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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 guality 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

l. 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 anrd 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 #s5.

4. Rain energy and soil amendments =ffects 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. £lope, Aaspect 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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EFFECT OF WATER QUALITY AND
AMENDMENTS ON THE
HYDRAULIC PROPERTIES AND EROSION
FROM SEVERAL MEDITERRANEAN SOILS®

1. Shainberg. M. Gal. Bet Dagan
A G, Ferreira, Lvora
D. Goldstein, Bet Dagan

Abstract

The response of six sands-lon soils
from Portugal and Israel to leaching with
sodic and saline water and 1o simulated
riain wis studied. The donunant clas
mineral in the soils from Portugal was
Kaolinite, whereas smectite predominates
in the soils from Israel The permeabilin
of the soils depended on the soil 1es-
ture: it decreased with an increase in
the silt and dlay content. The respoase
of the soilv o sodiaty depended  on
the clectrolyte concentration: salt con-
centrations exceeding [0 mmol [ 1 was
enough to prevent the deleterious eflect
of exchangeable sodium (<20, When
leaching with distlled water (simulating
rain water). the presence of prinry min-
erals and lime determine the suseeptibil-
ity of the soils 1o sodicity. The calcareons
loess from Israel was the least suscepti-
bility to sedicity.

The six soils were suseeptible to seal-
ing, high runo!f and crosion when ev-
posed to rain.  The soil surface was
particularly vulnerable to scaling due to
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both the mechanical impact of raindrops
and the low concentration of clectrolytes
in the rainwater. Seal formation was due
to two mechanisms:

(i1 physical disruption of aggregates at
the soil surface which depended on
the impact enerey of raindrops and
the mherent agpregite stability: and

(in chemical dispersion which depended
on the mincratogy of the clay, the
ISP and the clectrotyte concentri-
tion

When the impact of the drops was pre-
vented. or when the anionic polymer
wits sprayed at the soil surface. physi-
cal breahdowni of the aggregates was re-
duced and runofl and erosion were slignt.
When the electrolyte concentration was
high, the chemical dispersion was small
and runofl and crosion decreased. com-
pird with the control. The smectite soils
From Israel were more suseeptible to seal-
ing than the kaolinitic somls Irom Portu-
pal.

* Contrbution trom the Agncultural Research
Organization, The Voleani Center, Bet Dagan, Is-

real. Nao 2027-0- 1990 enes. and the University of

Frora, Portugal
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1 Introduction

The permeability of a soil o water de-
pends on soil texture, mineralogy, the ex-

changeable sodium percentage (ESP) of

the soil and the salt concentration of the
pereolating solution (FRENKEL ¢ al,
1978, SHAINBERG & LETEY 1984y,
Saturated hydraulic conductivity (11C)
decreases with increase in clay plus silt
content in the soil and tends £y decreise
with increasing ESP and decreasing salt
concentration, but can be nuintained
evenat high ESP levels provided the elee-
trical conductivity (EC) of the percolat-
ing witer is above a critical (threshold)
level (QUIRK & SCLIOFILD 1yss,
McNEAL & COLENMAN 19660, Con-
versely, when Jow clectrolyte concentia-
tion water was applicd. an ISP value
ol § was enough o cause a two orders
of magnitude decreise in the 1O of 71
Australian soils (MCINTYRE 979y,

Seasonal rainfall is G pical of Ny
arid and semi-and regions where irri-
gation is practised (SHALHEVET &
KAMBUROV 1976).  The clectrolyte
concentration of rain water is very low,
and thus the deleterious effect of ex-
changeable sodium will be more evident
during the rainy seison than during the
irrigation scason. Moreover, some ir-
reveisible deletionstion of the physical
properties of the soils may tahe place
al low ESP values during the LNy scil-
sonand this damage cannot be remedied
during the irzigation scason,

Most previous studies of the effect of

solutton concentration and soil ESP on
physical and hydraulic propertics of soils
have been done with solution concen-
trations exceeding 3 mmol 1 ! 1C

30:aS m Ty and on soils with FSP values
>10 (US SALINITY LABORATORY
STAFF 1954, McNEAL & COLEMAN

Shainbery, Gal, Ferreira & Goldstein

1966).  One objective of this work was
to study the HC response of several
Mediterrancan trom  Israel and
Portugaly with vanious clay contents and
clay mineratogies, o soil sodicity when
feached with distilled water. stmulating
ram water.

The efivet of ESP on the infiltration
rate (IR} of soils fram Israel was studied
by KAZMAN ctal. (1983) using distilled
rainwater. They found that the TR was
much more sensitive than the HC 1o the
ISP ol the soil. The higher suseeptibility
ol the sail surface to ESP levels <5 was
explained by three factors (KAZMAN ¢
al. TS OSTER & SCHROER 1979):

soils

{ir Mechamical impact of raindrops en-
hances  dispersion in soils  which
have the potential 1o disperse due
to exchangeable sodium;

(i) absence of and particles. which
slows clay dispersion and clay move-
ment by absorbing the imipact en-
erpy of raindrops, when present;
ind

(i) low electrolyte concentration in the
applied distidled water.

At the soil surface the electrolyte con-
contration will remain low even or soils
which releise electrolytes into tne soil so-
lutien, cp. calcarcous soils. Tt can thus
be evpeeted that IR will not be influ-
enced to the same extent by the mineral
dissolution rate of a soil, as is the case
with H(C.

Crust formation is due to two mecha-
msiis. vize i physical disruption of soil
aggregates caused by the impact action
af ramdrops. and « chemical dispersion
which depends on soil FSP and the elec-
trolyte concentration of applied water
(AGASS] et ab 1981, In soils with low
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ESPs or when electrolytes are present in
the applied water, chemical dispersion is
prevented. Thus spreading phosphogyp-
sum (PG a byproduct of the fertilizer
industriy, on the surface of soils and pre-
vented cliy dispersion and maintain high
IR (KAZMAN ct al. 1983).

Another way of reducing seal forma-
tion and maintaining high IR is by im-
proving soil structure and aggregate sti-
bility at the soil surface.
organic polymers {polyacrylamids and
polysaccharides) for improsing soil struc-
ture and soil permeability has recently
been studied (BEN HUR et al. 1989,
SHAINBERG et al. 19901, The com-
hined application of anionic polyacryl-
amide (PAN) with clectrolytes had a
more pronounced etfect than the effect
of cither of the two alone in improving
infiltration (SHAINBERG et al. 1990,
SMITH et al. 1990). The current in-
terest in PAM is enhanced by its Tow
price (83 kg ') and low application rate
(20 kg ha 'y, which makes its possible
use in agriculture cconomically viable,
The low application rate of PAM fol-
lowed our understanding of the role o1
seal formation in determining the IR and
hence the readization that only the soil
surface needs to be treated, rather than
mixing the polymer with the entire culti-
vated layer.

The objectives of this study were

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

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

(iii) study the effect of amendments

SOOI JECHNOTIGY Ao AN Y
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The use of

(PG, PAM) on the IR, runoff and

crosion ol these soils.

2 Materials and methods

Siy sandy soils were collected in Portu-
gal and Israel from regions with winter
precipitation exceeding 320 mm. A few
ol their physical and chemicad proper-
tics are presented in tab. 1. Whereas
the soils Trom Israel are young soils de-
rived from acolian dust. the Portuguese
soils are old and were derived from shist
rocks and river deposits. Thus the dom-
mant clay mineral in the Portuguese soil
wis haolinite mived with illite or smec-
tite in low percentages, and the dominant
clay mineral in the Israceli soils was smee-
tite mined with illite toess) or kaolinite
thamra). Similarly, the pH of the Por-
tipuese soils was slightly acidic (<7.0),
whereas that of the Isracli soils exceeded
pH 7.0, The ESP of the siy soils was low
(<30

3 Hydraulie conductivity studies

Soil columns were prepared by packing
100 ¢ of soil into plastic eylinders S0 mm
in diumeter to a bulk density of 1.25
to 145 g em ' (PUPISKY & SHAIN-
SERG 1979). The columns were initially
wetted from the bottom and kept satu-
rated. A filter paper was placed on the
soil surface o avoid disturbanee when
solutions were applied or removed from
the soil column. To chminate the ¢f-
fect of flow rate the initial rate of flow
in all soils columns was maintained at
similar values by adpusting the hydraulic
heads. The ESP ol the soils in individual
columns was adjusted to desired levels
HESPs about 5,10 or 20) by leaching with
0.5 M NaCl-CaCls solutions of a corre-

~
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Hydraulic Propertics and Frosion of Mediterranean Soils 139

sponding sodium adsorption ratio (SAR)
value. The HC of cach soil column ob-
tained with the 0.5 mol, -1 ' solution
(where the EC is high enough 1o clim-
inate ESP induced HC differencas) was
taken as the “base’ value (tab. 2). Sub-
sequently, the individual columns were
leached with solutions of the sume SAR
but of successively decreasing salt con-
centrations (.03 M and 0.01 A until
steady stite corditions for HC and 1(
were attained. Finally the columns were
leached with distilled water. Clay con-
centration in the effluent of the distilled
walter leachate was determined gravimet-
rically.  In addition pH and EC were
measured.

4 Infiltration studies

Soil - samples  for IR experiments
(<4 mm) were packed in 300500 mm
perforated trays, 20 mm deep. over o
layer of coarse sand. The travs were
placed in a raintall simulator (NMORIN et
al. 1967) at o slope of 34 and ~subjected
to cither mist or rain with impact encrgy.
The rain intensity was 35 mm h ', Dis-
tilled water wis used to simulite rainwa-
ter but, owing to dust in the rain simula-
tor room. the actual EC of the water wis
5mS m ! Typical mechanical parame-
ters of the simulated rain were: median
raindrop diameter of 1.9 mm: median
drop velocity of 6.02 m s ' and totl
kinetic energy of 805§ m “h ' o 23
Jm S mm Y The runofl water and the
effluent volumes were measured. and the
infiltration rate was caleulaed.

In another series of experiments, pow-
dered phosphogy psum was spread on the
soil surfice at o rde of St h Y I
the PAM treaiments 4 mm of polvacryl-
amide (PAM) solutions with concentra-
tions of 500 ppm were spraved at the

SO TECHNOLOGY N Loty Dot CARENA

soll surfaee and allowed to dry. The
amount of PANI applicd was cquivalent
to 20 ke ha PG atthe ratc of 51 h !
was spread at the PANI treated soil sur-
fice prior to the rain application.

S Results and discussion

5.0 Hydraulic conductivity

Ihe base HO values of the soils using
0.5 M osolutions of SAR 10 and 20, the
relative HO of the sails in solutions of
O.05 N and 0001 N at the same SAR

values together with the pH oand EC of

the distilled water eflluent (a1 an efilu-
ent volume of 200 em'y are presented in
tab. 20 I is noted that the soils contain-
ing high percentage of fine sand plus silt
have Jow “base” HC tevels (=10 mm h '),
The sandy {oam soils from Israel have
exeeptionally high “base’ HC values due
to the high percentiage of coarse sand.
Replacing the 0.5 M solutions of SAR
10 with 095 N solutions of the same
SAR had o minimal effect on the HC
of the soils ttab, 2), indicaiing that this
concentrition is cnough to present the
deleterious effect of ESP 10, When the
(.3 M solutions of SAR 20 were replaced
with 0.05 N solations of the sume SAR,
ashight deercase in “base” HOC was ob-
served ttab. 20 This decrease was relited
to the clay content of the soils — as the
clay content increased the deerease in rel-
ative HO was more pronounced. When
the 0.05 M solutions of SAR 10 and 20
were replaced with 0.01 & solutions,
more pronounced drop in relative HC
was observed, and the drop inereased
with both the increase in the ESP and
inerease m clay content of the soils, The
dominant mechanism which accounts for
the deerease in HC of soils in equilib-
rium with -0.01 M solution is swelling

/1 /]
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(SHAINBERG & LETEY 19Y84). Thus.
only soils with high contents of eapin-
sive clays (smectites) showed w significant
decline in HC (tab. 2). Swelling of clays
in soils increased with aercising ESP
and decreasing clectrolyvie concentration
and, as a resulte the size of pores whieh
conduct flow deereased and the HC di-
minished. The decrease in HC of the Is-
rael soils is more pronounced than that
ol the Portuguese soils (with similar clay
content), because smectites predominite
in the clay fraction of the Isracli soils
{tab. 1).

The relative HC's of the ~ix sotls, when
the 0.1 M solutions were replaced with
distilled water (DW) are shown in fig. 1.
The response of the soils varied consider-
ably. Whereas the HC of the (wo noncal-
carcous soils from Israel dropped sharply
to zero, at both ESP levels, the HC of
the noncalciaicous soils from Portupul
decreased more gradually g, 1. The
chinge in HC of the silty Toam loess from
Isrinel was feast atfected by the leaching
with DW (g, 1), 1 ven when saturated
with ESP J0. the relative HC of the loess
was maintained at 17" (fig. 1), ihe in-
sensitivity of the sodic Toess to leaching
with DW was, in spite of the high content
of silt, o size fraction which is considered
to weaken the structure of the soil.

The different response of the siv sodic
soils to the leaching with DWW (simu-
lating rainwatert may be evplained s
follows: The HC of soils with low sod-
icity (ESP =220) is very sensitive to the
clectrolyte concentrations in the soil so-
lution at the low ranye of concentrations
<0.03 M (SHAINBERG et al. 1981a).
When the electrolyte concentriation is be-
low the flocculation value of (he clay,
the clay disperses. moves, and blocks
the conducting pores and seals the soil,
When the clectrolyte concentration ex-

Shainbery, Gal, Ferreira & Goldstein

ceeds the floceutation vaue of the clay.
dispersion is prevented ar) swelling be-
comes the dominant mechanism causing
HC decline (SHAINBERG & LETEY
T84 As the flocculation value of smee-
tites with ESP-20 is below 0.003 M
(OSTER et alb 19a0,  this concentra-
tion is enough to dimim:h clay disper-
sion and i signdficant decrease in 1,
Fhe BC of DA eflluent of the loess soil,
at 200 ce about S pore volumes) were
015026 and 029 dS'm ! for FSP val-
ues of 1020 and 40 respectively (tab, 2
and tie. 1y These FC values, which re-
sult from the dissolution of lime. prevent
clay dispersion and clogeing of the con-
ducting pores. Increise in the ESP of the
satbinereased the 1O of the efluent be-
catse exchangeable Ni serves as a sink
tor dissolved Ca.

The hamra soils from the coastal plain
ol Israel represent the other extreme,
Fhese soils are from a region with an
annual rainfall of 600 mm. The testure
ot the soil is sandy and the permeabil-
ity 18 high, Thus efficient leaching took
place during the rainy seisons and the
soils do not contin unstable mincrals. In
the column experiments, when these soils
were deached with DW, the EC of the ef-
Muent dropped 1o 004 dS m ' which is
cquivalent to clectrolyte coneentration of
04 mmol L' This concentration is be-
iow the flocculation value of clavs with
ESP 10 and 20 and the clays disperse
and block the condusting pores.

The Protuguese soils are intermedi-
ate in their response 1o sodie conditions
tig. b oand wabko 2y Fhe Mitra soil s
the most susceptible of the three soils to
sodic conditions, and the Vale Formoso
soll 1s the most stable one. The EC of the
DW eflluent was 004 and 0.07 dS-m !
for the Mitra and Vale Formoso soils,
respectively. Leaching by winter riin of

S EHNOLOUY 8 et Sonrl on CATENA
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Fig. 1 The relative hyvdraulic conductivity of the six soils as functio. of effluent

rolume when the 0.1 M solwions are Jisp

the Mitra soil was more eflicient than
leaching of the Vale Formoso soil be-
cruse of o low poreentage of silt and
clay in the tinal soil. The Alvalade soil
being an alluvial soil was more suscep-
tible to sodicity than the haolinitic Vale

Formoso soil, in spite of the presence off

primary minerals which dissolve readity
(the £C of the efluent of ESI <oil was
0.17 dS'm ').

5.2 Infiltration rate

The IR of the two soils from Isracl. as o
function of cumulitive rain, is presented
in fig. 2 and tab. 3. Four treatments
were applied: control, ram without im-
pact energy (mist). treatment with PG
and treatment with PAM plus PG. From
the rapid drop in the IR of the control

SOIL LCHNOLOGY A woperating Joarnal ot CATESN A

laced by distilled water,

and the low value of the final IR it is ev-
ident that both the harma and the loess
are susceptible 1o surface scaling (BEN
HUR et al. 1983),

When the same soils were exposed to
rain without impact energy. the IR of the
hamra soil was determined by the inten-
sity of the mist (fig. 2) which indicates
that the IR of the soil was maintained
at values =35 mm-h " Similarly, the IR
of the loess with ESP 2.8 decreased very

slightly and gradually o a final 1R of

It mmch UTis evident that when mist
was applicd, the mechanical breahdown
of soil aggregates at the soil surfiee and
seith formation are prevented and the IR
is controfled by the HC of the soil layer,

The IR of the soils treated with PG
dropped less rupidly than that of the con-
trol, and the final IR was higher (fig. 2).

160 200

J T
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Fig. 22 The infiltration rate (IR ) of the
harma (18" clay ) and loess exposed to
simulated distitled rain water as a fune-
tion of cumulative rainfall,

The following treatments were applicd:

1 high energy ran of DW,

(1 DW rin with no impact enrgy (mist),

i phosphogypsum (PG spread at the soil sur-
face at S tomcha ' prior o the tain,

v polvacry Liend (PANL 20 kgsha ') and PG (S
wn ha ') were spread at the soil surface, prior
to (he rain.

Hamra

Infiltration rate. vunoff and crosion from Isracli and Portuguese soils (in

SO THCHNOTOGY A conperating Joutnal of CATENA
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PG reduced surlace seating by increasing
the clectrolyte concertration at the soil
surface. In the PG treatment soils the
seal is slow to form and is more perme-
able than the seal of the untreated soils.

Application of PAM in combination
with PG increased the infiltration of rain
(fig. 2). Applyving PAM raised the final
IR of the soils (fig. 2) from 2 mmh ' 1o
236 and 27.3 mm-h ! tor the loess and
hamra soils, respectively, Similarly, PAM

increased the cumulative infiltration of
the loess from 14 to 60 mm and that of

the hamra from 14 to 63 mm.

The IR curves of the soils from Portu-
gal exposed to the same treatments as the
soils from Isract are presented in fig. 3
and tab. 3. The following characteristics
may be noted:

(i) The three soils are very stiseeplible
to sealing when exposed (o simu-
lated rain. The IR of the three soils
dropped sharply to final TR values
of 48, 38 and 5.6 mmh ' for the
Mitra, Alvalade and Vale Formoso
soils, respectively. These soils hanve
an unstable structure which disperse
readily in spite of the low pereent-
age of exchangeable sodium . the
soil samples. The low pereentage
of clay which usually acts as a ce
menting material stabilizing sotl ap-
gregates, the relatively high percent-
age of silt whieh weakens the soil

structure, and the low percentage of

organic matter account for the in-
stability of the soil structure and its
high susceptibility to sealing.

(ii) There was a rapid drop in IR cven
when mist was applied (lig. 31 This

drop in IR is duc to the low HO of

thrae soils {tab. 2 and hg 1), The
final TR with the mist was main-
tained at values ranging between 22

SOIL JECHNOLOGY A copesating Jouinal ot 0 ATENA
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and 26mm-h ', compared with vali-
ues exceeding 35 mm-h ' ofor the
hamra soil. The silty texture of the
Portuguese soils wis responsible tor
‘he low IR walues obtained when
misted upon,

tiil) Phosphogypsum was elfective in
stabilizing the soil surface of the
three soils from Protugal (ig. 3).

In spite of the low pereentage of

sodium - the exchange complex
ol these soils electrolytes presented
clay dispersion and seal with higher
IR vilues was obtained.

(v) The treatment with PAM + PG
win quite cflective i maintaining
high IR, PG prevented clay disper-
ston and PAM was effective in bind-
ing the soil particles into aggregates.
Fhe final 1F ol the three soils treated
with PAM ranged between 12 and
148 mmh L

(V) PAN plus PG otreatment was more
beneticial on the smectitic soils from
Israel 1t is also seen that PAN was
fess eflective on the silty loess than
on the hamra soil with 18" clay. 1t
seems that PAM treatments in seils
rich in krolinite and silt are less hen-
etictal. The interaction between soil
texture clay mineralogy and PAM
treatments in stabilizing soil strue-
ture should be further studied.

6  Runoff and crosion in Isracli
and Portuguese soils

The final IR (FIR). runofl (in mm). sedi-
ment concentration (in o), and total soil
losses from the two soils from Israel and
three sails from Portugal when exposed
to 70 mm rainstorm, are summarized in
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Fig. 32 The IR of the three Portugaese soils
as o function of cumulative rain,

The treatments were:

m DW ran teontrol),

() riin with noompact energy (mist),

) PGospread at the sl sarface € 5 tonsha ) prior

Contro)
0 L L e PG apread at the face prior 1
o 20 40 60 80 |OO ril\’:l AN plus Fapread a 1¢ ol surkiace prior to
Cumulative rain (mm)

tab. 3. The following observations were Since the YC of the soils from Por-
made: tugal was low, their initial IR was
low and runofT started at fower val-
D) The dinal IR of the lsraeli soils ues of rain depth (figs. 2 and 3). The
(control) were tower than the cor- Bigh initial runofl in the soils from
responding values of the soils rrom Portugal compensated for the lower

Portugal. Conversely. the amount of final TR of the soils from Israel.

runoft of the five soils was similar.

This was due to the moie rapid drop 1) The Joess and hamra soils from Is-
in IR of the soils from Protugal. riel are much more erosive than the

SO TECHNDEORY A asopeeating Doarnal of © ATENA
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soils from Portugal (tab. 3). The sed-

iment concentrations in the runoff

from the loess and hamri were 0,94
and 0.74%, respectively, compared
with (032 042" sediments in the
ruaotl’ from the Portuguese soils,
Accordingly, soil losses from the
loess and hamra soils, in 70 mm
rinstorms, were 327 and 416 gm 2
compared with 170 23] gm oy
the Portuguese soils, The high cro-
sivity of the Israeli soils is probably
due to the mincralogy of the soil
clays. Whereas the dominant clay n
the Tstacli soil is smectite which is
quite dispersive. the dominant clay
in the soils from Portugal is the Tess
dispersive and less erosive kaolinite,
The crosion data are in good agree-
ment with the HC data tig. 1).

PG seems to be more effective with
the soils from Isriel. Spreading PG
increased the final TR of the Joess
and hamra by 3.4 and 6.6, 10spec-
tvely. The respective PGoelleet on
final IR of the soils from Portugal
ranged between 178 and 2.3 Simi-
larly. the effect of PG oon soil fosses
wis more pronounced on the sols
from Israel than on those from Por-
tugal (tab. 3. Again, the Isracli
soils, being more dispersive hecause
of their higher ESP and smectitic
mineralogy, were also more respon-
sive to gypsum application.

The dramatic ellect of PAN « PG

treatment on the infiltration runoft

and crosion trom the soils from Is-
racl is very pronounced. Freatment
with the soil conditioner increased
the final IR of the loess and harma
by the factors of 11.8 and 1600, re-
spectively. The corresponding val-
ues for the Portuguese soils ranged

CHNOLOT 0 A g Laen, RN

between 2.5 and 39 only. In the
Portuguese soils the initial HC s
low (tabh. 20, the eflect of seal forma-
tion on the IR is not so pronounced
(tig. 3) and, accordingly, the eflect
of stabilizing the soil structure and
preventing seal form.tion will be
relatively small. The differences in
the effeet of PAN treatments on
soil Tosses Trom the dive soils is ex-
plamed in the same way, However, it
should be emphasized that although
the cefleet of PAM on runofl” and
croston from the soils of Portugal
Iy ot so pronouncea s on the Is-
rach soils. it is sull very merked and
PAN plus PGtreatment decreised
runolland crosion o the Portuguese
soils by 042 0.60 and 0.22 0.29, re-
spectively. The benclicial eflect of
PAM in presenting runolt and ero-
sion should be tested in Portugal in
tield trials.

-

When ram without impact energy
was applied (mist). seal was not
formed and runotf and crosion were
shight i the five soils. Mulching the
soil and intereepting the impact of
raidrops is the most effective treat-
ment for reducing runoil and ero-
sion and should be practiced wher-
ever practical

Many arable ~oils in the semi-arid re-
grons of the world contain 0 30%, clay
and 3% exchangeable sodium in the
upper laver. Unnl reeently suen fevels
of sodicity were not considered harmtul
to sail physical properties. This study
demonstrated that the soil surface ex-
posed Lo rain was particularly valnerable
to agpregate dispersion and seil forma-
ton because of the mechameal impact of
raindrops and the low concentration of
clectrolytes in the rainwater.
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WATER QUALITY AND PAM INTERACTIONS IN REDUCING SURFACE
SEALING!

L SHAINBERGY ' DO ND WARRINGTON: ann P. RENGASAMY?

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

Treatments with PAM under optimal
conditions inereased the final IR of the
loess from 2.0 to 23.5 mm-h™' and in-
creased rain intake of an 80-mm rainstorm
from 12.3 to 64.2 mm, PAM treatment of
the grumusol increased the final IR from
3.0 in the control to 20.5 mm-h™! and the
rain intake from 21.3 to 62.3 mm. As soils
from semiarid regions are unstable, form
crusts, and produce much runoff ( 80%)
during rainstorms, the use of PAM to re-
duce runoff should be considered.

The formation of a seal at the <oil surtace,
especially due to the action of raindrops bt also
as a result of ~prinkler ireigation cAarstad and
Miller 1973, i< a2 common fcature of many sols,
particularly s and and <emarid region-, Sar
face seals are thin <2 to 34 mon and are char
acterized by greater density, tiner pores. and

‘Cantnibutin teom the ARO, The Voleam Center,
Bet Dagan, Tsriael Senes noo 2610 F 18

SAnstitute ot sels and Water, AROL The Voloam
Center, POB 6. Bet Dagzan. l<rael

“Author ta whom correspondence <hould be ad
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3616, Australia
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lower saturated conductivity than the underly-
ing soils. Soil seals have an important effect on
many soil phenomena, reducing infiltration, in-
creasing runoff and erosion, and interfering with
seed germination,

Seal formation in soils exposed to rain is due
to two complementary mechanisms: (1) physical
disintepration of soil agpregates and theis com-
paction caused by the impact of the raindrops
at the soil surface and 121 chemical dispersion
and movement of elay particles inio a region of
<L0-mm depth below the soil surface, where
thev lodge and clog the conducting pores form-
iny the "washed-in® laver (Agassi et al. 1981;
Melntvre 19551, The chemical mechanism sup-
plesnents the physical one under dispersive con-
ditions tie, in sodic soils with low electrolyte
concentrations in the soil solution),

Naturally occurring soil polymers, especially
hunue substanees and polysaccharides, play an
important role in promoting and maintaining
soil structure. Since the introduetion of svn-
thetie polvmers for soil conditioning in the early
1030s, there has been considerable interest in
the mechanisms by which these matenals bind
to the soil collodal constituents and in the me-
chanies of stabilizing aggregates. In general, soil
conditioners were not cost-etfective tor general
agricultural purposes where stabilization of the
plough laver was required. However, polviners
can be etfectively used as anticrusting agents
where it is necessary only to stabilize the aggre-
pates at the soil surface.

We studied the eftect of the application of a
low-charge €207 hydrolvsis) anionie polvaceyl-
amide with a high molecular weight (PAM) at
ritesof 10,20 and 40 ky-ha  on the intiltration
rate IR during rinstorms. Following Brad-
field's (19360 statement that “granalation is
floceulation plu<” it was assumed that stable
apprepate formation requires the cementation
by the polvier ot flocculated soil colloids. The
assumption was tested by combining PAM ap-
plication with rain that contaned electrolytes
and by spreaaing phosphogvpsum (PG) on the
sail surtace betore distilled water raintall. PG s
A byproduet of the phosphate fertilizer industry
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with a dry composition of 97 CaS0, and 0.8%
P,0.. PG dissolves readily and maintains Ca**
and 80" concentration above 5 mol.-m

(Agassi et al. 1986). Because the adsorption of

polyanion by ¢lay minerals depends on dehydra-
tion of the clays (Theng 1982), we also studied
the effect of complete drving hefore the rain
application.

MATERIALS AND METHODS

We used the air-dried <4-mm agpregates of a
typieal loess (Calcic Hap'nxeralf) from Bet
Qama and of a dark brown grumusol (T'vpice
Chromoxerert) from Sede Yoav in this study.
Some chemical and physical properties of the
soils are given in Table 1.

We packed soil samples to a depth of 2 em in
30+ X 50-cm perforated metal trays over 8 ¢m of
coarse sand (four replications). We applied
PAM treatments by spraving solutions with a
0.5-g-liter™" concentration in distilled water
onto the soil surfuce unitormly. PAM solutions
of higher concentration could he prepared, hut
their viscosity was too high to he hand-sprayed
conveniently. We applied PAN solutions in
2.0-liter-m™ portions tequivalent to 10 kg-
ha™'), with a period of drving (1 hour) between

applications when necessary. This methad of

application assured that the polvmer wis con-
centrated in the surface laver of the xoil. Control
treatments received a similar volume of distilled
water instead of PAM solution. We studied
PAM treauments of 0, 10, 20, and 40 kg ha '
with the loess. With the grumusol. we studied
only the 0- and 20-kg-ha * levels of application.

In most treatments, we allowed the
treated with PAM solutions to dry completely
by plaeing the trays in the sun for 24 h. We
evaluated the effect of complete drving by com-
paring this “drv” treatment with a partially
dried treatment in which the soil was fett to dry
for 24 h in the shade.

soil

SHAINBERG, WARRINGTON, AND RENGASAMY

After the application of PAM solution, we
placed the trays in a rainfall simulator (Morin
et al. 1967) at a slope of 3% and saturated the
soil in the travs slowly from below with tap
water. At the end of the saturation process, we
allowed the soil to drain and subjected it to a
simulated rainfall with an intensity of 38 mm-
h ' The designed “rainstorm” depth was 80 mm.
In most studies distilled water (W) was used
to simulate rainwater. T'vpical mechanical pa-
rameters of the applicd “rain™ were: raindrop
median diameter = 1.9 mm, median drop veloe-
1ty = 6.02 m-s % the kinetic energy was 19.3 .
mm 'm *. We measured the volume of effluent,
callected from vutlet pipes set in the corners of
the boxes, during the rainstorm and caleulated
the 1R and final IR, Curves were fitted to the
intiltration data (R > 0.98) using o Hortonian
tvpe equation

=1+ = L)expli—gp)

where [, is in the infiltration rate

[ is the intiltration rate at equilibrinm

I and g are constants

1 is the amount of cumulative raintall
We measured and analvzed the depth of water
that percolated into the soil during the applica-
tion of 80 mm of rainfall (camulative infiltra-
tion) for cach soil and separated means that
differed significantly at the 5% level, using the
Tukey test tRubbins and van Ryvzin 1975),

To stuidy the effect of clectrolvte concentra-
tion on the IR, we spread powdered PG at a rate
ot 5 tons-ha U over the soil hefore the distilled
water ramstorm. Instead of DW, we also used
tapwater CI'WHEC = 09708 7/  SAR = 2.5)
asasource of eleetrolvtes in two rain simulation
experiments. We took samples of runoff water
during the rainstorm and measured the electri-
al conductivity (BC). The FC of the percolating
water was estimated from these measurements
(Agassi et al, 195861, As will be shown, the effect

TABLE 1
Some physcal and chemical propertes of the sods used
Particle size bstnhintion
Sonl Classification tnternational Standard<) Catn, CEC ESP
Sand it Clay
cmol, kgt i

Loess, Caleic Hap- 500 RN 19.0 1.0 14.5
Bet Qama loxeralf
Grumusol, Typic Chro- 320 28.0 4.0 10.4 20.5 .5
Sede Yoav maoxerert
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of PG and TW treatments on IR was similar in
the short term.

We determined the stability of the treatment
with PAM in subsequent storms by exposing the
treated soil samples to three consecutive storms
with a drying interval of 1 wk hetween rain-
storms. The second and third rainstorms were
of 60 mm each

RESULTS AND DISCUSSION

Infiltration studies
The data from all experiments conducted are
given in Table 2. The effect of PAM applicatiop
on the IR of the loess is presented in Fig. 1 for
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the control {i.e., soil not treated with PAM) and
for PG-treated soil. From the rapid drop in the
IR of the control and the low value of the final
IR, it is eviden that the loess is susceptible to
surface sealing. Soils that contain 199 elay and
less than 1 organie matter and have an ex-
changeable sodium pereentage (ESP) of 5 are
known to be unstable and prone 1o sealing and
crusting (Ben Hur et al. 1985). The in.pact of
the raindrops combined with the ahsence of
electrolytes in the rainwater cansed the IR of
the soil to fall from th. initial rate of approxi-
mately 50 mm-h ' to a final IR of 2.0 mm.h *,
The IR of the soil treated with PG dropped less
rapidly than that of the control, and the final

TARLE 2

e Ren Q"“““ Loess
Treatments FIVR.' Cl-
) B o mim-h 't mmn
18t Storm'

DW, PAM (0) 20 128
DW, PAM (1) 5.4 29,1
DWW, PAM (20) 6.5 A8
DW, PAM 40y 6.5 39.0
DW, PAM 20y 52 174
TW, PAM () w6 16.8
TW, PAM (20) 15.0 562
PG, PAM 1y Hha 1A
PG, PAM (1) 19.4
PG, PAM (200 642
PG, PAM (4 5.1
PG, PAN 12007 270

2nd Storm
DW, PAM () 2.7 9.4
1.7

DW, PAM 20y 2000
PG, PAM 1) 6.4 198
PG, PAM (200 1 0.0

rd Storm

DW, PAM () 205 8.6
DW, PAM (20) 5.0 17.6
PG, PAM () 2.9 1
PG, PAM (2 6.1 unn

Infiltration and runojf datu

Sede Yoy Grumuso)

Runutt,” FiR. (NN Hunott,
. v

mm-h ! i

Siba 3.0 218
636 -

D20 g

Tida

4149 176 ¢

-3

Sl g
TRah

T90Dh

2941

606 ef 9.7 5.6 b
REWEN
194
18.6 )
65,9 ¢d

363

205 62,3 2.1d

S4da 3.6 13.9 8
66.7 b 7.5 31 H82h
67.0h 8.6 201 MMLh
450 ¢ 9.9 375 JhHe
H3.Ta 3.9 15.3 T8O a
T0Th

TLTh 9.5 27.9 MAhh
AT R 1.8 RHN 448 h

*FIR = final infiltration rate; CI = cumulative infiltration

* Letters after runoff figures which are the same denote treatments within storms which are not significastly
ifferent at the 5 level nceurding to the Tukey test (Rubbins and van Ryzin 1975).,

“PAM applications in kg-ha ', DW = distilled wirter; TW = qap water; P = phosphogypaum (5 tans-ha ),

“Incomplete dryving treatments
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IR was higher (Fig. 1). PG reduced surface seal-
ing by raising the ciectrolvte concentration in
the solution at the soil surface, thus reducing
clay dispersion and the formation of the “washed
in” laver (Gal et al. 1984; Agassi et al. 1986,
Thus, in the PG-treated soils the seal is slow to
form and is more permeable than the seal of the
untreated scils,

Application of PAM increased the infiltration
of rain (Fig. 11 Applving PAM at 10, 20, and 40
kg-ha "inereased the tinal IR of the soil (Table
<) approximately threetold. Similarly, PAM in-
creased the cumulative infiltration of the soil by
almost four times at the highest level of appli-
cation. At rates above 20 kg ha ', the offect of
additional PAM wax msignificant (the curves
are not presented), although this may have heen
because of the ditficulty, experienced during ap-
plication, of keeping the PAM in the upper laver
of the soil,

The dramatic effect of PAM in combination
with PG is also presented in Fia. 1. PG inereased
the final IR of the loess treated with PAM, 20
kg-ha ' by 10 times (Table 2. Similarly, runotf
from an 80-mm rainstorm dropped from 81.6%
in the control to only 1885 and 51.8% when
treated with PANL 20 kg ha . with and without
PG, respectively. It is evident that PAM ix much
more effective in the presence of PG oat the soil
surlace. Similar phenomena were ohserved by
Shavivetal, (1983). PG spread at the soil surface
dissolves and increases the electrolvte concen-
tration in the soil solutions to values above the
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flocculation value of the clays (Oster et al. 1980).
Floceulation of the soil clay is a precondition for
the cementing and stabilization of aguregates at
the soil surface (Bradfield 1936).

The beneficial effect of PAM on the IR de-
pends upon the application conditions and the
quality of the applied “rainwater.” In Fig. 2 (a
and h), PAM at the optimal rate of 20 kg-ha™!
was applied to the loess under the tollowing
conditions: (:v PAM was spraved onto the soil
and the travs were either completely dried or
caly partially dried and (2) DW or “I'W rainfall
was applied. Complete dryving increased the ben-
eficial effect of the polymer. It is evident from
the data given in Table 2 that comglete drying
of the PAM and PG treatment more than dou-
bled the final IR and the cumulative infiltration
values compared with incomplete drying.
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20 kg-ha ' oas g function of cumulntive rainfall and
the dryving tieatments of PAM (a) and the electrolyte
concertration in the applied water (hy (I'W = tap
water and DW = distilled water), PG represents treat -
ment with phosphogvpsum at 5 ton-ha % PAM rep-
resents treatment with polvacrvlamide polvmers at 20
ki ha .
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The etfect of dryving in increasing the effi-
ciency of the polvmner in stabilizing the aggre-
gates and preventing crust formation is explain-
able by the bonding mechanism between the
anionic polyelectrolvte and the negative clay

(Theng 1974, It is suggeste:l that two types of

‘ation-bridging are responsible for the polvmer
adsorption and the Linding of elay platelets, In
the first type, an ¢ nionjce Eroup of the polvimer
interacts with an Xchangeable cation through
awater molecule (o veld an “outer-sphere” com-
plex. This mode of bonding jx obtained in
aqueous svstems. The second type of cation
bridging may occur under dehydrated condi-
tions. In this instance, an anionje sroup of the
polymer is directly associated with an exchange-
able cation to form an “inner-sphere” comples.
Inner-sphere complex tormation mvolves the
displacement Crom the interlace 10 the hulk
solution) of numerous water mewcules by asin-
gle polvanion chain. The restudant gadn in en-
tropy tL3 to 0.5 kbomol Iy ) has a promaoting
effect on adsorption. In additionr. the uncharged
segments of the adsorhed chain iy et
with each other and with the surface through
van der Waals forees. Drving induces inner
sphere complex formation and van der Waaie
interactions; this would explain why air drying
leads to a marked incroase in he water stahility
of soil agprepates,

The electrolyvte eftect on PAM eHectiveness
is demonstrated by the PG treatment and by the
effect of raining with T'W 1Fig 2y, The coneen-
tration of electralvtes in TW mereased the 1R
values of the control tno PAM) (1 thle 20 How -
ever, PG was more effective in inereasing the IR
than wasx TW. The electrolyvte concentration in
the effluent of PG-treated soils wis 1.2 to 1.4
dS-m ' compared with an EC of 097 dsmn ¢
for the TW. The increase in electrolvie coneen-
tration in the PGorreated woil compared with
TW partially explains the inerease in the IR
values {Agassi et al. 1981). [n addition 1o the
electrolyte concentration effect, Apassi ot al,
(1986) also sugpested that PG treatments inter-
fere with the continuity of the ~eal and mav act
as i muleh and thus inerease the 1R of the il
heyond the electrolvie effoet.

In the PAM treatments, the result of using
TW instead of DW was more pronounced. In
the soil untreated by PAM the use of TW in-
creased cumulative infiltratjon by 45 mm, hut
in the PAM-treated soi} the increase in cunni-

lative infiltration was 18.1 mm. As the coneen-
tration of electrolyte in 'I'W exceeds the floceu-
lation value of the clay, the polymer acts offi-
ciently as a cementing agent that stahilizes the
soil agpgregates, prevents seal formation, and
maintains high IR values, The beneficial effeet
of PG, compared with ‘TW, in the PAM treat-
ments was similar to that with no PAM treat-
ments. In the PG treatments the predominant
cation in the soil solution is (a . whereas in
TW Naand Ca’* cations are present in similar
coneentrations. Sodium is known to substitute
in the Ca-polviner bond and weaken the cation
bridize between the polvmer and clay surface
(Theag 1979,

The flocculation effect of the electrolyvtes in
the T'W sugpests that it may be necessary only
o apply PG to soil treated with PAM under
natural rainstorns to ensure stabilization of the
soil aggrepgates. When irrigation water is applied
by sprinklers, PAM alone will prevent seal for-
mation and will be effective in maintaining high
water penetration. The IR of the gramusol as a
tunction of cumulative rain is presented in Fip.
3. The following should be noted:

The grunmusol is less dispersive than the logss,
The tinal IR of the loess was lower than that ot
the grumusol: the infiltration rate drops more
steeply with cumulative rainfall resulting in a
lower cumulative infiltration value {Table 2).
The higher percentage of clay, which acts as
cementing material, stabilizes the agpregates at
the soil surface of the grumusol, slows their
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breakdown and the formation of a seal at the
soii surfuce. Therefore, a seal is formed at the
soil surface. Also, the ESP of the grumusol is
lower than that of the loess (Table 1).

The heneficial effect of PG on the IR of the
grumusol is similar to that in the loess in spite
of the lower ESP of the grumusol, The higher
percentage of elav in the grumusaol explains the
response of this soil to PG application (Katzman
et al. 1983),

PANL applied at a rate of 20 ki ha 7 oafter
complete drying, was quite efficient in stabiliz-
ing the soil aggregates at the sojl surfaee and
preventing sealing (Table 2). When PAM wis
applied with PG, its beneficial effect was much
more pronounced. It is evident that treating the
soil with a combination of PAM and PG pro-
duces the best results. For the soil vonditioner
to be effective, the soil clavs must continue to
be flocculated. PG dissolution supplies to the
rainwater the electrolvtes needed to attain these
conditions,

Effect of consecutive stormes

The amount of rain during a FANY Se1501 M
exceed SO mm, but the rain is not continuons
and there are dry periods hetween rainstorme,
Thus the question arises as to the effect of more
rain and of dry intervals between rainstorms on
the efficiency of PAM as an amendment. Morin
and Benvamini (1977) studied the effect of
drying tor periods of 24 h, 6 days, and 11 davs
on the erust and IR, Thev found that 1he dryving
periods increased the intial IR but had no ~ig-
niticant effect on the tinal IR, Their explanition
was that the increase in the initial 1Rs in the
second storm was due to crack formation in the
crust. A drving period of 7 davs was tnoveh to
break the crust completely. Thus, this interval
was used in our study,

The effeet of the second and third < onsecutive
storms ot 60 i each on the etficiency ot PG
and PAM treatments in maintaining a high 1R
in the loess s presented in Table 2. The final
IR and the percentage of runolf in the control
and PG treatments were similar in the three
storms. PG ospread at o rate of 5 tons-ha .
continued to be ¢ftective throughout the three
storms 200 mm of rin). In a saturated <olution
the concentration ot gvpsum is 2 ¢-hter |
the rain studies only 507 snuration wis ub
tained; thus 200 mm of rain dissolved approxi-
mately 2tons-ha ", and the PG was still present

in sufficient quantities to be beneficial in the
third storm.

The final 1R in the PAM treatments (without
PG staved the same in the first, second, and
third storms (Table 2), whereas the runoff in-
creased slightly in the three consecutive storms,
Itseems that the PAM-onlv treatment was com-
parable to the PG-only treatment and similarly
maintained its stabilization effects throughout
the three storms.,

The effectiveness of the PAM + PG treat-
mentswas reduced over the three storms, Never-
theless, in the third storm the treatment still
reduced runoff significantly in comparison to
the separate treatments, Over the three storms
the runoff prreentage was only 367 compared
with 83 from the control and 6277 and 67 in
the separate treatments of PANM and I,
respectively,

The PAM and PG otreatment resulted in i
similarly low runott percentage of the rrumusol,
Here the overall figires tor the storms were 75
for the control, 35 for the PG treatment, and
% tor the combination of PAM and PG,

COMNCLUSTONS

The eftect of application of dilute solutions of
PAM at 20 ky-ha - on the infiltration rate and
runott of nonstable soils wis very beneficial,
Drving the polvmer-soil surface and maintain-
ing the electrolvie concentration in the soil so-
tution, which flocculates the soil clavs, enhance
the binding action of the polviner and stabilize
the qwpregates ar the surface. PAM combined
with PG otreatments i the optimal rate in-
creased rain intake 1 the two soils by two to
three times that o the control. Soils from sem-
tarid regions are unstable and form seals that
lead to about s0° runaott during the rainy sca-
son. The possible reduction of water losses hy
PAM and PG treatments (o a traction of this
nay prove to he greatly beneticial from hoth
cconomical and environmental aspects and
~hould be studied further
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Water-Droplet Energy and Soil Amendments: Effect on Infiltration and Erosion

H. J. C. Smith, G. J. Levy,* and 1. Shainberg

ABSTRACT

The impact energy of water droplets from rain or overhead sprin-
klers can cause a sesl to form at the sail surface. This constitutes
a severe problem in agricultural lands in the arid and semiarid re-
gions. Spreading a soil conditioner on the surface of the soil and
providing a constant sunply of clectrotytes may prevent seal for-
mation. The effect of droplet impsct encrgy und water quality on
infiltration and crosion was studiced, using a tank drip-type rain sim-
ulator, in a sandy loam soil (Typic Rhodoxerall) treated with an
anionic polyacrylamide (PAM) and phosphogypsum (PG). ' hree
kinetic energies (KE) of 3-mm diameter drops were obtained by vars -
ing their falling heights. The two qualitics of water were distitled
water (DW) and tap water (TW), to simulate rain and irrigation
water, respectively. Increasing the impact energy reduced the infil-
tration rate (IR), cumulative infiltration (rain ‘ntake), and sojl era-
sion in all treatments. Addition of PAM in the presence of electro-
Iytes (either PG oor TW) increased both final 18 and cumufatise
infiltration by 7- to 8-fold compared with the control and was much
more effective than PANL PG or TW alone, The PAM + electraly e
treatments decreased soil erosion by more than one order of nlag-
nitude compared with the control.

F()RM ATION OF A CRUST at the soil surface, generally
due to the beiting action of raindrops but also as
a result of sprinkler irrigation (Aarstad and Miller,
1973). s a common feature of many sols, particularly
in the arid and semiarid regions. Surface crusts are
thin (22-3 mm) and are characterized by greater den-
sity, finer pores, and lower saturated conductivity thin
the underlying soil. Soil crusts have a prominent effect
on many sotl phenomena, e.g.. reduction of infiltration
and increase in runotf (Morin et al.. 1981) and inter-
ference with seed germination (Cary and Evans, 1974),

Crust formation in soils exposed to the beating ac-
tion of falling drops is due to two mechanisms (Agiass
ctal., 1981 McIntyre, 1958): (1) phiysical disintegration
of soil aggregates and their compaction caused by the
impact action of drops hitting the soil suriace: and (ii)
a physicochemical dispersion and movement of clay
particles into a region of 0.1 to (.5-mm depth, where
they lodge and clog the conduciing pores. The first
mechanism is very much detertained by the KE of the
drops (Moldenhauer and Kemper, 1969), while the
second is controlled mainly by the concentration and
composition of the cations .n the soil and apphied
water (Agassi et al., 1981; Kasman et al., 1983). The
two mechanisms act similtancously with disintegra-
tion enhancing dispersion,
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One way of reducing erusting is to improve soi
structure and agpregate stability at the soil surface, The
possibility of using organic polymers, and especially
PAM. to improve soil structure and reduce crust for-
mation has recently been studied (Helalia and Letey,
1988a.b: Shainberg et al., 1990; Shaviv et al., 1986).
Furthermore. it has been reported that the combined
apphcation of polvmer and PG (an clectrolytic stabi-
lizery had 4 more pronounced effect in improving in-
filtration than cither application alone (Shainberg ¢t
al.. 1990 Snaviv et al., 1986). Current interest in poly-
mers as soil conditions is enhunced by their low price
(33 ke ") and application rate (20 kg ha '), which make
their use inagriculture econonncally viable,

Our objective was 1o study the combined effect of
various impact energies of water drops. stability of
surface aggrepates treated with PAM, and clectrolyte
concentration on seal formation and erosion.

MATERIALS AND METHODS

A noncalcarcous sandy loam soil (Typic Rhodoxcralf)
from the coastal plain of Isracl. with a cation exchnge ca-
pacity of 11O cmol, kg ' and exchangeable sodium pereent-
ape (ESP) of 4.3, was used an this study. The wxiure was
I8.0% clay, 5.0% silt, and 77.0% sand. Dominant clay min-
crals were haohmite and montmorillonite.

Infiltration, runoft, and crosion were studied using a drip-
type rin sumnulator, with a 750 by 600 mm closed water
chamber placed in a adjustable-height androp tower. Rain
was generated through hypodermic needles (~1000, ar-
ranged 1 a spacing of 20 by 20 mm). 1o form a known fixed
droplet size. The average water-drop diameter was 2.97 mm
© 5 10 mm. Falling heights of 0.4, 1.0, and 1.6 m were
used to obtinn drops with vanious kinetic energies, The tm-
pact velocimes of the drops falling from these heights were
25402 and 498 m s ' respectively. and their correspond-
g kinetie energies were 3.6, 8.0, and 124 J mm' m?
tEpemaand Riesebos, 1983). Rain ntensity was mainained
at 33 mm h ' using i peristaltic pump.

Awr-dried aggregates, crushed to pass through a 4.0 mm
steve, were pached in 200 by 300 mm trays, 20 mm deep,
overa S-mm thick laver of coarse sand. In the PAM treat-
ment. the anionic low charge (20% hydrolysis) PAM with a
high molecular weight (~107 g mol ') was used at a rate
cauivalant to 20 kg ha ' The PAM solutions with concen-
tratior of 0.5 ¢ 1.t were spraved on the soil surface in two
portoas of 2.0 L m < cach, with 1 h of drying in between,
thereby assuning the concentration of the polymer at the soil
surface. Thereafter. the tays were allowed to dry for 24 h
before rmming wis commenced. In ihe PG treatments, pow-
dered PG ata rate cquivalent 1o 5 Mg ha ' was spread over
the sonl surliace prior to rain. In most storms, DW was ap-
phed Tna few experiments, we used TW, with an clectrical
conductivity (ECyof (.1 S m ) and 4 sodium adsorption ratio
(SAR) of 2.0,

After the vanous pretreatments, the trays were placed in
the rinnfall stmulator at a slope of 15%, and saturated with
I'W prior 1o the rmnstorm. During cach storm the volume
afrunofl water and of water percolating through the soil was

20
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recorded. Sediment concentration in the runeff wis meas-
ured by drying, and the amount of soil loss was caleulated.
Three replicates for cach treatment were performed concur-
rently,

The IR data obtained from the remfall simulator were
analyzed as described by Levy et al. (1988), using a nonlinecar
regression cquation proposed by Monn and Benvamim
(1977).

RESULTS AND DISCUSSION
Infiltration Studics

The calculated infiltration curves for the various
treatments are presented in Fig. 1. A coctlicient of de-
termination (R?) between paired caleulated and meas-
ured IR values was >0.95 in all treatments.

The cffect of PAM application in combination with
DW, TW, and PG on (] - IR of the sandy loam soil
exposed to raindrops with KE of 124 J mm ' m *
(falling height = 1.6 m). is presented in Fra. la. Ex-
posing the untreated soil to DW rain resulted in a rapid
drop in tie IR 10 a very low final IR value (1.8 mm
h-1), indicating that the soil is unstable and suseeptible
1o surface sealing. Ben-Hur et al. (1985), who studied
seal formation in soils exposed to high enerpy rain
(18.6 J mm " m-?), characterized soils with medium
clay content (~20%), low organic material. and mod-
crate ESP (~5) as tending to form scals with low
permeability when exposed to DW rain. Our results
are in good agreement with these observatiens and
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suggest further that seals in unstable soils can form at
lower energies than those used by Ben-Hur et al.
{1985).

Increasing electrolyte concentration at the soil sur-
face cither by spreading PG at the soil surface or by
using TW resulted in a more moderate decrease in the
IR and higher final IR values compared with those in
the untreated sorf (Fig. 1), Phosphogvpsum at the soil
surface dissolves quite readily during the rainstorm
and releases Ca® and SOJ ions into the soil solution
o supporta concentration (23 mmol 1. ') hugh enough
W prevent clay dispersion (Gal et al.. 1984). When
applying TW containing 4 mA/ L ' of Na and 2.5 m.A/
L Pof Ca the IR vadues were lower than those obtained
with PG It has been postulated (Agasst ¢t al., 1985)
that the PG particles interfere with the continuity of
the seal and thus increase the seal's permeabality more
strongly than the PG presents elay dispersion. In both
treatments. PG and W, which prevent chemical clay
dispersion by mamtaming the clectrolvte concentra-
ton at the soil surfiee above the flocculation value of
the clay, resulted moa seal formation that was due
predominantly 1o the impact energy of the drops.
Thus. a seal was formed with 2 permeability higher
than that of the untreated soil.

Application of PAM (20 kg ha '} to the soil and then
exposing 1t to DW rain increased the final IR 0 3.6
mnt h ' compared with 1.8 mm h ' in the untreated
soil. The cumulative infiltration. in an 80-mm storm,
was 32 mon simidar to that obtained i the PG treat-
ment (311 mm). However, combining the PAM ap-
plication with spreading of PG or using TW (r.c.. in-
creasing the clectrolyte concentration at the soil
surface) fed 1o a marked inercase m the 1R curves. and
consequently to hugh final IR values: these reached
129 and 154 mm h ' for the PAM ¢ TW and PAM
r PG treatments, respectively (Fig. Ta). Our results
reinforee those obtained by Shainberg etal. (1990) and
Shaviveeral. (1986). and indicate that. for PAM 1o be
cllective i stabilizing soil structure and improving
inhiltration. prior locculation of the clay particles by
clectrolytes 1s essential.

The effect of lower impact KE of water drops (8 and
o mm " mcfalling heghts of 1O and 0.4 m re-
spectively) on IR of the soils with the various treat-
ments s presented in Fig, Ib and [e, and Taoles | and
2 Basicully the effect of chemeal treatments for me-
diom and Tow impact KE was similar to that for the
high-KE rain. However, the following should be noted:
Fable 1 Mean measared tinal infiltration rate (FIR) for three levels

of ruindrop energy and chemical treatments.,

Fesel ol enerps, S mm ' m ?
Chemical

trew.mentt 16 K0 124

FIR im b '

PAM - PG DW e - 082, 184 - 0Ky 154 < 14ma
PPt (AN e - 045 1o - 0.2p 129 « 0Kb
P, I R - (raie LEX I TR N SO 04
Cemral, I s oy o 20 4 0.240d
AN R bW RUR BRI TIR TN AL ] RGN R AT
Continl, nw 68 Iy IS 02 X - 020
t AN anonic polvacnylasande: PG phosphogypsum; DW dinnlied
water, [\ tap water
EMeans - ESD Wathin columns, means tollowed v the same fetter do not

ditler vnticantis at the 0,03 level, ustng Bukes's test (Rubbins and van
Ryzin, 1974
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Table 2, Mean calculated cumulative infiltration rate (C1F) alter 80
mm of rain for three levels of raindrop nergy and chemical treat-
_ments,

Level ofcncrg). Jmm'm?

Chemical - -
treatmentt e 8. 0 124
(‘Il mm:

PAM + PG, DWW B0O.O + 352 766 * 1.7% 64.6 « 117
PAM, ™ 80.0 + 235 778 + 1.8Ja 67.1 + 1.02a
PG, DW 676 + 2.41h 47.6 ¢+ 1.52b 3. 081b
Control. ™W 504 + 2.57¢ 200« 1.21d 18.9 + 0.46¢
PAM, DW 794 » 3 384 2 137 21+ 092b
((mlml I')W 283 » .’."-Id l()K v L12e ‘)I + 0.3\

t PAM := anionic pnl).url.mndc PG = phosphogypsum; DW <= distilled

water; TW = tap water.

t Mcans + 1 8D, Within columns, nicans followed by the same tetter do not
differ significantly a1 the 0.05 level, using Tukey's test (Rubbins and van
Ryzin, 1975).

1. For the same chemical treatment, as the impact
KE of the drops decreased, the IR of the soil
declined more slowly and the final IR was mais-
tained at a higher value.

2. Irrespective of the clectrolyte concentration in
the soil solution, an impact KE of 4 ) mm *m
was not enough to form a scal in a PAM-treated
soil (Fig. 1¢). The rate of rain intake by the soil
erceeded rain ditensity, and the IR ol the soil
was contrelled by rain intensity rather than by
seal properties.

The ceffects of drop impact KE on the final lR for
cach chemical treatment are presented in Fig. 2. In
some of the treaimients there were no 51[,n|l1mnl dif-
ferences (at the 0.05 probability level) in the final IR
values between the medium- and high-KE rain and.
where differeices were observed. they were fairly small
(Fig. 2). On the other hand, large differences in the
final IR values were noted between the low- and me-
dium-KE rain, ranging from two- to sixfold. It is thus
evident that the sandy-loam studied is very unstable
and a mcdium-KE rain of 8 J mm' m 7 is enough to
form 2 fully developed seal.

Smeller differences between the different levels of

KE within cach treatment are observed when looking
at the cumulative infiltration for a storm of 8) mm
(Fig. 3) By contrast to the final IR, cumulative inhl-
tration 1s an integrated value that reflects the rate at
which the IR decreases with increasing depth of rain-
fall. Our results indicate that in the PAM treatments
supplemented with PG or TW (PAM -+ clectrolyvtes),
small differences were observed in the cumulative in-
filtration when changing the KE of the rain. Cumu-
lative infiltration was atways =70 mn. for these treat-
ments; hence, -80% of the rin applied entered the
sol. compared with <40% in the untreated soil (Fig.
3). The reason is that. during 80 mm of rain, hardly
any change in the IR was noted. suggesting that PAM
+ clulrol\lcs 15 a beneficial treatment with respect to
improving infiltration and soil structure, irrespective
of the KE of the rain. Adding only PAM 1o the soil
and applying DW rain resulted in cumulative infiltra-
tion values similar to those of the PG and TW alone
in the medium- and high-KE rains. In the low-KE rain
(3.6 1 mm ' m ), however. cumulative infiltrator 1n
the PAM treatment w s similor to that of PAM

clectrolytes. It may be concluded that at low KE ramn.,
the cementing effect of PAM tself. which supports

Final Infiltration Rate (mm n 7}
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Fig. 2. Final infiltration rates for three kinetic energy levels of rain,
\Vithin treatments, bars Tabeled with the same letter do not differ
significantly at the 0.05 level, according to Tukey's test (Rubbins
and van Rysin, 1975). Treatments: PAM - anionic poly.nr}lu-
mide: PG - phosphogypsum; DW - distilled water: TW = tap
witer.,

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

[t should be emphasized however, that because cu-
mulative infiltration reflects the rate at which a seal is
formed and hence the resistance of the soil to seal
formation, it depends on a number of factors. such as
aggregate size and stabihty (Gumbs and Warkentin,
1976) and initial soil water content (Levy etal. ()8(»)
Thus, the cumulative values presented in llg 3 are
uscful for comparisons be:tween treatments but cannol
be used for comparisons with data obtained under dif-
ferent experimental conditions. The final IR, on the
other hand, is a characteristic of the soil independent
of the inital soil state (ce.g., water content, packing.
cle.).

Soil Erosion

Soil losses ,rom 80-mm rainstorms are presented in
Fig. 4. They clearly indicate that erosion increases with
an increase 1n the KE of rain. In agreement with the
infiltration results, the greatest amounts of soil losses
were observed in the untreated soil exposed to DW
rain, reaching 1436 ¢ m-? in the high energy rain. Elec-
trolyte treatments alone (PG and tap water) were quite
efficient in reducs ng crosion, compared with the con-
trol (Fig. 4). These treatments reduced soil losses 1o
20 to 50% of that of the control, being mnst effective
in the low mipact rain energy. Electrolytes are effective
in reducing erosion because of the follm\mg (1) runoff
1s reduced: (1) particles larger than those in the un-
treaied soil, which are more difficult w detach, are
present at the soil surface: and (i) enhanced sedi-
mentation of entrained particles occurs. The PAM-
treated samples, with the exception of the PAM-only
treatment exposed to DW high-energy rain. were most
cllective in controlling soil erosion, irrespective of the
KE of the ram. Soil losses in the PAM treatments were

5% of the Tosses observed in the control.

Considening the effect of droplet impact cncrgics on
tormation and permeabihty of the seals (Fig. 2 and 3),
anaimpactenergy of 8 Fmm ''m T appears to be enough
to form a scal at the surface of the studied soil when
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Fig. }. Cumulative infiltration (for an 80-mm storm) tor three hinetie
energy levels of rain. Within treatments, bars Labeled with the
same letter do not differ significantly wr the (L5 Jevel, according
to Tukey's test (P a0, and Ryzin, 1975y, Treatments: P AM
anionic polyacryla.aade; PG phosphogypsum; DW distilled
water; TV - tap water.

the soil is rained upon with cither DW or TW. Soil
crosion. on the other hand. increased sharply with an

increase in impact energy through the entire ra nge of

rain KE used (Fig. 4). This implies that particle de-
tachment continued to increase after rain KE -
creased from 8 to 124 J mm ' m -, despite the fact
that the seal was already fully developed at the lower
KE. We thus concluded that runoff and soil CTOSION
are not directly related. and the one should not be
predicted from measurements of the other. However,
where there is no runoft there is no crosion since -
off water is required to remove eroded mateial, Re-
sults of the PAM treatments. espectally PAM © clee-
trolytes, support this last statement. as hardly any
runoft and consequently soil loss were observed in
these treatments.
CONCLUSIONS

Seal formation, runofl, and soil 1oss were obsen ed
even under low impact KE (3.6 J mm ' m ) n an
untreated soul. Irngating soils that are sensitive 1o fow-
cnergy rain Ieads to surface sealing and water and soil
loss. Treating the soil with PAM clectrolytes (PG
or TW) improves infiltration and reduces runofl and
erosion under varying conditions of Kt of the rain, It

1s suggested. therefore, that addmg PAM at a rate of

20 kg ha ' (amounting 10 a cost of $60-7) ha ' 1n
1989 terms) 1o the surface of a soil irngated with over-
head sprinklers usi.¢ frripntion water (FC 0.1 S m ")
will markedly reduce seal formation and thus imprave
soil and water management.
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Abstract

The effect of rain kinetic energy and soil amendments on infiltration and erosion from three
Israeli soils was studied using a drip-type simulator. The son samples were from the top layer
(0-250 mm depth) of cultivated fields differing in their texture, specific surface area and lime
content. Three kinetic eacrgies of raindrops were shiained by varying heights of fal] th=0-4,
1-:0and 1-6m) of 3 mm diameter drops. The soil types studied were Typic Chromoxerert,
Typic Rhodoxeralf and Calcic Haploxeralf. Soil amendments were phosphogypsum (PG) and a
combined application of an amonic polyacrylamide (PAM) with pG. Anincrease in the finpact
encrgy of the raindrops reduced depth of rain betore ponding, final infiltration rate (FIR),
cumulative infiltration (i.c. infiltration parameters) and increased soil erosion. The addition
of PAM4PG to the soil surface sigmificantly increased the infiltration parameters and seduced
erosion compared with the pg and control treatments. The lyme Chiomoxerert was the
least susceptible of the three soils to scaling, probably becanse of ity igh smectite clay
content, high speafic surface area and igh CaCOy content which stabilize sonl structure.
The Typic Rhodoxeralf with the lowest specitic surtace area was the most susceptible to
clay dispersion, and seal formation.  Relahive to the Typic Chromoxerert and the Typic
Rhodoxeralf, the Calcic Haploxeralf was itermediate s susceptibility to seal formation.

Introduction

Seal formation at, and subsequent runoff and soil crosion from, soil surfaces
exposed to the beating action of raindrops and overhead sprinkier irrigation are
common features of many soils, particularly m the arid and semi-arid regions.
Surface seals are thin layers €<2-3 mm) and are characterized hy preater density,
finer pores, and lower saturated conductivity than the underlying soil. Rainfall
infiltration, runoff and crasion depend largely on the prope-ties of the seal
formed.

Seal formation in soils exposed to rain results from two mechanisms (Mclmyre
1958; Agassi ¢t al. 1981} (i) physical disintegration of soil aggregates and
their compaction caused by the impact action of the drops hitting the soil
surface; and (ii) dispersion of clay particles and their possible movement
directly beneath the immediate surface where they lodge and clog conducling
pores. The first mechanism js determined by the kineti energy of the drops
and the stability of the aggiegates (Moldenhauer and Kemper 1969), while
the second is controlled mainly hy the concentration and composition of the
cations in the soil and applied water (Agassi et al. 1981; Kazman et al. 1983).
The two mechanisms act simultaneously, as the first enhances the second.

G004-9373/91/030455505.00
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The tendency of a soil to form a seal and erode depends on the stability of
its struct are which, in turn, depends on texture, clay minceralogy, exchangeable
sodium percentage (ESP) and the presence of cementing agents such as organi.
matter, iron oxides, etc. (Remper and Koch 1966). When Ben-Hur et al. (1985)
tested soil stability in smectitic sotls under conditions of simulated rain, they
found that seal permeability depended on clay content. They reported a
decrease in soil permeability with an increase in clay content up to 20% clay;
further increases in clay conient resalted in an merease in soil permeability,
They postulaied that the observed increase in seal permeability with an increase
in clay content above 30% was a result of increased aggrepate stability. Where
the effect of silt content is concerned, results have net been conclusive, In
some studies, high silt content was associated with low structural stability, high
susceptibility to seal formation (Cary and Evans 1970, as well as high levels
of erosi ‘n (Wischmeier and Mannermg 1969). More specttically, Moldenhauer
and Long (1964) obtained good wireemeat between siilt content and the rate
of surface sealing. Ben Hur of o, (1985), on the other hand, showed that silt
content had no etfect on the fina, infiltration rate (F1R) of the seal, Regarding the
rate of seal formation. Ben Hur ot ol FHARS fonnd that the effect of silt depended
0N tne Mechianisin poverning seal tormation. When the soils were exposed
to saline water rain and tmpact cenergy of the drops (physical disintegration)
predominated, an increase in st content mereased the rate of seal formation.
But, when both the physical and chemical (clay dispersion) mechanisms took
place, silt content had no eltect on the rate of sealing (Ben-tHur et al, 1985).

One way of limiting scal tormation In to control the chemical clay dispersion
by maintaining the clectrolyte concentration of the soil solution at the soil
surface above the flocculation value of the sojl days (Apassi et al. 1981). This
can be achieved by spreading phosphogypsum (°G) at the soil surface (Kazman
et al. 1983; Agassi et al. 1986). The clectrolyte concentration of a saturated
PG solution is 25 mmol(+) L4, which is above the Hocculation value o soil
clays in arable soils. Another way of limting seal formation and improving
aggregate stability at the soil surlace s the use of organic polymers. Their use,
especially that of aninnic polyacrylamide (PAM), tor improving soil structural
stability and reducing seal formation has been studied recently (Shaviv et al,
1985; Helalia and Letey 1988; Shainberg et al. 1990 Smith er al. 19€0). In
addition, it was reported that the combined application of a polymer and PG
had a more pronounced effect than that of cither one separately in improving
infiltration (Shainbery ot al. FO90; Ssinth ef al. 1990,

The objective of this research was 1o study the role of raindrop impact
energies in combiation with soil amendments on ifiltration, runoff and
erosion in three donunant soils in Israel.

Materials and Methods

Samples from 0-250 mm depth of three cnluvated simectite sotls were used in this study.
The soils were g typic Rhodoxeralf from Morasha, a Calcre Haploxeralt trom Bet Qama,
and a Typic Chromoxerent from Negba, Istael Some physical and chemical propetties of
the soils are piven i Jable Lo Caton exchange Capacities (CHC) of the soil samples were
determined with sodium acetate buffered at pHn-2 s Sahnity Laboratory Staff 195.4),
Organic carbon was determined with the Walkley-Black wet oxidation procedute (Allison
1965) and multplicd by 172 to ubtan HIRatC matter content. Speahc surface arca was
determined using cthylene glycol monoethyl cther (FGML) (Catter et al. 1965).
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Infiltration, runoff and erosion were studied using a drip-type rainfall simulator. The
simulator consisted of a 750 by 600 by BO mmn closed water chamber which generated
rainfall of a known constant drop size through a set of hypodermic needles (approximately
1000) arranged at spacings of 20 by 20mm and facing the iround. The average droplet
diameter was 2-97:5x10°¢ mm. The kinetic energy of the raindrops was vared by changing
the height of fall of the droplets (i.c., the height of the chambier). Heights of 0.4, 1.0
and 1-6 m were used to obtain drops with impact velocities of 2:5, 402 and 4-98 m s!,
respectively (Epema and Ricsebos 1983), The corresponding kinetic energies were 3.0,
8.0 and 12-4 Jmm ! mm 2, respectively. Rain rate wdas taintained at 33 mm ! using a
peristaltic pump.

Table 1. Some physical and chemical properties of the soils used

Dominant Specific Particle s1ze CaC0, CrC Esp oM
clay surface area Sand Silt Clay (‘v) (cmol(+) (%) (%)
minerals® (m? g-1) (%) (o) () kgh)

Typic Chromoxerert® (Sie: N qba)

St 1 280 36-0 24.0 40-0 251 28-5 5-2 0.98
Iypic Rhodoxeralf (Su- Morasha)

St K 80 77-0 ] 180 -1 1.0 4.4 0-45
Culcic Haploxeralf (Site: Bet Qama)

st ! 120 50 0 310 19-0 [N 17.6 3.7 0.95

A 1 Hlite; K, kaolinite; St, smectite,
B Classification according to Soil Taxonomy (Soil Survey Statf 1975).

Air-dried aggregates, crushed o pass thiough @ 4.0 mm sicve, were packed in 200 by
400 mm trays, 20 mm deep, over a 5 mm thick layer of coarse sand. In the control, no
amendments were added to the packed soill trays. In the PG treatment, powdcred PG ot g
rate equivalent to 5 My ha ! was spread over the surface of the soil packed in the trays
prior to rain. In the combined application of PAM and PG (PAMIIG ticatment), an anionic
low charge (207 hydrolysis) with a tugh mslecular weip it (~107 g mol 1y PAM was used at a
rate equivalent to 20 kg ha ', The PAM solution at a concentration of 05 g L7! was sprayed
on the soil surface in two portions of 2-0Lm *, cach separated by 1 hoof drying, thereby
ensuring the proper concentration of the polymer at the soil surfa_e. The soil in the irays
was then allowed to dry for 24 h before powdered PG was spread at a rate cquivalent te
5 Mg ha-l. Thercafter, the soil 1 the trays was exposed to rain. Thyee replicates were used
for cach treaumont concurrently.

Following the vinous pretreatments, the trays were placed in the ramfall simulator at a
slope of 15%, saturated with tap water and exposed to a distilled water rainstornt. During
each storm, water infutrating through the soil was collected in graduated cylinders placed
underneath a special outlet at the bottom of the tay, and us volume was recorded as a
function of time. Funoff water which had spilied over the lower end of the trays was collected
continuously throughout the storn in buckets. At the end ot cach storm, the runolf water
in the buckets was mixed thoroughly and a subsample of 05 1. was dricd using a water hath
at 80°C. The weight of the eroded material was then determined and total soil loss from the
entire storm was calculated. I'he infiltration data obtained from the rainfall simulator were
analyscd as described by Levy et al. (1988), using a nonlinedr regression equation proposed
by Morin and Benyamini (1977). Significance of difference values, damong treatments for the
infiltration and erosion patameters studied, were determined using Tukey's procedure for
multiplz range test (Steel and forrie 1960).

Results and Discussion

The properties, listed in Table 1, of the soils used in the present study
indicate that the soils are all predominantly smectitic with organic matter

,)/_/]
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(OM) <1% and moderate levels of exchangeable sodium percentage (ESP). The
soils differ in their clay and silt content, specific surtace area and per cent
CaCo0;, all of which are properties expected to influence aggregate stability,
infiltration rate and amount of soil erosion when exposed to rain.

40
i Typic Chromoxerart
20 TN~ BiMiPG (36)
e —
>~ PAM.PG('?_‘!_L
20 1~
10 = ‘-~~—E.°£'2L‘E.‘G——
Control (12.4)
1 1 1 [} 1
0 20 40 60 0 100
= a0
=
E Fig. 1. Infiltration rates
g ° of the soils as a function of
~ the cumulative rainfall {mm)
2 at three kinetic energies
e U mm-! m-?),
s Numerals in parentheses
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2 Control 13, kinetic energy.
-:—: 1 ] [
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0~
Calcic Haploxerall
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—_
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The calculated infiltration rate (IR) curves for the three soils and the various
treatments are presented in Fig. 1. A coefficient of determination (R?) between
paired calculated and measured IR values was >95% in all treatments.

8y considering, first, the IR curves of the control treatment for the three
soils at the highest impact energy studied (12-4 Jmm=! m=?), it is evident that
the three soils contained unstable aggregates and werce thus sensilive (0 sedl
formation. The IR curves dropped sharply and a rain depth of <30 mm was
enough to form a seal with a final IR below 4-4 mm h=} (Table 2). The soils
studied wcre susceptible to sealing despite the fact that the 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 three soils at the three levels of raindrop energy
Within 1 column and for cach soil, values followed by the same capital letter do not differ
signlfic intly at the 0-05 level. Within a row, values followed by the same lower case letter
do not differ significantly at the 0.05 level

Raindrop Control PG PAM+PG
energy FIR DRP FiRt DRP FIR DRP
U mm~! m-?) (mm h™") (mm) (mm h-1) (mm) {mm h-1) {mm)

Typic Chromoxeret

3.6 8:9 A, ¢ 10 21-8 AL 18 27-3A,a 48

8.0 5.0 B, ¢ 4 12:3B, b 8 14-4 C,a 26

12-4 4-4 B, ¢ 4 14-6 B, b 8 22:08B, a 34
Typic Rhodoxeralf

3.6 6:8 A, 8 19-BA, b 18 33:0A,a 80

8.0 1.58, ¢ 6 1008, b 10 18-4 B, a 62

12-4 1-88B, ¢ 4 5:9C, b 4 15-4C, a 38
Calcic Haploxeralf

3.6 7:0A, ¢ 6 15:2 A, b 6 33.0A, a 80

8-0 4.98, ¢ 4 9.-0B, b 6 26-7 B, a 20

12.4 t:0 B, ¢ 4 6-4C, b 4 16-4 C, a 10

For the three soils, a deciease in raindrop energy from 12 - 4 to 3.6 ] mm~! m-2
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 the two mechanisms controlling seal formation (Mcintyre
1958, Agassi et al. 1981). The rate and intensity of this mechanism depend
strongly on the kinetic energy (KE) of the rain (Moldenhauer and Kemper 1969).
Our results for the IR curve parameters show that, for the range of KE studied,
the physical disintegration of aggre jates determines the rate of seal formation
and its final permeability. Consequently, tpon 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. Fhe IR curves obtained at the
intermediate raindrop energy level (8 ] mm~' m~?) were cither 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 Jmmn~! 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, generully 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

7
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low energy rain, PG increased the FIR, compared with the contraol, by 13-0
and 8-2mmh! in the Typic Rhodoxeralf and Calcic Haploxeralf, respectively.
In the high energy rain, the corresponding differences in FIR were 4-1 and
2:4mmh~! in the Typic Rhodoxeralf and Calcic haploxeralf, respectively. By
spreading PG on the soil surface, the electrolyte concentration at the surface
soil solution is high cnough to contro! the chemical dispersion mechanism
and a more permeable seal is formed (Agassi et al. 1986). Our results show
that the beneficial effect of PG is more pronounced under conditions where
the mechanism for physical disintegration of aggrepates is small, e.g., when
the impact energy of the drops is low.

In all three soils, the combined treatment of PAM+PG maintained the highest
FIR values and depths of rain before ronding (Fig. 1, Table 2). It 1s evident
that the PAM+PG treatment was effective in improving aggregate stability and
resistance to the beating impact of the raindrops, and hence in controlling
seal formation. When PAM only was added to the soil, it had no beneficial
effect on the structural strength of the soil (Shainberg et al, 1990; Smith et
al. 1990). Shainberg et ). (1990} suggested that, in order for PAM to be an
efficient soil conditioner, the suil clay must be in a flocculated form. Hence,
the electrolyte concentration in the soil solution must exceed that of the
flocculation value of the clay present in the soil. The PG, which provides
an electrolyte concentration of ~10 mmol(+) L' to the soil solution, makes
it possible for the PAM to act as a soil stabilizer. Furthermore, by keeping
the soil clay flocculated, PG also limits the chemical clay dispersion that
takes place during rainstorms, and reduces seal formation. The combined

100 ’— B Typic Rhodoseralt [T73 Calcic Haploxeralt [T Typic Chromoxeren
- (12.4) (8.0) {36) ea a
£ 80 ag T
£ -
c b 2 ﬂ
0 i e
w 60
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E b K-
£ 4wt i
= b a8
3 | :
=
E i :
S £i- i
o : 3 -3 3 i
| b i -
i P £
i T il ii ] I Y -

Control PG PAM « PGControl PG PAM « PG Control PG PAM + PG
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Fig. 2, Cumulative infiltration (for a 80 mm storm) for the various treatments, soils and
kinetic energics (J mm-! m <), Numerals in parentheses indicate the level of kinetic energy.
Within treatments and levels of kinetic cnergy, bars labelled with the same letter do not
differ significantly at the 5% level.



Rain Energy and Soil Amendments Effects on Erosion 461

treatment of PAM and PG is thus very effective in controlling scal formation
and improving IR because it restricts both mechanisms responsible for seal
formation, namely (i) physical disintegration of the surface aggregates, and
(il) the chemical dispersion.

Soil Properties and Infiltration

Calculated infiltration values after 80 mm of rain are presented in Fig. 2.
Cumulative iufiltration is an integrated value that reflects the rate at which
the seal is formed and its final permeability.  The results for the control
treatment show that r .nulative infiltration (Fig. 2), and the measured FIR
values (Table 2) in (' Typic Chromoxerert were generally higher than, or
comparable with, those of the Typic Rhodoxeralf and of the Calcic Haploxeralf.,
The cumulative infiltration of the noncalcarcous Typic Rhodoxcralf was the
lowest (Fig. 2), indicating that this soil is the most susceptible of the three
soils to sealing. It is suggested that the Typic Chromoxerert and the Calcic
Haploxeralf arc less susc 'ptible to sealing because these soils are calcarcous,
and hence during the rain event probably released somz electrolytes to the
soil solution by CaCOj; dissolution and thus clay dispersion was inhibited. The
higher clay content and lower silt content in the Typic Chromoxerert compared
with the Calcic Haploxeralf (Table 1) might explain the higher FIR values in the
Typic Chromoxerert. Wet sieving studies showed that aggregate stability was
positively correlated with clay content (Kemper and Koch 1966), whereas high
silt content was associated with low structural stability (Cary and Evans 1974).

Ip the PG and PAM+PG treatments, chemical dispersion of the clay is controlled
by the dissolved PG, and the physical breakdown of agpregates is the predominant
factor in governing scal formation. In these two treatments, the FIR values of the
Typic Rhodoxeralf and the Calcic Haploxeralf were comparable. However, the
cumulative infiltration values of the Typic Rhodoxeralt were higher than, and sim-
ilar to, the Calcic Haploxeralf in the PG and the PAM+PG treatments, respectively,
This suggests that, in the PG treatment, the PG dissolution masked the diiference
in the sensitivity of the two soils to clay dispersion. Thus, the cumulative
infiltration values in the Typic Rhodoxeralt were higher than those in the Calcic
Haploxeralf because its silt content is only 5%, compared with 31% in the Calcic
Haploxeralf (Table 1). In the PAM+PG treatment, the contribution of the PAM to
aggregate stability is the reason {or the similar suseeptibility to seal formation
in both soils as reflected by their similar FIR and cuulative infiltration values.

Table 3. The ratio between cumulative infiltration data obtained from the soil-
amended treatments and those obtained from the contiol

Soil Raindrop Soif an.cndment
energy PG PAM+PG
UJmm?t m)
Typic 3-6 1-8 21
Chromoxcrert 12-4 2.4 3.7
Calcic 3.6 1-6 2.7
Haploxeralf 12-4 1.5 4-1
Typic 30 2-4 2.8
Rhodoxeralf 12-4 3.4 7-1
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The combined effects of soil type and soil amendments (e.g. PG and PAM+PG)
at the lowest and highest KE of raindrops studied are summarized in Table 3,
where values are given for the ratio between cumulative infiltration obtained in
the treatments where soil amendments were used, and curulative infiltration
obtained in the control. From Table 3, it is noted that:

(i) The ecffect of PG and PAM+PG in increasing cumulative infiltration
was generally similar at the low KE (with the exception of the Calcic
taploxeralf), but at the higher KE the effect of PAM+PG was greater
than that of PG alone. When rain with low KE is used, the relative
importance of clay dispersion in sealing is enhanced and aggregate
disintegration is less important. The presence of PAM, which increases
aggregate strength, was less pronounced in the low Ki rain and the
effect of PG predominated. Thus, the two treatments (PG and PAM+PG)
had a similar effect in increasing cumulative infiltration in the low KE
rain. When raindrops with high KE were used, prevention of aggregate
breakdown by the beating impact of the drops became essential.
Treatment of the -oil with a soil-stabilizing agent (PAM) in addition
to a source of electrulytes (PG) was much better than PG alone in
preventing seal formation.,

(ii) The beneficial effect of the soil amendments varied between soils at KE
of 12-4 Jmm~ m~2. In the PAM+PG treatment, cumulative infiltration
in the Typic Chromoxcerert increased to 3-7 times that of the control
compared with 7-1 times in the Typic Rhodoxeralf. Thus, the higher
initial stability of the soil, the smaller the relative effectiveness of the
soil amendments in preventing seal formation.

Soil Erosion

Soil losses from 80 mm rainstorms are presented in Fig. 3. The rasults show
that (i) soil loss increased with an increase in rain KE, and (i) the greatest
amount of soil loss was observed in the control and the lowest in the PAM+PG
treatment, with that in the PG treatment being intermediate. The beneficial
effect of PAM+PG and PG treatments in reducing soil erosion occurred not only
because cumulative iniltration increased and therefore runoff decreased, but
also because soil particles at the surface were larger than those in the untreated
soil, and hence, (i) more difficult to detach, and (i) quicker sedimentation of
the suspended particles occurred (Agassi et al, 1989).

A comparison of the crodibility of the three soils in the control treatment
shows that the Typic Rhodoxeralf was the most erodible.  The high soil
loss from this soil with all KL treatments is associated with the high runoff
levels observed in this soil. The higher ESP and the absence of CaCojy in
this soil compared with the Typic Chromoxerert account for the its high
erodibility. With the exception of the PAM4PG treatment, soil losses from the
Typic Chromoxerert were in general sienificantly smaller than those froin the
two other soils used. This observation is in agreement with the infiltration
parameters (i.c., FIR and cumulative mfiltration) discused previously, On the
other hand, in the PAM+PG treatment, soil losses from the three soils did
not differ s‘gnificantly at any level of rain KE (big. 3), although differences
were observed in the infiltration parameters (Figs 1 and 2, Table 2). These
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conflicting results with respect to the link between infiltration parameterz and
soil ercsion suggest that it is possible that infiltration parameters and soil
erosion are not ulways directly related and it would therefore be unsound to
predict soil erosion from the infiltration parameters.

(3.6)
B3 Typic Rhodoxerall
33 ralkic Haploxeralf
3 Typic Chromoxerert
T T Tr
16
14 (8.0)

Soil loss (Mg ha-')
-]

® 4o

wd

Control PG PAMPG

Treatment

Fig. 3. Total soil loss after 80 mm storms from the three soils for the different treatments
and rain kinetic energies  mm~! m-2). Numerals in parentheses indicate the level of rain

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

Conclusions

The infiltration parameters (i.e., FIR, depth of rain to ponding and cumulative
intiltration) of the nontreated soils studied were affected by the KE of the
raindrops. An increase in the KE was followed by a decrease in the infiltration
parameters.  Addition of PG and PAM+PG resuited in higher infiltration
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prrameters and hence limited seal formation. However, the effect of PG was
more pronounced in the low KE rains because in the PG treatment only the
chemical clay dispersion process, which carries more weight in seal formation
at low KE rain, was prevented.  The effect of PAM+PG in controlling sez!
formation increased with an increase in rain KE. This was S0 bpecause, in
addition to the effect of PG, the PAM limited the physical disintegration of
the aggregates caused by the beating impact of the raindrops; the latter being
a process where the PAM effect increases with increasing KE of the rain. The
Typic Chromoxerert was the least susceptible of the three soils to sealing,
probably because of its high clay and CaCo; contents which enhance soil
stability. The Typic Rhodoxeralf and the Calcic Haploxeralf contain similar
amounts of clay (approx. 19%), yet they differed in thejr susceptibility to
the two mechanisms controlling seal formation. The noncalcareous Typic
Rhodoxeralf was especially sensitive to clay disgeorsion, whereas the Calcic
Haploxeralf, because of jts high silt content, was sensitive mainly to the
impact energy of the raindrops. The effects of rain KL and soil amendments
on soil erosion were siniilar in the three soils 1o those observed from the
infiltration parameters, with the excenticn of the PAM+PG treatment. This
exception suggests the possibility that infiltration parameters and soil erosion
are not necessarily directly related.
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ABSTRACT

The effect of slope, aspect (windward vs. Jeeward), 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 (1 by 1.5 m) exposed to natural rainstorms. The
amount of stfective rain on th2 slopes, as measured with small rain
gauges with orifices in a plane parallel to the slope, increased slightly
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...l of the meteorological rain at a slope of 100%.
The amount of runofl was not affected by slope on the windward
aspect but decreased sharply on the leeward aspect as slope in-
cre2sed. PG releases electrolytes into the percolating and runoff
water. ~revents dispersion of the particles at the surface, stabilizes
the soi structure, and reduced soil erosion, PG applied at § Mg ha™*
reduced runoff to about 25% of that in the control and reduced soil
loss to | to 3% of that in the control. The dramatic effect of PG on

erosion increased with slope steepness.

Sou_s IN SEMIARID REGIONS arc 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
scal at the soil surface are enhanced by the impact
encrgy of the raindrops and the low concentration of
clectrolytes in rainwater (Agassi ct al.,, 1981, 1985a).
Agassi ct al. (1981) proposed that seal formation is
duc to two complementary mechanisms: (i) physical
disintegration of soil aggregates caused by the impact
of water drops; and (11) chemical dispersion, which
depends on the exchangeable sodium percentage (ESP)
and on the clectrolyte concentration of the applied
water. When water of high electrolyte concentration is
used, chemical dispersion is largely prevented and a
scal with high permeability is form=d, 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 ct al., 1982, 1985b; Kazman et al.,
1983; Warrington et al., 1989). When PG is spread
onto the soil, 1t dissolves and releases electrolytes that
prevent clay dispersion. By preventing clay dispersion,
surface-applied PG increased the permeability of the
scal, tripled the final infiltration rate of a Typic Rho-
doxeralf, reduced the amount of runoff by 50%, and
reduced crosion to 10 to 40% of that in the control
(Warrirgton et al., 1989).

The incensity at which a given rainfall is intercepted

M. Agassiand J. Monn, Soif Erosion Rescarch Center, Fmeq Heter,
Isracl. and [ Shainberg, Institute of Sosls and Water, ARO), The
Volcamt Center, P.O.B. 6. Bet Dagan, Isracl. Fhis work was sup-
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1988, *Corresponding author.
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on the ground depends on the angle of incidence
(Sharon, 1980; Sharon ¢t al., 1988). Intensity is greatest
for rainfall perpendicular to a surface, and decreases
to zero for rain falling parallel to it. The angle of in-
cidence depends on the position (i.c., 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 crosion. Our objectives were
to (i) study the effect of slope and aspect (windward
vs. leeward sides) on rain amount, runoff, and erosion
from a grumuso! soil in small field plois (1.5 m2) ex-
poscd to natural rainstorms and, (it) study the cffect
of PG, as spread onto different slopes and aspects, on
runoff and erosion.

MATERIALS AND METHODS
Geography

The experimental sites were in the northern Negev of Is-
racl near Kibbutz Bet Qama. The soil type was Grumusol
(Typic Chromoxerert), with 48% clay, 25% silt, and 27%
sand. The average cation-exchange capacity (CEC) was 37
cmol. 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 +201to 25° around the azimuth of 240° (dom-
inantly west-southwest winds) (Sharon et al., 1988). With
these prevailing winds, rain falls mostly at a steep inclina-
tion. Resultant angles of 40 to 60° (from the vertical have
been found in ramnstorms with a wind speed of 10 m/s
(Sharon, 1980). The effective rainfall actually incident on the
windward (western) and lceward (eastern) sides of sloping
ground deviates widely from measurements of meteorolog-
1cal rainfall made in conventional rain gauges with a heni-
zontal onfice.

Runoff Plots and Fnstrumentation

Runoff plots (1.0 m by 1.5 m) wo.e constructed at two
sites, 2 km apart. The first site was on a natural wadi wall
(F1g. la). The prevailing aspect ot the slopes at this site was
the southwest (essentially windward). The sunoff plots were
constructed on natural consolidated undisturbed slopes of
12, 31,5 and 65%. The soil at this site is variable, with ESP
ranging between 10 and 20, For a second site, we chose a
nearby roadeut (Fig. 1b). Slopes of 8.7, 57.7, and 100% were
constructed at the roadcut site on the windward and leeward
aspects and well-mixed undisturbed soil from the wadi wall
was used to furm the uppermost S-cm layer on the roadeut
slopes (Fig. 1b).

Twao soil treatments were applied: bare untreated ground
(control) and PG spread onto the sond surface at a rate equiv-
alent to 5 Mg ha ' The soil surface at the undisturbed wadi
site was cultivated just enough to break the previous crust,
and then was smoothed by hand. Each treatment was rep-
licated three times, thus, the number of plots at the roadcut
site was 3slopes X 2 treatments X 2 aspects X 3 replicates
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Fig. 1. Runofl plots on (a) natural wadi wall and (b) roadeut sites. In (b). only the 87.58% and 100% sJopes are shown. (¢) Ffeet of phosphogypsum

(PG} on the soil surface at the steep (100"} windward slope. Note the soil collapse in the control compared with the PG treatment, (d)
Effect of PG on the soil surface af the 8.7% slope, windward aspuet (note the white PG aggregates).

=36 plots, and at the wadi site 1t was 3 slopes < 2 treat-
inents X 3 replicates 18 plots.

Rain gauges were of the small-onfice (0.4 cm®) tvpe. The
gauges on the slopes were inchined, with the arifices on i
plane parallet to the soil surface. to measure eliective {rather
than meteorological) rnfall. From cach plot, runoff witer
together with ats suspended solids collected 1 s triangular
funnel (Fig. 1d). to flow gravimetrically through a pipe ito

a sunken container. After cach rmnstorm, the ram. runolf

water, and suspended solids were measured. Samples of run-
off water were dried in the oven and the concentristion and
amount of suspended solids were caleulated.

RESULTS AND DISCUSSION

Mcasurements were conducted during the latter part
of the TU87-198% riny season. We observed fise rain
storms at the disturoed-sol and roadeut site and sia
at the undisturbed-scil wadi site between January and
March 1988, Rainiall totaled ~ 240 mm at both sies.
A complete hsting of rainfall. runoft. and soil losses
for cach storm is presented in Tables 1 and 2. The
seasonal sum of rainfall. runofl, and crosion is pre-
sented in Fig. 2 10 4.

Table 1. Etfective rain, cunoff, and soil loss feon 1.5 m? field plots on consolidated Grumusol soil at the wadi <vC (windward slopes). with

and without phosphogy psum (°6) treatment. t

12% slope

Date of

rainstorm Trestnent Ratn Runoft Sand loss

mmt em:

S Jan Control 2R 141 426

PG Vi 54

17 Jan. Contiol 47 282 742

PG 64 v

3 feb Controf EY| 0.2 SO

PG 67 74

18 Fub, Control 3K 1IN} 1103

PG 1.7 S

M feb Caontrol 52 218 449

G LN} 29

7 \ar Control 2 LN 19.6

(¥ 0.9

Total Cunnral 249 1251 s h

G (RN LTS

t Kesults are means of three rephicates The <tano - ¢k

wtion values were alwayy -

YIS0 slope 68" stupe

Rain Launoff Sonl Joss Rain Runatt Soul funs
mm am: mm em!
2K 13.5 978 27 L 297
0 [ ] AR | L
EN] 73 1300 " 20.2 2640
7.5 16.2 4.8 47
42 127 2184 413 274 54
9.5 SO 46 14
hb ] IS8 1756 449 LEW ] VoiT
108 M. bR SR
hE 0.8 L) 44 o YKK
K 472 9.1 St
28 Ty K6 20 1.5 2928
1o 24 [IE] s
254 (X)) 14372 223 1372 1108
446 i71.8 282 XK

1 of the mean salue.

-
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Table 2, Effective rain, runoff, and seil loss from i.5-m? field plots on disturbed Grumusol soil at the roadcut site (windward vs. leeward
slopes), with and without phosphogypsum (PG) treatment.t

8.7% slope 57.5% slope 100% slope
Date of e e ST
rainstorm Treatment Rain Runofl Soil loss Rain Runoff Soit loss Rain Runoll’r Soil loss
s mm - gm? S UM e am? S mm o s gm?
Western aspect (windward)
5 Jan, Control 27 15.8 110 28§ 11.0 200 237 39 40
PG 2.5 0 21 0 2.0 [\
17 Jan. Control 3 44.2 410 82.0 35.0 1130 78.0 b4 b4
9.5 10 9.3 RI1] 5.0 0
3 Feb. Control 40 26.6 200 44.5 358 1600 41.2 b4 b4
PG 10.1 10 9.8 20 6.7 80
18 Feb. Control 56 46.7 310 60.0 44.5 2000 518 4 b4
PG 133 30 10.1 10 10.1 0
24 Feb. Control a7 3.2 400 530 423 1000 51.3 b4 b3
PG 12.2 20 14.5 0 12.2 10
Total Control 243 170.0 1430 268.0 168.0 5930 245.7 - -
PG 47.6 90 458 70 16.0 90
Eastern aspect (lccv:gﬂi_)
S Jan. Control 27 128 170 232 6.6 30 18.0 1.2 0
1.8 0 1.4 0 1.6 0
17 Feb. Control 70 45.7 ! 50.0 14.7 160 270 4.5 10
124 50 55 10 2.2 0
3 Feb. Control 41 29.9 380 335 171 160 20.7 kX3 171
PG 19 10 59 10 9 {
18 Feb. Control 57 44.0 350 51.7 243 370 346 9.6 1]
PG 94 10 6.5 10 5.1 0
24 Feb. Control 46 8.6 410 138 1.2 210 208 74 20
PG 9.4 0 39 0 39 0
Total Coatrol 241 171.0 2310 192.2 819 930 125.0 263 210
PG 40.9 80 23.2 3o 15.7 t)
t Results are means of three replicates. The standard deviation values were always < 10% of the miean value.
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Fig. 2. Effective rainfall during the rainy season as affected by soil 2 T
slope, aspect (western or windward vs, eastern or leeward), and 20

location (wadi or consolidated soil vs. roadcut or disturbed soil).
The wadi site was windward aspect only: the other two lines show
roadcut data.

Rainfall Measurements

The total depth of rain measured with standard rain
gauges with horizontal orifices at the wadi and roadcut
sites was 240 and 249 mm, respectively. The amount
of effective rain on the slopes is presented in Tables
I and 2 (for cach of the single storme<) and in Fig. 2
(for the total scason rainfall). It is cvident that the
effective rain is a function of both slope and aspect.
As noted above, the dominant wind direction during
rainstorms is from the west-southwest, and so the
amount of incident rain is higher on the western than
on the castern aspect. The maximum amount of in-
cident rain on the western aspect was at the inter-
mediate slope (57.5%). 1t can be inferred that at this
slope on the windward (western) aspect the incident
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Fig. 3. Percent of runoff from effective rainfall during the rainy
season as affected by soil slope, aspect {western o: windward vs.
eastern or leeward), location, and surface treatnsents (with or with-
out phosphogypsum [PG)).

rain was perpendicular to the soil surface, because at
greater or lesser slopes, the effective rain decreased.
On the leeward slope (castern aspect), the amount of
effective rain decreased continuously with increase in
slope. At slopes of 57.5 and 100%, the effective rain
dropped 1o 0.77 and 0.50 of the meteorological rain.

Runoff Measurements

The amounts of runofl (mm) as a function of slope
and treatment for cach storm at the two sites and the
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Fig. 4. Soil loss during the rainy season as affected by suil slope,
aspect (western or windward vs. castern or leeward), location (dis-
turbed soil at the roadcut site vs. consolidated soil at the wadi
site), and surface treat:. cuts (with or without phosphogypsum
[PG)). For PG on disturbed soil, the upper linc shows the wind-
ward aspect, and the lower line, leeward.

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

I. On the windward aspects, the net effect of slope
on runoff was small because of an interplay be-
tween surface sealing and surface erosion. The
percent of runoff increased with an increase in
slope on the consolidated surfaces, whereas it de-
creased with an increasc in slope on the disturbed
surfaces. Averaging across both surfaces, the per-
cent of runoffin the control treatment was ~60%
of the cffective rain. The high runoff (and low
infiltration) was due to scal formation at the soil
surface (Agassi ct al., 1981}. Similarly, the impact
of raindrops, combined with the low concentra-
tion of clectrolytes 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 2to 3 mm h™' after 75 mm
of simulated rainfall (Agassi et al., 1985a). Wiih
an increase in slope, runoff increases because sur-
face storage decreases. However, soil erosion also
increases with an increasce in slope, and the scal
at the soil surface is eroded. A high rate of scal
crosion lecads to increased infiltration and de-
creased runoff (Warrington et al., 1989). The net
cffect of the two opposing processes was that run-
off was affected only slightly by slope. This was
true for the treated as well as the control surface.

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

al., 1984) that PG reduces surface scaling by rais-
ing the clectrolyte concentration in the solution
at the soil surface, thus reducing the dispersion
of soil clays and preventing the formation of a
washed-in laycr. Since the seal forms more slowly
and is more permeable on soil surfaces treated
with PG, runoff is reduced.

. Differences in runoff between the consolidated,

undisturbed slopes and those from the disturbed
slopes were small (Fig. 3). Since scal formation
determines the rate of infiltration and since seals
formed at the surfaces of both disturbed and con-
solidated soils, the properties of the soil under-
ncath the scal affected only slightly the rate of
infiltration.

. The amount of effective rain on the leeward side

of the dominant wind (castern aspect) decreased
with slope (Fig. 2). At this aspect, the percent of
runoff from cffective rain decreased sharply with
increasing slope, from 70% at 8.5% slope to about
20% at 100% slope (Fig. 3). The low values of
runioff from the steep slopes suggest that the scal
was not fully developed on the leeward aspect.
In a study of the effect of impact energy of rain-
drops on seal propertics of a loess soil, Agassi et
al. (1985a) found that the impact energy of rain-
drops is essential for scal formation and when
rain without energy was applied, high infiltration
rates 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 per-
cent of runofl was low.

- On the leeward aspect, the relative efficiency of

PG in preventing runofl 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 actior of
raindrops. As the impact of raindrops decreased,
the formaticn of the seal decreased and the ben-
cficial effect of PG was less pronounced.

. Finally, it should be noted that no runoff data

arc available for the control treatment of the
100% slope on the windward aspeet. Total col-
lapse of the surface layer with localized landslides
took place in the three replicates of this treatment
(Fig. 1c). Conversely, no landslides occurred in
the PG treatments in spite of the fact that more
rain infiltrated this treatment than the nontreated
plots. It scems that the low concentration of elec-
trolytes in the rain and the dispersivity of the soil
(high ESP) led to soil slide. When PG was spread
on the scil, the relatively high concentration of
clectrolytes in the soil solution prevented clay
dispersion and soil slide in spite of the greater
rain water percolation.

Soil Erosion

The effect of slope on soil {oss for the two sites is
shown in Tables | and 2. The effect of slope on the
season soil losses is presented in Fig, 4. The following
should be noted:

1. On the windward aspect (Table 2), increases in

slope had a dramatic cffect on soil losses. The
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cffect 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.

. Treatment with PG reduced soil loss dramati-

cally (Fig. ). The eflect of PG in reducing erosion
increased with slope steepness. At the gentle
slope, PG treatment reduced soil losses 1o 6 1o
10% of that in the control, whereas at the inter-
mediate slope, PG treatments reduced erosion (o
1 10 3% of that in the control. At 100% slope, the
landslide that occurred in the control prevented
a comparison with the PG treatment. The effect
of PG on erosion should be compared with that

on runoff. Treatment with PG reduced runolf

from ~60% in the controf to ~15% in the treated
soil. influenced only slightly by slope (Fig. 3).
These observations suggest that the beneficial of-
fect of PG in decreasing erosion is due not only
10 decreased runoft but also to decreased sedi-
ment concentration, Similar observitions were
obtained n laboratory studies using rain simu-
lators (Warrington ¢t al., 1989),

The effect of PG on the shape of the soil surface
at the steep (100%) and gentle (5-7%) slope 1
shown in Fig. te and 1d, respectively. After 140
mm rain. the surface of the untreated soil at the
gentle slope was smooth and the aggregates were
completely destroyed. Naked white sand grains
from which the clay particles had been renroved
by clay dispersion give the white color to the
surface (Fig. 1d). 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 runoff'and crosion. Increasing the slope
angle increased the velocity of the water flowing
over the soil surface, and intensive rill and in-
terrill erosion took place. The PG-treated soils
did not develop intensive erosion or rills even at
the 100% slope (Fig. 1c). It is hypothesized that
the presence of clectrolytes in the runoff of the
PG treated soils decreased rill formation and rill
crosion. This process, which supplements the de-
crease in runofl, may account for the dramatic
ctfect of PG in reducing erosion.

. On the leeward aspect, soil losses decreased with

increase in slope, because of the decrease in rain
Intensity (Fig. 2), which was followed by a de-
crease in the percent of runoff (IFig. 3). As the

slope increased from 8.7 10 100%, the amount of

ceffective tain dropped to 125 mm (52% of the
meteorological rain), the runolf dropped to 26.3
nim (15% of the amount of runoff at 8.7% slope),
and the soil losses dropped 1o 210 £ (9% of the
soiloss at 8.7% slope). A similar refationship was
obtained at the intermediate (57.7%) slope, The

similarity. on the leeward aspect. in the effect of

stope on runoff and soil loss suggests that these
two processes are related. We can assume that
the impact energy of ramdrops on the soil surfice
in the leeward side of the wind diminished even
more than the rain intensity. With the decrease

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

SUMDM * RY AND CONCLUSIONS

The amount of effective rain on the slopes, as meas-
ured with small rain gavges with orifices in a plane
parallel to the slope. increased slightly on the western
(windward) aspect as slope increased o ~58% and
decreased thereafter. On the leeward aspect, the
amount of effective rain dropped steadily with slope,
1o half of the meteorological rain at a slope of 100%.
The amount of runofl was not aflected by slope on the
windward aspect but deereased sharply on the leeward
aspect as slope increased.

These findings are relevant o design and engineer-
ing for runoff and erosion control on steep slopes, as
well as site selection for field experiments.

The etlect of PG on soil loss reduction operates by
several mechanisms (Warrington et al., 1989). First,
PGospread ac the soil surtace dissolves and releases
clectrolytes into the percolating and runoff waters, The
ligh concemtration o:” electrolvies in the percolating
water slows or prevents the formation of the seal and
increases the fracton of ram that penetrates into the
sotl. thus decreasing the depth of runof! water. Second.
increasing the electiolyte concentration at the soil sur-
face also prevents the breakdown and dispersion of
the aggregates at the soil surface. Stable aggregates are
less transportable by raindrop detachment and over-
land flow. Third. rill formation and rill crosion are
slowed by the presence of electrolyies, 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 crosion {rom steep slopes shows the influence of
water quality and soil properties on crosion. Our re-
sults may be applied in stabilizing soil structures with
steep slopes. Further research should include other un-
stable soils from semiarid regions.
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Abstract

Soil erosion increases with slope steepness. We
hypothesized that the rate at which soil erosion from short
slopes increases with slope depends on the prevailing erosion
mechanism which depend on soil dispersibility and rain properties
(impact energy of drops and water quality). Soil dispersion as a
function of exchangeable sodium percentage (ESP) and water
quality was determined by shaking soil samples with distilled
water (DW) or tap water (TW). Clay dispersion increased with
increase in soil ESP and was prevented by the electrolyte
concentration in TW. The effect of soil ESP, water quality and
the impact energy of rain on soil erosion while maintaining
similar runoff was studied by exposing first the soil samples to
DW rain on 5% slope until seal was developed. Then the slope was
increased to 35% and the water quality and impact energy of the
rain were changed. 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 enzrgy
(mist) > TW mist. 1In the DW rains (both high impact energy and
mist) rills were formed. Extent >f rilling increased with soil
ESP. No rills were formed in TW rains. Under dispersive
conditions (sodic soils and DW) runoff was sufficient to initiate

rilling and soil losses increased sharply with slope.



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 rvaoff. The susceptibility of the soil to
erosion is termed its erodibility. Soil erodibility is one of
the key factors, along with rainstorm characteristics,
topography, cover and management that determines the erosion
resulting from rainstorms. It is commonly quantified as the K-
factor in the Universal Soil Loss Equation {(USLE) (Wischmeier and
Smith, 1978). Several researchers, (Romkens et al. 1977;
Wischweier and Mannering, 1969) have developed equations for
predicting soi) erodibility values from soil properties such as
texture, adhesiveness and aggregation. The USLE X-factor is an
average annual value that combines two different types of erosion

processes, rill erosion and interrill erosion.

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

per unit area, as a function of slope steepness, in degrees
A = 65.41 sin%e+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;
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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. 1390). 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 erocion 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 rzin
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.
1¢89). 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) scil losses increase sharply
with slope steepness. Conversely, when non dispersive soil is
rained upor, or when dispersive soil iz rained upon with
electrolyte solution, soil loss increases only moderately with

slope.
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While soil dispersion has been implicated in reduced
permeability and crusting of soils (Agassi et al. 1981, Kazman et
al. 1983, Shainberg and Letey, 1984), its effect on soil erosion
is less documented. Middleton (1930) suggested that the water-
dispersibility of clay might relate to soil erosion, and Miller
and Baharrudin (1986) found that a number of southeastern U.S.
soils were dispersible by shaking in water, and that a good
correlation exists between dispersibility and soil erosion.
Similarly Singer et al. (1982) found that soil erodibility
increased significantly with the addition of as little as 2% Na

to the exchanoge complex..

Soil dispersion depends on the mineralogy of the clay, the
chemical composition of the exchangeable cations and the
electrolyte concentration of the soil solution (Oster et al.
1980). Clay dispersion increases with an increase in soil ESP
and a decrease in solution electrolyte concentration (Shainberg
and Letey, 1984). Emerson (1967) classified aggregates by their
slaking and dispersion behavior, noting that some aggregates
spontaneously dispersed in water while others dispersed oniy 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 enerqgy input
(Rengasamy et al. 1984). Soil surfaces exposed to high energy

rain are mechanically dispersed and are more dispersible that

A



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 runofft 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.

AN



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'l and the organic matter content was 5g kg~ 1. Naturally
occurring soil samples with ESP values of 2.2, 8.0 and 19.0 were
used for the erosion studies and ESP values of 2.0, 4.4 and 16.0
were used in the dispersion tests. The difference in ESP values
between the samples of the two experiments is due to differences

in sampling time and location.

Soil Erosion Methodology

Soil samples were air dried, crushed to pass a 4-mm sieve,
and thoroughly mixed. Layers of the soil material, .02 m deep,
were packed into 0.3 m by 0.5 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 wawas Na-3.6 mol m_3, Ca- 3.1 mol
m™3, cl1- 8.7 mol m™3, EC - 0.95 dS m"Y, pH ~ 7.3) The samples

were then subjected to a rainstorm with DW having an intensity of
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35mm h™1 for 40 min. Rainstorm parameters were: median raindrop
diameter, 2.3 mm; median drop velocity, 6.74 m s"lr and total
kinetic energy, 801 J h™!m™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™! DW rain (b) high energy with intensity of
35 mm h™1 Tw rain (¢c) DW mist at 35 mm h™1 (d) TW mist at 35 mm
hl. Both runoff and soil losses were determined. Four

replicates were carried out for ecach 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"l, the washiné procedure was repeated until
EC<0.1 dsm™l., This washing procedure removed excess salts from

saline samples. The soil samples were then transferred to 250 ml

/
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plastic bottles. DW was added to the clay buttles 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 amou.at
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 Nq was explained
by a demixing model which postulétes 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—l) 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
cvaluated.
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"l), 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 ancd 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
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beating action of raindrops, which enhanced clay dispersion

(Pengassamy et al., 1984).

When the steady state IR at 5% slope was reached, the slope
was increacsed 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"l) 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 353 slope (Table 2) as compared to

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

0
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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
also present erosion rate (g m “2 mm~? or g m~2 min—l) as a
function of rain depth (or time). The erosion rate relationships
may suggest the mechanisms which operate and control soil
detachment. Thus, considering Figs. 1 and 2 the following

observations, can be made:

When DW mist was applied (Fig. 2) the sediment concentration
dropped exponentially from a very high value(150-250g.1_1) to
values <50 g.l"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
combinatioa with the low electrolyte concentration in runoff and
the high dispersibility of the moderate and high ESP soils,
caused the initiation and developmert 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

so0il erosion rates.

When TW mist was applied, the initial erosion rates were
about one fourth of the erosion rate with DW mist (Fig. 2). Aalso
the sediment concentration and erosion rate dropped to < 3 g 1~
compared with erosion rates in the range of 15-50 g 171 with pw

m.st (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 excceds 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 dominute (DW) the critical shear for rill initiation
and rill erosion is low, rills are formed and soil erosion is
significant. When soil dispersion is reduced by the electrolyte
concentration in rain water, rills are not formed and soil losses

are small.

When DW rain was applied, the erosion rate was initially
very high and was maintained at high values throughout the rain
(Fig. 1b). Deep rills (0.5-0.75 cm deep and 2 cm wide) were
observed 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

b
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rate at ESP 19 was 2-3 times the ecrosion 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 explaired by two
mechanisms: a) the high deposition rate with TW rain diminishes
the sediment concentration when compared with DW mist, and b)
erosion with DW mist is caused by rill flow whereas TW rain
erosion is caused by uniform flow. The difference in transport
capacity of rill and uniform interrill flow may explain the
difference in the initial erosion rates. Erosion rate initially
decreased to a minimum (at rain depth of 10-20 mm) and increased
moderately thereafter. The shear strength of the seal that was
formed under DW rain at 5% slope was high and controlled erosion.
As this seal was eroded, a new seal was formed under TW rain.

The new seal was less dispersive, more permeable and weaker in
shear strength. Thus the erosion rate increased. Rills were not
formed in the TW rain and the soil losses were due to rain

detachment and transport capacity of the runoff {low.

The cumulative soil loss as a function of cumulative rain

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


http:cumulat3.ve
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evident that the amount of soil loss (kg m'z) 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 ccnecentration in the rain. Considering the data in
Table 2, it is noted that i) The effect of soil FSP is more
pronounced when DW is applied. Use of TW tends to mask the
differences caused by soil ESP. 1ii) 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 amcunt nf 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., 1iii) 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. ‘%he
magnitude of interrill erosion in our soil samples exposed to TW

rain was similar to the rill erosion in DW mist.

The interaction between soil dispersibility (as expressed by
soil ESP), rain energy, water quality and slope steepness on soil
erosion is shown in Table 3. The effect of slope steepness is
expressed by the ratio of soil losses at the 35 and 5 peréent
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. 1In
considering the interaction betwecen 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:
1) The slope ratio is a function of soil ESP, *he electrolyte
concentration in the "rain" water, and the drop impact energy.
The effect of slope steepness on soil erosion increased as the
dispersibility (and erodibility) of the soil increases (Table 3).
Similarly, when TW rain was applied, the slope ratio was
diminished (Table 3).

2) When the impact of DW raindrops was prevented (DW mist), soil
losses at the high slope were much iess than those with high
energy DW rain. It seems that the supply of sediments by rain
detachment (interrill erosion) to the rills is assential 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
wide rills. Under mist, rill erosion only occured significantly

in the bottom of the rills.

3) Tap water mist prevented soil losses and rill formation wi.~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

-—G



depends on the potential of soil particles to disperse. When
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).

18
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Table 1: Effect of exchangeable sodium percent (ESP) and water quality (deionized water-DW and tap water-TW) on dispersible clay of Hamra soil.

DW _suspension

TW_suspension

Soil ESP Soil clay Dispersed clay EC pH Dispersed clay EC

43 g kg1 X ds m1 % ds ml
2.2 180 27.1 .03 8.2 4] 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 o,

final infiltration rate (IR) and cumulative soil losses (in 60 mm rain) from the Hamre soil

5% slope 35% stope
Dw rain DV rain TW rain DW mist TW mist
Soil  |Final IR | Soil loss |Final IR | Soil loss |Final 1R | Soil loss | Final IR | Soil loss | Finat IR | Soil loss
EsP |
X | mm.h*? | kgum2 ] mm.nd oy kg.m2 | mm.h"! | kg.m2 | mm.h7? | kg.m™2 | mmhl | kg.m2
| | I ! | I ! ! | !
2.2 | 2.28 | 0.35a,b | 5.2¢ | 4.74h | 7.3¢ | 1.07d | 3.7b,c | 1.03¢,d | 3.5b | 0.10a
! l | ! ! I I | I |
8.0 | 1.6a |0.58a,b,c,d | S.1e | 8.55¢ |  8.3e | 2.35e,f | 5.0c,d,e| 2.35e,f {4.0b,c,d,e|] 0.28a,b
| ! ! I | | { ! I |
9.0 | 1.6 |0.54a,b,c [3.8b.c.d | 16.46]  |4.3bc,de | 2.90f,g | S.0de | 3.40g | 7.5¢f | 0.67b,c,d
-

Figures followed by the some 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
i between so0il erosion at 35 and 5 percent slopes.
Slope Ratio
ESP DW rain TW rain DW mist TW mist WEPP USL
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:

Fig. 2:

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.

Sediment concentration in runoff as a function of
Cumulative mist for tap water (a) and deionized water
(b) (TW and DW respectively). Hamra soil at 35% slope
and exchangeable sodium percentages (ESP) of 2.0, 8.0

and 19.0 respectively.
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Rainfall erosivity and the univarsal 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-Durat.on-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.
¢) 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:

o)



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 oupposite
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.

qﬂ/



2, The Universal Soil Loss Equation (UBLE)
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 sequunces were studied (Table 1).
2.2. a:plication of the USLE

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

where:

1

A - soil loss (ton ha’' year™)

! year™)

R - rainfall erosion index (ton ha’
K - soil erodibility

LS - phisiographic factor

C - cover and management factor

P - support practice factor

' and a K value

For Vale Formoso R index of 97.1 ton ha’' year
of 0.44 were used. The C, P and LS factors (Table 1) have been

obtained according to Whischmeier’s methodology.

Y



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 slcpe 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 1 and 2 wis nearly twice that from plois 10

and 11 (Table 2).

Plots 1 and 2 should present identical soil loss but averages of
0.72 and 1.46 ton ha’!, respectively were observed. Plots 10 and
11 showed a similar tendency with average values of 0.38 and 0.89

ton ha!, respectively.

S50il loss at the odd years wis 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 losses were observed in plots 2 and 11 which

had wheat in the odd years.

Plots 7 and 7x differ in their width being 8.3 and 4 m, respec-

0, Y



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

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’’, respectively. Plo%s 8,
13 and 14 had wheat at even years and gave an average soil loss
of 0.10, 0.29 and 0.49 ton ha’'!, 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’', respectively (Fig. 6).

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

Barley(G,grains)

Greater soil losses occurred wien wheat was grown. Plots 8
and J had wheat at the even ycars and piots 12 and 13 had wheat

at the odd years. Consequently higher soil i1osses were observed

(623



in the latter two plots (Fig. 7). The deleterious effect of wheat
on soil erosion confirmed with the resulits 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.
IIT. 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 cre 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 EI30 and storm volume
and storm duration. Comparisons of calculated results and soil
loss data for different stcrms resulted in poor correlations.
Consequently, the R factor was corrected using two coefficients
as follows: aRP. The "a" showed a large variation from storm to

storm but the" B" remained fairly constant.



A distrometer was installed in March 91 and the data obtained

since will be used to verify the calibration.

Figure legend

Fig. 1: Rain ntensity 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: M=asured soil losz 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).






Table 2: Mean measured and predicled soil losses for the various crop
sequences.

T-= 3-% Lae G BT 3.9 1,19

_— - - ea N e . .
A-T-3-F-F A-15 LLEE G.34, &6 4,50
T-5-T-3 =13 GaaT (.02 20.7 J.41
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S80il 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

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

kinetic energy was 19.8 J mm’' 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 (V)

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' and wheat straw

v



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

an anionic low charge with high molecular weight polyacrylamide

(PAM) on 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' by spraying a solution containing

1000 g m3 of the polymer. Thereafter the soil was allowed to dry

at 30°% and then it was saturated and again was allowed to drain

for 24 h.

III. P1000G -~ similar to treatment II but with application of 5

ton ha' of PG prior to saturation.

IV. P100 - similar to treatment II but using a 100 g m™> PAM
solution.

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

solution.

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

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

only. Three and four replicates were performed for each treatment

in the first and second set of experiments, respectively.

After the various pretreatments, the containers were placed a 3%
slope under the rain chamber and exposed to distilled water rain
of 45 and 77 mm in the first and seccond sct of experiments,

respectively. Infiltration and runoff were recorded every 5



minutes. Sediments, detachad 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 FP1000 and P1000G treatments on the IR of the
three soils was in the following decreasing order:
Mitra>Alvalade>Vale Formoso. Supplementing the PAM by PG applica-
tion did not significantly improve the IR of the Alvalade and
Vale Formoso soils as compared to the PAM only treatment (Figs. 5

and 7). In the Mitra soil, the P1000G treatment caused a sig-
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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 PLM 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 oktained in the

P1000 and P1000G treatments (Figs. 8 and 5, respectively).

The amount of total (detached and washed) sediments (i.e., eroded
soil) removed form the three soils under the various experimental
conditions are presented in Fig. 9. The P1000 was the only treat-
ment that reduced the amount of sediments removed as compared
with the control. The highest amount of sediments removed was ob-
served in the P100 treatment. Addition of PG resulted in higher
amounts of sedimerts as compared to the equivalent PAM only
treatments. Among the various concentrations of PAM solution

3 concentration (with

tested in the Alvalade soil, the 1000 g m’
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 1R 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



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 P1000G),
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, P1000>P1000G and P100>PS50G>PS50.
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 1loss.

The changes in the IR during rainfall arz 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
clietachment. However, the seal formed also reduces infiltration
and hence increases runoff which increases detachment and sedi-
ment transport by surface flow (Bradford et al., 1987). The rela-

tive importance of the detachment and transport processes depend

o



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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Table 1: Some physical and chemical properties of the soils studied.
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S0il 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 1989/50, 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 iLreatments 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' (gesso),
and (iii) PAM at a rate of 20 kg ha’' 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
in the mulched soil. In the Vale Formoso soil the amount of
runoff in the PG was ~25% lower than those observed in the other
two treatments (Figs. 5 and 6).

=) In the Alvalade soil, percent runoff out of annual precipita-
tion in the

control treatment was higher in the 88/8¢9 winter compared with
the 89/90 winter although precipitation in the latter winter was
significantly higher than that in the former one (Table 1). It is
common knowledge that the higher the annual precipitation the
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
was observed in the 89/90 winter than in the previous one (Table
1). In the Mitra soil

as much as 58% runoff was obtained in the second winter compared
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
very shallow, only 450 mm deep, lying over an impermeable rock.
Thus perched water table was formed in this soil during the rainy
winter of 89/90. The high amounts of runoff observed in this soil
did not result therefore from poor permeability because of seal

formation but because water could not enter the already saturated

W\



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 thosz 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.



In the Mitra soil, the PAM+PG and PG treatments increased soil
loss by fourfold and twofold, respectively as compared with the
control (Fig. 13). In the Vale Formoso soil, the PG decreased
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.



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.

W



Table 1: Annual precipitation, cumulative runoff and erosion obtained from the plots in the field
during the winters of 1988/85 and 1989/90.
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