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Mining in Mexico has produced important economic
benefits since pre-Hispanic times. On the other hand,
tailings and rack wastes constitute potential pollution
sources in many zones of the country. Taxco, about 150
km south-west of Mexico City, is one of the historical
mining zones of Mexico. The environmental behaviour of
metals from tailings in a branch of the Taxco river was
investigated. Several communities use the Taxco river
water along its jlow. Samples were taken from tailings,
river-watersand sediments. Field determinations ine/uded
conductivity, pH, Eh, temperature and alkalinity of the
water. Mineralogical and chemical analyses were
performed in tailings and sediments. Water analyses
ine/uded main ions, and metals in acidified filtered and
unfiltered samples. Quartz, jarosite, pyrite, chalcopyrite,
Fe oxihydroxides, gypsum, e/ay and silica minerals were
identified in the tailings. All samples had an acid pH
(2'50--4,16) and high concentrations of Pb (up to 2750
mg/kg) , Zn (up to 690 mg/kg) and As (up to 3530
mg/kg). Mineralogical and chemical characteristics of
tailings indicated occurrence of sulphide oxidarían.
Higher metal concentrations were found in unfiltered,
acidified water samples than infiltered water samples in
the year 2000: Fe (up to 21.2 mg/l), Zn (up to 13.4
mg/l) Pb (up to 0.115 mg/l) and As (up to 0.035 mg/l).
Zn, Fe and Pb reachedmuch higher concentrations in the
dry season than in the rainy season. The Taxco river

water does not comply with Mexican drinking water
standards. High concentrations of Pb (up to 5280
mg/kg) and Zn (up to 33,500 mg/kg) were measured in
sediments. Pb and Zn in sediments accumulated

INTRODUCTION
Taxco, Guerrero, located about 150 km south-west of
Mexico City, has been one of the major mining afeas
in Mexico since pre-Hispanic times. After the Spanish
conquest, Hernán Cortés opened, in Taxco, the first
mine of America called 'Socavón del Rey' or 'Socavón
de Cortés' in 1522, to exploit silver. Silver mining
activities continued irregularly through the following
centuries. From the beginning of the 20th Century
until 1942, political unstability of Mexico provoked a
marked decrease in mining in Taxco. Pb, Zn and Cu
have also been exploited in former silver mines since
that date. Silver extraction was achieved by
amalgamation in the 18th and 19th centuries; since
1942, Ag, Zn and Pb ore processing was achieved by
selective flotation.
Mineral deposits in Taxco are low-temperature,
hydrothermal type (220-260°C). The phase deposits

are related with the final phase of an Oligocene
caldera complex. Mineralisation occurs as fissure
veins, mineralised
breccias,
stockwork,
and
replacement sills. Mineral deposits were emplaced in
the following formations: Taxco-Roca Verde Taxco
Viejo Schist, Morelos formation (limestone with shale
and margas intercalated layers at the top), Mexcala
formation (mostly sandstone and shale sequence with
limestone conglomerate), and Balsas formation (red
polymictic conglomerate).
Ore structures
are
Pb-Cu-Zn-Ag rich with traces of Au. More abundant
economic mineral s induJe:
galena, sphalerite,
chalcopyrite, native Ag, polibasite, proustite and
pirargirite. Gangue mineral s induJe quartz, calcite,
rhodocrosite, barite, epidote, hematite, magnetite,
ilvaite and actinolite-tremolite.
The study afea indudes one shallow branch of the
Taxco river (Fig. 1), which flows from Taxco City to

downjlow in the dry season. A more uniform distribution
was found in the rainy season. Results showed that metals
are released from tailings as a result of sulphide oxidarían
and rain-water erosion. Metals are then transported by
the river-water mainly in particulate form and, alter
settling, increase the concentrarían of metals in the
sediments.
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with a conductimeter Conductronic C18; calibration was
the south through several towns. The river water is
used by nearby dwellers for irrigation and sometimes
made every 5 samples with a solution containing 1000mg
as a drinking water. Old tailing piles are 10cated on the
NaCl/l. Oxidation-reduction potential was measured with
eastern shore of this shallow river. Waste water from
an ORP meter Instrnlab with a combined platinum
an active tailing pile flows into this section of the
electrode; Zobell solution potential was also determined
Taxco river. The Mexcala and Morelos formations
every 5 samples.Alkalinity was measured by acid titration
constitute the river bedrock in this afea.
to pH 4'8, using a mixed indicator of methyl red and
Tailing piles may pollute the environment releasing
bromocresol green.
toxic elements to the environment as a result of acid
At each sampled point, 3 water samples were taken
mine drainage (AMD). This process produces high
in plastic low-density polyethylene (LDPE) bottles.
concentrations of dissolved sulphate and metals.19,21 An aliquot of 1 I of water was taken for the
On the other batid, the mobility of metal s released
determination of Cl-, SO/-, F- and SiO2. Another
sample of 500 mi was filtered through 0-45 11m
from sulphide oxidation may be controlled by the
formation of secondary and tertiary mineral s in the
membranes and acidified with HNO3 for the
tailings.1,10,12 Metal
content,. mineralogy
and
determination of dissolved metals. Finally, a third
physicochemical conditions determine the potential of
sample of 500 mi was acidified to pH 1.5 with HNO3
environmental pollution by metals and metaloids
for the determination of metal s (considered as total).
from tailing dams.S.11River pollution by mining has
Chemical analyses were performed by standard
been reported in various parís of the world.4,6,9,IS,17,22,23methods at the Geophysics Institute (UNAM) as
described in APHA.2 Ionic balance was used to check
Tailing particles may also be eroded and transported
by the action of water and wind. After their release
analytical quality of majar ion analyses.
from tailings, metal s in rivers may be transported in
Tailing samples (about 2 kg within a 1 m2 square)
the water-flow or settled on the sediments. This later
were taken from different afeas on the tailing walls
process may limit their environmental dispersion.
showing different visible characteristics, digging with
a shovel until the appearance of less altered material.
Samples were air-dried, twice quartered, sieved
METHODOLOGY
through a 0,090 mm mesh and ground in an agate
Water samples were obtained about every 70 m along
mortal. The mineralogical and physicochemical
the river in February, 2000 (dry season) and October,
determinations were performed on the sieved sample.
2000 (rainy season). Sediments were collected in the
Aliquots of samples (20 g) were added to 100 mi of
river banks20clase to the water sampling points.
deionised water, agitated for 1 h and filtered through a
Field measurements included pH, conductivity, Eh,
0,45 11m membrane. The filtrate was used for
alkalinity and temperature. pH was measured
conductivity and sulphate determinations. One gram
potentiometrically; the pH meter was calibrated before
of sample was added to 10 mi of deionised water for
measurement at each sampling point. Buffer solutions
pH measurement by potentiometry. Sulphate was
analysed by turbidimetry3with a UV-visible diode
wert submerged in the water and allowed to equilibrate
with the water temperature. Conductivity was determined
array spectrophotometer (Hewlett Packard 8452a).
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Table 1 Metal concentrations (mg/l) in water samples of Taxco river during the dry season
Sample
1
2
3
4
5
6
7
8
9

Pb'

Pb'

Fe'

...
0'0520

0,0360
0.115
0.0224
0.0210
0.102
0,109
0.092
0.113
0,097

<
<
<
<
<
<
<
<
<

oo.
oo.

0.0250
0.0245
0.0325
0,0467
0.0423

Fea

0,30
0,30
0,30
0,30
0,30
0,30
0,30
0,30
0.30

'Filtered samples (dissolved); aacidified samples (total);

< 0,30
< 0,30
< 0,30
< 0.30
21.2
18.74
15.18
12-40
12.21
.oo

River water
Concentrations of Pb, Fe, Zn and As in water sampling
locations for filtered and unfiltered samples are presented
in Tables 1 and 2. Sample numbers approximately

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

Pb'
0,004
0.023
0.019
0.019
0.024
0.026
0.026
0.022
0.032
0.027
0.028
0.028
0.024
0.015
0.012

As'

2.0
< 0.1
< 0.1
< 0.1
0,7
1.1
0.6
0-4
4-3

< 0.1
0.2
< 0.1
< 0.1
13-4
12-4
13-4
11.7
11.8

0.0200
< 0,0005
< 0,0005
0,0009
0,0007
0,0007
0,0009
0.0011

Asa
0.0016
0.0225
0.0026
0.0022
0,0350
0.0310
0.0150
0.0112
0.0103

correspond to the same sampling points along the flow.
Samples 12~14in Table 2 were located in the main bed of
the Taxco river, downflow the river branch bordered by
tailings. High concentrations of total Fe (up to 21.2
mg/l), Zn (up to 13-4mg/l) and Pb (up to 0.115 mg/l)
were measured in the water. Concentrations generally
increased as: Cu < As < Pb < Zn < Fe. Dissolved As, Zn
and Pb was lower iban total (acidified) concentrations in
most of the samples. Fe was not detected in any of the
filtered samples. Similar Pb contents were measured at
some points in total and dissolved formo Dissolved As
maintained very low concentrations in all the samples.
Cu was below detection level both in filtered and in
acidified samples.
pH values were always above neutral and varied
between 7,3 and 8.24. All samples' contained high
sulphate concentrations, from 229 mg/l to 2004 mg/l,
with an average of 1029 mg/l in the dry season, and 1257
mg/l in the rainy season. These sulphate levels show the
occurrence of sulphide oxidation in tailings that releases
sulphate to the river waters. Water samples were
classified as calcic-sulphate type according to Piper.
Water type and basic pH values reflect the influence of
the river-bed geology. Limestones within the Mexcala
and Morelos formations may react with tailings' acid
waters increasing the pH to the observed values.
Zn, Fe and Pb reached much higher concentrations
in the dry season iban in the rainy season. On the
other hand, As was more concentrated in dissolved
form during the rainy season.

RESULTS AND DISCUSSION

Sample

Zna

not determined.

Sediment samples were taken from the aerobic
zone with a plastic spoon, kept in a polyethylene preacid washed bag, air-dried, quartered and sieved
through 0,063 mm mesh. For metal determinations, 1
g of the salid samples (sediments and grounded
tailings) were digested with a mixture of 5:1 HF canco
HCIO4 canco The solution was heated to near dryness
and treated again with the acids. The residue was
subsequently dissolved with 5 mI HCl canco and
diluted to 50 mI with deionised water.
Fe, Pb, Zn and Cu analyses were made with a
Perkin Elmer AAnalyst 100. As was analysed with a
Perkin Elmer 2380 with a MSH-IO hydride generator.
Accuracy was tested with NIST Standard Reference
Materials Montana soil highly elevated trace element
concentration 2710, and Montana soil moderately
elevated trace element concentration 2711. Duplicate
samples were run throughout all the procedures.
X-ray diffraction determinations were performed
with a lEOL DX-GERPI2 powder diffractometer
with CuKa radiation to identify the majar mineral s
present in the tailings.

Table 2 Metal concentrations

Znf

(mg/l) in water samples of Taxco river in the rainy season
Pba
0.016
0.032
0.019
0.019
0.028
0,060
0,033
0,040
0,036
0.032
0.031
0,036
0.041
0.023
0.022

Fe'

Fea

Zn'

<
<
<
<
<
<
<
<
<
<
<
<
<
<
<

< 0,30
< 0,30
5,30
4,60
2.20
0,60
4.20
2.90
4,80
4.20
4,00
4,30
2.70
1.10
< 0,50

0,3
0,3
0.1
<0,1
< 0.1
< 0.1
< 0.1
0,3
0.2
0.1
0-4
0.1
0,5
0.2
0.2

0,30
0,30
0,30
0,30
0,30
0.30
0,30
0,30
0,30
0,30
0,30
0,30
0,30
0,30
0,30

'Filtered samples (dissolved); aacidified samples (total).
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Zna
1.3
3.0
5,0
4,6
2.2
0.2
3,7
3.2
5.2
4,7
4,9
5,5
4.2
2.1
1.6

As'
0.0211
0.0014
0.0018
0.0012
0.0023
0.0146
0.0025
0.0028
0.0019
0.0024
0.0021
0,0020
0.0019
0,0056
0,0065

Asa
0.0276
0.0019
0.0190
0.0158
0.0161
0.0185
0.0168
0.0115
0.0185
0.0179
0'0161
0.0165
0,0109
0.0117
0.0117
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These results indicate that As, Fe, Pb and Zn are
mainly transported in particulate forro by the river
waters, The presence ofmetals in samples 12-14 shows
that they are reaching the main Taxco river bed.
Arsenic concentrations were above the World
Health Organization limit (0'010 mg/l)26but below the
Mexican drinking water standard of 0'035 mg/l in the
year 200316in most of the points. Total Zn was much
higher iban the Mexican standard (5.0 mg/l) at some
sampling points, mainly in the dry season. Pb
concentration did not comply with the Mexican
standard s (0,01 mg/l) in any of the samples (total and
soluble). Total Fe was also higher iban the standard
(O'30 mg/l) in some samples, but it was always lower
iban the standard in filtered samples.
The difference observed between dissolved and
total iron indicates that it is mainly present in
particulate forro in the river waters. Treatment with
acids dissolves iron compounds and releases metals
adsorbed on the particulates. A correlation was
observed between total Fe and total Zn both in the
rainy and in the dry seasons (Fig. 2), indicating that
Zn may be sorbed on Fe particulates.

of metals from tailings in shallow rivers: Taxco, central Mexico
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Table 3 Mineralogy and chemistry of tailings in Taxco
Conduct.
(¡.tS/cm)

SO/(mg/l)

Fe
(mg/kg)

Pb
(mglkg)

Goethite-limonite
3-47
Oxidised (hematite)
Small isolated pyrite crystals

730

3415

7612.5

512.5

257.5

27,5

1400

2.94

3100

20,520

14,725

725

236.3

33,3

1300

2.73

3750

25,070

7250

375

153.8

24.8

3525

Clay
Hematite

4.16

3100

24,050

13,525

1125

522.5

31

1100

Hematite
Hydroxides

3,64

2950

23,540

12,150

737,5

687,5

35,5

1122.5

RG-06A Quartz

Hematite
2.53
Small isolated pyrite crystals
Goethite-limonite

4080

25,730

18,400

925

262.5

25

1015

RG-O6B Quartz
Jarosite
Goethite
Gypsum (low)

Hematite
Magnetite
Goethite

2.64

3720

24,562

13,050

2750

312.5

16.9

780

RG-07

Quartz
Jarosite
Goethite
Gypsum (low)

Hematite
High oxide content

3.01

2580

16,872

14,350

887,5

395

32.8

3285

RG-08

Quartz
Jarosite
Goethite

Hematite
2,97
Small isolated pyrite crystals

610

1274.5

15,475

1012.5

395

32.8

3285

Sample
number

Minerals
XRD

Mineralography

RG-02

Quartz
Jarosite
Gypsum(low)

RG-03

Quartz, Jarosite
Goethite (Iow)
Gypsum (Iow)

Hematite
Goethite-limonite

Quartz
Jarosite
Gypsum
Goethite

Hematite

RG-04'

Quartz
Jarosite
Gypsum
Goethite
Clay

RG-O5

Quartz
Abundant gypsum
Jarosite
Goethite, Clay

RG-04

Conduct.

Zn
Cu
As
(mg/kg)(mg/kg) (mg/kg)

Small isolated pyrite and
chalcopyrite cristals

Clay predominance

Jarosite
Gypsum
Goethite

..

pH

= Conductivity
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Tailings
Mineralogical and chemical results are presented in
Table 3. XRD and mineralographic studies revealed an
heterogeneous tailing composition. Mineralographic
observations revealed oxide abundance in almost all
samples (Table 3). Nevertheless, samples RG-04, RG-04'
and RG-05 presented lower amounts due to increased
clay contents. lron oxides included hematite and
goethite; some samples presented also magnetite. Minor
amounts of small pyrite and chalcopyrite crystals were
found in quartz crystals. A predominance of quartz
crystals was revealed by XRD and mineralography.
Secondary minerals formed in the tailingslO were
represented by gypsum, jarosite and goethite in all
samples. The occurrence of oxidation and precipitation
processes is supported by their identification. Goethite
appears as hematite alteration under the microscope.
Bigger (about 5 mm length) gypsum crystals were
observed in more altered samples. Scarce pyrite
Zn (mg/kg)
40000

Table 4

Reference and local background soil values compared
to this work (tailings)

Metal
Zn
Pb
As
Fe
Cu

Rose et al.18

Talavera25

36
17
7,5
21,000
15

64,3
25.5
29.5
27,000

Tailings
(this work)
230-690
375-2750
780-3525
7200-18,400
16-36

occurrence may result also from its oxidation and
transformation to iron oxides. All samples had acid pH
values, between 2.7 and 4,2. Jarosite formation is
favoured in low pH environments. Furthermore,
mineralogical alteration is favoured on the surficial
layers as those sampled in this work.
High sulphate contents (up to 25,730 mg/kg) are a
result of sulphide oxidation processesthat occurred in
Wet season

Dry sea son

35000

::lO

30000

!

~

25000
20000

~

:Ji

15000
10000
5000
O
MT11

MT12 MT13 MT14 MT15 MT16 MT17 MT21 MT22 MT23 MT24 MT25 MT26 MT27
\
. Sample
Wet season

Dry season

Pb (mg/Kg)

7000
6000

}

5000
4000
:E

3000

~

I

2000

100:

e

190000

:Ji

~

~

1

1

1

MT11 MT12 MT13 MT14 MT15 MT16 MT17 MT21 MT22 MT23 MT24 MT25 MT26 MT27
Sample
Fe (mg/Kg)
Wetseason
Dry season

180000
170000

:¡¡

160000
~

::lO

150000
140000

:Jii

130000
MT11

3

MT12 MT13 MT14 MT15 MT16 MT17 MT21
Sample

MT22 MT23 MT24 MT25 MT26 MT27

Zn, Pb and Fe in sediments along the Taxco river bed. Error bars correspond to SD of three sample replicates
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tailings. Correlation was found between sulphates and
conductivity. High conductivity and low pH values also
reflect AMD drainage process. Some high-metal samples
also had high sulphate concentrations.
High concentrations of Pb (up to 2750 mglkg), Zn
(up to 690 mglkg) and As (up to 3530 mglkg) were
measured in samples; Cu had much lower contents (up
to 36 mglkg). A comparison among these values, local
background and reference soil values is given in Table 4.
Zn, Pb and As contents are well above the background
and reference values. Fe is below the reference
background levels,and Cu is slight1yabove the reference
value. Due to their toxicity and high concentrations, Pb
and As may be an environmental hazard in ibis afea.
Gn the other baTId, environmental hazard is also
related with toxic element mobility. Pb may be
considered as a low-mobility element in tailings, sílice it
can be adsorbed on Fe and Mn oxides. Besides, it can
form insoluble compounds. Low Pb solubility has been
found in tailings located in other afea within the Taxco
basin.3Arsenic mobility may also be limited by sorption
on Fe oxihydroxides,jarosite, lepidocrocite, goethite or
kaolinite.7 Arsenic as arsenate could also substitute for
sulphates in the structure of jarosite. 8 Arsenic retention
on tailings' iron oxihydroxideshas been reported in other
Mexican tailings.14As and Pb concentrations in the river
water indicates that a low proportion is being released
from tailings.
Cu may also be adsorbed on Fe and Mn oxides. This
element seems to have a very low mobility, sílice Cu
concentration was below detection level in all the waterriver samples.
Sediments
Concentrations of Zn, Pb and Fe in sediment samples
reached high levels in the studied afea. Pb (716-5280
mglkg), Zn (5300--33,500mglkg) and Fe (13-8-18'9%)
were measured in sediments.

Metal contentsfollowedthe arder - Pb < Zn < Fe.

:

Higher concentrations (sometimes more iban twice) of
Pb and Zn were observed in the rainy season compared
to the dry season (Fig. 3). In contrast, Fe was lower in
the rainy season. These concentration trends show the
contaminants input by the action of mili.
Fe, Pb and Zn contents are up to 5, 100and 390 times
higher iban background soil concentrations in the afea
(Table4). Pb and Zn concentrations were similar to those
measured in soils and sediments historically polluted by
Pb smelters in England.13,24
Pb and Zn concentrations increased downflow in the
dry season. Gn the other baTId,Fe did not show any
concentration trend along the river bed (Fig. 3). In spite
of a decrease in fine material in sediments in the rainy
season, Pb and Zn concentrations are higher in ibis
season compared to the dry season. This behaviour
indicates that tailings are being washed clown by the
action of rain towards the river bed.

CONCLUSIONS
Mineralogicaland physicochemicalcharacteristics of
tailingsindicate the occurrenceof acid mine drainage.

of metals fram tailings in shallow rivers: Taxco, central Mexico

The release of metal s may change between different
points in the same tailing piles depending on the local
concentrations and physicochemical conditions. Toxic
elements may be mobilised by ibis pracess. Gn the
other baTId, secondary mineral s may limit the
transport of metals fram tailings.
The concentration levels of Pb, As, Zn and Fe and
location of tailings represent an important
environmental hazard. Release and transport to the river,
mainly in particulate form, is mobilising metals and
metaloids in the Taxco river afea. The Taxco river water
does not meet Mexican drinking water standards.
Zn, Pb and Fe sediment concentrations are above
average local and international values. Dissolution
pracesses in the water--sediment interphase may
release metals to the river-water and increase the water
pollution and the enviranmental dispersion of metals.
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