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Abstract—The concentration of arsenic has been determined in natural iron oxyhydroxides and oxide
minerals extracted from soils at the Ashanti mine, Ghana, and was found to vary from 2 to 35,600 mg/kg.
The highest concentration of arsenic in these phases occurred in neutral-pH oxidized clay-rich soils, up to
35,600 mg/kg, and in the oxidized surface portion of mine tailings. Where highly acidic soils occurred or
reducing conditions were prevalent, lower concentrations of arsenic were measured in the iron oxy-
hydroxide and oxide fraction (up to 433 mg/kg). Lower concentrations of arsenic in these phases were also
recorded from minerals in the organic-rich soils. The proportion of arsenic associated with amorphous
iron oxyhydroxides was much greater than that associated with crystalline iron oxyhydroxide and oxide
minerals within the studied sample set.

In order to study the effects of pH and soil organic acids on arsenic sorption, the sorbed concentrations
of As(V), As(IIT), monomethylarsonic acid (MMAA) and dimethylarsinic acid (DMAA) on goethite,
hematite and lepidocrocite were measured. The sorption decreases in the order as (V) > DMAA =
MMAA > As(IIl) below pH 7 and As(V) > As(III) > MMAA = DMAA above pH 7. Sorption
decreased in the order goethite > lepidocrocite > hematite. Increased fulvic acid concentration reduced
arsenic sorption on all the iron minerals. Therefore, both a drop in pH and an increase in fulvic acid
increases arsenic leaching while greater sorption occurs in solutions in the pH range 4-8.

From the agreement between field observations and laboratory experiments, arsenic sorption by iron
oxyhydroxide and oxide minerals would appear to be controlled by Eh and pH and in the presence of other
potential sorbents such as organic acids. This has important consequences for the disposal of arsenic in
mine tailings where reducing conditions are common and influence the stability of As(III) in place of
As(V). This leads to lower sorption and greater leaching of arsenic. Additionally, in organic-rich soils, the
competition for binding sites on mineral surfaces between organic acids and arsenic species may also lead

to lower levels of arsenic retention.

INTRODUCTION

ARSENIC is extensively recycled in the surface and
near-surface environment (FergusoN and Gavis,
1972; ANDREAE 1978; HoLM et al., 1979; AGGETT and
O’BrigN, 1985) particularly in sediments (HoLm er
al., 1979; MAHER, 1985; PETERSON and CARPENTER,
1986; BeLzizE and TessiEr, 1990; ABraHaMs and
THORNTON, 1987; O’NEILL, 1990; BowELL et al.,
1994). The solubility and rate of arsenic oxidation are
largely controlled by inorganic mechanisms (PETER-
soN and CARPENTER, 1983; REIMER and THOMPSON,
1988; Xu et al., 1991; BoweLL et al., 1994) with
arsenic speciation controlled by Eh-pH changes (Fig.
1). In the presence of microorganisms, methylation of
arsenic oxyanions can occur, forming monomethyl-
arsonic acid (MMAA), dimethylarsinic acid
(DMAA), trimethylarsenic oxide, trimethylarsine
and dimethylarsine. The biomethylation reactions
that actually occur depend upon both the micro-
organism and the arsenic compounds present (JOHN-
SON, 1972; SANDERS, 1979; PETERSON and CARPENTER,
1983), and the production of these compounds has
been observed in natural waters (JOHNSON, 1972;
PeTERsON and CARPENTER, 1983; BoweLL 1994).
These processes are also pH dependent, and conse-
quently, pH variations will affect the distribution of
organic, as well as inorganic, arsenic species.
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The adsorption of arsenic by iron oxyhydroxides
has been the subject of experimental and field studies
(S166 and StuMM, 1980; PETERSON and CARPENTER,
1983; REIMER and THOMPSON, 1988; XU ef al., 1991;
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WAYCHUNAS ef al., 1993; BowELL et al., 1994). These
experimental studies have agreed with the field data
that suggest that arsenic can be recycled in the super-
gene environment and is associated with iron oxy-
hydroxides. However, the emphasis has been largely
on the aquatic environment, and the sorption pro-
cesses in soils and mine waste are less well under-
stood.

During lateritic weathering of gold-arsenic miner-
alization at the Ashanti mine, Ghana, arsenic is
released into the supergene environment by the oxi-
dation of arsenopyrite (BoweLr, 1992). In ground-
waters extracted from soils and spoil heaps, As(V),
As (III), MMAA and DMAA have been identified.
Total porewater arsenic concentrations up to 1300
mg/l (BOwWELL et al., 1994).

This paper aims to: (i) report the concentration of
arsenic in iron oxyhydroxides and oxides from con-
taminated and uncontaminated soils, collected from
the Ashanti area, Ghana; and (ii) investigate the
influence of pH and organic acids in these environ-
ments on arsenic sorption by associated laboratory
experiments. Iron oxides and oxyhydroxides are
common components of natural gossans (BLAN-
CHARD, 1968; BrLaIN and ANDREwW, 1977), soils
(MILNES et al., 1987; BoweLL, in press) and mine
waste (BLowEs and JAMBOR, 1990). These minerals
are particularly important, environmentally, as it has
been proposed that they could be used for the safe
disposal of wastes from industrial and mining activi-
ties (Harris and MoNETTE, 1989; Harris and
KRAUSE, 1993).

GEOLOGY OF THE ASHANTI AREA, GHANA

At the Ashanti gold mine, arsenic is closely associ-
ated with gold in Lower Proterozoic shear zone
hosted quartz veins and disseminated sulphide lodes
(JUNNER, 1932; GYaPONG, 1980). Arsenic occurs pre-
dominantly as arsenopyrite and as a trace element in
tetrahedrite, pyrite, aurostibite and bournonite.
During lateritic weathering, these minerals are oxi-
dized and this produces a series of secondary arsenate
and arsenate—sulphate minerals namely bukovskyite
(Fe,AsO,SO,OH.7H,0), kankite (FeAsO,.3.5
H,0), pitticite (amorphous hydrated ferric arsenate)
and scorodite (FeAsO,.2H,0) (BoweLL, 1991). In
the lower saprolite, arsenopyrite is replaced by sec-
ondary arsenates and goethite, and in the upper
saprolite, arsenopyrite pseudomorphs are preserved
by goethite and hematite. Soils in the Ashanti region
are typical ferrasols with a truncated mature saprolite
overlain by a thin relatively recent colluvium
(BoweLL, 1991).

Arsenic is a good geochemical indicator of bedrock
gold mineralization in the thick tropical soil profiles
developed in south west Ghana because of the close
association between arsenopyrite and gold in the
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mineralized lodes; the low background arsenic con-
centrations in the soils (less than 20 mg/kg); and the
greater dispersion of arsenic in comparison to other
pathfinder elements associated with the mineraliz-
ation. The elevated arsenic concentration in the ore
and high mobility of arsenic also makes it a potential
environmental hazard due to wind dispersal and
groundwater leaching of arsenic from fine-grained
spoil tips and tailings dam material.

MATERIALS AND METHODS

Natural iron oxyhydroxides and oxides from the Ashanti
area

Sample collection and storage. Samples were collected
from an undisturbed soil profile overlying known bedrock
mineralization and from a soil profile overlying unmineral-
ized bedrock on the Sansu prospect, Ashanti, Ghana.
Further samples were collected from mine-waste treated
soil profiles in the vicinity of the gold processing mill at
Obuasi from the Ashanti mine, Ghana. The contaminated
samples were of an exposed soil profile (aerobic soil) and
from a soil profile covered by a 1.3 m of mine tailings
(anaerobic soil). Both of the contaminated soil profiles
occurred above unmineralized bedrock. At each sample
site, 1 kg samples were collected every 20 cm from the
surface to bedrock from the side wall of a newly excavated
pit using a piston-hammer core sampler. The cores were
stored in air-tight sealed aluminium tubes and the cores
opened in the laboratory in an oxygen-free environment so
as to preserve reduced species present in the pore waters.

Soil geochemistry determination. Arsenic and iron were
extracted from a 10 g soil sample (<2 mm size fraction) by
digestion with 15 ml of nitric acid (70%) and 15 ml per-
chloric acid (70%). The reliability of the technique was
checked using known standards and found to be *2%
(standards Au-1 and K-1; BURKE, 1985).

Fractionation of arsenic in iron oxides was carried out by
successive extractions with MgCly, citrate—dithionite—
bicarbonate (CDB), and ethandioic acid following the pro-
cedures of Gies (1973), KHALID et al. (1977) and JacksoN
(1958). Magnesium chloride removes the exchangeable
arsenic and ethandioic acid and CDB removes arsenic
associated with amorphous and crystalline iron oxyhydrox-
ides and oxides. Analysis of the mineral acid digests for
arsenic was determined by inductively coupled plasma
atomic emission spectrometry (ICPAES, Fisons ARL 3410
minitorch) with a detection limit of 0.5 mg/kg and a pre-
cision of +5%. Iron determination was also carried out by
ICPAES. Redox potential and pH were analysed by use of
an Oakton field detector kit and total organic matter
measured by wet chemistry using hydrogen peroxide (JAck-
SON, 1958).

Laboratory experiments on arsenic sorption

Experimental materials. Typical examples of the common
iron oxyhydroxide and oxide minerals were chosen from the
collection of the Natural History Museum, London; goeth-
ite (BM 26884), hematite (BM 1923,681) and lepidocrocite
(581426). The minerals were crushed, air-dried and sieved
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Table 1. Surface area and surface area to solution volume
ratios of minerals used in laboratory experiments

Surface area

Surface area/ volume
Mineral cm?g™! cm™!
Goethite a-FeOOH 738 =25 2.22 +0.07
Hematite Fe,0, 689+ 12  2.07+0.03
Lepidocrocite y-FeOOH 705 + 14 2.12 £ 0.05

with the 350-800 um fraction retained for use in these
experiments. This fraction was selected as being representa-
tive of the size fraction of iron oxyhydroxides and oxides
found in the soils and spoil heaps in Ashanti. After crushing
and sieving, damaged crystal faces and a fine coating of
powder on grain surfaces will occur. To minimize any
problems of anomalously high dissolution rates, 20 g of
sieved material was cleaned ultrasonically in ethanol for 30 s
separating any mineral powder into suspension which was
then decanted off. The remaining grains were washed in 1M
nitric acid for 1 min to dissolve any remaining powder and
remove any sharp or damaged corners. These grains were
then rinsed with triply distilled deionized water, then with
ethanol to dehydrate the surfaces. Finally, the grains were
air-dried. No arsenic could be detected in the mineral grains
by electron microprobe (detection limit of 100 mg/l);
neither could any other mineral phases be detected prior to
the experiments by electron microscopy, X-ray diffraction
and Fourier-transform infra-red spectroscopy.

Specific surface areas of the prepared grains were
measured on a Quantachrome Corporation Quantasorb,
using He-Ar mixtures and the multipoint BET method
(LoweLL, 1979). The specific surface areas of the three iron
minerals are given in Table 1.

A stock solution of As(IlI) was prepared by dissolving
NaAsQ; in triply distilled deionized water. The As(V)
solution was prepared from As,Os. The organic forms
MMAA (monomethylarsonic acid) and DMAA (dimethy-
larsinic acid) were synthesized by methylation of arsenic
using the technique developed by Stary et al. (1982).

The fulvic acid used in this study was extracted from a
tropical ferralsol soil using a modified version of the ERTEL
and HEeDGEs technique (1983, 1984). Fulvic acid was
extracted from the soil into a 0.1 M NaOH-0.1 M Na,P,0O,
solution at pH 12 for 24 h under nitrogen; the resulting
solution was then centrifuged for 30 min at 17,000 rpm to
remove insoluble material (largely clay minerals). The clear
supernatant was then acidified to pH 2 by the addition of 1
M HCI to precipitate humic acid. The humic acid fraction
and any further clay material was collected by centrifu-
gation. The supernatant was subsequently filtered through a
0.45 um Durapore (polyvinylidene difluoride) filter with the
fulvic acid fraction collected in solution in the filtrate. The
partly purified fulvic acid was shaken at room temperature
for 12 h with distilled water to remove excess salts. This
procedure was repeated four times and then the fulvic acid
was dialysed for 72 h against pure water. The solutions were
then freeze dried. The fulvic acids were characterized by 1*C
nuclear magnetic resonance (NMR) spectroscopy which
revealed a range of aromatic phenolic and carboxylic acid
groups which are considered to be the core of the fulvic acid
structure (SCHNITZER, 1978). Attached to this structure are
alkane and alkene chains and branches, heterocyclic rings
containing nitrogen (pyrrole) and sulphur (primary, sec-
ondary and tertiary mercaptans) and subordinate quinone
groups. The most abundant aliphatic products are non-
volatile fatty acids of which C;4 and C,4 are the most
common. The physicochemical characteristics of the fulvic
acid used are given in Table 2. All chemicals used in these

Table 2. Relative peak area comparison (%) of major '>C

NMR bands (based on HATCHER et al., 1983), titrable acid

groups and composition of fulvic acid used in the laboratory

experiments (total element concentrations are the mean of
three results by elemental analysis)

Band (ppm) Assignment
0-50 Paraffinic 26.0
50-95 Alcohol, methoxy acetals 15.0
Ethers 23.0
110-145 Olefinic, aromatic 7.0
165-185 Carboxyl, ethers 21.0
190-200 Aldehyde, ketone 4.0
Total area assigned 96.0
Titrable carboxylic (meq/g) 29
Titrable phenolic (meq/g) 1.5
Total C (%) 42.4
Total H (%) 6.8
Total O (%) 48.8
Total N (%) 1.6
Total S (%) 1.4

experiments were of analytical grade and were solutions
prepared with triple distilled deionized water.

Experimental procedure

Experimental solutions were prepared by adding 0.5 g of
mineral matter to a 19 ml arsenic solution. After pH-
adjustment, the samples were pre-equilibrated for 3 d.
Variable amounts of the four arsenic species were added
together to give a known preselected total arsenic concen-
tration in solution of 10~% M. Fulvic acid was also added to
some solutions. The pH was readjusted to the required pH
(using dilute NaOH and HNO;) and the final solution
volume adjusted to 20 ml. The samples were shaken for 1 h
at room temperature (22 * 1°C).

Initial experiments showed that equilibrium was achieved
after 12 h for As(I1I), 48 h for As(V) and 72 h for MMAA
and DMAA. Following equilibration, the aqueous phase
was isolated by centrifugation (7500 rpm for 15 min). An
aliguot of this solution was retained for arsenic species
analysis by HPLC-graphite-furnace AAS (see below) and
the final pH of the solution measured. Redox potential and
pH were determined on a 1:1 (v:v) sample to distilled water
in the laboratory using a Cambridge instrument meter (SP3)
calibrated against standard solutions. At the end of each
experiment, the solid residue was dried and examined by
Fourier transform infra-red spectroscopy and X-ray diffrac-
tion to confirm that no arsenate precipitates had formed.

Arsenic speciation in the samples followed schemes de-
scribed by Riccr et al. (1981), Pacey and Forp (1981), and
HasweLL er al. (1985). A Dionex IonPac AS4A 4 mm
column was used to separate the arsenic species in solution.
A peristaltic pump set at a flow rate of 1.6 ml/min and two
borosilicate glass auto-analyser Y-pieces were used to pump
the eluent, hydrochloric acid (6 M) and borohydride (4%
solution in 0.1 M sodium hydroxide) solution into the
column eluate. Reduction occurred in the short coil and the
liberated arsine was flushed with nitrogen into a graphite
furnace. Samples (1 ml) were loaded onto the columns
through the HPLC injector, with sulphuric acid (10~*M) as
the eluent at a flow rate of 4 ml/min. After sample loading,
0.1 M ammonium carbonate was used in place of sulphuric
acid as the eluent. All reagents used were of analytical
reagent grade and standards were made with double dis-
tilled and deionized waters. Analysis was carried out using a
Perkin Elmer 1100B atomic absorption spectrometer fitted
with a graphite L’vov platform with the detection wave-
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Table 3. Composition of soil and spoil heap samp}es, Ashanti mine Ghana (all concentrations in
Hgs )

Soil horizon Amorph.

Cryst.

Depth (cm)  Exchangeable* Fe oxidest Fe oxidesi Total As TotalFe pH Eh(V) %OMS§
0-15 315 361 433 2990 258,000 4.6 0.612 152
15-30 229 1495 295 3060 296,000 5.1 0.392 89
30-45 122 2500 1280 4250 329,000 S9 0.141 2.1
45-60 136 2100 1400 4500 435000 6.5 0.128 19
Oxic spoil heap

0-15 3950 20,200 2550 28,700 597,000 4.1 0.122 3.9
15-30 1920 18,900 1720 30,800 613,000 3.6 0.115 1.2
30-45 2600 35,600 2490 51,200 625,000 4.5 0.102 0.5
Anoxic spoil heap

45-60 2750 17,100 1550 39,500 619,000 43 -0.119 O
60-75 3950 16,200 1290 39,700 621,000 4.6 ~0.158 0
75-90 9120 13,600 1020 42,000 598,000 4.2 -0218 O
90-105 8500 11,500 995 37,900 639,000 47 -0.225 O

*Extractable in MgCl,; textractable in ethandioic acid; iextractable in citrate dithionite

bicarbonate; §% organic matter (JacksoN, 1958).

length adjusted to 193.7 nm. Three replicates were analysed
for each sample.

RESULTS

Arsenic concentration in natural iron oxyhydroxides
and oxides

The concentrations of arsenic in the soil profiles
are listed in Table 3. The highest concentration of
arsenic occurred in the mine waste spoil heaps and
was an order of magnitude greater than in soils
overlying mineralization, and several orders of mag-
nitude greater than soils overlying unmineralized
bedrock. In the uncontaminated soils above bedrock
mineralization, arsenic concentration increased with
depth. In the profile above unmineralized bedrock, a
broad decrease is observed with a slight enrichment
at surface, possibly due to sorption by organic mat-
ter. In the contaminated soils, concentration was
more variable due to the input of arsenic from aerosol
dispersion. The proportion of arsenic associated with
amorphous iron oxyhydroxides was much greater
than that associated with crystalline iron minerals.
Up to 2500 mg/kg arsenic was present in the ethan-
dioic fraction, dominated by poorly crystalline goeth-
ite, while up to 1400 mg/kg arsenic was extracted by
CDB from crystalline iron minerals (dominantly
hematite). The highest proportion of arsenic in the
iron minerals occurred in pH 6-7, oxidized clay-rich
soils and in the oxidized near-surface portion of mine
tailings (over 70% of total arsenic, Table 3). Where
highly acidic soils or reducing conditions occurred in
the mine tailings, the concentration of arsenic in the
iron minerals was an order of magnitude lower and
the exchangeable concentrations much higher (Table
3). Lower concentrations of arsenic in the CDB and
ethandioic acid fractions also occurred in organic-
rich soils.

Laboratory experiments on arsenic sorption

Influence of pH. Distribution coefficients of
arsenic sorbed were calculated from the decrease in
arsenic species concentration in solution and the
surface area of the mineral grains used, and agree
with previous studies (516G and Stumm, 1980; Xu et
al., 1991). The sorption of As(V) onto goethite,
hematite and lepidocrocite are plotted against the pH
of the final solution (Fig. 2). Sorbed As(V) showed a
maximum concentration with goethite and lepidocro-
cite around pH 6 and for hematite between pH 7 and
8. The sorption of As(III) is less dependent on pH
than As(V), but displays a sorption maximum at pH 6
with goethite, pH 7 with hematite and with lepidocro-
cite at pH 8 (Fig. 2). The sorption of MMAA and
DMAA is diffuse but show an enhanced adsorption
at low pH (Fig. 2).

Arsenic sorption is greater on goethite and lepi-
docrocite than on hematite for all arsenic species
studied (Fig. 2). The chemical sorption of As(V) by
the minerals studied is greater than for the other
arsenic species over the pH range 3-9, but only
slightly greater at both extremely acidic (pH < 3) and
alkaline (pH > 9) conditions.

Influence of arsenic concentration. Sorption iso-
therms of the arsenic species on goethite are shown in
Fig. 3at pH 7. For all species, greater sorption occurs
with increased arsenic concentration (at total arsenic
concentration, 1075 M), i.e. a higher sorption capac-
ity occurred for As(V) on goethite than for the other
arsenic species, which show a similar magnitude of
sorption capacity (Fig. 3).

Influence of fulvic acid concentration. The effects
of fulvic acid concentration (at 10 mg/l, 25 mg/l and 50
mg/l) on sorption by goethite are shown in Fig. 4.
Increasing fulvic acid concentration decreased the
sorption of arsenic over the pH range 4-9. With the
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organo-arsenic species, the reduction in sorption in
the presence of fulvic acid is greater than with the
inorganic arsenic species, possibly pointing to a simi-
lar sorption mechanism for the organo-arsenic
species and fulvic acid. In strongly acidic and alkaline
solutions, the effect of fulvic acid on arsenic sorption
was negligible.

DISCUSSION

Sorption of the arsenic species by goethite, hema-
tite and lepidocrocite, can be related to arsenic spe-
ciation and to the variable surface properties of the
iron oxyhydroxides and oxide, both of which are pH
dependent. The difference between total arsenic and
the sum of arsenic leached from the iron oxyhydrox-
ides and oxides, from Ashanti, can be explained by
the presence of residual iron arsenates (observed in
XRD traces and FTIR spectra) and partly due to
arsenic sorption by soil organic matter. The distri-
bution of arsenic species in solution can be calculated
from known stability constants (Table 4) with vari-
able pH (Fig. 5). Many oxide surfaces, including
goethite and hematite, change from being positively
charged at low pH to negatively charged at high pH
(ParrarT, 1980). With increasing OH™ concen-
tration, such surfaces become increasingly negatively
charged and thus can adsorb more cations. The pH at
which the change occurs (i.e. the point at which there
is a net zero charge (pzc) on the mineral surface) can
be used as an indicator of whether a surface is likely
to be negative or positively charged at a given pH.
The pzc for goethite is 7.6-8.1 hematite, 6.5-8.6; and
for lepidocrocite, 7.8-8 (PArRks and DEBruYN, 1962).

The main As(V) species are H,AsO,” and
HAsO42_ , and these are attracted to the oxides when
the mineral surfaces are positively charged, i.e. when
pH < pHp,. (Parrarr, 1980). This would explain
why, when pH > 7, As(V) sorption decreases
rapidly. The low sorption of As(V) at pH < 4 could
be related to release of Fe** from the oxide surface,
although FeAsQO, was not observed in the final resi-
due of any of the solutions. However, Fe’™ may form
soluble Fe** —H,AsO,~ complexes which would re-
duce sorption by the solid material.

By contrast, H;AsO; is the dominant form of
As(IIT) below pH 9. The maximum sorption of
As(IIT) decreases in strongly acidic and alkali solu-
tions when the surface of the iron oxides would be
strongly positively or negatively charged, respec-
tively.

The organo-arsenic complexes, MMAA and
DMAA, are also deprotonated at high pH and show
a low sorption. The higher sorption at low pH cannot
simply be due to electrostatic attraction and may be
due to some form of colloidal attraction between
goethite surfaces and the organic acids, as proposed
for clays and humic acids (SLAVEK and PICKERING,
1981). Fulvic acid acts as an anion and competes for
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Table 4. Dissociation constants of arsenic
species (from WAGMAN et al., 1982)

Arsenic species pKai pPKaz: pKas
H;As0, 220 6.97 11.53
H3As0; 9.22 12.13 134
CH3AsO(OH), 3.60 8.22
(CH;),AsO(OH) 6.20

sites with As(V) species and thus reduces As(V)
sorption with increasing fulvic acid concentration
(TreeinG and CookEg, 1982). A strong reduction in
As(III), MMAA and DMAA adsorption also occurs
and is more noticeable with increasing pH as well as
fulvic acid concentration, possibly implying a similar
sorption mechanism for As(Ill), MMAA and
DMAA. For As(Ill), MMAA and DMAA, some
form of site specific adsorption is the dominant mech-
anism while for As(V), electrostatic attraction is the
most likely mechanism (PeETERsON and CARPENTER,
1983; Xu et al., 1991).

In sediments, under oxidizing conditions, arsenic
porewater concentrations are generaily low and in-
crease with decreasing Eh (ANDREAE, 1978; PETER-
soN and CARPENTER, 1986; BerLzize and TESSIER,
1990). Based on the Eh—pH relations of inorganic
arsenic species (Fig. 1), As(V) would be the domi-
nant species in oxidizing conditions and be readily
sorbed by iron oxides and hydroxides (PETERSON and
CARPENTER, 1983). Consequently, solution arsenic
concentration is low. With a drop in Eh, As(III)
becomes more important and as shown in this study is
less readily sorbed, leading to higher arsenic concen-
trations in solution. At low pH, iron oxides and
hydroxides would also dissolve, thus releasing any
arsenic sorbed, increasing arsenic concentrations in

solution. At very low Eh, if reduced sulphur is
present, arsenic sulphides could be precipitated, de-
creasing the arsenic concentration in porewaters.

In the soils and spoil heaps at the Ashanti mine, the
sorption of arsenic, as As(V) is favoured in the
neutral pH soils and oxidizing weakly acidic portions
of the spoil heaps where pH < pH,,. of the iron
minerals. Where reducing conditions occur (leading
to a higher As(IIT)/As(V) ratio), or where negatively
charged mineral surfaces are favoured due to system
pH or the presence of organic acids, arsenic sorption
is not favoured and arsenic is leached. This is
exhibited in the higher proportion of
MgCl,-extractable arsenic from the anoxic mine
waste and organic-rich soil samples. The production
of MMAA and DMAA leads to greater leaching of
arsenic as these species are less readily sorbed and
compete with other sorbents for sites on the mineral
surfaces.

CONCLUSIONS

Field and laboratory data suggest that the sorption
of arsenic by goethite, hematite and lepidocrocite, is
related to chemical speciation dependent on pH, Eh
and the presence of competing compounds such as
fulvic acid. The sorption of As(V) is greater in the pH
range 4-8 and involves electrostatic attraction be-
tween the arsenate anion and a positively charged
mineral surface. The sorption of As(V) is greater
than As(III) or organo-arsenic species. The presence
of fulvic acid reduces arsenic sorption by competing
for binding sites. A reduction in pH combined with
low Eh will increase the As(III)/As(V) ratio leading
to greater arsenic leaching. A pH decrease in the
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range 5-7 under oxidizing conditions could lower
arsenic concentration in solution by decreasing the
As(IIT)/As(V) ratio and leading to greater arsenic
sorption by the mineral phases. The formation of
organo-arsenic species is related to microbiological
activity and any decrease in activity (for example at
low pH) would consequently reduce the production
of organic arsenic complexes.

The mobility of arsenic in the near surface and
surface environment is dependent on pH. Under low
Eh conditions, the predominance of As(III) over
As(V) and the dissolution of iron oxides and oxyhy-
droxides would enhance the leaching of arsenic lead-
ing to increased arsenic concentrations in sotution.
Under oxidizing conditions, a lowering of pH would
enhance sorption due to a decrease in the As(III)/
As(V) ratio and possibly lead to the coprecipitation
of arsenic with iron. A large drop in pH (<4)
enhances arsenic leaching at high Eh. Similarly,
leaching is enhanced in the presence of fulvic acid
which competes for binding sites on the mineral
surfaces.
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Note added in proof—Recently it has been brought to the
author’s attention that a similar experimental study has

been reported by Xu et al. (1991). These workers examined
the adsorption of As species onto goethite, quartz, and
corundum. As in this study, they found the order of adsorp-
tion to be As(V) > As(III) > MMAA = DMAA above pH
7 and As(V) > MMAA = DMAA > As(III) below pH 7.
Goethite showed maximum adsorption in their study as
well. They also postulated that As(V) adsorption was
largely influenced by surface charge while MMAA and
DMAA were influenced by covalence factors. This agree-
ment between the two experimental studies strengthens the
findings of both studies.
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