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Abstract
Large quantities of sulphide-bearing mining wastes produced from ore processing are deposited
throughout the world. Sulphide oxidation in the wastes may release acidic water with high
FRQFHQWUDWLRQV RI PHWDOV LQWR WKH HQYLURQPHQW 5HPHGLDWLRQ VWUDWHJLHV DUH XVXDOO\ VLWH VSHFL¿F
VLQFH WKH SK\VLFDO DQG FKHPLFDO SURSHUWLHV RI WKH ZDVWHV YDU\ 7KHUHIRUH VXOSKLGH R[LGDWLRQ
oxygen diffusion and metal mobility in unoxidised and oxidised UHPHGLDWHGDQG XQUHPHGLDWHG
ZDVWHVZHUHVWXGLHGLQWKHSUHVHQWZRUN7KHHI¿FLHQF\RIGLIIHUHQWFRYHUV\VWHPVRQunoxidised
tailings from Kristineberg were studied in pilot-scale test cells (5*5*3 m3 XQGHU¿HOGFRQGLWLRQV
&OD\H\WLOOVHZDJHVOXGJHDSDWLWHDQG7ULVRSODVWZHUHXVHGDVVHDOLQJOD\HUVDQGDQXQVSHFL¿HG
till as a protective cover. Tailings were left uncovered in one cell. Unoxidised tailings in the testcells in the initial stage after deposition showed relatively low sulphur release (600-800 mg l-1) in
OHDFKDWHZDWHUVZKLFKZDVSUREDEO\DQHIIHFWRIWKHKLJKPRLVWXUHFRQWHQWLQWKHWDLOLQJVSULRUWR
deposition. Near-neutral pH found in the leachates was due to the presence of neutralisation by
carbonate minerals and lime (Ca(OH)2) added prior to deposition. Similar sulphur concentrations
were also found in the uncovered tailings. The sulphide oxidation rate increased over time in
WKH XQFRYHUHG WDLOLQJV DQG GHFUHDVHG LQ WKH FRYHUHG 7KH ORZHVW R[\JHQ FRQFHQWUDWLRQV ZHUH
REVHUYHGEHORZWKHFRYHUV\VWHPZLWKVHZDJHVOXGJHZKLFKZDVWKHPRVWHIIHFWLYHEDUULHUDJDLQVW
VKRUWWHUPR[\JHQ7KHR[\JHQÀX[HVWKURXJKWKHFOD\H\WLOODQGDSDWLWHOD\HUVZHUHZLWKLQWKH
same magnitude and varied between 0.5 and 4 moles year-1 m-2. The Trisoplast layer seemed to
fail as a barrier against oxygen. Field scale tailings studied at Laver and Kristineberg had oxidised
for more than 50 years. The tailings at Kristineberg have a high pyrite content (c. 25% and 50%)
DQGWKRVHDW/DYHUKDYHDORZJUDGHRIS\UUKRWLWH  7KH/DYHUWDLOLQJVDUHXQUHPHGLDWHG
whereas those at Kristineberg were remediated in 1996. The transport of metals in the drainage
water at Laver decreased during a study period of 8 years. The transport of dissolved sulphur
LQGLFDWHGDWUHQGRIDGHFOLQLQJVXOSKLGHR[LGDWLRQUDWHLQWKHWDLOLQJVWKDWZDVFRQ¿UPHGE\R[\JHQ
measurements in the tailings and weathering rate estimations. The decline was considered natural
as a result of the increased distance that oxygen has to travel to reach unoxidised sulphide grains.
0RVWPHWDOVUHOHDVHGE\VXOSKLGHR[LGDWLRQZHUHVHFRQGDULO\UHWDLQHGLQWKHWDLOLQJVDQGWRDVPDOO
extent in layers cemented by jarosite and Fe-(oxy)hydroxides. Sequential extraction of these layers
showed that metals such as Cu and Pb were mostly associated with crystalline Fe-(oxy)hydroxides.
+RZHYHU WKH PRVW LPSRUWDQW UHWHQWLRQ PHFKDQLVP ZDV VRUSWLRQ RQWR WKH VXUIDFHV RI PLQHUDOV
below the oxidation front. The studied Impoundment 1 at Kristineberg was remediated by two
GLIIHUHQWPHWKRGVRQRQHSDUWDGU\FRYHUFRQVLVWLQJRIDVHDOLQJOD\HUDQGDSURWHFWLYHFRYHUZDV
DSSOLHGDQGRQWKHRWKHUWKHJURXQGZDWHUWDEOHZDVUDLVHGDQGDVLQJOHGU\FRYHUDSSOLHG:KHQ
WKHJURXQGZDWHUWDEOHZDVUDLVHGLQWKHR[LGLVHGWDLOLQJVVHFRQGDULO\UHWDLQHGPHWDOVVXFKDV)H
0J0Q6DQG=QZHUHUHPRELOLVHGUHVXOWLQJLQLQFUHDVHGFRQFHQWUDWLRQVLQWKHJURXQGZDWHU7KH
FRQFHQWUDWLRQVGHFOLQHGRYHUWLPHGXHWRGLOXWLRQE\LQÀRZLQJXQFRQWDPLQDWHGZDWHU'HFUHDVHG
FRQFHQWUDWLRQVRI)H0J0Q6DQG=QZHUHDOVRREVHUYHGLQWKHJURXQGZDWHUEHORZWKHGU\
FRYHUDVWKHDPRXQWRISHUFRODWLQJZDWHUGHFUHDVHG7KHFRQFHQWUDWLRQVRIWUDFHHOHPHQWVVXFKDV
&G&R&U&X1LDQG3EZHUHDOPRVWGHSOHWHGLQWKHJURXQGZDWHUEHFDXVHWKHVHPHWDOVZHUH
UHWDLQHGZLWKLQWKHWDLOLQJVE\PHFKDQLVPVVXFKDVFRSUHFLSLWDWLRQSUHFLSLWDWLRQDQGVRUSWLRQ
Analysis of pyrite grains by LA-ICP-SMS showed pyrite surfaces to be important for retention
RI$VDQG&XLQSDUWLFXODUDORQJZLWK&GDQG=Q7KLVVWXG\VKRZVWKDWWKHSK\VLFRFKHPLFDO
conditions expressed by pH and redox potential have a large impact on elements mobility’s. For
H[DPSOHWKHFRQFHQWUDWLRQRI$VZDVKLJKDVDUHVXOWRIUHPHGLDWLRQZKLOHWKHFRQFHQWUDWLRQVRI
most metals decreased in the drainage waters.
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Paper I-VI: Field work, interpreting of data and most of the writing.
Paper VII: Contributing to writing and interpreting of data.
Thesis in outline
Chapter 1 gives a brief background and the aims of this study. Chapter 2 presents the environmental
issue regarding the deposition of sulphide mine wastes, and the function of the most common
remediation method used in Sweden, i.e. dry cover. The description of the study sites and the
methodologies are presented in chapter 3. The results obtained of sulphide oxidation rates, oxygen
diffusion and metal mobility are presented and discussed in chapter 4. Chapter 5 presents the main
conclusions.

SLORW VFDOH WHVWFHOOV ZHUH VWXGLHG XQGHU ¿HOG
conditions within this programme (Papers III
and IV). The quality of the percolating water
and the oxygen diffusion through the covers
were studied.
The overall aim of the research programme
MiMi was to improve the methods used to
mitigate the environmental problems related
to sulphide tailings deposits. In Papers V and
VIWKHFKDQJHVRIWKHJURXQGZDWHUTXDOLW\LQ
remediated oxidised sulphide-rich tailings were
investigated during six years to evaluate the
HI¿FLHQF\RIWKHUHPHGLWDLRQWHFKQLTXHVXVHG
In Paper VII the study results of the capacity
of pyrite surfaces to trap metals released by
sulphide oxidation are presented.

1. Background
Large quantities of mining wastes produced
from sulphide ores have been deposited
throughout the world. The environmental
issue with sulphide bearing mine wastes is that
they might potentially leach metals and acidic
drainage water. This was recently recognized
DV D ZRUOGZLGH SUREOHP DQG ¿UVW UHSRUWHG LQ
Sweden in 1976. A research programme was
carried out from 1983 to 1988 by the SEPA
(Swedish Environmental Protection Agency)
to increase the knowledge on the importance
of oxygen diffusion. Several programmes
concerning mine wastes have been developed
throughout the world in recent decades.
The Division of Applied Geology at Luleå
University of Technology has been one part in
Sweden involved in these programmes. This
thesis is a result of investigations within three
research programmes; MiMi (Mitigation of the
(QYLURQPHQWDO ,PSDFW IURP 0LQLQJ :DVWH 
*HRUDQJH±DQ(8VWUXFWXUDO
(8VWUXFWXUDOIXQGSURMHFW
IXQG SURMHFW DQG
and
PIRAMID (Passive In-situ Remediation of
$FLGLF 0LQH,QGXVWULDO 'UDLQDJH 3DVVLYH  D
Research Project of the European Commission
Fifth Framework Programme.

2. Introduction
0RUH WKDQ  0W RI PLQLQJ ZDVWH URFN
DQG0WRIWDLOLQJVDUHVWRUHGWKURXJKRXW
WKH (XURSHDQ 8QLRQ GRPLQDWHG E\ )LQODQG
*HUPDQ\ *UHHFH ,UHODQG 3RUWXJDO 6SDLQ
6ZHGHQ DQG WKH 8. /RWWHUPRVHU  
Sweden leads Europe in the production of iron
DQGJROGLVVHFRQGSURGXFHURIVLOYHUDQGOHDG
DQG WKLUG RI &X DQG =Q *RYHUPHQW RI¿FH RI
6ZHGHQ   6ZHGHQ KDV KDG D UHODWLYHO\
constant production of ore and metals during
the last 30 years. The annual ore production
LV DSSUR[LPDWHO\  PLOOLRQ WRQQHV HTXDOO\
distributed between iron and sulphide ores
*HRORJLFDOVXUYH\RI6ZHGHQ 0LQLQJ
waste represents the greatest amount of waste
IURPLQGXVWULDODFWLYLWLHVLQ6ZHGHQSURGXFLQJ
approximately 55 million tonnes annually
6ZHGLVK (QYLURQPHQWDO 3URWHFWLRQ $JHQF\
2006).
Large quantities of mining wastes produced
from sulphide ores have been deposited
throughout the world. Because Fe-sulphides
produce acidity when exposed to oxygen and
PRLVWXUH R[LGDWLRQ RI VXFK VXOSKLGHV PD\
result in an environmental issue. Mining wastes
PDLQO\ FRQVLVW RI ZDVWH URFN WDLOLQJV DQG
VPHOWLQJ ZDVWH DQG RIWHQ JHQHUDWH DFLG PLQH
GUDLQDJH $0'  :DVWH URFN LV UHPRYHG WR
PLQHRUHDQGKDVRIWHQEHHQGHSRVLWHGFORVHWR
the mines. The dominating gangue minerals in
WKHZDVWHURFNDUHRIWHQVLOLFDWHVK\GUR[LGHV
R[LGHV KDOLGHV DQG LQ VRPH RUH W\SHV DOVR

1.1. Aims and scope of the study
This thesis presents results from three research
programmes. The overall aim was to increase
the knowledge of geochemical processes such
DV VXOSKLGH R[LGDWLRQ R[\JHQ GLIIXVLRQ DQG
metal leaching in unremediated and remediated
VXOSKLGHPLQHWDLOLQJVDQGLQUHODWHGGUDLQDJHV
and thereby contribute to the possibilities to
improve remediation techniques.
:LWKLQ WKH (8
(8 SURJUDPPH
SURJUDPPH 3,5$0,'
3,5$0,'
geochemical studies of the acid mine drainage
and the tailings at the closed Laver mine in
QRUWKHUQ6ZHGHQZHUHSHUIRUPHG7KHVSHFL¿F
aims were to evaluate changes of the sulphide
R[LGDWLRQUDWHEHWZHHQDQGDQGWR
determine the capacity of a cemented layer to
retain metals at an unremediated impoundment.
The results are presented in Papers I and II.
The aim of Georange was to contribute
to a structural development of the mineral
and mining sector in the northern part of the
1RUUODQGUHJLRQ7KHHI¿FLHQF\RIGLIIHUHQW
ifferent dry
GU\
covers on unoxidised sulphide-rich tailings in
1

FDUERQDWH -DPERU   7DLOLQJV DUH ¿QH
grained residues from the enrichment process
and most are deposited as slurry in tailings
impoundments or ponds. The dikes are often
constructed by the coarser waste rock.
,Q6ZHGHQPRVWPLQHZDVWHVRULJLQDWHIURP
iron-oxide and sulphide ores. The present ironoxide ores are located at Kiruna and Malmberget
in northern Sweden (Figure 1; Geological survey
RI 6ZHGHQ   7KH VXOSKLGHFRQWDLQLQJ
ores are mainly concentrated at Aitik and the
6NHOOHIWH RUH GLVWULFW LQ QRUWKHUQ 6ZHGHQ DQG
at Bergslagen in southern Sweden. Many mines
in the Skellefte district have been active during
WKHODVW\HDUVWKRXJKWRGD\RQO\¿YHDUH
in operation.

Iron Mine

Each mine has different techniques for
VHSDUDWLQJ ZDVWH IURP WKH RUH ZKLFK ZKHQ
combined with different geology results in
different physical and chemical properties of
WKH ZDVWH $W PDQ\ ORFDWLRQV PLQH ZDVWHV
were deposited several years or decades
ago and are therefore partially oxidised.
Remediation strategies and their effects may
differ depending on the physical and chemical
properties and if the waste is unoxidised or
R[LGLVHG (QYLURQPHQWDOO\ VXOSKLGH EHDULQJ
mine wastes were recently recognized as a
worldwide problem. A main environmental
concern with sulphide mine waste is that old
oxidised deposits release acid and metals to
the recipients. TKHUHIRUH DWWHPSWV WR UHSDLU
the environmental damage have been of high
SULRULW\ ,Q WKH ORQJWHUP ORZ PDLQWHQDQFH
solutions are preferred for these sites. New
solutions to reduce the environmental impact
from newly produced wastes are also important
topics.

Kiirunavaara
Malmberget
Malmberget

Non-Iron Mine

Aitik

2.1. Sulphide oxidation
Skellefte
district

:DVWH URFN DQG WDLOLQJV IURP VXOSKLGH RUHV
SURGXFLQJ PHWDOV OLNH &X =Q DQG 3E PD\
contain high amounts of sulphides such as
pyrite [FeS2@ S\UUKRWLWH >)H1-x6@ VSKDOHULWH
> =Q)H 6@JDOHQD>3E6@DUVHQRS\ULWH>)H$V6@
and chalcopyrite [ CuFeS2@ -DPERU  
Exposure to the atmosphere enables oxidation
RIWKHVXOSKLGHVZKLFKFDQFRQWLQXHIRUGHFDGHV
RUPXFKORQJHU,QJHQHUDOS\ULWHDQGS\UUKRWLWH
are the primary sulphides that cause acid when
oxidised in the presence of oxygen and water
(Reactions 1 and 2; Table 1). Pyrite oxidation
JHQHUDWHV PRUH DFLGLW\ WKDQ S\UUKRWLWH EXW
the reactivity of pyrrhotite is higher due to
GH¿FLHQFLHV LQ LWV FU\VWDO ODWWLFH 1LFKROVRQ
 ,QUHDOLW\S\ULWHDQGS\UUKRWLWHR[LGDWLRQ
are more complex processes than described by
reactions 1-2 and occur through several reaction
VWHSV RIWHQ FDWDO\]HG E\ EDFWHULD 1RUGVWURP
1982). Depending on the Fe content in the
S\UUKRWLWH QR DFLG )H6  RU D PD[LPXP DFLG
(Fe7S8  LV SURGXFHG 1LFKROVRQ   7KH
Fe(II)-ion produced by the oxidation may
oxidise further to Fe(III)-ions or precipitate
DV )H R[\ K\GUR[LGHV GHSHQGLQJ RQ WKH
physico-chemical conditions in the solution.

Luleå

Arvidsjaur

Storliden

Petiknäs
Petiknäs
Björkdal
Björkdal

Malå

Kristineberg
Kristineberg
Svartliden

Skellefteå

Lycksele

Maurliden

Renström
Renström

Umeå

Sundsvall

Garpenberg norra
Garpenbergsgruvan
Bergslagen

Gävle

Uppsala

Luvisagruvan
Stockholm

Zinkgruvan
Zinkgruvan
(Knalla-Burkland, Nygruvan)
Nygruvan)
(Knalla-Burkland,

250 km

Figure 1. Locations of active mine districts in Sweden.
The iron mines are located in northern Sweden at Kiruna
and Malmberget. The sulphidic mines are mainly located
LQWKH6NHOOHIWHGLVWULFW%HUJVODJHQDQGDW$LWLN
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The oxidation of Fe(II) to Fe(III)-ion is a slow
UHDFWLRQ EXW DFFHOHUDWHV ZKHQ FDWDO\]HG E\
$FLGLWKLREDFLOOXV IHUURR[LGDQV ZKLFK PD\
LQFUHDVH WKH UDWH 6WXPP DQG 0RUJDQ  
The stability of the Fe(III)-ion is limited pH
DQG (K VLQFH )H ,,,  LV VWDEOH DW ORZ S+ DQG
even when the redox potential is high (Stumm
DQG 0RUJDQ  $W ORZ S+ )H ,,,  LV DQ
additional oxidant of sulphides that is even
more effective than oxygen (Seal II and
+DPPDUVWURP   $W QHDUQHXWUDO S+
oxygen dominates as oxidant.
*DOHQD FKDOFRS\ULWH RU VSKDOHULWH GR
not generate acid when oxidised by oxygen
5HDFWLRQV EXWLQWKHSUHVHQFHRI)H ,,, 
5HDFWLRQV 0RVWVXOSKLGHVFRQWDLQ)H
either in main or trace amounts. Iron may be
LQFRUSRUDWHGLQWKHVSKDOHULWHFU\VWDOUHVXOWLQJ
in an additional release of Fe when sphalerite
is oxidised. In conditions with low amounts
RI R[\JHQ )H ,,  PD\ UHPDLQ LQ VROXWLRQ
and transported away from the reaction site.
Under more oxygenated conditions as in the
recipients Fe(II) may oxidised (Blowes and
-DPERU  +|JOXQG HW DO  $W KLJK
S+ DQG LQ R[\JHQDWHG FRQGLWLRQV )H ,,  PD\
precipitate as amorphous Fe-hydroxide or as
Fe-oxyhydroxides with a production of acidity
5HDFWLRQ   &RQVHTXHQWO\ LQ ZDVWH ZLWK D
KLJKHU FRQWHQW RI VXOSKLGHV FRQWDLQLQJ )H
more acidity is produced than those sulphides
not containing Fe.

 6XOSKLGHV DUH RIWHQ GHSOHWHG OHDYLQJ RQO\
stable gangue minerals such as silicates in
WKH R[LGLVHG ]RQH +ROPVWU|P HW DO D 
Sulphides are often replaced by secondary
PLQHUDOV VXFK DV PHWDO R[\  K\GUR[LGHV
VXOSKDWHVDQGFDUERQDWHVZKLFKDUHIUHTXHQWO\
REVHUYHG LQ R[LGLVHG WDLOLQJV -DPERU 
$OSHUVHWDO-DPERU/RWWHUPRVHU
2003). These minerals could be insoluble
RU ZDWHUVROXEOH PHWDOEHDULQJ VXOSKDWHV
hydroxyl-sulphates or hydrous oxides (Alpers et
DO/RWWHUPRVHU $PRUSKRXV)H
DQG$OK\GUR[LGHVDUHRIWHQWKH¿UVWIRUPVRI)H
and Al that precipitate. These metal-hydroxides
may transform into thermodynamically more
VWDEOHFU\VWDOOLQHSKDVHVVXFKDVJRHWKLWHDQG
gibbsite. Secondary minerals are important
sinks for which trace elements can be sorbed
WRDVZHOODVFRSUHFLSLWDWHGZLWK$OXPLQLXP
Fe and Mn-(oxy)hydroxides and jarosite are
especially important secondary minerals for
UHWDLQLQJWUDFHHOHPHQWV %DOLVWULHULDQG0XUUD\
 &URZWKHU DQG 'LOODUG  7HVVLHU HW
DO=DFKDUDHWDO.RRQHU
%RZHOO  &RVWRQ HW DO  +HUEHUW
 0F&DUW\ HW DO  :HEVWHU HW DO
1998). A common secondary mineral in mine
waste where the concentration of Ca and S is
KLJKLVJ\SVXP -DPERU ZKLFKLVPDLQO\
observed near the surface or in the zone of
VXOSKLGHR[LGDWLRQ %ORZHVDQG-DPERU 
Gypsum has not been reported in the literature
as a sink for trace elements.

Table 1.6XPPDU\RIVXOSKLGHR[LGDWLRQUHDFWLRQV6HDO
DQG+DPPDUVWURP

2.2. Oxygen diffusion
Research on the sulphide oxidation mechanisms
of sulphide minerals have been reported in the
OLWHUDWXUH 6LQJHU DQG 6WXPP  +DUULHV
DQG5LWFKLH1RUGVWURP'DYLVHW
DO'DYLVDQG5LWFKLH3DQWHOLVDQG
5LWFKLH1LFKROVRQ5LWFKLH
:LOOLDPVRQ DQG 5LPVWLGW  'DYLG DQG
1LFKROVRQ-DQ]HQHWDO0RUHQR
DQG 1HUHWQLHNV   7KH R[LGDWLRQ UDWH
GHSHQGVRQVHYHUDOIDFWRUVVXFKDVWKHSUHVHQFH
RIEDFWHULDVR[\JHQFRQFHQWUDWLRQWHPSHUDWXUH
S+)H ,,, DPRXQWRIVXOSKLGHVSUHVHQWZDWHU
VDWXUDWLRQ VXUIDFH DUHD FU\VWDOORJUDSK\ DQG
occurence of trace elements in the sulphide
VWUXFWXUH /RWWHUPRVHU 7KHSUHVHQFHRI

(1). FeS2(s) + 3.5O2 + H2O => Fe2+ + 2SO42- + 2H+
(2). *Fe(1-x)S(s) + (2-0.5x)O2(g) + xH2O(l) => (1-x)Fe2+ + SO42- + 2xH+
(3). Fe2+ + 0.25O2(aq) + H+ => Fe3+ + 0.5H2O
(4). Fe2+ + 0.25H2O + 5/2H2O(l) => Fe(OH)3(s) + 2H+
(5). PbS(s) + 2O2<=> SO42-+ Pb2+
(6). CuFeS2(s) + 4O2 <=> Fe2+ + 2SO42- + Cu2+
(7). ZnS(s) + 2O2 => SO42- + Zn2+
(8). FeAsS(s) + 3.25 O2 + 1.5H2O=> Fe2+ + SO42- + 2H++ HAsO42(9)a. FeS2(s) + 14Fe3+ + 8H2O => 15Fe2+ + 2SO42- + 16H+
(10). *Fe(1-x)S(s) + (8-2x) Fe3+ + 4H2O => (9-3x)Fe2+ + SO42-+ 8H+
(11). *Fe(1-x)S(s) + (2-2x) Fe3+ => (3-3x)Fe2+ + S0(s)
(12). PbS(s) + 8Fe3+ + 4H2O => 8Fe2+ + SO42- + 8H+ +Pb2+
(13). CuFeS2(s) + 16Fe3+ + 8H2O => 17Fe2+ + 2SO42- + 16H++Cu2+
(14). ZnS(s) + 8Fe3+ + 4H2O => 8Fe2+ + SO42- + 8H++Zn2+
(15). FeAsS(s) + 13Fe3+ + 8H2O => 14Fe2+ + SO42- + 13H++ H3AsO0
ZKHUH[
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where Sw LV WKH ZDWHU VDWXUDWLRQ .H is
+HQU\¶V FRQVWDQW IRU R[\JHQ  DW & 
o LV WKH WRUWXRVLW\ IDFWRU   DQG _
LV DQ HPSLULFDO FRHI¿FLHQW   ZKLFK
considers the differences between the tortuosity
IDFWRUVIRUWKHOLTXLGDQGJDVSKDVHV7KH¿WWLQJ
SDUDPHWHUV _ and o DUH DSSOLFDEOH IRU VDQG\
materials with a saturation degree below 80%
5HDUGRQDQG0RGGOH 
 $ ¿HOG PHWKRG EDVHG RQ PDVV EDODQFH LQ
lysimeters could be used to estimate the Deff
/XQGJUHQ&DUOVVRQ 7KHR[\JHQ
ÀX[ ) PROH P-2 s-1  LQWR D O\VLPHWHU ZLWK
height h can be determined with

oxygen is the most important factor for sulphide
R[LGDWLRQWKHUHIRUHWKHWUDQVSRUWRIR[\JHQWR
the reaction site may limit the oxidation rate
5LWFKLH+|JOXQGHWDO 
Oxygen can be transported in a soil by
DGYHFWLRQ GLIIXVLRQ RU ERWK LQ ZDWHU DQG DLU
VLPXOWDQHRXVO\ RU VHSDUDWHO\ &XVVOHU  
Gas advection is a response of a total pressure
JUDGLHQWRUZLQGDFWLRQZKHUHDVGLIIXVLRQLVD
response of a partial pressure or a concentration
JUDGLHQW $GYHFWLRQ LV WKHUHIRUH PRUH
LPSRUWDQW LQ VRLOV ZLWK KLJK SRURVLW\ VXFK DV
LQZDVWHURFN 5LWFKLH 7KH
The DPRXQW
amount RI
of
oxygen transported in gas-phase is higher than
LQZDWHUGXHWRWKHORZHUVROXELOLW\RIR[\JHQ
in water (c. 8.6 mg l-1) compared to air (256
mg l-1 7KHUHIRUHWKHPRVWLPSRUWDQWR[\JHQ
WUDQVSRUWPHFKDQLVPLQ¿QHJUDLQHGWDLOLQJVLV
GLIIXVLRQ LQ WKH DLU ¿OOHG SRUHV 2[\JHQ
[\JHQ ÀX[
ÀX[
) mole
PROH m
P-2 s-1) through a soil layer can be
GHVFULEHGE\)LFN¶V¿UVWODZ (TXDWLRQ 7KH
The
driving force for oxygen diffusion is the oxygen
FRQFHQWUDWLRQ JUDGLHQW ¨&¨]  GHYHORSHG E\
R[\JHQ FRQVXPSWLRQ WKURXJK HJ VXOSKLGH
oxidation or decomposition of organic matter.
£ 6C ¥
F  < Deff ²
´
¤ 6z ¦

Fh

£ 6z ¥ dC lm
< Deff  h²
´
¤ 6C ¦ dt

(4)

,QWHJUDWLQJ (TXDWLRQ  XVLQJ WKH LQLWLDO
condition with zero concentration in the
lysimeters at time zero (Clm DWW  JLYHV

(1)

Dw
KH

(3)

where dClm is the oxygen concentration change
with time in the lysimeter beneath a layer.
Equalising Equations 1 and 3 gives an
expression for Deff.


 6z
C0
Deff  ln ³
h
µ
 C 0 < C lm (t )  t

7KH HIIHFWLYH
HIIHFWLYH GLIIXVLRQ
GLIIXVLRQ FRHI¿FLHQW
FRHI¿FLHQW Deff
H[SUHVVHVWKHSK\VLFDOSURSHUWLHVRIWKHPHGLD
VXFKDVSRURVLW\WRUWXRVLW\DQGZDWHUVDWXUDWLRQ
of a pore space. The parameter tortuosity
accounts for the random motion of oxygen
PROHFXOHVDVWKH\PRYHLQDLU¿OOHGSRUHVSDFHV
Depending on the prevailing water content in
WKHWDLOLQJVWKHH[WHQWRIDLU¿OOHGVSDFHVPD\
YDU\ 7RUWXRVLW\ SRURVLW\ DQG ZDWHU FRQWHQW
have been considered in the evolution of the
expression for Deff, 0LOOLQJWRQ DQG 6KHDUHU
5HDUGRQDQG0RGGOH&ROOLQDQG
5DVPXVRQ  3DQWHOLV DQG 5LWFKLH 
(OEHUOLQJHWDO&XVVOHU6FKDHIHU
HW DO   $Q HTXDWLRQ WKDW DFFRXQWV IRU
oxygen transported in both air and water is the
Elberling equation (Equation 2: Elberling et al.
1993).
Deff  oDa (1 < S w ) _ < oS w

dC lm
dt

(5)

where C0 is the oxygen concentration above
a layer (assumed to be constant) and z is the
distance between C0 and C(t).
 )RU D FRYHU V\VWHP ZLWK VHYHUDO OD\HUV
the harmonic mean was used to estimate the
HTXLYDOHQW HIIHFWLYH GLIIXVLYLW\ 'Eeff for all
layers when the effective diffusivity, Dieff and
WKLFNQHVVPiIRUHDFKOD\HULDUHNQRZQ
DeffE 

- (m m ...m )
m
-D
1

2

i

(6)

i

i
eff

The sulphide oxidation is suggested to be
highest just after deposition when the sulphides
are reactive and the transport path for oxygen
is short. The active oxidation front will move
downwards as sulphide oxidation proceeds.
Equation 7 could estimate the rate of the
R[LGDWLRQIURQWPRYHPHQW 5LWFKLH  The
7KH

(2)
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GLVVROYHG VSHFLHV 5HDFWLRQ   ZKHUHDV WKH
silicate mineral in an incongruent weathering is
altered to another mineral (Reaction 4).
Metal-hydroxides of Al or Fe are often formed
as secondary minerals after the weathering of
primary minerals. These minerals may dissolve
by consuming hydrogen ions as the pH
GHFUHDVHVEHORZ %ORZHVDQG3WDFHN 
due to a depletion of neutralisation minerals
VXFKDVFDUERQDWHV 5HDFWLRQV DQGPHWDO
VXOSKDWHVVXFKDVMDURVLWHDQGDOXQLWHFRQVXPH
acid when precipitated (7-8). Depending on
the amount of neutralisation minerals and acid
SURGXFLQJ VXOSKLGHV WKH DELOLW\ WR PDLQWDLQ
QHDUQHXWUDOS+PD\YDU\GXHWRWKHVKRUWOLIH
of carbonates compared to pyrite and silicates
%DQZDUWDQG0DOPVWURP 

calculation assumes a uniformly distributed
sulphide material in the tailings and that the
oxygen transport to the oxidation front limits
WKHR[LGDWLRQUDWH 5LWFKLH 
t

Q¡x 2
Deff C o 2

(7)

t = time (s)
Q = Concentration of sulphide in the tailings (kg m -3)
Deff (IIHFWLYHGLIIXVLRQFRHI¿FLHQW P2 s-1)
x = Oxidation front depth (m)
CO = Concentrations of oxygen in the atmosphere-tailings
boundary (0.265 kg m-3)
¡ = Mass oxygen consumed per unit mass of sulphide
oxidised

2.3. Neutralisation
The acid release capacity from sulphide
tailings is highly dependent on the content of
QHXWUDOLVDWLRQ PLQHUDOV VXFK DV FDUERQDWHV
silicates and hydroxides. The weathering of
these minerals is dependent of the prevailing
S+ %ORZHV DQG-DPERU &RPSDUHGWR
VLOLFDWHVQHXWUDOLVDWLRQE\FDUERQDWHV 5HDFWLRQV
1-3; Table 2) is due to the fast dissolution rate.
The dissolution of carbonates can maintain a
near-neutral pH in the sulphide tailings’ poreZDWHU %ORZHV   'HSHQGLQJ RQ WKH S+
FRQGLWLRQVLQWKHVROXWLRQDFLGLVFRQVXPHGE\
calcite through the production of either carbonic
acid or bicarbonate (Reaction 1 or 2; Table 2).
,QDFLGLFVROXWLRQFDUERQGLR[LGHLVSURGXFHG
which may escape into the atmosphere if the
tailings are open. Dissolved carbon dioxide has
been observed in pore-water in mine wastes
%ORZHVDQG-DPERU 7KHGHFRPSRVLWLRQ
of organic matter is another likely source of
high carbon dioxide concentrations. In the
R[LGLVHG ]RQH WKH VXOSKLGHV DUH R[LGLVHG
with a consequent release of sulphate and
acid. Carbonates and silicates may neutralise
the acid produced by sulphide oxidation and
maintain pH at a relatively high level in the
initial stage after depostion until the carbonates
are depleted. The dissolution of silicates is slow
EXWORQJOLYHG %DQZDUWDQG0DOPVWURP 
Reactions 3-4 in Table illustrate two general
main dissolutions reactions by silicates. The
congruent dissolution of silicate generates only

Table 2. Summary of neutralisation reactions compiled
IURP/RWWHUPRVHU
(1). CaCO3(s) +H+ =>Ca2+ + HCO3(2). CaCO3(s) + 2H+ => Ca2++ CO2(g)+H2O
(3). (Mg, Ca)(CO3)2(s) + 2H+ => Ca2+ + Mg2+ + 2HCO3(3).*MeAlSiO4(s) + H+ + 0.5H2O => Mex+ + H4SiO40 + Al(OH)3(s)
(4).*MeAlSiO4(s) + H+ + 3H2O => Mex+ + Al2Si2O5(OH)4(s)
(5). Al(OH)3(s) + 3H+ => Al3+ + 3H2O
(6). Fe(OH)3(s) + 3H+ => Fe3+ + 3H2O
(7). K+ +3Fe(OH)3(s) +2SO42- + 3H+ =>KFe3(SO4)2(OH)6(s) +3H2O
(8). K+ +3Al(OH)3(s) +2SO42- + 3H+ =>KAl3(SO4)2(OH)6(s) +3H2O
* Me=Ca, Na, K, Mg, Mn or Fe

2.4. Dry cover
The remediation of sulphide tailings is today
a worldwide issue and many efforts have been
undertaken to prevent sulphide oxidation (e.g.
+|JOXQGHWDO0(1'&DQDGD RU
remediate acid mine drainage (e.g. Younger et
DO0(1'&DQDGD 5HPHGLDWLRQ
of sulphide mine waste in Sweden is dominated
E\WZRPHWKRGVVRLOFRYHU /LQGYDOOHWDO
/XQGJUHQgKODQGHUHWDO+|JOXQG
HW DO   DQG ZDWHU FRYHU +ROPVWU|P HW
DO E +ROPVWU|P DQG gKODQGHU 
:LGHUOXQGHWDO+|JOXQGHWDO 
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The major aim of these covers is to decrease the
R[\JHQLQWUXVLRQLQWRWKHWDLOLQJVDQGWKHUHE\
decrease the sulphide oxidation. Another aim
with using soil cover systems is to decrease
WKH ZDWHU LQ¿OWUDWLRQ DQG WKH WUDQVSRUW RI
released elements from the oxidation site to the
recipients. Because dry covers are commonly
XVHG LQ 6ZHGHQ DQG VWXGLHG LQ WKLV ZRUN D
brief descriprion of a general dry cover system
is presented here. A soil cover system may be
VLPSOHRUFRPSOH[ZLWKRQHRUVHYHUDOOD\HUV
Figure 2 shows a general description of a soil
FRYHU$ERYHWKHVXOSKLGHWDLOLQJVDOD\HUDFWLQJ
as an oxygen diffusion barrier is often applied
to reduce the oxygen intrusion and the water
LQ¿OWUDWLRQ $ EDUULHU RIWHQ WHUPHG D VHDOLQJ
OD\HU FRQVLVWV RI D ¿QHJUDLQHG PDWHULDO ZLWK
low saturated hydraulic conductivity and the
capacity to maintain a high degree of saturation
to decrease the oxygen diffusion. The barrier
could also consist of an oxygen consuming
material. Its thickness varies from 0.1m to 0.3
m and more depending on the material used.
To protect the barrier from damages caused
E\ IRU H[DPSOH IUHH]LQJ GU\LQJ HURVLRQ RU
URRWSHQHWUDWLRQDSURWHFWLYHFRYHUFRQVLVWLQJ
of soil such as gravel or till is applied above.
The thickness of the protective cover is often
EHWZHHQ  P EXW GHSHQGV RQ ORFDO IDFWRUV
<DQIXO HW DO  2.DQH  +|JOXQG
HW DO   &DSLOODU\ EDUULHUV PD\ EH XVHG
as complements to maintain high moisture in
the barrier. A capillary layer consists of coarser
grain size material than the sealing layer. It
PD\EHSODFHGEHORZDERYHRUERWKEHORZDQG
above the sealing layer to reduce the potential
RI ZDWHU ORVV IURP WKH VHDOLQJ OD\HU E\ IRU
H[DPSOHHYDSRUDWLRQDQGGUDLQDJH

A

B

C

D

Unspecified soil cover
Tailings
Sealing layer / barrier soil
Drainage layer

2.4.1. Diffusion barrier

Figure 2. A general illustration of a dry cover design
&DUOVVRQ 

'LIIHUHQWPDWHULDOVKDYHEHHQXVHGDVEDUULHUV
HJVRLO 7LEEOHDQG1LFKROVRQ:R\VKQHU
DQG 6ZDUEULFN  <DQIXO HW DO 
<DQIXOHWDO+|JOXQGHWDO QRQ
UHDFWLYH PLQH ZDVWH %LJKDP $XEHUWLQ
HW DO   RUJDQLF PDWHULDOV 5HDUGRQ DQG
3RVFHQWH(OOLRWWHWDO7DVVHHWDO
&DEUDOHWDO3HSSDVHWDO
+DOOEHUJHWDO RUJHRV\QWKHWLFPDWHULDOV
$XEHUWLQ HW DO  /XQGJUHQ  

%DUULHUV RI ORZ SHUPHDEOH PDWHULDOV VXFK DV
QDWXUDOFOD\H\WLOORUV\QWKHWLFFOD\OLQHUVRIWHQ
have hydraulic conductivity around 10-9 m s-1
or lower to effectively act as a barrier against
R[\JHQ +|JOXQGHWDO 7KHVHOD\HUVKDYH
showed a capacity to maintain high saturation
DQG UHGXFH WKH R[\JHQ HQWUDQFH +|JOXQG HW
DO<DQIXO 7KHFRPSDFWLRQRIWKH
6

OD\HULQWKH¿HOGLVKRZHYHULPSRUWDQWWRUHDFK
PD[LPXPHI¿FLHQF\ +|JOXQGHWDO 
2UJDQLFFRYHUVFRXOGFRQVLVWRIHJZRRG
ZDVWHVÀ\DVKSXOSDQGSDSHURUVHZDJHVOXGJH
3LHUFH HW DO  %ORZHV  (OOLRWW HW
DO  &DEUDO HW DO  +DOOEHUJ HW DO
2005). These cover may be effective as barriers
against oxygen because they consume oxygen
GXULQJGHFRPSRVLWLRQDQGSHUKDSVDOVRDFWDV
DQ DONDOLQH DQG UHGXFLQJ V\VWHP 7DVVH HW DO
1997). The capability of municipal solid waste
to reduce the hydraulic conductivity as a result
RIFRPSDFWLRQKDVEHHQUHSRUWHG 3HSSDVHWDO
  $V WKH OD\HU EHFRPHV PRUH KXPL¿HG
DQG PRUH UHVLVWDQW IRU GHFRPSRVLWLRQ LWV
physical property is more important than its
decomposition to reduce oxygen intrusion
3LHUFH HW DO   7KH GHFRPSRVLWLRQ RI
organic matter by biological actions involves two
SURFHVVHV DQDHURELF DQG DHURELF GHJUDGDWLRQ
The upper part of an organic layer has aerobic
conditions; the lower part has anaerobic where
no oxygen has access. Most of the consumed
carbon serves as a source for energy. Carbon
dioxide is produced as a biproduct. Sulphate
reducing reactions may occur in organic
sludge where sulphur-reducing bacteria (SRB)
converts sulphate to sulphides. The reduction
RIVXOSKXULQÀXHQFHVERWKWKHDONDOLQLW\DQGS+
(Reactions 1-3).
SO42- + 2CH2O + 2H+ =>
H2S + 2H2O + 2CO2
(pH <7)

(1)

SO42 + 2CH2O =>
HS- + 2HCO3- + H+
(pH <7)

(2)

Me2+ + H2S +2HCO3- =>
MeS(s) +2H2O +2CO2

to humic acids or the formation of soluble or
insoluble complexes with humic substances
.HUQGRUIIDQG6FKQLW]HU3HSSDVHWDO
 7KHRGRUDWHV HW DO  *LEHUW HW DO
2005). An additional organic cover on oxidised
tailings may lead to a dissolution of formerly
precipitated Fe-oxyhydroxides and trace
HOHPHQWV ERXQG WR WKHVH WKURXJK D UHOHDVH RI
RUJDQLFDFLGV %ORZHV 
Chemical barriers could restrict the sulphide
R[LGDWLRQ /RWWHUPRVHU ,QKLELWLRQRIWKH
R[LGDWLRQUDWHE\IRUH[DPSOHEDFWHULFLGHVRU
coatings of insoluble non-reactive precipitates
such as Fe-oxyhydroxides or Fe-phosphate
on the sulphide surfaces have been obtained.
A natural coating of Fe-hydroxides on pyrite
VXUIDFHV ZKLFK GHFUHDVHG WKH R[LGDWLRQ UDWH
KDV EHHQ REVHUYHG 1LFKROVRQ HW DO  
Iron-phosphate coatings on sulphides have been
SHUIRUPHG VLQFH WKHVH SKRVSKDWHV KDYH ORZ
VROXELOLW\DQGPD\UHWDLQPHWDOV /RWWHUPRVHU
2003). Iron-phosphates have shown the
FDSDFLW\ WR UHWDLQ PHWDOV VXFK DV &G 3E DQG
=Q WKURXJK PHFKDQLVPV VXFK DV VRUSWLRQ
FRPSOH[DWLRQFRSUHFLSLWDWLRQRULRQH[FKDQJH
0D HW DO  6LQJK HW DO  &DR HW
DO    /HDG LV LPPRELOLVHG UDSLGO\ DQG
HIIHFWLYHO\ E\ K\GUR[\DSDWLWH DQG VHOHFWLYHO\
LQWKHSUHVHQFHRI$O&G&X)H ,, 1LDQG=Q
0DHWDO 2QH3EUHWHQWLRQPHFKDQLVP
LVWKHUHSODFHPHQWRI&DLQWKHK\GUR[\DSDWLWH
after hydroxyapatite has dissolved (Equation
 DQGWKHUHDIWHUSUHFLSLWDWLRQRIDPRUHVWDEOH
K\GUR[\S\URPRUSKLWH (TXDWLRQ  0DHWDO
1994).

(3)

Ca10 ( PO4 ) 6 (OH ) 2 14 H 
10Ca 2 6 H 2 PO4< 2 H 2 O

(4)

10 Pb 2 6 H 2 PO4< 2 H 2 O 
Pb10 ( PO4 ) 6 (OH ) 2 14 H

(5)

:KHUH0HGHQRWHV&G)H1L&X&RDQG=Q

3. Study sites

7KHVH UHGXFWLRQ UHDFWLRQV DUH XVHG LQ HJ
wetlands and permeable reactive barriers to treat
mine drainage with high metal concentrations.
The decomposition of organic materials
FRXOG UHOHDVH RUJDQLF DFLGV ZKLFK PD\
mobilise or immobilise metals. The main
mechanisms for immobilization are sorption

This thesis focuses on sulphide mine tailings
ZDVWHIURP&X=QPLQHVORFDWHGDW.ULVWLQHEHUJ
DQG/DYHULQQRUWKHUQ6ZHGHQ,QERWKFDVHV
the sulphide oxidation results in the formation
of acid mine drainage.
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3.1. Laver

The sealing layer in cells 1 and 2 consisted
of 0.3 m clayey till (clay content 9%). A 0.25
m thick layer of sewage sludge was used in
cell 3. This sludge was a municipal waste from
/\FNVHOH FRPPXQLW\ FORVH WR .ULVWLQHEHUJ
An apatite concentrate applied in a 0.1 m thick
layer was used in cell 4. This concentrate was
a mine waste from the Kiruna iron mine in
northernmost Sweden. The Trisoplast in cell
 ZDV D PL[WXUH RI  EHQWRQLWH 
SRO\PHUDQGWDLOLQJVDQGLWZDVDSSOLHG
in a 0.05 m thick layer.
7RSURWHFWWKHVHOD\HUVDFRYHURIXQVSHFL¿HG
till was applied above. The protective cover was
PWKLFNLQFHOOZKHUHDVWKHRWKHUFHOOVKDG
a thickness of 1.2 m. An upper drainage layer
placed above the sealing layers was intended
to simulate run-off. Cell 6 was left open as a
reference.

7KH&XPLQHVLWHDW/DYHUQRUWKHUQ6ZHGHQ
is located 120 km from Luleå (Figure 3). The
bedrock in the area consists mostly of 1.89 to
*DROGURFNVGRPLQDWHGE\JUDQLWHV'LRULWH
DQG PHWDYROFDQLF URFN DOVR RFFXU ZLWK WKH
/DYHUPLQHEHLQJVLWXDWHGLQWKHODWWHU gGPDQ
1943). The dominating sulphide minerals in the
ore are pyrrhotite and chalcopyrite with minor
DPRXQWVRIVSKDOHULWHS\ULWHDQGDUVHQRS\ULWH
The total sulphide content was 2-3%. Gangue
PLQHUDOV DUH TXDUW] SODJLRFODVH ELRWLWH DQG
muscovite. No visible carbonate minerals in
WKH WDLOLQJV ZHUH IRXQG EXW VPDOO DPRXQWV
of carbonates probably occurred as fracture
¿OOLQJV LQ SODJLRFODVH 7KH PLQH RSHUDWHG
between 1936 and 1946 and the tailings were
deposited in a valley nearby. The 12.2 ha
tailings’ impoundment was grass covered
in 1973. About 8.1 ha are exposed above the
JURXQGZDWHUWDEOHZKLOHWKHUHPDLQGHULVZDWHU
saturated. The brook Gråbergsbäcken runs near
the open pits through the tailings area and to
the recipient stream (Figure 3).

3.3. Impoundment 1at Kristineberg
Impoundment 1 (Figure 3) investigated in this
study is the oldest of the impoundments located
at Kristineberg. Its area is approximately 0.11
km2 ZLWK DQ DYHUDJH WDLOLQJV WKLFNQHVV RI
5 m. The tailings material is relatively well
VRUWHGDQGFRXOGEHFODVVL¿HGDVVLOWVLOW\VDQG
0DOPVWU|P HW DO   7KH WDLOLQJV ZHUH
deposited on till overlying the bedrock. At some
locations peat was observed between the till and
the tailings. The main gangue minerals in the
WDLOLQJVDW,PSRXQGPHQWZHUHLQGHFUHDVLQJ
RUGHU TXDUW] .IHOGVSDU 0JULFK FKORULWH
WDOF SODJLRFODVH PXVFRYLWH DPSKLEROHV
S\UR[HQHVFDOFLWHDQGELRWLWH7KHXQR[LGLVHG
WDLOLQJV FRQWDLQ DSSUR[LPDWHO\  S\ULWH
 VSKDOHULWH  FKDOFRS\ULWH 
JDOHQD DQG  DUVHQRS\ULWH +ROPVWU|P
HWDO ,PSRXQGPHQWZDVH[SRVHGIRU
weathering for 50 years before remediation in
1996. Two remediation methods were used;
an approximate 1 m thick soil layer consisting
RI XQVSHFL¿HG WLOO FRYHUHG RQH SDUW RI WKH
LPSRXQGPHQWDQG WKH JURXQGZDWHU OHYHO ZDV
raised to saturate the tailings. The other part
was covered with a cover consisting of two
soil layers. The lower layer consisted of clayey
WLOO  P  ZLWK ORZ K\GUDXOLF FRQGXFWLYLW\
SURWHFWHG E\ DQ XQVSHFL¿HG WLOO F P  RQ
top. Lime as carbonates was applied between
the soil cover and the tailings.

3.2. Test-cells at Kristineberg
The Kristineberg mining area is located in
the western part of the Skellefte district in
QRUWKHUQ 6ZHGHQ DSSUR[LPDWHO\  NP
VRXWKZHVWRI/XOHn )LJXUH $W
$W.ULVWLQHEHUJ
.ULVWLQHEHUJ
.ULVWLQHEHUJ
six
ix concrete cells (surface 5x5 m2 GHSWK 
m) (Figure 3) were constructed during the
VXPPHU RI  7KH
7KH FHOOV
FHOOV ZHUH
ZHUH ¿OOHG
¿OOHG ZLWK
ZLWK
sulphide-rich tailings and covered with soil
materials. The grain size of the tailings in the
cells ZDV ¿QH VDQGVLOW DQG WKH GRPLQDWLQJ
sulphides were pyrite (FeS2  DSSUR[LPDWHO\
 DQG S\UUKRWLWH )H1-x6  DSSUR[LPDWHO\
4.8%. Gangue minerals were quartz [SilO2 @
FRUGLHULW
muscovite [KAl2(Si3AlO10)(OH)2@ FRUGLHULW
[Mg2Al4Si5O18@ FKORULWH > 0J)H 6(SiAl4
O10)(OH)8] talc [Mg3Si4O10(OH)2@ FDOFLWH
[CaCO3@GRORPLWH>0J&D &23)2@PLFURFOLQH
[KAlSi3O8@ GLRSVLGH >&D 0J$O 6L$O 2O6@
K-feldspar [KAlSi3O8] and albite [NaAlSi3O8].
7KH TXDUW] FRQWHQW ZDV F  DQG PXFK
lower for the other silicates. Dolomite and
calcite contents were approximately 2% each.
7KHFRQWHQWVRIWUDFHHOHPHQWVVXFKDV$V=Q
3E&XDQG&GZHUHKLJK
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Figure 3.7KHORFDWLRQRIWKHVWXG\VLWHV/DYHUDQG.ULVWLQHEHUJLQQRUWKHUQ6ZHGHQ
A.An overview of the impoundment at Laver and of the brook Gråbergsbäcken.
B.A general illustration of the cover systems used in the test-cells at Kristineberg.
C.The locations of the groundwater sampling wells in Impoundment 1 at Kristineberg.
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3.4. Summary of methods

SEM. To determine the chemical composition
RI WKH WDLOLQJV DQG OD\HUV WKH VDPSOHV ZHUH
digested before analysis. Sequential extraction
of the samples was performed to determine
where the phases’ metals were bound. The
sequential extraction procedure applied in
WKLV VWXG\ ZDV D VOLJKWO\ PRGL¿HG YHUVLRQ
RI WKDW XVHG E\ +DOO HW DO   7KH ¿YH
following phases were extracted: 1. Adsorbed/
Carbonates/Exchangeable; 2.Labile organics;
3.Amourphous Fe-and-Mn(oxy)hydroxides;
4.Crystalline Fe-(oxy)hydroxides; 5. Stable
organic compounds and sulphides. Paper II
presents more detailed descriptions.
Pyrite grains were sampled in Kristineberg
tailings. LA-ICP-SMS were used to analyse
their surfaces and a layer below the surfaces
to determine the surface enrichment of metals
(Paper VII).

Figure 3 shows the location of the mine sites
DQGWKHVDPSOLQJDUHDV$W/DYHUVXUIDFHZDWHU
in a brook that drains the impoundment was
sampled and analysed for its suspended and
dissolved concentration of elements to evaluate
the amounts of metals released by sulphide
oxidation (Paper I). Cemented layers observed
in the impoundment were analysed for the
content of elements to determine their capacity
to retain metals (Paper II). In the test cells at
.ULVWLQHEHUJ VDPSOLQJ RI WKH OHDFKDWH ZDWHU
and oxygen concentration within the cover
and in the tailings were performed to evaluate
WKH HI¿FLHQF\ RI WKH FRYHU V\VWHPV Papers
III and IV). Groundwater in an impoundment
at Kristineberg was sampled to evaluate
WKH HI¿FLHQF\ RI WKH GLIIHUHQW UHPHGLDWLRQ
techniques used to decrease the element
concentrations with time (Papers V and VI).
Pyrite grain surfaces from this impoundment
was analysed to determine its capacity to retain
metals on its surfaces (Paper VII).

3.4.3. Water sampling
Surface water (Paper I JURXQGZDWHU Papers
V and VI) and leachate water (Paper III) were
VDPSOHG DQG DQDO\VHG IRU PHWDOV DW /DYHU
Kristineberg and in the test-cells during 20012005. Surface water in the brook at Laver
)LJXUH   ZKLFK UHFHLYHV GUDLQDJH ZDWHU
IURP WKH XQUHPHGLDWHG VXOSKLGH WDLOLQJV
was sampled for suspended dissolved (<0.22
+m) and particulate (>0.22 +m) elemental
concentrations. This sampling was performed
every second week during 2001 (Paper I). At
.ULVWLQHEHUJ JURXQGZDWHU LQ VXOSKLGHULFK
tailings was sampled with GeoN groundwater
technology in sampling wells to minimise
DQ\R[LGDWLRQRIWKHZDWHUVDPSOHV +DOOEHUJ
2005). Sampling was performed from 1998 to
 )URP WKH EHJLQQLQJ 0L0LUHVHDUFKHUV
SHUIRUPHGWKHVDPSOLQJ &RUUHJHHWDO 
and during 2002-2003 by the present author
(Papers V and VI). The leachate waters in the
WHVW FHOOV ZHUH VDPSOHG DW WKH ERWWRP RXWOHWV
and by tension lysimeters in the sulphide
WDLOLQJVGXULQJDQG Paper III).
 $OO HTXLSPHQW XVHG LQ WKH ZDWHU VDPSOLQJ
VXFK DV ¿OWHU KROGHUV ¿OWHUV V\ULQJHV DQG
ERWWOHVZHUHDFLGZDVKHGDQGULQVHGLQ0LOOL
Q® water. Filtrated water was stored in acid
washed bottles and kept cool and in darkness
until analysis. Blank analysis with Milli-Q

3.4.1. Gas sampling
Gas samplings were performed in the Laver
tailings during 2001 (Paper I), and in the
test cells during 2004 and 2005 (Paper IV).
,Q WKH /DYHU WDLOLQJV VDPSOHV RI SRUHJDV
were withdrawn from known depths using a
 PO V\ULQJH DQG WKHQ WUDQVIHUUHG WR VHDOHG
DUJRQ ¿OOHG JODVV ERWWOHV WKURXJK D WKUHHZD\
valve without contaminating the samples with
DWPRVSKHULF JDV 7KH JDV ¿OOHG ERWWOHV DQG
blanks were analysed for O212&22 and CH4
by gas chromatography in the laboratory. More
details are given in Paper I.
,Q WKH WHVWFHOOV DW .ULVWLQHEHUJ JDV ZDV
sampled and analysed in-situ every second
week during 2004 and once a month during
7KHJDVHV R[\JHQPHWKDQHDQGFDUERQ
R[\JHQ PHWKDQH DQG FDUERQ
dioxide) were analyzed using a Maihak S710
DIWHULQLWLDOFDOLEUDWLRQ +DOOEHUJ 0RUH
More
details are found in paper IV.
3.4.2. Analysis of solid materials
The cemented layers from the Laver tailings
)LJXUH SUHVHQWHGLQPaper II, were sampled
and mineralogically characterised by XRD and
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water instead of leachate water was performed.
More details are given in Papers I, III, V and
VI.

0

-10

3.4.4. Water analysis
-20

'HWHUPLQDWLRQ RI S+ FRQGXFWLYLW\ DQG UHGR[
potential were performed with minor exposure
of the samples to air. Redox potential was
measured with a Metrohm® 3W HOHFWURGH DQG
pH with a Metrohm® combined pH electrode.
All measured redox potential values were
adjusted to the standard hydrogen electrode.
The pH electrode was calibrated prior to the
measurements. The electrical conductivity was
determined with Hanna® conductivity meters.
'LVVROYHG FRQFHQWUDWLRQV RI &D )H  . 0J
0Q1D66LDQG=QZHUHDQDO\VHGXVLQJ,&3
$(6 DQG ,&3606 ZDV XVHG IRU DQDO\VLV RI
$O$V&G&R&U&X1L33EDQG=Q
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4.1. Evolution of the sulphide oxidation
-90

$ YHUWLFDO SUR¿OH RI R[LGLVHG VXOSKLGH PLQH
tailings could be characterised by three distinct
]RQHV$QXSSHU]RQHZLWKR[LGLVHGWDLOLQJVDQ
intermediate zone with accumulated secondary
minerals and a lower zone with unoxidised
tailings (Figure 4). These zones were observed in
WKH/DYHUDQG.ULVWLQHEHUJWDLOLQJV +ROPVWU|P
HWDOD+ROPVWU|PHWDO DVZHOODV
LQRWKHUWDLOLQJV %RRUPDQDQG:DWVRQ
%ORZHV DQG -DPERU   $V WKH VXOSKLGH
R[LGDWLRQ SURFHHGV WKH R[LGDWLRQ IURQW ZLOO
move downwards with successive replacement
of underlying layers.

-100

Figure 4$JHQHUDOYHUWLFDOSUR¿OHRIDVXOSKLGHPLQH
WDLOLQJV$QXSSHUR[LGLVHG]RQHDQLQWHUPHGLDWH
accumulation zone and an unoxidised zone.

the oxidation front is deep. Coatings on the
sulphide grains in old tailings could form a
cemented crust in the tailings and thus restrict
the oxygen entrance. In Paper IV results from
oxygen measurements in the unoxidised tailings
in one of the test-cells (cell 6) are presented.
,Q FHOO  WKH R[\JHQ FRQFHQWUDWLRQV LQ WKH
tailings showed wide variations (Figure 5) at
PDQGDWPGHSWKVLQGLFDWLQJR[LGDWLRQ
throughout the tailings pile down to 0.9 m. The
rather high oxygen concentrations in cell 6 at
some occasions indicate rather low sulphide
R[LGDWLRQRUWKDWR[\JHQZDVUDSLGO\UHSODFHG
from the atmosphere as it was consumed.
Occasions with low oxygen concentrations are
either due to higher sulphide oxidation or that the
SRUHVDUHZDWHU¿OOHG1HZO\GHSRVLWHGWDLOLQJV
DUH JHQHUDOO\ ZDWHU ULFK WKRXJK WKH ZDWHU
content decreases as drainage and evaporation

4.1.1. Oxygen concentrations
,QQHZO\GHSRVLWHGWDLOLQJVWKHR[LGLVHG]RQH
is shallow and the distance for oxygen to the
sulphide grains is short. Oxygen transport into
WKH WDLOLQJV LV LQÀXHQFHG E\ WKH FRQFHQWUDWLRQ
JUDGLHQWGHYHORSHGYLDVXOSKLGHR[LGDWLRQDQG
by atmospheric pressure variations. The water
content is often low in the upper part of the
R[LGLVHG ]RQH GXH WR HYDSRUDWLRQ 7KHUHIRUH
the oxygen availibility and the sulphide
oxidation are assumed to be higher in newly
deposited tailings than in older tailings where
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ongoing sulphide oxidation (Figure 5). The
concentrations were higher during June and
1RYHPEHUSRVVLEO\GXHWRGU\WDLOLQJVLQZKLFK
oxygen easy could replace consumed oxygen.
7KHHIIHFWLYHGLIIXVLRQFRHI¿FLHQW Deff) for the
tailings at Laver was estimated by equation 7.
The average DeffZDVUDWKHUORZ -08 m2 s1
FRUUHVSRQGLQJWRDQR[\JHQÀX[RIPROH
m-2 year-1. The low Deff may be a result of high
water saturation or low porosity of the Laver
tailings.
The majority of the Laver tailings were seeded
with grass in 1974. Oxygen concentrations
were near-atmospheric throughout the oxidised
tailings in the grass covered areas (G2;
Figure 3). The oxidation zone depth here
exceeded the sampling depth (1 m). The nearatmospheric concentration indicates that the
WDLOLQJV ZHUH GU\ VLQFH WKH PRLVWXUH FRQWHQW
might have restricted the oxygen transport. This
further suggests that grass has no properties as a
EDUULHUDJDLQVWR[\JHQWKRXJKLWPD\GHFUHDVH
WKHDPRXQWRILQ¿OWUDWHGZDWHU

proceed after deposition. Because the moisture
content was not measured during the oxygen
VDPSOLQJV LWV LPSRUWDQFH LV XQFHUWDLQ DQG
needs further investigations. The variations
of oxygen concentrations are most likely
GXH WR YDULDWLRQV RI WKH ZDWHU FRQWHQW ZKLFK
LQÀXHQFHVWKHR[\JHQGLIIXVLRQ7KHHIIHFWLYH
GLIIXVLRQ FRHI¿FLHQW Deff) for the tailings in
cell 6 was estimated by equation 2. A Deff of
3*10-06 m2 s-1 was estimated at a low degree of
VDWXUDWLRQ LQ WKH WDLOLQJV FRUUHVSRQGLQJ WR DQ
DYHUDJH R[\JHQ ÀX[ RI  DW GU\ FRQGLWLRQV
and a Deff of 2.9*10-09 m2 s-1 at a high degree of
VDWXUDWLRQFRUUHVSRQGLQJWRDQDYHUDJHR[\JHQ
ÀX[ RI  PROH P-2 year-1 DW ZHW FRQGLWLRQV
if the oxygen gradient is based on the oxygen
measurements in cell 6.
Oxygen was also measured in the
Laver tailings (Paper I ZKHUHWKHGHSWKWRWKH
oxidation front was only 0.5 m and the surface
was barren due to erosion (G1; Figure 3). The
concentration decreased drastically at the
R[LGDWLRQ IURQW DW WZR RFFDVLRQV LQGLFDWLQJ

Depth below soil surface (m)
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Figure 5. Oxygen concentrations in the a) unoxidised tailings in test-cells 6.b) oxidised in tailings with barren surface at Laver. c) grass covered oxidised tailings at Laver.
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KLJKPRLVWXUHFRQWHQWZKLFKPD\GHFUHDVHWKH
oxygen diffusion and consequently the sulphide
oxidation. An increased release of dissolved S
LQFHOOZDVIRXQGLQSRVVLEO\DUHVXOW
of a decreased moisture content by drainage
and evaporation. The sulphur concentration
ZDV KRZHYHU QRW DV ORZ DV LQ WKH LQ¿OWUDWHG
water (2mg l-1 LQFHOORUDVREVHUYHGLQWKH
groundwater in the surronding till (4 mg l-1).

4.1.2. Sulphur concentrations and pH in
leachate waters
%HVLGHV R[\JHQ FRQVXPSWLRQ WKH VXOSKXU
concentration and pH in leachate waters are
important indicators of prevailing sulphide
oxidation. In Paper III WKH DQDO\VLV UHVXOW RI
the leachate waters in the test-cells is presented.
,QWKHXQR[LGLVHGWDLOLQJVLQFHOOWKHS+ZDV
near-neutral (Figure 6) due to the high content
of neutralisation minerals and to the lime added
prior to deposition. The leachate waters showed
a rather high Ca concentration. The relatively
high carbonate content was approximately 2.5%
RIFDOFLWHDQGGRORPLWHHDFKDQGWKHDPRXQWRI
lime added as Ca(OH)3 was approximately 10
NJSHUWRQQHVRIWDLOLQJV )RUVPDUN 7KH
PRODUUDWLREHWZHHQ&DDQG6ZDVVXJJHVWLQJ
that the neutralisation was dominated by lime
LQVWHDGRIFDOFLWHZKLFKVKRXOGKDYH\LHOGHGD
molar ratio of 2 in near-neutral conditions. The
tailings contained approximately 50% of mainly
S\ULWH DV ZHOO DV VRPH S\UUKRWLWH LQGLFDWLQJ
that the neutralisation minerals may be depleted
UDWKHU UDSLGO\ 7KHUHIRUH WKH S+ PD\ UHPDLQ
high in cell 6 as long as the carbonates remain;
WKHUHDIWHU WKH VXOSKLGH R[LGDWLRQ UDWH ZLOO
increase and the pH decrease. This has been
SUHYLRXVO\ GLVFXVVHG LQ WKH OLWHUDWXUH HJ LQ
+|JOXQGHWDO
Relatively low concentrations of sulphur
were found in the unoxidised tailings of the
leachate waters in cell 6 (c. 600-900 mg l-1;
Figure 7) compared to average concentrations
found in the oxidised sulphide-tailings of the
groundwater (c. 4000 mg l-1) in Impoundment
DW.ULVWLQHEHUJ (NVWDYDQG4YDUIRUW 
The content of sulphides in the cell tailings
was approximately double that of the tailings
LQ ,PSRXQGPHQW  DW .ULVWLQHEHUJ ZKLFK
might increase the oxidation rate (Nicholson
HW DO   7KH VXOSKLGH R[LGDWLRQ UDWH LV
considered to be greatest during the early stage
DIWHU GHSRVLWLRQ VLQFH WKH VXOSKLGH JUDLQV
are more reactive without secondary mineral
coatings that could otherwise decrease the
R[LGDWLRQ 1LFKROVRQ HW DO  %ORZHV
 7LEEOH DQG 1LFKROVRQ   7KH ORZ
sulphur concentration in cell 6 indicated that
the sulphide oxidation had not reached its
maximum rate. This might be due to the assumed

Dissolved S concentration (mg/l)
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Unoxidised tailings

100

10

1
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4.5

5.0

5.5

6.0

6.5

7.0

7.5

8.0

pH

Figure 6. The pH and sulphur concentration in leachate
waters in unoxidised tailings in cell 6 and in the brook
that drainage the tailings at Laver.

pH and sulphur concentrations in drainage
waters in the brook (Figure 6) that drain the
tailings at Laver were much lower (Paper I)
than in the groundwater in Impoundment 1 at
Kristineberg (Paper V and VI  ,Q WKH EURRN
WKH FRQFHQWUDWLRQV DUH GLOXWHG E\ LQÀRZLQJ
IUHVK EURRN ZDWHU ZKLFK GHFUHDVHV WKH
FRQFHQWUDWLRQV E\ DSSUR[LPDWHO\  /HDG
Cu and S concentrations were higher in the
JURXQGZDWHU DW /DYHU WKDQ LQ WKH EURRN DQG
the other trace elements were rather similar or
ORZHU /MXQJEHUJ DQG gKODQGHU   7KH
EURRNDW/DYHUKDGDQDYHUDJHS+RIDQGD
sulphur concentration <10 mg l-1ZKHUHDVLWZDV
XSWRPJO-1 in the groundwater at Laver
/MXQJEHUJDQGgKODQGHU 7KHDYHUDJH
pH in the groundwater in Impoundment 1 was
DSSUR[LPDWHO\  EHIRUH UHPHGLDWLRQ ZLWK DQ
average sulphur concentration of approximately
PJO-1 (NVWDYDQG4YDUIRUW 7KH
lower concentration of sulphur and the higher
pH in the Laver drainage water compared to the
groundwater at Kristineberg was mainly due to
WKHORZHUFRQWHQWRIVXOSKLGHVLQ/DYHUWDLOLQJV
and due to dilution.
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%HWZHHQDQGWKHDQQXDOWUDQVSRUW
of sulphide-associated elements in the brook
from the Laver tailings decreased by more than
40% and the pH increased by up to 1 pH unit
(Table 3). The amounts of S carried annually
in the drainage in 1993 and 2001 correspond
to the changes in the oxidative release of S in
WKH WDLOLQJV VXJJHVWLQJ D GHFUHDVHG VXOSKLGH
oxidation rate between 1993 and 2001. The
decreased concentration of sulphur was
suggested to be natural and the effect of an
increased distance for oxygen to the sulphide
grain.

The oxygen measurements and the sulphur
released in cell 6 indicate that the initial
sulphide oxidation rate and the subsequent front
PRYHPHQWDUHORZGXULQJWKH¿UVW\HDUGXHWRWKH
high moisture content after deposition. Tailings
ORFDWHGLQQRUWKHUQ2QWDULR&DQDGDVKRZHGQR
VLJQL¿FDQWGLIIHUHQFHLQWKHVXOSKLGHR[LGDWLRQ
rates measured on the tailings exposed 3-4
DQG  \HDUV WKRXJK WKHUH ZDV D VLJQL¿FDQW
decrease for the tailings exposed 10 years
7LEEOH DQG 1LFKROVRQ   7KHUHIRUH WKH
sulphide oxidation rate may have a maximum
UDWHHDUO\LQLWVGHSRVLWLRQKLVWRU\DQGDGHFOLQH
UHODWLYHO\HDUO\SHUKDSVHDUOLHUWKDQLOOXVWUDWHG
by the modelling in Figure 7.

Table 3. The total annual transport of element in
*UnEHUJVElFNHQLQDQGFRPSDUHGZLWKWKH
estimated weathering release during 1993.

Al
As
Ba
Ca
Cd
Co
Cr
Cu
Fe
K
Mg
Mn
Na
Ni
Pb
S
Si
Zn

Estimated
weathering
rate in the
tailings (kg/a)
1993
13
40
72
3000
3 500
600
80
16 900
3000

0

Transport in the
Gråbergs brook
(Kg/a)
suspended +
dissolved phase
1993
2001
460
880
1.05
1.7
10
14.0
9 900
14 000
0.6
2.20
2.3
4.6
1.1
0.52
70
140
1 050
2000
1 600
2400
1 000
2700
240
500
2 100
3000
2.6
5.2
0.52
0.78
10 400
17 800
6000
8 200
200
380

Oxidation depth (m)

Element

-2

-4

-6

-8
0.01

0.1

1

10

100

1000

10000

Time (year)

Figure 7. The downward movement of the oxidation
front in the Laver tailings with time. Note the log-scale
on the time axis.

4.2. Trace elements
4.1.3. Oxidation front movement

4.2.1. Metal accumulation

Figure 7 illustrates the oxidation front
movement in the Laver tailings estimated by
(TXDWLRQ  ,QLWLDOO\ ZKHQ WKH WDLOLQJV ZHUH
IUHVK WKH VXOSKLGH R[LGDWLRQ ZDV VXJJHVWHG
to be high and then declined as the oxidation
front moved downwards. The main reason for
this decline is the distance oxygen has to travel
to reach the deeper parts of the tailings and
the sulphide grains. If the sulphide content is
ORZHU WKH DGYDQFH RI WKH IURQW LV KLJKHU GXH
to a longer path for oxygen to reach sulphides.
A shallow groundwater table may partially
VDWXUDWHWKHYDGRVH]RQHDQGWKHUHE\GHFUHDVH
the oxidation front movement. It is probable
that saturation of the lower part of the oxidised
tailings greatly impacts the decrease of the
sulphide oxidation rate in old tailings as the
front moves downwards.

,QDUHODWLYHO\DFLGLFR[LGLVHG]RQHWKHPHWDOV
will move downwards and then trapped where
WKHFRQGLWLRQVDUHPRUHDSSURSULDWHHJZKHUH
S+ LV KLJKHU =RQHV ZLWK DFFXPXODWHG PHWDOV
EHORZWKHR[LGDWLRQ]RQHKDYHEHHQUHSRUWHG
mainly as hardpan formations (Boorman and
:DWVRQ0F6ZHHQH\DQG0DGLVRQ
%ORZHVHWDO%ORZHVHWDO$KPHG
/LQ$JQHZDQG7D\ORU RU
&XHQULFKPHQWVOD\HUV %RRUPDQDQG:DWVRQ
%ORZHVDQG-DPERU+ROPVWU|PHW
DOD  If acidic leachate waters evaporate
DQG WKH VRLO GULHV RXW LQ WKH YDGRVH ]RQH WKH
formed secondary minerals could cement the
WDLOLQJV7KHVHFHPHQWHGOD\HUVKDUGSDQVDUH
often obtained in tailings with high amount of
VXOSKLGHV PDLQO\ RI S\UUKRWLWH RU LQ WDLOLQJV
14

with high amount of carbonates. In the Laver
WDLOLQJVVKDOORZKDUGSDQOD\HUVZHUHREVHUYHG
ZKHUHWKHVXUIDFHRIWKHWDLOLQJVKDGHURGHGLQ
grass-covered tailings below the oxidised zone
at approximately 1 m depth (Paper II). These
two layers differ in chemical composition. The
shallower observed layer (C1; Figure 3) had
reached a higher state of cementing. In this
layer the cementing agents were recognized
by XRD and SEM as jarosite [KFe(SO4)]
and Fe-(oxy)hydroxides (Figure 8). In the
GHHSHU FHPHQWHG OD\HUV & )LJXUH   RQO\
Fe-(oxy)hydroxides were observed. The trace
elements found to be associated to these layers
ZHUH$V0R9+JDQG3EDQGPDLQO\WRWKH
crystalline Fe-(oxy)hydroxides (Figure 9).
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Figure 8. SEM images of the cemented layer sampled
at G1 in the impoundment at Laver.

Figure 9. Extracted element concentrations in the different extraction steps in the cemented layers (C1 and
& ZKHUH6 DGVRUEHGH[FKDQJHDEOHFDUERQDWHV
S2 = Labile organics; S3 = amorphous Mn/Fe oxides;
S4 = crystalline iron oxides; S5 = stable organics and
sulphides.

,QERWKWKH/DYHUDQG.ULVWLQHEHUJWDLOLQJV
a Cu-enrichment zone was observed below
WKH R[LGDWLRQ IURQW +ROPVWU|P HW DO D
+ROPVWU|PHWDO &RSSHUZDVREVHUYHG
DVFRYHOOLWHRQWKHS\UUKRWLWHVXUIDFHVEXWZDV
probably also adsorbed to the mineral surfaces.
This zone was suggested to be an important sink
IRU&XDQGSUREDEO\DOVRIRU&GDQG3EEXWWRD
much lower extent. The retention mechanism at
the pyrrhotite surface is that Fe is released and
UHSODFHGE\&XIRUPLQJ&X67KLVUHSODFHPHQW
KDVEHHQVXJJHVWHGWRDOVRRFFXULQVSKDOHULWH

WKRXJKIRUS\ULWHLWLVOHVVFHUWDLQ +|JOXQGHW
DO 
Laboratory studies have shown the surfaces
RI VXOSKLGH PLQHUDOV WR KDYH D VWURQJ DI¿QLW\
IRUGLVVROYHGPHWDOV -HDQDQG%DQFURIW
:DQJHWDO.RUQLFNHUDQG0RUVH 
Pyrite formed in anoxic marine sediments has
EHHQ VXJJHVWHG DV DQ LPSRUWDQW VLQN IRU $V
+J DQG 0R PRGHUDWHO\ LPSRUWDQW IRU &R
&X0QDQG1LDQGOHVVLPSRUWDQWIRU&U&G
3EDQG=Q %HO]LOHDQG/HEHO+XHUWD
'LD]DQG0RUVH 7KH
The capacity
FDSDFLW\ of
RI pyrite
S\ULWH
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WDLOLQJVZLWKGUDLQDJHZDWHUVLWZDVFRQFOXGHG
that only 5-10% of the total amounts of metals
VXFKDV&G&R&X1LDQG=QUHOHDVHGWKURXJK
weathering reach the surface-water system
GRZQVWUHDP RI WKH PLQLQJ DUHD $GVRUSWLRQ
co-precipitation and precipitation are the main
processes responsible for the transfer of metals
from the aqueous to the solid phase. The role of
WKHVHPHFKDQLVPVLVQRWTXDQWL¿HGLQWKLVVWXG\
though these are the most likely mechanisms
for the immobilisation of metals studied here.

surfaces to retain metals is presented in Paper
VII. The results clearly show an enrichment
of As, Cd, Cu and Zn on the pyrite surfaces
below the oxidation front in the tailings, but
not for Co and Ni (Figure 10). Arsenic was also
enriched on the pyrite grains that survived in
the oxidized zone. Copper has been enriched
on pyrite surfaces in unoxidized tailings in
the largest amount, followed by Zn and As.
However, only 1.4 to 3.1% of the Cd and Zn
released by sulphide oxidation in the oxidized
zone have been enriched on the pyrite surfaces
in the unoxidized tailings, but the corresponding
ÀJXUHVDUHDERXWIRU$VDQGIRU&X
0

Surface

The relations between the elemental
concentrations and pH and between pH and
the redox potential in the groundwater at
Kristineberg (Papers V and VI LQWKHVXUIDFH
water at Laver (Paper I) and in the leachate
waters in the cells (Paper III) are summarised
in Figure 11. Oxidative soil conditions usually
give values ranging from 400 to 600 mV and
DQDHURELFVRLOVORZHUWKDQFP9 'HXWVFK
 ,QWKH/DYHUEURRNWKHS+DYHUDJHG
and oxidised conditions occurred throughout
the sampling period. Oxidised conditions were
also found in the groundwater in the reference
SLSH3DW.ULVWLQHEHUJDQGEHORZVRPHRIWKH
FRYHUHGV\VWHPVLQWKHFHOOVHVSHFLDOO\EHORZ
the apatite and Trisoplast layers. Anaerobic
conditions seemed to occur below the sewage
sludge in the test cell and sometimes in the deep
pipe M below dry cover in Impoundment 1 at
.ULVWLQHEHUJ ,Q JHQHUDO WKH S+ GHFUHDVHG DV
the redox potential increased in the groundwater
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4.2.2. Physico-chemical conditions in the
leachate waters
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In a study of the oxidizing sulphide-bearing
PLQH WDLOLQJV DW WKH /DYHU PLQH LW ZDV IRXQG
that active oxidation occurs in a sharp and
GLVWLQFW]RQH /MXQJEHUJDQGgKODQGHU 
By comparing the weathering rate estimated
IURPERWK¿HOGDQGODERUDWRU\VWXGLHVZLWKWKH
total amount of metals annually leaving the
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Figure 11. The relationship between the a) redox potential and pH
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LQ HDUOLHU VWXGLHV 1RUGVWURP DQG %DOO 
0RQWHUURVRHWDO6KXPDQG/DYNXOLFK
1998). Iron was found in low concentrations
LQ WKH /DYHU EURRN LQ WKH OHDFKDWH ZDWHUV
in the cells and in most of the groundwater
wells. Equilibrium calculations indicated Fe
WR EH LQ HTXLOLEULXP ZLWK JRHWKLWH DW S+ 
and by amorphous Fe(OH)3 at pH >4 and up
to 6.5 in the groundwater. Oversaturation was
indicated in both Fe-precipitates and suggested
WRSUHFLSLWDWHLQWKHFHOOVH[FHSWLQWKHVHZDJH
sludge cell where Fe(OH)3 was undersaturated
and goethite oversaturated.
 (OHPHQWV
(OHPHQWVVXFKDV$V&G&R&X)H1LDQG
VXFK DV $V &G &R &X )H 1L DQG
=Q PLJKW EH UHOHDVHG DV D UHVXOW RI VXOSKLGH
oxidation. These elements can be secondarily
UHWDLQHG LQ WKH WDLOLQJV E\ FRSUHFLSLWDWLRQ
precipitation of secondary minerals or by
DGVRUSWLRQRQWRPLQHUDOVXUIDFHVRUWUDQVSRUWHG
to the recipient depending on the prevailing pH
DQG UHGR[ FRQGLWLRQV 6SHFL¿F DGVRUSWLRQ RU
inner-sphere complexes have stronger bonds
WKDQRXWHUVSKHUHFRPSOH[0HWDOVVXFKDV)H
0Q =Q DQG &X VHHP WR IDYRXU LQQHUVSKHUH
FRPSOH[ELQGLQJVZKHUHDVDONDOLDQGDONDOLQH
earth metals favour outer-sphere complex
%RUJJDDUG DQG (OEHULQJ   0HWDOV WKDW
easily form hydrolysis are also greatly sorbed
6WXPP DQG 0RUJDQ   &RSUHFLSLWDWLRQ
RIWHQ RFFXUV LQ PLQH WDLOLQJV $OSHUV HW DO
  GXH WR WKH RIWHQKLJK FRQFHQWUDWLRQV
&RSUHFLSLWDWLRQ KDV EHHQ GH¿QHG DV WKH
simultaneous precipitation of a chemical agent
in conjunction with other elements by any
mechanism and at any rate.
 ,QJHQHUDOWKHFRQFHQWUDWLRQVRI&G&XDQG
3E ZHUH ORZ LQ PRVW OHDFKDWH ZDWHUV VWXGLHG
ZKLOH$V&R&U0Q1LDQG=QVKRZHGKLJK
concentrations in some leachate waters at
certain pH (Figure 12). Copper was the only
element with a high concentration in the Laver
brook compared to the other leachate waters.
Lead was high only in the underlying peat in
Impoundment 1 in 2003. Sorption onto metalhydroxides is probably the main mechanism
for the removal of these elements. Retention
as sulphide precipitates on primary sulphide
surfaces might be an additional sink especially
for Cu. The pH for the adsorption edge onto
Fe-(oxy)hydroxides has been reported in the

wells. This was not observed in the Laver brook
or in the test-cells where the redox potential
YDULHG HYHQ WKRXJK WKH S+ ZDV UHODWLYHO\
constant. In the groundwater at Kristineberg
the decreased redox potential and increased
pH were effects of the remediation. In the
Laver brook and in the test cells the physicochemical conditions were rather constant. The
FODVVL¿FDWLRQ RI WKH S+ IRU WKH ZDWHU TXDOLW\
given by SEPA (Swedish Environmental
Protection Argency) suggests that the Laver
WDLOLQJV¶ VXUIDFH ZDWHU ZDV DFLGLF !  DQG
that the groundwater at certain locations in
,PSRXQGPHQWDW.ULVWLQHEHUJZDVFODVVL¿HG
as very acidic (<5.6).
4.2.3. Elemental concentrations in leachate
waters
Most elements showed sensitivity to pH with
decreasing concentrations and increasing pH
(Figure 12). The recommended concentration
values for some elements in contaminated
groundwater given by SEPA (Swedish
environmental protection agency) are shown
DVGRWWHGOLQHVLQWKH¿JXUHV$OXPLQLXPDQG
Fe were low in the reference groundwater
ZHOOV LQ WKH WHVW FHOOV DQG LQ WKH EURRN DW
Laver. The concentrations of Al were below
the recommended value by SEPA. The
groundwater wells within Impoundment 1 at
Kristineberg had lower concentrations than
the recommended SEPA value in 2003. High
$O FRQFHQWUDWLRQV ZHUH KRZHYHU IRXQG LQ
WKH XQGHUO\LQJ SHDW DQG WLOO ZHOOV + DQG . 
and in the outgoing groundwater (well L).
Aluminium was rapidly removed from leachate
ZDWHUV DV S+ DSSURDFKHG  DW DSSUR[LPDWHO\
S+  ZKLFK LV LQ DJUHHPHQW ZLWK RWKHU
UHVXOWV 1RUGVWURPDQG%DOO6WXPPDQG
0RUJDQ   DQG FRQVLVWHQW ZLWK WKH S.1
IRU K\GURO\VLV RI$O %LJKDP DQG 1RUGVWURP
2000). The possible occurrence of minerals
that may precipitate in the leachates in the
cells was calculated using the equilibrium
JHRFKHPLFDOPRGHO3+5((4& 3DUNKXUVWDQG
$SSHOR ZLWKWKHGDWDEDVH0,17(4$
$OOLVRQHWDO *LEEVLWHVHHPHGWREHLQ
HTXLOLEULXPZLWKWKH$OFRQFHQWUDWLRQDWS+
and amorphous Al(OH)3 at pH >5 when gibbsite
showed oversaturation. This was also observed
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DGVRUE WR )H R[\ K\GUR[LGHV %RZHOO 
3IHLIHUHWDO%HGQDUHWDO $UVHQLF
LVNQRZQWREHUDWKHUPRELOHDWKLJKS+VLQFH
WKHDI¿QLW\IRUDGVRUSWLRQIRUDQLRQVGHFUHDVHV
ZLWK S+ EXW LQFUHDVHV IRU QHXWUDO $V ,,, 
species at pH >9. A decreased redox potential
may reduce As(V) to As(III) and the adsorption
DI¿QLW\GHFUHDVHV7KHVHPHFKDQLVPVSUREDEO\
explain the high As in the test cells and in some
JURXQGZDWHU ZHOOV ZKHUH HLWKHU KLJK S+ RU
low redox potential occurred.

OLWHUDWXUHWREHKLJKHUIRU&GWKDQIRUHJ&X
3EDQG=Q 6WXPPDQG0RUJDQ ,QWKLV
VWXG\ &G ZDV GHSOHWHG WKURXJKRXW WKH S+
UDQJHDQGLQDOOZDWHUVVWXGLHGZKLFKVXJJHVWV
that Cd may have been retained by others
adsorbents or mechanism than sorption to Fe(oxy)hydroxides.
Trace elements such as Co and Ni showed
D VLPLODU GHSHQGHQFH WR S+ ZLWK KLJK
concentrations at pH <4 and >6. The Co and
Ni concentrations at pH<4 in groundwater
well J showed strong correlation with Al. A
VLPLODU FRQFHQWUDWLRQ GHFOLQH RI &R 1L DQG
Al as pH increased suggested co-precipitation
of Co and Ni with Al-hydroxides (Paper VI).
This correlation was also observed in other
ZHOOVZKHUH
ZKHUHWKHS+LQFUHDVHGDVZHOODVVRPH
WKH S+ LQFUHDVHG DV ZHOO DV VRPH
wells with Cr. The concentrations of Co and Ni
ZHUH KLJK LQ WKH OHDFKDWH ZDWHUV LQ WKH FHOOV
in particular where the tailings were covered
ZLWK DSDWLWH DQG 7ULVRSODVW DQG ZKHUH WKH
tailings were uncovered (Paper III). These
high concentrations were primarily due to
WKHKLJKUHOHDVHRIWKHVHPHWDOVEXWPD\DOVR
be competition for adsorption sites by other
metals. The adsorption edge is lower for trace
HOHPHQWVOLNH&XDQG3E ']RPEDNDQG0RUHO
6WXPPDQG0RUJDQ WKDQIRU&R
DQG1L7KHUHIRUH&RDQG1LPD\UHPDLQLQWKH
solution to a higher degree.
 =LQFDQG0QFRQFHQWUDWLRQVZHUHDOVRKLJK
=LQF DQG 0Q FRQFHQWUDWLRQV ZHUH DOVR KLJK
especially in the leachate waters below the
FRYHUV FRQWDLQLQJ DSDWLWH DQG 7ULVRSODVW DQG
in the uncovered tailings. Manganese together
with Co and Ni were probably released by
pyrite oxidation. The Mn concentrations were
relatively high in the Kristineberg groundwater
and only certain wells showed a dependence of
pH. Manganese(II)-ions are probably stable in
VROXWLRQ VLQFH R[LGDWLRQ RI WKLV LRQ RFFXUV DW
relatively high redox potentials (Stumm and
0RUJDQ 7KH=QFRQFHQWUDWLRQGHFUHDVHG
ZLWK LQFUHDVHG S+ LQ WKH JURXQGZDWHU EXW LW
ZDVKLJKLQWKHFHOOVLQDOOWKHOHDFKDWHZDWHUV
except in the sewage sludge cell.
Arsenic showed high concentrations at high
S+HVSHFLDOO\LQWKHFHOOVZLWKVHZDJHVOXGJH
and clayey till. Arsenic occurs mainly as As(III)
RU$V 9 ZKHUH$V ,,, LVDQHXWUDOVSHFLHVDW
low pH. Arsenic has been showed to strongly

4.3. Remediation
4.3.1. Oxygen concentrations
Oxygen concentrations in tailings may
QDWXUDOO\GHFUHDVHRYHUWLPHEXWWKHWLPHZLOO
be so long that remediation is usually necessary.
Remediation of fresh tailings may reduce the
LQLWLDO VXOSKLGH R[LGDWLRQ EXW LQFUHDVHV WKH
life of the suphide oxidation. To evaluate the
HI¿FLHQF\RIDFRYHUV\VWHPR[\JHQGLIIXVLRQ
was studied in the test-cells (Paper IV  DQG
metal release (Paper V and VI) in Impoundment
1 and in the test cells (Paper III). In the testFHOOV WKH R[\JHQ FRQFHQWUDWLRQV ZHUH ORZHU
in the tailings below the dry cover than within
the cover (Figure 13). This suggests that the
oxygen diffusion may have been limited by
WKHFRYHU$ERYHWKHVHDOLQJOD\HUVZLWKLQWKH
SURWHFWLYH FRYHUV WKH R[\JHQ FRQFHQWUDWLRQV
ZHUHUHODWLYHO\KLJKDOPRVWDWPRVSKHULFZKLFK
indicates that the protective cover limited the
oxygen diffusion slightly. The tailings in the
cells with a sealing layer of clayey till and
the sewage sludge layer had lowest oxygen
concentrations. Sewage sludge was most
HIIHFWLYHDVDEDUULHUDJDLQVWR[\JHQGXHWRWKH
high consumption of oxygen.
7R HYDOXDWH WKH HI¿HQF\ RI UHGXFLQJ WKH
R[\JHQ WKH YDOXHV RI WKH HIIHFWLYH GLIIXVLRQ
FRHI¿FLHQWV Deff  DQG WKH R[\JHQ ÀX[HV LQWR
WKHWDLOLQJVDUHXVHIXO7KHR[\JHQÀX[HVDQG
Deff were estimated for the non-consuming
covers (clayey till and apatite) in the test-cells
ZLWKD¿HOGPHWKRG PaperIV) previously used
LQWKH¿HOGDW,PSRXQGPHQWDQGDW%HUVER
6ZHGHQ /XQGJUHQ  &DUOVVRQ  
The results from the estimations are shown in
Table 4 and compared to data obtained by other
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Figure 13. Oxygen concentrations in sulphide-rich tailings below soil covers in the test-cells and in Impoundment 1
at Kristineberg

4.3.2. Mobilisation of metals by raised groundwater
table

researchers. The Deff DQG WKH R[\JHQ ÀX[HV
were relatively low in the oxidised old tailings
DW/DYHU,PSRXQGPHQWDW.ULVWLQHEHUJDQG
in the cell tailings. This indicate that newly
GHSRVLWHG WDLOLQJV ZLWK D KLJK ZDWHU FRQWHQW
ROGR[LGLVHGWDLOLQJVDQGWDLOLQJVUHPHGLDWHGE\
GU\FRYHUKDYHUHODWLYHO\VLPLODUR[\JHQÀX[HV
and thus similar sulphide oxidation rates. It
further indicates that a Deff value below 10-09 m2
s-1JLYHVDQR[\JHQÀX[DURXQGPROHP2 s-1
irrespective of material used in the cover.

Metals in tailings may be released if the
redox potential and pH conditions change.
,Q ,PSRXQGPHQW  ZKHUH WKH WDLOLQJV ZHUH
VDWXUDWHG DQG D VLQJOH FRYHU ZDV DSSOLHG WKH
physico-chemical conditions changed after
the groundwater was raised (Paper V). In
JHQHUDO WKH HOHPHQWDO FRQFHQWUDWLRQV LQLWLDOO\
increased. The raised groundwater table led to
a remobilisation of metals formerly retained in
WKHYDGRVH]RQH:LWKWLPHWKHFRQFHQWUDWLRQV
GHFOLQHGDQGLQWKHFRQFHQWUDWLRQVRIPRVW
elements were lower than before remediation
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Table 4.6XPPDU\RIHVWLPDWHGHIIHFWLYHGLIIXVLRQFRHI¿FLHQWVDQGR[\JHQÀX[HVLQXQR[LGLVHGR[LGLVHGDQGFRYered tailings.

Study

Sulphide

Method Saturation

40Fine grained

F
F
F
Kim and and Benson, 2004
Silty loam
M
-“M
Silty clay loam
M
-“M
Tibble and Nicholson, 1997
Fresh
F
Old (5-6 years) and (10 years) F
Woyshner et al., 1997
Non-reactive
F
Yanful, 1993
Pyrite and pyrrhotite
L+ M
Alakangas and Öhlander, 2005 Old sandy (60 years)
F
This study
Fresh silty
F
F
Eberling et al., 1993

Deff
(m2s-1)

Dry
Modest
Wet
Wet
Dry
Wet
Dry
Wet

1.2E-05 **
2E-06**
4.2E-10**
1.5E-08*
6.2E-06*
1.9E-08*
7.7E-06*

28%
27.5-46.9%
Wet 90%
Dry 17%

1.7E-06
1.0-6.1E-08
5.5E-08
2.9E-09b**
3E-06b**

D+W
D+W
60%

1.1E-08b*
1.7E-07*
2.5E-07

Oxygen flux
(mole m-2 year-1)
1560 b, at surface
581b
0.25b

33b
192 and 81b
66.5
9.9
0.8 at 0.5m depth

Covered tailings
Kim and and Benson, 2004
Woyshner et al., 1997
Tibble and Nicholson, 1997

Cabral et al. 2000
Yanful, 1993
Carlsson, 2002

Moreno and Neretnieks, 2004
This study

Bentonite
Compacted till
clay
Sand (0.5m) and
non-sulphide
tailings (0.8m) and
Sandy gravel (0.3m)
Pulp and paper residues
Fine sand (0.3m)+ clay
(0.6m)+coarse sand (0.3m)
Clayey till (0.3m)
+ protective till cover (1m)
Clayey till, 0.3m
+ protective cover (1.3 m)
Clayey till (0.3m)
+ protective cover (1.5m)
Clayey till (0.3m)
Clayey till (0.3m)
Clayey till (0.3m)
protective cover (0.6 m)
Clayey till (0.3m)
+ protective cover (1.2 m)
Apatite concentrate (0.1m)
+ protective cover (1.2m)

M
M
F
F

7b

8.3E-09-9.7E-07
3.9E-09

6.2
0.13

F

1.6E-09

0.008

F

3.9E-09

0.4

F

4.9E-10

0.34

1.0E-09
2.0E-06
2.8E-09

1.0
1974
1.1

F

2.6E-09

1.1

F

1.2E-09

2.0

L+M
L+M

M
M
F

25%

Wet 95%
Dry 0%

L= Laboratory, M= Modeling, F = Field , b Oxygen consumption method * diffusion in air

and before the present study started 1998
(Table 5). In the part of Impoundment 1
remediated by dry cover with a sealing layer
DQG D SURWHFWLYH FRYHU WKH FRQFHQWUDWLRQV
declined rather rapidly after remediation. The
decline was probably a result of a decreased
LQ¿OWUDWLRQRIZDWHUFRQWDPLQDWHGE\VXOSKLGH
oxidation products.
 (OHPHQWV VXFK DV )H 0J 0Q 6 DQG
=Q ZHUH ZDVKHGRXW DQG IROORZHG WKH
groundwater displacement. The concentrations
were subsequently diluted by incoming

941 at 0.5m depth

**

diffusion in water and air

uncontaminated groundwater. These elements
that showed similar behavior are illustrated in
Figure 12 by the average sulphur concentrations
in the different sampling wells in Impoundment
1. In the groundwater below the dry cover the
concentrations decreased rather rapidly after
UHPHGLDWLRQH[FHSWLQWKHXQGHUO\LQJWLOO ZHOO
K) and in well J. In the groundwater in the
VDWXUDWHGWDLOLQJVWKHFRQFHQWUDWLRQVDUHWKRXJKW
to increase as the groundwater table was raised
(dashed lines) and thereafter a decline.
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a)

4.3.3. Remediation of unoxidised tailings

Average dissolved S concentration in saturated tailings
9000

The lowest concentrations of metals and highest
pH were found in tailings covered with sewage
VOXGJH PDLQO\ D UHVXOW RI WKH ORZ VXOSKLGH
oxidation rate owing to low oxygen entry into
the tailings. Metal concentrations were low
GXHWRWKHORZVXOSKLGHR[LGDWLRQUDWHWKRXJK
metals may be removed from the soil solution
through sorption to humic acids or forming
soluble or insoluble complexes with humic
VXEVWDQFHV .HUQGRUII DQG 6FKQLW]HU 
3HSSDV HW DO 7KHRGRUDWHV HW DO 
*LEHUW HW DO   $SDWLWH
$SDWLWH ZKLFK
ZKLFK KDV
KDV EHHQ
EHHQ
VXJJHVWHGWRKDYHWKHFDSDFLW\WRUHWDLQ&G&X
DQG=QE\PHFKDQLVPVVXFKDVUHSUHFLSLWDLRQ
DQGFRPSOH[DWLRQVKRZHGQRVXFKWHQGHQFLHV
The reason for this was probably because the
FRQWDFW WLPH IRU WKH ZDWHU ZLWK WKH DSDWLWH
ZKLFKZDVDSSOLHGDERYHWKHWDLOLQJVZDVVKRUW
7KH7ULVRSODVWZKLFKKDVVKRZQORZK\GUDXOLF
FRQGXFWLYLW\ LQ WKH ODERUDWRU\ VKRZHG UDWKHU
KLJK R[\JHQ FRQFHQWUDWLRQV LQ WKH FHOO DV
well as among the highest sulphate and metal
concentrations. This may be caused by failure
in the mixing of the Trisoplast.
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Figure14. The general evolution of the concentrations
RI)H0J0Q=QDQG6DIWHUUHPHGLDWLRQLVLOOXVWUDWHG
E\GLVVROYHG6LQWKHPRQLWRULQJZHOOVD (*DQG,
ORFDWHGZKHUHWKHJURXQGZDWHUOHYHOZDVUDLVHGE -.
/02DQG4ZKHUHGRXEOHGU\FRYHUZDVDSSOLHG

Table 5. Average elemental concentrations in Impoundment 1.

pH
Fe (mg l-1)
S (mg l-1)
Al (μg l-1)
As (μg l-1)
Cd (μg l-1)
Co (μg l-1)
Cr (μg l-1)
Cu (μg l-1)
Mn (μg -1)
Ni (μg l-1)
Pb (μg l-1)
Zn (μg l-1)

Pre-remediation
(Ekstav, 1989)
Average±std.dev.

After remediation
Average±std.dev. in
group 1 pipes (D, E,
M and O ) in 1998

After remediation
Average ±std.dev. in
group 2 and 3 (F, G,
I, J) pipes in 1998

After remediation
Average±std.dev.
in group 1 pipes
in 2003

After remediation
Average±std.dev.
in groups 2 and 3
pipes in 2003

4.8±0.4
3900±1300
2900±1000

6±0.4
1400±1400
1300±900
60±100
4.1±5.7
0.4±0.5
0.3±0.4
0.8±1.7
9.9±14
4600±3800
7.3±18
1.3±1.3
280±260

4.2±0.5
4700±2700
3900±2000
93000±76000
330±550
1.1±1.7
270±320
70±50
6.3±6.5
11000±8700
170±210
14.0±21
31000±25000

6.4±0.5
420±340
660±160
16±19
1±1.6
0.03±0.04
0.2±0.3
0.1±0.2
0.7±0.4
1900±1000
1.7±2.3
0.2±0.5
50±80

5.4±0.7
1100±1600
920±1200
6100±13000
340± 580
0.07± 0.07
24±50
1.1±0.5
4.2±5.6
1400.1±1600
20±50
0.8±1.2
5800±6800

80±30
50±30
2500±1700

1400±570
333000±200000

5. Overall conclusions
The results of this study indicate that sulphide
oxidation may decrease naturally in old tailings
DVWKHR[LGDWLRQIURQWPRYHVGRZQZDUGVDQG
as the distance for oxygen to diffuse to reach
unoxidised tailings increases. A decrease of

 7KHFRQFHQWUDWLRQVRI&G&U&X&R1LDQG
Pb decreased rather rapidly after remediation
FRPSDUHGWRHOHPHQWVVXFKDV)H0J0Q6
DQG=QE\PHFKDQLVPVRWKHUWKDQGLOXWLRQDV
discussed previously.
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research results shows that a Deff below 10-09 m2
s-1 JLYHV DQ R[\JHQ ÀX[ RI DURXQG  PROH P2
s-1.
 0RVW HOHPHQWV VKRZHG D S+ GHSHQGHQF\
and the concentrations decreased when pH
LQFUHDVHGWKHUHGR[SRWHQWLDOGHFUHDVHGRUERWK
DQ LQFUHDVH DQG GHFUHDVH DV EHORZ WKH FRYHU
V\VWHPV +RZHYHU HOHPHQWV VXFK DV $V &R
0Q 1L DQG =Q VKRZHG KLJK FRQFHQWUDWLRQV
also in the test-cells where the pH was nearneutral. This might be due to remnants from
HQULFKPHQWSURFHVVHVDQGWKHVHLQLWLDODPRXQWV
PD\ EH HYHQWXDOO\ ZDVKHGRXW E\ LQ¿OWUDWLQJ
ZDWHU (OHPHQWV VXFK DV &G &X DQG 3E ZHUH
almost depleted in leachate waters where the pH
increased. These elements were suggested to be
UHWDLQHGPRVWO\E\PHFKDQLVPVVXFKDVVRUSWLRQ
and were preferentially sorbed compared to
&R 1L DQG =Q$UVHQLF ZDV PRELOLVHG ZKHUH
high pH and low redox potential conditions
SUHYDLOHG1HDUQHXWUDOS+DVLQWKHWHVWFHOOV
VHHPHGWRUHVXOWLQDKLJKHUPRELOLW\RI&R0Q
1LDQG=QWKRXJKWKLVFRXOGDOVREHGXHWRD
KLJKHUUHOHDVHUDWHRIWKHVHPHWDOVLQWKHFHOOV
since the sulphide content was higher in these
tailings.
Cemented layers as well as pyrite surfaces
showed some capacity to retain metals. Metals
such as As and Pb were retained in the cemented
OD\HU ZKHUHDV$V DQG &X LQ SDUWLFXODU ZHUH
trapped on the pyrite surfaces. Sequential
extraction of the cemented layers showed
that the metals were mostly associated with
FU\VWDOOLQH )H R[\ K\GUR[LGHV +RZHYHU WKH
amounts of metals retained in cemented layers
were low.

oxygen transport may also develop as a result
of higher saturation deeper down in the tailings
close to the groundwater.
Remediation of Impoundment 1 at
Kristineberg seemed to be successful by applying
a till cover and saturation of the tailings in one
SDUWRIWKHLPSRXQGPHQWDQGE\DSSO\LQJDGU\
cover consisting of a sealing layer and protective
cover in the other part. There were no major
differences between the remediation techniques
considering elemental concentrations and pH in
WKHJURXQGZDWHU+RZHYHUWKHFRQFHQWUDWLRQV
decreased and pH increased slower in the part
RI WKH LPSRXQGPHQW ZLWK VDWXUDWHG WDLOLQJV
due to an initial remobilisation of formerly
retained elements when the groundwater
table was raised. This was followed by
dilution with uncontaminated groundwater.
A vertical movement of elements resulted in
high concentrations in the groundwater in the
underlying till and peat. The concentrations
ZHUHFRQVWDQWLQWKHSHDWJURXQGZDWHUZKHUHDV
the underlying till indicated increasing pH and
decreasing concentrations.
 $¿HOGWHFKQLTXHXVHGWRGHWHUPLQHHIIHFWLYH
GLIIXVLRQ FRHI¿FLHQWV Def,f DQG R[\JHQ ÀX[HV
for cover systems showed large advantages for
long-term studies without disturbing the cover
systems. A disadvantage was that it could only
be applied on non-consuming covers. The dry
cover systems studied in the test-cells showed
Deff for the sealing layers between 10-10 and 1008
m2 s-1. The seasonal variations of Deff were
larger than between the different cover systems.
5DWKHU VLPLODU R[\JHQ ÀX[HV  PROH P-2
year-1 DQG VXOSKXU FRQFHQWUDWLRQV F  PJ
l-1) were observed in the leachate waters in the
cells. Lowest oxygen and sulphur concentrations
were observed in the cover system with sewage
VOXGJH VXJJHVWLQJ WKDW WKLV OD\HU ZDV PRVW
HI¿FLHQWLQGHFUHDVLQJVXOSKLGHR[LGDWLRQLQD
short-term perspective. Its function is uncertain
LQ D ORQJWHUP SHUVSHFWLYH VLQFH WKH RUJDQLF
matter will be consumed in a rather short time
period. The estimation of DeffDQGR[\JHQÀX[HV
for newly deposited tailings with high water
FRQWHQW ROG R[LGLVHG WDLOLQJV DQG WDLOLQJV
remediated by dry cover showed relatively
VLPLODUR[\JHQÀX[HVDQGWKXVVLPLODUVXOSKLGH
oxidation rates. Comparisons between different

Further research
7R HYDOXDWH WKH HI¿FLHQF\ RI GU\ FRYHUV LW LV
important to continue the measurements of
R[\JHQÀX[HVDQGDQDO\VHVRIOHDFKDWHZDWHUV
for studies of long-term behaviour in the
groundwater in Impoundment 1 at Kristineberg
and in the test-cells. The apatite concentrate
LV DQ LQWHUHVWLQJ ZDVWH ZKRVH VXJJHVWHG
capacity to immobilise metals should be further
LQYHVWLJDWHG EXW DSSOLHG GLIIHUHQWO\ WR WKRVH
ZDVWHV WKDW DUH HJ PL[HG RU DSSOLHG VR WKDW
PLQH ZDWHU FRXOG ¿OWUDWH WKURXJK WKH DSDWLWH
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The long-term perspective for sewage sludge
LVUDWKHUXQNQRZQDQGVKRXOGEHJLYHQVRPH
DWWHQWLRQDVLWLVDFRPPRQFRYHUPDWHULDOLQ
Sweden. The organic components that may
occur in the leachates from sewage sludge
VKRXOGDOVREHLQYHVWLJDWHGDVZHOODVWKHUROH
of organic matter for the mobility of metals.
)RU WKH /DYHU FDVH FRQWLQXHG VDPSOLQJ LV RI
interest to evaluate the future sulphide oxidation
rate. This is also an interesting site to follow
up if remediation of the impoundment will be
XQGHUWDNHQDVKDVEHHQVXJJHVWHG
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Abstract
The pyrrhotite-bearing tailings at the closed Cu mine at Laver in northern Sweden released metals
to the drainage water as the sulphides were oxidised. The aim of this study was to estimate the
evolution of the sulphide oxidation rate over time by using different methods. The estimations were
EDVHGRQ¿HOGPHDVXUHPHQWVGXULQJDQGRIWKHDQQXDOWUDQVSRUWRI6LQDEURRNWKDW
GUDLQDJHGWKHLPSRXQGPHQWDQGWKHR[\JHQÀX[LQWRWKHWDLOLQJV7KHVHUHVXOWVZHUHFRPSDUHG
with the estimated annual amount of S released from the tailings, based on volume of tailings that
was assumed to oxidise each year. The volume of tailings oxidised each year was estimated from
a model of declining movement of the oxidation front with time. The annual transport of sulphideDVVRFLDWHGHOHPHQWVLQWKHEURRNKDGGHFUHDVHGE\PRUHWKDQLQFRPSDUHGWRDQG
the pH level had increased. The different methods used showed approximately similar release rate
RI6 PROH\HDU m GXULQJ7KHGHFUHDVHGVXOSKLGHR[LGDWLRQUDWHZDVSUREDEO\
caused by the increased distance for oxygen to reach unoxidised sulphide grains.

Keywords Sulphide oxidation, sulphate release, oxygen diffusion, mine wastes, Laver, northern Sweden.
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greater abundance than they were transported
LQWKHEURRN
The major aim of this study was to evaluate
natural changes of the sulphide oxidation rate
in old mine tailings over time by using different
methods. Weathering rate in the tailings and
amount of S transported in the drainage water
ZDVFRPSDUHGZLWKR[\JHQÀX[GHWHUPLQDWLRQV
Estimation of the mass transport of S in the
EURRNDQGRIWKHZHDWKHULQJUDWHLQWKHWDLOLQJV
SHUIRUPHG LQ  ZDV FRPSDUHG ZLWK WKH
SUHYLRXVHVWLPDWLRQLQ$YHUDJHHIIHFWLYH
GLIIXVLRQFRHI¿FLHQWIRUR[\JHQRYHUWLPHZDV
FDOFXODWHG IURP WKH NQRZQ R[LGDWLRQ IURQW
PRYHPHQWDQGWKHR[\JHQÀX[LQWRWKHWDLOLQJV
ZDVHVWLPDWHGE\XVLQJ¿HOGPHDVXUHPHQWV

Introduction
In wastes from mining, varying amounts of oreassociated sulphides that not are extracted during
concentration processes are exposed to the
atmosphere when deposited in the surrounding
areas. Sulphides such as pyrite (FeS) and
pyrrhotite (Fe[S) will oxidise in the presence of
oxygen and water in acid-producing reactions.
The acid produced increases weathering of other
minerals and mobilises metals such as Cd, Co,
Cu, Fe, Pb and Zn in the waste. The resulting
acid drainage may have high concentrations of
metals, which is why remediation of sulphide
mine wastes and prevention of metal-rich acid
drainage is important.
At the closed Laver copper mine in northern
Sweden the impoundment was unremediated,
except for the establishment of grass vegetation.
,Q  D GHWDLOHG VWXG\ RI WKH /DYHU WDLOLQJV
and their AMD was performed (Ljungberg and
gKODQGHU   7KH VKDUS ERUGHU EHWZHHQ
the oxidised and unoxidised zones enabled
an estimation of the average oxidation front
PRYHPHQWWRFPD (Ljungberg and Öhlander,
  $ PDVV EDODQFH RI WKH ZHDWKHUHG DQG
released elements was estimated (Holmström
HW DO  /MXQJEHUJ DQG gKODQGHU  
The drainage water leaves the tailings area
WKURXJK WKH *UnEHUJV EURRN ZKLFK ZDV
therefore well suited for mass balance studies.
7KHPDVVEDODQFHVKRZHGWKDWRQO\RI
the ore-associated metals, annually released by
weathering in the tailings, were released into
WKH EURRN +ROPVWU|P HW DO   VXJJHVWHG
that a large proportion of the metals were
retained in the tailings by secondary mineral
precipitation and/or adsorption to primary and
secondary mineral surfaces. However, this was
not the case for dissolved S. In solution with
low Ca concentrations, dissolved S, mainly
occurring as SO, may be rather conservative
and a relatively good indicator of the sulphide
oxidation rate. The annual amount of S
WUDQVSRUWHGLQWKHEURRN NJD, dissolved
phase) was similar to the amount estimated to
be released by sulphide oxidation in the tailings
NJD) and to the amount estimated from
+XPLGLW\FHOOVWHVWV NJD /MXQJEHUJ
DQG gKODQGHU   ,Q FRQWUDVW PRVW RI WKH
other elements were released by weathering in

Site description
The mine site studied is located at Laver,
QRUWKHUQ 6ZHGHQ DQG  NP IURP /XOHn
)LJ 0LQLQJVWDUWHGLQVPDOORSHQSLWVEXW
rather soon the main production was from
XQGHUJURXQG PLQLQJ7KH EHGURFN LQ WKH DUHD
FRQVLVWV PRVWO\ RI  WR  *D ROG URFNV
dominated by granites. Diorite and metaYROFDQLF URFN DOVR RFFXU DQG WKH /DYHU PLQH
LV VLWXDWHG LQ WKH ODWWHU gGPDQ   7KH
RULJLQDO FRSSHU RUH GHSRVLW FRQWDLQHG 
million tonnes with an average content of
 &X 7KH GRPLQDWLQJ VXOSKLGH PLQHUDOV
in the ore were pyrrhotite and chalcopyrite
with minor amounts of sphalerite, pyrite, and
arsenopyrite. The mine, managed by Boliden
0LQHUDO$%ZDVFORVHGLQDIWHU\HDUV
RIRSHUDWLRQZLWKDUHVXOWLQJSURGXFWLRQRI
million tonnes of tailings and a small amount
RIZDVWHURFN /MXQJEHUJDQGgKODQGHU 
The annual mean temperature in the area is
& 7KH *UnEHUJV EURRN UXQV FORVH WR WKH
open pits, through the tailings area and to the
UHFLSLHQWVWUHDP )LJ 
The tailings
7KH  KD WDLOLQJV LPSRXQGPHQW LV VLWXDWHG
VRXWK RI WKH RSHQ SLW DQG DERXW  KD ZDV
exposed above the groundwater water table and
the remainder was saturated. Gangue minerals
are quartz, plagioclase, biotite and muscovite.
7KH WDLOLQJV FRQWDLQHG DSSUR[LPDWHO\ 
sulphides, mostly pyrrhotite and chalcopyrite.
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Figure 1. Description of the sampling area, where G1 and G2 are the gas sampling points. G1 and G2 are located at
the grass covered tailings, but G1 has an eroded surface.

ZKLOHWKH¿QHUIUDFWLRQVZHUHZDVKHGDZD\E\
WKHULYHUV\VWHP$QHZFODUL¿FDWLRQSRQGZDV
FRQVWUXFWHGNPGRZQVWUHDP7KHUHPDLQLQJ
WDLOLQJVZHUHVPRRWKHGRXWLQDQGOLPHG
fertilised and seeded with grass (Ljungberg and
gKODQGHU 7RGD\WKHWDLOLQJVDUHPRVWO\
FRYHUHGE\OXVKJUDVVDQGDFPWKLFNKXPXV
layer has developed. Trees mainly belonging
to the Pinus, Picea, and Salix families, have
migrated into the tailings from adjacent

There were no visible carbonate minerals
in the tailings, but probably small amounts
RI FDUERQDWH RFFXUHG DV IUDFWXUH ¿OOLQJV LQ
plagioclase. The tailings had both grass covered
DQGEDUUHQDUHDV,QWKHVRXWKHDVWSDUW )LJ 
of the impoundment, small areas, especially
VORSHV ZHUH EDUUHQ GXH WR HURVLRQ ,Q 
DQGVQRZPHOWUXQRIIZDVKHGRIWKH
WDLOLQJVGRZQVWUHDP7KHROGFODUL¿FDWLRQSRQG
ZDV ¿OOHG ZLWK VXOSKLGHULFK FRDUVH IUDFWLRQV
3

IRUHVWV 7KH ROG FODUL¿FDWLRQ SRQG QRZ ¿OOHG
with tailings, was water saturated, and hosts a
number of different plants.
,Q  VWXGLHV RI WKH WDLOLQJV PLQHUDORJ\
and geochemistry of the tailings, groundwater
and drainage were carried out (Ljungberg
DQG gKODQGHU   9HUWLFDOO\ WKH WDLOLQJV
have three distinct zones: an oxidised zone
DSSUR[LPDWHO\PDQLQWHUPHGLDWHVHFRQGDU\
FRSSHUHQULFKPHQW]RQH ZLWKYDULHGWKLFNQHVV
over the impoundment from few centimetres
WR  P  DQG D GHHSHU XQR[LGLVHG ]RQH 7KH
JUDLQVL]HRIWKHWDLOLQJVYDULHVEHWZHHQDQG
 P 7KH XSSHU R[LGLVHG SDUW LV GHSOHWHG
of sulphides, in contrast to the underlying
XQR[LGLVHG PDWHULDO 7DEOH   7KH VLOLFDWH
ERXQGHOHPHQWVVKRZQRVLJQL¿FDQWGLIIHUHQFH
in occurrence between the oxidised and the
unoxidised zone. Biotite was the only silicate
mineral that showed weathering at grain edges,
although it was only slight. In the intermediate
zone, there was secondary enrichment of Cu, and
WKHPDLQVHFRQGDU\PLQHUDOKDVEHHQLGHQWL¿HG
DVFRYHOOLWH +ROPVWU|PHWDO 

Table 1. Average chemical composition of oxidised and
non-oxidised tailings at Laver (Ljungberg and Öhlander,
2001).

SiO 2
Al 2O 3
CaO
Fe 2O 3
K 2O
MgO
MnO
Na 2O
P 2O 5
TiO 2
LOI

As
Ba
Be
Cd
Co
Cr
Cu
Hg
La
Li
Mo
Ni
Pb
Rb
S
Sc
Sn
Sr
Th
U
V
W
Y
Yb
Zn
Zr

Methodology
Pore-gas
Pore gas sampling in the tailings was carried
RXWLQWZRSUR¿OHV)URPHDFKYHUWLFDOWDLOLQJV
SUR¿OH JDV VDPSOLQJ WXEHV RI SRO\HWK\OHQH
were inserted into the tailings horizontally at
VHYHUDOGHSWKVGRZQWRP$VWLFNLQWKHVDPH
diameter as the tubes was used to insert the
tubes horizontally. The ends of the tubes in the
soil were covered with geotextile to prevent
clogging by soil particles, and the upper end
KDG D WKUHHZD\ YDOYH )LJ   7KH KROHV
made by the tubes were sealed with bentonite
to prevent atmospheric air following the liner.
The horizontal tubes were collected in a vertical
SODVWLFWXEHZKLFKOHDGVWRWKHVXUIDFH )LJ 
2QH SUR¿OH ZDV VLWXDWHG LQ WKH WDLOLQJV DUHD
FORVHWRWKHVORSHGHYRLGRIYHJHWDWLRQ * GXH
WR HURVLRQ DQG WKH RWKHU SUR¿OH ZDV VLWXDWHG
ZKHUHWKHUHZDVJUDVV *  )LJ 'XHWRWKH
QHLJKERXULQJORFDWLRQRI*DQG*WKHSDUWLFOH
grain size and sulphide mineral content could
EHDVVXPHGWREHVLPLODU$W*WKHWKLFNQHVV
RIWKHR[LGDWLRQ]RQHZDVPZKLOHLQ*
EHORZWKHJUDVVFRYHUWKHWKLFNQHVVZDV!P.

Non-oxidised tailings
(% wt±s)

Oxidised tailings
(% wt±s)

69.9 ± 0.9
12.7 ± 0.3
2.39 ± 0.16
7.08 ± 0.7
1.89 ± 0.16
1.50 ± 0.15
0.25 ± 0.05
2.75 ± 0.22
0.08 ± 0.008
0.19 ± 0.2
1.3 ± 0.2

70.5 ± 0.7
12.7 ± 0.6
2.05 ± 0.19
6.93 ± 0.85
2.20 ± 0.27
1.21 ± 0.14
0.22 ± 0.04
2.57 ± 0.23
0.08 ± 0.012
0.19 ± 0.02
1.9 ± 0.3

ppm±s

ppm±s

70
270 ± 39
1.69 ± 0.08
4.3 ± 1.2
16 ± 5
59 ± 9
1112 ± 372
0.05
57 ± 16
12.8 ± 1.2
29 ± 7
37.3 ± 4.6
32.3 ± 6.8
68.8 ± 5.9
7300 ± 1637
4.9 ± 0.9
16.7 ± 3.4
147 ± 20
6.5 ± 0.4
4.4 ± 0.6
43.2 ± 3.9
23.4 ± 6.3
20.1 ± 1.7
2.8 ± 0.2
1116 ± 233
117.5 ± 8.3

70
337 ± 57
1.52 ± 0.06
0.3 ± 0.1
3.5 ± 1.7
37 ± 10
183 ± 53
0.05
35 ± 19
9.2 ± 1.5
25 ± 8
13.4 ± 6.3
46.7 ± 16.5
80.0 ± 11.3
2142 ± 1033
4.1 ± 0.6
28.9 ± 8.8
133 ± 23
4.5 ± 1.5
1.9 ± 0.1
39.9 ± 3.4
20.1 ± 5.7
11.0 ± 1.8
2.2 ± 0.2
194 ± 70
106.5 ± 8.4

,Q  HURGHG SDUWV RI WKH LPSRXQGPHQW DW
Laver was smoothed, which may have resulted
LQWKLQQHUR[LGDWLRQ]RQHDW*7KHDLPZLWK
R[\JHQVDPSOLQJDW*ZDVWRVWXG\WKHR[\JHQ
consumption below the oxidation zone, while at
*WKHR[\JHQFRQFHQWUDWLRQEHORZJUDVVFRYHU
ZDVRILQWHUHVW*ODVVERWWOHV PO ZHUH¿OOHG
with argon and sealed with a rubber membrane.
6DPSOHV RI SRUH JDV ZHUH WDNHQ IURP NQRZQ
GHSWKVXVLQJDPOV\ULQJH$IWHUZLWKGUDZLQJ
the gas from the soil, transferred the gas through
4

*HRWHFKSRO\FDUERQDWH¿OWHUKROGHUVZDVXVHG
IRU ¿OWUDWLRQV 6WUHDP ZDWHU ZDV VDPSOHG IRU
VXVSHQGHGGLVVROYHG +m) and particulate
!+m) elemental concentrations. The water
ZDV ¿OWUDWHG XQWLO HQRXJK VXVSHQGHG PDWHULDO
RQWKH¿OWHUVZDVFROOHFWHGIRUDQDO\VHVRIPDLQ
and trace element in the suspended phase. The
¿OWHUVZLWKWKHFROOHFWHGSDUWLFXODWHSKDVHZHUH
stored in frozen state until required for analysis.
7KHVDPSOHVIRUFDWLRQDQDO\VHVZHUHDFLGL¿HG
using Suprapure® nitric acid. Water samples
for POC (particulate organic matter) and DOC
(dissolved organic carbon) determinations were
¿OWHUHG WKURXJK PP GLDPHWHU JODVV PLFUR
¿EUH¿OWHUV +m) mounted in stainless steel
¿OWHUKROGHU32&¿OWHUVZHUHVWRUHGLQWLQIRLO
Samples for determination of TOC (total organic
carbon) were collected in tube directly from
WKHEURRNDQGZHUHWKHQDFLGL¿HG$OOVDPSOLQJ
equipment and bottles were acid-washed before
sampling, except the bottles for anion analyses.
A Hydrolab Surveyor II probe, calibrated before
sampling, was used to measure pH, DO, redox
potential (Eh), electrical conductivity (EC)
and temperature. Atmospheric air pressure and
temperature were measured on each sampling
occasion. The stream discharge was estimated
E\PHDVXULQJWKHZDWHUYHORFLW\WKURXJKD¿[HG
cross-section area.

WKH WKUHHZD\ YDOYH WR WKH VHDOHG DUJRQ ¿OOHG
glass bottle without contaminating the samples
ZLWKDWPRVSKHULFJDV )LJ 7KHWXEHDLUZDV
emptied once prior to sampling to ensure that
UHSUHVHQWDWLYH VDPSOHV ZHUH REWDLQHG %ODQN
ERWWOHVZHUHXVHGWRFKHFNIRUFRQWDPLQDWLRQ
7KHJDV¿OOHGERWWOHVDQGEODQNVZHUHDQDO\VHG
for O, N, CO and CH by gas chromatography
in the laboratory. No other gases were presumed
to occur in the tailings. The atmospheric air
pressure and air temperature were measured on
each sampling occasion.

50 ml syringe

Gas sampling set-up

Valve
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Estimation of the oxidation front movement
The amounts of tailings exposed each year to
R[LGDWLRQZHUHFDOFXODWHGLQ /MXQJEHUJ
DQG gKODQGHU   7KH DYHUDJH UDWH RI WKH
R[LGDWLRQIURQWPRYHPHQW FP GHWHUPLQHG
LQ ¿HOG ZDV PXOWLSOLHG ZLWK WKH EXON GHQVLW\
JFP) and with the tailings area above
WKHJURXQGZDWHUWDEOH KD  /MXQJEHUJDQG
gKODQGHU  7KH R[LGDWLRQ UDWH ZDV WKHQ
estimated from the mass of tailings exposed to
oxidation each year multiplied by the differences
in elemental concentrations between oxidised
and unoxidised zones (Ljungberg and Öhlander,
  7KH DQQXDO WUDQVSRUW RI HOHPHQWV LQ
WKH EURRN ZDV HVWLPDWHG E\ PXOWLSO\LQJ WKH
discharge with the elemental concentrations
/MXQJEHUJ DQG gKODQGHU   $ VLPLODU
method was used in this paper for the estimation
of the weathering rate and for the S transport
LQ WKH EURRN 7KH WUDQVSRUW LQ WKH EURRN ZDV

Figure 2. Field installation and gas sampling set-up.

Water sampling
Water samples were collected in the
*UnEHUJVEURRN GRZQVWUHDP RI WKH PLQH
site. Nineteen water samples were collected
SHULRGLFDOO\ IURP ODWH $SULO ZKHQ WKH EURRN
became ice-free after the winter, to mid1RYHPEHU ZKHQ WKH EURRN ZDV IUR]HQ$FLG
washed Millipore®PHPEUDQH¿OWHUVZLWKDSRUH
VL]HRI+m, mounted in parallel acid-washed
5

measurements for each sample, was generally
EHWWHUWKDQ3DUWLFOHRUJDQLFPDWWHU 32& 
and Total organic matter (TOC) were analysed
XVLQJD&DUOR(UEDPRGHOKLJKWHPSHUDWXUH
combusting element analyser. Standard
procedures was used and a temperature of
$&DQG72&XVLQJD6KLPDG]X72&
high-temperature combustion instrument.

estimated by also including the suspended
phase. The oxidation front movement was
KHUHHVWLPDWHGE\XVLQJ(T7KH
The calculation
FDOFXODWLRQ
assumes that the sulphide material is uniformly
distributed in the tailings and that the oxidation
rate is limited by the oxygen transport to the
R[LGDWLRQIURQW 5LWFKLH 
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Results
Geochemistry of the brook water
7KHJHRFKHPLVWU\LQWKHEURRNGXULQJKDV
been described in more detailed in Ljungberg and
gKODQGHU   /RZHU DQQXDO SUHFLSLWDWLRQ
 PP  ZDV IRXQG LQ FRPSDUHG WR
  PP  7KH HVWLPDWHG WRWDO DQQXDO
GLVFKDUJHV LQ WKH *UnEHUJVEURRN GXULQJ 
DQG  ZHUH DSSUR[LPDWHO\  P
DQGPUHVSHFWLYHO\7KHEURRNZDV
oxygenated throughout the sampling period in
ZLWKDQDYHUDJHR[\JHQVDWXUDWLRQRI
Trends in the volume of the water discharge were
VLPLODULQERWK\HDUV )LJ ZLWKKLJKOHYHOV
in early spring when the topsoil are saturated
with water from the snowmelt, although the
VQRZPHOWZDVODWHULQWKDQLQ7KH
UDLQIDOOZDVJUHDWHULQDQGHIIHFWVRIWKLV
ZHUHUHÀHFWHGLQKLJKGLVFKDUJHUHVSRQVHDIWHU
heavy rainfalls. The temperature and electrical
conductivity (EC) variations throughout the
VDPSOLQJSHULRGZHUHTXLWHVLPLODULQDQG
 )LJ 7KHDYHUDJHDQQXDOWHPSHUDWXUH
LQ WKH EURRN ZDV $C both years, and the
EURRN ZDV IUR]HQ IURP ODWH 2FWREHU XQWLO WKH
beginning of March. In general, the EC in the
EURRNZDVORZHUZKHQWKHGLVFKDUJHZDVKLJK
due to dilution, except in the spring when the
¿UVWZDVKRXWIURPWKHGUDLQDJHDUHDRFFXUUHG
Electrical conductivity was, in general, lower
LQ  WKDQ LQ  ZKLFK LQGLFDWHV ORZHU
elemental concentrations. The pH was higher
WKURXJKRXW  DYHUDJH    WKDQ
LQ  DYHUDJH     LQ VSLWH RI WKH
VPDOOHUGLVFKDUJHLQ
The average total organic carbon (TOC) was
PJO and the average particulate organic
FDUERQ 32&  ZDV  PJ O GXULQJ 
which results in a dissolved organic carbon
RIPJO. The origin of the organic carbon
was probably the surrounding woodlands. No

t = time (s)
4 &RQFHQWUDWLRQRIVXOSKLGHLQWKHWDLOLQJV NJP)
Deff (IIHFWLYHGLIIXVLRQFRHI¿FLHQW P s )
x = Oxidation front depth (m)
C= Concentrations of oxygen at the atmosphere-tailings
ERXQGDU\ NJP)
¡ = Mass oxygen consumed per unit mass of sulphide
oxidised

Analytical methods
Pore gas analyses
Gas samples were analysed for O, N, CO,
CH and HXVLQJD9DULDQ0LFUR*&&33
instrument. The detection limit for each gas was
SSP7KHFDUULHUJDVZDVDUJRQ7KHVDPSOHV
were stored in room temperature until analysis.
Water samples
7KH ¿OWHU PHPEUDQHV FRQWDLQLQJ SDUWLFXODWH
matter for the main element determination
were wet-ashed in concentrated nitric acid in
SODWLQXPFUXFLEOHVDW$C and then dry-ashed at
$& gGPDQHWDO 7KHDVKPDWWHUZDV
then fused with lithium metaborate in graphite
FUXFLEOHV DW $C, followed by dissolution
LQGLOXWHGQLWULFDFLG gGPDQHWDO 7KH
¿OWHUV FRQWDLQLQJ VXVSHQGHG SDUWLFXODWHV IRU
trace element determination were dissolved
LQQLWULFDFLGLQ7HÀRQERPEVLQDPLFURZDYH
oven. Dissolved and suspended phases were
analysed using ICP-AES (Inductively Coupled
Plasma-Atomic Emission Spectroscopy) to
determine Ca, Fe, Si, Mn, Sr, Zn, Mg, Na, K and
67KHLQVWUXPHQWDOSUHFLVLRQIRUUHSOLFDWHV
measurements for each sample, was generally
EHWWHUWKDQ,&3606 ,QGXFWLYHO\&RXSOHG
Plasma- Sector Mass Spectrometry) was used
for the determination of Cu, Cd, Co, Ni, Pb and
Zn.7KHLQVWUXPHQWDOSUHFLVLRQIRUUHSOLFDWHV
6
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Figure 3.Time series of conductivity, discharge, pH and temperature in Gråbergsbrook at Laver during 1993 and
2001. The estimated total annual discharges in the Gråbergsbrook during 1993 and 2001 were approximately
1,700,000 m3 and 1,400,000 m3, respectively

GXULQJGHVSLWHWKHORZHUWRWDOGLVFKDUJH
LQ7KHDYHUDJHGLVVROYHG6FRQFHQWUDWLRQ
ZDVPJOGXULQJDQGPJO during

Mass balance
7KHDQQXDOWUDQVSRUWRIHOHPHQWVLQWKHEURRNLQ
DQGDQGWKHHVWLPDWHGR[LGDWLRQUDWH
RIHOHPHQWVLQWKHWDLOLQJVLQDUHVKRZQLQ
7DEOH  ,Q  WKH WUDQVSRUW RI &R &X 1L
=Q DQG 0Q ZDV  ORZHU WKDQ WKH DPRXQWV
WUDQVSRUWHGLQDQGIRU3EDQG$VLWZDV
ORZHU7KHDPRXQWRI6WUDQVSRUWHGLQ
WKHEURRNGHFUHDVHGWRNJD, a decrease
RI  FRPSDUHG WR  7KH WUDQVSRUW RI

strong correlations were observed between any
element and organic carbon.
)LJ  VKRZV YDULDWLRQV RI WRWDO VXVSHQGHG
dissolved and particular concentrations of
VHOHFWHG HOHPHQWV GXULQJ  DQG  )RU
some elements such as S, Mn and Zn, the
concentration trends were similar to those for
the conductivity. High elemental concentrations
RFFXUUHGEHIRUHWKHVSULQJÀRRGZKLFKGLOXWHG
the concentrations, which thereafter increased
during the summer and autumn. Irregular
concentration patterns were found for elements
such as As, Pb and Cu. Cadmium, Al, Zn and
&XVKRZORZHUFRQFHQWUDWLRQVGXULQJWKDQ
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Figure 4.Time series of suspended dissolved and particular elemental concentrations in Gråbergs-brook at Laver
during 1993 and 2001

mean of Fe and Al transport is probably
particles of Fe and Al-hydroxides, which are
stable under the releatively high pH and well
R[\JHQDWHG FRQGLWLRQV LQ WKH EURRN 6RPH RI
these particles are probably smaller than the
¿OWHU VL]H XVHG /D[HQ DQG &KDQGOHU  
and are thus probably accounted by both the
GLVVROYHGDQGVXVSHQGHGSKDVHV7KLVDUWL¿FLDOO\
increased the dissolved values and dismissed
WKHVXVSHQGHGYDOXHV7KHVLJQL¿FDQFHRIWKLV
was not evaluated. For elements such as Cd, Cr,
Cu, Mn, Ni and Zn, the proportion transported
E\ WKH VXVSHQGHG SKDVH LQFUHDVHG LQ 
7KLVZDVSUREDEO\GXHWRWKHVPDOOHU¿OWHUVL]H

silicates-associated elements such as Ca, K,
0J1DDQG6LZDVORZHULQWKDQLQ
 7KH UHOHDVH RI WKHVH HOHPHQWV SUREDEO\
originated from weathering of biotite and
plagioclase, which were common minerals in the
/DYHUWDLOLQJV /MXQJEHUJDQGgKODQGHU 
Dissolved and suspended phases
7KH GLVVROYHG SKDVH  P  GRPLQDWHV WKH
WUDQVSRUWRIPRVWHOHPHQWVLQWKHEURRN 7DEOH 
Lead and Fe also exhibited a considerable
SDUWLFXODWHWUDQVSRUWFRPSULVLQJRIWKH
total mass transported, and with little change in
WKHIUDFWLRQVIURPWR7KHSULQFLSOH
8

Table 2. 7KHWRWDODQQXDOWUDQVSRUWRIHOHPHQWLQ*UnEHUJVElFNHQLQDQGFRPSDUHGZLWKWKHHVWLPDWHG
ZHDWKHULQJUHOHDVHGXULQJ

Element

Estimated weathering
rate in the tailings
(kg/a) (1993)

Al
As
Ba
Ca
Cd
Co
Cr
Cu
Fe
K
Mg
Mn
Na
Ni
Pb
S
Si
Zn

Transport in the
Transport in the
Gråbergs brook 1993
Gråbergs brook 2001
(Kg/a)
(Kg/a)
suspended + dissolved phase suspended + dissolved phase
880
1.7
14.0
14 000
2.20
4.6
0.52
140
2000
2400
2700
500
3000
5.2
0.78
17 800
8 200
380

13
40
72
3000
3 500
600
80
16 900
3000

 P  XVHG LQ  FRPSDUHG ZLWK WKH
RQH XVHG LQ   P  6LOLFD 1D 0J
K, S, Zn and Ca were predominantly in the
dissolved phase, and the phase fraction was
DOPRVW XQFKDQJHG EHWZHHQ  DQG 
Some elements such as S, As and Pb show
a decrease in the proportion transported by
the suspended phase and an increase in the
GLVVROYHG SKDVH LQ  FRPSDUHG WR 
which could be due to desorption at higher
S+ OHYHOV %RUJJDDUG DQG (OEHULQJ  
since both S and As occur as oxyanions.

Table 3. The suspended particular concentration of each element (in 1993 and 2001)
shown as a precentage of the total suspended
concentration of that element

ELEMENT

1993 %

2001%

Ca
Fe
K
Mg
Na
S
Si
Al
As
Ba
Cd
Co
Cr
Cu
Mn
Ni
Pb
Zn

0.7
41.6
1.7
0.9
0.1
1.2
2.0
15.0
26.9
3.0
1.8
1.4
55.2
3.4
0.5
2.2
49.5
0.3

0.7
47.6
1.0
1.4
0.5
0.4
2.1
15.6
10.4
3.5
3.0
1.6
80.4
12.1
1.1
11.8
38.5
1.0

460
1.05
10
9 900
0.6
2.3
1.1
70
1 050
1 600
1 000
240
2 100
2.6
0.52
10 400
6000
200

Gas concentrations
7ZR YHUWLFDO SUR¿OHV RI R[\JHQ DQG FDUERQ
dioxide concentrations in the Laver tailings in
DQGDUHVKRZQLQ)LJ2QHRIWKH
R[\JHQSUR¿OHVZDVORFDWHGLQDIRUPHUO\JUDVV
covered area but where the tailings were barren
*  GXH WR HURVLRQ ZKLOH WKH RWKHU SUR¿OH
ZDV ORFDWHG EHQHDWK JUDVV YHJHWDWLRQ * 
%HQHDWKWKHEDUUHQSDUWRIWKHWDLOLQJV * D
FHPHQWHGOD\HUZDVREVHUYHGZLWKDWKLFNQHVV
RI F  FP DQG DW D GHSWK RI F  FP DV D
visible boundary between the oxidised and
9

the unoxidised tailings. Cemented aggregates
of different sizes were also widespread in the
oxidised zone and the surface was cemented.
The oxygen concentration decreased (Fig. 5)
with depth as a result of sulphide oxidation,
since the lower limit for the oxidised zone at
this location was interpreted to be at a depth
RI  FP 7KH FRQFHQWUDWLRQ GHFUHDVH ZDV
particularly strong LQ 0D\  DQG 2FWREHU
 ZKHQ WKH R[\JHQ FRQFHQWUDWLRQ DW D
GHSWKRIPZDVDQGUHVSHFWLYHO\,Q
November and June, there was no similar large
GHFUHDVH LQ R[\JHQ FRQFHQWUDWLRQ EHQHDWK 
PDQGWKHFRQFHQWUDWLRQZDVDWDGHSWK
RIP

0

$W * WKH OHYHO MXVW EHORZ WKH FP WKLFN
humus layer beneath the grass vegetation was
denoted to zero m. The oxidation zone where
WKLFNHUEHORZWKHJUDVVFRYHUPPH[SODLQLQJ
the near-atmospheric concentrations of oxygen
DQGQLWURJHQIRXQGWKURXJKRXWWKHSUR¿OHRQDOO
sampling occasions. No evidence of decreased
oxygen concentration in the deeper material
that might have been the result of the presence
of vegetation and humus layer was observed.
7KH SUR¿OH EHQHDWK WKH JUDVV *  KDG QR
YLVLEOH FHPHQWHG OD\HU DV LQ * GRZQ WR D
GHSWKRIP7KHFDUERQGLR[LGHFRQFHQWUDWLRQV
were relatively constant with depth in both
SUR¿OHVDQGDERXWWHQWLPHVKLJKHUWKDQLQWKH
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Figure 5.Gas-phase proﬁles of O2 and CO2 concentration in the tailings at Laver, northern Sweden. G1 and G2 are
located in the grass covered tailings, but G1 has eroded surface.
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atmosphere. The carbon dioxide concentrations
were lower in the barren part of the tailings
* WKDQXQGHUWKHJUDVVFRYHUSUREDEO\GXH
to a higher decay of organic matter beneath the
vegetation. The occurrence of carbon dioxide
below the barren parts suggests that organic
matter also decayed here or that carbonate
minerals were dissolving. No evidence of
PHWKDQHLQHLWKHUSUR¿OHFRXOGEHREVHUYHGRQ
any sampling occasion.
Discussion
7KHORZHOHPHQWDOFRQFHQWUDWLRQVLQWKHEURRN
indicate that the sulphide oxidation rate may
KDYHGHFUHDVHGLQFRPSDUHGWR7KLV
hypothesis was supported by the pH conditions,
ZKLFKZHUHKLJKHUE\WRS+XQLWWKURXJKRXW
7KHORZHUDQQXDOGLVFKDUJHLQWKHEURRN
GXULQJ  FRPSDUHG WR  ZRXOG KDYH
resulted in higher elemental concentration and
decreased pH rather than the opposite. The
WKLFNQHVVRIWKHR[LGDWLRQ]RQHLQ/DYHUWDLOLQJV
ZDVDSSUR[LPDWHO\PZKLFKFRUUHVSRQGV
to an annual average oxidation front movement
RI  FP /MXQJEHUJ DQG gKODQGHU  
Low sulphide content and the high reactivity
of pyrrhotite have been shown to increase the
oxidation front movement (Nicholson et al.,
 7KHPRYHPHQWRIWKHR[LGDWLRQIURQWLV
however, not assumed to be uniform with time,
due to the increased travel path for oxygen
to reach an unoxidised sulphide grain as the
oxidation front moves downwards (Ritchie,
 . Oxygen diffusion may therefore be a
limiting factor for the sulphide oxidation rate
in old tailings such as at Laver.
,QXQVDWXUDWHGDQG¿QHJUDLQHGVRLOVDVLQWKH
Laver tailings, diffusion is the dominating
transport mechanism for oxygen (Davis and
5LWFKLH . Diffusion is a result of oxygen
concentration gradient caused e.g. by oxygen
consumption by sulphide oxidation. The
GLIIXVLRQ FRHI¿FLHQW '  LV D PHDVXUH RI KRZ
penetrable a soil is for a gas. The effective
GLIIXVLRQ FRHI¿FLHQW Deff ) for oxygen has a
YDOXH EHWZHHQ WKH GLIIXVLRQ LQ DLU (
m s  DQG GLIIXVLRQ LQ ZDWHU ( P
s  &XVVOHU  , depending on the degree
of saturation and physical structure of the soil
0LOOLQJWRQ DQG 6KHDUHU  5HDUGRQ DQG
11

0RGGOH  &ROOLQ DQG 5DVPXVRQ 
(OEHUOLQJ6FKDHIHUHWDO . Because
the saturation in a soil varies due to wet and
dry periods, Deff is not expected to be constant
during a year. Old tailings may be cemented due
to formation of secondary minerals (Boorman
DQG:DWVRQ%ORZHVHWDO%ORZHV
HW DO  $KPHG  6\HG  /LQ
 0F*UHJRU DQG %ORZHV   RIWHQ DV
a result of drying. This may lead to decrease
of the Deff one to two orders of magnitude as
WKH FHPHQWDWLRQ LQFUHDVHV (OEHUOLQJ  
However, an average Deff can be estimated for
R[LGLVHGWDLOLQJVE\XVLQJ(TLIWKHR[LGDWLRQ
depth in the tailings and sulphide content is
NQRZQ,Q/DYHUWKHS\UUKRWLWHFRQWHQWZDVLQ
DYHUDJHZWDQGWKHEXONGHQVLW\JFP
. The time used in the calculation was from
WKH FORVXUH RI RSHUDWLRQV LQ  XQWLO 
DQG WKH R[LGDWLRQ GHSWK  P 7KH R[\JHQ
diffusivity was assumed to be constant with
GHSWKDQGR[\JHQWKHRQO\VLJQL¿FDQWR[LGDQW
Solving Deff LQ (T  UHVXOWHG LQ DQ DYHUDJH
R[\JHQ GLIIXVLRQ FRHI¿FLHQW RI ( P s
RYHU DSSUR[LPDWHO\  \HDUV LQ WKH /DYHU
tailings. This is a relatively low Deff, which is
FORVHUWRWKHGLIIXVLRQFRHI¿FLHQWLQZDWHUWKDQ
LQDLU6XFKDORZGLIIXVLRQFRHI¿FLHQWKDVEHHQ
observed in sandy material with a saturation of
 5HDUGRQDQG0RGGOH DQGLQ
sand with a high degree of cementation between
WKHJUDLQV (OEHUOLQJ 
The possibility that a decrease in the sulphide
oxidation rate might have been caused by
a natural decrease in oxygen supply can be
WHVWHG XVLQJ (T  E\ YDU\LQJ WKH GHSWKV
The calculations show fast movement of the
oxidation front in the tailings at Laver the
¿UVW \HDUV DIWHU GHSRVLWLQJ )LJ   ZKHQ WKH
sulphides are fresh and the reactive sulphide
grains are shallower located, and declining rate
of movement over time (note the log scale on the
time axis). The major reason for this decrease
is the distance oxygen had to travel to reach
deeper parts of the tailings, and the increased
distance to the unoxidised core of the coarse
VXOSKLGHJUDLQV 5LWFKLH 7KHODWWHUPD\
have been caused by development of a rim of
oxidation products on the grain surfaces. This
results in that less oxygen reaches the unoxidised

sulphides over a particular amount of time.
$FFRUGLQJWR(TLWZRXOGWDNHDSSUR[LPDWHO\
 \HDUV EHIRUH WKH R[LGDWLRQ IURQW UHDFKHV
WKH GHHSHVW SDUW RI WKH /DYHU WDLOLQJV  P 
if there is no groundwater present. When the
oxidation front reaches the groundwater table
the oxidation rate of sulphides will decrease
VLJQL¿FDQWO\GXHWRWKHORZUDWHRIGLIIXVLRQRI
R[\JHQLQZDWHU &XVVOHU . Because the
depth of the water table was generally between
 DQG  P LQ /DYHU WKH SHULRG RI VWURQJ
R[LGDWLRQZLOOFHDVHDIWHUWR\HDUV
The lateral groundwater transport rate in the
WDLOLQJVZDVHVWLPDWHGDWPD by (Ljungberg
DQGgKODQGHU 7KLVLPSOLHVWKDWLWWDNHV
DWOHDVW\HDUVIRUWKHJURXQGZDWHUIURPWKH
north-western part of the tailings impoundment
to reach the water outlet in the south-western
part. The slow movement of the dissolved
elements from the tailings groundwater results
LQWKDWWKHEURRNUHÀHFWVSURFHVVHVWKDWRFFXUUHG
in the tailings several years or decades ago.
$Q DQQXDO R[LGDWLRQ IURQW PRYHPHQW LQ 
ZDV HVWLPDWHG WR  FP D in the Laver
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Figure 6.The oxidation front movement downwards
in the Laver tailings by time. Note the log-scale on the
time axis

WDLOLQJV (T 7KHHVWLPDWHGZHDWKHULQJUDWH
of S in the tailings and the annual transport of
6LQWKHEURRNGXULQJDQGDUHVKRZQ
LQ 7DEOH  7KH UHOHDVHG VXOSKLGH R[LGDWLRQ
SURGXFWVLQFDQEHHVWLPDWHGLQWKHVDPH
ZD\ DV IRU  /MXQJEHUJ DQG gKODQGHU
 EXWXVLQJFPDVWKHWKLFNQHVVRIWKH
R[LGLVLQJ]RQHZHDWKHUHGGXULQJLQVWHDG
RIWKHDYHUDJHYDOXHRIFP7KHHVWLPDWHG
UHOHDVH UDWH RI 6 LQ WKH WDLOLQJV LQ  ZDV
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WKHQNJD, which was rather similar to
WKH DPRXQW RI 6 FDUULHG LQ WKH EURRN LQ 
 NJ D 7DEOH   7KH UHVXOWV LQGLFDWH
that decrease of sulphide oxidation occurs as
tailings get old. Further decrease of the metal
FRQFHQWUDWLRQVDQGLQFUHDVHRIS+LQWKHEURRN
DW /DYHU ZDV FRQ¿UPHG E\ VDPSOLQJ LQ WKH
EURRN LQ  )RUVEHUJ  . Some errors
can arise when comparing the amount of S
FDUULHGLQWKHEURRNZLWKWKHUHOHDVHUDWHLQWKH
tailings, because secondary S-bearing minerals
such as gypsum and covellite can precipitate
LQ WKH WDLOLQJV %RRUPDQ DQG :DWVRQ 
$OSHUV-DPERU+ROPVWU|PHWDO
'ROGDQG)RQWERWH-DPERU .
Gypsum was, however, only observed in trace
amounts in the Laver tailings and the Ca and S
concentrations were relatively low.
The rate of suphate released as mole per m of
the impoundment during a year can be calculated
from the amount of S released in the tailings
and from the annually amount of S transported
LQWKHEURRN 7DEOH 7KHVXOSKLGHR[LGDWLRQ
rate at Laver was rather low, which may be
a result of increased distance to the reactive
sulphide grains due to the low sulphide content
in the Laver tailings. High water saturation
and the development of cemented layers in
tailings may decrease the oxygen consumption.
Unfortunately the moisture in the tailings was
not determined and cemented layers were found
in the tailings but only partially spread over the
impoundment.
The low oxygen concentration at some
RFFDVLRQVLQ*DWDSSUR[LPDWHO\PGHSWK
indicate that sulphide oxidation occurred. The
low oxygen concentration in October and May
indicate that the sulphide oxidation rate was
high or that the moisture in the tailings was
high, which both could have decreased the
R[\JHQ GLIIXVLRQ ,W LV PRUH OLNHO\ WKDW KLJK
saturation decreased the oxygen diffusion
rather than increased oxidation, since the
sulphide oxidation rate is expected to be low
ZKHQWKHWHPSHUDWXUHLVORZ/DFNRIPRLVWXUH
PHDVXUHPHQWV LQ WKH WDLOLQJV SUR¿OHV PDNHV
WKLV VXJJHVWLRQ GLI¿FXOW WR FRQ¿UP 2[\JHQ
concentrations near atmospheric values were
found below the grass covered sampling
SRLQW * WKURXJKRXW WKH VDPSOLQJ SHULRG

Table 4. Estimated amount of sulphur release, sulphide oxidation and oxygen ﬂux in the tailings
based on weathering release, transport in the brook and oxygen measurements. The oxygen consumption rate is based on the sulphide oxidation rate.
The oxygen ﬂux into the tailings is based on oxygen measurements.
Mass sulphur
(kg year-1)

Sulphate release rate
(mole year-1 m-2)

Based on the amount of sulphur released
in the tailings 1993

17,000

6.6

Based on the amount of sulphur released
in the tailings 2001
Based on the transport of sulphur
in the brook 1993
Based on the transport of sulphur
in the brook 2001

11,300

4.4

17,800

6.9

10,400

4.0

Based on the oxygen concentration measurement
in the tailings

This indicates that the grass had no function
as a barrier against oxygen, which has been
REVHUYHG SUHYLRXV 9HOGKXL]HQ HW DO  
7KHQHDUDWPRVSKHULFFRQFHQWUDWLRQLQWKH*
SUR¿OHDOVRLQGLFDWHVWKDWWKHR[\JHQWUDQVSRUW
was not limited by presence of water in the pore
space. This shows that low degree of saturation
RFFXUUHGLQWKLVSUR¿OH * ,IWKHWDLOLQJDW*
ZDVGU\HUWKDQDW*LWVXJJHVWVWKDWWKHJUDVV
PD\ KDYH GHFUHDVHG WKH ZDWHU LQ¿OWUDWLRQ EXW
not the oxygen diffusion.
7KHR[\JHQÀX[LQWRWKH/DYHUWDLOLQJVFRXOGEH
HVWLPDWHGE\XVLQJ)LFNCV¿UVWODZ (T DQG
using the oxygen concentration measurements
LQ * ZHUH R[LGDWLRQ RFFXUUHG DQG WKH Deff
was estimated. Presence of other gases such as
carbon dioxide was ignored.
F  < D eff £² 6c ¥´
¤ 6z ¦





) 2[\JHQÀX[ PROHP s)
Deff (IIHFWLYHYDOXHRIWKHGLIIXVLRQFRHI¿FLHQWLQWKH
soil (m s )
¨F  2[\JHQ FRQFHQWUDWLRQ GLIIHUHQFHV DERYH DQG
beneath a layer (mole m)
¨] 7KLFNQHVVRIWKHVRLOOD\HU P

Using the previously estimated average
GLIIXVLRQ FRHI¿FLHQW ( P s) and the
GLIIHUHQFHV LQ R[\JHQ FRQFHQWUDWLRQ DW *
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4.4

EHWZHHQ WKH DWPRVSKHUH DQG DW  P GHSWK
DQ DYHUDJH YDOXH RI WKH R[\JHQ ÀX[ LQWR
the tailings was estimated to approximately
 PROH P year GXULQJ  $VVXPLQJ
that pyrrhotite (FeS) oxidation was the only
mechanism for oxygen consumption and
oxygen was the only oxidant, then for each
PROHRIVXOSKDWHSURGXFHGPROHVRIR[\JHQ
were consumed. The resulting sulphate release
ZDV WKHQ DSSUR[LPDWHO\  PROH P year,
based on the oxygen measurements, which was
VLPLODUWRWKHVXOSKDWHUHOHDVHUDWH DQG
mole m year) calculated from the release of
S in the tailings and from the transport of S in
WKHEURRNGXULQJ 7DEOH 7KHVHYDOXHV
FRUUHVSRQGVWRÀX[HVREVHUYHGLQVDWXUDWHG¿QH
WDLOLQJVRULQFRYHUHGWDLOLQJV $ODNDQJDVHWDO
+|JOXQGHWDO<DQIXO 7KLV
result suggests that the status of the sulphide
oxidation can be roughly estimated by using
S carried in drainage water and weathering
release estimated from the oxidation front
movement each year as well as from oxygen
measurements.

Conclusions
The annual transport of sulphide-associated
HOHPHQWVLQWKHEURRNIURPWKH/DYHUWDLOLQJV
GHFUHDVHGE\PRUHWKDQEHWZHHQDQG
DQGWKHS+LQFUHDVHGE\XSWRS+XQLW
This suggests decreased sulphide oxidation rate
EHWZHHQDQG&DOFXODWLRQVRIWKHUDWH
of the oxidation front movement support the
hypothesis that the decreased rate of sulphide
oxidation was probably a consequence of the
increased distance that oxygen had to travel to
reach unoxidised sulphides as sulphides were
consumed. The amounts of S carried annually
LQWKHGUDLQDJHLQDQGFRUUHVSRQGWR
the changes in the oxidative release of S in the
tailings. Because the results agreed well with
each other, the status of the sulphide oxidation
occurring in tailings could be estimated by either
S transported in drainage water, S released by
oxidation in the tailings, or by determination of
WKHR[\JHQÀX[
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ORIGINAL ARTICLE

Formation and composition of cemented
layers in low-sulphide mine tailings,
Laver, northern Sweden

Abstract Cemented layers (hardpans) are common in carbonate or
sulphide-rich mine tailings and
where pyrrhotite is the predominating Fe-sulphide. Laver, northern
Sweden, is an abandoned Cu-mine
where the tailings have low pyrrhotite content, almost no pyrite and no
carbonates. Two cemented layers at
diﬀerent locations in the Laver tailings impoundment were investigated, with the aim to determine
their eﬀects on metal mobility. The
cementing agents were mainly jarosite and Fe-oxyhydroxides in the
layer formed where the tailings have
a barren surface, whereas only Feoxyhydroxides were identiﬁed below

Introduction
The oxidation of sulphides, such as pyrrhotite and pyrite, is an acid producing reaction, which will further
increase the weathering of other minerals, leading to the
formation of acid mine drainage (AMD), often with
high concentrations of metals. The Fe (II) released by
the pyrite and pyrrhotite oxidation may precipitate as
Fe(II)-sulphates, Fe-oxyhydroxide or Fe-hydroxysulphates. The ﬁrst phases of Fe that precipitate from mine
drainage are less stable Fe-precipitates, such as amorphous Fe-oxides or Fe-sulphates. The precipitates
transform over time into thermodynamically more stable crystalline phases such as goethite (Bigham and
Nordstrom 2000). One of the many ways of preventing
AMD from sulphide-bearing mine tailings is to cover the
tailings with material with low permeability or submerge
the tailings, thereby decreasing oxygen diﬀusion into the

grass-covered tailings surface. Arsenic was enriched in both layers
which also exhibit high concentrations of Mo, V, Hg and Pb compared to unoxidised tailings.
Sequential extraction indicates that
these metals and As were mainly
retained with crystalline Fe-oxides,
and therefore potentially will be remobilised if the oxic conditions become more reducing, for instance as
a result of remediation of the tailings
impoundment.
Keywords Hardpan Æ Cementing
layer Æ Metal mobility Æ Northern
Sweden Æ Norrbotten Æ Laver

tailings. Cemented layers, or hardpans, are common in
inactive tailings impoundments, and how hardpans may
inﬂuence properties such as water inﬁltration, oxygen
diﬀusion rate and accumulation of metals have been
studied previously by Ahmed (1995), Courtin-Nomade
et al. (2003), Lin (1997), Mc Gregor et al. (1998),
McGregor and Blowes (2002) and McSweeney and
Madison (1988). Secondary mineral precipitates are
commonly observed at the tailings surface or in the
interface between the oxidised and unoxidised tailings as
an accumulation zone, which may form hardpan if the
zone dries out. Sulphide-rich tailings form cementing
layers more readily than if the sulphide content is low or
lacking (Agnew and Taylor 2000; Dold and Fontbote
2001). Pyrrhotite-rich tailings form cemented layers
more easily than pyrite-rich tailings due to the more
reactive structure of pyrrhotite (Agnew and Taylor 2000;
Ahmed 1995). An overview of diﬀerent cemented layers

(hardpans) and their cementing agents, studied in Australia, was presented by Agnew and Taylor (2000).
Diﬀerent cementing agents observed earlier are jarosite
and gypsum (McGregor and Blowes 2002), jarosite and
goethite (Agnew and Taylor 2000; McGregor and
Blowes 2002; Ribet et al. 1995) and melanterite and
copiapate (Jambor 2003). The type of cemented layer
depends on the Eh–pH conditions, element concentrations and availability and on the water saturation
occurring at the time of formation.
Laver, northern Sweden, is an abandoned Cu-mine
that leaches heavy metals to the recipient. The low
content of sulphides and carbonates in the Laver tailings
(Ljungberg and Öhlander 2001) suggests a limited formation of cemented layers. However, cemented layers
and aggregates have been observed at diﬀerent locations
in the tailings, indicating that the low sulphur and carbonate contents do not completely prevent the formation of cemented layers. The aim of this study was to
investigate the character of these cemented layers
formed in tailings with relatively low sulphide content,
and to investigate eﬀects of these cemented layers on
metal mobility. The chemical composition of the cemented layers is compared with other zones present in
the tailings, and solid speciation of the heavy metal
distribution was studied by using sequential extraction.

Site description
The abandoned Laver copper mine is situated in
northern Sweden, 120 km from Luleå (Fig. 1). The
bedrock in the area consists mostly of 1.89–1.86 Ga old
rocks, dominated by granites. Diorite and meta-volcanic
rock also occur, and the Laver mine is situated in the
latter (Ödman 1943). The original copper ore deposit
contained 1.537 million tonnes with an average content
of 1.51% Cu. The dominating sulphide minerals in the
ore were pyrrhotite and chalcopyrite with minor
amounts of sphalerite, pyrite and arsenopyrite. Gangue
minerals were quartz, plagioclase, biotite and muscovite.
The mine, managed by Boliden Mineral AB, was closed
in 1946 after 10 years of operation, with a resulting
production of 1.2 million tonnes of tailings and a small
amount of waste rock (Ljungberg and Öhlander 2001).
The annual mean temperature in the area is 0.5C. The
Gråbergs brook runs near the open pit, through the
tailings area and to the recipient downstream (Fig. 1).
The drainage area is 5.44 km2.
The tailings
The tailings impoundment (12.2 ha) is situated south
of the open pit. In about 4.1 ha of the impoundment,
the groundwater table almost reaches the surface. The

tailings have both grass covered and barren areas. In the
southeastern part (Fig. 1) of the tailings, small areas,
especially slopes, are barren due to erosion. In 1951 and
1952, a snowmelt runoﬀ washed away 25% of the tailings downstream. As a result, the old clariﬁcation pond
was ﬁlled with sulphide-rich coarse fractions, and the
ﬁner fractions were washed away by the river system. A
new clariﬁcation pond was constructed 3 km downstream. The remaining tailings were levelled out in 1974
and limed, fertilised and seeded with grass (Ljungberg
and Öhlander 2001), and are today to a large extent
covered by lush grass. Some trees have migrated to the
tailings, mainly from the Pinus, Picea and Salix families.
The old ﬁlled-in clariﬁcation pond, which was water
saturated, is now a habitat for a number of diﬀerent
plants. In 1993, studies of the tailings mineralogy, pore
water concentrations, groundwater composition and the
drainage geochemistry were carried out (Ljungberg and
Öhlander 2001).

Methodology
Cemented layers were sampled at two diﬀerent locations, at point C1 and point C2 (Fig. 1). At C1 cemented
layers occur as a layer on the surface, and as widespread
aggregates in the oxidised zone, and as a continuous
layer at a depth of approximately 0.3 m. This location
has a barren surface. The cemented layer at a depth of
0.3 m is about 0.2 m thick, and is situated between the
oxidised zone and the underlying grey unoxidised zone.
The second cemented layer (C2) (Fig. 1) was observed at
a depth of 0.4 m, and here there is grass on the surface.
The samples were collected at a depth of 0.3 m at C1 and
at a depth of 0.4 m at C2. Both layers were hard to
penetrate with a spade in the ﬁeld. After collection the
samples were dried in room temperature. No oxygenfree atmosphere was required because of the oxidised
conditions occurring in the tailings where they were
collected.

Analytical method
The samples were analysed to determine their chemical
compositions. Samples for analysis of As, Cd, Co, Cu
Hg, Ni, Pb, B, Sb, Sn, Se and S were dried at 50̊C and
dissolved in supra pure nitric acid in Teﬂon bombs in a
microwave oven. Samples for analysis of Ba, Be, Cr, La,
Mo, Nb, Sc, V, W, Y, Zn, Zr, Si, Al, Ca, Fe, K, Mg, Mn,
Na, P and Ti were dried and melted with lithium metaborate and dissolved in HNO3. Silica, Ca, Al, Fe, K,
Mg, Mn Na, P, Ti, As, Ba, Be, Cr, Cu, La, Mo, Nb, S,
Sc, Sn, Sr, V, W, Y, Zn and Zr were analysed by
inductive coupled plasma-atomic emission spectrometry
(ICP-AES) and Cd, Co, Hg, Ni and Pb using inductive

Fig. 1 Description of the sampling area at Laver, northern
Sweden, where C1 and C2 are
the stations for the cemented
layers sampling
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coupled plasma-quadrupole mass spectrometry (ICPQMS). The speciﬁc surface area was determined by
using nitrogen adsorption measurements performed
with a Micromeritic ASAP 2010 instrument. Samples
were degassed overnight prior to analysis. The speciﬁc
surface area was calculated using the BET equation.
Mineralogical analyses were performed using a Phillips
XL 30 scanning electron microscope (SEM), with a
LaB6 emission source, and an Oxford Instrument ISIS
Ge energy dispersive X-ray (EDX) detector attached to
the SEM. The samples were covered with a thin ﬁlm of
gold using a BAL-TEC MED 020 instrument. The

20˚E

28˚E

36˚E

mineralogy was characterised by powder X-ray diﬀraction (XRD) with copper radiation. The diﬀractometer
used was a Siemens D5000, and the ﬁlament installation
was rated at 40 kV and 40 mA.
Sequential extraction
The sequential extraction chosen here was performed
with the aim of understanding under which conditions
heavy metals, bound in the cemented layers, can be
mobilised. The cemented layers are all collected from

oxidised conditions in the tailings. No special steps have
therefore been taken to avoid air contact with the samples.
One gram of a homogenised sample was leached in
polypropylene centrifuge tubes. Milli-Q water was used
throughout the extraction process. The decanted supernatants and blank samples after each step were analysed
for Ca, Fe, K, Mg, Na, S, Mn by ICP-AES, and for Al,
Cu, As, Ba, Cd, Co, Cr, Zn, Ni and Pb using inductive
coupled plasma-sector mass spectrometry (ICP-SMS).
Mercury was determined by atomic ﬂuorescence spectrometry (AFS). The sequential extraction procedure
applied in this study was a slightly modiﬁed version of
that used by Hall et al. (1996). The ﬁve following steps
were carried out:
Step 1. Adsorbed/exchangeable/carbonates About
10 ml 1.0 M Na-acetate (pH 5) was added to the samples and shaked for 6 h at room temperature. This was
done twice. The sample was then washed twice with 5 ml
of Milli-Q water and centrifuged for 15 min at
3,000 rpm after the last treatment. The supernatants
were decanted into test bottles after each treatment.
Step 2. Labile organics About 50 ml 0.1 M Na4P2O7
was added to the residues and shaked for 2 h. This was
done twice. The sample was then washed twice with 5 ml
of Milli-Q water and centrifuged for 15 min at
3,000 rpm after the last treatment. The supernatants
were decanted into test bottles after each treatment.
Step 3. Amorphous Fe oxy-hydroxides/Mn oxides
About 10 ml 0.25 M NH2OHÆHCl in 0.1 M HCl were
added to the residues and placed in a 60C water bath
for 2 h and shaken continually. This was done twice.
The sample was then washed twice with 5 ml of Milli-Q
water and centrifuged for 15 min at 3,000 rpm after the
last treatment. The supernatants were decanted into test
bottles after each treatment.
Step 4. Crystalline iron oxides About 15 ml 1.0 M
NH2OHÆHCl in 25% CH3COOH were added to the
residues and placed in a 90C water bath for 3 h and the
samples were shaken continually. This was done twice,
but the second time they were only placed in the bath for
1.5 h. The sample was washed twice with 5 ml 25%
CH3COOH and centrifuged for 15 min at 3,000 rpm
after the last treatment. The supernatants were decanted
into test bottles after each treatment.
Step 5. Sulphides and organics About 750 mg KClO3
and 5 ml 12 M HCl was added to the residues and after
the reaction had started 10 ml of 12 M HCl was added.
After 30 min, 15 ml of Milli-Q water were added, and
the samples was shaked continuously. The samples was
centrifuged for 15 min at 3,000 rpm and decanted, and
then 10 ml 4 M HNO3 was added to the residuals and
placed in a 90C water bath for 20 min and continually
shaken. Finally, the sample was washed twice with MilliQ water and centrifuged, decanted and added to a test
bottles.

Results
The two cemented layers diﬀered in colour. The one from
location C1 had a red–brown colour, while C2 had a
green–brown colour. In the ﬁeld, both layers were diﬃcult to penetrate with a spade, though they were easy to
crack at room temperature when they were dry. The
grain size was coarser at C2, having a surface area of
10 m2 g)1, whereas at C1 the surface area was 16 m2 g)1.
Comparison between the two diﬀerent cemented layers
and the unoxidised and oxidised tailings
The average compositions of the oxidised, unoxidised
tailings and the cemented layers are shown in Table 1.
The cemented layers had a higher content of Fe, reported as Fe2O3, 21.4 and 9.42% at C1 and C2 respectively, than in the unoxidised and oxidised tailings, 7.08
and 6.93% respectively (Table 1). Manganese was also
higher in the cemented layers compared to the other
zones (Table 1). Sulphur was present in high concentrations only at C1 (19,800 ppm), but C2 had higher
concentrations (3,575 ppm) than the oxidised tailings.
Sulphide-associated elements such as Cd, Co, Ni and Zn
were depleted in the oxidised zone, and were also low in
Table 1 Comparison of the chemical composition of two diﬀerent
cemented layers, unoxidised zone and oxidised zone in the Laver
tailings, northern Sweden
Element

Unoxidised
tailings

Percentage
70
SiO2
0.19
TiO2
P2O5
0.08
2.8
Na2O
MnO2
0.3
MgO
1.5
K2O
1.9
Fe2O3
7.0
Al2O3
13
CaO
2.4
mg/kg
As
70
Ba
270
Cd
4.3
Co
16
Cr
59
Cu
1,100
Hg
0.05
Ni
37
Pb
32
S
7,300
Zn
1,100
Mo
29
V
37

Oxidised
tailings

Cemented
layer 1

Cemented
layer 2

70.5
0.19
0.08
2.6
0.22
1.2
2.2
6.9
13
2.05

55
0.19
0.07
1.6
0.55
1.7
1.9
21
10
1.8

68
0.14
0.06
2.2
0.41
1.5
2
9.4
12
2

70
340
0.3
3.5
37
180
0.05
13
47
2,100
190
25
13

1800
370
0.14
3.2
47
830
0.85
5.6
70
20,000
204
45
69

120
280
0.25
3
47
280
0.42
9.2
50
3,600
110
41
42

The average chemical composition of the oxidised and unoxidised
is from Ljungberg (2001)

Fig. 2 SEM images and EDS
analyses of cemented layer 1

Fig. 3 SEM images and EDS
analyses of cemented layer 2

the cemented layers. However, the Cu concentration was
higher in the cemented layers than in the oxidised tailings.
Arsenic was enriched in the cemented layers, and the
concentrations of Pb, Hg, Mo and V (C1) were higher
than in the tailings. Arsenic appears in concentrations of
1,755 ppm at C1 and 115 ppm at C2, which makes the
enrichment about 17 times greater at C1 and twice as
great at C2 as in both the oxidised and unoxidised tailings. Zinc and Ni were almost as depleted in the cemented layers as in the oxidised tailings. In the cemented
layer C1, As, S, Fe and Pb were higher than in C2.
Silicate-associated elements such as Al2O3, SiO2, CaO,
MgO, K2O and Na2O showed lower concentrations in
the cemented layers due to dilution by the higher Fe2O3
content.
The XRD analysis indicated the presence of iron
sulphate, goethite and jarosite in the C1. Analyses by
EDS of C1 samples showed that K, S and Fe were enriched in certain areas (Fig. 2), which suggests that Kjarosite occurs. Areas with Fe-enrichment (Fig. 2) indicated Fe-oxyhydroxide coatings on a silicate mineral,
probably plagioclase. In Fig. 2, SEM images of the

suggested jarosite and Fe-oxyhydroxide are shown.
SEM–EDS (Fig. 3) from C2 showed no enrichment of
Fe-oxyhydroxide coatings surrounding silicates, only
scattered grains, probably due to the low iron content in
this layer.

Sequential extraction
Adsorbed/exchangeable/carbonates
The total amounts of sorbed elements to mineral surfaces were low, approximately 2–5 mg element sorbed
per g of sample (if the entire extracted amount of elements in the ﬁrst step is assumed to have been sorbed)
(Fig. 4). The elements extracted were mainly K, S, Mn
and Zn. Cadmium, Co, Cr and Ni were, in proportion to
the other elements, low in this step.
Labile organics
The extracted amounts of elements were lowest in this
step, 1.5–1.8 mg of the total amounts in C1 and C2,
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Fig. 4 Extracted element concentrations in the diﬀerent
extraction steps in the cemented
layers (C1 and C2), where S1
adsorbed/exchangeable/carbonates; S2 Labile organics; S3
amorphous Mn/Fe oxides; S4
crystalline iron oxides; S5 stable
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respectively (Fig. 4). The elements extracted were mainly
Fe, K, Al, S and As, and in minor amounts Cu and Zn.
Cadmium, Co, Cr and Ni were almost absent in this step.
Amorphous Fe oxy-hydroxides/Mn oxides
Iron was the main element extracted in this step, with a
Fe content of 12 and 18 mg/g in C1 and C2, respectively
(Fig. 4). Potassium, Na, Mg and Al were also released
but in low amounts compared to Fe, though higher than
in the ﬁrst and second steps. Extracted trace elements
were dominated by Cu, Mn, Zn, Pb and As, and in
higher contents than in the ﬁrst and second steps. The Fe
and Cu concentrations were higher in C1 than in C2,
while Mn and Zn are higher in C2. Relatively low
amounts of elements such as Cd, Co, Cr and Ni were
extracted.
Crystalline iron oxides
The amounts of extracted Fe were 60 and 45% in C1 and
C2, respectively, of the total amount extracted (Fig. 4).
Manganese was also extracted to its greatest extent in
this step. Copper, Pb, Zn and As had the highest concentrations in this iron oxide extraction step. Iron, As,
Zn and Cu was higher in C1 than in C2. Cadmium, Co,
Cr and Ni were almost absent in this step.
Stable organic compounds and sulphides
Iron, Al and S were extracted in similar concentrations
as in step 3 (Fig. 4). Arsenic was extracted in relatively
high amounts compared to steps 1, 2 and 3, and shows
the highest concentrations in C1. Copper, Mn and Zn
were also extracted in high amounts. The Cu content
was higher in C2.

Discussion
Cementing agents in the cemented layers
The annual mass transport of metals in the surface water
drained from the Laver tailings in 1993 was only 5–10%
of the amount annually released by weathering. The
amount of S in the drainage was approximately equal to
the amount annually released by weathering (Ljungberg
and Öhlander 2001). The remaining 90–95% of metals
were secondarily retained within the tailings, probably
mainly as secondary precipitates and by sorption to
mineral surfaces (Ljungberg and Öhlander 2001). Vertically, the tailings had three distinct zones: an oxidised
zone, a secondary copper enrichment zone, and an unoxidised zone. In the upper oxidised part there has been

a signiﬁcant depletion of sulphides, in contrast to the
underlying unoxidised part (Table 1). In the intermediate zone, there was secondary enrichment of Cu and S,
and the main secondary mineral was identiﬁed as
covellite, Holmström and others (1999). Gypsum,
marchasite, and Fe-hydroxides were also identiﬁed in
the tailings as secondary minerals. The chemical composition of the cemented layers showed a high amount
of Fe2O3 and MnO2 compared with the unoxidised
tailings, and in C1 there was also high concentration of
sulphur. The XRD analyses indicated the presence of
jarosite, iron-sulphate and goethite by XRD as secondary minerals in the cemented layers. Areas with high K,
S and Fe concentration, illustrated by SEM images and
EDS results for C1 (Fig. 2), were probably composed of
jarosite. The presence of jarosite in C1 suggests that
locally low pH (<3) was achieved during oxidation, and
that the concentrations were high at the time of formation for dissolved S (>3,000 lg)l) and for Fe (Bigham
1994). The formation of jarosite could be illustrated as
following:
Kþ þ 3Fe3þ þ þ2SO42 þ 6H2 O
, KFe3 ðSO4Þ2 ðOHÞ6ð3Þ þ 6Hþ

ð1Þ

The sulphide and carbonate content were low in the
Laver tailings for a hardpan formation at the surface.
Therefore, dissolved S and Fe were probably transported upward and concentrated at the surface by high
evaporation as the surface was barren. There was no
signiﬁcant diﬀerence between the silicate-bound elements in the oxidised and the unoxidised zones, and
biotite was the only silicate mineral that showed slight
weathering at grain edges (Ljungberg and Öhlander
2001). Potassium is an interlayer-ion in biotite, and was
the probable source for K (Banwart and Malmström
2001) for the jarosite formation. In C2, Fe-oxyhydroxides dominated as secondary minerals, while jarosite was
absent. Iron precipitates such as lepidocrocite, ferrihydrite and goethite are more likely to precipitate than
jarosite; if the pH is higher than 3, the water content is
low and the dissolved S concentrations are lower than
3,000 lg/l (Bigham 1994). It is possible that jarosite was
formed initially, and as the pH increased over time due
to decreased sulphide oxidation rate and buﬀering
reactions, jarosite may have become unstable and
transformed to more stable phases such as goethite
(Bigham 1994; Jambor 2003). The transformation reaction is acid-producing and may be written as:
Kþ þ 3Fe3þ þ þ2SO2
4 þ 6H2 O
, KFe3 ðSO4Þ2 ðOHÞ6ðsÞ þ 6Hþ :

ð2Þ

The dissolution of jarosite by sequential extraction is
likely to occur in the reducing steps (steps 3 and 4). The
amounts of K and S released in these steps indicate that if
jarosite was dissolved, only small amounts were present.

This suggests that Fe-oxyhydroxides were the predominant cementing agents in both layers. The sequential
extraction results also suggest that crystalline Fe-oxyhydroxides were predominant. The SEM images show
that the Fe-oxyhydroxide coats silicate minerals in C1.
No pyrrhotite grains covered by Fe-oxyhydroxides were
observed. Pyrrhotite grains in oxidised mine tailings have
been observed to be surrounded by oxidation products
such as native sulphur in the innermost layer, followed by
goethite and then an outermost layer of a sulphatebearing goethite. The innermost native sulphur will oxidise further (Mc Gregor et al. 1998). Native sulphur was
not identiﬁed either by SEM–EDS or XRD analysis. The
high amount of sulphur in C1 (Table 1) compared to the
amount extracted (Fig. 5) could be due to the fact that
large sulphide grains were not dissolved in the last
sequential extraction step and remained in the residual.
The mobility of heavy metals in the cemented layers
The ﬁrst extraction step could simulate natural acid
conditions, and the results suggest that low amounts of
metal would be mobilised if natural acidic conditions
occur. Metals co-precipitated with carbonates and gypsum would dissolve, but this is not so important here
due to the low content of these minerals in the Laver
tailings (Ljungberg and Öhlander 2001). Calcium and S
were, however, extracted (Fig. 4), and probably originates from gypsum, but the concentrations were very
low (Ca 0.2 mg g)1; S 2.7 mg g)1). The extracted Zn
could be a result of co-precipitation with soluble Fe (II)
sulphate minerals (Blowes et al. 1992). Vermiculite [(Mg,
Fe, Al)3(Si, Al)4(OH)2 · H2O] is a common soluble
mineral formed by biotite weathering (Dold 2003;
Malmström and Banwart 1997). Low amounts of Mg,
Fe and Al were extracted in the ﬁrst step, which suggests
the presence of small amounts of vermiculite. In the
second step, sodium pyrophosphate with a pH of 10
was used, because it shows little attack on sulphides and
Fe-oxides (Hall et al. 1996). Elements bound to labile
Fig. 5 a The distribution of the
amount extracted metals in different sequential extraction
steps, where S1 adsorbed/
exchangeable/carbonates; S2
Labile organics; S3 amorphous
Mn/Fe oxides; S4 crystalline
iron oxides; S5 stable organics
and sulphides. b Ratios between
the extracted amount and the
total amount of metals in the
untreated sample

organic compounds such as simple humus and fulvic
acids are expected to be released. Only a small amount
of elements was bound to labile organics (Fig. 5a).
The most important extraction fractions seem to be
obtained in extraction steps 3 and 4 (Fig. 5a), which
represent the reducing steps that dissolve amorphous
and crystalline iron oxides. The results indicate that C1
had a higher content of crystalline Fe-oxides and C2 had
more amorphous iron oxides (Fig. 5a). Iron oxides are
widely recognised as traps for metals that could be
sorbed or co-precipitated (Balistrieri and Murray 1982;
Borggaard and Elbering 2003; Bowell 1994; Herbert
1996; Kooner 1993). Some of the elements such as As,
Pb, Ni, Co, Cu and Zn occurring in the cemented layers
were completely extracted (Fig. 5b), but the total concentrations of Zn, Co and Ni (Table 1) were low. The
depletion of Co and Ni indicates that pyrrhotite was
almost completely oxidised since these elements probably occurred initially in the pyrrhotite structure (Johnson and others 2000), and they were eﬀectively mobilised
in the low pH environment of active oxidation. It seems
as if Zn, As, Cu, Pb and Hg was bound to the reducing
steps (Fig. 5), and more associated with crystalline iron
oxides. Copper and Zn are elements which have been
observed to be incorporated in goethite (Mc Gregor
et al. 1998) and Cu, Mn and Zn in jarosite (Dold 2001).
Copper and Zn could thus be associated with the
structure of crystalline iron oxides, since their highest
concentrations occur in these steps. Sorption of Zn increase onto ferric hydroxides (goethite) surfaces at pH
>5 (Dzombak and Morel 1990). This may explain the
low Zn concentrations in the cemented layers, which
were probably formed in acidic conditions. Other cations such as Cu, Cd and Pb are adsorbed in lower pH
range, Dzombak and Morel (1990), which may explain
why Cu and Pb are more enriched than Zn in the cemented layers than in the oxidised tailings.
Arsenic was the only trace element strongly enriched
(Table 1) in the cemented layers, but concentrations
of other ore-associated elements such as Pb, Mo, V and
Hg (Table 1) were also higher than in the unoxidised

tailings. These metals, often forming oxyanions, are
probably controlled by adsorption/co-precipitation with
Fe(OH)3, which has a positive surface charge at low pH
levels (Stumm and Morgan 1996). Arsenic is known to
be sorbed to iron oxide or precipitated with iron
(Courtin-Nomade et al. 2003; Dold 2001), or could, as
arsenate, be substituted for sulphate in the jarosite
structure. Studies of cemented tailings from an arsenopyrite-rich waste, showed that As was adsorbed to
jarosite rather than co-precipitated, and resinous
amorphous material was identiﬁed to be richer in As
than crystalline phases such as goethite and jarosite
(Courtin-Nomade et al. 2003). It is well known that
humus may cover Fe–Mn oxides surfaces (Thurman
1985) or goethite (Tipping and Cooke 1982) giving them
a negative charge, which increases the adsorption
capacity of cations to surfaces which otherwise have a
positive charge. Manganese oxides and goethite, which
are common oxides in natural environments (Borggaard
and Elbering 2003) have a pHzpc of approximately 7.2
and 9–10.5, respectively (Petersson et al. 1993), which
make these oxides positively charged at lower pH levels
with an aﬃnity for anions (Stumm and Morgan 1996).
The assumed low pH under the formation of the cemented layer (C1) suggests that the Fe and Mn oxides
were positively charged, and the attraction for anions to
the surface was high.
The third and fourth steps in the sequential extraction
represent reducing conditions that might occur in mine
tailings if the redox potential is lowered, which could be
the case if the groundwater table is raised or if the
content of organic matter increases. If reducing conditions develop, the cementing layers will probably dissolve and elements such as As, Pb and Hg, bound to Feoxides, will be released to the drainage water.
The last extraction step has been shown to completely
dissolve sulphides (Chao and Sanzolone 1977). Some
attack on silicates are likely (Hall et al. 1996), but the
heavy metals of interest, such as Cu, Zn, Pb and as well
as As, are not likely to occur to any high degree in
the silicate structure. Some Mn, Zn, As and Cu were
dissolved in this step (Fig. 4) probably originating

from dissolution of primary sulphide minerals such as
chalcopyrite, pyrrhotite, arsenopyrite and sphalerite.
Only low amounts of silicate-associated elements such as
Al and Mg were extracted, which indicate that the attack
by the reagents on silicates was weak.

Conclusion
Although the content of pyrrhotite and carbonates was
low in the Laver tailings, cemented layers were formed.
The two diﬀerent cemented layers that were studied are
situated at two diﬀerent locations: C1 at 0.3 m depths
where the surface was barren and C2 at 0.4 m depths
where there was a grass cover. Jarosite and Fe-oxyhydroxides, including goethite, were the most important
cementing agents, small amounts of jarosite occurred in
the layer where the surface was barren. This suggests
that the pH level was low when the cementing layer in
the barren part was formed. The content of Fe-oxyhydroxides was higher at C1 than at C2. Arsenic was enriched in the cementing layers, and relatively high
concentrations of Mo, V, Hg and Pb occurred compared
to the unoxidised tailings. These metals seemed to be
mainly sorbed/co-precipitated with the crystalline Feoxides, and potentially, they will be remobilised if the
oxic conditions change to more reducing conditions, for
instance as a result of remediation of the tailings
impoundment. The low amount of sulphur released by
the sequential extraction indicated that the extraction
did not dissolve all sulphur. Any sulphur that might
have been left in the residual could have been sulphides
that survived the extraction.
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Abstract
Pilot-scale studies of leachate water quality from covered and uncovered unoxidised sulphide-rich
tailings in six test cells (5x5x3 m3) were conducted during 2004 and 2005. The covers consisted
RIFOD\H\WLOOVHZDJHVOXGJH7ULVRSODVWDQGDSDWLWHDOOSURWHFWHGE\XQVSHFL¿HGWLOODQGLQRQH
reference cell, tailings were uncovered. All leachates had near-neutral pH as a result of neutralization
by Ca(OH)2 added prior to deposition. Average dissolved sulphur concentrations were c.600 mg l-1,
except in the sewage sludge cell (300 mg l-1). The source of sulphur was mainly pyrite oxidation,
but residual sulphur probably remained from the enrichment process. The near-neutral pH favored
precipitation of metal-(oxy)hydroxides with subsequent removal of trace elements such as Al, Cd,
Cu, Cr, Fe and Pb (<15 μg l-1) from the solutions. High concentrations of Co, Mn, Ni and Zn were
found in the apatite and Trisoplast cells and in the uncovered tailings. High As concentrations
were found in the leachate from cells covered with sewage sludge and clayey till. Lowest metal
concentrations and redox potential, and highest pH were found in the sewage sludge cell. The
decreased elemental concentrations during 2004 suggest improvements with time for the covers.
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but the most advantageous method is to apply
dry cover on unoxidised waste to minimise
sulphide oxidation. Therefore, a project was
initiated to study the quality and quantity of
LQ¿OWUDWHG ZDWHU DQG WKH R[\JHQ LQWUXVLRQ
through different dry covers on unoxidised
VXOSKLGHULFK WDLOLQJV LQ WHVW FHOOV XQGHU ¿HOG
conditions.. The cover systems consisted of
layers with low hydraulic permeability (clayey
till and Trisoplast), an oxygen-consuming
layer (sewage sludge) and a layer of apatite
concentrate. The primary aim of using the
apatite layer was to immobilise metals such as
Cu, Pb and Zn by retention mechanisms with
phosphate minerals. The aim of this paper was
WRHYDOXDWHWKHHI¿FLHQF\RIWKHGLIIHUHQWOD\HUV
to decrease the leachate of metals by studying
the quality of the percolating water through the
tailings. The oxygen intrusion through the dry
covers has been presented in Alakangas et al.
2006.

Introduction
In mining waste, ore-associated sulphides
that are not extracted during concentration
processes may be exposed to the atmosphere
when deposited. Iron-sulphides such as pyrite
(FeS2) and pyrrhotite (Fe1-xS) oxidise in the
presence of oxygen and water in acid-producing
reactions. The acid produced may increase
weathering of other minerals and mobilise
metals such as Cd, Co, Cu, Pb and Zn. The
oxidation of sulphides and its metal-rich acid
drainage (AMD) are worldwide environmental
problems, and have therefore been investigated
by a number of researchers (Höglund et al.,
2005; MEND/Canada, 2006). Remediation of
sulphide mine waste and prevention of AMD
are, therefore, important topics. One technique
to prevent sulphide oxidation is to apply dry
cover on the wastes (Lindvall et al., 1997;
Höglund et al., 2005; Yanful, 1993). The aim
of using such cover is to reduce the oxygen
GLIIXVLRQDQGZDWHULQ¿OWUDWLRQLQWRWKHWDLOLQJV
and thereby decrease the sulphide oxidation.
The application of dry cover can be simple or
complex, ranging from a one single layer to
several layers. Several investigations of the
effectiviness of different materials such as soil
(Tibble and Nicholson, 1997; Woyshner and
Swarbrick, 1997; Yanful et al., 1999; Yanful et
al., 2002; Höglund et al., 2005), non-reactive
mine waste (Bigham, 1994; Aubertin et al.,
1997), oxygen-consuming organic materials
(Reardon and Poscente, 1984; Elliott et al.,
1997; Tasse et al., 1997; Cabral et al., 2000;
Peppas et al., 2000; Hallberg et al., 2005) or
geo-synthetic materials (Aubertin et al., 2000)
have been evaluated. There are still considerable
uncertainties regarding the optimisation of dry
covers with regard to long-term performance
DQGFRVWHI¿FLHQF\
3LORWVFDOH VWXGLHV XQGHU ¿HOG FRQGLWLRQV
have been proven useful for studies of various
types of dry covers (Aubertin et al., 1997). A
major advantage with pilot-scale test cells is that
they facilitate studies of various types of covers
DW UHDVRQDEOH FRVWV GXULQJ ¿HOG FRQGLWLRQV
and thus narrow the commonly observed gap
EHWZHHQ¿HOGDQGODERUDWRU\VWXGLHV0RVW
0RVW¿HOG
¿HOG
studies of the effectiveness of dry cover on
tailings have been performed on tailings which
have been exposed to weathering for some time,

Test cells
Six concrete cells (surface 5x5 m2, depth 3 m)
(Figure1) were constructed during the summer
of 2001 at the Kristineberg mine site, owned
by the mining company Boliden. An inert
HDPE liner (high-density polyetylene) covers
WKH FRQFUHWH LQQHU ZDOOV DQG ÀRRU WR SUHYHQW
attack of possible acid produced by the pyrite
oxidation. The cells were insulated from the
inside and outside in an attempt to prevent
horizontal freezing. Windows were installed in
the walls in cells 2, 4 and 6, where the different
layers could be viewed. At the bottom, a 0.3-m
thick drainage layer was applied followed by
1.0 m sulphide-rich tailings (Figure1). Different
sealing layers were used on the sulphide-rich
tailings, above which another drainage layer
 P  ZDV DSSOLHG DQG ¿QDOO\ D SURWHFWLYH
FRYHURIXQFODVVL¿HGWLOOZDVDSSOLHGDWWKHWRS
The protective cover was 0.6 m thick in cell 1,
whereas the other cells had a thickness of 1.2
m. The sealing layers and the sewage sludge
layer consisted of 0.3 m clayey till in cells 1
and 2; 0.25 m sewage sludge in cell 3; 0.1 m
of apatite concentrate in cell 4 and 0.05 m of
Trisoplast in cell 5. The upper drainage was
attended to simulate run-off. In cell 6, tailings
were left uncovered as a reference.
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Figure 1. a) Location of the test-cells at Kristineberg.
b) Schematic picture over the layers in the cover systems in test-cells 1-6.

ARVIDSJAUR

ABBORTRÄSK

Luleå
Skellefteå

GLOMMERSTRÄSK

MALÅ
KRISTINEBERG
20 km

Stockholm

(m)
3

2

1

0

Cell 1

Cell 2

Cell 3

Cell 4

Cell 5

Drainage layer

Trisoplast

Sewage sludge

Apatite concentrate

Clayey till

Suction cups

Tailings

Till cover

Drainage probe

Cell 6

Materials in the tailings and cover systems

Sealing layers and oxygen- consuming layer

7KH JUDLQ VL]H RI WKH WDLOLQJV ZDV FODVVL¿HG
as sandy-silt, and the dominating sulphides
were pyrite (FeS2), approximately 48%,
and pyrrhotite (Fe1-xS), approximately
4.8%. Gangue minerals were quartz[SiO
[SiO2],
muscovite [KAl2(Si3AlO10)(OH)2], cordierit
[Mg2Al4Si5O18], clorite [(Mg,Fe)6(SiAl4O10)
(OH)8], talc
[Mg3Si4O10(OH)2],
calcite
[CaCO3], dolomite [Mg,Ca(CO3)2], microcline
[KAlSi3O8], diopside [Ca(Mg,Al)(Si,Al)2O6],
K-feldspar [KAlSi3O8] and albite [NaAlSi3O8].
The calcite and dolomite contents were
approximately 2.5%, respectively. The quartz
content was c. 20% and the content of other
silicates was much lower. The concentration
of trace elements such as As, Cu, Cd, Pb and
Zn were high in the tailings (Table 1). Before
deposition, lime as Ca(OH)2 was added,
approximately 10 kg per tonne of tailings
(Forsmark, personal communication).

The clayey till in cells 1 and 2 was a local
glacial soil, with a clay content of 9%. The
sewage sludge in cell 3, a municipal waste
from a community close to Kristineberg,
constituted a non-compacted layer that did not
allow geotechnical measurements. The sludge
showed high contents of elements such as Al,
Ca, Cr and P compared to the tailings (Table 1).
The apatite concentrate in cell 4 was a waste
from the Kiruna iron mine in northernmost
Sweden. The grain size distribution was
dominated by silt. The concentrate consisted
of approximately 83.5% hydroxyapatite
(Ca5(PO4)3(OH), 5% of other calcium phosphate
minerals, and 11.5% of calcite. The apatite
concentrate showed high concentration of Ca,
Cr, Ni and P compared to the tailings (Table 1).
The Trisoplast in cell 5 was a mixture of
11.8% bentonite, 0.2% polymer and 88.0%
tailings.
3

The samplings were conducted during 2004
and 2005, in general, once a month depending
on the availability of water. Water for cation
DQDO\VHVZDV¿OWUDWHGWKURXJKP0LOOLSRUH
ZDV ¿OWUDWHG WKURXJK  P 0LOOLSRUH
QLWURFHOOXORVHPHPEUDQH¿OWHUVZDVKHGLQ
PHPEUDQH ¿OWHUV ZDVKHG LQ 
%
acetic-acid, and rinsed by Milli-Q® water by
7KH¿OWUDWHG
¿OWUDWHG
using HNO3DFLGZDVKHGV\ULQJHV7KH
VDPSOHVZHUHDFLGL¿HGDQGNHSWFRRODQGGDUN
until analysis. Blank analysis with Milli-Q®
water instead of leachates contributed <3.5%
of the sample concentrations of Al, As, Ca, Co,
Fe, Mg, Mn, Ni, S, Si, Pb and Zn. The blank
contributions of Al, Cr and Pb occasionally
exceeded concentrations in samples with low
concentrations.
Determination of pH, conductivity and
redox potential was performed prior to the
sampling with minor exposure to air. Redox
potential was measured with a Metrohm® Pt
electrode and pH with a Metrohm® combined
pH electrode. All measured redox potential
values were adjusted to the standard hydrogen
electrode. The pH electrode was calibrated
prior to the measurements. The electrical
conductivity (EC) was measured with a Hanna®
conductivity meter. Low water content in the
tailings limited the number of samples (taken
from tension lysimeters) for determination of
pH, redox and electrical conductivity (EC),
since cation analysis was preferred.

Table 1. Chemical composition of sulphide-tailings,
apatite and sewage sludge in the test-cells.
Apatite
conentrate
(%)

Sulphide
tailings
(%)

Sulphide
tailings
(%)

0.5
0.06
54.5
0.3
<0.06
0.1
0.04
0.2
38.2
0.007
99.8

40.3
4.4
6.5
11.9
0.65
4.8
0.2
0.2
0.03
0.2
90.2

35.7
4.05
4.8
13.5
0.63
3.7
0.1
0.3
0.04
0.2
92.4

36.6
0.5
<2
208
38
<0.04
150
0
612
24

3290
11.7
73.9
28.5
1430
2.85
14.3
1270
141000
6080

3610
8.19
81.6
25.1
1480
2.84
12.8
1270
209000
5330

SiO2
Al2O3
CaO
Fe2O3
K2O
MgO
MnO
Na2O
P2O5
TiO2
% TS
ppm
As
Cd
Co
Cr
Cu
Hg
Ni
Pb
S
Zn

Sewage
sludge
(ppm)
52.2 (Al)
10.3 (Ca)
10.6 (Fe)
1.4 (K)
1.4 (Mg)
0.2 (Mn)
18.9 (P)
20.3
<10
<2
<2
34
219
9.3
49
377

The physical properties such as porosity,
saturated hydraulic conductivity, dry density
and bulk density determined in laboratory for
the sealing layers are summarised in Table 2.
Table 2. Physical properties of the different materials
used in the cover systems in the test-cells determined by
laboratory measurements, SLU (2005).
Material Porosity (%) Saturated
hydraulic
conductivity
(m/s)

Clayey till
Apatite
Tristoplast
Tailings

40.5
35
55.4

3.5*10-8
3.2*10-8
4.0*10-11
1.31*10-5

Dry density Bulk density
(g/cm3)
(g/cm3)

1.62
1.77
1.7

Sample analysis
Dissolved concentrations of Ca, Fe, K, Mg,
Mn, Na, S, Si and Zn, were analysed using
Inductively Coupled Plasma-Atomic Emission
Spectoscopy (ICP-AES), and dissolved
Al, As, Cd, Co, Cr, Cu, Ni, P, Pb and Zn by
using Inductively Coupled Plasma - Mass
Spectroscopy (ICP-SMS). The precision was
generally better than 10%.

2.72
2.72
2.45
3.82

Sampling of leachate waters
:DWHU LQ¿OWUDWHG WKURXJK WKH SURWHFWLYH FRYHU
was collected by the drainage probe above the
sealing layer (Figure 2), and water that had
percolated through all layers at the outlet probe
at the bottom of the cells. Tension lysimeters
(PRENART Equipment ApS, 2006) were used
for sampling water from the tailings, and located
in the tailings, 0.1 and 0.5 m below the sealing
layers or oxygen-consuming barrier (Figure 2).
The water from the tension lysimeters was
withdrawn by using a vacuum pump.
4

A

B

Figure 2. Location of installed equipment; A. Tension lysimeter B. Water outlets.

Results and discussion

with covers of clayey till (Cell 2) and sewage
sludge in 2005.
No correlations between the measured
redox potential and pH in the leachates were
found, in contrast to what was observed in the
groundwater in the remediated sulphide tailings
at Kristineberg (Alakangas and Öhlander,
2006), where pH increased when the redox
potential decreased. The redox potential ranged
between -100 mV and 600 mV, with lowest
potential in the cell with sewage sludge. The
highest redox potential was, generally, found
below the Trisoplast and the apatite layers,
indicating that diffusion of oxygen may have
been higher through these layers compared to
the others. This is in conformity with results of
oxygen concentration measurements below the
sealing layers (Alakangas et al., 2006).
The electrical conductivity (EC) ranged
between 1.3 to 5 mS cm-1 (Figure 3), with
highest values in the leachates below the cover
systems with sewage sludge and Trisoplast.
The variations in EC were wide in each cell,
but were smaller during 2005, which indicates
more stable physico-chemical conditions
(Figure 3).

Physico-chemical conditions in the leachate
waters
The physico-chemical properties, pH, redox
potential and electrical conductivity (EC), were
measured in leachates in the tailings and in the
bottom in the test cells. Rather wide variations
of the measured parameters occurred during the
¿UVW\HDUZKLFKLQGLFDWHVWKDWWKHV\VWHPZDV
far from steady-state conditions. Analysis of
WKHLQ¿OWUDWHGZDWHUVDPSOHGDERYHWKHVHDOLQJ
layer was only adequate just after installation,
since it was subsequently contaminated by the
VHDOLQJOD\HUV7KHS+LQWKHLQ¿OWUDWHGZDWHU
was approximately 5, while near-neutral pH was
measured in the waters at the bottom and in the
tension lysimeters (Figure 3). The increasing
pH downwards was a result of neutralisation by
minerals such as calcite and dolomite present in
the tailings, but primary by Ca(OH)2 added prior
to deposition. The sewage sludge had slightly
higher pH compared to the other cells, which
may be a result of high ion exchange capacity
and alkalinity (Tasse et al., 1997; Peppas et al.,
2000), which may neutralise acidity. Slightly
increasing average pH was found in the tailings
5

8

C1
C2
C3
C4
C5
C6
C1-SC
C2-SC
C3-SC
C4-SC
C5-SC
C6-SC

Jan-04

pH

2 mg l-1, and the average concentrations in
the leachates were approximately 300-700
mg l-1 during the sampling period (Figure 4).
The concentration of dissolved S in the
uncovered tailings was much lower than the
average concentration found in groundwater
(3000 mg l-1) in oxidised pyrite tailings at
Kristineberg (Ekstav and Qvarfort, 1989). This
suggests that sulphide oxidation occurred in the
tailings, but at a relatively low rate.
In the uncovered tailings, the average
concentration was only slightly higher than
in the other cells, indicating that the sulphide
oxidation has not reached its maximum rate. In
unoxidised fresh tailings the sulphides should
be more reactive than in oxidised tailings,
as secondary precipitates may decrease the
oxidation rate (Nicholson, 1994). The average
dissolved S concentration was lowest in the
sewage sludge cell, which also showed lowest
oxygen concentration in the tailings (Alakangas
et al., 2006).
The tailings may have been saturated prior
to deposition, which decreases the sulphide
oxidation rate, as the oxygen diffusion is lower
in water than in air (Cussler, 1997). This may
result in similar initial sulphide oxidation rate
in the uncovered tailings as in covered tailings.
Drainage and evaporation may reduce the
saturation with time, and increase the sulphide
oxidation in the uncovered tailings. This was
indicated by the increased S concentration
in the uncovered tailings in 2005, while the
concentrations decreased in the covered
tailings.
It may be possible that S was present in
the tailings pore water before deposition
DV UHVLGXDOV IURP WKH PLOOLQJ DQG ÀRWDWLRQ
processes. After deposition, the dissolved S
may have been washed out from the tailings
by percolating water, explaining the decreased
average dissolved S concentration during 2005
in the leachates. This type of wash-out has
been observed in the initial stage of leaching
of sulphide tailings in e.g., Humidity cell
tests (Carlsson, 2002). This may result in an
overestimation of the sulphide oxidation rate.
A rough estimation of the amount of S
released in the cells during a year can be
performed. The amount of water collected
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Figure 3. Time series of pH, redox potential (Eh) and
electrical conductivity (EC) in leachate waters sampled in
the outlet in the bottom of the cell, and in water from the
tension lysimeters in the tailings during 2004 and 2005.

Sulphur and Fe
The total content of Fe-sulphides such as
pyrite and pyrrhotite in the tailings was rather
high, approximately 50%, which implies that
the weathering of these minerals may have a
major impact on the chemical composition
of the leachates. The release of Fe and S
may be indicators of ongoing Fe-sulphide
oxidation, but as Fe easily precipitates as Fe(oxy)hydroxides in near neutral pH, dissolved
S may be a better indicator. The sulphur
concentration, on the other hand, may be
affected by precipitations of gypsum when
&DFRQFHQWUDWLRQLVKLJK7KHLQ¿OWUDWHGZDWHU
collected in the protective cover had an average
dissolved S concentration of approximately
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Figure 4. Time series of the dissolved S and Fe concentrations in the leachate waters sampled in the outlet in the
bottom of the cell, and in tension lysimeters in the tailings during 2004 and 2005.

concentration varied during a year, and also
due to the fact that melt-water may have
percolated along the cell walls rather than
through the tailings during spring and thereby
increased the amount of total percolated water
(Shcherbakova, 2006). The amount of dissolved
6 UHOHDVHG FRXOG EH FRPSDUHG WR R[\JHQ ÀX[
PHDVXUHPHQWV7KHDQQXDOR[\JHQÀX[HVLQWKH
clayey till and apatite cells were approximately
1-2 mole year-1 m-2 (Alakangas et al., 2006).
This corresponds to a sulphate release rate of
less than 1 mole year-1 m-2 if pyrite is assumed
to be oxidised.
The Fe concentration varied between <0.002
and 30 mg l-1 in the leachates (Figure 4), and in

during a year is multiplied by the average
dissolved S concentration in the leachates
assuming constant concentration throughout
the year. The amounts of S released were then
approximately 7 mole year-1 m-2 during 2004 in
the cells with clayey till, apatite and Trisoplast,
and in cells with sewage sludge and uncovered
tailings approximately 4 mole year-1 m-2. In
2005, the amount decreased to below 4 mole
year-1 m-2 (cells 1, 2 and 4) and 1 mole year-1 m-2
(cell 3), except for cell 5, where it was similar
to the 2004 approximation. In the uncovered
tailings the amount increased to 8 mole year-1
m-2 in 2005. This estimation of the relesed
amount of S is rather crude, since the S

7

WKHLQ¿OWUDWHGZDWHUDSSUR[LPDWHO\PJO-1.
The depletion of Fe in the tailings was probably
caused by formation of secondary Fe precipitates
such as Fe-(oxy)hydroxides, Fe-carbonates and
Fe-sulphates due to the near neutral pH and high
sulphur concentration. The possible occurence
of minerals that may precipitate in the leachates
in the cells was calculated using the equilibrium
geochemical model PHREEQC, (Parkhurst and
Appelo, 1999), with the database MINTEQA2
(Allison et al., 1991). Siderite (FeCO3) and Fesulphates such as melanterite were suggested
by PHREEQC to be undersaturated in the
solution in all cells.. Goethite and amorphous
Fe(OH)3 were indicated to be oversaturated
and suggested to precipitate in cells 1, 2, 5 and
6. In the sewage sludge cell, the calculation
indicated that Fe(OH)3 was undersaturated and
goethite oversaturated.

Ca was retained by e.g., exchange processes
in the bentonite. Gypsum is one of the most
abundance sulphate minerals and is often
found in mine waste (Jambor, 2003) where
high concentrations of both Ca and S occur.
The formation of gypsum is independent of
pH (Carroll-Webb and Walther, 1988). The
equilibrium calculations showed that gypsum
and anhydrite were in near-equlibrium with the
leachates in all cells throughout the sampling
period. If gypsum was precipitated, this
suggests that the concentrations of Ca and S
may have been higher initially, or Ca and S may
have formed the aqueous complex CaSO40,
and therefore may have been accounted for
in the dissolved phase (Deutsch, 1997). The
acid released by the oxidation of pyrite may be
neutralised by either carbonates in the tailings
or by Ca(OH)2 added to the tailings prior to
the deposition. The molar ratio between Ca/S
should be equal to 2, if calcite was the mineral
that was neutralising the acid in a solution of
near-neutral pH (Al et al., 2000). The molar
concentrations
trations of dissolved Ca and S in the
leachates showed a strong correlation (Figure
E EXWZLWKPRODUUDWLRVZKLFKLQGLFDWHV
that the acid produced by the sulphide oxidation
was neutralised by lime rather than calcite. The
net reaction whereby the acid produced by pyrite
oxidation is neutralised by Ca(OH)2, and all Fe
produced is precipitated as Fe-(oxy)hydroxides
is described in Equation 1. Calcium hydroxide
is more reactive than calcite and, therefore,
probably dominated the neutralisation process.

Neutralisation
7KHS+LQLQ¿OWUDWHGZDWHUZDVDSSUR[LPDWHO\
and in the leachates near-neutral, which suggests
that buffering reactions by carbonate dissolution
occurred in the tailings. The carbonate content
in the tailings was approximately 5%, with equal
amounts of dolomite and calcite. The Ca and Mg
concentrations were approximately >300 mg l-1
and >50 mg l-1, respectively, in the leachates in
the cells (Figure 5a). This could be compared to
the concentrations of Ca and Mg in groundwater
in the surroundings, which were found to be less
than 3 mg l-1 (Alakangas and Öhlander, 2006)
DQGLQWKHLQ¿OWUDWHGZDWHUDSSUR[LPDWHO\
mg l-1. The higher concentrations of Ca than of
0J LQ WKH OHDFKDWHV LQ WKH FHOOV UHÀHFW IDVWHU
dissolution of calcite compared to dolomite,
which is well known (Blowes
Blowes and Ptacek,
1994). The presence of talc [Mg3Si4O10(OH)2],
chlorite [(Mg, Fe)6(SiAl4O10)(OH)8], and
bassanit [CaSO4 x0.5H2O]] in the tailings may
be additional sources of Ca and Mg. The higher
average concentrations of Ca than of S in the
cover system with sewage sludge were probably
a result of additional release of Ca from the
sludge, as its content in the solid phase was
relatively high (approximtely 10w%). Lower
Ca concentration was found in the leachates
in the Trisoplast cover system during 2004
compared to the other cells, suggesting that

FeS2(s) +2Ca(OH)2(s) + 3.75O2(l) <=>
Fe(OH)3(s) + 2SO42-+ 2Ca 2++ 0.5H2O

(1)

The concentrations of silicate-associated
elements such as Na, Mg, K and Si were
relatively high, with concentrations of Na and
Mg up to 100 mg l-1, and with even higher
concentration in the Trisoplast cell. The
concentrations of K and Si were up to 60 and 30
mg l-1, respectively, with highest concentration
found in the sewage sludge cell. In the
groundwater in the surrounding till, the average
concentrations of Mg, Na and K were <2 mg l-1
and Si <6 mg l-1. In the water percolated through
the protective cover, the concentrations of Mg,
8
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Figure 5.a) Time series of the dissolved Ca concentration in the leachate waters sampled in the outlet in the
bottom of the cell, and in tension lysimeters in the tailings during 2004 and 2005. b) Molar ratios between dissolved
Ca and S in the leachate waters in the bottom water.

Na and K were <1 mg l-1 and Si <20 mg l-1. The
concentrations of Na, Mg, K and Si were, in
general, higher than in the groundwater in the
remediated tailings at Kristineberg, especially
of K and Na. The sources of K were probably
muscovite and K-feldspar. The sources of Mg
were several. Dolomite was probably most
important, but chlorite has been evaluated as
a relatively important neutralisation mineral
(Höglund et al., 2005). The high concentration
of Na may be due to weathering of sodiumrich plagioclase. Elements such as K and Si
increased and Mg and Na decreased during
2005, except for K in the sewage sludge and
apatite cover systems. The relatively high

concentrations of Na, Mg, K and Si indicate
that a relatively intense weathering of silicates
occurred in the tailings.
The average concentration of Al was low,
<50 μg l-1, which probably was a result of
precipitation of hydroxide, as it precipitates as
pH approaches 5 (Stumm and Morgan, 1996).
Removal of Al in form of hydroxides is optimal
in the pH range between 7 and 9 (Peppas et al.,
2000). 7KH
7KH HTXLOLEULXP
HTXLOLEULXP FDOFXODWLRQV
FDOFXODWLRQV FRQ¿UP
FRQ¿UP
gibbsite Al(OH)3 , as it is oversaturated in the
leachates. The calculations further showed that
amorphous Al(OH)3 was undersaturated in cells
1, 2, 4 and 6, and close to equilibrium in cells 3
and 5. There was no increase in Al concentration
9

supported by the slightly lower average pH.
The layers of apatite concentrate and Trisoplast
were, however, thinner than the other layers,
which may have increased the oxygen intrusion
and therby the sulphide oxidation. The oxygen
concentrations were, in general, higher below
these layers than below the clayey till and
sewage sludge layer (Alakangas et al., 2006).
The primary aim of using the apatite layer was,
however, to immobilise metals such as Cu, Pb
and Zn.
Hydroxyapatite has shown to effectively
immobilise heavy metals such as Cd, Zn and Pb
from contaminated waters and soils (Ma et al.,
1994; Singh et al., 2001; Cao et al., 2002; Cao et
al., 2004). Retention mechanisms are sorption,
complexation, co-precipitation or ion exchange
(Ma et al., 1994; Xu et al., 1994; Chen et al., 1997;
Mavropoulos et al., 2002). Lead is immobilised
rapidly and effectively by hydroxyapatite, and
selectively in the presence of Al, Cd, Cu, Fe(II),
Ni and Zn (Ma et al., 1994). The amount sorbed
to hydroxyapatite was suggested to decrease
in the order Pb(II) > Cd(II) > Zn(II) (Singh et
al., 2001). One retention mechanism for Pb is
replacement of Ca in the hydroxyapatite, after
dissolution of the hydroxyapatite (Equation 2),
and thereafter precipitation of a more stable
hydroxypyromorphite (Equation 3) (Ma et al.,
1994).

with time, which suggests no dissolution of
amorphous Al(OH)3 in cells 1, 2, 4 and 6.
Trace element concentrations
The high concentrations of Mn, Co, Ni and
Zn indicate that oxidation of sulphides such as
pyrite, pyrrhotite and sphalerite occurred. The
Mn concentrations ranged between 10 and 40
mg l-1, Zn between 10 and 70 mg l-1 and Co
and Ni up to 500 and 700 μg l-1, respectively
(Figure 6). Manganese, Co and Ni are often
related to Fe-sulphides. Cobolt and Ni could
be retained onto metal-(oxy)hydroxides of Fe
and Al (Balistrieri and Murray, 1982; Dzombak
and Morel, 1990; Kooner, 1993; Stumm and
Morgan, 1996) or co-precipitate with Alhydroxides (Alakangas and Öhlander, 2006).
The dissolved concentration of Cu, Cr and Pb
were low, with concentrations of Cu and Pb <5
μg l-1 and of Cr <2 μg l-1. The low concentrations
of Cu, Cr and Pb suggest low weathering rate
of minerals containing these metals, such as
magnetite, chalcopyrite and galena, or that Cu
and Pb were removed from solution by coprecipitation or sorption, since cation sorption
increases as pH increases (Stumm and Morgan,
1996). The adsorption edge is lower for trace
elements such as Cu and Pb (Dzombak and
Morel, 1990; Stumm and Morgan, 1996) than
for Co and Ni. Therefore, Co and Ni may
remain in the solution if such competiting
metals are present. Cadmium is often related to
sphalerite, as it could substitute for Zn in the
structure (Seal
Seal II and Hammarstrom, 2003).
2003)
The concentration of Cd was, relatively low
compared to Co and Ni, below 15 μg l-1 during
2004 and <10 μg l-1 during 2005. Zinc and Cd
are known to remain in solution at high pH as
the adsorption edge for these are relatively high
(O’Day et al., 1996; Höglund et al., 2005), so
the low concentration of Cd was unexpected.
Similar trends were found in the groundwater in
the remediated tailings at Kristineberg, where
the Cd concentration was almost depleted after
remediation when pH increased (Alakangas
and Öhlander, 2006).
Manganese, Co, Ni and Zn were highest
in the cells with apatite and Trisoplast layers
and in the uncovered tailings, which suggests
that the oxidation was higher here. This is

Ca10 ( PO4 ) 6 (OH ) 2 14 H 
10Ca 2 6 H 2 PO4< 2 H 2 O

(2)

10 Pb 2 6 H 2 PO4< 2 H 2 O 
Pb10 ( PO4 ) 6 (OH ) 2 14 H

(3)

was
Hydroxyapatite
[Ca5(PO4)3(OH)]
LGHQWL¿HGDVWKHPDMRUFRPSRQHQWLQWKHDSDWLWH
concentrate used in cell 4. The leachates in this
cell showed that phosphate-related retention of
Cu, Pb and Zn probably did not occur, since
the concentrations were higher here than in
the other cells. No increased concentrations
of Ca were found in the leachates as a result
of exchange reactions in the apatite lattice.
Therefore, the possibility for new minerals to
form was reduced. The leachates in the tailings
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Figure 6. Time series for the concentrations of As, Cd, Co, Cu, Mn, Ni, Pb and Zn in the leachate waters sampled in
the outlet in the bottom of the cell, and in tension lysimeters in the tailings during 2004 and 2005.

did not percolate through the apatite layer,
which also reduces the possibilty for retention
of Cu, Pb and Zn. This study indicated that this
kind of apatite concentrate placed above the
tailings did not immobilise these metals, but
rather increased mobilisation.

The aim of using sewage sludge as a cover
was to decrease the oxygen diffusion into
the tailings by consumption of oxygen by
decomposition of the organic matter in the
sludge. The concentrations of Al, Cd, Co, Cu,
Fe, Ni and Zn were low in this cell. The main
11

explanation for this was probably a lower
sulphide oxidation rate and subsequently low
release of metals. The low redox potential
and relatively high concentrations of sulphate
and organic matter may have enabled the
production of H2S, which togheter with metals
such as Cd, Co, Cu, Fe, Ni, Pb and Zn and could
have formed secondary sulphides (Peppas et
al., 2000; Blowes et al. 2003). It is however,
uncertain if the redox potential was low enough
for such reactions. The high concentrations of
carbon dioxide and methane indicate anaerobic
decomposition (Peppas et al., 2000) and
consequently a low redox potential. The low
concentration of Al, Cd, Co, Cu, Fe, Ni and
Zn below the sewage sludge may also be due
to other mechanisms such as adsorption, coprecipitation, precipitation of carbonates and
hydroxides.
Metals may be removed from the soil
solution by sorbing to humic acids or forming
soluble or insoluble complexes with humic
substances (Kerndorff and Schnitzer, 1980;
Peppas et al., 2000; Theodorates et al., 2000;
Gibert et al., 2005). Experimental studies of
sorption to humic acids at pH 2.4-5.8 showed
that Al, Cd, Cr, Cu, Fe, Pb and Zn were most
readily removed from the solution compared
to Co, Mn and Ni (Kerndorff and Schnitzer,
1980).
Arsenic mainly occurs as anions in water
solutions. Its mobility is highest when pH
is lower than approximately 5.5, but nearneutral pH does not prevent leaching of As,
which remains soluble at high pH. The As
concentration was high in the leachates in the
sewage sludge cell, but also below the clayey
till layers. Arsenic was probably released from
the tailings, which contained high amounts
of As, approximately 3500 ppm. Low
ow redox
potential in the sewage sludge cell may reduce
As(V) to As (III), which is preferentially
adsorbed onto Fe-(oxy)hydroxides at alkaline
conditions. At near-neutral pH, as in the cells,
WKH DGVRUSWLRQ DI¿QLW\ LV VLPLODU IRU DUVHQDWH
and arsenite (Morin and Calas, 2006). Because
FDWLRQ VRUSWLRQ DI¿QLW\ LQFUHDVHV DQG DQLRQ
sorption decreases with increasing pH (Stumm
and Morgan, 1996), cations may preferentially
be sorbed before As in the cells. The relatively
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low sulphide oxidation may have limited the
amount of Fe released and therefore also the
precipitation of Fe-(oxy)hydroxides, the main
adsorbent for As.
Conclusions
The test cells contribute to long-term studies
of undisturbed cover systems on sulphide
tailings. This study is an initial description of
the chemical status of the leachates below the
FRYHUV\VWHPVLQWKH¿UVWVWDJHDIWHUGHSRVLWLRQ
of unoxidised tailings. The presence of sulphur
in the leachates (300-600m mg l-1) indicated
that sulphide oxidation occurred in the tailings.
Residual sulphur from the enrichment process
may be an additional source, which will
decrease with time. Lime added prior to the
deposition affected the chemical composition
in the leachates, which showed near-neutral pH.
When lime and carbonates are consumed the pH
will fall, which could mobilise retained metals
in the tailings. The life-time of the observed
favourable conditions below the sewage sludge
cover is uncertain, but over the short term, it
VHHPHG WR EH WKH PRVW HI¿FLHQW OD\HU )XUWKHU
studies of sewage sludge are interesting for
ORQJWHUP HYDOXDWLRQV 7KH HI¿FLHQF\ RI WKH
other cover systems to decrease metal leaching
was rather similar. The apatite concentrate
showed lower capacity to retain metals than
expected, and should therefore be studied
in mixture with tailings or when leachates
percolate through the concentrate. Hopefully,
expanded and continued investigations will
enable a deeper understanding of the evolution
of leachates below the covers.
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Abstract
7KHHIIHFWLYHQHVVDJDLQVWR[\JHQLQWUXVLRQRI¿YHFRYHUV\VWHPVRQVXOSKLGHWDLOLQJVZHUHVWXGLHG
&OD\H\ WLOO
WLOO VHZDJH
VHZDJH VOXGJH
VOXGJH ¿QHJUDLQHG
¿QHJUDLQHG DSDWLWH
DSDWLWH FRQFHQWUDWH
FRQFHQWUDWH
LQ SLORWVFDOH WHVW FHOOV [[ P  &OD\H\
DQG7ULVRSODVW DPL[WXUHRIDSRO\PHUEHQWRQLWHDQGWDLOLQJVVDQG ZHUHXVHGDVVHDOLQJOD\HUV
ZLWKXQVSHFL¿HGWLOORQWRS,QRQHUHIHUHQFHFHOOWDLOLQJVZHUHXQFRYHUHG )LHOGPHDVXUHPHQWVRI
R[\JHQFRQFHQWUDWLRQVDQGHVWLPDWLRQVRIHIIHFWLYHGLIIXVLRQFRHI¿FLHQWVDQGR[\JHQÀX[HVZHUH
SHUIRUPHG ,Q
,Q JHQHUDO
JHQHUDO WKH
WKH KLJKHVW
KLJKHVW R[\JHQ
R[\JHQ FRQFHQWUDWLRQV
FRQFHQWUDWLRQV ZHUH
ZHUH IRXQG
IRXQG EHORZ
EHORZ WKH7ULVRSODVW
WKH 7ULVRSODVW DQG
DQG
DSDWLWHOD\HUVDQGWKHORZHVWEHORZWKHVHZDJHVOXGJHOD\HU 2[\JHQO\VLPHWHUVZHUHXVHGIRU
GHWHUPLQDWLRQRIWKHDeffIRUWKHQRQR[\JHQFRQVXPLQJVHDOLQJOD\HUV FOD\H\WLOODQGDSDWLWH WKH
SURWHFWLYHFRYHUVDQGIRUWKHHQWLUHFRYHUV)RUWKHHQWLUHFRYHUVDeff P2 s) UDQJHGEHWZHHQ
EHWZHHQ 



DQG , for the SURWHFWLYHFRYHUVEHWZHHQ
 DQG , and IRUWKHVHDOLQJOD\HUVEHWZHHQ


DQG 7KHKLJKHVWYDOXHVZHUHIRXQGGXULQJGU\SHULRGVDQGVHDVRQDO
seasonal variations
YDULDWLRQV LQ
in DeffZHUH
ODUJHUZLWKLQWKHFRYHUVWKDQEHWZHHQWKHFRYHUV\VWHPV2[\JHQ
[\JHQÀX[HVWKURXJKWKHHQWLUHFRYHUV
ÀX[HV WKURXJK WKH HQWLUH FRYHUV
ZLWKFOD\H\WLOODQGDSDWLWHUDQJHGEHWZHHQDQGPROHP yearZKLFKZDVDUHGXFWLRQRI
PRUHWKDQFRPSDUHGWRXQFRYHUHGGU\WDLOLQJV

1

RISHUFRODWHGZDWHUDQGWKHR[\JHQÀX[HVZHUH
GHWHUPLQHG. The control of oxygen diffusion
WKURXJK WKH FRYHUV LV D NH\ UHTXLUHPHQW IRU
WKH HIIHFWLYHQHVV RI D FRYHU 7KH DLP RI WKLV
SDSHU ZDV WR H[DPLQH WKH R[\JHQ GLIIXVLRQ
through different covers. 7KH REMHFWLYHV ZHUH
WRGHWHUPLQHWKH

1. Introduction
,Q PLQLQJ ZDVWH RUHDVVRFLDWHG VXOSKLGHV
QRW H[WUDFWHG GXULQJ FRQFHQWUDWLRQ SURFHVVHV
PD\ EH H[SRVHG WR WKH DWPRVSKHUH ZKHQ
GHSRVLWHG,URQVXOSKLGHVVXFKDVS\ULWH )H62)
DQGS\UUKRWLWH )H[6 R[LGLVHLQWKHSUHVHQFHRI
R[\JHQDQGZDWHULQDFLGSURGXFLQJUHDFWLRQV
7KH DFLG SURGXFHG LQFUHDVHV ZHDWKHULQJ RI
RWKHU PLQHUDOV DQG PRELOLVHV PHWDOV VXFK
DV &X &G &R 3E DQG =Q 5HPHGLDWLRQ RI
VXOSKLGHPLQHZDVWHDQGSUHYHQWLRQRIPHWDO
ULFK DFLG GUDLQDJH LV WKHUHIRUH DQ LPSRUWDQW
WRSLF,Q6ZHGHQDVZHOODVLQRWKHUFRXQWULHV
UHPHGLDWLRQRIVXOSKLGHULFKWDLOLQJVLVPDLQO\
FDUULHG RXW XVLQJ ZDWHU FRYHUV )HDVE\ HW DO
 gKODQGHU HW DO  +ROPVWU|P DQG
gKODQGHU  gKODQGHU DQG +ROPVWU|P
 (ULNVVRQ HW DO   RU VRLO FRYHUV
/LQGYDOOHWDO/XQGJUHQ<DQIXO
HWDO+ROPVWU|PHWDO/XQGJUHQ
gKODQGHUHWDO%|UMHVVRQ
+|JOXQGHWDO 7KHDLPRIWKHVHFRYHUV
is to reduce the oxygen diffusion and for dry
FRYHUDOVRWRGHFUHDVHWKHZDWHUSHUFRODWLRQLQWR
WKHWDLOLQJV7KHDSSOLFDWLRQRIDGU\FRYHUFDQ
EH VLPSOH RU FRPSOH[ UDQJLQJ IURP D VLQJOH
OD\HU WR VHYHUDO OD\HUV RI GLIIHUHQW PDWHULDOV
VXFKDVVRLOQRQUHDFWLYHPLQHZDVWHR[\JHQ
FRQVXPLQJ RUJDQLF PDWHULDOV JHRV\QWKHWLF
PDWHULDOVRUDVKHV7KHUHDUHVWLOOFRQVLGHUDEOH
XQFHUWDLQWLHVUHJDUGLQJWKHRSWLPLVDWLRQRIGU\
FRYHUV ZLWK UHJDUG WR ORQJWHUP SHUIRUPDQFH
DQGFRVWHI¿FLHQF\
3LORWVFDOH ¿HOG VWXGLHV KDYH EHHQ SURYHQ
XVHIXOIRUVWXGLHVRIYDULRXVW\SHVRIGU\FRYHUV
$XEHUWLQHWDO $PDMRUDGYDQWDJHZLWK
SLORWVFDOHWHVWFHOOVLVWKDWWKH\DOORZVWXGLHVRI
YDULRXVW\SHVRIFRYHUVDWUHDVRQDEOHFRVWGXULQJ
¿HOGFRQGLWLRQVDQGDOVRQDUURZWKHFRPPRQO\
REVHUYHG JDS EHWZHHQ ¿HOG DQG ODERUDWRU\
VWXGLHV0RVW
0RVW¿HOGVWXGLHVRIWKHHIIHFWLYHQHVV
¿HOG VWXGLHV RI WKH HIIHFWLYHQHVV
RIGU\FRYHURQWDLOLQJVKDYHEHHQSHUIRUPHGRQ
WDLOLQJVZKLFKKDYHEHHQH[SRVHGWRZHDWKHULQJ
IRU VRPH WLPH ,W LV KRZHYHU PRUH HIIHFWLYH
WR DSSO\ GU\ FRYHU RQ XQR[LGLVHG ZDVWH WR
PLQLPLVH VXOSKLGH R[LGDWLRQ 7KHUHIRUH D
SURMHFWZDVLQLWLDWHGWRVWXG\WKHGLIIHUHQWGU\
FRYHU RQ XQR[LGLVHG VXOSKLGHULFK WDLOLQJV LQ
WHVW FHOOV XQGHU ¿HOG FRQGLWLRQV 7KH TXDOLW\
$ODNDQJDV DQG gKODQGHU   DQG TXDQWLW\

%

%


%

oxygen concentrations in the cover
V\VWHPV
HIIHFWLYHR[\JHQGLIIXVLRQFRHI¿FLHQWV
in individual layers of the different
FRYHUVDVZHOODVIRUWKHHQWLUH

FRYHUV\VWHPV
R[\JHQÀX[WKURXJKWKHFRYHUV\VWHPV

(IIHFWLYHGLIIXVLRQFRHI¿FLHQWV
2[\JHQ FDQ EH WUDQVSRUWHG E\ DGYHFWLRQ
DQGRU E\ GLIIXVLRQ LQ ZDWHU DQG LQ DLU
VLPXOWDQHRXVO\ RU VHSDUDWHO\ &XVVOHU  
into a soil. 7KH JDV SKDVH LV PRUH LPSRUWDQW
IRU R[\JHQ WUDQVSRUW VLQFH WKH VROXELOLW\ RI
R[\JHQLQZDWHULVORZ FPJO FRPSDUHG
WR LQ DLU  PJ O  $GYHFWLRQ HJ ZLQGV
DQG EDURPHWULF SUHVVXUH ÀXFWXDWLRQ LV XVXDOO\
RQO\LPSRUWDQWLQWKHXSSHUIHZFHQWLPHWUHVLQ
¿QHWH[WXUHGPHGLDRZLQJWRWKHORZSRURVLW\
LQ WDLOLQJV (OEHUOLQJ  . Diffusion, is the
PRVW LPSRUWDQW WUDQVSRUW PHFKDQLVP LQ ¿QHU
WH[WXUHG PHGLD VXFK DV WDLOLQJV +DUULHV DQG
5LWFKLH  &XVVOHU  . The oxygen
GLIIXVLRQ WKURXJK D QRQFRQVXPLQJ OD\HU FDQ
EHGHVFULEHGE\)LFN¶V¿UVWODZ (TXDWLRQ 
£6c ¥
F  <Deff ² ´
¤6z ¦







ZKHUH F LV WKH R[\JHQ ÀX[ PROH P s),
and Deff P2 s) is the effective diffusion
FRHI¿FLHQWRIWKHPHGLD7KHGULYLQJIRUFHIRU
oxygen diffusion is the oxygen concentration
JUDGLHQW ¨&¨]  ZKLOH Deff LV DQ H[SUHVVLRQ
IRU WKH SK\VLFDO SURSHUWLHV RI WKH PHGLD VXFK
DV SRURVLW\ WRUWXRVLW\ DQG ZDWHU VDWXUDWLRQ RI
D SRUH VSDFH Deff FDQ EH HVWLPDWHG EDVHG RQ
$  WKH SK\VLFDO SURSHUWLHV RI WKH VRLO DQG LWV
ZDWHUFRQWHQWDQG % LQVLWXPHDVXUHPHQWVRI
R[\JHQÀX[
$  (VWLPDWLRQ RI Deff based on soil
SK\VLFDO SURSHUWLHV KDV EHHQ UHSRUWHG E\

2


)RUDFRYHUV\VWHPZLWKVHYHUDOOD\HUV
WKH KDUPRQLF PHDQ ZDV XVHG WR HVWLPDWH the
HTXLYDOHQW HIIHFWLYH GLIIXVLYLW\ 'Eeff, for all
OD\HUV ZKHQ WKH HIIHFWLYH GLIIXVLYLW\, Dieff and
WKLFNQHVVPiIRUHDFKOD\HULDUHNQRZQ

VHYHUDO UHVHDUFKHUV 0LOOLQJWRQ DQG 6KHDUHU
 5HDUGRQ DQG 0RGGOH  &ROOLQ
DQG 5DVPXVRQ  (OEHUOLQJ HW DO 
'DYLG DQG 1LFKROVRQ  6WXSDU\N HW DO
 6FKDHIHU HW DO   DQG D VXPPDU\
LV SUHVHQWHG E\ .LP DQG %HQVRQ  Deff
GHFUHDVHV ZLWK ZDWHU VDWXUDWLRQ VLQFH WKH
GLIIXVLRQ FRHI¿FLHQW IRU ZDWHU DW   
P2 s LVPXFKORZHUWKDQIRUDLU Da = 
P2 s 7KHIROORZLQJHTXDWLRQIURP(OEHUOLQJ
HWDO  DFFRXQWVIRUGLIIXVLRQERWKLQDLU
DQGZDWHU
Deff
  oDa (1 < S w ) _ < oS w
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3. Test cells
6L[ FRQFUHWH FHOOV VXUIDFH [ P2 GHSWK
 P  )LJXUH  ZHUH FRQVWUXFWHG GXULQJ WKH
VXPPHURIDWWKH.ULVWLQHEHUJ
.ULVWLQHEHUJPLQHVLWH
PLQH VLWH
RZQHG E\ WKH PLQLQJ FRPSDQ\ %ROLGHQ $Q
LQHUW +'3( OLQHU KLJK GHQVLW\ SRO\HWK\OHQH 
FRYHUV WKH FRQFUHWH LQQHU ZDOOV DQG ÀRRU WR
SUHYHQW DWWDFN RI SRVVLEOH DFLG SURGXFHG E\
WKH S\ULWH R[LGDWLRQ 7KH FHOOV ZHUH LQVXODWHG
IURP WKH LQVLGH DQG RXWVLGH LQ DQ DWWHPSW WR
SUHYHQW KRUL]RQWDO IUHH]LQJ :LQGRZV ZHUH
LQVWDOOHGLQWKHZDOOVLQFHOOVDQGZKHUH
WKH GLIIHUHQW OD\HUV FRXOG EH YLHZHG $W WKH
ERWWRP RI WKH FHOOV D P WKLFN GUDLQDJH
OD\HUZDVDSSOLHGIROORZHGE\PVXOSKLGH
ULFKWDLOLQJV )LJXUH 'LIIHUHQWVHDOLQJOD\HUV
ZHUH XVHG RQ WKH WDLOLQJV DQG DERYH WKHVH
GUDLQDJHOD\HUV P DQG¿QDOO\DSURWHFWLYH
FRYHURIXQFODVVL¿HGWLOOZDVDSSOLHGDWWKHWRS
7KHSURWHFWLYHFRYHUZDVPWKLFNLQFHOO
ZKHUHDVWKHRWKHUFHOOVKDGDWKLFNQHVVRIP
7KHVHDOLQJOD\HUVDQGWKHVHZDJHVOXGJHOD\HU
FRQVLVWHGRIPFOD\H\WLOOLQFHOOVDQG
PVHZDJHVOXGJHLQFHOOPRIDSDWLWH
FRQFHQWUDWHLQFHOODQGPRI7ULVRSODVWLQ
FHOO7KHXSSHUGUDLQDJHOD\HUZDVLQWHQGHG
WRVLPXODWHUXQRII,QFHOOWDLOLQJVZHUHOHIW
uncovered as a reference.



% $O\VLPHWHU¶VPDVVEDODQFHKDVEHHQXVHG
WRHVWLPDWHWKHDeff /XQGJUHQ&DUOVVRQ
 . 7KH R[\JHQ ÀX[ ) PROH P s) into
D O\VLPHWHU ZLWK KHLJKW K FDQ EH GHWHUPLQHG
ZLWK
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ZKHUH 6Z LV WKH GHJUHH RI VDWXUDWLRQ .+
LV +HQU\¶V FRQVWDQW IRU R[\JHQ  DW & 
o LV WKH WRUWXRVLW\ IDFWRU   DQG _
LV DQ HPSLULFDO FRHI¿FLHQW   ZKLFK
DFFRXQWVIRUGLIIHUHQFHVEHWZHHQWKHWRUWXRVLW\
IDFWRUVIRUWKHOLTXLGDQGJDVSKDVHV7KH¿WWLQJ
SDUDPHWHUV _ and o DUH DSSOLFDEOH IRU VDQG\
PDWHULDOVZLWKDVDWXUDWLRQGHJUHHEHORZ
5HDUGRQDQG0RGGOH .
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ZKHUH G&OP is the oxygen concentration
FKDQJHZLWKWKHWLPHLQWKHO\VLPHWHUEHQHDWKD
layer.
0DNLQJ(TXDWLRQHTXDOWR(TXDWLRQJLYHV
DQH[SUHVVLRQIRUDeff.
£ 6z ¥ dC


< Deff  h² ´ lm 
¤ 6C ¦ dt
,QWHJUDWLQJ (TXDWLRQ  XVLQJ WKH LQLWLDO
FRQGLWLRQ ZLWK ]HUR FRQFHQWUDWLRQ LQ WKH
O\VLPHWHUVDWWLPH]HUR &OP DWW  JLYHV

3.1 Materials in the cover systems
7KHJUDLQVL]HRIWKHWDLOLQJVZDVFODVVL¿HG
DV VDQG\VLOW DQG WKH GRPLQDWLQJ VXOSKLGHV
ZHUH S\ULWH )H62  DSSUR[LPDWHO\ 
DQG S\UUKRWLWH
)H[6  DSSUR[LPDWHO\
 *DQJXH PLQHUDOV ZHUH TXDUW] >6L22],
PXVFRYLWH >.$O2 6LAlO 2+ 2], cordierit
>0J2Al6LO@ FORULWH > 0J)H  6L$OO
2+ ], WDOF >0J6LO 2+ 2], calcite



 6z
C0
  ln
 ³


Deff
µ h 
 C 0 < C lm (t )  t
ZKHUH& is the oxygen concentration above
D OD\HU DVVXPHG WR EH FRQVWDQW  DQG ] LV WKH
GLVWDQFHEHWZHHQ& and & W 
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>&D&2@GRORPLWH>0J&D &2)2@PLFURFOLQH
>.$O6LO@ GLRSVLGH >&D 0J$O 6L$O 2O]
DQG DOELWH >1D$O6LO@ 7KH
7KH TXDUW]
TXDUW] FRQWHQW
FRQWHQW
ZDVDQGWKHFRQWHQWRIRWKHUVLOLFDWHVZDV
ORZHU 7KH FDOFLWH DQG GRORPLWH FRQWHQW ZDV
DSSUR[LPDWHO\UHVSHFWLYHO\
The clayey tillLQFHOOVDQGZDVDORFDO
JODFLDO VRLO ZLWK D FOD\ FRQWHQW RI 7KH
sewage sludge LQ FHOO  D PXQLFLSDO ZDVWH
IURP D QHDUE\ FRPPXQLW\ FRQVWLWXWHG D QRQ
FRPSDFWHGOD\HUWKDWGLGQRWDOORZJHRWHFKQLFDO
PHDVXUHPHQWV
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Figure 1.a) /RFDWLRQRIWKHWHVWFHOOVb)6FKHPDWLFSLFWXUHRYHUWKHOD\HUVLQWKHFRYHUV\VWHPVLQWKHWHVWFHOOVDW
.ULVWLQHEHUJQRUWKHUQ6ZHGHQ

GU\ GHQVLW\ DQG EXON GHQVLW\ GHWHUPLQHG LQ
ODERUDWRU\ DQG LQ ¿HOG IRU WKH VHDOLQJ OD\HUV
DUH VXPPDULVHG LQ 7DEOH  7ULVRSODVW KDG
WKH ORZHVW VDWXUDWHG K\GUDXOLF FRQGXFWLYLW\
DFFRUGLQJWRWKHODERUDWRU\PHDVXUHPHQWV

The apatite concentrate LQ FHOO  ZDV
D ZDVWH IURP WKH .LUXQD LURQ PLQH LQ
QRUWKHUQPRVW 6ZHGHQ 7KH JUDLQ VL]H ZDV
GRPLQDWHGE\VLOW7KHFRQFHQWUDWHFRQVLVWHGRI
DSSUR[LPDWHO\  DSDWLWH &D 32) 2+ 
 RI RWKHU FDOFLXP SKRVSKDWH PLQHUDOV DQG
RIFDOFLWH7KH TrisoplastLQFHOOZDVD
PL[WXUHRIWDLOLQJVEHQWRQLWHDQG
 SRO\PHU 7KH SK\VLFDO SURSHUWLHV VXFK
DV SRURVLW\ VDWXUDWHG K\GUDXOLF FRQGXFWLYLW\

3.2 Field oxygen measurements
,Q RUGHU WR GHWHUPLQH Deff DQG R[\JHQ ÀX[
IRUWKHHQWLUHFRYHUV\VWHPVDQGIRUWKHVHDOLQJ
OD\HUVR[\JHQFRQFHQWUDWLRQLQTXDUW]LWH
TXDUW]LWH¿OOHG
¿OOHG

4

Table 1.3K\VLFDOSURSHUWLHVRIWKHGLIIHUHQWPDWHULDOVXVHGLQWKHFRYHUV\VWHPVLQWKHWHVWFHOOVGHWHUPLQHGE\
ODERUDWRU\PHDVXUHPHQWV6/8  

Material

Porosity (%)

Saturated hydraulic
conductivity (m/s)

Dry density
(g/cm3)

Bulk density (g/cm3)

Clayey till

40.5

3.5E-08

1.62

2.72

35

3.2E-08

1.77

2.72

Apatite

4E-11

Trisoplast
Tailings

55.4

2.45

1.31E-05

1.7

O\VLPHWHUV [[P) DQGR[\JHQEDOOVZHUH
PHDVXUHG )LJXUH 7KLVWHFKQLTXHKDVHDUOLHU
EHHQ XVHG E\ /XQGJUHQ   DQG &DUOVVRQ
  7KH TXDUW]LWH ¿OOHG O\VLPHWHUV KDG
D SRURVLW\ RI  DQG ZHUH ORFDWHG GLUHFWO\
EHORZ WKH VHDOLQJ OD\HUV DQG WKH EDOOV DERYH
DQG EHQHDWK WKH VHDOLQJ OD\HUV 7KH\ ZHUH

3,82

7KHJHRWH[WLOHR[\JHQEDOOVZHUH¿OOHGZLWK
TXDUW]LWHDQGLQVWDOOHGPDERYHDQGP
DQGPEHQHDWKWKHVHDOLQJOD\HUV )LJXUHV
DQG $WXEHZDVLQVHUWHGLQWRWKHEDOOVDQG
H[WHQGHGWRWKHVXUIDFHIRUVDPSOLQJ )LJXUH 
7R GHWHUPLQH WKH Deff (TXDWLRQ   IRU
the entire cover and for the sealing layers,

Oxygen Lysimeters

Thermistors

Outlets

Oxygen Balls

Figure 2/RFDWLRQRILQVWDOOHGHTXLSPHQWLQWKHFHOOV

FRYHUHG ZLWK JHRWH[WLOH RQ WRS WR SUHYHQW
PDWHULDO IURP WKH VHDOLQJ OD\HU IURP IDOOLQJ
LQWR WKH O\VLPHWHUV DQG WKH VLGHV ZHUH VHDOHG
ZLWKEHQWRQLWHWRSUHYHQWR[\JHQFRQVXPSWLRQ
E\WDLOLQJVWKURXJKWKHVLGHV7KUHHSLSHVZHUH
DWWDFKHGWRWKHO\VLPHWHUVRQHZDWHURXWOHWDW
WKHERWWRPDQGWZRSLSHVXSWRWKHVXUIDFHIRU
R[\JHQVDPSOLQJ

WKH O\VLPHWHUV ZHUH ÀXVKHG ZLWK QLWURJHQ WR
DFKLHYH LQLWLDO ]HUR R[\JHQ FRQFHQWUDWLRQ
7KHUHDIWHU WKH R[\JHQ FRQFHQWUDWLRQV ZHUH
PHDVXUHG DIWHU FHUWDLQ WLPHV $WPRVSKHULF
R[\JHQ FRQFHQWUDWLRQ ZDV XVHG DV & for the
SURWHFWLYHFRYHU7KHR[\JHQFRQFHQWUDWLRQVLQ
WKHR[\JHQEDOOVDERYHWKHVHDOLQJOD\HUZHUH
used as CIRUWKHVHDOLQJOD\HUV2[\JHQPD\
5

content. ,QWKHDXWXPQWKHFRQFHQWUDWLRQVZHUH
ORZHU WKDQ GXULQJ WKH VXPPHU SUREDEO\ DV D
UHVXOWRIKLJKHUPRLVWXUHFRQWHQWLQWKHDXWXPQ
GHFUHDVLQJ WKH R[\JHQ GLIIXVLRQ 6XOSKLGH
R[LGDWLRQPD\LQFUHDVHDVWHPSHUDWXUHLQFUHDVHV
1LFKROVRQ HW DO   WKHUHE\ GHFUHDVLQJ
WKH R[\JHQ FRQFHQWUDWLRQ EXW WKHUH ZHUH QR
noticeable decreases in the concentration in the
WDLOLQJVGXULQJWKHVXPPHU

EH FRQVXPHG ZLWKLQ WKH FRYHUV E\ R[LGDWLRQ
RI RUJDQLF PDWWHU DQG E\ PLQHUDOV EXW WKLV
FRQVXPSWLRQZDVSUREDEO\PLQRUDQGKDVEHHQ
QHJOHFWHG7KHHIIHFWLYHGLIIXVLRQFRHI¿FLHQWV
Deff  ZHUH HVWLPDWHG LQ ¿HOG IRU WKH FRYHU
V\VWHPV ZLWKRXW R[\JHQFRQVXPLQJ OD\HUV
FOD\H\WLOODQGDSDWLWH 7ULVRSODVWWDLOLQJVDQG
VHZDJH VOXGJH LQ FHOOV   DQG  DUH KLJKO\
therefore not
QRW
R[\JHQFRQVXPLQJVRLOVDeffZDVWKHUHIRUH
GHWHUPLQHGIRUWKHVHVRLOV
7KH HVWLPDWHG Deff for the entire cover
V\VWHPDQGIRUWKHVHDOLQJOD\HUVZHUHXVHGIRU
GHWHUPLQDWLRQ RI Deff IRU WKH SURWHFWLYH FRYHU
E\ XVLQJ (TXDWLRQ  DQG WKH WKLFNQHVV RI WKH
layers.
2[\JHQÀX[HVZHUHFDOFXODWHGZLWK(TXDWLRQ
 DQG WKH R[\JHQ JUDGLHQWV GHWHUPLQHG ZLWK
oxygen balls above and beneath the sealing
layers.

4.1.2 Oxygen concentrations in covered tailings

7KH R[\JHQDWHG ]RQH H[WHQGHG IURP WKH
VXUIDFHWRWKHWDLOLQJVEHORZWKHFRYHUV\VWHP
)LJXUH   7KH FRQFHQWUDWLRQV LQ WKH ORZHU
SDUWRIWKHSURWHFWLYHFRYHU DERYHWKHVHDOLQJ
OD\HU YDULHGEHWZHHQDQGYROLQFHOOV
DQGDQGZDVOHVVWKDQYRODERYH
WKH VHZDJH VOXGJH OD\HU FHOO   2Q D IHZ
RFFDVLRQV LQ $SULO DQG GXULQJ DXWXPQ HYHQ
ORZHU FRQFHQWUDWLRQV ZHUH REVHUYHG LQ WKH
SURWHFWLYHFRYHUSUREDEO\GXHWRKLJKPRLVWXUH
FRQWHQW UHVXOWLQJ IURP LQ¿OWUDWHG ZDWHU IURP
VQRZPHOWRUKHDY\UDLQIDOOV
7KH FRQFHQWUDWLRQV ZHUH LQ JHQHUDO
ORZHVW EHORZ WKH FRYHU V\VWHP ZLWKLQ WKH
VXOSKLGH WDLOLQJV  WKURXJKRXW WKH VDPSOLQJ
SHULRG /D\HUV ZLWK ORZ VDWXUDWHG K\GUDXOLF
FRQGXFWLYLW\DVWKHVHDOLQJOD\HULQFHOOV
 DQG  ZHUH H[SHFWHG WR UHGXFH WKH R[\JHQ
FRQFHQWUDWLRQ WR QHDU ]HUR EHORZ WKH OD\HUV
6XFK ORZ YDOXHV ZHUH RQO\ IRXQG WKURXJKRXW
WKHVDPSOLQJSHULRGEHQHDWK the VHZDJHVOXGJH
layer. Beneath the other sealing layers, the
R[\JHQFRQFHQWUDWLRQVZHUHLQJHQHUDOEHORZ
YROEXWVRPHWLPHVGXULQJHDUO\VXPPHU
-XQH DOPRVWDVKLJKDVLQWKHDWPRVSKHUH
+LJK FRQFHQWUDWLRQV LQGLFDWH WKDW WKH
OD\HUV ZHUH UDWKHU SHUPHDEOH, ZKLFK PD\
EH D UHVXOW RI LQVXI¿FLHQW FRPSDFWLRQ RI WKH
OD\HUV GXULQJ LQVWDOODWLRQ )RU WKH 7ULVRSODVW
OD\HU ZKLFK FRQVLVWV RI WDLOLQJV EHQWRQLWH
DQG SRO\PHUV LW FDQ EH FRQFOXGHG E\ WKH
KLJK R[\JHQ FRQFHQWUDWLRQV EHORZ WKLV OD\HU
WKDW LW ZDV QRW HI¿FLHQW DV D EDUULHU DJDLQVW
R[\JHQ0HDVXUHPHQWVRIWKHDPRXQWRIZDWHU
SHUFRODWHG WKURXJK WKH FRYHUV DQG WDLOLQJV
6KFKHUEDNRYD  , VKRZHG WKDW WKLV FHOO
KDG KLJKHVW LQ¿OWUDWLRQ ZKLFK LQGLFDWHG WKDW
LW ZDV QRW HI¿FLHQW DV D EDUULHU DJDLQVW ZDWHU
/DERUDWRU\ VWXGLHV RI 7ULVRSODVW VKRZHG YHU\

3.3. Analysis of gases

*DVLQWKHO\VLPHWHUVDQGLQWKHR[\JHQEDOOV
ZDVVDPSOHGHYHU\VHFRQGZHHNGXULQJVSULQJ
VXPPHUDQGDXWXPQLQDQGRQFHDPRQWK
GXULQJ  7KH VDPSOHV ZHUH
ZHUH DQDO\VHG
DQDO\VHG IRU
IRU
R[\JHQ PHWKDQH DQG FDUERQ GLR[LGH XVLQJ
0DLKDN 6 +DOOEHUJ  . Methane and
FDUERQGLR[LGHZHUHFDOLEUDWHGZLWKVSHFL¿FJDV
FRQFHQWUDWLRQV RI  YRO DQG  YRO
UHVSHFWLYHO\ 7KH SUHFLVLRQ RI WKH LQVWUXPHQW
ZDV EHWWHU WKDQ  RI WKH DQDO\VHG YDOXH
DFFRUGLQJWRWKHPDQXIDFWXUHU
4. Results and discussion
4.1 Gas concentrations
4.1.1 Oxygen concentration distribution in
uncovered tailings
3UREOHPV ZLWK IUR]HQ SUREH FRQQHFWLRQV
GXULQJWKHZLQWHUDQGKLJKZDWHUFRQWHQWLQWKH
EDOOV DQG LQ WKH O\VLPHWHUV GXULQJ WKH VSULQJ
UHGXFHGWKHTXDQWLW\RIGDWD ,QWKHXQFRYHUHG
WDLOLQJV FHOO   R[\JHQ FRQFHQWUDWLRQV
GHFUHDVHGZLWKGHSWK$WGHSWKVRIPDQG
 P WKH FRQFHQWUDWLRQV UDQJHG IURP ]HUR
WR DOPRVW DWPRVSKHULF FRQFHQWUDWLRQ )LJXUH
  ,Q JHQHUDO ORZHU FRQFHQWUDWLRQV DW  P
LQGLFDWLQJ WKDW VXOSKLGH R[LGDWLRQ RFFXUUHG
7KHFKDQJHLQR[\JHQFRQFHQWUDWLRQZLWKGHSWK
FRXOGEHDWWULEXWHGWRYDULDWLRQVLQWKHPRLVWXUH
6

Cell 2-Clayey till (1.2m protectiev cover); O2 (%)

Cell 1-Clayey till (0.6 m protective cover); O2 (%)
0

soil surface

5

10

15

20

0

0

Clayey till layer
K(sat) =3.5E-08m/s
Tailings

-1

-2

04-05-03

15

20

Protective cover

-1
Clayey till layer

K(sat) =3.5E-08m/s
Tailings

-2
summer -05

Cell 3-Sewage sludge (1.2 m protective cover); O2 (%)
0

5

10

15

Cell 4-Apatite layer (1.2 m protective cover); O2 (%)
20

Protective cover

-1

0

Depth below soil surface (m)

0

Sewage sludge layer
Tailings
-2

0

5

-3

10

15

20

Protective cover
-1
Apatite layer

K(sat) =3.2E-08m/s
Tailings

-2

04-05-03
04-05-26

04-05-26
-3

Cell 5-Trisoplast layer (1.2 m protective cover); O2 (%)
0

5

10

15

Cell 6-Uncovered tailings; O2 (%)
20

0

0

0

5

10

15

20

Tailings
Protective cover

Depth below soil surface (m)

Depth below soil surface (m)

10

-3

-3

Depth below soil surface (m)

5

Protective cover

Depth below soil surface (m)

Depth below soils surface (m)

0

-1
Trisoplast layer

K(sat) =4E-11m/s

Tailings

-2

04-03-23
04-05-03
04-05-26

-1

-2

04-03-23
04-05-03
04-05-26
-3

-3

04-06-09
04-06-17

04-06-23
04-06-29

04-09-15
04-10-04

04-08-26
04-09-06

04-10-18
05-04-19

05-06-02
05-06-21

05-07-25

Figure 32[\JHQFRQFHQWUDWLRQLQWKHFRYHUV\VWHPVDSSOLHGRQVXOSKLGHULFKWDLOLQJVDQGLQXQFRYHUHGWDLOLQJVLQ
WKHWHVWFHOOV

$QRWKHU H[SODQDWLRQ IRU KLJK SHUPHDELOLW\
PD\ EH IUHH]LQJ RU GU\LQJ ZKLFK PD\ UHVXOW
LQ PDFUR SRUHV LQ ZKLFK R[\JHQ FRXOG EH
WUDQVSRUWHGLQWRWKHWDLOLQJV,QFUHDVHGK\GUDXOLF
FRQGXFWLYLW\ RI FOD\H\ WLOO ZDV REVHUYHG DIWHU
IUHH]LQJ DQG GU\LQJ F\FOHV &DUOVVRQ DQG
(ODQGHU  2.DQH  . Because the
VHDOLQJ OD\HUV LQ WKH FHOOV ZHUH IUR]HQ GXULQJ
WKH ZLQWHU 6KFKHUEDNRYD   LW PLJKW EH
SRVVLEOH WKDW WKH OD\HUV ZHUH GDPDJHG ,W LV
WKHUHIRUHLPSRUWDQWWKDWWKHSURWHFWLYHFRYHULV
WKLFNHQRXJKWRSUHYHQWWKHVHDOLQJOD\HUIURP
IUHH]LQJDQGGU\LQJ'HSHQGLQJRQWKHFOLPDWH
WKH UHTXLUHG WKLFNQHVV RI D SURWHFWLYH FRYHU

ORZVDWXUDWHGK\GUDXOLFFRQGXFWLYLW\ (ULNVVRQ
SHUVRQDO FRPPXQLFDWLRQ   Probably,
WKHUHZDVDIDLOXUHLQWKHVWUXFWXUHRIWKHEDUULHU
7KHFRPELQDWLRQRIWKH7ULVRSODVWDQGWDLOLQJV
LQVWHDGRIFRPPRQVDQGKDVQHYHUEHHQXVHGLQ
¿HOG EHIRUH 7KH R[\JHQ FRQFHQWUDWLRQV ZHUH
ORZHUEHQHDWKWKHRWKHUEDUULHUV FOD\H\WLOODQG
DSDWLWH EXWWKH\ZHUHWRRKLJKWREHFRQVLGHUHG
ideal barriers against oxygen. The only layer
that reduced the oxygen concentration to
QHDU ]HUR ZDV VHZDJH VOXGJH EXW WKLV GLG
QRW SUHYHQW ZDWHU IURP LQ¿OWUDWLQJ VLQFH WKH
DPRXQWRISHUFRODWHGZDWHUZDVDVKLJKDVIRU
WKH7ULVRSODVW 6KFKHUEDNRYD .

7

DQG-DPERU , EXWWKHS+LQWKHFHOOZDWHU
ZDV QHDU QHXWUDO VR LW ZDV QRW OLNHO\ WR EH D
VRXUFHKHUH $ODNDQJDVDQGgKODQGHU 

YDULHV ,Q QRUWKHUQ 6ZHGHQ ZKHUH WKH IURVW
GHSWKFDQEHGHHSWKHSURWHFWLYHFRYHURXJKW
WREHDWOHDVWPWKLFNWRSUHYHQWIUHH]LQJRI
the sealing layer.
Calculations of the effects of drought on the
saturation of a sealing layer of clayey till during
ORQJGU\SHULRGVVKRZHGWKDWWKHZDWHUFRQWHQW
ZDVUHGXFHGPDUJLQDOO\DQGWKDWLWWRRNDYHU\
ORQJ WLPH WR GU\ 0RUHQR DQG 1HUHWQLHNV
 . Modelling of six consecutive dry years
LQ QRUWKHUQ 6ZHGHQ VKRZHG WKDW WKH ZDWHU
FRQWHQWLQWKHVHDOLQJOD\HUUHPDLQHGFORVHWR
VDWXUDWLRQDQGWKDWWKHSURWHFWLYHFRYHUKDGD
VDWXUDWLRQ RI  DW D GHSWK RI  P  DQG RI
LQWKHXSSHUSDUW 0RUHQRDQG1HUHWQLHNV
 . 7KH ODFN RI PRLVWXUH PHDVXUHPHQWV
LQ WKH FHOOV FRPSOLFDWHG WKH HYDOXDWLRQ RI
WKH FDSDFLW\ RI WKH VHDOLQJ OD\HUV WR PDLQWDLQ
saturation throughout the year, but high oxygen
FRQFHQWUDWLRQVGXULQJWKHVXPPHULQGLFDWHWKDW
WKHOD\HUVZHUHRQO\SDUWLDOO\VDWXUDWHG

(IIHFWLYHR[\JHQGLIIXVLRQFRHI¿FLHQWV
8SZDUGGLIIXVLRQRIFDUERQGLR[LGHDQGODUJH
DPRXQWVRILQ¿OWUDWHGZDWHULQWRWKHO\VLPHWHUV
VRPHWLPHV DIIHFWHG WKH R[\JHQ FRQFHQWUDWLRQ
LQ WKH O\VLPHWHUV DQG WKHVH RFFDVLRQV ZHUH
WKHUHIRUHRPLWWHGZKHQHVWLPDWLQJWKHHIIHFWLYH
GLIIXVLRQ FRHI¿FLHQWV Deff  7KH R[\JHQ
FRQVXPLQJ FKDUDFWHU RI WKH 7ULVRSODVW WKH
XQFRYHUHGWDLOLQJVDQGWKHVHZDJHVOXGJHPDGH
LWLPSRVVLEOHWRFDOFXODWHDeff RIWKHVHFRYHUVZLWK
WKLVPHWKRGVLQFHWKHR[\JHQFRQFHQWUDWLRQLQ
WKHO\VLPHWHUVZDVDIIHFWHG
4.2.1. Protective cover

7KH SURWHFWLYH FRYHUV LQ DOO FHOOV FRQVLVWHG
RIVLPLODUPDWHULDODQGFHOOVKDYHWKHVDPH
WKLFNQHVV P ZKLOHLQFHOOLWLVRQO\
P WKLFN 7KH Deff YDOXHV ZHUH higher for the
HQWLUHFRYHUVDQGSURWHFWLYHFRYHUVWKDQIRUWKH
VHDOLQJ OD\HU DORQH ZKLFK ZDV H[SHFWHG GXH
WRWKHODUJHUGLIIHUHQFHVLQSK\VLFDOSURSHUWLHV
VXFK DV SRURVLW\ DQG K\GUDXOLF FRQGXFWLYLW\
7KHDSSUR[LPDWHDeff for the SURWHFWLYHFRYHUV
in the three cells YDULHG EHWZHHQ  and
P2 s )LJXUH +LJKHUDeffYDOXHVZHUH
LQJHQHUDOIRXQGGXULQJGU\SHULRGVVXFKDVWKH
VXPPHUDQGGXULQJVQRZFRYHUHGSHULRGV
The Deff YDOXHV LQ WKH SURWHFWLYH FRYHUV LQ
WKHFHOOVZHUHPDLQO\DERYHP2 s+LJKHU
Deff LQ WKH SURWHFWLYH FRYHU DERYH WKH DSDWLWH
OD\HU LQGLFDWHV D ORZ ZDWHU VDWXUDWLRQ WKDQ
above the clayey till. The saturated hydraulic
FRQGXFWLYLW\ GHWHUPLQHG LQ ODERUDWRU\ IRU WKH
DSDWLWH FRQFHQWUDWH ZDV ORZHU WKDQ IRU WKH
FOD\H\ WLOO 7KH WKLFNQHVV RI WKH DSDWLWH OD\HU
ZDVKRZHYHURQO\RQHWKLUGRIWKHWKLFNQHVV
RIWKHFOD\H\WLOOZKLFKPD\KDYHUHGXFHGWKH
effectiveness of the layer.
7KH ORZHVW Deff YDOXHV IRU WKH SURWHFWLYH
FRYHUV ZHUH IRXQG DERYH WKH FOD\H\ WLOO
FHOO ZKLFKVXJJHVWVDKLJKZDWHUVDWXUDWLRQ
KHUH %HFDXVH RI WKH WKLQQHU SURWHFWLYH FRYHU
LQ FHOO  WKH VRLO VXUIDFH ZDV GHHSHU GRZQ
DQG WKH VRLO VXUIDFH ZDV WKHUHIRUH SURWHFWHG
against e.g., solar radiation by the FHOO ZDOOV
)LJXUH   7KH RWKHU FHOOV KDG D VRLO VXUIDFH

4.1.3. Carbon dioxide concentrations

&DUERQGLR[LGHZDVREVHUYHGLQWKHXQFRYHUHG
WDLOLQJVDVZHOODVDERYHDQGEHORZWKHWDLOLQJV
ZLWK FRYHUV 7KH FRQFHQWUDWLRQV ZHUH XS WR
 YRO EHORZ WKH VHZDJH VOXGJH OD\HU DQG
XSWRYROEHORZWKHRWKHUOD\HUV0HWKDQH
KDG VLPLODU FRQFHQWUDWLRQ EHORZ WKH VHZDJH
VOXGJHOD\HUDQGZDVDOPRVWDEVHQWEHORZWKH
other layers. The higher concentrations found
EHORZ WKH OD\HUV WKDQ DERYH LQGLFDWH XSZDUG
GLIIXVLRQ DQG WKDW WKH VRXUFH ZDV ORFDWHG
LQ WKH WDLOLQJV 'HFRPSRVLWLRQ RI RUJDQLF
PDWWHU LQ WKH WDLOLQJV ZDV D OLNHO\ VRXUFH RI
FDUERQ GLR[LGH DQG PHWKDQH 7KH SUHVHQFH
RI PHWKDQH LQGLFDWHV WKDW WKH GHFRPSRVLWLRQ
RFFXUUHGLQDQDHURELFFRQGLWLRQV 3HSSDVHWDO
 .$QDO\VLVRIWKHOHDFKDWHZDWHUVVKRZHG
SUHVHQFH RI GLVVROYHG RUJDQLF FDUERQ '2& 
LQ DOO FHOOV7KH FRQFHQWUDWLRQV ZHUH XS WR 
PJ O H[FHSW LQ WKH FHOO ZLWK VHZDJH VOXGJH
ZKHUHWKHFRQFHQWUDWLRQZDVXSWRPJO
$ODNDQJDVDQGgKODQGHU . &RQVXPSWLRQ
RI R[\JHQ DQG SURGXFWLRQ RI FDUERQ GLR[LGH
has also been observed in old oxidised tailings
ZLWK JUDVV FRYHU $ODNDQJDV DQG gKODQGHU
 DQGLQZDVWHURFN +DUULHVDQG5LWFKLH
 . &DOFLWHPD\EHDQDGGLWLRQDOVRXUFHRI
FDUERQ GLR[LGH LQ DFLGLF FRQGLWLRQV %ORZHV
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WKDQRWKHUVLQWKHVSULQJZKHQWKHHYDSRUDWLRQ
ZDVORZ7KHUDSLGPHOWLQJLQWKHVHFHOOVPD\
KDYHUHVXOWHGLQSHUFRODWLRQRIZDWHUDORQJWKH
FHOO ZDOOV DV WKH FRYHU ZDV SDUWLDOO\ IUR]HQ
7KLV SUREDEO\ UHVXOWHG LQ WKDW WKH SURWHFWLYH
FRYHUV GU\LQJ RXW IDVWHU DQG FRQVHTXHQWO\ LQ
DQ LQFUHDVH LQ R[\JHQ GLIIXVLRQ ZKLFK PD\
H[SODLQWKHKLJKHUDeff LQWKHFHOOZLWKDSDWLWH
/DUJH DPRXQWV RI SHUFRODWHG ZDWHU PD\ KDYH
FUHDWHGFKDQQHOVDORQJWKHFHOOZDOOVLQZKLFK
R[\JHQ FRXOG EH WUDQVSRUWHG LQWR WKH WDLOLQJV
2[LGLVHGFKDQQHOV \HOORZEURZQSUHFLSLWDWHV 
LQ WKH WDLOLQJV ZHUH REVHUYHG WKURXJK WKH FHOO
ZLQGRZV %HFDXVH WKH R[\JHQ EDOOV ZHUH
ORFDWHG QHDU WKH ZDOOV WKLV PD\ KDYH EHHQ
VLJQL¿FDQWIRUWKHR[\JHQFRQFHQWUDWLRQV

Cover system with clayey till layer (0.3m) and 0.6 m protective cover
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4.2.2. Sealing layers
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7KH PDMRU DLP RI WKH VHDOLQJ OD\HUV DQG
WKH VHZDJH VOXGJH OD\HU ZDV WR GHFUHDVH WKH
R[\JHQ HQWU\ HLWKHU E\ R[\JHQ FRQVXPSWLRQ
E\WKHGHFRPSRVLWLRQRIRUJDQLFPDWWHULQWKH
VHZDJH VOXGJH RU E\ UHGXFWLRQ RI WKH R[\JHQ
GLIIXVLRQ E\ PDLQWDLQLQJ D KLJK GHJUHH RI
saturation in the other sealing layers. A sealing
OD\HU FDQ DOVR LQFUHDVH WKH HYDSRUDWLRQ GXH
WR WKH ORZ VDWXUDWHG K\GUDXOLF FRQGXFWLYLW\
WKHUHE\ GHFUHDVLQJ WKH LQ¿OWUDWLRQ RI ZDWHU.
The reduction of oxygen diffusion through the
VHDOLQJ OD\HUV LV H[SHFWHG WR EH PXFK JUHDWHU
WKDQWKURXJKSURWHFWLYHFRYHUVEHFDXVHRIWKH
ORZHU VDWXUDWHG K\GUDXOLF FRQGXFWLYLW\ 7KLV
PHDQVWKDWWKHR[\JHQÀX[LQWRWKHWDLOLQJVLV
controlled by diffusion in the sealing layers
DQGWKHR[\JHQFRQVXPSWLRQEHORZWKHVHDOLQJ
layers.
The Deff values for the sealing layers ranged
WR  P2 s LQ FHOOV   DQG 
IURP  WR
7KHVHDOLQJOD\HUVGLIIHULQWKLFNQHVVSRURVLW\
and saturated hydraulic conductivity but the
observed differences in DeffZHUHPRUHUHODWHG
WRVHDVRQDOYDULDWLRQVWKDQWRWKHW\SHRIVHDOLQJ
OD\HU 7KH OLPLWHG QXPEHU RI HVWLPDWHG Deff
YDOXHVPDGHLWGLI¿FXOWWRSURYHKLJKHUGLIIXVLRQ
through one of the sealing layer than through
another, and the average DeffYDOXHVZHUHUDWKHU
VLPLODUEHWZHHQWKHVHDOLQJOD\HUVRQDYHUDJH
(P2 s IRUWKHFOD\H\WLOOLQFHOODQG
(P2 sLQFHOODQGIRUWKHDSDWLWHOD\HU
( P2 s. These Deff YDOXHV ZHUH RI WKH
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Figure 4. 7LPHVHULHVIRUHVWLPDWHGHIIHFWLYHGLIIXVLRQ
FRHI¿FLHQWVIRUWKHSURWHFWLYHFRYHUVVHDOLQJOD\HUVDQG
WKHHQWLUHFRYHUV\VWHPVLQWKHWHVWFHOOV

WKDWZDVDOPRVWDWWKHVDPHOHYHODVWKHFHOOZDOO
VXUIDFH7KLFNHUVQRZFRYHUZDVPHDVXUHGLQ
FHOO  SUREDEO\ DOVR DV D UHVXOW RI WKH KLJKHU
FHOOZDOOV7KHKLJKHUFHOOZDOOVVKDGRZHGWKH
VRLOVXUIDFHDQGWKHUHE\SUREDEO\EORFNHGWKH
VRODU UDGLDWLRQ ZKLFK OHG WR ODWHU DQG VORZHU
VQRZPHOWLQJ7KLVUHVXOWHGLQDKLJKHUYROXPH
RILQ¿OWUDWHGZDWHU 6KFKHUEDNRYD ZLWK
FRQVHTXHQWO\KLJKHUVDWXUDWLRQRIWKHSURWHFWLYH
FRYHUDQGORZHUR[\JHQGLIIXVLRQ
)RUWKHRWKHUFHOOVWKLQQHUVQRZFRYHUFDXVHG
VRPH VRLO VXUIDFHV WR GU\ HDUOLHU FHOOV  
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VDPH RUGHU RI PDJQLWXGH DV WKRVH PRGHOOHG
DQG REVHUYHG IRU RWKHU FRYHUV 7DEOH   Deff
YDOXHVDUHFRQVLGHUHGWREHKLJKHULQ¿HOGWKDQ
LQ ODERUDWRU\ <DQIXO   5DWKHU VLPLODU
DeffYDOXHVZHUHREWDLQHGIRUVHYHUDOGLIIHUHQW
PDWHULDOV DQG E\ GLIIHUHQW PHWKRGV VXFK DV
PRGHOOLQJ ¿HOG PHDVXUHPHQWV DQG ODERUDWRU\
H[SHULPHQWV 7DEOH   9DULRXV LQYHVWLJDWRUV
5HDUGRQ DQG 0RGGOH  (OEHUOLQJ HW DO
 6FKDHIHU HW DO  $XEHUWLQ HW DO
  KDYH GHPRQVWUDWHG WKDW WKH GHJUHH RI
VDWXUDWLRQLQDVRLOPHGLDLVWKHIDFWRUWKDWKDV
WKHJUHDWHVWLQÀXHQFHLQWKHDeff.

The variation in Deff IRU ¿QH VDQG\ WR VLOW\
PHGLD DW ORZ ZDWHU VDWXUDWLRQ  WR   ZDV
HVWLPDWHGWREHOHVVWKDQRQHRUGHURIPDJQLWXGH
ZKLOHDWVDWXUDWLRQEHWZHHQDQGWKHDeff
YDULHG LQ IRXU RUGHUV LQ PDJQLWXGH (OEHUOLQJ
HW DO   6HYHUDO VWXGLHV KDYH VKRZQ WKDW
D ZDWHU VDWXUDWLRQ RI PRUH WKDQ  ZRXOG
result in DeffYDOXHVORZHUWKDQ(IRU¿QH
VDQG 5HDUGRQDQG0RGGOH(OEHUOLQJHW
DO DQGIRUFOD\H\WLOOVLPLODUWRWKHRQH
XVHGLQFHOOVDQG 0RUHQRDQG1HUHWQLHNV
 6HDOLQJOD\HUVRIFOD\H\WLOOVKRXOGKDYH
DSSUR[LPDWHO\VDWXUDWLRQWREHHIIHFWLYHDV

Table 2.0RGHOOHGDQGPHDVXUHGHIIHFWLYHGLIIXVLRQFRHI¿FLHQWV 'HII DQGR[\JHQÀX[HVIRUWDLOLQJVDQG
covers.
Study

Sulphide

Method Saturation

F
F
F
Kim and and Benson, 2004
Silty loam
M
-“M
Silty clay loam
M
-“M
Tibble and Nicholson, 1997
Fresh
F
Old (5-6 years) and (10 years) F
Woyshner et al., 1997
Non-reactive
F
Yanful, 1993
Pyrite and pyrrhotite
L+ M
Alakangas and Öhlander, 2005 Old sandy (60 years)
F
This study
Fresh silty
F
F
Eberling et al., 1993

40Fine grained

Deff
(m2s-1)

Dry
Modest
Wet
Wet
Dry
Wet
Dry
Wet

1.2E-05 **
2E-06**
4.2E-10**
1.5E-08*
6.2E-06*
1.9E-08*
7.7E-06*

28%
27.5-46.9%
Wet 90%
Dry 17%

1.7E-06
1.0-6.1E-08
5.5E-08
2.9E-09b**
3E-06b**

D+W
D+W
60%

1.1E-08b*
1.7E-07*
2.5E-07

Oxygen flux
(mole m-2 year-1)
1560 b, at surface
581b
0.25b

33b
192 and 81b
66.5
9.9
0.8 at 0.5m depth

Covered tailings
Kim and and Benson, 2004
Woyshner et al., 1997
Tibble and Nicholson, 1997

Cabral et al. 2000
Yanful, 1993
Carlsson, 2002

Moreno and Neretnieks, 2004
This study

Bentonite
Compacted till
clay
Sand (0.5m) and
non-sulphide
tailings (0.8m) and
Sandy gravel (0.3m)
Pulp and paper residues
Fine sand (0.3m)+ clay
(0.6m)+coarse sand (0.3m)
Clayey till (0.3m)
+ protective till cover (1m)
Clayey till, 0.3m
+ protective cover (1.3 m)
Clayey till (0.3m)
+ protective cover (1.5m)
Clayey till (0.3m)
Clayey till (0.3m)
Clayey till (0.3m)
protective cover (0.6 m)
Clayey till (0.3m)
+ protective cover (1.2 m)
Apatite concentrate (0.1m)
+ protective cover (1.2m)

M
M
F
F

7b

8.3E-09-9.7E-07
3.9E-09

6.2
0.13

F

1.6E-09

0.008

F

3.9E-09

0.4

F

4.9E-10

0.34

1.0E-09
2.0E-06
2.8E-09

1.0
1974
1.1

F

2.6E-09

1.1

F

1.2E-09

2.0

L+M
L+M

M
M
F

25%

Wet 95%
Dry 0%

L= Laboratory, M= Modeling, F = Field , b Oxygen consumption method * diffusion in air
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941 at 0.5m depth

**

diffusion in water and air

2[\JHQÀX[HV

8SZDUG GLIIXVLRQ RI FDUERQ GLR[LGH
PD\ LQGXFH DQ R[\JHQ JUDGLHQW WKDW LV QRW
UHODWHG WR R[\JHQ FRQVXPSWLRQ LQ WKH WDLOLQJV
7KRUVWHQVRQ DQG 3ROORFN  . This effect
ZDV QHJOHFWHG LQ WKH FDOFXODWLRQV EXW FRXOG
EHVLJQL¿FDQWGXHWRWKHUHODWLYHO\KLJKFDUERQ
GLR[LGHFRQFHQWUDWLRQV XSWR 
4.3.1 Uncovered tailings

7KH HVWLPDWHG Deff YDOXHV (TXDWLRQ   LQ
VDWXUDWHGDQGGU\XQFRYHUHGWDLOLQJVZHUH(
 DQG ( P2 s UHVSHFWLYHO\ 7KH LURQ
VXOSKLGH FRQWHQW ZDV YHU\ KLJK DOPRVW 
DQGWKHWDLOLQJVZHUHIUHVKZKLFKPD\LQFUHDVH
WKH VXOSKLGH R[LGDWLRQ UDWH 1LFKROVRQ HW DO
  +RZHYHU IUHVK WDLOLQJV PD\ EH ZHW DW
WKHWLPHRIGHSRVLWLRQDQGWKHUHIRUHVKRZORZ
VXOSKLGH R[LGDWLRQ UDWH LQLWLDOO\ (OEHUOLQJ HW
DO  :R\VKQHU DQG 6ZDUEULFN  .
'UDLQDJH DQG HYDSRUDWLRQ PD\ GHFUHDVH WKH
VDWXUDWLRQ ZLWK WLPH ZKLFK LQFUHDVHV WKH
VXOSKLGH R[LGDWLRQ 7KLV LPSOLHV WKDW WDLOLQJV
PD\ KDYH ORZ LQLWLDO VXOSKLGH R[LGDWLRQ UDWH
MXVWDIWHUGHSRVLWLRQEXWWKLVUDWHLQFUHDVHVDV
ZDWHUFRQWHQWGHFUHDVHV7KHR[LGDWLRQUDWHKDV
been suggested to decrease as the oxidation
IURQWPRYHVGRZQZDUGVDQGWKHWUDQVSRUWSDWK
IRUR[\JHQLQFUHDVHV 5LWFKLH DQGDOVR
LI WKH WDLOLQJV FHPHQW GXH WR SUHFLSLWDWLRQ RI
VHFRQGDU\PLQHUDOVZKLFKDOVRPD\UHGXFHWKH
R[\JHQÀX[ (OEHUOLQJ 
7KH R[\JHQ JUDGLHQW DV PHDVXUHG LQ WKH
uncovered tailings and a Deff RI ( P2 s

 JLYHV DQ R[\JHQ ÀX[ RI DSSUR[LPDWHO\ 
PROH \HDU P 7KLV FRUUHVSRQGV WR D S\ULWH
R[LGDWLRQRIDSSUR[LPDWHO\PROH\HDUP
2
LIPROHRIR[\JHQZHUHFRQVXPHGE\
PROHRIS\ULWH (TXDWLRQ .
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,QZHWWDLOLQJVZLWKDQR[\JHQFRQFHQWUDWLRQ
JUDGLHQW FORVH WR ]HUR WKH S\ULWH R[LGDWLRQ
UDWHZRXOGEHOHVVWKDQPROH\HDUP. The
R[\JHQJUDGLHQWKRZHYHUYDULHGZLWKDeff.
4.3.2. Cover systems

7KH GHWHUPLQHG Deff for the entire covers
UDQJHGEHWZHHQ
P
P2 s )LJXUH  The
HVWLPDWHG R[\JHQ ÀX[HV IRU HDFK OD\HU LQ WKH
HQWLUH FRYHU V\VWHP LQ HDFK FHOO ZHUH VLPLODU
ZKLOHWKHDeff values and the oxygen gradients
YDULHG7KHÀX[HVHVWLPDWHGIRUWKHHQWLUHFRYHU
LQWKHFHOOVDUHVKRZQLQ)LJXUH7KHPD[LPXP
R[\JHQ LQWUXVLRQ ZDV HVWLPDWHG WR  PROH
yearP LQDGU\FRYHUV\VWHPZLWKDVHDOLQJ
OD\HURIFOD\H\WLOODQGDSURWHFWLYHFRYHULIWKH
R[\JHQZDVLQVWDQWO\FRQVXPHGDWWKHERWWRP
RIWKHFRYHU 0RUHQRDQG1HUHWQLHNV .
4

Oxygen flux (mole / m2, year)

DEDUULHUDJDLQVWR[\JHQZKLFKFRUUHVSRQGVWR
a Deff(P2 s 0RUHQRDQG1HUHWQLHNV
 'U\SHULRGVWKHVHDOLQJOD\HUVDWXUDWLRQ
PD\ GHFUHDVH WR RQO\  ZKLFK FRXOG
increase Deff WKUHHRUGHUVRIPDJQLWXGH 0RUHQR
DQG 1HUHWQLHNV   7KLV
KLV LPSOLHV
LPSOLHV WKDW
WKDW WKH
WKH
VHDOLQJOD\HUVLQFHOOV DQG ZHUHDOPRVW
VDWXUDWHGGXULQJPRVWRIWKHVDPSOLQJSHULRG
%HFDXVHRIWKHODFNRIPRLVWXUHPHDVXUHPHQWV
LQWKHFRYHUVWKLVFRXOGQRWEHFRQ¿UPHG
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Figure 5.7LPHVHULHVIRUHVWLPDWHGR[\JHQÀX[HVIRU
WKHHQWLUHFRYHUV\VWHPVLQWKHWHVWFHOOV

7KHR[\JHQÀX[HVUDQJHGIURPWRPROH
yearPLQWKHFHOOVZLWKFOD\H\WLOODQGDSDWLWH
)LJXUH   ZKLFK LV UDWKHU VLPLODU WR ÀX[HV
HVWLPDWHG IRU RWKHU FRYHUV 7DEOH   +LJK
degree of saturation in the tailings or in a cover
VHHPV WR UHGXFH WKH R[\JHQ ÀX[ VLJQL¿FDQWO\
7DEOH $VDWXUDWHGFRYHUDVZHOODVVDWXUDWHG
XQFRYHUHGWDLOLQJVUHGXFHVWKHR[\JHQÀX[7KH
UHVXOWVLQGLFDWHWKDWWKHFHOOVZHUHPRGHUDWHO\
VDWXUDWHG WKURXJKRXW WKH VDPSOLQJ SHULRG$Q
R[\JHQÀX[RIPROP2 yearZDVHVWLPDWHG
E\ PRGHOOLQJ ZKHQ DVVXPLQJ D KLJK GHJUHH

of saturation in a sealing layer of clayey till
VLPLODU WR WKH RQH LQ WKLV VWXG\ DQG ZLWK DQ
R[\JHQ FRQFHQWUDWLRQ FORVH WR ]HUR EHORZ
WKH FRYHU 0RUHQR DQG 1HUHWQLHNV  . A
VDWXUDWLRQ RI RQO\  LQ VXFK D FRYHU PD\
LQFUHDVHWKHR[\JHQÀX[E\DOPRVWWKUHHRUGHUV
RI PDJQLWXGH FRPSDUHG WR D ZDWHUVDWXUDWHG
VHDOLQJOD\HU 0RUHQRDQG1HUHWQLHNV 
,Q JHQHUDO ORZ R[\JHQ ÀX[HV ZHUH REVHUYHG
LQWKHHQWLUHFRYHUV\VWHPLQWKHFHOOV )LJXUH
  ZKHQ ERWK WKH GLIIXVLRQ FRHI¿FLHQWV DQG
R[\JHQFRQVXPSWLRQDUHFRQVLGHUHGWREHORZ
GXULQJFRRORUZHWVHDVRQV 
The variation of DeffYDOXHVDQGR[\JHQÀX[HV
EHWZHHQWKHFRYHUV\VWHPVZDVQRWDVODUJHDV
PLJKW EH H[SHFWHG FRQVLGHULQJ WKH YDULDWLRQV
RI R[\JHQ FRQFHQWUDWLRQV EHORZ WKH FRYHUV
1R REYLRXV GLIIHUHQFH EHWZHHQ WKH DELOLW\ RI
WKHFRYHUV\VWHPVWROLPLWWKHR[\JHQLQWUXVLRQ
FRXOG EH FRQ¿UPHG IURP WKLV VWXG\ SRVVLEO\
GXH WR WKH OLPLWHG QXPEHU RI Deff values. The
FRQVWUXFWLRQ RI WKH FHOOV ZLWKRXW QDWXUDO UXQ
RII UHVXOWHG LQ XS WR  RI WKH R[\JHQ ÀX[
GXULQJ D \HDU LQ¿OWUDWLQJ R[\JHQ GLVVROYHG LQ
SHUFRODWLQJZDWHU,QVXI¿FLHQW¿HOGFRPSDFWLRQ
RIWKHVHDOLQJOD\HUVPD\DOVRKDYHDIIHFWHGWKH
DELOLW\WROLPLWZDWHUDQGR[\JHQGLIIXVLRQ
7KHFRYHUV\VWHPVUHGXFHGWKHR[\JHQÀX[LQWR
WKHWDLOLQJVE\PRUHWKDQFRPSDUHGZLWK
GU\ XQFRYHUHG WDLOLQJV  PROH \HDU P).
$QDO\VLV E\ PRGHOOLQJ VKRZHG WKDW WUDQVLHQW
R[\JHQ WUDQVSRUW LQ D FRPSOH[ FRYHU V\VWHP
ZLWK FOD\ OD\HUV RFFXUV IRU DERXW  \HDUV
DQGWKHUHDIWHUWKHWUDQVSRUWLVVWHDG\ .LPDQG
%HQVRQ   7KLV LPSOLHV WKDW WKH FRYHU
OD\HUVPD\LPSURYHLQWKHIXWXUH
7KH GHFRPSRVLWLRQ RI RUJDQLF PDWWHU LQ
WKH VHZDJH VOXGJH OD\HU SUREDEO\ FRQVXPHG
PRVW R[\JHQ EHORZ DQG DERYH WKH OD\HU DQG
FRQVHTXHQWO\ OLWWOH R[\JHQ GLIIXVHG LQWR WKH
WDLOLQJV7KHUHOHDVHRIVXOSKDWHDQGPHWDOVLQ
WKHWDLOLQJVEHORZWKHVHZDJHVOXGJHZDVORZHU
WKDQIRUWKHRWKHUFRYHUV\VWHPVDQGGHFUHDVHG
VLJQL¿FDQWO\ GXULQJ  $ODNDQJDV DQG
gKODQGHU 7KLVVXJJHVWVWKDWWKHVHZDJH
VOXGJHZDVPRVWHIIHFWLYHDVDEDUULHUIRUR[\JHQ
LQ WKH VKRUW WHUP 7KH ORQJWHUP HI¿FLHQF\ LV
SUREDEO\OLPLWHGVLQFHWKHRUJDQLFPDWWHUZLOO
EHFRQVXPHG +DOOEHUJHWDO 
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The relatively high oxygen concentrations
EHORZ WKH 7ULVRSODVW VXJJHVW WKDW WKLV OD\HU
IDLOHG DV D EDUULHU DJDLQVW R[\JHQ +LJK
DPRXQWVRILQ¿OWUDWHGZDWHUWKURXJKWKLVOD\HU
DOVRLQGLFDWHLWVIDLOXUHDVEDUULHUDJDLQVWZDWHU
7KLVPD\EHDUHVXOWRIWKHPL[LQJSURSHUWLHV
RIWKH7ULVRSODVWVLQFHWDLOLQJVQHYHUKDYHEHHQ
XVHGDVPDWUL[EHIRUH
5. Conclusions
7KHODUJHDGYDQWDJHZLWKWKH¿HOGWHFKQLTXH
XVHGKHUHFRPSDUHGWRRWKHUWHFKQLTXHVLVWKH
DELOLW\IRUORQJWHUPVWXGLHVZLWKRXWLQWHUUXSWLQJ
WKHFRYHUV\VWHPV7KHPHWKRGLVKRZHYHUDOVR
DIÀLFWHG ZLWK VRPH VKRUWFRPLQJ7KH PHWKRG
FRXOGRQO\EHXVHGLQQRQR[\JHQFRQVXPLQJ
PDWHULDOV VR LW FRXOG QRW EH XVHG IRU VHZDJH
VOXGJH7ULVRSODVWDQGWDLOLQJV3HUFRODWHGZDWHU
and diffused carbon dioxide diffused into the
O\VLPHWHUVDQG
DQGKLJKZDWHUFRQWHQWLQWKHR[\JHQ
KLJK ZDWHU FRQWHQW LQ WKH R[\JHQ
EDOOVUHGXFHGWKHQXPEHURIREVHUYDWLRQVWKDW
UHGXFHG WKH QXPEHU RI REVHUYDWLRQV WKDW
FRXOGEHXVHGIRUWKHGHWHUPLQDWLRQDeff values..
$EVHQFHRIQDWXUDOUXQRIILQFUHDVHGWKHDPRXQW
RI ZDWHU LQ¿OWUDWHG WKURXJK WKH FRYHUV ZKLFK
UHVXOWHGLQXSWRRIWKHR[\JHQHQWHULQJYLD
SHUFRODWLQJ ZDWHU ,QFUHDVHG R[\JHQ GLIIXVLRQ
SUREDEO\ DOVR RFFXUUHG YLD FKDQQHOV IRUPHG
E\ SHUFRODWHG PHOW ZDWHU DORQJ WKH FHOO ZDOOV
GXULQJVSULQJ,QVSLWHRIWKHUDWKHUKLJKZDWHU
LQ¿OWUDWLRQWKHR[\JHQÀX[GHFUHDVHGE\PRUH
WKDQ  IRU WKH FRYHUHG WDLOLQJV FRPSDUHG
ZLWKGU\XQFRYHUHGWDLOLQJV
 7KH HIIHFWLYH GLIIXVLRQ FRHI¿FLHQWV Deff)
IRU R[\JHQ ZHUH HVWLPDWHG IRU FOD\H\ WLOO DQG
DSDWLWH 7KH Deff IRU WKH HQWLUH FRYHU V\VWHPV
YDULHG VHYHUDO RUGHUV RI PDJQLWXGH DQG WKH
YDULDWLRQVZHUHODUJHUGHSHQGLQJRQWKHVHDVRQ
WKDQ RQ WKH GHVLJQ RI WKH FRYHU V\VWHP 7KH
average Deff YDOXHV IRU WKH SURWHFWLYH FRYHUV
ZHUH LQ JHQHUDO KLJKHU WKDQ IRU WKH VHDOLQJ
 and
OD\HUVIRUZKLFKDeffYDULHGEHWZHHQ
P
P2 sZLWKWKHKLJKHVWYDOXHVLQVXPPHU
DQGZLQWHU7KHORZHVWR[\JHQFRQFHQWUDWLRQV
WKURXJKRXW WKH VDPSOLQJ SHULRG ZHUH IRXQG
EHORZ WKH FRYHU V\VWHP ZLWK VHZDJH VOXGJH
ZKLFK VHHPHG WR EH WKH PRVW HI¿FLHQW OD\HU
IRU R[\JHQ LQ WKH VKRUWWHUP SHUVSHFWLYH ,Q
GU\ XQFRYHUHG VXOSKLGH WDLOLQJV WKH R[\JHQ
ÀX[ ZDV HVWLPDWHG WR  PROH \HDU P,

DQGLQZHWWDLOLQJVWRPROH\HDUP. The
DPRXQW RI R[\JHQ LQWUXGHG LQWR WKH WDLOLQJV
WKURXJKWKHFRYHUV\VWHPVZDVLQWKHUDQJHRI
PROHP year. Further investigations of
WKH R[\JHQ GLIIXVLRQ DUH
DUH LQWHUHVWLQJ
LQWHUHVWLQJ IRU
IRU ORQJ
WHUP HYDOXDWLRQ RI WKH FRYHU V\VWHPV 2WKHU
¿HOG PHWKRGV DUH QHFHVVDU\ IRU GHWHUPLQDWLRQ
RI HIIHFWLYH GLIIXVLRQ FRHI¿FLHQWV DQG R[\JHQ
ÀX[HVLQR[\JHQFRQVXPLQJFRYHUV To
7R be
EH able
DEOH
WR HYDOXDWH WKH ORQJWHUP R[\JHQ GLIIXVLRQ LQ
FRYHUV¿HOGPHDVXUHPHQWVRIWKHZDWHUFRQWHQW
DUHQHFHVVDU\DVFRPSOHPHQW
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Abstract
At the Kristineberg mine in northern Sweden, sulphide-rich tailings left open for 50 years were
remediated in 1996. Dry cover was applied on one part of an impoundment, and tailings was
saturated and combined with simple till cover on the other part. Groundwater wells installed in
the impoundment were sampled from 1998 during a period of 6 years. The results showed that the
groundwater quality varied considerably in the impoundment, even under the same type of cover.
Metals such as Fe, S, Mg, Mn and Zn, secondarily retained in the tailings, were remobilised when
the groundwater was raised. The highest average dissolved Fe concentration in the groundwater
was approximately 9000 mg l-1and of S 7000 mg l-1 in 1998 in 2003 the average concentrations had
decreased to 900 mg l-1 for Fe and to 900 mg l-1IRU6,QÀRZRIOHVVFRQWDPLQDWHGJURXQGZDWHUDV
a result of decreased sulphide oxidation resulted in a general decrease of elemental concentrations.
It took approximately eight years after remediation before the most contaminated groundwater left
the impoundment. In the part with dry cover, the decreased concentration of Fe, S, Mg, Mn and
Zn were an effect of decreased amount of percolating water. The Zn concentration decreased, but
was still relatively high. In general, areas which developed low redox potential had the highest
pH and lowest elemental concentration. Such areas were found in the downstream part of the
impoundment, where the groundwater level was relatively deep. A pronounced decrease in metals
such as Cu, Cd and Pb throughout the impoundment indicates that these metals were retained in
stable phases as precipitates or/and adsorbed onto mineral surfaces in the tailings and underlying
till. They will probably remain immobile as long as the conditions with relatively high pH and low
redox potential are sustained.

Keywords: mine tailings, sulphide oxidation, remediation, groundwater geochemistry
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the area and the ores has been described earlier
(du Rietz, 1953; Qvarfort, 1989; Axelsson et
al., 1991). Five tailings impoundments (Figure
1) are located within the mining area. The area
is drained towards the east via Vormbäcken,
through Vormträsket and further downstream.
The regional annual average; precipitation in
the area is 600-700mm, evaporation 300mm
and air temperature 0.7ºC (Raab and Vedin,
1995).

1. Introduction
Large quantities of waste rock and mill tailings
from sulphide ores are deposited throughout the
world. Sulphide-bearing mine wastes may pose
an environmental problem, due to the formation
of acidic drainage waters with high content of
dissolved metals, commonly referred to as acid
mine drainage (AMD). Common sulphides
in tailings, which cause problems with AMD,
are pyrite (FeS2) and pyrrhotite (Fe1-xS).
Remediation of sulphide mine waste in Sweden
is dominated by two methods; soil cover and
water cover, (Lundgren, 1997; Öhlander et
al., 1997; Holmström et al., 1999; Holmström
and Öhlander, 1999; Malmström et al., 1999;
Öhlander and Holmström, 2000; Eriksson et
al., 2001; Holmström et al., 2001; Lundgren,
2001; Widerlund et al., 2001; Öhlander et al.,
2001; Carlsson, 2002). The major aim with the
covers is to decrease the oxygen intrusion into
the tailings, thereby decreasing the sulphide
oxidation. Another aim of using soil cover
V\VWHPV LV WR GHFUHDVH WKH ZDWHU LQ¿OWUDWLRQ
which transports released elements from the
oxidation site to the recipients. In 1997 the
research programme MiMi (Mitigation of the
Environmental Impact from Mining Waste)
began, with aim to improve the methods used
to mitigate the environmental (Qvarfort, 1989)
problems related to sulphide tailings deposits.
(Höglund et al., 2005). The Kristineberg mine
VLWHLQWKH6NHOOHIWH¿HOGQRUWKHUQ6ZHGHQZDV
VHOHFWHG DV D ¿HOG DUHD $W RQH RI WKH ROGHVW
impoundments, the sulphide-rich tailings
had been left open for 50 years but were
remediated during 1996. The aim of the present
study is to evaluate the groundwater quality
LQ WKH LPSRXQGPHQW GXULQJ ¿YH \HDUV DIWHU
the remediation, and describe the processes
resulting in quality changes.

2.1 Description of Impoundment 1 and the
tailings
Impoundment 1 investigated in this study is the
oldest impoundment (Figure 1) at Kristineberg.
The impoundment area is approximately 0.11
km2, with a tailings thickness from a few metres
to10 m. The tailings material is relatively wellVRUWHGDQGFRXOGEHFODVVL¿HGDVVLOWRUVLOW\VDQG
(Malmström et al., 1999). The tailings were
deposited on till overlying the bedrock, but at
some locations, peat was observed between
the till and the tailings. Characterisation of
the groundwater quality and hydrogeology of
Impoundment 1 before remediation has been
carried out previously (Axelsson et al., 1986;
Qvarfort, 1989; Axelsson et al., 1991).
The mineralogy and the pore-water
geochemistry were studied by Carlsson (2002)
and Holmström et al. (2001) after remediation,
and the results are summarised and discussed
by Höglund et al. (2005), Malmström et al.
(1999) and Öhlander et al. (2001). The main
gangue minerals in the tailings at Impoundment 1 were, in decreasing order, quartz, Kfeldspar, Mg-rich chlorite, talc, plagioclase,
muscovite, amphiboles/pyroxenes and biotite.
The unoxidised tailings contain approximately
26% pyrite, 1.3% sphalerite, 0.28% chalcopyrite, 0.05% galena and 0.04% arsenopyrite
(Holmström et al., 2001). The average chemical
composition of Impoundment 1 is summarised
in Table 1. The amount of sulphide minerals in
the oxidised zone was generally around 1-2%,
while sulphide-associated elements such as S,
Fe, Zn, Cd, Co, Cu and As were depleted, as
was Mg. The total mass loss of elements from
the oxidised zone was almost 43%, and the
mobility of metals was in an order of Zn>Cd >S

2. Study site
The Kristineberg mining area is located in the
western part of the Skellefte district in northern
Sweden, approximately 175km southwest of
Luleå (Figure 1). The c.1.9 Ga massive pyrite
rich ore bodies are intercalated within volcanic
rocks and overlain by sedimentary rocks. The
Kristineberg Zn-Cu mine has been mined since
1940 by Boliden Mineral AB. The geology of
2
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Figure 1. The location of the tailings impoundments at Kristineberg, northern Sweden.
Table 1. The average chemical composition of
oxidised and unoxidised tailings in Impoundment1
at Kristineberg. Samples affected by secondary
enrichment are excluded. All major elements except
S are expressed as oxides.
Element

SiO2
Al2O3
CaO
Fe2O3
K 2O
MgO
MnO2
Na2O
P 2O 5
TiO2
S
LOI

As
Ba
Cd
Co
Cr
Cu
Hg
La
Mo
Ni
Pb
Sc
Sr
V
Y
Zn
Zr

Unoxidized tailings
Impoundment 1
(73 samples)

Oxidized tailings
Impoundment 1
(12 samples)

[weight%±s.d ]

[weight%±s.d ]

42.8±6.7
9.35±1.50
1.01±0.49
24.0±5.0
0.81±0.40
7.73±1.46
0.12±0.02
0.46±0.35
0.07±0.02
0.30±0.06
14.4±4.7
12.4±2.6

63.1±7.1
11.4±1.5
1.24±0.74
8.45±3.59
1.88±0.97
6.65±3.52
0.11±0.02
1.46±0.88
0.08±0.04
0.45±0.07
1.81±2.79
5.03±3.00

[ppm±s.d]

[ppm±s.d]

183±157
281±79
21.5±12.5
56.4±21.3
46.2±13.3
956±316
2.42±1.17
22.4±5.3
24.0±6.7
5.95±2.58
463±283
5.90±1.38
40.1±21.0
26.9±8.1
17.6±3.1
8861±4744
117±41

36.2±28.9
481±193
1.47±2.39
7.77±9.18
60.7±19.9
159±132
0.94±0.52
25.7±5.5
17.7±11.3
4.52±3.35
454±318
7.46±1.10
90.5±51.8
34.3±8.9
21.2±3.3
559±919
205±78

>Co >Cu>As>Fe>Ni >Pb for the solid tailings,
(Holmström et al., 2001). Iron oxyhydroxides
were common in the oxidised tailings and
occurred as grain aggregates or coatings on the
silicate minerals.
Impoundment 1 was exposed for weathering
during 50 years before remediation started
in 1996. The vadose zone consists of both
oxidised and unoxidised tailings (Figure 2a).
The thickness of the oxidised zone in Impoundment 1 increased towards south-east and
had a thickness of 0.1-1.15 m before the
remediation. Two remediation methods were
used; one part of the impoundment was
covered by a approximately 1m thick soil layer
FRQVLVWLQJ RI XQVSHFL¿HG WLOO DQG WKH
groundwater level was raised to saturate the
tailings, the other part was covered with a soil
cover consisting of two layers, (Figure 2b).
The lower layer consists of clayey till
(0.3 m) with low hydraulic conductivity
(K~5*10-9 m s-1  SURWHFWHG E\ XQVSHFL¿HG
till (c.1.5 m) on top. This till, typical for
northern Sweden, consists mainly of quartz
and feldspar and has low content of sulphides
and sulphide-bound metals (Holmström et
al., 2001). Where possible, the groundwater
table was raised by sealing of intercepting
and drainage ditches (Figure 2b). Lime as
carbonates was applied between the soil

3

a

well, P, was located on the western slope outside
Impoundment 1 in natural till, and samples
recharge water. Well L, located just outside
of Impoundment 1 in the natural till, sample
discharge water. The depths of the wells are
shown in brackets in Figure 3.

b
Till cover

3.1 Field sampling

Clayey till

The depth from the surface to the groundwater
was measured during 1998-2003 in 29
piezometers
across
the
impoundment
(Figure 3) using an electronic probe. Sampling
of the groundwater began two years after
remediation in August 1998, and continued
until winter 2003. A sampling technique to
minimise oxidation of the water samples during
collection was used. The groundwater sampling
was performed using GeoN groundwater technology
+DOOEHUJ   $ ¿OWHU WLS )LJXUH   DQG DQ
extension well were installed in the ground
below the groundwater level. The groundwater
HQWHUVWKH¿OWHUWLSDQG¿OOVLWXSWRWKHVHSWXP
at the top. The water sampler (GeoN probe)
carries an evacuated glass bottle, with a cap and
a rubber disc, to which a double-ended needle
was, connected (Figure 4). The glass bottles in
the sampler were acid-washed in 5% nitric acid
for three days and rinsed in Milli-Q® water prior
to the sampling occasion. Prior to the sampling
WKHGULHGERWWOHVZHUHHPSWLHGDQGUH¿OOHGZLWK
argon several times to decrease the presence of
oxygen. As the sampling probe connects the
¿OWHU WKH HQGHG QHHGOH SHQHWUDWHV WKH UXEEHU
DW WKH ERWWOH DQG WKH ¿OWHU WLS UXEEHU DQG WKH
water was drawn into the evacuated bottle by
suction.
On each sampling occasion, two samples
IURPHDFKZHOOZHUHFROOHFWHG7KH¿UVWVDPSOH
was not used for analysis due to the presence
RI VWDJQDQW ZDWHU LQ WKH ¿OWHU WLS 7KH ZDWHU
¿OOHG ERWWOHV ZHUH NHSW FORVHG FRROHG DQG LQ
GDUNQHVVXQWLO¿OWUDWLRQZKLFKZDVSHUIRUPHG
within a few hours. The water samples for
FDWLRQDQDO\VHVZHUH¿OWUDWHGWKURXJKP
Millipore® QLWURFHOOXORVH PHPEUDQH ¿OWHUV
washed in 5% acetic acid and rinsed in MilliQ® water. The water sample for dissolved
RUJDQLF FDUERQ '2&  ZDV ¿OWUDWHG WKURXJK
Whatman®JODVV¿EUH¿OWHUV SRUHVL]HP 
SODFHG RQ D PHWDO ¿OWHU KROGHU LQWR D JODVV
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Figure 2. a) Cross section of Impoundment 1
before remediation. b) Cross section of Impoundment 1
after remediation.
c),VRSLH]RPHWULFPDSZLWKJURXQGZDWHUÀRZGLUHFWLRQ
in Impoundment 1, 2000-10-10,
showing the groundwater altitude (m.a.s.l.) (Correge et
al. 2001).

cover and the tailings. Measurements of the
groundwater levels (Correge et al. 2001) during
2000 provided data for an isometric map
(Figure 2c) for Impoundment 1. The highest
absolute groundwater level was found along
the slope in the south-western part of the
impoundment, in piezometer V8. The area
around piezometer V8 constitutes a hydrological
dome, thus leading the groundwater from
this zone to the surrounding areas eastwards
(Correge et al., 2001).
3. Methodology
Fourteen groundwater sampling wells and 29
piezometers were installed in Impoundment 1
(Figures 1 and 3) at different depths. The
groundwater sampling wells D-I (Figure 3)
are located in the area with raised groundwater
level and simple dry cover and wells J, K, M,
O and Q in the part with dry cover. A reference

4

4H

V1

P (3.0)

5H 3H
6H I (3.0)
H (8.21) 7H
8H
V2
2H
1H

V8

M (4.0)

Wire
J (3.3)

V4

Extension pipe

K (10.4)

n

d

Im
Geo-N
Piezometer
Zone with a
dry cover
Zone with a
rased groundwater level

100

BAT sample equipment

V6

e

n

t

p

ou

n

Q (8.0)
D (8.11)
GV4
E (3.6)

1

d

m

Evacuated
sample container

GV5

V5
m

N

0

2

GV6
GV3
GV2
V3
I
m
GV1 G (3.4)
p
)  ¬
o
u

1

en

t

4
3
L (4.1)
5
O (6.0)
6
7
V7

Flexible disc
of rubber

Double ended
needle

1B

200 m

Filter

Figure 3. Location of the groundwater sampling wells
(GeoN) and the piezometers for measurements of the
groundwater level in Impoundment 1 at Kristineberg.
Wells D-I are located in the part of the impoundment
with raised groundwater level and simple cover, and
wells J, K, L, M, O and Q are located in the part of the
impoundment with dry cover. The sampling levels in
the Geo-N-wells are shown within brackets.

Filter tip

Figure 4.,OOXVWUDWLRQRIWKH¿OWHUWLS
located at the bottom in the groundwater
sampling wells (GeoN) installed in the
groundwater in Impoundment 1.

FRQWDLQHU 7KH JODVV ¿EUH ¿OWHUV ZHUH EXUQHG
before use at 450ºC for 24h. Determination
of pH, conductivity and redox potential were
performed with minor exposure of the samples
to air. Redox potential and pH were measured
with Metrohm® Pt electrode and a Metrohm®
combined pH electrode. All redox potential
values were adjusted to the standard hydrogen
electrode. The pH electrode was calibrated
prior to the measurements. The electrical
conductivity was determined with Hanna®
conductivity meters. Blank analysis with MilliQ® water instead of groundwater contributed
<5% in the sample concentration for Ca, Fe, Mg,
S, Si, Mn and Pb, and <7% for Al, As, Ni, Co,
Zn Si, As, Hg and Ni. The blank contributions
for Cu, Cd, Cr and Pb occasionally exceeded
sample concentration in samples with low
concentrations.

3.2 Analytical methods
7KH ¿OWUDWHG VDPSOHV ZHUH DFLGL¿HG DQG NHSW
dark and cooled until analysis. Dissolved phases
of Ca, Fe, Si, Mn, Sr, Zn, Mg, Na, K and S were
determined using atomic emission spectroscopy
with an inductively coupled plasma (ICP-AES),
and mass spectrometry with inductively coupled
plasma (ICP-MS) for determination of Al, As,
Ba, Cd, Co, Cr, Cu, Mo, Ni, P, Pb and Zn. The
precision was generally better than 5%. DOC
was analysed using a Carlo Erba® model 1108
high-temperature combusting element analyser
using standard procedures and at a temperature
of 1030$C.

5

4.2 The part of Impoundment 1 with saturated
tailings and simple till cover

4. Results
4.1 The average elemental concentrations in
the reference well

Wells E, G and I were installed shallower (3m)
than the corresponding wells D, F and H (8 m)
below the soil surface in the part with simple
till cover and raised groundwater level (Figure 2).
Changes in groundwater level in the part
ZLWK VDWXUDWHG WDLOLQJV DUH H[HPSOL¿HG E\
piezometers GV1, GV3 and GV4 (Figures 6a
and b). The groundwater level varied less than
0.5 m in this area during 1998-2000, which
were relatively normal years. After two dry
years (2001 and 2002) the level sank almost
with 1m (Figures 6a and b). In the area around
wells D and E, and in the east, western and
south eastern direction from wells H and I, the
groundwater levels were mainly found deep
below the soil surface. In the south eastern area
around wells D and E, the groundwater level
before remediation was deep approximately 3m
below the soil surface (Figure 6b). During the
remediation the level was raised, but relatively
often the level was still within the oxidised
tailings in the south eastern area, while in the
area around wells H and I, the groundwater
reached the soil surface (Figure 6). The affected
area with water on the surface was marked by
the presence of red iron precipitations on the
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The reference well P was installed during
2000 at 3.0 m depth in the till slope, west of
Impoundment 1 (Figure 3), and was expected
to represent uncontaminated recharging
groundwater. The measured dissolved oxygen
concentration was higher in June (8.62 mg l-1)
than in August (2.02 mg l-1) and October
(3.49 mg l-1) in 2002. Seasonal variations of
selected element concentrations and pH during
2000-2003 are shown in Figure 5. The average
pH was around 6 and the redox potential was
approximately 400 mV throughout the sampling
period. The DOC concentration was around
2.8 cm g l-1 and the electrical conductivity (EC)
6 mS m-1. Silicate-associated elements such as
Ca, Si and Mg had average concentrations <6 mg
l-1and the average Fe, S and Zn concentrations
were 0.7 mg l-1, 3.7 mg l-1 DQG  J O-1,
respectively. The sources of dissolved S, Fe and
Zn are probably minor amounts of sulphides
occurring in the surrounding till and bedrock.
High initial concentration, approximately
JO-1, of Mn was found during 2000, but
dropped to a relatively constant concentration
during 2002-2003.
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Figure 5. Time series of dissolved Fe, S, Mn, Mg, Zn, Al, Ca, and Si concentrations and pH in the reference well P
during 2000-2003. Values within brackets are suggested to be erroneous.
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top of the till cover. In general, the groundwater
level appeared to rise during late spring and
autumn in response to snowmelt and autumn
rainfall, but showed a rather irregular pattern in
the saturated tailings.
Depth below the soil surface (cm)

a

Jul-98
0
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Jul-00
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Jul-01

Jul-03

Jul-04

Jul-03

Jul-04

generally increasing after remediation in the
part with raised groundwater level, while the
redox potential was relatively constant. The
redox potential during the sampling period
was lowest in wells D and E, around 200 mV,
while the other wells had values around 300400 mV in the saturated tailings. The electrical
conductivity was highest in wells H and I,
around 20 mS cm-1, and in the other wells in
the range of 2-8 mS cm-1.
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4.2.2 Average elemental concentrations
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The average concentrations of selected elements
in the groundwater at the part of Impoundment
1 with raised groundwater level are shown in
Table 2 for the years 1998 and 2003. Before
remediation the average S concentration in
the groundwater was in average 2900 mg l-1
and the Fe concentration 3900 mg l-1. Similar
or higher S concentrations were found in the
wells in the initial stage after remediation
than before, except in well D. Well D had the
lowest initial Fe and S concentrations, and
of these only Fe decreased until 2003. The
average concentrations of Fe ranged between
2700 and 9000 mg l-1, and of S between 2200
and 7000 mg l-1in wells D, F, G and I during
1998. Highest concentrations of metals were
found in the deeper wells H and I, where well
H had higher than well I. The opposite trend
was observed for wells D, E, F and G, where
the shallower wells had higher concentrations
than the corresponding deeper wells. The
average Fe and S concentrations in all wells
except for well H decreased to values between
150-900 mg l-1 and 130-900 mg l-1, respectively
until 2003. In general, the saturated tailings
had lower concentrations than the tailings
with dry cover, except for well H. The average
dissolved Ca concentrations were rather similar
and constant during the whole sampling period
in most wells (Table 2), with concentrations
around 400-500 mg l-1 in wells D, E, H and
I. The initial average Ca concentrations were
rather low in wells F and G (c. 100-200 mg l-1)
and decreased during 2003. Magnesium, which
mostly originates from weathering of chlorite,
showed varied average concentrations between
the wells. Before remediation the average Mg
concentration was approximately 280 mg l-1,
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Figure 6. a) Piezometers Gv1 and Gv3 illustrates the
general variation of the groundwater level in the part
of Impoundment 1 with raised groundwater level. b)
Piezometer Gv 4 illustrates the variation where the level
remained below the oxidised zone after remediation.

4.2.1 Physico-chemical conditions

The pre-remediation average pH in the
impoundment (Ekstav and Qvarfort, 1989)
was around 5.0. The pH for wells D, E, F, G
and I during 2003 was around 6 (Figure 7),
values similar to those found in the reference
well P (Figure 5). pH increasing in wells E,
F, G and I during 1998-2003,. This increase
was not so evident in well D, which also had a
relatively high initial pH during 1998. From the
beginning lower pH was found in the shallower
wells E and G than in the corresponding deep
wells, probably because the shallow wells are
situated closer to the oxidation front. During
2003, the shallower wells approached the same
pH as corresponding deep wells. This was not
the case for wells H and I. Well I had higher
pH than the deeper well H, which was installed
in the underlying peat, where the pH was low
and almost constant throughout the sampling
period (Skoglund, 2003). The average pH was
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Figure 7. Time series of pH in the groundwater wells D-I in Impoundment 1during 1998-2003. Neighbouring
VKDOORZ P DQGGHHSZHOOV P DUHLOOXVWUDWHGLQWKHVDPH¿JXUHV7KHGHHSZHOOVDUH')DQG+DQGWKHVKDOORZ
wells are E, G and I. Values within brackets are suggested to be erroneous.

were found in well D. In general, wells D, E,
F and G showed rather low amounts of metals
and metalloids, while wells H and I showed
high values.
The dissolved organic carbon (DOC)
content was relatively high in well H as a result
of the location in the peat. On some occasions
during the sampling period, water collection
in this well has been problematic due to high
gas concentrations. The water sample smells
of H2S(g), which probably originates from the
decay of organic matter occurring at the bottom
with sulphate as oxidant.

and after remediation wells F, H and I had
higher average concentrations.
The average Al concentrations were in
WKH UDQJH RI  J O-1 initially, and
decreased during 2003, except in well H. The
average Si concentration varied in the range
1.6-11 mg l-1 during 1998 and between 1-16
mg l-1 during 2003. Before remediation, the
initial average concentrations of Cd, Cr, Cu, Pb
and Zn were 80, 50, 2500, 1390 and 333,000
J O-1, respectively. Compared to the initial
concentration after remediation (1998), the
decrease during 2003 was most obvious in the
saturated tailings, with decreases of 70-90% of
the initial average concentrations. The average
Cu and Pb concentrations were low in all wells,
much lower than before remediation, and even
lower than in the reference well P at some
locations. The Zn concentration in wells D and
E was as low as in the reference well. High
concentrations of As were found in all wells,
with highest concentrations found in well G.
The average As concentration increased until
2003 in wells F, H, and I, while it was rather
similar in the other wells in 2003. Lowest
concentrations of As, Cd, Cr, Cu, Pb, Ni and Zn

4.2.3 Evolution of the elemental concentrations

The concentration variations of Mn, Zn, Fe,
S, Mg, Si, Al and Ca during 1998-2003 in
the different wells are shown in Figure 8. The
concentration trends of Mn, Fe, S, Mg and
Zn had a similar pattern, which indicates that
the concentrations of these elements were
controlled by similar or correlated processes.
Well D had the lowest initial Fe and S
concentrations with an increasing trend until
2002, when the concentration decreased. The
highest concentrations of Fe, S, Zn, Mn, Mg,
8

Table 2. The average concentration of selected elements in the groundwater in the part of Impoundment 1 with raised groundwater level at Kristineberg, northern Sweden
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Initial average
concentration

Pipe D
Pipe D
PipeE
PipeE
(1998) n=9 (2003) n=4 (1998) n=9 (2003) n=3

Pipe F
(1998) n=7

Pipe F
Pipe G
(2003) n=4 (1998) n=9

Ca (mg/l)

445±27.8

493.3±8.4

370±17.4

103.4±9.9

18.3±1.2

Fe (mg/l)

68±9.9

135.8±22.1

2772.2±214.9 900.7±72.9

3782.5±709.4

186.5±19

Mg (mg/l)

27.6±2.9

66.5±5.2

175.7±8.1

362.6±49.6

S (mg/l)

422±22.5

551.3±16.8

2176.7±115.2 887.7±35.1

Si (mg/l)

1.9±0.1

2.4±0.05

10.8±0.6

Al (mg/l)

74.5±117.8

1.8±0.4

As (μg/l)

0.9±1.1

Cd (μg/l)

0.6±0.3

Cr (μg/l)

Pipe G
(2003) n=3

Pipe H
(1998) n=6

Pipe H
(2003) n=4

Pipe I
(1998) n= 9

Pipe I
(2003) n=3

Pre remediation Pipe P
1983
(2000) n=1

196.4±82.1

152±45.0

394.7±30.1

396±4

369.7±24.2

417.3±19.3

297±124

3.1

2762.2±570.1

146.3±24.4

17733.3±1736.3

16975±662.5

8908.9±814.2

779±12.5

3906±1270

0.3

11.6±1.9

257.6±56.7

4.7±0.4

1630±102.6

1445±60

830.8±54.4

15.4±3.2

277±119

1.5

3083.8±468.8

131.8±15.1

2516.7±600.4

220.5±49.3

14483.3±1090.7

13050±550

7021.1±611.3

799.5±22.5

2877.31059.5

3.6

15.7±0.6

1.6±0.1

1±0.08

4±0.7

2.6±0.2

11.2±0.9

7.3±0.2

8.1±2

4.7±1.3

16.5±19.0

35.6±18.9

79287.5±9160.7 143.7±18.9

155855.6±69752.4 2642.5±437.5 207166.7±13377.8 250750.0±17125.0 92255.6±5585.3 247.3±120.3

1.07±0.6

5.8±3.1

5.2*

13.7±10.5

75.9*

1210±171.8

1255±142.5

0.02*

1.3±0.9

0.05±0.01

0.7±0.2

0.05±0.02

3.4±1.8

0.1±0.05

1.7±2.9

0.03*

0.8±0.5

0.3± 0.1

101.3±65.5

1.3±0.09

88.6±44.6

1.8±0.36

Cu (μg/l)

8.2±7.6

0.8±0.21

32.7±18.7

**

18.4

1.07*

18.5±11.2

2.1*

Mn (μg/l)

947.3±79.9

1102.5±77.5

8483.3±319.1 3296.7±171.1 11210±1614.6

617.5±75.3

6388.9±303.8

509±71

46233.3±2813.3

45700±2350

23200±1654.5

3887.5±408.8

Ni (μg/l)

0.5±0.28

42.1±23.5

4.4*

52.6±33.2

1.2±0.7

99.1±60.3

2.6±0.8

18.1±14.0

**

12.5±7.2

3.4±2.8

Pb (μg/l)

0.06±0.01

4.2±1.4

1.71*

37.0±38.4

0.05*

9.1±3.5

0.12*

19.4±3.1

8.6±0.69

12.5±7.2

**

402.7±25.6

45.6±3.6

48.1±8.7

1140±83.7

213.4±273.3

8.2±1.9

9.6±2.5

**

0.3±0.2

0.1±0.11

80±30

0.1±0.1

908.3±70.75

96.3±14.6

**

50±30

0.1±0.2

**

2500±1670

0.7±0.9

**

Zn (μg/l)

39.4±39.4

6.6±1.3

520.2±127.3

59.7±15.8

353125±94437.3 631.3±59.4

217333.3±47765.1 4810.0±470.0 2546.7±179

2250.0±105.0

pH

6.4±0.11

6.5±0.2

5.6±0.16

6.5±0.5

4.5±0.1

5.9±0.15

4.2±0.2

5.3±0.19

4.4±0.09

4.7±0.14

redox (mV)

156±12.4

214±8.8

188±30.2

182±19

370±5.8

303±20

400±16.5

361±16.6

351±5.1

2.6±0.3

6.2±0.7

3.7±0

8±0.7

0.9±0.07

6.6±1.3

1.3±0.16

26±2.8

Electric conductivity 1.8±0.3
(mS/cm)
* Only one value
** Below the detection limits

5.4

0.1±0-1

178±34.6
2.6±1.7
1390±570

0.4±0.2

15875.0±3312.5 333000±197000

17.2±26.9

4.6±0.1

6±0.09

6.2*

364±7.8

347±7.3

217±27.6

385*

17±4.7

15.1±1.2
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Si, Al and Ca in wells F and G were observed
GXULQJWKH¿UVWVDPSOLQJRFFDVLRQV$IWHUWKDW
the concentrations decreased rather rapidly
in the deep well F, while the shallow well G
showed a more constant decrease. Well I had
high and relatively constant concentration
initially compared to the other wells, (except
for well H), but the concentrations suddenly
decreased during 2000-2001. In the shallow
well E, the highest concentrations appeared
during 2000 and in corresponding deep well D
during 2002.
In most wells the Ca and Si concentrations
were relatively constant during 1998-2003.
Wells D and E showed an increasing trend of
Si. In well F the concentrations of dissolved
Ca and Si were rather low and decreased with
time. The concentration variations of Ca, Si
and Al were most irregular in well G, where
the concentrations were rather high compared
to the other wells.

the groundwater surface was located within the
tailings, and in piezometer V4 the groundwater
level was located in the oxidised zone (Figure
9).
Jul-98
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Depth below the soil surface (cm)

-50
-100
-150
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Unoxidized tailings

-400

Figure 9. Seasonal variations of the groundwater
levels in the part of Impoundment 1 with dry cover,
H[HPSOL¿HGZLWKSLH]RPHWHU9

4.3.1. Physico-chemical conditions

The pre-remediation average pH in the
impoundment (Ekstav and Qvarfort, 1989) was
around 5.0. Wells J, K and L had pH lower than
5 during 1998, while wells M, O and Q had
higher values (Figure 10). The pH was slightly
increasing in wells J and L while in well K it
was slightly decreasing during 2003. Wells
M, O and Q had average pH (around 6.0),
similar to the reference well P during 19982003. An initial increase of the pH was found
in the wells, except for well K. In general, low
pH was coupled to high redox potential. The
redox potential were lowest in wells O and Q,
between 100 and 200 mV, while the other wells
had values around 300-400 mV. The electrical
conductivity was highest in wells J and K,
around 10 mS cm-1, during 1998 and 2003.

4.3 The part of Impoundment 1 with dry cover
Wells J, K, L, M, O and Q were installed below
the dry cover (Figure 2). Wells J and K are
installed close together, but well K samples
the groundwater deeper down (c.10m) in the
till below the tailings. Relatively close to J
and K, well M samples water from a shallow
point below the oxidation front, but it was
dried out during 2002. Well L samples shallow
discharging groundwater, and is located
outside the tailings in the surrounding till. Well
Q is located close to the part with the raised
groundwater level and relatively deep (c. 8 m).
Before remediation, the groundwater levels
were deeper at the part of the impoundment
which was remediated by dry cover than at
the part with raised groundwater level. The
groundwater level are generally illustrated
by piezometer V4 (Figure 9), was located
approximately 2 m below the oxidised tailings
in the dry cover area. After remediation the
level increased to approximately 1m below the
oxidised zone (2-2.5 m below the soil surface).
The seasonal groundwater level variation was
rather similar to that of the part with raised
groundwater level, with increasing levels in
WKHVXPPHU$OVRKHUHWKHVHDVRQDOÀXFWXDWLRQ
was within 0.5m. However, after remediation

4.3.2 Average elemental concentrations

In the part with dry cover, the average Fe and
S concentrations were almost constant during
1998-2003 in wells O, L and Q, while for wells
J and K the concentrations increased (Table 3).
The average Fe and S concentrations during
1998 were below 1000 mg l-1 in wells O and
Q. These wells, together with well D, had the
lowest Fe and S concentrations during the
period 1998-2003 in the whole impoundment.
In general, most wells showed lower average
concentrations of most elements during 2003
compared to 1998 (Table 3), except for wells K
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Table 3. The average concentration of selected elements in the groundwater in the part of Impoundment 1 with raised groundwater level at Kristineberg, northern Sweden
Initial average
concentration

Pipe J
(1998) n= 7

Pipe J
(2003) n=3

PipeK
Pipe K
(1998) n= 9 (2003) n=4

Pipe L
Pipe L
(1998) n= 6 (2003) n=6

Pipe O
Pipe O
Pipe P
Pipe P
Pipe Q
Pipe Q
Pre remediation
(1998) n=9 (2003) n=3 (2000) n=1 (2003) n=4 (2001) n= 6 (2003) n=4 1983

Ca (mg/l)

304.4±16.3

289.7±139.5

384±35.4

353.5±12.5

378.8±23.2

378.3±20.4

443.1±16.2

442.0±22.0

3.1

2.7±0.1

379.8±32.6

322.8±25.3

297.0±124.0

Fe (mg/l)

2964 ±236

4077±1780

5474±631

7163±253

1175±79

1099±382

412±22

331±12

0.3

0.4

389±59

583±117

3906±1270

Mg (mg/l)

370.5±14.2

358.0±162.3

590.2±48.1

622.0±36.0

154.2±5.3

105.5±38.8

41.8±4.1

29.1±2.2

1.5

1.1±0.0

29.9±3

53.2±8.1

277.0±119.0

S (mg/l)

2878.8±131.1

3050.0±1378.4

4215.6±348.6 5107.5±232.5 1253.3±41.3

1080.5±254.3 638.0±33.3

576.7±30.2

3.6

3.4±0.4

548.2±53.5

657.8±50.9

2877.3±1059.5

Si (mg/l)

23.5±1.2

15.2±5.7

10.4±0.9

12.2±3.7

5.1±0.3

5.4

5.0±0.1

15.2±1.0

16.3±0.5

Al

210625.0±16715.6 29866.7±44961.4

157.6±68.5

(μg/l)

10.1±0.2

11.2±0.4

1548.9±196.9 1897.5±122.5 3240.0±500.9 2335.0±1152.4 52.2±41.5
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25.7±11.9

14.1±43.8

13±6.7

184.7±30.6

0.51*

0.1±0-1

0.1± 0.1

4345.0±453.3 2255.0±207.5

0.4±0.6

0.0±0.1

0.1±0.1

0.10± 0.1

0.2±0.1

0.7±0.7

0.14*

0.06 ±0.2

0.2±0.02

0.9±0.1

**

2.0±0.3

1.4*

0.7±0.9

3.4±3.1

0.8±0.1

2392±194

As (μg/l)

1.1±0.8

**

1.7±0.8

17.2±0.1

9.2±2.7

2.5±1.0

Cd (μg/l)

0.4±0.4

66.0±56.9

0.3±0.2

67.6±101.2

1.6±0.1

2.15±0.2

Cr (μg/l)

6.8±9.1

0.9±1.37

7.53±0.6

6.7±12.7

1.49±0.1

**

**

4.6±2.0

Cu (μg/l)

3.9±0.3

80.±30
0.8±0.3

Mn (μg/l)

21213±1485

15033±7635

20000±1522

22000±700

6577±229

4968±1759

1523±56

178±35

17±18

2143.3±267

3225±508

Ni (μg/l)

518.8±66.6

109.4±100.3

19.0±6.2

39.1±3.6

65.7±11.1

58.8±28.0

3.5±2.4

2.6±1.7

1.8±0.4

1.7±0.4

2.6±0.3

Pb (μg/l)
Zn (μg/l)

2.1±1.3
1764±1079

3.1±1.8
725±2407

7.1±6.9
354±207

4.3±1.2
1144±1144

6.3±0.8
4863±541

2.1±1.0
2534±1245

38±23

**
107±101

0.4±0.2
17±27

0.1±0.1
55±59

0.6±0.3
2890±213

0.2±0.0
3640±530

pH

3.4±0.05

4.2±0.9

5.2±0.1

4.9±0.09

4.5±0.08

5.1±0.11

5.9±44

6.1±0.4

6.2*

6.4±0.18

6.2±0.15

6.2±0.09

redox (mV)

201±13

219±95

266±18

334±46

374±31

243±114

215±72

204±39

385*

372±46

160±9

187±30

10.0±4.0

10.5±0.9

13.3±0.55

4.0±0.3

4.8±0

2.7±0.3

14.3±13.8

0.02*

0.38±0

2.1±0.27

3.0±0.3

El. conductivity 7.3±0.5
(mS/cm)
* Only one value
** Below the detection limits

50±30
2500±1670

1390±570
333000±197000
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Figure 10. Time series of pH in the groundwater wells J, K, L, O and Q located in the area with dry cover at
Impoundment 1during 1998-2003. Values within brackets are suggested to be erroneous.

concentrations found in well Q. The average
As concentration increased until 2003 in wells
J and K. The lowest concentrations of Cd, Cr,
Cu, Pb, Ni and Zn were observed in wells O
and Q, and highest in the part with dry cover
were observed in well K.
The dissolved organic carbon (DOC) content
was relatively high in wells J and K compared to
the other wells in the impoundment, throughout
the sampling period. In wells L, O and Q the
concentrations of DOC were around 4 mg l-1. In
well J, as in well H, there was a smell of H2S(g),
but there was no problem to collect water.

and Q. Most elements had higher concentrations
in wells K and Q during 2003 than during 1998
and 2001, respectively.
The average Ca concentrations were around
300-400 mg l-1 during both 1998 and 2003.
Dissolved Ca to a large extent originates from the
dissolution of calcite, which was spread on the
tailings during remediation. Magnesium, which
mostly originates from chlorite dissolution,
had varied average concentrations between
the wells. Before remediation the average
Mg concentration was approximately 280
mg l-1, and after remediation wells J and K had
higher average concentrations. The average Al
concentrations were in the range of 52-210 000
J O-1 initially, and decreased during 2003.
The average Si concentration varied around 10
mg l-1 during 1998 and 2003. Wells L, O and Q
had increased Si concentration during 2003.
In general, a very substantial concentration
decrease in Cd, Cr, Cu, Pb and Zn was
found throughout in the impoundment after
remediation. At some wells in the part with
dry cover, the heavy-metal concentrations
increased compared to the initial concentrations
during 1998, but not compared to the preremediation concentrations. The average Cu
and Pb concentrations were low in all wells,
even lower than in the reference well P at some
locations. The Cd and Cr concentrations after
remediation were high in wells J and K, while in
the other wells the Cd concentration was similar
as in the reference well. No wells had as high Zn
concentration as in the pre-remediation. Almost
all wells had relatively high As concentrations
compared to the reference well, with highest

4.3.3 Evolution of the elemental concentrations

The concentration variations of Mn, Zn, Fe,
S, Mg, Si, Al and Ca during 1998-2003 in the
different wells are shown in Figure 11. The
concentration trends of Mn, Fe, S, Mg and Zn
appeared similar, which also was the case in the
part with raised groundwater level. Wells M, O
and Q had rather low amounts of metals while
wells J, K and L had higher values. In well K Fe
and S concentrations slowly increased, while in
wells M and Q showed rapid decrease in Fe, S,
Mg, Mn, and Zn concentrations. In wells J, L
and O, concentration peaks of Fe and S could
be observed during 2001, with a subsequent
decrease in the concentrations. The decreased
concentration of Fe and S was not as rapid as
for wells E, F, G and I in the part with raised
groundwater level.
In most wells the Ca and Si concentrations
were relatively constant during 1998-2003. In
well Q the concentration trends of Si and Ca
were similar to those of Fe, S, Mg, Mn and Zn.
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Figure 11. Time series of the dissolved Fe, S, Mn, Mg, Zn, Al, Ca, and Si concentration in wells J, K, L, M, O and
Q at the part of the Impoundment 1 with dry cover during 1998-2003. Values within brackets are suggested to be
erroneous.
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products as well as the local wash-out by the
gradual groundwater rise. In well G the tailings
and the cover were saturated rather rapid after
remediation (Figure 12a). When the sampling
period started in 1998 the wash-out products
were replaced by uncontaminated groundwater,
as a result of limited oxygen supply (Figure 12b).
7KLVLQÀRZLQJZDWHUFRXOGEHH[SHFWHGWRKDYH
properties similar to that of the reference well P.

Well J showed a decreasing trend of Si and Al.
The concentration variations of Ca, Si and Al
were most irregular in wells M and Q compared
to the other wells in Impoundment 1.
5. Discussion
5.1 Remobilisation of elements by the raised
groundwater level
The depth of the groundwater level (in
wells E, G and I) before the remediation and
the approximated average annual rise of the
groundwater level are illustrated in Figure
12a. There was probably no uniform rise
of the groundwater level, since the former
depths varied. Areas with relatively shallow
groundwater table before remediation had also
thinner oxidised zone (around well G) than the
area with deeper levels (around wells E and I;
Figure 12 a). Areas with shallow groundwater
table were therefore saturated before the areas
with deeper levels.
As the groundwater level was raised,
dissolution and remobilisation of secondarily
retained oxidation products in the vadose zone
became possible. Increased concentrations of
sulphide-associated elements such as S, Fe,
Mn and Zn as well as of Mg were observed in
the groundwater (Figure 8). This is generally
illustrated by average S concentration in the
shallower wells (Figure 12b).
The groundwater level rise emanated from
the area around V8. The water from the area
upstream of this point was earlier partly diverted
from the impoundment by open ditches. After
remediation this water was allowed to enter
the impoundment. The groundwater was then
gradually spread so that the rise occurred later
at lower altitudes eastwards. The estimated
WLPH IRU WKH JURXQGZDWHU WR ÀRZ IURP
piezometer V8 to the groundwater wells E, G
and I (Correge, 2001) were similar to the time
it took to saturate the former vadose zone at
those wells when the groundwater table was
raised (Figure 12b). The elements that were
washed away from the former vadose zone
SUREDEO\IROORZHGWKHODWHUDOJURXQGZDWHUÀRZ
or were retained. The increased concentrations
(Figure 12b) of dissolved S at different times
in different areas were therefore affected by
WKH ODWHUDO JURXQGZDWHU ÀRZ ZLWK ZDVK±RXW
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Figure 12. a) Illustration of the annual groundwater
level rise in wells G, I and E. b) The concentration of
S with time in the shallow wells G, I and E. Iron, Mn,
Mg, Zn and S had similar concentration patterns (not
VKRZQKHUH 7KHFRQFHQWUDWLRQSHDNZDV¿UVWREVHUYHG
in well G and thereafter in wells I and E.
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In well I the oxidation zone become saturated
later approximately in 2000 (Figure 12a), and
the increase and decline of concentration is
illustrated in Figure 12b. The groundwater level
reached the lower level of the oxidised zone
during 1999-2000 in well E, and the dissolved
sulphur concentration subsequently increased
(12a and b).
The stagnant bottom water at 8m depth in
the area around well H, which was situated
in the underlying peat (Skoglund, 2003), was
QRW LQÀXHQFHG E\ WKH UDLVHG JURXQGZDWHU
level. This explains the relatively constant and
high concentrations of Fe, S, Zn, Mg and Si,
and low pH, throughout the sampling period
(Figure 8).
Temporal variations of the groundwater level
in the impoundment may have implications for
the chemical reactions in the former unsaturated
zone. The changes in the groundwater levels
result in short-term seasonal variations in the
groundwater geochemistry, as illustrated by
the changes in dissolved sulphur in Figure 13.
In the saturated tailings where the remediation
was successful (e.g., around well G), the
sulphur concentration decreased with time
irrespectively of the variations in the level
(Figure 13a). This indicates that elements
retained in the former vadose zone were washed
away and “steady state” of lower sulphur
concentration was achieved. The tailings
where never fully saturated in the area around
wells D and E (Figures 13b and c), probably
due to fractures in the underlying bedrock or
poorly sealed ditches. The depth from the soil
surface to the groundwater after remediation
was still relatively deep and located in or
EHORZ WKH R[LGLVHG ]RQH 7KLV LQÀXHQFHG WKH
dissolved sulphur concentration, with increased
concentration when the level was raised into the
oxidised zone and retained sulphur was washed
away, and decreased concentrations when the
level sank (Figure 13b). The decreased level
was caused by the dry summers, and therefore
increased sulphur concentrations may be
found if the groundwater level rises. In the
deeper well the sulphur concentration seemed
to be unaffected by the seasonal groundwater
ÀXFWXDWLRQ )LJXUHF 
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Figure 13. The dissolved sulphur concentration versus
JURXQGZDWHUÀXFWDWLRQD ZHOO*ZKHUHWKHJURXQGZDWHU
rise was successful b) the shallow well E where the
groundwater level remained relatively deep c) the deep
well D where the groundwater level remained relatively
deep

5.2 Geochemistry of the groundwater in the
part with dry cover
The general changed concentration of
elements such as Fe, S, Mg and Mn in the
north-eastern part of the impoundment is
illustrated by the average S concentrations
)LJXUH D 7KH GHFUHDVHG UDWH RI LQ¿OWUDWHG
water (Carlsson, 2002) through the dry cover
decreased the concentrations in wells L, M,
O and Q. Well K is located deep (10m) in the
underlying till below the tailings, and showed
increased S concentration (Figure 14a), which
indicate vertical movement of elements. The
percolating water below the dry cover had high
concentrations of elements (Carlsson, 2002),
the low amount of percolating water will
probably not affect the groundwater chemistry
VLJQL¿FDQWO\ 6OLJKW LQFUHDVH RI WKH HOHPHQWDO
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concentrations in the north-eastern part (wells
4 - DQG / ¿JXUH   FRXOG EH D UHVXOW RI
released elements that followed the groundwater
displacement through the impoundment.
After remediation, higher pH and lower
redox potential was, in general, observed in the
wells with deeper groundwater levels (wells
D, E, M, O and Q). The lower redox potential
found in the wells located further downstream
in the impoundment (wells D, E, M, O and
Q) may be a result of oxygen consumption by
the sulphide tailings. Wells F, G and I. close
WRWKHUHFKDUJLQJSRLQWPD\EHLQÀXHQFHGE\
R[\JHQDWHGLQÀRZLQJJURXQGZDWHU'LVVROXWLRQ
of Fe-oxyhydroxides may increase the pH
and lower the redox potential; evidence of
Fe-oxyhydroxides dissolution was, however,
not indicated by geochemical equilibrium
calculations (Alakangas and Öhlander, 2005).
Outgoing water quality from Impoundment
1 during the sampling period can be illustrated
by well L, with low and relatively constant
elemental concentrations, but with relatively
low pH. The decreased concentration of S in
well L after 2000 suggests that contaminated
groundwater was leaving Impoundment 1,
and gradually replaced by groundwater less
contaminated than before remediation. Eight
years after remediation (2003) the polluted
groundwater was more or less in steady-state
conditions with lower elemental concentrations
and higher pH than before remediation
throughout Impoundment 1.
Below the dry cover, the groundwater
level changed only slightly as a result of the
remediation, with depths below the tailings
about 2m before and 1m after remediation. The
ÀXFWXDWLRQV RI WKH JURXQGZDWHU OHYHOV ZHUH
similar throughout the impoundment, with
high groundwater levels during the summer in
response to the snowmelt, and also in the autumn
in response to the intense autumn rains. The
variations in the groundwater level and of the
sulphur concentration (well Q) at below the dry
cover are illustrated in Figure 14b. The sulphur
concentrations in this area were more related to
VHDVRQDOJURXQGZDWHUOHYHOÀXFWXDWLRQVWKDQLQ
the other areas.
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Figure 14. a) The concentration of S with time in the
wells at the part of the impoundment with dry cover.
Iron, Mn, Mg, Zn and S had similar concentration
patterns (not shown here). b) The dissolved sulphur
FRQFHQWUDWLRQYHUVXVJURXQGZDWHUÀXFWXDWLRQLQZHOO4
below dry cover.

5.3 Relation between Me and S
The correlation between Fe and S was
stronger for wells in the saturated part of the
impoundment than in the dry cover part (Figure
15). This was probably due to the fact that the
ÀXVKLQJ RI HOHPHQWV IURP WKH YDGRVH ]RQH LQ
the saturated part resulted in a uniform element
composition. The correlations between Zn
and S, and Mg and S were not as strong as
between Fe and S. Below the dry cover, the
elemental composition in the groundwater was
LQÀXHQFHG E\ ERWK WKH LQ¿OWUDWLQJ ZDWHU DQG
by the groundwater coming from the upstream
tailings area.
The average molar ratio Fe/S for wells
E, F, G, H, I, J, K and L was approximately
0.70, rather close to the molar ratio of pyrite
(0.5), which was the main source of Fe and
S. Fe has additional sources from weathering
of pyrrhotite and chlorite. This could explain
the higher molar ratio. For wells D, O, M
and Q the molar ratio was lower with values
of 0.1; 0.41; 0.057 and 0.46, respectively.
The lower Fe concentration may be a result
of precipitation of Fe-oxyhydroxides, since
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Figure 15. The relation Fe/S, Mg/S and Zn/S during 1998-2003, in the groundwater wells located with raised
groundwater table.

equilibrium calculations indicated over
saturation for goethite and equilibrium for
amorphous Fe(OH)3 in these pipes (Alakangas
and Öhlander, 2005).
For each mole of pyrite oxidised and
depending on the oxidant, 2 moles or 17 moles
of acid are generated. To neutralise the acid
produced, between 0.2 moles and 1.7 mole of

chlorite is consumed. The average molar ratio
for Mg/S was 0.12 ±0.017 in the saturated
tailings. The neutralisation capacity by chlorite
for the acid generated by the sulphide oxidation
in Impoundment 1 was thus around 60%, if
all sulphur is assumed to be generated by the
sulphide oxidation and all Mg from chlorite
dissolution.
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The major source of Zn was the oxidation
of ZnS. The relation between the Zn and S
FRQFHQWUDWLRQGLIIHUVVLJQL¿FDQWO\EHWZHHQWKH
wells in the saturated tailings, which may be
due to the complex behaviour of Zn mobility
(Höglund et al., 2005). It is well-known that
zinc will adsorb onto mineral surfaces if the
pH is high enough (Stumm and Morgan, 1996).
Zinc may have been released from zinc-bearing
VXOSKDWHV E\ LQ¿OWUDWHG ZDWHU DIWHU VQRZPHOW
in the spring, and precipitated again during
the winter. This behaviour has been observed
previously (Carlsson, 2002).

was observed in Impoundment 1 below the
oxidation zone (Holmström et al., 1999). The
source of Al and Si are mainly aluminum
silicates. Relatively high concentrations of Al
and Si were found in areas where pH <5, which
resulted in precipitation of Al-hydroxides when
the pH increased (Alakangas and Öhlander,
2005). Cobalt, Ni and Cr was removed with
Al, probably co-precipitated with this metal
(Alakangas and Öhlander, 2005).
In some wells increased concentrations of As
were observed during 2003. The main factors
that control the behaviour of As are pH and
redox potential. Arsenic (V) is mainly anionic
(H2AsO4-, HAsO42-, H2AsO3-) in the pH range
3-9, while As(III) is a neutral species (H3AsO3)
at existing pH. Arsenic(V) dominates sorption
to Fe-oxyhydroxides compared to the species
of As(III) (Bednar et al., 2005). Sorbed As(V)
was probably reduced to the less sorbing As(III)
when the redox potential was decreased, thus
leading to greater leaching of As (Pfeifer et al.,
2004).

5.4 Trace elements
The effects on the trace element concentration as
a result of pH and redox potential change have
been presented by Alakangas and Öhlander,
2005. Pyrite is a common source of trace
metals such as Ni, Mn and Co, sphalerite to
Zn, Cu, Cd and Mn, galena to Pb, chalcopyrite
to Cu and arsenopyrite to As (Jambor, 1994).
As the sulphides in Impoundment 1 oxidised
in the vadose zone, elements such as As, Cd,
Cu, Zn, Ni and Pb were released to the pore
ZDWHUDQGGLVSODFHGGRZQZDUGVE\LQ¿OWUDWLQJ
water. Before remediation the concentrations
of elements such as Pb, Cu, and Zn were high.
Several elements such as Cu, Zn and As have
been reported to adsorb to or co-precipitate
with secondary formed minerals such as
Fe-oxyhydroxides and jarosite (Stumm and
Morgan, 1996; Mc Gregor et al., 1998; Dold,
2001; Courtin-Nomade et al., 2003; Höglund
et al., 2005). Also, anions such as those of As
and S are reported to sorb to Fe-oxyhydroxides
at low pH (Bowell, 1994; Pfeifer et al., 2004;
Bednar et al., 2005). Rapid decreases in Cu,
Cd and Pb concentrations were observed in the
whole impoundment after remediation. In some
areas, the concentrations were as low as in the
reference well. Heavy metals such as Cu, Cd and
Pb were probably adsorbed or precipitated as
secondary sulphide minerals due to the change
of pH and redox potential (Höglund et al.,
2005). Covellite (CuS) is a common observed
secondary mineral in sulphidic waste, often
precipitated just below the groundwater level
(Boorman and Watson, 1976). A Cu-enrichment
zone with covellite as well as adsorbed Cu

6. Conclusions
Before remediation, Impoundment 1 had high
concentration of sulphide-associated elements
such as Fe, S, Cu and Zn in the groundwater.
Metals released by the sulphide oxidation were
also partly secondarily retained in the tailings.
In 1996, Impoundment 1 was remediated by two
methods. On one part of the impoundment the
tailings were saturated by raised groundwater
level and a till cover was applied. On the
other part, a dry cover was applied. After
remediation, elements such as Fe, S, Mn, Mg
and Zn, secondarily retained in the tailings,
were remobilised by the raised groundwater
OHYHO,QÀRZRIOHVVFRQWDPLQDWHGJURXQGZDWHU
as a result of decreased sulphide oxidation rate
decreased the element concentrations and the
redox potential and increased the pH. During
2003, the concentrations of Fe, S, Mn, Mg and
Zn in the groundwater at the part with raised
groundwater level were lower than during 1998,
DQG VLJQL¿FDQWO\ EHORZ WKH SUHUHPHGLDWLRQ
concentrations. It took approximately six
years (eight year after remediation) before
the contaminated groundwater left the
impoundment and low elemental concentration
19

gradually decreased and pH increased. The
decreased amount of percolating water
decreased the transport of oxidation products to
the groundwater, and the decrease of elements
ZDV VLJQL¿FDQW 7KH UDSLG GHFUHDVH LQ PHWDOV
such as Cu, Cd, Pb and Zn indicates that
these metals were retained in stable phases
as precipitates or/and adsorbed onto mineral
surfaces in the tailings and underlying till.
They will probably be immobile as long as the
conditions with relatively high pH and reduced
condition are sustained.
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Abstract
An impoundment with sulphide-rich tailings at Kristineberg, northern Sweden was remediated in
1996 by applying double dry cover on one part, and raised groundwater level combined with simple
till cover on the other part. The mobility of trace elements in the impoundment groundwater after
remediation was studied from 1998 to 2003. Elements retained in the vadose zone were mobilised
when the groundwater table was raised. The concentrations of Cd, Co, Cr, Cu, Ni and Pb decreased
rather rapid in comparison with Fe, Mg, Mn, S and Zn, which concentrations were diluted by
uncontaminated groundwater. In areas with high pH (c. 6) and low redox potential (<200 mV) Al,
Cd, Co, Cr, Cu, Fe, Ni, Pb and Zn were almost depleted. In areas with low pH (<5) and higher
redox potential (>200 <400mV) the concentrations of Co, Cr and Ni were high and were suggested
to co-precipitated with Al-hydroxides as pH increased. Equilibrium calculations indicated that
gibbsite controlled the concentration of Al at pH <5, and amorphous Al(OH)3 at higher pH. Iron
was controlled by goethite at pH <4, and amorphous Fe(OH)3 at pH >4 up to 6.5. Copper, Cd and
Pb were probably retained onto mineral surfaces such as sulphides and Fe-oxyhydroxides, rather
rapid after remediation. Arsenic was the only element that showed increased concentration in some
areas after remediation when pH increased and the redox potential decreased.
Keywords: remediation, mine tailings, dry cover, contaminated groundwater, trace elements
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from the oxidation site to the recipients. In 1997
the research programme MiMi (Mitigation of
the environmental impact from Mining waste)
(Höglund et al., 2005) started. The major aim
of this programme was to improve the methods
used to mitigate the environmental problems
related to sulphide tailings deposits. The
.ULVWLQHEHUJ PLQH VLWH LQ WKH 6NHOOHIWH ¿HOG
QRUWKHUQ6ZHGHQZDVVHOHFWHGDVD¿HOGDUHD
Remediation usually leads to changes in both pH
and redox potential, which affect the mobility
of metals. Therefore, a programme for studies
of the evolution of groundwater geochemistry
with time and space after remediation of
a tailings impoundment was initiated. The
general impact on the groundwater quality after
remediation has been discussed by Alakangas
et al. (2006). The objective of the present
VWXG\ZDVWRLQYHVWLJDWHLQ¿HOGWKHEHKDYLRXU
and mobility of trace elements when the
physiochemical conditions changed as a result
of remediation of oxidised sulphide tailings.
The evolution of trace element concentrations
in the groundwater in the tailings was studied
during 1998-2003.

1. Introduction
Sulphide-rich mine wastes may be a problem
for the environment due to the formation of
acidic drainage waters commonly referred
to as acid mine drainage (AMD). High
concentrations of trace elements such as As,
Cd, Co, Cu, Mo, Ni, Pb and Zn are common in
AMD (Nordstrom, 1982; Blowes and Jambor,
1990; Yanful and St-Arnaud, 1992; Jambor,
1994; Banks et al., 1997; Dold and Fontbote,
2002; Höglund et al., 2005). Their mobility
is in general enhanced by low pH, and many
efforts have been undertaken to reduce their
transport in soil and water systems (Lundgren,
1997; Nicholson et al., 1997; Öhlander et al.,
1997; Yanful et al., 1999; Blowes et al., 2000;
Peppas et al., 2000; Widerlund et al., 2001;
Carlsson, 2002; Öhlander et al., 2003; Younger
et al., 2004; Höglund et al., 2005). Remediation
of sulphide mine-waste in Sweden is dominated
by two methods; soil cover and water cover.
The major aim with the covers is to decrease
the oxygen intrusion into the tailings, thereby
decreasing the sulphide oxidation. Another aim
of soil cover systems is to decrease the water
LQ¿OWUDWLRQZKLFKWUDQVSRUWVUHOHDVHGHOHPHQWV
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Figure 1. Kristineberg mine site in northern Sweden, and the locations of the impoundments. The groundwater was
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2

ZDV SURWHFWHG E\ XQVSHFL¿HG WLOO FP 
The till in the protective cover mainly consists
of quartz and feldspar and is a typical north
Swedish till with low content of sulphides
and sulphide-bound metals (Holmström et al.,
2001). Lime as carbonates was applied between
the soil cover and the tailings. The groundwater
table was raised where this was possible, by
sealing of intercepting and drainage ditches.
Characterisation of the groundwater quality
and hydrogeology of Impoundment 1 was
carried out before remediation (Axelsson et al.,
1986; Ekstav and Qvarfort, 1989; Axelsson et
al., 1991). The mineralogy and the pore-water
geochemistry were studied by Carlsson (2002)
and Holmström et al. (2001) after remediation.
These results were further summarized and
discussed by Höglund et al. (2005) and Öhlander
et al. (2003).

2. Study site
The Kristineberg mining area is located in
the western part of the Skellefte district in
northern Sweden, approximately 175 km
southwest of Luleå (Figure 1). The c. 1.9 Ga
massive pyrite- rich orebodies are intercalated
within metavolcanic rocks and overlain by
metasedimentary rocks. The Kristineberg ZnCu ore has been mined since 1940 by Boliden
Mineral AB. The geology of the area and the
ores has been described previously (du Rietz,
1953). The annual average regional precipitation
in the area is c. 600-700 mm, evaporation 300
mm, and air temperature is 0.7ºC (Raab and
Vedin, 1995).
2.1 Description of Impoundment 1 and the
tailings
Impoundment 1 is the oldest impoundment
RI ¿YH )LJXUH   DW .ULVWLQHEHUJ DQG ZDV
investigated in this study. The impoundment
area is approximately 0.11km2, with an average
tailings thickness of 5m and a maximum
depth of 10m. The tailings were deposited on
till overlying the bedrock. Peat was observed
between the till and the tailings. The tailings
material is relatively well-sorted and could
EH FODVVL¿HG DV VLOWVLOW\ VDQG 0DOPVWU|P HW
al., 1999). The main gangue minerals in the
tailings at Impoundment 1 are, in decreasing
order, quartz, K-feldspar, Mg-chlorite, talc,
plagioclase, muscovite, amphiboles/pyroxenes
and biotite. The unoxidised tailings contain
approximately 26% pyrite, 1.3% sphalerite,
0.28% chalcopyrite, 0.05% galena and 0.04%
arsenopyrite (Holmström et al., 2001). The
average chemical composition of the tailings in
Impoundment 1 is summarized in table 1.
The groundwater in Impoundment 1 at
Kristineberg has been polluted by sulphide
oxidation products such as Fe, S, Cu, Cd and Zn
for 50 years. Impoundment 1 was remediated
in 1996 by two methods; one part of the
impoundment has a soil cover (c.1m) consisting
RIXQVSHFL¿HGWLOODQGUDLVHGJURXQGZDWHUOHYHO
to saturate the tailings (Figure 2). The other
part has a soil cover consisting of two layers.
The soil cover consists of a layer of clayey till
(0.3m) with low hydraulic conductivity, which

Table 1. Average chemical composition of the oxidised
and unoxidised tailings at Kristineberg, Impoundment 1
(Holmström et al., 2001). Samples affected by secondary
enrichment are excluded. All major elements except S
are expressed as oxides.
Element

3

Unoxidized tailings
Impoundment 1
(73 samples)

Oxidized tailings
Impoundment 1
(12 samples)

[weight%±s.d ]

[weight%±s.d ]

SiO2
Al2O3
CaO
Fe2O3
K2O
MgO
MnO2
Na2O
P 2O 5
TiO2
S
LOI

42.8±6.7
9.35±1.50
1.01±0.49
24.0±5.0
0.81±0.40
7.73±1.46
0.12±0.02
0.46±0.35
0.07±0.02
0.30±0.06
14.4±4.7
12.4±2.6
[ppm±s.d]

63.1±7.1
11.4±1.5
1.24±0.74
8.45±3.59
1.88±0.97
6.65±3.52
0.11±0.02
1.46±0.88
0.08±0.04
0.45±0.07
1.81±2.79
5.03±3.00
[ppm±s.d]

As
Ba
Cd
Co
Cr
Cu
Hg
La
Mo
Ni
Pb
Sc
Sr
V
Y
Zn
Zr

183±157
281±79
21.5±12.5
56.4±21.3
46.2±13.3
956±316
2.42±1.17
22.4±5.3
24.0±6.7
5.95±2.58
463±283
5.90±1.38
40.1±21.0
26.9±8.1
17.6±3.1
8861±4744
117±41

36.2±28.9
481±193
1.47±2.39
7.77±9.18
60.7±19.9
159±132
0.94±0.52
25.7±5.5
17.7±11.3
4.52±3.35
454±318
7.46±1.10
90.5±51.8
34.3±8.9
21.2±3.3
559±919
205±78

2.2 Effects on the groundwater by the
remediation
The groundwater sampling wells D-I are
located in the area with raised groundwater
level and wells J, K, M, O and Q in the
part with advanced dry cover (Figure 2). A
reference, well P, located on the western slope
outside Impoundment 1 in natural till, samples
recharge water. The depth of the wells is shown
in brackets in Figure 2. Well L was located in
the surrounding till and sampled discharging
groundwater from Impoundment 1. Field
observations provided data for an isometric map

where the highest groundwater level was found
along the slope in the south-western part of the
impoundment, in well V8 (Figure 2). The area
around well 8 constitutes a hydrological dome,
thus leading the groundwater from this zone
to the surroundings areas eastwards (Correge
et al., 2001). The area is drained towards the
east via Vormbäcken, through Vormträsket and
further downstream.
When the groundwater level in the southwestern part of Impoundment 1 (Figure 2) was
raised, elements present in the pore-water and/
or secondarily retained in the vadose zone were
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Figure 2. Location of the groundwater sampling wells (GeoN), and the piezometers in Impoundment 1 at Kristineberg.
Wells D-I are located in the part of the impoundment with raised groundwater level, and wells J, K, M, O and Q are
located in the part of the impoundment with dry cover. Sampling wells P and L are reference wells, and located in
surrounding till. The depths of the Geo-N wells are shown in brackets. In the piezometers the depths of the water table
have been measured and in the GeoN wells groundwater sampling has been performed.
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released and mobilised. The general effects on
the concentrations of Fe, Mg, Mn, S and Zn are
illustrated by dissolved S in Figure 3. The rise
was not instantaneous, and therefore increased
elemental concentrations were observed at
different times in different groundwater wells
in the part of the impoundment with raised
level. Thereafter, uncontaminated groundwater
replaced the contaminated groundwater and
diluted the concentrations (Figure 3a). The
sulphide oxidation decreased throughout the
impoundment as oxygen supply was limited
by the water saturation and the dry cover.
The general decrease in the concentrations
in the north-eastern part of the impoundment

a)

(Figure 3b), was a result of decreased rate of
percolating water, (Carlsson, 2002), owing to
low hydraulic conductivity of the sealing layer.
Elements such as Fe, Mg, Mn, S and Zn followed
the groundwater displacement through the
impoundment, which was observed as a slight
increase in the concentrations in the northeastern part (wells Q, J and L). Groundwater
wells J, K and L are located in the downstream
part of the impoundment and had relatively
constant and high Fe and S concentrations
throughout the sampling period after the
remediation. The effects and general impact on
the groundwater quality after remediation was
reported by Alakangas et al. (2006).
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Figure 3. The general evolution of the concentrations of Fe, Mg, Mn, Zn and S after remediation are illustrated by
dissolved S in the monitoring wells a) E, G and I located where the groundwater level was raised b) J, K, L, M, O and
Q where double dry cover was applied. The time for the concentration increase in the wells differs as a result of a nonLQVWDQWDQHRXVULVHRIWKHJURXQGZDWHULQWKHLPSRXQGPHQWDQGRIWKHJURXQGZDWHUÀRZ7KHGDVKHGOLQHVLQWKH¿JXUH
are interpreted concentrations after remediation, but before the sampling started.
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of the values were below the detection limit for
Pb in wells D, E, F and O, between 40-60% for
Ni in wells D, E, H and I, between 40-60% for
Co in wells D, E, F, H and I, >50% for Cd in
wells E, F, H and I, and >50% for As in wells
D. In such cases, concentrations corresponding
to half the detection limit values were used in
WKHFDOFXODWLRQVWDEOHVDQG¿JXUHV

3. Methodology
3.1 Field sampling
Sampling of the groundwater began two years
after remediation in August 1998, and continued
until winter 2003. A sampling technique to
minimise oxidation of the water samples during
collection was used. The groundwater sampling
was performed using GeoN groundwater
technology (Hallberg, 2005). For a more
detailed description of the sampling technique,
see Alakangas et al. (2006). The water samples
ZHUHNHSWFRROHGDQGLQGDUNQHVVXQWLO¿OWUDWLRQ
which was performed within a few hours. The
ZDWHUVDPSOHVIRUFDWLRQDQDO\VHVZHUH¿OWUDWHG
through 0.22um Millipore® nitrocellulose
PHPEUDQH ¿OWHUV ZDVKHG LQ  DFHWLF DFLG
and rinsed in Milli-Q water. Determination
of pH, conductivity and redox potential were
performed with minor exposure of the samples
to air. Redox potential and pH were measured
with Metrohm® Pt electrode and Metrohm®
combined pH electrode. All redox potential
values were adjusted to the standard hydrogen
electrode. The pH electrode was calibrated prior
to the determination. The electrical conductivity
was measured with Hanna® conductivity meters.
Blank analysis with Milli-Q water instead of
groundwater contributed <5% in the sample
concentrations for Ca, Fe, Mg, S, Si, Mn and Pb,
and <7% for Al, As, Ni, Co, Zn Si, As, Hg and
Ni. The blank contributions for Cu, Cd, Cr and
Pb occasionally exceeded sample concentration
in samples with low concentrations.

4. Results
4.1. pH, redox potential and electrical
conductivity in the groundwater
Figures 4a and b show the relationship between
the redox potential and pH, and between the
electrical conductivity (EC) and pH in the
groundwater wells located in Impoundment 1
after remediation. In general, the redox potential
decreased as pH increased, and EC was highest
at pH 4-5, and at redox potential between 300400 mV.
4.1.1 Reference wells P and recharge well L

Well P is situated in the surrounding till outside
,PSRXQGPHQW  DQG UHÀHFWV WKH GLVFKDUJH WR
Impoundment 1 (Figure 2). The pH was around
6, redox potential around 300 mV and EC
<1 mS cm-1 in well P (Figures 4a and b). Well L,
situated in the till between Impoundment 1 and
UHÀHFWVWKHJURXQGZDWHUTXDOLW\GLVFKDUJLQJ
from Impoundment 1. The pH in well L was
between 4 and 5, the EC around 5 mS cm-1, and
redox potential as in well P.
4.1.2 Wells in Impoundment 1

3.2 Analytical methods
7KH ¿OWUDWHG VDPSOHV ZHUH DFLGL¿HG DQG NHSW
dark and cooled until analysis. Dissolved
phases were analysed using inductively
coupled plasma-atomic emission spectroscopy
(ICP-AES) to determine Ca, Mg, Fe Mn, Zn
and S, and inductively coupled plasma-mass
spectroscopy (ICP-MS) for Al, As, Cd, Co,
Cr, Cu, Mo, Ni, Pb and Zn. The precision was
generally better than 5%. Several metals such
as As, Cd, Co Cu, Ni and Pb had values below
the detection limit during some sampling
occasions. For copper, 30-50% of the values
were below the detection limits in all wells
except for wells M, P and Q. Between 40-50%

The results indicate four groups of groundwater
wells, which had rather different physicochemical properties.
Group 1. Wells D, E, M, O and Q are located
at different locations over the impoundment,
but show similar chemical characteristics.
These wells had deep groundwater level and
wells M, O and Q are located in the part of
the impoundment with dry cover. Wells D and
E are located in the saturated tailings, but the
groundwater level remained deep in the area
around these wells. The wells had relatively
low redox potential (<200 mV), high pH (>5),
and low EC (<10 mS cm-1) (Figures 4a and b).
Group 2. The wells F, G and I are located in the
6

4.1.3 Electroneutrality

areas with saturated tailings, and had relatively
high redox potential (>200 mV) compared to
the other wells. The pH was in the range of
4.5-5.5. The highest EC, >10 mS cm-1, was
observed in well I, while the other wells had
values <10 mS cm-1.
Group 3. Well J differs from the other groups,
having relatively intermediate redox potential
(~ 200mV), low EC (5-10 mS cm-1) and low
pH (3-4).

The relationship between the calculated cation
and anion charge in the different wells is shown
in Figure 4c. Calculations of the electroneutrality
in the different wells differ <2% on average,
which indicates the accuracy of the analysis
of the major ions. The major ions used in the
calculations, and which have a major impact on
the EC, were Fe, Mg, Ca, and in some wells
also Al and Zn, and the dominating anion was
dissolved S occurring as sulphate. Bicarbonate
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Figure 4. The relationship between the a) redox potential and pH. b) electrical conductivity (EC) and pH.
c) Calculated electrical charge in the groundwater wells in Impoundment 1.

Group 4. Wells H and K differ from the others
wells owing to their locations, and therefore
differ in behaviour. Well H is situated in a
depression in the underlying bedrock with
relatively stagnant water, and has therefore not
yet been affected by the fresh water dilution
(Skoglund, 2003). Well K is located deep
(10m) in the underlying till below the tailings,
DQG VKRZHG LQÀXHQFHV IURP YHUWLFDO ZDWHU
transport. Wells H and K had pH values, redox
potential and EC similar to group 2 wells,
but are excluded from discussions of group 2
ZHOOVDVWKH\VKRZOLWWOHRUQRLQÀXHQFHRIWKH
remediation.

was almost absent in the groundwater, and does
QRW LQÀXHQFH WKH HOHFWURQHXWUDOLW\ H[FHSW LQ
well M, which had some alkalinity.
4.1.4 Evolution of pH, rdox potential and EC.

The evolution of pH, redox potential and EC
in the groundwater with time after remediation
is shown in Figures 5a-f. Group 1 wells D, E,
M, O and Q had relatively constant pH (c. 67), and EC, while the redox potential varied
and showed a slight decrease followed by an
increase during the end of the sampling period
(Figures 5a-c). The pH increased in wells F,
G, I, J and L, while well K showed a decrease
7

4.2 Average trace element concentrations
The average dissolved elemental concentrations
in the groundwater before and after remediation
are shown in Table 2. Wells H, K and L showed
QR VLJQL¿FDQW FKDQJH DIWHU UHPHGLDWLRQ
since they are not located in the tailings
groundwater and are therefore not included
in Table 2. Pipe Q is excluded from group 1,
since it was installed after 1998. In general, the
concentration decreased and the pH increased
in Impoundment 1 after remediation. The high

(Figure 5d). Well G showed most variation in
pH during the sampling period. In 2003, pH
was >5 in wells F, G and I, while in wells J
and L it was around 4. Wells F-L had relatively
high and constant redox potential during 19982003 (Figure 5d). The EC showed a decreasing
trend for wells F, G and I. In well H, the EC
also decreased, but seemed to increase again
at the end of the sampling period. Well P had
relatively constant pH, redox potential and EC
throughout the sampling period.
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Table 2. The average elemental concentrations in the groundwater, in group 1, group 2 and 3 wells, before and after
remediation in 1998 and 2003.

pH
Fe (mg l-1)
S (mg l-1)
Al (μg l-1)
As (μg l-1)
Cd (μg l-1)
Co (μg l-1)
Cr (μg l-1)
Cu (μg l-1)
Mn (μg -1)
Ni (μg l-1)
Pb (μg l-1)
Zn (μg l-1)

Pre-remediation After remediation
(Ekstav, 1989)
Average±std.dev. in
Average±std.dev. group 1 pipes (D, E,
M and O ) in 1998

After remediation
Average ±std.dev. in
group 2 and 3 (F, G,
I, J) pipes in 1998

After remediation
Average±std.dev.
in group 1 pipes
in 2003

After remediation
Average±std.dev.
in groups 2 and 3
pipes in 2003

4.8±0.4
3900±1300
2900±1000

4.2±0.5
4700±2700
3900±2000
93000±76000
330±550
1.1±1.7
270±320
70±50
6.3±6.5
11000±8700
170±210
14.0±21
31000±25000

6.4±0.5
420±340
660±160
16±19
1±1.6
0.03±0.04
0.2±0.3
0.1±0.2
0.7±0.4
1900±1000
1.7±2.3
0.2±0.5
50±80

5.4±0.7
1100±1600
920±1200
6100±13000
340± 580
0.07± 0.07
24±50
1.1±0.5
4.2±5.6
1400.1±1600
20±50
0.8±1.2
5800±6800

80±30
50±30
2500±1700

1400±570
333000±200000

6±0.4
1400±1400
1300±900
60±100
4.1±5.7
0.4±0.5
0.3±0.4
0.8±1.7
9.9±14
4600±3800
7.3±18
1.3±1.3
280±260

Co and Ni concentrations were relatively high,
approximately 100 μg l-1. Manganese and Zn
concentrations were around 7000 μg l-1, and
these elements followed the concentration trend
for dissolved S (Figure 3b). The concentrations
of Al and Fe were around 1000 mg l-1 and 2500
μg l-1, respectively, in well L.

standard deviations for some elements show
that the concentrations varied considerably
between the wells in the same group. Group 1
wells had slightly higher average pH in 2003
than in 1998, while for group 2 and 3 wells the
change was more pronounced. The average pH
was higher and most elemental concentrations
lower for group 1 wells than for group 2 wells.
The average Fe, S, Cd, Cr, Cu, Pb and Zn
concentration in group 1 and 2 were lower in
2003 than before remediation. Elements such
as Cu, Cr and Cd in group 1 wells were as low
as in the reference well P in 2003. In 2003 the
concentration of Mn, Fe and S were still high in
group 1 and 2 wells compared to pipe P.

4.3.2 Wells in Impoundment 1

Group 1: In general, the lowest elemental
concentrations in Impoundment 1 were found
in the group 1 wells (high pH and low redox
potential) after remediation. The concentrations
of Fe were <5000 mg l-1 and the concentrations
were <1000 μg l-1 for Al and Zn. These wells
had the lowest Al and Zn concentrations in
the impoundment; occasionally even as low
as in the reference well P (Figure 6). The
concentrations of Mn were relatively high in
some of these wells, with concentrations up to
10,000 μg l-1. In general, the concentrations of
Co and Cr were <1 μg l-1, Cu and Ni <10 μg l-1,
Cd and Pb <6 μg l-1. The concentrations of As
were <100 μg l-1 in wells D, M and O, but high
in well Q, with concentrations >1000 μg l-1.
Group 2: In general, group 2 wells had high
concentration of metals, but with considerable
variations. The concentrations of Fe ranged
between 5-10,000 mg l-1, Zn between 230 270,000 μg l-1, Mn between 5-7,000 μg l-1 and Al
between1000 -220,000 μg l-1 during the sampling

4. 3. Elemental concentrations in relation to pH
In Figure 6, elemental concentrations versus
pH are shown. Most metals showed relatively
strong relationship with pH, with decreasing
concentrations as pH increases. In most wells,
lower metal concentrations occurred as pH
approached 5.
4.3.1 Reference well P and recharge well L

The concentrations of As, Cd, Co, Cr, Cu, Ni
and Pb were in general <0.2 μg,l-1, Fe <2 μg l-1,
Al <35 μg l-1 , Mn <50 μg l-1 and Zn <25 μg
l-1 in the reference well P (Figure 6). In well L
the concentrations of Cd, Cr, Cu and Pb were
<10 μg l-1 throughout the sampling period. The
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Figure 6. The relation between selected trace elements and pH in the groundwater wells.

period. The wide range of concentrations was
a result of increased pH with time in group
2 wells. Well I had highest concentrations of
Cr, Mn and Pb (Figure 6), even after a strong
decrease throughout the sampling period. The
concentrations of Cd, Co and Ni were low in
well I, while the others wells in group 2 had
high concentrations. Chromium was highest in
wells F and G. Occasionally, there were high
concentrations of Cu in some wells during the

sampling period. The As concentrations were
relatively low in the group 2 wells, except for
well G, which has concentrations between 1000
and 2000 μg l-1.
Group 3. The Al concentrations were high in
well J, and decreased as pH increased. Well
J had intermediate concentrations of Cr, Pb
and Zn, but elevated concentrations of Co and
Ni. The Ni concentrations ranged between
c. 100 and 600 μg l-1, Co between 100 and
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Figure 6. Cont.

800 μg l-1, and Zn between 400-16,600 μg l1
. Chromium was <25 μg l-1, and Pb was <10
μg l-1. The Fe concentration was relatively low
and constant (approximately around 5000 mg
l-1) compared to other wells. Cadmium, Cu and
Mn concentrations were very low, <5 μg l-1.
Group 4. High concentrations of Al, Fe and
Ni were found in wells H and K, with the
highest concentrations in well H. Well H
differs from the other wells with constant and
very high concentrations of elements such as
Fe, S, Al, Zn and Cr throughout the sampling
period. Chromium was high also in well K.
The concentrations of Cd, Cu and Co were
relatively low in these wells, <5 μgg l-1 and low
also for Pb, but on some occasions, high Cu
and Pb concentrations occurred in well H. The
As concentration was <5 μgg l-1 in well K, but
high in well H.

was not apparent immediately throughout
Impoundment 1 owing to the long residence
time of groundwater. After remediation the
polluted groundwater was gradually replaced
by less contaminated groundwater, since the
sulphide oxidation rate decreased as a result of
limited oxygen supply. This resulted in lower
elemental concentrations and higher pH in the
groundwater throughout the Impoundment 1 in
2003.
Outgoing water quality from Impoundment 1
can be illustrated by well L, which had rather low
and relatively constant elemental concentrations,
and relatively low pH. Concentrations of trace
elements such as Cd, Cu, Cr and Pb were
low throughout the sampling period, which
indicates low mobility for these metals. The
concentration of Al, Ni and Co in well L
followed the S concentration trend illustrated
in Figure 3. These metals were probably mobile
as a result of the low pH (mainly <5) in well
L. The decreased concentration in well L after
2000 suggests that contaminated groundwater
was leaving Impoundment 1, and was gradually
replaced by groundwater less contaminated than
before remediation, due to decreased release of
sulphide oxidation products (Alakangas et al.,
2006).

5. Discussion
The groundwater quality in Impoundment 1
ZDVDUHVXOWRILQWHUDFWLRQVEHWZHHQLQÀRZLQJ
groundwater with similar characteristics as in
ZHOO 3 LQ¿OWUDWHG DQG SHUFRODWHG ZDWHU WKDW
entered the groundwater, and of the minerals
present in the aquifer that may have reacted
with the water. The effect of remediation
11
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was indicated by the SI values (Figure 7). The
redox potential was rather constant in areas
with high pH (group1) (Figure 5), but probably
decreased as a result of the remediation before
the sampling started.
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5. 1 Concentrations of Fe, Mn and Zn
Amorphous Fe(OH)3, Al(OH)3 and SiO2,
crystalline hydroxides such as gibbsite and
goethite and metal-sulphates of Al, Fe and Ca
are secondary minerals commonly observed in
sulphide tailings. These minerals may control
or limit the dissolved concentrations of Al,
Fe, Ca, S and Si (Alpers, 1994; Jambor, 1994;
Bigham and Nordstrom, 2000). Other dissolved
trace elements may be removed from solution
by sorption to or co-precipitation with these
secondary minerals. The possible occurrence of
minerals that may be present in the groundwater
at different pH and redox potential has been
calculated using the equilibrium geochemical
model PHREEQC (Parkhurst and Appelo,
1999), with the database MINTEQA2 (Allison
et al., 1991). The saturation index (SI) is
GH¿QHG DV WKH ORJ RI WKH UDWLR EHWZHHQ WKH
solution ion activity product (IAP) and the
solubility equilibrium constant (Ksp). Positive
and negative SI values indicate that the solution
is oversaturated or undersaturated, respectively,
with a mineral phase, and that precipitation
or dissolution are possible. Values close to
zero (±0.5) indicate equilibrium between the
solution and mineral phase.
In Figure 7, the SI values of minerals that
may control the Fe, Al and Si concentrations
in Impoundment 1 are related to pH. Iron
seemed to be controlled by goethite at pH <4,
and by amorphous Fe(OH)3 at pH >4 and up to
6.5 (Figure 7). Jarosite was in equilibrium in
the same pH interval as amorphous Fe(OH)3.
Jarosite is likely to precipitate when the pH is
lower than 3 and sulphate concentration >3000
mg l-1, (Bigham, 1994).No wellin Impoundment
1 had such low pH, but jarosite may have been
formed in the vadose zone before remediation,
and dissolved or converted to goethite as pH
increased (Bigham and Nordstrom, 2000),
since the SI values indicate undersaturation
for jarosite at pH >6 and oversaturation for
goethite.
The estimated SI values indicated
oversaturation for goethite (SI >5) and
amorphous Fe-hydroxides when pH >5, which
suggests that these minerals could precipitate.
No dissolution of Fe-oxyhydroxides as the
redox potential decreased after remediation
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Figure 7. Relation between saturated index (SI values)
and pH, for secondary minerals that may control the
concentrations of Fe, S, Al and Si in the groundwater,
based on the geochemical model PHREEQC. Minerals
in equilibrium are located between the dashed lines.

An initial wash-out of the vadose zone in the
group 2 wells was suggested, which initially
increased the Fe concentration (Figure 3 and
Alakangas et al. (2006). The source of Fe was
mainly from pyrite oxidation and from dissolved
Fe in the pore water. The Fe concentration
decreased sharply when the groundwater was
replaced by less contaminated groundwater

minerals such as Al(OH)3 ( Equation 3).
Dissolved Si may be limited by amorphous
SiO2 (Equation 4).

(Figure 3a). Precipitation of Fe-oxyhydroxides
may also have removed Fe as indicated by
the SI values when pH increased. However,
the decreased Fe concentrations followed the
S trend in the group 2 wells, as illustrated by
)LJXUH  ZKLFK PDNHV LW GLI¿FXOW WR FRQ¿UP
eventual formation of Fe-oxyhydroxides.
The Fe concentration was rather constant
when pH was <4 (Figure 6; well J) and the
redox potential was low, which probably
reduced the possibility for Fe-oxyhydroxides
to form. The groundwater conditions with low
pH and low redox potential probably enhanced
the possibility for Fe(II) to sustain dissolved,
and precipitate later as Fe-oxyhydroxides when
the groundwater reached the surface.
The Mn and Zn concentrations showed
similar behaviour as the Fe concentration.
Manganese is a redox-sensitive element and
may therefore have been stable in solution
in reduced form, Mn(II), and followed the
groundwater displacement, and oxidised when
reaching more oxidised conditions, like Fe.
Zinc seemed to be unaffected by the pH change
and the decreased redox potential; instead, the
decreased Zn concentration after remediation
was probably caused by dilution by unpolluted
groundwater rather than by other processes.

Si(OH)4 => H2O+ SiO2(am.)

The near-equilibrium SI values for kaolinite,
gibbsite and amorphous SiO2 at pH <5 in the
groundwater (Figure 7) suggest that reactions 14 occurred. As a result of low pH,the weathering
rate of chlorite and of kaolinite was probably
higher before remediation. This may explain
the high concentration of dissolved Al (Figure
6) and Si in well J during 1998 compared to the
other wells. The dissolution of kaolinite may
be incongruent, with higher release of Al than
of Si, especially between pH 2 and 4 (CarrollWebb and Walther, 1988).
The dissolved Al concentrations were highly
dependent on pH (Figure 6), and decreased
as pH increased in the groundwater. The Al
concentrations in Impoundment 1 ranged
between 5 - 300,000 μg l-1, and the pH ranged
between 3.3 and 7.3. Aluminium was rapidly
removed from the solution as pH approached 5,
at approximately pH 4.8, which is in agreement
with other results (Nordstrom and Ball, 1986;
Stumm and Morgan, 1996), and consistent
with the pK1 for hydrolysis of Al (Bigham and
Nordstrom, 2000). At pH <5, gibbsite seemed
to be the mineral phase that controlled the
concentration of Al, and amorphous Al(OH)3
at pH >5 (Figure 7), which has also been
observed in earlier studies (Nordstrom and
Ball, 1986; Monterroso et al., 1994; Shum and
Lavkulich, 1998). In wells with pH >5 the Al
concentrations were <100 μg l-1 throughout the
sampling period, and SI values showed that
the solution was oversaturated with respect to
gibbsite and in equilibrium with amorphous
Al(OH)3 (Figure 6).

5. 2 Concentrations of Al
The primary source of dissolved Al in
Impoundment 1 was mainly aluminium silicates
such as chlorite. The dissolution of chlorite may
produce kaolinite (Al2Si2O5(OH)4), silica and
dissolved cations (Equation 1). Kaolinite may
equilibrate with the groundwater containing its
dissolved components Al and Si (Equation 2).
Mg3Si4O10(OH)2+H2SO4=>5Mg2+ +
Al2SiO5(OH)4 +Si(OH)4+5H2O

(1)

Al2Si2O5(OH)4 +6H+ => 2Al3+ +
2 Si(OH)4 +H2O

(2)

Al3+ + 3H2O=> Al(OH)3(S) + 3H+

(3)

(4)

5. 3 Concentrations of Cd, Cu, Cr, Co, Ni and
Pb
Concentrations of Cd, Co, Cr, Cu, Ni and Pb
showed different behaviour compared to that
of Fe, Mn, Mg, S and Zn, which followed
the S concentration trend (Figure 3). This
suggests that Cd, Co, Cr, Cu, Ni and Pb were
more affected by the changed environmental

Since the weathering of chlorite and kaolinite is
irreversible, Al release was limited by reactions
1 and 2, while the overall Al solubility may
be controlled by equilibrium with secondary
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conditions such as pH and redox potential than
by dilution. In general, the concentrations of
these metals decreased more rapidly and before
the concentrations of Fe, Mn, Mg, Zn and S
decreased.
The low concentrations of Cd, Cu and Pb
in Impoundment 1 in 1998 (Figure 6 and Table
2) indicate that these elements were rather
immobile in the pH obtained after remediation.
These metals were probably removed rapidly
after remediation in 1996 as a result of the
higher pH and low redox potential that may
have increased sorption to mineral surfaces and
precipitation of secondary sulphide minerals.
It has been suggested that Cu, Cd and Pb may
retain in tailings with soil cover, and form
secondary sulphides as they may replace Fe
or Zn in more soluble sulphides as pyrrhotite
and sphalerite (Höglund et al., 2005). The
RXWÀRZLQJFRQFHQWUDWLRQVRIWKHVHPHWDOVZHUH
low throughout the sampling period (well L;
Figure 6), which indicates that these metals
were retained within the impoundment after
remediation.
Copper
occasionally
showed
high
concentration at higher pH, which may be a
result of desorption from mineral surface if
Cu(II) was reduced to Cu(I) as a consequence
of the decreased redox potential. The pH50
(pH where 50% of the initial concentration is
adsorbed) has been shown to decrease in the
order Pb > Zn > Cd, regardless of adsorbent
used, (Jean and Bancroft, 1986). Others studies
have shown Cu to be the least mobile metal in
soils when comparing common contamination
metals, and Pb the second after Cu, (Korte et
al., 1975). Lead was almost depleted at pH
5, while Cd was depleted throughout the pH
range (Figure 6). Lead has been observed to be
mobile only under very acidic conditions, pH
<3 (Deutsch, 1997).
Increased solid concentrations of mainly
Cu, but also of Cd and Pb were observed
just below the oxidation zone in the tailings
in Impoundment 1 (Holmström et al., 2001).
Copper was retained as covellite, CuS, but
also probably adsorbed onto mineral surfaces
(Holmström et al., 1999). Similar enrichment
zones of Cu have been observed in other
sulphide mine tailings (Boorman and Watson,
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1976; Blowes et al., 1990; Lin, 1997; Mc
Gregor et al., 1998) , where Cu was replacing
Fe in the sphalerite, pyrite or pyrrhotite
structure (Blowes and Jambor, 1990). A similar
mechanism is suggested to occur for Cd and Pb.
$QDO\VLVE\ODVHUDEODWLRQ,&3606FRQ¿UPHG
Cu and Cd enrichment on the pyrite surfaces
(Öhlander et al., 2006). Cadmium, Pb and Cu
are known to adsorb onto sulphides (Jean and
Bancroft, 1986; Kornicker and Morse, 1991;
Muller et al., 2002). The Cu enrichment zone
was probably developed before remediation,
but may have expanded after remediation.
Sequential extraction performed on the
tailings showed that Pb was related to the
reducible fraction (Carlsson, 2002), which
mainly reduces amorphous and crystalline Fe,
Mn-hydroxides. Stable secondary minerals such
as anglesite, PbSO4, which form at high sulphate
concentrations and oxidised conditions, may
have limited the dissolved Pb concentration
in the vadose zone (Alpers et al., 2000). This
mineral is common as an oxidation product
of galena and rather insoluble (Alpers et al.,
1989), and may, therefore, have been extracted
in the metal-oxide fraction.
Chromium occurs as Cr(III) or Cr (VI) under
natural environmental conditions. At low redox
potential, Cr (VI) may be reduced to Cr, which
is less mobile than Cr(VI), as it may precipitate
to Cr (OH)3 or FexCr1-x(OH)3 under alkaline
and slightly acidic conditions. Chromium (VI)
occurs as anions (HCrO4-, CrO2-4) or as neutral
species (H2CrO40) under oxidised conditions
and may be sorbed to metal oxides at pH 2-7
(Zachara et al., 1987). The concentrations of
Cr at pH <4 (well J) and when pH > 5 (group
2 wells) may be due to precipitation of Cr(III)
, and are discussed further in next section.
Adsorption of Cr(VI) decreased with increasing
pH and in the presence of competing anions
such as sulphate, resulting in high mobility of
Cr (Zachara et al., 1987). The high and constant
concentration of Cr at pH 4-5 in environments
with high sulphate concentrations (wells K, L,
H; Figure 6), suggests that Cr (VI) dominates
and was competing with sulphate for sorption
sites.
Nickel and Co have been observed to be
mobile in pore water at pH <5.7 (Jurjovec et
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Metals such as Co, Cr and Ni can be sorbed
to or co-precipitate with metal hydroxides
of Al and Fe (Balistrieri and Murray, 1982;
Dzombak and Morel, 1990; Kooner, 1993;
Alpers, 1994; Bowell, 1994; Herbert, 1996;
Stumm and Morgan, 1996; Mc Gregor et al.,
1998; Borggaard and Elbering, 2003). The

Dissolved Al

5.3.1. Co-precipitation of Al- Co, Co and Ni

Dissolved Al concentration(μg/l)

concentrations of Ni, Co and Cr were high at
low pH conditions (Figure 6), and dissolved
Al and Si concentrations were correlated with
these elements (group 2 and 3 wells; Figure 8).
The simultaneous decrease of Al, Ni, Co and
Cr concentrations in Impoundment 1 when
the pH increased (group 2 and 3) may be due
to formation of Al-hydroxides. Calculated SI
YDOXHVFRQ¿UPIRUPDWLRQRI$OK\GUR[LGHVDV
mentioned earlier. Which trace elements that
were correlated with Al in each well, depend
on which trace elements that were elevated
in the well. Dissolved Cr was elevated in the
groundwater in wells G and I, Ni in well J,
and Co in wells J and G. Therefore, in well G,
Cr, Ni and Co were co-precipitated with Al, in
wells J, Ni and Co were co-precipitated with
Al, and in well I, only Cr was precipitated
with Al (Figure 8). The correlations between
Al and trace elements in Figure 8 were high in
well J (R=0.97) compared to the other wells.
Co-precipitation was probably not the only
mechanism removing these trace elements in
wells F, G and I, as these wells were affected
when the polluted groundwater was replaced

al., 2002), which is rather similar to the pH
where the dissolved concentrations of Ni was
high in Impoundment 1 (Figure 6). The higher
concentration of Ni at pH >5 suggests that Co
was less mobile in the groundwater than Ni.
The concentrations of trace metals in
Impoundment 1 decrease with increasing pH
in the following order: Zn >Ni > Co > Pb >
&X ! &G 7KLV VHTXHQFH LV VLPLODU WR ¿HOG
observations reported by Blowes and Jambor,
(1990), who observed the following order of
metal mobility at the Waite Amulet tailings site
LQ&DQDGD=Q!1L&R!3E!&XDQGVLPLODU
to observations of mobility in pore-water by
column experiments of leached tailings from
Kid Creek, Canada (Jurjovec et al., 2002).

0
Dec-04

Figure 8 The relation between dissolved a) Al, Co, Cr and Ni in well F, b) Al, Co, Cr and Ni in well G c) Al and Cr in
well I d) Al, Co and Ni concentrations in well J
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5. 4. Mobilisation of arsenic
Under oxidised conditions, As is mainly anionic
in the pH range 3-9, and readily adsorbed to Feoxyhydroxides at low pH (Sracek et al., 2004).
Increased pH can cause release of adsorbed As,
DV DGVRUSWLRQ DI¿QLW\ IRU $V LV KLJKHU XQGHU
low pH conditions (Stumm and Morgan, 1996).
Arsenic (V) may be reduced to As(III) under
low redox potential conditions. Arsenic(III)
is a neutral species at pH <9.2 and therefore
more mobile compared to As (V). At higher pH
As(III) is in its ionised form H2AsO3- and has
KLJKHUDI¿QLW\IRUDGVRUSWLRQ
The primary source of As is sulphides,
mainly arsenopyrite, as in Impoundment 1. The
concentrations of As in the groundwater were
in most wells <10 μg l-1 after remediation. High
concentrations, >1000 μg l-1, were, however,
obtained in wells G and Q (Figure 5). Other
wells with similar pH also had rather high
concentrations, but not as high as these wells.
The location and the chemical conditions are
the opposite in wells G and Q. Well G had low
pH and high redox potential, while well Q had
high pH and low redox potential (Figure 4).
Before remediation both wells probably had
oxidised conditions and low pH, which favours
the presence of As(V) compared to As(III).
The oversaturation with respect to secondary
Fe-oxides indicates that these were stable after
remediation, and As(V) may then have been
sorbed by Fe-oxides and hydroxides (Fuller et
al., 1993; Bowell, 1994). After remediation, the
redox potential probably decreased and As may
have been released from the surface as As(V)

by less contaminated groundwater, which was
not the case in well J.
In well J, only the concentrations of Si,
Al, Co, Cr and Ni decreased, which was
entirely an effect of pH increase. In well J,
Al-hydroxides were formed at pH <5 (which
was indicated by the SI values to be gibbsite),
when Al concentration was high (here, 240,000
μg l-1). The precipitation of Al-hydroxides is
independent of the redox potential (Stumm
and Morgan, 1996) and these may therefore
precipitate at the low redox potential developed
by remediation. Aluminium hydroxides are, as
Fe-oxyhydroxides, known adsorbents for trace
elements. In the case of Impoundment 1, it
seems that Al-hydroxides were more important
for the removal of trace elements from the
groundwater than Fe-oxyhydroxides after
1998, since the low redox potential conditions
may have decreased the presence of Fe (III).
In the wells where pH was >5 when the
sampling started (group 1 wells), dissolved Co,
Cr and Ni may have been removed earlier from
the groundwater with similar mechanisms as
discussed above, if Al or Fe-hydroxides were
formed (Kinniburgh et al., 1976). Selective
extraction of the tailings in Impoundment 1
showed higher amounts of amorphous and
crystalline Fe-hydroxide fractions deeper down
than in the vadose zone, (Carlsson, 2002),
where pH was >5. Nickel, Co and Cr were
related to these fractions, suggesting that these
trace elements may have been co-precipitated
or adsorbed to Fe- hydroxides in the tailings
SUR¿OHEHIRUHUHPHGLDWLRQ
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Figure 9. Time series of dissolved As concentrations in the groundwater in wells G and Q.
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was reduced to As(III), or released from Feoxyhydroxides if these were dissolved. The
release just after remediation was probably
higher in well Q, as the redox potential was
lower in this well. This may explain the
higher concentration observed in well Q
compared to well G. Arsenic(III) may have
IROORZHG WKH KRUL]RQWDO JURXQGZDWHU ÀRZ RXW
of the impoundment, explaining the decreased
concentration of As with time.
Dissolution of secondary As-minerals such
as scorodite, FeAsO4*2H2O, commonly found
in mine waste as it precipitates at very acidic
and oxidised conditions, could also have been a
potential source (Alpers et al., 2000). Increased
pH may also increase As concentration in
VROXWLRQ DV WKH DI¿QLW\ IRU $V DGVRUSWLRQ
decreases with increased pH (Stumm and
Morgan, 1996).
6. Conclusions
The remediation of the sulphide-rich tailings
at Kristineberg has resulted in improved water
quality. In general, elemental concentrations
decreased and pH increased during the sampling
period. In the area with double dry cover, the
GHFUHDVHG UDWH RI LQ¿OWUDWLQJ ZDWHU ZDV DQ
immediate result of the remediation and the main
mechanism for the decreased concentration of
elements and increased pH in the groundwater.
In the part of the impoundment with simple dry
cover and raised groundwater table, the effects
were not immediate, since oxidation products
secondarily retained in the vadose zone were
mobilised before the polluted groundwater was
replaced by less contaminated groundwater.
The concentrations of trace elements such as
Cu, Cd, Pb, Co, Ni and Cr were low in wells
with high pH and low redox potential. Important
mechanisms for removal of Cu, Cd and Pb were
replacement of Fe(II) on pyrite surface and
sorption onto mineral surfaces, which probably
occurred immediately after remediation when
the redox potential decreased and pH increased.
Iron concentrations in the groundwater seemed
to be controlled by goethite at pH <4, and
amorphous Fe(OH)3 at pH >4 up to 6.5. Low
redox potential in some areas diminished the
possibility for formation of Fe- oxyhydroxides
after remediation.

Most elements showed pH dependency and
most pH-sensitive were Al and Cr. In wells
with low initial pH and high redox potential,
trace element concentrations decreased as
pH approached 5. Metals such as Co, Cr
and Ni were removed from the solution by
co-precipitation with Al-hydroxide as pH
increased. At pH <5, gibbsite seemed to be the
mineral that controlled the concentration of Al,
and amorphous Al(OH)3 at pH >5. Aluminium
hydroxides were probably more important for
removal of trace elements from solution than
Fe-oxyhydroxides, since formation of the latter
was limited by the low redox potential.
Arsenic was mobilised at some locations as
a result of decreased redox potential. Lowered
redox potential may cause As(V) to be reduced
to As(III), which is more mobile than As(V),
thereby causing higher concentration in the
groundwater. Increased pH in some parts of the
impoundment resulted in desorption of anions
such as arsenate from mineral surfaces. Redox
potential, pH and elemental concentrations
differed among the groundwater wells even
under the same cover. This illustrates the
importance of time-series as well as of several
sampling locations distributed over the
impoundment when the effects of remediation
are studied. A single sample location may give
totally misleading results.
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Abstract
Metals released from oxidation and weathering of sulphide minerals in mine tailings are to a
high degree retained at deeper levels within the tailings themselves. To be able to predict what
could happen in the future with these secondarily retained metals, it is important to understand
the retention mechanisms. In this study an attempt to use laser ablation high-resolution ICP-MS
(LA-ICP-SMS) to quantify enrichment of trace elements on pyrite surfaces in mine tailings
ZDVSHUIRUPHG3\ULWHJUDLQVZHUHFROOHFWHGIURPDSURÀOHWKURXJKWKHS\ULWHULFKWDLOLQJVDWWKH
Kristineberg mine in northern Sweden. At each spot hit by the laser, the surface layer was analyzed
LQWKHÀUVWVKRWDQGDVHFRQGVKRWRQWKHVDPHVSRWJDYHWKHFKHPLFDOFRPSRVLWLRQRIWKHS\ULWH
immediately below. The crater diameter for a laser shot was known, and by estimating the crater
depth and total pyrite surface, the total enrichment on pyrite grains was calculated. Results are
presented for As, Cd, Co, Cu, Ni and Zn. The results clearly show that there was an enrichment of
As, Cd, Cu and Zn on the pyrite surfaces below the oxidation front in the tailings, but not of Co
and Ni. Arsenic was also enriched on the pyrite grains that survived in the oxidized zone. Copper
has been enriched on pyrite surfaces in unoxidized tailings in the largest amount, followed by
Zn and As. However, only 1.4 to 3.1% of the Cd and Zn released by sulphide oxidation in the
oxidized zone have been enriched on the pyrite surfaces in the unoxidized tailings, but for As and
&X FRUUHVSRQGLQJ ÀJXUHV DUH DERXW  DQG   UHVSHFWLYHO\ 7KHUH ZHUH PDQ\ XQFHUWDLQWLHV
in these calculations, and the results shall not be taken too literally but allowed the conclusion
that enrichment on pyrite surfaces is an important process for retention of As and Cu below the
oxidation front in pyrite rich tailings. Laser ablation is not a surface analysis technique, but more
of a thin layer method, and gives no information on the type of processes resulting in enrichment
on the pyrite surfaces. Although only pyrite grains that appeared to be fresh and without surface
coatings were used in this study, the possibility that a thin layer of Fe-hydroxides occurred must
be considered. Both adsorption to the pyrite directly or to Fe-oxyhydroxides may explain the
enrichment of As, Cd, Cu and Zn on the pyrite surfaces, and, in the case of Cu, also the replacement
of Fe(II) by Cu(II) in pyrite.
Keywords: Mine tailings; Oxidation; Metal enrichment; Pyrite surfaces; LA-ICP-SMS
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1. Introduction

front in pyrite-rich tailings. Secondary minerals
such as Fe- and Al-oxyhydroxides have a high
capacity for adsorbing trace metals (Dzombak
DQG 0RUHO  6WXPP  3DOPTYLVW HW
al., 1997). In pyrite-rich tailings, the role of Feoxyhydroxides, in particular, can be expected to
be large in the oxidised zone and in downstream
areas, but the abundance of Fe-oxyhydroxides
below the oxidation front may be low. By using
WLPHRIÁLJKWODVHULRQL]DWLRQPDVVVSHFWURPHWU\
on pyrite grains sampled from mine tailings, Al
et al. (1997) found a considerable adsorption of
elements such as Cu, Ag, Pb, Zn and Cd from
the pore water. Müller et al. (2002) studied
S\ULWH JUDLQV VDPSOHG IURP D SURÀOH WKURXJK
an oxidising tailings impoundment by using
laser ablation high-resolution ICP-MS (LAICP-SMS). At each spot hit by the laser, the
VXUIDFH OD\HU ZDV DQDO\VHG LQ WKH ÀUVW VKRW
and a second shot on the same spot gave the
chemical composition of the pyrite immediately
below. A higher concentration of the different
elements in the surface analysis was interpreted
as adsorption, which was found to be common.
The surface adsorption of Cd, Cu and Zn on
pyrite was most important below the oxidation
front, whereas elements such as Ag, As, Au and
Bi were preferably adsorbed to the low amount
of pyrite remaining in the oxidised zone.
However, LA-ICP-SMS does not give a real
surface analysis, but the chemical composition
RIDYROXPHGHÀQHGE\WKHFUDWHUGLDPHWHUDQG
depth during ablation. The diameter is known,
and if the crater depth for a laser shot could be
GHWHUPLQHGWKHDGVRUSWLRQFRXOGEHTXDQWLÀHG
assuming that the higher concentration in
WKH ÀUVW VKRW WKDQ LQ WKH VHFRQG LV FDXVHG
by adsorption. Since processes other than
adsorption may also lead to metal enrichments
at grain surfaces, and the laser analysis gives
no possibility to distinguish between different
processes, the term surface enrichment is used in
the following text. Examples of other processes
are ion exchange and exchange of ions in
monovalent complex forms (Nagy and Konya,
1988). In addition, pyrite grains that seem fresh
and without surface coatings may still have a
thin Fe-hydroxide surface layer (Nicholson et
DO+ROPVWU|PHWDO 

It has been shown by laboratory studies
that the surfaces of sulphide minerals have a
VWURQJ DIÀQLW\ IRU GLVVROYHG PHWDOV -HDQ DQG
%DQFURIW:DQJHWDOD.RUQLFNHU
and Morse, 1991), and pyrite formed in anoxic
marine sediments has been suggested to be an
important sink for As, Hg, and Mo, moderately
important for Co, Cu, Mn, and Ni, and less
important for Cr, Cd, Pb, and Zn (Belzile and
/HEHO  +XHUWD'LD]    ,Q PDQ\
tailings deposits, the pyrite content is high
below the oxidation front, and metal retention
by adsorption to pyrite may potentially be
LPSRUWDQW %URZQ HW DO  7LQJOH HW DO
$OHWDO +RZHYHUWKHLPSRUWDQFH
of adsorption to pyrite in relation to the total
secondary retainment of metals has not been
TXDQWLÀHGLQÀHOGVFDOH
Metals released by oxidation of sulphides
are to a large extent secondarily retained below
the oxidation front where pH is higher. In a
study of the oxidizing sulphide-bearing mine
tailings at the Laver mine in northern Sweden,
with unusually favourable conditions for
estimation of mass balances, it was found that
active oxidation occurs in a sharp and distinct
]RQH +ROPVWU|P HW DO  /MXQJEHUJ
and Öhlander, 2001). By a comparison of the
ZHDWKHULQJ UDWH HVWLPDWHG IURP ERWK ÀHOG
and laboratory studies, with the total amount
of metals annually leaving the tailings with
drainage waters it was concluded that only 510% of the total amounts of metals such as Cd,
Co, Cu Ni and Zn released by the weathering
reach the surface-water system downstream the
mining area. Metals released from oxidation
and weathering of sulphide minerals are, thus,
to a high degree retained at deeper levels within
the tailings themselves. It was concluded
/MXQJEHUJDQGgKODQGHU WKDWWKHPRVW
important retention mechanism was surface
adsorption.
The importance of adsorption as a mechanism
for secondary metal retention in mine tailings has
also been studied using sequential extraction. It
ZDVIRXQG HJ/LQDQG+HUEHUW'ROG
DQG)RQWERWp&DUOVRQHWDO WKDW
the adsorbed/exchangeable fraction carried a
large part of the metals below the oxidation
2

The largest orebody in the area is the
Kristineberg Zn-Cu deposit, which was
brought into production in 1940. In the past, ten
different mines within 50 km of Kristineberg
have supplied Kristineberg mill with ore,
but today the Kristineberg mine is the only
remaining active mine in the area. The mine
produces ca. 450,000 tonnes of ore per year.
The Kristineberg mill was closed in 1991, and
today the mined ore is transported by highway
trucks for processing in the Boliden mill,
situated c. 100 km to the east.
Sulphide-rich tailings have been deposited
LQ ÀYH LPSRXQGPHQWV ORFDWHG DORQJ D VPDOO
YDOOH\ ,PSRXQGPHQW  )LJ   XVHG DV ÀHOG
site in this study, is the oldest, used until the
early 1950s. The tailings impoundments are
LQ WKH ÀQDO VWDJH RI UHPHGLDWLRQ /LQGYDOO HW
al., 1999). Both dry covers with till as cover
PDWHULDODQGÁRRGLQJKDYHEHHQDSSOLHG
Impoundments 1 and 1B (Fig. 1) were covered
ZLWKWLOOLQ$OD\HURIFUXVKHGOLPHVWRQH
was distributed on the surface of the tailings
before the cover was applied. On Impoundment
1B, a composite cover was applied as a sealing

In this study, we determined a typical crater
depth during ablation on pyrite, and used the
GDWDRI0OOHUHWDO  WRTXDQWLI\LQÀHOG
scale the importance of surface enrichments
of metals to pyrite below the oxidation front
in oxidizing pyrite-rich tailings. Results are
shown for As,Cd, Co, Cu, Ni and Zn.
2. Site description
The Kristineberg mine is located in the western
part of the Skellefte ore district, approximately
175 km southwest of Luleå in northern Sweden
(Fig. 1), and has been operated by Boliden
since the operation was commissioned in
1940. The mining area The bedrock consists of
ca.1.9 Ga metamorphosed ore-bearing volcanic
rocks overlain by metasedimentary rocks. The
metasupracrustals display a marked foliation
and extensive sericitization (Vivallo and
:LOOGpQ   3\ULWHULFK PDVVLYH VXOSKLGH
ores are intercalated within a stratigraphic
unit consisting of mainly basic volcanics and
UHGHSRVLWHG YROFDQRFODVWLF URFNV :LOOGpQ
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Fig. 1. Map showing the location of the Kristineberg mining area, and a map of Impoundment 1 showing the
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layer, where 0.3 m compacted till with a
maximum hydraulic conductivity of 5.10-9 m/s
was applied. On top of that layer, a protective
OD\HURIPXQVSHFLÀHGWLOOZDVDSSOLHG
This system was also used on the northeastern
part of Impoundment 1, covering approximately
half the impoundment area. On the remaining
SDUWRIWKHLPSRXQGPHQWPRIXQVSHFLÀHGWLOO
was applied on the tailings and the new concept
of groundwater saturation was implemented.
Groundwater saturation was maintained by
water management, whereby existing drainage
GLWFKHV ZHUH EDFNÀOOHG WR DOORZ JURXQGZDWHU
and surface water to enter the area from upgradient areas. By covering the area with 1 m of
XQVSHFLÀHGWLOOWKLVDOORZHGDIXUWKHUUDLVLQJRI
the phreatic level. In this area, the groundwater
table is now shallow, completely covering the
tailings and occasionally reaching the ground
surface. The till surface was hydroseeded with
grass, and today grass covers the surface.
The pyrite grains used in this study were
VDPSOHG IURP 3URÀOH  LQ ,PSRXQGPHQW 
(Fig. 1), where the underlying till was reached
DW D GHSWK RI  P 7KH WKLFNQHVV RI WKH
tailings in Impoundment 1 ranges from a few
up to 11 m (Holmström et al., 2001). The
tailings were oxidized in more than 40 years
before the remediation, and a distinct zonation
with an oxidised zone above the unoxidized
tailing has developed. The thickness of the
R[LGLVHG ]RQH LQ 3URÀOH  LV DSSUR[LPDWHO\
 P 7KH PRVW FRPPRQ VXOÀGH PLQHUDOV
in the tailings in decreasing order are: pyrite,
pyrrhotite, sphalerite, chalcopyrite, galena and
covellite. Gangue minerals include quartz, Kfeldspar, chlorite, talc, plagioclase, muscovite,
amphiboles, pyroxene, biotite and carbonates.
The chemical composition of oxidized and
unoxidized tailings (Table 1) clearly shows
that the sulphides have been largely lost in the
oxidized zone. Sequential extraction results
&DUOVVRQHWDO UHYHDOHGWKDWVLJQLÀFDQW
fractions of As, Cd, Co, Cu, Mn, Ni, Pb and
Zn were adsorbed to mineral surfaces within
the unoxidised tailings. The geochemistry of
tailings and pore water were studied in detail in
3URÀOH +ROPVWU|PHWDO VLWXDWHGFORVH
WR3URÀOHHQDEOLQJXVHIXOFRPSDULVRQV
The annual precipitation in the Kristineberg

area varies between 400-800 mm/a (Axelsson
et al., 1991), and the annual mean temperature
LV& $[HOVVRQHWDO 7KHYHJHWDWLRQ
in the Kristineberg area mostly consists of
FRQLIHURXV IRUHVW ZLWK VLJQLÀFDQW RFFXUUHQFHV
of deciduous forest. Boglands are common.
7KH PDMRU VRLO W\SH LQ WKH DUHD LV D SRG]RO
produced from weathered glacial till (Granlund
DQG:HQQHUKROP*UDQOXQG 
Table 1. Average composition of oxidised and unoxidised
tailings at Kristineberg, impoundment 1. Samples affected
by secondary enrichment are excluded. All major elements
except S are expressed as oxides.
Element

SiO2
Al2O3
CaO
Fe2O3
K 2O
MgO
MnO2
Na2O
P 2O 5
TiO2
S
LOI
As
Ba
Be
Cd
Co
Cr
Cu
Hg
La
Mo
Ni
Pb
Sc
Sr
V
Y
Zn
Zr

Unoxidised tailings Oxidised tailings
(73 samples)
(12 samples)
[weight%±s.d ]
42.8±6.7
9.35±1.50
1.01±0.49
24.0±5.0
0.81±0.40
7.73±1.46
0.12±0.02
0.46±0.35
0.07±0.02
0.30±0.06
14.4±4.7
12.4±2.6
[ppm±s.d]
183±157
281±79
0.84±0.15
21.5±12.5
56.4±21.3
46.2±13.3
956±316
2.42±1.17
22.4±5.3
24.0±6.7
5.95±2.58
463±283
5.90±1.38
40.1±21.0
26.9±8.1
17.6±3.1
8861±4744
117±41

[weight%±s.d ]
63.1±7.1
11.4±1.47
1.24±0.74
8.45±3.59
1.88±0.97
6.65±3.52
0.11±0.02
1.46±0.88
0.08±0.04
0.45±0.07
1.81±2.79
5.03±3.00
[ppm±s.d]
36.2±28.9
481±193
1.06±0.37
1.47±2.39
7.77±9.18
60.7±19.9
159±132
0.94±0.52
25.7±5.5
17.7±11.3
4.52±3.35
454±318
7.46±1.10
90.5±51.8
34.3±8.9
21.2±3.3
559±919
205±78

3. Methods
3.1. Sampling and treatment of pyrite grains
6DPSOLQJIURP3URÀOHZDVSHUIRUPHGLQ
February 2000. Samples were taken from both
the oxidized and unoxidized zones. During
drilling, 19 samples between 15 and 50 cm
long were taken in a continuous column from
a depth of 130 cm, the bottom of the till cover,



GRZQ WR  FP 7KHVH GULOO FRUH VDPSOHV
were stored in plastic bags and kept frozen
until further treatment. From each sample,
between three and six larger grains of pyrite
were sampled for analysis. Prior to analysis,
the samples were thawed, sieved (0.5 mm
sieve size) and repeatedly rinsed with highpurity Milli-Q water in order to remove the
clay fraction. After drying the samples at room
temperature, the pyrite grains were separated
from the remaining material by handpicking
with wooden toothpicks. The pyrite grains
were optically selected using a microscope.
Only fresh grains without any visible cover,
coating, inclusions or zoning were taken. This
was the only treatment applied before placing
the grains in the ablation chamber.

Energy: 2.0mJ
Ablation diameter: 10μm
Number of shots in each crater: 1
Repetion rate: 10Hz
Time delay: 0.1s
$IWHU WKH ÀUVW DEODWLRQ VHTXHQFH D VHFRQG
sequence was directly performed, using the
same ablation setting, at exactly the same
VSRWV DV WKH ÀUVW RQH7KLV DSSURDFK PDNHV LW
possible to study the difference between the
surface and the interior layers of the grains.
Great care was taken to ensure that an optimum
focus of these rather irregularly shaped pyrite
grains was obtained, and that the pyrites were
representatively sampled by the probe. A
potential problem of laser ablation arises from
fractionation (mass removal based on thermal
properties). Fractionation does occur during
laser pulses and will depend on the sample and
ODVHU SURSHUWLHV 2XWULGJH HW DO  5XVVR
et al., 1998). To avoid non-representative
sampling, a low ablation energy setting was
used to minimize enhanced ablation. To study
eventual fractionations, ablation of surface and
interior layers was also performed on a polished
pyrite standard, which was homogeneous in
composition and contained no inclusions.
Since no difference between the elemental
composition of the two layers of the calibration
standard could be found, it was concluded that
the elemental fractionation due to ablation
effects and depletion of certain elements in the
interior layer was negligible. The elemental
concentrations were calculated using external
calibration against a polished in-house pyrite
VWDQGDUGIURP5XWMHElFNHQ6ZHGHQ $[HOVVRQ
et al. 2001). In LA-ICP-SMS analysis,
normalization of the response of the analyte
WR WKDW RI DQ LQWHUQDO VWDQGDUG ,6 XVXDOO\ DQ
LVRWRSHRIDPDMRUHOHPHQW LVIUHTXHQWO\XVHG
3HDUFHHWDO$[HOVVRQDQG5RGXVKNLQ
2000). In this work Fe was used for this purpose.
The conversion of the intensity signals for a
particular element to concentration in ppm
was carried out by comparing the intensity
obtained during sample measurements with
the intensity signals from the external pyrite
calibration standard after IS correction by
using Fe (Axelsson and Rodushkin, 2000). All

3.2. LA-ICP-SMS analysis
The analysis of the pyrite grains was
performed using an ELEMENT ICP-SFMS
VHFWRU ÀHOG 06  LQVWUXPHQW HTXLSSHG
ZLWK D QP 1G<$* VROLGVWDWH ODVHU
(both from Thermo Finnigan MAT GmbH,
Bremen, Germany), within a few weeks after
sampling. A two-stage approach was used. A
ÀUVW DEODWLRQ DLPHG WR UHPRYH DOO VXUIDFH
associated elements, and a second ablation at
the same spot sampled the interior of the pyrite
grains. The LA parameters used in this work,
especially energy, were carefully optimized in
order to be able to sample both the surface and
the interior of the grains. The pyrite grains were
placed in the ablation cell in groups of three
to six grains with a size of approximately 0.5
mm. Each group represents a drill core sample
from a certain depth. Depending on the size
of the grains, up to six different groups could
be analyzed without opening the ablation cell.
The sequence started with the analysis of the
carrier gas without LA (argon gas blank). Gas
blanks were repeatedly measured to determine
the limit of detection (LOD), based on the 3s
criterion: the LOD is three times the standard
deviation of a sample (the gas blank in this
case), which contains no analyte. The laser was
then programmed to perform continuous raster
ablation on one grain at a time. The ablation
setting used was:

5

3.4. Calculation of the total enrichment on
pyrite surfaces

VLJQDOV FROOHFWHG DIWHU /$ DQDO\VHV ZHUH ÀUVW
background-corrected using the values obtained
during blank gas measurements.

If the depth of a laser crater is known as
well as the density of the tailings, and the pyrite
concentration and the surface area of pyrite are
known, then the enriched mass of an element
could be calculated by using the difference in
FRQFHQWUDWLRQEHWZHHQWKH¿UVWDQGWKHVHFRQG
laser shots on the pyrite grains. This difference
in concentration is multiplied by the total mass
(PM) of the surface layer of the pyrite grains
(PM=crater depth multiplied by the surface
area of pyrite multiplied by the density of
pyrite). The density of pyrite is assumed to be
5.02 g/cm3.
Each sample represented a section of the
tailings pile, corresponding to the length of
the sampled section of the drill core. Sampling
was performed to a depth of 600 cm, but the
total depth to the underlying till was 865 cm
including the till cover. The values for the
section 660-865 cm were assumed to be equal to
the average values of the three deepest samples.
)RUWKHWDLOLQJVWKHDYHUDJHYDOXHVJFP3
for tailings bulk density, 26 wt.% pyrite in
unoxidized tailings and 3.3 wt.% in oxidized
tailings were used (Holmström et al., 2001). The
total surface area of pyrite potentially available
IRU VRUSWLRQ VKRXOG EH WKH VSHFL¿F VXUIDFH
area, including both grain surfaces and internal
surfaces in fractures and other inhomogeneities.
$FFRUGLQJWR%(7DQDO\VLVWKHVSHFL¿FVXUIDFH

3.3. Depth measurement procedure
The typical depth of a laser shot on a pyrite
surface was determined by using scanning
electron microscopy (SEM) on a polished
section of pyrite to which laser ablation (LA)
had been applied. The depth was measured in
seven craters, which also gave some information
about the precision. In order to study craters
deep enough for reliable depth measurements,
ODVHUVKRWVZHUHGLUHFWHGWRZDUGVHDFKFUDWHU
(Fig. 2.). The average depth for a single shot was
obtained by dividing the measured total depths
ZLWKWKHQXPEHURIVKRWV  %\IRFXVLQJWKH
SEM on a non-ablated area situated as close
as possible to the crater, noting the working
distance, followed by measurement of the
working distance in the bottom of the crater,
the difference in working distances was used
to determine the crater depths. The ablation
setting used was:
100x100μm apart
Energy: 2.0mJ
Ablation diameter: 20μm
Number of shots in each crater: 60
Repetion rate: 20Hz
Time delay: 0.1s

Fig. 2. Typical laser craters obtained durig the depth determination. To the left the crater grid is shown, and to the
right a single crater more in detail. The arrows show the approximate place were the SEM have been focused.
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&RQFHQWUDWLRQVREWDLQHGGXULQJWKHÀUVWDQG
VHFRQGVKRWIRUVDPSOHVIURPWKHZKROHSURÀOH
are shown in Fig. 3 for As, Cd, Co, Cu, Ni
and Zn. Cobalt and Ni did not show obvious
enrichment in the surface layer of the pyrite
grains in comparison to the interior layer. Cobalt
is a common trace element in pyrite (Fleischer,
1955), and high concentrations are common.
,Q WKH .ULVWLQHEHUJ SURÀOH WKH FRQFHQWUDWLRQ
of Co in pyrite varied considerably with depth,
EHWZHHQDQGSSPEXWWKHGLIIHUHQFH
EHWZHHQWKHÀUVWDQGWKHVHFRQGODVHUVKRWVZDV
small. The varying Co concentrations probably
UHÁHFWHGWKDWWDLOLQJVIURPGLIIHUHQWRUHVZHUH
deposited in Impoundment 1 (Holmström et
DO   1LFNHO ZDV UHODWLYHO\ GLIÀFXOW WR
determine precisely, because several parts
of the ICP-SFMS equipment contain this
element, and Ni can be released due to abrasion
GXULQJ WKH PDVV ÁRZ 7KLV UHVXOWHG LQ IDLUO\
high background signals for Ni (Müller et al.,
2002).

for the grain fractions 36-52 μm and 85-120
μm of pyrite was estimated at 0.66 m2/g and
0.75 m2/g, respectively (Mathews and Robins,
 )RUDWDLOLQJVVDPSOHIURPWKH%ROLGHQ
FRQFHQWUDWRU ZLWK D S\ULWH FRQWHQW RI 
wt.%, Gleisner and Herbert (2002) reported a
VSHFL¿FVXUIDFHDUHDRIWKHWRWDOWDLOLQJVRI
m2/g, while pyrite grains separated with the
aid of heavy liquids had a surface area of 0.62
m2/g. Since the Kristineberg tailings are similar
to the tailings studied by Gleisner and Herbert
(2002), the value 0.62 m2/g was used here. The
YDOXHV JLYHQ E\ 0DWKHZV DQG 5RELQV  
IRUVSHFL¿FVL]HIUDFWLRQVFDQQRWEHH[SHFWHG
to correspond to values for pyrite in tailings,
since although the grain fractions 36-52 μm
and 85-120 μm are common i tailings, both
smaller and larger grains occur, but support that
the chosen BET value is of reasonably correct
magnitude.
The total mass (Mi) (in g) of an element
enriched on the pyrite surfaces in a one-m2
cross section of the whole tailings pile is =
Y1j L lP (PM) (C1-C2), where i=element,
M VDPSOH / OHQJWK RI GULOO FRUH VDPSOH
(cm), l=density of tailings (g/cm3), P=pyrite
concentration (wt. %), PM=Total mass of
surface layer of pyrite in a drill core sample (g),
C1 FRQFHQWUDWLRQRIWKHÀUVWODVHUVKRW SSP 
C2=concentration of second laser shot (ppm).
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4. Results
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The average depth of a single shot, based
on the seven crater measurements, was 0.20 ±
 P7KH YDOXH  P ZDV XVHG LQ WKH
following calculations.
:LWKLQWKHXSSHUSDUW ²FP RIWKH
oxidized zone, a limited number of fresh, small
pyrite grains (close to 0.5 mm in size) were
present. Other pyrites exhibited a skeletal form,
as a result of oxidation. Lower in the oxidized
zone, the pyrite grains were generally larger
(up to 1 mm in size). Below the oxidation front
the pyrite grains were not weathered. From
GRZQWRFPWKHS\ULWHDQDO\]HGZDV
fresh and occasionally up to 1 mm in size, but
generally approximately 0.5 mm. No pyrites
IURPDGHSWKEHORZPFRXOGEHDQDO\]HGDV
the grains were too small, smaller than 0.5 mm.
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Fig. 3. Concentrations in ppm of As, Cd, Co, Cu, Ni
DQG=QYVGHSWKLQ3UR¿OHLQWKHVXUIDFHOD\HU GRWV 
and the interior (open circles) of pyrite grains.
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secondarily retained on pyrite surfaces, mainly
in the unoxidized zone. For Cu, a large part
of the mass released by weathering has also
been retained on pyrite, between 43 and 47%.
&RUUHVSRQGLQJÀJXUHVIRU&GDQG=QDUHPXFK
lower, between 3.0 and 3.1% and between 1.4
and 1.5%, respectively.

Enrichment on pyrite was most obvious
for Cu and As. For Cu, there was a distinct
GLIIHUHQFH EHWZHHQ WKH ÀUVW DQG VHFRQG VKRWV
in all samples, but especially between 300 and
FPGHSWKVWDUWLQJDERXWFPEHORZWKH
oxidation front. The highest Cu concentration
ZDV  SSP LQ WKH ÀUVW VKRW DW 
cm depth. Zn concentration was also higher
LQ WKH ÀUVW WKDQ LQ WKH VHFRQG VKRW EXW WKH
concentrations were lower than for Cu, and the
strongest surface enrichment occurred deeper
down in the tailings. The Cd concentrations
were low, but there was an obvious enrichment
on pyrite surfaces between depths of 350 and
500 cm. Arsenic concentrations were high,
and there was a strong enrichment on pyrite
surfaces, except around the oxidation front.
The results of the calculations of the total
amounts of As, Cd, Cu and Zn enriched on
pyrite surfaces in a one-m2 cross section of
the tailings pile is shown in Table 2, for all
samples. These amounts were compared with
the total loss from a one-m2 cross section of
the oxidised zone, 1.05 m thick, based on the
average concentrations in Table 1. The simplest
ZD\RIFDOFXODWLQJWKHWRWDOORVVLVMXVWWRXVH
the bulk density 2.04 g/cm3 for both oxidized
and unoxidized tailing, and use the average
concentrations. An alternative method for
calculating the mass loss of various elements
during weathering is to assume that Zr is
immobile (Holmström et al., 2001). Then, the
mass change is

Table 2. Amounts of As, Cd, Cu and Zn enriched
on pyrite surfaces in all samples as well as the total
amounts, in a one-m2 cross section of the tailings pile.
Also shown are the total mass losses of these elements
from the oxidized zone during oxidation.
Sample
130-160 cm
160-200 cm
200-220 cm
220-235 cm
Total in oxidized zone
235-245 cm
245-265 cm
265-280 cm
280-300 cm
300-325 cm
325-340 cm
340-360 cm
360-375 cm
375-400 cm
400-430 cm
430-450 cm
450-500 cm
500-535 cm
535-560 cm
560-600 cm
600-865 cm

As (g)
2.84
2.06
0.04
0.03
4.97
2.03
1.58
13.30
7.50
14.12
6.26
4.91
5.47
6.09
27.59
16.32
36.15
8.56
6.20
6.73
58.36

Cd (g)
0
0.014
0.019
0.033
0.066
0
0.014
0
0
0.017
0.005
0.006
0.070
0.067
0.40
0.053
0.50
0.034
0.011
0
0.087

Cu (g)
6.20
2.48
2.64
0.47
11.79
12.87
13.80
12.40
17.67
86.49
117.96
70.22
38.91
60.30
8.06
13.33
111.60
14.73
10.08
36.27
153.11

Zn (g)
0.42
0.23
0.25
0.64
1.54
1.40
0.96
0.37
1.21
8.17
5.84
3.33
17.37
5.72
6.73
1.61
42.27
17.87
9.34
19.96
122.31

Total in unoxidized zone
Total in tailings pile
Mass loss1
Mass loss2

221.17
226.14
314.4
347.6

1.26
1.33
42.90
44.26

797.80
809.59
1707
1870

264.46
266.0
17783
18980

1
2

Just comparing concentrations in the oxidized and unoxidized zones.
Assuming Zr is immobile.

5. Discussion

Mass change (%) =
((Cio/Ciun)(CZrun/CZro ² [

The average Cu content in unoxidized
tailings was 956 ppm, but there was a distinct
secondary enrichment just below the oxidation
front, mainly explained by formation of covellite
+ROPVWU|PHWDO 7KLVLVH[HPSOL¿HGLQ
)LJE\3UR¿OH IURP+ROPVWU|PHWDO 
VLWXDWHG YHU\ FORVH WR 3UR¿OH 7KH VWURQJHVW
Cu enrichment on pyrite surfaces occurred just
below the peak with high total concentration
of Cu in the tailings. Arsenic showed varying
concentrations with depth in the tailings.
0HDVXUHPHQWV RI S+ LQ 3UR¿OH  VKRZHG
values between 6 and 7 in the till cover, around
6 in the upper part of the oxidized zone,
probably due to liming during remediation,
WKHQEHWZHHQDQGXQWLODVKDUSLQFUHDVH

where Cio = concentration of element i in
oxidized tailings, Ciun = concentration of element
i in unoxidized tailings, CZro = concentration of
Zr in oxidized tailings, and CZrun = concentration
of Zr in unoxidized tailings.
Using the bulk density and the relative mass
change gives the total amounts. The results of
both methods of calculating the mass loss are
included in Table 2.
According to the calculations presented in
7DEOHDVPXFKDVEHWZHHQDQGRIWKH
As released from the oxidized zone has been
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to about 5.5 occurred at ca. 280 cm, and
then an irregular increase to about 6 at depth
)LJ 5HGR[GHFUHDVHGIURPDURXQGP9
LQWKHWLOOFRYHUWRDERXWP9DWGHSWK
pH was probably considerably lower around
the oxidation front before remediation. The
SRUHZDWHUFRQFHQWUDWLRQRI&XLQ3UR¿OHZDV
high, c. 790 μg/l, only in one sample, taken c.
30 cm below the oxidation front where pH was
 )LJ   2WKHUZLVH WKH &X FRQFHQWUDWLRQ
was below 20 μg/l. The Zn concentrations
varied, but were generally high through the
SUR¿OH9DOXHVXSWRPJOZHUHPHDVXUHG
Pore water concentrations of Cd were high
EHWZHHQ  FPDQGFPXSWRJO
but otherwise low. Arsenic was high from the
uppermost part of the oxidised zone down to
380 cm, and at deeper levels the concentration
ZDV PXFK ORZHU )LJ   7KH KLJKHVW $V
concentration was almost 6 mg/l. The Co
concentrations showed a pattern similar to that

observed for Cd, but the high concentrations,
XSWRJOUHDFKHGGHHSHUGRZQWRFP
The uppermost sample in the oxidized zone also
had a rather high concentration. Nickel showed
a slow increase from c. 10-50 μg/l in the till
cover, in the oxidized zone and just below the
oxidation front to 260 μg/l at depth.
The strong pH dependence of adsorption is
well known (Stumm, 1992) and experimentally
described, for instance by Jean and Bancroft
(1986) for the adsorption of Hg, Pb, Zn and Cd
RQVXO¿GHPLQHUDOVXUIDFHVE\%DOLVWULHULDQG
Murray (1982) for the adsorption of Cu, Pb,
Zn and Cd on goethite, by Wang et al. (1989a)
for the adsorption of Cu by pyrite, and by
Kooner (1993) and Palmqvist et al. (1997) for
the adsorption of Cu, Pb and Zn onto goethite.
There is a narrow pH range in which the
adsorption of a cation goes from near-zero to
almost 100% adsorption.
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Only one pore water sample with relatively
low pH had high Cu concentration. Otherwise,
the Cu was immobilised by enrichment on
pyrite and other processes. Enrichment of Cd
on pyrite occurred just below the zone with
high pore water concentrations, indicating
a pH control. Before remediation, the upper
part of the unoxidized zone was unsaturated.
$IWHUUHPHGLDWLRQWKHWDLOLQJVLQ3UR¿OHDUH
saturated due to the raised groundwater level,
and the high concentrations of Cu and Cd in
the pore water just below the oxidation front
may be a result of desorption due to the low
pH. Zn enrichment on pyrite surfaces was
lowest below the oxidation front where pH is
lowest, but otherwise there was no correlation
between enrichment on pyrite and pore water
concentration. Their was no obvious correlation
between pore water concentrations of As and
enrichment on pyrite surfaces. Since Ni and Co
do not appear to be enriched on pyrite, there
was no correlation between enrichment and
pore water concentrations.
The pH of point of zero charge for pyrite has
EHHQ GHWHUPLQHG WR  :LGOHU DQG 6HZDUG
2002), suggesting that the pyrite surfaces in
the tailings studied here had a negative surface
charge. Cations may thus have been adsorbed,
but Cu is adsorbed at lower pH than Cd and
Zn. Cu(II) has a stronger tendency than Cd(II)
and Zn(II) to replace Fe(II) in iron sulphides,
which is also a possible mechanism for the Cu
enrichment at the pyrite surfaces (Zouboulis et
al., 1992).
Arsenic in aqueous solution occurs as
R[\DQLRQV RI DUVHQDWH $V 9  LI FRQGLWLRQV
are oxidizing, and as arsenite (As(III)) in
environments with lower redox (Smedley
and Kinniburgh, 2002). If pH is >5, arsenite
is strongly adsorbed to pyrite (Bostick and
Fendorf, 2003). No speciation of As in the pore
waters in Kristineberg has been performed, but
the possiblity that arsenite occurred below the
oxidation front must be considered.
To the naked eye under the microscope, the
pyrite grains used in this study appeared fresh
and without surface coatings, but the possibility
that a thin layer of Fe-hydroxide occurred
cannot be ruled out (cf. Nicholson et al., 1990;
Holmström et al., 1998). The pore waters in
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3UR¿OHKDG)HFRQFHQWUDWLRQVXSWRPJODW
depth, and seem to have been oversaturated with
both Fe-hydroxides and goethite (Holmström
et al., 2001). Sequential extraction performed
RQ VDPSOHV IURP 3UR¿OH  LQGLFDWHG WKDW ERWK
amorphous Fe-oxyhydroxides and crystalline
Fe-oxides occurred below the oxidation front
(Carlsson et al., 2002). However, the signal
IRU )H ZDV DV KLJK LQ WKH ¿UVW DEODWLRQ DV LQ
the second on the pyrite grains (Müller et al.,
2002). This suggests that if there is a coating
of Fe-oxyhydroxides on the pyrite grains, this
coating must be considerably thinner than
the crater depth 0.2 μm, since it is not at all
UHÀHFWHGE\WKHODVHUVLJQDO
In general, adsorption of cations to mineral
surfaces increases with pH and anions are
preferably adsorbed at low pH (Stumm,
1992). Cu(II) is one of the divalent metal
ions that are most strongly adsorbed to iron
oxyhydroxides, such as goethite and hydrous
ferric oxide (Dzombak and Morel, 1990). It
KDVEHHQVKRZQWKDWDPDMRUIUDFWLRQRI&X ,, 
is adsorbed to goethite at pH > 4.5 (Palmqvist
et al., 1997). On the other hand, arsenate is
strongly adsorbed to iron oxyhydroxides in a
very wide pH-range, extending from below
pH 3 to above pH 9 (Dixit and Hering, 2003).
Thus, both cationic Cu(II) and anionic As(V)
may be simultaneously adsorbed to the same
mineral particle.
According to the results shown in Table 2,
Cu was enriched on pyrite surfaces in the largest
amount, followed by Zn and As. However,
when comparing the total amounts released
from sulphide oxidation in the oxidized zone,
As has been retained on pyrite surfaces to the
highest degree followed by Cu, but only around
1.5% of the Zn.
According to the sequential extraction
SHUIRUPHGRQVDPSOHVIURP3URÀOHE\&DUOVVRQ
HWDO  DQDYHUDJHRIRIWKHWRWDO
Cu content in the tailings below the oxidation
IURQW ZDV UHOHDVHG LQ WKH ÀUVW OHDFKLQJ VWHS
(adsorbed/exchangeable/carbonates), and 12%
in the leaching step corresponding to amorphous
Fe oxyhydroxides. The average Cu content in
XQR[LGLVHG WDLOLQJV ZDV  SSP DQG 
FRUUHVSRQGV WR  J LQ D RQHP2 section of
the tailings pile, more than the 798 g that appear

6. Conclusions

to have been enriched on pyrite surfaces (Table
2). Varying amounts, but generally less than 5%
of the total As content in the tailings below the
R[LGDWLRQIURQWZDVUHOHDVHGLQWKHÀUVWOHDFKLQJ
step. Considering the average As content of 183
ppm in unoxidized tailings, 5% corresponds to
 J LQ D RQHP2 section of the tailings pile,
which is less than the amount suggested to have
been enriched on pyrite surfaces (Table 2). The
leaching step corresponding to amorphous Fe
oxyhydroxides was most important for As.
For Cd and Zn, the amounts released in the
ÀUVWH[WUDFWLRQVWHSZHUHPXFKODUJHUWKDQWKH
enrichments on pyrite surfaces. For Cd, Cu and
Zn, there were no contradictions between the
calculated enrichments on pyrite surfaces and
the results of the sequential extraction, but for
As there was.
There were many uncertain assumptions
used in the calculation of the amounts of
the various elements enriched on the pyrite
surfaces. One of the most uncertain parameters
was the assumed BET surface of pyrite, which
KDG D VWURQJ LQÁXHQFH RQ WKH UHVXOWV $OVR
the approximation that the laser shots on the
somewhat irregularly shaped pyrite grains
from the tailings had the same cater depth as
the one determined during the controlled depth
estimation was uncertain. The estimated total
amounts enriched on pyrite surfaces should,
thus, not be taken too literally, but clearly
indicate that scavenging to pyrite surfaces is an
important process below the oxidation front in
pyrite-rich tailing, especially for As and Cu of
the studied elements. The laser technique used
in this study gives no information about the
retention mechanisms. Both adsorption to the
pyrite directly or to Fe-oxyhydroxides must be
considered, and, in the case of Cu, replacement
of Fe(II) by Cu(II) in pyrite. It is also possible
that Cu adsorption on pyrite to some extent
already occurred during the processing of the
RUH :DQJHWDOE +RZHYHUWKHREYLRXV
HQULFKPHQWRI&XRQS\ULWHVXUIDFHVMXVWEHORZ
the oxidation front indicates that the Cu source
ZDVGRZQZDUGVLQÀOWUDWLQJDFLGOHDFKDWHVDQG
not process water.

The laser ablation results clearly showed
that there was an enrichment of As, Cd, Cu and
Zn on the pyrite surfaces below the oxidation
front in the tailings, but not of Co and Ni.
Arsenic was also enriched on the pyrite grains
that survived in the oxidized zone. Copper has
been enriched on pyrite surfaces in the largest
amount, followed by Zn and As. However,
according to the calculations presented in
Table 2, only 1.4 to 3.1% of the Cd and Zn
released by sulphide oxidation in the oxidized
zone has been enriched on the pyrite surfaces
in the unoxidized tailings, but for As and Cu,
FRUUHVSRQGLQJ ÀJXUHV DUH DERXW  DQG 
respectively. There are many uncertainties in
these calculations, and the results should not be
taken too literally, but allow the conclusion that
enrichment on pyrite surfaces is an important
process for retention of As and Cu below the
oxidation front in pyrite rich tailings. This
must be considered when trying to understand
and quantify why tailings on the time scale of
decades secondarily retain most of the metals
released by sulphide oxidation.
Laser ablation is not a surface-analysis
technique, but more of a thin-layer method, and
gives no information on the type of processes
resulting in enrichment on the pyrite surfaces.
Although only pyrite grains which appeared to
be fresh and without surface coatings were used
in this study, the possibility that a thin layer of
Fe-hydroxides occurred must be considered.
Both adsorption to the pyrite directly or to Feoxyhydroxides may explain the enrichment of
As, Cd, Cu and Zn on the pyrite surfaces, and,
in the case of Cu, also replacement of Fe(II) by
Cu(II) in pyrite.
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