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Abstract

The Rio Tinto in SW Spain drains Cu and pyrite mines which have been in operation since at least the Bronze
Age. Extensive metal mining, especially from 1873 to 1954, has resulted in contamination of the Rio Tinto alluvium
with As, Cu, Pb, Ag and Zn. X-ray di�raction (XRD), wavelength-dispersive X-ray mapping, scanning electron

microscope petrography and X-ray energy-dispersive (EDX) analysis has revealed that 4 major groups of
contaminant metal and As-bearing minerals, including sulphides, Fe-As oxides, Fe oxides/hydroxides/oxyhydroxides,
and Fe oxyhydroxysulphates, occur in the alluvium. Sulphide minerals, including pyrite, chalcopyrite, arsenopyrite
and sphalerite, occur in alluvium near the mining areas. Iron hydroxides and oxyhydroxides such as goethite and

possibly ferrihydrite occur in cements in both the mining areas and alluvium downstream, and carry minor amounts
of As, Cu and Zn. Iron oxyhydroxysulphates, including jarosite, plumbojarosite and possibly schwertmannite, are
the most common minerals in alluvium downstream of the mining areas, and are major hosts of Cu, Pb, Zn and of

As, next to the Fe-As minerals. This work, and other ®eld observations, suggest that (1) the extreme acidity and
elevated metal concentrations of the river water will probably be maintained for some time due to oxidation of
pyrite and other sulphides in the alluvium and mine-waste tips, and from formation of secondary oxide and

oxyhydroxysulphates; (2) soluble Fe oxyhydroxysulphates such as copiapite, which form on the alluvium, are a
temporary store of contaminant metals, but are dissolved during periods of high rainfall or ¯ooding, releasing
contaminants to the aqueous system; (3) relatively insoluble Fe oxyhydroxysulphates and hydroxides such as jarosite

and goethite may be the major long-term store of alluvial contaminant metals; and (4) raising river pH will
probably cause precipitation of Fe oxyhydroxides and oxides/hydroxides/oxyhydroxides and thus have a positive
e�ect on water quality, but this action may destabilise some of these contaminant metal-bearing minerals, releasing
metals back to the aqueous system. # 1999 Elsevier Science Ltd. All rights reserved.

1. Introduction

Rivers draining both operating and abandoned sul-

phide ore mines are often seriously a�ected by acid
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run-o� from mine workings and tailings, and waste
rock piles (e.g., Filipek et al., 1987; Boult et al., 1994).

Although oxidation of sulphide minerals (particularly
pyrite) results in the discharge of considerable quan-
tities of metal ions to river waters (Nordstrom, 1977,

1982; Fuge et al., 1993), a large proportion of the
metal is stored in Fe ochres which ¯occulate and
adsorb metal cations (Langmuir and Whittemore,

1971; Nordstrom, 1982; Chapman et al., 1983;
Johnson, 1986). These ochres, and mobilised metal-
bearing tailings and waste, can be stored in alluvial

sediment for considerable periods of time (tens to
thousands of years), and constitute a long-term threat
to river and agricultural quality (Salomons and
FoÈ rstner, 1984; Macklin, 1996).

The Rio Tinto in SW Spain is an acid mine drainage
river (Garcia-Vargas et al., 1980). Extensive study has
shown that both water (Garcia-Vargas et al., 1979,

1980; Boyle et al., 1988; van Geen et al., 1988, 1990,
1991, 1997; van Geen and Boyle, 1990; LoÂ pez-Archilla
et al., 1993; Nelson and Lamothe, 1993; Leblanc et al.,

1995; Elbaz-Poulichet and Leblanc, 1996; MunÄ oz et
al., 1997) and ¯uvial and estuarine sediment quality
have been seriously a�ected by the mining activity

(Nelson and Lamothe, 1993; Welty et al., 1995; Schell
et al., 1996; van Geen et al., 1997), and that much of
this contamination took place during the past 125 a
(Strauss et al., 1977; Harvey, 1981). Due to growing

concern about these environmental impacts, remedia-
tion strategies are currently being considered by re-
gional authorities. Knowledge of the forms of

sediment-borne metal present in contaminated sedi-
ments and soils is critical in developing such strategies
(e.g., Davis et al., 1993; Ruby et al., 1994). In the Rio

Tinto area, however, little mineralogical work, apart
from that on the orebodies (Williams, 1950; Pryor et
al., 1972; AmoroÂ s et al., 1981; Dutrizac et al., 1983),
has been attempted. The objectives of this paper are

thus to (1) characterise the mineralogy of alluvial sedi-
ments; (2) infer chemical reactions occurring in the
mine-waste tips, river water and alluvium; and (3)

make predictions about alluvial mineral stability under
changing environmental conditions. For simplicity, the
term `contaminant metal' is used in this paper to refer

collectively to Ag, Cu, Pb, Zn and As.

2. The Rio Tinto mining district

The Rio Tinto in SW Spain drains the world's oldest

continuously operating mine (Wilson, 1981). The Rio
Tinto mining district is part of the Iberian Pyrite Belt
(Fig. 1) that extends for 230 km NW of Seville into

Portugal (Williams et al., 1975; Schermerhorn, 1982;
Munha et al., 1986). The area is underlain by the
Lower Carboniferous Volcanic-Sedimentary Complex,

a series of slates, shales and acid and basic volcanic
rocks which host massive and stockwork pyrite orebo-

dies containing other base and precious metals such as
Cu, Pb, Zn, Au and Ag. These orebodies are generally
capped by a gossan or `iron hat' (Dutrizac et al.,

1983), which averages about 30 m in thickness, is ¯at-
lying, has a sharp contact with the underlying massive
pyrite, and is composed predominantly of goethite and

hematite. Near the base of the gossan, a jarositic layer
ranging in thickness from a few centimetres to 1.5 m
thick is often present (Williams, 1934, 1950).

Mineralogically this comprises quartz, Fe oxides, bar-
yte, cerussite, anglesite, scorodite and a variety of min-
erals from the jarosite family including plumbojarosite,
argentojarosite, natrojarosite and jarosite (Table 1,

Williams, 1950, Pryor et al., 1972, AmoroÂ s et al., 1981,
Dutrizac et al., 1983).
Mining for Cu, Au, Ag and pyrite has been carried

out, using both opencast and underground mining
methods, from approximately 2500 B.C. to the present
day (Pinedo, 1963; Strauss et al., 1977) during which

time approximately 115 million tonnes of ore have
been extracted (Badham, 1982; Schermerhorn, 1982).
At least 90% of this production took place between

the mid-nineteenth century and the 1970s (Strauss et
al., 1977). The ores contain on average 50% S, 42%
Fe, 2±8% Cu, Pb and Zn, and signi®cant quantities of
Au and Ag (Strauss et al., 1977). Mining of the jarosi-

tic layer for Ag began as early as 1200 B.C. (Jones,
1982; Morral, 1990) and continued to the early Roman
period, by which time two million tons had been

extracted (Dutrizac et al., 1983). Gold and Ag are still
being mined in the area.

3. Methodology

Samples of alluvial sediment and mine-waste tips
and tailings were collected using a stainless steel trowel
and stored in air-tight bags. Alluvial sediment and

mine-waste and tailings tips samples were collected
both from surfaces of, and up to 0.5 m deep within,
the units (Table 2). Mineral precipitates on the surfaces

of alluvial sediment were collected using a stainless
steel spatula and stored in air-tight glass vials. Two
separate water samples were collected at each site: one
was ®ltered through a 0.45 mm Millipore ®lter and

acidi®ed with 1 M HNO3 and the other was collected
unprocessed. The water samples were stored in acid-
washed, air-tight glass bottles. Redox potential, pH,

temperature and conductivity were measured using a
Hanna Instruments water tester, calibrated with the
standards supplied. Duplicate water samples were ®l-

tered in the laboratory after standing for one week,
and the ®ltered precipitate was both mounted on
slides, gold-coated and examined under the scanning
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electron microscope and by X-ray di�raction (see

below).

Mineral identi®cation was carried out by optical and

electron microscopy (Jeol JSM 6400 scanning electron

microscope (SEM) combined with energy dispersive X-

ray spectrometry (EDX) and equipped with a Link

Analytical backscattered electron detector; Cameca

CAMEBAX electron microprobe) and con®rmed in

many cases by X-ray di�raction (Philips PW1730

instrument with Cu (Ka) radiation at 40 kV/20 Ma

operating conditions). Operating conditions for the

SEM were 15 kV accelerating voltage and 1.5 nA inci-

dent specimen current. Analytical data were obtained

on the SEM using a standardless Link Analytical eXL

energy dispersive analysis system with a ZAF4±FLS

deconvolution/recalculation package. Counting time

was 45 s for each analysis. X-ray element mapping for

Fe, S, Pb, As, Cu and Zn was performed on the

Cameca microprobe using the Oxford Instruments

(Link Analytical) SPECTA software. Operating con-

ditions were 20 to 30 kV accelerating voltage depend-

ing on the elements analysed, and 15 nA incident

specimen current. Magni®cations of 200 to 800, and

dwell times of 50 to 700 ms were used. Attempts were

made to map Ag but only background patterns were

obtained.

Trace elements were extracted from the sediment

using a HNO3 digestion procedure (cf. Harrison and

Laxen, 1981). Approximately 1 g of sample was accu-

rately weighed into a 250 mL beaker. Ten mL of

Fig. 1. Location map of the Rio Tinto study area, showing the sites of sediment and water sampling.
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Table 1

Minerals described from the Rio Tinto mines and river, Spain (CalderoÂ n, 1910; Galan and Mirete, 1979; AmoroÂ s et al., 1981;

Dutrizac et al., 1983; GarcõÂ a, 1996; this study). Minerals highlighted in bold occur, or are inferred to occur, in the alluvial sedi-

ments described in this study. ``Contaminant metal-bearing group'' refers to the 4 types of contaminant metal-bearing minerals dis-

cussed in this paper, including sulphides, Fe-As oxides (designated Fe±As±O), Fe oxides/hydroxides/oxyhydroxides (designated Fe±

O), or Fe oxyhydroxysulphates (designated Fe±S±O). Primary (P) contaminant metal-bearing minerals include detrital minerals

from the orebody, waste tips and gossan, and secondary (S) minerals include those in cements, overgrowths on other primary or

secondary minerals, and precipitates on alluvium

Contaminant Primary (P)/

Mineral Formula metal-bearing group Secondary (S)

Alunogen Al2(SO4)3�17H2O

Anglesite PbSO4

Argentopyrite AgFe2S3
Argentojarosite AgFe3(SO4)2(OH)6 Fe±S±O P

Arsenopyrite FeAsS Sulphide P

Azurite Cu3(CO3)2(OH)2
Baryte BaSO4

Beaverite Pb(Fe,Cu)3(SO4)2(OH)6 Fe±S±O P, S

Bornite Cu5FeS4
Botryogen MgFe(SO4)2(OH)�7H2O

Cerargyrite AgCl

Cerussite PbCO3

Chalcanthite CuSO4�5H2O

Chalcocite Cu2S

Chalcopyrite CuFeS2 Sulphide P

Chlorite (Mg,Fe,Al)6(Si,Al)4O10(OH)8
Copiapite Fe2+Fe3�4 (SO4)6(OH)2�20H2O Fe±S±O S

Copper Cu

Cuprite CuO

Coquimbite Fe3�2 (SO4)3�9H2O Fe±S±O S

Covellite CuS

Epsomite MgSO4�7H2O

Ferrihydrite Fe2O3�2H2O Fe±O S

Galena PbS Sulphide

Goethite FeO(OH) Fe±O P, S

Goslarite ZnSO4�7H2O

Gratonite Pb9As4S16
Gypsum CaSO4�2H2O

Hematite Fe2O3 Fe±O P

Hydromarchite Sn3O2(OH)2
Hydronium Jarosite Fe3(SO4)2(OH)5�2H2O Fe±S±O S

Illite K0.5(Al,Fe,Mg)3(Si,Al)4O10(OH)2
Jamesonite FePb4Sb6S14
Jarosite KFe3(SO4)2(OH)6 Fe±S±O P, S

Magnetite Fe3O4

Malachite Cu2(CO3)(OH)2
Mallardite MnSO4�7H2O

Melanterite Fe2+SO4�7H2O

Natrojarosite NaFe3(SO4)2(OH)6 Fe±S±O S

Parabutlerite Fe3+(SO4)(OH)�2H2O

Plumbojarosite Pb1/2Fe3(SO4)2(OH)6 Fe±S±O P, S

Pyrite FeS2 Sulphide P

Quartz SiO2

Scorodite FeAsO4�2H2O Fe±As±O P

Sphalerite ZnS Sulphide P

Stannite Cu2FeSnS4
Sulphur S

Schwertmannite Fe16O16(OH)12±10(SO4)2±3 Fe±S±O S

Symplesite Fe3(AsO4)2�8H2O Fe±As±O P

Tenorite CuO

Tennantite (Cu,Ag,Fe,Zn)12As4S13
Tetrahedrite Cu12Sb4S13
Voltaite K2Fe2�5 Fe3�4 (SO4)12�18H2O
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Analar grade (69% v/v) concentrated HNO3 was

added to each sample and left overnight, covered by a

watchglass. The mixtures were then boiled, under

re¯ux, for about 8 h and subsequently evaporated to

near dryness. After cooling, 10 mL of 0.5% HNO3

was added to the residues and the samples were gently

warmed. The solutions were then ®ltered into volu-

metric ¯asks through Whatman No. 541 ®lter papers,

and rinsed frequently with 0.5% HNO3. They were

then made up to volume using 0.5% HNO3 and where

Table 2

Trace metal geochemistry of representative Rio Tinto mine-waste, tailings and overbank sediments. All analyses by AAS, except

those marked by a `�', which are by XRF (Philips PW1400, Schell, unpublished data); all concentrations in mg/kg; o_=samples

taken from surface of alluvium and mine-waste and tailings tips; #=samples taken at depth within alluvium and mine-waste and

tailings tips; bdl=below detection limit; nd=not determined; nr=not reported; C.O.V.=coe�cient of variation, calculated as the

standard deviation expressed as a percentage of the mean, values are based on the analysis of 11 sets of triplicate samples;

Recovery=percentage of metal extracted by the HNO3 digestion relative to the total metal content given by the manufacturer,

values are based on the analyses of 11 samples of standard sediment reference samples STSD±1 to STSD±4

Sample Ag As Cu Fe Mn Pb Zn

Mine tailings (purple-red)

RT3ao_ 150 5500 4300 27 000 55 2500 1300

RT3b� nd 2900 1300 nd nd 31 000 1300

RT3c� nd 910 100 nd nd 15 000 nd

Mine-waste

RT8o_ bdl 290 130 20 000 24 1600 59

Mine-waste and tailings

RT4o_ 35 380 67 20 000 bdl 6300 34

Fe-rich cement

RT6o_ bdl 230 320 94 000 35 1400 480

Purple-red alluvium (tailings-derived)

RT26# 15 250 230 47 000 140 2600 260

RT28# 30 620 1500 5300 39 1200 1200

RT31# 16 160 200 35 000 36 7600 60

Pyrite-rich alluvium

RT1o_ bdl 270 340 12 000 38 1400 98

RT2# bdl 440 420 51 000 64 1600 190

Orange laminated alluvium

RT24# bdl 750 84 68 000 26 3100 27

Other alluvium

RT9o_ bdl 430 90 19 000 bdl 870 bdl

RT15# bdl 460 75 23 000 29 870 26

RT17o_ bdl 110 300 40 000 52 1500 120

RT23# bdl 270 160 37 000 50 1400 65

RT27o_ bdl 360 80 35 000 38 660 37

RT30o_ bdl 300 130 52 000 86 790 64

RT33o_ bdl 474 210 19 000 48 490 120

Detection limits 9.2 6.2 16 57 11 11 21

Precision (C.O.V.%) 20 8 8 8 7 9 7

Accuracy (recovery %) 60 73 86 67 73 68 84

Pleistocene alluvium; Schell et al., 1996 bdl 38 38 37 000 570 24 76

Rio Tinto bottom sediments; Nelson and Lamothe, 1993 nr <200±3000 30±1500 2000±100 000 150±300 <10±2000 <200±3000

ICRCL threshold trigger concentrations (1990) ± ± ± ± ± 300 1000

Dutch `A'-values (Anonymous, 1983) ± 29 50 ± ± 50 500

`Background' shale and clay (Salomons and FoÈ rstner, 1984) ± ± 45 47 200 600 20 95

`Background' soil (Salomons and FoÈ rstner, 1984) ± ± 25.8 32 000 760 29.2 59.8

Mineral Precipitates

MP1 bdl 610 380 56 000 97 16 750

MP2 bdl 500 500 40 000 80 bdl 800

MP3 bdl 300 410 48 000 bdl 13 530
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necessary, diluted 10, 50, 100 or 500 times by volume.
Chemical analysis was carried out by atomic absorp-

tion spectrophotometry (Pye Unicam SP9 with air/
acetylene ¯ame). Triplicate analyses of selected samples
were used to check analytical precision, and accuracy

was tested by analysis of standard reference sediments
STSD±1 to 4 (Canmet). Working blanks were inserted
at a frequency of 10% of the total samples analysed

and were generally below detection limits for the
metals analysed. Detection limits, precisions and accu-
racies are shown along with the results in Table 2.

River water anions were analysed by ion chromatog-
raphy (Dionex±4000i). Cations were analysed by
inductively coupled plasma atomic emission spec-
trometry (ICPAES, VG Elemental, Horizon).

4. Results

4.1. Local ®eld area description and alluvial sediment-

borne metal concentrations

The Rio Tinto has a catchment area of 1676 km2,
average annual precipitation of 69 cm aÿ1 and average

annual discharge of 1 153 100 m3 (Garcia-Vargas et al.,
1980). The river rises ca. 10 km to the north of the
mining area, ¯ows through the major mining area and

a large area of slag, mine-waste and tailings tips
(which are actively eroded by the river) at Nerva, and
continues 80 km to the Atlantic Ocean at Huelva.

Conglomerates composed of coarse slag fragments
cemented by Fe-rich precipitates occur in the mine-
waste tip area, and an abandoned railway track,

underlain by slag, bedrock fragments and ®ne-grained
(<2 mm) pyritic waste, follows the Rio Tinto from
Nerva to Huelva.
Downstream of the mining area, the Rio Tinto is

presently incising into older ¯uvial deposits, but over-
bank sediment deposits ranging in thickness from a
few cm to several m line the channel banks. These

bank sequences reveal at least two cut-and-®ll alluvial
cycles, the youngest of which is generally less than
100±150 a old. The alluvial mineralogy discussed in

this paper relates to the younger cycle which is com-
posed in varying proportions of (1) purple-red allu-
vium (derived from the purple-red tailings); (2) pyrite-
rich alluvium; (3) orange laminated alluvium; and (4)

`other' alluvium, including mixtures of these 3 types,
and red, grey and yellow sands and silts.
Concentrations of Ag, As, Cu, Pb and Zn in Rio

Tinto mine-waste and tailings tips, and the younger
alluvial sediment unit typically exceed values in
Pleistocene alluvium by several orders of magnitude

(Schell et al., 1996; Table 2). Work is ongoing to estab-
lish background values in Holocene alluvium. There is
no consistent di�erence between surface and sub-sur-

face concentrations (Table 2). The contaminant metal
values reported in Table 2 are considered to be mini-

mum estimates, since the HNO3 digestion used for
trace element analysis probably does not remove all of
the metal from the samples (cf. estimates of accuracy,

Table 2). Many of the samples collected for this study
exceed Dutch trigger (Anonymous, 1983) and UK
MAFF (MAFF, 1993) maximum permissible concen-

trations for soil, and background values for shale and
soil (Salomons and FoÈ rstner, 1984). Similar ®ndings
were reported by Nelson and Lamothe (1993) for Rio

Tinto channel sediment. Generally, the alluvial samples
exhibit relatively high contents of Pb and As, moderate
contents of Cu and Zn and low contents of Ag (Table
2). The purple-red tailings and alluvium related to

these tailings are characterised by the highest concen-
trations of contaminant metals.
Yellow and white precipitates formed on pyrite-rich

mine-waste tips, ¯oodplain sediment surfaces, aban-
doned railway beds and the vertical surfaces of
exposed pyrite-rich alluvial units after rains during the

®eld visits. These precipitates were eroded and washed
into the river following renewed rainfall. Contents of
As and Cu in the precipitates are comparable to those

of the alluvium. Zn contents, however, are generally
higher, and Pb contents at least an order of magnitude
lower, than alluvial and mine-waste and tailings tip
samples (Table 2).

4.2. Mineralogy and chemistry of mine-waste and

tailings tips, alluvial sediments and precipitates

The mine-waste and tailings tips, and alluvial sedi-

ments are dominated by mixtures of chlorite, feldspar,
illite and quartz, as well as contaminant metal-bearing
minerals including Fe oxides, oxyhydroxides, jarosite
and pyrite (Table 3). The mine-waste tips contain large

quantities of pyrite and schist bedrock fragments, and
the tailings tips are generally purple-red in colour, and
are composed of hematite and jarosite.

The Rio Tinto alluvium is characterised by 4 major
groups of contaminant-bearing minerals, including (1)
sulphides; (2) Fe±As oxides; (3) Fe oxides/hydroxides/

oxyhydroxides; and (4) Fe oxyhydroxysulphates. These
have been subdivided into `primary' and `secondary'
types depending on their mode of occurrence (Table
1). Primary minerals are detrital fragments of the ore-

body, gossan and mine waste and tailings tips.
Secondary minerals include cements and authigenic
overgrowths on the primary grains, and the yellow and

white precipitates described above.
Sulphides and Fe±As oxides occur mainly as pri-

mary minerals (Table 1), especially in alluvium near

the mining areas. Pyrite is the most abundant sulphide,
and is often associated with chalcopyrite, arsenopyrite,
sphalerite and galena occurring as blebs or crack in®ll-

K.A. Hudson-Edwards et al. / Applied Geochemistry 14 (1999) 1015±10301020



ings (Fig. 2a). The Fe±As oxides occur as sub- to euhe-

dral grains (Fig. 2b). They display compositions

between scorodite and symplesite (Fig. 3, Fe±As±O

group), and contain the most As of all the contami-

nant metal minerals except arsenopyrite, but very little

Cu, Pb or Zn.

Both primary and secondary oxides, hydroxides and

oxyhydroxides of Fe occur in all types of alluvium

throughout the Rio Tinto system. Primary Fe oxides

include goethite and hematite in detrital fragments of

gossan, and hematite in fragments of the purple-red

tailings tip material (Fig. 2d). Secondary oxides include

those in Fe-rich cements (Fig. 2c, Fig. 4), and in authi-

genic overgrowths on quartz and slate grains. XRD

analysis suggests that these are mixtures of goethite

and possibly ferrihydrite. The primary and secondary

Fe oxides/hydroxides/oxyhydroxides generally contain

low concentrations of As, Pb and Zn (Fig. 3, Fe±O

group; Fig. 4), but some secondary minerals in this

group contain some Cu (Fig. 3).

Iron oxyhydroxysulphates are the most common

contaminant metal-bearing minerals in the alluvium,

and also occur in both primary and secondary forms.

In the purple-red tailings tips and related alluvium,

honeycomb-like hematite latticeworks are coated by

primary Fe oxyhydroxysulphates (Fig. 2d), which have

been con®rmed by XRD to include both jarosite and

plumbojarosite. Elevated Ag values in these and other

tip and alluvial types (Table 2), and previous work in

the Rio Tinto (AmoroÂ s et al., 1981, Dutrizac et al.,

1983) suggest that argentojarosite may also be present.

SEM±EDX analysis also suggests that a Pb-rich Fe

oxyhydroxysulphate mineral, possibly beaverite (Fig.

3) may also be present. Primary Fe oxyhydroxysul-

phate minerals from the mine/tailings tips and `other'

alluvium are characterised by the highest concen-

trations of As next to the Fe±As oxides (Fig. 3) and

arsenopyrite, and the highest amounts of Pb of all of

the contaminant metal-bearing minerals.

Secondary Fe oxyhydroxysulphates occur as over-

growths on pyrite (Fig. 2a) and primary honeycomb

hematite-jarosite lattice grains, and in Fe-rich cements

(Fig. 4). They include minerals of the jarosite family

(e.g., jarosite, plumbojarosite), and possibly beaverite

and schwertmannite (see below) (Fig. 3). The second-

ary Fe oxyhydroxysulphates contain relatively high

contents of Pb, though not as high as many of the pri-

mary Fe oxyhydroxysulphates. Some of the secondary

Fe oxyhydroxysulphate minerals from the purple-red

and pyrite-rich alluvium contain relatively high concen-

trations of Cu and Zn (Fig. 3).

Many of the secondary Fe oxyhydroxysulphates in

Table 3

General mineralogy of Rio Tinto mine and overbank sediments. XXX=abundant; XX=accessory; X=trace

Sample Chlorite Feldspar Ferrihydrite Goethite Hematite Illite Jarosite Pyrite Quartz

Mine tailings

RT3 X XXX XX XXX XX XXX

Mine-waste

RT8 XX XX XX XXX XX XXX

Mine-waste and tailings

RT4 X XXX X XX XXX

Fe-rich cement

RT6 X X XX X XX XX X XXX

Purple-red alluvium (tailings-derived)

RT26 XX X XX XX XXX XX

RT28 XX X XXX X XXX XX

RT31 XX X XX XXX XXX XXX

Pyrite-rich alluvium

RT1 XX XXX

RT2 XXX X XXX XX XXX XX

Orange laminated alluvium

RT24 XX X X XX XX X XXX

Other alluvium

RT9 XX XXX

RT15 XX X X XX XX XXX

RT17 XX XX X XX XX X XXX

RT23 X X X XX X X XXX

RT27 X X X X X XXX

RT30 XX XX XX XX X XX

RT33 XX X XX XX XX X XXX
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Fig. 2. Back-scattered image SEM photomicrographs. (a) Overgrowths of secondary Pb-bearing Fe oxyhydroxysulphate (grey) on

primary pyrite (large white grains). Bright white specks within pyrite are chalcopyrite; (b) Subhedral, interlocking grains of primary

Fe±As oxide minerals; (c) primary pyrite grains (bright grey) cemented by complex mixture of baryte (bright white), and secondary

Fe oxyhydroxysulphates and oxyhydroxides; (d) Needles of hematite (grey), cemented by Pb-, As-, Cu- and Zn-bearing jarosite

(white) in detrital, primary gossan grain. X-ray mapping of this sample indicates that the jarosite contains signi®cant quantities of

Pb, As, Cu and Zn; (e) Fe (oxyhydroxy)sulphate crystals from ®ltered precipitates of Rio Tinto water. These morphologically re-

semble schwertmannite (cf., Bigham et al., 1994).
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Fig. 3. X±Y plots of Rio Tinto minerals. Fe+Al versus S, As, Pb, Cu and Zn. All values are in wt. %. Fields for Fe±As minerals

[Fe±As±O], Fe oxides/hydroxides/oxyhydroxides [Fe±O] and Fe oxyhydroxysulphates [Fe±S±O] are shown. The Fe±As±O group is

not shown in the plots for Pb, Cu and Zn because these minerals contain no detectable concentrations of these contaminant

metals.
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Fig. 4. Electron microprobe X-ray element maps showing complex secondary Fe-rich cement on shale grain (river alluvial sediment

sample RT6) (i) Fe; (ii) S; (iii) Pb; (iv) As. Pb, some As, Cu and Zn (not shown) are associated with the Fe±S phase in the cement.

Much of the As is associated with the Fe-rich, S-poor portion of the cement.
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the Fe-rich cements, pyrite-rich, purple-red and `other'

alluvium contain low amounts of S (Fig. 3, Fe±S±O
group, right side). These have similar SO4:Fe+Al

ratios to schwertmannite (cf. Bigham et al., 1990), but

may also be Fe oxide/hydroxide/oxyhydroxides with
adsorbed sulphate (cf. Filipek et al., 1987). Several of

these minerals within `other' alluvium exhibit anoma-
lous amounts of Cu (Fig. 3), but As, Pb and Zn con-

tents are generally low (Fig. 3).
The yellow and white precipitates which form on

pyrite-rich mine-waste tips, ¯oodplain sediment sur-
faces, abandoned railway beds and the vertical surfaces

of exposed pyrite-rich alluvial units are also classi®ed

as secondary minerals. They are comprised of mixtures
of gypsum, alunogen and the Fe oxyhydroxysulphates

copiapite, coquimbite, plumbojarosite and hydronium
jarosite (see Table 1 for formulas). These precipitates

contain moderate to high concentrations of As, Cu
and Zn (Table 2).

4.3. River water chemistry and precipitates from river

water

Results for Rio Tinto water (samples W1±W9, Table

4) agree with earlier ®ndings of Garcia-Vargas et al.

(1980) and LoÂ pez-Archilla et al. (1993), and indicate

that, compared to tributary and reservoir water in the

area (samples W10, W11, Table 4), the water is acid

and carries high amounts of contaminant metal, Fe

and SO4. Concentrations of Cu and Zn exceed those

of Pb, As and Ag by at least an order of magnitude.

Lead contents gradually decline downstream of

the mining area. The other contaminant metal, and

Fe contents ¯uctuate considerably downstream of

the mining area, but they all decrease sharply near

the estuary (samples W7 and W8, Table 2).

Concentrations of contaminant metal, particularly Cu

and Zn, are generally higher than those reported for

Table 4

Partial geochemistry of Rio Tinto river and estuary water. All element and anion concentrations in mg/L. bdl=below detection

limit; ns=no standard

Sample River pH Conductivity Temperature Ag As Cu

W1 Rio Tinto 1.8 1500 21 0.03 14 240

W2 Rio Tinto 1.6 1500 20 0.02 11 150

W3 Rio Tinto 1.4 1500 27 0.03 22 210

W4 Rio Tinto 1.9 1500 25 0.01 12 70

W5 Rio Tinto 1.8 1600 26 0.02 25 120

W6 Rio Tinto 1.7 1600 25 0.03 16 170

W7 Rio Tinto 1.5 1500 26 0.01 1.8 44

W8 Rio Tinto 6.0 1300 23 bdl 0.9 24

W9 Tinto Estuary 7.6 1600 26 0.01 0.5 0.05

W10 Upstream tributary 6.4 350 21 bdl 0.2 0.01

W11 Corumbel Reservoir 7.5 490 24 bdl 0.2 bdl

Detection limit 0.005 0.1 0.005

European guideline values 0.01 0.05 ns

Sample Fe Pb Zn Clÿ SO2ÿ
4 HSOÿ4

W1 3500 0.8 130 19 14 000 bdl

W2 2400 0.7 110 62 8900 bdl

W3 4300 2.4 420 32 15 000 bdl

W4 2000 1.6 66 21 6900 7

W5 3800 1.7 250 45 13 000 bdl

W6 3700 0.8 310 73 16 000 bdl

W7 630 0.2 100 93 4400 bdl

W8 300 0.1 56 130 2800 bdl

W9 bdl 0.1 0.3 22 000 3400 bdl

W10 1.1 bdl 0.08 6 37 bdl

W11 bdl bdl 0.04 12 42 bdl

Detection limit 0.1 0.005 0.005 1 1 5

European guideline values 300 0.05 ns ns ns ns
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other acid mine drainage areas (Table 2; e.g., FoÈ rstner
and Wittman, 1979; Filipek et al., 1987).

As previously shown by LoÂ pez-Archilla et al. (1993),
the water pH remains remarkably constant at around
1.7 from the mining area to 60 km downstream

(sample W8), where it increases to 6 to 7.6, probably
due to the in¯ux of sea water up to the tidal limit.
This in¯ux also results in an extremely large increase

in Clÿ contents (Table 4).
Filtered precipitates from the river waters are gener-

ally bright orange in colour. XRD investigations reveal

that they are mixtures of goethite and jarosite. SEM±
EDX analysis, however, suggests that there may be
another, possibly X-ray amorphous, Fe oxyhydroxy-
sulphate phase present (Fig. 2e), which contains minor

amounts of Cu, Pb, S and Zn. This morphologically
resembles synthetic schwertmannite (Bigham et al.,
1994, Fig. 1), which consists of spherical to ellipsoidal

aggregates with needle-like structures radiating from
the particle surface to give a `pin-cushion' mor-
phology.

5. Discussion

5.1. Inferred chemical and mineralogical processes

Since the modes of formation of primary sulphides,
Fe±As oxides, Fe oxyhydroxides and oxyhydroxysul-

phates in the Rio Tinto orebody and gossan have been
discussed at length in the literature (e.g., Williams,
1950; Pryor et al., 1972; AmoroÂ s et al., 1981; Dutrizac

et al., 1983), the following discussion focuses on Rio
Tinto secondary minerals in the alluvium. The sulphide
assemblage in the Rio Tinto mine-waste tips, railway
beds and alluvium is dominated by pyrite which yields

acidic weathering products by well-known reactions:

FeS2 � 8H2O � Fe2� � 2SO2ÿ
4 � 16H � � 14eÿ �1�

4FeS2 � 14O2 � 4H2O � 4Fe2� � 8H � � 8SO2ÿ
4 �2�

FeS2 � 14Fe3� � 8H2O � 15Fe2� � 2SO2ÿ
4 � 16H � �3�

The Fe2+ produced in reactions such as those of

Eqs. (1)±(3) is rapidly oxidised to Fe3+ which is
strongly hydrolysed to form Fe hydroxide precipitates:

Fe3� � 3H2O � Fe�OH �3 � 3H �, �4�

and Fe oxyhydroxysulphate precipitates (cf., Brown,
1971; van Breeman and Harmsen, 1975; Bigham et al.,
1990; Stahl et al., 1993):

3Fe3� � K � � 2SO2ÿ
4 � 6H2O �

KFe3�SO4�2�OH �6�6H � �Jarosite�
�5�

16Fe3� � 2SO2ÿ
4 � 28H2O �

Fe16O16�OH �12�SO4�2 � 44H � �Schwertmannite�
�6�

Reactions such as those in Eq. (4) to Eq. (6) may
account for secondary Fe minerals in Rio Tinto

cements (Fig. 2c, Fig. 3) and grain coatings, and in the
®ltered water precipitates (Fig. 2e). These occurrences
are also consistent with observations of sulphurised
soils (Carson et al., 1982) and experimental work

(Brown, 1971; van Breeman and Harmsen, 1975; Stahl
et al., 1993). Enrichment of contaminant metals in the
secondary Fe minerals (Fig. 3, Fig. 4) is consistent

with experimental and observational work on Fe ox-
ides/hydroxides/oxyhydroxides (Langmuir and
Whittemore, 1971; Benjamin and Leckie, 1981;

Nordstrom, 1982; Chapman et al., 1983; Johnson,
1986) and Fe oxyhydroxysulphates (Ivarson et al.,
1979; Dutrizac and Kaiman, 1976; Dutrizac, 1983;
Dutrizac and Jambor, 1987; Webster et al., 1998),

which suggests that the contaminant metals may be
adsorbed onto or co-precipitated with these minerals.
The apparent greater a�nity of the Rio Tinto Fe oxy-

hydroxysulphates relative to Fe oxides/hydroxides/oxy-
hydroxides for contaminant metals might be explained
by experimental studies. Brady et al. (1986) suggested

that concentrations of SO2ÿ
4 as low as 250 mg/L may

suppress the formation of Fe hydroxides such as ferrihy-
drite. This would allow Fe oxyhydroxysulphates to pre-

cipitate ®rst and preferentially scavenge contaminant
metals. Webster et al. (1998) suggested that SO2ÿ

4 posi-
tively in¯uences Cu, Pb and Zn adsorption onto Fe ox-
ides and oxyhydroxysulphates by the formation of

ternary complexes between the mineral surface, SO2ÿ
4

and the metal ion. A similar mechanism was also pro-
posed by Ali and Dzombak (1996) for enhanced Cu

adsorption onto goethite in the presence of SO2ÿ
4 .

The yellow-white minerals on pyrite-rich alluvium
and railway beds, and the Fe oxyhydroxysulphates on

pyrite grains within other types of alluvium (cf., Fig.
2a; Table 3) may all form as a result of precipitation
of Fe2+, Fe3+ and SO2ÿ

4 ions which have been pro-
vided by pyrite oxidation (Eqs. (1)±(3)) and water, e.g.:

Fe2� � 4Fe3� � 6SO2ÿ
4 � 22H2O �

Fe5�SO4�6�OH �2 � 20H2O� 2H � �Copiapite�
�7�

2Fe3� � 3SO2ÿ
4 � 9H2O � Fe2�SO4�3 � 9H2O �Coquimbite�

�8�
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In the Rio Tinto alluvium, this occurs (i) directly on
the pyrite grain surface (Fig. 2a; cf., Huggins et al.,

1983); (ii) by precipitation of evaporating acid pore
water, as in abandoned Rio Tinto mine shafts (GarcõÂ a,
1996) and other acid drainage areas (e.g., Nordstrom

et al., 1979); or (iii) as dehydration products of other
hydrated Fe sulphate minerals (cf., Ehlers and Stiles,
1965). These minerals also appear to scavenge con-

taminant metals (Fig. 2a; Table 2).
Alternatively, the Rio Tinto secondary goethites and

jarosites may have formed as a result of the recrystalli-

sation of minerals such as ferrihydrite or schwertman-
nite (cf., Bigham et al., 1990; Webster et al., 1998), as
discussed in the next section.
The signi®cant decreases in Fe and SO2ÿ

4 down-

stream river water concentrations (Table 4) suggest
that precipitation of Feÿ and SO4-bearing minerals is
taking place. Concomitant declines in aqueous con-

taminant metal contents suggests that the metals are
sorbed or co-precipitated by these minerals. This
appears to be at least partly governed by pH, but

some of the declines in downstream element contents
(e.g., As, Cu, Fe) are recorded in acid water (sample
W7, pH 1.5), suggesting that another, at present

unknown, mechanism may be responsible.

5.2. Mobility of contaminant metal-bearing minerals in

alluvium

The relative mobility of the contaminant metals in

the alluvium can be assessed by examining both water
(Table 4) and mineralogical data (Fig. 3). Low concen-
trations of Pb and As relative to Cu and Zn in Rio

Tinto water imply that Pb and As are less readily
mobilised from the alluvium, mine tailings and waste
tips. This is supported by depletion of Pb and As in
secondary relative to primary Fe oxyhydroxysulphates,

suggesting that the primary oxyhydroxysulphates may
have greater binding strength for these contaminant
metals. Enrichment of As, Cu, Pb and Zn in secondary

relative to primary Fe oxide/hydroxide/oxyhydroxide
minerals, and of Cu and Zn in secondary relative to
primary oxyhydroxysulphate minerals (Fig. 3), demon-

strates that some of the aqueous contaminant metal
(which was probably leached from primary minerals) is
incorporated in the secondary minerals.
Mobilisation of As, Cu, Zn, and to a lesser extent,

Pb, may explain the contaminant metal chemistry of
the secondary yellow-white precipitates (MP samples,
Table 2). These precipitates are destroyed and prob-

ably dissolved following periods of high rainfall, prob-
ably re-releasing the As, Cu, Zn and Pb. Such `¯ush-
out' events have been described in acid mine drainage

systems elsewhere (e.g., Alpers et al., 1991) where they
produce a rapid increase in aqueous metal concen-
trations and acidity.

Primary contaminant metal-bearing minerals in the
Rio Tinto alluvium, including hematite, goethite, jaro-

site and plumbojarosite, and the Fe±As minerals (poss-
ibly scorodite), generally have very low solubility
products (Langmuir and Whittemore, 1971; Robins,

1990; Doyle et al., 1994; Baron and Palmer, 1996) and
are likely to be more stable than many of the poorly
crystalline, secondary Fe oxides/hydroxides/oxyhydrox-

ides and oxyhydroxysulphates. Experimental data
suggests, however, that ferrihydrite and schwertman-
nite over time recrystallise to more stable phases such

as goethite and jarosite (Bigham et al., 1990; Webster
et al., 1998), but it is uncertain as to how this trans-
formation a�ects contaminant metal mobility.
Some of the relatively insoluble alluvial minerals

may become unstable, however, if environmental con-
ditions change or if remedial measures such as raising
river pH are implemented. Jarosite can transform to

Fe oxides or hydroxides by hydrolysis or simple dissol-
ution and reprecipitation, although this is likely to be
a slow process (van Breeman and Harmsen, 1975;

Brady et al., 1986). Baron and Palmer (1996) suggested
that the transformation of jarosite to ferric oxyhydrox-
ide occurs above pH 5.89, but the mechanism of redis-

tribution of associated contaminant metals is not
known. Dissolved Fe2+, which could be generated
from reactions Eq. (1) to Eq. (3), is known to catalyse
the dissolution of crystalline Fe oxides (Fischer, 1972;

El-Desoky, 1989) and jarosite (El-Desoky, 1989).
Despite this, raising river water pH would likely result
in the precipitation of Fe oxides/hydroxides/oxyhydr-

oxides and oxyhydroxysulphates, which would sca-
venge or co-precipitate contaminant metals (e.g.,
Benjamin and Leckie, 1981). This appears to occur

down-river in the Rio Tinto (see above), and has a
positive e�ect on water quality (Table 4), but a poten-
tially negative e�ect on sediment quality.

6. Conclusions

1. Rio Tinto alluvium is contaminated with Ag, As,
Cu, Pb and Zn. The major mineralogical hosts of
these elements are sulphides, Fe-As oxides, Fe ox-
ides/hydroxides/oxyhydroxides, and Fe oxyhydroxy-

sulphates.
2. These alluvial minerals are both `primary' detrital

remnants of mine-waste and tailings tips, and `sec-

ondary' products of a series of oxidation, dissol-
ution and precipitation reactions.

3. Cu and Zn appear to be more mobile than Pb and

As in the Rio Tinto alluvium. Although many of
the Rio Tinto Fe oxides/hydroxides (hematite,
goethite) and oxyhydroxysulphates (jarosite) are
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insoluble, some which are inferred to occur (ferrihy-
drite, schwertmannite) are less stable. Erosion of

contaminant metal-rich purple-red tailings, erosion
and oxidation of pyrite-rich mine-waste tips and
alluvium, dissolution of Fe sulphate salts (e.g.,

copiapite, coquimbite) and oxidation of pyrite from
railway beds will probably continue to contribute to
metal pollution in the Rio Tinto.

4. Raising river pH would probably would have posi-
tive e�ects on water quality by causing precipitation
of minerals which sorb or co-precipitate contami-

nant metals. This already appears to occur near the
Tinto estuary. This action, however, may also lead
to de-stabilisation of contaminant metal-bearing
minerals such as jarosite, possibly re-releasing

metals back to the aqueous system.
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