
US - ISRAEL CDR PROGRAM 

Final report
 

,Title : 	Improving rain penetration and reducing soil erosion in
 

dryland farming.
 

Project identification number: C7-036
 

By
 

Prof. I Shainberg, Dr. G.J. Levy and D. Goldstein - Inst. of
 

Soils and Water, MO, The Volcani Center, P.O. Box 6, Bet
 

Dagan, Israel.
 

Prof. A.C. Ferreira and C. Alexandre - University de Evora,
 

Evora, Portugal.
 

Prof. A.M. Coutinho and Eng. P.P. Tomas - Inst. Superior Tecnico.
 

Lisbon, Prtugal.
 

NOV 3 1992
 

CC.,
 



IntroductiLn
 

The soils of the Mediterranean region have an unstable structure
 
and are susceptible to seal formation. 
Seals drastically reduce
 

the infiltration capacity of the soil. Depending on soil type, up
 
to 50% of the rain may be lost by runoff. In addition, increased
 

runoff enhances soil erosion.
 

In order to improve water management and reduce soil erosion in 
these soils under rainfall conditions, the following overall aim 

and specific objectives were outlined. 

Overall aim of the proposal
 

To study the sealing phenomena in soils from Portugal and Israel
 

and the effect of seals on infiltration, runoff and soil erosion.
 
Methods for stabilizing soil structure, 
improving rain penetra

tion and preventing runoff and erosion were to be evaluated.
 

Specific objectives of the proposal
 

1. To study the effect of soil sodicity and water quality on the
 

hydraulic properties of the soils.
 

2. To investigate the effect of soil properties on 
seal forma

tion, infiltration, runoff and soil erosion.
 

3. To study the effect of rain properties (kinetic energy of
 
drops, rain intensity and erosivity) on sealing, runoff and ero

sion.
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4. To evaluate the effect of slope on soil erosion.
 

5. To study the effects of soil amendments (polymers and phos

phogypsum) on seal formation, runoff and soil erosion.
 

Research activities
 

In accordance with the aforementioned objectives the following
 

studies were carried out:
 

I. In Israel
 

1. Effect of water quality and amendments on the hydraulic
 

properties and erosion from several mediterranean soils (Appendix
 

1). The manuscript was published in 
Soil Technology 4:135-146
 

(1991). It addressed objectives #1, #2 and #5.
 

2. Water quality and PAM interactions in reducing surface sealing
 

(Appendix 2). The manuscript was published in Soil Sci. 
149:301

307 (1990). It addressed objectives #1 and #5.
 

3. Water-droplet energy and soil amendments: 
Effect on infiltra

tion and erosion (Appendix 3). 
The manuscript was published in 

Soil Sci. Soc. Am. J. 54:1084-1087 (1990). It addressed objec

tives #3 and #5. 

4. Rain energy and soil amendments effects on infiltration and
 

erosion of three different soil types (Appendix 4). The
 

manuscript was published in Aust. J. Soil Res. 29:455-465 
(1991).
 

It addressed objectives #2, #3 and #5.
 

5. Slope, aspect and phosphogypsum effects on runoff and erosion
 

(Appendix 5). The manuscript was published in Soil Sci. Soc. Am.
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J. 54:102-1106 
(1990). It addressed objectives #4 and #,.
 

6. Soil dispersibility, rain properties and slope interaction in
 

rill formation and erosion (Appendix 6). 
 The manuscript was send
 

for publication 
to Soil Sci. Soc. Am. J. It addressed objectives
 

#2, #3 and #4.
 

II. In Portugal
 

1. Rainfall erosivity and the universal soil loss equation (USLE)
 

suitability for Portugal 
- Field study (Appendix 7). The study
 

addressed objectives #3.
 

2. Soil amendments and mulch effects 
on runoff and erosion 
laboratory study (Appendix 8). 
 The study addressed objectives #2
 

and #5.
 

3. Soil amendments and mulch effects on 
runoff and erosion under
 

natural rain conditions (Appendix 9). 
 The study addressed objec

tives #2 and #5.
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FFFECT OF WATER QUALITY AND
 
AMENDMENTS ON THE
 

HYDRAULIC PROPERTIES AND EROSION
 
FROM SEVERAL MEDITERRANEAN SOILS*
 

I. Shainberg, M. Gal. Bet Dagan 
A.G.Ferreira, Evora 

D. Coldstein. Bet Dagan 

Abstract 

The response cflsix sandy-loam soils 

from Portugal and Israel to leaching with 
sodic and saline water and to simulated 
rain was studied. The dominant clay 
mineral in the soils from Portugal was 
kaolinite, whereas smcctitc predominates 
in the soils from Israel. The permeability 
of the soils depended on the soil tex
ture: it decreased with an increase in 
the silt and clay content. The response 
of the soils to sodicity depended on 
the electrolyte concentration; salt con-
centrations exceeding If) mmol,- I was 

both the mechanical impact of raindrops 
oand the low concentration of electrolytesthrawte.Safominwsdu 

to two mechanisms: 

(i)physical disruption of aggregates at 
the soil surface which depended on 
the impact energy of raindrops and 
the inherent aggregate stability: aid 

iil 	chemical diipersioi which depended 
on the mineralogy of the clay, the 
ESP. and the electrolyte concentra
lion. 

enough to prevent the deleterious efifectWhen the impact of the drops was pre
of exchangeable sodium (.<20%L. When 
leaching with distilled water (simulating 
rain water), the presence of primary min-
erals and lime determine the susceptibil-
ity of the soils to sodicity. Th. calcareous 
loess from Israel was the !east suscepti-
bility to sodicity. 

The six soils were susceptible to scal-
ing, high runoff and erosion when cx-
posed to rain. The soil surface was 
particulaly vulnerable to sealing due to 
ISSN 0933-3630 
(01991 by CATENA VERLAG. 
W-33P2 Crcmlingcn-Destcdt. Germany
0933-3630/915'511851 USS 2.00 + 0.25 
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vented, or when the anionic polymer 
was sprayed at the soil surface. physi
cal breakdown of the aggregates W'as re
duccd and runoff and erosion were slight. 
"WVhen the electrolyte concentration was 
high, the chemical dispersion was small 
and runoff and erosion decteased, com
pard with the control. The smectite soils 
from Israel were more susceptible to seal
ing than the kaolinitic soils from Portu
gal. 

* Coniribution from the Agricultural Research 
Orgauization, The Volcani Center. BetDagan. Is. 
real. No. 2927-E. 1990 scrics. and the University or 
rT''ora. Portugal 
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I Introduction 

The permeability O'f a soil to water de-
pends on soil texture, mineralogy, the cx-
changeable sodium percentage (iSP) of 
the soil and the salt concentration of the 
percolating solution (FRENKEI- L et al. 
1978, SHAINIIERG & LI-T-Y 1984). 
Saturated hydraulic conductivity I1C 
decreases with increase in clay plus silt 
content in the soil ard tends to decrease 
with increasing ESP and dLcreasing salt 
concentration, but becan maintaiined 
even at high ESP levels provided the elec-
trical conductivity (EC) of the percolat-
ing water is above a critical (threshold) 
level (QUIRK & SCIIOFIHLi) 1955. 
McNEAL & COLEMAN 1966). Con-
versely, when low electrolyte concentra-
tion water was applied, an ESP value 
of 3 was enough to cause a two orders 
of magnitude decrease ir the HC of 71 
Australian soils (McINTYRE 1979). 

Seasonal rainfall is typical of m any 
arid and semi-arid regions where irri-
gation is practised (SHALHIEVET & 
KAMBUROV 1976). "he electrolyte
concentration of rain water is very low, 
and thus the deleterious effect of ex-
changeable sodium will be more evident 
during the rainy season than during the 
irrigation season. Moreover, sonic ir-
reversible deterioration of the physical 
properties of the soils may take place 
at low ESP values during the rainy sea-

Shthibr., Gal Frerreira,& Gold.stein 

1966). One objective of this work was 
to study the IIC response of several 
Mediterranean soils (from Israel and 
Portugal) with various clay contents and 
clay mineralogies, to soil sodicity when 
leached with distilled water, simulating 
rain water. 

The elfect of ESP on the inliltration 
rate (I R) or soils fron Israel was studied 
by KAZMAN et al. (1983) using distilled 
rainwater. They found that the IR was 
much more sensitive than the HC to the 
ESP ofthe soil. The higher susceptibility 
of the soil surface to ESP levels <5 was 
explained by three Iactors (KAZMAN et 
al. 1983. OSTER & SCHROER 1979): 

(i) 	Mechanical impact of raindrops en
hanccs dispersion in soils which 
have the potential to disperse due 
to exchangeable sodium; 

(ii) 	 absence of sand particles, which 
slo w by as orin i pac t e 
ernt by absorbingp the impact en

orgy of raindrops, when present; 
and 

(iii) low electrolyte concentration in the 
applied distilled water. 

At the soil surface the electrolyte con
centration will remain low even for soils 
which release electrolytes into the soil so
lution, e.g. calcareous soils. It can thus 
be expected that IR will not be influ

son and this damage cannot be remedied enced to the same extent by the mineral
during the irrigation season, dissolution rate of a soil, as is the case 

Most previous studies of the effect of with HC.
solution concentration and soil ESP on Crust formation is due to two mecha
ph)sical and hydraulic properties ofsoils ni!;ms, viz. a physical disruption of soil
have been done with solution concen- aggregates caused by the impact action
trations exceeding 3 mmol,. (EC > of raindrops, and a chemical dispersion-30 mS m 1)and on soils with ESP values which depends on soil ESP and the elec
>10 (US SALINITY LABORATORY trolyte concentration of applied water 
STAFF 1954, McNEAL & COLEMAN (AGASSI et al. 1981). In soils with low 

, / 
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ESPs or when electrolytes are present in (PG, PAM) on the IR, runoff and 
the applied water, chemical dispersion is erosion of these soils. 
prevented. Thus spreading phosphogyp
sum (PG), a byproduct of the fertilizer 
industriy, on the surfiace of soils and pre- 2 Materials and methods 
vented clay dispersion and maintain high 
IR (KAZMAN et al. 1983). 

Another way of reducing seal forma-
tion and maintaining high IR is by im-
proving soil structure and aggregate sta-
bility at the soil surfice. The use of 
organic polymets (polyacrylamids and 
polysaccharides) for improvinj, soil struc-
lure and soil permeability has recently 

been studied (BEN HUR ct al. 1989, 
SHAINBERG et al. 1990). The com-
bined application of anionic polyacryl-bine aplictionof plyarylnioic 
amide (PAM) with electrolytes had a 
more pronounced effect than the effect 
of either of he two alone in imp;owing 
infiltration (SHAINBERG et al. 1990, 
SMITH et al. 190). The current in-
terest in PAM is enhanced by its low 
price (S3 kg -1 ) and low application rate 
(20 kg ha-), which makes its possible 

use in agriculture economically viable. 
The low application rate of PAM f'l-
lowed our understanding of the role of 
seal formation in determining the IR and 
hence the realization that only the soil 
surface needs to be treated, rather than 
mixing the polymer with the entire culti-
vated layer. 

The objectives of this study were 

(i) to evaluate the effect of clay content 
and mineralogy on the HC response 
of sodic soils from the Mediter-
ranean region to leaching with dis-
tilled water (simulating rain water); 

(ii) 	determine the effect of the soil prop-
erties on the IR of Mediterranean 
soils exposed to simulated rain; and 

(iii) study the effect of amendments 

SOI. IiCIINOL. Y A t n ('AI., A 

Six sandy soils were collected in Portu
gal and Israel from regions with winter 
precipitation exceeding 350 mm. A few 
of their Physical and chemical Proper
ties are presented in tab. I. Whereas 
the soils from Israel are young soils de
rived from acolian dust, the Portuguese 
soils are old and were derived from shist 

rocks and river deposits. Thus the dom
inant clay mineral in the Portuguese soil 
was kaolinite mixed with illite or smectite in low percetntages, and the dominant 

clay mineral in the Israeli soils was smec
tite mixed with illite (loess) or kaolinite 
(hamra). Similarly, the pH] of the Por
tuguese soils was slightly acidic (<7.0), 
whereas that of the Israeli soils exceeded 
PH 7.0. The ESP of the six soils was low 
(<3.0). 

3 Hydraulic conductivity studies 

Soil columns were prepared by packing 
100 g of soil into plastic cylinders 50 mm 

in diameter to a bulk density of 1.25 
to 1.45 g cm - l (PUPISKY & SHAIN-
BERG 1979). The columns were initially 
wetted from the bottom and kept satu
rated. A lilter paper was placed on thesoil surface to avoid disturbance when 
solutions were applied or removed from 
the soil column. To eliminate the ef
fczt of flow rate the initial rate of flow 
in all soils columns was maintained at 

similar values by adjusting the hydraulic 
heads. The ESP of the soils in individual 
columns was adjusted to desired levels 
(ESPs about 5, 10 or 20) by leaching with 
0.5 M NaCI-CaC 2 solutions of a corre-

I) 



Ilttltoa 1 -1l 
I Exchangeable Clas

Country Soil Classification Sand 
"i ' 

Silt Clay CECCoarse Fine CMol,- pl! Ion Percent mincralogy 

I k% ° N1' Nai -i 
Portugal Mitra-Pg Lithic Xcrochrepts 44.0 35.5 13.3 7.2 3.9 52A 7.4 5.1 2.0 F K 21.2). I(lI) IiVale Formoso, V, Lithic Rhodoxeralf 31.10 25. 19 .2 .9 1.3 5. 2 K.,529.2 _9. 11.8 9.1 1.3 5.8 15.1 275 1.5 K151. Q(IL S(2)

Alvalade, AL Typic Xerotlusent 5.6 43,6 34.0 16.8 10.7 1.9 6.3 1.0 46.3 17 K01. QI2;. 1(21 
Israel Hamra 18% clay) Typic Rhodoxeralf 85.0 7.0 S0 6.3 0.5 7.4 1.0 1.5 S5. K31 iHamra 118% elay) Typic Rhodoxeralf 74.0 8.0 IS.0) 11.7 7.2 2. Sti, K131Loess Calcic IHaploxeralf 44.0 3S.0 18.0 15.7 0.x 7.9 2.5 55). I12) -_ 

K = Kaolinite. Q = Quartz. I =_Illite, S - Smectite

I = sseak ... 5 = 
strong rclative peak intensities of each mineral on the dillractogram 

Tab. I: Sonte phsic,d, chemical and mineralogicalproperties of the soils used. 

0Pore -iBase- Relative H-C ( W in salt solu:ions Effluent properties
Bulk 

Soil density volume C 0 at 200 ml of distilled water
AR 10 1 SAR 20 SAR 10 SAR 20 

g'cm 
-3 

mL mmh (1.05 1 0.01 %1I 0.05 N1 0.01 I pitL EC p C-I __ _ dS-m ' dSmMitra - PG 1.45 31.3 5.8 1.00 (.88 00 0.80 6.6 0.114 6.7 0.08Vale Formoso, V. 1.25 42.0 3.3 1.00 1.00 1. 0.57 7.2 0.07 7.3 0.08 1IAlvalade, AL 1.25 42.0 3.2 0.95 0.85 0.92 0.76 7.2 0.07 7.2 0.15Hamra 8% 1.3 39.0 ISO 1.00 1.00 0.98 0.82 , 7.8 0.04  -Hamra 18% 1.25 42.0 93 1.00 O!3 0.80 0.50 - - C.Loess 1.25 42.0 9.0 1.00 0.5 0.84 0.60 0.15 -- 0.26 

Tab. 2: Physical and chemical properties of the soil columns in the hydraulic conductivity (HC) neasurements. 
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sponding sodium adsorption ratio (SAR) soil surface and allowed ti dry. The
valve. The HC of each soil column oh- amount of PAM applied was equivalent
tained with the 0.5 mol,.L i solution to 20 kg ha 1. PG at the rate of 5 t It 
(where the EC is high enough to clin- was spread at the PAM treated soil sur
inate ESP induced HC dill'ertnes) was fice prior to the rain application.
 
taken as the 'base' value (tab. 2). Sub
sequently, the individual columns 
 were
 
leached with solutions of the same SAR 5 
 Results and discussion
 
but of successively decreasing salt 
con
centrations (0.05 M and 0.01 M) until 5.1 Hydraulic condtivity

steady state conditions for HC and EC 
 The base [IC values of the soils using
were attained. Finally the columns were 0.5 M solutions of SAlR 10 and 20, the
leached with distilled water. Clay con- IIC of therelative soils in solutions of
centration in the effluent of the distilled 0.05 M and 0.01 M at the same SAR 
water leachate was determined graviinel- values together with the pH and EC of
rically. In addition pH and -C were the distilled water ellluent (it an ellu
measured. 3ent volume of 200 cm ) are presented in 

tab. 2. It is noted that the soils contain-
Infiltration studies iag high percentage of line sand plus silt 

have low 'base' HC levels (<10 mm h 1).
Soil samples for IR experiments The sandy loam soils from Israel have
(<4 mm) were packed in 300x500 mini exceptiona!ly high 'base* HC values due
perforated trays, 20 mm deep, over a to the high percentage of coarse sand.
layer of coarse sand. The trays were Replacing the 0.5 M solutions of SAR 
placed in a rainfail simulator (MOR IN ct 10 with 0.05 M solutions of the same
al. 1967) at a slope of 5% and subjected SAR had a, minimal effect en the HCto either mist or rain with impact energy. of the soils (tab. 2), indicating that this
The rain intensity was 35 mm h-'. Dis- concentration is enough to prevent the 
tilled water was used to simulate rainwa- deleterious elfect of ESP 10. When the 
ter but, owing to dust in the rain simula- 0.5 M solutions of SAR 20 were replaced
tor room, the actual EC of the water was with 0.05 M solutions of the same SAR,- 15 mS m . T),pical mechanical parame- a slighlt decrease in 'base' HC was ob
ters of the simulated rain were: median serve-] (tab. 2). This decrease was related
raindrop diameter of 1.9 mm; median to the clay content of the soils -- as the

drop velocity of 6.02 m s 1 and total 
 ciay content increased the decrease in rel
kinetic energy 

2 
of 805 J m- 2h-i (= 23 at0ve HC was more pronounced. When 

J'm -
. ram-). The runoff water and the ftle 0.05 M solutiorhs of SAR 10 and 20


effluent volumes were measured, and the 
 were replaced with 0.0! M solutions, a
infiltration rate was calculated, more pronounced drop in relative HC

In another series of experiments, pow- was observcd, and the drop increased
dered phosphogypsum was spread on the with both the increase in the ESP and
soil surface at a rate of 5 t h . In increase in clay content of the soils. The
the PAM treatments 4 mm of polyacryl- dominant mechanism which accounts for
amide (PAM) solutions with concentra- the decrease in HC of scils in equilib
tions of 500 ppm were ';prayed at the rium wth >0.01 M solution is swelling 

M|L ,V%01. 1 ( , l )-- 0 (A I I NA 
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(SIAINBERG & LETEY 1984). Thus, 
only soils with high contents of expan-
sive clays (smectites) showed a significant 
decline in HC (tab. 2). Swelling of clays 
in soils increased with increasing ESP 
and decreasing electrolyte concentration 
and, as a result, the size of pores which 
conduct flow decreased and the HC d;-
minished. The decrease in IIC of the Is-
rael soils is more pronounced than that 
of the Portuguesie soils (with similar clay 
content), because smcctites predominate 
in the clay fraction of the Israeli soils 
(tab. I). 

The relative HC's of the six soils, when 
the 0.1 M solutions were replaced with 
distilled water (DW) are shown in fig. I. 
The response of the soils varied consider-
ably. Whereas the IC of the two noncal-
careous soils from Israel dropped sharply 
to zero, at both ESII levels, the HC of 
the noncalcareous soils from Portugal 
decreased more gradually (fig. I). The 
change in HC of the silty loam loess from 
Israel was least affected by the leaching 
with DW (fig. I). Even when saturated 
with ESP 40, the relative HC of the foess 
was maintained at 17% (fig. I). The in-
sensitivity of the sodic loess to leaching 
with DW was, in spite of the high content 
of silt, a size fraction which is considered 
to weaken the structure of the soil. 

The difrerent response of th. six sodic 
soils to the leaching with DW (simu-
laiing rainwater) may be explained as 

Shainberg, Gal, Ferreira & Goldstein 

ceeds (lie flocculation value of tile clay, 
dispersion is prevented and swelling be
comes the dominant mechanism causing 
IIC decline (SHAINBERG & LETEY 
1984). As the flocculation value of smee
tites with ISP!<20 is below 0.003 M 
(OSTI'R et al. 1980), this concentra
tion is enough to diminish clay disper
sion and a significant decrease in HC. 
Tile EC of I)W efiluent of the loess soil, 
at 200 cc (about 5 pore volumes) were 
0.15, 0.26 and 0.29 dS-n i for ESP val
ties of 10. 20 and 40 respectively (tab. 2 
and fig. I). These EC values, which re
stilt from the dissolution of lime, prevent 
clay dispersion.and clogging of the con
ducting pores. Increase in the ESP of the 
soil increased the EC of the effluent be
cause exchangeable Na serves as a sink 
for dissolved Ca. 

The hanlia soils from the coastal plain 
of Israel ropresent the other extreme. 
These soils are from a region with an 
annual rainfall of 600 mm. The texture 
of the soil is sandy and the permeabil
ity is high. Thus eflicient leaching took 
place during the rainy seasons tnd the 
soils do not contain unstable minerals. In 
the column experiments, when these soils 
were leached with DW, the EC of the ef-
Iluent dropped to 0.04 dS m- I which is 
equivalent to electrolyte concentration of 
0.4 mmol,..L '. This concentration is be
low the flocculation value of clays with 
ESP 10 and 20 and the clays disperse

follows: The HC of soils with low sod- and block the conducting pores.

icily (ESP 
 <20) is very sensitive to the The Protuguese soils are intermedi
electrolyte concentrations in the soil so- ate in their response to sodic conditions
lution at the low range of concentrations (fig. I and tab. 2). The Mitra soil is<0.03 M (SHAINBERG et ill. 1981a). the most susceptible of the three soils to
When the electrolyte concentration is be- sodic conditions, and the Vale Formoso 
low the flocculation value of the clay, soil is the most stable one. The EC of the
the clay disperses, moves, and blocks DW effluent was 0.04 and 0.07 dS-m - Ithe conducting pores and seals the soil. for the Mitra and Vale Formoso soils,When the electrolyte concentration ex- respectively. Leaching by winter rain of 

.1I11111 I iI" A . r lnu nIr(AtI INA 
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too PQ-MITRA LOESS HAMRA (18%Cloy)
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40 ~ 'C. 0 0 4 40 ~2O C.0 04  CC-o 29 
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(001 100L Vx-VALE FORMOSO AL - ALVALADE HAMRA (8% Cloy)o0 tSPc, IC.0P.og 
 t 

1C80
 
40 
 . 

(sC0 
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40 
Ec. 0 0  E-0 

20 
r.CP .Eo0,C- r3 PH-78
 

PH.7.B 
-1 1 C.01 5 

H. 
00 40 800 120 160 200 0 40 80 120 160 200 0 40 80 120 160 200 

Effluent volume (ml) 

Fig. I: ic relative hyvdrauli, c(lfl/uhti1,13 . o I/tlwsix soils (s /ilction of flzelem 
voline when flit, 0.1 Al .o)ilti.s are displaced hv distilled wa ter. 

the Mitra soil was mor-,ellicient than and the low value of the finalI R itisevleaching of the Vale Formoso soil be- ident that both the harma and the loess 
cause of a low percentage of silt and are susceptible to surface sealing (BEN
clay in the final soil. The Alvalade soil II UR etal. 1985).
being an alluvial soil was more suscep- When the same soils were exposed totible to sodicity than the kaolinitic Vale rain without impac energy, the IR ofthe
Formoso soil, in spite of (lie presence of hamra soil was determined by the inten
primary minerals which dissolve readily sity of tie mist (fig. 2) which indicates(the EC of the effluent of ESP soil was that tie IR of the soil was maintained
0.17 dSm- ), at values >35 mmlh '. Similarly. tle IR 

of the loess with ESP 2.8 decreased very5.2 Infiltration rate slightly and gradually to a final IR of 
31 mm-h 1. It is evident that when mistThe I R of the two soils from Israel, as a was applied, the mechanical breakdown

function of cumulative rain, is presented of soil aggregates at the soil surface and
in fig. 2 and tab. 3. Four treatments seal formation are prevented and the IR were applied: control, rain without ir- is controlled by the HC of tle soil layer.pact energy (mist), treatment with PG The IR of the soils treated with PGand treatment with PAM plus PG. Froni dropped less rapidly than that of tile conthe rapid drop in the 
 IR of the control trol, and the linal IR was higher (fig. 2). 

%U)ILIt(IlIIlIp~y A l .tln,,uln l,,,i~t,, .
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Fig. 2: The infiltration rate (IR) of the 

harni (1% clay) and loess exposed to
simulated distilled rain water as a fiow
lion ofcumnilatire rainfifil. 

iulh,'ing Ireamlcnts 
I high energv rain ofi DW.
 
lii) i\DV rain vilh no impact 2nrgy (mist).
 
(iii phosphogypsun (PC) sprcadat the soil sur
face at 5 lnlia 1 prior to the rain.
 
lis pol)acr)lainid (31

AM, 20 kg-ha I and PG (5

ion-lia I) %kcre spread at (he soil surface, prior
 

Th . wcre applied: 

io the rain. 

Al V, Locss lHamraAhalade Vale lormoso (Ih clay) 

3.8 5.6 2.0 1.7
 
55 52 56 56
 
0.42 0.38 0.94 (1.74


231 198 527 416
 

8.8 10.0 6.8 11.3
 
44 43 35 28
 
1.37 0.35 0.47 0.54
 

163 150 164 152
 

25 29 30.0 7.1
 
0.20 0.20 0.1 0.1 

51 58 10 7
 

26.5 23.4 31.0 35.0
 
10 17.5 5.6 0
 
0 0 0 0
 
0 0 0 0
 

Tab. 3: nfiltration rate, ruo/]",u,d erosion from Israeli and Portuguese soils (in 
70 nini rainstorni). 

Soo-otL l(S OG A,,Wt,1,,,m-srAmluLn A 
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PG reduced suirface sealin), by increasing 
the elcetrolyte concentration at the soil 
surlace. In the PG treatment soils the 
seal is slow to lormu and is more pernie-
able than tie scal of the untreated soils, 

Application of PAM in combim tion 
with PG increased the infiltration of rain 
(fig. 2). Applying PAM raised the final 
IR of the soils (fig. 2) trom 2 inh tomii 
23.6 and 27.3 amli 1 for the loess and 
hamra soils, respectively. Similarly, PAM 
increased tile cumulative intiltration of 
the loess from 14 to 60 mi and that of 
the hamra from 14 to 63 m. 

The I R curves of the soils from Portu-
gal exposed to the same treatments as the 
soils from Israel are presented in fig. 3 
and tab. 3. The f'ollowing characteristics 
may be noted: 

(i) The three soils ire vury sLsceptible 
to sealing when exposed to simu-
latcd rain. The IR of tie three soils 
dropped sharply to tinal IR valtes 
of 4.8, 3.8 and 5.6 nunh 1 For the 
Mitra, Alvalade and Vale Formoso 
soils, respectively. These soils have 
an unstable structure which disperse 
readily in spite of tie low percent-
age of exchangeable sodium in the 
soil samples. Tile low percentage 
of clay which usually acts as a ce-
menting material stabilizing soil ag-
gregates, the relatively high percent-
age of silt which weakens the soil 
structure, and the low percentage of 
organic matter account for the ill
stability of tile soil structure and its 
high susceptibility to scaling. 

(ii) There was a rapid drop in IR even 
when mist was applied (fig. 3). This 
drop in IR is due to the lov IIC of 
these soils (tab. 2 and fig. I). The 
final IR with the mist was main-
tained at values ranging between 22 

%OIL. A ll 1,4 (AI I-NAI EIINULIIY J .l 

and 26mnmih 1, compared with val
ties exceeding 35 IUmmh 1 fbr the 
hanlra soil. The silt) texture of' the 
Portluguese soils was responsible for 
the low W vales obtained wheni 

misted upoii.
 

(iii) 	 PlosplogypstiIn was cll'cctl'e in 
stabilizing tie soil surfice or the 
three soils Ironi Prottigal Nfig. 3). 
Il spite or the low percentage or 
sodium ill the exchange complex 
of these soils electrolytes prevented 
clay dispersion and seal with higher 
IR values was obtained. 

(iv) 	 The tratminent with PAM + PG 
ws LIui!e efrective ill maintaining 
high IR. PG prevented clay disper
sion and PAM was ceective in bind
iig the soil particles into aggrcgates. 
The tinal IF of the three soils treated 
with PAM ranged between 12 and 
14.8 nimh J 

(v) PAM plus PG treatment was more 
benelicial on the sniectitic soils from 
Israel. It is also secn that PAM was 
less elfective on the silty loess than 
on tile hamra soil with 8% clay. It 
seems that PAM treatments in soils 
rich in kaolinite and silt arc less bln
clicial. The interaction between soil 
texture clay mineralogy and PAM 
treatments in stabilizing soil strue
lure should be further studied. 

6 	 Runoff and erosion in Israeli 
and Portuguese soils 

The final IR (FI R), runoff (in mm). sedi
mcinit concentration (in %), and total soil 
losses fron the two soils from Israel and 
three soils from Portugal when exposed 
to 70 mm rainstorm, are summarized in 
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tab. 3. The following observations were Since the HC of the soils from Por
made: tugal was low, their initial IR was 

low and runoff started at lower vail) 	 The final IR of the Israeli soils ues of rain depth (figs. 2 and 3). The 
(control) were lower than the cor- high initial runoff in the soils from
responding values of the soils from Portugal compensated for the lower 
Portugal. Conversely, the amount of final I R of the soils from Israel. 
runoff of the live soils was similar. 

This was due to the more rapid drop It) The loess and hamra soils from Is
in IR of the soils from Protugal. rael are much more erosive than the 

",O11. lO,-Np- I o (A L-NAII:'lIS)IL(XiYA 

/
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soi& from Portugal (tab. 3). The sed-
iment concentrations in the runolf 
from the hoess and hamra were 0.94 
and 0.74%, respectively, compared 
with 0.32-0.42% sediments in the 
runoff from the Portuguese soils. 
Accordingly, soil losses from the 
loess alid hamra soils, in 70 mm 
rainstorms, were 527 and 416 gn 2 

compared with 170 231 g'm 2 flor 
the Portuguese soils. The high ero-
sivity of the Israeli soils is probably 
due to tilemineralogy of the soil 
clays. Whereas tie dominant clay ill 
the Israeli soil is sniectite whici is 
quite dispersive, the dominant clay 
in tie soils from Portugal is the less 
dispersive and less erosive kaolinite. 
The erosiw, data are in good agree-
ment with the HC data (fig. I). 

Il) PG seems to be more efltccivc with 
the soils from Israel, Spreading PG 
increased tie linal IR of the loess 
and hanra by 3.4 and 6.6, respec-
tively. The respective PCI effect on 
final IR of tilesoils froni Portugal 
ranged betw'L,.:n 1.78 and 2.3. Simi-
larly, the effect of PG on soil losses 
was more pronounced on the soils 
from Israel than on those from Por-
tugal (tab. 3). Again, th Israeli 
soils, being more dispersive l.-cause 
of their higher ESP and sr -ctitic 
mineralogy, wcre also more respon-
sive to gypsum application. 

IV) The dramatic effect of PAM + PG 
treatment on the infiltration runolf" 
and erosion from the soils from Is-
rael is very pronounced. Treatment 
with the soil conditioner increased 
the final IR of the loess and harma 
by the factors of 11.8 and 16.1, re-
spectively. Tile corresponding val-
ues for the Portuguese soils ranged 

III.It(IINLt I ,Y A 1--h...n I AlIl%A 

between 2.5 and 3.) only. In the 
Portuguese soils tie initial HC is 
low (tab. 2), the effect ofseal forma
tion on the IR is not so pronounced 
(fig. 3) and, accordingly, the effect 
of stabilizing ihe soil structure and 
preventing seal formation will be 
relatively small. The differences in 
the ellfect of PAM treatments on 
soillosses from the live soils is ex
plained in the same way. However, it 
should be emphasized th'vt although 
the elfect of' PAM on runoff and 
erosion from the soils of Portugal 
ii not so pronounced as on the Is
rachi soils, it is still very marked and 
PAM plus PG treatment decreased 
r iioff":aid erosion oftlie Portuguese 
sods by 0.42 0.60 and 0.22 0.29, re
spectively. 'fle beuelicial elfct of
PAM in preventing runioff"anid 
PA il deetin ru l 

cro-
in 

ul 
feld trials. 

V) When rain %%ithout impact energy 
was applied (mistl. seal was not 
formed and runoff and erosion were 
slight in the live soils. Mulching the 
soil and intercpting the impact of 
raindrops is the most effective treat
ment for reducing runol and cro
sion and should be practiced wher
ever practical. 

Many arable soils in tie semi-arid re
gions of"the world contain 0 30% clay
a:nd <3% exchangeable sodium in the 
upper layer. Until recently such levels 
of sodicity were not considered harmful 
to soil physical properties. This study 
demonstrated that the soil surface cx
posed to rain was particularly vulnerable 
to aggregate dispersion and seal forma
tion because of the mechanical impact of 
raindrops and the low concentration of 
electrolytes in the rainwater. 

http:0.32-0.42
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WATER QUALITY AND PAM INTERACTIONS IN REDUCING SURFACE
 
SEALING'
 

I. SHAINBIRG,' 3 
D. N. WARRINGTON,' AND '.RENGASAMY' 

Seals formed at the soil surface during
rainstorms reduce rain penetration and 
cause runoff and erosion. We studied the 
effect of surface application of an anionic 
polyacrylamide (PAM) at rates of 10, 20, 
and 40 kg.ha-' on the infiltration rate (IR)
of two soils, a loess (Calcic Haploxeralf) 
and a grumusol (Typic Chromoxeuert),
during simulated rainstorms. We deter-
mined the interaction between PAM and 
electrolyte concentration at the soil sur-
face under a simulated rainfall of distilled 
water or tap water and by spreading gyp-
sum. Electrolytes in the soil solutions that 
flocculated the soil clay enhanced the ben-
eficial effect of the polymer on aggregate
stability and greatly reduced water losses. 
Complete drying of the polymer-soil sur-
faces improved the binding action of the 
polymer, 

Treatments with PAM under optimal 
conditions increased the final IR of the 
loess from 2.0 to 23.5 mm.h-' and in-
creased rain intake of an 80-mm rainstorm 
from 12.3 to 64.2 mm. PAM treatment of 
the grumusol increased the final IR from3.0 in the control to 29.5 mm.h-' and therain intake from 21.3 to 62.3 mm. as sol
frainintakeifrome21.3stor62.3smm.bAssoilsto 
from semiarid regions are unstable, form 
crusts, and produce much runoff (-80%)
during rainstorms, the use of PAM to re-
duce runoff should be considered, 

The formation of a seal at the soil surface, 
especially due to the action of raindrops but also 
as a result of sprinkler irrigation (Aarstad and 
Miller 197:). sa common feature of many soils, 
particularly in arid and semiarid regions. Sur-
face seals tire thin (<2 to : tom) and are char-
acterized by greater density, finer pores, and 

'Contribation from theARO,The Volcani Center, 

dressed. 
lostit I for Salinity lesearch, Tatira, Victoria 

3616, Australia. 
lReceived 7 Sept. 1989; revised t.INov. 1989. 

the soil colloidal constituents and in the me
chanics of stabilizing aggregates. In gencral, soil 
conditioners were not cost-effective for general 
agricultural purposes where stabilization of the 
plough layer was required. However, polymers 
can be effectively used as anticrusting agents 
where it is necessary only to stabilize the aggre
gates at the soil surface. 

We studied the effect of the application of a 
low-charge (20% hydrolysis) anionic polyacryl
amide with a high molecular weight (PAM) at 
rates of 10, 20, and t0kg. ha-' on the infiltration 
rate (Il1) during rainstorms. Following Brad
field's (1936) statement that "grar.uiation isflocculation plus,"it was assumed that stable 

lower saturated conductivity than the underly.
ing soils. Soil seals have an important effect on 
many soil phenomena, reducing infiltration, in
creasing runoffand erosion, and interfering with 
sedigerunation. 

seed germination.
Seal formation in soils exposed to rain is due 

to two complementary mechanisms: (1) physical 
disintegration of soil aggregates and their com
paction caused by the impact of the raindrops 
at the soil surface and (2)chemical dispersion
and movement of clay particles int) a region of 
<l.0-mm depth below the soil surface, where 
they lodge and clog the conducting pores form
ing the "washed-in" layer (Agassi etal. 1981; 

Mclntyre 19,58t.The chemical mechanism sup.
plements thi. physical one under dispersive con
ditions (i.e., in sodic soils with low electrolyte 
concentrations in the soil solution).

Naturally occurring soil polymers, especially 
humic substances and polysaccharides, play ai 
important role in promoting and maintaining
soil structure. Since the introduction of syn
thetic polymers for soil conditioning in the early 
1950s, there has been considerable interest in 
the mechanisms by which these materials bind 

Bet Dagan. toset. Series no. 26ttt.E, 1989. .aggregate formation requires the cementation 
Institute
of Soils ant W\ater, ARO,The Volcai by the polymer f flocculated soil clloids The 

Center, POlt 6,BetD)aan,Israel. 
'Author to whom correspondence should he ad- assumption was tested by combining PAM ap

plication with rain that contained electrolytes
and by spreading phosphcgyl:sum (PG) on the 
soil surface before distilled water rainfall, PG is 
1 byproduct of the phosphate fertilizer industry 
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with a dry composition of 97% CaSO4 and 0.6% 
P.A5 . PG dissolves readily and maintains Ca' 
and SO 4-- concentration above 5 mol-m 
(Agassi et al. 1986). Because the adsorption of 
polyanion by clay minerals depends on dehydra-
tion of the clays (Theng 1982), we also studied 
the effect of complete drying before the rain 
application. 

MATERIALS AND METtIODS 

We used the air-dried <4-nms aggregates of a 
typical loess (Calcic Haploxeralf) from Bet 
Qama and of a dark brown grumusol ('l'ypic
Chromoxerert) from Sede Yoav in this study. 
Some chemical and physical properties of the 
soils are given in Table 1. 

We packed soil samples to a depth of 2 cm in 
30- x 50-cm perforated metal trays over 8 cm of 
coarse sand (four replications). We applied 
PAM treatments by spraying solutions with a
0.5-g.liter - 1 concentration in distilled water 
onto the soil surface uniformly. PAM solutions 
of higher concentration could he prepared, tut 
their viscosity was too high to he hand-sprayed 
conveniently. We applied PAM solutions in 
2.0-liter.M - 2 portions (equivalent to 10 kg.
ha-'), with a period of drying (-1 hour) between 
applications when necessary. This method of 
application assured that the polymer was con-

centrated in the surface layer of the soil. Control 

treatments received a similar volume of distilled 
water instead of PAM solution. We studied 
PAM treatments of 0, 10, 20, and 40 kg.ha-'
with the loess. With the grumusol, we studied 
only the 0- and 20-kg. ha - ' levels of application. 

In most treatments, we allowed the soil 
treated with PAM solutions to dry completely
by placing the trays in the sun for 24 h. We 
evaluated the effect of complete drying by com-
paring this "dry" treatment with a parially 
dried treatment in which the soil was left to dry
for 24 h in the shade. 

After the application of PAM solution, we 
placed the trays in a rainfall simulator (Morin 
et al. 1967) at a slope of 5% and saturated tile 
soil in the trays slowly from below with tap 
water. At the end of the saturation process, we 
allowed the soil to drain and subjected it to a 
simulated rainfall with an intensity of :18 mm. 
h-. The designed "rainstorm" depth was 8) mm. 
In most studies distilled water (D\V) was used 
to simulate rainwater. Typical mechanical parameters of the applied "rain" were: raindrop
median diameter = 1.9 nom, median drop veloc
ity = 6.02 te-s'; the kinetic energy was 19.3 J. 
mm-'n-". We measured the volume of effluent, 
collected from outlet pipes set in the corners of 
the hoxes, during the rainstorm and calculated 
tle IR and final Ill. Curves were fitted to the 
infiltration data (R" > 0.98) using a Hortonian 
type equttion 

= I+ (I,- I,).exp(-gp) 
where 1, is in the infiltration rate 

1, is the infiltration rate it equilibrium 
1, and g are constants 
p is the amount of cumulative rainfall 

We measured and analyzed the depth of water 
that percolated into the soil during the applica
tion of 80 mm of rainfall (cumul-ive infiltra
tion) for each soil and separated means that 
differed significantly at the 5% level, using the 
Tukey test (Rtbbins and van Hyzin 1975).

To study the effect of electrolyte concentra
tior on toe IR, we spread powdered PG at a rate 
-f 5 tons.hat' over the soil before the distilled 
water rainstorm. Instead of DW, we also used 
tap water (TW) (EC =0.97 dS-a', SAR = 2.5) 
as a source of electrolytes in two rain simulation 
experiments. We took samples of runoff water 
during the rainstorm and measured the electri
cal conductivity (EC). The EC of the percolating 
water was estimated from these measurements 
(Agassi et al. 1986). As will he shown, the effect 

TABLE I 
Some physicaland chemical pro wrtirs of the soils used 

Soil Classification 
Iart irl Size (list ritI iioe 
Internatitinal Standardsl Ca(O, C : ESP 

Loess, 

Bet Qama 
Grtmusol, 

oede Yoav 

Calcic Hap-

loxeralf 
Typic Chro-

moxerert 

Snnd 

50.0 

32.0 

Silt 

31.0 

29.0 

tlay 
____cmol, 

19.0 

,4).) 

11.0 

10.4 

k'g 

14.5 

29.5 

i 

5.0 

2.5 
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of PG and TW treatments on IR was similar in the control (i.e., soil not treated with PAM) andthe short term. for PG-treated ioil. From the rapid drop in theWe determined the stability of the treatment IR of the control and the low value of the finalwith PAM in subsequent storms by exposing the IlI, it is evident that the loess is susceptible totreated soil samples to three consecutive storms surface sealing. Soils that contain 19% clay andwith a drying interval of 1 wk between rain- less than 1% organic matter and have an exstorms. The second and third rainstorms were changeable sodium percentage (ESP) of 5 areof 60 mm each. known to be unstable and prone to sealing and 

crusting (Ben Hur el al. 1985). The impact ofRESULTS AND DISCUSSION the raindrops rombined with the absence of 
Infiltrationstudies electrolytes in the rainwater caused the IR ofthe soil to fall from the initial rate of approxi-The data from all experiments conducted are - t mately 50 mm. h to a final IR of 2.0 minh '.given in Table 2. The effect of PAM application The IR of the soil treated with PG dropped lesson the IR of the loess is presented in Fig. I for rapidly than that of the control, and the final 

TAIILE 2
Infiltration and runoff data 

lit QaIsa b, esn .t, Yov.(;rius,,lTreatm ent " , itunoff, Fli CI, Runoff,______________•___h______ 1_ tannl I mi-tEi Iin Cll.h 


1st Storm' 
DWV,PAM (01 2.0 12.:t 8-1.6 a :3.0 21.: 7:1.4 aDW, PAM (10) 5.9 29.1 63.6 deDW, PAM (20) 6.5 38.:3 52.1 g 7.4 ,11.9 47.6 c
DW, PAM (40) 6.5 39.t) 51.3 g
DW, PAM (20)" 5.2 17.4 78.31 

TW, PAM (0) :1.6 16.8 79.0 1'rw, PAM (20) 15.0 56.2 29.8 i 

PG. PAM (t0) 6.8 31.5 60.6 ef 9.7 36.3 54.6 bPG, PAM (10) 15.7 19.4 :18.3 hPG, PAM (20) 23.5 64.2 19.8j 20.5 62.3 22.1 dPG, PAM (40) 23.9 65.1 18.6j

PG, PAM (20)d 11.2 27.3 
 65.9 cd 

2rH Storm 
DW, PAM )0) 2.7 9.1 84.: a :1.6 11.9 76.8 aDW, PAM (20) 4.7 20.0 66.71) 7.5 7..1 48.2 b 

PG, PAM (0) 6.4 19.8 67.1) h 8.6 25.1 58.2 bPG, PAM (20) 12.r :l9.o :5.t c 9.9 :17.5 :17.5 c 

3rd Storm
 
DW, PAM (0) 2.5 
 8.6 85.7 a :1.9 1t5.3 74.5 aDIV. PAM (20) 5.0 17.6 70.7 h 

PG, PAM (0) i,.9 15.2 7.1.7 1 9.5 27.9 53.5 IPG, PAM (20) 6.:1 25.:1 57.8 c 11.8 :t3.1 44.81h'FIR = final infiltration rate; CI = cumulative infiltration.
' Letters after runoff figures which are the same denote treatments within storms which are not significantly

different at the 5% level accordinz to the Tukey test (Ruhhins and van Ryzin 1975).-PAM applications in kg.ha ' DW = distilled water; TW = tap water; PG = phosphogypsnm (5 tons.ha-').

,Incomplete drying treatments.
 



304 SHAINBERG, WARRINGTON, AND RENGASAMY 
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20, and 40 kg.ha -') underdistilled water (DIV) rainfall-and phosphogypsum (PGt (5ton. i') t treatments 

IR was higher (Fig. I). PG reduced surface seal-
ing by raising the electrolyte concentration in 
the solution at the soil surface, thus reducing 
claydispersion and the formation at the "washed
in" layer (Gal et al. 1984; Agassi et al. 1986). 
Thus, in the PG-treated soils the seal is Slow toform and is more permeable than the seal of the 
untreated soils. 

Application of PAM increased the infiltration 
of rain (Fig. 1). Applying PAM at 10, 21, and 40 
kg.ha- ' increased the final IR of the soil (Table
2)approximately threefold. Similarly, PAM in-
creased .he cumulative infiltration of the soil by
almost four times at the highest level of appli-
cation. At rates above 20 kg.ha-', the effect of 
additional PAM was insignificant (the curves 
are not presented), although this may have been
because of the difficultv, experienced during ap-
plication, of keeping the PAM in the upper layer 
of the soil. 

The dramatic effect of PAM in combinationwith PG is also presented in Fig. 1. PG increased 
the final IR of the loess treated with PAM, 21 
kg.ha - ', by 10 times (Table 2). Similarly, runoff 
from an 80-mm rainstorm dropped from 84.6% 
in the control to only 18.8% 

-
and 51.8% when

treated with PAM, 20 kg.ha ', with and without 
PG, respectively. It is evident that PAM is much 
more effective in the presence of PG at thle soil 
surface. Similar phenomena were observed byShaviv et al. (1985). PG spread at the soil surface 
dissolves and increases the electrolyte concen-
tration in the soil solutions to values above the 

flocculation value ofthe clays (Oster et al. 1980 
Flocculation ofthe soil clay is a precondition ft 

cementing and stabilization of aggregates 
the soil surface (Bradfield 1936).

The beneficial effect of PAM on the IR d( 
pends upon the application conditions and th 
quality of the applied "rainwater." In Fig. 2 (and 1b),PAM at the optimal rate of 20 kg. ha
was applied to the loess ur,der the followin 

conditions: (1) PAM was sprayed onto the so: 
and the trays were either completely dried o 
only partially dried and (2) DW or TW rainfalwas applied. Complete drying increased the ben 

eficial effect of the polymer. It is evident fronthe data given in Table 2 that complete dryinjof the PAM and PG treatment more than dou 
bled the final IR and the cumulative infiltratior 

values compared with incomplete drying. 
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The effect of drying in increasing the effi-
ciency of the polymer in stabilizing the aggre-
gates and preventing crust formation is explain-
able by the bonding mechanism between the
anionic polyelectrolyte and the negative clay
(Theng 1979). It is suggested that two types of
cation-bridging are responsible for the Iolymer
adsorption and the binding of clay platelt.,. In
the first type, an anionic group of the polymer
interacts with an exchangeable cation through 
a water molecule to yield an 'outer-sphere" corn-
plex. This mode of bonding is obtained in 
aqueous systems. The second type of cation
bridging may occur under dehydrated condi-
(ions. In this instance, an anionic group of the
polymer is directly associated with an exchange.able cation to form an "inner-sphere" complex.
Inner-sphere complex formation involves the
displacement (from the interface to the bulk
solution) of numerous water molecules by a sin-
gle polyanion chain. The resultant gain in en-
tropy (0.3t to 0.5 k-J. mol'K- ) has a promoting
effect on adsorption. In addition, the uncharged
segments of the adsorbed chain may interact 
with each other amid with the surfiace through
van tierWaals forces. l)rying induce!; inner-
sphere complex formation and van der Waalsinteractions: this would explain why air drying
leads to a marked increase in the water stability
of soil aggregates. 

The electrolyte effect on 
 PAM effectiveness 

is demonstrated by the PG treatment and by the
effect of raining with TW (Fig. 2b). The concen-
tration ofelectrolytes in TW increased the lit
values of the control (no PAM) ('lable 2). flow
ever, PG was more effective in increasing the It 

than wvas TIV. 'T'e electrolyte concentrat ion in
the effluent of PG-treated soils was 1.2to 1.-IdS'm-', compared with an EC of 0.97 dSm-'

for the TW.The increase in electrolyte concen-

tration in the PG-treated soil compiared 
 with
TW partially explains the increase in the lit 
values (Agassi et al. 1981). In addition to the 
electrolyte concentration effect, Agassi et il.
(1986) also suggested that PG treatments inter-fere with the continuity of the seal and may act 
as a mulch and thus increase the iR f the soilbeyond the electrolyte effect. 

In the PAM treatments, tileresult of usingthe's instea ofteDV was more prononced In
the soil untreated by PAM the use 

lative infiltration was 18.1 mm. As.the concen. 
tration of electrolyte in TW exceeds the floccu
lation value of the clay, the polymer acts effi
ciently as a cementing agent that stabilizes the
soil aggregates, prevents seal formation, and
maintains high IR values. The beneficial effect
of PG,compared with TXX, in the PAM treat
ments was similar to that with no PAM treat. 
ments. In the G treatments the predominant
cation in the soil solution is Ca 2 ', whereas in" TW Na' and Ca cations are present in similar
concentrations. Sodium is known to substitute 
in the Ca-polymer bond and weaken the cation
bridge between the polymer and clay surface 
(''hen- 1979). 

The floe':ulation effect of the electrolytes inthe Tv suggc! tsthat it may be necessary only
to apply PG to soil treated with PAM under
natural rainstorms to ensure stabilization of the
soil aggregates. When irrigation water is applied
by sprinklers, PAM alone will prevent seal for
mation and will le effective in maintaining high
water penetration. The IR of the grumusol as a
function of cun ilative rain is presented in Fig.
:1.
The following should be noted: 

The grumusol is less dispersive than the loess. 
The final IR of the loess was lower than that ofthe grumusol; the infiltration rate drops more
steeply with cumulative rainfall resulting in a
lower cumulativr infiltration value (Table 2).
The higher percentage of clay, which acts as
cementing material, stabilizes the aggregates at
the soil surface of the grumusol, slows their 
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breakdown and the formation of a seal at the 
soil surface. Therefore, a seal is formed at
soil surface. Also, the ESP of the grunuisol 

tie 
is

lower than that of the loess (Table 1).
The beneficial effect of PG on the If? of the

grumusol is similar to that in the loess in spite
of the lower ESP of the grumusol. The higher 
percentage of clay in the grumusol explains the response ofthis soil to I(; application iKatzinan 
et al. 1983). 

PAM, applied at a rate of 20 kg.ha ' after
complete drying, was quite efficient in stabiliz-
ing the soil aggregates at the soil surface and
preventing sealing (Table 2). When PAM was 
applied with PG, its beneficial effect was mtich 
more pronounced. It is evident that treating the
soil with a combination of PAM and G'(pro-
duces the best results. For the soil conditioner 
to he effective, the soil clays must contine tohe flocculated. PG dissolution supplies to tile
rainwater the electrolytes needed to attain these 

conditions. 


Effject of conseutivej stornis 
The amount of rain diring a rainY season mav

exceed 80 mm, but the rain is not continuous
and there are dry periods etween rainstorms.
Thus the question arises as to the effect of more 
rain and of dry intervals between rainstorms 4on 
the efficiency of PAM as an amendment. Morin
and Benyamini (1977) studied the eftfct of 
drying for periods of 21 h, 6 days, and 11 layi
on the crust and IR. They found that the dr\ill" 
periods increased the initial Ili but h:,d ni ,ie-
nificant effect on the final Ill.Their expfa.:alio, 
was that the increase in the initial Is in tle
second storm was due to crack format ion in the 
crust. A drying period of 7 days was enough to
break the crust completely. Thus, this interval 
was usetl in our study. 

Theeffect of the second and third consecutive 
storms of 60 mm each on the efficiency of '(;
and PAM treatments in maintaining a'high Ill 
in the loess is presented in Table 2. Tre final 
IR and the percentage of runoff in the control 
and PG treatments were similar in the threestorms. PG, spread at a rate of 5 Ins.ha ,continued to Ile effective throoghout the three 
storms (200 rm of rain). In a saturated solution
the concentration of gypsum is 2 g liter'. In 
the rait studies only 5(0% satunhition was o. 
tained; thus 200 min of rain dissolved approxi 
mately 2 tons. ha', find the PG was still present 

in sufficient quantities to he beneficial in the 
third storm. 

The final It in the PAM treatments (without
PG) stayed the same in tie first, second, and 
third storms ('Table 2), whereas the runoff in
creased slightly in the three consecutive storms. 
It seems that tie PAM-only treatment was com. 
parable to the PG-only treatment and similarlymaintained its stabilization effects throughout
the three storms. 

The tffectiveness of tie PAM + I'(; treat
ments was reduced over the three storms. Never
theless, in the third storm the treatment still
reduced runff significantly in comparison to 
tie separate treatments. Over the three storms 
the runoff percentage was only 36% compared
with 851; from the control ila( 62'i and 67% in
the separate treatments of andPAM PG, 
respectively. 

The PAM and PfG treatment resulted in a
similarly low runoff percentage fthe grumusol.
Here the overall figures for the storms were 75% 
for the cootrol, 55(; for the P; treatment, and:1.1% for tie combioation of PAM and PG. 

('ON t IosNS li suS 
The effect of application of dilute solutions of

PAM at 20 kg. ha on the infiltration rate find
 
runoff of nonstable soils was very beneficial.
 
Drying the polymer-soil surface and miaintani
ing the electrolyte concentration in the soil so_

lution, which ul,,culates tht soil clays, enhance
 

h inding action of the polymier and stabilize
 
the aggregates at the surface. PAM combined 
with PG treatments at the optiimal rate in
civased rain intake in the two soils by teo to 
three times that of the control. Soils from seam
iarid regions are unstable and form seals that 
lead to about 80% runoff during the rainy sea
son. The possiile reduction of water losses by
IAM atd PG treatments to a fraction of this 
may prove to le greatly beneficial from both 
ecotomical and environmental aspects and 
should le studied further. 
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Water-Droplet Energy and Soil Amendments: Effect on Infiltration and Erosion 

H. J. C. Smith, G. J. Levy,* and I. Shainberg 

ABSTRAC-i' 
The Impact energy of sater droplets from rain or overhead sprin-

klers can cause a seal to form at the soil surface. This constiiutes 
a severe problem In agricultural lands in the arid and semiarid re-
glons. Spreading a soil conditioner on the surface of the soil and 
providing a constant supply of electrolytes may prevent seal for-
mation. The effect of droplet impact energy and water qualit) on 
Infiltration and erosion was studied, using a tank drip-iype rain sins-
ulator, in a sandy loam soil (Typic Rhodoxeralf) treated with am 
anionic polyacrylamide (P'AM) and phosphogypsum (PG). Three
klneticenergies (KE)of3-mm diameterdrops ssereobtained by vary-
lng their falling heights. The two qualities of water were distille.! 
water (DW) and tap water (TW), to simulate rain and irrigatioa 
water, respectively. Increasing the impact energy reduced the infll-
tration rate (IR), cumulative infiltration (rain intake), and (oi ero-
sion In all treatments. Addition of PANt in the presence otelectra-
lyres (either PG or W) increased both final IR and ctmiuiatite 
infiltration by 7- to 8-fold compared with the control, and was much 
more effective than PAN, PG, nrTFv alone. The PAM I 'lectrolyte
treatments decreased soil erosion bymore than on order of mag-
nilude compared wilh the control. 

O Idte u ,RMATION OF CtRs-r at the soil surface. gcnralaue to the beating action of'raindrops but also as 
a result of sprinkler irrigation (Aarstad and Miller,
1973), is a common featu.e of many soils, particularly
in the arid and semiarid regions. Surface crusts arc 
thin (<2-3 mm) and are characterized by greater den-
sity, finer pores, and lower saturated conductivity than 
the underlying soil. Soil crusts have a prominent effect 
on many soil phenomena, e.g., reduction of infiltration 
and increase in runotr(Morin et al., 1981) and inter-
ference with seed germination (Cary and Evans, 1974).

Crust formation in soils exposed to the beating ac-
lion of falling drops is due to two mechanisms (Agassi 

et al., 1981; McIntyre, 1958): (i) physical disintegration

of soil aggregates and their compaction caused by the

impact action of drops hitting the soil surface- and (ii) 
a physicochemical dispersion and movement of clay
particles into a region of 0.1 to 0.5-mm depth, where 
they lodge and clog the conducting pores.mhechloan 'he firstivr u onducting porfs. thetndthe byog
mechanism is very, much determined by the KE offhedrops (Moldenhauer and Kemper, 1969), while the 
second is controlled mainly by the concentration and
composition of the cations in the soil and applied
water (Agassi et al., 1981; Kazman et al., 1983). The 
two mechanisms act simultaneously with disintegra-
tion enhancing dispersion. 

I.I.C. Smith, Soil and Irrigation Res. Inst.. 'rivate hag X79. l're-toria 0011. Republic of South Africa: (i.J. lesv aid I. Shai ierg
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Organiation. the Volcani Center. Bel Daaen. Israel. I'jiler no. 2645-E, 989 series. Received I I April 1Q89. Corresponding author. 
Published in Soil Sci. Soc. An. J. 51: 1084-1087 (19960). 

One way of reducing crusting is to improve soil 
str,icture and aggregate stability at the soil surface. The
possibility of using organic polymers, and especially
PAM, to improve soil structure and reduce crust formation has recently been studied (Helalia and Letey,
1988ab; Shainberg et al., 1990; Shaviv et al., 1986).
Furthermore, it has been reported that the combined
application of polymer and PG (an electrolytic stabi
lizer) had a more pronounced effect in improving inliltrztion than either application alone (Shainberg etal., 1990: Shaviv et al., 1986). Current interest in poly
ters as soil conditions is enhanced by their low price($3 kg-I) and application rate (20 kg ha-'), which make

their use in agriculture economically viable.
Our objective was to study the combined effect ofvarious impact energies of water drops, stability of

surfae aggrcgats tratd with PAM, and electrolyte
cnearates teatedrwiP and elo lt

concentration on seal formation and csion.

NIA[ERIALS AND METHODS
 

A notucalcareous sandy loam soil (Typic Rhodoxeral
from the coastal plain of Israel, with a cation exchange ca
pacity of 11.0 cmol, kg ' and exchangeable sodium percentwasage (ESP) of 4.4. used in this study. The texture was18.0% clay. 5.0% silt, and 77.0% sand. Dominant clay min
erals were kaolinite and montmorillonite. 

Infiltration, runoff, and erosion were studied using a drip
type rain simulator, wsith a 750 by 600 mm closed water 
chamber placed in a adjustable-height raindrop tower. Rain 
was generated through hypodermic needles (-1000, ar
ranged in a spacing of 20 by 20 mm), to form a known fixed
droplet size. The average water-drop diameter was 2.97 mm . 5 X 10 -'mm. Falling heights of0.4, 1.0, and 1.6 m wereused to obtain drops with various kinetic energies. The im
pact velocities of the drops Ialling from these heights were 
2.5, 4.02. and 4.98 m s ', respectively, and their correspond
ing kinetic energies were 3.6. 8.0, and 12.4 J mm-' -1m 
(Epema and Riezebos, 1983). Rain intensity was maintained
 
at 33 mm I using a peristaltic pump.


Air-dried aggregates, crushed to pass through a 4.0 mm 
sieve, were packed in 200 by 400 mm trays, 20 mm deep,
over at5-am thick layer of coarse sand. In the PAM treat
ment, the anionic low charge (20% hydrolysis) PAM with ahigh molecular weight (- 10' g inol ') was used at a rateequivalent to 20 kg ha '. The PAM solutions with concentralion of 0.5 g L- 1were sprayed on the soil surface in two 
portions of 2.0 L m 2 each, with I h of drying in between,
iier.:b) assuring the concentration ofthe polymer at the soil
surfhce. Thereafter, the trays were allowed to dry for 24 h 
before raining %%as commenced. In the PG treatments, pow
dered PGi at a rate equivalent to 5 Mg ha-' was spread overthe soil surface prior to rain. In most storms, DW was applied. In a few experiments, we used TW, with an electricalconductivity(E) off0.1 Sm I and asodium adsorption ratio
(SAR I of 2.0.

After the various pretreattents, te trays were placed in 
the rainl~all simulator at a slope of 15%, and saturated with
IW prior to the rainstorm. During each slorm the volumeof runoffwater and ofwater percolating through the soil was 
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recorded. Sediment concentration in the runoll"%as mcas-ured by drying, and the amount of soil loss was calculated,
Three replicates for each treatment were perlbrmed concur-rently. 

The IR data obtained from tie rainfall simulator wereanalyzed as described by Levy et al. (19X8).usinga nonlinearregression equation proposed by Morin and Benyamini(1977). 

RESULTS AND DISCUSSION 
Infiltration Studies 

The calculated infiltration curves for the varioustreatments are presented in Fig. I. A coefficient of de-termination (R2) between paired calculated and meas-
ured IR values was >0.95 in all treatments,

The effect of PAM application in combination wvithDW, TW, and PG on the IR of the sandy loam soil
exposed to raindrops with KE of 12.4 J nim I ii"
(falling height = 1.6 m), is presented in Fig. Ia. Ex-posing the untreated soil to DW rain resulted in arapiddrop inthe IR, to a very low final IR value (1.8 mmh-), indicating that the soil is unstable and susceptible
to surface sealing. Ben-l-ur et al. (1985), who studiedseal formation in soils exposed to high cnergy rain-t(18.6 J mm m-2), characterized soils with mediumclay content (-20%), low organic material, and mod-crate ESP (-5) as tending to form seals with lowpermeability when exposed to DW rain. Our results are in good agreement with these observations and 
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suggest further that seals in unstable soils can form atlower energies than those used by llen-I-fur et al.
(1985).

Increasing electrolyte concentration at te soil sur
fceae 
lace either by spreading FIG at the soil surface or byusing rW resulted in a more moderate decrease in theIR and higher final IR values compared with those in
tile I ). Phosphogvpsui at the soiluntreated soil (Fig.surftce dissolves quite readily during the rainstorm 
and releases ('a- 2SOand ions into the soil solutionto support tconcentration (23 mmol, 1.') high enoughto prevent clay dispersion (Gal et al., 1984). Whenapplying TW containing 4 t.11 L ' of Na and 2.5 m!
L Iof('a, the IRvalues were lower than those obtained
with P(;. It has been postulated (Agassi et al., 1985)that the PG particles interi(rc with the continuity ofthe seal and thus increase the seal's permeability more
strongly than the Pi prevents clay dispersion. In bothtreatments. PG and TW,which prevent chemical clay
dispersion by maintaining t pelectroente conccntra
lion at the soil surfilce above the flocculation value ofthe clay, resulted in a seal formation that w:is due
predominantly to the impact energy of the drops.Thus, a seal was formed with a permeability higher
than that of the untreated soil. 

Application of PAM (20 kg ha 1)to the soil and thenexposing it to I)W rain increased the final IR to 3.6 
mm If ',compared with 1.8 mm I I in the untreatedsoil. The cumulative infiltration. in an 80-nim storm. 
was 32.1 nIm,similar to that obtained in the PG treat
ment (31.1 nim). IHowever, co(mbining the PAM ap

with spreading of' PG or using TW (i.e.. in
creasing the electrolyte concentration at the soil
surface) led to a imarked increase in the IR curves, and 
consequently to high final IR values; these reached12.9 and 15.4 mm h for the PAM + TW and PAM

PG treatments, respectively (Fig. Ia). Our results
reinforce those obtained by Shainberg et al. (1990) andShaviv et al. (1986), and indicate that, for PAM to be 
cllective instabilizing soil structure and improvinginfiltration, prior flocculation of the clay particles by 

is essential. 
The elfkct of lower impact KE of water drops (8and3.6 J nimI m ' falling heights of 1.0 and 0.4 in re

y ) on I of the soils with the various treatis prescnted in lig. lb and Ic,and Tables I and2. h3asically th eilkcct of chemical treatments for me
and low impact KE was sinilar to that for the 

high-KE rain. However, the following should be noted: 
tabte I. ,-eMi measured tinal ("IR) for three leielsIniilraion raie
of raindrop energ) and chemical treatments.
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(",nrn l. 2 2 1)\% 6, 01.i9C 1.5 0. c 1. 0.21e 
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Table 2. Mean calculated cumulative infiltration rate (CIF) after 80 
mm or rain for threelevelsof raindrop energy and chemical treat-
ments. 

vI.el of energy.J mm n i 
Chemical ---- --------
treatmenit 3.6 _._ 12.4 

CIF, mrnt -

PAN1 + PG,DW g0.0 ± 3.52a 76.6 _ 1.79a 64.6 1.a 
PAN. 
PG' 

TW 
DW 

80.0 ± 2.35a
67.6 i 2.41b 

77.8 + 1.83a 
47.6 -+1.52b 

67.1
31.1 

±
± 

1.02a
0.81b 

Control, 1W 50.4 ± 2.57c 26.A ± 1.2td 18.9 ± 1.4tc 
PAN, DW 79.4 ± 3.31a 38.4 ± 1.37c 32.1 ± 0.92b 
Control, DW 28.6i 2.24d 40.8 - t.t2c 9.1 ± 0.33d 
t PAMN anionic polyacr)lamide; PG - phosphogypsum; DW - distilled 

water.TW - tapwater. 
t Means _r I So. Within columns, means donotfollowed by the sameletter 

ditfer significantly at the 0.05 level, and vanusing Tukey's lest (Rubbins 
Ryuin, 1975,. 

I. 	For the same chemical treatment, as the impact 
KE of the drops decreased, the IR of the so;declined more ;lowly and the final IR was maitj-
tained at a higher value, 

2. Irrespective of the electrolyte concentration in
2
the soil solution, an impact KE of 4 J mm m

was not enough to form a seal in a PAM-treated 
soil (Fig. Ic). '[le rate of rain intake by the soil 
exceeded rain intensity, and the !R of the soil 
was controlled by rain intensity rather than by
seal properties, 

The effects of drop impact KE on the final IR for 
each chemical treatment are presented in Fig. 2. In 
sonic of the treatments there were no significant dif-
ferences (at the 0.05 probability level) in the final IR 
values between the medium- and high-KE rain and, 
where differences were observed, they were fairly small 
(Fig. 2). On the other hand, large differences in the 
final IR values were noted between the low- and me-
dium-KE rain, ranging from two- to sixfold. It is thus 
evident that the sandy-loam studied is very unstable 
and a medium-KE rain of 8 J mm-I m-2 is enough to 
form a fully developed seal. 

Smaller differences between the different levels of 
KE within each treatment are observed when looking 
at the cumulative infiltration for a storm of 80 mm 
(Fig. 3). By contrast to the final IR,cumulative infil-
tratton is an integrated value that reflects the rate at 
which the IR decreases with increasing depth of rain-
fall. Our results indicate that in the PAM treatments 
supplenrr-rted with PG or TW (PAM + electrolytes),
small differences were observed in the cumulative in-
filtration when chianging the KE of the rain. Cumu-
lative infiltration was always > 70 mm for these treat-
ments; hence, >80% of the rain applied entered the 
soil, compared with <40% in the untreated soil (Fig.
3). The reason is that, during 80 mm of rain, hardly 
any change in the IR was noted, suggesting that PAM 
+ electrolytes is abeneficial treatnient with respect to 
improving infiltration and soil structure, irrespective, 
of the KE of the rain. Adding only PAM to the soil 
and applying DW rain resulted in cumulative infiltra-
tion values similar to those of the PG and TW alone 
in the medium- and high-KE rains. In the low-KE rain -(3.6 	J mm ' m-2),however, cumulative infiltration in 

treatment sir,.ilarthe PAM was to that of PAM + 
eleclrolytes. It may be concluded that at low KE rain, 
the cementing effect of PAM itself, which supports 
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Fig. 2.Final infiltration rates for three kinetic energy levelsof rain. 
Within treatments, bars labeled with the same letterdo not differ 
significantly at the 0.05 level,according to Tukey's test (Rubbins
and ,an Ryzin, 1975). Treatments: PAM = anionic polyacryla
mide: PG -	 phosphogypsum; DW'= distilled water; TW = tap 
water. 

stable aggregates at the soil surface, is more effective 
in enhancing high infiltration than are the PG and TW 
treatments. 

It should be emphasized however, that because cu
mulative infiltration reflects the rate at which aseal is 
formed and hence the resistance of the soil to seal 
formation, it depends on a number of factors, such as 
aggregate size and stability (Gumbs and Warkentin,
1976) and initial soil water conten. (Levy et al.1986).
Thus, tilecumulative values presented in Fig. 3 are 
useful for comparisons between treatments but cannot 
be used for comparisons with data obtained under dif
ferent experimental conditions. The final IR, on the 
other hand, is a characteristic of the soil independent
of the initial soil state (e.g., water content, packing, 
etc.). 

Soil Eroson 

Soil losses from 80-mm rainstorms are presented in 
Fig. 4.They clearly indicate that ercsion increases with 
an increase in the KE of rain. In agreement with the 
infiltration results, the greatest amounts of soil losses 
were observed in the untreated soil exposed to DW 
rain, reaching 1436 gM-2 in the high energy rain. Elec
trolyte treatments alone (PG and tap water) were quite
efficient in reducing erosion, compared with the con
trol (Fig. 4). These treatments reduced soil losses to 
20 to 50% of that of the control, being most effective 
in the low impact rain energy. Electrolytes are effective 
in reducing erosion because of the following: (i) runoff 
is reduced; (ii) particles larger than those in the un
treated soil. which are more difficult to detach, are 
present at the soil surface; and (iii) enhanced sedi
mentation of entrained particles occurs. The PAM
treated samples, with the exception of the PAM-only
 
treatment exposed to DW high-energy rain, were most
 
effective in cottrolling soil erosion, irrespective of the
 
KE of the rain. Soil losses in the PAM treatments were
 
<5% of the losses observed in the control.
 

Considering the effect of droplet impact energies on
 
formation and permeability of the seals (Fig. 2 and 3),


2
an impact energy of 8J mm-' m--appears to beenough
 
to form a seal at the surface of the studied soil when
 

http:water.TW


1087 
SMITIH ET A..: DRO)IPIET ENERGY AND SOIL rMEN)MENTS 

in. .
 

a a a 

lio a aHtrriom 

Cn bo 
b jI 

DW 1NPD 
 W
Trealmenl 

Fig. 3.Cumuhtive inlihration (frantd0-n nm~ltrm) fr hree kin ei 
energy levels of rain, \Vithin treatnment, ba~rslalcd ,,itli tie same a.iurdinrgletter do not differ significantly it the 0.05 le,,el, 
toTukey's lest (Rubbitos and Ryin, 1975}. 'Treatntents: P'AN!anionic polyacrylanmide; PG +:pltirphiog)psutm; D\V dirtilled 
water; TW lap water. 

the soil israined upon with either DWV or TW.Soilerosion, on the other hand, increased sharply wvith tin
increase in impact energy through the entire range ofrain KE used (Fig. 4). This implies hat particle de-
tachment cont inued to increa s e after ra in KE i n -I
creased from 8 to J m mI12.-' m ',despite thc' fact 

that the seal was already fully developed at the lower
KE. We thus conclded that runoff andcsoil erosion 

are not directly related, 
 and the one should not bepredicted front measurements of he other. 1-owever,
where there is no runoff there is no erosion, since run-
Off water is required to remove eroded material. Re-
suits of the PAM treatments, especially PAM + elec-trolytes. support this last statement, as hardly any
runoff and consequently soil loss were observed in 
these treatments. 

CONCLUSIONS 

Seal 2'ormation, runoff, and soil loss were observedeven under low impact KE (3.6 J mm 01 2) in anuntreted oilsthat Ka/trirr. /.. I. Shamnberg. and MICial. 1983 Elreci tiflowrrigtingoil. levels ofre snsitie loloe-chlangeabrle Nalunteatd hataresesitve arid applied pliiisphnrg, prsut tin tIre intiltrat ionsilIrigaingsols olw-
energy rain leads to surface sealing and water and stoil
lOSS. Treating the soil with PAM + electrolytes (P(;or TW) improves infiltration and reduces runoff anderosion under varying conditions of KE of tilerain, It
is suggested, therefore, that adding PAM at 

- a rate of
20 kg ha i (amounting to a cost of $60-.70 hbi . in1989 terms) to the surface ofa soil irrigated with over-
head sprinklers using irrigation water (EC >0.1I Sm -')willmaredlyredce
sal ormtionandthusimpove
willmarkdlyedue sel fomatin ad ths imrovesoil and water managetnent. 
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Abstract 
The effect of rain kinetic ene.gy and souil amendments on Infiltration and erosion from threeIsraeli scils was studied using a drip-type simulator. The "oll samples were from the top layer(0 

-250 mm depth) of cultivated fields differing in their ,exture, specific surface area and limecontent. Three kinetic energies of raindrops were obtained by varying heights of fall (h 1.0 and 1-6 m) of 3 mm diameter drops. 0.4,The soil types studied were Typic Chromoxerert,Typic Rhodoxeralf and Calcic Haploxeralf. Soil amendments werc phosphogypsum (PG)combined application of an and aanionic polyacrylarilde (PAM) with PG.An Increase In the Impactenergy of the raindrops reduced depth of ran before ponding, final infiltration ratecumulative iniltration (i.e. infiltration parameters) and Increased 
(FIR), 

of PAM+PG soil erosion. The additionto the soil surface significantly. increased the Infiltration parameters and reducederosion compared with the PG and control treatments.least susceptible of the three soils to 
The Typic Chromoxerert was the 

content, high specific surface area 
sealing, piobably because of its high smectitic clayand high CaCO 3The Typic Rhodoxeralf with 

content which stabilize soil structure.the lowest specific surface area was the mostclay dispersion, susceptible toand seal formation. Relative toRhodoxeralf, the Calcic Haploxeralf was 
the Typic Chromoxerert and the Typicintermediate in its susceptibility to seal formation. 

Introduction 
Seal formation at, and subsequent runoff and soil erosion from, soil surfacesexposed to the beating action of raindrops and overhead sprinkler irrigation arecommon features of many soils, particularly in the arid and semi-arid regions.Surface seals are thin layers (<2-3 mm) and are characterized by greater density,
finer pores, and lower saturated conductivity than the underlying soil. Rainfall
infiltration, runoff and erosion depend largely on the properties of the seal
 

formed.
 
Seal formation in soils exposed to rain results from two mechanisms (McIntyre1958; Agassi et al. 1981): (i) physical disintegration of soil aggregates andtheir compaction caused by the impact action


surface; of the drops hitting the soil
and (ii) dispersion of clay particles and their possible movementdirectly beneath the immediate surface where they lodge and clog conductingpores. The first mechanism is determined by the kinetic energy of the dropsand the stability of the aggregates (Moldenhauer and Kemper 1969),the second Is whilecontrolled mainly by the concentration and composition of thecations In the soil and applied water (Agassi et al. 1981; Kazman et al. 1983).The two mechanisms act simultaneously, as the first enha-ices the second. 
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The tendency of a soil to form a seal and erode depends onIts structure which, in turn, depends on 
the stability of 

texture, clay mineralogy, exchangeablesodium percentage (ESP) Lnd the presence of cementing agents such as organicmatter, iron oxides, etc. (Kemper and Koch 1966). When Ben-Hir et al. (1985)tested soil stability in smectitic soils under conditions of simulated rain, theyfound that seal permeability depended on clay content. They reported adecrease in soil permeability with an increase in clay content up to 20% clay;further increases in clay resulted incontent an increase in soil permeability.They postulated that the observed increase in seal permeability with an increasein clay content above 30% was a result of increased aggregate stability. Wherethe effect of silt content is concerned, results have not been conclusive. Insome studies, high silt content was associated with ',w structural stability, highsusceptibility to seal formation (Cary and Evans 1974), as well as high levelsof erosion (Wischmeter and Mannering 1969). More specifically, Moldenhauerand Long (1964) obtained good agreement between silt content and the rateof surface sealing. Ben-Hur et al. (1985), on the other hand, showed that siltcontent had no effect on the final infiltration rate (FIR) of the seal. Regarding therate of seal formation, Ben-liur et al. (1985) found that the effect of silt dependedon the mechanism governing seal formation. When the soils were exposedto saline water rain and impact energy of the drops (physical disintegration)predominated, an increase in silt content increased the rate of seal formation.But, when both the physical and chemical (clay dispersion) mechanisms tookplace, silt content had no effect on the rate of sealing (Ben-Hur et al. 1985).One way of limiting seal formation is to control the chemical clay dispersionby maintaining the electrolyte concentration of the soil solution at the soilsurface above the flocculation value of the soil clays (Agassi et al. 1981). Thiscan be achieved by spreading phosphogypsum (PG) at the soil surface (Kazmanet al. 1983; Agassi etal. 1986).
PG solution is - , 

The electrolyte concentration of a saturated25 mmol(+) L 1 which is above the flocculation value of soilclays in arable soils. Another way of limiting seal formation and improvingaggregate stability at the soil surface is the use of organic polymers. Their use,especially that of anionic polyacrylamide (PAM), for improving soil structuralstability and reducing seal formation has been studied recently (Shaviv et al.1985; Helalia and Letey 1988; Shainberg eial. 1990; Smith et al. 1990). Inaddition, it was reported that the combined application of a polymer and PGhad a more pronounced effect than that of either one separately in improvinginfiltration (Shainberg et al. 1990; Smith et al. 1990).The objective of this research was study theto role of raindrop impactenergies in combination with soil amendments on infiltration, runoff and
erosion in three dominant soils in Israel.
 

Materials and Methods 
Samples from 0-250 mm depth of three cultivated smeclitic soils wereThe soils used In tillsstudy.were a Typic Rhodoxeralf from Morasha, a Caltcic Haploxeralf from Bet Qama,and a Typic Chromoxerert from Negba, Israel.

the soils Sone physical and chemical properties ofare given in Table I. Cation exchange capacities (CEC of the soil samplesdetermined with weresodium acetate buffered at pH 8.2 (U.S. Salinity Laboratory Staff 1954).Organic carbon was determined with the Walkl2y-Back wet oxidation procedure (Allison1965) and multiplied by 1.72 to obtain organic matter content. Specific surface area wasdetermined using ethylene glycol monoethyl ether (EGME) (Carter etal. 1965). 
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Infiltration, runoff and erosion were studied using a drip-type rainfall simulator. Thesimulator consisted of a 750 by 600 by 80 mm closed water chamber which generatedrainfall of a known constant drop size through a set of hypodermic needles (approximately1000) arranged at spacings of 20 by 20 mm and facing the ground. The average dropletdiameter was 2.97±5xl0-2 
mM.The kinetic energy of the raindrops was varied by changingthe height of fall of the droplets (i.e., the height of the chamber). Heights of 0.4, 1.0and 1.6 m were used ,to obtain drops with impact velocities of 2.5, 4-02 and 4.98 m 0respectively (Epema and 

- m 
Riezebos 1983). The corresponding kinetic energies were 3.6,8.0 and 12.4J mm m-2, respectively. Rain rate was maintained at 33mm h-t using a

peristaltic pump. 

Table 1. Some physical and chemical properties of the soils used
 
Dominant Specific Particle size CaCO 3 
 CEC ESP OMclay surface area Sand Silt Clay

2 1 (%) (cmol(+) (%) %)mineralsA (m g- ) (%) 1%) i%) kg-t) 

Typic Chromoxerert t (Site: Negba)
St,I 280 36.0 24.0 ,10.0 25-1 28.5 5.2 0.98 

Typic Rhodoxeralf (Site: Morasha)
St.K 80 77.0 5.0 18-0 0.1 11-0 4.4 0.45 

Calcic Itaploxeralf(Site: Bet Qama) 
St, I 120 50.0 31.0 19.0 11.4 17.6 3.7 0.96 

A I, Illite; K, kaolinite; St, smectite.
 
B Classification according to Soil Taxonomy (Soil Survey Staff i975).
 

Air-dried aggregates, crushed to pass through a 1.0mm sieve, were packed in 200 by400 mm trays, 20 mm deep, over a 5 mm thick layer of coarse sand. In the control, noamendments were added to the packed
- t 

soil trays. In the PG treatment, powdered PGat arate equivalent to 5 Mg ha was spread over the surface of the soil packed in the traysprior to rain. In the combined application of PAM and PG (PAM+PG treatment), an anioniclow charge (20% hydrolysis) with a high molecular weight (_107 g mol-)- PAM was used at arate equ.,'alent to 20 kg ha '. The PAM solutiun 
-2

at a concentration of 0. S g L 1 was sprayedon the soil surface in two portions of 2-0 L m , each separated by 1 h of drying, therebyensuring the proper concentration of the polymer at the soil surface. The soil in the trayswas then allowed to dry for 24 h before powdered 'G was spread at a .ate equivalent toS Mg ha -t. Thereafter, the soil in the trays was exposed to rain. Three replicates were used
 
fur each treatment concurrently.


Following the variou; preireatments, the trays 
were placed in the rainfall simulator at aslope of 15%, saturated with tap water and exposed to a distilled water rainstorm. Duringeach storm, water infiltrating through the soil was collected In graduated cylinders placedunderneath a special outlet at the bottom of the tray, and its volume was recorded as afunction of time. 
Runoff water which had spilled over the lower end of the trays was collected
continuously throughout the storm in buckets. At the end of each storm, the runoff waterIn the buckets was mixed thoroughly and a subsample of 0.5 L was dried using a water bath
at 80'C. The weight of the eroded material was then determined and total soil loss from the
entire storm was calculated. The infiltration data obtained fron the rainfall simulator wereanalysed as described by Levy et al. (1988), using a nonlinear regression equation proposedby Morln and genyamini (1977). Significance of difference values, among treatments for theInfiltration and erosion parameters studied, determinedwere using Tukey's procedure formultiple range test (Steel and Torrie 1960). 

Results and Discussion 

The properties, listed in Table 1, of the soils used in the present study 
Indicate that the soils are all predominantly smectitic with organic matter 
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(OM) <1% and moderate levels of exchangeable sodium percentage (ESP). Thesoils differ in their clay and silt content, specific surface area and per centCaC03, all of which are properties expected to influence aggregate stability,infiltration rate and amount of soil erosion when exposed to rain. 
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Infiltration 
The calculated infiltration rate (IR)curves for the three soils and the varioustreatments are presented in Fig. 1. A coefficient of determination (R2) betweenpaired calculated and measured IR values was >95% in all treatments.
By considering, first, the IR curves of the control treatment for the three

soils at the highest Impact energy studied (12 .4 J mm - 1m-2 ), it is evident thatthe three soils contained unstable aggregates and were thus sensitive to sealformation. The IR curves dropped sharply and a rain depth of <30 mm was
enough to form a seal with a final IR below 4.4 mm h- 1 (Table 2). The soilsstudied were susceptible to sealing despite the fact that the impact energytested was low and corresponds to the impact energy of low intensity natural 
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rain (Hudson 1973). These results support the conclusions of Ben-Hur et al. 
(1985) that cultivated smectitic soils from semi-arid regions have an unstable 
structure, resulting in poor infiltration and high levels of runoff when exposed 
to rain. 

Table 2. Mean measured final Infiltration rate (FIR) and depth of rain before ponding(DRIP) obtained in the three soils at the three levels of raindrop energy
Within a column and for each soil, values followed by the same capital letter do not differsignificantly at the 0.05 level. Within a row, values followed by the same lower case letter 

do not differ significantly at the 0.05 level 
Rah,.drop Control PG PAM+PG 

energy FIR 
-1 2

DRP FIR DRP FIR DRP(J mm n_ ) (mm h-1) (mm) (mm h
1) (mm) (mm h) (mm) 

7)pic Chromnoxeret 
3.6 8.9 A, c 10 21.8 A, b 18 27.3 A, a 488.0 5.0 B, c 4 12.3 B, b 8 14.4 C, a 26

12.4 4.4 B, c 4 14.6 B, b 8 22.0 B, a 34 

ypic Rhodoxeralf 
3.6 6.8 A, c 8 19.8 A, b 18 33.0 A, a 80
8.0 1.5 B, c 6 10.0 B. b 10 18.4 B, a 6212.4 1.8 B, c 4 5.9 C, b 4 15.4 C, a 38 

Calcic1laploxeralf 
3.6 7.0 A, c 6 15.2 A, b 6 33.0 A, a 808.0 4.9 B, c 4 9.0 B. b 6 26.7 B, a 2012.4 4.0 B, c 4 6-4 C, b 4 16.4 C, a 10 

For the three soils, a decrease in raindrop energy from 12-4 to 3.6 J mm - 1 m- 2 

resulted in (I) higher final infiltration rates (FIR) (Fig. 1), (hi) larger depths of rain 
to reach the point where the IR of the soil was equal to the rain intensity (i.e.,
depth of rain before ponding; Table 2), and (iii) larger cumulative depth of rain 
that Infiltrated the soil (Fig. 2). Physical disintegration of the aggregates at the 
soil surface is one of the two mechanisms controlling seal formation (McIntyre
1958; Agassi et al. 1981). The rate and intensity of this mechanism depend
strongly on the kinetic energy (KE) of the rain (Moldenhauer and Kemper 1969).
Our results for the IR curve parameters show that, for the range of KE studied,
the physical disintegration of aggregates determines the rate of seal formation
 
and its final permeability. Consequently, 
upon increasing the energy of the 
raindrops, depth of rain to ponding (which is a measure of the rate of seal 
formation) became smaller and FIR decreased. The IR curves obtained at the
 
intermediate raindrop energy level (8 J mm -1 - 2
 m ) were either similar or close
 
to the corresponding values obtained with 
the high KE raindrops (Table 2). It 
could be generalized that water drops with KE - 2of 8 J mm-' m are destructive 
enough to form a fully developed seal at the soil surface for the soils studied. 

Compared with the non-treated samples, the addition of PG to the three soils 
resulted in higher FIR values, generally larger depth of rain before ponding
(Table 2), and larger cumulative infiltration values (Fig. 2). The effect of PG was 
more pronounced at the low energy rain and decreased as the Impact energy
increased, especially in the Typic Rhodoxeralf and Calcic Haploxeralf. In the 
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low energy rain, PG increased the FIR, compared with the control, by 13.0-and 8.2 mm h 1 in the Typic Rhodoxeralf and Calcic Haploxeralf, respectively.In the high energy rain, the corresponding differences - in FIR were 4.1 and2.4 mm h in the Typic Rhodoxeralf and Calcic haploxeralf, respectively. Byspreading PG on the soil surface, the electrolyte concentration at the surfacesoil solution is high enough to control the chemical dispersion mechanismand a more permeable seal is formed (Agassi et al. 1986). Our results showthat the beneficial effect of PG is more pronounced under conditions wherethe mechanism for physical disintegration of aggregates is small, e.g., when
the impact energy of the drops is low.

In all three soils, the combined treatment of PAM+PG maintained the highestFIR values and depths of rain before ponding (Fig. 1, Table 2). It is evidentthat the PAM+PG treatment was effective in improving aggregate stability andresistance to the beating impact of the raindrops, and hence in controllingseal formation. When PAM only was added to the soil, it had no beneficialeffect on the structural str .igth of the soil (Shainberg et al. 1990; Smith etal. 1990). Shainberg et ,. (1990) suggested that, in order for PAM to be anefficient soil conditioner, the soil clay must be in a flocculated form. Hence,the electrolyte concentration in the soil solution exceedmust that of theflocculation value of the clay present in the soil. The PG, which providesan electrolyte concentration of -10 mmol(+) L- t to the soil solution, makesit possible for the PAM to act as a soil stabilizer. Furthermore, by keepingthe soil clay flocculated, PG also limits the chemical clay dispersion thattakes place during rainstorms, and sealreduces formation. The combined 

100 Typic Rhodoxorall Calcic Haploxeralf - Typic Chromoxerert 

E 80 (12.4) (8.0) (3.6) aa 
8 a aaaE b 

b b 
o a 
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C- bmb a 

40 b 

C4 b b

o~20 bCb _ 1 
PG -AM PGJn o __ 

Control PG PAM PGControl PG PAM * PGControl PG PAM PG 
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Fig. 2. Cumulative infiltration (for a 80mm storm) for the various treatments, soils andkinetic energies I mm-1 M-2). Numerals In parentheses indicate the level of kinetic energy.Within treatments and levels of kinetic energy, bars labelled with the same letter do notdiffer significantly at the 5%level. 
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treatment of PAM and PG is thus very effective in controlling seal formationand Improving IR because it restricts both mechanisms responsible for sealformation, namely (i) physical disintegration of the surface aggregates, and 
(ii) the chemical dispersion. 

Soil Properties and Infiltration 

Calculated infiltration values after 80 mm of rain are presented in Fig. 2.Cumulative infiltration is an integrated value that reflects the rate at whichthe seal is formed and its final permeability. The results for the controltreatment show that cumulative infiltration (Fig. 2), and the measure"
values (Table 2) in the Typic Chromoxerert were generally 

FIR 
higher than, or

comparable with, those of the Typic Rhodoxeralf and of the Calcic Haploxeralf.The cumulative infiltration of the noncalcareous Typic Rhodoxeralf was thelowest (Fig. 2), indicating that this soil is the most susceptible of the threesoils to sealing. It is suggested that the Typic Chromoxerert and the CalcicHaploxeralf are less susc-!ptible to sealing because these soils are calcareous,and hence during the rain event probably released some electrolytes to thesoil solution by CaCO3 dissolution and thus clay dispersion was inhibited. Thehigher clay content and lower silt content in the Typic Chromoxerert compared
with the Calcic Haploxeralf (Table 1) might explain the higher FIR values in theTypic Chromoxerert. Wet sieving studies showed that aggregate stability waspositively correlated with clay content (Kemper and Koch 1966), whereas highsilt content was associated with low structural stability (Cary and Evans 1974).

In the PG and PAM+PG treatments, chcmical dispersion of the clay is controlled
by the dissolved PG, and the physical breakdown of aggregates is the predominant
factor in governing seal formation. In these two treatments, the FIR values of theTypic Rhodoxeralf and the Calcic Haploxeralf were comparable. However, thecumulative infiltration values of the Typic Rhodoxeralf were higher than, and similar to, the Calcic Haploxeralf in the PG and the PAM+PG treatments, respectively.
This suggests that, in the PG treatment, the PG dissolution masked the difference
in the sensitivity of the two soils to clay dispersion. Thus, the cumulativeinfiltration values in the Typic Rhodoxeralf were higher than those in the Calcic
Haploxeralf because its silt content is only 5%, compared with 31% in the Calcic

Haploxeralf (Table 1). In 
 the PAM+PG treatment, the contribution of .he PAM toaggregate stability is the reason for tile similar susceptibility to seal formation
in both soils as reflected 
by their similar FIR and cumulative infiltration values. 
Table 3. The ratio between cumulative infiltration data obtained from the soilalended treatments and those obtained from the control 

Soil Raindrop Soil amendment 
energy

-1 PG PAM+PG
(j mm M-2

) 
Typic 3.6 1.8 2.1Chromoxerert 12-4 2-4 3.7Calcic 3.6 1.6 2.7Haploxeralf 12.4 1.5 4.1
Typic 3.6 2.4 2.8Rhodoxeralf 12-4 3.4 7.1 
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The combined effects of soil type and soil amendments (e.g. PG and PAM+PG)at the lowest and highest KE of raindrops studied are summarized in Table 3,where values are given for the ratio between cumulative infiltration obtained inthe treatments where soil amendments were used, and cumulative infiltrationobtained in the control. From Table 3, it is noted that: 
(I) The effect of PG and PAM+PG in increasing cumulative infiltration was generally similar at the low KE (with the exception of the CalcicHaploxeralf), but at the higher KE the effect of PAM+PG was greaterthan that of PG alone. When rain with low KE is used, the relativeimportance of clay dispersion in sealing is enhanced and aggregatedisintegration is less important. The presence of PAM, which increasesaggregate strength, was less pronounced in the low KE rain and theeffect of PG predominated. Thus, the two treatments (PG and PAM+PG)had a similar effect in increasing cumulative infiltration in the low KErain. When raindrops with high KE were used, prevention of aggregatebreakdown by the beating impact of the drops became essential.

Treatment of the soil with a soil-stabilizing agent (PAM) in additionto a source of electrolytes (PG) was much beite: than PG alone In
preventing seal formation.

(i) The beneficial effect of the soil amendments varied between soils at KEof 12.4 J mm - - 2m . In the PAM+PG treatment, cumulative infiltrationin the Typic Chromoxerert increased to 3.7 times that of the controlcompared with 7.1 times in the 'iypic Rhodoxeralf. Thus, the higherinitial stability of the soil, the smaller the relative effectiveness of thesoil amendments in preventing seal formation. 

Soil Erosion 
Soil losses from 80 mm rainstorms are presented in Fig. 3. The results showthat (I) soil loss increased wihn an increase in rain KE, and (ii) the greatestamount of soil loss was observed in the control and the lowest in the PAM+PGtreatment, with that in the PG treatmerL being intermediate. The beneficial
effect of PAM+PG and PG treatments in reducing soil erosion occurred not only
because cumulative infiltration increased 
and therefore runoff decreased, butalso because soil particles at the surface were larger than those in the untreatedsoil, and hence, (i) more difl'cult to detach, and (ii) quicker sedimentation ofthe suspended particles occurred (Agassi et al. 1989).
A comparison of the erodibility of the three 
soils in the control treatmentshows that the Typic Rhodoxeralf was the most erodible. The high soilloss from this soil with all KE treatments is associated with the high runofflevels observed in this soil. The higher ESP and the absence of CaCO 3 ipthis soil compared with the Typic Chromoxerert account for the its higherodlibilty. With the exception of the PAM+PG treatment, soil losses from theTypic Chromoxerert were in general significantly smaller than those from thetwo other soils used. This observation is in agreement with the infiltrationparameters (i.e., FIR and cumulative infiltration) discussed previously. On theother hand, in the PAM+PG treatment, soil losses from the three soils didnot differ significantly at any level of rain KE (Fig. 3), although differences were observed in the infiltration parameters (Figs 1 and 2, Table 2). These 
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conflicting results with respect to the link between infiltration parameters andsr.il erosion suggest .hat it Is possible that infiltration parameters and soilerosion are not always directly related and it would therefore be unsound
predict soil erosion from 

to 
the infiltration parameters. 

16 

14 (3.6) 
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Fig. 3. Total soil loss after 80 mm storms from the three soils tar the different treatmentsand rain kinetic energies (J mm I rn-). Numerals in parentheses indicate the level 
t

of rainkluietic energy. Bars labelled with the same letter do not differ significantly at the 5%level 
(Tr, trace). 

Conclusions 
The infiltration parameters (i.e., FIR, depth of rain to ponding and cumulative

infiltration) of the nontreated soils studIed were affected by the KE of the
raindrops. An increase in the KE was followed by a decrease in the infiltration 
parameters. Addition of PG and PAM+PG resulted in higher Infiltration 
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parameters and hence limited seal formation. However, themore 	 effect of PG waspronounced in the low KE rains because in the PG trcatment only thechemical clay dispersion process, which carries more weight in seal
at low 
 formationKE rain, was prevented. The effectformation with 	
of PAM+PG In controlling sealincreased an increase in rain KE. This was so because,addition 	 into the effect of PG, the PAM limited the physical disintegration ofthe aggregates caused by the beating impact of the raindrops; thea process where latter beingthe PAM effect increases with increasing KE of the rain. TheTypic Chromoxerert was the least susceptible of theprobably because 	

three soils to sealing,of its high clay and CaCO 3 contentsstability. 	 which enhance soilThe Typic Rhodoxeralf and the Calcic Haploxeralf contain similaramounts of clay (approx. 19%), yet they differed in their susceptibilitythe two mechanisms 	 tocontrolling seal formation. Tl.e noncalcareousRhodoxzralf 	 Typicwas especially sensitive to clay dispersion, whereas theHaploxeralf, because of Calcicits high silt content, was sensitive mainlyimpact 	 to theenergy of the raindrops. The effects of rain KE and soil amendmentson soil erosion were similar in the three soils to those observed from theinfiltration parameters, with the exception of the PAM+PG treatment. Thisexception suggests the possibility that infiltration parameters and soil erosion are not necessarily directly related. 
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Soil amendments and mulch effects on runoff and erosion 

laboratory study 

Experimental
 

Three soils with a sandy loam texture, collected from regions
 

with winter precipitation exceeding 350 mm were used for this
 

study. Some physical and chemical properties of the soils are
 

given in Table 1.
 

Runoff and erosion were studied using a drip-type rain simulator.
 

The rain simulator was constructed of a closed water chamber
 

placed 2.8 m above the soil samples. Rain was generated through
 

hypodermic needles to form a known droplet size. Average water
 

drop diameter was 3.2 mm, impact velocity was 6.3 m s-1 and rain
 

kinetic energy was 19.8 J mm " m"2. Rain intensity was maintained
 

.
at -77.3 mm h-1


Soil samples with aggregates <4 mm, were packed in 200 X 600 mm
 

boxes to a depth of 30 mm over 50 mm of coarse sand. The three
 

soils were packed similarly with bulk density of 1.50, 1.27 and
 

1.45 for the Alvalade (Al), Mitra (Pg) and Vale Formoso (Vx)
 

soils, respectively.
 

Two sets of experiments were carried out. In the first the treat

ments studied were a control, phosphogypsi1m (PG) spread over the
 

"
soil surface at the equivalent rate of 5 ton ha I and wheat straw
 

1
 



mulch at the rate of 3 ton ha" . In the second one, the effect of
 

an anionic low charge with high molecular weight polyacrylamide
 

(PAM) on -antrolling runoff and erosion was studied. Prior to
 

rainfall simulations the packed soil containers were treated as
 

follows:
 

I. C (control) - the soil was saturated and allowed to drain for
 

24 h.
 

II. 	P1000 - PAM was added to the soil surface at an equivalent
 

" 
rate of 10 kg ha by spraying a solution containing
 

1000 g m-3 of the polymer. Thereafter the soil was allowed to dry
 

at 300c and then it was saturated and again was allowed to drain
 

for 24 h.
 

III. 	Pl00OG - similar to treatment II but with application of 5
 

ton ha"1 of PG prior to saturation.
 

IV. P100 - similar to treatment II but using a 100 g m-3 PAM
 

soluticn.
 

V. P50 - similar to treatment II but using a 50 g m-3 PAM
 

solution.
 

VI. PSOG - similar to treatment II but using a 50 g m-3 PAM
 

solution.
 

Treatments IV, V, and VI were studied with the Alvalade soil
 

only. Three and four replicates were performed for each treatment
 

in the first and second set of experiments, respectively.
 

After the various pretreatments, the containers were placed a 3%
 

slope under the rain chamber and exposed to distilled water rain
 

of 45 and 77 mm in the first and second set of experiments,
 

respectively. Infiltration and runoff were recorded every 5
 

2
 



minutes. Sediments, detached by splash and transported by wash,
 

were collected every 5 minutes in the first set of experiments
 

and continuously throughout the rainfall event in the second set.
 

Results
 

The erosion collected from the soil boxes and calculated in

filtration rate (IR) as a function of cumulative time during
 

rain event for tie three soils in the first set of experiments
 

are presented in Figures 1, 2, 3 and 4. With respect to their
 

susceptibility to erosion the soils can be arranged in the fol

lowing descending order: Alvalade (Al)> Vale Formoso (Vx)> Mitra
 

(Pg)(Figs. 1 and 2). For all three soils, soil erosion and IR in
 

the mulched treatment were always significantly lower and higher,
 

respectively, than those in the other two treatments. No dif

ference was observed between the PG and the control treatments in
 

both parameters.
 

The infiltration curves for the various soils and treatments ob

tained at the second experiment are presented in Figs. 5-8.
 

Generally, the PAM treatments were effective in increasing the
 

infiltration rate (IR) as compared with the control. The
 

favorable effect of P1000 and P1000G treatments on the IR of the
 

three soils was in the following decreasing order:
 

Mitra>Alvalade>Vale Formoso. Supplementing the PAM by PG applica

tion did not significantly improve the IR of the Alvalade and
 

Vale Formoso soils as compared to the PAM only treatment (Figs. 5
 

and 7). In the Mitra soil, the P1000G treatment caused a sig

3
 



nificant and marked increase in the IR as compared to the P1000
 

and control treatments (Fig. 6). In the cases where PAM was added
 

using low concentration solutions (treatments IV, V and VI), the
 

P100 treatment was the most effective in maintaining high IR that
 

was three times higher than that of the control (Fig. 8). The IR
 

obtained in the P100 was also higher than the IR obtained in the
 

P1000 and Pl00OG treatments (Figs. 8 and 5, respectively).
 

The amount of total (detached and washed) sediments (i.e., eroded
 

soil) removed form the three soils under the various experimental
 

conditions are presented in Fig. 9. The P1000 was the only treat

ment that reduced the amount of sediments removed as compared
 

with the control. The highest amount of sediments removed was ob

served in the P100 treatment. Addition of PG resulted in higher
 

amounts of sediments as compared to the equivalent PAM only
 

treatments. Among the various concentrations of PAM solution
 

tested in the Alvalade soil, the 1000 g m-3 concentration (with
 

and without PG) resulted in significantly lower amounts of sedi

ments.
 

Discussion
 

PG was expected to prevent the chemical clay dispersion during
 

the rain event and consequently to improve the IR and reduce soil
 

erosion. The results of the first set of experiments indicate
 

that in the soils studied clay dispersion was not an important
 

factor in determining the IR of the soil and in the controlling
 

of soil erosion. Preventing the physical disintegration of the
 

4
 



surface aggregates by the impact energy of the raindrops, on the
 

other hand, as was the case in the mulch treatment, was very ef

fective in maintaining high IR values and low amounts of eroded
 

material.
 

Another possibility to control the IR is to increase the
 

stability of the aggregates at the soil surface. This can be
 

achieved by adding low quantities of soil conditioner like PAM to
 

the soil surface. The results of the second set of experiments
 

indicated that this treatment was effective in maintaining high
 

IR. However, it was noted that for both high (P1000 and PI000G),
 

and low (P100, P50 and P50G) PAM concentrations high IR is
 

coupled with high amounts of sediments. Thus the ranking for the
 

IR and amount of sediments is in the following decreasing order
 

for the two groups respectively, PI000>PlO0OG and PI00>P50G>P50.
 

This phenomenon of high IR coupled with high amounts of sediments
 

was contradictory to that observed in the first set of experi

ments where high IR was coupled with low amounts of soil loss.
 

The changes in the IR during rainfall are an indication of the
 

rate of seal formation and the ratio between the amount of water
 

penetrating the soil and runoff water. It is not clear how the
 

development of the seal affects soil erosion. Seal formation in

creases the shear strength of the soil surface which reduces soil
 

detachment. However, the seal formed also reduces infiltration
 

and hence increases runoff which increases detachment and sedi

ment transport by surface flow (Bradford et al., 1987). The rela

tive importance of the detachment and transport processes depend
 

5
 



on the experimental conditions. Differences in the experimental
 

procedure between the two sets of experiments, especially in the
 

method of sediment collection and the duration of the rain storms
 

could account for the aforementioned discrepancy.
 

Figure legend
 

Figs. 1 and 2: 	Soil loss measured in the rainfall simulator as a
 

function of rainfall duration for the three soils.
 

Figs. 3 and 4: 	Calculated IR from simulated rainfall studies as a
 

function of simulated rainfall duration for the
 

three soils.
 

Figs. 5 to 8: 	Infiltration rate from simulated rainfall as a
 

function of cumulative rain for the three soils
 

and various treatments.
 

Fig. 9: 	Total sediment removed during the rainstorm for the soils
 

and treatments.
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A distrometer was installed in March 91 and the data obtained
 

since will be used to verify the calibration.
 

Figure legend
 

Fig. 1: 	Rain intensity vs. rain duration for a recurrence
 

interval of 2 years.
 

Fig. 2: 	Cumulative precipitation vs. rainfall duration.
 

Fig. 3: 	Measured soil loss for crop sequence of A-T (plots 1, 2,
 
10 and 11).
 

Fig. 4: Measured soil loss for crop sequence of A-T (plots 7 and
 
7x).
 

Fig. 5: Measured scil loss for crop sequence of A-T-S-P-P (plots
 
8, 9, 12, .3, 14 and 15).
 

Fig. 6: Measured soil loss for crop sequence of T-S-T (plots 3,
 
4, 5 and 6).
 

Fig. 7: Measured soil loss for crop sequence of T-S-T-G (plots 8,
 
9, 12 and 13).
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Soil amendments and mulch effects on runoff and erosion under
 

natural rain conditions.
 

Experimental
 

Runoff and erosion were collected during the winters of 1988/89
 

and 1989/90, and erosion in the winter of 1.990/91 from 2 m
 

(2x1 m) plots located where the soils used in the laboratory
 

studies (see Appendix 8) were sampled. The slopes of the plots in
 

the three sites were similar to the natural slope existing in the
 

field which were 4, 9 and 0.5% in the Mitra, Vale Formoso and Al

valade sites, respectively. Two sets of treatments were studied.
 

In the winters of 1988/89 and 1989/90 the treatments studied
 

were similar to those used in the first set of the laboratory ex

periments and included a control, PG and mulching by straw. In
 

the winter of 1990/91 the following treatments were studied: (i)
 

bare soil (alqueive), (ii) PG at a rate of 5 ton ha "1 (gesso),
 

and (iii) PAM at a rate of 20 kg ha"1 together with PG at a rate
 

of 5 ton ha" (PAM+PG).
 

Results
 

Cumulative runoff as a function of rain events for the winters of
 

1988/89 and 1989/90 is presented in Figs. 1-6. In general, runoff
 

levels in the 89/90 season were higher than those in the previous
 

year because precipitation in the winter of 89/90 was hiqher than
 

that in the winter of 88/89 (Table 1). More specifically, the
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following should be noted:
 

1) in the Mitra and Alvalade soils (Figs. 1-4), runoff levels
 

were similar in the control and PG treatments and somewhat 
lower
 

the Vale Formoso soil the amount of
in the mulched soil. In 


lower than those observed in the other

runoff in the PG was -25% 


two treatments (Figs. 5 and 6).
 

2) In the Alvalade soil, percent runoff out of annual precipita

tion in the
 

compared with
control treatment was higher in the 88/89 winter 


the 89/90 winter although precipitation in the latter winter was
 

It is

significantly higher than that in the former one (Table 

1). 


the higher the annual precipitation the
 common knowledge that 


in turn rain kinetic

lower the average rain intensity and 


energy. Hence, following the lower average kinetic energy of 
the
 

89/90 winter a more permeable seal was formed in
rain in the 


this soil resulting in a lower amount of runoff.
 

3) In the Vale Formoso and Mitra soils higher percent of 
runoff
 

(Table

was observed in the 89/90 winter than in the previous one 


1). 7n the Mitra soil
 

as much as 58% runoff was obtained in the second winter 
compared
 

with only
 

for the drastic increase in

15% in the first one. The reason 


runoff is probably associated with the fact that the this 
soil is
 

impermeable rock.
 very shallow, only 450 mm deep, lying over an 


Thus perched water table was formed in this soil during the 
rainy
 

winter of 89/90. The high amounts of runoff observed in 
this soil
 

did not result therefore A. poor permeability because of seal 

formation but because water could not enter the already saturated
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soil profile.
 

Cumulative amounts of erosion as a function of rain events for
 

the three soils and the various treatments are presented in Figs.
 

7-12. For all three soils and for both years, erosion levels in
 

the mulched treatment were lower than those obtained in the other
 

two treatments despite the similarity in the runoff levels among
 

the three treatments (Table 1). The mulch protected the soil
 

from the beating impact of the raindrops and prevented detach

ment of particles at the soil surface and their transfer to the
 

runoff water. In addition, the rate of flow of the runoff water
 

which is its main source of power for detaching soil particles
 

was limited due to its tortuous flow induced by the mulch.
 

The effect of PG on erosion differed in all three soils. In the
 

Mitra soil PG was effective in reducing soil erosion in the
 

89/90 winter, however in the former winter similar amounts of
 

erosion were observed in the control and PG treatments (Figs. 7
 

and 8 & Table 1). In the Vale Formoso the effectiveness of PG in
 

reducing erosion was observed in the 88/89 while in the follow

ing year similar amounts of erosion were obtained in the control
 

and PG treatments (Figs. 9 and 10). In the Alvalade, higher
 

amounts of eroded material were obtained in both years in the PG
 

treatment compared with the control (Figs. 11 and 12).
 

Cumulative amounts of erosion as a function of rain events of
 

winter 1990/91 for the three soils are presented in Figs. 13-15.
 

The three soils responded differently to the various treatments.
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the PAM+PG and PG treatments increased soil
In the Mitra soil, 


loss by fourfold and twofold, respectively as compared with the
 

In the Vale Formoso soil, the PG decreased
control (Fig. 13). 


soil erosion and PAM+PG increased soil erosion as compared with
 

the control (Fig. 14). The difference between the treatments
 

however, small and insignificant. In the Alvalade soil,
 

both PG and PAM+PG decreased soil erosion to approximately 60% of
 

that of the control (Fig. 15). Reasonable agreement between
 

were ob

were, 


laboratory and field results for the PAM+PG treatment 


served in the Vale formoso soil only (Figs. 9 and 15).
 

The results of the three years of field experiments support the
 

results obtained in the laboratory with respect to the mulch.
 

They indicated that the mulch was the preferable treatment for
 

to the soil surface
controlling runoff and erosion. 	Adding PG 


and erosion compared with the
generally did not reduce runoff 


enhanced soil erosion. The effect
control. In some cases PG even 


of PAM+PG was also not consistent and varied with the type of
 

of the
soil. It may be concluded that the beating impact 


raindrops and hence physical disintegration of the surface ag

gregates is the predominant mechanism in seal formation in the
 

soils studied under conditions of natural rains. Chemical clay
 

on the other hand, plays apparently an insignificant
dispersion, 


role in the process of sealing. Consequently, in order to
 

prevent seal formation and control runoff and soil erosion
 

measures that improve soil stability and its resistance to the
 

impact energy of the raindrops should be employed.
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Figure legend
 

Figs. 1 to 6: 	Cumulative runoff vs. time (months) obtained in the
 

winters of 1988/89 and 1989/90 for the various
 

soils and treatments.
 

Figs. 7 to 12: 	Cumulative soil loss vs. time (months) obtained in
 

the winters of 1988/89 and 1989/90 for the various
 

soils and treatments.
 

Figs. 13-15: 	Cumulative soil loss vs. time (months) obtained in
 

the winter of 1990/91 for the various soils and
 

treatments.
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TabLe 1: Effect of exchangeabLe soduu percent (ESP) and water quality (deionized water-DW and tap water-TW) on dispersible clay of Hamra soil. 

DW suspension TW suspension
 

Soil ESP Soil clay Dispersed clay EC pH Dispersed clay EC
 

1 1 
 1
% g kg "
% dS m- % dS m 

2.2 180 27.1 .03 8.1 0 0.95 

4.4 180 37.3 .030 8.24 0 0.95 

16.0 140 93.4 .063 9.1 0 0.95 



Table 2: 
 Effect of soil ESP. slope and rain properties on final infiltration rate (IR) and cumslative soiL losses (in 60 m rain) from the Haara sol
 

5% slope 
 35% slope

Dw rain Ou rain TW ;ain 
 OW mist 
 Tw mist
soil IFInaL IR I Soil losc IFinaL IR I Soil Loss IFinat IR Soil Loss I F'naL IR j Soil Loss Final IR I Soil loss 

ESP I 

1
% mm.h' Ikg.m 2 
mn.h'l kg.m 2 2 2IIIII 

2 
mm.h 

1 I kg.m I m.h-1 kg.m- fm.h- 1 I kg.mI I 
2.2 2.2a J 0.35aob 
 5.2e 4.74h 7.3f I 1.07d 3.7b,c 1.03cd J 3.5b 0.10aIIII I I 
8.0 1 1.6a 10.58a,b.c,d I 5.1e 8.55f IIII 8.3e I 2.35ef I .5c.d.eI 2.35e,f 14.0b,c,d,e 0.28a,bI I 
19.0 1.6a 10.54a,b,c 13.8b.c.d 1 
 14.46j I4.3b,c.d,e I 2.90f,g I 5.Ode I3.40g I 7.5f 0.67bc~d
 

* Figures foLtowed by the same Letter do not differ significantly at the 5% !-evet(Tukey test)
 



rable 3: 	 Effect of soil ESP, water quality and rain impact energy on the ratio
 
between soil erosion at 35 and 5 percent slopes.
 

Slope Ratio
 

ESP DW rain TW rain DW mist TW mist WEPP USLE
 

2.2 13.5 3.1 2.9 0.3 2.3 17.4
 

8.0 14.7 4.1 0.5
 

19.0 26.8 5.4 6.3 1.2
 

/'
 



Figure legend
 

Fig. 1: 	 Sediment concentration in runoff as a function of
 

cumulative rain for tap (a) and deionized (b) water
 

(TW and DW respectively). Hamra soil at 35% slope
 

and exchangeable sodium percentages (ESP) of 2.0, 8.0
 

and 19.0 respectively.
 

Fig. 2: 	 Sediment concentration in runoff as a function of
 

Cumulative mist for tap water (a) and deionized water
 

(b) (TW and DW respectively). Hamra soil at 35% slope
 

and exchangeable sodium percentages (ESP) of 2.0, 8.0
 

and 19.0 respectively.
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Rainfall erosivity and the universal soil loss equation (USLE)
 

suitability for Portugal.
 

1. Rainfall erovivity studies
 

For this study rainfall data from three stations, two in Lis

bon (Sassoeiros and Portela) and one in Mertola (Vale Formoso)
 

were used. For the Lisbon stations rainfall data from 1970/71 to
 

1983/84 were analyzed, and for the Vale Formoso station data from
 

1963/64 to 1985/86 were used..
 

1.1 Intensity-Duration-Frequency (IDF) curves
 

For the Lisbon stations, IDF curves were already developed.
 

IDF curves for Vale Formoso have been developed using the follow

ing methodology:
 

a) For each storm the maximum rainfall amount in 15, 30, 60, 120,
 

180, 360, 720, 1080 and 1440 minutes was calculated.
 

b) For each duration the maximum rainfall intensity was obtained
 

for each year.
 

c) The succession of maximum values for each duration has been
 

adjusted to a Pearson III distribution law.
 

d) For each duration the rainfall intensity with recurrence in

terval of 2, 5, 10, 20, 50 and 100 years has been calculated and
 

adjusted to the following type of curve using a linear regres

sion:
 

1
 



I = aD b 

where:
 

I - maximum intensity (mm h"')
 

D - storm duration (min)
 

a and b - constants
 

Correlation coefficients > 0.99 were observed for all cases.
 

Results for Lisbon and Vale Formoso for recurrence interval of 2
 

years are presented in Fig. 1. It can be noted that for durations
 

grf ter than 60 minutes rain in Vale Formoso shows intensities
 

smaller than that in Lisbon. For shorter durations the opposite
 

was noted. This behavior was observed for all recurrence periods
 

studied. 'The IDF curve indicates that there is a remarkable dif

ference between rainfall erosivity at the coast and the inland of
 

Portugal.
 

1.2 - Time distribution of rainfall in storms
 

For all storms cumulative rainfall vs. rainfall duration, both in
 

a dimensionless form has been plotted. Each storm has been clas

sified into one of 4 quarters, according to the quarter in which
 

most of the rainfall occurred (Fig. 2). For the 262 storms
 

studied we noted that the 4 types of storms had an equal occur

rence. Hence, this type of rainfall classification was ccnsidered
 

as non useful in rain erosivity studies.
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2. The Universal Soil Loss Equation (USLE)
 

2.1. Vale Formoso Erosion Center
 

The Center is working since 1960 and is equipped with 16
 

erosion plots of 20.0 m long and 8.3 m wide. Slopes of the plots
 

ranged between 10% and 20% and orientations from East to South-


West. Various cultivation sequences were studied (Table 1).
 

2.2. Application of the USLE
 

The USLE model for prediction of soil loss is the following:
 

A = R K LS C P 

where:
 

"
 
A - soil loss (ton ha 

I year -) 

R - rainfall erosion index (ton ha I year-) 

K - soil erodibility 

IS - phisiographic factor 

C - cover and managiment factor 

- support practice factor 

"1 "1
For Vale Formoso R index of 97.1 ton ha year and a K value 

of 0.44 were used. The ', P And IS factors (Table 1) have been 

obtained according to Whischmeier's methodology. 
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2.3. Results
 

A comparison between observed soil loss and that computed with
 

the USLE is given in Table 2. The ratio between computed ani ob

served soil loss ranges from 32 to 44 for all crop sequences ex

cluding plots 1 and 2 where the ratio is 9.5.
 

2.3.1. Crop sequence: Bare soil (A) - Wheat (T)
 

Plots 1 and 10 and plots 2 and 11 have their crop sequence
 

in phase. The slope of plots 10 and 11 is 16% and that of plots 1
 

and 2, is 10%. The soil loss from plots 10 and 11 was therefore
 

expected to be greater but that was not the case. The observed
 

soil loss from plots 1 and 2 was nearly twice that from plots 10
 

and 11 (T'ble 2).
 

Plots 1 and 2 should present identical soil loss but averages of
 

0.72 and 1.46 ton ha"I , respectively were observed. Plots 10 and
 

11 showed a similar tendency with average values of 0.38 and 0.89
 

ton ha1" , respecC.vtly.
 

Soil loss at the odd years was greater than that at the even
 

years (Fig. 3). This observation can indicate a two year cycle
 

for rainfall erosivity. This was amplified by less cover protec

tion as higher soil losses were observed in plots 2 and 11 which
 

had wheat in the odd years.
 

Plots 7 and 7x differ in their width being 8.3 and 4 m, respec
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tively. The two plots show similar soil losses for most years
 

(Fig. 4). But in years where larger soil losses were observed,
 

the narrower plot (7x) had much larger values than the second
 

one. The soil loss averages were 0.17 and 0.42 ton ha'I, respec

tively.
 

2.3.2. 	Crop sequence: Bare soil (A) - Wheat (T) - Barley (S) -


Wheat (T) - Pasture (P) - Pasture (P)
 

Greater soil losses occurred at the wheat years (Fig. 5).
 

Plots 9, 12 and 15 had wheat in the odd years and had an average
 

soil loss of 0.4, 1.1 and 1.11 ton ha"I, respectively. Plots 8,
 

13 and 14 had wheat at even years and gave an average soil loss
 

of 0.10, 0.29 and 0.49 ton ha "1, respectively. The differences
 

can be related to different slopes and crops in each year.
 

2.3.3. 	Crop sequence: Wheat (T) - Barley (S) - Wheat (T)
 

Plots 3 and 4 and plots 5 and 6 had their crop sequence in
 

phase. Soil losses fo.: the 4 plots show a relative variation,
 

0.53, 0.61, 0.46 and 0.33 -irn ha"1, respectively (Fig. 6).
 

2.3.4. 	Crop sequence: Wheat (T) - Barley (S) - Wheat (T) 

Barley(G,grains)
 

Greater soil losses occurred when wheat was grown. Plots 8
 

and 9 had wheat at the even years and plots 12 and 13 had wheat
 

at the odd ycars. Consequently higher soil losses were observed
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in the latter two plots (Fig. 7). The deleterious effect of wheat
 

on soil erosion confirmed with the results from the other crop
 

sequences.
 

2.4. Calibration of the Universal Soil Loss Equation (USLE)
 

From the results obtained the following can be concluded:
 

I. The USLE overpredicted soil loss by tenfold.
 

II. The ratio between computed and observed soil loss varied by a
 

constant for each crop sequence.
 

III. Rainfall erosivity varied among years, especially between
 

odd and even years.
 

Studying the various factors of the USLE led to the conclusion
 

that the rain (R), soil. erodibility (K) and cover and management
 

(C) factors are the most sensitive ones. It was decided to con

centrate on the R factor and thus to apply the USLE on a
 

rainstorm basis rather than on an annual one.
 

Data collected in the Vale Formoso Erosion Center were used for
 

this study. For each storm several erosivity indexes were calcu

lated. A good agreement was found between E130 and storm volume
 

and storm duration. Comparisons of calculated results and soil
 

loss data for different storms resulted in poor correlations.
 

Consequently, the R factor was corrected using two coefficients
 

as follows: aRb. The "a" ahowed a large variation from storm to
 

storm but the" B" remained fairly constant.
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Slope, Aspect, and Phosphogypsum Effects on Runoff and Erosion 

M. Agassi,* 1. Shainberg, and J. Morin 

ABSTRACT on the ground depends on the angle of incidence 
The effect of slope, aspect (windward vs.leeward), and phospho-

gypsum (PG) application on rain amount, runoff, and erosion from 
a Grumusol soil (Typic Chromox.-rert in Israel) was measured in 
small field plots (I by 1.5 m) exposed to natural rainstorms. The 
amount of effective rain on the slopes, as measured with small rain 
gpugeswithorificesinaplaneparalleltotheslope, ncreased slightly 
on the windward aspect as slope Increased to -58% and decreased 
thereafter. On the leeward aspect, the amount of effective ruin 
droppedsteadilytohalfofthemeteorologlcalrainataslopef 100%. 
The amount of runoff was not affected by slope on the windward 
aspect but decreased sharply on the leeward aspect as slope in-
creased. PG releases el-ctrolytes into the percolating and runoff 
water, prevents dispersion of the particles at the surface, stabilizes 
the soil structure, and reduced soil erosion. PG applied at 5Mg ha-' 
reduced runoff to about 25% of that Inthe control and reduced soil 
loss to I to 3%of that Inthe control. The dramatic effect of PG on 
erosion Increased with slope steepness. 

OILS IN SEMIARID REGIONS are chara-,terized by 
poor structure and relatively high .,odicity in the 

soil profile. A major consequence of the lack or non-
stability of aggregation is the tendency of these soils 
to display rapid surface sealing during rainfall, which 
induces excessive runoff and soil erosion. 

Breakdown of the soil structure and formation of a 
sea. at the soil surface are enhanced by the impact 
energy of the raindrops and the low concentration of 
electrolytes in rainwater (Agassi et al., 1981, 1985a). 
Agassi et al. (1981) proposed that seal formation is 
due to two complementary mechanisms: (i) physical 
disintegration of soil aggregates caused by the impact 
of water drops; and (ii) chemical dispersion, which 
depends on the exchangeable sodium percentage (ESP)
and on the electrolyte concentration of the applied 
water. 'A hen water of high electrolyte concentration is 
used, chemical dispersion is largely prevented and a 
seal with high permeability is formed, mair!y by the 
physical mechanism. 

The beneficial effect of surface pplication of PG in 
maintaining high rain infiltration, reducing runoff, and 
preventing soil loss has been demonstrated in the lab-
oratory (Agassi et al., 1982, 1985b; Kazman et al., 
1983; Warrington et al., 1989). When PG is spread 
onto the soil, it dissolves and releases electrolytes that 
prevent clay dispersion. By preventing clay dispersion, 
surface-applied PG increased the permeability of the 
seal, tripled the final infiltration rate of a Typic Rho-
doxeralf, reduced the amount of runoff by 50%, and 
reduced erosion to 10 to 40% of that in the control 
(Warrington et al., 1989). 

The intensity at which a given rainfall is intercepted 

Agassi and J. Morin, Soil Erosion Research Cenier, Emcq Itefer,
.Wc, and I. Shainberg, Institute of Soils and Water, ARO, The 
'ucani Center, P.O.B. 6, net Dagan, .; .l. This work was sup-

ported by US-Israel CDR Project no. C7-036. Received 14 Nov.
1988. *Corresponding author. 
Published in Soil Sci. Soc. Am. J. 541 102-1106 (1996J, 

(Sharon, 1980; Sharon et al., 1988). Intensit , is greatest
for rainfall perpendicular to a surface, aid decreases 
to zero for rain falling parallel to it. The angle of in
cidence depends on the position (i.e., both aspect and 
slope or gradient) of the ground, relative to the direc
tion from which rain is falling. Thus, for a given di
rection of rain, the proportion of rain actually inter
cepted on the ground will vary with aspect or slope,
or both. It is this quantity that is significant in rain
dependent processes taking place at soil surfaces. 

Because soil slope and aspect influence the amount 
of rainfall intercepted, they should also influence the 
amo',nts of runoff ard erosion. Our objectives were 
to (i) study the effect of slope and aspect (windward 
vs. leeward sides) on rain amount,runoff,and erosion 
from a grumusol soil in small field plots (1.5 M 2) ex
posed to natural rainstorms and, (ii) study the effect 

of PG, as spread onto different slopes and aspects, on 
runoff and erosion. 

MATERIALS AND METHODS
 
Geography 

The expernental sites were in the northern Negev of Is
raelnear Kibbutz Bet Qama. The soil type was Grumusol 
(T;pic Chromoxerert), with 48% clay, 25% silt, and 27% 
sand. The average cation-exchange capacity (CEC) was 37 
cmole kg-' and ESP was 18. The CaCO3 content was 13.4%. 

Avorage annual rainfall at the site is 265 mm, with a CV 
of 381/6. This is meteorological ra;,ifall, without taking slope 
or aspect into account. >:50% of the rain comes from a nar
row section of ± 20 to 250 around the azimuth of240' (dom
inantly west-southwest winds) (Sharon etal., 1988). With 
these prevailing winds, rain falls mostly at a steep inclina
tion. Resultant angles of 40 to 60* (from the vertical havebeen found in rainstorms with a wind speed of 10 m/s
(Sharon, 1980). The effective rainfall actually incident on the 
windward (western) and leeward (eastern) sides of sloping 
ground deviates widely from measurements of meteorolog
ical rainfall made in conventional rain gauges with a hori
zontal orifice. 

Runoff Plots and Instrumentation 
Runoff plots (1.0 m by 1.5 m) were constructed at two 

sites, 2 km apart. The first site was or a natural wadi wall 
(Fig. Ia). The prevailing aspect of the slopes at this site wzs 
the southwest (essentially windward). The runoff plots were 
constructed on natural consolidated undisturbed slopes of 
12, 31.5, and 65%. The soil at this site is variable, with ESPranging between 10 and 20. For a second site, we chose a 
nearby roadcut (Fig. Ib). Slopes of 8.7, 57.7, and 100% were 
constructed at the roadcut site on the windward and leeward 
aspects and well-mixed undisturbed soil from the wad, wall 
was used to form the uppermost 5-cm layer on the roadcut 
slopes (Fig. lb).

Two soil treatments were applied: bare untreated ground
(control) and PG spread onto the soil surface at a rate equiv
alent to 5 Mg ha '.The soil surface at the undisturbed wadi 
site was cultivated just enough to break the previous crust, 

and then was smoothed by hand. Each treatment was rep
licated three times; thus, the number of plots at the roadcutsite was 3 slopes X 2 treatments X 2 aspects X 3 replicates 
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Table 2. Effective rain, runoff, and soil loss from 1.5-m field plots on disturbed Grumusol soil at the roadcut site (windward vs. leeward 
slopes), with and without phosphogypsum (PG)treatment.t 

Date of T 8.7% slo' 57.5% slope 100% slope 

rainstorm Treatment Rain Runoff Soil loss Rain RunoT Soil loss Rain Runoff Soil loss 
-mm - 8 mm i-m '- mm mg-

Western aspect (windward) 
S Jan. Coetrol 27 15.8 110 28.5 11.0 200 23.7 3.9 40 

17Jan. 
PG 
Control 73 

2.5 
44.2 

0 
410 82.0 

2.1 
35.0 

0 
1130 78.0 

2.0 
t 

0 
S 

3 Feb. 
PG 
Control 40 

9.5 
26.6 

10 
200 44.5 

9.3 
35.8 

30 
1600 41.2 

5.0 
$ 

0 

18Feb. 
PG 
Control 56 

10.1 
46.7 

10 
310 60.0 

9.8 
44.5 

20 
2000 51.5 

6.7 80 
t* 

24 Feb. 
PG 
Control A7 

13.3 
37.2 

30 
400 53.0 

10.1 
42.' 

10 
1000 51.3 

10.1 
* 

0 
: 

Total 
PG 
Control 
PG 

243 
12.2 

170.0 
47.6 

20 
1430 

90 
268.0 

14.5 
168.0 
45.8 

0 
5930 
10 

245.7 
12.2 
-

36.0 

t0 

90 
Eastern aspect (leeward) 

SJiam. Control 27 12.8 170 23.2 6.6 30 18.0 1.2 0 

17 Feb. 
PG 
Control 70 

1.8 
45.7 

0 
1000 50.0 

1.4 
14.7 

0 
160 27.0 

1.6 
4.5 

0 
I0 

3 Feb. 
PG 
Control 41 

12.4 
29.9 

50 
380 33.5 ),.1 

10 
160 20.7 

2.2 
3.6 

0 
170 

18 Feb. 
PG 
Control 57 

7.9 
44.0 

10 
350 51.7 

5.9 
24.3 

10 
370 39.0 

2.9 
9.6 

0 
10 

24 Feb. 
PG 
Control 46 

9.4 
38.6 

10 
410 33.8 

6.5 
21.2 

10 
210 20.8 

5.1 
7.4 

0 
20 

Total 
PG 
Control 
PG 

241 
9.4 

171.0 
40.9 

0 
2310 

80 
192.2 

3.9 
83.9 
23.2 

0 
930 

30 
125.0 

3.9 
26.3 
15.7 

0 
21,0 

to 

t Results are means of three replicates. The standard deviation values were always <10%of the mean value. 
l Landslide. 
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Fig. 2. Effective rainfall during the rainy season asaffected by soil a: slope, aspect (western or windward vs. eastern or leeward), and 20 - Isrunlocotion (wadi or consolidated soil vs. roadcut or disturbed soil). o --t.O .. e 

The wadi site was windward aspect only; the other two lines showI0 I 
roadcut data. 0 10 20 30 40 5o 60 70 80 90 100 

SLOPE (%)
Rainfall Measurements Fig. 3. Percent of runoff from effective rainfall during the rainy 

The total depth of rain measured with standard rain season as affected by soil sILpe,aspect (western or windward vs.hhorizontal orifices at the wadi and roadcut easter.t or leeward), location, and surface treatments (with or withgauges with hout phosphogypsum IPGI).
sites was 240 and 249 mm, respectively. The amount 
of effective rain on the slopes is presented in Tables
I and 2 (for each of the single storms) and in Fig. 2 rain was pe.pendicular to the soil surface, because at 
(for the total season rainfall). It is evident that the grcater or lesser slopes, the effective rain decreased.
effective rain is a function of both slope and aspect. On the leeward slope (eastern aspect), the amount of 
As noted above, the dominant wind direction during effective rain decreased continuously with increase in 
rainstorms is from the west-southwest, and so the slope. At slopes of 57.5 and 100%, the effective rain 
amount of incident rain ishigher on the western than dropped to 0.77 and 0.50 of the meteorological rain. 
on the eastern aspect. The maximum amount of in
rident rain on the western aspect was at the inter- Runoff Measurements 
mediate slope (57.5%). It can be inferred that at this The amounts of runoff (mm) as a function of slope
slope on the windward (western) aspect the incident and treatment for each storm at-the two sites and the 
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Fig. 4. Soil loss dusfng the rainy season as affected by soil slope,
aspect (western or windward vs. eastern or leeward), location (dis-
turbed soil at the roadcut site vs. consolidated soil at the wadi 
site), and suface treatments (with or without phosphogypsund
IPGI). For PG on disturbed soil, the upper line shows the wind-%-,ard aspect, and the lower line, leeward, 

two aspects are presented in Tables I and 2. The frac-
tion of runoff (from effective rain) as a function of 
slope is presented in Fig. 3. The following character-
istics should be noted. 

I. 	On the windward aspects, the net effect of slope 
on runoff was small because of an interplay be-
tween surface sealing and surface erosion. The 
percent of runoff increased with an increase in 
slope on the consolidated surfaces, whereas it de-
creased with an increase in slope on the disturbed 
surfaces. Averaging across both surfaces, the per-
cent ofrunoff in the control treatment was -60% 
of the effective rain. The high runoff (and low 
infiltration) was due to seal formation at the soil 
surface (Agassi et al., 1981). Similarly, the impact
of raindrops, combined with the low concentra-
tion of electrolytes in the water and the inherent 
low stability of the soil structure, caused the in-
filtration rate of another Grumusol to drop to 
equilibrium values of 2 to 3 mm h- after 75 mm 
of simulated rainfall (Agassi et al., 1985a). With 
an increase in slope, runoff increases because sur-
face storage decreases. However, soil erosion also 
increases with an increase in slope, and the seal 
at the soil surface is eroded. A high rate of seal 
erosion leads to increased infiltration and de-
creased runoff(Warrington et a'., 1989). The net 
effect of the two opposing procsses was that run
off was affected only slightly by slope. This was 
true for the treated as well as the control surface.

2. 	 The effect of PG treatment on runoff percentage 
was pronounced (Fig. 3). The percent of runoff 
in the PG treatments was about 15%, which was
one-fourth of that in the control. It 	has been 
shown (Agassi et al., 1982, 1985a, 1985b; Gal et 

al., 1984) that PG reduces surface sealing by rais. 
ing the electrolyte concentration in the solution 
at the soil surface, thus reducing the dispersion
of soil clays and t.,eventing the formation of a
washed-in layer. Since the seal forms more slowlyand is more permeable on soil surfaces treated 
with PG, runoff is reduced. 

3. 	 Differences in runoff between the consolidated, 
undisturbed slopes and those from the disturbed 
slopes were small (Fig. 3). Since seal formationdetermines the rate of infiltration and since seals 
formed at the surfaces of both disturbed and consolidated soils, the properties of the soil under
neath the seal affected only slightly the rate of
infiltration. 

4. 	 The amount of effective rain on the leeward side 
of the dominant wind (eastern aspect) decreasedwith slope 'Fig. 2). At this aspect, the percent ofrunoff from effective rain decreased sharply with 
increasing sic,pe,from 70%at 8.5% slope to about 
20% at 100% slope (Fig. 3). The low ialues of 
runoff from the steep slopes suggest that the sealwas not fully developed on the leeward aspect.
In a study of the effect of impact energy of rain
drops on seal properties of a loess soil, Agassi et
al. (1985a) found that the impact energy of rain
drops is essential for seal formation and when 

rain without energy was applied, high infiltration 
rates were maintained. In the leeward side of thedominant wind, both the amount ofrain and the 
impact energy of raindrops were low; thus, a seal 
with high permeability was formed, and the per
cent of runoff was low. 

5. On the leeward aspect, the relative efficiency of 
PG in preventing runoff was high at the gentle
slope but diminished as the slope increased. The 
beneficial effect of PG was most pronounced in 
dispersed soils exposed t . beating action of 
raindrops. As the impact oi. indrops decreased,
the formation of the seal decreased and the ben
eficial effect of PG was less pronounced.

6. 	 Finally, it should be noted that no runoff data 
are available for the control treatment of the 
100% slope on the windward aspect. Total col
lapse of the surface layer with localized landslides 
took place in the three replicates ofthis treatment 
(Fig. lc). Conversely, no landslides occurred in 
the PG treatments in spite of the fact that more 
rain infiltrated this treatment than the nontreated 
plots. It seems that the low concentration ofelec
trolytes in the rain and the dispersivity ofthe soil 
(high ESP) led to soil slide. When PG was spread 
on the soil, the relatively high concentration of 
electrolytes in the soil solution prevented cla)
dispersion and soil slide in spite of the greater
rain water percolation. 

Soil Erosion 
The effect of slope on soil loss for the two sites is

shown in Tables I and 2. The effect of slope on the 
season soil losses is presented in Fig. 4. The following
should be noted: 
1.On the windward aspect (Table 2), increases in 

slope had a dramatic effect on soil losses. The 
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effect of the topographic taetor (length X slope) 
was quite similar to that calculated by Wis-
chmeier and Smith (1978). There was no significant difference in soil loss between tile disturbed 
and consolidated plots.

2. Treatment with PG reduced soil loss dramati-
cally (Fig. 4). The eflect of PG in reducing erosion 
increased with slope steepness. At the gentle
slope, PG treatment reduced soil losses to 6 to
10% of that in the control, whereas at the intci-
mediate slope, PG treatments reduced erosion to
I to 3%ofthat in the control. At 100% slope, the
landslide that occurred in the control prevented 
a comparison with the P; treatment. The effect
of P; on erosion should be compared with that 
on runoff Treatment with PG redv'ed ru,:off
front -60% in the control to - 15% in tile tveated 
soil, influenced only slightly by slope (Fig. 3).
Ihcse observations suggest that the beneficial ef-

feet of P(i in decreasing erosion is due not only
to dccrcased runoff but also to decreased sedi-
ment concentration. Similar observations were
obtained in laboratory studies using rain simii-
lators (Warrington :t al.. I989).

3. The effect of P( on :he shape of the soil surface 
at the steep (100%) and gentle (8-7%) slope is
shown in Fig. 1c, and Id, respectively. .\fter i40 
mm rain, thie surface of the untreated soil at the
gentle slope was smooth and the aggregates were 
completely destroyed. Naked white sand grains
from which the clay particles had been removed 
by clay dispersion give the white color to the 
surface (Fig. Id). Soil treated with PG main-
tained part of its original structure, the surface 
was not as smooth, and no naked sand grains 
were observed on the surface. The well-devel-
oped seal at the soil surface of the control caused 
the high runoffand erosion. Increasing the slope
angle increased the velocity of the water flowing 
over the soil surface, and intensive rill and interrill erosion took place. The PG-treated soils
did not develop intensive erosion or rills even at 
the 100% slope (Fig. Ic). It is hypothesized that 
the presence of electrolytes in the runoff of the 
PC; treated soils decreased rill formation and rillerosion. This process, which supplements the de-
crease in runoff, may account for the dramatic
effect of PG in reducing erosion,

4. 	 On the leeward aspect, soil losses decreased with
increase in slope, because of the decrease in rain
intensity (Fig. 2), which was folloed by a de-
crease in the percent of runoff (Fig. 3). As the 
slope increased from 8.7 to 100%, the amount of
effective rain drop'ped to 125 mm (52% of the 
ometeorologica!l rain), the rtnoffdroppcd to 26.3
m010(I 5% of the amount of runoffat 8.7% slope),
and the soil losses dropped to 210 g (9% of the *.
soil loss at 8.7% slapc). A similar relationship was 
obtained at the intermediate (57.7%) slope. The 
similarity, on the leeward aspect, in tite cfciiel of 

slope on runoff and soil loss suggest% that thesetwo processes are related. We can assume that 
the impact energy of raindrops on the sotl surfai, 
in the leeward side of [lie wind diminished venmore than the rain intensity. With the decrease 

in impact energy, both seal formation and soil 
detachment were also diminished. 

SUNINIARY AN) CON(,LUSIONS
The amount ofeflictive rain on the slopes, as meas

ured with small rain gauges with orifices in a plane
parallel to the slope. increased slightly on the western 
(windward) aspect as slope increased to -58% and 
decreased thereafter. On the leeward aspect, the 
amount of efi.ctive rain dropped steadily with slope,
to half of the meteorological rain at a slope of 100%.
The amount of runotffwas not affected by slope on the
windward aspect but decreased sharply on the leeward 
aspect as slope increased. 

These findings are rt!,vant to design and engineer
ing for runoff and erosion control on steep slopes, as
well as site selection for field experiments.

The efli:ct of PG on soil loss; reduction operates by
several mechanism-, (Warrington et al., 1989). First,
PG; spread ,t the stil surlace dissolves and releases
electrolytes into the percola,- gand runoff waters. The 
high concentration of electrolytes in the percolating

,'terslows or prevents the formation of the seal and 
increases the fraction of rain that penetrates into the
soil. titus decreasing the depth ofrunoffwater. Second,
increasing the electrolyte concentration at the soil sur
lace also prevents the breakdown and dispersion of
the aggregates at the soil surface. Stable aggregates are
less transportable by raindrop detachment and over
land 116w. Third, rill formation and rill erosion are
slowed by the presence of electrolytes. Finally, in the 
presence of electrolytes in the runoff water, deposition
ofclay particles from runoff water is enhanced (Ro:C,
1985). The dramatic effect of PG in reducing runoff
and erosion from steep slopes shows the influence of 
water quality and soil properties on erosion. Our re
suits may be applied in stabilizing soil structures with
 
steep slopes. Further research should include other un
stable soils from semiarid regions.
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Abstract
 

Soil erosion increases with slope steepness. We
 

hypothesized that the rate at which soil erosion from short
 

slopes increases with slope depends on the prevailing erosion
 

mechanism which depend on soil dispersibility and rain properties
 

(impact energy of drops and water quality). Soil dispersion as a
 

function of exchangeable sodium percentage (ESP) and water
 

quality was determined by shaking soil samples with distilled
 

water (DW) or tap water (TW). Clay dispersion increased with
 

increase in soil ESP and was prevented by the electrolyte
 

concentration in TW. The effect of soil ESP, water quality and
 

the impact energy of rain on soil erosion while maintaining
 

similar runoff was studied by exposing first the soil samples to
 

DW rain on 5% slope until seal was developed. Then the slope was
 

increased to 35% and the water quality and impact energy of the
 

rain were changed. Runoff volumes were unaffected by rain
 

properties at the 35% slope. Soil losses increased with increase
 

in the ESP of the soil and varied with rain properties in the
 

following order: DW rain > TW rain = DW rain with low energy
 

(mist) > TW mist. In the DW rains (both high impact energy and
 

mist) rills were forned. Extent of rilling increased with soil
 

ESP. No rills were formed in TW rains. Under dispersive
 

conditions (sodic soils and DW) runoff was sufficient to initiate
 

rilling and soil losses increased sharply with slope.
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Soil erosion by water involves (1) detachment of soil
 

material from the soil mass by raindrop impact and/or runofi
 

shear and 2) transport of the resulting sediment by raindrop
 

splash and/or flowing runoff. The susceptibility of the soil to
 

erosion is termed its erodibility. Soil erodibility is one of
 

the key factors, along with rainstorm characteristics,
 

topography, cover and management that determines the erosion
 

resulting from rainstorms. It is commonly quantified as the K

factor in the Universal Soil Loss Equation (USLE) (Wischmeier and
 

Smith, 1978). Several researchers, (Romkens et al. 1977;
 

Wischmeier and Mannering, 1969) have developed equations for
 

predicting soil erodibility values from soil properties such as
 

texture, adhesiveness and aggregation. The USLE K-factor is an
 

average annual value that combines two different types of erosion
 

processes, rill erosion and interrill erosion.
 

The USLE equation also expresses the change in soil loss, A,
 

per unit a::t a, as a fun tion of slope steepness, in degrees
 

A = 65.41 sin 2o+4.55 sin9 + 0.065 (1) 

(Wischmeier and Smith, 1978). Using these relationships, soil 

loss per unit of area would increase nearly 15 times as steepness 

increases from 5% to 30%. 

However, several stlidies of the effect of slope steepness on
 

erosion from short slopes have shown that soil loss from such
 

interrill areas is affected much less by steepness than the
 

losses as expressed in the USLE (Singer and Blackard, 1982;
 

http:sin2o+4.55
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Watson and Laflen, 1986). A slope steepness factor for interrill
 

areas
 

Sf = 1.05-0.85 exp (-4 sin 8) (2)
 

has been recommended for use in the Water Erosion Prediction
 

Project (WEPP) and is supported by the data collected in the
 

field research program (Liebenow et al. 1990). This relationship
 

indicates that the erosion from short slopes doubles as the
 

steepness increases from 5% to 30%.
 

Meyer and Harmon (1989) studying the effect of slope length
 

and steepness on erosion for several soils concluded that slope
 

length and steepness affected erosion most for the more erodible
 

soils where rilling occurred. Warrington et al. (1989) observed
 

that erosion from an unstable and dispersive soil depended on
 

water quality. Change in slope angle from 5 t'o 25% doubled soil
 

loss in a gypsum treatment which added electrolytes to the rain
 

water, but increased by seven fold soil loss for the control
 

treatment exposed to distilled water rain. On the 0.5 m slopes
 

rilling occurred only in the control treatment (Warrington et al.
 

1989). Thus, we hypothesized that soil erodibility, rilling, and
 

the effect of slope on erosion are related to soil dispersibility
 

criteria. When dispersive conditions prevail (dispersive soils
 

with low salt concentration rain) soil losses increase sharply
 

with slope steepness. Conversely, when non dispersive soil is
 

rained upon, or when dispersive soil is rained upon with
 

electrolyte solution, soil loss increases only moderately with
 

slope.
 

/ 
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While soil dispersion has been implicated in reduced
 

permeability and crusting of soils (Agassi et al. 1981, Kazman et
 

al. 1983, Shainberg and Letey, 1984), its effect on soil erosion
 

is less documented. Middleton (1930) suggested that the water

dispersibility of clay might relate to soil erosion, and Miller
 

and Baharrudin (1986) found that a number of southeastern U.S.
 

soils were dispersible by shaking in water, and that a good
 

correlation exists between dispersibility and soil erosion.
 

Similarly Singer et al. (1982) found that soil erodibility
 

increased significantly with the addition of as little as 2% Na
 

to the exchange complex..
 

Soil dispersion depends on the mineralogy of the clay, the
 

chemical composition of the exchangeable cations and the
 

electrolyte concentration of the soil solution (Oster et al.
 

1980). Clay dispersion increases with an increase in soil ESP
 

and a decrease in solution electrolyte concentration (Shainberg
 

and Letey, 1984). Emerson (1967) classified aggregates by their
 

slaking and dispersion behavior, noting that some aggregates
 

spontaneously dispersed in water while others dispersed only with
 

mechanical disturbance. Spontaneous dispersion was later found
 

to occur in soils with sodium adsorption ration (SAR)>3, given a
 

sufficiently low solution ionic strength, whereas many soils with
 

SAR<3 were dispersible only with mechanical energy input
 

(Rengasamy et al. 1984). Soil surfaces exposed to high energy
 

rain are mechanically dispersed and are more dispersible that
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clay at surfaces exposed to low energy rain. The objectives of
 

this study were to measure the effect of ESP, the EC of rain
 

water (DW and TW), and the impact energy of rain drop (high
 

energy rain and low energy rain = mist) on soil erosion processes
 

and the slope factor.
 

ESP of the soil, electrolyte concentration in the rain and
 

raindrop impact energy affect infiltration rate (IR) and runoff
 

from soils (Agassi et al. 1981, 1988, and Kazman et al. 1983).
 

Our objective in this study was to evaluate the effect of these
 

parameters on erosion while maintaining IR and runoff as
 

unaffected as possible by these parameters. Thus we had to
 

develop a less conventional methodology. This methodology is
 

based on the observation (Agassi et al. 1988) that once a seal is
 

fully developed (by applying high energy DW rain until a steady
 

IR is maintained) the hydraulic properties of the seal are not
 

affected by switching to a rain with no impact energy (mist) or
 

to saline water rain. In this study, the soil samples were first
 

exposed to 60 mm DW rain on 5% slope (steady state IR values were
 

obtained in < 50 mm). Infiltration, runoff and soil loss at the
 

5% slope were recorded. Then the slope was increased to 35% and
 

the properties of the rain (energy of drops and electrolyte
 

concentration of the water) were changed and infiltration runoff
 

and erosion recorded.
 

(Al\ 



Materials and Methods
 

A sandy loam soil material (Hamra, Typic.Rhodoxeralf) fron
 

the coastal plain of Israel (Morasha) was used in this study.
 

The clay, silt, and sand fractions of the soil materi-,' were 18,
 

7, and 75%, respectively. The dominant clay minerpa was smectite
 

with some k;:linite. The cation exchange capacity (CEC) was 11.7
 

cmolckg-1 and the organic matter content ,a- 5g Kg-1 . Naturally
 

occurring soil samples with ESP values of 2.2, 8.0 and 19.0 were
 

used for the erosion studies and ESP values of 2.0, 4.4 and 16.0
 

were used in the dispersion tests. The difference in ESP values
 

between the samples of the two experiments is due to differences
 

in sampling time and location.
 

Soil Erosion Methodology
 

Soil samples were air dried, crushed to pass a 4-mm sieve,
 

and thoroughly mixed. Layers of the soil material, .02 m deep,
 

were packed into 0.3 m by 0.5 inperforatrd metal boxes, over an
 

.08 m layer of coarse sand. The sand allowed free drainage of
 

water to an outlet pipe set in the base of the box. The boxes
 

were placed under a rainfall simulator (Morin et al. 1967) on a
 

supporting framework. The slope aiigle of the box could be
 

adjusted between 0 to 35%.
 

The samples were first saturated slowly (- 2h.) with TW from
 

- 3
the base. The composition of TW was Na-3.6 mol m , Ca- 3.1 mol
 

- 3 - 3
 -
m , Cl- 8.7 mol n , EC - 0.95 dS m 1 , pH - 7.3) The samples
 

were then subjected to a rainstorm with DW :..*.
,ing an intensity of
 



35mm h-1 for 90 min. Rainstorm parameters were: median raindrop
 

1
diameter, 2.3 mm; median drop velocity, 6.74 m s- ; and total
 

kinetic energy, 801 J h-lm- 2
 . Runoff samples were collected at
 

regular intervals. The volume of runoff and the mass of the soil
 

it carried were measured. The volume of the effluent was
 

collected and measured at 2-min intervals and the IR was
 

calculated. When steady state IR was obtained (< 50 mm rain) the
 

slope of the box was increased to 35%, the rainstorm
 

characteristics were changed and infiltration, runoff and erosion
 

recorded. The following rain properties were studied with the
 

sample box at the 35% slope angle: (a) high energy with
 

intensity of 35 mm h-1 
DW rain (b) high energy with intensity of
 

35 mm h-1 h-1 
TW rain (c) DW mist at 35 mm (d) TW mist at 35 mm 
-1h . Both runoff and soil losses were determined. Four
 

replicates were carried out for each treatment.
 

Clay Dispersion Measurements
 

The effect of exchangeable sodium and water quality on clay
 

dispersion was studied by using soil samples with different
 

exchangeable sodium levels (2.2, 4.4 end 16%), 
and by using TW
 

and DW. 
Soil samples (13 g) were weighed into 50 ml centrifuge
 

tubes to which 30ml of DW was added. The tubes were shaken
 

moderately by hand for thirty seconds, centrifuged, and the EC of
 

the supernatant was measured. 
If the EC of the supernatant
 

exceeded 0.10 dS m- 1 , the washing procedure was repeated until
 

-1
EC<0.l dSm . This washing procedure removed excess salts from
 

saline samples. The soil samples were then transferred to 250 ml
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plastic bottles. DW was added to the clay bottles to a volume of
 

200ml. to obtain a soil: water weight ratio of 1:15. The soil
 

samples were shaken in a horizontal shaker for 15 minutes at a
 

speed of 125 rpm. Thereafter, the bottles were left to stand for
 

4h. Twenty ml of suspensions were then siphoned from a depth of
 

50 mm, oven dried and the amount of clay determined
 

gravimetrically. The EC and pH of the suspensions were also
 

determined. Three replicates were carried out for every soil
 

sample. In the TW treatments, TW was used instead of DW in the
 

dispersion test.
 

Results and Discussion
 

Clay Dispersibility
 

The amount of clay dispersed (presented as percent of the
 

total amount of clay in the soil) as a function of ESP of the
 

Hamra soil and the water quality (DW and TW is presented in
 

Table 1. As expected, soil dispersibility increased with an
 

increase in the ESP of the soil. A small increase in the amount
 

of exchangeable Na had a considerable effect on the dispersion of
 

the clay (Table 1). Similar effects of exchangeable Na on the
 

flocculation value and electrophoretic mobility of Na/Ca
 

montmorillonite have been reported (see Shainberg and Letey,
 

1984). The large effect of small percentages of Na was explained
 

by a demixing model which postulates that Na concentrates on the
 

external surfaces of the clay tactoids and Ca concentrates on the
 

internal surfaces (Shainberg and Letey, 1984). The preferential
 



10 

adsorption of Na on the external surfaces accounts for the high
 

activity of Na in dispersing the clay tactoids. The data in
 

Table 1 also demonstrates that the electrolyte concentration in
 

the tap water (EC=0.95 dSm -1 ) exceeded the flocculation value of
 

the clay and prevented its dispersion. Therefore, when TW is
 

rained on the Hamra soil with ESP<16 the electrolyte
 

concentration exceeds the flocculation concentration and prevents
 

clay dispersion. Thus, by comparing soil erosion with DW and TW,
 

the contribution of clay dispersion to soil erodibility may be
 

evaluated.
 

Infiltration Rate
 

The effect of soil ESP and rain electrolyte concentration on
 

the IR curves of various Hamra soils at 5% slope have been
 

reported by Agassi et al. (1981), Kazman et al. (1983), and
 

Warrington et al. (1989). Whereas the initial hydraulic
 

conductivity of this soil is very high (-100 mm h-1 ), the IR
 

dropped sharply when exposed to DW rain (< 50 mm) to final IR
 

I1
values of 2.2, 1.6, and 1.6 mm h- for the soil samples with ESP
 

2.2, 8.0, and 19.0 respectively (Table 2). The rapid drop in the
 

IR demonstrates that the Hamra soil, even with an ESP of 2.2, is
 

very susceptible to surface sealing. The increase in ESP from
 

2.2 to 8.0 resulted in a more rapid drop in IR and a decline in
 

final IR (from 2.2 to 1.6 mm h-1). A further increase in the ESP
 

did not change the final IR values. Similar results were
 

obtained by Kazman et al (1983) who postulated that the soil
 

surface was susceptible to very low ESP values because of the
 



beating action of raindrops, which enhanced clay dispersion
 

(Rengassamy et al., 1984).
 

When the steady state IR at 5% slope was reached, the slope
 

was increased to 35% and the soil trays were subjected to rains
 

of two energy rates and two water quality levels. The final IR
 

valnes at the 35% slope as a function of the treatments are
 

presented in Table 2. The final IR of the DW rain increased
 

significantly with increase in slope steepness. This increase in
 

the final IR with slope is associated with increase in soil
 

erosion (Table 2) and was related to seal erosion (Poesen, 1986;
 

Warrington et al. 1989). However, the differences in the final
 

IR at 35% slope among the various ESP treatments is small ( 1.4 

-
mm h 1) and the volume of runoff was considered to be unaffected 

by the ESP treatments. Raining with TW on the Hamra soil at 35% 

slope increased the final IR values (Table 2). These final IR 

values were not significantly higher than the corresponding 

values for the DW rain treatments with the exception of the soil 

with ESP 2.2 (Table 1). Erosion of the original seal and 

formation of a more permeable seal under less dispersive
 

condition explain these results (Agassi et al., 1981, 1988). DW
 

mist also increased the final IR of the soil samples at the three
 

ESP values. The drop impact mechanism does not operate with
 

mist thus producing less soil erosion than rain with DW. However
 

there is sufficient film flow to cause seal erosion thereby
 

increasing the final IR at the 35% slope (Table 2) as compared to
 

the 5% slope condition. Soil erosion was also the mechanism
 

\tI 
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causing the final IR of the TW mist at 35% slope to increase
 

(Table 2).
 

The final IR data presented in Table 2 demonstrated that
 

once the seal was fully developed (at the end of the DW rain in
 

5% slope) switching to a DW rain with low energy or to TW rain
 

with high or low impact energy had only a small effect on the
 

final IR, and consequently only a negligible effect on runoff.
 

Thus this methodology enables us to study the effect of rain
 

properties and slope on soil erosion while maintaining runoff
 

constant.
 

Soil Erosion
 

Concentration of sediment in the runoff from the soil trays
 

at 35% slope are presented in Figs. 1 and 2. Since runoff rate
 

as a function of rain depth (and time) is constant, Figs. 1 and 2
 

- - I ) 
also present erosion rate (g m -2 mm-l or g m 2 min as a
 

function of rain depth (or time). The erosion rate relationships
 

may suggest the mechanisms which operate and control soil
 

detachment. Thus, considering Figs. 1 and 2 the following
 

observations, can be made:
 

When DW mist was applied (Fig. 2) the sediment concentration
 

dropped exponentially from a very high value(150-250g.1-1 ) to
 

1
values <50 g.1- . The increase in the slope from 5 to 35% and
 

the resulting increase in flow velocity and transport capacity of
 

runoff increased transport of the already dispersed and detached
 

,60
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(by raindrops) soil particles which were present at the soil
 

surface. Thus the initial sediment concentration and erosion
 

rate was very high. As the amount of detached particles was
 

depleted, the -rosion rate rapidly decreased. Soil ESP had a
 

significant effect on the sediment concentration and erosion rate
 

(Fig. 2) and on the cumulative soil loss (Table 2). An increase
 

in ESP from 2.2 to 8.0 and 19.0 doubled and tripled the
 

cumulative soil losses, respectively. Also shallow and deep
 

rills developed at the moderate and high ESP levels,
 

respectively. Evidently, the flow velocity and flow shear that
 

was maintained at 35% slope and about 30 mm of runoff in
 

combination with the low electrolyte concentration in runoff and
 

the high dispersibility of the moderate and high ESP soils,
 

caused the initiation and development of rills at the soil
 

surface. The intensity of rilling increased with an increase in
 

the soil ESP. The differences in erosion rates between the ESP
 

treatments 
(Fig. 2) reflect the degree of rilling. Rain drop
 

impact is therefore nct essential for rill initiation and
 

formation. However as will be discussed below, rain drop
 

detachment and sediment transport to the rills contribute to high
 

soil erosion rates.
 

When TW mist was applied, the initial erosion rates were
 

about one fourth of the erosion rate with DW mist (Fig. 2). Also
 

the sediment concentration and erosion rate dropped to < 3 g 1-1 

compared with erosion rates in the range of 15-50 g 1-l with DW 

mist (Fig. 2). No rills were observed in the TW mist. 
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Flocculation and deposition of the already detached soil
 

particles account for the low initial concentration of sediment
 

in runoff (Fig. 2). Since no rills were formed in the TW mist
 

treatment, and since there was no significant soil detachment by
 

mist impact, the erosion rates dropped asympotically to zero
 

(Fig. 2). The effect of ESP in the presence of TW was
 

significant only between the extreme ESP values (Table 2). 
 Since
 

the concentration of electrolytes in TW exceeds the flocculation
 

value of the clay, soil dispersion was prevented as was rill
 

development. 
These results suggest that rill formation in sodic
 

soils depend on flow velocity and water quality. When dispersive
 

conditions dominate (DW) the critical shear for rill initiation
 

and rill erosion is low, rills are formed and soil erosion is
 

significant. When soil dispersion is reduced by the electrolyte
 

concentration in rain water, rills are not formed and soil losses
 

are small.
 

When DW rain was applied, the erosion rate was initially
 

very high and was maintained at high values throughout the rain
 

(Fig. 1b). Deep rills (0.5-0.75 cm deep and 2 cm wide) were
 

observed evea in the low ESP soil similar to those reported in
 

picture 4 by Warrington et al. (1989). Depth and extent of the
 

rills increased with increase in the soil ESP. 
The combination
 

of drop detachment, high flow velocity, turbulence introduced by
 

drop impact, and highly dispersive conditions caused high erosion
 

rates. As the soil ESP increased the soil erosion rate (Fig. 1)
 

and cumulative soil loss (Table 2) also increased. The erosion
 

(
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rate at ESP 19 was 2-3 times the erosion rate at ESP 2.2. The
 

erosion was so severe in the high ESP soil that raining had to be
 

discontinued much earlier than planned (Fig. 1).
 

When TW rain was applied, the erosion rates dropped sharply
 

(Fig. 1) and the effect of ESP was less evident. The initial
 

erosion rate with TW rain was higher than the corresponding value
 

with TW mist due to soil detachment and the turbulence induced by
 

impacting rain drops. However, the initial erosion rate in TW
 

rain was below that in OW mist. This can be explained by two
 

mechanisms: a) the high deposition rate with TW rain diminishes
 

the sediment concentration when compared with DW mist, and b)
 

erosion with DW mist is caused by rill flow whereas TW rain
 

erosion is caused by uniform flow. The difference in transport
 

capacity of rill and uniform interrill flow may explain the
 

difference in the initial erosion rates. Erosion rate initially
 

decreased to a minimum (at rain depth of 10-20 mm) and increased
 

moderately thereafter. The shear strength of the seal that was
 

formed under DW rain at 5% slope was high and controlled erosion.
 

As this seal was eroded, a new seal was formed under TW rain.
 

The new seal was less dispersive, more permeable and weaker in
 

shear strength. Thus the erosion rate increased. Rills were not
 

formed in the TW rain and the soil losses were due to rain
 

detachment and transport capacity of the runoff flow.
 

The cumulative soil loss as a function of cumulative rain
 

for the various treatments is presented in Table 2. It is
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"'
evident that the amount of soil loss (kg m 2 ) per 60 mm storm is
 

a function of water quality, drop impact energy and soil ESP.
 

Soil losses increased with an increase in the soil ESP and with
 

drop impact energy, and decreased with an increase in the
 

electrolyte concentration in the rain. Considering the data in
 

Table 2, it is noted that i) The effect of soil ESP is more
 

pronounced when DW is applied. Use of TW tends to mask the
 

differences caused by soil ESP. ii) In spite of the fact that in
 

the DW mist treatment rills were formed, the amount of soil loss
 

was low and was comparable to the amount of soil loss in TW rain.
 

In the absence of raindrop impact, soil detachment and interrill
 

erosion is prevented and there is no supply of sediments to the
 

rill flow with its high transport capacity. It should be noted
 

that the effect of ESP on soil losses from treatments exposed to
 

DW mist is highly significant. iii) Soil losses in TW rain are
 

similar to those in DW mist. The main mechanism for soil erosion
 

in TW rain is the rain detachment and interrill erosion. The
 

magnitude of interrill erosion in our soil samples exposed to TW
 

rain was similar to the rill erosion in DW mist.
 

The interaction between soil dispersibility (as expressed by
 

soil ESP), rain energy, water quality and slope steepness on soil
 

erosion is shown in Table 3. The effect of slope steepness is
 

expressed by the ratio of soil losses at the 35 and 5 percent
 

slopes. Table 3 also presents the slope ratio effect as
 

predicted by the USLE and WEPP equations. It should be noted,
 

however, that the USLE slope factor was developed for longer
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slopes (>10 m) and moderate slope steepness (<20%) and is
 

applicablity to our short slope conditions is questionable. In
 

considering the intexaction between slope and treatments on soil
 

losses it should be remembered that volume of runoff was about
 

the same for treatments. The following observations can be made:
 

The slope ratio is a function of soil ESP, the electrolyte
1) 


concentration in the "rain" water, and the drop impact energy.
 

The effect of slope steepness on soil erosion increased as the
 

dispersibility (and erodibility) of the soil increases (Table 3).
 

Similarly, when TW rain was applied, the slope ratio was
 

diminished (Table 3).
 

2) When the impact of DW raindrops was prevented (DW mist), soil
 

losses at the high slope were much less than those with high
 

It seems that the supply of sediments by rain
energy DW rain. 


detachment (interrill erosion) to the rills is essential for
 

larger soil losses. This conclusion is supported by the shape of
 

the rills. Whereas the rills formed under mist on high ESP soil
 

were deep, relatively narrow with very steep sides, the rills
 

under rain on the same soil were wider and shallower. The impact
 

of drops eroded the sides and interill areas which resulted in
 

Under mist, rill erosion only occured significantly
wide rills. 


in the bottom of the rills.
 

3) Tap water mist prevented soil losses and rill formation when
 

compared with DW mist even though the volume of runoff was about
 

the same for both treatments. The ability of the flow shear
 

force to detach soil particles from the soil water interface
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depends on the potential of soil particles to disperse. When DW
 

is used, soil dispersion is high and low shear forces (as
 

produced by the short slopes in this study) are sufficient to
 

detach and erode the soil. When TW is used, the flow shear
 

forces in short slopes are not enough to detach and erode the
 

soil surface (Table 3).
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Table 1: 	Annual precipitation, cumulative runoff and erosion obtained from the plots in the field
 
during the winters of 1988/89 and 1989/90.
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