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ABSTRACT

This thesis integrates work performed independently by

previous investigators concerning the origin, mineralogy,

occurrence, epidemiology, speciation and distribution of

arsenic in the RegiOn Lagunera alluvial aquifer, northern

Mexico. Geochemical modeling and literature data are used to

evaluate its speciation, origin, transport, likely exposure

pathways and the processes that may be affecting the arsenic

species levels.

The results show that arsenic is present primarily as

arsenate, HAs0 4 2- . It was probably transported from the areas

of volcanic activity located in the upper catchment regions of

the rivers and within the Region Lagunera. Adsorption-

desorption of arsenic on ferric hydroxides and evaporation of

the surface waters before infiltration are considered to be

the main phenomena responsible for the elevated groundwater

arsenic concentrations (range of 0.003-0.624 mg/1). Except for

the possible dissolution of calcimagnesic arsenates,

mineralogic controls appear to have no effect on arsenic

solubility while hydrothermal processes may be occurring in

isolated areas.
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CHAPTER ONE

INTRODUCTION

Since 1962 Mexican agencies have reported health problems in

both people and animals related to the consumption of

groundwater with elevated concentrations of arsenic in the

closed basin of the Region Lagunera, northern Mexico. Water is

derived mainly from an unconfined alluvial aquifer which

represents the main source of drinking water for more than two

million people that inhabit the area. The problem of water on

the region has become more acute in recent years due to the

overexploitation of the aquifer: groundwater levels declines

of more than 100 m have been observed in less than 50 years.

Past studies have delineated the extensive areas of the RegiOn

Lagunera where arsenic concentrations are above 0.05 mg/1, the

Mexican and USEPA Maximum Contaminant Level (MCL) for drinking

water (range of 0.003-0.624 mg/1). The most recent study,

performed in 1990 by the Instituto Mexican° de Tecnologia del

Agua "IMTA" (Mexican Institute of Water Technology), showed

that such areas also have high levels of total dissolved

solids, sulfate, fluoride, chloride, sodium, boron, and

lithium, quite above their respective regulatory limits.

IMTA described that the presence of arsenic in the alluvial

aquifer can be due to several potential sources: hydrothermal

activity, use of arsenical pesticides, mining activities and
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sedimentary origin. However, based on evidence of hydrothermal

conditions found in some isolated wells (high temperature,

salt deposits, strong smell of hydrogen sulfide and high

arsenic concentrations), IMTA concluded that the most probable

origin of arsenic in the groundwater is due to extinct,

intrusive hydrothermal activity. The sedimentary origin was

diminished due to the low arsenic concentrations found in the

surface waters (range of 0.007-0.0198 mg/1); however, the

sedimentary origin should not be disregarded because it is

believed that most of the arsenic is transported by surface

flow adsorbed to the ferric hydroxides of the particulate

matter rather than in solution (Adams, 1993). The isotopic

study of IMTA also revealed that high arsenic concentrations

are associated with the oldest waters of the aquifer.

The IMTA study did not consider in its analysis the arsenic

speciation performed by CINVESTAV in 1986 nor the mineralogic

study of Planeaci6n y Proyectos of 1992. The three mentioned

studies, are the most recent and serious work done about the

presence of arsenic in the area and they constitute the main

database used in this study.

The objectives of this study are to:

i)	 Analyze and integrate the historic database of arsenic in

the Regidin Lagunera,
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ii) review the arsenic literature,

iii) investigate the origin of the arsenic in the alluvial

aquifer, and

iv) evaluate the process that may be affecting the arsenic

levels within the aquifer.

This study is directed to investigate the origin and

mechanisms that may have caused the high arsenic levels in the

RegiOn Lagunera. The analysis and integration of work and data

performed independently by previous investigators concerning

the origin, mineralogy, occurrence, epidemiology, speciation

and distribution of arsenic is performed in this task.

Geochemical modeling and literature data are used to evaluate

its speciation, origin, transport, likely exposure pathways

and the processes that may be affecting the arsenic species

levels within the aquifer. The results generated in this study

could be extrapolated to other areas having groundwater with

elevated arsenic concentrations and where similar geochemical

characteristics are present.

The remainder of Chapter 1 is dedicated to general

characteristics about the Region Lagunera.

Chapters 2 and 3 describe the geology and water resources of

the area, respectively; special focus is addressed to the

historical geology and exploitation of the alluvial aquifer.
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An overview of the arsenic related investigations of the

Region Lagunera is included in Chapter 4: groundwater quality,

arsenic mineralogy and geophysical studies performed in the

last 30 years are analyzed in order to delineate the possible

arsenic sources. The historical groundwater quality data, the

acute human health outbreaks reported in the area and related

clinical manifestations are also described in this chapter.

The review of the arsenic literature in Chapter 5 was useful

to define the processes that affect the groundwater arsenic

levels in different geochemical environments. Other possible

sources of arsenic emerged from this analysis. The arsenic

levels in different settings are also summarized in this

chapter.

The critical evaluation of the historical arsenic data

(previously described in Chapter 4) in the different settings

of the RegiOn Lagunera was performed in Chapter 6. The

geochemical model WATEQ4F was used to check the charge balance

of the available analysis and the saturation indices of

selected minerals. All these results helped to delineate the

geochemical environment where arsenic is probably evolving.

Using the information generated in the previous chapters the

critical evaluation of the possible arsenic sources was

performed in Chapter 7. Two geochemical models (WATEQ4F and
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NETPATH) were used to validate potential arsenic sources or

processes; selected information obtained from the arsenic

literature was also used in this task. The hydrothermal origin

hypothesis was tested against the other possible sources.

Finally, Chapter 8 has the conclusions and recommendations of

this study. The recommendations will help future investigators

to focus on the complex geochemical issues of arsenic

contamination in the Region Lagunera aquifer.

1.1 Location

The RegiOn Lagunera is situated in the central part of

northern Mexico (Figure 1.1), between 102°40' and 104° W-

longitude and between 25°15' and 26°15' N-latitude. It covers

a total area of about 12,000 Km 2 and includes ten counties of

the states of Durango and Coahuila. Land surface elevations of

the area range between 750 to 1250 meters above sea level

(masl) in the flood plains, to more than 2,000 masl in the

surrounding mountains.

This region has a population of about two million people, of

whom 70% are living in urban areas and the rest in rural areas

(Cebridn et al., 1983). The cities of Torre6n, GOmez Palacio

and Lerdo represent the main urban areas.
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The Region Lagunera is economically important for its

agriculture, mining, cattle and milk production (Cebridn et

al., 1983). Cotton is a major crop, with an average production

of around one million metric tons per year. Wheat, beans,

corn, alfalfa and sorghum are also cultivated in more than

75,000 ha every year.

1.2 Climatology

According to the KOppen classification, the RegiOn Lagunera

has a very dry climate, semi-warm, with an average temperature

in the summer of 25°C (77°F) and 16°C (61°F) in winter. The

scarce rain, occurring mainly in the summer, has resulted in

soils and vegetation characteristic of desert climates

(Albores et al., 1979).

The area is characterized by strong variations of temperature.

There are two well defined seasons: one includes the five

months from November to March and has average temperatures

ranging from 13.7°C (57°F) to 19.4°C (67°F). The second period

includes the warmer months (May-August) in which the

temperature ranges from 25.3°C (76°F) to 26.6°C (80°F). The

average minimum and maximum temperatures occur in January and

June, respectively (Figure 1.2). During the warmer months the

temperature reaches more than 35°C (95°F) for at least four

hours a day (Cebridn et al., 1983). The mean annual
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temperature in the area is 21°C. More than two hundred days

per year are sunny.

Most of the precipitation occurs in the summer. The rainy

season is from June to October with August and September being

the rainy months (Figure 1.3). The mean annual precipitation

in the area is 221 mm with a distribution that is influenced

by the topographic conditions: minimums in the plains and

increasing towards the surrounding mountains. During the

winter the average precipitation is only 16 mm, however,

during the summer reaches 120 mm.

Evaporation is high with its mean annual value reaching 2406

mm, i.e., eleven times the mean annual precipitation (Viniegra

et al., 1964). The average minimum and maximum evaporation

occur during the coolest and warmest months respectively

(Figure 1.2).

Relative humidity during the spring is at its lowest value

(39%). Atmosphere dryness is not as severe during the summer

(50%), fall (57%) and winter (52%) (Viniegra et al., 1964).

The prevailing wind has a S-SE direction most of the year,

with maximum gusts of 40-45 Km/hr; however, during the daytime

hours in the fall and winter, the dominant winds have a

preferential WNW direction (Viniegra et al., 1964).
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CHAPTER TWO

GEOLOGY

2.1 Physiography

The RegiOn Lagunera is located within the physiographic area

which includes the Coahuila Province, the Transversal Orogeny

System and the Parras Basin (Figures 2.1 and 2.2), all of them

belonging to the geologic province of Coahuila (Lopez Ramos,

1974). The mountains are mainly oriented NW-SE, and are

separated by extensive alluvial plains. They are cut by

several canyons some of them with almost vertical walls. They

have variable heights and represent the limits of the bolson,

which is principally the RegiOn Lagunera.

The Coahuila Province was one of the main sources of sediments

in the Late Jurassic and Early Cretaceous, and was covered by

shallow seas during the Late Cretaceous. The region is

characterized by smooth and large anticline structures

(mountains of La Campana, Tlahualilo, and El Socabo) perfectly

shaped in the form of a dome with presence of normal faults.

During the Laramide Orogeny it acted as a foreland (IMTA,

1990).

The Transversal Orogenic System was caused by the Laramide

Orogeny. Its stresses compressed the sediments filling the
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geosyncline, forming a series of long and narrow folds. The

resulting structures were oriented parallel to the Coahuila

province margins and were also reclined (recumbent) towards

the N and E. The deformation also yielded fan structures. The

mountain of Mapimi shows an irregular mountain front due to

erosion. The mountains of Las Noas and La Hispana represent

the more important anticlines of the subprovince, located at

the SE of mountain of Mapimi and are almost parallel to each

other. The Nazas River cuts four anticlines in very narrow

areas and then passes through the intermountain valleys.

The Parras basin was formed as a consequence of folding of the

Transversal Orogenic System during the Late Cretaceous. The

region consists of several individual structures generally

oriented NW-SE and separated by boisons which often correspond

to grabens. The higher peaks of the mountains range from 1400

to 2300 masl. The extended intermountain plains of smooth

undulation called bolsons have altitudes between 1000-1500

masl. They were filled with eroded material settled over the

old depressions (forming thick layers).

2.2 Geomorphology

There are 4 different types of geomorphic units within the

area (Escolero et al., 1992):
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The mountain ranges are represented by a series of mountains

aligned principally NW-SE, except in the Viesca and Tlahualilo

areas where their orientation is W-E and N-S respectively

(Figure 2.2). Structurally they represent recumbent folded

anticlines and synclines of mainly limestone. The lower parts

of the flanks of the mountains are commonly covered by vast

alluvial deposits. The calcareous composition of the mountains

is significant to the aquifer because of the recharge through

the fracture system. Some mountains, like El Sarnoso, are

composed of igneous rocks.

The plains are located in the central and eastern portion of

the area. They are composed principally of clastic materials

formed by intercalated layers of gravel, sand, silt and clay.

The resultant stratigraphic unit is the product of the

accumulation of dendrital material which originated in the

surrounding mountains, and was transported principally by the

Nazas and Aguanaval Rivers. The rivers are characterized by

meandering river beds of low flow rates; however, this natural

process has been transformed in the last few years due to the

construction of important hydraulic structures. Reservoirs

caused the diversion of the natural flow from the flood plains

where the Mayrdn and Viesca lagoons were located. The plains

represent the location of the main body of the aquifer.

The intermountain valleys are located within the mountains
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described above and at higher elevations than the plains. They

are sub-horizontal and have abrupt walls; structurally they

correspond to synclines filled with alluvial material produced

by the erosion and transport of the rocks of the surrounding

mountains. Like the plains, the intermountain valleys receive

recharge from the surrounding mountains and they constitute

small but important aquifers.

The plateaus are located in the S-W and N-W parts of the area.

Generally, they are horizontal and slightly inclined from N to

S, with great precipices at the borders. The plateaus,

actually still in the erosion process, represent natural

barriers to the flow due to their low permeability.

2.3 Stratigraphy

According to several geologic studies, the area contains rocks

from Paleozoic (Permian) to the Quaternary; however, the

former do not crop out within the Region Lagunera (Figure

2.3). The chronological stratigraphic sequence, extracted from

Escolero et al. (1992) is as follows (Figure 2.4):

The Paleozoic Rodeo Formation consists of sequences of

phyllites alternated with thick layers of sandstones and

conglomerates. It crops out at the mountain of Jimulco and has

an estimated thickness of 2,400 m. It was formed by the
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erosion of igneous rocks, and the eroded material was

deposited in a fluvial environment in semiarid conditions, as

evidenced by a lack of fossils.

The Nazas Formation of the Triassic consists of a sequence of

lavas interstratified with tuffs, shales, sandstones,

limestones, and conglomerates. It crops out in the S and SW

part of the area, close to the town of Cinco de Mayo, in the

core of the Villa de Juarez anticline. Its thickness is

approximately 100 m.

The Jurassic is represented by rocks of the Gloria, Zuloaga

and Casita Formations. They are distributed to the W of the

mountain of Mapiml, to the E of the mountain el Rosario and to

the W of the mountains Chocolate and Villa de Juarez. The

first two formations belong to the Zuloaga group which

consists of a sequences of sandstones interstratified with

thick layers of limestones. The Casita Formation is composed

of conglomerates, sandstones, shales, marls, limestones,

gypsum and an small amounts of organic material. It crops out

to the S of Viesca and has an estimated thickness of 80 m.

The Cretaceous system in the area is represented by the

Coahuilean and Comanchean Series, and by the Indidura and

Caracol Formations. The Coahuilean Series is composed of

shales, clayey sandstones, limestones and sandy limestones and
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crops out principally in the S and SW part of the area. Its

age ranges from the Neocomian Berriasian to the Middle Aptian.

Its thickness is variable, depending on its geographic

location.

The Comanchean Series includes the following formations: Pefia,

Aurora, and Cuesta del Cura. Their ages range from the Late

Aptian to the Late Albian or Early Cenomanian. The most

important is the Aurora Formation which is represented by

medium to thick section of dense dolomitic limestones and

dolomites. It is broadly distributed over the Region Lagunera,

and its thickness ranges from 300 to 600 m.

The Indidura Formation consists of layers of clay with

intercalations of thin layers of marls and calcareous

limestones. The unit crops out at the S and SW part of the

area. It is estimated that the unit has thickness greater than

100 m. Its age is between the Late Albian and the Turonian.

The Caracol Formation is formed by a succession of

intercalations of sandstones and shales, and it crops out in

the N of the area. It has an estimated age of the Coniancian

and possibly Santonian.

The Tertiary is represented by intrusive igneous rocks, the

Ahuichila and Santa Inés Formation, and undifferentiated
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volcanic rocks. Igneous rocks are present within the area of

interest forming stocks of granitic, granodioritic, dioritic

and quartz-monzonitic composition. They are also present as

dikes and dikestrata of latitic, diacitic, rhyolitic and

andesitic composition, as well as intrusive bodies of diabasic

composition. The principal crop out of these bodies is the

stock called "El Sarnoso".

The Ahuichila Formation consists of conglomerates and breccias

of continental origin with a predominance of semi-rounded

clastics of limestones, calcilutites, sandstones and fragments

of igneous rocks. It crops out at the flanks of the mountains

where its thickness reaches 160 m. It has been assigned an

estimated age from Late Eocene to Early Oligocene.

The undifferentiated Volcanic rocks vary from rhyolite to

basalts and are present as spills of lava, tuffs, breccias,

etc. Their total thickness is unknown but has an estimated

minimum of 100 m.

The Santa Inés Formation consists of clastic sequences of

continental origin, composed of unconsolidated gravels or

conglomerates cemented with clay, silt and calcite. Its

assigned age is from the Pliocene to the Early Pleistocene.

Its thickness is unknown, however, in places where the unit

crops out a thickness of 300 m has been observed.
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The Quaternary deposits are represented mainly by the

alluvial, eolian and lacustrine materials (Figure 2.5). The

Alluvial deposits are broadly distributed in the area and are

formed by clastic materials of great lithologic variety. They

have variable thickness of great water bearing potential.

Lacustrine deposits are composed of clay and silt and are the

remains of the old flood plains, and are located in the lowest

parts of the basin. Eolian deposits were formed by sands and

are distributed in the central parts of the valleys forming

dunes. Finally, the Alluvial Fan sediments are formed by

clastic materials like gravels, sands and silts, and are

distributed at the margins of the mountains.

2.4 Historical geology

The oldest rocks of the northern part of Mexico crop out

approximately 130 Km to the east of Torre6n, in the region of

Delicias, Coahuila. They correspond to a thick sequence of

sedimentary rocks of the Upper Pennsylvanian and Lower

Permian, that were accumulated in an geosyncline which also

received volcanic material. The region was folded in the Late

Permian age forming structures that generally strike NE-SW.

Later, the Appalachian Orogeny was responsible for the

emplacement of plutonic bodies and spills of lava in the

Permian strata found close to Delicias (Kellum et al., 1936).
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The oldest rocks that crop out in the area belong to the Nazas

Formation. Its study reveals volcanic activity and deformation

during the Upper Triassic, similar to that observed in the

vicinity of Delicias, Coahuila (Escolero et al., 1992).

The marine transgression of the Upper Jurassic to Lower

Cretaceous formed the Gloria and Casita Formations as well as

the Coahuilean Series. The clastics that formed the Gloria

Formation were the precursors of the marine transgression and

they probably came from the upper parts (elevations) situated

in the N and NE of the area (mountain of Tlahualilo and La

Campana of the Peninsula of Coahuila). During that

transgression, clastics interstratified with carbonates were

also deposited close to the shoreline of the Peninsula of

Coahuila, which formed the Casita Formation and the Coahuilean

Series. The marine transgression continued during the Aptian;

and in shallow areas close to the Peninsula of Coahuila,

gypsum and carbonates were deposited. They formed the Peña

Formation which crops out to the N of the area.

During the Portlandian-Neocomian, there was a marine

connection across the N and central parts of Mexico (Kellum et

al., 1936).

Thick calcareous and dolomitic sequences were deposited during

the Aptian, Albian and probably during the Lower Cenomanian,
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as a result of the continued transgression of the seas towards

the north.

The thick sequences of gypsum-dolomite-limestone of La Casita

Formation, found at the north of the area, indicate the

existence of lacustrine conditions. On the other hand, the

lithology and fauna present in the area suggest that the

carbonate deposits occurred in a clean shallow water

environment. Platform facies are observed in the mountain of

Tlahualilo and La Campana while reef facies are found in the

mountain of Mapimi and El Sarnoso. All of these sequences

constitute the Aurora Formation (Escolero et al., 1992).

The eastern part was subjected to an erosion process during

the Cenomanian and was followed by other transgressions during

the Turonian and Coniacian where clastics and carbonates were

deposited. As the lands in the W started to emerge, the amount

of clastic material increased (Rogers, 1959) and there was

also accumulation of lacustrine deposits in the small basins.

The greatest part of the clastic sequence of the Indidura or

Caracol Formation, more than 4,000 m in thickness in areas

close to the Mayrdn Lagoon (Imlay, 1937), probably came from

the area of Torreein and surrounding areas while they were

gradually raised during the Upper Senonian. That uplift marks

the beginning of the Laramide Orogeny which continued for
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several episodes until the Middle Eocene.

The Upper Mesozoic strata were compressed by active forces

coming from the SW which acted almost perpendicular to the

ancient Peninsula of Coahuila. Such deformation originated a

series of elongated and narrow folds in an arrangement of

steps or echelons with respect to the Peninsula. The latter,

which acted as a foreland, resulted in a lateral movement

between the Peninsula and the folded zone. The folds,

generally asymmetrical or recumbent towards the north and

east, have predominantly local faults.

Towards the end of the Laramide Orogeny the intrusion of

stocks, dikes and dikestrata was accentuated in some of the

folded areas, resulting in additional deformations in the

sedimentary rocks. The mineralization, developed after the

magmatic emplacement, corresponds to the compressional phase

of the Orogeny that was followed by the pressure cessation,

and by the predominance of tensional stresses during the Upper

Eocene (Escolero et al., 1992).

During the Upper Eocene to Oligocene, block faulting created

the basins where large amounts of gravel were accumulated in

alluvial fans (Ahuichila Formation). It is possible that this

faulting was accompanied by igneous activity. The faulting,

volcanic activity and associated clastic deposits continued
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during the Miocene.

As a result of the erosion, considerable quantities of gravels

have accumulated since that time. They consist predominantly

of fragments of volcanic rocks cemented with caliche, and are

exposed as terrace deposits. A continuing faulting produced

some hills with spills of lava on the top. They occur mainly

in the western portion of the area.

The alluvial fill generated by the collapsed blocks and

valleys located within the folded mountains continued from the

Pliocene until the present. The terrace deposits however

reveal a new erosion cycle which has begun since the end of

Tertiary.
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CHAPTER THREE

WATER RESOURCES

3.1 Introduction

The main source of surface water in the region is from the

Nazas and Aguanaval Rivers and the primary groundwater source

is the alluvial aquifer which covers more than 50 96- of the

entire area. The water from both sources is used to irrigate

almost 150,000 ha every year. Groundwater is also used for

domestic, industrial and livestock needs.

Under natural conditions the rivers historically discharged

their waters to the Mayrdn and Viesca Lagoons, respectively,

and it is from there that the name Region Lagunera (Lagoonal

Region) is derived.

Aquifer overexploitation and the regulation of the rivers

caused a significant decline in the level of the piezometric

surface, the disappearance of such lagoons and a decline in

the groundwater quality.

3.2 Surface water resources

According to the Secretaria de Agricultura y Recursos

Hidrdulicos,	 SARH	 (Water Resources and Agriculture
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Department), the study area is located in the Hydrologic

Region # 36, called "Nazas-Aguanaval" (Figure 3.1). It

comprises a broad closed basin which includes the Mexican

states of Coahuila, Durango and Zacatecas. The Nazas and

Aguanaval are the principal rivers; they are used principally

for agricultural activities. The Nazas River is used to

irrigate the Counties of Torre6n, and San Pedro de las

Colonias, while the Aguanaval the Counties of Matamoros and

Viesca. Their closed basins represent 63% and 37% of the total

geographic area, respectively.

The Nazas River is the main source of surface water and only

carries water during the irrigation cycle (March-August) and

during exceptional flood events (reported every 10-15 years,

the last one occurring in late 1991 - early 1992). Actually,

the river is regulated by two reservoirs: Lazar() Cardenas and

Francisco Zarco (operating since 1946 and 1968) with storage

capacities of 2,778 and 235 million cubic meters (Mm 3 ),

respectively. The distance between the Lazar° Cardenas

Reservoir and the Mayran Lagoon is about 350 Km. Within these

two points the river has a gentle average slope of 0.0014. It

is estimated that about 600 Mm3 of water of these two

reservoirs are used each year in the Regiem Lagunera.

For irrigation purposes, water is released from the reservoirs

and it is transported by the river to the entrance of the
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basin, at which point it is carried by canals to the whole

area. The main canal, with a total length of 950 Km and

capacity of 75 m3/s, is used to distribute water to more than

50,000 users. The irrigation system, built in the 1940's, was

reconditioned in the 1970's by the lining of more than 4,000

Km of canals.

Under natural conditions, the Nazas River carried its water

from the mountains to the Mayrdn Lagoon (1,063 masl). It

originates in the upper part of the Sierra Madre Occidental

located in Guanicevi County, State of Durango, and runs

approximately 600 Km until its termination. After passing

between the cities of Torreem and G6mez Palacio the river

forms a natural border for 23 Km of extension between the

states of Coahuila and Durango, following a northeast

direction. After that, it enters the state of Coahuila,

turning slowly to the east until reaching the aforementioned

Lagoon.

Historically, the river has changed direction with time.

According to official documents, before 1829 the Nazas River

ran to the North towards the Tlahualilo Lagoon. However, at

the level of Fco I Madero town, it changed direction towards

the Mayran Lagoon site. The change was partly due to the large

sediment load that the river carried every year and which was

deposited in the lower parts of the basin.
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In the past, before the construction of the reservoirs, the

Mayrdn Lagoon had an approximate circumference of 150 Km which

increased to 230-240 Km during flood-time. By the late 1930's

there were only few small ponds within the area located at the

east of San Pedro de Las Colonias. In general, the floods

start in July and end in October; sometimes the volume of

water carried by each flood was greater than 2,000 Mm 3 . In

1868 the Torreón ranch was destroyed by a flood of the Nazas

River (Viniegra et al., 1964).

The excess water that the Nazas River carried during high

flood stage to the Mayrdn Lagoon was mainly evaporated. Due to

the construction of the reservoirs and the excessive water use

to which the aquifer has been subjected in the last decades,

the Lagoon has disappeared, giving place to a desert

landscape.

Under natural conditions the Aguanaval River discharged its

waters to the Viesca Lagoon. The river is actually regulated

by three small but important reservoirs which were built

mainly to control the major flood events. The natural

discharge of the Aguanaval River is significantly less than

that of the Nazas River and there is no system of impermeable

irrigation ditches associated with it.

The river originates in Fresnillo County, State of Zacatecas;
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it crosses the State of Durango at San Juan de Guadalupe

County and represents the limit between the states of Coahuila

and Durango over a large boundary length. After crossing

between the mountain range of Noas and Ejército hill, with a

southwest to northwest direction, the river follows to the

east until its termination.

By the late 1930's the Lagoon of Viesca, situated at the N of

the County of the same name, was disappearing because of the

aquifer overexploitation, the low volume of water coming

through the Aguanaval River and the high evaporation rates.

The soil covered by the lagoon, is rich in clay and saltpeter.

The latter is commercially exploited.

3.3 Subsurface water resources

Based on the hydrogeologic characteristics and stratigraphic

position, two different aquifers types can be defined in the

area (Escolero et al., 1992):

The limestone aquifer is present in anticline and syncline

structures located in the W and SE part of the region and

which are part of the Aurora Formation of the Lower

Cretaceous. There are few wells present in this aquifer but

they show rapid and significant seasonal variations in their

groundwater level. This is indicative of high transmissivity
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but low storage capacity. In the past, some springs with

considerable flow rates were present in areas where the

limestone formation is in contact with the granular aquifer;

but, the rapid decline of the water table caused their

depletion (a spring in the area of Viesca was depleted in

1953). It is suspected now that such flows discharge directly

into the granular aquifer in the subsurface.

The granular aquifer constitutes the main subsurface source of

water of the Region Lagunera. It is an unconfined aquifer

formed by the granular material of the Santa Inés Formation,

and by the alluvial and lacustrine deposits of sedimentary

origin that filled the old bolsons. Gravels, sands, silts and

clays coming from the surrounding mountains are part of such

deposits. Its hydraulic conductivity ranges from 3 to 20 m/day

in sandy and clayey layers respectively, while

transmissivities range from 0.007 m 2/s in areas close to the

river to 0.0005 m2/s in the flood plains. Its inferred storage

coefficient is about 0.05-0.06 (Escolero et al., 1992). The

principal source of recharge are the Nazas River and the

infiltration of water from excess irrigation. The basement is

represented by the rhyolitic-andesitic spills and shales of

the Tertiary age, and by the Caracol and Indidura Formations

of the late Cretaceous.

The granular aquifer extends basically over half of the area
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and contributes 50% of all the water used. The natural

presence of high levels of some harmful chemical constituents

(TDS, Ca, Na, Cl, SO 4 , NO 3 , F, B, As, Pb and Li) over extensive

areas of the granular aquifer has caused health problems in

the inhabitants of the Region Lagunera.

3.4 Historical exploitation of the granular aquifer

The exploitation of the groundwater started in the early

1920's mainly for agricultural purposes. As a consequence of

shallow water tables and high extraction flow rates more than

1,000 wells were drilled within the area by 1940.

The construction of the Lazar() Cárdenas Reservoir in 1946

considerably decreased the natural source of recharge to the

aquifer. The attractive hydrogeologic conditions prevailing

during that time (shallow water tables and highly productive

wells), permitted the expansion of the irrigated area. By

1950, about 3,000 wells had been drilled.

The spectacular development of the region caused radical

changes in the aquifer hydrology. In spite of regulation of

groundwater extraction, the drawdowns of the water table

increased as a result of the overexploitation. The resulting

exploitation effects included higher pumping costs and lower

extraction flow rates.
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The lining of more than 4,000 Km of canals of the irrigation

system significantly reduced the recharge from the canals to

the aquifer. By 1986, abstraction was at least three times

greater than the recharge (IMTA, 1992). According to the

ComisiOn Nacional del Agua of the SARH, "CNA", (National Water

Commission), in 1989 there were more than 4,800 wells present

in the Region Lagunera (Table 3.1), with the central and

southeast areas having the greatest density.

Table 3.1 Results of the well census of 1989.

NUMBER
OF WELLS

PERCENTAGE
(°.1)

USE

2,736 57 Irrigation

1,200 25 Abandoned

480 10 Domestic

240 5 Livestock

100 2 Industrial

50 1 Unspecified

Actually, in some areas of the irrigation district, the water

must be pumped from depths greater than 100 m.

3.5 Hydrodynamics of the granular aquifer

Under natural conditions the predominant flow direction was
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from southwest to northeast (Escolero et al., 1992). The Nazas

and Aguanaval Rivers were recharging the granular aquifer

along their flow paths within this area. The water table

ranged from 1,120 masl in the surroundings of Torrec5n and

Gômez Palacio, to 1,095 masl at the north. Shallow water

tables over the whole basin where the rule (Figure 3.2).

By 1975, the increased well density in the central part of the

area, had caused severe changes in the flow directions. The

natural aquifer configuration had been inverted, especially in

the northwestern part of the area; a cone of depression was

formed between the towns of Fco I Madero and Tlahualilo. The

water table was below 1,020 masl at the northern and

southeastern part of the area (Figure 3.3). The depth to the

water table increased from 20 m at San Pedro de las Colonias

and Emiliano Zapata to 100 m at the center of the area (Figure

3.4). The general flow direction was then from the borders of

the basin to the areas located within the central portion of

the region.

In May 1991, the general direction of groundwater flow was

similar to that observed in 1975 but with larger drawdowns and

extended cones of depression. New zones of withdrawal were

also formed towards the west. The minimum water table

elevations were at 1,010 masl (Figure 3.5); depths to the

water table ranged from 40 to more than 110 m (Figure 3.6).
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The evolution of the water table configuration with time (from

1975 to 1990), clearly shows the effect of the aquifer

exploitation in the whole Region Lagunera (Figure 3.7). The

larger drawdowns are found to the southeast, near Matamoros,

and to the north between Fco I Madero and Tlahualilo. The

lower drawdowns are located towards the margins of the basin

and towards the former location of Mayr -An Lagoon. During the

period 1975-1990 the average drawdowns observed were of 30 m,

while in the period 1940-1975 of 50 m. Therefore the average

drawdowns in 50 years were of 1.6 m/year.

An ascending subsurface recharge coming from the limestone

aquifer could also be occurring. The piezometric surface of

the limestone aquifer is generally above the one observed in

the granular aquifer.
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CHAPTER FOUR

PREVIOUS INVESTIGATIONS

4.1 Introduction

Within the world literature there are some reports that

describe the existence of groundwater contaminated with

arsenic. The more relevant are from Germany; Poland; Taiwan;

Argentina; Chile; Canada; Japan; Alaska, Arizona, California,

Minnesota, Nevada, Oregon, and Utah in the U.S.; and the

RegiOn Lagunera, Mexico.

The clinical manifestations reported in those places are

similar (Quihones et al., 1979): cutaneous manifestations

(skin pigmentation changes, melanodermics, keratosis and skin

cancer, and multiple epitheliomas), gastrointestinal

disturbances, peripheral vascular disease and neurological

changes (Cebrian et al., 1983). The symptoms are more

frequently observed in the older men and increase with the age

and with the arsenic concentrations in the water (Iseg et al.,

1968).

Groundwater contamination with arsenic has been reported in

two regions of Mexico: Achichipilco, Puebla, and the Region

Lagunera, states of Durango and Coahuila. In the former,

according to Quihones et al. (1979) an epidemiologic study
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helped to define the source of contamination and the group of

inhabitants affected. The study recommendations aided in

solving the problem.

The existence of arsenic in the groundwater of the Region

Lagunera, identified since 1962 (Quifiones et al., 1979), has

caused adverse health effects in both people and animals

(Garcia et al., 1991).

4.2 Groundwater quality

In August of 1962 the inhabitants of the Miguel Alemán and

Eduardo Guerra colonies of TorreOn, Coahuila, reported an

outbreak of arsenic exposure. Drinking water from a deep well

located within the Alemán colony was identified as the main

source of the high arsenic concentrations. Both colonies are

located in the northeastern part of the city (Figure 4.1), in

flatlands of sparse vegetation, and at less than 2 Km away

from the Metalurgia Mexicana Perioles S.A. (Pefioles Mining

Company), which produces lead, silver, trioxide of arsenic and

oxides of cadmium (Cantellano et al., 1964).

Epidemiological and clinical studies revealed that 297 of 496

inhabitants from both colonies had some symptoms of arsenic

toxicity. It was suspected that the mining company was

responsible (Escobar et al., 1964; Ortiz et al., 1963).
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In 1939 a similar case arose in the colony of La Continental,

commonly known as Guayulera. It was located between the M.

Alemán colony and the Mining Co. By that time, similar

symptoms were being observed by the inhabitants of Mapimi,

Durango (Ortiz et al., 1963).

Analyzes of the drinking water of the deep well of AlemAn

colony, revealed that the arsenic concentration was above 0.05

mg/1, the current Mexican and USEPA Maximum Contaminant Level

(MCL) for drinking water standard (Table 4.1). In comparison,

samples from surrounding wells were below that level

(Espinosa, 1963).

Table 4.1 Arsenic levels in the groundwater (1963).

Colony No. of
Samples

MIN
(mg/1)

AVG
(mg/1)

MAX
(mg/1)

M. Alemán 15 0.006 3.373 9.000

V. Guerrero 5 0.0145 0.04733 0.112

L. Blanco 5 0.010 0.016 0.022

Torre6n City 3 0.018 0.0293 0.052

All the chemical analyzes were obtained using the Gutzeit

method. According to Boyle and Jonasson (1973), the old

Gutzeit method "is based on the intensity of the yellow to

orange to black color which arsine, generated from the sample,
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imparts to filter paper soaked in mercury chloride". The

chemical substance found in the water was the reduced form of

arsenic (Ortiz et al., 1963).

The well, operated since 1950, was drilled in 1948. It had a

total depth of 140 m, a diameter of 0.20 m and water table at

80 m. By 1962, the water table was reported at 40 m depth.

With the closure of the well, the appearance of pathologic

manifestations within the Alemán colony disappeared (Ortiz et

al., 1963).

The analyses of Perioles (Mining Co) wells revealed that two

deep wells (Table 4.2) were also contaminated with arsenic

(Escobar et al., 1964).

Table 4.2 Arsenic levels in Perioles wells (1962-63).

Well Date As	 (mg/1)

2241 (#6) Oct. 25, 1962 0.035

2241 (#6) Nov. 21, 1962 0.429

#7 Oct. 26, 1962 0.067

#7 Ago. 20, 1963 3.710

Later, it was reported that two of 17 urban wells analyzed

also had arsenic concentrations above the regulatory limit

(Viniegra et al., 1964).
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Subsequently, the study was extended to the whole area.

Analyses performed in 1962 on 193 monitoring wells of the

Region Lagunera, revealed that the arsenic contamination was

extensive with only 37.4% of the samples having values below

the drinking water standard of 0.05 mg/1 (Viniegra et al.,

1964).

The arsenic concentrations in the Finisterre area ranged from

0.628 to 0.949 mg/1, with average of 0.782 mg/l. Finisterre

belongs to Fco I Madero County, Coahuila, and is located 67 Km

to the northeast of Torre6n. An investigation revealed that in

1950, another acute outbreak was reported in the area. A new

well caused several cases of arsenic toxicity and six people

died. The well was finally shut down (Chavez et al., 1964).

Subsequently another study reported that the arsenic

concentrations in 47 wells sampled from seventeen communities

in the same area ranged from 0.6 to 0.9 ppm (Sanchez de la

Fuente et al., 1976). The study revealed that 19.3% of the

inhabitants of Finisterre had presented some type of clinical

manifestations related to arsenic. The determination of

arsenic in hair, urine and nails of the patients revealed high

concentrations.

In the period 1975-1986, the analyses of 258 wells revealed

that more than 50% (132 wells) were above the USEPA drinking
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water standard (Figure 4.2). The data belong to the monitoring

program established by SARH since 1975 (Cebridn, 1987).

In 1976, an acute epizootic outbreak affected 6,014 bovines

from a total of 11,000 reported in the Region Lagunera. From

the affected 1,500 died and 1,396 were sacrificed. Only 3,118

of the total affected were completely cured. The milk

production diminished by 100,000 liters per day (Albores et

al., 1979). The phosphoric rock used in the cattle food had

high arsenic concentrations (Rios, 1983).

A study developed by Albores et al. (1979) described that

before 1977 the mean annual concentration of arsenic in the

drinking water of El Salvador de Arriba, Coahuila was 0.5 ppm.

The town is located in the northeastern part of the RegiOn

Lagunera (Figure 4.3) and its arsenic concentration was ten

times higher than the regulated limit. In contrast, in San

Jose del Vifledo, Durango, situated in the central portion, the

mean average arsenic concentration was within the acceptable

limits (0.001 ppm). The determinations were also performed by

the Gutzeit method. Since 1977, a new potable water system,

with arsenic levels within the regulated limit, was introduced

into El Salvador de Arriba. The potable system comes from an

area located in the southern part of the alluvial aquifer

which is considered the main source of drinking water for the

inhabitants of the RegiOn Lagunera by the low groundwater
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arsenic levels found there.

Cebrian et al. (1983) found large variations of the arsenic

concentration (range 0.16-0.59 mg/1) on the samples of El

Salvador de Arriba collected between 1975 and 1978: the mean

value and standard deviation of 20 samples were 0.411 mg/1 and

0.114 mg/1, respectively. The 18 samples taken in San Jose del

Vifiedo over the same period of time, reported a mean value and

standard deviation of 0.005 mg/1 and 0.007 mg/1, respectively.

The towns are 37 Km apart.

In 1979 the wells of the RegiOn Lagunera had arsenic

concentrations that ranged between 0.001 and 0.36 ppm, with a

mean of 0.067 mg/1 (Quifiones et al., 1979).

The first study on dissolved arsenic speciation in the Region

Lagunera, was completed in 1980 in the town of El Salvador de

Arriba (Jauge & Cebrian, unpublished data; Cebrian et al.,

1983). At that time, the average total arsenic concentration

was 0.48 mg/l. Arsenic was mainly present as inorganic

arsenate (70%), and the balance as arsenite.

Another study performed in 1986 showed that 41 of 170 wells

(24.1%) were above the arsenic standard and 42 also had

fluoride concentrations greater than 1 mg/1 (the fluoride

Mexican and USEPA drinking water standard is 1.5 mg/1). All
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the contaminated wells were located in the rural areas of the

northern Region Lagunera. Several villages (19) of Fco I

Madero County where arsenic-related health problems were

particularly severe were also found to be subject to high

fluoride concentrations. Several cases of dental fluorosis

have been reported in this area. A direct correlation between

As and F (r=0.925) was also suggested (SSA, 1986).

In 1986-87, the waters of five wells from different towns in

the northern part of the RegiOn Lagunera, state of Coahuila

(Figure 4.3), were analyzed for arsenic by atomic absorption

spectrophotometry (Gomez et al., 1988). Their concentrations

ranged from 0.110 to 0.695 ppm (Table 4.3).

Table 4.3 Arsenic levels in some northern towns
of the RegiOn Lagunera (1986-1987).

Well As	 (mg/1) As	 (ppm)
Town Number CINVESTAV Gomez-1988

1986 1986-87

Fco I Madero 3419 0.086 0.110

Batopilas 954 0.369 0.285

Finisterre --- --- 0.290

El Cantabro 1991 0.271 0.330

El Dorado 1996 0.552 0.695

In 1986 the CINVESTAV reported that the total arsenic
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concentrations in 128 wells sampled in the whole area (Figure

4.4) ranged from 0.008 to 0.624 mg/1 (Figure 4.5). Half of the

water wells showed arsenic levels above the USEPA drinking

water standard (most of them located in the northeastern rural

part of the area).

Most of the arsenic found was in the inorganic forms As (V) and

As (III); the former was the predominant species in 93% of the

samples (Figures 4.6, 4.7 and 4.8) while the latter was

present in variable percentages (20-50) in 36% of the samples

(Figure 4.9). By contrast, the organic arsenicals

(monomethylarsonic acid "MMA" and dimethylarsinic acid "DMA")

were found in small amounts in all samples (MMA < 0.003 mg/1

while DMA ranged from traces in 92% of the samples to 0.020

mg/1).

CINVESTAV also reported that the fluoride concentrations

ranged from less than 0.5 mg/1 to 3.7 mg/1 (Figure 4.10).

However in this case, a relative low proportion of water wells

(19.4%), had concentrations greater than the regulated limit

of 1.5 mg/l. They were also located in the rural areas of the

northern Region Lagunera.

As previously stated by SSA (1986), a direct correlation

between total As and F (r=0.774) was also suggested. However,

the correlation between As(III) and F was lower (r=0.384)
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probably due to the predominance of arsenate species (Del Razo

et al., 1990).

There was no evidence of arsenic and fluoride contamination in

the water supplies of TorreOn, Gómez Palacio and Lerdo cities,

located at the southwestern part of the area; more than one

million people were living in that urban area (Del Razo et

al., 1993). However, it was estimated that approximately

400,000 inhabitants of the rural areas of the northeastern

part of the Region Lagunera were exposed to high arsenic and

fluoride levels above their respective drinking water

standard.

Del Razo et al. (1993) who participated in the CINVESTAV

study, provide a concise description of the sampling

procedures and apparatus employed in the determination of

arsenic and fluoride: "Samples were obtained directly from the

water pump after water was allowed to run for at least 20

minutes and were stored in stoppered polyethylene bottles

which were filled to the brim. Samples were kept at 4°C during

shipment and no acids or other chemicals were added. On

arrival at the laboratory, samples were filtered, aliquots

taken and the pH was adjusted according to the elements to be

analyzed. Samples were analyzed within 2 months after

collection. Fluoride determinations were made with a Beckman

Select Ion 2000 ion analyzer, using an Orion Research (USA)
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fluoride-specific ion electrode with a single-junction

reference electrode. Arsenic determinations were made with a

Varian AA 175 atomic absorption spectrophotometer equipped

with a Model 65 vapor generation accessory."

The analyses also included mercury, selenium, lithium, lead,

zinc, chromium, cadmium, barium, manganese and strontium; no

complete analyses were performed.

Garcia et al. (1991) reported arsenic concentrations of 0.39

mg/1 in the drinking water of the town of Santa Ana, Coahuila,

located at the northeast of the Regi6n Lagunera (Figure 4.3).

The water came from a deep well with a relatively constant

arsenic concentration since 1980. The pentavalent form was the

dominant species (98%) and the rest was trivalent (Ostrosky et

al., 1991). They also mentioned that the arsenic

concentrations of the water of Nuevo Le6n town, Coahuila, were

from 0.019 to 0.026 mg/1, during the period 1987-1989. Between

March and April of 1989, the new potable water system was

expanded and actually the system provides drinking water with

arsenic levels within the regulated limit to almost all the

Regi6n Lagunera.

In 1990, the IMTA "Mexican Institute of Water Technology"

developed a project called "Hydrochemical and isotopic study

of the granular aquifer of La Laguna". The study consisted of
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sampling and analyzing water from the Lazar() Cárdenas and

Francisco Zarco reservoirs as well as from 95 wells

distributed over the whole main aquifer (Figure 4.11). Most of

them are part of the 158 wells of the program created in 1975

to monitor the groundwater quality.

Samples were collected at each sampling point directly from

the water pump. They were stored, without being filtered, in

stoppered polyethylene bottles (previously cleaned with

undistilled water) which were filled to the brim, excluding

air spaces. No acids or other preservatives were added.

Samples were kept at room temperature (20-25°C) and they were

analyzed in a period of 4 months after the sampling. Field

measures included conductivity and some pH and temperature. No

information about the redox state was given. Samples were

triplicated and were sent to be analyzed in different

laboratories. No information about the analytical techniques

was reported.

The chemical analyses included: sodium, calcium, potassium,

magnesium, carbonates, bicarbonates, sulfates, chlorides,

nitrates, pH, temperature, TDS, conductivity, hardness,

alkalinity, lead, boron, lithium, arsenic, iron, fluoride,

molybdenum and mercury. Furthermore, some isotopic parameters

were determined: deuterium, oxygen-18, tritium and carbon-14.
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According to IMTA (1990) the results of the three laboratories

"showed the same pattern". The data reported and analyzed by

IMTA, all came from the same laboratory.

The IMTA study showed that large areas of the Region Lagunera

have arsenic concentrations above the USEPA drinking water

standard of 0.05 mg/1 (Figure 4.12). Arsenic concentrations

ranged from 0.003 to 0.443 mg/l. The highest arsenic

concentrations are found in the lagoonal deposits located in

the northeastern part of the basin, as well as towards the

northwestern and southeastern areas. The latter two are

associated with calcite formations (Figure 2.3). Elevated

conductivity values are also observed towards the margins of

the basin (Figure 4.13). In general, areas with high arsenic

concentrations also have high levels of Total Dissolved Solids

(TDS), sulfates (Figure 4.14), fluorides (Figure 4.15),

chlorides (Figure 4.16), sodium (Figure 4.17), boron and

lithium, above their respective regulated limits. The possible

source of arsenic as described by IMTA is from waters coming

from extinct, intrusive hydrothermal activity. This assumption

was based on the following:

i) High arsenic concentrations are close to extrusive igneous

rocks'(Tetas de Juana).

ii) High arsenic concentrations are observed in areas with
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high concentrations of boron, molybdenum, lithium, chloride

and fluoride. Probably they were the result of magmatic

cooling.

iii) Wells 3089 and 1573 located at the southeast and

northwest portion of the area respectively, registered high

temperatures (42°C and 39°C), strong smell of hydrogen sulfide

(H2S) and elevated arsenic concentrations (0.19 mg/1 on well

3089).

iv) Wells with significant arsenic concentrations correspond

to the oldest waters of the aquifer.

The possible presence of arsenic-bearing sediments was

dismissed by IMTA due to the low arsenic concentration found

in the surface waters (ranged from 0.007 to 0.018 mg/1). The

typical characteristics found in wells 3089 and 1573 suggests

that the arsenic levels found in their groundwater are related

to hydrothermal activity.

Other important conclusions and comments that can be outlined

from the IMTA study are:

i) The mining activities of the Metalurgia Mexicana Petioles

S.A., located in the city of Torre6n are not responsible for

the high arsenic concentrations. The analysis of a water
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sample from a well located in the interior of the industrial

site showed arsenic concentrations below the USEPA drinking

water standard (0.01 mg/1). The isotopic analysis also showed

that high arsenic concentrations are associated with the

oldest waters of the aquifer.

ii) The pesticides used in agricultural activities cannot be

the main source of the high arsenic concentrations. The latter

are generally associated with relatively old groundwaters. The

agricultural areas located in the surroundings of the river

bed, could be causing some local contamination of the aquifer

only.

iii) There is a continuous degradation of the groundwater in

the north and southeast part of the area, plus a dispersion of

such waters to the central part. Arsenic is migrating mainly

from the north and northeast to zones where the groundwater is

of good quality.

iv) Well 331 located in the center of the aquifer (north of

Torre6n, Coahuila) had arsenic levels above 0.05 mg/1, the

current Mexican and USEPA drinking water in 1990 (Figure

4.18). However, in late 1991 to early 1992 an exceptional

flood event occurred; a rapid recharge to the aquifer was

observed in areas close to the river bed. As a result the

arsenic concentrations decreased significantly (Figure 4.19).



76

Well 331 is within the specific area considered the main

source of drinking water for the inhabitants of the Region

Lagune ra.

v) Of the 96 wells analyzed, 41 9-6- showed concentrations of As

above the USEPA drinking water standard (Table 4.4).

Table 4.4 Percentages of well samples above the USEPA
drinking water standards (after IMTA, 1990):

Parameters Percentages

Pb, Mo, Hg 100

Nitrates 81

F,	 Li 75

TDS 67

Hardness 40

SO4 38

Sodium 28

Boron 24

Calcium 21

Potassium 18

Iron 9

Magnesium 7

Chlorides 5

Bicarbonates 1

vi) The isotopic analyses revealed that the main recharge to
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the system is represented by the Nazas River. The residence

time of the groundwater is short in areas close to the river

but increases towards the margins of the basin. Samples from

wells close to the river show isotopic composition similar to

that of the reservoirs. Water from wells with high arsenic

concentrations are very old (Figure 4.20); the arsenic

concentration increases as the recharge from reservoirs

decreases. There is also recharge from the surrounding

mountain ranges, especially Mapimi and Vinagrillo. On the

other hand, the more evaporated waters correspond to that of

the reservoirs (Figure 4.21).

vii) In general, the concentrations of arsenic and sulfates

decrease as the water level decreases. Arsenic levels tend to

increase towards the ex-Lagoon sites and decreases towards the

river.

viii) The groundwater is predominantly calcic and sodium

sulfate (Figure 4.22).

ix) High nitrate concentrations are observed throughout the

Region Lagunera (Figure 4.23).

x) The Area of Viesca has a different pattern than the general

main granular aquifer. There, groundwater is predominantly

chloride-sodium which is characteristic of brine waters. The
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main focus of this work was to study the uncommon arsenic

concentrations that naturally occur in the northern part of

the Region Lagunera. The area of Viesca was not considered

during this work.

4.3 Arsenic mineralogy

Mexico is one of the major producers of As 20 3 (Stokinger,

1981). Mexico was ranked fourth from 1989 to 1991 with an

average production of 5,094 tons per year. Most of the arsenic

(86%) is exported to the United States as pure arsenic (As03 ).

Sweden and France represent the two major world producers

(SEMIP, 1992).

The Ojuela mine, situated at the northeast of the mountain

range of Mapiml, became one of the most important mines in

Mexico at the beginning of this century (Rios, 1983). Its

surficial exploitation started about 1600, but the most

extensive mining activity occurred since the end of the

previous century until 1938. Since that time about 4 million

metric tons of minerals have been extracted with average

grades of 3.7 g/ton of gold, 462 g/ton of silver and 14.9% of

lead. As a result of ore depletion the mining operations have

decreased since 1938. The Ojuela mine was famous for the great

variety of minerals, some of them quite rare (Table 4.5).
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Table 4.5 Minerals of the Ojuela mine (after Rios, 1983).

Mineral Formula

Adamite Zn, (OH)AsO,

Arseniosiderite Ca 3Fe (ASO4 ) 3 ' 3Fe (OH) 3

Carmenite Pb3 (As04 ) 2 ' 10FeAs04

Dussertite Ca3 (ASO4 ) 2 . 3Fe (OH) 3

Escorodite FeAs04- 21120

Mimetite 3Pb3 (ASO4 ) 2 . PbC1 2

Hermimorfite H2Zn2 SiO 5

Plattnerite Pb02

Wulfenite PbMo04

The Ojuela minerals occur as replacement deposits within the

limestones. They consist of galena (PbS, principal ore of Pb),

esfalerite, pyrite (FeS,) and arsenopyrite (FeAsS, principal

ore of As) and are packed in a matrix of quartz, dolomite and

fluorite. Arsenopyrite is abundant, and sometimes forms

considerable deposits. The oxidized minerals are characterized

by the abundance of arsenates, represented by the first six

examples on the list in Table 4.5. Considerable quantities of

arsenopyrite have also been reported in the western part of

the mountain of Mapimi.

In 1983, Rios identified a calcimagnesic arsenate mineral

called talmessite [Ca 2Mg(As04 ) 2 . H20] in the limestones of the
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Aurora formation. It was found in areas close to the intrusive

El Sarnoso (Figure 2.3), at the northwest of Torre6n,

Coahuila. It was identified as a cement in the sandstones and

veins of the limestone matrix. The matrix rock was composed

mainly of limestone and dolomite with the following gangue

minerals: barite (BaSO4), fluorite (CaF 2) and gypsum

(CaSO 4 - 2H20). As a cement talmessite is related to clays and

iron-oxides while the veins of the limestone have abundant

calcite (CaCO 3 ) and quartz (Si02 ). Talmessite has also been

found in Anarak, Iran and Bou-Azzer, Morocco where similar

geologic and climatic characteristics to those observed in the

Region Lagunera exist. Arsenic is also present in several rock

types of the region at different proportions.

In 1992, PlaneaciOn y Proyectos determined the arsenic level

on 100 samples sites of the RegiOn Lagunera (Figure 4.24). The

sites included mines (32 samples), evaporation zones (9)

river beds (32), piedmonts (2), agricultural soils (9),

reservoirs (12) and limestone of the Aurora formation (4)

(Table 4.6).

Four samples were taken from each of the eight mines: first

inside the mine, second outside at 20 cm of depth, third in

the closest oxidation zone, and fourth at 30 cm of the third

sample. Samples of the agricultural soils and evaporation

zones were taken at different depths (5-30, 20-50 and 40-90



Table 4.6 Arsenic levels at 100 sites
(after Planeacii5n y Proyectos, 1992).

Site
Number

Sample
Number

As
(PPm)

Description

1-M 7 109 Campana Mine
8 124
9 146
10 150

2-M 59 184 Tlahualilo Mine
60 156
61 121
62 91

3-M 67 1294 Mexicano Mine
68 224
69 2400
70 1960

4-M 71 331 Bonanza Mine
72 274
73 281
74 193

5-M 63 536 Zorra Mine
64 180
65 615
66 2930

6-M 75 157 Zorrita Mine
76 115
77 5680
78 750

7-M 1 590 Dinamita Mine
2 323
3 132

100 836

8-M 79 97,000 Santa Maria Mine
80 1840
81 29,000
82 26,000

24-M 96 72 Fenix Hill
97 70
98 110
99 120

81



Table 4.6 Arsenic levels at 100 sites
(after Planeaciem y Proyectos, 1992).

(continuation)

Site
Number

Sample
Number

As
(Mom)

Description

9-A 15 347 Esmeralda
16 356
17 308

10-A 12 238 Canino
13 237
14 250

11-A 18 355 Delicia
19 266
20 369

12-ZE 4 129 Colorado Hill
5 177
6 198

13-ZE 21 297 Mayran Lagoon
22 345
23 321

14-ZE 24 160 North of Viesca
25 157
26 180

15-P 87 77 Main Canal entrance
88 83
89 87
90 78

16-P 83 220 Fco I Madero Dam
84 220
85 220
86 220

17-P 91 210 L Cárdenas dam
92 190
93 100
94 140

82
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Table 4.6 Arsenic levels at 100 sites
(after Planeaciân y Proyectos, 1992).

(continuation)

Site
Number

Sample
Number

As
(Mom)

Description

18-R 51 108 Cañon Fernández
52 126
53 210
54 123
55 116
56 117
57 137
58 137

19-R 43 91 Las Piedras
44 101
45 118
46 147
47 101
48 111
49 101
50 109

20-R 35 95 North of Coyote
36 70
37 143
38 168
39 91
40 86
41 90
42 96
33 34

21-R 27 218 North of Santa Eulalia
27 152
29 185
30 140
31 87
32 90
34 82

22-PM 11 213 La Campana Mountain

23-PM 95 140 North of Dinamita

KEY:
M = Mine P = Dam
A =Agricultural soil R = River bed
ZE = Evaporation zone PM = Piedmont
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cm). Reservoir samples were taken at 13 m in Fco Zarco and at

23 m depth in L. Cardenas. Finally, river bed samples were

taken on the deepest part at the surface and 60 cm of depth,

and 50 m and 100 m downstream from it.

Santa Maria Mine reported the highest levels of arsenic. It is

located in the upper part of the basin, south of Fco I Madero

reservoir, in the town of Velardefia, Durango. It is one of the

oldest mines in the region and for more than 60-70 years lead

and zinc have been exploited there.

4.4 Geophysical studies

Escolero et al. interpreted the aquifer geometry in 1992. Well

logs and electric logs were used to construct five cross

sections along the aquifer (Figure 4.25). Cross -section # IV

located at the north of the area, shows the four identified

layers (Figure 4.26).

The first layer is composed of fine and thick sediments, has

hydraulic conductivities in the range 3-5 m/day and average

thickness of 100 m. The lower part of this layer has lower

conductivities than the upper one. Sediments were probably

deposited in fluvial environments: thick sediments in the

paleoriver beds while fine sediments in the flood plains.



8 5

The second layer is formed by gravels and sands with little

fine material. It has an average thickness of 90 m, and is

found from 70 to 240 m depth. It has the highest

conductivities of all layers (from 4 to 20 m/day) and

therefore is considered the main water bearing layer.

The underlying third layer is composed by gravels and sands

and fine material. It has average thickness of 25 m and can be

found to a depth of 320 m. Its lower conductivities range from

2 to 5 m/day.

The last layer, fourth, is mainly composed of granular

material packed in sandy-clayey matrix. Its low conductivities

range from 1 to 3 m/day.
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CHAPTER FIVE

GENERAL ASPECTS ABOUT ARSENIC

5.1 Arsenic in man's history

Arsenic, a notably rare constituent of the earth's crust, was

extensively used in the Middle Ages as a dangerous poisoning

agent due to the tasteless and odorless characteristics of

some of its inorganic compounds (Fowler, 1983). According to

Blyth (1885; in Fowler, 1983) "In France, a third of the cases

of criminal poisoning in the 19th century were attributed to

arsenic". Arsenic has also been widely used in medicine for at

least three millennia (Fergurson and Gavis, 1972).

"Arsenikon", which means potent, was the name given by

Theophrastus, father of mineralogy, to the arsenic mineral

realgar.

5.2 General remarks

Arsenic ranks twentieth in elemental abundance (Fowler, 1983);

it is naturally occurring in the water, soil and air in +V,

+III, +I, 0, and -III valence states forming numerous organic

and inorganic compounds.

Inorganic As(III) and (V) compounds are more toxic than

organic ones due to their interactive capacity with the human



113

biochemical system (Fowler, 1983). Arsenite As(III) is between

2.6 and 60 times more toxic than arsenate As(V) (Hounslow,

1980; Del Razo et al., 1990). Pure arsenic does not seem to be

toxic but it can easily be oxidized. The actual USEPA drinking

water standard (0.05 mg/1 of total arsenic) does not consider

the different toxicity of the arsenic species (Welch et al.,

1988). Many inorganic arsenic compounds have extensively been

used as pesticides (arsenates) and herbicides (arsenites).

In aqueous environments, arsenate and arsenite are the main

forms of arsenic (Hounslow, 1980). As(-III) is stable only at

extremely low pE values (i.e., severe reducing conditions)

while the neutral state is rarely found naturally occurring.

Arsenates, formed by the oxidation of sulfide and arsenide

deposits, are the most common inorganic compounds of arsenic

in oxidized environments (at natural pH values). Arsenites are

the predominant species under mildly reducing conditions.

The organic compounds monomethylarsonic acid (CH 3AsO(OH) 2 ) and

dymethylarsinic or cacodylic acid ((CH 3 ) 2A500H), resulting from

biologically mediated reactions, are two organic compounds

commonly found in small amounts in aquatic systems.

The arsenates H 3As04 0 , H2As04 - , HAs04 2- , and As04 3- are derived

from arsenic acid (H3As04 ), which is formed by the dissolution
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of As 20 5 (Lemmo et al., 1983). In the presence of reducing

agents, they easily go to As(III), As(0) or even As(-III).

Their properties are analogous to phosphates both in

composition and behavior. The monometallic and alkaline

arsenates are soluble in water. Arsenates may be adsorbed and

removed from solution by colloidal ferric hydroxide (Hounslow,

1980).

The arsenites H sO__3A. 3 ° , H2As0 3 , and HAs0 3 2 are derived from the

amphoteric arsenious acid (H3As0 3 or HAs0 2 ) which is formed by

the dissolution of As 20 3 (Lemma et al., 1983). Arsenites can

easily be oxidized to arsenates, but they are not naturally

abundant.

Table 5.1 shows the redox reactions used to form the pH-Eh

diagram (Figure 5.1) for arsenic (Lemmo et al., 1983). Note

that most of the reactions occur under oxidizing conditions.

The pH-Eh diagram (Figure 5.1) shows the stability domains of

aqueous arsenite and arsenate species (Hem, 1977). H2As04 - is

predominant over the pH range 2.2-6.8 while HAs042- is from pH

6.8 to pH 11.6 (Figure 5.2); the arsenite uncharged ion

HAs02(aq) occurs under mildly reducing conditions (Hem, 1985).

As pH increase the reduction of arsenate to arsenite occurs at

lower Eh. In aquatic environments, the reduction is mainly



caused by the depletion of oxygen (Lemmo et al., 1983).

Table 5.1 Redox reactions of arsenic
(after Pourbaix, 1966).

REACTIONS E° (volts)
at 25°C

H 3AsO4 + 3H' + 2e = As0" + 3H 20 0.550

H3A204 + 211" + 2e = HAs0 2 + 2H20 0.560

H2As04" + 3H+ + 2e = HAs0 2 + 2H20 0.666

HAs042- + 411" + 2e = HAs0 2 + 2H20 0.881

HAs042- + 3H+ + 2e = As0 2 - + 2H 20 0.609

As04 3- + 414" + 2e = As0 2 - + 2H20 0.997

As 203(5) 	+	 614" + 6e = 2As + 3H20 0.234

As 205( , ) 	+ 10H+ + 10e = 2As + 5H 20 0.429

As 205(s) 	+ 4H+ + 4e = A5 203(s) 	+ 2H 20 0.721

Asa 	 + 214" + 3e = As + H 2O 0.254

HAs02 + 314" + 3e - As + 2H20 0.248

As02 - + 4H+ + 3e = As + 2H 20 0.429

As04 - + 814" + 5e = As + 4H20 0.648

211 3As04 + 4H+ + 4e = A9 203(s) 	+ 5H 20 0.580

2H2As04 - 	+	 614" + 4e = A5 203( , ) 	+ 5H 20 0.687

2HAs04 2- +	 814" + 4e = As 203(s) 	+ 5H 20 0.901

2A504 3- + 10H+ + 4e = As 203(s) 	+ 5H 20 1.270

As + 3H+ + 3e = A5H 3(9) -0.608

0 2 + 4H+ + 4e = 2H 2 1.229

2H20 + 2e = H2 + 20H - -0.826

115
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Complexes of arsenic with sulfur should be considered in

reducing environments only (Welch et al., 1988). The sulfides

As 2S 3 and AsS are stable at low pE values in waters with

moderate or large concentrations of dissolved sulfur species.

In the pH range 7-9, small Eh or pH changes may significantly

affect the arsenic mobility (principally As (V)) in oxidizing

environments (Robertson, 1991). However, the maximum mobility

of arsenic (as arsenite) is reached in the absence of both

dissolved oxygen and hydrogen sulfide (mildly reducing

environment) (Hounslow, 1980).

Studies of Gulens et al. (1979) showed that As(III) is the

more mobile arsenic species. In addition, the mobility of both

As(III) and As(V) increases as pH and temperature increase;

they are transported at higher rate in non-sorbing sandy soil

than in clayey soils. Organic carbon content and microbial

population greatly affect the speciation and mobility of

arsenic (Holm et al., 1979).

Volcanic activity, wind, precipitation, methylation and

adsorption-desorption reactions are some of the processes that

naturally mobilize and transform arsenic and its derivates

through the environment. They may occur over large or small

scales of time and distance. However in general, industrial

activities greatly accelerates the natural arsenic
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mobilization (from ground to air and water); the effect is

more accentuated over small geographic areas (Fowler, 1983).

5.3 Minerals and rocks

Arsenic is among of the last elements to be enriched in the

final stages of magmatic crystallization. It is separated in

the pegmatitic stage (followed by bismuth and antimony), in

notable amounts as arsenopyrite (FeAsS) and loellingite

(FeAs) 2 . The majority of the independent arsenic minerals are

formed in the pneumatolytic or hydrothermal stage (Rios,

1983). Accessory minerals of arsenic may occur in sulfide ore

deposits (Hem, 1985).

Arsenopyrite is the most abundant arsenic mineral; less

abundant are orpiment (As 2S0 and realgar (AsS). It is found

in crystalline rocks associated with acid and hyperacid

intrusions. When the arsenite compounds and sulfosalts are

altered, the oxidized As (V) can be precipitated in the form of

arsenates of copper, iron, zinc, lead, etc. ; however, they

can also be adsorbed by the hydroxides of iron and manganese

and then incorporated into manganese and iron minerals of

sedimentary origin (Rios, 1983).

There are several oxidized arsenic minerals (arsenates) which

are normally present in the oxidized zones of the deposits
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rich in arsenic. They are, in general, unstable with the

exception of vladiminite [5Ca0 . 2As 205 •6H20] and talmessite

[Ca2Mg(As04 ) 2 .H201 , and therefore they are seldom found close

to the surface (Pierrot, 1964). Talmessite is generally found

in the oxidation zones of the mining districts of lead, zinc,

copper, etc., where hypogenic minerals of arsenic, like

arsenites compounds of iron, copper, nickel, copper, etc., are

commonly found. It is frequently associated with halite (NaCl)

and anhydrite (CaSO 4 ) in evaporites (Rios, 1983).

There are more than 320 identified arsenic minerals

(Fleischer, 1983); however, only a few are found in most

geochemical environments (Welch et al., 1988). Table 5.2 lists

the most common minerals and compounds of arsenic.

Fowler (1983) described that arsenic "is present as the native

element or alloys (4 minerals), arsenides (27 minerals),

sulfides (13 minerals), sulfosalts (sulfides of arsenic with

metals, 65 minerals), and the oxidation products of the above

(2 oxides, 11 arsenites, 116 arsenates, and 7 silicates)."

Arsenic is easily combined with sulfur to form compounds of

As(III) and copper, nickel, iron, cobalt and sulfosalts of

copper, silver, and lead. According to Boyle and Jonasson

(1973), arsenic is a good geochemical indicator of the

presence of mineral deposits of these, and other elements
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Table 5.2 Minerals and compounds of arsenic
(after Comisii5n de Fomento Minero, 1977; Welch et al., 1988;

Ball and Nordstrom, 1990).

Mineral/Compound Formula Valence
State

Realgar AsS As(III)

Orpiment As2S3 As(III)

Arsenopyrite FeAsS As(III)

Claudetite As203 As(III)

Arsenolite As406 As(III)

Cobaltite CoAsS As(III)

Proustite Ag3AsS3 As(III)

Loellingite (FeAs)2 As(III)

Nicolite NiAs As(III)

Arsenic Pentoxide As205 As(V)

Scorodite FeAs04- 2H 20 As(V)

Vladiminite 5Ca0-2As205•6H20 As (V)

Talmessite Ca2Mg (As0 4 ) 2 • H2 0 As(V)

Arsenious acid H3As03/HAs02 As(III)

Arsenic acid H3As04 As(V)

Monomethylarsonic
acid (MMA)

CH3As0 (OH) 2 As (V)

Dymethylarsinic
acid (DMA)

(CH3)2As0OH As(V)

(especially gold and sulfur). Oxidation of the As(III)-Fe

compounds result in arsenate compounds (Fowler, 1983) which
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may significantly control the groundwater arsenic levels,

especially the alkaline-earth and transition-metal arsenates

(Welch et al., 1988). The radical (As04 ) 3- can be combined with

several minerals and can readily substitute the radical (PO4 )'

(Rlos, 1983). Arsenic can also easily substitute Si, Fe(III)

and Al (Welch, et al., 1988).

The unusual arsenic concentrations found in some rock minerals

are the result of the arsenic concentration in the silicate

minerals. Volcanic glass, basalt, pyrite and some other

igneous rocks have generally elevated arsenic levels (Welch et

al., 1988). Table 5.3 shows the ranges of arsenic

concentrations found at different rock types.

Arsenic content in igneous and sedimentary rocks is variable;

however, in general sedimentary rocks have higher arsenic

concentrations than igneous and metamorphic rocks. The arsenic

content of metamorphic rocks is highly variable because of the

arsenic content of the source-rock (Welch et al., 1988).

Arsenic is adsorbed by the clay minerals of non-marine origin

(clays/shales) and it is associated with the pyrite and

organic matter content of the marine shale/clays (Fowler,

1983). A direct relationship of arsenic with organic matter

(OM) and iron content has been described on phosphorite rocks

(Welch et al., 1988; Fowler, 1983).



Table 5.3 Arsenic concentrations in rocks
(after Lemmo et al., 1983; Welch et al., 1988;

Boyle and Jonasson, 1973).

Igneous Rocks

Ultrabasic:

Periodite, dunite, 	 sepentinite

Basic:

Range(ppm)

0.03-15.8

Basalts	 (extrusive) 0.06-113

Gabros	 (intrusive) 0.06-28

Intermediate:
Latite,	 andesite,

trachyte	 (extrusive) 0.5-5.8

Diorite, graniodiorite,
syenite	 (intrusive) 0.09-13.4

Acidic:
Rhyolite	 (extrusive) 3.2-5.4

Granite	 (intrusive) 0.18-15

Metamorphic Rocks:

Quartzite 2.2-7.6

Slate/phyllite 0.5-143

Schist/gneiss 0.0-18.5

Sedimentary Rocks

Marine:
Shale/claystone	 (nearshore) 4.0-25

Shale/claystone	 (offshore) 3.0-490

Carbonates 0.1-20.1

Phosphorites 0.4-188

Sandstones 0.6-120

Sedimentary iron ores 1-2,900

Sedim. Manganese ores (up to 1.5%)

Coal 0-2,000

Nonmarine:

Shales 3.0-12

Claystone 3-10

121
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High arsenic concentrations derived from loess (with anomalous

contents of arsenic and selenium) have been reported in the

groundwater of Cordoba, Argentina (Nicolli et al., 1989).

5.4 Soils and water

The arsenic content in soils is highly variable (range of 0.1-

97 ppm with an average of 5-6 ppm). It depends on the source

rock composition from which is formed (Fowler, 1983).

According to Welch et al. (1988) the arsenic content of recent

sediments (<0.1 to 4,000 mg/Kg in suspended and bottom

sediments) is higher than the arsenic content of water (<0.002

to 1,000 Ag/l), due to the adsorption capacity of the finer

sediments, clay minerals, organic matter, and the oxides of

iron and manganese. Stream sediments have elevated arsenic

concentrations due to their high content of ferric

oxyhydroxides (Welch et al., 1988).

Arsenic is present in many aquatic environments and in

different proportions: rain and snow (<0.002-0.59 ppb),

groundwater (0.08-48,000 ppb), sea water (0.15-6.0 ppb), lakes

(0.16-1,100 ppb), rivers (0.20-276 ppb) and hot springs (0.0-

40,000 ppb) (Lemmo et al., 1983; Welch et al., 1988; Onishi,

1969; Boyle and Jonasson, 1973).

The average arsenic rain levels from unpolluted locations are
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0.019 pg/1 for oceanic air masses and 0.46 pg/1 for

terrestrial air masses (Andreae, 1980); inorganic forms of

arsenic are only present. Higher arsenic levels in rain water

(and therefore in soil samples) are reported in areas close to

the copper smelting plants: anthropogenic sources greatly

increase the natural arsenic levels in the environment.

The unusual arsenic levels reported in some groundwater have

been associated with sediments of volcanic origin (Western

United States; Welch et al., 1988), thermal activities (New

Zealand), mining activities (Alaska, California), arsenic-

bearing formations (Oregon, Canada, Utah, Nevada, Alaska,

Argentina and Chile) and elevated TDS values (California and

USSR) (Fowler, 1983). The highest arsenic concentrations are

found in brines (Salton Sea: Welch et al., 1988).

The southern San Joaquin Valley in California and Las Vegas

Valley in Nevada are examples of deep groundwater where land

subsidence and elevated arsenic concentrations have occurred

at the same time. However, no relationship between the two has

been established. Land subsidence has resulted from inelastic

or permanent compaction (Welch et al., 1988).

The sediments of intermediate and acidic volcanic origin may

have caused the elevated arsenic concentrations found in

nonthermal water of alluvial basins and sedimentary aquifers
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(maximums from 50 to 2,750 Ag/1). Arsenic, derived from the

weathering of the volcanic rocks, was probably adsorbed,

transported and deposited by the ferric and manganese

hydroxides. Subsequent reactions occurring within the

sediments could have caused the elevated arsenic levels found

in these basins (Welch et al., 1988).

Chloride and arsenic are common constituents of geothermal

water (Hem, 1991). They are generally present at

concentrations greater than about 800 mg/1 and 1,000 Ag/l,

respectively (maximums from 80 to 15,000 Ag/l). However, there

is no direct relationship between the two in this type of

system, probably due to their different sources. The presence

of orpiment (As 2S 3 ) and realgar (AsS) in fossil geothermal

areas suggest that they may be controlling the arsenic

concentrations in some geothermal systems; they commonly occur

together (Welch et al., 1988).

It has been reported that some groundwaters affected by mine

drainage may have dissolved arsenic concentrations greater

than 48,000 Ag/1 (maximums from 130 to 48,000 Ag/1; Welch et

al., 1988). Arsenopyrite (FeAsS), arsenic-bearing pyrite,

orpiment, realgar, and arsenic-rich iron-oxides are possible

sources for dissolved arsenic in some mining areas.

Arsenopyrite occurs in lead and silver veins while orpiment

and realgar occur in ore veins. Arsenic-rich iron-oxides
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deposited in the vicinity of mineralized areas may contain

elevated arsenic levels. On the other side, lixiviation of the

sulfur compounds present in the tailings may create an acid

solution able to mobilize many trace elements including

arsenic (Fowler, 1983). Once the arsenic is mobilized it can

be transported great distances in the groundwater (Freeze and

Cherry, 1979).

Several arsenic speciation data are available in fresh water

and sea water systems (Fowler, 1983); however, few analysis

have been performed in groundwater environments (Table 5.4).

The reported values show a wide range of the As(III)/As(V)

ratio (Welch et al., 1988).

In freshwater and seawater systems, arsenic occurs mainly as

inorganic arsenate (evidence of oxidizing environments).

Inorganic compounds represent a small portion of the total

arsenic only. In groundwater, however, the arsenic species

occurrence depends on the prevailing redox conditions on each

geochemical environment. Few organic arsenic data are

available to estimate their importance in groundwater (Welch

et al., 1988); fortunately they seem to occur in small

quantities in this type of environment.

Cherry et al. (1979) suggested the use of arsenic species as

an indicator of redox conditions in groundwater (arsenic
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Table 5.4 Arsenic species in groundwater (in ppb).

Source As(III) As(V) As(III)/As(V) Ref.

Horsf all

Beach, OR 6.6 3.4 1.9 1

Do 15 0 >30 1

Do 49 13 3.8 1

Do 55 12 4.6 1

Do 560 100 5.6 1

Lane Co., OR 28 17 1.6 1

Do 1.8 23 0.078 1

Beaver area, UT <1-54 3-18 --- 2

Salt Spring, UT 1400 1180 1.2 2

Bunker Hill

Mine,	 ID 0.1-42 0-1300 --- 3

Joel,	 ID 0.6 0.5 1.2 4

Hinkley, UT 10 180 0.056 5

Delta, UT 10 10 1.0 5

Barefoot, AK 2400 700 3.4 5

Mauer, AK 350-4600 100-4300 --- 5

Arizona <5 21-102 --- 6

Region Lagunera 0-217 4-604 1-89 7

SW-England 1-11 13-210 1-15 8

References:
1	 USGS unpublished data. 2 Ficklin,	 1983.

3 Wai & Mok,	 1985. 4 Mok et al.,	 1986.

5 Irgolic,	 1982. 6 Robertson,	 1989.

7 CINVESTAV, 1986 8 Haswell et al.,	 1985
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species used to evaluate the apparent redox condition as pE or

Eh); however, Holm and Curtiss (1989) found that iron species

are better to evaluate the redox potentials. On the other

hand, estimation of the As(III)/As(V) ratio from field Eh

measurements or other redox couples is not recommended (Welch

et al., 1988); Arsenic speciation is not a good indicator of

redox conditions in groundwater when used alone (Holm and

Curtiss, 1989).

Groundwater arsenic levels may be very variable in space (from

well to well) and time (in the same well) (Tseng et al.,

1968). Robertson (1991) showed that the total arsenic

concentrations are "directly related to the pumping time,

redox potential, and dissolved oxygen content, and inversely

related to the iron concentrations in the groundwater. A well,

after sitting idle for a period of weeks, initially produced

water high in iron, and low in arsenic and dissolved oxygen."

The dissolved iron and total iron (dissolved + particulate

matter) contents significantly decreased from initial high

level (120 and 5,550 Ag/l, respectively) to less than 10 Ag/1

in a short period of time (1.5 and 4 hours, respectively);

Dissolved oxygen experienced a gradual increase from about 0.5

mg/1 to 4 mg/1 in 4 hours. The arsenic levels gradually

increased from 10 to 120 Ag/1 in a period of two hours while

pH remained constant during the experiment; no information

about Eh was reported. No significant relationship between
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dissolved iron and arsenic was found; however, the initially

high solid phases (oxyhydroxides) of iron and manganese were

probably adsorbing or coprecipitating the arsenic present in

the groundwater. The resulting low arsenic levels were then

gradually increased as the anoxic water was then replaced by

oxygenated groundwater. The ferric oxyhydroxides were probably

formed close to the borehole in anoxic conditions. According

to Hewitt (1989) stainless steel well casings may adsorb

arsenic; the surface oxidation of the stainless steel may

cause large variations in the arsenic concentrations.

5.5 Process controlling arsenic-distribution

Arsenic is involved in several geochemical processes including

redox, adsorption and biologically mediated reactions, and

mineral solubility. Its study can be useful in understanding

the geochemistry of phosphate, selenium, molybdenum, antimony,

tungsten and vanadium because all of them are involved in the

same type of reactions (Welch et al., 1988).

5.5.1 Redox reactions

Inorganic arsenic compounds are involved in chemical and

biochemical (mediated by bacteria) redox reactions while

organic arsenic compounds are mostly involved in biochemical

reactions (Lemmo et al., 1983).
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Due to the fact that in aquatic environments the chemical

oxidation of As(III) to As(V) (with 02 as electron acceptor)

is extremely slow at neutral pH (Cherry et al., 1979) the

As(III)/As(V) ratio is greatly affected by the presence of

As(III) oxidizing bacteria (Lemmo et al., 1983). Oxides of

manganese (IV) and iron (III) may also oxidize As(III) to

As(V) through an electron transfer mechanism (Oscarson, 1980):

Mn0 2 + HAs02 + 211+ = Mn 2  + H 3As04 (E°=0.67v)

2Fe' + HAs0 2 + 2H20 = 2Fe' + H 3P1s04 + 214+ (E 0 =0.21v)

Manganese is quite effective in oxidizing As (III), while iron

is extremely slow (Cherry et al., 1979) but over long periods

its effect can be significant. According to Keaton and Kardos

(1940) the oxidation of As(III) increase at high iron levels.

Biochemical reduction of organic and inorganic arsenic

compounds represents a major arsenic redistribution process

from soil to the environment; for example, volatile arsine gas

may be produced from microbial degradation (Lemmo et al.,

1983).

5.5.2 Adsorption-desorption

Adsorption and coprecipitation are the two main mechanisms for

arsenic removal from soil solutions (Lemmo et al., 1983).
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Since precipitation of soluble arsenic is extremely slow in

aquatic environments (Wagemann, 1978; Holm et al., 1979), the

arsenic compounds are therefore more likely to be removed from

soil solution by adsorption mechanism.

Adsorption of arsenic depends on several factors including pH,

iron content, hydrous oxide, clay minerals, organic matter,

and oxides and hydroxides of iron, aluminum, and manganese

(Lemmo et al., 1983). According to Welch et al. (1988) the

most probably sources of arsenic in groundwater are the active

iron oxides (or hydroxides), organic matter and sulfides.

Arsenic can be concentrated by the organic matter of the upper

horizons while the active coating sediments (ferric

oxyhydroxides) may adsorb As(V) in oxidizing environments at

greater depths (Robertson, 1991). Sulfides can be an

additional major control in reduced environments only.

The content and nature of clay are other important factors in

arsenic adsorption: that is, the finer the soil texture the

greater the adsorption (Woolson and Kearney, 1973; Dickens and

Hiltbold, 1967; Woolson et al., 1971; Haung, 1975; Lemmo et

al., 1983). Arsenates are strongly adsorbed by mica minerals

(Stewart et al., 1975) and are mostly bound to the Fe-fraction

of the clay surfaces (Woolson et al., 1971) with lesser

amounts to the Al-fraction. At high concentrations arsenic may

also be bound to calcium (Wauchope, 1975). Organic and
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inorganic compounds of arsenic and phosphates may compete for

the same sorption sites of the iron hydroxides (Fowler, 1983).

Sorptive studies of As(III), As(V), MMA, DMA, and PO,'

(phosphate) in anaerobic (Holm et al., 1979) and aerobic

sediments (Wauchope, 1975) reveal the following sorption

order: PO4 3- > As(V) > MMA > As(III) > DMA (Lemmo et al.,

1983). Arsenic data fitted well to Langmuir isotherm. Fowler

(1983), however, mentions that the order is P < DMA <

As(V)—MAA. Differences can be attributed to the redox

conditions, organic matter and oxygen content, as well as the

presence of aerobic and anaerobic microorganisms, principally

bacteria and fungi.

Haung (1975) reported that 423 and 408 gg/g of Na 2HAs04 were

adsorbed by muscovite and biotite (minerals of the mica group)

respectively, after 24 hours of contact. The amount of arsenic

adsorbed increased as the particle size of the micaceous

minerals was decreased (Lemmo et al., 1983).

Pierce and Moore (1982) investigated the adsorption of As (III)

and As (V) on amorphous ferric hydroxides [Fe(OH) 3] at 25°C.

Arsenic concentrations, ranged from 10 -7 to 10 -3 M, were

studied over the pH range of 4 to 10. They found the

following:
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i) Non-linear adsorption was observed at arsenic

concentrations less than 13.3 Am/1. At higher concentrations

the adsorption was linear.

ii) The amount of As(V) adsorbed decreased as pH increased

while As(III) experienced little affect: the adsorption of

As(V) was 1,530, 454 and 136 gg/g at pH of 4.0, 7.0 and 9.0,

respectively.

The study showed that the adsorption of arsenic on ferric

hydroxides is pH dependent. At low pH values (less than 8.5)

ferric hydroxide has a positive surface charge (Lemmo et al.,

1983); however, at higher pH values its adsorption capacity is

reduced probably by the formation of a negative surface

charge. Therefore, arsenates are less adsorbed by the am-

Fe(OH) 3(s) at higher pH values. The ferric hydroxides are

almost always present in oxidized sedimentary environments

(Welch et al., 1988). The elevated arsenic concentrations

found on the slightly alkaline, non-thermal groundwater can be

due to the low adsorption capacity of the ferric hydroxides at

elevated pH (Welch et al., 1988).

Laboratory studies performed by Clement and Faust (1981) on

stream muds and sediments contaminated with arsenic from an

industrial waste water, under anaerobic and aerobic conditions

and at different temperatures and dissolved oxygen contents,
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revealed that (Lemmo et al., 1983):

i) The adsorption of arsenic is inversely related to the

temperature of the water, that is more arsenic is adsorbed at

lower temperatures.

ii) The dissolved oxygen content has little effect on the

adsorption of arsenic at a given temperature.

iii) Dissolved arsenic levels, principally As(III) are higher

in anaerobic than in aerobic conditions. They also increase

with temperature (Table 5.5).

Table 5.5 Dissolved arsenic in aerobic and anaerobic
conditions at different temperatures

(after Clement and Faust, 1981).

As Temperature
(°C)

8.3 25

5.6 10

iv) Under aerobic conditions As(V) is the dominant species.

Few organic arsenic compounds were found (20%). No significant

changes were observed over the pH range of 6 to 8.5.

v) Both iron and phosphate concentrations present in the
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systems significantly affect the arsenic-levels.

vi) The reduction of Fe(III) to Fe(II) results in arsenic

desorption. The desorption process however, involves more

complex phenomena than simple dissolution.

vii) The dissolved arsenic levels are greatly affected by the

adsorption-desorption process and the arsenic levels of the

muds and sediments.

According to Matisoff et al. (1982) and Longmire (1986) the

reduction of the ferric hydroxides by lowering the Eh and/or

pH in the aquifer can liberate ferric iron, manganese and

arsenic, as As(V), to the solution. During this process the

arsenates may be also partly reduced to the more toxic and

mobile As(III) (Ficklin and Ryder, 1988). Elevated arsenic

concentrations found in oxidizing environments may be

decreased by ferric hydroxides reprecipitation (Longmire,

1986) although their surface charge at elevated pH values may

also be an important factor. Arsenic may also be released into

the soil solution as the ferric and manganese oxides or

hydroxides are dissolved (Welch and Lico, 1988) or the organic

matter is oxidized (Fowler, 1983).

Elevated dissolved phosphate and arsenic levels at high pH

values are favorable conditions for arsenic desorption (Welch
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and Lico, 1988). Fowler (1983) mentioned that arsenic and

phosphorous "should compete for the same sorption sites." They

are similarly adsorbed, belong to the same periodic, and have

analogous chemical and physical characteristics. On the other

side, the oxidized species of selenium (selenates), analogous

to arsenates, are probably also controlled by the adsorption

process occurring on the ferric and manganese hydroxides or

oxyhydroxides (Hem, 1985). According to Robertson (1991) the

geochemistry of both arsenic and selenium is quite similar in

groundwater environment.

Misra and Tiwari (1963) showed that As(III) adsorption is

extremely rapid and depends on the As(V) and Fe(III) contents

(Pierce and Moore, 1980). Arsenite adsorption has a maximum at

pH 7 and is well described by the non-linear Langmuir isotherm

(Fowler, 1983).

5.5.3 Dissolution-precipitation

Dissolution of the arsenic minerals is highly dependent on the

prevailing redox conditions of the environment. As 205(s) and

As 203(s) are stable in the typical pH groundwater range while

the sulfides A5 2S 3(s) and ASS (S) are stable under strong reducing

conditions. Dissolution of As 205(5) and As 20 3(s) results in

arsenic acid (H 3A504) and arsenious acid (H 3As0 3 or HAsOO

respectively. Depending on the pH of the water, arsenic acid



136

forms H2As0 4 1- , H2As04 2- and H2As0 4 3- (Table 5.6), while arsenious

acid forms H2As0 3 - , and HAs0 3 2- .

Table 5.6 Arsenic acid-base equilibria reactions at 25°C
(From Ball and Nordstrom, 1990).

DESCRIPTION Log K

Arsenous acid
H3As0 3 + H+ = H4As0 3 + -0.305

H 3As03 =	 H+ + H2As0 3 - - 9.228
H 3As03 = 2H+ + HAs0 3 2 - - 21.33

H 3P1s0 3 = 3H + + As0 3 3 - - 34.744

Arsenic acid
1-1A5O4 	=	 H+ + H2As04 - - 2.243

H3P1504 = 2H + + HAs04 2- -9.001

H3AsO4 = 3H + + As04 3- -20.597

According to Robertson (1991) the arsenic solubility (and

mobility) increase at oxidizing conditions: the dissolved

arsenic species can occur at concentrations well above the

USEPA drinking water standard. In severe reducing environments

they occur far below the drinking water standard.

Solubility data of arsenates and arsenites are scarce (Hem,

1985). According to Welch et al. (1988) no critical evaluation

of the thermodynamic data of arsenic has been performed.

However, estimation of the saturation indices of some

important inorganic arsenic species and minerals may actually

be performed: Ball et al., (1980) revised and included the
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thermodynamic data of more than 20 arsenic species and

minerals in the geochemical model WATEQ2.

5.5.4 Biologically mediated reactions

Arsenic is notably involved in aerobic and anaerobic

biochemical processes (Hem, 1985). Transformation is carried

out by aerobic and anaerobic microorganisms, principally

bacteria and fungi (Lemmo et al., 1983).

Inorganic compounds of arsenic monomethylarsonic acid (MMA),

dimethylarsinic (or cacodylic) acid (DMA) and

trimethylarsineoxide acid (TMA) are the result of the exchange

of hydroxyl groups (OH) of the arsenic acid AsO(OH) 3 by methyl

groups (CHO (Lemma et al., 1983).

The diprotic acid MMA (pKa=4.1 and pKa=8.7) is able to form

acidic, neutral and alkali metal salts. Its major uses include

postemergence herbicide, and weed control, specially

cottonweed control. On the other hand, the water soluble

amphoteric acid DMA (pKa=6.2) has a strong C-As bond. DMA is

a colorless and odorless acid used as a herbicide in

nonselective weed control and as a cotton defoliant (Lemma et

al., 1983).

Biological demethylation reactions by soil microorganisms are
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the most important process for the arsenic transformation from

methylated (organic) to inorganic compounds (Andeae, 1979).

The rates of microbial degradation of inorganic arsenic

compounds are influenced by adsorption (Holm, 1980). Aerobic

demethylation of DMA results in As(V) (Woolson and Kearney,

1973) and carbon-dioxide but not arsenite (Von Endt et al.,

1968).
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CHAPTER SIX

PRESENCE OF ARSENIC IN THE REGI6N LAGUNERA

6.1 Analysis of the data

The systematic monitoring program for groundwater quality in

the Region Lagunera was implemented as a result of the

outbreak of toxicity observed at the end of the 1970's in some

inhabitants of Finisterre, Lequeitio, Colon, Covadonga and La

Coruha, San Pedro de las Colonias County. These data have been

reported in the IMTA report and are summarized here.

Analysis of this database revealed an inconsistent level of

arsenic and other reported elements with time (complete

analyses were not performed). The previous chemical analyses

available for the area, performed by a local laboratory, had

overestimated the concentrations of arsenic and sulfate (IMTA,

1990). Such a result can be explained by lack of quality

control in the sampling procedures as well as the use of

inappropriate analytical techniques. Nevertheless, it can be

concluded that the arsenic concentrations tend to increase

towards the lagoonal deposits located in the northeastern part

of the basin and decrease towards the river (Figure 4.2).

A first inspection of the IMTA database in which the

laboratory (80 samples) and field measurements (43 samples
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only) are compared, showed that lab pH is generally higher

than field pH (Figure 6.1). pH increased during sample

transport and storage (a period of 4 months), most likely due

to the outgassing of CO 2 from the sample.

Field pH values ranged from 6.91 to 8.34 (Figure 6.2). In

general, lower values were observed towards the areas with

shallow water table, and towards the extrusive/intrusive

igneous rock of acidic composition. pH decreases toward the

northern and eastern margins of the basin where the lagoonal

deposits of fine sediments were formed (some of them of acidic

igneous origin). In contrast, pH increases towards the center

of the basin where the greater drawdowns have been observed.

Field temperature ranged from 22 to 42°C (Figure 6.3).

Temperature increases from the margin of the basin to the

center where the higher pH and drawdowns have also been

observed. Temperature also increases when approaching the

carbonate mountain ranges of the lower Cretaceous. If we

exclude the four wells with the highest values, the

temperatures in the aquifer are below 30°C. The excluded wells

are 3089, 847, 554 and 2686, and have temperatures of 42.0,

34.2, 33.0 and 32.5°C, respectively. The first three are

associated with calcareous and dolomitic rocks; they are

located at the southeast, center and northwest of the Region

Lagunera, respectively. The last, is associated with the
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granitic rocks of the intrusive El Sarnoso (west side on the

area).

Similarly, the conductivity increases from the river bed

deposits toward the margins of the basin (from 299 to 15650

AS/cm) where the lagoonal deposits were accumulated (Figure

4.13).

The high values of lead, molybdenum and mercury were

considered to be unrealistic (Table 4.4). Their constant

values could only represent the detection limit of the

instruments employed in such analyses. On the other hand,

local contamination from surface irrigation around the well

casing could be the origin of the unusually high nitrate

concentrations (Figure 4.23).

CINVESTAV (1986) did not perform complete analyzes;

consequently there was no way to check the charge balance of

such samples. No information about field pH and temperature

values was available.

Comparing the analytical values reported by CINVESTAV and

IMTA, the following can be observed:

i) Only 18 wells were sampled in both studies.
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ii) Both studies included arsenic, lithium and fluoride.

iii) In general, the arsenic levels reported by CINVESTAV-1986

are greater than those reported by IMTA-1990 (Figure 6.4). The

percent difference ranged from 4.13 to more than 100%- (in 11

samples). The different sampling methods and the precision of

the analytical techniques used in each case, could be the main

cause.

iv) In the case of lithium, except for well samples 2734 and

2408, the range of differences was smaller but still

significant.

v) The analytical detection limit of fluoride was reported in

5 of the wells of CINVESTAV. For the remainder of the samples,

however, the differences between CINVESTAV and IMTA

measurements were less that 50 96- . The fluoride measurements

reported by CINVESTAV-1986 are systematically lower than those

reported by IMTA-1990 (Figures 4.10 and 4.15, respectively).

Comparing the total arsenic levels of 1983, 1986 and 1990

(Figures 4.2, 4.5 and 4.12, respectively) we observe that the

high values have remained at that level for several years. In

fact, high arsenic concentrations have been described since

1962-63 in the Region Lagunera. The historical chemical

database is so inconsistent that more detailed interpretation
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is difficult.

Even with this uncertainty, a semi-quantitative analysis of

the presence of arsenic in the Region Lagunera, can be carried

out. Table 6.1 summarizes the reported arsenic concentrations

in the groundwater of the Region Lagunera.

The water samples of IMTA, CINVESTAV and others (Table 6.1)

represent an average water composition of the aquifer (samples

were obtained directly from the water pump). Generally, wells

in the Region Lagunera are screened from top to bottom, with

a maximum drilling depth of about 200 m. Escolero et al.

(1990) reported that within the maximum drilling depth of the

wells, four layers were identified.

The results of a recent geophysical survey however indicated,

that at least in the central part of the basin, the Quaternary

sediments are more than 1,200 m thick (IMTA, 1992).

6.2 Mineral saturation index and charge imbalance

WATEQ4F (Ball and Nordstrom, 1990) is a geochemical model used

to interpret the chemistry of natural waters. Field

measurements (pH, Eh, dissolved oxygen and alkalinity) and the

chemical analysis of a water sample are used to evaluate the

major and trace element speciation, ion activities, and
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Table 6.1 Reported arsenic levels in the groundwater
of the Region Lagunera.

Year Samples As range

(PPm)

Comments	 [reference]

1962 28 0.006-9.000 Well of the urban area of Torreón
[1]

1962 4 0.035-3.710 Pefioles wells	 [2]

1962 193 62.6%	 >	 0.05 All the Regi6n Lagunera

1962 --- 0.628-0.949 Finisterre area	 [4]

1979 47 0.6-0.9 Finisterre area	 [5]

75-86 258 51.2%	 >	 0.05 All the Region Lagunera [6]

75-78 20

18

0.16-0.59

	

0.411	 (Avg)
	0.114	 (SD)
	0.005	 (Avg)
	0.007	 (SD)

El Salvador de Arriba [7]

San Jose del Vifiedo

1979 --- 0.001-0.36
0.067	 (Avg)

All the Regi6n Lagunera [5]

1980 --- 0.48	 (Avg) 70% as As(V);	 30% as As(III)	 [13]

1983 --- 0.005-0.50 All the Regic5n Lagunera [8]

1986 170 24.1%	 >	 0.05 High correlation As-F	 (r=0.925)	 [9]

86-87 5 0.110-0.695 North of the Regi6n Lagunera [10]

1986 128 0.008-0.624

	

0.10	 (Avg)
	0.12	 (SD)

50% > 0.05 most at N. of the area
[12]
93% dominant specie As(V)
36% variable levels of As(III)
Few organic arsenicals
25% Fluoride > 1.5 mg/1

1991 --- 0.39 Santa Ana, Coahuila [11]
98% as As(V);	 2% as As(III)

1990 95 0.003-0.443 Possible hydrothermal origin [8]

Key: Avg= Average, SD=Standard Deviation

References: [1] Espinosa, 1963; [2] Escobar et al., 1964; [3] Viniegra et

al., 1964; [4] Chavez et al., 1964; [5] Quifiones et al., 1979; [6]

Cebrian, 1987; [7] Cebrian et al., 1983; [8] IMTA, 1990; [9] SSA, 1986;

[10] Gomez et al., 1988; [11] Garcia et al., 1991; [12] CINVESTAV, 1986;

[13] Jauge and Cebrian, unpublished data (from Albores et al.,1979).
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mineral saturation indices. The latter, is an indication of

the water tendency to dissolve or precipitate a series of

minerals (Dreyer, 1988).

WATEQ4F was used to compute the charge balance and the mineral

saturation indices of the water samples of the IMTA study.

This provides an indication of: i) the error in the analysis,

and ii) the minerals with which the groundwater is saturated,

undersaturated or nearly at equilibrium.

Charge imbalance greater than 10% suggest errors in the

analytical input values (Ball and Nordstrom, 1990). On the

other hand, the Saturation Index (SI), defined as the

logarithm (base 10) of the ratio of the ion activity product

and the equilibrium constant, is close to zero when the water

is at equilibrium. Positive SI values (SI>0) indicate that the

water is supersaturated with the respective mineral phase;

therefore the mineral has the potential to precipitate.

Conversely, negative SI values (SI<O) indicate that the water

is undersaturated and the mineral should tend to dissolve.

The use of WATEQ4F is limited to the temperature range of 0-

100°C; however, departures from 25°C increase the uncertainty

in the results. Uncertainty in SI may also increase by

analytical and thermodynamic errors. WATEQ4F uses a revised

thermodynamic database by Ball and Nordstrom (1990). WATEQ4F
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also includes the revised thermodynamic data of some important

arsenic species and minerals initially incorporated in WATEQ2

(Ball et al., 1980).

Results from WATEQ4F revealed that 24.5% of the 102 samples

(95 from the aquifer and 7 from reservoirs) had charge

imbalance greater than 10% (calculated with WATEQ4F) ; however,

samples with charge imbalance from 10 to 15% were also

considered in the interpretation in order to consider more

arsenic data. The errors in the analytical values can be

attributed to inadequate sampling procedures, especially the

lack of acidification and filtering of the samples. Most of

the following interpretation included analytical results with

charge imbalance of less than 15% (80 from the aquifer and 7

from reservoirs). Table 6.2 shows the range of values of the

field measurements and the chemical analysis of the 87 water

samples.

WATEQ4F also gives estimations of the partial pressure of CO 2

which is useful to describe the possible geochemical

environment where arsenic is present (incomplete IMTA water

analysis may be a potential source of error in the pCO2

calculations). The range of values reported, using field pH

and T measurements, was from 0.69E-03 to 19.70E-03 atm (Figure

6.5).



Table 6.2 Summary of aquifer samples with error < 15 96-
(from IMTA, 1990).

Parameter Min. Mean Max. SD

Drinking

Water
Standard

T	 (°C) 22 42

pH 6.91 7.54 8.50 0.37

Conductivity
( 1S/sec) 299 1,663 15,650 2,004

TDS	 (mg/1) 205 1,274 14,210 1,836 500

Hardness
(mg/1) 14.46 485.63 2,281.55 545.92 120

Alkalinity
as CaCO 3

(mg/1) 38.00 129.20 316.00 46.48 600

Cl	 (mg/1) 4.30 72.00 709.74 106.15 250

SO4 	(mg/1) 29.37 674.55 7,384.81 1,043.87 250

HCO 3 (mg/1) 46.40 157.02 385.60 55.48 50-350

NO3 	(mg/1) 0.50 50.82 508.93 80.34 10

Na	 (mg/1) 19.90 219.61 3,972.00 455.01 100

K	 (mg/1) 1.15 5.77 16.54 3.56 100

Ca	 (mg/1) 3.73 142.85 633.26 157.01 100

Mg	 (mg/1) 0.28 31.25 196.87 42.93 30-40

F	 (mg/1) 0.07 2.48 6.97 1.41 1.5

B	 (mg/1) 0.11 0.67 6.01 0.81 5

Li	 (mg/1) 0.02 0.10 0.34 0.07 0.05

Fe	 (mg/1) 0.04 0.15 3.72 0.47 0.30

Pb	 (mg/1) <	 0.20 0.20 0.20 0.00 0.05

Mo	 (mg/1) <	 0.20 0.20 0.20 0.00 0.05

Hg	 (mg/1) 0.00 0.01 0.15 0.03 0.002

As	 (mg/1) 0.00243 0.07497 0.44300 0.10044 0.05

149
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The pCO 2 values are considerably above the pCO 2 of the earth's

atmosphere (0.3E-03 atm). The low values of pCO 2 were found in

areas with pH greater than 8.0, deep water tables, and

temperatures above 30°C. In contrast, higher values were

reported in areas with shallow water tables, lower pH and

temperature. Groundwater becomes charged with CO 2 during

infiltration through soil (Freeze and Cherry, 1979) and

normally, CO 2 in the soil and vadose zone occurs at much

higher partial pressure than in the earth's atmosphere

pressure.

No speciation or saturation indices of arsenic minerals were

obtained with WATEQ4F. The reason could be that the

groundwater is highly undersaturated with respect to the

arsenic minerals considered in the program. A later use of

WATEQ4F confirmed that hypothesis (section 7.4).

Speciation and saturation data of the Region Lagunera obtained

with WATEQ4F show the groundwater to be highly undersaturated

with respect to halite (Figure 6.6), and gypsum (Figure 6.7),

close to equilibrium with calcite (Figure 6.8), and from

saturated to undersaturated with respect to fluorite (Figure

6.9).
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6.2.1 Halite (NaCl)

According to Rankama and Sahama (1949) "In recent formed

bodies of water derived from igneous and metamorphic rocks,

carbonates are abundant, with increasing salinity or

concentrations (probably by evaporation), calcium carbonates

will be precipitated, followed by gypsum if the supply of

calcium is adequate. The resulting brine consists chiefly of

chlorides and sodium". High sodium and chloride concentrations

can be reach before halite can be precipitated (Log(K)=1.582).

The saturation index of halite in the groundwater of the

Region Lagunera ranges from -8 to -5.5 (Figure 6.6). A high

correlation coefficient between sodium (Figure 4.17) and

chloride (Figure 4.16) is also observed (r=0.836 in all the

basin; r=0.938 at the north of the area). However, there is no

geological evidence of halite in the RegiOn Lagunera.

Weathering of feldspars is the most important source of sodium

(Robertson, 1991), while chloride is mainly derived from ore

and hydrothermal deposits (Rankama and Sahama, 1949).

6.2.2 Gypsum (CaSO4 -2H20)

Important sulfate concentrations are derived from gypsum

deposits formed on the border zones of semiarid and arid
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desert regions (Rankama and Sahama, 1949) as  well as in

evaporite sediments and playa deposits (Robertson, 1991). In

the Region Lagunera, there is geologic evidence of gypsum

occurrence in shallow areas close to the Peninsula de

Coahuila: thick sequences of gypsum and carbonates were

deposited during the marine transgression of the Aptian.

With the exception of wells 2178 and 3089, gypsum is

undersaturated in the whole area (SI range from -2.0 to -0.5;

Figure 6.7). The SI of gypsum is directly related to the

concentrations of calcium and sulfate; it increases towards

the areas with high calcium and sulfate concentrations

(Figures 6.10 and 4.14, respectively). However, calcium seems

not to be available in sufficient concentration to maintain a

gypsum solubility control, and therefore the sulfate content

of the groundwater is high. In conclusion, gypsum is a main

source of calcium and sulfate because their areal distribution

coincides with the SI of gypsum. Furthermore, the correlation

coefficient between calcium and sulfate is of r=0.924.

Finally, gypsum is more soluble than calcite and is also more

stable than anhydrite.

Other important sources of sulfate are the ore and

hydrothermal deposits, while calcium is probably also derived

from the weathering of plagioclase and dissolution of calcite

(Robertson, 1991).
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6.2.3 Fluorite (CaF0

Fluoride, like arsenic, tends to be concentrated in the

residual fluids of cooling magmas (Robertson, 1991). Fluorite,

a common fluoride mineral, may occur in both igneous and

sedimentary rocks (Hem, 1985). It has low solubility but

increases in the presence of CO 2 (Rankama and Sahama, 1949).

Groundwater environments with SI in the range + 0.50 are near

equilibrium with fluorite; Fluorite may be an important

control of fluoride and calcium in some basins (Robertson,

1991).

Fluoride has been extensively exploited in the Region

Lagunera; its mineralized deposits are highly related to the

Oligocene intrusives, which occur principally in the limestone

formations (Rios, 1983).

Fluorite is almost in equilibrium in the groundwater of the

RegiOn Lagunera (SI range from -1.5 to 0.5; Figure 6.9). It is

slightly undersaturated towards the center of the basin and

slightly oversaturated towards the margins of the basin

(lagoonal deposits) and piedmonts of the mountains of Mapimi,

San Lorenzo and Baicuco. According to the geographical

distribution of calcium and fluoride (Figures 6.10 and 4.15,

respectively) the SI of fluorite seems to be controlled by the

calcium concentrations rather than by the fluoride
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concentrations. The correlation coefficient between calcium

and fluorite is of r=0.412. The SI was not affected by the CO2

outgassed.

The presence of fluoride in hornblende and micas (found in

most intrusive and metamorphic rocks) may represent additional

sources (Robertson, 1991). It is strongly adsorbed in clays,

and ion-exchange may also affect the fluoride concentrations.

6.2.4 Calcite (CaCO3 )

Calcium can be derived from the weathering of plagioclase and

dissolution of calcite (Robertson, 1991). Aragonite and

calcite, the two common forms of calcium carbonates, are

largely precipitated on evaporation of saline waters (Rankama

and Sahama, 1949). However, aragonite is less stable (and

therefore more soluble) than calcite at 1 atm of pressure

(Dreyer, 1988). On the other hand, pure water is in

equilibrium with calcite at 25°C and 1 atm of pressure if

7.3<pH<8.4. Calcite will be dissolved in the presence of CO2 ;

in closed systems (fixed ECO2 ) the amount of calcite to be

dissolved is limited by the initial amount of CO2 . In

contrast, in open systems, the CO 2 consumed in the calcite

dissolution is constantly replenished (by the carbon dioxide

gas phase) and therefore more calcite will be dissolved under

these conditions (Freeze and Cherry, 1979; Dreyer, 1988).
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Calcite is generally at saturation in the Region Lagunera (SI

range from -0.25 to 0.50). The exception is the area located

at the north of Fco I Madero (Figure 6.8), where dissolution

of calcite, probably containing fluoride and non-stable

calcimagnesic arsenates, such as talmessite, could still be

occurring. The geophysical interpretation presented by

Planeaciem y Proyectos in 1992, showed a contact at 400 m

depth between the limestone and the alluvial aquifer in well

931 located in the surroundings of San Pedro de las Colonias,

Coahuila. Calcite becomes oversaturated towards the limestone

formations of the mountains of San Lorenzo and towards the

center of the aquifer where high pH and low pCO 2 values are

observed. The CO2 outgassing may have contributed to the

calcite oversaturation in the center of the aquifer.

It is also important to note that there is also an area

located at the north of Torre6n, where calcite is

undersaturated. The elevated arsenic and fluoride

concentrations observed at the north of Torreón (Figures 4.12

and 4.15, respectively), could also be related to the

dissolution of calcareous minerals containing salts of

arsenates, like those described by Rios (1983) at the west of

Torre6n (well 17 located at the northwestern of Lerdo City

showed a contact at 150 m of depth with limestone of the

Aurora formation).
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It is quite possible that the groundwater of the Region

Lagunera is not as old as reported by IMTA, especially in

areas where the groundwater is in direct contact with

calcareous minerals. Unfortunately, there is no way to correct

the apparent age of groundwater at present because no carbon-

13 measurements are available. Figure 6.11 shows the estimated

age of the groundwater while Figure 6.12 the isolines of

Oxygen-18 (0-18) in the area. In general, lighter 0-18 values

correspond to older groundwater (Figure 6.13); however,

groundwater of the area located at the northern of TorreOn

(where groundwater is older than 15,000 years) might have an

erroneous apparent age because dissolution of calcareous

minerals could be occurring there (Figure 6.8).

6.3 Groundwater classification

The groundwater of the RegiOn Lagunera is predominantly calcic

and sodic sulfate (Figure 4.22). In general, from the river

bed to the margins of the basin, the lateral stratification is

as follows (IMTA, 1990):

Ca-HCO 3 --> Ca-SO, --> Na-SO,

Water from the reservoirs are predominantly calcium-

bicarbonate, while groundwater in the lagoonal deposits are

sodium-sulfate (Figure 6.14). If we assume that under natural



157

conditions the Nazas River is the only source of aquifer

recharge to the basin, and that the geochemical processes have

not change since the basin formation, then recharging waters

with high arsenic concentrations will undergo ion exchange

with sodium exchanging for calcium and magnesium. The excess

of sodium will increase in the water along the flow path.

6.4 Summary of arsenic in the Region Lagunera

Table 6.3 summarizes the reported arsenic levels in different

settings within the Region Lagunera; arsenic range of

abandoned mines include ore minerals and soil samples.

By comparing the level of arsenic in sediments, both in

reservoirs and along the river bed (Nazas River), it is

evident that the sediments filling the basin must have arsenic

concentrations several orders of magnitude higher than the

arsenic concentrations present in the groundwater (considering

that the sedimentation process has remained unchanged since

basin formation).

It can also be noted that more arsenic is transported as

particulate matter than in solution. Within the sediments, the

higher arsenic levels are found in the evaporation zones,

especially in the lagoonal deposits of the area of Mayrdn.

Also, the highest arsenic levels are found close to the



158

Table 6.3 Arsenic in different settings
of the Regi6n Lagunera.

Description As range Ref.

Surface water from Reservoirs (mg/1)
L Cardenas	 (1990) 0.00657-0.01766 1
F.	 Zarco	 (1990) 0.00739-0.01270 1

F.	 Zarco	 (1992) 0.00241 2
Entrance of main canal	 (1992) 0.00201 2

Main canal at 11 + 420	 (1992) 0.00665 2

Groundwater (mg/1)
CINVESTAV (1986) 0.008-0.624 3

IMTA	 (1990) 0.00243-0.4430 1

Sediments (PPrn)
L.	 Cardenas	 (1992) 100-210 4

F.	 Zarco	 (1992) 220 4

Entrance of main canai (1992) 77-83 4

Nazas River	 (1992) 34-218 4

Evaporation Zones (1992) 129-345 4

Piedmonts	 (1992) 11-213 4

Agricultural soils 	 (1992) 250-369 ppm 4

Abandoned Mines (PPm)
La Campana (1992) 109-150 4

Tlahualilo	 (1992):	 S 91-184 4

El Mexicano (1992): Au & Ag 224-2,400 4

La Bonanza	 (1992): Pb,Ag & Sr 193-331 4

La Zorra	 (1992): Pb, Au & Ag 180-2,930 4

La Zorrita	 (1992):	 Fe 115-5,680 4

Dinamita	 (1992):	 Fe 132-836 4

Santa Maria Mine	 (1992): Pb & Zn 1,840-97,000 ppm 4

Geologic formations (PPm)
Limestone "Fenix hill" 	 (1992) 70-120 4

Limestone	 (1983) 44-450 5

Chloritized rock	 (1983) 420 5

Igneous rocks	 (1983) 33 5

Marble breccia	 (1993) 2100 5

Talmessite mineral	 (1983) 22,000-87,000 ppm 5

SOURCE:
1	 IMTA, 1990.

2	 IMTA, 1992.

3	 CINVESTAV, 1986.

4	 Planeacie5n y Proyectos, 1992.

5	 Rios, 1983.
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mineralized areas (of igneous origin). Arsenic was detected in

limestones, marbles and igneous rocks. The presence of arsenic

in the Region Lagunera is therefore due to several processes.

6.5 Arsenic statistics in the Region Lagunera

Table 6.4 shows the results of a statistical evaluation of the

arsenic levels reported by CINVESTAV and IMTA in 1986 and

1990, respectively.

Table 6.4 Statistics of arsenic (1986 and 1990).

Number Stand.

Year Species of Mean Dey. Min. Max

Samples (mg/1) (mg/1) (mg/1) (mg/1)

1986 Total As 128 0.10 0.12 0.008 0.624

1986 As(V) 128 0.09 0.11 0.004 0.604

1986 As(III) 128 0.02 0.03 traces 0.217

1990 Total As 93 0.074 0.099 0.002 0.443

Total arsenic levels were above the USEPA drinking water

standard (0.05 mg/1) in 50% of CINVESTAV samples and 41% of

IMTA samples. Arsenate was the predominant species in 93% of

the samples while variable levels of arsenite (20-50%) were

found (36% of the samples). Few organic arsenicals were

detected. In both cases, the total arsenic levels showed the

same areal pattern: high levels towards the northeastern
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lagoonal deposits and low values towards the river.

The groundwater of the Region Lagunera was compared with the

values reported by Welch et al. (1988) for alluvial and

geothermal systems. In general, geothermal systems have higher

arsenic levels than alluvial ones. However, it was found that

even the relatively low range of arsenic values reported by

IMTA in 1990 has higher mean, and upper and lower quartile

values than the respective geothermal systems (Welch et al.,

1988).

6.6 Geochemical environment

The oxidation state of arsenic depends on the prevailing

geochemical conditions (Sanders, 1980): pH, redox potential

and presence of microorganisms may effect the As(III)/As(V)

ratio. It is known that As(III) is more toxic than As(V) (Del

Razo et at., 1990); the Eh-pH diagram (Figure 5.1) indicates

the stability domains of aqueous arsenite and arsenate species

(Hem, 1977).

The presence of As(V) as a dominant species in 119 of 128

samples reported by CINVESTAV, suggests an oxidizing

environment (As(V) is thermodynamically the more stable

species at oxidizing conditions while As(III) is frequently

found in natural waters at variable percentages). In addition,
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the content of organic matter within the aquifer must be small

in order to preserve the arsenic species in oxidized

conditions (reduction of inorganic constituents in groundwater

occurs primarily by the oxidation of organic matter; the most

common oxidizing agents are 0 2 , NO 3 , Fe(OH) 3 and SO 4 2- ). On the

other hand, it is quite possible that during sample

collection, an oxidizing environment could be produced.

However, studies conducted by Cherry et al. (1979) revealed

that the oxidation of As(III) to As(V), in the presence of

oxygen is extremely slow at neutral pH values.

The geophysical interpretation of the aquifer geometry

(Escolero et al., 1992) revealed that the semiconfined water

bearing layer is between two layers of finer materials which

can be causing the elevated arsenic concentrations. These

layers probably evolved under closed conditions. The surface

layer is primarily composed of fine sediments in the

floodplains, while the underlying formation is composed of

sands and clayey materials.

The high pCO 2 values observed in the area may be explained as

carbonate dissolution occurring under open conditions during

the recharge. The system then may have evolved under closed

oxidizing conditions (fixed ECO2 ) and when pumped (or sampled)

CO2 was outgassed. The original high pCO 2 values were then

lowered to values closer to the pCO 2 found in the earth's
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atmosphere while pH was increased. The CO 2 degassing is

normally followed by supersaturation of the water with respect

to calcite and dolomite.
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Figure 6.1	 Field—pH vs Lab—pH.
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REGIO'N LAGUNERA

Figure 6.2 Groundwater pH in 1990
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Figure 6.4 Corn porison of arson lc values

reported by CINVESTAV and IMTA.
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CHAPTER SEVEN

ANALYSIS OF THE POSSIBLE ARSENIC ORIGIN

7.1 Mining activities

It is well known that the natural arsenic mobilization (from

ground to air and water) is significantly accelerated by the

smelting of non-ferrous metals, especially copper, lead, zinc

and nickel. According to Parker (1978) arsenic is emitted from

the smelter to the atmosphere as arsenic trioxide As 20 3

particulates and, depending on the meteorological conditions,

can be transported considerable distances before settling.

Precipitation with arsenic levels greater than the average of

0.019 Ag/1 for oceanic air masses and 0.46 Ag/1 for

terrestrial air masses (Andreae, 1980) has been reported in

areas close to smelters (Welch et al., 1988). As a result,

unusual arsenic concentrations in soil have been observed at

distances less than 1 Km from smelters (21,213 ppm in

Yellowknife, Canada, and 10,000 ppm in Tacoma, Washington);

smelters have affected soils at distances greater than 15 Km.

In addition, some groundwaters affected by mine drainage may

have high arsenic concentrations (Welch et al., 1988; section

5.4); lixiviation of the sulfur compounds present in mine

tailings may create an acid solution able to mobilize many
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trace elements including arsenic (Fowler, 1983). Once the

arsenic is mobilized it can be transported great distances in

the groundwater (Freeze and Cherry, 1979).

Several reports describe the adverse effects on humans, crops

and animals living in the surroundings of smelters (Fowler,

1983). By far, the highest levels of arsenic are found in

skin, hair, and nails (Quihones, et al., 1979); those tissues

contain several sulfhydryl groups to which inorganic trivalent

arsenic may be bound (Gomez et al., 1988).

The Metalurgia Mexicana de Peholes S.A. (Mining Company

Petioles) is located at the southeastern of Torreón, at less

than 2 Km away from the Alemán and Guerra colonies (Figure

4.1). The company was formally established in 1901 (Escobar et

al., 1964).

By 1962, Petioles was processing about 350,000 tons per year of

minerals rich in lead, sulfur, arsenic, cadmium, selenium, and

others. Its annual production was: 1,200 tons of minerals rich

in lead-silver, less than 250 tons of trioxide of arsenic, and

35-40 tons of cadmium and its oxides. The arsenic produced in

Pefioles has a purity close to 100% (Escobar et al., 1964).

Petioles was partially surrounded by approximately 6 millions

tons of tailings and about 10,000 tons were added each month.

It is estimated that actually Petioles is processing about 430
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ton/day of minerals rich in lead, and producing 600-700

ton/month of a mineral called speiss, which composition is 54%

of copper, 16% of lead and 30% of arsenic (IMTA, 1990).

The epidemiological studies of the acute outbreak reported in

the Region Lagunera on 1962 (Escobar et al., 1964), revealed

that the two smokestacks of Petioles smelter, more than 75

meters in height, were emitting significant amounts of oxides

of sulfur, selenium, tellurium, lead, gold, cobalt, arsenic

and cadmium to the air (Table 7.1):

Table 7.1 Emissions from Petioles smelter
(after Escobar et al., 1964).

Description As levels

First Smokestack: (mg/m3) (Kg/day)
SO2 4,970 40,500
Pb 31.31 2.54
50 3 9.6 77.8
As 0.55 4.49

Second Smokestack: (Kg/day)
As 642-685
Cd 47-54
Pb 431-655

In October of 1962 an analysis of a rain sample taken after a

long period of drought gave an arsenic concentration of 0.3

mg/1, which showed the high degree of atmospheric

contamination in the area of Torre6n, Coahuila (Viniegra et
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al., 1964).

The analyzes of surficial soil samples taken close to the

contaminated well of the Alemán colony, ranged from 4.54 to

17.42 mg/100 g. The closer the samples the higher the higher

arsenic concentrations (Cantellano et al., 1964). Deeper soil

samples were also taken every 50 cm (to a total depth of 5.5

m ) .

The results showed high arsenic levels close to the surface

(7.62 mg/100 g of soil) and decreasing with depth (1.60 mg/100

g of soil). Additionally, arsenic levels of 17 soil samples of

the suburban area of Torre6n were from 0.09 to 8.71 mg/100 g

of soil (Viniegra et al., 1964).

The semipermeable hydraulic systems of Peholes contained

elevated arsenic concentrations, both in water and sediments

(Cantellano et al., 1964). They consisted of permeable

oxidation lagoons, drainage canals and deep water wells;

analyses of 2 wells located within the mining company showed

arsenic levels above the USEPA drinking water standard (Table

4.2). According to Escobar et al. (1964) tailings also had

variable arsenic concentrations: 0.02-0.31 g/ton.

Analyses of the well water of Alemán colony, revealed that the

arsenic concentration in 15 samples ranged from 0.006 to 9.000
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ppm (Table 4.1). High arsenic levels were also found in blood,

hair, urine, and especially in the nails of the inhabitants of

that colony and surrounding colonies (Table 7.2). The chemical

substance found in the water and tissues was the reduced form

of arsenic (Ortiz et al., 1963).

Table 7.2 Arsenic content in human tissues
(after Ortiz et al., 1963).

Description MIN AVG MAX

Arsenic content in the blood (in gg/100 ml)

M. Alemán	 (32/52 cases) 2.788 93.433 449.29

V.	 Guerrero	 (3/4) 75.57 742.89 1279.0

L. Blanco	 (2/2) 15.08 327.94 640.8

Arsenic content in human urine (in mg/1)

M. Alemán	 (32/38 cases) 0.002 0.1605 1.130

V.	 Guerrero	 (11/14) 0.1571 0.36622 1.504

L. Blanco	 (9/12) 0.0015 0.25796 0.906

Arsenic content in human hair (in mg/Kg of hair)

M. Alemán	 (31/36 cases) 1.000 29.100 119.00

V. Guerrero	 (1/25) 150.206

G.	 Palacio	 (3/3) 9.600 29.300 30.000

Arsenic content in human nails (in mg/Kg of nails)

M. Alemán	 (5/11 cases) 87.000 237.600 501.00

All the previous evidence suggested that Pefioles was the

responsible party of the presence of arsenic in the water well
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where the acute outbreak reported on 1962 was originated.

However, the analysis performed by IMTA (1990) of a water

sample from a well located in the interior of Peholes plant

showed arsenic concentrations of 0.01 mg/1, i.e., below the

USEPA drinking water standard. Isotopic analyses also showed

that high arsenic concentrations are generally associated with

old groundwaters. Furthermore, the highest arsenic levels are

found to the northeast of Peholes, at more than 50 Km away

from the smelter while the prevailing wind has a S-SE

direction most of the year (Viniegra et al., 1964).

7.2 Pesticide and herbicides

Many inorganic arsenic compounds have extensively been used as

pesticides (arsenates) and herbicides (arsenites), and

consequently may contaminate groundwater through waste

disposal or agricultural drainage, especially groundwaters

with shallow water tables (Hem, 1985). In cotton farming, for

example, arsenic pentoxide and calcium arsenate are used as

preharvest defoliant and insecticide, respectively (Lemmo et

al., 1983). During the last decades, the use of inorganic

insecticides has been replaced by the less toxic inorganic and

organic herbicides (Fowler, 1983).

In the United States, the total elemental arsenic use ranges

from 22.1 to 41.3 millions lbs per year (Fowler, 1983), 80% of
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which is used in insecticides, herbicides, and other related

agricultural uses (Lemmo et al., 1983). According to USEPA

(1993) more than 1 billion pounds of pesticides are used in

the United States each year.

The U.S. National Soils Monitoring program reported arsenic

residues in 93% of 1,792 soil samples from agricultural areas

(range 0.2-107 ppm; mean 6.3 ppm); arsenic came probably from

natural and agricultural sources (Fowler, 1983). The average

soil loss of arsenic (from insecticides) is about 26% per year

(range 7.3-70.4%).

Before 1945, the organoarsenical pesticides were extensively

used in the RegiOn Lagunera (SSA/SMA, 1977). According to

Viniegra et al. (1964) the use of insecticides and

fertilizers, manually or airplane driven created a serious

health problem with several acute intoxication cases. Albert

et al. (1980) found considerable levels of organochlorine

pesticides residues in adipose tissues of the inhabitants of

rural areas of the RegiOn Lagunera.

Nine samples taken at 15-25, 50 and 70-90 cm of depth on

agricultural soils of the Region Lagunera (Figure 4.24) showed

a range of arsenic concentrations from 250 to 369 ppm

(PlaneaciOn y Proyectos, 1992). On the other hand, the use of

compounds of arsenic in agricultural activities in the RegiOn
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Lagunera is strongly related to cotton farming; there, the

average cotton production is around one million metric tons

per year.

Despite the high arsenic levels reported on agricultural areas

(PlaneaciOn y Proyectos, 1992) the high groundwater arsenic

concentrations found in the Region Lagunera basin (Figure

4.12) are not related to agricultural activities; they are

generally associated with relatively old groundwaters (Figure

4.21). The irrigation area is located mainly in the central

part of the basin whereas the elevated groundwater arsenic

concentrations principally occur to the north of it.

Agricultural areas surrounding the permeable river bed, could

be causing some local contamination of the aquifer only. On

the other hand, the elevated nitrate concentrations reported

by IMTA (Figure 4.23) could be due to local contamination only

(around the borehole).

7.3 Surface water evaporation

Under natural conditions, Nazas and Aguanaval Rivers

historically flowed from the upper parts of the basin toward

the Mayrdn (or Tlahualilo, before 1829) and Viesca lagoons,

respectively (Figure 3.1). The water was carried down to the

RegiOn Lagunera plain and infiltrated into the aquifer across

the permeable layers located along their courses across the
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basin. The remainder of the water reached the lagoonal sites

(northern and eastern) located in the lowest part of the

basin.

Mayrdn was a broad lagoon with an approximate circumference of

150 Km which increased to 230-240 Km during flood-time

(Instituto de Geologia, 1937). Floods carried considerable

volumes of water (sometimes more than 2,000 Mm 3 ).

A large part of the water of the lagoons was evaporated (mean

annual evaporation of 2,406 mm) while the residual

concentrated solution probably infiltrated into the aquifer.

The isotopic data of IMTA (1990) revealed that groundwater of

these areas did not suffer high evaporation rates (the more

evaporated waters are from the reservoir). However, it is

possible that infiltration had occurred at shallow depths

only, i.e., in the surf icial overlaying layer which is mainly

composed of fine sediments in the flood plains (Escolero et

al., 1990).

Indeed, comparison of Figures 4.12 and 2.5 reveals that the

highest arsenic levels are associated with the fine grained

lagoonal deposits located at northern (Tlahualilo ex-lagoon)

and eastern (Mayrdn ex-lagoon) margins of the basin (Adams,

1993); that is, areas where the water table is still shallow.
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On the other hand, considering that the geologic and

hydrochemical conditions have remained unchanged since aquifer

formation, then it is possible that water reaching the lagoons

had similar composition to that reported for the reservoirs.

Slightly alkaline (and probably oxygenated) conditions could

have prevailed in the surface waters (the range of pH in the

reservoirs is 8.05-8.24); therefore, arsenic should have

occurred as As (V)

If ponding were sporadic then the oxidizing conditions would

have prevailed. By contrast, if lagoons were perennial

reducing conditions might have prevailed at large times. As a

result then, arsenic would have been reduced from As(V) to

As(III). However, in their flow paths along the aquifer, the

evaporated reducing waters could have been later mixed with

deeper non-evaporated (rapidly infiltrated) oxygenated waters,

giving place to the occurrence of arsenates as the predominant

arsenic species within the area (as reported by CINVESTAV in

1986). Unfortunately there is no information to confirm such

ex-lagoons conditions.

The areas of volcanic activity of the upper catchment regions

of the rivers and within the Region Lagunera, are considered

the possible arsenic sources. They may provide arsenic to the

surface flow both in solution and as sediments (Adams, 1993).

Most of the arsenic was possibly transported in suspension by
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the surface flow than in solution: the ferrous oxides present

in the particulate matter easily adsorb the arsenates species.

However, the great evaporation rates of the area may have

significantly increased the arsenic in solution before

infiltration occurred. Indeed the evaporation effect may be

observed (Table 7.3) from one reservoir to the other (both are

located along the Nazas River; Figure 3.1):

Table 7.3 Mean arsenic and chloride concentrations
in the aquifer and reservoirs (from IMTA, 1990).

Description Cl	 (mg/1) As	 (mg/1)

Fco Zarco Reservoir 4.80 0.00962

L Cardenas Reservoir 3.80 0.00781®

Aquifer 72.57 0.07410

Reservoir ratios	 ( 96) 126.32 123.81

' Excluding sample No 101.

IMTA (1990,1992) reported that the range of arsenic and

chloride concentrations of surface waters collected at the two

reservoirs was 0.00201-0.01766 mg/1 and 2.92-15.99 mg/1,

respectively; the corresponding groundwater ranges are

0.00243-0.44300 mg/1 and 4.30-709.74 mg/1 (Table 6.2).

Thus, it is possible that the strong evaporation process that

occurred in the shallow Tlahualilo and Mayrdn ex-lagoons had
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contributed to the high arsenic concentrations found at the

northern and eastern of the area. In order to quantify the

importance of the surface water evaporation on the elevated

arsenic levels, the approach described below was followed:

The idea was to select two water samples; one representative

of the surface water (from reservoirs) and the other of the

groundwater of the area where elevated arsenic concentrations

have been found. Then, artificially evaporate the surface

water by multiplying its analytic chemical data by the

chloride ratio between both samples. A modified version of the

aqueous speciation program WATEQF was used to determine the

saturation indices of plausible minerals (phases) of both the

evaporated surface water and the groundwater. The geochemical

program NETPATH (Plummer et al., 1991) was then used to

determine the net geochemical mass-balance reactions between

the evaporated surface water (initial water) and the

groundwater (final water).

Plummer et al. (1991) clearly explain that "the net

geochemical mass-balance reactions consists of the masses (per

kilogram of water (H 20)) of plausible minerals and gases that

must enter or leave the initial water along the flow path to

define the composition of a selected set of chemical

constraints observed in the final water." NETPATH examines

every possible geochemical mass-balance reaction between the
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initial and final water given a group of chemical constraints

and plausible phases (minerals and gases) which should be

geologically supported within the system (Plummer et al.,

1991).

Because of the isotopic signature, as well as the arsenic and

chloride concentrations, well 1387 was chosen for this

analysis. The well belongs to San Pedro County where high

arsenic and chloride levels have been reported (Figures 4.12

and 4.16). On the other hand, water sample data No. 96 (from

L. Cárdenas reservoir) was considered to be representative of

the surface water. A Piper diagram shows that well 1387 has

sodium-sulfate waters (Figure 7.1) while the L Cárdenas

reservoir has calcic-bicarbonate. This is in agreement with

the lateral stratification described in the previous chapter.

The chloride ratio between well 1387 and reservoir sample No.

96 was of K1=51.51 (199.87/3.88). Table 7.4 shows the analytic

chemical data of well 1387, reservoir sample No. 96 and

evaporated surface water (Sample No. 96 times Ki) called

Mod96.

Calcite, fluorite and gypsum were considered as plausible

minerals because they normally occur in lagoonal deposits

(Rankama and Sahama, 1949). Other phases that could be

possibly considered are: aragonite, magnesite, dolomite, and
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Table 7.4 Analytic data of Well 1387,
Sample No. 96 and Mod96 (in mg/i).

Element Well 1387 Sample No 96 Mod96

Ca 146.70 27.37 1,409.91

Mg 13.21 2.13 109.72

Na 542.26 10.83 557.88

K 7.12 3.84 197.81

Li 0.20 0.02 1.03

HCO 3 168.40 112.20 5,779.75

Cl 199.87 3.88 199.87

SO4 1,179.38 10.54 542.95

F 3.22 1.13 58.21

NO 3 43.02 3.38 174.11

CO 3 7.20 --- ---

As 0.19250 0.00657 0.34

B 1.43 0.25 12.88

Fe 0.004 0.04 2.06

Pb 0.020 0.20 10.30

pH 8.10 8.10 8.10

halite. However, calcite is more stable than aragonite at

normal pressure and temperature conditions (Dreyer, 1988),

magnesite is generally present in metamorphic rocks and

dolomite is unstable at normal pressure and temperature

conditions and usually decomposes into calcite + magnesium +

CO2 . Halite occurs in very unusual conditions and there is no
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geologic evidence of it in the Regiem Lagunera.

The saturation indices of the plausible minerals, partial

pressure of CO2 , ionic strength "I" and the charge imbalance

"CI (%)" of both, well 1387 and Mod96 (the evaporated surface

water) are (Table 7.5):

Table 7.5 Geochemical parameters of Well 1387 and Mod96
(from WATEQF).

Description Well 1387 Mod96

Calcite 0.666 2.907

Gypsum -0.634 -0.436

Fluorite 0.295 3.472

pCO 2 	(atm) 0.00125 0.0314

I 0.04281 0.11802

CI	 ( 90 -5.58 -8.04

That is, gypsum is restricted to dissolution only, whereas

calcite and fluorite are restricted to precipitation only. The

partial pressure of CO 2 of Mod96 (initial water) is higher

than the respective of well 1387 (final water). This means

that some outgassing of CO 2 could occur. Although strictly

speaking, the extended Debye-Hückel equation is applicable

when I<0.1 (Pankow, p.48, 1991) it was used to calculate the

activity coefficients of both waters.
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Three ion-exchange reactions were also considered as plausible

phases: the ion exchange of Ca/Na, Ca/K and Ca/Mg. Calcium

normally present in the marine clays of the area, is expected

to enter the aqueous solution, while the excess of sodium,

potassium and magnesium is .expected to be incorporated into

the clays (Figures 6.10, 4.17). The three ion exchange

reactions considered are:

Ca/Na EX: 2Na' + --> Ca' +Ca-X 2 2.Na-X

Ca/K	 EX: 2K+ + Ca-X2 --> Ca' + 2.K-X

Ca/Mg EX: Mg' + Ca-X 2 --> Ca' + Mg-X2

Carbon, sulfur, calcium, fluoride, magnesium, potassium and

sodium, were selected as chemical constraints. The results

from NETPATH indicate that one model satisfied the constraints

(Table 7.6).

That is, the evaporation of 51.51 liters of surface water from

the Nazas River would produce one liter of Mayran lagoon; this

would require the precipitation of calcite (43.86 mmol) and

fluorite (1.46 mmol), dissolution of gypsum (6.60 mmol),

outgassing of CO2 43.19 mmol), and an exchange of 1 mmol of

calcium (entering the aqueous solution) per every 0.42 mmol of

sodium, 2.46 mmol of potassium and 4.01 mmol of magnesium

(leaving the aqueous solution).
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Table 7.6 Results from NETPATH: First run.

Initial Well	 : Mod96
Final Well	 : Well 1387

	Final	 Initial
C	 2.7290	 89.7870

S	 12.3060	 5.7040

CA	 3.6690	 35.4990
F	 .1700	 3.0920

MG	 .5450	 4.5540

K	 .1830	 5.1050

NA	 23.6410	 24.4880

MODEL	 1
CALCITE	 -	 -43.86450

FLUORITE	 -	 -1.46100

GYPSUM	 +	 6.60200

CO2 GAS	 -43.19350

Ca/Na EX	 .42350

Ca/K	 EX	 2.46100

Ca/Mg EX	 4.00900

1 models were tested.
1 models were found which
satisfied the constraints.

An additional run was performed but using the evaporation

option included in NETPATH. The original surface water from

the reservoir (Sample No. 96) was now the initial water while

the water of well 1387 was still considered the final water.

The saturation indices of the plausible minerals, partial

pressure of CO 2 , ionic strength and the charge imbalance of

Sample No. 96 are (Table 7.7).
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Table 7.7 Geochemical parameters of
Sample No. 96 (from WATEQF).

Description Sample No 96

Calcite 0.201

Gypsum -2.789

Fluorite -0.852

pCO 2 	(atm) 0.000888

I 0.00308

CI	 (%) -7.66

In this case, fluorite would have to evolve from

undersaturated to oversaturated conditions. Calcite and gypsum

would perform as mentioned before. The three ion-exchange

reactions described above were considered again as plausible

phases. The same chemical constraints were considered in this

case.

Four models were found to satisfy the constraints (Table 7.8).

The second, was considered to be the most possible because it

gave almost the same evaporation factor considered before

(chloride ratio), as well as almost the same values of model

1 but without Ca/Na Exchange. That is because, when

considering evaporation one less phase is needed by NETPATH to

produce a complete model. The resulting arsenic concentration

(0.34 mg/1) although not exactly the same as in well 1389

(0.1925 mg/1) could later be subject to adsorption process
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Table 7.8 Results from NETPATH
(considering the evaporation option included in NETPATH).

Initial Well : SAMPLE # 96 : ORIGINAL
Final Well	 : WELL # 1387

	Final	 Initial
C	 2.7290	 1.8430
S	 12.3060	 .1100
CA	 3.6690	 .6830
F	 .1700	 .0590
MG	 .5450	 .0880
K	 .1830	 .0980
NA	 23.6410	 .4710

MODEL	 1
CALCITE	 -	 -1.93795
FLUORITE	 -	 -.09770
GYPSUM	 +	 11.62475
CO, GAS	 -6.74708
Ca/Na EX	 -10.36201
Ca/K	 EX	 .21197
Evaporation factor:	 6.193

MODEL	 2
CALCITE	 -	 -42.24198
FLUORITE	 -	 -1.39570
GYPSUM	 +	 6.78475
CO, GAS	 -47.53510
Ca/K	 EX	 2.36797
Ca/Mg EX	 3.87200
Evaporation factor:	 50.193

MODEL	 3
CALCITE	 -	 -98.74042
FLUORITE	 -	 -3.21525
CO, GAS	 -104.71202
Ca/Na EX	 14.52553

Ca/K	 EX	 5.39026

Ca/Mg EX	 9.29980
Evaporation factor:	 111.873

MODEL	 4
FLUORITE	 -	 -.03529

GYPSUM	 +	 11.85747

CO, GAS	 -4.78585

Ca/Na EX	 -10.86025

Ca/K	 EX	 .10830

Ca/Mg EX	 -.18618

Evaporation factor:	 4.078

7 models were tested.
4 models were found which

satisfied the constraints.
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occurring on the iron hydroxides. This could explain the low

correlation coefficient between chloride and arsenic (r=0.07).

The evaporation could then be considered an important factor

of the presence of high arsenic concentrations in the Region

Lagunera.

7.4 Mineralogic controls of arsenic

No speciation nor saturation indices of arsenic minerals were

obtained with WATEQ4F. However, in order to estimate the redox

potential (Eh) of some aquifer samples as well as the

speciation and saturation indices of arsenic minerals four

hypothetical samples were constructed. The idea was to combine

the arsenic speciation of CINVESTAV and the complete

analytical data provided by IMTA, and then use WATEQ4F to

calculate the Eh from the As(III) /As (V) activity ratio.

Four wells (from 18 sampled in both studies) were selected

for this analysis (Table 7.9). They showed the smaller

differences on the total arsenic concentrations reported by

both CINVESTAV (1986) and IMTA (1990).

Although both analyzes were carried out at different times, it

was assumed that no significant changes occurred in the water

chemistry within the period of 4 years of difference; however,

the arsenic levels reported by CINVESTAV-1986 are consistently
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greater than those reported by IMTA-1990 (section 6.1).

Table 7.9 Comparison of arsenic concentrations
reported by IMTA and CINVESTAV.

CINVESTAV (1986) IMTA Percent of

(1990) Difference

Well [1]-[2]
As As(V) As(III) As(V) As

(mg/1) (mg/1) (mg/1) (96) (mg/1)
[1] [2]

233 0.019 0.017 0.002 89.5 0.01627 16.78

1000 0.146 0.133 0.013 91.1 0.12380 17.93

2349 0.064 0.038 0.026 54.4 0.05966 7.27

2554 0.272 0.166 0.105 61.0 0.26120 4.13

The results from WATEQ4F shows that arsenic is mainly

occurring in the oxidized arsenate form of HAs0 4 2- , which is in

agreement with CINVESTAV results; smaller concentrations of

arsenic were present in the reduced arsenite form of H 3A50 3(aq)

(Table 7.10). The pH-Eh diagram (Figure 5.1) shows that these

hypothetical samples occur close to the limit between both

arsenic species.

Similarly the results shows that the groundwater samples

(hypothetical) are quite undersaturated with the following

arsenate and arsenite minerals considered in WATEQ4F (Ball et

al., 1980): As 20 5 , Ca 3 (As0 4 ) 2 . 41120, Pb3 (ASO 4 ) 2, 4H3AS03 (as

arsenolite	 and	 claudetite),
	 Mn.3 (ASO 4 ) 2 • 8H 2 0

	
and

Zn3 (As04 ) 2 . (2.5H20) (Robertson, 1989).
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Table 7.10 Estimated Eh from the
As(III)/As(V) activity ratio.

Well

Estimated

Eh
(volts)

pH H3As03

(mg/1)

HAs042-

(mg/1)

233 -0.107 8.04 0.003 0.031

1000 -0.119 8.17 0.020 0.242

2349 -0.142 8.16 0.040 0.069

2554 -0.125 7.93 0.164 0.302

The calculations were performed with laboratory pH and

Temperature because no field measurements were available for

these wells. However, estimated field pH from a regression

analysis showed no significant change in the estimation of Eh.

Additional runs of WATEQ4F were performed with sample well

2554 (having the smallest percent of difference) in order to

determine the effects of changes in Eh (from -0.3 to 0.1), the

total arsenic concentration (from 0.05 to 0.45 mg/1), pH (from

6.0 to 9.0) and temperature (from 15-45°C) in both the

speciation and saturation indices of the arsenic minerals.

Changes were done one at a time, considering the remainder of

the parameters constant.

The results showed that arsenate concentrations increased as

Eh, Temperature and pH also increased, while the reverse was
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true for the arsenite concentrations. Furthermore, both

increase as the total arsenic concentration also increased

(Figures 7.2, 7.3, 7.4 and 7.5). This is consistent with the

fact that arsenates are the predominant species under

oxidized-alkaline conditions while arsenites are under

reduced-acidic conditions.

The change from reducing to oxidizing conditions occurred in

small range of pH and Eh, from 7.5 to 8 and from -0.2 to -0.1

volts, respectively. In the case of the temperature, the

change was gradual. Therefore, unless big differences from

field to laboratory temperature conditions are found, no

significant changes will be expecting to occur on the

speciation and saturation indices of the arsenic minerals. In

the area where well 2554 is located (Tlahualilo county) the

temperature ranges from 24 to 34°C, while the reported

laboratory temperature was of 26°C. By contrast small changes

in pH measurements notably affect the results. Thus, the

possible increase of pH due to the outgassing of CO2 may be an

important factor in the arsenic interpretation.

Also, as expected, the partial pressure of CO2 reported by

WATEQ4F: i) decreased from 0.21 to 0.00124 atm as the pH was

increased from 6 to 9; ii) increased from 0.00205 to 0.00291

atm as the temperature was increased from 15 to 45°C, and iii)

remained constant while Eh and the total arsenic concentration
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were changed.

As a consequence of the previous results, the saturation

indices of the arsenite minerals decrease as Eh, temperature

and pH increase. Conversely, the arsenate minerals show an

opposite behavior (Figures 7.6, 7.7, 7.8 and 7.9).

7.5 Alluvial sediments of volcanic origin

IMTA (1990) disregarded the diagenetic origin of the arsenic

due to the low arsenic levels found in the surface waters

(0.007-0.0198 mg/1). However, the natural deposition of

arsenic-bearing sediments of volcanic origin should not be

ignored (Adams, 1993).

Adsorption	 (particularly in alluvial aquifers)	 and

coprecipitation of aqueous arsenic (HAs04 2 ) are the two main

mechanisms for arsenic removal from soil solutions (Lemma et

al., 1983) in the presence of the following phases: hydrous

oxide, clay minerals, organic matter, and the oxides and

hydroxides of iron, aluminum, and manganese (Welch et al.,

1988; Lemma et al., 1983).

Since precipitation of soluble arsenic is extremely slow in

aquatic environments (Wagemann, 1978; Holm et al., 1979), the

arsenic compounds are therefore more likely to be removed from
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soil solution by adsorption mechanism. Arsenic is rapidly

adsorbed but its desorption process is slow. Adsorption of

arsenic is linearly related to the ferric and manganese

hydroxides, and clay content; more arsenic will be adsorbed as

long as more hydroxides are accumulated in the sediments

(Adams, 1993).

The probable arsenic-bearing alluvial sediments were settled

in the basin (bolson) as a result of the erosion-transport-

deposition process. They were probably transported by the

rivers from areas of volcanic activity located in the upstream

basin of the Region Lagunera flood plain (Adams, 1993).

Reactions occurring within the deposited fine grained

sediments of intermediate and acidic volcanic origin (Welch et

al., 1988) may have later originated the unusual arsenic

levels in the RegiOn Lagunera. The formation of a negative

surface charge on the ferric oxyhydroxides at elevated pH

(Pierce & Moore, 1980) is believed to be the simplest

plausible mechanism for arsenic desorption.

Several areas of volcanic activity exist within the drainage

basin of the Nazas and Aguanaval Rivers: El Sarnoso Intrusive,

Las Tetas de Juana, and some igneous rocks located in the

upper parts of the basin. These possible arsenic sources may

have provided the rivers surface flow of both arsenic bearing

sediments and soluble arsenic (Adam, 1993).
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Most of the arsenic was probably transported as adsorbed (as

arsenate, As(V)) on the ferrous hydroxides present in the fine

grained sediments (particulate matter) with little arsenic in

solution (Adams, 1993); data on Table 6.3 confirm this

statement (recent sediments with higher arsenic levels than

surface waters).

Sediments were deposited and accumulated within the basin

according to their grain size: fine grained sediments were

mainly settled at the margins of the drainage river basin.

Presumably the sediments (and the groundwater) remained

oxygenated due to their low organic matter content; the

absence of reducing environment indicators (carbon and sulfide

minerals) will corroborate this (Robertson, 1991). Thus, the

old groundwater of the Region Lagunera must have measurable

dissolved oxygen (DO) levels. Indeed, groundwater with

significant DO levels are not uncommon. Robertson (1989), for

example, reported DO levels from 3 to 7 mg/1 in the alluvial

basins of the SW United States; DO levels were detected even

in old waters samples (more than 10,000 years) from deep wells

(2,000 ft).

Perennial lakes, characteristic of reducing environments,

should not have occurred during sediment deposition

(Robertson, 1991); their occurrence was influencial over a

shallow surficial zone only. Sporadic ponding and oxygenated
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conditions (in lakes or playas) should have prevailed.

Comparison of Figures 2.3, 2.5 and 4.12 reveals that areas

with higher arsenic levels are located at the northeastern

(lowest) margin of the Region Lagunera basin (Adams, 1993),

which corresponds to lagoonal deposits (mainly constituted of

the finest sediments of the basin: clay, silt, etc.). In

general, arsenic concentrations increase from the Nazas river

to the margins of the basin.

The unusual arsenic levels of the groundwater of the RegiOn

Lagunera occur in groundwater considered slightly alkaline (pH

range from 6.91 to 8.50). This granular aquifer also shows

higher arsenic values than those reported by Welch et al.

(1988) for alluvial and geothermal systems. Despite the low

correlation coefficient between soluble arsenic and pH

(r=0.341), the adsorption-desorption process is considered the

more feasible control of arsenic levels. Thus, the elevated

arsenic concentrations found on the slightly alkaline, non-

thermal groundwater of the RegiOn Lagunera can be due to the

low adsorption capacity of the ferric hydroxides at elevated

pH. Ferric hydroxides are almost always present in sediments

of intermediate and acidic volcanic origin occurring in

oxidizing environments (Welch et al., 1988).

Using the Langmuir parameters reported in 1980 by Pierce and
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Moore for arsenate adsorption on amorphous iron hydroxide

[Fe(OH) 2], the relationship between As (V) in solution and

As(V) adsorbed was obtained for the pH range 7-9 and arsenic

content in the sediments of 0-4,000 ppm. These values cover

the ranges reported in the Regiem Lagunera of 6.91-8.50 and

34-400 ppm, respectively (Tables 6.2 and 6.3). Arsenite was

not considered in this analysis because arsenate proved to be

the predominant species.

The results showed that even at higher arsenic contents than

those reported within the area, low arsenic (as As(V))

concentrations in solution can be obtained from sediment

desorption (Figure 7.10). Higher arsenic levels are only

present in the minerals, limestones and marbles (Table 6.3).

On the other side, the increase of pH caused by the probable

CO2 outgassing (when the system is pumped or sampled) will

result in a small increase of the arsenic concentrations. The

results however are strongly dependent on the amorphous iron

hydroxide [Fe(OH) 3] content; for this case Pierce and Moore

(1980) reported concentration of 0.00445 g/1 of Fe(OH) 2 . An

increase of Fe(OH) 3 may significantly increase the arsenic

adsorbed and desorbed. The study of Pierce and Moore (1980)

are only valid for arsenic concentrations in the range 0.05-

1.00 mg/l.

Although arsenic is similarly adsorbed by the ferric and
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manganese hydroxides (Adams, 1993), the low concentrations of

both elements in the groundwater of the Region Lagunera seem

not to affect the arsenic levels. IMTA reported that the

soluble Fe range was 0.04-3.72 mg/1 however only 10 of the

well samples was above the detection limit of 0.04 mg/1 (USEPA

and Mexican drinking water standards of 0.30 mg/1); this was

probably due to the long period of inactivity of the wells

before sampling which according to Robertson (1991) may have

affected both the arsenic and iron levels. On the other hand,

CINVESTAV reported dissolved Mn concentrations in the range

<0.030-0.044 mg/1, with just one sample above the detection

limit of 0.030 mg/1 (Mexican drinking water standard of 0.100

mg/1). It is possible however, that the solid phases

(hydroxides) of iron, manganese and aluminum may be

controlling the arsenic levels (Adams, 1993). Deposits of Fe

and Mn of igneous origin have been described by Rios (1983) in

the mineralized area of Dinamita, Durango (site 7-M on Figure

4.24).

The presence of highly electronegative elements (e.g.,

fluoride) or elements which combine with oxygen to form

oxyanions (e.g., phosphate, selenium) may highly influence the

adsorption of arsenic (Robertson, 1989); they may compete for

the same active adsorption sites (Fowler, 1983; Welch and

Lico, 1988). Phosphate, selenium and arsenic have indeed

similar chemical and physical properties. CINVESTAV (1986)
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reported however, that the total soluble selenium is very low,

ranging from 0.0002 (detection limit) to 0.0160 mg/1, with an

average of 0.0015 mg/1 (Mexican drinking water standard of

0.050 mg/1). Selenium is generally present in playa deposits

and evaporites (Robertson, 1991). There is no available

information about dissolved phosphate levels, however, it is

possible that the sediments filling the basin have significant

amounts of phosphorous: phosphoric rocks with significant

arsenic levels have been described by Rios (1983) in area of

contact between the limestone Aurora formation and the Sarnoso

intrusive (Dinamita, Durango).

Dissolved arsenic and fluoride concentrations in the Region

Lagunera seem to be controlled by the same mechanisms. They

have a strong correlation coefficient between them and low

correlation coefficients with pH (r=0.341 and r=0.032,

respectively). They were probably adsorbed, transported and

deposited in a similar manner; this would explain their high

(+) correlation coefficient reported by CINVESTAV in 1986 and

Cebridn in 1987 (r=0.835 and r=0.925, respectively), which is

consistent with the areal distribution of both elements within

the basin (Figures 4.5 and 4.10, respectively).

After desorption, the soluble arsenic species are relatively

free to migrate great distances in the groundwater, specially

As(III) in non-sorbing sandy and gravely soil. A relatively
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low ferric hydroxide content (compared to the arsenic levels

present in the aquifer) may cause also the arsenic

mobilization.

7.6 Hydrothermal origin

One of the main hypothesis of the possible arsenic origin is

from extinct, intrusive hydrothermal activity (IMTA, 1990).

The magmatic events active during the geologic processes that

originated the Regiem Lagunera, resulted in the formation of

intrusive and extrusive igneous rocks. Evidence of extinct

hydrothermal activity in the area of El Sarnoso is described

by Rios (1983) by the presence of clay in the contact between

the igneous rocks and the limestone, and by the marble

rehydratation (found until 250 m away from the intrusive El

Sarnoso). It is probable that the high concentrations of

arsenic, lithium, fluoride and chloride were the result of

such a system during the magma consolidation (they are

generally concentrated in the residual fluids of the cooling

magmas).

Welch et al. (1988) described that geothermal systems

generally have high concentrations of both, total arsenic and

chloride (As>1,000 Ag/1 and C1 >800 mg/1); however, there is no

relationship between them, while fluoride and total arsenic

have a positive definite correlation in this type of systems
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(Sonderegger and Bergantino, 1981). In the geothermal system

of the Yellowstone National Park the As/C1 ratio is about

1/200 (Stauffer and Thompson, 1984; Sonderegger and Ohguchi,

1988) while lithium concentrations are in the range 2.0-5.0

mg/1 (Hem, 1985). On the other hand, the presence of orpiment

(As 2S0 and realgar (ASS) in fossil geothermal areas (Welch et

al., 1988) suggest that arsenic is primarily occurring as

arsenite As(III) in this type of system. By contrast, arsenic

is mainly present as arsenate As(V) in sedimentary

environments.

With the exception of wells 2554 and 3089 (located in the

surroundings of Tlahualilo and in the piedmont of Baicuco

Mountain, respectively) the chloride, arsenic and lithium

levels are below 300 mg/1, 0.65 mg/1 and 0.50 mg/1 in the

whole basin, respectively (Table 6.2). The As/C1 ratio ranges

from 1/25,000 to 1/14 (mean of 1/960). On the other side, the

correlation coefficient between arsenic and chloride is very

low (r=0.27) while the corresponding coefficient for arsenic

and fluoride is r=0.517 with IMTA data or r=0.835 with

CINVESTAV data; lithium has a low correlation coefficient with

the three elements (less than 0.50). The high chloride

concentrations observed in wells 2554 and 3089 do not coincide

with the highest arsenic levels reported in the area.

Therefore, the deposition of arsenic-bearing sediments of
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volcanic origin is just a step ahead of the hydrothermal

origin hypothesis; it includes the oxidation (from arsenite

to arsenate) and transport of arsenic by ferric or manganese

hydroxides from the volcanic areas (hydrothermal deposits,

probably) located in the upper parts of the basin or within

the flood plain. It is believed that F was probably adsorbed,

transported and deposited in a similar manner (Figures 4.5 and

4.10; Section 7.5). The low correlation coefficients of Li

with the other elements suggest that it evolved in a different

manner. The presence of high chloride levels can be the result

of: i) the strong evaporation rates (Section 7.3), or ii) the

probable introduction of soluble salts into porous sediments

(including chloride) during the sea transgressions (Hem,

1985).

Typical evidence of hydrothermal activity (high temperature,

salt deposits and strong smell of hydrogen sulfide) has been

detected however in wells 3089 and 1573 of the Region Lagunera

(Section 4.2); the elevated arsenic concentrations of their

groundwater are probably of hydrothermal origin rather than

sedimentary (Adams, 1993). Wells 3089 and 1573 registered

temperatures of 42°C and 39°C, respectively, while the rest of

the area ranged from 24 to 34°C. Well 1573, sampled after

completion of the IMTA report, is located at the base of the

Mountain of Bermejillo, at the north of Torre6n, Coahuila

(IMTA, verbal communication).
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7.7 Land subsidence

IMTA (1990) described some evidence of land subsidence caused

by the overexploitation of the granular aquifer: differential

changes were observed on the surface roads of the area (Adams,

1993). They are present in the upper part of the basin where

gravelly and sandy materials are predominant and have the same

areal pattern of the drawdowns, i.e., parallel to the

surrounding Mountains. They extend significantly in a lateral

way and are predominately horizontal rather than vertical

(IMTA, oral communication). In addition, the area where they

occur do not coincide with the sites where the high arsenic

levels have been reported. The most likely explanation of such

changes is the extreme drainage (desiccation) of the sandy and

gravelly materials originated by the overexploitation to which

the aquifer has been subject during the last five decades.

Although land subsidence plus desiccation may cause some

vertical exchange of As-bearing water there seems to be no

direct relationship between the high arsenic concentrations

and land subsidence in the Region Lagunera.
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CHAPTER EIGHT

CONCLUSIONS AND RECOMMENDATIONS

8.1 Conclusions

There are several potential sources for arsenic in the RegiOn

Lagunera; however, the most probable source is arsenic-bearing

sediments of volcanic origin within the basin fill combined

with an increase of the arsenic levels by the evaporation

process.

The probable fine grained arsenic bearing-sediments were

transported by surface flow from the areas of volcanic

activity of the upper catchment regions of the rivers and

within the RegiOn Lagunera; subsequent deposition of those

fine sediments occurred mainly at the margins of the basin

(under oxidizing conditions).

The unusual arsenic levels found in the slightly alkaline,

oxygenated groundwater of the Region Lagunera may ultimately

be a combined result of reactions occurring within the

deposited fine grained sediments of intermediate and acidic

volcanic origin. The adsorption-desorption process (of HAs0 42-

mainly) is considered the more feasible control of arsenic

levels: the formation of a negative surface charge (i.e., low

adsorption capacity) on the ferric oxyhydroxides of those
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sediments at elevated pH is believed to be the simplest and

most likely mechanism for the arsenic desorption.

Arsenic was transported mainly as arsenates adsorbed in the

ferric hydroxides; the low dissolved arsenic concentration in

solution was probably concentrated by the strong evaporation

process that occurred in the shallow Tlahualilo and Mayrdn ex-

lagoons, before infiltration occurred. The use of NETPATH

indicated that it is thermodynamically possible to obtain the

elevated arsenic levels observed in the groundwater of the

fine grained lagoonal deposits from the evaporated surface

waters of the Nazas river. The shallow water levels observed

at the northern and eastern of the area suggest a possible

connection between the lagoons and the aquifer. The resulting

arsenic concentrations could be later subjected to adsorption

process occurring on the iron hydroxides.

Although the arsenic levels reported in the area are in

general higher than those observed in alluvial systems, the

hydrothermal origin hypothesis may have some validity but only

in some isolated areas: deposition of arsenic-bearing

sediments includes the oxidation and surface transport of

arsenic while the hydrothermal hypothesis does not.

The groundwater of the Regie5n Lagunera is significantly

undersaturated with respect to the arsenite and arsenate
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minerals considered in WATEQ4F. It is quite improbable that

other arsenic minerals may be controlling the arsenic levels

in the groundwater of the Region Lagunera due to the small

concentrations of other metals (reported by CINVESTAV in 1986

and IMTA in 1990). The saturation indices of the arsenate

minerals increase as Eh, Temperature and pH increase.

Conversely, the arsenite minerals show an opposite behavior.

Although land subsidence plus desiccation may cause some

vertical exchange of As-bearing water there seems to be no

direct relationship between the high arsenic concentrations

and land subsidence in the RegiOn Lagunera.

In spite of the fact that anthropogenic activities greatly

accelerate the natural arsenic mobilization, the mining

activities of the Metalurgia Mexicana Petioles S.A. and the use

of pesticides in agricultural activities are not responsible

for the high arsenic concentrations found throughout the

RegiOn Lagunera. Isotopic analyses show that high arsenic

concentrations are associated with the oldest waters of the

aquifer and are therefore naturally occurring. On the other

hand, the biochemical processes do not seem to be important

for the study of arsenic in the RegiOn Lagunera.

The prevailing occurrence of arsenates (HAs0 42- ) and in smaller

quantities the neutral arsenite species (H 3As0 3(aq) ) in the
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oxidizing environment of the Regi6n Lagunera aquifer suggests

that they may be transported by the groundwater flow without

being significantly retarded by adsorption and desorption

processes. Transport of arsenic may be limited in fine grained

layers (especially at the margins of the basin) but may be

significantly increased in sandy or gravelly soils (center of

the aquifer) when pumping occurs. In areas where considerable

percentages of As(III) are present the possibility of arsenic

migration is even greater (especially in absence of both

dissolved oxygen and hydrogen sulfide; i.e., mildly reducing

conditions). On the other hand, the arsenate concentrations

increase as Eh, Temperature and pH also increase, while the

reverse is true for the arsenite concentrations.

The groundwater of the Regiem Lagunera is highly

undersaturated with respect to halite and gypsum, close to

equilibrium with calcite, and from saturated to undersaturated

with respect to fluorite. Gypsum is a main source of calcium

and sulfate while fluorite seems to be controlled by the

calcium concentrations rather than by the fluoride

concentrations.

Sodium may be derived from the weathering of feldspars while

the ore and hydrothermal deposits may represent important

sources of chloride and sulfate. Calcium is probably also

derived from the weathering of plagioclase and dissolution of
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calcite. The presence of fluoride in hornblende and micas

(found in most intrusive and metamorphic rocks) may represent

additional sources.

The occurrence of elevated concentrations of chloride and

other ions at the northern end of the Region Lagunera plain

could be related to the presence of clays of marine origin;

presumably, the ions were initially retained by the clays

deposited in such areas during the marine transgressions and

were later mobilized when the system was pumped.

Dissolved arsenic and fluoride concentrations in the

groundwater of the RegiOn Lagunera seem to be controlled by

the same mechanisms: dissolution of calcareous minerals having

fluorite and calcimagnesic arsenates (such as talmessite)

and/or adsorption on active ferric-hydroxides. The former

process could be also altering the apparent age of groundwater

(at the northern end of the area and at the center of the

aquifer, mainly), while the later case implies the transport

and deposition of both in a similar manner. Fluoride is

strongly adsorbed in clays, and ion-exchange may also affect

the fluoride concentrations.

The groundwater system may have evolved under closed oxidizing

conditions (fixed ECO 2 ) and when pumped (or sampled) CO 2 was

outgassed. The original high pCO2 values were then lowered to
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values closer to the pCO 2 found in the earth's atmosphere

while pH was increased. The CO 2 outgassing may have

contributed to the calcite oversaturation in the center of the

aquifer but it may result in a small increase of the arsenic

concentrations only (due to the change of surface charge on

the iron-oxides at elevated pH).

Also, the possible pH and Eh increase of the samples due to

CO2 outgassing and oxygenation respectively (during sampling,

transport and storage), may be an important factor in the

arsenic interpretation; in the pH (or Eh) range observed in

the RegiOn Lagunera, small pH (or Eh) changes may

significantly affect the As(III)/As(V) ratio and therefore,

the arsenic mobility.

8.2 Recommendations

It is recommended in the future to determine the arsenic

variations with depth in the groundwater and sediments of the

four identified layers of the RegiOn Lagunera basin. Arsenic

mineralogic studies of the river sediments should also be

performed to quantify the processes that may be affecting the

arsenic levels within the Region Lagunera.

Groundwater samples (preferentially taken with a packer

device) should be used to determine the vertical distribution
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of arsenic concentrations, its valence state, and the isotopic

composition of carbon-13, carbon-14, sulfur-34, deuterium,

tritium, oxygen-18, arsenic, nitrogen and boron. Acidified and

non-acidified filtered samples should be collected at each

sample point; redox potential, dissolved oxygen, pH,

temperature and conductivity should be measured in the field.

Samples should be taken from monitoring wells with casings

made of polytetrafluoroethylene (PTFE) or from actual wells

continuously pumped; stainless steel well casings may cause

large variations in the arsenic concentrations, especially on

wells inactive for long periods before sampling.

The isotopic analysis (carbon-13, carbon-14, sulfur-34, etc.)

and the arsenic speciation at depth are required to

investigate the possibility of the suggested reaction paths

along the flow lines from the lagoonal deposits to the center

of the aquifer (when considering evaporation process). The

carbon-13 isotopic composition will be useful to correct the

apparent age of groundwater especially in areas where the

groundwater is in direct contact with calcareous minerals.

Isotopic composition of arsenic, nitrogen and boron would help

to discern the origin of arsenic in the groundwater.

The chemical analysis should also include in the analytical

results the speciation of arsenic, manganese, phosphate,

selenium, iron, silicon, aluminum, dissolved organic carbon,



228

and the complete major ion determination in order to check the

charge imbalance of the well samples. Phosphate, selenium and

arsenic may compete for the same active adsorption sites; they

have similar chemical and physical properties.

Core samples should be used to determine the As-mineral

composition, the content of oxide, hydroxide and oxyhydroxide

of iron, manganese and aluminum minerals, organic carbon,

sulfide minerals and phosphorous in the sediments of the

Region Lagunera (especially on the lagoonal deposits).

Adsorption of arsenic is linearly related to the mineral

content of iron, manganese and aluminum. The absence of carbon

and sulfide minerals will corroborate the oxidized condition

of the sediments.

Adsorption studies on those sediments should be performed but

at the range of amorphous iron hydroxide and arsenic levels

observed in the RegiOn Lagunera area.

Periodic monitoring of As(III)/As(V) ratio, of wells from

areas with significant percentage of arsenites or suspected

hydrothermal activity should be performed. Special care should

be taken in the sampling procedures of those areas: the

arsenite species present there may easily be oxidized.

Finally, the analytical techniques used in the laboratories



229

should be revised before the samples are sent for analisis.
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