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41 Water Content

WALTER H, GARDNER

Washington State University
Pullman, Washington

21-1 GENERAL INFORMATION

Direct or indirect measures of soil water content are needed in practically
every type of soil study. In the field, knowledge of the water available
for plant growth requires a direcl measure of water content or a measure
of some index of water content. In the laboratory, determining and re-
porting many physical and chemical properties of soil necessitates knowl-
edge of water content, In soils work, water content traditionally has been
expressed as the ralio of the mass of water present in a samyle to the
mass of the sample afler it has beeen dried to constant weight, or as the
volume of water present in a unit volume of the sample. In either case
the amount of water in the sample is needed. To determine this the water
must be removed and measured, or the mass of the sample must be
determined before and after removal of waler. And criteria must exist
for deciding at what point the sample is “dry." For a great many surposes
where high precision and reproducibility are not required, a precise def
tnition of the term "dry” is not required. Where high precision does
become important it should be recognized that “dry” is a subjeclive term
and must be defined. Where high precision is implied in water content
figures, such figures must be accompanied by the definition and a de-
scription of the procedure used o determine the water content, Tradi-
tionally, the most frequently used definition for a dry soil is the mass of
a soil sample afer it has come (o constanl weight in an oven at a tem-
perature between 100 and ! 10°C. The choice of this particuilar ¢emper-
ature range appears not to have been based upon scientific consideration
of the drying characteristics of soil; and in practice, samples are not always
dried to constant weight.

Waler content as usually used in soils work is either a dimensionless
ratio of two masses or two volumes or is given as a mass per unit volume.
When either of the dimensionless ratios is multiplied by 100, such values
become percentages, and the basis (mass or volume) should be stated.
Where no indication is given, the figure generally may be assumed to be
on a mass basis because the determination usually involves getting mass-
basis figures first and then converting them to volume-basis figures.

Copyright 1986 @ American Society of Agronomy-Soil Science Society of Amcrica, 677
South Segoe Road, Madison, WI 53711, USA, Methods of Soil AAnalysis, Part 1. Physical
and Mineralogical Methods—Agronomy Monograph no. 9 (2nd Edition)
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Occasionally the ratio of mass of water to that of the wet soil is used.
Conversions from one basis to the other easily are made by use of the

formulas,
0II‘I\' = Bdm/(l + odu')) Bdw = ol-M\/(l - wa) [l]

where 0 is the water content, and the subscripts dw and ww refer to dry-
weight and wet-weight basis.

If water content is desired on a volume basis, the volume from which
the sample was taken must be known. A sampling device which takes a
known volume of soil (Richards & Stumpf, 1960) may be used; or the
bulk density of the soil (mass of soil per unit volume), as obtained from
independent measurements in the same area, may be used. Where a bulk
density is known or assumed, volume-basis water contents may be ob-
tained from the mass-basis figures by use of the formula

Gl\b = (pl\/ Pw)od\l' IZ]

where p, is the bulk density of the soil, p,. is the density of water (this

usually may be taken as unity in g/cm’ or Mg/m? units, but must be
present for dimensional consistency), and the subscripts vb and dw refer
to volume basis and dry-weight basis. The accuracy of the inferred vpl-
ume-basis water content depends upon the accuracy of the bulk density
figure used as well as upon the accuracy of the dry-weight water-c:?ntent
figure, Both depend upon the accuracy of the figure i:or the “dry” mass
of the soil. In some types of work water content also Is expresged as the
ratio of the volumetric water content to that which would exist at sat-
uration, or the safuration ratio. On this basis the water content of a
saturated soil is unity. Further information on measurement of bulk den-
sity may be found in chapter 13. . '
Computations of water content on a volume' I?asxs require a c(?rrecl
measure of bulk density. Considering the variability of soil, even in an
area as small as 1 m?, some error nearly always is involved. However,
for many purposes where volume-basis water contents are neqded, the
error probably is no more important than the error imvolved in repre-
senting the water content at a parlicular (_iepth in the 'ﬁek.l by a s_mgle
number. Taylor (1955), working with Millvitle foam (w!uch isa re]ghvely
uniform soil insofar as observable physical and chemical properties are
concerned), reported coefficients of variation of 17 and 20‘}6 for gravi-
metric measurements of the water content of samples of sml.f‘rom ﬁ.eld
plots under irrigation by furrow and sprinkler meth_ods. respectively. Sim-
ilar variation has been observed on apparently umfor_m areas of Paloqse
silt loam in the dryland aveas of southeastern Washington. .For precise
work, statistically sound methods must be used for san!plmg and for
reporting such measurements (se'e chapu_ars !, 2 and Z}; Cline, 1944). '
When water is applied to soil by irrigation or rainfall, the quantity

' PR N DU f RN manissnts]ndnd non
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layer. To obtain the volume of water applied to a given area would require
mulliplication of the depth by the area, measured in the same Iength
units, In like manner the quantity of water in a soil profile may be reported
as the depth of the water present if it were to be accumulated in a layer.
In this case, however, the number is not quantitatively meaningful with-
out an association being made with some particular profile depth defined
by a number or by a description of the part of the profile under consid-
eration, such as the rooting zone, plow depth, or depth to bedrock. In
the case of uniform rainfall the concept of “depth of water” matches the
usual way of visualizing the amount of water involved, as well as the
way in which it is measured in an ordinary catchment device, However,
when the amount of water in the soil is to be measured or computed the
number used is volume of water in wnit volume of soil (measured on a
volume basis or inferred using Eq. [2]) multiplied by the incremental
volume used (unit area X length of depth increment) and summed for
the entire profilc under consideration. To reduce this to the same basis
as for rainfall, the area (unit, in this case) is divided out:

(vol/vol)(unit area X_length)/(unit area) = length. 3]

Specification of a “depth™ of accumulated water in such fashion, unless
the context makes its meaning unequivocal, should be accompanied by
a modifier such as “in the rooting zone.” The length or “depth" may be
specified in millimeters, centimeters or meters, If specified asa depth per
some depth increment, as has been common in the past, \his dimen-
sionless number would be multiplied by the number of increments of
concern to give the total depth of water in a defined soil depth, providing
that the water content over the total depth is uniform and that units are
properly taken into account,

Common expressions for water in soil in the USA have bren “inches
per foot,” *“‘acre-inches,” “acre-feet,” and "acre-feet per acre." The term
“acre-feet” (and similacly, *“‘acre-inch™) often has been improperly used
to mean “acre-feet per acre” or “feet” of water rather than a volume of
waler, which it really represents. Similar problems have existed with other
units, such as the hectare and metric units of length. Eq. [3] may be seen
1o be independent of units except for the length of the depthincrement.
This can be in any convenient system of units, To obtain the volume of
water contained in soil on a given size of farm uni!, as may be needed
in farm water accounting, the depth or length compuled by Ee. [3] would
be multiplied by the area of the field in question, measured in sppropriate
units. -

21-2 DIRECT METHODS
21-2.1 Genera) Principles

Determination of water content of soils may be accomplished by
dirart and indirart mathade Nirent mathads mae ka wemaadid ooat .o



F-704

P.005

T-453

+5056653866

From-EES-10

14:21

09-28-03

496 GARDNER

methods wherein water is removed from a sample by evaporation, leach-
ing, or chemical reaction, with the amount removed being determined.
Determination of the amount removed may be by one or more of the
following methods: (i) measurement of loss of weight of the sample, (1)
collection by distillation or absorption in a desiccant and measurement
of the amount of water removed, (iii) extraction of the water with sub-
stances which will replace it in the sample and measurement of some
physical or chemical property of the extracting material that is quanti-
tatively affected by water content, or (iv) quantitalive measurcment of
reaction products displaced from a sample. In each of these methods the
water and soil are somehow separated, and the amount of water removed
is measured or inferred.

The key problem in water content determination in porous materials
has to do with the definition of the dry state. Soil is made up of colloidal
and noncolloidal mineral particles, organic materials, volatile liquids,
water, and chemical substances dissolved in water. Of the mineral fraction
of the soil, the noncolloidal particles probably are the easiest with which
to deal. At ordinary room temperatures and room humidities, such ma-
terials will have a small quantity of adsorbed water that is removed easily
from their surfaces by heating. Only at elevated temperatures does water
of crystallization associated with these minerals come off. The status of
water in the colloidal particles of the mineral fraction is more compli-
cated. Water present in the colloidal fraction may be considered in two
categories. Structural water, is water derived from components of the
mineral lattice itself, whercas adsorbed water is water that is attached (o

the mineral lattice but is not a structural component of the lattice. It .

often is difficult to distinguish between the two categories. Some adsorbed

water may be located with respect to the lattice in such a way that the

difficulty of removal is comparable to that for structural water. (Difficulty
here refers generally to the temperature required for removal and possibly
to the fineness of the particles.) The exact situation depends upon the
nature of the particular mineral,

Some representative thermal dehydration curves (afler Nutting, 1943)
are presented in Fig. 21-1, (It should be recognized that the character of
the thermal dehydration curve depends upon the purity of the sample,
so that it is unlikely that curves for the same type of minerals constructed
by various workers would be identical.) The curves in Fig. 21-1 show
the weight loss of samples that were initially al room lemperature and
in equilibrium with room humidity of approximately 60%, as the samples
were heated 1o constant weight at various temperatures. The weight at a
temperature of 800°C or slightly higher is taken to be unity. It is not
clear from the curves what part of the water is adsorbed water and what
part is structural water. But it should be obvious from these curves that
for colloidal minerals it is important to specify the exact temperature of
dry? precision is required. Considering that the temperature control
of ¢. dary laboratory ovens is not very good, precision water content.
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Fig. 2\-1. Wel mass of a unit dry mass o a clay mincral as a function ol drying lemperature,
The sample is presumed to be dry at a temperature of 800°C or greater. Water content
percentages on a mass basis for this drying tempersture may be obtained by subtracting
1 from the ordinate figure and multiplying by (0. (The numbers to the right of the
decimal thus may be rcgarded as percentages.) (Nutting, 1943)

measurements should not be expected except where extraordinary atten-
tion is given to temperature measurement and control,

Although it is not possible to generalize on the precision of oven
temperature control, it can be noted that unless the temperalare control
of an oven has been checked, it is not safe to assume that control tn the
specified 100 to 110°C range is achieved in ordinary laboratory ovens.
Several ovens in Washington State University soils laboratories showed
variations as large as +15°C over a period of a few weeks (without a
sample load) and temperature differences within the ovens of as much
as 40°C. This was true of forced-drafl ovens as well as convection ovens,
Temperature variation with elevation in the oven was found to be as
great at 40 to 100°C for several convection-type ovens at the Massachu-
setts Institute of Technology (Lambe, 1949). Since radiation heating could
be a faclor in some ovens, precision work requires that temperature mea-
surements be made within the soil sample rather than in the oven at-
mosphere, as is done with conventional oven thermometers.

Insofar as most of the colloidal minerals are concerned, lhe temper-
ature sensitivity of water content measurements would be reduced ma-
terially by selection of a temperature range where water '~ss changes with
increasing temperature are smaller than they are [r 200 to 110°C.
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Judging from the curves of Fig. 211, the range between (65 and 175°C
would be better than the traditional range of 100 to 110°C, However,
excessive oxidation and decomposition of soil organic matter in this high
temperature range would prevent its general adoption, although in special
cases it might be appropriate.

The problem of defining “dry conditions™ in the organic fraction of
the soil is even more difficult than defining such conditions for the col-
loidal mineral fraction. The organic fraction of soils consists of unde-
composed plant fragments, such as roots, and resistant decomposition
products such as polysaccharides or polyuronides as well as intermediate
products. Volatile liquids other than water also may be present. If sub-
jected to too high temperatures, organic materials are oxidized or de-
composed and lost from the sample, The temperature at which excessive
oxidation occurs would be difficult to specify, but 50 °C seems to be a
common temperature used to dry organic materials and is thought by
many investigators to be sufficiently low to avoid loss of organic matier
by oxidation.

Little is said in the soils literature about weight changes due to ox-
idation and decomposition of the organic fraction in soil samples
undergoing drying. However, many investigators readily admit that they
ofien have observed weight changes in soils being dried over periods of
many days to many weeks. In our own laboratory we have observed
weight changes in samples during drying over periods as long as 15 days.
A silt loam soil, containing about 3% organic matter and with illite pre-
dominating in the clay fraction, lost weight which corresponded to 0.3%
water content from the 2nd to the 10th day in a forced-draft oven at 100
to 110°C. Whether this represents water loss or oxidation and decom-
position is difficult to tell.

Extensive studies have been made on the drying of food products by
food technologists interested in dehydration. Here efforts scem to be more
in the direction of finding a drying technique that will yield reproducible
results rather than in finding a method wherein the dry status is une-
quivocal. A reference method used by food technologists (Makower, 1950)
involves drying ground vegetable material at room temperature in a vac-
uum over a desiccant that permits practically no water vapor pressure
(magnesivm perchlorate). Drying time is long (6 to 9 months). The as-
sumption is made that with no air present decomposition and oxidation
are negligible. Even as a reference standard, this method is painfully slow
and other methods have been sought.

One modification that has reduced the drying time from months to
days (Makower and Nielsen, 1948) involves lyophilization or [reeze-drying,
The fresh weight of the organic matter is obtained first and then water
is added to the sample to cause it to swell. In the swollen state, the sample
then is frozen, and most of the water is removed by sublimation. In this
state the mechanical structure of the sample essentially is fixed, and evap-
oration can proceed much more rapidly than under conditions where the
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porosity of the sample is reduced drastically through shrinking. Afler
most of the water has been removed, drying can be continued at higher
temperatures. A redrying procedure involving drying at temperatures be-
tween 50 and 70°C also has been developed by Makower et al. (1946) as
a reference standard, They reported that considerable decoraposition of
vegetables 1akes place at temperatures above 70°C.

Since many soils contain only small amounts of organic material,
much of which is fairly stable, inaccuracies introduced by uncertainties
in drying of organic materials often may be negligible. However, since
drying temperatures normally used for soils are well above those con-
sidered safe for organic materials, decomposition and oxidation should
be expected and considered in the development of drying techniques and
taken into account in reporting data. Where precise water content values
are required, precautions must be taken to assure that minimum losses
due to oxidation or decomposition occur and that all samples to be com-
pared are dried lo constant weight or to some arbitrary state of dryness
which, by careful timing, can be reproduced. The measured water content
of a soil which contains more than negligible quantities of organic ma-
terial must be regarded as an arbitrary value, depending upon a state of
dryness defined by the method used rather than upon a dry state which
could be regarded as unequivocal.

In many salt-affected soils, considerable material exists in the soil
solution. [f water is leached out of the sample by some liquid such as
alcohol, most of the dissolved materials would be removed along with
the water. On the other hand, if the soil is dried in an oven oaly the
volatile materials are lost. Depending upon the quantities of dissolved
substances present, the method of water removal could make considerable
difference. It is possible to have water content differences as great as
several tenths of a percent, depending upon whether water was removed
by leaching or by evaporation. It is a moot question whether or not the
dissolved substances should be considered to be part of the “dry” soil.
Most procedures in common use involve oven-drying of calibration against
oven-drying data, so that dissolved salls are counted as part of the “dry”
soil,

It appears from the literature that oven-drying methods often may
have been accepted too readily as reference standards for water content
measurement. The situation is complicated by lack of detail in the lit-
erature concerning oven-drying procedures used for the water content
measurements that are reporied. Drying time rarely is mentioned, and
the specification of oven temperature appears to be perfunctory if men-
tioned at all. There usually s no evidence to suggest that an investigator
has questioned oven-drying procedures. By implication, scaiter in many
kinds of data based upon or related to water content measurements fails
to be associated with the water content measurement. In some cases,
other methods for obtaining water content are compared to oven-drying
methods, and any lack of reproducibility observed is ascribed automat-
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ically to lpe otl.xer method rather than to the oven-drying procedﬁre
Accuracy 1tsc_alf is measured against oven-drying methods., As a conse:
quence of this misplaced trust in oven-drying procedures, there may be
good reason 1o re-evaluate some of the other methods for water conteat
determination and possibly a few other types of analytical procedures
when water content determinations are critical.

Gravimetric water content measurements usually involve three in-
dependent measurements, the wet (x) and dry () weights of the sample
and the tare weight (¢). These may be combined in this way

(x—0p—n]—-1=2¢6 [4]

to provide Iwat.er content 8, With each weighing, there is associated an
error g, which is the balance error. The balance error is made up of two
parts, a randgm error having to do with the reproducibility of a particular
balagce reading, and a bias which is the difference between an average
rea_dmg and the true value, The bias is likely to be different at different
w;:g!u values, but since a balance may be calibrated such bias may be
elu.mmaled to any desired degree of accuracy. A constant bias, such as
might respll from an improper adjustment of Lthe zero on an automatic
balance, introduces no error in the water content ratio provided it is the
same for each weighing and the tare weight is not balanced out. This may
be seen wh‘en such an error e is applied uniformly to each measurement
appearing in Eq, [4]

(x+e—(+tealily+tea—(+e)—L1=49. (51
The error term may be seen to cancel out,

.The efli'ect of ran.dom error may be evalvated by determining the
variance o of the ratio, (x — nN/(y — 1), in Eq. [4]. The variance of this
ratio with reasonable assumptions may be approximated by

T2y <y = [Ny — ek, + [(x = 0y — 0lo3-). [6]

The variances of the numerator and denominator are given as

ot =0t + of (7
ot =i+ ot [8]
Substituting Eq. [7] and [8] into [6] gives

2
x—1
oﬁ:—l/y-l:z}—}’—)i of+a,2+gy—_'—))—z-(a}+a,2) . (9{1
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Since the variances due to the random error of all three weighings are
likely to be nearly the same, Eq. (9] is approximated by

(x -1
U}"'/)'—l = 247%._,.', [] + G‘t__?)i ()’ _— ,)2 [10]
Combining Eq. [4] with Eq. [10) and replacing (v — t) by the dry mass
of the soil z gives

af = a',zc—l/y—v = (20_%,.,._,/22)[1 + (8 + I)z]
= (20}._,,_,/22)(62 + 26 + 2), [

For water contents and sample sizes ordinarily encountered in soils work,
02 is negligible so that Eq. (11] further reduces to

o} = (403‘;.1/31)(0 + 1) (12}

where the subscript, (x — £)/(y — ), is replaced by 8 for water content.
Written in terms of standard deviations (V'=0?), this becomes

g0 = Rucpal2) (0 + D2 (3]

If a tare compensation device is used so that each water content deter-
mination involves only two weighings, Eq. [6] becomes

oy = (1ol + () a3l [14]
and Eq. [9] is not needed, since the tare weight is not obtained indepen-
dently. However, if the tare compensation involves a constant bias, this
does affect the accuracy of the resulting water content figure. The effect

on water content values of a constant bias due to a tare error or other
causes, which may be either positive or negative, may be obtained by

solving explicity for E in the equation
(x+e/y+o—1=0+E [15] ’
which, when combined with § = (x — y)/p, reduces to |
E = (—ebfe+ 1) o us

or when e is small compared fo y, it reduces to
E = — bely). (7

I the ratio e/p does not exceed 0.00! (e.g., 100 m ;O g 10 mg/l0g
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or 1 mg/l g), the error will not exceed 0.1% water content up to water
contents of 100%. If the ratio e/y does not exceed 0.0001, the error will
.not exceed 0.01% water content over a similar range. This applies to any
constant bias of a balance as well. The random error when tare compen-
sation is used may be obtained {rom Eq. [(4} using a similar development

and with the same assumptions as used for Eq. [13]. The standard de-
viation 15

0 = ay, [l + (0 + )77y , (18]

which, when 82 is regarded as negligible, reduces to

0 = (2)" 0., (@ + Oy (191

when tare compensation is used.

Balance precision and accuracy are reported in various ways by man-
ufacturers, and the meaning of the terminology used is not always clear.
Hence, it would be difficult to provide general instructions for using
balance ratings as provided by the manufacturer to compute the variance
or standard deviation in a waler content measurement. However, the
standard deviation for a particular balance at a specified load may be
obtained experimentally with small effort. Heace, water content mea-
surement errors are given here in terms of standard deviations. (For
statistical methods for computing standard deviations, consult an ele-
mentary book on statistical analyses or books an chemical analyses such
as Chemical Computations and Errors by Crumpler and Yoe (1946).)

If the limit of precision in water conten! measurement E due only
to random weighing ervors is taken to be 3a, then from Eq. [13],

E = 30, = 60y, (6 + 1)z [20]

where a lare weighing is involved, At 3o, 99.7% of the measurements
would be within % E; at 20, 95%; and at o, 68%. If the dry weight z in
Eq. [11] is replaced by the wet weight, 2/ = z/(8 + 1), then Eq. [20] (again
neglecting 2 and higher powers) becomes:

E = bay,, (0 + 1)?/7 = 6o, (30 + 1)'?/2. (21]
Neglect of 8% and higher powers leads to E values that are slightly too
small for large values of § in Eq. (20] and [21]. However, the magnitude
is correct, and the practical value of the expressions is enhanced by their
simplicity. In cases where tare compensation is used, the equation cor-
responding to Eq. [20] is

E = 30, = 3(2)"70,,(0 + 1)!?[y = 4.240,,(8 + 1)'?/y.- [22]"

A balance should be read to £ o, (The precision of some balances is
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21-2.2 Gravimetry With Oven Prying

21-2.2.1 INTRODUCTION

Water content measurements by gravime(tiric me}:}?:sg i?l:ms:; ‘:?;g?c;
i ing the water, and rewetgni 2 ;
ing the ol sarm o o wal d’Wa(er content then is obtained
determine the amount of waler removec. hen ¢ ned.
ividin| i t and dry masses by the mas
by dividing the difference between we s b e st of
sample to obtain the ratio of the mass 0
:.tl;: ?1?; soil.pWhen multiplied by 100, this becomes the pzroentage of

water in the sample on a dry-mass (or, as often expressed, on a dry-
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weight) basis. Water content may be described in other ways as indicated
in section 21-1. Water may be removed from the sample in any of a
number of ways, the principal method in common use beiqg the oven-
drying method described here. Accuracy and reproducibility of water
conient measurements, assuming that weighing precision is consistent
with desired precision of water content measuremeant, depend upon.tll\e
drying technique and the care with which it is used. (See discussion in
section 21-2,1).

2(-2.2.2 METHOD

21-2.2.2.1 Special apparatus. Apparatus required for gravimetric
determination of water content may be used in many different forms,
and so exact specifications are not needed. Requirements include an auger
or sampling tube or some other suitable device to take a soil sample, soil
containers with tight-fitting lids, an oven with means for controlling the
temperature to 100 to 110°C, a desiccator with active desiccant, and a
balance for weighing the samples. In the field, if soil samples are faken
under conditions where evaporation losses may be of sufficient magnitude
to affect the desired accuracy of measurement, special equipment for
weighing the samples immediately or reducing evaporative loss must })e
used. Both convective and forced-drafl ovens are used, and for precise
work a vacuum oven is of particular value, Balances used range all the
way from analytical balances to rough platform scales, depending upon
the size of the sample to be taken and the precision of measurement

desired.,

21-2.2.2.2 Procedure The procedure o be used must vary wiﬂ} the
circumstances of measurerment and the equipment. Since these vary widely
it is impossible to specily a detailed standard procedure that wilt fit all
of the many uses made of water conlent measurements. The prooe.d}lre
given here is intended for use in routine work where moderate precision
(say, measurements having a precision of * 0.5% water content) is de:
sired. Replication must depend upon the nature of the sample and soil
system for which water content is desired, but it is suggested that samples
be run in duplicate as a minimum.

Place samples of 1 to 100 g of soil in weighin_g bottles or metal cans
with tight-fitting lids. Weigh the samples immedxa(cly. or store them in
such a way that evaporation is negligible. Refer to Fig. 21-2to ﬁnq }he
required weighing precision. (The balance need not be read to a preciston
greatly exceeding the standard deviation for the balance.) quce the sample
in a drying oven with the lid off, and dry it to constant .we.ught. R'emove
the sample from the oven, replace the cover, and place it in a de:sxccalor
containing active desiccant (e.g., magnesium pe.rchiorate or ca_lclum sul-
fate) until cool. Weigh it again, and also determine the tare weight of !he
sa: : container. Compute the water content by one of the following

fot..Ass:

WATER CONTENT s
(weight of wet soil + tare) — (weight of dry soil + tare) ‘

Oao (weight of dry soil + tare) — (tare)
(weight of wet soil + tare) — (lare) o
B (weight of dry soil + tare) — (lare) - (4.
weight of wet soil 25

= Wweight of dry soil

The third of these equations is useful where standardized cans are usec
and the tare weight is balanced out in the weighing process so that the
sample weight is obtained directly. Multiplication by 100 gives the per
centage of water in the sample on a dry-mass basis.

21-2.2.2.3 Comments. The time necessary to reach constant weigh
(the term being loosely used here, since constant weight rarcly. is obtainec
excep! for very sandy soils containing little or no organic matter) wil '
depend upon the type of oven used, the size or depth of the sample, anc
the nature of soil, Ifa forced-draft oven is used, 10 h usually is considerec
sufficient. If a convection oven is used, samples should be dried for a |
least 24 h, and precautions should be taken to avoid adding wet sample:
during the last half of the drving period. Also, additional time should bv
added if the oven is loaded heavily, Water contents for samples that an
to be compared should be determined using precisely the same methoc
for each measurement. For more precise work, other considerations an
involved, which are discussed below. ,

An alternative method may be used for drying soil. Radiation-dryin;
using an infrared or ordinary heat lamp, often in association with a built
in balance, can be used for soil waler content measurements where lov
precision is adequate. Several such instruments confaining a built-in in
frared heat lamp, a torsion or analytic balance, and a stale for direc
reading of wet-mass basis water contents are available from scientifi
supply houses under the name of "moisture determination balance.”

The uncertainty of the drying temperature makes radiation-dryin
methods less accurate than those using closely controlled constant-tem
perature drying ovens. However, the method is rapid, requiring only i
few minutes to dry the soil; and when the built-in balanc: is used, wet
mass basis water content values ordinarily may be read directly from
scale. These may be converted (o dry-mass figures by Eq. [1]. When usin
radiation-drying, care should be taken to avoid excessive heating of th:
sample.

Water content values for stony or gravelly soils, both vn a mass an
volume basis, can be grossly misleading. The problem arises from th
fact that a large rock can occopy appreciable volume in a spil sample anc
contribute appreciably to the mass without making a commensurate con
tribution to the porosity or water capacity of the soil. Mass-basis wate
content figures are lower than corresponding values for a oil on a rock
free basis because of the excessive contribution to t* Iry mass made br
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a rock which may have a bulk density of about 2.6 g cm™? compared to
that of the finer soil material, which will usually range from 1.0 to 1.6 ¢
cm™?, A mass-basis water content figure of 10% based upon the dry mass
of a gravelly or stony soil having a bulk density of 2.0 g cm~> would
represent a water content of 20% if based upon the dry mass of the finer
fracum_\ v'mh a bulk density of 1.6 gcm 2,

It 15 important when presenting water content data on gravelly or
stony soils to specify the basis of measurement—particularly the size frac-
tion on which it is made. Water retention in stoay soils also is discussed
in chapter 26,

The two types of water content figures of greatest interest are water
content per unit bulk volume and water content per unit mass of the fine
fraction. The volume-basis figure makes it possible to compule the vol-
ume of water per unit area in, say, a root zone, The mass-basis figure for
the Gine fragtion is usually the figure obtained from gravimetric analyses
or from a wilting-point water-content matric polential determination, and
15 the figure which would ordinarily be used to compare water conditions
from place to place in a soil. The relationship between these two types
of water coutent values is

ol-z" = (adlll_fpb/ p'n')/ ( 1+ ‘Mslonc/ M, fincs) [26]

yvhere 8, is the volume of water in 2 unit volume of the whole soil, B o
is the water content on a dry-mass basis for the fine fraction, p, and p.,
are the bulk densities of the whole soil (including stones) and of water,
and M, and My, are the dry masses of the stone and fine fractions.

Water content on a volume basis or bulk density may be determined
by taking a sample of known volume, oven-drying it according to pro-
cedures already described, and dividing the difference between wet and
oven-dry mass by the volume lo give waler content, or dividing the oven-
dry mass by the volume to give bulk density, The helerogeneity of gravelly
and stony soils and the variability that usually exists from point to point
in the soil make for low precision. Because of this low precision, it is
possible to discard large stones prior 10 oven-drying without greatly af-
fecting the precision. Rocks and stones to be discarded are carefully and
quickly brushed to avoid soil loss and to reduce evaporation loss, and
then are weighed.

Conventional cylindrical tube samplers may be used in some gravelly
and stony soils, However, as the number or size of stones increases, the
utility of such sampling devices diminishes. In these kinds of soils it is
important to determine the volume sampled each time a water content
determination is to be made. Where core-type samplers can be used this
is not difficult. However, where large rocks and stones interfere seriously,
other methods must be used. One useful method involves sampling with
a spade or shovel and determining the volume of the hole which is dug.

WATER CONTENT s
The volume may be measured by placing a rubber or plasiic membranc
in the hole and filling it with water from a container filled to a knows
volume. The quantity of water used in filling the hole is determined easily
Grain millet or dry sand, which flow easily and pack easily to constan
bulk density, also may be used to fll the hole; and if the material is tc
be discarded, the rubber or plastic membrane is not needed. A descriptio
of the method is given in chapter 13. No simple, inexpensive method:
have as yet been developed for sampling beyond shallow depths withou

digging an access hole, :

Certain general requirements must be met in the development of
procedure for obtaining accurate and reproducibie water content mea
surements, Foremost of these is the requirement that the sample be drie
at a specified temperature to constant weight with nothingbeing lost bu
water. This rarely is possible with a colloidal material like soil, partic
ularly if it contains any appreciable organic malter, as is discussed earlie
in the section on general principles (21-2.1). Weight losses during dryin
at (00 to 110°C for periods as long as 15 days have been obscrved ir
soils ranging from fine sands to silty clay loams. Because of this it i
important 1o specify the details of the drying procedure used in reportin,
water contents where precise values are needed.

Since accuracy in water content determinations hinges upon existenc
of a definable dry condition which, with soil, can only be based upov |
subjective judgment, il is more appropriate to refer to reproducibilit
than to accuracy. Reproducibility in water content measurements can o
achieved in two ways: (i) treating every sample of a set to be comparec
exactly the same way in terms of such things as sample size and deptl -
in the container, drying temperature, and drying time; or (i) followin;
techniques that lead to equilibria which are as nearly independent of suc! |
variables as is possible. From the latter point of view, the nature of th
thermal -dehydration curves (Fig. 21 -1) suggests the desirability of choos
ing a drying temperature in a region where the weight change of th
colloidal constituents with temperature is at a minimum, as i discusser
in section 21-2.1. Also, as is discussed in the same section, vacuum dryio
at relatively low temperature, with the temperature being controlled care
fully and specified when reporting, probably provides the most reprc
ducible drying data.

Reproducibility in water content measurements alsy may depen
upon the technique used to avoid absorption of water from the air durin
cooling and prior to weighing. While absorption may be negligible in dr
ambient conditions or for low-precision work, in certain mineralogic:
studies or studies of other types, where small weight changes may b
confounding, an unacceptable error may be introduced, A method ir
volving flame-sealing of smal!l vials containing the soil prior to coalin
has been described by Kittrick and Hope (1970).
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21-2.3 Gravimetry With Microwave Oven Drying

21-2.3.1 INTRODUCTION

An alternative to conventional oven-drying of soil (and of plant ma-
terials, as well) involves heating by means of microwave energy, which
will penetrate into and vaporize water throughout & soil sample. Although
not designed specifically for highest efficiency in drying soil samples,
commercial microwave ovens, using 0.9- to 300-GHz frequencies in the
electromagnetic spectrum, may be used. Polished metals reflect micro-
wave energy, but heat is generated to some degree in most materials by
absorption of microwave energy, and 1o a considerably greater degree in
polar water than in most soil materials. Thus, soil waler temperature
quickly is raised to the boiling point where, because of consumption of
heat in vaporizing the water, it remains until absorption of microwave
energy by the soil and water exceeds the rate of energy consumption by
vaporization, At this time the temperature rapidly rises. If healing is
discontinued after the absorbed water is gone and before soil temperature
rises 10 a point where organic matter is appreciably oxidized or structural
waler is driven off, the dryness achieved should match that achieved
using conventional oven-drying. However, this is not easily accomplished
and it constitutes the most serious obstacle to achieving accuracy and
‘reproducibility in microwave drying '

The amount of microwave energy absorbed, which determines d_rylpg
time needed, depends upon the guantity and absorptive charactenstics
of the material being dried, and hence upon the nature and .quan!ity of
energy-absorbing materials present and their water content. Anfi since a
flat plateau does not exist in the waler loss vs. time curve for microwave
drying (Fig. 21-3) (as is assumed and is approximately true for most
practical measurements using conventional ovens where temgeraturc is
held constant), strictly speaking only a single sample—or duplicate sam-
ples of the same soil and same size and assumed to have nearly the same
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water content—may be dried during a single oven run. However, for many
purposes errors associated with temperature rise above the standard drying
temperature may not always reduce the accuracy and veproducibility of
a moisture content determination beyond acceptable limits (Gee and
Dodson, 1981; Gilbert, 1974; Hankin and Sawhney, 1978; Miller et al.,
1974). Curves shown in Fig. 21-4 illustrate something of the nature of
the problem. Here, samples of soils at several different initial water con-
tents have been removed from the microwave oven at the end of different
drying periods and the water content computed under the assumption
that the sample is dry. After drying periods ranging from 6 to 20 min
the computed water content tends lo approach a constant value, which
may be taken as the corvect initial water content. It is ewident that se-
lection. of an unequivocal value is not always possible,

21-2.3.2 METHOD

21-2,3.2.1 Special Apparatus. A household microwave oven may
be used. Preferably the oven will have a uniform microwave field over
the load surface, which is achieved by means of a rotating microwave
reflector or by a rotating loading platform, or possibly by both. It also
will have an automatic shut-off switch, which operates when the oven
load, as a consequence of drying, is reduced and excessive microwave
energy is reflected back to an absorbing heat sensor.

Glass or paper cups holding about 25 g of soil are required. Some
plastic materials can be used, but many plastics meit at temperatures
reached by the container or its sample. Where saturated or near-saturated
samples are to be dried, a lid with a small vent may be used to prevent
loss of sample from boiling.

21-2.3.2.2 Procedure. The procedure to be used must vary with type
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of soil, accuracy desired, and the performance of the microwave oven to
be used. Where accuracy of + 1% is satisfactory (under some conditions
this may be + 0.5%), if the oven has previously been used for soil waler
content determination and found to have a fairly uniform distribution
of microwave energy over the area where samples are placed, and if
temperatures reached by samples are not more than about 300°C, the
technique to be used is approximately the same as that for conventional
oven-drying. Drying times of the order of 20 min have been used on
samples of approximately 20 g, but some experience with a particular
oven, sample size, and water content may be needed to determine this.
Where greater accuracy is required, additional precautions must be taken.
These precautions depend upon expected sources of errors, but could
involve making drying lests on uniform samples to evaluate uniformity
of the microwave energy field, making temperature measurements on
samples of differing size and water content at different drying times, and
determination of water loss vs. temperature relationships for the partic-
ular soils involved. In situ temperature measurements are difficult to
make because of the absorption of microwave energy by the temperature
sensing device and its possible destruction. However, satisfactory mea-
surements may be made by inserting a low thermal mass thermocouple
into the soil sample immediately upon opening the oven door.

21-2.3.2.3 Comments, Since drying time and temperature reached
by the sample depend upon its size, water content, and composition
(including organic matter), standardization of a drying technique [or all
materials and water contents is not possible. Hence, where high accuracy

is important the standard of reference must be a reliable oven-drying -

technique, preferably with a vacuum oven having accurate and precise
temperature control (see section 21-2.2.2.3). Under many conditions wlhf:re
drying times are chosen so that temperature always rises above the boiling
point of water, the computed water contents always will be equal to or
higher than the standard value for 105 to 110°C drying. Experience _thh
a given oven, soil, sample size, and range of water content somelimes
may permit subtraction of a small correclive term to reduce such bias.
Because the microwave field in a microwave oven is not completely
uniform, temperatures reached by samples distributed over the oven floor
also may not be uniform. As indicated earlier, small errors associated
with nonuniformity in heating often may be neglected where high ac-
curacy is not required, However, where accuracy is important some guid-
ance is required as to the size of possible errors which may result from
unequal heating. Two major sources of such errors are organic matler
oxidation and removal of structural water. Both of these would result in
bias so as 1o yield water content values that arc too large. The.organic
matter problem cxists in conventional oven-drying and is not easily re-
solved, cxcept that an upper limit is defined by the proportion of the
sample which is organic and subject to loss through oxidation, )
As discusscd in section 21-2.1, General Principles, and shown i Fig.
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21-1, loss of structural water upon drying of clay minerals depends upon
drying temperature, and for accurate work, drying temperature must be
controlled closely. The size of errors, A4, to be expected from excessive
heating—which always resulls in a value too high—may be obtained as
follows. The mass basis water content, 0, of a wet sample, M, dried to
constant weight, M at a temperature, T, is (M,,/M+ — 1), so that

Ab = 0; — Oyo5 = My /My — 1 — (M, /Mios — 1)
= [(Mu/M7) — Mu)[M )] [27)

An illustration of the magnitude of possible errors which might occur
with different clay minerals may be obtained using data from the tem-
perature~water loss curves shown in Fig. 2[-1, The ordinate in this figure
gives the mass of a sample which would be reduced to a constant mass
of unity afier drying at a temperature of 800°C; thus the ordinate number
minus unity and divided by unity would give the water content on a g/
g/ basis, e.g., (1.04 — [)/1 = 0.04, or the ordinate value is (fgo + 1).
Multiplication of Eq. [27] by Myuon/Msco permits rewriting this equation
as

Af = [(Myo/M7) — (Msoa/ M 05)IM,..f Mgo
= (/{7500 + 1) — 1/(Brosan0 + D](Bsso0 + 1) [28]

where 87300 = M7/Myoo — 1; Brosa00 = Mios/Maon — 1 and b0 = M,/
Mip — L. Quantities 8 + | and 8,5; + | may be obtained from the
ordinate in Fig. 21-1 for different drying temperatures and for several
different clay minerals, The quantity 0, is the sample water content
based upon drying to constant weight at 800°C. The range of walter con-
tents of interest on this basis will not differ appreciably frem what the
range would be for 105°C drying. Assuming this range to be from about
0.05 to 0.60 g/g for illite clay the approximate error A for drying tem-
peratures different from the standard 105°C drying temperature may be
obtained. The bracketed portion of Eq. [28] for 200 and 105°C becomes
(1/1.062) — 1/1.067) = 0.0044, Multiplying this by 0.05 + land by 0.60
+ 1 gives 0.0046 and 0.0070 or an error range of approximately 0.46 to
0.70% water content, Similarly, computations for 300 and 105°C over
the same range of water contents result in an error range of approximately
0.75 to 1.14%, and for 400 and 105°C the range is approximately 3.5 to
5.4%. For illite the water loss curve is nearly flat in the 150 to 300° range
and steepens appreciably in the 300 to 500°C range.

Most common soils conlain appreciable soil particles larger than clay
size and which are less affected by drying at higher than usual drying
temperatures. Assuming that only {/3 of a sample is clay and 2/3 is
unaffected by over-heating the error need be associated only with 1/3 of
the sample so that the error range for 200°C becomes 0.15 to 0.23%; for
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300°, 0.25 to 0.38%; and for 400°, 1.2 to 1.8%. Larger errors would be
found for some clay soils as may be inferred from the curves given for
other clay types, particularly if higher temperatures than those considered
here are reached in a part of the sample.

Fur_ther EITOT Mmay occur due to nonuniform microwave heating in
the.v.anous mineral components of a nonuniform sample, Sizes of errors
anticipated by the above computations have been found by the author
and by Qcc ar_xd Dodson (J981) with soils of several different types.

Special microwave equipment for automatic drying, weighing, and
computation _ol” water content is commercially available. However, mosl
of the'same_ lupitations as discussed above apply. Furthermore, the au-
tomatic welghlfxg feature limits measurements to single samples and a
measurement time of 10 to 20 min each, Thus, these have limited use-
fulness in much soils work where multiple samples are required.

21-3 INDIRECT METHODS
21-3.1 Introduction

Certain physical and physical-chemical properties of soil vary with
water content. However, the relationship between such properties and
waler content usually is complicated. Both the pore structure and con-
stituents of the soil solution are involved in these relationships. Also,
some of these properties, even under conditions where all other factors
are held constant, are nol determined uniquely by water content. The

wetting history of the soil is a factor in many instances, particularly where -

water must flow into and out of a sensing device such as a porous block.
De'spxle. many limitations, some of these properties, with appropriate
calibration, can be useful in characterizing soil with respect to its water
content,

. Wetting history often must be considered because water content of
_soxl for a given energy status (temperature being constant) will be greater
if the soil has reached a given water content by drying than by wetting.
This phenomenon, known as hysteresis, is discussed in more detail in
Chapter 26. For present purposes however, it is sufficient to point out
that whether or not a pore becomes water-filled during a wetling process
depends upon the size of the pore itself, whereas in a drying process the
f:mp}ying of the pore depends upon the size of the channels connecting
it _wuh other pores in the system, It is possible, thercfore, to have two
soil samples with identical porosities but different water contents at equi-
librium with each other if their wetting histories have been different.

Indirect methods involve measurement of some property of the soil
that is afTecled by soil water content or measurement of a property of
some object placed in the soil, usnally a porous absorber, which comes
to water equilibrium with the soil. The water content of a porous absorber
al ¢ ‘ibrium depends upon the encrgy status of the water rather than
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upon the water content of the soil with which it is in contact. For example,
a soil with fine pores will contain more water than a soil with coarse
pores at equal matric potential. Hence, if the properties of the porous
absorber are to provide an indication of water content, calibration against
the water content of a sample of the soil in which the absorner is to be
used is required, together with some indication of the wetting history of
the soil. Electrical or thermal properties of the absorber or weight changes
in the absorber are indications of its water content. Methods involving
weighing the absorber (Richards and Weaver, 1943) have not become
widely vsed, probably because of technical complications associated with
the weighing process,

Neutron scatiering and neutron and gamma ray absorption are af-
fected by water content of a porous material and may be adapted to water
content measurement. Although generally requiring calibration and there-
fore considered to be indirect methods, under some conditions radiation
measurements can be converted directly to water content on the basis of
theoretical considerations. Hence, such methods might be considered to
be direct methods. There are conditions where radiation water content
measurements are subject to less error than gravimetric measurements.
For example, where spatial variation is high and is a sizeable confounding
factor in repeated gravimetric sampling, radiation measurements, which
can be made repeatedly in the same soil volume, have a definite advan-
tage.
The need for indirect methods for obtaining water content or indices
of water content is evident when the time and labor involved in gravi-
metric sampling are considered. In addition to requiring a waiting time
for oven-drying, such determinations are destructive, and therefore each
sample must be taken at a different place in the soil system under study.
Destructive sampling may disturb an experiment and may increasc the
possibility that a change in water content with position ia a sampling
area may be interpreted falsely as a change in water content with time |
at a particular location, Many of the indirect methods pemnit frequent
or continuous measurements in the same place and, afier equipment is :
instatled, with only small expenditure of time. Thus, if a svitable cali-
bration curve is available, changes in water content with time can be
approximated. j

Although this chapter is concerned primarily with measurement of ¢
water content or inferences of water content from other measurements, -
it should be pointed out that for many purposes water oontent is less
useful than certain other properties of the soil-water system_gvhich depend
upon water content, For example, in studies involving plant growth,
matric potential in the soil has greater meaning provided that, in soils
containing more than small quaatities of soluble salts, a term taking into
account osmotic potential is added. It is common practice to calibrate
some of the indirect methods for evalualing water conditions in soil in
terms of matric polential rather than water content. The subject of water
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powaial is discussed in greater detail and methods for its measurement
are given in chapters 23 through 26.

21-3.2 Electrical Conductivity and Capacitance

21-3.2.1 PRINCIPLES

Electrical and thermal condhictivity and electrical capacitance of po-
rous materials vary with water content. Such properties of materials can
ordinarily be measured with great precision; and if a reliable correlation
with water content existed, methods based upon measurement of these
properties would have considerable utility. Unfortunately, such mea-
surements made directly in soil rather than in a porous body inserted in
soil have not resulted in unique corrélations with water content and have
not come into general use. The most thorougbly tested of the methods
has involved measurement of electrical resistance (e.g., Edlefsen & An-
derson, 1941; Kirkham & Taylor, 1950). Soil heterogeneity, which pre-
vents uniform flow of current in the soil mass, and uncertain electrical
contact between electrodes and soil seem to be the major obstacles to
successful use of direct electrical resistance methods, Electromagnetic
properties of soil measured by means of buried coaxial cables have been
used for water content measurement (Topp, 1980).

Many of the problems involved in measurement of electrical and
thermal conductivity and electrical capacitance in soil are avoided by use
of porous blocks containing suitable electrodes and imbedded in the soil.
When these blocks reach equilibrium, i.e., when water ceases to flow into

or out of the blocks, their electrical or thermal properties often ave re-

garded as an index of soil water content. However, the associated soil
water content must be obtained from a calibration curve made using soil
from the site where the block is used, because the equilibrium between
a block and soil is a matric potential equilibrium and not a water-content
equilibrium. Different soils have different water content vs. matric po-
tential curves, variations among soils often being as much as several
hundred percent. For example, a fine sandy loam may have a waler
content of 5% at — 1.5 MPa matric potential, whereas a clay loam may
have a water content of, say, 13% at the same potential. Asa consequence,
calibration of a porous block against matric potential often may be con-
sidered more reasonable and more useful than calibration against water
content (see chapter 295).

Hysteresis enters into the problem of inferring water content from
mecasurements made on porous biocks even though a calibration curve
for a particular soil is available. The water content of both soil and block
depends in part upon welting history, Ideally, two calibration curves are
needed: onc for drying, extending from very wet to very dry, and one for
welling, where the starting point is in the very dry range. These two curves
are considered to close at the endpoints and to provide an envclope which
would contain all possible intermediatc curves, However, because it is
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difficult to wet a soil only part way, the wetling curve 19 usually not made.
And in many practical situations, the starting point is unknown. Hence,
the curve traced out as the soil wets or dries is unknown, anq water
conlent can be known only to lie at some point between the limiting

wetling and drying curves. Resulling errors in water content inferences

depend upon.the nature of the soil in question and its wetting or drying
history, but easily can be 20% or more (Taylor et al., 1961). Nevertheless,
blocks often are used to indicate water content of soil even though the
precision in such use is rather low. However, the popular use of porous
blocks likely stems from their utility as indicators of water conditions
favorable or unfavorable to plant growth ( matric potential as cpposed to
water content), rather than from their ability to indicate soil water con-
tent.
Thermal conductivity and electrical capacitance measurements in
porous blocks, ‘although favorably reported on from time to time in the
literature, have not come into general use (see Fletcher, 1939; Shaw &
Baver, 1940; Anderson & Edlefsen, 1942; de Plater, 1955; Bloodworth &
Page, 1957, Phene, ¢t al,, 1971a, 1971b). This probably results from the
fact that electrical conductivity is measured easily and porous blocks for
such use are easy to construct. Therefore, the most common porous-block
technique involves measurement of electrical conductivity. The porous-
block method which follows is for such measurements.

21-3.2,2 METHOD
21-3.2.2.1 Special Apparatas.

(. Wheatstone Bridge for measuring resistance: Bridges in common’ use¢
are of the altermating current type (usually 1000 cycle) to avoid po-
larization at the electrodes in the porous block. Both null-point and
deflection-type instruments are used. Digital read-oul instruments
which can be used in data acquisition systems are useful. Resistances
to be measured range from a few hundred ohms to 200 0J0 or more
ohms, a single calibration curve often covering as much as 100000
ohms.

2. Porous blocks: Blocks now available are made of a variety of porous
materials ranging from nylon cloth (Bouyoucos, 1949) and fiberglass
(Coleman & Hendrix, 1949; Cummings & Chandler, l9f19; England,
1965) to casting plasters (Bouyoucos & Mick, 1940; Perrier & Marsh,
1958; Cannell & Asbell, 1964; and numerous others), t.he most com-
mon being some form of gypsum. Various grades and kgngls of gaslmg
plaster are mixed with different amounts of water-an.d?ma variely gf
ways, including in some instances pouring the mix tnto Ihe' mold‘ in
a partial vacuum. In some instances resin is added to }he mix, .Whlch
changes the electrical characteristics and decomposition rate in tl?e
soil (Bouyoucos, 1953). The method of preparation as wq)l as the mix
itself governs the porosity of the block and the resulting response
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curve. Some types of gypsum last longer in soil than others.

Several different electrode systems are in common use. The simplest
consists of two tinned wires about 35 mm long (made using ordinary
twin-conductor, rubber-insulated lamp cord). These are imbedded |
or 2 cm apart in a rectangular porous block roughly | by 3 by 5 cm
in size. Cylindrical blocks also are in use. These consist of a cylindrical
screen (usually made of stainless steel) surrounding a central post or
in some instances a second, smaller cylindrical screen. Such blocks
are 2 to 3 cm in diameter and about 3 cm long. A parallel-screen
system, using rectangular blocks, has been used by several investiga-
tors and is reported to have less lag in coming to equilibrium than
other types of blocks.

3. Calibration container: Prepare a small screen box (window screen or
hardware cloth soldered together), open at one end and of suitable
dimensions to contain the block and a layer of soil at least 2 cm thick
around the block (Kelley, 1944).

4. Equipment for determining a reference water content of the soil used
in the calibration (section 21-2.2.2.1 or 21-2.4.2.1).

21-3.2.2,2 Procedare. Calibrate each block in soil Lypical of the site
in which it is to be used, and with packing to about the same bulk density.
To carry out the calibration, saturate the block with water, preferably
with vacuum soaking, and weigh the wet block, its attached leads, and
the screen box together to obtain a tare weight. Moisten the soil to be
used to a state where it can be packed around the block to approximately
tts field density, mix the soil thoroughly, and take a sample for water

content determination. Then pack the soil around the block in the screen .

box and weigh the entire apparatus. Using the water content determined
independently by gravimetric methods (see section 2{-2.2 or 21-2.3),
compute the dry mass of the soil in the box. This will be
(wet mass + tare) — (lare)
% water content/100 + |

soil dry mass = {29

where the waler content figure is on a dry-mass basis. At all subsequent
calibration points the water content percentage will be

water content, %, _ IOO[((are + wet soil) —.(lare + dry soil)] '
dry mass basis dry soil

(30]

Wet the soil in the screen box to near saturation, weigh the cnlire assem-
bly, and then measure the block resistance to determine lhe,‘ﬁrst cal.x-
bration point. Allow water to evaporate from thc apparatus in the air
until the desired weight for the next calibration point is reached. Afer
the desired weight is reached, placc the entire apparatus in a closcq con-
tainer -nch as a desiccator without desiccant) in the dark at umforxp
temp  re. Leave it overnight or longer, to permit the water to equi-
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librate in the block and soil. Alternatively, embed the block in soil on
the porous plate used in obtaining the water content vs. matric potential
curve (see chapter 26), Water content then may be varied by changing
the gas pressure used. Afier the soil comes to equilibrium water content,
measure the resistance. Piot the resistance as a function of water content,
(Three-cycle semilogarithmic paper is convenient.)

To install a block in the field, form a hole vertically from the surface
or horizontally in the side of a trench. Wet the block thoroughly, place
it in the hole, and then pack soil around it to assure good contact with
the surrounding soil. Bring the leads to the surface, running them hori-
zontally for a short distance beneath the surface to assure that no con-
tinuous channel exists along the leads for passage of free waler, After
equilibrium is reached, usually overnight, make resistance meassrements
as desired and convert them to water content values with a calibration
curve,

21-3.2.2.3 Comments. In calibration as well as under field condi-
tions, true water content equilibria rarely are reached, particularly in the
dry range. However, the uncertainty of the waler content inference, at
best, does not justify an elaborate and time-consuming calibration. Under
practical conditions, when the resistance reading approaches a constant
value, equilibrium may be assumed 10 be close. In the wet range, for
most porous blocks, the resistance change with changing water content
is small and the precision is low. Precision also is affected by changes in
the calibration curve over successive welling and drying cycles (Cannell,

1958).

Restricted water flow at the interface between the smooth face of a
porous block and coarse soil materials creates some problems in the use
of blocks in sandy soil. However, coating a black with a porous material
such as diatomaceous earth can reduce this problem appreciably, An
envelope of fine-grained material placed around tensiometer cups (A.
Cass and G.S. Campbell. Tensiomeler response in coarse grained soils,
Western Society of Soil Science, Eugene, OR, June 198] unpublished),
has produced a significant improvement in interface conductivity. None-
theless, some problems do exist in use of blocks in coarse soils where
flow of water is restricted by low unsaturated conductivities.

It is common practice to place blocks into uniform groups according
to their resistance at saturation and to calibrate only selected blocks from
cach group (Tanuer et al., 1949), This practice does not completely ensure
obtaining groups of blocks with like calibration curves; but considering
the low precision of the method when it is used for water conlent de-
lermination, it probably is an adequate procedure,

The calibration procedure described is for desarption. The procedure
cannot be reversed easily to provide a sorption curve because of diffi-
culties associated with partially wetting a soil mass. However, two ledious
processes have been used in the author's laboratory to prg }vsorp!ion
curves in the dryer part of the water content range wl;%. -Awelting is
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difficult. One involves condensing water into soil from the air under
carefully controlled temperature and humidity at the water potential re-
quired to provide the desired water content. The second involves thor-
ough mixing of finely pulverized ice in appropriate quantities into dry
soil at low temperatures and then slowly warming to melt the ice. Control
of pore size distribution affecting wet range water content is difficult in
the [atter method.

Calibration often is carried out in the field by obtaining water content
values gravimetrically and plotting them against resistance readings. Or,
blocks are placed in pots containing growing plants and the water content
determined by weighing the pot, with an estimate of plant weight being
subtracted (Cannell, 1958).

Electrical conductivity of a porous block depends upon the electrolyte
concentration of the conducting fluid as well as upon the cross section
of this fluid or water content. In a porous block made from an inert
malerial, the electrolytes that carry the current come from the soil so-
lution. Even a small change in electrolyte concentration will influence
the resistance. [n blocks made from gypsum the electrolyte concentration
corresponds primarily to that of a saturated solution of calcium sulfate.
Variations in the soil solution due to fertilization have relatively little
influence upon the electrolyte concentration in such blocks and therefore
relatively little influence on resistance. Such blocks also may be used
without serious difficulty in slightly saline soils (where soil extract con-
ductivities are less than approximately 2 mmho/cm? (Taylor, 1955).

Blocks made from gypsum compounds gradually deteriorate in soil,

particularly in sodic soils and in soil where the water table frequently is
at high levels. However, those made from hydrocal have lasted for up-
wards of 6 years in some soils, Blocks made from ordinary plaster of
paris have been known to detertorate in a single season beyond the point
where they can be used.

It is difficult to specify an expected precision for water content mea-
surements using electrical conductivity blocks because of the many sources
of error involved. The precision depends not only upon the care used in
manufacture, selection, and calibration of blocks but also upon factors
of hysteresis which are out of the control of the operator. However, it
appears (hat precision better than -+2% water content should not be
expected and that errors as great as [00% easily are possible. On-the-site
checking as the blocks are used appears necessary if confidence is to be
developed in water content inferences to be made. On the other hand,
where porous blocks are used as a measure of matric potential rather
than water content, considerably better performance is possible. Cali-
bration against matric potential may be carried out using porous-plate
and pressurc-membrance equipment (chapiter 25) with special pass-through
electrical contacts.

™
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21-3.3 Neuotron Thermalization

21-3.3.1 PRINCIPLES

Hydrogen nuclei have a marked property for scattering and slowing
neutrons, This property is exploited in the neutron method for measuri ng
water content, High-energy neutrons (5.05 MeV) emitted from a radio-
active substance such as radium-beryllium or americium-beryllium
[°Be(a,q)”C] are slowed and changed in direction by elaslic collisions
with atomic nuclei. This process is called thermalization, the neutrons
being reduced in energy to about the thermal energy of atoms in a sub-
stance at room temperature,

Neutrons interact with matter in two general ways: by elastic and
inelastic scattering, and by interactions leading to capture with a con-
sequent emission of energy or of other nuclear particles. The probability
of any particular interaction depends upon neutron energy and charac-
teristics of the nuclei encountered. These characteristics are described
generally by the nuclear cross section, measured using 2 unit of area called
the “barn,” which is 10~2* cm?, The larger the probability of a particular
interaction, the larger is the nuclear cross section.

The two major factors involved in scattering and slowing of neutrous
are the transfer of energy at each collision and statistical probability of
colliston,

The average energy transfer at collision of a neutron with other nuclei
depends largely upon the mass number of the nuclei encountered. The
average number of collisions required to slow a neutron from 2 MeV to
thermal energies is 18 for hydrogen, 67 for lithium, 86 for beryllium, 114
for carbon, 150 for oxygen, and 94 + 6 for nuclei with large mass numbers
A (Weinberg & Wigner, 1958, Table 10.1).

The statistical probability of collision is dealt with using the concept
of “scattering cross section,” which is a statistically derived, cross-sec-
tional area measured in barns which is proportional to the probability
of collision—in this case, between neutrons and other nuclel. This scat-
tering cross section depends vpon the nature of the nuclei encountered
and the energy of the neutron. The scattering cross section for hydrogen
varies from about | barn at 10 MeV to about 13 barns at 0.1 MeV. The
cross section varies considerably as the neutron continues to lose energy,
but is somewhat higher in the thermal energy range. Other elements found
in soil with appreciable scatlering cross sections (2-5 barns) are beryllium,
carbon, nitrogen, oxygen, and fluorine. '

Considering both energy transfer and scattering cross-section, it is
evident that hydrogen, having a nucleus of about the same size and mass
as the neutron, has a much greater thermalizing eflect on fist neutrons
than any other element. In addition, when both hydrogen and oxygen
are considercd, water has a marked effect on slowing or thermalizing
nevtrons, This is particularly true in the thermal range,
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The quantity of hydrogen in the soil ranges from near zero for dry
coarse sand to as much as 8% of the mass of a fine-textured soil with
30% water content when structural water (see section 21-2.1) is included
in the computation. Most of the hydrogen in soil is associated with water,
and lesser amounts with organic matter.

As fast neutrons lose energy and become thermalized, another nu-
clear-matter interaction becomes increasingly important—neutron cap-
ture with the release of other nuclear particles or energy. Of the elements
usually present in soil in quantities of 1% or greater, the capture cross-
section for thermal neutrons is greatest for iron (2.53 barns) and potas-
sium (2.07 barns). The other most common elements in the soil, silicon,
aluminum, hydrogen, carbon, and oxygen, have capture cross-sections of
0.16, 0.23,0.33, 0.003, and 0.0002 barns. Several elements present in soil
in small (or even minute) quantities, such as cadmium with an absorption
cross section of 2450 barns, boron with 755 barns, lithium with 71 barns,
or chlorine with 34 barns, can have an appreciable effect on neutron
caplure,

When a fast neutron source is placed in moist soil it immediately
becomes surrounded by a cloud of thermal neutrons. The density of this
cloud represents an equilibrium between the rate of emission of fast
neutrons, their thermalization by nuclei such as those of hydrogen, and
their capture by absorbing nuclei, as determined by their concentration
and capture cross-section.

The scattering cross-section and the concentration of hydrogen nuclei
determine the distance from the source a fast ncutron must travel before
making a sufficient number of collisions 1o become thermalized. The
farther a neutron travels from the source the larger the volume which
will be occupied by thermal neulrons and the Jower their density. With
the number of slow neutrons involved, the absorption capacity of the
soil for neutron capture is essentially infinite, and the rate of capture
depends only upon thermal neutron concentration and the combined
capture cross-section of the elements in the soil. If the caplure cross-
section, except for that due to water, remains constant (i.e., chemical
composition constant), then the thermal neutron density may be cali-
brated against water concentration on a volume basis, Thermal neutron
density is easily mecasured with a detector, insensitive to fast neutrons,
which is placed in the vicinity of the fast neutron source. Thermal neu-
trons interact with a boron trifluoride gas in the detector, releasing an
alpha particle, which is altracted to a negative high-vollage electrode
within the detector. This crcates a short electrical pulse, which registers
as a counl in an associated electronic scaling unit. The source usually is
placed at the bottom of the delector tube or against the sidc or as an
annular ring about the detector. This probe can be lowcred through an
access hole into the soil and measurcments obtained for conversion to
wale:  atent (Belcher et al., 1950; Gardner & Kirkham, 1952),

¥ aaturc of the neutron-scattering and thermalization process im-
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poses an important restriction on the resolution of water content mea-
surements. The volume of soil involved in the measurerment will depend
upon the concentration of scattering nuclei and thus largely upon water
content, and upon the energies of the emitted fast neutrons. The strength
of the neutron source affects the thermal neutron density and is involved
in the counting statistics, but does not affect the range of the fast neutrons,
Experimental work with neutron sources indicates that the practical res-
olution ranges from about a 16-cm radius at saturation to 70 cm at near
zero water content (Van Bavel el al,, 1956). The radius of the sphere of
influence accounting for 35% of the neutron lux which would be obtained
in an infinite medium is given by Olgaard (1965) in an empirical equation
as

R = 100 cm/(1.4 + 10 m) (31

where m is the water content in g/cm’. However, the parameters in the
equation may be expected 1o change somewhat with differences in chem-
ical composition of the soil. Lack of high resolution makes it impossible
to detect accurately any discontinuity or sharp change in waler content
gradient in a soil prafile (McHenry, 1963). In particular, measurements
close to the soil surface are unreliable because of the discontinuity at the
interface between soil and air; and measurements usually are not made
with well-type equipment any closer than about 18 cm from the surface.
Therefore, water-content distribution curves for soil profiles containing
steep water-content gradients will be rounded and inaccuralz in detail:
however, they are likely to be of sufficient accuracy for many practical
uses. In particular, water content changes within a profile can be obtained
with considerably greater accuracy than is possible in the determination
of the profile water content itself.

Surface probes, in which the slow-neutron detector is laid horizontally
on the surface of the soil with the fast-neutron source beside it, make it
possible to obtain water content measurements in surface soil where the
well-type unil is inadequate, but with considerably less accuracy. Most
surface probes involve use of a moderator rich in hydrogen (such as
paraffin or polyethylene) over the top of source and detector to compen-
sate partially for the discontinuity at the interface between soil and air.
Experimental work with surface units indicates a sensitive depth of from
15 to 35 em (Van Bavel ct al., 1961; de Vries & King, 1961; Phillips et
al,, 1960). Where water content of the surface soil is not uniform, say
under conditions of rapid surface evaporation or superficial wetting by
low rainfall, or where the surface of the soil is rough, precision falls off
malerially (Van Bavel et al., 1961).

In theory it should be possible to determine the density of thermalized
neutrons in the vicinity of a fast-neutron source from the chemical com-
position of the soil in the absence of water, and then &= late changing

water content to increases in this thermalized neutron“uehisily as mea-



F-704

P.018/028

T-453

+5056553866

14:24 From=-EES-10

08-28-03

522{ § GARDNEW )

sured with an appropriate detector. However, the several types of neu-
tron-matter inleractions, together with the many chemical constituents
of soil and variations in bulk density (Holmes, 1966; Lal, 1974; Greacen
& Hignett, 1979), make this impractical and some form of calibration
becomes necessary. Some success has been achieved through laboratory
calibration of soil materials (Vachaud et al., 1977). Although still difficult,
calibration is somewhat simplified by the fact that for most commercial
neutron source-detector units the calibration curve relating thermal neu-
tron density to water conten! is essentially linear over the range of Iinterest,
so that the calibration equation or curve may be defined by as few as
two points if they are available with sufficient accuracy. Further simpli-
cation, although the calibration process remains difficult, is associated
with the fortuitous coincidence that some differences in composition and
texture among soils are compensated partially by differences in the neu-
tron-matter interactive processes, so thal a single calibration curve thay
approximately fit a small group of soils of similar chemical composition
or a soil which varies with depth or spatial distribution. However, for
high accuracy or under conditions where a soil is suspected lo deviate
markedly from the normal, extensive calibration procedures may be re-
quired, See Van Bavel et al. (1961), Holmes and Jenkinson (1959), Stolzy
and Cahoon (1957), Holmes (1956), Olgaard (1965), Sinclair and Wil-
liams (1979), Zuber and Cameron (1966), Vachaud et al., (1977), and Lat
(1974) for these procedures.

The quantity of hydrogen in soil, apart from absorbed water, depends
upon organic matter content and the nature of the mineralogical com-
ponents. Certain clay minerals contain appreciable structural water (see
section 2[-2.1), which is nol removed by oven-drying at 100 to 110°C.
For several minerals (Fig. 22—-1) as much as 20% additional water can be
removed by heating to about 800°C. On the other hand, coarse saqu
composed of quartz or feldspars have almost no water associated with
them at 100 to 110°C. It is significant that the construction of many
calibration curves for neutron water-content equipment has involved use
of sand to provide some water contents and loams and clays for other
water contents, often without apparent difficulty. The explanation for this
apparent anomaly possibly involves a nearly perfect balance between
increased scattering due to hydrogen in organic matter orin the structural
hydrogen of clays, which tends to increase thermal neutron density, and
increased neutron capture associated with a differcnt chemical compo-
sition, which tends to decrease thermal neutron density. Clay materials
that retain Jarge amounis of structural water also are known to contain
higher concentrations of such elements as boron, lithium, chlorine, and
iron, which are good neutron absorbers compared to the elements com-
posing sands, Evidence that small quantities of good ncutron absorbers
can affcct a calibration curve has been obtained by Holmes and Jenkinson
(1959). They added boron to a soil at rates of 65, 156, and 245 mg/kg
and noted that incrensing boron concentration decrcased the slope of the
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counting-rate vs. water-content curve. It is evident that the right amount:
of neutron absorbers could compensate for increased neutron-scattering
due to organic or structural hydrogen in a soil. 1t also is evident that 2
soil containing uncommon excesses of such elements as baron, chlorine,
or iron could have a different calibration curve than that for a more °
normal soil. An additional fact which must be acknowledged in the cal-
ibration problem is that tightly bound hydrogen nuclei interact differently -
with neutrons than do hydrogen nuclei of water, :

21-3,3.2 METHOD
21-3.3.2.1. Special Apparatus.

1. Neutron moisture depth probe and meter consisting of asource of fast
neutrons (usvally americium-241/beryllium), a detector for thermal-
ized neutrons, a protective shield composed of lead (for gamma ray
absorption) and polyethylene or parafhin (for neutron absorption) which
serves also as a reference standard, and a scaler for regisiering counts
or, in conjunction with a built-in computer, a meter for direct display
of water content. The neutron source usually is either a small capsule
located on the side of the detector cylinder or an annular ring placed
around the detector. Such umnits are commercially available with sev-
eral differen! neutron-source strengths and arrangements, Separate
gamma ray density units for back-scatter bulk densily measurements
or a density probe combined with a moisture probe also are available
commercially. A separate neutron moisture meter for vse on surface
soil also is available.

2. Soil auger for installing access tubing, slightly smaller than the tubing

to assure a tight fit.

3. Thin-wall aluminum, stecl, or plastic access tubing. Several sizes of

tubing are used, but the size should be consistent with the probe size
to reduce errors associated with an air gap, which may be created
between the probe and tubing wall.

4. Calibration curves, or calibration parameters for units involving an

integral computer, and a moisture conlent read-out,

5. Film badges, leak test-kits.
6. State or federal license, as may be required.

21-3.3.2.2 Procedure.

. Use the soil auger to form the hole for installation of the access tubing,
In many soils, particularly where loose materials are present, it is
advisable fo drill the access hole through the access tubing, advancing
the tubing little by little as the hole is drilled. This is important because
of the influence that air space in the vicinity of the access hole has
upon the thermalized neutron distribution and consequenily the neu.
tron count. The access tubing usually is left so as to protrude about

10 cm above the soil surface and is covered with an enply can or
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slopper between readings to keep water and debris out, In situations
where water might enter, a tight cap or rubber stopper may be nec-
essary al the lower end of the tube.

2. To make a measurement, place the probe unit over the access tube
preparatory to lowering it into the hole. Select an appropriate counting
time and make several standard counts while the probe is in the shield.
The measorement used then will be the ratio of the count taken at a
particular position of the probe to the average of counts taken in the
standard. This will correct for any electronic changes in the counting
circuits which otherwise might confound the measurement,

3. Make one or more counts at each selected depth in the profile. Since
the zone of influence for 5-MeV neutrons is roughly spherical with a
radius of about 15 cm in wet soil and 70 cm in dry soil, the depth
increment should be no greater than |5 cm.

4. Use the calibration curve to reduce count ratios (count in soil/count
in standard shield) to volumetric water content, or read water content
directly if the equipment has the required built-in computer.

5. The procedure for use of the surface probe is comparable, except that
precautions must be taken (o assure a smooth surface so that air gaps
are not present between the surface probe and the soil.

21-3.3.2.3. Comments. With reasonable attention to safety rules
supplied by the manufacturer, the health hazard involved in using the
equipment is small. The important precautions are the following: (1) Keep
the probe in its shicld at all times except when it is loswered into the soil

for measurement. (i1) Reduce exposure to the small amount of radiati.on .
escaping the shield by keeping several feet away, except when changing. -

the position of the probe, and by keeping the open end of the probe and
shield pointed away from personnel. (iii) Carry the probe in the field on
a cart or on a sling between two persons if more than a few minultes is
involved in getting the equipment to a position for use. (iv) Trar}spon
the probe in the back of a truck, a car trunk, or for short period_s in the
unoccupied rear seal, (v) Have operators wear a film badge at waist level.
(vi) When the probe is not in use, Jock it in a storage room. Label the
container plainly to indicate radioactive content, (vii) Have a leak test
performed on the source by a competent safety officer semiannually, or
as may be prescribed by the radiation license (the manufacturer can advise
on this). (viii) See that probe maintenance is performed only by personnel
trained in servicing radioactive equipment.

For many practical uses of the neutron equipment, the manufacturer's
calibration curve is adequale. However, calibralion may be required if a
soil has enusual neutron-absorption characteristics or if the access tubing
is of different size or material from that in which the probe was calibrated,
For maximum reproducibility of water content measuremeants, the probe
should fit the access tubing as closely as practical.

2 d calibration check may be used for detecting large diﬂ'ercn.ces
inca dtion due to unusual soil conditions. However, ficld calibration
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should not be relied upon for precision work because of the inaccuracies
associated with the determination of the volume-basis water content val-
ues required. These inaccuracies arise from errors in measurement of
both the mass-basis water content (see section 21-2.2) and the bulk den-
sity. Field variation in both water content and bulk density (which can
occur over a relatively short distance, particularly in a heterogeneous
soil) introduces an additional confounding factor. For these reasons, un-
less the calibration curve is considerably in error, water content inferences
from the neutron measurements may well be better than measurements
obtained by direct sampling, }

Accurate calibration curves require the use of large homogencous
bodies of soil with carefully regulated water content. Some ussful checking
can be done with substitute nevtron absorbers (such as CdCl,~-water so-
lutions) in small containers. However, the techniques are sufiiciently com-
plicated that persons attempting calibration should consull original lit-
erature-sources such as Van Bavel et al. (1961), Holmes (1956), Holmes
and Jenkinson (1959), Stone et al. (1960), Hewlett et al. (1964), Sinclair
and Williams (1979), and Zuber and Cameron (1966), or a review by
Visvalingham and Tandy (1972).

An empirical equation for water content in terms of the count ratio,
used over the range of water contents of usual interest, is

8=a+ bf {32)

where fis the count rate ratio, //I,,, and a2 and b are parameters which
depend upon soil characteristics and the standard count when the neutron
source and detector are in the shield. The count ratio usuvally has a range
of from near zero to about 1.7 at saturation, depending upon the char-
acteristics of the soil and composition of the standard absorber. At low
water contents the equation departs from linearity because in real soil
the count rate, I, never is zero. The parameter a depends in part upon
the bulk density and is closest to zero in soils which have a lIow bulk
density and, when dry, contain the smallest quantities of moderating
substances. The parameter b is essentially independent of bulk density
and depends upon the presence of substances in the soil, such as structural
waler (as opposed to absorbed water) and chemical materials, which are
effective in the neutron thermalization and capture process.-Such sub-
stances as iron, boron, molybdenum, and cadmium significantly aflect
the value of b. Inhomogeneities, such as stratification in mineral density
and composition, or even sharp changes in water content al interfaces,
where the porosity may change abruptly, can have a marked effec! upon
the calibration curve where it is constructed from field measurements.
Sharp changes in water content distort the shape of the volume-of-influ-
ence boundary, which is given approximately by Eq. [31].

Laboratory calibration usually can be done with ~reater precision
than field calibration, providing that the volume of so >d exceeds that




F-704

P.020/029

T-453

+5056653868

14:25 From=EES-10

09-29-03

526 { GARDNER -

of the volume of influence as given by Eq. [31]. However, when the
faboratory calibration curve is used on field measurements it must be
recognized that it will deviate from a true calibration to the degree that
a nonhomogeneous field soil deviates from the calibration soil both spa-
tially and in its neutron thermalizing and capture constituents. Thus, the
accuracy of a calibration curve, whether done in the field or in the Jab-
oratory, often is highly subjective,

Bearing in mind the many difficulties associated with calibration, high
precision and accuracy require painstaking effort and (usually) separate
curves covering the area where the method is to be used. However, for
precision and accuracy comparable to that usually achieved with gravi-
metric methods (roughly + 0.005 g/cm?), considering field variability,
reasonable calibration curves easily may be produced. At this level of
accuracy it often is adequate to determine, with considerable care, two
points on the calibration curve, one very wet and one dry, and to draw
a straight line between. Alternatively, calibration data may be obtained
over a range of water contents and a calibration equation determined
statistically,

Both water content and change in water content with time at a fixed
position are of interest. Ignoring spatia) variation in water content and
assuming the validity of the empirical equation relating water content
and neutron count ratio, /, given by Eag. [32), error equations may be
written, one for water content and one for change in water content at a

fixed position,

0=a+bf (32]

At =a + bfy — (a+ bf) = blfi — 1) = bd/f. [33]
The corresponding variances are

o2 = a% + bio} + [} [34]

ol = b2, + A%}, (35]

Variances o2 and a7 for water content depend upon spatial varia.tions' in
soil constituents and profile structure and the degree to whic}} calxbrau_on
conditions resemble particular field conditions. Such variations can in-
volve bias as well as unidentified error associated with site variation.
Detailed determination of these variances would involve site studies, but
reasonable estimates of the magnitude of the standard deviations oftea
may be made. Assuming that accurate placement of the source-detector
probe is possible, o2 and of become cssentiallylzero for. water content
change at a fixed location in the soil. An exception to this may occur il

{f
E
:
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sharp interfaces or wetting-fronts exist in a2 manner so ss to serioush
alter the shape or size of the volume of influence as the water conten.
changes.

An additional factor of some importance where high accuracy ic
measurements is desired involves perturbations in water content causec
by temperature changes in soil surrounding a neutron-probe access-tubg
induced by heat conduction along the tube. However, Hanks and Bowers
(1960) measured changes in water content around access Wwbes and coa- -
cluded that the influence usually would be minor compared with other -
sources of error.

Errors in water content measurements associated only with random
neutron emission may be computed with Eg, [34], where variances in-
volving the calibration parameters are taken as zero. The variance inp
water content, o;, is b} or b%3,,,,.., where { is the time counted at rate
I and /4. The error may be reduced by counting in the standard for a
longer time, ¢/, which usually is practical because of the infrequent nced
for making this count during a series of measurements. Inclusion of this
’i[’}h the error analysis requires replacing /., with Ihat’/n, with ')t = n,

us,

o} = Uﬁmuum = b2, + (R [(Lgat’ )2 Uf,wr]/(’ml')z {36]
which, with ¢, = n%, + (It)%2 and with 22 = 0, reduces to

0 = nO{I(Laal’) + (U [(Lagt VYT eat) (37]

where, for a Poisson distribution in neutron emission from the source,
ok = It and a},, = l,4!". Recalling that [,f = nl, ¢ and that f=nr
I,qt, Eq. [37] becomes

o= bz(f+f1/n)/(1nd’) = Byl + JIm)/ Lt
o, = blf (1 + fin)/Lat)' (38]

From Eq. [38] it may be scen that increasing the value of # by making
long counts in the standard will reduce the standard deviation in water
content caused by random neutron emission, The variance is largest in
wet soil, so that for a large value of /; say 1.6, b = 0.5 and forthe counting
time in the standard (e.g., st = 4 X 10*) being the same as for other
counts (7 = () the standard deviation in water content is-0.005 g/cm?’,
Increasing counting time in the standard by a factor of 5 reduces this to
0.0036 g/cm”. For 95% certainty (20,) waler content may be known to
about 0.007 g/cm’ or to about 0.7%, neglecting errors in a and b of the
calibrating equation.

Variance in the difference in two counts, Af = f; — £;, is the sum of
the two variances, o}, and o3, 5o that the variance and standard deviation
in water content due solely to variation in the count ratio, /; are
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ade = UYL + 1Lty 0u = I + [2)Lat)?  [39]

where (/| + £1)/2 = J, the average of the counts made at two different
times. [n the wet range where the variance is greatest, say / = 1.6, and
Jort =5, b = 0.5 and It = 40000, o, = 0.005 g/ecm?, Thus, al a
certainty of 95%, water content change may be known to the nearest 1%
waler content (2 X 0.005 X 100), Little improvement is achieved by
going beyond ¢ = 5, The accuracy in measurements of water content
change associated with random neutron emission is slightly less than that
for water content itself, but errors due to variations in parameters a and
b usually are not involved as in water content measurements, so that the
overall accuracy generally is better. Neither variance in water content
nor waler content change given in Eq. [38] and [39] have involved var-
jance due to spatial variation in water content, except as parameters a
and b may be involved. Spatial variation can be large, exceeding 0.00]
(standard deviation of | X 10732 = 0,03 g/cm?), thus somewbat reducing
the importance of high accuracy in measurements of 2 and b and of /.

The parameters, a and b in Eq. {32] and subsequent equations, for
a given soil sample of large enough volume to encompass the effective
volume of influence, may be determined to almost any desired precision
by carefully adjusting bulk densily and water content to known values
and making long neutron counts. At a single location in the field, errors
in determination of these parameters depend vpon the accuracy of the
independent measure of water content in the soil volume that is seen by
the source-detector unit. Such errors would impart a fixed bias to sub-
sequent measurements. Larger errors, however, usually are associatgd
with field variation of soil properties that determine the size of parameters
aand b. The sizes of both a fixed bias and variation in spatial distribution
of soil properties affecting @ and b can only be determined by studies
made in the feld or upon samples taken from the field. However, ex-
perience often will permit estimates of the probable size of such errors.
The effect of such errors upon water conlent inference may be determined
by converting them to variances and applying Eq. [34).

21-3.4 Gamma Ray or Neuntron Attenuation

21-34.1. PRINCIPLES

Principles of absorption by matter of both gamma rays and neutrons
are well known, The degree to which a beam of monoenergetic gamma
rays is attenuated or reduced in intensity in passing through a sqll column
depends upon its constituent elements and the overall density of the
column. If the constituents and bulk density of the soil without its water
remain constant, then changes in attenuation represent changes in water
conient. Or, if measurements are made at two different gamma ray ener-

gies t=~ attenuation equations may be solved simultancously to provide ’

both.  :r content and soil bulk density. Since bulk density often changes
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somewhat with wetting and drying, use of the dual gamma technigue

(Gardner & Calissendorfl, 1967; Soane, 1967; Corey et al,, 1971: Gardner

et al,, 1972) improves the accuracy of water content measurements over

what is possible where bulk density must be assumed to remain constant,
The altenuation equation, neglecting air, is

1)1, = exp[—S(up + n.8) — 25p.p,) [40]

where 1,,/1, is the ratio of the transmitted to incident flux for the moist
soil, i, a,, and u,, are the mass attenuation coefficients for the container
material, soil, and water respectively, @ is mass of water per unit bulk
volume of soil, p. is the density of the container, § is the thickness of
its wall, p, is the bulk density of the soil and S is the thickness of the soil
coluomn, The intensity of the incident monoenergetic gamma beam is
proportional to the intensity at the source and inversely proportional to
the square of the distance from the source. Since gamma ray sources are
of various sizes and dimensions, some deviation from the inverse square
of distance rule is possible. This rule holds strictly only for uniform
radiation from an infinitely small source. However, for a "’Cs source,
believed to have an active projected area of at [east several square mil-
limeters, the fallofl was closely proportional to the inverse square of the
distance in the range of from 30 to 90 cm as measured using a (2-cm
long by 0.33 cm by 1.2 cm collimator against the source and a 10-cm
long by Q.1 cm collimator against the scintillation crystal. A correction
for air adsorption was made,
The corresponding equation for a dry soil is

I/1, = exp(—Sup, — 25up.). [41]
Division of Eq. [39] by Eq. [40] yields -
L1y = exp(—m.AS) (421
or
0 = In (I,/1)]—p.S {43]

which is useful under conditions where bulk density may b presumed
to be constant, If a perfectly collimated gamma beam of uniform energy
were used, and if all scattered and sccondary radiation were eliminated,
the established value of u,, available from independent work, could be
used. However, satisfactory calibration curves can be obtained experi-
mentally, usuwally with greater practicality.

The single gamma ray attenuation method has been successfully used
lo follow water content change in laboratory columns'  Furr and Mar-
shall (1960), Ferguson and Gardner (1962), Gurr (1. ; Rawlins and
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Gardner (1963), Davidson et al., (1963), Reginato (1974) Reginato aad
Van Bavel (1964), and by more recent investigators. It was used to mon-
itor water content change in the root zone in growing plants by Ashton
(1956) and by Hsieh et al., (1972).

Two techniques are available for dual gamma scanning. The first
involves independent measurements of gamma ray attenuation closely
spaced in time, usually using #'Am at 0.060 MeV and '*’Cs at 0.662
MeV, where either the soil column or the scanning gamma ray equipment
is moved with precision from one set-up to another for the separate
measuremeats, Use of the altenuation rneasurements and available pa-
rameters permits solution of the two simultaneous equations, for energy
a

I, = Loexpl—=Sttup + ) — S'teod) [44]

and for energy b

I = Texpl—=S(ugo + paf) — Suand [45]

to yield
6 = lu:b!n([all m) - F‘mln([b/,cb)]/Sk [46]
pP= {ﬂwaln([b/[cb) - ﬂmhln(la/lm)]/‘gk [47]

for water content, 8, and bulk density, p, where the attenuvation coefficients
for dry soil and water are g, and g, with additional subscripts, @ and b
to designate the gamma energy used, S is the column thickness, k = u,,
Hap — Mg Uy and the conlainer counts, I, and 7, replace 7, and /[, to
eliminate the container terms from Eq. [44] and [45].

The second dual gamma scanning technique invalves simultaneous
measurement, using two single channel analyzers or a multichannel ana-
lyzer to make simultancous gamma counts at the two energy levels in-
volved, and placing the '¥Cs gamma source behind the 2¢' Am source so
that the higher-energy '3’Cs gamma rays pass through the 2'Am source,
With appropriate geometry so that the soil traversed by both the colli-
mated cesium and americium beams is close to the same length, the only
additional problem, beyond those involved where two separate mea-
surements are taken at close {o the same time, is that of correcting the
americium count for down-scattered gammas coming from the cesium
source. Nofziger and Swartzendruber (1974) have shown that the prob-
ability for downscatter of 0.662 MeV gammas for cesium into the 0,060
MeV energy range of americium in the soil traversed by a narrowly col-
limated gamma beam is negligible and that the major downscatter occurs

in the scintillation crystal. They have shown thal it is possible to obtain

()
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a curve refating the intensity of low-energy gammas in the 0.060 MeV
range (o the 0.662 MeV gamma intensity, thus producing a correctior
term to be subtracted from the measured low-cnergy americium intensity -
The empirical correction, e, in counts/second to be subtracted from th
low-energy count rate is of the form of a cubic polynomial

e=A+ B, +Cit+ Di2 (48

where i, is the measured cesium intensity in counts/sec. For the gamm:
ray system of Nofziger and Swartsendruber (1974), the coefficients ar
given by 4 = 11.343 counts/s, B = 0.10056, C = 9.5979 X 10-3 s/coun'
and D = —2.1916 X 10~ s?/count? over the range of cesism intensities
from 3000 to 14000 counts/s. This correction equation was btained from
measurements made with the americium removed and replaced with 3 :
brass plug, The correction was shown to be independent of the material -
in the gamma-ray beam.

Water-content measurement techniques using neutron atlentuation
rather than gamma radiation are similar, but more specific 10 waler,
Although neutrons are scattered and absorbed in some degree by all kinds -
of nuclei in the soil, hydrogen is by far the most effective. Hence, atten- .
tuation change is relatively sensitive to water-content change (see section -
21-3.3). However, high neuiron fluxes, not readily available outside of
a reactor facility, are required and field application would be difficult,
Because ol the current impracticality of the neutron attentuation method
for general use, the method will not be described here in detail, and the ﬁ
reader is referred to an AEC report (Stewart & Garduer, 1969) for further
information. The method has been svccessfully used at the {00-kW nu-
clear reactor at Washington State University, where fast and thermal
neutron fluxes available at beam ports are 4 X 10'2 and 1.2 X 10'2
neuvtrons/cm? per s. ?

21-34.2. METHOD

21-3.4.2,1. Special Apparatus.

21-3.4.2.1.1 Sources of Gamma Radiation

Cesium-117, which emits gamma rays at 0.662 MeV and has a halt
life of 30 years, and >'Am at 0,060 MeV and a half-life of 470 years, are
well suited for water-content measurements. The size of sources required
depends upon the use to be made of the equipment. Sources of 20 or 25
mCi have been satisfactorily used. However, where rapidly changing water
content is to be followed, so that counting times of only a few seconds
are required, or where resolution of the order of a millimeter or less is
required, much larger sources are desirable. Sources from 10) to 500 mCi

have proved satisfactory under these more stringent conditions, However,
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self-absorption limits the practical size of *'Am. Lead shielding required
for safe operation increases, of course, with increasing source size. Either
of the sources, or both for concurrent measurements, may be used.

21-3.4.2.1.2 Lead Shields and Collimators

Sources are housed in lead shields with suitable collimating holes or
slits. With protective plugs for collimating slits, shields serve also as
storage containers. Ideally, collimating holes should be drilled appropri-
ately to serve for gross measurements and to accept lead plugs with smaller
collimating holes or slits for measurements where greater resolution is
desired. Holes about 3 cm in diameter will accommodate a collimating
plug containing a |- by 20-mm slit or any number of other slits or cy-
lindrical openings that might be desired. Collimating plugs should have
the form of bolts with [arge heads 1o cover the space between bolt and
lead block.

For good spatial resolution, the gamma rays, emitted from the source
in a solid angle, should be passed through a collimator which is as long
as possible, consistent with source size and desired count rate, so as to
be close 1o parallel as they enler the detecting crystal. For errors associated
with collimation of the order of 0.001 g/cm® in a soil column 10 cm thick,
the collimator for 'Y’Cs should be about 8 cm long on both source and
detector side, For a tapered collimator slit 0.45 X 45 mm at the detector
crystal face, the spatial resolution for cesium has been found to be only
slightly greater than slit size, or about 0.5 mm. For dual gamma mea-
surements the 2*'Am system should have similar collimators, so that the

shape of the gamma ray beam as it passes through the soil is comparable -

to that for the cesium. However, the practical size of an americium source
is limited by self-absorption to roughly 22 mCi/mm? so that path and
collimator length suited to cesium may severely reduce the count rate
possible with americium and make compromise necessary. The length
of collimator material needed for the 0.060-MeV gamma photons from
M Am is roughly 1/50 of that needed for 0.62 gamma photons from 'Y’Cs,
Although lead is used ordinarily for collimators and protective shiclding,
tungston absorbs gamma energy from (wo times as well (at a thickness
of 1.2 cm) as lead to many times as well, and may be machined to closer
tolerances. Hence, it often is used in place of lead.

The dimensions of protective shielding depend upon source strength;
but, for preatest convenience where weight i8 not an important factor,
blocks should be thick to reduce radiation in the vicinity to values only
slightly above natural background, so that spccial precautions required
in the vicinity of such radiation hazards may be minimized. Normal
background varies from 0.0! to 0.03 mR (milliroentgen)/hour. One mil-
liroentgen in air is about 5% less than | mrad in tissue (the rad is the
unit of physical radiation dose), so that for practical considerations they
m2 > regarded as equivalent. ;

Ahe design of shielding and collimators, it is necessary to determine
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the dose rate in terms of source strength, shielding thickness, and distance
from the source. This may be determined by the following formula. The |
dose rate in mrad per hour at a distance R in cm from a point-source of
gamma radiation at strength 4 in mCi and energy £, in MeV, and with
shielding of thickness ¢ in cm of a malcrial with a linear attenuation
coefficient in cm ™', is (as inferred from Eq. [2], [3], and [4] of Blizard
(1958))

D(R,1) = 2134 X (0° Blet) (af0) EJA exp(—ut)/(brR?)]  [49]

where B(u,!) is the build-up factor, p,/p in cm?/g is the energy-absorption
mass-atteavation coefficient for the source energy and the material in
which the dose is to be calculated (p is its density) and where the numerical
constant has units of g X rad/MeV X mCi X hr). For gamma sources
with more than one peak in an energy range that would contribute sig-
nificantly to the dose rate, Eq. [49] must be applied to each peak and the
dose rates summed. :

For 0.662-MeV gamma radiation from a "*’Cs source and for 0.060-
MeV gamma radiation from a 2*'Am source, u,/p, measured in tissue, is
about 0.0323 cm?/g and 0.033 cm?¥/g (Evans, 1968). For the same two
gamma sources, 4 i$ 0.717/cm and 46.4/cm, and the build-up factor B(u,f)
for lead thicknesses from 2 to 15 cm is approximated by 1.4 + 0.21¢ (a
dimensionless factor) for the "*’Cs. The build-up factor for 'Am is close
to unity, The dose rate equations for '*’Cs and *'Am inferrsd from data
in Tables 1 and 4 (Blizard, 1958) and Evans (1968), are:

BCs: D(R,t) = (5.1 + 0.761)10° A exp(—0.7171)/R? mrad/hour [50]

MWAm: D(R,1) = 336.24 A exp(—46.41)/R? mrad/hour (51]

where R is the sum of the shield thickness, {, and the distance from the
shield surface.

For a 500-mCi "Cs source with 13.6 cm of lead shiclding, the ra-
diation at the surface of the lead is about 2.5 mrad/hour, and at 1 m
from the surface it is about 0.03 mrad/hour, or the equivalent of back-
ground radiation, Shielding required for a **Am source of comparable
strength is approximately 3 mm, with radiation at | m being negligible
compared to natural background.

The maximum exposure limitation given by the U. S. Nuclear Reg-
ulatory Commission is .25 rem/calendar quarter (the rem is the “roent-
gen equivalent, man”) for persons 18 years of age or older. For gamma
radiafion, ] rem is the equivalent of 1 rad, so that for a 7-hoer exposure/
day for 65 days (ordinary working days/quarter year), 0.03 10 2.5 mrad/
hour results in an accomulation of 0.0(4 to .14 rad/  er, well within
U. S. regulations, For a more complete description .. dpplicable regu-
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lations in the USA see part 20 of the Federal Code (U.S. Nuclear Reg-
ulatory Commission, 1985).

21-3.4.2.1.3 Gamma-sensitive Probe

Scintillation-type gamma-sensitive probes are the most satisfactory.
A 5-cm phototube probe containing a preamplifier and equipped with a
2.5cm thick thallium-activated sodium iodide crystal is adequate for
many measurements. However, the crystal size may be increased for
greater sensitivity. A second lead collimator about 5 cm long for '»'Cs
(or much less for 2'Am), confaining a thin slit or hole, is aligned with
the source collimator, with an intervening space large enough to accom-
modate the soil container. The scintillation crystal, with a surrounding
Jead shield of approximately the same thickness as used around the source,
is placed against Lthe collimator. Where sequential measurements at two
gamma energies are to be made, two probes may be desired.

21-3.4.2.1.4. Soil Containcr and Mechanism for Orienting Soil in
Beam

Specifications for the soil container depend upon the nature of an
experiment. However, two factors should be considered for optimum
water content measurement. First, the container walls through which the
beam will pass should be as thin as practical and of low density, and
should not absorb water. Where a small source is to be used so that
counting rale is limiting, it ofien is desirable to arrange holes in the
container at desired counting positions, covering them with Mylar film.
Second, the thickness of the soil through which the beam is to pass should
be about 10 to 35 cm for ordinary soil density when '¥'Cs is used as a
gamma source. For 2'Am, thickness should be 2 to 8 cm. For dual gamma
measorements the curves in Figure 21-5 should be used. Equation {61]
in section 21-3.4.2.3 can be used to compute optimum soil column thjck-
ness for single gamma. The mechanism for positioning the soil contamer
in the beam can take many forms, depending upon the nature ol'. an
experiment. In some cases, because of the weight of the lead shielding,
it is easiest to move the soil container in the beam. A rack-and-pinion-

operated sliding table or elevator works well.

21-3.4.2.1.5 Scaler or Rate Meter

A number of different types of scalers or rate meters can be used. A
single- or multiple-channel analyzer with a built-in adjustable amplifier-
discriminator and with a resolution time of | us or less and a presct timer
is desirable, Data acquisition systems, incorporating computer programs
to accept and refine data, may be used for dircct output of water contents

and bulk densities.

21-3.42.2 Procedure, Before it is possible to infer water contont
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‘I;cs;:glc‘-:ne;gy systems values of I, and I, must be unif‘grm fﬂ'rzigﬁ’:yi
o fs alo a soil column under study, or their values at- r‘ﬁeasuri:
positions « ong the colt!mn must be obtained and tabulated lor use A
posm-conAelnt computations to be made from gamma ray counis al e '}'11
weuinon;mdso’ I',, may che_mgc witl} sweiling or shrinking of the soi!a (i:n
; stemg n _drymg Situations, _whxch introduces error in single-ener,
bi for ‘%rmsmg container materials of uniform dimensions, 7, likely wxgl};
e oty cg;?;i: ;ol;;)qn so|that a single value may be obu;ined using
» 1his value may then be used th '
roughoul a series

of measurements. Howaver i ie thn waize 0o .
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to the count in the empty container, /., that is used in the attenuation
equations for the dual-energy systems. This fact makes it possible to
reduce the effect of any instrument drift on measurements by making
periodic measurements of /, and usiog them to obtain the ratio, /.. This
may be done using an absorber made {rom two pieces of the container
wall material, so as to simulate the wall. Other absorbers may be used
as well. Attenuation in air usually may be ignored, as it is negligible in
most measurements involved with soil.

For dual gamma measurements, the values of the attenuation coel-
ficients for soil and water must be obtained with considerable precision
(see section 21-3.4,.2.3). These measurements are made by placing soil
in small containers having parallel walls at precisely known spacing, with
the same geomelry as that for the soil columns to be used. The bulk
density is computed from mass and volume measurements. Careful counts
are made on the containers withou! soil to determine /., and air-dry soil
then is packed into the containers as uniformily as possible with a cor-
rection later made for the air-dry water content. (Oven-dry soil may be
used to eliminate need for a water-content correction. However, absorp-
tion of moisture from the atmosphere during measurement may intro-
duce some error.) Gamma counts then are made at several positions of
the gamma beam in the soil, and the average value computed. Counting
times may be set at values to producc any desired precision tn the at-
tenuation coefficients (the larger the count, the greater the precision). A
similar measurement is made for water, with the values obtained usually
being close to the theoretical value but usually not identical because of
dependence upon the geometry of the attenuation system. (Mass atten-
uation coefficients for water generally are reported to be 0.197 and 0.088
cm?/g for 0.060- and 0.662-MeV gamma rays. Experimental values for
gamma beams used on soil columns often are from 1 to 6% less.) Eq.
[43], with 8 = | g/cm? (usually) and I, replaced by the container count,
1., is used to compute the altenuation coefficients for water. The equation
for computing the values for soil is

By = [—uuboy — In(L/T)S)/ p: [52]

where p, is the dry bulk density in g/cm? compuled for the container soil,
8,, is the air-dry water content in g/cm?, S is the thickness of the soil
column in centimeters, and 7,./7. is the ratio of count in air-dry soil to
count through the empty container.

21-3.4.2.3. Comments. The precision of gamma ray methods for
measuring water content and bulk density varies with the thickness and
density of the soil column, the adsorption characteristics of the soil, and
the size of the gamma count in a moist and dry soil column, The error
analysis of the single-gamma technique which follows provides uscful

desi¢ Yiteria for systems, including optimum column lhiclfness. Since i
the Vaence in gamma-ray cmission is the gamma-ray coun itself, count -
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intens.ity, [. must be replaced by the number of counts, /7, where f is th
counting time in Eq. [43]; thus, '

0 = —In (Lt/I4)/(1,S) 33

and the variance, with reasonable assumptions, becomes

ﬂ’} = U'?‘,.(’ml/lm)/(ﬂ.z‘y) [54

so that the standard deviation is

Gy = U’ln(l,m/lm/(ﬂwg) L [38)

To reduce the error, the counting time for 7, which is measured infre- -
quently and usually under conditions where time is not pressing, is in-
creas.ed by a factor of 3 or 4 over that of /,.. However, the computation °
requires that / be the same for both /¢ and £,¢. Hence the longer count
I4" is reduced to comparable size through division by », where n=t/r.
Thus I,£'/n is the time-equivalent count to /,/ and may replace it in Egs.
[54] and [55]. ‘

The standard deviation of In(/,1/1,0'/n) is

It /n
it

oln(]m’/ ,d’,/") =

oLt/ 1,0 /n)

r ) 172 ;
L'/n | , (at)” :
- ,"I’ ld”/" a""' + (Idl’/”)l J( 4, /n) [56} V

Using Eq. [56] with
I = (Im’)ln and Terarmy = (,a{‘)'n/n
Eqg. [535] becomes

05 = /[ (L2 [V + Tt/(Lt')]'?
= Y(uS (I2)"?) [1 + Lutf(nl 012, (57]

V\{hcre n is 3 or 4, the second term under the radical may be neglected
with only small effect on g, (ca 10%), so that Eq, [57] becomes

v = 1/[pS (1,,,[)”2] [58]

or, multiplying Eq. [40] by /7 and substituting into Eq. [5§] yieids
o= expiS(a, + w2+ SupdllmSi, 7[5
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The optimum value of soil-column thickness, S, may be obtained by
equating do,/dS, obtained by differeatiation of Eq. [59], to zero:

dop - exP[ S( Py + l'wo)/z]exP(SIﬂeﬂc)

ds 5SS
X [1/2(usp5 + pa8) — (1/8)] =0 [60]
and
S = 2/(nps + nb) (61]

For 2'Am with g, = 0.307 and 4, = 0.195 cm?/g and for a bulk density
of 1.2 g/em?, the optimum soil-column thickaess ranges between 5 and
4 cm for low to high water-contents. Similarly, for *’Cs with g, = 0.076
and u, = 0.082 cm?/g, the optimum soil-column thickness ranges from
20 to 15 cm.

A complete error analysis for use with Eq. [46] and [47] for dual
gamma measurements is given in Gardner et al., (1972). However, a briel
discussion of the two mos! important factors involved in the design of
experimental soil columns—errors associaled wilth random gamma ray
emission which determine the optimum column thickness, and errors in
measurement of column thickness—is given here, The error equation may

be written

2 2 2
30 30
Jou ()t (a5 @

For bulk density, 8 is replaced by p. Carrying out the partial differentiation
indicated in this equation yields appropriate equations giving the con-
tribution to variance in water content or bulk density of each of the
parameters in terms of a variance which may be assumed for measure-
ment of that particular parameter. Gamma ray emission follows a Poisson
distribution for which the variance, o, is the number of counts, /.. Hence,
it is possible, for a particular count, 10 obtain relationships between var-
iances in water content or bulk density and variances-associated with (i)
the container in the absence of soil (this count to be made over appro-
priate times so as to be the same for both gamma sources), (ii) the variqus
absorption cocfficients, (iii) the water content and bulk densily, and (iv)
the thickness of the soil column, For 10f counts through the empty con-
tainer and mid-range values of water content and bulk density (0.15 and
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1.2 g/cm?), the curves for variance in water coatent and in bolk density
are shown in Fig. 21-5 in terms of soil-column thickness. Curves also
are given for the combination of 2'Am and thermal neutrons. From these
curves it may be observed that optimum column thickness for bulk den-
sity is about 7 cm (a range of 5-10 cm) and for water content is about
8.5 cm (average of about 7-10 cm). A similar analysis involving variation
in column thickness from a designated value (a bias rather than a variance
for repeated measurements at the same position) shows that for an ac-
curacy contribution in water content of 0,001 g/cm? the error in column
thickness must be less than 0.67%, or for 0.01 g/cm?’ less than 6.7%.
Similarly, for an accuracy contribution in bulk density of 0.001 g/cm’,
the error in column thickness must be less than 0.083%, or for 0.01 g/
cm? less than 0.83%. For water and homogeneous scil the attenuation
coefficients may be determined by repeated measurements to any desired
accuracy, using a particular gamma-scanning set-up. Hence these factors
do not enter into design, but the relevant accuracy evaluation may be
carricd out similarly using the appropriate term in Eq. {62).

The above analyses assume a rectangular soil column. Ifa cylindrical
column is used it is obvious that the atlenuation coefficicnts must be
carefully made on cylindrical samples, with the column positioned pre-
cisely in the gamma beam to avoid error. (The difference in column
thickness over a gamma-beam cross-section would be absorbed in the
attenuation coefficients in this case.)

For all gamma counting, a correction for the resolving time of the
gamma-ray counting system must be used. This is the time between suc-
cessive counts during which an additional count cannot be recorded (sce
Fritten, 1969; Gardner et al., 1972). A corrected count rate, N, for the
counting period nsed may be computed using the equation

N = R/} — tR) [63)

where R is the observed count rate over the prescribed counting time
and 7 is the dead time per count. The value of 7 may be determined
experimentally using particular equipment in the range of settings to be
involved and by making counts throogh air, Ro, separately for each of
two iron blocks of equal thickness (thickness such as to give a counting
rate at least as high as that expected in measurements to be made) and
averaging them, R,; and making counts for both blocks together, R, The
equation for 7 (Gardner et al,, 1972) is

r = (R} — RoR)[Ri{Rs + RD) — 2RoRiRs]. [64]

The basic gamma count rate I with only air between the source and
scintillation crystal, and hence the precision and resolution possible in
water-content measurement, depends upon the strength of the gamma
source, the range of garmma energies counted, the geometry of the equip-
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ment, and the efficieacy with which gamma dr;];\haigct):n ;;}rln:?f#;eg(iﬁ Tn']]:
its gamma rays in all directions, and the r
?i(;‘l];c:eir:;::egs with !heysquare of the distance. from thg source (r;e(g::gltil:)lg
the absorption of air in the path and assuming a point s.m‘l‘rce e
21-3.4.1). Under these conditions, the fraction of the radia ll‘onllimation
the face of the scintillation crystal depgnds upon the dqgrec 0 I;:o ation
and the distance from the source. With an absorber in the ezm, ome
scattered and secondary radiation reaghes _thc crystal so that tle_ llr‘w e
square law no longer holds. However, if a single-channel or muftltc: a‘:ax-
analyzer or a discriminator is used so that only gamma rays orl euered
imum energy emitted from the source:j are counted, the effect of sca
radialion is eliminated.
and vs\c;ic‘(})ln:llfgy gammma-ray detector set to count qnly a narrow range of
gamma energies, the resolution possible for given prects;c:jx:, son;rze‘:.
strength, and experimental arrangement can be compu_led. l‘ ¢ s:)re o
the collimator at the face of the crystal is a (assuming this tolalef he
minimum collimator restriction) and !he dxstar}ce from the crys ; l?n
is r, then the fraction of the total raqiauon reaching the crystal, n[eg_ ec mg-
the absorption of air in the path, is _a/(4wr’). The count ra}e ho l:ogrce
portional to the product of this fraction and the strength of the

YA
Io = k(a/dxr)Z (63]

with
k = 3.70 X 107 £t — exp(—u,)] [66]

where the constant, 3.70 X 107, is the number of 'disint.egrations ge;
second associated with t mCi of any radioac(i\i% x;;(ilxtfie; £ % ;h:nl:lu(r)n3 589
disintegration (0. or nd 0.35
of photoelectrons produced per : OB B e e et
AAm is the linear attenuation cocfﬁc_xen 0 alli :
{/(;l;ed ‘:odi){n‘:\p iodide crystal, which is the fra.xchonal decreialtsl? u;) 12;31\145;%'
per unit length traversed, 5. The \’/z}lueoo(f; g6 lhs/I 0.33;30(;:1“5 o?'r“'.A oM
hotons of '’Cs and 22.12 cm™' for 0.060-Me
ap szigtillalion crystal approximately 5 cm in fllam_e_t?r an375c cr:lngele;.llsc
has the value of 5.08 X (0f photoelectrons s~' mCi for ] xim{:m
X 10 photoelectrons s~' mCi~' for #'Am. Eq. [§5) gives the ma o
counl rate obtainable in air for a particular eqlt:.npm‘e_glt1 g?/‘::l?xz‘sr%onsid-
i nd source strength. Using narrow collimation, -
g::;l(;'nie:s than this may be expccted where perfect alignment of colli
is difficult o achieve. . ' o
ma"ljlresptl‘:lcilng the count N, in Eq. [59] by its cquivalent /o, su‘ll)siut:ilm:g
this into Eq. [65], and solving explicitly for the source strength lcads

Z = 4xr exp[S(pp; + pu0) + 28 up )/ (kaiSPalt). [67]
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For a typical situation at high water content (0.4 g/cm®) and bulk density
(1.3 g/cm®) where the error is largest, a 10-cm wide soil columm contained
in a plastic box with 0.62-cm thick walls having a mass attenvation coef-
ficient 0f0.08747 cm?/g and a density of 1.19 g/cm? would require a 200-
mCi '¥Cs source for 60-s counting to yield a precision of + 0.5% water
content (3 o, = 0.005 g/cm?), with tapering collimation at the source and
on the detector side having a slit cross-section of 1 by 40 mam at the face
of a 5-cm decp scintillation crystal. With imperfect alignment of a narrow
slit, the count rate would be significantly reduced, and a somewhat larger
Source strength would be required. The altenuation coefficients vsed in
the above computation are 0.07785 and 0.08559 cm?/g for soil and waler,
and the value of & is 5.081 X 106 photoelectrons/s.

If long counting-times are practicable in an experiment, high preci-
sion is possible with relatively small sovrces and at high resolution. How-
ever, if rapid measurement is important, then either the resolution mus!
be low or the source strength high. In such cases, since & increases with
increasing crystal size, large scintillation crystals are desirable. If reso-
lution and counting time are not important factors, as in an experiment
involving measurement of gross waler content in a conlainer of soi] with
growing plants, source strengths of the order of 20 mCi may be adequale.
Also, small crystals are considerably less expensive than large ones, and
crystals of the order of 2 to 3 cm may often be adequate under such
conditions.

In the foregoing discussion it has been assumed that the soil traversed
by the gamma beam had spatially uniform physical and chemical prop-
erties so that the density and attenuation coefficients could be represented
by single values. In stratified soil this is not always the case, particularly
in systems that change with time, and the interpretation of calculated
bulk densities and water contents becomes complicated. Special problems
lo be encountered in measurements made in stratified sojl and some
methods for dealing with them are discussed by Goit et al. (1978) and
by Nofziger (1978).
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