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Abstract:
Mining operations are often located in forested areas at high elevations. Reclaiming these sites may be
difficult because of extremely acidic spoil or tailings which result from the mining or milling processes
and harsh environmental conditions. Liming increases pH, reduces levels of potentially phytotoxic
metals and increases availability of plant nutrients. It is assumed that liming of extremely acidic mine
material is necessary to facilitate plant establishment. This theory is tested in this study by planting
seven acid tolerant species on limed and unlimed acidic tailings on the Champion mine site which is
located in Deerlodge County, Mt. Species planted were Alopecuris arundiaceus, A. pratensis, Agrostis
tenuis, A. alba. Festuca ovina, Poa Compressa, and Lotus corniculatus. Plant growth was measured at
the seedling and mature stages. Success of the species planted on the unlimed versus limed tailings was
used to evaluate the suitability of the unlimed tailings as a plant growth medium. Success of individual
species was also evaluated. All species exibited superior growth on the limed tailings compared to that
of the unlimed tailings. Two species Festuca ovina. and Alopecurls pratensis grew better than the other
species on the limed tailings. It was concluded that liming was necessary for the establishment of all of
these species on the Champion mine tailings. Results of species growth are considered to be
preliminary and may not be indicative of the species success over time. 
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ABSTRACT

Mining o p e ra t io n s  a re  o f te n  lo c a te d  in  fo r e s te d  a re a s  a t  h igh  
e le v a t io n s .  R eclaim ing th e se  s i t e s  may be d i f f i c u l t  because of 
ex trem ely  a c id ic  s p o i l  or t a i l i n g s  which r e s u l t  from th e  m in ing  o r 
m illin g  processes and harsh environmental conditions. Liming in creases 
pH, red u ces  l e v e l s  of p o te n t i a l ly  p h y to to x ic  m e ta ls  and in c re a s e s  
a v a i l a b i l i t y  of p la n t  n u t r ie n ts .  I t  i s  assumed t h a t  l im in g  o f 
ex trem ely  a c id ic  mine m a te r ia l  i s  n ecessa ry  to  f a c i l i t a t e  p la n t  
establishm ent. This theory i s  te s te d  in  th is  study by p lan ting  seven 
a c id  to le r a n t  s p e c ie s  on lim ed  and unlim ed a c id ic  t a i l i n g s  on the  
Champion mine s i t e  which i s  loca ted  in  Deerlodge County, Mt. Species 
p lanted were Alonecuris arundInaceusf A. D ratensisf A grostis tenu is, 
A. a lba . Festuca Ovinaf Poa comoressa, and Lotus oornloulatus. P lant 
growth was measured a t  the seedling  and mature stages. Success of the 
s p e c ie s  p la n te d  on th e  unlim ed v e rsu s  lim ed  t a i l i n g s  was used to  
e v a lu a te  the  s u i t a b i l i t y  of the  unlim ed t a i l i n g s  a s  a p la n t  grow th 
medium. Success o f ind iv idual species was a lso  evaluated. All species 
ex ib ited  superio r growth on the lim ed ta i l in g s  compared to  th a t of the 
unlimed ta i l in g s .  Two species Festuca ovina. and Alopecurls p ra te n s is  
grew b e t te r  than  the  o th e r  s p e c ie s  on th e  lim ed  t a i l i n g s .  I t  was 
concluded th a t  lim ing was necessary fo r the establishm ent of a l l  of 
these species on the Champion mine ta i l in g s . R esults of species growth 
a re  co n sid ered  to  be p re lim in a ry  and may no t be i n d ic a t iv e  of th e  
species success over time.
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INTRODUCTION

There a re  thousands of a c re s  o f lan d  p re v io u s ly  and c u r r e n t ly  

being  d is tu rb e d  by m ining i n  th e  w e ste rn  U n ited  S ta te s .  The 1977 

S urface  Mining C ontro l and R eclam ation  Act (P u b lic  Law 95-87) and 

in d iv id u a l  s t a t e  law s r e q u ir e  t h a t  th ese  la n d s  be re c la im e d . Many 

m ining s i t e s  a re  lo c a te d  in  f o r e s te d  a re a s  a t  h igh  e le v a t io n s .  As a 

r e s u l t  r e c la m a tio n  o f these  s i t e s  i s  made d i f f i c u l t  by numerous 

fa c to rs , some of which a re :

1) sc a rc ity  of to p so il;

2) steep  slopes and the  high e ro d ib lli ty  of some s o i ls ;

3) the presence of extremely a c id ic  sp o ils  or ta i l in g s  and 
the oxidation  p o ten tia l or acid  producing c a p a b il i t ie s
of these m ate ria ls ;

4) to x ic  le v e ls  of m etals in  the  m ate ria l;

5) lack  of e s se n tia l  p lan t n u t r ie n ts ;

6) the  sho rt growing season; and

7) n o n -av a ila b ility  of commercial seed and p lan t m a te ria ls  of 
species adapted to  these a reas.

These fa c to rs  exemplify the problems associated  w ith rec lam ation  of 

many hard rock mine s i te s .

The Champion mine i s  an in a c t iv e  s i l v e r  mine lo c a te d  39 km 

n o rth w es t o f B u tte , Montana (F ig u re  I). I t  l i e s  a t  an e le v a t io n  of 

approxim ately 1965 m eters and i s  surrounded by the  Deerlodge N ational 

Forest. This mine s i te  e x h ib its  many of these c h a ra c te r is t ic s  and i s  

the  s i te  a t  which th is  study was ca rried  out.
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Figure I. Location of Champion Mine Site.
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Champion mine was l a s t  a c tiv e  in  1926 and th ere  has been l i t t l e  

regrowth of vegetation  on the ta i l in g s  in  the in te rven ing  six ty  years. 

This i s  thought to  be a r e s u l t  p rim arily  of the extreme a c id ity  of the 

ta i l in g s  and a ttendan t phytotoxic le v e ls  of aluminum (R ussell 1984). 

Therefore, successful reclam ation of th is  s i t e  may l i e  in  the  a b i l i ty  

to  reduce the a c id ity  of the ta i l in g s . Applying lim e to  the m a te ria l 

w i l l  r a i s e  th e  t a i l i n g s  pH and r e s u l t  in  p r e c ip i t a t i o n  o f aluminum 

ions in  a form unavailable to  p lan ts  (Foy, 1984). The determ ination  of 

lim e  a p p l ic a t io n  r a t e s  and p e r io d ic  lim e  a p p l ic a t io n s  a re  common 

a g r i c u l tu r a l  p r a c t ic e s .  T h is , how ever, i s  n o t the  case  w ith  m ined 

land, as the  d e s ire  fo r  tim ely bond re lease  n e c e ss ita te s  a s in g le  lim e 

a p p l ic a t io n  th a t  w i l l  acco u n t f o r  f u tu re  a c id  p ro d u c tio n . The 

methodology fo r determ ining a sing le , or to ta l ,  lim e r a te  i s  not w ell 

e s ta b l is h e d  and has been the s u b je c t  o f many s tu d ie s  (Sobeck e t  a l .  

1 982, W illiam s and Yaalon 1982, C aruccio  and G eidel 1981, and Sm ith 

e t  a l .  1974).

Most recen tly , Russell (1984) determined to ta l  lim e a p p lica tio n  

ra te s  fo r  the Champion ta i l in g s . Through labo ra to ry  w eathering R ussell 

de te rm ined  t h a t  4.57 m e tr ic  to n s  o f  pure CaC03/ha/15 cm would be 

s u f f ic ie n t  to  n e u tra liz e  the ta i l in g s  fo r  twenty years. In  th is  study, 

seven commercially availab le , acid to le ra n t, g rass and fo rb  species 

adapted to  high e leva tions were planted on f e r t i l i z e d  and lim ed, and 

f e r t i l i z e d  and unlimed ta i l in g s  on the  mine s i te .
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Objectives

The ob jec tives of th is  study are: I) to determine whether lim ing  

of the ta i l in g s  i s  necessary fo r the establishm ent of these species; 

and 2) to  evaluate and compare the success of ind iv idual species on 

lim ed and unlimed treatm ents.
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LITERATURE REVIEW

Mining or m ineral processing d isru p t and expose to  the atmosphere 

a v a r ie ty  o f rock  and m in e ra l assem blages. The subsequen t p h y s ic a l 

and chemical w eathering may produce extremely a c id ic  sp o il or ta i l in g s  

and thus, an uninhabitable  p lan t growth medium. Successful treatm ent 

of a c id ic  m a te r ia l  th a t  a llo w s  p la n t  e s ta b l is h m e n t  w i l l  r e q u ir e  a 

th o ro u g h  u n d e r s ta n d in g  o f  th e  r e a c t i o n s  re s p o n s ib le  fo r  a c id  

p ro d u c tio n . The s ig n if ic a n c e  of the s o i l  a c id i ty  problem  f o r  

ag ro n o m ists , as w e ll  as r e c la m a tio n  s c i e n t i s t s ,  has produced an 

abundance of access ib le  research  l i te r a tu r e .  Mine reclam ation  research  

perta in ing  to  acid  production has d e a lt with various waste m a te ria ls ; 

in  th is  study ta i l in g s  are  the su b jec t media. The chemical reac tio n s  

which produce a c id ity  in  these m a te ria ls  a re  assumed to  be s im ila r  and 

thus rep o rts  of acid  production in  various waste m a te ria ls  are  used to  

explain  a c id - ta i l in g s  reac tio n s .

Spoil and Tailings Acidity

A cid ity  i n  mine m a te r ia l  i s  de te rm ined  by co m position  of th e  

m ateria l and th e  ion  exchange and hydro lysis re a c tio n s  assoc ia ted  w ith 

th e  v a rio u s  components. P y r i t i c  s u l f u r  (FeSg) i s  common to  th e se  

m a te r ia ls  and w i l l  r e a c t  w ith  w a te r and th e  a tm osphere  to  produce 

a c id ity  as fo llow s:

SFeS2 + TH2O + 71/202 <—> SFe2+ + ItSOjj-  + ItH+ (I )

Fe2+ + IAH2O + H+ <—> Fe3+ + VSH2O ( 2 )
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Fe3+ + SH2O <—> Fe(OH)3^5J + BHf (3)

FeS2 ts ) + IMFe3+ + SH2O <--> ISFe2+ + 2Soj|" + ISH+ (M) 

(Barnes and Romberger 1968)

The e x te n t o f a c id -fo rm in g  p y r i t i c  s u l f u r  o x id a tio n  has been 

determ ined  to  be in f lu e n c e d  by m in e ra lo g ic a l fo rm , p a r t i c l e  s iz e ,  

oxygen c o n c e n tra tio n , te m p e ra tu re , degree of s a tu r a t io n ,  m ic ro b ia l 

a c t iv i ty  and the pH of the s o i l  so lu tion  (Pugh e t  al«, 1981; Smith and 

Shumate, 1970; Caruccio, 1968).

Oxidation of organic su lfu r  compounds has a lso  been shown to  be a 

source of sp o il a c id ity  (Caruccio and G eidel, 1978). The occurrence 

o f  o rg an ic  s u l f u r  o x id a tio n  may be e s p e c ia l ly  im p o rta n t i n  some 

w estern mine sp o ils  and was discussed by Russel (1984).

Acid Tailings; PhvtotoxlG Relationships 

Acid s o i l  t o x ic i ty  i s  no t caused by a s in g le  f a c to r ,  bu t a 

complex o f f a c to r s  t h a t  may a f f e c t  p la n t  grow th through  s p e c ie s -  

sp e c if ic  physiological and b io ch em ica l pathw ays which a re  p robab ly  

c o n tro l le d  g e n e t ic a l ly  (Foy e t  a l . ,  1978). Growth l im i t i n g  f a c to r s  

associated  w ith acid  a g r ic u ltu ra l  s o i ls  include to x ic ! t ie s  of aluminum 

(Al) manganese (Mn), o r o th e r  m eta l io n s ; low pH (H+ to x ic i ty ) ;  and 

d e f ic ie n c ie s  or n o n - a v a i la b i l i ty  o f c e r t a in  e s s e n t i a l  n u t r i e n t s ,  

calcium (Ca), magnesium (Mg), phosphorus (P), and molybdenum (Mo) a re  

of p a rtic u la r  concern. The acid  so il-p la n t  to x ic i ty  re la tio n sh ip s  a re  

assumed to  be s im ila r  to  acid  ta i l in g s -p i  ant to x ic i ty  re la tio n sh ip s .
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Hydrogen Ion Toxicity

The d i r e c t  e f f e c t s  of hydrogen ion  (H+) c o n c e n tra tio n  on p la n t  

growth are d i f f ic u l t  to  determine. At low pH le v e ls , o ther elem ents, 

such a s  Al and Mn, may be so lu b le  in  to x ic  c o n c e n tra tio n s  and 

e sse n tia l n u trie n t elem ents, such as Ca and Mg, are  le a s t  av a ilab le . 

N e v e rth e le ss , in  m ost ex trem e ly  a c id  s o i l s  (pH<4.0), H+ to x i c i t y  i s  

probably the most im portant growth l im itin g  fa c to r  to  higher p lan ts  

(Foy, 1984).

Although th e  d i r e c t  e f f e c t s  o f  H+ a re  confounded, r e s e a rc h e r s  

have been able to  id e n tify  some p lan t responses to  low pH. P rim arily , 

the roo t system i s  damaged re s u ltin g  in  sho rt, thickened, d isco lored  

ro o ts  which a re  few in  number. L a te ra l  ro o t  grow th  may be se v e re ly  

in h ib ited  (Islam e t  a l . ,  1980). C hristiansen  and o th e rs  (1970) noted 

th a t  a s o i l  s o lu t io n  of pH l e s s  th an  4 m arkedly enhanced th e  l o s s  of 

organic substances from cotton ra d ic le s , and th a t  th is  e f fe c t  could be 

re v e rse d  by r a i s in g  the  pH. H ussain  and co -w orkers (1954) r e p o r te d  

th a t  exposure of barley ro o ts  to  an a c id ic  so lu tio n  (pH=3) caused them 

to  lo se  s ig n if ic a n t amounts of nitrogen (N), potassium (K), P and Ca. 

The exposure a lso  l im ite d  th e i r  a b i l i ty  for subsequent K absorption. 

An excess of H+ has been shown to  decrease p lan t uptake of Mg (Blarney 

e t  a l . ,  I 982), Mn (Robson and Loneragan, 1970), z in c  (Zn), (R ash id  e t  

a l . ,  1976) and copper (Cu) (Bowen, 1969). Therefore, p lan t growth may 

be in h ib ite d  by reduced n u tr ie n t a v a i la b i l i ty  caused by an excess of 

H+.
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Hydrogen ion to x ic i ty  i s  the primary growth l im itin g  fa c to r  in  

ac id  s o i l s  o f pH 4 or l e s s .  In  most a c id  s o i l s  o f pH g r e a te r  th an  4, 

Al and Mn t o x i c i t i e s  a re  more im p o rta n t th an  H io n  to x ic i ty  to  th e  

grow th of h ig h er p la n ts ,  p a r t i c u l a r l y  th e  non-legum es (Foy, 1984). 

Plant species, however, have a wide variance in  th e ir  to le rance  to  Al 

(Sheppard and F lo a te , 1984). Common, s im i la r  re sp o n se s  to  e x ce ss  Al 

f o r  many p la n ts  in c lu d e  r e s t r i c t e d  ro o t grow th and in h ib i t e d  DNA 

syn thesis (Wallace and Anderson, 1984). As a r e s u l t ,  p lan t uptake and 

u t i l i z a t i o n  o f  w a te r and n u t r i e n t s  a re  n e g a tiv e ly  a f f e c te d  by Al 

to x ic ity  (Hecht-Bucholtz and Foy, 1981).

I n te r a c t io n s  of Al w ith  e s s e n t i a l  n u t r i e n t  e lem en ts  have been 

observed by many in v es tig a to rs . Lee and P ritch a rd  (1984) noted th a t  

Ca, Zn, Mn, and Mg u p tak e  was in h ib i te d  by e le v a te d  l e v e l s  o f Al i n  

both p la n t  ro o ts  and sh o o ts . Lee (1971) observed  t h a t  e x cess  Al 

in h ib ite d  P tran sp o rt to  potatoe p lan t tops; decreased Ca, Mg and Zn 

a b so rp tio n  by ro o ts ;  and caused P, Al, Mn, Cu and Fe a ccu m u la tio n  in  

p la n t  r o o ts .  Duncan and o th e r s  (1980) r e p o r te d  in c re a s e d  l e v e l s  of 

Al, Fe, Mn, K and P in  p la n t  to p s .

Aluminum to x ic ity  o ften  appears as a P defic iency in  p lan ts  grown 

in  acid  s o i ls  (Chaisson, 1964). This i s  expressed as a le a f  and stem 

p u rp lin g , l e a f  t i p  burn and o v e ra l l  s tu n te d  grow th. Aluminum 

generally  accumulates in  a sso c ia tio n  w ith P on or in  the ro o ts  of Al- 

in ju red  p la n ts  (McCormack and Bordon, 1972). Randal and Vose (1963) 

dete rm ined  th a t  h ig h  l e v e l s  of s o lu t io n  Al (50 ppm) in c re a s e d  the  P 

concentration  in  p lan ts  but depressed to ta l  growth by reducing to ta l  P

A lum inum  a n d  M an g an ese  T o x i c i t y
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metabolism. Their research ind ica ted  th a t  although P may increase  or 

decrease w ith elevated  Al concentrations, P i s  rendered le s s  av a ilab le  

to  m etabolic s i t e s  w ith in  p lan t c e lls .

Although Al i s  reco g n ized  a s  th e  most im p o rta n t p la n t  grow th 

l im i t i n g  f a c to r  i n  a c id  a g r i c u l tu r a l  s o i l s ,  i t s  fu n c t io n  in  p la n t  

metabolism i s  not c le a rly  understood, and to x ic  le v e ls  of Al in  p lan ts  

and s o i l s  have no t been p re c is e ly  i d e n t i f i e d .  U n fo r tu n a te ly , a b e s t 

method of determ ining s o i l  Al concentrations in ju rio u s  to  p lan ts  has 

not been developed. Some researchers, recommend e ith e r  exchangable Al 

o r CaCl2 so lu b le  Al d e te rm in a tio n s  (Hoyt and Nybord, 1971). O thers, 

p re fe r water soluble to  exchangeable Al (Webber e t  a l . ,  1982).

Manganese i s  probably the second most im portant growth l im itin g  

fa c to r  in  ac id  a g ric u ltu ra l  s o i ls  and o ften  a ffe c ts  the s u i ta b i l i ty  of 

mine s p o i l s  a s  p la n t  grow th m edia. Manganese t o x ic i ty  g e n e ra l ly  

occurs in  s o i ls  w ith pH values le s s  than or equal to  5.5 i f  s u f f ic ie n t  

to ta l  Mn i s  present (Foy, 1973).

As w ith Al, Mn to x ic ity  le v e ls  vary among p lan t species. Excess 

Mn in te r f e re s  with p lan t n u tr i t io n  in  various ways, but the mechanisms 

of to x ic i ty  a re  no t c le a r ly  u nders tood . U nlike Al, Mn on ly  a f f e c t s  

p la n t  to p s  and ap p ea rs  to  accum ulate  in  p ro p o r tio n  to  p la n t  in ju ry .  

This element a lso  a l t e r s  th e  a c t iv i t ie s  of p lan t enzymes and hormones. 

Manganese to x ic ity  i s  o ften  r e l a te d  to  reduced  Ca c o n c e n tra tio n  and 

tran sp o rt in  p lan ts  (Horst and Marschner, 1978; Osawa and Ikeda 1977)

Manganese and Fe appear to  be c lo s e ly  r e l a t e d  in  p la n t  m etabo­

lism . Some in v e s tig a to rs  have used Fe/Mn r a t io s  in  p lan t tops as in d i­

ca to rs of Mn to x ic ity  or Mn-induced Fe defic iency  (Hat! e t  a l . ,  1979).



10

S ig n ifican t p lan t species d ifferences in  Mn to lerance  have been 

rev iew ed  by Kamprath and Foy (1984). Tanaka and Navasero (1966) 

re p o r te d  a to le ra n c e  of 2,500 ppm fo r  r i c e .  W hite (1970) m easured a 

to le rance  lev e l o f 200 ppm Mn in  barley. Although species vary in  Mn 

to le ra n c e , p la n t  t i s s u e  c o n c e n tra tio n s  and to x ic i ty  symptoms a re  

usually  s im ila r. These symptoms appear in  p lan t shoots as m arginal 

and in te r v e in a l  c h lo ro s is  and n e c ro s is  o f le a v e s . P r e c ip i ta te d  

m anganese d io x id e  may be l o c a l i z e d  i n  th e s e  n e c r o t i c  a r e a s  

(Labananskas, 1966).

Excess Mn has been a s s o c ia te d  w ith  mine w aste  m a te r ia ls .  

Evangelou and Thom (1984) measured Mn in  a midwest mine sp o il so lu tio n  

a t  910 ppm. P e te rso n  and N ie lso n  (1973) r e p o r te d  a range from 38 to  

1005 ppm so lu b le  Mn in  s p o i l  m a te r ia l  from  s ix  w e s te rn  s t a t e s .

Zinc and Copper Toxicity

Zinc i s  an e s se n tia l  p lan t m icronu trien t th a t can be to x ic  a t  low 

pH l e v e l s  (Bould e t  a l.,1 9 8 4 ) . U nlike Mn and Al, Zn to x i c i t y  i s  n o t 

common to  p lan ts grown on a c id ic  a g r ic u ltu ra l  so ils .  Zinc to x ic i ty  i s  

usually  r e s t r ic te d  to  lands d isturbed by mining, amended w ith  sewage 

sludge, or lands a ffec ted  by various p o llu ta n ts  (Foy e t  aL , 1978).

Zinc in  to x ic  concentra tions has been reported  to  in te r f e r e  w ith 

th e  a b s o r p t io n  and u t i l i z a t i o n  o f  v a r io u s  p l a n t  m acro  and 

m icronu trien ts . Reported Zn in te ra c tio n s  w ith P a re  examples. High 

Zn le v e l s  reduce  p la n t  up take  and t r a n s lo c a t io n  of P, som etim es 

r e s u l t i n g  in  d e f ic ie n c y  (S tu k en h o ltz  e t  a l . ,  1966). Z inc h as a ls o  

been known to  in te r f e re  w ith Fe absorption  and u t i l i z a t io n  (Lingle e t  

a l . ,  1963). Z inc t o x ic i ty  g e n e ra l ly  re sem b le s  Fe d e f ic ie n c y  and i s
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charac terized  by yellow in te rv e in a l ch lo ro sis  and some necrosis (Bould 

e t  a l . ,  1984).

Zinc to x ic i ty  le v e ls  in  the  s o il  so lu tio n  have been reported  to  

range n e a r I ppm bu t vary  g r e a t ly  w ith  s p e c ie s  (B e n n e tt, 1971). 

C ornw all and Stone (1973) r e p o r te d  s o lu t io n  c o n c e n tra tio n s  o f up to  

731 ppm in  a c id ic  coal mine s p o i l  from P ennsy lvan ia . Sm ith and 

Bradshaw (1979) reported  n i t r i c  acid  e x tra c tab le  Zn values in  sp o ils  

ran g in g  from  23 ppm to  108,100 ppm fo llo w in g  a su rvey  o f 40 

m etal i f  erous mine s i te s  in  th e  United Kingdom. D'Antuono (1979) noted 

th a t  p h y to to x ic  Zn c o n c e n tra tio n s  p rec lu d ed  p la n t  e s ta b l is h m e n t  on 

coal mine refuse in  I l l in o is .

Copper, a p lan t m icronu trien t, i s  u n iv ersa lly  p resen t in  s o i l s  a t  

an average to ta l  concentration  of 30 ppm (Lindsay, 1979). This element 

may become phytotoxic as i t s  a v a i la b i l i ty  increases a t  low pH values 

(Lindsay, 1979). The physiology of Cu to x ic i ty  i s  not w ell understood. 

At excess le v e ls , Cu has been shown to  prevent normal a ss im ila tio n  of 

Fe and Mg in  c e r ta in  p la n ts  and may p o s s ib ly  cause d e f ic ie n c ie s  o f 

th e se  m e ta ls  (Stuckm eyer e t  a l . ,  1969; W allace and Kook, 1966). 

McBrian and Hassal (1967) suggested th a t the to x ic i ty  of Cu i s  due to  

i t s  p ro p e n s ity  to  combine w ith  p ro te in  su lp h y d ra l g roups, th u s  

d isru p tin g  p ro te in  syn thesis.

Copper i s  known to  be h ig h ly  to x ic  to  r o o t s  (B en n e tt, 1971). 

Symptoms of t o x ic i ty  in c lu d e  b lackened  ro o t  t i p s ;  a s h o r te n in g  and 

d isco lo ra tio n  of the ro o t system (Sowell e t  a l . ,  1957; Stuckmeyer e t  

a l . ,  1969). The a b i l i t y  of p la n ts  to  t r a n s lo c a te  l e s s  Cu to  the  

sh o o ts  has been c o r r e la te d  w ith  th e  a b i l i t y  to  w ith s ta n d  h ig h  s o i l
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s o lu t io n  c o n c e n tra tio n s  (D ijk sh o o rn  e t  a l . ,  1979). When Cu i s  

tran slocated  to  a e r ia l  po rtions of the p lan t, to x ic i ty  symptoms are 

sim ila r to  those of Fe deficiency ( Bould e t  a l . , 1984).

Reports of elevated  Cu le v e ls  a t  mine s i t e s  are numerous. McClean 

and Dekker (1976) re p o r te d  e x t r a c ta b le  Cu l e v e l s  ran g in g  from 54 to  

5,360 ppm in  s ix  p y r i te -b e a r in g  t a i l i n g s  m a te r ia ls  in  Canada. 

Peterson and N ielson (1973) reported  s o i l  so lu tio n  Cu content of up to  

600 ppm from a c id  t a i l i n g s  i n  Utah and New Mexico. D'Antuono (1979) 

s t a t e s  t h a t  h igh  a c id i ty  (pH 1 . 8 -  3.5) and a s s o c ia te d  l e v e l s  o f 

soluble Cu ions preclude p lan t establishm ent on most mine refuse  s i t e s  

in  I l l i n o i s .

E ffec ts  o f Liming on A cidity

Lim ing m a te r ia ls  c o n s is t  o f Ca and Mg compounds capab le  o f 

n e u tra liz in g  s o i l  a c id ity  (Barber, 1984). The so lu tio n  pH of an acid  

s o i l  i s  s im u lta n e o u s ly  r a i s e d  a s  th e  r e l a t i v e  am ounts o f adsorbed  

m e ta ll ic  ca tions (Ca, Mg, Na) increase  in  comparison to  th e  adsorbed 

H+ and Al+ on the  c lay  m ic e l le s .  R eac tive  Ca and Mg c a rb o n a te s  added 

to  a s o i l  in  s u f f i c i e n t  am ounts r a i s e  th e  s o lu t io n  pH by in c re a s in g  

the hydroxyl ion concentration  according to  the fo llow ing  equation:

Ca(Mg)CO3 + H2O <--> Ca2+(Mg2+) + HCOg +OH" (5)

(Bohn e t  a l . , 1979)

A d d i t i o n a l ly ,  th e  o x id a t io n  o f  p y r i t i c  s p o i l s  g e n e ra te s  

c o n s id e ra b le  f r e e  a c id  (Eq. 6), which r e a c t s  w ith  a p p lie d  lim e  (Eq. 

7), producing so lub le  s u lfa te  s a l ts .

4FeS2 + ISO2 + UH2O ----> 4 Fe(OH)3 + SH2SO4 ( 6)
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ZHgSOy + CaMg(COg)g — > CaSOy + MgSOy + ZĤ D + ZCOg (7)

These s a l t s  may, under c e rta in  conditions In h ib it  p lan t establishm ent 

(Grove and Evangelou, 198Z). A pplication of lim ing  m a te ria ls  such as 

CaCOg, MgCOg, CaO and Ca(OH)2 in  s u f f i c i e n t  q u a n t i t i e s  r e s u l t s  in  

in c re a s e s  o f OH” , Ca2+ and Mg2+ in  th e  s o i l  s o lu t io n . Thus, l im in g  

se rv e s  to  both  r a i s e  the  s o i l  pH, and supp ly  e s s e n t i a l  p la n t 

m a c ro n u tr ie n ts  (Mason, 1980).

The b e n e f ic ia l  e f f e c t s  o f  l im in g  have been w e ll  documented in  

agronomic l i t e r a tu r e  and can be applied  to  mine reclam ation  problems. 

Reclamation s c ie n t is ts ,  however, must c a re fu lly  consider th e i r  choice 

o f l im in g  m a te r ia ls  i n  l i g h t  of r e c e n t  r e p o r t s  d e s c r ib in g  Ca + Mg 

re la te d  antagonisms. Liming of s o i ls  and mine sp o ils  w ith Ca compounds 

may cause Mg d e f ic ie n c ie s  in  p la n ts .  Sumner and co -w orkers (1978) 

reported  lo sse s  (36 to  93 percent) of exchangeable Mg in  s o i ls  lim ed 

w ith  pure Ca so u rces . F u rtherm ore , a d d it io n s  of a Mg lim e  m a te r ia l  

i n i t i a l l y  in c re a se d  exchangeab le  Mg but was fo llo w ed  by a la rg e  

decrease as the s o i l  pH approached n e u tra li ty . Sims and E ll is  (1983) 

a lso  reported  g rea tly  reduced exchangeable Mg in  s o i l s  lim ed a t  a high 

r a t e  w ith  CaCOg, as de te rm ined  by th e  Shoemaker, McClean and P r a t t  

(SMP) method (Shoemaker e t  a t . ,  1961). For th is  reason. Pitman (1976) 

su g g ested  th a t  th e  l im in g  ag en t be MgCOg or th a t  Mg be added as 

f e r t i l i z e r .  Grove and Evangelou (1982) n o ted , however, t h a t  l im e -  

sp o il reac tio n s containing p y rite  (Eq.7) can produce soluble Mg s a l t s  

which i n h i b i t  p la n t grow th and developm ent. Although no t a lw ays a 

problem, they suggest th a t dolom ite i s  an unacceptable lim ing  agent on
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sandy spo ils . Depending upon the  chem istry of the p a r tic u la r  growth 

medium, e i th e r  Ca or Mg may be th e  m ost a p p ro p r ia te  c a t io n  f o r  

avoiding ion  antagonisms.

Liming and the Primary Nutrients

Many mine w astes req u ire  amendments of primary n u tr ie n ts  (N, P, 

K) in  order to  provide a hab itab le  p lan t growth medium. A pplications 

o f lim e  to  reduce  s p o i l  a c id i ty  may a f f e c t  in d ig en o u s and a p p lie d  

f e r t i l i z e r  n u t r ie n ts .  Both th e  t im in g  and method o f lim e  and 

f e r t i l i z e r  a p p lica tio n  a re  im portant.

Nitrogen

I f  a c id ic  s o i ls  are  not lim ed p rio r to  a p p lica tio n s  of ammonium 

(NHjj) f e r t i l i z e r ,  NĤ  ions may be lo s t  through leaching, because the  

exchange s i t e s  a re  occup ied  by t ig h t l y  h e ld  Al and H io n s  (Kamprath 

and Foy, 1971)* A pplied n i t r a t e  (NOg) f e r t i l i z e r s  may be l o s t  a s  

n i t r i c  ac id  in  s o i ls  containing appreciable amounts of Al and H. The 

e x ac t e x te n t  o f th e se  lo s s e s  i n  th e  f i e l d ,  however, i s  unknown 

(Tisdale and Nelson, 1975).

B a c te r ia l  n i t r i f i c a t i o n  o f NĤ  i s  in h ib i t e d  by low pH and i s  

extrem ely lim ite d  by pH values below 5.0 (M orrill and Dawson, 1967). 

U tsalo and Maier (1983) reported  th a t  n i t r i f i c a t io n  did not occur on 

a c id ic  mine s p o i l  (pH 3.6) d e s p i te  in o c u la t io n  w ith  n i t r i f y i n g  

bac te ria . F ie ld  s tu d ie s  by Nyborg and Hoyt (1978) revealed  s ig n i f i ­

cant in c reases  in  n i t r i f i c a t io n  ra te s  in  ac id  s o i l s  a f te r  lim ing. I t  

was re p o r te d , however, t h a t  N a p p lie d  s u r f l c l a l l y  as NH11 to  s o i l s  

limed w ith CaCOg must be w ell incorporated  or g rea t lo sse s  w ill  occur 

through v o la t i l iz a t io n  (C arter e t  a l . ,  1967). Thus, i t  appears th a t  N
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f e r t i l i z e r ,  when applied  c o rre c tly  to  lim ed s o i ls ,  can b en efit p lan t 

growth and su rv iva l.

Phosphorus

As w ith  N, the  a v a i l a b i l i t y  of P u s u a l ly  d e c re a se s  w ith  

in c re a s in g  s o i l  a c id i ty .  Two s e p a ra te  e x p la n a tio n s  e x i s t  f o r  t h i s  

lo s s .

The f i r s t  p o s s i b i l i t y  i s  based on th e  " s o lu b i l i t y  p roduct 

p rincip le", p o stu la tin g  the form ation of various phosphate compounds 

by p rec ip ita tio n . In  acid  s o i ls ,  v a r is c i te  (AlPÔ  • 2H20) follow ed by 

s t r e n g i t e  (FePOy * 2H2O) a re  th e  most s ta b le  and e a s i ly  form ed phos­

p h a te  m in e ra ls  (L indsay , 1979). A p p lic a tio n s  o f  lim e  w i l l  tend  to  

d i s s o l v e  v a r i s c i t e  and  s t r e n g i t e ,  th e r e b y  c a u s in g  i n c r e a s e d  

a v a i la b i l i ty  of P.

Amorphous a l urni n o - p h o s p h a te s  fo rm  i n  a q u eo u s s o l u t i o n s  

approxim ating acid  s o i l  so lu tio n s (Webber, 1978). The reduction  of 

soluble and exchangeable Al in  s o i ls  fo llow ing P ap p lica tio n s  (Haynes 

and Ludecke, 1981), and the  phosphate  a l l e v i a t i o n  of Al t o x ic i ty  in  

p lan ts  (Bache and Crooke, 1981) have been a t t r ib u te d  to  the  form ation 

of these amorphous phosphates.

The second e x p la n a tio n  fo r  P u n a v a i la b i l i t y  in  a c id  s o i l s  i s  

considered the primary P f ix a t io n  mechanism (Sample e t  a l . ,  1980). In  

t h i s  p ro c e ss , P i s  adsorbed  on to  th e  s u r fa c e s  o f h y d ra ted  Al and Fe 

oxides and clay m ateria l su rfaces. The d e ta i ls  of these processes have 

been rev iew ed  by P a r f i t t  (1978) and W hite (1970). Although th e re  a re  

o ther fa c to rs  a ffe c tin g  phosphate adsorption , i t  i s  generally  accepted 

th a t :  adsorp tion  i s  g re a te s t w ith in  a pH range of 2.0 to  4.0 ( F a r f i t t ,
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1978); and t h a t  l im in g  i s  l i k e l y  to  d ecrease  th e  a d so rp tio n  o f 

phosphate onto s o il  co llo ids.

Although lim e ap p lica tio n s can increase  the  a v a i la b i l i ty  of P, 

lim e  can a lso  d ec rea se  i t s  a v a i l a b i l i t y .  W hite and T ay lo r (1977) 

noted  t h a t  l im in g  to  pH v a lu e s  a t  o r n ear n e u t r a l i t y  can in c re a s e  

phosphate f i x a t io n  because of th e  fo rm a tio n  of in s o lu b le  calcium  

phosphates . They su ggested  t h a t  a t  h igh  P c o n c e n tra tio n  (1000 uM), 

phosphates p re c ip ita te d  a t  pH values equal to  or g rea te r than 5.5.

A cid -lim e-phospho rus i n t e r a c t io n s  a re  complex and a re  no t 

completely understood. Phosphorus lo sse s  a re  a tt r ib u te d  to  various 

mechanisms and may be a ffec ted  by the r a te  of lim e app lica tion . For 

exam ple, Sims and E l l i s  (1983) de te rm ined  th a t  P was more p la n t  

a v a i la b le  when s o i l s  w ere lim ed  a t  a r a t e  to  n e u t r a l i z e  KCl -  

exchangeable Al (m in im al l im in g ) , v e rsu s  l im in g  to  pH 6.8 a s  

de te rm ined  by th e  SMP method. T h ere fo re , p la n t  a v a i la b le  P may be 

d i f f ic u l t  to  supply to  a c id ic  and lim ed sp o ils .

Potassium

In  acid  s o i ls ,  a la rg e  percentage of exchangeable K may be l o s t  

th rough  le a c h in g  (Magdoff and B a r t l e t t ,  1980). Furthermore, lim ing 

causes d ecreased  a v a i l a b i l i t y  of any exchangeable  K p re s e n t  a t  the  

tim e  of lim in g . This l o s s  i s  caused by th e  pH dependent c a t io n  

exchange c a p a c ity  (CEC), w hich r e s u l t s  i n  an im p o rta n t s h i f t  of 

s o lu t io n  k to  th e  exchangeable  phase a s  pH in c re a s e s .  T h is same 

property however, allow s lim ed s o i ls  to  r e ta in  more f e r t i l i z e r  aga in st 

leaching  lo sse s  (Adams 1984). Thus, ap p lica tio n s o f f e r t i l i z e r  K a re  

recommended fo r  lim ed mine sp o il to  prevent K d e fic ie n c ie s  in  p lan ts .
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Kiln Duat as a Liming Agent

Cement k i ln  dust i s  a highly  a lka line , calcium rich  m ateria l th a t 

i s  a cement p ro d u c tio n  w aste  p roduct. As t h i s  m a te r ia l  p re s e n ts  a 

w aste  problem , i t  may be eco n o m ica lly  used a s  an a c id  mine w aste  

am e l i  or a n t. V in te rh a ld e r  (1984) used cement k i ln  d u s t a s  a l im in g  

agent on m etal contaminated land in  Canada. He found the  m ate ria l to  

have good p o te n t ia l  a s  a l im in g  m a te r ia l  but f e l t  th a t  problem s 

associated  w ith ap p lica tio n  techniques, cu rren tly  precluded i t s  use on 

large  sca le  p ro jec ts .

S u ita b i l i ty  o f Species to  the Rnvl

The fo llo w in g  s p e c ie s  were chosen p r im a r i ly  because of t h e i r  

a d ap tab ility  to  a c id ic  growth media and the  harsh c lim ate  of the s i te .  

The second c r i te r a  fo r  se le c tio n  was commercial seed a v a ila b ili ty .

B ird s fo o t t r e f o i l  ( Lotus c o rn lc u la tu s  L.) has been known a s  a 

forage crop throughout the reco rded  a g r i c u l tu r a l  h is to r y  of many of 

th e  g ra z in g  re g io n s  o f Europe, A sia and A fr ic a . The m e d ite rra n e a n  

basin i s  i t s  l ik e ly  center of o rig in . The date of i t s  in tro d u c tio n  to  

North America i s  unknown (M etcalf, 1980).

B lrd s fo o t t r e f o i l  i s  a lo n g - l iv e d ,  p e re n n ia l  legum e w ith  a 

moderately deep, branching ro o t system: a growth form s im ila r  to  th a t  

of a l f a l f a .  The s p e c ie s  i s  adap ted  to  a w ide v a r ie ty  o f s o i l  

r e a c t io n ,  f e r t i l i t y  and c l im a t ic  c o n d itio n s  includ ing  high summer 

te m p e ra tu re s . Some v a r i e t i e s  a re  known fo r  t h e i r  w in te r—h a rd in e s s  

(SCS, I 978). I t  i s  th e  most a c id —to le r a n t  s p e c ie s  among th e  legum es 

and w i l l  su rv iv e  in  s o i l s  d e f i c ie n t  in  P and K (M e tc a lf , 1980; 

H a fe n r ic h te r , 1968). Although i t  can w ith s ta n d  medium a c id i ty
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(pH>5.0) a lim e amendment i s  requ ired  fo r  establishm ent in  more ac id ic  

so ils . B irdsfoot t r e f o i l  i s  a highly p a la tab le , n u tr i t io u s  and non­

b loating  forage legume fo r domestic liv esto ck . I t  w i l l  not, however, 

t o l e r a t e  con tinuous g raz in g  (W atson e t  a l . ,  1980). This p la n t  i s  

a lso  a choice food fo r  Canada geese, deer and elk.

l o t u s  c o rn lc u la tu s  has been used in  a v a r ie ty  of re c la m a tio n  

t r i a l s  on a c id ic  mine ta i l in g s  m ateria ls . Costigan and o th e rs  (1984) 

used t h i s  s p e c ie s  and o th e r  legum es in  a t r i a l  on lim ed , a c id ic  

c o l l i e r y  s p o i l s .  , They observed  a pH re d u c tio n  in  grow th m edia 

supporting t r e f o i l .  These w orkers h y p o th es ized  th a t  th e  reduced  pH 

re su lte d  from e ith e r  increased  p y r ite  oxidation  or reduced lim e reac­

t io n  r a t e  caused by d r i e r  c o n d it io n s  in  th e  ro o t  zone o f l a r g e r  

t r e f o i l  sh o o ts  w ith  h ig h e r  t r a n s p i r a t i o n  r a t e s .  The observed  pH 

reduction  could also be a t t r ib u te d  to  the a b i l i ty  of t r e f o i l  to  oxi­

d iz e  f e r ro u s  io n s  a s  has been dem onstra ted  u s in g  s o lu t io n  c u l tu r e  

( B a r t l e t t ,  1961). W in te rh a ld e r  (1983) re p o r te d  good su c c e ss  w ith  

t r e f o i l  on lim ed , Cu and n ic k e l  con tam ina ted  la n d s  i n  Canada. He 

recommended low a p p lica tio n  r a te s  of slow -re lease  N f e r t i l i z e r  to  give 

a com petitive advantage to  seedlings developing from w in te r - s t r a t i f ie d  

seed. S lo w -re le a se  N f e r t i l i z e r s  would a ls o  p re v e n t legum e grow th 

in h ib it io n  assoc ia ted  w ith  high N a p p lica tio n  ra te s .

E llas and Chadwick (1979) observed low mean r e la t iv e  growth r a te s  

and h igh  ro o t-w e ig h t  r a t i o s  fo r  one v a r ie ty  o f L u cornlculatus. 

These t r a i t s  c h a ra c te r iz e  s p e c i e s  m ost c a p a b le  o f  s u c c e s s f u l  

establishm ent on i n f e r t i l e  and to x ic  waste m a te ria ls  (Grime and Hunt,

1975). Berg and Vogel (1968) r e p o r te d  th a t  t r e f o i l  e x h ib i te d  no
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to x ic ity  symptoms when grown on th ree  spo il m ate ria ls  contain ing  50 

ppm w a te r - s o lu b le  Mn. Johnson and o th e rs  (1977), how ever, re p o r te d  

th e  f a i l u r e  of t r e f o i l  to  e s t a b l i s h  on a c id ic ,  Z n-con tam inated  

c o l l i e r y  s p o i l s .  Most r e c e n t l y ,  V ogel (1984) recom m ended  Jti. 

co rn icu la tus fo r revegeta tion  of ac id ic  (pH.14.5) mine sp o ils .

Some v a r ie t ie s  of sheep fescue (Festuca ovlna L.) are  considered 

native  (Hitchcock and Cronquist, 1973), w hile o th ers  a re  known to  have 

been introduced from Turkey in  1934 (L illey  and Benson, 1979). Sheep 

fescue i s  a long-lived , fine-leaved  bunchgrass known fo r i t s  massive 

ro o t  p ro d u c tio n  o f up to  3360 kg /ha  (dry w t.) (H a fe n r ic h te r  e t  a l . ,  

1968). The species i s  c o ld -to le ran t, d rough t-to leran t and capable of 

out-perform ing many grasses in  sandy to  gravelly  s o i ls  under m ildly 

ac id ic  conditions (Watson e t  a l . ,  1980). Although shoot production of 

ov lna  i s  low , i t  p ro v id es  good ground cover and p a la ta b le ,  

n u t r i t io u s  fo rag e  fo r  d o m estic  liv e s to c k  and w ild l i f e  (Schwendiman,

1976).

Festuca ovlna has been recognized as a usefu l species fo r  mined 

land reclam ation. Smith and Bradshaw (1979) obtained good growth of 

ovlna on a c id ic  (pH=5.4) m eta llife ro u s  mine w astes. They observed 

th a t  a lthough  grow th  was g r e a t ly  enhanced by f e r t i l i z a t i o n ,  lim e  

a p p l ic a t io n  produced no s ig n i f i c a n t  response. By examining healthy 

stock grown in  contaminated s o i l ,  Gregory and Bradshaw (1964) iso la te d  

£1. ov lna  p o p u la tio n s  t o l e r a n t  to  e le v a te d  l e v e l s  o f  le a d  and Zn. 

Alloway and D avies (1971) observed  no to x ic i ty  symptoms i n  sheep 

fe scu e  grown i n  t o t a l  c o n c e n tra tio n s  o f  Pb a t  3,680 ppm, Zn a t  1 ,330 

and Cu a t  48 ppm.
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C reeping f o x t a i l  (A looecurus a rund inaceus P o ir .)  and meadow 

fo x ta i l  (Alooecurus o ra te n s is  L.) are both Eurasian species introduced 

in to  t h i s  coun try  in  th e  l a t e  n in e te e n th  c en tu ry . Both s p e c ie s  a re  

long-lived  perenn ials which form dense sod and grow to  h e ig h ts  o f 75 

to  135 cm. These sp e c ie s  a re  e s p e c ia l ly  adap ted  to  m o is t s i t e s  

in c lu d in g  w et meadows in  a lp in e  and su b a lp in e  a re a s . They can be 

estab lished  in  s o i ls  ranging in  te x tu re  from clays to  loams as w ell as 

in  o rg an ic  p e a ts  and mucks. Both a re  t o l e r a n t  o f m odera te ly  a c id ic  

s o i ls  and a re  known fo r  early  sp ring  emergence. Creeping fo x ta i l  has 

ad d itio n a l adap tations to  a lk a lin e  conditions and sandy s o il  tex tu res  

(Heath e t  a l . ,  1985). Meadow fo x ta il  has shown to lerance  to  flooding  

and high water ta b le s , but i s  su scep tib le  to  drought and long periods 

of ho t w eather (Plummer, 1977). Both of th e se  s p e c ie s  p rov ide  

n u t r i t i o u s ,  p a la ta b le  l iv e s to c k  fo ra g e  and re c o v e r  r a p id ly  a f t e r  

grazing (Smoliak and BJorge, 1981).

C re e p in g  f o x t a i l  and meadow f o x t a i l  have n o t  been  u se d  

extensively  fo r  mined land reclam ation. Brown and o thers (1976) used 

JL o ra te n s is  in  revegeta tion  t r i a l s  a t  h ig h -a ltitu d e  s i t e s  in  Montana. 

This s p e c ie s  was r a te d  second m ost s u c c e s s fu l  among th e  fo u r te e n  

grasses grown. Kenney and Cuany (1978) reported  a performance range 

of from poor to  e x c e l le n t  f o r  grow th o f  A. a ru n d in aceu s  a t  seven s k i  

a re a  d is tu rb a n c e s  above 7,500 m in  Colorado. A looecurus o r a te n s i s  

growth was ra te d  from f a i r  to  e x ce llen t on th ree  of the same s i te s .

Both re d to p  (A e ro s tls  a lb a  L.) and b e n tg ra s s  (A g ro s tls  te n u is  

Sibth.) are perennial, rhizom atus grasses. Redtop was in troduced from 

Europe by th e  e a r ly  c o lo n is t s .  B en tg ra ss , a n a tiv e  o f E u ra s ia , has
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na tu ra lized  to  the  P ac ific  Northwest m aritim e clim ate. These species 

are  adapted to  wetland s i t e s  and grow w ell in  moderately a c id ic  s o ils .  

B en tg ra ss  can w ith s ta n d  p ro longed  f lo o d in g  and both s p e c ie s  a re  

somewhat d ro u g h t- to le ra n t .  Redtop i s  e x tre m e ly  c o ld - to le r a n t ;  

b e n tg ra ss  i s  b e t t e r  adap ted  to  more tem p era te  c lim a te s . Both a re  

adapted to  a wide range of s o il  tex tu res  (M etcalf, 198O; H afenrichter 

e t  a l . ,  1968). Although both of th ese  g ra s s e s  can w ith s ta n d  heavy 

grazing, n e ith e r  i s  p a r t ic u la r ly  pa la tab le  nor n u tr i t io u s  (SCS, 1978).

V arious p o p u la tio n s  o f  A g ro s tls  te n u is  have been shown to  be 

t o le r a n t  to  e le v a te d  l e v e l s  o f Pb, o r Zn, o r Cu and Zn (G regory and 

Bradshaw, 1964). Sm ith and Bradshaw (1979) o b ta in e d  s a t i s f a c to r y  

r e s u l t s  w ith  p o p u la tio n s  o f  A. te n u is  in  e s ta b l is h m e n t  t r i a l s  a t  a 

m etal i f  erous mine waste s i t e  in  Great B rita in . Their work even tually  

lead  to  the development of th ree  commercially ava ilab le  c u lt iv a rs  of 

JL -Isnwl s which a re  t o le r a n t  to  a c id ic  o r c a lc a re o u s  Pb and Zn w aste  

m a te ria ls  and copper w astes. Clarkson (1966) showed JL tenuis shoots 

to  be to le ra n t of Al in  concentra tions o f up to  4 ppm; ro o t growth was 

uninh ib ited  by a concentration  o f 8 ppm in  n u tr ie n t so lu tion .

Jo o s t  and o th e r s  (1983) o b ta in  s a t i s f a c to r y  grow th o f Agrostis

p la n te d  in  coal r e fu s e  (gob) a m e lio ra te d  w ith  lim e  and sewage

sludge . A f a i r  to le ra n c e  to  Al by JL M b a  was observed  by Jones and 

o thers (1975).

Canada b lu e g ra s s  (Poa com pressa L.) i s  a  rh izo m a tu s  s p e c ie s  

brought to  t h i s  coun try  by the  c o lo n is ts .  I t  i s  n a tiv e  to  E u ra s ia  

(Heath e t  a l . ,  1985). This species perform s w ell on n eu tra l to  a c id ic  

s o il  m a te r ia ls  and can usually  be found on lo w - f e r t i l i ty  s i te s .  I t  i s
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somewhat d rough t-to leran t and i s  p a r tic u la r ly  adapted to  high mountain 

ranges and alp ine, subalpine and mountain brush ecosystems (Plummer,

1977)* Although p ro d u c tio n  i s  som etim es low , Canada b lu e g ra s s  i s  

qu ite  p a la tab le  and n u tr it io u s .
. . . .

Poa com pressa does no t have an e x te n s iv e  h i s to r y  o f use in  

reclam ation. W interhalder (1983)» however, reported  good r e s u l ts  w ith 

a sp e c ie s  mix c o n ta in in g  15 p e rc e n t P. compressa fo r  r e c la m a tio n  o f 

m e ta l-c o n ta m in a te d  a c id  la n d s  in  Canada. Darmer (1973) used  P. 

CQBPregga ip  reclam ation  t r i a l s  on sandy a c id ic  brown coal sp o ils  in  

E ast Germany. This s p e c ie s  was n o t, however, s u c c e s s fu l  on t h i s  

m ateria l. Brown and Johnson (1978) suggested th a t  th is  species may be 

su ita b le  fo r  high a l t i tu d e  reclam ation.
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METHODS AND MATERIALS 

Site Description

Two e x p e rim e n ta l s i t e s  w ere lo c a te d  in  a f o r e s t  open ing  a to p  

ta i l in g s  p i le s  a t  the  Champion mine s i te .  The d istance between th e  two 

s i t e s  was approxim ately 75 m.

C lim atological data were obtained from the Deerlodge 3W weather 

s t a t io n .  Although t h i s  i s  th e  s t a t i o n  c lo s e s t  to  th e  mine s i t e ,  th e  

a c tu a l  c lim a te  i s  p robab ly  w e t te r ,  c o ld e r , and has few er f r o s t  f r e e  

days due to  the e lev a tio n  of the s i te .  Yearly p re c ip ita tio n  averages 

27»7±9»9cm, ap p ro x im ate ly  60—75$ o f which occurs during th e  growing 

se a s o n . F r o s t  f r e e  d ay s  a v e ra g e  52±. 32. The a v e ra g e  a n n u a l 

te m p e ra tu re  i s  5*2±,39 C°; w h ile  maximum and minimum te m p e ra tu re s  

reached  36.1 and -40 .0  C01 r e s p e c t iv e ly  (N.O.A.A., 1984-85).

U nd istu rbed  nearby s o i l  has been c l a s s i f i e d  a s  a sandy-m ixed 

1VPic Cryochrept (Decider 1982). The su rro u n d in g  v e g e ta t io n  c o n s is ts  

of a mixed con ifer fo re s t.

Experimental Design

Each s i t e  was divided in to  3 sections (re p lic a tio n s )  which were 

s p l i t  i n  h a l f .  The e n t i r e  s i t e  was f e r t i l i z e d .  One h a l f  o f each 

re p lic a tio n  was lim ed w ith k iln  dust. All lim ed and unlimed trea tm en t 

s t r i p s  w ere d iv id ed  in to  seven p lo ts  50 x 100 cm. One legum inous 

s p e c ie s ,  L o tu s .o o rn ic u la tu s  and s ix  g ra s s  s p e c ie s  were seeded 

in d iv id u a l ly  in  p lo ts .  The g ra s s  s p e c ie s  in c lu d e d , Festuoa o v in a f 

■Al OPOOUrUg f ra to n s lg , JL. a r u n d i n a o e u s r Poa C o m p r e s s a f Aernatia ten u is  

and A*, alba .
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Site Preparation and SeeHine

The t a i l i n g s  p i l e s  w ere th e  lo c a t io n  o f th e  sp e c ie s  grow th 

t r i a l s .  T ailings p reparation  and seeding took place June 22, 1984 and 

was a four step  process as fo llow s:

1) Two s i t e s  approxim ately 60 x 60 m were chosen, and designated 

I and 2. These s i t e s  received  id e n tic a l treatm ents. The ta i l in g s  were 

leveled, then r o to t i l le d  to  throughly mix th e  m ate ria l.

2) Diammonium-phosphate f e r t i l i z e r  (18-46-0) was a p p lie d  a t  a 

ra te  of 16 kg/ha n itrogen  and incorporated w ith  the ro to t i l l e r .

3) One h a l f  of each r e p l i c a t i o n  was lim e d  w ith  k i ln  d u s t ,  

applied a t  a r a te  eq u iv ilen t to  9.14 m etric  tons CaCO3Zha/15 cm. This 

r a t e  was double th e  amount d e te rm ined  n ecessa ry  to  n u t r a l l z e  the  

ta i l in g s  fo r  twenty years by Russell (1984). The k i ln  dust was incor­

p o ra te d  to  th e  15 cm depth . Cement p la n t  k i ln  d u s t from  th e  Id e a l  

Cement Co., T r id e n t, Mt. was th e  source of th e  l im in g  agent* 

C h a rac te ris tic s  of the k iln  dust are provided in  Table I.

4) Species were seeded in d iv id u a lly  a t  a r a te  of 240 pure l iv e  

seeds per p lo t.

Table I .  Ih y sica l and chemical an a ly sis  o f cement p lan t f lu e  dust.

sieve no % dust passed Oxide Content

30 100.0 CaO = 42-48%
60 99.5 SiO = 15.8%

100 95.0 Al 0 = 3.5%
200 75.0 Fe 0 = 2.0%

KO = 2-4%
Mg 0 = 1.2%
Na 0 = 0.2-0.4%
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C o lle c tion and Analysis of TaiHnga Material

T ailings samples were taken numerous tim es throughout the study 

p e rio d . Samples w ere tak en  random ly from th e  lim ed  and un lim ed  

treatm ents; a t  the 0-15 cm depth and below the 15 cm depth.

The f i r s t  ta i l in g s  samples, used fo r  s i t e  ch a rac te riza tio n , were 

c o l le c te d  J u ly  27» 1984. The second sam ples, c o l le c te d  O ctober 3,

1984, were used to  e v a lu a te  th e  e f f e c t s  o f  th e  l im in g  th r e e  m onths 

e a r l ie r .  These samples were a i r  dried , crushed to  pass through a 2 mm 

sieve and analyzed fo r  the fo llow ing  physical and chemical p ro p erties . 

C o n c en tra tio n s  of Al, Zn, Mn, Cu, Ca, and Mg; and m easures o f pH and 

e l e c t r i c a l  c o n d u c tiv ity  (Ec) were de te rm ined  i n  s a tu r a te d  p a s te  

e x t r a c t s  (R ich a rd s , 1969) Ammonium a c e ta te  was used to  e x t r a c t  K 

(Richards, 1969). N itra te  concentra tion  was deteremined by the  phenol- 

d is u l fo n ic  a c id  method (Haby and L arson , 1976). Phosphorus was 

e x tr a c te d  w ith  NaHCO3 (Amer. Soc. Agron., 1965). T a ilin g s  p a r t i c l e  

s iz e  d i s t r i b u t i o n  was d e te rm in ed  a cc o rd in g  to  Am erican S o c ie ty  o f 

Agronomy (1970).

A dditional ta i l in g s  samples were co llec ted  May 29, 1985, July  29,

1985, and Septem ber 3 , 1985 to  de te rm ine  p la n t  a v a i la b le  m o is tu re  

throughout th e  growing season. These samples were weighed, and then 

d r ie d  a t  105° C u n t i l  a c o n s ta n t w eigh t was reach ed . W ith th e se  

r e s u l t s  p e rc e n t m o is tu re  by w eigh t was c a lc u la te d . These m o is tu re  

v a lu e s  were p laced  on a p re v io u s ly  c o n s tru c te d  d e so rp tio n  curve. 

Consequently i t  was possib le  to  determine the  approximate s o i l  w ater 

t e n s io n  o f  f i e l d  s a m p le s  a t  a g iv e n  m o is tu r e  p e rc e n ta g e  by 

in te rp o la tio n . Desorption curves fo r  the two s i t e s  were made w ith
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s o i l  m o is tu re  v a lu e s  a t  0 , - 1 /3 ,  -1 /1 0 , " I ,  "3 , and "15 bar te n s io n , 

w ith  p re s su re  p la te  a p p a ra tu s  as d e sc rib e d  by R ichards (1969). 

Desorption curves a re  loca ted  in  Appendix B.

Species Data C ollection  and Analysis

Three methods were employed to  evaluate  and compare the  seeded 

s p e c ie s . S e e d lin g  emergence co u n ts  were tak en  August 3 , 1984. A ll 

seedlings in  each p lo t were counted. Species he igh t and percen t basal 

a re a  cover (BAC) were chosen f  o r in t r a s p e c ie s  com parisons o f v ig o r . 

These measurements were employed to  de tec t s i t e  d iffe ren ces a ffe c tin g  

p la n t  grow th. The h e ig h t of th e  t a l l e s t  in d iv id u a l  pe r p lo t  was 

measured. BAG was obtained by estim ating  to  the  nearest percent the  

amount o f vegetal stem area  w ith in  a 2.5 x 5 cm m icroplot. Each p lo t 

was divided in to  th ird s  and nine m icroplot readings were taken in  each 

th ird . Evaluations of these param eters were made on Ju ly  29, 1985.

S ta t i s t i c a l  Mathnrtw

The S tu d e n t 's  t - t e s t  was used to  d e te c t  d i f f e r e n c e s  in  grow th  

v a riab le s  by s i t e  and trea tm en t. S ig n ifican t in tra sp e c ie s  d iffe ren ces 

would in d ic a te  th a t the species were e x ib itin g  superio r growth on one 

s i te  or treatm ent compared to  t h e i r  resp ec tiv e  counterparts.

A n a ly s is  o f  V a r ia n c e  (ANOV) and mean s e p a r a t i o n  ( l e a s t  

s i g n i f i c a n t  d if f e r e n c e )  were used to  d e te c t  i n te r s p e c ie s  grow th 

d if fe re n c e s  u s in g  s p e c i e s ' g ro w th  m e a su re m e n ts . S i g n i f i c a n t  

d iffe rences would in d ic a te  th a t  some species were exi b itin g  a g rea te r 

abi3- i ty  to  ad ap t to  th e  ex trem e c o n d it io n s  of the  grow th  m edia 

compared to  o ther species.
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RESULTS AND DISCUSSION

Talllnga Analysis 

Physical Analysis

V a r ia b i l i ty  in  c h a r a c t e r i s t i c s  o f th e  t a i l i n g s  r e q u ire d  th e  

c o llec tio n  of tandem samples fo r  each combination of s i te ,  trea tm en t 

and dep th . The c a lc u la te d  mean v a lu e  fo r  each sam ple p a i r  was used 

fo r  ch arac te riza tio n . I t  was f e l t  th a t th is  approach would improve 

d e s c r ip t iv e  accu racy  w h ile  m in im iz in g  la b o ra to ry  c o s ts . T e x tu ra l 

an a ly sis  r e s u l ts  a re  means of 4 re p lic a tio n s . S o il m oisture r e s u l ts  

a re  means of 4 re p lic a tio n s  per surface lev e l.

The r e s u l ts  of the te x tu ra l an a ly sis , shown in  Table 2, revealed  

a tex tu ra l d ifference  between s i t e  I and s i t e  2. S ite  I ta i l in g s  were 

c la s s if ie d  as a sandy loam; s i t e  2 ta i l in g s  were c la s s if ie d  as a s i l ty  

clay loam.

Table 2 . Textural an a ly sis  r e s u l ts 8.

S ite  I s i t e  ?

Sand % 54 10

S i l t  % 34 52

Clay % 12
Sandy loam

38
S ilty  clay loam

a mean of 4 analyses

The r e s u l t s  o f  th e  s o i l  m o is tu re  a n a ly s is  a re  f o r  th e  1985

growing season and are presented in  Table 3. S o il m oisture during the
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1984 growing season was assumed to  be s im ila r  to  th a t  of 1984 based on 

mean m onthly p r e c ip i t a t i o n  and tem p era tu re  d a ta  o b ta in e d  from th e  

N.O.A.A. (1984-5). The r e s u l t s  i n  T able 3 su g g e s t t h a t  p e rc e n t s o i l  

m oisture by weight was s im ila r  fo r  the s i t e s  throughout the growing 

season. This was tru e  fo r both surface and subsurface samples. The 

co rresp o n d in g  m e tr ic  p o te n t ia l  f o r  th e  two s i t e s  was how ever, n o t 

s im ila r . M etric p o te n tia l  throughout the  growing season was l e s s  on 

s i t e  I compared to  s i t e  2 in  both the  s u r fa c e  and su b su rfa c e . The 

d if f e r e n c e s  i n  m e tr ic  p o te n t i a l  may be l in k e d  w ith  d i f f e r e n t  p la n t  

response to  the s i te s  both d ire c tly  and in d ire c tly . Although percent 

m oisture by weight was s im ila r  fo r  the  s i te s ,  s o i l  w ater was held  a t  a 

g r e a te r  te n s io n  on s i t e  2. The g r e a te r  s o i l  w a te r  te n s io n  was 

accoun ted  fo r  by th e  g r e a te r  c lay  c o n te n t o f s i t e  2 t a i l i n g s .  T his 

was explained by H i l le l  (1982) who reported  th a t the g rea te r the clay 

content, in  general, the g rea te r  the suction , a t  any p a r t ic u la r  s o i l -  

w ater content.

Table 3* Average3 percent m oisture by weight and corresponding 
m atric  p o te n tia l throughout the 1985 growing season.

S ite  I S ite  2
- Depth—(cm) 5-29 7-7 9-3 5-29 7-7 9-3

% m oisture 
by weight

0-20
>20

20.6
24.1

12.3
17.7

8.9
21.5

24.2
22.6

11.7
19.3

15.1
21.5

M atric 
p o ten tia l 
in  bars

0-20
>20

— •1 
-•1

—2.0 
—1.0

-15.0
- .2

-1 .2
-1 .7

>-15.0
-15.0

>-15.0
—3.0

a mean o f 3 analyses



Chemical Analysis

Table 4 l i s t s  the  pH and conductance values fo r  each combination 

of s i te ,  lim e trea tm en t and depth. The unlimed ta i l in g s  a t  each s i te  

w ere a c id ic  a t  both sam pling  d e p th s . These pH l e v e l s ,  ran g in g  from 

3.0 to  3.5, generally  preclude vascular p lan t estab lishm ent. Liming 

re su lte d  in  e levated  surface pH le v e ls  a t  both s i te s .  Subsurface pH 

le v e ls  were apparently  unaffected by lim ing.

Table 4 . Resultsa fo r  the mean pH and conductance by s i t e ,  
treatm ent and depth.

2 9

Sampling 
Depth (cm)

Site I Site ?
unlimed limed unlimed limed

PH 0-20 3.5 7.5 3.3 7.4>20 3.0 3.4 3.3 3.8
EC mmhos/ 0-20 0.59 2.60 2.10 2.40cm >20 0.62 0.80 1.20 1.44

The EC v a lu e s  fo r  th e  unlim ed tr e a tm e n t  w ere h ig h e r  on s i t e  2 

than  on s i t e  I ,  a t  both sam pling  d ep th s . Conductance v a lu e s  f o r  th e  

lim ed trea tm en ts were s im ila r  fo r  the two s i te s ,  and were g re a te r  than 

v a lu e s  fo r  the  unlim ed t r e a tm e n ts .  The l im in g  tre a tm e n t d id  no t 

appear to  a f f e c t  su b su rfac e  c o n d u c tiv ity  on e i t h e r  s i t e .  I t  i s  

generally  recognized th a t EC values exceeding 4 mmhos/cm in d ica te  s a l t  

c o n c e n t r a t i o n s  t h a t  may a d v e r s e ly  a f f e c t  p la n t  e s ta b lis h m e n t 

(Richards, 1969). The r e s u l ts  in d ic a te  th a t s a l t  concentration  should 

not hinder p lan t estab lishm ent on e i th e r  s i t e  reg a rd le ss  o f treatm ent.
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Elemental concentrations In  the  ta i l in g s  so lu tio n  were measured 

a t  two d ep th s  f o r  lim ed  and unlim ed t re a tm e n ts  (T able 5). E lem en tal 

c o n c e n tra tio n s  d e riv e d  from s a tu r a te d  p a s te  e x t r a c t s  have no t been 

reported  ex tensively  in  the l i t e r a tu r e  and co rre la tio n s  between these 

le v e ls  and p lan t growth a re  lacking. Therefore, i t  i s  not possib le  to  

d iscuss whether elem ental le v e ls  repo rted  here are defec ien t, adequate 

or tox ic  to  vascu lar p lan ts  based on published re s u l ts .

Table 5. Average* s o lu b le  m eta l c o n c e n tra tio n s  (mg/L) by s i t e ,  
treatm ent and depth.

Metal Depth
(cm)

S ite  I S ite 2
unlimed lim ed unlimed lim ed

Al 0-20 5.60 1.30 48.20 1.20
>20 9.80 9.80 20.70 16.00

Mn 0-20 0.94 0.23 39.80 0.38
>20 4.82 6.40 14.20 21.60

Zn 0-20 0.48 0.13 1.90 0.61
>20 0.69 0.70 0.98 1.19

Cu 0-20 0.10 0.06 1.83 0.04

a - __
>20 0.27 0.17 0.64 0.35

a mean o f 2 analyses

Aluminum l e v e l s  on th e  unlim ed s u r fa c e  t r e a tm e n ts  d i f f e r e d  

betw een the s i t e s .  On s i t e  2 th e se  l e v e l s  w ere a p p ro x im ate ly  e ig h t  

t im e s  g r e a te r  th an  th e  unlim ed s u r fa c e  t a i l i n g s  o f  s i t e  I .  Aluminum 

l e v e l s  on the  s u r fa c e  lim ed  t r e a tm e n ts  o f both s i t e s  w ere reduced  

compared to  th e i r  corresponding unlimed coun terparts. The magnitude of 

r e d u c t io n  w as, h o w e v er, d i f f e r e n t .  Aluminum w as re d u c e d  by
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ap p ro x im ate ly  fo u r tim e s  on s i t e  I ,  v e rsu s  f o r ty  t im e s  on s i t e  2. 

Subsurface le v e ls  of th is  element were g rea te r on both trea tm en ts of 

s i t e  2 compared to  counterpart le v e ls  on s i t e  I.

Manganese le v e ls  on the unlimed surface ta i l in g s  of s i t e  2 were 

ap p ro x im ate ly  fo r ty  tim e s  g r e a te r  th an  th e  co rre sp o n d in g  l e v e l s  o f 

s i t e  I . S u rface  Mn l e v e l s  o f th e  lim ed  t r e a tm e n ts  w ere reduced  

compared to  unlimed surface le v e ls  on both s i t e s  and were s im ila r . As 

w ith Al, the magnitude of reduc tion  was not s im ila r . Manganese le v e ls  

were approxim ately th ree  tim es le s s  on the  lim ed trea tm en t of s i t e  I ,  

while on s i t e  2 the approximate Mn reduction  on the lim ed trea tm en t 

was by a fa c to r  of one hundred. Subsurface le v e ls  o f th is  element were 

g rea te r on both trea tm en ts of s i t e  2 compared to  treatm ent counterpart 

l e v e l s  on s i t e  I .

S urface  l e v e l s  o f  th e se  e le m e n ts  on s i t e  I were a ls o  su b s ta n ­

t i a l l y  l e s s  than  c o u n te rp a r t  s u r f a c e  l e v e l s  on s i t e  2. Z inc and Cu 

le v e ls  in  th e  surface ta i l in g s  were reduced on the  lim ed trea tm en ts  of 

both s i t e s  compared to  th e ir  unlimed counterparts. As w ith Al and Mn 

subsurface le v e ls  o f these elem ents were g rea te r on both trea tm en ts of 

s i t e  2 compared to  treatm ent counterpart le v e ls  on s i t e  I.

S ev e ra l g e n e ra l c o n c lu s io n s  can be drawn to  sum m arize th e  

a n a ly t ic a l  r e s u l t s  f o r  th e s e  m e ta l c o n c e n tra tio n s . In  the  unlim ed 

condition, a t  both sampling depths, s i t e  2 contained higher concentra­

tio n s  of each element compared to  s i t e  I. The surface concentra tions 

of a l l  fo u r e lem en ts  w ere reduced  on both s i t e s  w ith  lim in g . The 

average r e d u c t io n  on S i t e  2 was 90 p e rc e n t compared to  an  average  

concentration  reduction  of 65 percent fo r surface ta i l in g s  on s i t e  I .



The g rea te r ion io  concentra tions of s i t e  2 ta i l in g s  may be assoc ia ted  

w ith  th e  h ig h e r c lay  c o n te n t and co rre sp o n d in g ly  g r e a te r  c a t io n  

exchange capacity  (CEC). A la rg e r  CEC in  s i t e  2 ta i l in g s  would hold a 

g rea te r number of ions on the exchange complex. Equilibrium  so lu tio n  

c o n c e n tra tio n s  would th u s  be g r e a te r  fo r  f in e - t e x tu r e d  t a i l i n g s  

compared to  the sandier m a te ria ls  of s i t e  I.

T ailings concentrations o f Ca, Mg and K a re  l i s t e d  in  Table 6.

3 2

Table 6. Averagea base cation  concentrations (mg/L) by s i t e ,  
treatm ent and depth.

Metal Depth
(cm)

Site I Site 2
unlimed limed unlimed limed

Ca 0-20 35.90 676.00 147.90 775.00>20 30.80 118.00 112.75 244.00
Mg 0-20 8.15 47.10 162.90 104.40>20 24.00 34.20 85.50 107.40
K 0-20 18.90 84.45 52.90 82.30

a _

>20 28.90 22.94 65.60 51.90

a mean of 2 analyses

C o n cen tra tio n  l e v e l s  o f  t h i s  e lem en t i n  th e  unlim ed su r fa c e  

t a i l i n g s  o f s i t e  I w ere  a p p ro x im a te ly  f o u r  t im e s  l e s s  th a n  

corresponding le v e ls  o f the s i t e  2 unlimed surface ta i l in g s .  Calcium 

le v e l s  in c re a s e d  on the  s u r f a c e  lim ed  tre a tm e n t of both s i t e s .  On 

s i t e  I the increase  was 18 tim es th a t  of the unlimed trea tm en t. The 

co rresp o n d in g  in c re a s e  f o r  s i t e  2 was by a f a c to r  o f  5. T h is 

d ifference  between th e  two s i t e s  in  th e  magnitude of the  Ca increase
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in  th e  su rfa c e  may be due to  t h e i r  t e x tu r a l  d i f f e r e n c e .  The l a r g e r
I

CEC of s i t e  2 ta i l in g s  oould adsorb more of the added Ca, re s u l t in g  in  

a sm aller increase  in  so lub le  Ca le v e ls  o f th i s  s i t e  compared to  those 

of s i t e  I. This may exp la in  the la rg e r  increase  in  so luble Ca on the 

lim ed trea tm en t of s i t e  I .  Subsurface Ca le v e ls  apparently  increased 

on the lim ed trea tm en ts of both s i te s .  These apparent in c reases  may 

be a r e s u l t  of sample contam ination from the surface and not a r e s u l t  

of downward movement of th is  element.

Potassium le v e ls  on th e  unlimed trea tm en ts were g rea te r  in  s i t e  2 

ta i l in g s  a t  both sampling depths than on s i t e  I. Surface K le v e ls  fo r  

th e  l im e d  t r e a t m e n t s  w e re  g r e a t e r  compared to  t h e i r  unlim ed 

c o u n te rp a r ts  on both s i t e s .  These K l e v e l s  w ere 4.5 and 1.5 tim es 

g rea te r on s i t e s  I and 2 respec tive ly .

Dnlimed s o lu b le  Mg l e v e l s  on s i t e  2 were g r e a te r  th an  s i t e  I 

t a i l i n g s  a t  both sam pling  d e p th s . S u rface  Mg l e v e l s  on th e  unlim ed 

treatm ent of s i t e  I were approxim ately twenty tim es le s s  than  th e i r  

s i t e  2 c o u n te rp a r ts . S u rfa ce  Mg l e v e l s  a p p a re n tly  in c re a s e d  w ith  

l im in g  on s i t e  I bu t no t on s i t e  2 . I t  was ex p ec ted  t h a t  Mg l e v e l s  

would in c re a s e  on both s i t e s  f o r  two re a so n s : I)  Mg was a k i ln  d u s t 

co n stitu en t; and 2) e x is tin g  Mg should have become more a v a ila b le  as 

the  pH ro se  w ith  l im in g . The r e s u l t s  i n  T able 6 , how ever, do no t 

in d ic a te  th a t  so luble Mg increased  w ith  lim ing  on th e  surface ta i l in g s  

of s i t e  2. The re d u c t io n  o f Mg on s o i l s  lim e d  to  n e u t r a l i t y ,  and 

accompanying crop y ie ld  reductions, have o ften  been noted (Sumner e t  

a l . ,  1978). Two e x p la n a t io n s  e x i s t  w hich may e x p la in  th e  la c k  o f 

in c re a s e  i n  Mg. K enniberg and o th e r s  (1976) showed t h a t  f r e s h  and
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aged g e ls  o f  A l-hydroxlde s e l e c t iv e ly  adso rb  Mg from s o lu t io n  a t  pH 

v a lu e s  above 7.0. The l im in g  of a c id ic  s o i l s  p roduces such g e ls . 

F a rin a  and o th e r s  (1980) s t a t e d  t h a t  o th e r  Al so u rc es  a re  cap ab le  of 

f ix in g  Mg a t  pH v a lu e s  low er than  7.0. I t  i s  p o s s ib le  th a t  Mg 

concentration did not increase  on s i t e  2 because of these reac tio n s.

F e r t i l i z e r  NÔ  and P w ere added to  bo th  lim ed  and un lim ed  

trea tm en ts o f both s i te s .  I t  th e re fo re  seems probable th a t  NOg and P 

concentrations would increase  on these s i t e s  compared to  th e ir  p re- 

treatm ent lev e ls . This however, did no t appear to  happen (Table 7).

Table 7. Average3 concentrations (m g/kg) o f f e r t i l i z e r  n u t r i e n t s  
in  so lu tio n .

N utrient
Depth

(cm)

S ite  I S ite 2
Pre-

treatm ent Unlimed Limed
Pre-

treatm ent Unlimed Limed

NO3 0-20 2.2 2.4 3.4 1.8 1.7 2.2
>20 2.0 1.1 1.2 1.1 1.5 1.4

P 0-20 8.7 14.1 13.8 10.2 7.9 15.6
>20 15.7 8.7 16.8 14.9 9.3 9.5

3 mean of 2 analyses

On s i t e  I n i t r a t e  c o n c e n tra tio n  d id  n o t a p p a re n tly  in c re a s e  i n  

the unlim ed tre a tm e n t, but s u r f a c e  l e v e l s  may have in c re a s e d  on th e  

lim ed trea tm en t of th is  s i t e .  On s i t e  2 n i t r a te  le v e ls  a t  both depths 

of the  unlim ed tre a tm e n t  w ere a p p a re n tly  u n a ffe c te d . On s i t e  2 the  

surface lev e l n i t r a te  concentra tion  of the lim ed trea tm en t may have 

been somewhat g rea te r than the p re - treatm ent le v e l. Surface n i t r a te  

l e v e l s  w ere  p o s s ib ly  g r e a t e r  on s i t e  I com pared  t o  s i t e  2
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c o u n te rp a r ts . D is t in g u is h a b le  d iffe re n c e s  were not apparent between 

subsurface le v e ls  of the s i te s .  I t  may be th a t apparent in c reases in  

n i t r a te  concentration  simply r e f le c t  the  v a r ia b i l i ty  of the ta i l in g s .  

I f  t h i s  i s  i n  f a c t  th e  case , much of th e  a p p lie d  N may have been 

•lost* through various chemical pathways. F e r t i l i z e r  N applied  a s  NĤ  

may have been a f f e c te d  by a t  l e a s t  3 chem ical p ro c e sse s  i n  th e  

t a i l i n g s :  I) v o l a t i l i z a t i o n  to  NHg; 2) f i x a t io n  w ith in  th e  c lay  

l a t t i c e  s tru c tu re ; o r 3) ox idation  to  NOg.

The method of ap p lica tio n  and curren t ta i l in g s  conditions a ffe c t 

the  r a t e  o f v o l a t i l i z a t i o n  of a p p lie d  NĤ  f e r t i l i z e r  s a l t s .  I t  was 

reported  th a t  these f e r t i l i z e r s  can lo se  s ig n if ic a n t q u a n ti t ie s  o f N 
as NHg by v o l a t i l i z a t i o n  on s o i l s  o f h igh  pH i f  n o t im m ed ia te ly  

In c o rp o ra te d  (Fenn and K is s e l ,  1973). Because th e  f e r t i l i z e r  was 

a p p lie d  to  the  a c id ic  t a i l i n g s  and im m ed ia te ly  in c o rp o ra te d  b e fo re  

lim in g , i t  i s  u n l ik e ly  t h a t  la rg e  q u a n t i t i e s  o f N w ere l o s t  th rough  

v o la t i l iz a t io n .

The r e la t iv e  in fluence of base sa tu ra tio n  and clay mineralogy on 

NHjt f i x a t io n  has been the  s u b je c t  of s e v e ra l  in v e s t ig a t io n s .  For 

example, W ilklander and Andersson (1959) demonstrated th a t  the  a b i l i ty  

of s o i ls  to  f i x  NHjt was measureably increased by lim ing. Thus, i t  i s  

possib le  th a t  a po rtion  o f the  applied  NHit was lo s t  through f ix a t io n  

a f te r  lim e was applied  on both s i te s .  I f  th i s  occurred, the amount of 

f ix e d  N would have been g r e a te r  on s i t e  2 because i t  co n ta in e d  a 

la rg e r clay percentage.

Any NHî  not a f f e c te d  by t h i s  p ro c e ss  would have been a v a i la b le  

fo r ox idation  to  NOg. Oxidation occurs through the b io lo g ica l process



of n i t r i f ic a t io n .  N itr if ic a tio n , however, i s  generally  not believed 

to  occur below pH 4.0 (Sarathchandra, 1978). Brar and Giddens (1968) 

suspected the  in h ib it io n  of n i t r i f i c a t io n  a t  low pH to  be caused by Al 

t o x ic i ty  of the  n i t r i f y i n g  o rgan ism s. U n fo rtu n a te ly , the  s tudy  d id  

not provide suspected to x ic  Al le v e ls . N evertheless, i t  i s  possib le  

th a t n i tr i fy in g  b a c te ria  were not p resen t in  the unlimed ta i l in g s  of 

both s i t e s  because of low pH a n d /o r Al to x ic i ty .  Thus, th e  a p p lie d  

f e r t i l i z e r  may have remained in  i t s  reduced NHy form.

N itr a te  c o n te n t d id  n o t appear to  in c re a s e  on th e  lim ed  

tre a tm e n ts  of e i th e r  s i t e ,  d e s p i te  an in c re a s e  o f pH to  7.0 on both 

s i te s . The biology of n i tr i fy in g  b a c te r ia  i s  not c le a rly  understood. 

The time requ ired  fo r  the estab lishm ent of n i t r i fy in g  b a c te ria  in  s o i l  

p re v io u s ly  devoid  o f th e  a c t i v i t y  o f th ese  o rgan ism s could  n o t be 

found. C onsequently , i t  i s  im p o ss ib le  to  e s t a b l i s h  the  p resence  or 

absence of these b a c te r ia  on the  lim ed trea tm en t w ith  av a ilab le  data. 

I t  may be th a t  b a c t e r i a l  p o p u la tio n s  were not g re a t  enough f o r  

n i t r i f i c a t io n  to  occur.

As w ith  NOg, p c o n c e n tra tio n  d id  n o t a p p a re n tly  in c re a s e  on 

e i th e r  s i t e  or t r e a tm e n t  a f t e r  f e r t i l i z a t i o n  w ith  diammonium 

phosphate. The P c o n c e n tra t io n  l e v e l s  i n  th e  su rfa c e  o f s i t e  I ,  

ranged from  8.7 to  14.1 mg/kg. S u b su rface  P l e v e l s  ranged  from  8 .7 to  

16.8 mg/kg. S u rface  c o n c e n tra tio n s  on s i t e  2 , ranged from  7.91 to  

15.6. S ubsu rface  s i t e  2 l e v e l s  ranged  from  9.3 to  14.9 mg/kg. 

G en era lly , no d l s t in g i s h a b le  d if f e r e n c e s  i n  P c o n c e n tra t io n  e x i s t  

between su rface  le v e ls , s i te s ,  lim e trea tm en ts and o rig in a l ta i l in g s  

c o n c e n tra tio n s . T h e re fo re , a p p lie d  P may have been " lo s t*  th rough
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various chemical processes. On the  unlimed trea tm en ts  of both s i t e s  

f e r t i l i z e r  P may have been adsorbed  by Al o r Fe o x id es . In  a c id  

s o i l s ,  th ese  ox ides a re  c o n sid e red  to  be th e  dom inant phosphate 

adsorbing su rfaces; maximum adsorp tion  occurring a t  s l ig h tly  le s s  than 

pH 4 (P a r f i t t ,  1978). The pH on these trea tm en ts averaged 3.5. I t  i s  

th e re fo re ,  q u i te  p o s s ib le  t h a t  added P was adsorbed  in  t h i s  m anner,
i *

and th u s  ren d e red  u n a v a ila b le  to  th e  s o i l  s o lu t io n  and p la n t  r o o ts .  

Phosphorus l o s s  on th e  lim ed  t r e a tm e n ts  of both  s i t e s  may be 

a ttr ib u te d  to  th ree  chemical processes. F ir s t ,  some P f e r t i l i z e r  may 

have been adsorbed  by Al o r Fe o x id e s , a s  m entioned above, because 

f e r t i l i z a t io n  proceeded lim ing  on these trea tm en ts. Following lim ing, 

P may have been l o s t  by: I)  a d s o rp tio n  o n to  amorphous hydroxy Al 

polymers (Veith, 1978); 2) p re c ip ita tio n  as in so lu b le  Ca phosphates as 

the pH rose  above 5.5 (White and Taylor, 1977).

Plant Analysis

The d iscussion  of p lan t growth r e s u l ts  w il l  address the r e la t iv e  

success o f ind iv idual species and th e  e ffe c ts  o f s i t e  d iffe ren ces  and 

lim in g  tre a tm e n t on s e e d lin g  em ergence and p la n t  v ig o r .

S pec ies grow th r e s u l t s  a re  d isp la y e d  in  T ab les  8 th rough  13. 

There a re  two t a b le s  f o r  each of th e  th re e  m easured v e g e ta t io n  

param eters: number of emerged seed lings, he igh t of the  t a l l e s t  p lan t, 

and b a sa l a re a  cover (BAG). Because num erous z e ro  re sp o n se s  w ere 

reco rd ed  f o r  each p a ra m e te r , d a ta  t r a n s fo rm a tio n s  w ere r e q u ire d  to  

perform  the  a n a ly s is .  The ANOV assum es th a t  th e  d a ta  a re  n o rm ally  

d is tr ib u te d ; da ta  w ith many zero values do not f i t  a normal d is tr ib u ­

tion . The a rc  s in  transfo rm ation  (S tee l and T o rrle , 1980) was used fo r



emergence and h e ig h t  d a ta  and a ss ig n e d  a v a lu e  o f .61 fo r  each ze ro  

response. The square ro o t transform ation  (S teel and T o rrie t 1980) was 

applied to  the  BAG data because th is  i s  an appropria te  transfo rm ation  

fo r  d a ta  th a t  a re  re c o rd ed  a s  a p e rc en ta g e . T his t ra n s fo rm a tio n  

re ta ined  the  zero values. The data transfo rm ations changed the  u n its  

of m easurem ent fo r  each p a ram ete r. T h ere fo re , th e  v a lu e s  i n  each 

o f th e  T ables a re  means o f tran s fo rm e d  d a ta  v a lu e s . The S tu d e n t 's  t -  

t e s t  was used to  t e s t  f o r  s ig n i f i c a n t  d i f f e r e n c e s  in  th e  s p e c ie s  

grow th betw een s i t e s  and tr e a tm e n ts .  U ntransform ed d a ta  v a lu e s  f o r  

each vegetation  param eter a re  lo ca ted  in  Appendix A.

S ite  E ffec ts

Seedling Emergenr**

Seven weeks a f te r  p lan ting , the number of seedlings of a l l  of the 

s p e c ie s  was g r e a te r  on th e  un lim ed  tre a tm e n t  o f s i t e  I ,  th an  on th e  

s i t e  2 c o u n te rp a r t  (T able 8 ). On s i t e  I ,  a l l  s p e c ie s  showed some 

emergence, while on s i t e  2, four species f a i le d  to  emerge. The species 

t h a t  succeeded on s i t e  2 w ere, A g ro s tls  te n u la r A g ro s tis  a lb a  and 

A lonecurus n r a te n s ls .  The number o f in d iv id u a ls  o f th e  l a t t e r  two 

species were s ig n if ic a n tly  le s s  on s i t e  2 than on s i t e  I .

S e e d lin g  emergence num bers were s ig n i f i c a n t ly  g r e a te r  f o r  a l l  

species except A lonecurls arundinaoeus and Lotus oo rn lcu latus on th e  

limed treatm ents of s i t e  I compared to  th e ir  s i t e  2 equ ivalen ts 

(T able 8).
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Table 8. Transformed meansa and t e s t s  of s ig n ifican ce  fo r  species 
by tre a tm e n t and s i t e ,  fo r  s e e d lin g  em ergence.

Species
Limed Unllmed

S ite  I S ite  2 t S ite  I S ite  2 t

Agal 6.55 1.84 9.72* 4.68 .92 7.76*
Agte A.32 1.98 4.82* 1.70 .79 1.86
Alar 5.04 4.12 1.90 2.69 .61 4.28*
Alpr 8.27 5.50 5.70* 5.37 .92 9.17*
Feov 7.17 5.33 3.79* 2.77 .61 4.45*
Loco 6.02 4.55 3.04 1.48 .61 1.79
Poco 4.46 0.92 7.29* 1.67 .61 2.19

A sterisk  (*) in d ic a te s  s ign ificance  a t  P = .1 . 
a N = 3

M aturity

Two m easures o f p la n t  grow th and v ig o r ,  BAG and h e ig h ts  o f  th e  

t a l l e s t  in d iv id u a ls ,  w ere employed to  d e te c t  d i f f e r e n c e s  a s  th e  

sp e c ie s  m atured . The r e s u l t s  o f  BAG a re  lo c a te d  i n  T able 9. T able 10 

contains p lan t he igh t r e s u l ts .  By the second growing season only one 

species, A grostis a lb a , continued to  survive on the  unlimed trea tm en t 

of s i t e  2 w h ile  in d iv id u a ls  o f a l l  seven s p e c ie s  su rv iv e d  i n  th e  

unlim ed p lo t s  on s i t e  I .  A g ro s tis  a lb a  grew more v ig o ro u s ly  on th e  

unlim ed tre a tm e n t o f s i t e  I compared to  i t s  c o u n te rp a r ts  on s i t e  2. 

This i s  evidenced by the  s ig n if ic a n tly  g re a te r  BAG and he igh t a tta in e d  

by in d iv id u a ls  on s i t e  I compared to  s i t e  2. Thus, based on th e se  

growth param eters, i t  may be concluded th a t  growth and vigor of th is  

s p e c ie s  was s u p e r io r  on the  unlim ed tre a tm e n t o f s i t e  I compared to  

t h a t  o f s i t e  2.



Table 9. Transformed means8, and t e s t s  of s ig n ifican ce  fo r  species 
by treatm ent and s i t e ,  for BAG.
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Species
L im e d Onlimed

S ite  I S ite  2 t S ite  I S ite  2 t

Agal .17 .02 8.78* .07 .01 3.67*
Agte .11 .03 4.52* .05 .00 2.74*
Alar .12 .07 2.75* .04 .00 2.34*
Alpr .23 .09 8.00* .07 .00 4.11*
Feov .20 .07 7.80* .01 .00 0.53
Loco .11 .03 4.87* .00 .00 0.00
Poco .14 .02 6.89* .03 .00 1.93*

A sterisk
A . . (*) in d ic a te s  sig n ifican ce  a t  P = .1 .

Table 10. Transformed means8 and t e s t s  of 
Iqr tre a tm e n t and s i t e ,  fo r

s ig n ifican ce  fo r  
h e ig h t .

species

Species
Limed Dnlimed

S ite  I S ite  2 t S ite  I S ite  2 t

Agal 7.75 6.16 2.45* 5.43 3.32 3.27*Agte 6.88 3.99 4.48* 5.92 0.61 8.22*
Alar 9.70 7.38 3.58* 0.92 0.61 0.48
Alpr 8.68 8.19 0.77 2.46 0.61 2.86*
Feov 6.18 3.31 4.46* 1.11 0.61 0.77Loco 3.87 2.88 1.53 0.92 0.61 0.48
Poco 5.79 4.84 1.47 2.98 0.61 3.67*

A sterisk  (*) in d ic a te s  sig n ifican ce  a t  P = .1 . 
a N = 3

The seedlings on th e  lim ed trea tm en t of s i t e  I continued to  grow 

more v ig o ro u s ly  th an  t h e i r  s i t e  2 c o u n te rp a r ts . At th e  end o f th e  

second growing season four species were s ig n if ic a n tly  t a l l e r  on s i t e  I 

than those on s i t e  2. The o ther three species, A l o n e o u r H *  n r a t e n s l s . 

Lstlia .CPrnlculatUS and Poa ,comnressa while not s ig n if ic a n tly  t a l l e r ,  

did d isplay s ig n if ic a n tly  g re a te r  BAG than th e ir  s i t e  2 counterparts. 

In  f a c t ,  a l l  sp e c ie s  e x h ib i te d  s i g n i f i c a n t l y  g r e a te r  BAG on s i t e  I .
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Based on these growth param eters, i t  may be concluded th a t  growth and 

vigor exh ib ited  by a l l  species on the lim ed treatm ent of s i t e  I were 

superior to  th a t  ex lb ited  by th e i r  s i t e  2 coun terparts.

I t  has been shown th a t p lan t growth throughout the study period 

was superior both in  number and h ea lth  of in d iv id u a ls  fo r  a l l  species 

grow ing on s i t e  I , The e x p la n a tio n  fo r  the  sm a lle r  number of 

se e d lin g s  and i n f e r i o r  grow th of th e  m a jo r ity  o f th e  sp e c ie s  on th e  

unlimed treatm ent of s i t e  2, probably l i e s  in  the chemical composition 

o f  th e  s o i l  s o lu t io n . The d if fe re n c e  i n  s o i l  s o lu t io n  m eta l io n  

c o n c e n tra tio n s  i s  thought to  be the  p rim ary  f a c to r  a f f e c t in g  p la n t  

grow th even though o th e r  t a i l i n g s  d i f f e r e n c e s  e x is te d .  S i te  2 

co n ta in ed  l e v e l s  o f Al and Mn w hich w ere much g r e a te r  th an  s i t e  I 

(Table 5)# The unlim ed t a i l i n g s  o f  s i t e  2 may no t have been a b le  to  

su p p o rt s i g n i f i c a n t  p la n t  grow th i f  th e se  l e v e l s  o f Al and Mn were 

phytotoxic. The m etal concen tra tions of the unlimed ta i l in g s  o f S ite  I 

on the o ther hand, may not have been to x ic  to  species planted. S ite  I 

was a p p a re n tly  a b le  to  su p p o rt p la n t  grow th in  s p i t e  of e le v a te d  H+ 

le v e ls .

The re a so n  behind th e  l e s s  v ig o ro u s  grow th e x h ib i te d  by th e  

sp e c ie s  on s i t e  2 compared to  s i t e  I on th e  lim e d  t r e a tm e n ts  may be 

id e n tif ie d  by examining th e  so il-w a te r  re la tio n sh ip s  o f the  s i t e s  and 

i t s  u ltim ate  e ffe c t on p lan t growth. To be examined a re  the e ffe c ts  

of s o i l  w a te r te n s io n  and tim e  on: I) th e  t a i l i n g s  env ironm en t i n  

which g e rm in a tio n  took  p la c e  and; 2} th e  t a i l i n g s  env ironm ent 

throughout th e  growing season.

An in c re a s e  i n  s o i l  w a te r  te n s io n  in c reas in g ly  r e s t r i c t s  w ater
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a v a ila b ili ty  to  the  planted seed. Decreases in  th e  le v e l of av a ilab le  

w ater g e n e ra lly  r e s u l t s  in  a de lay  in  th e  i n i t i a t i o n  of seed  

germ ination and a decline in  i t s  r a te  (McGinnlesf I960). The point a t  

which germ ination i s  in h ib ite d  by w ater s t r e s s  v a rie s  fo r  species of 

d i f f e r in g  p h y s io lo g ie s  (Bokhari e t  a l . ,  1979). Seed g e rm in a tio n  i s  

assumed to  have taken place between June 27 -  Ju ly  11, 1984. During 

th is  tim e, water p o ten tia l i s  presumed to  have been approxim ately -2  

and -15 b a rs  on s i t e s  I and 2, r e s p e c t iv e ly .  Bokhari and o th e r s  

(1979) working w ith Agronvron S m lth ilf a cool season grass, reported  

th a t delayed germ ination occured as m oisture s t r e s s  reached -7 bars a t  

a te m p e ra tu re  reg im e of 13° and 7° C f o r  12 hours each. I t  i s  

p o s s ib l e  to  r e l a t e  th e s e  f i n d i n g s  to  t h i s  s tu d y  b e c a u se  th e  

te m p e ra tu re s  o f th e  study  a re a  w ere no t g r e a te r  th an  e x p e rim e n ta l 

v a lu e s  m entioned , and g ra s s  s p e c ie s  used w ere th e  cool season  ty p e . 

C onsidering  t h i s ,  i t  i s  p o s s ib le  t h a t  g e rm in a tio n  may have been 

hindered on s i t e  2 by increased  negative w ater p o te n tia l. As a r e s u l t  

seedling emergence may have been le s s  on s i t e  2.

B arber (1984) su g g e s ts  th a t  th e  r a t e  a t  which th e  s o i l  m ass i s  

a ffec ted  by lim e a p p lica tio n  i s  dependent upon th e  d istance d iffu s in g  

Ca must move before the zones of n e u tra liz a tio n  around lim e p a r t ic le s  

overlap. The ra te  of Ca d iffu s io n  in  th e  s o i l  i s  slow. Hence, f in e ly  

ground lim e m ateria l throughly mixed w ith the s o i l  provides a sh o rte r  

d istance between p a r t ic le s  and th e re fo re  a more rap id  d iffu s io n  ra te . 

The ra te  of d iffu s io n  i s  a lso  dependent upon the r a te  of d isso lu tio n . 

Both of these r a te s  a re  a ffe c te d  by water a v a i la b i l i ty  in  s o i l .  For 

example CaO re a c ts  w ith  w ater to  form Ca(OH)2. Ca(OH)2 must d isso lve



to  re a c t w ith the s o il :

2CaO + 2HgO <—> 2Ca(0H)2 + O2 (8)

Ca(OH)2 + H* S o i l  <— > Ca S o i l  + H2 O + OH. (9)

Hence, i f  w a te r i s  l im i t i n g ,  th e  d i s s o lu t io n  o f Ca(OH)2 may proceed 

a t  a slow ra te . I t  has been demonstrated by many resea rch e rs  th a t s o i l  

w a te r te n s io n  a ls o  a f f e c t s  th e  d i f f u s i b i l i t y  o f io n s  i n  th e  s o i l  

s o lu t io n . Nye (1979) p ro v id e s  a summary o f th e se  r e p o r t s  and 

concludes t h a t  a t  a g iven  m o is tu re  c o n te n t th e  to r tu o s i ty  o f c lay  

s o i ls  i s  g rea te r than sandy s o i ls ,  or s o i l  w ater a t  a given m oisture 

co n ten t i s  h e ld  a t  a g r e a te r  te n s io n  in  a c la y  compared to  a sandy 

so iL  Swartzendruber and Barber (1965) calcu la ted  th a t 85% of app lied  

150 mesh lim estone (CaCOg), i s  s t i l l  undissolved 2.5 weeks fo llow ing  

a p p l ic a t io n  on s o i l s  t h a t  were presum ably n o t l im i te d  by la c k  of 

water. Approximately 95% and 75% o f the  k i ln  dust used on th i s  study 

passed through 100 and 200 mesh selves, resp ec tiv e ly . Although Ca(OH)2 

has a much h ig h e r  d i s s o lu t io n  r a t e  th a n  CaCO2 (L indsay , 1979), i t  i s  

p o s s ib le  to  e s t im a te  t h a t ;  I)  a la rg e  p e rcen tag e  of th e  Ca(OH) 

remained undissolved 2.5 weeks a f te r  a p p lica tio n  on both s i t e s  because 

o f low w a te r  a v a i l a b i l i t y ;  and 2) d i f f u s io n  of Ca* may have been 

r e s t r i c t e d  by a la rg e  n e g a tiv e  w a te r p o te n t i a l  on s i t e  2 . I f  

d i s s o lu t io n  and d i f f u s io n  of th e  Ca(OH)2 and Ca* w ere a f f e c te d  a s  

s ta te d ,  th en  a slow r a t e  o f a c id  t a i l i n g s  n e u t r a l i z a t io n  may have 

occured on both s i te s .  This r a te  may have been slower on s i t e  2.

I t  i s  th e re fo re , hypothesized th a t  during th e  tim e of germ ination 

a la rg e  p ro p o r tio n  of th e  t a i l i n g s  may n o t have been n e u tr a l iz e d  on
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both s i t e s .  As a r e s u l t  p la n te d  seed  may have come in  c o n ta c t w ith  

elevated H* le v e ls  on both s i t e s  and p o te n tia lly  phytotoxic le v e ls  of 

Al ++ and Mn++ on s i t e  2 , w hich  may have p e r s i s t e d  i n  t h e  

unneutralized ta i l in g s . Elevated le v e ls  of Al, may not have in h ib ite d  

g e rm in a tio n  per se (Sheppard and F lo a te , 1984) b u t, may have been 

tox ic  to  newly emmerged ra d ic a ls . Clarkson (1965) repo rted  th a t low 

l e v e l s  o f Al (14 mg/L) in  s o lu t io n  cou ld  c o m p le te ly  i n h i b i t  ro o t  

grow th w ith in  6-8 h o u rs  a f t e r  c o n ta c t. Thus, Al l e v e l s  to x ic  to  

germinated seed may have reduced seed ling  emergence on s i t e  2.

R esults from labo ra to ry  an a ly s is  would no t have shown the degree 

to  which th e  t a i l i n g s  w ere n e u tr a l iz e d  s in c e  a l l  sam ples w ere 

sa tu ra ted  w ith  w ater and thoroughly mixed to  ob ta in  an e x tra c t. This 

p rocedure  a llo w ed  g r e a t ly  in c re a s e d  chem ical r e a c t io n  betw een th e  

ta i l in g s  and lim ing  agent. Consequently, the a lte re d  samples may not 

have been s im ila r  to  the  ta i l in g s  on th e  study s i te .

The reduced growth and v igor of in d iv id u a ls  th a t survived on the 

lim ed trea tm en ts of s i t e  2 may a lso  be a ttr ib u te d  to  w ater p o te n tia l 

and i t s  a ffe c t on seedlings i n i t i a l l y  and/or i t s  a f fe c t  on growth as 

th e  P la n ts  m atured . In d iv id u a ls  on th is  s ite - tre a tm e n t combination 

may have been exposed to  e le v a te d  Al c o n c e n tra tio n s  a s  m entioned 

above. W hile th e  Al p re s e n t  was n o t to x ic  to  th e se  in d iv id u a ls ,  i t  

may have caused in ju ry .  Aluminum in ju r y  can r e s u l t  in  su b seq u en t 

reduction of growth and development by in h ib itin g  th e  a s s im ila tio n  of 

v a rio u s  p la n t  n u t r i e n t s  (Duncan e t  a l „  1980). The s tu n te d  grow th  

exhib ited  by these in d iv id u a ls  may a lso  have been a d ire c t r e s u l t  of 

r e s t r i c t e d  w a te r  a v a i l a b i l i t y .  The s o i l  w a te r  p o te n t ia l  may have



reached  -15 b a rs  d u rin g  th e  f i r s t  week o f  J u ly  on t h i s  s i t e .  Some 

in v e s t ig a to r s  have produced ev idence  I n d ic a t in g  th a t  a p la n t  may 

su ffe r w ater s tr e s s  and growth reduction  considerably before, as w ell 

as, upon reaching the w iltin g  poin t (Richards and Wadleigh, 1952).

In  c o n c lu s io n  a l l  sp e c ie s  e x h ib i te d  s u p e r io r  grow th on s i t e  I 

compared to  s i t e  2 i r r e s p e c t iv e  o f tre a tm e n t. Phy to  to x ic  Al and Mn 

io n  le v e l s  i n  th e  unlim ed t a i l i n g s ,  on s i t e  2 , a re  c o n sid e red  to  be 

th e  p r im a ry  c a u se  o f re d u c e d  g ro w th  on t h i s  s i t e - t r e a t m e n t  

combination. The primary causal fac to r of In fe r io r  growth performance 

on th e  lim ed  tre a tm e n t o f s i t e  2 i s  though t to  be th e  e f f e c t  o f 

increased  negative w ater p o ten tia l in  the  ta i l in g s .  The high negative 

water p o ten tia l may have reduced growth d ire c tly  through w ater s t r e s s  

an d /o r may have reduced  l im e - t a i l i n g s  i n t e r a c t io n ;  th u s , a llo w in g  

elevated Al le v e ls  to  p e r s is t  in  ta i l in g s ,  causing seed ling  in ju ry .

Treatment E ffect

Lim ing of e x trem e ly  a c id ic  (pH<4.0) t a i l i n g s  i s  presum ed to  be 

n ecessa ry  fo r  th e  s u c c e s s fu l  e s ta b lis h m e n t o f most v a s c u la r  p la n t  

species because, lim ing  reduces e levated  Hf and phytotoxic le v e ls  of 

some m e ta ls  which i n h i b i t  p la n t  grow th. The l im in g  p ro c e ss  i s  

generally  time consuming and costly . Therefore, the a b i l i ty  to  estab ­

l i s h  p lan t species d ire c tly  upon unlimed ta i l in g s  would be advanta­

geous. The f i r s t  o b je c t iv e  o f t h i s  s tu d y , i s  to  d e te rm in e  w h e th er 

l im in g  i s  n e ce ssa ry  fo r  th e  su c c e s s fu l e s ta b lis h m e n t o f th e  a c id  

to le ra n t species used in  th is  study. Successful estab lishm ent of the 

species w il l  be determined by comparing species growth on the unlimed 

trea tm en ts to  the  growth of th e i r  respec tive  coun terparts on th e  lim ed

45
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treatm ent. These comparisons a re  made by s i t e  because of the extreme 

d if f e r e n c e s  in  p la n t  grow th betw een the  s i t e s .  S p e c ie s  w i l l  be 

co n sid e red  s u c c e s s fu l  on th e  unlim ed t a i l in g s  when measured growth 

param eters are not s ig n if ic a n tly  l e s s  than the lim ed counterparts.

S ite  I

A ll sp e c ie s  on th e  unlim ed tr e a tm e n t  o f s i t e  I showed some 

s e e d lin g  emergence (T able 11). The number o f s e e d lin g s  on t h i s  

t r e a tm e n t  com pared  to  th e  u n lim e d  t r e a tm e n t  w as, h o w ev er, 

s t a t i s t i c a l l y  l e s s  f o r  a l l  s p e c ie s  ex cep t A g ro s tla  a lb a . T h ere fo re , 

th e  s e e d lin g s  o f s ix  s p e c ie s  f a i l e d  to  s u c c e s s fu l ly  emerge on th e  

unlimed treatm ent compared to  the lim ed treatm ent.

Table 11. Transformed meansa and t e s t s  of sig n ifican ce  fo r  species 
by s i t e  and treatm ent, fo r  seed ling  emergence.

________ S ite  I
Species Limed Unlimed t

______ — S ite  2
Limed Unllmed t

Agal
Agte
Alar
Alpr
Feov
Loco
Poco

6.55
4.32
5.04
8.27
7.17
6 .02
4.46

4.68
1.70
2.69 
5.37 
2.77 
1.48 
1.67

3.48
5.40*
4.85*
5.98*
9.07*
9.36*
5.75*

1.84
1.98
4.12
5.50
5.33
4.55
0.92

A sterisk (*) in d ic a te s  s ign ificance  a t  
a N = B P = .1.

.92 1.90

.79 2.45

.61 7.24*

.92 9.44*

.61 9.73*

.61 8.12* 

.61 0.64

All of the species continued to  mature on th e  unlimed trea tm en t 

but, none grew as vigorously a s  th e ir  coun terparts on the lim ed t r e a t ­

ment (T ab les 12 and 13). JL m ta U a  JifiJlUla may be an e x c e p tio n . A ll 

species except A=XgaUfl lSBUla, were s ig n if ic a n tly  sh o rte r than th e i r
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c o u n te rp a r ts  on th e  lim ed  tr e a tm e n t. .  Although Agroatla ten u is  grew 

e q u a lly  w e ll In  h e ig h t ,  I t  was n o t co n sid e red  a s  v ig o ro u s  on th e  

unlim ed tre a tm e n t because o f i t s  low BAC p e rc e n ta g e . Based on th e  

r e s u l ts  of the species growth measurements, i t  may be concluded th a t 

none of the species grew as w ell on th e  unlimed trea tm en ts  compared 

to  the limed treatm ents on s i t e  I .

Table 12. Transformed means® and t e s t s  o f s ign ificance  fo r  species 
by s i te  and treatm ent, fo r  BAG.

Site I Site 2
Species Limed Unlimed t Limed Unllmed t
Agal .17 .07 5.88* .02 .01 0.59Agte .11 .05 3.58* .03 .00 1.77Alar .12 .04 4.71* .07 .00 4.12*Alpr .23 .04 9.41* .09 .00 5.29*Feov .20 .01 11.18* .07 .00 4.12*Loco .11 .00 6.47* .03 .00 1.77Poco .14 .03 6.47* .02 .00 1.18
A sterisk  (*) in d ic a te s  sig n ifican ce  a t  P = .1 .
a N = 3

- , -

Table 13. Transformed means® and t e s t s  of sig n ifican ce  fo r speciesby s i te and trea tm en t fo r he igh t.

Site i Site 2
Species Limed Unlimed t Limed Unlimed t
Agal 7.75 5.43 3.60* 6.16 3.32 4.40*Agte 6.88 5.92 1.49 3.99 0.61 5.24*Alar 9.70 0.92 13.61* 7.38 0.61 10.40*Alpr 8.68 2.46 9.64* 8.19 0.61 I11.75*Feov 6.18 1.11 7.86* 3.31 0.61 4.18*Looo 3.87 0.92 4.57* 2.88 0.61 3.52*82

5.79 2.98 4.36* 4.84 0.61 6.56*
A sterisk (*) 
® N = 3

in d ic a te s  sig n ifican ce  a t  P = .1 .
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S ite  2

On s i t e  2, fo u r s p e c ie s  f a i l e d  to  emerge a s  s e e d lin g s  on th e  

unlim ed t re a tm e n ts  (T able  11). The s p e c ie s  th a t  d id  g e rm in a te  and 

emerge were A grostls a l b a f ten u is  and Alooecurla arundlnaoeua. The 

number of seed lings of the two A grostls species was not s ig n if ic a n tly  

d i f f e r e n t  betw een th e  two t r e a tm e n ts .  The s e e d lin g  em ergence of 

-Alopecurus arund lnaoeua w a s  s ig n i f i c a n t ly  l e s s  on the  un lim ed  

treatm ent.

M easurem ents o f  p la n t  v ig o r  tak en  a t  th e  end o f  th e  second 

growing season revealed  th a t only one species remained on the unlimed 

tre a tm e n t o f s i t e  2 . T h is s p e c ie s ,  A g ro s tls  a lb a  d id  n o t, however, 

ex^ b it  BAC or heigh t growth equal to  th a t of i t s  coun terparts on the 

lim ed  t r e a tm e n ts  (T ab les 12 and 13). Based on t h i s  d a ta  i t  was 

determined th a t none of the spec ies  on the unlimed trea tm en ts of s i te  

2 grew as v igorously as t h e i r  lim ed counterparts.

In summary, a l l  species grew s ig n if ic a n tly  b e tte r  on the lim ed 

tr e a tm e n ts  on both s i t e s .  T h ere fo re , none of th e  s p e c ie s  w ere 

considered successfu l on the unlimed treatm ents.

The re a so n s  behind th e  u n su c c e ss fu l grow th on th e  unlim ed 

trea tm en ts on both s i t e s  probably l i e s  in  the chemical composition of 

the s o i l  so lu tion . On s i t e  I fa c to rs  th a t  may have adversely  a ffec ted  

p lan t growth include e levated  H* ion concentration. On s i t e  2, fa c to rs  

a ffe c tin g  p lan t growth may have been e levated  le v e ls  o f H*, Al***, and 

Mn**.
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R elative  Species Success

The re c la m a tio n  o f m ining  s i t e s  a t  h igh  e le v a t io n s  i s  made 

d i f f ic u l t  by numerous environm ental fa c to rs  and a lack  of commercially 

av a ilab le  seed adapted to  these areas. In th is  study, commercial seed 

was p la n te d  d i r e c t l y  on th e  lim e d  and unlim ed mine t a i l i n g s  of th e  

Champion mine. This study was loca ted  in  a somewhat harsh , mountainous 

c lim a te . A ll of the  s p e c ie s  may be c o n s id e re d  s u c c e s s fu l  sim ply  

because they  grew in  t h i s  env ironm ent. For f u tu r e  r e c la m a tio n  

p lan n in g , i t  would be advan tageous to  know w hich s p e c ie s  a re  b e s t 

adap ted  to  th e  en v iro n m en ta l co n d itio n s  found on these experim ental 

s i te s . The second o b jec tiv e  of th is  study, th e re fo re , was to  compare 

th e  r e l a t i v e  su ccess  o f  th e  in d iv id u a l  sp e c ie s . BAC was used to  

compare s p e c ie s  perform ance because th e  accu racy  of t h i s  grow th  

measurement should be r e la t iv e ly  unaffected  by species morphological 

d i f f e re n c e s .  I n te r s p e c le s  com parisons w ere made by com paring mean 

values using ANOY. Least s ig n if ic a n t  d ifference  (LSD) was then  used to  

se per a te  the means. LSD r e s u l t s  are  separated by s i t e  and trea tm en t, 

and a re  loca ted  in  Table 14. The species a re  ranked from one to  seven. 

One rep re sen ts  the g re a te s t  BAG. No comparisons a re  l i s t e d  fo r  the 

unlimed trea tm en t of s i t e  2 , because only one species, AgrosM* alba 

estab lish ed  on th is  m a te ria l.
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Table 14. S ig n ifican t d iffe ren ces  among tran sfo rm ed  BAC means* 
by s i t e  and trea tm en t.

Site one unUmftri treatment
Rank I 2 3 4 5 6 7
Species Agal Agte Alar Poco Alpr Feov Loco
BAC .072 .047 .040 .033 .017 .009 .000

Site one limed treatment
Rank I 2 3 4 5 6 7
Species Alpr Feov Agal Poco Alar Loco Agte
BAC .230 .203 .170 .143 .115 .115 .107

Site two limed treatment
Rank I 2 3 4 5 6 7
Species Alpr Feov Alair Loco Agte Poco Agal
BAC .092 .069 .067 .037 .029 .025 .019

a Means underscored by the same l in e  are not d if fe re n t  a t  the p = .1 
le v e l;  N = 3 fo r each mean.
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Lotus nornlnulatus

On the unlimed trea tm en t of s i t e  I ,  th is  species had th e  low est 

BAG. In d iv id u a ls  were so few t h a t  BAG was re c o rd ed  a s  z e ro . On th e  

limed treatm ent of s i t e  I , th is  species ' BAG was ranked s ix th  and was 

s ig n i f i c a n t ly  l e s s  th an  th re e  o th e r  s p e c ie s . The BAG on the  s i t e  I 

lim ed  tre a tm e n t  was s ig n i f i c a n t ly  g r e a te r  th an  on th e  unlim ed 

treatm ent; and 3 tim es g rea te r  than on the lim ed treatm ent of s i t e  2. 

At th e  tim e  of sam pling , d u rin g  th e  second grow ing seaso n , many L. 

corn icu la tus in d iv id u a ls  were newly emerged seed lings. This spec ies  

has o f te n  been shown to  d e lay  g e rm in a tio n  u n t i l  th e  second grow ing 

season (SCS, 1978). T h e re fo re , th e  BAG re c o rd e d  may n o t r e f l e c t  th e  

f u l l  p o ten tia l fo r th is  species. N evertheless, these r e s u l ts  in d ic a te  

th a t  Lotus c o rn ic u la tu s  i s  no t t o l e r a n t  o f e x trem e ly  a c id  t a i l i n g s  

conditions and req u ires  lim ing  to  a h igher pH fo r  estab lishm ent. This 

a g re e s  w ith  SCS (1978) recom m endations t h a t  l im in g  i s  r e q u ir e d  fo r  

e s ta b lis h m e n t o f  L. c o rn ic u la tu s  on m a te r ia l s  o f  pH 5 or l e s s .  T his 

s p e c ie s  may, how ever, be a d a p ta b le  to  th e  range  o f s o i l  t e x tu r e s  

present in  th is  study.

Festuea ovlna

On th e  unlim ed t r e a tm e n t  o f s i t e  I th e  BAG o f F e s tu c a  ov lna  

ranked six th . This species, however, did w ell in  comparison to  o th e r 

species on th e  lim ed trea tm en ts  and was ranked second on both s i te s .  

On th e  lim ed  tre a tm e n t o f s i t e  I ,  i t s  BAG was s ig n i f i c a n t ly  g r e a te r  

than four o ther species and was 22 tim es g rea te r  than on th e  unlimed 

tre a tm e n t. On th e  lim ed  tre a tm e n t  o f s i t e  2 , i t s  BAG was n e a r ly  ^
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times g rea te r than on the unlimed treatm ent of s i t e  I .

Based on these comparisons i t  may be concluded th a t  ovina was 

r e l a t i v e l y  I n to le r a n t  of e le v a te d  m eta l c o n c e n tra tio n s , and may 

r e q u ir e  a more n e u tra l  pH fo r  e s ta b lis h m e n t. T his s p e c ie s  may, 

however, e x i b i t  to le ra n c e  to  v a ry in g  s o i l  t e x tu r e s  and perhaps 

droughty c o n d it io n s . The a b i l i t y  to  do w e ll  on th e  d i f f e r i n g  s o i l  

tex tu res  may be re la te d  to  the massive ro o t system c h a ra c te r is t ic  o f 

F. ov ina.

Aloneouris arundlnaceua

On th e  unlim ed tr e a tm e n t  o f s i t e  I ,  t h i s  species*  BAC was n o t 

s ig n i f i c a n t ly  g r e a te r  o r  l e s s  th an  any o th e r  s p e c ie s .  On th e  lim e d  

tre a tm e n t o f s i t e  I th e  BAC o f  t h i s  s p e c ie s  ranked  f i f t h ,  and was 

s ig n i f i c a n t ly  l e s s  th an  th re e  o th e r  s p e c ie s .  Based on p e rso n a l 

o b se rv a tio n  i t  was f e l t ,  how ever, t h a t  th e  BAC re c o rd ed  f o r  t h i s  

species was ac tu a lly  le s s  than i t s  tru e  BAC on th is  s i t e  I treatm ent.

On th e  lim ed  t r e a tm e n t  o f s i t e  2 , A. arundlnaoeua ranked t h i r d  

among the species. From these  r e s u l t s  i t  may be concluded th a t th is  

sp e c ie s  i s  r e l a t i v e l y  t o l e r a n t  o f low to  n e u tr a l  pH l e v e l s  and th e  

t e x tu r a l  v a r i a t i o n s  which o c cu rred  on the  study  a re a . These 

co n c lu s io n s  co rrespond  to  r e p o r t s  t h a t  th is  species to le r a te s  sandy 

s o i ls  of s l ig h tly  acid  to  a lk a lin e  re a c t io n .

AlODecurls Dratenaim

AlopggMrlS JratOBSlS was one of th re e  s p e c ie s  to  emerge a s  a 

seedling on the unlimed trea tm en t of s i t e  2. These seed lings did not, 

however, l i v e  to  m a tu r i ty . On th e  unlim ed t r e a tm e n t  o f s i t e  I t h i s  

species was ranked f i f t h  and i t s  BAC was s ig n if ic a n tly  le s s  than the
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highest ranking species. This species did w e ll, however, on th e  lim ed 

treatm ents and was ranked f i r s t  on both s i te s .  On s i t e  I i t s  BAG was 

s ig n if ic a n tly  g rea te r than f iv e  o ther species and was approxim ately 15 

times g rea te r than i t s  counterpart on the unlimed treatm ents. On s i t e  

2, limed trea tm en t, the BAG of A. n ran tnnsis was s ig n if ic a n tly  g rea te r 

than four o ther species.

Based on these r e s u l ts  i t  may concluded th a t  th is  species i s  not 

adap ted  to  th e  e le v a te d  H* and m e ta l l e v e l s  found on the  un lim ed  

s i te s . This species may, however, be more to le ra n t  than o ther species 

to  th e  v a ry in g  s o i l  t e x tu r e s  found on th e se  s i t e s .  I t  may a ls o  be 

concluded t h a t ,  A. o r a te n s la  e x ib i te d  a  r e l a t i v e l y  g r e a te r  d rough t 

to le ra n c e  th an  the  o th e r  s p e c ie s ,  which c o n t r a s t s  w ith  r e p o r t s  of 

drought su se p tb ili ty  found in  th e  l i t e r a tu r e .

Agrostls tenuis

As in  th e  case of A lo o ecu rls  D r a t e n s l s f s e e d lin g s  o f  Agrostia 

tenu is were present on the unlimed treatm ent of s i t e  2 but fa i le d  to  

m ature. On th e  unlim ed t r e a tm e n t  o f s i t e  I t h i s  s p e c ie s ' BAG was 

ranked second. This f ig u re  was, su rp ris in g ly , g rea te r  than the  BAG on 

th e  lim ed  tre a tm e n t  o f s i t e  2 . On th e  lim ed  t r e a tm e n ts ,  A. te n u is  

perform ed po o rly  r e l a t i v e  to  th e  o th e r  s p e c ie s .  On s i t e  I ,  i t s  BAG 

ranked seventh; was s ig n if ic a n tly  le s s  than  3 o ther species; and was 

on ly  2.2 tim es g r e a te r  th an  i t s  unlim ed c o u n te rp a r t .  T his grow th 

in c re a s e  was th e  l e a s t  fo r  a l l  s p e c ie s . On s i t e  2 t h i s  s p e c ie s ' BAG 

ranked f i f t h .  P o p u la tio n s  o f  A g ro s tls  t e n u i s , a s  r e p o r te d  e a r l i e r ,  

have o ften  shown to le rance  fo r  ac id ic  s o i l s  and e levated  m etal concen­

t r a t io n s .  In  t h i s  s tu d y  A g ro s tis  te n u is  d em o n stra ted  to le ra n c e  to
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ex trem ely  a c id ic  t a i l i n g s  r e l a t i v e  to  th e  o th e r  sp e c ie s . I t  i s  

possib le  th a t th is  species may a lso  be to le ra n t  of e levated  le v e ls  of 

Al and Mn p re s e n t  on s i t e  2; i t s  grow th, however, may have been 

hindered by the droughty conditions.

The la c k  o f in c re a s e  i n  grow th on th e  lim ed  t r e a tm e n ts  may 

in d ic a te  a lack  of to le rance  to  n eu tra lized  growth media. This species 

may, because of i t s  a d a p tio n  to  a c id ic  t a i l i n g s ,  perform  b e t t e r  i n  

s lig h tly  a c id ic  ta i l in g s  versus ta i l in g s  lim ed to  n e u tra li ty .

Agrostis alba

AKTPStls elba was th e  only species to  have m ature in d iv id u a ls  on 

the unlimed treatm ent of s i t e  2. I t s  transform ed BAC mean was .009. 

T his s p e c ie s ' BAG ranked  f i r s t  and was s i g n i f i c a n t l y  g r e a te r  th an  

three o ther species on the unlimed treatm ent of s i t e  I. Suprising ly , 

the BAC on th e  unlimed s i t e  I was s ig n if ic a n tly  g rea te r  than th e  BAC 

on the lim ed treatm ent of s i t e  2.

T his s p e c ie s  d id  n o t do a s  w e l l ,  r e l a t i v e  to  th e  o th e r  sp e c ie s , 

on th e  lim ed  t r e a tm e n ts . On s i t e  I ,  i t s  BAC ranked  t h i r d ,  bu t was 

on ly  2.3 tim e s  g r e a te r  th an  on th e  unlim ed tr e a tm e n t .  On th e  s i t e  2 

lim ed  tre a tm e n t, th e  BAC ranked  seven th  and was s i g n i f i c a n t l y  l e s s  

than  two o th e r  sp e c ie s . I t s  grow th on t h i s  s i t e - t r e a tm e n t  was 8.5 

tim es le s s  than i t s  counterpart on the lim ed treatm ent of s i t e  I and 

may in d ic a te  a la c k  o f d ro u g h t to le ra n c e . Based on th e s e  r e s u l t s  i t  

may be concluded th a t JL a lba  has a g rea te r to le rance  than most of the 

other species to  e levated  concentra tions o f Hf and m etals in  so lu tion . 

I f  th is  species i s  indeed more adapted to  acid  conditions, i t  may not 

to le ra te  n eu tra lized  ta i l in g s  as w ell as o th e r species in  th is  study.
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JL a lb a  may also be r e la t iv e ly  le a s  drought to le ra n t .

Poa compressa
On th e  unlim ed tr e a tm e n t  o f s i t e  I th e  BAC o f £s&  com pressa 

was not s ig n if ic a n tly  g rea te r o r le s s  than any o ther species. On the  

limed trea tm en t of th is  s i t e  i t s  BAC was s t a t i s t i c a l l y  le s s  than two 

o th e r  sp e c ie s . On th e  lim ed  tre a tm e n t o f s i t e  2 th e  BAC of, t h i s  

species was 5.7 tim es le s s  than  i t s  coun terpart on th e  lim ed trea tm en t 

o f s i t e  I . The d i f f e r e n c e  in  grow th betw een th e  two s i t e s  may 

in d ic a te  a lack  of to lerance  to  drought, or possib ly  elevated  Al and 

Mn ion concentrations p e rs is t in g  in  the lim ed t a i l in g s  of s i t e  2. I t  

may be concluded t h a t  .Eoa com nressa , compared to  th e  o th e r  s p e c ie s , 

has a m edian to le ra n c e  to  e le v a te d  l e v e l s  o f H+ c o n c e n tra tio n ;  i s  

i n to l e r a n t  o f ex cess  m eta l c o n c e n tra tio n s  a n d /o r  a  reduced  d rough t 

to le rance .

Summary

Conclusions concerning th e  r e la t iv e  success o f ind iv idua l species 

were based on i n t e r p r e t a t i o n  o f  BAC d a ta  combined w ith  p e rso n a l 

observations and a re  summarized below.

Three sp e c ie s  used in  t h i s  s tu d y , L otus c o rn lo u la tu w r F estu ca  

sx lna , and JUopoourl a -Bratenals requ ired  lim ing  to  near n e u tra l i ty  on 

ex trem ely  a c id ic  mine t a i l i n g s  b e fo re  e s ta b lis h m e n t was p o s s ib le .  

These species may be adapted to  variously  tex tu red  growth media, and 

to le r a n t  o f d roughty  c o n d it io n s . £siA com pressa and A looeeurus 

-ar n nd lnaceus may be e q u a lly  capab le  of e s t a b l i s h in g  on a c id ic  and 

n e u tr a l iz e d  t a i l i n g s .  These s p e c ie s  a ls o  appeared  to  be ad ap ted  to  

variously  tex tu red  media. The rem aining two sp ec ies , A rrn a ti* tenu is



and JL. A lkSi may be cap ab le  o f e s ta b l is h in g  on e x tre m e ly  a c id ic  

t a i l i n g s  and may be t o l e r a n t  of e le v a te d  m e ta l c o n c e n tra tio n s . The 

grow th of both A g ro s tis  s p e c ie s  may have been h in d e re d  by droughty  

conditions and possibly  by growth media lim ed to  n e u tra li ty .

Species were evaluated fo r  th e i r  a b i l i ty  to  adapt to  a subalpine 

c lim a te  on lim ed  a c id ic  t a i l i n g s  t h a t  v a r ie d  i n  t e x tu r e ,  p la n t  

a v a i la b le  m o is tu re , and e le m e n ta l io n ic  c o n c e n tra tio n s . Based on 

i n t e r p r e t a t i o n  and e v a lu a t io n  of p la n t  grow th p a ra m e te rs  i t  was 

determined th a t  Fectuca ovina and Alopeourua p ra te n a la were the  most 

su c c e s s fu l  because they had the  g r e a t e s t  BAC on both  s i t e s  and were 

a p p a r e n t ly  th e  m ost d ro u g h t  t o l e r a n t .  For a s p e c i e s  t o  be 

successfu l, however, i t  must be ab le  to  compete successfu lly  fo r  l ig h t  

and w a te r among o th e r  s p e c ie s  and endure  a l l  p o s s ib le  ex trem es and 

changes in  c l im a t ic  and ed ap h ic  c o n d it io n s  of the  s i t e .  T h e re fo re , 

these prelim inary  re s u l ts  may not in d ic a te  the  p o ten tia l fo r success 

o f any of th e  s p e c ie s ,  over tim e . N e v e r th e le s s , F ea tu ca  ovina and 

A lopecurus p r a te n s la  would be s u i t a b le  com ponents o f a r e c la m a tio n  

seed mix designed fo r  environm ental conditions s im ila r  to  these and 

shou ld  a t  a minimun perform  w e ll  d u rin g  th e  f i r s t  few y e a r s  o f s i t e  

r e h a b il i ta t io n .
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SUMMARY AND CONCLUSIONS

R eclam ation  o f many hard  ro c k  mine s i t e s  lo c a te d  In  f o r e s te d  

a re a s  a t  h igh  e le v a t io n s  i s  made d i f f i c u l t  because of a  v a r ie ty  of 

env ironm en ta l f a c to r s  and th e  la c k  o f  co m m erc ia lly  a v a i la b le  seed. 

Extremely a c id ic  and n u t r ie n t - d e f ic ie n t  grow th  medium i s  a p rim ary  

l im i t i n g  f a c to r .  I t  i s  presum ed t h a t  e x tre m e ly  a c id ic  m a te r ia l  

req u ire s  lim ing  before p lan t estab lishm ent i s  possib le .

SeVen a c id  t o le r a n t  p la n t  sp e c ie s  w ere p la n te d  on lim e d  and 

unlim ed a c id ic  mine t a i l i n g s  from  th e  Champion m ine, in  D eerlodge 

County, Montana. The o b jec tiv es  o f th is  study were to : I) determ ine 

whether lim ing  i s  requ ired  fo r  the estab lishm ent of these spec ies; and 

2) compare r e la t iv e  species success.

Two separate  ta i l in g s  p i le s  were prepared fo r  seeding, f e r t i l i z e d  

w ith  N and P, and la b e le d  a s  s i t e s  I and 2. Two tr e a tm e n ts ,  l im in g  

and no l im in g , were a p p lie d  to  each s i t e .  Seed o f s ix  g ra s s  and one 

legum inous s p e c ie s  was sown in  each tre a tm e n t. T rea tm en t-se e d  

a p p lic a t io n s  w ere r e p l i c a t e d  th r e e  t im e s  on each s i t e .  M u ltip le  

ta i l in g s  samples were co llec ted  from each s it» - tre a tm e n t combination 

and used fo r  chemical and physical analysis. Seedling emergence was 

counted and p lan t growth was measured by counting basal area cover and 

he igh t of the t a l l e s t  ind iv id u a l.

The r e s u l ts  o f the ta i l in g s  a n a ly sis  revealed  im portant te x tu ra l 

d is s im ila r i t ie s  between s i te s .  S ite  I was te x tu ra lIy a sandy loam; 

s i t e  2 was a s i l t y  c la y  loam . M a tr ic  p o t e n t i a l  and m e ta l  

concentrations were re la te d  to  these te x tu ra l  d iffe ren ces. Based on
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t a i l i n g s  chem ical a n a ly s is  and l i t e r a t u r e  review i t  was determined 

th a t  both s i t e s  may have p o ssesse d  H+ c o n c e n tra tio n s  in h ib i to r y  to  

p lan t growth. PhytotoxLc m etal concen tra tions may have been present on 

s i t e  2 ta i l in g s . Phosphorous concentrations may have been l im itin g  on 

both s i t e s  d e s p i te  f e r t i l i z a t i o n .  Liming reduced  a c id i ty  and m eta l 

c o n c e n t r a t i o n s  on b o th  s i t e s .  L im in g  may n o t  h av e  in c r e a s e d  

a v a i la b i l i ty  of NÔ  and P f e r t i l i z e r  n u tr ie n ts  on e i th e r  s i te .

Plant da ta  in d ica ted  th a t growth of a l l  spec ies was superio r on 

s i t e  I compared to  s i t e  2. I n f e r i o r  grow th on s i t e  2 may have been 

caused by h igh  n e g a tiv e  w a te r p o te n t i a l  and e le v a te d  Al+++ and Mn++ 

le v e ls  which p e rs is ted , d esp ite  lim ing . P lant growth was enhanced by 

lim ing on both s i te s .  The growth in c reases on s i t e  I were re la te d  to  

in c re a se d  pH. The in c re a s e d  grow th on s i t e  2 may have been a r e s u l t  

o f in c re a s e d  pH and a l l e v i a t i o n  o f m eta l t o x i c ! t i e s .  I t  was

determ ined  t h a t  l im in g  was n e c e ssa ry  fo r  th e  e s ta b lis h m e n t o f a l l  

species in  the study.

P re lim in a ry  r e s u l t s  o f  s p e c ie s  a d a p ta b i l i t y  to  th e  s i t e s  

ind ica ted  th a t ,  f sc tuca SYina and Alopecuria a ra te n s ls  were the most 

su c c e s s fu l.  F u th er e v a lu a t io n  i s  needed to  d e te rm in e  in d iv id u a l  

species s u i t a b i l i ty  over time.
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Table 15. Analysis of variance fo r the transformed seedling 
emergence data.

Source D.F. M.S. M. S. E. F-Value

(I )  S ite I 115.71 11.12 10.41*
(2) Rep(Site) 4 11.12
(3) T rt I 176.57 5.27 33.47*
(4) S ite  x T rt I 0.57 5.27 0.11
(5) Trt x Rep(Site) 4 5.27
(6) Species 6 13.20
(7) S ite  x Species 6 6.41 1.75 3.66*
(8) T rt x Species 6 5.18 2.45 2.11
(9) S ite  x Trt x Species 6 1.62 2.45 0.66
(10) Rep x Species(S ite) 24 1.75
(11) Trt x Rep x Species(S ite) 24 2.45

A sterisk  (• )  in d ic a te s  sign ifigance  a t  p = .1 .

Table 16. Analysis of variance fo r  the transformed cover data .

Source D.F. M.S. M.S.E. F-Value

( I )  S ite I 0.1019 0.0018 55.79*
(2) Rep(Site) 4 0.0018
(3) T rt I 0.1535 0.0005 323.25*
(4) S ite  x T rt I 0.0369 0.0005 77.88«
(5) T rt X Rep(Site) 4 0.0005
(6) Species 6 0.0035
(7) S ite  x Species 6 0.0027 0.0010 2.60
(8) Trt x Species 6 0.0043 0.0001 2.98
(9) S ite  x T rt x Species 6 0.0012 0.0001 0.84
(10) Rep x Species(S ite) 24 0.0010
(11) T rt x Rep X S pecies(S ite) 24 0.0350

A sterisk  (■) in d ica te s  sign ifigance a t  p = .1 .
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Table 17. Analysis of variance fo r the transformed height data

Source

(1) S ite
(2) Rep(Site)
(3) Trt
(4) S ite  x T rt
(5) Trt X Rep(Site)
(6) Species
(7) S ite  x Species
(8) T rt x Species
(9) S ite  x Trt x Species
(10) Rep x S pecies(S ite)
(11) Trt x Rep X S pecies(S ite)

D.F. M.S. M.S.E. F-Value

I 66.04 2.39 27.63*
4 2.39
I 371.01 1.40 264.47*
I 0.05 1.40 0.03
4 1.40
6 19.29
6 4.46 1.44 3.09
6 14.95 0.82 18.27*
6 2.50 0.82 3.05

24 1.44
24 0.82

.1.A sterisk  (• )  in d ic a te s  sign ifigance  a t  p =
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Table 18. Textural ana ly sis  by s i t e .

S ite  I S ite  2
I 2 3 4 I 2 3 4

Sand $ 46.8 62.8 70.8 34.8 8.8 10.8 12.8 12.8

S i l t  % 40.0 30.0 20.0 44.0 52.0 52.0 52.0 52.0

Clay % 13.2 7.2 9.2 21.2 39.2 37.2 35.2 35.2

Table 19. Percent m oisture by weight, on dates as shown (1985).

Site 1 Site 2
Depth (cm) Sample 5-29 7-7 9-3 5-29 7-7 9-3

0-20 I 21.1 14.1 13.6 24.5 5.0 15.1
2 21.1 13.9 5.1 23.7 14.9 16.1
3 17.4 9.0 8.0 24.2 15.1 14.1

>20 I 26.9 16.8 21.9 23.7 18.8 24.0
2 19.2 21.0 21.1 18.9 19.2 19.4
3 24.6 15.2 20.4 21.0 20.0 21.1

Table 20. Results of pH by s i te , treatm ent and depth.

S ite I S ite  2
Depth (cm) Sample unlimed limed unlimed limed

0-20 I 3.4 7.5 3.2 7.4
2 3.5 7.4 3.3 7.4

>20 I 2.8 3.3 3.1 3.6
2 3.1 3.5 3.5 3.9
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Table 21. R esults of conductance measurements by s i t e ,  
treatm ent and depth (mmhos/cm).

Depth (cm) Sample
S ite  I S ite  2

unlimed limed uniImed limed

0-20 I 0.67 2.84 1.82 2.52
2 0.50 2.27 2.36 2.32

>20 I 0.94 1.21 1.58 1.74
2 0.30 0.40 0.71 1.13

Table 22. S o lu b le  m etal 
treatm ent and

c o n c e n tra tio n s  in  ta i l in g s  by s i te ,  
depth (mg/L).

Metal Depth
(cm)

Site I Site 2
unlimed lim ed unlimed lim ed

Al 0-20 7.20 4.00 1.60 <1.00 42.40 54.00 1.40 <1.00
>20 18.0 1.60 16.00 3.60 31.60 9.80 19.60 12.40

Mn 0-20 1.61 0.27 0.37 0.09 30.10 49.40 0.20 0.55
>20 9.40 0.23 11.30 1.45 18.20 10.10 25.10 18.00

Zn 0-20 0.51 0.44 0.17 0.08 1.70 2.07 0.84 0.37
>20 0.92 0.46 0.99 0.40 1.33 0.62 1.09 1.28

Cu 0-20 0.14 0.16 0.07 0.04 0.82 0.84 0.04 0.04
>20 0.46 0.08 0.21 0.12 1.04 0.23 0.31 0.38



77
Table 23. Base cation  concen tra tions In  t a i l i n g s  by s i t e ,  

treatm ent and depth (mg/L).

Metal Depth S ite  I__________  _________ s i t e  2________
(cm) uni Imed limed unlimed lim ed

Ca 0-20
>20

55.1
48.9

16.8
12.6

876.0
199.0

642.0
38.3

119.0
171.0

176.0
54.3

686.0
342.0

666.0 
146.0

K 0-20
>20

22.2
32.2

15.6
17.6

95.4
24.5

73.5
21.4

49.5
61.5

56.4
69.4

89.1
62.9

75.4
40.8

Mg 0-20
>20

11.9
44.3

4.4
3.7

70.4
59.8

23.8
8.6

149.0
117.0

176.0
54.3

103.0
134.0

105.0
81.0

Table 24. Concentrations o f f e r t i l i z e r  n u tr ie n ts  in  so lu tio n  
on s i t e  I (mg/kg).

Depth
N utrient (cm) P re -treatm ent Unlimed Limed

NO3 0-20
>20

2.3
1.9

3.1
2.1

2.3
1.3

2.5
0.9

3.6
1.4

3.2
1.0

P 0-20
>20

10.0
20.0

7.3
11.4

10.3
10.3

17.9
23.3

9.8
10.3

17.9
7.1

Table 25. Concentrations of f e r t i l i z e r  n u tr ie n ts  in  so lu tio n
on s i te  2 (mg/kg).

N utrien t
Depth

(cm) P re-treatm ent Unllmed Limed

NO3 0-20 1.4 2.1 1.8 1.5 1.9 2.4
>20 1.0 1.2 1.5 1.4 1.4 1.3

P 0-20 8.4 11.9 6.9 8.9 18.8 11.5
>20 13.5 16.2 8.7 10.0 8.4 10.5
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Table 26. S e e d l i n g  emer gence  c o u n ts  by s i t e ,  t r e a t m e n t  
and re p lic a tio n .

Species S ite  I S ite  2
limed unlimed limed unlimed

Agal 47 31 51 50 29 2 18 O O 2 O O
Agte 8 27 23 3 4 I 14 O 2 O I O
Poco 16 35 11 O 4 5 O O 2 O O O
Feov 38 114 21 O 16 13 47 43 6 O O O
Alpr 68 44 97 12 51 29 51 ' 24 19 2 O 2
Alar 34 21 21 21 39 I 33 6 16 O O O
Loco 36 50 24 O 10 O 89 4 4 O O O

Table 27. Heights (cm) of the t a l l e s t  in d iv id u a ls  by s i t e ,  treatm ent 
and re p lic a tio n .

Species S ite  I
limed unlimed

S ite  2
limed unlimed

Agal 55 62 62 34 48 31 47 50 20 20 23 0
Agte 44 53 44 60 35 16 37 50 27 0 0 0
Poco 26 39 35 0 15 19 21 18 31 0 0 0
Feov 31 41 42 O 4 O 28 4 6 0 0 0
Alpr 74 75 76 O 16 7 71 62 67 0 0 0
Alar 88 94 99 O 2 O 64 48 51 0 0 0
Loco 7 16 23 O 2 O 6 8 10 0 0 0

Table 28. BACa in  percent by s i t e ,  treatm ent and re p lic a tio n .

Species S ite  I S ite  2
limed unllmed limed unlimed

Agal 1.4

onCM 5.6 0.1 0.9 0.1 0.0 0.1 0.2 0.1 0.0 0.0
Agte 2.2 2.9 0.0 0.3 <.1 0.4 0.0 0.1 0.2 0.0 0.0 0.0
Poco 2.1 3.2 1.1 <.1 0.1 0.2 0.0 0.2 0.1 0.0 0.0 0.0
Feov 3.8 3.9 4.5 0.0 0.1 0.0 0.6 0.2 0.6 0.0 0.0 0.0
Alpr 2.0 5.7 9.1 0.0 0.3 0.0 0.0 0 .9 1.3 0.0 0.0 0.0
Alar 2.7 1.6 2.1 0.0 1.4 0.0 0.3 0.3 1.0 0.0 0.0 0.0
Loco 2.0 1.4 0.7 0.0 0.0 0.0 <.1 0.1 0.1 0.0 0.0 0.0

a N = 27
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Figure 3.  Soil m o i s t u r e  t ens ion  by d a t e  and d e p t h  for  s i t e  2
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Figure  2.  Soil mois ture t e n s i o n  by d a t e  a n d  d e p t h  for  s i t e  I
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