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.ll Water Content 

WALTER H. GARDNER 
Washington Stare Ulli,•crsity 
Pullman, Washington 

21-1 GENERAL INFORTvlATION 

Direct or indirect measures of soil water content are needed in practically 
every type of soil st11dy. In the field, knowledge of the water available 
for plant growth requires a direct measure ofwaler content or a measure 
of some index. of water content. rn the laboratory, determining and re­
poning many physical and chemical properties of soil necessitates knowl­
edge of water content. rn soils work, water content traditionally has been expressed as the ratio of the mass of water present in a sample to the 
mass of the sample after il has beeen dried to constant weight, or as the 
volume of water present in a unit volume of lhe sample. Tn 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 water. And criteria must exist 
for deciding at what point tbe sample is "dry." For a great many ;>urposes 
where high precision and reproducibility are not required, a precise def­
inition of the term "dry" is not required. Where high preci11ion doe!! 
become important it should be recognized thal"dry" is a subjective term 
and must be defined. Where nigh precision is implied in water content 
figures, such ligures must be accompanied by the definition an.d a de­
scription of the procedure used to determine the water conten1. Tradi­
tionally, the most frequently used definition for a dry soil is the mass of 
a soil sample alter it has come Lo constant weight in an oven at a tem­
perature between JOO and IIO"C. The choice of this particular temper­
ature range appears not to have been based upon scientific consideration 
ofthe drying characteristics ofsoil; and in practice, samples are not always 
dried to constant weight 

Water content as usually used in soils work is either a dimensionles5 
ratio of two masses or two voJumes or is given as a mass per unit v-olume . 
When either of the djmensionless ratios is multiplied by 100, such values 
become percentages, and the basis (mass or volume) should be slated. 
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 ligures first and then converting them to volume·basis figures. 
Copyright 1986@ American Societ)' of Agronom.,.~oif Science Society of America, 677 Soulh Segoe Road, Madison, WI 53711, USA. Mtthods of Soil Analysis, Par/ 1. Pltysicaf and Mi11era/ogical Methods-Agronomy Monograph no. 9 (2nd &!ilion) 
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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, 

8,..,.. = 8d.,,/{ 1 + Oa,..), 00,. = 8,.,..,/( 1 - 8"''") [I) 

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

rfwater content is desired on a volume basis, tbe volume from which 
the sample was taken must be known. A sampling dev[ce 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 

8,-b = (pLjp,.)8rJ.,. [2] 

where p,, is the bulk, density of the soil, p". is the density of water (this 
usually may be taken as unity in g/crn 3 or Mgfm1 units, but must be · 
present for dimensional c.onsistencr). and the subscripts 1•b and dw refer 
to volume basis and dry-weight basis. The accuracy of the inferred vol­
ume-basis water content depends upon the accuracy of tbe bulk density 
figure used as well as upon the accuracy of the dr}•-weight water-content 
figure, Both depend upon the accuracy of lhe figure for the ••dry .. mass 
of the soil. In some types of work water content also is expressed as the 
ratio of tbe volumetric water content to that which would exist at sal· 
uration, or the sarurotion ratio. On this basis the water content of a 
saturated soil is unity. Further information on measurement of bulk den-
sit)' may be found in chapter 13. 

Computations of water content on a volume basis require a corr«,t 
measure of bulk density. Considering the variability of soil, even in an 
area as small as l m2, some error nearly always is involved. However, 
for many purposes where voiume-basis water contents are needed, the 
error probably is no more important than the error involved in repre­
senting the water content at a particular depth in the field by a single 
number. Taylor(l955), working with Millville loam {which is a relatively 
uniform soil insofar as observable physical and chemical properties are 
concerned), reported coefficients of variation of 17 and 20% for gravi­
metric measurements of the water content of samples of soil from field 
plots under irrigation by furrow and sprinkler methods, respectively. Sim­
ilar variation has been observed on apparently uniform areas of Palouse 
silt loam in the dryland areas of southeastern Washington. For precise 
work, statistically sound methods must be used for sampling and for 
reporting such measurements (see chapters I, 2 and 3; Cline, 1944). 

When water is applied to soil by irrigation or rainfall, the quantity 
a I • ,t /' .1 ...• & • • ~l' !. •••••' •• .._,,_.,,1"·"~ : .. " 
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layer. To obtain the volume of water applied to a given area ~uuld require 
multiplication of the depth by the area, measured in the same length 
units. In Jike 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, tbe number is not quantitatively mea11ingful 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 Ullder 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 ordimlf)' c.atchment device, However, 
when the amount of water in the soil is to be measured or computed tbe 
number used is volume of water in unit volume of soil (measured on a 
volume basis or inferred using Eq. r2]) multiplied by the incremental 
volume used (unit area X length of depth increment) and mmmed for 
the entire profile under consideration. To reduce this to the same basis 
as for rainfall, the area (unit, in this case} is divided out: 

(volfvol)(unit area X .length)/(unit area) = length, f3J 

Specification of a "depth'' of accumulated water in such fas~ion, 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. [fspecified asa depth per 
some deplh increment, as bas been common in the past, 1his dimen­
sionless number would be multiplied by the number of increments of 
concern to give the total depth of water in a defined soil dept~, providing 
that the water content over tbe lotal depth is uniform and that units are 
properly taken into account. 

Common expressions for water in soil in the USA have b::en "inches 
per foot," "acre-inches," ••acre-feet," and "acre-feet per acre." The term 
"acre-feet" (and similarly, "acre-inch") often has been improperly used 
to mean "acre-feet per acre" or "feet" of water rather than a volume of 
water, which it really represents. Similar problems have existed with other 
units, such as the hectare and metric units oflength. Eq. ["3] may be seen 
to be independent of units except for the length of the depth increment. 
This can be in any convenient system of units. To obtain the volume of 
water contained in soil on a given size of farm unit, as may be needed 
in farm water accounting, the depth or length computed by E(!. [3] would 
be multiplied by the area ofthe field in question, measured in ~pprop_riate 
units. ·· 

21-2 DfRECT METHODS 

21-2.1 Genera) Principles 

Detennination of water content of soils may be accomplished by 
tftrPIIf 'lnti tn~ir.~~t/\1 mafh"~" n;,.,., _,.tl. .. ~ ..... ,.., t.,. ,.. ___ J.J • • at.-·· 
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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 ofloss of weight of the sample, (ii) 

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) quantitative measurement of 

reaction products displaced from a sample. In eacb of these methods the 

water and soil are somehow separated, and the amount oflr\rater removed 

is measured or inferred. 
The ke}' 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 noncoUoidal mineral particles, organic materials, volatile liquids, 

water, and chemical substances dissolved in water. Oflhe 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 c-rystallization associated with these minerals come off. The status of 

water in the colloidal parlicles of lhe mineral fraction is more compli­

cated. Water presenl in the colloidal fraclion mav be considered in two 

categories. Stmcwral water, is \~t"ater derived fr~m components of the 

minera\ lattice itself, whereas adsorbed water is water that is attached Ia 

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 tbe temperature required for removal and possibly 

to the fineness of the particles.) The exact situation depends upon the 

nature ofthe particular mineral. 
Some representative thermal dehydration curves (after Nutting, 1943} 

are presented in Fig. 21-1. (It should be recognized thai 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 thai were initially at room temperature and 

in equilibrium with room humidity of approximately 60%, as the samples 

were heated to constant weight at various temperatures. The weight at a 

temperature of soooc or slightly higher is taken lo be unity. It is not 

clear from I he 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 

oft. iary laboratory ovens is not very good, precision water content 

WATER CONTENT 
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Fig. 21-l. Wet mass of a unit dry mass of a clay mineral as a funclion ofdryi11g lemperature. 

The sample is presumed to be dry at a temperature of SOO"C or greater. Water rontenl 

percentages on a mass basis for rhis dr,•ing temperatu~ may be obtained by subtracting 

I from lne ordinate ligure and multiplying by 100. (The numbers to 1l.e righl of the 

decimallhus ma)" be regarded as percentages.) (Nutting, 1943) 

measurements should not be expected exce.pt where extraordinary acten· 

tion is given Co temperature measurement and control. 

Allhough it is not possible to generalize on the precision of oven 

temperature control, i1 can be noted that unless 1he temperalnrc control 

of an oven has been checked, it is not safe to assume that centro! in the 

specified 100 to l 10°C range is achieved in ordinary laboratory ovens. 

Several ovens in Washington State University soils laboracories snowed 

variations as large as + l5°C over a period of a few weeks (without a 

sample load) and 1emperature differences within the ovens of as much 

as 40°C. This was true afforced-draft ovens as well as convec:tion ovens . 

Temperature variation with elevation in the oven was found to be as 

great at 40 to lOOoC for several convection-type ovens at the Massacltu· 

setts Institute ofTechnology (Lambe, 1949). Since radiatio~. heating could 

be a factor in some ovens, precision work requires that tempera lure mea­

surements be made within the soil sample rather than in tile oven at­

mosphere, as is done with conventional oven thermometers. 

Insofar as most of the colloidal minerals are concerned, the temper­

ature sensitivity of water content measurements would be reduced ma­

terially by selection of a temperature range where wa1er '""~s changes with 

increasing temperature are smaller than they are fn · 00 1o 1 J ooc. 
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498 GARDNER 

Judging from the curves of Fig. 21-t, the range between 165 and 175aC 

would be better than the traditional range of 100 to ll0°C. However, 

ex.cessive ox.idation 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 uode­

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 oc 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 matter 

by oxidation. 
LitUe 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 

of\en have observed weight changes in soils being dried over periods of 

many days to many weeks. ln our own laboratory we ha,•e 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 lOth day in a forced-draft oven at 100 

to 1 t ooc. Whether this represents water loss or ox.idatioo and decom­

position is difficult to tell. 
Ex.lensive studies have been made on the drying of food products by 

food technologists interested in dehydration. Here efforts seem 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 un~ 

qui vocal. 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 

(magnesium 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 dJ)•ing time from months to 

days (Makower and Nielsen, 1948) involves lyophilization or freeze-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 

slate 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 drastic.ally through shrinking. Aller 

most of the water has been removed, drying can be continued at higher 

temperatures. A redrying procedure involving drying at tem,:eratures be­

tween 50 and 70°C also has been developed by Makower et al. (1946) as 

a reference standard. They reponed that considerable decomposition of 
vege1ables takes place at temperatures above 70°C. 

Since many soils contain only smaU 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 tecltniques 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 to constant weight or to some arbitrary state of dryness 

whicb, by careful timing, can be reproduced. The measured <J~ater 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 I he method used rather than upon a dry state which 

could be regarded as unequivocal. 
Tn many salt-affected soils, considerable material exists in the soil 

solution. lr water is leached out of the sample by some liquid such as 

alcohol, most of tbe dissolved materials would be removed along with 

the water. On the other hand, if the soil is dried in an O\"en only the 

volatile materials are lost. Depending upon the quantities Df dissolved 

substances present, the method ofwa1er removal could make considerable 

difference. It is possible to bave water content differences as grea1 as 
several tenths of a percent, depending upon whether water was removed 

by leaching or by evaporation. It is a moot question whcthfr or not the 

dissolved substances should be considered to be part of 1he "dry" soil. 

Most procedures in common use involve oven-drying or calibn Lion against 

oven-drying data, so that dissolved salts are counted as part llf the "dry" 

soil. 
It appears from 1he literature that oven-drying methods often may 

have been accepted too readily as reference standards for ,.,ater oontent 

measurement. The situation is complicated by lack of detail in the (jt • 

erature concerning oven-drying procedures used for the w.1ter content 

measurements that are reported. Drying time rarely is me11tioned, and 

the specification of oven temperature appears to be perfunclnry if men· 

tioned at all. There usually i's no evidence to suggest that an investigator 

has questioned oven-drying procedures. By implication, scatter 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 asCTibed automat-
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ically to the other method rather than to the oven-drying procedure. 
Accuracy itself is measured against oven-drying methods. As a conse­
quence of this misplaced trust in oven-drying procedures, there may be 
good reason to re-evaluate some of the other methods for water content 
determination and possibly a few other types of analytical procedures 
when water content determinations are critic.al. 

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

[(x - 1)/(y - I)] - 1 = () (4) 

to provide water content 0, With each weighing. there is associated an 
error e, which is the balance error. The balance error is made up of two 
parts, a random error having to do with the reproducibility of a particular 
balance reading, and a bias which is the difference between an average 
reading and the true value, The bias is likely to be different at different 
weight values, but since a balance may be calibrated such bias may be 
eliminated to any desired degree of accuracy. A constant bias, such as 
might result from an improper adjustment of the 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 when such an error e is applied uniformly to each measurement 
appearing in Eq. [41 

((x + e) - (t + e)]/({y + e) - (I + e)J - l = 0 . (5} 

The error term may be seen to cancel out. 
The effect of random error may be evaluated by determining the 

variance a2 of the ratio, (x - t)f(y - t), in Eq. [ 4]. The variance of this 
ratio v.oith reasonable assumptions may be approximated by 

a;_,,,,. -, = [ 1/(}' - l)2lla~-• + ((x - t)2/(y - t)2)u~-.l, {6) 

The variances of the numerator and denominator are given as 

a.~-r = u~ + u~ (7] 

,.2 - 2+ul ".>•-/ - f1,Y I • [8) 

Substituting Eq. [7] and [8] into [6] gives 

z 1 I [ 2 2 (x-
1

)

2 

( 2 2)] t1 x - t y - I = 
2 o,.. + a, + 2 oy + a, . 

(y- 1) (Y- 1) (~1 ) 
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Since the variances due to the random error of all three weighings are 
likely to be nearly tbe same, Eq. [91 is approximated by · 

1 - 2 [ + (x- /)
1 
]/ , - )z (10 a x-rJ,,_, - 2n x.y.• I (y - t)z () I l 

Combining Eq. [4] with E.q, [10) and replacing (y- t) by ,he dry mass 
of the soil z gives 

t1~ = ~-1/JH = (2a.~.,.,,/z1)[1 + (0 + 1)2] 

= (2ai,,.,/z2)(1J2 + 2JJ + 2) , [II J 

f'or water contents and sample sizes ordinarily encountered in soils work, 
()2 is negligible so that Eq. [ 11] further reduces to 

a~ = (4uis,fz1)(8 + I) [ 12] 

where the subscript, (x - t)/(y - f), is replaced by 0 for ~ater content. 
Written in terms of standard deviations (V=a2

), this becomes 

u~ = (2u_,,,._,/z) (0 + l)r;2. [13] 

If a tare compensation device is used so that each water oJntent deter­
mination involves only two weighings, Eq. [61 becomes 

~/J' == (lfyl)[u.~ + (x/y)1 n~l , [ 14] 

and Eq. [9) is not needed, since the tare weight is not obtained indepen­
dently. However, if the tare compensation involves a cons1ant bias, this 
does affect the aocuracy of the resuJting water content figure. The effect 
on water content values of a constant bias doe to a tare error or otheY 
causes, which may be either positive or negative, may be obtained by 
solving explicity for E in the equation 

[(x + e)/(y + e)) - 1 == fJ + E [151 

which, when combined with (J = (x - y)/Jl, reduces to 

E = ( -efJ)/(t + y) 

or when e is small compared to y, it reduces to 

E = - O(e/y). 

If tbe ratio e{y does not ellceed 0.001 {e.g., 100 rr: 

[16" 

l t T 

"{) o lO mg/10 g 
.l D> 
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or I mg/ 1 g), the error will not exceed 0.1% water content up to water 
contents of 100%. If the ratio ely does not exceed O.OOOJ, the error wilJ 

. not exceed 0.0 I% water content over a similar range. This applies Co any 
constant bias of a baJance as well. The random error when tare compen­
sation is used may be obtained from Eq. [14} using a similar development 
and with the same assumptions as used for Eq. [13]. The standard de­
viation is 

u~ = ux.)' [I + (8 + 1FJI0 /y [ 18] 

which, wben IJ2 is regarded as negligible, reduces to 

rr~ = (2) Ill rr_,_,. (0 + I )tllfy [19) 

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 jnstructions for using 
balance ratings as provided by the manufacturer to compute the variance 
or standard deviation in a water content measurement. However, the 
standard deviation for a particular balance at a specified load rna}' be 
obtained eKperimentally with small effort. Hence, 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 on chemical analyses sucb 
as Chemical Computations and Errors by Crumpler and Yoe (1946).) 

rr the limit of precision in water content measurement E due only 
to random weighing errors is taken to be Ju, tbeo from Eq. [ 13), 

E = .3u0 = 6u . (IJ + l)tf'!/z X,)l,l [20] 

where a tare weighing is jnvolved. At 3rr, 99.7% of the measurements 
would be within ± E; at 2u, 95%; and at u, 68%. If the dry weight z in 
Eq. [ 1 I) is replaced by the wet weight, z' = z/(fJ + 1 ), Chen Eq. [20] (again 
neglecting 82 and higher powers) becomes: 

E = 6u.,.,,,1 (8 + f)1l2/z' = 6u,,.,,\, (311 + 1) 10/z. [21) 

Neglect of 02 and higher powers leads to E values Chat are slightly too 
small for large values of 8 in Eq. f20] and [21 ). However, the magnitude 
is correct, and the practical value of the expressions is enhanced by their 
simplicity. ln cases where tare compensation is used, che equation cor· 
responding to Eq. (20) is 

E = 3a, = 3(2)tl2u,..i0 + 1)112/y = 4.24a_,J(8 + 1)''2/y. · [22] · 

A balance should be read to ± a. (The precision of some balances is 

WATER CONTENT 
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Fig. 21-2. Error in water ccntent measuremen1s as a funclion oflhe dry mass of the sample 
at various weighing precisions and for 5 anci SO% water contents on a dty-mass buis 
(Eq. [201), The value of E \g 3 "" and the weighing preci~ion is the sundard deviation rr 
for lhe balance in grams.. Wben tare compensation i~ used. E should be multiplied by 
1 11~/2, and where 11 replicale determinations are made, by a factor of I fn'

11
• lf z is taken 

as tne wet mass of the sample. the error E from the graph should be multi?lied by (0 + 
I), as can be seen from 'Eq. t2 I). The dashed curves, for 5D% waler ccnlenl, result when 
the fJ2 term in Eqs. [II] and {lBl is nol ignored. 

reported as ± e, where e is taken to be 317'. The Me tier K-7 is of this type, 
the precision being given as ± 0.03 g. The standard deviation at loads 
of approximately 100 g was found experimentally to be about 0.0 l & on 
four dilferent balances of this type. The bias of each balance W.l§ < ± 0.0 I 
gat the same loading.) 

The precision measurement may be improved by a factor of l/n''
2 

by making n replicate determinations. Values or rr for various balance 
standard deviations 11..,.,

1 
.... sample dry masses E, and water rontenls are 

shown in Fig. 21-2. When care compensation is used the value of E should 
be multiplied by 21' 1/2, and where n replicate determinatiot'.s are to be 
made, by a factor of 1/n"2

• 

21-2.2 Gravimetry Wilh Ol·en Drying 

21-2.1.1 INTRODUCTION 
Water content measurements by gravimetric methods in,·otve weigh· 

ing the wet sample, removing the water, and reweighing In:: sample to 
determine the amount of water removed. Water content then is obtained 
by dividin·g the difference between wet and dry masses by the mass of 
the dry sample to obtain the ratio of the mass of water to the mass of 
the dry soil. When multiplied by 100, this becomes the ~roentage of 
water in the sample on a dry·mass (or, as often expressed, on a dry· 
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weight) basis . .Water content maj' be described in other ways as indicated 

in section 21-l. Water may be removed from the sample in any of a 

number of ways, the principal method in common use being the oven­

drying method described here. Accuracy and reproducibility of water 

content measurements, assuming that weighing precision is consistent 

with desired precision of water content measurement, depend upon the 

drying technique and the care v.rith which it is used. (See discussion in 

section 21-2, 1 ) • 

ll-2.2.2 l\IIETHOD 

2.1-2.2.2.1 Speeial apparatus. Apparatus required for gravimetric 

determinacion of water content may be used in many different forms, 

and so exact specifications are not needed. Requirements include an auger 

or sampling cube or some other suitable device to take a soil sample, soil 

containers with tigbt-fitting \ids, an oven with means for controlling the 

temperature to 100 to I woe, a desiccator with active desiccant, and a 
balance for weighing the samples. In the fi.eld, if soil samples are taken 

under conditions where evaporation losses may be of sufficient magnitude 

to affe.ct the desired accuracy of measurement, spec.ia\ equipment for 

weighing the samples immediately or reducing evaporative loss must be 

used. Both convective and forced-draft ovens are used, and for precise 

work a vacuum oven is of particular value. Balances used range aU the 

way from anal}1ical balances to rough platform scales, depending upon 

the size of tbe sample Ia be taken and the precision of measurement 

desired. 

21-2.2.2.2 Procedure The procedure to be used must \'ary with the 

circumstances of measurement and the equipment. Since these vary widely 

it is impossible-to specify a de.Cailed standard procedure tbat will fit all 

of the many uses made of water content measurements. The procedure 

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 

S)'Stem for which water content is desired, but it is suggested that samples 

be run in duplicate as a minimum. 
Place samples of I to I 00 g of soil in weighing bottles or metal cans 

with tight-filling lids. Weigh the samples immediately, or store them in 

such a way that evaporation is negligible. Refer to Fig. 21-2 to find the 

required weighing precision. (The balance need not be read to a precision 

greatly exceeding the standard deviation for the balance.) Place the sample 

in a drying oven witb the lid off, and dry it to constant weight Remove 

the sample from the oven, replace the cover, and place it in a desiccator 

containing active desiccant {e.g,, magnesium perchlorate or calcium sui· 

fate) until cool. Weigh it again, and also determine the tare weight of the 

sa· ~container. Compute the water content by one of the following 

foh,,..las: 

WATER CONTENT 
50! 

(weight of wet soil+ lare)- (weight of dry soil+ tare) . 
0

tlw = (weight of dry soil+ tare) - (tare) [2.3 · 

(weight of wet soil+ tare)- (tare) . 

= -I [24 
(weight or dry soil+ tare) -(tare) 

= weight of wet soil _ 
1 

I 
5
. 

weight or dry soil · 2 

The third of these equations is useful where standardized cans are use< 

and the tare weight is balanced out in the weighing proctss so thai th1 

sample weight is obtained directly. Multiplication by I 00 gives the per 

cent age of water in the sample on a dry-mass basis. 

21-2.2.2.3 Comments. The time necessary to reach c11nstant weigh 

{the "term being loosely used here, since constant weight rarely is obtainec 

except 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. [fa forced-draft oven is used, 10 h usually is considerec 

sufficient. If a convection oven is used, samples should te dried for a 

least 24 h. and precautions should be taken to avoid adding wet sample: 

during the last half of the drying period. Also, additional lime should 1:11 

added if tbe 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 con~iderations an 

involved, which are discussed below. 

An alternative method mar be used for drying soil. Radiation-dryin1 

using an infrared or ordinary heat lamp, oflen in association with a built 

in balance, can be used for soil water content measurements where lov 

precision is adequate. Several such instruments containim a built-in in 

frared heat lamp, a torsion or analytic balance, and a scale for dirct; 

reading of wet-mass basis water contents are available from scienlifir 

supply houses under the name of "moisture determination balance." 

The uncertainty of the drying temperature makes radiation-dryin1 

methods less accurate than those using closely controlled constant-tern 

perature drying ovens. However, the method is rapid, requiring only : 

few minutes lo dry the soil; and when the built-in balan~ is used, wet 

mass basis water content values ordinarily may be read directly from : 

scale. These may be converted to dry-mass figures by Eq. I 1]. When usin1 

radiation-drying, care should be taken co avoid excessive heating of th• 

sampJe. 
Water content values for stony or gravelly soils, both >)O a mass anc 

volume basis, can be grossly misleading, The problem arises from thr 

fact that a large rock can occupy appreciable volume in a sl)i[ 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 toH on a rock 

free basis because of the excessive contribution to t'" ~ry mass made b: 
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a rock which may have a bulk density of about 2.6 g cm-3 compared to 
that of lhe finer soil material, which wiJl usually range from 1.0 to 1.6 g 

cm-3
• 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 em -l would 
represent a water content of 20% if based upon the dry mass of the finer 
fraction with a bulk density of 1.6 g cm-1. 

It is important when presenting water content data on gravelly or 
stony soils to specify the basis ofmeasurement-particularly the size frac­
tion on which it is made. Water retention in stony 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 line 

fraction. The volume-basis figure makes it possible to compute the vol­

ume of water per unit area in, say, a root zone. The mass-basis figure for 

the fine fraction is usuaUy the figure obtained from gravimetric analyses 

or from a wilting-point water-content matric potential determination, and 

is the figure which would ordinarily be used to compare water conditions 

from place to place in a soil. The relationship between these two types 
ofwater content values is 

O,.b = (fJu,.~IPtl p ... )/( l + Mslono/l\tffinos) (26] 

where 0,,, is the volume of water in a unit volume of tbe whole soil, fJtJ,
1
r 

is the water content on a dry-mass basis for the nne fraction, p11 and Pw 

are the bulk densities of tbe whole soil (including stones) and of water, 

and M,,onc and 1l-f11n.e, are the dry masses of the stone and fine fractions. 

Water content op 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 to give water content, or dividing 1he oven­

dry mass by the volume to give bulk density, The heterogeneity 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 to 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 g.raveUy 

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 seriousl)', 

other methods must be used. One useful method involves sampling witb 

a spade or shovel and determining the volume of the hole which is dug. 

WATER CONTENT 50' 

The volume may be measured by placing a rubber or plaslic membrant 

in the hole and filling it with water from a container filled to a knowJ 

volume. The quantity of water used in filling the hole is determined easily 

Grain mille! or dry sand, which flow easily and pack easily to constan 

bulk density, also may be used to fill the hole; and if the material is t< 

be disc.arded, the rubber or plastic membrane is not needed. A descriptio• 

of the method is given in chapter t3. No simple, inexpe11sive 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 reproducible water content mea 

surements. Foremost of these is the requirement that the sample be drier 

at a specified temperature to constant weight with nothing being lost bu 

water. This rarely is possible with a colloidal material like $Oil, partie 

ularly if it contains any appreciable organic matter, as is discussed earlie 

in the section on general principles {21-2.1 ). Weight losse.!i during dryin1 

at 100 to ll0°C for periods as long as 15 days have been observed i1 

soils ranging from fine sands to silty clay loams. Bccau~ of this it i; 
important to specify the details of the drying procedure used in reportin1 

water contenls where precise values are needed. 
Since accuracy in water contenl determinations hinges lip on eKistenc• 

of a definable dry condition which, with soil, can only be based upo1 

subjective judgment, il is more appropriate to refer lo reprodncibilit: 

than to accuracy. Reproducibility in water content measurements can ~ 

achieved in two ways: (i) treating every sample of a set to be compare1 

exactly the same way in terms of such things as sample ~izc and deptl 

in the container. drying temperature, and drying time; or (ii) followin; 

techniques that lead lo equilibria which are as nearly independent of sucl 

variables as is possible. From the latter point of view. the nature of lh· 

thermal. dehydration curves (Fig. 21- I) suggests the desirability of choos 

ing a drying temperature in a region where the weight change of th 

colloidal constituents wi1h temperature is at a minimum, as is discusse• 

in section 2!-2.1. Also, as is discussed in the same section, vacuum dryin 

at relatively low temperature, with the temperature being controlled ca~ 

fully and specified when reporting, probably provides tb.e most reprc 

ducible drying da La. 
Reproducibility in water content measurements alsJ may depen· 

upon the technique used to avoid absorption of water from the air durin 

cooling and prior to weighing. While absorption may be 11egligib\e in dr 

ambient conditions or for low-precision work, in cer1ain mineralogic; 

studies or studies of other types, where small weight c~anges may b 

confounding, an unacceptable error may be introduced. A method ir 

volving flame-sealing of small vials containing the soil )lrior to coolin 

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 b~· means of mic.rowave energy, which 

will penetrate iota and vaporize water throughout a soil sample. Although 

not designed speci6cally for highest efficiency in drying soil samples, 

commercial microwave ovens, using 0.9- to JOO-GHz frequencies in the 

electromagnetic spectrum, may be used. Polished metals reflect micro­

wave energy, but heat is generated to ~orne degree in most materials by 

absorption of microwave energy, and to a considerably greater degree in 

polar water than in most soil materials. Thus, soil water 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 heating is 

discontinued after the absorbed water is gone and before soil temperature 

rises to a point where organic maller is appreciably oxidized or structural 

water is driven off, tbe dryness achieved should match that achieved 

using conventional oven-drying. However, this is not easily accomplished 

and it constitutes tbe most serious obstacle to achieving accuracy and 

reproducibility in microwave drying. 
The amount of microwave energy absorbed, which determines dcying 

time needed, depends upon the quantity and absorptive characteristics 

of the material being dried, and hence upon the nature and .quantity of 

energy-absorbing materials present and their water content. And since a 

flat plateau does not exist in the water loss vs. time curve for microwave 

drying (Fig. 21-J) (as is assumed and is approximately true for most 

practical measurements using conventional ovens where temperature is 

held constant), strictly spealcing ooly a single sample-or duplicate sam­

ples of the same soil and same size and assumed to have nearly the same 

160 

!? 120 
uJ 
a: 
::> 

i 
D. 
::!: 
~ 40 

00 5 to 15 20 25 30 
TIME, min 

Fig._.. • Sanlplc temperature as n function of time in oven. The length of the plnteau 

Vf1 "-hh 'ample si?.e, water content, nnd soil type. 

WATER CONTENT 5B9 

watercontent-maybedried during a single oven run. Howe\·er, for many 

purposes errors associated with temperature rise above the standard drying 

temperature may not always reduce the accuracy and reproducibi1ity of 

a moisture content determination beyond accepiable limits {Gee and 

Dodson, 1981; Gilbert, 1974; Hankin and Sawhney, 1978; Miller et al., 

1974). Curves shown in Fig. 21-4 illustrate something ofthe nature of 

the problem. Here, samples of soils at several different initial water con­

l;ents have b.een removed from the microwave oven at the end of different 

drying periods and the water content computed under the as.sumption 

that the sample is dry. After drying periods ranging from 6 to 20 min 

the computed water content tends to approach a constant value, whic-h 

may be taken as the correct initial water content. It is evident tbat se­

lection. of an unequivocal value is not alwars possible. 

21-2.3.2 METHOD 

21-2.3.2.1 Special Apparatus. A household microv.'ltve oven may 

be used. Preferably the oven wiU have a uniform microwave field over 

the load surface, which is achieved by means of a rotaling 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 

eoergy 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 man}' plastics melt 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 \"81)' with type 

O.AO 

~0,30 

!i 
~ 
~ 0,20 
0 

0 I ('//""iP'C I I I I I 

0 6 10 15 20 26 30 

TIME, min 

Fig. 21-4. Computed woler content of severn! different soil sample!, bn.sed upon sample 

weight rcacncd at various tlmcs in the oven. Th~ curve' vary widely t~ith sample size, 
water content, and soli 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 water 
content determination and found to have a fairly uniform distribution 
of microwave energy over tbe 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 eK.perience wilh 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 pre<::autions depend upon expected sources of errors, but could 
involve making drying tests 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 ofwater loss vs. temperature relationships for the partic­
ular soils involved. In situ temperature measurements are difficult to 
make because of the absorp1ion of microwave energy by I he 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 tbe 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 for aU 
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 where 
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 ll0°C drying. Experience with 
a given oven, soil, sample size, and range of water content sometimes 
may permit subtraction of a small corrective 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 ofien 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 healing. Two major sources of such errors are organic matter 
oxidation and removal of structural water. Both of these would result in 
bias so as to yield water content values that arc too large. The.organic 
matter problem exists in conventional oven-drying and is not easily re­
solved, except that an upper limit is defined by the proportion of the 
sample which is organic and subject to loss through 01lidation. 

As discussed in section 2\-2.1, General Principles, and shown in 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 
controlJed closely. The size of errors, 6.8, to be expected from excessive 
heating-which always results in a value too bigh-may be obtained as 
follows. The mass basis water content, Or of a wet sample, M..,..., dried to 
constant weight, Mr at a temperature, T, is (M ... ,/Mr- 1), so that 

tJ.(J = Or- O,o~ = M,..JMr- l - (M ... Jlvftos - I) 

""" [(MwJMr) - MwJ/M,os)]. [27) 

An illustration of tbe magnitude of possible errors which might occur 
with different clay minerals may be obtained using data from the Cern­
perature-water loss curves sbown in Fig. 2 [-I. The ordinate in th.is figure 
gives the mass ofa sample which would be reduced to a constant mass 
ofunity after drying at a temperature orsoo·c; thus the ordinate number 
minus unity and divided by unity would give. the water contcnl on a gJ 

gf basis, e.g., (1.04 - 1)/1 = 0.04, or the ordinate value is (IJg(J(J + 1) . 

Multiplication of Eq, [27] b}• M80o/ll-fsto permils rewriting tllis equation 
as 

tJ.O = ((Msoo!Mr) - (Msoo/M,o,)]M,,.JM8oJ 

= ( 1/(0r.Roo + I) - I /(O,o,.ano + [ )](8 .•. ,,800 + I) [28] 

where Or.1100 = Mr/MAoo - 1; 8 105.~00 .= M,0 JM800 - I and ~5.1'!00 = M,,.,/ 
MBoo ..,... t. Quantities Or + I and 8, 05 + I may be obtained from the 
ordinate in Fig. 21-l for different drying temperatures and for several 
different clay minerals. The quantity 9,.~,{) is the sample water content 
based upon drying to constant weight at 800°C. The range of water con­
tents of interest on this basis will not differ appreciably from wbat 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 tJ.fJ for drying tem­
peratures different from the standard 105"C drying temperatnre may be 
obtained. The bracketed portion ofE.q. [28] for 200 and 105'C bocomes 
(1/1.062)- 1/1.067) """0.0044. Multiplying this by 0.05 + 1 and by 0.60 
+ I gives 0.0046 and 0.0070 or an error range of approximately 0.46 to 
0.70% water oontent. Similarly, oomputalions for 300 and tosoc over 
the same range of water contents result in an error range of ap;Jroximately 
0.75 to 1.14%, and for 400 and 105°C the range is approximately 3.5 to 
5.4%. For mite the water loss curve is nearly Oat in the 150 to 300° range 
and steepens appreciably in the 300 to 500°C range. 

Most common soils contain appreciable soil particles IarMer than clay 
size and which are less affected by drying at higher than vsual drying 
temperatures. Assuming that only 1/3 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 Chat the error range for 200°C becomes 0.15 ID 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. 

Further error may occur due to nonuniform microwave heating in 
the various mineral components of a nonuniform sample. Sizes of errors 

anticipated by the above computations have been found by the author 
and by Gee and Dodson (198 l) with soils of several different type~. 

Special microwave equipment for automatic drying, weighing, and 

computation of water content is commerciall}' available. However, most 
of the same limitations as discussed above apply. Furthermore, the au· 

tomatic weighing 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 

\Vater 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 not determined uniquely by water content The 

wetting history of the soil is a factor in many instances, particular!}' where­

water must flow into and out of a sensing device such as a porous block. 
Despite many limitations, some of these properties, with appropriate 

calibration, can be useful in characterizing soil with respect to its water 

con cent. 
Wetting history often must be considered because water contenc of 

soil for a given energy status (temperature being constant) will be greacer 

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 purpose$ however, it is sufficient to point ouC 

that whether or not a pore becomes water-filled during a wetting process 

depends upon the size of the pore itself, whereas in a drying process the 

empCying of the pore depends upon the size of the channels connecting 

it with other pores in the system, Ic is possible, therefore, 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 mechods involve measurement of some property of .the soil 

that is affected by soil water content or measurement of a property of 

some object placed in the soil, usually a porous absorber, which comes 
to water equilibrium with the soil, The water content of a pol'Ous absorber 
at r !bl'ium depends upon chc energy stacus of rhc water rather thall 

WATER CONTENT 
5JJ 

upon the water content of the soil with whic.h it is in contact. For example, 

a soil with fine pores witl contain more water than a soil wi1h coarse 

pores at equal matric potential. Hence, if the properties of the porous 

absorber are to provide an indication ofwatercontent, calihra\ion against 

the water content of a sample of the soil in which the absoroer 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 11ot become 

widely used, probably because of technical complications assnciated with 

the weighing process. 
Neutron scattering and neutron and gamma ray absorption arc 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 radi-ation 

measurements can be converted directly to water content on the basis of 

theoretical considerations. Hence, such methods might be considered Co 

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 repeatedl}' in the same soil volume, have a de~nite advan· 

tage. 
The need for indirect methods for obtaining water contenl or indices 

of water content is evident when the time and lahor invob·ed in gravi­
metric sampling are considered. In addition to requi.ring a waiting lime 

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 increase the 

possibiHty that a change in water content with position in a sampling 

area may be interpreted falsely as a change in water content with lime 

at a particular location. Many of the indirect methods pennit frequent 

or continuous measurements in the same place and, after equipment is 

installed, with only small expenditure of time. Thus, if a suitable cali· 

bration curve is available, changes in water content with time c.an be 

approximated. 
Although this chapter is concerned primarily with measuremenc 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 which depend 

upon water content. For example, in studies involvinfplant growth, 

matric potential in the soil has greater meaning provided thal, in soils 

containing more than small quantities of soluble salts, a term taking into 

account osmotic potential is added. It is common practice to calibrate 

some of the indirect methods for evaluating wacer conditions in soil in 

terms of matric potential rather than water content. The subject of water 



...,. 
c::> ,._ 
I 

IL 

<» ..... 
c::> 

' ...,. 
c::> 

13... 

.., 
In ...,. 
I ..... 

«> 
«> 
<D .., 
1.<> 
«> 
«> 
In 
c::> 
In 
+ 

I ., 
lU 
lU 

I 
E 
0 ..... 

IL 

.., ..... ...,. 

.., 
c::> 
I 

CD ..... 
I 

C1l> 
c::> 

SJ4 GARDNER 

potential is discussed in greater detail and methods for its measurement 

are given in chapters 23 through 26. 

21-3.2 Electrical Conducth'ity and Capacitance 

21-3.2.1 PRINCIPLES 

Electrical and thennal conductivity and electrical capacitance of po­

rous materials vary wi.th water content. Such properties of materials can 

ordinarily be measured witb 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 correlations with water content and have 

not come into general use. The most thoroughly 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 How of current in the soil mass, and uncertain electric.al 

contact between electrodes and soil seem to be the major obstacles to 

successful use of direct electrical resistance methods. Electromagnetic 

proper1ies of soil measured by means ofburied coaxial cables have been 

used for water content measurement (Topp, 1980). 

~any 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 are re­

garded as an indeJt of soil water content. However, the associated soil 

water con cent 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 macric 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 water 

content of 5% at -1.5 MPa matric potential, whereas a clay loam may 

have a water content of. say, 13% at the same potencial. As a 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 cbap1er 25). 

Hysteresis enters into the problem of jnferring water content from 

measurements made on porous blocks even though a calibration curve 

for a particular soil is available. The water con lent of both soil and block 

depends in part upon wetting history, Ideally, two calibl'aclon curyes are 

needed: one for drying, extending from very wet to very dry, and one for 

wetting, where the starting point is in the very dry range. These two curves 

are considered to close at the endpoints and to provide on envelope which 

would contain all possible intermediate curves. However, because it i11 
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difficult to wet a soil only part way, the wetting curve is 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, and water 

content can be known only to lie at some point between the limiting 

wetting and drying curves. Resulting 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 el 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 ind.icators of water conditions 

favorable or unfavorable to plant growth (matric potential as opposed to 

water content), rather than from their abilit)' to indicate soil water con­

tent. 
Thermal c~:mductivity and elec.trical capacitance measurements in 

porous blocks, although favorably reported on from time to time in the 

literature. have not come into general use (see Fletcher, I 939; Sbaw & 

Baver, 1940; Anderson & Edlefsen, 1942; de Plater, 1955; Bloodworth & 

Page, t957; Phenc, et al., t97la, t97lb). This probably resul~ 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 soch measurements. 

ll-3.2.2 METHOD 

21-3.2.2.1 Special Apparatus. 

l. Wheatstone Bridge for measuring resi!".tance: Bridges in common· usc 

are of the alternating current type (usually 1000 cycle) to avoid po­

larization at the electrodes in the porous block. Both null-point and 

deflection-type instruments are osed. Digital read-out instruments 

which can be used in data acquisition systems are useful. Resistances 

to be measured range from a few hundred ohms to 200 OJO or more 

ohms, a single calibration curve often covering as much as tOO 000 

ohms. 
2. Porous blocks: Blocks now available are made of a variely of porous 

materials ranging from nylon cloth (Bouyoucos, t 949) and fiberglass 

(Coleman & Hendrix, 1949; Cummings & Chandler, 1949; England, 

I 965) to casting plasters (Bouyoucos & Mick, l940; Perrier & Marsh, 

1958; CanneU & Asbell, 1964; and numerous others), the most com­

mon being some form of gypsum. Various grades and kinds of casting 

plaster are mixed with different amounts of water and:in·a variely of 

ways, including in some inslances pouring the mix into the mold in 

a partial vacuum. In some instances resin is added to the mix, which 

changes the ele<:trical characteristics and decomposition race in tbe 

soil (Bouyoucos, 19S3). The method of preparation as well 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 S}'Stems 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 I 
or 2 em apart in a rectangular porous block roughly l by 3 by 5 em 
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 em in diameter and about 3 em long. A parallel-screen 
system, using rectangular blocks, has been used by several investiga­
tors and is reported to have less lag in coming lo equilibrium than 
other t)•pes of blocks. 
Calibration container: Prepare a small screen box (window screen or 
hardware clolh soldered together), open at one end and of suitable 
dimensions to contain the block and a layer of soil at least 2 em 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 Procedure. Calibrate each block in soil typical 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 V.'eigh the wet block, its attached leads, and 
the screen box together to obtain a tare weight. Moisten the soil to be 
used to a stale where it can be packed around the block to apprm:imately 
its field densit~·. 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 melhods (see section 2f-2.2 or 21-2.3), 
compute the dry mass of the soil in the box. This will be 

. (wet mass + tare) - (tare) sod dry mass = ...:.,..,...------.:.~-::----='­%water concenl/ 100 + 1 
[29) 

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

water content %. 100( (tare+ wet soil) - (tare+ dry soil)] ' = [301 dry mass basis dry soil 

Wet the soil in the screen box to near saturation, weigh the entire assem­
bly, and then measure the block resistance to determine the first cali­
bration point. Allow water to evaporate from the apparalus in the air 
until the desired weight for the neKt calibration point is reached. Aller 
the desired weight is reached, place the entire apparatus in a closed con­
tainer '-•1ch as a desiccator withoul desiccant) in the dark at uniform 
temp .re. Leave it overnight or longer, Co permit the water to equi· 
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librate in Che block and soil. Alternatively, embed the block in soil on 
the porous plate used in obtaining lhe water conlent vs. matric potential 
curve (see chapter 26). Water content then may be varied by changing 
the gas pressure used. After the soil comes lo equilibrium water content, 
measure the resistance. Plot 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 t~e surface 
or horizontally in the side of a trench. Wet the block thoroughly, place 
it in lhe hole, and then pack soil around it to assure good contact with 
the surrounding soil. Bring the reads to the surface, running them hori­
zontally for a short distance beneath the surface to assure 1 hal no con­
tinuous channel exists along the leads for passage of free water, After 
eq'uilibrium is reached, usually overnight, make resistance measiJremerits 
as desired and convert tltem to water content values with a calibratio·n curve. 

21-3.2.2.3 Comments. In calibration as well as under field condi­
tions, true water content equilibda rarely are reached, particularly in the 
dry range. However, the uncertainty of the water content inference, at 
best, does notjuslify an elaborate and time-consuming calibration. Under 
practical conditions, when the resistance reading approaches a constant 
value, equilibrium may be assumed lo be close. In the wet range, for 
mosr porous blocks, the re.sistance change with changing water content 
is small and the precision is low. Precision also is affected by changes in 
I he calibration curve over successive welting and drying cycles (Cannell, 1958). 

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

It is common practice to place bJocks inro uniform groups aa:ording 
to their resistance at saturation and to calibrate only selected blocks from 
each group (Tanner et al., 1949). This practice does not completely ensure 
obtaining groups of blocks with like calibration curves; but con.sideriog 
the low precision of the method when it is used for water content de­
termination, it probably is an adequate procedure. 

The calibration procedure described is for desorption. The procedure 
cannot be reversed easily to provide a sorption curve because of diffi­
culties associated with partially wetting a soil mass. However, two tedious 
processes have been used in the aulhor·s laboratory to prq ·'J sorption 
curves in the dryer part of the water contenl range whb. ~'~elling is 
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difficult. One involves condensing ,•,rater into soil from the air under 
carefully controUed temperature and humidity at the water potenCial re­
quired to provide the desired water content. The second involves thor­
ough mixing of finely pulverized ice in appropriate quantities into dl)' 
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 latter 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 pols containing growing plants and the water content 
determined by weighing the pot, with an estimate of plant weight being 
subtracted (Cannell, J 958). 

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 
material, the electro1}1es thai 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 Che 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 approximate(}' 2 mmhofcm2 (Taylor, 1955). 

Blocks made from gypsum compounds gradually deleriorale in soil, 
particularly in sodic soils and in soil ,, .. here the water table frequently is 
al high levels. However, those made from hydrocal have lasted for up­
wards of 6 years in some soils. Blocks made from ordinal)' plaster of 
paris have been known to deteriorate in a single season beyond the point 
where they can be used. 

It is difficult to specify an e.~pectcd precision for water content mea­
surements using electrical conduccivil}' blocks because oflhe many sources 
of error involved. The precision depends not only upon the care used in 
manufacture, selection, and calibration of blocks but also upon faclors 
of hysteresis which are out of the control of the operator. However, it 
appears Chat precision better than + 2% waler con lent should not be 
expected and that errors as great as IOO% 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 macric potencial 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 (chapccr 25) with special pass-through 
electrical contacts. 

) (-,_, 
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21-3.3 Neutron Thermalizatioo 

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 measuring 
water content. High-energy neulrons (5.05 MeV) emitced from a radio­
active substance such as radium-beryllium or americium-beryllium 
[
9Be(a,n)12Cj are slowed and changed in direction by elastic collisions 

with atomic nuclei. This process is c.alled thermalization, the neulrons 
being reduced in energy to about the thermal energy of atoms in a sub­
stance at room tempera Lure. 

Neutrons interact with matter in two general ways: br 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 
generaUy by the nuclear cross section, measured using a unit of area called 
lhe "barn," which is to-24 cm 2• The larger the probability of a panicular 
interaction, the larger is the nuclear cross section. 

The two major factors involved in sca!lering and slov.ing of neutrons 
are the transfer of energy at each collision and statistic.al probability of 
collision. 

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 neulron from 2 MeV to 
thermal energies is 18 for hydrogen, 67 for lithium, 86 for beryllium, 114 
for carbon, 150 for mcygen, and 9A + 6 for nuclei with large mass numbers 
A (Weinberg & Wigner, 1958, Table 10.1). 

The statistical probability of collision is dealt with using the concepl 
of "scattering cross section," which is a statistic.ally derived, cross-sec­
tional area measured in barns which is proportional co lhe probability 
of coJiision-in this case, between neutrons and other nuclei. This scat­
tering cross section depends upon the nature of the nuclei encountered 
and the energy of Che neutron. The scattering cross section lor hydrogen 
varies from about I barn at 10 MeV to about 13 barns at 0.1 MeV. The 
cross section varies considerably as the neutron continues to lose energy, 
buc is somewhat higher in I he thermal energy range. Other elements found 
in soil with appreciable scattering 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 siz:e and mass 
as the neutron, has a much greater lhermalizing effect on fast neutrons 
than any other element. In addition, when both hydrogen and oxygen 
are considered, water has a marked effect on slowing or thermalizing 
neutrons. This is particularly true in the thermal range. 
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The quantity of hydrogen in the soil ranges rrom near zero for dry 
coarse sand to as much as 8% of the mass of a fine-texlured soil with 
50% 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 fasl neutrons lose energy and become thermalized, another nu­
clear-matter interaction becomes increasingly important-neutron cap­
lure with the release of other nuclear particles or energy. Of the elements 
usually present in soil in quantities of I% 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 
capture. 

When a fasl neutron source is placed in moist soil it immediate!~· 
becomes surrounded by a cloud of thermal neutrons. The density of Chis 
cloud represents an equilibrium between the rate of emission of fast 
neutrons, their thermalization by nuclei ~uch as Chose of hydrogen, and 
their capture by absorbing nuclei, as determined by their concenlration 
and capture cross-section. 

The scattering cross-section and the concenlraCion of hydrogen nuclei 
determine lhe distance from the source a fast neutron must Ira vel before 
making a sufficient number of collisiom. to become thermalized. The 
farther a neutron travels from the source the larger the volume which 
will be occupied by thermal neutrons and the lower their density. Wilh 
the number of slow neutrons involved, the absorption capacity of tbe 
soil for neutron capture is essentially infinite, and the rate of capture 
depends only upon thermal neutron concentration and tbe combined 
capture cross-section of the elements in che soil. If the capture cross­
section, except ror that due to water, remains constant (i.e., chemical 
composilion constant), chen the thermal neutron density may be cali­
brated against water concentration on a volume basis. Thel'mal neutron 
density is easil)' mea11ured with a detector, insensitive to fast neulrons, 
which is placed in the vicinit}' of the fast neutron source. Thermal neu­
trons interact with a boron trifluol'ide gas in the detector, releasing an 
alpha particle, which is attracted to a negative high-voltage electrode 
within the detector. This crcales a short electrical pulse, which registers 
as a counc in an associated electronic scaling unit. The source usually is 
placed at the boUom of the detector tube or against the side or as an 
annular ring about che detector. This probe can be lowered through an 
access hole into the soil and measurements obtained for conversion to 
wale• 'llent (Belcher et al., 1950; Gardner & Kirkham, 1952). 

1 "''1aturo of lhc neutron-scattering and thermalization process im· 
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poses an important reslriclion on the resolution of water content mea­
surements. The volume ofsoi! involved in tbe measurement will depend 
upon the concentra1ion of sea tiering nuclei and thus largely upon water 
content, and upon the energies of the emitted fast neutrons. The strength 
of the neutron source affects I he thermal neutron density and is involved 
in the counting statistics, bot does not affect the range of the fast neutrons. 
Eltperimental work with neutron sources indicates that the p~actical res­
olution ranges from about a 16-an radius at saturation to 70 em at near 
zero water content (Van Bavel et al., 1956). The radius of the sphere of 
innuence accounting for 95% of the neutron flux which would be obtained 
in an infinite medium is given by Olgaard (1965) in an empirical equation 
as 

R =;: 100 cm/(1.4 + 10m) [31] 

wbere 1i1 is the water content in g/cm3• However. lhe parameters in the 
equation may be expected lo 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 water contenl 
gradient in a soil profile (McHenry, 196J). In particular, measurements 
close to tbe soil surface are unreliable because of the discontinuitr at the 
interface between soil and air; and measurements usually are not made 
with well-type equipment an}' closer than about 18 em from the surface. 
Therefore, water-conlent distribulion curves for soil profiles containing 
steep waler-contenl gradients wi!J be rounded and inaccurate in deUlil: 
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 lhe determination 
or the profiJe water contenl 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 oblain water content measurements in surface soil where the 
well-type unit is inadequate, but with considerably Jess accmacy. Most 
surface probes involve use of a moderator rich in hydrogen (such as 
paraffin or polyethylene) over the top of source and detector lo com pen· 
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 et al., 1961; de Vries & King, 1961; PhiUips et 
al., 1960). Where water content of the surface soil is nol 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 
materially (Van Bavel el a!., J 961 ), 

In theory it should be possible to determine the density oftllermalized 
neutrons in the vicinity of a fast-neutron source from the chemical com­
position of the soil in the absence of water, and then r~ jate changing 
water content to increases in this tbermalized neutron\.refisily as mea· 
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sured with an appropriate detector. However, the several types of neu­
tron-matter interactions, together with the many chemical constituents 
of soil and variations in bulk density (Holmes, 1966; Lal, 1974; Greacen 
& Hignetl, 1979), make this impractical and some form of callbration 
becomes necessary. Some success has been achieved through laboratory 
calibra Lion of soil materials (V achaud et al., 1977). Although still difficult, 
calibration is somewhat simplified by the fact that for most commercial 
neutron sourc~de1ector units the caJibration curve relating thermal neu­
tron density to water content is essentially linear over the range of in teres~ 
so thai the calibration equation or curve may be defined by as few as 
two poin1s if they are available with sufficient acc.uracy. Further simpli­
cation, although the c.alibration process remains difficult, is associated 
with the fortuitous coincidence thai some differences in composition and 
texture among soils are compensated partially by differences in the neu­
tron-matter interactive processes, so that a single calibration curve may 
approximate!)' 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 to 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 (!957), Holmes (!956), Olgaard (1965), Sinclair and Wil­
liams (I 979}, Zuber and Cameron ( 1966), Vachaud et al., ( 1977), and Lal 
(I 974) for these procedures. 

The quantity ofhydrogeo 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 21-2. 1), which is not removed by oven-drying al 100 to ll0°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 sands 
composed of quartz or feldspars have almost no water associated with 
them al 100 to ll0°C. 1t is significant that the construction of many 
calibration curves for neutron water-content equipment bas involved use 
of sand to provide some water contents and loams .and clays for other 
water contents, often without apparent difficulty. The eJtplanation for this 
apparent anomaly possibly involves a nearly perfect balance between 
increased seal tering due to hydrogen in organic matter or in the structural 
hydrogen of clays, which tends to increase thermal neutron density, and 
increased neutron capture associated with a different chemical compo­
sition, which tends to decrease thermal neutmn densit)'. Clay materials 
that retain large amounts 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 neutron absorbers 
can affect a calibration curve has been obtained by Holmes and Jenkinson 
(J959). They added boron to a soil at rates of 65, J 56, and 245 mg/kg 
and noted that incrensing boron concentration decreased 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-scatterin~ 
due to organic or structural hydrogen in a soil. lt also is evident that a 
soil containing uncommon excesses of such elements as boron, chlorine, 
or iron could have a different calibration curve than that for a more 
normal soil. An additional fact which mList be acknowledged in the cal· 
ibration problem is that tightly bound h;·drogen nuclei interact differently 
with neutrons than do hydrogen nuclei of water. 

21-3.3.2 METHOD 

21-3.3.2.1. SJJeclaJ Apparatus. 

I. Neutron moisture depth probe and meter consisting of a source of fasr 
neutrons (usuall}' americium-241/bcrylrium), a detector for thennal­
ized neutrons, a protective sbield composed of lead (for gamma ray 
absorption) and polyethylene or paraffin (for neutron absorption) which 
serves also as a reference standard, and a scaler for regiSI.ering counts 
or, in conjunclion witb a built-in computer, a meter for direct display 
of water contenl. The neutron source LJsually is either a small capsule 
located on the side of the detector cytiader or an annular ring placed 
around the detector. Such units are commercially available wilh sev­
eral different 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 me 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-waiJ aluminum, steel, or plastic acceso; tubing. Several sizes of 
tubing are used, but tbe size should be consistent wilb tlte probe size 
to reduce errors associated with an air gap, which rna)' be created 
between the probe and tubing wail. 

4. Calibration curves, or calibration parameters for units involving an 
integral computer, and a moisture content read-out. 

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

21-3.3.2.1 Procedure. 

I. Use the soil auger to form the hole for installarion ofrbea~ess tubing. 
In many soils, particularly where loose materials are present, it is 
advisable to drill the access hole through the access tubing, advancing 
I he tubing little by Iitlle as the bole is drilled. This is impomnt because 
of the influence that air space in the vicinity of the acoos hole has 
upon the thermaJized neutron distribution and consequenlly the neu­
tron count. The access tubing usually is left so as to protrude about 
10 em above the soil surface and is covered with an emply can or 
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stopper between readings to keep water and debris out. In situations 
where water might enter, a tight cap or rubber stopper may be nec­
essary at the lower end of the tube. 

2. To make a measurement, place the probe unit over the access Cube 
preparatory to lowering it into the bole. Select an appropriate counting 
time and make several standard counts while the probe is in the shield . 
The measurement 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 mighr confound the measurement. 

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

4. Use the calibration curve Co 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 lo assure a smooth surface so that air gaps 
are not present between lhe surface probe and the soil. 

21-3.3.1.3. Comments. With reasonable attention Co safety rules 
supplied by the manufacturer, tbe health hazard im·olved in u~ing the 
equipment is small. The important precautions are the following: (1) Keep 
the probe in its shield at all times ex.cept when it is lowered into the soil 
for measurement. (ii) Reduce e:tiposure to the small amount of radiation. 
escaping the shield by keeping several feel away, except when changing 
the po~ition of the probe, and by keeping tbe open end of the probe and 
shield pointed away from personnel. (iii) Carr}' the probe in the field on 
a cart or on a sling between two persons if more than a few minutes is 
involved in getting the equipment to a pm.ition for use. (iv) Transport 
the probe in the back of a truck, a car trunk, or for short periods in the 
unoccupied rear seat. (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 lhe 
container plainly to indicate radioactive content. (vii) Have a Jeak 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 chat probe maintenance is performed only by personnel 
trained in servicing radioactive equipment. 

For many practical uses ofthe neutron equipment, the manufacturer's 
calibration curve is adequate. However, calibration may be required if a 
soil has on usual neutron-absorption cltaracteristics or if the access Cubing 
is of different size or material from that in which the probe was calibrated. 
For maximum reproducibility of water content measurements, the probe 
should fit the access Cubing as closel)• as practical. 

IJ - ·Jd calibration check may be used for detecting large differences , 
in c~t Ilion due to unusual soil conditions. However, field 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 densi1y (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 conu:nt inferences 
from the neutron measurements may well be better than measurements 
obtained by direct sampling. 

Acc.urate calibration curves require the use of large homogeneous 
bodies of soil with carefully regulated water content. Some urefui checking 
can be done with substitute neutron absorbers (such as CdCI2-waler so­
lutions) in small containers. However, the techniques are sufficienlly com­
p[icated that persons attempting calibration should consull original Iit­
erature·sources such as Van Bavel et al. (1961), Holmes (1956), Holmes 
and Jenkinson ( 1959), Stone et al. (I 960), Hewlett et aJ. ( 1964), Sinclair 
and Williams (I 979), and Zuber and Cameron (1966), or a review by 
Visvalingham and Tandy (1972). 

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

B=a+bf f32] 

where/is the counl rate ratio, 1/l.,n. and a and bare paramelers which 
depend upon soil characteristics and the standard count when the neutron 
source and detector are in Che shield. The count ratio usuall~ has a range 
of from near zero to about I. 7 at saturation, depending uprm 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, l, never is zero. The parameter a depends in part upon 
the bulk density and is closest to zero in soils which have a Jow bulk 
density and, when dry, contain the smallest quanticies of moderating 
substances. The parameter b is essentially independent ofbulk density 
and depends upon the presence of substances in the soil, such as structural 
water (as opposed to absorbed water) and chemical materials, wllich are 
effective in the neutron thermalizalion and capture process.· Such sub­
stances as iron, boron, molybdenum, and cadmium si.gnific.antly affect 
the value of b. Inhomogeneities, such as stratification in mineral density 
and composition, or even sharp changes in water content· a( interfaces, 
where the porosity may cbange abruptly, can have a marked effect upon 
lhe 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 approximate!)• by Eq. [31 ]. 

Laboratory calibration usually can be done witb ~~carer precision 
than field calibration, providing that the volume of so }d e)(ceeds that 



..... 
C> ....... 
I 

lL 

0> 

"" c:> 
......... 
c:> 

"" C> 

a.. 

... 
an ..... 
,.!.. 

(.0 
(.0 .., ... 
an 
(.0 
(.0 

an 
C> 
an 
+ 

c:> 

I 
U> 
lU 
lU 

I 
E 
0 ..... 
lL 

an .... 
...,. 

..., 
c:> 
I 

0> 

"" I 
CD 
C> 

526 GARDNER 

of lhe volume of influence as given by Eq. [31 ]. However, when the 
laboratory calibration curve is used on field measurements it must be 
recognized that it will deviate from a true calibration to the degree tbat 
a nonhomogeneous field soil deviates from the calibration soil both spa­
tially and in its neutron tbermalizing and capture constituents. Thus, the 
accuracy of a calibration curve, whether done in the field or in tbe 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/cm3), 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 
statisticaUy. 

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

6 =a .L bf [32] 

~e = a + bfi - (a + bfv = b(fi -.h.) = b~f. [33] 

The corresponding variances are 

11~ = u~ + lrrr} + J2ul (34] 

ui, = h2o~ + ~~ 2at . [35] 

Variances t?a and at for water content depend upon spatial variations in 
soil constituents and profile structure and the degree to which calibration 
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 often 
may be made. Assuming that accurate placement of the source-detector 
probe is possible, a! and u~ become essentially zero for water content 
change at a fixed location in the soil. An exception to this may occur if 
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sharp interfaces or wetting-fronts exist in a manner so as to serious!~ 
alter the shape or size of the volume of influence as the water conten· 
changes. 

An additional factor of some importance where high accuracy i[ 
measurements is desired involves perturbations in water content cause{ 
by temperature changes in soil surrounding a neutron-probe access-tubf 
induced by heat conduction along the tube. However, Hanks and Bowen 
(I 960) measured changes in water content around access tubes and con. 
eluded that the influence usually would be minor compared with other 
sources of error. 

Errors in water content measurements associated onJy with random 
neutron emission may be computed with Eq. [34], where variances in­
volving the calibration parameters are taken as zero. The variance in 
water content, rr], is b2u} or b2rr],11,.d,, where lis the time counted at rate 
I and lsrd· The error may be reduced by counting in the standard for a 
longer time, t', which usually is practical because of the infrequent need 
for making this count during a series of measurements. lndusion ofthis 
in the error analysis requires replacing /,,dt with l,d(jn, with 1'/L = ~. 
Thus, 

ul = u~TI/(I.w') = b2{U:,,, + (nlt)2f(Is,df)2 o},kl,.]/(lw/)2 [36] 

which, with rr~,, = Jz2a1, + (lt)2r?, and wich rr7, = 0, reduoe1 to 

u; = n1b2{/t/(l.,dl') + (ll)2f(l.,dt')2]/(l,,df) [37] 

where, for a Poisson distribution in neutron emission from the source, 
ui, = It and rrJ,.,w = l.,.,t'. Recalling that r.,df = nl.,dt and that f = It/ 
/"d'• Eq. [37) becomes 

rrl = lr(f + / 2/n)/(l.,dt) = jb2( 1 + fln)fl,,dl; 

ag = b[f(J + fln)/I,,dt]' 12 [38] 

From Eq. [38] it may be seen that increasing the value of n 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 off, say 1.6, b = 0.5 and for the counting 
time in the standard (e.g., r.,dt = 4 X 104

) being the same as for other 
counts (n = I) the standard deviation in water content is·0.005 g/cmJ. 
Increasing counting time in the standard by a factor of 5 reduces tbis to 
0.0036 g/cml. For 95% certainty (2u6) water content may be known to 
about .0.007 gfcmJ or to about 0. 7%, neglecting errors in a and b of the 
calibrating equation . 

Variance in the difference in two counts, 6./ =f., - h.. is the surn of 
the two variances, a}, and o}2, so that the variance and standard devia lion 
in water content due solely to variation in the count ratio,[, are 
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a~0 ... 2]b2
( I + ]/2)/ l"dt; a.!J = b[2](1 + ]/2)/(/,1Ail))1

'
2 [39] 

where(/; + h)/2 = J. the average or the counts made at two different 
times. rn the wet range where the variance is greatest, say 1 = 1.6, atrd 
for t = 5, b = 0.5 a11d l 01dl = 40 000, fTM = 0.005 gfcm1• Thus, at a 
certainty of 95%, water content change may be known to tbe nearest 1% 
water content (2 X 0.005 X 100). Little improvement is achieved b}' 
going beyond t = 5. The accuracv in measurements of water content 
change associated with random neu"tron 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 water content change given in Eq, [38] and [39] have involved var­
iance due to spatial variation in water conlent, except as parameters a 
and b may be involved. Spatial variation can be large, exceeding 0.001 
{standard deviation of I X w-m = 0.03 gjcm 1), thus somewhat reducing 
the importance of high accuracy in measurements of a and b and of f. 

The paramelers, a and b in Eq. (32] and subsequent equations, for 
a given soil sample of large enough volume to encompass the effec.tive 
volume of influence, may be determined to almosl any desired precision 
by carefully adjusting bulk density and water content to known values 
and making long neutron counts. AI a single location in the field, errors 
in determination of these paramelers depend upon the accuracy of the 
independent measure of water content in the soil volume that is seen by 
the source-detector unit. Such errors would imparl a fixed bias lo sub­
sequent measurements. Larger errors, however, usually are associated 
wi 1 h field variation of soil properties that determine I he size of parameters 
a and b. The sizes of both a fixed bias and variation in spatial distribution 
of soil properties affecting a and b can only be determined by sludies 
made in the field 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 content inference may be determined 
by converting them to variances and applying Eq. [34]. 

21-3.4 Gamma Ray or Neutron Attenuation 

21-3.4.1. PRINCIPLES 

Principles of absorption by matter of both gamma rays and neutrons 
are well known, The degree Co which a beam of monoenergetic gamma 
rays is attenuated or reduced in intensity in passing through a soil column 
depends upon its constituent eJements and the overall density of the 
column. If the constituents and bulk density of lhe soil '~thout its water 
remain constant, then changes in aetcnuation represent changes in water 
content. Or, if measurements are made al two different gamma ray ener· 
gies tw- aUenuation equations may be solved simultaneously to provide 
both ,;r content and soil bulk density. Since bulk density often changes 
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somewhat with wetting and dT)•ing, use of the dual gamma technique 
(Gardner & Calissendorff, 1967; Soan·e, 1967; Corey et at., 1971; Gardner 
et al., 1972) improves the accuracy of waler content measurements over 
what is possible where bulk density must be assumed to remain constant. 

The attenuation equation, neglecting air, is 

1,.,/ lo = expf- S(ll_.Ps + 1/.,IJ) - 2S' .UcPc-1 [40) 

where /,.J/0 is lhe ratio of the transmitled to incident flux for the moist 
soil, IL"' p.., and JJ ... are the mass allenualion coefficients for the container 
material, soil, and water respectively, 8 is mass of water per unit bulk 
volume of soil, p .. is the density of the container, S is the thickness of 
its wall, p, is the bulk density of the soil and Sis the thickness of the soil 
column. The intensity of the incident monoenergetic gamma beam is 
proportional to the intensity at the source and inversely proportional to 
the square of tbc distance from the source. Since gamma rar souroes are 
of various sizes and dimensions, some deviation from the in\·erse square 
of distance rule is possible. This rule holds strictly only for uniform 
radiation from an infinite!}' small source. However, for a mcs source, 
believed lo have an active projected area of at [east several square mil­
limeters, the falloff was closely proportional to the inverse .!{Juare of I he 
distance in the range of from 30 to 90 em a"' measured mLng a 12-cm 
long by 0.3J em by 1.2 em collimator against the source and a IO·cm 
long by 0.1 em collimator against the scintillation crystal. A correction 
for air adsorption was made. 

The c.orresponding equation for a dry soil is 

ln/lo = exp(-S/I.p. - 2S'TJ.cPJ. [41) 

Division of Eq. [39} by Eq. [40] yields 

l,Jld = exp(-,z •. .OS) f42J 

or 

6 = In {1,/ft~)/-IJ,S (43] 

which is useful under conditions where bulk density may be presumed 
to be constant If a perfectly collimated gamma beam of uniform energy 
were used, and if all scattered and secondary radiation were eliminated, 
the established value of IJ,n available from independent wo1k, could be 
used. However, satisfactory calibration curves can be obtaiaed experi­
mentally, usually with greater practicality . 

The single gamma ray attenuation method has been successfully used 
to foUow water content change in laboratory columns ' '1urr and Mar­
shnU (1960), Ferguson and Gardner (1962), Gurr (L 1 Rawlins and 
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Gardner (196.3), Davidson et al., (196J), Reginato (1974) Reginato aod 
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 241Am at 0.060 MeV and 131Cs 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 
measurements. Use of the attenuation measurements and available pa­
rameters permits solution of the two simultaneous equations, for energy 
a 

fa = I~Kp{- S(.UsuP + ,u,.,jJ) - S ,u,.,,JPt.] [44] 

and for energy b 

h = lwexp(-S(~,tP + .u.,,/J) - SIJroP..I [45] 

to yield 

8 = [.usJn(/.Jl('") - P.s,ln(TJT(',.)){Sk (46] 

p = [,u,,.)n(l,jlro) - .u .. ~)n(l(lflca)J!Sk (47] 

for water content, 0, and bulk density, p, where the attenuation coefficients 
for dry soil and water are Jls and p,. with additional subscripts, a and b 
to designate the gamma energy used, Sis the column thickness, k = IJm 
JJn·h - IAsb IJ .. .., and the container counts, lt:tJ and fctn replace 100 and lob to 
eliminate the container terms from Eq. [44] and [45]. 

The second dual gamma scanning technique involves simullaneous 
measurement, using two single channel ~nalyzers or a multichannel ana­
lyzer to make simultaneous gamma counts at the two energy levels in­
volved, and placing the 137Cs gamma source behind the 241 Am source so 
that the higher-energy 137Cs gamma rays pass through the 241Am source. 
With appropriate geometry so that the soil traversed by both the colli­
mated cesium and americium beams is close to the same lengtb, the only 
additional problem, beyond those involved where two separate mea­
surements are taken at close to 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 tbat the prob­
ability for downscauer of0.662 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 ml\ior downscatlcr occurs 
in the scintillation crystal. They have shown that it is possible to obtain 

,, 
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a curve relating the intensity of low-energ}' gammas in the 0.060 Me" 
range to the 0.662 MeV gamma intensity, thus producim a correctiOJ 
term to be subtracted from the measured low-energy americium intensity 
The empirical correction, e, in counts/second to be subtracted from th1 
low-energy count rate is of tbe form of a cubic polynomial 

e = A + Bi.: + Ci~ + Dr~ [48 

where i( is the measured cesium intensitr in counts/sec. For the gamms 
ray system of Nofziger and Swartsenrlruber ( 1974), the coefficients an 
given by A = 11.343 countsjs, B = 0.10056, C = 9.5979 X t0- 8 sjcoun· 
and D = -2.1916 X 10- 11 s2jcount2 over the range ofcesi11m intensilie! 
from 3000 to I 4000 counts/s. This correction equation was obtained from 
measurements made with the americium removed and replaced with a 
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 to water. 
Allhough neutrons are scat1ered and absorbed in some degree by all kinds 
of nucJei 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 neutron fluxes, not readil}' available outside of 
a reactor facility, are required and field application would be difficult 
Because of the current impracticality of the neutron attentuation method 
for general use, the method will not be described here in detail, and the 
reader is referred to an AEC report (Stewart & Gardner, 1969) for further 
information. The method has been successfully used at thl' 100-kW nu­
clear reactor at Washington State University, where fast and thermal 
neutron fiuxes available at beam pons are 4 X 1012 and I .2 X I0' 2 

neutrons/cm2 per s. 

11-3.4.2. METHOD 

Zl-3.4.2.1. Special Apparatus. 

21-3.4.2.1.1 Sources of Gamma Radiation 

Cesium·l37, which emits gamma rays at 0.662 MeV and has a half­
life of 30 years, and 241 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. Sou roo; of 20 or 25 
mCi have been satisfactorily used. However, where rapidly changingwaler 
content is to be followed, so that counting limes of only a few seconds 
are required, or where resolution of the order of a miJJimeter or less is 
required, much larger sources are desirable. Sources from lOJ to 500 mCi 
have proved satisfactory under lhese more slringent condiliorJs, However, 
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self-absorption limits the practical size of 241Am. 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 suitabJe 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 wilh smaiJer 
collimaling holes or slits for measurements where greater resolution is 
desired. Holes about 3 em in diameter will accommodate a collimating 
plug containing a 1- by 20-mm slit or any number of other slits or cy­
lindrical openings tbat might be desired. Collimating plugs should have 
the form of bolts with large heads to 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 wbich is as Jong 
as possible, consistent with source size and desired count rate, so as to 
be close to parallel as tbey enter thedetecling crystal. For errors associated 
with collimation of the order of 0.00 l gjcm! in a soil column 10 em thick, 
the collimator for 137Cs should be about 8 em 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 
slightJy greater than slit size, or about 0.5 mm. For dual gamma mea­
surements the wArn system should have similar collimators, so that I he 
shape oflhe gamma ray beam as it passes through the soil is comparable 
to that for the cesium. However, the praclic.a\ 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 se\•erely 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 
241 Am is roughly J/50 of that needed for 0.62 gamma photons from 137Cs. 
Although lead is used ordinarily for collimators and protective shielding, 
cungston absorbs gamma energy from two limes as well (at a thickness 
of 1.2 em) as lead 10 many limes as well, and may be machined to closer 
tolerances. Hence, it often is used jn place of lead . 

The dimensions of protective shielding depend upon source slrength; 
bul, for greatest convenience where weight is not an important factor, 
blocks should be thick to reduce radiation in the vicinity to .values only 
slightly above natural background, so that special precautions required 
in the vicinity of such radiation hazards may be minimized. Normal 
background varies from 0.01 to 0.03 mR (millirocntgen)/hour. One mil­
liroentgen in air is about 5% less than 1 mrad in tissue (the rad is the 
unit of physical radiation dose), so that for practical considerations they 
m2 ~ regarded as equivalent. , 

Jhe design of shielding and collimators, it is necessary to determine J 
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the dose rate in terms of source strength, shielding lhickness, and distance 
from the somcc. This may be determined by the following formula. The 
dose rate in mrad per hour at a distance R in em from a f}Oint-sonrce of 
gamma radiation at strength A in mCi and energy Eo in MeV, and with 
shielding of thickness l in em of a material with a linea1 attenuation 
coeffi~ient in em-', is (as inferred from Eq. (2], [3], and (4] of Blizard 
(l958)) 

D(R,l) = 2.134 X l06 B(Ft,t) (~J-,./p) E,[A eKp(-~If)/(-h-R2)] [49] 

where B(p,t) is the build-up factor, fLa!P in cm2/g is tbe energy-absorption 
mass-attenuation coefficient for the source energy and the material in 
which the dose is to be caJcu1aled (pis its density) and where the numerical 
constant bas units of g X rad{MeV X mCi X hr). For gamma sources 
with more than one peak in an energy range thai 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 mes source and for 0.060-
MeV gamma radiation from a 241 Am source, p.0(p, measured in tissue, is 
about 0.0323 cm2/g and 0.033 cm 2/g (E"ans, 1968). For the same two 
gamma sources, 11 is 0. 717 fern and 46.4/cm, and the build-up factor B(JJ,f) 
for lead thicknesses from 2 to 15 em is approximated by 1.4 + 0.21t (a 
dimensionless factor) for the mcs. The build-up factor for 211 Am is close 
to unity. The dose rate equations for 137Cs and 241Am inferred from data 
in Tables J and 4 (Blizard. 1958) and Evans ( 1968), are: 

mcs: D(R,t) = (5.1 + 0.761)10 3 A exp(-0.717t)/R2 mrad(hour [50} 

241Am: D(R,t) = 336.24 A exp(-46.4!)/R2 mrad/hour f5J] 

where R is the sum of the shield thickness, l, and the discance from I he 
shield surface. 

For a 500-mCi 137Cs source with 13.6 em of lead shielding, the ra­
diation at the surface of the lead is about 2.5 mrnd/hour, and at 1 m 
from the surface it is about 0.03 mradjhour, or the equivalent of back­
ground radiation. Shielding required for a 241Am source of comparable 
strength is approximately 3 mm, with radiation at I m being neg)igible 
compared to natural background. ... 

The maximum exposure limitation given by the U. S. Nuclear Reg­
ulatory Commission is 1.25 rem/calendar quarter (the rem is the "roent· 
gen equivalent, man") for persons 18 years of age or older. For gamma 
radiaHon, I rem is the equivalent of I rad, so that for a 7-ho!lr exposure/ 
day for.65 days (ordinary working days/quarter year), 0.03 to 2.5 rnrad/ 
hour results in an aocumuJa lion of 0.014 to l.J 4 rad/ ~er, weiJ within 
U. S. regulations. For a more complete description.~- ipplicable regu· 
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lations in the USA see part 20 ofthe Federal Code (U.S. Nuclear Reg­

ulatory Commission, 19&5) . 

2 J-3.4.2.1.3 Gamma-.seJJSitive Probe 

Scintillation-type gamma-sensith•e probes are the most satisfactory . 

A 5-cm photolube probe containing a preamplifier and equipped with a 

2.5~m 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 em long for 137Cs 

(or much less for 241 Am), containing 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 approximate!}' the same thickness as used around the source, 

is placed against the collimator. Where sequential measurements at two 

gamma energies are to be made, two probes may be desired . 

21-1.4.2.1.4. Soil Conraincr and Mechanism for Orienling 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, rhe container walls through which the 

beam wi.ll 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 rate is limiting, it often is desirable to arrange boles in the 

container at desired counting positions, covering them with M}•lar film. 

Second, the thickness of the soil through which the beam is to pass should 

be about 10 to 35 em for ordinary soil density when 1l1Cs is used as a 

gamma source. For 241 Am, thickness should be 2 to 8 em. For dual gamma 

measurements the curves in Figure 21-5 should be used. Equation {61] 

in section 2t-J.4.2.3 c.an be used to compute optimum soil column thick­

ness for single gamma. The mechanism for positioning the soil container 

in the beam can take many forms, depending upon the nature of 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 Merer 

A number of different types of scalers or rate meters can be used. A 

single- or multiple-channel anal)•zer with a built-in adjustable amplifier­

discriminator and with a resolution time of I 1-fS or less and a preset timer 

is desirable. Data acquisition systems, incorporating computer programs 

to accept and refine data, may be used for direct output of water contents 

and bulk densities. 

11-3.4.2.2 Procedure. Before it is possible to infer water content 
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Fig. 2l-5. Contribution lo variance in hulk density or water content from T'a'ldom emission 

ofradiation sources for double gamma measuremenls. Mass allenuation coofficient~ have 

!he following valUes},fOr 2-HAm p,. ~ 0.J05 cm 1/g, l'n,; ~ 0.2036; for 111C; ll.J, ~ 0.0769, 

""''- 0.0858; for thermal neutrons (TN),.,., = 0.4130 and,.,,.,, - 2.632. 

from gamma ray measurements, it is necessary to evaluate thea Uenuation 
coefficient, p..,., and the counl through dry soil and the container, I,. in 

Eq. r43J, when a single gamma energy is lo be used. Or, for concurrent 

measurement of water contenl and bu!k denstly using two gamma ener­

gies with Eqs. [46] and [47], il is necessary to evaluate the a.ltenuation 

coefficients for dry soil and for waler, Jls and p...,, at the two different 

energies. A!so, the gamma count for the container waHs, 1.., must be 

oblained at lhe two energies and Lhe column thickness, S, must be mea­
sured. 

Measurements of lu and lc are similar, '"being oblaincd by packing 

the soil column lo be used with oven-dry soil and scanning tlte column 

over its length, using sufficiently long counting times to reduce the error 

due to random emission of gamma photons to any desired level (see 

section 21-3.4.2.3 for a discussion of errors). Air-dry soil may be used, 

providing that the count is correcled using Eq. (42], where 0 is the water 

content of the soil determined gravimetrically, gjg, and converted lo gj 

cm
3 

through mulliplication by the density of water, usually taken as unity. 

In single-energy systems values of/" and lr must be uniform tbroughout 

lhe length of a soil column under study, or their values at- measuring 

positions along the column must be obtained and tabulated lor use in 

waler-content computations to be made from gamma ray counts at each 

position. Also, /"may change with swelling or shrinking of the soil in 

wetting and drying situations, which introduces error in single-energy 

systems, Using container materials of uniform dimensions, lr likely will 

be uniform over a column so that a single value may be obtained using 

the empty container. This value may then be used throughoul a series 
ofmeasurementt HnwPvP .. ,.:f •"" ..... : .. ,.,, · 
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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 lc and using them to obtain the ratio, lj fc. This 
may be done using an absorber made from 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 coef­
ficients for soif 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 haYing parallel walls at precisely known spacing, with 
the same.geometry 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 without soil to determine Ir, and air-dry soil 
then is packed into the containers as uniformity 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-eontent correction. However, absorp­
tion of moisture from the atmmphere 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 produce any desired precision in 1he 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 .. ·alue 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 0.0&8 
cm~/g for 0.060- and 0.662-MeV gamma rays. Experimental values for 
gamma beams used on soil columns often are from I to 6% less.) Eq. 
[43], with(}= 1 g/cm3 (usuall}') and ld rep[aced by the container count, 
lc, is used to compute the attenuation coefficients for water. The equation 
for computing the values for soil is 

Jls = [ -ll,Darl - ln(lart/ lr)/SJ/ p, [52] 

where p, is the dry bulk density in gfcm1 computed for the container soil, 
Bar/ is the air-dry water content in g/cm3

, S is the thickness of the soil 
column in centimeters, and Indflr is the ratio of count in air-dry soil to 
count through the empty container. 

21-3.4.2.3. Comments. The precisjon or 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. Tile error 
analysis of the single-gamma technique which follows provides useful 
desi.~ }iteria for systems, including optimum column thickness. Since 
the Mnce in gamma-ray emission is the gamma-ray count itself, count 
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intensity, T, must be replaced by the number of counts, ft, where tis lh• 
counting time in Eq. [43]; thus, 

e = -In (T,.,L/TcJ)J(p.,.s'J [53 

and the variance, with reasonable assumptions, becomes 

~ = rr~<'"''''",V(~t~Sl) [54' 

so that the slandard deviation is 

(J~ = rTJn(/ml/ldiJ/(JJ..s) - [5_5) 

To reduce the error, the counting time for l,J., which is measured infre­
quently and usually under conditions where lime is nol pressing, is in­
creased by a factor of J or 4 over that of 1111l. However, the computation 
requires that t be the same for both l,.,l and /Jl. Hence the longer count 
1 ,J.' is reduced to comparable size through division by n, where n= r'jt. 
Thus l/Jn is the lime-equiYalent count lo /af and may replace it in Eqs. 
[54] and [55]. 

The slandard deviation of ln(l,rtlla~'/11) is 

, /Jt' / n ' 
D 10(l,.,t/ldt/n) = -

1
-o( l,.,r/ldt /11) 
nit 

f//n l , (~.,tf 1 
r , ]J 12 

= /:;t ldt' I" l a;.,r + (1,/ I n)2 ;,( V M . 

Using Eq. [56) with 

o,,w~ = (I.,,t) 112 and rr(TJI'/IIl = (Id/') 112/n 

Eq. [55J becomes 

a~ = 1/(~t...S (l,.,t) 112] [ 1 + I,tf(l,.t)] 112 

= 1/(1-!.,S (lrnl) 112) [ 1 + T .. ,t/(n/6t)J1' 2 • 

[56} 

[57] 

Where n is 3 or 4, the second term under the radical mar be neglected 
with only smaJJ effect on (16 (ca 10%), so that Eq. [57] becomes 

rT~ = 1/[p.,,.S (l.,,t)112j f58J 

or, multiplying Eq. [40] by l/1 and substituting into Eq. (58) yields 

u, = e~tpfS(p,p, + p.Jl)/2 + S' JAcPt]lfl'~\-"/12]. [591 
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The optimum value of soil-column thickness, S, may be obtained by 

equating daJdS, obtained by differentiation of Eq. [59], to zero: 

da0 exp[ S(p..p, + p....0)/2]exp(S~cPr) 
di = P-wS(/ot)'/1 

X ll/2U4rPs + ~ .. D) - (1/S)] = 0 [60) 

and 

S = 2/(IL,P:r + 11,.8) [61] 

For 241 Am with P.:r = 0.307 and J.l,. = 0.195 cm1jg and for a bulk density 

of 1.2 gfcm1, the optimum soil-column thickness ranges between 5 and 

4 em for low to high water-contents. Similarly, for ll7Cs with P.s = 0.076 

and Jlw = 0.082 cm2jg, the optimum soil-column thickness ranges from 

20 to 15 em . 
A complete error analysis for use \.vith Eq. [46] and [47] for dual 

gamma measurements is given in Gardner et al., t 1972). However, a brief 

discussion of the two most important factors involved in the design of 

experimental soil columns-errors associated with random gamma ray 

emission which determine the optimum column thickness, and errors in 

measurement of column thickness-is given here. The error equation rna}' 

be written 

al _ ao "
0

2 + ao "
17

2 + ao (11 

( )

., 0 )' ( )2 
0 - a [

6
1 '· ( a/u.f t. aJbl '• 

( ao )2 
1 ao )2 

z ( ao )
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2 
+ aTd,t al,~o + (as as+ a~-~m (Jp., 

+(_2!_)2

a2. +(_2!L.)2

a2 + (..1!L)2

a
2 

• a11,11 
If.\ a11 ..... 11... a,.~ 11 ~\ 

[62] 

For bulk density, 8 is replaced by p. Carrying out the panial 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 ofthat particular parameter. Gamma ray emission follows a Poisson 

distribution for which the variance, rrt,, is I he number of counts, fl. Hence, 

it is possible, for a particular count, to 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 various 

absorption coefficients, (iii) the water content and bulk density, and (iv) 

the thickness of the soil column. For I o~ 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 gjcm3
), the curves for variance in water content and in bulk density 

are shown in Fig. 21-5 in terms of soil-column thickness. Curves also 

are given for the combination of241 Am and thermal neutrons. From these 

curves it may be observed that optimum column thickness for bulk den­

sity is about 7 em (a range of 5-10 em) and for water content is about 

8.5 em (average of about 7-10 em). 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/cm3 the error in column 

thickness must be less tban 0.67%, or for 0.0 I g/cm3 less than 6. 7%. 

Similarly, for an accuracy contribution in bulk density of 0.001 gjcm 3, 

the error in column thickness must be less than 0.083%, or for 0.01 gf 

cm1 less than 0.83%. For water a·nd homogeneous soil 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 

carried out similarly using the anpropriate term in Eq. {62]. 

The above analyses assume a rectangular soil column. If a cylindrical 

column is used it is obvious that the attenuation coefficients must be 

carefully made on cylindrical samples, with the column positioned pre­

cisely in the gamma beam to avoid error. (Tbe difference in column 

thickness over a gamma-beam cross-section would be absorbed in the 

allenuation coefficients fn lhis case.) 
For all gamma counting, a correction for the resolving lime of the 

gamma-ray counting syslem must be used. This is the time between suc­

cessive counts during which an additional count cannot be recorded (see 

Fritten, 1969; Gardner et a!., 1972). A corrected count rate, 1\l, for the 

counting period nsed may be computed using the equation 

N = R/(1 - rR) [63] 

where R is the observed count rate over the prescribed counting time 

and r is the dead time per count. The value of r may be determined 

experimentally using particular equipment in the range of settings to be 

involved and by making counts through air, R0 , separately for each of 

two iron blocks of equal thickness (thickness such as to gi•<e a counting 

rate at least as high as that e"pected in measurements to be made) and 

averaging them, R1; and making counts for both blocks together, R2• The 

equation for r (Gardner et al., t 972) is 

r = (Rf - RoRt)f[RHRo + R2,} - 2RoR,R2]. (64) 

The basic gamma count rate 10 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 gamma energies counted, the geometry of the equip-
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ment, and the efficiency ·with which gamma radiation is measured. The source emits gamma rays in all directions, and the intensity of the gamma field decreases with the square of the distance from the source (neglecting the absorption of air in the path and assumjng a point source) (section 21-3.4.1). Under these conditions, lhe fraction of the radiation reaching the face of the scintiUation crystal depends upon the degree of collimation and the distance from the source. With an absorber in the beam, some scattered and secondary radiation reaches the crystal so tllat the inverse square law no longer holds. However, if a single-channel or multichannel anal)ozer or a discriminator is used so tbat only gamma rays of the max­imum energy emitted from the source are counted, the effect of scattered 
and secondacy radiation is eliminated. With the gamma-ray detector set to count only a narrow range of gamma energies, the resolution possible for given precision, souroe strength, and experimental arrangement can be computed. If the area of the collimator at the face of the crystal is a (assuming this to be the minimum coJlimator restriction) and the distance from the crystal face is r, then the fraction of the total radiation reaching the crystal, neglecting the absorption of air in the path, is aj(47l"r). The count rate !0 is pro­portional to tbe product of this fraction and the strength of the source 
Z: 

lo = k(af4w:tJ.)Z [65) 

with 

k = 3.70 X 10 7 .f[l - exp(-ILpS)] [66] 

where the constant, 3.70 X 107, is lhe number of disintegrations per second associated with I mCi of any radioactive nuclide;! is tbe number of photoelectrons produced per disintegration (0.851 for mcs and 0.359 for 241 Am), p., is the linear attenuation coefficient for the thallium·acti­vated sodium iodide crystal, which is the fractional decrease in intensity per unit length traversed, s. The value of P.p is 0.0352 cm·
1 

for 0.62·MeV photons of mcs and 22.12 em-' for 0.060-MeV photons of 
141

Am. For a scintillation crystal approximately 5 em in diameter and 5 em deep, k has the value of 5.08 X l 06 photoelectrons s -I mCi -t for 
117

Cs and 13.18 X 106 photoelectrons s- 1 mCi- 1 for 241Am. Eq. [65) gives the maximum count rate obtainable in air for a particular equipment geometry, colli­mation, and source strength. Using narrow collimation, values consid­erably less than this may be expccled where perfecl alignment of colli-
mators is difficult to achieve. Replacing the count N

0 
in Eq. [59] by its equivalent lol, substituting this into Eq. [65), and solving eKplicitly for the source strength leads to 

.Z = 4'R'r eKp[S(PjP.r + PuD) + lS'JtcPrlf(kall~,$la~t). [67] 

WATER CONTENT 
5~1 

For a typical situation at bigh water content (0.4 g(cm3) and bulk density ( 1.3 g/cm3) where the error is Jargcst, a 1 0-cm wide soil column contained in a plastic box with 0.62-cm thick waUs having a mass at1enuation coef­ficient of0.08747 cm2/g and a density of 1.19 gjcm 3 would require a 200-rnCi mcs source for 60-s counting to yield a precision of± 0.5% water content (J (fe = 0.005 gjcm3), with tapering collimation at the source and on the detector side having a slit cross-section of J by 40 mrn at the face of a 5-cm deep 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 attenuation coefficients used in the above computation are 0.07785 and 0.08559 cm 2jg for soil and water, and the value of k is 5.081 X J 06 photoelectrons/s. 
If long counting-times are practicable in an experiment, high preci­sion is possible with relatively small sources and at high resolution. How­ever, if rapid measurement is important, then eirher the reso1u1ion must be low or lhe source strength high. In such cases, since k increases with increasing crystal size, large scintillation crystals are desirable. If reso­lution and counting Lime are 'not important factors, as in an experiment in\•olving measurement of gross water content in a container of soil with growing plants, source strengths of the order of 20·mCi may be adequate . Also, small crystals are considerably less expensive than large ones, and crystals of the order of 2 to 3 em may often be adequate under such conditions. 

In the foregoing discussion it has been assumed thattbe soil traversed by the gamma beam had spatially uniform physical and chemica[ prop­erties so that the density and attenuation coefficients could be represented by single values. In stratified soil rhis is not always the case, particularly in systems that change with lime, and the interpreUition of calculated bulk densities and water contents becomes complicated. Special problems to be encountered in measurements made in stratified soil and some methods for dealing with them are discussed by Goit et al. {J 978) and by Nofziger (J978). 
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