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Introduction 

The leaching or e . g . n i t ra te in a s o i l prof i l e shows a characte
r i s t i c d i s tr ibut ion: a band of a dressing becomes dispersed after s o 
me time (Gardner, 1965). This dispersion i s caused by diffusion and 
by so cal led hydrodynamic dispersion. The hydrodynamic dispersion re 
su l t s from the variat ion in flow v e l o c i t i e s among s o i l pores which 
cause the so lute to be dispersed with respect to the average so lut ion 
flow ve loc i ty (Kirkham and Powers, 1972). In th i s respect there i s no 
difference between downward and upward water movements. 

Neglecting the r e la t ive ly small influence of diffusion (Frisse l e t 
a l . , 197®; Kirkham and Powers, 1972) the transport of non-adsorbed 
anions i s effectuated by the mass flow (the average flow ve loc i ty ) and 
by the dispersion' which i s also influenced by the average water v e l o 
c i t y . Consequently, the mass flow i s the most important factor in 
t h i s transport. 

As the d i f f erent ia l equation describing the water ve loc i ty as a 
function of differences in potent ia ls and gravity i s not analyt ical ly 
so luble , a numerical approach has been used comparable with the met
hod described by Van Keulen and Van Beek (1971). Using the computed 
water movements the connected changes in anion content can be ca lcu
la ted . The ultimate construction of the- leaching model has been de
termined largely by the requirement of usefulness in pract ical s i t ua -
t ions . 
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The s imulat ion model 

The -variat ions in s o i l -wa te r content 6 ( in cm .cm-*) in time t ( in 
day) and depth x ( in cm) can be expressed by the following p a r t i a l 
d i f f e r en t i a l equation in which Darcy's law and the cont inui ty equa
t i o n are combined and the seperated matrix po t en t i a l and g r a v i t a t i o n a l 
p o t en t i a l are converted in to water con ten t s : 

( I ) TT=-^(D(e)Ti + K(9)) 

in which 
D(6) = X(9)/C(e) i s d i f fus iv i ty in cm^.day - 1 , 
K(e) i s hydraulic conductivity of the s o i l in cm.day 
C(8) = d6/dPm i s d i f f e r en t i a l moisture capacity in (cm H20)~ ' 
P i s s o i l matrix p o t en t i a l in cm HgO and 
x i s pos i t ion in p r o f i l e , pos i t ive in downward d i r e c t i on , in cm. 

As t he s i z e D(9) i s a function of t he so i l -wa te r content , equation 
1 i s a non- l inear d i f f e r en t i a l equation which i s not soluble by ana
l y t i c a l methods. A numerical approximative so lu t ion can be achieved 
by a l t e r i n g equation 1 in to a f i n i t e d i fference equation by d ividing 
t he non-uniform s o i l p ro f i l e in to a number of hor izonta l homogeneous 
l ayers and by changing time discontinuously with f i n i t e time i nc re 
ments. At a c e r t a in time the water dontent of each l aye r i s c a l cu l a 
ted using t he water content at a time s tep e a r l i e r and taking in to 
account the amounts of water flowed in to and from the l aye r during 
t h i s t ime i n t e r v a l . After t ha t the computation of the new flow r a t e s 
f o r the following time s t ep i s performed. The corresponding l eve l and 
r a t e equations using the terminology of Po r r e s t e r (1961) arei 

(2) WC(I).K = WC(I).J + DELT • (FLRW(I) . JK - FLRW(I+I)/JK)/TL(I) 
and 
(3) FLRW(I).KL = DA.K»(WC(I-I).K - WC(I) . 'K) / (0 .5 ' (TL(I-I)+TL(I))) + 

KA.K 
in which WC (in cm*.cm""*), FLEW (in cm*.cm .day ) and Tl (in cm) 
r epresen t r e spec t ive ly water content , flow r a t e water and th ickness 
l ayer and DA and KA respec t ive ly average d i f fus iv i ty and average con
duc t iv i ty of t he two adjacent l ayers 1-1 bz.0 .".. FLRW(I) means the 
flow r a t e between l ayers 1-1 and I . The indices J , K and L ind ica te 
the successive time po in ts of computation, the ir.^ices JK and KX the 
i n t e rva l s J t i l l K and K t i l l L, r e spec t ive ly . DFTT equals the l ength 
of t he time i n t e rva l (in day) . 
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Assuming no effect of d i f fus ion , the t r anspor t of anions from 
the l aye r i n to an adjacent one i s determined by the sum ot t he ef
f e c t s of mass flow and of d i spe r s ion . The f i r s t process PLUS (in 
kg.ha .day ) i s c a lcu la ted by the equations 4a or 4b ( in t h e se and 
following equations t he time indices have been dropped): 

(4) FLRS(I) = 1 0 . 8 * FLRW(I)» CONC(I-I) i f FLRW(I) > 0 
or 
(4b) FLRS(I) = 1 0 . 8 • FLRW(I) • CONC(I) i f PLRW(I) <J 0 

The term CONC(I) means the concentration of the water in the layer 
I (in kg.cm--5). 

The partial effect of the dispersion DISPS (in kg.ha .day ) to 
the total transport is described by the following equation with DISP 
(in cm) as dispersion coefficient and ABS(FLRW(I)) as absolute -value 
of FLRW(I) (Reiniger, 1970; Prissel et al., 1970); 

(5) DISPS (I) = 10.8 • DIPS • ABS(FLRW(I)) • (CONC(I-l) - CONC(I))/ 
(0.5 * (TL(I-l) + TL(I))) 

The t o t a l t r anspor t of the s a l t TEIffiS(I) in kg.ha .day ) equals 
the sum of PLRS(I) and DISPS ( I ) . 

However, the in t roduct ion of l ayers of f i n i t e th ickness i n to the 
numerical so lu t ion causes an addi t ional e f fect in the computed r e 
s u l t s which i s ca l led mathematical or pseudo-dispersion (Reiniger, 
1970; Goudriaan, 1972). The corresponding d ispers ion coe f f i c ien t 
SDISP equals the average l ayer th ickness in cm divided by 2 . The ef-
fedt of t h i s pseudo-dispersion SDISPS can a lso be ca lcula ted by equa
tion 5 using SDISP instead of DISP. The simulated t r anspor t of anions 
has t o be corrected f o r t h i s pseudo-dispersion e f fect and equals f i 
na l ly t 

(6) TELRS(I) = FLRS(I) + DISPS (I) - SDISPS ( I ) . 

S t a r t i ng at known i n i t i a l conditions of so i l -wa te r con ten t s , anion 
contents and water t a b l e , and using t h i s equation and a l eve l equa
t i on comparable with equation 2 the ion contents of the l ayers ( in 
kg.ha ) a t every time can be computed. The s o i l p ro f i l e i s bounded 
downwards by the water t a b l e , upwards by the s o i l su r face . The water 
and s a l t v a r i a t i on s in t hese boundary l ayers have t o be ca lcu la ted 
s epa ra t e ly . 

Parameters and computing procedures 
For use of the model r o r p r a c t i c a l circumstances the parameter va-
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lues of t he most common s o i l types must be avai lable by c a l cu l a t i on . 
The s ign i f icance of t he model decreases s t rongly i f t hese values 
should have t o be determined separa te ly in each c a se . 

Rijtema (19695 s tudied the data ava i lab le in l i t e r a t u r e about the 
r e l a t i on sh ip between conductivi ty K and matrix suc t ion . Prom t h i s 
study he derived empirical equations fo r K as a function of t he mat
r i x s uc t ion . Hijtema c l a s s i f i ed the s o i l types in to 20 groups fo r 
which t he values of the constants of the equations and the suct ion 
curves (pP-curves) have been g iven. With the aid of these curves and 
of t he equations the conduct ivi ty values a t every water content can 
be c a l cu l a t ed . In these c a lcu la t ions the hys t e res i s e f fec ts have be
en neg lec ted , which omission w i l l not have a p r a c t i c a l meaning in 
most cases (Rose, 1971). As KA and DA the a r i thmet ica l averages of 
r e s p . t he K- and D-values of the two layers in question are taken 
(Van Keulen and Van Beek, 197D. 

The d i spers ion coe f f i c i en t as such has not been used in the model. 
I t has already been mentioned t ha t t he in t roduct ion of l ayers causes 
a pseudodispersion f o r which a correct ion must be performed as given 
in equation 6 . By neg lec t ing t he physical d ispers ion and by not co r 
r ec t i ng fo r t h i s psauso-dispersion t he influence of t he d ispersion 
w i l l be present in t he computed r e s u l t s a l l the same. The influence 
of t h e magnitude of t he d i spers ion coe f f i c ien t i s introduced by t h e 
s i z e of the l aye r t h i cknes s . For every s o i l type or p r o f i l e a t h i ck 
ness must be chosen corresponding with an estimated d ispers ion coef
f i c i e n t . 

The program wr i t t en in For t ran IV i s intended t o s imulate t r a n 
sport processes during long pe r iods . In t h i s respect the maximum a l 
lowable (fixed) t ime-s tep s i z e i s important and depends s t rongly on 
t h e expected t op r a t e s . In the neighbourhood of the water t a b l e the 
r a t e s are so high t h a t t he t o t a l computing time fo r the 3 most sandy 
s o i l types becomes too long owing t o the necessary small time s t e p s . 
Computations (with a Telefunken TR *) f o r p ro f i l e s of e . g . the medium-
f ine sand type ask s teps of 0.0008 day of l e s s ; t h i s means a t o t a l 
computing time of 30 minutes t o s imulate the leaching during 6 days. 
For l e s s permeable s o i l s s teps of 0.004 day or more are s u f f i c i en t . 

Resul ts and d iscussion 

The usefulness- of a model i s determined s t rongly by t he degree in. 
which the computational r e s u l t s do agree with general experience and 
with uheoret ical and empirical da t a . In t h i s oase we meet the d i f f i -
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culty that data for such t e s t ing of leaching and sa l in izat ion results 
during a long period are scarce. Some t e s t s of leaching w i l l be d i s 
cussed. 

In f igure I the leaching of a n i t ra te dressing (300 kg.ha ) af
t e r 125 days on a sandy and on a loamy s o i l type are compared. The 
resul ts demonstrate the expected distribution and the difference in 
depth of leaching between a permeable and a l e s s permeable s o i l . In 
t h i s way a number of simulation experiments have been performed of 
which the resul ts confirmed the general expectations. 

Another question could be whether the model describes reasonably 
the water movements. Testing t h i s requirement with f i e ld data i s a l 
so d i f f i c u l t . From so i l -phys ica l arguments i t can be concluded that 
water in a s o i l with a water table but without precipitation and wi
thout evaporation w i l l reach the equilibrium s tate after some t ime. 
In t h i s s t a t e there i s a l inear relationship between the height abo
ve ground-water l eve l and the matrix suction at th i s point . The wa
t e r in the s o i l has to move into th i s equilibrium from any chosen 
moisture s t a t e . The model meets . this requirement. If the i n i t i a l moi
sture s tate in a prof i le i s e . g . too dry compared with the equ i l ibr i 
um s t a t e , the water contents in the model are increased to those be
longing t o the equilibrium and after some time the l inear r e la t ion
ship i s reached. The missing water comes from the ground water of 
which the l eve l w i l l drop. 

Tests with empirical data gave a reasonably good agreement. On a 
sandy s o i l with a very deep and therefore neglectable water table a 
n i t ra te dressing of 300 kg.ha was given in autumn. Samples of the 
prof i le were taken in winter in which n i trate was determined. The 
leaching over 125 days has been computed. Figure 2 shows the agree
ment between the empirical and calculated d i s tr ibut ions . 

Precipitation i s putting an amount of water into the s o i l which 
causes the water table to raise after some t ime. In rea l i ty there i s 
a natural or a r t i f i c i a l drainage. In order to prevent a ra ise of the 
water table above the surface the model has been provided with an ex
ponential pumping regulator which similar to practice t r i e s to main
tain the desired l e v e l . Figure 3 shows the e f fect of t h i s pumping. 
The water table in the simulation behaves as in a real polder d i s 
t r i c t in which the capacity of the pumping-engine i s not su f f i c i ent 
to pump out directly the winter precipi tat ion. 

Up t i l l now only the downward transport by leaching has been d i s 
cussed. However, we have already discussed that the same processes 
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determine the upward t r anspor t of i ons . Therefore, the s imulat ion 
model can a lso be used t o describe the accumulation of s a l t s in the 
top l ayer produced by evaporat ion. Por t h i s case an evaporation fun
c t ion has t o be b u i l t in the model. A number of c a l cu la t ions has b e 
en performed demonstrating the e f fec ts of evaporation on the s a l i n i -
zat ion in r e l a t i on t o ex te rna l evaporation r a t e , ground-water l e v e l , 
and s o i l t ype . 

The t e s t i n g ca r r ied out i s s t i l l i n su f f i c i en t . However, t h e r e 
s u l t s obtained up t i l l now are encouraging in s p i t e of neglec t ion of 
some f a c to r s as t he re are d i f fus ion, damp t r an spo r t , h y s t e r e s i s , e t c . 
I t i s doubtful whether these s impl i f ica t ions a f fect s ubs t an t i a l l y 
the usefulness of t he computed r e s u l t s f o r f i e l s app l i ca t ion . The he
t e rogene i t i e s of s o i l and region l imi t the necess i ty of high accura
cy (Ph i l ip , 1972). The accep tab i l i ty of t he model i s enlarged by t he 
fact ttiat i t i s based on generally accepted so i l -phys ica l laws. The 
s imulation approach has t he advantage t h a t one i s not l imi ted by un
r ea l boundary s t eady- s t a t e and sa turated condi t ions . 
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Summary 

Leaching and s a l in i zat ion are s imulated by one model, regarding 
both phenomena as r e s u l t s of opposite d i rec t ions of the same t r a n 
sport processes (mass flow and d i spe r s ion ) . The so lut ion of the dif
f e r e n t i a l equations describing t h i s t r anspor t can not be achieved 
a n a l y t i c a l l y ; a numerical approach has been used. 

Knowing i n i t i a l conditions of so i l -water con ten ts , anion contents 
and water t a b l e and using empirical r e l a t ionsh ips between water con
t en t and conduct iv i ty , accumulation and leaching of non-adsorbed ani
ons during a long period ( e .g . 125 days) can be simulated f o r every 
s o i l type and p ro f i l e and for every p r e c i p i t a t i on and evaporation 
d i s t r i b u t i o n . 

Rés umé 

Le less ivage et l 'accumulation d 'anions non-adsorbés t e l s que l e 
n i t r a t e e t l e chlore furent simulés dans un modèle où l e s deux phé
nomènes furent considérés comme l e r é s u l t a t des mêmes t r anspor t s 
mais en sens opposés ( t ransport d'eau et d i spe r s ion ) . Les équations 
d i f f é r en t i e l l e s qui décrivent ces t r anspor t s ne peuvent ê t re résolues 
analytiquement. A cet e f fect une méthode numérique t u t u t i l i s é e . 

Sous condit ion que l e s teneurs i n i t i a l e s en l ' e au et en s e l s soient 
connues a i n s i que l e niveau i n i t i a l de l a nappe phréatique et en u t i 
l i s a n t l e s r e l a t i ons empiriques en t re l e degré d 'humidité du sol e t 
l a conduct ivi té de i ' e au non-saturee , i l devient poss ible de simuler 
l e l ess ivage ou l 'accumulation pour une période assez longue (par ex. 
125 jours) pour des s o l s , p r o f i l s , r é pa r t i t i on s pluviométriques e t 
evaporations quelconques. 

Zusammenfassung 

Auswaschung von und Versalzung mit n ich t -adsorb ier ten Anionen wie 
S i t r a t und Chlor s ind in einem Model s imul ier t worden, wobei beide 
Erscheinungen a ls Resultanten derselben aber in entgegengesetzter 
Richtung f l iessenden Transportprozesse (Wasserbewegung und Dispers i 
on) be t rach te t worden s ind . Die Lösung der diesen Transport beschre i 
benden Differentialgleichungen sind analyt isch n icht e r re ichbar , da
zu i s t ein numerisches Verfahren angewendet worden. 

Mit der Voraussetzung dass die Anfangsgehalte von Wasser und S a l 
ze und der Anfangsgrundwasserspiegel gegeben worden s ind , und mit Be
nutzung von empirischen Zusammenhangen zwischen Bodenwassergehalt 
und ungesä t t ig te r Wasser lei t fähigkei t können die Auswaschung und die 
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Anreicherung während einer langen Periode (z.B.125 Tage) für belie
bige Bodentypen, Profile und Niederschlags- und Verdunstungsvertei
lungen simuliert worden. 

Pe3KMe 

Ha MoaejiH H3yia>iHCi BUHOC canea H 3acojieHHe KaK npoTHBonojio*HHe 
no HanpaaneHHD ssneaza ojmax H Tex ze npoueccoB nepeHOca (luacconepe-
Hoca a ÄucnepcHB ) . PemeHae Äa$$epeHuaajiBHHx ypaBHeHaä, onacuBaDiqHX 
3T0T nepeHoc, Hejii.3H nanymTB aHajiHTHiecKHM nyreM, noaTcwy 6wi BCDOJIB-
30BaH IHCJieHHHÜ MeTOÄ. 

3Ha« HaiajiBHyi) BnaaiHOCTB HOIBH, canepjsaHae aHBOHOB a ypoBeHB rpyH-
TOBHX BOÄ, a Tarace acno;iB3yH aMnapaiecKae 3aBHCHM0CTH Messy anaxHO-
CTBD B BOÄOnpOBOÄHMOCTBB, MOXHO B3y<fflTB H8 MOflanH HaKOEJieHBe H BHHOC 
Henoraomaevjoc aHaoHOB B Teqemie wujTejii.Horo nepao^a (HanpaMep, 125 
cyTOK) jyw Kaxfloro Tana noHBH, noraeHHoro npo$ajia, KoaaqecTBa aTMOC-
$epHHX ocanKOB a CTeneHa acnapenafl. 
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