtaining undisturbed soil
samples (2). The contact point between the permeameter
and aluminum sleeve is a gasket of silicone rubber formed
in place and making a water-tight seal.

The permeameter top section (Fig. 1) serves as a solution
reservoir. Solution enters the top section through a tube in
the side. An opening at the top of the permeameter provides
the capability to displace the soil air with another gas prior
to the initiation of leaching and to provide an atmospheric
vent to prevent a vacuum from forming in the reservoir after
leaching has begun.

The permeameter is mounted in a wooden holding rack
and the three sections are secured to the rack with threaded
steel rod and wing nuts (Fig. 3).

Flow through the center chamber of the permeameter
bottom section was accepted as the soil hydraulic conduc-
tivity . Flow entering the outer chamber of the permeameter
was considered to have been influenced by leakage at the
soil-permeameter wall interface and was designated as
boundary flow.

Cost of the acrylic portions of the permeameter and the
stainless steel springs was approximately $10 for materials
and $15 for labor in an agricultural engineering shop (1978
prices).

Permeameter Testing
Soil material from the upper 8 cm of the B horizon of a

Norfolk soil (fine-loamy, siliceous, thermic Typic Paleudult)
was air-dried and screened (< 2 mm). Soil texture was 68%
sand, 9% silt, and 23% clay (pipette method). The clay
fraction was determined by x-ray diffraction (4) to be a
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Fig. 4Ñ Hydraulic  conductivity through the inner  (center  flow) and

outer  (boundary flow) regions of the soil permeameter.

Fig. 3ÑPermeameter  mounted in wooden holding rack.

kaolinite-hydroxyinterlayer vermiculite mixture. Six sam-
ples were prepared by the following method. Two aluminum
sleeves were taped together to form a long sleeve, and one
end was covered with cheesecloth. The sleeves were filled
with soil. The soil was compacted by vibration of the sleeves
on a plate-type vortex mixer (Thermolyne Maxi Mix3) for
1 min. After vibration, the sleeve with the uncovered end
was removed and the soil surface leveled on the remaining
sleeve. A bulk density of 1.54 to 1.56 g/cm3 was achieved.

The permeameter bottom section was inverted and placed
on the leveled soil surface. Before placement, fitted sections
of 20-mesh nylon screen and Whatman no. 54 filter paper3
were placed on the soil sample. The sections were cut to
accommodate penetration of the beveled edge of the inner
chamber into the soil. The bottom section and sleeve were
then inverted, the cheesecloth was removed, and the per-
meameter top was placed on the sleeve. The soil surface
was covered with Whatman no. 54 filter paper to prevent
surface disturbance.4 Soil air was displaced by passing 2 L
of CO2 through the center section of each soil sample prior
to the initiation of leaching (3). A constant hydraulic head
of 3.8 cm was maintained at the soil surface throughout the
experiment. To repress microbial activity, 1 ml of 88%
phenol was added to each liter of leaching solution (1). The
soil samples were leached with 0.001./V CaCl2 and the rate
of flow through the inner and outer regions of the permea-
meter was monitored.

3 The use of trade names in this publication does not imply en-
dorsement by the North Carolina Agric. Res. Serv. of the products
named nor criticism of similar ones not mentioned.

4 In later long-term studies it was found that filter paper on the
surface encouraged fungal growth and reduced flow. In subsequent
studies a layer of coarse sand and was used instead of filter paper.

Results and Discussion

Figure 4 shows the saturated hydraulic conductivity
(K) for center and boundary flow regions averaged for
all the soil samples. Boundary flow consistently ex-
ceeded center flow by 54 to 23% during the first 154
h of leaching. Average standard deviation of the means
of K for the center and boundary regions was 0.338
and 0.423, respectively. Diminishing differences in K
between the two regions is attributed to slight swelling
of the soil mass, movement of dislodged soil particles
into the higher velocity region of the boundary flow,
or to both. McNeal and Reeve (6) reported K values
three to six times greater for boundary than center
flow for a swelling soil.

Differences in K for the boundary and center flow
regions were not as great as reported by McNeal and
Reeve (6), but the soil used in the current study was
relatively nonexpansive. Boundary flow was greater
in later studies when undisturbed soil samples were
used (visual observation), but this is expected due to
less contact between the soil carrier and soil and a
slicken-side effect which may result when the sample
is taken.

The permeameters appear to effectively eliminate
boundary flow from the hydraulic conductivity mea-
surement. While employing the same principle in flow
separation as presented by McNeal and Reeve (6) but
through the use of a removable aluminum sleeve, the
permeameters offer advantages in adaptability to dis-
turbed and undisturbed soil samples and in elimination
of problems associated with acrylic swelling.
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USE OF CIRCULA R POLARIZATIO N ON SOIL
THI N SECTIONS TO DISTINGUISH VOIDS

FROM MINERA L GRAINS1

G. A. RUARK, P. L. M. VENEMAN, D. L. MADER, AND
P. F. WALDRON 2

ABSTRACT
Application of crossed-polarized (XP) light to thin sections of soil

often results in images where the assessment of patterns of void
distributio n is complicated by the extinction of anisotropic mineral
grains which have their  optical axes exactly parallel to the plane of
polarized light. A low cost system utilizin g circularl y polarized (CP)
light rectifies this problem and is described in detail. Thirty-thre e
thin sections were photographed under  both XP and CP light. The
resulting 35-mm color  slides were examined with a Quantimet 720
Image Analyzer. A paired Mest showed a highly significant reduction
in void space estimates using CP light indicating a correction for
mineral grain extinction. The photographs resulting from this method
give consistent and accurate representation of parameters of voids
regardless of sample orientation.

Additional Index Words: cross polarization, extinction, anisotropic
minerals, image analyzer, elliptical polarization.

Ruark, G. A., P. L. M. Veneman, D. L. Mader, and P. F. Waldron.
1982. Use of circular polarization on soil thin sections to distinguish
voids from mineral grains. Soil Sci. Soc. Am. J. 46:880-882.

PAST attempts to characterize the orientation, dis-
tribution, and amount of void space in soils

through microscopic examination of thin sections have
had to contend with the problem of extinction of an-
isotropic mineral grains when viewed between crossed
polarizers. Various techniques have been developed
in attempts to overcome this limitation. Ismail (1975)
describes a photographic overlay technique which ren-
ders a realistic product, but the method increases the
chance for procedural error during the overlay pro-
cess. High contrast developing has been used by
Murphy et al. (1977), while Fitzpatrick (1970) intro-
duced high viscosity fluorescent dyes into the embed-
ding agent. Pape (1974) described a technique which
employed quarter-wave (\/4) mica plates in a polar-
izing microscope to convert linearly polarized light to

circularly or elliptically polarized forms. The above
techniques all have limitations in terms of time, ex-
pense, accuracy, or applicability.

Linearly polarized light can be converted into cir-
cularly or elliptically polarized forms by means of a
suitable retarder which divides a linearly polarized
beam of light into two orthogonally polarized com-
ponents. The phase of one component is retarded rel-
ative to the other, producing a fast and a slow axis
in a single light beam. Most retarders are specific for
a certain wavelength and are then termed chromatic
(Shurcliff, 1962).

The use of two X/4 plates in conjunction with
crossed polarizers to circularly polarize (CP) trans-
mitted light through thin sections of soil enables re-
searchers to rectify the extinction of anisotropic min-
eral grains which occurs under polarized (XP) light
conditions. This eliminates confusion as to whether
a black area on a slide constitutes a void or an extinct
mineral grain with an optical axis parallel to the plane
of polarized light. A 35-mm camera provides a means
of recording the effects of transmitting CP light through
the entire area of the thin section. Estimation of void
parameters can be performed directly on the 35-mm
slide, either manually or with the aid of an automated
image analyzing system.

Material s and Construction
A circular polarization system was constructed using

wood, PVC pipe (10 cm in diameter), a green filter, a plastic
polarizing sheet, two X/4 plates, and a single lens reflex
camera equipped with a polarizing filter. The polarizer and
the retarders had diameters exceeding 10 cm. To assure
stable orientation of the CP system a wooden base was
constructed (see Fig. 1) and notched with a table saw to
accommodate the filters. A section of PVC pipe (the length
is not critical) was fitted snugly with neoprene rubber be-
tween the X/4 retarders to eliminate ambient light. Approx-
imately in the middle of the plastic pipe an opening was
sawed to facilitate placement and removal of the thin sec-
tions. A remnant of the PVC pipe was cut to dimensions
slightly larger than this sample opening and was used as a
chamber cover.

An adjustable thin section holder was fashioned by drilling

1 Paper no. 2062 Massachusetts Exp. Stn., Univ. of Massachu-
setts, Amherst, MA 01003. Research supported by Hatch Project
456, Mclntire-Stennis 24, and Forest Service 528643. Received 13
Oct. 1981. Approved 2 Apr. 1982.

2 Graduate student, Assistant Professor of Soil Science, Professor
of Forest Soils, and Graduate Student, respectively.

Fig. 1ÑCircula r  polarization apparatus. A = mercury vapor  lamp;
B = green filter ; C Ñ  polarizer; D = F = X/4 retarder  plate;
E = thin section slide; G Ñ  analyzer; H = camera. Solid lines
on the ellipse delineate the optic axis for  each component.
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two small holes opposite each other in the sides of the PVC
chamber midway at the sample opening (Fig. 1). Two 3-cm-
long sections of thick-walled rubber tubing were slit length-
wise along one side, and each piece was pierced by a small
section of coat hanger wire, which was bent at a 90-degree
angle and glued to the tubing. This resulted in two T-shaped
sample holder halves: the rubber tubing being the cross-bar
with the slit sides facing up. Each wire was then pushed
through one of the predrilled holes with the rubber tubing
positioned on the inside of the PVC chamber. A glass thin
section slide can be wedged into the slits permitting hori-
zontal and vertical alignment of the sample.

A mercury vapor lamp producing relatively monochro-
matic green light centered at a wavelength of 546 nm (Azzam
and Bashara, 1977) was chosen for our experimental setup.
The selected light source should be large enough to provide
uniform light distribution over the entire thin section to be
photographed. A green filter was placed in front of the lamp
to further narrow the range of emitted light to the desired
wavelength of 546 nm. Two 10-cm diam plastic retarders
with linear retardation of 140 ± 20 nm were selected to
produce the desired fractional wave retardation for the cor-
responding light source.

If an unfiltered chromatic light source is employed the
polarized light wil l diverge from the circular form to an
elliptical pattern. This situation may still permit adequate
separation of voids for scanning purposes provided the de-
gree of ellipticity is not too pronounced.

When constructing a system for CP the main concern is
to achieve correct alignment of the optical components. To
do so, it is first necessary to determine the axis of each
optical element. A plastic polarizing sheet will typically have
the axis marked on it. Crossed polarization is obtained by
rotating the analyzer on the camera until maximum extinc-
tion of the transmitted light is achieved. To discern the axis
of an unmarked A/4 plate, place it between crossed polarizers
and turn it until the minimum amount of light is transmitted.
The two quarter-wave plates are then rotated 45¡ off their
axes in opposite directions; this is easiest if the retarders
are mounted in freely turning holders. It is critical that the
\/4 plates end up with their axes precisely 90¡ to each other.

Table 1ÑVoi d distributio n characteristics generated from images
of thin sections of soil under  either  CP or  XP light. D is the sum

of differences in void area between XP and CP images
expressed as a percentage of total area quantified,

calculated from 33 paired observations.
30-64 fim 64-320 /i 320-1,214 jun > 1,214 ^m

LD
ZD*
t

7.23
3.12
5.75**

23.28
26.05
7.39**

7.11
7.61
2.84**

0.83
5.17
0.36

**  Significant at the 1 % level.

The properly aligned \/4 plates are inserted between the
crossed polarizers on either side of the soil specimen. The
voids in the thin section of soil wil l appear completely black
when viewed through the camera while the mineral grains
emerge colored when all filters are correctly aligned.

Results and Discussion

Application of the CP technique eliminates virtually
all extinction phenomena of anisotropic materials.
Only mineral grains with the c-axis exactly perpen-
dicular to the slide surface or isotropic crystals remain
black along with the soil voids. If CP successfully
separates the voids from mineral grains a slight re-
duction in void area should occur when a thin section
is photographed under CP conditions and compared
to regular XP results. Figure 2 shows a typical image
of the same thin section under either CP light or nor-
mal XP light.

Thirty-three thin sections were photographed under
both CP and XP conditions. The sixty-six resulting
35-mm slides were analyzed using the epidiascope of
a Quantimet 720 Image Analyzer with a particle sizing
module. Voids were detected at 10 x magnification
by sized area averaged for 16 scans. A paired /-test
was conducted on all 33 combinations to determine

CIRCULA R CROSSED
Fig. 2ÑPhotographic image of a thin section with circular  polarization and regular  crossed polarization. Note the difference between the two

polarization methods in the areas designated by an asterisk.
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the significance of void area reduction attributed to
the CP light (Table 1). Reductions in void area for all
pore-size classes between 30 and 1,214 pm were highly
significant at the 1% level. The maximum reductions
associated with these size classes were 0.9% for pores
between 30 and 64 pirn, 2.4% for those between 64
and 320 Aim, 1.4% for pores between 320 and 1,214
Aim, and 1.4% for those > 1,214 /urn. Circularly po-
larized results were not signfiicantly different from XP
measurements for voids > 1,214 Aim.

The data support a consistent trend of reduction in
void area estimates using CP light. This reduction in
detection of voids is most pronounced in the 64 to
320-Aim pore-size category. The results support the
conclusion that CP light is a viable means of elimi-
nating extinction of anisotropic mineral grains when
examining thin sections of soil for various void
parameters.

CONSTRUCTION OF SOIL THERMOCOUPLE S
FOR THE NOVICE 1

M . N. CULIK , J. W. DORAN, AND K. A. RlCHARDS2

Abstract
Soil temperatures affect the physical, chemical, and biological prop-

erties of most soils. Consequently, measurement of soil temperatures
is important to understanding the effects of management practices
that alter  soil temperatures on the soil ecosystem. Thermocouples are
often used for  measurement of soil temperature where large amounts
of data are collected and the use of other  temperature-sensing devices
is either  too expensive or  impractical. However, information on the
construction and design of soil thermocouples is often difficul t to
assemble. Procedures and recommendations are given in this note
which wil l aid the novice in assembling materials, constructing, and
connecting thermocouples for  measurement of soil temperatures.

Additional Index Words: soil temperatures, thermocouples.

Culik, M. N., J. W. Doran, and K. A. Richards. 1982. Construction
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46:882-884.

TEMPERATURE has a direct influence on biological
activities in the soil and is an important parameter

in environmental investigations. The germination of
plant seeds, rate of root and shoot growth, adsorption
and transport of water and nutrients, and response to
stress are temperature-dependent. Soil temperature
also influences the cycling and availability of nutrients
through its effect on microbial activity. Thus, as bi-
ologists study the quantitative changes imposed on
soil by different agricultural management practices,
the measurement of soil temperature becomes
important.

Thermocouples are often chosen to measure soil or
air temperatures because of their durability, relatively
low cost, and ease of construction. However, the nov-
ice soon learns that important procedural information
in construction of thermocouples, which may be ob-
vious to the experienced, is often taken for granted.
Complete documentation on methodology for con-
struction of thermocouples for measurement of soil
temperatures is difficul t to assemble. The purpose of
this paper is to provide details of materials, methods,
and supply sources for the simplified and proper con-
struction of soil thermocouples. Several references are
also given which provide the reader with detail about
the theory and use of thermocouples for temperature
measurement (1, 2, 3, 4, 5, 6, 7).

Understanding the basic theory of thermocouple
operation is important for proper design and operation
in monitoring soil temperatures. A thermocouple is
a thermoelectric device consisting of a junction of two
dissimilar metals. An electromotive force (EMF),
usually measured in millivolts, is produced in a circuit
when two thermocouples (one measuring and one ref-
erence) are at different temperatures. When the ref-
erence junction (thermocouple) is maintained at a con-
stant temperature, the EMF produced by the circuit
is a function of the temperature of the measuring junc-
tion. If there is no difference in temperature between
the two junctions, the net EMF is zero. For conven-
ience, the temperature of the reference junction in
most temperature data loggers is maintained electron-
ically at 0¡C.

Since thermocouples can be wired in parallel, the
number of data logger channels committed to mea-
surements and cost of wire can be significantly re-
duced. This also enables the researcher to better cope
with inherent variability of temperatures near the soil
surface. For our specific purposes we chose to wire
three thermocouples in parallel, thereby obtaining an
average output reading from three individual inputs.
The number of thermocouples to wire in parallel de-
pends on the unique needs of the research venture
and the specific variability of the site being monitored.
For accurate "electronic" averaging the resistance of
thermocouples wired in parallel must be the same.

' Contribution from the Agricultural Research Service, USDA,
in cooperation with the Nebraska Agric. Exp. Stn., Lincoln. Pub-
lished as Paper no. 6702, Journal Series, Nebraska Agric. Exp. Stn.
Received 15 Oct. 1981. Approved 2 Mar. 1982.

2 Formerly Research Assistant, presently Senior Researcher,
Rodale Press, Inc., P.O. Box 323, RD 1, Kutztown, PA 19530.;
Soil Scientist, ARS-USDA, Univ. of Nebraska, Lincoln, NE 68583;
and Research Technician, Univ. of Nebraska, Lincoln, NE 68583,
respectively.
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This can be accomplished by cutting input thermo-
couple leads to the same length.

Material s and Methods
Copper-constantan thermocouple extension wire (ANSI

type TX, EXPP-T-20, Omega Engineering, Inc.,3 Stamford,
Conn.), 20-gauge wire with polypropylene insulation, was
used for measuring soil temperatures. It is resistant to
weathering and corrosion in wet soils, responsive at tem-
perature ranges encountered in the field (including subzero
temperatures), and relatively inexpensive, rugged, and flex-
ible. The thermocouple wire for each experimental study
(or replicate) should come from the same roll, as the cali-
bration curves between rolls wil l vary.

Thermocouples were made as follows: Thermocouple wire
was cut to a predetermined length, and 2.5 cm of insulation
was carefully stripped from one end. The copper-constantan
wires to be twisted into a thermocouple junction were held
tightly at the point where the insulation ended with a 5-cm
C-clamp. The ends of the two bare wires were clamped in
the jaws of a tap holder which was rotated while tension
was maintained on the wires in a direction away from the
C-clamp (Fig. 1). In this manner, the thermocouple wires
were twisted uniformly, with maximum contact between the
wires.

The thermocouple junction was soldered using a standard
electronic rosin-core solder (40% lead, 60% tin). Rosin-sol-
der flux is recommended because the use of acid flux can
result in corrosion of the copper-constantan junction. The
soldered thermocouple junction was cut to a length of 1 cm.
A 2.5-cm piece of heat-shrink tubing with a meltable interior
(0.476 cm in diameter Polyolefin tubing, Allied-Electronics
708-4115) was slipped over the wire so that the tubing pro-
truded 0.5 cm beyond the end of the thermocouple junction.
This was heated with a flame or hot air gun until the tubing
shrank and the interior melted. The end of the tubing was
crimped with pliers and held closed until the molten plastic
congealed.

Several thermocouples can be connected in parallel to a
3 Mention of a trademark, proprietary product, or vendor does

not constitute a guarantee or warranty of the product by the USDA
and does not imply its approval to the exclusion of other products
or vendors that may be suitable.

common lead wire to average several input readings into
one output value. For our research we chose to wire three
thermocouples in parallel and will use that number as an
example. The common wires (three copper and three con-
stantan) were twisted together to form individual connec-
tions of copper or constantan (Fig. 2). The extension lead
wire (copper-constantan pair) was cut to a length suitable
for the particular field application. The insulated portions
at the end of this lead wire were separated for 9 cm. The
insulation at the ends of the separated lead wire pair was
stripped to expose 2.5 cm of each respective metal. Pieces
of heat-shrink tubing (0.476 cm in diameter), cut to 5-cm
lengths, were slipped over the lead wire ends and moved
back while the lead wires were twisted together with the
respective three-wire copper and constantan connections
which were previously prepared (Fig. 2). Each four-wire
connection was then soldered as previously described for
thermocouple junctions. The heat-shrink tubing was then
slipped over the connection and shrunk by heatingÑthis
completely sealed the connection and protected it from
moisture.

Multipair extension cable (ANSI type TX, 4TZ20PP, Om-
ega Engineering Inc.,3 Stamford, Conn.) was used to con-
nect the thermocouple output wires to our field data logger
(CR5 digital recorder, Campbell Scientific, Logan, Utah3).
The multipair extension cable is available in combinations
of from four to 24 pair. Lengths of multipair extension cable
between the field plots and the data logger were buried in
a plastic sewer pipe at a 50-cm depth in soil. The sewer pipe
(polyvinyl chloride, 10.16 cm o.d.) protected the cable from
weather, rodents, and field operations. At points where this
cable entered or exited the soil, 90-degree-elbow joints and
80-cm-pipe sections were used to extend the protective pipe
to a height of 30 cm above the soil surface. Output wires,
from the parallel-wired thermocouples in the field, were
connected to the multipair extension cables using barrier
terminal blocks (phenolic terminal blocks, 16-140, TRW
INC., Elk Grove, 111.3) which were placed inside the sewer
pipe risers in each respective plot area. Each riser was then
closed with a removable poly vinyl chloride pipe cap. This
design affords easy access to the terminal blocks for removal
or repair of thermocouples. Also, when thermocouples must
be removed from the soil for field operations, they can be
disconnected at the risers and the thermocouple wires can
be temporarily wound around the riser pipes.

The multipair extension cable outputs were connected to
the data logger by use of cinch connectors (series "D"
subminiature connectors DE-9P,9S TRW INC., Elk Grove,
111.3). A uniform temperature must be maintained across the
junction of the cinch connectors to avoid the possibility of

THERMOCOUPLE

Fig. 1ÑMetho d of securing thermocouple wire for  twisting ther-
mocouple. Finished products are shown at right .

.THERMOCOUPLE

> THERMOCOUPL E

Fig. 2ÑThre e thermocouples wired in a parallel circuit .
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erroneous temperature readings (personal communication,
Walt Katzenberger, Amoco Research Corporation). We ac-
complished this by placing our field data logger and cinch
connections inside a well-insulated box. The principal con-
cern is protecting the connections from either direct sunlight
or wind. The box should have sufficient ventilation to avoid
overheating of the data logging system.

Discussion

We have used the system of thermocouples de-
scribed to measure soil and air temperatures in the
field. It has proven to be accurate, durable, and rel-
atively inexpensive. Thermocouple temperature read-
ings were very close to ice-point or mercury ther-
mometer references and over a range of 0 to 36¡C
thermocouple readings varied from these references
by 0 to 0.2¡C. The precision of temperature readings
over the same range was ± 0.06¡C. The use of ex-
tension-grade thermocouple wire, heat-shrink tubing,
and plastic sewer pipe to protect thermocouples and
wires prevented corrosion and damage in the field.
Our system has been relatively maintenance-free after
over 2 years of continuous use in the field. The use
of cinch connectors has facilitated removal of the data

logger for maintenance or use at other field research
sites.
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