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ABSTRACT 

An ion movement in so i l  was stud i ed both i n  the l aboratory 

and in the fi e l d ,  us ing structured "undi sturbed" soi l and s i eved 

aggregates . The m ovement of ch l oride , bromide and phosphorus was 

investigated . Ch l oride and brom ide being non-react iv e  in soi l ,  were 

used to indi cate whether the f l ow was more uni form or preferen t i al , 

whi l e  phosphorus was used to indi cate the behav i our of  stron g l y  

adsorbed ani ons . 

Experiments invo lving the movement of  ch l oride and phosphorus 

through c o l umns of  0 . 5 - 1 mm soi l aggregates prov ided data on phosphate 

adsorp t i on during m i s c i b l e  d i sp l acement . Ch l oride break through curves 

were described we l l  by convent i onal convective -d i spersive theory . For 

phosphorus , l inear ad sorp t i on i sotherms were determined i ndependent l y ,  

u s i ng so lut ion concent rat ions and equ i l ibrium t imes s imi l ar t o  those 

pertain i ng in the aggregat e columns . Conven t i onal theory u s i ng these 

data predi cted reasonab l y  we l l  the ear l y  part of  the breakthrough 

curves , but did  not pred ict  the observed "tai l in g "  of phosphorus 

breakthrough curves . 

The movement of anions through art i fi c i a l  soi l channe l s  and p l anar 

cracks was stud i ed . The breakthrough curves showed the movement of 

both chloride and phosphorus was highly preferential through 0 ,5 mm 

diameter channel s  and 0 . 1 7 mm wide p l anar crack s . The resu l t s  agreed 

quit e we l l  w ith mode l pred i ct i ons . 

The mov ement o f  ani ons through 2 . 4  l itre "undisturbed" soi l · cores 

was a l s o  studied . Under saturat ed cond i t ions , both ch l oride and phosphorus 

moved preferential l y .  Dye stud i es i nd i cated the maj or pathways were 

worm channe l s ,  root channe l s ,  and soi l  cracks . Under unsaturated 

c ond i t i ons  when the pres sure potent ia l  was maintained at -0 .02 bar 

(at wh i ch channe l s  l arger than 0 . 15 mm diameter and cracks w ider than 

0 . 0 7mm wou l d  be drained) , the breakthrough curves for bromi de were much 

l e s s  preferential  than under saturated condit i ons . The experimental 

set -up for this  exper iment was des i gned so  that the b l ockage of natural 



i i i  

f l ow paths was min i mi zed and the  e ffec t s  of  porous p lat e s  at  e i ther 

end of the cores were avoided . 

Two fie ld  experimen ts  were conducted at a mo l e - t i l e  drained s i t e  

on Tokomaru s i lt l oam (a  Fragiaqua l f) . One experiment inve s t i gat ed the 

movement of  ch l oride and phosphorus so l ut i on ponded on the s o i l  surface . 

The breakthTough curves for both chl oride and phosphoYus perc o l at ing 

from the surface to  the mo l e-drains indi cated the movement was very 

pre fe rent ial , both an ions reaching the mo l e-drain s  l ocated at 400 mm 

depth within a minute of  the ir arp l icat i on to  the soil  surface . Dye 

s t ai n i ng indicated the movement occurred most l y  through worm channe l s  

and p l an t  root channe l s  as soc i a ted w i th p l anar cracks .  

The other fi e l d  experiment inve s t i gated the l eaching o f  bromide 

under both ponded water and natural rain fal l cond i t ion s . When the same 

amount of water was con si dered , l each i ng by rain fal l was more effect ivt 

than by ponding . Howeve r ,  under both wat e� treatmen t s , relat ive l y  l arge 

amounts o f  app l ied bromide remained un l eached near the so i l  surface ,  whjl e 

some bromide moved deep into the soi l profi l e . I ntercept i on and s t em f l ow 

appeared to  be import ant  factors causing  non-un i form l eaching under 

pasture by natural rainfal l .  Very con s id erab l e  var i at i on in bromide 

concent rat i on between rep l i cat e soil samp l e s  was found , with  a l og-normal 

rather than normal di stribut i on .  Quite di fferent l each ing patterns were 

found in soi l under pas ture and in a soi l whi ch had been cu l t ivat8d and 

cropped . 



AC KNOWLEDGEMENT 

I wish  to expres s  my sin c e re thanks to Or D . R � Scatter , for 

h i s  gui dan c e ,  cri t i c i sm ,  d i s cus s i o n ,  and encouragement throughout 

th i s  study . Also for h i s  f ri endsh ip , interest , and h e l p  o ffered 

to me at a l l  t imes . 

Thanks are al s o  ext ended to Mr R . W .  Ti l l man , and Dr J . K .  Syers , 

So i l  Sc ience Department ,  Massey Un i vers i t y , for the i r  h e l p  and 

val uab l e  d i s cus s i on . 

The ach i evement of  th i s  study wou l d  not be  pos s i b l e  w i thout a 

Ca l umba P l an Scho lars h i p o ffered by the New Zea l and  Government , and 

study l eave g iven hy Khan Kean Un ivers i t y ,  Thai l and , wh i ch I ve ry 

much appre c iate . 

To Rob i n  Ti l l man and John Sykes , thanks for the i r  as s i stance  

w i th s o i l samp l ing , and to Ti pvanna and P i sanu , for the i r  as s i s t ance  

wit h  the preparat i on o f  th i s  manuscript . 

To my fami l y  and Suvi t ,  thanks for the i r  cont inual support 

and encouragement at al l t i mes . 

F inal l y  to Mis s  Vivi enne Mai r ,  for excel l ent typ ing  and preparat ion  

of  th i s  manus cri p t . 



Abst ract 

Acknowl edgements 

Table o f  Contents 

List of F i.gures 
I. i s t of '1';1 h le s 
L i s t o f  Symbo l s  

TABLE OF CONTENTS 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ' . . . . . . . . 

CHAPTER J 

GENERAL INTRODUCTION 

1 . 1 IMPORTANCE OF SOLUTE MOVEMENT IN SO I LS 

1 . 2 MOVEMENT OF SOLUTE IN  SO I LS 

1 . 2 . 1 Di fferent i a l  Equat i ons Used tQ  Describe 

Page 

ii 
iv  

V 

X 

XV i i 
xix  

1 

2 

3 

Solute Movement . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3 

1 . 2 . 2  So lut i ons  o f  Transport Equat ions 

1 . 2 . 2 . 1  Mi s c ib l e  displacement research 

1 . 2 . 2 . 2  Leaching  

1 . 2 . 3  Transport Mode l for React i ve Solutes  

a .  Equi l i brium adsorption i sotherms 

b .  Kineti c  ad sorpt i on mode l 

c .  Combi nat i on mode l 

1 . 3 FAI LURES OF CONVENT I ONAL THEORY 

1 . 4  MOD I F I ED SOLUTE TRANSPORT MODELS 

a .  

b .  

C onvect i ve - Dispers i ve Mode l wi th Lateral 
D i ffus i on . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . 

V i s cous F l ow wi th Latera l D i ffus ion 

1 . 5  GENERAL O BJECT I VES 

CHAPTER 2 

ACCOUNTI NG FOR ADSORPT I ON DURI N G  PHOSPHORUS MOVEMENT I N  
SOIL 

2 . 1 

2 . 2  

INTRODUCTION 

OBJECTIVES 

2 . 3  MATERIALS AND METHODS 

2 . 3 . 1 Convent iona l Batch Method Adsorpt i on 

4 

4 

5 

6 

6 

7 

8 

9 

1 1  

n 
1 2  

12 

1 3  

1 4  

16 

1 6  

I sotherms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 6  



v i . 

Page 

2 . 3 . 2  Continuous - Leachi n g  Method I sotherms . . . . . . .  1 7  

2 . 3 . 3  Pho sphorus and Ch l oride Movement i n  Co l umns 
of Soi l  Aggregates . . .  . .  . . . . . . . .  . . . . . . . . . . . .  1 7  

2 . 4  RESULTS AND D I SCUSSION 19 

2 . 4 . 1  Conventi onal  Batch  Method Adsorp t i on 
I sotherms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19  

2 . 4 . 2  Continuous - Leaching  Method I sotherms 23  

2 . 4 . 3  Phosphorus and Ch l oride Movement i n  Co l umns 
of Soi l  Aggregates . . . . . . . . . . . . . . . . . . . . . . . . . 2 7  

2 . 4 . 4  Mode l l ing  of  Phosphorus Movement  i n  Soi l  
C o l umns . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30 

2 . 5  GENERAL D I SCUSSION 

2 .  6 CONCLUSI ONS 

CHAPTER 3 

AN I ON MOVEMENT THROUGH ART I F I C IAL SO I L  CHANNELS AND PLANAR 

34 

35 

CRACKS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36 

3 . 1 

3 . 2  

INTRODUCTION 

OBJECTI VE 

3 . 3  MATERIALS AND METHODS 

3 . 4  COMPUTATI ONS 

3 . 5 RESULTS AND D I SCUSSI ON 

3 .  6 CONCLUSIONS 

CHAPTER 4 

AN I ON MOVEMENT I N  SO I L  CORES 

4 . 1  

4 . 2  

I NTRODUCTI ON 

OBJECTI VES 

4 . 3  MATER IALS AND METHODS 

4 . 3 . 1 Experimental Set -up 

4 . 3 . 2  

4 . 3 . 3  

Saturated F l ow Experiment 

Unsat urat ed F l ow Experi ment 

4 . 4  RESULTS AND D I SCUSSI ON 

4 . 4 . 1 

4 . 4 . 2  

Saturated F low Experiment 

Unsaturated F l ow Experiment 

4 . 4 . 3  Computat i ons  

4 . 4 . 3 . 1 Convective -d i spersi ve mode l 

37  

38 

39 

40  

40  

46  

48  

49 

5 1  

5 1  

5 1  

5 3  

5 4  

54  

54  

60  

63 

63  



4 . 5  

4 . 6  

v i i .  

Page 

4 . 4 . 3 . 2  Vi scous fl ow w i th l �t eral diffus i on 
mode l . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64 

GENERAL D I SCUSSION 

CONCLUSIONS 

CHAPTER 5 

65 

65 

WATER AND AN I ON MOVEMENT TO MOLE DRA INS . . . .  . . . . . . .  . . . .  67 

5 .  1 I NTRODUCTI ON . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68 

5 .  2 OBJECTI VES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70 

5 . 3  MATER I ALS AND METHODS . . . . . . . . .  . . . .  . .  . . .  . . . . . . . . . .  70 

5 . 4  RESULTS AND D I SCUSSION 72 

5 . 5  PRACTI CAL IMPLICAT IONS . . . . . . . . . . . . . .  . . . . . .  . . .  . . . .  78  

5 .  6 CONC LUSIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
· 79 

CHAPTER 6 

BROM I DE LEACHING UNDER F IE LD CONDI T I ONS . . . . . . . .  . . . . . . .  80 

6 . 1 I NTRODUCTION . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . 8 1  

6 .  2 OBJECTIVES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84 

6.  3 MATERIALS AND METHODS . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84 

6 . 4  

6 . 3 . 1 

6 . 3 . 2  

6 . 3 . 3  

Experi men t a l  Des i gn ...................... . 

6 . 3 . 1 . 1  Con t i nuous ponding  experiment 

6 . 3 . 1 . 2  Natura l rai n fa l l experiment 

Bromide Reten t i on by  Soi l  

Bromide Reten t i on by  P l an t s  

6 . 3 . 4  Bromi de Determ inat i on 

84  

84  

85 

86 

86 

86 

86 

88  

88  

89'  

6 . 3 . 4 . 1 Soi l  s amp l es 

6 . 3 . 4 . 2 P 1 ant t i s sues ................... . 

6 . 3 . 5  Leachi n g  o f  Dye under Natural  Rai n fa l l  

6 . 3 . 6  Soi l  Bul k  Dens i t y  ........................ . 

RESULTS AND DISCUSSION .......................... . 89 

6 . 4 . )  Con t i nuous Ponding Experiment . . . . . . . . . . . . .  89 

6 . 4 . 1 . 1 Pre - l eaching  measurement . . .  . . . . .  89 

6 . 4 . 1 . 2  Post - l eaching measurement . . . .  . . .  94 

6.4.2 Natural Rainfal l Experiment . . . .  . . . . . . . . . . .  9 7  

6 . 4 . 2 . 1 Pre- l eaching  measurement . . . . . . . .  9 9  

6 . 4 . 2 . 2  Post-leach ing measurement . .  . . . . .  99 

a. F i rst  samp l i n g  . . . . . . . . . . . . . . .  99 

b .  Second samp l i n g  . . . . . . . . . . . . . .  102 



vi i i . 

Page 

6 . 4 . 3  Variab i l i t y in Bromi de D i s t ri but i on 1 0 2  

6 . 4 . 4  Leaching F l ow Pathways under Natura l 
Rain fa l l  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 06 

6 . 4 . 5  Pos s i b l e  Factors Tend ing to Cause Low Bromi de 
Recovery Percentages . .  . . .  . .  . . . . . .  . .  . .  . . . . .  1 10 

a .  Reten t i on o f  brom i de 

b .  Reten t i on o f  bromide 

c .  Non - un i form bromide 

d .  Retent i on of  b romide 

e. So i l  samp l ing  method 

6 . 4 . 6  Computations 

6 . 5  CONCLUSI ONS 

APPEND I X  A 

in soi l 

by plan t s  

. . . . . . . . . .  

. . . . . . . .  

app l i cat i on . . . . . . . 

on p l an t s  . . . . . . . .  

. . . . . . . . . . . . . . . . . .  

1 1 0  

1 1 0 

1 1 0  

1 1 1  

1 1 1  

1 1 1  

1 16 

SOIL PROFILE DESCRIPTIONS AND PHYSICAL AND. CHEM ICAL DATA 1 1 8 

APPEND I X  B 

DIF FUS I ON OF SOLUTE I NTO SPHERICAL SOIL AGGREGATES 1 2 4  

APPENDIX C 

THEORY OF PREFERENTIAL SOLUTE MOVEMENT THROUGH LARGER 
SO I L  VO I DS AND TYP I CAL COMPUTOR PROGRAMMES . . . . . .  . . . . .  1 2 7  

C . 1 "Preferen t i a l  so lute movement through l arger so i l  
voids . I .  Some computati ons us ing s i mp l e  thoery . "  
by  D . R .  Scatter , reprinted from Aust ra l i an Journ a l  
of So i l  Research . 16 : 2 5 7 - 267 . . .  . . . . . .  . . .  . . .  . . .  1 2 8  

C . 2  L i s t  o f  Symb o l s  in CSMP Programmes 1 4 0  

C . 3  Programme for M i s c i ble D i splacement of  So l ut e s  in  a S o i l  
with Uni form Ve rti cal Cylindr i cal  Channels . . . . . . . 1 4 2  

C . 4  Programme for Leaching of  Surface App l ied So lutes 
under Ponded Water in Soi l C o l umn Cont a i n i n g  
Un i formly D i s t ributed Vert i ca l  C y l indr i c a l  
Channe l s  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 5 0  

APPENDIX D 

DER I VIATI ON OF EQUAT I ON FOR FLOW THROUGH NON- UNI FORM 
CAP I LLARY TUBES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 5 7  



i x . 

Page 

APPENDfX E 

BROM I DE CONCENTRATION MEASUREMENTSFOR IND I V I DUAL 

REPL I CATES UNDER CONT I NUOUS POND I NG COND I T I ONS 160  

APPEND I X  F 

FRACTI LE D I AGRAM CONSTRUCTI ON 164  

RITEI!FNCFS 168  



F i g . 2 . 1  

F i g .  2 . 2  

F i g . 2 . 3  

F i g .  2 . 4  

F i g .  2 . 5  

F i g . 2 . 6  

L IST OF F I GURES 

Page 

Schemat i c  d i agram of  experiment a l  set- up for 

studying  phosphorus and c h l oride movement i n  

soi l aggregate co l umns 

Adsorpti on data and fitted Freundl i ch 

i sotherms , at two equi l ibrat i on t i mes , 3 

hours ( -) and 10  hours (- - -) , obtained 

from the batch method . Arrows indicate the 

chan ge in phosphorus concentrati on in the 

s o l ut ion due to adsorp t i on . The l inear 

i sotherms a l so shown were forced through the 

Freund l i ch i s otherms at 7 and_ 20 �g/m l . They 

were used to obtain s o l ut i on d i stribution 

coeffi c i ents  (k)  for pred i c t i n g  phosphorus 

movement in  the soi l c o l umns 

Phosphorus adsorpt i on rates for d i fferent 

i n i t i a l  s o l ut i on concentrati ons  (C) . The 

curves s hown were fi tted to the experi mental  

18  

20 

data usi n g  a power curve fitting  procedure 2 2  

Phosphorus and ch l oride breakthrough curves for 

con t i nuous l eachi n g  experiments .  The three 

l e ve l s  of phosphorus concentrati on are : 

(a) 1 , (b )  5 ,  and (c)  1 0  �g/ml  . . . . . . . . . . . . . 2 4  

Compar i s on o f  adsorpt i on i sotherms obtained 

from batch and con t i nuous l each i n g  methods at 

6 and 10 hour equi l ibrat i on t imes . For the 

batch method the curves shown are the Freundl i ch 

i sotherms 2 5  

Dup l icate experimental and calculated break­

through curves for (a) ch l oride and (b) phosphorus 
-6 -1 at 9 x 1 0  m s flux dens i t y  . . . . . . . . . . . . .  2 8  



Fi g .  2 . 7  

Fi g .  3 . 1 

F i g . 3 . 2  

F i g .  3 . 3 

F i g .  4 . 1 

F i g . 4 . 2  

Dup l i cate experimental and cal cu l ated break ­

through curves for (a )  ch loride and (b )  

phosphorus at 4 . 7  x 1 0
-5 m s

- 1 f l ux 

den s i t y  

Breakthrough data for so i l  cas t s  con t a i ning 

a s i ng le  channe l .  (a ) Breakthrough data for 

s o i l cast w i th exposed soi l surface; Cast I 

ch l oride ( •) and phosphorus ( o); Cast I I ,  

chloride ( • ) and phosphorus· ( !!. ) • 

( b )  Bre akthrough data for s o i l cast wi t h  

a lmost c omp lete l y  wax-coated surface ; Cast 

TTI, ch l ori de (•) and pho sphorus (o). A l so 

shown are predi cte d  break through curves for 

Cast I and I I ,  c h l or i de (--1 and phosphorus 

( - --) , as suming R = 69 for phosphorus 

Movement of rhodamine B dye s o l ut i on in the 

soi l casts  contai n i n g  art i fi c i a l  ( a) vert i ca l  

x i . 

Page 

29 

4 1  

channe l ,  and ( b )  plana r  crack . . . .  . . . . . . .  4 2  

Breakthrough data· for s o i l  casts  con t a i n i ng 

a s i n g l e  crack ; Cast IV,  ch l oride  ( •) and 

phosphorus ( o); and Cast V, chloride (!!.) 
and phosphorus ( •). Also shown are predi cted 

breakthrough curves for Cast  I V, chlori de 

(-) and phosphorus (-- -) ass uming R = 69 

for phosphorus . The c i rc l ed symbo l s  i nd i cate 

t ime for one pore volume 

Genera l e xperiment a l  set -up for mi s c i b l e  

d i sp l acement study . . . . . . . . . . . . . . . . . . . .  . 

4 5  

5 2  

Break through d a t a  for undi s turbed s o i l cores ; 

c h l oride (e) and phosphorus ( .A.) for saturated 

fl ow, and brom i de ( •) for unsaturated f l ow at  

- 200 mm pressure potential. Calculated break­

through curves for brom i de are presented , assuming 

channel d i ameter of  0 .  15 mm (-) and 0 .  1 mm 
( - --) . Dup l i cate  cores ( a )  and ( b )  . . . . . . . 5 7  



Fig. 4.3 

F i g .  4 . 4  

� i g .  4.5 

F i g . 5.1 

F i g . 5.2 

C ros s - sect ion s  1 4 3  mm in d i ameter of  a soil  

c ore . The b l ue co l our  ind i cates  the dominant 

pathwa ys for saturated f l ow and the pi nk c o l our 

i nd i c ates the dom i n ant pathways for unsaturated 

f l ow at -200 mm pressure pot ent i al .  W = worm 

xi i .  

Page 

channel , R = root channe l ,  C = planar crack 58 

Ver t i ca l  s ect i on s  o f  a so i l  core . The blue 

co l ou r  indicates the domi nant pathways of  

saturated f l ow and the  p i nk colour indicates  

the  dominant pathways of unsaturated f l ow at  

-200 mm pres sure potent i a l . W = worm channel , 

R = root channe l ,  C = planar crac k 

Unsatu rated break through data for bromide 

( • , o ) and the corre sponding pred i cted 

curves (-,- -) obta i ned from a conve c t i ve­

d i s pe r s i ve model 

Experimen tal se t -up for the m i sc ible 

d i splacemen t expe r i ment above a mole drain . 

The i n fi l t rome t e r  r i ng wa s 380 mm i n  d i ameter 

59  

62  

and the mo l e  channe l l ocated at 400 mm depth 7 1  

Breakthrough dat a  for saturat ed so i l  profile 

above the mo le  d ra in: chl oride ( .__. ) and 

phosphorus ( � ) for Exper iment I w i t h  

infiltration rate of 6.75 x 1 0
-5 m s-1, and 

chloride ( ....... ) and phcsphorus (o-o) for 

Expe r i ment I l  wi th i n fi ltrat i on rate o f  

6 . 67 x 10-6 m s- 1• The curve s have been 

v i sually fi tt ed to  the data point s .  Times 

co r re sponding to one pore vol ume were 51 
mi nut es , and 9.5 hours for Experiment I and I I ,  

respect i ve l y .  C /C . i s  the rat i o  o f  e ffl uent 
e 1 

to influent concentration 73 



Pi g .  5 . 3  

Fi g .  5 . 4 

F i g. 5 . 5  

Fi g .  6. 1 

F i g. 6 . 1 

Pre ferentia l  pathways observed in the soi l 

profi le ahove the mo l e  drains, as i nd i cated 

by methy l ene blue s t a i n i ng . W = worm channe l ,  

R = root channe l .  ( a) Preferen t i a l  pathways 

in the soil pro fi l e  d i rect l y  above the mo l e. 

x i i i . 

Page 

(b) Conducting wo nn channels and root channe l s 75 

Mo l e  drain at 400 mm profi l e  depth  in Tokomaru 

s i l t  l oam soi l i n  Dajry Farm No . 4 near Massey 

Un iversity . Grass roots penetrat i ng into the 

mole were commonly observed 

Preferen t i a l  pathways observed in  the soi l 

profi l e .  W = worm chann e l , R = root channe l ,  

C = p l anar c rack . (a) V e rt i ca l  v i ew of 

76 

conduc t ing channe l s  in  a natura l fracture p l ane . 

(b) Cross-section view o f  conduc t i ng worm channe l s  

and the interconnected cracks 

D i s tribut i on of surface app l i ed c h l oride a fter 

l eaching  w i th 50  mm of water : 

(a )  I ni t i a l  d i s tribut i on 

( b )  P i s ton f l ow displ acement 

( c )  Ob served f i e l d  ch loride d i s tribut i on under 
intermi t tent i rri gat i on o f  bare soi l (Wi l d  
and Babik er , 1 9 7 6 ) . 

( d )  Ca l cu l ated curve fo l l owed conve c t i ve­
d i spers i ve theory (Gardner , 1965 ; and 
equation ( 1 . 5 ) ) ,  as suming E = 8 . 3  x 1 0 - 9 

m2 s - 1 , C = 1 . 0 ,  and z = 25 mm . F i e l d  0 0 
va l ues for e and v were used (0 . 2 and 

7 7  

2. 2 x 10- 7m s - 1 , respec t i v e l y  a s  found b y  
Wi l d  and Bab i ker , 1976)  . . .  . .  . . .  . . . .  . . .  8 2  

Dai l y  rai n fa l l ( RF )  and evapotranspirat i on ( ET) 

data during experiment in  1 979 87 
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Soil bu l k  dens i t y d i st r i but ion in the soi l 

profi l e s  under pasture and cu l t i vat ion (means 

and standard devi a t ions of 6 rep l i cates at 

x i v .  
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each depth) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90  

Bromide d i s tribut ion in  the soi l profile  

before and after ponding 50  mm o f  water on  t he 

soi l surface i n  t he con t inuous pasture grow i ng 

area . The concentrat i on o f  bromide b e fore pondi ng 

was t he average of 5 core samp l es , and aft er ponding 

was the average o f  1 3  core samp l es . . . . . . . . .  91 

Bromide di stribut i on i n  t he soi l profi l e  be fore 

and a ft er ponding SO mm of water on the soi l 

surface in  the cultivat ed area .  Each measurement 

be fore ponding was the average of 5 core 

samp l e s , and a fter ponding  was t he average o f  1 3  

core samp l es . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9 2  

Vo l umetri c water content d i s t ri but i on i n  t he 

sojl profi l e s  be fore and after pond ing , and poros i t y .  

I = fi l t ration ra te (mm hr - 1 ) i n  t he first hour a fter 

ponding . Under pasture ( a ,  b ,  and c )  and under cul t i ­

vat i on (J and e )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96 

Bromi de distribut i on i n  the soi l profi l e  under 

natural rai n fa l l in t he con t i nuous pasture g rowing 

area 

Vo l umetri c water content d i s tribut i on i n  the 

soi l profi l e  under natura l rai n fa l l  condi t ions 

at both samp l ing t i mes  (after 46  and 182 mm 

excess ra i n fa l l) ,  and soi l poros i t y . Means and 

s t andard devi at ions of 40 samp l es  
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H i stograms show i ng frequency d i s t ribut i ons 

of brom idc con centra t ion (C) in soi 1 be fore 

and a fter leach i n g  by 1 8 2  mm excess rai n fa l l .  

( a )  Frequency d i s t r i but i on o f  C 

XV. 
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(b) Frequency d i s t ribut i on of ln C . . . .  . . .  . 1 0 3  

Fract i l e  d i agrams showing t h e  re l at i onship  o f  

probab i l j t y  un i t s ( ( x - x) / s )  and bromide 

concent rat i on in  so i l  (C or l n  C), where 

x = C or ln C ,  x mean va l ue , s = s t andard 

devi at i on , and r = corre l a t i on coe ff i c i ent. 

Post  leach i ng data shown were after 1 8 2  mm 
exce s s  ra i n fa l l 

Photographs i nd i ca t i n g  stem- fl ow respon s i b l e  

for non -un i formity  o f  wat er i ntake at the 

soi l surface under natural  rai n fa l l .  W = 

104  

worm channe l ,  R = root , and C = crack 109 

Computed bromide concentrat i on d i s t ri but i on 

after l each ing soi l containing  uni form l y  

spaced,vert i cal , cy l indrical  channe l s . 

I n i t i al l y  the soi l so l ut i on concentra t i on (C) 

in the top 10 mm o f  soi l was C 0 

Computed re l at i ve concentra t i on o f  bromide 

l eached from the top 10  mm to b e l ow 300 mm 
depth i n  soi l containing  vert i ca l  c y l indric a l  

channe l s , 0 . 2  and 0 . 1 5 mm i n  d i ameter . 

Re l at i onship  between M
t 
/Moo 

as shown by  Crank ( 1 956)  

Geometry o f  the system and symbo l s  used in  

the programme for miscib l e  d i s p l acement of 

s o l utes  i n  a un i form vert i c a l  cyl i ndri c a l  

channe l soi l co l umn . Arrows indi cate d i rec t i on 

of flow 
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L I ST OF SYMBOLS 

radi us of a sphere 

Brenner number ( B  = vd/ E) 

solut i on concentrati on 

e ffluent c oncentrat i on 

infl uent c oncent rat i on 

C .  concentrat ion of s olute in immob i l e  
lffi 

reg i on 

C concentrat ion of so lute in mobi l e  regi on m 
C i n i t i a l  so l ut e  concent rat ion in  the l ayer near 0 

the soil surface t o  depth z 
0 

D mo l ecu l ar d i ffus i on of so lute in water 

D mo l ecul ar d i ffus i on of s o l ut e  i n  soi l s 
d soi l c o l umn l ength 

E di spers i on coeffi c i ent 

Eel di spers i on coeffi c i ent of c h l oride 

ET evapostranspiration 

g acce l erat ion due t o  grav i t y  

I infi ltrat i on rate 

i depth of water i nput or i n terger 

K hydrau l i c  conduc t i v ity  

k Freund l i ch s o l ut i on d i s t ribut i on coeffi cient 

ki Freundl i ch solut i on d i s tribut i on coeffi c i ent for 

adsorpt ion s i te I 

n 

Q 
q 

R 

r 

s 

adsorp t i on rat e coeffi cient 

desorpt i on rat e coeffi c i ent 

adsorpt i on rate coeffi c i ent 

de sorpt ion rate coeffi cient 

for s i te 

for s i te 

a constant in the Freund l i ch equat i on 

number of samp les 

flow rate 

Darcy flux dens i t y  
p 

retardat ion factor (R = � k) e 

II 
rr 

correl at ion coeffi c i ent; or rad i a l  d i s t ance in 

equat ion ( B . l ) 

s o l ute adsorbed per un i t  mas s of so i l  s o l ids  

ixx . 
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L 3M- 1 

L 3M- 1 

T- 1 
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T- 1 

T
-1 

none 

none or 



s1 amoun t o f  s o lute adso rbed per un i t  mass o f  soi l 

for s i t e  I 

s11 
amount of  so l ute adsorbed per un i t  mass of  soi l 

for s i t e  II 

s standard dev i at ion of  x 

SL 
t 

V 

V 0 
V 

e 
V 

standard dev i at i on of ln x 

t ime 

cumu l a t i v e  vo lume of e ff l uent 

l iqu i d-fi l l ed po re vo l ume 

vo lume of e ff l uent when C /C. = 0 . 5 
e 1 

average pore wat er ve l oc i t y  (v  = q/8)  

x vari ab l e  (usua l l y  C or l nC )  

x mean of  x 

z 

z 0 
a 

mean o f  l n  x 

z-vt 

d i s tance in d i rect ion of v 

i n i t i a l  depth of  so l ute  near the soi l surface 

di ffus i on a l  t ran s fe r  coeffi c i ent 

v i scosity of  f l u i d  

pre s sure pot ent i a l  

vol ume t r i c  wat er cont ent i n  soi l 

bu l k  den s i t y  

f l u i d  density  
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T-1 
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