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Abstract This study evaluated the impact of an aban-

doned Ag mine on the quality of surface and groundwater.

The mining site of Huautla is in south Morelos State,

central Mexico. Ag–Pb–Zn and Au–Cu sulfide ores were

mined in the district. The ores were characterized by the

presence of Ag, galena (PbS), sphalerite (ZnS), and stro-

meyerite (CuAgS). Ag was the metal of greater interest.

Other metals included Cu, Pb, Zn, and Au. Mining ac-

tivities stopped in the early 1990s when the market price of

Ag decreased; the abandoned mines then were flooded by

rising groundwater levels. Because of the urgent demand

for water by the inhabitants in the area, this water has been

used as drinking water and as waterholes for livestock.

Water sampling points included abandoned mines

(América, Pajáro, Santiago, Tlachichilpa, and San Fran-

cisco), dams, and dug wells. The greatest concentrations of

As and other toxic chemical elements (Fe, Mn, Pb, Cd, F)

were detected in groundwater samples from flooded mines.

The presence of these elements was related to the rock–

water interaction process. The oxidation of sulfides appears

to be the cause of increased metal concentrations in

groundwater samples from flooded mine. Other possible

water–rock interaction processes that can control the

presence of arsenic in groundwater were the adsorption of

arsenic in iron oxyhydroxides, the adsorption in carbonates,

and/or coprecipitation with calcite. In the case of the San

Francisco and América mines, the oxidation conditions,

low correlation of As with SO4
2- and Fe2?, and concen-

trations of silica indicate that the presence of As in the

groundwater could be due also to competition for adsorp-

tion sites.

Keywords Aquifer � Pollution � Arsenic � Water quality �
Drinking water

Introduction

The numerous cases of pollution of groundwater by arsenic

and heavy metals worldwide are related to very different

geological environments: metasediments with ore bodies,

volcanic formations, volcano-sedimentary formations,

mining zones, hydrothermal systems, tertiary and quater-

nary alluvial basins, etc. (Bhattacharya et al. 2002;

Smedley and Kinniburgh 2002; Rodriguez et al. 2004;

Vivona et al. 2007; Gemici 2008; Armienta and Segovia

2008; Buragohain et al. 2010; Iskandar and Koike 2011).

This variety of situations is defined by the particular cir-

cumstances and processes that converge in each case. That

is, the presence of toxic elements in each case is a conse-

quence of the specific geochemical environment and hy-

drogeologic conditions.

In mining zones, the occurrence of these toxic elements

in groundwater is related to both natural (Rodriguez et al.

2004; Castro-Larragoitia et al. 2013; Wurl et al. 2014) as

well as anthropic pollution processes (Carrillo-Chávez

et al. 2000; Lee et al. 2005; Antunes and Albuquerque

2013). The problems created by this type of pollution are
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intensified in zones where groundwater is the only supply

source for the population (Armienta et al. 2001; Bhat-

tacharya et al. 2002; Bundschuh et al. 2012; Chakraborti

et al. 2013). One of these cases is the Huautla mining

district (state of Morelos, Mexico), which began activities

in the sixteenth century (Fig. 1). These activities only in-

volve the extraction of mineral, which is transported to

other cities in the country (San Luis Potosı́, Taxco) for

processing (benefit), and therefore, no mining residuals

(tailings) exist there. The principal mineralizations present

in this district are argentiferous galena (PbS) and sphalerite

(ZnS), with silver being the metal of greatest economic

interest. Other metals include Cu, Pb, Au, and Zn, but to a

lesser extent.

Mining activities terminated in the early 1990s after to a

decrease in the market price of Ag. When these activities

ended, the mineshafts were flooded by the rising ground-

water level. Because of an urgent need for water, the

population in the district took advantage of this situation by

installing pumps to obtain water for domestic consumption

and livestock (Avilés et al. 2013).

This study evaluated the presence of arsenic and other

chemically dissolved elements (FeT, MnT, PbT, CdT, F)

in the groundwater in this zone and included a pre-

liminary study of the origin of dissolved arsenic in the

water. The hypothesis for the origin of the arsenic was

that it and other toxic elements came from a release

process related to the oxidation of sulfides present in the

mineralization. Nevertheless, it is important to consider

other possible water–rock interaction processes that can

control the presence of arsenic in groundwater, such as

adsorption of arsenic in iron oxides and hydroxides,

competition for adsorption sites, and precipitation

(Smedley and Kinniburgh 2002; Sracek et al. 2004;

Biswas et al. 2014).

Geological setting

The study zone is in the southern region of the state of

Morelos, central Mexico (Fig. 1), between 18�400–18�200N
latitude and 90�100–90�500W longitude, at about 900 m

above sea level. The climate is hot subhumid A(w) with an

average temperature of 22.3 �C and average annual pre-

cipitation of 867 mm between May and November. During

the rest of the year, precipitation is scarce.

The majority of rocks identified were extrusive igneous,

most of which were andesite, followed by dacite, quartz

latite, and trachyte–andesite. Small intrusions also occurred

(Rodrı́guez-Licea et al. 1962).

Fig. 1 Map of the location and geology of the study area. Dark squares show mines which are the main sampling points. The numbers in

parentheses represent the groundwater table elevation (masl)
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Ore minerals were found as filling in faults with an east–

west direction, generally as tectonic breccias. The breccias

showed replacement by solutions enriched with sulfide and

in some areas by silica solutions. Therefore, deposits were

separated by breccias in some places, where it was possible

to observe the silicification of the matrix, which was

composed of ferruginous clay with Fe oxides (particularly

hematite) and hydroxides and cemented fragments of an-

desitic rock.

The most economically important minerals were ar-

gentite (Ag2S), stromeyerite (CuAgS), and argentiferous

galena (Ag–PbS). Secondary minerals were sphalerite

(ZnS), chalcopyrite (FeCuS2), malachite (Cu2CO3(OH)2),

azurite (Cu3(CO3)2(OH)2), cerussite (PbCO3), and native

silver. Accessory minerals included barite, pyrite, quartz,

amethyst quartz, and calcite. While the studies consulted

(Schulze 1959; Rodrı́guez-Licea et al. 1962; SECOFI

1998; SGM 2008) do not indicate the existence of

arsenopyrite, its presence is not discarded since it is com-

monly found in deposits of this type, though in smaller

quantities than arsenian pyrite (Fe(SAs)2) (Armienta et al.

2001).

Table 1 shows the principal characteristics of the mines.

A comparison of mineralogy and alteration processes

(silicification, oxidation) shows similarities among the

various mines. Table 2 presents the As, Pb, Cd, Fe, and Mn

concentrations in river sediment samples throughout the

study area. The highest values of these elements most

likely were caused by metallic mineralization (SECOFI

1998; SGM 2008).

Materials and methods

A field survey was conducted to identify geological char-

acteristics and sampling points. The samplings were con-

ducted between the years 2006 and 2007, during which 16

samples were taken from five flooded mines, three samples

from three dug wells and two samples from two dams. The

wells and dams were north of the mining district; there

were no wells or dams in the study area. The dug wells

were in the alluvial deposits of the Quilamula River, whose

depth was \15 m. The water was extracted with hand

pumps.

The water samples were collected according to existing

protocols (Boulding and Ginn 2004) and Mexican guide-

lines (DOF 2005). Two water samples were taken from

each sampling point and filtered through a 0.45 lm disk

filter, one to analyze anions (HCO3
- SO4

2-, Cl-, NO3
-)

and the other to analyze major cations (Ca2?, Mg2?, Na?,

and K?) and minor elements (As, Fe, Mn, Pb, Cd, Si, and

F-). The latter was preserved using nitric acid until

reaching a pH B2. The samples were stored refrigerated at

4 �C until analysis.

Field determinations were conducted of pH, temperature,

electrical conductivity, redox potential, and total dissolved

solids with the Corning� Checkmate� Hand Held Analysis

System. Field blanks and duplicates also were taken.

The following determinations were conducted in the

laboratory: nitrate, sulfate, and fluoride using U-UV spec-

trophotometry; chloride and bicarbonate using volumetric

measurements with silver nitrate and hydrochloride acid,

respectively; Ca2?, Mg2?, Na?, K?, Mn2?, and Si using an

atomic absorption spectrophotometer (AAS); Fe, Pb and

Cd, were analyzed using graphite furnace atomic absorp-

tion spectrometry; and total arsenic was determined using

AAS equipped with a hydride generator. The detection

limits of the elements analyzed were the following: As,

0.005 mg L-1; Cd, 0.001 mg L-1; Pb, 0.001 mg L-1; Fe,

0.05 mg L-1; Mn, 0.05 mg L-1; and Si, 5 mg L-1. The

analyses were conducted according to procedures outlined

in APHA, AWWA, and WEF (2005).

It is important to mention that other species were ana-

lyzed during the first sampling campaign, such as phos-

phate, ammonium, nitrite, Zn, Ag, Hg, Cu, and Cr;

however, their concentrations were under the detection

limit for the analytical method used, and therefore, their

determinations were not included in later campaigns.

The balance error was between -6.4 and 9.4 %, and the

difference between original and duplicate samples varied

by ±8 %.

A database was created using the obtained results and

interpreted with methods commonly used for hydrogeo-

chemical studies, based on the basic statistics, determina-

tion of water type, relationships among parameters,

correlation analysis, saturation index, and geochemical

modeling. The above was carried out using AQUACHEM

software (Waterloo Hydrogeologic 1999) and PHREEQC

software (Parkhurst and Appelo 1999), using the database

MINTEQ4.

Rock samples collected at the study site were crushed by

agate mortar and pestle, and sieved \2 mm. The miner-

alogical composition of the rock samples was determined

by X-ray diffraction (XRD) using computerized Bruker D8

Advanced XRD (equipment available from Bruker AXS

Inc., Wisconsin, USA). The diffraction intensity data were

scanned with a step size of 0.03� in the 2h range from 6.5�
to 110� and 88 s count time per step using Bragg–Brentano

geometry. Analysis of the XRD diffraction spectra

(diffractograms) was performed with DIFFRACplus soft-

ware (from Bruker AXS Inc., Wisconsin, USA). These

analyses were carried out in the Physics Institute at the

National Autonomous University of Mexico (UNAM,

Spanish acronym).

Environ Earth Sci

123



T
a

b
le

1
C

h
ar

ac
te

ri
st

ic
s

o
f

th
e

m
in

es
(S

G
M

2
0

0
8

;
S

E
C

O
F

I
1

9
9

8
;

R
o

d
rı́

g
u

ez
-L

ic
ea

et
al

.
1

9
6

2
)

V
ei

n
s

M
in

es
M

in
er

al
s

S
ec

o
n

d
ar

y

m
in

er
al

s

M
at

ri
x

O
re

b
o

d
ie

s
E

n
cl

o
se

d
ro

ck
G

ra
d

e
o

f
o

re
D

im
en

si
o

n
s

an
d

re
se

rv
es

A
lt

er
at

iÓ
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Results and discussion

Based on the identification of the geological characteristics

of the study zone, it can be established that the volcanic

materials composed a fractured aquifer where recharge was

exclusively from infiltration of rainwater and discharge

was from springs (two springs with low flows were iden-

tified) as well as pumping of water from the abandoned

mines to meet the needs of the population in the region. It

is not possible to provide more details about the hydro-

geological characterization of this region in which the

mining district is located, since no prior records exist, and

the present study is the first of this nature to be conducted.

The piezometric levels measured in the mines (Fig. 1)

indicated a likely flow direction toward the east because the

highest levels were found in the Pájaro and Santiago mines

and the lowest in the San Francisco mine, where the water

flowed naturally from the mouth of the mine to a nearby

stream.

Physicochemical parameters of water samples

Table 3 shows the principal physical–chemical character-

istics of the different water samples analyzed. Samples

from dug wells presented a roughly neutral pH (pH

7.16–7.67) with Eh values that indicated oxidation condi-

tions. The water types were Ca–HCO3 in the Centro and

Vivero wells and Ca-SO4 in the La Joya well (Fig. 2). The

electrical conductivity was low (613–928 lS cm-1). In the

case of the two samples from the dams, the pH was slightly

alkaline (pH 7.70–8.54) and the electrical conductivity

was\460 lS cm-1. The water was type Ca–HCO3 (Fig. 2)

with HCO3
- concentrations of 234 and 109 mg L-1 and

Ca2? concentrations of 50 and 25 mg L-1.

The water samples from the mines had a pH around

neutral (7.16–7.67). Electrical conductivity ranged widely,

between 242 and 2280 lS cm-1. Eh values indicated

oxidation conditions for all of the samples (267–466 mV).

The water was type Ca-HCO3 and only the samples from

the San Francisco mine corresponded to type Na–Ca–Cl

(Fig. 2) since, in this case, the dominant anion was Cl-

(899–836 mg L-1). SO4
2- was present to a lesser extent

(288–270 mg L-1), followed by HCO3
- (174–215

mg L-1). With regard to the cations, the highest

concentrations were Na? (363–299 mg L-1) and Ca2?

(225 to 295 mg L-1). Minimal concentrations of Mg2? and

K? were detected, \12 and 8 mg L-1, respectively. Si

values ranged from 5.19 to 10.03 mg L-1.

In the remaining mines (América, Santiago, Pájaro, and

Tlachichilpa), the highest anion concentrations were bi-

carbonate (114–315 mg L-1), with minimal concentrations

for the rest of the anions: Cl- concentrations were

\55 mg L-1, SO4
2-\94 mg L-1 and NO3

-\17 mg L-1.

Concentrations of major cations varied, with Ca2? being

the predominant cation (69–21 mg L-1) and K? having the

least concentration (2–8 mg L-1). Concentrations of Si

varied between 5 and 22.5 mg L-1.

Groundwater from basic volcanic rocks (such as an-

desites and dacites, which are abundant in the study zone)

was mainly bicarbonate calcic–magnesic, and the chem-

istry of this groundwater was related to the presence of

calcite in mineralized veins and the infiltration of rainwater

(Appelo and Postma 2005; Armienta et al. 2001).

The correlation coefficient matrix (Table 4) was calcu-

lated from the mine groundwater data. The Table 4 shows

that the major elements had the highest coefficients. Sali-

nity (electrical conductivity) was primarily a result of the

presence of chloride, sulfate, calcium, sodium, and potas-

sium- parameters with which there was a high correlation

(r [ 0.9). Figure 3 presents the relationships HCO3
-–Ca2?

and Cl–Na?. HCO3
- was highly correlated with Ca2?,

where two sample groups must be considered (one corre-

sponding to samples from the San Francisco mine and the

other which includes the remaining samples) (Fig. 3a).

This behavior also is clear in the plot of Cl–Na? (Fig. 3b).

These differences in the water samples from the mines also

can be seen in the Piper diagram (Fig. 2).

These data indicate that the water from the San Fran-

cisco mine underwent a recharge and circulation process

that was different from the other mines. At this sampling

point, the water flowed from the mouth of the mine to a

nearby stream, which indicates a shallow groundwater

table (near the soil surface), and therefore, an effect could

exist from the concentration of salts from evaporation

(Gutiérrez-Ojeda 2009). In addition, this point had the

lowest groundwater table level of all the sampling points,

and therefore, this mine could be a discharge point from

this fractured aquifer and thus represent more extensive

flow of groundwater.

Arsenic and toxic elements

The majority of the samples collected in the mines showed

detectable concentrations of Fe, Mn, Pb, Cd, and F-, and

they all had concentrations of As with values higher than

the WHO (2006) guidelines of 0.01 mg L-1. In Mexico,

the As limit for drinking water is 0.025 mg L-1 and the

Table 2 Chemical characteristics of river sediment samples in the

study area (n = 12) (SECOFI 1998)

As (ppm) Pb (ppm) Cd (ppm) Fe (%) Mn (ppm)

Max 148.6 1313.9 9.4 3.6 1224.2

Min 3.6 18.4 0.5 2.0 263.4

Average 12.5 54.4 0.8 2.7 561.2

SD 51.7 476.8 3.0 0.5 249.3
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Table 3 Water chemistry of samples in the Huautla mine

Samples Date pH Eh EC Na? K? Mg2? Ca2? Mn Fe

Dug wells

Centro 05/2006 6.67 431 613 32.29 4.76 18.12 70.4 Bdl 0.12

El Vivero 05/2006 7.67 433 640 31.26 2.15 15.65 59.94 Bdl 0.10

La Joya 05/2006 6.98 354 928 33.45 52.02 24.36 120.33 0.23 1.36

Dams

Ajuchitlan 03/2006 8.54 Nd 456 22.32 3.86 13.88 50.29 0.09 0.18

Lorenzo 03/2006 7.70 Nd 258 15.23 2.72 5.69 24.88 0.05 0.07

Mine

America_May 05/2006 7.28 403.4 440 64.25 5.57 11.32 69.41 Bdl 0.10

America_Feb 02/2007 7.46 362.4 538 72.13 3.41 10.15 59.68 Bdl 0.05

America_Jul 07/2007 7.46 Nd 522 74.38 8.17 12.29 68.64 Bdl 0.16

Francisco_May 05/2006 7.64 423.1 2180 298.97 13.29 61.23 295.12 0.17 0.23

Francisco _Feb 02/2007 7.55 380.6 2168 362.65 17.97 30.21 224.69 0.17 0.05

Francisco _Jul 07/2007 7.35 Nd 2172 342.37 13.91 32.67 240.05 0.26 0.16

Pajaro_May 05/2006 7.33 466.4 356 25.12 2.03 15.11 48.71 Bdl 0.05

Pajaro_Ago 08/2006 Nd Nd Nd 34.31 3.44 3.06 35.49 Bdl 0.07

Pajaro_Feb 02/2007 7.63 414.2 484 31.19 3.01 14.13 42.59 Bdl 0.08

Pajaro_Jul 07/2007 7.67 Nd 396 32.97 2.36 17.60 49.54 Bdl 0.05

Santiago_May 05/2006 7.16 267.8 348 27.23 5.35 16.21 62.58 1.64 0.13

Santiago_Feb 02/2007 7.46 359.9 506 35.22 2.358 14.16 54.55 1.56 0.23

Santiago_Jul 07/2007 7.35 Nd 442 36.89 5.51 17.36 65.04 1.99 0.38

Tlachichilpa_May 05/2006 Nd Nd Nd 20.81 2.75 8.66 25.60 Bdl 0.05

Tlachichilpa-Jul 07/2007 7.52 Nd 242 11.10 3.75 7.66 29.61 Bdl 0.12

Tlachichilpa_Feb 02/2007 7.56 397.3 298 9.48 3.53 5.45 21.72 Bdl 0.54

Samples F- Cl- SO4
2- NO3

2- HCO3
2- Si Cd Pb As

Dug wells

Centro 0.263 13.3 62.3 1.58 287 26.32 Bdl Bdl Bdl

El Vivero 0.498 14.5 57.5 1.66 291 13.98 Bdl Bdl Bdl

La Joya 0.720 20.7 258 Bdl 223 19.17 Bdl Bdl Bdl

Dams

Ajuchitlan 0.344 10.8 50.0 2.16 234 16.26 Bdl Bdl Bdl

Lorenzo 0.252 6.5 14.8 3.61 109 16.75 Bdl Bdl Bdl

Mine

America_May 0.603 55.2 94.0 1.45 276 6.07 0.002 Bdl 0.0190

America_Feb 0.568 50.8 88.2 1.13 223 12.34 0.002 Bdl 0.029

America_Jul 0.735 52.9 89.7 Bdl 231 8.36 0.002 0.014 0.044

Francisco_May 1.020 899 188.4 Bdl 215 5.19 0.016 0.066 0.010

Francisco _Feb 1.041 836 273.0 Bdl 174 10.03 0.004 0.023 0.029

Francisco _Jul 1.510 857 270.0 Bdl 178 7.38 0.009 0.137 0.026

Pajaro_May 0.300 2.46 5.6 17.05 289 14.46 0.001 Bdl 0.083

Pajaro_Ago 0.320 3.60 8.4 11.07 221 Nd Nd Nd 0.098

Pajaro_Feb 0.307 1.51 9.9 10.18 228 22.36 0.002 Bdl 0.122

Pajaro_Jul 0.507 4.43 11.5 6.29 248 14.31 0.001 Bdl 0.133

Santiago_May 0.439 7.88 43.3 0.90 315 7.73 0.002 0.046 0.049

Santiago_Feb 0.412 6.54 39.6 0.90 251 13.40 0.002 0.119 0.088

Santiago_Jul 0.623 6.40 43.6 0.91 265 9.33 0.002 1.339 0.110

Tlachichilpa_May 0.520 1.18 5.6 7.30 132 9.24 0.007 0.267 0.216
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limits for Pb, Cd, Fe, Mn, and F- are 0.01, 0.005, 0.30,

0.15, and 1.5 mg L-1, respectively (DOF 2000). From the

mines samples, As values between 0.019 and

0.232 mg L-1 were detected. Among these samples, those

from the San Francisco mine had concentrations higher

than the limit established by Mexican drinking water

standards for Cd, Pb, Mn, and F-; and from Santiago Mine

had concentration higher than the limit for Pb, Fe, and Mn

(Table 3).

Based on results from PHREEQC, which indicated an

As(V) concentration ranging from 10-6 to 10-7 mol L-1

and As(III) under 10-9 mol L-1, and taking into account

the pH–Eh conditions (Table 3), arsenic was found in the

form of arsenate and specifically as HAsO4
2-, primarily in

the pH range of 7.16–7.67.

In the case of water samples collected in dug wells, the

presence of Cd, Pb, and As was not detected. F- was de-

tected, but in concentrations under 0.7 mg L-1. Fe and Mn

values were over the limit established by the Mexican

standards in just one of the dug wells (La Joya). As, Pb, and

Cd were not detected in the samples from the dams, and the

concentrations of Fe, Mn, and F were \0.18, 0.09 and

0.35 mg L-1, respectively.

The presence of these metals was related to mineral-

ization. Some minerals containing As were identified in the

deposits, such as galena (As concentration between 5 and

10,000 mg kg-1), pyrite (As concentration between 100

and 77,000 mg kg-1), and sphalerite (As concentration

between 5 and 17,000 mg kg-1). Mineralization was found

on ferruginous clay present in breccia matrices in fractures.

These clays contained Fe oxides and oxyhydroxides that

could possibly be the origin of As, because these com-

pounds can contain 200 mg kg-1 of As in the case of ox-

ides and 76,000 mg kg-1 of As in the case of

oxyhydroxides (Smedley and Kinniburgh 2002).

Some of these minerals were detected in rock samples

taken in the study area. The relationship of the minerals

identified in the corresponding samples using X-ray

diffractogram (Fig. 4) is presented in Table 5, where the

presence of pyrite (FeS), galena (PbS), and hematite

(Fe2O3) was most notable.

Sources of arsenic

According to Smedley and Kinniburgh (2002), two factors

indicate the presence of high concentrations of arsenic in

groundwater. One is related to the mechanism through

which As is released from the geological material that

constitutes the aquifer. The other factor enables arsenic to

remain dissolved in water. Since the study area is a mining

region, the factor that facilitates the release of arsenic from

the mineralized phase would be the oxidation of sulfurs, as

indicated in previous paragraphs and demonstrated in other

mining areas containing the same type of mineralization

(Armienta et al. 2001; Castro-Larragoitia et al. 2013; Wurl

et al. 2014, Ramos et al. 2014).

In these types of mineral deposits (with hydrothermal

origins and metallic sulfurs), minerals containing arsenic can

occur, including arsenopyrite and arsenian pyrite (in addition

to the other sulfides), as well as oxidation products such as

arsenolite (cubic form of As2O3) and claudetite (monoclinic

form of As2O3) (Carrillo-Chavez et al. 2000; Smedley and

Kinniburgh 2002; Armienta et al. 2001, Flakova et al. 2012).

Nonetheless, the presence of these types of materials in this

mining district has not been reported.

The oxidation reaction of arsenopyrite can be expressed

as:

Table 3 continued

Samples F- Cl- SO4
2- NO3

2- HCO3
2- Si Cd Pb As

Tlachichilpa-Jul 0.514 0.94 7.9 3.89 119 9.43 0.001 Bdl 0.232

Tlachichilpa_Feb 0.334 1.51 7.2 5.36 115 16.24 0.001 Bdl 0.261

Concentrations in mg L-1 except EC (ls cm-1), Eh (mV) and pH

Nd not determined, Bdl below detection limit (values in bold indicate concentration above Mexican drinking water standards)

Fig. 2 Piper diagram showing the major composition of different

sources of water (wells, dams, mines)
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2FeAsSþ 6:5O2 þ 3H2O$ 2Fe2þ þ 2SO2�
4 þ 2HAsO2�

4 þ 4Hþ

The oxidation reaction of arsenian pyrite can be ex-

pressed as:

Fe AsSð Þ2þ6:5O2 þ 3H2O$ Fe2þ þ 2SO2�
4 þ 2HAsO2�

4 þ 4Hþ

To explore this process more in-depth, the relation of

arsenic with sulfates and iron was studied, given that a high

correlation between these elements is not observed in the

correlation matrix (Table 4) (As vs. SO4
3- r = -0.645; As

vs. Fe r = 0.349).

Figure 5a shows the relationship of As with SO4
2-

indicating a somewhat positive correlation for the samples

when considering each of the mines independently; for

example, r = 0.97 for the Pajaro mine and r = 0.99 for the

San Francisco mine; As can be released by Fe sulfide

(Smedley and Kinniburgh 2002), and these minerals were

identified in samples of rocks extracted from these mines

(Table 5; Fig. 4).

Figure 5a also shows two mines (San Francisco and

America) with lower As concentrations than the rest of the

mines. This same behavior is seen in Fig. 5b, which pre-

sents As vs. Fe, where a positive correlation (r [ 0.6) can

be seen in some of the mines, for example, Tlachichilpa,

America, and Santiago. In the case of the San Francisco

mine, no positive correlation between these two elements

exists.

Desorption of As in Fe oxides and hydroxides is another

process that could be responsible for the presence of As in

the groundwater sampled from the mines, although As is

desorbed if the pH increases under oxidizing conditions

(Smedley and Kinniburgh 2002; Sracek et al. 2004),

especially if the pH is over 8.5. If pH values reach these

levels, As concentrations can increase; however, this does

not appear to have occurred in the present case study be-

cause the highest pH was 7.67, and therefore, As could

remain adsorbed in these mineral phases.

Another process that could explain the presence of As is

the dissolution of these same Fe oxides and hydroxides

under acidic conditions. While this could result in the

presence of As in groundwater, these compounds of Fe

oxide (as hematite) and hydroxide (as goethite and ferri-

hydrite) were at saturation in the mine groundwater samples

and have a high potential of precipitating (Fig. 6) because

the greatest precipitation occurs at an intermediate pH

(Smedley and Kinniburgh 2002), as in the case of the water

samples that had a pH between 7.1 and 7.6 (Fig. 7).

Arsenic mobilization

After the oxidation of sulfides takes place, other rock–

water interaction mechanisms that control the presence ofT
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lower or higher concentrations of arsenic in groundwater

could have occurred.

Thus, for example, low As concentrations in the San

Francisco and America mines could be due to the fact that

dissolved Fe tends to precipitate as iron oxides and oxy-

hydroxides, or as Fe sulfates, at the same time producing an

adsorption process and/or the coprecipitation of arsenic

(Wilkie and Heering 1996; Flakova et al. 2012). For

example,

Fe2þ þ 0:25O2 þ 2:5H2O$ Fe OHð Þ3þ2Hþ ferrihydriteð Þ

Fe2þ þ 2H2O$ FeOOHþ 3Hþ goethiteð Þ

2Fe3þ þ 3H2O$ Fe2O3 þ 2Hþ hematiteð Þ

As(V), in the form of arsenate, can be adsorbed by these

Fe compounds (Sracek et al. 2004).

In addition, competitive adsorption of anions could

occur. To study this possible behavior of As in water from

Fig. 3 Bivariate plots showing

the relationships between

a HCO3
-–Ca2?, and b Cl–Na?

Fig. 4 X-ray powder diffraction patterns of rock samples
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the San Francisco and America mines, which had the

highest ionic content (Table 3), relationships between As

and other anions (sulfate, bicarbonate, silicate, phosphate,

and molybdate) were analyzed because a competitive ad-

sorption among anions process could have occurred in the

groundwater (Sracek et al. 2004; Gao et al. 2011; Biswas

et al. 2014). Figure 8a shows a negative correlation be-

tween As and HCO3
-, indicating that the source of As

could not have been adsorption competition with bicar-

bonate because a lower arsenic concentration was detected

in water when bicarbonate was in the medium. Figure 8b

shows a negative As saturation index of calcite relation-

ship and confirms that the anion HCO3
- does not compete

for sorption sites, because more arsenic is present in the

water when groundwater has a tendency to dissolve more

calcite. This negative correlation could indicate other

processes, given that arsenate also can be absorbed on

carbonates and/or coprecipitated with calcite, and there-

fore, when calcite is precipitated, a decrease in the con-

centration of As in water is observed (Armienta et al.

2001; Winkela et al. 2013). This is particularly true for the

Table 5 Mineral phases

identified from DRX patterns of

the rock samples of the Huautla

mining district

Mineral Composition Santiago Tlachichilpa San Francisco Pajaro

Sanidine K(Si3Al)O8 4

Quartz SiO2 4 4 4 4

Hematite Fe2O3 4 4 4

Calcite CaCO3 4 4

Pyrite FeS 4 4

Galena PbS 4

Anorthite (CaNa)(SiAl)4O2 4

Fig. 5 Bivariate plots showing

the relationships between a As-

SO4
2-, and b As–Fe

Fig. 6 Bivariate plot showing the relationships between As-

Fe(OH)3a saturation index, As-goethite saturation index, and As-

hematite saturation index

Fig. 7 Bivariate plot showing the relationships between pH-

Fe(OH)3a saturation index, pH-goethite saturation index, and pH-

hematite saturation index
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case of the San Francisco mine. The diagenetic pre-

cipitation of calcium arsenates (Ca5H2(AsO4)4�cH2O)

could also control the mobilization of arsenic (Martı́nez-

Villegas et al. 2013), but since the correlation between the

two elements is negative (Table 4), this process is not

expected to occur.

Silicate is another anion that could compete for adsorp-

tion sites. Figure 8c indicates a correlation with a positive

trend between As and Si (San Francisco mine), and thus,

this species could contribute to the desorption of arsenic

because the concentration of arsenic in water tends to in-

crease when there is more silica in the aqueous solution.

Fig. 8 Bivariate plots showing

the relationships between a As-

HCO3
-, b As-calcite saturation

index, and c As–Si

Table 6 Saturation index of the mine groundwater samples

As(3) As(5) Maghemite Magnetite Mg-

Ferrite

Fe(OH)2.7Cl0.3 Fe3(OH)8 Jarosite-

H

Jarosite-

K

Jarosite-

Na

America_May 9.4E-15 2.54E-07 5.76 16.85 6.24 6.07 0.49 -5.46 0.68 -1.64

America_Feb 2.9E-14 5.16E-07 5.36 16.64 6.32 5.81 0.16 -6.68 -0.63 -2.67

America_Jul 1.4E-16 5.89E-07 8.00 19.42 9.04 7.13 2.93 -2.73 3.70 1.29

Francisco_May 3.3E-17 1.34E-07 8.42 20.15 10.26 7.65 3.79 -4.07 2.77 0.75

Francisco _Feb 5.3E-15 3.81E-07 5.74 17.03 7.22 6.32 0.56 -5.91 0.92 -1.14

Francisco _Jul 1.7E-16 3.50E-07 7.42 18.66 8.55 7.23 2.17 -2.60 3.92 1.95

Pajaro_May 6.7E-17 1.11E-06 6.88 17.63 7.95 6.21 1.03 -6.10 -0.45 -2.72

Pajaro_Feb 1.5E-14 1.63E-06 6.60 18.44 8.09 5.92 1.96 -7.33 -1.15 -3.51

Pajaro_Jul 2.8E-17 1.78E-06 7.50 18.45 9.15 6.50 1.96 -6.06 0.06 -2.17

Santiago_May 1.1E-09 6.53E-07 0.81 11.85 1.23 3.38 -4.51 -13.06 -7.05 -9.72

Santiago_Feb 9.4E-14 1.17E-06 6.25 18.31 7.46 5.99 1.76 -5.95 -0.08 -2.27

Santiago_Jul 3.7E-16 1.47E-06 9.04 21.08 10.03 7.41 4.59 -1.35 4.81 2.26

Tlachichilpa-Jul 2.0E-16 3.10E-06 7.96 19.30 9.00 6.58 2.81 -4.95 1.22 -1.68

Tlachichilpa_Feb 9.6E-12 3.49E-06 4.05 14.69 2.90 4.91 -1.41 -8.21 -2.64 -5.62

Positive values indicate dissolution, negative values indicate precipitation
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Geochemical modeling

Since various water–rock interaction processes exist that

could explain why different arsenic concentrations are

detected in the groundwater sampled from the mines,

geochemical modeling was performed to verify which

processes may be more strongly involved.

In a first step, the saturation indices of different mineral

species (besides the saturation index of calcite and he-

matite, goethite, and ferrihydrite) were calculated, with

special attention to those species that are constituted by

arsenates. The possibility of precipitation of calcium

arsenate (Ca3(AsO4)2) or hydrated calcium arsenate

(Ca3(AsO4)2�cH2O; c = 2,4 or 8) compounds was assessed,

and the data showed that this mineral species cannot be

formed.

Positive values of saturation index have other mineral

phases as maghemite, magnetite, Mg-Ferrite, Fe(OH)2.7-

Cl0.3 and Fe3(OH)8, all of which are oxides and hydroxides

of Fe-, which indicate their tendency to precipitation

(Table 6). Furthermore, the corresponding mineral phases

of iron sulfates (Jarosite-H and Jarosite-K Jarosite-Na) tend

to remain in solution.

In a second step, the processes of interaction between

arsenic and iron hydroxides (Carrillo and Drever 1998), as

well as calcite were modeled. The sample from San

Francisco mine (sampling of July) was selected (Table 7).

This modeling was carried out in two phase: In the first,

balance and exchange with calcite was considered and, in a

second phase, arsenic adsorption onto the surface of iron

hydroxide was modeled. The reactions with the following

surfaces were employed:

Surface species:

Surf OH ¼ Surf OH log K 0:0

Surf OH þ Hþ ¼ Surf OHþ2 log K 7:29

Surf OH ¼ Surf O� þ Hþ log K � 8:93

Surf OH þ AsO3�
4 þ 3Hþ ¼ Surf H2AsO4 þ H2O

log K 29:31

Surf OH þ AsO3�
4 þ 2Hþ ¼ Surf HAsO�4 þ H2O

log K 23:51

Surf OH þ AsO3�
4 ¼ Surf OHAsO3�

4 log K 10:58

Solution species:

H3AsO4 ¼ AsO3�
4 þ 3Hþ log K � 20:7

Hþ þ AsO3�
4 ¼ HAsO2�

4 log K 11:50

2Hþ þ AsO3�
4 ¼ H2AsO�4 log K 18:46

Table 7 shows that arsenic concentration decreases at a

high rate as equilibrium and ion exchange reactions withT
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the calcite occurs; on the other hand, arsenic concentration

continues decreasing at a slower rate as adsorption occurs

onto iron oxyhydroxides. Therefore, calcite showed a

greater arsenic retention capacity than iron oxyhydroxides

because arsenic retention onto iron oxyhydroxides surfaces

was least active.

Conclusions

The urgent demand for water to meet the needs of residents

in the Huautla mining district resulted in exploitation of the

nearest groundwater. This groundwater was obtained from

the mines in the area, which flooded from a rise in the

groundwater level after they were abandoned.

This article presents the preliminary results of a study

carried out in this area related to the pollution of surface

water and groundwater. This research is the first work of

this nature to have been conducted in the area, and there-

fore, the results and conclusions are a first approach to this

problem.

Groundwater in the district usually is slightly saline.

High contents of As, Fe, Mn, Cd, and Pb were found in

groundwater in concentrations higher than the limits set by

the WHO guidelines and Mexican standards for drinking

water. The presence of these elements was related to sul-

fide mineralization.

The positive correlation between As with Fe and sulfate

makes it reasonable to consider oxidation of sulfides as the

source of arsenic. Considering pH and Eh conditions and

the dissolved ions in the water, a likely mechanisms would

be adsorption of arsenate onto iron oxyhydroxides surfaces,

competitive adsorption among anions or adsorption on

precipitated carbonates. More detailed studies could test

the feasibility of this desorption.
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