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ISRAEL
 
During 1989 
the following objectives were accomplished and manuscripts


were written (see Appendix).
 

1) Slope and Phosphogypsuin Effects on Runoff and Erosion
 

ABSTRACT
 
The effect of slope on runoff and erosion

stable soils. 
has been studied mainlyLoamy soils from semiarid 

in 
and tend 

regions have unstable structuresto seal during a rainstorni. The permeabilitysensitive to of the seal iswater quality. The effect 
of slope angleaddition (5 - 30%) andof phosphogypsum (PC), which changes the waterinfiltration quality,rate on the(IR), runoff and erosion an unstable sandymaterial (Typic Rhodoxeralf) was 
from 

loam soil
studied using a rain simulator.the slope Increasingslightly reduced thL amount of runoff and increasedinfiltration the finalrate. The increase in final If? was due toPC applicationi seal erosion. Theincreascd the permeability of the seal, tripledIR of the finalthe soil sample and decreased the volumePhosphogypsum application 

of runoff by 50%.also reduced erosion by 60% at theangle. Change gentlest slopein slope angle from 5 to 25% doubledPC-treated soil loss in thesoil samples but increased by seven-folduntreated soil loss fromsoil. samplers. theGypsum treatment releases electrolytespercolating intoand therunoff 
water. 
 Its effect ondecreasing soil erosion isthe fraction due toof runoff water, stabilizingthe soil surfce, the soil structure atand increasing the rate of sedimentdramatic deposition.effect Theof PG in reducing erosion from steep slopes may be used instabilizing soil structures on 
steep slopes.
 

The manuscript will be published in Soil Sci. Soc. Am. J. (1989) Vol. 53

July-August issue (see Appendix A).
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2) Slope, Aspect and P'hosphogypnlim Iffects on Runoff and Erouion 

ABSTRACt
 

The effect of slope, aspect (windward and leeward sides), and 

phosphogypsum (PG) application on rain amoInt, runoff, and erosion from a 

grumusol soil (Typic Chromoxererms) was measured in small field plots (1 x 

1.5 m) exposed to natural rainstorms. The amount of effective rain on the 

slopes, as measured with small ruingauges with orifices in a plane parallel 

to the slope, increased slightly on the western (windward) aspect as slope 

increased to approx. 58% and decreased thereafter. On the leeward aspect 

the amount of effective rain dropped steadily to half of the meteorological 

rain at a slope of 100%. The amount of runoff was not affected by the 

slope on the western aspect and decreased sharply on the eastern aspect.
 

PG application reduced runoff to about 25% of that in the control and soil 

losses to 1-3% of that in the control. The dramatic effect of PG on 

erosion increased with slope steepness. 

PG releases electrolytes into the percolating and runoff water. It 

prevents dispersion of the particles at the surface, stabilizes the soil 

structure and reduces soil erosion.
 

The manuscript was accepted for publication in Soil Sci. Soc. Am. J. 

(see Appendix B)
 



3) Water Infiltration as Affected by Soil Crust and Moisture Profile
 

ABSTRACT
 

The effect of wetting front depth on the infiltration rate (IR) of the 
Calcic laploxeralf and the Typic Chronioxerert soils was studied under 
field conditions using a raintall .simulator. In bath soils the IR 
decreased more shirply when the wetti ing front was deeper but this 
difference becom:s sm, ll r ii the ra in;toirm continued. The infiltration 

- °rate of the soils it the end of the rainstorm (Sxl) in) was 8.5xl - 3 , 
- 36.3xlO , and 5.010-3 in hI far thli Calcic lhploxeralf soil prewetted 

with water at amount eqiAlent to O, x,)", and 2x1 - 1 m, reqpectively, 
- -and 1.5x100 , and 1.0xO i h far the Typic Chromoxerert soil prewLtted 

with water at amount equivalent to 0, ind 200hF 1 in, respectively. When the 
dry soil surface was covered with mulch, however, the steady state value of 

- Ithe IR was 3.5x 0 2 h for both soils. The high permeability of the 
soils during the rainstorm in the presence of mulch, and the similar low 
steady state IR values for the various prewetting treatments suggest that 
the moisture regime in the profile had a negligible effect on the IR in the 
presence of soil crust.
 

The manuscript was accepted for publication in Soil Science (see
 

Appendix C)
 



4) Effect of PAM and Gypsum Application on Rain Infiltration and Runoff 

ABSTRACT
 
Seals, formed at soil
the surface during rainstorms, reduce rain 

penetration resulting 
 in runoff and erosion. 
 The effect of surface
 
application of anionic polyacrylamide (PAM) at rates of 10, 20 and 40 

- Ikg.ha on the infiltration rate (IR) of two soils, a loess (CalcicHaploxeralf) and grumusol (Typic Chromoxerert),a during simulated 
rainstorms, was studied. The 
interaction between PAM and 
electrolyte
 
concentration at soilthe surface was determined under a simulated rainfall 
of distilled water or tap water, and by spreading gypsum. Electrolytes in 
the soil solutions, which flocculate the soil clay prior to cementation by
 
the polymer, enhanced aggregate stability and greatly reduced water losses. 
Complete drying of the polymer-soil surfaces improved the binding action of 
the polymer. 

Treatments with PAM under the optimal conditions increased the final IR 
of the loess - Iform 2.0 to 23.3 mn.h and increased rain intake of an 80 nun 
rainstorm from 12.3 to 65.0 mm. PAM treatment of the grumusol increased 
the final IR from 3.0 in the control to 29.1 imii.h - 1 and the rain intake 
from 22.8 to 60.8 mm. As soils from semi-arid regions are unstable, form 
crusts and produce much runoff (50'v) diLIring rainstorms, the use of PAM to 
reduce runoff should be considered. 

The manuscript was sent for publicition in J. Soilof Science
 

(Appendix I)).
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64 Will high permCability Nji lullid min1ly by tile 
65 pllybiC=l lIICCllilliblll. 
66 The walur crulun process requirI A slolse. Lcsl
67 land is Ci.dcd slowly broalbic lite 1u1oll' Vcit'ly i 
68 slow. As lite slop: inlcrCssC, runull NcluclIy 10dcu,
69 siu.l als Inc:co=c. Ilic c1icci uf sluli : 1 IIIhIt rind 
70 runolf It cOllllicatdllc i cI.onsider IngUnstabll tlloblols1 e 
71 WhilICII IlOotea (lPocbCll, 1I90fi). Sic tie=olhc lilay
72 bccrodcd, it is posbiblc tIa. Willi 11ilCrtcas il slule: 
73 illdwol crosioll, Ilic soil Il lay IIICrcaiC u'1d ruoll ll" 
74 dccreais. Pucmsn (1986) foulll that increasing Iic slop:
75 resulicd in grcatcr iKsand lower runoll and II1at slcar
76 Illicnilhof Ic $CaldcClScawd Wilfi AllInceasC ill fislp.

77 I1Cconcluded 111C1 dcca c ill tUloill'l ill h1lc(CAsc

78 ill Slop: was lmainly duc 1o incrCsed splashfnd
11hoot
79 Crobiion which removed Ihc col. O ler proce:e which 
80 lyirelduce runoll'wilh all incrCas in blup arc: (i) a
81 dccrcaw in lite nlulber of raindrop illlplcts per unit 
82 surfl"-ce la:l (ii) a dccrCawCil tile normal Comlpole

83 ofldrop Illpact force; and (ill) tire Ocurrce: of f1111
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97 The objcitivcs ofthir work vie tu stud) lit cilccl 
8 or sio;i and IPGapplication on Ilie I R oI ruin wa.r, 
89 runotf, and crosion from a andy Iuim soil which tiso 
90 an unstablc struturc fnd icndi to seat. Thc cilcct of 
91 chanting the wafcr quaihty was alis micilgateicd. 
92 Phoaphoy pum %prcadover ilhc buil suritcc mercawi 
93 the €I lru c cuncetatlliun in ite raintlcr, pr
94 VCltI bill11 Ibi tuiIllfind crual tultallull, llmICaisc 
95 rain tW1ilthJIt Illcr 4ipenetratiun. gild I : lC-11CIut 
96 the buil surface (Kazin.i er il. 193). 'Ihcieduccd 
97 amount of runof and thelir cr p.ritcko at fhe wil 
98 urflcc sihould reduce crustun. lti bmic1i"¢.A c1icci1 
99 of PG in icliucin criun lruii slutijis ' vrious 
100 1Icepelii were amiscad In lihl lud). 
1011 
ll0 MATERIALS AND NIEVIIO S 
105 A ndy loam i.) malcfriu, fromn ihe .,Ljtl plain of Israel
 
100 was ubed in this study. The cljy, il. aiid sio.d cultlclli,
 
107 of the sill mnLenul were 16, , iid 75%.rp)Kclyly, uflic
 
10 whucic. The CLC wi I 1.7etao. ki 1. ILti LS.P w, 2.2. ind
 
I09 Lheorugnic miler uiunLcL-it Ui.5,. 11c oUluLCd hI)
110 drauhtc culidU.tl1iiiy and Ihe inlju It uf ilic ite turad soi
 

liaiIeIul. its Hic oih IIIh 10 111 Ill i ul with a i I t ltciloit) of I 

112 h'. %Ir appiusnlmately I LXI t Ist 
I13 Disturbod ltlic wece ollcild, jir dicd. ctuiticd Lo4114 pass a -nlI SICvc,gild thuoruihly liiu ¢. Lmyi 0 Ile wit 
115 n cru ,2cm Occtr werep. 'cc1llrwLurimat llitl buiooi,
II b 3( hry 0 cm,over an 0icm laicr uf ioori wild. 1 ie w ld 
117 aluwed tre drinage of waLerto in ouotL pipe wL in iti 
IlK b.wwol Ilti box.i tic buowa%eic plcd ii fi liiall silal. 
119 lour (Munin cl it., I167) oil . LUi lijig lilicc r hoish 
120 could W Inclined at ilu uliis;l it) iLicLiiiiuiiwtl in Lh 
121 rarigiUU 3tUs
 
122 Sc in1it c ,llilcl %we uiiiiiicd (S. '.5, Ii. 2-0.
I. 2. 
123 and 3I1% fur tbult uniLcilcd wit mwiplcand lur wit wil. 

G gbouidt i1214 plot Irtiud will, < 1 I i Alsoltiprcud Uorr LIe 
125 wit biittuc aL a lite cquilcal LIo) fun h.1 1. 1 tie , ,j I. 
120 pludocl uf IIc plulphit lcitullh*cr iiidJUIL). Ili%a dr) Culls. 

127 poalilun of CasO,. 970 MSO1,I.1*.. 1:.. U.,. Iluuti 
1211 poalltcaid Sit). 1.4%. 
129 The winpici fistIll buracd will lip wlcr Iisll ihic 
130 b c,.after which PG %is .tiphd lu fle ilciid l11)1. 1 he 
131 l LitIlCi WClcIWell soLbjeild to %IIIIuuoiii iitutl Vlt ih,in 
132 Inltlily ut 4U If U i i wil111 I Lur *0 luiu. imin. di dCr uw d 

133 1o aiiliot rairiwir. T piil niii.iic.mt1 wtruiiciema ut li 
134 applicd Iln wer'e: iticdi.ii lilidlup dijuitvcr.l 

+ 
Lv . Iic. 

135 . i nidrI i vclcily, 6.02) i s .Ilndlutal kllsic1 ii gy, 170 
I3c J II ii'. At win at ,uJIull %4bualouuicrd tOLululliiiimc. 

137 Wllipii wci.: Cullcd at rci.ilir lihiIi,.i.. 1lhte %olutoiu hr 

131 ruIiull utl iic rija of il wul it c mil' %cjs ini" uiCd. 

139 ihi uluiIuIe lht 111€il Iuci tl Ilic.l., d it 2-iu11 illIIII 

140 and like IK waseutcI.iwd.
 
141 Cicli weIv Icdl uIfle inlilli u .i .I- .iu mi;i tiwNiLIN
 
142 pfLxcdu s oI" ,AS (SA5 Illtllui. 1 i06. tu. I -37 ) fur filh
 
143 llwiluni.n iylC cqueitun:
 

lit~o 1, - I, + (I, - l,)c'pt-pgl L 
14) whcrc i, - the infiltriliui rit .t1 little I 
148 I, - iitilt ililitrllullU fi le 

1t1c l149 , - htii l i llttu ll file1 5U p - sllll~ll 111iI:IIy 

151 - a Cu.tilant
 
152
 
153 III:SUL'I'S AND DISCUSSION
 

d154 El1ci of blup angle aid I ttilllraliun Un

15 Tire cIIcLl urh.p: anlel 0 aid 25%) iid Itc I'U 
159 treltmLtl on tic It and suit Uoiiare illustr ud Iit Fir, 
160 h 11 is mdei.nl froti lihe ralid drup in ti l It of ilt 
161 unlreated oui l:1&. I:,). tht iIi "lT)pit Ithludukefilf i 
162 very %uwcjibl¢:to surlice .iclng.A silattr ,ulscr. 
163 viuon was mad¢ by ten Ilur ci al. 19i1). whoIuund 
164 Ihat soil%willi muidcalt 1I5-2U'h) cliy ierceLmtqc alnd 
165 low clnlll u org.ilc ltttCr UIC llatiU l upl : to 
160 crubttng. 'rite ittpiet uf flt rtillup, Curibtted wilh 
10 a low conccittralison ulatC+Irulyil ILt tth %,.cr, caused 
1611 the IR of the soil to ull romt lie initial rle of up" 
169 proxiiutocly IO ni l hf to u Iiitti IIt uf 2.9t nin Ii

d
170 find 4.5 mmnt li Ihte5 an ilul>.foii ter tO25'A rvitx'%ivvly, 
171 Iolowing 25 to 310nmni of ruuil. The iitllrulUin 
172 curves tor Cie olher luliitei riogctlacivccti Ittuw of 
173 the 5 and 25*. ilupcs. Tht final IR and runoll per. 
174 cctiLitcb lit the ievet1 flu.zi aLe prnciticd Im Fig 2. 
175 Ditferii cs t)iwecti ailor es I Y5h.iare iniiiliiI". As 

angle ittcrcacd 21 and176 ,ilup O 2U% over, Ithere wal ai 
177 iigntifilal inmrie fii ttte tiial lIL. 'Ihc increawc it 
178 linal IRli aliuialcd wilit iierucea in soil crui (:ig. 
179 I and 3). A satlrp increas in soil lub occurred uitly 
180 at stles - 15% (Fig. 31.Our miulli arc in aigietiitl 
181 with Ittus of I'tclOli 119i98). CACCIll1ttl lie used r-
Is! 1llitt Il itLilUllbl ujl l, ti l d bitL t liflil l'(O itlulloit 
I13 % t11vittll. ild ttihll tttelU i cl i' Iiic % lu l tC'llll 
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184 to s aling than our soil samples. 
1l5 The IRs of soil samples treated with PG dropped 
186 much Ie rapidly than those of ithuntreated soil wam. 
187 pies. The drop began alter a grcater cumulative rain
188 fall, and the final IR were higher (Fig. I).Alto, in the 
I19 case of the untrcated soil samples, ite final IK was 
190 cstablishcd after 25 to 310min of rain had fallen, coin. 
191 pared wih 60 mm ofrrain for the PG-,reated suil sum
192 pic. It has been shown (Gal ct ul.. 1964) that PG 
193 rcduccs surface sealing by raisingil ehclectrolyte con

194 c€niriation in ihc solution at lite soil surlace, thus ic
195 ducilni thedispersiun or tc soil urcts atid the 
196 sod ciays and precenting the formtion o tleh"washed. 

197 ili"laycr. Thus. the crust fors tiurcslowly un he 

198 surface ofsui treited WillhI'G and is ime01iperlnable 
199 than lte crust of untreated luil. ledumiil 1:,c rate of 
200 runoill.
 
201 As slope anglc incrcased, thie fil i1(of thcPG
202 treated soil sanpics also increased (Fig. 2). The cilcct
 
203 of slope anile on the properties of Ih sal, us dier.
 
204 mincd by the final lii both trctacd andIR,was similar 
205 untreated soil samplcs, inspite of thefit that G

are lcss su.ccptible to sealhing and are iess 
207 crodiblc than untreated soii. A liossle explanation is 
208 that mechanical disiiegraliun 

2.06 treated soils 

uiswii .luieCiicscaused 
209 by the iliipack of raindrops, Wiletis the main 1cch. 
21U atism that up fai in PG-ireatcd soils, is quite tlln
211 siivc to thcslolpe u nole, 
212 Thcrc was no obvious raitiililihil betwee1i sjUl)
 

213 anglc and eithcr the total amount of water infiltrating
 
214 into the untreated soil sanple runolr pitcci
or ntalt:
 
215 during tli stOrim (Fig. 2). Cumulait' inlfilration and,
 
216 hence, the untount of runoll ate allect| by lite rate
 
217 of scal formation, tinic to pendi ng., it lhe
anid changSes 
218 FIR. The inleractiort of ihiese relitiuishipis does not 
219 produce usimple trend incutulative inliltralio and 
220 th resultig dliatges in the anuunt oi"runoll asa 
221 functin of slop aicsmall. it the. %asiien PG is 
222 added to the surLacc, a de limti me.iiiunlip (linear 
223 correlation coetllicit ol'r- 0.71)lietwen slup angle 

224 and cumulative inliltration cxists AIth a decrease lit 
225 runoll'as the slup antlcincreases. 
226 It is evident Iin Fig. 2 thai 'ry in1t i ellkeliv 

227 increasinglitheinal lit of the soil amiddiecaig the 
228 total runoll* IG treatmnts i'ic ied the fial Klit 
229 a lctur of 2.7 id decra sd le.itiuounlt ol Iuiiotl' 
230 frot 66% in tie contirol to 2YINl il ike tre.;cd soil 
231 sample (average of the sevei slol'sl. lh lect oil 
232 crop pfoduction douulit rlactiotn of rain thatto lite 
233 penetrates3 into fhe soil by 1PGtratnieiitli se niarid 
234 urc~is has cn evaluated inolher studies (e. gAss

l 
b A, 


235 ct al. 1965b). TFhedlIciof IPGlieiliins oit soil loss 
236 - isdiscussed in lhefollowing sciun. 
237 

MId IG OilMil [Elkec uohlupe billeh suit loss 

is presented in 
242 Fi. lb. Lotli ite ellect of slole and lite cllktof the 
243 P tneatmenit are vMerpronounced. Increase in slope 
244 angl firontto25% resulted inslu luss increasing 
245 by 7UL,.1for the untreated soil siipl. aind 2W0%for 
246 the PG-trcatcd soil samples. The rclituniship between 
247 the total anrount of soil loss durinig tie stuni ind 
248 slope angle is shown inFig. 3. 'liifollowing obscr
249 vatiuns should be ioted: (ifThe rapid increase in soil 
250 erosion of untreated soil sariples does iot occur until 
251 tie iloptireieass above ltiUv.At slopes > lU,. rapid 
252 intc,,l.s 

241 Soil loss asa function of rain d,.lplh 

in soil erosion tikeplace. (ii) Only a siall 
253 increase iii slt lloss uceured betwen the 25 aitd 3, 
254 slopes. 



255 Soil loss were notgreatlyaileci.cd by slope -ingle
256 atthegentle slope range. At low slopes, and therefore
257 low overland low velocities, dctslsssent of sedisisent

258 front 
 is duetiesoil surface torailislll dclachleiii
259 alone. As r-infall detachment is relstivelyinsensiis'c260 to lope (Ruw,1985; Waler t al., 1977), thelcis oly
261 a slightincrease inerosion v illh inn'crasils slopeat
262 slopes below a critical level. The resuh-
 obtaincd if)
263 our studl su thi ranigeal ,hich raslail is
1est he 

264 
 fhe nain agenit of sedinent decli hniei and at which
265 surlcc low actssimply to transport 
aid not gcnlgalc266 sediment, is Is slopes 8lctlefr 1h3n IO'N.As theslotpe267 angle increasesabuvc IU%. the elocily of O iliand268 IIowexceeds the critical value, rils arn formed, and209 erosion istgenerated by surlIec and fillflow. At slopes270 greaser than 25%, theincreasein theamount of soil271 loss with sloweanlsle was sl,,d dowI (lFig. 3)."lhis172 sugests thatsome form of limnit is being approached,273 possibly reduced avaikabilisy of sodible sedimenis.
274 Howcver, i is also possible that ihiiis an anil-csl which
275 results ron tihe sclup ul tihe soil "h'eivcry
276 Scnsive till erosion 

ifs. in.
 

277 
Ilal look pila at the 30% slupe


(see Fl. 4), and the lovcrin ortei soil surface below
27 tSheedge ofthe trays, Caused scdiiiiessit prccipllaloll a
79 1h t utlet and lower suil loss v..lucs. As there was
 
ule 


210 misre ou.iidce Inslsol lOSSdataas the25 
 ,lope,281 these data ;trc presentedi i Fig.I and arecolsiidered 
282 in thefollowin4 discussion. 
283 Treasmntr will PG rcduccs soil loss dfinialiulial)
284 (Fig. I and 3). The ef 'iccof PG iii reducings crosion285 increascs with increase in slope ,ngle. At the5%slope,2S6 Sheamount of soil loss from theuniicaiid and treated
2817 woilsanmples was. rsslectivel,, 0.935 and 0.414 11 f :,2;s8 and the treltent ratio(lshe rtio bxivcsn soi loss 
2119 fron soi sanpl¢s treatedwillh PG so soil loss fSo290 un~lcscd soi samples) was 0.143 (Table 2). At tile291 25% slope. theassiluniS of soil loss floirtihe untlreated
292 cnd tresaid soil samples was, respei.i ely, 6.7 a-id U.b
293 ksf m 

"I
. and the tre.alen ratiowis U.12. The clh.'e'294 of PG on erosion should be cosipaied wtill Itscllscc295 on runolf Ticaisics vitllh G decsased runll'at the

296 5% slope from 65 to 32% (itraliesi ratioof U.49),297 and attle 25% slope front 65 to23-i., s rtio(trelia
2911 of 0.35). Whereas the cl:i of IG os runoll' depends
299 only slighlly oisslope, sliccllecIof PG licalmclli osl
1O ulsoit lo-S is more pronou c.ed as the slope aisgle Is.301 creases. This linding indicsses tOw PG tlscatelliit
302 lccp soils reduces runoll 

fil 
to 31% of thecontrolbut303 rcduccs erosion to 12% of tihe Coilsiol. Thus, I';als,

304 rcduccs theCollcCillaliuOl ul .dissi esis Il tihe russolf
305 volusse. 
306 The Cirector PG osltileInio.sclicl of the soil c.
3 7 posed to rass is presented il IFi.4. Followii a 60n g308 min ri ljonsrsl, tlesurlacc uflhe ullcacd soil Is the309 5% slope it 5isooll. Al unlseas sodils0ll, atthel.. 
310 llinninlg rsaislsons, loim pit sa result of theof a 
311 llitpcI of lite ralndlols 0 llad) cl at., 19S3). As the352 lOrss proceeds, a crus 
313 

is loincd, and rossoll id cso
siosntakeplace.Seat l'olii.atloniou e.,es theI5.sstallncc

314 of itesoil surlasc to further pisisit . nd lie sclusion315 renoves th loose soil paltlics.Ise finalfesull of
316 theseprocesses is She development of a sisooth suil
317 surfacce (Fig. 4A).Soil lc.iLd vIli I'G O1II0IIucs t0 la
318 lhrouglhoul the rainlrsorml, liubably because the
319 stIrenlth ultihe seaIl
55so sullicicsli to Icsisthe ilsespac
320 ofrhe t4aidsups (ig. 4b.

321 lllereaslii6 tSheslola 
 a"igIc ilicases tile s.locily of
322 tlsewater flowinlg ovcr lite soll surlfee. When the vc.
323 locily and turbulence become laiseenoulh. fil for
324 Itlation akes place. lit
our study, easily discerned rills325 were forsscd along the cisic lnei;lhof the trayoil326 slopes greaser than 10%. Oil the3U slope, uS Sheeid

327 of Sh storm, rills were up So0,.75ci deep and 2 cai
328 wide (Fig. 4c), l'hosplhouylsium.reatcd 
 suil did not329 develop riils even attile 3U% slopic (i . 4d).g
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330 The dramatic clr-:ct of J'G on erosun and its dc
311 pendenci: on slope anglo ma) becAplaitnd asfllows. 
332 According (1945) thlcto Kos and Fulcr 1IV62), 
333 proces¢ s alleet sedimcLII concentration in the runolf 
334 water continuously and sintultaneouily: (i)rainfall dc. 
335 Lachmcni of soil panicles, in which raindrops splash 
336 soil piniclcl from thesoil surlacc into the watter of 
337 overland Ilow; (ii) soil panicle cnlrainicni by over.
 
338 land Ilow (ilrunolf dctachm,'nk); and (li) ,ediment
 
339 deposition, a continually oucurring proc:i owink; to
 
340 seJimcnl seltling out under gravity. Ithis process d
341 pends on sediment size and f.ll veloiLy. Thetsultant
 
342 sediment conccntratkun iodcetrmiined by Iherelitive
 
343 magnitude of these dilrcrcnL .
iali 

344 Itain'alldetachnicit is the main transpon procs
 
345 atlow slop% aailel (Walker ctal,. 19"7). The ellei uf
 
346 applying JIG oil rinll detachemin isrelilivcly small,
 
347 and soil los ;le Sintilaf illtrealed aiid uhtfiatd
 
3411 soils, 
349 The capacity of water to cause shet erosion de
350 pcnds upon its velocity and urbula;ict which. in turn, 
351 depend upon the sllop dciih of theangle, lh,: runul" 
352 water, the lrtuoSILy of ,IspOih,and Lierlighless of 
353 the soil surlace. As th sitei of Oh soil pailicle, ill. 
354 ,creases, it isnore dillicuhtuverland low to lilt thefur 

355 particles front tle soil surface. Treamiient with PG af
356 fcis eacsh of these fttors; K; reduces the volmic of
 
357 runolf and naintaiis lite uuklilIes of the suriacc.
 
35B thereby dcercasiig the velocity of overland flow.
 
3J9 Ilholphoilypsunl Lti.allient
aliuiicreases Me Cleueio
3so lyte coien ration in built lherunulf watelr atnd tle 
3t)l percolating water. lncreasing lth .lectiol)tc cuocen
362 lratiou pievenis aggregate dillersiun (Agasli eta1. 
363 19JI)anid biger pirticles are less crudiblh,. 'thus, I. is 
364 concluded lhateuosioin by omialid low is rcdu~ct! 
365 elctively by JIGtlicititeiil. Siii .%iceilind flow be
366 collslthe domiinanit ilicliioiii al tileloupeatiile 
367 increases, it is to Leexpected lia.:ii. ellctivenii ur 
3i JIG illia ssasthe 1minleeies.lOpe allgle 

30q *The third pi[ceCSs thaiallcllkltt dilllenl
Coliien
370 rtIrtion inlherunull witer is sedilntitvi dcpoiiion. Sed. 
371 intent sltmutin depeitis oii Lte We 0h litepartiles. 
372 in theil irPatinCIt. the WOcCiCliuloi ofslctCilBu IIcs 
373 it r tunullte water is Ii illand tile clayparticles flie
374 culate (ilerand ar: deposited. II 9671, aitaliisig the 
375 client of JIGoilsedittieni liarticle ites in the runolr 
376 water, flr oillul 15 andound lie suillI 3U% clay 
377 6U to 75t% %ilt,whterca PIG.ii-ieid'd suils sliued iiu 
376 clayin the water. liGiicenls alwa)i eii.runoff" 'U 

379 hainCCdImnCl deposlitu.
 
3611 

391COJNCL.USIO3NS 
to taitilall is 

385 due to two aiechatininis: 0)btf'askdu. ufthe sull"g
366 gregates Ctaused by of r.midiului. anid (it) 

364 Seatl furnatiuot ii sol suilaes ixpo.cd 

the iimpt: a 
367 physihcllciCal diisp soii uflthe clay, whi: calt theii 
366 Imiiaiac und lujpois iitliiieditly beneatlh thesui
3169 race. Whlen IG wts liiead uer ihe sull siaple, it 
390 dissolvcd and picvvtied tldydlihiersiot, tilled Lthe 
391 final It of lhesoil, and deciased the deplh or runUir 
392 by Wo. IG upplicattit sruil|lhu i'd'ved by W% 
393 tatgeintle slope antigles. 
394 Iiercaslli tilelpu atigli -aflit soil thai witl c,. 
395 posed to vciiial ramlIit 511to 3 %. lmotluidoubled 
396 the linmalIl olbuilt ticalutd and uttrealed soil iill
397 pll,triplicd soil ciuiOl fromu1litrcatcd slitililcs aid 
398 incrcased by sevtiilold soil lulItuir the unreatcd 
399 souilihk. 1 he tititease in liil Il watstiibui.d to seal 
41)3 CrUmolo. 



401 Phosphogypsum treatment and therelea: of cle. 
402 trolytes ,ulutionbinto thepercolating and runull' i,. 
403 duced soil crosun by the Iulluoang ciechi,ltitislt: 
404 -Incrcasing the fraction of rain that penetrated ito 
40 the soil, thus deercsnian o1' water.the de'pihruatol' 
406 -ncreasittg stabi ity ufthe soil aa"igaltctihe at the 
407 surface, thus detaching fewer suil partiel by raindiup 
40 imp ti and overland low. 
409 -blirtiniing a routh soil surface (cumpared wih 
410 the smooth surface u the untreated s il), titus de
411 creasing the velucity of the overlaind llow of runol 
412 water. 
413 -laintaining a hih eon:entration of electrolytes 
414 in the runuli" water, thus ediancitI; the IlhUocuaiiiUt 
415 and alepos tion of the clay pairticles.
 
416
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Abstract
 

Thr effect of slope, aspect (windward and leeward sides), 
 and 

phosphogypsum (PC) application on rain amount, runoff, and erosion from a 

grumusol soil (Typic Chroinoxererts) was measured in small field plots (1 x 

1.5 m) exposed to natural rninstorms. The amount of effective ruin on the 

slopes, as measured with small raingauges with urifices in a plane parallel 

to the slope, increased slightly on the western (windward) aspect as slope 

increased to approx. 58% and decreased thereafter. On the leeward aspect 

the amount of effective rain dropped steadily to half of the meteorological
 

rain at 
a slope of 100%. The amount of runoff was not affected by the 

slope on the western aspect and decreased sharply on the eastern aspect. 

PG application reduced runoff to about 25% of that in the ctantrol and soil 

losses to 1-3% of that in the control. The dramatic effect of PG on 

erosion increased with slope steepness. 

PG releases electroiytes into the percolating and runoff water. It 

prevents dispersion of the particles at the surface, stabilizes the soil 

structure and reduces soil erosion.
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Introduction
 

Soils from semi-arid 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 soils to
 
display rapid surface sealing 
during rainfall, 
which induces 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
 

concentation 
of electrolytes in rainwater (Agassi et 
al., 1981, 1985a).
 
Agassi et (1981)
al. proposed 
 that seal formation was due 
to two
 
complementary mechanisms: (a) physical disintegration of soil aggregates 

caused by the impact of water drops; and (b) chemical dispersion which 
depends on soil ESPthe (Exchangeable Sodium Percentage) and on the 
electrolyte concentration of the applied water. When water of high 
electrolyte concentration was used, chemical dispersion was largely 

prevented and seala with high permeability was formed, mainly by the 

physical mechanism.
 

The beneficial effect of surface application of phosphogypsum (PC) in 
maintaining high rain penetration, reducing runoff and preventing soil loss
 
has been demonstrated in the laboratory (Agassi et al., 1982, 1985b; Kazman
 
et al., 1983; Warrington et al., 1989). 
 When PG is spread over the soil,
 
it dissolves and releases electrolytes which prevent clay dispersion. By
 
preventing clay dispersion, surface-applied 
PG increased the permeability
 

of the seal, tripled the final 
infiltration rate 
of a typic Rhodoxeralf,
 

reduced the amount of runoff by 50%, and reduced erosion to 10-40% 
.fthat
 

in the control (Warrington et al., 1989). 
 The objectives of this work were
 

II
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i) to atudy the effect of slope and aspect (windward and leeward sides), on
 

rain amount, runoff and erosion from a grumusol soil in small field plots 
2 )(1.5 m exposed to natural rainstorms. ii) To study the effect of PG
 

spread over different slopes and aspects on runoff and erosion.
 

Materials and Methods
 

eography
 

The experimental sites 
were located in the northern Negev of Israel
 

near Kibbutz Bet Qama. The soil type was 
grumusol (typic chromoxererts)
 

with clay, silt and sand contents 
of 48%, 25% and 27%, respectively. The
 

cation exchange capacity (CEC) of the 
soil samples ranged around 37
 

cmole(+)kg-1 and the ESP around 18. 
 The CaCO3 content was 13.4%.
 

Annual rainfall at the site is approx. 
265 mm, with a coefficient
 

of variation of 38%. 
 Tlle meteorological 
rain is measured with raingauges
 

whose orifices are horizontal. Hlowever, the intensity at which a given
 

rain flux is intercepted on 
the ground depends on the angle of incidence
 

(Sharon, 1980). It is greatest when rain falls normal to a surface, whence
 

it decreases to zero for rain falling parallel to it, such as vertical rain
 

failing near a wall. The angle of incidence depends on the position (i.e.,
 

aspect and inclinaLion) of the sloping ground, relative to the direction 

from which rain is falling. Thus, -for a given direction of rain, the 

proportion of rain actually intercepted on the ground will vary with aspect 

or inclination or both. It is this quantity that is significant in 

rain-dependent processes taking place at soil surfaces.
 

Dominant wind direction during rainfall varies in the region, but at
 

least 50% of the rain comes from 
a narrow section of only ±2G-250 around
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the azimuth of 240 (dominantly west-southwest winds) (Sharon et al., 

1988). As a result of the prevailing wind, rain falls mostly at a 

ccnsiderable inclination. Resultant angles of 400-600 (measured from the 

vertical) have been found in storms with wind speed 
of 10 m/s (Sharon,
 

1980). As a result, the effective depth of rainfall 
that is actually
 

incident on the windward and leeward 
side of sloping ground, also deviates
 

widely from measurements made in conventional raingauges with a horizontal
 

orifice.
 

Runoff plots and instrumentation
 

Runoff plots (1.0-n wide and 
1.5-m long) were constructed at two
 

sites, 2 km apart. One 
site was on natural wadi wall (Plate 1). The
 

prevailing aspect of the slopes at the site was 
toward southwest. The
 

runoff plots were constructed on natural consolidated undisturbed slopes of
 

12%, 31.5% and 
65%. The soil at this site is quite variable, with ESP
 

ranging between 10 and 
20, thus another site, on a nearby roadcut, was
 

chosen (Plate 2). Slopes oC 8.7%, 57.7% and 100% 
 were constructed at this
 

site on the western (windward) and 
eastern (leeward) aspects. Well-mixed
 

undisturbed 
soil from the wadi wall was used to form the uppermost 5-cm
 

layer in these slopes (Plate 2).
 

Raingauges were of the small-orifice (=6.4 cm2 ) type. The gauges on
 

the slopes were inclined, with the orifices on a plane parallel to the soil
 

surface. Runoff water together 
with the suspended solids in the runoff
 

water were collected in containers. AftL'r each rainstorm 
rain, runoff
 

water, and the suspended solids in the runoff water were measured. Two soil
 

treatments were applied: 
bare untreated (control) and PG spread over the
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-
soil surface at the rate equivalent to 5 ton ha . The soil surface at
 

the undisturbed slopes was cultivated 
just to break the previous crust and
 

then smoothed by hand. Each treatment was replicated three times; thus the
 

number of plots 
at the roudcut site was 3 slopes x 2 treatments x 2 

aspects x 3 replicates = 36 plots, and at the wadi site it was, 3 slopes
 

x 2 treatments x 3 replicates - 18 plots, 

Results und Discussion 

Measurements for the present study were conducted during the 1987/88 

rainy season. Observations from five (disturbed soil) and six 

(undisturbed soil) consecutive rain Stor si from January to March 1988 

totaled about nun. storms are
240 Earlier not presented, because
 

plots were not prepared yet.
 

A complete listing of rainfall, runoff and soil losses for each storm
 

is presented in Tables 1 and 2. The season sum of rainfall, 
runoff and
 

erosion is presented in Figures 1-3.
 

Rain measurements
 

The depth of rain measured with standard raingauges with horizontal
 

orifices at the wadi and roadcut sites 
(consolidated and disturbed
 

surfaces, respectively) was 240 and 249 nun, respectively. The 
amount of
 

effective rain the as with
on slopes, measured inclined raingauges with
 

orifices on a plane parallel to the soil surface is presented in Tables 1
 

and 2 (for each of the single storms) and in Figure 1 (for the total season
 

rainfall). It is evident that the effective rain is 
a function of both the
 

slope and the aspect of the sites. Since the dominant wind direction
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during rainstorms is from 
the west-southwest (azimuth of 2400, Sharon et
 
al., 1988), the amount of incident rain is higher 
on the western than
 

on the eastern aspect. The maximum amount of incident rain on the western 
aspect was at the intermediate slope (57.5%) and the effective rain 
decreased as the slope increased further to 100%. It is at the moderate 
slope that the incident rain was probably perpendicular to the soil 
surface. At slopes less or 
greater than the moderate slope, the effective
 

rain decreases. 
 At the leeward slope (eastern aspect) the amount 
of
 
effective rain decreased continuously with increase in slope. 
 At slopes of
 

with the inclined raingauges 

57.5% and 100%, the effective rain dropped to 0.77 and 0.50 of the 
meteorological rain. In this study experimental runoff and erosion are 

related to the effective rain as measured 

(Fig. 1).
 

Runoff measurements 

The amounts of runoff (iiwi) as a function of slope and treatment for 

each storm at the two :mttes and the two aspects are presented in Tables 1 

and 2. The fraction of runuff (from effective rain) as u function of slope 
is presented in Fig. 2. The following characteristics should be noted: 

1) On western-aspect slopes the effect of gradient on the percent of 
runoff was small. Whereas on the -consolidated surfaces the percent of 

runoff increased with an increase in slope, in the plots with disturbed 

soil surfaces the percent of 
runoff decreased with an increase in slope.
 

Averaging runoff percentage for both surfaces, the percent of runoff in the
 

control was about 60 percent of the effective rain. The high runoff (and 

low rain penetration) was due to seal formation at the soil surface (Agassi 
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et al., 1981). The 
 impact of raindrops, combined 
 with the low
 
concentration of electrolytes in the 
water and 
the inherent low stability
 
of the soil structure, caused the IR of 
a similar grumusol to drop to low
 
final IR values of 2-3 mm.h l
-
 (Agassi et al., 
1985a) and a high percent of
 

runoff was obtained.
 

With an increase in slope, 
runoff is expected to increase 
because
 
surface storage 
decreases. However, with increase
an 
 in slope, soil
 
erosion also increased and the seal at 
the soil surface was eroded. 
A high
 
rate of seal erosion leads 
 to an increase in rain 
infiltration 
and
 
decreased 
runoff (Warrington et 
al., 1989). net
The effect of the two
 
opposing processes was that runoff was affected only slightly by slope.
 
2) The effect of treatment 
with PG 
on runoff percentage was very
 
pronounced (Fig. 
 2). Thie percent of runoff 
in the PC treatments was
 
approx. 15, about one-fourth of that in the control. 
 It was already shown
 
(Agassi et 1982,
al., 1985 
a, b, and Cal et al., 1984) that PG reduces 
surface sealing by raising the electrolyte concentration in the solution at
 
the soil surface, thus reducing the dispersion of soil clays and preventing
 
the formation of the "washed in" layer. 
 Since the seal forms more 
slowly
 
on soil surface treated with PG and is
more permeable, runoff in PG-treated 
soil surfaces is reduced. As in the control, the effect of slope on runoff
 

from PG-treated surfaces was small.
 

3) The difference in runoff from a natural slope ("consolidated") and that
 
from a disturbed or cultivated soil layer was small (Fig. 2). 
 Since seal
 
formation determines the rate of rain penetration and seal is formed at 
the
 
surfaces of 
both disturbed and consolidated soils, 
the properties of the
 
soil underneath the sur-fnce affect only 
 slightly the 
 rate of rain
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penetration, and thus the difference in runoff between the soils at the two
 

sites is small.
 

4) The amount of effective rain on the leeward side of the dominant wind 
(eastern aspect) decreased with slope (Fig. 1). 
 On this slope the percent
 

of runoff (from effective rain) decreased sharply from 70 x 70 at 8.5% 
slope to approx. 20 x 20 at 100% slope (Fig. 2). The low values of runoff 
from the steep slope suggest that the seal notwas fully developed on the 
eastern aspect. study theIn a of effect of impact energy of raindrops on 
seal properties of a loess soil, Agassi et al. (1985a) found that the 
impact energy of raindrops was essential 
for seal formation and when rain
 
without energy was applied, high IR's 
were maintained. In the leeward side
 
of the dominant 
wind, both the amount of rain and the impact energy of
 
raindrops were low, thus 
a seal with high permeability was formed, and the
 

percent of runoff was low.
 

5) On the eastern 
aspect, the relative efficiency 
of PG in preventing
 

runoff was high at 
the gentle slope and 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 formation 
of the seal decreased and the 
beneficial effect 
of PG was
 

less pronounced.
 

6) Finally it should 
be noted 
that.no runoff data are available for the
 
control treatment 
of 100% slope on the 
western aspect. Total collapse of
 
the surface layer with 
localized 'landslides took 
place in the three
 
replicates of this treatment 
(Plate 3). Conversely, no landslides occurred
 
in the PG treatments in spite of the 
fact that more 
rain penetrated this
 
treatment than the 
nontreated plots. 
 It seems 
that the low concentration
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of electroltyes in the 
rain and 
the dispersivity of the soil 
(high ESP)
lead to soil slide. When PC was spread on the soil, the relatively high
concentration 
 of electrolytes 
 in the 
 soil solution prevented clay

dispersion and soil slide in spite of the greater rain water percolation.
 

Soil Erosion
 

The effect of slopes on soil losses for the two sites is shown in
Tables 1 and 2. The effect of slopes 
on 
the season soil losses (240-249 mm
 
rain) is presented in Fig. 3. The following should be noted:
 
1) On the western aspect (Table 2A), increases in slope had a dramatic 
effect on soil losses. 
 The effect of the topographic factor (length x

slope) was quite similar to that calculated by Wischmeier and Smith (1978). 
There was no significant difference in soil loss between the disturbed and
 

consolidated plots.
 

2) Treatment with PC reduced soil loss dramatically (Fig. 3). The effect 
of PG in reducing eru:iion increased with tlope steepness. At the gentle
slope, PC treatment reduced soil lo:.-ie. Lo 6-10% of that in the control,
whereas at the 60% slope, PG treatments reduced erosion to 1-3% of that in 
the control. 
 At 100% slope, landslide occurred 
 in the control 
and
 
comparison between PC treatment and the control was impossible. The effect 
of PG on erosion should be compared, with that on runoff. Treatment with PG
reduced runoff from about 60% in the control to about ±15% in the treated 
soil, and 
the effect of PC on runoff depended only slightly on the slope
(Fig. 2). These 
observations suggest 
that 
the beneficial 
effect of PG in
 
decreasing erosion is not only by decreasing runoff but also by diminishing
 



soil erosion directly. 
 Similar observations 
were obtained in laboratory
 
studies using rain simulators (Warrington et al., 1989).
 
3) In Plates 3 and 4, the effect of PG on the shape of the soil surface at 
the steep and gentle slopes, respectively, is shown. Following 140 ma 
rain, the surface of the untreated soil at the 8.7% slope was smooth and 
the aggregates were completely destroyed. 
 Naked white 
sand grains from
 
which the clay particles were removed 
by clay dispersion, give the white 
color to the surface (Plate 4). Soil treated with PG maintained part of its
 
original structure, the surface was not as smooth, and naked grainsno sand 
were observed on the surface. The well developed crust at the soil surface 
of the control caused the high 
runoff 
and erosion. Increasing the slope
 
angle increased the velocity of the water flowing over the soil surface and
 
intensive 
rill and interrill erosion took 
place (Plate 3). PG-
 treated
 
soils did 
not develop intensive erosion 
or rills even at the 100% slope
 
(Plate 3). isIt hypothesized that the presence of electrolytes in the 
runoff of the 
PG treated 
soils decreased rill 
formation and rill erosion.
 
This process which supplements the decrease in runoff may account for the 
dramatic effect of PG in reducing erosion. 

4) On the eastern aspect, soil losses decreased with increase in slope. 
The decrease in rain intensity (Fig. which1) wits followed by decreasea in 
runoff (Fig. 2), brought aabout decrease in soil losses. It should be 
noted that us the slope increased from 8.7 to the100%, amount of effective 
rain dropped to 125 imm(52% of the horizontal rain), runoffthe dropped to 
26.3 mm (15% of the amount of runoff at 8.7% slope), and the soil losses 
dropped to 
210g (9% of soil loss at 
8.7% slope). A similar relationship was
 
obtained at the intermediate slope. The similarity in the effect of slope 
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with eastern aspect on runoff and loss
soil suggests that these two
 
processes are 
related. 
 We can assume that the impact energy of raindrops 
on soil surface in the leeward side of windtile diminished even more than 
the rain intensity. With the decrease ill impact energy, both seal formation 

and soil detachmelnt were aliu diminished, 

Summary and Conclusions
 

There is a considerable 
 difference in the amount of rain falling on 
leeward or windward aspects of steep slopes. This factor must be considered
 

in soil conservation plans. The effect of PC on soil loss reduction 
operates by several mechanisms (Warrington et al., 1989). (1) PG spread at 
the soil surface dissolved and released electrolytes into the percolating 
and runoff 
 waters. The high concentration of electrolytes in 
the
 
percolating water slowed down and prevented the formation of the seal and 
increased 
the fraction 
 of ruin that penetrated into the soil, thus
 
decreasing the depth of runoff water. (2) Increasing the electrolyte
 
concentration 
 at the 
 soil surface also prevents the breakdown and
 
dispersion of the aggregates at the soil surface. Stable aggregates are 
less transportable by raindrop detachment and overland flow. (3) Rill 
formation and erosion arerill slowed down by presence of electrolytes. 

Finally in the presence of electrolytes in the runoff water, deposition of
 
clay particles from runoff water is enhanced (Rose, 1985). The dramatic 
effect of PG in reducing runoff and erosion from steep slopes shows the
 
important effect of water quality and soil properties on erosion and may be
 
used in stabilizing soil structures with high slopes. This study has to be
 
extended to include other unstable soils from semi-arid regions.
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Figure Legends
 
Fig. 1: 
 Rainfall amount as affected by soil slope, aspect and location.
 
Fig. 2: Percent of runoff 
from effective rainfall as affected by soil
slope, aspect, location and surface treatments.
 
Fig. 3: 
 Soil loss amount as affected by soil slope, aspect, location
 

and surface treatments.
 

Plate Legends 

Plate 1: Runoff plots on natural Wadi wall.
 

Plate 2: Runoff plots on the roadcut (only the 57.7% and 100% slopes are
 
seen).
 

Plate 3: 
 Effect of phosphogypsum on the soil surface at the steepslopes. Note the soil 
collapse in the control (100% slope),compared with the phosphogypsum treatment. 
Plate 4: Effect of phosphogypsum 
on the soil surface at 8.7% 
slope.


(note the white PG aggregates).
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Table 
1. Rain, runoff, 
 and soil loss from 1.5m 2 field plots on
consolidated grumusol (windward slopes).* 

12% slope 31.5% slope 
 65% slope
 

Date 
Rain Runoff 
Soil Rain Runoff Soil 
 Rain Runoff Soil


loss 
 loss 
 loss
 
-2 


un 
 mm mm 

mm IM g.m mm g.m-2 .m-2
 

5/1 Control 28 
 14.1 42.6 28 
 13.5 97.8 
 27 8.4 297
 
PG 
 3.3 5.4 
 3.0 6.8 
 3.1 8.4
 

17/1 Control 
 47 25.2 78.2 
 45 22.3 346 
 40 26.2 2640
 
PC 
 6.9 9.7 
 7.5 36.2 
 4.5 47.4
3/2 Control 
 41 20.2 50.0 42 
 22.7 235.4 43 27.3 597
 
PG 
 6.7 7.4 
 9.5 50.0 
 4.6 14
18/2 Control 
 58 30.8 110.3 
 58 35.5 375.6 49 34.8 3607
 
PC 
 7.7 5.1 
 10.8 28.5 
 5.3 57.5
24/2 Control 
 52 23.8 44.9 54 
 30.8 32.3 44 
 30.0 988.2
 
PC 
 6.1 2.9 
 11.8 47.2 
 9.3 55.5


7/3 Control 
 23 11.2 19.6 
 23 7.9 58.6 20 10.5 2928
 
PC 
 1.9 0.9 
 1.0 2.8 
 1.4 5.0
 

Total Control 
 249 125.3 345.6 
 250 132.7 1437.2 
 223 131.6 8429
 
PC 
 32.6 31.4 
 43.6 171.5 
 28.2 183.8
 

* The results presented in the table 
are means of 3 replicates. The
 
standard deviations of the means were always below 10%.
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Table 2. 
Rain, runoff, and soil loss from 1.5 m- field plots on disturbed
 
,rumusol.*
 

8.7% slope 57.5% slope 100% slope 
Date Treat

ment Rain Runoff Soil Rain Runoff Soil Rain Runoff Soil 

1988 
loss 

-2[ 
loss 

-2 
loss 

-2 

Western AspLc!t 

5.1 	 Control 26.7 15.8 110 28.5 11.0 200 23.7 3.9 
 40
 
PG 2.5 0 2.1 0 2.0 0
 

17.1 	 Control 73 44.2 410 82.0 35,0 1130 
 78.0 (a) (a)

PG 9.5 10 9.3 30 5.0 0


3.2 	 Control 39.7 
 26.6 200 44.5 35.8 1600 41.2 (a) (a)

PG 10.1 10 20
9.8 	 6.7 80
 

18.2 	 Control 55.5 46.7 310 60.0 
44.5 2000 51.5 (a) (a)

PC 13.3 30 10.1 10 
 10.1 0
 

24.2 	 Control 46.5 37.2 400 53.0 42.3 1000 51.3 (a) (a)

PG 12.2 20 0
14.5 	 12.2 10
 

Total Control 241. 170.0 1430 	 5930 268.0 168.0 245.0 -

PG 47.6 90 70
45.8 	 36.0 90
 

Eastern Aspect
 

5.1 	 Control 27.0 12.8 170 23.2 6.6 30 18.0 1.2 0
 
PG 1.8 0 1.4 0 1.6 0


17.1 	 Control 70.0 45.7 1000 50.0 14.7 160 27.0 4.5 
 10
 
PG 12.4 50 5.5 10 2.2 
 0
 

3.2 	 Control 40.7 29.9 380 33.5 17.1 160 20.7 3.6 170

PC 7.9 10 10
5.9 	 2.9 0


18.2 	 Control 56.5 44.0 350 51.7 24.3 370 
 39.0 9.6 10
 
PG 9.4 10 10
6.5 	 5.1 0
 

24.2 	 Control 45.7 38.6 410 33.8 21.2 210 20.8 7.4 20 
PC .4 0  :;.' 0 3.9 0
 

Total Control 239.0 171.0 
 2310 192.0 83.9 930 125.0 26.3 210
 
PG 40.9 80 23.2 
 30 15.7 10
 

(a) Landslide
 
The results presented in the table are means of 3 replicates.
 
The standard deviations of the means were always below 10%.
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Abstract
 

The effect of wetting front depth on the infiltration rate (IR)of the 

Cacic Haploxeralf and the Typic Chromoxerert soils was studied under field 

conditions using a rainfall simulator. In both soils the IR decreased more 

sharply when the wetting front was deeper but this difference become 

smaller as the rainstorm continued. The infiltration rate of the soils at 

2 3the end of the rainstorm (8xlO " m) was 8.5xI0 , 6.3xl0 "3 , and 5.0x1O"3 II 

h"! for the Calcic Haploxeralf soil prewetted with water at amount 

1 "equivalent to 0, 3x10 2 , and 2x1O " m, respectively, and 1.5x0 3' and 

3 m h" I 1.OxlI; for the Typic Chromoxereret soil prewetted with water at 

amount equivalent to 0, and 2xIO1 m, respectively. When the dry soil 

surface was covered with mulch, however, the steady state value of the IR
 

"1
was 3.5xi0 " 2 m h for both soils. The high permeability of the soils 

during the rainstorm in the presence of mulch, and the similar low steady
 

state IR values for the various prewetting treatments suggest that the
 

moisture regime in the profile had a negligible effect on the IR in the 

presence of soil crust.
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Introduction
 

The significance of the infiltration process in the hydrological cycle
 

is well known. It has long been recognized that the driving force for the
 

is the gradient of the water potential between the
water entering the soil 


wetting front and the soil surface, and therefore the decrease in
 

infiltration rate is an inevitable consequence of the decreasing water
 

potential gradient during the infiltration process (Biver et al., 1972).
 

(1939) suggested that the reduction in infiltration rate with
Horton 


time, during the infiltration process, is controlled largely by factors
 

A gradual deterioration of the soil
operating at the soil surface. 


structure and the consequent partial seal ing of the profile by the
 

in some soils under certain
formation of a surface crust may occur 


conditions.
 

Crust formation is due to the combined effect of the raindrop impact
 

energy and the dispersion of clay particles at the soil surface (Agassi et
 

al., 1985). The formation and permeability of a soil crust depends on the
 

soil and on the electrolytes
exchangeable sodium percentage (ESP) of the 


concentration of the percolating solution, tending to decrease with
 

and decreasing electrolytes concentration (Agassi et al.,
increasing ESP 


1981, 1985).
 

on the following factors:
The infiltration rate therefore depends 


(i) hydraulic conductivity of the rain affected surface layer and of the
 

bulk of the soil, (ii)initial water.content, and (iii) water potential
 

gradient in the soil profile. Using a rain simulator, however, it was
 

observed that the infiltration rate is independent of the depth of the soil
 

al., 1981). Thus, the objective of this work was
profile (Morin et to
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study the relative importance of crust formation and hydraulic gradient in 

the soil profile on the infiltration process insoils exposed to rain. 

Relevant eouations
 

Following Darcy's law and the Green and Aipt model (1911) the vertical 

infiltration rate in isotropic soil isdescribed by 

It . KL L 

where I t is the infiltration rate at time t, KL is the average 

hydraulic conductivity of the soil, L is the thickness of the soil layer 

from the soil surface down to the wetting front, H, is the average suction
 

at the wetting front, and H. is the thickness oF the water layer on the
 

soil surface.
 

It was assumed that the change in water content at the wetting front 

took place in a layer of negligible thickness, and the water potential at
 

the wetting front has a constant value, independent of the position of the
 

wetting front.
 

The suction Hs at the wetting front can be calculated using Mein and
 

Larson's (1971) method
 

I 
HS -/fh dKr [2] 

0 
where Kr - KL/Ksat, h is the soil suction and ksat is the saturated 

hydraulic conductivity. 
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An Infiltration equation for 
bare soil exposed to rain was proposed by
 

Morin and Benyamini (1977), which is similar to 
Horton's equation (Horton,
 

1939) it is given inEq. [3]:
 

It - if + (Ii-lf) exp(- pt) [3]
 
where I, and Ifare the initial and final 
(steady state) infiltration 

rate, respectively, t is the time from the beginning of the rain, t is the
 
soil coefficient, related to soil stability, and P is the rain intensity.
 

Combining Eqs. [1) 
 and (3] and solving for, KL yields:
 

_L
KL It L[If+(IIf )exp(- 6pt4

L+lls+l 0 
 Lilts ill 
 [4)
 

By changing the depth of the wetting front (L) and measuring the
 
corresponding infiltration 
rates it is possible to evaluate the 
relative
 

importance of the matric 
 potential gradient the
and hydraulic.
 

conductivity of the crust due to changing inpore geometry.
 

MATERIALS AND METHODS
 

Soils 

The experiments were conducted on two types:soil (i) Calcic
 

Haploxeralfs ( a silty loam loess) from a region where the average annual 
precipitation is 2.6x10 1
m y and (ii)Typic Chromoxererts (adark brown
 
vertisol) from 
 a region where the overage annual precipitation is
 
4.6x10"1 
m y-1. Some physical and chemical properties of the two soils 
are
 

presented in Table 1.
 

Rain Simulator xperiments
 

The field experiments were conducted at the end of the summer on a
 
soil 
profil'e that was dried by wheat during the previous winter and spring
 

36i
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seasons. The fields, with a slope of 5%, were cultivated by disk harrow to 

provide a smooth surface before the rain application. Three prewetting 

treatments were selected: (i)no prewetting; (ii)prewetting with 3.0xIO 2 

m of water; and (it) prewetting with 2.0xlO l in of water. The soil in 

the plots was mulched before the wetting in order to prevent crust 

formation during the simulated rain. The prowetting was done 24 h before 

the soils were subjected to a simulated rainstorm of 8.OxlO " 2 m. The 

prewetting treatment provided different wetting front depths. Prior to the
 

simulated rain application, the mulch was removed and a layer of xO "2 to 

"3of dry soil aggregates (<5xlO m) was spread carefully over the wet soil 
surface. In order to minimize variability, the dry soil aggregates were 

taken from one spot in the field. Spreading this dry uniform soil over the 

wet soil surface of the three prewetting treatments ensured that the 

various wetting time length had no effect on the soil surface aggregates. 

There were three replications of each treatment. 

A portable rainfall simulator (Morin and Cluff, 1980) was used. The 

main characteristics of the simulated rain are as follows: median water 
3drop diameter is 2.3xi0 " m, median water drop velocity is 6.74 m s-1 , 

the sum of the kinetic energy of the water drop at a depth of 1 m per 
5
square meter of the surface is 22.9 KJ, and the rain intensity is l.llxIO
 

1
ms- (40 mm h1 ). 

Runoff 'rates from a 1.5 m2 area within each 2m by 2 m plot were 

recorded during the application of rain on the bare soils. Soil samples
 

were taken just before and inunediately after the 8x10 "2 m rain on the bare
 

soil for gravimetric soil moisture determinations.
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RESULTS AND DISCUSSION
 

2
The water content before and after prewetting and after 8x0 m
 

rain for both soils isgiven inFig. 1.The moisture in the upper layer was
 

high and decreased graoually with depth, down to the wetting front. The
 

depth of the wetting front after the prewetting treatment was 0, 2.5x10""
 

"
and 7x0 for 0,3xlO and 2x10 inof rain, respectively, for the calcic
 

"
Halpoxeralf soil, and 0 	and 5.x10 in for the Typic Chromoxerert after the 

"1prewetting by 0 and 2x1O m of water, respectively (Fig. 1).
 

The calculated water volume that penetrated the Calcic Haploxeralf 

soil during the rain of 8x10 2 m (the lined areas inFig. 1)was 3.96x40 "2 , 

3.2x0 2 and 2.49x10-2 m for the prewetting treatment of 0, 3x0-2 and 
1
2x10 " m, respectively. 	The total volume of water that penetrated the soil
 

2surface as obtained from the runoff measurements were similar (3.93x0 , 
2 2
3.32x10" and 2.6x10"	 m, respectively). It t..a 

vol.u fn wA r;..that-penetrated into the-bare soil decr iipqLql e tti_ 

!JfrU[L deaULdwInreasO . Since the crust formation rate for the soils was 
"
independent of the depth of the wetting front (a layer of 1xO 2 inof dry 

soil aggregates was spread over the wet soil surface after the prewetting), 

the difference in the total amount of water that infiltrated during the 

8xIO" 2 m storm was probably due to the effect of the hydraulic gradient 

which controls the infiltration during the crust formation and before 

reaching its final form. 

The infiltration rate (IR) of the. calcic Hiaploxeralf and the Typic 

Chromoxerert bare soils as a function of accumulated rain depth for the 

three prewetting treatments are presented in Fig. 2. The lines in this 

figure represent the values calculated from Eq. [3) using a non-linear best
 

fit correlation analysis. Inboth soils the IRdecreased more sharply when
 

'37
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the wetting front was deeper but this difference became smaller as the
 

storm continued (Fig. 2).
 

Close examination of the infiltration data at the rain depth range of
 

"2 "2
5.5x10 - 8xi0 m (Fig. 3) indicates that steady state infiltration rate 

was obtained only at the prewetting treatment of 2xi0 "! infor both soils.
 

The infiltration rate of the soils at the preweting treatments of 0 and
 

23xi0 " m of water was above the steady state values, and were approaching 

this value with the increase of cumulative rain. The steady state IRof the 

"3 "3 1Haploxeralf and chromoxerert were 5xO and Ix10 M h" , respectively
 

(Fig. 3). The lower final infiltration rate value of the Typic chromoxerert
 

soil is probably due to the higher ESP of this soil compared with tho 

Haploxeralf (Agassi et al, 198. and Table 1). When the dry soils were 

covered with mulch, the steady state infiltration rate was 3.5x0 -2m h l 

for both soils at the end of 2xI0- in application of water. This valve is 

in agreement with the IR values obtained for the same soil, using a double 

ring infiltrometer (Ben-Hur et al., 1987). The high permeability of the 

soils in the presence of mulch on the surface, and the low steady state IR 

values for the various prewetting treatments suygest that the reduction in 

the hydraulic conductivity of the crust on the soil surface controls the
 

IR, and the wetting front depth has only a slijht effect on it. 

Hvdraul Ic paramotvr chan s during waitet!r inotration in crvut %d nils 

Assuming that a trapezium shape of .the moisture profile represents the 

moisture profile during the rainstorm (Fig. 1), an equation that relates 

the depth of the wetting front to the applied rain can be derived, based on
 

the Green and Ampt model.
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trapeze profile situation is presented in
A schematic drawing of tile 

Figure 4,where the symbols are defined as follows: La is the wetting front 

- is the volumetricdistance immediately after the rainstorm; a-(OuA OuB ) 

OuB and 0uA are thesoil moisture difference in the upper layer, where 

after the rainstorm, respectively;volumetric soil moisture before and 

b.(ODA - D ) is the volumetric soil moisture difference in the wetting 

front layer, where OD and 0DA are tile volumetric soil moisture before and 

after the rainstorm, respectively, and c( is the angle in the arbitrary
 

the moisture
right-angle trapezium (dotted line) which has the same area as 

trapezium.
 

the profile gains from the rainstorm (Fa ) canThe depth of water which 


be calculated by the following equation:
 

(a+b)La 
 5)
 

2
 

[61
Since b a - (La/tan a) 


Rearranging Eq. [5] and introducing Eq. [6] yield
 

" 

La 2 F a [2a - (La/tail 0)1 [7) 

Thus, for any depth L
 

(L2/tana ) - 2aL + 2F- 0 (8) 

depth of rain which penetrated the soil (the integral of
where F is the 


Eq. 3).
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F- It dtpt s + [(- (' l(I -1f) exp(- tpt)-exp(- Pt)]+If(t-t) [9] 

p is the rain intensity and is the time fromt s the beginning of the 
rainfall when > p,It until the stage that p - It assuming that p is 

constant; the other terms were defined above.
 

Solving Eq. [9] for any time (t) during the storm, one can calculate 

the water depth L, using Eq. [10].
 

'
(2a [(2a) 2 I/2)(2
L - - - (oF/tan i) tan oa (10]
 

Equation 10 can be used to calculate the change in the wetting front depth 

during the water infiltration process and crust formation. The calculated 

depth of the wettiiij front as a function of the accumulated rainstorm depth 

for the various prewetting treatments for both soils is presented in 

Figures 5a and 5b. The relatiun of the hydraulic conductivity to the 

accumuia-,,ed rainstorm depth (calculated from Eq. [4)) for both soils is 

also presented 
in these Figures. The saturated hydraulic conductivity, Ks,
 

of the two uncrusted soils (with the presence of mulch) after applying 
" 
 1
2x1O m of rain was 3.5x10 2 11h , whereas for the cases where the crust
 

was formed (bare soil), the final KL values for the Calcic Haploxeralf and 

Typic Chromoxerert soils are in the range of 4xlO "3 - 5x10- 3 m h"I and 

5 5 m h" , 
4xlO 6xO respectively (Fig. 5). It is evident that the
 

wetting front depth has an insignificant effect on the average hydraulic
 

conductivity in the presence of crust on 
soil surface. Since smaller flux
 

rates dictates lower moisture content in the profile (Bresler et al., 1969,
 

and Rubin et al., 1964), the hydraulic conductivity of the crust dictates
 

the water front movement rate, forming a trapeze shape of moisture profile.
 

q 0
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and Rubin et al., 1964), the hydraulic conductivity of the crust dictates
 

the water front movement rate, forming a trapeze shape of moisture profile.
 

Green and Ampt's piston model, however, is only an approximation of the
 

reality. It is likely that L as a function of F advances slower than in the
 

trapezium model calculation. In this case, the conversion of the KL values
 

will be even faster.
 

Conclusions
 

The results from field exqeriments presented herein indicate that the
 

hydraulic conductivity of the soil surface was reduced sharply during the
 

rainstorm, controling the infiltration rate of the soil. The wetting front
 

depth has only a slight effect on the infiltration rate in crusted soils.
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Figure Legends
 

Figure 1: 	 Moisture profile of the soils before and after a rainstorm.
 

Figure 2: 	 Infiltration rate of the loess (a)and vertisol (b)soils at
 

various prewetting conditions.
 

Figure 3: Infiltration rate of the loess (a)and vertisol (b)soils at 

various prewetting conditions for the rain application range of 

5x10 "2 - 8XI0 "2 m. 

Figure 4: Schematic presentation of the moisture profile situation. 

Figure 5: Depth of the wetting front and hydraulic conductivity of 

Calcic Haploxeralfs and Typic chromoxererts soils as a function 

of the cumulative rainfall. 
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Table 1: 	 Some physical and chemical properties of the loes. and vertisol 

soils used in the experiments. 

Soil Particle Si7e CaCO3 Sat, naste 

type sand silt clay EC pli SAR ESP CEC Water Hs 

content average 

at sat. suct. 

----------- % dS/iI 	 m-------------	 C11101ol % 

(+)/kg 

Loess 34.0 40.0 26.0 18.0 0.4 7.5 1.0 1.6 17.7 60 0.13 

0.10
Vertisol 23.8 28.4 47.8 17.4 0.6 7.8 2.0 3.7 35.2 68 


* From Russo and Bresler, 1977. 
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SUMMARY


2 Sal; for oil Lurf.c
d 
during rainstorms, riu¢ci n ir
 

3 Penetration 
reulting I runoff .nd :ro"lj. 
The effect 
 of surfactapplication 
of anionic PolYacrylauld, 
 (PAIl) l; ratus of 10, 20 hrid 40
 a
5 k*h  on the infiltraticn 
r..tc(IR) of 
 tvo oilu, a 1c, (Clcic
6 HlaploxcraIf)Iand a cru.utol (Typic 
C11rOLOXcrvrtI, during simulated
 
7 rainstorms, 
 was Ntudicd. 
The interaction 
Lc tjca 
PAM and d4cctrolyu
 
0 concuntration at 
tho soll Z - l4,14 d lcFLxno uncl-r a s~iulautj r-infU
 
9 Of di tilled watcr or tap w.uE., and by*'.przu.,ii4 gypsum. 
 ElctroIyte= in
10 thu uoil 6olution4, WJhich 
flocculat. thw ":oi1 cly prior to cv.cflnttion11 the polyr-er, unhincud by

ai!LrLf.:4t%: t;t-abllity ,na er, :,ly redauced water loss"s. 
12 Coaplett drying of th- roly- -.oil "urlfc iwprovY-d the binding acticn of 
13 the polymer. 

14 Treatments with PAM urw0r th Opti:.- coiijitions increased the final
 
15 IR of the loL, from 2.0 to 23.3 w.r," ao incr,'.sed rain intak-I of an 
16 0ma rainstorm 
frow 12.3 to 
 L,. Pi, treatment
5.0 of the grumusol

17 increased the final Ift frow 3.0 in the control to 29.1 rm.h-1 and the rain
10 intakv from= 22.0 to 60.U &1. A' ';oil4 fr,) , region: arc urisc, ble,
19 forw crut
tu ind produce .uch runoff (50 l)
0urir1e rainstorms, ta use of PAM
 
20 to reduce runoff should Lc,conzidrud.
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I The formation of a 
seal at 
 the soil
2 action of raindrops but 
surface, especialy due to the
 

3 and Miller, 1973), 

also as a result of sprinkler irrigation (Aarstad
is a coweon feature of 

4 

Many soils, Particularly Ir the
arid and segi-arid 
 regions. 
 Surface 
seals 
 are
characterized thin ((2-3 mm) and are
by greater 
density, 
 finer 
 pres, 
 and
6 conductivity than 
lower saturated
 

the underlying 
soils. 
 Soil seals have an
7 effect on many soil important

Phenomena, 


the 
 reduction

8 

e.g. 
of Infiltration and
increase in runoff and erosion, and 
interference with seed cermination"
9 
 Seal formation 
 in soils e):posed 
t6 


mechanisms: 
rain is due to two complementary
1) physical 
disintleration 
of soil 
aggregates
11 compaction caused and their
by the iipPact of the 
raindrop


12 at the soil surface, and
ii) chemical dispersion and 
 Lzovecent of 
 clay Particles 
 into a
13 11.0 reCion of
mm depth 
below 
 the 
:oil 
 surface. 
 whure

14 conducting they lodge and cloe the
pores formind 
 "washed 
 in"the 

layer (AassiMcIntyre, 1950). el aJ., 19081;The chetiucal mechanism supplements the physical one under
16 dispersive 
conditiols 
 (i.. in *odic soils 
 with 
 low electrolyte

17 concentrations in the soil 
_olution).

18 
 Iaturally 
occurrif 
 soil 
 polym;ri,QI.lctlly huuic substancus and
19 polysaccharides, 
play an iu'Portant il Flruoting

structure. 
role and zaintainine soilSlnc 
 thie introduction 
 of sYntht1ic 
 Polymers
21 conditioning in the early 19O's, there 

for soil
 
has been considerable interest in
22 the aechanisms 
by whlich 
 these 
natrials 
bind 
 to the
23 constituents and in the 

soil colloidal
 
suwchanics of 
 s'tabiliint 
acregateu.
24 
 soil conditioners In reneral,
were not cost effective for general agricultural 
purposes
where stabillization of the plough layer was required. However, polymers can
 

3
 



1 be effectively 
used as 
 anti-crusting 
4eents where it is necessary only cc,
 
2 
stabilize the aggregates at 
thu soil surfcc.
 
3 
 In this study, the effect of application of 
 an anionic polyacrylalade
4 
with a high molecular weight (PAM) at 
rates of i0, 20 abid 
40 kr,ha-4 
on tha
S infiltration rate (Ik)durine rainstoris was stuaied.

6 
 Followind 
 BradfielJ's 
 (1936) 
 state rient 
 that 
 "ranulation
7 flocculation plus", is
 

it was 
LS-ued that staOle :rcLate foruiation requirez
0 
the cementation by the polywir of floCculteLd soil colloids. The assumption
9 was tested 
 by coabinin% 
 PAM applicwLiol 
wi 
 rain which 
 contained
10 
 electrolytes and by spreaaine phosphoeypsuw (FC) 
on the soil surface prior
11 
 to distilled 
water rainfall. PC is 
a byproduct of the PhOsphata fertillzer
12 
 Industry with a dry composition of 
 971 C SO. 
 and U.6. PUO. 
 PC diuolves
13 readily and 
 maintains CaL. and SO*2- concentration above S Qo1.m-4 (Aaasfi
14 et J., 1986). 
Since the adsorption of polyanion 
 by clay minerals depends
15 on dehydration 
of the 
clays (Thene, 1902), 
the effect of complete drying

16 
 prior to the rain application was also studied.
 

17
 

18 
MATERIALS AND METHODS 

19 
 The t4 
mu aggregates of a typical loess (Calcic Haploxeralf) 
 from Bat
20 Cama and 
of a dark brown grumusol (Typic Chrouoxerertl from Sede Yoav were
21 
 used in this study. Some chemical and physical properties of 
 the soils are
 
22 civen in Table 1.
 

23
 

24 

(INSERT TABLE 1 HERE]
 

25 
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Soil samples 
were packed to a depth of 2 cm 
in 30 x 50 cm 
perforated

2 metal trays over o 
cm of coarse sand 
 (four replications). 
 PAM solutions
 
3 with 0.5' 
c.- concentration 
were 
 spreyd onto the soil uniformly. PAM
 
4 
solutions of hither concentration could be prepared but their viscosity was
 

too hig~h to be hand sprayed conveniuntly. PAM solutions were applied in 2.0
 
6 l.m'1 portions (equivalent to S0 kQ.ha-&) with a period of drying ('l 
hour
 
7 btween applications. 
 This method 
 of application assured that the polymer
 
8 was concentrated in the surface layer of the soil.
 
9 
 In most treatments, the soil treatO.wi h PAM solutions was allowed to


dry completuly 
 by placing 
 thQ trays for 24 
 h in the 
sun. The effect of

11 
 complete drying was evaluated by comparing 
this "dry" treatment with a
 
12 partially dried treatment 
in which the soil was 
left to dry for 24 h in the
 

13 shade.
 

14 
 Following the application of PAM solution, the trays 
were placed in a

rainfall simulator 
 t orin et aJ., 
1967) at a slope of 5%, and the soil in
16 
 the trays was saturatud slowly frow 
 below. At 
 thu -nd of the maturation


17 procesd, the 
 soil was* subjected to a simulated rainfall with an intensity
10 of 37 mm.h-t. The 
dasiunad "rainsorm" 
dwpth was 00 mm. 
 In most studies
19 distilled water (DW) 
 was used to s ulate rainwater. Typical mechanical
 
parameters of che applied "rain" were: 
raindrop median 
diameter c 
1.9 mm,

21 median drop velocity = 
6.02 m.s-1: 
the kinetic energy was 19.3 J.mm'%m-2
 
22 The volume 
of effluent 
was measured during the rainstorm 
and the

23 infiltration rate 
 (IR)and final IR 
ware calculated, 
 The depth of water
24 
 which percolated into the soil durinc the application of 80 
mm of rainfall


(cumulative infiltration), 
was calculated from the infiltration eurvas.
 

5 

http:treatO.wi
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I Saples of runoff watr wre taken uring 
 therainstorm and the

2 
electrical conductivity (EC) was reasured. In order to study the 
effect of
 
3 electrolyte concentration on 
the IR powdered FG at 
a rate of 5 ton.ha-
 wAS

4 spread over the soil prior to th, distilled watcr rainstorm. The EC 
of the
 

percolating 
water 
 was ustiwatud 
 from thc EC Quasurements of Lhe runoff

6 water (A^assi ot ., 18d6), In another xpur'inEt, tap water (T))EC a
7 0.97 dS.c-', SAR r 2.5) waas rained on th, soil instead of DW. As will be 
8 shown, the effect of PC and TI trutEwnte on IR u.as siwilar. 
9 The stability of the 
 trelatLcnt with PAM 
 1h subsequent storms was
 

determined by exposing the truatud soil sZu.ples 
to three consecutive storms
 
11 with a drying interval of 
one tjeki:
betwczn rainstorms. The second and third 
12 rainstorms were of 60 &i each.
 

13
 

14 

RESULTS AND DISCUSsION 

Infiltration Studies 

16 
(INSERT FI.1 HERE]
 

The effect
17 of PAM application on 
the IR of the loess is presented in

18 
 FiC.1 for the control and PC treated soil. From the rapid drop in the IR of
 
19 the untreated 
soil and 
 the low value of the final il (2.2 mm h-1) it is
 

evident that the loess 
 is susceptible 
 to 
 surface sealing. Soils which
21 contain 
 10% clay, low 
 organic matter 
and have an exchanreable sodium

22 percentage (ESP) of 5 are known 
 to be unstable and 
 prone to sealing and
23 crusting (Ben 
Hur ef 
 a, 1935). 
The impact of the raindrops combined with
24 
 the low concentration of electrolytes in the rainwater caused the IR of the
 

soil to 
fall from the initial rate of approximately 50 mm.h-* to a final IR
26 
 of 2.0 mm.h-1. The IR of the soil treated with PC dropped less rapidly than
 

6
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I that of the untreated soil and the final Ift
was hiher (Fic.fl. 
 FC reduced
2 
surface sealinC by raising the electrolyte concentration in the solution at
3 the soil surface, thus 
 reducine clay dispersion and the formation of the
4 'washed in" layer (Cal et 
aJ., 1984; As;i £t AJ., 
1986). Thus, 
 in the PC
treated soils 
 the seal is slow to form and ismore permeable than the seal
 
6 of the untreated soils.
 
7 Application 
of PAII increased 
 the infiltration 
of rain (Fie.1)..
8 Applying 10, 
 20 and 40 k;.ha- PAM increased tnhfinal IRof the soil from
9 2.0 mm.h-l in the 
 control to 
 5.9, 6.5 'and 
6.5 mm.h-1, respectively. PAM
increased 
 the cumulative 
infiltration 
of the soil from 12.3 mm in the.

11 control to 29.3, 38.6 and 39.0 mw at 
PAl rates of 10, 20 and 
 40 kg.ha-,

12 respectively. At 
 rates above 
20 ke.ha-, 
 the &ffect of additional PAM was
 
13 insignificant (the curves are not presentud).
 
14 
 The dramatic effect uf I'AN in cu binatioij with PG isalso presented in
 

Figure i. PC increased 
 the final 
 Inof the loess treated with 10 kc.ha-t
 
16 PAM from 5,9 to 
15.7 w.h-, 
,nd that of thu 
 :oil treated 
 with 20 k.hh-'
 
17 PAN from 6.5 to 
 23.3 mm.h-L. Similarly, 
runoff from an 
 80 mm rainstorm
18 dropped from 84.6% in th%. control to 30.3". anjd 63,. in the 10 k.hl" 
PAM

19 treatment with 
 and without 
 PC, respuctivly. Likewise, runoff percentages


in the 20 ke.ha-' PAM truatunts dropped to 16.6? and 51.8%, respectively.

21 It is evident that PAM it 
uch more effective in the presence of gypsum at

22 
the soil surface. Similar phenomena were observed by Shaviv of 
 aJ. (1985).

23 PC spread at 
 the soil surface 
dissolves and increases the electrolyte

24 concentration in the soil solutions to values above 
 the flocculation value


of the 
clays (Oster 
et aJ, 1900). Flocculation of the soil clay is
a
 

7 

17
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precondition for the cementlr, and stabilization of aggregates 
 at the soil
 
2 
surface (Bradfield, 1936).
 
3 

(INSERT FIC.2 HEFR]
 
4 The beneficial effect of PAM on the IR depends upon the application

conditions. In FiC.2ca and b), 
 PAM at the optimal rate 
6 

of 20 hC.ha-L was
applied to the loess under the followine conditions: 
(a) PAM was sprayed on
 
to the soil and
7 the trays wurc either cowpletely dried 
 or only partially


8 dried, and 
 (b)DW or TW 
 rainfall was applicd. The followine Is noredi 1)9 'ipletodrylng increasud tht: bnvficia e.ffect of the polymer. Wherehs thafinal IR and the cumulative Lnfiltration of the incomplete drying treatment
 
were 11.2 mm.h-I and11 27.7 min, respectively (compared with 2.0 mm.h 1 and
12 12.3 mm for the control treatment), thtse values for the completely dried.13 treatment were 23.3 miQ.h-I and 65.0 Lm. It it evident that complete drying


14 more 
 than doubled 
 he efficiency 
of the polymer 
 in stabilizing the
 
aggregates 
and preventing 
 crust 
 formacion. 
 The effect 
 of dryin.


16 explainable by 
is
 

the bonding mechanis 
 between 
 the anionic polyelectrolyce

17 
 and the negative clay (Tatu and ThenL'i chapter 
in Thenz, 1979). 
Tara and
18 Thent suggested 
 two type. of cation-brideing 
as being responsible for the

19 
 polymer adsorption and the bindin4 of clay platelets. In the first type, an


anionic Croup 
of the polymer interacts with an exchangeable cation through

21 a water molecule to yield an 
"outer-sphere"'complex. 
 This mode 
of bonding

22 is obtained 
in aqueous systems. 
The second type of cation bridein4 may

23 
 occur under dehydratin4 conditions. In this 
 instance, an 
 anionic Croup of
 
24 the polymer 
is directly 
associated with an exchangeable cation to form an 

"inner-sphere" complex,
 



I Inner-sphere complex formation 
 involves the dlsplacement (from thi 
2 interface to thu bulk uolutioo, of nuwLrous watur molecules by a sinrle
 

3 
polyanlon chain; The resultant eain in entropy (0.3-0.5 kJ.mol,-K-L) has a 

4 promoting effect on adsorption. In addition, th uncharded seements of the
 

5 adsorbed chain may interact with each 
other an with the surface through 

6 van der Waals forces. Dryin% ir,duces innur-sphiru complex formation and van 

7 der Waals interactions and this would vxplzin why air dryinU leads to a
 

8 marked increase in the water-stability uf soil 
 reates.
 

9 i) The electrolyte effect 
on PAM effecivenes is demonstrated by the PG
 

10 treatment and by the effect of rainin4 with 
T11(Fie.2). The concentration
 

11 of electrolytes in TW increased the IR values of the control (no PAM) (Fig.
 

12 2b). However, PC was more effective in increatsine the IR than TW. The
 

13 electrolyte concentration in the &ffluent 
of FC-treated soils 
was 1.2 - 1.4
 
14 dS.w-, compared with an 
 EC of 0.97 dS.i-1 for the TW. The increase in 

15 electrolyte concentration in the PC treatad soil compared with TW,
 

16 partially explains the incre-ase in the IR values (Cassi et 
 a., ISI). In 
17 addition to the electrolyte concentration effect. AIassi el 
al. (196) also
 

18 
 suggested that PC treatmentu interfere with the continuity of the 
 seal and
 

19 may act as 
 a mulch, and thus increase the IR of the soil beyond the
 

20 electrolyte effect.
 

21 In the PAM treatments the effect of T11 more pronounced than that
was 


22 in the. untreated 
soil. Whereas in the untreated soil TW increased
 

23 cumulative infiltration from 12.3 mm in 
DW to 16.8 in the PAM treatment,
 

24 cumulative infiltration in DW was 23.0 mm and in TW 56.2 mm. As the
 

25 concentration of electrolyte in TW exceeds 
 the f0occulation value of the
 
26 clay, the polymer acts efficiently as 
 a cementin. agent which stabilizes
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I 
the soil aggregates, prevents seal formation and maintains 
high Iftvalues.
 
2 It should 
 be noted 
 that in the PAM treatment, the effects of TW rain were
 
3 
quite similar to those of PG treatments. The 
 small differences 
may be due
 
4 to the fact that 
in the 
 PC treat,ients the predominant cation in the soil
 

solution is Ca - , 
whereas in TW Ha- alli 
Ca- cations 
are present in similar
 

6 concentrations.
 

7 
 The flocculation 
effect of 
 the electrolyct 
 in the TW suggests that
 
8 only under natural rain~tnorwt; 
 ust PG Lu appliid to soil treated with PAM 
9 to ensuro stabilization of tlk soil 1t uWhen irrigation water is 

applied by sprinklurs, PAM alouu will p'vcit 1 formation and will be 
11 effectivu in maintaining h1li watcr penetration. The IR of the Crumusol as 
12 a function of cumulative raiti is prusentud in Figure 
 3. The followine
 

13 should be noted: 
14 1) The grumusol is Iuss di;peruiv= than the loLs. Whereas the final IR of

the louss dropped to 2.0 ium.lh- and thE cuwu1atiV infiltration was only
16 12.3 mm, the final 
 IR of thu Lruiuusol was 3.0 jum.h-1 and the IR dropped
17 more gradually 
with cumulativc 
infiltration 
 of 21.9 mm. The 
 higher

18 percentage 
of clay, which acts 
 as cewentine 
material, stabilizes the
 
19 agregates at 
the soil surfact of 
 the grumusol 
 and slows 
 their breakdown
 

and, therefore, 
 the formation of 
a seal at 
the soil surface. Also, the ESP
 
21 
 of the rrumusol is lower than that of the loess 
(Table 1).
 

22 (INSERT FIC.3 HERE)

23 ii) The beneficial effect of PC 
 on the IR of 
 the crumusol 
 is not as
24 pronounced as 
 in the loess. The 
 lower ESP of the Crumusol, compared with
 

the loess, may account for the low response of this soil to 
PC application
 
26 (Katzman et aJ.,1983).
 

10
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iII) PAM, 
 applied at 
 a rate 
of 20 
Wgha-1 and following complete drying,
2 
was quite efficient in stabilizIng the soil aegreeates at the
3 soil surface
and preventing 
 sealing. PAM increased the final 
IR of the grumusol to 12.7
4 Zmjh and the cumulative 
 infiltration 
to 42.1 
mm. When PAM
with PC was applied
its beneficial effect 
was much c.ore pronounced: PAM , PC increased
6 the final IR of the soil 
to 24.1 
=04.h-L 
and 
the cumulative

7 infiltration to
63.,4 mm. 
It is evident that 
treating the soil with a combination of PAH and
8 
PC produces the best results. For a soil 
 conditioner to
9 be effective, the
soil clays 
 must continue to 
be flocculaed. PC dissolution Supplies to the
rain water the electrolytes which are 
aeende 
 to flocculate the clay.


11 
 Effect of consecutive storms
12 
 The amount of rain during a rainy season may exceed 80
13 Is not continuous and 
mm but the rain


there are 
 dry Periods Letween rainstorms. Thus the
14 question arises 
as to 
the effect of 
more rain and of dry 
 intervals between
rainstorms 
on 
 the efficiency 
 of PAIl as an amendment? The effect of drying
16 
 for periods of 24 h, 6 and II days on the crust 
and IR 
was studied by Morin
17 and Benyamini 
 (1977). 
 They found 
 that the drying periods increased the
18 
 initial IR, but had no effect on the final IR. Their explanation
19 was that
the increase 
 in the initial 
 Il's 
 in th! second storm was due to crack
"ormation in the crust. A drying period of 
- days 
 was enough
21 to break the
crust completely. 
Thus this interval Was used in this study. The effect of
22 
 the second and third consecutive storus of CO mw 
 each on the 
efficiency of
23 
 FC and 
PAN treatments 
 in maintaining 
high IR is &hown in Fig.4 (a& b,
24 respectively). The final IR and the 
 percentag of 
 runoff in the control
treatments were 
 similar in the three 
 storms 
(84.6, 80.7 and 83.8% in the
26 
 first, second and third storms, respvctively).'
 

11
 



2 (INSERT FIC.4]
In the PC treatments, the final IR at the end of the first, second and
3 third 
 Storms 
 was 6.8, 6.4 
 and 5.9 
 - respectively. Slmllary the
4 Percentae 
of runoff 
 in the three "torms 
 was 60.4;
S respectively. PC, spread at 
67?7 .and 72.6, 

a ratce of 5 ton.ha-, 
 continued
6 throughout the 
to be effectivr


3 Storm
 s (200 mm 
rain). 
 In a 
saturated
7 concentration of gypsum is 2 g.l-. 
solution the
 

8 
In the rain studies only So% saturation
was Obtained, 
thus 200 ww rain dissolved '2 ton.hj,-& and 
 the PC 
 was still
9. present in sufficient quancicjs to be Lenficia1
 

The final 
 IR in the PAM trealwents 
(w/o PG) stayed the same i
12 first, second and n the
third 
stors. The runoff increased slightly in the three
12 Consecutive. storms. 
 It KQVms that the PAM Only 
 treatment maintained 
its
13 Stabilization effucts throughout the three :toj j-.14 The final IR of Eh PAmdG 
WtrEWElt 
 droppx.d from 23.3 
 gm.h-, in the
15 first 
 storm 
 to 14.0 and 8 
wu.h-
 in the second 

16 respectively, SiuiljUly 

and third storms,
 
the runoff Ws 
10-., 10.4 
and 50.0% for
17 the three
storms, respectively. 
 Ic ia vident tht PAM in thU PAMtPC 
treatment loses
i its effectivcn.s, 
Nvertheless. 
 the prc,:nta; 
 of th
19 penetrated the rainfall that
soil in 
the third 
storu wu, still three tiwes that in tha
 

20 control.
 

21
 

22 

CONCLUSIOUS


23 
 The effect of aPpllcatton of dilpte solutions of PAM at
24 the 20 kg.ha-a on
infiltration 
rate, 


25 beneficial. 
Drying 
of 

26 electrolyte concentration 


runoff 
 and 
 erosion of non-stable soils 
was very

the polywer-soil 
 surface 
 and maintaining 
 the
 
in the soil solution, which flocculates the soil
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I clays, enhance the binding action of the polymer and stabilize the
 

2 aggregates at the surface. PAM treatments at the optimal rate increaied
 

3 rain intake in the two soils by three to fourfold. Since soils from semi

4 arid regions are unstable and form seals which load to 50% runoff during
 

5 the rainy season, the possibility of reducine runoff by PAM treatment to 

6 only 10-15% of the rain ;c a cost of w1Oo per h; should be studied further. 
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Table 1: Some physical 
 fndchewical properctis cf the soils used.
 

Particle size
 

distributio,
 
Soil Classification 


CaCO4 
 CEC ESP
 

;n,1 silt el:,v
 

Loess, Calcic
 
B8t O~a IWaplox~z'alC 
 S0.0 1.0 " 19.0 11,0 14,5 5.0
 

Grumusol, Typic
 

sedc! yoav Chroinox.ro rr 31 0 2w 0 040 10.4 O 5 .5 
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Figure Legend
 

Fig. 1: 
 Infiltration 
 rate 
 of loess as a 
function 
 of cumulative
 
rainfall, 
 the level 
 of PAM application 
 (10, 20 
 and 40
 
.kd.h-') in 
the control 
 and pho.r;roevPzW. 
PC (5 ton.ha-&)
 

treatments.
 
Fie. 2: 
 Infiltration rate of loess treatedIjith 
 20 ke.ha-& 
PAM as a
 

function of cumulative rainfall, the dryind treatments of PAI.

(a) and 
 the electrolyte concentration in the applied water

(TW a 
tap water and 
DW = distilleu ijaccr); 
() PC represents
 
treatment with phosFnoLypsum at 5 
ton.j,-, 
 PAM represents
 
treatment with polyacrylamide polywir. at 20 ke.ha-.
 

Fig. 3. 
Infiltration 
 rate 
 Of CrUuSol as 
a function of cumulative 
rainfall, phospioeypsum treatent 
(PC, at 5 ton.ha-' 
 and PAM
 
application (at 20
 

Fie, 4: 
 Infiltration 
rate 
 of loess 
 a function
as of cumulative
 
rainfall for the scecond (a) and third (tl con-ecutive utoris. 
PAM rtL:rj , nts trvu EllIt with PHlP A t 20 kL.ha-4 an4 PC 
reprsents treatuin t with phot: roypu t 5 tonha

lcD 
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