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REVISED ABSTRACT 

A cesium-137 gamma s c i n t i l l a t i o n de tec to r system (gamma apparatus) 
was used to measure water contents i n a two-d imensional s o i l model. 
The gamma apparatus was b u i l t i n t o a l i f t i n g apparatus which accomodates 
both v e r t i c a l and h o r i z o n t a l 150 cm long s o i l columns and 150 x 35 cm 
two-dimensional s o i l models. The l i f t i n g apparatus was cons t ruc ted by 
us ing a v e r t i c a l r e c t a n g u l a r frame w i t h i n t e r n a l dimensions o f 80 cm 
w id th and 70 cm h e i g h t . Lead cubes, 25 cm on a s i d e , c o n t a i n i n g a 
251 mCi cesium-137 source and a Nal s c i n t i l l a t i o n de tec to r a re o f f s e t 
t o one s ide o f the v e r t i c a l r ec tangu la r frame to scan a v e r t i c a l 
c y l i n d r i c a l column. The faces o f t h e lead cubes a re 2k cm apa r t and 
a t tached to the rec tangu la r frame so t h a t the gamma beam i s midway 
between the base and t o p . There a re no at tachment p a r t s t ha t cross the 
2k cm gap between the lead cubes, and t h i s leaves a 2k cm wide by 70 cm 
h igh space which w i l l a l l o w a two-d imensional model o r h o r i z o n t a l 
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column to be moved horizontally through this space. Vertical movement 
of the gamma apparatus and horizontal movement of the model then allow 
two-dimensional scanning of a model. To demonstrate the ability of 
this design for a gamma apparatus to scan two dimensions, a 92 cm long, 
30 cm tall, and 10.15 ̂  °-°5 cm wide model with three equal 30 cm long 
compartments was used to evaluate potential water conservation. A 
vertical sand mulch, 2 cm thick, was placed on each side of each com
partment, a 3 cm thick sand layer was placed on the bottom, and soil 
was packed in the rest of the model. The surface treatments were: 
bare soil, 1 cm soil over 1 cm of sand mulch, and 1 cm of sand mulch. 
Water contents in two dimensions were determined for 2 cm simulated 
rainfall applications for the three treatments. When a subsurface sand 
mulch was used, the mulch acted as a barrier to infiltration. There
fore, the surface sand mulch conserved more water than did the sub
surface sand mulch, but both the surface and the subsurface sand mulches 
conserved water as compared with no sand mulch layers. 

In addition, soil columns, 6.9 cm in diameter and 33 cm tall, 
were used to study the effectiveness of various thicknesses of surface 
sand mulches in preventing evaporation. Thickness of sand mulches did 
not influence greatly the amount of water conserved if the sand layer 
was 1 cm or more thick. 
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1 . INTRODUCTION 

Laboratory i n v e s t i g a t i o n s o f the s o i l water content a long the 
leng th o f s o i l columns have been g r e a t l y f a c i l i t a t e d by the use o f 
gamma-radiat ion a t t e n u a t i o n . Gamma-radiation a t t e n u a t i o n p rov ides a 
r a p i d , n o n d e s t r u c t i v e means o f measuring s o i l bu lk dens i t y and s o i l 
water c o n t e n t . 

I f a c o l l i m a t e d beam o f gamma rays i s a l l owed to pene t ra te a 
m a t e r i a l , t he number o f rays passing through depends upon the d e n s i t y 
and t h i ckness o f the m a t e r i a l . Gurr and Marshal l [1] and Gurr [2] 
measured the s o i l dens i t y and water con ten t , f o r s t e a d y - s t a t e c o n d i 
t i o n s , o f an unconso l ida ted porous m a t e r i a l i n the l a b o r a t o r y w i t h a 
H7cs source o f gamma r a d i a t i o n . Ferguson and Gardner [3 ] used a 
s i m i l a r techn ique f o r ext remely slow t r a n s i e n t water f l o w i n u n i f o r m l y 
packed s o i l columns. Using a d d i t i o n a l equipment and a source o f 
g rea te r i n t e n s i t y , Rawl ins [ 4 ] ob ta ined more f requen t measurements 
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from the same so i l studied by Ferguson and Gardner. Davidson et a l . [ 5] 
re f ined the technique fu r ther by a method of making rapid and frequent 
measurement of rap id ly changing water contents in laboratory so i l 
columns. Gurr [ 6 ] described a method for ca lcu la t ing water contents 
of undisturbed f i e l d samples of unknown i n i t i a l condit ions from gamma-
ray data. The use of gamma rad ia t ion has become a f a i r l y widespread 
method fo r nondestructive determinations of so i l bulk density and water 
content. 

The at tenuat ion of monoenergetic gamma rad ia t ion i s described by 

I = I Q exp (-upx) (1) 

where I i s the rad ia t ion i n tens i t y wi th no in ter ference, u. the mass-
absorption coe f f i c i en t (crrr/g) of the absorber fo r the quantum energy 
of the r ad ia t i on , p the density of the material (g/cm^), and x the 
thickness of the sample (cm). The necessity that the rad ia t ion be 
monoenergetic can be met by the use of instrumentation having energy 
di scr iminators. 

This paper w i l l discuss the app l i ca t ion of gamma rad ia t ion for de
terminat ion of s o i l bulk density and so i l moisture d i s t r i b u t i o n in two-
dimensional so i l models. Soil models were used to study the inf luence 
of surface sand mulches on evaporation prevention and i n f i l t r a t i o n . 

Wiegand and Taylor [ 7 ] reviewed l i t e r a t u r e on so i l mulches. They 
present a graph summarizing several studies of evaporation rate versus 
mulch thickness. They conclude that a mulch must be greater than 0.3 
to 0.6 cm th ick to reduce evaporation ra tes . The necessary thickness 
increases wi th increase in coarseness of the underlying s o i l . They 
state tha t , for a mulch to be e f f e c t i v e , i t must make vapor d i f fus ion 
the r a t e - l i m i t i n g process in evaporation. Tse1ishcheve [ 8 ] presents 
data for various mulch thicknesses of dry so i l and an equation which 
describes evaporation as a funct ion of the thickness o f the mulch layer, 
evaporation from a wet so i l surface, and so i l p roper t ies . Kolp et a 1. 
[ 9 ] showed that ta l low alcohol added to the top 1 cm of so i l decreased 
evaporation by al lowing the surface 1 cm of so i l to dry more rap id ly 
than a bare so i l surface. This allowed vapor d i f fus ion to become the 
r a t e - l i m i t i n g fac tor in the evaporation more rapid ly fo r the ta l low 
alcohol t reated so i l than for the bare s o i l . The e f fec t was even 
greater in a sand. Kolp et aj_. also determined the moisture contents 
a f te r a 1 cm app l i ca t ion of water for two durations of evaporation. 
A f te r 33% of the added water had been evaporated from each treatment 
(3-5 hours wi th bare so i l and 20 hours wi th a 2.5 cm ta l low alcohol 
sur face- t reated s o i l ) , the water had penetrated deeper in the ta l low 
a lcoho l - t rea ted so i l than in the bare s o i l . 

In the present paper, our purpose i s to compare the inf luence of 
i n f i l t r a t i o n and evaporation under three condi t ions: bare s o i l , surface 
mulch, and subsurface mulch. These three treatments were studied in a 
two-dimensional model. In add i t i on , the inf luence o f mulch thicknesses 
on evaporation were studied in columns under evaporating condit ions 
on ly . These columns were i n i t i a l l y saturated and allowed to evaporate 



f o r 18 days. So i l water con ten ts a t va r ious depths were ob ta ined by us ing 
gamma a t t e n u a t i o n i n both exper iments . 

2 . EXPERIMENTAL EQUIPMENT AND CALCULATION PROCEDURE 

The s o i l dens i t y and mois tu re measuring equipment (gamma apparatus) 
c o n s i s t s o f a low-energy gamma source, a d e t e c t i n g and ana l yz i ng 
system, and a l i f t i n g mechanism f o r the source and de tec to r s e c t i o n . 
The l i f t i n g mechanism and the source and de tec to r sec t i on are shown i n 
F igu re 1. The source o f gamma r a d i a t i o n c o n s i s t s o f a 251 mCi ^37cs 
capsu le . A l though 137cs does not emit a s t r i c t l y monoenergetic gamma 
r a y , the g rea te r p a r t o f the r a d i a t i o n has an energy o f 0.66 Mev. 
The h a l f - l i f e o f '37cs i s 27 yea rs . The '3/Cs capsu le i s p laced i n the 
cen te r o f a lead cube, 25 cm on a s i d e , as d e p i c t e d in F igure 1 . This 
lead cube reduces the e x t e r n a l r a d i a t i o n to a safe leve l ( l e s s than 
0.1 mrad per h r ) . A 5 mm diameter ho le 12.5 cm long loca ted i n the 
cen te r o f t h i s cube c o l l i m a t e s the r a d i a t i o n . A second lead cube o f 
t he same dimensions and c o n t a i n i n g a s c i n t i l l a t i o n de tec to r i s l oca ted 
oppos i t e the source cube. The de tec to r cube a l s o has a 5 mm diameter 
ho le 12.5 cm long loca ted a t i t s cen te r to c o l l i m a t e the r a d i a t i o n 
reaching a s c i n t i l l a t i o n c r y s t a l i n the center o f the de tec to r cube. 
The c o l l i m a t e d ho les were l i n e d up by the use o f X-ray f i l m . The 
c r y s t a l i s a t h a l l i u m - a c t i v a t e d Nal c r y s t a l 2.5 cm i n diameter and 2.5 
cm t h i c k . The vo l t age f o r the de tec to r p h o t o m u I t i p l i e r i s supp l i ed 
f rom power supp l i es i nco rpo ra ted in an a n a l y z e r / s e a l e r (Nud ear-Chi cago, 
Model 8727) . Pulses f rom the d e t e c t o r are a m p l i f i e d by a l i n e a r a m p l i 
f i e r . The base l i n e and window w i d t h on the pu lse he igh t ana lyze r i s 
manual ly a d j u s t a b l e and, f o r t h i s s tudy , was set to accept a l l gamma 
r a d i a t i o n above 0.50 Mev. By s e t t i n g t he ana lyzer t o accept a l l r a d i 
a t i o n above 0 .50 , the e n t i r e '37r,s energy peak i s being accep ted , and 
the problem o f a base l i n e s h i f t a t h igh count r a t es i s e s s e n t i a l l y 
e l i m i n a t e d . The pulse p a i r r e s o l u t i o n o f the ana lyze r i s 1.5 u. sec. 
Pulses f rom the ana lyzer d r i v e the s c a l e r . The a n a l y z e r / s e a l e r i s 
equipped w i t h an au tomat i c d i g i t a l p r i n t i n g l i s t e r . 

The source and de tec to r cubes are a t t ached 2k cm apa r t to a v e r t i c a l 
r ec tangu la r frame (suppor t frame F i g . 1) w i t h i n t e r n a l dimensions o f 
80 cm w id th and 70 cm h e i g h t . The cubes a re o f f s e t to one s ide o f the 
r e c t a n g u l a r frame to f a c i l i t a t e the p l a c i n g o f v e r t i c a l s o i l columns 
w i t h i n the gamma beam. There are no at tachment p a r t s t h a t cross the 
2k cm gap between the lead cubes, and t h i s leaves a 2k cm wide by 70 cm 
h igh space which a l l o w s a two-d imensional model or h o r i z o n t a l column to 
be moved h o r i z o n t a l l y through t h i s space. A removable s l i d e i s p laced 
h o r i z o n t a l l y w i t h i n the rec tangu la r frame to support models and columns 
and to a l l o w t h e i r h o r i z o n t a l movement. The v e r t i c a l r ec tangu la r frame 
suppor t i ng t he lead cubes moves v e r t i c a l l y up and down on 275 cm long 
and 3.8 cm diameter s t a i n l e s s s tee l rods connected to the f l o o r and 
c e i l i n g o f the l a b o r a t o r y . The rec tangu la r frame i s r a i s e d and lowered 
on the rods by a cab le hooked to a motor d r i v e n w inch . V e r t i c a l move
ment o f the gamma apparatus and h o r i z o n t a l movement o f the model then 
a l l o w two-d imensional scanning o f a model . 



density of the soil in the models is 

-ln(l, /I ,) 
p = d s P1 (7) 
d s (^)ds 

The intensity through the moist soil is 

Ims = I" exp T(upx)pb - (u.px) - (pPx)ds - (nD0d)w J (8) 

where I is the intensity through moist soil, u^ is the absorption 
coefficient of the water, P W is the density of water, 8 is the volumetric 
water content, and d is the thickness of the soil. Therefore, x^s is 
the same as d. Dividing Equation (8) by (6) and simplifying, the 
volumetric water content of the soil model is 

-ln(l /I . ) ms ds 
(liPd) 

(9) 
w 

I f I . o f Equat ion (5) i s above the c a p a c i t y o f the i n s t r u m e n t a t i o n , 
as i s t r u e f o r our model, then i n c l u d i n g a lead d isc w i t h the empty 
model i n the gamma beam i s necessary to decrease the count r a t e s u f f i 
c i e n t l y . Another term f o r the lead d isc i s then added to the exponen t ia l 
pa r t s o f Equat ions ( 5 ) , ( 6 ) , ( 7 ) , and ( 8 ) . D e t a i l e d equat ions need not 
be presented here . 

3. PROCEDURE 

3.1 V e r t i c a l S o i l Column Evaporat ion Experiment With Mulches 

F i ve P l e x i g l a s columns, 6 .9 cm i n s i d e d iameter , 33 cm t a l l , and 
wa l l t h i ckness 3 mm, were packed w i t h a s o i l m i x tu re ( s o i l mix) c o n t a i n 
ing 2 p a r t s Edina s i l t loam, A l h o r i z o n , and 1 p a r t C lay ton wh i t e s i l i c a 
sand, 0.25 - 1.00 mm p a r t i c l e s i z e . F ive su r face t rea tments were used: 
bare s o i l m ix , 1 cm Clayton sand mulch (1 cm mu lch ) , 2 cm Clayton sand 
mulch (2 cm mu lch ) , k cm Clayton sand mulch (k cm mu lch ) , and 1 cm 
Clayton sand below 1 cm o f s o i l mix (subsur face mu lch ) . The depth o f 
s o i l mix , p l us sur face l a y e r s , was 33 cm f o r a l l columns. A f t e r 
pack ing , the columns were wet ted w i t h water f rom the bottom w i t h a small 
head u n t i l they were near s a t u r a t i o n . I n i t i a l water added v a r i e d f rom 
522 to 5kk g . 

The f i v e s o i l columns and a column c o n t a i n i n g open water were then 
p laced 13 cm from the center o f a round t a b l e r o t a t i n g a t 1.5 rev /m in 
and ma in ta ined l eve l by four a d j u s t a b l e wheels . The columns were 
surrounded by a d r u m - l i k e framework covered w i t h aluminum f o i l to keep 



To f ind the bulk density and moisture profi les of the models from 
gamma'ray attenuation, values for the massabsorption coefficients 
(p,) of lead, Plexiglas, water, so i l , and sand had to be determined. 
The massabsorption coefficients for these materials were determined by 
essentially the same methods as those of Davidson et a 1. [5] (determin

ing quantities in equation 1 except p.* which is soTvecT f o r ) . The 
massabsorption coefficients were found to be O.IO36 cm /g for lead, 
0.0806 cm

2
/g for Plexiglas, 0.0802 cm

2
/g for water, 0.0689 cm

2
/g for 

so i l , and 0.0525 cm /g for sand. 

The values of the massabsorption coefficients in combination with 
gammaray intensity allow for the determination of soil bulk density 
and volumetric moisture content. The empty models are placed in the 
gamma apparatus and counted. The attenuation of the radiation by the 
Plexiglas models is described by 

T
pl

 = J
o

 e x p (
W>

x
>p1 <

2
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where Ip] is the intensity through the empty Plexiglas model, IQ is the 
intensity through air, Up}, Opi> and xp^ are the absorption coefficient, 
density, and thickness, respectively, of Plexiglas. The intensity I0 
is beyond the capacity of the instrumentation; thus, 'an indirect method 
of obtaining IQ must be used. A standard lead disc is placed in the 
gamma beam, and the transmitted gamma rays counted. The intensity 
through the standard lead disc is then related by 

I
v = I Q exp (-upx)pb (3) 

where I* is the intensity through a standard lead disc and upD, ppD> 
and xpb, are the absorption coeff icient, density, and thickness, 
respectively, of lead. Therefore, 

IQ = I " exp (upx)p
%

b (k) 

Equation (k) is then substituted into (2) to obtain 

Ipl = I" exp [(upx)pb - (upx)p] ] (5) 

for the intensity through the empty model. The intensity i" is used also 
in the attenuation equations for the bulk density and moisture content. 

The intensity through the dry soil is related by 

Ids = I" exP [(upx)pb " (u.px)pl " <!■«*)dŝ  (6) 

where Ids is the intensity through dry soil and M.ds, ods, and xds are 
the absorption coefficient, bulk density, and thickness, respectively, 
of dry soil. By dividing Equation (6) by (5) and simplifying, the bulk 



i n f ra red l i gh t from entering the columns at any point other than the 
column surface. A s ingle 250 watt i n f ra red re f l ec to r heat lamp was 
centered 29 cm above the top of the columns. The column containing 
water was used to character ize the evaporation p o t e n t i a l . This column 
was kept f u l l by adding water as i t was evaporated. A l l six columns 
were weighed at da i ly i n te rva ls during the f i r s t few days and at 2 or 
3 day in te rva ls la te r i n the experiment. At the end of 18.5 days, the 
columns were placed in the gamma apparatus and scanned. The count rates 
were used to ca lcu la te the volumetric moisture content at depth in te rva ls 
o f 1 cm. The d r ies t layer occurred in the 1 cm o f so i l above the sub
surface mulch and was used as the zero moisture content. In ca lcu la t ing 
moisture contents from the scanning, i t was assumed that the thickness 
and density of p l as t i c and the bulk density o f the so i l s were uni form. 

3.2 Two-Dimensional Model Experiment 

A two-dimensional model constructed wi th 1 cm th ick P lex ig las , 
containing three ident ica l compartments, 30 cm long, 30 cm t a l l , and 
10.15 ^ 0.05 cm wide, was used in t h i s experiment. Since the model was 
to be used fo r i n f i l t r a t i o n , a i r escape holes were d r i l l e d along each 
side, 2 cm from the bottom of the model. Before packing, the model 
was scanned by the gamma apparatus. The bottom 3 cm of each compartment 
was f i l l e d wi th Clayton sand. A v e r t i c a l sand mulch, 2 cm t h i c k , was 
placed on each side of the compartments, with so i l mix packed in the 
rest of the model. The surface treatments were: bare s o i l , subsurface 
mulch, and 1 cm surface mulch. A l l f i n a l surfaces were at the same 
height . The compartments packed wi th so i l were scanned by the gamma 
apparatus, and bulk densi t ies ca lcu la ted. 

A 2 cm app l i ca t ion of water was then appl ied to each compartment. 
The model was allowed to equ i l i b ra te fo r k hours and then scanned by 
the gamma apparatus, and moisture contents were ca lcu la ted. (A measured 
a i r - d r y moisture content correct ion of 3.22% was made fo r a l l bulk 
density and moisture measurements wi th the two-dimensional model.) The 
model was then placed 1 meter below a bank, 120 cm long, o f f i v e 300 
watt re f l ec to r spot lamps, equal ly spaced on a l i n e , fo r 2k hr . The 
bank of lamps provided an evaporation po tent ia l of 1.43 cm/24 hr as 
measured from the open water column. Moisture contents were again 
determined at 42 points in each compartment. 

A second app l ica t ion of a 2 cm depth of water was added to the 
same model a f t e r the 24-hr evaporation per iod. The model was allowed 
to set 10 hr before moisture contents were determined. The model was 
then placed under the heat lamps for 24 hr . The evaporation potent ia l 
was 1.30 cm/24 hr fo r th i s second 24 hr evaporation. At the end of t h i s 
per iod, moisture content was determined again. 

A t h i r d 2 cm app l i ca t ion of water was added to the model at the 
end of the second evaporation per iod. The model was allowed to set 4 
hr before moisture contents were taken. Then, the model was placed 
under the heat lamps for 83 hr . The to ta l evaporation po tent ia l during 
th i s period was 4.77 cm. A f i n a l moisture content was taken at 42 
points in each compartment. 



4 . RESULTS 

4.1 Soil Column Experiments 

Figure 2 shows water loss from three (1 cm mulch, 4 cm mulch, and 
bare s o i l ) of the f i v e treatments in the experiment invo lv ing so i l 
columns. The average evaporating potent ia l measured by an open-water 
surface wi th an area o f 44.2 cm2 was 1.68 cm/24 hr or 7^.1 g/24 hr . 
The 2 cm mulch and the subsurface mulch curves l i e on or between curves 
shown. Af ter 1377 g of open-water loss, the 1 cm mulch column lost 
168 g compared w i th 31^ g fo r bare so i l and 130 g fo r the 4 cm mulch. 
The 2 cm mulch column lost 128 g and the subsurface mulch column lost 
135 g. 

Figure 3 shows moisture content with depth fo r two (bare so i l and 
1 cm mulch) of the f i v e treatments used in the column experiment. Data 
fo r the other three treatments are not shown because the other mulch 
treatment curves of moisture content wi th depth are not s i g n i f i c a n t l y 
d i f f e ren t from the curve fo r 1 cm mulch. 

The temperature a f t e r 1 day of evaporation o f the columns was 
measured on the outside surface near the base of the columns wi th a 
mercury-in-glass thermometer and was 27.1°C. Surface temperatures 
measured by an aluminum fo i l - covered mercury-in-glass thermometer were 
33.2°C. 

4.2 Two-dimensional Model Experiment 

Figures 4 (bare s o i l ) , 5 (subsurface mulch), and 6 (1 cm mulch) 
show the volumetr ic water content f o r 42 points measured. The values 
shown are f i n a l moisture contents a f t e r three 2 cm appl icat ions of 
water fo r a t o ta l o f 6 cm and a f t e r three evaporation periods w i th 
potent ia l evaporation of 1.43 cm, 1.30 cm, and 4.77 cm, for a to ta l 
o f 7.50 cm. The i n i t i a l so i l was at an a i r - d r y moisture content of 
3-22%. Lines o f equal water content are shown fo r 20.0%, 25.0%, and 
30.0% moisture by volume. Associated wi th each f i gu re are the average 
moisture contents of the surface 1 cm fo r the three wet t ings. These 
moisture contents were obtained by averaging the middle four moisture 
contents fo r the surface row of measurements. 

For Figure 4 , these values are 33-̂ +% fo r the f i r s t wet t ing , 25.7% 
fo r the second, and 29.1% fo r the t h i r d . The point i n Figure 4 at 
x = 3 and y = 1 i s -10%, an absurd value. We suspect the so i l surface 
se t t l ed so that the measurement of i n tens i t y fo r moist so i l was pa r t l y 
through a i r instead of s o i l . 

In Figure 5 the average moisture contents o f the surface 1 cm for 
the three wett ings are 41.6% for the f i r s t wet t ing , 34.7% for the second, 
and 33.5% for the t h i r d . The point in Figure 5 x = 13 and y = 1, -9.8%, 
is absurd fo r the same reason given fo r the point x = 3 and y = 1 in 
Figure 4 . The point x = 3 and y = 1 in Figure 5 is 42.2% another absurd 
value because the so i l was v i s i b l y dry. We bel ieve th i s resul ted when 



the gamma beam was p a r t i a l l y going through a i r when the dry so i l i n ten 
s i t y was establ ished. This also occurred at x = 27 and y = 1 (54.5%) 
in Figure 6. These absurd points br ing out the problems in l i n i ng the 
gamma beam i n i t i a l l y and the change that occurs when the so i l s e t t l e s . 

Var iat ion in so i l bulk density fo r the three compartments w i l l 
have some inf luence on the moisture contents. The average bulk density 
of 30 points fo r Figure 4 i s 1.3** g/cm3, f o r Figure 5 is 1.32 g/cm3, 
and f o r Figure 6 i s 1.29 g/cm^. The extreme values fo r the en t i re 
experiment were 1.21 and 1.39 g/cm3. 

5. DISCUSSION 

5.1 Ver t ica l Soi l Columns 

In the column experiment, the columns were i n i t i a l l y wetted to a 
water content near sa tu ra t ion . When evaporation s tar ted, the 1 cm mulch 
was almost immediately e f f ec t i ve in reducing evaporation (Figure 2) 
because the sand dr ied qu ick ly and the underlying layers were composed 
of a f ine - tex tu red ma te r ia l . The 4 cm mulch lost a greater amount of 
water during the i n i t i a l stages because the 4 cm sand layer was i n i t i a l l y 
wet and could easi ly conduct water v e r t i c a l l y fo r a small distance. 
A f te r 800 g (18.1 cm) of evaporation p o t e n t i a l , the 4 cm mulch became 
more e f fec t i ve than the 1 cm mulch. The 2 cm mulch and the 1 cm subsur
face mulch curves were iden t ica l and intermediate to the curves shown 
fo r 1 cm mulch and 4 cm mulch. Evident ly, 2 cm of dry mate r ia l , whether 
so i l or sand, o f f e r s very nearly the same resistance to vapor f low. 

A l l mulch treatments saved water when compared wi th the bare so i l 
a f t e r 31.2 cm (1377 g) of evaporating po ten t i a l . The water saving is 
large [ (314-168)/314] (100) =46% to [(31^-128)/314] (100) = 53% 
(see Section 4 ) . This large water saving is pa r t l y due to the high 
moisture content wi th which we s tar ted the experiment since the water 
was i n i t i a l l y trapped below the mulches. 

Figure 3 shows the d i s t r i b u t i o n of the saved water a t the end of 
the experiment when 1377 g (31•2 cm) of open water had evaporated. The 
surface 4 cm layer o f the bare so i l is dr ied to a low moisture content. 
Below 6 cm, the moisture content is approximately constant at 30%. In 
comparison, the 1 cm mulch has allowed the surface 4 cm layer to dry 
considerably, but not to the extent that drying has occurred under bare 
surface. Also, a much greater amount o f water has been stored below 
6 cm by the mulch treatment. The subsurface mulch ( resu l ts not shown 
in F ig . 3) also showed a high amount, about the same as the 1 cm mulch, 
o f stored water in the lower depth. This storage was possible because 
the so i l was i n i t i a l l y near sa tura t ion . In a f i e l d s i t u a t i o n , the so i l 
would be saturated only a f t e r i n f i l t r a t i o n had occurred. Since a sub
surface mulch i s known to i n h i b i t i n f i l t r a t i o n , we included ve r t i ca l 
mulches to help i n f i l t r a t i o n in the two-dimensional model experiment. 



5.2 Two-dimensional So i l Models 

The two-d imens iona l model was used to i n v e s t i g a t e the i n f l u e n c e o f 
bare s o i l , a 1 cm sur face mulch, and a 1 cm subsur face mulch when v e r t i c a l 
sand mulching was i n c l u d e d . The v e r t i c a l sand mulching a t the s ides o f 
the model should a t l eas t p a r t l y overcome the i n f i l t r a t i o n problems 
i nvo l ved w i t h the subsur face mulch which i n h i b i t s i n f i l t r a t i o n . The 
v e r t i c a l sand mulch d i d improve i n f i l t r a t i o n f o r a l l th ree t rea tments 
s ince the s o i l mix t r a n s m i t t e d water much more s low ly than d i d the v e r t i 
ca l mulch sand. 

Resul ts in Sect ion 4 .2 show tha t the 1 cm layer o f s o i l above the 
subsur face mulch i n the model r e t a i n e d a g rea te r amount o f water than 
the top 1 cm o f t he b a r e - s o i l t r ea tmen t . For the f i r s t 2 cm a d d i t i o n 
o f wa te r , the subsur face mulch caused 41.6% water content to be h e l d 
compared w i t h 33-^% f o r the bare s o i l ; f o r the second 2 cm a d d i t i o n the 
subsur face mulch caused 3^7% water con ten t to be h e l d , compared w i t h 
25-7% f o r the bare s o i l ; and f o r the t h i r d a d d i t i o n o f 2 cm the sub
su r face mulch caused 33-5% water con ten t to be h e l d , compared w i t h 29 .1% 
f o r t he bare s o i l . This comparison shows t h a t the 1 cm sur face layer 
o f s o i l above a subsur face mulch r e t a i n s 4.4% to 9% more mo is tu re than 
a homogeneous s o i l . Then", when evapora t ion o c c u r s , the water h e l d above 
the subsurface mulch i s l o s t be fo re the subsur face mulch becomes e f f e c t i v e 
i n reduc ing water l o s s . This e f f e c t does not occur i n the su r face mulch. 

F igures 4 , 5, and 6 have shown the end r e s u l t o f i n f i l t r a t i o n o f 
r e l a t i v e l y smal l amounts o f water f o l l o w e d by r e l a t i v e l y h igh i n t e n s i t y 
evapora t i on f o r the th ree t r ea tmen ts . The o v e r a l l average mo is tu re 
content f o r these t h r e e f i g u r e s i s o f i n t e r e s t . This mo is tu re con ten t 
can be found by averag ing the s i x va lues f o r a mo is tu re measurement 
depth shown on a f i g u r e and by we igh t i ng t h i s average f o r the th i ckness 
o f the layer o f s o i l i t c h a r a c t e r i z e s . Using t h i s method we found t h a t 
the average water content f o r F igu re 4 was 21.2%; f o r F igu re 5, 23.3%; 
and f o r F igu re 6 , 25.0%. The average water content can be conver ted to 
a volume o f water by m u l t i p l y i n g t h e va lues by the t o t a l volume o f s o i l . 
The volume o f s o i l i s (26 cm leng th ) (25 cm h e i g h t ) (10 cm w id th ) = 
6500 cm3. Thus, 21.2% i s 1378 cm3 wa te r , 23.3% i s 151*+ cm3 , and 25.0% 
i s 1625 cm3 . The i n i t i a l water present i n t h e s o i l was 3-2% or 208 cm3, 
and the added water was (3) (600 cm 3 ) , equa l i ng a t o t a l o f 2008 cm3. 
Then 2008 cm3 - 1378 cm3 = 630 cm3 was evapora ted f rom the bare s o i l ; 
494 cm3, f rom the subsur face mulch t r ea tmen t ; and 383 cm3 , f rom the 
sur face mulch t r e a t m e n t . Thus, the subsurface mulch t reatment saved 
630 cm3 - 494 cm3 = 136 cm3 or ( I36/63O) (100) = 21.6% o f the water 
evaporated f rom the bare s o i l t r ea tmen t ; and the sur face mulch t r e a t 
ment saved 63O cm3 - 383 cm3 = 247 cm3 o r (247 /630) (100) = 39.2% o f the 
water evaporated f rom the bare s o i l t r ea tmen t . 

The l i nes i n Figures 4 , 5, and 6 connect p o i n t s o f equal water 
c o n t e n t . In F igure 4 , t h e l i n e f o r 20% water content l i e s deeper than 
i n F igures 5 and 6. Th is shows t h a t the b a r e - s o i l t reatment caused 
more d ry ing a t the lower depths than the o the r t r ea tmen ts . For example, 
the deepest p o i n t o f the 20% l i n e i n F igu re 4 , i s 15 cm below the 



surface; and fo r Figures 5 and 6, 12 cm below the surface. The 25% 
l i ne in Figure 4 is 19 cm below the surface and i s about 2 cm below 
the 25% l ine in Figure 5 at 17 cm depth and about 4 cm lower than the 
25% l ine in Figure 6 at 15 cm depth. The 30% l ine in Figure 6 is much 
higher than i n Figures 4 and 5. A l l the l ines curve upward when they 
l i e near the edges where ve r t i ca l coarse sand mulches had an e f f ec t . 
The ve r t i ca l mulches increased i n f i l t r a t i o n , which caused the wett ing 
f ron ts in the model compartments to advance from the sides and bottom 
as wel l as from the top. This type of phenomenon can be described 
quan t i t a t i ve l y rather than q u a l i t a t i v e l y by using the gamma-ray 
at tenuat ion procedure. 

5.3 Comparison of Soil Column and Two-dimensional Model Results 

There are two di f ferences between the experiment wi th so i l columns 
and the experiment w i th the two-dimensional model. The differences are 
i n i t i a l moisture contents, and wett ing and drying procedure. 

The so i l i n the columns was i n i t i a l l y nearly saturated, whi le the 
so i l in the two-dimensional model was i n i t i a l l y a i r - d r y . Thus, in the 
so i l columns, we are concerned only wi th evaporation. Since mulches 
cause ear ly surface dry ing, the surface treatments in the column 
experiment are only working as a vapor d i f fus ion resistance. In the 
two-dimensional model, the surface treatments are act ing as a res is 
tance to three processes: upward cap i l l a r y movement, vapor d i f f u s i o n , 
and i n f i l t r a t i o n . Consider the top 2 cm o f so i l mix and or sand in 
the three compartments of the model. During i n f i l t r a t i o n , the 1 cm 
surface mulch and the 1 cm of so i l below i t o f f e r less resistance 
than the top 2 cm of the bare-soi l treatment. The top 2 cm of the 
bare-so i l treatment o f fe r less resistance to i n f i l t r a t i o n than do the 
top 2 cm of surface i f there is 1 cm of sand below 1 cm of s o i l . This 
means that the subsurface mulch should be less e f fec t i ve when i n f i l 
t r a t i on and evaporation are involved than when evaporation alone is 
involved, when compared to a surface mulch. This i s true as seen 
from the water saved in both cases. In the column experiment (see 
Results, Section 4.1) the 1'cm surface mulch saved 

[ (31^-168)/314] (100) = 46.5% 

and the 1 cm subsurface mulch saved 

[ ( 31^-1 35) /31^] (100) = 57.0% 

These values, 46.5% and 57.0%, for the columns may be compared wi th 
corresponding values, 39.2% and 21.6%, for the model as found in 
Section 5.2. From the four percentages, 46.5, 57.0, 39.2, and 21.6, 
we see that the surface mulch was 46.5 - 39.2 =7.3% less e f fec t i ve 
under the condit ions of the two-dimensional model, while the sub
surface mulch was 57.0 - 21.6 = 35.**% less e f f e c t i v e . 



6 . CONCLUSIONS 

1. A gamma apparatus was used to measure so i l bulk density and 
water content in two-dimensional models as wel l as in v e r t i c a l columns, 
and resu l ts were-compared for d i f f e ren t types of mulching. 

2. When the so i l columns were i n i t i a l l y saturated and when one of 
the treatments (1 cm sand, 2 cm sand, 4 cm sand, or 1 cm sand below 
1 cm of so i l ) was used, there was a saving of water of 46-59% for an 
18-day evaporation per iod , compared wi th the s i tua t ion for bare s o i l . 

3. Water content in the 1 cm of so i l above the subsurface mulch 
a f t e r a 2 cm i r r i g a t i o n ranged from 4-9% higher than for a bare s o i l . 

4 . The use of a 1 cm surface mulch in a s i tua t ion involv ing both 
i n f i l t r a t i o n and evaporation resul ted in a saving of 39.2% of the 
water evaporated from a bare s o i l . The use of a 1 cm subsurface mulch 
in a s i tua t ion involv ing both i n f i l t r a t i o n and evaporation resul ted 
in a saving of 21.6% of the water evaporated from a bare s o i l . 

5. A 1 cm subsurface mulch lost 35.**% of i t s effectiveness when 
a s i tua t ion invo lv ing i n f i l t r a t i o n and evaporation was compared wi th a 
s i t ua t i on involv ing only evaporation. 

6. The use of two-dimensional models may be used to study fu r the r 
the inf luence of v e r t i c a l and hor izonta l mulches on evaporation and 
i n f i l t r a t i o n , to evaluate moisture content above a water table in 
drainage systems, water contents around the roots of plants growing 
in a model, and possible l a te ra l movement of water because of d i f f e ren t 
evaporation potent ia ls , such as due to shading, at the so i l surface. 
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Figure Captions 

F ig . 1. Gamma-ray at tenuat ion so i l moisture detection apparatus 

F ig . 2. Cumulative so i l water loss from mulched and bare so i l columns 

F ig . 3' Soi1 column moisture d i s t r i b u t i o n a f t e r 31«2 cm of open water 
column loss 

F i g . 4 . Bare so i l model moisture d i s t r i b u t i o n . Slashed areas are coarse 
sand. Lines of equal moisture content are shown for 20, 25, and 
30%. 

F ig . 5. Same as F ig . 4 except fo r a 1 cm subsurface sand mulch 

F ig . 6. Same as F ig . 4 except fo r a 1 cm surface sand mulch 
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