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(F1r5t rece1ved 0ct06er 1994; accepted 1n rev15ed f0rm Fe6ruary 1996) 

A65tract--0verf10w1n9 water fr0m waterf111ed m1ne5 and 0pen p1t5 1n pyr1te and c0a1 m1ne area5 15 0ften 
ac1d and 5evere1y p011uted 6y meta15 and 5u1fate. 7he effect 0f 5t1mu1at1n9 6acter1a1 5u1fate reduct10n 1n 
5uch 5y5tem5 1n 0rder t0 1mpr0ve water 4ua11ty wa5 exam1ned 1n a 6ench 5ca1e exper1ment. P01yacry1ate 
cy11nder5 w1th a 5and 6ed and a 1ayer 0f cru5hed 5t0ne5 at the 60tt0m were f111ed w1th ac1d m1ne water, 
5upp11ed w1th whey t0 5upp0rt 6acter1a1 9r0wth and 1ncu6ated f0r 203 d. After an 1n1t1a1 1a9 pha5e, pH 
5tarted t0 1ncrea5e, red0x p0tent1a15 dr0pped and d15501ved c0ncentrat10n5 0f c0pper, 21nc, 1r0n and 
a1um1n1um were reduced 1n cy11nder5 5upp11ed w1th whey. 51mu1tane0u51y, a 61ack 51ud9e wa5 f0rmed. 
Acetate tended t0 accumu1ate a5 an unde51red wa5te pr0duct. 7he 065ervat10n5 1nd1cate that 5u1fate- 
reduc1n9 6acter1a (5R8) 6ecame act1ve 1n the cy11nder5 and c0ntr16uted t0 meta1 rem0va1.1n0cu1at10n w1th 
5R8 5h0rtened the 1n1t1a1 1a9 pha5e, 6ut wa5 n0t nece55ary t0 1n1t1ate the 5u1fate-reduct10n pr0ce55. 7he 
1n 51tu treatment c0ncept may 6e u5efu1 1n re1at1ve1y 5ma11 and we11 def1ned m1ne water 5y5tem5, where 
the pr0ce55 can 6e 90verned pr0per1y. C0pyr19ht • 1996 E15ev1er 5c1ence Ltd 

Key w0rd5--5u1fate-reduc1n9 6acter1a, ac1d m1ne dra1na9e, pyr1te m1ne5, 5u1f1de prec1p1tat10n, whey, 
anaer061c water treatment 

1N7R0DUC710N 
AC1d m1ne dra1na9e (AMD)  15 0ne 0f  the m05t 5er10U5 
enV1r0nmenta1 pr061em5 faC1n9 the C0a1- and meta1- 
m1n1n9 1ndu5try. A M D  15 f0rmed when 5u1f1de 0re5 
under90 chem1ca1 and 6101091¢a1 0x1dat10n pr0ce55e5, 
and 15 character12ed 6y 10w pH-va1ue5 and h19h 1eve15 
0f  5u1fate and meta15. 7he  0x1dat10n 0f  pyr1te, wh1ch 
15 the m05t a6undant  5u1f1de m1nera1, can 6e 5ummar- 
12ed 6y the f0110w1n9 e4uat10n5 (5tumm and M0r9an, 
1981): 

Fe52 + 7 /20  2 + H 2 0 ~ F e  2+ + 2 5 0  2- + 2H + (1) 

Fe 2+ + H + + 1/402--*Fe 3+ + 1/2H20 (2) 

Fe52 + 14Fe 3+ + 8 H 2 0 ~  15Fe 2+ 

+ 2 5 0  2- + 16H • (3) 

Chem011th0tr0ph1c 6acter1a 11ke 7h106ac111u5ferr00x- 
1dan5 0x1d12e ferr0u5 1r0n (e4uat10n 2) at 10w pH- 
va1ue5, there6y 1ncrea51n9 the 0vera11 react10n rate 
dra5t1ca11y (5tumm and M0r9an, 1981). 7hey may 
a150 attach t0 5011d 0re 5urface5 and attack 5u1f1de 
m1nera15 d1rect1y (Lund9ren et a1., 1986). 

7he  ma1n 50urce5 0f  A M D  1n a6and0ned m1ne 
area5 are u5ua11y 01d wa5te r0ck dump5 and r0ck 
wa115 1n tunne15 and 5haft5. 0 p e n  p1t5 and under- 

*Auth0r t0 wh0m a11 c0rre5p0ndence 5h0u1d 6e addre55ed. 

9r0und w0rk1n95 w111 0ften 6e f111ed part1y 0r c0m- 
p1ete1y w1th p011uted water after the c105ure 0f  a m1ne, 
and 0verf10w fr0m 5uch 5y5tem5 may 1n 50me ca5e5 
c0ntr16ute 519n1f1Cant1y t0 the t0ta1 tran5p0rt 0f  
p011utant5 0ut 0f  the area. 

1n N0rway, c0pper 15 the m05t 5er10u5 t0x1c e1- 
ement 1n m1ne dra1na9e. C0ncentrat10n5 have per10d- 
1ca11y reached 1eve15 cr1t1ca1 t0 the 5urv1va1 0f  At1ant1c 
5a1m0n ( 5a1rn0 5a1ar ) and 6r0wn tr0ut ( 5a1m0 trutta ) 
1n 1ar9e rec1p1ent waterc0ur5e5 (6rande,  1991). A M D  
15 a 10n9 term env1r0nmenta1 pr061em 51nce the 
0x1dat10n pr0ce55e5 may c0nt1nue f0r decade5 0r even 
centur1e5 after the c105ure 0f a m1ne. 

7utt1e and c0-w0rker5 (1969) 5u99e5ted t0 u5e 
5u1fate-reduc1n9 6acter1a (5R8) f0r m1ne water treat- 
ment 6y add1n9 an 0r9an1c wa5te pr0duct wh1ch 
5t1mu1ate the1r act1v1ty. 0x1dat10n 0f  an 0r9an1c 
c0mp0und (CH 2 0 )  c0up1ed t0 5u1fate-reduct10n and 
prec1p1tat10n 0f  meta1 cat10n5 (Me 2•) 15 5ummar12ed 
6e10w. 

2CH20  + 502-  + H + ~ 2C02 + 2H20  + H 5 -  (4) 

Me 2+ + H 5 -  --* Me5 + H + (5) 

La60rat0ry and p110t 5ca1e te5t5 1n 610react0r5 
and art1f1c1a1 wet1and5 have pr0ved that 5u1fate- 
reduct10n 15 effect1ve 1n ra151n9 pH and rem0v1n9 
meta15 and 5u1fate fr0m m1ne water5 (Hammack and 
Eden60rn, 1992; Dv0rak et a1., 1992; Hed1n et a1., 
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1989). A C0mmerC1a1 5ca1e 5R8-reaCt0r f0r the re- 
m0va1 0f 21nc and 5u1fate fr0m c0ntam1nated 9r0und- 
water wa5 c0n5tructed recent1y 1n the Nether1and5 
after 06ta1n1n9 pr0m151n9 re5u1t5 w1th the pr0ce55 1n 
1a60rat0ry and p110t 5ca1e exper1ment5 (8arne5 et a1., 
1991; 5cheeren et a1., 1991). 

A m1ne water t reatment  c0ncept wh1ch ha5 rece1ved 
11tt1e attent10n 50 far 15 1n 51tu t reatment 1n waterf111ed 
under9r0und w0rk1n95 and 0pen p1t5 6y the u5e 0f 
5R8.  7he  1dea 15 t0 5t1mu1ate 6acter1a1 9r0wth and 
meta60115m d1rect1y 1n the c0ntam1nated water 
60dy and u5e the m1ne 1t5e1f a5 a 5ed1mentat10n 6a51n 
f0r meta1 5u1f1de 51ud9e f0rmed 6y prec1p1tat10n 
(Kuyucak et a1., 1991; Kuyucak and 5t-6erma1n, 
1994). 70  further addre55 th15 c0ncept, we c0nducted 
a 6ench 5ca1e treatment  exper1ment wh1ch 15 rep0rted 
here. 7he  ma1n 06ject1ve5 were t0 f1nd 0ut whether an 
act1ve 5R8-p0pu1at10n c0u1d 6e e5ta6115hed 1n a m1ne 
water 5y5tem 5upp11ed w1th whey and t0 what extent 
5u1fate-reduct10n 1nf1uenced water chem15try. 7he  
effect5 0f 5u65trate c0ncentrat10n and type 0f 1n0cu- 
1um 0n the t reatment  eff1c1ency wa5 a150 te5ted. 

7he  exper1ment wa5 c0nducted at L0kken W0rk5 
1n centra1 N0rway. 7h15 f0rmer c0pper-21nc m1ne wa5 
c105ed 1n 1983, and a 6,000,000 m 3 under9r0und m1ne 
(Wa11en6er9 m1ne) wa5 9radua11y f111ed w1th water 
0ver the next 9 yr5. 7he  m1ne 5tarted t0 0verf10w 1n 
1992.1n 0rder t0 reduce c0ncentrat10n5 0f  meta15 and 
5u1fate 1n the 0verf10w1n9 m1ne water, 1n 51tu treat- 
ment  6y 5u1fate-reduct10n ha5 6een c0n51dered a5 0ne 
p055161e treatment  0pt10n. 

MA7ER1AL5 AND ME7H0D5 

Exper1menta1 5et-up 

7ran5parent p01yacry1ate cy11nder5 (1nner d1ameter 20 cm, 
he19ht 100 cm) w1th a 7 cm 1ayer 0f 4uart2 5and and a 25 cm 
1ayer 0f cru5hed 9a66r0 5t0ne5 at the 60tt0m were u5ed a5 
m1ne water treatment ve55e15 (F19. 1). Quart2 5and wa5 taken 
fr0m an AMD-affected 5tream 1n the m1ne area, and the 

M1ne water  

Cru5hed 5t0ne 

1ayer 

Quart2 5and 

1ayer 

F19. 1. P01yacry1ate cy11nder u5ed 1n m1ne water treatment 
exper1ment. 

8j~rn Chr15ten5en et a1. 

7a61e 1. Exper1menta1 5et-up 0f m1ne water treat- 
ment exper1ment 

Cy11nder 
de519nat10n Amendment5 

W1 5.7% whey 
W2 5.7% whey 
W LD 0.2% whey 
WCM 1 5.7% whey, 2.3% c0w manure 
WCM 2 5.7% whey, 2.3% c0w manure 
W5R8 1 5.7% whey, 4.5% 5R8-cu1ture 
W5R8 2 5.7% whey, 4.5% 5R8-cu1ture 
C0ntr01 N0 amendment5 

cru5hed 9a66r0 5t0ne5 were fr0m a 10ca1 5t0ne 4uarry. 7he 
m1ne water u5ed 1n the cy11nder5 wa5 a m1xture 0f 90% 
m0derate1y p011uted water fr0m the Wa11en6er9 m1ne and 
10% heav11y p011uted dra1na9e water fr0m 6amme19ruva 
(~7he 01d M1ne••). 51nce the water fr0m the Wa11en6er9 
m1ne had t0 6e pumped up fr0m a 1eve1 120 metre5 6e10w 
9r0und 1eve1, 1t wa5 n0t p055161e t0 av01d aerat10n. 7he 
rea50n f0r m1x1n9 tw0 m1ne water5 1n the cy11nder5, wa5 
6ecau5e 51m11ar m1x1n9 0ccur5 natura11y 1n the Wa11en6er9 
m1ne when dra1na9e water fr0m 6amme19ruva and 0ther 
part5 0f the 01d m1n1n9 area5 enter the 5y5tem. 

1n0cu1um and whey were added t0 the cy11nder5 dur1n9 
5et-up t0 1n1t1ate and 5upp0rt 6acter1a1 9r0wth (7a61e 1). 
7he a66rev1at10n5 115ted 1n 7a61e 1 w111 hereafter 6e u5ed 
when referr1n9 t0 the cy11nder5. Whey wa5 06ta1ned fr0m a 
10ca1 da1ry (05t1and5me1er1et, D0vre). Each cy11nder wa5 
5upp11ed w1th 1250 m1 whey, except WLD wh1ch wa5 5up- 
p11ed w1th 50 m1 whey and the c0ntr01 wh1ch had n0 whey. 
Whey ha5 6een prev10u51y f0und t0 c0nta1n 50 9 1act05e, 6 9 
pr0te1n5, 6 9 a5h and 0.5 9 fat per 11tre (2ad0w, 1986). 

C0w manure 06ta1ned fr0m a 10ca1 farm wa5 u5ed a5 
1n0cu1um 1n cy11nder5 WCM 1 and 2. C0w manure ha5 6een 
prev10u51y f0und t0 c0nta1n 5R8 (Reyn01d5 et a1., 1991). 
Each cy11nder wa5 5upp11ed w1th 500 m1. 7he manure wa5 
part1y m1xed 1nt0 the 60tt0m 5and 6ed and part1y 5u5pended 
1n the water pha5e 0f the cy11nder5. 

A m1xed 5u1fate-reduc1n9 cu1ture 9r0wn 0n 1act05e 1n a 
m1nera1 5a1t med1um (W1dde1 and Pfenn19, 1981) wa5 u5ed 
a5 1n0cu1um 1n cy11nder5 W5R8 1 and 2. 7he m1xed cu1ture 
c0nta1ned appr0x1mate1y 5 x 107 ferment1n9 6acter1a (5tra1n 
R6-k) per m1 and 5 × 107 5R8 (5tra1n L-200) per m1, a5 
determ1ned 6y d1rect ce11 c0unt1n9 1n a pha5e c0ntra5t 
m1cr05c0pe. Each cy11nder wa5 5upp11ed w1th 1.0 11tre m1xed 
cu1ture 1n0cu1um. 5tra1n R6-k wa5 0r191na11y 1501ated fr0m 
5ed1ment5 1n Rau6ekken 5tream, wh1ch rece1ve AMD fr0m 
the L0kken area, wh11e 5tra1n L-200 wa5 1501ated fr0m the 
waterf111ed Wa11en6er9 m1ne (Chr15ten5en et a1., 1994). 

After add1t10n 0f whey and 1n0cu1um, a11 the cy11nder5 
were 5ea1ed w1th 9a5-t19ht ru66er 0-r1n95 and p01yacry1ate 
11d5 and 1ncu6ated at 15°C 1n darkne55 f0r 203 d. M1cr0- 
5c0pe 511de5 c0ated w1th a th1n 1ayer 0f 2% 8act0-a9ar 
(D1fc0 La6., Detr01t, M1, U.5.A.) were p1aced 0n t0p 0fthe 
cru5hed 5t0ne 1ayer at the 5tart and retr1eved at the end 0f 
the exper1ment f0r exam1nat10n 0f 610f11m f0rmat10n. H01e5 
p1u99ed w1th 6uty1 ru66er 5t0pper5 1n the cy11nder wa115 
a110wed water 5amp1e5 t0 6e taken fr0m the free water pha5e 
and fr0m 1nter5t1t1a1 water 1n the cru5hed 5t0ne 1ayer and the 
5and 6ed dur1n9 the exper1ment. 

5amp11n9 and ana1y5e5 

Water 5amp1e5 (250 m1) were c011ected 0n day5 0, 19, 54, 
99 and 203.70 06ta1n repre5entat1ve 5amp1e5 fr0m the water 
pha5e5 0n day 0, prec1p1tate5 were a110wed t0 5ett1e f0r 
appr0x1mate1y 2 h 6ef0re 5amp11n9. Dur1n9 the exper1ment, 
m05t 5amp1e5 were taken fr0m the free water pha5e 0f the 
cy11nder5, 51nce we wanted t0 m0n1t0r the effect 0f the 
5u1fate-reduct10n pr0ce55 0n the wh01e water 60dy. 0n1y a 
few 5p0t 5amp1e5 were taken fr0m the 5and 6ed and the 
cru5hed 5t0ne 1ayer. Red0x p0tent1a15 were mea5ured 
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1mmed1ate1y after 5amp11n9 0n day5 19, 99 and 203, u51n9 a 
p1at1num e1ectr0de pa1red w1th a A9/A9C1-reference e1ec- 
tr0de, pH wa5 r0ut1ne1y mea5ured f0r a11 the 5amp1e5 
1mmed1ate1y after 5amp11n9. Unf11tered 5amp1e5 f1xed w1th 
1% (v01/v01) 7 N H N 0  3 were ana1y5ed f0r meta15 and 
5u1fur 6y 1nduct1ve1y c0up1ed p1a5ma 5pectr05c0py (1CP) at 
Land6ruket5 Ana1y5e5enter, 1432 A,5-NLH, N0rway. 
5u1f1de wa5 mea5ured 5pectr0ph0t0metr1ca11y a5 Cu5 1n 
Cu504-HC1 rea9ent at 480 nm (C0rd-Ruw15ch, 1985). 5u1- 
fate c0ncentrat10n5 were ca1cu1ated fr0m the t0ta1 5u1fur 
c0ntent, a55um1n9 that the c0ncentrat10n5 0f 0ther 5u1f1de 
5pec1e5 1n 501ut10n were ne9119161e. 70ta1 0r9an1c car60n 
(70C) wa5 ana1y5ed 1n 100/~1 5amp1e5 0n a D0hrmann 
DC-190 (5anta C1ara, CA, U.5.A.) e4u1pped w1th an 1R- 
detect0r. Amm0n1um, n1trate and ph05phate were ana1y5ed 
c010r1metr1ca11y. Water 5amp1e5 f0r determ1nat10n 0f t0ta1 
ac1d1ty and t0ta1 a1ka11n1ty were 6r0u9ht t0 the 1a60rat0ry 
1n c0mp1ete1y f111ed 50 m1 5erum 60tt1e5 5ea1ed w1th 6uty1 
ru66er 5t0pper5. A114u0t5 were t1trated w1th 0.1 N Na0H t0 
pH 8.3 t0 determ1ne ac1d1ty, and w1th 0.1 N HC1 t0 pH 4.5 
t0 determ1ne a1ka11n1ty. 70ta1 ac1d1ty and a1ka11n1ty were 
ca1cu1ated acc0rd1n9 t0 5tandard Meth0d5 (APHA, 1985). 
V01at11e fatty ac1d5 (VFA) were ana1y5ed 0n a Hew1ett- 
Packard 5890 6a5 Chr0mat09raph f1tted w1th a fu5ed 5111ca 
cap111ary c01umn and a F1ame 10n15at10n Detect0r. 70ta1 
6acter1a1 c0unt5 were determ1ned 6y EP1-f1u0re5cence 
m1cr05c0py, u51n9, 4,6-d1am1d1n0 2-pheny11nd01e (DAP1) 
(P0rter and Fe19, 1980) f0r v15ua112at10n 0f ce115 0n 0.22/t m 
Nuc1e0p0re ~ f11ter5. 

7he 9e0chem1ca1 e4u1116r1um m0de1 M1nte4A2 (ver510n 
3.10), deve10ped 6y the U.5, Env1r0nmenta1 Pr0tect10n 
A9ency, Athen5, 6A,  1991, wa5 u5ed t0 a1d 1n the 1nterpret- 
at10n 0f water chem1ca1 data. 

R E 5 U L 7 5  

7 h e  Chem1Ca1 C0mp051t10n 0f  m1ne Water5 fr0m 
Wa11en6er9 m1ne and  6amme19rUVa, Wh1Ch Wa5 
m1Xed 9 : 1 1n the Cy11nder5 dur1n9 5et-Up, 15 5h0Wn 1n 
7a61e 2. 7 h e  Water f r0m Wa11en6er9 m1ne Wa5 
C010Ur1e55, Wh11e the Water f r0m 6amme19rUVa had  a 
redd15h C010Ur Wh1Ch 1nd1Cated tha t  501U61e ferr1C 1r0n 
5peC1e5 Were pre5ent. 0XY9en Wa5 pre5ent 1n a11 0f  the 
Cy11nder5 1n1t1a11y, a5 n0 at tempt5 Were made  t0 aV01d 
exp05Ure t0 a1r dur1n9 5et-Up. Ye110W preC1p1tate5 
f0rmed 1mmed1ate1y after  m1X1n9 0f  the tW0 m1ne 
Water5. 1n 0rder  t0 1dent1fy preC1p1tated e1ement5, We 
e5t1mated the0ret1Ca1 5tart C0nCentrat10n5 0f  meta15 

and  5U1fate 1n the m1Xed m1ne Water and  C0mpared 
the5e t0 mea5Ured d15501Ved C0nCentrat10n5 (7a61e 2). 
1t Wa5 f0Und tha t  Ca 2+, M92+, 2 n  2+, Fe 2+ , M n  2+ and  

5U1fate had  6een part1y rem0Ved fr0m the Water pha5e 
6y preC1p1tat10n. 7 h e  9e0Chem1Ca1 e4U1116r1Um m0de1 
M1nte4A2 1nd1Cated 0Ver5atUrat10n 0f  ferr1C 1r0n 
m1nera15 (90eth1te, 11p1d0Cr0C1t, jar051te, hemat1te) 
and  9yp5Um, 6Ut n0t  M92+, 2 n  2+ 0r Mn2+-C0m - 
p0Und5, 1n the m1Xed m1ne Water. 

Whey 9aVe r15e t0 a 9reen15h C010Ur 1n the Water 
pha5e 0f  the Cy11nder5 and  C0W manure  t0 a dark  
6r0Wn15h C010Ur 1n W C M  1 and  W C M  2. 8 0 t h  Whey 
and  the tW0 type5 0f  1n0CU1Um 1nCrea5ed pH 1n the 
Water pha5e, a5 Can 6e 5een 6y C0mpar1n9 mea5Ured 
5tart Va1Ue5 1n the C0ntr01 Cy11nder W1th the amended  
Cy11nder5 (7a61e 2). 5 tar t  C0nCentrat10n5 0f  C0pper 
Were 10Wer 1n W 5 R 8  1 and  2 than  1n 0 ther  Cy11nder5 
6eCaU5e 0f  the C0ntent 0f  5U1f1de 1n the 5 R 8  1n0cu- 
1um, wh1ch rem0ved c0pper  6y prec1p1tat10n dur1n9 
5et-up. 

Dur1n9 the exper1ment, 61ack prec1p1tate5 were 
f0rmed 1n a11 0f  the cy11nder5 5upp11ed w1th whey. 7he  
prec1p1tate5 appeared f1r5t a t  the 1nterface 6etween the 
5and 1ayer and  the cru5hed 5t0ne 1ayer, and  the 61ack 
20ne expanded upward5 9radua11y. A60ve  the 
cru5hed 5t0ne 1ayer, the c010ur chan9e wa5 the re5u1t 
0f  the dep051t10n 0f  a 61ack f11m 0n the 1nner 5urface 
0f  the p01yacry1ate wa115, wh11e the water  pha5e 1t5e1f 
wa5 near1y c010ur1e55. 7 h e  d1v1d1n9 11ne 6etween the 
61ack 20ne and  the unaffected water  60dy a60ve wa5 
a1way5 very d15t1nct, 1nd1cat1n9 a 5ta61e 5trat1f1cat10n 
1n the cy11nder5.5p0rad1c tempera ture  mea5urement5 
1n the 1ncu6at10n r00m revea1ed a vert1ca1 tempera-  
ture 9rad1ent, wh1ch pr06a61y c0ntr16uted 519n1f1- 
cant1y t0 the 5ta61112at10n 0f  the water  c01umn5. 7 h e  
tempera ture  9rad1ent ran9ed f r0m appr0x1mate1y 
14°C at f100r 1eve1 t0 19°C c105e t0 the ce111n9. 

81ack prec1p1tate5 were f1r5t 5een 1n W 5 R 8  1 and  
thereafter  1n W 5 R 8  2, W1 and  W2. A11 the5e cy11n- 
der5 6ecame c0mp1ete1y 61ack 0ver the c0ur5e 0f  the 
5tudy. 70ward5  the end 0f  the exper1ment, 61ack 
prec1p1tate5 were a150 5een 1n W C M  1, W C M  2 and  

7a61e 2. Water chem1ca1 parameter5 mea5ured 1n m1ne water fr0m Wa11en6er9 m1ne and 6amme19ruva, and 5tart 
c0ncentrat10n5 (the0ret1ca1 and mea5ured) 1n cy11nder5 5upp11ed w1th whey (W), whey 10w d05a9e (WLD), whey + c0w manure 
(WCM) and whey + 5R8 (W5R8). 7he0ret1ca1 5tart c0ncentrat10n5 were e5t1mated fr0m 1nd1v1dua1 m1ne water c0ncen- 
trat10n5 and the m1x1n9 rat10, 0m1tt1n9 a p055161e prec1p1tat10n. Mea5ured c0ncentrat10n5 were determ1ned tw0 h0ur5 after 

5et-up. A11 c0ncentrat10n5 are 1n m9 1 1 

5tart c0ncentrat10n5 1n cy11nder5 after m1x1n9 9:1 
C0ncentrat10n5 1n m1ne water5 

Mea5ured 
Wa11en6er9 6amme1- 

Parameter m1ne 9ruva 7he0ret1ca1 C0ntr01 WLD W* WCM* W5R8* 

pH 5.52 2.40 3.40 3.08 3.05 3.71 4.22 4.37 
504 2940 6600 3306 1002 936 888 857 896 
Ca 500 382 488 194 - -  211t 220t 202t 
M9 350 212 336 56.1 - -  58.8"1" 59.8t 55.1t 
A1 1.38 263 27.5 28.3 26.1 21.9 18.8 17.7 
Fe 139 1160 241 1.89 - -  29.0t 26.3t 28.0t 
Cu 1.45 99.2 11.2 10.7 9.88 8.84 7.63 4.52 
2n 33.5 89.2 39.1 11.7 10.8 9.80 9.41 8.62 
Mn 13.6 11.7 13.4 1.90 1.75 1.78 1.89 1.62 
* = Avera9e 0f tw0 para11e1 cy11nder5. 
t = Mea5ured at day 19. 
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7a61e 3. 1n1t1a1 and f1na1 nutr1ent c0ncentrat10n5 1n the water pha5e 0f the cy11nder5 

7 0 C  (m9 1-1) NH f (m8 1-1) P0~-  (m9 1 -L) 

Cy11nder Day 0 Day 203 Day 0 Day 203 Day 0 Day 203 

W 1 1160 1000 6.7 6.4 10.6 4.1 
W 2 1140 740 6.7 4.0 10.8 5.3 
W LD 43 2.7 0.2 0.2 0.5 <0.1 
WCM 1 1240 853 11.4 8.6 8.3 10.0 
WCM 2 1160 782 9.6 5.6 8.8 4.8 
W 5 R 8  1 1060 217 8.7 2.0 9.6 1.3 
W5R8  2 1040 749 8.2 8.0 9.4 1.5 
C0ntr01 4.5 4.6 <0.1 <0.1 <0.1 <0.1 

WLD, 6ut the 61ack 20ne d1d n0t expand a60ve the 
t0p 0f the cru5hed 5t0ne 1ayer 1n the5e cy11nder5. 
N0 61ack prec1p1tate5 were 065erved 1n the c0ntr01 
cy11nder w1th0ut whey. 

7emp0ra1 chan9e5 1n water chem15try 1n the cy11n- 
der5 dur1n9 the exper1ment are 5h0wn 1n F19. 2. pH 
1ncrea5ed, red0x p0tent1a15 dr0pped and meta15 were 
rem0ved fr0m the water pha5e 0f W1, W2, W5R8 1 
and W5R8 2. Re51dua1 c0ncentrat10n5 0f 60th c0p- 
per and 21nc were 6e10w the 1CP detect10n 11m1t 0f 
0.05 m9 1-1. D15501ved 1r0n c0ncentrat10n5 1ncrea5ed 
temp0rar11y and decrea5ed a9a1n t0ward5 the end 0f 
the exper1ment. Ca1c1um and 5u1fate c0ncentrat10n5 
1ncrea5ed 1n W1, W2, W5R8 1 and W5R8 2 when 
reduc1n9 c0nd1t10n5 ev01ved. Water chem1ca1 chan9e5 
were 1e55 pr0n0unced 1n the 0ther cy11nder5, a1th0u9h 
c0pper wa5 rem0ved effect1ve1y fr0m WLD. 

We f0und 519n1f1cant d1fference5 1n water chem15try 
6etween the tw0 para11e1 cy11nder5 W5R8 1 and 
W5R8 2 thr0u9h0ut the exper1ment. 1n W5R8 1, 
61ack prec1p1tate5 5h0wed up ear11er, meta15 were 
rem0ved m0re rap1d1y fr0m the water pha5e and the 
re51dua1 70C-c0ncentrat10n wa5 much 10wer than 1n 
W5R8 2. 7he f1nd1n95 1nd1cate that m1nera112at10n 
wa5 de1ayed 1n W5R8 2 c0mpared t0 W5R8 1, 6ut 
the 6101091ca1 and chem1ca1 pr0ce55e5 wh1ch t00k 
p1ace 1n the tw0 cy11nder5 were 51m11ar. We theref0re 
avera9ed the re5u1t5 and p10tted them a5 0ne curve 1n 
F19. 2 

5p0t te5t5 5h0wed that 1nter5t1t1a1 water5 1n the 
5and 1ayer and the cru5hed 5t0ne 1ayer were marked1y 
d1fferent fr0m the 0ver1ay1n9 water w1th re5pect t0 
pH and meta1 c0ncentrat10n5. At day 19, pH 1n the 
5and 1ayer 0f WCM 1 wa5 5.89, a5 0pp05ed t0 3.74 
1n the free water pha5e. At the 5ame t1me, pH 1n the 
cru5hed 5t0ne 1ayer 0f a11 cy11nder5 5upp11ed w1th 
5.7% whey wa5 0.8-2.2 un1t5 h19her than 1n the free 

water pha5e. H0wever, the pH-d1fference5 6ecame 
9radua11y 5ma11er t0ward5 the end 0f the exper1menta1 
per10d. At day 19, water fr0m the 5and 1ayer 0f W1 
c0nta1ned per 11tre (percenta9e 0f 1n1t1a1 c0ncen- 
trat10n5 1n parenthe515): Cu 1.20m9 (13.6%), 2n 
1.28m9 (7.7%), Fe 73.1 m9 (262%), A1 50.7m9 
(232%), Ca 503m9 (243%) and Mn 27.0m9 
(1525%). At day 99, water fr0m the cru5hed 5t0ne 
1ayer 0f W2 c0nta1ned per 11tre: Cu 1.70 m9 (19.2%), 
2n 3.54 m9 (36.2%), Fe 31.2m9 (104%), A1 8.80 m9 
(40.4%), Ca 518m9 (241%) and Mn 21.6m9 
(1207%). 

70ta1 6acter1a1 c0unt5 1n the water pha5e 0f cy11n- 
der5 5upp11ed w1th 5.7% whey were 1n1t1a11y 6etween 
2.0 × 107 and 3.4 × 107 ce115 per m1. C0cc01d 6acter1a, 
0r191nat1n9 fr0m the whey, wa5 the pred0m1nant 
m0rph0type. Cy11nder5 1n0cu1ated w1th 5R8 (W5R8 
1 and 2) c0nta1ned 1.3 × 10 6 v16r10-5haped 6acter1a 
(51m11ar t0 5tra1n L-200) per m1 1n add1t10n t0 the 
c0ce01d5. 7hr0u9h0ut the exper1ment (day5 54, 99 
and 203), t0ta1 c0unt5 ran9ed fr0m 1.0 × 10 6 t 0  

2.5 × 107 6acter1a per m11n a11 cy11nder5 5upp11ed w1th 
5.7% whey. 810f11m f0rmat10n wa5 065erved 0n the 
a9ar-c0ated m1cr05c0pe 511de5 retr1eved fr0m the t0p 
0f the cru5hed 5t0ne 1ayer at the end 0f the exper- 
1ment. 7yp1ca1 v16r10-5haped 6acter1a, 51m11ar t0 
5tra1n L-200, were 5een 0n 511de5 fr0m W5R8 1 and 
2. 7he5e ce115 appeared t0 6e part1y em6edded 1n the 
a9ar 1ayer and were c0ated w1th dark prec1p1tate5. 

Ph05phate and amm0n1um c0ncentrat10n5 de- 
crea5ed 1n the water pha5e 0f a11 cy11nder5 dur1n9 the 
exper1ment, 6ut were 5t111 re1at1ve1y h19h at day 203 
(7a61e 3). N1trate c0ncentrat10n5 were c0n515tent1y 
6e10w 0.1 m9 1 -~. V01at11e fatty ac1d5 were f0und 1n 
a11 cy11nder5 5upp11ed w1th whey at the end 0f the 
exper1ment, and acetate wa5 the m05t a6undant 
c0mp0und (7a61e 4). 7he acetate c0ncentrat10n 1n 

7a61e 4. V01at11e fatty ac1d5, 5u1f1de, t0ta1 ac1d1ty and t0ta1 a1ka11n1ty 1n the water pha5e 0f the cy11nder5 at 
the end 0f the exper1ment (day 203) 

Acetate Pr0p10nate 8utyrate 5u1f1de Ac1d1ty A1ka11n1ty 
Cy11nder (mM) (mM) (mM) (mM) (me4u1v 1 ~) (me4u1v 1 ~) 

W 1 15.5 0.6 0.4 2.1 17.4 8.8 
W 2 6.9 0.5 0.4 1.5 13.0 5.0 
W LD <0.3 0 0 0 5.2 0 
WCM 1 4.5 0 2.1 0 15.6 0 
WCM 2 4.1 0.6 1.4 0 13.6 1.8 
W 5 R 8  1 3.9 0 0 1.8 2.6 14.2 
W 5 R 8  2 14.4 0 0.7 4.1 17.2 16.6 
C0ntr01 <0.3 0 0 0 5.0 0 
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F19. 2.7emp0ra1 var1at10n5 0f pH, Eh, meta1 and 5u1fate c0ncentrat10n5 1n the water pha5e 0f W1 and 
W2 (41, 0) ,  WLD ( 0  ~) ,  WCM 1 and WCM 2 (11 11), W5R8 1 and W5R8 2 (1-1 f-•4) 
and the c0ntr01 cy11nder (A, A) dur1n9 the treatment exper1ment. Va1ue5 fr0m para11e1 cy11nder5 are 

avera9ed. Avera9e pH wa5 ca1cu1ated fr0m avera9e H+-c0ncentrat10n5. 



1622 8j0rn Chr15ten5en et a1. 

W1 wa5 15.5 mM, wh1ch c0rre5p0nd5 t0 37% 0f the 
rema1n1n9 70C .  7he water 1n W5R8 1 had a 
net a1ka11n1ty at the end 0f the exper1ment, wh11e a11 
0ther5 had a net ac1d1ty (7a61e 4). 

Free 5u1f1de wa5 f0und 1n W1, W2, W5R8 1 and 
W5R8 2 at the end 0f the exper1ment (7a61e 4). 
70ta1 5u1f1de pr0duct10n 1n the cy11nder5, and there6y 
5u1fate c0n5umpt10n, can 6e e5t1mated r0u9h1y 6y 
add1n9 the m01ar c0ncentrat10n5 0f 5u1f1de- 
prec1p1tated meta15 and free 5u1f1de. 5u1f1de- 
prec1p1tated meta15 were e5t1mated a5 the d1fference 
6etween the0ret1ca1 5tart va1ue5 and mea5ured re- 
51dua1 c0ncentrat10n5 1n the water pha5e at the end 0f 
the exper1ment. We f0und that the t0ta1 5u1f1de 
pr0duct10n ran9ed fr0m 6.4 t0 9.3 mM 1n W1, W2, 
W5R8 1 and W5R8 2. 7h15 c0rre5p0nd5 t0 the 
reduct10n 0f 614-893 m9 1-~ 5u1fate, wh1ch 15 19-27% 
0f the the0ret1ca1 5tart c0ncentrat10n5 0f 5u1fate. 

U51n9 the c0mputer m0de1 M1nte4A2, we f0und 
the water pha5e5 0f W1 and W2 t0 6e 5119ht1y 
0ver5aturated w1th re5pect t0 5evera1 m1nera15 at the 
end 0f the exper1ment. Pyr1te, 5pha1er1te, c0ve111te 
9yp5um, d1a5p0re and 5u1fur were expected t0 f0rm a5 
5ta61e end pr0duct5 0f prec1p1tat10n under the 91ven 
c0nd1t10n5. 

D15CU5510N 

A var1ety 0f chem1ca1 and 6101091ca1 pr0ce55e5 are 
11ke1y t0 take p1ace and 1nf1uence water chem15try 
when a m1xture 0f m1ne water5 15 5upp11ed w1th whey 
and 1n0cu1um. We f0und that rap1d chem1ca1 prec1p1- 
tat10n pr0ce55e5 0ccurred 1n a11 0f the cy11nder5 dur1n9 
5et-up, and that the5e pr0ce55e5 were re5p0n5161e f0r 
9reat1y reduc1n9 the 5tart c0ncentrat10n5 0f 5evera1 
meta15 and 5u1fate 1n the water pha5e. 7he c0mputer 
m0de1 M1nte4A2 pred1cted prec1p1tat10n 0f ferr1c 1r0n 
m1nera15 and 9yp5um fr0m the m1xed m1ne water 
under the 91ven c0nd1t10n5. 1t 15 n0t c1ear why a150 
ma9ne51um, 21nc and man9ane5e c0ncentrat10n5 were 
reduced 1n the water pha5e 51mu1tane0u51y, 6ut the 
m05t 11ke1y exp1anat10n 15 that 0ver5aturat10n and 
prec1p1tat10n 0ecurred 10ca11y 1n the 1nh0m09en0u5 
water pha5e dur1n9 the m1x1n9 pr0ce55. 

7hr0u9h0ut the exper1ment, water chem1ca1 data 
and v15ua1 065ervat10n5 1nd1cated that 5u1fate- 
reduc1n9 6acter1a 6ecame act1ve 1n the cy11nder5 
5upp11ed w1th whey. 7hc ev1dence5 1nc1ude heavy 
meta1 rem0va1 fr0m the water pha5e, decrea51n9 
red0x p0tent1a15, f0rmat10n 0f 61ack prec1p1tate5 and 
the pre5ence 0f free 5u1f1de 1n the water pha5e 0f 
cy11nder5 W1, W2, W5R8 1 and W5R8 2 at the end 
0f the exper1mcnt. Am0n9 the heavy meta15, c0pper 
wa5 a1way5 the f1r5t c1ement t0 6e rem0ved, f0110wed 
c105e1y 6y 21nc. Cu5 15 h19h1y 1n501u61e 0ver a 6r0ad 
pH-ran9e and 5u1f1de prec1p1tat10n 0f c0pper 10n5 15 
theref0re a rap1d and eff1c1ent pr0ce55 1n ac1d m1ne 
water5.7he temp0ra1 1ncrea5e 1n 1r0n e0nccntrat10n5 
wh1ch wa5 065erved 1n a11 0f the cy11nder5 5upp11ed 
w1th 5.7% whey, wa5 pr06a61y cau5ed 6y the re- 

duct10n 0f ferr1c prec1p1tate5 f0rmed dur1n9 5et-up 
(Kuyucak et a1., 1991). Whether ferr1c 1r0n wa5 
reduced en2ymat1ca11y 6y Fe(111) reduc1n9 6acter1a 
(L0v1ey, 1991), 5u1fate-reduc1n9 6acter1a (C01eman 
et a1., 1993) 0r chem1ca11y 6y 5u1f1de pr0duced 6y 
5R8 cann0t 6e determ1ned fr0m 0ur data. 70ward5 
the end 0f the exper1ment, d15501ved 1r0n c0ncen- 
trat10n5 dr0pped dra5t1ca11y 1n cy11nder5 5upp11ed 
w1th whey and whey + 5R8-1n0cu1um. 7he re1at1ve1y 
h19h 5u1f1de c0ncentrat10n5 f0und 1n the5e cy11nder5 at 
day 203, 5tr0n91y 1nd1cate that 1r0n wa5 rem0ved 6y 
5u1fde prec1p1tat10n. A p055161e a1ternat1ve 1r0n 
prec1p1tat10n pr0ce55 15 the f0rmat10n 0f 51der1te 
(FeC03) fr0m ferr0u5 1r0n and 61car60nate. 
H0wever, 51nce 51der1te ha5 6een rep0rted t0 6e 
un5ta61e 1n the pre5ence 0f 5u1f1de (C01eman et a1., 
1993), we f1nd 1t un11ke1y that 51der1te wa5 an 
1mp0rtant end pr0duct 1n 0ur cy11nder5. A1um1n1um 
rem0va1 wa5 pr06a61y cau5ed 6y the f0rmat10n 0f 
a1um1n1um(0xy)hydr0x1de5, a5 1nd1cated 6y the 9e0- 
chem1ca1 e4u1116r1um m0de1 M1nte4A2. 80th 1r0n 
5u1f1de- and a1um1n1um(0xy)hydr0x1de f0rmat10n are 
5tr0n91Y pH-dependent pr0ce55e5 and d1d n0t 6ec0me 
4uant1tat1ve1y 1mp0rtant 1n the cy11nder5 6ef0re the 
pH 5tarted t0 1ncrea5e. 

7he 1ncrea5e 1n d15501ved 5u1fate c0ncentrat10n5 1n 
W1, W2, W5R8 1 and W5R8 2 dur1n9 the exper- 
1menta1 per10d wa5 unexpected and may a150 5eem t0 
6e 1n c0ntrad1ct10n w1th the f1nd1n95 that 5R8 were 
act1ve 1n the 5y5tem5 and reduced 5u1fate t0 5u1f1de. 1t 
15 n0t fu11y c1ear why the 5u1fate c0ncentrat10n5 
1ncrea5ed, 6ut the m05t 11ke1y exp1anat10n 15 that an 
1n1t1a1 c0prec1p1tat10n 0f ferr1c(0xy)hydr0x1de5 and 
5u1fate 0ccurred dur1n9 5et-up, and that the5e prec1p1- 
tate5 were d15501ved when reduc1n9 c0nd1t10n5 
ev01ved. C0prec1p1tat10n 0f 1.5-4.7 m01e5 0f 5u1fate 
per m01e 1r0n 1n ferr1c(0xy)hydr0x1de prec1p1tate5 wa5 
prev10u51y rep0rted 6y Her11hy et a1. (1989). R0u9h 
ca1cu1at10n5 1nd1cate that 1e55 than 27% 0f the 5u1fate 
pre5ent at the 5tart wa5 reduced t0 5u1f1de 0ver the 
c0ur5e 0f the 5tudy, and 1t wa5 theref0re n0t 5urpr15- 
1n9 that a temp0ra1 1ncrea5e 1n d15501ved 5u1fate 
c0ncentrat10n5 wa5 5een. 

We added a h19h d05a9e 0f whey (5.7%, v01/v01) 
t0 m05t cy11nder5 t0 ena61e c0mp1ete heavy meta1 
rem0va1. 7he pre5ence 0f free 5u1f1de and re51dua1 
c0ncentrat10n5 0 fVFA 1n the water pha5e 0fW1, W2, 
W5R8 1 and W5R8 2 at the end 0f the exper1ment 
5h0wed that 0r9an1c car60n wa5 added 1n exce55.7he 
fact that acetate accumu1ated 1n the water pha5e 0ver 
the c0ur5e 0f the 5tudy 1nd1cate5 that fermentat10n 
and 1nc0mp1ete 5u65trate 0x1dat10n pr0ceeded much 
fa5ter than c0mp1ete 0x1dat10n under the preva111n9 
c0nd1t10n5. 7he rea50n f0r th15 15 n0t fu11y c1ear, 
6ut 1t 15 we11 kn0wn fr0m enr1chment 5tud1e5 that 
1nc0mp1ete1y 0x1d121n9 5R8 0ften 9r0w fa5ter than 
c0mp1ete 0x1d12er5 (W1dde1, 1988). 7he h19h c0ncen- 
trat10n5 0f free 5u1f1de f0und at the end 0f the 
exper1ment (40 150 m9 1 ~) may a150 have 1nh161ted 
6acter1a1 acetate 0x1dat10n, 51nce 1t wa5 rep0rted 
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recent1y that 40m9 1 -~ 5u1f1de adver5e1y affected 
acetate c0nver510n rate5 6y 5R8 1n a 1a60rat0ry 
react0r 5y5tem 6u11t t0 treat 5u1fur1c ac1d (5tuck1 
et  a1., 1993). 7he re1at1ve1y h19h re51dua1 c0ncen- 
trat10n5 0f 70C,  5u1fate and nutr1ent5 1nd1cate that 
there wa5 a p0tent1a1 f0r further 5u1fate-reduct10n 1n 
the cy11nder5. 

7he add1t10n 0f 5R8-1n0cu1um t0 the cy11nder5 had 
a p051t1ve effect 0n the m1ne water treatment pr0ce55. 
7he 1a9 pha5e wa5 5h0rter and heavy meta15 were 
rem0ved ear11er and m0re eff1c1ent1y than 1n the 0ther 
cy11nder5. 1n c0ntra5t, c0w manure appeared t0 have 
a ne9at1ve effect. 7he rea50n f0r th15 15 n0t c1ear. 
5u1fate reduct10n wa5 a150 f0und t0 take p1ace 1n 
cy11nder5 5upp11ed w1th whey 0n1y. 1t 5eem5 m05t 
11ke1y that 5R8 1n the5e cy11nder5 0r191nated fr0m the 
5and 1ayer, a1th0u9h v1a61e 5R8 prev10u51y have 6een 
f0und 1n m1ne water fr0m the Wa11en6er9 m1ne, 
wh1ch wa5 u5ed 1n the cy11nder5 (Chr15ten5en et  a1., 
1994). 

70 1mpr0ve 9r0wth c0nd1t10n5 f0r 5R8, we put a 
1ayer 0f 5and and a 1ayer 0f cru5hed 5t0ne5 at the 
60tt0m 0f the cy11nder5. A 5and 1ayer 1n the cu1tur1n9 
ve55e1 wa5 prev10u51y f0und t0 6e 0f v1ta1 1mp0rtance 
f0r the 5u1fate-reduct10n pr0ce55 1n 1a60rat0ry 5ca1e 
AMD treatment exper1ment5 (Kuyucak et a1., 1991). 
pH 1ncrea5ed and c0pper c0ncentrat10n5 decrea5ed 1n 
1nter5t1t1a1 water5 fr0m the 5and and cru5hed 5t0ne 
1ayer5 dur1n9 an ear1y pha5e 0f the exper1ment. 
51mu1tane0u51y, d15501ved c0ncentrat10n5 0f 1r0n and 
man9ane5e 1ncrea5ed dra5t1ca11y, 1nd1cat1n9 that re- 
duct1ve d15501ut10n 0f 0x1de5/hydr0x1de5 0ccurred. 
7he f1nd1n9 that 61ack prec1p1tate5 5tarted t0 0ccur at 
the 1nterface 6etween the 5and 1ayer and the cru5hed 
5t0ne 1ayer 1nd1cate that 9r0wth c0nd1t10n5 were 
1ndeed m0re fav0ura61e than 1n the free water pha5e. 
7he exten51ve 610f11m f0rmat10n 0n m1cr05c0pe 511de5 
kept at the t0p 0f the cru5hed 5t0ne 1ayer dur1n9 the 
exper1ment 5u99e5t that a 1ar9e fract10n 0f the 6ac- 
ter1a wa5 attached t0 5011d 5urface5. Attachment t0 
5urface5 ha5 6een 5h0wn t0 1ncrea5e 6acter1a1 t01er- 
ance t0 cupr1c c0pper (H1ck5 and R0w6ury, 1988) 
and 0xy9en t01erance am0n9 5R8 (Fuku1 and 7ak11, 
1990). 

7he re5u1t5 1nd1cate that 1t m19ht 6e fea5161e t0 
5t1mu1ate 6acter1a1 5u1fate-reduct10n 1n 51tu 1n water- 
f111ed m1ne5 and 0pen p1t5. 5u1f1de prec1p1tat10n 0f 
heavy meta15 ha5 50me 1mp0rtant advanta9e5 0ver 
hydr0x1de prec1p1tat10n, 1nc1ud1n9 10wer 501u6111ty 0f 
meta1 5u1f1de5 0ver a 6r0ad pH-ran9e and h19her 
51ud9e den51ty. 1n c0nvent10na1 11me treatment p1ant5, 
51ud9e hand11n9 c05t5 may 0ften exceed 11me c05t5. 1n 
c0ntra5t, n0 51ud9e hand11n9 15 nece55ary when u51n9 
the 1n 51tu treatment c0ncept, 51nce the under9r0und 
m1ne5 and 0pen p1t5 are 60th ••610react0r5•• and 
5ed1mentat10n 6a51n5. 7he am0unt 0f 0r9an1c c0m- 
p0und5 added t0 a m1ne water 5y5tem 1n 0rder t0 
5t1mu1ate the pr0ce55 5h0u1d 6e 6a1anced w1th the 
meta1 c0ntent and ac1d1ty t0 en5ure pr0per meta1 
rem0va1 and av01d a harmfu1 10ad 0f exce551ve 0r- 
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9an1c mater1a1 and nutr1ent5 1n the eff1uent. 5uch 
ca1cu1at10n5 are 0ften d1ff1cu1t, h0wever, 6ecau5e 
d1fferent water 4ua11t1e5 may preva11 1n d1fferent part5 
0f the 5y5tem. Further, the 0r9an1c car60n demand 1n 
a part1cu1ar m1ne water 5y5tem cann0t 6e ca1cu1ated 
fr0m water-chem1ca1 parameter5 a10ne, 51nce 0x1d12ed 
prec1p1tate5 may act a5 a 51nk f0r 5u1f1de 10n5 and 
there6y 1ncrea5e the 0r9an1c car60n demand. 7h15 
wa5 1ndeed the ca5e 1n 0ur exper1ment, where prec1p1- 
tate5 r1ch 1n ferr1c 1r0n were pre5ent 1n1t1a11y. 1t 5h0u1d 
a150 6e kept 1n m1nd that rem061112at10n 0f meta15 11ke 
1r0n and man9ane5e may 0ccur under an0x1c and 
reduc1n9 c0nd1t10n5. 

7he 1n 51tu treatment c0ncept may 6e u5efu1 1n 
re1at1ve1y 5ma11 5y5tem5 0r 1n def1ned part5 0f 1ar9er 
5y5tem5 where 1t 15 p055161e t0 m0n1t0r water 
chem15try and there6y 90vern the pr0ce55 pr0per1y. 
C0ntam1nated 5eePa9e 5tream5 can 6e d1verted 1nt0 
5uch 5y5tem f0r meta1 prec1p1tat10n and neutra112- 
at10n. A5 065erved dur1n9 0ur exper1ment, 5ed1ment5 
and 5011d 5urface5 w111 tend t0 6e c010n12ed f1r5t 6y the 
5u1fate-reducer5 and a h19h 5urface area t0 water 
v01ume rat10 w111 pr06a61y 6e 6enef1c1a1. Wa5te r0ck 
15 0cca510na11y 6ack-f111ed 1n 01d under9r0und m1ne5. 
7h15 1ncrea5e5 the 5urface area t0 water v01ume rat10 
and m19ht 6e fav0ura61e f0r 6acter1a1 9r0wth. 

C 0 N C L U 5 1 0 N 5  

Da1ry whey 5t1mu1ated 6acter1a1 5u1fate-reduct10n 
when added t0 ac1d m1ne water 1n a 6ench 5ca1e 
treatment exper1ment, pH 1ncrea5ed and heavy meta15 
were rem0ved fr0m the water pha5e after 0n-5et 0f the 
5u1fate-reduct10n pr0ce55. 7he re5u1t5 1nd1cate that 1t 
m19ht 6e fea5161e t0 u5e 5R8 f0r treatment 0f ac1d 
m1ne water 1n 51tu 1n waterf111ed m1ne5 and 0pen p1t5. 

1n0cu1at10n 0f the exper1menta1 cy11nder5 w1th 5R8 
wa5 n0t nece55ary t0 1n1t1ate 5u1fate-reduct10n, 6ut 
5h0rtened the 1a9 pha5e 519n1f1cant1y. M05t 0f the 
6acter1a1 act1v1ty t00k p1ace 1n the cru5hed 5t0ne 1ayer 
at the 60tt0m 0f the cy11nder5, where 9r0wth c0n- 
d1t10n5 were f0und t0 6e m0re fav0ura61e than 1n the 
free water pha5e. 

1n 51tu treatment 6y 5R8 15 a p055161e 10w c05t, 10w 
ma1ntenance c0ncept f0r ac1d m1ne water treatment. 
51ud9e hand11n9 c05t5 can 6e m1n1m12ed 0r e11m1- 
nated, 51nce the m1ne 15 u5ed a5 a 5ed1mentat10n 6a51n. 
7he am0unt 0f 0r9an1c c0mp0und5 added t0 a m1ne 
water 5y5tem 5h0u1d 6e 6a1anced w1th the meta1 
c0ntent and ac1d1ty t0 en5ure pr0per meta1 rem0va1 
and av01d a harmfu1 10ad 0f exce551ve 0r9an1c 
mater1a1 and nutr1ent5 1n the eff1uent. 7he 1n 51tu 
treatment c0ncept may 6e part1cu1ar1y u5efu1 1n 5ma11 
m1ne water 5y5tem5 where the 5u1fate-reduct10n pr0- 
ce55 can 6e pr0per1y 90verned. 

Ackn0w1ed9ement5--7h15 w0rk wa5 5upp0rted f1nanc1a11y 
6y N0rd1c 1ndu5tr1a1 Fund, L0kken M1ne5 A.5., the 
N0rwe91an M1ner5 A550c1at10n and the 5tate P011ut10n 

WR 30/7--D 



1624 8j0rn Chr15ten5en et a1. 

C0ntr01 Auth0r1ty 1n N0rway. We are a150 1nde6ted t0 L1v 
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