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Introduction
 

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 spacific 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 PA'! 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 #5.
 

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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LSOIL TIIIN()LOGY 101. 4. p. 135 146 . 'renllingen 1991) 

EFFECT OF WATER QIALITI'Y AN!)
 
AM EN DI EN'I'S ON THlE
 

HYDRAULIC IROPERTIES AND EROSION
 
FROM SEVERAl. M nIIT'IRrANI,'AN SOILS*
 

I. Shainlcrg. M. Gal. BLc ID)t.gant

A (G. Irreir.', IEv'or'a
 

D.,Coldsl. Betl [aglnl 

Abstract hIili the m.ecliinicid illpict ii"raindrop,. 

The response of' ,, ik cceitiin orecroiand.%-I-; sii IThe espins515s~iid~liin ii the fin\\ater. StialIirllditjifl wais ditle 

from Port||L'l and Israel to Ich,i tiif! tj tile fir 
sodic and saline \\wHer and it, '.millt A ncd;ll~ls 
rin w,,itlio 'Ile dtonlmilt chn\ ll' al
i ph\,it.'dd.i,,liillio aggHi-c2.Il"e, 


mnineril in the \,I, siirkl c,\\hichi 

k.hillit ,\ hCF , l n1CHteIi'trli ,llillmi s Llc of raindrops .ini
 

oilk, fril Prl ueil the sti LICiuLieC, tOil 
Il. illmpact --


in tile soils from Israel [lie rimi;lilt. the IIipcltlit el ,le lc
sad
 
of ilesoilsdepeCnCd Lb ,l IC_i­oiltile 

lure: it decicisedl Illt Aiill ill fill dipe,ioi whicI deTen,dedHiL.C,S elinuical 

tile ilt lld cliv .l rC. oIi ileilijicraltie lie cla , the
.'olll I 'e"p)Iise A 

of the soils to ,0dii%d.epeItCd (n [1S. and the clectritlte concentrl­
the 'ectrolt oIlcelIrat(ill sall Coil- lion
Ic : 
centratiolls e.cliit It m iil I I\kas 
enolgi topreseilt tle .helcrle,efectlct \Wll the ilplct or the drop. .,as pic­
iii .'Xw'hlllte ble ,tditii (-2t,,) \ 'l %entell, ir \ilen tile ilitillic polyler 
leaching \vithdistilled %',iwas the soilsurfitce. physi­\%aler \ting praLd at 
rain wVatcr). tlhe presence of prillirv min- cal hreakdvwit oi lie aggiregales \iasre­
erals and limetlettermine le ,us. tplibil-diced aMirunoll and erosion were slight. 
ityof ile soils ti sidicilv. The "alcalreis Whln ilhe clectrolyte collcentratltn was 
loess from Israel tie st sUCep ti- hi l.tlile cheiiicll dispersion was smallwas lea , 
bility to sodicity Mid riml aind erosion decreased. col­

hriesix soils \wcre susceptilelil ot ,cal- pard iiih ilhe coitrol. The sminclite soils 
11lg. high runoff and ei L \- Irom Israel %%eremore susceplible to seal­
posed to raili. The soil s irlace was ing than tie kaolinitic soilk iron'tortu­
particularly killerable ti ,ealing Lflie to gal. 
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I Introduction 

The pertuealilitov of it Soil Io w lter de-
pends on1soil texture, ininierilogs. the cx-
changeable sodium percenlagce (I-SP of 
the soil and the salt concelntration 
percolating solution I RI[NKIl 
1978, SIlAINlIh-(; & l:I. FY 
Saturated hydraiilic Lcondiiciit\ 

oI the 

cl al. 
19841. 

OlI(I 
decreases with increase in cIa plus silt 

ShaiIhei,,(Gial Iirreirm , ( iColstein 

1966;). ( )ne oilcctic if Ilhis work ws'as 
1o MNudvthe 1i1C respolnse ol seoerill 
Mlcditerrane.in soils (froni Israel :1id 
Portugal) Iwth rllhsl• ckis Contents and 
clay, nincralouies. to soil sodicity when 
leached s,iih distillcd \kiatcr. siniilating 
rain auter. 

ThI celelI tl FSI'P o [lie infillration 
rate II R) oloils rom Israel w\as studied 
by K,\/ZA\N Ctal. 1983) using distilled 

content in the mil and tends I decrcas,j,lai ater. [liey louiid that1the IR was
with increasing I'SP' aid decrcasing silt much more sensitise than the II ito tle 
COncllentration. hut can be iaintiined FSI' of tile soil. Ihe hi gher susceptilbility
even it highi[SI lc\cls pro\ilCd the cic- of the soil surface to SI' levels -:5 was 
trical conducti\ity I0 of' tile pcrcolat- explaincd hv t1iiee fallctI'dl, IKAZNI \N ei 
ing water is athoi a critical thiresholdl al. 19S. US lI.R & S('IlIRMI lR 1979):
level (QUIRK & S(L'l llIA.l) 9I55. 
McNEAI. & ('()I FIMAN 1l'6l ('oit- (i) leclhanical impact of raindrops
verscl. wiei It\ clctroklte concenii. 

en­
- hlies dispersion in soils \which

lion water \%its appliCd, ian ISI1' saliue lle the potential Ito disperse dile
of 5 %\-isctough t)ocause a toi o "dcs to CXCIiihleb[. sotdiiii: 
of' magnitude dlecreise in the M ' of 71 
Australian soils (MclNTIIR 1917I. 

Seasonal raitiil' IN is iicl o 

arid and seii-arid rcegins \ushere ii-

gation is practised (SI l.\l ll\'l-I 

KAMIhUROV 196t. 1lie clecitrilyte 
conlentration of rain waite.r is \crl Is%. 
and tIus the deleterious effect ol C-

changeable sodium \Nill hie iirc eident 
during the rins, seasoin thia diurifilie 
irriimoti seilson. Nfl.coe'+. solle ir ­
rese sible jcd:i jslion of' tle I'isc;l 
propertes o,1 the soils niav ttke place 
it lo\\ SIP \alues during the ain , sca-

Sol Mtd this daliiige caniiot he rrciiielicd 
during the irigalion scason. 

Most pre%iois studies, oi the cllcsI of 
tsotlution concetiration and soil [SoI' o 

physical and htdrailic properties olso l 
have been done with sIlution coicen-

trations excceding 3 iiinol .1. ( ­
31 !aS ma 1)and o) ,ils %\itl l' \S uiiis 
>10 (US SAI.NI'I Y IAl(IRATII'Y 
SIAFF 1954. McNI:AI. & (C)IhINIAN 

)iiiahsence of1 S•iii particles. ,liich 
slms claN dispersion aid clay i10\+e­
iillii h ahsorlhing tlie inpate en­
oergy oft,.hetII raiilrps. n 
iild 

loss) eook,lectrolvte concentrationiI the 
applied distillld s\atcr. 

At the soil surl'ic the electrolyte _ol­
.'wimitn \%ill rent1uiii I v 1fr soilseen 

Muhich release electrolytes into )tic soil so­
ltiiin. e.g. calcareius soils. It cati thus 
he c tdcl,, Ihat IR %kill lot he inlin­
eiicl o (lie same extent by tile minteral 
tiNsOltlill ile of"at soil as is tile case 
i\itlh IIW. 

(ust hltilltaion is die it two lInecha­
iisii. \I/. a physical disruption of soil 

ifggregaleis catused h\ illlpatthle lction 

o'd indops. oiild a chemical dispersion 
iich depends onl Soil [SI' anid tile Clec­

troltvie concntfeition of applied water 
iAt,ASSl ct idl. 19811. It- soils with low 
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or when 
tileapplied water, chemical dispersion is 
prevented. Thus spreadingIlohsl)hogyio p­
sun P(i). a hyproduct of the Il'rtilier 
industriy, ol the surface of soils antl pre-
vented clav dispersion and maintain high 
IR (KAZMAN elal. 19S31. 

Another ,,,,asreducing seal 

I..SiPs electrolytes arc present in 

ot firma-

WO. PA IM)on tlie IR. runoff and 
erosion lf these soils. 

2 Nhtterials and methods 
S saly soils %%CeCollected in l'oriu 

gal and Israel from regions ilI winler 
lion and maintaining high IR ish til-precipitaion exceeding 351tnun . Aksv 
proving soil structure and aLgregatc sta o tteir plisicl il chicil proper­
bility the soil surface. The of are tial. Whereasat use ties presented in I. 
organic polymers Ipolyacrlalmid, anld [li soils Ironi Israel are oiiig siils de­
polssaccharidesl Ihrirnpr,,hlg soil r Id llfrn ieoliai dulst. tIleIortuguese 
lure and soil pernieahilits has reccutl,, soils are old ild %%erederuscd fron shisl 
been studied (11EN IIUR et al. I ) rocks anld riser deposits. Thus the doun-
SIIAINBIMRG et al. 19)o)). lie c )l ui- tlie Portuguese soilmant cla\y mineral ill 
hined application of anionic polarI- was kaoliiite mixed with illite or since­
;ahide (PIANI) vith clectrolskt" hIAd ite in low, percellages, atl tiledollillallt 
more pronoulCed effect tha t IleelCcICt clay mineral inthe Israeli soils was since­
of either of the two alone illimprosig tile mised with illitc flocs:) or kaolinite 

inliltration (SIIAINlRh(G elitl. I )0mihairai. Siiuilarlv. tie pllI of the Por-

SNI TH11et all. 1990). lhe current in- tlugtuese soils \,as slightly acidic (<7.0. 
terest iln PANI is Ciihianiced I1)

r its v 
price IS3 kg ') and Iow appliution rite 

(20 kg ha 1),ilich makes its pissihle 
use illagriculture econouicalls siahlc. 
The low application rate oflPAN ful-
lowed our undcrslailding of the role ol 
seal lormation in tlctertining tie IRand 
hence the realitation thatl ,ly tilesoil 
surface needs to he treatetL. rather than 
mixing the polsmer %sithlihecentire culti-
vated layer. 

'[le objectives of" this stud, \\,rec 

laOid se soil surface 10Ind nealo the tl *'clav.t disturbance whenand nmineralogy onlthe Il(" rcspoinse sotlutions s crc applied or retnosevd ('mitt 

of sodie soils frot tilte Nedilcr­
rnean region to leachig \it is- eliine e el­
tilul reiiin tomlaig sitt dis- ft f flos tite the initial rate of' (ntr 

(ii) determine the effect of the soil prop-
erlies on the IR of Mediterranuean 
soils exposed to silulaled railuhand 

(iii) study the effect of antendcuents 

'41111€ ll ,ll + i,,+ + I'
,l ,, ,,+t , 


'hercas that tlile Israeli soilIs exceeded 
p1 I 7.0. lie ESI sixsoils wasof tile low%. 
(<3.0). 

3 Ilvdratilic conductivity studies 

Soil colunmns ",ere prepared hy'packing 
10(0 g otsoil into plastic cylinders 50 tull 
i dtiatneter to a hulk density of 1.25 
to 1.45 g ciii lPUPISKY & SIIAIN­
j'IR(i 1979). The columns %,ere inilially 
sctlted from tilehottoi atud kept satl­
rated. A filter paper was placcd on tie 

itsallsoils colllns was mlaintained at 

similar salues hy adlusting the husdraulic 
he.ii ' lie .15oflhe siils in itdisidual 
columnns. was ad.jusled to desired levels 
l1:,1's ahutu 5. I0or 2(0) by leaching with 
f.S \1 Na( l-('a(': soliutiotis of a corre­

-p 



International 
F ccaicae Cla . 

Country S i lion 
­

'la~mlica Sand Sill ( IULt(PH I I . rll Ion Pcrcent M incralo ,. 
Coarse +% Fine",, ",, , iol"", '.kg i 
 . K Mg Na*
 

Porlugal M ira-PA! L1nC xcbojhrcpi% 4-11 155 13 7.2 9 , 2 74 5.1 2.1) K '51.Oi 1llVale -orol.o. V, liThic Rhodow lallt 3 oi1 S2 21.2 9.o 5 27i 51 .5 Ki5 (Ill S 
.Alcro hpld& ~i 56 416 340 1 lhS 10.7 1.9 II 4t-3 K ) l.1(21 . 

lnclu 
 1., i. 


Iracl Ifalmr.a is". clai I picRhodo tJ S5 AI) 'lI0I S) 6, I I I I So i).Ki
H.omrI I s.', ela i I PIL R1 d,1cralt 741) 
 SO 1 .110 I1.7 7. l KI3I ¢.. (.alcic llapi,,cr.ilf 4411 A5) IS.!1 15.7 U S 79 1, Si11 11-1 

K - oo.loic. () (..'. I hlic. 1Siclclc' 
IF1 - ACIk - , relilc peak c...i.c. ic.l1..II .II dif .lclo,2rda? 

ph iTlib. I Soh fI i(ill. I/h,'uii(II AIItilliolgic Al properi 4I Illt soilsusld. 

PFoulkrc Blac " RclmtlXc If I",.)in'.l ''lutoi I hlcnt properties

ii Soll dtiit.i %olunlic 1I " 
 fillal 2 I) 1fdi illedNatcr
i 


.AR 2I SR I1o SAR 20
toI SA 

"
 

g C11 n1 I PH d1C1111C .. 

Mitra - G 1.4i 31.3) 5( I(5 1 004 5,67 O14 
V le Form o 1.25 4211 31 I X) I111 I M i 7 7Xlalade. AL 1.25 4211 11if 71 06

N532 
90 I N)M xi15 o"2 I')7(, 72 (W117 72 (1lIlarnra S,. 90 J J.1 ) 0.9> 112 7. I1+I .2.)14lull Ml 

: 4.9.1Lo 1.25 42.1 9.31 151 11.tIlamra IS,., .5 421.0 
 9.0I 1AXl) t0,,15 ol\4 0 1 

Tab. 2: Physical and chlricalproperties II/ tolmlnIs ill lilt' hydrauilit" l':JIIl (JillSlit' coii (3IC ) incasurt'nllt . 
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sponding sod itnladsorflliO ratio (SARi 
value. l' I W(of' eaih soil .'oltiii oh-
taited with the 0.5 mol,.1. 1 ,olution 
(where the V( is high c'ough Ito Clin-
inate ESP induced It1( dillcrencsl tias 
taken as the *hsc' %lue taly 2). Sub­
sequently, the inliidul columiis i.cr, 
leaLed with solutions of the sai.' SAR 
but of su -cc ,ssi.civdccreainii s It Ciii-
centratiins (0.0 5I aNid (0.01 NI itil 
steady stat cotrditions r IW unl iL 
wee attainled. linal%the colitillnis i..r, 
leached %%till distilled water. ( li i'iiol-

centration iii the effluent of th ilistilled 
wa'at..¢r leaclttetas determinid gi ushict-
rically. In addition pll itd L( ,ec 
InCaSUred. 

4 Infiltration studies 

Soil samples for IR c\perilmnlts 
(<4 ini) \%ere p cked ill 30)) 50) nt 
perl'oratcl trays, 2)) inii (eep. mer ; 
layer of coarse sand. lhe trays iserc 
placed ina 
al. 1967) at a slopCee1' ii", and suhjctCedI 
to either mist or rain ii itli imp tl ccig.
The raini intisity %\as15 ilmiIt . l)is-
tilled water %ias used to siimulhtc rinimia-
ter but, owing to dust inl the ratin siitila-
lot rooln. the actual IA' ol'thc iatcr %%as 
5 ils l i. "l'+vpical iiiechmiicil piraine-
ters of the simulatCd rain wrc: medCLian 
raindrop diameter of 1.9 mini median 
drop velocity of 6.02 m ,i;l Mid t0tll 
kinetic teruy ofi S05 .1 iii It 1 23 
Jim 2. mm . [lie mull' ,¢it er Mid the 
elflunt NOiluMi.s vscre measured. ,iid the 
inliltration rate wit,,calculald. 

Il another series f'cxperliments. pow-
dered phosphoLg~psun \kits sprcid oil the 
soil sirl'iice iat a1rate ii* 5 t It 1 li 
the PAN! trea ieits 4 in of' polyacr , I-
amide IPAI, soliutis with concenlra-
tions o1" 50)0 ppn \%tre spraicd tili te 

"M11li 1M + ,, , l ,,, , i 1 %-J 

sil s'urfac and alloi.,d t) dry. Tlie 
aiionotit o1 I',AM applied wais c(llirilleinl 
to 2)) kg ha '. 1( ati lie ratc of' S 1 i 

&sspreald Ilat tle MNI treated soil slur­
ace prior to the raiti applicatioi. 

,ec l ani iscussion 
cduii 

,h 
Ilie base I ( .lue, of the Soil', using

0.5 I soliutiins oif SAR I) and 20. [lie 
-clati,,c I1I" of the soils in soltions of 

j).)5 NI mld (l.IIIlM at lie snme SAR 
.,i, to,cthi.. with theJpll and R, oI" 

the distilled ,ilur .luciit (t lln.liii­
cut %,)]liteof 200) cnii) ,c presenited ill. 
lab. 2. It is niotedl that the soils clontaill­
ing hilgh perceiluge or ule sand plus sill 
la, Jim, 'bas c It I' cels (,-10 r111i I '. 
lic saiilr, h\liim soils froll Israel h1c 

eceptill "l\high hsc,,, I( ,luics due 
o t lie high prce'llauc uif coarse sand. 

Rep'Laciiu the t.5 NI solutioins of' SAR 
1ainlall-ilnhltorIIRIN,.,ihh \I solutions if1theI)) ((')i satie 
"SAR hid a iniii ll ci'tl un the IIC 
tul tl. Soils tAb. 2). indic;lng that this 
ciiiicitiu;ltioii is enoih III prle fihe 
deltrius eellect ot ISP I0. \\ lien the 

".5\1 solltiois of SAR :0 were replaccd 
\%ill 0.05 I solutions of the same' SAR, 
a slight dcciase inl 'hase' II(' %\is b­
s-r\d llt. 2). ISC rhelited'I'is de' reaseIwa 
iti the dacuollitCnl o' the Sioils as the 
ch Collillt iii.rc CS the decrease in rel­
aiti\C I. was oinrepriituuiiCCnd. When 
the 1.05 NI soilutioins o' SAR 10 and 2)1 
%er recplaced withil 0.01 I sOlulits,i a 
mole pronouunced drop in relative IIC" 
\wts , ,encd, ld the drop increased 
s it i bothlithe inie'l,.c ill lie E 'P and 

increase in cla cotent ol the soils. The 
dlminiant Inlclicanisn which aicunts for 
theiltercase in II(" of' soils inl equilib­
rium %ilhi 1 NI solution is swelling 
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(SIHIAINIIIW , [iY I')s4). Thiis. c the IltctI tai le (' til AIhtlocciti '%.only soilswith Igh contcnt"o' cxpll- dispclsioll is p)ICcitucd llIsiclliie h­
si\e dIIlsN s)show,,etdi , ili i l comSlliclii li i ngdecline i IIC (tab. 2). SNcllini y o' Ca %s If('dcline SII,\INIBR(i & IITIY 

tis OiiIIIIIIlilliicclii Iiil sill 

illsoils incrcrasd i%%li nilcasilie [S I'J4)..-s file lloccilitaiioii iluc of siicc­
and dcrcasing -,ccitiol c coiicciitiiiI tics %,ilhESP' Nt20( is below (0()(3
and, its aIresult. ile size tt ples Mi li ()SIF, t I]. t9,mi, this coicI Itrai­
conduct los Lccriscd and til II .li- tion is .ioiugh to diim 1ih clita disper­
nilinih,,d. Ih ectrccise illI I( ' ti I,,-sion 11a si IIliiint itcrcii,c i I IW.rail soils is ilmore pioiioiiilIccs lini lht I i.+ 
o'[lie lorigtics soils I'ii similar clt. ati20)
conC1tI), hC;iiNC siocciicS ptcdMOiiin.i (I I015 

clayil l Ilite tracio 
(lab. 1). 

lIc rchliuiC II( 
the 0.1 Mtsolutions 
distillcd %Ilcr (I)\V) 
Tlie icsponsc oI lhc 

of htieI,,stci s ils tI, t1 

%crc 'cpilicld \%ill, 
i-c shmn i li.1. 

oils +iricdCtisitCtNr-
ably.Wh.rcas tlic I It of t[i io iotiii-
carcous soils trom Israicl droppcd sharpl
io /ro. illh ilh ISP lcscls, tic IIt( 
the lloncalcaicuuss 

swithl)' (Di,.. it. I scit \%htln siaturaited, 
%\ill[SP -I). tileiclli c IIo tltice hoess 
"W,,siaiiitiiiicd i 17". (fig. I). ie Ii-
SCISilisit oi ilhSod+ic,locs. to Ic;cliinl 

with IA 
Wais. Ill spite o'th high CoitICnt 
o silt, a si/c r'iictionhihii iNconsidcrd 
to \,eakcll theil.itil.c ot, ilc soi 
The ditfcrcit rcspuo c ot'lc six sudic 

I)\
,
soilsIto fil lcachin \%,ilh sii il-

kiting raiissiictI init bc c'xpluinud s 
fl'tlows: The I IC'of soils 55ith (055 soil-

icily([iSP -'201is v io ilic.cr. seisit 
electrolylc cotncctritios ilitilc soil so-
Itltion at the lw rauec ot ciicencitraiioins 

ftI)\,' tltIIn I ' IOCS',Ssoil, 
cc laboiul pole %oluN)%kcrc 

.2 ' dIlSl Iifor ISI' %al­md 0).I 
I. 201ml 4)) rslicciiscl taib. 2 

tntt it'.. I) Iicsc Ft. si"luc,,,s lich ic­
i0'lh 'ois., hIClIStill fioiill i pic+i\.nttiC i tie diss ltioni f'ilititl 

clay tiispclsloii tnd cltoggini of tilc Coll­
dutiig po cs. h 'iiceis ii ti.I' o(lihe
'Oil ii:c,Kiutl tile 
cmisc lwhngeiiii;el 
for dissol ut (Ca. 

Ilichilllil soils 
soilsCrii Ituiiie'i ll I' Isracl rcprcci,,

decreascd more rcitd~i Il!ie. 

It.C h(t be­lic ctlluciil 

Ni scrcs Is a sink
 

iti'chu'e coiasa;Il plaiin 
ilc uthcr .xtrciimc. 

II. I t I icsc soils ii" kum a region witlhan
chiiigc ill I( oltii silt, liit h',s tioni inuitl rmuintill of*W)) iiini. Thc tcxturc 
Isr;icl was lcast al.ctcl lk thc hcicljhim!u ­tic souili, stim., nd tie pcriiicitbil

it ishigh.I t 
pliicc 

Soils di 11001 
lic coltliiiil c 

,
ills icicnt lcaching took 
[lilteJ-lill ol i)sand theicit 

iii 1 ilttincrts. Inu..iistiht 
fycilllciI, ..hllnthisct soils 

\%c lcachtcd %%isIi W, theiit' t tiecI­
iltiucnti droppd to (0.) (I Ildi which is 
culialct to clcrol\c coitcliraiion of 
11.4.nitiol .I. . This conccntration is lic­
it, tie tloccill itii \llic oI,class %tilh 
I' I a 2(0 Ilc clil.\ oispctsc0Md nid 
untd block tice Cuiditii Il pulcs. 

(I lrtzuucsc soill arc iiitcrnicdi­
iic ili licir rcsponse io odic Cond.itionls 
(tig. I itt tah. 2). (tic Miitra soil is

<0(.0(3 NI (SIlAINIII:( et ill.19 
theXl t). tileMost ssu,,'piihlc 1l' ihrcc soils, to

When the elctro. ltc cuilicciuilriluti is he- sdu 'l ilitiois, inid ihieVlc :lrnoru,
low tlhe floccuilaiion saliic ot (lie cN, soil is tile nlost stable uoc. (Ic l (o tl'thc
the clay dispcrscs. nimocs, and block,, )W Cllltilit %\;i, ((.(4 and ()(17 'IS-in 
the coiduting porcs and scals te c soil. lo ticMi ri and V\itll-titrnoso soils,
When the cl:cirlltc conce lration ex- rcsp ctiw ly, I.citching by wrintcr rain 0I1 
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100 P9 -MITRA LOESS HAMRA (18% Clay) 

80 _4. 

40
 

200tc. ~ tc.p otuOo Vp-VALE FORSMOSa0 AL - AL.VALADE HAMRA (8/. Cloy) 

' 4020 1 tsOp .0CA 

80 -1IJ-001 

0 40 80 120 lEO 200 0 , O 80 120 60 200 0 40 80 120 60 200 

Efluenl 6olume (ml) 

Fig. I: Th'lit''11 jI illdtllllljc /I oilc llil~~jl ii ix sv s /Ill=lfii,,; tifl c'/llll 
I 

the Mitra soil was Inare etlielIlt! thall ntl tihe clf thle JR it is e.-In Valto.' Iinlll 

lechding of the Vale lrnloso scil he- ident Ihat hclth tile hanna and the loess
 
use of a lciw p. reelltale or silt alnt are stJlseetihhe Ill sllrlde.e scllillg (lIEN
 
clayin tile tin:lI soil. The ,.\hailade socil
1 II([R et a),19X5).

being an allu1v soil) sl, WhlenItile samoe were sed tol
ial W'asIn. seep- soils cxl,, 

tihic to sodlicivy than tile kaolinitie Vale rain without il-pact energy, the IR ol'tlhe
 
Fornmoso soil. in spite Il"the presellee It1 hlalllrI soil W~asdeterllinedl by tile illCn­
primary minerals wileh di:,sohte readily sitvy lf the Ilist ihg. 2) wileh ildieaties 
(thle F- o1" the elllnlnt ' 551 illIt thle W,.as
11f [i ,oill JR o( thle soil lnldiintained 
0.17 dS'n I). It valutes >35 11111-i .Sillilalrly. tlhe JR 

of tile hless withi h:Si 2. deereased very
5.2 Inlihiratiun rate slighltly .01( gralillaily to finlala IR of' 

3)l iln-h l. It is esident tihat whenll ist 
The IR 0 tie tIl s ils I(rouIsrael, as a w\as alpplied, the Ileelhanieal breakdown 
f'unctioni o1"eulllitie raill. is presenlted ,itSfIl) aggeregates at tile s.oil slurlee :ld 
in hig. 2 a~nd tabh.3. Four treatlllents seal forlllaticll are pres ellted and tile JR 
were applied: raJ!l Ill- iseontrolled by thle I("0f tile soil layereoiltrcci. \ithloilt 

(nmist),
pact energy treatiment it ith ('(I The IR Il" tile soil-; trealted wiith PCG
 
and treatment withiP I' pills P( i.Fro d11 haIropped less rapidIV ly ti aI of tile con­diherapid drop il te R 0" te elnt~l irl, and ile inai R was hiher lug.2. 

a: l0, 
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TreamniA\I 
It It-I- PO 

Cotlrol 	 H ii7 Iimi 4.S 
Rullotft. Itmr 	 53 

sed.l c.olic. "., o112Soil o.. g ill 	 1711 


Pllosphog.pln ('I It ( n11h I S 
RIiuoll. 1nto 	 .15 

>.ec olic. "d ()2l, 

Soil Io-s. g II 11, 


PAM - P'i 	 IIR nI ' I' 

sc. ".1c , II 2 

Soil Io,, g I1 is 

III It 	 -i-ir 221) 

RumonI. mmii 2 

Sod. coic,

Soil Ih.,.Vg 1 

0i 
0 

Fig. 2: 7T in/ilratio, rate (JR) of/it 

/lilP.(2)PGhrinai ( V' andiilos X/ato/ly) exposed I
 
.iniuhaled di.stilh'd
rain water as a i w­tion o/ cuniilatin. rainall.. 

llhmkingp , %% a. 
i1( high .i(ieirg ram ii DW,
 
l1111M V\\rim ,ilh I TIpI.i cnmrg%iirhp .
 

' Itie tlrc.(i li it( t pplicd: 

Illl ho~ph1,11111in n(Nit pr'a,1itile 	 ,i] u~r­
kile' al S1mlinII Im I pr lior o [Ih l 111.
 
I "... (.. 20 kgha it and Ni (5
 

""1I"1 i At tle ,oil 

to Itl inill.
 

h m. 1 tcl rcotl 'iri ".icc. prior 

Ah1.lmidC \'.le IV,
orniio-, Ioc.. Ihiiii


WO" ,.la\) 

I 5 2.0 1.7
 
i2 5, 51,


1)-42 0-11s231 I) 527(I'M4 4160.74
 

S. (111 6.9 11.3 
44 41 35 2s
 

0,17 0.35 0.47 0.54 
11, 151 
 164 152
 

25 2 
 0().0) 7.(0
 
0 2m( 0.211 R 1 0I.1
 

i1 5s I10 7
 

NO 234 31.0 35.10
 
IO0 17.5 5.6 0
 
0 
 i I
 
0| 01 
 01 0 

Tab. 3: Iillration rat, rioll:,// ald ermxin, /mnn Israetli and,/ Porltguese soils (ill 
70 nun rainstorm ). 

so11l IIIIJ elfth~iN A ,'l- h/1t1s)-i (lmliA 
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PG reduced stiriace se.:ng by increasing 
lie electrolyte conc'rtration aitthe soil 

suri'hece. Iln the 11(i treatmenlt soils tile 
seal is slow It) fIorm and is riore perne-
aibl than the seal of the utilteated Soils. 

Application of PA NI in colbinltioti 
with G increased the inliltration of rain 
(fig. 2). Applying PAM raised the finil 
IR of the soils (fig. 2) Iromi 2 inih ' to 
23.6 and 27.3 mtirh I or the loess and 
hlra soils, respectisely. S."imiiarly. PANI 
increased the cumulative inliltratlion of 
tle loess from 14 to 60 min and that o 
the hatmra from 14 to 63 mt. 

The IR ClIurVeS o1ftle soils l'rot Port it-
gal exposed to the sateI trcitnicnts a-, the 
soils from Isracl are presented in lig. 3 
and tab. 3. The I<llowing characteristic; 
may he noted: 

(i) The three soils arc \cry' susceptible 
to sealing when exposed to siniu-
lated rain. The IR oli the three Soils 
dropped sharply to linal IR \;liues 
of 4.8. 3.8 and 5.6 mml Irot fle 
Mitra. Al'alade and\Vale Fornioso 
soils, respectiely. These soi , its c 
in unstable structure s.lii dIpsrse 
readily in spite ol tihe low percent-
age of excuatigeable sodii i, the 
soil samples. The low perceittigc 
of Cly MshicI usilly acts as a cc 
meriting nutetial -tabilizing soil ag-
gregates, the relativel high percent-
age of silt whicti weaken, tie soil 
structure. atid the low percntiage of 
organic tiatter account I'M the in­
slhi lit v of tlie s i l sire ",r a d its 
high susccplibilit.k to. t'llg 

(ii) There was a rtpid drop in I R een 
when itist ,,s applied (fig. 3). I his 
drop itt IR is due 1t the lo% II olf 
tlic:e soils (tab. 2 and hg. I). I ic 
final IR with the mist %\itsmin-
rained at values ranging bet \.ccn 22 

SOI)ILlitilSOO i Al.I;,4t,.h,-11 ,,l, ,J-I I 

and 26111 in compared with ,;a­
ties cXcCed ling 35 in.h for the 
lalra soil. "le silv texture olr the 
Poltuguese soils o as responsible lr 
,he low IR %,aliesoblaitned when 
misted upon. 

tiiil Il'osplhog%pstun wus ellectike in 
stahili/ing the soil surlface of tie 
three %oils Front I'rottiual (flii. 3). 
Ill ,pi of tlie low percentage of 
sodittl in tile exchange complex 
01 thc soil, electrolytes prc\cntied 
elat dispelrsion and seal with lhgher 
IR \;aic \%ia,obtiinCd. 

(i11 I lie IatiCaillt \ith .\NPM-+ N 
\a, quite clleclke int Iailitaitting 
lilgh IRk.P( pr1evseti ted cIv r dis pr­

sion and 'ANI \was cltectike in bind­
tug the soil particles into aggregates. 
[lie final IF of the three soils treated 

ssith I:\M rimcd heI.'een 12 aind 
14.8 nimth 

I\ I 'AI pIt,, PIO iettrnent was mire 
[cincicial on tile sinectitic soils rroln 
Israel. It is also sect that IA\I \\;Is 
less eclei in t lie silts ness thian 
on the soil I8".. clily. Itasliiira hith 
Neis that PA M treatmcits in soils 
rich in -'ohnite and silt are less ben­
clici;il. The interaction between soil 
teturc clay mir eralogy and PANI 
Ircatnciii, iin stabili/iitg soil strte-
Itr shOUll he further studied. 

6 R tm off a nd crosion in Israeli 
and Poartuiguese soils 

ile tinal I R iR . rutoll"(it ninil. sedi­
mici concnItlioii till "..). and total soil 
losses rot the two soils frotn Israel and 
three soils [rom P'ortugal when exposed 
to 7itItiii rainstormii.are sunmarized in 

http:IPropi.vr
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Pi- MITRA 

30 

MIST 

20 

PAM, PIS 

10 PG 

Control
 

0 -- . 

- AL-ALVALADE
 

= 30 MIST 
E 

_ 20 

• -
 P440PG 

Control
 
0 - I I I
 

V,- VALE FORMOSa 

30
 

MIST :ig.3: P I' ihr' /iret, ,wsi(Asrsoils 

20 i (I.1 /fill(t'iol ')/i'llli ijt' li. 
PAM - PG 

Iri.ill % 

10 C mII t rivle(rilnu PGmll. 
Sh. 3. ohse1fi)T_w tili sll 11-1IrIncet l .i( 1t r rto erp o l 

Contirol iiiiI ai I rld' l saI-111(ipr.Id llo soll t Ionl e pfi()r 

0 t I r w t I o hl. 
0p 20 4aiV00 0te l r t L
% I pi, I;l le ,urtldii' h. il ce prioro 

0 420 60 80 100tilli 
Cumulative rain (rmm) 

Pab.3.T ot t'!ta,%%erethe Sinc o0' tileflhlowing osecral 
 soilsfron lor­
made: noOl oath shsir low. initil IR was
 
1 ) T he ri I R ,of 'l iftI s ,rite louw' f mlr d s d ­fi l e li , pt l- ,.rte ) Thc 

(control) %%ere I,:,,,crthan (lie c ,r- high initial runo ll' in life soils frorn
 
jesponding %;lu s 0 1' tileSoils t'-or IPoritigal c-'iipcnlstcdl for tile lowe'r 
Portugal. ('onwirsel,.the aiount of' Jlhd IR i l h o,fil ,,froniIsracl. 
runoll' of'life livesoils, was similar. 

This was titleto thie moioc rapid diop I11The Ioess and haInra soils frotm Is­
in IR (W"the soils I'rom ProtuLal. racl are tauch more erosive than ihe 
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soils
Iroin Portigal tah. 3).'1liesed- between 2.5 and 3.9 only. In the 
ilnent colnceltlrations ii ehriiiioll I'orliiuels Soils tie initial I1(" is 
roln thelhesS andIiIrIhanra %%erc0.94 Itiw (tilb. 21. ihe elect of'wal formia­

and 0.74'.,. respectilel e'llCpared lioi on Ile IlRis not s) psronounced 
with 0.32 .42. Ldimnscl, in th 3 and. accordingl. tihe elffect1l. 

ruIaol" the porIlliitgiese ofl
Iroin soils, szlabili/ing tle soil struclure and 
Accordingly. I'roili preIelliingsoil losscs tile seal oriin..,itiol will he 
loes'; and }ianiri soils. iii 70 mi1 rclatiI ,small. The dillercnces ill 
rainstornims. %%erc 5_7 andI 41(1gm the Cl'Ct of, f':\l treatmllents tii 
colpared \%,ill g-m or soil losses1710231 ' i'l'otileeIk soils is C­
(he PortLtie.e soils. Ilie high cro- plailled inIIh sIIlle \%',.I o\,t eser. it 
sivit,' of the IsraLl Soils is piobabl shoild he Cillim,si/ed ihat although 
(tile It the mineralogs of tlI oil Ile cI]Cet \ illoIfPN% I I Mid 
clays. Whereas the doinillaiil cla Ironilhe soil,iil crosio r of IcrimuIal 
the Isiacli soil IS smuctit \%hiil is is iiiii so prolilmlcc.i alsoI Ite Is­
quite dispersike. the miamt rili Soils,iiie i Cli it is still \el'\ Iiirked and 

Porltig;il 'A\ 
dispersise and less erosie kaolilite. rlliilliild Crosion o.the lorlumuest
The erusioii (Lill are in.' awre soils b1 0.42 RIl anid 1.22 

ill the soilsrI'loil is tihe Ics, pls ( i renielill decreased 

good - (0.2t). ic­
ment wiih the I1Id:mia Itie. If. spcti\el. [lie beliiliciml effcltC o1 

PA.,M iliiplesentling imiil' anld c.mr­
111)PG Seeiis t1bIilmore Cl'ciie s m slmoIIuf be tested n rt i\s\ihill 
 Sion 'l i~udhe le,ied inlIoriugal inl 

the soils Irol Islael. spreiding I'( 
increased the linal I 14 Iflthe Je,,s 
and hlaiiira b\ 3.4 and (i.,. isep'c- V \Vhiemi iaili \%itmout impact enerp' 
lively. The riespecie P(i clect oil %,.iSapplied lillsll. seal \\,ISlot 
final IR of lt1e Soils I'roillPollugal Irnllicd \%eread rllOtlnild Croson \, 
ran ed beit.cim 1.7,' ei\C
mul( 2.31. Silni- sli.,it ill ile Soils. \Iullhinlg the 
larly. the effect. NI(i on Sill IosNC soil indf iniclping IhC iipact if 
WIs more piroliiced oil le Soils aiplllrois the IllostC!e ll. treatl­
f'rom Israel Iia on thos , ii'o liil- ileti or r .diciiig riimiil aliid en)­
tligal
(tab. 31. Again. the IsIrali sin iiild should be pIicticCd LMier­
soils, iibeingIle dipCrsis, eci lle es er prIlclcal 
of' their higher lSP aMid siicClitic 
min llil~~hg,rali \klc,also illoriI'k'Ptlll- M anm riblc .',,ifs ti lie seii- ri re­

Si\reto g)lplil')liiti i ii gilils of' the \oild coillntlin I) 30", elA\ 
mnd-". ecchi~it.eible sodiilm in thle

IVI The dfraiiitic Cflct if I'AM , I'(iupper liCr. 1:lniil i'c'ills sucl I'1\-s 
Irm:mmemt li tIe infilftriio i lll o) siuicit, %Cr iell! iColllc'cd halnulil 
and erosion Iroin tile soilis I fihtfIm'ihm Is- Soil l'il propeitics. lhis simildk 
ral is er\ pri uiiinced. irliltielt dcllilist alcd iathile soil sllrl'ace ex­
with he soil condtion inr cl'iced p sedf to rain uisasp irlicularly iilnerable 
(lie fiial IR of liehsoc 'illdhirini to atire atc disperiim amiifseal fornma­
b'leIh lactis 0f' 1I.S Midi 16.I. bec'C'ilISC Ciliailliclare- i01 ill' iimpact o1 
speclisely\. The'correspindiig \if- railndrop., ;,indthe hi\ i'ic.cmtralion of 
tis for (lie or tLliguese sOils ilinL.ed rliiiClcclrolytes intilet ltr. 

, i l(.
klll Il II' l , \ . . ,. ¢ i .., 


http:ilinL.ed


146 

References 

AG.ASSI. N., MORI N, .1. & SiIAf IN.RC( .1. 
(1985): iilt l 'fdrop iilpic., Cerp ild %i;iit' 
salinity on fie iniilii;Ii lol l ritte of! ....lic ,It 
Soil So. Soc. Aiii, J. 49. IS6 IO 

AGASSI, M., SIIAINIII'Il(, I. & MOIiN, .1. 
(1981): Iliec oi 'icitlrlTI cto1'0lltciil,ili li ill 
%lil I I,%IIIl illfilt Ia, iill I ,I I' . llid k'llit hlillSod It'l. 

n tiilln Sil Sci Slkc \ii1. .145. S4, SI1 
IIEN ilil). %i.. il i . 1iixiNI. IlxKKI-il. 1).

& EEFRFEN, 1 HI'c i it I ll'\llII:ll",ndR. (14)851: , 
( 'it('( ) Clllcill oill aI.CF ll11th l1.i111l111 jl kl'%% ll 

1 

Soill Sit 10 11 1
itlIIltud I l': l ll hI ltr 1l 'ltIII (I'lu 

281 294 
IEFN II1 H, MI.. 1\1i1) .1. Mlx\1 I %1', . 

I.EI 1-A. J. i(l. [(;):k, nir o dSti.11.1Mod111il3.53 xixd" 

un10Dc i X .D 97 ) 1'qk''lltl I, I ',l y'il11"l'll~ 


M AI o .1mlc'. *1 -IIII, IIf
li.I 4 ,\illll 

K S/MlNl. illI 
NItIN i I.. II SLIJ5,1. ~ ( ~ 1 I 1'~ So,u~ ~ A t, .Illi .. 

1 . iI O i.-i1 11.C I E) I i i i. 
,illI 'Hi4 l lN, il 01, lt\li) rit' 

G;%I.. M., \Hk%\\, L.. sill%\ 11l1~W , 1 .& 
KERI' , . 19l' 4) l fw i f l i< ,,; ,'\,lh wt'< 

i 0;,l1,f! l~
,ible N~i Ind pu , 1"i'.'li 
1,111 ti'llM "I SO cl ,il l ,, Ik l 

K I \ .%,. ,1[l llll I. & (, 1 . 
(l19113):1 11coi of1-, I e. ,1c ch ll_..tl . 

talcL ofl \t ll ltl -, ' -dll S,1 .I I I p; 

irildI..t MIi l . iill .1i' it'I ~M elP N.'~ i'lllh~l I IRE, I).S. I 195m11:Pl l11 iC llh \ liic.' lllc-i 
lilt I 'I l 'l L11 1 1.1111, :llh>, i l ll f p I l p i l 

MiillS S .i M illI44 )tS i iil 

,
l V Lr.l & i I l VS. .\.I 1191 6u 1 1. 

led; M. "'Itiilll i~ llp,, llh ll .......1l h\dir.ithti 

MO Rl ISI. ll,. , l '\.till 
q I 7 

Iraill io. ,, l m'i Iot ' IIv. ' 

~ 11 R) I.D. OS~ ~ 1.& If) ~ 
I i tl. I) . I lli . .1d. llii: 'ji, ­

h~i <tt \ill 44.~. i 

Shainlhr,. (;,Ial I-i'rriru,' (,l'l'li 

iil I'ISM, II. & tMtiNiirG, i. (0979): ai,1 

COiL t iilii I i ii. tili 

-I,. Sod So M i ll -. 43. IS, .1
 

xl . ( it' 
of llcil i,:[cil.lllih i ill 'IiiI'It I,i' " 

(i IRK. ,1 , S iI)l, . 11955): 

l'Ii' onl 

I lll.lbihI I ,Mod h iiW I'SSo 
.s1i MiillI . . 1 Hi ,1.

I If ,L I II '10111L otll.lll . I lI ll~i i~i 
&I .. i' 4:I Repi it

AIIII ~lll 
52. Nl 2. I' 

siiili1ii iiiii;, i. (;1(IN, I). & .EN-R
(fi %S % 11. 1 '. 11990l): I1 cc lli' 11 1,011ihllotlIC.. 
,lh p l~ i'll . i tlol I tlll IIlll ,lillallo anld 

N. 

NilhI 1l'l[it1tIl i.Iilt!N..I. & .K %I [ 1111 ,i I. (1976):Nlililmo N tutliiiiitit' liiscs 

ill(i Ii Hi"illl Ii litil 

1~ll d S i 

lc ll II 11.Gill .111dSi fAii . (i\ 

I.111 9 ) I I ,L ll%.m d oide cp a 

1 I(SN, :.,I.xi1 1 I .('I i : i t " . 
Adi l,'i.11i iiiiii l l 

llil \V inc A , lI 
:,- , kLII \2:'," , u b No (1A) i',ili 

ql,) 

ill itt 

I.i.i. 
1..%hllinlii'rl 

',oil mid\ . , 
I). lc Cll 

ulisi 

A ROc]1. 

II 

' l 

l 
O I 

I r ir 

i,1 
-- j od'. 

,otfl ItIII IIh l l cM iIl li~ iiAI iSI 



AppendiX 2
 



S till. IENCE \'.I119.l ,
('Inright - I!)!o I. Vfiiill- & 1" t d'i ot-d , . 

WATER QUJALI'I'Y AND PAM IN'I'ERAC'IONS IN REDUCIGN( SuIFA('I
 
SEALIN(;'
 

I. SIIAINIII(-G,- I).N WAIIIIINGTON: ANI I. Il-NI;AAMY' 

Seals formed itIhe soil siurfiice(lu rinig
rainstorms reduce rain pinetration al d 
cause runoff and erosion. We stud ied the 
effect of surface application of an ininic 
polyacrylainmide (PAM) tit rates of I0, 20, 

-
and .10kg- ha on tiite infiltration rate (11r
of two soils, itloess (('alcic lilaploxerailf) 
and a grumusol ('rypit ('hronoxerert), 
durinig simulated rainstorms. We detlr-
mined the interaction hetween PAM and 
electrolyte concentration at the soil stir-
face under t simulated rainfall of distilled 
water or tap water and hv spreading gyp-
sum. Electrolyles in the soil solutions that 
flocculated the soil t'itenhanced tilehen-
eficial effect of tft -polymer oilaggregate 
stahility lindigreatl redtuced water llosses,.
Complete drying of the polymer-sotil star-
faces improved thie hinding act ion of tilit 
polymer. 

Treatments with 1PA1 under opt intmal 
conditions increase]d the final Ill of the 
ioess fron 2.0 to 2:,5 ntim- and in-
creased rain intakeof an 8l0-ntnt rainslorit 

hliwer saturated ctttiict vhan the*it idttdrlejv­
ing soils. Soil alshave atnitiji(irtant
elect tin
 
niny soilphtioniwni, redcitiig infit ration, int­

nitriiilfani trhi tri iri f '
 
nt"l.I gtrinttittn.
 

i
Seal fornati illoi,i1.vxpii>edi tio rain is (lit 

ot\vocoplentinartr inichatnisins: ( II physical 
tiisitgratitt of Miilaggregaits and t,lit ctit­
pactailn oiitl v the iiptat it tie raittdrops
 
itlthe illirlictl :til( itijial
I'- distersitn 
and in\t eeiniun iof' h-Isvparticles in,,t region of 
<.i- 1 lilalt, lii, soil urfiice. iitere 

-
thivv Ii ilganid i-log lile( titiltidltig pores fiirni 
inl lhhe -'isltei-in" ]avr I(A:;i'ssi (-t ill.1981; 
N I-Iri I9iiSt. 'I'l( c ivi-al titclattist still­

tlil'ittlietpltvha'il uitnti sper t- l 
(i.., iriMdii oils \'ithlow tlectr l'te 

cirmticttratiitns it the soil siltiin). 
Nitirill oc Iriigr ,,iipiilttrs, esltcially 

liliit sitliltiti--. ant tilvsailiarihes, lila • 
ilt 

ipifiritit rile itt irimottiig il tiiatitiintig 
oif struttim-r-. Siie th f1t' 

itili islii 

itiilintiin svn­
from 12.3 tot 61.2 mitn. PANt treatment of ititt lilyiirs hr soilitliiiitit tli evarl
the gruntusol increased Ihe final I1 from 

n v 
I, l. lie ri has lit- n ti siihralli inttiret itt 

-
3.0 in the control to 20.5 it t i ind(theth 
rain intake from 21 .3 to 62. nim.As soils 
from semiarid regions are unsle,stahihl, form 
crusts, and produce muti runoff ( 80' ) 
during rainstorms, tit(, ifPAM to re-use 
duce runoff should he consitlered. 

The lortiatitin tit a -al ;itI h. -,iilorilf e ,i 
e'sleciailv itheact of raindi , 11il a]l,()lt i( I iJini 

as t result i -rinkler irrigai ti A;ir-,iil atil 
M iller 1117:3), i, ;it'ui iIiui ut4t nii ante 
partiiilarla it trek tuu --tiamriil reLi - Sir 
lice s ,i-ail ti i tiu i i tn) iidatiu i 'hin 
:iierid iljv <,rvjler villti-itS, fitter iune . iil 

('li l ilrilIrllil , ,ii Ct ilt,
lht lh 

I ttil t -rl ..it-. -- ,+\1]i>.- idI , \ ,,ltkmll
ill .,i~ '11>,l, 1ii F,lI ). "'I 

Cvni,r POi) ,r1 I It ~ [,ig,irI-rll, 
'fIrv.
v,. 


oll c'+,lll ('llill,lll:nd In th nw­
tinitti (of -lhiliiiig iggretgtl,-. geteril, soillit 

ttiietiiitin-rs w n t lientvfur genteralnor oii 
ilgri-itltital plrliu- \%-here iijiliaiotit tfilie 
l~titighi I er aila reqitired. Io ,lweser.t ilttiers 
ta linbeffectvl v l,-e;i iiltiiritstngi geti s 

hen , it tit-t'u-sirv Ilvt oii liiliie tlieiggre­
gmltetitlIhe, oif urfi'-we.
 

We studied thii- efei Io tl atiuliatioll o fia 

a- i ' 

,iliii- aillia high nilhicilar \weighti iPAMi it 
rilte- i li, a dii kg lii ii tlt infiltrttiun 

1ii,% i''tiri hodroili, itio ic l ilyacryl­

21 l 
rate Ill) lutnig r r . lli niig Brad­
Ii+d' I I!i:;il lhml "-gramiilationl'fl itiv(ill is
 

' ig ii i -,ui ri-tutatir tlti tt leii i i ittitat 
; w n r,Iiitclioi , l thut]c o~ i PlliaitiTt h eIv. t lt, til'ikir1 rquireir ,. 

Ip liili %%iih rniinlHtim t td ro~l
itiin h,('t * ies 
'In iioll,1,,r l,-.r . l,,rk rl w;hlt, plre~a(;ing gv, umiil on the(i i d It\ lpho)lvli I'(i 

31t6i, Autri toil urfuili t f ntihi,tilled \ailerrainlall. PG is 
Ii.u -i~t.l. it fii r, u-u-il I , tf i i hlajr ofiitlhe hp, fi:et,i lthii lertilizer inidustrv 

o1l
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with a dry composition of 97; CaSO and .6' 
P..O,. PG dissolves readily and maintnins ('a: 
and 	 SO," concentratiion ahve 5 iliil-ln ' 
(Agassi et al. 1986). lecause the adsorptiun of 
polyaniin 1)v clay'vmineral, d(ltlit, isoil,,i'lyvlrai-
tion of the cli*ys (Theng 1982), we also studied 
the effect of complete drying biefore the rain 
applicatiotn. 

MATERIAL.S AND METtODS 

We used the air-dried <4-mni aggregates ,l1iI 
typical loess (Calcic Hap',xeralf) frontIet 
Q ama and of a dark hro vn grutm tisol 'ly i' 
Chromoxerert) front Sede Yomv in ttiis st]ily. 
Some chemical and plisical properties (i tit, cliected from utlet pipes -etit titcorners of
soils lire given itl Table I. tie boxe-s, during tte rainstorm al calculated

We packed soiil samphls to it depth oI'2 ii ill 1t IR indfinal IMI.('urves weri' fii ti-e i t ie
30- x 50-cm ierforated metal trays over S MI of Infiltrati i datalI?- > 0.98) tiLsinga Ilortiiian 
coarse sandi(for repilicatti ). We applied typeequation 
PAM treatments Iv s(raing silutins with iLi0 .5 g lit e r ' c n c e n t rat io n Ii d is t i l l ed wa t e~r - I 	- ) . )
 
onto tie soil strfatce itnifornllv. PAM silutions 
of higher concentratiio ti'oild beireiiri,-i lit 
their viscositv was tii high tole ltind-sjrayt-d
conveniently. We applied IIAM soltlions ill 

2.0-liter-in irtitmi equivalint Ito10 kg. 
ha- ',with Liptriiiid -fdrving f I hour)iiilvetti 
aipplications when ncssarv. This methodii f 
applic'ation aIssuret wa~s( halt the( polvi,'iier (,oil-

centrated in the'surice litrviitlit- soil. ('mntrol 
treatments receivedi similar 'ilumu iifdi,tilld 
water 	 instead ' P'AM siilion. Wie studiid 
PAM I reattietils if 0, I0, 21),;til * kg. l ' 
with ithe loess. With tile grumtsiil. wecstudied 
onlly the 0-atild 2(1-kg. hia I.ls.if tllication. 

l l tti'st trtattll 'tis. wi' i i Iv ll ti. isil 
treated with 'AM oiliutions t ilry cipl'til 
liyplinig tiletrays illlite stllnfor 21 h. We 
eviluatted tile effet if complette dirving Iv('-,,tt-
paring this "dry" trtiatitint withi parlial
dried tretatmnt Ili wlich flie soilli whicilt Iny 
for 24 h in the shitile. 

After 	 thi- applicntio of 'AM solution, we 
plaIilced the rays in it rLinfall simulator (Nioriti 
ItIll. 	 1!9671 Lit'i slupe i.5i atid stturated the, 
soil in the frays ;sl v frtm hloIw with tall 
water. At thte endiof tilt,satunrat ion ircess, we 
alluweid the soil to drain atl sujected it to a 
simulated rainfall with Ian intensitv (of8 tot. 

'[he desigtiu rainsttt iipih was 81 ,ito 

lit most stulies ,titille water 1\W) wVaitsused 
to simulate rainwater. Typical mechanical pa­ramtteters it'Iihe ajplied "rain" were: raindrop 
Median diametter = 1.9inLn,iiedian drop velo­' 
t 1.I ; s .1it?,= t - I Iekinetic e Irgy wi' 1 . 

ih-
'i 	 tton\e m t. itturedvoiumer feflutnt, 

, , xp -, 


Vwhere 	 I, is ini tlie infiltratini rate 
I tli- infiiltra tion rate it etquilibrium 
/,amd ,Lre ciitstaits,
1) i tdw amont of'cumlultiv't roifll 

Wt mtasured and analyzi'd tiledetth f'water 
that ('riiilate'd into lht-siil ditring tle aplli'il­
tioit of 811Ilntol i"t*rainfall (c-ihttitive infiltra­
tilth) for t('h souil rae l t'ilhalt;Ili(;spa;*l~ liean 

dliffi rti significantly it tilii, lev'l, using tile' 
Tuky testI IHhhiins ai vIi ly'in (975). 

To studiv Ifti' t'l't of ilthcirilvtiv ctcetnlra­
tinon til, spire-au iivdtrl I'',at;i ratele IR, wte 
if5I tins.a ' over 'he tlie-oid befoire distilled 

rainstorm.wNi,ttr ti'-teid of I)W. we lsi iiseid 
tip ILitt r ITW I(E ( .97, di.iIli ;. SAl = 2.51 
i', a itim il'itrlvte. I two rain simultion-re oI 

i'xpui-riint-nts. W' tiok simlts tifrtnoff' water 
during thir istorm ant nilit'asred t, lt'ctri­
cail cidctiit% IE'.The lt( ith' percilating 
water k'Is a(i-ule r'r'ii tliits(i teasutret'tnts 
(Ag-.,i vt Il. i \Awill ht.hwn,tiA.,I t li ffct 

'11AB-: I 

"Ikg, 1; 

sol Ca-ii -It 4tn ia,,,,ua 

Loess. Canh-icflup- 5"f110 :11,11 19.0+ 1I.0 1,1.5 ,11..0 
[let QaImaI 
( rimusol, 

Ioxeralf 
Tyit'('hr- 32.11 28.0 -itll. 10.4 2105 2..5 

Sede Yoiuv toxerirt 
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of PG and TW treatments on If? was silnihir in the control (i.,., soil nmt treated with PAM) andthe short terna. for PtG-treated soil. From the rapid drop ill theWe determttined the stabilty of the treatnent IR ofi, he cot rol and the low vale if Itewith PAM in slIhsequent storms liv exiisiig t le 

hin 
Ili, it is evidet that tie hess is suisceptible totreated soil samples to three conse'utive storms surfaie sealing."s that contaiin 19' ,IIIYaidwith a drying interval of I %%kbetween rain-

storms. The secrond 
less than 'i orgnic niatter til hav\e ;in ex­

and third rainsturiis were (hangedlle sotilm percentage IE.ISP) if' areof 61) mm each known to le unstable and prone to sealing and 
erustiig (Ben llIr itit al. 1985). The ihipact ofItEStSTit AND ISCI' SSION the raindrops totltined with tie a seice of 
electroltyes ill the rattnwier caused tiet II ifInifiltration stuis the soil to fall fron lh.,initial rate if apipirixi.The data frtm all experiments condcted ire inatel .Si tni ' to a firal IR of 2.) mt -Ii.given in Table 2. The effect of PAM Iapplicatior T Ilit I of ihe s(,il treated withIPt drllled lesson the IR oft he loess is preseinted iii Fig. I fo(r rapidly than that of the onrl, and tithe final 

TAItIE 2 
.. .... 
 h_______Iifiltraiti,,,aind rutflu]f dita 

F eI i I l ,.ug;, FIR.,,5: Y C'I.ru 

tst Storni
 
DW, PAM (t 2.o 1.' i A .t;it:A.0 
 21.3 7i..tDWV, PAMI (10 5Al 29+-1. (.
 
DW, PAM t20) i6, 
 i8, 52.1 , 7..1 .tt 1 .17.6 r ,DW, PANt 1.10) 6,. " M.0'I r.tI)\V, PAM%121)1" .5,2 17.1 78,.3 1 

DT\, PAM (0)) :1.(; 16.8 7!1.4)1) 

TW, PAM (20) 62I, 29.h 

P;. PAM (i) 6.8 3t1:, 1;0.; et 9.7 3l 3 54.6 h
PG, PAM If101 11,.7 19..1 3t.3 tPt;, I'AM (20i 2..5 I,2 l!I.8 j 211.5 62.1 22.1 d 
PG, PAM [.2li 1.9 65. 1 18.1; j
PG, PAM 124)1 11.2 27.A gr.! id 

2nd Storm 
I}W, PAM (0) 2.7 9..1 S1..i :1. 13.9 76.8 a 
M\V,PAM 12o) 1.7 21.0 t;,7 I) 7.5 " 48.2 I) 

PG, PA, ,I ) IA 198 67.01) 8.1; 25.1 58.2 I)P;, PAM 12l11 12.5 :1!1.) :3935.0 c," 9.1 37.5 37.5 c 

:rd Storm
 
I\V, PAM (1 
 2.5 8.1; S5.7 it 31.9 15.:3 7.4.5 it1}W, PAM 1210) 5.0 171; 70i.7 h 

l;, PAM (lt 5.1 I.', 2 71.7 9 5tS 27.9 5:1.11)P(;, PAM 120) F;t 265 7 c 11.8 3:3.t1 -I4h
 
*FIt = final infilratistn rutt-; CI = (ojiiiiii:t- infiltrati,i

' Letters tltte runoiff ignt'is w i ar t ameiit- ii,,ii- triatl-nt, within toins which at tI ,igniti('IIItIv

ifferent at the 5'; li-el itcording Io, th i, lI lttbhm,i unil van It\jin 19751.]'kiy It 

' ]PAM applications in kg. hoi ; 11W = ditilh-dii t (r; ''W - wltr; PG =hl
li I ,Vlisin IS5t,, .i 'I.
 

Incolpleite drin ig Itri-ar liat s 
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Flit. . Ii iltr ti onir te f I m-, as.1it 
cum lative rainfall, tl. h,%l of lA M tl pll 

20, and l-toik l'ha 'Itonier (ist ilhd water (I iand plisphogi mn1i '1;6 tnh [ it rt 

-

70 50 

iiii l o i 
ltioia (l 1) 

riiainiall 
tlls' 

IR %watshigher iFig. 1). I'(; reduced strl*(.e seal-
ing lv raising the eictrilvte icoiceiit ratlOll ill 
lie soltion at thle sioil siirf~ace. I lii reduicin~g

claydispersiOI inld till' fornatio o th "iw;ieshd 
in"' liver (;al et it. 1981; Agassi it al. 19861. 
T hus, in til I(I.treat ,d soils the seal is sh w to 
foirt nit ii s itlire lier nieihlea e tth1li I e sea it IfwV 
ttitreated s(.ik.. 

Allllicatiitn it' PAM incried tie iiiilt ration 
of rain IFig. I). Aillikig 'AM at II), 20, atil 
kg-ha ' increased fill- linal ol the soil ('leahl
2) apllriixinatel telitrefoli. Simnilarly, l'A in-
creased the cu ujtiative iniltratit lie siil hib 
ailm ost four tiniesi it the highest level of aupli .-
cation. A t rites lb ve 20 kg ha L, tIhe elf c t )
additiiinal PAM wits inlsgnifitant tli culrve,tire tnit p~resentedl), iih hiiiiigl tli~ r 

taut'th tuta Iii'i'ti" 

iei'aiise of, tiev dificitltv, experienci'u'iidiring up-
plication, if keeping the PAM in the ulr lavir7)I"the soil. 

The {lranati(. effec(t ,of I:.',I tit co) in tin 
,with I'(; is tilsiu lresetiteul it t F .. ..I e i t IP. . . . . . . . . . . . . . . . . . . . . . . . . . . . w I It ; i s i I s 1) r e s Iiiul'rea-,i'i O 

the final II if the less treated with PAMI, 20kg. ha ', )y i0 tities (Talhi 21. Similarl, runill 
fron ini O-inin rainstorm driplied froni 81.((; 
in the ciintrl Ii itilv18.8'; and OwIntreated with I'AM, 20 kg. h 

he 
. with and without 

PG. reslectivu'lv. it is evhhunt that PANIis touh 

I 

flocculatini value of the clavs (Oster et aii. 1980).
Flocculation of'the soil clay is a precondition for 

cementing and stabilization of aggregates lit
the soil surface (Bradfield 19316).The beneficial effect of PAM on the If?de­
pends upon the application conditions and the 

quality of the applied "rainwater." I Fig. 2 (it
b), PA" at the littmial rate of 21) kghawas applied to lessthe tinder the following

coditions: C'IPANT was sprayed onto the soil 
and the trays ,kre either tinpletelv dried or 
(,li partilull" dried and12)H)W or T\V rainfall 

wias ap)lied. ('omplete drvi:g increasedi the ien­
efit'ial effect of tile )1olnter. It is evident front 

eIt(data givetn in Talble 2 that cotil'hete dryingf th e PA M Tand P (Gtreatm en t more than dou ­
bled t li i al I R n I the c i lit ive infilt rat ion 

vuihte s cmtllpllred with incomitiplete dryine. 

- (.) 

1 
I " I PAiJPO,Dry 

23 

2O 

15Gs 

E ---- -- -- ,----­

a)" 

0o 

35 - ,


",,,'l 

" 
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,o 

. 

iA.,"W 
" .........
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3 0 4 50 80 70 60 
Cumulative rainfall (mm) 

Flt;. 2. Iniltratim ra'e loe.ss itrat(-d with I'AM. 
21i kg lii a'.it lntiuin if cuillative rainfall tiidinore effective in lhe presence of '; tii h <ilo i th draing tltiiia if PAM ( llad the ihctrolyte

sulrface..Minitiarsurfhacivet. jhi'ilotlet~iaiilr" p were )lusirvei ratiun; spead at te osr. tr'ed bI)' 'itil(oi ,ert ill tlii atptiliedl wiaier (I)witvr and IJ\V (lW = tapS hittt t al. I 48.. = di.,tilhed water). PG;re|)re.,oits tret~a-PG Sjiru-ar at t ii rbr'.facigyIc -il with this '. ni it 5 t nohia i;' IAMr p­dissives atd inticrease, the eletroly*jeti' iiiTi'ti- re'ens treittiunui wih liviuryhoaide iioli-r'r it 2)
Iration ili thl ,oil so lutin.s lt value, alive ktkg .ha 
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The effect 94 drying illiireasingl til,iH- ilive infilhratitin
ciency 01' lieV Ii was 1&l inn. As lie,cot..en.Inter illstliili/.ig ili, aggre- tratitn fi t' te ielectr TW exceeds lilt,gates llndIl-tVeilting crust hrinaitlull is txililln- licct'u. 

fl1ti,111vaile u1 tle cly, tlit p t,niler acti efli­alie bY ileti tildingtlieciilitiesl h wten ilt, cetl . as a clnenling agent that sthilzes Ileaniic polh'elect rolyte and the Itatg yVe ctsy soil aggregates, prevent .ei l(Theng 1979). s ullrnitio)n,It is sliggestit :IThat tw andtypes 4i Iniailtains high IR values. The betieficid effectcatit-hridging are restpitisilit fiir tilt, ltltivier (f P;, ctmpared 
with T\W. iltil,
ad>uirlptiotn I'A.\I treat­tigand tilt- ilndi if'ch platlthvt+. in tinlents was siijliar to that with Ito PIAMtihe first typellan nluic gritp treat­
itI thpllpidulner itits. Ilit PGt t(tinteracts with ati 'x'haitgeahh.t'catiotn 

rea t it)))flit prl inifiant
through 'ltitlliitilte
s)il solutiti is ('a ' whereasIwater Inolecult to,, \ illtilan "mittlrsphtre" c(dii- '11%\Na* ant ('a' catitns are piresent ilnsimilarplex. This itutud' ihtIding is Atitatitid ill c n)',))) rati+ tis. Sodium is kintllte tie Si',telll'I'll+ twnto sulstittiless.ii ldiitIct' o at\it it n ti 'l-pottr hloibridging b lin tl i'ikeakmay tm-t-lr lintler detltrattl t',:idi- het'(li tilt)

iri',' lltween tie pli'ner and clay tirlaceticnis. Ilithis instaince. ion anllioic grt(,ii o' thoe (Ihe.Ig 1979".
poiyiner is lirectlv iissitit; Slit ii e ixchange'.Theile ('li till t o rii) ll 

ftitc uhilit( till fte d it "till. tectrIlytes illit l er-splfi rt,"ctiml eh'x.till' l''\suggests tlint it I na v t' e tdcessaryIituer-sphere rb ttilyctitillx htrfil))lhI inlYiike, tiedislacemtetn (.,'r)Ill illterla 
toi;fil] '(; to stilttreaed withIPAN uldert file , t o l it,.bulk natural raili -isrl> slahilizaItit~int( llnlurt t)f'te

s(itlltiti )f l' ri, wlatert'rntln I till h.ll' sillt st ilaggregat s. \Wihetn irri tiltgle liI.h'ttii i chain. Th' risi,talt lgail ill 
witter is applidt't 

tn. hy sprinkler.. IANM ifht %%illprevent seal lior­
trlt '0.3 too .l,iklt it K I hi l;ritI rmlntio Inalinland w tt i, ihiltlfthgli nt
efTecti plti,,n.i ' n adr h I i ddiii~wl+lt. ,ti rlh rtd \%Ilr pe netra tion. "'lt,Iitrat lilt ,gruanust)its trof en ts iiilwkith Iiv'it- art chatiiva\chwhtlr and wilthe Ilhr. llat tyt' rainu ishti rfdavc uh h 'lll ifltlalv,:.The todlh~wingzshould lit prt d it Fig.n~itedt:
v'an der W\aal, hir,n=>.lDr~ing indiic,> int-,r grin usid is less."Ilh- dis.persiv'e than tht,-hies.>.
splhere cionphex 1,)rnzalimil and %;Ili dr \\'aij. The,final 


interac'tions; flis 

lRit Ifit v .>%\;I,howt,rthan that tItut,exlaiii 

I fh,"
mr tlroing te gruinutlidJ the in~iltralim rifle driops mlore 
leadsiot'st)il'ttitto rkIttlai v ii l ' re w 'tcalagglrete,>. 
 i ilt llp \%-thilit ctgtwI+rtrtuintldallve infihtratimiil atili rtiiii-itll resulti\valuc(Table'git,2).aThe t'hectr.d*Iv lecfill PnI'.\\
tiht'lkivts 
 Th'e hig.he~r percentage (Itcla\'which acts
isdezzinslt he til.lfPGy rtulnlllltandi b),lile, 

ats
rate t t'elnifnlingl
material, st~iiiizt,+ ilttit(, aigg.regaites
elfect ififraining n-it T \Il 'ig. 21i I. ' till-t soil s.urfacett'till', gruitsol, .'h ws their(d t 

tratin 4 if
eh'rtr lei l',
T\V
l In llri-.idt'fl IN 
'ahwsilthile c1mte ve r, H ;( rd IlnriA, IIIT lhh,\ ';I, r r tm -t ­fIlw tclhe Ili i -t '"t1.inc re a .in+ll- i 1 4 0 - _ -

Ile it e l'uent (d r ;-iiet' d s il, 1.2t4, 01 2 0. 0 0 0
 
I'o)rISti ',1I' ral wit 5 l' d 11.97,o tl.".
thIfe T \V. 'IllI, iIl -rt;I Cm l (mm)v hItIr-, c(nII-, E 25I%ItI+ration he -rviit
i ill( I'( d '.,illt,,inprtd ',%ill)0 
 ', P
T\V lpartialh' incrv, v i flt-It(explains fill- 20 PAM,O
 
%,alliesi:\gassi
tut;d.198 11. Ill addfhlit tthe

electr dyte tc(i1('tnltroitw 

.0l
 
l effect.,'\+'
'> vt ;It, 


( l[ 
 PC( 
,l| )¢ 'lll(d l ;I I ( IreqltI t, in h-r- t= 

i
 

feewthht
cnlnutytht.-viand nia\at 
as>;I mulch and thus, incr'n,v flit- IlI,,Ift- --ilL 

- Ow 
_
 

bel, theI t lr(,vt ll(l:,1,ll
v+vII l t re-I~ 
 0 10 20 30 40 50 60 70
T\VirsdwPAN I)\ anetl,rt,-lrvn-unl 
00
 

it.in 
 Cumulative rainfall (mm) 
tilstlllrlrtqledhv
:\.! te t>,t t~ T\" +1-
tit( AN te Ft;,t. llni]roij-m rateutratdlv ,Igrinu- ., int 11h1clill 

cr~a ,ed c ('cnnfti"e rinfa;ll.lt'k o11\
infl bv tren.li+h\l.ration -1.5 inin, l n i vit'tbt ( lql ', non ;.and PA:M aqp] liva iti1ill thw PANTx-treatted *) kg.still
the( increase in tcufnu- fli 'I.DW\ di..tilhed
-- kater.
 

http:llri-.id
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breakkd wn "ti lel turiit io ofiia t litilie 
 ill sifiticjeil i lll ti iii's i ) lieh e i h'l iii tiesoii sirtlh e. Therefore, it seal is formedilat tie third stoirm. 
soil sirface. Also, ihe I.SP of the grunmuoIiis TlV fiital I1Rill the PANI tretit melower hIInthiIt jllieofep.Ila il Ii. 

['lie htieltcial elfet 't If ; ot thlie IIit) tie 
grumusol is similar it) that ill tli, iot ,s ill pij(
of tlie lower FI"W of the ruititisol. 'Ile higher 
percentage I , ill Ihe grtiinusl expljil til
r,:sponseofthis stil ito '(;applicatiti IKa. zillli
ell a. 1983). 

PANI, apiliid'it a ratie of 211kgIhi afteri 
'oiplete drying, was (Iilie elh'itittll ill sialtalihz 
ing tie soil aggregates it ihe soil siirhtac, nld 
preventinig sealiig (I'able 21. Whei I A wa,%iNapplied with Pt, its hieilicial eleit %it, itlih 
more pironioiineld. It is evidlnt that lri-ithg liltsofil with) a combinatio i 	 IPA*I and PG( pro,-

duces the Iesi results. For the soil conidiliotner 
to lie elective, the soil clhiv, IIIoi cttinue tob~e floc.culated. P(G di.'ssolution14 tpl it'te ll, 

rainwater thlieet rit iives teetl lItl t l lit-,i' 
Condit ions. 

Aiffoct ,¢ (,..cr Witr,.,w 

The amoulllnt (it' rin (hir1ing, i I . , f-d'll /Ill\ 

ex'eed M(0 init, ult th, rin i i l ('onlII1111'I0s, 
i nd thre iredry peritdti s ltbewt cei r in ,lT i,,Tlhus the question ark ie, to t, hfecllt 4 , lr 

rain and (if (Irv intermil-, Iottwiii rainstorm. ,I'

[ i e e f fic ie n c yof' P A NM :t,a a Ime n itihlu~. ohr i
+M 

ailsd liet tlV ulili r1i9771 s odied i H iitctdrying fo~r period, of!2+1 It, (; ditY. zll~l 1I & 's 

ilr the trustnd ll T heyi l ti'i - thait h It.d,i I 
periods increamid Ow iiill IR hit ltid it,, i-t 
nilh'ilr2t ti us ct h li a pexl11th l I' Their s;itit%%vitsth a t th e ,in c rv a sv t Oth e init il,, Ili, i it, .e 

s eo( n)1ds t o rm1 X, do i (h cm (lk lo r mll nli t~l t h e 
cru s t. A dr in g pe~rio d o f 7 (I v , %%a im u g h to,> tv 
ibr eok O w1( tcr tl t .o1mp l ,J. TJh u , ,. t ,i imle r k~il 

wa+	' s u s ud I 1li u l s t n d 
Tl h e O flect of t hi t(, m 

s to rm s o +ll i n I vaI 
a nod P A M trc i t n ti, , 

nlt h e lov - :r, is | rv t 

lIR a nd1 the ipvrcv n t,1 

mill( H (; tr Ir i( I t , 

. 

c mid a n t l h ird ( m, t cte ti x e 

(i;tH I lw e f i 't v o 'i H' ; 
ill m ain t o in in g, it I l igh I 1p 

l vd tir T a b le 2 . ' l ,HI' fin a l 
-lo f rkj:iiilft ill (,1tc, n tr ,,d 

c1re,%% 
+ 
i I I/ i it I e I I!hr+, 

.'tl+/'ms. PG ,; p.lruaid at a rnit, of _- Im, ,i h . 
('oil Itirtted to hi- t. l Iv, I Iir itiJ1;hI t it! t Ii IIh r l+­
sto)rm1s 120(0 nimp of ratin 1. lit ai a.lutraItedl ,dolion 
the, concen('ltraHtion1 -4 gyV oi):. is- 2 g-hie(r . Ili 

ts (vitIutl

l'(;) staiil tai i
sllit, it) the first, set'itiil,iiiiil
 
third .,tirnms ('l'ile 2), whereas tie runofl ii­
creased sli,'htly itl the thre cotlisecuti i storms. 
It siellis t hat tlie PAN -oily Irealietit %tistilij­

l 	 Imralhe tt th It;-o ly treatetint alitl, similarlv 
llliilltaliie its , t iiliz titon lfects thrttighiut
the thre folrm..
 

!'I' 'ffCliilIIss fttthe 
 AM + '(; treat-

Ilell , 
 t hireet 

thvi ,.,,Ili the third trmi tie tro'ta nt still
 
redliced ruit ,igtificatilk iv compalrison tit
thi v,'p;iritv treattlilt-lt. (her Ih thret, storms
 
:Ie( riloffl' tprieittage 


reid 'dil i l sitirli . Never­

\was o:ii lt;' com;iared
\%ith S'+-Y;1rm th!(, c onrol and 623', and 6;7"' ill
 

the svlmrat trianlnellt, of 'ANI 
 and Nt
 
It i tli 'lv.
 

T I' PA\. mid Nt; tIrv titnivn rv,otc t itit
 

siilarlv tit 

Ilen' theivt il fig,"irvs hor I he storm. were 75';
 
for ith', thl, 


witrllti pettrteltig' the griiiiiisutl. 

lmt ri, 7,5' lttr H ; Irealltmet, iaindV' hor Ilte c,,mnbifmtlitpi ,f PAM anld PG(. 

eru oo I 

TeHtI plclt iht, .lth 
 o 

PAM at 2() k,. ha tit tht. itd ihrtitti rale andl ufl ,4 1 o f n o n +..i n h lc , it, w %,'r y b t l icia l . 

I)r~inIt the p tln r- ,,i t r'f ling the veh(cIr,,I\Tv c,,cnIt rillioin 

llto l rii thit 11ir t ii tii t tI I(, 
t lit, hindinr rt'Il',, r Ith1wp ig 
1 A .ItAt", t l urfaicv.rlvt%it Ith I'( ; I rv a t+ ll l i ohp t im a l ra t evIit­
( 'lr r I l I -,ea;s i d i n i J l ;Ik t t m m,+] , I \%w t o 
th re e ti, th a t o f1tit(- c o ,t t rd . "+;ik fro in ,- llI ­
imrid rv p io it r l ll ta l elha n dl fo ri Iu n 1 va k; t h a t 
I t ,ad~I ti ii ltl ,m'Wr u lll 4 1 d u i n gI O wt 'ii 1m+m t ­

n.m -hl <i, i h h ,r e d u ct io n o tf i l lr lo s , + , h v 
I .+ a n l i t r et 1 . l itt ; e,;i (4 I rmil io r ( it th i s 

...t ,p r o ,\v t ,ohet g r e o;t l y h livn i a f ro m hmit h 
i l nu i c ln 1,co a n m '; i rm riu e t la l ;I, pe) , a n d|1 

h u ld he , nid~ied hurlher 

I-1'.'II .. (I ­
. r~tu..ad . 1i, D F Mh h
IIr. 19 7:1,s, i1111;1.gII lt1 

tile rainl studies )illy -51', >llrilfiolI %%a,d) Agi-.C.,I, 'llhmntwrg.mA+.I ,.rin. 
lil eIPd;thuls 200 in 11 t rain1 di,- o,,k d alpproxi- liltritti+m rzm it.;ld c'rul~t1,mr l im 
nmatelY 2 loll..ha '. anld [it, PG{ w%;I,still prv,vn1t A11. ,1 ,:,,| s' 

firm nf c, b.ir r4'ibutirnt:rtin,,11 unld, 
-oru;,khr ,\ {l+.J Sd \\Val. (' ,, 

iciudti i tain­i+lln.it ',l s<­

, tvstil l t-ali halt 
l'er t ttabilin,;r y 

ct:Ii.nid 

r ni, l -h (ltef 
-;8.171 179. 

I++.l l,' 

S oil S(i S-iv" 
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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 

ABSTRATr 
Tie impact energy of nater droplets from rain or oierhead sprit-

klers can cause a seal to form al the %ill surface. Ihis constitutes 
a severe problem in agricultural lands in the arid and semiarid re-
gions. Spreading a soil conditioner (on(tie surface of the soil and 
providing a constant supply of electrolytes ilia) present seal fl 
matlon. The effect if droplet impel energy and iater qualil on 
infiltration and erosion vwasstudied, using a lank drip-Ispe rain sin-
ulalor, in a sand) toam soil (lypic Rhiudoxeralf) treated isilh an 
anionic polyacrylamide PANI) and phosphog)psunm (1%). Nirt 
kineticenergies (KE)of3-mrn diameter drops "ere obtained h sari 
ing their falling heights. I tie toi qualities if viater "ere distillsd 
viater (IMV) and tap iater (I W), to simulate rain tnd irriga'ii.l
siater, respectiiely. Increasing the impact energ) reduced Ih. ili: 
tration rate (IR), cumulatise infiltration (rain nlake). and .,,'I ,-
sion in all treaimtnts. Addition of PANIin the presene fii 0etrro-
ly)es (either P(C or [V) increased both final IR and clnilatie 
infiltration t) 7- ii 8-fold compared ,iith the controland "sas uctC. 
more effeclit' than PAt, PG, or 1['Walone. I hteP 01 1 e'ec(rol)it

treatment, decreased soil criisiifn u) [loire than oie (orderif vig-
nitude compared voiih tile control. 

~ ~ ~ ~ ~ORNI~A U I!SI a-ilS.snIx)(It.i,SRI 'St o ] su f~cA N 0 ~ F~e a~l ~~~~,,c iipal. 11.0 criil \it%.g e at the soil surlhe. generally ai e ( of ) tif4 .4 , kV uIandsd eschangeahh.n lhit%stud y. sodiunflh percent­e [l.'xlu rc wasF due to tie beating action of'raindrops bitt also 
a result of sprinkler irrigation (Aarstad and Milhkr,
1973), s acommon fealure of"many soils, particularly
in the arid arid semiarid regions. Surface crusis are 
thin (<2-3 mrm) and are characterized by grater den-
sity, finer pores, aird lower satlrated conductivits th 
tie tderlying soil. Soil crusts have i prominntcii tbc
oil many soil phlenmena, e.g.. reduclion of inliltralii 
.Ind increase in runol'(Morin ctl ., 198 1) arid itr-ference with seed germination (C'ary anrrd F als. 1974).

Crust formation in soils exposed to ite healing ac-
lion of'.lling drop; is dtie to IO rlleichaitstiis (,-\gassl 
et al., 1981: MclIntyre. 1958): in)physical disintegraultr
of soil aggregales and their compaction cause(] b\ the 
impact action of drops hiIting [lie soil sil it'c: ai (ii)
a physicochernical dispecrsion and ii itse ni erI of' clay
particles into a region of 0.I(.5-ini depth, whor.ere 
ihey' lodge anid clog he ci icliig pres, lThe firstnechanism is ery ltch determnined by t heKB tf 

drops (Moldenhatier arid Kemper, 1969), while [ltic
second is controlled mainly by the concentratioi and
composition of the cations ii the stoil and ,tpplied
%%ater(Agassi ci al.. 1 1l8 Ka.'nan et al., 1983). li 
Iwo mechinisiirs act si n1. 1tIalleously wiill disiomcgra,
lion enhancing dispersiin. 

,ILJ.('. siitll. oil and Ilrigattin Ries. list . POti lit, X79. ire-itirta (01, RctiIlc iif S01tit1hAINi (ii. I cv. til I Shaiiilcr 
\iIaLii I ( e-

,nsi. ol*Soils and Water, Agitr. Res. ()rgiiti/aiti ht' V,
icr, P.0. tio\ (i. Be,-lDaiali , ,racl ( cnriblllln liii It, rt liprit c()rganialtii. ti- Viiarn t D i lsr 'l .jl.r.E. i199 'rins. RCicised I I ,il I . I(Crf in ii g aulh 

Pubhsecd in Soil Sci. Soc. '\in J, 54 IltXI4+i 11990 1 

()n way of reducing crusting is to improve soi 
structuridand [ggregale stahility at the soil surf ce. Th(
possibility of using organic polymers, and especial!)
PANI. to irnproivc soil strticture and reduce crust for­
latiot has recently bccn studied (lielalia and Letcy,

It Slainberg ct 19()0; Shaviv et al., 1986).188:0.b: al.. 
1 il thertlore, it has been reported that file combined 
applicatiorn of' polr cr and PG (an electrolytic stabi­
/,ri hta innmorerc lpronounced eflet in iinproving in­

tliirion than ei thIer applicatlion alone (Shainberg et
;I]. Iil)ol Siax i% ct aL.. 198i). Current interest in poly­
iis ;is soil conditions is enl0arced by their low price

( kI rand application rate (2(1 kg ha -t, which make
Iicir ttse ili agricilliture ecoiomitcally viable. 

()ir objectivc was to studi, the combined effect of
arhos imripact energies o1 \waler drops, stability of

strlitc aggregates treated with IPAM, and clectrolyte 
cncertntratitinl on sea[l formation and erosiotn. 

MATE IAS AN) MEITHO)S 

A ninic;IllcarciiUts snd, 1Iian soil (Typic Ritodcoxeralo
lioni the cuastal pl;in Oif Israel. with a cation excL loge ca­

1 ,0., ca., 5.0"o sit.ad 

cri Ise\rce kaioltiic aidnrniinmiorilloie.
 

hfihratiin, ritirtlll and erosion were studied using a drip­
iC rai simulator. s itii a 750 h, 600 ini closed water 
Camhr placCd in a adjuslabl-icighli : ridrop lower. Rain 
wias, ncra ted irulthroughhypodermic needls 1- 1000. ar­
ranied i a spacing if 2(1byr 20 mm). Io form a known fixed 
drotplei s/c. I he as, rage \kaicr-drop diameter was 2.97 Inm 

1ista 77.0( isand. oi nnant la lnmw­

an5 iaIt .0 m. Falling hicghts of 0.4, 1.0. anil .6 m wereuscd to Obtain drops ith various ktnetic energies. The ir­pact sc\l ici-si,, lthe drops falling frim these heights were
25. 4.02, and 4 98 ti . 1, respectivels and their corres pond­
i g kiletic cnergics \%crc 3.6. 8.1,1and 12.4 J tim I m 2
 
(Epcnia and Ric/chts, 1983). Rain itensity was rnainainied
 
at 33 riOt Ih ' isit.,j a peristalic purp.
 

At-driid a'grcegaites, crushed :o pass ihrough ,t 4.0 mm
 
si , %%crc packed in 2)0 bv 400 mm iras, 20 mm deep,
 
or i 5-ii ick la cr of Ciarsc sand. Ii tire PAM treat­

rontli- aitonic hls' charge- (20% hydrol ysi.s) PAM with aht_.,h

tliRstl'.n r 20 kg hi i1. -[he PAM solutions with 


hi nol.-cuvla cii (ht I(' g rool ) was used at a rate 
concen­triiti of 0.5 I. 1iscie spracftl on the soil surface in two 

pot it i s itf 2.0 1. each,.it .\lih 1 11of dry'ing in between,
lhctribs ;ssitlurig lhic 'oncnr;irlo iiite polymer at lhe soil 
surl'ac, Thcecalicr. iheitas %scrVallowed to dr-v for 24 h 
hcIx r ratnittng kaiNcotincnccd. lit Ali PG treatments, pow­
dced I'I al ta rate cquiialcnlt to 5 Mg ha I wvas spread over 
the Mill lit' iorior ult rain. Iln iiits strirns, DtW was ap-M1u 
pll li a it ,% i rsd ustcT V, with an elclriealetndilrl\ ii\ (l( )oN(. I S iii Iand a odiur adsorpion ratio 
I,%AR) I 2.ii 

- t-i
lithrit trir rcital lS, ilictra-s were placed inpr

It lhati all tlaitiiiior at a slope (if' 151,N).and saturated with
I W priro to the rainsrtri. During each stori tlre volume(it itll ssater and if wt'r percolating through the soil was 

108.4 
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recorded. Sediment concentration in lierun,' tas ma:-ured by drying, and the amount of soil loss %tas calculated. 
Three replicates for each treatment were perlorned concur­
ren tly.The IR data obtained from tile siloiili te rerin fill r 
analyzed as describedby Les t.:I.l.I, iivt using
regression equation hy Nioni In.aproposed and in(1977). 

RESULTS AN) I)IS('USSION 

Infiltration Studies 
The calculated infiltration curves for the various 

treatments are presented in Fig. I.A coeflicient of de--
termination (R )between paired calculated and rleas-
ured IR values was >0.95 in all treatments. 

The effect of PAM application illcobnntintntilltith
DW, TW, and PG on ti - IR of the sandy loam Stol' 
exposed to raindrops with KE of 12.4 .1 inli I rn-
(falling height = 1.6 .n). is presented it Fig. la. I:\-
posing the untreated soil to DW rain resulted illa rapiddrop in the IR. to a very low final IR valuie ( t.8 lin 
Ih'), indicating that the soil is unstable antI susceptible
to surface sealing. Ben-lfur et al. (,085), who studied 
seal formation in soils exposed to high cnerga,. rain - 2(18.6 J mm I m- ),characteri/ed soils with medium
clay content (-20%), low organic material, and modt-
crate ESP (-5) as tending to furm eals with low
permeability when exposed to )W rain. Our results 
are in good atreement with these ohstrsati'ns and 
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suggest flurther that seals illunstlhe soils call form atlower energies than those used bv lIen-lHfur et al. 

( 1 )i e85 

Itresiit g lectrole onc at ntlait tile soil sur-

PG at fileSoilsurface or 
using TW resoiltted in a more Miodert'teat'rcase in tile
IR and high(.r final IR salues ti,mpared with those in 
the untreated Soil (1-1g. t I. I'hlospiigvpstnl at the soilsurlilee dlssolses quite readil\ during literainstorm 
:a1d releases (ai atnd So), ils into tilesoil solutionto support a Loneentratiit (23 inol,.I )high enoughtot p'enl fclay dispersion (ial el al.. 1984). When 
applnfg 1\ containing 4 in I. of Na and 2.5 m.11 
1.' aUl,the I,\'alties \tere Ilsser I;n thos' Obtained 
%sithPI. It has been pOstuIlkltcd (Agassi t ll.. 1985)
that3 t )eI;prit'nes inCItrle rt sitll tilhe oftintinetit'

th sel anId thus intrcasC tile
seal's pertlaMhilit\ More
strtngl. ilIantlit P(I prestents cla\ dispersion. lit both 
Ireatnn0.ts P. i andI V.\thieli preent cheinical clay 
(lIspCrsti birallitlatitig tilet'clctrtl\tc ctontcentra­lion altilestil stirl'Ue ilhT teileflite1.tillin %aloeof 
tileclay. resulted illa seal litrittation that stas dile
tpredolinlantlyIt tle in1tO1ittlgg t the drops.
[hits. a seal was firnmed sh it lpCrntealhilit\ higher
t:1 that ifthetIluntreated soil. 

-\pplicalion of'PAM (20 kg hia)1tthe soil and then 
\eposing it tto )W rain inCeased tle final I to 3.6

ni If. 'ticorparcd swith I.8 nni h 'illthe untreated 
sitil. [lie tuulatiste inliltration. i1anll stortn.,((-ntini 
was 32.1 ini. similar to thi' ohtained ilrtiltP6 treat­
nent 131.1 ini. I 0\lt'\er. COointg thle PAMI ap­plicatiiOn \%sit1prealing Of NC or usitg TW (i.e.. in­creasing tileelcctrolvte onceltrat n at ithe soil
 

led to a larketd itnci ase iI tileIR curves. anI
 
clinse(luentl\
I d 15.4 m1n1It I ('or the PAM "W and PANI 

P(I trcatinelits. rcspcctivelh (Fig. I l).Our results 

(
)an to high fillalIR salies: these reached 

reinforce totis ohlained by Shainhcrg tt ll.(1990)and
 
Sl\aiv et ail. (198(. atld ii nitce that, fur PAN Io )he
ill 
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nttnts is pr'sentcel I lg. hand It. and
I ales I ;and

2-.f sic'all\ thetCeft lt'cliticll tre ltnicills
Ir ne­diutlni l mpactand uw KE stas smilar to that fur tile
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cumulaile infiltration rate (CIF) alter 80 
mm of rain fcrthree levels of raindrop .!nergy and chemical treat-

Table 2. Mean calculated 

nns. 

I.cesl ofenergy. J mm m
Chemical ... 
treatmcntt 3.6 8.0 12.4 

PANI t P .11W 80.1 3.521 76.6 171a 64.6 - 1.17a 

PAM. ]W 80.0 2.35a 71.8 t 1.83a 67.1 t 1.02a
1',; IW 67.6 2.4 1bI 47.6 _ 1.52h 31.1 0 81b 

7
Control. 1W 50.4 2.5 c 26.6 1.21d 111.9 0I.46c 

PANI. 1)\' 79.4 3. la 38.4 1.17c 32.1 . l.921 

Control. DV - 1.8 t 1.12e 9.1 0
28.3 2.2.4d (.33d 

DW distilled 
"Ater:1W - ... 

tPAM anionic polt'cr: iamide;PG phosphog)ps mtn; 
tap "ater 


t Means t I SI). Withisncollnns. nican, ed by the same lttr do
folls- no 
differ significanIl al the 005 I's l,using lukev',s and van test(Rohbins 

R)in. 1975).
 

trea
I.For the same chemical Itment, as tile ilmpac I 
KE of the dIrops decreased, th JR of the so! 
declined Inore slowi~ and the final IR %kasnii ­
tained at a higher value. 

2. Irrespective of the electrolyte concentration in 
the soil solution, an impact KE of 4 .1mnl rn 
was not enough to form a seal in a Pi .-r.:ed 
soil (Fig. Ic). The rate of rain intake by tilesoil 
e. ceeded rain itensity. and the !1. (A lhe soil 
was contr,:lled by rain intensity rather than b 
seal properties. 

The effects of drop impact KF on the fInal IR for 
each chemical treatment are presented in Fig. 2. In 
some of the trcai.meats there were no signilicant dif-
firences (at the 1.05 probability level) in tile final IR 
values between the medium- and high-KE rain and, 
where diflcremices %tereobserved. they were fairly small 
(Fig. 2). On the other hand, large difltrences in the 
finalIR values were noted between the o%-and tile-
dium-KE rain. ranging from two- to sixfold. It is thus 
evident that the sandy-loan studied is very unstable 
and a nidium-KE rain of 8 .1mm' i i is enough to 
form ,'fully developed seal. 

Sm.ller differences between the diitrent levels of 
KE wirbin each treatment are observed when looking 
at tilecunlilativLc infiltration for a storm of 80 (lin 
(Fig. 3) By contrast to tilefinal IR. cumilative infil-
tration is an integrated vahUe that reflects the rate at 
which the IR decreases %ithincreasing depth of rain-
fall. Our results indicate that in tilePANM treatments 
supplemented with PG or TW (PAN t clectrolytcs). 
small differences %%ereoliscrsed in tie cunllulattx, in-
filtration when changing tile KE of the rain. ( ttmu-
lative infiltration was alwas s - 70 nn for these iteat-
menIs hence, -8.1)' of the rait applied entered tile 
soil. compared w\ith-40% in tile untreated soilW ig.
3). The reason is thaI. dtring 8itoim (If rain, lardl, 
any change in the IR was noted, suggesting that P\N 
-tele-trolytes is a beneficial treatilent %vfll respect to 
itliproving infiltration and soil stitcture. |rrexpectioe 
of the KE of the rain. \dding onl% PANI 1to the soil 
and applying I)W rain resulted in ciitlliilative infilti-
lion values sioliar to those of tife I ( ait I W alonc 
in the ledium- and ilgh-KI- ,aills. In the lo%%-Kl- rain 
(3.6 .1filmrI til ').howeer. cuitulattsc infiltral.ir, 
tile 'ANI treatlent %%s sinillor to that (If '.\Nt 
elcclr,.lltes. It maxN 1 . railmi.be cOcltitdd thaiat losKE 
tie cementing eftCl (t' P.AN itself'. Much uip(rtsI 
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Fig. 2.Finalinfilrulissn ratesfor lthreekinlic eterg) levelsof rain. 
Within treatmnlts. tar%labled initt Itie sante letter do notdiffer 
significanl.that fuke)'sie0.05 lel, according lo test (Robbinsatnd %afnRtin, 1975). lrealmens: PAIN anionic polyacryla­
mide: IG • phopliog)psu I)\t . water; rW tapdistilled ­

%t'er. 

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

It should he emphasized however, that because cu­
inulative infiltration reflects fhe rate at which a seal is 
fiormed and hence the resistance of the soil to seal 
formnation. it depends oina number of factors, such as 
aggregate sie and stability (Gumbs and Warkentin, 
1976) and illitial ISoil et al.ssater content (Lev,, 19 8(6).
 
Thus. the cumlulatixe \altes presented in Fig. 3 are
 
useful for comparisons btween treatments but cannot
 
be used for comparisons ,6ithdata obtained under dif­
fkcrent experimental conditions. The final IR, on the
 
other hand, is a characteristic of tile soil independent
 
of tileinitial soil state (e.g., water content, packing.
 
etc.).
 

Soil Erosion
 
Soil losses 'Ini 80-mni rainstorms are presented in
 

Fig. 4. They clearly indicate that erosion increases with
 
an increase in the KE of rain. In agreement with the
 
infiltration results. tile greatest amounts of'soil losses 
were observed in the untreated soil exposed to DW 
rain. reaching 1436 g m 2in the high energy rain. Elec­
trol te treatments alone (PGand tap water) were quite 
efficient in reducing erosion. compared with tile con­
trol (Fig. 4). The.c treatments reduced soil losses to 
21 to 5)% of that of the control, being most effective 
in tile low ilpact rain energy. Electrolytes are effective 
in reducing erosion hecaise ofthe following: (i) runoff 
is reduced: (it) particles larger than those il tile un­
uIeated %oil.which are ilore difficult to detach, are 
preseilt ittile soil surface: and (iii) enhanced sedi­
hientitiotn of cnlrained particles occurs. The PAM­
treatedl samples, with tilt(exception of the PAM-only 
treatnlent exposed to l)W high-energy rain. were most 
efl't: 11\r in contrtllin, soil crosion, irrespective of the 
KI (ithe rain. Soil hisses in Ilie IPAM treatnlents were 

((ff.'the losses observCd ill the control. 
(,osideling the eflct of (irltplt inpact energies on 

Irnlaition and permeabihity of the seals (Fig. 2 and 3), 
ill impact energy (f8 .1llill appears to be enough 
t(ofItrn a seal at the surface of the studied soil when 
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Abstract 
The effect of rain kinetic energy and soil arnendnients on infiltration and erosion from threeIsraeli soils was studied using a drip-type simulator. lie soil sanples were from the top layer(0-250 mm depth) of cultivated fields differing' in their texture, specific surface areacontent. Three kinetic energies and limeif rnaindrops were obtained by varying heights of fall (h-0.4,1 .0and I .6 in) of 3 nrn diameter drops. lie soil types studied were lypic Chromoxerert,Typic Rhodoxeralf and Calcic Ifaploxerall. eoil anhendrients wete phoslihogypsuncombined application of an (PG) and aamuonic polya(ir1anide (IAM)withenergy of the raindrops reduced depth of 

'G. An Increase in the impact 
cumulative rain helote lornotrg, final infiltrationinfiltratiin (i.e. itfilllatiori paiiarieers) ind 

rate (FIR),
intreasedof 'AM-P1 il erosion. The adlitionto the soil stlface significantly increasid the infiltration pataineters anderosion coinlpared educedisithtire IG anid(ontlill fieaictints. I he lyplc(lroiox-iertleast susceptible of was thetiethree soil,, ltoseA i, probi ly betallse ofcontent, high specific sirface its fri1h s.-!ecLitlcclayica and high (a () i nintentThe Typic Rhodoxeralf u hih sthlilize soil structure.wiih tI lwest specihir suface area wisclay dispersion, and sei the rost susceptible toforIitioi. 

Rhodoxeralf, tfie Calc( 
Relva ttive ite leic (lhronixetert and the typiciiaploxeralf usas rrrerrrrrdiate in its susteltblrity ro seal formation. 

Introduction 
Seal formaltion al,and sibseqluent tunolf andi soiletosion from, soil surfaces
exposed to the beating actiin of raindrops and overhlreadI sprinkier irrigation are
common features of inany soils, particularly it t e


Surface seals are thin layers (<2-3 inint) 
arid and semi arid regions.


anid are charaicteried by greater density,
finer pores, and lower saturated conductivity lh,mn theunderlying soil.
infiltration, Rainfallrtnoff anrd erosion dlepend lirgely on the prope-ties of the seal
formed. 

Seal formation in soils exposed to rain result,,front two rtechanistrs (Mcinlyre1958; Agassi vl al. 1981). (i)physical disiiteritralion of soil aggregatestheir compaction causedf by the Inlipct actioni of tile 
and
 

drops hIltin),
surface; and (it) dispersion of clay particles arid 
the soil 

their possible movementdirectly beneath the ititnediale surface, where they lodgepores. and clog conductingTile first ieclranisn is deternmied by the kinelit energy of the dropsand the stability of the aggiegates (Nioldenhaier and 'Kemper 1969), whilethe second is controlled mainly by Ihc coni:etratiot l,.dcomposition of tihecations in the soil and applied water (Agassi et al. 1981 Kazman et al. 1983).The two mechanisms act simultaneously, as [he first enhances thie second. 
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The tendency of a soil to forn a seal and erode depends on the stability ofits struct Jre which, in turn, depends on texture, clay mineralogy, exchangeablesodium percentage (ESP)and the presence of cenenting agents such as organ;matter, iron oxides, etc. (Kemper and Koch 19ti6). When Ren Ilur et al. (1985)tested soil stability in sniectitic soils under conditions of simulated rain, theyfound that seal permeability dopended oniclay content. lhey reported adecrease in soil permeability with increase in clay contentan ii) to 20% clay;further increases in clay conient tesalted in in increase in soil permeability.They postulaied that the osei ved increase in seil permeability with an increasein clay contetr above 30%'.,was a result of increased aggregate stability. Wherethe effect of silt content is (otellried, results have nI(;tbuell conclusive. hisome studies, high silt content was assomited with low strnuctural stability, highsusceptibility to seal folration (i(ry ,id l'auis 197-1), a!, well as high levelsof erosi :n (Wischlneier andt N1,111nniiriii1 I )hi). Nloic splelically, Noldenhauerand Long (1964) obtained good a,reeiuiL beiweieui silt content and the rateof surface sealing. len Ihur ct a,.(1985), on the oillir liand, showed that siltcontent had no el:ett on the hint, iuniltration rate (IlIR) (f he seal. Regarding therate of seal formation. lRel 1ttir , ,t i tM .i... tI ',:lit 11 i ect of silt dependedon tic InLr.Ui.,,, )tiis'eriitigj oriitoi.eat r When the soils weie exposedto saline water lain ,ld in11i1t ellergy Of the drops (plysical disinitegration)predominated, allincleise iI Silt collte11 Increased tilelate of seal formation.But, when both the physical iand Cheittl (Clay dislelsion) ilechanisnis tookplace, silt contenthIil no elftc on the ri te ol sealilg (lten Ilr et al.!985).One 'ay of lituing seIl toriiaotiOn is to control the chetnical clay displersionby maintaintig the electrolyte (oltetitrtOll of the soil solution at tilesoil
surface above the locculitioi value of the soil 
 Iay!, (Agassi et al. 1<981). This
can be achieved by spreading pliogypstii )tl() attilesioil surface (lWazman
et al. 1983: Agassj tal. 
1980). lhe eleciolyte concentration uif a saturatedPG solution is 25 innoh) t , which is above thehloccultion value oclays in arable soils. Aioilier way it liinuititng s'_ foimation 
soil 

al and improvingaggregate stability at the soil surlacc Isthe use of olgaUlc polymers. Their use,especially that of 1,utolc polya rylatode (l'AM lot itmprovintg soilstructuralstability antd reduicing seal hotintitiol has been studied tecently (Shavi, et a1.1985,'Ielalia and Letey 19)88:Slhi(nIer); it a. 19910: Smith w al. 19(0). Inaddition, it was reported tha the combined applicatiouio alpolynier aid PG
had a more protnournced elicltait 
 ht of eitlle onte separately in improvinginfiltration (Shaiiberg et a/. 1)910 t 1 al. 19))0).The objective of this reseirch w,% to s ttuly tlie rtoleoh rainldrop innpactenergies iii combinaiitioni with soil onndItnii1' oil Inliltration, rtuoff and

erosion in three 
 dotitUtanti soils iii Israel. 

Materials and Methods 
Samples frontii0 rli)ii tplh2 (ii i ot ihc,. iln.,itdtl('u tHt soils.the s(oils \wete,t lypi( lihodhoxvi,iil ic tied iii This study.loin Nij, wI,Ih,,a(,,h, II,jplo\' ,111 olland II EOIel (0+ill').at typic (-hioniox.eiel hloilNt'lmb,hk I miner ~' /l 
 Ind c)lit'llilcal 


tile SOli, art , )ivn 


t ' p~lopetties of 
Ini tN)Ic I ( iill(IvXt inll. (ilimitll, (( Ii ideteonioed with 1it t ,ist i5Iii1i iVoilet%otiuiuri a(vi cu Iiit)uolli, i1 p,t i- i, iw ll, 1.Ilatlui- 'Stalf li6t).Orglanic carbon ias dtltiiti .di\t h tlw WAikley-lilm at'. 'l(idtioti )ii.edit(Allison
1965) and mu llhtli-d by 1.7; t,1) uibl l nignii( cimll' o tllItll",itlh siiual i Wed Witsdetermined using cthylene g)lciil 'immiiuthyl etiel I MI) t(,illilet a/.19i1). 
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Infiltration, runolf and erosion were studied using a i hip-ype rainfall simulator. 'ITesimulator consisted of a 750 fiy 600 by HOturnclosed waterrainfall of a known constant dlop sIze thlough 
chamber which generated 

a set of Iypodermic needles (approximately1000) arranged at spacings r 

-
of 2 by 20 nto and faring tileground. tfhe average dropletdiameter was 2-.97: 5xl0 mmn. lhekinetic energy of the raindrops was varied by changingthe height of fall if the droplets (i.e., tileheillt of the chamber). Hleights of 0.., o
and 1.6 to wete used to obtajn cholps sitimpact velocities of 2-5, ­

respectively (Epenia and RIiiebos 1983). 
. .02 and l .98 ms I,

lhecotrespon 1 ' inetic energies were 3.6,8.0 and t2..Junin-I nun , lespecisely. Rain ht.e -I-as Maintained ii 33mnih using a 
peristaltic punp. 

Table 1. Some physical and chemical properties of the soils used
 
Dominant Specific Pat
tide %i CaC(i ClC lIS1 OMclay surface area Sainid Sill Clay (O (ciol() (16) %)mineralsA 

(1112 W (A') V) kg-)g-I) 

7y'pic Chomio, C, I (ciI' Neqba)
St. I 280 36-0 2.1. 40o-( ". 1 28.5 5.2 0.98 - 0 

lyjpli Rhodo.xn'ral/ iSit,Morlisha)
St,K 80 77-0 ;-0 16.0 -I if.0 4.4 0.45 -

Calcic Ilaploheral/ Sih, IetQota) 
St. I 120 s0 0 31-0 19-0 I1 .-1 17.6 3.7 0.96 

A 1, Ilitle;K, kaollnite St,sineclute.
 
B Classification accordinug 
 to Soit Iiixoiuy (Suil Suivey Sif 1975). 

Air-dried aggregates, cnlished to pass tliough .(lOrin sleVe, wele packed in 200 by400mm trays, 20 rnin deep, over a 
amendments were 

- tninthi(klayei of foaitsesind, In1the ~ontrol, noadded to ihe ;ickcd soil IIiys. IlitilreICGtreatnte, poidcred 'G i-i arate ectuivalent Io 5 Mg ha is-is s ipi-dos-el lie sirlace ofl tle soilpackedprior to rain. Ili the omfuined ippl(,m 
intfielil'iin of 'AM ind PG (1AM I itainnt), dii anioniclow charge (20. hydolysis) ith a high ioluler u-i 'it(_I0 )Iiol 1)I'AM wias used atarate equivalent to20 kg ha 1.the PAM soillui it t (oncellriion ol 0 ,

II 'was sprayedon tilesoil siitface illIwo toitions of 2-01. Ili-', ei( separated fby I li of drying, thierebyensuring the proper (oncenratmiun of lie poIlrlier it lie Soil stll,,i. lie soil iii the Iralyswas tien allowed to dry fo 2- li hr, podei ed N,-i%%,nIisea' -I it a te equivalent tc5 Mi ha . fliereaher, the soil d
ili the i %i,is I.liXlseid io rain. Ilhue leplicates were used
for each treaitr li(oncut retily.


Following the vrirous pleieallnunlu
, lhe Iray'. usei placed in lie rdlnfall Siululalorslope of I 5%, saturaled usli at i 
tll ueiil exliiiseid iiio a idisimledisliel nrastirnli )utlngeach storm, water influratin, liriiigh tiiesoilisis (uilh(ledili gradated cylinders placedunderneath a special oulel it(lie li o lf ly, iiiiu iisvonlme s-asrecorded as afunction of tine. 'Lnnolfisalei \vislicl hid spilled oser lth


continuously thronughout 

liower eid of (lie lays ,ias collected

the sloirnli ilibu(ikel, Ai lIC eii iI d(h slornl, the runiiff waterin the bucket. was mixed thOlouilily ini a siisample (i 0.51 was iftiied using a water hath
at 80*C. The weight of the eioded malteial was theidetermined and total
soil lossfrom theentire storm was calculated. lie illiliiion dli obtiuned friiiii lherainfall simulator wereanalysed as described by levy et il. (l1S8. tiing a ionlineirteglresslon equation proposed
by Morin and tletyamini (I977). Siinilicoi(i i dflffetirce values, aniont' treatmnents for tile
infiltration and erosion paiailnetil, stided, is-ii deteirmiIned using Tlkey's procedure for
multiple range test (Steeland loure 19(0). 

Results and Discussion 
The properties, listed it Table I, of the soils used in the present studyindicate that the soils are all predominantly smectitic with organic matter 



458 

J. Levin etal. 

(OM) <1% and moderate levels of exchangeable sodium percentage (ESP).
soils differ in their clay and silt content, specific 

The 
surface area and per cent

CaCO 3, all of which are properties expected to influence aggregate stability,
infiltration rate and amount of soil erosion when exposed to rain. 

40
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Infltration 

The calculated infiltration rate (IR) curves for the three soils and the various 
treatments are presented in Fig. . A coefficient of determination (R 2) between 
paired calculated and measured IR values was >95% in all treatments.
 

By considering, first, the 
 IR curves of tilecontrol treatment for the three 
soils at the highest impact energy studied (12 .4 Jmm - 1m-2), it is evident that
the three soils contained unoMle aggregate~s and wetcths s'c','tivv In vwt]
formation. Tile IR curves dropped shlarply and a rain depth of <30 mm was 
enough to form a seal with a final IR below 4.,4mm h - I (Table 2). The soils 
studied wcre susceptible to ,ealing despite tilefact that tie impact energy
tested 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(DRP) obtained in the thr-!e soils at the three levels of raindrop energy
Within -. column and for each soil. values followed by the same capital letter do not differsignific inly at the 0.05 level. Within a row, values followed by tire sane lower case letter 

do not differ significantly at the 0.05 level 
Raindrop Control PG PlAM+PG 

energy FIR DRP FIR DRIP FIR DRP-mm - ­t rn- 2) (num Ic) (ntin) i011111 (Mm)I1 1) inro) (mm I h 1 

Typic Chromoxeret 
3.6 8.9 \., c 10 21-8 A, b 18 27.3 A, a 48
8.0 5.0 B, c 1 12.3 II, b 8 1.1.4 C, a 26

12.4 1-4 B, c .1 1-6 II, 1 8 22.0 B, a 34 

7T,'pic Rhodoxeralf 
3.6 6.8A, c 8 19.8 A, b 18 33.0 A.a 808.0 1.5 B, c 6 10.0 8I,b tO 18.4 B, a 62

12.4 1-8 B. c 4 5.9 C. b 4 15-,IC, a 38 

Calcictlaplox?ralf
3.6 7.0A. 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 11,a 2012-4 ,.10 B, c 4 6.4 C, b , I6 .4 C. a 10 

- m - 2For the three soils, a deci ease in raindrop energy from 12-4 to 3- 6 J nm
resulted in (i) higher final infiltration rates (FIR) (Fig. 1), (ii) 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 tie two mechanisms controlling seal formation (McIntyre
1958; Agassi et al. 1981). The rate and intensity of this mechanism depend
strongly on the kinetic energy (K1* 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, itpon 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. Frhe IR curves obtained at the
intermediate raindrop energy level (8J nim ­ 1 n - 2) were either similar or clese 
to the corresponding values obtained with the high KE raindrops (Table 2). It 
could be generalized that water drops with KE of 8 J mm - - 2 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, gener:dly 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 13.0and 8.2 mm h-1 in the Typic Rhodoxeralf and Calcic !laploxeralf, respectively.
In the high energy rain, the corresponding differences 

h -1 in FIR were 4.1 and2.4 mm 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 beneficidl 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 PANI+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, ard hence in controllingseal formation. When PAMi only was added to the soil, it had no beneficialeffect on the structural strength of the soil (Shainberg et al. 1990; Smith etal. 1990). Slainber et U,'. (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 must exceed that of theflocculation value of the clay present in the soil. The PG, which providesan electrolyte concentration of -10nimol(+) - 1L to the soil solution, makesit possible for the PAMI to act as a soil stabilizer. Furthermore, by keepingthe soil clay flocculated, PG also limits the chemical clay dispersion thattakes place during rainstorms, and reduces seal formation. The combined 

100 
 Typic Rhodoxeraf Calcc Haploxerarf - Typic Chromoxeri 

E 80 (12.4) (8.0) (3.6) aa 
E 0a a a 

b b b 

bb 

o3 C a b a iJE4C b 

Control PG PAM * PGCorirol PG PAM * PG Control PG PAM * PG 

Treatment 
Fig. 2. Cumulative infiltration Ifor a 80 mm 

- i 
otom) for (ie various treatments, soils andkinetic energies (I mm m ). Numeias in paientlhess indicate tie level of kinetic energy.Within treatments and levels of kinetii 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 formation
and Improving IR because it restricts both mechanisms responsible for seal
formation, namely (i) physical disintegration of the surface aggregates, and 
(ii) the chemical dispersion. 

Soil Properties and Infiltration 

Calculated infiltration values after 80 otin of rain are presented it] Fig. 2.Cumulative iniltration is In integrated value that reflects the rate at whichthe seal is formed and its final permeability. The results for the control 
treatment show that r: nulative infiltration (Fig. 2), and the measured FIRvalues (Table 2) in '. Typic Chrotnoxerert were generally higher than, orcomparable with, those of the Typic Rhodoxeralf and ol the Calcic Ilaploxeralf.
The cumulative infiltration of the no tcatcareous Typic Rhodoxeralf was the
lowest (Fig. 2), indicating that this soil is the most susceptible of the three
soils to sealing. It is ,uggested that tite lypic Chromoxerert and the Calcic
Haploxeralf are less SUSL ptible to sealing because these soils are calcareous,
and hence during the rain event probably released sonie electrolytes to thesoil solution by CaCOj dissolutiuti attd thus clay dispersion was inhibited. File
higher clay cottent and lower silt content in the Typic Chromoxerert comparedwith the Calcic Ilaploxeralf (Table I) nright explain the higher FIR values ill the
Typic Chromoxerert. Wet sieving, studies showed that aggregate stability waspositively correlated with clay content (Keroper and Koch I166), wltereas highsilt content was associated with low structural stability (Cary and t.vais 1974I).

lp the PG and PANt i-K; tteatments, clienical dispersion of the clay is controlledby the dissolved PG, and the physical breakdown of aggregates is tle predominant
factor in governing seal forination. it these two treatnents, the lIR values of theTypic RhodoxeraIf atid the Calcic Ilaploxeralf were conarable. Iowever, the
cumulative infiltration values of the Typic Rhodoxeralf were higher than, and sitn­
ilar to, the Calcic llaploxeralf in tle PG and the IAM+I'(; treattments, respectively.
This suggests that, in the JK; treattment, the PG dissolorion masked the (lilferencein the sensitivity of the two soils to clay dispersion. 11bus, the cunulative
infiltration values in the Typic Rhocloxeralf were hiigher than those in the CalcicJiaploxeralf because its silt contetnt is only 5%, compared with 311. ill the Calcic 
Hlaploxeralf (Table 1). In the PAMNI'G trealietit, the contribution of the PAM toaggregate stability is the reason 'or tie sitnilar susceptibility to seal] fortation

in both soils as 
reflected by their similar tIlR and cunulative iniltration values. 
Table 3. The ratio between cumulative infiltration data obtained from the soil­

amended treatments and those obtained from the contio 
Soil Rainchop Soil aiednient 

energy PG I'M+tG 
J I Inl ) 

Typic i-6 1.8 2.1Chromoxerert 12 2 3-7
Calcic 3•6 1 -6 2•7tiaploxeralf 12.1 I .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+IG)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 note,] that: 
(i) The effect of IPG and PAM+l'G in increasing cumulative infiltration 

was generally similar at tile low KE (with the exception of the CalcicHaploxeralf), but at tile higher KE the effect of PAM+PG was greater
than that of PG alone. When rain with low KE is used, the relativeimportance of clay dispersion in ealing is enhanced and aggregate
disintegration is less important. The presence of PAM, which increases 
aggregate strength, was less pronounced in tie low KE rain and theeffect of PG predominated. Thus, tile Iwo treatments (PG and PAMN+PG)
had a similar effect in increasing cumulative infiltration in the low KErain. When raindrops with high KE were used, prevention of aggregate
breakdown by tile beating impact of the drops became essential.
Treatment of the -.oil with a soil-stabilizing agent (PAM) in addition 
to a source of electrolytes ('G) was much better than PG alone in
preventing seal formation. 

(ii) The benefici-il effect of the soAl amendments varied between soils at KE- i -2of 124 J mr m . In the t'AM+PI; treatment, cumulative infiltration
in the Typic Chromoxerert increased to 3 7 times that of the controlcompared with 7. 1 tines in the lypic Rhodoxeralf. Thus, tile higherinitial stability of the soil, the smaller the relative effectiveness of thesoil anendments in preventing seal formation. 

Soil Erosion 

Soil losses from 80 nin rainstorms are presented in Fig. 3. The r2suits showthat (i) soil loss increased with an increase in rain KE, and (ii) the greatestamount of soil loss was observed in the control and the lowest in the IPANiIPGtreatment, with that in the PG treatment being intermediate. The beneficialeffect of PAM+PG an( PG treatnents in reducing soil erosion occurred not onlybecause cumulative iniltration inciei.,ed and therefore runoff decreased, butalso because soil particles at the surface were larget-lian those in the untreatedsoil, and hence, (i) more difficult to detach, and (ii) quicker sedi:oentation ofthe suspended particles occurred (Agassi et al. 1989).

A comparison 
of the erodibility of the three soils in tile control treatmentshows that the Typic thodoxeralf was the roost erodible. ile high soilloss from this soil with all NE treatments is associated with tie high runofflevels observed in this soil. Tie higher ESP and the absence of CaCO3 inthis soil compared with the typic Chroniloxerert account for the its higherodibility. With tile exception of th - PAM-IP;G treatment, soil losses from tileTypic Chromoxerert were in general si',nificantly smaller than those from thetwo other soils used. This observation is in agreement withi the inifiltrationparameters (i.e., FIR and cumulative infiltration) discu,,ed previously. On theother hand, in the PAM-HIG treatment, soil ln.;ses from the three soils didnot differ sgnificantly at any level of rain KI. (I ig. 3), although differences were observed in the infiltration parameters (tigs I and 2, Table 2). These 
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conflicting results with respect to the link between infiltration parameter. andsoil erosion suggest that it is possible that infiltration parameters anderosion are not dlways directly related and it would therefore be unsound 
soil 

predict soil erosion from 
to 

the infiltration parameters. 

16 
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Fig. 3. Total soil loss after 80 mm 
storms from the three soils for the different treatments
and rain kietic energies j mm-' m-2). Numerals in parentheses indicate the level of rain
kinetic 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 cumulativeInfiltratlon) of the nontreated soils studied were affected by the KE of theraindrops. An increase in the KE was followed by a decrease in the infiltrationparameters. Addition of PG and PAM+PG resulted in higher infiltration 
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parameters and hence limited seal formation. However, tileeffectmore pronounced in the low KE 
of PG was 

rains because in the PG treatment only thechemical clay dispersion process, which carries moreat low weight in seal formationKE rain, was prevented. 
formation with 

The effect of PAM+IPG in controlling sez!increased an increase in rain KE. This was so necause, inaddition to the effect of PG, 

the aggregates caused 


tle PAM limited :h1,!physical disintegration ofby the beating impact of the raindrops; the latter beinga process where the PAM effect increases with increasing KE of the rain. TheTypic Chromoxerert was the least susceptible
probably because of 

of the three soils to sealing,its high clay and CaCO 3 contentsstability. which enhance soilThe Typic Rhodoxeralt and the Calcic Ilaploxeralf containamounts similarof clay (approx. 19%), yet they differed in their susceptibilitv tothe two mechanisms controlling seal formation. The noncalcareousRhodoxeralf Typicwas especially sensitive to clay disr2rsion, whereas theHaploxeralf, because Calcicof its high sill content, was sensitive mainlyimpact energy to theof the raindrops. The effects of rain KEon soil erosion were simi!ar in the three soils to 
and soil amendments 

those observedinfiltration parameters, from thewith the excelticn of the PAM+PG treatment.exception suggests Thisthe possibility that infiltration parameters and soil erosion 
are not necessarily directly related. 
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ABSTRACT 
The effect of slope, aspect (windw ird is. leeward), and phospho-

gypsum (PG) application on rain an ount, runoff, and erosion from 
a Grumusol soil (Typic Chromoxer,:rt in Israel) was measured in 
small field plots (I by 1.5 m) exposed to natural rainslornis. The 
amourt rf ,ffective rain on ih slopes, as measured with small rain 
gaugeswithorlficesInaplaneparalleltotheslope, increasedslightly 
on the windward aspect as slope increased to -58% and decreased 
thereafter. On the lec'vard aspect, the amount of effective rain 
dropped steadily to h.,:fof the meteorological rain at a slope of 100%. 
The amount of runoff ,asnt affected by slope on the windward 
aspect but decreased sharpI) on the leeward aspect as slope in-
cre sed. PG releases electrolytes into the percolating and runoff 
water. -eevents dispersion of the particles at the surface, stabilizes 

-the s,)Jstructure, and reduced soil erosion. PG applied at 5 NIg ha 1 
reduced runoff to about 25% of that in the control and reduced soil 
loss to I to 3%of that in thecontrol. The dramatic effect of PG on 
erosion increased with slope steepness. 

OILS IN SEMIARID REGIONS are characterized by 
poor structure and relatively high sodicity in the 

soil profile. A major consequence of the lack or non-
stability of aggregation is the tendency of these soilsto display rapid surface sealing during rainfall, which 
tinducsla sidsrfa sig durin , wraelinduces excessive runoff and soil erosion. 

Breakdown of the soil structure and formation of a 
seal 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. When water of high electrolyte concentration is 
used, chemical dispersion is largely prevented and a 
seal with high permeability is form id, mainly by the 
physical mechanism. 

The beneficial effect of surface application 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 ct 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 thle 
seal, tripled the final infiltration rate of a Typic Rho-
doxeralf, reduced the amount ci runoff by 50%, and 
reduted erosion to 10 to 40 )f that in the control 
(Warringson et al., 1989). 

The intensity at which a given rainfall is intercepted 
. .... -------------------.... . 
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on the ground depends on the angle of incidence 
(Sharon, 1980; Sharon et al., 1988). Intensity is greatest 
for rainfall perpendicular to a surface, and decreases 
to zero for rain failling 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 
amounts of runoff and erosion. Our objectives were 
to (i) study the effect of slope and aspect (windward 
vs. leeward sides) on rain anount, rutnoff, and erosion 
from a grumusol soil in small field plo's (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 METtODS
 
Geography
 

The experimcntal sites were in the northern Nngev of Is­
near Kibbutz Bet Qama. The soil type was Gruiiusol(Typic Chromoxerert), with 48% clay, sill, and 27% 

sand. The average cation-exchange capacity (CEC) was 37 
cnol, kg-' and ESP was 18. The CaCO, content was 13.4%. 

Average annual rainfall at the site is 265 mm, with a CV 
of 38%. This is meteorological rainfall, without taking slope 
or aspect into account. !50% of the rain comes from a nar­
row section of ± 20to 25' around the azimuth of240' (dom­
inantly west-southwest winds) (Sharon ct al., 1988). With 
these prevailing winds, rain falls mostly at a steep inclina­
tion. Resultant angles of 40 to 600 (from the vertical havebeen found in rainstorms with a wind speed of 10 m/s
(Sharon, 1980). lire effective rainfall actually incident on the 
windward (western) and leeward (eastern) sides of sloping 
ground deviates widely from measurements of meteorolog­
teal rainfall made in conventional rain gauges with a henl­
zontal orifice. 

Rimnu/flot, and Iumttton 
Runoff plots (1.0 m by 1.5 m) w.,- coistructed at two 

sites, 2 kin apart. lire first site wa ,,ona natural wadi wall 
(Fig. Ia). I-he prevailing aspect oilfte slopes at this site was 
the snuthisest (essentially windward). The s'unoff plots were 
constructed on natural consolidated iitni.turbed slopes of 
12. 31.5. and 65%. The soil at this site is variable, with ESPranging 
iiath.s
roadcut (Fig. Ib). Slopes of 8.7, 57.7, and 100% werelietweeniinsiructed at the roadcut site on the windward and leeward 
aspects and wl-Il-mixed undisturbed soil front the wadi wall10

the uppermost 5-cnt 
shpcs (Fig. Ib). 
Ais u,cd to form and layer on the roadcut 

20. 
ForIwo soil treatments %sere applied: bare untreated ground 

(oi,rll and P(i spread o to the aoulsecondsurticcat a rateequiv­
alent to 5 Mg ha '. Th soil surtacc al th undisturbed wadi
site was cultisatei JUst enough site,to break the previous crust, 
i
 weand lico was smoothed by hand. Each waschosetreatment rep­

licaled three Itncs; thus. thetnumber of plots at the roadcutsite was 3 slopes X 2 treatments < 2 aspects X 3 replicates 
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Fig. 1.Runo tplots on (a),iatrI ura aiit Ii ndt (b) roadcut sites. In l1)),oit Ite 57.511,aind ]up,,,'slopes are shomi. (t )I Ifcti 01fpIioisphoL't psin
11'G) oil tIe soilI surface at I IIV stIcp( 1100(P)%%I Notejin ard] slhpe. Iiev soil Collaipse in lie coiitrol comiparted o ili tw N Ir( etiCIeiit. (d)Effect of N'Uon) the soil surface itl the $.7',t slope, n inifvsard aspct (note tcOltMie I'( aggregates). 

36 plots, and. atlthe v~aihi site it %ka%I slopces x' 2 treat- H SIS i AND ISI 'SSION
ien X"3 replicates Iiplots. "s 

Rain gauges were of the suuall-orihc (o.4 Lm:t) ispc. I liet Nicasorentents, sscrc conducteld during thle lattler part
gauges onl the slopes Aere Inclined. u it)' tILe orifittoes; o ile 198X7-1I988 r 'in scasir. 'We uihsmer 
 ic rainplane parallel totthe %oilsutiae. totrneasuft:clluise (raithter SlIurMP ill the diStit'Oed-stiil and ioatlet silt, atnd scstia neteoriliigical) raiintlull. Fromt each plt, ruoffl NtIcr atl the utidisturheul-scil waidl site hetssCCI IiIIIIJaINiatogether mslth its suspended solids collected itt aItiatigulr iri X.Rnil ad

oacit21 i t tht ttNCunnel (Fig. Id). t tln all thirog . Mh d 198.anil ()lowpras i titpip Into { ll ac -20 ll' l o th %ts 
a sunken cotiier. Alter each rastortu the raint. runotl . A coml)letelisl of' rainill. ruti . and si lose.(111.tif, on t eIues +rwater, anti sttsptendsolids "ere .'.i2''.lils'i+t, il;nicastd SaiIe ifO n1ut- fot t.trftt,+ stoirtm rt5s1 o1ul eachla+X t) Is preseted' inl Iahlcs' , lirt.dand~ 2.c [+[lieoffwater %ere the aMid the adtried in ot oi.ccrtitnad itole' h tiltt I(f raiifal., r)util. ttd etiot is pre­arniunt Iis usiNtil solds kkete talculated, 
 etited it Fig. 2 to 4. 

[able 1. IIftei rain, runolf. ail soil luossirt ih 1 1 fiel tpilts on cotstlidt rutnund l soil att ilt N':ii -'t vlildnard slitptel. " lrl
and isithut rliispiigs psnrn (1G)ircainen. 
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It; I I '14 1itt 658.1.1
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Table 2. Effective rain, runoff, and soil loss from i.5-ml field plots on disturbed Grumusol soil at the roadcut site (windward vs. leeward 
slopes), with and without phosphogypsum (PC) treatment.
 

8.7% slope 57.5% slope 100% slope
Date of --------
rainstorm Treatment Rain Runoff Soil loss 

-- -
Rain Runoff Soil loss Rain Runoff Soil loss 

mm gm . mm-..... gm - - mm Soil 

Western aspect (windwardl 
5 Jan. 

17Jan. 

3 Feb. 

1 Feb. 

24 Feb. 

Total 

Control 
PG 
Control 
PG 
Control 
PG 
Control 
PG 
Control 
PG 
Control 
PG 

27 

73 

40 

56 

47 

243 

15.8 
2.5 

44.2 
9.5 

26.6 
10.1 
46.7 
13.3 
37.2 
12.2 

170.0 
47.6 

ItO 
0 

410 
10 

200 
10 

310 
30 

400 
20 

1430 
90 

28 5 

82.0 

44.5 

60.0 

53.0 

268.0 

11.0 
2.1 

35.0 
9.3 

35.8 
9.8 

44.5 
10.1 
42.3 
14.5 

168.0 
45.8 

200 
0 

1130 
30 

1600 
20 

2000 
t0 

1000 
0 

5930 
70 

23.7 

78.0 

41.2 

51.5 

51.3 

245.7 

3.9 
2.0 
f 
5.0 
1 
6.7 
t 

10.1 
t 

12.2 
-

36.0 

40 
0 
t 
0 

80 
t 
0 
t 
10 

90 
Eastern aspect (Ilee.ard) 

5 Jan. 

17Feb. 

3 Feb. 

18 Feb. 

24 Feb. 

Total 

Control 
PG 
Control 
PG 
Control 
PG 
Control 
PG 
Control 
PG 
Control 
PG 

27 

70 

41 

57 

46 

241 

12.8 
1.8 

45.7 
12.4 
29.9 

7.9 
44.0 

9.4 
38.6 
9.4 

171.0 
40.9 

170 
0 

'000 
50 

380 
10 

350 
tO 

410 
0 

2310 
80 

23.2 

50.0 

33.5 

51.7 

33.8 

192.2 

6.6 
1.4 

14.7 
5.5 

17.1 
5.9 

24.3 
6.5 

21.2 
3.9 

83.9 
23.2 

30 
0 

160 
10 

160 
tO 

370 
10 

210 
0 

930 
30 

18.0 

27.0 

210.7 

39.6 

20.8 

125.0 

1.2 
1.6 
4.5 
2.2 
3.6 
2.9 
9.6 
5.1 
7.4 
3.9 

26.3 
15.7 

0 
0 

1O 
0 

171 

t0 
0 

20 
0 

210 
tO 

t Results are means of three replicates. The standard deviation values were always < 10%of the mean value. 
Landslide. 

300 80-S6 o... EASTERN ASPECT 

260 -WETEsrrc 60 D' 

220 - 40 

z > 
18 IsP2 UZi 

0.F
140 -L 

100 !J60 oI 
0 020 30 40 50 60 70 80O 90 10 

SLOPE'/) °40 WESTERN ASPECT-
Fig. 2. Effective rainfall during the rainy season as affected by soil 
slope, aspect (western or windward vs. eastern or leeward), and 20 - STuRlocation (wadi or consolidated soil vs. roadcut or disturbed soil). A-
The wadi site was windward aspect only: the other two lines show I I I 
roadcut data. 0 10 20 30 40 50 60 70 00 90 100 

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

The total depth of rain measured with standard rain season as affected by soil slope, aspect .,estcrn o: windward vs.hhorizontal oriftces at the wadi and roadcut eastern or leeward), location, and surface treatments (willt or with­gauges with h iout phosphogypsum [P(]j).
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 storm) and in Fig. 2 rain was perpendicular Io the soil surface, because at 
(for the total season rainfall). It is csident that the greater or lesser slopes, the effective rain decreased.
effective rain is a function of both slope and aspect. On tile leeward slpc (eastern aspect), the amount of 
As noted above, the dominant wind direction durig elfctive rai decreased continuously with increase in
rainstorms is from the west-southwest, and so oslope. slops 100%, thethe At f 57.5 and effective rain 
amount of incident rain is higher on the western titan dropped IC 0.77 atd 0.50 of tte meteorological rain. 
on the eastern aspect. The maximum amtunt of in- Rnouf Masurements 
cident rain on the western aspect was at the inter­
mediate slope (57.5%). It can be inferred that at tills The amounos of runoff(mm) as a function of slope
slope on the windward (western) aspect the iticident and treatment for each storm at the two sites and the 
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Fig. 4. Soil loss during the rainy season as affected b) soil slope,
aspect (western or windward vs.eastern or leeward), location (dis-
turbed soil at the road',it site vs.consolidated soil a! the wadi 
site), and surface treat: ,cjts (with or without phosphogypsumd
IPGI). For PG on disturbed soil, the upper line shows the wind-ward 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. 
1.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 tt de-
creased with an increase in slope on the disturbed 
surfaces. Averaging across both surfaces, tileper-
cent of runoff 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., 198 1). 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, runoffincreases 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 al., 1989). The net 
effect of the two opposing processes was that run­off 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 Iunofl'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 rcducing the dispersion
of soil clays and preventing the formation of a 

ashed-in layer. Since the seal forms more slowlyand is more permeable on soil surfaces treatedwith 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 formation

the rate of infiltration and since seals 
formed at the surfaces ofboth disturbed and con­solidated soils, the properties of the soil under­
neath the seal affected only slightly the rate of
infiltration. 

4. 	The amount ofeffective 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 slope, from 70% at 8.5% slope to about 
20% at 100% slope (Fig. 3). The low values ofrunoff from the steep slopes suggest that the seal 
was 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 etal. (1985a) found that the impact energy of rain­drops is essential for seal formation and when 

rain without energy was applied, high infiltrationrates were maintained. In the leeward side of the 
dominant wind, both the amount of rain and the 
impact energy ofraindrops were low; thus, aseal
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 to the beating action of
raindrops. As the impact of raindrops decreased,
the formatien 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% slol- on the windward aspect. Total col­
lapse of the surface layer with localized landslides
took place in the three replicates of this treatment 
(Fig. Ic). 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
tro!ytes inthe rain and tiledispersivity of the soil 
(high ESP) led to soil slide. When PG was spread
on the soil, the relatively high concentration of 
electrolytes it the soil solution prevented clay
dispersion and soil slide in spite of the greater
rain water percolmion. 

Soil Erosion 
The eltct 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: 

I. 	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 factor (length X slope) 
was quite similar to that calculated by Wis-
chmeier and Smith ( 1978). There was no signif­
icant difference in soil loss between the disturbed 
and consolidated plots.

2. Treatment with P6 reduced soil loss draiati-
cally (Fig. 4). The ellict or'PG in reducing erosion 
increased with slope steepness. At the gentle
slope, PG treatment reduced soil losses to ( to 
10% of that in tile control, whereas at the inter-
mediate slope, PG treatments reduced erosion to 
I to 3% il'that I00% slope, tiein tie control. At 
landslide that occurred in the control prevented 
a comparison with tilePG treatment. The ell ct
of PG on erosion should be compared with that 
on runoff. Treatment witi PG reduced runo"l' 
fromi -60% in tile ­control to 15% in the treated 
soil, influenced only slightlv slope (Fig. 3).
These observations suggest that tihe ieneicial eL 
fectof P( in decreasing erosion is due not oil\ 
to decreased runoff' but also to decreased sedi-
ment cinicentratio. Similar ohservations ere 
obtained fii lahorator\ studies using rain sini-
lators (Warrington etl L989).al.. 

3. The efl'ct of l)( on leileshape of' the soil sUrfICbe 
at tilesetp (I0%) and gentle 18- 7 n) slope is 
shown inFig. Ic,and Id,respectiselh. \fl'ter 1401 
nim rain, tlit surfiace of ileuntreated soil at lie 
gentle slope was smooth and the aggregates \sere 
completely destroved. Naketd white sand grains
froni whichlthe clay particles had been rewoved 
by clay dispersion give the %%tite color to tile 

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 runoll' and erosion. Increasing tileslope
angle increased the velocity of the water flowing 
over tilesoil surlce, and intensive rilland in­
terrill erosion took place. The PG-treated soils
did not develop intensive erosion or rillseven at 
the 100% slope (Fig. Ic). It is Itpothesied that 
the presence of electroly tesin tiltruioff' of thePG treated soiIs d('ereasi:d rill rIllformitioin and 
erosion. This process, which supplements the de-
crease in runoff ', may atCCOUn for tile dramatic
eff'ect of PG inl reducing erosion. 

4. On the leeward aspect, soil losses decreased with 
increase in slope, because of the decrease inrain

intensity (Fig. 2), which was fillowcd by I de-
crease in the percent of runoff (Fig. 3). As the 
slope increased from 8.7 toI 100.4, the ani mUn of 
elctive tlin dropped to 125 inn (52% of tile 
meteorological rain), the runoff dropped to 2 0.3 
nill (15% of the aniount of runofl'at 8.o slope) .and the soil lisses dropped to 210 g (9%itt' the 
soil loss at 8.71, \ similar relationslhip \Aa%slope). 

obtaied at the Interrtediale (57.7%i) slope. 
 Ihe
sinlilarI. otili Itieward aspecl. nI thlele'ct ot'
slope on rinoifl' an ( siiil hiss suggests that these 
I\i) processes are telald. We can asstlnie that 
the inpact energ., ofraindrops on lhe soil surface 
to lte leesatd side tif' the a.ind di n inishd esen 
nore than the rain inlrcrisil. Wilh the decrease 

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

SUMN1 'RY AND ('ONCIUSIONS 
Ilieamount ofelt'cti e rain on the slopes, as meas­

ured kithIi small rain gauges with orifices in a plane
parallel to the slope. increised slighitl) oilthe western 
(windward) aspect is slope increased to -58% and
decreased thereafter. ()n the leeward aspect, the 
anLLi lit ofellcli e rain dropped steadily with slope,
to hall' of tie meteorological rain at a slope of' 100%. 
The anLiit of tonnoll'was not aflcted by slope on the 
windw'ard aspect but decreased sharply on tileleeward 
aspect as slope increased.
 

These finldings are reIevant to design and engineer­
ing lIr rotll'rand erosion control on steel) slopes, as
 
well as site selection for field experiments.


'[lie ell.'ct soil loss reduct ioi operates by
of P(; on 
se veral inechinisins (Warrington et aI.. 1989). First,

Pi spread at the %oilsuriite dissolves aind releases
 
clc(lroltes into tie pe-colatinganit runoffwaters.The

high oncenration electrolyles in [e percolating 
.sttl'r sloss or pi\ens tilt l(1nation of'the seal and 
incrt'cases the fraction of rain that pienetrates into the
 
soil. thus (ecIeasiiig ilet depth of runoflwater. Second.
 
IncreCasing the elctiolhte ctncentration at the soil sur­

face also prevents the hrcakdoswn anti dispersion of
 
tht' aggregates at tilesoil strl ce. Stable aggregates are 
less transportable b\ raindrop detachment and oiver­
land flow. Third, rillform aion and rillerosion are

slowed by the presence ifelectrolstes. Finally, in the
 
presence ofelectrolytes in the runo'ffwater, deposition

of clay particles fron runoff'water is enhanced (Rose,

1985). '[le dramatic etfflct of PG in reducing runoff

and erosion flroimisteep 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 (itier 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. Runoft 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 formed. Extent 'f riling 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 erosicn by water involves (1) detachment of soil
 

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

shear and 2) transport of the resulting sediment by raindrop
 

splash and/or flowing ru ioff. 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 IUSLE) (Wischmeier and
 

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

Wischmeier and Mannering, 1969) have developed equations for
 

predicting soi). 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.
 

Th. USLE equation also expresses the change in soil loss, A,
 

per unit area, as a function of slope steepnes, iii degrees
 

A = 65.41 sin2G+4.56 sine + 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 studies 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:sin2G+4.56
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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 to 25% doubled soil
 

loss in a gypsum treatment which added electrolytes to the r&in
 

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 sharp)ly
 

with slope steepness. Conversely, when non dispersive soil is
 

rained upor, or when dispersive soil ia rained upon with
 

electrolyte solution, soil loss increases only moderately with
 

slope.
 

http:1.05-0.85
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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 (19672 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 valies 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.
 

k9 
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Materials and Methods
 

A sandy loam soil material (Hamra, Typic Rhodoxeralf) from
 

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

The clay, silt, and sand fractions of the soil material were 18,
 

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

with some kaolinite. 
 The cation exchange capacity (CEC) was 11.7
 

cmolckg-1 I
and the organic matter content was 5g kg- . 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 m perforated 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 angle of the box could be
 

adjusted between 0 to 35%.
 

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

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

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

were then subjected to a rainstorm with DW having an intensity of
 

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

diameter, 2.3 mm; median drop velocity, 6.74 1
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 I TW rain (c) DW mist at 35 mm h-1 (d) TW mist at 35 mm
 
-1
h . 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 and 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
 

/ 

ID\
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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
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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
 

values of 2.2, 1.6, and 1.6 mm h-1 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 anC a decline in
 

final IR (from 2.2 to 1.6 mm h-l). 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 ratcs and two water quality levels. The final IR
 

values 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 .as 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 2). 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
 

(a*
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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
 

1 - 2 -l )
also present erosion rate (g m -2 mm- or g m 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 vaiue(150-250g.l-1 ) to
 

.
values <50 g.l- 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
 

/ 

/
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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 erosion 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
 

combinatio.1 with the low electrolyte concentration in runoff and
 

the high dispersibility of the moderate and high ESP soils,
 

caused the initiation and developmerf- 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 not 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 1 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 erosicn 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. lb). Deep rills (0.5-0.75 cm deep and 2 cm wide) were
 

observed even 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
 

http:0.5-0.75
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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 DW mist. This can be explained by two
 

mechanisms: a) the high dcposition 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
 

formied 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 cumulat3.ve soil loss as a function of cumulative rain
 

for the various treatments is presented in Table 2. It is
 

http:cumulat3.ve
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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 effcct 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 interaction between slope and treatments on soil
 

losses it should be remembered that volume of runoff was about
 

the same for treatments. The following observaticns 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
 

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


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
 

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


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 undei 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 w.n
 

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: Effect of exchangeable sodiun percent (ESP) and water quality (deionized water-DW and tap uater-TW) on dispersible clay of Hamra soil.
 

DU suspension TU suspension
 

Soil ESP Soil clay Dispersed clay EC pH Dispersed clay EC
 

g kg " 1  1 "1
 Z dSm
 m
 

2.2 180 
 27.1 .03 8.2 
 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 ocifinal infiltration rate (IR) and cuuJlative soiltlosses (in 60 am rain) from the Hamra soil
 

5% slope 
 35% slope
 
Dw rain DW rain 
 TW rain DW mist 
 T mist
Soil IFinat IR Soil loss jFinaL IR Soil Loss jFinaL IR Soil loss Final IR Soil loss Final IR Soil loss
 

ESP
 

1% mm.h 1 
kg.m'2 r kg. kgmm-2 rmskg.m k 2 mr.h 1 kg.m 2 

mm.h 1 kg.m 2 

2.2 2.2a 0.35a,b 5.2e 4.74h 7.3f 1.07d 3.7bc 1.03cd 3.5b 0.10a 

8.0 1 1.6a 10.58a.bcd 5.1e 8.55f 8.3e 2.35ef I 5.0c.d.e 2.35ef 14.0b,c,d,e 0.28a~b 

19.0 1.6& 0.54a,b,c 13.8b.c.d 1 14.46j I4.3b.c,d,e 2.90f.g I 5.Qd.e 3.40g I 7.5f I 0.67b,cod 

* Figures followed by the same letter do not differ significantly at the 5% level (Tukey test)
 



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

Slope Ratio
 

ESP DW rain TW rain DW mist TW mist WEPP USLI
 

2.2 13.5 3.1 2.9 0.3 2.3 17
 

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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Appendix 7
 



Rainfall erosivity and the univirsal soil loss equation (USLE)
 

suitability for Portugal.
 

1. Rainfall erosivity 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:
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b

aD
I = 

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
 

greater 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 considered
 

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 sequ:nces were studied (Table 1).
 

2.2. A;plication 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 1) 

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

K - soil erodibility
 

LS - phisiographic factor
 

C - cover and management factor
 

P - support practice factor
 

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

of 0.44 were used. The C, P and LS factors (Table 1) have been
 

obtained according to Whischmeier's methodology.
 

3
 



2.3. Results
 

A comparison between observed soil loss and that computed with
 

the USLE is given in Table 2. The ratio between computed and 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 vas not the case. The observed 

soil loss from plots ! and 2 '. nearly twice that from plots 10 

and 11 (Table 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 haI , respectively.
 

Soil loss at the odd years wots 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 hijher soil lod;ues were observed in plots 2 and 1] 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 i: years where larger soil losses were observed,
 

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

1
one. The soil loss averages were 0.17 and 0.42 ton ha" , 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 1, respectively. Plots 8,
 

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

-
of 0.10, 0.29 and 0.49 ton ha', respectively. The differences
 

car. 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 for the 4 plots show a relative variation,
 

0.53, 0.61, 0.46 and 0.33 ton ha"I , 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 . had wheat at the even years anr plots 12 and 13 had wheat 

at the odd years. Consequently higher soil iosses 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 re 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 stcrm2s resulted in poor correlations.
 

Consequently, the R factor was corrected using two coefficients
 

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

storm but the" B" remained fairly constant.
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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 soil loss for crop sequence of A-T-S-P-P (plots
 
8, 9, 12, 13, 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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----------------------------------------------------------------- ---------------

--------------- -----------------------------------------------------------------

----------------------------------- --------------------------- ---------------------

Table 1: 	Crop rotation and some factors of the USLE for the erosion plots in
 
Vale Formoso.
 

Plot Years ,2,:ro. equt:e L S LS F, 

1 1960/6,-1;85/86 Wheat IT) - Bare soil (A) 20.1 11.0 1.27 0.6 
"0.1 10.2 1.14 0.6 
20.2 16.0 2.27 
 0.7
 

11 
 20.2 10.0 2.30 0.7 

1966/67-1985/8. Wheat IT) - r Sil (A,, 12.9 0.7B v 20.2 1.63 
7x 
 20.2 13..3 1.72 0M7 

3 1969/70-1985/86 Wheat IT) - Barley (S) 20.1 9.8 1.07 0.6
 
4 
 20.1 9.6 1.04 0.6
 
5 
 20.1 10.5 1.18 0.6
 
6 
 20.1 12.0 1.44 0.6 

8 1960/61-1967/6L Eare CAW.;ii- Wheat TI - 20.2 14.9 2.04 0.7 
9 -Barne, ( ) - Wheat - 20.2 1E5 2.18 0.7 
12 	 Pasture (F) - Pasture 20.3 16.5 2.42 0.8 
13 20.3 17.6 2.67 0.8
 
14 
 20.4 20.1 3.34 0.8 
15 20.4 20.3 3.39 0.8 

8 1?69/70-1985186 Wheat T) - Barley (S) - 20.2 14.9 2.04 0.7
9 Wheat - 20.2 15.5 2.18 0.7 
12 Barley (13.grainB) 20.2 16.5 2.42 0.8 
13 20.3 176 2. 67 0.8 

14 1970/71-1985,86 Fture (P) 20. 4 20.1 3.34 0.8 
15 20.4 20. 	- 3.39 0.' 



Table 2: 	 Mean measured and predicted soil losses for the various (;rUp 
sequences. 

.. .............. .... I.. .. ... .. ... .. . ..- -- ------- ---- --­

. . . . . 10.. .. .0. 5 

70.. 16.5a.45 

A-T-2-F'-P 0-1- .,., 4. . 

3-1 ; .9 .20.7 41 

F 1.,15 ,.-,, 

trje s--tariAaria d-evi ti:.r,. 



II 

,,40 

I" i- 1 

n 0,1 A& 

I U -

A P',*, '! I il' 

N N:l..ilIiK(.)Al c' *l; /f, if:()M(DC­

0. G 

. 4-A A 

~n r 

_0.4 A A I 

AA. 

01 If 

n~ i 

o0i m,0.1, a.1? ,2? 3(.1i n i5 04 It%AS o 0% i 1fItI o,;.1 0. p';, (19 Oil 

p I ('), l rrfn (} ignrtI'l1 "* ' 



R~ 

I I
 

711
 

a) 

Al A M 

:#. 'H *! 'A I
 

al. 14 65 8 67 AR 64 70 1 72 13 74 75 79 ;7 1879 AO I R2 83 84 85
 

S alhan 1 -4 FR3l1o 2 A ! If) , llhno 11
1h0n 

I\A)I.( *,\J(ft Ivi(' It jf),(1(! 

75 I ....
 

- I
 

o / 1
 

/ // 
66 61 6,9 70 71 7; 73 74 75 A 7 7 A7 9 90 1A 82 04 85
SO 83 


h~~n7 4 ;ih 7
 



4 

,A 

0 ./ 

-pt 

O.5. 

.S 

Tal B ia 

ri 

I ;w ITl(Talln, E 

,, ri~han 18 

x 

-, 
× 

. ,io 

j-I, 

I~df 

t.5. 

Tlau 

Inlhtm 

1 

14 

'w
A 

ah o1 

.,h~n I ) 

ITualo 12 
raIhar, 1B 

36 

0 .5 A I ' 
A A 

ciI I, , ! 

G0'c 7 i A G 70 72 73 74 7 7e 77 78 79 80 61 812 R3 R , 

I 3M Tn',"r' ~8 - VnIhnr I A f n-Ijtjr r, ' l fltl,"n C I 



4 .5, 

I, It 

2.5 

3. I V 

* A 

Lo ;II 9 

,#il ', \ 

i m 1] ih'ao' 8! -' l ."tiaot l A 

JI 

lR~it loc 12 

p A 

1'l n i n 13 

i~ 

I. 4 



Appendix 8
 



Soil amendments and mulch effects on runoff and erosion ­

laboratory study 

Experim' atal
 

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
 

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

"2
kinetic energy was 19.8 J mm 1 m . Rain intensity was maintained
 

"
 at -77.3 mm h .
 

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, phosphogypsum (PG) spread over the
 

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

1
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"1 . In the 	second one, the effect of
mulch at the rate of 3 ton ha
 

an 
anionic low charge with high molecular weight polyacrylamide
 

(PAM) on controlling 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"I 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. PlOOG - 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 

solution. 

"

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

3 PAM 

solution. 

"

VI. P50G -	 similar to treatment II but using a 50 g m 

3 PAM 

solution.
 

Treatments !V, 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 an" second set of experiments,
 

respectively. Infiltration and runoff were recorded every 5
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minutes. Sediments, detacl-nd 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 the 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 P00OG 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 #he 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
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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 oLtained in the
 

P1000 and PI00OG treatments (Figs. 8 and 5, respectively).
 

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

soil) removed form the three 3oils 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 m3 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
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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 PlOOOG),
 

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, P000>PlOOOG 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 tormed also reduces infiltration
 

and hence increases ruroff 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
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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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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 1990/91 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), 

ha "I and (iii) PAM at a rate of 20 kg 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 higher 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
 

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

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

(Table 1). It is
significantly higher than that in the former one 


the higher the annual precipitation the
 common knowledge that 


lower the average rain intensity and in turn rain kinetic
 

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

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

this soil resulting in a lower amount of runoff.
 

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

(Table
observed in the 89/90 winter than in the previous one 


1). In the '4itra soil
 

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

was 


with only
 

15% in the first one. The reason for the drastic increase in
 

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

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


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


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

result therefore from poor permeability because of seal
did not 


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 obtainec' 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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In the Mitra soil, the PAM+PG and PG treatments increased 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
 

were, 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
 

laboratory and field results for the PAM+PG treatment were ob­

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
 

controlling runoff and erosion. Adding PG to the soil surface
 

generally did not reduce runoff and erosion compared with the
 

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

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

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

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
 

dispersion, on the other hand, plays apparently an insignificant
 

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: 	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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