Applied Geochemistry, Vol. 3. pp. 345-356, 1988
Printed in Great Britain

(0883-2927/88 $3.00 + .00
Pergamon Press ple

Characterization of suspended solids in a stream receiving acid mine
effluents, Bersbo, Sweden

S. KarLssoN, B. ALLARD and K. HAKANSSON
Department of Water in Environment and Society. Linkoping University, $-581 83 Linkdping. Sweden

(Received S May 1987, accepted in revised form 8 February 1988)

Abstract—Suspended particulate matter was recovered by filtration (0.40 xum) of water from a stream
receiving acidic effluents from a mine tailings deposit. This solid phase formed rapidly as pH increased
from 3.5 at the release point to 6.5, approximately 2 km downstream. The suspended solid was present in
concentrations that ranged from 10-20 mg/l for anoxic conditions (winter) to 30-120 mg/l for oxic
conditions (early spring). The solid consisted of FeOOH + Fe(OH);(am) and AIOOH + AI(OH):(am).
as well as silicates. The organic content (of natural origin) was up to 30% (dry wt). Most of the Fe and Al
from the leachate was precipitated in the particulate phase, approximately 98% of total metal content in
the aqueous phase, as well as ~50% of Mn, Cu, Zn, Cd and Pb. These elements were predominantly
adsorbed on the hydrous oxide precipitate, or to some extent (Mn and Pb) coprecipitated, as indicated
from a sequential leaching procedure and powder X-ray diffractometry. All the elements, particularly Cu.
were to a significant degree associated with organic matter.

INTRODUCTION

IN RECENT years the chemical properties of suspended
solids in surface waters as well as stationary solid
phases in aquifers have gained interest because of
their hydrochemical significance in controlling the
distribution and transport of trace constituents in the
water. Naturally occurring particulate matter can be
an cfficient scavenger of metals such as Al, Cd, Cu,
Fe, Mn, Pb and Zn (TESSIER et al., 1979; LioN et al.,
1982; FORSTNER and SALOMONS, 1983; MAHER, 1984;
SaLomons and FORSTNER, 1984: JoHNnson, 1986).
Important inorganic sorbents in natural surface
waters include the hydrous oxides of Al, Fe, Mn and
Si. Their chemical structure may vary from amorph-
ous compounds to morc crystalline solids, and are
often found in association with natural organic matter
(SHOLKOWITZ and COPLAND, 1981; HART, 1982; SINGH
and SUBRAMANIAN, 1984). The ability of hydroxides
to bind trace metals, either by adsorption to surface
sites or coprecipitation, has been utilized for water
purification purposcs (BENJAMIN et al., 1982; MERRILL
etal., 1984).

The most important parameter governing the
transfer of a trace metal from solution to solid phases
appears to be the pH of the aqueous phase (BENES
and MAaJER, 1980; Hart, 1982; SaLoMONS and
FORSTNER, 1984). Changes in chemical speciation due
to variations in the hydrochemical conditions (e.g.
pH, Eh) will have great impacts on solubilities, sorp-
tion phenomena, transport properties and distribu-
tion of dissolved metals within a watershed. The
speciation will also have implications on the hazards
related to the biological toxicity of these elements
(BaBicH and Srtorzky, 1980; SaLoMoNs and
FORSTNER, 1984).

Theoretical estimations concerning the partition-
ing of trace metals between aqueous phase and solids

generally have low levels of confidence because of the
limited accuracy of thermodynamic data concerning
these species and processes. Analytical procedures
for speciation of metals in natural waters typically
include a physical separation of operationally defined
solids from the solute but the subsequent characteri-
zation mainly focuses upon soluble entities (FLOR-
ENCE and BATLEY, 1980; STuMM and MoRrGaN, 1981;
BATLEY, 1983).

Characterization of the solids is typically obtained
by dissolving elements bound to the solid phase
either using concentrated mineral acids, for complete
dissolution, or by applying a sequential leaching pro-
cedure to estimate operationally defined associations
between the metals and the solid (TEssIER ef al., 1979;
SaLomoNs and FORSTNER, 1980; TESSIER er al., 1980;
LioN et al., 1982; MAHER, 1984; TESSIER ef al., 1985).

The present study is focused upon the transfer of
Al, Cd, Cu, Fe, Mn, Pb and Zn from solution to
suspended solids when acid leachates from a mine
tailings deposit are mixed with, and neutralized by,
near surface groundwater in a small stream (c.f.
ALLARD et al., 1987a). A combination of solubility
estimates, powder X-ray diffractometry and sequen-
tial leaching has been used to obtain information on
the metal-solid associations. The elements originat-
ing from the leachates, operationally defined as dis-
solved (0.40 wm), appear in association with sus-
pended solids within a distance of 2-3 km from the
deposit (up to 98% of the total contents in the
aqueous phase for some of the elements; KARLSSON
et al., 1987a).

DESCRIPTION OF THE AREA

The mine tailings deposit is located at Bersbo, in
the municipality of Atvidaberg, some 250 km SW of
Stockholm (Fig. 1). Mining began in the area in the
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Fi. 1. Map of the Bersbo arca (ALLARD et al.. 1987a).

medieval period and ceased in 1902. The deposit
under study originates from a period of extensive
mining operations during the last part of the 19th
century. The principal ore was chalcopyrite with
associated pyrite and minor quantities of sphaclerite
and galena. The leptitic host rock is separated from
the ore by a layer of amphiboles. Tailings from this
mining period cover an area of approximately 0.055
km?, with some 300,000 m* of waste material consist-
ing of grain sizes from silt to rock, with the last
fraction in predominance. The hydraulic conductivity
of the tailings is estimated by hydrological modelling
procedures to be 107% m/s. Thus, the tailings are
readily exposed to conditions which enhance oxi-
dation of the sulphide minerals.

Very acidic (pH down to 3) and metal-rich
leachates flow into the stream east of the deposit,
which is investigated in this work, by at least two
adjacent influxes (location I; Fig. 1). Groundwater in
the area is rich in carbonate (total CO; ~ 6 meq/l)
and has a pH > 7. The till soil has largely been
protected from metal contamination by a dense clay
layer below the tailings deposit. Upstream of the
deposit there is a small bog area rich in organic
material (see Fig. 1). The stream water has an organic
content (expressed as humic and fulvic acids) of at
least 50 mg/l at location 2 and 5-15 mg/l at the
locations further downstream. Annual variations in
water flow and in metal transport show that the

highest mass fluxes occur during the snow melt in the
spring and during rainy periods in the autumn (high
flow), although maximum concentrations are found
during drought periods in the summer (low flow)
(SANDEN eral., 1987a). A more complete description
of the site conditions is given by ALLARD ef al.
(1987a).

Sampling was performed on 10 February and 24
March, 1986, at locations indicated in Fig. 1. The
sampling dates correspond to two periods with differ-
ent chemical and hydrological conditions. The first
period (10 February) represented winter conditions
when an ice layer prevented influx of leachate to the
stream and reduced diffusion of gases across the
air/water interface. The concentrations of dissolved
oxygen were low. The metals present in the aqueous
phase of the stream obviously originated from the
metal-rich sediments. The chemical conditions also
reflected an in-flow of deep goundwater into the
stream.

The second period (24 March) represented condi-
tions just after snow melt and was associated with a
large influx of leachate and near surface ground-
water. The stream water was well oxygenated as a
result of rapid and turbulent flow.

EXPERIMENTAL

Sampling and phase separation

Water was collected in 1 | polyethylene bottles. Five
replicate bottles. each consisting of five subsamples, were
collected at every site. The samples were taken from the
center of the stream (1 m wide and 0.5 m deep) to avoid
intrusion of bottom sediments and in such a way as to
minimize contact with the air. All equipmentin contact with
the samples was made of polypropylene or polycethylene
which was acid washed before use. Great care was taken to
minimize potential metal contamination and losses during
phase separation and analytical procedures.

Pressure filtration was applied to separate the suspended
solids from the solution in each I I sample. In samples from
the February period nitrogen was preferred in order to
minimize possible redox changes during the filtration while
compressed air was used for the March samples. Polycarbo-
nate filters (Nuclepore Corp.) with a diameter of 47 mm and
a defined pore size of 0.40 xm were used. Metals passing
through this pore size were considered as “dissolved™.
Before use. the filters were soaked in HCI (10% v/v. analyt-
ical grade), thoroughly rinsed with water (Milli-Q quality:
Milli-Q Corp.). dried in an evacuated desiccator at 60°C.
cooled to room temperature and weighed. The filtration was
carried out under constant stirring with a Teflon coated
magnetic bar to reduce size dependent accumulation of
solids on the filter surface which might alter the effective
pore size. The filters containing the solids were purged with
an excess of the gas used for filtration and immediately
transferred to acid washed polyethylene vials and dried in
an evacuated desiccator (60°C).

The solid contents were 18 = 14 mg/l and 12 + 6 mg/l at
locations 3 and 4 in the February samples, and 33 + 1 mg/l.
122 + 5 mg/l and 76 + 23 mg/l at locations 2. 3 and 4.
respectively, in the March samples (average of 5 samples.
95% confidence intervals).

A distribution of trace elements between colloidal matter
and an aqueous phase that could be related to the particle



Suspended solids in stream receiving acid mine effluents, Sweden 347
Table 1. Composition of the water (five samples, 95% confidence intervals)
Site T
1 2
Component*

Anox Ox Anox Ox Anox Ox
Al 940 + 13 150+ 10 58+ 4 180 £ 11 24+ 1 220+8
Ca 190+ 6 190 £ 13 430+ 18 280+ 6 520+9 370+ 14
Cd 1.7 £ 0.003 0.89 +0.002 0.067 % 0.001 0.59 £ 0.002 0.089 +0.001 0.18 £ 0.003
Cu 1501 24+0.4 5.0+0.1 14£0.1 0.5+0.01 1.4 +0.01
Fe 120+ 6 40+2 341 46+2 36+ 1 64+ 1
K 3.70 £ 0.06 2.81+0.03 2.42+0.10 3.21+0.05 4.60+0.01 6.79+0.03
Mg 670+ 14 210+ 16 240+ 8 21017 260+9 2209
Mn 42 8.9 5.2 5.5 10 4.9
Nu 15+12 272%9 368 + 14 596+ 8 363 £ 18 425+ 11
Pb 0.27 +0.002 0.017 £0.002 <0.003 0.004 <0.003 <0.003
Zn 590 + 14 95+3 43.6+6 97+3 10£1 15+1
HCO, 0 1.0x0.1 360+ 10 44+7 1070 £ 32 700+ 19
SO; 3400 + 62 750 £ 18 480 % 16 540+ 19 220+9 150+ 11
Cl- 53+0.3 161 £ 0 240+ 1 279+ 3 290 £2 279+2
O, n.d. 633 442 76 +2 I+1 405
pH 3.58+0.01 4.46+0.01 6.50 £0.01 5.410.01 6.62+0.01 6.51 +0.01

* Concentrations in gmoles/l.

+See Fig. 1; Anox = anoxic conditions (10 February), Ox = oxic conditions (24 March).

i Concentrations in percent of saturation.

size has been reported by Horrman et al. (1981). However.
in this study only minor and not always statistically signifi-
cant differences in the efficiency of removal were indicated
when a complementary filtration of some samples was per-
tormed, using polycarbonate filters (Nuclepore Corp). with
a pore size of 0.05 um. The composition of the water and the
distribution between the operationally defined suspended
and dissolved species are given in Tables 1 and 2. respec-
tively.

Leaching procedures

Several choices of chemical treatments for sequential
leaching or dissolution of solid materials are described in the
literature (TESSIER er al.. 1979, 1980; Saromons and
FORSTNER, 1980; FORSTNER and SALOMONS, 1983; MAHER,
1984; Stavek and PICKERING, 1986). A procedure similar to
the one used by TESSIER er al. (1980) was selected for this
study, with a complementary treatment to extract humic
and fulvic acids. The following extractions were performed
to distinguish between metals having operationalty defined
associations with the suspended material.

Ion exchangeable, carbonates und hydroxides (fraction
1). Leaching with sodium acetate (1.0 M) at pH 5.0 (90°C
for 5 h).

Hydrous oxides (fraction 2). The hydroxylamine hydro-
chloride/acetic acid reagent (0.04 M NH,OH-HCI in 25%
HAc, 90°C for 5 h) was chosen to dissolve amorphous
oxides because the commonly applied dithionite/citrate
reagent sometimes results in the precipitation of insoluble
sulphides. and frequently suffers from severe contamination
by Zn (TEsSIER er al.. 1980). The ability of the applied
reagent to dissolve freshly precipitated amorphous
(hydrous) oxides has been supported by St.AVEK and PICKER-
ING (1986), who found ~85% dissolution of FeOOH(am)
while 10% of goethite was dissolved.

Labile organics and amorphous metal sulphides ( fraction
3). Organics and amorphous metal sulphides were oxidized
by hydrogen peroxide in acidic solution (0.02 M NHO; +
30% H-0, (3:5 v/v) at pH 2, 3h at 85°C and addition of 3.2
M NH;Ac in HNO; (20%) + double distilled water), as
adopted from TessIer er al. (1980). This treatment has been

Table 2. Distribution of metals betwen suspended (>0.40 um) and dissolved
species under oxic conditions (five samples, 95% confidence intervals)

Site+
Component™ 1 2 3 4

Al 0 0.05£0.01 0.94 £ 0.06 0.99 £ 0.08
Ca 0 0.15£0.06 0.09 £0.02 0.13+0.01
Cd 0 0.33+0.05 0.41 £0.04 0.50+0.02
Cu 0 0.23+0.03 0.62 £0.03 0.42£0.04
Fe 0 0.78 £ 0.06 0.94 £0.07 0.98 £0.03
Mg 0 0.08 £ 0.02 0.21 £0.03 0.03£0.02
Mn 0 0.08£0.03 0.29£0.03 0.71£0.02
Pb 0 n.d. n.d. n.d.

3.17£0.03

0.26 £0.01

0.41 +0.01

*Fraction in particulate phase.
+See Fig. 1: oxic conditions (24 March).
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reported to break down organic coatings and detrital
material effectively (c.f. KarRLSSON et al., 1987D).

Stable organics (humic and fulvic marerial) (fraction 4).
Humic and fulvic material was extracted with sodium
hydroxide (0.1 M NaOH, 3 h at 85°C) and enriched on
DEAE (diethylaminoethyl cellulose) according to the
method of ALLARD et al. (1987b). The combined oxidation/
extraction of organics was chosen because MAHER (1984)
reported Fe and Mn being retrieved in the hydrogen
peroxide step in samples with high organic content. Those
results could indicate formation of a complex between the
metals and the organics, e.g. as organic coatings on the
particle surface. preventing attack by the reagent applied to
dissolve amorphous oxides.

Remaining organics, oxides and sulphides ( fraction 5).
Concentrated nitric acid (90°C for 3 h) was used to dissolve
the remaining organics, oxides and sulphides although a
slight attack on silicate lattices cannot be avoided.

Solid residuals. The final dissolution of residual solids was
made in condensed H; PO, (290°C) (HANNAKER and QUING-
LiE, 1984).

The leaching was carried out in acid-washed polyethylene
vials with the ratio of 1:100 (solid to reagent). Great precau-
tions were taken to minimize contamination and transfer of
elements between the different treatments. In each step
separation of solids from the leaching solution was made by
centrifugation at 3000 rpm for a minimum of 1 h. The
solution was transferred to an acid-washed and evacuated
polypropylene vial through a Teflon tubing, acidified and
stored until the determination of its metal composition. The
solids were rinsed several times with reagent solution before
addition of the following extractant to avoid transfer of
dissolved elements between different fractions. All chemi-
cals were of analytical grade or better.

Chemical analysis

The metal contents were determined by atomic absorp-
tion spectrometry (Perkin—Elmer 5000/Zeeman instru-
ment). Standard solutions used for calibration of the instru-
ment were prepared so as to match the sample composition
as closely as possible. Metal impurities were determined in
each batch of reagents.

Flame technique was applied when concentrations of the
metals were sufficiently high. The accuracy of the applied
instrumental settings was checked by dilution and standard
addition procedures. For elements present at low concentra-
tions the flame determinations were compared with deter-
minations using graphite furnace, after sufficient dilution.

Analytical difficulties were experienced in the analysis of
fraction 1 and to some extent fraction 2 due to high salt
concentrations or complex formation during atomization in
the graphite furnace. The analytical accuracy was improved
by dilution and elevation of the charring temperatures. The
graphite furnace equipped with Zeeman background cor-
rector seemed, however, to compensate for matrix effects in
fractions 4 and 5. The furnace technique was used for the
determinations of Cd and Pb in most fractions. The accuracy
was generally improved for these elements by applying
maximum power heating and addition of a matrix modifier
(Mg(NO,), (250 mg/l) and NH,H,PO, (5000 mg/1)) to reach
high charring temperature and thus reduce non-specific
absorption during atomization. Addition of the modifier
was made directly in the graphite tube in a volume of 1-5
times that of the sample.

All solids (dried at 60°C) were characterized by X-ray
powder diffractometry.

The concentration of humics in fraction 4 was determined
spectrophotometrically on the enriched DEAE fraction by
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measurements at 250 and 365 nm with well-characterized
humic materials as calibration standards. previously isolated
from the stream (ALLARD er af.. 1987b).

Analysis of HCO3; was made by end-point titration (pH
5.4) with 0.02 M HCI under continuous purging with CO,-
free N,. Chloride was determined by precipitation with
Ag"*, and indicating the inflexion point with the Ag/AgCl/
HgSO, clectrode pair. Titrations were made in a HNO;/
KNO; (1.0 M) buffer to avoid effects of ion-strength on the
inflexion point. Analysis of SO, was carried out by flow
injection analysis (FIA) based on the Ba-methylethyle-
thymaole blue method where decolouration of the Ba-com-
plex occurs as the BaSO -complex is formed. Precipitation
is avoided by performing the reaction in cthanol. The
Winkler method was used for determinations of dissolved
oxygen.

RESULTS AND DISCUSSION

Total concentrations of dissolved constituents in
the stream water for both oxic and anoxic conditions
are given in Table 1, and the quantitative distribution
between suspended matter and aqueous phase for
the oxic sampling period are shown in Table 2. Mixing
with uncontaminated groundwater results in a pro-
gressively increasing pH downstream of the outlet
(from pH 3.6 in the leachate to pH 6.5 at location 4
under oxic conditions). These pH changes result in a
transfer of metals from the solution phase to the
suspended solids in the stream (cf. Table 2). Certain
size fractions of the suspended matter will most likely
settle on the bottom of the stream as the water
velocity decreases downstream (KARLSSON ef al.,
1987¢). making quantitative estimates rather uncer-
tain when comparing different sampling locations.

Besides sorption to suspended particles, as well as
to the bottom sediments (SANDEN et al., 1987b), the
total concentrations of dissolved metals in the strcam
will be affected by dilution. The input of SO, in great
excess from the leachate to the stream can be used to
estimate, roughly, the dilution with groundwater of
low SO, content. Thus, the change in SO, concentra-
tions (Table 1) indicates that the leachate is diluted
approximately 5, 8 and 190 times, respectively, at
locations 2, 3 and 4 during the sampling in March. By
comparing concentrations of metal constituents
(Table 1) in a similar way, it can be concluded that
there is a net removal of Al. Cd, Cu. Pband Zn from
the stream between location 1 and location 2. while
the other elements are added. possibly via the
groundwater. Further downstream there appears to
be addition of all the analysed constituents, with the
exception of Mn, from inputs via external sources.

Suspended matter

Measured metal concentrations in the aqucous
phase (before and after filtration) are given as a
function of pH in Fig. 2. In the calculations of solu-
bilities the following solid specics have been consi-
dered:
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Al(OH);, Al,(S0,);, AIOHSO,, Al,(OH),,SO,,
KAL(OH)4(S0,),; Cd(OH),, Cd(OH), 5(SO4)q s,
CdCO;; Cu(OH),, Cu(OH), 5(SO4)g 25, CuCO;5,
Cuy(OH),CO;, Cuy(OH),(CO5),, Fe(OH);,
NaFe;(OH)((SO,),, KFes(OH),(SO,), Pb(OH),,
PbCO;, PbSO,, Pb;(OH),(CO;),,
NaPb,(OH)(CO;),, PbOH(SO,)y 5,

Pb(OH), 5(SO,)g 255

Zn(OH),, ZnCO;, Zn(OH),; 5(CO4), 3,
Zn(OH), 5(SOy)y.2s.

Also the soluble species MOH*, M(OH),, MCO;,
and MSOQ, for Cd, Cu, Pb and Zn as well as MOH?",
M(OH)3, M(OH);, M(OH);, MSO} for Al and Fe
are considered.

Formation constants for probable solubility-limit-
ing solids are provided in Table 3. Carbonate and
SO, concentrations are estimated from their respec-
tive pH relations obtained from time series of approx-
imately 600 observations, givinglog (CO;) =2.32 pH
—21.92 and log (SO,) = —0.45pH — 0.87.

Solid phases were identified or inferred from X-ray
powder diffraction data for the dried (60°C) particu-
late phase (prior to the leaching). The results are
summarized in Table 4. Generally, the backgroundis
high and the resolution poor in the diffractograms,
particularly for the material from site 2. The solids
appear to be largely amorphous, not unexpectedly.
Possibly the poor crystallinity reflects the high con-
tents of organic materials in the particulate fraction
(see below) or the speed of formation.

The hydroxides AI(OH);(s) (gibbsite) or
Al(OH);(am), and possibly Al,O4(s) have been
assumed to be solubility-limiting solid Al phases in
natural waters (FLORENCE and BATLEY, 1980). Under
slightly acidic conditions, however, and in the pre-
sence of SO,, various sulphates or hydroxy sulphates

could be the solubility controlling species
(NorpsTrROM, 1982; CHAPMAN er al., 1983). Total
concentrations of Al in the stream under oxic condi-
tion indicate oversaturation with respect to
Al(OH);(s) at all sampling locations and also with
respect to hydroxosulphates (alunite and jurbanite)
except at site 4, where the pH is too high. The
hydroxides AI(OH)(s) and g-AIOOH(s) are posi-
tively identified from the X-ray powder diffraction
data, and both AI(OH)(SO,):-5H,0(s) as well as

Table 3a. Formation constants used in calculations of total
solubility and species distribution

Species Log K Species Log K
AIOH?* 8.5 PbOH* 6.3
ANOH)3 17.7 Pb(OH)s 10.9
AI{OH); 25.9 Pb(OH)? 13.9
Al(OH); 32.5 PbCO; 5.4
AISO? 3.0 PH(COs)3 6.5

PbSO, 2.8
CdOH* 3.9
Cd(OH), 7.7 ZnOH~ 5.0
Cd(OH)5 10.2 Zn(OH), 1.1
CdCo, 4.5 Zn(OH); 13.6
Cd(CO3)5~ 5.6 ZnCO;, 5.1
CdsO, 2.5 Zn(CO;)3" 7.3
ZnSO, 28
CuOH* 6.3
Cu(OH), 12.8
Cu(OH); 14.5
CuCO; 6.8
Cu(CO;)3 9.9
CuSO, 2.4
FeOH* 1.8
Fe(OH)} 2.3
Fe(OH); 28.4
Fe(OH); 34.4
FeCO3 9.7
FeSO3 4.0

Table 3b. Solubility products used in calculations of total solubilities and species
distribution [M,A,B.(s) — xM + yA + zB. log K]

Species Log K Species Log K
Al(OH)a(s) -33.9 Pb(OH)(s) —14.9
Al (SO)4(s) =7.0 Pb(CO;)(s) —13.9
AIOHSO,(s) ~17.8 Pb3(OH).(CO3)5(s) —14.5
Al (OH)(SO4(s) —116.0 NaPb,(OH)(CO;),(s) —31.0
KAIL(OH)4(SO,).(s) —85.4 PbSO,(s) -7.7

PbOH(SO,),s(s) —13.6
Cd(OH)(s) —14.4 Pb(OH), 5(80,)y.25(s) —15.7
Cd(CO;)(s) -13.7
Cd(OH), 5(SO,)0.25(8) —12.5 Zn(OH)-(s) —16.2
ZnCO;(s) -10.0
Cu(OH),(s) -19.3 Zn(OH), 4(CO1)g30(5) —14.4
CuCO;(s) -9.6 Zn(OH), 5(SO, )y :(8) —14.3
Cu,(OH),CO5(s) -34.0
Cuy(OH)(CO3)5(s) —46.0
Cu(OH), 5(804)0.25(5) -17.2
Fe(OH)1(s) —38.8
FeOOH(s) —-41.5
NaFe;(OH)4(S0,),(s) —89.3
KFe;(OH)4(S0O,):(s) —75.4
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Table 4. Solid phases in the particulate fractions asindicated
from X-ray diffraction data (site 4)

Compound Comment*
Al(OH); 2 M
B-AIOOH 2
Al(OH)(S0O,)-5H-0 1
KAI(SO,);-aq 1
Cu;(OH)(CO;)- 1
Fe(OH), 2
FeOOH 1}M
Pby(OH)»(CO5), 2
Pb,(OH),(C0O,),SO, 1
ZnSiO; 1
SiO. 2
K,ALSI,O,-aq 1

# 2—positively identified, [—possible.
M = major component.

KAI(SO,);)(s) are possible solid constituents in the
suspended fraction.

The existence of a particulate Al fraction some
300 m downstream from the deposit, possibly
Al(OH);(am), is also indicated from the leaching
results (c.f. Fig. 2). Another solid phase is also
present and appears in fraction 5 (Table 4). Atsites 3
and 4 only 6% and 1%, respectively, of the total Al
remains as soluble species (Table 2). The solid frac-
tions corresponding to organic species (steps 3 and 4)
are quite significant and do not change from site 3 to
site 4. As the system becomes anoxic Al appears to
form more easily degraded solids.

As expected, Ca largely remains in the solution

phase, even at site 4. The fraction in the particulate
phase (up to 13% of total amounts at site 4) is almost
entirely encountered as exchangeable species (frac-
tion 1) under both oxic and anoxic conditions.

Saturation with respect to CdCO;(s) could possibly
be achieved at site 5 (Fig. 2), but the presence of this
carbonate is not indicated from the X-ray data. A
large fraction of the total Cd appears in the particu-
late phase (up to 50% at site 4). Most of this Cd is
exchangeable (Fig. 3) or, to a minor extent,
associated with the hydrous oxide phase (fraction 2).
A small but significant amount is retrieved in fraction
3, corresponding to an organic form. Variations in
oxygen saturation does not appear to influence the
stability of the solid speciation of Cd.

Possible solubility limiting Cu Species are CuO(s),
Cu(OH),(s) as well as various hydroxy carbonates.
The oxide is not a likely solubility limiting phase
because of the slow kinetics of its formation. The
observed Cu concentrations indicate undersaturation
with respect to Cu(OH),(s) but possibly close to
saturation with respect to hydroxy carbonates at high
pH. The presence of Cu;(OH),(CO;);(s) is possible
as indicated by the X-ray diffraction data. Under
anoxic conditions the leaching results suggest solid
Cu species to be more easily dissolved.

The distribution of leachable Ca over the five
fractions is similar to the Cd distribution. However,
the exchangeable solid species (fraction 1) is much
less, and particularly the organic part (fraction 3) is
much larger than for Cd. Also, there is a large
amount of Cu dissolved in fraction 5, as well as
fraction 2 (hydrous oxides). This could be an indica-
tion of a coprecipitation/adsorption with solid Al
and/or Fe hydrous oxides formed in the stream.

Table 5. Composition of the suspended solids (five leachings. step 1-5: 95% confidence intervals)

Sitet
2 4

Component* Ox Anox Ox Anox Ox
Al 1.02+0.08 1.30£0.8 1.32+£0.05 0.90+0.21 1.19£0.06
Ca 0.23+£0.03 80 + 21 153 253+27 123£8
Cd 0.084 £0.009 0.35+0.16 0.084 +0.013 0.19 +£0.012 0.091 + 0.006
Cu 4243 42128 34+3 16+ 11 7.9+0.6
Fe 106 £ 0.05 0.83+0.41 9.5+1.9 1.5+0.1 0.70£0.01
Mg 0.021 £0.003 0.20+£0.07 0.15+0.01 0.21£0.04 0.44 +0.02
Mn 1.3£0.1 16+ 13 4.6+0.2 67 +37 82+0.4
Pb 0.99 £0.10 0.22£0.03 0.24 £ 0.04 0.16+0.10 0.17£0.05
Si 0.46 +0.06 n.d. 0.36£0.12 n.d. 0.50£0.08
Zn 6.6+0.7 110 £43 43+7 81+26 62+8
Tot. 90 95 576 179 92
8 174 175 948 203 155
Solids! 33+1 18+ 14 122+5 12+6 76+ 23

“Concentrations in mmoles/g for Al, Fe, Mg and Si; in umoles/g for Ca, Cd, Cu, Mn, Pb and Zn.
tSee Fig. 1; Anox = anoxic conditions (10 February). Ox = oxic conditions (24 March).

# Sum of all metals. mg/g.

§ Sum of AI(OH); + FeOOH + SiO,, mg/g.
I Total particulate fraction > 0.40 zm. mg/l.
Note: Na and K not determined.
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FiG. 3. Metal distribution between leaching steps 1-5 (Table 3). Red = reducing conditions (19 February).
Ox = oxic conditions (24 March).
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The oxidation of divalent Fe in the stream and
subsequent precipitation of the hydroxide removes
almost 80% of the total Fe already at site 2, and
approximately 98% at site 4, under oxic conditions.

The rate of precipitation as well as the crystallinity
of the solid hydrous oxides would be related to the Fe
concentration, oxygen saturation, pH as well as the
presence of dissolved complexing agents, particularly
humic and fulvic acids, and dissolved silica (FLORENCE
and BATLEY, [980; STuMM and MORGAN, 1981 ; BENJA-
MIN et al. 1982; SINGH and SUBRAMANIAN, 1984;
ANDERSON and BEensamin, 1985). Formation of
FeOOH(am) and Fe(OH);(am) would be expected,
considering the short residence time in the stream.

A recrystallization to more consolidated solids
could possibly take place during the sedimentation
process. The Fe concentrations in the stream water
clearly exceed the solubility limitations determined
by Fe(OH);(s) at all sampling sites. Both Fe(OH);(s)
and FeOOH(s) are identified from X-ray data.

Under oxic conditions most of the Fe at site 2
appears in the exchangeable fraction, which would
indicate that some of the Fe remains in the divalent
state. At site 3 the organic fraction dominates, while
more consolidated structures (fraction S5) dominate
atsite 4.

However, some of the Fe that appears in fraction 3
is probably the hydrous oxide that is not completely
dissolved in fraction 2 due to the presence of organics
(KaArLssoN etal., 1987b). Possibly, an organic coating
on the hydrous oxide, or incorporation in the precipi-

tates, might limit the attack of the reducing agent in
the second leaching treatment. If more stable organic
forms were present, these species would largely be
dissolved in fraction 4, which is not the case. The
presence of divalent Fe in the discharging ground-
water as well as the successive sedimentation make
quantitative comparison between the three sites fairly
uncertain.

Under anoxic conditions the first two fractions
(exchangeable and hydrous oxides) dominate the
leachable Fe at all sites. Only a minor amount of the
Fe was present in fraction 5 (oxide) under anoxia.
Possible solubility limiting phases are Fe(OH),(s)
and FeCO;(s) as well as hydroxy sulphates (for triva-
lent Fe).

The behaviour of Mg under oxic condition is, as
expected, very similar to Ca in terms of the quantita-
tive distribution between solution and solid phase as
well as the dominance of exchangeable species, par-
ticularly at site 4. However, at site 2 Mg could be
found in both the hydrous oxide and the organic
phase (fractions 2 and 3). Under anoxic conditions
there is obviously a more even distribution over the
five leaching fractions. This does not necessarily
reflect the properties of Mg only but could also be
related to properties of the solid phases precipitated
in the system.

The particulate Mn fraction increases from 8% at
site 2 to 71% at site 4. The exchangeable, hydrous
oxide bound and organic species (fractions 1-3) are
all of importance under oxic conditions, as well as the
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stable oxide phase (fraction 5). There is a shift
towards more easily degraded solids which could
refiect the redox-status of the system under anoxic
conditions (c.f. the distribution of Fe, Fig. 3). No
solid Mn phase could be identified from the X-ray
diffraction data.

Solubility limiting Pb species could be PbSO,(s)
(low pH) and PbCO;(s) or Pb(OH);(s) (high pH)
(FLORENCE and BATLEY, 1980). In the present system
the formation of hydroxy carbonates would also
be feasible. as indicated by the observed Pb con-
centrations at high pH. The presence of
Pb;(OH),(CO;),(s) is indicated from the X-ray data,
also Pb,(OH)-»(C0O;),S0,(s) is a possible solid Pb
species. This is somewhat surprising because the
concentrations of Pb in the aqueous phase suggest
undersaturation with respect to these latter species.
The results suggest that further investigation of the
chemical conditions at the solid/liquid interfaces is
required. Parameters determined in the bulk solution
are not always directly applicable at solid interfaces.

The distibution of Pb between the various leaching
steps resembles the distribution of Cu. Just as for Cu,
there is a resistant fraction (No. 5) that may be
attributed to coprecipitation/adsorption with Al and/
or Fe under oxic conditions. These observationsseem
to be confirmed by the shift towards exchangeable
solid species as the system becomes anoxic.

The solubility limiting Zn species could be
ZnCOs(s). The measured Zn concentrations are,
however, below saturation in all samples and the Zn
distribution over the five treatments is similar to that
of Cd. The exchangeable and hydrous oxide fractions
dominate. The amount designated to the organic
fractions is intermediate between Cd and Cu.
Although ZnSiO;(s) is a possible solid phase, accord-
ing to X-ray data, it is unlikely that this species is
formed for kinetic reasons.

Solid residuals

The results from the complete dissolution of solid
residuals after the leaching sequence are given in
Table 6, showing the major components except car-

Table 6. Composition of the residual fraction (five leach-
ings. step 6; 95% confidence intervals)

Sitet
2 3 )
Component™ Ox Ox O

Al 3.4+0.2 23%03 20402
Fe 0.25+0.06 024*0.10 0.20+0.06
Mg 0.25+£0.09 0.15£0.05 0.13%£0.04
Si 8.3+x24 82+1.8 7.1%£1.0
Tot.f 702 717 550

* Concentrations in mmoles/g.
+See Fig. 1; Ox = oxic conditions (24 March).
1 Sum of ALLO;, Fe, 05, Si0; and MgO, mg/g.

S. Karlsson, B. Allard and K. Hékansson

bon and oxygen. The trace elements arc omitted
because they were not detected. The elemental com-
positions of the solid residues from the three sites are
very similar. Silicon and Al dominate with a mole
ratio of ~2.5-3.5. Possibly this corresponds to an
allochtonous suspended phase of clayish materials or
degradation products that is washed into the stream
from the surroundings. A precise mineralogical com-
position cannot be concluded, however.

The organic content is approximately 30% (dry
wt). It is not possible to obtain an absolute valuc due
to the technique used for drying the samples.

CONCLUSIONS

The acid leachates from the deposit are mixed and
gradually neutralized with surface water in the stream
and by inflowing groundwater. The formation of a
largely amorphous solid phase takes place (totalling
30-120 mg/l under oxic conditions and 10-20 mg/l
under anoxic conditions). The major inorganic com-
pounds of this solid fraction are AI(OH),(s) plus
AIOOH(s) and Fe(OH):(s) plus FeOOH(s).
although other Al specics (AI(OH)(SO,)-5H,0(s).
KAI(SO,), - aq(s) may also be formed. An inorganic
fraction that does not originate from the leachates is
also present [SiOy(s) and possibly K,ALSi;Os(s)].
The organic content may be as high as 30% (dry wt).

There are significant differences in the nature of
the particulate phase depending on the concentra-
tions of dissolved oxygen in the water. Under oxic
conditions a largely organic particulate Fe fraction
forms rapidly. For Al a significant fraction of the
suspended solids is associated with organics. Under
anoxic conditions part of the Fe may remain in the
divalent state, which reduces the amount of sus-
pended matter that is formed.

The transition elements Mn, Cu, Zn, Cd and Pbdo
not reach saturation according to available formation
constants. except possibly Cu and Cd at high pH. For
both Cu and Pb the presence of solid hydroxy carbo-
nates in the particle phase is indicated by X-ray
diffraction analysis. All of the metals Mn, Cu, Zn, Cd
and Pb are either coprecipitated with the hydrous
oxide phase of Al and Fe or sorbed at available
surface sites once the solid has been formed. They arc
consequently gradually removed from the aqueous
phase with increasing pH. The desorption/dissolution
behaviour observed in the sequential leaching proce-
dure suggests that all of these clements arc largely
exchangeable or bound in the hydrous oxide fraction.
A large amount of the solid Cu appears, however, to
be associated with organics. For Mn and Pb signifi-
cant fractions are found in the oxide phase of the
precipitate, which would indicate a coprecipitation
rather than adsorption for these elements.

A gencral conclusion is that significant fractions of
the metals (Mn, Cu, Zn, Cd and Pb, as well as the
precipitating Al and Fe) would appearin a particulate
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phase which forms rapidly (in a matter of hours) as
pH increases. At pH values >6.5 more than 98% of
the total Al and Fe are present in the operationally
defined particulate phase. and ~50% of the other
metals are adsorbed/coprecipitated in this phase.
Particulate transport is the dominating mechanism
for the long range distribution of the metals from the
release point.

Further studics are in progress dealing with the
sedimentation of particulate matter in the system and
the structure and chemistry of the organics present.
These studies also include determination of the long-
range transport of minute particulate matter and
colioidal metal species further downstream into a
lake system and eventually into the Baltic Sea (some
40 km).
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