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The distribution of low molecular weight carboxylic acids
(LMWCA) was investigated in pore water profiles from
two porphyry copper tailings impoundments in Chile
(Piuquenes at La Andina and Cauquenes at El Teniente
mine). The objectives of this study were (1) to determine
the distribution of LMWCA, which are interpreted to be the
metabolic byproducts of the autotroph microbial community
in this low organic carbon system, and (2) to infer the
potential role of these acids in cycling of Fe and other
elements in the tailings impoundments. The speciation and
mobility of iron, and potential for the release of H+ via
hydrolysis of the ferric iron, are key factors in the formation
of acid mine drainage in sulfidic mine wastes. In the low-
pH oxidation zone of the Piuquenes tailings, Fe(III) is
the dominant iron species and shows high mobility. LMWCA,
which occur mainly between the oxidation front down to
300 cm below the tailings surface at both locations (e.g., max
concentrations of 0.12 mmol/L formate, 0.17 mmol/L
acetate, and 0.01 mmol/L pyruvate at Piuquenes and 0.14
mmol/L formate, 0.14 mmol/L acetate, and 0.006 mmol/L
pyruvate at Cauquenes), are observed at the same location
as high Fe concentrations (up to 71.2 mmol/L Fe(II) and
16.1 mmol/L Fe(III), respectively). In this zone, secondary Fe-
(III) hydroxides are depleted. Our data suggest that
LMWCA may influence the mobility of iron in two ways.
First, complexation of Fe(III), through formation of bidentate
Fe(III)-LMWCA complexes (e.g., pyruvate, oxalate), may
enhance the dissolution of Fe(III) (oxy)hydroxides or may
prevent precipitation of Fe(III) (oxy)hydroxides. Soluble Fe-
(III) chelate complexes which may be mobilized downward
and convert to Fe(II) by Fe(III) reducing bacteria. Second,
monodentate LMWCA (e.g., acetate and formate) can be
used by iron-reducing bacteria as electron donors
(e.g., Acidophilum spp.), with ferric iron as the electron
acceptor. These processes may, in part, explain the low
abundances of secondary Fe(III) hydroxide precipitates below
the oxidation front and the high concentrations of Fe(II)
observed in the pore waters of some low-sulfide systems.
The reduction of Fe(III) and the subsequent increase of

iron mobility and potential acidity transfer (Fe(II) oxidation
can result in the release of H+ in an oxic environment)
should be taken in account in mine waste management
strategies.

Introduction
Low molecular weight carboxylic acids (LMWCA) can alter
minerals by complexing ions at the surface, weakening
metal-oxygen bonds, and catalyzing dissolution reactions.
Thus, LMWCA can play an important role in many geological
processes (1). Ligands also can affect reaction rates indirectly
by complexing ions in solution, thereby lowering the satura-
tion state. Monodentate ligands, such as acetate and formate,
increase the extent of mineral dissolution much less than
bidentate ligands, such as oxalate and pyruvate. The latter
carboxylic acids are important in enhancing the dissolution
of silicate minerals (2) and secondary Fe(III) and Mn(III)
hydroxides (3). Laboratory mineral-weathering studies, con-
ducted using oxalate, show a significant increase in the release
of major ions from rocks and minerals (e.g., 4). Oxalate is
also widely used for characterization of secondary Fe(III)
hydroxide phases by differential X-ray diffraction (DXRD)
and in studies of the dissolution kinetics of Fe(III)-bearing
phases (5-9).

Mill tailings, derived from mining sulfide-bearing ore
deposits, are essentially composed of crushed rock. These
systems are typically devoid of organic carbon, which limits
biological cycling of sulfur, iron, and other metals in these
environments. Sulfide-oxidizing bacteria, such as Acidithio-
bacillus ferrooxidans, are autotrophic and can assimilate
organic carbon from CO2. These bacteria derive energy
through the catalysis of inorganic reactions. Microorganisms
can act directly in the oxidation of metal sulfides (e.g., pyrite;
eq 1) as a catalyst for ferrous to ferric iron oxidation (eq 2),
in element liberation, as well as in retention and neutraliza-
tion processes in mine-waste environments.

Microorganisms produce and excrete a variety of LMWCA
including acetate, formate, oxalate, and citrate among others
(4, 10, 11). The Acidithiobacillus ferrooxidans strain TM is
reported to produce small amounts of pyruvic acid (12). In
the supernatants of Acidithiobacillus cultures from mine
tailings, Fortin et al.. (13) detected small amounts of formate
and acetate.

The interactions between the mineralogy, microorgan-
isms, and organic metabolites are some of the key parameters
to understand the formation of contaminated mine waters.

Studies of the complexation potential of LMWCA in soils
have been conducted (14, 15). However, fewer studies of the
importance of LMWCA have been conducted on mine wastes
(13, 16, 17). Burckhard et al. (17) demonstrated that the
presence of carboxylic acids can increase the solubility of Zn
in mine tailings samples. Fortin et al. (13) detected low
concentrations of formate and acetate in the oxidation zone
from tailings of the Kam Kotia Cu-Zn mine, Canada, and
inferred that the local sulfate-reducing bacteria (SRB) com-
munity uses acetate and formate as electron source. Fe(III)
reducing bacteria can also use LMWCA as electron donor
(18, 19).
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FeS2 + 7/2O2 + H2O f Fe2+ + 2SO4
2- + 2H+ (1)

Fe2+ + 1/4O2 + H+ S Fe3+ + 1/2H2O (2)
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Dold and Fontboté (5) observed a decrease of secondary
ferric oxyhydroxides or hydroxysulfates at and below the
oxidation front in two tailings impoundments with low sulfide
content and low neutralization potential (Figure 1).

The potential role of LMWCA in the depletion of secondary
ferric oxyhydroxides and oxyhydroxysulfates in the low-
sulfide tailings is the subject of this study. It is hypothesized
that the highest level of activity of sulfide-oxidizing bacteria
takes place at the oxidation front, and as a consequence the
metabolic LMWCA show increased concentrations in this
zone. These LMWCA can influence the solubility of iron
because of complexation or can be used as electron donors
by iron- and sulfur-reducing bacteria at and below the
oxidation front, resulting in the reduction of iron and sulfate.

Highest Acidithiobacillus ferrooxidans populations are
usually reported at the oxidation front (20), whereas the
heterotrophic species Acidiphilium spp. show higher popu-
lations in the upper part of the oxidation zone of the mine
tailings. The microbial distribution at the Piuquenes tailings
impoundment (Figure 3A) shows similar trends (21). At the
oxidation front, 100 times more bacteria (1.37E + 09 cells/g
dry weight) were measured than in other depths in the tailings
stratigraphy (Figure 3A). Below the groundwater level (135
cm at sampling time for the microbiological study; October
2002), no bacteria could be detected using the techniques
that were applied (cultivation and molecular techniques).
Cultivation has shown that iron and sulfur oxidizers were
present in the oxidation zone and at the oxidation front.
Isolation confirmed the presence of Acidithiobacillus fer-
rooxidans and Sulfobacillus spp., and the latter is able to
oxidize or reduce Fe(III) and oxidize sulfur. The cells detected
directly by 16S rRNA in the tailings samples from the vicinity
of the oxidation front showed a strong predominance of a
Leptospirillum-like iron-oxidizing bacteria. Heterotrophic
bacteria were detected by cultivation in the upper oxidation
zone and below the oxidation front down to the groundwater
level. Heterotrophic isolates suggested by 16S rRNA analysis
indicate that Acidiphilum spp., an iron reducer, is present
around the oxidation front, and Acidobacterium-like cells
are present throughout the oxidation zone. Sulfate-reducing
bacteria were detected by the cultivation method around
and below the oxidation front down to the groundwater level
at 135-cm depth. Understanding the biogeochemical factors

controlling the solubility and mobility of iron species (Fe-
(II)/Fe(III)) is essential in understanding the kinetics of sulfide
oxidation, as Fe(III) is a dominant oxidant at low pH (eq 3),

and the production of acidity via hydrolysis of Fe3+ (eq 4).

Experimental Section
Pore Water Sampling. (1) Vadose Zone Sampling. Pore water
from the vadose zone was extracted from sealed core samples,
collected in 7.63-cm-diameter thin-walled aluminum casings
in April 2000. The cores were cut into portions of 50-cm
lengths and the ends of the casings were fitted with O-ring
sealed end-plates, isolating the samples from atmospheric
oxygen. The cores were frozen (-20 °C) at the field site and
were maintained frozen until pore water extraction. The cores
were thawed at room temperature (25-30 °C) and the pore
water was displaced from 25-cm-long cores using epoxidized
soybean oil, which is immiscible with water, modified after
the method described by Patterson et al. (22). Determination
of pore water pH and Eh was made immediately after pore
water extraction. The performance of the pH electrode was
controlled by pH 4.0 and 7.0 standard buffer solutions. The
performance of the Eh electrode was confirmed by com-
parison to Zobell’s solution and Light’s solution (23, 24). All
Eh values were corrected to the standard hydrogen electrode
(SHE). All samples were filtered through 0.2-µm nylon syringe
filters and split into two aliquots. One was acidified to pH
< 2 with HNO3 for cation analysis. The second untreated
sample was frozen until analysis for anions and carboxylic
acids.

(2) Saturated Zone Sampling. A piezometer nest was
installed in each tailings impoundment (AP1 and TC1) with
six individual drive-point piezometers during the field
campaign 2000 to obtain water samples from the saturated
zone. All piezometers were developed by repeated pumping.
The water samples from the saturation zone were obtained
using a peristaltic pump and pH, Eh, temperature, and
specific conductivity were measured using sealed flow-
through cells. Alkalinity determinations were made in the
field using a digital titrator, and Fe(II) was analyzed by
titration with potassium dichromate. Fe(III) concentrations
were calculated as the difference between the Fetot obtained
by inductively coupled plasma atomic emission spectrometer
(ICP-AES; Jerrol-Ash Iris) and the Fe(II) concentrations.

Pore Gas Sampling. Pore gas samples were collected using
stainless steel tubes of narrow diameter (0.63 cm), which
were driven vertically into the tailings. The pore gas samples
were collected at 10-cm intervals by displacing deionized
water in inverted glass bottles. The gas was analyzed by gas
chromatography (GC) at the Water Quality Laboratory at the
University of Waterloo.

Chemical Analysis of the Pore Water Samples. The
samples from the vadose zone were analyzed at the Water
Quality Laboratory and the Chemical Engineering Analytical
Services Laboratory, both at the University of Waterloo,
Ontario, Canada. Anions were analyzed by ion chromatog-
raphy (IC, Dionex, DX-500).

LMWCA Determination. Sample Preparation. A 0.5-mL
aliquot of each sample was diluted to 2.5 mL with high-
purity water. For all dilutions and standard solution prepa-
ration, high-purity 18 M‚cm water (Milli-Q Plus, Millipore,
Ann Arbor, MI) was used. It was observed that the concen-
trations of Fe and SO4 were high in samples from the oxidation
zone (up to 2470 mg/L and 25400 mg/L, respectively). Toward
the saturated zone, the concentrations decreased to values

FIGURE 1. Distribution of secondary Fe(III) hydroxides in four drill
cores at the low-sulfide Piuquenes impoundment (La Andina/Chile).
Data show the Fe concentrations in the 0.2 M oxalic acid leach (1
h in darkness) from sequential extractions (5) after the procedure
described by Dold (7).

FeS2 + 14Fe3+ + 8H2Of 15Fe2+ + 2SO4
2- + 16H+ (3)

Fe3+ + 3 H2O S Fe(OH)3(s) + 3H+ (4)
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as low as below the detection limit for Fe and for sulfate to
concentrations between 1000 and 2000 mg/L. The matrix
changes, through the tailings stratigraphy, produced severe
changes in elution times and reproducibility of the LMWCA
analyses. To improve their chromatography, the diluted
samples were passed through Dionex OnGuard-Barium

cartridges to remove sulfate and decrease cation concentra-
tions. The treated samples were stored frozen until analysis.
Organic anions were quantified using Dionex DX500 chro-
matographic system with a Dionex IonPac 4-mm AS11
analytical column and detection by conductivity. The eluent
was 0-60 mM NaOH delivered in a curve 8 (concave) gradient

FIGURE 2. Overview of the tailings impoundment Piuquenes and Cauquenes from the La Andina and El Teniente porphyry copper mines,
Chile. The stratigraphic zonation in the cross section is vertically exaggerated.

FIGURE 3. Results of the pore water chemistry (Eh, pH, SO4, Fe speciation) and LMWCA at the piezometer nests from the two studied
tailings impoundments: (A) AP from the Piuquenes tailings impoundment (La Andina/Chile). (B) TC from the Cauquenes tailings impoundment
(El Teniente/Chile). The right diagrams show the pore gas concentrations of O2 and CO2 of the upper 2 m of the unsaturated zone. The
scale for pore gas and Fe data are different in A and B. The distribution of the microbial population is shown in the right diagram for
Piuquenes. Total cell counts were obtained by SYBR green staining and counting under the microscope (cells/g dry weight). Data for
distribution of heterotrophs, SRB (anaerobs), and iron/sulfur oxidizing bacteria were obtained by cultivation (colonies/g dry weight).
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over 25 min, and the injection volume was 25 µL. For data
acquisition and processing, the Waters Millenium-32 Chro-
matography Manager software package was used. Two stock
solutions were prepared containing 1000 mg/L of each
organic anion (acetate, formate, tartrate, oxalate, citrate).
One was used for preparation of the calibration solutions
and the other for control of analytical bias, precision, and
recovery. Quality control (QC) samples of various types
constituted approximately 20% of the overall chromato-
graphic work. The QC samples consisted of procedure blanks,
method blanks, analytical controls, and spiked duplicates.
Sample spikes were around the 8 mg/L level for all param-
eters. Quality control data are summarized in Table 1. All
procedure blanks were below detection. Method blanks were
similar except for traces of formate and oxalate at around 10
µg/L. Sample matrix has a significant effect on analyte
recoveries, particularly the polydentate ligands oxalate and
citrate showed lower recoveries and were variable. It is
assumed that they form insoluble salts (e.g., Ba-salts).

Solid-Phase Microextraction and Gas Chromatography-
Mass Detection (SPME-GC-MS). As fluoride and acetate elute
closely, the identity of acetate was controlled by SPME and
GC-MS detection (25). A 100-µm poly(dimethylsiloxane)
(PDMS) fiber was immersed into 4 mL aqueous sample. A
15-min adsorption time and a 5-min desorption time were
used. For GC-MS analyses, an HP GC 5890 equipped with a
DB-624 column (30 m × 0.25 mm, 1.4-µm film thickness)
and a Mass Selective Detector HP 5971 was used. The injection
was made at 250 °C. The detector was maintained at 300 °C.
After an initial period of 1 min at 40 °C, the column was
heated to 220 °C at 20 °C/min followed by an isothermal
period of 5 min.

Data Treatment. The geochemical computer program
PHREEQC, Version 2, (26) with the thermodynamic database
WATEQ4F (27) was used for Eh calculations.

Results and Discussion
The geochemical and mineralogical data of the Piuquenes
and the Cauquenes tailings impoundment at La Andina and
El Teniente porphyry copper deposits, respectively, (Figure
2) are published in Dold and Fontboté (5). These previous
observations are summarized briefly in conjunction with the
results of current measurements.

Piuquenes/La Andina Tailings Impoundment. The Piu-
quenes tailings impoundment from the La Andina porphyry
copper deposits (Rio Blanco-Los Bronces ore body; alpine
climate) can be characterized as low sulfide (1.7 wt % pyrite
equivalent) and low carbonate (1.4 wt % calcite equivalent).
The hydrology of the Piuquenes tailings is controlled by an
intercalation of fine sandy (K ) ∼3 × 10-7 m/s) and silty-
clayey horizons (K ) ∼2 × 10-8 m/s) (5). The water flow takes

place in the coarser horizons, as connected aquifers. The
climate is Alpine with 700 mm/a rainfall. The groundwater
table in the tailings fluctuated from 3.7 m in late summer
and 1.35 m in spring below surface. During the 16 years since
tailings deposition ceased, a 50-70-cm-thick low-pH oxida-
tion zone (pH 2.3-3) has developed. The low pH zone is
underlain by a neutralization zone in which the pH rises to
6.7. High concentrations of dissolved constituents are
observed in the low-pH oxidation zone and in the neutral-
ization zone, as a result of sulfide (mainly pyrite) oxidation
(up to 265 mmol/L SO4, 84.5 mmol/L Fe, 75.4 mmol/L Al,
18.6 mmol/L Cu, 3.04 mmol/L Zn).

Results from sequential extractions (5, 7) show that at
and below the oxidation front, the Fe concentrations in the
fraction of the secondary Fe(III) oxyhydroxides are lowest
(0.6-0.9 wt %), whereas in the oxidation zone and in the
primary zone these concentrations are around 1.6 wt %
(Figure 1).

The concentrations of Fe(III) in the pore water were
calculated by the difference of Fetotal- and Fe(II)-iron and are
therefore an indirectly measured value (Figure 3). The Eh
was measured directly compared to the calculated with
PHREEQC on the basis of the iron speciation. Measured and
calculated Eh values are in good agreement in the samples
from the oxidation zone (50-75 cm depth) and in the primary
zone (500- and 1000-cm depth). However, in the neutraliza-
tion zone (100-300 cm depth), the measured values are
between 126 and 266 mV lower than the calculated Eh values.
The iron speciation in the pore water in the unsaturated
zone (Figure 3A) shows that in the oxidation zone iron is
present mainly as Fe(III) (32.6 mmol/L), whereas below the
oxidation front at 80-cm depth the Fe(III) concentration
decreases to 1.18 mmol/L. This change is paralleled by a
decrease of Eh from around 720 mV in the oxidation zone
to 450 mV in the upper neutralization zone. The Fe(II)
concentration increases from 0.23 mmol/L to 4.12 mmol/L
in the oxidation zone to concentrations around 19 mmol/L
below the oxidation front and then further to around 72
mmol/L at 232-cm depth in the neutralization zone. The
indirectly measured Fe(III) concentrations increase from 1.18
mmol/L below the oxidation front at 100-cm depth to values
up to 13.9 mmol/L at 232-cm depth. The total iron con-
centration decreases to below the detection limit in the
saturated zone.

LMWCA concentrations were below the detection limit
in the oxidation zone (Figure 3). At a depth of 199 cm, a
maximum concentrations of formate (0.12 mmol/L) was
detected and at 232-cm depth the maximum concentration
of acetate (0.17 mmol/L) was observed. The maximum
concentration of acetate, which elutes close to fluoride, was
confirmed by SMPE GC-MS. Pyruvate was present at its

TABLE 1. Analytical Control and Spike Recovery of the Applied IC Method for LMWCA Analysis in Tailings Pore Water Samples

Analytical Control
acetate formate pyruvate tartrate oxalate citrate

target (mg/L) 3.759 4.011 3.741 4.042 3.717 3.781
mean (mg/L) 3.902 4.181 3.725 4.08 3.746 3.741
bias (%) 3.8 4.2 -0.4 0.9 0.8 -1
CV (%) 2.9 2.2 2 1.5 1.2 2.2
n 14 14 14 14 14 14
Lower limit of

detection (mg/L)
0.100 0.009 0.092 0.051 0.072

spike recoveries (%)
sample acetate formate pyruvate tartrate oxalate citrate

tcp 7 87.7 85.7 93.5 76.7 69.3 31.1
tcp 8 88.7 99.1 98.3 84.2 47.8 11.2
tcs 9 85.3 61.2 96.3 85.6 41.1 68.6
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highest concentration of 0.01 mmol/L at 265-cm depth. Below
265 cm, the LMWCA concentrations decreased sharply to
values around 0.01 mmol/L for acetate, 0.02 mmol/L for
formate, and 0.006 mmol/L for pyruvate or lower.

Iron Speciation. The increase of Fe(III) toward the base
of the unsaturated part of the neutralization zone (Figure 3;
232-cm depth) must be interpreted with caution. The oxygen
concentrations in the pore gas decrease to below detection
at 70-cm depth (Table 2) and the redox potential indicates
reduced conditions. The apparently increasing concentration
values of Fe(III) in the zone where the LMWCA concentrations
are also increasing (100-300 cm depth) contrast with the Eh
and oxygen measurements. This suggests that the calculated
values do not accurately represent the Fe(III) concentrations.
It is more likely that the calculated Fe(III) concentrations
represent Fe-LMWCA complexes, which were not detected
by the dichromate titration.

Cauquenes/El Teniente Tailings Impoundment. The
Cauquenes tailings impoundment from the El Teniente
porphyry copper deposits (Mediterranean climate) can be
characterized as low-sulfide (1 wt % pyrite equivalent) and
carbonate-poor (0 wt % calcite equivalent). The low-
carbonate content is the result of an acidic flotation circuit
(pH 4.5) used in the mineral processing. This process
consumes carbonate minerals and partitions pyrite into the
concentrate, resulting in a low-pyrite content in the tailings.
The hydrological situation at Cauquenes is also controlled
by an intercalation of fine sandy (K ) ∼2.3 × 10-7 m/s) and
silty-clayey horizons (K ) ∼2.8 × 10-8 m/s) (5) similarly as
at Piuquenes. The climate is Mediterranean with 540 mm/a
rainfall. The groundwater table in the tailings fluctuated from
5.0 m in late summer and 1.5 m in spring below surface.
During the 20 years after operation ceased, these tailings
developed a 100-150 cm thick low-pH oxidation zone (pH
1.7-3). Because of the dryer climate at the Cauquenes site,
pore water could not be obtained from the oxidation zone,
and less pore water was extracted from the deeper unsatur-
ated zone. Because of the small sample volume, priority was
on measuring concentrations for iron speciation. No platinum
electrode Eh measurement could be obtained. Nevertheless,
it can be assumed that the Eh in the oxidation zone of the
Cauquenes is high. The pore gas oxygen concentration is
high down to 80-cm depth (Figure 3B). The CO2 concentration
in the pore gas shows a slight increase to 1.53% in 190-cm

depth, contrasting with the 67.95% reached in Piuquenes at
195-cm depth (Table 2). This difference is probably due to
the absence of carbonates. High concentrations of dissolved
constituents are observed in the pore water below the low-
pH oxidation zone and primary (pH 3.5-6.5) zone as a result
of the oxidation of sulfide minerals (mainly pyrite). Con-
centrations of up to 225 mmol/L SO4, 19.5 mmol/L Fe, 95.8
mmol/L Al, 35.9 mmol/L Cu, and 0.38 mmol/L Zn are
observed. The iron speciation showed trends below the
oxidation zone that are similar to those observed at Piuquenes
(no pore water data are available from the oxidation zone;
Figure 3B). High concentrations of Fe(II) are observed at
261-cm depth with a maximum concentration of 16.1 mmol/
L. The acetate was below the detection limit from the tailings
surface to 131-cm depth (Figure 3) before increasing to 0.14
mmol/L. Acetate then showed a slight decrease in concen-
tration with increasing depth but was present at concentra-
tions between 0.04 and 0.11 mmol/L. Formate was present
at concentrations of 0.14 mmol/L below the oxidation zone
and sharply decreased to concentrations below 0.05 mmol/L
at greater depth. Pyruvate was present at its highest
concentration of 0.0056 mmol/L at a depth of 228 cm.

LMWCA and Iron Mobility. The speciation of the dissolved
Fe showed that Fe(III) was the dominant Fe species in the
oxidation zone (>90%). As the dissolved ferric ion is only
stable at very low pH, hydrolysis, that is, deprotonation of
the hexa-aquo ion, takes place in the environment of the
oxidation zone. This process occurs stepwise and results in
the precipitation of Fe(III) oxides or hydroxides with in-
creasing deprotonization of the hexa-aquo ion (8), resulting
in an immobilization of Fe(III) and production of H+ (eq 4).
The pH increases sharply from 2.5 in the oxidation zone to
around 4 below the oxidation front. This sharp pH gradient
should initiate the precipitation of Fe(III) hydroxides and
represents a geochemical barrier limiting the downward
movement of Fe(III). Therefore, Fe(III) should be only mobile
in the low pH oxidation zone, where it is able to react with
sulfide minerals (e.g., eq 3). The Fe(II) released through
reaction 3 will be oxidized nearly completely to Fe(III) by the
high microbial activity observed at the oxidation zone. Below
the oxidation front (between 75 and 300 cm depth), Fe(II)
predominates (Figure 3) and the abundance of secondary
Fe(III) hydroxides shows a minimum (Figure 1; on the basis
of data from sequential extractions (5)). This suggests that
iron reduction or complexation processes increase the
mobility of iron and may limit secondary Fe(III) hydroxide
precipitation. Microbiological activity is highest in the zone
of active sulfide oxidation (i.e., oxidation front) (5, 21).
Consequently, it is likely that the activity of byproducts of
microbial respiration, including carboxylic acids, would be
highest in the vicinity of the oxidation front. This hypothesis
was confirmed in this study, where an increase of acetate,
formate, and pyruvate below the oxidation front was detected
(Figure 3).

At Piuquenes, the LMWCA show a sharp decrease below
232-cm depth. This decrease parallels a decrease in the Eh
from values around 450 mV to 188 mV, which is similar to
the reduced conditions observed in the saturated zone (∼200
mV), and an increase in pH from around 4 to 5.6. Acid
neutralization via reaction with siderite, the dominant
carbonate mineral in Piuquenes, could explain the pH
increase and the increase of CO2 and the decrease of Eh.
These trends are probably enhanced by the use of LMWCA
by Fe(III) reducing bacteria (e.g., the detected Acidophilum
spp., Sulfobacillus spp., Acidithiobacillus ferrooxidans), as
observed in other settings (19, 28). The relatively low
concentrations of LMWCA are interpreted as the result of
recent microbial activity in this low organic carbon system,
whereas the higher concentrations of Fe(II) represent an
accumulation that has occurred over a longer time period.

TABLE 2. O2 and CO2 Concentrations in the Pore Gas of the
Unsaturated Zone from Piuquenes/Andina (APG) and
Cauquenes/Teniente (TCG)

APG TCG

sample
depth (cm) O2 (%) CO2 (%)

sample
depth (cm) O2 (%) CO2 (%)

10 16.46 0.98 10 19.79 0.49
20 15.68 1.14 20 20.01 0.43
30 10.73 2.10 30 19.33 0.43
40 9.57 2.80 40 18.94 0.42
50 15.99 1.25 50 13.13 0.42
60 4.19 4.18 60 11.52 0.41
70 0 6.44 70 1.75 0.42
80 0 9.26 80 1.2 0.48
90 0 10.78 90 0 0.39

100 0 21.43 100 0 0.38
110 0 21.06 110 0 0.38
120 0 21.39 120 0 0.30
131 0 31.33 130 0 0.50
150 0 36.55 140 0 0.46
160 0 42.00 150 0 0.55
170 0 58.76 160 0 0.55
185 0 57.96 170 0 1.15
195 0 67.95 180 0 1.11

190 0 1.53
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In Cauquenes, the distribution of the LMWCA is similar to
Piuquenes. From the oxidation zone at Cauquenes, no pore
water samples could be obtained because of dryness.
However, the distribution of acetate shows similar trends,
with concentrations below detection limit in the oxidation
zone. In the saturated zone, the values for the LMWCA acids
do not decrease as sharply as in Piuquenes, possibly because
of the lower pH conditions (pH 4.5-5) prevalent in the
Cauquenes tailings. This low pH may suppress the activity
of sulfate- and iron-reducing bacteria in Cauquenes, as in
general LMWCA are much more toxic at lower pH (29). For
example, Küsel et al. (30) observed that at low pH no growth
of Acidiphilium cryptum or reduction of Fe(III) occurred in
the presence of acetate. The Cauquenes tailings have virtually
no carbonates because of the low pH of the flotation circuit
(pH 4.5). In the zone where the LMWCA are present, however,
a slight increase of CO2(g) is observed. This increase in CO2(g)

may indicate the activity of iron- or sulfate-reducing bacteria.
Far below the oxidation zone (Figure 1, below 4-m depth),
the presence of secondary Fe(III) hydroxides in the primary
zone is suggested by the data from sequential extractions.
An Eh-pH stability diagram field (e.g., 31) constructed using
low activities of Fe and S (10-4) suggests that the redox
conditions of 200 mV Eh and near neutral pH plot in the
stability field of Fe(III) hydroxides (possibly Fe(OH)3(a) or
ferrihydrite). This could indicate that because of the increase
of pH the oxidation and slow hydrolysis to Fe(OH)3 may be
initiated. The very low iron concentrations in the zone
(generally below detection limit) support this interpretation.

The role of LMWCA on iron mobility in mine waste systems
can be summarized in the following schematic model of
LMWCA-CO2 and Fe(II)-Fe(III) cycling (Figure 4) in the
studied low-sulfide porphyry copper tailings. The principal
sulfide oxidation activity takes place at the oxidation front
shown by high autotroph activity because the sulfide content
of the upper oxidation zone is nearly obliterated (5). Fe(II)
is oxidized to Fe(III) at the oxidation front, limiting strongly
the mobility of iron through hydrolysis. LMWCA are the
metabolic byproducts of the high microbial activity at the

oxidation front. Complexation with bidentate LMWCA as,
for example, pyruvate or oxalate, will increase the solubility
of ferric iron by the formation of Fe(III)-LMWCA complexes
lessening the precipitation of Fe(III) (oxy)hydroxides and
increasing the mobility of Fe(III) enabling it to pass the
geochemical barrier of the oxidation front. Iron- and sulfate-
reducing bacteria may use the monodentate LMWCA (e.g.,
acetate and formate) as electron donor. The Fe(III) reducers
use ferric iron as electron acceptor, resulting in the reduction
of Fe(III) and the liberation of CO2. The Fe(II) released through
this reaction can migrate through the underlying tailings
downstream. When it encounters geochemical changes in
the flow path (e.g., discharge at the base of the tailings dam
or pH-Eh changes), ferrous iron can reoxidize to ferric iron
and hydrolyze resulting in the precipitation of ferric oxy-
hydroxides and liberation of protons. Thus, these iron
reduction processes can transfer the acid potential down-
stream. Although limited by the low concentrations of
LMWCA at the sites investigated, this process should be
considered in predictions of acid mine drainage production
from sulfidic mine waste.
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diffraction, and Mössbauer Spectroscopy. Soil Sci. Soc. Am. J.
1982, 46, 869-875.

(10) McMahon, P. B.; Chapelle, F. H. Microbial production of organic
acids in aquitard sediments and its role in aquifer geochemistry.
Nature 1991, 349, 233-235.

(11) Berthelin, J. Microbial weathering process. In Microbial Geochem-
istry; Krumbein, W. E., Ed.; Blackwell Scientific Publications:
Oxford, 1983; 223-262.

(12) Schnaitman, C. A.; Lundgren, D. G. Organic compounds in the
spent medium of Ferrobacillus ferrooxidians. Can. J. Microbiol.
1965, 11, 23-27.

(13) Fortin, D.; Davis, B.; Beveridge, T. J. Role of Thiobacillus and
sulfate-reducing bacteria in iron biocycling in oxic and acidic
mine tailings. FEMS Microbiol. Ecol. 1996, 21, 11-24.

(14) van Hees, P. A. W.; Lundstrom, U. S.; Giesler, R. Low molecular
weight organic acids and their Al-complexes in soil solution--
composition, distribution and seasonal variation in three
podzolized soils. Geoderma 2000, 94, 173-200.

(15) Bergelin, A.; van Hees, P. A. W.; Wahlberg, O.; Lundström, U.
S. The acid-base properties of high and low molecular weight
organic acids in soil solutions of podzolic soils. Geoderma 2000,
94, 223-235.

(16) Krebs, W.; Brombacher, C.; Bosshard, P. P.; Bachofen, R.; Brandl,
H. Microbial recovery of metals from solids. FEMS Microbiol.
Rev. 1997, 20, 605-617.

(17) Burckhard, S. R.; Schwab, A. P.; Banks, M. K. The effects of
organic acids on the leaching of heavy metals from mine tailings.
J. Hazard. Mater. 1995, 41, 135-145.

(18) Lovley, D. R.; Phillips, E. J.; Caccavo, F. J. Acetate oxidation by
dissimilatory Fe(III) reducers. Appl. Environ. Microbiol. 1992,
58, 3205-3208.

(19) Lovley, D. R. Microbial Fe(III) reduction in subsurface environ-
ments. FEMS Microbiol. Rev. 1997, 20, 305-313.

(20) Davis, B. S. Geomicrobiology of the oxic zone of sulfidic mine
tailings. McIntosh, J. M., Groat, L. A., Eds.; In Biological-
Mineralogical Interactions; Mineralogical Association of
Canada: Ottawa, Ontario, 1997; Vol. 25, pp 93-112.

(21) Diaby, N.; Dold, B.; Johnson D. B.; Hallberg K. B.; Holliger C.;
Pfeifer H. R. Bacterial study along a profile of a porphyry copper

mine tailings impoundment. In 32nd International Geology
Congress: Florence, 2004; p 453.

(22) Patterson, R. J.; Frape, S. K.; Dykes, L. S.; McLeod, R. A. A coring
and sqeezing technique for detailed study of subsurface water
chemistry. Can. J. Earth Sci. 1978, 15, 162-169.

(23) Nordstrom, D. K. Thermochemical redox equilibria of Zobell’s
solution. Geochim. Cosmochim. Acta 1977, 41, 1835-1841.

(24) Light, T. S. Standard solution for redox potential measurement.
Anal. Chem. 1972, 44, 1038-1039.

(25) Dias, R. F.; Freeman, K. H. Carbon isotope analyses of semi-
volatile organic compounds in aqueous media using solid-phase
microextraction and isotope ratio monitoring GC/MS. Anal.
Chem. 1997, 69, 944-950.

(26) Parkhurst, D. L.; Appelo, C. A. J. User’s guide to PHREEQC (Version
2) - a computer program for speciation, batch reaction, one-
dimensional transport, and inverse geochemical calculations;
U.S. Geological Survey: Denver, CO, 1999.

(27) Ball, J. W.; Nordstrom, D. K. User’s manual for WATEQ4F, with
revised thermodynamic database and test cases for calculation
speciation of major, trace, and redox elements in natural waters;
USGS Open File report, 1991.

(28) Lovley, D. R. Dissimilatory Fe(III) and Mn(IV) reduction.
Microbiol. Rev. 1991, 55, 259-287.

(29) Alexander, B.; Leach, S.; Ingledew, W. J. The Relationship
Between Chemiosmotic Parameters and Sensitivity to Anions
and Organic Acids in the Acidophile Thiobacillus ferrooxidans.
J. Gen. Microbiol. 1987, 133, 1171-1179.
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