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A two-pool layer sxmulat1on model was constructed to f"'

fidesqr1be 'olute transport through part1a11y frozen,iVyra

ﬁfV'structured 3011 and a FORTRAN computer program wr1tten to
'tzmplement the model The model was based on a numerlcaln

‘solutlon of th!\c;ont1nu1ty/chromatography d1fferent1al

\

equat1on. It can be app11ed to transport of non reactlve ori5ﬁ‘

'fi;adsorbed solutes through thaWed or partlally frozen sozl ﬂ ff; '5”

?;;J;afrff!le; Effects of 5011 structure were descrxbed by deflnlnd%?
SRR - two 1nteract1ve sblut1on pools. mob1le and stagnant based

f:;on the concepts presented by Addlscott (1977) Soluter”v“f;}i

a

”'?htranSport OCCUﬁS °n1Y ln the moblle pool and equrIibratlon R

,Thobetyeen pools 1s effected between 1nf11tratlon events.

| S1mulat1on experlments determlned that the model was

hsens1t1ve to stagnant mobxle pool sxze ratlo,

&\

»1nf11trat1on
ﬁ_urates,‘adsorpt1on coeff1c1ents and presence of a frozen

’VQilayer, but not to layer th1ckness betWeen 1 3 and ten cm.’x

‘vﬁv;%~»‘~~ —Srmulattons‘produced‘upwardly“skEWed“solufE'prot1les at %%tylfi

h1gher solutlon flow ates and symmetrxcal profxles at lower

'”Hfgirﬁr'ffflow rates.;Frozen 1ayers produced symmetrxcal profxles by

freduc1ng flow rates, thefeby caus1ng greafer eQU111brataon ';ﬂbyy

0

"'between pools.

,'J' S1mulat1ons were compared w1th results of leachlng
._aexperlments performed on a Gray Luv1sol1c 5011 dur1ng sprlng

f371nf11tratlon of meltwater us1ng ’HOH and "C llndane as

‘[ASOlutes._Effects of adsorpt1on and,frozen soxl dom:nated “'éraii

f;*over effects of 5011 strueture on solute d1str1butlon..»pf SO
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L "x m'rnonuc'rlon

'ffzpuphenomena Est1mat1on of degree and extent of leat

'fxfithrough 5011 1s determ1nat1on of the quant1tat1ve p‘

The transport of solutes through so11 is a d§\am1c

fprocess 1nvolv1ng phy51cal, chemical,‘and b1ologlcal _fl"'

~~

1mportant 1n stud}es 1n pollut1on, so1l fert111ty, and so1l-"
. _ : : A SRR |

dgeneszs.'“:

One of the major challenges 1n the study of leachlng

'.‘ '\"

lrelatlonsh1ps among the many factors &hlch affect solute .-f

73~movement.rIn the f1e1d of chromatography the contlnuzty

"1‘Append1x A)

' ‘Db(aa/at)) to solute flux densxty due to mass f10w h“‘

equatlon has been applled WIth success to the quant:tatlve
-_descrlptlon of solute transport through packed columns of

P homogeneous»porous medla (a llSt of symbols used 1s g1ven 1“4:

a(ac/at) + Db(aa/at) = -v(ac/az) +. n(a c/az ) Y

» o

change in solute mass stored at de th (a(ac at) + Afy'
g P / /\

‘.ﬂ( v(ac/az)) and dlfquth (D(a’c/az )) The rate of change

Lin mass stbred is divided into tuo “components-'mass

.\».

g_d1ssolved 1n solut1on tey, andfmass (a) held on the sol1d

'"diporous medzum (by adsorptzon,.electrostatlc attract1on,_rl*"

etc.). Thus the change in mass Wlth t1me 1s expressed as thET£¢]?;>“~%i
”3ff;sum of part1a1 defﬂvatlves.., | g ”7Qi .”5

Th1s model of solute movement relates ‘the rate of fgflifgfg'”




| Because 5011 1s a porous medlum that may adsorb sdlutesﬁvi
" the so1l column may be regarded as a chromatograph1c column"
7‘1n leach1ng stud1es. The model 1s useful because 1t can he
used to assess the relat ve 1mportance of the many factors
which 1nf1uence leach1ng In the fleld 1rregu1ar patterns
of leach1ng events and so11 heterogene1ty w1th respect to

h the parameters and varlables used in the model make 1ts e
analytlcal solut1on dlffldult The chromatographlc model

can, however, be extended to prov1de a quant1tat1vev

descr;ptlon of 5911 leach1ng, u81ng numer1cal techn1ques and o

h1gh speed computat1on. Further reflnements can- extend its
use to pred1ct1ve modell1ng

In short the chromatographlc model 1s a powerful .’T

un1fy1ng concept 1n 5011 leachlng studle&,because* 1) 1t 1s V;;g

a general descrlptlon of solute movement~ and 11) 1t is

'”i, quant1tat1ve.:

Thls study attempts to extend the model to solute
transport stud:es 1n structured so1ls durlng sprlng thaw.‘x
' Two major problems encountered under these condltlons are
the 1rregular "packlng arrangement" of the soilfmedlum and: fﬁf&A
spat1a1 and temporal varlatlon in patterns of water |
. movement The objectlves of th1s prolect are:
| 1) to construct a numerlcal model of. solute transport

through part1a11y frozen structured so11 based on the'

theoretxcal chromatography equatlon-"ﬁi

"11) wrlte & computer program to 1mp1ement éhe model

_l‘fic‘lll) test the sens1t1v1ty of the model to the'

arameters;."



‘t'jresults of f1eld exper1ments to test whether the model

N

4

x,and varlables 1t uses"
"7'_1v) compare the results of 51mulated experzments wlth

-

s¢mulates solute transport 1n the f1e1d and

v) determxne'what structural modlflcatlons are requ1red

\ =~

,,iand what further experlments are necessary to eluc1date the

- important solute transport mechanxsms wh1ch operate in- so1l.f

B . "
I N

-

B. LITERATURE REVIEW

‘1. Der1vatxon of Chromatographxc Equation 3 d .

| The cont1nu1ty equatlon was f1rst applled to solute
transport by chemlsts seeklng to descr1be the behav1our of
v;column separat1ons (chromatography) (DeVault 194 H Kasten etlh'
al.,11952 Lapldus and Amundsen, 1952 Glueckauf l1955) In

'1941 Martzn and Synge 1ntroduced column part1t1on-

h'chromatography (ZWElg and Sherma, 1972) - a concept wh1ch has-f'pﬁ7

}proven useful in descr1b1ng solute transport through 5011
‘:Chromatography can be def1ned as the study of movement of
ZIIQUId m1xtures through porous med1a. 5011 1s a porous 'f
"medlum and the 5011 solutlon 1s a lqu1d m1xture° therefore,'
"the 5011 system may be analogous to a chromatographxc
o The cla551cal theory of chromatography as 1t relates to
'SOllS has been rev1ewed by Nielsen and Blggar (1962)

"Fr1ssel and Poelstra (1967), and Klrkham and Powers (1972)



.‘f;equat1on. The former rev1ew stresses the mathemat1cal

N theory to. 50115 1s the subJect of th:s revzew.f’;'f' e

: chromatography eguatlon. The cont1nu1ty/chromatography

tg};Lelstra (1973) and Letey and Farmer (1974) revzewed V;;**
1ﬁpest1c1de transport models based on the chromatography f S
ztechnlques emp10yed 1n computat10na1 models of solute
transport, wh1le the latter stresses the phy51cs and R
chemlsﬁry descrlbed by the equatlon. Research related to F‘“

‘,Spec1f1c problems encountered 1n applyzng the class1ca1

The fQIIOW1ng dlscu551on develops the theory of S

chromatography as. 1t appl1es to 5011 by der1v1ng the»«;f

FRpre:

‘contxnu1ty equatxon and revzew1ng contrlbutxons to the e

-

theory from both sozl sc1ence l1terature and sources

o

ffdescr1b1ng cond1t1ons parallelxng those in so1l

Mass flow, sometlmes called convectwve flow, is the
most 1mportant process 1nf1uenc1ng 1each1ng of d1ssolved

:.solutes and w111 be con51dered f1rst in developlng the

equat1on, a statement of the law of conservat1on of mass'
' applled to systems of llquld mlxtures flow1ng through porous )

med1a, stateSQmathemat1cally that° any change 1n solute mass

of solutlon pa551ng through a volume element of porous
’medlum must be accounted for by a change 1n mass stored _ o
v;thln the volume element Thxs 1s Illustrated in the flgure -

h I. 1 and 1n the explanation follow1ng (adapted from Klrkham

and’ Powersr 1972) 7? o
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The mass;, Ms, stored in the plate shown above, wlth

th1ckness, Az° cross sectlonal area, A"and volume XAz,.is

glven by..f- _

| EMsféﬁm(in) —-m(out)v o

Hence the change in- mass stored w:th t1me iss
B AMs/At = A[m(xn)-m(out)]/At

= [m(z t+At)—m(z t)-m(z+Az t+At)+m(z+Az t)]/At.

The solute mass flux den51t

'mass through a un1t croSs sectlo al area of the plate) 1s

g1ven as: B -
A
- q(z) = [dm(z)/dt]/A

Therefore°"

i A[qm ) q(mz?] e BRI

Flgure L. 13 Mass flow through a thln volume element (plate)

q(z) (rate of flow of | l

’2:(1).'

aima i saade n b e e e e e
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‘ The‘mass flux out of the volume element can be;' :
:fexpressed as-@ j:', .}. T |
B q(z+Az).==&Uz) + (dq(z)/dz)Az.;-
f*Therefore.: T EEE ' '.lt'”.
o aMs/at - A[q(z)‘-'(q(z) + Dz aq(z)/az)] N S
= =(adz)aglz)/oz L ,_T B € AR
Solute mass flux den51ty, q,- is related to l1qu1d
'”(solut1on)«flux denszty, v, and solute concentratlon, o._
Coa=eee . o
| BMs/at =J-(AAz)a(v c)/az" N T
'Assumlng that v is constant through Az, then° v .»', _ o
aMs/at - -(AAz)v(ac/az) oo e q
Ms can also be related to solute concentrat1on- |
l‘Ms=Vc'l'.“F;vﬁ..‘ | , .
where V = Vp (1 e. Volume = pore volume) 1"[ S,ﬂ l:'Jﬁ l'lﬁl ._5h o
“' | = a-Vb- (poros:ty X bulk volume) f'» | . +

“ = “‘*Az) o .

,tjljSo that.. . ' | | "f_ 1
: aMs/at a(AAz)ac/&t L i K
if a does not change w1th t1me. | ‘

- TherefOre if solute 15 storeq in solut1on only
| (substztutlng the above expressxon for the left 51de of
‘.t)equatlon (6)),.._ D , l.'v _"5’1‘
. (AAz)a(ac/Bt) = -(AAz)v(ac/az), or: . ,3,.-—?‘;f' .
K a(ac/at) = = v(ac/az) ';i@ﬁ?@fi;_”;;';i:fjvlzﬁ (7)

.'ﬁiwhfch e&uatlon descrlbes solute transport by mass flow only F{h':.



K

| n;and solute storage 1n solution only The other main ',7”“ﬂ_';

N

~massumpt1on 1s “that. the porous medlum is homogeneous w;th

_':respect to flux density, poroszty and mo1sture content Note‘

‘ that v 1n th1s case 1s the 11qu1d flux den51ty, or Darczan
:veloc1ty, and not the pore veloc1ty,.v, as used inn the e

'equatxon g1ven by K1rkham and Powers@lg72) To conVert to

thelr equat1onowe need only note the relatxonshlp betweenvi_.‘lth

_ pore veloclty, v, and Darc1an veloc1ty, v.;yf.
w =Yv/af so:\ if '”pljfu R ',d" - . !

ac/at = - u(ac/az) T T

~b Dxffus;on‘; | |
Solute flux also occurs as a result of d1ffus1on 1n
*response to concentratlon gradlents. When a. band of solute
-1s appl1ed to the 5011 surface, as when ‘a pest1c1de is- _
sprayed onto so1l, a. concentratlon grad1ent 1s set up and
-d1ffusxon through the 5011 solutlon is 1nduced Fxck s Law
states that the diffusave flux, qd is glven by:
| qd :y—-D(dC/dz),.cy-‘ 4

Lo

.....

D1ffus1ve and convectlve fluxes ‘can be summed to
J”express total flux qt° |
qt - =-qc - qd | R S
’s qc - D(dc/dz) _ ‘;f : ’ f\:-a B ’qh';ngQ
1BY subst1tut1ng qt for q eQUat1on (3) becomes:j |
aMs/at='-(AAz)a[qc = D(ac/az)]/az
', :='-(AAz)aqc/az + (AAz)D(a’c/az )

'1f D does not vary w1th z.

| \ ?:@?//E
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‘n<_ .

Recalllng that convect1ve flux, qc, 1s g1ven by )

equataon (4) (qc =i\ c) and prov1ded v 1s constant then:

T a(ac/at) = - v(ac/az) + n<a=¢/az Yoo (e,

| Klrkham ‘and Powers (1972) and Le1stra (1973) present

:'the form°

ac/at = = v(ac/az) + D (a’c/az ),_

‘~'wh1ch 1s 1dentlca1 to (8) 1f v,f‘/a and D'= D/a.

. & ' :
The factors wh1ch 1nfluence D are g1ven by Lelstra

t

(19i3) to be volumetrlc m01sture content (8), geometry of

,the porous medxum (tortu051ty, etc), and;part1t1on of solute

between solid and 11qu1d phases, as well as the value of D )

'{f1n water (Do). Th1s study treats part1tlon separately so D

~w111 be not be regarded as a functlon of part4t1on

parameters. - 'f!.

lO) deflne D as- the product of Do,=9;

-y

- Frissel, et a7 “(Ji

‘and tortu051ty, but- the. heoretlcal bas1s of th1s express1on

PR

vas not glven. Shearer et al. (1973) deflne D as.'

The latter expre551on does not requlre determ1nat1on of a

~tortu051ty factor

0

The preceed:ng dlscusszon applles only to long1tud1na1
: dlffu51on. TranSVerse, or- 1ntra—aggregate (1ntrapedal)
d1ffu51on will be treated later ‘under the'effeots ot soil
structure, . ?_hdv_  ;._ ;T;;‘ B 'n' ' ‘  : f o

c. Dzspersxon

Spreadxng of the solute band 1s also caused by e

o "hydrodynam&c d1sperszon" thle the term d;ffusxon_reﬁers



........

to the spreadlng of solute partzcles w1th1n the 5011
solut1on, d1spers1on refers to the long1tud1nal spread1ng e
1fcaused by spatlal var:at1on in fluzd flow rates.el ”ﬂi ?],;15 _ rgff
: Although the chromatographlc eghat1on dears w1th an l‘ -
| average flow rate, solutlons do not move - at unlform rates | f hi’y ‘,i
‘thfoug\\sozl Even in completely homogeneous med1a ‘some

m1x1ng of flu1d occurs because of adhes1ve and cohe51ve,"

forces along pore walls(Flgure I, v2) .

\ . . . |

F1gure I 2. Hydrodynam1c3d1sper51on due to . "drag "in a e’l S ' ;

caplllary tube._

S TmmT N
_\——-..'."-—-.—_\"'-?‘ ' . ; tube or g
- TTmemeeee —> . .. pore o
T mmmemeseme> diameter
) AN . 4 TR
(Arrows - represent the magnltude of f1u1d veloc1t1es and L E
d1stance travelled by fluid- "layers .) - '

Th1s dlagram represents "1am1nar flow" result1ng from 'fﬂl -

'shearlng of flu1d in the long1tudlnal d1rect10n. Thls occursu

7ﬂ because the attractlon of the sol1d for the llqu1d retards - )

movement close to. the walls. Cohes1on between llQUld “
molecules re51sts flow away from the pore walls. Maxlmum
~flow rates occur at the greatest dxstance from the pore

.‘,wall

In the capxllary bundle model (Nlelsen and Bxgger,_ig;

1962- Scheldegger, 1974) thxs 1s the mechan1sm of dlspersion: |
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vg1f flow 1s lamlnar. The degree ofndlsperszve m1x1ng in such
‘a model depends on the pore rad1us and flu1d veloc1ty. In
‘-5011 however, the pore geometry 1s much more complex so':'
';pore radii. cannot be well character1zed by an average value.
'Therefore, qharacteh121ng l1qu1d fluxes by an average value
‘1s frequently not reallst1c v'
Amouzegar Fard et al. (1982) tested the effects of
probab111stic versus determlnlstlc approaches to flu1d
veloc1ty. They used normally dlstrlbuted values of m01sture

.flux to calculate 2000 separate solute concentratlon

proflles 1n 51mulat1on exper1mentsﬁtThey found that the o

‘average of the 2000 proflles dlffered sharply from the

'h'prof1le calculated u51ng the mean value of monsture flux.

vﬁThls experlment prov1des a good 111ustrat1on of the effects
of d}sperslon on a larger scale than the cap1llary tube

vmodel o f' | |
D1sper51o: is treated in the cla551cal equatlon in'a

manner analogous to dszu51on (K1rkham and Powers, 1972)
q(disp) = -E(dc/dz) |

where E 1s the coeff1c1ent of proportlonallty (cm?/4).

’ Because both d1ffusxon and dlspe551on result in a. spreadlng

of solute they are commonly combined so that-

q(dlsp) + q(dlff) = -Dspr(dc/dz)

Lumplng D and E together as elther Dspr or Da (Da = ‘

_apparent diffus1on or d1sper51on coeff1c1ent) nece851tates aff

- minor change in equatlon (8)

‘ a(ac/at) = -v(ac/az)+ Dspr(a‘c/az‘) »?{fidgl::i f: (9);r;;";

T e



‘ lefu51on perpendlcular to ‘the d1rectlon of flow ;.A
.reduces: the effects of dlsper51on. Consequently d1spef51ve
and d1ffus1ve effects are not add1t1ve, maklng resolutlon of -
:_Dspr into D and’ E dlff1cult. Nevertheless, Frlssel et al.
f(1970) exper1menta11y determlned D and E, and deflned Dspr
e e v e e
'where T = tortu051ty (d1mens1onless) | |

6 = volumetrlc m01sturé content (ml/cm ).
Qualltatlvely, (10) states that dlffu51on effects are
more’ 1mportant for low flux den51t1es, whlle dlsperlon

effects are paramount for hlgh fluxes.
d; P!rtition: Adsorption—Desorption'
- Up to this point phenomena whlch result in movement of

solutes have been dlscussed One of the main factors wh1ch

... cause retentlon or "holdback" of solute is adsorpt1on. A;‘

'substance is sald to be adsorbed if the concentratlon of theh
'substance (sorbate) in a boundary reg1on (sol1d surface) is
-hlgher than the 1nterlor of the contlguous phase (5011

solut1on) (Tlnsley, 1979)

Chromatography utzllzes the adsorpt1ve part1tlon of

'ﬁff;solute between mob1de and statlonary phases to separate-

"{'vsolutes within or from solut1ons (Johnson, 1972)

VSepatat1ons occur in a 51m11ar fashxon in 50115. So11
' A

- sc1ent1sts were the f1rst to use 1sotherms to represent the S

adsorptlon desorptxon part1tlon (G1les, 1970)

_____
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fafh; For adsorptlon of. many pest1c1des by soxl the
fr Freundllch 1sotherm has proven suff1c1ently accurate (Kay
”and Elrlck 1967 Oddson et al., 1970 Llndstrom and |
'_Boersma, 1970) It descrzbes an empxr:cal relat1onsh1p
between amounts of adsorbed and d1ssolved substance at
/equ111br1um, 1n which: o - R L
| ‘a s Kads c”" - : ,:di<e .-- _i% (Eﬁ5;f;
where a = amt of adsorbed substance (ug/g 8011) A B

' T e e
c = solution concentrat1on (ug/ml),

k
1/n

proportlonal1ty constant (ml saln/g so11)

empirical exponent. .

Q‘The exponent 1n thlS equatlon has been found to lie between

0.70 and 1 00 for pest1c1de adsorptlon in most so;l systems
(Le1stra, 1973) .'_~ o p _ | .

' Glles et al..(1960) cla551f1Ed adsorptzon 1sotherms on‘t?‘

’ the baS1s of thelr shape, d1v1d1ng 1sotherm shapes into four

'classes and five subclasses. Freundl1ch 1ostherms fall 1nto
"class L" (F1guré 1.3): They hypothe51zed that for th1s type,
of 1sotherm ‘solute part1cles are most llkely adsorbed flat:

e agalnst the surface of the sorbent as in £1gure I 4

~



. Figure 1.3, Freundlich .(Giles Class L) isotherm. . ~t i C

ua7#7kadsﬁd'f‘s-

‘»equiiibtiuu}soln éohgn’(dﬁf-v

Flgure I 4 Schematxc dlagram of adsorptlon for "class L"
(Freundllch) 1sotherm. .

'f:adsdfséﬁjsubsian¢e:(ssfpgfgiﬁfiiw.
— | 'wﬂj;vhiﬁV'afl,. .
4//////7////////7/////////7///////////77

' partlcle surface (sor ent

At lower concentmat1ons the plot of a versus c 1n .
'flgure 1.3 is almost 11near. Consequently for sparlngly
soluble pest1c1des a llnear 1sotherm 1s commonly used

.To accomodate adsorptlon desorptlon 1n the classncal

. equatlon recall (6)

aMs/at = -(AAz)v(ac/az)

"1n solutlon then;sj;ﬁ°ﬁ

_r M5 "-‘.-"‘-a(AAz)c + Db(AAz)a, e el TR

where Db dry bulk den51ty of - 5011 (g/cm ) and all other

: ;SYmbols as prev1ously deflned._; : B ~ _;<>1.w
o 3.,";”\ . : o Ehy anﬁ'""‘




'*T?jﬁfﬁiﬁ'

ijnSubst1tuting thlS eXPre551°"~*"t° <5>‘f*f é? e
"“'7ff a(ac/at) ¥ nb(aa/at)- —u(ac/az) . _‘ J :. (‘2)

. Thas can bé converted to the equat1on of Devault(1g43)‘.itg
R d (aC/aV) + BQ /aV ,‘j_ac/az""" "'d Dot o

.ngwhere v = 1/A(aV/at), or. at = aV/(v A)
llﬂidf = Db A a~'and f

d}a = a-A (por051ty per un1t column“%ength)

~

- DeVault hes used dv as a convenlent measure of txme. Thxs 1s'V"}

‘valld when v 1s constant DeVault’(1943) used the general;

‘ﬁf?1sothevm'ﬁijfTJ' wo:,",:“ . ' .

| _jQ~i= f(c), 80 that.,. L
L je!.tue5[a + af(c)/aclac/av =»—ac/az. 'i'i e -

R ”tsp:eaaing“by d1ffus1on can also be 1ncluded in. (12)41-MJ‘1?3

‘7Qfa(ac/at) + Db(aa/at) =" ~v(ac/az) + n(a‘c/az ¥ ”fi(13)'d5 o

bL,D1v1d1ng through by '3 and allow1ng for the d1fferent”;ﬁff5"

e ¢

i7f? »'demensfons of a used one obtazns an equatlpn 1dént1ca1 to 3

”%dfﬁithat of Lap1dus and Amundsen (1952)

o ibecomes.d.fﬂ""t""

-u(ac/ag) + n(a=c/az r, or, "+

4

L “‘ac/at) “+ Db: xads(ac/atff5
*?'  v’__ (o + Db Kads)ac/at = —v(ac/az) +uD(a=c/az ) f' (14)

;,wﬁfdAgazn d1v1ding by o to change'd1menslons (14) can be alteredj;

'ffto the equatlon used by Kay and r1ck (1967) Equatlon (14j¢}ﬁ7?

5{has been developed for saturated;fvow that 1s, e - es = a.'f'-;f




;%‘ N .;ﬁ'“Ji?iffaiﬁi}.vii%'ffffk;t;“:h[fhhs.:pfﬂ'
(6 + Db- Kads)ac/at = ‘v(ac/az) + DSpr(a’q/azz : (15) S
So far the k1net1cs of the adsorptmn-desorptlon Ffﬁ- e

1on have been 1gnored It has been asSumed that rates

",of adsorptlon and desorpt1on are h1gh enough relat1Ve to

_ the 11qu1d flux, to permlt transverse equ1l1br1um between:'ul

*,adsorbed and dlssolved squte. Thls may not always be ‘a fh:h
‘.Bwvalld assumpt;on. Lapldus and Amundsen (1952) dealt Wlth

jrates of mass transfer between phases, and Kasten et al

d(1952) descrlbed the case in whzch i:tes of d1ffu51on to
.%Tadsorpt1on Sites w1th1n solLd partmcles l1m1ted } A.;;_,,,ugp_
dladsorpt1on—desorptlon, whlch may‘be a more reallst1c model -

-to descrlbe leachzng 1n 50115. Rao et al (1980) Addlscott
'-(1981) and Nked1—K1zza et al (1982) have developed

'numer1cal models descr1b1ng the effects of. f1n1te @3

intra- aggregate d1ffu51on rates on solute transport. ,} | o

s
.

~ ",

Slnks and Sources - ;dgfidlj:' ': [d“'ll : .
| The cont1nu1ty equatlon ‘can be wr1tten to. 1nclude 51nk
or, source terms- 'AW»‘ CoL - 'H, : _d

| 2(a + Bc) /ot = -acuc)/az £S5 :__‘?:;:. i (16)
”*; where'S'- sink or source term due to ‘salt prec1p1tatlon or .

.dlssolutlon (Magdoff and Bresler, 1973)

RPYS Rolland and Fr1ssel (1974) used a f1rst order decay

- reactlon rate: law to descrlbe pest1c1de deqomp051t1on 1n

o "

so1ls~

dc/dt = - k .c "“f jf'- a”ffjf:f_ffi?‘fﬁan»“{gxﬂnr.o(yyyiuy, @?

o a e w al

where k 1s the‘de;ay rate .constant (1/@)

B ) NN - . —, ‘, q'-—--w-\- e - Al ',.‘.’«,..‘ o.-—.-.. -—,”u':" - .
- e . :

R
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A e Sl



for very low concentratlon, as 1s usually the caSe for

7

‘pest1c1des 1n s01l The§\have also used a f1rst order decay

\

rate law to descrlbe 1rrever51b1e adsorpt1on of pest1c1des.
Equatlon (17) -can; be solved for c(t+At) |
c(t+At) = c(t)exp(-k At) |

- - P L T R . -

'Therefore a smmple way to deal wzth decay of pest1c1des 1s

to mult1p1y the solutlon obtalned from the chromatograph1c N

model by the factor exp( k At) at the -end of each t1me

. perlod At

The non- equ111br1um case for adsorpt1on-desportzon was o

e

described in- a 51m11ar manner by Lapldus and Amundsen

(1952)

da/dz = k,c - kza e - o (18).
where k, = rate constant for;adsorption,
K: = rate constant for desorption.

f. Soil Heterogeneity

Effects of soil heterogenelty on leach1ng were

, ment1oned in the subsectlons ‘on. drffu51on and dlsper51on.-'”’”

'The most obv1ous feature of heterogene1ty 1s the vertlcal
-stratlflcatlon which characterizes all soiils. This~'4§:f-?*
stratlflcatlon results in var1at1on 1n the phy51cal and

fchemlcal parameters used in the chromatographzc model Many

'mof»the parameters wEre aSSumed ‘to be coﬁstant durlnga'*iwl"‘fﬂ'V*
e
R

.....

[P ‘,.1‘._,4,,_:0

~‘'derivation of the model descr1bed;1n prev10us subsectaons

R "'"""",." -

fwifThe 51tUat1on in soil . is. betterndescrlbed by the ﬁoliewdng

%‘general model (Lelstra 1973)

L

Te

R
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aMs/at =.-a(u c)/az + a(D ac/az)/az: , .
+ a(E ac/az)/az - (BM/at)cons (19)
'vfwhere (aM/at)cons = consumptlve term which descrlbes affects
of . a551m11at1on decomp051t1on, and f1xat1on-
aMs/at = a(e c)/at +a(Db a)/at- e
" and where 9 Db v, D, and E can vary with depth |
lSolv1ng th1s equat1on 1s one. of the current challenges to
research in 5011 phys1cs. : . _ ’

Vert1cal stratlflcatlon is not the’ only aspect of 5011
_heterogenelty of concern, however. Structural heterogenelty
}(pore dlstrlbutlon) 1nfluences d1ffu51on and dlspers1on.

Channellxng of solutlon through macropores which represent
~only a fractlon of the total por051ty, results in greater

depth of solute penetrat1on-than 1s estimated on the basis
‘_'of total por051ty (Tyler and Thomas, 1981).

' The 5011 solutlon may also exhlblt var1ab111ty. Smllesv

ang Gardlner (1982) have dealt wzth heterogenelty of ‘the.
‘iso11 solut1on as Lt affects anion transport They d1V1ded :

the 5011 solut1on 1nto two pools. one acce551ble, and one

1nacce551ble to anlons. In thls way they descrlbe anlon

exclu51on in the solution very near .to the surface of

P .

negat:yely charged-so1l partlcles- {naccessxble water'vasf "

def1ned as a layer 9A° thack Thelr quel appears as»ﬂf'
B(Ba ca)/bt E(E aca/az)/az —:a(u-ca)/az, e (20)

J-wwhere the subsdrrpt a" refers to values for access1ble

water only

.._.‘.-
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Addiscott (1977) has used a 51m11ar approach to treat

~

Wanlon~exclu51on in: structured soil., The case where a solute e

'IS excluded from a regzon 1s a s1mple 1llustratlon of

=heterogene1ty of the sozl solutlon. Although th1s study does

"Qnot cons1der an1on transport ‘the 1dea that the 5011

'solut1on can be d1v1ded 1nto separate phases, or pools, 1n'
T:order to treat the effects of soil structure on solute -
transport is central to the model wh1ch is developed hereln.‘

Where intra- aggregate dlffu51on rates. exert a k1net1c'
influence on adsorpt1on desorptlon (as in the case of
relatlvely h1gh v) radzal d1ffu51on w1th1n aggregates must
be considered separately from 1nter-aggregate rates. Kasten
‘et al (1952) con51dered th1s phenomenon. They solved an
: equatlon parallel to the class1cal model of vertical solute
transport for radial (intra- -particle) transport. AddlSCOtt
(1977) has simplified the treatment of d1ffusion rates into

and out of aggregates 1n his. ‘two- phase'model of the- so1l
vgsolut1on. He assumes. that durlng 1nf1ltrat1on events there
is no (d1ffus1onal) mass transfer between mob1le
(1nter aggregate) and stagnant (1ntra aggegate) solutlon
phases. Between 1nf1ltrat10n events, however, complete
transverse equ1l1brat1on of .solute hetween phases occurs.

These sxmpl1fy1ng assumptlons avold the problems. of

'-udeterm1n1ng aggregate 51zes and d1ffu51v1t1es (D) whlch vary

w1th depth and in the. case. of D, with: m01sture content. It
1‘15 necessary, however, to examine the val1d1ty of these

Aassumptlons, since in the range of 1ntermedlate flow both -



.[may be 1nva11d e | |
| Skopp et al ( 981) have used an approach s1m11ar to ;f
’AddlSCOtt (1977) in that they deflned two reglons of soxl
solut1on but regard both as mob1le Each solutlon pool moves
‘ at a- dlfferent rafi and a small degree of solute mass -
:'transfer occurs between them. Thelr model would best R
fdescr1bed cases where 5011 solut1on flows around and through
.5011 aggregates, while that of Addlscott (1977) descr&bes
cases where solutlon flows around’aggregates., o i
The chromatography equatzon can be used to descr1be the .
effects of mass flow, dlsper51on, d1ffus1on, adsorptlon, and ?

decomp051tlon on solute- transportc For solute transport in.

soil, heterogene1ty result1ng from stratlflcatlon, and pore

- geometry (5011 structure) reguire mod1f1catlons of the ba51c

equatlon. The 1nformatlon and assumptlons requlred for

solutlon of varlous forms of the model are dlscussed in’ the

o

next sectlon .

‘2. Solutions to the Chromatographic Model

a. Analytical solutions
The technlques of d1fferent1a1 and 1ntegra1 calculus
can be employed to solve some forms of the chromatograph1§

,equatlon. These solutions are exact and usually S1mple ‘to

'huse. Use of analytlcal methods to solve the model however,

is severely 11m1ted by the complexlty of leaching problems'r'

.encountered 1n the fleld.
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For“instqnce~equat1on_119)r:wh1ch xs general 1s too

‘ﬁcomplex for analytlcal techn1ques. Most analytlcal solutxons

Camom @ L e e

Wl e

ffassume'that v,fe'.and.nspr}are constant so that (19) 1s

.[“ Lo

'_greatly 51mplif1ed Further szmpllflcatlons concernlng

'boundary condltlons and feed funct;ons are necessary-for f@l_»z

”~app11catlon of analyt1cal SOIUthnS (Lelstra, 1973)

u

-~__11ght of the complex 51tuat10ns whlch occur in’ 5011 these

51mp11fy1ng assumptlons cannot be just1f1ed and numer1cal .

:‘]'Eolutaons must’ be sought "Afgﬁﬁﬁfiﬁ{%?fﬁaﬁﬁﬁfif*FE*?*-“'

‘llcan be used tor analyze-the efiects Qf variatlon of
-parameters (e g., Dspr, partltlon coefflcient) so1l

' ”phy51cal propert1es (8, Db, q) and feed varlables (c(t)

e Hea ol »_.’ ® o 2 - h-o D A o T S
EAEEN

'QS:TTﬁQY]aﬁggalsofﬁséﬁﬁlf{ﬁ;aés”";f.;ﬁfii rrqr 1ntroduced ;f°_f:
“)lby numerlcal methods.nThzs | ‘ _.w‘. N
values for all varlables and parameters in solutlons wh}th
hare ava1lable 1n both numer1cal and analytlcal forms.' '
Concentratlon proflles can be calculated from analytlcal
"solutions w1th the ass1stance of only a pocket calculator.

- and mathemat1cal tables, whereas numerlcal solutlons requ1re
.computer assastance to. accompl1sh the volume of computatlon

: 1nvolved _ -

K1rkham and Powers (1972) derlve solut1ons for some -
51mple Cases descrlbed by the class1ca1 model 5uch as the
general solut1on for a one-dimens;onal d15persxon model \
(ac/at1 = E(a'c/az, ) Thls equatlon 1s solved for a movxng

coordinate system (t,,z,) and then transformed to the flxed a



““coord1nate system (t=tT =z,+vt) that 1s, the dlsper51on1:

{model is superlmposed on the p1ston flow model of mass flow.ﬁp

They apply th1s solutlon to two elementary boundary

condztlons (1) dlspersxon of a d1sp1ac1ng front- (11)

N

“dlsper51on of a "slug (narrow band) Of solutlon. They also

Hprov1de the Carslaw~Jaeger SOlUthh for the mass ftlow -

: d1ffusxon equat1on (ac/at =,-v(ac/az) + D(a’c/az’))._' -

Both D and E can be calculated from exper1mental

-breakthrough curves u51ng analytlcal solutzons (Klrkham and;

'Powers, 1972) The solutzons mentloned above 111hstrate the

'--d1fferent1al and,1ntegral calculus requlred to solve the'l.

~j,part1t1on between solutlon and adsorbed phases'and therefore .

------

\f;or tr1t1ated water."

‘model analytlcally Nelther of these equat1ons cons1ders-

W S
AN [ .

.ffapplre5monly for~non react1Ve splutes,.such as chlorlde 1on

.,p c,
[

,._.:, " -

DeVault (1943) provmdes an analytlcal solutlon for the'

"*pjmodel descrxbxng mass flow w1th adsorpt1on~desorptlon

toL

(non llnear 1sotherm) Instantaneous transverse f'
adsorptlon desorptlon equ1l1br1um 1s assumed and spreadlng
«by d1ffus1on or dlsper51on is. neglected The solutlon would

o

be - va11d only for a. range of f1u1d veloc1t1es for wh1ch

,dlffu51ve spreadlng is. 1n51gn1f1cant 1n the lower 11m1t of v-’

: and d1spers1ve spreadlng is 1n51gn1f1cant rn the upper 11m1t

'_of v. Fluid veloc1t1es must also be low enough ‘to exert no

contradxct1on if DeVault s assumpt1ons namely( no*d1ffusion7 :

-k1net1c 1nfluence over adsorptlon desorptlon.

Lapzdus and Amundsen (1952) cons1der an apparent

%

.
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and 1nstantaneous adsorptlon desorptlon equ;llbr1um. They ,‘

‘reasoned that when mass flow rates were low enough for

po1nt~w1se equ111br1um at all levels ‘in thencolumn, then_

£y

longltudlnal dxffu51on rates would be 51gn1f1cant.
\

Slm1lar1y, at hlgher flow rates whlch e11m1nate the effects ,

-~

—of/dlffusxon, p01nt w1se equ111br1um 1n the column is a

questlonable assumptlon. Therefore they SOIVed the model

ac/ot + (1/a)an/3t ;‘-u(ac/az> + D(3*c/az)

where an/at 1s the rate of exchange of mass between solut1on"'

and adsorbed phases. They solved thlS equat1on for

equ111br1um and non equlllbrlum condltlons. b

erasten et al (1952) cons1dered the case 1n wh;ch

. - o a .'b ‘
:'4.,.,.1.,""" AR . .

f1n1te 1ntrapart1cle d1ffus1on rates 11m1ted

adsorpt;on desorptloq,fmhey deflned an/at 1n terms of the

.....
o uwd  ageae 2

rate of 1ntraparticle radlal d1ffusion.;;3’“’“

All of the above analytxcal solut1ons apply to boundary
-condltlons and solut1on feed functlons which can be
carefully controlled In VftPO. Research 1n so1l under fleld
condltlons allows no such luxury. M01sture flux under f1eld
conditions is a varlable functlon of tlme ﬁh11e severe
d?%cont1nu1t1es may occur 1n so1l propertles..The‘analytlcal
technlques used 1n the above solutxons are°basedwon

Tt N

contlnuous functlons. Any rlgorous treatment of solute

transport through so1ls must be capable of treat1ng the

complex varlatlon whlch occurs in: the f1eld

vy ¢
°

- ai



-e_numerical approaches 1s to d1v1de the so1l column 1nto

' ertten~ B H_;, A.ul.-ip

B If Az is set = _, then"

Y

Numerlcal s?lutlons permlt eonsxderatlon of more '

b. Numerxcal Solutaons _:' L Efff;kf S

complex 501l propert1es and leachlng cond1t10ns than can be

jtreated by analytlcar technlques. The First step in most

,éi and" Ate = c(t z+1) —'2 c(t z) + c(t,z 1)

-

“ - .

on

*dlscrete layers so that a d1fferenpe equat1on can be"

~ \\.,; [ ’ A . P Qa_ . .,

Db(aa/at) . e(ac/at) - -vAc/Az + DﬁprA’c/AZ’

r'_,r

 For-‘non~ react1ve solutes"

e(dc/dt) = ~vAc/Az “+ DsprA’c/Az’

;t~ar‘dc-=°f;;4' (1/6)( vAc + DsprA’c)dt

‘b; where Ac = c(t z) - c(t z- 1)q

So that~' o~

5

c(t+1 z)'= c(t z) - I“A‘(1/B)[c(t z+1) - c(t z)]dt

(1/6)( vAc + DsprA?c)gt»-orf'*- AR RiLi

(22)

-Frlsselwet al (1970) have used thlS approach solv1ng

the - 1ntegral u81ng a 4th order Runge- Kutta formula. This -

very smooth concentratlon versus tlme curves (feed

ae 10 Ly -

formula is very accurate but is based on the presence of

functlons) Fbr dlscontznuous feed functroﬁs other numer1ca1

rectangular 1ntegrat10n, though less accurate, 15 the
szmplest'w. f,,. o _ L o | |
S Jit8t ¢ dt = ¢fi*otae

= cAt

TK 1ntegratlon techn1ques can be used'to solve (22),,of whach



) Lelstra (1973) developed a flnlte dlfference equatlon

vi'haeed\on rectangular 1ntegrat1on for the cla551cal model

deSCrlblng leachlng £ non*react1ve solutes., f..,h'”' .
| C(t+1 z) = C(t Z) + At/Az{v c(t zZ- 1) —'v c(t z)

. = Dsprle(t,z) . c(t.z 1)]/62 ‘Ai*’j;;:‘iffuf

. . N -

:; ;J,}"Jf q'{lf'* Dspr[o(t~z+d) -~ et z)]/Az} - (23). ;

In a solutlonnof th1s type 1n1t1al cond1tzons detlne c(to z)~\“ B

- e "

,;e- for all -z Next c(t1,z) 1s determlned from”é(to,z) at each

layer and v from equat;on (23)’ This pr0cess 1s repeated for
. each. t1me step for the perlod of tzme for whlch the solut1on,

”»ﬂls deszred Af:'h}k :

. p ' . - ', T 0-‘_.",
BaTURRIE . e

= Var1at1ons in soil" propertles and flow rate are often A
. 1mportant in leachlng stud1es Recall the essent;al

o dlfferences between equatlons (15) and (19)

- (8 + Db- Kads)ac/at =‘-u(ac/az) + Dspr(a’c/az ) _{ (15);
a6 e /ot 3(Db-Kads+c) /ot = - :
I o -B(v-c)/az +. 3(D- ac/az)/az

+ a(E ac/az)/az + (am/at)cons"fw' (19)

' Equatlon (15) 1s spec1f1c for columns in Whlch 6 Db Kads,_"

o

-~*w, and Dspr are constants and can be handled wlth analyt1cal
methods. The general equatlon (19) descrlbes vert1ca1 f;etlf;:

heterogenelty thh regard to these propertles, but requxrestfe;f€;

..

"f'numerlcal methods,to y1eld a solutlon.'r

-

Le1stra ﬁ1973)~solves Ehe’ general equat1on for- leadhlng“"'"

- of non- reactlve solutes.:'

(8- c)/ot = -a(v c)/az + a(Dspr ac/az)/az:- kcons-98- c,

.'h where kcons- 6+ c is a decay s1nk term "Four. coeff1c1ents (9

oo
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e the models of Burns and Add1scott are. effected. by. numerxcal

w“w

"

SN (Pz(z)/e(z))c(t 2:1) I

u; Dspr, and kcons) can vary w1th depth . ;‘/‘. "
The f1n1te dlfference solutlon 15-7 .
c(t+1 z) = [P,/G(z) + Pz(z 1)/6(z)]c(t z- 1)

+ [1 E’P,/e(z) - Pz(z 1)/6(2) -'Pz(z)/e(z)]c(t z)

&

Whe;e I"'- =“”At/AZ, ;“_) . ’- P

SRR - DSpr(z)At/Az=?7-’.~ I

c(t+1 z) can therefore be determlned at any tlme, te1, “from

c(t z), the concentratlon proflle at t1me, t, and the

S

N ~.2
LI 'v\_v.\' 4

necessary sozl propertles defxned for each bor;zontal layerrw<?"

'z,vof ‘the soxl column.

The numerlcal solut1on of Fr1ssel et al (1970) treats
vax1ab1e 6 and: Dspr, but deals only w1th constant water
flux. Addlscott s (1977) model of a structured 5011 systemv
allows for varlatlon in flux but only very llmlted varlatlon

in. e Burns' (1974) model solves the solute transport

: - PRI
A vt g 3 8 ey e

spreadlng only Le1stra s (1973) model deals with Vertlcal

Pub1¥8hed informatlon about s1mnlatron models 1s R

frequently 1nsuff1c1ent to assess ‘the numer1ca1 technlques
.or: to reproduce the 51mulation axperzments._De-wrt“and ;an'
Keulen (1972) and Frlssel and Reinlger (1974) publxshed
detalled manuals and programs descrlblng a varlety of

s1mulat10n models of transport processes in 5011 wrltten in

'i CSMP The former 1nc1ude solut1ons oﬁ the mozsture flow

-w- problem for varlable 6 and flux. Dlsper51on and dlifus;on rn* T

P

| stratifxcatlon but not with 5011 struature..fkl,QQ »Jf- e
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’ dlstrxbutlon in the column as follows (Johnson, 1972)

dlstrzbutlon, whlle the latter requ1re that the flux be_g

known from other solutlons or can be controlled

!

c. Plate Models and Rate Models

! Most of the models mentloned above are based on
r1gorous phy51cal laws. Some assume that there are no rate
l;m;t;ng steps (DeVault, 1943);,0thers ;nclude-spec1f1c rate
lays‘(Kasten ef al; 1952?hbabidu5'and:Amundsen, 1952) to
descrlbe the effects of d1ffus1on, d1sper51on, finite

adsorptlon desorpt1on rates and chemlcal reaction rates.

- Those ‘models which contaxn *ate laws to descrlbe kinetic

.effects are called "rate theories" by Frlssel and Poelstra
(1967). |
There is another 1mportant chromatographlc model whlch .

relles on the theoretlcal number of - plates in a-- \

N &

»chromatographlc column, or the "he1ght equ1valent toa. -

Ty b LOREY
a.»

-theoretical- plate (HETP) to determlne the solute | .
d1str1but10n. Frlssel .and’ Poelstra (1967) call models of* e
~ this type plate theorles" The number of theoretlcal plates:;”;'

T is equ1valent to the number of theoretlcal equ111brations,

o e

'“n". Th1s value can be used to calculate the solute

¢ = (n!/w(n— )')[1/(B+1)]‘"'“ [B/<n+1>1'"[ .‘<'2'4>',

, where c. = concentratlon in thg ith plate,_

B = effect1ve partltlon coeff1c1ent (Db- k/e)
n = number of theoretxcal plates or equ111bratlons.

The above express1on 1s the ith term 1n the b;nomlal

expan51on of [1/(B+1) + B/(B+1)]"- where n can. be calculated



‘_as follows (Johnson, 1972)

Bp(L--p)/wz

' where p p051t1on of the solute peak concentratlono'

'i,L s length of column (depth of penetratlon of leachlng,o'

solutlon)

w1dth of solute band at point where the solute

w -
concentratlon is 36 8% (l/e) of the max1mum concentrat1on.
In th1s contelt n, or HETP = L/n, 1s used as a'

:parameter of the leachlng system. Glueckauf (1955) developed-f
the plate ‘theory for continuous feed functlons (llqu1d flux) '_g
and showed that HETP is a measute of the spread1ng B ""f‘
.coeff1c1ent A theoretlcal vaiue of Az wh;ch when u5ed in *”‘f*‘
the models of Johnson (1972) and Glueckauf (1955) accurately
‘“predlcts spreadlng of the solute band for a partlcular set
of condltlons. . I: |
For finite dlfference models,_such as those of . Lelstrav'
‘"(1973) ‘the- value chosen for Az also 1nfluences the,‘.k
'ﬁcalculated spread1ng of the solute band In f1n1te
"dlfference models, where concentratlons are un1form Within

- each layer, spreadlng w1ll be greater when calculated on the

' bas1s of: larger Az, Th1s effect is known as. pseudo ' b
dlsper51on" (Lelstra, 1973) or "numerlcal dlspers1on"

(Frissel and Re1n19er,-1974)- Numerlcal dlspersxon can be
'reduced by uszng relat;vely small values of Az, which’ |
technique requ1res more computatlons. Alternatlvel; Az can . a“.
be chosen ‘so that the numer1cal d15pers1on produced by the B

. snmulatlon model corresponds to actual spreadlng produced 1n



,;Ieach

: from the results*ofra leach1ng exper;mtnt.1nszmg,Az &aluzs

o‘

l

,fconstant values of flow rates'andfspreadxng coeffzcxents.;

, the plate theory; It nS“sometzmes~dmffaeult'tofapply'plate‘;

. models to soxl becausp the HETP*requzres approxjmatelyu :

R »ws»«-*‘

":'~ **m

;.. -

e

DI ¥
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1" Place of rate laws to descr1be spreading 1s 1nvocatzon,of~ »ﬁ;f"’

e AT

It is also p0581ble to prevent numerlcal spreadlng by

'-selectlng the txme Step of the 51mulat10n“'o that the soluteg;

hconcentratlon prolee 1s shlfted down exactly one layer:

Xthxckness, Az, at each t1me step (Lexstra, 1973) Th1s

"alloys the modeller to 1ntroduce an accurately known amount

i°f spread1ng. For fleld S1tuat1ons th1s method would requxreh““

;fa var1able tlme 1ncrement

Values of Az used 1n 81mulat1on models may also exert a};g

'vpseudo-klnetic effect on slmulatxon experxments. The case

i g experaments. Thxs value of Az'can 15 determ;ned P~‘fli;gf,

T e

i

,where flow rates exert h kxnetxc effect on part1t1on in?flﬁf"}}:

»solute has already bee__ L
_M1952) In the laYer model of Addlscott (1977) thxs effect is;uﬂfjl;'

.;s1mulated by us1ng two d1fferent leaohzng routznes..A slowf__;f*if

_;iscussedffnapxdus and Amundsenl

leach1ng routine (SLR) allows local equ111br1um WIthih each

layer of thlckness Az. A fast leachzng routlne (FLR), whxch _”

‘ﬁsimulates 1ntense ralnfall events, 11m1ts the 1nteraction

'between mobxle and stagnant solut:on pools,'
:,i;lthe kmetfc iffects of flow rate‘ ":"on part;tlonf“betueen
Asolute pools

uon the quantitative relatxonhh‘

thus sxmulat1ng

Entry into the fast leachxng rOut1ne dependsfh

1nput AV (whlch depen ﬁﬁiéit



<«

?-predlct depth of leachxng. _'4’,fg,j"”,iy;,q~;j};,;.ﬁg;wwjr

R B A T ay » ° dpo'lo"'l'

v oA

%

compat1ble w1th Az for the §1mulatzon model to correctly

‘e e R .-

»

regu1remen§ th%t Add15cott (1977) sets for srmulatxon models
# L, e

—of leaahlng, however, is. that no.- prlor leachlng ex ﬁé ment

R . : -
4 - .- T~

: ”be requared He~g1ves«no a-pnlori<crrter1a for h1s cho1ce of

FJA He has, however determ1ned the Az for the best f1t

between calculated and exper1mental values, thus, 1n effect

" pertorm;ng a leachlng experlment to test ‘his ch01ce of Az.'f

e -‘s,;;,

In anlater vefslon of the. model Addiscott (1981)

®

o 'ded 8, spec1f1c rate law for d1ffu51on between mobile
’\)‘o" PRORIIIN

and stagnant soluteﬁpools *Th%s he transformed the model
1nto a rate model and precluded the need for-a.- prlor “.
leachlng experlment to determ1ne Az. The spec1f1c rate law
can deflne moblle stagnant salute partltlon for any Az and
At (or av),

The above dlscu551on 111ustrates the effects Az can

o

o~
y

P

have on 51mulat10n models. To . avo1d numerlcal d15pers1on, Az

must be relatzvely small HETP can be used. in- place of a

rate law where 1each1ng can be characterlzed by an average

HETP When leach1ng 1s slow relat1ve to partltlon rates, ‘Az

"‘need be chosen wrth regard to 1ts effect on numer1ca1

PR
(R

dlsperszon only

Add1scott (1977) assessed the sen51t1v1ty of - hls model

A

of leachlng through structured so1ls to Az values from 3 25

| to 13 cm u51ng txme steps of one day and concluded that

lzttle benef1t was galned by reduc;ng Az below 3 25 cm.‘

E press : | ,‘}y ',_ MA m Py B hx' - B v n -~ g ; PN
. % N i )



’fsolute pools. A Az value of 3 75 cm. y1elded s1mulat1on
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Thoma etval é(1978) deterhlned that thenr plate model fof ““‘

“,trltlum leach1ng through sand dunes was 1nsenszt1ve to HETP
'1nVaf18t10H for HETP values below ten cm, Burns (1974) assumed~

f1nstantaneous equ111bratlon between stagnant and mob11e

’fresults Wthh were in good agreement thh exper1mental

,patterns of chlorzde leaching.

'nd1fferent 50115. They used an HETP vaIUe of 1 27 cm. for all

<

Thornthwalte et al (1960) used the analytlcal plate

_"model presented above (24) to determlne rad1ostront1um

,leachlng patterns in laboratory columns of four texturally

s oW v"v . "Vu . @ o, »

four soils. The1r pred1cted proflles showed a good

correlatzon w1th measured concentratzon profiles.

Numer1cal solut1ons of the chromatographlc equation are-

8

nbetter su1ted to solute transport in soil than analytical

b

dsolutlons because they can be applled to the complex

variation whlch occurs in the fleld Use of numerlcal

,rsolutlons requ1res Spec1al attentlon to the error

1ntroduced Error ¢an arlse from both the tzme step and

layer th1ckness and sensit1v1ty of numerlcal models must be.

assessed for both sources.

3. The Transport Model Applzed ‘to Structured So1ls .

Al .

The structural organlzatlon (aggregatlon) of soil

. partlcles controls pore size dlstrlbutlon which in turn
”finfluences flux dlstr1butlon._The Hagen P01seu1lle equation

‘“states that volume flux through a; pore 1s proport1ona1 to

L A
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”fthe fourth power of the pore radlus (Scheldegger, 1974) '

'iThls relat1onsh1p between flux and pore radii 1nd1cates that
water: contalned in small pores may remaln nearly stat;onary

;whlle‘water nearby is mOV1ng rapidly. Some of the waten
-_.present iR the f1eld thexefore,,may not part1c1pate
‘¥;d1rectly'1n leachlng (Addlscott 1977)

The pore dlstrlbutlon of strongly aggregated so;ls may

be def1ned by two d1st1nct 51ze ranges- intra- aggregate
,‘pores,'or m1cropores, and 1nter aggregate pores, or

“macropores.kzlmmerman‘et gl (1965) approached 5011 R Co-

CTL Yt v

structure as a 51mpl1f1ed dlsper51on problem- that is, they

: -characterlzed the flux d15tr1but1on by two fluxes, v.—O and

ﬂpz>0. The welghted average of v,- and vz would be the mean
volume flux. . :

AddlSCOtt‘Clg77 1978) treated solute transport in
structured 50115 by def1n1ng two solution phases on the
.ba51s of their. moblllty. moblle, or 1nter aggregate:‘f
,solutlon- and’ reta1ned or 1ntra aggregate solutlon. Ad
rfradtlon of the solute in each layer is con51dered to move
at each. 1nflltratlon event and the rema1nder to be retaaned
w1th1n 1ts respectlve layer. After each downward |
dlsplacement of solut1on an equ111br1um is. establlshed
w1th1n each layer by, equallz1ng the concentrat1on between
| -pools. The assumptlon of complete equxllbratlon between

'1ntra— and 1nter aggregate solutlon may ﬁot be Justlfled in,
“all cases, however. 1n a later model Addlscott (1981) |

idef1nes 1nteract1on between moble and retazned pools by

A
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1ncorporat1ng a dlffu51on rate law (Flck s law) 1nto the11‘

’ ,

model Solute exchange between .pools 1s controlled by

SRR PR e [VIETIEN .'....s .

mlcropore reglons .as. a-d;ffuswon s1nk/source so that Afjjf”“'

dlffu51v1ty, aggregate 51ze, and 1ntra—aggregate

concentratlon grad1ents. Rao et al (1980) dealt with- so1l

-

movement 1nto or out of aggregates is deflned by a
51nk/source term in the cla551cal chromatographzc equatlon,v

whlch they solve numerlcally. The 51nk/source term is

B ' d . - -
LA e e .

deflned by radlal d1ffus1on rates. :‘.1TTHTTH

o ! s rv s PR T R I
9 roger N .

The»probkem 1nwusing th‘ twb pobl cdncep i et

development of a cr1terlon to def1ne the pore 51ze range for

~ each pool or’ the volumes ass1gned to each pool Addlscott

BTN

(1977) d1v1des the pools at the: 200 kPa 5011 monsture ,
tenslon w1th the upper limit of the mob11e water pool set
at fleld capac1ty (5 kPa) and the lower 11m1t of reta1ned

vater at the volumetrlc mldp01nt between w11t1ng p01nt (1500;

o kPa) and dryness. “Phus. he" 1mpl1es ‘the ex1stence of a thlrd

pbol Wthh does not 1nteract w1th the other’ two. Hls
reasonlng is that thlS fractlon of so11 water 1s assoc1ated
with extremely f1ne pores and d1ffgs1on w1th1n these pores'
is slow. Since he was, ‘modelling anlon transport he assumed
that thlS pool excluded the solute. p )

Addlscott (1977) presents the 200 kPa d1v1s1on as | :
strlctly emp1r1cal though he states that 1t should be. the
same for all so1ls, but may vary with the solute. He does f

not 1nd1cate why he - ‘has- mSed f1ve kPa m01sture ten51on for

f1e1d capaelty, rather_than_the convent;ona& ten or 33 kPa...
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j,.nkea‘i-gfi;zla et al. (1982) mark the"dlvz sion- between mob'-le '

Z1mmerman et aI (1965) a551gn the volumetr1c rat1o of 3 1

-

presented.‘ -

Solute tranSport through structured 5011 cannot be
adequately descrlbed by a long1tud1nal spreadlng coeff1c1ent

- Lav we

(Dspr) in the chromatography equat1on. The numerlcal

- - ‘” &« A . a IS
0. W
P SR

approach of d1v1dlng the SOll solutlon 1nto two phases, -3 S
pools, 1n order - to account for holdback of - solute in the

m1cropore reg1on has been successful 1n stud1es of leach1ng

in structured soil and the moblle stagnant pool model 1s the o

a;

51mplest example : of thls.. ?;'“?Tq in;?‘”““ S

b A e,

In summary, the.chromatography d;fferentlal equat1on_
prov1des a theoretzcal framework for soﬂdt% transportw-*”';-gmz
| ~stud1es in so1ls, however, the equatlon must be adapted for_fatf

leachlng studles on structured so1ls. The two solut1on pool

- - ‘;v. e .~.' . N e 4= LR ii‘

. _ [:
concept has proven useful in- descr1b1ng transpont under ’

these condltions.

x, 'In*thls stugy the\lnteract1ve mob1levstagnant phase
model of Add1scott (1977) i belng testedﬂln 51mulat1on and &
' field experlments on an Alberta Gray Luv1sol Modlfxcatlons
“to account for var1at1on in © and v w1th depth and.tlme, and

for the effects of frozen soil must be 1ncorporated to
- descrlbe the condltlons under study The model is also

extended to descr1be transport of adsorbed solutes.‘ o
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A smum:rlon uobm.-— nmnopm'r '
The 51mulatlon model descrzbed 1n the followlng 2

sectlons 1s based on.a. numerical solutzon of the e

chromatographlc equatlon. The 5011 column 1s d1v1ded 1nto

dlscrete layers and water flux between the layers 1s deflned

by a water balance equat1on. The solute tr/nsport equat1on;

is then ‘solved u51ng rectangular 1ntegrat1on. hu.lt.ﬂln.;lil.‘

s . w .
¥
L S W e .
.- B I .
2 e, e . K"‘f - -t e ee - -
T e Sy A R

e, e T - 7w ae oo

1. Moisture*Flux

M01sture flux through the 5011 column 1s def1ned at

¥

'each layer by the £ollow1ng uater balance equat1on':_‘:f L

WL.= WA - storage f;t -"1‘,J" f“" »Vh'fuj;; 5J(25};

L}

“Tuhere wa water entebing-layer'l from above,

WL water dlsplaced from layer I by WA

. WA enterlng layer I+1 B
'storagef= water absorbed by the layer I. ‘

lzlﬁAnaddeﬁ at layer one is determlned .as, the dlfferencg
between the Water 1nput and evaporatlon (WA = w - E)

' ThlS equatlon is s1m11ar to that used by Burns (1974)

,f1n his layer model of solute transport in non= structured b
50115. The storagelavallable in each layer is deflned as ‘the":
d1fference between f1eld capac1ty (33 .kPa - so1l mo1sture
ten51on) and the water present 1n the layer. Water w1ll

"1y
accumulate 1n each layer unt11 fleld capac1ty is reached

. <t i



i after whlch an amount of water, WL def1ned by the water<-'«r»~a

,‘—--

Qalance, w11; bg dlSplaCed 1nto thé next layer.‘In termsboﬁ :
:_f the symbollsm used in the model avalIable storage 1s

determlned as.,, T“‘, -

L . v - n R T MY
S e, s g

AR

T, f "'n,,.
R - e LY

R N A :
. i - -~

— e, . -

’-5-..

XSWMCP(I) 'y WMCAP(I) + WR(13 - WT(I) }d{f ‘ (26)

S where WMCAP(I) é:storage capac1ty of the mob1le water pool

a

i

~where WM(I) = vater present in mob1le pool

LR

WR(I) storage capaclty of the stagnant water pool

WT(1) total water present at t1me, J.

' I.%MlaYer number. o tf' | . -vlv, f‘v

Total'water present in layer I can be expressed as the

e

. .sum of moblle and stagnant water present in the 1ayer~¢

WD) ;wn(z) + w»m) Sl _/,' (27)‘_,--4

L. P T . ) 3

In its present form the model does not deal w1th solute

-
e, o

transport at o less than the cap czty of the stagnant pool

The amount of water present 1n &Ze stagnant pool (WR) 1s,

therefore, constant and storage capac1ty can be expressed in.

terms of WMCAP and WM only"~

XSWMCP(I) = WMCAP(I) + WR(I) WT(I) |
) = WMCAP(I) + WR(1) (WR(I) + WM(I))
= WMCAP(I) - WM(I) o B (28)

The relat1onsh1p between WA and XSWMCP(I) deflnes three :

dlfferent leach1ng cond1t1ons.

O

- ii)

WA s XSWMCP(I) in wh1ch case all of WA is’ _
»absorbed by the avallable storage capac1ty in layer I

'WMCAP(I) 2 WA > XSWMCP(I) “in whlch case an amount

of vater,‘WL = WA - XSWMCP(I) 1s d15placed 1nto layer

- - I..(/""‘



- I+1-1WA 1s then reSet to WLland applled to layer I+1;.
i;1) WA > WMCAP(i),iLn wﬁxﬁhﬁtaee all of WM(I) 1s dlSpl&éed

o

WM(I) i reset.to WMCAP(I), ‘“= WA~— xswucxpcr)

, e e WD
A - e . v v

.gv';p..

Slow leachlng is. def;ned by eases 1) and 11) wh1le fast j;q;.

leach1ng 1s def;ned by 111) Tﬁe d1fferences between the two".

will be dlscussed in the follow1ng sectlon. T
| The program parameter M .@efines the size of the soil

system Layer M+1 1s regarded as. a sink, .so that water WL,

. dlsplaced from layer M is lost to the system.-

Frozen layer routxne

A frozen layer is regarded as .an.. 1mpermeable barrrer to_""

water movement so that 1nf1ltrat1ng water encounterlng a

frozen layer must be st9red above it, Thls requ1res-

deflnxtlon of a thxrd water gool WGRAV(I) orjgravity oo Tl

water, and its storage capaczty, WGRCAP(I), and available

storage, XSWGCP(I). The reiationship'amOng these terms is

similar to that deflned for the mob1le water pool-

: XSWGCP(I) = WGRCAP(I) - WGRAV(I)

- where - WGRCAP = tbtal por051ty - WMCAP“- WR., - - . 'bf

The available: storage in: each layer,.;, above the frozen
layer is determlned as.. | s o
storage = XSWMCP (1) + xswccpcx) SR . «(29).

Theﬂfrozen layer number, FLNR is read-by‘thef

'sxmulatlon program at each time step, before .the water

inputs are read I'f the 5011 is completely thawed a value of

'Olis.entered If FLNR moves downward between succe551ve t1me

>""—'\-aa~'-l e

.ﬁ«ﬁ«-and WA-rs reset as 4n~11) and applled to layer I+1 ﬁi*fﬂf'”



steps then the amount of WGRAV above FLNR is, redlstr1buted
WA 1s set to WGRAV(FLNRT—1), where FLNRT is the prev1ous
;g,ovalue of FLNR and FLNRT-1 is the next htgher layer.~WA 1s
-.d;fthen transported downward”aCCOrding to the water balance--
'w?eguat1on (25) The program then moves upward though the 5011
e;column redlstrlbutlng WGRAV contalned in %ach succe551ve1y -
hlgher layer oo ' |
-When the program encounters a 1ayer,7ii such that 1= 0
or WGRAV(I) '; redlstrlbutlon ceases and water inputs are
read for the current time step If a frozen layer causes
.dpondlng\of water above the surface layer the amount of water
ponded WPOND, . is added to WA app11ed to layer one at the'

;“beglnnlng of the . next time step.‘

2. Solute Transport (non-reactive solutes)

-

,‘Transport of non:reactiVe solutes through heterogeneous

..

media can be wr1tten (neglectlng spreadlng effects) 1n terms

'of the classical chromatographlc equatlon as: .

| . 3(B-c)/3t == 3(v- c)/az | - o (30).

Both 6 and:-v can vary with depth and t1me..‘ - |
A f1n1te d1tfe5ence equation para;;el to (30)'can be

Y

wrltten asg... . e R

.The left side of equatlon (31) can be expanded to.'°
A(e ‘c)/at = eAc/At +-cAe/At + AcAe/At-

A(e c)/At ='-'A(u c)/Az o AP o 't (31).

- If changes in ¢ and @ w1th time are small relatlve to c

and .6 then the last ‘term can be neglected The values of the'

.

-
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e teaps outs1de the dlfference operators can be set to-ssﬂ

8- ave = t(e(t z) + B(t+1 z))' and
L c ave = i(c(t z) + c(t+1 z)) N
Then-' - :s' < :"-‘ ;:; ‘

'A(B-c) ; e—aveAc + c-aveAB

9 ave[c(t+1 z) =~ ec(t,z)]) + e- ave[G(t z) < 6(t+1 z)]

c(t+1, z) 6(t+1 z) - ctt, z)-0(t, z)

Therefore the - left 51de of equat1on (31) can be written as:

A(e c)/At =) (c(t+1 z) e(t+1 z) - c(t z)- ﬁ(t z))/At(32).

The rlght s1de of (31) can be expanded 51learly (1f Av',

and Ac are small relatlve to v and c): |
| A(u«c)/Az = (v-aveAc + c- aveAv)/Azl
where v-ave = t[v(t z) + vlt,z-1)];

c-ave = t[c(t z) + clty z-1)]'

B = c(t z) -‘c(t z-1)

Av ; (e, z) - v(t z-1),
"Therefore the rlght 51de can be wrltten as.s o
. —A(u c)/Az.= - [c(t,2)- v(t z) - clt, z-1) - v(t z- 1)]/Az (33).

Each of these expre551ons, (32) and (33), carn be .
wrltten in terms of ‘solute masses, M, and.water volumes;'V:
c = M/ -
v = AV/(A At)
e = Vw/Vb = Vw/(A- Az) |
aﬁheret Vv =-volume_oiﬁwater.in_laYer.df.tﬁickness Az;s:

and, Vb = tota;_vdlume:of'plate ofﬁfhickness.éz.
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Therefore: .

L.S. = M(t+1,z). Vw(t+1 z) CUM(E,z) Vw(t z)-
,At w(t+1,2$ AAZ“‘f'* Vw(tqz) ‘ ]
;;”M(t+1 z) - M(t z) ;- - ;"‘77_'*f
‘ ARzAt : L
and-
R.S. = [ M(t,z). AV(t z) - M(t,z- 1) AV(t z- 1)]
Az Vw(t,z) AAt T oWt zm) AAL
= M(t z) AV(t z) M(t z-1). AV(t z~ 1)
AAzAt[ Covelt,z) T S w(t z-15

. Putting L.S. and R.S. together:’

,:thtJ;zL,r,M(th) = -M(t, z) AV(t,z) + M(t,2z-1).AV(t z—1)(34)

% . ... . Vw t,z L w(t 2z 15

The. symbollsm used in the 81mulat10n model is as

follows'i

«

I = layer number (vertical coordlnate)

L J = tlme coordlnate (t7at);

ST{1) = M(z £) = total dlssolved solute mass in layex I;
'_WT(l) =wa(z t) = total water in layer I;
WM(I). = water in ‘mobile water pool in layerij;

.',S"{h_d.-(I),.--‘= solute Mmass in“WM(I)~

WR(1) = vater in stationery pool in layer I-

Zal

SR(I) solute mass in WR(I) S o 7ﬁ

WGRAV(I) = water in excess of f1eld capacxty, stored abone
a frozen layer" |

SGRAV(I) = solUte-mass in;WGRAv(I);"\
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fﬁh‘ water enterxng layer Iat t1me J' s

water dlspaced from layer I at tlme J.

The.. ratlonale beh1nd the tqorpool system 1s explalned in the

>.11terature rev1ew.

WA is determlned at dach layer 1, and.tine‘step,'J}"
from the section of the model descrlblng water movement
(sect1on III A.1., above)

Equatlon (34) can be: wrltten in terms of - the symbols
} deflned above. for -non- reactlve solutes." e N

‘AST(1) = WA*ST(I—I)/WT(I-1) - WL*ST(I)/WT(I) (35)
The solute concentrat1ons in each pool are equxllbrated
within each layer at the completlon of each tlme step so‘
‘that: 3 | N C
,,SM(I)/WM(I) ='@R(I)/WR(I) = SGRAV(I)/WGRAV(I) = ST(I)/WT(I)

| | | ‘ (36).

_ Slnce movement of solute occurs in the mob1le phase
only, equat1on (35) can be wrltten ass . _

AST(I) = WASM(I-1)/WM(I=1) - WLeSM(1)/M(1). . (35a).
where the f1rst t;rm on. the ‘right 51de of the solutlon
deflnes the amount of solute added to layer I from the layer_
above (I-1) and the second term deflnes the solute lost from:
I to the layer below (I+1). It can be seen from (35a) that
the mass of solute transported\between layers is | ',"
7proport1onal to the volume of water moving between 1ayers
and the solute concentratzon 1n the water. Equat1on (35a) 1s
equzvalent to the slow leachlng algorlthm used hy Add1scott
{1977). e . R ‘I'; ' .

RS

'



- For redlstrlbutlon of SGRAV followlng movement of a

o ‘frozen layer I 1s set at FLNRT WA is set at WGRAV(I—1) and ~

‘(35) is used to- determlne solute flux between laYers. The
Tprogram moves-up, decrementlhg I, untrl,WGRAv;ls exhausted

‘ or the so1l surface is. reached

_ Fast 1each1ng ‘ | | o~
Equat1on“(35a) descrlbes solute flux for the cases in o
which WA < WMCAP(I) (slow 1e@ch1ng) When WA > WMCAP(I)
(fast leaching), however, the solute added to layer I is not
given by (35a). Ingthls case the amount of water added to I
is equal to WMCAP(I) and SM(I) is determlned as
WMCAP(I)*SA/WA ‘where SA is the solute mass in WA. The’ water
added to layer I+1. is determlned as WA = WA - XSWMCP(I) and -
: 'solute added to I+1 is determlned as SA plus solute i
‘:d1splaced from I, less solute left in 1. Thls“method for,
resettlng SA. results in m1x1ng at each layer and d1ffers ‘\\ |
from Addlscott § 41977) fast leaching routlne whlch pushes
solute fhrough as a plug to the layer n, such that
ZIWMCAP(I) 2 WA, and then sums the water and solute
ffdlsplaced and applles them at layer n. ThlS results in a
"rather dlscontlnuous mlxlng of 1nf1ltrat1ng solutlon w1th

d1splaced solutlon. W R

“In summary'thef' d”c on~program WOrks as follbw5°

i) volume of water é&;’ ‘ng 1ayer I 1s dEtermlned from

' the water flux routlneS°
.. @

ii) mass of. solute enter1ng layer I (1n WA) is determxned

A,g.

from the approprxate leaching routine'
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ff111) WL ise determlned from the water bq ance equat1on-

’Tgwhrv) mass of solute 1eav1ng I 1n WL 1s'deterﬁ1ned"7'”

;ﬂ

'equat1on (35) (35a)

'ﬁfﬁ7w)15;ST(I) is reset-accord1nggto,

for the fast leach1ng rout1ne,

.vi)1~solute mass 1s red1str1buted between mob1le and )
| 5stat1onary pools (SM and SR, respectlvely,‘and SGRAV

§1f necessary) accordxng to equatlon4(36),

R e ﬂl ) ©o .
vii) when ST(I) has been determ1ned for all I tﬁe program 154
”‘updated (J=J+1) WA at I=1 is* determlned as the net ’

1nflltrat1on at J=J+1, and 1) to vi) are repeated.,{p
S {\..--,.“ o ; PO

7

e

REEARS

f_Evaporat:on _ : ) e o
- Tbe sxmulatlon model adopts the approach of Burns}f 77“._
"-(1974) in. that 1t allows the 5011 to .dry out to. a molsture

'f;content def1ned as the "evaporatlon 11m1t"-'6el It extendsf

‘theumodel of Burns to descr:be transport of VOlatllé

tsolutes. fﬁ;-j’v . ‘“ﬂf '_ : f?ﬁf;

.prec1p1tation or water 1nput and E;ls the potentlal SR

“Vﬂﬁevaporat1on When net evaporatlﬂ ?occurs the uppermostflayerf”
';3can dry to eel Any evaporat10n in excess of thls amount

;thé l qu:d

'.;amust be replenlshed by capxllary movement (1

f,ﬁophase) from below. Water lost from the s"”T"‘
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satlsfy the evaporatxon requ1rements (-WA)_ If the amount of
‘ water (WT(1)) rema1n1ng 1n layer one is less than Gel thls
def1c1t ((Bel -‘WT(1)) 1s replenlshed by water from layer 2

.80 that water 1ost from layer two 1s deflned as-'

WE(2) = 9e1(1) - WTE). | !
. The equat1on def1n1ng water loss 1nduced by‘evaporatlon for
'_I > one is: l' R '
WD) - ee1(1 10 - WIS R
Thls value is a551gned untll net evaporat1on loss 1s -
satlsfled that 1s, for all I, such that WT(I) <. Bel(I). '}
The mass of solute lost from each layer, SE(r) 1s the E
pfoduct of . the water lost and the solute concentratzon in. > “
“the solutlon phase._l, flf”fa o »,;‘-is. ,utf;Jv;' ,_Ttl“"rkg B E
O SE(D) = WE(D ST /M) S |
Water and solute mass balances are wrltten for each layer
for whlch loss occurs' o | : | ' :
Sy "=f‘-wm(1> + wa(1+1) ;
_ AST(I) %'- SE(I) + SE(I+1) R
After WT(I) and ST(I) are reset solutxon w1th1n each layer ’
1s equ111brated accordlng to equat1on (36) Th1s achleves a d ::Qﬁf

contlnuous m1x1ng of solutlon as 1t moves upward :sxmllar tohl“_
; that WhlGh occurs durlng‘slow leach1ng.;-37” ' o |

. Thls model extends that of Burns (1974) to the
descrzptlon of behaV1or of Volatlle solutes, such asmammon1ali
and many pestlcxdes Volat1;12atlon 1055bs ﬁ¥5501ute mass,-s

SV occur from theﬁflrst layer only and aze approxlmated as?”




SV= SE(” = WE(1)*ST(1)/WT(1)

As a worklng approxlmatlon the eVaporat1on l1m1t of

' thlS model 1s set at the 200 kPa so11 m01sture tensnon water -

content Water 1n excess of th1s amount can be lost to
replenlsh mo1sture def1c1bs above.-A m01sture def1c1t is
deflned as any e less than (-} at 200 kPa. The so;l 1s not
! allowed to dry to tens;ons greater than 200 kPa. For ar1d
j'501ls a lower value for the eVaporatlon 11m1t may be . |
neccesary Altetnat1ve1y,‘1t mlght be de51rable to allow eeligz
'_to vary, dependlng on theboverall m01sture status of the t
ui501l proflle. ‘fw¢5 'f o - . ; A‘fld“l | ' |
The evaporatzon routlne was 1ncluded to make the modelb
lmore general Due to t1me constra1nts no attempt has been

| made to determlne a more approprzate value of ee1 The
deflnltlon of SV 1s val1d for tritlated water but may not be -

for other solutes. Further theoretlcal and experlmental

1nvestlgatlons are necessary to 1mprove thls routlne.

.

3 Transport of Adsorbed solutes _ _ \
a ' Partltlon of solute mass between solutlon and‘adsorbed
phases in. 5011 can be descrlbed by a llnear 1sotherm for i
llndane and other pest1c1des-' o .
a = Kads C"f T | e
Changlng to the s;mbols and d1mens1ons used in the

sxmulat1on model 1nvolves the follow1ng relatzonshlps.

a = Q/(DbAz) and




o= s'r/w'r TR ‘, R
J-where Q = adsorbed solute mass (per layer) per un1t
e :cross sectlonal area? S o
-Db_=pdry bulk dens1ty, r f“i*ff ts'i,xﬁiﬂl7 le”
Asné'layer thlckness"‘ ‘.,f“ l'- ”'M'-.“x |
‘ST‘='dlssolved 501ute mass (per layer) per unzt L
‘ ifcross sect1onal area'ff; | : . |
_WT.;;total water (per layer) per un1t area.«‘

- The adsorptlon 1sotherm can be deflned in terms of Q

‘“and ST

Q . (DbAz Ka'ds)S'r/W'r .

=B ST - '.¢--f ~._fﬁif,';f" g }"';‘*V"’B?p

,1,where Ba1s the effective part1t1on coeff1c1ent def1ned by.

B = (DbAz/WT)Kads.‘\p’_f;f "Wfl‘ 5;5fl€wﬁyh

The adsorbed solute mass, Q(I) in layer, I, can also e

be expressed in terms of . the totar solute mass, MS(I), and

Aftotal dlssolved solute mass,:ST(I) “in layer, I..

QU)< Mﬂi)-mgn ﬂo“h_~ 5pg" ff;';f;68h3”

hTherefore-”e"'

o

ST(I) = MS(I)/(1+B) ft”; 2 'tf‘f,;' '_;4<xé39)*”

W . o L0 . o O T

- Q(I) =13*Ms(1)/(1+3) ia-- l,f ;ff']"‘;?_," (40)
' A change in MS(I) result1ng from mass flow 1nto and/or

4'out of I‘can be defzned by an equatlon parallel to (35)

| AMS(I) = sk -‘sn

‘

Fjwhere SA -'solute"mas

5enter1ng I

.' P
PRI

pf - wa*sr(r 1,/WT(1 1)
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~and  sL’ éolute‘mass-displacedfrrom}rdbg WA

WL*ST(I)/WT(I)

"

,Ahy change in: MS(I) causes a change in Q(I) and ST(I)

so that-'f K :
| s'r(I)j - MS(1) /(1+B) o .'5 5_ | |
L o= es(1)) s AMS(1))/(1#8) o (39a);
iﬁ_ "Q(r), = MS(I) /(1+B) g L i '.,‘ v;d“*\\*;'
P R B(MS(I),-ivf AMS(I))/(1+B) T (aoa),

where ,_1 and , denote succe551ve t1me steps.
Equatlons (39a) and (40a) define the partltlon of
g solute mass between dlssolved (ST(I);;and adsorbed (Q(I))
phases at layer I, for solutlon mov1ng through I The;‘
51mulat10n program functlons as follows' L |
'¥(LY. change in, solute mass in layer lg_rs determinedl,
 as AMS(I) = SA -'sL; R |
'(iil ST(I), is determ1ned from (39a),¢
(111) Q(I), is determlned from (40a) |
(1v) 3 is updated and contlnue.v ‘
' For non—adsorbed solutes Kads, and there:ore B, are set
at: 0 so that ST(I), = MS(I),-{.+ AMS and Q(I)
> : ‘
4.‘Pesticdde Decay | |
Decay of solutes can be treated as a s1nk term. o
_Blologlcal degradatlon of many pestzc;des can be treated as
a f1rst order decay react1on at low concentrat1ons B

KHlltbold 1974) Nash and Woolsoq (1967) determ1ned that

"loss of lzndane 1n s01l followed a- f1rst order decay rate



jlaw For‘frrst order‘reaction kinetics;thetsink’term»can be -

'_-expressed as- i

where S = the amount or’ concentratlon of pestlclde,_“

‘r decay'rate constant (1/t)
Us1ng thlS s1nk term 1nvolves subtractlng a constant
':hyfract1on (r) from the total amount present (MS) at every
time step. It may be argued that adsorbed sol%fe 'is
"protected from decompostlon and tha: only the dlssolved
,solute is subject to decay,)§§>§hls 1s true then the decay
'rate eqdat1on would apply to ST((dissolved solute mass)
‘ rather than MS The decay rate constant, r, glven above 1s
| an averaged value whlch def1nes the overall decay rate in
‘.all phases and therefore must by applled to MS rather than'
'ST. For . 11ndane r is less than 0. 001/d (Hlltbold 1974)‘
'that 1/1000 x ST is lost each day. v'd'y g_\\;_‘ .
1f tlme steps are small enough then AS = -rit- ‘s. The
\\\7analyt1cal solutzeh for (41) 1s stra1ghtf0rward however- o
S(t+At) = S(t) exp(*rAt) - )
Decay of solutes can be effected in a f1n1te difference
model by multlplylng the solute mass by the factor exp( rAt)
1‘at each t1me step. ‘ - e ;
For ‘the period: of the experlments performed lfgdane
decay was not a factor in solute d1str1but1on aﬁg |

'decompos1tlon term was not 1ncluded in the s1mulat1on

program.-
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B. FIELD EXPERIMENTS

1. Soil v >

| Fiedd exper1ments were performed on untllled barley
ﬁ~stubble on. Breton Loam, an orthxc Gray Luv1sol The _
experlmental 51te was located on the Un1ver51ty of Alberta
: Breton Plots, two km southeast of the - v1llage of Breton,
'Alberta, NE- 25 47-4-W5." The soil was formed: on- medlum f1ne
‘textured txll and ‘posseses moderate 1nternal dra1nage
(Howitt, 1981). . | |

The phy51cal and chemlcal propert1es of thlS so1l were ,
descrlbed by How1tt (1981) It 1s character1zed by a clay
uenr;ched Bt hor1zon (18 - 60 cm) with a. strong blocky
’,prlmary structure and weak prlsmatlc secondary(structure. ,}
The Ap ‘horizon is -low in organlc carbon (1 4 %) and

“;possesses a. weak platy structure (Crown and Greenlee, 1978)

-

_i&”f

,The BC hor1zon (65 cm —) has a. weak coarse blocky structure.

S$o6il characterlstlcs are’ summarlzed xn table II.1

2.'Solutes |
The solutes used 1n the fleld experlments were ’HOH S

1“a(tr1t1ated water) and 1 4C- labelled "llndane". Trltlated .hifff
Twater was treated as -an 1nf1n1tely soluble, nonreactxve - |

‘ﬁsolute. Llndane (y-hexachlorocyclohexane, also known,

.....

v 1ncorrectly, as y benzene hexachloride or y~BHC) 1s an.

1nsect1c1dal 1ngred1ent in some seed treatments used 1n

‘e
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.fWestern Canada. It 1s a sparlngly soluble, trongly

' adsorbed and pers1stent chem1ca1 and therefore, assessment

_of 1ts mob111ty 1n so11 is an env1ronmental concern.
) .
Chemlcal propertles of 11ndane, pert1nent to th1s study,.are'

g1ven in’ table II 2

Table II.1. CharacteristiosaofaBretonvLoan (orthic Gray =
Luvisol) S B . -
Particle size analysis '

Horizon Qrg. C(¥%) "%sand‘a-QXSilt-f v%ciay'
Ap © C1:4. 0 33 B85 12
Bt 0.4 - 26 .40 . 33,
BC 0z 30 a2 28
Howitt (1981) S
*-Crown and G;eenlee (1978y. . e

Y
.

 Table II.2. Chemical properties of lindane.

. ] . ‘ L " . L “7“ Y
. - e o ‘
S : . : S B s
o : ,

S _2Adsorption *Kd i -
o R Yagueous  *montmor- - *Breton L "Half llfe}
.~ IUPAC name - - solubility illonjte " Ap ”‘Bt:; in soil

y-hexachloro- * 10 ppm" 2.5 - 13 5 2yr .
i'cyclohexane' R o co L
-Green (1974) R

2-Hiltbold (1974), . Coo
- *=Rd expressed as (umoles l1ndane/kg adsorbent)/(umoles L
~ lindane/l.solutjon) f£or equilibrium solution concentrat1on

- »0f: 10 umoles/1l for: ‘montmor1110n1te, and

iR 4 nmoles/l for 'Breton Loam.' ~
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3.‘Exper1mental De81gn JEEPI s - »~\ I
Tr1t1ated water and solut1ons of °HOH and “C llndane
were each appl1ed to the Ap and Bt horizons. The 1sotope |
solutlons were m1xed WIth air- dry, ground and se1ved (2 mm
mesh) SOll 1n the laboratory, u51ng a pastry blender. In- the
f1rst.£?eatment 6 ZEJiC;.of ’HOH alone were added w1th 250

\‘\

EEEN

S

ml’of wvater to each of i, 3 kg of Ap horazon so11 and. 2 0 kg

of Bt horlzon 5011

. also m1xed wath-seil ‘In @h;s,éﬁ%e 2.0 uCi “C llndaﬁp an-

10.0 uC1 ‘HOH dzssolved in 20ﬁrmlaof w%ter were mlxed wlth
';each of 1.0 kg of Ap and 1.5 kg og ﬁt 5011 ' -'; . “}'* ?i
' The soil-water- 1sotope mlxtures were applmed to the. _
sozl on Nov 26 and Dec. 6,'1981, after the sou&ysurface had .f"ﬁ
frozen. At 12 s1tes approxlmately 2t cm depth by 30 cm }
dlameter of: Ap horlzon was removed and replaced by the"
‘ Ap—lsotope mlxtures. Another twelve 51tes were excavated to; ‘
the upper surface of the Bt horlzon and: Bt*lsotope mlxtures B ?u
. were added llghtly tamped and covered w1th Breton Loam Ap
so11 | | '

7
0

lsotope mlxtures were'. laterally contalned within 30

“’a_hcm d1ameter open cyl1ndr1cal heatlng ducts pressed 1nto each_

respect1Ve hor1zon to.a depth of two to three cm. Their

-~

heat1ng ducts marked the sztes for sampllng The 24 po1nts-:

‘
of appl1cat10n‘of the 1sotope m:xtures were spread out

im“evenly over a rectangular plot area elght m x 14 m,. as shown

o in f1gure II.1. Gamma densxtometer access tubes were

-
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+ + + +
A . A A A
v v +v 4+ v ) +': t Y
SEEIPE B B B B
+ + T+ +
c c A A
' 14 m
+ <+ o+ +
D D - B B
+ L+ + +
c . “C c Cc
- & ¥ + ¥
S e B D D
g V{ . . ‘. .- &
- -8.m — a
L /

+ = Site of tracer application.

-11 = 6 25 uci HOH applied to ‘Ap horizon (0~2& cm)

B = 6.25 uCi 3H0H applied to Bt horizon (17-20 cm) v

¢ = 10 uct *HOH and 2 uct Me-11ndane applied ‘to Ap: horizon (0-2%5 cm).
D =10 uct %HoH and 2 uct ¢ 1indane applied to Bt horizon (17-25 cm).
oy

o

K - Site of gamma densitometry twin probe access tubee. _

. Figuﬁe II;i}‘Fiéld,expéfiﬁenté,"p;o;-layouf;"
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"1nserted near the N-E and S A corners of the plot area.f.

' The plot was sampled between May 5 and May 12, 41982
:after the snowpack had completely melted Two 4-cm dlameter
ucolumns were taken from w1th1n each cylznder to depths of

100 to: 120 cm using: a hydraul;c powered core. sampler. ‘The
,columns were sectloned 1nto 2.5 cm layers from O to 75 cm.
@nd fﬁveécm layers ﬁrom 75 to 120 cm depth Solute'
?act1v1t1es were measured by llqu1d sc1nt111at10n countlng as

d ldescrlbed in sect1on 4, b) below,

4. Field ﬁeasurementsv'
a. Inf:ltratxon/Evaporatxon
i) y-Densxtometry . | . _

| Wet bulk dens1t1es, Dt, were determlned by the - A
Ly dens1tometry method u51ng a Troxler Mbdel 2376 two. probe »
*dens1ty ‘gauge. The. method and theory of operatlon are glven
by van Bavel (l958) szth et al. - (1967), and Troxler
Electron1c Laborator1es (1976) Dry bulk7densities; bb and
volumetric m01sture contents, 8, were ‘also determ1ned from
data obtalned from’ y—den51tometry, as descr1bed below.'

Net 1nf11tratlon or net evaporatxon were determlned as .

the net dlfference in 6 between succe551ve e proflles
determlned by rectangular 1ntegrat10n, as. illustrated 1n

. .,-.

f1gure III. 13 in the next chapter.

ii)dSnOw'survey |
‘Total potentlal 1nf1ltrat10n was. determlned by a snow

‘survey_on Mar.2§, 1982 after the last prec1p1tat10n event
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before the fléld experlment ended Snow cores were taken

. Ly A .

near the four corners’ of the pldt area uS1ng a tube of known
.

'_“dlameter' SAow was we1ghed and helght equ1valent owaater “?Hj“““

-determlned as the we1ght over. the cross sectlonal area of -

the tube. .

_b. wolumetric Moisture Contents, 0 .‘»»"*l

b_ Volumetric moisture*contents were calCulated as the
Bdlfference between Dt and Db Ten 6 proflles ‘were measured -
between Mar 9 1982 before sprlng thaw began and May 15,

1982 after sampllng was completed

“'c. Depgp of rrost o . |
. Frozen layers were determlned by problng zlth a
sampling tool. It was found that frozen layers determlned in
;th1s way corresponded approx1mately to bulges in the ‘
d1fference between successive. 8 prof1les. ' p
5. Labpratory Analyses‘ : .
a. Soil'Physical Propertfesn
i) Drw bulk density, Db

Dry bulkndensities, bb ‘were calculated from vet
densities, Dt, and grav1metr1c soil. m01sture contents, W,
accordlng to the equatlon'

Db = Dt/(1+w) RS ?.

‘Grav1metr1c mozsture contents were determ1ned from twoi

1981,

‘n‘Nov.
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sépf 1982 Samples were removed from the f1eld in sehled

m01sture t1ns and drled at 105°cC. w was calculated as welght

. of water in the samples d1v1ded by the WEIth of the L

.‘"oven dry 5011 Bulk den51ty prof1les were determlned on

Nov . 20, 1981, a?d Sept 16, 1982 and the mean Db calculated E

°

at 2.5 cm 1ncrements to a depth of 110 cm. | o o
ii) Porosity, a T T
Porosltles were calculated from Db and part1cle .

den51t1es, Dp, as:

a=1- Db/Dp.
Partlcle den51t1es were determ1ned by the method descrlbed ’
'dby Blake (1965) usung voLumetrlc flasks. A porosxty p;oflle .

was determlned for ‘the same depth and reéolut1on (110 cih and .

"2 5 cm, respect1vely) as for Db proflles.

,iii)'MoiSture'retention curve ~z?j;ﬁf
So1l m01sture retentlon cutves were determlned by the
pressure plate method descrlbed by the manufacturer of the

[,apparatus used (501lm01sture Equlpment Corp ). Intact 5011
L. oy

-cores were used in orde;“gp preserve the pore structure.

vl

Steel rlngs, 3.0 cm hxgh byf“B cm in d1ameter wvere pressed ;e;p

1nto the soil, dug out and trlmmed w1th a trowel the same.

gcores were used for, mé@iture determ1nat1ons at all tens1ons.

'Welghts of moist sd%& d%re measured between runs and oven -
'.dry we1ghts measured ;fter the last equ111bratlon.'

'Gravxmetrzc mozsture contents were determlned for Ap (8

3

) samples) Bt (7 samples), and BC (4 samples) horzzons at 5

s
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‘eQUat1on- 'lf

lx)Adsorptxon i 'ﬁ",,' N

LR E)

33;'100 200 500 and 1500 kPa m01sture ten51ons, 1n ‘the

‘order gzven. Volumetrlc monsture contents at these polnts

were obtalned from the gravlmetrlc accordlng to the
6 = Dbew.
N

b. Chemlcal Analyses‘

’ Adsorptlon rates and 1sotherms were determ1ned fox

.llndane adsorptlon to. Breton Loam Ap and Bt horlzon 5011

Exper1mental methods were s1m11ar to those of Kay and Elrlck

(1967) except “C labelled llndane was used and measurement

was by l1qu1d scxnt111at1on countlng (LSC) rather than by
gas chromatography | - - |

Two gram so1l samples, air dried and ground to. pass a’

-
one mm mésh selve, were shaken 1n centrlfuge bottles w1th 50

¢

.ml of "C 11ndane solut1on of known concentratlon and

ac;1v1ty. Samples were then centrifuged at 27 ,500 X’ grav1ty

¢ for 30 mlnutes. "C—iindane actlv%}y in solut1on was

‘determined by LSC of two ml of the supernatanmu

?Act1v1ty per

',un1t volume was converted to llndane concentratlon by

dividing by the spec1f1c act1v1ty. The amount of adsorbed ‘

-

Tl1ndane was calculated -as the dlfference between the,,??
or1glna1 and f1nal amounts of dlssolved l1ndane, leSS‘“557°”'

};llndane adsorbed to the centrlfuge bottles, determ1ned from

the 1sotherm.for llndane adsorpt1on to ‘the bottles.

Adsorptxon 1sotherms were determlned by shaklng 3011

samples 1n 1ncremental solutlons conta1n1ng 0 005 ppm to 2 &

L

a,.»'
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ff7ﬁppm 11ndane for two hours. Adsorptxen 1sotherm expermments O

rﬁsawere dupl1cated and the adsorptlon coeff1c1eqts determlned

u"{fas the slope of the regre851on 11ne of adsorbed versus

'»ﬂf;dxssolved 11ndaﬂe for the combzned sefs of dataa-

Adsorptzon rates

'ere‘determlned be shakxng tripllchte

;ffgtso11 samples 1n 1 5 ppm“lzndane‘solut1on5gfor_rzme per1ods

'ﬁranglng from 0 25‘to four hours. AdSbrptlon eQU1ldbr1um waS»};.;

fwkeiattalned 1n less than one hour for both Ap‘and Bt horlzon

iT?ﬂ;samples.,_.“

s

'fﬁ;iquu1d Sc1nt111atzon Counting (LSC) |
o Isotope act1v1tLes“were measured by 11qu1d

an s




?Zoperatlng temperature of the sc1ntmllatlon count1ng system.

f?The cockta;l used could therefore dlssolve al "

;solutlon:1n three gtam samples of gravzmetrzc m01sture

;:contents (w) up to 2 0

N R

LRI : .

iTable II 3 Preparat:on of lxqu;d sc1nt111atxon cockta:l for
derect count1ng of sozl-borne "C-lxndane and ’HOH

?cm?Onéntﬁgfﬁ:;7:‘jlffamaﬁﬂtLVi?(};Vj<f1ﬁ;cntei”:-Irff;>é*

AT Lol o' B W e ;) R S L e . . PN

s

; dloxane S 1000 ml R L

’]xylene -,-;%-“' . ,?600 ‘ml - DT LT

;Lmethanol '?'r’* .400:ml." b

s "PPO .- fﬂ,‘f oo 15-gm’

;T’POPOP L 0 1875“gm
naphthalene . 240 gm

.'5

"—Sclntlllants added 1n a concentrate preparatzon Fishe;

f;mSclntiprep 2,¥1n whlch PPO: and,POPOP areﬁdlssolved‘1n
‘,xylene,-¢_~_ . v_ B _ : ey
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dpm) in the standards were deteraned and an accountab1l1ty

1:versus SCR curve plotted (flgure II 2 and flgure R 3)
B Accountabllltles for the d1rect countlng of 5011 borne
':“C l1ndane were determlned t% be 55% to 61% for Ap samples
:ﬁand 68% to 73% for Bt samples. These were on average 5%
ilower than effzczenc1es determaned from the eff1c1ency |
‘Versus SCR curve. The accountab1l1ty versus SCR curve was .
3approx1mately parallel to the eff1c1ency versus SCR curve
1tdeterm1ned for quenched "C standards (f1gure II 2) |
- The dlrect countlng method was extended to measurement
-:of act1v1ty of ’HOH 1n 5011 Accountab111t1es so11 borne
h’HOH were gff to 20%, and were cons;stently 5% lower than
~,eff1c1enc1es determ1ned from the standard eff1c1ency versus'
téCR curve. The accountablllty curve for so11 borne ‘HOH was
_-also parallel to the eff1c1ency versus SCR curve for
-f501lless standards 1n the SCR range encountered (f1gure
| Because of the uncertaanty 1nvolved 1n extrapolatlng on

e
A<the accountablllty curves the standard efflc"

yﬂ»ersus SCR

,curves were used to determlne‘act1v1t1es foﬁTboth

*"c lzndane and ’HOH Samplesﬂ ch conta;ned both e and vfd

js’H act1v1t1es were counted'o ,dual‘channel program and
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. 111. RESULTS AND DISCUSSION

. T e ,-j71j"xff%‘V'

'A. SIMULATION EXPERIMENTS ¥
L "%‘

' 1 Relat:ve 512es of Mob11e and Stagnant Pools |
| The dxstrxbutlon between moblle and stagnant solutlon
pools deflnes the 1nfluence of sozl structure on leachlng
-patterns 1n th1s s1mu1at10n model Ratlos oﬁ WM WR varylng |
between 0:1 and 9 1 were used 1n a 51mulat10n exper1ment to p:”
-examine . sen51t1v1ty to th1s rat1o. The amount of water 1n":
jlthe mobxle pool WM, was set at WMCAP the storage capaczty;
fof th1s poel, and WT Az, and water flux dens1ty were held
aconstant (table III.1) (Tlme step, At, for thls and all
_other s1mulat1ons as one day)

‘\. A
}‘

‘Table I11.1 Data used 1n simulatlon expetxment 1a3 Influence

of size of mobzle and sta gnant -moisture. pools (WM and WR
respect1ve1y) on solute d1str1butlon.j.‘~,,

el Tt om/layek

e »HWATER FLUX TR o B :
(e oo Az TIMECDENSITY:. o0 ot o
SIMULATION cm “daysv;ml/cm’-d WD WM WR . WR:iWM.

;A;oif?fé&5§{740

f'.c_n*(n ao

jbdoQ 

.low WR WM rat1os (fxgure III 1) For WR WM of 1 1 o



1 Depth ( cm)_'

S S SR Sj.mulation A (WR wu - o 1) and o
‘ Simulat:ion B’ (WR WM - 1 1)

--- Q’%’-—- Simulation C (WR WM - 3 l)

!i - — — Simulation D (WR WM = 9 1)

100 e
SRR ¢ I S ..._,.__.-..— Analytical solution
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.simulated“solute'distributiohshareridentlcal“andvthe'l‘
;}numerlcal solut1on 1s approx1mate1y equal to the analyt:caly.
'solutlon. V1ewed qual1tat1t1vely thlS means that low WR/WM
values 51mulate the sztuation in whlch structure plays a .
decreasxng role in affect1ng leachlng patterns. WR/WM o
- approaches zero for structureless medla. This is 1llustrated
' in flgure II1.1 by the specxal case qf WR: WM of 0:1
(s1mulatlon A). ngh WR/WM values, representatlve of thhly
' aggregated 501ls, ‘are: 1llustrated 1n 51mulat1ons C and D.
| Increa51ng the 1nfluence of 5011 structure (1ncrea51ng .
WR/WM) 1s accompanled by both a sh1ft in the solute'
concentratlon proflle toward the 5011 surface (pos1t1ve
skewness) and greater spreadlng. These effects are produced
by a fast leach1ng routlne 1n the 51mulat10n program wh1ch
causes channellng of so1l solut1on through the macropores
f when the 1ncremental 1nf1ltrat10n 1nputs exCeed the moblle :
f water capac1ty (WMCAP) | | |
Thls fast leachxng routine reduces the degree of |
'equ1llbrat1on between moblle and stagnant solut1on pools.
_Where the rapldly flow1ng solut1on moves through a reglon‘in

wh1ch stagnant pool concentratlons are”h1gher than 1n the‘

1nf11trat1ng solutlon, dlffuszonal mas"transfer from the

stagnant'pool 1s reduced and

:ss solute mass 1s transported
than for slowly 1nf11trat1ng Waters ;In reglons where —

:lower than in. the

’

concentrat1on in. the stagnant pool 1,

mov1ng solut1on reduced mass transfer between pools results(d

ﬂ in- transport of greater mass to greater depths than would S



occur.under low flow rates.ww v | ,

‘ Thus -the net effect of the fast leach1ng rout1ne is to

cause deeper penetratlon of a small amount of solute but

holdback of a greater proportzon of the mass of the solute _f

‘at the same tlme as 1nd1cated by the upwardly skewed
euconcentrat1on versus depth proflle and the the ta111ng of”

‘the prof1le at greater depth Thls phenomenon was observed

by Dekkers and Barbera (1977) in column leachlng exper1ments?t’w~l
"wlth 1n1t1ally dry aggregated 5011 L )

The analyt1ca1 solutlon 1n flgure III 1 prOV1des a .-

| check on the accuracy of the numer'cal techn1ques used in
.- the 51mulat10n model “The . concentratlon peaks are at the‘ -

same pos1t1on in. the SOll columnifor the analytlcal solut1onrﬁzg[,:

. and the structureless system. Sl1ght1y more spread1ng occursti“ e

' 1n the s1mulatlon, however,fg; - f o S . hi A

The d15pers1on coeffxclent B, used 1n the analyt1cal .

Visolutlon (Klrkham and Powers, 1972)

C/Co-g 0 5[(erf(z +zo"vt)/2V(Et))~.erf(z ‘Pt)/2¢(Et)] (41);_
\Whee z' .= z - 2 54 Cll'I'f'.'.'-.':“ .

_é‘s £lu1d veloc1ty A

1. 27 cm/d' ,-'h: f{v_ o o

:was determlned as the numer;cal

j':", ( 1974 )



T , L I DA
Dspr = v-4z/2 .4T '5;3;;A;”' ; . IR (42)

: _051ng thls approx1mate value ‘of E 1ntroduces errorv1nto the
:analytlcal solution, Values for E determlned from (41) and
',the maxlmum concentrat1on from the prof:les obtalned from
’ As1mulatlons A or ] y1eld curves that effect;vely co1nc1def

- ;w1th the analytlcal solut1on.

,fDetermxnat:on of WR and NM

5011 aggregatlon 1nfluences leachlng patterns because
of the heterogeneous pore structure 1t produces. Therefore
it 1s 1mportant to d1v1de moblle and stagnant pools on the
, ba51s of pore size dlstrlbutlon. The m01sture retentlon
'1cu:3e (8 versus soll molsture tens1on) is one way of

quant1fy1ng pore 51ze dxstr1butlon, s1nee 5011 m015ture

A

ten51on 1s a. functlon of pore radlusﬁ

-

To assign ‘values for WR and WM a moistu "?ensiOn

' .characteristic of “the poreisize’range of each pool 15 chosen

“and volumetrit values ass1gned on the ba51s of the mo1sture'
retent1on curve. In th1s way a standard theoretlcal '

icrlterlon for d1V1d1ng 8011l m01sture pools can- be used The.
:m01sture ten31on used to- assxgn WR/WM should be the same for

v‘all so1ls (Addlscott, 1977). Addzscott (1977) has usedﬂzﬂov

kPa tens1on as a work1ng approxxmatzon.-w :'” :prj
e Sen51t1v1ty to the molsture tensxon value used\in the
jallocat1on of WR WM was examlned u51ng the data 1n table

fIII e The upper 11m1t of WMCAB was deflned as f1eld

Vcapac1ty (6 at 33 kPa SOll mozsture tenszon) and,Wthas set_~L

:'at WMCAP. The upper 11m1t of WR was set af 500 kPa,*ZDO kPa,

K}



T

s v

'and 100 kPa for. separate 51mu1at10n runs. Values bf 9 were

"determ1ned from a ‘50jl mo1sture retentlon curve for
'undlsturbed 5011 cores taken from the fleld A complete set
‘of 5011 phys1cal prOpertxes were determrned for th1s

vvexperlment by f1e1d and laboratory measurements (table

111.9).

Table I1rr,2 Data used 1n 51mu1atxon exper:ment 1b- Influence*‘

W7”;;j§5ff'-“

of soil tensxon value used to a551gn wu on solute
~dxstr1but1on... T A .
Lo S, . _cm/layer
. 'WATER R
S CFBRR o o :
- SIMU- . Az "TIME,;DENSITY " -7“7% e D WRIWM SR
LATION cm . - days ml/cm’-d WT WM. WR ° set at
~B  2.54 40 0.5 " varies.'varies ~varies 500kPa’ ..
C 2.5¢ 40 0.5 - varies varies ‘varies 200kPa
D 2.54 40 0,5 . varies varles\ varles }100kPa

The results of thig 51mulat1on exper1ment (£1gure frﬁ
'III 2) were in qual1tat1ve agreement w1th the prev1ous
'exper1ment Ch0051ng a low SOll tens1on to a851gn ‘WR and WM
'resulted 1n a hlgh WR: WM ratlo, cau51ng ‘a- greater pos1t1ve

fskewness 1n the solute concentratlon proflle (s1mulat1ons c

_iand D) The skewed proflles 1nd1cate greater penetratlon ofg;'

ksolute acd lower net movement of solute mass, as. descr1bed

1n the preV1ous 51mulatzon experlment. Increa31ng the

7

rtens1on value (51mulat1on B) moves the solute concentrat1on

ytoward the analytzcal Solutxon:!A)a,f"?'.

The abrupt change 1n slope of the solute concentrat1on;f:ﬁﬁ**“

'profale at 15 cm depth co1ncxdes thh the boundary between



_Depth‘ (cm) : -':':.

w o

— . e S:anlat:iou B (500 kPa tension)

’10.0" [ —-— Simulation C (200 kPa tenaion)

! .
) I o _--—--——- Sim%ation D (100 kPa tansion)

.10

ation experimanw lb Influnnca of soﬂ misture \‘a __“::_i'
o 4_tension values uscd co usign sizes of stagunt ':'(WR) and mbilc (HH)
h watct pools on diatribution of solut:o nddéd t:o the"surfaca layer

' of waut .

o ;-“.K'_f
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Ap- and Bt hor1zons and reflects the d1fferences in- m01sture
1 retentpon characterrstxcs betWeen these horlzons. The hlgher
hclay chtent of the Bt hor1zon and accompanyxng larger
m1cropore volume result 1n a h1gher WR WM ratlo in the Bt.
iConsequently a greater proport1on of solute 1s reta1ned &e~
the stpgnant pool in the Bt than 1n the Ap horxzon. ThlS
.feature causes a sharp 1ncrease 1n solute mass held in the
‘stagnant poo{ at about - 15 cm depth
' Such 1dent1f1able features can be used to assess the_»
.flnfluence of structure on f1eld experlments. Exxstence of
51m1lar sharp changes in slope of the solute concentrat1onﬂ“

4
;prof1le observed in- £1eld experlments would conflrm the

relatlve 1mportance of sttucture 1n leachlng ang a1d 1n_;;?g'ﬁ

determ1n1ng the approprlate dlstr1but1on of WR and WM.,Other”

d1agnost1c features of the leachxng system whlch show up in

the}simulation Funs are}the~pQS§“ion and’ magn1tude of the
solute'c§ﬁ§5ntrationlpeah; and the‘depth of solute
penetration.

<

2. Rate and P‘ftern of Infxltratlon

H1gh 1nf11trat1on rates, 51mulated u51ng the data 1n
\

-table III 3— have an. 1nfluence on the system 51m11ar to that-;

of low WR'WM ratlos.7




. ”
{lf»

* Table III 3 Data used in simutation . exper1ment nr. Za'
-Influence o£ 1n£11trat1on rate on solute dzstrxbut1on.--

".‘,‘

B

e -,cm/layer
... . WATER FLUX -~ .~ ,
oo ... 82% - TIME DENSITY . . . el S

'SIMULATION “¢m: ' days ml/cm®-d  WT WM WR - WA/WMCAP

‘A . 2.5¢ 80 - 0.25 -1.0 0.5 0.5 0.50.

8 :} -+ 2,54 . 40 - 0.50 -1.0 0.5 0.5 1.0,

- C '2.54 .20 1.0 1.0 2045 &5 2.0 -

D 2. 54 8_vg-ﬂ2.5 1.0;“0;5‘ 0.5 5.0 .

The quant1tat1ve relataonshlp between the 51ze of water;

1nputs WA (WA = flux X At) and the moblle w‘ter capacxty,.‘v

WMCAP determlnes whether solutlon 1s channei ed through

' soil macropores by the fast leachlng rout1ne (WM 1s set at
_‘WMCAP) For WA/WMCAP greater than 1 solutxon movesxthrough
hthe 5011 column Wlth l1m1ted equllxbratxon between SR”and

-

SM. Thxs mechanlsm simulates channell1ng of solut1on (flgure

'?111 3).;, ,"ﬂfj. ¢f1 S I;: :; ff‘ ;'_ | -'f

InCreas1ng WA/WMCAP to two and f1ve (s1mulat1ons o and
D respectzvely) causes\an 1ncreaszng upward skewness in the
_solute concentratlon proflle. The 51mulat10n mechanlsm
vfcau51ng th1s skewness 1s d1scussed 1n the';rev1ous'
“7s1mu1at1oﬁ exper1ment Increasxng WA/WMCAP has an effect

‘“31m1lar to 1ncreaszng WR/WM

1'“- S1mulatxon B 1s the spec1aL case 1n whlch 1hcrementalvy

Vj1nf1ltratlon 1nputs are eqUaI to WM Land WM WMCAP) at each‘

layer. The effects of thxs s1§u1,;on on numerical dlsper81on

,hwere descrlbed by Le1stra (1973). Mobxle solutzom pools are
i;dlsplaced by exactly one layer thxckness for each tﬁme

lzncrement and therefore, no m;xxng occurs 1n the mob11e '
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Cd“p°°1 The Spread1ng observed ‘in th1s case 1s entlrely due tog*'w
“7f‘holdback of solut1on 1n the stagnant pool Thls 1s why B

““exh1b1ts less spread1ng than A

For sxmulatlons A and B WA/WMCAP 1s less than or equalf‘e'r

‘f'to one, so that slow leach1ng,.wh1ch permlts more complete

ifequ111bratlon between SR and SM 1s the only transport

5:_fmechanlsm.:A and B are symmetrlcal about a peak

;u-concentrat1on located at a depth equal to the product of theftf;

Tnjflu1d veloc1ty and t1me. These plots abproach the analyt1cal‘331*

'f;jsolutlon Th1s 1mpl1es that for WA/WMCAP less than one the

fffsystem approaches an 1deal chromatograph1c system' that 1s, o

;5f75011 structure has lzttle 1nf1uence on the leachang pattern

‘Y;wh1ch develops. Thls fact can be“illustrated wlth boxl :

;ftdxagrams representlng s1mulatlon of a 51mpl1f1ed system

f(fzgure xrrj4)." agrams A 1) to 1vJ. represent a model of iﬂﬁﬁ

;ujleachlngéof‘la.

”ﬂ[pool mode

lﬁrepresent a‘layem model of a structured son17poss_ssxng two ;“:””

t;‘solutlon pools,oequal 1n”vo1ume and repreSentlng two ;ffﬁ'“if“
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fffdlsplaced 1nto the next lower layer. 1f the same volume of

7;ﬂwater moves 1nto the structured system 25% of total solute,

wf_dlstrlbutlon for each system, at t1, g1ven 1n A 11) and B

~¢than SM whereas all the solut

qﬂjor 50% of SM,}1s dzsplaced The result1ng solute mass

"7111), are equal Repeat1ng the above steps for two more txme
'1ntervals result 1n the solute d15tr1but1ons shown 1n A 111) f<w‘

:ﬂ-and 1v) and B v) and v11) Solute dxstr1but10n 1s the same :v

“mtfor each system at each tlme step. Solute d1str1butlons for\*f

case A can be determ1ned from the analyt1ca1 solut1on.-,;5ffﬁ5'" -

lthIStrlbutlQnS for the structured system;;B, can also be o
'fpred1cted by the a“alytlcal solut1on of system A Prov1ded
.. WA 1s always less than WMCAP e R

When WA exceeds_WMCAP the amount of solute displaced at

yfany t1me step 1n the stfuctureGTSystem can never be*more

n:the non- strucyured system t{;

};fxs SUbJeCt to d1splacement The_structured system causes
”{fholdhack of solute 1nfthe stagnantgpool and 15”the same tlme

Io-reduces the effect1ve
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'fgfallout, would be carr1ed to a greater aepth by morev:::ﬁi:'

'fflnten51ve prec1pltat1on events.:'[1f,fff*jj£g_“'Vifa]ﬂfﬁif :Q'Ftﬁ :
'  The results of this 51mulatlon experlment ahso po1nt g
f:fout the 1nfluence of the tlme step on 51mu1ateg leachxng
3f_patterns. Act1vatxon of the fast leach1ng routlne depends on
1ffthe 1nf1ltrat10n rates.vThe t1me step uSed must be small };
tj;enough to detect short events of hlgh 1ntensity. If large

pt1me 1ntervals are chosen the 1nformat10n on rates ok

S

,flnfgltrat1°" w1ll be hxdden 1n_an 1nf11tratxon rate Lveraged

‘3‘Tab1e III 4 Data used in slmu_' ) #perzmentn,
aof 1n£11trat&on pattern destrxbn'ron.

I WATER' FLux
.- DENSITY -
‘ﬂml/cm'~d_

SIMULATION  cm

A‘ '8 £1g III 5
SCE







t];20 0 cm of water-

.§‘f1nterpolataon. TR LT S
5 The s1mulation for varyang 1nf1ltratlon rates (flgure

Q(III 6 51mu1at1on A) is 1ntermed1ate between the average

S 76

andda ily infiltration was determined by .

:Tfnate s;mulated (C) and the max:mum rate szmulated (D) The yﬁ~("“'

w5y

:#Epos1t10n and magnltude of the solute peak cOncentratlon for S

A bea: closest resemblence to D (maxlmum 1nf11tratlon rate).“”'J'

‘

_'5The poorest Eit oc'urs between A and B (the m1n1mum‘?»f75f\'fﬂl:.(55

111nf1ltrat10n rate) & T
8 Results of th1s 51mulat10n exper1ment 1nd1cate that

f(ﬁrelatlvely £ew 1nfiltrat10n events of hzgh 1ntens1ty may//f |

T e

sdom1nate over more numerous events of lou 1ntensxty as shownﬁf“jof““

'*ﬂby the the relat1ve aJreement ot 31mulatn;
R '
jfalso 1nd1cates tha

A - {
.}fresolutzon of the 1nf1ltrat1on data as shown by the

‘1

';;dlfferences between'"lot:Ajand plot C the szmulat1on of L

'l»"l;t° Hana D.. e

'._;model 1s sens1t1ve to the degree of 5;5;,f’







thicknesses using the data in table I1I.5y

Sl

Table Ill 5 Data used in sxmulatxon experlment 3: Infiﬁéhc§7ﬁft.ﬁ‘~f!
of layer thxckness on’ solute dxstrxhutlon. L e

e

RO v _cm/flayer ..
7 WATER FLUX B
Az TIME = 'DENSITY ', T L
SIMULATION cm .. -days .,ml/cm’-d WP = . WM, ' WR'
1027 0 20 :1.0,.
2.5 20 . 1.0
10,16 20 1.0

N Vs

5

-5

(P w 3’
o qm:
NOO
I B T L

. .2
v .5
_ - . .G
‘ For thlS s1&ulat1on WM was set equal to WMCAP
Slmulat1ons A B, and C exh1b1t sl1ghtlytd1fferent amounts Coi el
of spreadlng and net solute transport The smallest layerli;ﬁéwaDhﬁ;
’ th:ckness, 1 27 cm, caused more spreadlng than did 2 54ﬁcmrfhﬁiifff%?
Th1s seems to contradlct the predlctlon of the analyt1cal B
solut;on. Thls anomaly can be explalned w1th reference to
- the prev1ous subsect1ons. Fast leachlng 1n thxs model PR
‘ depends on. the relatzonshlp between WMCAP and WA WMCAP 1s ‘ve

d1rect1y proportlonal to layer th1ckness. A smalliﬁayer







.:’2}36 ;],
ltthlckness by 1/8 from 10 16 cm to 1. 27 cm, reSultslan a -w:fn'
'ddchange 1n peak concentratxon of about 10%, and a'sh1ft ;h i;ﬂy"'
m:depth of the peak concentratlon of about one cm.:Reference ld”fn .

:tto flgure III.1 shows that a change in WR/WM of a 81m11ar;‘a‘

tscale (plots III 1 B and III 1 D) reduces peak he:ght by 2/3 i

:7of flgure III 4 shows that the 1nf11tratlon rate also has a

":much greater 1nfluence on szmulated 1each1ng patterns than

1does layer thlckness. ﬂ[” i | ‘, blﬂ | : ’
ThlS relat1ve 1nsen51t1v1ty to. layer th1ckness occurs\afhld,i

~5ﬁcause chang1ng 1ayer thlckness br1ngs opp051te forces to. fi,l 1:f3

‘vbear on spreadlng. Increa81ng layerrthlckness 1ncrea9es ;T'} e

”?numerlcal spread1ng by 1ncrea51ng the m1x1ng helght ° fthe

B system, but at the same t;me reduces spread1ng result1ng

‘7ffrom channell1ng through macropores, affected by iast o .
”"fJ_eachmg o A. ‘__' S : ]

In ﬁheory, layer th1ckness should be selected on the
‘ﬂbas1s of a phys1cal exper1ment. The szmulatlon experxment |
;fdescribed above 1nd1cates that the model 1s not h1gh1y '7a}E”["*5'f”'"
"Fsen51t1ve't5'layer th1ckness between 1 27 cm and 10 16 cm. _ﬁf éfif\\

-and a. gmzssta,mate gvalue may be adequate.




- so1l (fagure III 8) u51ng the data 1s presented 1n table

\\

- the 1mpermeable frozen layer and extends upward above the

'§15011 surface Downward movement beh1nd the reced1ng frozen

- thls saturated zone. Though'equal volumes move at each tlme{j'

III 6

Table III 6 Data used in s1mula 1qn experxment 4 Influence .
;of frozen soil on solute distribution. (Inletratlon rates

\.are 0i:5 cm/day in -all ‘cases.:
Iinfluence of frozen layer)

-

In s&mulatiOn

layer 1% entxrely due to movement of gravrty water (WGRAV)'I
5 This watez represents a: smaller fract1on of the total than'“5""ﬁ"

1n the thawed so1l because there 1s more water present 1n ':f;

steg in. each(case» a smaller fraction of the total solut1on'
present moves above the frozen zone. Therefore a smal,er'w

fractlon of the solute 1s transported in’ the partlalvdfﬂ“;;

frozen 5011

For 51mu1at1ons"”
ity

The saturated‘zones in thes
[

than 1n A.”

’

_.as far as 1n,A

‘ \\\ ’ N co
'-vsx7unxTroN,<cm.
B ' 2154 .
S C 2,88
- D_.

",2;54]

i Therefore

[l S

v
PR

L " K S

Flow.rates vary because of the

2 em/layer: - . -

TIME ~ WM & . RATE. oF THAW . | o
_days wGRCAp WMCAP WR cm/d R
"25¥*?,0;25,,37o 25 0.75 5.0 e

25 ' 70.25  .0.25 ,.0.75 . 7.5 R i

25 .°0.25 0.25 0. 75g'1o.o,,<* - S
gzs;;g;o 25. - 0.25 . 0. 75 - L
A a perched saturated zone forms above ' ”_;-.

*and'cfthe 1ce recedes much faster

solutionnyf:

¢

.93-’“"

~

'cases do°not extend 1’ ‘*ﬂ*‘i:'







Tttransportlng a proportxonately larger mass of'solute.e;rv\ ' :

The other—major dzstxngufshxng feature of these””

fSolutlon flow rate 1s reduced by the frost layer ‘in case A L

1’so that greater equ111bration between SR and SM odiurs. In P
5}cases:B”thtough,D;the 1nfluence of the frazen layers on’ fluxki e
{rates 15 reduced so that fast leachlng 1s more dom;nant,

;?produclng the greater skewness ev1dent.gt;~ﬁ;_ff[i,ff:%'ﬁvp'"

oerates and therby caus1?gdgreater equxllbr“

: between mohfleyand}etagnantisolution pools,,
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AN

ble III 7. Data used in . sxmu}ht1on experxmewt Sa- .
Influence of adsorptxon ‘during leachtng on- solute

',f——d1str1butxon. (Layer thickness ‘and tlme;step were! 2, 54 cm - '
Mand one day, respectlvely, for all s;mulatlons ) : -

'-cm/Iayerf>m¢[ IR

'"-’ﬁ,iJ¥ZaWATER Ftux,r.;;r~fj:"‘-“ e
S e - TIME ' DENSITY Lo T Bb
' 'SIMULATION  days ml/cmﬁ-d ffWM_]f~QWR‘).’”g/éEF~‘g
A 80 ;0.25‘ c 00,25 0,75 4.5 .7
'B. 80 0,25 ©0.25 0,75 - 1,5 "%
. CC - 80  0.25 0, 25;§’0'75"'1.5‘ o
- .fo; glfao 0.25 'j“ﬂ't _o 25,-50 785 1,54_»,-g

~.

- It 15 assumed that adsorptlon of the hypothet1¢al
{1solute 1s defxned by a l1near 1sotherm and that equ111br1um\
~ between adsorbed and d1ssolved phases 1s attazned at each

layer between t1me steps. Therefore the relat1onsh1p between

L4

-'mass (q) of adsorbed solute per un1t mass of soil aﬁﬁ

}Hconcentratlon of. dlssolved solute (c) ‘can be deflned hs. ",
4 _ N -
q = Kads c .

el
t

The values of Kads used cover a range of cond1tzons

'-Hencountered in. so11 Adsorpt1on of some anmons to some so1ls

!

«d*can be deflned by a Kads of 0 Kads of 1 5 and 25

‘z*frepresent weak vmoderate and strong adsorbate so1l

>aff1n1t1es as, fdx example l1ndane adsorbed to sand B
\\hor1zon, loam B horxzon, and loam Ap (O.M =, 4%) horlzon

~

so:_ls' respectlvely, S o ) Aﬁ- " LUy u;.,'._:. *i.ds s .

_l"¢" The ‘most strlklng feature of the plots of these

EEGRE

51mu1at10ns (fzgure III 9) 1s the low mob111ty of adsorbed

- gt

. solutes.;(Solute dlstr1butlons in flgure III 9 ‘are expressed

7., as mass per unit bulk volume rather than concentratlons;*:“

because part of the solute_present 1s not 1n solut1on
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-Vphase ) Nearly 100% of the non- adsorbed solute has mOVed

| beyond the furthest extent of even the weakly adsorbed
‘4solute. Peak concentrat1on of the non-adsotbed solute “u .
'-(31mu1ataon A) moved 50 cm,_whlle for the adsorbed solutes

-,peak concentrat1ons moved ten cm (Kads = 1 ml/g)l one cm

;(Kads =5 ml/g) and zero cm (Kads = 25 ml/gx-uf

Exam1n1ng 51mu1at1on B an deta1l reveals the reason for

\

4( ' .

'Vthe 1mmob111ty of adsorbed solutes. At each txme 1nterval 1n‘

.the sxmulat1on solute 1s partltloned between solid and
llqu1d on the ba81s of Kads and the relat1ve masses of solxd
and lquLd 1n each layer. Assum1ng a 11near 1sotherm a\d
loca{lequ1libr1um,,thls partltlon,ls deflned by (29)

ST = B*Ms/(1+3) ‘7",:“w”'ﬁ S , )

-

;7where B = bb Kads/e : _
"Db = dry bulk dens1ty of. sozl(g/cm );'and

0 = volumetr;c m01sture content(ml/cm‘ o

The solute maSS\\SM, subject to d1splaoement is deflned o

dby equat1on (36)'so that-'\ ;'\'“ L
'sM; (wm/w'r)s'r - (wu/wvr)sms/ms) o
fFor Kads = 1, 0 ml/g, and Db and 6 def1ned 1n table III 7
is 3.8, wb1le WM/WT 1s 1/4 s0. that°' - '
'_ SM & MS/ZO.: _i SR .' Lo o N
Th1s means that the mobzle SOlUthﬂ, WM transports T

approx1mate1y 1/20 of the total solute mass as it. passes

through layer 1, where the solute was or1gxnally placed As

"the solution passes through the next layer approx1mate1y 95

of the dissolved solute mass is reta1ned Th1s partltlon

o
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Figure III.9: Simulation experiment Sa.; Influence of adsorption on
~ distribution of solute - added to the’ surface layer (0. - 2.5 cm) of a
struttured soil dfter simulation leaching by 40 cm of water.

S
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”f:‘process 1s repeate& for lover layers at each successive time
p% step so that when the solutxon passes out of the s1xth layer
h?(S tlme steps later{,;t contalns only (1/20)', or less than '
s 3x10" of the solute mass wh1ch 1t carrled out of layer 1
’v ’ The above numerlcal example 1llustrates ‘that
concentratxon of leachlng solut1on is ‘an exponent1al
function of the negatlve product of B and tlme. Thls
explalns why the plot of mass vs depth drops off so sharply
:for a 51mulat10n D, w;th Kads of 25 ml/g (B = 93. 75) ThlS |
o,analys1s«1llustrates ‘that. adsorpt1on 1s a domlnant control o
" on leacrlng of solutes thrpugh 5011
Water flux was earller shown to affect leach1ng

patterns of non adsorbed solute. Transport of a weakly 0

“‘adsorbed solute (Kads = 1.0 ml/g) was simulated at two

solution flux den51t1es (table I11.8) to assess ‘the
influence of flow rate on d1str1but;on\of‘adsonbed:solute,

~ Lo

Table 111. 8 Data used in sxmulatxon bxper1ment 5b:
Influence of solution .flow rates on d;strlbutxon of an
adsorbed solute (Layer thickness and time increment were
2.54 cm and one day, respectlvely, for all. 51mu1atlons)

9

e cm/layer
WATER FLUX ‘' T e ' ’
: TIME - DENSITY ! I T - Db . Rads
SIMULATION .days - ml/cm*~-d WM~ WR  g/cm®* ml/q
¢ A 100 0.25 - 0.25 -0.75 1.5 1.0
. ‘B 50 0.5 0. 25 0. 75 1 5 1.0

The results (f&gure III.10) exhlbxt the ‘same;

.qual1tat1ve characterlstlcs ‘as shown 1n flgure III 3.
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7{(lnfluence of: solution flow rates on leach1ng of .
,tgnon adsorbed 501utes) that 1s,.the concentratzon proflle\1§
fijskewed xdward the so1l surface for h1gher flow rates (B) ;n:i
E general the phenomena descr1bed 1n the prev1ous 51mu1at1on
i‘exper1ments performed on non—adsorbed solutes also occur
"*dur1ng 1each1ng of adsorbed solutes but the relat;ve

: 1mportance of thelr 1nfluence 1s reduced '
B, FIELD LEACHING EXPERIMENTS . | S
o Radxoactlvec?abelled solutes were applled to the Ap and
‘Bt hor1zons on. Nov. 26 and Dec. 6, 1981, as descrlbed 1n

| Chapter 11 (Methods and Materlals) Sltes were sampled on
May 7 to 12 1982, approx1mately 10 to 15 days after the .
snow pack had completely melted. Durlng the f1rst three days
hof sampllng a frozen layer was encountered at 75 to 85 cm.
“Sampling on May 11 ang 12 diad not encounter frost. Samples
were segmented 1nto 2.5 cm layers from 0 to 75 cm. depth and

%
“flVE'Cm layers from 75 to T&O“cm—depth . .
(D1$tr1but10n of tracer for exper1ments dlscussed in

thlS sectlon is reported as act1v1ty per layer over the

!.total act1v1ty added (A/Ao) and is also tabulated 1n.

* Appendix A T

‘Expet:ment 1-'Leach1ng of Non-reactive Solute (>HOM)
>HOH applzed to Ap horizon |

Only one s1te at which *HOH was applled to‘the upper

lflayer of the Ap horlzon yielded- measureable act1v1ty
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'Figure III 10». Simulation experiment 56" : Influence of infiltration :
rates on distributicn of adsorbed solute (Kads - 1 0 ml/s) added to

t:he surface layer (0~— 2 5 cm) of a structured soil after simulated
‘ 0 .
leaching by 20 cm of water.; O '
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Ugreater than 100 total counts over background) when sampled;

fn the sprlng (f1gure III.11) Tr1trum could have been lost -

by evaporat1on and subsurface lateral flow through he-so1l

'1Evaporat1on occurred early 1n the w1nter and late n sprxng.i

'The plot area was bare of snow for short perlods at both

these tlmes. The 51te wh1ch reta1ned measureable tr4t1um .

"act1v1t1es was covered 1n a 'SNOW . drlft untxl after Apr. 26

1982 and S0 was. 1ess subject to evaporat1ve 1osses than the

.~3other s1tes.;a_ L ,~’; \,-”; S - , R

r

l"The plots were 1ocated on % slope of 2% to 5% (Crown j*

and Greenlee, 1978) and th1s maﬂ ‘have" caused subsurface

‘flateral flow, especzally when 1n¥11trat1ng water encountened

an. 1mpermeable frozen layer present dur1ng most of the

B per1od of " thls,experlment. (Heatlng duct wh1ch marked the

locat1on of tracer appllcat1on d1d not extend below the

level of tracer appllcatlon ang, therefore, did not restrlct

*subsurface lateral flow )y _~_‘ SR

o Trltlated water applied to the so11 surface at this -
s1te penetrated to a depth of 25 cm. Two tr1t1um peak

act1v1t1es occur 1ﬁ flgure III e one at the surface layer

(0 to 2.5 cm). and one at ten to 12.5 cm. The pr1mary peak at
the surface may reflect ass1m1lat10n of tritium by soil

b1omass dur1ng several days that the . tracer 5011 m1xtures-

vere stored at room temperature before they vere applled in _”
the field. Tritium in °HOH readll\\exchanges with hydrogen
in blologlcal tlssue and ass1m1lated tr1t1um would be

1mmob1l1zed agalnst both lea h1ng and eVaporat1on o ;%f‘
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Figure III. 11

.002

.004
A/A (Activity / Total activity added)

.006 - .008 .01

Tritium activity distributiou obsetved in May, 1982

after 3HOH was, applied to the Ap horizon (O - 2.5, cm) in Dec., 1981,

v a

for the one site whgte_tritium activities wereadetected.ﬁ._

/



A551m11at10n of 1ess than 1% of total added tr1t1um

'act1v1ty, or 4 pC1/g so11 wogld account for all of the Vf

act1y1ty detected in the surface layer.'\

'b. "HOH added to Bt horizon . o L
Tritiumpactivity distribution for ’HOHfapplied to'the‘
‘top of the Bt hor1zon is . summarlzed as - the proflle of the
: ymean act1v1t1es at each layer sampled (flgure III 12) The;’
Bt horlzon was encountered at dafferent depths and so the
IHOH was appl1ed at‘dlfferent depths. Depths for this plotr
Jare therefore expressed as dlstances from the orlglnal Co
placement (0 cm) . Dlstances above th1s 1evel are expressed
,as’negatxve values, distances. below as pos1t1ve values.
Data shown are the means of ten s1tes, except at 0 cm
and 2.5 cm where presence of hlgh t4C act1v1t1es in the same ’;,/
samples made determ1nat1on of tr1t1um-act1v1ty impossible.“ -
Tritium activities reported for these two 1eve1soarevthe!;_y""“
means’ of four’samples. | | o IRt
‘The peak of the mean °H activites vs depth plot occurs
at 7. 5 cm below the level of appixcatlon. Measuréable
tritium act1v1ty was found at 28 cm(below and at. 15 cm
‘above, the level of appllcat1on. The lower part of the curve
shows the.typacal bell shape also seen in the's1mulation5'
presented in section'Aﬂ The amount of tritium activity
present in the upper region of the curve did not appear in
any 51mu1at10ns. Upward movement of solute could be a- result

of evaporation or.diffusion.
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values) or below (positive values) 1eve1 of application

1981. Depth coordinate 3iven as distance above (negative f,:,

deviations showu._
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Measurement of the so1l m01sture prof1le by
-dens1tometry detected 2.7 cmfoi water loss by evaporatlon,
between Apr. 26 and May 15, after sampllng was completed
Success1ve 9 proflles on Apr. 29 and May 3 showed water
depletxon to a depth of 45 cm (flgure III 13) The upward
d1splacement of"HOH 1nd1cated by flgure III 12 could have
been caused. by water be1ng drawn up- through caplllarles 1n7
response to a soil’ molsture potentlal grad1ent 1nduced by "
evaporat1on from the soil- surface.‘ - | :
Extra d1ffu51onal m1x1ng may have occurred 1n a zone of
. -~high mo1sture content .perched above a frozen layer
Measurement of the 6 proflle detected a zone of hlgh
m01sture content which showed up as a bulge in the |
' difference between success1ve e proflles,,Phy51cal’pr;bin;
of;the_soil\showed that this bulge often coincided with the
depth oﬁ thaved soil. Gillies (Gray et al. h197b)‘OBServed a
dlstlnct upper saturated zone of thawed so1l above a frozen,
zone dur1ng 1nf11trat1on of snow meltwater. -
A frozen layer was present’ for nearly the entire per1od'
of the exper1ments. D1ffu51on of solute in the zone of hlgh
um01sture content above this layer would be mainly upward e
‘because of the ice barrier below. Shearer et al (1973) -
stated that d1ffusmon rates were approx1mately pbroportional

to 8'°/3, Thas»relatronshlp implies that diffusion would be ' .

greatly'enhanced in this zone.
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: .Figure III. 13 Determination of. evaporation by integration between
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'?h adsorbed to Breton Ioam Kp and Bt horlzon 5011 (fzgure

I G e g
,‘. /L‘_’ " o . ‘ .‘ . e ‘;' o . L e

Experxment 2 Leachxng of Adsorbed Solute ("C-l1ndane) : “p

Uad

Adsorptlon 1sotherms were determlned for 11ndane

"III 14) Points plotted show the reSults of two separatei“' |
exper1ments in both cases. L1near 1sotherms descr1be thef%i{ ;=

4_'data w1th a h1gh degree ofﬁcggrelat1on, as determlned byﬁz

fregre551on analy51s (r’ = 0. 995 for Ap 1sotherm,.r’ = -0 92

for Bt. 1sotherm) A sl1ght downward concav1ty is. eVldent 1n.f
vthe 1sotherms and f1tt1ng the data to a non llnear

mFreundllch 1ostherm (q ‘Kads- c"“) 1mproved the f1t

marginally (r"= 0. 9995 for Ap 1sotherm- T = 0 992 for Bt

1sotherm)

The Kads for l1ndane adsorbed to. Breton Loam Ap and Bt
hor1zon samples were determ1ned to be 12, 6 and 5 1 ml/g,
respectively, from llnear 1sotherms. These values represent

~.strong-and moderate adsorptlon 1nteract10ns. Kay and Elr1¢k

jf’f(1967) determined Kads for" l1ndane adsorbed to 5911 with

hlgher organlc content than Breton loam to be between 17 and

23 ml/g._f

a. '‘C- lxndane applled to Ap horxzon

-, .
At

For lindane applled to the surface of the Ap horlzon
98.0% of measured act1v1ty was found in the zone of : "f((‘

_ appllcatlon (flgure BII, 15) The observed dlSttlbuthﬂ shows

VJﬁ;low mobilzty of adsorbed solute and safves to emphaszze the

,fflnfluence of adsotption on solute leachxng. The data: i

»

ﬂpresented bears strong ﬁesemblance to the simulatxon
f”represented by £1gure I11.9D, for movement of strongly

. e
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,
adsorbed solute;' ,

69% of '+C- 11ndane act1v1ty applled .at the upper
surface of the Ap horlzon was accounted for by sample
act1v1t1es determ1ned from\the eff1c1ency versus SCR curve.
D & was/shown in chapter II that the act1V1ties calculated

from the eff1c1ency curve underestlmated the tracer act1v1ty
“when counts wvere made in the 5011 sample sc1nt111at10n
cockta11 mixture. Volat;llzatlon would also account for some
loss of act1v1ty (Kay and Elr1ck 1967- Shearer et al.,f'
‘1973) The relatlve~contr1butlon of ‘each factor can be
:assessed by compar1son w1th activities calculated for_v
'llndane added to the Bt horlzon wh1ch was covered in- 15 to
22 of m01st soil, and would have suffered no\zflatlllzatlpn
losses. In the latter case 79% of the act1v1ty or1g1nally\
”added was measured u51ng the dlrect counting method. The .
d1fference between,act1v1t1es accounted for in the Ap and Bt
horizons, 10%, suggest«some volatillzatlon losses from the
surface layer.l' - | ”

b. 'ec= l1ndane applxed to Bt hor1zon"-;~\ ‘

The peak of mean'act1v1t1es of “C llndane added to thejl

Bt horizon was also found at the orlglnal level of placement
' (flgure 111, 16) Activity.was detected five cm below and two
cm ‘above the level of placement Amounts’ of “C act1v1ty
found below the level of placement may reflect problems in
A?re501v1ng the samples, wh1ch makes quant1tat1ve
.1nterpretatlon of these data dlfflcult._The high apparent

act1v1ty obsenVed at- 3 to 3.8 cm may have resulted frOm

l,,

. ey
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frqm.splittiﬁahof‘the layer. of placement into two samples.
Nevertheless, it7can be concluded from theSe 6bservetiehs o
that-iindane did not move appreciably in the Bt'horizon.

‘ w o PR

. : . .
C.. SIMULATION .OF FIELD EXPERIMENTS

A comparlson between the simulation experlments ang' the
field exper1ments is made in this sectlon. Although the
model was based on theoretical principles, it was built with
the - cond1t10ns of the field experlments spec1f1cally 1n
mind. Therefore the set of observed experlmental condltlbnsv
does not prov1de‘a completely 1ndependent ebjedtive test of hﬁ)
this model. ' | ' |
| The test being made is whether the model simulates the
~effects of this set of cond1t1ons on solute transport The
compa;1son may indicate,what structural modlflcatlons to the -
model are requlred and what fugther experimentSvare
necessary, 1n1t1a11y to prov1de 1nformat10n on how to ad]ust

the_ggdel and ultlmately, to val1date the model.

fo‘test whether the model will simulate the system it
~was intended to describe, it is necessary to use the same
set of phy51ca1 conditions as occurred in the field -

experlments. These conditions are dlscussed in the follow1ng

subsect1ons.'

1: Physical Properties Controlling 51mulat10n Experxments

a. Bulk den51ty - $
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Dry bulk dens1t1es (table I1II. 9) were calculated from .

.\n-

wet bulk den51t1es (determlned from y- densxtometry) and

'grav1metr1c m01sture determ1nat10ns, at 575 cm 1ncrements,

as de§cr1bed in Chapter 1i. %%ﬁ

Ay
.

‘b. Poresity _ ‘ T

Pogosities of Ap, Bt, and BT horizons wereldetermined
separately ‘because of the structural and textural Qar1at10n
‘that occurs among them. Por051t1es, determined from g
. pycnometer determinations .of Dp and y-densitometer '
determiﬁations«of Db, were inconsistent with the mof@t&re
retent1on cuzve at many layers where a was calculated to be a2
less than 6 at f1ve kPa. Rawitz et al. (1982) reported
errors in y-densitometry'resulting from\use of the »
manufacturer's standards to construct a cal1brat10n curve.-éaxf:‘
This is due to 1naccuracy 1ntroduced by the assumptlons that ﬁ&,
Y. absorptlon in soil can be deflned by a universal average ¢
attenuation coeff1c1ent and that no backscattered rad1at10n
was measured by the detector. They reported serious |
overestimaticns of Db using the the'same model two-probe
density gauge as was used in this'ktudyt

Overest1mat1on of Db would r’sult in underestlmatlon of
a ‘whefi the equation a = 1i— Db/Dp/ls used. Using an average

Dp value to calculate « Vlthln egch horizon could also

ihtroduce error into calculation of a. Values of @ which
were calculated to be less than /8 at flve kPa are marked

with an (%) in table I1I1. 9



Table I111.9. PhysicaL;propé;ties of Efeton

DEPTH - Db Dy
‘cm + g/em? g&%&’
0-2.5 1.33 2.59
2.5-5.1 1.43 2.59
5.1-7.6 1.50 - 2,59
7.6-10.2 1.53 2.59
10.2-12.7 1,52 2.59
12.7<15.2  1.50 2,59
15.2-17.8 1.53 2.59
17.8-20.3 1,50 2.63.
20.3-22.9 1.46 2.63
22.9-25.4 1.44 2.63
25.4-27.9 1.42 2.63
27.9-30.5 1.42 2.63
30.5-33.0 1.44 2.63
33.0-35.6 1.48 2.63-
35.6~38.1 1.47 2.63
38.1-40.6 . 1.50  2.63
40.6-43.2 1.52 2.63
43.2-45.7 1.56 2.63
45,7-48.3 1.57 2.63
48.3-50.8 1.59

‘To account for this dlscrepancy in the simulation of

fleld experlments WGRAV ‘was con51dered to be no less than

2.63

0.486

0.445
*.421

*.409 .

*,412
*,422
*¥,410
* .437
*¥,443

0.454

0.457
0.459
0.453
¥,435
*,440
*¥,427
*,422
x,406
*,401

g

DEPTH
cm

50.8-53.3

53.3-55.9

55.9-5B.4

'58.4-61.0
61.0-63.5
63.5-66.0
66.0-68.6
68.6-71.1
71.1-73.7

.73.7-76.2
76.2-78.7
78.7-81.3

- 81.3-83.8
83.8-86.4

86.4-88.9
'88.9-91.4
91.4-94.0

i'+94,0-96.5

'96.5-99,1
99.1-102.

Loam.

Db
g/cm*

Dp
g/cm?

2.63
2.63
2.63
2.63
2.64
2.64
2.64
2.64
2.64
2.64
2.64
2.64
2.64

2.64

2.64
2.64
2.64

2.64

2.64
2.64

$.370
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*,372
*,382
*,386
*,382
*,385
*,384
*,386
*,381
*,397
*,397

*

.398

*,.388

*

.385

*I387

%*

.397

. %,388
*,379

%

.380
.381

.072 cm/layer (., 028 X bulk volume) in the Bt horizon and no

less than

~horizon,

These values were estimated from the moisture

.052 cm/laygr (.020 X bulk volume) in .the BC

retention curve (figure III.17) as the difference between 6

at © kPa and 8 at 33 kPa tensions.

m; C.. 5011 moxsture retent1on curve

1}

baérs of 5011 moisture ten51on curves as dlscussed in

-

UStagnant and moblle water pools were divided on the

( Section 111, A. Moisture retention curves (flgure III 17)

é

Y

@,
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were determlned for Ap, Bt, and BC horxzons. Grav1metr1c
values were converted to volumetr1c by multlplylng by the
bulk den51t1es given’ 1n table I11.9. . '

'The stagnant water pool ‘WR, and the mob11e pool
capac1ty, WMCAP used in the s1mu1at10n model are he1§ht$’
of water (mm) correspondlng to 8 values l1sted in table
I111. 10 WR was determlned as the product of 8§ at either 200
kPa or 500 k?a, and the layer th1ckness WMCAP was
determined as ‘6 at. 33 kPa mo1sture.ten51on times_layer

thidkness, less WR.

‘Table III.10. '
Volumetr1c moisture contents used to determxne wn and WMCAP
_ 68 atnsoil tension"of}- :
HORI ZON DEPTH (cm) 33 kPa‘ . 200 kPa. fSOO,kPa.
Ap 0-18 - 0.366 . 0.290 0.237
Bt 18 - 60 . 0.418 0.371 0.332

BC 60 . 0,384 0.331 '0.295

“d. Infrltration , | g
.ﬂhlnitia%:eonditionsifor the simulations of field
e;periqents.were oased'on ® profiles measured on Mar. 9,
Mar. 20, andeMarrzs; Net infiltratlonaoccurred from Mar.20
nto Apr. 26, while net evaporation occcurred from Apr. 26

until the end of the experiment (table III.11). _*
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»

Table FII.11. Infiltration measdrey'at expetimental-plots,

Total. change in Average dally Average da1ly

Measurement wateér content infiltration evaposgation
period {mm) ~(mm/day} " (mm/day)
Mar.9 - 20 0.00 - ~-
Mak,20 - 25 (+)2.05 0.41 -
Mar.éﬁ<Apr 17 (+)11.7 0.51 -
Apr.17 - 20 (+)7:50 2.5° -
Apr.20 - 23 (+)9.6 3.2 -
Apr.23 - 26 (+)9.2 3.07 -
Apr.26 - 29 (=)0.72 - .24
Apr.29-May 3  (-)12.4 - 3.1
May 3 - 15 = (-)16.7 - 1.39
. ¥
A . A

The sen51tav1ty of the ‘model to the resolutlon of
1nf11trat10n data was dlscussed in sectlon III A. During the
“pesiod of most intense 1nf11trat10n from Apr. 17 to Apr.
26, © prof1les were measured eve;y three days. The relative
dally rates of 1nf11trat10n were determ1ned by plottlng the
" daily rates averaged over the period of each measurement,
4rawing a smooth curve tﬂrbugh the pofnts and inte:poiating
as shown in, figure II11.5.° - )

Runoff occurred under the spoﬁpack at the
y-densitometer access tubes. No runof f occurred at the
,points of appllcat1on of the tracers because these sites
were contained by heatlng duct extendlng above the soil
sur face. Infiltration where the tracers were app11ed was
therefore greater than where 1nflltrat10n was measured. .To

account for the difference the daily infiltration';ates as’

determined by y—densitometQY'hefe:increasedaby'the factor of
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the volume of water determ1ned by the Mar. 25 snow survey
divided by the total volume of 1nf1ltrat1ng water measured
at the access tubes. |

Snow drlfts along. the east side of the plot area
covered some 51tes untlf Apr. 29. As much as two times as
,much water was held in these dr1fts as occurred on the west:
'side of the plots. The soil under this snow also thawed more .
‘slowly. The Y- dens1tometer access tubes on the east .side of
the plots were kinked dur1ng 1nstallatlon and ‘so the data
necessary to describe 1each1ng here were latklng. Therefore
-only results obtalned for the experlments on . the\west 51de
of the plots,_where a: complete set of 51mulat10n 1nput
lvarlables was avallable, were compared w1th the results of
simulations. |

! R
e. Frozen layers

The depth of thaw1ng was determlned by phy51cal
probing, However th1s method d1d not 1nd1tate the maxlmum
depth of thaw, whlch fluctuated diurnally. The depth to
'-frost measured by prob1ng d1d however, co1nc1de
'approxlmately w1th the bulges observed in ‘the d1fferences
between success1ve ] proflles. Glllles (Gray et al., 1970)
observed that durlng infiltration of Prairie snowpack two
~distinct layers developed: an saturated-thaﬁed layer
overlylng an unsaturated frozen layer. The bulges between
succe551ve 8 profiles was used to approx1mate the maximum

depth of dally thaw ln 51mulatlons of fleld experiments;
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2. COmparzson of 81mu1at1ons and F1eld Observatlons -

Slmulatlons were -performed which paralleled the f1eld
experlments descr1bed 1n Sect1on 111 .B u51ng the measured
and der1ved parameters and variables descrlbed above. Data
f11es for two of the 51mulatzon runs (1 b *HOH applied to
the Bt horlzon° and 2. a,/“C llndane applied to the Ap |
hor1zon) are g1ven in Appendix E, along with the final
output generated by,running these f11es in the s1mulat1on
‘program. The FORTRAN program Whlch 1mplements the S1mulat10n
model . is also printed in Appendzx F, w1th instructions for

use in Appendlx b, .

Observed data used for comparlson(are expressed as
A/A.,.where A is the activity in each layer and A, is the
total act1v1ty detected in the soil column. The 51mulat10n
model is concerned only w1th vertical transport of solute'
and relative act1v1t1es are a truer measure of vert1cal
dlsplacement than absolute activities wh1ch reflect both
vertical and lateral displacements. = -~ ° '

This convention has the add1t10nal‘advantage of
correcting for the error 1ntroduced by countlng activities
directly in the 5011 sample (as descrlbed in chapter I1).
Accountablllty experiments showed that measured activities ;
were proportlonal to known act1v1t1es for standard soil
.samples (flgures II. 2 and I1.3). Therefore:

A/A‘ ‘= Ax/A,,

where A = measured act1v1ty in sample,

At = total measured act1v1ty in 5011 column,

~
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A%

= actual actiﬁity in sample,
Ao = total actual“activity added to soil colﬁmn.
The data are reported as mean A/A1'values for each -

layer in the graphs wh1ch follow and 1n the correspondlng
tables 1n Appendix C, except for f1gure III 18, for which

only one set of data was obtained.

Test of Fitness '

. The agreement between observed and simulated data isu
assessed by regression analysis. The fitness test is whether
;the regre551ons of observed on predxcted data have |
'ilntercepts which are close to zero and slopes close to unity.
V(Hlllel 1977) The regress1on cotrelation coefficients (r’)
glve an 1nd1catlon of ‘the variation in the data from the .
regre551on 11ne. Regre551on analyses Were performed on a
point-by-pbint ba51s, u51ng all sampleszwith measureable
activity (100 total coUnts err background)'and‘all

predicted activity gfeater than 0.1% of A,.
.‘Experiment71: Leaching-et a non-reactive solute (°HOH)

ar"HOH applled to- Ap #orlzon
- Less than 0. 3% of the tr1t1ated water added to the 5011
surface 1n November and December, 1981, was accounted for in
“the samples taken, S1mulat1on of the experlmental system
with spr1ng evaporat1on only did not pred1ct this loss.
Though dry1ng of the soil surface was observed in early -

December,”no evaporatlon data were Gollected at thls tlme.

Early w1nter evaporat1on was szmulated and a better
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ffpred1ct1on was obta1ned,fthough evaporatxon data for th1s

fﬁsxmulatlon was speculat:vet,Sxmulat1ng da1ly evaporat1on of

ﬁjo 1 ‘em .over ten days 1n;December predlcted that 76% of the
igtr1t1um act1V1ty would be lost before 1nf11trat1qn began 1n:4'
. the spr1ng.‘,-'“ | -‘ | ‘_ L o
o act1v1ty peaks occur 1n the observed tr1t1um ‘

:act1v1ty d1str1but1on (stepw1se plot,.fl re III 18) - The H’

lower peak 1s approx1mate1y predlcted by the 51mulat1on '
h\(smooth curVe) The depth of penetratzon was also reasonably_
pred1cted by the sxmulatlon. The poss1b1l1ty that the upper
peak was caused by mlcroblal assxmzlat1on was d1scussed in
the prevlous sectloﬁ It this peak act1v1ty 15 d1sregarded

g
then Y much.better f1t between observed and 51mu1ated solute‘

d15tr1butlon is seen..éegresszon of observed dzstr1butlon on.”
predlcted 1s g1ven»below. h N » ‘
*Includ1ng upper peak°.1 = _-',fg: d_tav S | -

' | Obs = .047 + \-17*p r,=-,'=, ..'_04,':. -
Excludlng upper peak- T hvmal d

| Obs = -.015 + .59#97 rl*masz

"ht”HOH aPPlled to Bt horxzon ‘}.7 "jﬁ‘w .

)ﬁ'f Three d1fferent cond1tlons were 51mulated for
comparlson?wlth observed distrlbut1on of tr1t1um act1v1ty

for ‘HOH added to the Bt hor1zon"A) uszng 200 kPa sozl )
mo1sture ten51on to ass1gn WR and WMCA?;ﬁB) us:ng 500 kPa L

tensxon to assxgn WR and WMCAP- C) d1sregarding the effects:“
riof a frozen layer. One set of the. data used 1n szmulation A, f

along w1th the output generated O |
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WR and WMCAP were changed from the values used in A

.i5accord1ng to 8 values g1ven in table III 10 For C internal

‘f:varlables were 1dent1cal to those used in &, but FLNR was
'fSet at- zero at. a;l ‘time steps All three 51mulatzons were
subject to the same 1nf11tratlon 1nputs.
- The' results of the 51mulat10ns were compared w1th -the
results of the f1e1d experlments performed on. the west half
" of the plots (f1gure III 19), Observed act1v1ty dxstrlbutlon

at one site 1nd1cated that net upwaqéDtransport of solute

!

had occurred Thls data dld not fit wzth the observatlonslvt'h.

all other s;tes,'where net downward transport occurred
was concluded that some mechanlsm other than those being

modelled was. operatlng at thls 51te and thls data was not

ru”used in' the .comparison with the. s1mu1at10n results.

Compar1son of 51mulat1ons A and B with fleld
obSenvatlons (f1gure III 19) showed a qualltatavedagreement
in shape and pos1t1on of ‘the solute act1v1ty prof1les.~All
thfee solute prof1les possess a hlgh degree of symmetry
about a point seven to eight . cm below the level of tracer
appllcatlon. Slmulatlon A gaves a better predlctlon of the -
p051t10n and value of the mean activity peak Both A and B
: accurately predzct the depth of solute penetrat1on.
'Regre551on of the observed tr1t1um act1v1t1es on’ thoset“'y
'predlcted by the model arce glven below-ﬂ L

'y (WR: WMCAP at 200 kPa ten51on).,

Obs = .023 '+ .73ep, £ = 7260

S e Wl PR

B LWRIWMCA? a'twse'e “kPa: te‘nsaorr’) Lt s e e e e
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Figure III.19. Mean observed and predicted spx:ing tritium aetivity S .
.. .'distz:ibution for 3H0H. applied to upper vsurface of Bt horizon“ in fall
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Obs = .022 + .69*P, r* = :730.
Both regre551ons have 1ntercepts close to zero and the .
,correlatlon coefficients are nearly the same. The slope of
the regre551on line was closer to 1 for A, indicating a
slightly better fit with the observed results.

Comparison of the use of 200 kPa 'and 500 kPaisoil>
moisture\tensions to assign the siaes of the mobile and
‘staénant;pools was inconclusive, mainly becausezof the
influence of the frozen layer discussed below. The 200 kPa
value produced -a marginally better fit with the observed
data and is used for 51mulat1ons of transport of the
adsorbed solute. |

Neither simulation A nor B.predicted the presence of
solute more than five cm above the zone of appllcatlon, but
5.5% of the act1v1ty detected in the so1l was found above
“this depth. The p0551ble causes of the upward d1splacement~u
are diffusion, evaporatlon and thermal grad1ents.

Mixing in the model is achleved by layer thickness and

occurs only when there is movement of the soil solution.

B Total spreadlng effects were shown in sectlon III.A to be

relatlvely 1nsen51t1ve to layer thlcknesses between 1.3 and
. .ten cm SO that 1ncrea5jng Az up to . ten.cm would not cause a
ilarge 1ncrease in-omiximg (see f1gure III 7) Changlng Az to
”effect greater dszuSIOnal mlxlng would also spread out the
concentratlon prof1le at the advanc1ng front where a

-jreasonably good flt 1s already achleved To model dlffu51on

-1Tmore accurately, for” both mov1ng and statlonary solut1on,'
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.the.model would have to 1n¢orporate a-specific rate law
descrlbing dlfoSlOﬂ (Flck s law) along with some means to \
1ncrease diffusivity (D) when moisture content 1s‘hlgh such
as the approximation formula presented by Shearer et al.
-(1973)lgiven in the literatureé review.

The moiSture potential.gradient produced by evaporation
was not measured but large evaporatlve losses of water were
observed in © prof1les. Temperature gradlents which occurred
in early winter would have been small (soil. water
‘temperatures generally vary between 0°C and 5°C at this
time). During spr1ng thaw temperature gradlents are opposite
in sign and would result in downward moisture flux.

No changes should be made to the model to account for
the effects of d1ffu51on or evaporation untijl exper1ments to
1solate the1r influences have been conducted. )

The symmetry of these solute_profiles emphasizes the
fnfluence of the frozen layer on solute transport. The
51mulated effects of . structure, namely an upwardly skewed
solute profile (51mu1at10n C), are not evident in the
simulated nor 'in the observed results for the partially
firozen structured soil system. The frozen layer acts as a
“control on infiltration rates causing. more complete
.equ111brat10n of solution between mobile and stagnant pools,_’
yand~produc1ng the more symmetrical solute profiles seen in. A

Y

‘and B.
Comparison of A and C, which possess the same internal -
properties except for the frozen layer, show that it is

»
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-possible for solute transport to be greater for leaching of
soil-borne solutes 4 ring thawing of a partially frozen
structured soéi than for leaching of an unfrozen structured-
soilr This effect wouﬁd‘occur oecause the infiltrating water
i held in contact with the intra—aggregate solution by the
1mped1ng frozen layer thuys p1ck1ng up a greater solute load
from the soil, Majka and Lavy (1977) descrlbed a similar
mechanlsm to-explaln observed increased solute transportJin
packed columns of fine textured soil over coarse soil,. They
stated that in'this case texture exerts a limiting influence
on flow rates thereby causing increased equ111bratlon |
between soil- borne adsorbed solute and solution phase.

The above comparison (A versusuC)wsuggests another
possible explanation- for the observed solute distribution.'
During slow 1nf11tratlon of meltwater clay soils are apt to
swell (the Bt horlzon of this soil is 33% clay). In such
cases. the 1ntra aggregate macropore volume may be sealed off

by. the expandlng 5011 matrix. Hydraulic conductivity and

flow rate are reduced; equilibration is more complete and

the result1ng act1v1ty prof1le is more symmetrlcal as shown

in A The symmetry of the observed solute d15tr1but1on could-'

result from leaching through structure or non-structured
partially frozen soil. Because the effects of the froaen
layer mask the effects of soil structure it is necessary to
study the effects~of Structure in isolation before definite

conclusions can be made about the the influence of structure

alone on solute transport infSystems with well developed Bt
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Us1ng an solutron ‘to the Darcy equatzon, rather than a

-—

water balance equatlon,—tovdetermlne.flux could,90551bly
have determ1ned the mechanlsm wh1ch caused‘the symmetr1ca1
solute concentratlon prof11e observed ‘This " would have e
nece851tated calculat1on of both’ saturated angd- unsaturated
hydraullc conduct1v1t1es (K) that vary with swelllng of the
soil. Because ‘of the: heterogenelty of. the 5011 thlS would be
“}fdlfflcult to accompllsh in the f1eld Laboratory ‘
measurements could be used to measure K for each horlzpn

"but are much less rellable than freld measurements._, j

~ Experiment 2: Leaching of adsorbed SOIute,(“G-lindane)

’ <

. a. “C 11ndane added to Ap hor;zon ._v 1;3;;5. ,
o Less than 2% of 'ic- llndane added to the top-2 5! cm of.
the Ap horlzonvwas detected as 'fC‘act1v1ty.beyond this
layer (figure I11.20). Linear. regression analysis of
observed data on pred1cted data generated the follow1ng
regression equatlon' , .

Obs = -.,043 + 1.125%P, r? =, ,992,
E11m1nat1ng the effects of soil structure from the
s1mulat10n (that is setting WR=0) predlcted the observed
lindane distribution almost equally as well, however
(Obs = -.052 +1,155%P, r? = .987);.These results point out

the importance of adsorption on solute transport. A

moderately h1gh adsorption’ coeff1c1ent (12, 6 ml/g for Breton

N
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(0 - 2.5 cm) in the fall.
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Loam Ap horizon) overrides the effects of soil structure in
the simulation experiment (see also figure II1.9). The

dominant influence of adsérption is also reflected in the

observations of the field experiment.

-b.,"C—lindane’addedfto Bt horiZOn
The' data obtained from dmstrlbutlon of '*C activity
resultlng from transport of labelled llndane added to the Bt
horizon were less. clear cut, malnly because of the
d1ff1cult1es in resolv1ng the field samples. At two of the
51tes used for comparlson with s1mulatlons the orlglnal
_-layer of placement of llndane may have'been split between 2

-samples resultlng in a mean d1str1butron wh1dh‘may overstate

. .the actual solute movement (stepw1se solld 11ne plot fagure S

L.
<

leII .21) .*"THe 51mulatlon (smooth curve) predlcted that more
- than 80% of applied lindane would'be found in the layer-
hwhere it was placed “The uncertalnty 1n sample resolution-

‘makes 1nterpretat10n of th1s exper1ment dlffzcult however,

it can be seen that adsorptlon cont1nues to dom1nated the

dlstrlbutlon of solute in the Bt hoflzon under . the: leachlng

condlt.lons studied. . .

Beyond restatlng*the 1mportance ofuadsorpt1on in. solute~-' v

]

transport, 11ttle need be sa1d about the experlments w1th

-

'¢C-labelled lindare. Simpler models predlcted the observed
dlstrlbutlon of solute as well as the structured 5011 frozen
layer model presented here. Exper1ments-performed under more-
intense leaching condition'are»necesSary to assess the

3

effects of soilvstructure'on transport of adsorbed solutes.
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Va11datlon testzng L ///

- -~

The\experlments dlchssed above 1nd1cate that the'
mechanlsms ‘modelled 19,&53 program requ1re further o f o

eluc1datlon before complete structural valldatlon of the

model is poss1ble. Experlments de51gned to. study each S
’ T e e ," “ S i -

fMecbanlsm rn 1solat10n are requrred slmulat1on exper1ments,4

‘ican prove useful 1n p01nt1ng out the experxmental condlt1ons '

ot o w . -t R : ’

~wh1ch are 11kely to prOV1de 1nformat1on necessary to test
'the model. That“ls,’varlatlon of 1nput whlch causes def1n1te-
dlfferences in s1mulat \ons can be used in phy51cal

experlments. The observed :esults of the phy51ca1

bt i W
nx e -

"exper1ments wlll then perm1t conclus1ons about the ... - pfij‘
’Lstructural validity of the SImulatlon model or parts of it

| once the. 1mportant méchanlsms have been elucidated and
included in the model research should be performed in. the

fleld to test. the predlctlve va11d1ty of the model



IV. SUMMARY AND CONCLUSIONS '

- A, SUMMARY

- o

ﬁbdel Descr1pt1on

plfal“ f A f1n1te dlfference 51mulat1on model based on the .
- ’chromatography/cont1nu1ty equatlon has been developed to

descr1be solute transport thr0ugh structured soil, and a

'FORTRAN' iogputer program wrltten to implement the model

=waThe,program.cah'be used to slmulate transport of exther

;adsorbed or non reactlve solutes through partlally frozen or'
)completely thawed soil.

The model charactefﬁzes_a heterogeneous soil solution'
and pore geometry by defining two interactive solution
pools: mobile and stagnant, based on the concepts presented

by.Addiscott-(1977) At each 1nf1ltratzon event only the’

. moblle selutlon is’ dlsplaceda After. each dusplacement a new. . .

’, .-

1equ111br1um is establlshed between the povls within each
layer. ‘ _ _ A
Transfer of solutlon between layers 1s deflned by a -
g:water balahce equat;on adapted from Burns (1974) to allow
-for var1able water content The water balance equatlon 1s‘
‘lLextended to descrlbe.the 1nfluence of’a frozen layer whlch ‘
blocks transmxss1on of water angd causes water storage above(d
the frozen layer in excess of fzeld'capac1ty A flrst‘
attempt to model the effects of evaporat1on, based on the
| method used by Burns (1974) has been 1ncorporated into the



_ model. ThlS method was extended to describe the mechanlsm of

volatxllzatlon of ‘solute from the surface layer of. the soil
' :
system.

Transport ofladSOrbed solnteS‘is treated'by partltlon

of solute between solution: and solid phase on the bas1s of

an effectlve partition coefficient determ1ned from a l1near
.adsorptlon coefficient, bulk density, and volumetrlc

~moisture content. . .

The computer“program which implements the model is:
reproduced in Appendix F, along'with a USersl guide and
sample 1nput and oui'ut data (Appendlces D and E,

‘respectlvely)
Simulation Experiments:
Simulation experiments were performed to assess the \

sensitivity of the model to the relative sizes of mobile and

P

stagnant solutionipools, Lnfrltratlon Fates and pattern°

»

layer thickness; frozen layers; and adsorptlon of solute._It

PR

was found that the model. was sensitive -to- adsorptlon

'coeffxczents, 1nf11tratlon rates,.and presence of a frozen
+layery ’ but not sens1t1ve to layer thlckness varlatlon :
between~ .3 cm and ten cm._. A | R
, Slmulat1on of F1e1d Exper1ments A

o Transport of tr1t1ated~water %Pon reaZtlve solute) and
'4C-labelled. 11ndane (adsorbed solute) through part1ally
frozen 5011 during 1nf11trat1on of snow melt was ‘'studied in

fleld experlments performed on a Gray Luvisol. S1mulatzons

of the field exper1ments were run uszng the data obtalned

A}
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Afrom ana1y51s of the so11 phy51cal and chemlcal propertles.

Agreement between pred1cted and observed results were:

”-tassessed by regre551on analys1s. The simulation predlcted

the peak concentratlons and downward extent of solute
movement reasonably well for both adsorbed and non reactlve
'solutes. It d1d not predlct the upward extent from the zone
of appllcatlon of the non- reactlve solute. ThlS lack of
agreement 1nd1cates that the- mechanlsms of upward ‘movement
caused by evaporation and/or diffusion should be eluc1dated'
and incorporated into the mogel. : . S
Future Experiments

Conclusions drawn from compa;1son of 51mulat1ons and
field observatlons regarding spec1f1c mechanlsms cOntroll1ng
solute transport are tentatkye because of 1nteract10ns L
between the factors involved (soil structure, frozen layer;
'infiltration'rates, adsorption-desorption) Some of these :
factors produce opposlte effects on solute transport; so‘.l
aggregatlon causes skewed solute concentration proflles
'whlle frozen 5011 causes, symmetrlcal prof1les. Other factors

]
relnforce reach other- adsorptlon and aggregation both cause

{

PN
holdback of solute, Exper1ments wh1ch study each factor in

.

1solat1on are necessary to valldate the treatment of each
'.gechanlsm by the model and to‘test‘the validity of
assumptions made in‘constructing the model. S1mulatlon,'
exper1ments can be used in. thls context to 1nd1cate the

' experzmental cond1t10ns whxch would best eluc1date the

factor under con51deratlon, or to -pre-search" for
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moblle and stagnant solut1on pools is. fuﬁdamental'to th1s
and other models (Addlscott 1977) of so;ute transport
through structured 5011 Optlmlzatlon experlments u51ng o
. und1sturbed 5011 columns are necessary to determlne the
vapproprlate 5011 m01sture ten51on on whlch to base thlsl
d1v1s1on. The model makes the assumptlon that equzlxbrzum

K3

between solut1on pools occurs after each 1nf11trat10n event 1
Exper1ments de51gned to test the va11d1ty of th1s assumptlon
.under Varxous m01sture flow rates are also necessary.
| Aﬁter the factors and mechan1sms 1nfluenc1ng solute
transport have _been adequately def;ned and mathemat1ca1
express1ons of the1r effects 1ncluded 1n the model the y

expet1mental venue should be-. moved back 1nto the f1e1d to

test the pred1ct1ve val1d1ty of the model

' B. CONCLUSIONS

Simulation Experiments o - i;gg}f‘

The S1mulatlons perf’med support the followmg

3 conclu51ons.

t

1) Solute held w1th1n sozl aggregates are. less sub}ect to

| leach1ng by 1nf1ltrat1ng water than are 5011 borne solutes
\

, 1n ‘non- structur‘P soxl Solute d1str1butzon 1n structured
so1ls lS characterlzed by an assymetr1cal concentrat1onv ;
profxles (upward skewness) wh;le solute concentrat1on

prof1les 1n non structured s01ls arefsymmetrlcal about the o

; i
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average dlsplacement of the solute.,~'

.g 11)Adsorptlon plays a dbmlnant role 1n controll1ng squte
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1) Non-reactive solute: - : A o

"u transport throﬁgh 5011“”eVeh‘wheh adsorpt1Ve forces aret T
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111) The rate of 1nf11trat10n 1nfluences the leachlng

v .

pattern“wh1th develops rn~structured 501ls to a greater
degree than in non- structured so1ls. Inten51ve 1nf11trat1on.
transports less 5011 borne solute but carr1es a small amount

to@greater degths than low _intensity 1nf11tratlon. ThlS is

reflected 1n skewed solute&proflles. : S

A 2%, Exag B B g -!.‘" LI IE T Y
N

'zen layer 1nfluences solute transport by slow1ng

TR, %

rnf1ltratlon and causing more domplete equ111bratlon between
solutlon held within aggregates and solut1on moving-between
aggregates result1ng in symmetrlcal solute ‘profiles. This )
can cause transport of greater selute mass - under some |

conditlons of leachlng in highly stuctured soil. The slow

:1nf11trat10n of meltwater 1nto part1ally frozen ground may

represent the most 1nten51ve leachlng condltlons encountered

in some structured SOllS.

F1eld Exper1ments '

The 51mulatlon of transport of tr1t1ated water through ,
partlally frozen, structured soil agreed w1th the observed
dlstrrbutlon of solute from the zone of solute appllcat1on
downward in peak concentrat1on p051tzon- slope' and max1mum

depth of penetratlon. Slmulatlons did not adequately

.
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descrbbe«the'solute dlstr1butlon above the zdne of !

wr T

- . . an .

: appllcatlon 1nd1cat1ng the mechanlsms of upward solute

i ltranspo;t;gﬁ;sgLutemape;pgt‘adgqua;slyfdsfined,;n the modelg

;”“11) Adsorbed Solute’

Adsorpt1on coeff1c1ents of 12 6 and 5. 1 ml/g were hxgh°

A enough to exert'a dominant controlling influence “on

b-transport of “C-llndane,th;qugh the Ap,and Bt horizons,

respectively¢ for the leaching conditions,observed'during

o 1nf1ltratlon of - meltwater 1nto a Gray Luv1sol Predicted .and

am T s & o o » exy o “ CE - P S L

' observed results both suppofted this conc1u51on with a high

degree of ‘correlation.
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APPENDIX o i

;q“List;gif$ymbols«ésedvigfchzomatggréﬁﬁic?EquationS;A,w

ez = vertdcél dlsﬁance coofdrnate (cm) :p‘v;=“--»=‘*-ﬂ““'
A = cross sect1onal area of so0il- column (cm )

<
]

_volume, AAz,‘of_laye: of thickness Az (cm ).

~ Vp = pore volume, «-V, of layer of thickness Az (gm’).

[ad
]

- time (d).

(¢]
[}

- concentration (g/ml).

<
n

water fIUX“density-(Darcian'velocity) (ml/cm*-d). "

A
H

water velocity (cm/d).

solute mass. flux den51ty (g/cm’—d)b

o Q-
noon

solute diffusivity 1n 80il. (em*/4d).
Do = solute diffusivity in water (cm?/d).
TE = dlsper51on coefﬁac1ent (cm?/d),

o

Dspr = spreading coeff1c1ent, comb1n1ng D and E (cm? /d)

Y

T = tortubsity factor (dimensionless).

. a = porosity (cmi/cm’).

8 = volumetric water content (ml/cm®).

0s |

) -

saturated volumetric watef content (ml/cm?

' Bb

dry bulk density'(g/Cm’f.
a = mass adsorbate/ﬁasé soi;v(ug/g)
Rads é'adsorption coefficient Freundlich 1sotherm (ml/g).(‘
B = effectlve part1t1on coeff1c1ent (dlmen51onless)
= Db- k/e,
The symbolism uoed'in the sfmulation program is'given

in Appendix D.
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L -{T~~.‘_,~. APPENDIX B
____ Summéfi'éf F1eid Data o T e e

;»Table”a 1. Mean rad101sotope act1v1ty d1str1but:ons observed o

‘fﬁ‘Mﬁy: 1982 after labelled solutes appl1ed to the Ap

horizon (0 - 25 cm) in Nov. 'and Deq., 1981.

Depth (cm) , A/Ao(eﬂoa)"‘” A/A;(';ééiiﬁéane)‘»

0 - 2% .0075 .678 + .206
S22 -5 .0049 014 & 026

5.5775  S0 - . o0to

7% - 10 0020 e e
10 - 124 . 0028 "

124 - 15 .0031

15 —'175 . .0025

¥

7 -20 0§ - ?
20 - 224 " .0017
22% - 25 o
A =‘édtiVEty ﬁéééufed in éach‘soil sample layer.
Ao = tofal actiQity added tQ e;ch's§te.
R 6.25 uCi- for‘!ugﬁf‘_. :
m@ =2 uC1 for tsCc-lindane. )
'Note - act;v1t1es detected at one &ite 6hly; ?
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‘..:Table B. 2 Mean rad101sot0pe act1v1ty d;strrbutlons observed

. in May,,1982, after labelled solutes applxed to the upper

e surface 'of Bt horlzon 1n Nov. and Dec., 1981, Depths ‘are

glven as d1stances from the centre’of thb layer of

appllcatlon (negat1ve—valnes above 1ayer of appllcatlon,. A

_p051t1ve below).

Depth‘(cm) ; v»~A/Aa(’HOH) - A/A@("C—lindane)' 1
-5 0021 £ L0041
- 123 o .0026 & .0043 S A
- 10 © .0042 £ .0067 :
- 74 . .0064 % .0094 |
-5 "'”,"-30094.5»{6118 SRR S
- 24 ' .0148 % .0160 . .0032  .0062 |
0 L0186 + L0154 *.4550 & .2480
2 Y o6 s L0074 2975 & .2884" ¢
5 .0236 + .0128 .0185 + .0305 L
7%, , .0253 + ,0138 .0038 ¢ .0039
10 0 .0228 % L0111
123 L0175 & .0091
15 - .0129 + ,0096 ‘
174 L0069 * .0066 ] =
20 ' .0027': .0027 ~
224 . .0008 % .0012
25 - .0004 t .0007

274 .0004 .0007

A = activity measured in each soil sample layer. _
Ao = total activity added to each site ..
(6 25 and 10 uC1 for °HOH; 2 uCi for '¢c- 11ndane) -



[

. Shmmary'gz'ﬁieldibata Usedwfpf Compafison'wi;h{Simqlatista'

. . Table C.1. Mean radlolsotope act1v1ty dlstrlbut1ons observed :
s'on west half of experlmental plot area in May, 1982, after

-labelled solutes appl1ed to Ap horlzon (0 - 2& cm) in Nov.

" and Dec.,'1981 L » =
Depth (cm) "A/At(°HOH)'  A/At('*C-lindane)
0-2¢ 2020 . 971 : 044
23 - 5 .193 ’ .029  .044"
5 - 74 0 0% 0
LTEe= 100 s 112

10 - 123 ;1121

124 - 15 | . 124
15 - 174 .099
174 - 20 S oo
20 - 228 o6 .
224 - 25 . ¢
A = act1v1ty measured in each 5011 sample layer.
'At = total act1v1ty measured at each 51tev
= ZA.

'Note - activities detected at one site only.
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Table C.2, Mean rad101sotope act1v1ty dlstrlbutlons observed

_.on-west half of plot area 1n May,_1982 after labelled.

solutes appl1ed to the upper surface of Bt horizon 1n Nov.

and

Dec., 1981

Depths are glven as dlstances from the

‘ centre of the layer of appllcatlon (negatlve values above '

layer of. appllcatlon, p051t1ve below).

Dept
- 15
~ 12

h (cm)

t- ‘

t-‘10f

- 7%
-5
'? 2%

24

7%
10
123
5

17t‘

20
22%
25

27%

.0064 "
0102,
L0142

.0238
.0327

.0530

.0682

.0932

. 1300
. 1726

L. 15128.
L1130

.072
.035

013
.0042
.0016
0014

+
%

H H I+

TS

+ H+

H

H

t

b 3

A/At (*HOH)
“.o079
.0125 .

.0182

.0245

.0167
.0155
.0228
0163

.0180 "
.0590

A/At(“c-lindaﬁe)

0333 + .0563

.6402f£.;2469

.2963 t .2575

.023¢ + .0290 o
.0067 % .0047

;0409 .

.053
.034
.018 "

.0054
.0032

.0028

.,008

v

A = act1v1ty measured in each so1l sample layer.
At = total act1v1ty ‘measured at each site

= ZA,

2
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 APPENDIX D

‘ Mahqal'for‘use with Simu1ation Model FOR;;XN Program “PFSSZf

DIMENSIONING: o _,,»'-"jif'.ﬂ -
The program is set upvfdf systems of less'thén 100
layers. If the system to be modelled contaxns 100 or greater.
jlayers the dlmen51ons ‘of the follow1ng arrays must be. “

: changed _

WT(m), WR(m), WMCAP(m),}WGRCAP(m), WM(m), WGRAV(m),

xswucp(ﬁ), XSWGCP(m), ST(m), SR(m), SM(m),’sGEAv(m),
WE(m), SE(m), MS(m),'Q(m); DB(m),kaDS(m),‘DEPTH(m)

where m = number of layers\ip system,

PROBLEM IDENTIFIERS:

TITLEl f1rst title line, up ‘to 80 alphanumer1c characters

TITLEZ = second tltle llne, up to 80 alphanumerlc characters ‘

f

SYSTEM PARAMETERS'

M = number qf layers in system belng modelled

DELTAZ = layer thlckness, in mm.

TIME STEP PARiMETERs:

TFIN = time- period of: 51mulat10n, days'

1

Qﬁgal output data is printed.

also 51gnals when t

T1, T2, T3 = tlmes when 1%"‘dxate results can be prlnted

y c"‘

f-fc

if not requ1fe§?' all equal to TFIN.

"!‘W
LAYER-PARAMETER&:

,'DB(m) = dry bulk density of each layer (g/cm®); used

138
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only for adsosbed solutes otherw1}e can bg set = 0,

139

;tKADS(m) = adsorptlon coeff1c1ent, linear Fteunéllch 1sothermi‘

(ml/g) must be spec1f1ed (for non-adsorbed solute'.

”ﬂINTERNAL VARIABLES'

.

T ann R

';  In1t1al values for the followlng ﬂz:1aﬁles must.be'-
» ; .

prov1ded by ‘the user.‘ ha ) ?ﬁv-
;Ms(m) = total mass of solute in each layer per un1t atea;

(e g., kg/ha, ug/cm ), area can be chosen

' 0y -

arbztrarxly, but must bé consxstent wlth un1ts

used for s (see~DRIVING VARIABLES)

. WT(m) = total helght equnvalent (mm) of water in each layer°."'

determ1ned by user as product of/volumetrxc m01sture o

wvcontent and: layer thzckness in mm.i\

| o e»gf? ,
E'Quzvalent (mm) of ‘water in stagnant water

:;f- DBLTAZ*G

e

= DELTAZ*G(ZOO kPa)

—

;WMCAP(m) = moblle water pool capac1ty,~1n hexght equ1valent

(mm) of water- determx'"

5;. CUtve and layer th1ckness'1n:mm.f”ff

ekzoo kPa)]

e DELTAZ*[G(BB kpa)'

&

ffoplg,agféxmi@édffgbmgybistu:e1;e:qhtiqﬁfea;ve (e,at-[

"ﬂfre.ten51on) and’ layer th1ckness in om0

d_from moxsture retentzcnﬂ:gf“
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. layer routinelonly;'can be set at 0-at all_ e
’ layers for non- frozen 5011 | _
The 51mulatzon program generates the follow1ng 1n1t1a1 L
' 1nterna1 var1ab1es from those prov1ded above and updates
‘them throughout the program.. | S '
- WM(m) ="wat:er contaxned 1n moblle pool, heigﬁtvequivalent
(M) : . | | . : : .
, WGRAV(m) ? water conta1ned in grav1ty pool, ueight_,
‘equivalent (mm) | B
'.XSWMCP(m) = unfilled capac1ty in mob11e water pool (mm)
: XSWGCP(m) = unfxlled capac1ty in’ grav1ty water pool (mm)
'B = effectlve partltlon coeff1c1ent (d1mens1onless)
= DELTAZ*DB(m)*KADS(m)/WT(m) | -
'Q(m) = mass of adsorbed solute (;g) in . each layer-”
=Ms(m)*B/(1+B) S i e
. ST(m) = mass of dzssolved solute (ug) in each layer-
| Ms(m)/(1+B) » ' s ~
mass of dlssolved solute (ug) in staqnant pool-v'7f'

ST(m)*WR(m)/WT(m)

: u'

SR ()’

SM&mlis mass of d1ssolved solute (ug) in moblle pool '

ST(m)*WM(m)/WT(m) | D »
’SGRAV(m) = mass of d1sso1Ved solute (ug) -in grav1ty pool
”;z ST(m)*WGRAV(m)/WT(m) _y”v”

‘?DRIVING VARIABLES _ .
The follow1ng 1nput variables must be prov1ded at each tj'_

tlme step. There must be TFIN sets of 1nput data..fu{f,“*‘°




the upper 11m1t of frost in the 5011-‘
for unfrozen so1l must be set = 0 |
'dally prec1pat1on or. 1nf1ltratlon (mm) ;
(see note', below) j}' . h o ?,;fc; o
1dally evaporatlon (mm) (see note‘;.below)\-

da11y mass of water borne solute applled

. per.’ un1t area}pf 3011 must be compatlble

WA

determ1ned by d1v1d1ng by WA Therefore W and E must not be'

“with unxts used for Ms(m) (e g., kg/ha, ug/cm )

e

.Note' Net 1nf1ltratlon 1s determ1ned from W and E as'ﬁ

= w - E WA cannot be 0 because some concentrat1ons are

.equal

The followlng dr1v1ng varzables are generated by the

: mass between layers'

water added from layer above and lost to layer

-

'Wﬁ(m) .water lost to layer: above due to caplllary flow

1nduced by evaporatlon- (WE(1) water lost from

surface layer ‘to atmosphere by evaporat1on)

'_51mulat10n program to. affect transfer of water and solute,

WA, WL =
_ below, respectlvely, by downward transm1551on of -
| water 1nf1ltrat1ng at surface layer.bd-
1Sh,fSL = solute mass carrled by WA and WL respectlvely.

‘SE(m) =-solute mass ‘carried by WE(m)‘ (SE(1) = solute lost

from surface layer to atmosphere by volat1112at1on)

: ,(



~ INPUT CARD INSTRUCTIONS.
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The data enterred into to the: program must follow the_

follow1ng format'ﬂ~

CARD '
,J-

B

L
e

‘Notes: ? .-

3

}

1

correct formatting can be found in Append1x E..Input data

'are enterred on. I/O dev1ce unxt 5, output -data can be ‘

- MS v

CUWDE

CWR
WMCAP

VARIABLE

TITLE 1
TITLE2
M
TFIN

.pTI_
. T2

T3

. DELTAZ

DB

KADS

WGRCAP'

- FLNR

.w..
B
. S

‘enterred on I/O un1t 6

-FORMAT‘

" BOA1"
80AL1

15

I~15

15

- 15
.15
" F5.2

F10.4

F10.4 -
F10.4
" F10.4
F10.4

F10.4
F10.4

13
F10.2

F10.2

.F10,2azf

- Cards 5 and 6 are repeated TFIN t1mes, '
where TFIN is the number of time steps 51mulated
Cards 5 and 6 must be ent
that daily FLNR and w E
4together., ;

CQLUMNS_‘

Examples of complete 1nput files 1llustrat1ng the

- Card 4 s repeated M tlmes, where M is the number
ayers in the. system ‘being modelled,
varlable val

in order
es are supp11ed for all layers

erred alternately, so )
, and S are read *

t

15

1

- 80
1 - 80,
1 -.5
6 - 10
I1 - N -
6 - 20
1 - 25
6- 30
1 - 10
11 - 20
- 30
31.- 40
41 -'50
51 - 60
61 = 70-
» 1 - 5‘4
1 10
1 - 20
1°- 30



the follow1ng format' _ " f

(1 11ne)

iy
A

:OUTPUT FORMAT

The results of the 51mulat1on program are pr1nted in

1. Model 1dent1f1er (2 lines).
2.\Prob1em 1dent1f1ers,erepr1nted from 1nput file (2 llnes)
3. mlme step and 1ayer parameters, reprlnted from 1nput f11e’7'
4. Data echo:mtne data for each layer is reprinted as it
appears in the data f1le, under the hea§1ngs, DB, KADS MS,
WT, WR, WMCAP WGRCAP, as deflned above.

5. In1t1a1 condltlons, calculated from input data suppl1ed

under the headlngs, I, DEPTH XSGMCP, XSWMCP B Q, ST, and

SM,-as def1ned'above.

6. lnflltration/eVaporation'records (daily), under the_

headings J (time) FLNR (frozen layer number), FLNRT

(prev1ous frozen layer nnmber) W-INPUT

'p(prec1p1tatlon/1nf1ltrat1on) EVAPN (evaporatlon) $~1NPUT

. {solute carried by infiltrating water), W-POND (helght“of

A:onnded water), WA(NETW) (net 1nf1ltratlon/evaporatlon) and

4

" WTOTAL (total 1nflltrat1on to date) 1n tabular form.
7. If there is any volatlllzatlon loss of solute the above

\table is 1nterrrupted and the,follow1ng 1nformatlon is

' suppl1ed NET E (always 0); WT(1) WG(1) WM(1) WR(1)

(total grav1ty, mobLle, and stagnant water, respectnvely,?

conta1ned in layer 1), WE(1) SE(1) (evaporat1ve water

r-.
losses and volat111zat1on losses, respectlvely, from layer

R



f'

144

71).‘. : , | o

8. Sink losses- water and solute which drain from the bottom‘

-

,layer of the system will also interrupt the data tabulated

'in 7. (above) under the headlngs' SINK LOSSES AFTER DAY "J";

VOLUME AMT, SOLUTE, and CONC SOLUTE (drainage water,
height equ1valent, mass of solute drained, per un1t area;

and solute concentratlon in- dralnage, respectlvely)

8. The solute concentratlon profile is 1w1nted 1n\tabular

form under ‘the head1ngs.>LAYR (layer number) GRAVHOH
MOBHOH, and RETHOH (grav1ty, moblle, and stagnant water,
respectlwely, conta1ned in the layer) ~GRAVSOL 'MOBSOL and'
REmiiL (solute mass, per layer, conta1ned in grav1ty pool
mobile pool, and stagnant pool respectlvely) DISSOL _
ADSOL, TTLSOL (total dlssolved solute, adsorbed solute and d
total solute mass,'respect1vely, contalned in the layer) :
Examples of the output data flle are found 1n\prend1x

E, follow1ng the1r respect1ve 1nput data flles.



" APPENDIX E

Input Data Used by, and Output Data Generated Qi.simulation
Model Pro;}am. | R

¢

| The folIow1ng pages contain I/O data files

’used/generated by the- FORTRAN program which 1mplements the

51mu1at1on model (The program is prlnted in- Appendlx F.) o
Simulation E1, pages 146 to 149, is. for transport of a-

non- reactlve solute (tritiated water) applled to the Bt

‘horlzon and is a simulation of field experiment 1b, ,
deeoribed in chapter 1III. Simulation EZI pages 150.to 153,
is for transpoft of an adsorbed‘aoiute (**c-lindane) applied
to the Ap- horizon (0 - 2.5 cm) and is a simulation. of fleld

experlment 2a, chapter III. '

V

The output file generated by each simulation‘follows
1ts respectlve input data lee. Details on formattlng of

-input and output files are glven in Append1x D.
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146
..+ INPUT DATA FILE El:

SIMULATION OF FIELD EXPT. 1b: 3HOH APPLIED TO Bt HORIZON, - ’

WR:WHMCAP SET AT 2 BARS. LAYERS = 40 X 25.4 MM. SITE 13.
40 54 30 40 50 25.4 » _

1.331 0.000 0.00 8.18 7 7.375" .1.92 2.99
1.437 0.000 0.00  8.18 . 7.375 1.92 1.96
1.500  0.000 0.00 . 8.62 = 7.375 1.92 1.76
1.531 0.000 - 0.00 - 7.92 7.375 1.92 1.76
1.523  .0.000 0.00 ° 8.45 7.375 l1.92 1,76, o
©1.497 - 0,000 0.00 8.64 ©7.375 1.92, 1.76.
1.528°  0.000 100. 9.42 9.42 "1.21 1.00
1.4975  0.000 0.00 - 9.42 - 9.42 - 1.21 0.72
1.462 0.000 0.00 - 9.42° 9.42 1.21 0.72
1.435 0.000 0.00 9.42 ' 9.42 1.21 0.92"
1.425 0,000 0.00 ~  9.42 9.42 1.21 1.02
1.420 0.000 0.00. 9.42 9.42. 1.21 1.06
1.436  0.000 0.00 - 9.42 9.42 1.21 0.91
1.483  0.000  0.00 9.42 - 9.42 1.21 0.72
1.471 0.000 0.00. 9.42 9.42 11.21 0.72
1.504  0.000 00.00 “ 9.42 9.42, 1.21 7 0.72

©1.519 0.000  0.00  9.42 9.42 1.21 0.72
1.559 _  0.000 0.00 9.42 9.42 1.21 0.72
1.573  0.000 0,00 9.61 9.42 1.21 ©0.72
1.592  '0.000 0.00 9.99 9.42 1.21 0.72
1.655 0.000" . 0.00 . 9.92 9.42 1.21 ~.0.72
1.6500  0.000 0.00 9.42 9.42 o lL.21 0.72
1.622 0.000 0:00 9.63 9.42 1.21 0.72°
1,613 0.000 0.00 .9.51 9.42. 1.21 0.72
¥.630 0..000 0.00" . 9.40 . 8.40 1.34 0.52
1.620 0.000 0.00 -79.26 . 8.40 1.34 0.52
1.623 0000 0.00.  9.09 - 8.40 1.34 0.52
1.617°  0.000  0.00 9.05 8.40 1,34 %
1.618 -0.000 “0.00 9.02 8.40: 1.34 By
1.590  0.000"  0.00 " 9.48 8.40 1.34 0.52
1.585 0.000 0.00 9.74 . 8.40 1.34 0.52
1.587 0.000 0.00 9.74 8.40 ~1.34. 0.52
1.614 ~ 0.000 -0.00 © . 9.64 8.40 - 1.34 0.52
1.622 0.000 0.00 '9.74 8.40 1.34 0.52

- 1.616 0.000 0.00 ©9.50 8.40 1.3% 0.52
1.588  0.000 '0.00 8.58 8.40 1.34 0.52
1.612 * - 0.000 0.00 . 8.40 8.40 1.34 + 0.52°
1.636  0.000 0.00 =~  8.40 8.40 1.34 0.52
1.634 ° 0.000. 0.00 8.40 - 8.40 1.34 0.52

. 1.632 0.600 0.00 I, 9,41 - B.40. 0 1.34 0.52
Y7002 B S S ;

0.66 = 0.00 0.0

10.66 0.00 0.0

002 - ) " g

0.66 £ 0.00 - 0.0 -

002"



0.66"

002
0.66
003

0.66

003

'0.80
003
0.80
003
0.80
003

0.80

003

0.80

003

0.80°
003"

~.0.80
© 003
0.80
003
0.80
. 004 -
. 0.80
004

0.80.

004

0.80_

004

0.80"

004
0,80
004
'0.80
004
0.80
005
0.80
005

0.80

o 0:80 i
S 005
0.80-

006
“1.00
006

1.50

007"
~2.50
- 008
. 3.50

w0
‘0.0

0.00

0.00 .

0.00

0.00

" 0.00

-~

0.0

0.0

0.0
0.0

0.0

0.0

0.0
 ¢.0
0.0
0.0

0.0

0.0 °

© 0.0

;.0,0
0.0

0.0

o;QQ,,V

0.0

0.0

P

0.0 SR L
0.0

0.0

“ 147 .

0.0

0.0

0.0

0.0
0.0

0.0.

0.0

o0 . R .



009

4.20

o10.

. 4-75

011
.5.05.
012
5.30
014

5.20

016
5.00
018

4.50

020
"3.00
022
0.000
024

0.00

» 026

. 0,00 -

0.00

027

0.00
- 027

- 0.00

028
0.00

028

0.00 -

029

800 -
- 030

~0.00
032
- 0.00
. 034

o

0.00

" 000

000
0.00
"t 000

0.00

000

000
0.00
. 000
Y 0.00

0.00 °

0.00 -

0.0
0.0°
0.0°

0.0

0.0

0.0

1.30

1.30

1.30°

4.10

4.10

4.10
1.39
1.39

1.39

s
1.39
'1139
1.39 =

--1.39

1.39
1.39

1.39

1.39

0.0
0.0
0.0

0.0

0.0

0.0

0.0 .

0.0

0.0
0.0

0.0

0.0

0.0

0.0
0.0
0.0

0.0

0.0

0.0

0.0

0.0

0.0

. O'o
0.0
0.0 .

0.0

e

P23

148



149

OUTPUT DATA FILE El:

R 4

PFSS2: TWO-POOL MODEL OF SOLUTE TRANSPORT THROUGH
PARTIALLY FROZEN STRUCTURED SOIL. ,

SIMULATION OF FIELD EXPT. 1b: 3HOH APPLIED TO Bt HORIZON.
WR:WHMCAP SET AT 2 BARS. LAYERS = 40 X 25.4 mm. SITE 13.

40 54 30 40 50 25.4 o S
(NOTE:DATA ECHO, INITIAL CONDITIONS, INFILTRATION RECORDS,
INTERMDIATE SOLUTE DISTRIBUTION PROFILES, ARE OMMITTED)

S A
SOLUTE PROFILE, DAY 54 oo ‘ - |
LAYR GRAVHOH MOBHOH RETHOH GRAVSOL MOBSOL RETSOL DISSOL ADSOL TTLSOL

1 - 0.0 0.0 7.38 0.0. " 0. 0.0 0.0 0.0 0.0
. 2 0.0 0.0 7.38 0.0 0.0 0.00 . 0.00 0.0 ~ 0.00 °
3 0.0 0.0 . 7.38 0.0 0.0 0.01 0.01 0.0 0.01
4 0.0 0.0 7.38 0.0 0.0 0.08 0.08 0.0 0.08
5 0.0 ,0.0 7.38 0.0 0.0 0.40 0.40 0.0 0.40
6 . 0.0 0.0 . 7.38 0.0 .0.0 1.28 1.28 0.0 1.28
7 0.0 0.0 9.42 0.0 0.0 3.93  3.93 0.0 - 3.93 &
8 0.0 0.0 9.42 0.0 0.0 8.38 8.38 0.0 8.38
9 0.0 1.05 9.42 0.0 1.49 13.37 14.86 0.0 14.86
10 0.0 1.21  9.42° 0.0 - 2.09 16.26 18.35 0.0 18.35 :
11 0.0 1.2 9.42- 0.0 2.03 15.84 17.88 0.0 17.88. -
12, 0.0 1.21  9.42 0.0 1.64 12.74 14.37 0.0 14.37
13 0.0 1.21  9.42 0.00 1.11 8.66 9.77 0.0 9.77
14 0.0 1.21 9.42 0.0 0.65 5.07 5.72 0.0 . 5.72
15 0.0 1.21  9.42 0.0 0.33 2.58 2.91 0.0 2.91
16 0.0 1.21 9,42 0.0 0.15  1.15 1.30 0.0 1.30
17 0.0 1.21  9.42 0.0 0.06 , 0.45 0.51 0.0 - 0.51
18 0.0 1.21  9.42 0.0 0.02 " 0.16 0.18 0.0 0.18
19 0.0 . 1.21 9,42 0.0 0.01 0.05 0.06 0.0 -0.06
20 0.0 1.21  9.42 0.0 = 0.00 0.01 0.02 -0.0. 0.02
21 0.0  1.21 9.42 0.0 0.00 0.00 0.00 0.0 0.00
22 0.0 1.21  9.42 0.0 0.00™ 0.00 0.00 0.0 0.00
23 0.0 1.21  9.42 . 0.0 0.00 0.00 0.00 0.0 0.00
24 0.0 - 1.21  9.42°  0.00 0.00 0.00 0.00 .0.0 0.00
25 0.0  1.34 8.40" 0.0 0.00 0.00 0.00 0.0 0.00
26 0.0  1.34  8.40 0.0 . 0.00 0.00 0.00 0.0 0.00
27 0.0 1.34 8.40 0.0 0.00° 0.00 0.00 0.0 0.00
28 0.0 - 1,34 8.40 0.0 0.00 -.0.00 0.00 0.0 0.00
29 0.0 1.34  8.40 0.0,  0.00 - 0.00 0.00 0.0 0.00
30 0.0 1.34  8.40 0.0 0.00 .0.00 0.00. 0.0 0.00
31 0.0 1.36 8.40 0.0 0.00 - 0.00 0.00 .0.0 0.00
12 0.0 1.34  8.40 0.0 0.00 0.00 0.00° 0.0 . 0.00
33 0.0 1.34 - °8.40 0.0 0.00 0.00. 0.00 0.0 0.00
34 0.0 1.34  8.40 0.0 .0.000 0.00 0.00 0.0 - 0.00
35 0.0 . 1.34 8.40 .0.0 ~0.00 0.00 0.00 0.0 -0.00
36 . 0.0 1.3 8.40° 0.0 0.00 - 0.00 0.00 0.0° 20+ 00
37 0.0 1.34  8.40 0.00 0.000 0.00 0.00 0.0 0.00
38 - 0.0 1.34 8.40 0.0 0.00 0.00 0.00 0.0 0.00
39 0.0 = 1.34 B8.40 . 0.0 0.00 0.00 0.00 0.0 0.00
40. 0.0 > .1.34 8.40 0.0 0.00 0.00 0.00 0.0

©. 0,00
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INPUT DATA FILE E2: | _ ],2;. ~

-7 L

SIMULATION OF FIELD EXPT. 2a: 14C LINDANE APPLIED TO Ap HORIZON.

&

WR:WMCAP SET AT 2 BARS. LAYERS = 40 X 25.4 MM. SITE 10.  g¢. & .
40 48 30 40 45 25.4 L - o7

1.331  12.60 100. 8.18 7375 1.92 2.99 "
1.437 12.60 0.00 8.18 7.375 . 1.92 1.96
1.500 - 12.60 0.00° 8.62 7.375 1.92 - 1,76 -
1.531 12.60 -0.00 - 7.92 7.375 1.92 1.76
1.523 12.60 0.00 8.45 7.375 B.92 . 1.76
1.497 12.60 0.00 8.64  7.375 1.92 . 1.76
1.528 5.100 0.00 - 9.42- ' 9.42 - 1.21 - 1.00
1.4975 5,100  0.00 9.42 9.42 1.21 0.72
1.462 5.100 0.00 9.42 9.42 1.21 0.72
1.435 5.100 0.00 -. g.42 ' 9.42 1.21 - 0.92
1.425 5.100 0.00 9.42 '9.42 . 1,21 ' 1.02

- 1.420 5.100 0.00 9.42 9.42 1.21 1.06
1.436 ' 5.100 0.00 9.42 9.42° . 1.21 0.91
1.483 5,100 - 0.00 9.42 9.42 1.21 0.72
1l.471 5,100 0.00 9,42 . 9.42 1.21 0.72
1.504 5,160 0.00 9. 42 9.42 1.21 - 0.72
i1.519  5.100 *  0.00 9.42 9.42 1.21° 0.72
1.559 5.100 0.00 . 9.42 9.42 . 1.21 0.72
1.573 5.100 - 0.000  9.61 9.42 1.2 -4 0.72
1.592 5.100 0.00 9.99 9.%42 1.21 0.72
1.655 5.100 0.00 9.92 9.42 1.21 - 0.72
1.650 5.100 0.00 9.42 9.42. 1.21 0.72
1.622 5.100 0.00 '9.63 19.42 S 1.21 0.72
1.613 5.100 0.00 9.51 9.42 1.21 . 0.72
1.630 . 5.100 0.00 9.40 8.40 1.34 0.52
"1.620 5.100  0.Q0 9.24 8.40 1.34 0.52
1.623 5.100 0.00 9.09 8.40 1.34  0.52
1.617 5.100 0.00 9.05 8.40 1,34 0.52
1.618 5.100 0.00 9.02 . -8L40 1.3 0.52
1.590 ~5.100 .  0.00 9.48 - 8.40 1.34° 0.52
1.585 5.100 0.00 9:.74 , B.40 .. 1.34  0.52
1.587 5.100 0.00 9.74 8.40 1.34° 0.52
1.614 5.100 0.00 - 9.64 8.40 1.34 0.52
1.622 5.100 0.00 C9.74 *  8.40 1.34 0.52
1.616 5.100 0.00 9.50 8.40 1.34 0.52
1.588 5.100 0.00. 8.58 8.40 1.34 0.52

1.612° 5,100 0.00 8.40 8.40 1.34. .. 0.52
1.636  .5.100  0.00 8.40 8.40 1.3 | 0.52
1.634 5.100, 0.00 8.40 - 8.40 1.34 . 0.52

T 1.632 5.100 0.00 9.41 - 8.40 1.3¢  0.52

002 ' o

0.66 0.00 0.0

002 '

0.66 0.00 . 0.0

002 ' .

0.66 0.00 - 0.0 %



002

- 0.66

002
0.66
003
- 0.66
003
0.80
003
0.80
003

0.80 .

. 003
0.80
003
0.80
- 003

0.80 -

‘003
0.80
003
0.80
003
0.80

004
0.80.

004
0.80
004

0.80

004
0.80

004

0.80
004
0.80
004

6.80

005
- 0.80
005
0.80

005

.0.80

1005 -

0.80

006

1.00
006 -

1.50

007

008

0.00 .
" 0.00

0.00 -

0.00
0.00
0.0

0.0

0.0

0.0

0.0

0.0 .
0.0

0.0

0.0
0.0
0.0

0.0

0.0:.

0.0

0.0

0.0
0.0

0.0

0.0

' “ 04-0&
0.0

0.0

0.0

0.0 .-

0.0.

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0
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3.50.
009
4.20
010
4.75

_ 011
© 5,05

012

- 5.30
" 014,

016 %)

5.00 -

018

4.50
020 .
3.00

- 022

0.000
024

0.00 +

026
0.00
026

- 0.00

027
0.00

027

’0.00

028 . .,
. 0.00

028
0.00
029

-0.00

030
0.00
032
0.00

034

0.00
000

0.00 -

000

" 0.00

000°
0.00

000

0.00
000 -
0.00

‘:000 D

10.00

0.0.

0.0

0.0

0.0
S

0.0

0.0

" 1.30

1,30

4.10

4,10

571,39

1.39

1.39
1.39 -

1.39
1.39

1.39

11.39

1.39

1.39 . -

1.39

.39

.10;0.

0.0
0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0
- 0.0
0.0

0.0

0.0

0.0

0.0
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0.0

0.0
S

0.0

0.0

" 1.30 .
1,30
4.10

4,10

“1.39
1.39
1.39

1.39 - -

0.0
0.0

0.0

0.0

0.0

0.0

0.0

0.0

- 0.0

0.0

0.0

0.0

0.0
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DOUBLE Pnscxsxon SA, SL DELTAS ‘B .
DOUBLE PRECISION. wr(995 wanv(99) wM(99), xswncp(gg)
-v“nlxswccp(99) sn(99) ‘SM(99) , sanv(gg) sr(gg) e
" 2WE€99), SE(99), MS(99) Qf99) - S
/REAL NETEVN, WPOND, W, E, 'S, WA, WL, WDRAIN,  °
"1DCONC, : DELTAZ, DB(99) KADS(99) DEPTH(99) e
ZWGRCAP(99) WHMCAP (99) , ‘WR(99) o
. DIMENSION - TITLEI(BO) TITLEZ(SO)
WRITE (6,608) R '
608 FORMAT ('PFSS2: . TWO-POOL MODEL ‘OF SOLUTE TRANSPORT THROUGH /
*'PARTIALLY FROZEN STRUCTURED SOIL. '/) T
READ(5,500) TITLE1,TITLE2 :
_ WRITE(6,500) TITLEI TITLE2 .
'v500 FORMAT (80A1/80A1) T
" ° READ(5,501) M, 'TFIN T T2, T3 DELTAZ :
L f“wnrrz(é 501) M, Trin T1, T2, T3, DELTAZ .
501 FORMAT (515, F5 2) e ST
502 FORMAT(7F10 4) -
503 FORMAT(I3) -
' 504 FORMAT (3F10.2) | :
‘601 FORMAT (1X,'T00 MANY LAYERS -= CHECK DIMENSIONS' )

© 602 FORMAT( DATA ECHO' INITIAL CONDITIONS 7/t * DB’ KADS',

=D MS ~ WT -~ WR - ... WMCAP .  WGRCAP')

vq,_sos FOF ﬁilx 12,2X,12,2X,12,2X, F6. 3 2%,F6.3, 2X,F6.3, 2X,F6.3,

k2%, F67B, 2X, F7. 3) N
: 607 FORMAT( J. FLNR. FLNRT - W-INPUT EVAPN s INPUT H-POND'
R uA(NEfw) wrorAL ) .
TF(M.LT. 100)co TO so
WRITE(6 601)
GO TG 9999 ‘
- 50 ‘READ(5,502) ((DB(K), KADS(K) us(x) wr(x) wn(x) HMCAP(K)

*HGRCAP(K)) K=1,M). S

WRITE(6, 602) ,

" WRITE(6; 502)((DB(K) KADS(K) ns(x) wr(x) wn(x) wucar(x)
*NGRCAP(K)) K=1 M

c+ - e — ';4

- C TNITIALIZE SOIL VARIABLES (HGRAV XSWGCP XSNMCP wu LST

- C Q, SR, -SM, sanv)

C| INITIALIZE PROGRAH VARIABLES (J FLNRT)
C_L

WRITE (6, 2000) w0
DO 51 K=1,M B e
B = DELTAZ*DB(K)*KADS(K)/HT(K)
© ST(R) = MS(K)/(1+B) .
- QUR). = M5(K) *B/.(1+B)" R
- SR(K) = WR(K)*ST(R) /WT(K) .~ . -

L -

WM(K). = -WT(K) = WR(K)
SM(K) = WM(K *sr(K)/wT(K)
WGRAV(K) = 0.0 o SRR o
o - SGRAV.(K) =. 00 . L ;:;-q-<:/
e - XSWGCP (K) = GRCAP(K) - WGRAV(K) \; ~'=;Mjf;l;'9* .
- _4*~xswncr(na - _CAP(K) - wn(x) T S
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wnxrs(s 2000)(K DEPTH(K) xswccp(x) xswncp(x) wn(x) B,

*Q(K) , ST(R), SR(K) , SM(K) )"

2000 FORMAT(I{ 12,F6.0,8(2X, Fé ) S -57‘

2001

51

11

FORHAT('

L DEPTH ' . XSWGCP XSWMCP WM B . Q

Sk gy SR - su' )

CONTINUE
J=0 [
WPOND = 0.0
FLNRT = 0

" WTOTAL = 0.0

WRITE(6,607)
J=J+1 .

‘DO 11 R=1,M

xswucp(x) = WMCAP (K) -~ wn(x) :
XSWGCP.(K) = WGRCAP(K) - wanv(x)
CONTINUE .
I=1" S -
IF(FLNRT GT. O)GO TO 310

C CHECK. PREVIOUS POSITION ‘OF . FROZEN . LAYER AND GO TO
C REDISTRIBUTION ROUTINE IF NECESSARY

609
*

C RESET FLNRT TO FLNR AND READ IN PRECIP ’ EVAPN PRECIP- BORNE
C SOLUTE CONCENTRATION - . 5 ) .o

- READ(5,503) FLNR
IF(FLNR LE.M)GO TO 2.
o wRITE(6 609) M, FLNR o
Z- FORMAT('SYSTEM CONTAINS ONLY ',i3, 'LAYERS; '
'SYSTEM NOT DEFINED FOR FLNR -t 13) l
GO TO 9999 .

2 FLNRT = FLNR

I =1

READ(5; 504) W, E, s

WTOTAL = WTOTAL + W
WA = W = E + WPOND

S = (S*W + SPOND*HPOND)/WA |
"WRITE(6,606) 7, FLNR FLNRT w E, S, wponn HA WTOTAL

. WPOND = 0.0 .
~ SPOND *=:0.0

IF(WA.GE. 0. O)GO TO 99

“NETEVN = -WA
‘GO TO 400

99 'IF (WGRAV (1) .GT.0.0)GO TO 299

IF(I.EQ. FLNR)GO TO 300

(off WSLow LEACHING ROUIINE.

+

100 IF(HA cr xswucp(r))co TO 101

+

WMD) = WMCI) + WA- §~~"
WT(I) ‘- WR(I) * WH(I) + WGRAV(I)

1DELTAS - S*WA

- MS(I).= MS(1) + DELTAS

‘B = DELTAZ*DB(I)*KADS(I)/ﬁT(I) S S
ST(I) = MS(D)/Q1+B) = . - . S "\j7F‘%
QD MO/ e T T
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"C¥'

: EQUILIBRATION OF SOLUTE' AMONG nsr MOB &GRAV POOLS°5
C| SOL CONCN. IS THE SAME IN EACH WITHIN EACH LAYER
SR(I) - ST (1)*wn(1)/wr(l~9
SM(I) = ST(I)*WM(I)/WT(I) ‘
" SGRAV(I) = ST(I)*HGRAV(I)/WT(I) _
RESET WA, SA, S: THESE VARIABLES CARRY WATER AND i
o SOLUTE INTO' THE NEXT LAYER.
(o RESET EXCESS MOBILE WAIER CAPACITY AND CONTINUE
C+=% Q +
WA = 0. o . :
. SA = 0.0
S =0,0-
. XSWMCP (1) = WMCAP(I) - WM(I) .
GO T0 999 o

‘101 IF(WA.GT. HMCAP(I))GO TO 200

WL = WA - XSWMCP (I) -
SL = ST(I)*WL/NT(I) .
SA = S*WA

DELTAS = SA - SL :

"MS(I) =*MS(I) + DELTAS

WM(I) = WM(I) + WA - WL
WT(I) = WRCD) +° WMD)+ weRAv(I)

C. PARTITION OF .SOLUTE, SOLUTION/ADSORBED PHASES

o

f

"B= DELTAZ*DB(I)*KADS(I)/WT(I)
sr(%) = MS(I)/(1+B) .
Q(I) = MS(I)*B/(1+B)

, C EQUILIBRATION OF DISSOLVED SOLUTE AMONG POOLS<

SR(I) = ST(I)*WR(I) /MWT(I) ;
" SM(I) = ST(I)*WM(I)/WI(I) ¢
SGRAV(I) = ST(I)*WGRAV(I)/WT(I)
WA WA~ xswucr(l)
SA = SL . o
S = SA/HA o
XSWMCP (I) = WMCAP(I) - wn(I)
IF(I.EQ.M)GO: TO 900 .
I=1+1 :

GO TO 99 :
*******************************************

D

C
c+
e

FAST LEACHING nourINE(zob)

- +

200 WL - W (1) -

SL = sM(1) =
SA = S*HMCAP(I)

WMD) = WMCAP(I)
- DELTAS = SA - SL
- MS(I). = MS(I) + DELTAS

WT(I) = WR (I) + WM(I) # WGRAV(I)
B.= DELTAZ*DB(f) *RADS (1)/WT (I)

c PARTITION R :.._;;/

i
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"ST(I) = MS(I)/(1+B).
Q) = HS(I)*B/(ltB)
C EQUILIBRATION :
SR(I) -'ST(I}*WR(I)/WT(I)
o SM(I). = ST(I)*WM(I) /WT(1) _
SGRAV (I) = ST (I) *WGRAV (I) /WT 61)
- C RESET WA, SA,S,XS®MCP (I)
WA = WA - XSWMCP(I)
SA = SL + S*(WA—NL) L , o
S = SA/WA ‘ b
XSWMCP (I) = WMCAP (I) ~WM (1) ‘ '
IF(I.EQ.X)GO TO 900 :

[

I =1+
GO TO 99 ' S
o *******************************************
C+ -— "%" +
C|. FROZEN LAYER-ROUTINE S |
- C+ : - -+
299 IF(HGRCAP(I) .GT. wGRAv(I))Go TO 301 ‘ SRR L
3000 I =1-1 oo S

301 IF(1.EQ.0)GO TO 309 :
- IF(WA.GT.XSWGCP(I))GO TO 302
NGRAV(I) - HGRAV(I) + WA
'DELTAS =“S*WA »
"MS(I). = MS(I) + DELTAS
. WT(I) - WR(I) * WM(I) + WGRAV(I)
- B - DELTAZ*DB(I)*KADS(I)/WT(I) o
"~ C PARTITION OF SOLUTE HASS - ADSORBEDPDISSOLVED : '
- CST(I): = MS(I)/(1+B), _ , s
Q1) = ns(I)*B/(l*w) : R
C EQUILIBRATION OF DISSOLVED' SOLUTE.
SR(I) .= ST{I)*WR.(I) /WT(I)
SM(I) = ST(I)*WM(I)/WT(I)
"SGRAV(I) = ST(I)*WGRAV(I)/WT(I)
C RESET FEED VARIABLES S
WA = 0.0 L
SA'= 0.0
. §=0.0 :
' XSWGCP (I) = wGRCAP(I) - WGRAV(I)
'FLNRT = FLNR
: GO TO 999 e R I o
302 WGRAV(I) = WGRCAP(I) o - o e
--DELTAS = S*XSWGCP (1) S ‘; ' R
'»gns(I) = -MS(I) + DELTAS
WT(E). = WR(I) + WM(I) +‘HGRAV(I)
B = DELTAZ*DB(I)*KADS(I)/WT(I)
C PARTITION OF SOLUTE- ‘MASS -- ADSORBED—DISSOLVED.
ST(I) = MS(I)/(1+B) : ’
Q(I) = MS(I)*B/(1+B) g
- C EQUILIBRATION ‘OF: DISSOLVED SOLUTE.
'SR(I) =ST(I)*WR(I) /WT (1)
“SM(I) = ST(I)*WM(I)/WT (1) S
SGRAV(I) = ST(I)*WGRAV(I)/WT(I)
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C RESET FEED VARIABLES. o - .
WA = WA - XSWGCP (I) : - o : -
SA = S*WA : - i '
S = SA/WA : ' ' : ) ‘
- C  WRITE(6,606). 1, FLAR, FLNRT W, a -8, wponn WA, HTOTAL
XSWGCP (1) = WGRCAP(I) - chAv(I) :
GO TO 300 :

€| IF WGRAV BUILDS UP AsoVE‘I—l WA' IS PONDED (WPOND=WA) .
c| ' WPOND IS THEN ADDED TO WA AT NEXT TIHE STEP.

{
+

309 WPOND = WA
SPOND = S
. WA =0.0
s = 0.0
I=1
FLNRT = FLNR
GO TO 999 :

e —— . - -
+

C
C BEDISTRIBUTION OF WATER AND SOLUTE WHEN FROST LAYER
c
C

+

MOVES DOWNNARD BETWEEN SUCCESSIVE TIME STEPS

310 READ(S 503) FLNR : ‘
- C IF FROZEN LAYER HAS MELTED, CLEAR WGRAV FROM THE PROFILE
IF(FLNR.EQ.0)GO TO 314 - :
C IF FROZEN LAYER HAS NOT MOVED DOWNWARD THERE IS.NO REDISTRIBUTN.
IF(FLNR.LE.FLNRT)GO TO 2 .
C IF THERE IS NO WGRAV. TO Rsnxsrnxaurs RETURN T0 2.
D0 312 K=1,FLNRT
: IF(HGRAV(K) GT.O. O)Go TO 314
312 CONTINUE -
' GO TO 2 ‘ '
"1 C REDISTRIBUTE WGRAV, STARTIN,¢AT THE LAYER ABOVE THE PREVIOUS FROZEN LAYER.
314 IR‘= FLNRT - -1- : A , -
IF(IR.EQ.0)GO TO 2 . - : o :
WA = WGRAV (IR)
IF (WGRAV (IR) .EQ.0.0) GO TO 320
S = SGRAV(IR)/WGRAV(IR)
'WGRAV(IR) = 0.0 ‘
XSWGCP (IR) = HGRCAP(IR) ~ WGRAV-(IR) -
WT.(IR) = WR(IR) + WM(IR)
" MS(IR) = MS(IR) - SGRAV(IR).
‘B = DELTAZ*DB(IR)*KADS(IR)/WT(IR)
C PARTITION
.ST(IR) = Ms(IR)/(1+B)
QUIR) = MS(IR)*B/(1+B)
C EQUILIBRATION '
.SR(IR) = HR(IR)*ST(IR)/WT(IR)
SM(IR) = WM(IR)*ST(IR)/WT(IR) . s
- SGRAV (1IR). = WGRAV(IR)*ST(IR)/NT(IR)“'
I = IR + 1 ‘ Lo
-FLNRT = -1 :
"GO TO 99 o



-

-

OO0 N0A

F

320 IR = IR - 1
IF(IR. EQ '0) GO To 2’
WA = WGRAV (IR)
IF (WGRAV (IR) .EQ.0.0) GO TO 320
S = SGRAV (IR) /WGRAV (IR).
. WGRAV(IR) = 0.0
XSWGCP (IR). = WGRCAP (IR) - HGRAV(IR)
WT(IR) = WR(IR) + WM(IR)
MS(IR) = MS(IR) - SGRAV(IR)
. B = DELTAZ*DB (IR) *KADS (IR) /WT (IR)
" ST(IR) = MS(IR)/(1+B)
Q(IR) = MS(IR)*B/(1+B)
SR(IR) "= WR (IR)*ST (IR)/WT.(IR)
. SM(IR) = WM(IR)*ST(IR) /WT(IR)
SGRAV(IR):- WGRAV(IR)*ST(IR)/WT(IR)
I = IR + 1.
GO TO 99 - o

: "’_160_ :

C MOVE TO THE NEXT HIGHER LAYER AND REDISTRIBUTE HGRAV DOWNHARD

*****************************************************

.
g

-———

EVAPORATION ROUTINE 'WATER IS REMOVED FROM'
TOP LAYER (I=1): 'FIRST. WATER AND SOLUTE _
MOVE UP THE PROFILE TO REPLENISH WR(1) ONLY.
SOLUTE VOLATILIZED FROM ‘LAYER 1 ONLY..

LOSSES ARE SATISPIED BY WGRAV + WM,
UPWARD MOVEMENT OF WATER IS ACCOMPANIED BY
UPWARD MOVEMENT OF ‘SOLUTE.

UPWARD MOVEMENT CONTINUES UNTIL NET EVAPORATN

WHERE. NETEVN IS NOT SATISFIED BY WT(I), THE
‘PROCESSES ABOVE ARE REPEATED UNTIL NETEVN = 0,

+ -

4

Pt o

4oo IF(NETEVN .LE .WT(1)) GO TO 4001
NETEVN = NETEVN - wr(l) '
WE(1) = WT(1) N
GO TO 4002

4001 WE(1) = NETEVN

'NETEVN = 0.0

4002 SE(1) = WE(I)*ST(I)/WT(I)

WRITE (6, 474)° :
474 FORMAT('NET E WT(1) wc(1) WM(1) HR(I)
475 FORHAT(?(FS 2,2X))

ss(l)')

WRITE(6, 475)NET1~:VN WT (1), wcuv(l) wn(l) WR(I) HE(l) SE(I)

" WGMSUM = WGRAV(I) + wn(l)
- I'=1
401 IF(WE(1) .LE. wcnsun)co TO 402 -
I = 1,41 .
WGMSUN = wcusun + WGRAV(I) + NH(I)
GO TO 401 »
402 ELLAST = 1 T
'IF(ELLAST.EQ.1) GO TO 405
K = ELLAST - 1
DO 403 L=1,K
LNEXT = L + 1
r



_— I _ S S

WE(LNEXT) - ws(L) - WM(L) - wGRAv(L)
SE (LNEXT) =. wE(LNEXT)*ST(LNEXT)/WT(LNEXT)
403’ CONTINUE -, ‘
' K = ELLAST -1
‘DO 404 L=1,K .
LNEXT = L .+ 1
WT(L) = WT(L) - WE(L) + HE(LNEXT)
DELTAS = -SE(L) + SE(LNEXT) . :
MS(L) = MS(L) + DELTAS ’
WM(L) = 0.0
SM(L) = 0.0
' WGRAV(L) = 0.0
. SGRAV(L) = 0.0
' WR(L) = WT(L),
B = DELTAZ*DB(L)*KADS(L)/NT(L)
C PARTITION OF SOLUTE MASS. -
ST(L) = MS(L)/(1+B)
Q(L) =~ MS(L)*B/(1+B)
_ BR(L) = ST(L)
.404 CONTINUE : '
405 WT(ELLAST) = WT(ELLAST) - HE(ELLAST)
DELTAS = -SE{ELLAST)
MS(ELLAST) = M5(ELLAST) + DELTAS . g
B = DELTAZ*DB(ELLAST)*KADS(ELLAST)/HT(ELLAST)
C PARTITION OF SOLUTE MASS.
ST(ELLAST) = MS(ELLAST)/ (1+B)
- Q(ELLAST) = MS(ELLAST) *B/ (1+B)
HGRAV(ELLAST) = WT(ELLAST) - WM(ELLAST) - NR(ELLAST)
IF (WGRAV (ELLAST) .LT.0.0)'G0 TO 406
WM (ELLAST) = WMCAP(ELLAST) y o
‘GO TO 499 . S °. _
' 406 WGRAV(ELLAST) = 0.0 T
WM (ELLAST) = WT(ELLAST) - WR(ELLAST) . '
499 SGRAV (ELLAST) = WGRAV(ELLAST)*ST(ELLAST)/WT(ELLAST)
. “SM(ELLAST) = WM(ELLAST)*ST(ELLAST)/HT(ELLAST)
", "SR(ELLAST) = WR(ELLAST)*ST(ELLAST)/HT(ELLAST) '
* ~TF(NETEVN .GT. 0.0)GO. TO 400 : L
GO TO 999 S
c***************************************************************

. C DRAINAGE ROUTINE., IF WATER IS LOST FROM THE BOTIQM LAYER,

4+
+

cl CIT IS REMOVED nnou THE SYSTEM AS DRAINAGE
CH—=—— . : - o+
900 WDRAIN = WA .
SDRAIN = SA . L
DCONCN =S - o e
WRITE(6,603)J) . ' - I
WRITE(6,604)

 WRITE(6,605) WDRAIN, SDRAIN “DCONCN ‘gf
603 FORMAT (2X, 'DRAINAGE 'WATERS AFTER DAY',I2)
© 604 FORMAT (' VOLUME - -AMT.SOLUTE - CONC. SOLUTE' )
-605 FORMAT (3F10.3,2X) .
.999 IF(IR GT. o)co TO 320



IF(FLNRT.LT.0)GO TO 2 - “;r_;;v_i N ;;
FLNRT = FLNR B IR ' o
IF(J.NE.T1.AND. J.NE, T2. AND 3.NE.T3. AND. J.NE. TFIN)GO T0 1
WRITE(6,699) J _ . .

" WRITE(6,698)
. WRITE(6,697) ((K, WGRAV(K) wn(x) NR(K) SGRAV(K) SM(K) sn(x) ST(K
*),Q(K) ,MS(K)) ,K=1,M) . ‘
699 FORMAT (1x/, SOLUTE PROFILE, DAY ' 12)
698 'FORMAT (" LAYR GRAVHOH MOBHOH RETHOH GRAVSOL MOBSOL'
*,' RETSOL ' DISSOL ' ADSOL TTLSOL').
697 FORHAT(IX 12,2X,F6.2,2X,F6.2,2X, F6 2,2X, F6.2,2X, F6 2, 2x F6.2
*,2X,F6.2,2X,F6.2,2X,F6. 2) , _ .
L NRITE(6 607) L I
IF(J.LT.TFIN)GO TO 1 S S :
9999 STOP '
END

 ; )62fg-5_:?‘



