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o f  W o llo n g o n g , is  w h o lly  m y  o w n  w o rk  u n le ss  o th e rw ise  re fe re n c e d  o r  ac k n o w le d g e d . 

T h is  d o c u m e n t h as  n o t b e e n  su b m itte d  fo r an y  q u a lif ic a tio n s  a t  any  o th e r  aca d em ic  

in s titu tio n .

L a u ra  B . B a n a s ia k  

21 D e c e m b e r  2 0 0 4



a c k n o w l e d g e m e n t s

T h e  su c c e s s  o f  th is  re s e a rc h  c a n  b e  p a r tly  a t tr ib u te d  to  th e  a s s is ta n c e  o f  m a n y  p e o p le . 

F irs tly , I  w o u ld  lik e  to  th a n k  P ro fe s s o r  B u d d h im a  In d ra ra tn a , m y  su p e rv is o r ,  fo r  h is  

c o n s ta n t su p p o r t  a n d  e n c o u ra g e m e n t.  H e  h a s  a s s is te d  m e  in  a c q u ir in g  a d d itio n a l s k ills  

a n d  k n o w le d g e  re la t in g  to  m y  re s e a rc h  a n d  h a s  b e e n  a  c o n s ta n t  so u rc e  o f  in fo rm a tio n  

a n d  h is  e x p e r t is e  h a s  b e e n  b e n e f ic ia l  to  m y  p ro g re s s . I n o w  h a v e  a  g re a te r  s e n se  o f  

c o n f id e n c e  in  re g a rd s  to  m y  a c a d e m ic  a b ili t ie s .

I  w o u ld  a lso  lik e  to  th a n k  R o y  L a w r ie  (N S W  D e p a r tm e n t o f  A g r ic u ltu re ) ,  D a v id  

C la rk  a n d  R o b e r t  C la rk  (C la rk s  M in in g  S e rv ic e s ) , J o h n  B o e rs  (J. &  M . B o e rs )  fo r  

th e ir  te c h n ic a l a d v ic e  a n d  in - f ie ld  a s s is ta n c e . T h a n k  y o u  to  th e  s ta f f  le d  b y  G ra h a m  

L a n c a s te r  a t  th e  S o u th e rn  C ro s s  U n iv e rs i ty  E n v iro n m e n ta l A n a ly s is  L a b o ra to ry  fo r  

p e r fo rm in g  p a r t  o f  th e  w a te r  c h e m ic a l te s t in g . T h a n k y o u  to  G re g  T h o m p s o n  a n d  s ta f f  

o f  A lle n , P r ic e  a n d  A s s o c ia te s  fo r  th e  s u rv e y in g  o f  th e  lim e -f ly  a sh  b a r r ie r  f ie ld  site .

T h a n k s  to  th e  te c h n ic a l  s ta f f  a n d  s tu d e n ts  a t  th e  U n iv e r s i ty  o f  W o llo n g o n g , F a c u l ty  o f  

E n g in e e r in g  fo r  th e ir  a s s is ta n c e . S p e c ia l th a n k s  g o  to  B o b  R o w la n  fo r  h is  t i re le s s  

h e lp , k n o w le d g e  a n d  lo n g  d a y s  in  th e  f ie ld  a n d  to  J o a n n e  G e o rg e  fo r  h e r  c o n s ta n t 

su p p o rt in  th e  E n v iro n m e n ta l  E n g in e e r in g  L a b o ra to ry . I w o u ld  a lso  lik e  to  th a n k  Ian  

K irb y , Ia n  B r id g e , Ian  F re w , N o rm  G a l, M a rk  R ig o n i , M a rc u s  M o rg a n  a n d  A le x a n d ra  

G o lab .

W ith o u t th e  s u p p o r t  o f  lo c a l la n d h o ld e rs  th is  p ro je c t  w o u ld  n o t h a v e  b e e n  p o s s ib le . I 

w o u ld  lik e  to  th a n k  N e il a n d  K a y  L o rd , H a rr is ,  th e  F o rsy th  F a m ily  fo r  g e n e ro u s ly  

p ro v id in g  m e  w ith  f ie ld  s ite s .

T h a n k  y o u  to  a ll m y  fa m ily  fo r  th e ir  s u p p o r t a n d  e n c o u ra g e m e n t th ro u g h o u t th e  

c o m p le tio n  o f  th is  th e s is . S p e c ia l th a n k s  to  m y  g ra n d m a  a n d  f ie ld  w o rk  h e lp e r  Jo a n  

C o w e ll w h o  h e lp e d  m e  a n d  p ro v id e d  m e  w ith  c o n s ta n t  e n te r ta in m e n t th a t m a d e  

f ie ld w o rk  m o re  e n jo y a b le .  M y  g ra n d p a  B il l  C o w e ll  a lso  d e s e rv e s  s p e c ia l th a n k s  fo r  

h is  n if ty  g a d g e ts  th a t  m a d e  f ie ld  w o rk  ju s t  th a t  little  b i t  e a s ie r .



A B S T R A C T

T h e  e f fe c t iv e n e s s  o f  u s in g  a  su b -s u r fa c e  l im e - f ly  a sh  b a r r ie r  to  r e d u c e  th e  o x id a tio n  o f  

a  p y r it ic  so il la y e r  a n d  to  im p ro v e  g ro u n d w a te r  a n d  su r fa c e  w a te r  q u a lity  w a s  

in v e s t ig a te d  fo r  la n d  a f fe c te d  b y  a c id  s u lp h a te  s o ils  n e a r  B e r ry  in  so u th e a s te rn  N S W , 

A u s tra lia . P r io r  to  th e  in s ta lla tio n  o f  th e  l im e -f ly  a s h  b a r r ie r ,  g ro u n d w a te r  a n d  s u rfa c e  

w a te r  a n a ly se s  in d ic a te d  a  h ig h ly  a c id ic  e n v iro n m e n t.  H ig h  c o n c e n tra tio n s  o f  

d is s o lv e d  a lu m in iu m , to ta l iro n  a n d  s u lp h a te  in  th e  g ro u n d w a te r  w e re  a  re s u lt  o f  

fa ll in g  g ro u n d w a te r  ta b le s  a n d  b io tic  o x id a tio n . T ra d i t io n a l  m a n a g e m e n t te c h n iq u e s  

o f  g ro u n d  w a te r  m a n ip u la t io n , v ia  f lo o d g a te s  o r  w e ir s ,  w o u ld  b e  re n d e re d  in e ffe c tiv e  

in  a r re s tin g  b io tic  o x id a tio n  w h e re  th e  p y r ite  la y e r  is  su b m e rg e d .

T h e  s tu d y  c o m b in e d  f ie ld  a n d  la b o ra to ry  a n a ly s is  in  o rd e r  to  d e te rm in e  th e  fe a s ib i li ty  

o f  th e  lim e -f ly  a sh  b a r r ie r  a t th e  s tu d y  s ite . A  c o m p re h e n s iv e  f ie ld  s tu d y  in c o rp o ra te d  

th e  in s ta lla tio n  o f  p ie z o m e te rs  a n d  o b s e rv a tio n  w e lls  to  d e te rm in e  th e  le v e l o f  th e  

p h re a t ic  s u rfa c e  a lo n g  w ith  th e  m o n ito r in g  o f  w a te r  q u a lity  p a ra m e te rs  a t  th e  s ite  o f  

th e  lim e -f ly  a sh  b a rr ie r ,  a n d  a lso  f lo o d g a te  s ite s  a n d  th e  s ite  o f  th e  s e lf - re g u la tin g  

t i l t in g  w e ir . T h e  in s ta lla tio n  o f  th e  lim e -f ly  a sh  b a r r ie r  w a s  u n d e r ta k e n  b y  th e  

p u m p in g  o f  a  s lu rry  th ro u g h  b o re h o le s  v ia  p re s s u re  p u m p in g .

T h e  s u b su r fa c e  lim e -f ly  a sh  b a r r ie r ,  a s  an  a c id  s u lp h a te  so il re m e d ia t io n  te c h n iq u e , 

w a s  sh o w n  to  s ig n if ic a n tly  im p ro v e  g ro u n d w a te r  q u a lity . G ro u n d w a te r  p H  in c re a se d  

to  v a lu e s  b e tw e e n  4 .5  a n d  5 .5 . T h e  c o n c e n tra t io n  o f  th e  p y r i t ic  o x id a tio n  p ro d u c ts , 

a c id ic  c a t io n s  A l3+ a n d  F e total, b a s ic  c a t io n s  C a 2+ a n d  M g 2+ a n d  a n io n s  Cl" a n d  S O 4 2',  

a lso , o n  a v e ra g e  d e c re a s e d  in  th e  g ro u n d w a te r  a f te r  th e  in s ta lla tio n  o f  th e  lim e -f ly  ash  

b a rr ie r .  A  c o m p a r is o n  b e tw e e n  th e  a v e ra g e  g ro u n d w a te r  ta b le  e le v a tio n s  b e fo re  a n d  

a f te r  th e  in s ta lla tio n  o f  th e  b a r r ie r  a lso  in d ic a te d  a  p e rc h e d  w a te r  ta b le , w h ic h  w o u ld  

re d u c e  th e  e x p o s u re  o f  p y r it ic  so il to  o x y g e n , a n d  in  tu rn  r e d u c e  p y r it ic  o x id a tio n  a n d  

th e  g e n e ra tio n  o f  a c id ic  p ro d u c ts .

T h e  L im e -f ly  a sh  b a r r ie r  is  e f fe c t iv e  in  re m e d ia t in g  a c id  s u lp h a te  so ils  in  a re a s  in 

w h ic h  f lo o d g a te s  a n d  w e irs  c a n n o t b e  in s ta lle d . A  c o m p a r is o n  o f  th e  re s u lt  sh o w s  

th a t th e  l im e - f ly  a sh  b a r r ie r  h a d  g re a te r  s u c c e s s  in  in c re a s in g  th e  g ro u n d w a te r  p H  th a n

iv



th e  s e lf - re g u la tin g  ti l t in g  w e ir . T h e  lim e - f ly  a sh  b a r r ie r  tre a ts  a c id  s u lp h a te  so ils  a n d  

th e  re la te d  e n v iro n m e n ta l p ro b le m s  b e fo re  th e y  o c c u r , w h e re a s , th e  f lo o d g a te s  tre a t 

th e  p y rite  o x id a tio n  p ro d u c ts  g e n e ra te d  a f te r  th e y  h a v e  b e e n  d is c h a rg e d  in to  th e  f lo o d  

m itig a tio n  d ra in s . S ig n if ic a n tly  g re a te r  c o n c e n tra t io n s  o f  A l3+, F e total a n d  S O 4 2' w e re  

fo u n d  in  th e  g ro u n d w a te r  a t th e  f lo o d g a te  s ite s .
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C h a p t e r  1  I n t r o d u c t i o n

1 . 1  G e n e r a l  B a c k g r o u n d

T h e  p re s e n c e  o f  a c id  s u lp h a te  s o ils  a n d  th e ir  a s s o c ia te d  p ro b le m s  h a v e  b e e n  la rg e ly  

ig n o re d  o r  u n re c o g n is e d  in  th e  p a s t,  d e s p ite  th e  fa c t  th a t th e y  w e re  id e n tif ie d  by  

A u s tra lia n  so il s c ie n tis ts  a s  e a r ly  as  196 3  (W a lk e r ,  1 963). A r t if ic ia l  d ra in a g e  h as  

in c re a se d  th e  d is tr ib u tio n , m a g n itu d e  a n d  f re q u e n c y  o f  a c id  g e n e ra tio n  f ro m  o x id is e d  

ac id  su lp h a te  so ils  w h ic h  h a s  in  tu rn  in c re a s e d  th e  ra te  o f  e s tu a r in e  a c id if ic a t io n  by  

m an y  o rd e rs  o f  m a g n itu d e , a  ra te  g re a te r  th a n  th a t w h ic h  m a y  h a v e  o c c u r re d  u n d e r  

n a tu ra l d ro u g h t/f lo o d  c y c le s  (L in  e t  a l.,  1 9 9 5 a ).

T h e  S h o a lh a v e n  f lo o d p la in s  a re  th e  m o s t  s o u th e rn  (3 5 ° S )  o f  A u s t r a l ia ’s tw e lv e  

f lo o d p la in s  k n o w n  to  h a v e  a c id  s u lp h a te  so ils  (W ille t t  e t  a l.,  1 9 9 2 ). T h is  re g io n  is  

v e ry  lo w  ly in g  w ith  th e  p y r it ic  so il la y e r  w ith in  c lo s e  p ro x im ity  to  th e  s u rfa c e  o rg a n ic  

la y e r  (P e a se , 1 9 9 4 ). F o r  th is  r e a s o n , th e  p y r ite  la y e r  is  u s u a lly  s u b m e rg e d  

c o n tra d ic tin g  th e  lo w  p H  le v e ls  th a t  w e re  r e c o rd e d  th ro u g h o u t th e  y e a r  o f  re s e a rc h  

(P ease , 1 994). W h ile  th e  s u b m e rg e n c e  o f  th e  p y r ite  la y e r  b y  e le v a tin g  th e  

g ro u n d w a te r  ta b le  v ia  w e ir  o p e ra t io n  c a n  s u c c e s s fu lly  re d u c e  n e w  a c id  fo rm a tio n , th e  

b io lo g ic a l o x id a tio n  o f  p y r ite  u n d e r  s u b m e rg e d  c o n d itio n s  c a n  s till p re v a il  i f  th e  

o rg an ic  c o n te n t a n d  th e  s u lp h id ic  c o n s ti tu e n ts  in  c la y e y  so ils  a re  h ig h .

1 .2  P u r p o s e  o f  S t u d y

P re v io u s  a c id  s u lp h a te  so il m a n a g e m e n t s tra te g ie s  h a v e  in v o lv e d  r e s to r in g  th e  

p h rea tic  z o n e  a b o v e  th e  p y r it ic  la y e r  th ro u g h  th e  in s ta lla tio n  o f  w e irs  w ith in  th e  d ra in  

to  d e c re a se  th e  p ro d u c tio n  o f  a c id ic  o x id a tio n  p ro d u c ts  a n d  re d u c e  th e  tra n s p o r t  o f  

th e se  p ro d u c ts  to  th e  d ra in s . T h e  a m o u n t o f  n e w  a c id  p ro d u c e d  w a s  re d u c e d , h o w e v e r  

the  la rg e  a m o u n t o f  a c id  p re v io u s ly  g e n e ra te d  w ith in  th e  so il p ro f ile  w a s  n o t 

in v e stig a ted . T h is  c u r re n t  re s e a rc h  in v o lv e s  a n  a l te rn a t iv e  p ra c t ic a l so lu tio n , n a m e ly  

lim e b a r r ie r  c re a tio n . R e s e a rc h  c o m p le te d  b y  B lu n d e n  (2 0 0 0 )  v a l id a te d  th e  u se  o f  

sta tic  w e irs  to  ra is e  g ro u n d w a te r  le v e ls  a s  a  m e th o d  o f  s u b m e rg in g  th e  p o te n tia l  a c id  

su lp h ate  so il la y e rs , th e re b y  s ig n if ic a n tly  lo w e r in g  th e  a m o u n t o f  o x y g e n  re a c tin g  

w ith  p y rite , h e n c e , d e c re a s in g  a c id  p ro d u c tio n . H o w e v e r , in  v e ry  lo w -ly in g  a re a s  o f  

the  S h o a lh a v e n  F lo o d p la in  w h e re  th e  w a te r  ta b le  is  r e la tiv e ly  h ig h , a  s ig n if ic a n t
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a m o u n t o f  a c id  is  s till b e in g  fo rm e d . T h e  u se  o f  s ta tic  w e ir s  is  n o t p ra c tic a l  in  su c h  

lo w -ly in g  a re a s , b e c a u s e  a n y  fu r th e r  in c re a s e  in  g ro u n d w a te r  ta b le  e le v a tio n  w o u ld  

c re a te  a c c e s s ib ili ty  p ro b le m s .

R e c e n t s tu d ie s  c o n d u c te d  a t  th e  U n iv e rs ity  o f  W o llo n g o n g  (R u d e n s , 2 0 0 1 )  su g g e s t 

th a t in  a c id ic  g ro u n d w a te r  c o n d itio n s  w ith  re la tiv e ly  h ig h  o rg a n ic  m a tte r , th e  

b a c te r iu m  T h io b a c il lu s  fe r r o o x id a n s  c a n  d ire c tly  o x id is e  p y r ite  u n d e r  s u b m e rg e d  

c o n d itio n s . P re l im in a ry  s m a ll- s c a le  e x p e r im e n ts  s u g g e s t th a t  la te ra l in je c tio n  o f  lim e - 

fly  a sh  s lu rry  to  c re a te  an  a lk a lin e  b a r r ie r  a b o v e  th e  p y r ite  la y e rs  m a y  re d u c e  th e  

b a c te ria l a c t iv ity , w h ile  s im u lta n e o u s ly  n e u tra l is in g  th e  a c id  a lre a d y  p ro d u c e d .

P re lim in a ry  te s ts  in d ic a te  th e  p re s e n c e  o f  r e la tiv e ly  s h a llo w  p y r ite  la y e rs , w h ic h  n e e d  

to  b e  tre a te d  b y  m e a n s  o th e r  th a n  g ro u n d w a te r  ta b le  m a n ip u la t io n . T h e  ra te  o f  a c id  

fo rm a tio n  b y  b io t ic  o x id a tio n  c a n  b e  m a n y  fa c to rs  g re a te r  th a n  c o n v e n t io n a l  o x id a tio n  

re a c tio n s ; h e n c e , in  lo w - ly in g  a re a s  o f  h ig h  o rg a n ic  c o n te n t ,  l im e - f ly  a sh  in je c tio n  to  

c re a te  a lk a lin e  b a r r ie r s  a b o v e  th e  p o te n tia l  a c id  s u lp h a te  s o ils  la y e rs  is  to  b e  

in v e s tig a te d . T h e re fo re ,  th e  p u rp o s e  o f  th is  s tu d y  is  to  e x a m in e  th e  e f f e c t  o f  a  lim e -f ly  

ash  b a r r ie r  o n  th e  g ro u n d w a te r  a n d  d ra in  w a te r  a c id ity  a n d  to  c o m p a re  th is  w ith  s ite s  

re m e d ia te d  b y  o th e r  te c h n iq u e s ,  s u c h  as w e irs  a n d  m o d if ie d  f lo o d g a te s .

1 .3  R e s e a r c h  A i m s

T h e sp e c if ic  a im s  o f  th is  re s e a rc h  w e re  to :

•  U n d e r ta k e  a  c o m p re h e n s iv e  l i te ra tu re  re v ie w  o n  a c id  s u lp h a te  s o ils  a n d  an  

a n a ly s is  o n  th e  u s e  o f  g ro u tin g  te c h n iq u e s  to  re m e d ia te  a c id  s u lp h a te  so ils .

• In tro d u c e  a n  a l te rn a t iv e  p ra c tic a l so lu tio n  ( l im e -f ly  a sh  b a r r ie r  in s ta lla tio n )  to  

th e  re m e d ia t io n  o f  a c id  s u lp h a te  so ils  in  lo w - ly in g  a re a s , w h ic h  b a s e d  o n  

p re lim in a ry  s tu d ie s  a t th e  U n iv e rs i ty  o f  W o llo n g o n g , h a s  s h o w n  g o o d  

p o te n tia l a s  an  e f fe c t iv e  w a y  o f  c o n tro l l in g  th e  so il a n d  g ro u n d w a te r  a c id ity .
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•  In v e s tig a te  th e  im p a c t o f  th e  b a r r ie r  o n  g ro u n d w a te r  a n d  su rfa c e  w a te r  q u a lity  

a n d  c o m p a re  th is  w ith  re s u lts  o b ta in e d  f ro m  s ite s  w ith  o th e r  re m e d ia te  

s tru c tu re s  i.e . w e irs  a n d  m o d if ie d  f lo o d g a te s .

1 . 4  T h e s i s  S t r u c t u r e

T h is  th e s is  is  d iv id e d  in to  fo u r  s e c tio n s , a s  o u tl in e d  b e lo w :

1.4.1 P a r t  I: L ite r a tu r e  R e v ie w

C h a p te r  2  p re s e n ts  a  l i te ra tu re  re v ie w , w h ic h  o u tl in e s  th e  im p o r ta n t a s p e c ts  o f  a c id  

su lp h a te  so ils . T h e  p h y s ic a l a n d  c h e m ic a l p ro p e r tie s  o f  a c id  su lp h a te  so ils  a re  

d e ta ile d , a s  w e ll a s  p y r ite  o x id a tio n  a n d  a c id  p ro d u c tio n . T h e  e n v iro n m e n ta l im p a c ts  

o f  p y r ite  o x id a tio n  a n d  re s u lt in g  a c id  p ro d u c tio n  a n d  o n -g ro u n d  m a n a g e m e n t a n d  a c id  

su lp h a te  so ils  re m e d ia t io n  s tra te g ie s  a re  d e s c r ib e d . C h a p te r  2  a lso  d e s c r ib e s  th e  

a n a ly tic a l a n d  n u m e ric a l s o lu tio n s  fo r  m o d e llin g  th e  o x id a tio n  o f  p y r ite  a n d  o th e r  

su lp h id ic  m a te r ia ls  a n d  re v ie w s  p re v io u s  a c id  s u lp h a te  so il r e h a b ili ta tio n  re s e a rc h  an d  

m a n a g e m e n t s tra te g ie s  re le v a n t  to  th is  c u r re n t  s tu d y .

In  C h a p te r  3 a  d e ta ile d  d e s c r ip t io n  o f  th e  th e o ry  re la te d  to  th e  l im e - in je c t io n  

te c h n iq u e  is  g iv e n . T h e  p r in c ip le s  o f  g ro u tin g  th e o ry  a re  in tro d u c e d  a n d  th e  

p ro p e r tie s  a n d  re q u ire m e n ts  o f  g ro u ts  re le v a n t  to  th is  s tu d y  a re  c o n s id e re d .

1 .4 .2  P a r t  II:  F ie ld  tr ia l o f  S u b -s u r fa c e  L im e -F ly  a s h  B a r r ie r

C h a p te r  4  d e s c r ib e s  th e  lo c a tio n  a n d  g e o m o rp h o lo g y  o f  th e  s tu d y  s ite s  a n d  th e  

c lim a tic  c o n d itio n s  o f  th e  a re a  a n d  id e n tif ie s  th e  m e th o d s  o f  so il p h y s ic a l a n d  

ch e m ic a l a n a ly s is  th a t w e re  e m p lo y e d  in  th is  s tu d y . T h e  e q u ip m e n t u s e d  to  m o n ito r  

th e  p h y s ic a l a n d  c h e m ic a l c h a ra c te r is t ic s  o f  th e  g ro u n d w a te r  a n d  s u r fa c e  w a te r  a t th e  

stu d y  s ite s  a n d  th e  c lim a tic  c o n d i t io n s  o f  th e  a re a  o b ta in e d  o v e r  th e  e n t ir e  s tu d y  

p e rio d  a re  a lso  d e s c r ib e d  in  C h a p te r  4 .

In C h a p te r  5 , th e  m e th o d o lo g y  in v o lv e d  in  th e  in s ta lla tio n  o f  th e  L im e -F ly  a sh  B a r r ie r  

ls o u tlin e d . T h e  e q u ip m e n t u s e d  in  th e  in je c tio n  p ro c e s s  is  d e s c r ib e d  a n d  th e
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e v a lu a tio n  o f  th e  b a r r ie r  in  th e  f ie ld  v ia  tre n c h  in v e s t ig a t io n s  a n d  o b s e rv a tio n  w e lls  is  

re v ie w e d .

1 .4 .3  T h e  im p a c t o f  th e  S u b -S u r fa c e  L im e -F ly  a s h  B a r r ie r  o n  g r o u n d w a te r  a n d  

su rfa ce  w a te r  q u a li ty

T h e  g ro u n d w a te r  e le v a tio n  d a ta  m e a su re d  a t th e  lim e -f ly  a sh  b a r r ie r  s tu d y  s ite  is  

p re se n te d  in  C h a p te r  6 . T h e  e le v a tio n  o f  th e  g ro u n d w a te r  ta b le  in  re la tio n  to  th e  

lo c a tio n  o f  th e  a c id  s u lp h a te  so il la y e r  is  a d d re s s e d  a n d  a  c o m p a r is o n  b e tw e e n  th e  p re -  

an d  p o s t-b a r r ie r  g ro u n d w a te r  ta b le  e le v a tio n  c h a ra c te r is t ic s  a re  a lso  d e sc r ib e d .

T h e  in f lu e n c e  o f  th e  b a r r ie r  o n  th e  g ro u n d w a te r  a n d  s u rfa c e  w a te r  fo rm s  a  m a jo r  p a r t 

o f  th is  re s e a rc h . In  C h a p te r  7 , g ro u n d w a te r  a n d  s u r fa c e  w a te r  q u a lity  p ro p e r t ie s  th a t 

w ere  m e a su re d  b e fo re  a n d  a f te r  th e  in s ta lla tio n  o f  th e  l im e -f ly  a sh  b a r r ie r  a re  

d e sc rib e d  a n d  a n a ly se d . C h a n g e s  in  g ro u n d w a te r  a n d  s u r fa c e  w a te r  q u a l ity  a t  th e  

f lo o d g a te  a n d  w e ir  s i te s  a re  d e s c r ib e d  in  C h a p te r  8 . C h a p te r  9  c o m p a re s  th e  w a te r  

q u a lity  p ro p e r t ie s  m e a s u re d  a t th e  lim e -f ly  ash  b a r r ie r  s ite  a n d  th e  f lo o d g a te /w e ir  

sites.

1.4 .4  C o n c lu s io n s  a n d  R e c o m m e n d a tio n s

C h a p te r  10 p re s e n ts  th e  f in d in g s  o f  th is  re s e a rc h  in  re la tio n  to  th e  e f fe c t iv e n e s s  o f  a  

su b -su rfa c e  l im e -f ly  a sh  b a r r ie r  in  re m e d ia t in g  a c id  s u lp h a te  so ils . R e c o m m e n d a tio n s  

fo r fu tu re  re s e a rc h  a re  a lso  d is c u s se d .
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C h a p t e r  2  L i t e r a t u r e  R e v i e w

2 . 1  I n t r o d u c t i o n

T h is  C h a p te r  is  d iv id e d  in to  th re e  s e c tio n s . T h e  f i r s t  s e c tio n  d e s c r ib e s  th e  p ro c e s s e s  

in v o lv e d  in  th e  fo rm a tio n  o f  p y r ite  a n d  a c id  s u lp h a te  so ils . T h e  p h y s ic a l a n d  c h e m ic a l 

p ro p e r tie s  o f  a c id  su lp h a te  so ils  a re  a lso  d e ta i le d , a lo n g  w ith  e n v iro n m e n ta l an d  

e n g in e e r in g  p ro b le m s  a s s o c ia te d  w ith  th e  o x id a tio n  o f  p y r ite . T h e  s e c o n d  s e c tio n  

d e sc r ib e s  th e  u se  o f  lim e  a n d  f ly  a sh  in  so il im p ro v e m e n t. T h e  f in a l s e c tio n  o f  th is  

c h a p te r  re v ie w s  p re v io u s  o n -g ro u n d  m a n a g e m e n t a n d  a c id  s u lp h a te  so il re m e d ia t io n  

s tra te g ie s  c o n d u c te d  in  A u s tra lia . T h e  p r in c ip le  o f  t id a l b u f fe r in g  is  in tro d u c e d , a s  is  

th e  u se  o f  p e rm e a b le  re a c tiv e  b a rr ie rs . R e s e a rc h  s h o w s  th a t re g a rd le s s  o f  p re v io u s  

e ffo r ts , an  a l te rn a tiv e  m a n a g e m e n t s tra te g y  is  n e c e s s a ry  to  c o m b a t th e  p ro b le m s  

a s so c ia te d  w ith  a c id  su lp h a te  so ils . C h a p te r  3 .0  e x p a n d s  o n  th is  b y  d e s c r ib in g  th e  

p rin c ip le s  in v o lv e d  in  th is  s tu d y .

2 . 2  I n t r o d u c t i o n  t o  A c i d  S u l p h a t e  S o i l s

D e n t a n d  P o n s  (1 9 9 5 )  s ta te  th a t a c id  s u lp h a te  s o ils  a re  th e  ‘n a s tie s t  s o ils  in  th e  w o r ld ’ . 

A c id  su lp h a te  so ils  (A S S ) a re  b a s ic a lly  so ils  c o n ta in in g  a p p re c ia b le  a m o u n ts  o f  

su lp h id e  m in e ra ls , w h ic h  h a v e  b e e n  a l lo w e d  to  o x id is e  b y  e x p o s u re  to  a ir  a n d  h a v e  

b e c o m e  a c id ic . T h e  c o m m o n  fo rm  o f  s u lp h id e  m in e ra l is  p y r ite  (F e S 2), h o w e v e r  o th e r  

su lp h id ic  c o m p o u n d s  su c h  as iro n  m o n o s u lp h id e  (F e S ) , g re ig i te  ( F e . ^ )  a n d  v a r io u s  

o rg an ic  su lp h id e s , m a y  a lso  e x is t  in  sm a ll c o n c e n tra t io n s  (B lo o m fie ld , 1 9 7 3 ; B u sh  

and  S u lliv a n , 1 9 9 6 ). U n d e r  re d u c in g  c o n d i t io n s ,  a c id  s u lp h a te  so ils  re m a in  

ch e m ic a lly  in e rt ,  a n d  o n  o x id a tio n , c o m p le x  c h e m ic a l c h a n g e s  ta k e  p la c e , g e n e ra tin g  

acid ic  d ra in a g e , o f te n  a b n o rm a lly  h ig h  in  tra c e  m e ta ls  su c h  as  a lu m in iu m , w h ic h  

leach es  fro m  th e  so il a n d  in to  e s tu a r ie s  (D e n t, 1 9 8 6 ).

In c reased  p o p u la tio n  p re s s u re  h a s  le d  to  th e  ra p id  re c la m a tio n  o f  c o a s ta l la n d  a n d  h a s  

resu lted  in  th e  e n v iro n m e n ta l d e g ra d a tio n  o f  e s tu a r in e  e c o s y s te m s  d u e  to  th e  

d e v e lo p m en t o f  a c id  s u lp h a te  s o ils  (L in  e t a l.,  1 9 9 5 a ). In  N S W  a n d  o th e r  p a r ts  o f  th e  

A u stra lian  c o a s ta l z o n e , n a tu ra l c o n tro ls  h a v e  c a u s e d  m a jo r  a c c u m u la tio n  o f  p y r ite  in 

H o lo cen e  se d im e n ts  o f  e s tu a r in e  f lo o d  p la in s . D u e  to  th e  d e p o s it io n a l e n v iro n m e n t in 

w hich  th e y  fo rm , su b su r fa c e  c o n c e n tra t io n s  in  A u s tra l ia  a re  c o m m o n ly  a b o v e  th e
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m a n a g e m e n t a c t io n  c r i te r ia  o f  0 .5 5 S cr%  se t b y  S to n e  e t  a l. (1 9 9 8 ) . S o m e  o f  th e se  

a rea s  h a v e  b e e n  d ra in e d  o v e r  m a n y  y e a rs  fo r  a g r ic u ltu ra l g ra z in g  a n d  c ro p p in g , an d  

e n h a n c e m e n t o f  th e s e  d ra in a g e  s y s te m s  fo r  f lo o d  m itig a tio n  s in c e  th e  1 9 5 0 s a p p e a rs  

to  h a v e  in c re a s e d  th e  d e g ra d a tio n  o f  th e  e s tu a r ie s . T h e  p ro b le m s  f ro m  a c id  su lp h a te  

so ils  a re  n o w  b e in g  e x a c e rb a te d  b y  o th e r  a c t iv it ie s  su c h  as  e n g in e e r in g  c o n s tru c tio n s ,  

e x tra c tiv e  in d u s tr ie s ,  u rb a n  d e v e lo p m e n ts  a n d  so m e  a q u a c u ltu re  p ro je c ts . F o r  m a n y  

e s tu a rie s , d u r in g  so m e  ra in fa l l / f lo o d  e v e n ts ,  th e  lim it o f  th e  n e u tra l is in g  c a p a c ity  fo r  

the  ac id  o u tp u t is  n o w  b e in g  g re a tly  e x c e e d e d  (L in  e t  a l,  1 9 9 5 b ).

W h ile  p y r ite  o x id a t io n  is  in f lu e n c e d  b y  a n th ro p o g e n ic  a c t iv it ie s , n a tu ra l c o n tro l on  

p y rite  o x id a tio n  m a y  ta k e  p la c e  in  a n y  a re a  o f  a c id  s u lp h a te  s o ils  th a t  h a s  an  

e x tre m e ly  d ry  c l im a te  o r  h a s  a t le a s t  e x p e r ie n c e d  a  s ig n if ic a n t  p e r io d  o f  lo w  ra in fa ll in  

the  p as t. A c id  s u lp h a te  m a te r ia ls  p ro d u c e d  d u r in g  p ro lo n g e d  d ro u g h t e p is o d e s  a re  n o t 

re -p y rit is e d  to  a  s ig n if ic a n t  e x te n t in  th e  re d u c e d  c o n d i t io n s  e x is t in g  d u r in g  th e  

su b se q u e n t p e r io d s  o f  h ig h  ra in fa ll .  T h e  a c id if ie d  p y r it ic  la y e r  c a n  a c t a s  a  s to ra g e  

s in k  o f  a c id  s u lp h a te  m a te r ia ls ,  w h ic h  c a n  b e  m o v e d  u p w a rd s  b y  c a p i l la ry  a c tio n  an d  

ac id ify  th e  n o n -p y r i t ic  to p s o ils  (L in  e t  a l,  19 9 5 b ).

T h e  te rm  ‘p o te n tia l  a c id  s u lp h a te  s o i l s ’ h a s  b e e n  u s e d  to  d is tin g u is h  u n o x id is e d  ac id  

su lp h a te  so ils  (p y r ite  re m a in s  in  so il d u e  to  its  re d u c in g  e n v iro n m e n t)  f ro m  d e v e lo p e d  

acid  su lp h a te  s o ils  (p y r ite  is  o x id is e d  d u e  to  o x id is in g  e n v iro n m e n t)  (L in  a n d  

M elv ille , 1 9 9 3 ). P o te n tia l  a c id  s u lp h a te  so ils  a re  u s u a lly  w a te r lo g g e d  so il th a t is 

u n o x id ise d . A n y  d is tu rb a n c e  th a t a d m its  o x y g e n  w ill le a d  to  th e  d e v e lo p m e n t o f  

actual ac id  s u lp h a te  la y e rs . I t is  o f te n  a s s u m e d  th a t p o te n tia l  a c id  s u lp h a te  so ils  a re  

c o m p le te ly  in n o c u o u s  to  th e  e n v iro n m e n t i f  k e p t u n d e r  w a te r . A c tu a l a c id  su lp h a te  

so ils  o v e rla y  p o te n tia l  a c id  su lp h a te  so ils  in  A u s tra lia n  c o a s ta l  e n v iro n m e n ts .

2.2.7 F o r m a tio n  o f  P y r i te

T he w o rld  p a tte rn  h a s  b e e n  d r iv e n  m a in ly  b y  p o s tg la c ia l  s e a  le v e l c h a n g e . T h e  la s t 

glacia l m a x im u m  w a s  a t le a s t 1 8 0 0 0  y e a rs  B .P . a n d  th e  c u r re n t  s e a  le v e ls  h a v e  b e e n  

re la tiv e ly  s ta b le  fo r  th e  la s t 3 0 0 0  y e a rs  (T h o m  a n d  C h a p p e ll ,  1 9 7 5 ; R o y , 1984 ; 

W o o d ro ffe  e t a l.,  2 0 0 0 ) . T h e  r is e  in  se a  d u r in g  th is  p e r io d  c re a te d  c o n d itio n s  

co n d u c iv e  to  p y r i te  fo rm a tio n  a n d  re s u lte d  in  e x te n s iv e  d e p o s its  o f  su lp h id ic
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se d im e n ts  (W o o d ro f fe  e t a l ,  2 0 0 0 ) . E a c h  re g io n a l p a tte rn  is  a lso  d e te rm in e d  b y  its  

u n iq u e  s e d im e n ta ry  an d  g e o m o rp h o lo g ic a l h is to ry . In  t id a l sw a m p  a n d  m a rsh , 

b a c te r ia  (D e s u lfo v ib r io  d e s u lfu r ic a n s ) d e c o m p o s in g  th e  a b u n d a n t o rg a n ic  m a tte r  

re d u c e  S 0 42' f ro m  th e  t id e w a te r  a n d  F e  (I I I )  o x id e s  f ro m  th e  s e d im e n t. T h e  m a in  e n d  

p ro d u c t is  p y r ite ,  F e S 2  th a t m a y  a t ta in  c o n c e n tra t io n s  o f  15%  b y  m a ss  o r  lO O k g /n r o f  

m u d  w h e re  s e d im e n ta t io n  is  s lo w  (D e n t a n d  P o n s , 1 9 9 5 ). P y r i te  i ts e lf  m a y  o c c u r  as  

lo o se  a s s e m b la g e s  o f  in d iv id u a l c ry s ta ls  o r  as  d e n s e , sp h e r ic a l c lu s te r s  ( f ra m b o id s )  

c o m m o n ly  1 0 -2 0 p m  d ia m e te r  (R its e m a  e t  a l.,  2 0 0 0 ) .

T h e  re c o v e ry  o f  s e a  le v e l in  th e  H o lo c e n e  w a s  a c c o m p a n ie d  b y  th e  b u ild in g  u p  o f  

‘b o tto m le s s ’ su lp h id e  c la y s  w h e re  s e d im e n ta t io n  k e p t  p a c e  w ith  th e  r is in g  s e a  le v e l 

an d  p y rite  a c c u m u la te d  u n d e r  m a n g ro v e s  a n d  re e d  sw a m p . U n d e r  m o re  re c e n t, m o re  

s tab le  s e a  le v e ls , th e re  h a s  b e e n  a  ra p id  s e a w a rd  g ro w th  o f  d e lta s  a n d  in f i l l in g  o f  

e s tu a r ie s , p ro d u c in g  th in  (< 3 m  th ic k )  su lp h id e  c la y s  in  e n c lo s e d , b ra c k ish  w a te r  

sw a m p s, o v e r ly in g  n o n -s u lp h id e  tid a l f la t  d e p o s its .  S o m e  o f  th e s e  H o lo c e n e  s u lp h id e  

se d im e n ts  h a v e  b e e n  d ra in e d  n a tu ra lly  o r  th ro u g h  c h a n g e s  in  th e  d is tr ib u ta ry  c h a n n e ls  

in d e lta s  (D e n t a n d  P o n s , 1 9 9 5 ). H o lo c e n e -a g e  (< 1 0 0 0 0  y e a rs  B P )  su lp h id e  

se d im e n ts  w e re  fo rm e d  in  e s tu a r in e  lo w la n d s  th ro u g h o u t th e  w o r ld  fo llo w in g  th e  la s t 

m a jo r s e a - le v e l r is e  (B e rn e r , 198 4 ).

P y rite  fo rm s  d u r in g  s h a llo w  b u r ia l v ia  th e  re a c tio n  o f  d e tr i ta l  iro n  m in e ra ls  w ith  H 2 S. 

T h e  H 2S in  tu rn , is  p ro d u c e d  b y  th e  r e d u c tio n  o f  in te rs ti t ia l  d is s o lv e d  s u lp h a te  by  

b a c te ria  u s in g  s e d im e n ta ry  o rg a n ic  m a tte r  as  a  r e d u c in g  a g e n t a n d  e n e rg y  so u rc e . T h e  

m a jo r fa c to rs  c o n tro ll in g  h o w  m u c h  p y r ite  c a n  fo rm  in  s e d im e n t a re  th e  a m o u n ts  o f  

o rg an ic  m a tte r  a n d  re a c tiv e  iro n  m in e ra ls  d e p o s ite d  in  s e d im e n t, a n d  th e  a v a ila b il i ty  

o f  d is so lv e d  s u lp h a te  (B e rn e r , 1 9 8 4 ). P y r ite  is  fo rm e d  in  lo w  e n e rg y  e s tu a r in e  

sy stem s b y  a  b a c te r ia l c a ta ly s e d  re a c tio n  re q u ir in g  a  re d u c in g  e n v iro n m e n t,  a  so u rc e  

o f  su lp h a te , p re s e n c e  o f  la b ile  o rg a n ic  m a tte r  a n d  a  so u rc e  o f  iro n  (D e n t, 1 9 8 6 ). H ig h  

te m p e ra tu re s  o f  th e  tro p ic s  a n d  s u b tro p ic s , p a r tic u la r ly  in  lo c a tio n  o f  la rg e  tid a l 

ex ch a n g e , a llo w  m a x im a l p y r ite  a c c u m u la tio n  (L in  e t a l.,  1 9 9 5 a ).

T he firs t s tep  in  th e  o v e ra ll p ro c e s s  o f  s e d im e n ta ry  p y r ite  fo rm a tio n  is  th e  b a c te r ia l 

red u c tio n  o f  su lp h a te . T h is  p ro c e s s  o c c u rs  o n ly  u n d e r  a n o x ic  c o n d itio n s . D is so lv e d
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o x y g en  m ig ra te s  in to  th e  s e d im e n t f ro m  th e  o v e r ly in g  w a te r  v ia  m o le c u la r  d if fu s io n , 

w av e  an d  c u r re n t  s tir r in g , o r  b io tu rb a tio n a l ir r ig a tio n  b u t  is  c o n s u m e d  b y  o x ic  

b a c te ria , l iv in g  n e a r  th e  s e d im e n t-w a te r  in te r fa c e , w h ic h  u se  th e  o x y g e n  to  c o n v e r t  

o rg a n ic  m a tte r  to  C O 2 . T h is  p re v e n ts  th e  O 2 f ro m  p e n e tra tin g  f a r  in to  th e  s e d im e n t 

and  as a  re su lt ,  a n o x ic  c o n d i tio n s  n e c e s s a ry  fo r  b a c te r ia l  s u lp h a te  r e d u c tio n  re su lt 

b e lo w  a d e p th  n o rm a lly  o f  a  fe w  c e n t im e tre s  (B e rn e r , 1 984). T h e  m a jo r  fa c to rs  

c o n tro llin g  th e  ra te  o f  b a c te r ia l  s u lp h a te  re d u c tio n  in  n o rm a l m a rin e  s e d im e n ts  ( th o se  

d e p o s ite d  in  o x y g e n a te d  b o tto m  w a te rs )  is  th e  a m o u n t a n d  e s p e c ia l ly  th e  r e a c tiv i ty  o f  

o rg an ic  m a tte r  d e p o s ite d  in  th e  s e d im e n t a n d  th e  a v a ila b ili ty  o f  d is s o lv e d  s u lp h a te .

2 j?
T h e c o m m o n  fa c to rs  in  th e  fo rm a tio n  o f  p y r ite  a re  (i)  a  s u p p ly  o f  S O 4 ',  u s u a lly  f ro m  

tid e w a te r , w h ic h  is  r e d u c e d  to  s u lp h id e s  b y  b a c te r ia  d e c o m p o s in g  th e  o rg a n ic  m a tte r ; 

and  (ii) a  su p p ly  o f  F e  f ro m  th e  c o n d i tio n s ,  w h ic h  a re  m o s t a b u n d a n tly  fu lf i l le d  in 

tidal sw a m p s  a n d  s a lt  m a rs h e s . P y r ite  fo rm a tio n  re q u ire s  d e c o m p o s a b le  o rg a n ic  

m a tte r a n d  S 0 42" to  p ro d u c e  H 2 S , F e  to  p ro d u c e  m e ta s ta b le  F e  su lp h id e s ,  a n d  an  

o x id a n t su ch  a s  m o le c u la r  O 2 to  tra n s fo rm  H 2 S to  e le m e n ta l s u lp h u r  S th a t  c a n  re a c t 

w ith  th e  m e ta s ta b le  s u lp h id e s  to  fo rm  F e S 2 (R its e m a  e t a l.,  2 0 0 0 ) . T h e  c h e m ic a l 

reac tio n  c a n  o n ly  ta k e  p la c e  u n d e r  a n o x ic  e n v iro n m e n ts  a n d  w ith  a  s u f f ic ie n t  su p p ly  

o f  o rg a n ic  m a tte r  a n d  d is s o lv e d  s u lp h a te  th u s  a l lo w in g  th e  r e d u c tio n  o f  s u lp h a te  to  

su lp h id es  (m a in ly  p y r i te )  th ro u g h  th e  a c tio n  o f  s u lp h a te - re d u c in g  b a c te r ia  (P o n s , 

1973; B e rn e r , 1 9 8 4 ; D e n t,  1986).

P y rite  fo rm a tio n  is  a lso  lim ite d  b y  th e  a m o u n t an d  re a c tiv i ty  o f  d e tr i ta l  (n o t to ta l iro n  

d ep o sited ) iro n  m in e ra ls  a d d e d  to  th e  s e d im e n t. In  te r r ig e n o u s  m a rin e  se d im e n ts  

d ep o sited  u n d e r  n o rm a l o x y g e n a te d  c o n d i tio n s ,  th e  iro n  m in e ra ls  a re  su ff ic ie n tly  

ab u n d an t a n d  re a c tiv e . T h e re fo re ,  th e y  d o n ’t p o se  a  s e r io u s  th re a t.  In  h ig h ly  

ca lca reo u s  s e d im e n ts  (d e r iv e d  f ro m  th e  sk e le ta l d e b r is  o f  m a rin e  o rg a n is m s )  th e re  is 

in su ffic ien t iro n  to  b r in g  a b o u t a p p re c ia b le  p y rite  fo rm a tio n  (c a lc a re o u s  sk e le ta l 

debris  is  m u c h  lo w e r  in  iro n  th a n  te r r ig e n o u s  m a te r ia l) .  E v e n  in  th e  p re s e n c e  o f  h ig h  

organ ic  m a tte r  c o n c e n tra t io n s  a n d  a b u n d a n t H 2 S, i f  C a C 0 3  d o m in a te s  th e  s e d im e n t, 

the p y rite  c o n c e n tra tio n  is lo w  (B e rn e r , 1 984).
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T h e  p ro c e s s  o f  p y r ite  a c c u m u la tio n  in  a c id  s u lp h a te  s o ils  is  sh o w n  in  th e  fo llo w in g  

fig u re .

H igh w a te r  tabic m aintains 

anaero b ic  environm ent

B ac te ria , b reak in g  d o w n  organ ic m a tte r  in  a  saline w ate rlo g g ed  environm ent, 

re d u c e  su lp hate  to  sulphide , resulting in th e  fo rm ation  o f  pyrite

D ecay in g  m an g ro v e  ro o ts  p ro v id e  ab u n d an t organic  m a tte r

Mangrove Forest T idal w a te r  supp lies d isso lv ed  sulphate

E s tu a r y

-M tu H ig k  Water 

-Mean Low Water

| I ro n  o ccu rs  naturally m the sed im en t |

F i g u r e  2 . 1 :  E n v iro n m e n ta l  C o n d it io n s  re q u ire d  fo r  p y r ite  a c c u m u la tio n  (N a y lo r  e t  a l.,

1 995)

T h e  o v e ra ll c h e m ic a l re a c tio n  c a n  b e  e x p re s s e d  b y  th e  fo llo w in g  e q u a tio n  (D e n t, 

1986):

b a c te r ia l d r iv e n  w ith  re d u c in g  c o n d it io n s

2 -  ,  __________

F e 2 0 3(S) + 4 S 0 4  +  8 C H 20  +  / /2 0 2 —> F e S 2(S) + 8 H C O 3 +  4 H 20

'  iro n  " V s u lfa te  o rg a n ic  m a tte r  p y r i t T ^  b ic a rb o n a te

It has b e e n  su g g e s te d  th a t  h y d ro g e n  su lp h id e  m u s t b e  f ir s tly  fo rm e d  an d  th e n  re a c te d  

w ith  iro n  o x id e s  to  p ro d u c e  p y r ite  (E q u a tio n  2 .2  a n d  2 .3 )  (B o h n  e t  a l., 1989). 

E q u a tio n  2 .3  d if fe rs  f ro m  E q u a tio n  2.1 in  th a t iro n  m o n o s u lp h id e s  is  sh o w n  to  fo rm .

SO^aq) +  2 C H 2 0 (s) bacteria > H 2 S (g) +  2 H C 0 3(aq) (2 .2 )

3 H 2 S (g) +  2 F e O O H (s )------ > F e S (s) +  F e S 2(s) +  4 H 2 0 (1) (2 .3 )

Q u an tita tiv e  e s tim a te s  o f  th e  ra te  o f  F e S 2 a c c u m u la tio n  r a n g e  b e tw e e n  7 x l 0 ‘8 to  5 x 1 0 ' 

rool S /d m 3/y r  (R its e m a  e t  a l.,  2 0 0 0 ).

In lo c a litie s  fa r  re m o v e d  f ro m  te r r ig e n o u s  c la y s  o r  s ilts ,  a n d  w h e re  th e  se d im e n ts  

•nstead c o n s is t a lm o s t e n t ire ly  o f  c a lc iu m  c a rb o n a te  d e r iv e d  f ro m  th e  sk e le ta l d e b ris  

° f  m arin e  o rg a n is m s , th e re  is  in s u f f ic ie n t  iro n  to  b r in g  a b o u t a p p re c ia b le  p y r ite  

fo rm ation . I ro n  is  c o m m o n ly  fo u n d  w ith in  c o a s ta l  c la y  so ils  a n d  is  su p p lie d  in  iro n
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o x id e s  in c lu d in g  o x y h y d ro x id e s  su c h  a s  g o e th ite ,  F e O O H , a n d  h y d ro x id e s  a n d  o x id e s  

such  as  h e m a tite , F e 20 3 (B lu n d e n , 2 0 0 0 ) . F a n n in g  (1 9 9 3 )  su g g e s te d  th a t o y s te r  

c o m m u n itie s  c o m m o n ly  fo rm  o n  m a n g ro v e  b ra c e  ro o ts  o f  R h iz o p h o ra  b y  u ti l is in g  

b ic a rb o n a te . T h e  re m n a n ts  o f  th e s e  o y s te r  sh e lls  p ro v id e  th e  m a in  b u f fe r in g  s to re  fo r  

m o st a c id  s u lp h a te  s o ils  in  th e  fo rm  o f  c a lc iu m  c a rb o n a te . In  te rm s  o f  n e u tra l is a t io n  

c a p a c ity , th e y  m a k e  u p  n o  m o re  th a n  0 .5 %  b y  m a ss  o f  s u lp h u r  (D e n t, 1 9 9 3 ). E v e n  in 

the  p re se n c e  o f  h ig h  o rg a n ic  m a tte r  c o n c e n tra tio n s  a n d  a b u n d a n t H 2S , i f  C a C 0 3  

d o m in a te s  th e  s e d im e n t th e  p y r ite  c o n c e n tra t io n  is  lo w  (B e rn e r , 1 9 8 4 ).

In  su m m a ry , p y r i te  fo rm a tio n  r e s u lts  f ro m  th e  re a c tio n  o f  H 2 S , f ro m  b a c te r ia l  s u lp h a te  

re d u c tio n , w ith  re a c tiv e  d e tr i ta l  iro n  m in e ra ls . In  f re s h w a te r  s e d im e n ts  th is  p ro c e s s  is 

lim ited  b y  lo w  c o n c e n tra t io n s  o f  d is s o lv e d  su lp h a te . A s  a  re s u lt ,  li tt le  p y r i te  is  fo rm e d  

and  th e re  is  n o  s im p le  c o r re la tio n  b e tw e e n  o rg a n ic  c a rb o n  a n d  p y r ite  su lp h u r . In  

no rm al m a rin e  s e d im e n ts  ( th o s e  d e p o s ite d  in  o x y g e n -c o n ta in in g  b o tto m  w a te rs ) ,  

p y rite  fo rm a tio n  is  l im ite d  m a in ly  b y  th e  a m o u n t a n d  re a c tiv i ty  o f  o rg a n ic  m a tte r  

b u ried  in  th e  s e d im e n t,  a n d  as  a  re s u lt  p y r ite  s u lp h u r  a n d  o rg a n ic  c a rb o n  c o r re la te  

p o s itiv e ly  w ith  o n e  a n o th e r  (B e rn e r , 1 9 8 4 ).

2 .2 .2  D is tr ib u tio n  o f  A c id  S u lp h a te  S o ils

A cid  su lp h a te  s o ils  a re  w id e ly  d is tr ib u te d  in  th e  c o a s ta l m a rsh y  a re a s  o f  m a n y  

lo ca tio n s  in  th e  w o r ld  (C a lv e r t  a n d  F o rd , 1 9 7 3 ). v a n  B re e m a n  (1 9 8 0 )  e s t im a te d  th a t 

th e re  a re  1 2 -1 4  m ill io n  h a  o f  a c id  s u lp h a te  so ils  w o r ld w id e  b y  r e s tr ic tin g  a  su rv e y  to  

H o lo cen e  c o a s ta l p la in s  a n d  tid a l s w a m p  s e d im e n ts . T h e y  a re  c o n c e n tra te d  in 

o th e rw ise  d e n se ly  s e tt le d  c o a s ta l f lo o d p la in s ,  m o s tly  in  th e  tro p ic s ,  w h e re  

d ev e lo p m e n t p re s s u re s  a re  in te n s e  a n d  l i t t le  s u ita b le  a l te rn a t iv e s  la n d  fo r  e x p a n s io n  o f  

farm ing  o r  u rb a n  a n d  in d u s tr ia l  d e v e lo p m e n t e x is ts .  T w o - th ird s  o f  th e  k n o w n  e x te n t 

is in V ie tn a m , T h a i la n d , In d o n e s ia ,  M a la y s ia  a n d  n o r th e rn  A u s tra l ia  (R its e m a  e t  a l.,  

2000). T a b le  2.1 sh o w s  th e  w o r ld w id e  d is tr ib u tio n  o f  a c id  s u lp h a te  s o ils  (B r in k m a n , 

1982).
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Table 2.1: C a lc u la te d  w o r ld w id e  d is tr ib u tio n  o f  a c id  s u lp h a te  so ils  (B r in k m a n , 1982)

R e g i o n A r e a  o f  A S S  (x lO 6 h a )

A fr ic a 3 .7

A s ia 6 .7

L a tin  A m e r ic a 2 . 1

A u s tra lia 1 . 0

T h e se  e s tim a te s  h o w e v e r  a p p e a r  to  b e  m o d e s t .  A c c o rd in g  to  L in  a n d  M e lv i l le  (1 9 9 2 )  

the  A u s tra lia n  c o a s ta l  z o n e  h a s  a b o u t 1.2 x 106 h a  o f  s u lp h id ic  s e d im e n ts , c o n ta in in g  

~ 1 0 9 1 o f  p y r ite . H o w e v e r ,  N a y lo r  e t a l.  (1 9 9 5 )  m a p p e d  la n d fo rm  e le m e n ts  lik e ly  to  

co n ta in  a c id  s u lp h a te  s o ils  fo r  th e  c o a s t  o f  N e w  S o u th  W a le s . T h e s e  m a p s  s h o w e d  

th a t N e w  S o u th  W a le s  h a s  0 .4 -0 .6  x 106 h a  o f  a c id  s u lp h a te  so ils .  I f  th e  e x te n t  o f  a c id  

su lp h a te  s o ils  th ro u g h o u t N o r th e rn  A u s tra l ia  is  s im ila r  to  th a t  in  N e w  S o u th  W a le s , 

th en  m o re  th a n  3 x 106  h a  o f  a c id  s u lp h a te  so ils  m a y  e x is t  in  A u s tra l ia  (W h ite  e t a l.,  

1997).

A cid  su lp h a te  so ils  e x h ib i t  e n o rm o u s  sp a tia l v a r ia tio n s  th a t a re  tie d  to  th e  d y n a m ic  

e s tu a rin e , d e l ta ic  a n d  f lo o d p la in  e n v iro n m e n ts  o f  w h ic h  th e y  a re  a  p a rt. T h e  

co n d itio n s  s u ita b le  fo r  th e  fo rm a tio n  o f  p y r ite  in  s e d im e n ts  le n d  c lu e s  to  th e  lo c a tio n  

o f  ac id  s u lp h a te  so ils  in  th e  c o a s ta l z o n e  (N a y lo r  e t a l.,  1 9 9 5 ). A c id  su lp h a te  so ils  

o ccu r in  w a v e  p ro te c te d  m a n g ro v e s  a n d  m a rs h e s ,  o u te r  b a r r ie r  tid a l la k e s , a n d  

b a c k sw a m p  a re a s  w h e re  th e  a c c u m u la tio n  o f  o rg a n ic  m a tte r  a n d  re d u c e d  se d im e n ts  

can  o c c u r (N a y lo r  e t a l.,  199 5 ). T id a l f lu s h in g  a d d s  lo w  c o n c e n tra t io n s  o f  d is so lv e d  

ox y g en  n e c e s s a ry  to  c o m p le te  p y r it is a tio n  o f  s u lp h a te  a n d  re m o v e  b ic a rb o n a te s , 

the reby  m a in ta in in g  f a v o u ra b le  s lig h tly  a c id ic  c o n d i t io n s  (v a n  d e r  K e v ie , 1 9 7 3 ; P o n s  

e ta l . ,  1982).

T he ra te  o f  s e d im e n ta t io n  in c o a s ta l e n v iro n m e n ts  m a y  a lso  h a v e  an  im p a c t o n  th e  

lo ca tio n  o f  a c id  s u lp h a te  so ils . P o n s  a n d  v an  B re e m a n  (1 9 8 2 )  su g g e s t th a t a  s lo w  

sed im en ta tio n  ra te  is  lik e ly  to  fo rm  h ig h  p y r i t ic  c o n c e n tra t io n s  d u e  to  th e  k in e tic s  o f  

pyrite  fo rm a tio n . R a p id  s e d im e n ta t io n  m a y  h in d e r  th e  tra n s fo rm a tio n  o f  

m o n o su lp h id e s  to  p y r ite  (G o ld h a b a r  a n d  K a p la n , 1 9 8 2 ; L in  a n d  M e lv ille , 1 994).
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T h e  c a tc h m e n ts  o f  m o s t  r iv e rs  a lo n g  th e  c o a s t o f  N e w  S o u th  W a le s  a re  re a s o n a b ly  

sm all a s  a  re s u lt  o f  th e  c lo s e  p ro x im ity  to  th e  E a s te rn  R a n g e . E s tu a r in e  se d im e n ts  

(d u e  to  lo w  s e d im e n ta t io n  ra te s  in  th e  e s tu a r in e  e m b a y m e n ts )  a re  o f te n  s u lp h id e - r ic h  

w ith  re d u c e d  S c o n te n ts  e x c e e d in g  2 p e r  c e n t (L in , 1 9 9 9 ). S u lp h id ic  s e d im e n ts  h a v e  

b een  fo u n d  in  m o s t e s tu a r in e  lo w la n d s  a n d  c o a s ta l e m b a y m e n ts  a lo n g  th e  e a s te rn  

(W alk e r, 1972) a n d  n o r th e rn  A u s tra l ia n  c o a s ts , a s  w e ll a s  in  p a r ts  o f  W e s te rn  

A u stra lia , S o u th  A u s tra l ia  a n d  V ic to r ia  (B e rn e r , 1 9 8 4 ). A c id  s u lp h a te  so il h a s  b e e n  

rep o rte d  to  o c c u r  in  o n ly  a  fe w  A u s tra l ia n  in la n d  a re a s  w h e re  p e d o g e n e s is  h a s  b e e n  

in flu e n c e d  b y  iro n  s u lp h id e - r ic h  ro c k  (D a v iso n  e t  a l.,  1985 ; K ra u s , 1 9 9 8 ). T h e  

d is tr ib u tio n  o f  a c id  s u lp h a te  so ils  a lo n g  th e  c o a s t o f  N e w  S o u th  W a le s  is  sh o w n  in  

F ig u re  2 .2 ).

T h ey  a lso  e x h ib it  v e ry  s ig n if ic a n t te m p o ra l v a r ia b ili ty , n o t le a s t  in  th e ir  d e f in in g  

ch a ra c te r is tic s  o f  a c id ity  a n d  re la te d  to x ic it ie s .  A c id  s u lp h a te  so ils  e x p o r t  th e ir  

p ro b lem s in  d ra in a g e  a n d  f lo o d w a te rs ;  c o n s e q u e n t ly ,  b o th  re lia b le  s ta tic  so il su rv e y  

and  d y n a m ic  c h e m ic a l/h y d ro lo g ic a l  m o d e llin g  a re  re q u ire d  to  p ro v id e  u se fu l 

in fo rm a tio n  fo r  so il e n v iro n m e n ta l m a n a g e m e n t (R its e m a  e t a l.,  2 0 0 0 ) .

2 .3  P r o p e r t i e s  o f  A c i d  S u l p h a t e  S o i l s

T h is  se c tio n  d e s c r ib e s  th e  p ro c e s s e s  in v o lv e d  in  th e  o x id a tio n  o f  p y r ite  a n d  th e  

p hysica l a n d  c h e m ic a l c h a ra c te r is t ic s  o f  a c id  s u lp h a te  so ils . I t a lso  i l lu s tra te s  th e  

im pact o f  a c id  g e n e ra te d  f ro m  a c id  s u lp h a te  so ils  o n  th e  so il, g ro u n d w a te r  a n d  s u r fa c e  

w ater e n v iro n m e n t.

2.3.1 O x id a tio n  o f  P y r ite

T he c h e m ic a l, p h y s ic a l a n d  b io lo g ic a l re a c tio n s , a n d  th e  in te ra c tio n s  b e tw e e n  th e se  

p rocesses th a t o c c u r  d u r in g  th e  o x id a tio n  o f  p y r ite  in a c id  s u lp h a te  so ils  a re  c o m p le x  

and n o t w e ll u n d e rs to o d  (D e n t, 1 986). I t is  r e c o g n ise d  th a t th e  a c c u m u la tio n  o f  ac id  

su lphates in  so il p ro f ile s  is  b ro u g h t a b o u t b y  th e  b a c te r ia l an d  c h e m ic a l o x id a tio n  o f  

su lph ides in  p y r ite  (F e S 2) (C a lv e r t  a n d  F o rd , 1973).
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P y r i t e  i s  s t a b l e  u n d e r  s e v e r e l y  r e d u c i n g  c o n d i t i o n s  b u t  o x i d a t i o n ,  f o l l o w i n g  d r a i n a g e ,  

g e n e r a t e s  s u l p h u r i c  a c i d  a n d  m o b i l e  F e 2 + . T h e  c o m p l e x  s e r i e s  o f  r e a c t i o n s  m a y  b e  

s i m p l i f i e d  t o :

F e S 2  (s) +  7 / 2 0 2  (aq) +  H 2O  —► F e 2+(aq) +  2 S 0 4 2 (aq) +  2 H +(aq) ( 2 .4 )

P y rite  O x y g e n  I ro n  S u lp h u r ic  a c id

F o r ev e ry  to n n e  o f  s u lp h id ic  m a te r ia l th a t  c o m p le te ly  o x id ise s , 1.6 to n n e s  o f  p u re  

su lp h u ric  a c id  is  p ro d u c e d . T h e  d is s o lv e d  F e 2+, S O 42'  a n d  H + p ro d u c e d  in  E q u a tio n

2 .4  are  re a d ily  t r a n s p o r te d  in  so il w a te r , g ro u n d w a te r  a n d  d ra in a g e  w a te r . T h e  s e c o n d  

stage o x id a tio n  o f  F e 2+ (E q u a tio n  2 .5 )  m a y  o c c u r  a t so m e  d is ta n c e  f ro m  th e  o r ig in a l 

so u rce  o f  p y r ite , e i th e r  in  o th e r  so ils  o r  in  d ra in a g e  a n d  f lo o d w a te r  (D e n t a n d  P o n s ,

1995).

F e 2+(aq) + 1 / 4 0 2  (aq) + 3 / 2 H 2 0  —» F e O - O H ( s) +  2 H +(aq) ( 2 .5 )

O c h r e  A c id

T h is  o x id a tio n  c a n  p ro d u c e  iro n  o x y h y d ro x id e  o r  h y d ro x id e  f lo e s  th a t c o a t  b e n th ic  

c o m m u n itie s  a n d  s tre a m  b a n k s  (S a m m u t e t  a l. ,  1996).

T he p re se n c e  o f  b a c te r ia  e n h a n c e s  th e  o x id a tio n  p ro c e s s e s  b y  o rd e rs  o f  m a g n itu d e  

(R itse m a  e t  a l., 2 0 0 0 ) . T h e  m ic ro o rg a n is m s  in v o lv e d  a re  F e -  o r  S -o x id is in g  b a c te r ia , 

ch ie fly , T h io b a c illu s  fe r r o o x id a n s ,  w h ic h  is  an  a u to tro p h ic  m ic ro o rg a n is m . B a c te r ia  

p resen t in th e  so il d e r iv e  e n e rg y  fo r  g ro w th  f ro m  th a t re le a s e d  d u r in g  th e  o x id a tio n  o f  

F eS 2 . T h ro u g h  th is , th e y  c a ta ly s e  a  s e r ie s  o f  c h e m ic a l re a c tio n s  a n d  u n d e r  c e r ta in  

co n d itio n s  sp e e d  u p  th e  o x id a tio n  p ro c e s s  c o n s id e ra b ly  (R its e m a  e t  a l.,  2 0 0 0 ) .

T he o x id a tio n  o f  F e S 2 d e p e n d s  o n  th e  s u p p ly  o f  O 2 , th e  a v a ila b ili ty  o f  w a te r , a n d  th e  

physica l p ro p e r tie s  o f  F e S 2 fo r  th e  re a c tio n  to  p ro c e e d  a n d  g e n e ra te s  a c id  an d  re le a se s  

heat; c o n se q u e n tly , th e  a c id ity  a n d  te m p e ra tu re  o f  th e  s u r ro u n d in g  s o lu tio n  w o u ld  

a ffec t th e  o v e ra ll r e a c tio n s  (R its e m a  e t a l.,  2 0 0 0 ) . T h e  su p p ly  o f  o x y g e n  to  c u ltu re s  o f  

b ac te ria  is, in  so m e  re sp e c ts , th e  m o s t im p o r ta n t  fa c to r  d e te rm in in g  th e ir  a c tiv ity . 

S u p p ly in g  o x y g e n , o r  a ir , to  a  b a c te r ia l  o x id a tio n  sy s te m  in  w h ic h  s o lid  ro c k  p a r tic le s  

re  Pre sen t g e n e ra lly  in v o lv e s  tw o  fa c to rs : ( i)  a e ra tio n  o f  a  p o r tio n  o f  th e  b a c te r ia l
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so lu tio n , a n d  (ii)  c i rc u la t io n  o f  a e ra te d  so lu tio n s  to  th e  s ite  o f  b a c te r ia l  a c t iv ity . T h e se  

tw o  fa c to rs  m u tu a lly  d e te rm in e  th e  in f lu e n c e  o f  a e ra tio n  o n  b a c te r ia l a c t iv ity , an d  

bo th  m u s t b e  c o n s id e re d  in  e v a lu a tin g  th e  p e r fo rm a n c e  o f  a b a c te r ia l  o x id a tio n  sy s te m  

(M a lo u f  a n d  P ra te r ,  1 9 6 1 ). T. fe r r o o x id a n s  a re  fa c u l ta t iv e  w ith  re s p e c t  to  th e ir  

o x y g en  re q u ire m e n ts ,  re q u ir in g  lo w  o r  u n d e te c ta b le  o x y g e n  c o n c e n tra t io n s ,  a s  sh o w n  

in F ig u re  2 .3 . T h e re fo re ,  th e y  d o  n o t re q u ire  o x y g e n  i f  a  s u b s titu te  e le c tro n  a c c e p to r  is 

p re sen t, su c h  as  th e  fe r r ic  io n .

F i g u r e  2 . 3 :  In f lu e n c e  o f  o x y g e n  c o n c e n tra tio n  o n  b a c te r ia  a c t iv ity  ( J a y n e s  e t  a l, 1 984)

T e m p e ra tu re , w h ic h  in f lu e n c e s  b o th  c h e m ic a l an d  m ic ro b ia l o x id a tio n , is  an  im p o r ta n t 

fac to r in d e te rm in in g  th e  o x id a tio n  ra te  o f  p y r it ic  m a te r ia ls . B io lo g ic a l o x id a tio n  o n ly  

occu rs  b e tw e e n  0  to  5 5 ° C  (o p tim u m  2 4 -4 5 ° C )  b u t c h e m ic a l o x id a tio n  c a n  ta k e  p la c e  

above th is  te m p e ra tu re  (R its e m a  e t a l., 2 0 0 0 ) . M a x im u m  b a c te r ia l  a c t iv ity  h as  b e e n  

found  to  o c c u r  a t  a p p ro x im a te ly  3 5 ° C  (M a lo u f  a n d  P ra te r , 1 9 6 1 ), a s  sh o w n  in  F ig u re  

2.4. B e lo w  3 5 °C , th e  ra te  o f  b a c te r ia l a c t io n  d e c re a se s  n o n - lin e a r ly  as  th e  

te m p e ra tu re  is  r e d u c e d . T h e  o x id is in g  b a c te r ia  a re  a lso  a c t iv e  o n ly  in  a c id  m e d ia .



T e m p e r a t u r e  ®C

F i g u r e  2 . 4 :  In f lu e n c e  o f  te m p e ra tu re  o n  b a c te r ia l  a c t iv ity  ( J a y n e s  e t  a l, 1984)

In g e n e ra l, b a c te r ia l  a c t io n  is m o s t p ro n o u n c e d  in  a  m e d ia  h a v in g  a  p H  o f  b e tw e e n  2 .0  

and  3 .5 . B o th  a b o v e  a n d  b e lo w  th is  ra n g e  th e  ra te  o f  b a c te r ia l  o x id a tio n  d e c re a se s , 

and  a t p H  v a lu e s  a b o v e  6 .0  b a c te r ia l  a c t io n  is  a lm o s t  c o m p le te ly  in h ib ite d . In  a lk a lin e  

m ed ia  (p H  9 ) th e  b a c te r ia  a re  d e s tro y e d  ( M a lo u f  a n d  P ra te r , 1 961). T h e  o p tim u m  p H  

fo r b a c te ria l o x id a tio n  o f  p y r ite  is  3 .2  (J a y n e s  e t  a l.,  1 9 8 4 ), a s  il lu s tra te d  in  F ig u re  2 .5 .

p H

F i g u r e  2 . 5 :  In f lu e n c e  o f  p H  o n  b a c te r ia  a c t iv ity  (J a y n e s  e t  a l, 1984)

The ro le  o f  m ic ro o rg a n is m s  in  th e  o x id a tio n  o f  p y r ite  h as  b e e n  c la s s i f ie d  as  e i th e r  

d irect o r in d ire c t (E v a n g e lo u , 199 5 ). T h e  d ire c t  ro le  (iro n  II  fo rm a tio n )  in v o lv e s  th e  

a ttach m en t o f  m ic ro o rg a n is m s  to  th e  s u r fa c e  o f  F e S 2 , w h ic h  re su lts  in  p it t in g  o f  th e  

fu n e ra l su rfa c e s . T h i s  c a u s e s  c o r ro s io n  o f  in s o lu b le  m in e ra ls  a l lo w in g  m e ta ls  

o therw ise  lo c k e d  in s id e  m in e ra l p a r tic le s  to  d is s o lv e . I t is  b e l ie v e d  th a t  th e  b a c te r ia  

that has a  d ire c t ro le  c a n  o x id is e  e le m e n ta l  s u lp h u r  a n d  m e ta l s u lp h id e s , a c c o rd in g  to  

the fo llo w in g  re a c tio n :
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§ 22' +  4C>2 — *  2SC>4

D is u lp h id e  ( p y r i te )  +  O x y g e n  +  B a c te r ia  - +  S u lp h a te

(2 .6 )

T h e  in d ire c t ro le  ( I ro n  I I I  fo rm a tio n )  in v o lv e s  th e  o x id a tio n  o f  p y r it ic  m in e ra ls  b y  th e  

p ro d u c ts  o f  m ic ro b ia l  m e ta b o lis m . I t is  b e l ie v e d  th a t th is  p ro c e s s  e n h a n c e s  th e  

o x id a tio n  p ro c e s s  b y  o rd e rs  o f  m a g n itu d e  as p re v io u s ly  m e n tio n e d  (R its e m a  e t a l., 

2000). P a n te lis  a n d  R itc h ie  (1 9 9 2 )  in tro d u c e d  a  c e i lin g  te m p e ra tu re  (1 0 0 ° C )  a b o v e  

w h ich  m ic ro o rg a n is m s  c e a s e  to  b e  e f fe c t iv e  as  c a ta ly s ts  in  F e S 2 o x id a tio n .

T he iro n  (II)  th a t  is  p ro d u c e d  f ro m  p y r ite  o x id a tio n  (E q u a tio n  2 .2 )  c a n  u n d e rg o  fu r th e r  

o x id a tio n  to  fo rm  fe r r ic  iro n  ( iro n  III)  i f  th e  p H  is  a t 3 .5  o r  b e lo w . T h i s  re a c tio n , 

h o w ev er, is  s lo w , w ith  a  h a lf - l i f e  in  th e  o rd e r  o f  100  d a y s  (E v a n g e lo u , 1 9 9 5 ). C e r ta in  

ty pes o f  b a c te r ia  (T. fe r r o o x id a n s )  c a n  a c t a s  c a ta ly s ts  fo r  th is  re a c tio n . N o rd s tro m  

(1982) re p re s e n te d  th e s e  c h e m ic a l re a c tio n s  th a t in v o lv e  T. fe r r o o x id a n s ,  s h o w n  in 

F ig u re  2 .6 . T h i s  d ia g ra m  id e n tif ie s  th e  iro n  m in e ra ls  th a t  a re  a s s o c ia te d  w ith  th e  

b io lo g ica l o x id a t io n  o f  p y r ite  w ith in  a c id  s u lp h a te  so ils .

T he b a c te r ia  c a n  o x id is e  I ro n  (II)  a c c o rd in g  to  th e  fo llo w in g  e q u a tio n :

F e2+ + I / 2 O 2 +  2 H + +  b a c te r ia  - >  F e 3+ +  H 20  (2 .7 )

Iro n  (II)  A c id  I ro n  (H I)

T he Iro n  (III)  p ro d u c e d  b y  th is  re a c tio n  is  a b le  to  o x id is e  p y r ite  w ith in  th e  so il, e v e n  

un d er a n a e ro b ic  c o n d i t io n s  (M o se s  e t  a l.,  1 9 8 7 ), as sh o w n  b y  th e  fo llo w in g  e q u a tio n .

F eS 2 + 1 4 F e 3+ +  8 H 20  - >  1 5 F e2+ +  2 S 0 42_ +  1 6 H + (2 .8 )

P y rite  I ro n  ( I I I )  I ro n  ( I I )  S u lp h a te  A c id

A s im p lifie d  e q u a tio n  o f  th e  o v e ra l l  p ro c e s s  o f  c o m p le te  p y r ite  o x id a tio n  is:

F eS 2 + 1 5 /4 0 2 +  7 /2 H 20  - >  F e (O H ) 3 +  2 S 0 42' + 4 H + (2 .9 )

In th is  e q u a tio n , fo r  e v e ry  o n e  m o le  o f  p y r ite  c o n s u m e d , 4  m o le s  o f  a c id  a re

g e n e r a t e d .
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F i g u r e  2 . 6 :  S e q u e n c e  o f  m in e ra l re a c tio n s  fo r  b io lo g ic a l p y r ite  o x id a tio n , sh o w in g  

re la tio n sh ip s  b e tw e e n  o x id is in g  a g e n ts ,  c a ta ly s ts  a n d  m in e ra l p ro d u c ts  (N o rd s to rm , 

1982)

2.3 .2  P h y s ic a l P r o p e r tie s  o f  A c id  S u lp h a te  S o ils

T he p h y s ic a l p ro p e r tie s  o f  ac id  s u lp h a te  so ils  d e te rm in e  th e  ra te  o f  a c id  g e n e ra tio n  

and its  d is c h a rg e  to  th e  s u rro u n d in g  e n v iro n m e n t.  D u e  to  th e  d e p o s it io n a l 

e n v iro n m en t th e  so il s tru c tu re  o f  p o te n tia l  a c id  s u lp h a te  so ils  is  te x tu ra lly  u n ifo rm  

w ith a  f in e , to r tu o u s , h e te ro g e n o u s  p o re  sp a c e  a n d  is  u s u a lly  s a tu ra te d  w ith  m o is tu re  

con ten ts  o f  o v e r  8 0 %  (B lu n d e n , 2 0 0 0 ) , g iv in g  th e  so il a  te x tu re  s im ila r  to  th a t o f  a  ge l 

(W hite  a n d  M e lv ille ,  1 9 9 3 ). C h a p m a n  (1 9 9 4 )  re p o r te d  sa tu ra te d  h y d ra u lic  

c o n d u c tiv itie s  b e tw e e n  0 .8 3 -1 .1 2  m m /h  fo r  p o te n tia l  ac id  s u lp h a te  lo c a te d  n e a r  B e rry , 

N SW . T h e se  lo w  h y d ra u lic  c o n d u c t iv i t ie s  re d u c e  b o th  th e  in f lu x  o f  o x y g e n  in to  th e  

soil and  th e  d ra in a g e  o f  th e se  so ils . T h e  la c k  o f  a  lo t o f  o rg a n ic  m a tte r  in  ac id  

su lphate  so ils  c a u s e s  th e  so il to  c o m p a c t a n d  h a v e  re la tiv e ly  lo w  p e rm e a b il i t ie s . 

T ypical p h y s ic a l p ro p e r t ie s  o f  ac id  s u lp h a te  so ils  a re  sh o w n  in  th e  fo llo w in g  ta b le .



Table 2 . 2 :  P h y s i c a l  p r o p e r t i e s  o f  p o t e n t i a l  a c i d  s u l p h a t e  s o i l  l a y e r  ( B l u n d e n  a n d  

I n d r a r a t n a ,  2 0 0 0 )

S o i l

L a y e r

B u l k

D e n s i t y

( k g / m 3)

H y d r a u l i c

C o n d u c t i v i t y

v e r t i c a l

( m / d a y )

H y d r a u l i c

C o n d u c t i v i t y

h o r i z o n t a l

( m / d a y )

P o r o s i t y

( % )

R e s i d u a l

m o i s t u r e

c o n t e n t

( v o l u m e t r i c )

S a t u r a t e d

m o i s t u r e

c o n t e n t

( v o l u m e t r i c )

P o t e n t i a l

A S S _ _ _ _

103 0 2 . 0 2 0 . 2 0 61 0 .0 6 0 .4 9

C a tion  e x c h a n g e  p ro c e s s e s  d u e  to  th e  d e v e lo p m e n t o f  a c id  s u lp h a te  s o ils  e n la rg e s  

pore size  d u e  to  c la y  f lo c c u la t io n  a n d  th e  fo rm a tio n  o f  a g g re g a te s  (M u lv e y , 1993). 

T he c o m b in a tio n  o f  c la y  f lo c c u la t io n  a n d  p la n t an d  a n im a l in tru s io n  in c re a s e s  th e  so il 

m a c ro p o ro s ity , p e rm e a b il i ty  a n d  d if fu s iv i ty  (B lu n d e n , 2 0 0 0 ) . A  c h a n g e  in  th e  

co llo idal s tru c tu re  o f  th e  c la y  f ra c t io n  o f  th e  so il d u e  to  th e  o x id a tio n  o f  p y r ite  is 

know n as ‘r ip e n in g ’ (v a n  B re e m a n , 19 7 3 ; D e n t, 1 9 8 6 ). In  th is  p ro c e s s ,  p o te n tia l  a c id  

su lphate  so ils  u n d e rg o  s h r in k a g e  d u e  to  th e  re m o v a l o f  w a te r  f ro m  th e  v a d o s e  z o n e . 

W hite  a n d  M e lv i l le  (1 9 9 3 )  re p o r te d  th a t a  p o te n tia l  ac id  s u lp h a te  so ils  w ith  8 0 %  

vo lu m etric  m o is tu re  c o n te n t  h a d  a  s h r in k a g e  o f  5 0 %  u p o n  c o m p le te  d ry in g . T h is  

p rocess can  re s tr ic t  p la n t  g ro w th  th ro u g h  in c re a s e d  w a te r lo g g in g  a n d  f lo o d in g .

2.3 .3  O x id a tio n  P r o d u c ts

Raw  ac id  s u lp h a te  s o ils  c a n  b e  id e n tif ie d  by  s tra w  y e llo w  m o ttle s  o f  ja ro s i te  

K Fe3(S 0 4 )2 (0 H ) 6  th a t  d e v e lo p  a ro u n d  p o re s  a n d  o n  p e d  f a c e s  a n d  by  a c id , red  

dra in age w a te r . O c c a s io n a lly ,  o rg a n ic - r ic h  so ils  th a t re m a in  w e t d o  n o t d e v e lo p  

yellow  m o ttle s , a l th o u g h  th e y  b e c o m e  se v e re ly  a c id , p o s s ib ly  b e c a u s e  o f  fo rm a tio n  o f  

iron -o rgan ic  c o m p le x e s  th a t  p re -e m p t p re c ip i ta t io n  o f  ja ro s i te  (A n d r ie s s e , 1 993). 

A cid su lp h a te  p e a ts  d o  n o t h a v e  ja ro s i te  b u t o f te n  e x h ib it  a n  in k y  b la c k  su b so il as  

som e o f  th e  S 0 42'  g e n e ra te d  b y  d ra in a g e  is  r e d u c e d  to  F e S  d e e p e r  in  th e  p ro f ile  

(R itsem a e t a l.,  2 0 0 0 ).

Jarosite is fo rm e d  a s  a  b y -p ro d u c t  o f  th e  p y r ite  o x id a tio n  p ro c e s s  a n d  a s  a  re s u lt  is 

m° s t o ften  o b s e rv e d  in  o ld  ro o t c h a n n e ls  (w h e re  th e  o x y g e n  h a s  re a c h e d  th e  p y r ite  as 

the roo t d e c o m p o se d ) , in  so il c ra c k s ,  a n d  o n  b a n k s  o r  c u tt in g s . T h e s e  ro o ts  o fte n
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b e c o m e  ja ro s i t ic  a n d  th e n  o v e r  t im e  b e c o m e  iro n -c o a te d  as  th e  ja ro s i te  is  c o n v e r te d  to  

a  ‘ru s t- re d ’ iro n  c o a tin g . T h e  fo rm a tio n  o f  ja ro s i te  is  d e s c r ib e d  by :

3 F e (O H ) 3 +  2 H 2 S 0 4 +  K + - »  K F e 3 (S 0 4 )2 (O H ) 6  +  3 H 20  +  H +

J a ro s i te

(2.10)

Jaro site  is  p a r t  o f  th e  rh o m b o h e d ra l a lu n ite  g ro u p  o f  m in e ra ls  a n d  K  m a y  b e  

su b stitu ted  fo r  N a , P b , N H 4, H 30 ,  a n d  F e 2+ fo r  F e 3+ o r  A l3+ (L in  e t a l.,  1 9 9 8 ). J a ro s ite  

h y d ro ly ses  s lo w ly  a n d  re p re s e n ts  a  s u b s ta n tia l  s to re  o f  a c id ity  in  th e  o x id is e d  p ro f ile  

as sh o w n  in  E q u a tio n  (2 .1 1 ).

A cid  su lp h a te  p e a ts  d o  n o t  h a v e  ja ro s i te  b u t o f te n  e x h ib it  an  in k y  b la c k  su b so il as 

som e o f  th e  S 0 42'  g e n e ra te d  by  d ra in a g e  is  r e d u c e d  to  F e S  d e e p e r  in  th e  p ro f ile  

(R itsem a e t a l.,  2 0 0 0 ) . T h e  fo rm a tio n  o f  ja ro s i te  d e p e n d s  o n  a  n u m b e r  o f  fa c to rs , 

in c lu d in g  o x id is in g  c o n d i t io n s  (E h ), th e  p H  o f  th e  p o re  w a te r , a n d  a  s u f f ic ie n t s u p p ly  

o f K , F e  a n d  S 0 4  (L in  e t  a l.,  1 9 9 8 ). S ig n if ic a n t  a c c u m u la tio n  o f  ja ro s i te  in  th e  u p p e r  

layers o f  an  a c id  s u lp h a te  so il p ro f ile  in d ic a te s  th a t  th e  fo rm a tio n  ra te  o f  ja ro s i te  is 

q u icker th a n  its  d is s o lu tio n  ra te . E h -p H  d ia g ra m s , su c h  as  F ig u re  2 .7  sh o w  th a t 

ja ro s ite  is  fo rm e d  u n d e r  s tro n g ly  o x id is in g  (E h > 4 0 0 )  a n d  a c id ic  c o n d i t io n s  (p H < 4 ). 

W hen  th e  F e  o x id ise s  a t  a  h ig h e r  E h , th e  fe r ro u s  s u lp h a te  c a n  b e  c o n v e r te d  to  fe rr ic  

su lp hate  m in e ra ls , su c h  a s  ja ro s i te ,  d e p e n d in g  o n  th e  p H  (F a n n in g  e t  a l.,  2 0 0 2 ) . T h e  

figure sh o w s  m in e ra l p h a s e s  th a t m ig h t b e  e x p e c te d  to  b e  s ta b le  u n d e r  v a r io u s  

c o n d itio n s  a n d  c o lo u rs  lik e ly  to  b e  a s s o c ia te d  w ith  th e s e  m in e ra ls .

K Fe3(S 0 4 )2 (0 H ) 6  +  3 H 20  —> 3 F e (O H ) 3 +  S 0 4 2 +  K  +  3 H (2.11)

Ja ro s ite A c id

2 0
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F i g u r e  2 .7 : Id e a l is e d  E h -p H  d ia g ra m  fo r  th e  F e - S - 0  s y s te m  (v a n  B re e m a n , 1 9 7 6 ) 

2.3 .4  A c id  D r a in a g e

T h ree  fa c to rs  d e te rm in e  th e  a m o u n t o f  a c id  s u lp h a te  o x id a tio n  p ro d u c ts  re m o v e d  fro m  

soil sy s te m s  to  d ra in a g e  s y s te m s  (L in  e t a l., 1 9 9 5 b ):

(a) T h e  in te n s ity  o f  s u lp h u r ic  a c id  p ro d u c tio n  in  th e  so il;

(b) T h e  s ta r t in g  d e p th  o f  th e  o x id is e d  p y r it ic  la y e r  re la tiv e  to  th e  d ra in  b a se ; an d

(c) T h e  e f fe c t iv e n e s s  o f  th e  d ra in a g e  s y s te m  in  e x p o r tin g  w a te r  f ro m  c o a s ta l  f lo o d  

p la in s .

T he c o n s tru c tio n  o f  d e e p  f lo o d  m itig a tio n  d ra in s  in  S E  N S W  d u r in g  th e  1 9 6 0 s  h a s  

caused  m a jo r  p ro b le m s . T h e  d e e p  d ra in s  c re a te  a  s te e p e r  h y d ra u lic  g ra d ie n t, w h ic h  

causes an  in c re a s e  in  g ro u n d w a te r  f lo w s  a n d  a  f a s te r  g e n e ra tio n  o f  a c id . F ig u re  2 .8  

show s h o w  a c id  d ra in a g e  is  g e n e ra te d  f ro m  a c id  s u lp h a te  so il. T h e  o x id a tio n  o f  th e  

Pyrite la y e r  is  d u e  to  d is s o lv e d  o x y g e n  in  th e  w a te r  m o v in g  th ro u g h  th e  so il. T h e  

Pyrite la y e r  c a n  a lso  b e  d ire c t ly  e x p o s e d  to  o x y g e n  w h e n  th e  b a s e  o f  th e  d ra in  w a ll 

cu ts in to  it.
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Rain

F i g u r e  2 .8 :  G e n e ra t io n  o f  a c id ic  w a te r  b y  d ra in a g e  (D re v e r , 1997)

2 .3 .5  R e le a s e  o f  M e ta ls

T he ac id  d ra in a g e  w a te r  g e n e ra te d  a t ta c k s  c la y  m in e ra ls  to  re le a s e  s il ic a  a n d  m e ta l 

ions p r in c ip a lly  l ib e ra tin g  s o lu b le  a lu m in iu m . T h e  fo rm a tio n  o f  a lu m in iu m  h y d ro x y  

ions b lo c k s  n e g a tiv e ly  c h a rg e d  s ite s  in  s i l ic a te  c la y s , lib e ra te s  o th e r  m e ta ls , a n d  lim its  

ca tion  e x c h a n g e  (N r ia g u , 1978).

(K 0 .5Nao.36Cao.o5 X A I 1.5 F e 3+o.25 M g o .3 ) (A lo .4 5 S i3 .4 6 ) (O io O H )2 +  7 .4 1 H + +  2 .5 9 H 2 0  —*

0 .5K + +  0 .3 6 N a + +  0 .0 5 C a 2+ +  0 .3 M g 2+ +  0 .2 5 F e (O H )3 +  1.95A 13+ +  3 .4 6 H 4S i 0 4

( 2 . 12 )

S tudies on  a lu m in iu m  s ta te s  o f  b u r ie d  m a n g ro v e  s o ils  in  th e  C la re n c e  R iv e r  f lo o d p la in  

(L in an d  M e lv ille , 1 9 9 2 ) sh o w  th a t b o th  m o n o m e r ic  a lu m in iu m  ( 0 .0 1M  C a C l2 e x tra c t)  

and e x c h a n g e a b le  a lu m in iu m  (1 M  K C L  e x tra c t)  c o n c e n tra t io n s  a re  c lo se ly  c o r re la te d  

to pH  (R = -0 .7 5 , n = 2 2 ; a n d  R = -0 .6 7 , n = 2 2 , r e s p e c tiv e ly ) .  M o n o m e r ic  a lu m in iu m  

c o n ce n tra tio n  v a lu e s  a t 5 7 .6 m g /k g  (m e a n  v a lu e  o f  th e  to p  1 m e tre  o f  so il p ro f ile )  a n d  

the e x c h a n g e a b le  a lu m in iu m  c o n c e n tra t io n  re a c h e s  a  m e a n  v a lu e  o f  129 2  m g /k g  (L in  

and M elv ille , 1 992).

The c la r if ic a tio n  o f  w a te r  b y  th e  f lo c c u la t io n  o f  a lu m in iu m  fu r th e r  a c id if ie s  th e  w a te r  

and lead  to  in c re a s e d  U V B  in f i l tra t io n , e n h a n c e d  a c id  to le ra n t  p la n t g ro w th  in  d e e p e r  

w ater, a n d  in c re a s e d  te m p e ra tu re  (B r ie r le y , 1 9 9 5 ). T h e  q u a n tity  o f  s o lu b le  A l 

re leased  in  th e  so il la y e rs  c o n ta in in g  a c id  s u lp h a te s  is  o f  p a r t ic u la r  in te re s t  s in c e  

a Ûrnin iu m  to x ic ity  in  a c id  so ils  is  c o n s id e re d  to  b e  a  fa c to r  in  p o o r  g ro w th  o f  p la n ts
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(C a lv ert an d  F o rd , 1 9 7 3 ). I ro n , p o ta s s iu m , s o d iu m  a n d  m a g n e s iu m , as  in  th e  ac id  

hy d ro ly sis  o f  th e  c o m m o n  e s tu a r in e  c la y  m in e ra l il lite  (N r ia g u  in  S a m m u t e t  a l.,

1 9 9 6 ), can  a lso  b e  re le a se d .

S o lub le  fe rro u s  iro n  is  p re s e n t  a t p H < 4  in  a c id if ie d  d ra in a g e  w a te r , b u t w h e n  p H  

in c reases a b o v e  4 , a n d  o x y g e n  is  p re s e n t, iro n  o x y h y d ro x id e s  m a y  b e  fo rm e d  

(S im pson  a n d  P e d in i ,  1 9 8 5 ). I ro n  p ro d u c e d  c a n  ra n g e  f ro m  in s o lu b le  F e  (I I I )  o x id e s  

and h y d ro x id e s  su c h  a s  g o e th ite  (F e 2 C>3 H 2O ) to  h a e m a ti te  in  s e v e re ly  o x id is e d  so ils . 

S o lub le  fo rm s  o f  iro n  in c lu d e  iro n  s u lp h a te  h y d ro x id e s  (N o rd s tro m , 1 982). T h e  

o x id a tio n  o f  fe r ro u s  iro n  (a n  in itia l p ro d u c t  o f  p y r ite  o x id a tio n )  to  iro n  h y d ro x id e , 

co n su m es o x y g e n  a n d  re le a s e s  h y d ro n iu m  io n s  (H iO 4-), th e re b y  d e c re a s in g  d is s o lv e d  

oxygen  c o n c e n tra tio n  a n d  p H  (S a m m u t e t a l.,  1995).

The o x id a tio n  o f  p y r ite  a lso  p ro d u c e s  la rg e  c o n c e n tra tio n s  o f  s u lp h a te s . H y d ra te d  

ferrous su lp h a te  m in e ra ls  c a n  c o n c e n tra te  a n d  p re c ip ita te  w ith in  m a c ro p o re s  fo rm e d  

by o ld  ro o t c h a n n e ls . W ils o n  (1 9 9 5 )  d e s c r ib e d  su lp h a te s  th a t c a n  fo rm  b y  th is  

process. T h e s e  in c lu d e d  m e la n te r ite  ( F e S 0 4 7 H 2 0 ) ,  ro z e n ite  ( F e S C M ^ O )  an d  

szo m o ln o k ite  ( F e S C U ^ O ) .  S o d iu m  s u lp h a te  sa lts  m a y  a lso  a r is e  a s  a  b y -p ro d u c t  o f  

the o x id a tio n  o f  p y r ite . T h e  d is s o lv e d  sa lt , N a 2 SC>4 , is  b ro u g h t to  th e  su r fa c e  th ro u g h  

cap illa ry  a c tio n  o r  b y  an  in c re a s e  in  w a te r ta b le  h e ig h t d u e  to  ra in fa ll o r  a  c h a n g e  in  

h y d ro lo g ica l c o n d i t io n s  (F a n n in g , 1 9 9 3 ). E v a p o ra tio n  th e n  re s u lts  in  s a lt  fo rm a tio n  

at the  su rfa c e  a n d  p ro m o te s  f lo c c u la t io n  a n d  c ra c k in g  o f  th e  so il,  w h ic h  in  tu rn  

increases th e  tra n s p o r t  o f  o x y g e n  to  th e  p y r it ic  m a te r ia l.

D rainage w a te r  m a y  a lso  b e  e n r ic h e d  in  h e a v y  m e ta ls , w h ic h  c a n  b e  h ig h ly  to x ic  to  

p lants an d  g il le d  o rg a n is m s  (v a n  B re e m a n , 19 7 3 ; N r ia g u , 1978 ; W ille t t  e t  a l.,  19 8 2 ; 

R itsem a e t a l.,  2 0 0 0 )  a n d  c a n  c o r ro d e  e n g in e e r in g  in f ra s tru c tu re s  (W h ite  a n d  M e lv ille , 

1993; S a m m u t e t a l.,  1 996). In  a c id  su lp h a te  so ils ,  th e  m o s t  c o m m o n  h e a v y  m e ta ls  

are Z n, C d , C u , N i, M n , C r, P b , A u  a n d  C o . T o x ic  d ra in a g e  w a te rs  m a y  b e  re le a s e d  

°n ly  e p iso d ic a lly , fo r  e x a m p le ,  a t th e  o n se t o f  th e  w e t s e a so n  a f te r  a  p e r io d  o f  lo w  

w atertab le  d u r in g  w h ic h  o x id a tio n  h as  ta k e n  p la c e  (R its e m a  e t  a l., 2 0 0 0 ) . S a m m u t e t  

al-, (1996) a n d  In d ra ra tn a  a n d  B lu n d e n  (1 9 9 7 )  h a v e  re p o r te d  d is s o lv e d  a lu m in iu m  

co n cen tra tio n s  u p  to  th re e  o rd e rs  o f  m a g n itu d e  in  e x c e s s  o f  th e s e  g u id e lin e
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re c o m m e n d a tio n s  in  s u rfa c e  a n d  g ro u n d w a te r  d is c h a rg e d  f ro m  o x id is in g  a c id  s u lp h a te  

soils-

M eta l to x ic ity  is  d e p e n d e n t  o n  a  n u m b e r  o f  c h a ra c te r is t ic s  in c lu d in g  th e  c o n c e n tra tio n  

o f m eta l io n s , th e  c o n c e n tra t io n  o f  s u sp e n d e d  m a tte r , p H , re d o x  p o te n tia l ,  s a lin ity , 

a lk a lin ity , te m p e ra tu re ,  a n d  n u m e ro u s  p h y s ic o -c h e m ic a l fa c to rs . B lu n d e n  (1 9 9 7 )  

verified  th a t b o th  A l a n d  F e  c o n c e n tra t io n s  d e c re a s e d  lo g a r i th m ic a lly  w ith  a  d e c re a s e  

in pH  (F ig u re  2 .9 ) . T h e  so lu b il i ty  o f  m o s t o f  th e  c o m m o n  m e ta l io n s  in c re a s e s  w h e n  

the g ro u n d w a te r  p H  fa lls  b e lo w  5 .5 . A N Z E C C  (1 9 9 2 )  re c o m m e n d e d  th a t a lu m in iu m  

c o n ce n tra tio n s  in  c o a s ta l  w a te rw a y s  sh o u ld  b e  le ss  th a n  5 fig  L ' 1 w h e n  th e  p H  is  le ss  

than 5 . 5  to  e n s u re  th e  p ro te c tio n  o f  th e  e c o s y s te m .

pH

♦ Al B F e

F i g u r e  2 . 9 :  R e la t io n s h ip  b e tw e e n  p H  a n d  c o n c e n tra t io n s  o f  [A l?+] a n d  [F e 3+] 

( In d ra ra tn a , S u lliv a n  a n d  N e th e ry , 1995)

2 .4  P r o b l e m s  a s s o c i a t e d  w i t h  A c i d  S u l p h a t e  S o i l s

The d e v e lo p m e n t o f  a c id  s u lp h a te  so ils  in  c o a s ta l f lo o d p la in s  c a n  c a u s e  a  n u m b e r  o f  

e n v iro n m en ta l, a g r ic u ltu ra l  a n d  e n g in e e r in g  p ro b le m s . A c id  d ra in a g e  h a s  d e le te r io u s  

im pacts  on  a q u a tic  e n v iro n m e n ts  an d  p la n t  life .

2-4.1 Im p a c ts  o n  a q u a tic  e n v ir o n m e n t

T oxic d ra in a g e  w a te rs  m a y  b e  re le a s e d  f ro m  a c id  s u lp h a te  s o ils  o n ly  in te rm itte n tly , 

for*
e x a m p le , a t th e  o n s e t o f  ra in fa ll a f te r  a  p e r io d  o f  lo w  w a te r ta b le  d u r in g  w h ic h  

Oxid a tion  h a s  ta k e n  p la c e . A c id  d ra in a g e  c a n  h a v e  d is a s tro u s  e f fe c ts  on  f re s h w a te r
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and e s tu a r in e  f is h e r ie s ,  e s p e c ia l ly  o n  in v e r te b ra te s  th a t a re  u n a b le  to  e sc a p e . 

H y d ro g en  io n s  a n d  d is s o lv e d  s p e c ie s  o f  m o n o m e ric  a lu m in iu m  a n d  iro n  p la y  c ru c ia l 

ro les in  fish  a n d  c ru s ta c e a n  d e a th s  (D r is c o ll  e t a l,  1980).

M assiv e  fish  k il ls  a n d  u lc e ra t iv e  d is e a s e s  h a v e  o f te n  b e e n  re p o r te d  in  e s tu a r in e  w a te rs  

but th e se  h a v e  o n ly  re c e n tly  b e e n  l in k e d  to  a c id  s u lp h a te  so ils  (R its e m a  e t a l.,  2 0 0 0 ) . 

M assiv e  f ish  k il ls  a s s o c ia te d  w ith  to x ic  a lu m in iu m  la d e n  w a te r  h a v e  b e e n  r e c o rd e d  in  

several A u s tra lia n  r iv e rs  (B ro w n  e t a l., 19 8 3 ; E a s to n , 1 9 8 9 ). W h e n  d is s o lv e d  

a lu m in iu m  b in d s  to  n e g a t iv e ly  c h a rg e d  g ill su r fa c e s , th is  d is p la c e s  c a lc iu m  a n d  g ill 

p e rm e ab ility  is  in c re a s e d  (P la y le  a n d  W o o d , 1 9 9 1 ). T h is  r e s u lts  in  a  n e t  e f f lu x  o f  

sod ium  an d  c h lo r id e  f ro m  th e  b lo o d s tre a m  u n d e r  f re s h w a te r  c o n d i t io n s  c a u s in g  an  

ion ic  im b a la n c e  a n d  p h y s io lo g ic a l  s tre s s  (F re d a  a n d  M c D o n a ld , 1 9 8 8 ). G ill d a m a g e  

has b een  s u g g e s te d  as  a  c a u s e  o f  f ish  m o r ta li t ie s  in  A u s tra l ia  w h e re  a c id if ie d  w a te r  

and h ig h  c o n c e n tra tio n s  o f  a lu m in iu m  h a v e  b e e n  re c o rd e d  (B ro w n  e t  a l.,  1 9 8 3 ).

A n u lc e ra tiv e  f ish  d is e a s e ,  e p iz o o tic  u lc e ra t iv e  s y n d ro m e  (E U S ), h a s  sh o w n  a  p a tte rn  

o f seaso n a l re c u r re n c e  in  e a s te rn  A u s tra l ia  a n d  th is  is  n o w  b e l ie v e d  to  b e  re la te d  to  

es tu arin e  c o n ta m in a tio n  b y  a c id  s u lp h a te  d ra in in g  w a te r  w ith  lo w  p H  a n d  h ig h  

c o n ce n tra tio n s  o f  d is s o lv e d  a lu m in iu m  (L in  a n d  M e lv ille , 1 9 9 2 ). C a llin a n  e t a l., 

(1989) s h o w e d  th a t  m a s s iv e  in v a s io n  o f  th e  sk in  b y  fu n g i p la y s  a  c e n tra l ro le  in  th e  

in duction  o f  u lc e rs . A c id - in d u c e d  sk in  d a m a g e , lik e  e x p e r im e n ta l a b ra s io n , m a y  

allow  th e  in v a s io n  o f  th e  sk in  b y  A p h a n o m y c e s  sp . p ro p a g u le s ,  su ch  a s  z o o s p o re s ,  

leading  to  th e  d e v e lo p m e n t o f  E U S  le s io n s  (S a m m u t e t  a l., 1 9 9 5 ). T h is  is  s u p p o r te d  

by C a llin an  e t a l. (1 9 9 5 )  w h o  fo u n d  th a t  E U S  a f fe c te d  y e llo w fin  b re a m  (A. a u s tr a lis ) 

co llected  in  w a te r  w ith  p H  5 , h a d  b ro n c h it is  a n d  a re a s  o f  e p id e rm a l d e g e n e ra t io n  a n d  

necrosis  c o n s is te n t w ith  a c id - in d u c e d  d a m a g e .

The im p ac t o f  a c id  s u lp h a te  so ils  o n  a q u a tic  a n im a l life  is  o f  p a r t ic u la r  e c o n o m ic  

lnte rest b e c a u se  7 0 %  o f  a ll c o m m e rc ia l s p e c ie s  s p e n d  s o m e  p o r t io n  o f  th e ir  life  c y c le  

ln es tu a rin e  e n v iro n m e n ts  (S a m m u t e t  a l.,  1 996). T h e  E U S  c o s ts  c o m m e rc ia l  

estuarine  f is h e r ie s  o n  A u s t r a l ia ’s e a s t  c o a s t  a p p ro x im a te ly  A $1  m ill io n  in  d is c a rd e d
L

s ann u a lly  (C a llin a n  e t  a l. ,  1 9 9 5 ). M a s s  m o r ta li t ie s  o f  w o rm s  a n d  c ru s ta c e a n s  in  an  

acid ified  tid a l re a c h  h a v e  a lso  b e e n  re p o r te d  (S a m m u t e t a l.,  199 6 ).
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Iron  m a y  a ls o  h a v e  d e le te r io u s  e f fe c ts  o n  a q u a tic  fa u n a . S im p s o n  a n d  P e d in i (1 9 8 5 ) 

rep o rte d  th a t iro n  p re c ip ita te d  as  iro n  h y d ro x id e  o n to  th e  g il ls  o f  c ru s ta c e a n s  a n d  f ish , 

lim ited  g a s  e x c h a n g e  a n d  c a u s e d  s u ffo c a tio n . T h e y  a ls o  re p o r te d  th a t  iro n  p re c ip ita te s  

and d e c re a s e s  in  d is s o lv e d  o x y g e n  c a u s e d  b y  th e  iro n  o x id a tio n  p ro c e s s  m ig h t a ffe c t 

eggs a n d  la rv a e .

Im p ac ts  o n  a q u a tic  p la n ts  a re  d u e  to  d ir e c t  to x ic ity  o f  a c id  a n d  d is s o lv e d  sp e c ie s  as 

w ell as to  c h a n g e s  in  th e  lig h t c l im a te  (S a m m u t e t a l.,  1 9 9 6 ). W h ile  th e  c la r if ic a tio n  

o f  s tre a m s  b y  a lu m in iu m  f lo c c u la t io n  h a s  s ig n if ic a n t  e c o lo g ic a l  im p a c ts  o n  th e  

ben th ic  c o m m u n it ie s  (S a m m u t e t a l.,  1 9 9 4 ), iro n  f lo e s  a lso  te n d  to  s m o th e r  a n d  k ill 

v eg e ta tio n  a n d  le a d  to  th e  d e s tru c t io n  o f  f is h  e g g s , lo s s  o f  h a b ita t ,  r e d u c e d  re c ru itm e n t 

and  a  d e c re a se  in  th e  a v a ila b il i ty  o f  n u tr ie n ts  (S a m m u t e t  a l.,  1 9 9 6 ). D e c a y in g  

v eg e ta tio n  c o u p le d  w ith  e x te n s iv e  iro n  f lo e s  a n d  s u lp h a te  in  e s tu a r in e  w a te r  m a y  le a d  

to th e  fo rm a tio n  o f  la rg e  a m o u n ts  o f  iro n  m o n o s u lp h id e s  th a t  c a n  o x id is e  ra p id ly  

w hen  e x p o s e d  to  a ir. T h e  e f fe c ts  o n  a q u a tic  v e g e ta tio n  a re  m o re  v a r ia b le  s in c e  m a n y  

species ro o tin g  in  th e  re d u c e d  m u d  a re  l i ttle  a f fe c te d . S p e c ie s  o f  re e d  (P h ra g m ite s  

au stra lis), ru s h  (J u n c u s  sp p .)  a n d  w a te r  li ly  (N y m p h a e a  sp p .)  o f te n  b e c o m e  d o m in a n t 

in f re sh w a te r  s u b je c t  to  a c id  f lu m e s  (R its e m a  e t  a l.,  2 0 0 0 ) .

2.4 .2  Im p a c ts  o n  te r r e s tr ia l p la n t  life

C hem ical p ro b le m s  a re  v a r ia b le  d u e  to  th e  w id e  ra n g e  o f  to le ra n c e s  o f  d if fe re n t 

plants. A t p H  o f  le ss  th a n  3 .5 , F e 3+ a n d  H + a re  lik e ly  to  b e  in h ib ito ry  (to  p la n t 

m e tab o lism ), th e n  u p  to  p H  5 .0  a lu m in iu m  a n d  a m m o n iu m  io n s  m a y  b e  th e  m a jo r  

inh ib ito rs.

The q u a n tity  o f  s o lu b le  A l r e le a s e d  in  th e  so il la y e rs  c o n ta in in g  a c id  su lp h a te s  is

im p o rtan t s in c e  a lu m in iu m  to x ic ity  in  a c id  so ils  is  c o n s id e re d  to  b e  a  fa c to r  in  p o o r

grow th  o f  p la n ts . A l3+ a c c u m u la te s  in  ro o t  t is s u e s  a n d  p re v e n ts  c e ll d iv is io n  a n d

e longation  re s u lt in g  in  s tu n te d  ro o ts , w h e re  c o n c e n tra t io n s  as  lo w  as  1 to  2 p p m  c o u ld

e to x ic  (D e n t, 1 9 8 6 ). F e 2+ m a y  b e  to x ic  in  f lo o d e d  s o ils ,  so  to o  h y d ro g e n  su lp h id e

(1-2 x 106m o l m ' 3 m a y  im p a ir  ro o t fu n c tio n in g )  th o u g h  u s u a lly  o n ly  a b o v e  p H  o f  5. 

CO
2 c o n c e n tra tio n s  m a y  a lso  r is e  to  1 5 k P a  in  f lo o d e d  so ils  th a t is  e n o u g h  to  re ta rd
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roo t d e v e lo p m e n t (D e n t, 1 9 8 6 ). M a n g a n e s e  io n s  a re  d ire c tly  to x ic  to  p la n ts  a s  th e y  

affect th e  m e ta b o lis m  o f  th e  p la n t, w ith  to x ic ity  sy m p to m s  in c lu d in g  c h lo ro s is  

(y e llo w in g ) o f  th e  le a v e s  a n d  n e c ro s is  (d e a d , b ro w n  tis su e )  o f  th e  le a v e s .

T he o c c u rre n c e  o f  a c id  sc a ld s  a lso  h a s  an  im p a c t o n  p la n t g ro w th . In  g e n e ra l,  th e  

fo rm atio n  o f  a c id  s c a ld s  c a n  b e  a t tr ib u te d  to  h ig h  a c id  le v e ls  a n d  a s s o c ia te d  e le m e n t 

to x ic itie s  a n d  n u tr ie n t d e f ic ie n c ie s  (L in  e t a l.,  2 0 0 1 b ) . In  th e  S h o a lh a v e n  F lo o d p la in ,  

a sm all sc a ld  h a s  d e v e lo p e d  in  an  a re a  th a t h a s  b e e n  e x te n s iv e ly  d ra in e d  to  a s s is t  in  

d ra in in g  w a te r  f ro m  th e  s u r ro u n d in g  la n d  fo r  g ra z in g . In  a re a s  w h e re  th e  a c id  s u lp h a te  

soil la y e r  is  e x p o s e d  to  th e  su rfa c e , la rg e  sc a ld s  c a n  o c c u r  in  w h ic h  fe w  p la n ts  c a n  

su rv ive  a n d  s u rfa c e  c ra c k in g  e n h a n c e s  o x y g e n  tra n s p o r t (S a m m u t e t  a l.,  1 9 9 6 ). L in  e t  

al. (2 0 0 1 b ) fo u n d  th a t,  in  g e n e ra l,  s c a le d  a c id  s u lp h a te  so ils  h a v e  le ss  o rg a n ic  m a tte r  

and so lu b le  p h o s p h o ru s ,  a n d  a  g re a te r  s a lin ity , s o lu b le  a c id ity , s o lu b le  A l, M n  a n d  Z n  

co n ce n tra tio n s , c o m p a re d  w ith  a d ja c e n t  n o n -s c a le d  a c id  s u lp h a te  so ils . T h e  lo w  

p h o sp h o ru s  re s e rv e  in  th e  s c a ld e d  s o ils  im p lie s  th a t th e  a v a ila b il i ty  o f  p h o s p h o ru s  

m ay be  in s u ff ic ie n t in  th e  s c a le d  so il to  ra is e  th e  p H . G re a te r  so il a c id ity  a n d  E C  

values in  s c a le d  a re a s , re la t iv e  to  th e ir  a d ja c e n t n o n -s c a ld e d  so ils ,  m a y  b e  a t tr ib u te d  to  

inputs o f  a c id  ru n o f f  f ro m  s u rro u n d in g  a re a s , a s  w e ll as th e  u p w a rd  m o v e m e n t o f  

so luble  sa lts  a n d  a c id  s u lp h a te  p ro d u c ts ,  th ro u g h  c a p i lla ry  a c t io n , f ro m  th e  u n d e r ly in g  

su lph id ic  s e d im e n ts  (L in  e t a l.,  2 0 0 1 b ) .

2.4 .3  E n g in e e r in g  p r o b le m s  

E n g in eerin g  p ro b le m s  in c lu d e :

1. C o rro s io n  o f  s te e l a n d  c o n c re te ;

2. U n e v e n  s u b s id e n c e , lo w  b e a r in g  s tre n g th  a n d  f is s u r in g  le a d in g  to  e x c e s s iv e  

p e rm e a b il i ty  o f  u n r ip e  so ils ;

3. B lo c k a g e  o f  d ra in s  a n d  f il te rs  b y  o c h re ; an d

4- T h e  d if f ic u ltie s  o f  e s ta b l is h in g  v e g e ta tio n  c o v e r  o n  e a r th w o rk s  a n d  re s to re d  

la n d  (R its e m a  e t  a l.,  2 0 0 0 ).

to re la tion  to  c o n c re te  s tru c tu re s , u n le s s  th e se  h a v e  lo w  p o ro s ity ,  a c id  c a n  re a c t  w ith  

Calcium  c a rb o n a te  a n d  c a lc iu m  h y d ro x id e  to  fo rm  g y p su m .
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CaCOi + H2SO4 + H2O —» CaS0 4 .2H20  + CO2 

C a l c i u m  A c id  G y p s u m

(2 .1 3 )

G y p s u m

carbonate

C a ( 0 H )2  +  H 2 S O 4  +  H 2 O  —>  C a S 0 4 .2 H 2 0 (2 .1 4 )

C alc iu m

H y d ro x id e

A c id G y p s u m

T he g y p su m  fu r th e r  re a c ts  w ith  tr ic a lc iu m  a lu m in a te  3 C a 0 .A l2 0 3  in  th e  c o n c re te , 

fo rm ing  e t te r in g i te  3 C a O . A l2 0 3 .C a S 0 4 .3 2 H 2 0 . T h e  fo rm a tio n  o f  b o th  g y p s u m  a n d  

e tte rin g ite  in v o lv e s  an  in c re a s e  in  v o lu m e  (v a n  H o s t a n d  W e s te rv e ld ,  1973). 

T h ere fo re , th e  c o n c re te  e x p a n d s  a n d  b e c o m e s  w e a k  e v e n tu a lly  re s u lt in g  in  fa ilu re . 

D ue to  th e ir  h ig h  v o lu m e tr ic  m o is tu re  c o n te n t,  a c id  s u lp h a te  s o ils  h a v e  a  lo w  b e a r in g  

capacity  a n d  fo u n d a tio n s  o f te n  re q u ire  e x te n s iv e  re in fo rc e m e n ts  to  o f f s e t  su b s id e n c e  

and lo c a lise d  fa i lu re  (D e n t, 1 986).

Iron and  s u lp h id e s  r e le a s e d  in d ire c tly  f ro m  o x id is e d  p y r ite s  m a y  le a d  to  th e  fo rm a tio n  

o f s lu d g es  th a t  c lo g  th e  p o re s  o f  d ra in p ip e s  a n d  d itc h  b a n k s  a n d  th u s  m a k e  f ie ld  

d ra inage o f  a g r ic u ltu ra l  la n d s  d if f ic u lt  (C a lv e r t  a n d  F o rd , 1 9 7 3 ).

2 .5  H y d r o l o g i c a l  D y n a m i c s  o f  A c i d  S u l p h a t e  S o i l s

2.5.1 S u b su r fa c e  W a te r  F lo w

S u b su rface  w a te r  f lo w  in  a c id  s u lp h a te  s o ils  is  a  c r it ic a l  f a c to r  in  th e  im p a c ts  o f  a c id ic  

g ro u n d w ate r d ra in a g e  o n  su r ro u n d in g  w a te rw a y s . T h e re fo re ,  an  u n d e rs ta n d in g  o f  

g ro u n d w ate r h y d ro lo g y  is  n e c e ssa ry  fo r  d e te rm in in g  th e  c h a ra c te r is t ic s  o f  a c id  

transport. T h e  f lo w  o f  g ro u n d w a te r  in  so il is  c o n tro l le d  b y  d if fe re n c e s  in  h y d ra u lic  

g rad ien ts . T h e  r e la tio n s h ip  b e tw e e n  th e  f lu x  o f  w a te r , p re s s u re  g ra d ie n ts , an d  

hydrau lic  c o n d u c tiv ity , w h ic h  is  a  fu n c tio n  o f  so il p o ro s ity ,  is  sh o w n  b y  D a r c y ’s L aw :

q = - K f  = - k i  (2 .1 5 )

w here, v =  D a rc y  f lu x  o r  sp e c if ic  d is c h a rg e  v e lo c ity , k  =  h y d ra u lic  c o n d u c t iv ity ,  Ah 

-  total h ead  p o te n tia l ,  As =  le n g th  o f  so il e le m e n ts ,  a n d  i = h y d ra u lic  g ra d ie n t



T he f lo w  v e lo c ity  (v ) is  re fe r re d  to  as  D a r c y ’s V e lo c ity . T h i s  is  p ro p o r tio n a l to  th e  

h y d rau lic  g ra d ie n t o f  th e  w a te r  i.e . th e  h y d ra u lic  h e a d  d if fe re n c e  o v e r  th e  d is ta n c e  o f  

flow . D a rc y ’s L a w  is  o n ly  s u f f ic ie n t  w h e n  th e  e n t ire  f lo w  sy s te m  is  k n o w n .

2 5.2  H y d r o lo g ic a l In te r a c t io n s

In A c id  S u lp h a te  S o ils  f lo o d p la in s ,  th e  p ro d u c tio n , tra n s p o r t  a n d  q u a lity  o f  a c id ic  

w ater so u rc e d  f ro m  th e  o x id a tio n  o f  p y r ite  is  c o n tro l le d  by  th e  w a te r  b a la n c e  o f  th e  

flo o d p la in  a n d  its  u p la n d  c a tc h m e n t.  T o  d e v e lo p  a p p ro p r ia te  a c id  s u lp h a te  so il 

m a n ag em e n t s tra te g ie s  it is  e s s e n tia l  to  u n d e rs ta n d  a  n u m b e r  o f  p ro p e r tie s . W h ite  e t  

al. (1 9 9 7 ) s u m m a ris e d  th e s e  as:

(1) T h e  d e p th  o f  th e  a c id  s u lp h a te  so il la y e r  f ro m  th e  su rfa c e ;

(2) T h e  d y n a m ic s  o f  th e  g ro u n d w a te r  ta b le  r e la tiv e  to  th e  a c id  s u lp h a te  so il la y e r ;

(3 ) T h e  im p a c t o f  c l im a te ,  d ra in  a n d  la n d  m a n a g e m e n t o n  th e  f lo o d p la in  w a te r  

b a la n c e  a n d  its  c o n tro l o f  w a te r  ta b le  d y n a m ic s  a n d  e x p o r t o f  o x id a tio n  

p ro d u c ts .

An e x p re ss io n  o f  th e  w a te r  b a la n c e  o f  a  c o a s ta l f lo o d p la in  is  g iv e n  b y  (W h ite  e t a l., 

1997):

P + 1 +  Li =  E , +  R  +  L 0 +  D +  AS (2 .1 6 )

w here, P  is  p re c ip ita tio n , I is  i r r ig a tio n , Lj is  th e  la te ra l in f lo w  o f  w a te r , E t is  

ev ap o tra n sp ira tio n , R  is  s u r fa c e  ru n o ff , D  is  v e r tic a l d ra in a g e  to  th e  w a te r  ta b le , AS is 

change in  g ro u n d w a te r  a n d  s o il-w a te r  s to ra g e  (p o s it iv e  o r  n e g a tiv e )  a b o v e  th e  w a te r  

table, an d  L 0 is  th e  la te ra l o u tf lo w  (a ll u n its  a re  m e a su re d  in  v o lu m e  p e r  u n it  a re a  o f  

the f lo o d p la in , g e n e ra l ly  in  m m  w a te r ) .  A c id  s u lp h a te  so ils  o c c u r  w h e re  E t a n d  P  >  E t 

are the d o m in a n t fa c to rs . T h is  re s u lts  in  th e  in u n d a tio n  o f  lo w - ly in g  b a c k s w a m p s  fo r  

p ro longed  p e r io d s  o f  tim e . T h e  h ig h  d e n s ity  d ra in a g e  g re a t ly  in c re a se s  th e  ra te  o f  L 0, 

hut th is d o es  n o t a l te r  P  o r  E t (a s s u m in g  c ro p p in g  d e n s ity  d o e s  n o t d if fe r  v a s tly  fro m  

natural v e g e ta tio n ) , th u s  a  n e t in c re a s e  in  th e  w a te r  d is c h a rg e d  f ro m  th e  sy s te m  o c c u rs  

(Ind rara tna  e t a l., 2 0 0 1 ). In  d ry  s u m m e r  p e r io d s  w h e n  e v a p o tra n s p ira t io n  ra te s  

lncrease p ro d u c tio n  a n d  e x p o r t  o f  a c id ity  d e p e n d s  o n  te m p o ra l v a r ia b ili ty  a n d  its
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im p a c t on  th e  c h a n g e  in  so il w a te r  s to ra g e  a b o v e  th e  p y r it ic  la y e r , AS (W h ite  e t a l ,  

1997).

A cco rd in g  to  W h ite  e t a l. (1 9 9 7 )  th e  c h a n g e  in  s h a llo w  w a te r ta b le  h e ig h t, A H , a t  an y  

given tim e  p e r io d  is  a  fu n c tio n  o f  th e  v e r tic a l d ra in a g e , D , la te ra l g ro u n d w a te r  

in flow s, L gi, a n d  o u tf lo w s , L g0, d ire c t  e v a p o ra tio n  f ro m  th e  w a te r  ta b le , E g, a n d  th e  

ava ilab le  p o ro s i ty  o f  th e  so il e x p re s s e d  as  s p e c if ic  y ie ld , Y g, w h ic h  is  th e  v o lu m e  o f  

g ro u n d w ate r p e r  u n it  a re a  p e r  u n it  c h a n g e  in  w a te r  ta b le  h e ig h t. T h e re fo re ,  th e  

shallow  g ro u n d w a te r  d y n a m ic s  in  th e  v e r tic a l p la n e  c a n  b e  d e s c r ib e d  b y :

The g ro u n d w a te r  r e c h a rg e  ra te , E g <  E t a n d  D  -  E g, is  d e te rm in e d  b y  c o m p a r in g  

E quations 2 .1 6  a n d  2 .1 7 .

2.5 .3  E ffe c t o f  P r o lo n g e d  W e t a n d  D r y  P e r io d s  o n  F lo o d p la in  H y d r o lo g y  

W hite  e t a l. (1 9 9 7 )  s ta te s  th a t  u p la n d  in f lo w  d e p e n d s  o n  th e  a re a  o f  th e  u p la n d  

ca tch m en t A u, u p la n d  ra in fa ll  P u, a n d  th e  f ra c t io n  o f  ra in fa ll  r u, w h ic h  b e c o m e s  in f lo w  

to the to ta l f lo o d p la in  a re a  A f so  th a t:

In w et p e r io d s , P u ~  P , r u ~  1, a n d  th e  w a te r  ta b le  is  a t o r  a b o v e  th e  su rfa c e . D u e  to  

this, d ra in a g e  to  th e  w a te r  ta b le  (D ) is  c lo s e  to  z e ro  a n d  w a te r  s to ra g e  is  f ro m  p o n d e d  

surface w a te r  (A S P). T h e  w a te r  b a la n c e  fo r  th e  f lo o d p la in  u n d e r  v e ry  w e t c o n d itio n s  

can be d e sc r ib e d  b y  (W h ite  e t  a l ,  1 997):

Yg AH =  D  +  L gi -  (E g +  L g0) (2 .1 7 )

(2 .1 8 )

(2 .1 9 )

to easte rn  A u s tra lia  m o s t  r iv e r  c a tc h m e n ts  a re  r e la tiv e ly  sm a ll (A f/A „ o f  o rd e r  1 0 ) 

(W hite e t a l ,  1 9 9 7 ). T h e re fo re ,  E q u a t io n  2 .1 9  sh o w s  th a t u p s tr e a m  in f lo w  c a n  h a v e  a  

maJor in flu e n c e  o n  th e  f lo o d p la in  w a te r  b a la n c e  d u r in g  w e t p e r io d s . D u r in g  d ry  

n °d s  w h en  in f lo w , d ra in a g e , a n d  o u tf lo w  a re  n e g lig ib le ,  th e  w a te r  ta b le  is  so le ly
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d e te rm in e d  b y  e v a p o ra tio n  f ro m  th e  w a te r ta b le . T h is  is  d e s c r ib e d  as (W h ite  e t  a l.

1997):

Yg • AH =  -E g (2 .2 0 )

T he ra te  o f  e v a p o ra tio n  f ro m  th e  w a te r  ta b le  is  in f lu e n c e d  b y  s u rfa c e  v e g e ta tio n , its  

lea f a re a  an d  ro o tin g  d e p th , s o la r  ra d ia tio n , h u m id ity ,  w in d  sp e e d , a ir  te m p e ra tu re  a n d  

p ressu re , so il w a te r  a v a ila b ili ty ,  p o s itio n  o f  th e  w a te r  ta b le  a n d  so il h y d ra u lic  

p ro p erties  (W h ite  e t  a l.,  1 9 9 7 ). T h e  p o te n tia l  e v a p o ra tio n  (E p) a t  a  w e ll -w a te re d  s ite  

w ith  sh o rt g ra s s  w a s  c a lc u la te d  b y  W h ite  e t  a l.  (1 9 9 7 )  u s in g  B ru ts a e r t ’s (1 9 8 2 )  

equation :

E p = Eq +  E a (2 .2 1 )

w here, E q is  th e  e q u i l ib r iu m  e v a p o ra tio n  d e te rm in e d  by  th e  n e t ra d ia tio n  a n d  a ir  

tem p era tu re , an d  E a is  th e  d ry in g  p o w e r  o f  th e  a ir  d e p e n d e n t o n  w in d  sp e e d , v a p o u r  

p ressu re  d e f ic it  (d ry n e s s  o f  a ir) , a ir  te m p e ra tu re  a n d  p re ssu re .

B ru tsae rt’s (1 9 8 2 )  d e f in e s  E q, w h ic h  is  re la te d  to  R n (n e t ra d ia tio n )  as:

( 2 -2 2 )

(A + y )X

w here, G  is  th e  d a y tim e  h e a t  f lu x  in to  th e  g ro u n d  (a b o u t 5 %  o f  R n), A  th e  s lo p e  o f  th e  

satu ra tion  v a p o u r  p re s s u re  v e rsu s  te m p e ra tu re  c u rv e  a t th e  a ir  te m p e ra tu re  o f  in te re s t,  

y the p sy c h ro m e tr ic  c o n s ta n t a n d  X th e  la te n t h e a t o f  v a p o r is a tio n .

Ind rara tna  e t a l. (2 0 0 1 ) a n d  B lu n d e n  (2 0 0 0 ) sh o w e d  th e  e f fe c t o f  e v a p o tra n s p ira tio n  

on red u cin g  w a te r ta b le  h e ig h t  d u r in g  a  d ro u g h t (F ig u re  2 .1 0 ). A f te r  2 5 0  d a y s , a c id  

production  is  o c c u rr in g  in  th e  so il as  an  e f fe c t  o f  th e  d ro u g h t p e r io d  i.e . lo w  ra in fa ll-

e v a p o t r a n s p i r a t i o n .
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F i g u r e  2 . 1 0 :  G ro u n d w a te r  e le v a tio n  a t  10 m  ( • )  a n d  9 0  m  (■) f ro m  th e  d ra in , w ith  th e  

ra in fa ll a n d  e v a p o tra n s p ira t io n  p e r  d a y  fo r  th e  1 9 9 7 -1 9 9 8  p e r io d  ( In d ra ra tn a  e t  a l., 

2001)

2.5.4 A r ti f ic ia l  D r a in a g e

A rtific ia l d ra in a g e  h a s  ta k e n  p la c e  th ro u g h o u t th e  w o r ld  a n d  in  p a r t ic u la r  e a s te rn  

A u stra lia  in  o rd e r  to  in c re a s e  a g r ic u ltu ra l p ro d u c tiv ity . T h e  n e tw o rk  o f  e x te n s iv e  

f loodp la in  d ra in a g e  s y s te m  in  th e  c o a s ta l  f lo o d p la in s  h a s  h a d  a  la rg e  im p a c t o n  th e  

hydro logy . N a tu ra l d ra in a g e  a c ro s s  f lo o d p la in s  h a v e  b e e n  s tra ig h te n e d , d e e p e n e d  an d  

w idened  an d  f lo o d g a te s  h a v e  b e e n  in s ta lle d  to  th e  d e tr im e n t o f  th e  s u r ro u n d in g s  a rea s . 

F igure 2 . 1 1  is  a  s c h e m a tic  r e p re s e n ta tio n  o f  a  ty p ic a l f lo o d  m itig a tio n  s y s te m .
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B a c k s  w a m p
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spoil m o u n d s  c o n tr ib u te s  

t0  d ra in  w a te r  ac id ity

R ap id  re m o v a l o f  s u r fa c e  floo d  w a te r s  

a lte rs  n a tu ra l g ro u n d  w a te r  b u d g e t

P y r i t i c

S e d i m e n t

D ra in s  h a v e  re s u l te d  in  th e  in c r e a s e d  o x id a tio n  o f  p y n tic  m a te ria ls  

a n d  th e  r a p id  re m o v a l  o f  o x id a tio n  p ro d u c ts  f ro m  b a c k s w a m p  a re a s  

to  th e  e s tu a ry

F lo o d g a te s  r e s tr ic t  t id a l a c id  n e u tra lis a tio n  

a n d  a llo w  a  c o n c e n tr a te d  d is c h a rg e  o f  a c id  

w a te r  d u rin g  th e  e b b  tid e

I R iv e r

F i g u r e  2 . 1 1 :  A rtif ic ia l  d ra in a g e  s c h e m e  fo r  a n  a c id  s u lp h a te  so il a f fe c te d  f lo o d p la in

(N a y lo r  e t  a l., 1 9 9 3 )

2 .5 .5  O n e -w a y  F lo o d g a te s

O ne-w ay  f lo o d g a te s  p re v e n t  th e  n e u tra l is a t io n  o f  a c id ic  d ra in  w a te r  b y  tid a l in f lo w s  o f  

e s tu arin e  w a te r . A c id  re s e rv o ir s  c a n  o c c u r  b e h in d  th e  f lo o d g a te s  an d  a c ts  a s  a  b a r r ie r  

to fish  m ig ra tio n , im p e d in g  fe e d in g , re c ru i tm e n t a n d  b re e d in g  (S a m m u t e t a l., 1 9 9 6 ). 

T he o c c u rre n c e  o f  f lo o d  e v e n ts  a f te r  lo n g  p e r io d s  o f  d ro u g h t  c a n  le a d  to  a  s lu g  o f  

acid ic  w a te r  in to  e s tu a r ie s . G ro u n d w a te r  f lu s h in g  fo llo w in g  la rg e  ra in fa lls  (> 5 0 m m ) 

has b een  l in k e d  to  f ish  k il ls  a n d  d e c re a s e d  p H  le v e ls  (S a m m u t e t a l.,  1 995). O n  th e  

T w eed  R iv e r, a p p ro x im a te ly  2 6 0 0  to n n e s  o f  s u lp h u r ic  a c id  c a n  b e  re le a s e d  a n n u a lly  

th rough  f lo o d g a te s  (W ils o n , 1 9 9 5 ). A  d if fe re n c e  in h y d ra u lic  g ra d ie n ts , sh o w n  in  

F igure 2 . 1 2 , p ro m o te s  th e  tr a n s p o r t  o f  o x y g e n  in to  su lp h id ic  su b so il m a te r ia l a n d  th e  

leach ing  o f  a c id  p ro d u c ts  in to  th e  d ra in .
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(b)

D r a u g h t  B r e a M n g  R a i n f a l l  ( A r i d  

R a m fa il T r a n s p o r t )  w i t h  O n e - w a y  F I o o d ^ t e s

F i g u r e  2 . 1 2 :  Im p a c t  o f  o n e -w a y  f lo o d g a te s  o n  g ro u n d w a te r  e le v a tio n  u n d e r  n o rm a l 

(a) and  f lo o d  (b ) c o n d i t io n s  (G la m o re , 2 0 0 3  a d a p te d  f ro m  In d ra ra tn a  e t  a l., 2 0 0 2 )

A rtific ia l d ra in a g e  s y s te m s  m o d ify  th e  h a b ita t  u p s tre a m  o f  th e  c o n tro l s tru c tu re s . 

W ith  re s tr ic te d  t id a l in f lo w , th e  u p s tre a m  re a c h e s  b e c o m e  le s s  s a lin e  th e re fo re ,  le ss  

buffered  th a n  th e  t id a l re a c h e s  d o w n s tre a m . F lo o d g a te s  a lso  d a m p e n  w a te r  le v e l 

fluctuation  in  th e  u p s tr e a m  re a c h e s . F re s h w a te r  h a b ita t  is  e x p a n d e d  a t th e  e x p e n s e  o f  

im portan t b ra c k ish  w a te r  h a b ita t ,  a n d  th e  f lo o d -g a te d  re a c h e s  a re  m o re  s u sc e p tib le  to  

acid ifica tion  (S a m m u t e t a l.,  199 5 ).

2.5.6 T ida l B u ffe r in g

T idal b u ffe rin g  is  k n o w n  as  th e  tra n s p o r ta t io n  o f  c a rb o n a te  (C O 32 ) a n d  b ic a rb o n a te  

(H CO 3 ) a n io n s , w h ic h  a re  b u f fe r in g  a g e n ts , th ro u g h o u t a n  e s tu a ry . T h e  e f fe c t iv e  

co n cen tra tio n s  o f  th e s e  a n io n s , p a r t ic u la r ly  b ic a rb o n a te  a re  re la te d  to  e s tu a r in e  pH . 

Equation  2 .2 3  sh o w s  th e  b u f fe r in g  re a c tio n  o f  su lp h u r ic  a c id  (p K a =  -3 ) w ith  

b icarbonate  to  fo rm  c a rb o n ic  a c id  (p K a =  3 .8 )  (S tu m m  a n d  M o rg a n , 1 996).

Ca2+ +  H C O 3 +  H + +  S O 4 -  - >  H 2 C 0 3 +  C a 2+ +  S O 4 (2 .2 3 )

S a lin e  w a te r  A S S  o x id a t io n  W e a k  C a rb o n ic  A c id
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p or e v e ry  m o le  o f  b ic a rb o n a te  a v a ila b le ,  o n e  m o le  o f  H + io n s  is  c o n s u m e d . T h e  

rem oval o f  [H +] f ro m  so lu tio n  b y  th e  fo rm a tio n  o f  H 2 C O 3 ra is e s  p H  le v e ls  ( In d ra ra tn a  

et cd-> 2 0 0 2 ). T h e  re m o v a l o f  h y d ro g e n  io n s  in  so lu tio n  b y  th e  fo rm a tio n  o f  H 2C O 3 

l e a d s  to  an  in c re a s e  in  p H  as sh o w n  b e lo w  ( In d ra ra tn a  e t  a l., 2 0 0 2 ) .

S t r o n g l y  a c i d i c ,  h i g h l y  i o n i s e d :

It is p o ss ib le  to  d e te rm in e  th e  re s u lta n t  p H  w h e n  tid a l m ix in g  o c c u rs  b y  a t ta in in g  th e  

neu tra lis in g  c a p a c ity  o f  th e  a lk a lin e  w a te r . I f  b ra c k is h  w a te r  w ith  an  a lk a lin i ty  o f  6 .2 5  

x 10 ' 4  m o le s  o f  p ro to n  p e r  li tre  (1 /4  o f  s e a w a te r)  w e re  m ix e d  in  e q u a l p ro p o r t io n s  w ith  

acidic w a te r  (w ith  a  p H  o f  4 .0 ) , th e n  th e  re s u lt in g  p H  w o u ld  b e  6 .8 9  ( In d ra ra tn a  e t  a l.,  

2002).

2 .6  M a n a g e m e n t  a n d  R e h a b i l i t a t i o n  o f  A c i d  S u l p h a t e  S o i l s

There are a  n u m b e r  o f  p ra c tic a l  m a n a g e m e n t te c h n iq u e s  to  h e lp  m a n a g e  a c id  su lp h a te  

soils and  a l te rn a tiv e s  fo r  r e c la im in g  a c id  s u lp h a te  so ils . T h e  b e s t a c id  s u lp h a te  so ils  

m anagem en t o p tio n  (D e n t, 19 8 6 ; W h ite  a n d  M e lv i l le ,  1 9 9 3 ) is  to  k e e p  th e  so il in  a  

natura l, u n d is tu rb e d  s ta te . A v o id in g  th e  d is tu rb a n c e  o f  p o te n tia l a c id  su lp h a te  s o ils  is 

both co st e f fe c t iv e  a n d  e n v iro n m e n ta l ly  e f f ic ie n t . In  a re a s  th a t h a v e  a lre a d y  b e e n  

affected by  a c id  s u lp h a te  so ils ,  t r e a tm e n t m a y  b e  n e e d e d  to  im p ro v e  b o th  th e  w a te r  

and soil q u a lity  o f  th e  a re a s . In  u n d ra in e d  a re a s  w h e re  th e  p y r ite  la y e r  is  le ss  th a n  0 .5  

m etres b e lo w  th e  g ro u n d  su rfa c e , an y  d e v e lo p m e n t th a t  in v o lv e s  d ra in a g e  sh o u ld  b e  

avoided  (W h ite  e t a l.,  1 9 9 6 ). In  u n d ra in e d  a re a s  w h e re  th e  p y r ite  la y e r  is  0 .5  to  2 .0  

m etres b e lo w  th e  so il su r fa c e , d ra in a g e  sh o u ld  o n ly  b e  a t te m p te d  w ith  p ro p e r ly  

designed  d ra in s  a n d  c o n tro l o f  th e  a c id  r e le a s e d  (W h ite  e t  a l., 1 996).

B ow m an (1 9 9 6 ) o u tl in e d  a  n u m b e r  o f  m a n a g e m e n t te c h n iq u e s  to  p re v e n t  th e  

0x,dation  o f  p y r ite  w ith in  a c id  s u lp h a te  so ils  p ro f ile s . T h e s e  in c lu d e d :

1 • W a te r  ta b le  c o n tro l

H 2S 0 4  —* 2 H + +  S O 42 (2 .2 4 a )

W eak ac id , le ss  io n ise d : 

H 2CC>3 <— H C O 3 +  H + 

H 2C O 3 « -  C O 32- +  2 H +

(2 .2 4 b )

(2 .2 4 c )

35



2 . C a p p in g

3 . E x c a v a tio n  a n d  re m o v a l

4 . R e d u c e d  p e rm e a b il i ty

5. B io tre a tm e n t

U n d ers tan d in g  g ro u n d w a te r  is  th e  k e y  to  b e tte r  m a n a g e m e n t o f  a c id  s u lp h a te  so ils , 

especially  in  d ra in e d  s u b -c a tc h m e n ts .  W a te r  ta b le  c o n tro l re tu rn s  th e  u n o x id is e d  

su lphidic  m a te r ia ls  to  a n o x ic  c o n d i t io n s  b e n e a th  th e  w a te r  ta b le . T h i s  h o w e v e r ,  o n ly  

preven ts fu r th e r  o x id a tio n  b u t  d o e s  n o t d e a l w ith  e x is t in g  a c id ity  u n le s s  s e v e re ly  

reducing  c o n d itio n s  a re  a lso  re in s ta te d  (R its e m a  e t a l.,  2 0 0 0 ) . In  o rd e r  to  m in im is e  

the am o u n t o f  a c id  g e n e ra te d  in  a c id  s u lp h a te  so ils  in  a  d ra in e d  c a tc h m e n t is  n e c e s s a ry  

to lim it th e  e x p o s u re  o f  p y r ite  in  th e  so il to  o x y g e n . A lso  a c id  c a n  s till b e  g e n e ra te d  

even u n d e r  a n a e ro b ic  c o n d i t io n s  d u e  to  th e  a c tio n  o f  b a c te r ia . A s  w a s  m e n tio n e d  

earlier, m ic ro o rg a n is m s  a c t a s  a  c a ta ly s t  in  th e  f ir s t  s ta g e s  o f  o x id a tio n  o f  F e 2+.

Capping in v o lv e s  th e  p la c e m e n t o f  a  re la tiv e ly  im p e rm e a b le  m a te r ia l  o v e r  th e  

sulphidic m a te r ia l to  lo w e r  th e  ra te  o f  o x y g e n  a n d  w a te r  e n te r in g  th e  so il. T h i s  lo w e rs  

the ac id  p ro d u c tio n  ra te  a n d  th e  ra te  a t  w h ic h  th e  a c id  is  d ra in e d  f ro m  a  s ite . T h e  

problem s w ith  c a p p in g  o f  a c id  s u lp h a te  sp o ils  h a v e  p ro v e d  u n iv e rs a l ly  in e ffe c tiv e  

since th is  d o e s  n o t p re v e n t  c o n t in u e d  o x id a tio n  o f  th e  su lp h id e  (R its e m a  e t a l.,  2 0 0 0 ).

By using  c o m p a c tio n , c la y  s e a lin g  la y e rs  a n d  g e o te x tile s  th e  p e rm e a b il i ty  o f  th e  

potential ac id  s u lp h a te  so il la y e r  c a n  b e  d e c re a s e d  b y  in te rc e p tio n , la te ra l d iv e rs io n  o r  

reduced tra n sm is s iv ity . T h e  in f lu x  o f  w a te r  is  s tr ip p e d  o f  d is s o lv e d  o x y g e n  b y  

m icrobial a c tiv ity  in  th e  to p so il .

B io treatm ent, w h ic h  is  a  te c h n iq u e  n o t c o m m o n ly  u se d  in  A u s tra l ia ,  in v o lv e s  

retarding th e  so ils  o x id is in g  m ic ro o rg a n is m s ’ c a ta ly t ic  in f lu e n c e  o n  p y r i te  o x id a tio n  

by sterilis ing  th e  so il. A n io n ic  s u r fa c ta n ts ,  o rg a n ic  a c id s  a n d  fo o d  p re s e rv a t iv e s  h a v e  

been used  as b a c te r ic id e s ,  a re  c o m m o n ly  s p ra y e d  d ire c tly  on  th e  so il (E v a n g e lo u , 

1995). T h e re  h a s  b e e n  lim ite d  re s e a rc h  in to  b a c te r ic id e  p ro d u c ts  th a t  c a n  e l im in a te  

toe iron and  s u lfu r  o x id is in g  b a c te r ia .
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2 6.1 O x id a tio n  a n d  L e a c h in g

L e a c h i n g  i n v o l v e s  t h e  e x c a v a t i o n  o f  a c t u a l  o r  p o t e n t i a l  a c i d  s u l p h a t e  s o i l s  i n t o  r a i s e d  

s t o c k p i l e s .  T o  p r e v e n t  c o n t a m i n a t i o n  o f  g r o u n d w a t e r  a n d  s t r e a m s ,  t h e  s t o c k p i l e s  

s h o u l d  b e  l o c a t e d  a w a y  f r o m  a n y  f r e s h w a t e r .  T h e  t i m e  r e q u i r e d  t o  c o m p l e t e  o x i d a t i o n  

a n d  l e a c h i n g  i s  u n p r e d i c t a b l e  a n d  i s  i n f l u e n c e d  b y  f a c t o r s  s u c h  a s  r a i n f a l l ,  

t e m p e r a t u r e ,  w i n d  s p e e d ,  a n d  t h e  s i z e  a n d  s h a p e  o f  t h e  s t o c k p i l e  ( W h i t e  a n d  M e l v i l l e ,

1993).

2.6.2 R e m o v a l o f  P y r i t ic  M a te r ia l

E x c a v a t i o n  a n d  r e m o v a l  o f  a c i d  s u l p h a t e  s o i l s  i n v o l v e s  m o v i n g  t h e  a f f e c t e d  s o i l  a n d  

b u r y in g  i t  b e n e a t h  a  p e r m a n e n t  w a t e r  t a b l e  i n  a  p i t  e x c a v a t e d  i n  a  n o n - a c i d  s u l p h a t e  

s o i l  a r e a .  I t  c a n  a l s o  i n v o l v e  s t o r a g e  b e l o w  a  p e r m a n e n t  w a t e r  b o d y  w i t h  a  p r o t e c t i v e  

c o v e r  o f  c l e a n  s e d i m e n t ;  b u r i a l  i n  t h i n  c o m p a c t e d  l a y e r s  w i t h i n  a n  e a r t h e n  m o u n d  t h a t  

i s  c a p p e d  w i t h  l o w  p e r m e a b i l i t y ,  n o n - a c i d  s u l p h a t e  s o i l  m a t e r i a l .

2.6 .3  A c id  N e u tra l is a tio n

The a p p lic a tio n  o f  c h e m ic a l n e u tra lis a t io n  m a te r ia ls  c a n  ta k e  v a r io u s  fo rm s , in c lu d in g  

direct a p p lic a tio n  th ro u g h  l im in g , a c t iv e  b a r r ie r  sy s te m s , p ro f i le  m ix in g  a n d  s u b ­

surface lim e  in je c tio n .

2.6.4 L im in g

The ad d itio n  o f  c a lc iu m  c a rb o n a te  (C a C 0 3 ) o r  a g r ic u ltu ra l lim e  to  a c id  s u lp h a te  so ils  

is the m o st c o m m o n  m e th o d  o f  lim in g . L im in g  a ffe c te d  a c id ic  a re a s  c a n  h e lp  to  

neutra lise  th e m . L im e  c a n  b e  a p p l ie d  to  b o th  so il a n d  w a te r  b o d ie s . A p p ly in g  lim e  to  

soil req u ires  th o ro u g h  m ix in g  o f  th e  so il a n d  lim e  in  o rd e r  to  n e u tra l is e  th e  a c id  in  th e  

soil. M ech an ica l m ix in g  w ith  a  ro ta ry  h o e  d e v ic e  m a y  b e  u s e d  to  m ix  l im e  in to  th e  

topsoil. A  d is a d v a n ta g e  o f  th is  m e th o d  is  th a t o n ly  th e  to p s o il  la y e r  is  d ire c tly  m ix e d  

w 'th  the lim e. I t is  a lso  h o w e v e r  n o t  an  e c o n o m ic a lly  v ia b le  te c h n iq u e  (S h e a re r , 

^0 0 1 ), as la rg e  a m o u n ts  o f  l im e  w o u ld  b e  n e e d e d  a n d  th e  a p p lic a t io n  o f  l im e  n e e d s  to  

be repea ted  to  k e e p  th e  p H  to  th e  re q u ire d  le v e ls . D ra in  l im in g  m a y  b e  e f fe c t iv e  w h e n  

° nly a  re la tiv e ly  s m a ll a m o u n t o f  a c id ity  is  c o n ta in e d  w ith in  th e  d ra in  w a te r . 

Pplying lim e to  o p e n  d ra in s  c a n  b e  d o n e  b y  p la c in g  s a n d b a g s  (w ith  lim e
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in co rp o ra ted  in  th e m )  o n  th e  d ra in  fa c e . W h e n  le a c h a te  w a te r  f lo w s  th ro u g h  th e  b a g  it 

is n e u tra lised . W a te r  b o d ie s  c a n  a lso  b e  d ire c tly  n e u tra lis e d  b y  a d d in g  l im e  b y  a  

concre te  p u m p , as  a  s lu rry  to  b e  a f fe c t iv e  in  w a te r .

2 6.5  P e rm e a b le  R e a c tiv e  B a r r ie r s

P erm eab le  R e a c tiv e  B a r r ie r s  (P R B s )  a re  a  re la tiv e ly  n e w , in n o v a tiv e  a n d  p a s s iv e  

techn ique fo r  g ro u n d w a te r  re m e d ia t io n . A  p e rm e a b le  re a c tiv e  s u b su r fa c e  b a r r ie r  c a n  

be d e fin e d  as  an  e m p la c e m e n t o f  re a c t iv e  m a te r ia ls  in  th e  su b su r fa c e  d e s ig n e d  to  

in tercep t a  c o n ta m in a n t  p lu m e , p ro v id e  a  p re fe re n t ia l  f lo w  p a th  th ro u g h  th e  re a c tiv e  

m edia, an d  tra n s fo rm  th e  c o n ta m in a n t( s )  in to  e n v iro n m e n ta lly  a c c e p ta b le  fo rm s  to  

attain re m e d ia t io n  c o n c e n tra t io n  g o a ls  a t th e  d is c h a rg e  o f  th e  b a r r ie r .  T h e  m a in  

advan tages o f  p e rm e a b le  r e a c tiv e  b a r r ie r s  a re  th e  e l im in a tio n  o f  p u m p in g , m a ss  

excavation , o f fs ite  d is p o s a l a n d  s ig n if ic a n t  c o s t re d u c tio n s . F ig u re  2 .1 3  sh o w s  a 

c ro ss-sec tio n a l v ie w  o f  th e  p e rm e a b le  r e a c tiv e  b a r r ie r  p ro c e s s  re s p e c tiv e ly .

T reated 
G roundw ater

J

V * /

A qulterd

F i g u r e  2 . 1 3 :  C ro s s -s e c tio n a l v ie w  o f  th e  p e rm e a b le  re a c tiv e  b a r r ie r  p ro c e s s

(G a v a s k a r ,  1999)

The use  o f  p e rm e a b le  re a c tiv e  b a r r ie r s  f i l le d  w ith  n e u tra lis in g  a g e n ts  s u c h  as  c a lc ite  

aPPeared to  h a v e  s o m e  p o te n tia l  a s  a  tre a tm e n t te c h n o lo g y  fo r  a s s is tin g  in  th e  

m anagem ent o f  d ra in a g e  f ro m  a c id  s u lp h a te  so ils .



2  6.5-1 C a lc a re o u s  R e a c tiv e  B a r r ie r s

The m o s t c o m m o n ly  u s e d  m a te r ia l w ith in  re a c tiv e  b a r r ie r s  is  l im e s to n e  d u e  to  its  lo w  

c0St an d  h ig h  a v a ila b il i ty . T h e re  a re  fo u r  ty p e s  o f  c a lc a re o u s  re a c tiv e  b a rr ie rs , as 

described  b e lo w , th a t a re  o f  p o te n tia l u se  in  ac id  s u lp h a te  s o ils  re g io n s .

2 6.5-1.1 O p e n  L im e s to n e  C h a n n e ls

O pen L im e s to n e  C h a n n e ls  (O L C s)  a re  c o n s tru c te d  b y  p la c in g  c o a rs e  l im e s to n e  in to  a  

d rainage c h a n n e l. P ro b le m s  o c c u r  w h e n  F e  (III)  a n d  A l a re  p re s e n t  in  th e  w a te r . T h e s e  

cations p re c ip ita te  as  m e ta l h y d ro x id e s  a n d  c o a t th e  l im e s to n e  su rfa c e s  (a rm o r in g )  an d  

can p lu g  th e  l im e s to n e  v o id  s p a c e , th e re b y  re d u c in g  lim e s to n e  d is s o lu tio n  an d  a c id  

n eu tra lisa tio n  (Z ie m k ie w ic z  e t a l.,  1 9 9 7 ). Z ie m k ie w ic z  e t a l. (1 9 9 7 )  c o n c lu d e d  th a t  

lim estone c h a n n e ls  c o u ld  n e u tra lis e  a c id  m in e  d ra in a g e  i f  th e  c h a n n e ls  w e re  

co n stru c ted  o n  s te e p  s lo p e s  so  as  to  r e d u c e  p lu g g in g  o f  th e  l im e s to n e  v o id  s p a c e s , a n d  

if ch a n n e ls  w e re  b u il t  f iv e  t im e s  b ig g e r  to  a c c o u n t f o r  th e  a rm o r in g  e ffe c t. 

Z iem k iew icz  e t a l. (1 9 9 7 )  a lso  re c o m m e n d e d  th a t  O L C s  s h o u ld  h a v e  a  s lo p e  o f  

greater th a n  2 0 %  to  k e e p  th e  l im e s to n e  a c tiv e .

2.6 .5 .1 .2  A n o x ic  L im e s to n e  D ra in s

A noxic l im e s to n e  d ra in s  (A L D s)  a re  b u r ie d  tre n c h e s  o r  c h a n n e ls  c o n ta in in g  c ru s h e d  

lim estone in to  w h ic h  a c id ic  d ra in a g e  is  c h a n n e lle d . A s  th e  a c id  m in e  d ra in a g e  f lo w s  

th rough, th e  l im e s to n e  is  d is s o lv e d , a lk a lin i ty  is  a d d e d  a n d  p H  is  in c re a se d . T h e  

channels  a re  c o v e re d  to  r e d u c e  o r  e l im in a te  th e  p re s e n c e  o f  o x y g e n ; th e  e l im in a tio n  o f  

oxygen p re v e n ts  th e  d e v e lo p m e n t o f  an  iro n  o x id e  c o a tin g  (a rm o r)  on  th e  lim e s to n e . 

At a  pH  o f  le ss  th a n  6  a n d  u n d e r  a n o x ic  c o n d i tio n s ,  th e  lim e s to n e  w ith in  th e  A L D  w ill 

not b eco m e  a rm o re d  w ith  iro n  h y d ro x id e s  b e c a u se  F e 2+ d o e s  n o t u su a lly  p re c ip ita te  

under su ch  c o n d itio n s  (S k o u se n , 1997).

2-6.5.1.3 O x ic  L im e s to n e  D r a in s

° x ic  lim e s to n e  d ra in s  (O L D s)  a re  s im ila r  to  A L D s , b u t th e y  a re  m o re  e x p e r im e n ta l,  

^ o n  o r a lu m in iu m  h y d ro x id e s  fo rm  w ith in  th e m , a n d  h o p e fu lly  th e se  s o lid s  a re  

Periodically  f lu s h e d  o u t by  te m p o ra r ily  in c re a s in g  th e  p re s s u re  o r  h e a d  a n d  th e n  

releasing w a te r  f ro m  th e  d ra in  ra p id ly . T h is  s y s te m  is  d e s ig n e d  to  tre a t  w a te r  th a t 

c°n ta in s  d is so lv e d  o x y g e n  a n d  fe r r ic  iro n  in  o n e  s ta g e . T h e  p a r tia l p re s s u re  o f  C O 2  is
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co n cen tra ted  d u e  to  th e  d ra in  b e in g  c o v e re d . S u b s e q u e n tly , th e re  is  a  h ig h e r  

lim estone d is s o lu tio n  a n d  a lk a lin i ty  p ro d u c e d  in  th is  sy s te m  c o m p a re d  to  th e  A L D  

system  (W a ite  e t a l. in  N a f tz  e t  a l. (2 0 0 2 )) .

2  6 5-1-4 A lk a lin ity  P r o d u c in g  S y s te m s

A lkalin ity  P ro d u c in g  S y s te m s  (A P S s )  a re  v e r tic a l- f lo w  s y s te m s  w h e re  w a te r  f lo w s  

from  the  su rfa c e  o f  th e  A P S  th ro u g h  o rg a n ic  m a tte r  a n d  l im e s to n e  la y e rs . T h e y  h a v e  

been g iv e n  a  v a r ie ty  o f  n a m e s: s u c c e s s iv e  a lk a lin i ty  p ro d u c in g  s y s te m s  (S A P S ) 

(K epler a n d  M c C le a ry , 1 9 9 4 ); (R A P S )  re d u c in g  an d  a lk a lin i ty  p ro d u c in g  sy s te m s  

(W atzla f e t  a l., 2 0 0 0 ); a lk a lin i ty  p ro d u c in g  sy s te m s  (A P S ).

In th is sy s te m  th e  in c o m in g  w a te r  is  u n d e r  re d u c in g  c o n d itio n s  b e fo re  it e n te rs  th e  

lim estone, th e re fo re  m in im is in g  th e  p o s s ib il i ty  o f  c lo g g in g  a s  a  re s u lt  o f  m e ta l 

o x y h y d ro x id e  fo rm a tio n .

2.6.5.2 O th e r  M a te r ia ls

A  varie ty  o f  n e u tra lis in g  a g e n ts  c a n  b e  u s e d , o th e r  th a n  c a lc iu m  c a rb o n a te .  O th e r  

m ateria ls  th a t h a v e  b e e n  u s e d  a t m in e  s ite s  in c lu d e s : a lk a lin e  ta il in g s  l iq u o r , f ly  ash  

(m ultip le  m e ta l o x id e s ,  c a rb o n a te s ) ,  re d  m u d  f ro m  a lu m in a  o p e ra t io n s ,  q u ic k lim e  

(CaO ), h y d ra te d  lim e  (C a (O H ) 2 ), c a lc iu m  p e ro x id e  (C a O i) ,  d o lo m ite  (C a M g (C 0 3 ) 2 ), 

m agnesite  (M g C O a ), c a u s tic  m a g n e s ia  (M g O ), w ith e r i te  (B a C 0 3 ), h y d ro x y a p a t ite  

(Ca5(P 0 4 )30 H ), s o d iu m  o r th o s il ic a te  (N a 4 S i0 4 ) a n d  a lk a lin e  p a p e r -p u lp  re s id u e s  

(T aylor e t a l.,  1997).

2 .7  R e v i e w  p r e v i o u s  r e s e a r c h  i n t o  t h e  u s e  o f  l i m e  a n d / o r  f l y  a s h  f o r  t h e  

i m p r o v e m e n t  o f  s o i l s

V arious m e th o d s  o f  a p p ly in g  lim e  h a v e  b e e n  re v ie w e d  a n d  o n e  p a r t ic u la r  in je c tio n  

technique on  so f t m a rin e  c la y  p ro v e d  to  b e  p ra c tic a l  a n d  su c c e s s fu l in c re a t in g  a  z o n e  

° f  in flu en ce  f ro m  th e  in je c tio n  n u c le u s  (N a ra s im h a  R a o  a n d  R a ja s e k a ra n , 1 994). 

Indraratna (1 9 8 3 )  h a s  s u m m a r is e d  th e  re le v a n t  c o n c e p ts  o f  s u b -su r fa c e  l im e  g ro u t 

■njection. O th e r  a re a s  o f  a c id  m in e  d ra in a g e  a n d  a re a s  o f  in je c tio n  g ro u tin g  h a v e  b e e n  

Used to fo rm u la te  a p p ro p r ia te  te c h n o lo g y  fo r  te s t in g  a n d  a p p ro p r ia te  ra te s  o f  lim e
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(K itsugi an d  A z a k a m i, 1 982). N o  o n e  te s t  h as  c o n s id e re d  th e  ty p e  o f  c la y  th a t is 

rep resen ted  in  th e  s ite  in v e s t ig a te d  in  th is  s tu d y .

2  7.1 L im e  C o lu m n s

Lim e c o lu m n s  a re  w id e ly  u se d  fo r  th e  s ta b ilis a t io n  o f  c la y  so ils . T h e  te rm s  ‘lim e  

co lu m n ’ a n d  ‘lim e  p i l e s ’ c a n  b e  u s e d  in te rc h a n g e a b ly . L im e  c o lu m n  is  th e  p ro c e s s  o f  

m ixing o f  d ry  u n s la k e d  lim e  in  so f t c la y s  an d  s ilts  to  fo rm  a  c o lu m n  o f  tre a te d  so il. 

Rogers a n d  G le n d in n in g  (1 9 9 7 )  s u m m a ris e d  th e  s ta b il is a t io n  m e c h a n is m s  o f  lim e  

piles, w h ic h  a re  la te ra l c o n s o lid a tio n , w a te r  c o n te n t  re d u c tio n , c la y - lim e  re a c tio n , 

reduction  in  p o re  w a te r  p re s s u re , a n d  th e  c o n s o lid a tio n  o f  th e  s h e a r  z o n e  a n d  p ile  

strength. T h e  a d d itio n  o f  q u ic k lim e  to  so il d ra w s  in  w a te r  f ro m  s u r ro u n d in g  a re a s  an d  

form s h y d ra te d  lim e . S o lid i ty  o f  th e  so il w ill o c c u r  as  a  re s u lt  o f  th is . K itsu g i a n d  

A zakam i (1 9 8 2 )  a t tr ib u te d  th e  im p ro v e m e n ts  in  th e  b e a r in g  c a p a c ity  o f  so ils  to  th e  

strength  o f  th e  p ile s . Y a m a n o u c h i e t  a l. (1 9 9 2 )  s tu d ie d  th e  u se  o f  lim e  in  th e  

construc tion  o f  e m b a n k m e n ts .

2.7.2 S tu d ie s  u s in g  L im e  a n d /o r  F ly  a sh

Ind rara tna  e t a l. (1 9 9 1 )  in v e s t ig a te d  th e  s ta b ilis a t io n  o f  a  d is p e rs iv e  so il b y  th e  

addition  o f  f ly  a sh . N u m e ro u s  c o m b in a tio n s  o f  f ly  a s h -s o il m ix tu re s  w e re  

investigated  a n d  th e  e n g in e e r in g  p ro p e r tie s  o f  th e s e  m ix tu re s  w e re  s tu d ie d . T h e  

addition o f  5 -8 %  f ly  a sh  c a u s e d  a  f lo c c u la t io n  o f  c la y  p a r tic le s  w ith in  th e  so il an d  

decreased  its  d is p e rs iv i ty . In c re a s e s  in  fly  a sh  c o n te n t le d  to  an  in c re a s e  in 

unconfined  c o m p re s s iv e  s tre n g th . T h e  m a x im u m  d ry  d e n s ity  o f  th e  so il m ix  a lso  

increased  as a  re su lt . In d ra ra tn a  e t a l. (1 9 9 5 )  a lso  s tu d ie d  th e  e f fe c t  o f  f ly  a sh  o n  th e  

strength an d  d e fo rm a tio n  c h a ra c te r is t ic s  o f  a  B a n g k o k  c la y . L im e  a n d  c e m e n t w e re  

also u sed  as a d m ix tu re s  to  a llo w  fo r  s e lf -h a rd e n in g  o f  th e  b le n d . I t  w a s  fo u n d  th a t a  

18% fly  3 5 ^  an(j 5 %  jjm e  tre a te (j c la y a c h ie v e d  a  c o m p re s s iv e  s tre n g th  th a t w a s  2 -3  

tim es g re a te r  th a n  th a t o f  u n tre a te d  c la y . F ly  a sh  a n d  lim e  a lso  c a u s e d  an  in c re a s e  in  

the shear s tre n g th  o f  th e  c la y . T h o s e  c la y s  tre a te d  w ith  ju s t  l im e  sh o w e d  la rg e r  e x c e ss  

P°re  w a te r p re s s u re s  a n d  th u s  e n h a n c e d  e f fe c t iv e  s h e a r  s tre n g th s  th a n  th o s e  tre a te d  

with fly  ash .
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In d ra ra tn a  (1 9 9 6 )  in v e s t ig a te d  th e  u se  o f  h y d ra te d  lim e , m ille d  b la s t  fu rn a c e  s la g  an d  

fly ash  on  a  f in e -g ra in e d  c o llu v ia l so il. T h e i r  e f fe c t iv e n e s s  w a s  c o m p a re d  w ith  th a t  o f  

hydrated  lim e . S o il t r e a te d  w ith  h y d ra te d  lim e  a n d  m ille d  s la g  s h o w e d  an  

im p ro v em en t in  e n g in e e r in g  b e h a v io u r .  T h e  a d d itio n  o f  2 %  lim e  in c re a s e d  th e  

un iax ia l c o m p re s s iv e  s tre n g th  o f  b le n d e d  c la y  so il s a m p le s  b y  n e a r ly  5 0 % . I t  w a s  

also fo u n d  th a t a ll a d d itiv e s  in c re a s e d  th e  p H  v a lu e  o f  th e  so il, a s  s h o w n  in  F ig u re

2.14-

F i g u r e  2 . 1 4 :  E ffe c t  o f  a d d itiv e s  o n  p H  le v e ls  o f  c o l lu v iu m  ( In d ra ra tn a , 1 996)

P ekrioglu  e t a l. (2 0 0 3 )  d e m o n s tra te d  th e  p o te n tia l  u se  o f  f ly  a sh  in  g ro u tin g  

app lications. T h i r te e n  c o m p o s ite  g ro u ts  (c o m p o s e d  o f  m ix tu re  c o m b in a tio n s  o f  f ly  

ash, cem en t, lim e , s il ic a  fu m e , w a te r  e d u c in g  a d m ix tu re  a n d  w a te r )  w e re  in v e s t ig a te d  

in te rm s o f  e n g in e e r in g  p e r fo rm a n c e  i.e . p h y s io c h e m ic a l (c h e m ic a l c o m p o u n d  

analysis, u n it w e ig h t , v o id  ra tio , l in e a r  s h r in k a g e , h y d ra u lic  c o n d u c t iv i ty )  a n d  

m echan ical p ro p e r tie s  (u n c o n f in e d  c o m p re s s iv e  s tre n g th  a n d  f le x u ra l s tre n g th ) . I t 

was fo u n d  th a t th e  ra te  o f  s tre n g th  g a in  fo r  f ly  a s h -c e m e n t g ro u p s  is  le ss  th a n  f ly -  

ash/lim e g ro u p s .

A kbulut an d  S a g la m e r  (2 0 0 3 )  s tu d ie d  th e  u se  o f  g ro u t a d d itiv e s  f ly  a sh  a n d  c la y  in 

S01' §r° u tin g  an d  th e  e f fe c ts  th a t th e s e  a d m ix tu re s  h a d  o n  so il s tre n g th . In  th is  s tu d y  a  

granular so il (s a n d  a n d  g ra v e l)  w a s  g ro u te d  w ith  fly  ash  a n d  c la y  u n d e r  g ro u tin g  

Pressure o f  lO O kPA . In  a  c o m p a r is o n  b e tw e e n  th e  tre a te d  a n d  u n tre a te d  g ra n u la r  so il, 

11 w as fo u n d  th a t th e  f ly  a sh  a n d  c la y  im p ro v e d  th e  c o m p re s s iv e  s tre n g th . S o il
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ted  w ith  5 %  fly  a sh  h a d  a  g re a te r  c o m p re s s iv e  s tre n g th  th a n  so il th a t w a s  g ro u te d
B

with 1 0 %  f l y a s h -

Scheetz e t a l. (1 9 9 3 )  d e s c r ib e s  th e  a p p lic a t io n  o f  f ly  a s h -b a s e d  g ro u ts  fo r  th e  

abatem ent o f  a c id  m in e  d ra in a g e . I t  is  p ro p o s e d  th a t by  u s in g  fly  a sh  in  a  m in in g  

situation th e  n e u tra l is a t io n  c a p a c ity  o f  th e  f ly  a sh  c a n  in s u re  a  re d u c t io n  in  th e  

en v iro n m en ta l p ro b le m s  a s s o c ia te d  w ith  a c id  m in e  d ra in a g e .

2 7.3 S u b -su r fa c e  C h e m ic a l In je c tio n s  u s in g  L im e  a n d /o r  F ly  a sh

N arash im ha R a o  a n d  R a ja s e k a ra n  (1 9 9 4 )  in v e s t ig a te d  th e  a b ility  o f  lim e  tre a tm e n t to  

im prove th e  e n g in e e r in g  q u a lit ie s  o f  so f t m a rin e  c la y , u s in g  an  e x p e r im e n ta l in je c tio n  

im plem ent. T h e  e x p e r im e n ta l  w o rk  in  th is  s tu d y  w a s  c a r r ie d  o u t in  a  te s t  ta n k  f il le d  

with so ft m a rin e  c la y  th a t h a d  b e e n  m ix e d  w ith  s e a w a te r . A  s te e l in je c tio n  w ith  4 0  

perfo ra tions in  th e  b o tto m  3 0 0 -4 0 0  m m  se c tio n  w a s  u se d  to  c a r ry  o u t th e  in je c tio n s . 

A lim e s lu rry  o f  4 0 %  c o n c e n tra t io n  (b y  w e ig h t)  w a s  in je c te d  in to  th e  te s t  ta n k  a t a  

pressure ra n g e  o f  0 -0 .8  N /m m 2. I t  w a s  fo u n d  th a t a d e q u a te  q u a n t it ie s  o f  lim e  h ad  

penetra ted  th e  s u rro u n d in g  so il in  th e  te s t  ta n k , to  in c re a s e  th e  p H  v a lu e s  f ro m  p H  7 .3  

to pH 9 .4  a t a  d is ta n c e  o f  7 5 m m  f ro m  th e  in je c tio n  s o u rc e . T h e  liq u id  lim it a n d  

p lasticity  in d e x  o f  th e  s o il w e re  re d u c e d  s ig n if ic a n tly  a n d  th e  p e n e tra tio n  o f  th e  lim e  

in the so il a n d  th e  fo rm a tio n  o f  c a lc iu m  h y d ro x id e  b ro u g h t a b o u t in c re a s e d  r ig id ity . 

These c h a n g e s  a n d  im p ro v e m e n ts  w e re  d u e  to  th e  e f fe c t iv e  fo rm a tio n  o f  c e m e n ta tio n  

products.

A study in to  th e  p e n e tra b il i ty  o f  th e  l im e  s lu r ry  d e m o n s tra te d  th a t th e  lim e  e f fe c t iv e ly  

penetrated  in to  th e  so il th ro u g h  th e  lim e  c o lu m n s  a n d  th e  l im e - in je c t io n  p o in ts  

(R ajasekaran  a n d  N a ra s im h a , 1 9 9 6 ). T h e  ra d ia l d is ta n c e  o f  l im e  s e e p a g e  w a s  4 -6  

tim es in th e  c a se  o f  l im e  c o lu m n s  a n d  8 - 1 0  t im e s  th e  d ia m e te r  o f  th e  in je c tio n  p ip e  in 

the in jec tion  sy s te m . R a ja s e k a ra n  a n d  N a ra s im h a  (2 0 0 2 )  a lso  in v e s t ig a te d  th e  lim e  

induced p e rm e a b ility  c h a n g e s  in  th e  e n g in e e r in g  b e h a v io u r  o f  lim e  tre a te d  so il. L im e  

colum ns in tre a te d  m a rin e  c la y s  w e re  c o n s tru c te d  a n d  te s ts  o n  th e se  s o ils  s h o w e d  an  

’ncrease in p e rm e a b il i ty  u p  to  a  m a x im u m  o f  1 5 -1 8  tim e s  th a t o f  u n tre a te d  so il. T h e se  

s udies il lu s tra te d  th a t  l im e  in je c tio n  te c h n iq u e s  a n d  lim e  c o lu m n s  c a n  b e  u se  to  

^ p ro v e  th e  e n g in e e r in g  b e h a v io u r  o f  m a rin e  c la y s .
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under pressure from a hi-rail mounted v eh ic le , through probes pushed into th e  

subgrade (Kayes et al., 2000). The aim of this is to create im perv ious barriers a g a in s t 

moisture and in turn contro l the instability of the underlying c lays. This s lu rry  

injection has been carried out along rail track fo rm ations from G ladstone to M o u ra  

Mine and from R ockham pton  to B lack w a te r (Q u e e n s la n d , A u stra lia ). The s lu rry



p h y sica l p ro p e r tie s : b u lk  d e n s ity , p o ro s ity , sa tu ra ted  h y d ra u lic  c o n d u c tiv ity , 

m o istu re  c h a ra c te r is tic  c u rv es , an d  p a r tic le  an d  p y rite  c ry s ta l s ize  d is tr ib u tio n  

and  van  g e n u c h te n  p a ra m e te rs .

C h em ica l p ro p e rtie s : ca rb o n , pH , sa lin ity , su lp h a te , ch lo rid e , e x c h a n g e a b le  

ca tio n s , o x id isa b le  su lp h u r, a lu m in iu m , c a lc iu m  an d  b ase  sa tu ra tio n , p e ro x id e  

o x id isa b le  s u lp h u r  c o n c e n tra tio n s .

A schem atic  o f  sa m p lin g  s ite s  an d  lo c a tio n  o f  th e  th re e  v -n o tch  w e irs  a t th e  B erry  

field site  is  sh o w n  in F ig u re  2 .15 .

P la te  2 .1 : H ig h  v -n o tc h  w e ir

The insta lled  v -n o tch  w e irs  w e re  su c c e ss fu l in  m a in ta in in g  the  g ro u n d w a te r  ta b le  a t o r 

above the p y ritic  lay er. F ig u re  2 .1 6  sh o w s th a t b e fo re  th e  in s ta lla tio n  o f  th e  w e irs  the 

groundw ater ta b le  f lu c tu a te d  in a  c o n s id e ra b le  ra n g e  and  w as  o fte n  b e lo w  th e  p y ritic  

layer. P ro ceed in g  w e ir  in s ta lla tio n  th e  g ro u n d w a te r  ta b le  w as  m a in ta in e d  ab o v e  the 

Pyritic layer an d  f lu c tu a te d  le ss . T h e  lo w e r h y d ra u lic  g ra d ie n ts  e s ta b lish e d  u n d e r  the 

influence o f  th e  h ig h e r  d ra in  w a te r  level m a in ta in e d  by  th e  v -n o tc h  w e ir  re d u c e d  the  

rate o f  d isch arg e  o f  a c id ic  o x id a tio n  p ro d u c ts  fro m  th e  g ro u n d w a te r  to  th e  d ra in . 

Num erical s im u la tio n s  c o m b in in g  g ro u n d w a te r  f lo w  a n d  p y rite  o x id a tio n  m o d e ls  

Were used  to  p re d ic t th e  m a g n itu d e  an d  d is tr ib u tio n  o f  p y rite  o x id a tio n  fo r  v a rio u s  

boundary co n d itio n s  th a t s im u la te  p o te n tia l g ro u n d w a te r  m a n a g e m e n t s tra teg ie s .
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They sh o w e d  th a t m a in ta in in g  a  h ig h e r  w a te r  le v e l in  th e  d ra in s  a n d /o r  a p p ly in g  

regu la r ir r ig a tio n  c a n  a c h ie v e  s u b s ta n tia l  re d u c tio n s  in  th e  v o lu m e  o f  p y r i t ic  so ils  

exposed  to  o x id is in g  c o n d itio n s .

B lunden a n d  In d ra ra tn a  (2 0 0 1 )  a lso  d e m o n s tra te d  th a t th e  w e irs  re d u c e d  th e  h y d ra u lic  

grad ient b e tw e e n  th e  d ra in  a n d  th e  p h re a t ic  z o n e . T h e  e le v a te d  g ro u n d w a te r  le v e ls  

did n o t im p ro v e  th e  lo n g - te rm  g ro u n d w a te r  q u a lity . p H  v a lu e s  re m a in e d  a t 

app ro x im ate ly  4  th ro u g h o u t th e  m o n ito r in g  p e r io d  fo llo w in g  th e  in s ta lla tio n . A l, F e  

and M g le v e ls  r e m a in e d  h ig h  a f te r  th e  in s ta lla tio n  o f  th e  w e ir . S u lp h a te  le v e ls  w e re  

high w ith  lo w  c h lo r id e  to  s u lp h a te  ra tio s . T h e  in s ta lla tio n  o f  w e irs  c a n  p re v e n t  th e  

p roduction  o f  ‘n e w ’ a c id , b u t c a n n o t  m a n a g e  th e  le a c h in g  o f  ‘s to r e d ’ ac id .
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F ig u r e  2 . 1 5 :  L o c a tio n  o f  w e irs , f lo o d g a te  a n d  p ie z o m e te rs  a t  th e  s tu d y  s ite  (B lu n d e n ,

2000)
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F ig u re  2 . 1 6 :  C o m p a riso n  o f  th e  a v e ra g e  g ro u n d w a te r  e le v a tio n  a t a  tra n se c t p r io r  to  

and p ro cee d in g  w e ir  in s ta lla tio n , a lso  sh o w in g  th e  m a x im u m  an d  m in im u m  

groundw ater e le v a tio n  an d  s tan d a rd  e rro r  b a rs  ( In d ra ra tn a  e t a l., 2 0 0 1 )

2.8.2 S e lf-reg u la tin g  tiltin g  w e ir

The se lf-reg u la tin g  ti ltin g  w e ir  (P la te  2 .2 ), w h ich  w as  in s ta lle d  in Ju n e  2 0 0 1 , w as 

designed to  m a in ta in  a  h ig h  g ro u n d w a te r  ta b le , in o rd e r  to  d e c re a se  th e  o x id a tio n  o f  

sulphidic sed im en ts , th ro u g h  sa tu ra tio n  o f  th e  so il.

P la t e  2 .2 :  S e lf-R e g u la tin g  T i ltin g  W e ir  (b u ilt in  2 0 0  by  U O W  A c id  S u lp h a te  S o ils

R e se a rc h  T ea m )
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The w e ir  m a in ta in s  a n  e le v a te d  d ra in  w a te r  le v e l a n d  c o m p e n s a te s  fo r  f lo o d  a n d  

d r o u g h t  p e r io d s .  F ig u re  2 .1 7  sh o w s  th a t  th e  t i l t in g  w e ir  c o n t in u e d  to  m a in ta in  th e  

sam e d ra in  w a te r  le v e l a s  th e  n e a re s t  v -n o tc h  w e ir ,  e n s u r in g  th a t th e  g ro u n d w a te r  

e l e v a t i o n  d id  n o t fa ll  s ig n if ic a n tly . T h e  in s ta lla tio n  o f  th e  t i l t in g  w e ir  a lso  fa ile d  to  

im prove th e  g ro u n d w a te r  q u a lity . p H  v a lu e s  r e m a in e d  lo w  (F ig u re  2 .1 8 )  a n d  h ig h  

c o n c e n t r a t i o n s  o f  d is s o lv e d  m e ta ls  w e re  fo u n d  (F ig u re  2 .1 9 ). T o ta l F e  a n d  T o ta l A l 

c o n c e n t r a t i o n s  in  th e  g ro u n d w a te r  w e re  o b s e rv e d  to  b e  h ig h  d u r in g  s a m p lin g  p e r io d . 

The lo w e r  le v e ls  o f  T o ta l F e  to w a rd s  th e  e n d  o f  th e  s a m p lin g  p e r io d  as a t tr ib u te d  to  

the d ilu tio n  o f  f r e s h w a te r  c a u s e d  b y  f lo o d  e v e n ts .



17th A p r il  2 001  S e p te m b e r  2001

F i g u r e  2 . 1 7 :  P o s t-w e ir  g ro u n d w a te r  e le v a tio n s  fo llo w in g  th e  in s ta lla tio n  o f  th e  S e lf-  

R e g u la tin g  T i l t in g  W e ir  (E a m s h a w , 2 0 0 1 )

17th A p r il  2 001

F i g u r e  2 . 1 8 :  p H  v a lu e s  fo r  s a m p lin g  p o in ts  C l ,  C IO , C 2 0  a n d  C 5 0  d u r in g  th e  

s a m p lin g  p e r io d  (E a m s h a w , 2 0 0 1 )

S e p te m b e r  2001
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17th A p r il  2001 S e p te m b e r  2 0 0 1

F i g u r e  2 . 1 9 :  T o ta l F e  (a) a n d  T o ta l A l (b )  c o n c e n tra t io n  a t s a m p lin g  p o in t  C l  d u r in g  

th e  s a m p lin g  p e r io d  (E a m s h a w , 2 0 0 1 )

2.8.3 M o d ific a tio n  o f  F lo o d g a te s

G lam ore (2 0 0 3 ) e x a m in e d  s e v e ra l c r i te r ia  r e la t in g  to  f lo o d g a te  m a n a g e m e n t a n d  th e  

effectiv eness o f  th e  in s ta lla tio n  o f  a  m o d if ie d  tw o -w a y  f lo o d g a te  (P la te  2 .3 ) . T h e  

project ex am in e d : h y d ro lo g y , e n v iro n m e n ta l  a n d  g e o -h y d ra u lic  c o n c e rn s  re la t in g  to  

floodgate  m a n ip u la tio n  u s in g  G IS  te c h n iq u e s ;  th e  k in e tic s  o f  tid a l b u f fe r in g  in c lu d in g  

the d ev e lo p m e n t o f  an  a q u e o u s  io n  s p e c ia t io n  m o d e l; f lo o d g a te  d e s ig n  c r i te r ia  a n d  

design te c h n iq u e s  to  o p tim is e  s a lin e  b u f f e r in g  a n d  re d u c e  r isk ; th e  in f lu e n c e  o f  tid a l 

restoration on  d ra in  w a te r  q u a lity  a n d  th e  in f lu e n c e  o f  a l te re d  d ra in  h y d ra u lic s  o n  th e  

Phreatic zo n e ; a n d  th e  e x te n t  a n d  d is t r ib u t io n  o f  s a lin e  c o n ta m in a n ts  w ith in  th e  so il 

m atrix th ro u g h  f ie ld  a n a ly s is  a n d  a  3 -D  f in i te  e le m e n t a n a ly s is .
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G lam ore  e t  a l. (2 0 0 1 )  a n d  In d ra ra tn a  e t  al. (2 0 0 2 )  s u g g e s te d  th a t a l lo w in g  tid a l 

flush ing  in t 0  f l ° ° d  m it ig a t io n  d ra in s  v ia  m o d if ie d  f lo o d g a te s  m a y : (a ) d e c re a s e  th e  

‘a c id  r e s e rv o ir  e f f e c t ’, (b ) ra is e  d is s o lv e d  o x y g e n  le v e ls , (c )  d e c re a s e  th e  h y d ra u lic  

grad ient b e tw e e n  th e  d ra in  a n d  g ro u n d w a te r , (d ) d im in ish  a lu m in iu m  f lo c c u la t io n , (e ) 
g

e l im in a te  ‘a c id  a t  a  d is ta n c e ’, (f)  c o m b a t e x o tic  f re s h w a te r  w e e d s ,  (g )  e n h a n c e  ru n o f f  

d u r in g  w et p e r io d s ;  a n d  (h )  a llo w  f is h  p a s s a g e  in to  im p o r ta n t b re e d in g  g ro u n d s .

W ith th e  in s ta l la t io n  o f  a  m o d if ie d  tw o -w a y  f lo o d g a te , w a te r  q u a l i ty  w ith in  a  f lo o d  

m it ig a t io n  d ra in  w a s  g re a tly  im p ro v e d . T h e  b u ffe r in g  c a p a c i t ie s  o f  th e  s e a w a te r  

helped to  b r in g  th e  d ra in  w a te r  to  n e a r  n e u tra l le v e ls  a b ru p tly  a f te r  th e  in s ta lla tio n  o f  

the m o d ified  f lo o d g a te ,  a s  d e p ic te d  in  F ig u re  2 .2 0 .

The d ra in  w a te r  p H  w a s  o b s e rv e d  to  in c re a s e  b y  tw o  o rd e rs  o f  m a g n itu d e  a n d  

d issolved  a lu m in iu m  a n d  iro n  d e c re a s e d  m o re  th a n  5 0 % . C o n c e n tra t io n s  o f  d is s o lv e d  

m onom eric a lu m in iu m  ra n g e d  f ro m  0 .0 0 5  m m o l/L  (2 5 0 m  u p s tr e a m , D a y s  7 6 3  a n d  

857) to  3 .1 6  m m o l/L  (4 5  u p s tr e a m , D a y  5 6 3 )  a f te r  th e  in s ta l la t io n  o f  th e  m o d if ie d  

floodgate, w h ile  b e fo re  th e  im p a c t  o f  tid a l b u ffe r in g  a lu m in iu m  c o n c e n tra t io n s  

averaged 0 .6 2 m m o l/L  (2 6 %  d e c re a se ) .

A verage to ta l d is s o lv e d  iro n  c o n c e n tra t io n s  d e c re a se d  b y  3 3 %  f ro m  0 .6 2 m m o l/L  to

0 .163m m ol/L  (G la m o re , 2 0 0 3 ) . T h e  a lu m in iu m  a n d  to ta l i ro n  c o n c e n tra t io n s  a f te r  

floodgate m o d if ic a tio n  a re  sh o w n  in  F ig u re  2 .2 1 . T id a l f lu s h in g  o f  th e  d ra in  a lso  (i) 

reduced the  ‘a c id  r e s e r v o i r ’, ( ii)  in c re a s e d  d ra in  w a te r  d is s o lv e d  o x y g e n  le v e ls , (iii)  

enhanced fish  p a s s a g e , ( iv )  d e c re a s e d  e x o tic  f r e s h w a te r  w e e d s  a n d  (v ) re c h a rg e d  th e  

phreatic zo n e  d u r in g  d ry  p e r io d s  (G la m o re , 2 0 0 3 ) .



P l a t e  2 .3 : M o d if ie d  tw o -w a y  F lo o d g a te

T im e  (D a y s )

F ig u r e  2 .20 : In  s itu  d ra in  w a te r  p H  re a d in g s  ta k en  im m e d ia te ly  b e fo re  an d  a fte r 

f lo o d g a te  m o d if ic a tio n s  (D ay s  2 9 6 -3 1 4 ) (G lam o re , 2 0 0 3 )
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T i m e  ( D a y s )

F i g u r e  2 . 2 1 :  S o lu b le  a lu m in iu m  an d  iro n  c o n c e n tra tio n s  fo l lo w in g  f lo o d g a te  

m o d if ic a t io n s  w ith  ra in fa ll (G la m o re , 2 0 0 3 )

Finite e lem en t a n a ly s is  in d ic a te d  th a t  s a lin e  in tru s io n  w a s  n o t a  c o n c e rn  a s  lo n g  as  th e  

hydraulic c o n d u c tiv ity  o f  th e  so il in  th e  la te ra l p la n e  w a s  b e lo w  c r it ic a l le v e ls . 

Sim ulations u s in g  th e  3 -D  f in i te  e le m e n t m o d e l sh o w e d  th a t e v e n  u n d e r  e x tre m e  

conditions, the  in tru s io n  o f  s a lin e  w a te r  a t th e  s tu d y  s ite  w a s  l im ite d  to  1 0 m  in la n d  

and that th is s a lin e  w a te r  w a s  f lu s h e d  o u t o f  th e  so il w ith  d ro u g h t b re a k in g  ra in  

(Glamore, 2003).

The role o f  a n a e r o b ic  o x id a tio n  

th o u g h  the p ro c e s se s  o f  b io t ic  o x id a tio n  o f  p y r ite  th a t c o n tr ib u te s  to  a c id  p ro d u c tio n

h
^een stud ied  in  th e  a c id  m in e  d ra in a g e  a re a , th e re  h a s  b e e n  l i ttle  s tu d y  o f  th e se
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o ce sse s  in  th e  a c id  su lp h a te  so ils  o f  th e  S h o a lh a v e n  f lo o d p la in ,  N S W . T h o n g ’s 

( 1 9 9 8 ) r e s e a rc h  e n ta i le d  so il c o lu m n  e x p e r im e n ts  c o u p le d  w ith  n u m e ric a l m o d e llin g  

( S M A S S ) .  T h e  m o d e l p re d ic te d  th a t th e  p re s e n c e  o f  h ig h  o rg a n ic  m a tte r  c o n te n t 

reduced  th e  r a te  o f  p y r ite  o x id a tio n , e s p e c ia lly  in th e  lo w e r  la y e rs . I t  w a s  fo u n d  th a t 

under s u b m e rg e d  a n d  re d u c in g  c o n d i t io n s  th e  m o d e l p re d ic te d  th a t d ra in a g e  o f  th e  

soil w o u ld  c a u s e  a  m u c h  h ig h e r  su lp h a te  c o n c e n tra tio n  a n d  lo w e r  p H  v a lu e s . T h o n g  

( 1 9 9 8 ) a t tr ib u te d  s u lp h a te  p ro d u c tio n  in  th e  a n a e ro b ic  c o lu m n s  to  fe r r ic  o x id a tio n  an d  

h y p o th esised  th a t, “ th e  s u b m e rg e n c e  o f  th e  p y r it ic  la y e r  w ill m e re ly  r e d u c e  th e  ra te  o f  

acid p ro d u c tio n , b u t  n o t p re v e n t it” .

It is h y p o th e s is e d  th a t  b a c te r ia  c a n  p ro m o te  b io t ic  o x id a tio n  o f  th e  p y r ite  in

subm erged  c o n d i t io n s ,  b e n e a th  th e  g ro u n d w a te r  ta b le  (E v a n g e lo u , 1 9 9 5 ; D e n t, 1 986).

The tra d itio n a l m a n a g e m e n t te c h n iq u e  o f  g ro u n d  w a te r  le v e l m a n ip u la t io n  w o u ld  b e

rendered in e ffe c tiv e  in  a r re s tin g  b io tic  o x id a tio n  w h e re  th e  p y r ite  la y e r  is  s u b m e rg e d .

T herefore , a  p re l im in a ry  s tu d y  o f  s u b -s u r fa c e  l im e  in je c tio n  w a s  e x a m in e d  as  a

possible so lu tio n  to  a r re s tin g  b io tic  o x id a tio n . R u d e n s  (2 0 0 1 )  u n d e r to o k  f ie ld

investigations o n  a c id  su lfa te  so il o f  th e  L o w  S h o a lh a v e n  F lo o d p la in ,  in v o lv in g

testing the  so il fo r  o rg a n ic  c o n te n t (L o s s  o n  ig n itio n  m e th o d ) , a n d  ac id  su lfa te  p H

analysis. M ic ro b io lo g ic a l a n a ly s is  w a s  c o n d u c te d  to  d e te rm in e  th e  ty p e  o f  p y r ite

oxidizing b a c te r ia , a n d  th e ir  M o s t P ro b a b le  N u m b e r  in  th e  so il p ro f ile  o f  th e  L o w e r

Shoalhaven  F lo o d p la in . C o lu m n  e x p e r im e n ts  w e re  se t u p  to  e x a m in e  th e  e x te n t o f

biotic o x id a tio n  an d  th e  a b ility  o f  a  s u b -s u r fa c e  l im e  la y e r  to  a r re s t  h is  p ro c e s s  in

pyrite so ils  re m o v e d  f ro m  th e  s tu d y  a re a . T h e  p a ra m e te rs  m a n ip u la te d  in th e  c o lu m n

experim ent w e re  th e  w a te r  le v e l; p re s e n c e  o f  b a c te r ia ;  a n d  th e  p re s e n c e  o f  a

submerged lim e  la y e r  in  th e  so il c o lu m n s . S o il w a te r  e x tra c te d  f ro m  th e  c o lu m n s  w as

tested fo r th e  fo llo w in g  p a ra m e te rs : p H , F e 2+ a n d  F e 3+ c o n c e n tra tio n s .  T h e  c o lu m n

experim ents re v e a le d  th a t so il th a t c o n ta in e d  T h io b a c il lu s  fe r r o o x id a n s  b a c te r ia  c o u ld

Possibly p ro d u ce  a c id  in  to ta lly  su b m e rg e d  c o n d i t io n s ,  w h ile  so il th a t w a s  s te r i liz e d

did not. T h e  T h io b a c illu s  fe r r o o x id a n s  b a c te r ia  p re s e n t  in  th e  c o lu m n  sa m p le

Possibly co n trib u te d  to  an  in c re a se  in  f e r r ic  iro n  c o n c e n tra t io n , e n a b l in g  th e  p y r ite

c°ntained in the  so il to  b e  o x id iz e d  in  s u b m e rg e d  c o n d i t io n s ,  th u s  p ro d u c in g  su lfu r ic  

acid Tu •

ne m ic ro b io lo g ic a l re su lts  d id  n o t in d ic a te  th e  p re s e n c e  o f  a n y  o th e r  b a c te r ia

that coulH *i_

co n trib u te  to  th e  b io tic  o x id a tio n  o f  th e  p y r i te  in  th e  so il.
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The a d d itio n  o f  a  lim e  c h e m ic a l b a r r ie r  in  th e  c o lu m n  s a m p le s  c o n tr ib u te d  to  a  r is e  in 

pH o f  th e  so il a t a  d is ta n c e  o f  le ss  th a n  4 0 m m . T h e  r ise  in p H  s ig n if ic a n tly  re d u c e s  

the p o p u la tio n  o f  T h io b a c illu s  f e r r o o x id a n s  b a c te r ia  a t a  d is ta n c e  o f  3 0 m m  f ro m  th e  

lim e c h e m ic a l b a rr ie r . R e s u lts  o f  th e  M P N  a n a ly s is  a n d  th e  p H  v a lu e s  fo r  th e  so il 

sam ples f ro m  c o lu m n s  5 ( a n a e ro b ic  c o n d i t io n s )  a n d  6  (a e ro b ic  c o n d itio n s )  a re  sh o w n  

jn T ab le  2 .3 .

Table 2 . 3 :  M o s t P ro b a b le  N u m b e r  o f  iro n  o x id is in g  b a c te r ia  (T h io b a c il lu s  

f e r r o o x i d a n s )  an d  p H  a n a ly s is  r e s u lts  f o r  so il s a m p le  fro m  c o lu m n s  c o n ta in in g  th e  

lime c h e m ic a l b a r r ie r  (R u d e n s , 2 0 0 1 )

C o l u m n
D i s t a n c e  f r o m  

L i m e  b a r r i e r  ( m m )

M P N  o f  i r o n  o x i d i s i n g  

b a c t e r i a  c e l l s  p e r  g r a m  o f  

s o i l  s a m p l e

S o i l  p H

5 3 0 37 9 .4 5

5 150 1 8 4 0 0 4 .4 8

6 3 0 16 6 .4 5

6 150 - 4 .4 3

A p o ssib le  re a so n  fo r  th e  d if fe re n c e  in  su r fa c e  p H  b e tw e e n  c o lu m n  5 a n d  6  is  th e  

greater d if fu s io n  o f  h y d ro x id e  io n s  to  s u r ro u n d in g  so il in  c o lu m n  5 d u e  to  th e  

w atertab le  b e in g  m a in ta in e d  a t th e  s u r fa c e , s u b m e rg in g  th e  lim e  la y e r  (R u d e n s , 2 0 0 1 ) . 

The rise  in  p H  w ith in  c lo se  p ro x im ity  to  th e  l im e  b a r r ie r  is  th e  k e y  m e c h a n is m  fo r  th e  

reduction  in  T. fe r r o o x id a n s  b a c te r ia  n u m b e rs .  T h e  lim e  u se d  in  s u b -su r fa c e  in je c tio n  

would n o t o n ly  n e u tra lis e  a c id  in  th e  so il, b u t a lso  in h ib it th e  g ro w th  o f  T. 

fe rrooxidans  b a c te r ia , th e re fo re  r e d u c in g  th e  p o s s ib ili ty  o f  b io t ic  o x id a tio n  o f  th e  

Pyrite in th e  so il.

2 .9  I m p l i c a t i o n s  f o r  C u r r e n t  R e s e a r c h

A detailed  u n d e rs ta n d in g  o f  th e  p ro c e s s e s  in v o lv e d  in  p y rite  o x id a tio n  is  im p e ra tiv e  

for the m a n a g e m e n t o f  a c id  s u lp h a te  so ils  an d  th e  d e v e lo p m e n t o f  a p p ro p r ia te  

m'tigation m e a su re s . A s  p re v io u s ly  m e n tio n e d  a th o ro u g h  u n d e rs ta n d in g  o f  th e  

Processes fu n d a m e n ta l to  th e  f ie ld  in v e s t ig a t io n s  o f  th e  lim e -f ly  a sh  b a r r ie r  is  

lir>portant. A  re v ie w  o f  p re v io u s  r e s e a rc h  in to  g ro u tin g  a n d  th e  u se  o f  l im e  a n d  fly  

ash slurry in jec tio n  s y s te m s  (S e e  C h a p te r  2 , S e c tio n  2 .7 )  w e re  n e c e s s a ry  fo r
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d e te rm in in g  th e  a p p ro p r ia te  in je c tio n  m e th o d s  a n d  g ro u t ra tio s  to  e m p lo y  in  th is  

cu rren t s tu d y . T h i s  w ill  b e  e x p a n d e d  u p o n  in  C h a p te r  5.

T h e  h y p o t h e s i s  f o r  t h i s  r e s e a r c h  i s  t h a t  t h e  i n s t a l l a t i o n  o f  a  l i m e - f l y  a s h  b a r r i e r  a b o v e  

t h e  p y r i t e  l a y e r  w i l l  c o n t r o l  p y r i t e  o x i d a t i o n  a n d  i t s  s u b s e q u e n t  g e n e r a t i o n  o f  a c i d i c  

p r o d u c t s .  T h e  o b j e c t i v e  o f  t h i s  r e s e a r c h  i s  t o  a s s e s s  g r o u n d w a t e r  a n d  d r a i n  w a t e r  

q u a l i t y  b e f o r e  a n d  a f t e r  t h e  i n s t a l l a t i o n  o f  t h e  l i m e - f l y  a s h  b a r r i e r  a n d  t o  d e t e r m i n e  t h e  

e f f e c t i v e n e s s  o f  t h e  b a r r i e r  a s  a n  e f f e c t i v e  a c i d  s u l p h a t e  s o i l  r e m e d i a t i o n  s t r a t e g y .  

T h i s  s t u d y  f o l l o w s  o n  f r o m  p r e v i o u s  r e s e a r c h  u n d e r t a k e n  w i t h i n  t h e  S h o a l h a v e n  

F l o o d p l a i n  a n d  i l l u s t r a t e s  a  l i n k  b e t w e e n  g r o u n d w a t e r  a n d  d r a i n  w a t e r  q u a l i t y  a n d  t h e  

r o l e  o f  a n  i m p e r m e a b l e  b a r r i e r  in  p y r i t e  o x i d a t i o n .

To assess th e  e f f e c t iv e n e s s  o f  th e  lim e -f ly  a sh  b a rr ie r , g ro u n d w a te r  a n d  d ra in  w a te r  

quality an d  c l im a t ic  in f lu e n c e s  w e re  s tu d ie d  c o m p re h e n s iv e ly .  T h i s  re se a rc h  

investigates w h e th e r  th e  in s ta lla tio n  o f  a  lim e -f ly  ash  b a r r ie r  is  s u ita b le  fo r  im p ro v in g  

g roundw ater a n d  d ra in  w a te r  q u a lity ,  w h e re  th e  in s ta lla tio n  o f  w e irs  is  n o t 

appropria te , an d  r e d u c in g  th e  fu r th e r  o x id a tio n  o f  p y r ite . T h e  u se  o f  a  lim e -f ly  ash  

barrier in p y r it ic  s o ils  h a s  n e v e r  b e e n  in v e s t ig a te d  b e fo re  in  A u s tra lia .  T h i s  p re se n ts  

the in n o v a tiv e  c o m p o n e n t  o f  th e  c u r re n t  s tu d y .



C h a p t e r  3  P r o p e r t i e s  o f  G r o u t s  a n d  G r o u t i n g  T h e o r y  r e l e v a n t  t o  S u b - s u r f a c e  

L i m e - F l y  a s h  B a r r i e r  I n s t a l l a t i o n  

3 .1  I n t r o d u c t i o n

To c o m p re h e n d  th e  d e v e lo p m e n t o f  a  s u b -su r fa c e  lim e -f ly  a sh  b a r r ie r  th e re  n e e d s  to  

be a  th o ro u g h  u n d e rs ta n d in g  o f  th e  p r in c ip le s  in v o lv e d  in  th e  in je c tio n  (g ro u tin g )  

process. T h e  f ir s t  s e c tio n  o f  th is  C h a p te r  d e a ls  w ith  th e  p r in c ip le s  o f  g ro u tin g  

including  th e  p ro p e r tie s  a n d  r e q u ire m e n ts  o f  g ro u ts  th a t  n e e d  to  b e  c o n s id e re d  b e fo re  

u ndertak ing  g ro u tin g  o p e ra t io n s  in c lu d in g  v is c o s ity  a n d  o p tim u m  in je c tio n  p re s s u re s . 

The seco n d  s e c tio n  in tro d u c e s  th e  c o n s ti tu e n ts  th a t  w e re  u s e d  in  th is  s tu d y , n a m e ly  fly  

ash and lim e . In  th e  f in a l s e c tio n  o f  th is  C h a p te r ,  th e  ra d ia l f lo w  o f  g ro u t in  so il is 

analysed a n d  th e  th e o ry  o f  th is  is  in tro d u c e d .

3 .2  G r o u t i n g  P r i n c i p l e s

3.2.1 In tro d u c tio n  to  G ro u tin g

G routing m a y  b e  d e f in e d  as  th e  in je c tio n  o f  a p p ro p r ia te  m a te r ia ls  (g ro u tin g  f lu id )  

under p re s su re  in to  c e r ta in  p a r ts  o f  th e  e a r th ’s c ru s t  th ro u g h  s p e c ia lly  c o n s tru c te d  

holes in o rd e r  to  fill a n d  th e re fo re  sea l v o id s , c ra c k s ,  s e a m s , f is s u re s  o r  o th e r  c a v itie s  

in soils o r  ro c k  s tra ta  (B o w e n , 1 9 8 1 ). G ro u tin g  f lu id  w ill s o lid ify  o v e r  t im e  by  

physico -chem ica l a c tio n  a n d  in te ra c tio n  w ith  p o re s ,  th e re b y  in c re a s in g  th e  s tre n g th  

and/or re d u c in g  th e  p e rm e a b il i ty  o f  th e  g ro u te d  m a ss  (S h ro f f  a n d  S h a h , 1 9 9 3 ). A  

num ber o f  a u th o rs  h a v e  d e m o n s tra te d  th e  im p o r ta n c e  a n d  m a n y  s p e c if ic  a p p lic a t io n s  

of grouting  (B o w e n , 1 9 8 1 ; N o n v e il le r ,  1 9 8 9 ; B ro m s , 19 9 2 ; F e ll  e t  a l., 19 9 2 ; M u n fa k h  

and W yllie , 2 0 0 0 ).

3 .3  P r o p e r t i e s  o f  G r o u t s

The p roperties  o f  g ro u ts  th a t m u s t b e  c o n s id e re d  b e fo re  a  g ro u t c a n  b e  se le c te d  fo r  a  

R outing  p ro je c t in c lu d e :

P en e tra b ility  (S o w e rs  an d  S o w e rs , 1 9 7 0 ; A n a g n o s ti ,  1985 ; M u n fa k h  an d  

W y llie , 2 0 0 0 );
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,  V i s c o s i t y  ( In d ra ra tn a ,  1 983);

,  D u ra b ili ty  ( In d ra ra tn a , 1 9 8 3 ); an d

# G ro u ta b il i ty :  e x p a n d e d  u p o n  in S e c tio n  3 .3 .1 .

3  l l  G ro u ta b ility

For g ro u tin g  tr e a tm e n t  o f  a n y  k in d  o f  so il o r  ro c k , it is  e s s e n tia l  to  s p e c ify , a s  w e ll as 

possible, th e  c o n d i t io n s  u n d e r  w h ic h  a  p a r t ic u la r  g ro u t m a te r ia l m ay  b e  e x p e c te d  to  

satisfac to rily  p e n e tra te  th e  g ro u n d  a n d  to  fill u p  th e  v o id s . T h e  g ro u ta b i l i ty  is  th e  

ability o f  a  g ro u t to  p e n e tra te  g ro u n d  fo rm a tio n s  in  o rd e r  to  se a l its  v o id s  o r  f is su re s . 

G routability  d e p e n d s  o n  a  n u m b e r  o f  fa c to rs  in c lu d in g  (i)  th e  r e la tiv e  g e o m e tr ic  

dim ensions o f  th e  v o id s  a n d  g ro u t p a r tic le s ,  (ii)  s u r fa c e  a c t io n  b e tw e e n  th e  in je c te d  

grout and th e  v o id s , a n d  ( ii)  th e  p e n e tra tio n  p ro p e r tie s  o f  th e  g ro u t ( In d ra ra tn a ,  1983).

The g ro u tab ility  o f  a  so il c a n  b e  fo u n d  f ro m  th e  g ra in -s iz e  d is tr ib u tio n  o f  a n y  so il th a t 

can be im p ro v e d  e f fe c t iv e ly  b y  a  g ro u t (A k b u lu t a n d  S a g la m e r , 2 0 0 2 ) . In  d e te rm in in g  

the g ro u tab ility  o f  a  g iv e n  fo rm a tio n  w ith  a  p a r t ic u la r  g ro u t, th e  m a x im u m  p a r tic le  

size in the  g ro u t a n d  a lso  th e  s ta b il i ty  a n d  se t t im e  o f  th e  g ro u t (L a m b e , 1 9 6 2 ) m u s t b e  

considered. F o r  th e  in je c tio n  o f  so ils , th e  g ro u ta b ili ty  ra tio  is  d e f in e d  b y :

G routability  =  P 15formali°" (3.1)

^  85 grout

W here, D | 5 =  th e  m a x im u m  g ra in  s iz e  o f  th e  s m a lle s t  15%  (b y  w e ig h t)  o f  th e  so il

sample and D 85 =  th e  m a x im u m  p a r tic le  s iz e  o f  th e  sm a lle s t  8 5 %  (b y  w e ig h t)  o f  th e  

grout.

According to  th is  e q u a tio n , if  th e  g ro u ta b i l i ty  is  la rg e r  th a n  2 5 , th e n  g ro u t c a n  b e  

successfully in je c te d  in to  th e  so il. I f  th e  g ro u ta b i l i ty  is  s m a lle r  th a n  11, th e n  g ro u t 

ann° t su ff ic ie n tly  in je c te d  in to  th e  so il (A k b u lu t  an d  S a g la m e r , 2 0 0 2 ) . A c c u ra te  

P ediction o f  th e  g ro u ta b ili ty  o f  g ra n u la r  s o ils  c a n  b e  c o m p lic a te d  d u e  to  th e  e f fe c ts  o f  

gran-size o f  th e  so il an d  c e m e n t-b a s e d  g ro u ts , th e  re la tiv e  d e n s ity  a n d  f in e

58



on ten ts o f  s o il,  th e  w a te r /c e m e n t ra tio  o f  g ro u t m ix tu re  and  g ro u tin g  p re s s u re , w h ic h  

directly  a ffe c ts  th e  g ro u ta b ili ty  o f  so il m e d ia  (A k b u lu t and  S a g la m e r , 2 0 0 2 ).

3  4  R e q u i r e m e n t s  f o r  G r o u t s

The f a c t o r s  in f lu e n c in g  th e  a b o v e  g ro u t  p ro p e r tie s  in c lu d e :

,  F l u i d i t y  (S h ro f f  a n d  S h a r , 1 9 9 3 );

.  S t r e n g t h ;

.  M i n i m u m  S h rin k a g e ;

•  O p t i m u m  p r e s s u r e s  (Isc h y  a n d  G lo s so p , 19 6 2 ; C ra ig , 1 9 8 7 ); a n d

•  G r o u t  a d m i x t u r e s .

3 .5  C o n s t i t u e n t s  a n d  U s e  o f  G r o u t  F l u i d s

3.5.1 L im e

The co m p o sitio n  o f  th e  g ro u t f lu id  u s e d  d u r in g  th is  s tu d y  is  a  m ix tu re  o f  w a te r , lim e  

and fly ash . B y  u s in g  a  s tro n g  a d m ix tu re  o f  c e m e n t o r  q u ic k lim e  in  th e  g ro u tin g  

process so il im p ro v e m e n t c a n  b e  in te n s if ie d  (v a n  Im p e , 1989). W h e n  lim e  is  a d d e d  to  

wet soil tw o  c h e m ic a l re a c tio n s  o c c u r :

1. B ase -ex c h an g e  p h e n o m e n o n : th e  h ig h  p H  o f  th e  lim e  a lte rs  th e  n a tu re  o f  th e  

adso rbed  w a te r  la y e rs  o f  th e  so il p a r t ic le s  (L a m b e , 1962 ; S in g h , 1 975).

2 . P o z z o la n ic /c e m e n tin g  a c tio n : th e  l im e  re a c ts  c h e m ic a lly  w ith  a v a ila b le  s il ic a  an d  

alum ina to  fo rm  ‘n a tu ra l c e m e n ts ’ c o m p o s e d  o f  c a lc iu m  s il ic a te  h y d ra te  an d  

ca lcium  a lu m in a te  h y d ra te  g e ls  (R o g e rs  a n d  G le n d in n in g , 1997).

As can be  seen  in F ig u re  3 .1 , th e  c a lc iu m  s il ic a te  fo rm s  an e n v e lo p in g  se a m  b e tw e e n  

the soil partic les.



CaO + CO} —> CaCOj <1

F i g u r e  3 .1 :  F o rm a tio n  o f  c a lc iu m  s il ic a te  a ro u n d  so il p a r tic le s  (v a n  Im p e , 1989)

Several p r in c ip a l c h a n g e s  o c c u r  in  th e  so il d u e  to  lim e  s ta b ilis a t io n . In  g e n e ra l:

(i) L im e  in c re a s e s  th e  s tre n g th  o f  a lm o s t all ty p e s  o f  so il (L a m b e , 1 9 6 2 ) a n d  

a lso  in c re a s e s  th e  d u ra b il i ty  o f  th e  so il (S in g h , 1 9 7 5 ).

(ii) C h a n g e s  in  th e  p la s t ic i ty  o f  th e  so il a lso  o c c u r . B e c a u s e  c la y  p a r tic le s  

f lo c c u la te  in to  la rg e r  s iz e s , th e  p la s tic  lim it in c re a se s . T h e  p la s t ic i ty  in d e x  

o f  h ig h ly  p la s t ic  so il d e c re a se s . T h e  so il b e c o m e s  m o re  f r ia b le  w ith  c la y  

c lo d s  d is in te g ra t in g  m o re  re a d ily .

(iii) T h e  s h r in k a g e  lim it  in c re a se s  an d  th e  s h r in k a g e  ra tio  d e c re a se s . 

R e s is ta n c e  to  w a te r  a b s o rp tio n , c a p illa ry  r is e  a n d  v o lu m e  c h a n g e  on  

w e ttin g  a n d  d ry in g  in c re a s e s  (S in g h , 1975).

(iv) T h e re  is  a n  in c re a s e  in  th e  o p tim u m  w a te r  c o n te n t  a n d  a  re d u c t io n  in th e  

m a x im u m  c o m p a c te d  d e n s ity .

One lim iting  fa c to r  in  th e  fo rm a tio n  o f  th is  s il ic a te  ge l is  th a t its  fo rm a tio n  is 

dependent on  s u f f ic ie n t w a te r  to  e n a b le  th e  tra n s fe r  o f  C a 2+- a n d  O H - io n s  to  th e  

surface o f th e  c la y  m a te r ia l  (v an  Im p e , 1 989). T h e  p o z z o la n ic  re a c tio n  o f  lim e  w ith  

ava'lable re ac tiv e  s i l ic a  o r  a lu m in a  c a n  o fte n  b e  im p ro v e d  w ith  th e  a d d itio n  o f  a 

Material h igh  in  re a c tiv e  s il ic a  o r  a lu m in a  su ch  as fly  ash .



3 .5 .2  F ly  a s h

p l y  ash  is  an  in d u s tr ia l w a s te  p ro d u c t c o n ta in in g  h y d ra te d  o x id e s  o f  a lu m in iu m , 

eo lite s , a n d  s il ic a  c o n s ti tu e n ts  an d  tra c e  e le m e n ts  o f  A s , S b , S e , V , P b , M o , N i, B , 

£ n  C d , C r  a n d  C u . T h e  le a c h a b ility  o f  th e se  e le m e n ts  w h e n  m ix e d  w ith  lim e  w o u ld  

^  low  d u e  to  th e  h ig h  a lk a lin ity  o f  th e  lim e . T h e  p ro d u c t  o f  th e  p o z z o la n ic  re a c tio n  

0f  fly ash  a n d  lim e  h a s  a  c e m e n ti t io u s  a c t io n  (H ilto n , 1 975):

3 C a(O H ) 2  +  2SiC>2 3 C a O .2 S iO 2 .3 H 2O  (3 .2 )

V arious fa c to rs  in f lu e n c e  th e  fly  a sh  r e a c tio n s  in c lu d in g  te m p e ra tu re  a n d  th e  ty p e  o f  

fly ash u se d . B e fo re  c h o o s in g  th e  g ro u tin g  m a te r ia ls  o r  g ro u tin g  te c h n iq u e  to  b e  

applied  to  a  p ro b le m , it is  e s s e n tia l to  p e r fo rm  p re l im in a ry  te s t in je c tio n s . F ro m  th e se  

tests a n u m b e r  o f  c h a ra c te r is t ic s  c a n  b e  d e te rm in e d  in c lu d in g  th e  b o r in g  p o s s ib il i t ie s  

in the so il, th e  s tra t if ic a tio n s  a n d  h e te ro g e n e it ie s  p re s e n t in  th e  so il, th e  in -s itu  

p e rm eab ilities  a n d  th e  g ro u tin g  p re s s u re s  th a t g iv e  th e  b e s t  re su lts  (v a n  Im p e , 1 989).

3 .6  T h e o r e t i c a l  a n a l y s i s  o f  t h e  r a d i a l  f l o w  o f  g r o u t  i n  a  s o i l

3.6.1 P la n e  o f  W e a k n e ss  T h e o ry  

Jaeger in 1959 , u se d  th e  lin e a r  law :

T = S0 +  (3 .2 )

W h e r e :  x  =  t h e  m a g n i t u d e  o f  t h e  t a n g e n t i a l  s t r e s s  a c r o s s  t h e  p l a n e ;  S o  =  a p p r o p r i a t e  

v a lu e  o f  t h e  s h e a r  s t r e s s ;  | i  =  a p p r o p r i a t e  v a l u e  o f  t h e  c o e f f i c i e n t  o f  i n t e r n a l  f r i c t i o n  ([a  

=  ta n  0 )  a n d  a  =  n o r m a l  s t r e s s  a c r o s s  t h e  p l a n e .

In two d im e n s io n s  s u p p o se  th a t th e  m a te r ia l  h a s  a  p la n e  o f  w e a k n e s s  w h o se  n o rm a l 

makes an an g le  p  w ith  th e  g re a te s t  p r in c ip a l s tre s s ,  cxi. I t  is  a s s u m e d  th a t th e  c r ite r io n  

fo rs liP in the  p la n e  is:

' t I = So + hct  (2.16)
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In  r e f e r e n c e  t o  t h e  t h e o r y  o f  s t r e s s  i n  t w o  d i m e n s i o n s  c  a n d  x a r e  g i v e n  b y :

0  = (j 1co s20  +  a 2sin2e =  Vi (ai +  a 2) +  Vi ( o i  - a 2 )c o s 2 0  (2 .1 7 )

t  = - 1/2 (cri - cr2 ) s in 2 0  (2 .1 8 )

T h e s e  m a y  b e  p u t  i n t o  a n  a l t e r n a t i v e  f o r m :

a  = o m +  i:mc o s 2 p  (2 .1 9 )

t  =-xmsin 2 P (2 -2 0 )

W h e r e ,  c m =  m e a n  s t r e s s  a n d  xm =  m a x i m u m  s h e a r  s t r e s s .

S o  that:

<jm = 1/2 ( 0 1  +  a 2), xm =  Vi (cti - o 2) (2 .2 1 )

W r i t in g :  [i =  t a n  <|> (2 .2 2 )

W h e r e :  <j) =  a n g l e  o f  f r i c t i o n ,  a n d  u s i n g  (2 .1 9 )  a n d  (2 .2 0 )  i n  (2 .1 6 )  g i v e s :

i m{sin2p- tan<|>cos2p} =  So +  a mtan<j> (2 .2 3 )

or xm =  (CTm +  Socot(|))tan 8  (2 .2 4 )

W here: ta n 5  =  sin< |)cosec(2p  - <j>) (2 .2 5 )

A lternatively , u s in g  th e  v a lu e s  (2 .2 1 ) o f  c „ , a n d  xm (2 .2 3 )  m a y  b e  w ritte n  in  th e  fo rm : 

[sin(2p -<())- sin<()] - a 2 [s in (2 P  -<()) +  sin<()] =  2Socos(() (2 .2 6 )

Finally, (2 .2 3 ) c a n  b e  r e w r i t t e n  in  t h e  f o r m s :

° i  -  <r2 =  - — — 0 +  2 ^ c r 2___  (2 .2 7 )

( l  — / /  c o t  / ? ) s i n 2 / ?

ar|d o*| = __________ 2 S0 +  2 / /c t2__________  (2  2 8 )

( l - f c ) s i n ( 2 / ? - ^ ) c o s e c ^ - ( l  +  / : )
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W here: k =  o 2 /  c ,  (2 .2 9 )

3 <5 2  A llow ab le  in je c tio n  p r e s s u r e s

E stab lish m en t o f  a l lo w a b le  in je c tio n  p re s s u re s  c a n  b e  b a se d  o n  h y d ra u lic  f ra c tu re  

tests and th e o ry . H y d ra u lic  f ra c tu re  te s ts  in v o lv e  th e  in je c tio n  o f  w a te r  in to  th e  

ground at in c re a s in g  p re s s u re s  (g e n e ra l ly  fo r  ro c k  an d  s t i f f  c la y ) , a n d  a t th e  f ra c tu re  

pressure th e  f lo w  ra te  w ill ra p id ly  a c c e le ra te . T h e  o p tim u m  in je c tio n  p re s s u re  m u s t 

be that p re s su re  w h ic h  w o u ld  m a in ta in  an  a c c e p ta b le  g ro u t f lo w  a t th e  sa m e  tim e  

w ithout c a u s in g  h y d ra u lic  f ra c tu re .

Theory

For iso trop ic  h o m o g e n e o u s  s o ils  b y  a s s u m in g  th e  M o h r-C o u lo m b  fa ilu re  c r i te r io n  in 

terms o f  e ffe c tiv e  s tre n g th  p a ra m e te rs ,  th e  e x c e s s  in je c tio n  p re s s u re  is  g iv e n  by :

^  =  feft-frftw X l +  g )  _  ( f l - j k h J f o - K )  +  c ,c o t  q  ( 2  3 0 )

2  2 s i n ^

(i.e. <t, being  th e  v e r tic a l e f fe c t iv e  s tre s s ;  k  =  <r3 /c r, < 1  

for iso tropic m a te ria l.

Hence n eg lec tin g  fr ic tio n  lo s se s , th e  m a x im u m  in je c tio n  p re s s u re  is  g iv e n  by :

Pmax =  P e +  ywh w (2 .3 1 )

W here, y =  b u lk  d e n s ity  o f  m a te r ia l c o n s id e re d ;  h =  h e ig h t o f  m a te r ia l a b o v e  th e  le v e l 

° f  consideration ; h w =  p ie z o m e tr ic  le v e l o f  th e  g ro u n d  w a te r  a b o v e  th e  le v e l u n d e r  

consideration; K  =  p r in c ip a l s tre s s  ra tio  ( le s s  th a n  o r  e q u a l to  o n e )  a n d  y w =  b u lk  

density o f w ater.

I f  cr ’
|  1 ls h o rizo n ta l, th e n  re p la c e  th e  te rm  (1 - K ) b y  ( K - l ) .
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por a n iso tro p ic  c o n d i t io n s ,  c o m b in in g  th e  M o h r-C o u lo m b  c r ite r io n  a n d  J a e g e r ’s 

single p la n e  o f  w e a k n e s s  th e o ry  g iv e s :

5 ^  =  1 + — c o t (2 .3 2 )

p  r*1

Pmax = Y^ +  c ’cot(t) (2 -3 3 )

W here: Pmax =  m a x im u m  a llo w a b le  in je c tio n  p re s su re

3.6.3 R a d ia l ( la te r a l)  f l o w  f r o m  a n  in je c tio n  b o re h o le

In 1938, M a a g  p ro p o s e d  th e  f ir s t  th e o ry  o f  a llu v ia l in je c tio n  b y  ta k in g  in to  

consideration  p u m p  p re s s u re ,  d e n s ity  a n d  v isc o s ity  o f  g ro u t, ra te  o f  in je c tio n , 

perm eab ility  o f  th e  g ro u n d  a n d  th e  g e o m e try  o f  f lo w . M a a g ’s e x p re s s io n  fo r  a l lu v iu m  

is based on  th e  fo l lo w in g  a s s u m p tio n s :

1. Is o tro p ic  h o m o g e n e o u s  so il ( s a m e  p e rm e a b ility  in  all d ire c t io n s ) ;

2. T h e  g ro u t  is  a  N e w to n ia n  f lu id ;

3. A  s te a d y  s ta te  o f  f lo w  s h o u ld  e x is t;  an d

4. A  s p h e r ic a l f lo w  is  a s su m e d ; i f  th e  in je c tio n  is  d o n e  w ith  an  o p e n -e n d e d  

p ip e  w h o se  ra d iu s  is  v e ry  sm a ll c o m p a re d  to  th e  d e p th  o f  th e  in je c tio n  p ip e  

b e lo w  th e  g ro u n d w a te r  le v e l a n d  a b o v e  th e  im p e rm e a b le  b a rr ie r .

M aag’s fo rm u la  c a n  b e  w r itte n as:

t -  <xn 

3khn
k - r , 1] (2 .3 4 )

Where, R  = raciju s  0 f  t ^ e  g ro u t f ro n t a f te r  tim e , f; ro =  th e  ra d iu s  o f  th e  in je c tio n  

P Pe (sphere o f  o r ig in ) ; n  =  th e  p o ro s ity  o f  th e  so il; k  =  th e  p e rm e a b il i ty  o f  th e  so il; a  

he ratio o f  th e  v is c o s ity  o f  th e  g ro u t to  th a t o f  w a te r  a n d  h  = th e  p ie z o m e tr ic  h e a d  in
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he g r ° u t P ’Pe  w ^ 'c h can  b e  re la te d  to  th e  p u m p in g  p re s s u re  a n d  to  th e  d e n s ity  o f  th e

H ow ever, th e se  s im p le  c o n d itio n s  a re  n e v e r  r e a l is e d  in  p ra c t ic e  b e c a u se  th e  f lo w  

hydrau lics a re  c o m p le x  a n d  th e  v is c o s ity  a n d  rh e o lo g ic a l c o n s is te n c y  o f  g ro u ts  m a y

Iter w ith  tim e . T h e s e  fo rm u la e  a re  a lso  lim ite d  to  a  s i tu a tio n  w h e re  th e  g ro u t f ro n t  is  

far fro m  th e  in je c tio n  p o in t. N o n e th e le s s , th e  s tu d y  o f  M a a g ’s s im p le  e x p re s s io n  is  

valuab le s in c e  it g iv e s  a  c le a r  in d ic a tio n  o f  th e  p ro g re s s  o f  an  in je c te d  g ro u t.

M ore c o m p le x  e x p re s s io n s  fo r  sp h e r ic a lly  ra d ia t in g  d is p la c e m e n t f lo w  h a v e  b e e n  

given by  R a ff le  a n d  G re e n w o o d  (1 9 6 1 )  b a se d  o n  th e  ‘tw o -f lu id  f o rm u la ’ o f  M u sk a t 

for in filtra tio n  o f  o il w e lls . T h e  th e o re m  is  b a s e d  o n  th e  fo llo w in g  a s su m p tio n s :

1 . S o il is  h o m o g e n e o u s  a n d  is o tro p ic ;

2. F o r th e  p u rp o s e  o f  c a lc u la tio n s , re p la c e  c y l in d r ic a l in je c tio n  so u rc e  (b o re h o le )  

by  a  sp h e r ic a l so u rc e  ( ra d iu s  a )  o f  id e n tic a l  s u r fa c e  a re a ;

3. D a rc y ’s L a w  is  a p p lic a b le ; an d

4. N e g le c t th e  e f fe c ts  o f  g ra v ity .

If the g ro u t h a s  re a c h e d  a  ra d iu s  R  a t t im e  t, th e  v o lu m e  f lo w  ra te  Q  is  re la te d  to  th e  

hydraulic h ead  h  a t  th e  so u rc e  o f  ra d iu s  r  b y  (R a f f le  a n d  G re e n w o o d , 1961):

(2 .3 5 )

W here, a  = ra tio  o f  g ro u t v isc o s ity  to  th a t  o f  s u r ro u n d in g  g ro u n d w a te r ;  e = v o id  ra tio  

of the soil; k  =  p e rm e a b il i ty  o f  th e  so il;  h  = h y d ra u lic  in je c tio n  h e a d  a t th e  so u rc e  o f  

radius a; Q  =  f lo w  ra te  a n d  R  =  th e  ra d iu s  w h ic h  th e  g ro u t h a s  re a c h e d  a f te r  t im e  t.

Th
e rate ° f  m o v e m e n t o f  th e  in te r fa c e  b e tw e e n  th e  g ro u t a n d  th e  so il is  g iv e n  by :

(2.36)
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I f  t h e  v o i d  r a t i o  o f  t h e  s o i l  i s  e, t h e  t i m e  f o r  g r o u t  t o  r e a c h  a  r a d i u s  R  i s  g i v e n  b y :

t =

er

kh

a

J
a - l

(2 .3 7 )

This tim e t h as  its  u p p e r  lim it a t  th e  b in d in g  tim e  o f  th e  in je c tio n  p ro d u c t. I f  it 

concerns an  in je c tio n  p ro d u c t  w ith  in c re a s in g  s h e a r  s tre n g th  o v e r  t im e  (B in g h a m -  

type) then  th e  g ro u tin g  p re s s u re  h is , m o re o v e r , c o u n te ra c te d  by  a  h ig h  v a r ia b le  a  -  

value an d  in c re a s in g  f r ic t io n  r e s is ta n c e  b e tw e e n  th e  liq u id  an d  th e  g ra in s  o f  th e  

skeleton (v an  Im p e , 1 9 8 9 ). T h e s e  e q u a t io n s  c a n  b e  u se d  to  e s tim a te  th e  re q u ire d  

hydraulic h e a d  o r  th e  f lo w  ra te  o f  th e  g ro u t k n o w in g  th e  re la tio n sh ip  b e tw e e n  t a n d  R  

for given so il an d  g ro u t p a ra m e te rs .

Rearrang ing (by  th e  a u th o r)  (2 .3 5 )  fo r  R \

h =
Q

4 nk
a

' 1 _ _ 0  

r  R

1
H----

R

Therefore, R  =
1 - a

4  7ikh a  

r

(2 .3 8

Q

Also rea rran g in g  (b y  th e  a u th o r)  f o r  Q :

4 nk
' I 1 “

a +  —
_ <r R ,

R .

Therefore Q = ^ n k h

f i  0
r

a -------- H----
. \ r  R J R

(2 .3 9 )

° ns'd ering  th e  ra d iu s  o f  th e  b o re h o le ,  Ro, th e  fo llo w in g  e q u a t io n s  d e s c r ib e  

nZ°ntal (rad ia l) f lo w  fro m  a  se c tio n  o f  a  b o re h o le :
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= i n —  (2 .4 0 )

P' " 2 rnnkMw

W here: pe =  e x c e s s  p re s s u re  n e c e s s a ry  to  m a in ta in  f lo w  ra te  o f  g ro u t (Q ); R  =  ra d iu s  

grout has re a c h e d  f ro m  th e  in je c tio n  p o in t ;  Ro =  ra d iu s  o f  th e  b o re h o le ;  m  =  th ic k n e s s  

0f  grout la y e r ; y  = b u lk  u n it  w e ig h t o f  g ro u t; k  =  p e rm e a b il i ty  o f  th e  so il to  w a te r ; ^  =  

viscosity o f  g ro u t a n d  =  v is c o s ity  o f  w a te r .

These e q u a tio n s  a re  a n a lo g o u s  to  th o s e  re la tin g  to  a  s in g le  w e ll fu lly  p e n e tra tin g  a  

c o n f in e d  a q u ife r . T h i s  c a s e  re p re s e n ts  re c h a rg e  ra th e r  th a n  d ra w  d o w n , w h ic h  a lso  

has the a d d e d  b e n e f i t  o f  c re a tin g  a  p e rc h e d  w a te r  ta b le  a b o v e  th e  l im e  b a r r ie r .  D u r in g  

recharge th e  p re s s u re  p (R )  o f  th e  g ro u t d im in is h e s  w ith  d is ta n c e  R  f ro m  th e  b o re h o le  

according to  th e  e q u a tio n :

_ Q rr*  i - R
P (R ) = P ' - - — :— l n —

2 n m k ^ i Rq

The ab o v e  m o d e l is  b a s e d  o n  th e  p re m is e  th a t th e  g ro u tin g  p re s s u re  a t th e  b a s e  o f  th e  

injection tu b e  s h o u ld  ju s t  e x c e e d  th e  h y d ra u lic  f ra c tu r in g  p re s s u re  o f  th e  c la y , in  o rd e r  

to crea te  a la te ra l te n s i le  p la n e . T h e  fa c to rs  a f fe c t in g  th e  h y d ra u lic  f ra c tu re  w ill b e  

determ ined th ro u g h  la rg e -sc a le  la b o ra to ry  s im u la tio n s  a n d  fu r th e r  f ie ld  tr ia ls .

M oreover, th e  fo llo w in g  s ig n if ic a n t p o in ts  o f  th e  m o d e l s h o u ld  b e  n o te d :

(i) T h e  tim e  re q u ire d  fo r  g ro u t to  re a c h  a  g iv e n  d is ta n c e  in  th e  so il d e p e n d s  on  

th e  g ro u tin g  ra te  Q ;

(ii) T h e  g ro u tin g  ra te  c a n  b e  in c re a s e d  by  in c re a s in g  th e  p re s s u re  o f  g ro u tin g  

o r  b y  u s in g  a  lo w e r  v is c o s i ty  g ro u t (i.e . in c re a s in g  w a te r  to  l im e  ra tio ) ; a n d

(>iO T h e  v is c o s ity  a n d  se tt in g  tim e  o f  th e  g ro u t m u s t b e  c o n tro l le d  su c h  th a t 

su f f ic ie n t t im e  is  a v a i la b le  fo r  th e  g ro u t to  p e rm e a te  th e  re q u ire d  la te ra l 

e x te n t w ith in  th e  so il s tra tu m . T h is  d ic ta te s  th e  d e s ig n  o f  in je c tio n  h o le  

sp ac in g .
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3 7  I m p l i c a t i o n s  f o r  t h e  c u r r e n t  r e s e a r c h

As p re v io u s ly  m e n tio n e d  a th o ro u g h  u n d e rs ta n d in g  o f  th e  b a c k g ro u n d  in fo rm a tio n  

regarding th e  p ro c e s s e s  fu n d a m e n ta l to  th e  f ie ld  in v e s t ig a tio n s  o f  th e  lim e -f ly  ash  

barrier is  im p o rta n t. A  re v ie w  o f  p re v io u s  re se a rc h  in to  g ro u tin g  a n d  th e  u s e  o f  lim e  

and fl y ash *n slurry inj e c tio n  sy s te m s  w e re  n e c e ssa ry  fo r  d e te rm in in g  th e  a p p ro p r ia te  

injection m e th o d s  a n d  g ro u t ra tio s  to  e m p lo y  in  th is  c u r re n t s tu d y . T h i s  w ill b e  

expanded u p o n  o n  C h a p te r  F iv e .
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C h a p t e r  S t u d y  S i t e  I n f o r m a t i o n  a n d  M o n i t o r i n g  D e t a i l s  

4 .1  I n t r o d u c t i o n

The field  stucty  s *te  anc* th e  m o n ito r in g  e q u ip m e n t u se d  to  in v e s t ig a te  th e  p h y s ic a l an d  

chem ical a t tr ib u te s  o f  b o th  th e  g ro u n d  a n d  d ra in  w a te r  a re  d e sc r ib e d  in  d e ta il  in  th is  

chapter. A  s tu d y  s ite  w a s  s e le c te d  to  tr ia l a n d  a s se s s  th e  in s ta lla tio n  o f  a  l im e -f ly  ash  

barrier a d ja c e n t to  an  a c id  su lp h a te  so il d ra in . T h e  s tu d y  s ite  is  su ita b le  fo r  th is  

p u r p o s e  d u e  to  fo u r  m a jo r  a t tr ib u te s , n a m e ly :

1 . T he s ite  is  u n d e r la in  b y  A c id  S u lp h a te  S o ils ;

2. A c c e ss ib ility  to  th e  s ite  is  e a sy  in  re g a rd s  to  th e  tra n s p o r ta tio n  o f  g ro u tin g  

e q u ip m e n t;

3. T he p y r ite  la y e r  is  re la tiv e ly  c lo se  to  th e  g ro u n d  su r fa c e  (1 .2 m  b e lo w  g ro u n d  

su rface); a n d

4. T he s ite  h a s  a  n e tw o rk  o f  a r tif ic ia l  d ra in a g e  th a t  h as  lo w e re d  th e  g ro u n d w a te r  

tab le  b e lo w  th e  e le v a tio n  o f  th e  a c id  s u lp h a te  so il la y e r  c a u s in g  a c id ic  so il, 

g ro u n d w a te r  a n d  d ra in  w a te r  c o n d itio n s .

The ex ac t lo c a tio n  o f  th e  s tu d y  s ite  w ith in  th e  S h o a lh a v e n  C a tc h m e n t is  d e s c r ib e d  in  

the first s e c tio n  o f  th is  C h a p te r , a lo n g  w ith  th e  g e o m o rp h o lo g y  o f  th e  c a tc h m e n t an d  

the natu re  o f  th e  d ra in a g e  s c h e m e  a t th e  s ite . T h e  s e c o n d  se c tio n  o f  th is  C h a p te r  

describes th e  e q u ip m e n t in s ta lle d  a t th e  s ite  a n d  th e  m o n ito r in g  re g im e  u n d e r ta k e n  to  

test rou tine  g ro u n d w a te r  an d  d ra in  w a te r  p a ra m e te rs .  T h is  in c lu d e s  th e  c o n s tru c tio n , 

location an d  in s ta lla tio n  o f  o b s e rv a tio n  h o le s  an d  p ie z o m e te rs ;  ro u tin e  p H , e le c tr ic a l  

conductiv ity , te m p e ra tu re ,  g ro u n d w a te r  ta b le  h e ig h t;  a n d  th e  c o lle c t io n  o f  w a te r  

sam ples fo r  la b o ra to ry  a n a ly s is .

The b ase lin e  c h e m ic a l,  p h y s ic a l a n d  m o rp h o lo g ic a l p ro p e r t ie s  o f  th e  so il a t  th e  L im e -  

fly ash b a rr ie r  s ite  a re  d e sc r ib e d  in  th e  th ird  s e c tio n  o f  th is  C h a p te r . T h e  c lim a tic  

cond itions o f  th e  a re a  o b ta in e d  o v e r  th e  e n tire  s tu d y  p e r io d  a re  d e sc r ib e d  in  th e  fo u r th  

and final se c tio n  o f  th is  C h a p te r .
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4  2 S tu d y  S ite  L o c a t io n

The stu dy  s ite  is  a  sm all su b -c a tc h m e n t o f  a p p ro x im a te ly  120ha th a t h as  b een  d ra in e d  

for ag ricu ltu ra l an d  flo o d  m itig a tio n  p u rp o se s . T h e  s ite  is a d ja c e n t to  th e  to w n sh ip  o f  

Berry (34°S , 150°E ) on  th e  S o u th  C o a s t o f  N ew  S o u th  W ales , A u stra lia . A  n e tw o rk  o f  

drains w as c o n s tru c te d  a c ro ss  the  s ite  in the  la te  1960s. T h e  d ra in s  d isc h a rg e  in to  

Broughton C re e k , a  le ft b a n k  trib u ta ry  o f  th e  S h o a lh a v e n  R iv e r. T h e  lo c a tio n  o f  the 

study site , k n o w n  as th e  L o rd  d ra in  a rea , is lo c a ted  e a s t o f  B ro u g h to n  C re e k , in  the 

northern en d  o f  th e  h o tsp o t a rea  n ea r B erry . L an d  n e a r  the  n o rth  d ra in  ra n g e s  in 

elevation fro m  0 .6 m  A H D  u p  to  2m  o r  m o re  on  th e  lev ee  b ank . T h e  to p  o f  the 

sulphidic la y e r g e n e ra lly  o c c u rs  b e lo w  - 0 .5 m  A H D  (to p  o f  the  la y e r  ra n g in g  fro m  -  

0.1 to - 0 .6 5 m  A H D ) i.e . ab o u t 120 to  150cm  b e lo w  the  so il su rface  in the  lo w est 

areas. T he s tu d y  s ite  is  ty p ica l o f  co as ta l f lo o d p la in s  in N ew  S o u th  W a le s  w ith  the 

m axim um  e le v a tio n  o f  1.14 m  A u stra lia n  H e ig h t D a tu m  (A H D ) an d  th e  lo w est 

elevation less  th an  0 .8 2  m  A H D .

A location m ap  o f  th e  lim e-fly  ash  b a rrie r  s tu d y  site , a lo n g  w ith  the  o th e r  s ites 

investigated in th is  s tu d y  is  sh o w n  in F ig u re  4.1 an d  a p h o to g ra p h  o f  the  lim e-fly  ash  

barrier stu dy  s ite  is  sh o w n  in P la te  4 .1 .
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P la te  4 .1 : P h o to  o f  the  s tu d y  site .

4.2.1 G eo lo g y  a n d  G eo m o rp h o lo g y

The S h o a lh av en  R iv e r  is  lo c a ted  160km  so u th  o f  S y d n ey  on  the  te c h n ic a l ly  s tab le  

south co ast o f  N ew  S o u th  W ales . T h e  r iv e r  d ra in s  a  c a tc h m e n t o f  9 2 6 0 k m  an d  in  its 

lower reac h es  in c ise s  in to  P e rm o -T r ia ss ic  sa n d s to n e  and  s ilts to n es  o f  th e  S y d n ey  

Basin (U m itsu  e t a l.,  2 0 0 1 ). F ig u re  4 .2  illu s tra te s  th e  la n d fo rm s  o f  th e  S h o a lh a v e n  

River flo o d p la in . T h e  lo w er S h o a lh a v e n  R iv e r  c a tc h m e n t (B ro u g h to n  C re e k  

catchm ent) is  c o m p rise d  o f  low  h ill s lo p es , a  co as ta l san d  b a rr ie r  and  co asta l 

floodplains. M o u n t C o o la n g a tta , r is in g  to  o v e r  3 0 0 m , c o n tro ls  th e  ro u te  o f  B ro u g h to n  

Creek. T o  the  e a s t, a  la te  Q u a te rn a ry  san d  b a rrie r  se p a ra te s  the  f lo o d p la in  fro m  the  

Pacific O cean . B o th  th e  S h o a lh a v e n  R iv e r  an d  B ro u g h to n  C re e k  a re  h ig h ly  

channelised  an d  are  c o n s id e re d  to  h av e  a lm o st c o m p le te ly  in fille d  th e  p re -e x is tin g  

estuarine e m b a y m e n t (R o y , 1984). T h e  e x te n s iv e  e s tu a rin e  a llu v ia l f lo o d p la in  

extends on  b o th  th e  n o rth e rn  an d  so u th e rn  s id es  o f  the  S h o a lh a v e n  R iv e r. B erry  

Siltstone an d  N o w ra  S a n d s to n e  u n d e rlie  th e  u n c o n so lid a te d  se d im e n ts  o f  the  

floodplain. T h is  f lo o d p la in  cu rre n tly  su p p o rts  p a s tu re la n d  fo r  m a in ly  d a iry  fa rm in g .

^  has b een  su g g e s te d  by  R oy  (1 9 9 4 ) th a t th e  fo rm a tio n  o f  su lp h id ic  se d im e n ts  in  the  

northern S h o a lh a v e n  w as  ty p ica l o f  p ro c e sse s  a s so c ia te d  w ith  in fillin g  o f  a  b a rr ie r  

estuary. T h e  in fillin g  o f  th e  S h o a lh a v e n  R iv e r  v a lley  c o m m e n c e d  ab o u t 12000 y ea rs
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R ad io carb o n  d a t in g  o f  u n o x id is e d  e s tu a r in e  se d im e n ts  an d  sh e ll c o l le c te d  in  th e se  

sed im ents  (a g e s  4 2 8 0 + 1 1 0  a n d  3 8 0 0 1 1 1 0  y e a rs  B P  re s p e c tiv e ly )  s u g g e s te d  th a t th e  

elevated s e a  le v e ls  m ig h t h a v e  o c c u r re d  u p  to  4 0 0 0  y e a rs  a g o  (W ille t t  a n d  W a lk e r , 

1982' W o o d ro f fe  e t  a l., 2 0 0 0 ) . T h e  fo rm a tio n  o f  le v e e s  se rv e d  to  im p o u n d  a  se r ie s  o f  

low -ly in g  f lo o d  b a s in s  w ith  in itia l in f i l l in g  o c c u r r in g  a ro u n d  th e  m a rg in s . A s  o c e a n  

heights re c e d e d  a n d  s ta b ilis e d  to  c u r re n t  le v e ls , p y r ite  fo rm a tio n  c e a s e d  a n d  

freshw ater a l lu v ia l  p ro c e s s e s  d o m in a te d .

Roy (1 9 8 4 ) d e s c r ib e d  th e  e v o lu tio n  o f  th e  lo w e r  S h o a lh a v e n  R iv e r  a s  b e lo n g in g  to  th e  

“barrie r e s tu a ry ”  s y s te m . A c c o rd in g  to  R o y  (1 9 8 4 ) , in  e a r ly  s ta g e s  o f  d e v e lo p m e n t ,  

the sh o re lin e s  o f  b a r r ie r  e s tu a r ie s  a re  o f te n  ro c k y  a n d  h ig h ly  i r re g u la r  (F ig u re  4 .3 a ) . 

Estuary in f i l l in g  c re a te s  s in u o u s  c h a n n e ls  w ith  sm o o th  le v e l b a n k s  (F ig u re  4 .3 b ) ,  

which p ro m o te  th e  a t te n u a tio n  o f  tid e s  a n d  e n h a n c e s  m ix in g  w ith  th e  w a te r  c o lu m n . 

B roughton  C re e k  h a s  a  s ig n if ic a n t tid a l ra n g e  w ith  P e a s e  (1 9 9 4 )  o b s e rv in g  tid a l 

fluctuations u p  to  0 .7 5  m  a t a  lo c a tio n  11 .5  k m 's  f ro m  th e  m o u th  o f  th e  S h o a lh a v e n  

River. T h e se  s h o re l in e s  d e v e lo p  in to  lo b a te  d e lta s  w ith  b ifu rc a t in g  d is tr ib u ta ry  

channels, sh o a l g ro u n d s  a n d  e m b a y m e n ts  (F ig u re  4 .3 c ) . T h e  f in a l s ta g e s  o f  in f i l l in g  

are c h a ra c te rise d  b y  s in u o u s  c h a n n e ls  w ith  s m o o th  le v e e  b a n k s  (F ig u re  4 .3 d ). T h e s e  

final s tag es  a re  ty p ic a l in  th e  lo w e r  S h o a lh a v e n  f lo o d p la in .

It has b een  s u g g e s te d  th a t th e  s e d im e n ta t io n  in  th e  S h o a lh a v e n  b a r r ie r  e s tu a ry  

occurred a t a p p ro x im a te ly  5 m m /y e a r  to  fo rm  a n  e x te n s iv e  ‘m u d  b a s in ’ u p  to  3 0 m  

thick (R oy , 1 984). In la n d , th e se  m u d s  in te r la y e r  w ith  t id a l s a n d  d e p o s its  w ith in  th e  

nver m outh . H o w e v e r ,  s in c e  th e  S h o a lh a v e n  b a r r ie r  e s tu a ry  is  a t a  m a tu re  s ta g e  o f  

developm ent in f i l l in g  h a s  c e a se d  a n d  r iv e r  s a n d  is  b e in g  e x p o r te d  f ro m  th e  sy s te m  a n d  

ls accre ting  on  S e v e n  M ile  B e a c h . A  d ia g ra m  o f  th e  s tra t ig ra p h y  o f  th e  S h o a lh a v e n  

River c a tc h m e n t is  sh o w n  in  F ig u re  4 .4 .

The fo rm atio n  o f  a c id  s u lp h a te  s o ils  w ith in  th e  B ro u g h to n  C re e k  c a tc h m e n t is  

attributed to  th e  g e o m o rp h o lo g ic  e v o lu tio n  o f  th e  S h o a lh a v e n  e s tu a ry . A S S  r is k  m a p s  

Produced b y  th e  N S W  D e p a r tm e n t o f  L a n d  a n d  W a te r  C o n s e rv a tio n  (n o w  th e  

Partm ent o f  In f ra s tru c tu re ,  P la n n in g  a n d  N a tu ra l R e s o u rc e s )  a n d  d e s c r ib e d  b y
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jsfaylor e t  a l- (1 9 9 5 )  sh o w  th a t a p p ro x im a te ly  2 5 0 0  h a  o f  la n d  w ith  a  h ig h  r isk  o f  

o ccu rren c e  o f  a c id  su lp h a te  s o ils  a re  fo u n d  w ith in  th e  B ro u g h to n  C re e k  f lo o d p la in . 

The d is tr ib u tio n  a n d  lo c a tio n  o f  A S S  in  th e  B ro u g h to n  C re e k  H o ts p o t a re a  a re  sh o w n  

in F ig u re  4 .5 .

2 .  B A R R I E R  E S T U A R Y

F ig u r e  4 .3 : E v o lu tio n  o f  th e  lo w e r  S h o a lh a v e n  f lo o d p la in  (R o y , 1 9 8 4 )
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S H O A L H A V E N  R t V E R  D E L T A

DELTAIC FLOOD PLAIN  /  INFILLED MUD BASIN  

I V / ]  RIVEH DELTA ANO CHANNEL SAND, MUDDY SAND  

MUD BASIN (PRODELTA) MUD. SANDY MUO  

TIDAL DELTA /  BACKBARRIER SAND, MUDDY SANO  

BEDROCK MARGIN  f T T v l  BARRIER SAND (NEARSHORE, BEACH. D U N E )

%  OF EMBAYMENT  i ° o 0 o ° ]  PLEISTOCENE BARRIER SAND

F ig u re  4 .4 : G e o m o rp h o lo g y  o f  th e  S h o a lh a v e n  R iv e r  C a tc h m e n t (R o y , 1 9 8 4 )

L e g e n d :

F ig u r e  4 .5 :  L o c a tio n  a n d  d is tr ib u tio n  o f  A c id  S u lp h a te  S o ils

4 2 .2  Shoa lh a ven  F lo o d  M it ig a t io n  S y s te m

Artificial d ra in a g e  s ta r te d  in  th e  S h o a lh a v e n  f lo o d p la in  in  1 8 2 0  w h e n  a  sm a ll n u m b e r  

° f  shallow  d ra in s  w e re  e x c a v a te d  n e a r  M t C o o la n g a tta  (B a y le y , 1 9 7 5 ). T h e  f i r s t  fo rm  

° f  m ajor a rtif ic ia l d ra in a g e  in  th e  lo w e r  S h o a lh a v e n  w as  th e  c o n s tru c t io n  o f  B e r r y ’s 

canal in 1840, w h ic h  a l lo w e d  n a v ig a tio n  b e tw e e n  th e  S h o a lh a v e n  a n d  C ro o k h a v e n  

ivefs. F lo o d w a te rs  in  1 8 6 0  a n d  1 8 7 0  w e re  o b se rv e d  to  re c e d e  m o re  ra p id ly  th a n  

Pn ° r  to c o n s tru c tio n  o f  th e  c a n a l (B a y le y , 1 975). T h is  s u g g e s ts  th a t th e  c o n s tru c t io n
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f  B erry ’s cana l w as  th e  f irs t cau se  o f  th e  lo w e rin g  o f  the  w a te rta b le  in th e  lo w er 

Shoalhaven, p o ss ib ly  in d u c in g  p y rite  o x id a tio n  in  n ea rb y  ac id  su lp h a te  so ils .

A ‘tenant fa rm in g  p o lic y ’ a llo c a te d  tw e n ty  ac re  p lo ts  re n t free  on  the  c o n d itio n  tha t 

they w ere c lea red , fe n c e d  an d  d ra in e d  by  th e  e n d  o f  the  tw o  to  fiv e  y e a r  leav e  

(Bayley. 1975). B y 1850 d a iry  fa rm in g  h ad  b e c o m e  e s ta b lish e d  as  the  p rim ary  

industry o f  the  S h o a lh a v e n  re g io n . T h e  in tro d u c tio n  o f  P a sp a lu m  p a s tu re  fo r  ca ttle  

feed during  the 1890s w as  fo u n d  to  s ig n if ic a n tly  in c re a se  m ilk  an d  c re a m  p ro d u c tio n  

therefore a d d itio n a l f la t la n d  w as so u g h t th e re a fte r . B y  1901, 3 2 k m 2 o f  f lo o d p la in  

surrounding B ro u g h to n  C re e k  h ad  b een  d ra in e d  w ith  2 1 0  km  o f  d ra in s  fitte d  w ith  

floodgates and  w a lls  (B lu n d e n , 2 0 0 0 ). Im p ro v e d  d ra in a g e  had  lo w e re d  the  

groundw ater tab le , c o n se q u e n tly  p ro m o tin g  p y rite  o x id a tio n  an d  ac id  p ro d u c tio n . T h e  

present d ra in ag e  n e tw o rk  on  th e  B ro u g h to n  C re e k  flo o d p la in  w as in p la c e  by 1949. 

During 1965-72 all o f  th e  e x is tin g  d ra in s  w e re  d e e p e n e d  and  w id e n e d  in a c c o rd a n c e  

with g overnm en t flo o d  m itig a tio n  p o lic ie s  an d  fu n d in g  a rra n g e m e n ts  o f  the  day . 

Drain inverts w ere  se t a t - 4  ft K A Z I d a tu m  (2 0  cm  b e lo w  A u stra lia n  H e ig h t d a tu m ). 

All floodgate s tru c tu re s  w ere  u p g ra d e d  a n d  e x p a n d e d  d u rin g  1965-72 . T h e  flo o d  

mitigation d ra in  lo c a te d  a t th e  s tu d y  s ite  is  sh o w n  in P la te s  4 .2  an d  4 .3 .

P la t e  4 .2 :  F lo o d  m itig a tio n  d ra in  a t th e  lim e -fly  ash  b a rrie r  s tu d y  s ite  lo o k in g  

d o w n stre a m . D ra in  w id th  is a p p ro x im a te ly  5m
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P la te  4 .3 : F lo o d  m itig a tio n  d ra in  a t th e  lim e -fly  ash  b a rr ie r  s tu d y  s ite  lo o k in g  

u p stream . N o te  c lo se  p ro x im ity  o f  s tu d y  s ite  to  C o o la n g a tta  R o ad .

Floodgates in s ta lle d  a c ro ss  B ro u g h to n  C re e k  ra n g e  in  s ize  an d  ca p a c ity . F lo w ev er, 

most consis t o f  a  b a tte ry  o f  1-4 c o n c re te  c u lv e rts  (2 m  x 2 m ) w ith  v e r tic a lly  su sp e n d e d  

steel plates o p e ra tin g  to  co n tro l the  e n tra n c e  o f  sa ltw a te r  fro m  th e  C re e k  in to  the 

drains. T he f lo o d g a te s  a re  lin ed  w ith  a  ru b b e r  sea l b e tw ee n  th e  s tee l p la te  an d  the  

concrete, so as to  m in im ise  leak ag e . H o w e v er, f lo o d g a te s  o ften  leak  d u e  to  o b je c ts  

being stuck  b e tw ee n  th e  g a te  and  the  c u lv e r t w all h o ld in g  th e  g a te  o p e n , o r  p o o r  

sealing o f the g a te  d u e  to  the  ru b b e r  seal p e r ish in g  o r  th e  stee l g a te  w a rp in g  (B lu n d e n , 

2000). Pease (1 9 9 5 ) an d  B lu n d en  (2 0 0 0 ) n o te d  m in o r le ak ag e  u p s tre a m  o f  the  

floodgate w hen d e b ris  b e c a m e  ja m m e d  b e tw e e n  th e  f lo o d g a te  an d  th e  c u lv e r t w all and  

when the ru b b er seal d e te rio ra te d .

A number o f  o th e r  f lo o d g a te  s ty le s  h av e  b een  in s ta lle d  in th e  B ro u g h to n  C re e k  

catchment. T h ese  are  h o w e v e r  sm all s tru c tu re s  b u ilt on  m o le  d ra in s  (i.e . c irc u la r  g a tes  

C ached  to u n d e rg ro u n d  p ip e s) and  fu n c tio n  on  th e  sa m e  p r in c ip le  as  th e  la rg e r ga tes. 

A selection o f  flo o d g a te s  m o n ito red  in  th is  s tu d y  in c lu d in g  th e  f lo o d g a te  fo u n d  

aPproxim ately 858 m  d o w n s tre a m  fro m  the  lim e-fly  ash  b a rr ie r  s tu d y  s ite  is  sh o w n  in 

'ate 4.4. G en e ra lly , th e  a r tif ic ia l d ra in a g e  sy s te m  (a p p ro x im a te ly  2 3 0 k m  o f  d ra in s  

e found on 4 0 k m 2 (P e a se , 1994)) a c ro ss  th e  B ro u g h to n  C re e k  c a tc h m e n t co n ta in s  

P (~3rn) d ra in s  th a t re m o v e  su rface  an d  g ro u n d w a te r  fro m  th e  su rro u n d in g  land
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h ough  s tra ig h te n e d  a n d  c le a re d  c h a n n e ls .  G iv e n  th e  g e o m e try  o f  th e se  d ra in s  a n d  th e

n n n  o f  f lo o d g a te s ,  it w o u ld  b e  e x p e c te d  th a t  th e  h ig h  d ra in a g e  d e n s ity  w o u ld  
o p e ra te 11

j ad to  s ig n if ic a n t a n d  e x te n s iv e  g ro u n d w a te r  d ra w d o w n  (B lu n d e n , 2 0 0 0 ) . T h e  d e e p  

drains in c re a se  th e  h y d ra u lic  g ra d ie n t b e tw e e n  th e  g ro u n d w a te r  a n d  th e  d ra in , c a u s in g  

the g ro u n d w a te r  e le v a tio n  to  d e c re a se .

The c u rre n t o p e ra t io n  o f  f lo o d -g a te d  s y s te m s  a c ro s s  th e  B ro u g h to n  C re e k  c a tc h m e n t 

ensures th a t th e  e le v a tio n  o f  w a te r  in  th e  d ra in s  is  a t  a b o u t th e  lo w  tid e  le v e l 

(ap p ro x im ate ly  - 1 .0 m  A H D ). A t th e  s tu d y  s ite , lo w  tid e  le v e l is  w e ll b e lo w  th e  

elevation  o f  th e  a c id  s u lp h a te  so il la y e r . S u c h  a  lo w  d ra in  w a te r  le v e l g iv e s  r is e  to  a  

h y d r a u l ic  g ra d ie n t w h e re  th e  sh a llo w  g ro u n d w a te r  f lo w s  in to  th e  d ra in . A s  

g roundw ater d ra in a g e  o c c u rs , th e  a c id  s u lp h a te  s o i ls  b e c o m e  u n s a tu ra te d  g iv in g  r ise  

to the e n tra in m e n t o f  o x y g e n  a n d  s u b s e q u e n t  g e n e ra t io n  o f  a c id  th e re b y  c a u s in g  

env iro n m en ta l p ro b le m s .



Plate 4.4: T id a l re s tr ic tin g  f lo o d g a te  in s ta lle d  on  flo o d  m itig a tio n  d ra in  in  the  

Broughton C reek  E s tu a ry . F lo o d g a te  (a  - F G 1 ), m o d if ie d  f lo o d g a te  is  lo ca ted  

downstream  fro m  th e  L im e  In je c tio n  S ite . F lo o d g a te s  (b  - F G 2 ), (c - F G 3 ) and  (d  -  

FG4) are the o th e r  flo o d g a te s  m o n ito re d  d u rin g  th is  s tu d y

The g eo m orpho logy , so il c h a ra c te ris tic s  an d  d ra in a g e  sy stem s in th e  S h o a lh a v e n

Floodplain are  ty p ica l o f  c o as ta l f lo o d p la in s  in  N ew  S o u th  W ales  a ffe c te d  by  acid

sulphate soils. T h e  lim e-fly  ash  b a rr ie r  s ite  in v e s tig a te d  in  th is  s tu d y  c o n ta in s  a

Pyntic layer a p p ro x im a te ly  1.2 m  b e lo w  th e  g ro u n d  su rfa c e  a n d  flo o d  m itig a tio n  d ra in

(5m w ide x 2m  d e e p  x 6 0 0  m  lo n g  (to  C o o la n g a tta  R o ad ))  a d ja c e n t to  th e  site . T h is

drain con tain s a  tid a l- re s tr ic tin g  flo o d g a te , w h ich  w as  c o n v e rte d  fro m  a  o n e -w a y

fl°°dgate to a  m o d ifie d  tw o -w a y  f lo o d g a te  in  D e c e m b e r  2 0 0 3  an d  c o m m iss io n e d  in 

March 2004.
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4  3  F i e l d  e q u i p m e n t  a n d  m o n i t o r i n g

A co m p re h e n s *v e  m o n ito r in g  p ro g ra m  w a s  u n d e r ta k e n  to  in v e s t ig a te  th e  re la tio n s h ip  

betw een  g ro u n d w a te r ,  d ra in  w a te r  a n d  c re e k  w a te r  q u a lity  b e fo re  a n d  a f te r  th e  

•re ta lia tion  o f  th e  lim e -f ly  a sh  b a r r ie r .  T h e  m o n ito r in g  p ro g ra m  c o m m e n c e d  on  1 

A ugust 2 0 0 3  a f te r  th e  in s ta lla tio n  o f  o b s e rv a tio n  w e lls  a n d  p ie z o m e te rs . B a s e l in e  d a ta  

was c o lle c te d  u n til  th e  lim e -f ly  a sh  b a r r ie r  w a s  in s ta lle d  a t  th e  b e g in n in g  o f  A p ril 

2 0 0 4  P re lim in a ry  f ie ld  lim e -f ly  a sh  in je c t io n s  w e re  u n d e r ta k e n  in  N o v e m b e r  2 0 0 3  

and w ere  c o m p le te d  in  J u n e  2 0 0 4 .

F o u r  f lo o d g a te  s ite s  (F G 1 : L o rd s  D ra in  P 6 D 1 ;  F G 2 : F o rsy th  D ra in  P 6 D 2 ; F G 3 : H a rr is  

D rain P 3 D 8 ; F G 4 : S te w a r t D ra in  P 6 D 8 ), o n e  w e ir  s ite  (T i l t in g  w e ir ,  2 5 m  

dow nstream ) a n d  o n e  p ro p o s e d  w e ir  s i te  (4 0 0  m e tre s  u p s tre a m  f ro m  F G 1 )  w e re  a lso  

m onitored  fo r  w a te r  q u a lity  p a ra m e te r s  th ro u g h o u t th e  s tu d y  fo r  c o m p a r is o n  w ith  

results f ro m  th e  lim e -f ly  a sh  b a r r ie r  s ite . T h e  lo c a tio n s  o f  th e  fo u r  f lo o d g a te  s ite s  a n d  

two w eir s ite s  in  re la tio n  to  th e  l im e - f ly  a sh  b a r r ie r  s ite  a re  sh o w n  in  F ig u re  4 .6 .

4.3.1 L im e -fly  a s h  b a r r ie r  S tu d y  S ite  E le v a t io n  C h a r a c te r is t ic s  a n d  S ite  T o p o g r a p h ic  

Survey

A co m p re h e n s iv e  su rv e y  o f  th e  B ro u g h to n  C re e k  a re a  w a s  u n d e r ta k e n  to  a s se s s  th e  

topography  o f  th e  f lo o d p la in . H ig h - re s o lu tio n  a irb o rn e  la se r  su r fa c in g  (A L S ) w a s  

used by  E n v iro n m e n ta l S y s te m s  R e s e a rc h  In s ti tu te  In c  (E S R I)  A u s tra lia ,  in  

conjunction w ith  S h o a lh a v e n  C ity  C o u n c i l ,  to  d e v e lo p  d ig ita l te rra in  m a p s  a n d  d ig ita l 

elevation m a p s  (D E M ) u s in g  A rc G IS . T h e  to p o g ra p h ic a l  e le v a tio n  d a ta  w a s  re la te d  to  

A ustralian H e ig h t D a tu m  (A H D ). G ro u n d - tru th in g  w a s  c o n d u c te d  o n  f lo o d g a te s  an d  

weirs. A  d ig ita l e le v a tio n  m a p  o f  th e  B ro u g h to n  C re e k  to p o g ra p h y  is  sh o w n  in  F ig u re  

4.7.

Allen, P rice  an d  A s s o c ia te s  p re p a re d  a  d e ta i l  a n d  le v e l su rv e y  a t 1 : 1 0 0  s c a le  o f  th e  

study site. T h e  to p o g ra p h ic  e le v a tio n  d a ta  w a s  re la te d  to  th e  A u s tra lia n  H e ig h t  D a tu m  

(AHD). a  te m p o ra ry  b e n c h m a rk  a t  th e  w a te r  tro u g h  w a s  e s ta b lis h e d . F ig u re  4 .8  

shows the su rv ey  o f  th e  s tu d y  s ite .
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F ig u r e  4 .7 : D ig ita l E le v a tio n  M a p  (D E M ) o f  B ro u g h to n  C re e k  f lo o d p la in
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P la t e  4 .6 : In s ta lla tio n  o f  O b se rv a tio n  H o le s  by  th e  au th o r.

4.3.3 W ater Q u a lity  M o n ito r in g

The m e asu re m e n t o f  p H , e le c tr ic a l c o n d u c tiv ity  (m S ), te m p e ra tu re  (°C ) and  

groundw ater ta b le  e le v a tio n  w as  c o n d u c tio n  a t ea c h  site , w h e re a s  w a te r  q u a lity  

analyses fo r th e  d e te rm in a tio n  o f  A l3+, C a 2+, M g 2+ an d  F e2+ w ere  c a rr ie d  o u t a t the  

U niversity o f  W o llo n g o n g ’s E n v iro n m e n ta l E n g in e e r in g  L ab o ra to ry . W a te r  an a ly se s  

for the d e te rm in a tio n  o f  c h lo rid e  an d  su lp h a te  in  f ilte re d  sam p les  w ere  u n d e rta k e n  at 

Southern C ro ss  U n iv e rs ity ’s E n v iro n m e n ta l A n a ly s is  L a b o ra to ry . T h e  m e th o d s  are  

briefly d esc rib e d  b e lo w .

4.3.3.1 pH , E le c tr ic a l C o n d u c tiv ity , T e m p e ra tu re  a n d  g ro u n d w a te r  ta b le  e leva tio n  

A TPS A q u a  C P  M e te r  w a s  u se d  to  m e a su re  p H , as w ell as  e le c tr ic a l c o n d u c tiv ity  and  

tem perature o f  g ro u n d w a te r  on  s ite . It c o n s is ts  o f  tw o  p ro b es , w h ich  w e re  p la c e d  in to  

the g ro u n d w ate r s a m p le  an d  a h a n d -h e ld  d isp la y . It w as c a lib ra te d  b e fo re  e a c h  d ay  o f  

sam pling u s in g  s ta n d a rd  p H  an d  e le c tr ic a l c o n d u c tiv ity  b u ffe r  so lu tio n s , n am e ly  4 .0  

and 6 . 8 8  an d  2 .65  m S /c m  re sp e c tiv e ly .
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The p H ’ e le c tr ic a l c o n d u c tiv ity ,  a n d  te m p e ra tu re  (a lo n g  w ith  g ro u n d w a te r  ta b le  

e levation) w e re  re c o rd e d  fo r tn ig h tly ,  u n le s s  o th e rw is e  s ta te d . B y  in s e r t in g  a  b a ile r

1 le n g th  o f  P V  p ip e  w ith  a  s ta in le s s  b a ll b e a r in g  in s id e )  in to  e a c h  o b se rv a tio n  

hole the  g ro u n d w a te r  ta b le  e le v a tio n  w a s  m e a su re d . W h e n  th e  b a i le r  re a c h e d  th e  

o u n d w ate r ta b le , a  ‘p lo p p in g ’ so u n d  w a s  h e a rd  s ig n a llin g  th e  le v e l o f  th e
O

u n d w ate r. T h e  d is ta n c e  f ro m  th e  g ro u n d w a te r  ta b le  to  th e  to p  o f  th e  o b s e rv a tio n
O

hole w as re a d  v ia  a  m e a s u r in g  ta p e  a t ta c h e d  to  th e  b a ile r ; th e  d is ta n c e  m e a su re d  w as  

converted  to  m  A H D .

4.3.3.2 C h lo r id e  a n d  S u lp h a te  C o n c e n tr a tio n

Both c h lo rid e  a n d  s u lp h a te  c o n c e n tra t io n  w e re  u n a b le  to  b e  d e te rm in e d  u s in g  th e  io n  

ch ro m ato g rap h y  fa c i l i ty  a t  U n iv e rs ity  o f  W o l lo n g o n g ’s E n v iro n m e n ta l E n g in e e r in g  

Laborato ry  d u e  to  te c h n ic a l p ro b le m s . T h e  sa m p le s  w e re  in i tia lly  f i l te re d  th ro u g h  a

0.40-0.45 Jim p o ly c a rb o n a te  m e m b ra n e  to  re m o v e  p a r tic u la te  m a tte r  a n d  w e re  th e n  

sent to  S o u th e rn  C ro s s  U n iv e r s i ty ’s E n v iro n m e n ta l A n a ly s e s  L a b o ra to ry  fo r  a n a ly s is . 

A nalysis fo r  c h lo r id e  a n d  su lp h a te  w a s  p e r fo rm e d  a c c o rd in g  to  A P H A  m e th o d s  

(1998). T h e  f i l te re d  w a te r  s a m p le s  w e re  a n a ly se d  by  IC P -M S  ( In d u c tiv e ly  C o u p le d  

P lasm a-M ass S p e c tro m e try )  o r  IC P -O E S  ( In d u c tiv e ly  C o u p le d  P la s m a  - O p tic a l 

Em ission S p e c tro m e try ) . T h e  re s u lts  w e re  re p o r te d  in m g /L .

4.3.3.3 D e te r m in a tio n  o f  c a tio n s

The c o n c e n tra tio n  o f  A l3+, C a 2+, M g 2+ a n d  F e 2+ in e a c h  w a te r  s a m p le  w a s  d e te rm in e d  

using a  V a r ia n  S p e c trA A  3 0 0  A to m ic  A b s o rp tio n  S p e c tro m e te r  u s in g  m e th o d s  

described by  D h a rm a p p a  a n d  G e o rg e  (2 0 0 0 ) . S a m p le s  (lO O m L ) w e re  in itia lly  

digested w ith  c o n c e n tra te d  n itr ic  a c id  (H N O 3). T h e  so lu tio n  w a s  b o ile d  to  th e  lo w e s t 

possible v o lu m e  (2 0  m L ) w h ile  a d d in g  5 m L  H N O 3 to  a v o id  b o il in g  d ry . D ig e s tio n  

was c o m p le te  w h e n  th e  so lu tio n  tu rn e d  a  lig h t s tra w  y e llo w  c o lo u r. T h e  so lu tio n  w as 

then f ilte red  th ro u g h  a  0 .4 0 -0 .4 5  jxm p o ly c a rb o n a te  m e m b ra n e  to  re m o v e  p a r tic u la te  

matter. T h e  m e ta ls  w e re  th e n  m e a su re d  b y  p la c in g  th e  so lu tio n  in to  an  a ir -a c e ty le n e  

flame in th e  V a r ia n  S p e c trA A  3 0 0  A to m ic  A b so rp tio n  S p e c tro m e te r  a n d  th e  

w avelength  a n d  io n  sp e c if ic  h a llo w  c a th o d e  la m p  a p p ro p r ia te  fo r  e a c h  m e ta l. T h e  

results w ere  re p o r te d  in  m g /L .
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^ 5 4 C o n s tru c tio n  a n d  In s ta lla tio n  o f  P ie z o m e te r s

Five p ie z o m e te rs  w e re  c o n s tru c te d  a n d  in s ta lle d  a t th e  s tu d y  s ite  to  m o n ito r  p o re  

w ater p re s su re s . T h e  p ie z o m e te rs  h a v e  b e e n  se t a t p e rp e n d ic u la r  in te rv a ls  o f  1 m , 2 m ,

4  m 8  m  a n d  16 m  f ro m  th e  d ra in . S e e  F ig u re  4 .9  fo r  th e  lo c a tio n  o f  th e  p ie z o m e te r  

transect (T ra n s e c t A ) in  re la tio n  to  th e  o b s e rv a tio n  h o le s .

The d esig n  o f  th e  p ie z o m e te rs  u se d  w a s  b a s e d  on  th e  P e n m a n  F o rm u la  (1 9 9 4 ) .

Where:

t = tim e re q u ire d  fo r  9 0 %  re s p o n s e  in  d a y s  

d = inside d ia m e te r  o f  s ta n d p ip e  in  c m  

D = d ia m e te r o f  in ta k e  f il te rs  (o r  s a n d  z o n e )  in  c m  

L = leng th  o f  in ta k e  f i l te r  (o r  sa n d  z o n e  a ro u n d  th e  f il te r)  in  c m  

k = p e rm e ab ility  o f  so il in  c m  p e r  se c o n d

The p ie zo m ete rs  w e re  d e s ig n e d  so  th a t  th e  t im e  la g  w a s  id e a lly  le ss  th a n  2 d a y s  so  

when m e a su re m e n ts  w e re  ta k e n  f ro m  th e  p ie z o m e te rs  th e  p re s s u re s  c a lc u la te d  w e re  

close to th e  a c tu a l p re s e n t p o re  w a te r  p re s s u re s  in th e  g ro u n d . T h e  tim e  la g  c a n  be  

m inimised by  u s in g  a  m in im u m  d ia m e te r  s ta n d p ip e  a n d  a m a x im u m  s iz e d  s a n d  z o n e  

(See A p p en d ix  A  fo r  T im e  lag  c a lc u la tio n s ) .

The d iam ete r o f  th e  s ta n d p ip e  w a s  d e s ig n e d  to  f it d o w n  a  1 0 0  m m  d ia m e te r  h o le . 

Therefore, d ia m e te r  o f  th e  in ta k e  f i l te r  w a s  1 0 0  m m . T h e  h e ig h t  o f  th e  f i l te r  w as  

generally 2 5 0  m m  to  a l lo w  fo r  a  t im e  la g  le ss  th a n  2 d a y s . T h e  p e rm e a b il i ty  o f  th e  so il 

Was assum ed to  b e  1 x 10 "6 c m /s , w h ic h  is  ty p ic a l o f  so il o f  th is  n a tu re . T h e  h e ig h t o f  

P 'ezo m ete rs  w a s  b a se d  on  w a te r  ta b le  h e ig h ts  a lo n g  th e  tra n s e c t  a t  th e  tim e  o f  

lnstallation. F ig u re  4 .1 0  sh o w s  th e  d e s ig n  la y o u t o f  th e  p ie z o m e te rs  a n d  T a b le  4.1 

Ws the d im e n s io n s  o f  e a c h  o f  th e  in s ta lle d  p ie z o m e te rs . P la te  4 .7  is  a  p h o to  o f  th e  

° nstructed p ie z o m e te rs  w ith  a  c lo se  u p  o f  th e  p ie z o m e te r  tip  b e fo re  th e y  w e re  p la c e d

t = 3 .3 e '6 x (4 .1 )
k L

m the ground.
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H e ig h t  o f  

S ta n d p ip e

D e p th  to 

pressure 
m easu red

D ia m e te r  F i l te r  (D )

F i g u r e  4 . 1 0 :  D e s ig n  L a y o u t o f  P ie z o m e te rs  

T a b l e  4 . 1 :  P ie z o m e te r  D im e n s io n s

P ie z o m e t e r  D i m e n s i o n s

P ie z o m e te r  N u m b e r

1 2 3 4 5

Total length  (m ) in c lu d in g  le n g th  o f  p ip e  

above g ro u n d
2 . 2 0 1 .70 1 .50 1.30 1 . 1 0

Standpipe le n g th  (m ) 1 .90 1.40 1 . 2 0 1 . 0 0 .8 0

Tip length Cm) 0 . 2 0 . 2 0 . 2 0 . 2 0 . 2

Standpipe in s id e  d ia m e te r  (m m ) 2 0 2 0 2 0 2 0 2 0

.S tandpipe o u ts id e  d ia m e te r  (m m ) 23 23 23 23 23

-IIP inner d ia m e te r  (m m ) 5 0 50 5 0 5 0 5 0

J jR o u te r  d ia m e te r  (m irO 5 6 56 56 56 56

J l i ! i e r J ) i m e n s i o n s

-Height (cm ) 25 25 2 7 .5 25 2 6 .2

-^ •d th  (cm ) 1 0 1 0 1 0 1 0 1 0

-^ E ll lb e lo w  tip  (cm ) 2 .5 2 .5 2 .5 2 .5 2 .5

-p P th a b o v e  tip  (cm ) 2 .5 2 .5 5 .0 2 .5 3 .7

-J H ta H a t io n  D i m e n s i o n s

I l 2 ! ld e p th  (m ) 2 .1 2 5 1 .625 1 .425 1.225 1.025

- jH ld ia m e te r  (m ) 0 . 1 0 0 . 1 0 0 . 1 0 0 . 1 0 0 . 1 0

■^ ^ E L R L h e ig h t a b o v e  g ro u n d  (m ) 0 . 1 0 . 1 0 . 1 0 . 1 0 . 1

^ ^ ~ 2 l p ] H s u r e  m e a su re d  (m ) 1 . 8 1.5 1.3 1 .1 0 . 8 8

>|*^JSEjag_(assumed p e rm e a b il i ty )  (d a y s ) 0 .8 7 0 .8 7 0 .8 3 0 .8 7 0 .8 5
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P la te  4 .7 : P ie z o m e te rs  an d  c lo se  up  o f  p ie z o m e te r  tip  (f il te r  sec tio n )

The p iezo m eters  w e re  in s ta lle d  a t b o re h o le s  on  th e  site . A  d rillin g  c o n tra c to r  d rilled  

the 2m ho les, sh o w n  in  P la te  4 .8 .

P la te  4 .8 : D rillin g  o f  P ie z o m e te r  H o les
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4 4  S o i l  I n v e s t ig a t io n s

w i d e  se le c tio n  o f  so il c h e m ic a l p ro p e r tie s  c a n  be  u se d  to  d e s c r ib e  p y ritic  so ils  an d  

he in fluence th a t p y r it ic  o x id a tio n  p ro d u c ts  h a v e  on  th e  c h e m ic a l p ro p e r tie s  o f  a  so il 

p r o f i l e  A  n u m b e r  o f  ro u tin e  so il c h e m ic a l p ro p e r t ie s  su c h  as  so il p H  an d  e le c tr ic a l 

c o n d u c t i v i t y ,  t i tr a ta b le  a c id ity  a n d  s u lp h a te  c o n c e n tra t io n  b o th  b e fo re  a n d  a f te r  p y rite  

o x i d a t i o n  h av e  b e e n  s u g g e s te d  by  S to n e  e t a l. (1 9 9 8 ) .

1 4  J  So il S a m p lin g  M e th o d s

A soil co re  w a s  a c q u ire d  by  p u s h in g  a  6 0  m m  d ia m e te r  s te e l tu b e  in to  th e  so il to  a  

depth o f  1 . 6  m  u s in g  th e  N S W  A g r ic u ltu re  P ro lin e  d rill r ig . T h e  c o re  w a s  s e c tio n e d  at

0  1 m in te rv a ls  w ith  so il s a m p le s  c o lle c te d  d o w n  th e  so il p ro f ile  a t d e p th s  o f  0 -0 . 1  m ,

0.25.0.35 m , 0 .6 0 -0 .7 0  m , 0 .8 0 -0 .9 0  m , 1 .2 0 -1 .3 0  m  a n d  1 .5 0 -1 .6 0  m . T h e  so il 

samples w ere  se a le d  in p la s t ic  b a g s , s to re d  b e lo w  4 °C  u n til  th e y  w e re  o v e n  d r ie d  a t 

85°C (S tone e t  a l., 1 998). T h e  so il w a s  th e n  g ro u n d  a n d  p a s se d  th ro u g h  a 2 m m  s iev e .

The rou tine  so il c h e m ic a l p ro p e r tie s  th a t w e re  te s te d  fo r  in c lu d e d  (S e e  re su lts  in 

Appendix A: S o il L a b o ra to ry  D a ta ):

1. Soil p H  ( 1:5 in 0 .01  M  C a C h  so lu tio n )  a n d  e le c tr ic a l c o n d u c tiv i ty  ( 1 :5 s o il/w a te r) .

2. Total A c tu a l A c id i ty  (T A A ):  A  5 -g ra m  so il s a m p le  w a s  s u sp e n d e d  w ith  5 0 m L  o f  

KC1 an d  sh a k e n  o v e rn ig h t . A  f il te re d  2 5 m l a l iq u o t w a s  ti tra te d  w ith  0 .2 5  M  

N aO H  u n til p H  5 .5 . T h e  v o lu m e  o f  a lk a li re q u ire d  to  re a c h  p H  5 .5  e s ta b lis h e d  

the to tal ac tu a l a c id ity . T h e  re s u lts  a re  e x p re s s e d  a s  m o l H +/to n n e  o f  d ry  so il.

3. R educed  In o r g a n ic  S u lp h u r  C ontent'. T h e  in o rg a n ic  s u lp h u r  c o n te n t is  re d u c e d  to  

H 2S by d ig e s tio n  w ith  an  a c id if ie d  c h ro m o u s  c h lo r id e  so lu tio n  u n d e r  a  n itro g e n  

a tm osphere . T h e  H 2 S is  th e n  c o lle c te d  in  a  z in c  a c e ta te  b u f fe r  as  Z n S  a n d  is 

acid ified . F in a lly ,  th e  H 2S c o n te n t  is  a n a ly se d  by  io d o m e tr ic  ti tra tio n . T h e  

results a re  e x p re s s e d  as % S cr.

4- D isso lved  C h lo r id e  C o n c e n tr a tio n : T h e  so il s a m p le s  w e re  e x tra c te d  w ith  a  1:5 

w ater e x tra c t fo r  w a te r -s o lu b le  c h lo r id e . S o lu b le  c h lo r id e  in th e  e x tra c ts  w as  

analysed  by  Io n  C h ro m a to g ra p h y . T h e  re s u lts  a re  e x p re s s e d  as  m g /k g .

D isso lved  S u lp h a te  C o n c e n tr a tio n : T h e  so il s a m p le s  w e re  e x tra c te d  w ith  a  1 :5 

Po tassium  p h o s p h a te  (0.01  M  K H 2P O 4 ) s o lu tio n  fo r  p h o s p h a te  e x tra c ta b le
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su lphate . T h e  to ta l su lp h u r  in th e  e x tra c ts  w e re  a n a ly se d  by  IC P -A E S  w ith  th e  

r e s u l t s  re p o r te d  as  m g /k g .

The depth  o f  th e  lim e -f ly  a sh  s lu rry  in je c tio n  w a s  d e te rm in e d  b y  th e  lo c a tio n  o f  th e  

top o f the p y r ite  la y e r . A n  in v e s t ig a tio n  o f  th e  so il a c id ity  u s in g  p H  ( la b o ra to ry )  an d  

hydrogen p e ro x id e  (in  th e  f ie ld )  te s ts  f a c i l i ta te d  th e  id e n tif ic a tio n  o f  th e  a c tu a l an d  

p o s s i b l e  ac id  s u lp h a te  so il la y e rs  (S e e  T a b le  4 .2 ) . L o w  p H  v a lu e s , b e tw e e n  3 .0 4  an d  

4 3 3  w ere fo u n d  in  th e  so il. H y d ro g e n  p e ro x id e  re a c te d  w ith in  th e  so il a t a  d e p th  o f

i 2  -  1.6 m  (b e lo w  th e  g ro u n d  s u rfa c e ) . T h i s  in d ic a te d  th e  p re s e n c e  o f  a c tu a l ac id  

sulphate so ils  a t p ro f ile  d e p th  o f  1.2 -  1.6 m  (b e lo w  th e  g ro u n d  su rfa c e ) . T h e  d e p th  

o f  the p re lim in a ry  lim e -f ly  a sh  in je c tio n s  w e re  d e te rm in e d  to  be  m o s t a d v a n ta g e o u s  at

1 .2  m , ju s t a b o v e  th e  p y r ite  la y e r.

T ab le  4 .2 : P re lim in a ry  In v e s tig a tio n s  B o re h o le  1 -  L im e -f ly  a sh  b a r r ie r  in je c tio n  s ite

Sample D e p th  

(cm below  

ground s u r fa c e )

D e s c r ip t io n p H E C H y d r o g e n  P e r o x id e

0 - 1 0
D a rk  b ro w n , O rg a n ic  m a tte r , 

ro o ts  a n d  g ra s s e s
4 .3 3 0 .6 3 N o  re a c tio n

10-25
D a rk  b ro w n  lo a m  w ith  iro n  

m o ttle s  -  re d d is h  c o lo u r
- - -

25-35 P e a t L o a m  V e ry  d a rk  g re y /b la c k 3 .7 4 0 .5 5 N o  re a c tio n

35-60 P e a t L o a m  V e ry  d a rk  g re y /b la c k - - -

60-70 V e ry  D a rk  g re y , c la y e y  lo a m 3.31 0.61 N o  re a c tio n

70-80
V e ry  D a rk  g re y , c la y e y  lo a m . 

B e c o m in g  s ilty .
- - -

80-90
G re y /B la c k . M o re  c la y , M o re  

s ilty
3 .3 8 0 .3 6 N o  re a c tio n

90-120
L ig h t g re y  b la c k /S il ty  c la y  w ith  

g o o d  ro o t p e n e tra tio n
- - -

120-130 P o te n tia l D a rk  G re y  S ilty  c la y 3 .0 4 1.35
5. V e ry  v ig o ro u s  

f iz z in g

^ J 3 0 - 1 3 5 _ _ D is tin c t g r it ty  s a n d  la y e r - - -

? 
1

 

*
/

P o te n tia l  d a rk  g re y  s ilty  c la y  

w ith  p a r tly  d e c o m p o se d  

v e g e ta tio n , n o  m o ttlin g .

- - -

150-160
P o te n tia l  d a rk  g re y  s ilty  c la y  

w ith  p a r tly  d e c o m p o se d  

v e g e ta tio n , n o  m o ttlin g .

3 .5 5 1.5
5. V e ry  v ig o ro u s  

fiz z in g

I6 O-I7 5
P o te n tia l  d a rk  g re y  s ilty  c la y  

w ith  p a rtly  d e c o m p o se d  

v e g e ta tio n , n o  m o ttlin g .
-

- -

92



4 4 2  R esu lts  a n d  D is c u s s io n  

4  J .2 .1  S o il p H

The o x id a tio n  o f  p y r ite  p ro d u c e s  H + io n s  a n d  u n d e r  a c id ic  g ro u n d w a te r  c o n d itio n s , 

additional H + io n s  a re  p ro d u c e d  th ro u g h  th e  b io lo g ic a lly  e n h a n c e d  fe r ro u s -fe r r ic  

o x id a tio n /red u c tio n  re a c tio n . p H  is  c a lc u la te d  as:

pH = -log  [H +] (4 .2 )

S to n e  e t  al. (1 9 9 8 )  in d ic a te d  th a t so il p H  <  4  is  o n ly  lik e ly  to  o c c u r  as  a  re su lt  o f  th e  

o x id a t io n  o f  p y r ite . T h e  p H  o f  th e  so il p ro f ile , m e a s u re d  b e fo re  th e  in s ta lla tio n  o f  th e  

lime-fly ash  b a rr ie r , is  sh o w n  in F ig u re  4 .1 1 .

Soil pH (CaC12)

3 3.5 4 4.5

F ig u re  4 .1 1 : C h a n g e  in so il p H  w ith  d e p th  a t L im e -f ly  a sh  B a r r ie r  S ite

Acidic c o n d itio n s  e x is t  a t th e  s u rfa c e  o f  th e  so il p ro f ile , h o w e v e r  w ith  a  p H  v a lu e  o f  

4 ^  *
11 ls m o st lik e ly  th a t th is  a c id ity  is  a  re s u lt  o f  d e c o m p o s e d  o rg a n ic  m a tte r , a s  w e ll

48  from the m o v e m e n t o f  p y r it ic  o x id a tio n  p ro d u c ts  to  th e  su r fa c e  f ro m  d e p th . T h e

c ,d stored w ith in  th e  z o n e  d ire c tly  a b o v e  th e  p y r it ic  la y e r  m a y  h a v e  a  n u m b e r  o f

s°urces. O n e so u rc e  o f  a c id ity  is so lu b le  su lp h u r ic  a c id  th a t h a s  b e e n  tra n sp o r te d  

fr
the p y rite  o x id a tio n  z o n e  to  th e  h ig h e r  e le v a tio n  e s tu a r in e  c la y  by  r is in g
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groundw ater. A n o th e r  so u rc e  o f  a c id ity  a v a i la b le  in th is  so il la y e r  is  a lu m in iu m  an d  

hydrogen io n s  s to re d  on  c a t io n  e x c h a n g e  s ite s , w h ic h  c a n  b e  re la te d  to  th e  s a lt c o n te n t 

0f the soil so lu tio n . T h e  u su a l te n d e n c y  o f  s a lts  is  to  lo w e r  th e  pH  o f  th e  so il as  the  

salt co n ten t in c re a se s .

U nderneath  th is  u p p e r  la y e r  th e  p H  fa lls  b e lo w  4 .0  d u e  to  p y r ite  o x id a tio n . T h e  

increase in p H  in th e  lo w e r  s e c tio n  o f  th e  so il p ro f ile  (b e lo w  -  0 .3 8  m  A H D ) in d ic a te s  

potential ac id  s u lp h a te  so ils . S o il s a m p le s  f ro m  th is  s e c tio n  h o w e v e r , re a c te d  

vigorously  w ith  h y d ro g e n  p e ro x id e  s ig n ify in g  th e  p re s e n c e  o f  su lp h id ic  m a te ria l.

4A .2.2  S o il E le c tr ic a l C o n d u c tiv ity

The e lec trica l c o n d u c tiv ity  o f  th e  so il p ro f ile  is sh o w n  in F ig u re  4 .1 2 . E le c tr ic a l 

conductiv ity  o f  th e  so il is  lo w  in th e  u p p e r  m e tre  o f  th e  p ro f ile  (<  0 .6 3  d S /m ), b e lo w  

which it in c re a se s  to  a  m a x im u m  o f  1.5 d S /m . T h is  in c re a s e  in  e le c tr ic a l c o n d u c tiv ity  

is a resu lt o f  th e  g e n e ra tio n  o f  d is s o lv e d  p y r i te  o x id a tio n  p ro d u c ts .

E C  (d S /m )

0.2 0.7 1.2 1.7

F i g u r e  4 .1 2 : C h a n g e  in  so il E le c tr ic a l C o n d u c t iv i ty  w ith  d e p th  a t th e  L im e -f ly  ash

B a r r ie r  s ite

T h e
Peak in e le c tr ic a l c o n d u c tiv ity  a t 0 .2 2  m  A H D  is  m o s t lik e ly  d u e  to  th e  fo rm a tio n  

F f e r r o u s  su lp h a te  m in e ra ls , fo r  e x a m p le  c o p ia p ite  (F e 2 (S 0 4 ) 3 ), w h ic h  c a n  p re c ip ita te
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during d ry  c o n d i t io n s  (F a n n in g , 1 9 9 3 ). T h e  o x id a tio n  o f  th e  iro n  in fe r ro u s  su lp h a te  

is described  by  th e  fo llo w in g  e q u a tio n :

(4 .3 )

The in c re ase  in e le c tr ic a l  c o n d u c tiv ity  d o w n  th e  so il p ro f ile  c o r re s p o n d s  w ith  

in c re a s e s  in th e  c o n c e n tra t io n  o f  d is s o lv e d  su lp h a te  (F ig u re  4 . 1 5 ) .  I ro n  su lp h a te  

m in e ra ls  are  a lso  s ig n if ic a n t  s o u rc e s  o f  a c id ity  (F a n n in g , 1 9 9 3 ) .  E q u a tio n  4 . 4  sh o w s  

the o x id a tio n  an d  h y d ro ly s is  o f  fe r ro u s  s u lp h a te  to  iro n  o x id e .

4.2.2.3 S o il T o ta l A c tu a l  A c id i ty

Total A ctual A c id ity  is  a  m e a s u re  o f  th e  a m o u n t o f  a c id ity  s to re d  in th e  so il e x c lu d in g  

the po ten tia l so u rc e s  a c id ity  s u c h  as  u n o x id is e d  p y r ite  (D e n t a n d  B o w m a n , 1 9 9 6 ) .  

The soil p ro f ile  o f  to ta l a c tu a l a c id ity  (T A A ) m e a su re d  a t th e  lim e -f ly  a sh  b a r r ie r  

study site  is sh o w n  in  F ig u re  4 .1 3 . T h e  in c re a s e  in  to ta l a c tu a l a c id ity  m e a su re d  

between 0  -  0 .3 5  m  b e lo w  th e  g ro u n d  su rfa c e  c a n  b e  a t tr ib u te d  to  o rg a n ic  m a te r ia l in 

the topsoil. T h e  m a in  fe a tu re s  o f  th is  p ro f ile  a re  th e  b im o d a l p e a k s  in  to ta l ac tu a l 

acidity at 0 .2 2  m  A H D  a n d  -  0 .3 8  m  A H D . T h e  to ta l ac tu a l a c id ity  w a s  re la tiv e ly  lo w  

at the so ils  su r fa c e  (8 0  m o l H +/to n n e ) .  T h e  p e a k  in a c id ity  a t 0 .2 2  m  A H D  

corresponds w ith  th e  a c tu a l a c id  s u lp h a te  so il la y e r. T h e  d e c re a se  in to ta l ac tu a l 

acidity b e lo w  th is  la y e r  in d ic a te s  th e  p o te n tia l ac id  su lp h a te  so il la y e r.

F e S 0 4 + ^ - H 2 0 - » F e ( 0 H ) 3 +  H 2 S 0 4 ( 4 .4 )
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T o ta l  A c tu a l  A c id i ty  [T A A ] (m o le s  H + /to n n e )

80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400

F ig u re  4 .1 3 : C h a n g e  in  S o il T o ta l A c tu a l A c id ity  (T A A ) w ith  d e p th  a t  th e  L im e -f ly

ash  b a r r ie r  s ite

4.2.2.4 S o il In o r g a n ic  R e d u c e d  S u lp h u r  ( % S cr)

Inorganic re d u c e d  su lp h u r  e x is ts  in  n a tu ra l e n v iro n m e n ts  in  a  so lid  p h a se  as  a  n u m b e r  

of co m p o u n d s (p y r ite , e le m e n ta l s u lp h u r , th io s u lfa te  a n d  su lp h a te ) , w h e re a s  its  

oxidation le ad s  to  su lp h u r  s o lu b il is a tio n  a n d  fu r th e r  p ro d u c tio n  o f  a c id ity . M ic ro b e s  

can en h an ce  th e  ra te  o f  th is  o x id a tio n  b y  s e v e ra l o rd e rs  o f  m a g n itu d e . M ic ro b ia l 

growth is a lso  e n h a n c e d  by  th is  s u lp h u r  o x id a tio n . H ig h  c o n c e n tra tio n s  o f  re d u c e d  

sulphur sp ec ie s  c a n  o c c u r  in th e  p o re  w a te r  o f  s e d im e n ts  a n d  in a n o x ic  s u b re g io n s  o f  

estuaries. E n v iro n m e n ta l c o n c e rn s  as  a  re s u lt  o f  th is  o x id a tio n  in c lu d e  th e  

m obilisation  o f  to x ic  h e a v y  m e ta ls . T h e  S cr%  c o n c e n tra t io n  d o w n  th e  so il p ro f ile  is 

shown in F ig u re  4 .1 4 . S cr%  is  lo w  in  th e  so il p ro f ile  in  th e  u p p e r  m e tre  o f  th e  so il 

profile (< 0 .0 4 5  S cr% ), b e lo w  w h ic h  it in c re a s e s  to  a  m a x im u m  o f  3 S cr% . T h e  

concentration  o f  in o rg a n ic  re d u c e d  s u lp h u r  in  th e  lo w e r  s e c tio n  o f  th e  p ro f ile  e x c e e d s  

the m an ag em en t a c tio n  c r i te r ia  o f  0 .0 5 S cr%  (S to n e  e t  a l., 1 998). T h e  to p  0 .9 8  m  o f  

the soil p ro file  is  b e lo w  th e  a c tio n  c r ite r ia .



S c r  ( % )

0  1 2  3  4

F ig u re  4 .1 4 : C h a n g e  in  S o il %  S u lp h u r  w ith  d e p th  a t L im e -f ly  a sh  b a r r ie r  s ite  

4.2.2.5 S o il S u lp h a te  a n d  C h lo r id e  C o n c e n tr a tio n s

The co n c e n tra tio n  o f  d is s o lv e d  s u lp h a te  a n d  c h lo r id e  d o w n  th e  so il p ro f ile  is  sh o w n  in 

Figure 4 .1 5 . T h e  c o n c e n tra t io n  o f  d is s o lv e d  s u lp h a te  is  ty p ic a l o f  s o ils  th a t  h a v e  

undergone p y r it ic  o x id a tio n . T h e  c o n c e n tra tio n  o f  th e  d is s o lv e d  s u lp h a te  is  h ig h e s t a t 

an e levation  o f  1 .2 -1 .3  m , w h ic h  c o r re s p o n d s  to  th e  u p p e r  su r fa c e  o f  th e  p y r ite  la y e r. 

The d ecrease  in  s u lp h a te  c o n c e n tra tio n  a b o v e  th e  a c tu a l a c id  s u lp h a te  so il la y e r  

indicates th e  u p w a rd  m o v e m e n t o f  s u lp h a te  io n s  a n d  th e  a b ru p t d e c re a se  b e lo w  th e  

actual ac id  su lp h a te  so il la y e r  in d ic a te s  th e  lo c a tio n  o f  th e  p o te n tia l  a c id  s u lp h a te  so il 

layer.

Chloride c o n c e n tra tio n s  in th e  so il p ro f ile  a re  lo w  c o m p a re d  to  s u lp h a te , h o w e v e r  th e  

greatest c o n c e n tra tio n  o f  c h lo r id e  in  th e  so il p ro f ile  a lso  c o in c id e s  w ith  th e  u p p e r  

layer o f the  p y r it ic  so il la y e r . L o w  c h lo r id e  c o n c e n tra t io n s  in  th e  to p  1.0 m  o f  th e  so il 

Profile are  p o s s ib ly  d u e  to  c h lo r id e  le a c h in g  a s  a  re su lt o f  ra in fa ll  in  th e  re g io n .
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Cl '  &  S 0 42" ( m g / k g )

5 0  2 5 0  4 5 0  6 5 0  8 5 0  1 0 5 0  1 2 5 0  1 4 5 0

F ig u re  4 .1 5 : C h a n g e  in  S o il C l-  a n d  S 0 4 2 -  c o n c e n tra tio n  w ith  d e p th  a t th e

L im e -f ly  a sh  b a r r ie r  s ite

Figure 4 .1 6  sh o w s  th e  su lp h a te : c h lo r id e  ra tio  d o w n  th e  so il p ro f ile . T h is  is 

sym ptom atic o f  so il th a t h a s  u n d e rg o n e  p re v io u s  p y rite  o x id a tio n . T h e  h ig h e s t 

chloride: su lp h a te  ra tio  w a s  fo u n d  a t 0 .8 2  m  A H D . T h e  d e c re a s e  in  th e  c h lo rid e : 

sulphate ra tio  d o w n  th e  so il p ro f ile  in d ic a te s  th e  p re s e n c e  o f  o x id a tio n  p ro d u c ts  w ith in  

the actual ac id  su lp h a te  so il z o n e .

cr:S042-

0  0 .2  0 .4  0 .6  0 .8

f ig u r e  4 .1 6 : C h a n g e  in S o il C 1 -:S Q 4 2 - ra tio  w ith  d e p th  a t L im e -f ly  a sh  b a r r ie r  s ite
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4  5  C l im a tic  C o n d i t i o n s

This sec tion  e x a m in e s  ra in fa ll d a ta  b e fo re  (D a y s  1 -2 9 9 ) an d  a f te r  (D a y s  3 0 0 -4 4 0 )  the  

•n s ta l la t io n  o f  th e  lim e -f ly  a sh  b a rr ie r .  T h e  re la tio n s h ip  b e tw e e n  ra in fa ll an d  

e v a p o tra n sp ira tio n ’s di rec t 'y re la te d on  th e  c o n c e n tra tio n  o f  b u f fe r in g  a g e n ts  w ith in  a  

tidal reach . T h is  re la t io n s h ip  a lso  h a s  an  im p a c t on  th e  e le v a tio n  o f  th e  g ro u n d w a te r  

table in c o as ta l f lo o d p la in s  a n d  in  tu rn  o n  a c id  p ro d u c tio n  in  th o s e  a re a s  a f fe c te d  by  

ac id  su lp h ate  so ils . D u r in g  p e r io d s  o f  h ig h  e v a p o tra n s p ira tio n , th e  g ro u n d w a te r  ta b le  

can  fa l l  b e lo w  th e  p y r it ic  la y e r  le a d in g  to  an  in c re a se  in th e  p ro d u c tio n  o f  a c id ic  

p ro d u c ts .  F o llo w in g  ra in fa ll th e se  a c id ic  p ro d u c ts  a re  tra n s p o r te d  in to  n e a rb y  d ra in s  

and creek s. T h e re fo re ,  th e  m a n a g e m e n t o f  a c id  s u lp h a te  s o ils  re q u ire s  a  

c o m p r e h e n s iv e  u n d e rs ta n d in g  o f  ra in fa ll  a n d  e v a p o tra n s p ira t io n  ra te s  a t th e  s tu d y  s ite . 

The S o u th ern  O s c illa tio n  In d e x  m e a s u re d  o v e r  th e  s tu d y  p e r io d  is  a lso  p re s e n te d  an d  

its  re levance to  a c id  g e n e ra tio n  a n d  d is c h a rg e  is  d is c u s s e d .

4 .6  S i t e  W e a t h e r  C o n d i t i o n s

Daily ra in fa ll d a ta  w a s  c o lle c te d  f ro m  a  n e a rb y  w e a th e r  s ta tio n  a t th e  B e rry  M a so n ic  

Village (3 4 .7 8 °S , 1 5 0 .6 9 °E , 10 m  a b o v e  M S L ) o r  f ro m  th e  N o w ra  T re a tm e n t W o rk s  

(34.87°S, 1 5 0 .6 2 °E , 10 m  a b o v e  M S L ) w h e n  d a ta  f ro m  th e  B a rry  M a so n ic  V illa g e  

was u n av a ilab le . T h e  B u re a u  o f  M e te o ro lo g y  p ro v id e d  th is  d a ta , w h ic h  is  p re s e n te d  

in A ppendix  B .

4.6.1 R a in fa ll

The to tal ra in fa ll r e c e iv e d  a t th e  s tu d y  s ite  d u r in g  th e  s tu d y  p e r io d  w a s  8 4 6 .4 m m . T h e  

daily ra in fa ll a t th e  s tu d y  s ite  b e fo re  an d  a f te r  th e  in s ta lla tio n  o f  th e  lim e -f ly  ash  

barrier is sh o w n  in  F ig u re s  4 .1 7 a  an d  4 .1 7 b  re s p e c tiv e ly . P r io r  to  th e  in s ta lla tio n  o f  

the barrie r, ra in fa ll a t th e  s ite  w a s  g ro u p e d  in to  fo u r  e v e n ts : D a y s  1 1 2 -1 1 7 , 1 6 6 -1 9 5 , 

207-235 and  2 4 8 -2 4 9 . D u r in g  D a y s  1 1 2 -1 1 7 , 1 6 1 .6  m m  o f  ra in fa ll  w a s  re c o rd e d  

within 5 d ay s . T h i s  e v e n t  c a u s e d  w id e s p re a d  f lo o d in g  a c ro s s  th e  s tu d y  s ite s . F ro m  

Days 118-165 , a  p ro lo n g e d  d ry  p e r io d  w a s  fo llo w e d  by  6 6 . 8  m m  o f  ra in  fa l l in g  o v e r  a 

47-day p e rio d . R a in fa ll o f  10 7 .8  m m  o c c u rre d  d u r in g  D a y s  1 6 6 -1 9 5 , w h ic h  w as  

followed by  a  sh o r t  d ro u g h t p e r io d  w h e re  n o  ra in fa ll o c c u rre d  b e tw e e n  D a y s  1 9 6 -2 0 6 . 

du ring  D ay s  2 0 7 -2 3 5 , p re c ip ita tio n  led  to  114 m m  o f  ra in  fa ll in g  w ith in  2 8  d a y s .
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p r o m  2 3 6 -2 4 7 , a n o th e r  d ry  p e r io d  re tu rn e d  an d  4 .7  m m  fe ll o v e r  th e  1 2 -d ay  p e rio d . 

Rainfall o f  111 - 8  m m  d u r in g  D a y s  2 4 8 -2 4 9  c a u s e d  m in o r  c re e k  a n d  su rfa c e  flo o d in g . 

T h e r e  w as a p ro lo n g e d  d ry  sp e ll a f te r  th e  in s ta lla tio n  o f  th e  lim e -f ly  ash  b a r r ie r  

bang ing  d ro u g h t c o n d itio n s .

Day Number

F ig u r e  4 .1 7 a :  D a ily  ra in fa ll  p re -b a r r ie r

Day Number

F ig u r e  4 .1 7 b :  D a ily  ra in fa ll p o s t-b a r r ie r

1 0 0



^  ble 4 3 id e n tif ie s  a n d  d e s c r ib e s  th e  s ig n if ic a n t ra in fa ll e v e n ts  th a t o c c u rre d  d u r in g  

the study p e rio d .

Kie 4 .3 : S u m m a ry  o f  s ig n if ic a n t ra in fa ll e v e n ts  d u r in g  s tu d y  p e r io d . #  - R a in fa ll 

j ata was n o t a v a ila b le  fo r  B e rry  M a s o n ic  V illa g e  o r  N o w ra  T re a tm e n t W o rk s

Date

D a y

n u m b e r

D a i l y  R a i n f a l l  

( m m )
D e s c r i p t i o n  o f  w e a t h e r  c o n d i t i o n s

24/8/03
23 12.2

C o ld  f ro n t a n d  a s s o c ia te d  ra in  b a n d  b ro u g h t  w id e s p re a d  

ra in  a n d  g a le  fo rc e  w in d s

2/10/03 63 11.2
L o w -p re s s u re  sy s te m  a n d  e x te n s iv e  c lo u d  m a ss  b ro u g h t 

w id e s p re a d  ra in

3/10/03 80 2 5 .2
L o w -p re s s u re  tro u g h  b ro u g h t fu r th e r  ra in  a n d  sh o w e rs , 

th u n d e rs to rm s

i7TT/03 92 12 .4 S W  to  S E  w in d s  b ro u g h t l ig h t sh o w e rs ; fo g

J / l] /0 3 _

21/11/03

93 11.7 S W  to  S E  w in d s  b ro u g h t l ig h t sh o w e rs ; f ro s t

112 5 .8
L o w -p re s s u re  tro u g h  d e v e lo p e d  an d  b e c a m e  c o m p le x  

w ith  w id e s p re a d  ra in  w ith  m o d e ra te  to  h e a v y  fa lls

22/11/03 113 27
L o w -p re s s u re  tro u g h  d e v e lo p e d  a n d  b e c a m e  c o m p le x  

w ith  w id e s p re a d  ra in  w ith  m o d e ra te  to  h e a v y  fa lls

23/11/03 114 25

L o w -p re s s u re  tro u g h  d e v e lo p e d  an d  b e c a m e  c o m p le x  

w ith  fu r th e r  w id e s p re a d  ra in  w ith  m o d e ra te  to  h e a v y  fa lls ; 

fo g

24/11/03 115 58
L o w -p re s s u re  tro u g h  d e v e lo p e d  an d  b e c a m e  c o m p le x  

w ith  fu r th e r  w id e s p re a d  ra in  w ith  m o d e ra te  to  h e a v y  fa lls

25/11/03 116 3 3 .2
L o w -p re s su re  tro u g h  d e v e lo p e d  a n d  b e c a m e  c o m p le x  

w ith  fu r th e r  w id e s p re a d  ra in  w ith  m o d e ra te  to  h e a v y  fa lls

26//11/03 117 12.6

L o w -p re s s u re  tro u g h  d e v e lo p e d  a n d  b e c a m e  c o m p le x  

w ith  fu r th e r  w id e sp re a d  ra in  w ith  m o d e ra te  to  h e a v y  fa lls ; 

fo g

2/12/03 123 16.6

S lo w  m o v in g  in la n d  tro u g h  a p p ro a c h in g  f ro m  th e  w e s t 

an d  a s s o c ia te d  u p p e r  d is tu rb a n c e  tr ig g e re d  w id e sp re a d  

th u n d e rs to rm s ; fo g ; hail

_J4/l/04_ 166 2 0 .2 T h u n d e rs to rm s ; fo g

24/1/04 176 12.2
L o w -p re s su re  tro u g h  d e v e lo p e d  b r in g in g  lig h t sh o w e rs  

a n d  th u n d e rs to rm s ; fo g
^5/l/04__

j6/l/04__

177 13.5 L o w -p re s s u re  tro u g h  s ta l le d  b r in g in g  h e a v y  ra in fa ll ;  fo g

178 14.8 L o w -p re s s u re  tro u g h  s ta lle d  b r in g in g  h e a v y  ra in fa ll

3/2/04
186 10

L o w -p re s s u re  tro u g h  a c c o m p a n ie d  b y  lig h t s h o w e rs , 

th u n d e rs to rm s

[12/2/04
195 13

S lo w  m o v in g  tro u g h  lin e  w ith  l ig h t sh o w e rs , 

th u n d e rs to rm s ; fo g

7
#

208 23
S u r fa c e  lo w -p re s s u re  to u g h  a n d  u p p e r  a ir  in s ta b ili ty  

b ro u g h t w id e s p re a d  ra in

26/2/04
209 11 .8

S u r fa c e  lo w -p re s s u re  to u g h  a n d  u p p e r  a ir  in s ta b ili ty  

b ro u g h t w id e s p re a d  ra in

^ 3 /0 4
219 3 6 .4

W e a k  lo w -p re s s u re  sy s te m  a n d  u p p e r  a ir  d is tu rb a n c e  

d e v e lo p e d  c a u s in g  m o d e ra te  sh o w e rs



l 6 / 3 / < £

5/4/04

2 2 8 18.2 S e r ie s  o f  lo w -p re s s u re  tro u g h s  c a u se d  h e a v y  sh o w e rs

2 4 8 7 0 .8

S u rfa c e  tro u g h  d e v e lo p e d  o v e r  in la n d  N S W  an d  

c o m b in e d  w ith  m o is t  e a s te r ly  w in d s  b r in g in g  ra in  to  th e  

c o a s t w ith  m o d e ra te  to  h e a v y  fa ll , th u n d e rs to rm s

6/4/04
2 4 9 41

S u r fa c e  tro u g h  d e v e lo p e d  o v e r  in la n d  N S W  an d  

c o m b in e d  w ith  m o is t  e a s te r ly  w in d s  b r in g in g  ra in  to  th e  

c o a s t w ith  m o d e ra te  to  h e a v y  fa ll , th u n d e rs to rm s

13/5/04
2 8 6 13.6

W e a k  lo w -p re s s u re  tro u g h  o f f  N S W  c o a s t  c a u s e d  lig h t 

s h o w e rs

19/8/04
3 8 4 28

L o w -p re s s u re  tro u g h  a n d  u p p e r  le v e l c o ld  p o o l c a u se d  

sh o w e rs  a n d  ra in  w ith  s c a tte re d  th u n d e rs to rm s

------

The m o n th ly  a v e ra g e  ra in fa ll a t th e  s tu d y  s ite  is  c o m p a re d  to  th e  lo n g - te rm  a v e ra g e  

calcu la ted  fo r  th e  ra in  g a u g e  a t th e  B e rry  M a s o n ic  V illa g e  o r  th e  N o w ra  T re a tm e n t 

W orks in  F ig u re  4 .2 1 . B e lo w  a v e ra g e  ra in fa ll w a s  e x p e r ie n c e d  th ro u g h o u t th e  e n tire  

study p e r io d  w ith  th e  e x c e p tio n  o f  N o v e m b e r  2 0 0 3 , la rg e ly  as  a  re s u lt  o f  th e  161 .6  

mm rain  th a t w a s  re c o rd e d  d u r in g  D a y s  1 1 2 -1 1 7  (S e e  T a b le  4 .3 ) . R a in fa ll c lo se  to  th e  

long-term  a v e ra g e  o c c u r re d  d u r in g  A p ril 2 0 0 4 .

0 3  0 3  0 3  0 3  0 3  0 4  0 4  0 4  0 4  ay -  0 4  0 4  0 4  0 4

0 4

M onth

I I M onth ly  rainfall L ong  te rm  a v e r a g e

F i g u r e  4 . 1 8 :  M o n th ly  ra in fa ll m e a su re d  a t th e  s ite  c o m p a re d  to  th e  lo n g - te rm  m o n th ly  

average. D a ta  la b e lle d  w ith  an  ‘N ’ w a s  re c o rd e d  a t th e  N o w ra  T re a tm e n t W o rk s  

Station. L o n g - te rm  a v e ra g e  d a ta  w as  m iss in g  fo r  s o m e  m o n th s  d u r in g  s tu d y  p e rio d .

total o f  124 ra in fa ll e v e n ts  w e re  re c o rd e d  d u r in g  th e  s tu d y  p e r io d , w ith  115 d u r in g  

Pre -b a r r ie r  p e r io d  an d  9 e v e n ts  d u r in g  th e  p o s t-b a r r ie r  p e r io d . T h e  p re -b a r r ie r
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•0d w as  s ig n if ic a n tly  lo n g e r  th a n  th e  p o s t-b a r r ie r  p e r io d  a n d  d r ie r  th a n  n o rm a l 

ed itions w e re  e x p e r ie n c e d  d u r in g  th e  p o s t-b a r r ie r  p e r io d . R a in fa ll e v e n ts  w e re  

b se w hen  th e  ra in fa ll w a s  g re a te r  th a n  0 .2 m m /d a y . T h e  to ta l n u m b e r  o f  ra in fa ll 

ents tha t o c c u rre d  is  le ss  th a n  th o s e  in o th e r  s tu d ie s  (i.e . 2 3 3  ra in fa ll e v e n ts  in  813  

fnr B lu n d e n , 2 0 0 0  a n d  2 5 5  ra in fa ll e v e n ts  in  9 0 8  d a y s  fo r  G la m o re , 2 0 0 3 ) .
days
H o w ev er, the  s tu d y  p e r io d  in  th o s e  s tu d ie s  w a s  o f  a  lo n g e r  d u ra tio n .

The d is trib u tio n  o f  d a ily  ra in fa ll in te n s it ie s  is  sh o w n  in F ig u re  4 .1 9  (a  a n d  b ). T h e  

majority o f  d a ily  ra in fa ll e v e n ts , d u r in g  th e  p re -b a r r ie r  s ta g e , w e re  b e tw e e n  lo w  

rainfall in te n s itie s  w ith  l -5 m m /d a y  c o m p ris in g  4 3 %  o f  th e  to ta l ra in fa ll  e v e n ts , 

followed c lo se ly  by  <1 m m /d a y  w ith  2 8 %  o f  th e  to ta l ra in fa ll e v e n ts . D u r in g  th e  p re ­

barrier perio d , 6 .4 5 %  o f  ra in fa ll e v e n ts  w e re  g re a te r  th a n  2 0 m m /d a y , w h e re a s  d u r in g  

the post-b arrie r p e r io d  o n ly  0 .8 %  o f  ra in fa ll  e v e n ts  w e re  g re a te r  th a n  2 0 m m /d a y . In  

the p re-barrie r p e r io d  th e re  w e re  8 ra in fa ll  e v e n ts  b e tw e e n  2 0 -5 0  m m  a n d  2 ra in fa ll 

events b e tw ee n  5 0 -1 0 0  m m , w h e re a s  d u r in g  th e  p o s t-b a r r ie r  p e r io d  th e re  w e re  no  

rainfall ev en ts  o f  th e se  in te n s itie s .

<1 1-5 6 -10  10-20 20-50  50-100

Intensity (mm /day)

F i g u r e  4 .1 9 a : D is tr ib u t io n  o f  ra in fa ll in te n s itie s  fo r  th e  p re -b a r r ie r  p e r io d

1 0 3
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In ten s ity  (m m /day )

20-50 50-100

F i g u r e  4 . 1 9 b :  D is tr ib u tio n  o f  ra in fa ll  in te n s it ie s  fo r  th e  p o s t-b a r r ie r  p e r io d

4.6.2 S o u th e rn  O sc illa tio n  In d e x  (S O I)

The S o u th e rn  O s c illa tio n  In d e x  (S O I)  is  b a se d  o n  th e  m e a n  s e a  le v e l p re s su re  

difference b e tw e e n  T a h i t i ,  F re n c h  P o ly n e s ia  a n d  D a rw in , A u s tra l ia  (T a h i t i  - D a rw in ) . 

There are  a  n u m b e r  o f  d if fe re n t m e th o d s  u s e d  to  c a lc u la te  th e  S O I. T h e  m e th o d  u se d  

by the A u s tra lia n  B u re a u  o f  M e te o ro lo g y  is  th e  T ro u p  S O I, w h ic h  is  th e  s ta n d a rd ise d  

anom aly o f  th e  M e a n  S e a  L e v e l P re s su re  d if fe re n c e  b e tw e e n  T a h i t i  a n d  D a rw in . I t is  

calculated b y  u s in g  th e  fo llo w in g  e q u a tio n

SO I = \Q ^ dif f - p d if f a v ) (4  6)

S D ( P d i f f )

W here:

Pdiff = (a v e ra g e  T a h i t i  M S L P  fo r  th e  m o n th )  - (a v e ra g e  D a rw in  M S L P  fo r  th e  m o n th )

Pdiffav = lo n g  te rm  a v e ra g e  o f  P d if f  fo r  th e  m o n th  in q u e s tio n

SD (Pdiff) =  lo n g  te rm  s ta n d a rd  d e v ia tio n  o f  P d if f  fo r  th e  m o n th  in  q u e s tio n .

When the  S O I is  p o s it iv e , th e  tra d e  w in d s  ty p ic a lly  b lo w  s tro n g ly  a c ro s s  th e  w a rm  

Western P a c if ic  O c e a n  an d  p ic k  u p  p le n ty  o f  m o is tu re ; th is  c a n  th e n  lead  to  ra in  o v e r  

astern A u s tra lia  (L a  N in a  e v e n t) .  In  y e a rs  w ith  a  p o s itiv e  S O I th e  ra in fa ll is 

c°n im only  a b o v e  a v e ra g e . W h e n  th e  S O I is  n e g a tiv e  th e  tra d e  w in d s  a re  u su a lly
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w eakened , a n d  th e  ra in fa ll in e a s te rn  A u s tra l ia  w ill o f te n  be  b e lo w  a v e ra g e  (E l-N in o  

ven) and  d ro u g h t c o n d i t io n s  c a n  b e  e x p e c te d  in e a s te rn  A u s tra lia . T h e  m o re  n e g a tiv e  

the n um ber, th e  fu r th e r  so u th  d o e s  th e  d ro u g h t e x te n d . T h e  S O I fo r  th e  s tu d y  p e r io d  

js show n in F ig u re  4 .2 0 .

03 03  03  03  03  04  04  04  04  0 4  04  04  04

Month

F i g u r e  4 . 2 0 :  S O I fo r  th e  s tu d y  p e r io d

The S O I f lu c tu a te d  g re a t ly  o v e r  th e  s tu d y  p e r io d , w ith  a  p e r io d  o f  n e g a tiv e  S O I v a lu e s  

up to N o v e m b e r  2 0 0 3  th e n  s u b se q u e n t p e r io d s  o f  f lu c tu a tio n  b e tw e e n  p o s itiv e  S O I 

and n eg ativ e  S O I v a lu e s . A lth o u g h  th e  S O I w a s  p o s itiv e  d u r in g  D e c e m b e r  o f  2 0 0 3  

and F eb ru ary  a n d  M a y  o f  2 0 0 4 , th e  m o n th ly  ra in fa ll w a s  b e lo w  th e  lo n g  te rm  a v e ra g e  

during th e se  m o n th s  (F ig u re  4 .1 8 ) . R a in fa ll w a s  a lso  g re a te r  th a n  lo n g - te rm  a v e ra g e  

during N o v e m b e r  2 0 0 3 , w h ile  th e  S O I v a lu e  w a s  n e g a tiv e  ( -3 .4 ) . A c c o rd in g  to  th e  

SOI value  o f  13.1 d u r in g  M a y  2 0 0 4  g re a te r  th a n  a v e ra g e  ra in fa ll c o n d i t io n s  w e re  

expected to  o c c u r . H o w e v e r , no  v a lu e s  fo r  th e  lo n g - te rm  a v e ra g e  w e re  a v a ila b le  fo r  

this m onth . T h e  p o s itiv e  S O I v a lu e s  d u r in g  F e b ru a ry  a n d  M a rc h  2 0 0 4  (8 .6  a n d  0 .2  

respectively) c o in c id e d  w ith  th e  ra in fa ll e v e n ts  th a t o c c u rre d  b e tw e e n  D a y s  1 6 6 -1 9 5  

ar>d 2 0 7-235 . H o w e v e r ,  th e  ra in fa ll  d u r in g  th e  e v e n t  th a t o c c u r re d  d u r in g  M a rc h  2 0 0 4  

Was less th a n  ra in fa ll th a t fe ll d u r in g  th e  e v e n t  in  F e b ru a ry  2 0 0 4  (F ig u re  4 .1 8 ).
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ere js an  a s s o c ia t io n  b e tw e e n  th e  S O I (S O I <  -1 0 )  a n d  c l im a tic  c o n d itio n s  

ecessary  fo r  lo w e r in g  th e  g ro u n d w a te r  ta b le  an d  in  tu rn  le a d in g  to  th e  g e n e ra tio n  o f  

yritic o x id a tio n  p ro d u c ts  an d  th e  e x p o r t o f  th e se  p ro d u c ts  a f te r  h e a v y  ra in fa ll (S O I >  

IQ) T h e re fo re , S O I v a lu e s  m ay  b e  u s e d  to  p re d ic t  p e r io d s  o f  a c id  g e n e ra tio n  an d

discharge.

4  7  I m p l i c a t i o n s  f o r  A c i d  S u l p h a t e  S o i l s

The in itia l so il c h e m ic a l p ro p e r tie s  d e s c r ib e d  in  th is  C h a p te r  in d ic a te  p a s t  p y ritic  

oxidation. T h e  p re -b a r r ie r  p e r io d  w a s  d is t in g u is h e d  b y  s e v e ra l la rg e  ra in fa ll e v e n ts , 

while the  p o s t-b a r r ie r  p e r io d  w a s  c h a ra c te r is e d  b y  e x te n d e d  d ry  p e r io d s . T h e  c lim a tic  

conditions e x p e r ie n c e d  d u r in g  th e  p o s t-b a r r ie r  p e r io d  g a v e  r is e  to  c o n d itio n s  

necessary fo r  th e  g e n e ra tio n  o f  p y r it ic  o x id a tio n  p ro d u c ts .  T h e s e  c o n d i t io n s  a re  id ea l 

to test th e  e f fe c t iv e n e s s  o f  th e  b a r r ie r  in  m in im is in g  th e  g e n e ra t io n  o f  a c id  p y rite  

oxidation p ro d u c ts . T h e  c lim a tic  in te ra c tio n s  w ith  th e  g ro u n d w a te r  d y n a m ic s , c re e k  

water, d ra in  w a te r  a n d  g ro u n d w a te r  c h e m is try  fo r  th e  s tu d y  s ite s  a re  d is c u s s e d  in 

Chapters 6, 7 a n d  8.
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C h a p t e r  5 - 0  L i m e - f l y  a s h  B a r r i e r  F i e l d  T r i a l s  

5 .1  I n t r o d u c t i o n

The in s ta lla tio n  o f  th e  l im e -f ly  a sh  b a r r ie r  a n d  th e  e q u ip m e n t u s e d  in th e  p re lim in a ry  

test in je c tio n s  a re  d e sc r ib e d  in d e ta il in  th is  C h a p te r . T h e  s e le c tio n  o f  g ro u t s lu rry  

constituen ts  is  d e s c r ib e d  in th e  f ir s t s e c tio n  o f  th is  C h a p te r  a lo n g  w ith  th e  ra tio s  o f  

these c o n s titu e n ts  u s e d . T h e  s e c o n d  se c tio n  o f  th is  C h a p te r  d e s c r ib e s  th e  p re lim in a ry  

in jections an d  th e  c o m p le tio n  o f  th e  lim e -f ly  a sh  b a rr ie r .  T h e  e s ta b l is h m e n t o f  a  s u b ­

surface b a r r ie r  in v o lv e s  th e  in je c tio n  a n d  la te ra l g ro u t p e rm e a tio n  m e th o d . T h is  

techn ique in v o lv e s  th e  in je c tio n  o f  th e  lim e -f ly  a s h /w a te r  s lu rry  th ro u g h  b o re h o le s  v ia  

pressure p u m p in g . T h e  p ro c e d u re  d o e s  n o t re q u ire  th e  d e v e lo p m e n t o f  n e w  

eng ineering  c o n c e p ts  b u t re lie s  o n  th e  in n o v a tiv e  a p p lic a t io n  o f  th e  e x is t in g  th e o ry  

and p ra c tic e . T h e  f in a l s e c tio n  o f  th is  C h a p te r  d e s c r ib e s  th e  p o s t- in s ta lla tio n  

in vestigation  o f  th e  b a rr ie r .

5 .2  G r o u t  S e l e c t i o n  a n d  I n j e c t i o n  P r e s s u r e

Lime an d  f ly  a sh  w e re  c h o s e n  as g ro u t  c o m p o n e n ts  d u e  to  th e ir  n e u tra lis in g  an d  

pozzo lan ic  c h a ra c te r is t ic s  re s p e c t iv e ly . A s  p re v io u s ly  m e n tio n e d  th e  fly  a sh  h a s  a  

high c o n te n t o f  a c t iv e  s ilic a , w h ic h  is  a b le  to  u n d e rg o  a  p o z z o la n ic  re a c tio n  w ith  lim e .

There are a  n u m b e r  o f  p ro p e r t ie s  a n d  re q u ire m e n ts  o f  lim e -f ly  a sh  s lu r r ie s  th a t h a v e  

an im p ac t o n  th e  in je c tio n  p ro c e s s . T h e s e  in c lu d e : f lu id ity ; s tre n g th , w h ic h  is  

dependen t on  th e  p ro p o r tio n  o f  w a te r  in th e  s lu rry ; m in im u m  s h r in k a g e , v is c o s ity  an d  

the o p tim u m  in je c tio n  p re s s u re . T h e  lo w e r  is  th e  v is c o s ity  o f  th e  g ro u t f lu id , th e  

easier th e  p e n e tra tio n  in to  th e  g ro u n d . V a ry in g  lim e -f ly  a sh  s lu rry  ra tio s  w e re  te s te d  

to decide  on  m o s t a p p ro p r ia te  v is c o s ity  a n d  ra tio  o f  c o n s ti tu e n ts  w e re  to  b e  u s e d  in  th e  

pre lim inary  in je c tio n  tr ia ls . T h e  f in a l d e c id e d  m ix tu re  ra tio  o f  w a te r: lim e : f ly  a sh  

was 4 0 :4 0 :2 0 . E a c h  in je c tio n  h o le  w a s  to  b e  in je c te d  w ith  a p p ro x im a te ly  3 1 4 L  o f  

lim e-fly a s h /w a te r  s lu rry .

The d ep th  o f  th e  in je c tio n  w a s  d e te rm in e d  b y  th e  lo c a tio n  o f  th e  to p  o f  th e  p y r ite  

layer. T h e  lim e -f ly  ash  b a r r ie r  w a s  to  b e  c o n s tru c te d  0 .1 m  a b o v e  th e  p y r ite  la y e r , 

how ever fo llo w in g  p re lim in a ry  in je c tio n s  it w a s  fo u n d  th a t so il a t th is  le v e l w a s  to o
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0ft to c rea te  an  a d e q u a te  seal b e tw e e n  th e  in jec tio n  p ip e  an d  the  su rro u n d in g  so il. 

This is fu rth e r d isc u sse d  in S ec tio n  5.4.

As a general ru le  o f  th u m b , g ro u tin g  p re s su re s  w ere  k ep t as low  as p o ss ib le  b u t so  as 

to allow o p tim u m  su c c e ss  o f  th e  g ro u tin g . T h e  in je c tio n  p re ssu re  w as  a lso  k e p t b e lo w  

the pressure o f  th e  so il o v e rb u rd e n  o th e rw ise  h e a v in g  o f  the  g ro u n d  su rface  m ay  h av e  

occurred and  fis su re s  m a y  o p e n  w ith in  th e  so il. T h e  o p tim u m  p re ssu re  w as fo u n d  to  

be betw een  6 0 -8 0 k P a .

5 .3  I n j e c t io n  E q u i p m e n t

The eq u ip m en t u se d  in th e  in je c tio n  p ro c e ss  c o n s is te d  o f  a  M 100 g ro u t p u m p  an d  a 

150 litre m ix in g  ta n k  w ith  an  E a g le  M k 2  a ir  p o w e re d  m ix e r m o to r, as sh o w n  in P la te  

5.1. S p ec ifica tio n s  an d  o p e ra to r  in s tru c tio n s  re la te d  to  the  M l 0 0  g ro u t p u m p  an d  A ir  

powered m ix e r m o to r  can  be  fo u n d  in  A p p e n d ix  C .

P la te  5 .1 :  In jec tio n  e q u ip m e n t in c lu d in g  M ix in g  tan k , g ro u t p u m p , m ix in g  m o to r and

p re ssu re  re g u la to r .

'pu
e °n g in a l d e s ig n  o f  th e  in je c tio n  p ip e  c o n s is te d  o f  tw o  h o llo w  p ip e s  (o n e  w ith in  the 

other) w ith  slits  at th e  b ase  w h e re  th e  g ro u t s lu rry  is  p u m p e d  o u t o f  and  o n e  se t o f  

§fout packers to  seal th e  in je c tio n  h o le  d u rin g  in je c tio n  (S ee  P la te  5 .2 ). T h e  h a n d le  at
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the t°P  ’nj e c t*o n  P*Pe w as usec* t0  e x p an d  th e  p a c k e rs  an d  seal th e  in jec tio n

hole.

P l a t e  5 . 2 :  O rig in a l d es ig n  o f  In je c tio n  P ip e . N o te  o n e  se t o f  p a ck e rs .

5 .4  P r e l i m i n a r y  T e s t  I n j e c t i o n s

Two te st h o le s  w e re  in je c te d  w ith  th e  lim e-fly  a sh /w a te r  s lu rry  on  D ay  98  b ased  on  

the o rig inal sp e c if ic a tio n s  ( in je c tio n  d ep th  o f  1.1 m ). T h e  lim e: fly  ash : w a te r  ra tio  o f  

40:40:20 (by  m ass) w as  fo u n d  to  be  v isc o u s  e n o u g h  to  g re a t a  la y e r th ic k  e n o u g h  and  

to be p u m p e d  by  th e  in je c tio n  eq u ip m e n t. F ro m  th e  te s ts  in  th e  fie ld  it w as fo u n d  

that the v isco s ity  o f  th e  s lu rry  w as su ita b le  fo r the  so il c o n d itio n s . H o w e v e r, d u rin g  

the p lacem en t o f  th e  in je c tio n  p ip e  in th e  h o le  a n d  th e  e x p a n s io n  o f  th e  p a c k e rs  to  seal 

the ho les, th e  so il e x p a n d e d  w ith  th e  p a c k e rs  an d  th e  p a c k e rs  ju m p e d  th e  w a sh e rs  

holding th em  in  p la c e . T h is  re d u c e d  the  seal o f  th e  in jec tio n  h o le  an d  ca u se d  so m e 

slurry to co m e b a c k  u p  th e  h o le  d u rin g  in jec tio n . M o d ific a tio n  o f  th e  in je c tio n  p ip e  in 

the fie ld  s to p p e d  th is  fro m  o c c u rrin g . B lo c k a g e s  in  the  s lits  on  th e  e n d  o f  the  

E jection  p ip e  c a u se d  so m e  p ro b le m s  d u rin g  th e  p re lim in a ry  in je c tio n  p ro c e ss . T h ese  

shts w ere w id e n e d  to  p re v e n t/re d u c e  th is  p ro b lem , as sh o w n  in P la te  5 .3 .
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P l a t e  5 .3 : M o d if ie d  tip  o f  in je c tio n  p ipe .

After the in jec tio n  w as  c o m p le te d  b o re h o le s  w ere  d rille d  to  lo c a te  s lu rry  u n d e rg ro u n d . 

Results fro m  th e  p re lim in a ry  in je c tio n s  w e re  c o n s id e re d  b e fo re  p e rfo rm in g  th e  fina l 

injections. T h e  te s t in je c tio n s  led  to  m o d if ic a tio n s  in  th e  d ep th  o f  in jec tio n . W h ile  

the slurry  w as fo u n d  lm  fro m  th e  p o in t o f  in je c tio n  it w as  fo u n d  d ee p e r, w h ich  

indicated th a t a lth o u g h  th e  s lu rry  d id  m o v e  in  a  la te ra l d ire c tio n  it a lso  m o v ed  

vertically, d u e  to  p re s su re  a n d  th e  so il c o n d itio n s . In je c tio n  d ep th  w as ra ise d  to  0 .7 m  

due to the  e le v a tio n  o f  th e  g ro u n d w a te r  ta b le  a n d  th e  re su ltin g  so ft so ils . T h e  

injection p ip e  w as fu rth e r  m o d ifie d  to  add  a se co n d  se t o f  p a c k e rs  to  re d u c e  to  fu rth e r 

reduce the p o ss ib ility  o f  s lu rry  e sc a p in g  b a c k  up  th e  in je c tio n  h o le . T h e  m o d ified  

injection p ip e  is sh o w n  in  P la te  5 .4 . A  p re ssu re  re g u la to r  w as  a lso  ad d e d  to  a llo w  the 

injection p re ssu re  to  be  red u c e d  and  to  a llo w  in c re a se d  acc u ra c y  in c o n tro llin g  the 

pressure.

P l a t e  5 .4  : M o d if ie d  d es ig n  o f  in je c tio n  p ip e . N o te  th e  tw o  se ts  o f  p ack e rs .
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fu rther th ree  h o le s  w ere  in je c te d  w ith  th e  s lu rry  to  d e te rm in e  w h e th e r  th e se  c h a n g e s  

made t o  th e  in je c tio n  e q u ip m e n t an d  in jec tio n  reg im e  a llo w e d  th e  su ccessfu l 

c o m p l e t i o n  o f  a  h o r iz o n ta l b a rrie r. T re n c h e s  w ere  d u g  to  in v e s tig a te  th e  c o v e ra g e  o f  

the barrie r. It w as  e x p e c te d  th a t so m e  o f  th e  s lu rry  c o u ld  o ffsh o o t th ro u g h  

m acropores in  th e  so il, h o w e v e r  th e  ra d iu s  o f  in flu e n c e  o f  th e  s lu rry  w as  fo u n d  to  be 

approxim ate ly  lm , w h ic h  w o u ld  g iv e  a  c o n tin u o u s  lim e-fly  ash  la y e r and  m a x im ise  

interaction  b e tw e e n  th e  in je c tio n  h o le s. P la te  5 .5  sh o w s a  sec tio n  o f  th e  lim e-fly  ash  

barrier. P la te  5 .6  a lso  sh o w s  an  e x c a v a te d  sec tio n  o f  the  b arrie r.

P la t e  5 .5 :  T re n c h  sh o w in g  sec tio n  o f  lim e -fly  ash  b a rr ie r  a t lm  b e lo w  g ro u n d  su rface . 

G ro u t a t u p p e r  r ig h t h a n d  c o rn e r  fro m  an  ad ja c e n t in je c tio n  ho le .
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P l a t e  5 . 6 :  E x c a v a te d  sec tio n  o f  b a rr ie r  (fro m  p re lim in a ry  in je c tio n s )

5 .5  I n s t a l l a t i o n  o f  t h e  L i m e - f l y  a s h  B a r r i e r

The lim e-fly  ash  b a rr ie r  w as co m p le te ly  in s ta lle d  by  9 th Ju n e  2 0 0 4  (D ay  313 . T he 

installation o f  the  b a rr ie r  w as d iv id e d  in to  tw o  s tag es , w ith  h a lf  th e  b a rr ie r  (sec tio n  

furthest fro m  flo o d  m itig a tio n  d ra in ) b e in g  c o m p le te d  on  D ay  299 . T h is  w as  d u e  to 

restrictions on  th e  am o u n t o f  g ro u t c o n s titu e n ts  th a t c o u ld  be  tra n sp o rte d  to  th e  study  

site and the in a b ility  to  s to re  th e  lim e /fly  ash  o n site .

5.5.1 D rilling  o f  in jec tio n  h o le s

Tw enty-tw o in je c tio n  h o le s  w ere  d rille d  ad ja c e n t to  th e  flo o d  m itig a tio n  d ra in  (S ee 

Figure 4 .9 ). P V C  p ip e s  w e re  p la c e d  in th e se  h o le s  u n til the  tim e  o f  in jec tio n . H o les  

were also d rilled  0 .4 m  fro m  th e  in je c tio n  h o le s  to  in sp e c t the  lim e s lu rry  c o v e ra g e  in 

the spacings b e tw ee n  th e  in je c tio n  h o le s . G ro u n d w a te r  sam p les  w ere  n o t co lle c te d  

from these h o le s; h o w e v e r  p H  an d  c o n d u c tiv ity  w ere  te s ted  on  a  n u m b e r o f  o cca sio n s .

5.5.2 M ixing  o f  lim e -fly  a sh /w a te r  slu rry

G enerally, fo r eac h  in jec tio n  h o le  th ree  m ix es  o f  th e  lim e-fly  a sh /w a te r  s lu rry  w ere  

E jected (so m e h o le s  re a c h e d  sa tu ra tio n  p o in t an d  o n ly  2 -2 .5  m ix es  w e re  in jec ted ). 

Calculations fo r  th e  a m o u n t o f  lim e /fly  ash  an d  w a te r  are  o u tlin e d  in  A p p e n d ix  C. 

Each slu rry  m ix  (1 0 4 .7  litres ) c o n s is te d  o f  w a te r  (3 6 .3 6  litre s ) , lim e  (5 1 .8  litre s  (3 6 .2 7
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k )) and fly a sh (1 6 .5 4  litre s  (1 8 .2  k g )). T h e se  v o lu m es  w ere  b a se d  on  th e  p ro je c te d  

ptim um  th ick n ess  o f  th e  b a rr ie r  (0 .1 m ) an d  ra d iu s  o f  in flu e n c e  ( lm ) .

por each m ix  h a lf  o f  th e  lim e  an d  w a te r  w as m ix ed  f ir s t b e fo re  th e  fly  ash  w as  ad d ed . 

The rem ain ing  lim e  an d  w a te r  w as  th e n  ad d e d  to  re d u c e  th e  p o ss ib ility  o f  th e  m ix tu re  

clogging- T h e  s lu rry  w as a lso  m ix e d  fo r  sev e ra l m in u te s  to  a llo w  th e  c o n s ti tu e n ts  to  

mix com ple te ly .

P l a t e  5 . 7 :  M ix in g  o f  lim e-fly  a sh /w a te r  s lu rry .

5.5.3 In jec tion  o f  lim e -fly  a sh /w a te r  s lu rry

Before the in je c tio n  p ip e  w as p la c e d  in to  th e  in je c tio n  h o le s  an d  the  s lu rry  w as 

injected in to  the  so il, th e  in je c tio n  p ip e  w as  te s ted  fo r  p o ss ib le  b lo c k a g e s  as sh o w n  in 

Plate 5.8. T h e  in je c tio n  w as p la c e d  in  th e  g ro u n d  an d  the  h a n d le  a t th e  to p  o f  the  

E jection p ip e  w as  tig h te n e d  to  e x p a n d  th e  p ack e rs  an d  seal th e  in je c tio n  h o le  ab o v e  

the point o f  in jec tio n . W h ile  th e  in je c tio n  p ip e  w as still in  the  g ro u n d  su b se q u e n t 

Wixes w ere c re a te d  so  as n o t to  a llo w  th e  s lu rry  to  h a rd en  a t the  p o in t o f  in jec tio n .

etween the  in je c tio n s  u n d e rta k e n  in  e a c h  h o le , th e  s lits  a t the  b ase  o f  th e  in jec tio n  

Pipe w ere c lean ed  to  p re v e n t b lo c k ag es .
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P l a t e  5 . 8 :  T e s tin g  o f  in je c tio n  p ipe .

5 .6  E v a l u a t i o n  o f  t h e  l i m e - f l y  a s h  b a r r i e r  i n  t h e  f i e l d

As w as p re v io u s ly  m e n tio n e d , o b se rv a tio n  h o le s  w ere  d rilled  to  in sp e c t th e  lim e 

slurry co v erag e  in  th e  sp ac in g s  b e tw e e n  th e  in jec tio n  p ip e s . W a te rta b le  e le v a tio n  and  

pH levels w ere  m o n ito re d  c o n tin u o u s ly  th ro u g h  p ie z o m e te rs  a n d  o b se rv a tio n  h o le s  

and chem ica l sp e c ie s  w ere  a lso  an a ly se d  on  a  c o n tin u o u s  b asis . G ro u n d w a te r  ta b le  

elevation m e a su re d  b e fo re  and  a fte r  th e  in s ta lla tio n  is  d isc u sse d  in  C h a p te r  6, w h ile  

groundw ater a n d  su rfa c e  w a te r  q u a lity  re su lts  fro m  th e  L im e -fly  ash  b a rr ie r  f ie ld  site  

are outline  in  C h a p te r  7.
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C h a p t e r  ^  G r o u n d w a t e r  D y n a m i c s  B e f o r e  a n d  A f t e r  t h e  I n s t a l l a t i o n  o f  t h e  

L im e - f l y  a s h  B a r r i e r

5  1 i n t r o d u c t i o n

The o x i d a t i o n  o f  p y r ite  a n d  th e  s u b s e q u e n t g e n e ra t io n  o f  a c id ic  p ro d u c ts  a re  

i n f lu e n c e d  b y  th e  e le v a tio n  o f  th e  g ro u n d w a te r  ta b le  in  r e s p e c t to  th e  p o te n tia l  a c id  

su lphate s o il la y e r . W h e n  the  g ro u n d w a te r  ta b le  is  a b o v e  th e  p y r it ic  so il la y e r  it is  

under re d u c in g  c o n d itio n s  an d  th e re fo re  o x id a tio n  o f  th e  so il d o e s  n o t o c c u r. 

H ow ever in  so m e  c a s e s , as p re v io u s ly  m e n tio n e d  in  C h a p te r  2 S e c tio n  2 .3 .1 , th e  

p resen ce  o f  b a c te r ia  a lso  e n h a n c e s  th e  o x id a tio n  p ro c e s s  a n d  c a n  o c c u r  e v e n  w h ile  th e  

pyritic  so il in  in u n d a te d . I f  th e  g ro u n d w a te r  ta b le  fa lls  b e lo w  th e  to p  o f  th e  p o te n tia l  

acid su lp h a te  so il la y e r , a tm o sp h e r ic  o x y g e n  is  a b le  to  p a s s  th ro u g h  th e  m a c ro p o re s  in 

the soil c a u s in g  th e  o x id a tio n  o f  th e  p y r i t ic  so il a n d  th e  d is c h a rg e  o f  a c id ic  o x id a tio n  

products  to  n e a rb y  d ra in s  a n d  c re e k s .

An u n d e rs ta n d in g  o f  th e  g ro u n d w a te r  ta b le  c h a ra c te r is t ic s  o f  a  p a r t ic u la r  s ite  is  

im portan t in  d e te rm in in g  th e  p ro c e s s e s  c o n tro l l in g  th e  o x id a tio n  o f  th e  a c id  s u lp h a te  

soil lay er. T h e  g ro u n d w a te r  e le v a tio n  d a ta  m e a s u re d  a t th e  lim e -f ly  a sh  b a r r ie r  s tu d y  

site are  p re s e n te d  in  th is  C h a p te r . T h e  e le v a tio n  o f  th e  g ro u n d w a te r  ta b le  in  re la tio n  

to the lo c a tio n  o f  th e  ac id  su lp h a te  s o il la y e r  is  a d d re s s e d . T o  d e te rm in e  i f  th e  lim e -  

fly ash b a r r ie r  h a d  an  in f lu e n c e  o n  th e  g ro u n d w a te r  ta b le  e le v a tio n  a  c o m p a r is o n  

betw een th e  p re -  a n d  p o s t-b a r r ie r  g ro u n d w a te r  ta b le  e le v a tio n  c h a ra c te r is t ic s  a re  a lso  

p resen ted . G ro u n d w a te r  ta b le  e le v a tio n  d a ta  a re  p re s e n te d  in  A p p e n d ix  C .

6 .2  G r o u n d w a t e r  e l e v a t i o n  c h a r a c t e r i s t i c s  d u r i n g  t h e  s t u d y  p e r i o d

G ro u n d w ate r e le v a tio n s  w e re  m e a s u re d  a t  all th i r ty -o n e  o b s e rv a tio n  h o le s  d u r in g  th e  

study p e r io d  (1 st A u g u s t 2 0 0 3  -  9 th O c to b e r  2 0 0 4 ) . T h e  a v e ra g e  g ro u n d w a te r  

elevation  a t th e  L im e -f ly  ash  B a r r ie r  s ite  is  p re s e n te d  in  F ig u re  6 .1 . T h e  g ro u n d w a te r  

table f lu c tu a te d  g re a tly  d u rin g  th e  s tu d y  p e r io d . T h e  g ro u n d w a te r  ta b le  a t  th e  l im e - f ly  

ash b a rr ie r  s tu d y  s ite  is  s ig n if ic a n tly  in f lu e n c e d  b y  th e  c l im a tic  c o n d itio n s .  T h e  

average g ro u n d w a te r  e le v a tio n  m e a s u re d  a t  th e  s tu d y  s ite , as  sh o w n  in F ig u re s  6.1 a n d  

F igures 6 .2 a  a n d  b , in c re a s e d  a f te r  s ig n if ic a n t  ra in fa ll  e v e n ts  i.e . D a y  125 a n d  D a y  

251. T h e  m a x im u m  a v e ra g e  g ro u n d w a te r  ta b le  e le v a tio n  a lso  o c c u rre d  o n  D a y  125
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(Days 123-125  -  R a in fa ll 32  m m ). T h is  s ig n if ic a n t in c re a se  in  th e  g ro u n d w a te r  ta b le  

0n this day  is n o t o n ly  a ttr ib u te d  to  ra in fa ll b u t a lso  to  a  b u rs t w a te r  m a in  th a t f lo o d ed  

jjje site w ith  f re sh w a te r . T h is  a lso  h ad  an  im p a c t on  the  p H  an d  e lec tr ica l 

conductiv ity o f  the  g ro u n d w a te r  (S ee  C h a p te r  7).

Day Number

G.W.T (m AHD)

F i g u r e  6 .1 :  A v e ra g e  g ro u n d w a te r  e le v a tio n  a t th e  L im e -f ly  ash  B arrie r  S ite  d u rin g  the

stu d y  p e rio d

The g ro u n d w ate r tab le  d if fe re d  b e tw e e n  o b se rv a tio n  h o le s  w ith in  eac h  tra n se c t and  

also betw een  tra n se c ts , in d ic a tin g  g ro u n d w a te r  f lo w  c o n d itio n s  a t th e  lim e-fly  ash  

barrier s tudy  site . F ig u re ’s 6 .2 a  an d  6 .2 b  sh o w  th e  g ro u n d w a te r  tab le  e le v a tio n s  

m easured fo r tra n se c ts  B , C , D , E  an d  F, G , H , I re sp e c tiv e ly .
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F igu re  6 .2 b : G ro u n d w a te r  ta b le  e le v a tio n s  a t tra n se c t F , G , H  an d  I d u rin g  th e  stu d y

p e rio d

The g ro u n d w ater p ro file  f lu c tu a te d  b e tw e e n  p o s itiv e  an d  n e g a tiv e  g ra d ie n ts  a lo n g  the  

transects. A fte r  ra in fa ll e v e n ts  the  g ro u n d w a te r  f lo w  w as  p o s itiv e  to w a rd s  th e  d ra in . 

Figure 6.3 illu s tra te s  c h a n g e s  to  n e g a tiv e  g ro u n d w a te r  f lo w  g ra d ie n ts  a f te r  s ig n if ic a n t 

rainfall even ts.

1 1 8
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F ig u re  6 .3 : G ro u n d w a te r  e le v a tio n  p ro file  a t T ra n se c t C  sh o w in g  p o s itiv e  and

n e g a tiv e  g rad ie n ts

The g ro u n d w ate r ta b le  a lo n g  T ra n se c t B fre q u e n tly  d ip p e d  sh o w in g  a n e g a tiv e  

gradient to w ard s  the  m id d le  o f  th e  s tu d y  s ite  a rea . T h e  g ro u n d w a te r  ta b le  a lo n g  

transects F, G  an d  H  w as  re la tiv e ly  s tab le  w ith  little  v a ria tio n  a c ro ss  the  s tu d y  site .

6.2.1 R e la tio n sh ip  b e tw e e n  g ro u n d w a te r  ta b le  e le v a tio n  a n d  p y r it ic  so il o x id a tio n  

The g ro u n d w ater ta b le  fe ll b e lo w  th e  u p p e r  su rface  o f  the  p o te n tia l ac id  su lp h a te  soil 

layer on on ly  o n e  o c c a s io n  a t th e  s tu d y  s ite  (1 st A u g u s t 2 0 0 3 ) d u rin g  th e  s tu d y  p erio d . 

This w as h o w ev er, o n ly  m e a su re d  a t O b se rv a tio n  H o le  8 an d  O b se rv a tio n  H o le  28 

(Figure 6 .4  an d  T a b le  6 .1 ). T h e  g ro u n d w a te r  ta b le  e le v a tio n s  m e a su re d  a t 

O bservation H o le s  8 an d  2 8 , a t th e  b e g in n in g  o f  the  s tu d y  p e rio d , w ere  0 .0 3  m  A H D  

ar|d 0.21 m  A H D  b e lo w  th e  u p p e r  su rfa c e  o f  th e  P A S S  la y e r  re sp e c tiv e ly . T h is  

dem onstrates th a t th e  o x id a tio n  o f  p y r ite  a t th is  s tu d y  s ite  is  in f lu e n c e d  by  fac to rs  

other than  the  e le v a tio n  o f  th e  g ro u n d w a te r  ta b le , n am e ly  b io tic  o x id a tio n .
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Day Number

F i g u r e  6 .4 : G ro u n d w a te r  ta b le  e le v a tio n s  a t O H 8  an d  O H 2 8  d u rin g  th e  s tu d y  p e rio d

6.3 P r e - b a r r i e r  g r o u n d w a t e r  d y n a m i c s

Pre-barrier m a x im u m , m in im u m  an d  th e  a v e ra g e  g ro u n d w a te r  e le v a tio n s  at eac h  

observation h o le  a re  su m m a rise d  in  T a b le  6 .1 , in re sp e c t to  th e  h e ig h t lo c a tio n  o f  the  

potential ac id  su lp h a te  so il layer.

T ab le  6 .1 : P re -b a rr ie r  g ro u n d w a te r  ta b le  e le v a tio n s  m e asu re d  a t the L im e -f ly  ash  

B a rrie r  S tu d y  S ite  d u r in g  th e  s tu d y  p e rio d

Observation

Hole

P A S S  la y e r  

(m  A H D )

G r o u n d  S u r f a c e  

(m  A H D )

M a x  G .W .T  

(m  A H D )

M in  G .W .T  

(m  A H D )

A v e ra g e  G .W .T  

(m  A H D )

1 -0 .1 9 1.01 0 .4 8 0 .0 2 0.21

2 -0.31 0 .8 9 0.41 -0 .0 4 0 .1 7

3 -0 .25 0 .95 0 .4 9 0 .03 0.21

4 -0 .2 6 0 .9 4 0 .9 4 -0 .0 2 0 .2 8

5 -0.21 0 .9 9 0 .4 8 0 .0 2 0 .2 0

6 -0 .2 4 0 .9 6 0 .9 6 0 .03 0 .4 0

7 -0 .2 7 0.93 0 .9 3 0.01 0.31

8 -0 .2 8 0 .9 2 0.51 -0.31 0 .1 7

-0 .2 7 0.93 0 .5 4 0 .03 0 .2 4

_ 1 ^ _ -0 .2 8 0 .9 2 0 .5 4 0 .0 0 0 .2 0

-0 .2 6 0 .9 4 0 .5 6 0 .0 4 0 .2 4

-0 .2 4 0 .9 6 0 .55 0 .03 0 .23

^ 1 3 ^
-0 .2 7 0 .93 0 .5 4 -0.01 0.21

-0 .2 5 0 .95 0 .5 3 0.01 0 .2 2

-0 .2 5 0 .95 0.51 0.01 0.21
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r j r i
-0 .2 3 0 .9 7 0 .5 4 0 .0 2 0 .21

-
-0 .1 7 1.03 0 .5 4 0 .0 4 0 .2 5

-0 .1 7 1.03 0 .5 2 0 .0 3 0 .2 2

-0 .2 1 .00 0 .5 5 0 .0 5 0 .2 6

^ 2 ( T
-0 .2 1 .00 0 .5 5 0 .0 6 0 .2 5

-0 .1 6 1.04 0 .5 4 0 .0 2 0 .2 4

^ 2 l ~
-0 .2 2 0 .9 8 0 .5 4 0 .0 4 0 .2 6

'  r T
-0 .2 1 .00 0.51 0 .0 4 0 .2 3

2 4 ~ -0 .1 3 1.07 0 .5 5 0 .0 4 0 .2 6

-0 .1 6 1.04 0.51 0.01 0 .2 2

26~~" -0 .3 0 .9 0 0 .5 3 0 .0 3 0 .2 2

27 -0 .3 0 .9 0 0 .5 5 -0 .1 9 0 .1 8

28 -0 .2 7 0 .9 3 0 .5 7 -0 .4 8 0 .1 6

29 -0 .3 1 0 .8 9 0 .4 7 -0 .0 1 0 .1 9

30 -0 .4 7 0 .7 3 0 .4 2 -0 .1 7 0 .1 3

31 -0 .3 4 0 .8 6 0 .4 9 -0 .0 1 0 .2 0

During th e  p re -b a r r ie r  p e r io d , o n  a v e ra g e , g ro u n d w a te r  ta b le  e le v a tio n  v a r ie d  b e tw e e n  

each o b se rv a tio n  h o le  in d ic a tin g  g ro u n d w a te r  f lo w  w ith in  th e  s tu d y  s ite . D u r in g  th e  

pre-barrie r p e r io d , th e  g ro u n d w a te r  ta b le  e le v a tio n  w a s  le v e l w ith  th e  g ro u n d  su rfa c e  

at O b se rv a tio n  H o le s  4 , 6  an d  7 . T h is  o c c u r re d  o n  tw o  o c c a s io n s  in  O b se rv a tio n  

Hole 4 (D ay  2 7 3  an d  D a y  2 9 4 ) , fo u r  o c c a s io n s  in  O b se rv a tio n  H o le  6 (D a y  2 1 0 , D a y  

251, D ay  2 73  a n d  D a y  2 9 4 ) a n d  o n e  o c c a s io n  in  O b s e rv a tio n  H o le  7 (D a y  2 9 4 ). T h e  

significant r is e  in  th e  g ro u n d w a te r  ta b le  in  th e se  o b s e rv a tio n  h o le s  c o in c id e s  w ith  h ig h  

intensity a n d  sh o r t d u ra tio n  ra in fa ll e v e n ts  th a t o c c u r re d  in  d a y s  p re c e d in g  th e  

m easurem ents i.e . D a y  2 8 6  - 13 .6  m m , D a y  2 1 0  - 4 3 .2  m m  a n d  D a y  251 - 112 .8  m m . 

Even th o u g h  th e  g ro u n d w a te r  ta b le  d id  n o t r is e  s ig n if ic a n tly  in  a n y  o th e r  o b s e rv a tio n  

hole on D ay  2 1 0 , ra in  m a y  h a v e  in a d v e r te n tly  e n te re d  O b se rv a tio n  H o le  6 th ro u g h  a 

possible leak  in  th e  c a p  on  th e  to p  o f  th e  h o le .
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P la te  6 .1 :  L im e -fly  ash  B a rrie r  S tu d y  S ite  a f te r  a  h ig h  in te n s ity  ra in fa ll e v e n t (D ay

125)

6.4 P o s t- b a r r ie r  g r o u n d w a te r  d y n a m ic s

Post-barrier m a x im u m , m in im u m  an d  th e  a v e ra g e  g ro u n d w a te r  e le v a tio n s  a t each  

observation h o le  a re  su m m a rise d  in  T a b le  6 .2 , in re sp e c t to  th e  h e ig h t lo c a tio n  o f  the  

potential ac id  su lp h a te  so il lay er. D u rin g  th e  p o s t-b a rr ie r  p e rio d , on  av erag e , 

groundwater ta b le  e le v a tio n  v a rie d  b e tw e e n  e a c h  o b se rv a tio n  h o le  in d ic a tin g  

groundw ater f lo w  w ith in  th e  s tu d y  site . D u rin g  th e  p o s t-b a rr ie r  p e rio d , th e  m a x im u m  

groundw ater ta b le  e le v a tio n  w as  lev e l w ith  th e  g ro u n d  su rfa c e  a t O b se rv a tio n  H o le  7 

on one o ccasion  (D ay  329 ).

T ab le 6 .2 : P o s t-b a rr ie r  g ro u n d w a te r  ta b le  e le v a tio n s  m e a su re d  a t th e  L im e -fly  ash  

B a rr ie r  S tu d y  S ite  d u r in g  th e  s tu d y  p e rio d

ier v a t io n

H ole

P A S S  la y e r  

(m  A H D )

G r o u n d  S u r f a c e  

( m  A H D )

M a x  G . W . T  

( m  A H D )

M i n  G . W . T  ( m  

A H D )

A v e r a g e  G . W . T  

( m  A H D )

1 -0 .1 9 1.01 0 .3 0 0 .1 0 0 .1 6

2
-0.31 0 .8 9 0 .2 6 0 .0 6 0 .1 2

3
-0.25 0 .95 0 .3 2 0 .0 9 0 .1 6

4
-0 .2 6 0 .9 4 0 .2 6 0 .0 3 0 .1 2

5
-0.21 0 .9 9 0 .3 0 0 .05 0 .13

6
-0 .2 4 0 .9 6 0 .3 3 0 .0 8 0 .1 8

7
-0 .2 7 0 .93 0 .9 3 0 .0 6 0 .3 7
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-0 .2 8 0 .9 2 0 .1 7 0 .0 4 0 .1 0

-0 .2 7 0 .9 3 0 .3 6 0 .1 3 0.21

-— wT~
-0 .2 8 0 .9 2 0 .0 9 0 .0 4 0 .0 8

-0 .2 6 0 .9 4 0 .3 6 0 .1 0 0 .1 9

-0 .2 4 0 .9 6 0 .3 5 0 .0 5 0 .1 8

- i t
-0 .2 7 0 .9 3 0 .3 4 0 .0 9 0 .1 5

- T T
-0 .2 5 0 .9 5 0 .3 3 5 0 .0 3 5 0 .1 8

-0 .2 5 0 .9 5 0 .3 3 0 .0 6 0 .1 6

^ h T
-0 .2 3 0 .9 7 0 .3 4 0 .0 7 0 .1 5

^ y T
-0 .1 7 1.03 0 .3 6 0 .1 3 0.21

-0 .1 7 1.03 0 .1 9 0 .1 0 0 .1 4

19
-0 .2 0 1.00 0 .3 5 0 .1 5 0 .2 2

20 -0 .2 0 1.00 0 .3 5 0 .1 4 0 .2 0

21 -0 .1 6 1.04 0 .3 6 0 .1 2 0 .1 9

22 -0 .2 2 0 .9 8 0 .3 5 5 0 .1 3 5 0.21

23 -0 .2 0 1.00 0 .3 5 0.11 0 .2 0

24 -0 .1 3 1.07 0 .3 8 0 .1 4 0.21

25 -0 .1 6 1.04 0.31 0.1 0 .1 7

26 -0 .3 0 0 .9 0 0 .2 9 0 .0 8 0 .1 5

27 -0 .3 0 0 .9 0 0 .3 1 5 0 .0 1 5 0 .1 4

28 -0 .2 7 0 .9 3 0 .3 2 -0 .0 3 0 .1 3

29 -0.31 0 .8 9 0.31 0 .0 2 0 .1 5

30 -0 .4 7 0 .7 3 0 .2 4 0 .0 2 0 .0 9

31 -0 .3 4 0 .8 6 0 .3 4 0 .0 8 0 .1 7

6 .5  C o m p a r i s o n  b e t w e e n  p r e -  a n d  p o s t - b a r r i e r  g r o u n d w a t e r  d y n a m i c s

The m ax im u m  g ro u n d w a te r  ta b le  e le v a tio n  d u r in g  th e  p re -b a r r ie r  p e r io d  w as  

measured in O b se rv a tio n  H o le  6 , w h e re a s  d u r in g  th e  p o s t-b a r r ie r  p e r io d  th e  m a x im u m  

groundw ater ta b le  e le v a tio n  o c c u rre d  in O b se rv a tio n  H o le  7 . D u r in g  b o th  th e  p re -  

and p o s t-b a rrie r  p e r io d  th e  m a x im u m  a n d  m in im u m  g ro u n d w a te r  ta b le  e le v a tio n  w as  

Measured in O b s e rv a tio n  H o le  28 .

There w as g re a te r  v a r ia n c e  b e tw e e n  th e  m a x im u m  a n d  m in im u m  g ro u n d w a te r  ta b le  

e'eyations m e a su re d  in th e  o b s e rv a tio n  h o le s  d u r in g  th e  p re -b a r r ie r  p e r io d  (V ar. (m a x )  

" 0 .0 1 7 1 ; V ar. (m in )  =  0 .0 1 2 9 )  th a n  in th e  p o s t-b a r r ie r  p e r io d  (V a r . (m a x )  =  0 .0 1 5 9 ; 

ar- (m in) =  0 .0 0 1 8 8 ) . T h e re  w as  h o w e v e r  g re a te r  v a r ia n c e  b e tw e e n  th e  a v e ra g e  

r°u n d w ater ta b le  e le v a tio n s  m e a su re d  in  th e  o b s e rv a tio n  h o le s  d u r in g  th e  p o s t-  

|*rrier p e rio d  (V A R  =  0 .0 0 2 6 4 )  th a n  in th e  p re -b a r r ie r  p e r io d  (V A R  =  0 .0 0 2 5 7 ) .
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p u r in g  th e  p re -b a r r ie r  p e r io d , in e a c h  O b s e rv a tio n  H o le  (e x c e p t fo r  O H 7 ) , th e  a v e ra g e  

n d w a te r  ta b le  e le v a tio n  (m  A H D ) w a s  h ig h e r  th a n  d u r in g  th e  p o s t-b a r r ie r  p e r io d
O

(Figure c a n  a t tr ib u te d  to  th e  m a jo r ity  o f  ra in fa ll e v e n ts  o c c u r r in g  d u r in g

the p re -b a rr ie r  p e r io d  (S e e  C h a p te r  4 , S e c tio n  4 .5 .1  an d  F ig u re  4 .1 4 a ) . T h e s e  ra in fa ll 

v e n ts  w ere  a lso  o f  a  h ig h e r  in te n s ity  d u r in g  th e  p re -b a r r ie r  p e r io d  (F ig u re  4 .1 6 a ) .

0.5 0 ----- ---------------------------------------------------------------------------------------------------------

6  0.45 

5  0.40 
£
c 0.35 ■ 
o
|  0.30 -

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26  27 28 29 30 31

Observation Hole

□  Pre-barrier ■  Post-barrier

F ig u re  6 .5 : P re - a n d  P o s t-b a r r ie r  a v e ra g e  g ro u n d w a te r  ta b le  e le v a tio n s  a t th e  L im e -

fly  a sh  B a rr ie r  S ite

6.6 C o n c lu s io n s

There w ere m in im a l c h a n g e s  in th e  g ro u n d w a te r  re g im e  as  a  re su lt o f  th e  in s ta lla tio n  

of the lim e-fly  ash  b a r r ie r  a t th e  s tu d y  s ite . H o w e v e r , a  c o m p a riso n  b e tw e e n  th e  

average g ro u n d w a te r  ta b le  e le v a tio n s  b e fo re  an d  a f te r  th e  in s ta lla tio n  o f  th e  b a r r ie r  

indicates a p e rc h e d  w a te r  ta b le , as  w a s  e x p e c te d  to  o c c u r. T h is  p e rc h e d  w a te r  ta b le  

would red u ce  th e  e x p o s u re  o f  p y r it ic  so il to  o x y g e n , re d u c e  p y r it ic  o x id a tio n  an d  

hence the g e n e ra tio n  o f  a c id ic  p ro d u c ts .  T h e  g ro u n d w a te r  ta b le  is a lso  in f lu e n c e d  by  

climatic fac to rs . H ig h  ra in fa ll e v e n ts  d u r in g  th e  p re -b a r r ie r  p e r io d  le d  to  h ig h  

groundw ater ta b le s .

h is, how ever n o t ju s t  th e  p e rc h e d  w a te r  ta b le  th a t h as  re s u lte d  fro m  th e  in s ta lla tio n  o f  

he L im e -f ly  ash  b a rr ie r . T h e  a lk a lin e  b a r r ie r  h a s  re a c te d  w ith  a c id ic  g ro u n d w a te r  an d
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•n f ] u e n c e d  th e  c o n c e n tra t io n  o f  p y r ite  o x id a tio n  p ro d u c ts  in th e  g ro u n d w a te r  an d  d ra in  

water- T h is  is  o u tl in e d  in  C h a p te r  7.
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C h a p t e r  7 . 0  D r a i n  W a t e r  a n d  G r o u n d w a t e r  Q u a l i t y  a t  t h e  S i t e  o f  t h e  L i m e - f l y  

aSh  B a r r i e r  

7 ,1  I n t r o d u c t io n

The aim  o f  th is  C h a p te r  is  to  e x a m in e  th e  in f lu e n c e  o f  th e  lim e -f ly  a sh  b a r r ie r  o n  d ra in  

w ater an d  g ro u n d w a te r  q u a lity  a t th e  s tu d y  s ite . T h e  c h a n g e s  th a t o c c u r  in d ra in  w a te r  

and g ro u n d w a te r  q u a lity  p a ra m e te rs  b e fo re  a n d  a f te r  th e  in s ta lla tio n  o f  th e  lim e -f ly  

ash  b a rrie r a re  d e s c r ib e d . T h is  C h a p te r  is  d iv id e d  in to  tw o  se c tio n s . In  th e  f irs t 

s e c t io n , th e  sp a tia l a n d  te m p o ra l v a r ia n c e  in  d ra in  w a te r  a c id ity  is  d e sc r ib e d .

The seco n d  s e c tio n  e x a m in e s  th e  sp a tia l  a n d  te m p o ra l v a r ia n c e  in  g ro u n d w a te r  

quality. T h e  c o l le c te d  d a ta  sh o w  th a t th e  in s ta lla tio n  o f  th e  s u b s u r fa c e  b a r r ie r  re d u c e d  

problem s a s s o c ia te d  w ith  a c id  su lp h a te  so ils ,  n a m e ly  lo w  p H  a n d  th e  g e n e ra tio n  o f  

acidic o x id a tio n  p ro d u c ts  s u c h  as  d is s o lv e d  in o rg a n ic  m o n o m e r ic  a lu m in iu m  a n d  to ta l 

dissolved iron .

In both th e se  s e c tio n s , th e  re su lts  a re  re la te d  to  g ro u n d w a te r  d y n a m ic s  a n d  c lim a tic  

influences, an d  th e  p o s s ib le  so u rc e s  o f  e a c h  c h e m ic a l sp e c ie s  a re  d e s c r ib e d . D a ta  

m easured a t th e  s tu d y  s ite  a re  p re se n te d  in  A p p e n d ix  C .

7 .2  S p a t i a l  v a r i a n c e  i n  d r a i n  w a t e r  q u a l i t y

7.2.7 D rain  w a te r  p H

Drain w a te r p H  a n d  c o n d u c t iv ity  w e re  te s te d  a lo n g  th e  d ra in  a d ja c e n t to  th e  L im e -f ly  

ash barrie r s ite , f ro m  th e  f lo o d g a te  to  ju s t  b e y o n d  th e  p ie z o m e te r  tra n se c t.  T h is  w as  

conducted on  tw o  o c c a s io n s , b e fo re  a n d  a f te r  th e  in s ta lla tio n  o f  th e  m o d if ie d  

floodgate. It a lso  c o in c id e s  w ith  b e fo re  a n d  a f te r  th e  in s ta lla tio n  o f  th e  s u b -su rfa c e  

ime-fly ash b a rr ie r . F ig u re  7.1 s h o w s  th e  p H  o f  th e  d ra in  w a te r  w ith in  th e  f lo o d  

mitlgation d ra in  b e fo re  a n d  a f te r  th e  in s ta lla tio n  o f  th e  m o d if ie d  f lo o d g a te  a n d  lim e - 

ash barrie r. A s  c a n  b e  se e n , th e  d ra in  w a te r  p H  d e c re a s e d  u p s tre a m , a s  a  re s u lt  o f  

brack ish w a te r  n e u tra lis in g  th e  d ra in  w a te r  pH . A N Z E C C  g u id e lin e s  (2 0 0 0 )  

p ^ u ire  th a t m a rin e  w a te rs  to  h a v e  a  p H  b e tw e e n  8 -8 .4 , h o w e v e r , d ra in  w a te r  

immediately u p s tre a m  o f  th e  f lo o d g a te  w a s  b e lo w  th is  c r ite r io n . T h e  m o d if ie d



floodgate w o u ld  h a v e  b e e n  c lo se d  fo r  a b o u t 12 h o u rs  a t th e  t im e  o f  s a m p lin g  o n  D a y  

3 0 0  so th is  e x p la in s  th e  'n o rm a l ' r a th e r  th a n  im p ro v e d  c o n d itio n s .  T h e  tr ig g e r  v a lu e  

for pH in e s tu a r ie s  is  b e tw e e n  7 an d  8 .5 . T h e  d ra in  w a te r  p H  a lso  fa lls  b e lo w  th is  

guideline.

Distance from floodgate (m)

— ■—  Day 35 Before Smart-gate Installation — X —  Day 300 After Smart-gate Installation

F ig u re  7 .1 : D ra in  w a te r  p H  re a d in g s  a lo n g  th e  f lo o d  m itig a tio n  d ra in  n e a r  th e  lim e -

f ly  a sh  b a r r ie r  s ite

Figure 7 .2  d e p ic ts  th e  d ra in  w a te r  p H  u p s tre a m , d o w n s tre a m  a n d  a lso  d ire c tly

adjacent (m id d le )  to  th e  lim e -f ly  ash  b a r r ie r  s ite  d u r in g  th e  s tu d y  p e r io d . T h e  sh a rp

increase in p H  to  5 .2  u p s tre a m  o f  th e  s ite  is  d u e  to  th e  ra in fa ll e v e n t  o n  th is  d ay  (D ay

125) and the  b u rs t  f r e s h w a te r  m a in . T h e  d ra in  w a te r  p H  d ire c t ly  a d ja c e n t to  th e  s ite

fluctuated g re a tly  d u r in g  th e  s tu d y  p e r io d , d u e  to  c lim a tic  in f lu e n c e s . P e a k s  in  p H

values at D ay  125 (p H  5 .1 8 )  a n d  D a y  251 (p H  5 .7 3 )  b o th  c o in c id e  w ith  s ig n if ic a n t

rainfall ev en ts . T h e  m in im u m  p H  o f  2.1 o c c u r re d  o n  D a y  9 9 . In  d a y s  p re c e d in g  th is

sampling d ay , 2 4 .1 m m  o f  ra in  fe ll o n  th e  s tu d y  s ite , le a c h in g  a c id  in to  th e  d ra in  th a t

was fo rm ed  d u r in g  d ro u g h t c o n d itio n s . O n  D a y  4 , sh a llo w  lim e  in je c tio n  to o k  p la c e

0n the b an k  o p p o s ite  th e  s tu d y  s ite . N o  d is c e rn ib le  c h a n g e s  in  d ra in  p H  w e re  n o tic e d

a4jacent to  o r  d o w n s tre a m  f ro m  th e  s tu d y  s ite , a s  a  re s u lt  o f  th is  s h a llo w  lim e

nJection. T h e  d ra in  w a te r  p H  a lso  s ig n if ic a n tly  in c re a s e d  d o w n s tre a m  o f  th e  s tu d y

te on D ay  125 (p H  5 .1 3 ). A f te r  D a y  125 th e  d ra in  w a te r  p H  d ra m a tic a lly  d e c re a se d  

to 3 . 2 9  t k -  ■ j
• r n is  is  d u e  to  a c id ic  o x id a tio n  p ro d u c ts  d is c h a rg in g  to  th e  d ra in . T h e re  w a s
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also no  s ig n if ic a n t  c h a n g e  in d ra in  w a te r  p H  a d ja c e n t to  (p H  c h a n g e  o f  0 .0 6 )  a n d  

dow n stream  (p H  c h a n g e  o f  0 .0 2 )  f ro m  th e  s ite  a f te r  th e  in s ta lla tio n  o f  th e  b a rr ie r .  T h e  

average d ra in  w a te r  p H  a lso  in c re a se d  b y  ju s t  0 .1 6  a f te r  th e  in s ta lla tio n  o f  th e  b a rr ie r . 

This is b e c a u se  th e  d ra in  w a te r  is  in f lu e n c e d  f ro m  u p s tre a m  a re a s . A c id  s u lp h a te  so ils  

affected a re a s  u p s tre a m  o f  th e  L im e -f ly  a sh  b a r r ie r  s tu d y  s ite  d is c h a rg e  a c id ic  w a te r  

dow nstream .

Day Number Day Number

f ig u re  7 .2 : D ra in  w a te r  p H  re a d in g s  u p s tre a m , m id d le  a n d  d o w n s tre a m  o f  lim e -f ly

a sh  b a r r ie r  s ite

r * 2  E lec tr ica l C o n d u c tiv ity  

Figure ~l 'x  a
a e p ic ts  th e  d ra in  w a te r  e le c tr ic a l  c o n d u c tiv ity  (E C ) b e fo re  a n d  a f te r  the  

N a tio n  o f  th e  m o d if ie d  f lo o d g a te  a n d  lim e -f ly  ash  b a rr ie r .  T h e  m e a su re d  E C
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shows th e  e x te n t  o f  th e  tid a l f ro n t u p  th e  f lo o d  m itig a tio n  d ra in . I t c a n  b e  se e n  th a t 

the m o d ifie d  f lo o d g a te  h a s  an  in f lu e n c e  u p  to  a p p ro x im a te ly  3 1 0 m  u p s tre a m . T h e  

electrical c o n d u c t iv i ty  u p  to  th is  p o in t  is  s ig n if ic a n tly  g re a te r  th a n  th a t  m e a su re d  

before th e  c o m m is s io n  o f  th e  m o d if ie d  f lo o d g a te , in d ic a tin g  s a lin e  in tru s io n .

Distance from floodgate (m)

■ Day 35  Before Smart-gate Installation - Day 300 After Smart-gate Installation

F ig u re  7 .3 : D ra in  w a te r  c o n d u c t iv ity  re a d in g s  a lo n g  th e  f lo o d  m itig a tio n  d ra in  n e a r

th e  lim e -f ly  a sh  b a r r ie r  s ite

Drain w a te r  E C  a lso  c o r re la te d  w ith  ra in fa ll e v e n ts  a n d  p H . In  F ig u re  7 .4 , d ra in  w a te r  

EC decreased  s ig n if ic a n tly  d u r in g  ra in fa ll e v e n ts ,  sp e c if ic a l ly  D a y  125 , w h ic h  c a n  b e  

attributed to  n e a r  n e u tra l p H  w a te rs  b e in g  d is c h a rg e d  in to  th e  d ra in . T h e  la rg e  

increase in E C  b e fo re  D a y  5 6  is  d u e  to  th e  g e n e ra tio n  o f  p y r ite  o x id a tio n  p ro d u c ts  

during the  p e r io d  o f  d e c re a s in g  g ro u n d w a te r  ta b le s  (F ig u re  6 .1 ) . T h e  in c re a s e  in  

groundw ater ta b le s  a f te r  th is  p e r io d  d ilu te d  th e  c o n c e n tra tio n  o f  p y r ite  o x id a tio n  

products in th e  d ra in  w a te r , th e re fo re  lo w e r in g  th e  E C . T h e  s lig h t in c re a s e  in  d ra in  

water E C  a f te r  D a y  125 c a n  a lso  b e  a t tr ib u te d  to  th e  le a c h in g  o f  th e se  o x id a tio n  

Products fro m  th e  g ro u n d w a te r  to  th e  d ra in .

rpi

e EC o f  th e  d ra in  w a te r  a f te r  th e  in s ta lla tio n  o f  th e  b a r r ie r  h as  b e e n  re la tiv e ly  

stable. T h e re  w a s  n o  in c re a s e  in  E C  a f te r  D a y  3 8 4 , w h e n  28  m m  o f  ra in  fe ll o n  th e  

tudy site, in d ic a tin g  th e  in f lu e n c e  o f  th e  b a r r ie r  on  re d u c in g  p y r i t ic  o x id a tio n .
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Day Number
0 S a y^ur/iber0 0 0

Day Number
Day Number

F i g u r e  7 . 4 :  D ra in  w a te r  c o n d u c tiv ity  re a d in g s  u p s tre a m , m id d le  a n d  d o w n s tre a m  o f

lim e -f ly  a sh  b a r r ie r  s ite

7.2.3 A c id ic  c a tio n  c o n c e n tr a tio n s

High c o n c e n tra tio n s  o f  a c id ic  c a t io n s , d is s o lv e d  m o n o m e r ic  a lu m in iu m  a n d  d is so lv e d  

lfon, e x p e rie n c e d  in  th e  d ra in  w a te r  a t th e  s tu d y  s ite , a re  d u e  th e  re le a s e  o f  th e se  

cations fro m  th e  so il a s  a  re s u lt  o f  p y r it ic  o x id a tio n . A  d e ta ile d  d e s c r ip t io n  o f  th e  

concentrations o f  th e se  c a t io n s  in th e  d ra in  w a te r  d u r in g  th e  s tu d y  p e r io d  is  d e s c r ib e d  

'n the fo llo w in g  se c tio n s .

• 2 . 3 . 7  A lu m in iu m  c o n c e n tr a tio n s  

T h e
c o n c e n tra tio n  o f  a lu m in iu m  in  th e  d ra in  w a te r  is  sh o w n  in  F ig u re  7 .5 . T h e  

Z E C C  g u id e lin e s  (1 9 9 2 )  s ta te  th a t w h e n  th e  p H  is  le ss  th a n  6 .5 , a lu m in iu m
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concen tra tion  le v e ls  m u s t n o t e x c e e d  0 .0 0 5  m m o l/L  ( 0 . 1 3 4 9 m g /L ). D u r in g  th e  s tu d y  

period, d ra in  w a te r  a lu m in iu m  c o n c e n tra t io n s  a t  all lo c a tio n s  e x c e e d e d  th is  le v e l 

sign ificantly . C o n c e n tra t io n s  u p s tr e a m  o f  th e  s tu d y  s ite  ra n g e d  f ro m  4  m g /L  (D a y  

3 5 3 ) to  5 6 .8  m g /L  (D a y  7 0 )  w ith  an  a v e ra g e  a lu m in iu m  c o n c e n tra tio n  o f  3 1 .6  m g /L . 

The m a x im u m  c o n c e n tra t io n  o f  5 6 .8  m g /L  is  le s s  th a n  m a x im u m  A l3+ c o n c e n tra t io n s  

reported by  G la m o re  (2 0 0 3 )  a n d  B lu n d e n  (2 0 0 0 ) , 1 1 7 .3 6  m g /L  (4 .3 5  m m o l/L )  an d  

140.29 m g /L  (5 .2  m m o l/L )  re s p e c tiv e ly .

Day Number Day Number

^  Number Day Number

'g u re  7 .5 : D is so lv e d  in o rg a n ic  m o n o m e r ic  A l3+ c o n c e n tra t io n s  in  d ra in  w a te r  

uPstream, m id d le  a n d  d o w n s tre a m  o f  th e  lim e -f ly  a sh  b a r r ie r  s ite . A v e ra g e  

c°ncentrations a re  a lso  sh o w n .

'Sure 7.5 sh o w s  th a t a lu m in iu m  c o n c e n tra tio n s  in  th e  d ra in  w a te r  f lu c tu a te  w ith  

niatic c o n d itio n s . A f te r  D a y  125, a lu m in iu m  c o n c e n tra tio n s  in c re a s e d  u p s tre a m  

adjacent to  th e  s tu d y  s ite . T h e s e  e le v a te d  le v e ls  a re  la rg e ly  d u e  to  th e  d is s o lu tio n  

1 ' c ate c lay s  an d  a lu m in iu m  m in e ra ls  u n d e r  a c id ic  g ro u n d w a te r  c o n d i tio n s .  T h e se  

c ays an d  a lu m in iu m  m in e ra ls  a re  tra n s p o r te d  to  th e  d ra in  d u r in g  th e  ‘f irs t
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flush’ a fte r  P y r ' t i c  o x id a tio n . A lu m in iu m  c o n c e n tra t io n s  re c e d e d  a f te r  th is  p e r io d , 

although th e  c o n c e n tra t io n s  w e re  s till s e v e ra l o rd e rs  o f  m a g n itu d e  a b o v e  th e  

a N Z E C C  (1 9 9 2 )  tr ig g e r  g u id e lin e  v a lu e . A lth o u g h  a  ra in fa ll  e v e n t  o c c u r re d  on  D ay  

3 8 4  a lu m in iu m  c o n c e n tra t io n s  in th e  d ra in  w a te r  d o w n s tre a m  o f  th e  s tu d y  s ite  o n ly  

increased by  0 .4  m g /L .

Average a lu m in iu m  c o n c e n tra tio n s  in  th e  d ra in  w a te r  a t th e  s tu d y  s ite  d id  n o t v a ry  

significantly  d u r in g  th e  s tu d y  p e r io d . T h e  a v e ra g e  c o n c e n tra t io n s  b e fo re  a n d  a f te r  the  

installation o f  th e  b a r r ie r  w e re  2 7 .2 9  m g /L  a n d  2 9 .3 2  m g /L . T h e  a v e ra g e  

concentration  o f  a lu m in iu m  d o w n s tre a m  o f  th e  s tu d y  s ite  d e c re a se d  f ro m  3 2 .2 3  m g /L  

to 8.50 m g /L  a f te r  th e  in s ta lla tio n  o f  th e  b a rr ie r .  A v e ra g e  d ra in  w a te r  c o n c e n tra tio n s  

adjacent to  th e  s tu d y  s ite  in c re a se d  s lig h tly  a f te r  th e  c o m p le tio n  o f  th e  b a r r ie r  (2 7 .2 9  

mg/L to  2 9 .1 5  m g /L ) . A s  w a s  m e n tio n e d  b e fo re , th e  lim e -f ly  a sh  b a r r ie r  s tu d y  s ite  

does not o n ly  in f lu e n c e  th e  se c tio n  o f  d ra in  s a m p le d  b u t b y  a c id  s u lp h a te  so il a ffe c te d  

land u p s tream  a lso .

There w as little  c o r re la t io n  b e tw e e n  d ra in  w a te r  p H  a n d  a lu m in iu m  le v e ls  a s  h a s  b e e n  

reported p re v io u s ly  (G la m o re , 2 0 0 3 , B lu n d e n  a n d  In d ra ra tn a , 1997). A  p o s s ib le  

explanation fo r  th e  la c k  o f  c o r re la tio n  c o u ld  b e  th e  n u m e ro u s  in f lu e n c e s  on  the  

concentration  o f  a lu m in iu m  in  th e  d ra in  w a te r , fo r  e x a m p le  f lo o d g a te  le a k a g e  an d  th e  

influence o f  s a lin e  in tru s io n  o r  th e  f lu c tu a tin g  c l im a tic  fa c to rs .

7 .2 J.2  Iron  c o n c e n tr a tio n s

ANZECC G u id e lin e s  (1 9 9 2 )  s ta te  th a t d is s o lv e d  iro n  c o n c e n tra t io n s  n e e d  to  b e  b e lo w  

0.0009 m m o l/L  (0 .5 0 2  m g /L )  fo r  th e  p ro te c tio n  o f  a q u a tic  e c o s y s te m s . T o ta l 

dissolved iro n  c o n c e n tra t io n s  w e re  a b o v e  th e se  g u id e lin e s  on  a ll o c c a s io n s  w ith  th e  

roaximum c o n c e n tra tio n  o c c u rr in g  o n  D a y  140  a t a ll s a m p lin g  p o in ts  in th e  d ra in  

Pstream  -  611 m g /L ; m id d le  -  1405 m g /L ; d o w n s tre a m  -  7 7 8  m g /L ) . B e tw e e n  

Days H 8 -1 6 5  th e re  w a s  a  p ro lo n g e d  d ry  p e r io d  in  w h ic h  iro n  o x id e s  fo rm e d  in th e  

drain (S ee P la te  7 .1 ) .

The
average d ra in  w a te r  to ta l d is s o lv e d  iro n  c o n c e n tra t io n  d e c re a s e d  fro m  141 .8  m g /L  

b e fo re  tK •
ir*e in s ta lla tio n  o f  th e  b a r r ie r  to  10 9 .6 3  m g /L  a f te r  th e  in s ta lla tio n  o f  th e  b a rr ie r ,
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show ing th a t th e  b a r r ie r  d e c re a se s  th e  g e n e ra tio n  o f  p y r ite  o x id a tio n  p ro d u c ts . T h e  

average iro n  c o n c e n tra t io n s  a lso  d e c re a s e d  a d ja c e n t to  an d  d o w n s tre a m  f ro m  th e  

study site  a f te r  th e  b a r r ie r  w a s  in s ta lle d , a lth o u g h  th e  e le v a te d  c o n c e n tra t io n  o n  D a y  

140 (p re -b a rr ie r)  in f lu e n c e d  th is  a v e ra g e . R e m o v in g  th is  v a lu e  f ro m  a v e ra g e  

c a l c u la t io n s ,  th e  a v e ra g e  d is s o lv e d  iro n  c o n c e n tra t io n  in  th e  d ra in  w a te r  d o w n s tre a m  

and a d jacen t to  th e  s ite  s till s h o w s  a  d e c re a se  b e tw e e n  p re -  a n d  p o s t-b a r r ie r

c o n d it io n s .

50 10 15 20  25  30  35 40 

0 0 0 0 0 0 0 Day Number

F igure 7 .5 : T o ta l d is s o lv e d  iro n  c o n c e n tra t io n s  in d ra in  w a te r  u p s tre a m , m id d le  a n d  

dow nstream  o f  th e  lim e -f ly  ash  b a r r ie r  s ite . A v e ra g e  c o n c e n tra tio n s  a re  a lso  sh o w n .



P la te  7 .1 : Iro n  o x id e  f lo c c u la tio n  in  f lo o d  m itig a tio n  d ra in  a d ja c e n t to  lim e-fly  ash

b a rr ie r  s tu d y  site .

7.2.4 B asic  ca tion  co n c e n tra tio n s

The concen tra tion  o f  b as ic  c a tio n s  (C a 2+ an d  M g 2+) w ith in  th e  d ra in  w a te r  is  sh o w n  in 

Figure 7.6. M g 2+ w as  th e  d o m in a n t c a tio n  w ith in  th e  d ra in  w a te r. T h e  c o n c e n tra tio n s  

of M g2+ and C a 2+ w e re  re la tiv e ly  s im ila r  a t all p o in ts  sam p le d  in  th e  d ra in . M g 2+ 

concentrations a lso  fo llo w e d  C a 2+ c o n c e n tra tio n s . A fte r  D ay  5 6 , c o n c e n tra tio n s  

increased bu t th en  fe ll to  re la tiv e ly  s tab le  le v e ls . U p s tre a m  and  a d ja c e n t to  the  stu d y  

site, the m ax im u m  M g 2+ c o n c e n tra tio n  o c c u rre d  on  D ay  56  (613  m g /L  an d  5 7 2  m g /L ). 

The highest d ra in  w a te r  M g 2+ c o n c e n tra tio n  d o w n s tre a m  fro m  th e  s tu d y  s ite  w as 

measured on D ay  99  (7 4 3  m g /L ). T h e se  e le v a te d  c o n c e n tra tio n  le v e ls  w o u ld  n o t be 

linked to sa line in g re ss , as  th e  in f lu e n c e  o f  th e  f lo o d g a te  on  the  d ra in  d o es  n o t reac h  

the study site  (S ee  F ig u re  7 .2 ). A n o th e r  so u rc e  o f  M g 2+ is  fro m  th e  d is so lu tio n  o f  

estuarine clays. A  d e c re a se  in  g ro u n d w a te r  ta b le  e le v a tio n s  d u r in g  th is  p e r io d  (F ig u re  

6.1) may have in flu e n c e d  th is  in c re a se  in M g "+ in  th e  d ra in  w ater.

The m axim um  d ra in  w a te r  C a 2+ c o n c e n tra tio n  u p s tre a m  and  a d ja c e n t to  th e  s tu d y  site  

also occurred on  D ay  56  (u p s tre a m  -  201 m g /L ; m id d le  -  178 m g /L ). It h as  been  

Suggested tha t h ig h  c o n c e n tra tio n s  o f  A l ,+ re le a se d  d u rin g  the  h y d ro ly s is  o f  e s tu a rin e  

Clays may ex ch an g e  w ith  C a 2+ fro m  th e  c a tio n  e x c h a n g e  c o m p le x  an d  re le a se  C a 2+ 

lnt0 solution (B lu n d e n , 2 0 0 0 ).
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The sh arp  d e c re a se  in C a 2+ an d  M g 2+ on  D a y  125 is  d u e  to  d ilu tio n  f ro m  th e  ra in fa ll 

event th a t o c c u rre d . A  d e c re a se  a lso  o c c u rre d  a f te r  D a y  251 (D ay  2 4 9  -  ra in fa ll 41

mm)-

0 50  100 150 200 250 300 350 

Day Number
Day Number

F ig u re  7 .6 : S o lu b le  c a t io n  c o n c e n tra tio n s  u p s tre a m , m id d le  an d  d o w n s tre a m  o f  lim e - 

fly  ash  b a r r ie r  s ite . A v e ra g e  d ra in  w a te r  c o n c e n tra tio n s  a re  a lso  sh o w n .

7.2.5 A n io n  c o n c e n tr a tio n s

Soluble c h lo rid e  a n d  s u lp h a te  c o n c e n tra tio n s  a re  sh o w n  in  F ig u re  7 .7  a n d  F ig u re  7 .8  

respectively. C h lo r id e  is  an  in d ic to r  o f  s a lin e  in tru s io n  w h ile  e le v a te d  s u lp h a te  le v e ls  

In drain w a te rs  im p ly  th e  le a c h in g  o f  p y r it ic  o x id a tio n  p ro d u c ts .



|r

^ 5 /  C h lo r id e  c o n c e n tra tio n s

There w a s  a  p e r io d  o f  h ig h  so lu b le  c h lo r id e  c o n c e n tra tio n s  in  th e  d ra in  w a te r  

(betw een D a y s  4 2  an d  125). U p s tre a m  a n d  a d ja c e n t to  th e  s tu d y  s ite , th e  m a x im u m  

chloride c o n c e n tra tio n s  in th e  d ra in  w a te r  o c c u rre d  on  D a y  9 9  (u p s tre a m  - 8966 .1  

mg/L; m id d le  -  9 4 3 9 .2  m g /L ) . A n  e x p la n a tio n  fo r  th e se  h ig h  c o n c e n tra tio n s  c o u ld  b e  

drought c o n d itio n s  b e tw e e n  D a y s  4 2  an d  112 an d  th e  a c c u m u la tio n  o f  c h lo r id e  a n io n s  

in the d ra in . D o w n s tre a m  o f  th e  s tu d y  s ite , th e  m a x im u m  c h lo r id e  c o n c e n tra tio n  w as 

m easured on  D a y  5 6  (8 5 6 3 .9  m g /L ). T h e  m in im u m  s o lu b le  c h lo r id e  c o n c e n tra tio n  

upstream  an d  a d ja c e n t to  th e  s tu d y  s ite  o c c u rre d  o n  D a y  125 (u p s tre a m  -  6 1 .4  m g /L ; 

m iddle -  6 5 .4  m g /L ) . T h is  is  d u e  to  c i rc u m -n e u tra l w a te r  f ro m  th e  ra in fa ll e v e n t 

diluting th e  c o n c e n tra tio n  o f  c h lo rid e  in  th e  d ra in .

Day Number
Day Number

f ig u re  7 .7 : D is so lv e d  c h lo r id e  c o n c e n tra tio n s  u p s tre a m , m id d le  an d  d o w n s tre a m  o f  

lim e -f ly  a sh  b a r r ie r  s ite . A v e ra g e  c o n c e n tra tio n s  a re  a lso  sh o w n .
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After th e  in s ta lla tio n  o f  th e  lim e -f ly  ash  b a rr ie r ,  th e  a v e ra g e  c h lo r id e  c o n c e n tra tio n  in 

the drain w a te r  a d ja c e n t to  a n d  d o w n s tre a m  o f  th e  s tu d y  s ite  s ig n if ic a n tly  d e c re a se d  

(middle: p re -b a r r ie r  -  3 1 2 0 .2  m g /L , p o s t-b a r r ie r  -  12 1 .1 6  m g /L ; d o w n s tre a m : p re ­

b a r r ie r -3 1 3 9 .1 1  m g /L , p o s t-b a r r ie r  -  3 9 9 .7  m g /L ) .

7 2.5-2 S u lp h a te  c o n c e n tr a tio n s

High su lp h a te  c o n c e n tra tio n s  d u r in g  th e  s tu d y  p e r io d  a re  a  re su lt o f  th e  o x id a tio n  o f  

pyrite and  th e  le a c h in g  o f  su lp h a te  in to  th e  f lo o d  m itig a tio n  d ra in . A v e ra g e  su lp h a te  

concen tra tions u p s tre a m  w e re  5 6 7  m g /L , w h ile  a v e ra g e  su lp h a te  c o n c e n tra tio n s  w e re  

693 m g /L  an d  6 6 8  m g /L  a d ja c e n t to  a n d  d o w n s tre a m  o f  th e  s tu d y  s ite , re sp e c tiv e ly . 

Sim ilar to  c h lo r id e , th e  m in im u m  s u lp h a te  c o n c e n tra tio n  a d ja c e n t to  th e  s tu d y  s ite  

occurred o n  D a y  125 , sh o w in g  th e  in f lu e n c e  o f  c lim a tic  fa c to rs . S u lp h a te  

co ncen tra tions in  th e  d ra in  w a te r  a t a ll s ite s  in c re a se d  a f te r  D a y  125. S u lp h a te  

generated d u r in g  p re c e d in g  d ro u g h t c o n d i t io n s  w e re  d is c h a rg e d  in to  th e  d ra in  a f te r  

rainfall. A v e ra g e  s u lp h a te  c o n c e n tra tio n s  in  th e  d ra in  w a te r  d e c re a se d  a f te r  th e  

installa tion o f  th e  l im e -f ly  ash  b a rr ie r .  T h i s  in d ic a te s  th a t th e  b a r r ie r  d e c re a se s  p y r ite  

oxidation an d  th e  g e n e ra tio n  o f  p y r ite  o x id a tio n  p ro d u c ts . T h e  g ro u n d w a te r , o n c e  

discharged in to  th e  d ra in , w o u ld  th e re fo re  h a v e  a  le ss  d e tr im e n ta l im p a c t o n  th e  

aquatic e n v iro n m e n t in  th e  d ra in . A d ja c e n t  to  th e  s ite , th e  a v e ra g e  su lp h a te  

concentration  b e fo re  th e  in s ta lla tio n  o f  th e  b a r r ie r  w as  7 3 9  m g /L , w h e re a s  a f te r  th e  

barrier w as in s ta lle d  th e  a v e ra g e  s u lp h a te  c o n c e n tra tio n  w as  134 m g /L . T h is  d e c re a se  

in su lphate c o n c e n tra tio n  w as  a lso  m e a s u re d  d o w n s tre a m  o f  th e  s tu d y  s ite , w ith  

average su lp h a te  c o n c e n tra tio n s  o f  6 9 5  m g /L  p re -b a r r ie r  an d  3 6 7  m g /L  p o s t-b a rr ie r .  

This d ec re ase  i l lu s tra te s  th e  e f fe c t iv e n e s s  o f  th e  b a r r ie r  in  re d u c in g  p y r it ic  o x id a tio n  

and hence th e  g e n e ra tio n  o f  su lp h a te , w h ic h  is  c h a ra c te r is t ic  o f  a c id  s u lp h a te  so ils  

affected areas.
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F ig u re  7 .8 : D is so lv e d  su lp h a te  c o n c e n tra t io n s  u p s tre a m , m id d le  an d  d o w n s tre a m  o f  

l im e -f ly  a sh  b a r r ie r  s ite . A v e ra g e  c o n c e n tra tio n s  a re  a lso  sh o w n .

7.2.5.3 C l:S 0 4

The C 1:S 04 ra tio  m e a su re d  in d ra in  w a te r  a t th e  s tu d y  s ite , w h ic h  is  an  in d ic a tio n  o f  

Pyrite o x id a tio n  c o n d itio n s , is  sh o w n  in  F ig u re  7 .9 . T h e  e le v a te d  c h lo r id e /s u lp h a te  

ratios b e tw een  D a y s  4 2  a n d  125 c o r re s p o n d  w ith  e le v a te d  c h lo r id e  c o n c e n tra tio n s  in 

the drain w a te r  d u r in g  th is  p e r io d . O n  a v e ra g e , th e  C 1:S 0 4  r a tio  in th e  d ra in  w a te r  

■ncreased s lig h tly  a f te r  th e  in s ta lla tio n  o f  th e  lim e -f ly  ash  b a rr ie r .  D o w n s tre a m  o f  th e  

stl)dy site the  C 1 :S 0 4 ra tio  in c re a s e d  f ro m  0 .4 3  (D a y  2 5 1 ) to  1 .09  (D a y  3 5 3 ). T h is  

rat,° ' s e x p ec ted  to  c o n t in u e  to  in c re a s e ,  in d ic a tin g  a  re d u c tio n  in  p y r ite  o x id a tio n  

s'nce the in s ta lla tio n  o f  th e  lim e -f ly  a sh  b a rr ie r .
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F i g u r e  7 . 9 :  C h lo r id e :s u lp h a te  ra tio  u p s tre a m , m id d le  an d  d o w n s tre a m  o f  l im e -f ly  ash  

b a r r ie r  s ite . A v e ra g e  c o n c e n tra t io n s  a re  a lso  sh o w n .

7 .3  S p a t i a l  a n d  t e m p o r a l  v a r i a t i o n  i n  G r o u n d w a t e r  Q u a l i t y

An an aly sis  o f  th e  g ro u n d w a te r  q u a lity  a t th e  lim e -f ly  a sh  b a r r ie r  s tu d y  s ite  is 

necessary to  d e te rm in e  th e  in f lu e n c e  o f  th e  b a r r ie r  on  ac id  su lp h a te  so ils  an d  p y r it ic  

oxidation. T h e  s e c tio n  b e lo w  d e s c r ib e s  th e  c h e m ic a l w a te r  q u a lity  p a ra m e te rs  

m easured in th e  g ro u n d w a te r  o b s e rv a tio n  h o le s  in th e  g rid  s u r ro u n d in g  th e  in s ta lle d  

barrier.

7.3.1 G ro u n d w a te r  p H

At the b e g in n in g  o f  th e  s tu d y  p e r io d  th e  a v e ra g e  g ro u n d w a te r  p H  w a s  le ss  th a n  4 .9 , 

w'th the m in im u m  o c c u r r in g  on  D a y  14, e v e n  th o u g h  th e  p y r ite  la y e r  w a s  su b m e rg e d . 

The m ax im u m  a v e ra g e  g ro u n d w a te r  p H  b e fo re  th e  lim e -f ly  a sh  b a r r ie r  w as  in s ta lle d  

Was 4.9, m e a su re d  o n  D a y  125. T h i s  c o in c id e s  w ith  h e a v y  ra in fa ll a n d  a  b u rs t  

freshw ater m a in  o n  th e  s tu d y  s ite . A f te r  th is  e v e n t, a c id ic  g ro u n d w a te r  w as  

ransPorted  in to  th e  d ra in  c a u s in g  an  in c re a s e  in  th e  p H  o f  th e  d ra in  w a te r . T h e  

average p H  a lso  p e a k e d  to  4 .4 3  on  D a y  251 a f te r  a  s ig n if ic a n t ra in fa ll e v e n t. T h e
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localised f lo o d in g  tra n s p o rte d  ac id  to  th e  d ra in . A f te r  th is  h e a v y  ra in fa ll ,  th e  

o u n d w ate r ta b le  lo w e re d . A  p ro lo n g e d  d ry  sp e ll saw  th e  p H  in th e  d ra in  w a te r  

decrease to  3 .2 5 . A f te r  th e  in s ta lla tio n  o f  th e  b a rr ie r ,  th e  g ro u n d w a te r  p H  h a s  s in ce  

ncreased to  a  p H  v a lu e  o f  4.61 an d  it is  e x p e c te d  to  in c re a s e  e v e n  fu r th e r  to  

app ro x im ate ly  5 .5 .

Day Number

F ig u re  7 .1 0 : A v e ra g e  g ro u n d w a te r  p H  m e a su re d  d u r in g  th e  s tu d y  p e r io d  a t th e  lim e -

fly  a sh  b a r r ie r  s tu d y  s ite

The lim e-fly  a sh  b a r r ie r  w a s  e x p e c te d  to  h a v e  a  g re a te r  in f lu e n c e  o n  th o s e  o b s e rv a tio n  

holes c lo se r  to  th e  b a rr ie r . T h e  in f lu e n c e  o f  th e  b a r r ie r  o n  th e  m e a su re d  g ro u n d w a te r  

pH in th e se  o b s e rv a tio n  h o le s  w a s  g re a te r  th a n  th o se  fu r th e r  a w a y . T h e  a v e ra g e  

groundw ater p H  in c re a se d  by  1 .58  in  th o s e  o b se rv a tio n  h o le s  c lo s e r  to  th e  b a rr ie r , 

while the  a v e ra g e  g ro u n d w a te r  p H  in c re a s e d  by  1 .38  in  th o se  o b s e rv a tio n  h o le s  

further fro m  th e  b a rr ie r . F ig u re  7.11  sh o w s  th e  g ro u n d w a te r  p H  m e a su re d  in  O H  2 

(lm  from  th e  b a r r ie r ) ,  O H  1 (2  m  f ro m  th e  b a rr ie r )  a n d  O H 2 6  (9 m ).

O bservation  H o le s  2 9 , 3 0  an d  31 m o n ito r  g ro u n d w a te r  d ire c tly  b e fo re  it r e a c h e s  th e  

flood m itig a tio n  d ra in . T h e  p H  o f  th e  g ro u n d w a te r  in  th e se  o b s e rv a tio n s  in c re a se d  

during the  p o s t-b a r r ie r  p e r io d , s h o w in g  th a t g ro u n d w a te r  le a c h in g  fro m  th e  s tu d y  s ite  

lnt0 the d ra in  is  le s s  a c id ic . O n  D a y  2 9 4 , th e  p H  in  O H 2 9  w a s  3 .8 0 , w h ic h  in c re a se d  

to 5.18 on  D a y  4 3 5 . In  O H 3 0 , p H  in c re a s e d  3 .7 8  to  4 .8 8 , a n d  in  O H 31 th e  

§roundw ater p H  in c re a s e d  f ro m  3 .1 7  to  4 .7 4 .
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Day number 

— e— O H 2 - A —  OH1 —X — OH26

F i g u r e  7 .1 1 : A v e ra g e  g ro u n d w a te r  p H  in  O H 1 an d  O H 2  m e a su re d  a t th e  lim e -f ly  ash

b a r r ie r  s tu d y  s ite

7.3.2 E lec tr ica l C o n d u c tiv ity

The average g ro u n d w a te r  e le c tr ic a l c o n d u c tiv ity  m e a su re d  d u r in g  th e  s tu d y  p e r io d  a t 

the lim e-fly  ash  b a r r ie r  s ite  is  sh o w n  in  F ig u re  7 .1 2 . T h e  A N Z E C C  (1 9 9 2 )  tr ig g e r  

value fo r E C  is  2 8 0 0  }iS/cm  (2 .8  m S ) fo r  lo n g - te rm  a g r ic u ltu ra l ir r ig a tio n  p ra c tic e s . 

The EC  in th e  g ro u n d w a te r  w a s  re la tiv e ly  s ta b le  b o th  d u r in g  th e  p re -  an d  p o s t-b a r r ie r  

period and b e lo w  th is  tr ig g e r  v a lu e , e x c e p t  d u r in g  h e a v y  ra in fa ll e v e n ts  w h e n  th e  E C  

levels rose  s ig n if ic a n tly . T h e s e  e le v a te d  E C  le v e ls , h o w e v e r , d e c re a se d  ra p id ly  

indicating th e  ra p id  f lu sh in g  o f  th e  s tu d y  s ite  a n d  th e  m o v e m e n t o f  g ro u n d w a te r  to  th e  

flood m itig a tio n  d ra in . T h e  a v e ra g e  g ro u n d w a te r  E C  d u rin g  th e  p re -b a r r ie r  p e r io d  

was 2.34 (3 .6 4  d is c o u n tin g  s ig n if ic a n t ra in fa ll e v e n ts  on  D a y  125 a n d  2 5 1 )  c o m p a re d  

with 1.46 d u rin g  th e  p o s t-b a r r ie r  p e r io d , sh o w in g  d e c re a se d  p y rite  o x id a tio n  as a  

result o f the  b a rr ie r . A lth o u g h  a  s ig n if ic a n t ra in fa ll e v e n t o c c u rre d  d u r in g  th e  p o s t ­

barrier p erio d  (D ay  3 8 4  -  2 8  m m ), th e  a v e ra g e  E C  o f  th e  g ro u n d w a te r  d id  n o t r ise . 

Blunden (2 0 0 0 ) sh o w e d  th a t th e  E C  o f  g ro u n d w a te r  in c re a se d  in re la tio n  w ith  th e

Concen tration  o f  d is so lv e d  io n s  su c h  as  S O 42' ,  A l3+ an d  F e 2+, th e re fo re , sh o w in g  th a t 

EC r  u
can be u se d  to  e s tim a te  th e  c o n c e n tra t io n  o f  p y r it ic  o x id a tio n  p ro d u c ts  in  th e  

groundwater. F ig u re  7 .1 2  sh o w s  th a t in  th e  p o s t-b a r r ie r  p e r io d , th e  E C  o f  th e  

groundwater w as re la tiv e ly  s ta b le , th e re fo re ,  in d ic a tin g  th a t th e  lim e -f ly  ash  b a r r ie r  

Was effective in re d u c in g  p y r it ic  o x id a tio n .
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Day Number

F ig u re  7 .1 2 : A v e ra g e  g ro u n d w a te r  e le c tr ic a l c o n d u c tiv ity  m e a su re d  d u r in g  th e  s tu d y  

p e r io d  a t th e  lim e -f ly  ash  b a r r ie r  s tu d y  s ite

7.3.3Acidic c a tio n  c o n c e n tr a tio n s

The in flu en ce  o f  th e  b a r r ie r  on  p y r ite  o x id a tio n  c a n  b e  a s s e s se d  b y  a n a ly s in g  th e  

concentration o f  p y r ite  o x id a tio n  p ro d u c ts  in th e  g ro u n d w a te r  b e fo re  an d  a f te r  the  

installation o f  th e  b a rr ie r . T h e  o x id a tio n  o f  p y r ite  g e n e ra te s  a c id ic  p ro d u c ts , su c h  as 

Fe2+ and S O 42' (E q u a tio n  2 .4 ), a n d  A l3+ (E q u a tio n  2 .1 2 ). T h e  c o n c e n tra tio n  o f  A l3+ 

and Fe2+ m e a su re d  in  th e  g ro u n d w a te r  a t th e  s tu d y  s ite  is  a n a ly se d  in th e  fo llo w in g  

section.

7-3.3.1 A lu m in iu m  c o n c e n tr a tio n s

The co n cen tra tio n  o f  A l3+ in g ro u n d w a te r  a t th e  s tu d y  s ite  is  sh o w n  in  F ig u re  7 .1 3 . 

The average to ta l a lu m in iu m  c o n c e n tra tio n  in th e  g ro u n d w a te r  (2 0 .0 5  m g /L )  is  lo w e r  

than in the d ra in  w a te r  (2 9 .1 5  m g /L ). O n  all o c c a s io n s  th e  A l3+ c o n c e n tra t io n  o f  th e  

groundwater e x c e e d e d  th e  A N Z E C C  (1 9 9 2 )  g u id e lin e  o f  0 .0 0 5  m m o l/L  (0 .1 3 4 9  

mg/L) w here  p H  <  6 .5 . C o n c e n tra tio n s  a lso  e x c e e d e d  th e  g u id e lin e s  fo r  m a rin e  

Waters (0-02 m m o l/L , 0 .5 3 9 6  m g /L ) . A l3+ f lu c tu a te d  g re a tly  d u r in g  th e  p re -b a r r ie r  

n °d . T he to ta l A l3+ c o n c e n tra tio n  in  th e  m a jo r ity  o f  o b s e rv a tio n  h o le s  d ro p p e d  

'gnificantly on  D a y s  125 a n d  251 d u e  to  th e  h e a v y  ra in fa ll a n d  lo c a lis e d  f lo o d in g  

u$hing the o x id a tio n  p ro d u c ts  in to  th e  d ra in . T o ta l A l3+ in  th e  g ro u n d w a te r  

Sequently in c re a se d  a f te r  th e se  ra in fa ll e v e n ts .
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Day Number

F ig u re  7 .1 3 : A v e ra g e  c o n c e n tra tio n  o f  d is s o lv e d  in o rg a n ic  a lu m in iu m  in th e  

g ro u n d w a te r  a t th e  lim e -f lv  ash  b a r r ie r  s tu d v  s iteK-' J J

Although F ig u re  7 .1 3  sh o w s  th a t th e  a v e ra g e  a lu m in iu m  c o n c e n tra tio n  in  th e  

groundw ater seem s to  h a v e  in c re a se d  s in c e  th e  in s ta lla tio n  o f  th e  b a r r ie r ,  th e  

concentration o f  A l3+ m a y  h a v e  b e e n  c a u s e d  b y  th e  d is s o lu tio n  o f  a lu m in iu m  m in e ra ls  

previously p re c ip ita te d  th a t b e c o m e  in c re a s in g ly  s o lu b le  as th e  p H  in c re a se s  fro m  

about 3.3 (N o rd s tro m , 1 9 8 2 ). T h e  g ro u n d w a te r  m e a su re d  in  o b s e rv a tio n  h o le s  2 9  an d  

30 showed a s lig h t d e c re a se  in  th e  to ta l d is so lv e d  in o rg a n ic  a lu m in iu m  d u r in g  th e  

post-barrier p e r io d  (F ig u re  7 .1 4 ). A s  m e n tio n e d  p re v io u s ly , O H 2 9  a n d  O H 3 0  m o n ito r  

groundwater f lo w in g  th ro u g h  th e  s tu d y  s ite  a n d  b a rr ie r . T o ta l A l3+ d e c re a s e d  fro m  

19.8 m g/L to  18.6  m g /L  in O H 2 9  a n d  fro m  13.8  m g /L  to  11 m g /L  in  O H 3 0 .

In the p re -b a rrie r p e r io d , th e  a v e ra g e  to ta l A l c o n c e n tra tio n  in  th e  g ro u n d w a te r  w as

35.68 m g/L  c o m p a re d  w ith  2 0 .0 5  m g /L  in  th e  p o s t-b a r r ie r ,  sh o w in g  a 4 4 %  re d u c tio n .

By only c o n s id e rin g  th o se  o b s e rv a tio n  h o le s  e x p e c te d  to  b e  in f lu e n c e d  s ig n if ic a n tly

by the barrie r, th e  p re -b a r r ie r  a v e ra g e  to ta l A l c o n c e n tra tio n  in  th e  g ro u n d w a te r  w as

35.66 m g/L  c o m p a re d  w ith  18 .97  m g /L , sh o w in g  a 4 7 %  re d u c tio n . T h is  in d ic a te s  th a t

lbe lime-fly ash  b a rr ie r  w a s  s u c c e s s fu l in  re d u c in g  th e  g e n e ra tio n  o f  p y r ite  o x id a tio n  

Products.



Day Number

F ig u re  7 .1 4 : C o n c e n tra tio n  o f  d is s o lv e d  in o rg a n ic  a lu m in iu m  in th e  g ro u n d w a te r  in 

O H 2 9  an d  O H 3 0  a t th e  lim e -f ly  ash  b a r r ie r  s tu d y  s ite

As was m e n tio n e d  in  th e  se c tio n  on  d ra in  w a te r , th e re  is  l i ttle  c o r re la tio n  b e tw e e n  

groundw ater a lu m in iu m  an d  p H  le v e ls , as  sh o w n  in  F ig u re  7 .1 5 . T h is  s h o w s  th a t 

there are a  n u m b e r  o f  o th e r  in f lu e n c e s  on  th e  c o n c e n tra tio n  o f  in o rg a n ic  m o n o m e ric  

aluminium in  th e  g ro u n d w a te r  a t th is  s tu d y  s ite , a s  w a s  m e n tio n e d  in  th e  s e c tio n  on  

aluminium c o n c e n tra tio n s  in  th e  d ra in  w a te r  a t th e  lim e -f ly  a sh  b a r r ie r  s ite .

pH

F igure 7 .1 5 : P o o r  c o rre la tio n  b e tw e e n  g ro u n d w a te r  p H  a n d  d is so lv e d  m o n o m e ric

a lu m in iu m  c o n c e n tra tio n s



7 5  5 .2  I f  o n  c o n c e n tra tio n s

W hile F ig u re  7 .1 6  sh o w s  th a t th e  a v e ra g e  to ta l d is s o lv e d  iron  in th e  g ro u n d w a te r  at 

the lim e-fly  ash  b a rr ie r  s tu d y  s ite  h as  s lig h tly  in c re a se d  s in c e  th e  in s ta lla tio n  o f  th e  

barrier, 8 3 .9 %  o f  o b se rv a tio n  h o le s  e x p e r ie n c e d  a d e c re a se  in  to ta l d is so lv e d  iron  

( 1 6  1% in c re a se ) . T h e  lo w  F e 2+c o n c e n tra tio n  on  D a y  251 can  b e  a ttr ib u te d  to  h e a v y  

rainfall- T h e  a v e ra g e  to ta l d is so lv e d  iro n  c o n c e n tra tio n  in th e  g ro u n d w a te r  (3 7 .0 3  

mg/L) >s lo w e r  th a n  in th e  d ra in  w a te r  (1 0 9 .6 3  m g /L ) .

Day Number

F igure  7 .1 6 : A v e ra g e  to ta l d is so lv e d  iro n  in  g ro u n d w a te r  a t th e  lim e -f ly  a sh  b a rr ie r

s tu d y  s ite

In the p re -b a rr ie r  p e r io d  th e  a v e ra g e  to ta l d is s o lv e d  iro n  c o n c e n tra tio n  in  th e  

groundwater w as  6 7 .5 9  m g /L  c o m p a re d  w ith  3 7 .0 3  m g /L  in th e  p o s t-b a rr ie r ,  s h o w in g  

a 55% red u c tio n . B y  o n ly  c o n s id e r in g  th o se  o b s e rv a tio n  h o le s  e x p e c te d  to  be  

influenced s ig n if ic a n tly  by  th e  b a rr ie r ,  th e  p re -b a r r ie r  a v e ra g e  to ta l d is so lv e d  iro n  

concentration in th e  g ro u n d w a te r  w a s  7 1 .6 8  m g /L  c o m p a re d  w ith  4 1 .4 9  m g /L , 

lo w in g  a 4 3 %  re d u c tio n . T h is  d e c re a s e  a lso  in d ic a te s  a  re d u c tio n  in p y r ite  o x id a tio n  

and the g en era tio n  o f  a c id ic  o x id a tio n  p ro d u c ts .

E 'gure 7.17  sh o w s th e  d e c re a se  in  to ta l d is s o lv e d  iro n  in s e le c te d  o b s e rv a tio n  h o le s  

fro
111 the stu dy  s ite . I t c a n  b e  se e n  th a t s in c e  th e  in s ta lla tio n  o f  th e  b a rr ie r ,  to ta l 

Solved iron  in th e  g ro u n d w a te r  h a s  d e c re a se d  s lig h tly .
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Day Number

F ig u re  7 .1 7 : T o ta l d is s o lv e d  iro n  in  O H 1 , O H 1 7 , O H 1 8 , O H 2 4 , an d  O H 31 

7.3.4 B a sic  c a tio n  c o n c e n tr a tio n s

As was m e n tio n e d  in  C h a p te r  2 (E q u a tio n  2 .1 2 ), N ria g u  (1 9 7 8 ) sh o w e d  th a t ac id  

hydrolysis o f  th e  m in e ra l illite  l ib e ra tin g  b a s ic  c a tio n s , in c lu d in g  C a2+ an d  M g 2+. T h e  

average c o n c e n tra tio n  o f  C a 2+ a n d  M g 2+ in  th e  g ro u n d w a te r  is sh o w n  in  F ig u re s  7 .1 8  

and 7.19 re sp e c tiv e ly . T h e  c o n c e n tra tio n  o f  M g 2+ in th e  g ro u n d w a te r  w a s  g e n e ra lly  

greater than  th e  c o n c e n tra tio n  o f  C a 2+. A  s ig n if ic a n t in c re a se  in th e  C a 2+ 

concentration o c c u rre d  in  all o b s e rv a tio n  h o le s  a t th e  s tu d y  s ite  on  D a y  2 5 1 . T h is  

high c o n ce n tra tio n  (1 4 8 .4 7  m g /L )  m a y  b e  d e r iv e d  fro m  th e  d is so lu tio n  o f  c la y , 

however, the c o n c e n tra tio n  o f  A l3+ (w h ic h  is re le a se d  d u rin g  th e  d is so lu tio n  o f  c la y  

minerals) in th e  g ro u n d w a te r  on  th is  d ay  w a s  lo w e r  th a n  m e a su re d  o n  o th e r  d a y s  

during the s tu d y  p e r io d . B e tw e e n  D a y s  2 4 8 -2 4 9 , 111 .8  m m  o f  ra in  fe ll o n  th e  s tu d y  

s,te. L o ca lised  f lo o d in g  ra ise d  th e  g ro u n d w a te r  ta b le , w h ic h  m ay  h a v e  b ro u g h t C a 2+ 

to the surface.

The average C a 2+ c o n c e n tra tio n  in th e  g ro u n d w a te r  (4 0 .7 0  m g /L )  is lo w e r  th a n  in th e  

^ain  w ater (5 2 .1 7  m g /L ) . S in c e  th e  b a r r ie r  w a s  in s ta lle d  th e  C a 2+ in g ro u n d w a te r  h as  

ecreased in 5 1 .6 %  o f  th e  o b s e rv a tio n  h o le s  m o n ito re d . In  th e  p re -b a r r ie r  p e r io d  th e  

erage C a2+ c o n c e n tra tio n  in th e  g ro u n d w a te r  w a s  4 1 .1 5  m g /L  c o m p a re d  w ith  4 0 .7 0  

^  *n the p o s t-b a r r ie r ,  s h o w in g  o n ly  a  2 %  re d u c tio n . B y  o n ly  c o n s id e r in g  th o se  

Crvation h o le s  e x p e c te d  to  b e  in f lu e n c e d  s ig n if ic a n tly  b y  th e  b a r r ie r ,  th e  p re ­
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barrier a v e ra g e  C a  c o n c e n tra tio n  in th e  g ro u n d w a te r  w a s  4 2 .7 7  m g /L  c o m p a re d  w ith  

4 5  43 m g /L , sh o w in g  a s lig h t in c re a se  o f  6 % .

Day Number

F igure 7 .1 8 : A v e ra g e  c o n c e n tra tio n  o f  C a 2+ in  g ro u n d w a te r  a t th e  lim e -f ly  ash  b a rr ie r

s tu d y  s ite

The average M g 2+ c o n c e n tra tio n  in th e  g ro u n d w a te r  (8 0 .6 6  m g /L )  is  lo w e r  th a n  in th e  

drain w ater (2 1 0 .9 2  m g /L ). S in c e  th e  in s ta lla tio n  o f  th e  b a rr ie r ,  th e  c o n c e n tra tio n  o f  

magnesium in th e  g ro u n d w a te r  d e c re a se d  in  all o b s e rv a tio n  h o le s  a t th e  s tu d y  s ite . 

The average c o n c e n tra tio n  o f  M g 2+ in g ro u n d w a te r , sh o w n  in  F ig u re  7 .1 9 , in  th e  p re ­

barrier p e rio d  w as  158 .4 9  m g /L  w h e re a s  in  th e  p o s t-b a r r ie r  p e r io d  th e  a v e ra g e  

concentration w as  8 0 .6 6  m g /L , sh o w in g  a 4 9 %  re d u c tio n . B y  o n ly  c o n s id e r in g  th o se  

observation h o le s  e x p e c te d  to  be  in f lu e n c e d  s ig n if ic a n tly  by  th e  b a rr ie r , th e  p re ­

barrier av erag e  M g 2+ c o n c e n tra tio n  in th e  g ro u n d w a te r  w a s  181 .23  m g /L  c o m p a re d  

with 80.47 m g /L , sh o w in g  a  c o n c e n tra tio n  re d u c tio n  o f  5 6 % .
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Day Number

F ig u re  7 .1 9 : A v e ra g e  c o n c e n tra tio n  o f  M g 2+ in  g ro u n d w a te r  a t th e  l im e - f ly  ash

b a r r ie r  s tu d y  s ite

7.3.5 A n io n  c o n c e n tr a tio n s

Analysing th e  c o n c e n tra tio n  o f  c h lo r id e  a n d  su lp h a te  in  th e  g ro u n d w a te r  w ill in d ic a te  

the e ffec tiv en ess  o f  th e  lim e -f ly  a sh  b a r r ie r  in  re d u c in g  p y r it ic  o x id a tio n , a n d  h e n c e , 

reducing the  p ro d u c tio n  o f  p y r ite  o x id a tio n  p ro d u c ts .

7.3.5.1 C h loride  c o n c e n tr a tio n s

The average c o n c e n tra tio n  o f  d is s o lv e d  c h lo r id e  in  th e  g ro u n d w a te r  d u r in g  th e  s tu d y  

period is sh o w n  in  F ig u re  7 .2 0 . C h lo r id e  is a  c o n s e rv a tiv e  a n io n  s p e c ie s  in 

groundwater. T h e re  w a s  g e n e ra lly  n o  c h a n g e  in th e  a v e ra g e  c o n c e n tra t io n  o f  c h lo r id e  

in the g ro u n d w ate r, e x c e p t fo r  b e tw e e n  D a y s  4 6  to  9 9 . T h e  m a x im u m  c h lo r id e  

concentration w as  m e a su re d  in  o b s e rv a tio n  h o le  2 9  on  D a y  9 9  (6 4 8 8  m g /L ) . T h e  

rapid decrease  a f te r  D a y  9 9  sh o w s  th a t th e  c h lo r id e  is  ra p id ly  f lu sh e d  f ro m  th e  

groundwater sy s te m . T h e  lo w  c h lo r id e  c o n c e n tra tio n s  in  th e  g ro u n d w a te r  r e i t e r a ^  th e  

fact there  is  n o  s a lt  w a te r  in tru s io n  f ro m  B ro u g h to n  C re e k  u p  th e  f lo o d  m itig a tio n  

C*ra'n to the s tu d y  s ite .
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Day Number

F ig u re  7 .2 0 : D is so lv e d  c h lo rid e  c o n c e n tra tio n s  in g ro u n d w a te r  a t th e  lim e -f ly  ash

b a r r ie r  s tu d y  s ite

The average c o n c e n tra tio n  o f  C l' in g ro u n d w a te r  in  th e  p re -b a r r ie r  p e r io d  w as  7 4 7 .2 4  

mg/L w h ereas  in  th e  p o s t-b a rr ie r  p e rio d  th e  a v e ra g e  c o n c e n tra tio n  w a s  1 9 5 .4 7  m g /L , 

showing a 7 4 %  re d u c tio n . H o w e v e r , ig n o r in g  th e  h ig h  C1‘ c o n c e n tra tio n s  b e tw e e n  

Days 42 to  9 9 , th e  a v e ra g e  c o n c e n tra tio n  in  th e  p re -b a r r ie r  p e r io d  w as  2 1 9 .0 4  m g /L , 

showing a 11 %  re d u c tio n  in  C l'.

7J.5.2 S u lp h a te  c o n c e n tra tio n s

The average c o n c e n tra tio n  o f  d is s o lv e d  s u lp h a te  in th e  g ro u n d w a te r  is  sh o w n  in 

Figure 7 .21 . T h e  m a x im u m  su lp h a te  c o n c e n tra t io n  o f  9 5 3  m g /L  w as  m e a su re d  in 

0H4. The A N Z E C C  (1 9 9 2 )  g u id e lin e  r e c o m m e n d s  a  su lp h a te  c o n c e n tra tio n  no  m o re  

1 an 10 m m o l/L  (6 4 0 .6  m g /L ). A lth o u g h  th e  a v e ra g e  c o n c e n tra tio n  o f  su lp h a te  

remained b e lo w  th is  c r ite r io n , th e  c o n c e n tra tio n  o f  s u lp h a te  in m o s t o b se rv a tio n  h o le s  

Was above th is  lev e l b e tw e e n  D a y s  4 2  to  9 9 . T h e  ra p id  in c re a se  in  su lp h a te  d u rin g  

ays ^ t0  99  is d u e  to  a  d e c re a s e  in  th e  g ro u n d w a te r  ta b le  a t th e  s tu d y  s ite  a n d  h e n c e  

n mcrease in p y ritic  o x id a tio n . I t c a n  b e  se e n  th a t s in c e  th e  c o m p le tio n  o f  th e  b a rr ie r , 

aVerage c o n c e n tra tio n  o f  d is so lv e d  s u lp h a te  in th e  g ro u n d w a te r  h as  d e c re a se d .



Day Number

F ig u re  7 .2 1 : D is so lv e d  su lp h a te  c o n c e n tra tio n s  in  g ro u n d w a te r  a t th e  lim e -f ly  ash

b a r r ie r  s tu d y  s ite

Figure 7 .2 2  sh o w s  th e  a v e ra g e  C 1' :S 0 4 2" ra tio  o f  th e  g ro u n d w a te r  a t th e  s tu d y  s ite . 

The ratio  w as le ss  th a n  1 on  all b u t  fo u r  o c c a s io n s . A s p re v io u s ly  m e n tio n e d , a  C l' 

:S0 4 2' ra tio  b e lo w  2 is  in d ic a tiv e  o f  a c id  su lp h a te  so il a ffe c te d  a re a s  (M u lv e y , 1 983). 

From D ay 4 6  to  D a y  9 9 , th e  C r : S 0 42' ra tio  in c re a se d  a b o v e  2 . T h e  m a x im u m  a v e ra g e  

C1‘:S0 4 2' ra tio  w a s  m e a su re d  on  D a y  9 9  (C1:SC>4 3 .6 5 ). B e fo re  th e  in s ta lla tio n  o f  th e  

barrier (n o t in c lu d in g  D a y  2 5 1 ) th e  a v e ra g e  C 1':S 0 4 2' ra tio  w a s  0 .3 8 , w h e re a s  a f te r  th e  

barrier had  b e e n  in s ta lle d  th e  ra tio  h a d  in c re a s e d  to  0 .8 0 . T h e  g re a te s t  in c re a s e  in  th e  

average C 1 ':S 0 42' ra tio  a f te r  th e  in s ta lla tio n  o f  th e  b a r r ie r  w a s  m e a su re d  in  O H 2 3  (p re ­

barrier 0 .3 5 ; p o s t-b a r r ie r  1 .55 ). In  o b s e rv a tio n  h o le s  ju s t  b e fo re  th e  d ra in  (O H 2 9 , 

OH30 and O H 3 1 ) th e  C 1 ':S 0 42' ra tio  w a s  a lso  seen  to  in c re a s e  in th e  p o s t-b a r r ie r  

period. T h is  sh o w s  th a t g ro u n d w a te r  m o v in g  fro m  th e  s tu d y  s ite  in to  th e  d ra in  w ill 

have an in c re a se d  C 1 ':S 0 42' ra tio .
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Day Number

F ig u re  7 .2 2 : A v e ra g e  C h lo r id e :su lp h a te  ra tio  in th e  g ro u n d w a te r  a t th e  lim e -f ly  ash

b a r r ie r  s tu d y  s ite

7 .4  C o n c l u s i o n s

The c o m p le tio n  o f  th e  s u b -su rfa c e  L im e -f ly  a sh  b a r r ie r  a t  th e  s tu d y  s ite  w as  

successful in re la tio n  to  im p ro v in g  g ro u n d w a te r  q u a lity . T h e  g ro u n d w a te r  q u a lity  

data show ed  th a t p y r ite  o x id a tio n  p ro d u c ts  w e re  g e n e ra te d  in th e  p re -b a r r ie r  p e r io d  as 

a result o f  fa ll in g  g ro u n d w a te r  ta b le s  a n d  b io t ic  o x id a tio n . C lim a tic  c o n d itio n s  a lso  

had a s tro n g  in f lu e n c e  on  th e  c o n c e n tra tio n  o f  th e se  p y r it ic  o x id a tio n  p ro d u c ts  in th e  

groundw ater. A f te r  th e  in s ta lla tio n  o f  th e  b a r r ie r ,  s u b s ta n tia l im p ro v e m e n ts  in 

groundw ater q u a lity  o c c u rre d . p H  in c re a s e d  to  v a lu e s  b e tw e e n  4 .5 -5 .5 . E le c tr ic a l 

conductivity  in  th e  g ro u n d w a te r  w as  seen  to  b e  re la tiv e ly  s ta b le  a f te r  th e  c o m p le tio n  

of the b a rr ie r , in d ic a tin g  a re d u c tio n  in p y r ite  o x id a tio n . T h e  c o n c e n tra tio n  o f  th e  

pyrite o x id a tio n  p ro d u c ts , a c id ic  c a t io n s  A l3+ an d  F e 2+, b a s ic  c a t io n s  C a 2+ an d  M g 2+ 

and anions Cl" a n d  S O 42' on  a v e ra g e  d e c re a se d  in th e  g ro u n d w a te r . In c re a s e s  in  th e  

Cl :S 0 42‘ in th e  g ro u n d w a te r  v a r ie d  a t th e  s tu d y  s ite , h o w e v e r , o n  a v e ra g e  th e  C l ' 

;S 0 42' in c re a se d  s lig h tly  as  a  re su lt o f  th e  a lk a lin e  b a r r ie r .

M onitoring o f  th e  f lo o d  m itig a tio n  d ra in  a d ja c e n t to  th e  s tu d y  s ite  s h o w e d  an  a c id ic

environm ent d u r in g  th e  p re -  a n d  p o s t-b a r r ie r  p e r io d . T h e  f lo o d  m itig a tio n  d ra in

adjacent to  th e  L im e -f ly  a sh  b a r r ie r  s tu d y  s ite  is  n o t o n ly  in f lu e n c e d  b y  th e  b a rr ie r ,  b u t

also by acid  s u lp h a te  so ils  a re a s  u p s tre a m . T h e  in f lu e n c e  o f  th e  b a r r ie r  o n  d ra in  w a te r

as in ferred  b y  th e  p o s itiv e  re su lts  in  th o s e  o b s e rv a tio n  h o le s  d ire c tly  b e fo re  th e  

drain.
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C h a p t e r  8 . 0  S u r f a c e  W a t e r  a n d  G r o u n d w a t e r  Q u a l i t y  R e s u l t s  f o r  t h e  

F lo o d g a te  a n d  W e i r  S ite s

g . l  i n t r o d u c t i o n

This C h a p te r  d e a ls  w ith  th e  su rfa c e  a n d  g ro u n d w a te r  q u a lity  p a ra m e te rs  th a t in d ic a te  

pyrite o x id a tio n . W a te r  q u a lity  m o n ito r in g  w a s  u n d e r ta k e n  a t fo u r  F lo o d g a te  s ite s  

a n d  T w o  W e ir  S ite s  so  as  to  a llo w  c o m p a r is o n  b e tw e e n  th e  d if fe re n t a c id  su lp h a te  

soils re m e d ia tio n  m e a su re s  on  th e  S h o a lh a v e n  F lo o d p la in . T h is  C h a p te r  is  d iv id e d  

into tw o  se c tio n s . T h e  c re e k  w a te r  a n d  d ra in  w a te r  c h e m ic a l p ro p e r tie s  th a t w e re  

m e a s u re d  at th e  f lo o d g a te  an d  w e ir  s ite s  a re  d e sc r ib e d  an d  re la te d  to  c l im a tic  an d  

geochem ical c h a ra c te r is t ic s  o f  th e  a c id  s u lp h a te  so ils  a re  d is c u s se d  in  th e  f ir s t  s e c tio n . 

The spatia l an d  te m p o ra l d is tr ib u tio n s  o f  th e se  p ro p e r tie s  a re  a lso  a n a ly se d . T h e  

s e c o n d  sec tio n  o f  th is  C h a p te r  d e s c r ib e s  th e  c h a n g e s  in  g ro u n d w a te r  q u a lity  a t th e  

floodgate and  w e ir  s ite s . D a ta  m e a su re d  a t th e  s tu d y  s ite  a re  p re se n te d  in  A p p e n d ix  

D.

8 .2  S p a t ia l  a n d  t e m p o r a l  v a r i a n c e  i n  c r e e k  a n d  d r a i n  w a t e r  q u a l i t y

In this sec tio n , c re e k  an d  d ra in  w a te r  q u a lity  is  d e sc r ib e d  a t th e  f lo o d g a te  a n d  w e ir  

sites. T h is  d a ta  w ill b e  u se d  as a  c o m p a r is o n  w ith  d a ta  c o lle c te d  a t th e  L im e -f ly  ash  

barrier stu dy  site .

8.2.1 pH

Figure 8.1 sh o w s th e  p H  o f  c re e k  w a te r  ta k e n  f ro m  th e  f lo o d g a te  s ite s . T h e  A N Z E C C

(2000) g u id e lin e  re c o m m e n d s  th a t p H  s h o u ld  b e  7 -8 .5  fo r  e s tu a r ie s  a n d  8 -8 .4  fo r

marine w aters . p H  v a lu e s  w e re  g e n e ra lly  th e  h ig h e s t a t F G 2 . T h e  m a x im u m  c re e k

Water pH at F G 2  w a s  7 .5 5  (D a y  3 2 9 ) , w h ic h  fe ll w ith in  th is  g u id e lin e . T h e  p H  in

Creek w ater at F G 2  fe ll b e lo w  th is  g u id e lin e  o n  all o c c a s io n s  e x c e p t  b e tw e e n  D a y s  56

and 99 and on  D a y  3 2 9 . T h e  p H  o f  th e  c re e k  w a te r  a t F G 4  w a s  c o n s is te n tly  b e lo w

^ ' s guideline. T h e  lo w e s t p H  re c o rd e d  a t F G 4  w a s  4 .4 3 . T h e  f lo o d g a te  a t  th is  s ite

eaked and a d ra in  p ip e  le a d in g  f ro m  th e  d ra in  a llo w e d  a c id ic  w a te r  to  f lo w  in to  th e  

creek.



The m a x im u m  p H  v a lu e s  a t F G 1 , F G 3  an d  F G 4  w e re  7 .2 9  (b e g in n in g  o f  s tu d y  

period), 7 .2 9  (D a y  3 7 8 ) an d  6 .9 6  (D ay  28). T h e  d e c re a s e  in c re e k  w a te r  p H  (4 .8 1 ) at 

pG 2 on D a y  125, w h ich  c o in c id e d  w ith  th e  m in im u m  p H  m e a su re d  d u r in g  th e  stu d y  

period, c o u ld  b e  d u e  to  th e  le ak y  f lo o d g a te  a l lo w in g  a c id ic  w a te r  g e n e ra te d  d u rin g  

pyritic o x id a tio n  fro m  th e  flo o d  m itig a tio n  to  d ra in  in to  th e  c re e k . G ro u n d w a te r  ta b le  

e levations b e fo re  th is  p e rio d  w e re  lo w e rin g  w h ic h  w o u ld  h a v e  e n h a n c e d  p y rite  

ox idation . T h e  p H  in c re e k  w a te r  a t F G 3  w as  re la tiv e ly  s ta b le  th ro u g h o u t th e  e n tire  

study p e rio d .

Day Number

F ig u r e  8 .1 : C re e k  w a te r  p H  re a d in g s  ta k e n  f ro m  F lo o d g a te  S ite s

Drain w a te r  p H  m e a su re d  a t th e  f lo o d g a te  s ite s  is  sh o w n  in  F ig u re  8 .2 . p H  v a lu e s  

were g en e ra lly  b e lo w  th e  A N Z E C C  (2 0 0 0 )  g u id e lin e s  u p  to  D a y  3 0 0 , w h e re  p H  ro se  

above 7 a t F G 3  an d  F G 2 . T h is  sh o w s  th a t u p  to  D a y  3 0 0 , d ra in  w a te r  d is c h a rg in g  

from the flo o d  m itig a tio n  d ra in s  a t th e se  s ite s  w o u ld  h a v e  a d e tr im e n ta l im p a c t on  th e  

aquatic e n v iro n m e n t in B ro u g h to n  C re e k . T h e  r is e  in  p H  a f te r  D a y  3 0 0  c a n  be 

attributed to  th e  in s ta lla tio n  o f  th e  m o d if ie d  f lo o d g a te s  a n d  th e  in tru s io n  o f  sa lt w a te r  

lnto the flood  m itig a tio n  d ra in s . T h e  ra p id  f lu c tu a tio n  in d ra in  w a te r  p H  a t F G 3  w as  

due to o p e ra tio n a l p ro b le m s  w ith  th e  f lo o d g a te  a l lo w in g  s a lin e  in tru s io n  u p  th e  d ra in .

d ecrease  in  d ra in  w a te r  p H  f ro m  6 .4 6  (D a y  9 9 ) to  4 .1 1  (D a y  140) a t F G 1 

1 tostrates the  in f lu e n c e  o f  p y r it ic  o x id a tio n  o n  d ra in  w a te r  q u a lity . D ra in  w a te r  p H  

3lso decreased  in th is  p e r io d  a t F G 3  a n d  F G 2 .



Day Number

F ig u r e  8 .2 : D ra in  w a te r  p H  re a d in g s  ta k e n  fro m  F lo o d g a te  S ite s

Figure 8.3 sh o w s  th a t d ra in  w a te r  p H  w a s  g e n e ra lly  h ig h e r  a t W S 2 . G ro u n d w a te r  

tables at W S 1 w e re  e le v a te d  c o m p a re d  to  th e  g ro u n d w a te r  ta b le  a t W S 1 . T h e  

elevated g ro u n d w a te r  ta b le  su b m e rg e s  th e  p y r ite  la y e r , a n d  h e n c e , re d u c e s  p y r ite  

oxidation an d  th e  g e n e ra tio n  o f  a c id ic  g ro u n d w a te r . T h e  re d u c e d  h y d ra u lic  g ra d ie n t 

also reduces th e  tra n s p o r t  o f  a n y  p re v io u s ly  g e n e ra te d  p y r it ic  o x id a tio n  p ro d u c ts  in to  

the drain , th e re fo re  re d u c in g  th e  d ra in  w a te r  p H . T h e  ra p id  d e c re a se  in  d ra in  w a te r  

pH from  5 .9 9  (D ay  7 0 ) to  3 .5 8  (D a y  8 4 ) c a n  b e  a t tr ib u te d  to  a  g ro u n d w a te r  ta b le  r ise  

due to ra in fa ll b e fo re  th is  p e r io d . T h is  r is in g  g ro u n d w a te r  ta b le  e n tra in e d  a c id ity  

generated by  p y r ite  o x id a tio n  a n d  tr a n s p o r te d  th is  a c id ic  w a te r  in to  th e  d ra in . T h e  

drain w ate r p H  at W S 1 ro se  a b o v e  th e  p H  m e a su re d  a t W S 2  o n  o n e  o c c a s io n  (D a y  

125). T h is  m a y  h a v e  b e e n  d u e  to  th e  h e a v y  ra in fa ll an d  lo c a lis e d  f lo o d in g  d ilu tin g  th e  

pH in this flo o d  m itig a tio n  d ra in .



Day Number

F i g u r e  8 .3 : D ra in  w a te r  p H  re a d in g s  ta k e n  f ro m  W e ir  S ite s  

8.2.2 E le c tr ic a l C o n d u c tiv ity

Electrical c o n d u c tiv ity  (E C ) m e a su re m e n ts  ta k e n  f ro m  th e  f lo o d g a te  s ite s  (B ro u g h to n  

Creek) are  p re s e n te d  in  F ig u re  8 .4 . E C  in  c re e k  w a te r  s a m p le s  sh o w e d  a  p a tte rn  o f  

rapid d ec lin es  d u e  to  ra in fa ll. T h e  lo w e s t re c o rd e d  c re e k  w a te r  E C  w a s  f ro m  FG 1 

(1.41 m S) on  D a y  125. E C  m e a su re m e n ts  a re  a b le  to  in d ic a te  th e  e x te n t o f  a  tid a l 

front w ith in  an  e s tu a ry  as  sh o w n  by  th e  m a x im u m  c re e k  w a te r  E C  re c o rd e d  a t F G 3  

(23.84 m S). T h is  s tu d y  s ite  is  lo c a te d  fu r th e r  d o w n s tre a m  o f  B ro u g h to n  C re e k  th an  

the other f lo o d g a te  s ite s .

Day Number

'§ure  8 .4 : C re e k  w a te r  e le c tr ic a l c o n d u c t iv ity  re a d in g s  ta k e n  f ro m  F lo o d g a te  S ite s
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f ig u re  8 .5  sh o w s  th e  d ra in  w a te r  E C  m e a su re m e n ts  tak en  a t th e  f lo o d g a te  s ite s . A ll 

c C  m e a su re m e n ts , e x c e p t on  D a y s  4 2  an d  125 a t F G 2  a n d  D a y  125 at F G 1 , w e re  

helow  th e  A N Z E C C  (1 9 9 2 ) g u id e lin e  o f  2 8 0 0 p S /c m  (2 .8  m S ) fo r  lo n g  te rm  

ag ricu ltu ra l ir r ig a tio n  p ra c tic e s . E C  in  th e  d ra in  w a te r  a lso  f lu c tu a te d  w ith  ra in fa ll. 

The m a x im u m  d ra in  w a te r  E C  w a s  re c o rd e d  a t F G 3  (2 3 .4 4  m S ), in d ic a tin g  sa lin e  

in trusion. D u r in g  th e  f irs t 9 9  d a y s , th e  d ra in  w a te r  E C  flu c tu a te d  a t all s ite s  in d ic a tin g  

periods o f  p y r ite  o x id a tio n  an d  le a c h in g  o f  a c id ic  w a te r  f ro m  th e  g ro u n d  in to  th e  

drain. T h e  d e c lin e  in E C  on  D a y  125  a t F G 1 , F G 2  and  F G 3  c a n  b e  a ttr ib u te d  to  th e  

heavy ra in fa ll e v e n t th a t o c c u rre d  b e tw e e n  D a y s  1 2 3 -1 2 5  (3 2  m m ). E C  in  th e  d ra in  

w ater sh a rp ly  in c re a se d  a f te r  D a y  125. R a in fa ll on  D a y  251 a lso  le d  to  a  d e c re a s e  in  

EC at F G 1 .

Day Number

F ig u re  8 .5 : D ra in  w a te r  e le c tr ic a l c o n d u c t iv i ty  re a d in g s  ta k e n  f ro m  F lo o d g a te  S ite s

EC in the d ra in  w a te r  a t W S 1 w a s  s ig n if ic a n tly  g re a te r  th a n  a t W S 2 , as  sh o w n  in 

Figure 8.6. T h e  m a x im u m  E C  re c o rd e d  a t W S 1  w a s  15 .75  m S  (D a y  5 6 ), w h e re a s  th e  

maximum E C  re c o rd e d  in  d ra in  w a te r  a t W S 2  w a s  1.25 (D a y  3 7 8 ). T h is  is  d u e  to  

mcreased p y r ite  o x id a tio n  a n d  th e  g e n e ra t io n  o f  p y r ite  o x id a tio n  p ro d u c ts  in  th e  

groundw ater, w h ic h  in  tu rn  le a c h e s  in to  th e  d ra in , a t W S 1 . A ll E C  m e a s u re m e n ts , 

CXcePt fo r E C  re c o rd e d  on  D a y  3 9 7 , a t W S 1  w e re  a b o v e  th e  A N Z E C C  (1 9 9 2 )  

Cr'terion o f  2 8 0 0 p S /c m  (2 .8  m S ) fo r  lo n g - te rm  a g r ic u ltu ra l ir r ig a tio n  p ra c tic e s , 

whereas all E C  m e a su re m e n ts  a t W S 2  w e re  b e lo w  th is  c r ite r io n .
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Day Number

F ig u re  8 .6 : D ra in  w a te r  e le c tr ic a l c o n d u c tiv ity  re a d in g s  ta k e n  f ro m  W e ir  S ite s  

8.2.3 A c id ic  c a tio n  c o n c e n tra tio n s

The h ig h  c o n c e n tra tio n s  o f  d is s o lv e d  in o rg a n ic  m o n o m e ric  a lu m in iu m  a n d  to ta l 

dissolved iro n  in  th e  c re e k /d ra in  w a te rs  a t th e  f lo o d g a te  a n d  w e ir  s ite s  is  a  re su lt o f  th e  

pyrite o x id a tio n  a n d  th e  le a c h in g  o f  th e  g e n e ra te d  a c id ic  g ro u n d w a te r  in to  th e  flo o d  

mitigation d ra in s . T h e  c o n c e n tra tio n s  m e a su re d  a t  th e se  s ite s  a re  d e s c r ib e d  in  th e  

following se c tio n s .

8.2.3.1 A lu m in iu m  c o n c e n tr a tio n s

The A N Z E C C  (1 9 9 2 )  g u id e lin e s  s ta te  th a t w h e n  th e  p H  is  le ss  th a n  6 .5 , a lu m in iu m  

concentrations m u s t n o t e x c e e d  0 .0 0 5  m m o l/L  (0 .5 3 9 6  m g /L ) . F ig u re  8 .7  p re s e n ts  th e  

dissolved in o rg a n ic  m o n o m e r ic  a lu m in iu m  c o n c e n tra t io n s  in  c re e k  w a te r  a t th e  

floodgate s ite s . In  th e  f ir s t  9 9  d a y s , w h e n  th e  p H  w a s  b e lo w  6 .5 , a lu m in iu m  

concentrations a t F G 2 , F G 3  an d  F G 4  w e re  a b o v e  th is  g u id e lin e . A lu m in iu m  le v e ls  in  

creek w ater a t F G 1  w e re  a lso  a ll a b o v e  th is  g u id e lin e . H o w e v e r ,  o n  D a y s  5 6  a n d  7 0 , 

e alum in ium  c o n c e n tra tio n  w a s  c lo se  to  th is  g u id e lin e , 0 .4 m g /L  a n d  0 .2  m g /L  

respectively. T h e  h ig h  c o n c e n tra tio n s  o f  a lu m in iu m  in  th e  c re e k  w a te r  o n  D a y  140  a t 

FGl (58.2 m g /L ) a n d  F G 2  (4 0 .4  m g /L )  a n d  D a y  153 a t F G 3  (8 6  m g /L )  in d ic a te  th e  

o f ac id ic  d ra in  w a te r  in to  B ro u g h to n  C re e k . T h e s e  h ig h  a lu m in iu m  

ncentrations c o u ld  h a v e  s e v e re  e n v iro n m e n ta l im p a c ts  o n  th e  e s tu a r in e  

en v iro n n i e n t .
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Day Number

F ig u re  8 .7 : D is so lv e d  in o rg a n ic  m o n o m e r ic  A l3+ c o n c e n tra tio n s  in  c re e k  w a te r

m e a su re d  a t  th e  F lo o d g a te  S ite s

A lum inium  c o n c e n tra tio n s  in  d ra in  w a te r  a t a ll f lo o d g a te  s ite s  w e re  a lso  b e lo w  th e  

A N Z EC C  (1 9 9 2 )  c r ite r io n , as p re s e n te d  in  F ig u re  8 .8 . T h e  lo w e s t d is s o lv e d  

alum inium  c o n c e n tra tio n  w a s  m e a su re d  a t  F G 4  o n  D a y  84  (0 .6  m g /L ). A lu m in iu m  

concen trations f lu c tu a te d  g re a tly  in  th e  f ir s t  14 0  d a y s  o f  th e  s tu d y  p e r io d , in d ic a tin g  

open/closed f lo o d g a te  p e r io d s . R a in fa ll  o n  D a y  125  d e c re a s e d  th e  c o n c e n tra tio n  o f  

Al3+ in th e  d ra in  w a te r . A f te r  th is  ra in fa l l ,  th e  c o n c e n tra t io n  o f  A l3+ in  th e  d ra in  w a te r  

sharply in c re a se d  d u e  to  a lu m in iu m  p re v io u s ly  e n tra in e d  in  th e  g ro u n d w a te r  b e in g  

flushed in to  th e  d ra in . A f te r  D a y  2 1 0 , th e  c o n c e n tra t io n  o f  A l3+ in  th e  d ra in  w a te r  w a s  

relatively s tab le  d u e  to  d ro u g h t c o n d i tio n s .  A f te r  D a y  3 8 4  th e  c o n c e n tra tio n  o f  A l3+ a t 

FGl in c reased , p o s s ib ly  d u e  to  th e  in f lu e n c e  o f  a  ra in fa ll e v e n t c o u p le d  w ith  p y r ite  

oxidation.
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Day Number

F ig u re  8 .8 : D is s o lv e d  in o rg a n ic  m o n o m e r ic  A l3+ c o n c e n tra tio n s  in  d ra in  w a te r

m e a su re d  a t  th e  F lo o d g a te  S ite s

The co n c e n tra tio n  o f  d is s o lv e d  A l3+ in  th e  d ra in  w a te r  a t  W S 1  w a s  g re a te r  th a n  th e  

concentration in  d ra in  w a te r  a t W S 2  u p  to  D a y  8 4 , a s  sh o w n  in  F ig u re  8 .9 . T h is  w as  

expected b e c a u se  th e  e le v a te d  g ro u n d w a te r  le v e ls  a t W S 2  d e c re a se  th e  g e n e ra tio n  o f  

pyritic o x id a tio n  p ro d u c ts . O n  D a y s  8 4 , 9 9  a n d  125 , th e  c o n c e n tra tio n  o f  A l3+ in  th e  

drain w a te r a t  W S 2  w a s  g re a te r  th a n  th a t m e a su re d  a t  W S 1 . I t  is  p o s s ib le  th e  

groundw ater ta b le  m a y  h a v e  b e e n  b e lo w  th e  p y r ite  la y e r , h e n c e  e n h a n c in g  p y rite  

oxidation an d  th e  d is s o lu tio n  o f  s il ic a te  c la y s  a n d  a lu m in iu m  m in e ra ls  u n d e r  a c id ic  

groundw ater c o n d itio n s . T h e  c o n c e n tra tio n  o f  A l3+ in  th e  d ra in  w a te r  a t  b o th  w e ir  

sites w ere a b o v e  th e  A N Z E C C  (1 9 9 2 )  g u id e lin e  o n  a ll s a m p lin g  d a y s  d u r in g  th e  s tu d y  

period.

Day Number

P i
8 .9 : D is so lv e d  in o rg a n ic  m o n o m e r ic  A l3+ c o n c e n tra tio n s  in  d ra in  w a te r  

m e a su re d  a t  th e  W e ir  S ite s



8 2-3-2 Iro n  c o n c e n tra tio n s

The to ta l d is so lv e d  iro n  c o n c e n tra tio n s  in  c re e k  w a te r  m e a su re d  a t  th e  f lo o d g a te  s ite s  

are sh o w n  in  F ig u re  8 .1 0 . In  th e  f ir s t  1 40  d a y s , th e  c o n c e n tra tio n  o f  F e  w a s  g e n e ra lly  

below 10 m g /L . O n  D a y  140, to ta l d is s o lv e d  F e  c o n c e n tra tio n s  in  c re e k  w a te r  

reached a  m a x im u m  o f  139 .9  m g /L  a t F G 3 . T h is  m a x im u m  c o n c e n tra tio n  o f  F e  in  th e  

creek w a te r  c o rre sp o n d e d  lo w  d ra in  w a te r  p H  v a lu e s  c a u s e d  b y  th e  d is c h a rg e  o f  

g roundw ater c o n ta in in g  p y r it ic  o x id a tio n  p ro d u c ts . T h is  a c id ic  d ra in  w a te r  w as  

flushed in to  th e  B ro u g h to n  C re e k . T o ta l d is s o lv e d  F e  in  th e  c re e k  w a te r  p e a k e d  a g a in  

on D ay 3 53  a t  F G 3  w ith  a  c o n c e n tra tio n  o f  4 8 .1  m g /L .

Day Number

F ig u re  8 .1 0 : T o ta l d is s o lv e d  iro n  c o n c e n tra t io n s  in  c re e k  w a te r  m e a su re d  a t  th e

F lo o d g a te  S ite s

ANZECC (1 9 9 2 ) g u id e lin e s  su g g e s t th a t th e  c o n c e n tra tio n  o f  d is s o lv e d  iro n  sh o u ld  

not exceed  0 .0 0 9  m m o l/L  (0 .5 0 2  m g /L )  fo r  th e  p ro te c tio n  o f  a q u a tic  e c o sy s te m s . In  

all cases, to ta l d is s o lv e d  iro n  c o n c e n tra t io n s  in  d ra in  w a te r  a t th e  f lo o d g a te  s ite s  w e re  

above th is  A N Z E C C  (1 9 9 2 )  c r ite r io n , a s  c a n  b e  se e n  in  F ig u re  8 .1 1 . T h e  m a x im u m  

concentration o f  d is s o lv e d  iro n  in  d ra in  w a te r  w a s  m e a su re d  a t  F G 2  o n  D a y  9 9  (5 4 2  

m8/L). T o ta l d is s o lv e d  F e  c o n c e n tra t io n s  a t  F G 4  a n d  F G 1  a lso  in c re a se d  o n  th is  d a y , 

P°ssibly as  a  re s u lt  o f  re c e n t ra in fa ll  f lu s h in g  d is s o lv e d  iro n  f ro m  th e  g ro u n d w a te r  

lnt0 d rain . T h e  ra p id  d e c re a se  in  to ta l  F e  a f te r  D a y  9 9  c o in c id e s  w ith  th e  in c re a se  

n l°ta l d isso lv ed  F e  in  th e  c re e k  w a te r  a t th e se  s ite s .
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Day Number

F i g u r e  8 . 1 1 :  T o ta l d is s o lv e d  iro n  c o n c e n tra tio n s  in  d ra in  w a te r  -  F lo o d g a te  S ite s

The h ig h  c o n c e n tra tio n s  in  th e  d ra in  w a te r  a t th e s e  s ite s  h a v e  s e v e re  e n v iro n m e n ta l 

consequences fo r  th e  e s tu a r in e  e n v iro n m e n t. P y r ite  o x id a tio n  a n d  th e  g e n e ra tio n  o f  

ferrous iro n  a n d  a lso  th e  o x id a tio n  o f  d is so lv e d  F e 2+ to  F e 3+ g e n e ra te s  a d d itio n a l 

acidity, an d  is  te rm e d  ‘a c id  a t  a  d is ta n c e ’ (W h ite  et al., 1 9 9 7 ) d u e  to  th e  g e n e ra tio n  o f  

acid aw ay  f ro m  th e  so u rc e . H ig h  c o n c e n tra tio n s  o f  F e 2+ c a n  a lso  le a d  to  th e  fo rm a tio n  

of iron m o n o s u lp h id e s , a s  w a s  n o te d  in  th e  f lo o d  m itig a tio n  d ra in s  a t  th e  f lo o d g a te  

sites.

The c o n c e n tra tio n  o f  d is s o lv e d  iro n  in  th e  d ra in  w a te r  a t b o th  W S 1  a n d  W S 2  w a s  h ig h  

throughout th e  s tu d y  p e r io d , as  s h o w n  in  F ig u re  8 .1 2 . T o ta l d is s o lv e d  F e  in  th e  d ra in  

water e x c e e d e d  th e  A N Z E C C  (1 9 9 2 )  g u id e lin e s  o n  a ll s a m p lin g  o c c a s io n s  d u r in g  th e  

study perio d . T h e  h ig h  to ta l F e  c o n c e n tra tio n  o f  2 7 4  m g /L  a t W S 1  (D a y  4 2 )  is  

Preceded by  a  d ro u g h t p e r io d . F e 2+ g e n e ra te d  d u r in g  p y r ite  o x id a tio n  in  th is  p e r io d  

Was d isch a rg e d  to  th e  d ra in  d u r in g  th e  ‘f ir s t  f lu s h ’ a f te r  ra in fa ll  o n  D a y  4 2 . T h e  

maxim um  to ta l d is s o lv e d  F e  c o n c e n tra t io n  o f  1 5 6 .6  m g /L  in  d ra in  w a te r  a t  W S 2  a lso  

Allowed th is  tre n d .

0  5 0  1 0 0  1 5 0  2 0 0  2 5 0  3 0 0  3 5 0  4 0 0



3 0 0

Day Number

F i g u r e  8 . 1 2 :  T o ta l d is s o lv e d  iro n  c o n c e n tra t io n s  in  d ra in  w a te r  m e a su re d  a t  th e  W e ir

S ite s

The d e c re a se  in  to ta l d is s o lv e d  F e  o n  D a y s  125 , 2 51  a n d  3 8 4  a t W S 1  c o in c id e d  w ith  

heavy ra in fa ll. T o ta l d is s o lv e d  F e  th e n  in c re a s e d  ra p id ly , d u e  to  p y r ite  o x id a tio n  

products in  th e  g ro u n d w a te r  d is c h a rg in g  to  th e  f lo o d  m itig a tio n  d ra in s .

8.2.4 B a s ic  c a tio n  c o n c e n tra tio n s

The c o n c e n tra tio n  o f  s o lu b le  c a lc iu m  in  c re e k  w a te r  a t th e  f lo o d g a te  s ite s  is  p re se n te d  

in F igure  8 .1 3 . In  th e  f ir s t 1 40  d a y s , th e  c o n c e n tra t io n  o f  C a  f lu c tu a te d  a t  a ll th e  s ite s . 

The m a x im u m  s o lu b le  C a 2+ w a s  m e a s u re d  a t  F G 1  (2 8 4  m g /L  o n  D a y  8 4 ). A lth o u g h  

the c o n ce n tra tio n  o f  C a 2+ in  th e  c re e k  w a te r  w a s  g re a te r  a t F G 1  o n  m o s t sa m p lin g  

days, the  a v e ra g e  c o n c e n tra tio n  o f  C a 2+ w a s  1 5 0 .2  m g /L  c o m p a re d  to  17 0 .7  m g /L ,

166.4 m g /L  a n d  167 m g /L  a t F G 2 , F G 3  a n d  F G 4  re s p e c tiv e ly . C a 2+ in  th e  c re e k  w a te r  

decreased to  a  m in im u m  o f  15 m g /L  a t F G 1  o n  D a y  2 8 . H o w e v e r , th e  ra p id  in c re a s e  

afterw ards to  2 8 2  m g /L  w a s  d u e  to  th e  lo w e r in g  o f  th e  g ro u n d w a te r  ta b le  a n d  

dissolution o f  c la y s . T h is  c o u p le d  w ith  f lo o d g a te  o p e ra t io n  p ro b le m s  s u c h  as  le a k in g  

1 ^  to the f lu sh in g  o f  C a 2+ in to  th e  c re e k .



Day Number

F ig u r e  8 .1 3 : S o lu b le  c a lc iu m  c o n c e n tra tio n s  in  c re e k  w a te r  m e a s u re d  a t  th e

F lo o d g a te  S ite s

Figure 8 .1 4  sh o w s  th e  c o n c e n tra tio n  o f  s o lu b le  c a lc iu m  in  d ra in  w a te r  a t  th e  f lo o d g a te  

sites. A  w id e  ra n g e  o f  C a 2+ c o n c e n tra tio n s  w e re  re c o rd e d  d u r in g  th e  s tu d y  p e rio d . 

The m a x im u m  C a 2+ c o n c e n tra tio n  in  th e  d ra in  w a te r  w a s  re c o rd e d  a t F G 3  o n  D a y  3 53  

(325.2 m g /L ). T h e  m in im u m  C a 2+ c o n c e n tra tio n  o f  1 m g /L  w a s  r e c o rd e d  a t  b o th  F G 3  

and F G 4. F G 1  h a d  th e  g re a te s t  a v e ra g e  C a 2+ c o n c e n tra tio n  o f  1 6 3 .2 7  m g /L . T h is  

indicates th a t th e  le a k y  f lo o d g a te  a l lo w s  th e  in g re s s  o f  b ra c k ish  w a te r  in to  th e  f lo o d  

m itigation d ra in . R a in fa ll o n  D a y  125  e n h a n c e d  d ra in  w a te r  f lu s h in g  a n d  d e c re a se d  

Ca2+ c o n c e n tra tio n s  a t a ll th e  f lo o d g a te  s ite s .

Day Number

F 'gu re  8 .1 4 : S o lu b le  c a lc iu m  c o n c e n tra t io n s  in  d ra in  w a te r  m e a su re d  a t  th e  F lo o d g a te

S ite s
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• 2+

The c o n c e n tra tio n  o f  C a  in  d ra in  w a te rs  w as  g re a te r  a t W S 1  th a n  W S 2 , a s  p re se n te d  

in F i g u r e  8 .1 5 . T h e  a v e ra g e  C a 2+ c o n c e n tra tio n  in  d ra in  w a te r  a t  W S 1  w as  8 3 .3  m g /L , 

w hereas th e  a v e ra g e  C a 2+ a t W S 2  w a s  2 1 .4  m g /L . T h e  m in im u m  C a 2+ c o n c e n tra tio n  

o f 2.8 m g /L  w a s  re c o rd e d  a t  W S1 a t th e  b e g in n in g  o f  th e  s tu d y  p e rio d . A f te r  D a y  2 8 , 

the c o n c e n tra tio n  o f  so lu b le  C a  in  th e  d ra in  w a te r  a t W S 1  w a s  g re a te r  th a n  th e  

c o n ce n tra tio n  in  d ra in  w a te r  a t W S 2 . T h e  s h a rp  d e c lin e  in  C a  c o n c e n tra tio n  a t W S 1 

after D ay  9 9  is  d u e  to  c lim a tic  in f lu e n c e s , n a m e ly  th e  h e a v y  ra in fa ll e v e n t o n  D a y  

125. A f te r  D a y  125, C a  in  th e  g ro u n d w a te r  in c re a s e d  d u e  to  th e  d is s o lu tio n  o f  c la y  

m inerals , a s  sa lin e  in tru s io n  d o e s  n o t in f lu e n c e  th e  W S 1  s tu d y  s ite .

Day Number

F i g u r e  8 . 1 5 :  S o lu b le  c a lc iu m  c o n c e n tra tio n s  in  d ra in  w a te r  m e a su re d  a t th e  W e ir

S ite s

G enerally, th e  c o n c e n tra tio n  o f  M g 2+ is  g re a te r  in  c re e k  w a te r  a t  F G 1 , as  sh o w n  in 

Figure 8 .16 . H ig h  c o n c e n tra tio n s  o f  M g 2+ c o n c e n tra tio n s  a re  ty p ic a l o f  s a lin e  w a te r  

as the ty p ic a l c o n c e n tra tio n  o f  M g 2+ in  s e a w a te r  is  1 3 0 0  m g /L . T h e  tid a l f ro n t in  

Broughton C re e k  h a s  m o re  o f  an  in f lu e n c e  o n  F G 1  d u e  to  its  p o s itio n  in  B ro u g h to n  

Creek. T h e  m a x im u m  M g 2+ c o n c e n tra t io n  a t a ll f lo o d g a te  s ite s  o c c u r re d  o n  D a y  14. 

b o u g h t  c o n d itio n s  p re c e d in g  th is  p e r io d  in d u c e d  p y r ite  o x id a tio n  c o n d itio n s . T h e  

d e r a t i o n  o f  p y r ite  o x id a tio n  p ro d u c ts  a n d  th e  s u b se q u e n t d is so lu tio n  o f  c la y s  a f te r  

O n fa ll led  to  th e  d is c h a rg e  o f  a c id ic  g ro u n d w a te r  to  th e  d ra in  a n d  c re e k .
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Day Number

F i g u r e  8 . 1 6 :  S o lu b le  m a g n e s iu m  c o n c e n tra tio n  in  c re e k  w a te r  m e a su re d  a t  th e

F lo o d g a te  S ite s

The c o n c e n tra tio n  o f  s o lu b le  M g  in  d ra in  w a te r  a t  th e  w e ir  s ite s  is  sh o w n  in  F ig u re  

8.17. T h e  h ig h  c o n c e n tra tio n s  o f  M g 2+ in  th e  d ra in  w a te r  o n  D a y  14 a t F G 1  (7 3 2 0  

mg/L) an d  F G 4  (9 4 1 0  m g /L ) a re  d u e  to  th e  f lo o d g a te s  a l lo w in g  s a lin e  w a te r  in to  th e

9-*-
drain. M in o r  in c re a s e s  in  M g  d u r in g  th e  s tu d y  p e r io d  w o u ld  b e  d u e  to  th e  

dissolution o f  e s tu a r in e  c la y s . T h e  m in im u m  M g 2+ c o n c e n tra tio n s  in  d ra in  w a te r  a t  a ll 

the flo o d g a te  s ite s  o c c u rre d  o n  D a y  4 2  (F G 1  -  6 8 .6  m g /L , F G 2  -  6 7 .9  m g /L , F G 3  -  

55.6 m g /L , F G 4  -  2 1 .7  m g /L ) , in d ic a tin g  ‘c lo s e d ’ f lo o d g a te  c o n d itio n s . D ro u g h t 

conditions p re c e d in g  D a y  4 2  e n tra in e d  p y r ite  o x id a tio n  p ro d u c ts  in  th e  g ro u n d w a te r .

Day Number

F ig u r e  8 . 1 7 :  S o lu b le  m a g n e s iu m  c o n c e n tra t io n s  in  d ra in  w a te r  m e a su re d  a t  th e

F lo o d g a te  S ite s
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fig u re  8 -1 8  p re s e n ts  th e  c o n c e n tra tio n  o f  s o lu b le  m a g n e s iu m  in  d ra in  w a te r  a t  th e  

weir s ite s . T h e  a v e ra g e  M g 2+ c o n c e n tra tio n  a t  W S 1  w as  3 2 5 .7  m g /L  c o m p a re d  w ith  

1173 m g /L  a t W S 2 . T h e  h ig h  M g 2+ c o n c e n tra tio n  o n  D a y  14 a t W S 2  (8 3 9 0  m g /L ) 

w o u ld  h a v e  b e e n  d u e  to  th e  d is so lu tio n  o f  c la y  m in e ra ls , as th e re  is  little  s a lin e  

in fluence a t  th is  s ite . R e m o v in g  th is  h ig h  c o n c e n tra tio n  f ro m  a v e ra g e  c a lc u la tio n s  

gives an  a v e ra g e  d ra in  w a te r  M g  c o n c e n tra tio n  a t  W S 2  o f  3 1 1 .2  m g /L , s h o w in g  th a t 

the se lf - re g u la tin g  ti l t in g  w e ir  is  a b le  to  re d u c e  th e  g e n e ra tio n  o f  p y r ite  o x id a tio n

products.

Day Number

F i g u r e  8 . 1 8 :  S o lu b le  m a g n e s iu m  c o n c e n tra t io n s  in  d ra in  w a te r  m e a su re d  a t  th e  W e ir

S ite s

8.2.5 A n io n  c o n c e n tr a tio n s

Chloride is  an  in d ic a to r  o f  sa lin e  in g re s s  w ith in  a n  e s tu a ry  a n d  h ig h  c o n c e n tra tio n s  o f  

sulphate in  d ra in  w a te r  is  a  c h a ra c te r is t ic  o f  a c id  su lp h a te  so ils  a n d  th e  le a c h in g  o f  

Pyrite o x id a tio n  p ro d u c ts  f ro m  g ro u n d w a te r .  T h e  fo llo w in g  s e c tio n  a n a ly se s  th e  

concentration o f  c h lo r id e  a n d  s u lp h a te  in  c re e k  w a te r  a n d  d ra in  w a te r  a t  th e  f lo o d g a te  

and w eir s ite s .

o ^ _

C h lo rid e  c o n c e n tr a tio n s

first 99  d a y s  w e re  c h a ra c te r is e d  b y  p e r io d s  o f  h ig h  so lu b le  C l ' c o n c e n tra tio n s ,  as  

Presented in  F ig u re  8 .1 9 . T h e  m a x im u m  c o n c e n tra t io n s  a t FG1 (1 1 3 5 0  m g /L ) , F G 3
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(12459.6 m g /L )  a n d  F G 4  (1 2 1 0 3  m g /L )  o c c u rre d  o n  D a y  9 9  s a lin e  in g re s s  u p  

Broughton C re e k . R a in fa ll on  D a y  125 a n d  251 d ilu te d  th e  c o n c e n tra tio n  o f  c h lo r id e  

salts in th e  c re e k  w a te r  a t F G 1 , F G 2  a n d  F G 3 . T h e  sh a rp  in c re a s e  o f  Cl" in  th e  c re e k  

w a te r  sa m p le s  a f te r  D a y s  125 a n d  251  in d ic a te  lo w  re s id e n t p e r io d s .

Day Number

F i g u r e  8 . 1 9 :  D is so lv e d  c h lo r id e  c o n c e n tra tio n s  m e a su re d  in  c re e k  w a te r  a t  th e

F lo o d g a te  S ite s

The h ig h  C l ' c o n c e n tra tio n s  in  d ra in  w a te r  a t  th e  f lo o d g a te s  s ite s  in  th e  f ir s t  9 9  d a y s , 

as show n in  F ig u re  8 .2 0 , is  e v id e n c e  th a t  th e  o n e -w a y  f lo o d g a te s  d o  n o t r e s tr ic t  sa lin e  

intrusion in  f lo o d  m itig a tio n  d ra in s  a s  n o te d  b y  p re v io u s  re s e a rc h e rs  (P e a s e , 19 9 7 ; 

W ilson et al., 19 9 9 ; G la m o re , 2 0 0 3 ) . F G 1  a n d  F G 3  w e re  le a k y  o n  a  n u m b e r  o f  

occasions d u r in g  th e  f ir s t 9 9  D a y s  o f  th e  s tu d y  p e r io d . T h e  a v e ra g e  C l ' c o n c e n tra t io n s  

in drain  w a te r  w e re  6 7 0 7 .9  m g /L  a n d  5 8 9 9  m g /L  a t  F G 1  a n d  F G 3  re s p e c tiv e ly .  T h e  

high av e ra g e  Cl" c o n c e n tra tio n  a t  F G 2  (7 4 4 5  m g /L ) w a s  a ls o  c a u s e d  b y  sa lin e  

intrusion v ia  a  d ra in p ip e  le a d in g  f ro m  th e  c re e k  to  th e  d ra in  ju s t  d o w n s tre a m  o f  th e  

floodgate. H ig h  Cl" c o n d itio n s  w e re  e x p e r ie n c e d  a t F G 1  (1 2 4 3 8  m g /L )  a n d  F G 2  

(10335 m g /L ) o n  D a y  4 2 . H ig h  Cl" c o n c e n tra t io n s  w e re  m e a su re d  a t  F G 3  (1 2 2 9 9  

mg/L) an d  F G 4  (1 1 6 1 9  m g /L )  o n  D a y  9 9 . S ig n if ic a n t  ra in fa ll e v e n ts  o n  D a y s  125  a n d  

251 flu sh ed  c h lo r id e  a n io n s  f ro m  th e  d ra in  w a te r  a t  F G 1 , F G 2  a n d  F G 4 .

1 6 7
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Day Number

F i g u r e  8 . 2 0 :  D is s o lv e d  c h lo r id e  c o n c e n tra tio n s  m e a su re d  in  d ra in  w a te r  a t  th e

F lo o d g a te  S ite s

D isso lved  c h lo r id e  c o n c e n tra tio n s  in  d ra in  w a te r  a t  th e  w e ir  s i te s  a re  sh o w n  in  F ig u re  

8.21. C h lo r id e  in  d ra in  w a te r  a t  W S 1  w a s  c o n s is te n tly  o f  a  g re a te r  c o n c e n tra tio n  th a n  

that m e a su re d  a t  W S 2 , a s  p re s e n te d  in  F ig u re  8 .2 1 . T h is  w a s  d u e  to  s a lin e  in tru s io n  

via the f lo o d g a te  (F G 1 ). C l ' in  d ra in  w a te r  a t  W S 2  w a s  s ta b le  d u r in g  th e  e n tire  s tu d y  

period, ra n g in g  f ro m  4 3 .8  m g /L  to  2 4 0 .8 7  m g /L  w ith  a n  a v e ra g e  c o n c e n tra tio n  o f  9 6 .8  

mg/L. T h e  c o n c e n tra tio n  o f  C l ' in  th e  d ra in  w a te r  a t  W S 1  w a s  o n  a v e ra g e  3 2 5 2 .5  

mg/L, b u t h a d  e x p a n s iv e  ra n g e  o f  c o n c e n tra tio n s  f ro m  9 8  m g /L  to  8 3 2 0 .8  m g /L . T h e  

decrease in  C l ' c o n c e n tra tio n s  in  th e  d ra in  w a te r  o n  D a y s  125 a n d  251 c o rre s p o n d e d  

with ra in fa ll.

Day Number

^ ■g u r e  8 . 2 1 :  D is s o lv e d  c h lo r id e  c o n c e n tra t io n s  m e a su re d  in  d ra in  w a te r  a t th e  W e ir

S ite s
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S 2.5-2 S u lp h a te  c o n c e n tra tio n s

The study  p e r io d  is  c h a ra c te r ise d  b y  h ig h  s u lp h a te  c o n c e n tra tio n s  in  c re e k  w a te r  a t a ll 

the flo o d g a te  s ite s , a s  sh o w n  in  F ig u re  8 .2 2 . T h e  h ig h  a v e ra g e  S O 4 2' c o n c e n tra tio n  

(1221 m g /L )  in  c re e k  w a te r  a t  F G 3  is  d u e  to  th e  le a k y  f lo o d g a te  a l lo w in g  p y r ite  

ox idation p ro d u c ts  to  b e  re m o v e d  f ro m  th e  d ra in  in to  B ro u g h to n  C re e k . S O 4 2'  

co n cen tra tio n s  in  th e  c re e k  w a te r  s a m p le s  w e re  a lso  in f lu e n c e d  b y  ra in fa ll,  a s  c a n  b e  

seen by  th e  ra p id  d e c re a se  in  c o n c e n tra tio n  a t  F G 1 , F G 2  a n d  F G 3  o n  D a y s  125 a n d  

251.

Day Number

F i g u r e  8 . 2 2 :  C re e k  w a te r  d is s o lv e d  s u lp h a te  c o n c e n tra tio n s  f ro m  F lo o d g a te  S ite s

Sulphate c o n c e n tra tio n s  in  th e  d ra in  w a te r  a t  th e  f lo o d g a te  s ite s  w e re  a lso  v e ry  h ig h  

during th e  s tu d y  p e r io d , a s  sh o w n  in  F ig u re  8 .2 3 , in d ic a tin g  p y r ite  o x id a tio n  a n d  th e  

leaching o f  g ro u n d w a te r  a c id ity  in to  th e  d ra in . T h e re  w a s  l i ttle  v a r ia tio n  in  a v e ra g e  

S 0 42 c o n c e n tra tio n s  b e tw e e n  th e  f lo o d g a te  s ite s . F G 2  h a d  th e  h ig h e s t  d ra in  w a te r  

average S O 4 2'  c o n c e n tra tio n  (1 3 1 1  m g /L )  fo llo w e d  b y  F G 3  (1 1 0 2  m g /L ) . S O 4 2' 

concen tra tions e x c e e d e d  th e  A N Z E C C  (1 9 9 2 )  g u id e lin e  o f  0 .0 0 5  m m o l/L  (0 .5 3 9 6  

mg/L) th ro u g h o u t th e  e n tire  s tu d y  p e r io d . SC>4 2‘ a n d  C l ' c o n c e n tra tio n s  in  th e  d ra in  

water a t F G 3  (7 1 .2  m g /L )  w e re  in f lu e n c e d  b y  h e a v y  ra in fa ll p re c e d in g  D a y  2 1 0  (4 3 .2  

min)- T h e  lo w  S O 4 2'  c o n c e n tra t io n  a t  F G 1  (2 6  m g /L )  is  a lso  d u e  to  ra in fa ll.



Day Number

F ig u r e  8 . 2 3 :  D is so lv e d  su lp h a te  c o n c e n tra tio n s  in  d ra in  w a te r  a t th e  F lo o d g a te  S ite s

The av e ra g e  c o n c e n tra tio n  o f  S O 4 2' in  d ra in  w a te r  w a s  lo w e r  a t  W S 2  th a n  a t th e  

floodgate s ite s , s h o w in g  th a t th e  w e ir  is  s u c c e s s fu l in  ra is in g  th e  g ro u n d w a te r  ta b le  

and red u c in g  th e  g e n e ra tio n  o f  p y r it ic  o x id a tio n  p ro d u c ts  (S e e  F ig u re  8 .2 4 ). T h e  

average S O 4 2'  c o n c e n tra tio n  a t W S 2  w a s  2 0 .6  m g /L  c o m p a re d  w ith  163  m g /L  a t W S 1 . 

This sh o w s th a t p la c in g  a  w e ir  a t  W S 1  c o u ld  p o s s ib ly  b e  s u c c e s s fu l in  re d u c in g  th e  

concentration  o f  p y r ite  o x id a tio n  p ro d u c ts  in  th e  d ra in  w a te r . T h e  h ig h  S 0 42' 

concen trations in  th e  d ra in  w a te r  a t  W S 1  (1 7 0 0  m g /L )  a n d  W S 2  (4 6 9  m g /L )  o n  D a y  

99 w ere c a u s e d  b y  p re v io u s ly  g e n e ra te d  p y r ite  o x id a tio n  p ro d u c ts  b e in g  d is c h a rg e d  

into the d ra in  as  a  re s u lt  o f  ra in fa ll .  T h e  lo w  S O 4 2" c o n c e n tra tio n  in  d ra in  w a te r  a t 

WS2 at th e  b e g in n in g  o f  th e  s tu d y  p e r io d  is  a lso  d u e  to  S 0 42'  b e in g  e n tra in e d  in  th e  

groundw ater.

Day Number

f ig u r e  8 .2 4 : D is so lv e d  s u lp h a te  c o n c e n tra t io n s  in  d ra in  w a te r  a t th e  W e ir  S ite s



8 2 .5 .3  C l : S 0 4

As m e n tio n e d  in  C h a p te r  7 , th e  c h lo r id e :s u p h a te  ra tio  c a n  b e  u se d  as an  in d ic a to r  o f  

pyrite o x id a tio n . A s  w ith  th e  c o n c e n tra tio n  o f  S O 4 2'  th e re  w a s  a lso  little  v a r ia tio n  in  

the a v e ra g e  C 1:S 0 4  in  c re e k  w a te r  b e tw e e n  th e  f lo o d g a te  s ite s , r a n g in g  f ro m  6 .5  a t 

FG4 to  6 .8  a t  F G 1 . T h e  C 1:S 0 4  in  c re e k  w a te r  a t  F G 4  is  le ss  th a n  th e  C 1:S 0 4  a t  th e  

other f lo o d g a te  s ite s  d u e  to  lo w  C l ' c o n c e n tra tio n s .  T h e  f lo o d g a te  a t  F G 4  d id  n o t h a v e  

leakage p ro b le m s ; th e re fo re , s a lin e  in tru s io n  in  th e  f irs t h a l f  o f  th e  s tu d y  p e r io d  w as 

reduced. T h e  C 1 :S 0 4 in  c re e k  w a te r  a t  a ll th e  f lo o d g a te  s ite s  w a s  c o n s is te n tly  a b o v e

4, ex cep t fo r  a t  F G 2  o n  D a y  125 w h e n  it  d e c re a se d  to  1. L o c a lis e d  f lo o d in g  in  th e  

drain w o u ld  h a v e  f lu s h e d  a c id ic  d ra in  w a te r  in to  th e  c re e k  a t  th is  s ite  c a u s in g  th e  

C1:S04 to  d e c re a se .
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Day Number

F i g u r e  8 . 2 5 :  C h lo r id e :s u lp h a te  ra t io s  f ro m  c re e k  w a te r  a t  th e  F lo o d g a te  S ite s

The C 1 :S 0 4 in  d ra in  w a te r  a t a ll th e  f lo o d g a te  s ite s  w e re  a lso  s im ila r , a s  sh o w n  in 

Rgure 8 .26 .
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Day Number

F i g u r e  8 . 2 6 :  C h lo r id e rsu lp h a te  ra tio s  in  d ra in  w a te r  a t  th e  F lo o d g a te  S ite s

The C 1:S 0 4  r a n g e d  f ro m  5 .3  a t F G 4  to  5 .7  a t  F G 1 . T h e  lo w e s t C 1:S 0 4  in  d ra in  w a te r  

was m e a su re d  a t  F G 4  o n  D a y  125. T h e  h e a v y  ra in fa ll w o u ld  h a v e  d il iu te d  th e  C l 

concen tra tion  in  th e  d ra in  w a te r  a n d  in  tu rn  lo w e re d  th e  C 1 :S 0 4. T h e  m a x im u m  

C1:S0 4  w as  re p o r te d  a t F G 3  (1 1 .4 7 )  o n  D a y  14. S a lin e  in tru s io n  c a u s e d  b y  th e  le a k y  

floodgate as  w e ll a s  th e  e n tra in m e n t o f  S O 42' in  g ro u n d w a te r  is  a  p o s s ib le  c a u se  o f  

this h igh  C 1:S 0 4  in  th e  d ra in  w a te r .

Figure 8 .27  s h o w s  th e  C 1:S 0 4  in  th e  d ra in  w a te r  a t th e  w e ir  s ite s . T h e  a v e ra g e  C 1:S 0 4  

in the d ra in  w a te r  a t W S 1  w a s  3 .7 3 , w h e re a s  th e  a v e ra g e  C 1:S 0 4  a t  W S 2  w a s  1.61. 

This is  e v id e n c e  o f  p a s t  p y r ite  o x id a tio n  a t th e  s e lf - re g u la tin g  t i l t in g  w e ir  s ite . T h e  

C1:S0 4  lo w e re d  o n  D a y s  125 a n d  251  d u e  to  ra in fa ll.

Day Number

F i g u r e  8 . 2 7 :  C h lo r id e :s u lp h a te  ra t io s  in  d ra in  w a te r  a t  th e  W e ir  S ite s
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8  4  S p a t ' 3 * a n d  t e m p o r a l  v a r i a t i o n  i n  G r o u n d w a t e r  Q u a l i t y

The fo llo w in g  se c tio n  d e sc r ib e s  th e  g ro u n d w a te r  c h e m ic a l w a te r  q u a lity  p ro p e r tie s  

investigated  a t th e  f lo o d g a te  an d  w e ir  s ite s . T h e s e  a re  re la te d  to  c lim a tic  in f lu e n c e s  

and the  g e n e ra tio n  o f  a c id ic  g ro u n d w a te r  as a  re s u lt  o f  p y r ite  o x id a tio n .

8.4-1 G ro u n d w a te r  p H

Figure 8 .2 8  c o m p a re s  th e  g ro u n d w a te r  p H  b e tw e e n  th e  f lo o d g a te s . G ro u n d w a te r  p H  

varied fro m  4 .1 9  a t  F G 4  to  5 .1 3  a t F G 2 . T h e  h ig h  g ro u n d w a te r  p H  a t F G 2  w a s  c a u s e d  

by the in f lo w  o f  s a lin e  w a te r  f ro m  th e  c re e k  v ia  th e  le a k y  f lo o d g a te . T h is  c o u ld  a lso  

explain th e  h ig h  c o n d u c tiv ity  a t  F G 1  (S e e  F ig u re  8 .3 0 ). T h e  A N Z E C C  (2 0 0 0 )  

guidelines re c o m m e n d  p H  sh o u ld  b e  7 .0 -8 .5  in  e s tu a r ie s . T h e  g ro u n d w a te r  p H  w as  

within th is  g u id e l in e  a t F G 3  o n  a  n u m b e r  o f  o c c a s io n s . O n  D a y  1 2 5 , th e  g ro u n d w a te r  

pH at F G 3  w a s  7 .3 8 , p o s s ib ly  d u e  to  ra in fa ll  d ilu tin g  th e  a c id ic  g ro u n d w a te r .

Day Number

F ig u r e  8 .2 8 : p H  re a d in g s  in  g ro u n d w a te r  ta k e n  f ro m  th e  F lo o d g a te  S ite s

Figure 8 .2 9  sh o w s  th e  g ro u n d w a te r  p H  a t  th e  w e ir  s ite s . T h e  a v e ra g e  g ro u n d w a te r  p H  

Was s im ila r b e tw e e n  th e  s ite s , w ith  W S 1  h a v in g  an  a v e ra g e  p H  o f  3 .5 4  a n d  W S 2  an  

average g ro u n d w a te r  p H  o f  3 .5 1 .
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Day Number

F i g u r e  8 .2 9 : p H  re a d in g s  in  g ro u n d w a te r  ta k e n  f ro m  th e  W e ir  S ite s

It was e x p e c te d  th a t W S 2  w o u ld  h av e  a  m u c h  g re a te r  g ro u n d w a te r  p H  th a n  W S 2 , 

although as  a lso  re p o r te d  b y  B lu n d e n  (2 0 0 0 )  g ro u n d w a te r  p H  v a lu e s  a f te r  th e  

installa tion o f  th e  w e ir  w e re  b e lo w  4 . T h e  lo w  g ro u n d w a te r  p H  o n  D a y  3 5 3  (3 .1 1 )  is 

due to  d ro u g h t c o n d itio n s  e n tra in in g  th e  a c id ity  g e n e ra te d  as  a  re s u lt  o f  p y r ite  

oxidation in  th e  g ro u n d w a te r .

8.4.2 E le c tr ic a l C o n d u c tiv ity

FG1 w as fo u n d  to  h a v e  th e  h ig h e s t g ro u n d w a te r  c o n d u c tiv ity  (2 1 .6 7  m S ), w h ile  F G 2  

recorded th e  lo w e s t g ro u n d w a te r  c o n d u c tiv ity  (0 .7 1  m S ). T h i s  E C  a t F G 2  w a s  b e lo w  

the A N Z E C C  (1 9 9 2 )  c r ite r io n  o f  2 8 0 0 |iS /c m  (2 .8  m S ) fo r  lo n g - te rm  a g r ic u ltu ra l 

irrigation p ra c tic e s . T h e  h ig h  E C  v a lu e s  re c o rd e d  a t F G 1  is  a  re s u lt  o f  th e  c lo se  

proxim ity to  th e  f lo o d g a te  a n d  th e  le a k a g e  o f  s a lin e  w a te r  f ro m  B ro u g h to n  C re e k  in to  

the drain  an d  so il. G ro u n d w a te r  a t  F G 3  a lso  e x p e r ie n c e d  h ig h  E C  v a lu e s , a lso  a s  a  

result o f  s a lin e  in tru s io n  v ia  le a k y  f lo o d g a te s . T h e  h e a v y  ra in fa ll o n  D a y  125 

■nfluenced th e  E C  in  th e  g ro u n d w a te r  a t a ll th e  f lo o d g a te  s ite s .



Day Number

F i g u r e  8 . 3 0 :  E le c tr ic a l c o n d u c tiv ity  in  g ro u n d w a te r  ta k e n  f ro m  th e  F lo o d g a te  S ite s

The E C  o f  g ro u n d w a te r  a t th e  w e ir  s ite s  is  p re s e n te d  in  F ig u re  8 .3 1 . T h e  E C  in  

g roundw ater a t  W S 1  is  s ig n if ic a n tly  g re a te r  th a n  th e  E C  m e a su re d  in  g ro u n d w a te r  a t 

WS2, d u e  to  in c re a s e d  p y r ite  o x id a tio n  a n d  th e  g e n e ra tio n  o f  p y r ite  o x id a tio n  

products a t  th is  s ite . T h e  s e lf - re g u la tin g  t i l t in g  w e ir  a t W S 2  ra is e s  th e  g ro u n d w a te r  

table, w h ic h  in  tu rn  re d u c e s  p y rite  o x id a tio n  a n d  d e c re a se s  th e  E C  o f  th e  g ro u n d w a te r .

Day Number

F i g u r e  8 . 3 1 :  E le c tr ic a l c o n d u c t iv ity  in  g ro u n d w a te r  ta k e n  f ro m  th e  W e ir  S ite s

8-4.3 A c id ic  c a tio n  c o n c e n tr a tio n s  

Th
ne ev a lu a tio n  o f  th e  c o n c e n tra t io n s  o f  d is s o lv e d  in o rg a n ic  m o n o m e r ic  a lu m in iu m  

and to tal d is s o lv e d  iro n  c a n  b e  u s e d  to  a s s e s s  th e  e f fe c t iv e n e s s  o f  a c id  s u lp h a te  so ils  

M anagem ent te c h n iq u e s  in  re d u c in g  p y r i te  o x id a tio n .
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$ 4 .3 -1  A lu m in iu m  c o n c e n tra tio n s

The c o n c e n tra tio n  o f  d is s o lv e d  a lu m in iu m  in  g ro u n d w a te r  a t  th e  f lo o d g a te  s ite s  is 

shown in  F ig u re  8 .3 2 . T h e  a v e ra g e  c o n c e n tra tio n  o f  A l3+ in  th e  g ro u n d w a te r  ra n g e d  

from  11-1 rn g /L  a t F G 2  to  5 5 .3  m g /L  a t  F G 3 . T h e  m a x im u m  d is s o lv e d  in o rg a n ic  

m o n o m eric  a lu m in iu m  c o n c e n tra tio n  in  g ro u n d w a te r  a t  th e  f lo o d g a te  s ite s  w as  

m easured  a t  F G 3  (6 3 9  m g /L ) . T h is  w a s  d u e  to  d is s o lv e d  A l3+ e n tra in e d  in  th e  

g ro u n d w ate r as  a  re s u lt  o f  d ro u g h t c o n d itio n s  b e fo re  th e  s tu d y  p e r io d . T h e  

co n cen tra tio n  o f  A l3+ o n  D a y  251 (0 .3  m g /L )  a t F G 3  w a s  b e lo w  th e  A N Z E C C  (1 9 9 2 )  

criterion o f  0 .0 0 5  m m o l/L  (0 .5 3 9 6  m g /L ) . A t th e  o th e r  f lo o d g a te  s ite s , th e  A l3+ in  th e  

g ro u n d w ater w a s  s ig n if ic a n tly  g re a te r  th a n  th is  c r i te r io n  d u r in g  th e  s tu d y  p e r io d , a s  a  

result o f  p y r ite  o x id a tio n .

Day Number

F ig u re  8 .3 2 : D is s o lv e d  in o rg a n ic  m o n o m e r ic  A l3+ c o n c e n tra tio n s  in  g ro u n d w a te r  a t

th e  F lo o d g a te  S ite s

As can b e  se e n  in  F ig u re  8 .3 3 , th e  d is s o lv e d  A l3+ c o n c e n tra t io n  in  g ro u n d w a te r  a t 

WS2 is g re a te r  th a n  th e  c o n c e n tra t io n  m e a su re d  in  g ro u n d w a te r  a t  W S 1. T h e  a v e ra g e  

Al c o n ce n tra tio n  a t  W S 1  w a s  7 2 .1  m g /L  c o m p a re d  to  16 2 .3  m g /L  a t  W S 2 . T h e  

Maximum d is so lv e d  A l3+ c o n c e n tra t io n s  in  g ro u n d w a te r  w a s  m e a su re d  a t  W S 1  (2 9 9 ) 

^ d  W S2 (1 2 2 2  m g /L )  a t  th e  b e g in n in g  o f  th e  s tu d y  p e r io d . T h is  is  d u e  to  th e  

generation o f  p y r ite  o x id a tio n  p ro d u c ts  in  th e  g ro u n d w a te r  d u r in g  d ro u g h t p e r io d s , as 

a result o f  lo w e re d  g ro u n d w a te r  ta b le s  a n d  th e  e x p o s u re  o f  p y r ite  to  a tm o s p h e r ic  

°xygen.
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F ig u re  8 .3 3 : D is s o lv e d  in o rg a n ic  m o n o m e ric  A l3+ c o n c e n tra tio n s  in  g ro u n d w a te r  a t

th e  W e ir  S ite s

8.4.3.2 Iro n  c o n c e n tr a tio n s

Total d is so lv e d  iro n  c o n c e n tra tio n s  in  g ro u n d w a te r  a t  th e  f lo o d g a te  s ite s  a re  p re se n te d  

in F ig u re  8 .3 4 . T o ta l F e  c o n c e n tra tio n s  in  th e  g ro u n d w a te r  w e re  s im ila r  b e tw e e n  F G 1 

(87.5 m g /L ) a n d  F G 2  (8 7 .3  m g /L ) . T h e  a v e ra g e  to ta l F e  c o n c e n tra tio n s  in  

g roundw ater a t F G 3  a n d  F G 4  w e re  7 1 .8  m g /L  a n d  1 6 2 .2 8  m g /L  re s p e c tiv e ly . T h e  

total F e c o n c e n tra tio n  in  g ro u n d w a te r  a t th e  f lo o d g a te  s ite s  w a s  m e a su re d  a t  F G 3  (821  

mg/L), d u e  a lso  to  th e  e n tra in m e n t o f  p y r ite  o x id a tio n  p ro d u c ts  in  th e  g ro u n d w a te r  a s  

a result o f  d ro u g h t c o n d itio n s  b e fo re  a n d  a t th e  b e g in n in g  o f  th e  s tu d y  p e r io d .
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^ 'g u r e  8 .3 4 : T o ta l d is so lv e d  iro n  c o n c e n tra t io n s  in  g ro u n d w a te r  a t th e  F lo o d g a te
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Total F e  c o n c e n tra tio n s  in  g ro u n d w a te r  a t th e  w e ir  s ite s  w e re  g re a te r  th a n  in  th e  

g ro u n d w ate r a t  th e  f lo o d g a te  s ite s , sh o w n  in  F ig u re  8 .3 5 , a s  a  re s u lt  o f  lo w e re d  

g ro u n d w ate r ta b le s  a n d  p y r ite  o x id a tio n . T h e  m a x im u m  to ta l F e  c o n c e n tra tio n  in  

g ro u n d w ater a t W S 1 (3 6 5  m g /L ) a n d  a t W S 2  (4 3 5  m g /L )  w a s  m e a su re d  a t th e  

beginning  o f  th e  s tu d y  p e r io d . In  th is  re sp e c t, th e  c o n c e n tra tio n  o f  to ta l F e  in  th e  

g ro u n d w ate r a t  th e  w e ir  s ite s  fo llo w s  th e  sa m e  tre n d  a s  th e  d is s o lv e d  A l3+ 

co n cen tra tio n  in  th e  g ro u n d w a te r .

Day Number

F i g u r e  8 . 3 5 :  T o ta l d is s o lv e d  iro n  c o n c e n tra tio n s  in  g ro u n d w a te r  a t th e  W e ir  S ite s

8.4.4 B a s ic  c a tio n  c o n c e n tr a tio n s

The d is s o lu tio n  o f  m a rin e  c la y s  c a n  l ib e ra te  b a s ic  c a t io n s  su c h  as c a lc iu m  an d  

m agnesium . T h e  te m p o ra l a n d  sp a tia l v a r ia b ili ty  in  th e  c o n c e n tra tio n  o f  th e s e  b a s ic  

cations in  g ro u n d w a te r  a t th e  f lo o d g a te  a n d  w e ir  s ite s  is  d e s c r ib e d  in  th e  fo llo w in g  

section.

”•4.4.1 C a lc iu m  c o n c e n tr a tio n s

Figure 8 .3 6  s h o w s  th e  c o n c e n tra t io n  o f  s o lu b le  c a lc iu m  in  th e  g ro u n d w a te r  a t th e  

floodgate s ite s . I t  c a n  b e  s e e n  th a t th e  c o n c e n tra t io n  o f  C a 2+ in  g ro u n d w a te r  a t  F G 1  

Was g re a te r  th a n  m e a su re d  a t  th e  o th e r  f lo o d g a te  s ite s . T h e  a v e ra g e  C a 2+ in  

8r°u n d w a te r  a t  F G 1  w a s  2 0 0 .9  m g /L  c o m p a re d  w ith  1 2 7 .6  m g /L , 1 1 8 .7  m g /L  an d  

9*8 m g /L  a t F G 2 , F G 3  a n d  F G 4  re s p e c t iv e ly . T h e  m a x im u m  s o lu b le  c a lc iu m
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o n cen tra tio n  in  g ro u n d w a te r  a t th e  f lo o d g a te  s ite s  w a s  m e a su re d  a t F G 1  (2 8 4  m g /L ), 

2 +  •

w hereas th e  lo w e s t C a  c o n c e n tra tio n  in  g ro u n d w a te r  w a s  m e a su re d  a t F G 4  (22  

mg/L)- S o lu b le  C a 2+ in  g ro u n d w a te r  a t F G 2  a n d  F G 4  d e c re a se d  o n  D a y  125 as a  

result o f  f lu s h in g  o f  th e  g ro u n d w a te r  d u e  to  ra in fa ll.
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F i g u r e  8 . 3 6 :  S o lu b le  c a lc iu m  c o n c e n tra tio n s  in  g ro u n d w a te r  a t th e  F lo o d g a te  S ite s

The c o n c e n tra tio n  o f  C a 2+ in  g ro u n d w a te r  w a s  g re a te r  a t  W S 1  th a n  a t W S 2 , as  sh o w n  

in F igu re  8 .3 7 . T h e  a v e ra g e  C a 2+ c o n c e n tra t io n  in  g ro u n d w a te r  a t W S 1  w as  7 6 .5  

mg/L c o m p a re d  w ith  3 0 .5  m g /L  a t W S 2 . T h e  m a x im u m  s o lu b le  c a lc iu m  

concen tra tion  in  g ro u n d w a te r  w a s  m e a s u re d  a t W S 1  (2 0 0  m g /L ) , as a  re su lt  o f  s a lin e  

intrusion.

Day Number

F i g u r e  8 . 3 7 :  S o lu b le  c a lc iu m  c o n c e n tra t io n s  in  g ro u n d w a te r  a t th e  W e ir  S ite s
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8 4 4 .2  M a g n e s iu m  c o n c e n tra tio n s

f ig u re  8 .3 8  sh o w s  th e  s o lu b le  m a g n e s iu m  c o n c e n tra tio n  in  g ro u n d w a te r  a t th e  

floodgate s ite s . T h e  a v e ra g e  s o lu b le  M g 2+ c o n c e n tra tio n  in  g ro u n d w a te r  ra n g e d  f ro m  

4 2 3  6 m g /L  a t F G 3  to  1 2 9 8 .6  m g /L  a t F G 4 . T h e  m a x im u m  s o lu b le  m a g n e s iu m  

concen tra tion  in  g ro u n d w a te r  a t  th e  f lo o d g a te  s ite s  w a s  m e a su re d  a t  F G 4  (8 8 7 0  

mg/L)- T h e  c o n c e n tra tio n  o f  M g 2+ s ig n if ic a n tly  d e c lin e d  in  th e  g ro u n d w a te r  o n  D a y  

42 at a ll f lo o d g a te  s ite s . D u r in g  th e  f ir s t  142  d a y s  o f  th e  s tu d y  p e r io d , M g 2+ 

concen tra tions in  th e  g ro u n d w a te r  a t a ll th e  f lo o d g a te  s ite s  f lu c tu a te d , h o w e v e r  fo r  th e  

rem ainder o f  th e  s tu d y  p e r io d  M g 2+ c o n c e n tra tio n s  w e re  re la t iv e ly  s tab le . 

F luctuations in  th e  M g 2+ in  th e  g ro u n d w a te r  c o rre s p o n d  to  f lu c tu a tio n s  in  th e  

electrical c o n d u c tiv ity  o f  th e  g ro u n d w a te r , sh o w in g  th a t sa lin e  in g re s s  h a s  an  

influence o n  th e  c o n c e n tra tio n  o f  M g 2+.

Day Number

F ig u re  8 .3 8 : S o lu b le  m a g n e s iu m  c o n c e n tra tio n s  in  g ro u n d w a te r  a t  th e  F lo o d g a te

S ite s

Generally, th e  s o lu b le  m a g n e s iu m  c o n c e n tra t io n  in  g ro u n d w a te r  w a s  g re a te r  a t  W S 1 , 

as show n in  F ig u re  8 .3 9 . T h e  m a x im u m  s o lu b le  m a g n e s iu m  c o n c e n tra t io n  in  

groundw ater w a s  m e a su re d  a t W S 1  (5 8 2 0  m g /L ) . T h e  a v e ra g e  M g 2+ c o n c e n tra t io n  in  

groundw ater a t  W S 1  w a s  8 6 1 .3  m g /L  c o m p a re d  w ith  1 1 8 .9  m g /L  a t W S 2 . T h is  h ig h  

concentration is  a  re s u lt  o f  th e  d is s o lu t io n  o f  c la y  m in e ra ls . T h e  M g 2+ c o n c e n tra t io n  

ln g roundw ater a t  b o th  w e ir  s i te s  a lso  d e c l in e d  o n  D a y  4 2 . A  ra in fa ll  e v e n t  o n  D a y  4 2  

may have f lu sh e d  a c id ic  ru n o f f  in to  th e  d ra in ,  d is c h a rg in g  s o lu b le  M g 2+.



Day Number

F i g u r e  8 .3 9 : S o lu b le  m a g n e s iu m  c o n c e n tra tio n s  in  g ro u n d w a te r  a t th e  W e ir  S ite s

8.4 .5  A n io n  c o n c e n tr a tio n s

As p re v io u s ly  m e n tio n e d , lo w  c o n c e n tra tio n s  o f  c h lo r id e  in  th e  g ro u n d w a te r  a t  th e  

flo o d g a te  a n d  w e ir  s ite s  in d ic a te  th e  c h lo r id e  th a t w a s  p re s e n t a t  th e  tim e  o f  d e p o s itio n  

of th e  p y r ite  a n d  o th e r  e s tu a r in e  c la y s  h a s  b e e n  re m o v e d  f ro m  th e  so il a s  a  re s u lt  o f  

fre sh w a te r f lu s h in g . H ig h  c h lo r id e  c o n c e n tra tio n s  c a n  o c c u r  a s  a  r e s u lt  o f  sa lin e  

in tru sion . S u lp h a te  in  g ro u n d w a te r  is  d ire c tly  l in k e d  to  p y r i te  o x id a tio n .

8.4.5.1 C h lo r id e  c o n c e n tr a tio n s

D isso lv ed  c h lo r id e  c o n c e n tra tio n s  in  g ro u n d w a te r  a t  th e  f lo o d g a te  s ite s  a re  p re se n te d  

in F ig u re  8 .4 0 . T h e  a v e ra g e  s o lu b le  C l ' c o n c e n tra t io n  in  g ro u n d w a te r  ra n g e d  fro m

616.5 m g /L  a t  F G 4  to  7 6 9 3  m g /L  a t F G 1 . H ig h  c h lo r id e  c o n c e n tra t io n s  w e re  fo u n d  in 

the g ro u n d w a te r  a t  F G 1  (8 9 9 3  m g /L ) , d u e  to  its  c lo s e  p ro x im ity  to  th e  f lo o d g a te  an d  

salt w a te r  in tru s io n . T h e  lo w e s t s o lu b le  C1‘ c o n c e n tra t io n  in  g ro u n d w a te r  w as 

m easured  a t  F G 4  (7 3 .6 9  m g /L ). S o lu b le  C l ' in  th e  so il w o u ld  h a v e  b e e n  le a c h e d  in to  

the d ra in  as  a  re s u lt  o f  f re s h w a te r  f lu s h in g  a n d  th e  la c k  o f  s a lin e  in tru s io n  in to  th is  

flood m itig a tio n  d ra in  w o u ld  e x p la in  th is  lo w  s o lu b le  C l ' c o n c e n tra tio n .



Day Number

F ig u re  8 .4 0 : D is so lv e d  c h lo r id e  c o n c e n tra tio n s  in  g ro u n d w a te r  a t t h e -  F lo o d g a te

S ite s

Soluble C l ' c o n c e n tra tio n s  in  g ro u n d w a te r  a t  W S 1  w e re  s ig n if ic a n tly  g re a te r  th a n  

co n cen tra tio n s  m e a su re d  in  g ro u n d w a te r  a t  W S 2 , a s  sh o w n  in  F ig u re  8 .4 1 , in d ic a tin g  

the in flu e n c e  o f  s a lin e  in tru s io n  o n  th e  s ite . T h e  a v e ra g e  s o lu b le  C l ' c o n c e n tra tio n  in  

g roundw ater a t W S 1  w a s  3 0 3 2  m g /L  c o m p a re d  w ith  14 8 .2  m g /L  a t  W S 2 . T h e  lo w  C l ' 

in the g ro u n d w a te r  m e a su re d  in  th is  s tu d y  w a s  s im ila r  to  th a t  re p o r te d  b y  B lu n d e n  

(2000). T h e  s o lu b le  C l ' c o n c e n tra tio n  in  g ro u n d w a te r  a t W S 2  w a s  th e  lo w e s t o n  D a y  

125 (45 .6  m g /L )  as  a  re su lt o f  le a c h in g  o f  th e  C l in to  th e  d ra in  d u e  to  a  r a in fa ll  e v e n t.

Day Number

F ig u re  8 .4 1 : D is s o lv e d  c h lo r id e  c o n c e n tra t io n s  in  g ro u n d w a te r  a t th e  W e ir  S ite s
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g 4 .5 .2  S u lp h a te  c o n c e n tra tio n s

The c o n c e n tra t io n  o f  d is so lv e d  su lp h a te  w a s  v e ry  h ig h  th ro u g h o u t th e  s tu d y  p e r io d , as 

show n in  F ig u re  8 .4 2 , w ith  S O 4 ' c o n c e n tra tio n s  b e tw e e n  a p p ro x im a te ly  5 0 0  m g /L  to  

2 3 5 0  m g /L . In  th e  f ir s t  7 0  d a y s , S O 4 2'  c o n c e n tra tio n s  in  th e  g ro u n d w a te r  a t F G 3  

flu c tu a ted  b e tw e e n  4 9 0  m g /L  a n d  1 5 1 0  m g /L  4 7 0 m g /L  a n d  b e tw e e n  1 8 0 0  m g /L  a t 

pG 4. A f te r  D a y  7 0 , S O 4 " c o n c e n tra tio n s  in  g ro u n d w a te r  a t  F G 3  w e re  s ta b le  a t 

a p p ro x im a te ly  5 0 0  m g /L . G e n e ra lly , d is s o lv e d  s u lp h a te  c o n c e n tra tio n s  w e re  g re a te r  

in the g ro u n d w a te r  a t F G 1 th a n  a t th e  o th e r  f lo o d g a te  s ite s . T h is  is  s u rp r is in g  s in c e  

the g ro u n d w a te r  w a s  sa m p le d  c lo se  to  th e  f lo o d g a te  a n d  w o u ld  th e re fo re  b e  

in fluenced  b y  s a lin e  in tru s io n . T h e  g ro u n d w a te r  ta b le  a t th is  s ite  w a s  h o w e v e r  v e ry  

low an d  b e lo w  th e  p y r ite  la y e r  o n  n u m e ro u s  o c c a s io n s  le a d in g  to  p y r ite  o x id a tio n . 

The m a x im u m  d is s o lv e d  su lp h a te  c o n c e n tra tio n  in  g ro u n d w a te r  w a s  m e a su re d  a t F G 1 

(2330 m g /L ).

Day Number

F ig u re  8 .4 2 : D is s o lv e d  su lp h a te  c o n c e n tra tio n s  in  g ro u n d w a te r  a t  th e  F lo o d g a te  S ite s

Figure 8 .43  sh o w s  th e  c o n c e n tra tio n  o f  d is s o lv e d  s u lp h a te  in  th e  g ro u n d w a te r  a t th e  

weir sites. T h e  a v e ra g e  S 0 42' c o n c e n tra tio n s  w e re  811 m g /L  a n d  8 2 4  m g /L  a t  W S 1  

and W S 2  re s p e c tiv e ly . T h e  m a x im u m  d is s o lv e d  s u lp h a te  c o n c e n tra tio n  in  

groundw ater w a s  m e a su re d  a t  W S 1  (1 3 2 0  m g /L ) , a s  p re s e n te d  in  F ig u re  8 .4 3 . T h e  

maxim um  S 0 4 2‘ c o n c e n tra tio n  in  g ro u n d w a te r  a t  W S 2  w a s  1 1 9 0  m g /L . T h e s e  

M aximum S O 42' c o n c e n tra tio n s  o c c u r re d  a t  th e  b e g in n in g  o f  th e  s tu d y  p e r io d , w h e n  

Pyrite o x id a tio n  p ro d u c ts  w e re  e n tra in e d  in  th e  g ro u n d w a te r  a s  a  r e s u lt  o f  d ro u g h t 

E d i t io n s .
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Day Number

F ig u re  8 .4 3 : D is s o lv e d  s u lp h a te  c o n c e n tra tio n s  in  g ro u n d w a te r  a t  th e  W e ir  S ite s  

8 .4 .5 3  C l: S 0 4

The c h lo r id e :s u lp h a te  (C 1:S 0 4 ) ra t io  in  th e  g ro u n d w a te r  a t th e  f lo o d g a te  s ite s  is  sh o w n  

in F igu re  8 .4 4 . T h e  lo w  C 1 :S 0 4  ra tio  in  th e  g ro u n d w a te r  a t F G 4  c o m p a re d  to  th e  

other f lo o d g a te  s ite s  is  d u e  to  th e  fa c t  th a t th is  o b s e rv a tio n  h o le  th a t w a s  s a m p le d  a t 

FG4 w as fu r th e r  u p s tre a m  f ro m  th e  f lo o d g a te  a n d  th e re fo re  le ss  in f lu e n c e d  b y  s a lin e  

intrusion th a n  th e  o th e r  g ro u n d w a te r  s a m p le s . T h is  a lso  in d ic a te s  p y r i t ic  o x id a tio n . 

The C 1:S 0 4  ra tio  in  g ro u n d w a te r  a t  F G 1  a n d  F G 2  w a s  a b o v e  th e  s u g g e s te d  v a lu e  o f  2 

(M ulvey, 1 983) d u r in g  th e  f ir s t  8 4  D a y s . T h e  C 1:S 0 4  ra tio  in  g ro u n d w a te r  a t  F G 3  

fluctuated  a b o v e  th e  b e lo w  2 . I t  c a n  b e  seen  th a t c lim a tic  c o n d i t io n s  a lso  in f lu e n c e d  

the C1:SC>4 ra tio  in  g ro u n d w a te r ,  a s  th e  C 1:S 0 4  r a tio  d e c re a se d  d u r in g  h e a v y  ra in fa ll.
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10

Day Number

F i g u r e  8 .4 4 : C h lo r id e :su lp h a te  ra tio  in  g ro u n d w a te r  a t  th e  F lo o d g a te  S ite s

F igure 8 .4 5  sh o w s  th a t th e  C 1:S 0 4  ra tio  o f  th e  g ro u n d w a te r  m e a su re d  a t  th e  W S 2  w as  

alw ays le s s  th a n  1 d u r in g  th e  s tu d y  p e r io d . T h is  is  in d ic a tiv e  o f  p y r ite  o x id a tio n . T h e  

m ax im u m  a n d  m in im u m  C 1:S 0 4  ra tio  in  g ro u n d w a te r  a t  W S 2  w a s  0 .4 2  o n  D a y  4 2  an d  

0.07 o n  D a y  125  re sp e c tiv e ly . T h e  C1:SC>4 ra tio  in  th e  g ro u n d w a te r  a t W S 1 , w h ic h  

flu c tu a ted  th ro u g h o u t th e  s tu d y  p e r io d , is  s ig n if ic a n tly  g re a te r  th a n  th e  C 1:S 0 4  ra tio  

m easured  in  th e  g ro u n d w a te r  a t W S 2 . T h i s  w o u ld  b e  d u e  to  th e  in f lu e n c e  o f  sa lin e  

in trusion  f ro m  th e  f lo o d g a te  (F G 1 ).

Day Number

F ig u r e  8 .4 5 : C h lo r id e :s u lp h a te  ra t io  in  g ro u n d w a te r  a t  th e  W e ir  S ite s
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g .5  C o n c l u s i o n s

The g ro u n d w a te r  q u a lity  d a ta  f ro m  th e  f lo o d g a te  a n d  w e ir  s ite s  s h o w e d  th a t  p y r i t ic  

o x id a tio n  p ro d u c ts  w e re  s till b e in g  g e n e ra te d  e v e n  th o u g h  th e se  a c id  s u lp h a te  so ils  

m a n a g e m e n t m e a su re s  w e re  in  p la c e . T h is  in d ic a te s  th a t a c id  a n d  p y r ite  o x id a tio n  

p ro d u cts , n a m e ly  A l3+, F e 2+ a n d  S 0 42',  g e n e ra te d  b e fo re  th e  f lo o d g a te s  a n d  s e lf ­

reg u la tin g  t i l t in g  w e ir  w e re  in s ta lle d  a re  s till e n tra in e d  in  th e  g ro u n d w a te r .  

F lo o d g a tes  a n d  w e irs  a re  a im e d  a t tre a t in g  th e  e n v iro n m e n ta l e f fe c ts  o f  a c id  s u lp h a te  

soils (h ig h  p H , iro n  a n d  a lu m in iu m  p re c ip ita t io n  e tc .)  a f te r  th e y  h a v e  o c c u r re d . C re e k  

w ater, d ra in  w a te r  a n d  g ro u n d w a te r  c h e m is try  a lso  s h o w e d  th a t  a c id ic  c o n d i t io n s  a n d  

that th e  w a te r  s a m p le s  w e re  in  e x c e s s  o f  th e  c o r re s p o n d in g  A N Z E C C  (1 9 9 2 , 2 0 0 0 )  

criteria  o n  m o s t  o c c a s io n s  th ro u g h o u t th e  s tu d y  p e r io d . W a te r  q u a lity  a n d  th e  

c o n ce n tra tio n  o f  p y r it ic  o x id a t io n  p ro d u c ts  f lu c tu a te d  in  re s p o n s e  to  c l im a t ic  

co n d itio n s , f lo o d g a te  le a k a g e  a n d  th e  d is s o lu tio n  o f  c la y  m in e ra ls .

A c o m p a riso n  b e tw e e n  th e  L im e - f ly  a sh  b a r r ie r  s i te  a n d  th e  f lo o d g a te  a n d  w e ir  s ite s  is  

p resen ted  in  C h a p te r  9.
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C h a p t e r  9  D i s c u s s i o n  a n d  C o m p a r i s o n  o f  r e s u l t s  f r o m  t h e  s i t e  o f  t h e  L i m e - f l y  

aS h  B a r r i e r  a n d  t h e  F l o o d g a t e  a n d  W e i r  S t u d y  S i t e s

9 .1  I n t r o d u c t i o n

The w a te r  q u a l ity  re s u lts  f ro m  th e  L im e -f ly  a sh  b a r r ie r  s tu d y  s ite s  p re s e n te d  in 

C h ap te r 7 h a v e  sh o w n  th e  e f fe c tiv e n e ss  o f  th e  a lk a lin e  b a r r ie r  in  re d u c in g  p y rite  

o x id a tio n , a n d  h e n c e , th e  g e n e ra tio n  o f  p y r i t ic  o x id a tio n  p ro d u c ts . H o w e v e r , th e  

e ffe c tiv e n e ss  o f  th e  L im e -f ly  ash  b a r r ie r  in  th e  re m e d ia t io n  o f  a c id  su lp h a te  so ils  is  

not o n ly  a s s e s s e d  b y  m o n ito r in g  w a te r  q u a lity  p a ra m e te rs  a t  th e  b a r r ie r  s tu d y  s ite , b u t 

also b y  c o m p a r in g  th e se  re su lts  w ith  d a ta  c o l le c te d  f ro m  th e  o th e r  a c id  su lp h a te  so ils  

m a n ag em e n t m e a su re s  in  p la c e  in  th e  S h o a lh a v e n  F lo o d p la in ,  n a m e ly , f lo o d g a te s  a n d  

the s e lf - re g u la tin g  t i ltin g  w e ir . T h e  L im e -f ly  a sh  b a r r ie r  a im s  to  p re v e n t p y r ite  

ox ida tion  o c c u r r in g  a n d  th e  g e n e ra tio n  o f  a c id ic  w a te r , w h e re a s , f lo o d g a te s  a n d  w e irs  

are d e s ig n e d  to  tre a t  th e  a c id ic  w a te r  a f te r  i t  h a s  b e e n  g e n e ra te d .

This C h a p te r  o u tl in e s  th e  re su lts  f ro m  a ll th e  s tu d y  s ite s  a n d  c o m p a re s  th e  c h e m ic a l 

w ater p a ra m e te rs  m e a su re d  a t th e  L im e - f ly  a sh  b a r r ie r  s tu d y  s ite  w ith  th e  re su lts  f ro m  

the f lo o d g a te  a n d  w e ir  s tu d y  site s .

9 .2  C o m p a r i s o n  b e t w e e n  L i m e - f l y  a s h  B a r r i e r  s t u d y  S i t e  a n d  F l o o d g a t e / W e i r  

S ite s

Table 9.1 p re s e n ts  th e  re s u lts  o f  th e  w a te r  q u a l i ty -m o n ito r in g  re g im e  a t th e  s tu d y  s ite s . 

A verages fo r  p H , E le c tr ic a l  c o n d u c tiv ity  (E C ) , a c id ic  c a t io n s  (A l3+ a n d  F e total), b a s ic  

cations (C a 2+ a n d  M g 2+) a n d  a n io n s  (C l ' a n d  S O 4 2')  a re  o u tl in e d .



T a b l e  9 . 1 :  Comparison b e t w e e n  w a t e r  q u a l i t y  p a r a m e t e r s  m e a s u r e d  a t  t h e  L i m e - f ly  a s h  B a r r i e r  S tu d y  S i t e  a n d  t h o s e  m e a s u r e d  a t  t h e  F l o o d g a t e  

a n d  W e i r  Study Sites

S t u d y  S i t e

p H
E C

( m S )

A l 3+

( m g / L )

T o t a l  F e  

( m g / L )

C a 2+

( m g / L )

M g 2+

( m g / L )

c r

( m g / L )

S O 42-

( m g / L )
C 1 : S 0 4

L i m e - f l y  a s h  B a r r i e r  S t u d y  S i t e

A v e r a g e  g r o u n d w a t e r  ( a l l  o b s e r v a t i o n  

h o l e s )

P re -b a r r ie r :

P o s t-b a r r ie r :

3 .2 8

3 .8 6

2 .3 4

1 .4 6

3 5 .6 8

2 0 .0 5

6 7 .5 9

3 7 .0 3

4 1 .1 5

4 0 .7 0

1 5 8 .4 9

8 0 .6 6

7 4 7 .2 4

1 9 5 .4 7

4 4 0 .1 3

2 5 3 .3 1

1 .3 9  (0 .3 8 * )  

0 .8 0

A v e r a g e  g r o u n d w a t e r  ( b a r r i e r  i n f l u e n c e d )

P re -b a r r ie r :

P o s t-b a r r ie r :

3 .7 4

3 .8 4

2 .6 2

1.53

3 5 .6 6

1 8 .9 7

7 1 .6 8

4 1 .4 9

4 2 .7 7

4 5 .4 3

1 8 1 .2 3

8 0 .4 7

7 1 8 .8

1 9 1 .9 6

5 3 4 .8 8

2 4 0 .2 1

1 .1 0  (0 .5 5 * )  

0 .7 9

L o r d s  d r a i n  u p s t r e a m

P re -b a r r ie r :

P o s t-b a r r ie r :

3 .4 0

3 .1 6

5 .9 2

1 .22

3 3 .9 6

1 8 .6 0

1 0 7 .2 8

4 1 .3 0

5 0 .0 5

3 5 .8 0

2 3 0 .3 0

9 2 .1 5

2 7 0 0 .0 1

1 0 7 .5 5 2

6 0 8 .1 8 2

1 14

3 .3 5

0 .9 4

L o r d s  d r a i n  m i d d l e

P re -b a r r ie r :

P o s t-b a r r ie r :

3 .4 6

3 .5 9

5 .3 2

1 .2 0

3 0 .7 5

6 .2 5

2 0 8 .0 8

4 4 .6 0

6 6 .3 6

4 7 .1 0

2 6 8 .6 8

9 2 .2 0

3 1 2 0 .2

1 2 1 .1 6

7 3 9 .6 7

1 34

3 .0 9

0 .9 0

L o r d s  d r a i n  d o w n s t r e a m

P re -b a r r ie r :

P o s t-b a r r ie r :

3 .1 5

3 .4 7

5 .6 3

1 .4 0

3 2 .2 3

8 .5 0

147 .81

7 .7 0

7 2 .5 2

4 7 .9 5

3 1 2 .0 2

1 0 6 .3 4

3 1 3 9 .1 1

3 9 9 .7 6

6 9 5 .9 0 9

3 6 7

3 .3 9

1 .0 8

L o r d s  d r a i n  a v e r a g e

P re -b a r r ie r :

P o s t-b a r r ie r :

3 .3 5

3 .2 5

5 .4 2

1 .3 9

2 7 .2 9

2 9 .1 5

1 4 1 .8 0

1 0 9 .6 3

5 8 .3 8

5 2 .1 7

2 2 4 .9 1

2 1 0 .9 2

2 9 1 2 .6 3

2 0 9 .4 9

6 8 2 .0 3

2 0 5 .0 0

3 .0 6

0 .9 8

F G 1

C re e k  w a te r  

D ra in  w a te r  

G ro u n d w a te r

6 .5 6

6 .0 5

4 .7 8

1 2 .1 0

1 3 .8 8

1 5 .6 0

1 0 .0 2

1 6 .5 7

2 1 .9

5 .01

3 0 .2

8 7 .5

1 5 0 .2

1 6 3 .3  

2 0 0 .9

1 0 0 4 .4  

1 0 1 5 .2

1 2 3 0 .4

6 5 6 1 .9

6 7 0 7 .9  

7 6 9 3

9 6 0

1 0 8 8

1 7 4 9

6 .8

5 .7

4 .6
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1 F G 2

C r e e k  w a te r 6 .9 1 3 .4 3 3 9 .3 6 7 .4 8 1 7 0 .7 6 1 2 9 2 .8 8 6 0 0 .5 1 2 9 9 6 .7

D r a in  w a te r 5 .1 3 1 1 .1 2 6 12.7 8 7 .7 1 4 7 .0 5 5 6 6 .9 7 4 4 5 1311 5 .6

G ro u n d w a te r 5 .1 3 4 .1 8 11 .1 3 8 7 .3 1 2 7 .5 9 1 0 5 3 .4 1 0 7 2 .9 6 7 6 2 .9 5

F G 3

C re e k  w a te r 6 .9 0 17 1 6 .0 3 8 19 .45 1 6 6 .4 1 3 3 8 .8 7 7 4 6 .6 1221 6 .5 8

D ra in  w a te r 5 .1 9 1 3 .4 9 2 0 .5 1 4 15 .75 1 6 1 .2 5 7 1 .7 5 8 9 9 1 1 0 2 5 .4

G ro u n d w a te r 6 .4 8 7 .9 3 5 5 .3 7 1 .8 11 8 .7 4 2 3 .7 2 8 2 7 .2 7 2 5 4 .4

F G 4

C re e k  w a te r 6 .1 9 18 .2 4 .4 8 .0 7 167 .01 2 0 8 0 .1 8 0 5 7 1231 6 .5 2

D ra in  w a te r 5 .5 8 1 4 .9 6 2 8 .7 3 8 5 2 .5 1 0 8 1 0 5 .0 8 1 2 2 2 6 2 1 7 1 0 6 6 5 .3 2

G ro u n d w a te r 4 .1 9 1.95 7 4 .9 1 6 2 .2 8 8 9 .8 1 2 9 8 .6 6 1 6 .5 1131 1 .17

W S 1

D ra in  w a te r 3 .3 0 7 .51 2 7 .5 9 1 .1 8 8 3 .4 3 2 5 .8 3 2 5 2 .5 7 7 3 3 .7 3

G ro u n d w a te r 3 .5 4 6 .9 3 72 .1 1 4 2 .1 6 7 6 .5 8 6 1 .2 5 3 0 3 2 811 3 .5 7

W S 2

D ra in  w a te r 5 .2 3 0 .6 3 2 2 .6 5 1 .8 2 1 .5 1173 9 6 .8 9 14 0 1.61

G ro u n d w a te r 3 .51 1.77 162 .31 1 1 2 .9 3 0 .5 1 1 8 .8 9 1 4 8 .2 8 2 4 0 .1 8 6

* A v e ra g e  c a lc u la t io n  d o e s  n o t  in c lu d e  c o n c e n tra t io n  m e a s u re d  o n  s a m p lin g  d a y s  h e a v ily  in f lu e n c e d  b y  r a in fa l l / f lo o d in g .
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9.2.1 p H

T he a v e ra g e  g ro u n d w a te r  p H  (m e a su re d  in  all th e  o b s e rv a tio n  h o le s )  a t  th e  s ite  o f  th e  

lim e-fly  a s h  b a r r ie r  d u r in g  th e  p re -b a rr ie r  p e r io d  (3 .8 6 )  is  g re a te r  th a n  th e  a v e ra g e  

g ro u n d w a te r  p H  m e a su re d  a t W S 1  (3 .5 4 ) a n d  W S 2  (3 .5 1 ) . T h is  sh o w s  th a t th e  lim e - 

fly ash  b a r r ie r  is  m o re  e f fe c t iv e  in  re d u c in g  g ro u n d w a te r  a c id ity  th a n  th e  se lf-  

rpaiila ting  t i l t in g  w e ir . T h e  g ro u n d w a te r  p H  a t W S 1 w a s  e x p e c te d  to  b e  lo w e r  th a n  

the a v e ra g e  g ro u n d w a te r  p H  a t th e  s ite  o f  th e  lim e -f ly  a sh  b a r r ie r ;  d u e  to  th e  fa c t th a t 

WS1 d o e s  n o t  h a v e  an  a c id  su lp h a te  so ils  m a n a g e m e n t m e a su re  in s ta l le d  o n  th e  s ite  (a  

w eir is  b e in g  in s ta lle d  a t  th is  s ite ) . T h e  a v e ra g e  g ro u n d w a te r  p H , m e a s u re d  in  th o se  

ob serv a tio n  h o le s  c lo s e r  to  th e  b a r r ie r  (3 .8 4 ) , is  a lso  g re a te r  th a n  th e  g ro u n d w a te r  p H  

at W S1 a n d  W S 2 . T h e  a v e ra g e  g ro u n d w a te r  p H  m e a s u re d  a t  a ll th e  f lo o d g a te s  s ite s  is  

greater th a n  o b s e rv e d  in  th e  g ro u n d w a te r  a t  th e  lim e -f ly  a sh  b a r r ie r  s ite . T h e se  

floodgate  s i te s  a re  s u b je c te d  to  sa lin e  in tru s io n , w h ic h  w o u ld  le a d  to  a n  in c re a s e  in  th e  

pH o f  th e  g ro u n d w a te r ,  p a r tic u la r ly  in  g ro u n d w a te r  c lo s e  th e  f lo o d g a te  (p H  6 .4 8  -  

FG3).

The a v e ra g e  d ra in  w a te r  p H  m e a su re d  a d ja c e n t to  th e  s ite  o f  th e  l im e - f ly  a sh  b a rr ie r  

(3.59) is  g re a te r  th a n  th e  d ra in  w a te r  p H  m e a s u re d  a t  W S 1  (3 .3 0 )  in d ic a tin g  th a t th e  

barrier w a s  su c c e s s fu l in  re d u c in g  d ra in  w a te r  p H  c o m p a re d  to  a  s ite  w ith  n o  ac id  

sulphate s o ils  re m e d ia t io n  m e a su re  in s ta lle d . T h e  p o s t-b a r r ie r  a v e ra g e  d ra in  w a te r  p H  

dow nstream  o f  th e  lim e -f ly  a sh  b a r r ie r  s ite  (3 .4 7 )  is  le ss  th a n  th e  a v e ra g e  d ra in  w a te r  

pH m e a su re d  a t  th e  f lo o d g a te  (F G 1  -  6 .0 5 , F G 2  -  6 .9 , F G 3  -  6 .9 , F G 4  -  6 .1 9 )  an d  

weir s ite s  (W S 1  -  3 .3 , W S 2  -  5 .2 3 ). T h e  a v e ra g e  d ra in  w a te r  p H  v a lu e s  a t  th e  

floodgate s ite s  s h o w  th e  ro le  o f  th e  f lo o d g a te s  in  in c re a s in g  th e  p H  o f  d ra in  w a te r  by  

allow ing b ra c k ish  w a te r  in to  th e  d ra in s . A s  m e n tio n e d  in  C h a p te r  7 , a c id  su lp h a te  

soils a ffec ted  a re a s  u p s tre a m  o f  th e  l im e - f ly  a sh  b a r r ie r  s tu d y  s ite  d is c h a rg e  ac id ic  

water d o w n s tre a m . T h e  lo w  a v e ra g e  d ra in  w a te r  p H  a t W S 1  a n d  W S 2  is  d u e  to  a c id ic  

Eroundw ater le a c h in g  in to  th e  d ra in .

^ Ven th o u g h  th e  d a ta  sh o w s  th a t  th e  f lo o d g a te s  a re  s u c c e s s fu l in  in c re a s in g  

8r°u n d w a te r a n d  d ra in  w a te r  p H , th e  in s ta lla tio n  o f  f lo o d g a te s  a re  re s tr ic t iv e  in  lo w - 

yin8 areas, a s  fu r th e r  in c re a s e s  in  g ro u n d w a te r  ta b le  e le v a tio n  w o u ld  c re a te
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ac c e ss ib ility  an d  fa rm in g  p ro b le m s  d u e  to  th e  in u n d a tio n  o f  su rro u n d in g  la n d . T h e  

l i m e - f l y  a s h  b a rr ie r  can  b e  in s ta lle d  in  th e se  lo w -ly in g  a reas.

9.2.2 E le c tr ic a l C o n d u c tiv ity

T ab le  9 .1  sh o w s  th a t th e  a v e ra g e  p o s t-b a r r ie r  g ro u n d w a te r  e le c tr ic a l  c o n d u c tiv ity  

(EC) (m e a su re d  in  all th e  o b s e rv a tio n  h o le s )  a t  th e  s ite  o f  th e  lim e -f ly  a sh  b a r r ie r  

(1.46 m S )  w a s  le ss  th a n  th e  a v e ra g e  E C  in  g ro u n d w a te r  a t th e  f lo o d g a te  a n d  w e ir  

sites. T h e  a v e ra g e  p re -b a r r ie r  g ro u n d w a te r  E C  w a s , h o w e v e r , lo w  c o m p a re d  to  th e  

EC m e a su re d  a t th e  F G 1 , F G 2 , F G 3  a n d  W S 1 . T h e  lo w  E C  in  g ro u n d w a te r  d u r in g  th e  

p re -b a rrie r p e r io d  a t th e  lim e -f ly  a sh  b a r r ie r  s tu d y  s ite  is  a  re s u lt  o f  f re s h w a te r  

flu sh ing  o f  th e  g ro u n d w a te r  a n d  th e  la c k  o f  s a lin e  in tru s io n . T h e  a v e ra g e  p o s t-b a r r ie r  

g ro u n d w ate r E C  a t F G 1  (1 5 .6 0  m S )  w a s  s ig n if ic a n tly  g re a te r  th a n  th e  a v e ra g e  

g ro u n d w ate r E C  a t th e  lim e -f ly  a sh  b a r r ie r  s ite , d u e  to  its  c lo se  p ro x im ity  to  th e  

floodgate  a n d  th e  in f lu e n c e  o f  s a lin e  in tru s io n  as  a  re s u lt  o f  f lo o d g a te  le a k a g e .

H igh E C  v a lu e s  in  g ro u n d w a te r  a re  n o t  o n ly  d u e  to  sa lin e  in tru s io n  b u t a lso  b y  th e  

genera tion  o f  p y r ite  o x id a tio n  p ro d u c ts  in  g ro u n d w a te r . W S 2  w a s  d o m in a te d  b y  

fresh w a te r f lu sh in g , lik e  th e  s ite  o f  th e  lim e -f ly  a sh  b a rr ie r . T h e  a v e ra g e  g ro u n d w a te r  

EC at W S 2  w a s  (1 .7 7  m S ) c o m p a re d  to  1 .46  m S  a t  th e  lim e -f ly  a sh  b a r r ie r  s tu d y  s ite . 

This sh o w s  th a t th e  a lk a lin e  b a r r ie r  h a s  b e e n  e f fe c t iv e  in  re d u c in g  p y rite  o x id a tio n  a n d  

the g e n e ra tio n  o f  p y r ite  o x id a tio n  p ro d u c ts .  T h e  a v e ra g e  g ro u n d w a te r  E C  a t F G 4  

(1.95) is  o n ly  s lig h tly  g re a te r  th a n  th e  g ro u n d w a te r  E C  a t th e  lim e -f ly  a sh  b a r r ie r  s ite . 

W ater q u a lity  p a ra m e te rs  w e re  m e a s u re d  in  an  o b s e rv a tio n  h o le  fu r th e r  u p s tr e a m  f ro m  

the f lo o d g a te , c o m p a re d  to  m o n ito r in g  a t  th e  o th e r  f lo o d g a te  s ite s . T h is  m a y  e x p la in  

the lo w er a v e ra g e  E C  in  th e  g ro u n d w a te r .

The av e ra g e  p o s t-b a r r ie r  E C  in  d ra in  w a te r  d o w n s tre a m  o f  th e  l im e -f ly  a sh  b a r r ie r  

(1.40 m S ) w a s  a lso  le ss  th a n  th e  a v e ra g e  E C  in  d ra in  w a te r  a t  th e  f lo o d g a te  a n d  w e ir  

sites. T h e  a v e ra g e  d ra in  w a te r  E C  d o w n s tre a m  d u r in g  th e  p re -b a r r ie r  p e r io d  w a s  5 .6 3  

MS. T h is  sh o w s th a t th e  c o n c e n tra t io n  o f  p y r i te  o x id a tio n  p ro d u c ts  in  th e  d ra in  w a te r  

has d ec re ase d  as  a  re s u lt  o f  th e  l im e - f ly  a sh  b a r r ie r  a n d  in  tu rn  le d  to  a  d e c re a se  in  E C .
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9.2 .3  A c id ic  c a t io n  c o n c e n tra tio n s

A c o m p a r is o n  o f  th e  c o n c e n tra tio n  o f  a c id ic  c a tio n s , su c h  a s  A l3+ a n d  T o ta l F e , in 

su rface  a n d  g ro u n d w a te r  a t th e  s ite  o f  th e  lim e -f ly  a sh  b a r r ie r  a n d  th e  f lo o d g a te  a n d  

w eir s ite s  is  n e c e s s a ry  to  d e te rm in e  th e  e f fe c t iv e n e ss  o f  th e  b a r r ie r  in  re d u c in g  p y rite  

o x id a tio n  a n d  th e  p ro d u c tio n  o f  th e se  a c id ic  c a tio n s .

9.2.3.1  A lu m in iu m  c o n c e n tra tio n s

The a v e ra g e  g ro u n d w a te r  a lu m in iu m  c o n c e n tra tio n  (m e a su re d  in  a ll th e  o b s e rv a tio n  

holes) a t th e  l im e - f ly  a sh  b a r r ie r  s ite  (2 0 .0 5  m g /L )  w a s  s ig n if ic a n tly  le ss  th a n  th e  

average a lu m in iu m  c o n c e n tra tio n  m e a su re d  a t F G 3  (5 5 .3  m g /L ) , F G 4  (7 4 .9  m g /L ), 

WS1 (72 .1  m g /L )  a n d  W S 2  (1 6 2 .3 1  m g /L ) . T h i s  sh o w s  th a t th e  l im e - f ly  a sh  b a r r ie r  is  

m ore e f fe c t iv e  in  h in d e r in g  p y r ite  o x id a tio n  a n d  re d u c in g  th e  c o n c e n tra t io n  o f  

d isso lved  a lu m in iu m  in  th e  g ro u n d w a te r  th a n  th e  f lo o d g a te s  a n d  th e  se lf - re g u la tin g  

tilting w e ir . T h e  b a r r ie r  tre a ts  a c id  s u lp h a te  so ils  a n d  th e ir  re la te d  e n v iro n m e n ta l 

problem s b e fo re  th e y  o c c u r , w h e re a s , th e  f lo o d g a te s  tre a t  th e  a lu m in iu m  a f te r  it h as  

been g e n e ra te d  a n d  th e  w e ir  e n tra in s  th e  p y r ite  o x id a tio n  p ro d u c ts  in  th e  g ro u n d w a te r .

The a v e ra g e  a lu m in iu m  c o n c e n tra tio n  in  th e  g ro u n d w a te r  a t  th e  l im e - f ly  a sh  b a r r ie r  

site w as o n ly  s l ig h t ly  le ss  th a n  th e  a v e ra g e  g ro u n d w a te r  c o n c e n tra t io n  a t  F G 1  (2 1 .9  

mg/L). A g a in , th is  r e la tiv e ly  lo w  (c o m p a re d  to  th e  o th e r  f lo o d g a te  s ite s )  a lu m in iu m  

concen tra tion  m a y  b e  d u e  to  sa lin e  in tru s io n  in  th e  g ro u n d w a te r  a t  F G 1  as  a  re s u lt  o f  

its c lose p ro x im ity  to  th e  le a k y  f lo o d g a te . T h e  a v e ra g e  a lu m in iu m  c o n c e n tra tio n  in  

g roundw ater a t F G 2  (1 1 .1 3  m g /L )  w a s  s ig n if ic a n tly  le s s  th a n  th e  a v e ra g e  a t th e  lim e - 

fly ash  b a r r ie r  s ite . A s  m e n tio n e d  in  C h a p te r  8 , s a lt  w a te r  w a s  a l lo w e d  to  f lo w  in to  

the flood  m it ig a tio n  d ra in  a t  F G 2  d u r in g  th e  s tu d y  p e r io d  b e c a u s e  o f  a  d ra in p ip e  

leading f ro m  th e  d ra in  to  B ro u g h to n  C re e k . T h e  a v e ra g e  E C  o f  th e  c re e k  w a te r , 

which le a c h e d  in to  th e  d ra in , a t F G 2  (1 3 .4 3  m S ) w a s  g re a te r  th a n  th e  a v e ra g e  c re e k  

water E C  a t F G 1  (1 2 .1 0  m S ). W h ile  s a lin e  in tru s io n  a lso  in f lu e n c e d  th e  c o n c e n tra tio n  

0 a lu m in iu m  in  th e  g ro u n d w a te r  a t  F G 1 , E C  c o n c e n tra t io n s  in  th e  d ra in  a t  F G 1 

fluctuated, in d ic a tin g  o p e n /c lo s e d  f lo o d g a te  p e r io d s .

Th
e avera g e  a lu m in iu m  c o n c e n tra t io n  in  d ra in  w a te r  d o w n s tre a m  o f  th e  lim e -f ly  a sh  

^ n e r  s ite  d u r in g  th e  p o s t-b a r r ie r  p e r io d  (8 .5 0  m g /L )  is  le ss  th a n  th e  a v e ra g e



c o n c e n tra tio n s  o f  a lu m in iu m  in  d ra in  w a te r  a t  th e  f lo o d g a te  a n d  w e ir  s ite s . T h is  a lso  

show s th e  e f fe c tiv e n e ss  o f  th e  b a r r ie r  in  re d u c in g  th e  g e n e ra tio n  o f  p y r ite  o x id a tio n  

p ro d u c ts .

9.2 .3 .2  I r o n  c o n c e n tra tio n s

T he a v e ra g e  p o s t-b a r r ie r  to ta l F e  c o n c e n tra t io n  in  g ro u n d w a te r  (a v e ra g e  o f  a ll th e  

o b se rv a tio n  h o le s  sa m p le d ) a t  th e  lim e -f ly  a sh  b a r r ie r  s ite  (3 7 .0 3  m g /L ) w a s  le ss  th a n  

at th e  o th e r  s ite s . T h e  a v e ra g e  g ro u n d w a te r  to ta l iro n  c o n c e n tra tio n s  a t  F G 1 , F G 2 , 

FG 3, F G 4 , W S 1 , a n d  W S 2  w e re  8 7 .5  m g /L , 8 7 .3  m g /L , 7 1 .8  m g /L , 1 6 2 .2 8  m g /L , 

142.16 m g /L  a n d  112 .9  m g /L )  r e s p e c tiv e ly .  P re -b a r r ie r  to ta l F e  c o n c e n tra tio n s  w e re  

also b e lo w  th e  to ta l iro n  c o n c e n tra tio n s  in  g ro u n d w a te r  a t th e  f lo o d g a te  a n d  w e ir  s ite , 

show ing  th a t h ig h  g ro u n d w a te r  to ta l iro n  c o n c e n tra t io n s  a t  th e se  s ite s  p e rs is t.  S in c e  

the b a rr ie r  w a s  in s ta lle d  th is  c o n c e n tra t io n  in  th e  g ro u n d w a te r  a t  th e  l im e - f ly  a sh  

barrie r s tu d y  s ite  h a s  d e c re a s e d  b y  a lm o s t  5 0 % , in d ic a tin g  th a t th e  l im e -f ly  a sh  

barrie r, u n lik e  th e  f lo o d g a te s  a n d  w e ir , r e d u c e s  p y r ite  o x id a tio n  a n d  h e n c e  th e  

co n ce n tra tio n  o f  iro n  in  th e  g ro u n d w a te r .  T h i s  d e c re a se  in  to ta l iro n  in  th e  

g ro u n d w a te r w o u ld  in  tu rn  r e d u c e  th e  e f fe c t  o f  a c id ic  w a te r  le a c h in g  in to  th e  d ra in  

and h a v e  a  d e tr im e n ta l e f f e c t  o n  a q u a tic  fa u n a .

The a v e ra g e  to ta l iro n  c o n c e n tra t io n  in  d ra in  w a te r  d o w n s tre a m  o f  th e  l im e - f ly  a sh  

barrie r s ite  (7 .7 0  m g /L )  is  s ig n if ic a n tly  lo w e r  th a n  th e  a v e ra g e  d ra in  w a te r  to ta l  iro n  

co n ce n tra tio n s  a t th e  f lo o d g a te  a n d  w e ir  s ite s , p a r tic u la r ly  W S 1  (1 4 2 .1 6  m g /L ) . 

A gain , th is  sh o w s  th a t  th e  c o n c e n tra t io n  o f  p y r ite  o x id a tio n  p ro d u c ts  in  g ro u n d w a te r  

leaching  in to  th e  f lo o d  m itig a tio n s  d ra in  w e re  re d u c e d  as  a  re s u lt  o f  th e  b a r r ie r  

h indering  p y r ite  o x id a tio n . T h e  a v e ra g e  to ta l  iro n  c o n c e n tra tio n s  in  d ra in  w a te r  a t 

F G l (3 0 .2  m g /L )  a n d  F G 3  (1 5 .7 5  m g /L ) , w h ic h  w e re  lo w e r  th a n  th e  c o n c e n tra t io n s  a t  

FG2 an d  F G 4 , a re  a  r e s u lt  o f  f r e q u e n t  p e r io d s  o f  s a lin e  in tru s io n  d u r in g  th e  s tu d y  

Period b e c a u se  o f  f lo o d g a te  le a k a g e . T h i s  s h o w s  th a t  th e  m o d if ie d  f lo o d g a te s  a re  

effectual in  re d u c in g  th e  c o n c e n tra t io n  o f  p y r i te  o x id a tio n  p ro d u c ts  in  f lo o d  m itig a tio n  

drains in  ac id  su lp h a te  so ils  a re a s .
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g 2 ,4  B a s ic  c a tio n  c o n c e n tr a tio n s

The c o n c e n tra tio n  o f  c a lc iu m  an d  m a g n e s iu m  in su rfa c e  w a te rs  a n d  g ro u n d w a te r  is  an  

in d ica tio n  o f  th e  re la tiv e  in f lu e n c e  o f  sa lin e  in tru s io n . A  c o m p a r is o n  o f  th e  

c o n c e n tra tio n s  o f  C a 2+ a n d  M g 2+ in  th e  g ro u n d w a te r  a n d  d ra in  w a te r  a t th e  lim e -f ly  

aSh b a r r ie r  s ite  a n d  th e  f lo o d g a te /w e ir  s ite s  is  d e sc r ib e d  in  th e  fo llo w in g  se c tio n .

9.2.4.1 C a lc iu m

2+
A verage d is s o lv e d  C a  c o n c e n tra tio n s  in  th e  g ro u n d w a te r  ( a v e ra g e  o f  a ll th e  

o b se rv a tio n  h o le s  s a m p le d )  a t th e  lim e -f ly  a sh  b a r r ie r  s ite s  d u r in g  b o th  th e  p re -  an d  

p o s t-b a rrie r  p e r io d , 4 1 .1 5  m g /L  a n d  4 0 .7 0  m g /L  re s p e c tiv e ly , w e re  le s s  th a n  th e  

average C a 2+ c o n c e n tra tio n s  m e a su re d  in  th e  g ro u n d w a te r  a t  F G 1  (2 0 0 .0  m g /L ) , F G 2  

(127.59  m g /L ) , F G 4  (1 1 8 .7  m g /L ) , F G 4  (8 9 .8  m g /L ) a n d  W S 1  (7 6 .5  m g /L ) . T h e  h ig h  

c o n ce n tra tio n  o f  d is s o lv e d  C a 2+ in  g ro u n d w a te r  a t th e  f lo o d g a te  s ite s  a n d  W S 1  m a y  b e

derived f ro m  th e  d is s o lu tio n  o f  c la y  m in e ra ls  c o u p le d  w ith  s a lin e  in tru s io n . T h e  s lig h t

2 •

decrease in  C a  c o n c e n tra tio n s  in  th e  g ro u n d w a te r  in  th e  p o s t-b a r r ie r  m a y  b e  a  re su lt 

of the b a r r ie r  re d u c in g  th e  d is so lu tio n  o f  th e se  c la y  m in e ra ls . H o w e v e r ,  a s  m e n tio n e d  

by B lu n d e n  (2 0 0 0 ) , h ig h  c o n c e n tra tio n s  o f  A l3+ m a y  e x c h a n g e  w ith  C a 2+ f ro m  th e  

cation e x c h a n g e  s ite  a n d  re le a s e  C a 2+ in to  so lu tio n . T h e  a v e ra g e  c o n c e n tra t io n  o f  A l3+ 

in g ro u n d w a te r  a t  th e  lim e -f ly  a sh  b a r r ie r  s ite  h a d  lo w e re d  d u r in g  th e  p o s t-b a r r ie r  

period, le n d in g  to  th is  tre n d .

The av e ra g e  d is s o lv e d  C a 2+ c o n c e n tra tio n  in  th e  g ro u n d w a te r  a t  th e  lim e -f ly  ash  

barrier s ite  w a s , h o w e v e r , g re a te r  th a n  th e  a v e ra g e  C a 2+ c o n c e n tra t io n  in  th e  

g roundw ater a t  W S 2  (3 0 .5  m g /L ) . D u e  to  th e  s e lf - re g u la tin g  t i l t in g  w e ir  th e  

g roundw ater a t  W S 2  m a y  b e  s u b je c te d  to  g re a te r  ra te s  o f  f r e s h w a te r  f lu sh in g , 

com pared to  th e  s ite  o f  th e  l im e -f ly  a sh  b a rr ie r .

The av erag e  p o s t-b a r r ie r  C a 2+ c o n c e n tra t io n  in  d ra in  w a te r  d o w n s tre a m  o f  th e  l im e -f ly  

^ h  b arrie r s ite  (4 7 .9 5  m g /L )  is  s ig n if ic a n tly  le ss  th a n  th e  a v e ra g e  C a 2+ c o n c e n tra tio n s  

ln drain w a te r  a t th e  f lo o d g a te  (F G 1  -  16 3 .3  m g /L , F G 2  -  1 4 7 .0 5  m g /L , F G 3  -  161 .2  

mg/L, F G 4  -  1 0 5 .0 8  m g /L )  a n d  W S 1  (8 3 .4  m g /L ) . T h e s e  h ig h  C a 2+ c o n c e n tra t io n s  in 

the drain  w a te r  a t th e  f lo o d g a te  s ite s  a re  d u e  to  b ra c k ish  w a te r  f lo w in g  in to  th e  d ra in s  

Vla the f lo o d g a te s . T h e  a v e ra g e  C a 2+ c o n c e n tra t io n  in  d ra in  w a te r  a t W S 1  is  s lig h tly
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less th a n  th e  c o n c e n tra tio n s  a t th e  f lo o d g a te  s ite s , a s  th e  s a m p lin g  p o in t is  lo c a te d  

fu rth e r u p s tr e a m  fro m  F G 1 . T h e  a v e ra g e  C a 2+ c o n c e n tra tio n  in  d ra in  w a te r  a t  W S 2  

(21-5 m g /L )  is  le ss  th a n  th e  a v e ra g e  p o s t-b a r r ie r  C a 2+ c o n c e n tra tio n  in  d ra in  w a te r  

d o w n s tre a m  o f  th e  lim e -f ly  ash  b a r r ie r  s ite . T h e  s e lf - re g u la tin g  ti l t in g  w e ir  ra is e s  th e  

g ro u n d w a te r  ta b le , a n d  h e n c e , e n tra in s  th e  c a t io n s  g e n e ra te d  a s  a  re s u lt  o f  p y r ite  

o x id a tio n  w ith in  th e  g ro u n d w a te r . T h is  i l lu s tra te s  th a t th e  w e ir  is  e f fe c t iv e  in  

red u c in g  th e  c o n c e n tra tio n  o f  p y r ite  o x id a tio n  p ro d u c ts  in  th e  d ra in  w a te r .

9 .2 A .2  M a g n e s iu m  

2 +
A v erag e  M g  c o n c e n tra tio n s  w e re  s ig n if ic a n tly  le s s  in  th e  g ro u n d w a te r  a t  th e  lim e - 

fly ash  b a r r ie r  s tu d y  s ite  d u r in g  th e  p re -  a n d  p o s t-b a r r ie r  p e r io d , 15 8 .4 9  m g /L  a n d  

80 .66 m g /L  re sp e c tiv e ly , c o m p a re d  to  a v e ra g e  M g 2+ c o n c e n tra tio n s  in  th e  

g ro u n d w a te r  a t  th e  f lo o d g a te  (F G 1 -  1 2 3 0 .4  m g /L , F G 2  -  1 0 5 3 .4  m g /L , F G 3  -  4 2 3 .7  

m g/L , F G 4  -  1 2 9 8 .6  m g /L )  a n d  w e ir  s ite s  (W S 1  -  8 6 1 .2 5  m g /L , W S 2  -  1 1 8 .8 9  m g /L )  

du ring  b o th  th e  p re -  a n d  p o s t-b a r r ie r  p e r io d . H ig h  c o n c e n tra tio n s  a t th e  f lo o d g a te  

sites a re  d u e  to  sa lin e  in tru s io n  v ia  th e  f lo o d g a te s .

The a v e ra g e  c o n c e n tra tio n  o f  M g 2+ in  th e  d ra in  w a te r  d o w n s tre a m  o f  th e  lim e -f ly  a sh  

barrie r s ite  (1 0 6 .3 4  m g /L )  is  s ig n if ic a n tly  le ss  th a n  th e  a v e ra g e  c o n c e n tra tio n s  in  th e  

drain w a te r  a t th e  f lo o d g a te  (F G 1 -  1 0 1 5 .2  m g /L , F G 2  -  5 6 6 .9  m g /L , F G 3  -  5 7 1 .7  

m g/L, F G 4  -  1222  m g /L )  a n d  w e ir  s ite s  (W S 1  -  3 2 5 .8  m g /L , W S 2  -  1 173  m g /L ) . 

The lo w e r  a v e ra g e  c o n c e n tra tio n s  o f  M g 2+ in  th e  d ra in  w a te r  d o w n s tre a m  o f  th e  lim e -  

fly ash  b a r r ie r  s ite  is  an  in d ic a tio n  o f  f r e s h w a te r  f lu s h in g , c o m p a re d  to  s a lin e  in tru s io n  

at the f lo o d g a te  s ite s . T h e  lim e -f ly  a sh  b a r r ie r  a lso  re d u c e s  th e  d is so lu tio n  o f  c la y s  

and h en ce  th e  re le a s e  o f  M g 2+ in to  so lu tio n . T h e  s e lf - re g u la tin g  ti ltin g  w e ir  (W S 2  -  

1173 m g /L ) a lso  e n tra in s  M g 2+ c a tio n s  in  th e  g ro u n d w a te r .

9-2.5 A n io n  c o n c e n tr a tio n s  

^•2.5.1 C h lo r id e  c o n c e n tr a tio n s

Average c h lo rid e  c o n c e n tra tio n  in  th e  g ro u n d w a te r  (a v e ra g e  o f  a ll th e  o b s e rv a tio n  

°les sam p led ) a t th e  l im e - f ly  a sh  b a r r ie r  s ite  d u r in g  th e  p o s t-b a r r ie r  p e r io d  (1 9 5 .4 7  

Mg/L) w as s ig n if ic a n tly  lo w e r  th a n  c h lo r id e  c o n c e n tra t io n s  in  th e  g ro u n d w a te r  a t  th e
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flo o d g a te  (F G 1  -  7 6 9 3  m g /L , F G 2  -  1 0 7 2 .9  m g /L , F G 3  -  2 8 2 7 .2  m g /L , F G 4  -  6 1 6 .5  

m g/L ) a n d  W S 1  (3 0 3 2  m g /L ). T h e  lo w  a v e ra g e  C l ' c o n c e n tra tio n  in  th e  g ro u n d w a te r  

in d ica te s  th a t  C T  h a s  b e e n  a n d  is  c o n tin u a lly  b e in g  re m o v e d  b y  f r e s h w a te r  f lu sh in g . 

T h is  lo w  a v e ra g e  c o n c e n tra tio n  a lso  sh o w s  th a t th e re  w a s  little  sa lin e  in tru s io n  f ro m  

B ro u g h to n  C re e k  v ia  th e  f lo o d g a te  a t th e  e n d  o f  th e  d ra in  (F G 1 ). T h i s  in  tu rn  

in d ica te s  th a t  th e  h ig h  a v e ra g e  C T c o n c e n tra tio n  in  g ro u n d w a te r  a t  th e  f lo o d g a te s  

resu lts  f ro m  s a lin e  in tru s io n . T h e  a v e ra g e  c h lo rid e  c o n c e n tra tio n  o f  th e  g ro u n d w a te r  

at W S 2  (1 4 8 .2  m g /L )  w a s  le ss  th a n  th e  a v e ra g e  c o n c e n tra tio n  in  th e  g ro u n d w a te r  a t 

the lim e -f ly  a sh  b a r r ie r  s ite . T h is  m a y  a ls o  b e  a  re s u lt o f  f re s h w a te r  f lu sh in g .

The a v e ra g e  p o s t-b a r r ie r  C l ' c o n c e n tra tio n  d o w n s tre a m  o f  th e  lim e -f ly  a s h  b a r r ie r  s ite  

(399 .76  m g /L )  w a s  le ss  th a n  th e  a v e ra g e  d ra in  w a te r  C l ' c o n c e n tra tio n  a t  th e  f lo o d g a te  

sites (FG 1 -  6 7 0 7 .9  m g /L , F G 2  -  7 4 4 5  m g /L , F G 3  -  5 8 9 9  m g /L , F G 4  -  6 2 1 7  m g /L )  

and W S1 (3 2 5 2 .5  m g /L ) , in d ic a tin g  th e  ro le  o f  th e  f lo o d g a te s  in  a l lo w in g  s a lt  w a te r  

into th e  f lo o d  m itig a tio n  d ra in s . A g a in , th e  a v e ra g e  C l ' c o n c e n tra t io n  in  th e  d ra in  

w ater a t W S 2  (9 6 .8 9  m g /L )  w a s  le ss  th a n  th e  a v e ra g e  c o n c e n tra t io n  in  th e  d ra in  w a te r  

d o w n stream  o f  th e  l im e -f ly  a sh  b a r r ie r  s ite , a lso  p o s s ib ly  as  a  re s u lt  o f  f re s h w a te r  

flushing.

9.2.5.2 S u lp h a te  C o n c e n tr a tio n s

D isso lved  s u lp h a te  c o n c e n tra tio n s  in  th e  g ro u n d w a te r  a t th e  lim e -f ly  a s h  b a r r ie r  s ite  

were c o n s is te n tly  le ss  th a n  th o s e  a v e ra g e  su lp h a te  c o n c e n tra t io n s  m e a s u re d  in  th e  

g roundw ater a t  th e  f lo o d g a te  a n d  w e ir  s tu d y  s ite s . T h e  a v e ra g e  g ro u n d w a te r  su lp h a te  

concen tra tion , d u r in g  th e  p o s t-b a r r ie r  p e r io d , a t  th e  s ite  o f  th e  lim e -f ly  a s h  b a r r ie r  w a s  

253.31 m g /L  c o m p a re d  to  1 7 4 9  m g /L , 6 7 6  m g /L , 7 2 5  m g /L  a n d  1131 m g /L  a t  F G 1 , 

FG2, F G 3  a n d  F G 4  re s p e c tiv e ly . T h e  lim e -f ly  a sh  b a r r ie r  re d u c e s  p y r i te  o x id a tio n  

and the g e n e ra tio n  o f  p y r ite  o x id a tio n  p ro d u c ts ,  w h e re a s  th e  f lo o d g a te s  t r e a t  th e  a c id ic  

groundw ater a f te r  i t  h a s  b e e n  g e n e ra te d .

The av erag e  p o s t-b a r r ie r  S O 42' c o n c e n tra t io n  in  d ra in  w a te r  d o w n s tre a m  o f  th e  lim e - 

%  ash b a r r ie r  s ite  (3 6 7  m g /L )  is  a lso  c o n s id e ra b ly  le s s  th a n  th e  a v e ra g e  S 0 42' 

c°ncen tra tion  in  d ra in  w a te r  a t  th e  f lo o d g a te  s ite s  (F G 1  -  1 0 8 8  m g /L , F G 2  -  1311 

Mg/L, F G 3  -  1 1 0 2  m g /L , F G 4  -  1 0 6 6  m g /L ) . T h e s e  h ig h  a v e ra g e  S O 42'
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c o n c e n tra t io n s  in d ic a te  th a t p y r ite  o x id a tio n  c o n tin u e s  to  o c c u r  a t  th e  f lo o d g a te  s ite s  

and  a c id ic  g ro u n d w a te r  p ro d u c e d  le a c h e s  in to  th e  f lo o d  m itig a tio n  d ra in s . S a lin e  

w a te r  f r o m  B ro u g h to n  C re e k  a lso  c o n tr ib u te s  to  th is  d u e  to  th e  h ig h  c o n c e n tra tio n  o f  

d is so lv e d  s u lp h a te  in  se a w a te r.

T he a v e ra g e  SC>42'  c o n c e n tra tio n  in  th e  d ra in  w a te r  a t  W S 2  (1 4 0  m g /L )  is  le s s  th a n  th e  

p o s t-b a r r ie r  c o n c e n tra tio n  in  d ra in  w a te r  d o w n s tre a m  o f  th e  s ite  o f  th e  lim e -f ly  a sh  

b a rrie r, in d ic a tin g  th a t S 0 42'  a n io n s  a re  e n tra in e d  in  th e  g ro u n d w a te r  as a  r e s u lt  o f  th e  

h igh  g ro u n d w a te r  ta b le  c a u s e d  b y  th e  s e lf - re g u la tin g  t i l t in g  w e ir .

9 .2 .5 3  C l : S 0 4

T he a v e ra g e  C 1 :S 0 4 in  th e  g ro u n d w a te r  a t th e  lim e -f ly  a sh  b a r r ie r  s ite , d u r in g  th e  

p o s t-b a rr ie r  p e r io d , is  le ss  th a n  th e  a v e ra g e  C 1:S 0 4  a t  th e  f lo o d g a te  s ite s  (F G 1  -  4 .6 ,  

FG 2 -  2 .9 5 , F G 3  -  4 .4 , F G 4  - 1 . 1 7 )  a n d  W S 1 (3 .5 7 ) .  T h i s  is  e x p e c te d  th o u g h  d u e  th e  

high c h lo r id e  c o n c e n tra tio n s  in  th e  g ro u n d w a te r  a t  th e  f lo o d g a te  s ite s , a s  a  r e s u lt  o f  

sa line in tru s io n . T h e  p o s t-b a r r ie r  a v e ra g e  C 1:S 0 4  in  th e  g ro u n d w a te r  a t th e  l im e -f ly  

ash b a r r ie r  s ite  is , h o w e v e r , g re a te r  th a n  th e  a v e ra g e  C 1 :S 0 4  a t W S 2  (0 .1 8 6 ) . T h i s  

again s h o w s  th a t th e  l im e -f ly  a sh  b a r r ie r  is  m o re  e f fe c t iv e  in  re d u c in g  p y r i te  o x id a tio n  

than th e  se lf - re g u la tin g  ti l t in g  w e ir . T h e  w e ir  re g u la te s  th e  g ro u n d w a te r  ta b le  a n d  

subm erges th e  p y r ite  la y e r. H o w e v e r , a c id  is  s til l  fo rm e d  d u e  to  b io tic  o x id a tio n  o f  

pyrite. T h e  lim e -f ly  a sh  b a r r ie r  h a s  tw o  ro le s . T h e  f ir s t  ro le  is  to  re d u c e  o x y g e n  f ro m  

reaching  th e  p y r ite  la y e r, a n d  h e n c e , re d u c in g  p y r i te  o x id a tio n . T h e  s e c o n d  ro le  is  to  

neutra lise  th e  a c id ity  in  th e  g ro u n d w a te r  a n d  h a l t  b io t ic  o x id a tio n .

The av e ra g e  p o s t-b a r r ie r  d ra in  w a te r  C1:SC>4 d o w n s t re a m  o f  th e  lim e -f ly  a s h  b a r r ie r  

site (1 .08 ) is  g re a te r  th a n  th e  d ra in  w a te r  C 1:S 0 4  a t  W S 2 , in d ic a tin g  a g a in  th a t  th e  

barrier re d u c e s  p y r it ic  o x id a tio n  a n d  in  tu rn  th e  le a c h in g  o f  a c id ic  g ro u n d w a te r  in to  

d ra in a g e  sy s te m . T h e  ro le  o f  th e  f lo o d g a te s  in  in c re a s in g  th e  d ra in  w a te r  C 1 :S 0 4 

is show n a t W S 1 . T h e  a v e ra g e  d ra in  w a te r  C1:SC>4 a t W S 1  w a s  1.61 d u e  to  s a lin e  

'n trusion an d  an  in c re a se  in  th e  c o n c e n tra t io n  o f  O '  in  th e  d ra in  w a te r .
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9 . 3  C o n c l u s i o n s

T he L im e -f ly  a sh  b a r r ie r  is  e f fe c t iv e  in  re m e d ia t in g  a c id  s u lp h a te  s o ils  in  a re a s  in 

w h ich  f lo o d g a te s  a n d  w e irs  c a n n o t b e  in s ta lle d . A  c o m p a r is o n  o f  th e  r e s u l t  s h o w s  th a t 

the l im e - f ly  ash  b a r r ie r  h ad  g re a te r  s u c c e s s  in  in c re a s in g  th e  g r o u n d w a te r  p H  th a n  th e  

s e lf - re g u la tin g  ti l t in g  w e ir . A t th is  w e ir  s ite , a  s ig n if ic a n t a m o u n t o f  a c id  g ro u n d w a te r  

is s till b e in g  p ro d u c e d  d u e  to  b io tic  o x id a tio n  o f  th e  p y r ite  la y e r . S a lin e  in tru s io n  a t 

the f lo o d g a te  s ite s  in c re a s e s  th e  g ro u n d w a te r  a n d  d ra in  w a te r  p H , e le c tr ic a l  

c o n d u c tiv ity  (E C ) a n d  c h lo r id e  c o n c e n tra t io n , i l lu s tra t in g  th e  ro le  o f  th e  m o d if ie d  

f lo o d g a te s  in  tre a tin g  a c id ic  w a te r  g e n e ra te d  b y  th e  a c id  s u lp h a te  s o ils  th ro u g h  sa lin e  

in tru sio n . T h e  E C  o f  th e  g ro u n d w a te r  a t  th e  lim e -f ly  a sh  b a r r ie r  s tu d y  w a s  s ig n ic a n tly  

red u ced  as  a  re s u lt  o f  d e c re a s e d  p ro d u c tio n  o f  p y r ite  o x id a t io n  p ro d u c ts  d u r in g  th e  

p o s t-b a rr ie r  p e r io d .

A s m e n tio n e d , th e  l im e -f ly  a sh  b a r r ie r  tre a ts  a c id  s u lp h a te  s o ils  a n d  th e  re la te d  * 

e n v iro n m e n ta l p ro b le m s  b e fo re  th e y  o c c u r ,  w h e re a s , th e  f lo o d g a te s  t r e a t  th e  p y r ite  

o x id a tio n  p ro d u c ts  g e n e ra te d  a f te r  th e y  h a v e  b e e n  d is c h a rg e d  in to  th e  f lo o d  m itig a tio n  

drains. S ig n if ic a n tly  g re a te r  c o n c e n tra t io n s  o f  A l3+, F e total a n d  S O 4 2' w e re  fo u n d  in  th e  

g ro u n d w a te r  a t th e  f lo o d g a te  s ite s . T h e  s e lf - re g u la tin g  t i t l in g  w e ir  a ls o  e n t ra in s  th e se  

pyrite o x id a tio n  p ro d u c ts  in  th e  g ro u n d w a te r .
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C h a p t e r  1 0  C o n c l u s i o n s  a n d  R e c o m m e n d a t i o n s

1 0 .1  S u m m a r y  a n d  C o n c l u s i o n s

T h is  s tu d y  w a s  u n d e r ta k e n  to  in tro d u c e  a  n o v e l a l te rn a tiv e  p ra c tic a l  so lu tio n  to  th e  

re m e d ia t io n  o f  a c id  su lp h a te  so ils  in  lo w -ly in g  a re a s . P r io r  to  th is  re se a rc h , th e  u se  o f  

su b su rfa c e  lim e -f ly  a sh  b a rr ie rs  in  th e  m itig a tio n  o f  ac id  s u lp h a te  so ils  a n d  b io tic  

o x id a tio n  o f  p y r ite  h a d  n o t b e e n  th o ro u g h ly  in v e s t ig a te d . T h e  e f fe c t iv e n e s s  o f  th e  u se  

o f a  l im e - f ly  a sh  b a r r ie r  fo r  th e  m a n a g e m e n t o f  a c id  su lp h a te  so ils  w a s  v a lid a te d  b y  

this re s e a rc h  s tu d y , w h ic h  in c o rp o ra te d :

•  T h e  in s ta lla tio n  a n d  th e  a n a ly s is  o f  th e  e f fe c t iv e n e s s  o f  a  lim e -f ly  a sh  b a r r ie r  

a d ja c e n t  to  a  f lo o d  m itig a tio n  d ra in  a t a  s tu d y  s ite  n e a r  B e rry  o n  th e  

s o u th e a s te rn  c o a s t o f  N S W .

•  G ro u n d w a te r  a n d  su r fa c e  w a te r  q u a lity  m o n ito r in g  o f  l im e - f ly  a sh  b a r r ie r  s ite  

w a s  u n d e r ta k e n  w ith  c o m p a r is o n s  w ith  w a te r  q u a lity  f ro m  s ite s  m itig a te d  

th ro u g h  th e  u se  o f  m o d if ie d  f lo o d g a te s  a n d  a  s e lf - re g u la tin g  t i l t in g  w e ir . T h e  

e f fe c t  o f  th e  lim e -f ly  a sh  b a r r ie r  o n  th e  g ro u n d w a te r  a n d  s u r fa c e  w a te r  q u a lity  

w a s  d e te rm in e d  b y  te s t in g  fo r  th e  fo llo w in g  w a te r  q u a lity  p a ra m e te rs :

o  p H

o  C l' a n d  S O 4 2" c o n c e n tra tio n s

o  T h e  p re s e n c e  o f  F e 2+, A l3+, C a 2+ a n d  M g 2+ io n s .

• L a b o ra to ry  a n d  f ie ld - te s tin g  o f  th e  l im e - f ly  a sh  s lu r ry  w a s  u n d e r ta k e n . 

V a ry in g  lim e -f ly  a sh  s lu rry  ra tio s  w e re  te s te d  to  d e c id e  o n  th e  m o s t 

a p p ro p r ia te  v is c o s ity  a n d  ra tio  o f  c o n s ti tu e n ts  to  b e  u s e d  in  th e  p re lim in a ry  

in je c tio n  tr ia ls .

•  P re lim in a ry  in je c tio n s  a t th e  s tu d y  s ite  w e re  u n d e r ta k e n  a n d  th e  L im e -F ly  A sh  

B a r r ie r  w a s  in s ta lle d . P ra c tic a l l im ita t io n s  o f  th e  in -s itu  in je c tio n  p ro c e s s  w e re  

d e te rm in e d  a n d  th e  re s u lts  o f  th e  p re l im in a ry  in je c tio n s  a t th e  s tu d y  s ite  w e re  

u se d  to  m a k e  a lte ra t io n s  to  th e  p ro p o s e d  m e th o d s  in v o lv e d  in  th e  f in a l 

in s ta lla tio n  o f  th e  b a rr ie r .
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• C o n tin u e d  p o s t-b a r r ie r  w a te r  q u a lity  m o n ito r in g  o f  th e  g ro u n d w a te r  a n d  

s u r f a c e  w a te rs  a t  th e  lim e -f ly  a sh  b a r r ie r  s ite , f lo o d g a te  s ite s  a n d  th e  s ite  o f  th e  

s e lf - re g u la tin g  t i ltin g  w e ir .

Th is  r e s e a rc h  h a s  d e m o n s tra te d  th e  e f fe c t iv e n e s s  o f  th e  in s ta lla tio n  o f  a  l im e -f ly  a sh  

b arrie r in  re m e d ia t in g  a c id  su lp h a te  so ils . T h e  c re a tio n  o f  a  te m p o ra ry  p e rc h e d  w a te r  

table a t th e  s ite  o f  th e  lim e -f ly  a sh  b a r r ie r  s ite  re d u c e d  th e  e x p o s u re  o f  th e  p y r it ic  so il 

layer to  a tm o s p h e r ic  o x y g e n , a n d  h e n c e , re d u c e d  p y rite  o x id a tio n  a n d  th e  g e n e ra tio n  

o f ac id ic  o x id a t io n  p ro d u c ts .

The d e c re a se  in  th e  c o n c e n tra tio n  o f  p y r it ic  o x id a tio n  p ro d u c ts  in  th e  g ro u n d w a te r  a n d  

surface w a te rs  a t  th e  lim e -f ly  a sh  s ite  is  n o t  o n ly  d u e  to  th e  te m p o ra ry  p e rc h e d  w a te r  

table, b u t a lso  a s  a  re s u lt  o f  th e  a lk a lin e  b a r r ie r  n e u tra lis in g  g ro u n d w a te r  ac id ity . 

D uring th e  p re -b a r r ie r  p e r io d , g ro u n d w a te r  a n d  d ra in  w a te r  q u a lity  in d ic a te d  a  h ig h ly  

acidic e n v iro n m e n t w ith  a v e ra g e  p H  v a lu e s  o f  3 .2 8  in  th e  g ro u n d w a te r  a n d  3 .3 5  in  th e  

drain w a te r . T h e  c o n c e n tra tio n  o f  d is s o lv e d  in o rg a n ic  m o n o m e r ic  a lu m in iu m , to ta l 

d issolved  iro n  a n d  d is s o lv e d  su lp h a te  in  th e  g ro u n d w a te r  a t th e  lim e -f ly  a sh  b a r r ie r  

site w ere  c o n s is te n tly  a b o v e  th e  a p p ro p r ia te  A N Z E C C  (1 9 9 2 , 2 0 0 0 )  g u id e lin e s . 

These h ig h  c o n c e n tra tio n s  o f  a c id ic  c a t io n s  a n d  a n io n s  a re  a  r e s u lt  o f  fa ll in g  

g roundw ater ta b le s  a n d  b io t ic  o x id a tio n .

After th e  in s ta lla tio n  o f  th e  lim e -f ly  a sh  b a r r ie r ,  a  su b s ta n tia l im p ro v e m e n t in  

g roundw ater a n d  su r fa c e  w a te r  q u a lity  w a s  o b se rv e d . G ro u n d w a te r  p H  in c re a s e d  

from the  a v e ra g e  o f  3 .2 8  to  a v e ra g e  v a lu e s  b e tw e e n  4 .5  a n d  5 .5 . S o m e  v a r ia tio n  in  

the g ro u n d w a te r  p H  a n d  c o n c e n tra tio n  o f  p y r i te  o x id a tio n  p ro d u c ts  is  e x p e c te d  in  th e  

observation h o le s  a t  th e  s ite  o f  th e  l im e - f ly  a sh  b a r r ie r  s ite  a s  a  re s u lt  o f  th e  

fluctuating g ro u n d w a te r  ta b le . H o w e v e r ,  th is  v a r ia tio n  w o u ld  b e  o f  a  te m p o ra ry  

nature.

*he c o n c e n tra tio n  o f  th e  p y r it ic  o x id a tio n  p ro d u c ts , a c id ic  c a t io n s  A l3+ a n d  F e total, 

basic ca tio n s  C a 2+ a n d  M g 2+ a n d  a n io n s  C T  a n d  S 0 42' ,  a lso , o n  a v e ra g e  d e c re a s e d  in

1 e g ro u n d w ate r a f te r  th e  in s ta lla tio n  o f  th e  lim e -f ly  a sh  b a r r ie r .  T h e  C 1’:S 0 4 2" in  th e  

8r°undw ater v a r ie d  a t th e  s tu d y  s ite , h o w e v e r ,  o n  a v e ra g e  th e  C 1' :S 0 4 2‘ in c re a se d
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sligh tly  a s  a  re s u lt  o f  th e  a lk a lin e  b a rrie r . T h is  sh o w s  th e  e f fe c t iv e n e s s  o f  th e  lim e -f ly  

b a r r ie r  in  re d u c in g  p y r ite  o x id a tio n . A v e ra g e  d ra in  w a te r  A l3+ an d  F e total 

c o n c e n tra tio n s  a lso  d e c re a se d  d o w n s tre a m  o f  th e  lim e -f ly  a sh  b a r r ie r  s tu d y  s ite . T h is  

w ould  r e d u c e  th e  e f fe c t o f  th is  d ra in  w a te r  on  th e  e s tu a r in e  e n v iro n m e n t w h e n  f lu sh e d  

into B ro u g h to n  C re e k . G ro u n d w a te r  an d  s u r fa c e  w a te r  q u a lity  re su lts  d u r in g  th e  p re -  

and p o s t-b a r r ie r  p e r io d  v a rie d  a t th e  s ite  o f  th e  l im e - f ly  a sh  b a r r ie r  in  c o n ju n c tio n  w ith  

c lim atic  fa c to rs .

The to ta l a re a  o f  a c id  su lp h a te  so ils  to  b e  re m e d ia te d  as  a  re s u lt  o f  th e  in s ta lla tio n  o f  

the lim e -f ly  a sh  b a r r ie r  is  e x p e c te d  to  b e  g re a te r  th a n  2 0 0 sq m , w ith  im p ro v e m e n ts  to  

the flo o d  m itig a tio n  d ra in  a d ja c e n t to  th e  s ite  o f  th e  lim e -f ly  a sh  b a r r ie r  (L o rd s  d ra in )  

(in re g a rd s  to  p H , F e total a n d  A l3+) a lso  e x p e c te d  d o w n s tre a m  o f  th e  s ite . O th e r  

im p ro v e m e n ts  th a t  w o u ld  b e  e x p e c te d  in c lu d e :

•  A  re d u c t io n  in  th e  in te n s ity  o f  a c id  d is c h a rg e  e v e n ts ;

• A  re d u c tio n  in  th e  fo rm a tio n  o f  iro n  o x id e s  in  th e  d ra in ; a n d

•  A  p o s s ib le  re d u c tio n  in  w e e d  in fe s ta tio n  in  th e  d ra in .

The ro le  o f  th e  lim e -f ly  a sh  b a r r ie r  in  m a n a g in g  a c id  su lp h a te  s o ils  is  v e ry  d if fe re n t to  

the ro le s  o f  th e  m o d if ie d  f lo o d g a te s  a n d  th e  s e lf - re g u la tin g  ti l t in g  w e ir . T h e  a im s  o f  

the a lk a lin e  b a r r ie r  a re  to  re d u c e  p y r ite  o x id a tio n  b y  p ro v id in g  a  c u t o f f  a n d  re d u c e d  

p e rm e ab ility  o f  th e  so il d ire c tly  a b o v e  th e  p y r ite  la y e r , a n d  to  n e u tra lis e  g ro u n d w a te r  

acid ity  p re v io u s ly  g e n e ra te d . T h e  a im  o f  th e  m o d if ie d  f lo o d g a te s  is  to  d e m o n s tra te  

the e f fe c t iv e n e s s  o f  tid a l b u f fe r in g  in  re d u c in g  d ra in  w a te r  a c id ity  a n d  th e  

co n ce n tra tio n  o f  p y r ite  o x id a tio n  p ro d u c ts . T h e  s e lf - re g u la tin g  ti ltin g  w e ir  a im s  to  

m ain ta in  th e  g ro u n d w a te r  ta b le  a t o r  a b o v e  th e  p y r ite  la y e r , th e re fo re , re d u c in g  th e  

h y d rau lic  g ra d ie n t b e tw e e n  th e  d ra in  a n d  th e  p h re a t ic  z o n e .

T hese v a ry in g  ro le s  sh o w  th a t th e  lim e -f ly  a sh  b a r r ie r  is  d e s ig n e d  to  re g u la te  th e  

g en era tio n  o f  a c id ic  g ro u n d w a te r  b e fo re  i t  o c c u r s  in  a c id  s u lp h a te  so ils , w h e re a s  th e  

m o d ified  f lo o d g a te s  an d  s e lf - re g u la tin g  t i l t in g  w e ir  t re a t  th e  a c id ity  a f te r  it h a s  b e e n  

g en era ted . D u e  to  th is , g ro u n d w a te r  a n d  su r fa c e  w a te r  q u a lity  d if fe rs  b e tw e e n  th e se  

acid su lp h a te  s o ils  re m e d ia t io n  m e a su re s . T h e  lim e - f ly  a sh  b a r r ie r  h a d  g re a te r  su c c e ss  

m in c re a s in g  th e  g ro u n d w a te r  p H  a n d  d e c re a s in g  th e  c o n c e n tra t io n  o f  p y r i te  o x id a tio n
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p ro d u c ts  in  th e  g ro u n d w a te r  th a n  th e  s e lf - re g u la tin g  ti ltin g  w e ir . T h e  lim e -f ly  ash  

b arrie r r e d u c e s  p y r ite  o x id a tio n  a n d  th e  g e n e ra tio n  o f  d is so lv e d  a lu m in iu m  a n d  to ta l 

iron , w h e re a s  th e  w e ir  e n tra in s  th e se  p ro d u c ts  w ith in  th e  g ro u n d w a te r . A lso , d e s p ite  

the e le v a te d  g ro u n d w a te r  ta b le  a t th e  se lf - re g u la tin g  ti ltin g  w e ir , a  s ig n if ic a n t a m o u n t 

o f ac id  is  s til l  b e in g  fo rm e d  an d  th e  c o n c e n tra tio n  o f  d is so lv e  a lu m in iu m  a n d  to ta l 

iron re m a in  h ig h  as  a  re su lt o f  th e  d is so lu tio n  o f  c la y s  a n d  th e  a lu m in iu m  c a tio n  

ex ch an g e  re a c tio n . T h e  m o d if ie d  f lo o d g a te s  re d u c e  th e  c o n c e n tra tio n  o f  th e se  

ox id a tio n  p ro d u c ts  w ith in  th e  d ra in  a s  a  re s u lt  o f  tid a l b u ffe r in g . G ro u n d w a te r  a n d  

surface w a te r  q u a lity  re su lts  v a r ie d  a t  a ll th e  f lo o d g a te  s ite s  a s  a  re s u lt  o f  c lim a tic  

facto rs a n d  th e  e f f ic ie n c y  o f  th e  f lo o d g a te  sea l.

This re s e a rc h  h as  e n a b le d  th e  n o v e l in s ta lla tio n  o f  a  lim e -f ly  a sh  b a r r ie r  in  a re a s  

w here th e  u s e  o f  f lo o d g a te s  a n d  w e irs  is  im p ra c tic a l,  a n d  d e m o n s tra te d  th is  te c h n iq u e  

as a  n o v e l e f fe c t iv e  g ro u n d  im p ro v e m e n t m e th o d . T h e  lim e -f ly  a sh  b a r r ie r  h as  

reduced  th e  re s u lt in g  a c id  a n d  h ig h  c o n c e n tra tio n s  o f  m e ta ls  th a t e n te r  th e  w a te rw a y s  

and a ffec t th e  f is h e r ie s  in d u s tr ie s .

K now ledge g a in e d  as  a  re su lt o f  th is  r e s e a rc h  in c lu d e s : '

• A n  u n d e rs ta n d in g  o f  th e  th e o ry  (g ro u tin g  th e o ry )  b e h in d  th e  in s ta lla tio n  o f  th e  

l im e -f ly  a sh  b a r r ie r  an d  th e  ro le  o f  in je c tio n  p re s s u re s  a n d  v is c o s ity .

•  K n o w le d g e  o f  th e  te c h n iq u e s  in v o lv e d  in  g ro u tin g  a n d  th e  p ra c t ic a l l im ita tio n s  

o f  th e  in -s itu  in je c tio n  p ro c e s s .

• A n  u n d e rs ta n d in g  o f  ro le  o f  la te ra l  p e rm e a b il i ty  a n d  h y d ra u lic  f ra c tu r in g  

d u rin g  th e  in je c tio n  p ro c e s s .

•  A  th o ro u g h  u n d e rs ta n d in g  o f  th e  su r fa c e  an d  g ro u n d w a te r  q u a lity  im p lic a tio n s  

as  a  re su lt  o f  th e  in s ta lla tio n  o f  th e  l im e - f ly  a sh  b a rr ie r .
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10.2.1 N u m e r ic a l  m o d e llin g

T h is re s e a rc h  h a s  sh o w n  th e  e f fe c t iv e n e ss  o f  a  l im e - f ly  a sh  b a r r ie r  in  re m e d ia t in g  a c id  

su lp h a te  s o ils  a f fe c te d  a re a s  an d  re d u c in g  th e  e n v iro n m e n ta l e f fe c ts  o n  th e  e s tu a r in e  

en v iro n m e n t. T h e  re s u lts  o b ta in e d  f ro m  th is  re s e a rc h  c a n  b e  u s e d  fo r  fu r th e r  s tu d y  in  

the m a n a g e m e n t o f  ac id  su lp h a te  so ils . T o  s im u la te  th e  im p a c t  o f  la te ra l a lk a lin e  

barrie rs  in  s u b su r fa c e  c o n d itio n s , a  f in ite  e le m e n t m o d e l c o u ld  b e  c o n s tru c te d  

in c o rp o ra tin g  th e  lim e  in je c tio n  p ro c e s s , th e  ra te  o f  la te ra l d if fu s io n  o f  lim e , 

a ssessm en t o f  p o s s ib le  h y d ra u lic  f ra c tu r in g  o f  c la y  a n d  th e  o p tim u m  th ic k n e s s  o f  th e  

b arrie r to  n a m e  a  few .

The s tu d y  o f  a c id  s u lp h a te  so ils  a n d  th e  u se  o f  s u b -su rfa c e  l im e -f ly  a sh  b a rr ie rs  c o u ld  

in c o rp o ra te  n u m e ric a l a n a ly s is  c o u p le d  w ith  la b o ra to ry  a n d  f ie ld - te s t in g  in  o rd e r  to :

•  S im u la te  th e  in s ta lla tio n  o f  a  lim e -f ly  a sh  b a r r ie r  in  a c id  su lp h a te  so ils  

a re a s  a n d  th e  re s u lta n t im p a c ts  o n  g ro u n d w a te r  a n d  s u rfa c e  w a te r  q u a lity .

•  T h e  b e s t  p o s s ib le  ‘fra c tu re  p la n e -f lu id  f lo w ’ r e la tio n s h ip s  fo r  th e  s ite  so il 

c o n d itio n s .

•  D e te rm in e  th e  ro le  o f  la te ra l so il d u r in g  th e  s lu rry  in je c tio n  p ro c e ss .

•  S im u la te  th e  lo n g e v ity  o f  th e  a lk a lin e  b a r r ie r  b a s e d  o n  g e o -c h e m ic a l 

r e a c t io n s  a n d  f lo w  ra te s .

•  T e s t  th e  re a c tio n  o f  th e  g ro u n d w a te r  w ith  th e  b a r r ie r ,  life  o f  b a rr ie r , 

r e a c tio n  o f  g ro u n d w a te r  w ith  th e  b a rr ie r ,  v a ry in g  th ic k n e s s  o f  th e  b a rr ie r

10.2.2 F ie ld  In v e s tig a tio n s

S su p le d  a p p lic a tio n : T h e  a p p lic a t io n  o f  lim e -f ly  a sh  b a r r ie r s  in  c o n ju n c tio n  w ith  

Perm eable re a c t iv e  b a r r ie r s  is  a lso  a n o th e r  p o te n tia l  a c id  s u lp h a te  so il m a n a g e m e n t 

°Ption th a t c o u ld  b e  in v e s tig a te d .

1 0 .2  R e c o m m e n d a t i o n s  f o r  f u r t h e r  r e s e a r c h
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rpjjjs r e s e a rc h  an d  p re v io u s  re se a rc h  in to  th e  u se  o f  p e rm e a b le  re a c tiv e  b a r r ie rs  h a v e  

v ary in g  d e g re e s  o f  e ffe c tiv e n e ss  in  re m e d ia t in g  a c id  su lp h a te  so ils . W h ile  th e  lim e -  

fly a sh  b a r r ie r  d o e s  re d u c e  p y rite  o x id a tio n  a n d  th e  g e n e ra tio n  o f  p y r ite  o x id a tio n  

p ro d u c ts , d ra in  w a te r  q u a lity  re su lts  s till s h o w e d  an  a c id ic  e n v iro n m e n t. T h e  

in s ta lla tio n  o f  b o th  a  lim e -f ly  ash  b a r r ie r  a n d  a  p e rm e a b le  re a c tiv e  b a r r ie r  o n  th e  sa m e  

site m a y  fu r th e r  e n h a n c e  th e  s u rfa c e  w a te r  q u a lity . F in ite  e le m e n t a n a ly s is  o f  th e  f lo w  

o f g ro u n d w a te r  th ro u g h  th is  s y s te m  m a y  p ro v id e  in c re a s e d  u n d e rs ta n d in g  in  re g a rd s  

to the  ro le  o f  th e se  m e a su re s  in re d u c in g  a c id ity , a s  w e ll a s  p ro v id in g  a  b e t te r  in s ig h t 

to the  fu n c tio n in g  o f  su c h  a lk a lin e  b a rr ie rs .
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Slurry In je c tio n  P ro c e s s , P ro c e e d in g s  o f  th e  S y m p o s iu m  o n  S o il R e in fo rc in g  an d  

S tab iliz ing  T e c h n iq u e s  in  E n g in e e r in g  P ra c tic e ,  T h e  N e w  S o u th  W a le s  In s t i tu te  o f  

T ech n o lo g y , S y d n e y  A u s tra lia , O c to b e r  1 6 -1 9 , 1 9 7 8 , p p . 5 4 5 -5 5 8 .

K ayes, I., N is se n , D . a n d  A d a m so n , J  (2 0 0 0 )  S ta b i l is a t io n  o f  R a il T ra c k  F o rm a tio n  

and E m b a n k m e n ts , C O R E 2 0 0 0 , M a y  2 1 -2 3 .
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K ep le r, D .A . an d  M c C le a ry , E .C . (1 9 9 4 ) S u c c e ss iv e  a lk a lin ity  p ro d u c in g  sy s te m s  

(S A P S ) f o r  th e  tre a tm e n t o f  a c id ic  m in e  d ra in a g e . In  ‘P ro c e e d in g s  o f  In te rn a tio n a l 

L and  R e c la m a tio n  a n d  M in e  D ra in a g e  C o n fe re n c e  a n d  th ird  In te rn a tio n a l C o n fe re n c e  

on th e  A b a te m e n t o f  A c id ic  D ra in a g e ’, U n ite d  S ta te s  D e p a r tm e n t o f  th e  In te r io r , p p . 

195-204.

K itsu g i, K . a n d  A z a k a m i, H . (1 9 8 2 )  L im e -c o lu m n  te c h n iq u e s  in  th e  im p ro v e m e n t o f  

clay  g ro u n d , S y m p o s iu m  o n  S o il a n d  R o c k  Im p ro v e m e n t T e c h n iq u e s  in c lu d in g  

G e o te x tile s , R e in fo rc e d  E a r th  a n d  M o d e rn  P ilin g  M e th o d s , 2 9  N o v  -  3 D e c .

K raus, M .J . (1 9 9 8 )  D e v e lo p m e n t o f  p o te n tia l a c id  su lp h a te  p a le o so ls  in  P a le o c e n e  

f lo o d p la in s , B ig h o rn  B a s in , W y o m in g , U S A . P a la e o g e o g ra p h y , P a la e o c lim a to lo g y ,  

an d  P a la e o e c o lo g y , 1 4 4 , 2 0 3 -2 2 4 .

L am be, T .W . (1 9 6 2 )  S o il S ta b iliz a tio n . In : L e o n a rd s , G .A . (e d )  F o u n d a tio n  

E n g in ee rin g , M c G ra w -H ill ,  N e w  Y o rk .

Lin, C . a n d  M e lv ille , M .D . (1 9 9 2 )  M a n g ro v e  so il: A  p o te n tia l c o n ta m in a tio n  so u rc e  to  

estuarine  e c o s y s te m s  o f  A u s tra lia ,  W e tla n d s , 11 , p p . 6 8 -7 4 .

Lin, C . a n d  M e lv ille , M .D . (1 9 9 3 )  C o n tro ls  o n  so ils  a c id if ic a tio n  b y  f lu v ia l 

sed im en ta tio n  in  an  e s tu a r in e  f lo o d p la in , e a s te rn  A u s tra lia . S e d im e n ta r y  G e o lo g y ,  8 5 , 

1-13.

Lin, C . a n d  M e lv ille , M .D . (1 9 9 4 )  A c id  s u lp h a te  s o il- la n d s c a p e  r e la tio n s h ip s  in  th e  

Pearl R iv e r  D e lta , s o u th e rn  C h in a , C a te n a ,  2 2 , 1 0 5 -1 2 0 .

Lin, C ., M e lv ille , M .D . a n d  H a fe r , S . (1 9 9 5 a )  A c id  s u lp h a te  s o il- la n d s c a p e  

rela tionsh ip s in  an  u n d ra in e d , tid e -d o m in a te d  e s tu a r in e  f lo o d p la in , E a s te rn  A u s tra lia , 

Catena, 2 4 ,1 7 7 -1 9 4 .

^ n> C ., M e lv ille , M .D ., W h ite ,  I. A n d  W ils o n . B  (1 9 9 5 b )  H u m a n  a n d  n a tu ra l c o n tro ls  

° n the a c c u m u la tio n , a c id if ic a t io n  a n d  d ra in a g e  o f  p y r it ic  s e d im e n ts :  c o n tra s ts
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b e tw e e n  th e  P e a rl R iv e r  D e lta , C h in a  a n d  c o a s ta l N S W . A u s tr a lia n  G e o g ra p h ic a l  

S tu d ie s , 3 3 ,  7 7 -8 8 .

L in , C ., M e lv i l le ,  M .D ., Is lam , M .M ., W ils o n , B .P ., Y a n g , X ., v an  O p lo o , P . (1 9 9 8 ) 

C h e m ic a l c o n tro ls  on  ac id  d isc h a rg e  f ro m  a c id  su lfa te  s o ils  u n d e r  su g a rc a n e  c ro p p in g  

in an  e a s te rn  A u s tra lia n  e s tu a r in e  f lo o d p la in . E n v ir o n m e n ta l  P o llu tio n ,  1 0 3 , 2 6 9 -2 7 6 .

L in , C ., B u s h , R .T . a n d  M c C o n c h ie , D . (2 0 0 1 a )  Im p e d e d  a c id if ic a tio n  o f  ac id  

su lp h a te  s o ils  in  a n  in te n s iv e ly  d ra in e d  s u g a rc a n e  la n d . P e d o s p h e r e ,  11

L in , C ., R o s ic k y , M ., M c C o n c h ie , D ., S u lliv a n , L .A . a n d  L a n c a s te r , G . (2 0 0 1 b ) 

C o asta l la n d  s c a ld in g  in  N S W , A u s tra lia :  S o il c h e m ic a l c h a ra c te r is t ic s  a n d  th e ir  

im p lic a tio n s  fo r  re m e d ia t io n  o f  th e  s c a le d  la n d s . L a ird  D e g r a d a tio n  a n d  D e v e lo p m e n t,  

12: 2 9 3 -3 0 3 .

M alo u f, E .E . a n d  P ra te r , J .D . (1 9 6 1 )  R o le  o f  B a c te r ia  in  th e  A lte ra tio n  o f  S u lf id e  

M in e ra ls , J o u r n a l o f  M e ta ls ,  M a y , 3 5 3 -3 5 6 .

M o ses, C ., N o rd s tro m , D ., H e rm a n , J  a n d  M ills ,  A . (1 9 8 7 )  A q e o u s  p y r ite  o x id a tio n  b y  

d isso lv ed  o x y g e n  a n d  b y  fe rr ic  iro n . G e o c h im ic a  e t  C o s m o c h im ic a  A c ta ,  5 1 , 1561- 

1571.

M ulvey , P . (1 9 9 3 )  P o llu tio n , p re v e n tio n  a n d  m a n a g e m e n t o f  s u lfu r ic  c la y s  a n d  san d s . 

In ‘P ro c e e d in g s  o f  th e  N a tio n a l C o n fe re n c e  o n  A c id  S u lfa te  S o i l s '.  (E d . R . B u sh ). 2 4 -  

25 Ju n e  1993 C o o la n g a tta .

M unfakh , G .A . a n d  W y lie , D .C . (2 0 0 0 )  G ro u n d  im p ro v e m e n t e n g in e e r in g  -  is su e s  

and se le c tio n . In  ‘G e o E n g 2 0 0 0  A n  In te rn a tio n a l  C o n fe re n c e  o n  G e o te c h n ic a l a n d  

G eo log ical E n g in e e r in g  V o l. 1: In v ite d  P a p e r s ’, 1 9 -2 4  N o v e m b e r  2 0 0 0  M e lb o u rn e , 

V ictoria.

Naftz, D ., M o rr is o n , S .J ., F u lle r , C .C . a n d  D a v is ,  J .A . (E d s )  (2 0 0 2 )  H a n d b o o k  o f  

§ro u n d w a te r  re m e d ia t io n  u s in g  p e rm e a b le  re a c tiv e  b a r r ie r s  -  A p p lic a tio n s  to  

rad io n u clid es, tra c e  m e ta ls  a n d  n u tr ie n ts . A c a d e m ic  P re s s ,  S a n  D ie g o , C a lifo rn ia .
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N a ra s im h a  R a o , S . a n d  R a ja s e k a ra n , G . (1 9 9 4 )  L im e  in je c tio n  te c h n iq u e  to  im p ro v e  

th e  b e h a v io u r  o f  so ft m a rin e  c la y s .

N a y lo r , S ., C h a p m a n , G ., A tk in s o n , G ., M u rp h y , C ., T u la u , M ., F le w in , T . ,  M i lfo rd , 

H . a n d  M o ra n , D . (1 9 9 5 )  G u id e lin e s  fo r  th e  u se  o f  a c id  su lp h a te  so ils  r is k  m a p s . S o il 

C o n se rv a tio n  S e rv ic e . S y d n e y .

N o n v e ille r , E . (1 9 8 9 )  G ro u tin g  T h e o ry  a n d  P ra c tic e , E ls e v ie r  S c ie n c e  P u b lis h e rs ,  

A m ste rd a m .

N o rd s tro m , D . (1 9 8 2 )  T h e  e f fe c t  o f  su lfa te  o n  a lu m in iu m  c o n c e n tra tio n s  in  n a tu ra l  

w aters: s o m e  s ta b ility  re la tio n s  in  th e  sy s te m  A I2O 3 -S O 3 -H 2O  a t 2 9 8  K . G e o c h im ic a  e t  

C o sm o c h im ic a  A c ta ,  4 6 , 6 8 1 -6 9 2 .

N riag u , J . (1 9 7 8 )  D is so lv e d  s il ic a  in  p o re  w a te rs  o f  L a k e  O n ta r io , E ire  a n d  S u p e r io r  

sed im en ts . L im n o lo g y  a n d  O c e a n o g r a p h y ,  2 3 , 5 3 -6 7 .

P an te lis , G . a n d  R itc h ie , A .I .M . (1 9 9 2 )  R a te -L im itin g  F a c to rs  in  D u m p  L e a c h in g  o f  

P yritic  O res , A p p l ie d  M a th e m a tic a l M o d e ll in g ,  1 6 (1 0 ) : 5 5 3 -5 6 0 .

Pease, M . (1 9 9 4 )  A c id  S u lfa te  S o ils  a n d  a c id  d ra in a g e  L o w e r  S h o a lh a v e n  F lo o d p la in , 

N SW . U n p u b lis h e d  M S c  (H o n s)  th e s is . U n iv e rs ity  o f  W o llo n g o n g .

P ek rio g lu , A ., D o v e n , A .G . a n d  T u m a y , T . In : Jo h n so n , L .F .,  B ru c e , D .A . a n d  B y le , 

M .J (E d s .)  G ro u tin g  a n d  G r o u n d  T re a tm e n t, P r o c e e d in g s  o f  th e  T h ir d  In te r n a tio n a l  

C onference, F e b  1 0 -1 2 , 2 0 0 3 , N e w  O rle a n s , L o u is ia n a , V o l 2 , G e o - In s t i tu te  o f  th e  

A m erican  S o c ie ty  o f  C iv il E n g in e e rs ,  D e e p  F o u n d a tio n s  In s titu te .

Playle, R .C . a n d  W o o d , C .M . (1 9 9 1 )  M e c h a n is m s  o f  A lu m in u m  E x tra c tio n  a n d  

A ccu m u la tio n  a t th e  G ills  o f  R a in b o w -T ro u t ,  O n c o rh y n c h u s -M y k is s  (W a lb a u m ) , in  

Acidic S o f t-W a te r , J o u r n a l  o f  F ish  B io lo g y ,  3 8 (6 ) : 7 9 1 -8 0 5 .
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P o n s , L . (1 9 7 3 )  O u tlin e  o f  g en es is , c la s s if ic a tio n  a n d  im p ro v e m e n t o f  a c id  su lfa te  

so ils . In  ‘A c id  S u lfa te  S o ils : P ro c e e d in g s  o f  th e  In te rn a tio n a l S y m p o s iu m ’ 1 3 -2 0  

A u g u st. IR R I  P u b lic a tio n  18 W a g e n in g e n , T h e  N e th e r la n d s .

P o n s , L .,  v a n  B re e m a n , N . an d  D rie s s e n , P .M . (1 9 8 2 )  P h y s io g ra p h y  o f  c o a s ta l 

s e d im e n ts  a n d  d e v e lo p m e n t o f  p o te n tia l so il a c id ity . In  J. A . K ittr ic k , D .S . F a n n in g  

an d  L .R . H o s s n e r  (e d s )  A c id  S u lfa te  W e a th e r in g , p p . 1 -18 . S o il S c ie n c e  S o c ie ty  o f  

A m e ric a  S p e c ia l P u b lic a tio n  N o . 10, M a d is o n , W I, U S A .

R affle , J .F . a n d  G re e n w o o d , D .A . (1 9 6 1 )  T h e  re la t io n  b e tw e e n  th e  rh e o lo g ic a l 

c h a ra c te r is t ic s  o f  g ro u ts  a n d  th e ir  c a p a c ity  to  p e rm e a te  so il, P ro c e e d in g s  o f  th e  5 th 

In te rn a tio n a l C o n fe re n c e  o n  S o il M e c h a n ic s  a n d  F o u n d a tio n  E n g in e e r in g  V o l 2.

R a ja se k a ra n , G . a n d  N a ra s im h a  R a o , S . (1 9 9 6 )  L im e  M ig ra tio n  s tu d ie s  in  M a r in e  

C lay , O c e a n  E n g in e e r in g ,  2 3 (4 ): 3 2 5 -3 5 5 .

R a ja se k a ra n , G . a n d  N a ra s im h a  R a o , S . (2 0 0 2 )  P e rm e a b ili ty  c h a ra c te r is t ic s  o f  lim e  

trea ted  m a rin e  c la y , O c e a n  E n g in e e r in g ,  2 9 , 1 1 3 -1 2 7 .

R itsem a, C .J .,  v a n  M e n sv o o r t,  M .E .F ., D e n t,  D .L ., T a n , Y ., v a n  d e n  B o s c h , H ., a n d  

van W ijk , A .L .M . (2 0 0 0 ) A c id  S u lfa te  S o ils . In  ‘H a n d b o o k  o f  S o il S c ie n c e ’ (E d . 

S u m n er, M .E ), C R C  P re ss , B o c a  R a to n .

R ogers . C .D .F . a n d  G le n d in n in g , S . (1 9 9 7 )  Im p ro v e m e n t o f  c la y  so ils  in  s itu  u s in g  

lim e p ile s  in  th e  U K , E n g in e e r in g  G e o lo g y ,  p p . 2 4 3 -2 5 7 .

Roy, P . (1 9 8 4 )  N e w  S o u th  W a le s  e s tu a r ie s :  th e ir  o r ig in  a n d  e v o lu tio n . In  ‘C o a s ta l 

G e o m o rp h o lo g y  in  A u s t ra l ia ’. (E d . T h o m ) . A c a d e m ic  P re s s  A u s tra lia . S y d n e y .

Roy, P ., T h o m , B . a n d  W rig h t , L . (1 9 8 0 )  H o le c e n e  s e q u e n c e s  o n  an  e m b a y e d  h ig h -  

energy  co as t: an  e v o lu tio n a ry  m o d e l. S e d im e n ta r y  G e o lo g y ,  2 6 ,1 - 1 9 .
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R u d en s , C . (2 0 0 1 )  T h e  ro le  o f  b io t ic  o x id a tio n  o n  ac id  p ro d u c tio n  in  p o te n tia l  a c id  

su lfa te  s o ils  in  th e  S h o a lh a v e n  F lo o d p la in . U n p u b lish e d  B E  (E n v iro n m e n ta l)  th e s is . 

U n iv e rs ity  o f  W o llo n g o n g .

S am m u t, J. (1 9 9 4 ). A  B r ie f  O v e rv ie w  o f  A c id  S u lfa te  S o ils  a n d  th e ir  Im p a c ts :  T h e  

L o w er R ic h m o n d  R iv e r , N o r th e rn  N e w  S o u th  W a le s . R e p o r t  fo r  th e  A S S M A C  

T ec h n ica l C o m m itte e , 8 p p .

S am m u t, J . ,  M e lv ille , M .D ., C a llin a n , R . a n d  F ra se r , G . (1 9 9 5 )  E s tu a r in e  

ac id ific a tio n : im p a c ts  o n  a q u a tic  b io ta  o f  d ra in in g  a c id  su lfa te  so ils . A u s tr a l ia n  

G eo g ra p h ic l S tu d ie s ,  3 3 , 8 9 -1 0 0 .

S am m ut, J ., W h ite , I. a n d  M e lv ille ,  M .D . (1 9 9 6 ) A c id if ic a t io n  o f  a n  E s tu a r in e  

T rib u ta ry  in  E a s te rn  A u s tra l ia  d u e  to  D ra in a g e  o f  A c id  S u lfa te  S o ils ,  M a r in e  

F resh w a te r  R e s e a r c h ,  4 7 , 6 6 9 -8 4 .

S cheetz, B .E ., S ilsb e e , M .R ., F o n ta n a , C ., Z h a o , X . a n d  S c h u e c k , J. (1 9 9 3 )  P ro p e r tie s  

and p o te n tia l a p p lic a t io n s  o f  la rg e  v o lu m e  u se  o f  f ly  a sh -b a s e d  g ro u ts  f o r  a c id  m in e  

d ra inage a b a te m e n t, 15th A n n u a l M e e tin g  o f  th e  A s s o c ia tio n  o f  A b a n d o n e d  M in e  

Land P ro g ra m s , J a c k so n , W y o m in g , S e p te m b e r  13 -15  1993 .

Shearer (2 0 0 1 ) W h a t a re  A c id  S u lp h a te  S o ils , N S W  D e p a r tm e n t o f  A g r ic u ltu re .

Shroff, A .V . a n d  S h a h , D .L . (1 9 9 3 )  G ro u tin g  T e c h n o lo g y  in  T u n n e l l in g  a n d  D a m  

C onstruc tion , A .A . B a lk e m a , R o tte rd a m .

Singh, A . (1 9 7 5 )  S o il E n g in e e r in g  in  T h e o ry  a n d  P ra c tic e , V o lu m e  1, F u n d a m e n ta ls  

and G en era l P r in c ip le s ,  A s ia  P u b lis h in g  H o u se , B o m b a y .

Sim pson, H .J . a n d  P e d in i,  M . (1 9 8 5 )  B ra c k is h w a te r  A q u a c u ltu re  in  th e  T ro p ic s :  T h e  

Problem  o f  A c id  S u lp h a te  S o ils ,  F is h e r ie s  C ir c u la r  N o . 7 9 1 , F o o d  a n d  A g r ic u ltu re  

O rgan isation o f  th e  U n ite d  N a tio n s ,  R o m e , A u g u s t , p .3 2 .
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S k o u se n , J .G . (1 9 9 7 )  O v e rv ie w  o f  p a s s iv e  sy s te m s  fo r  tre a tin g  a c id  m in e  d ra in a g e . 

G reen  L a n d s ,  2 7 (4 ) : 3 4 -4 3 .

S o w e rs , G .B . a n d  S o w e rs , G .F . (1 9 7 0 ) S o il M e c h a n ic s  a n d  F o u n d a tio n s , 3 rd E d itio n , 

C o ll ie r -M a c m illa n  L im ite d , L o n d o n . .

S to n e , Y ., A h e rn , C . a n d  B lu n d e n , B . (1 9 9 8 )  N S W  A c id  S u lfa te  S o il M a n u a l. N S W  

G o v e rn m e n t. S y d n e y .

S tu m m , W . a n d  M o rg a n , J .J . (1 9 9 6 ) A q u a tic  C h e m is try  (3 rd e d n ) . Jo h n  W ile y  a n d  

S ons, N e w  Y o rk .

T ay lo r, J .R .,  W a r in g , C .L ., M u rp h y , N .C . a n d  L e a k e , M .J . (1 9 9 7 )  A n  o v e rv ie w  o f  a c id  

m ine d ra in a g e  c o n tro l a n d  tre a tm e n t o p tio n s  in c lu d in g  re c e n t a d v a n c e s . In  

‘P ro c e e d in g s  o f  th e  3 rd A u s tra lia n  W o rk s h o p  o n  A c id  M in e  D ra in a g e ’, D a rw in , 

A u stra lia , p p . 1 4 7 -1 6 0 .

T hom , B .G . a n d  C h a p p e ll ,  J. (1 9 7 5 ) H o lo c e n e  se a  le v e ls  re la t iv e  to  A u s tra lia , S e a rc h ,  

6 ,9 0 -9 3 .

T hong , L .J . (1 9 9 8 )  M a n a g e m e n t o f  a c id  s u lp h a te  s o ils  in  c o lu m n  e x p e r im e n ts , 

U n p u b lish ed  B E  th e s is , U n iv e rs ity  o f  W o llo n g o n g .

U m itsu , M ., B u m a n , M ., K a w a se , K . a n d  W o o d ro f fe ,  C . (2 0 0 1 )  H o lo c e n e  

p a laeo co lo g y  a n d  fo rm a tio n  o f  th e  S h o a lh a v e n  R iv e r  d e l ta ic -e s tu a r in e  p la in s , 

sou theast A u s tra lia . T h e  H o lo c e n e ,  1 1 (4 ): 4 0 7 -4 1 8 .

van B re e m a n  N . (1 9 7 3 )  S o il fo rm in g  p ro c e s s e s  in  a c id  s u lp h a te  so ils . In  ‘A c id  

Sulphate S o ils : P ro c e e d in g s  o f  th e  In te rn a tio n a l  S y m p o s iu m  o n  A c id  S u lp h a te ’ . (E d . 

D ost) p p  6 6 -1 2 9 . IL R I , W a g e n in g e n , T h e  N e th e r la n d s .

van B re e m a n  N . (1 9 8 0 )  A c id  s u lp h a te  so ils . P ro b le m  S o ils : th e ir  r e c la m a tio n  a n d  

m anagem ent. L a n d  R e c la m a tio n  a n d  w a te r  m a n a g e m e n t. IL R I  P u b . 2 7 , W a g e n in g e n , 

PP- 53 -57 .
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v an  d e r  K e v ie ,  W . (1 9 7 3 )  M o rp h o lo g y , g e n e s is , o c c u rre n c e , an d  a g r ic u ltu ra l p o te n tia l  

o f  ac id  s u lp h a te  so ils  in  C e n tra l T h a i la n d . T h a ila n d  J o u rn a l o f  A g r ic u ltu r a l S c ie n c e ,

5, p p . 1 6 2 -1 8 2 .

van  Im p e , W .F . (1 9 8 9 )  S o il Im p ro v e m e n t T e c h n iq u e s  a n d  th e ir  E v o lu tio n , A .A . 

B a lk e m a , R o tte rd a m .

W alk e r, P . (1 9 7 2 ) S e a so n a l a n d  s tra t ig ra p h ic  c o n tro ls  in  c o a s ta l  f lo o d p la in  so ils . 

A u s tra lia n  J o u r n a l S o i l  R e s e a r c h ,  1 0 , 1 2 7 -1 4 2 .

W atz la f, G .R ., S c h ro e d e r , K .T . a n d  K a ir ie s , C .L . (2 0 0 0 ) L o n g - te rm  p e r fo rm a n c e  o f  

a lk a lin ity -p ro d u c in g  p a s s iv e  s y s te m s  fo r  th e  tre a tm e n t o f  m in e  d ra in a g e . In : 

‘P ro c e e d in g s  2 0 0 0  N a tio n a l M e e tin g  o f  th e  A m e r ic a n  S o c ie ty  fo r  S u rfa c e  M in in g  a n d  

R e c la m a tio n ’, T a m p a , FI. A m e r ic a n  S o c ie ty  fo r  S u rfa c e  M in in g  a n d  R e c la m a tio n , p p . 

262 -274 .

W hite , I . A n d  M e lv ille , M . (1 9 9 3 )  T re a tm e n t a n d  C o n ta in m e n t o f  A c id  S u lfa te  S o ils . 

T ech n ica l R e p o r t  5 3 , C e n tre  fo r  E n v iro n m e n ta l M e c h a n ic s , C S IR O , C a n b e rra .

W hite , I., M e lv ille , M ., S a m m u t, J . a n d  L in , C . (1 9 9 6 )  H y d ro lo g y  a n d  d ra in a g e  o f  

acid su lfa te  so ils . P ro c e e d in g s  2 nd N a tio n a l C o n fe re n c e  o n  A c id  S u lp h a te  S o ils . (E d s . 

Sm ith a n d  S m ith ) . P p . 1 0 3 -1 0 8 . C o f fs  H a rb o u r .

W hite, I ., M e lv ille , M ., S a m m u t, J . a n d  W ils o n , B . (1 9 9 7 ) re d u c in g  a c id ic  d is c h a rg e s  

from  c o a s ta l w e tla n d s  in  e a s te rn  A u s tra lia .  W e tla n d s  E c o lo g y  a n d  M a n a g e m e n t,  5 , p p . 

55-72.

W illett, I .R . a n d  W a lk e r , P .H . (1 9 8 2 )  S o il M o rp h o lo g y  a n d  D is tr ib u tio n  o f  I ro n  a n d  

Sulphur F ra c tio n s  in  a  C o a s ta l  F lo o d  P la in  T o p o s e q u e n c e , A u s tr a lia n  J o u r n a l o f  S o i l  

Research, 2 0 , p 2 8 3 -2 9 4 .

W ilson, B . (1 9 9 5 ) S o il an d  h y d ro lo g ic a l  re la t io n s  to  d ra in a g e  f ro m  s u g a rc a n e  o n  a c id  

sulfate so ils . U n p u b lis h e d  P h D  th e s is , U n iv e r s i ty  o f  N e w  S o u th  W a le s , S y d n e y .

218



W o o d ro ffe , C ., B u m an , M ., K aw ase, K . and  U m itso , M . (200 0 ) E s tu a rin e  in fill and

fo rm a tio n  o f  d e lta ic  p la in s , S h o a lh a v e n  R iv e r . W etla n d s  (A u s tr lia ) ,  1 8 (2 ) , 7 2 -8 4 .

Y a m a n o u c h i, T . (1 9 9 2 )  S o il-L im e  S ta b ilis a tio n  in  p a r tic u la r  re fe re n c e  to  its  

d e v e lo p m e n ts  in  J a p a n , A p p lie d  G ro u n d  Im p ro v e m e n t T e c h n iq u e s , S o u th e a s t A sia n  

G e o te c h n ic a l S o c ie ty  (S E A G S ) A s ia n  In s ti tu te  o f  T e c h n o lo g y , B a n g k o k , T h a i la n d .

Z ie m k ie w ic z , P .F ., S k o u s e n , J .G ., B ra n t , D .L ., S te rn e r , P .L . a n d  L o v e tt ,  R .J . (1 9 9 7 ) 

A cid  M in e  D ra in a g e  T re a tm e n t w ith  A rm o re d  L im e s to n e  in  o p e n  L im e s to n e  

C h an n e ls , J o u r n a l  o f  E n v ir o n m e n ta l Q u a lity , 2 6 ,  J u ly -A u g u s t , p l0 1 7 - 1 0 2 4 .
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A p p e n d ix  A : F ie ld  a n d  L a b o r a t o r y  S o il D a ta

A . l  C a lc u la t io n  o f  tim e  la g  fo r  T ra n s e c t A  P ie z o m e te rs  u s in g  P e n m a n  F o rm u la e  a n d  

A ssu m e d  P e rm e a b ili ty

T ra n se c t A  P ie z o m e te r  N o . 1:

= 3.3e~6 x  2 6 3 5 5 6 9 8 .3 4  

= 8 6 .9 7 3 8 0 4 5 3  

=  0 .8 7 d a y s

T ran sec t A  P ie z o m e te r  N o .2 :

T im e lag  th e  sa m e  as  T ra n s e c t  A  P ie z o m e te r  N o . l .  

0.87 d ay s

T ransect A  P ie z o m e te r  N o .3 :

t =  3 .3e~ 6 x ---------------------
k L

W h en : k  = l e '6 c m /s

d  =  2 0  c m  

D  =  10 c m  

L  =  25  c m

(2 0 )2 l n [ 25  /1 0  +  7 l  +  ( 2 5 / 1 0 ) 2

t =  3.3e~6 x ---------- k-------------------------------
le x  25

. _ _ 6 f 4 0 0  In 5 .1 9 2 5 8 2 4 0 4 '
= 3.3e x  ---------------------------

0 .0 0 0 0 2 5

k L
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t = 3.3e x

(2 0 )2 I n f 2 7 .5  /1 0  +  V l +  ( 2 7 .5 /1 0 ) 2

le~ 6 x  27 .5

= 3 .3 e -6 x
4 0 0  In 5 .6 7 6 1 7 4 9 7 8

0 .0 0 0 0 2 7 5  

= 3 .3e~6 x 2 5 2 5 4 9 4 6 .7 1  

=  8 3 .3 4 1 3 2 4 1 5  

= 0.83<ia>’j'

T ra n se c t A  P ie z o m e te r  N o .4 :

T im e la g  th e  sa m e  as  T ra n s e c t A  P ie z o m e te rs  1 a n d  2. 

0 .87  d a y s

T ra n se c t A  P ie z o m e te r  N o .5 :

t = 3 .3e  6 x

t = 3.3<T6 x

= 3.3<T6 x

</2 l n ^ L / D  +  V l +  ( L / D ) 2

k L

(2 0 )2 ln [^ 2 6 .2 / \ 0  + yJ\ + ( 2 6 . 2 / 1 0 )2

le " 6 x 2 6 .2  

4 0 0  In  5 .4 2 4 3 5 3 7 5 8 '

0 .0 0 0 0 2 6 2  

= 3.3<T6 x  2 5 8 1 5 2 4 8 .3 9  

= 8 5 .1 9 0 3 1 9 6 8  

= 0.85 d a y s



A .2 :  T o ta l A c tu a l  A c id i ty  (T A A ), S u lp h u r ,  p H , E le c tr ic a l  C o n d u c t iv ity  (E C ), C h lo r id e  a n d  S u lp h a te  s o il D a ta

D e p t h

( c m )

E l e v a t i o n  

( m  A H D )

T A A  

( m o l e s  H +/ t o n n e )

S u l p h u r

( % )

p H

( C a C l 2)

E C

( m g / k g )

C h l o r i d e

( m g / k g )

S u l p h a t e

( m g / k g )

C 1 : S 0 4

5 0 .8 2 8 2 0 .0 1 6 4 .3 3 0 .6 3 13 0 2 2 0 0 .5 9 0 9

2 0 0 .6 7 2 5 0 0 .0 3 4 3 .7 4 0 .5 5 1 80 3 2 0 0 .5 6 2 5

65 0 .2 2 3 7 0 0 .0 4 5 3.31 0 .6 1 1 80 3 4 0 0 .5 2 9 4

85 0 .0 2 16 0 0 .0 2 3 3 .3 8 0 .3 6 7 4 1 4 0 0 .5 2 8 5

125 -0 .3 8 2 3 0 0 .7 6 3 .0 4 1.35 2 7 0 1 2 0 0 0 .2 2 5

155 -0 .6 8 1 20 3 .0 0 3 .5 5 1 .5 0 1 00 6 1 0 0 .1 6 3 9
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A p p e n d ix  B :  B u r e a u  o f  M e t e o r o l o g y  D a t a

B . l :  P re c ip i ta t io n  D a ta

D a te D ay  N u m b e r P re c ip ita tio n  (m m )

1-A ug-03 0 0

2-A ug-03 1 0

3-A ug-03 2 0

4-A ug-03 3 0

5-A ug-03 4 0

6-A ug-03 5 3

7-A ug-03 6 0

8-A ug-03 7 0

9-A ug-03 8 0

10-A ug-03 9 0

11-A ug-03 10 7.4

12-A ug-03 11 0.3

13-Aug-03 12 0

14-Aug-03 13 3.2

15-Aug-03 14 0.5

16-A ug-03 15 0

17-Aug-03 16 0

18-A ug-03 17 0.6

19-A ug-03 18 0.5

20-A ug-03 19 1.4

21-A ug-03 20 1

22-A ug-03 21 0.4

23-A ug-03 22 2.6

24-A ug-03 23 12.2

25-A ug-03 24 0

26-A ug-03 25 0

27-Aug-03 26 0

28-Aug-03 27 0

29-Aug-03 28 0

30-Aug-03 29 0

31-A ug-03 30 0

l-Sep-03 31 0

2-Sep-03 32 0

3-Sep-03 33 0

_4-Sep-03 34 0

_5-Sep-03 35 0

__ 6-Sep-03 36 0
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7-S ep-03 37 0

8-Sep-03 38 0

9-Sep-03 39 0

10-Sep-03 40 0

11-S ep-03 41 0

12-Sep-03 42 7

13-Sep-03 43 0.3

14-Sep-03 44 0.3

15-Sep-03 45 0.3

16-Sep-03 46 0

17-Sep-03 47 0

18-Sep-03 48 0

19-Sep-03 49 0.8

20-Sep-03 50 0.8

21-Sep-03 51 0.8

22-Sep-03 52 0

23-Sep-03 53 0.3

24-Sep-03 54 0.1

25-Sep-03 55 0

26-Sep-03 56 0

27-Sep-03 57 0 .6

28-Sep-03 58 0 .6

29-Sep-03 59 0 .6

30-Sep-03 60 2

1-0 c t-0 3 61 0

2-O ct-03 62 11.2

3-O ct-03 63 25.2

4-O ct-03 64 1

5-O ct-03 65 1.1

6-O ct-03 66 0.5

7-O ct-03 67 2

8-Oct-03 68 0

9-Oct-03 69 13

10-0ct-03 70 2

11-0 c t-0 3 71 1

12-0ct-03 72 0

13-0ct-03 73 4

14-0ct-03 74 0

15-0ct-03 75 0

16-0ct-03 76 0

17-0ct-03 77 0

18-0ct-03 78 0

19-0ct-03 79 0

20-0ct-03 80 13.5
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21-0 c t-0 3 81 0

22*0ct-03 82 0.3

23-O ct-03 83 0

24*0ct-03 84 0

25-O ct-03 85 3

26-C)ct-03 86 1

27-O ct-03 87 4

28-O ct-03 88 0

29-O ct-03 89 4.8

3 0 -0 c t-0 3 90 0

31-0 c t-0 3 91 0

1-N ov-03 92 0.5

2-N ov-03 93 12.4

3-N ov-03 94 11.7

4-N ov-03 95 0.1

5-N ov-03 96 0

6-N ov-03 97 0

7-N ov-03 98 1.2

8-N ov-03 99 0.1

9-N ov-03 100 0.1

10-Nov-03 101 0.5

11-N ov-03 102 0

12-Nov-03 103 0

13-Nov-03 104 0

14-N ov-03 105 0

15-Nov-03 106 2.9

16-Nov-03 107 2.9

17-Nov-03 108 8

18-Nov-03 109 2

19-Nov-03 110 0

20-N ov-03 111 0

21-N ov-03 112 5.8

22-N ov-03 113 27

23-N ov-03 114 25

24-Nov-03 115 58

25-Nov-03 116 33.2

26-N ov-03 117 12.6

27-Nov-03 118 6

28-Nov-03 119 0.1

29-Nov-03 120 0

30-No v -03 121 0

1-Dec-03 122 0

2-Dec-03 123 16.6

L_3-Dec-03 124 1.4



4 -D ec-0 3 125 14

5 -D ec-03 126 6.5

6-D ec-0 3 127 1.4

7 -D ec-03 128 1.4

8-D ec-03 129 1.4

9 -D ec-03 130 0

10-D ec-03 131 0

11-D ec-03 132 0

12-D ec-03 133 3.6

13-D ec-03 134 0

14-D ec-03 135 0

15-D ec-03 136 0

16-D ec-03 137 0

17-D ec-03 138 0

18-D ec-03 139 0

19-D ec-03 140 0

20-D ec-03 141 0

21-D ec-03 142 0

22-D ec-03 143 0.8

23-D ec-03 144 0

24-D ec-03 145 0

25-D ec-03 146 1.6

26-D ec-03 147 1.6

27-D ec-03 148 2

28-D ec-03 149 1.6

29-D ec-03 150 1.6

30-D ec-03 151 1.6

31-D ec-03 152 1.6

1-Jan-04 153 0

2-Jan-04 154 0

3-Jan-04 155 0

4-Jan-04 156 0

5-Jan-04 157 0

6-Jan-04 158 0.4

7-Jan-04 159 1.2

8-Jan-04 160 0

9-Jan-04 161 0

10-Jan-04 162 0

ll-Ja n -0 4 163 0

12-Jan-04 164 0.2

13-Jan-04 165 0

14-Jan-04 166 20.2

15-Jan-04 167 0 .6

_^6-Jan-04 168 0.4



17-Jan-04 169 0 .4

18-Jan -04 170 0.4

19-Jan -04 171 0.4

20-Jan-04 172 0.4

21-Jan-04 173 0

22-Jan-04 174 8.4

23-Jan-04 175 3.2

24-Jan -04 176 12.2

25-Jan-04 177 13.4

26-Jan -04 178 14.8

27-Jan-04 179 0

28-Jan-04 180 1.8

29-Jan-04 181 0.5

30-Jan-04 182 0

31-Jan-04 183 1.2

1-F eb-04 184 0

2-Feb-04 185 0

3-Feb-04 186 10

4-F eb-0 4 187 0

5-F eb-04 188 0

6-Feb-04 189 0

7-Feb-04 190 0

8-Feb-04 191 0

9-Feb-04 192 0

10-Feb-04 193 6.4

11-Feb-04 194 0

12-Feb-04 195 13

13-Feb-04 196 0

14-Feb-04 197 0

15-Feb-04 198 0

16-Feb-04 199 0

17-Feb-04 200 0

18-Feb-04 201 0

19-Feb-04 202 0

20-Feb-04 203 0

21-Feb-04 204 0

22-Feb-04 205 0

23-Feb-04 206 0

24-Feb-04 207 8.4

25-Feb-04 208 23

26-Feb-04 209 11.8

27-Feb-04 210 0

28-Feb-04 211 0

29-Feb-04 212 0



1-M a r-04 213 0

2-M ar-04 214 0

3-M ar-04 215 0

4 -M ar-04 216 0

5-M ar-04 217 0

6-M ar-04 218 0

7-M ar-04 219 36.4

8-M ar-04 220 0

9-M ar-04 221 0

10-M ar-04 222 0

11-M ar-04 223 1.6

12-M ar-04 224 0

13-M ar-04 225 0.1

14-M ar-04 226 0.1

15-M ar-04 227 0.1

16-M ar-04 228 18.2

17-M ar-04 229 0

18-M ar-04 230 0

19-M ar-04 231 0.2

20-M ar-04 232 0

21-M ar-04 233 0

22-M ar-04 234 4.4

23-M ar-04 235 9.6

24-M ar-04 236 0.1

25-M ar-04 237 0

26-M ar-04 238 0

27-M ar-04 239 0

28-M ar-04 240 0

29-M ar-04 241 0

30-M ar-04 242 0

31-M ar-04 243 0

1-A pr-04 244 0

2-A pr-04 245 0.6

3-A pr-04 246 0

4-A pr-04 247 4

5-A pr-04 248 70.8

6-A pr-04 249 41

7-Apr-04 250 0.4

8-Apr-04 251 0.6

9-Apr-04 252 0

10-A pr-04 253 0.6

_ J 1 -  A pr-04 254 0

_J2 -A p r-0 4 255 0.6

_J_3-Apr-04 256 0
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14-A p r-04 257 0

15-A pr-04 258 0

16-A pr-04 259 0

17-A pr-04 260 0

18-A pr-04 261 0

19-A pr-04 262 0

20-A pr-2004 263 0

21-A pr-2004 264 0

22-A pr-2004 265 0

23-A pr-2004 266 0

24-A pr-2004 267 0

25-A pr-2004 268 0

26-A pr-2004 269 0

27-A pr-2004 270 0

28-A pr-2004 271 2.4

29-A pr-2004 272 0.5

30-A pr-2004 273 1

1-M ay-2004 274 0

2-M ay-2004 275 0

3-M ay-2004 276 0

4-M ay-2004 277 0

5-M ay-2004 278 0

6-M ay-2004 279 0

7-M ay-2004 280 0

8-M ay-2004 281 3.8

9-M ay-2004 282 0

10-M ay-2004 283 0

ll-M ay -2 0 0 4 284 0

12-M ay-2004 285 0.4

13-M ay-2004 286 13.6

14-M ay-2004 287 0

15-M ay-2004 288 0

16-M ay-2004 289 0

17-M ay-2004 290 0

18-M ay-2004 291 0

19-May-2004 292 0

20-M ay-2004 293 0

21-M ay-2004 294 0

22-M ay-2004 295 0

23-M ay-2004 296 0

^4-M ay-2004 297 0

^ M a y - 2 0 0 4 298 0

^WVIay-2004 299 1.4

£ ^ M ay-2004 300 0



2 8-M ay-2004 301 0

2 9-M ay-2004 302 0

3 0-M ay-2004 303 0

31-M ay -2 0 0 4 304 0

1-Jun-2004 305 0

2 -Jun-2004 306 0

3 -Jun-2004 307 1.4

4 -Jun-2004 308 0

5-Jun-2004 309 0

6-Jun-2004 310 0

7-Jun-2004 311 0

8-Jun-2004 312 0

9-Jun-2004 313 0

10-Ju n-2004 314 0

11-Jun-2004 315 6.8

12-Jun-2004 316 0

13-Jun-2004 317 0

14-Jun-2004 318 0

15-Jun-2004 319 0

16-Jun-2004 320 0

17-Jun-2004 321 4

18-Jun-2004 322 0

19-Jun-2004 323 0

20-Jun-2004 324 0

21-Jun-2004 325 0

22-Jun-2004 326 0

23-Jun-2004 327 0

24-Jun-2004 328 0

25-Jun-2004 329 0

26-Jun-2004 330 0

27-Jun-2004 331 0

28-Jun-2004 332 0

29-Jun-2004 333 0

30-Jun-2004 334 0

1-Jul-2004 335

2-Jul-2004 336

3-Jul-2004 337

4-Jul-2004 338

5-Jul-2004 339

6-Jul-2004 340

7-Jul-2004 341

8-Jul-2004 342

9-Jul-2004 343

_KM ul-2004 344

2 3 0



1 l-Ju l-2 0 0 4 345

12-Jul-2004 346

13-Jul-2004 347

14-Jul-2004 348

15-Jul-2004 349

16-Ju l-2004 350

17-Jul-2004 351

18-Jul-2004 352

19-Jul-2004 353

20-Jul-2004 354

21-Jul-2004 355

22-Jul-2004 356

23-Jul-2004 357

24-Jul-2004 358

25-Jul-2004 359

26-Jul-2004 360

27-Jul-2004 361

28-Jul-2004 362

29-Jul-2004 363

30-Jul-2004 364

31-Jul-2004 365

1-A ug-2004 366 0

2-A ug-2004 367 0

3-A ug-2004 368 0.4

4-A ug-2004 369 0.4

5-A ug-2004 370 0

6-A ug-2004 371 0

7-A ug-2004 372 0

8-A ug-2004 373 0

9-A ug-2004 374 0

10-A ug-2004 375 0

11-A ug-2004 376 0

12-A ug-2004 377 0

13-A ug-2004 378 0

14-Aug-2004 379 0

15-Aug-2004 380 0

16-A ug-2004 381 0

17-A ug-2004 382 7

18-Aug-2004 383 6

19-A ug-2004 384 28

20-A ug-2004 385 0

^ 1 -A ug-2004 386 0

22-Aug-2004 387 0

_23-Aug-2004 388 0
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24-A ug-2004 389 0

25-A ug-2004 390 0

26-A ug-2004 391 0

27-A ug-2004 392 0

28-A ug-2004 393 0

29-A ug-2004 394 0

30-A ug-2004 395 0.8

31-A ug-2004 396 0

1-S ep-2004 397

2-Sep-2004 398

3-Sep-2004 399

4-S ep-2 004 400

5-Sep-2004 401 0

6-S ep-2004 402

7-S ep-2004 403

8-Sep-2004 404

9-Sep-2004 405

10-Sep-2004 406

11-S ep-2004 407

12-Sep-2004 408

13-Sep-2004 409

14-Sep-2004 410

15-Sep-2004 411

16-Sep-2004 412

17-Sep-2004 413

18-Sep-2004 414

19-Sep-2004 415

20-S ep-2004 416

21-S ep-2004 417

22-Sep-2004 418

23-Sep-2004 419

24-Sep-2004 420

25-Sep-2004 421

26-Sep-2004 422

27-Sep-2004 423

28-Sep-2004 424

29-Sep-2004 425

30-Sep-2004 426

1-0 c t-2 0 0 4 427

2-O ct-2004 428

3-O ct-2004 429

4-O ct-2004 4 30

5-O ct-2004 431

6-Q ct-2004 432

2 32



7-Oct-2(X)4 433 0

8-Oct-2(X)4 434 0

9-O ct-2004 435 0

1 0 -0 c t-2 0 0 4 436 0

11-0 c t-2 0 0 4 437 0

1 2 -0 c t-2 0 0 4 438 0

1 3 -0 ct-2 0 0 4 439 0

1 4 -0 c t-2 0 0 4 440 0

B .2 : M o n th ly  L o n g  T e rm  A v e ra g e s

M o n t h M o n t h ly  r a in f a l l  ( m m ) L o n g  t e r m  a v e r a g e  ( m m )

A ug-03 33.1

Sep-03 14 81

0 c t-0 3 35.8

N ov-03 210 100

D ec-03 47 113

Jan-04 78 139

Feb-04 97 150

M ar-04 71 160

A pr-04 123 137

M ay-04 8

Jun-04 12 136

Jul-04 48

A ug-04 43 86

Sep-04 26.5

B .3 : S o u th e rn  O sc illa tio n  In d e x  D a ta

M o n t h  ( S t u d y  P e r io d ) S O I

A ug-03 -1.8

Sep-03 -2.2

0 c t-0 3 -1.9

N ov-03 -3.4

D ec-03 9.8

Jan-04 -11.6

Feb-04 8.6

M ar-04 0.2

A pr-04 -15.4

M ay-04 13.1

Jun-04 -14 .4

Ju l-04 -6.9

A ug-04 -7.6

Sep-04 -2.8
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r
A p p e n d i x  C :  W a t e r  Q u a l i t y  D a t a  -  L i m e - f l y  a s h  b a r r i e r  S i t e

C . l :  W a t e r  Q u a li ty  D a ta  (p H , e le c tr ic a l  c o n d u c t iv i ty ,  g ro u n d w a te r  ta b le  e le v a tio n , te m p e ra tu re ) ,  A n io n  a n d  C a t io n  R e s u l ts

D a y  N u m b e r S a m p l e p H E l e c t r i c a l  C o n d u c t i v i t y  ( m S )

G r o u n d w a t e r  T a b le  ( m  

A H D ) T e m p .  ( C )

T o t a l  F e

( m g /L )

A 1 3 +

( m g /L )

C a 2 +

( m g /L )

M g 2 +

( m g /L )

C l

( m g /L ) S 0 4  ( m g /L ) C 1 : S 0 4

0 OH1 3.22 1.22 0.2 14.6 30.9 8.6 27 42 109.4 435 0 .2515

O H 2 3.10 1.21 0.26 14.7 54.9 40.8 19 72.3 155.9 41 2 0 .3 7 8 4

O H 3 3.04 1.29 0.24 14.4 48.5 35 29 .7 103.7 99 .2 455 0 .218

O H 4 3.28 1.20 0.28 14.7 77.5 40.1 11.9 66.7 98.01 471 0.2081

O H 5 3.30 1.27 0.25 14.7 135.4 16.3 11.8 40 98 .47 553 0.1781

O H 6 2.90 1.34 0.28 14.5 86.8 17.6 12.8 46 94 .58 558 0 .1695

O H 7 3.28 1.28 0.26 14.6 60.6 30.4 27.5 42 108.6 596 0 .1 8 2 2

O H 8 2.94 1.55 -0.31 14.5 169 82.8 8.1 81.6 94.42 539 0 .1 7 5 2

O H 9 3.02 1.30 0.28 14.6 119.1 67.9 11.7 97 110.2 724 0 .1523

O H IO 2.87 1.62 0 .34 14.7 98.8 52.5 7.4 68.5 93 .43 4 64 0 .2 0 1 4

O H 11 2.96 1.24 0 .36 14.7 65 .8 49.8 27 82 .9 94 .62 500 0 .1 8 9 2

O H 12 3.00 1.37 0.35 14.7 82.4 38.7 27.8 45 119 675 0 .1763

O H 13 3.00 1.53 0 .34 14.7 115.5 137 6.4 98 .2 92 .56 725 0 .1277

O H  14 3.18 1.19 0.28 14.6 117.6 78 .7 27 89.9 94 .24 510 0 .1848
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I OH4 3.13 1.35 0.28 14.3 82.5 38.6 13.6 52.8 144.3 450 0 .3 2 0 6

O H 5 3.34 1.24 0.25 14.4 57.4 8 8 .2 31.9 190.6 461 0 .4135

O H 6 3.05 1.38 0.27 14.3 81.4 69.7 13.8 49 .7 125.6 471 0 .2667

O H 7 3.11 1.35 0.31 14.4 58 46.1 73 4 8 .2 116.4 451 0.258

O H 8 2.80 1.67 0 .32 13.9 132 125 25 .8 85 .9 163.4 625 0 .2615

O H 9 3.28

O H IO 2 .8 6

1.25

1.46

0.3 14.1 41 .5 36.1 7.5 89 .2 109.3 4 44

0.29 14.1 32.4 40 .7 8.4 39 .3 114.6 525

0 .2 4 6 2

0 .2 1 8 2

O H 11 2.99 1.39 0 .26 14.2 108 87.3 12.2 62.1 192 4 4 0 0 .4 3 6 4

O H 12 2.93 1.41 0.28 14.3 24 .6 43 .4 11.6 4 1 .4 1110 447 2 .4842

O H 13 2.94 1.66 0 .29 14.5 11.5 30.3 17.1 39.5 146.3 4 9 0 0 .2 9 8 6

O H  14 2 .99 1.37 0.255 14.1 24 39 39 65 .3 109.8 418 0 .2627

O H 15 3.18 1.34 0 .26 14.2 75 .4 178.6 14.8 45 .7 132.2 441 0 .2997

O H 16 3.25 1.16 0.24 14.4 62.1 64.6 8.4 53 .2 108.4 251 0 .4318

O H 17 3.12 1.20 0.29 14.4 29.5 46 .6 7 .9 44 .6 105.3 451 0 .2335

O H 18 3.16 1.26 0.28 14.4 7 .2 25 .8 20.1 39.9 114.1 457 0 .2 4 9 6

O H 19 2.98 1.26 0.3 14.4 33.9 52 31 77.1 108.7 427 0 .2 5 4 6

OH2Q 2.87 1.55 0 .29 14.1 14.2 29.1 8.8 41.3 125.5 528 0 .2378

O H 21 3.21 1.20 0 .32 14.1 10.9 10.9 41 55 .7 108.5 388 0 .2795

O H 22 3.08 1.36 0.315 14.4 8.4 23.1 31.2 59.5 124.1 44 4 0 .2 7 9 6

O H 23 2 .8 6 1.74 0.27 14.0 9.7 16.5 17.8 42 .3 171 53 2 0 .3215
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1 1 O H 24 2 .87 1.45 0.29 14.1 16.1 20.3 27 .2 50.2 121.1 447 0 .2 7 0 9

O H 25 2.92 1.38 0 .26 14.1 15 17.5 30.2 57 .4 125.8 396 0 .3 1 7 6

O H 26 3.53 0 .99 0.48 11.9 58.4 101.3 4.7 44 .9 129.5 370 0.35

O H 27 3.87 1.44 0.315 14.3 68.9 81.6 111 67 .2 131.6 403 0.3265

O H 28 3.35 0 .92 0.37 12.4 31.3 48.3 8.8 53 .4 91.31 366 0 .2495

D rain  -u /s 3.01 1.50 ~ 10.9 60 .4 39.9 10.2 57.5 201.1 529 0 .3802

D rain  - m id 2 .84 1.66 ~ 9.3 57.3 48.2 11.2 64.1 427 .6 512 0.8351

D rain  - d /s 2.87 2.00 ~ 11.2 70.8 43 .2 14.2 93.6 251.5 519 0 .4847

28 OH1 3.88 1.38 0.25 10.5 70 66.9 20 50 168.8 478 0.3531

O H 2 4.42 0 .60 0.26 11.4 158 115.2 4 36 81.11 245 0.3311

O H 3 4 .5 0 0.49 0.26 11.0 6 18.9 14 28 68.16 72 .4 0 .9 4 1 4

O H 4 4 .2 0 0.51 0.28 10.4 103 25.7 13 33 ~ ~ ~

O H 5 3.41 0.76 0.25 10.2 105 29.4 13 36 61 .64 264 0.2335

O H 6 3.80 0.61 0.26 10.2 103 30.7 13 37 60 .15 193 0 .3117

O H 7 3.95 0 .62 0.31 10.5 91 111.3 5 44 70 .99 251 0 .2828

O H 8 4.88 0 .62 0 .29 10.6 14 33.5 15 33 36 .94 74.5 0 .4 9 5 9

O H 9 4.33 0 .56 0 .30 10.5 16 38.9 17 35 4 8 .5 4 108 0 .4495

O H IO 4.05 0 .76 0.29 10.4 138 97.8 16 57 204 .7 441 0 .4643

O H 11 4 .3 0 0.79 0 .26 10.2 16 39.9 17 41 80.15 138 0 .5808

O H 12 4.63 0.63 0.27 10.3 9 38.9 17 40 ~ ~ ~
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f
OH13 4.61 j 0.61 0 .29 10.2 22 48 .6 16 40 56.34 151 0 .3731

O H 14 3.52 0 .90 0.25 10.1 59 123.6 22 62 102.8 425 0 .2 4 2

O H 15 3.44 1.07 0.25 10.5 12 54.3 70 60 114.4 4 5 0 0 .2 5 4 2

O H 16 3.31 0.93 0.25 10.7 29 64.5 14 54 124.6 357 0.3491

O H 17 3.41 0 .94 0.29 10.7 24 66 12 56 97 .76 373 0.2621

O H  18 3.15 1.07 0.25 10.9 28 68 22 58 106.4 384 0 .2 7 7 2

O H 19 3.37 0.95 0.38 10.9 19 71.9 17 57 97 .94 379 0 .2 5 8 4

O H 20 3.37 1.18 0.36 1 1 . 0 31 80.5 21 65 125.4 488 0 .2569

O H21 3.42 0 .98 0.37 10.9 10.8 12.8 41 33.8 107.1 379 0 .2825

O H 22 3.64 1 . 0 0 0.40 10.5 20 72.8 28 63 117.5 438 0 .2 6 8 3

O H 23 3.44 1.30 0.27 10.4 30 71.9 80 71 185.2 540 0 .3 4 2 9

O H 24 3.61 1.08 0.42 10.4 25 75.1 25 64 172.9 447 0 .3 8 6 8

O H 25 3.21 1.10 0.28 10.6 20 79.1 20 61 173.9 4 14 0 .4 1 9 9

O H 26 5.75 0 .49 0.38 10.6 3 69.1 27 51 41 .25 141 0 .2 9 2 6

O H 27 5.98 2 .04 0 .34 10.6 17 71.5 80 80 232 .5 448 0 .519

O H 28 3.49 0.91 0.23 10.8 4 91.2 20 64 111.6 365 0 .3058

O H 29 3.81 0.87 0.24 10.7 20 87.5 19 62 160.9 322 0 .4998

O H 30 3.67 0.83 0.22 10.8 20 85 .4 21 61 88.18 348 0 .2 5 3 4

O H 31 4 .0 0 0.97 0.26 10.7 36 89.5 24 65 101.9 380 0 .2 6 8 2

D rain  -u /s 3 .12 1.08 ~ 8.5 65 .9 30 .4 13.2 38 .4 106.9 4 9 2 0 .2173
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r Drain - m id 2 .99 1.15 ~ 8.4 119.3 39.1 4 .9 26 .4 107 503 0 .2128

D rain  - d/s 2 .94 1.20 ~ 8.5 46.1 32.1 12.7 34 126.8 4 5 0 0 .2818

42 OH1 3.08 1.21 0 .20 11.0 34 .4 15.4 22 34 488 .9 445 1.0986

O H 2 3.64 1.17 0.16 10.6 48.5 24.9 15.6 48 .8 972.3 433 2.2455

O H 3 3.23 0 .86 0 .22 10.5 7.4 11.7 16.8 24.8 164.9 280 0 .589

O H 4 3.91 0.92 0.18 10.7 44 .6 21.7 12.8 31 .2 245.3 377 0 .6507

O H 5 3.63 1.21 0.21 10.7 43.1 27 .6 10.4 36.4 590 .7 4 10 1.4407

O H 6 3.69 1.12 0.20 10.7 46 .6 26.2 11.1 36.5 325 .2 391 0 .8 3 1 7

O H 7 3.87 0 .90 0.21 11.0 51.7 28 .8 11.8 33.1 129.1 408 0 .3165

O H 8 4.29 1.06 0.19 11.0 50.7 8.2 21.9 34 .6 258 397 0 .6 4 9 9

O H 9 4.06 0.98 0.23 11.1 48 .3 24.8 15.2 38.9 213 .6 4 1 0 0.521

O H IO 3.67 1.03 0.19 11.1 73 32.1 15.3 45.3 544.1 5 32 1.0227

O H 11 3.66 0.98 0.23 11.1 24.7 25.6 10.9 35 .8 140.7 391 0 .3597

O H 12 3.61 0.94 0.23 11.0 25.1 21.3 13 34.7 124.1 392 0 .3167

O H 13 3.64 0.98 0 .19 11.0 14.4 16.4 24.1 46.5 123.3 336 0.367

O H  14 3.61 1.03 0 .22 11.0 16.7 31.3 20 .2 41 .8 207 .2 4 09 0 .5065

O H 15 3.48 1.00 0.21 11.2 8.6 17.7 25.7 39.3 511 .5 414 1.2356

O H 16 3.48 0 .94 0.21 11.3 25.4 29.6 10.6 40 164.6 381 0 .4 3 1 9

O H 17 3.38 0.97 0 .24 11.2 20.1 25.3 10 35.9 122.7 370 0 .3 3 1 7

O H 18 3.24 1.01 0 .20 11.2 i n 19.6 15.1 36.3 345 4 00 0 .8 6 2 4

239



f 1 O H 19 3.25 1 0.98 0.25 11.3 13 22.6 9 .2 34.7 370.1 398 0 .9 2 9 9

O H 20 3.36 1.17 0.24 11.2 16.9 21.5 19.4 4 6 .2 114.7 467 0 .2455

O H21 3.46 0.97 0.25 11.2 12.6 13.1 21 38.3 65 .18 364 0.1791

O H 22 3.42 1.06 0.24 11.0 12.8 24.4 19 42 .9 100.9 416 0 .2 4 2 6

O H 23 3.61 1.29 0.22 11.4 39.1 48 .3 17.7 51.5 4 8 4 .6 588 0.8241

O H 24 3.20 1.14 0.19 11.4 23.2 19.9 17.7 4 2 .6 305.3 463 0 .6595

O H 25 3.50 1.03 0.23 11.4 40.8 40 .2 12.2 41 .8 131 423 0 .3098

O H 26 4.13 0 .62 0.28 11.4 4 .6 6 .9 20.2 32.4 47 .26 234 0 .2 0 1 9

O H 27 3.65 0.98 0 .19 11.4 10.5 16.7 24.6 43 .7 145.6 4 5 4 0 .3208

O H 28 3.48 0 .86 0.18 11.5 16.1 37.9 7.5 34 .9 104.7 369 0 .2838

O H 29 3.07 1.08 0.17 11.3 17.1 20 .6 12.8 43 567 .9 371 1.5307

O H 30 3.22 0.83 0.13 11.4 8.5 11.4 12 35.1 67.71 275 0 .2 4 6 2

O H 31 3.06 1.03 0.17 11.4 11.2 22.1 16.4 45 .8 78 .73 393 0.2003

D rain  -u /s 2 .54 4.48 ~ 11.4 49 .8 29.8 63 138.4 2105 651 3 .2339

D rain  - m id 2.55 5.49 ~ 11.7 48 24.7 76 397 3508 715 4 .9063

D rain  - d /s 2.51 5.45 ~ 11.6 99.1 30.9 64 147.6 905 671 1.3487

56 O H1 3.88 4 .3 0 0 .20 14.0 113.8 29 21 110.2 1379 584 2 .3612

O H 2 3.90 6 .82 0.16 12.3 67.8 43 .7 63 581 3783 715 5 .2 9 0 6

O H 3 3.88 6.72 0.19 11.8 91.7 39 .4 47 514 2377 578 4 .1 1 2 8

O H 4 3.85 5.78 0.16 11.4 79.9 57.5 86 693 5462 953 5 .7 3 1 2
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1  / O H 5 13.74 7.13 0.18 11.3 94.1 55.2 57 629 4 1 8 4 703 5 .9515

O H 6 3.83 5.53 0.21 11.3 82.4 54 49 598 3718 737 5 .0443

O H 7 3.94 2.89 0.20 11.4 75 .2 53.3 45 340 3002 729 4 .1 1 7 6

O H 8 4.33 2.07 0.19 11.6 103.7 17.6 34 198 370.1 640 0 .5 7 8 2

O H 9 3.83 5.88 0 .20 11.4 82.2 43 .9 25.9 134.5 1897 6 36 2.9831

O H IO 3.68 6.17 0.18 11.5 71.2 58 .7 42 6 00 3834 715 5 .3623

O H11 3.67 6.59 0.21 11.5 82.8 57.3 40 592 - ~ -

O H 12 3 .82 5.28 0.22 11.6 90.8 46 25.4 141.6 1907 602 3 .1686

O H 13 4.02 3.38 0.18 11.6 76.6 47.5 26 151.5 ~ ~ ~

O H M 3.79 4 .19 0.20 11.4 90.2 23.5 30 233 3437 627 5 .4817

O H 15 3.78 2.32 0.18 11.5 44 16.2 32 222 ~ ~ ~

O H 16 3 .60 5.28 0.19 11.5 74 52.7 20.5 138.3 2260 565 4 .0 0 0 9

O H  17 3.66 4.73 0.23 11.5 84.1 54.5 21 526 2417 585 4 .1315

O H 18 3.73 3.21 0.20 11.7 89.4 41.1 23.1 128.3 1688 556 3 .0359

O H 19 3.54 7.03 0.18 11.5 70.4 48 .3 24 381 ~ ~ ~

O H 20 3.71 3.14 0.21 11.5 83.5 25 .7 17.5 79.1 ~ ~ ~

O H21 3.77 3.41 0.17 11.4 114.9 39.3 37 369 ~ ~

O H 22 3.66 6.12 0.23 11.4 80.7 32.1 22 309 ~ ~ ~

O H 23 3.77 4.37 0.20 11.6 128.8 26 .8 49 140 1875 676 2 .7744

O H 24 3.66 8.69 0.20 11.7 158 85.7 17 565 ~ ~
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O H 25  13.55 7.49 0.19 11.7 95.9 46 .9 34 589

O H 26 4 .1 0 1.24 0.18 11.5 29.1 13.4 24 268

O H 27 3.88 1.60 0.16 11.7 29.9 20.8 17 284

O H 28 3.71 1.35 0.17 11.8 39.2 26.7 7.3 53.1

O H 29 3.52 5.00 0.17 12.2 71.1 53.8 19.7 136.5

O H 30 3.71 2.77 0.02 12.1 67.4 26.2 13.8 73 765 .8 375 2.0421

O H 31 3.51 4 .06 0 .16 12.3 73.3 32.5 13.8 76.3 768 .6 449 1.7119

D ra in  -u /s 2 .96 14.86 12.3 31 .9 20.1 201 613 7902 1190 6 .6399

D rain  - m id 2 .90 15.54 13.8 35 17 178 572 9 179 1230 7 .4 6 2 9

70

D rain  - d /s  

OH1 

O H 2 

O H 3 

O H 4 

O H 5 

O H 6 

O H 7 

O H 8 

O H 9 

O H IO

2.75  

3.98 

3/77 

3 .92  

1 9 0  

3.72  

3^82 

1 8 7  

4 A 3  

1 8 7  

3/72

15.10

5 .92

6 .6 8

5.15 

6.47

6.15 

4.61 

4 .72  

3.01 

3 .74  

4 .18

0.20

0.16

0 . 2 2

0.18

0 .2 2

0.23

0.21

0.19

0 .2 2

0.19

14.6 

12.3 

11.0 

10.8

10.7

10.7 

11.0 

11.0 

11.0 

11.0 

11.2

24.1

100.9

96

123

83

86

83

68.1

51

~85~

17.3 

48 .2

69 .4

63.5 

53.1

56.6

55

11.3

41 .2

59.1

169

~T0~

87

70

45

38

55

~55"

~36~

~40~

578

215

329

268

197

194

229  

171 

158

2 30

8564

3087

441 0

3017

1678

1577

1048

1925

777.5

1575

1210

648

706

631

483

540

45 4

61 0

397

609

7 .0 7 7 6

4 .7645

6 .2458

4.781

3 .4734

2.9195

2 .3088

3 .1559

1.9586

2 .5859
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1
O H11 3 .90 5 .49 0.23 11.1 65 52.3 39 2 06 1260 5 16 2.4411

O H 12 3.89 3.81 0 .22 11.4 102 50.2 56 236 1501 578 2.5973

O H 13 3.99 3.93 0.19 11.0 33 24.3 94 185 471 .9 345 1.3677

O H  14 3.91 2.72 0.21 11.3 94 42.3 60 218 966.1 592 1.632

O H 15 3.86 2.35 0.21 11.4 88 29.1 78 195 545.3 517 1.0548

O H 16 3.69 3.07 0.19 11.3 53 45 .4 42 223 1207 453 2.6645

O H 17 3.68 4.07 0.24 11.2 73 57 .8 48 248 1508 578 2 .6088

O H 18 3.77 3.14 0 .20 11.4 85 39 .9 75 237 1061 579 1.8331

O H 19 3.61 4.83 0.21 11.2 63 47 .4 59 248 1234 527 2.3411

O H 20 3.68 4 .19 0.22 11.2 93 40.8 54 262 1026 577 1.7776

O H 21 3.74 3.91 0.20 11.3 142 49.3 64 298 1777 594 2 .9 9 1 4

O H 22 3.61 5.72 0.23 11.0 86 56.2 131 285 1797 594 3 .0247

O H 23 3.79 5 .86 0.24 10.9 123 39.7 159 314 1862 710 2 .6219

O H 24 3.71 6 .72 0.22 11.0 123 75.3 79 405 314 4 745 4 .2 2

O H 25 3.61 6.72 0.21 11.3 126.6 60.1 73 191 3223 724 4 .4513

O H 26 3.91 1.50 0.23 11.0 68.1 11.3 55 171 198.9 448 0 .4 4 4

O H 27 3.76 1.96 0.19 11.0 31 .4 24 .8 47 160 346.7 513 0 .6 7 5 9

O H 28 3.75 1.32 0.19 11.2 39 22.6 16 176 330 .2 4 27 0 .7 7 3 2

O H 29 3.51 5.63 0.17 11.4 74.4 49 50 276 2 340 627 3 .7314

OH3Q 3.49 5.37 0.17 11.5 84.3 56.5 40 2 90 1779 568 3 .1328
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O H 17 3 .77 3 .32 0.11 12.3 66 9 29 344 1166 483 2 .4135

O H 18 3.75 2 .89 0.08 12.3 92.4 33.8 44 209 857 5 12 1.6739

O H 19 3.76 3.88 0.11 12.3 103.6 63.5 44 203 1436 505 2 .8429

O H 20 3.93 3.89 0.11 12.2 123.3 1.5 27 383 1372 553 2 .4817

0 H 2 1 3.88 3.93 0.11 12.3 129.4 38 42 238 1390 497 2.7961

O H 22 3.77 5.34 0.10 12.1 95.4 59 .2 38 283 1588 502 3.1625

O H 23 3.97 5.79 0.07 12.3 106.7 18.5 63 4 66 1952 607 3.215

O H 24 3.85 6.75 0.18 12.2 82.3 20.8 53 4 86 2625 619 4 .2 3 9 9

O H 25 3.84 6 .30 0.06 12.2 130.1 60.8 60 288 3650 604 6.043

O H 26 3.99 1.74 0.08 12.3 82 52.9 56 144 275 .7 4 79 0 .5 7 5 6

O H 27 3.89 1.75 0.03 12.3 29 19 26 408 308.3 453 0 .6805

O H 28 3.86 1.24 0 .02 12.5 59.9 24.3 21 124 181.5 391 0 .4641

O H 29 3.70 6 .58 0.07 12.5 115.7 12 50 282 2949 613 4 .8 1 0 4

O H 30 3.67 6 .62 0 .02 12.7 130.1 54.6 65 288 2563 611 4 .1 9 4 6

0 H 3 1 3.61 5 .26 0 .06 12.6 103.6 47.8 32 458 2038 509 4 .0 0 4 6

D ra in  -u /s 3 .04 10.20 ~ 13.6 68.5 52.5 57 435 433 7 925 4 .6 8 9

D rain  - m id 2 .90 13.92 ~ 15.2 64.3 26.3 140 562 6691 1220 5 .4846

D rain  - d/s 2 .92 13.22 ~ 15.2 43.3 41 .3 88 5 60 6278 1050 5 .9793

99 OH1 3.79 6.57 0 .02 14.2 268 76.3 94 279 2792 617 4 .5 2 4 6

O H 2 3.88 6.27 -0 .04 12.9 206 90.7 75 330 3397 665 5 .1079

245



1
O H 3 3 .92 4 .44 0.03 12.6 245 91 .7 49 275 1785 552 3 .2333

O H 4 3.96 4 .82 -0.02 12.4 121 57.6 49 219 2 394 586 4 .0 8 4 6

O H 5 3.73 5.39 0.02 12.4 169 82.3 52 291 2689 641 4 .1 9 5 8

O H 6 3.77 4.01 0.03 12.4 191 75.2 52 304 509.3 627 0 .8123

O H 7 3.80 3.29 0.01 12.5 175 50.2 37 191 1148 586 1.9587

O H 8 4.13 2.95 0 .00 12.6 196 34.6 49 185 908 .7 613 1.4824

O H 9 3.74 2.95 0.03 12.6 161 4 4 .6 54 193 1056 641 1.6469

O H IO 3.92 2.79 0 .00 12.6 166 66.7 27 223 1464 585 2.5021

O H 11 3.85 3.51 0.04 12.6 123 4 7 .6 29 179 1251 530 2 .3608

O H 12 3.89 3 .32 0.03 12.6 165 48.1 36 186 125.9 60 2 0.2091

O H 13 4.54 2 .82 -0.01 12.6 127 26.3 68 182 883.4 572 1.5444

O H 14 3.89 2.79 0.01 12.6 180 52.2 29 178 2776 553 5 .019

O H 15 3.93 2 .70 0.01 12.6 143 17 77 168 1159 529 2 .1 9 0 2

O H 16 3.92 2.51 0.02 12.6 96 45 .9 18 178 1151 48 2 2 .3 8 7 6

O H 17 3.85 3 .10 0 .04 12.8 145 41 .6 33 192 1098 5 12 2.1441

O H 18 4 .1 0 2.57 0.03 12.8 123 26.4 25 181 1004 542 1.8529

O H  19 3 .86 3.51 0.05 12.7 118 56.4 29 212 1997 535 3.7331

O H 20 3.46 3 .96 0.06 12.7 201 52.1 44 229 1892 566 3.3431

O H 21 3.72 3 .64 0 .02 12.6 304 147.8 25 481 1941 539 3 .6 0 1 6

O H 22 3.90 4 .9 0 0.04 12.6 88.9 47 .4 43 469 279 6 550 5 .0829
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[ O H 23 3 .84 5 .62 0.04 12.6 144.1 36 .9 66 275 3416 661 5 .1683

O H 24 3.53 6.73 0.04 12.7 250 50 76 324 4971 646 7 .6 9 4 4

O H 25 3.35 6.16 0.01 12.7 193 39 .7 54 272 4 5 2 2 576 7 .8499

O H 26 4.05 1.80 0.03 12.6 90 .8 15.1 54 427 347.1 519 0 .6 6 8 9

O H 27 4.44 1.63 -0.01 13.0 72.6 34.5 36 178 319.7 4 9 6 0 .6445

O H 28 4.08 1.22 0 .00 13.0 60 .4 17.8 20 155 173.7 4 16 0 .4177

O H 29 3.59 6 .90 -0.01 13.1 110.4 53.1 54 575 6489 622 10.432

O H 30 4 .2 0 6.73 -0 .02 13.0 201 53 35 337 5542 606 9 .1453

O H31 4.02 5.71 -0.01 13.0 152.9 50.9 43 238 4 4 1 0 542 8 .1373

D rain  -u /s 3.43 10.05 ~ 15.9 37.6 36.8 1 255 8966 681 13.166

D rain  - m id 2 .10 6.13 - 16.8 ~ ~ ~ ~ 9439 1650 5 .7207

D rain  - d /s 3.13 14.03 - 16.2 250 14.2 94 743 7739 1310 5 .9073

125 OH1 4.46 3.51 0.48 19.2 105.4 44 .6 37 347 1741 511 3 .4068

O H 2 5.04 1.26 0.41 19.4 26.9 6 .2 29 150 240 .6 188 1.2796

O H 3 5.43 0 .93 0.49 18.9 12.6 0.8 18 262 123.2 134 0 .9193

O H 4 4.68 0 .84 0.48 19.0 29 .9 12.8 10 276 193.4 296 0 .6535

O H 5 4 .6 0 0.53 0.48 18.8 3.1 4 .2 10 115 ~ ~ ~

O H 6 4 .5 4 1.01 0.53 18.6 31.1 16 20 142 68 .45 123 0 .5565

O H 7 4.89 0.75 0.53 18.6 12.4 9.8 13 287 157.9 306 0 .5 1 6

O H 8 6.10 0.55 0.51 18.4 8.9 1.2 24 131 144.1 210 0.6861
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'
O H 9 4 .85 0 .79 0.54 18.9 13.1 7.7 22 149 45 .5 4 101 0 .4 5 0 9

O H IO 4.60 0.87 0.54 18.6 28.1 18 14 152 101 214 0 .472

O H 11 5.03 0.78 0.56 19.0 31.2 10.7 19 154 122.8 316 0 .3887

O H 12 5.52 0.71 0.55 18.8 26.1 2.5 21 151 129.7 162 0 .8006

O H 13 5.46 0.68 0.54 18.9 4 1.9 19 148 60 .05 77.9 0 .7709

O H  14 4.78 0.88 0.53 19.2 27.2 15.3 21 179 130.6 360 0 .3627

O H 15 4.99 0.99 0.51 19.3 11.8 5.1 56 173 94.93 314 0 .3023

O H 16 4.65 0.76 0.54 19.2 2.8 7.1 42 301 70 .59 200 0.353

O H 17 4.59 1.34 0.54 19.0 31.4 20.7 7 189 114.9 354 0 .3 2 4 6

O H 18 5.22 1.08 0.52 19.0 13.7 1.8 77 192 110 296 0 .3715

O H 19 5.09 0.92 0.55 19.0 7.6 4 40 303 106.2 286 0 .3 7 1 4

O H 20 4.59 1.49 0.55 19.0 1.9 1.1 47 186 68 .4 2 20 0 .3109

O H 21 5.31 0.83 0.54 19.5 7.7 1.2 56 189 80.84 257 0 .3145

O H 22 4 .3 0 1.80 0.54 19.0 2.3 0.9 44 300 95 .94 281 0 .3 4 1 4

O H 23 4.81 1.29 0.51 19.0 1.5 0 .2 37 181 66 .82 194 0 .3 4 4 4

O H 24 4 .5 0 3.21 0.55 18.8 9.6 6.5 33 298 180.3 222 0 .8123

O H 25 5.14 1.63 0.51 19.2 8.6 2.5 30 309 196.8 154 1.2777

O H 26 5.40 0.81 0.53 19.0 6 .6 1.9 15 95 38.11 109 0 .3497

O H 27 4.31 1.35 0.55 18.9 3.8 9.6 20 318 113.2 300 0 .3773

O H 28 4.51 0 .89 0.57 19.1 38.8 17.8 8 198 85.84 335 0 .2 5 6 2



1 O H 29 4 .25 2 .33 0.47 18.9 59.8 21 .4 19 231 677 386 1.7539

O H 30 4 .2 2 2.88 0.42 18.8 ~ ~ ~ ~ 850.4 397 2 .142

O H31 4 .14 3 .72 0.49 18.9 88.8 36.9 28 522 720 .8 488 1.477

D ra in  -u /s 5 .20 0 .5 0 ~ 22.1 11.5 7 .2 5 318 61.37 119 0 .5157

D rain  - m id 5 .18 0 .40 ~ 22.2 19.5 6.7 9 193 65 .42 123 0 .5318

D rain  - d /s 5.13 0.39 ~ 22.2 163.2 51.1 67 568 109.7 158 0 .694

140 OH1 3.77 4 .14 0.25 20.2 135.40 34.20 40 .0 0 257 .00 1,325 493 2.69

O H 2 3.88 2.33 0.19 19.4 73 .50 12.20 16.00 157.00 657 40 9 1.61

O H 3 4.03 1.66 0.24 19.2 45 .00 15.00 28 .00 137.00 223 376 0.59

O H 4 3.90 1.29 0.22 19.4 ~ - ~ ~ 174 332 0 .5 2

O H 5 3.72 1.91 0.25 19.2 39 .80 19.10 15.00 147.00 262 378 0 .69

O H 6 3.70 1.55 0.24 19.4 4 3 .7 0 16.40 14.00 157.00 293 404 0 .72

O H 7 4.15 1.65 0.21 19.2 91 .70 8.60 40 .00 169.00 439 522 0.84

O H 8 4.31 1.43 0.21 19.4 32 .70 9.10 16.00 144.00 159 295 0 .54

O H 9 3.77 1.32 0.26 19.4 80 .50 11.90 4 .0 0 113.00 140 380 0.37

O H IO 3.67 1.50 0.23 19.4 33 .40 22 .30 16.00 167.00 136 354 0.38

O H11 3.78 1.47 0.26 19.5 50 .50 13.00 20 .00 121.00 214 413 0 .52

O H 12 4.25 1.96 0.26 19.4 58 .60 10.50 18.00 149.00 255 41 4 0 .62

O H 13 4 .0 2 1.50 0.22 19.5 18.50 16.80 33 .00 169.00 105 332 0 .32

O H  14 3.78 1.63 0.25 19.7 28.60 9.80 13.00 129.00 202 40 6 0 .5 0
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O H 15 3.82 1.79 0.26 19.8 37 .80 9.90 29 .00 111.00 185 393 0.47

O H  16 3 .52 1.19 0 .24 20.0 32 .40 14.40 12.00 137.00 106 379 0 .28

O H 17 3.77 1.87 0.32 20.0 4 3 .90 14.40 16.00 143.00 170 399 0 .43

O H 18 3.95 1.74 0.38 19.8 66 .70 13.70 24 .00 185.00 256 4 34 0 .59

O H 19 3.75 1.57 0 .32 20.0 21 .80 10.00 19.00 127.00 128 354 0 .36

O H 20 3.60 2 .50 0.29 20.0 27 .10 8.90 27 .00 123.00 296 323 0.92

O H 21 3.77 1.64 0.27 20.4 39 .80 10.60 18.00 169.00 145 333 0 .44

O H 22 3.49 2.01 0.31 22.0 27 .00 17.70 24 .00 186.00 325 359 0 .9 0

O H 23 3.61 3.65 0.27 21.9 73 .30 23 .60 30 .00 21 0 .0 0 7 90 423 1.87

O H 24 3.74 3.62 0 .29 20.1 57.30 14.70 27 .00 202 .00 4 9 6 334 1.49

O H 25 3.03 2 .69 0.28 20.4 83.20 13.20 29 .00 161.00 925 415 2.23

O H 26 3.45 1.03 0.25 20.2 39.80 9 .10 21 .00 196.00 98 276 0 .36

O H 27 4.46 1.37 0.21 20.1 39.30 19.50 23 .00 212 .00 171 438 0.39

O H 28 4.55 1.38 0 .22 20.1 39 .00 30 .40 12.00 145.00 99 359 0.27

O H 29 3.40 4.15 0.27 20.0 94.50 21.10 23 .00 191.00 1,262 497 2 .54

O H 30 3.56 3.72 0.22 20.0 81.70 30.40 29 .00 237 .00 762 449 1.70

O H 31 3.30 4.75 0.26 19.8 114.20 40 .10 24 .00 2 45 .00 1,182 304 3.89

D ra in  -u /s 5.11 3.41 ~ 23 .6 611 .00 4 0 .7 0 14.00 148.00 684 503 1.36

D rain  - m id 5 .46 5.17 ~ 25.2 1405.00 65 .20 17.00 212 .00 1,833 760 2.41

D rain  - d /s 3 .29 1.92 ~ 24.2 778 .00 0 .40 14.00 140.00 411 666 0 .6 2
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2 10 OH1 3 .85 3 .26 0.1 20.7 175 19.6 33 332 1094 500 2.1885

O H 2 4 .1 0 2.29 0.07 20.7 158.9 24.1 111 441 4 39 .7 389 1.1303

O H 3 4 .1 0 1.9 0 .14 20.5 143.4 4 .6 28 224 4 5 7 .4 437 1.0467

O H 4 3.87 1.61 0.05 20.4 82.5 2.1 26 231 488 .3 343 1.4237

O H 5 3.85 1.68 0.1 20.6 105.3 8.1 21 233 4 46 .7 4 52 0 .9883

O H 6 ~ ~ 0.96 ~ ~ ~ ~ ~ ~ ~ ~

O H 7 5.52 2 .42 0 .12 20 20.5 5.7 30 214 129.8 336 0 .3863

O H 8 4.54 1.87 0.1 20.4 104.2 3.8 24 234 252.7 4 42 0 .5717

O H 9 3.82 1.63 0.13 20.4 40 .4 21.1 2 285 127.8 397 0 .3218

O H IO 3.61 1.64 0.1 20.4 135.1 15.4 22 244 346 .9 647 0.5361

O H 11 4.24 1.98 0 .12 20 .2 116.7 5.7 32 259 396 .9 549 0 .7 2 2 9

O H 12 4.39 1.91 0.1 20.3 129 7.4 22 244 284.3 493 0 .5 7 6 6

O H O 3.82 1.37 0.09 21 33.1 11.7 38 278 101.3 399 0 .2 5 3 9

O H M 4.27 2 0.085 20.6 129 18 30 304 285 493 0.5781

O H 15 3.72 1.54 0.07 20.5 120.8 10.4 32 290 275 .2 4 94 0.5571

O H 16 3.66 1.28 0.09 20.8 50.1 16.1 21 293 156.8 386 0 .4063

O H 17 3.93 1.68 0.13 20.7 81.8 12.8 18 296 188.4 421 0 .4474

O H 18 3.43 1.23 0.1 21.7 46.3 14.3 25 291 147.8 457 0 .3 2 3 4

O H 19 4.31 1.5 0.13 21.6 16.8 11 34 282 132.8 326 0 .4 0 7 4

OH2Q 3.75 1.63 0.14 21 31.3 15.6 23 297 194.7 3 70 0.5261
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O H21 3 .93 1.64 0.14 21 36.2 12.8 24 298 123.4 376 0.3281

O H 22 3.78 1.78 0.135 20.9 103.7 12 15 301 329.8 4 26 0 .7743

O H 23 4.18 2.25 0.1 20.7 108.9 6 .2 28 323 459 .7 398 1.1551

O H 24 4.03 2.95 0.14 21 76 9.4 19 323 350 .6 4 72 0 .7 4 2 9

O H 25 4.23 2 .94 0.1 21 122.4 12.6 20 331 645.3 417 1.5475

O H 26 4.02 1.51 0 .09 20.7 132.8 5 .4 26 323 158 478 0 .3 3 0 6

O H 27 4.63 1.47 0.055 21 68.3 14.7 20 226 167.1 4 52 0 .3697

O H 28 4.74 1.28 0.05 21 96.3 14.2 18 230 168.9 473 0 .3571

O H 29 3.89 2.66 0.08 21 .7 153.7 3.7 34 369 951.7 380 2 .5 0 4 4

O H 30 3.68 2.68 -0.17 21.5 ~ ~ ~ ~ ~ ~ ~

O H31 4.05 3.75 0 .12 21.7 267 16.8 31 393 1224 523 2 .3413

D ra in  -u /s ~ - ~ ~ - ~ ~ ~ ~ ~

D rain  - m id 3.61 6.18 ~ 22.3 184 7.8 52 4 00 1591 666 2 .3884

D rain  - d /s ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~

251 OH1 4.12 ~ 0.4 ~ 78 .10 18.10 173.00 104.00 527 4 59 1.15

O H 2 4.30 - 0 .34 2.90 1.90 180.00 74 .00 84 130 0.64

O H 3 5.11 ~ 0.41 ~ 9.40 2 .20 222 .00 96 .00 68 217 0.31

O H 4 3.90 - 0.38 ~ 14.20 13.70 109.00 109.00 79 273 0 .29

O H 5 4.32 ~ 0.4 ~ 2 .70 4 .2 0 73 .00 103.00 61 170 0 .3 6

O H 6 ~ ~ 0.96 ~ ~ ~ ~ ~ ~ ~ ~
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O H 7 4 .35 ~ 0.41 ~ 55 .50 12.00 69 .00 117.00 150 384 0 .39

O H 8 6.05 ~ 0.39 ~ 3.90 3 .20 131.00 108.00 18 32 0 .5 6

O H 9 4.41 ~ 0.42 ~ 2.10 2.50 107.00 119.00 20 110 0 .19

O H IO 4.37 ~ 0.39 ~ 9.10 6 .70 170.00 136.00 52 164 0 .32

O H l l 4.31 ~ 0 .44 ~ 11.00 8.40 138.00 119.00 53 194 0.28

O H 12 5.26 ~ 0.43 ~ 3 .10 1.20 112.00 110.00 18 56 0.32

O H 13 5.16 ~ 0.39 ~ 4.20 3 .30 76 .00 130.00 28 96 0.29

O H 14 4.00 ~ 0.415 ~ 2.50 16.90 309 .00 154.00 81 330 0.25

O H 15 4 .1 0 - 0 .42 ~ 10.90 15.70 190.00 159.00 94 380 0.25

O H 16 3.86 0.43 ~ 6.10 6 .60 99 .00 145.00 49 179 0.27

O H 17 3.97 ~ 0.44 ~ 25 .00 18.10 170.00 172.00 87 349 0.25

O H 18 4.05 0.44 ~ 51 .20 20 .20 97 .00 167.00 119 41 2 0.29

O H 19 4 .3 2 ~ 0.45 ~ 2.60 6 .40 154.00 167.00 98 359 0.27

O H 20 4.34 ~ 0.42 ~ 2.50 2 .10 94 .00 155.00 70 293 0 .24

O H 21 4.26 ~ 0.42 ~ 2.40 3.60 133.00 162.00 72 270 0 .27

O H 22 3.86 - 0.435 ~ 16.90 14.50 200 .00 194.00 142 432 0.33

O H 23 4.31 0 .44 ~ 9 .40 4 .6 0 190.00 161.00 89 250 0 .36

O H 24 4.37 - 0.41 ~ 45 .50 6 .60 110.00 173.00 178 371 0.48

O H 25 4 .7 6 ~ 0.41 ~ 6.10 0 .40 151.00 159.00 53 130 0.41

O H 26 4 .24 ~ 0.38 ~ 40 .9 0 7 .00 329 .00 185.00 60 310 0 .19
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Day Number

F ig u r e  8 .3 9 : S o lu b le  m a g n e s iu m  c o n c e n tra tio n s  in  g ro u n d w a te r  a t th e  W e ir  S ite s

8 .4 .5  A n io n  c o n c e n tr a tio n s

A s p re v io u s ly  m e n tio n e d , lo w  c o n c e n tra tio n s  o f  c h lo r id e  in  th e  g ro u n d w a te r  a t  th e  

f lo o d g a te  a n d  w e ir  s ite s  in d ic a te  th e  c h lo r id e  th a t  w a s  p re s e n t  a t  th e  t im e  o f  d e p o s itio n  

o f  th e  p y r ite  a n d  o th e r  e s tu a r in e  c la y s  h a s  b e e n  r e m o v e d  f ro m  th e  so il a s  a  re s u lt  o f  

f re s h w a te r  f lu s h in g . H ig h  c h lo r id e  c o n c e n tra tio n s  c a n  o c c u r  a s  a  re s u lt  o f  s a lin e  

in tru sio n . S u lp h a te  in  g ro u n d w a te r  is  d ire c tly  l in k e d  to  p y r ite  o x id a tio n .

8 .4 .5 .1  C h lo r id e  c o n c e n tr a tio n s

D isso lv e d  c h lo r id e  c o n c e n tra tio n s  in  g ro u n d w a te r  a t  th e  f lo o d g a te  s ite s  a re  p re se n te d  

in F ig u re  8 .4 0 . T h e  a v e ra g e  s o lu b le  C l ' c o n c e n tra t io n  in  g ro u n d w a te r  ra n g e d  fro m

616 .5  m g /L  a t  F G 4  to  7 6 9 3  m g /L  a t F G 1 . H ig h  c h lo r id e  c o n c e n tra t io n s  w e re  fo u n d  in  

the g ro u n d w a te r  a t  F G 1  (8 9 9 3  m g /L ) , d u e  to  its  c lo s e  p ro x im ity  to  th e  f lo o d g a te  a n d  

salt w a te r  in tru s io n . T h e  lo w e s t s o lu b le  C l ' c o n c e n tra t io n  in  g ro u n d w a te r  w as  

m e a su re d  a t  F G 4  (7 3 .6 9  m g /L ) . S o lu b le  C l ' in  th e  s o il w o u ld  h a v e  b e e n  le a c h e d  in to  

the d ra in  a s  a  re s u lt  o f  f re s h w a te r  f lu s h in g  a n d  th e  la c k  o f  s a lin e  in tru s io n  in to  th is  

f lood  m itig a tio n  d ra in  w o u ld  e x p la in  th is  lo w  s o lu b le  C l ' c o n c e n tra tio n .
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O H 27 4 .98 ~ 0.385 ~ 23 .40 14.40 260 .00 175.00 86 345 0.25

O H 28 4.64 ~ 0.41 ~ 4.10 25 .40 56 .00 179.00 67 321 0.21

O H 29 3.98 ~ 0.37 ~ 44 .00 19.80 86.00 183.00 231 4 1 0 0.56

O H 30 3.76 0.34 ~ 44 .60 13.80 184.00 193.00 235 375 0.63

O H31 3.82 ~ 0.36 ~ 83.00 11.80 82.00 193.00 351 4 54 0 .77

D ra in  -u /s 3.71 ~ ~ 122.90 25.30 72 .00 181.00 92 284 0.32

D rain  - m id 5.73 ~ ~ ~ 243 .00 6 .00 142.00 206 .00 387 247 1.57

D rain  - d/s 3.51 ~ ~ ~ 11.80 11.40 200 .00 210 .00 97 225 0 .43

2 7 3 O H1 3.92 1.98 0.23 15.4 ~ ~ ~ ~ ~ ~

O H 2 3.97 1.32 0.18 15.7 ~ ~ ~ ~ ~ ~ ~

O H 3 3.6 1.15 0.24 15.5 ~ ~ ~ ~ ~ ~ ~

O H 4 ~ ~ 0.94 ~ ~ ~ ~ ~ ~ ~

O H 5 3.49 0 .94 0 .24 15.6 ~ ~ ~ ~ ~ ~ ~

O H 6 - ~ 0.96 ~ ~ ~ ~ ~ ~ ~ ~

O H 7 3.61 1.09 0.24 15.7 ~ ~ ~ ~ ~ ~

O H 8 4.15 0.81 0.24 15.7 ~ ~ ~ ~ ~ ~ ~

O H 9 3.4 1.02 0.26 15.7 ~ ~ ~ ~ ~ ~

O H IO 3.89 0.58 0.23 15.8 ~ ~ ~ ~ ~ ~ ~

O H l l 3.5 1 0.32 15.7 ~ ~ ~ - ~ ~

O H 12 3.57 1.2 0 .26 15.8 ~ ~ ~ ~ ~ ~ ~
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O H 13 3 .67 1 0.24 15.8 ~ ~ ~ ~ ~ ~ ~

O H M 3.33 1.14 0.235 15.9 ~ ~ ~ ~ ~ ~ ~

O H 15 3.37 1.25 0.25 16 ~ ~ ~ ~ ~

O H 16 3.42 1.13 0.25 16.1 ~ ~ ~

O H 17 3.23 1.23 0.3 16.1 ~ ~ ~ ~ ~ ~ ~

O H 18 3.3 1.28 0.27 16.1 ~ ~ ~ ~ ~ ~ ~

O H 19 3.46 1.11 0.27 16.1 ~ ~ ~ ~ ~ - ~

O H 20 4.08 1.17 0.28 16.1 ~ ~ ~ ~ ~ ~ ~

O H21 3.25 1.115 0.27 16.3 - ~ ~ ~ ~ ~ ~

O H 22 5.11 1.56 0.285 16.1 - - ~ ~ ~ -

O H 23 4.68 1.39 0.27 16 ~ ~ ~ ~ ~ ~

O H 24 3.1 1.83 0.29 16 ~ ~ - ~ ~ ~ ~

O H 25 3.16 1.54 0.25 16.1 ~ ~ ~ ~ ~ ~ ~

O H 26 4 0 .76 0.25 15.8 ~ ~ ~ ~ ~ - ~

O H 27 3.85 0.89 0.215 15.7 ~ ~ ~ ~ ~ ~ ~

O H 28 4.77 1.03 0.22 16.4 ~ ~ ~ ~ ~ -

O H 29 3.91 2.53 0.21 16 ~ ~ ~ ~ ~ ~ ~

O H 30 3.82 1.41 0.22 15.8 ~ ~ ~ ~ ~ ~ ~

O H31 4.39 1.73 0.21 15.8 ~ ~ ~ ~ ~ ~ ~

D rain  -u /s 3.12 1.67 ~ 14.1 ~ ~ ~ ~ ~
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D ra in  - m id 3 .07 1.67 ~ 13.6 ~ ~ ~ ~ ~ ~ ~

D rain  - d /s 3.06 1.85 ~ 12.7 ~ ~ ~ ~ ~ ~ ~

294 O H1 2.93 2.2 0 .24 15.9 ~ ~ ~ ~ ~ ~ ~

O H 2 3.16 1..25 0.17 14.8 ~ ~ ~ ~ ~

O H 3 3.13 1.33 0.23 14.4 ~ ~ ~ ~ ~ ~ ~

O H 4 ~ ~ 0.94 ~ ~ - - ~ ~ ~ ~

O H 5 3.42 1.2 0.24 15 ~ ~ ~ ~ ~ ~ ~

O H 6 ~ ~ 0.96 ~ - ~ ~ ~ ~ ~ ~

O H 7 ~ ~ 0.93 ~ ~ ~ ~ ~ ~ ~ ~

O H 8 3.12 1.27 0.21 14.8 ~ ~ ~ - ~ ~

O H 9 3.18 1.14 0.24 14.5 ~ ~ ~ ~ ~ ~ -

O H IO 3.13 1.3 0.19 14.5 ~ ~ ~ ~ ~ ~ ~

O H l l 3.15 1.24 0.25 14.6 ~ ~ ~ ~ ~ ~ ~

O H 12 3.23 1.32 0.25 14.6 ~ ~ ~ ~ ~ - ~

O H 13 3.29 1.2 0 .22 14.5 ~ ~ ~ ~ ~ ~

O H  14 3.1 1.33 0.235 14.6 ~ ~ ~ ~ ~ ~ ~

O H 15 3.01 1.4 0.25 14.7 ~ ~ ~ ~ ~ ~ ~

O H 16 3.2 1.29 0.24 14.9 ~ ~ ~ - ~ ~ ~

O H 17 3.09 1.38 0.28 14.9 ~ ~ ~ ~ - ~

O H 18 3.01 1.53 0.25 14.9 ~ ~ ~
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O H 19 3 .19 1.26 0.25 14.9 ~ ~ ~ ~ ~ ~ ~

O H 20 3.04 1.63 0.26 14.8 ~ ~ ~ ~ ~ ~ ~

O H 21 3.01 1.4 0.27 14.9 ~ ~ ~ ~ ~ ~ ~

O H 22 3.04 1.67 0.285 14.8 ~ ~ ~ ~ ~ ~ ~

O H 23 3.01 1.89 0.25 14.5 ~ ~ ~ ~ ~

O H 24 2.96 1.97 0.28 14.6 ~ ~ ~ ~ ~ ~ ~

O H 25 2.97 1.85 0.25 14.7 ~ ~ ~ ~ ~ ~ ~

O H 26 3.28 1.01 0.23 13.9 ~ ~ ~ ~ ~ - ~

O H 27 4.97 1.03 0.205 14.6 ~ ~ ~ ~ ~ ~

O H 28 4.76 1.09 0.22 15.2 ~ ~ ~ ~ ~ ~ ~

O H 29 3.8 1.34 0.21 14.9 ~ ~ ~ ~ ~ ~ ~

O H 30 3.78 1.36 0.22 14.3 ~ ~ ~ ~ - ~ ~

O H 31 3.17 1.73 0.26 14.5 ~ ~ ~ ~ ~ ~ -

D ra in  -u /s 3.03 1.64 11.8 ~ ~ ~ ~ ~ ~ -

D ra in  - m id 3 .16 1.57 12.5 ~ ~ ~ ~ ~ ~

D rain  - d /s 3.15 1.79 12 ~ ~ ~ ~ ~ ~ -

300 O H1 3.33 2.41 ~ 12.7 ~ ~ ~ ~ ~ ~ ~

O H 2 3.15 1.46 ~ 13.5 ~ ~ ~ ~ ~ ~

O H 3 3.36 1.27 ~ 13.9 ~ ~ ~ ~ ~ ~ ~

O H 4 - - ~ - ~ ~ ~ ~ ~
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O H 5 3.87 1.17 ~ 13.5 ~ ~ ~ ~ ~ ~ ~

O H 6 - - ~ - ~ ~ ~ ~ ~ ~ ~

O H 7 - - ~ - ~ ~ ~ ~ ~ ~ ~

O H 8 3.25 1.2 ~ 14.1 ~ ~ ~ ~ ~ ~ ~

O H 9 3.26 1.17 ~ 14.1 ~ ~ ~ ~ ~ ~ ~

O H IO 3.45 0 .58 ~ 13.4 ~ ~ ~ ~ ~ ~ ~

O H l l 3.29 1.25 ~ 13.6 ~ ~ ~ ~ ~ ~

O H 12 3.25 1.35 ~ 14.1 ~ ~ ~ ~ ~ -

O H O 3.29 1.21 ~ 13.8 ~ ~ ~ ~ ~ ~ ~

O H M 3.12 1.34 ~ 14.1 ~ ~ ~ ~ ~ ~ ~

O H 15 3.21 1.35 ~ 14.3 ~ ~ ~ ~ ~ ~ ~

O H 16 3.24 1.26 ~ 14.7 ~ ~ ~ ~ ~ ~ -

O H 17 3.04 1.42 ~ 14.5 ~ ~ ~ ~ ~ ~ -

O H 18 2.97 1.61 ~ 14.4 ~ ~ ~ ~ ~ ~ ~

O H 19 3.15 1.3 ~ 14.7 ~ ~ ~ ~ - - ~

O H 20 3.03 1.75 ~ 14.5 ~ ~ ~ ~ - ~

O H 21 3 1.45 ~ 14.8 ~ ~ ~ ~ ~

O H 22 3.07 1.67 ~ 14.5 ~ ~ - ~ ~

O H 23 3.03 2.03 ~ 14.4 ~ ~ ~ ~

O H 24 2.94 2.07 ~ 14.1 ~ ~ ~ ~ — ~
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O H 25 2.95 1.99 ~ 14.3 ~ ~ ~ ~ ~ ~ ~

O H 26 3.25 1.05 ~ 13.8 ~ ~ ~ ~ ~ ~ ~

O H 27 4.98 1.11 ~ 14.5 ~ ~ ~ ~ ~ ~

O H 28 4 .8 1.28 ~ 14.1 ~ ~ ~ ~ ~ ~ ~

O H 29 3.89 1.11 ~ 14 ~ ~ ~ ~ ~ ~

O H 30 3.91 1.3 ~ 14.1 ~ ~ ~ ~ ~ ~ ~

O H31 3.22 1.74 ~ 13.8 ~ ~ ~ ~ ~ ~ ~

D ra in  -u /s 3.21 1.45 10.5 ~ ~ ~ ~ ~ ~ ~

D rain  - m id 3 .34 1.8 10.4 ~ ~ ~ ~ ~ ~

D rain  - d /s 2.98 1.48 10.3 ~ ~ ~ ~ ~ ~ ~

329 OH1 3.23 2.83 0.1 13.1 ~ ~ ~ ~ ~ ~ ~

O H 2 3.47 2.1 0.06 12.7 ~ ~ ~ ~ - ~ ~

O H 3 3.4 1.5 0.09 12.7 ~ ~ ~

O H 4 ~ ~ ~

O H 5 3.59 1.38 0.07 12.8 ~ ~

O H 6 - ~ ~ ~ ~

O H 7 0.93 ~ ~ ~ ~

O H 8 3.32 1.54 12.8 ~ ~ ~ ~ ~

O H 9 3.25 1.31 0.13 13.1 ~ ~ ~ ~ - ~

O H IO 3.26 1.38 0 .09 12.9 ~ ~ ~ ~ ~
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O H l l 3 .22 1.52 0.1 12.9 ~ ~ ~ ~ ~ ~ ~

O H 12 3.53 1.3 0.11 13.2 ~ ~ ~ ~ ~ ~ ~

O H 13 5.54 2 .14 0.09 13.6 ~ ~ ~ ~ - ~

O H M 4.83 1.26 ~ 13.2 ~ ~ ~ ~ ~ ~

O H 15 3.35 1.34 0.08 13.5 ~ ~ ~ ~ ~ ~ ~

O H 16 5.12 1.16 0.07 13.4 ~ ~ ~ ~ ~ ~ ~

O H 17 3.24 1.35 0.13 13.5 ~ ~ ~ ~ ~ ~

O H 18 3.09 1.63 0.1 13.5 ~ ~ ~ ~ ~ ~ ~

O H 19 4.91 0 .96 0.2 13.3 ~ ~ ~ ~ ~

O H 20 3.24 1.62 0.14 13.1 ~ ~ ~ ~ ~ ~ ~

O H21 3.13 2.45 0.13 13.1 ~ ~ ~ ~ ~ ~ ~

O H 22 3.27 2.41 0.135 13.5 ~ ~ ~ ~ ~ ~ ~

O H 23 3.1 2.22 0.11 13.2 ~ ~ ~ ~ ~ ~ ~

O H 24 3.32 1.13 0.14 13 ~ ~ ~ ~ ~ ~

O H 25 4.5 1.26 0.1 13.6 ~ ~ ~ ~ ~ - -

O H 26 4.53 1.17 0.08 13.8 ~ ~ ~ ~ ~ ~ ~

O H 27 4 .9 2 1.38 0.055 12.7 ~ ~ ~ ~ ~ ~ ~

O H 28 4.75 1.58 0.03 13.3 ~ ~ ~ ~ ~ ~ ~

O H 29 ~ ~ 0.09 ~ ~ ~ - ~ ~ ~

OH3Q ~ ~ 0.03 ~ ~ ~ ~ ~ ~ -

2 6 0



O H 31 3.37 2.52 0.08 13.1 ~ ~ - ~ ~ ~ ~

D ra in  -u /s ~ ~ ~ ~ ~ ~ ~ ~

D rain  - m id ~ ~ ~ ~ ~ ~ ~ ~ ~

D rain  - d /s - ~ ~ ~ ~ ~ ~ ~ ~ - ~

3 5 3 O H1 3.27 2.4 0 .2 11.4 21.5 14.9 21 78 425 .3 398 1.0685

O H 2 3.27 1.13 0.11 11.9 16.1 24.3 7.6 74 94.53 71.6 1.3203

O H 3 3.42 1.38 0.14 11.7 10.5 19.2 30.8 78 155.9 228 0 .6 8 3 6

O H 4 3.54 1 .1 ~ 11.9 53.7 20.6 22.4 86 130.8 287 0 .4557

O H 5 3.42 1.41 0.15 12.2 61.2 20.2 12.7 89 164 222 0 .7 3 8 9

O H 6 3.47 1.45 ~ 12 58 22.9 17.2 97 185.8 286 0.6495

O H 7 3.31 1.32 ~ 12.2 59.3 27.9 10.1 109 131.8 213 0 .6 1 8 6

O H 8 3.25 1.46 0.17 12.4 20.5 19.9 16.2 101 176 277 0 .6 3 5 2

O H 9 3.23 1.29 0.21 12.3 6.7 3.1 29.6 81 117 185 0 .6325

O H IO 3.42 1.21 0.09 12.1 53.9 25 .8 12.2 100 126.5 176 0 .7 1 8 9

O H l l 3 .22 1.38 0.23 12.2 31.3 21.4 20 .7 100 140.3 154 0.9111

O H 12 3.45 1.31 0.22 12.2 71.1 24 .9 15.8 106 135.5 229 0 .5919

O H 13 3.61 1.31 0.09 12.4 19.5 28 .6 18 117 143.6 177 0.8111

O H 14 4 .4 6 ~ 0.175 12.4 21.2 21.3 21.3 114 141.1 143 0 .9867

O H 15 3.45 1.26 0.18 13 55.3 22.7 13.2 114 138.9 185 0 .7 5 0 9

O H 16 3.45 1.2 0.15 12.5 59.3 23 11.7 110 124.1 279 0 .4449
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O H 17 3.18 1.37 0.22 12.5 23 21.7 14.5 121 188.8 147 1.284

O H 18 3.18 1.41 0.19 12.6 33 21.1 21 .5 133 178.6 243 0 .7351

O H 19 5.52 0.93 0.2 12.4 15.9 2.4 79 .9 117 104.5 136 0 .7685

O H 20 3.79 1.69 0 .19 12.9 17.9 14.2 27.4 142 284.5 269 1.0575

0 H 2 1 3.25 1.34 0.18 12.5 19.3 22 .5 18.3 146 197.3 2 10 0 .9394

O H 22 3.35 1.57 0.235 12.1 12.6 18.1 18.3 141 210.1 317 0 .6628

O H 23 3.32 2.03 0.25 12.5 46 .4 14.7 28.5 161 408 262 1.5572

O H 24 3.14 1.91 0.2 12.2 22.5 19.3 19.9 149 333 .2 330 1.0097

O H 25 3.42 1.66 0.17 12 35.8 17.4 21 .7 154 336.5 248 1.3567

O H 26 3.38 1.07 0.18 12.2 13.5 22 .2 4 9 .4 147 100.7 319 0 .3 1 5 6

O H 27 4.28 0.98 0.195 12.4 14.7 26.2 15 149 117.3 362 0.3241

O H 28 4.47 1.21 0.21 12.8 62.5 24 .7 8.3 150 117.7 361 0 .3 2 5 9

O H 29 3.68 1.48 0.16 11.3 64 .4 15.5 19.5 161 213.7 373 0.573

O H 30 3.71 1.64 0.08 11.7 97 16.3 27.9 175 277.5 391 0 .7098

O H 31 3.26 2.23 0.16 12 21.8 18.5 18.9 176 460.1 374 1.2303

D ra in  -u /s ~ ~ ~ ~ 5.5 4 13.6 153 107.6 114 0 .9434

D rain  - m id ~ ~ ~ ~ 16.2 5.1 16.2 155 121.2 134 0 .9042

D rain  - d /s ~ ~ ~ ~ 7.7 8.3 22.9 176 399.8 367 1.0893

378 0 H 1 3.24 1.82 0.1 11.2 ~ - ~ ~ ~ ~ ~

O H 2 3.76 1.92 0.06 11.3 ~ - ~ ~ ~ ~ ~
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O H 3 3 .52 1.53 0.09 11.4 ~ ~ ~ ~ ~

O H 4 4.58 1.29 0.03 11.6 ~ ~ ~ ~ ~ ~ ~

O H 5 3.25 1.5 0.05 11.6 ~ ~ ~ ~ ~

O H 6 4.61 1.42 0.08 11.9 ~ ~ ~ ~ ~ ~ ~

O H 7 4.73 1.38 0 .06 11.9 ~ ~ ~ ~ ~ ~ ~

O H 8 4.45 1.61 0.09 11.7 ~ ~ ~ ~ ~ ~ ~

O H 9 3.86 1.29 0.13 11.7 ~ ~ ~ ~ ~ ~ ~

O H IO 3.86 1.26 0.04 12.1 ~ ~ ~ ~ ~ ~ ~

O H l l 3.37 1.25 0.11 12.1 ~ ~ ~ ~ ~ ~

O H 12 3.85 1.29 0.05 111.9 ~ ~ ~ ~ ~ ~ ~

O H 13 5.88 1.85 0.09 11.9 ~ ~ ~ - ~ ~ -

O H M 3.53 1.54 0.035 12 ~ ~ ~ ~ ~ - ~

O H 15 5.25 1.44 0.06 12.2 ~ ~ ~ ~ ~ ~ -

O H 16 3.46 1.33 0.09 12.4 ~ ~ ~ ~ ~ ~ ~

O H 17 4 1.29 0.14 12.2 ~ ~ ~ ~ ~ ~ ~

O H 18 3.02 1.3 0.1 12.2 ~ ~ - ~ ~ ~ ~

O H 19 5.57 0 .89 0.15 12.1 ~ ~ ~ ~ ~ ~ ~

O H 20 3.51 1.61 0 .16 12.2 ~ ~ ~ ~ ~ ~

O H21 3.05 1.37 0.12 12 ~ ~ ~ ~ ~ - ~

O H 22 3.24 1.51 0.135 12.1 ~ ~ ~ ~ ~
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O H 23 3.08 2.16 0.12 11.6 ~ ~ ~ ~ ~ ~ ~

O H 24 3.19 2.07 0.14 11.6 ~ ~ ~ ~ ~ ~ ~

O H 25 3.24 1.7 0.11 11.8 ~ ~ ~ ~ ~ ~ ~

O H 26 3.19 1.16 0.08 11.9 ~ ~ ~ ~ ~ ~

O H 27 4.75 1.29 0.015 12.3 ~ ~ ~ ~ ~ ~

O H 28 4.56 1.05 -0.03 12.6 ~ ~ ~ ~ ~ ~ ~

O H 29 4.04 1.28 0.02 11.2 ~ - ~ ~ ~ ~

O H 30 4.1 1.37 0.02 11.9 ~ ~ ~ ~ ~ ~ ~

O H31 3.27 2 .06 0.11 11.7 ~ ~ ~ ~ ~ ~ ~

D rain  -u /s 3 .14 1.66 ~ 8.2 ~ ~ ~ ~ ~ ~ ~

D rain  - m id ~ ~ ~ ~ ~ ~ ~ ~ ~ ~

D rain  - d /s ~ ~ ~ ~ ~ ~ ~ ~ ~ ~

397 0 H 1 3.53 2.07 0.1 11.5 ~ ~ ~ ~ ~ ~

O H 2 4.65 1.53 0.11 11.4 52.5 37.5 ~ 46 ~ ~ ~

O H 3 3.59 1.14 0.14 11.6 14.1 11.5 90 43 ~ ~ ~

O H 4 3.67 1.18 0.08 11.8 74 25.2 58 49 ~ ~ ~

O H 5 3.86 1.34 0.1 11.7 57.8 17.9 69 96 ~ ~ ~

O H 6 3.7 1.33 0.13 11.9 62.3 28.1 62 81 ~ ~ ~

O H 7 3.71 1.25 0.11 11.9 64.2 20.9 49 ~ ~ ~

O H 8 4.08 1.45 0.04 11.9 27.1 26.4 69 48 ~ ~ -
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O H 9 3.58 1.27 0.23 11.8 ~ 22.1 72 60 ~ ~ ~

O H IO 3.82 1.28 0.09 11.8 57 .2 24.2 49 36 ~ ~ ~

O H l l 3.68 1.32 0.16 11.9 55.9 27 .9 54 31 ~ ~

O H 12 3.73 1.27 0.15 12 86.3 29 54 44 ~ ~

O H 13 5.51 2.05 0 .14 12.2 7.6 4 .5 75 44 ~ ~ ~

O H  14 3.79 1.26 0.185 12 ~ 26.5 62 37 ~ ~ ~

O H 15 4.98 1.3 0.16 12.2 - 22 .2 82 44 - ~ ~

O H 16 3.87 1.26 0.09 12.1 67 .8 25.6 22 24.5 ~ ~ ~

O H 17 4.17 1.29 0.19 12.2 13.9 1 40 13.9 - ~ ~

O H 18 3.57 1.38 0.15 12.2 37.8 20.7 68 22.5 ~ ~ ~

O H 19 5.65 0 .97 0.2 11.9 11.7 5.9 98 12.5 ~ ~ ~

O H 20 3.3 1.55 0.16 12.1 20.1 13.4 83 39.5 ~ ~ ~

O H 21 3.21 1.33 0.17 12 ~ 23.5 58 35.2 ~ ~ ~

O H 22 3.68 1.53 0.185 11.8 19.3 23 66 31.9 - ~ ~

O H 23 3.68 1.97 0.17 11.9 47 11.7 87 35 ~ ~ ~

O H 24 4.03 1.93 0.19 11.8 24.8 17.1 72 32 ~ ~ ~

O H 25 3.3 1.62 0.16 11.8 17.3 19.4 77 32 .6 ~ ~ ~

O H 26 3.15 1.14 0.13 11.9 25.2 24.5 58 23.1 - ~ ~

O H 27 4.27 1.1 0.115 12.2 14.9 21.2 51 21.6 ~ ~ ~

O H 28 3.79 1.03 0 .12 12.6 70.1 24 .9 40 21.4 - ~
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O H 29 5.18 1.34 0.17 11.4 88.3 18.6 57 29.7 ~ ~ ~

O H 30 3.78 1.3 0.07 11.9 68 .9 11 67 23.9 ~ ~ ~

O H 31 4 .4 2 1.65 0.16 11.6 42.3 20.8 50 32.6 ~ ~ ~

D ra in  -u /s 3 1.66 11.2 77.1 33.2 58 31.3 ~ ~

D rain  - m id - ~ ~ ~ 73 7.4 78 29.4 ~ ~ ~

D rain  - d/s ~ ~ ~ ~ 8.7 73 36 .7 ~ ~ ~

435 O H1 4 .26 1.64 0.3 12.6 ~ ~ ~ ~ ~ ~ ~

O H 2 5.67 2 .62 0 .26 12.3 ~ ~ ~ ~ ~ ~ ~

O H 3 5.01 1.12 0.32 12.4 ~ ~ ~ ~ ~ ~ ~

O H 4 4.23 1.18 0.26 12.5 ~ ~ ~ ~ ~ ~

O H 5 5.16 1.45 0.3 12.5 ~ ~ ~ ~ ~ ~ ~

O H 6 4.61 1.4 0.33 12.5 ~ ~ ~ ~ ~ ~ ~

O H 7 4.65 1.54 0.36 12.6 ~ ~ - ~ ~

O H 8 ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~

O H 9 4 .6 4 0.95 0.36 12.6 ~ ~ ~ ~ - ~ ~

O H IO ~ ~ ~ ~ ~ ~ ~ ~ ~ ~

O H l l 5 .02 1.32 0.36 12.6 ~ ~ ~ ~ ~ ~ ~

O H 12 4.79 1.49 0.35 12.7 ~ ~ ~ ~ ~ ~ ~

O H 13 5.68 2.21 0.34 12.7 - ~ ~ ~ ~ ~ ~

O H  14 4 .79 1.42 0.335 12.6 ~ ~ ~
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O H 15 4 .39 1.39 0.33 12.7 - ~ ~ ~ ~ ~

O H 16 4.32 1.26 0.34 12.8 ~ ~ ~ ~ ~ ~ ~

O H 17 4.52 1.28 0.36 12.7 ~ ~ ~ ~ ~ ~ ~

O H 18 ~ ~ ~ ~ ~ ~ ~ ~ ~ ~

0 H 1 9 5.23 1.03 0.35 12.6 ~ ~ - ~ ~ ~ -

O H 20 4.18 1.57 0.35 12.7 ~ ~ ~ ~ ~ ~ ~

O H 21 4.19 1.19 0.36 12.8 ~ ~ ~ - ~ ~ ~

O H 22 4.51 1.53 0.355 12.6 ~ ~ ~ ~ ~ ~ ~

O H 23 5.1 1.92 0.35 12.5 ~ ~ ~ ~ ~ ~ ~

O H 24 4.51 2.04 0.38 12.5 ~ ~ ~ ~ ~ ~ ~

O H 25 4.21 1.82 0.31 12.5 ~ ~ - ~ ~ ~

O H 26 3.67 1.14 0.29 12.4 ~ ~ ~ ~ ~

O H 27 4.21 1.1 0.315 12.8 ~ ~ ~ ~ -

O H 28 3.87 1.17 0.32 13.1 ~ ~ ~ ~ ~ ~ ~

O H 29 5.18 1.32 0.31 12.2 - ~ ~

O H 30 4.88 1.53 0.24 12.3 ~ ~

0 H 3 1 4 .74 2.09 0.34 12.8 ~ ~

D ra in  -u /s 3 .42 0.96 ~ 11.6 - ~ ~ ~

D rain  - m id 3.22 1.14 ~ 12.4 ~ ~ ~ ~ ~

D rain  - d/s 3.17 1.41 11.6 ~ ~ —
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A p p e n d i x  D :  W a t e r  Q u a l i t y  D a t a  -  F l o o d g a t e  a n d  W e i r  S i t e s  

D . l :  F lo o d g a te  S ite s

N o te : ~  re a d in g  n o t  ta k e n ; n /a  r e a d in g  n o t  a p p l ic a b le

F G 1 F G 2 F G 3 F G 4

D ay

N u m b e r
S p ec ies C /W D /W G /W C /W D /W G /W C /W D /W G /W C /W D /W G /W

0 Total F e  (m g/L ) 3.4 28.4 ~ 5.05 5.63 ~ 3.37 821 28.3 29 .9 ~

A13+ (m g/L ) 3.3 4.5 ~ 3.7 15.6 ~ 11.6 639 4.1 45 .9 ~

C a2 +  (m g/L ) 75 77 ~ 95 76 ~ 36 28 56 28.6 ~

M g 2 +  (m g/L ) 41 0 400 ~ 480 370 ~ 240 713 585 0 116 ~

C l (m g/L ) 4 ,936 .2 ~ ~ 6,406 4510.3 ~ 3647.5 1,825 1347.6 607 8 .2 1461. 3 ~

S 0 4  (m g/L ) 500 ~ ~ 637 745 ~ 466 353 571 1050 965 ~

C 1:S 04 9.872 10.057 6.054 7.827 5.169 2 .360 5.789 1.514

PH 7.29 6.99 ~ 6.56 3.88 ~ 6.48 5.61 4 .28 4 .43 2.73 ~

C o n d u ctiv ity  (m S) 15.17 14.03 ~ 17.5 13.1 ~ 10.52 9.1 2.45 16.9 a ~

G ro u n d w ate r tab le  

e levation  (m  below  

g round  surface)

n /a n /a -1.7 n/a n /a -2 .2 n /a n /a -1 n /a n /a ~
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T em p era tu re  (C ) 11.4 11.5 a 13.5 11.2 a 11.4 12.1 12.2 11.7 9.5

14 T o ta l F e  (m g/L ) 4 .9 6 53.5 4.5 13.2 133.2 5.2 3.5 17.9 6.1 31.5 20.7

A13+ (m g/L ) 4 .9 7 .2 10.1 4.1 15 18.2 3.8 13 66 .2 4 .2 27.9 49 .2

C a2 +  (m g/L ) 43 54 70 58 47 64 2 1 23 102 43 38

M g 2 +  (m g/L ) 7360 7320 6880 8710 970 7510 8240 441 48 .4 10200 941 0 8870

C l (m g/L ) 4963 .7 6183.9 5073 .7 8050.8 6543 .4 1950.9 8237.6 5805 .2 134.2 8722 .4 5040.1 2547.5

S 0 4  (m g/L ) 590 739 1650 994 1020 618 1040 506 1130 1310 1080 505

C 1:S 04 8.413 8.368 3.075 8.099 6.415 3.157 7.921 11.473 0 .119 6.658 4 .6 6 7 5.045

pH 6.37 5.71 5.55 6.27 3.62 5.71 7.8 5.99 6 .17 6.03 5.85 3.69

C onductiv ity  (m S) a 16.99 17.25 20.41 17.35 5.99 a 10.65 9.23 20 .36 6 .58 2.07

G ro u n d w ate r tab le  

e lev a tio n  (m  below  

g ro u n d  su rface)

n /a n /a -2.45 n/a n /a -2 .15 n /a n /a -2 .4 n /a n /a -1 .7

T em p era tu re  (C ) 9.7 12.1 14.1 11.2 11.9 14.1 14.1 13.5 17 13.2 12.4 13.7

28 T o ta l F e  (m g/L ) 5.8 4 .2 22.7 30.3 18.4 160 3.6 70.1 54.1 3.8 7 .7 334

A13+ (m g/L ) 10.4 11.3 14.2 19.8 19.4 25.5 17.4 43 21 .5 23 .5 28.1 54.7

C a2 +  (m g/L ) 137 281 15 197 241 165 213 131 137 179 148 59

M g 2 +  (m g/L ) 516 956 1660 755 891 1410 1940 523 465 2020 2040 1800

C l (m g/L ) 7,328 6,362 7,041 8,169 7,584 2,098 10,071 4,367 2 ,858 7 ,884 6,288 74

S 0 4  (m g/L ) 783 1,040 1,690 1,200 1,210 667 1,420 1,130 4 9 0 1,320 772 1,790

C 1:S 04 9.359 6.118 4.166 6.807 6.268 3.145 7.092 3.865 5.833 5.973 8.145 0.041
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PH 7 .06 6.93 5.98 6.86 4 3.75 6.9 3.2 7.1 6 .96 5.63 3.98

C on d u ctiv ity  (m S) 11.8 12.1 11.84 10.23 8.48 3.18 13.28 10.45 5.95 14.95 12.29 1.69

G ro u n d w ate r tab le  

e lev a tio n  (m  below  

g ro u n d  su rface)

n /a n /a -1.5 n /a n/a -1 .5 n /a n /a -1 .5 5 n /a n /a -1 .7

T em p era tu re  (C) 11 11.3 12.3 8.8 7.9 9.8 13.6 5.95 16.1 13.4 12.4 12.9

42 T otal F e  (m g/L ) 2.5 3.4 108 2.2 3.3 107 1.8 11.2 2.9 2.4 3.7 226

A13+ (m g/L ) 1 1 1.7 1.4 3.9 8.8 1 10.4 1.4 1.4 2 .9 52.5

C a2+  (m g/L ) 195 206 282 236 192 167 200 134 102 188 202 85

M g 2 +  (m g/L ) 65.9 68 .6 13.3 75 .2 67.9 14.1 18.8 55 .6 38 20.3 21.7 16.8

C l (m g/L ) 9410.8 12438.3 7483.9 11019.3 10335.7 1364 10864.6 10000.1 248.8 10124.9 8296 .6 2856 .2

S 0 4  (m g/L ) 1310 1520 2330 1350 1540 620 1960 1980 1380 1540 1340 473

C 1 :S 0 4 7.184 8.183 3.212 8.162 6.711 2.200 5.543 5.051 0 .1 8 0 6.575 6 .192 6.038

pH 6.89 6.66 5.48 6.99 4.1 5.88 6.95 5.62 6.91 6.72 6.08 3 .72

C o n d u ctiv ity  (m S) 10.88 9.62 7.52 2.91 1.94 0.71 13.6 12.1 6 .14 10.89 10.12 1.61

G ro u n d w ate r tab le  

e levation  (m  below  

g round  surface)

n /a n /a -1 .95 n/a n/a -1 .6 n /a n /a -1 .0 3 n /a n /a -1.8

T em p era tu re  (C) 12.7 12.7 12.1 11.4 10.4 11.7 13.6 13.5 13.9 14.3 14.3 13

56 T o ta l F e  (m g/L ) 1.1 1.6 143 1.2 3 5 1.3 3.1 10.7 1.5 134 302

A13+ (m g/L ) 0.4 1 12.4 0.8 0 .7 5.8 0 .6 4.1 13.3 1.6 47.7 354
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C a2 +  (m g/L ) 319 215 270 299 228 169 308 144 242 296 2 40 22

M g 2 +  (m g/L ) 926 716 686 925 783 417 970 471 806 980 903 260

C l (m g/L ) 9760 .9 ~ 8170.9 11013.5 8401.1 2749.9 10428 3012 .9 8810 9799 .7 9026 .3 ~

S 0 4  (m g/L ) 2100 2080 2080 1450 605 1870 497 1510 1580 1610 ~

C 1 :S 0 4 4.648 3.928 5.295 5.794 4.545 5.576 6.062 5.834 6 .202 5 .606 ~

PH 7.01 6.73 5 7.24 5.19 5.96 7.24 3.25 7.07 6 .88 6 .36 4 .5 6

C o n d u ctiv ity  (m S) 20.45 19.74 13.33 18.36 15.41 5.39 22.9 16.86 8.44 20.97 19.64 1.77

G ro u n d w ate r tab le  

e lev a tio n  (m  be low  

g round  surface)

n /a n /a -1 .9 n/a n /a -2.1 n /a n /a -0 .95 n /a n /a -1 .85

T em p era tu re  (C) ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~

T o ta l F e  (m g/L ) 2 .2 123.3 5 4 .6 76.1 80.7 3.8 2.5 2.8 1 15.6 248

A13+ (m g/L ) 0 .2 10.5 17.7 10.9 3 14.3 11.1 2.9 0 .6 0 .6 16.3 110.5

C a2 +  (m g/L ) 204 317 219 171 118 138 233 288 170 214 163 204

M g 2 +  (m g/L ) 665 542 586 603 570 230 680 930 360 658 619 724

C l (m g/L ) 9527 .6 9446 .5 7237.5 9754.1 10127.4 1818.3 11180.4 10,754 2839 .2 10344 .2 9315 .5 105.9

S 0 4  (m g/L ) 1570 1710 2080 1730 1880 658 2150 2,060 529 1600 1680 1180

C 1:S 04 6.069 5.524 3.480 5.638 5.387 2.763 5.200 5 .220 5.367 6.465 5.545 0 .0 9 0

PH 6.96 6.95 5.05 7.49 6.16 6.05 6.97 3.77 7 6.75 6 .04 4 .9 4

C o n d u c tiv ity  (m S) 16.5 16.93 13.25 14.5 14.74 5.45 19.87 11.86 8.23 18.65 15.67 1.82
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G ro u n d w ate r tab le  

e lev a tio n  (m  below  

g ro u n d  su rface)

n /a n /a -1 .95 n/a n/a -1 .6 n /a n /a -1 n /a n /a -1 .8

T em p era tu re  (C ) 11.8 13.2 13 10.2 10.7 11.8 12.8 12 12.6 14.1 14 11.7

84 T o ta l F e  (m g/L ) 3.1 4 .4 115.8 2.4 362 80 .4 ~ 10.2 ~ ~ 0.6 ~

A13+ (m g/L ) 7.9 1 18.2 0.5 44 .2 8.8 35.2 10.4 11.6 9.3 0 .6 19.4

C a2 +  (m g/L ) 213 163 284 163 51 136 ~ 180 ~ ~ 131 ~

M g 2 +  (m g/L ) 761 797 543 802 129 303 ~ 670 ~ ~ 4 86 ~

C l (m g/L ) 10,333 10,423 7,703 11,509 10,271 1,999 11,488 10,359 29 .187 10,095 10,075 110

S 0 4  (m g/L ) 1,500 1,690 2,050 1,620 1,520 617 1,640 1,540 526 1,370 1,400 1,110

C 1:S 04 6.889 6.167 3.757 7.105 6.757 3.240 7.005 6.727 0.055 7.368 7 .1 9 6 0 .099

pH 6.74 6.52 3.87 7.18 6.03 4 .04 6.63 4 .29 6 .26 6.15 5 .64 2.83

C on d u ctiv ity  (m S) 18.16 18.54 13.77 19.36 15.42 4 .16 23.46 19.92 8.55 20.15 18.37 1.89

G ro u n d w ate r tab le  

elev a tio n  (m  below  

g round  surface)

n /a n /a -1 .64 n/a n/a -1 .7 n /a n /a -0 .8 9 n /a n /a -1 .9

T em p era tu re  (C) ~ 15.3 13.5 15.2 12.2 11.7 16 16.2 14.4 17.1 16.2 12.6

99 T o ta l F e  (m g/L ) 5.2 134.2 195 0.7 542 5.7 2.7 3.7 4 .4 0.1 433 67 .4

A13+ (m g/L ) 5.9 61.4 8.6 5.2 27.5 7.2 5.2 5 .9 6.3 0.5 159 3.1

C a2 +  (m g/L ) 168 281 164 191 216 184 223 226 93 241 19 136

M g 2 +  (m g/L ) 560 761 747 712 830 698 915 917 352 791 240 277
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r

1 2 5

C l (m g/L ) 11350.1 9903.1 8167.1 9950 9590.7 3411.5 12459.7 12299.8 5030 .9 12103.1 11619.6 90.4

S 0 4  (m g/L ) 1500 1990 1810 1860 2470 594 2090 2 35 0 548 1920 1510 1100

C 1:S 04 7.567 4 .976 4.512 5.349 3.883 5.743 5.962 5.234 9.181 6 .304 7.695 0 .082

PH 6.05 6.46 3.66 7.18 3.38 4 .82 6 .86 6.67 5 .06 5.45 5.93 5.31

C o n d u ctiv ity  (m S) 19.33 18.14 13.62 17.25 15.07 3.93 23.84 23 .44 8.23 19.26 15.47 1.39

G ro u n d w ate r tab le  

e lev a tio n  (m  below  

g round  surface)

n /a n /a -1 .74 n /a n /a -1 .7 n /a n /a -0 .97 n /a n /a -1 .9

T em p era tu re  (C ) 15.9 15.6 13.7 15.4 13.3 12.3 17.5 ~ 17.5 17.3 - -

T o ta l F e  (m g/L ) 7.4 10.2 85.6 4.3 8.7 84 .2 16.2 18.2 0 .52 ~ 1 17

A13+ (m g/L ) 14.9 11.7 61.3 2.2 19.3 8.6 16.8 19.6 2.8 ~ 5.2 69.4

C a2 +  (m g/L ) 12 12 222 15 39 81 17 42 106 ~ 9.3 44

M g 2 +  (m g/L ) 117 95 729 152 182 244 210 194 563 ~ 219 264

C l (m g/L ) 207 193 8,745 499 752 1,073 873 1,294 2,839 ~ 66 88

S 0 4  (m g/L ) 207 225 1,570 103 531 867 161 639 595 ~ 95 788

C 1:S 04 1.001 0.859 5.570 4.845 1.416 1.238 5.422 2.025 4.771 0 .6 9 4 0 .1 1 2

PH 4.81 4 .46 4.81 6.75 4.3 5 .19 6.63 4.1 7 .38 ~ 5 .6 4 .15

C o n d u ctiv ity  (m S) 0 .94 11.45 1.41 1.27 2.22 2.23 2 .24 3.52 6.79 0 .36 1.11

G ro u n d w ater tab le  

e levation  (m  below  

g round  surface)

n /a n /a -1.79 n /a n /a -1 .09 n /a n /a -0 .7 n /a n /a -1.3
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T em p era tu re  (C ) 21.9 21.4 20 .4 20.7 20.6 19 23.2 23 .2 20 .9 ~ 24 21.9

140 T o ta l F e  (m g/L ) 5.5 68.4 73.3 0 .66 6.9 65 .3 139.9 3.2 1.27 35.5 2 119.3

A13+ (m g/L ) 58 .2 62.5 108.5 40 .4 0.8 7.7 25.2 149.6 6.8 1.2 13 67.8

C a2 +  (m g/L ) 90 49 176 107 55 77 122 102 75 50 85 58

M g 2 +  (m g/L ) 482 384 731 585 363 382 699 584 4 14 427 528 310

C l (m g/L ) 5 ,982 3,979 8,994 6,014 3,614 1,119 7,470 8,085 3,335 4 ,1 5 4 4 ,208 87

S 0 4  (m g/L ) 676 616 1,570 993 577 952 909 1,080 579 678 544 1,080

C 1:S 04 8.85 6.46 5.728 6.056 6.263 1.175 8.217 7 .486 5 .760 6.127 7 .736 0 .0 8 0

PH 6.18 4.11 3.93 6.59 4 .73 4 .37 ~ ~ ~ ~ ~ ~

C o n d u ctiv ity  (m S) 11.99 8.65 14.25 12.54 7.53 3.41 ~ ~ ~ ~ ~ ~

G ro u n d w ate r tab le  

e lev a tio n  (m  below  

g round  surface)

n /a n /a -1.64 n/a n /a -1 .39 n /a n /a -0 .8 n /a n /a -1 .63

T em p era tu re  (C ) 26 .4 24.7 21.6 24.4 23.5 19.4 ~ ~ ~ ~ ~

210 T o ta l F e  (m g/L ) 13.9 1.8 145 ~ ~ ~ 1.24 18.8 1.41 1.5 1.74 131.2

A13+ (m g/L ) 26.3 3.5 5.7 ~ ~ ~ 2.7 5.9 3 3.9 3.8 21

C a2 +  (m g/L ) 12 194 250 ~ ~ 18 137 112 11 1 87

M g 2 +  (m g/L ) 353 993 979 ~ ~ ~ 363 796 569 326 3 10 403

C l (m g/L ) 1,224 9,741 8,153 ~ ~ ~ 1,373 201 3,052 670 7 ,674 91

S 0 4  (m g/L ) 157 1,500 1,840 ~ ~ 176 71 514 109 1,220 1,240

C 1:S 04 7.797 6.494 4.431 ~ ~ 7 .800 2.825 5.938 6.143 6 .2 9 0 0.073

2 7 4



p H 6 .81 5.92 4.6 ~ ~ ~ ~ ~ ~ ~

C o n d u ctiv ity  (m S) 4 .18 17.92 16.12

G ro u n d w ate r tab le  

e lev a tio n  (m  below  

g round  su rface)

n /a n /a 1.74 n /a n /a 0 .87 n /a n /a 1.6 n /a n /a 1.02

T em p era tu re  (C ) 21.1 21 .8 20 .9 ~ ~ ~ ~ ~ ~ ~ ~

2 5 1 T otal F e  (m g/L ) 7 6.2 96.1 ~ ~ ~ 3.5 4.1 5.5 ~ ~ ~

A13+ (m g/L ) 3 .6 3.4 0.7 - ~ ~ 0.9 1.4 0 .3 ~ ~ ~

C a2+  (m g/L ) 103 125 241 ~ ~ 96 227 170 ~ ~ ~

M g 2 +  (m g/L ) 180 197 734 ~ ~ ~ 191 214 509 ~ ~ ~

C l (m g/L ) 105 120 8,327 ~ ~ ~ 251 373 3 ,130 ~

S 0 4  (m g/L ) 23 26 1,140 ~ ~ ~ 44 74 497 ~ ~ ~

C 1:S 04 4 .644 4.597 7.305 ~ ~ ~ 5 .76 5.073 6.297 ~ ~ ~

p H 6.59 6.38 5.05 ~ ~ ~ 6.58 6 .32 6.56 ~ ~

C o n d u ctiv ity  (m S) ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~

G ro u n d w ate r tab le  

e lev a tio n  (m  below  

g ro u n d  surface)

n /a n /a -1 .64 n/a n /a ~ n /a n /a -0 .6 7 n /a n /a ~

T em p era tu re  (C) ~ ~ ~ ~ ~ ~ ~ ~ ~ ~

3 5 3 T o ta l F e  (m g/L ) 4 .6 4 .4 95.8 3.9 8.5 102.4 48.1 64.7 6.4 4.1 16.4 ~

A13+ (m g/L ) 1.9 9 .4 3.8 0 .2 0.9 9.1 86 8.3 0 .3 1.2 18.6
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C a2 +  (m g/L ) 266.1 107.8 203.3 260.1 269 .6 86.5 256.4 325 .2 137.4 211.1 78 .2 ~

M g 2 +  (m g/L ) 962 407 626 950 958 289 1016 1172 4 3 0 763 351

C l (m g/L ) 10,175 4,997 7,224 12,221 10,166 1,330 12,363 8,322 3,101 8,658 1,537 116

S 0 4  (m g/L ) 1,560 911 1,180 1,720 1,480 563 1,950 2 ,040 555 1,060 582 2 ,0 4 0

C 1:S 04 6 .522 5.485 6.122 7.105 6.869 2.363 6.34 4 .08 5 .588 8.168 2 .64 0 .057

pH 6.74 4.69 4.04 6.84 7.32 5 .96 6.99 6.81 7.02 - ~

C o n d u ctiv ity  (m S) ~ 14.31 19.72 ~ ~ 5 .46 ~ ~ 9.47 ~

G ro u n d w ate r tab le  

e lev a tio n  (m  below  

g ro u n d  su rface)

~ ~ -2.25 ~ ~ -1 .0 4 ~ ~ -0 .9 ~ ~ -1 .9

T em p era tu re  (C ) 7.6 7.5 13.5 8 5.9 11.2 8.2 9 .2 12.8 —



D .2 :  W e i r  S ite s

N o te : ~  r e a d in g  n o t ta k e n ; n /a  re a d in g  n o t a p p lic a b le

W S1 W S2

D ay

N u m b e r Species D /W G /W D /W G /W

0 T otal Fe (mg/L) 23.4 365 5.22 435

A13+ (m g/L) 22.9 299 3.6 1222

C a2+  (m g/L) 2.8 2 .2 21.5 0.2

M g2+  (m g/L) 21 5820 88 86

Cl (m g/L) 1,288 384 43.8 122.5

S 0 4  (m g/L) 575 1,320 20.6 1190

C 1:S04 2.241 0.291 2.126 0.103

PH 2.94 3.56 6.35 3.66

C onductiv ity  (mS) 4.41 1.81 0.32 0.97

G roundw ater tab le elevation 

(m  below  ground surface) n /a -1 .7 n/a -1 .6

T em peratu re  (C) 14.3 15.9 12.1 13.7

14 T otal Fe (m g/L) 23.3 33 7.7 94.3

A13+ (m g/L) 52.8 134.5 47.5 5.9

C a2+  (m g/L) 23 14.6 47 158

M g2+  (m g/L) 125.6 112.3 8930 57.8

C l (m g/L) 1922.3 2554 .9 91.9 141.9

S 0 4  (m g/L) 574 586 27.9 716

C 1:S04 3.349 4.360 3.294 0.198

PH 2.77 3.06 6.44 3.47

C onductiv ity  (mS) 6.14 8.65 0.34 1.82

G roundw ater table elevation 

(m  below  ground  surface) n /a -1.1 n/a -1.3

T em peratu re  (C) 12.1 14.3 11 13.2

28 T otal Fe (m g/L) 36 111.4 12.2 79.1

A13+ (m g/L) 43 .2 80.8 32 71

C a2+  (m g/L) 49 42 14 14

M g2+  (m g/L) 368 1970 1920 34.4

C l (m g/L) 1,692 2,426 77 87

S 0 4  (m g/L) 491 588 38 699
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C1:S04 3.446 4.126 2.046 0.125

pH 3.02 3.04 6.97 3.33

Conductivity  (m S) 4.7 5.55 0.34 1.62

G roundw ater table elevation 

(m  below  ground surface) n/a -1.1 n /a -1 .25

T em perature  (C) 12 12.1 9.1 12.6

42 Total F e (m g/L) 274 84.5 5.7 45.4

A13+ (m g/L) 26.6 60.4 3.1 52.8

Ca2+ (m g/L) 112 73 17 22

M g2+ (m g/L) 52 18 33.2 18.4

Cl (m g/L) 5455.4 3488.7 240 .8 317.9

S 0 4  (m g/L) 793 707 55.9 754

C 1:S04 6.879 4.935 4.309 0.422

PH 2.79 2.86 6.22 3.19

C onductiv ity  (m S) 6.54 5.46 0.41 1.8

G roundw ater tab le elevation 

(m  below  ground surface) n /a -1.15 n/a -1.3

T em perature (C) 12 12.3 10.7 11.3

56 T otal Fe (m g/L) 30.3 56.2 58.1

A13+ (m g/L) 31 109.8 61.9

C a2+  (m g/L) 184 93 ~ 23

M g2+ (m g/L) 723 579 ~ 225

Cl (m g/L) 6673.5 8,313 ~ 248 .2

S 0 4  (m g/L) 1150 1,280 ~ 694

C 1:S04 5.803 6.494 0.358

PH 3.19 3.1 3.32

C onductiv ity (m S) 15.25 13.26 ~ 2.11

G roundw ater table elevation  

(m  below  ground surface) n /a -1.1 ~ -1.4

T em peratu re  (C) ~ ~ ~ ~

70 Total Fe (m g/L) 20.8 110.9 4.9 103.1

A13+ (m g/L) 23.5 104.3 13.8 60.5

C a2+ (m g/L) 144 73 10 18

M g2+  (m g/L) 714 335 85 103

Cl (m g/L) 7705.1 6116.6 100.4 115.2



S 0 4  (m g/L) 1020 1000 90.8 775

C 1:S04 7.554 6.117 1.105 0.149

pH 3.08 3.19 5.99 3.73

C onductiv ity  (m S) 13.38 11.25 0.4 1.91

G roundw ater table elevation 

(m  below  ground surface) n/a -1.1 n/a -1.3

T em perature  (C) 11.7 11.3 9.7 11.7

84 T otal Fe (m g/L) ~ 151 35 131.5

A13+ (m g/L) 14.1 84 .4 21.3 68.5

C a2+  (m g/L) ~ 118 21 18

M g2+  (m g/L) ~ 400 133 134

C l (m g/L) 880 466 95 128

S 0 4  (m g/L) 1,240 1,030 284 866

C 1:S04 0.710 0.453 0.334 0.147

PH 3.36 3.08 3.58 3.42

C onductiv ity  (mS) 15.47 11.77 0.68 1.92

G roundw ater table elevation 

(m  below  ground surface) n /a -1.08 n/a -1 .4

T em peratu re  (C) 14.3 13.3 12.6 12.3

99 T otal Fe (m g/L) 29.9 206 156.6 145

A13+ (m g/L) 4.4 54.1 21.1 47.3

C a2+  (m g/L) 195 163 29 23

M g2+  (m g/L) 614 570 113 191

Cl (m g/L) 8320.89 5929.9 95.8 170.5

S 0 4  (m g/L) 1700 1220 469 913

C 1:S04 4.895 4.861 0.204 0.187

PH 2.8 3.34 4.37 4.73

C onductiv ity  (mS) 14.85 12.54 0.06 0.8

G roundw ater table elevation 

(m  below  ground  surface) n /a -1 .13 n /a -1.4

T em peratu re  (C) 21.7 ~ ~ ~

125 T otal F e  (m g/L) ~ 161.1 33.5 30.1

A13+ (m g/L) ~ 13.9 29 .4 65.3

C a2+  (m g/L) ~ 43 4 9

M g2+  (m g/L) ~ 181 156 189
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