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Management of Water Resources in Protected

Areas: An Introduction

Biodiversity is one of the most important elements in defining a protected area.

However, the protection of these areas requires a holistic understanding, keeping in

mind all of the elements of the natural and social environments.

On a global scale, there are more than 100,000 protected land and marine sites.

These areas cover almost 19 million square kilometers (nearly 4 % of the global

surface). An immense majority of the sites are terrestrial. Among them, 149 are of

exceptional natural value in the most varied environmental conditions. The terres-

trial aquatic ecosystems only occupy a small area of the planet, but it may consist of

the most threatened biomass and habitat by human activities (Dudley 2008).

Natural ecosystems are heavily dependent on water, as it is essential for the

development of life. The ecology and landscape play an important role in the

quality and availability of water. It is no coincidence that exceptional hydrological

phenomena are found in protected areas. Such is the case of the geothermic

occurrences (principally, geysers) in US Yellowstone National Park, the oldest

park in the world. The Ramsar wetlands (where the ecosystem dependency on

water is strongly evident), the Iguazu Falls (on the border of Argentina and Brazil),

or the Zapata Swamp (the largest of its kind on the Caribbean islands) further

exemplify this point.

The relationship between the protected areas and the conservation of terrestrial

waters is complex. Many real and perceived incompatibilities and challenges arise

when considering this relationship (Dudley 2008). However, in many cases, the

conservation strategies of the hydraulic resources in protected areas are ignored, or

simply deprived of the attention they require. There are many types of suitable

management strategies for planning and protecting our valuable treasures. There-

fore, water resources management in protected areas is an issue not to be separated

from the rest of the conservation measures. The relative considerations to terrestrial

waters should be integrated in the administration of all the outstanding protected

areas that, on the other hand, should be negotiated in function of their bioregional

context and of that of their hydrographical basin in the widest sense (Dudley 2008).

The first Symposium for the Management of Hydraulic Resources in Protected
Areas held in Viñales National Park, western Cuba, was intended to be a framework
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of communication about experiences with water resources management in

protected areas. Advances in research and possible solutions to the problems within

these areas were discussed.

Forty papers from Europe and America were accepted in this meeting. They are

grouped under six main parts. The first part is dedicated to Purification and Reuse

of Wastewaters in Rural Communities. Four chapters (10 % of the book) are

related to the theoretical aspects of these processes and present several case studies,

especially those that refer to extensive methods. These methods comprise multiple

environmental compensations as compared with conventional or intensive treat-

ment systems. The most important are low energy consumption, CO2 absorption,

landscape integration, new habitats for flora and fauna, low sludge production, and

solid waste reuse (de Armas et al. 2006). These characteristics render these methods

suitable for the integration of protected areas. Proposals to integrate these strategies

in the normative document and management plan of protected areas and two

examples of their application in Spain and Mexico are presented.

The Impact of Public Use onWater Resources (8 % of the book) is analyzed in

the second part. The first chapter shows a combined strategic environmental

assessment and impact characterization procedure to analyze the impact of

human activities on water resources in protected areas through an example from

Salamanca, Spain. Other two chapters show the effect of human activities in coastal

karst aquifers of Cuba by means of hydrogeochemical analysis. One evidences the

human influence over the chemical denudation rate, and the second examines it on

the acting hydrochemical processes.

For protected areas, groundwater vulnerability maps are highly desired as man-

agement tools, because they help in delimiting protection zones, classifies their

importance, and thus show where most management attention is required

(Williams2008). Several studies (13 %) of Vulnerability and Risks of Aquifers

are presented in the third part. Research related with vulnerability of groundwater

and strategies for defining the protection zones in selected study areas are presented

in this part. The part begins with two chapters on the use of geophysical methods in

sensitive zones of Cuba and Spain. The next chapter comprises three papers that

exemplify the importance of vulnerability mapping and an adequate definition of

protection zone in karst terrains. The fourth chapter the results of the application of

EPIK and PaPRIKa in tropical karst areas. The part ends with the first approach for

the assessment of groundwater resource protection zone at Viñales National Park,

western Cuba.

The applications of Geographic Information Systems (GIS), remote sensing, math-

ematical models, and hydrochemical studies are presented as tools for theDesign and

Management ofWater Resources in Protected Areas of Cuba, Ecuador, and Spain,

exemplified in seven chapters. In this part (18%), the use of GIS and remote sensing is

presented in three chapters, one of which determines flood risk assessment in a river

basin at the southwest of Salamanca, Spain. Other two chapters show the application

of a distributed water balance method model for assessment water excess in the high

and medium basins in Ecuador and other, the use of GIS as a platform for integrate

diverse database and as results, a 3D geomodel design in a detrital aquifer located in
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Madrid, Spain, are presented. An application example of a simulationmodel based on

system dynamics in a protected area and its urban surrounding area in Cuba is

presented. Two studies in wetlands are also discussed: one, related to hydrogeo-

chemical studies, is used to define the relationship between surface water and ground-

water in an important coastal wetland of Almerı́a, Spain, and the second deals with the

analytical framework for the study, planning, and management in an important

Ramsar site in Ecuador. The management techniques applied to small watersheds in

the mountain karst of the Humid Tropics are exemplified in the case of the Santo

Tomas Cave hydrologic system, highlighting the most hydrological features

controlling surface and underground runoff and the related biogeochemical

hydrodynamics.

Forty-three percent of the book is dedicated to exemplifying the importance of

Research and Monitoring of Water Resources in Protected Areas. A great

diversity of studies on protected areas of America and Europe are presented. The

importance of fundamental and applied research in these areas and the design and

operation of bio- and hydrochemical monitoring networks are expressed in the

chapters presented. Major and minor changes in biodiversity and in the physical

framework sustaining the local environment could not be detected without efficient

operation of properly designed monitoring networks (Molerio and Parise 2009).

Adequate research on the environmental and particularly on the ecohydrological

variables is still needed in protected areas. In the particular case of the tropics, the

transport of nutrients remains one of the most important tasks to be achieved.

This part begins with a preliminary hydrogeological characterization in a

protected area of the Dominican Republic, followed by a chapter about under-

ground water of deep circulation in karst terrains of western Cuba and a study of the

capacity of recharge in a protected area of Mexico. Two chapters on rainfall-runoff

relationships in Spain and Cuba and nine related to studies of chemical and

microbiological composition of water showed interesting examples of contamina-

tion by bacteriological and emergent contaminants. A study of seawater intrusion

by means of hydrochemical models and geophysical methods in coastal karst

aquifers show the importance of multidisciplinary studies. The part concludes

whit a study about the seasonal behavior of the vegetation at the complex lagoons.

The last part is dedicated to Information, Popularization, and Training,

occupying 10 % of the book. Four chapters are included, one of which is related

to the strategies used in Cuba for effective management of water. The second one is

dedicated to exemplifying the use of geodiversity and hydrological heritage as a

tool for educational itineraries that help promoting their conservation through

knowledge. In the third chapter, recent observations on the geology of the Cuban

occident as well as the most important aquifers and the geomorphology of their

basins are exposed. The last chapter is a revision of the importance of Alexander

von Humboldt’s work in Cuba that is integrated nowadays in the National System

of Protected Areas in Cuba.

The diversity of topics discussed in this book makes it a valuable consulting

document for the personnel that work directly or indirectly in the field of water

research, especially in protected areas. Thus, they deal with common interests

identified in protected areas and underline the importance of knowing properly
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the qualitative and quantitative characteristics of water resources, in order to

establish efficient measures for management and conservation of natural resources

in protected areas.
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De Armas A, De Cózar JM, Sánchez J, Márquez M, Martel G, Gutiérrez J, Vera L (2006) La

Integración Ambiental y Social de los Sistemas de Depuración Natural (SDN). In: Gestión

sostenible del agua residual en entornos rurales. Proyecto Depuranat, Instituto Tecnológico de

Canarias (ed.), Santa Cruz de Tenerife, Spain

Dudley N (2008) Directrices para la aplicación de las categorı́as de gestión de áreas
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M.Sc. Nelson A. González Cabrera. Research, ECOVIDA. Cuba
Dra. Patricia González. CENAMENT. Cuba
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L. Ramı́rez Medina, N.S. Pérez Duarte, and G. Barrera Ramos

Part II Impact of Public Use on Water Resources

5 Environmental Impact of Human Activities on Water Resources

and Its Characterization for Management and Planning of Natural

Areas “Las Batuecas-Sierra Francia” and “Quilamas” (Salamanca,

Spain) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

A.M. Martı́nez-Graña, J.L. Goy Goy, I. de Bustamante Gutiérrez,

and C. Zazo Cardeña

xiii



6 Human Effect Over the Chemical Denudation Development in the

Coastal Limestone Aquifer, Havana Southern Plane, Cuba . . . . . . 47

J.R. Fagundo Castillo, J. Pajón Morejón, P. González Hernández,
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21 Underground Water of Deep Circulation in the National Park

Guanahacabibes, Pinar del Rio Province, Cuba: Another

Alternative with Water Supply Aims . . . . . . . . . . . . . . . . . . . . . . . 179
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Chapter 1

Wastewater Problems in Rural Communities,

Their Influence on Sustainable Management

in Protected Areas

J.L. Corvea, Y. Martı́nez, A. Blanco, I. de Bustamante Gutiérrez,

and J.M. Sanz

Abstract Managing wastewater treatment is a valuable alternative for water

resource depuration and reuse in small rural communities. This is actually a

common practice and is being implemented in territorial planning, based on

sustainable use of the diverse systems. Despite the advantages and positive

experiences obtained by the use of these techniques in small human settlements,

its influence as criteria to evaluate the effectiveness of the natural spaces manage-

ment can be understood by the administration and management team as a healthy

indicator of the ecosystems coming from “secondary effects and reactions”. This

paper presents methodological bases for the union of wastewater management as a

key factor for standard procedures for protected areas, taking into account the

phases of diagnostic, normative, programmatic and cartography.

Keywords Ecosystems • Wastewater treatment management • Natural depuration

systems • Spain
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Parque Nacional, Viñales, Centro de Visitantes, Km 23 Carretera a Viñales,
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H. Farfán González et al. (eds.), Management of Water Resources in Protected Areas,
Environmental Earth Sciences, DOI 10.1007/978-3-642-16330-2_1,
# Springer-Verlag Berlin Heidelberg 2013

3

mailto:corvea@pnvinales.co.cu
mailto:corvea@pnvinales.co.cu
mailto:irene.bustamante@uah.es
mailto:irene.bustamante@imdea.org


1.1 Introduction

Water as a natural resource is an element of major importance for the physical

environment as well as for the individuals who live in it. Water controls a majority

of the processes that occur in nature, shapes the landscape, is essential for the

survival of living beings, regulates the natural cycle of ecosystems, and interacts

with a majority of abiotic elements that intervene in the conservation of protected

spaces. As a management element, wastewater generated from any source where

human activity exists may produce severe damage to natural systems. Therefore,

measures have to be taken to avoid environmental problems. A sound water

management procedure allows for the preservation of natural ecosystems in optimal

conditions for which natural depuration techniques are of great value.

The proposition presented by this paper does not pretend to modify the actual

standard methods, but attempts to complement it by adding new procedures to the

process of decision making regarding wastewater management.

1.2 Environmental Advantages of Natural Depuration Systems

(NDS) Over the Conventional Techniques of Waste Water

Treatment

Natural Depuration Systems (NDS) comprise multiple environmental benefits

compared to conventional or intensive treatment systems, especially those used

for wastewater treatment in rural communities that are closer to naturally protected

territories. Among those benefits, the most important are (de Armas et al. 2006):

• Low energy consumption

• CO2 absorption

• Landscape integration

• New habitats for flora and fauna

• Low sludge production

• Capacity of use products and by-products of the depuration processes like wood,

ornamental or livestock feeding species for their later sale (Salas et al. 2006)

• Some other advantages are considered such as the potentiality for environmental

education. These facilities are often supported by many people due to the

environmental services associated with its function.

According to Zavala (2006), water resources, soils, geology and geomorphology

are features that were not incorporated into the guidelines to select sites for

conservation, nor integrated into the Management Programmes of the Protected

Areas. Therefore, it is necessary to include the abiotic elements as key factors for

the management of protected spaces. The use of soils and water should be regulated

to avoid negative effects on the biodiversity of the zone.

4 J.L. Corvea et al.



Wastewaters are usually the cause of severe sanitation problems in rural

communities due to the economic constraints that limit the application of appropriate

measures (Nogueira et al. 2006). NDS also encompass environmental disadvantages,

such as the eutrophication of water reservoirs, producing a spectacular bloom of

aquatic vegetation, when the design for the NDS is not appropriated or the terms of

operation are violated. Usually excess water discharged into the system and the

overload in terms of pollutant concentration is the limiting factors that cause system

breakdowns. Another problem regarding the use of NDS is the land extension needed

to implement the project.

Assuming Salas et al.’s (2006) statements, it can be summarized that NDS is

an appropriate technique that can be extended to protected areas due to its

economical, environmental and social benefits. From the environmental point

of view, this wastewater treatment technique provides, along with water quality

improvement, habitat conservation and perfect integration with the local envi-

ronment. Regarding economic terms, it reduces costs of implementation and

management. Socially speaking, the fact that constitutes a source of local

employment and the facility may be of importance as a centre for environmental

education for local inhabitants.

1.3 NDS Integration with the Management

of Protected Spaces

As appointed by Salas et al. (2006), NDS provide services for decentralized

management of wastewater, which are possible sources of other resources for the

rural environment if included in the production cycle as an alternative for agricul-

tural activities by turning wastes into agro fertilizers and other purposes.

Most of the protected spaces, no matter its management category, include certain

regulations that lead to the conservation of the main natural resource. Those spaces

with more strict regulations, such as public use, the presence of human settlements

and the existence of economic and social activities, are almost absent. Some others

include recreational possibilities as well as the development of activities related to

the sustainable management on the local environment; nevertheless, it is less

probable that both spaces are not affected by the negative impacts of wastewater

flowing out to the neighboring communities.

Yet NDS, as an alternative for wastewater treatment, offers interesting environ-

mental services; the management of the existing capacities in rural settlements

associated with protected areas is usually a local or state government or a competi-

tion of private agencies.

Although there is proper operation of these technologies, only in fewer occasions

the administrations in charge of protected ecosystems make use of them in their

management plans. In this sense, the water resource should be evaluated not only

1 Wastewater Problems in Rural Communities, Their Influence on. . . 5



because of its natural value, but also to keep it from contamination to maintain

ecological integrity.

Table 1.1 Proposal for the diagnostic stage

Methodology for the management

plan compilation (Cuba) Proposal for NDS use

I. Diagnostic stage

1. Description of natural conditions

Brief description of the territorial

context

Identification of water and waste water problems. Types

of treatments. Operation conditions. Plans for new

facilities for waste water treatment

2. Natural resources

Geology Description of the main tectonic features that may

influence water dynamic

Climate Bioclimatic features

Hydrology and oceanography Hydrogeological features. Rock properties, types and

distribution of the aquifer, water recharge and

discharge, irrigation and flooding areas, pollution

vulnerability

Soils Hydrological properties of soils permeability, porosity,

water retention coefficient and soil depth

Biodiversity Aquatic flora. Water and water dependent fauna

Landscape variety Description of aquatic habitats and there conservation

3. Socio-economic features of the area and surrounding

Description of the economical bases Water supply system dedicated to industry, agriculture,

livestock and other services. Waste water discharge

4. Selection of conservation target

Significance Characteristics of water resource directly related to

conservation objectives

Peculiarity Characteristics of water resource as unique conservation

object

Threat level Evaluation of the threats affecting the quality of water

resource

Conservation characteristics Water significance as object of conservation

5. Water problems identification

Environmental problems Water related problems

Management capacity of the area Identification of management capacity of the area

Economic and social issues Water related problems: quality, supply, treatment

Analysis of research needs to support

planning and management

Determine needs for information regarding water, water

treatment and reuse

Synthesis of the problem Description of current water problems as a key element of

conservation
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1.4 Proposal to Incorporate NDS to the Management Plans

for Protected Spaces

Based on the methodology to compile the Management Plans for Protected Areas in

Cuba (Gerhartz et al. 2008), and considering the priority attention to water resource

conservation, some methodological bases are proposed to include wastewater

management as a key element for the protected areas’ official documentation.

These bases are not meant to replace any normative document that actually

regulates the management of protected spaces. The intention is to include at every

step of the current methodology the wastewater issue and the existing variety of

techniques for wastewater treatment, without modifying the content and formality

of the current procedures.

1.4.1 Some Proposals to Establish the Methodological Bases

• DIAGNOSTIC STAGE: Normally, during this phase the water resource is taken

into consideration as a specific section: Hydrology and Oceanography, although

it is possible to integrate a group of elements that simplify a detailed description

about natural water and wastewater characteristics, attention must be paid to

Table 1.2 Proposal for the normative stage

Methodology for the management plan

compilation (Cuba) Proposal for NDS use

II. Normative stage

Limits and category of the protected areas Physical and socio-economical issues related

to water problems

Objectives of the management plan Set objectives with the aim of water resource

management

Zoning and regulations for the use of the area Zoning and regulating water resource

Conservation zone No intervention on water resources admitted

Public zone Obligation of using natural depuration

systems compatible with the management

category

Cultural and historical zone Enhancement and promotion of the traditional

usages of water resources

Zone for genetic resources Prohibition of human intervention

Restoration zone Regulation of water pollutants

Administrative zone Meet the water standards

Socio-economic zone Regulate the use of chemical and organic

substances

Buffer zone Keep close control on pollution sources

Marine zone Meet the water standards
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their natural values and socio-economic and cultural features of the sites. Using

all this information, a varied description of the current water situation in the area

is made, including its potential use and the environmental problems concerning

water management (Table 1.1).

• NORMATIVE STAGE: It is important at this stage, to integrate all possible

aspects to fulfill current regulations in the country, especially those related to

protected spaces, as wastewater is a key element for the management of protected

areas. Regulation for the use and actions regarding water resources must be

specifically addressed to provide a safe and stable water resource. A sound area

zoning must be performed to include any harmful factors (Table 1.2).

Table 1.3 Proposal for the programmatic stage

Methodology for the management

plan compilation (Cuba) Proposal for NDS use

III. Management plans

1. Protection programmes

Surveillance and protection programme Set surveillance systems for water resource

control and installed depuration systems

Fire protection programme Protection of water supply sources

Plans against disasters Control over zones with potential risks, danger

and vulnerability to water related disasters

2. Resource management programmes

Forest management plan Identify actions for water resource conservation

Management plan for species, habitats

and ecosystems

Identify vegetal species compatible

with NDS

3. Public use programmes

Tourism programme Integrate NDS wastewater stations into visits

Programmes for information, education

and interpretation

Introduce activities related to water conservation,

use, depuration and reuse

4. Programmes for scientific research and monitoring

Research programme Carry out research about water quality, ecosystem

conservation and vulnerability

Monitoring programme Set monitoring network

5. Administration programmes

Administration programme Create infrastructural, personal and

resource

capacities

Programme for compilation and

actualization of management plans

Water issues have to be permanent and high-priority

Signalization programme Introduce signals along natural water bodies, water

springs and NDS facilities

Training programme Include water subjects at every training activity

Public relation programme Set partnerships on water management

Maintenance programme Define actions for infrastructure maintenance

Investment programme Declare explicitly the investments to be carried

out in relation with water management
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• PROGRAMMATIC STAGE: Once this stage is concluded, the ending point of

the management plan, it is important to consider the potentialities of each

programme in order to integrate activities and actions towards a sound water

resource management, whether it is for conservation purposes as a natural

element or for later reuse as is shown in the next table (Table 1.3).

• CARTOGRAPHY STAGE: It is recommended at this stage to draw maps

representing the diversity of elements related to water resource, such as Slopes,

Geomorphological units, Hydrogeology, Aquifer vulnerability, Water pollution

sources, Pollution risks, NDS location, and Groundwater protection zones.

1.5 Conclusions

The methodology proposed in this paper might constitute a useful tool for decision

makers for the integration of Natural Depuration Systems (NDS), within the

Management Plans. Wastewaters are the possible cause of the collapse at any

average ecosystem, especially those in rural and conservation areas.

Although NDS are managed by foreign institutions, private or public, data of the

results derived from its operations must be part of the management and planning in

protected areas.

This proposition will be more complex in those places where a karstic compo-

nent of the substrate occurs, due to the complexity of the surface and groundwater

karst systems.
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Chapter 2

Wastewater Treatment and Reuse as a Tool for

the Social and Environmental Improvement of

Populations Within Protected Environments

A. de Miguel, J.M. Sanz, I. de Bustamante Gutiérrez, A. de Tomás,

and J.L. Goy

Abstract Downsized conventional water treatment systems as used for small

population wastewaters are extremely inefficient. In practice, due to high mainte-

nance and operation costs their use is frequently discontinued in many small

municipalities that cannot afford to treat their wastewater, which is finally dumped

untreated. Land application systems have been a suitable treatment system, due to

their low operation and maintenance costs and their high yield. However, the most

recent change in the Spanish legislation (RD 1620/2007) promotes their adaptation

into the more socioeconomically beneficial water reuse systems. In this study, a

techno financial analysis was used for the establishment of land application systems

of water treatment and reuse in 12 municipalities located within the protected

environment ‘El Rebollar’, Salamanca, Spain.

Keywords Water treatment systems • Wastewater treatment • Land application

systems • Spain

A. de Miguel (*) • J.M. Sanz • A. de Tomás

IMDEAWater Foundation, c/Punto Net, no4, Edificio Zye, 2a Planta, E-28805 Alcalá de Henares,
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2.1 Introduction

2.1.1 Description of the Study Area

The Protected Natural Landscape El Rebollar has a 50,040 ha surface. It is located

to the SW of Salamanca province (Spain) (Fig. 2.1), in the northern slope of the

Mountain range Sierra de Gata. It was included in the network of Natural Areas

of Castilla y León by rule 8/1991. At the moment, it is in the course of upgrading

to the Natural Park level of protection. Its surface covers 11 municipalities.

The population of these municipalities is 4,050 inhabitants (INE 2009). It belongs,

hydrologically, to the Águeda river sub-basin, within the Duero river basin.

2.1.2 Land Application Treatment System

Land application system with forest mass (LAS) is a plot of land, determined by

the influent to treat, where arboreal vegetation is planted and irrigated with waste

water. The wastewater evaporates partially, so the remainder part is used by the tree

roots and leaked through the ground. To obey the current legislation on reuse

matters, it is necessary to introduce a primary treatment system to eliminate some

of the solids in suspension. LASs are beyond a simple wastewater treatment system,

as they produce the highly economic valued biomass.

The installation of a LAS, a low cost system, simple, but effective and solid, is

recommended in this study area, due to the small size of these populations and their

location within a protected environment. This system has to hold the increases in

the volume flow experienced during summer time in this area, as well as the

minimum costs in the operation and maintenance.

2.1.3 Spanish and European Legislation on LAS

According to norm 91/271 of the European Community legislation, populations

with less than 2,000 inhabitants must properly treat its wastewaters before dumping

them into the receiving environment. In addition, according to the article 253,1 to

the RHPD (regulation of Hydraulic Public Dominion) all the discharges inferior to

250-inhabitants equivalents (i.E.) must ask for a discharge declaration.

On the other hand, RD 1620/2007 on wastewater reuse establishes the quality

limits that regenerated water must fulfil its reuse. Understanding LAS as a forestry

system in which an indirect charge of the aquifer takes place, the required quality

values, before its use in irrigation, are disclosed in Sects. 5.1 and 5.3 in Annex 1.A.

(RD 1620/2009).
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Fig. 2.1 Location map
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2.2 Material and Methods

To analyse the suitability of land application systems as a wastewater treatment and

reuse system in small municipalities a methodological framework is proposed

based on two points.

2.2.1 Technical Analysis and Main Design Variables

The main design variable is used to determine the applicable hydraulic load. As the

volume is a fixed variable, only the filter surface was used. If it is considered that

this type of facility is based on a forest system subjected to hydric conditioners, the

surface will be estimated with a hydric balance of the system. The hydric balance

consists of the total water to apply to the land (the sum of the precipitation and the

wastewater) and the one that returns to the atmosphere by evapotranspiration.

Therefore, it is possible to evaluate the amount of wastewater that can be used

without surpluses getting flood or deficit producing hydric stress. In this study, the

multi-stage land application methodology was used (De Bustamante et al. 1998,

2001, 2009).

To estimate the evapotranspiration the methodology proposal by Blaney and

Cridle (1950) was used. The weather data come from AEMET (Spanish Agency of

Meteorology) and the estimation of the volume of wastewater from the drinkable

water consumption of each municipality. As there are no data from all the

municipalities in the protected environment, some bordering municipalities have

been included (Table 2.1).

Table 2.1 Main design variables using the methodology of multi-stage land application systems

(De Bustamante et al. 1998, 2001, 2009)

Municipality

Population

(inhabitant)

Inflow

(m3) i.E.

Poplar stage

surface (m2)

Meadow stage

surface (m2)

Total

surface

(m2)

Total

recharge

(m3/año)

Navasfrı́as 523 30.692 247 6.000 3.000 9.000 18.519

El Payo 405 33.239 267 7.000 3.500 10.500 22.949

Fuenteguinaldo 803 47.651 383 10.000 5.000 15.000 28.280

Villasruibias 259 15.369 124 3.500 1.500 5.000 8.889

Robleda 521 19.417 156 4.000 2.000 6.000 11.204

Martiago 329 19.523 157 4.000 2.000 6.000 11.669

Serradilla del

Llano

182 10.800 87 2.500 1.250 3.750 6.180

Casillas 228 13.530 109 3.000 1.500 4.500 7.872

Alberguerı́a deA. 161 9.554 77 2.000 1.000 3.000 5.675

La Alamedilla 199 11.809 95 2.500 1.250 3.750 6.987

Puebla de Azaba 216 12.818 103 2.700 1.350 4.050 7.597

Ituero de Azaba 239 14.183 114 3.000 1.500 4.500 8.029
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2.2.2 Financial Analysis

The objective of the financial analysis is to determine the proposed system’s

financial viability, comparing costs with other possible proposals. An NPV

(Net Present Value) methodology, widespread in studies on construction of water

purifying stations viability, was used (Brealey and Myers 2006).

NPV ¼
Xt

i¼0

Bi � Ci

1þ tð Þt (2.1)

Where Bi is the benefits, Ci is the costs, t is the time, and r is the discount rate.

In this analysis, the costs of construction of a new installation were included

without considering any subvention. On the other hand, only the benefits of the

biomass production in a long cycle (harvested every 15 years) were included,

regardless of the annual pruning or other different timber managements. This

analysis has not assessed the environmental externalities.

2.3 Results

2.3.1 Technical Analysis and Main Design Variables

Table 2.1 displays the main design variables needed in the implementation of a LAS.

The largest surface corresponds to Fuenteguinaldo (383 inhabitants), a total of

15,000 m2, divided in two different areas: one area of arboreal vegetation (poplar

forest) of 10,000 m2 and one area of 5,000 m2 of meadow. The smallest municipality

is Alberguerı́a de Argañán (77 inhabitants) with a surface of 3,000 m2 (2,000 and

1,000 m2, respectively, in each area). The authors propose the use of the system in

the two areas (multi-stage); therefore, when higher evapotranspiration, the arboreal

area will be used (summer); whereas when evapotranspiration is reduced, the

treatment surface to the grass area will be extended. The recharge is around

140,000 m3 per year for all the villages.

Although in summer there is an influent increase (due to the population increase),

the evapotranspiration rise is bigger. This season determines the forested area of the

LAS, because it is necessary to provide the water needs of trees to prevent drying.

The proposed system follows this scheme: influent undergoes grinding and

sieving to eliminate the thickness, afterwards it will come through desanding and

degreasing to eradicate part of the total solid suspended (TSS) and floating oil. The

resulting water will go by an Imhoff tank where the partial digestion of the organic

matter and the elimination of a high percentage of the TSS take place. In order to

fulfil the requirements of RD 1620/2007, a final filtration of the influent will be

necessary, before its distribution in the LAS (Fig 2.2).

2 Wastewater Treatment and Reuse as a Tool for the Social and Environmental. . . 15



The selected forest species is the white poplar (Populus euroamericana), specifi-
cally the I-214 clone. The authors proposed the use of a plantation frame of 5 � 5 m,

with a density of 350 foot/ha (Fernández and Henanz 2004). The land plot will be

divided in 50 m long� 5 m wide streets to facilitate use and operability. Pegs will be

implanted on terraces. The irrigation system will consist of a grooved hose, so

dripping irrigation systems are not necessary. In the meadow area, the same system

of division and irrigation will be used. The used species are those that grow sponta-

neously. Maintenance cares will never consist of the total disposal of the grass.

2.3.2 Financial Analysis

The major costs of investment and maintenance correspond to the municipality

with a greater population, Fuenteguinaldo, with an initial investment of 77,690 €
and annual maintenance costs of 3,750 € as could be anticipated. Alberguerı́a de
Argañan, on the other side, represents an investment of 28,171 € and annual costs
of 1,615 €. These costs include the necessary facilities for the construction,

operation and maintenance of the proposed system (Table 2.2). The initial

investment, the primary treatment, corresponds to 41 %, the implantation of the

LAS and the irrigation systems to 39 % and the needed land to 10 % of the

investment costs. The last costs could be reduced, if the proposed land belonged

to the municipality.

The price of the water that would make the NPV to zero, in other words, the

price neighbours had to pay to finance completely the installation and maintenance

of the purifying plant was also calculated. It is estimated considering three life

Fig. 2.2 Water flow within the system (Data from Tchobanoglous et al. 1985; De Bustamante

et al. 1998, 2001)
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periods of the installation (15, 30 and 45 years), corresponding to the periods of

collection of the biomass. A return rate of 4 % has been defined, the same used by

the Spanish Ministry of Environment in viability WWTP (wastewater treatment

plant) studies. Prices decrease based on the working life of the plant (a 43 %

between first and the second cycle and a 36 % between the second and the third

one), varying between 0.27 €/m3 for the first cycle, 0.15 €/m3 for the second and

0.10 €/m3 for the third cycle (Table 2.2). A price variation takes place within

municipalities, depending mainly on the size of the population. Therefore,

Fuenteguinaldo would have the cheapest prices while Alberguerı́a de Argañán
the most expensive ones.

The cost will be less than 210 € per inhabitant (average), 293 € in case of

Serradilla del Llano (the most expensive) and 121 € in Robleda (the cheapest one).

2.4 Conclusions

The proposed system adapts easily to the characteristics of the studiedmunicipalities

because it requires a small surface, less than 1 ha per 350 inhabitants, in some cases

even 450 inhabitants per hectare (Fuenteguinaldo). It is a strong system, but low

maintenance is necessary, which could even be done by non-qualified workers. In

addition, it is able to hold the increases in the volume flow experienced during

summer time.

This system allows the reusability of wastewater for the highly economic value

biomass production, as well as refilling the aquifers with quality water (more than

145,000 m3 per year among all the municipalities).

The financial analysis shows that it does not suppose a strong investment that

could be recovered by the collection of a purification canon, below 0.15 €/m3.

Considering the average price of the quota of sanitation in Spain in 2008 was

0.14 €/m3 and in Castilla y León was 0.08 €/m3, the costs of the proposed treatment

system are highly competitive INE (2008). It is important to establish that the

wastewater treatment costs are influenced by the Scale Economy; therefore, in

small municipalities these costs will be affected by the initial investment. However,

in this study, possible sources of financing the system construction, a very habitual

practice in small municipalities have not been included.

In addition, a number of environmental benefits have not been taken into account

in the economic evaluation: the long-term woody vegetation (periods of 15 years)

aid in the capture of CO2. It does not cause impact on the landscape, and may be a

haven for nesting birds.
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Chapter 3

Systems Design of Wastewater Treatment

by Extensive Purification Technologies:

Application in Chiapas, Mexico

M. Navarro and I. de Bustamante Gutiérrez

Abstract The wastewater treatment system designs in small towns require the use

of technologies that imitate the functioning of nature for which the technological

complexity and costs of operation and maintenance are minimal. The “land appli-

cation system”, or “green filter”, represents an alternative way to increase treatment

coverage using the ground and plot with cultivated trees as a treatment system.

However, an evaluation of the conditions of the area chosen for the study was first

necessary. A small town within the state of Chiapas, Mexico was used, and the

production of wastewater, precipitation and evapotranspiration of the area were

calculated to determine the size of the plot utilizing the water balance methodology.

The results achieved were used to determine the differences between the use of the

wastewater as a unique hydric contribution to the system, and the inclusion of the

precipitation of the area, which duplicated itself in the required surface and

requirements for the construction of a “multi-stage green filter” that absorbs the

variances of precipitation occurring during the year.
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3.1 Introduction

The development of wastewater treatment technologies has requirements that

infrastructures of the cities must meet in order to fulfill the legal dispositions of each

country; however, at present this has not happened in this manner for the small towns,

because of the cost that these technologies present in management costs, and the

requirement of designated personnel to conduct the daily operations of these

infrastructures.

In a similar way, the development of treatment systems must imitate the daily

natural processes of nature to eliminate pollution in the wastewater so that it can be

used for certain conditions to reunite the small towns (Rodriguez 2008), with

smaller wastewater volumes, and those wastewaters composed solely of domestic

waters that do not contain polluting agents from industrial water products.

Chiapas, Mexico is comprised of 118 municipalities with 19,480 localities within

them; 99 % of these localities are small towns, with a total of 2.3 million inhabitants,

which comprise 52%of the total population of the state’s representation (INEGI 2000).

More than 80 % of the municipalities of the state do not utilize wastewater treatment.

Therefore, the application of the extensive technology of denominated “land
application” was analyzed, and its use was evaluated in the small towns within the

state of Chiapas, Mexico. Due to the socio-economic characteristics of the zone,

and discharge population dispersion, they do not permit the construction of

infrastructures of complex wastewater treatment.

3.2 Methodology

1. Selection of the study area: type of population, characteristics of the wastewater,

and index of marginalization.

2. Data of design: Values calculated according to the norm of the National Water

Commission (CNA, Mexico), (Comisión Nacional del Agua 2003, 2007, 2008a,

b, c) and the Manual of Nonconventional Technologies of the Center of New

Water Technologies Salas et al. (2007).

3. Evapotranspiration: Analysis of the climatologic information of the station

“La Angostura”, near the study area, with a series of 46 years provided by the

Federal Electricity commission (CFE, Mexico).

4. Sizing the land application with the water balance method developed by the

Filver group.

3.3 Land Application

Land application is an extensive system of treatment where a group of wooded plots

are sized in the function of the influent to be treated. The wastewater is partially

evaporated, and the rest is captured by the roots of the trees and the ground and
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vegetation emulates the actions of a treatment system. As interactions occur by

different means, such as the precipitation of substances due to existing minerals in

the ground and the ion exchange, the vegetation uses the existing nutrients in the

wastewater for its growth through its roots, and the microorganisms existing in the

ground degrade the organic matter present in wastewater (de Bustamante et al. 2005).

In order to determine the size, it is necessary to do it in a function that pertains to

the applied hydraulic load (de Bustamante et al. 2005), and to define if it is

necessary to produce a charge to the groundwater, with the irrigation water surplus

that the vegetation has not consumed. Land application is a forest system, which is

the reason why its surface calculates with a water balance of the system (Fig 3.1).

The amount of water that can be applied to the ground is equal to the sum of the

rainfall and the wastewater that will be applied.

In the dry season, with minimal precipitation, the maximum surface that it would

have in the plots would calculate according to Eq. 3.1:

Sðm2Þ ¼ QðlÞ
ETPðl m2Þ=

(3.1)

In the wet season, the precipitation must be considered as an additional water

contributing factor, and for this reason the maximum surface that would have the

green filter applied would be calculated according to Eq. 3.2:

Sðm2Þ ¼ QðlÞ
ETPðl m2Þ � Pðl m2Þ==

(3.2)

The surface of the land application can be divided into several plots with

different species of vegetation that have different hydric needs. This exposition

flow of influent
(Q)

Small town

rainfall (P)

evapotranspiration
(ETP)

runoff
(E)

lnfiltration
(l)

Hydric balance
lnput = Output

P+Q(influent) = ETP+I+E

Fig. 3.1 Water balance in the plot
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allows the variations in flow absorption that occurs throughout the year. One of the

main advantages of land application is that a forest extraction can be produced with

the economic benefits that its advantage would bring to the region.

3.4 Results and Discussion

The maximum land application dimension is realized when a hydric balance,

considering the total water that will be applied to the parcel, which is the function

of the wastewater flow, the precipitation and the evapotranspiration (de Bustamante

et al. 2005). First, it is necessary to know the climatologic conditions of the study

area, which were obtained from the La Angostura climatologic station (Table 3.1),

along with having the wastewater flow that was produced by the small town.

Another parameter to obtain is the evapotranspiration potential (ETP), which is

the amount of water that dissipates to the originating atmosphere of the evaporation

of the water in the ground, and the sweating of the plants. Diverse semi-empirical

methods exist to calculate it, such as Thornthwhite, Blanney Criddle and Jensen

Heise, Hargreaves, Turc and Penman. With the collected data of “La Angostura”

station, evapotranspiration was calculated by various methods (Fig. 3.2).

In May, an ETP of 212.3 mm was obtained, coinciding with the monthly average

temperature register and a temperature of 28.5 �C. The flow of wastewater was

obtained by the established parameters in the technical lineaments of the CNA

(Table 3.2).

In order to guarantee the required amount of water necessary for the mainte-

nance of the treatment system, and to avoid the hydric stress of the vegetation, the

sizes of the plots were determined by the volume of the influent that would be

treated, which is the unique water source where the plants are located, and the

reason why the surface of the plot will be one that is divided by the total volume

between monthly maximum evapotranspiration (Eq. 3.3).

Table 3.1 Climatologic data of the station “La Angostura”

Month Temperature (�C) Precipitation (mm) Evaporation (mm)

June 26.8 242.1 133.3

July 26.1 202.3 157.7

August 26.0 212 218.8

September 25.7 236.6 222.6

October 25.0 83.3 200.6

November 23.7 13.4 143.7

December 22.8 2.9 144.0

January 22.6 1.4 138.2

February 24.0 2.4 116.1

March 26.3 5.8 112.8

April 28.2 26.2 109.6

May 28.5 103.6 113.7
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Sðm2Þ ¼ QðlÞ
ETPðl m2Þ=

¼ ð105:41 � 30 � 1000Þ
212:3

¼ 14; 895:43m2 ffi 1:5ha (3.3)

Nevertheless, in the wet season, the hydric shortage is not the main factor to

consider, but rather how to avoid the plug up of the ground or the generation of

wastewater runoff in the surface of the plot. In order to avoid this problem, a multi-

stage filter will be used (de Bustamante et al. 2005), which works like an adaptor to

the rotation between the humid and drought periods. In the tropical climates, the

maximum ETP appears during the wet season, and this is the reason why the

maximum surface, to determine the proportions, occurs when the ETP is minimum,

and considering that the total water contribution to the plot is the wastewater

volume and the precipitation (Eqs. 3.4 and 3.5).
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Fig. 3.2 Evapotranspiration potential obtained by different methods

Table 3.2 Parameters of

design
Design population 875 population

Design period 10 years

Wastewater production 120 l/hab/dı́a

Average flow (Q med) 1.22 l/s 105.41 m3/day

Minimum flow (Q min) 0.61 l/s 52.7 m3/day

Maximum flow (Q max) 4.64 l/s 400.9 m3/day

Maximum extraordinary

flow (Q m ext)

6.96 l/s 610.34 m3/day
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Necessary surface with the maximum difference of ETP-P

Sðm2Þ ¼ QðlÞ
ETPðl m2Þ � Pðl m2Þ==

¼ ð105:41 � 30 � 1000Þ
179:9� 26:2

¼ 20; 575m2 ¼ 2:0ha

(3.4)

Necessary surface with minimum ETP

Sðm2Þ ¼ QðlÞ
ETPðl m2Þ � Pðl m2Þ==

¼ ð105:41 � 30 � 1000Þ
71:8� 2:9

¼ 45; 896:95m2 ¼ 4:5ha

(3.5)

To consider the variation of hydric needs of the plot, its operation will be in two

stages. The first stage is 2 ha with arboreal shore and aromatic shrub vegetation, and

the second stage is 2.5 ha of prolific prairie that absorbs the variations of volume

due to the climatic differences between stations. With the proposed distribution,

and solely working the first stage from November to May, producing an anticipated

annual recharge of 3,815 m3, and a run-off of 33,000 m3s annual will be realized

(Table 3.3).

3.5 Conclusions

The use of “land application”, like the treatment system, has applicability when the

following conditions are fulfilled: land availability, and precipitations less than

1,200 mm (increase of required area). It must adapt the formula of the calculation of

the surface of the filter, considering the precipitation as an important water contri-

bution in the hydric balance, to preserve the ground.

In the zones of abundant precipitation the multi-stage plots must be used as they

allow for the differences in absorption rate of the precipitation during the different

stages of the year.
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Chapter 4

Proposal of a Slow Filter of Sand

for the Treatment of Water at House Level

in Protected Areas

L. Ramı́rez Medina, N.S. Pérez Duarte, and G. Barrera Ramos

Abstract The implementation of appropriate technologies for the purification of

water, such as slow sand filtration, is nowadays very often used in homes and at

local levels in many developing countries. In the present paper, a kind of slow filter of

sand with a filtration velocity of 0.2 m/h and a flow of 0.87 l/min is evaluated. The

inadequate cleaning and disinfecting of the sand used as a filtering material and the

characteristics of the rawwater had a great influence on the removal efficiency,mainly

at the beginning of the experiment. However, the color, total and fecal coliforms

removal efficiencies increased up to 56.2%, 84.3% and 59.1%, respectively, after the

maturation period of the filter. Finally, the use of these filters for a rural area where

there is no community drinking water supply system is recommended; however, a

disinfection system with chlorine has to be applied for the effluent.

Keywords Water purification • Sand filtration • Drinking water supply • Cuba

4.1 Introduction

Supplying water for human consumption is one of the most outstanding measures

aimed at avoiding the propagation of illnesses, as 80 % of all the illnesses and over

33 % of the deaths in developing countries are related to the absence of water in

appropriate quality and quantity (AIDIS 1991; Schulz and Okun 1992).
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It is estimated that in the region of Latin America about 40 % of the homes

receive non-disinfected water or disinfected inappropriately, which results in a

microbiologically dangerous quality, which is the major cause of illness and

death (OPS 1995).

Implementing appropriate technologies for the purification of water constitutes a

common practice nowadays in developing countries, among which the filtration of

water through porous means that allow obtaining good physical-chemical and

bacteriological effluent water quality can be found.

According to the literature consulted (Huisman 1986a, 1986b), worldwide

practice includes two types of gravity filters: the quick filter and the slow filter.

The employment of sand as a filtering means is also internationally common,

although in some treatment plants (Buiteman 1993), refined anthracite is the

means used as a filtering material.

The slow filter of sand is the oldest type of filter ever used for public supplying of

drinking water, being built for first the time in the year 1829 by James Simpson for

Chelsea Water Company in London.

The international experience presented in (Huisman 1986a, 1986b; Steel 1958;

Pérez and De Armas 1997) expresses that, in the so-called slow filtration process,

the water with a speed of circulation relatively down, is forced to go through a sand

layer where favorable conditions for biological action have been created. This

action works as colonies of microscopic organisms and some water bacteria are

developed around the sand particles. In their metabolism, these organisms remove

the organic impurity, the pathogenic bacteria, and oxidize nitrogenous composites;

the nitrogen cycle is completed with the phase of total mineralization of the organic

matter. The development of these organisms, responsible for the biological action,

is limited almost exclusively to the surface of the sand layer, and reaches a

maximum depth of 2–3 cm, forming a biological film.

Some jellied formations known as schmutzdecke are developed in this zone.

These give the sand layer the power to retain fine impurities, such as colloidal

matters, fine suspensions and bacteria. The biological action is made truly effective

when the film reaches its full development, which, in a new filter, takes a certain

time called filter maturing period.

4.2 Materials and Methods

The universe of work is constituted by a sand filter built under the requirements of

the experiment, which was conveniently located in the area where the waterworks

of Kilo 5 Aqueduct is placed, situated in km 5, Luis Lazo Road in Pinar del Rı́o, so

that using the water from the source of supply (Presa Guamá) of the aqueduct

previously mentioned was possible, and also allowed a comparison of the results of

the quality of the water effluenting the slow filter, with the one obtained effluenting

the plant.
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For the construction of the filter, a 0.58 m wide and 0.86 m high cylindrical tank

with a capacity of 55 gallons was used, to which a perforated steel sheet that serves as

support of the filtering bed was placed. Then, and in ascending order, a 0.05 m thick

large gravel layer was placed, with an approximate diameter of 19mm, then a 0.03m

thick small gravel layer and finally a 0.55 m sand layer was placed. In the lower part

of the tank, a (HoGo) 13 mm wide galvanized iron pipe was placed that serves to

gather the filtered water, whose effluent stands 0.73 m over the tank (Fig. 4.1).

The sand used as filtering means comes from Paso Viejo River. The

granulometric analysis yielded the following results (Table 4.1):

The results are: d10 ¼ 0.190, d60 ¼ 0.575 mm, CU ¼ 3.02.

Before placing the sand in the tank, eliminating snails, aquatic plants and other

organic matter proceeded along with the removal of the significantly large grains

that could alter the process of filtration.

In fact, the filter was subdued to a maturing period before beginning the

sampling, and the volume of flow was tailored keeping in mind a filtration speed

of 0.2 m/h, as this is 0.87 l/min.

Water sampling was carried out at the entrance (raw water) and at the effluent

(treated water) so much of the slow filter as of the waterworks plant of Kilo 5.

Fig. 4.1 Slow filter of sand

vertical type. Details in the

text

Table 4.1 Granulometric analysis of the sand

Size of the

sieve (mm)

Retained

mass (g)

Accumulated

retained mass (g)

% of accumulated

retained mass

% of mass that

goes through

9.52 0 0 0 100

4.76 14.10 14.10 5 95

2.00 22.50 36.60 13 87

0.84 45.04 81.64 29 71

0.42 73.18 154.82 55 45

0.25 81.64 236.46 84 16

0.105 40.54 277.00 98.4 1.6

0.074 4.50 281.50 100 0

Total 281.5 – – –

Source: Results from the sampling
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The laboratory analysis was carried out according to the techniques

recommended in the standard methods (APHA/AWWA/WPCF 1976). They are:

color, cloudiness, pH, total coliforms and fecal coliforms.

The sampling was carried out for 6 months and out of the results of the physical-

chemical analysis, the arithmetic average (X) and variation coefficient (VC) were

calculated; while out of the bacteriological results, the geometric average was

calculated.

For the analysis of water quality, the Cuban Norms of Water Quality referred to

in the literature (NC 93-11-86 1986) and (NC 93–02:85 1985) were followed.

Moreover, an evaluation of the efficiency of the filter was carried out.

4.3 Analysis and Discussion of the Results

In Table 4.2, some physical-chemical and bacteriological characteristics of the raw

water resulting from the sampling carried out during the experiment are represented,

together with characteristics recommended by the norms for drinking water.

The results shown in the previous table indicate that the raw water used as source

in the research is a water of excellent quality (NC 93-11-86 1986), even with pH

values, cloudiness and color typical of drinking water. Only the concentrations of

total and fecal coliforms show the necessity of some type of treatment, being this

possibly a simple disinfection with chlorinate. However, taking into consideration

that this is a superficial water coming from Guamá Dam, and that the research in a

period of drought was carried out, when the fluctuations in the quality of the water

do not vary significantly. It is logical as much for the colored levels as for the

cloudiness and other water characteristics to differ from the previously represented

levels.

It can also be observed that the fecal coliforms represent 26.2 % of the total

coliforms, being this is a significant value as to suggest a conventional treatment.

On the other hand, the sure presence of nitrogen composites due to the existence

of biodegradable organic matter, and the possibility of finding other composites in

the water, like iron and manganese in soluble form, when the operating conditions

at the collecting place so favor it, make the use of filtration another feasible method

to keep in mind to purify this water.

Table 4.2 Physical-chemical and bacteriological characteristics of the raw water and desirable

concentrations by the norms of drinking water

Parameters Results of the research Cuban norm OMS

Color (mg Pt/l) 13.3 15.0 15.0

Cloudiness (ut) 2.4 10.0 5.0

PH 6.9 6.5–8.5 6.5–8.5

Total coliforms/100 ml 42 <2.0 or 0 0

Fecal coliforms/100 ml 11.0 0 –

Source: Results from the sampling and norms
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4.3.1 Efficiency of the Slow Filter of Sand in the Removal
of Polluting Agents

In Table 4.3, the results of the analyses carried out for the raw water and for the

treated water as much for the slow filter as for the waterworks plant of Kilo 5 are

represented. In this, it can be observed that the pH remained quite stable,

diminishing lightly after filtration at the effluent of the waterworks plant. However,

it did not do so for the slow filter, which kept the same average value.

It must be highlighted that although the concentration of the ammonium ion in

the raw water was not determined, its presence is to be expected, which implies a

development of nitrification and therefore the pH diminution when contributing

hydrogen ions to the water, according to the literature consulted (Pérez and De

Armas 1997).

In general, during the first sampling stage, that lasted approximately 20 days,

variations in the different parameters were observed, noticing, as of this period, a

major stability and the formation of a jellied layer in the surface of the bed can be

appreciated, which secured that we were in the presence of the maturing of the

filter, and as of this moment, the efficiency of the process of biological oxidation of

the organic matter increased. In Table 4.4, the removal efficiencies, as much for the

slow filter as for the waterworks plant, are represented.

In this table, it can be observed that the efficiency of color removal in the slow

filter reached 56.2 %, higher than the one in the waterworks plant that reached

43.6 %. During the development of the research, it could be observed that, at the

beginning, the efficiency of color removal was much lower, increasing after the

maturing period.

Table 4.3 Results of the analysis of the raw water and treated water

Raw water Treated water (filter) Treated water (plant)

Average X VC Average X VC Average X VC

Color (mg Pt/l) 10–20 13.3 0.26 5–20 10 0.66 5–10 7.5 0.37

Cloudiness (ut) 2–4 2.4 0.30 2–3 2.2 0.20 – 2.0 0.0

PH 6.7–7.0 6.9 0.02 6.5–7.0 6.9 0.03 6.45–6.95 6.7 0.03

Total coliforms/100 ml 21–49 42 – 3–49 13 – 2–33 5 –

FC/100 ml 4–17 11 – 3–33 8 – 2–13 4 –

Source: Results of the sampling

Table 4.4 Removal efficiencies of the slow filter of sand and of the waterworks| plant

Parameters Raw water

Effluent of

the filter Efficiency %

Effluent of

the plant Efficiency %

Color (mg Pt/l) 13.3 5.8 56.2 7.5 43.6

Cloudiness (ut) 2.4 2.0 16.7 2.0 16.7

TC/100 ml 42 6.6 84.3 5.0 88.1

FC/100 ml 11 4.5 59.1 4.0 63.7

Source: Results of the sampling
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It must be highlighted that in the low efficiencies at the beginning of the process,

the insufficient cleaning made a direct impact in the failure to eliminate the organic

matter, as much of vegetable origin as animal, including the phytoplankton and the

existing zooplankton.

As for the cloudiness, the fact was considered of reaching extremely low values

for a raw water of superficial origin, which makes the removal quite low, that is to

say, only 16.7 % as much for the slow filter as for the plant.

The removal of total and fecal coliforms reached values of 84.3 % and 59.1 %

compared with the ones obtained in the waterworks plant, being also higher than the

ones obtained in the maturing period.

It must also be underlined that the efficiencies reached in the plant are associated

not only with the quick filter installed, but to the disinfection with chlorines that is

verified in the place as, at the beginning of the experiment, there were very low

efficiencies in the plant due to failures in the disinfection of the water.

4.3.2 Potentialities of Use of the Slow Filter of Sand

Keeping in mind an expense Q ¼ 0.87 l/min and a supply for rural areas of 40 lppd,

as well as operating the filter in a continuous way in two 8-h shifts, by the

beneficiary neighbors, it is possible to calculate the quantity of houses and/or

inhabitants that will be favored with its use.

The number of houses served by the filter is 4.2, each one with 5 inhabitants; this

makes a total of 21 inhabitants.

In a small rural town – 40 houses (200 inhabitants), a battery of 10 filters, makes

it possible to guarantee an appropriate service of drinking water. Additionally,

for this water to be considered safe from the microbiological point of view, it

would be necessary to carry out the disinfection at home level, using solutions of

chlorine, or a contact tank could be adapted after the filters where this disinfection is

guaranteed.

4.4 Conclusions

1. The use of the slow filters of sand can be a feasible alternative to apply

fundamentally in the rural areas that do not have a community supply of

water, to purify waters of superficial origin of low cloudiness.

2. Although the raw water used as a source in the research can be considered of

excellent quality, according to the results, and due to its origin and period in

which the sampling was carried out, it is logical to expect significant variations

in its quality.

3. The insufficient cleaning and disinfection of the sand used influenced the

extension of the maturing period of the filter and in the removal efficiency
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obtained at the beginning of the experiment. In this sense, the maturing time of

20 days can decrease and the efficiencies in color removal and coliforms

increase.

4. The low levels of cloudiness of the raw water employed make it impossible to

obtain an effluent with more quality.

5. The progressive formation of the schmutzdecke biological layer, as the filter

matured, made the efficiency of color removal, total and fecal coliforms rise

respectively to 56.2 %, 84.3 % and 59.1 %; being these acceptable values.

6. The existence of total and fecal coliforms and the high percent that these last

represent compared to first ones, make it necessary to establish a disinfection

system with chlorine to guarantee safe water.

7. With the slow filter of sand, a speed of filtration of 0.2 m/h and a flow of 0.87 l/

min, it is possible to give service to about four families of the rural area, at 40

lppd each.

4.5 Recommendations

1. To propose the use of the slow filters of sand, due to the high efficiency and

economy of this kind of filter regarding a conventional purification plant, for

groups of isolated houses in rural areas, camps of the Plan Turquino,

cooperatives, etc. that do not have a community system of drinking water.

2. To extend the test period of this filter up to the rainy season or with other sources

of worse characteristics, as for cloudiness, colour and coliforms, to know its

efficiency with more accuracy.

References

AIDIS (1991/1992) La crisis mundial del agua-Conferencia de Rı́o. Ingenierı́a Sanitaria 45(4)/46

(1, 2): 15

APHA/AWWA/WPCF (1976) Standard methods for the examination of water and wastewater,

15th edn. American Public Health Association, Washington

Buiteman JP (1993) Water treatment 2. Water treatment processes and plants. Part 1. Introduction

and design aspects. International Course in Sanitary Engineering. IHE, Delft

Huisman L (1986a) Rapid filtration. Lecture notes International course in sanitary engineering.

IHE, Delft

Huisman L (1986b) Slow sand filtration. Lecture notes. International course in sanitary engineer-

ing. IHE, Delft

NC 93–02:85 (1985) Higiene Comunal. Agua Potable. Requisitos Sanitarios y Muestreos. Ciudad

de la Habana

NC 93-11-86 (1986) Fuentes de abastecimiento de agua. Calidad y Protección Sanitaria. Ciudad de

la Habana

OPS (1995) Ponderación de los riesgos microbiológicos contra los riesgos de los subproductos de

la desinfección quı́mica. Ingenierı́a Sanitaria 49(1):35–36

4 Proposal of a Slow Filter of Sand for the Treatment of Water at House. . . 35
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Impact of Public Use on Water Resources



Chapter 5

Environmental Impact of Human Activities on

Water Resources and Its Characterization for

Management and Planning of Natural Areas

“Las Batuecas-Sierra Francia” and “Quilamas”

(Salamanca, Spain)

A.M. Martı́nez-Graña, J.L. Goy Goy, I. de Bustamante Gutiérrez,

and C. Zazo Cardeña

Abstract This paper presents a combined Strategic Environmental Assessment

and Impact Characterisation procedure to analyse the importance and extent of the

impact of human activities in natural spaces on water resources. In an initial phase,

the different human actions (landfills, etc.) that may cause impacts, whether directly

(sewage, etc.) or indirectly (leachate, etc.), are determined and the environmental

impact identification map is drafted. Subsequently, thematic and interpretive

mapping (Surface Water Quality, Aquifer Vulnerability to Pollution and Vulnera-

bility to Solid Waste) is carried out to assess the effects on water resources. Finally,

superimposing the Impact Identification map over the Vulnerability maps (Solid

Municipal Waste, Aquifers and Surface Water Quality) provides the Impact

Characterisation map, showing the absorption capacity of different sectors to

facilitate the setting up of preventive and/or remedial measures by the authorities

responsible.

Keywords Environmental assessment • Environmental impact • Water resources •

Water quality • Aquifer vulnerability • Solid municipal waste • Salamanca Spain
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5.1 Introduction

The impact of human activities on the environment has highlighted the need to

regulate these activities in a sustainable manner taking into account the absorption

capacity of the natural environment. To this end, a set of environmental tools is

established: Strategic Environmental Assessment (SEA) and Environmental Impact

Assessment (EIA), to ensure rational use of natural resources, prevention and

mitigation of the effects of pollution and natural hazards. This paper proposes a

combined procedure using tools from the former procedure (EAE) and Impact

Characterisation methods from the latter (EIA). This working method allows the

management of a natural space to analyse the environmental impact on water

resources of existing activities as well as those anticipated in the pre-project

phase. This study was conducted in the natural environment of Las Batuecas-

Sierra de Francia and Quilamas, in southern Salamanca province in the Spanish

Central System (Fig. 5.1).

5.2 Methodology

The methodology used (Fig. 5.2) consisted of applying a mapping procedure with

GIS techniques and quantification of environmental impact on natural factors:

water, soil, air and landscape, using EIA methods: evaluation of attributes (persis-

tence, extension, synergy, etc.) and matrices (crossing of actions and factors).

The EIA is carried out in an initial phase by identifying the different human

activities (landfills, etc.) likely to cause impacts, whether directly (sewage, etc.) or

indirectly (leachate, etc.), mapping the environmental impact and/or technological

risks (Fig. 5.3a), whether discrete, linear, zonal or areal.

In the second phase, field sheets or checklists are drawn up where each disposal

activity and point is characterised by its intrinsic (geology, geotechnical, surface

hydrology, hydrogeology, topography and vegetation) and extrinsic features (type

of waste, toxicity, persistence, drainage, covering, size, management, etc.) for a

qualitative assessment (High-Middle-Low-Null) of the contamination risks at each

site and determining which factors will be affected (water, land, air, landscape,

geomorphology, active processes, and socioeconomic elements).

Finally, a series of thematic and interpretive maps was drafted to evaluate the

effects of different human activities on the water resources:

1. Surface Water Quality map (Fig. 5.3b), where, on the basis of field surveys, the

quality and/or degree of surface water pollution is determined through the

Simplified Water Quality Index (SWQI) (de Bustamante 1989), which is a

dimensionless number that allows operation with very few analytical parameters

while providing guaranteed results (Cubillo 1986). This index is defined by five

parameters, and its expression is: SWQI ¼ T (A + B + C + D) where T is the

river water temperature measured in �C. A is the chemical demand for oxygen
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including organic content, whether natural or otherwise. B is the material in

suspension that can be separated by filtration. C is the oxygen dissolved in water.

D is the electrical conductivity at 18�C; it measures the concentration of

inorganic salts. The range of values of this index varies from 0 for very poor

value to 100 for optimum values.

2. Map of Aquifer Vulnerability to contamination (Fig. 5.3c), drawn up from the

mapping of hydrogeological units, taking into account their lithological and

Fig. 5.1 Study area
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hydraulic parameters. The GOD method was used for this purpose (Foster et al.

2003), taking into account three main factors: hydraulic containment levels (G),

occurrence of overlying substrate (O) and distance to groundwater level (uncon-

fined) or ceiling of the aquifer (confined) (D).

3. Map of Vulnerability to Solid Urban Waste – SUW – (Fig. 5.3d), obtained

through GIS techniques (ArcGIS v.9) from the thematic mapping of the

parameters that influence said vulnerability: lithology, surface hydrology and

hydrogeology, geomorphology, climate and geotechnics. The lithological

parameter takes into account the distribution of the lithology of the different

sectors of the PNS (Martı́nez-Graña et al. 2004). Different features to be

considered for the location of a landfill are taken into account: bedrock, structure

(fractures and joints), surface formations (texture, compaction, etc.). The surface

hydrology and hydrogeology parameter analyses these features in line with the

type of permeability (K), based on the porosity (intergranular and fissure),

solubility and fracturing (Martı́nez-Graña et al. 2004; Sanz et al. 2005). The

limit values for waste disposal sites are included: non-hazardous waste landfills:

K less than or equal to 1 � 10�9 m/s, and landfills for inert waste: K less than or

equal to 1 � 10�7 m/s. (Williams 1998).

The geomorphological parameter helps to understand the morphological

features that affect the substrate, the surface formations and the slope gradient to

Fig. 5.2 Methodological diagram
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be considered for its location (Martı́nez-Graña et al. 2006). This map will help to

identify the active processes (risks) that determine the hazardous areas for the

location of the landfill or waste treatment facility. The climate parameter analyses

the rainfall distribution, as it favours the formation of leachate likely to contaminate

water and soils. The Stormwater Aggressiveness map was used (Martı́nez-Graña

et al. 2004) which was carried out based on the modified Fournier index (Fm). This

mapping helps to gauge the effect of rain on the landfill and its impact on restoration

(revegetation of slopes). Finally, the geotechnical parameter allows accurate

planning in the operational and restoration phase of a landfill by analysing existing

loan materials in the area to be used in these tasks. To do so, it is necessary to know

the rippability of materials for the possibility of covering or whether it is necessary

to excavate a basin to achieve a longer useful life. This variable was obtained on the

basis of lithological, geomorphological and hydrological features.

5.3 Results and Conclusions

From analysing the interpretive mapping, it can be seen that the surface water

quality map shows that some rivers (Alagón, etc.) present a lower water quality than

their tributaries. This is due to localities dumping their urban waste water

(Sotoserrano, Valero, San Miguel de Valero) as well as industrial waste (food

Fig. 5.3 Impact identification map (a) which is superimposed on the surface water quality map

(b) aquifer pollution vulnerability map (c) solid municipal waste vulnerability map (d) obtaining

the impact characterisation map (e) cartography details and interpretive diagram
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industry, agriculture) into the channel, reducing the water quality by discharging

unprocessed effluent. The lower waters corresponding to the river Yeltes present a

slight decrease in quality caused by mining activities located on the plains and river

terraces, creating an increase in turbidity (suspended solids) and incidence of waste

typical of extraction activity (processes and machinery).

The Aquifer Vulnerability to Pollution map shows an extreme vulnerability in

carbonate outcrops, where the dissolution processes of limestone and dolomite can

delimit the land most vulnerable to contamination. These aquifers are extremely

vulnerable to the direct and rapid spread of contaminants in fissures and cavities in

carbonate rocks. In territorial land use planning, the introduction of polluting

activities such as solid or liquid (urban and/or industrial) waste disposal, either on

the surface or buried, should not be permitted in these sectors. Inappropriate

farming practices and activities must be monitored, and the land disturbed by active

or abandoned extraction activities (mining) restored. The areas with high vulnera-

bility correspond to quaternary material, whose aquifers are highly vulnerable to the

entry of pollutants from rivers, streams or direct infiltration. This pollution mainly

affects free alluvial aquifers. Their ability to self-purify organic and bacteriological

contamination is limited. As in the previous case, the installation of human

activities likely to affect the quality of aquifers containing these quaternary

formations should be closely monitored. Finally, the vulnerability is average mainly

in areas where the land alternations are permeable and less permeable (detrital

units) with a high capacity for bacteriological purification but low for chemical

contaminants. In the second place, it may occur in impermeable igneous and

metamorphic lithologies, being limited to surface water pollution and sectors of

cracks and alterations.

The Vulnerability to Solid Urban Waste map shows the sectors suitable and

unsuitable for landfill construction a priority, and sectors that may be favourable

with detailed studies (DS), such as granite areas, to determine the saprolite thick-

ness and degree of alteration. According to these parameters, the areas of greatest

territorial acceptance of this type of human activity (landfill) are currently located

near urban areas.

In second place, the Impact Identification map is superimposed on the Surface

Water Quality, Aquifer Vulnerability to Pollution and Solid Waste Vulnerability

maps, noting the effects and problems of different human activities in each area and

their potential impact on different factors (water, soil, air, landscape, geomorphol-

ogy, active processes, socioeconomic elements and heritage). The Impact

Characterisation map is obtained this way, showing the absorption capacity of the

different locations of human activities, the variety of types of effects (industrial,

agricultural, livestock, landfills, etc.), the degree of impact (compatible, moderate,

severe-critical) and the factors susceptible. The negative effects of livestock

activities on soil and water resources observed are severe, compounded by a

moderate degree of impact on the landscape due to the presence of electrical and

communication infrastructures.

This methodology is of great interest as it provides reliable results quickly and

economically, suitable for application both in rural areas with poor resources and
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the management of protected natural areas, constituting a useful tool to understand

the state of the natural environment and in particular to analyse the impact on water

quality and identify pollution sources, paving the way for further studies to identify

specific problems and their solutions.
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Chapter 6

Human Effect Over the Chemical Denudation

Development in the Coastal Limestone Aquifer,

Havana Southern Plane, Cuba

J.R. Fagundo Castillo, J. Pajón Morejón, P. González Hernández,

M. Suárez Muñoz, and C. Melián Rodrı́guez

Abstract Measuring of chemical denudation in karstic terrains of Cuba, dissolved

CaCO3 content, and water chemical estimation analysis were developed. The

results demonstrate that karstic chemical denudation at Havana southern karstic

coastal plain is around of 15 m3/km2/y�1. The intensity of the chemical denudation

improved in Havana southern coastal aquifers as a result of ionic strength and

mixing water effects, the additional carbon dioxide (CO2) generated in the sulphate

anaerobic reduction process and the waste biodegradation due human activity.

Several field evidences demonstrate the increases of the karstic development.

Keywords Coastal limestone aquifer • Karst terrains • Geochemistry • Cuba

6.1 Introduction

Several quantity studies in the field of geomorphology, hydrology and karst science

were carried out from the past century to determine the intensity of limestone

dissolution, with the aim to estimate the karst landscape transformation and to

acknowledge the nature of the process.

The French geomorphologist, Jean Corbel (1959), made a great impact on the

scientific community when he published the results from analysis of thousands of
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Chemistry Faculty, Havana University. Zapata between G and Carlitos Aguirre. Vedado, PC

10400, Havana

e-mail: juan_fagundo@fq.uh.cu

J. Pajón Morejón

Museo Nacional de Historia Natural, Obispo 61, Plaza de Armas, La Habana Vieja, La Habana,

Cuba, CP: 10 100
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field samples. He concluded that temperature performs the main control of

limestone solution due to the inverse solubility of the CO2. He found that the

chemical denudations were more intense in the cold than the hot regions for a

given annual rainfall. These results were impugned with some scientists on the

basis of the geomorphological evidence in hot humid countries.

After Corbel deceased, the investigations about the karst denudation were

continued by Gams (1972) and Pulina (1974). Smith and Atkinson (1976a) and

other scientist found that the karst denudation rate depends on the precipitation,

runoff and also on the temperature, but assumed that climatic effect is much less

marked than Corbel claimed.

Between 1984 and 1989, an investigation project about the genesis and evolution

of karst (PIGEK), affiliated by UNESCO, was elaborated by the Commission for

Physicochemistry and Hydrogeology of Karst of the International Union of Spele-

ology, and was selected as experimental polygons, the Silesian paleokarst (Poland),

Horndsund polar region (Spitsbergen) and Pan de Guajaibón (Cuba), representative

of the temperate, polar and tropical climates. The results of this research were

published by Pulina and Fagundo (1992).

An indirect form to calculate the rate of the limestone solution is by means of the

determination of the water hardness (Ca2+ + Mg2+ as mgl�1 of CaCO3). The water

hardness depends on the CO2 content in the soil drained by the precipitation during

the infiltration in the aquifer recharge zone. Smith and Atkinson (1976b) reported

mean values of pCO2 between 0/2 % and 11.0 % in the tropical karst (with an

extreme value of 17.5 %), while in the temperate climate zone they report values

between 0.1 % and 3.5 % (with occasional greatest of 10.0 %), and between 0.1 %

and 0/2 % in the polar climatic zone. Miotke (1974) found in the alpine tundra CO2

contents of the 0.01–0.5 % order. Fagundo (1996) found CaCO3 content between 32

and 45 mgl�1 at Hordsund permafrost (Spitsbergen) between 174 and 230 mgl�1.

The studies about the chemical denudation development in coastal limestone

regions are limited. Douglas (1968), calculates, 15.0 m3/km�2/y�1, at Kissimmee

River (Florida), and Hanshaw and Back (1980) 46/0 m3/km�2/y�1, at Xel Ha,

northern Yucatan Peninsula (Florida). González et al. (2003) reports 15.0 m3/

km�2/y�1 at Havana southern limestone coastal plain.

The aim of this paper is to show the result about the rate of limestone solution

and water quality in coastal aquifers of Güira-Quivicán basin (Havana Southern

Plane). This region has been submitted to a high overexploitation for agricultural

irrigation and population water supply, originating in invasion of the seawater to the

aquifers (Fig. 6.1).
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6.2 Chemical Denudation Estimate from the Study Area

6.2.1 Chemical Denudation at the Recharge Zone

The chemical denudation was calculated by the same method used by Hanshaw and

Back (1980). With the aim to calculate the magnitude of the chemical denudation at

the recharge zone of the Güira-Quivicán basin (Havana Southern Plain), the

Rancherita well (20 m) was selected. For this purpose it was taken into account

that in the study area there are no surface streams and aquifer discharge is near the

line cost. The recharge of all aquifer systems can be estimated from the annual

Fig. 6.1 Map showing the location of study area and the sample points
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precipitation and local evapotranspiration, and all the precipitation that infiltrates

through the aquifer to dissolve the limestone to reach the calcite saturation.

The output data for chemical limestone denudation are as follows: basin surface,

1,200 km2; coast line, 40 km; mean annual precipitation, 1,398 mm; mean annual

temperature, 25 �C. The water extraction from the aquifer is as follows: irrigation,

3.5 m3/s�1; population water supply, 3.2 m3/s�1. According to the above data, the

total water extraction is 6.7 m3/s�1 ¼ 2.08 � 108 m3/y�1.

From the balance between the mean annual precipitation (1,398 mm) and the

evapotranspiration (1,050 mm), estimated by means of the Martonne formula, the

mean annual recharge (assuming equal to runoff) in the basin: 349 mm ¼ 0.349 m,

was obtained. Then the mean annual total recharge (MATR) is calculated by the

product of the basin surface (1.202 � 109 m2) with the mean annual recharge

(0.349 m), equal to 4.195 � 108m3/y�1.

The amount of dissolved calcite in the aquifer system can be calculated assum-

ing that the mean calcite content is equivalent to the annual dissolved calcite. How

each litre of underground water which flows through the aquifer system contains the

mean quantity of calcite (Table 6.1), and that the chemical denudation (D) is equal

to MATR, the chemical denudation originated at the study area for each aquifer

system can be calculated, multiplying the quantity of dissolved calcite by MATR:

D ¼ (MATR)*(annual dissolved calcite)

D ¼ (4.195 � 108 m3/y�1)(annual dissolved calcite. 103 mmol of calcite �
m�3) ¼ 4.195 � 108 mol of calcite y�1 (annual dissolved calcite).

Dividing between the surface of the basin (1,202 km2), changing mmol to mol,

and considering that 1 mol of calcite is 100 mg l�1 (0.1 kg l�1), the chemical

denudation can be obtained for each km of coastline:

D ¼ 3.49 � 105 � (annual dissolved calcite) mol of calcite per year for each

km2.

How 1 mol of calcite ¼ 100 mg 1�1 ¼ 0.1 kg.1�1, assuming all carbonate rock

to have a density ¼ 2,5 Kgm�3, and 1 metric ton (t) ¼ 1,000 kg, then the chemical

denudation per km2 can be expressed in the term mt or m3 as:

D ¼ 34.9 � (annual dissolved calcite) t km�2/y�1

D ¼ 13.96 m3/km�2/y�1.

For Rancherita well,

D ¼ (4.195 � 108 m3/y�1)(2.23 � 103 mmol of calcite/m3)/1,202 km2 ¼
7.783 � 108 mol of calcite y�1/km-2

D ¼ 77.83 t km�2/y�1 ¼ 31.13 m3/km�2/y�1.

Table 6.1 Chemical denudation in Güira-Quivicán basin (Havana Southern Plain)

Well (deep) Calcite (mmol)

Chemical denudation (D)

m3/km�2/y�1 t km�2/y�1

Rancherita (20 m) 2.23 31.13 77.83

Sotolongo (Dı́az 50 m) 4.05 60.29 150.72

Playa Cajı́o (17 m) 0.268 18.86 47.6 MT

Playa Cajı́o (23 m) 4.241 28.85 74.62
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This value is more than twice that calculated by Back and Hanshaw in Yucatán

Penı́nsula (37.5 t), which can be due to the difference in the mean annual rain

among the compared areas (1.3 large in Güira-Quivicán as in Yucatán).

6.2.2 Recharge of the Aquifer in the Discharge Zone

To calculate the recharge of the aquifer at the discharge zone it is necessary to perform

a balance between the water that enters the aquifer (MATR) and that coming out at the

recharge zone by human activity (EXPL). Subtracting the water extracted in Güira-

Quivicán basin for population supply, which is about 6.7 m3/s ¼ 2.08 � 108 m3,

from the value of the mean annual total recharge (MATR), the magnitude of mean

annual discharge (MAD) can be obtained.

MAD ¼ MATR – EXPL ¼ (4.195 � 108 m3/y�1) – (2.08 � 108 m3/y�1)

MAD ¼ 2.115 � 108 m3/y�1

6.2.3 Chemical Denudation at the Discharge Zone

The underground waters through its aquifer flow path reach the discharge zone with

a quantity of calcite depending on the carbonate chemical equilibrium. Elsewhere,

in the mixing zone of the aquifer one additional amount of calcite can be dissolved

or precipitated due to the combined effects of the mixing water and ionic strength

processes, as well as the CO2 obtained from anaerobic reduction of marine sulphate.

As shown in Table 6.1, from the discharge zone of Güira-Quivicán basin, those

wells can be selected which show calcite dissolution (Sotolongo 50 m, Álvaro

Barba 34 m, and Playa Cajio 17 and Playa Cajio 23 m). Álvaro Barba well was

disregarded even to display the highest D(Ca2+) magnitude, because the acquisition

of the Ca2+ in this water is fundamentally controlled by the inverse cation exchange

process.

Then the chemical denudation in this zone is:

D ¼ (MAD)(annual dissolved calcite)

The results of the chemical denudation for the selected places in Güira-Quivicán

basin (Havana Southern Plain) are shown in Table 6.1.

6.3 Chemical Denudation in Other Places

Table 6.2 shows the results of chemicals reported by several authors in different

limestone terrains, with the objective of comparison with that calculated in Havana

Southern Plain.

From the results shown in Table 6.2, it can be established that at similar altitude

(lowlands, uplands and median mountains) the less denudation (32 m3/km�2/y�1)

occurs at the polar climatic zone (Hornsund), intermediate (20–38 m3/km�2/y�1)
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and at temperate climatic zone (Poland, Bulgaria), and the highest denudation

(46–136 m3 km�2 y�1) at tropical climatic zone (Cuba). Similar higher chemical

denudation than above was found at the high mountains of the Mediterranean

region (51–139 m3/km�2/y�1), and at five areas of New Britain in Papua New

Guinea, where the rainfalls lie in the range of 5,700–12,000 mm/y.

Table 6.2 Chemical denudation (m3/km2/year) in karst regions located in different climate zones

Climate zone Relieve Place (country)

D (m3/

km�2/y�1) References

Tropical Coastal plain Yucatán Penı́nsula

(Mexico)

15.0 1

Kissiimmee River

(Florida)

27 2

Havana Southern basin

(Cuba)

31.0 3

Matha Brae (Jamaica) 54 2

Rı́o Camuy (Puerto Rico) 40 2

Lowlands and

uplands

Sierra de los Organos

(Cuba)

53–136 4

Meseta del Guaso (Cuba) 28–62 4

Median

mountains

Pan de Guajaibón (Cuba) 92 4

Mediterranean Lowlands and

uplands

Upland karst (Eslovenia) 80–136 4

Median

mountains

Vercors Pre Alps

(French)

44–98 4

Venetian Pre Alps (Italy) 23–70 4

High mountains Central Apennines (Italy) 153–130 4

Julian Alps (Eslovenia) 51–67 4

SW Caucassus (Georgia) 114–139 4

Temperate warm and

transitional

Lowlands and

uplands

Dobregea (Bulgaria) 23 4

Cracow-Silesian

(Poland)

24–26 4

Median

mountains

Vrakanska (Bulgaria) 38 4

Sudetes (Poland) 20–33 4

Pirin (Bulgaria) 47 4

Tatra Mts. (Polonia) 49 4

Cold temperate Lowlands and

uplands

Irkutsk (Siberia) 1–6 4

Median

mountains

Khamar Daban (Siberia) 22 4

Median

mountains

Tunkinsk Alps (Siberia) 13 4

Subpolar Lowlands and

uplands

Hornsud-permafrost

(Spitsbergen)

11 4

Median

mountains

Hornsud – glaceares

(Spitsbergen)

32 4

Reference: (1) Hanshaw and Back (1980); (2) Boggle (1971); (3) González et al. (2003); (4) Pulina

and Fagundo (1992)
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6.4 Human Activity and Karst Develop

The karstic aquifers are highly vulnerable to contamination. The main anthropo-

genic impacts in the Cuban unconfined coastal limestone aquifers are related to

intense extraction of water for agricultural irrigation and population supply, the use

of fertilizer and pesticide in the agricultural plantation, the deposition of urban

sewage, and wastes from the sugar, citric and other industries.

The overexploitation of the aquifers induces an extensive intrusion of the

seawater inland, of the order of 10 km in Havana Southern Plain (González et al.

2003). This impact increases the limestone dissolution and the hardness of the water

as a result of the mentioned ionic strength process effect. The use of fertilizer and

pesticides in agriculture and wastes from the metal industry create a relatively high

amount of ammonium, nitrate, nitrite and organic pollutant, heavy metals, but does

not contribute to karst development. However, the domestic effluents and biode-

gradable wastewater produces a large amount of CO2, H2S and CH4 in anaerobic

reducing conditions. The first of those gases can produce an intense increase of

limestone dissolution.

In some sugar and run industries of the Havana and Matanzas provinces,

collapses, explosions and fires have occurred, which have been attributed to pro-

duction of CO2 and CH4. In water sampled in a well near a run industry,

92.2–111.3 mg l�1 CO2 and 94.2–160.7 mg l�1 H2S contents have been reported.

6.5 The CO2 Soil Contents

In the atmosphere the pCO2 lies between 10�4 and 10�3,48 tam according to

the altitude and latitude, and near 10�3,15 tam in urban zones; however, the pCO2 in

the soil atmosphere is greater as a consequence of organic release in the rooting zone.

Different pCO2 values in soils from different latitudes have been reported in the

literature: Mite (1974) found 10�3,0–10�1,5 and 10�4,3–10�3,4 in soil of plain and

mountain soils (Rocky Mountain, Canada), respectively, and 10�4,0–10�3,3 in

Alpine tundra. Smith and Atkinson (1976a) found 10�2,7–10�0,8 pCO2 values in

tropical soils (Puerto Rico and Jamaica), and 10�5,3–10�3,4 in Alaska tundra.

In general, the highest soil pCO2 and CaCO3 content of the water has been found

in tropical rather than in temperate and the lowest in polar terrains (Table 6.3).

6.6 Final Remarks

Taking into account that in coastal aquifers the carbonate dissolution can increase

with the combined effect of ionic strength process, the mixing water, and the

additional CO2, generated by both natural and anthropogenic anaerobic reduction
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of organic matter, attention can be paid to the role of this combined effect in

future karst development in the coastal regions. The experiments performed by

Plummer (1975) demonstrate that waters from 10�1 to 1 pCO2 tam can be very

aggressive from 10 % to 80 % of mixing with seawater. These pCO2 are of the

order originated by the wastewaters biodegradation. As a consequence of the

climatic change, the seawater will extensively intrude in inland littoral terrains,

especially in overexploited aquifers, and a significant part of the Cuban territory

can be affected.

6.7 Conclusions

The chemical denudation obtained in the Havana Southern Plain has given a

quantitative measure of the geomorphic potential of the study area. From the results

obtained and others reviewed, it can be established that at similar altitude

(lowlands, uplands and median mountains), less denudation (32 m3/km�2/y�1)

occurs at the polar climatic zone (Hornsund), intermediate (20–38 m3/km�2/y�1)

and at the temperate climatic zone (Poland, Bulgaria), and the highest denudation

occurs (46–136 m3/km�2/y�1) at the tropical climatic zone (Cuba). Similar higher

chemical denudation than above was found at the high mountains of the Mediterra-

nean region (51–139 m3/km�2/y�1), and at five areas of New Britain in Papua New

Guinea, where the rainfalls lie in the range of 5,700–12,000 mm/y.

The highest soil pCO2 and CaCO3 content of the water has been found also in

tropical rather than in temperate and the lowest in polar terrains.

By means of water-rock interaction experiments of carbonate dissolutions in

open and closed systems conditions, and mixing with seawater, similar CaCO3

contents were obtained than those by analytical methods in observational wells of

the Havana Southern Plain basin. The highest amounts of dissolved CaCO3 were

found in open system conditions with 10�1.0 tam original pCO2. These CO2

contents are of the order generated by wastewater biodegradation.

Table 6.3 Mean CO2 in soils and water hardness from terrains of different latitudes (Fagundo

1996)

Type of soil (region)

CO2 and hardness

CO2 (mg l�1)a CaCO3 (mg l�1)

Tropical (San Marcos basin, Cuba) 19.8 230

Tropical (lowland) 18.0 277

Tropical (litoral karst) 30.8 365

Permafrost (Spitsbergen) 3.7 40
aCalculated from chemical equilibrium
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Chapter 7

Hydrogeochemical Processes Effect Over the

Water Quality in the Coastal Limestone Aquifer

of Güira-Quivicán, Havana Southern Plane,

Cuba

J.R. Fagundo Castillo, P. González Hernández, M. Suárez Muñoz,

R. Hernández Dı́az, and C. Melián Rodrı́guez

Abstract The Güira-Quivicán basin (Havana southern plain) is a coastal aquifer,

which has been submitted to a high overexploitation for agricultural irrigation and

population water supply, originating in an invasion of seawater to the aquifers. This

paper shows that there are different geochemical zones characterized by different

geochemical processes, which originate from several hydrochemical water types: Ca-

HCO3, Ca > Na-HCO3 > Cl, Ca > Na-Cl > HCO3, Na > Ca-Cl-HCO3, Na >
Ca-Cl and Na-Cl. The more interesting can be observed in the wells adjacent to a

wetland, where intense geochemical processes occur: calcite precipitation, dolomiti-

zation, anaerobic reduction of sulphate, and inverse ionic exchange between calcium

and sodium. This process increases with the percentage of seawater in the mixing of

fresh water and seawater.

Keywords Coastal aquifer • Overexploitation • Water quality • Hydrogeochemical

processes • Cuba

7.1 Introduction

In limestone coastal areas, the chemical composition of the extracted water fromwells

is amixture of freshwater and the seawater. Themixing zone, or diffuse interface, is an

active zone where dissolution or precipitation of calcite and dolomite, oxidation of

sulphide or sulphate anaerobic reduction process, and direct and inverse cationic

exchange occur. The direction and magnitude of the above processes depend on the
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H. Farfán González et al. (eds.), Management of Water Resources in Protected Areas,
Environmental Earth Sciences, DOI 10.1007/978-3-642-16330-2_7,
# Springer-Verlag Berlin Heidelberg 2013

57

mailto:juan_fagundo@fq.uh.cu


percent of mixing of fresh-marine waters (Morell et al. 1997; Fagundo et al. 2004).

The cationic interchange in the coastal aquifer is a tool to distinguish the aquifer is in

intrusion (inverse exchange) or regression active process (direct interchange). Both

processes have been studied in detritic aquifers (Stuyfzand 1993; Giménez 1994;

Giménez et al. 1995), and limestone aquifers (Custodio et al. 1986; Fagundo et al.

2004), and change in the time and type of episode.

The aim of this paper is to show the result about the water quality in the coastal

aquifers of Güira-Quivicán basin (Havana Southern Plane). This region has been

submitted to a high overexploitation for agricultural irrigation and population water

supply, originating an invasion of the seawater to the aquifers.

7.2 Material and Methods

Temperature (T), pH, specific electric conductivity (EC) and redox potential (Eh)

were measured in the field. The CO2, H2S contents and major components were

analyzed by standard methods (APHA-AWWA-WPCF 1992). The hydrochemical

data were processed by means of HIDROGEOQUIM – a system for water quality

monitoring (Fagundo et al. 2005), and MODELAGUA – a system for modeling the

natural water chemical composition (Fagundo-Sierra 2001) hydrogeochemical

modeling. Using MODELAGUA, the mixing of fresh water/seawater percentage

was calculated (1), and also the plus (+D) or deficit ion (�D), resulting from the

difference between a real theoretical ionic concentration (mixing conservative).

The mixing conservative lineal line was estimated with Eqs. 7.2, 7.3, 7.4, and 7.5.

mixingð%Þ ¼ ðCl�Þsample � ðCl�Þfreshwater
ðCl�Þseawater

(7.1)

ðionÞreal ¼ AðCl�Þreal � B (7.2)

A ¼ ðionÞseawater � ðionÞfreshwater
ðCl�Þseawater � ðCl�Þfreshwater

(7.3)

B ¼ ðionÞseawater � AðCl�Þseawater (7.4)

Di�on ¼ ðionÞreal � ðionÞtheoretical (7.5)

7.3 Geographic, Geologic and Hydrogeologic Frameworks

The Güira-Quivicán basin (Havana Southern Plain) is located among 320–345 N and

340–370 E coordinates (Fig. 7.1), at the southern part of Havana province which may

be described as a coastal plane, with a surface of 50 km2 and a topographic height
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below 20.0 m a.m.s.l. The lithology is constituted mainly by karstified limestone,

dolomite limestone, clay limestone andmarl, belonging toCojimar, Güines and Jaruco

formations from Miocene (Academia de Ciencias 1990). The transmissivity of the

rocks fluctuates between 5,000 and 50,000 m2d�1, while the store coefficient ranges

from0.15 in unconfined to 0.005 in semi-confined aquifer conditions (González 1997).

In the study area some observation wells in a N-S profilewere selected, which were

used for water quality monitoring and for seawater intrusion control: Rancherita

(13.5 km from the coast, 16.0 m topographic high), Sotolongo Dı́az (9.0 km from

the coast, 10.86m topographic high, sampled at 10, 40 and 50.0m deep; Álvaro Barba

(2.5 km from the coast, 1.87 m topographic high, sampled at 3, 23 and 34.0 m deep);

Fig. 7.1 Map showing the location of study area and the sample points
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Playa Cajı́o (0.20 km from the coast, 0.91 m, topographic high, sampled at 2, 17 and

23.0 m deep). Álvaro Barba well is located near a wetland.

7.4 Results and Discussion

7.4.1 Water Physicochemical Characteristics

The physicochemical properties of the selected water sampled show changes along

the vertical profile of the wells. There is a zone of fresh water, characterized for

relatively high temperature that decrease with depth, and has low EC; a narrow

mixing zone where the temperature and EC increase with depth; and the marine

zone where the temperature and EC are highest and constant.

The underground waters of the region show high hardness, which increase with

the chloride contents due the ionic strength effect (Fig. 7.2). The relationships

between both variables are directly proportional, but the slope of the correlation line

is higher for the waters sampled at Alvaro Barba (23 m) well. This behavior is

related to the combined effect of the wetland and the seawater intrusion in the

aquifer; the DCa2+ in this well also has the biggest magnitude (Fig. 7.3c; Table 7.1).

The high overexploitation that occurs in the region and the existence of a

wetland near the coastal limestone aquifers have created conditions for the occur-

rence of several interesting geochemical processes, which control the underground

water chemical composition. Those processes are: calcite dissolution (D(Ca2+)
positive) or precipitation (D(Ca2+) negative), oxidation of pyrite (DSO4

2� positive)

Fig. 7.2 Variation of the hardness (CaCO3) with the chloride contents of the waters at coastal

aquifers of Havana Southern Plane
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or marine sulfate reduction (DSO4
2� negative), dolomite dissolution (DMg2+ posi-

tive) or dolomitization (DMg2+ negative), and direct (DNa+ positive) or inverse ion
(DNa+ negative) exchange between sodium and calcium. However, they occur in a

different sense in the different geochemical zones (Fig. 7.3):

Dissolution of calcite : CO2 þ H2OþCaCO3 ¼ Ca2þ þ 2 HCO3
�

Calcite

Dissolution of dolomite : 2CO2 þ 2H2OþCaMg CO3ð Þ2 ¼ Ca2þþMg2þþ4 HCO 2�
3

Dolomite

Fig. 7.3 Change of the magnitudes DSO4
2� (a), DMg2+ (b), DCa2+ (c) and DNa+ (d) in the

observation well (Sotolongo Dı́az, Álvaro Barba, Playa Cajı́o), Havana Southern Plane, during the

period from January 1998 to July 1998
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Dolomitization : Mg2þþCaCO3 ¼ Ca2þ þ CaMg CO3ð Þ2
Mg-Calcite Dolomite

Pyrite oxidation : 4FeS2 þ
1

2
O2 þ 11 H2Oþ 28 Fe2þ ¼ 2 Fe OHð Þ3 þ 30 Fe2þ þ 8 SO4

2� þ 34 Hþ

Pyrite Hematite

Sulphate reduction : 2 CH2Oþ SO4
2� ¼ H2Sþ 2 HCO3

Organic matter

Cation exchange : Ca2þ þ 2NaR2 ¼ 2 Naþ þ CaR2

R: exchanger substance (claymineral, organicmatter, oxides or hydroxides, etc.).

The mean values of the plus or deficit ions (D) calculated for each sampling point

of the study area are shown in Table 7.1.

The results shown in Tables 7.1 and 7.2 indicate that there are five hydrogeo-

chemical zones in the area:

1. Fresh water zone (without mixing with seawater), characterized for oxidizing

conditions (Rancherita 20.0 m well), where occurs the following geochemical

process: dissolution of calcite and dolomite, pyrite oxidation, and direct ion

exchange between sodium and calcite.

2. Fresh water zone, with little saline waters (0.2–0.4 % of more seawater mixing),

where oxidizing conditions also exist. (Sotolongo Dı́az 11 m). In this place,

calcite precipitation, dissolution of dolomite, pyrite oxidation and direct cation

exchange occur.

3. Mixing with zone with lightly saline water (1.2–4.4 % of more seawater mixing).

Here prevails oxidizing conditions and calcite precipitation, sulfate anaerobic

Table 7.2 Geochemical processes which control the underground water chemical composition at

Güira-Quivicán basin, Havana Southern Plaincum

Sample (deep(m))

Calcite

(mmol l�1)

Calcite-

dolomite

(mmol l�1)

Dolomite

(mmol l�1)

Pyrite

oxidation

(+) Sulfate

Red (�)

(mmol l�1)

Ion Exch.

(Na+)

(mmol l�1)

Ion Exch.

(Ca2+)

(mmol l�1)

Rancherita (20) 2.213 2.213 0.120 0.130 0.612 �0.006

Sotolongo (11) �0.397 0.000 0.150 �0.039 0.564 �0.282

Sotolongo (40) �0.433 0.000 0.222 0.078 0.005 �0.002

Sotolongo (50) 4.504 �2.656 0.000 1.263 0.477 �0.238

Álvaro Barba (3) �0.416 �0.113 0.000 �0.016 1.435 �0.717

Álvaro Barba (23) �5.542 �5.242 0.000 �8.995 �54.661 27.331

Álvaro Barba (34) 3.107 �0.722 0.000 1.156 1.241 �0.620

Playa Cajı́o (2) �0.019 �0.245 0.000 �0.403 3.729 �1.865

Playa Cajı́o (17) 0.268 �0.273 0.000 0.130 2.125 �1.063

Playa Cajı́o (23) 4.241 �0.746 0.000 2.134 5.505 �2.752
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reduction, and cation exchanges occur. At the well that lies distant to the coast

(Sotolongo Dı́az 40 m), dissolution of dolomite occurs, while at the well located

near the coast (Álvaro Barba 3 m, Playa Cajı́o 2 m) dolomitization occurs.

4. Mixing zone (10.3–45.9 % of more seawater mixing). In this zone there are two

different behaviours. At the wells that lie far from the wetland (Playa Cajı́o 17 m,

Sotolongo Dı́az 50 m), oxidized conditions exist and the main geochemical

processes are: calcite dissolution, pyrite oxidation and direct cationic inter-

change, while at the well near the wetland (Álvaro Barba 23 m), there are

reducing conditions, and calcite precipitation, dolomitization, anaerobic sulfate

reduction and inverse ion interchange between sodium and calcium occur.

5. Mixing zone – seawater interface (97.0–100) (Playa Cajı́o 23 m and Álvaro Barba

34m). This zone is characterized for the prevalence of slowly reducing conditions,

and the occurrence of calcite dissolution, dolomitization, anaerobic sulfate reduc-

tion, direct cationic interchange between sodium and calcium processes.

The change in the water capacity to dissolve calcite depends on the relative

influence of the recharge and marine intrusion to the aquifers as well as the effect of

the wetland. This behaviour can be illustrated by the mean value of Calcite Saturation

Ratio (CSR) shown in Table 7.3. Generally, all the waters are oversaturated with

respect to calcite, except those from Álvaro Barba, especially in the range of 20–50

mixing percentage of seawater. These results are in concordance with the available

amount of calcite in the waters (Table 7.2).

Table 7.3 Hydrogeochemical zones of the Güira-Quivicán basin (Havana Southern Plain),

mixing percentage of more seawater, oxidation-reduction potential and oxygen dissolved

Hydrogeochemical

zone N Well

Deep

(m)

Hydrochemical

water type

Eh

(mV)

O2

(mg/l) CSR

Fresh water I Rancherita 20.0 Ca-HCO3 165.3 5.8 0.329

Fresh water, little saline II Sotolongo

Dı́az

11.0 Ca > Na-

HCO3 > Cl

106.9 3.7 0.130

Lightly saline, mixing

zone

III Sotolongo

Dı́az

40.0 Ca > Na-

Cl > HCO3

169.4 5.2 0.170

Álvaro

Barba

3.0 Na > Ca-Cl-

HCO3

22.8 2.3 �0.159

Playa

Cajı́o

2.0 Na-Cl 6.4 2.6 0.591

Mixing zone Iva Playa

Cajı́o

17.0 Na-Cl 70.0 2.9 0.059

Sotolongo

Dı́az

50.0 Na-Cl 152.0 3.5 0.291

Mixing zone (wetland

effect)

IVb Álvaro

Barba

23.0 Na > Ca-Cl �148.9 2.0 �0.159

Mixing zone – sea

water interface

V Playa

Cajı́o

23.0 Na-Cl �9.2 3.0 0.335

Álvaro

Barba

34.0 Na-Cl �89.7 2.5 0.292
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7.5 Conclusions

There are different geochemical zones in the discharge area of the Havana Southern

Plain aquifer, characterized by different geochemical processes, which originate

from several hydrochemical water types: Ca–HCO3, Ca > Na-HCO3 > Cl, Ca >
Na-Cl > HCO3, Na > Ca-Cl-HCO3, Na > Ca-Cl and Na-Cl. The more interesting

can be observed in the wells adjacent to a wetland, where intense geochemical

processes occur: calcite precipitation, dolomitization, anaerobic reduction of

sulphate, and inverse ionic exchange between calcium and sodium. This process

increases with the percentage of seawater in the mixing of fresh water and seawater.

The combined effects of ionic strength process, the mixing water, and the

additional CO2, generated by both natural and anthropogenic anaerobic reduction

of organic matter can bring attention to the roll of this combined effect in the future

karst development of the Cuban coastal regions, especially in that region submitted

to intense exploitation by irrigation of the agricultural plantations and population

water supply.
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HIDROGEOQUIM. En: Contribución a la Educación y Protección Ambiental. ISCTN, vol 6,

Q 58–67
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Part III

Vulnerability and Risk of Aquifers



Chapter 8

Characterization of the Vulnerability to the

Contamination in Defined Areas of the Vento

Aquifer, Validated with Geophysical Methods

I. Pedroso Herrera, M.J. Fundora, F. Méndez, M. Guerra, and I. González

Abstract In this paper an assessment of the specific vulnerability of the Vento

aquifer by using geologic, geomorphologic and hydrologic considerations validated

by geophysical methods (seismic and the electrical resistivity) is carried out. The

application of geophysical methods allowed the determination of the presence

of thin layers of clays that could protect the underlying aquifer and to know the

thickness of the intermediate conductive layer, taking into account that to greater

conductance greater protection of the aquifer. It also allows the evaluation of the

presence of fractures, cracks and faults that are more vulnerable in the aquifer. Once

obtained, the intrinsic vulnerability, the specific vulnerability of sectors of the

basin, was obtained by means of the combination of the intrinsic vulnerability

map with the zoning map of the potential contamination by heavy metals obtained

by using techniques of environmental magnetism through the measurements of

magnetic properties of soils in the field and laboratory.

Keywords Aquifer vulnerability • Vulnerability map • Heavy metals contamina-
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8.1 Introduction

The Vento aquifer is one of the four basins that supply water to the Cuban Capital

and the one that gives the greatest volume of water (8.8 m3/s) that it consumes. To

be a non-confined karstic aquifer, the hydraulic groundwater resources exhibit a

high vulnerability to contamination. At the basin there are more than fifty polluting

sources, some of them contaminate the soils with toxic metals. If monitoring was

performed by the conventional chemical techniques, it would be very expensive.

This expense could be reduced by using measurements of the magnetic susceptibil-

ity of the soils as proxy indicators of probable contamination in those areas where

intrinsic and specifically larger vulnerabilities are expected in the contamination by

heavy metals. To achieve a more precise evaluation of the intrinsic vulnerability,

estimated by geologic and geomorphologic methods as well as of the specific

vulnerability to heavy metals, a geophysical investigation with the following

objectives was carried out:

1. To specify the characteristics of the geological section unto the depth of 15,

00–20, and 00 m, as well as to estimate the main physical-mechanical

characteristics for the different types of rocks and present soils in the area by

using a seismic method.

2. To define the presence of faults, fractures and crackings, as well as to determine

the thickness of the Unsaturated Zone (USZ) and the clay content, by using

electrical methods of resistivity.

3. To evaluate the specific vulnerability of the aquifer starting from the combination

of the cartography of the contamination for heavy metals, obtained with environ-

mental magnetism techniques and the intrinsic vulnerability of the aquifer, by

using a project SIG.

The first two objectives allow the estimation of important elements necessary to

evaluate the intrinsic vulnerability of the aquifer to the contamination.

8.2 Materials and Methods

The cartographic materials used were the geologic, lithologic, geomorphologic and

hydrogeologic maps of the basin.

The lithologic composition allowed the differentiation of the two main

hydrogeologic units, a central one very karstified and one that constitutes the main

aquifer of the basin and which is evaluated as a holokarst by its lithologic thickness;

and another one is located in the borders of the basin, which is less karstified and is

evaluated as a merokarst for its thickness and lithologic composition. To complete

the required information, in order to evaluate the intrinsic vulnerability, the geo-

physical works of two seismic lines were carried out. The results of the electric

profiles and Vertical Electrical Soundings carried out in previous works by the

National Institute of Hydraulic Resources, were reinterpreted.
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8.2.1 Seismic Method

Seismic lines in two areas were carried out, one of them characterized by marls

rocks and the other by calcareous ones in order to determine the physics and

mechanics parameters of these rocks for different degrees of conservation.

The seismic observations were carried out for the refraction variant using a

base line of 24 channels, with the typical methodology followed for these works

(Gurvich 1975). For the interpretation of the seismic data the software Winsim 9

was used and the following procedures: Method of interception points, interpreta-

tion of Retard (Delay – Method) and in some cases the Widespread Method of the

Reciprocal ones was used (General Reciprocal Method or GMR; Mareš 1984).

8.2.2 Geoelectrical Methods

With the acquired data using the Vertical Electric Sounding (VES) and the com-

bined electrical profiling variants for the measurements of the electric resistivity

methods (Orellana 2007), the corresponding electric profiles were elaborated as

well as maps of isolines for the apparent resistivity, with which resistive variations

of the section could be pointed out, so much vertical as horizontally correlating this

information with some anomaly. Seven profiles were carried out.

8.2.3 Environmental Magnetism

To assess the specific vulnerability of the Vento aquifer, an outline for the zoning of

the pollution of the soils by heavy metals in the basin was used. This was built up by

starting from surveys of the magnetic susceptibility on a 250 by 250 m grid to a

scale of 1:250,000 as well as other surveys carried out on grids of different scales

around some industries, roads and some others possible sources of pollution

(Pedroso Herrera et al. 2005).

The measurements were processed statistically according to the standard

procedure for the magnetic properties of the rocks (Mareš 1984; Pedroso Herrera

et al. 2005; Pedroso et al 2004). To estimate the values of the magnetic susceptibil-

ity of the soils that characterize the non-polluted areas it was considered a value

threshold by means of the processing of magnetic susceptibility measurements in

non-polluted areas, taking as such those far away ones more than 5 km of the

contamination sources. To characterize the susceptibility of the polluted soils, the

measurements in areas close to the potential sources of contamination in a radius

smaller than 500 m were processed statistically. For this processing the application

Software STATISTICA was used for Windows version 5.0. To create the isolines

map of the magnetic susceptibility, SURFER software, version 8.2 was used

(Pedroso Herrera et al. 2005).
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Using the Geographic Information System (GIS) elaborated in the frame of the

project, the outline of the zonation of the contamination by heavy metals was made

according to the cartography of the magnetic susceptibility.

8.3 Results and Discussion

8.3.1 Geologic Interpretation of the Seismic Information

8.3.1.1 Area of Antillana de Acero

The section in this area recognizes a layer of vegetable covering and underlying to

this layer, there are clayed marls that have been referred by the seismic interpreta-

tion as impermeable and being developed until the depth of 3 m. Among the depths

of 5–35 m, two levels of very defined karst are recognized which are composed by

marl limestone or calcareous marl in an upper layer and by karstified limestone in a

lower one. Starting from here one can interpreted that the area is impermeable only

until the first 3 m deep.

8.3.1.2 Area of the Vocational School “V.I. Lenin”

In this section a first horizon is observed, which is formed by a vegetable layer

composed of clayed sands with organic matrix and very porous and very plastic red

clay that is developed until the 3 m deep. These results reveal a high permeability

from the surface, as this area is very vulnerable.

The results show that the area of the Antillana de Acero is impermeable only

until the first 3 m deep, while the area of the Lenin School has a high permeability

from the surface, as this area is more vulnerable.

8.3.2 Interpretation of the Geoelectric Results

For each profile, a geologic and geomorphologic interpretation of the results given

by the geophysical methods was carried out to estimate the vulnerability of the

basin, considering the porosity, permeability and claying of the rocks, as well as the

presence of possible faults. In this case it will show two cases as examples.

8.3.2.1 Profile I

In the geoelectric section prevail the calcareous marl, upward they have a greater

content of clay, which is manifested in the vertical sections of the apparent
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electrical resistivity. Downward this marl becomes calcareous with cracks and

fissures. The vegetable layer has a thickness of about 5–8 m. In this section an

anomalous area is manifested, similarly it occurs with the combined electric

profiling. This anomaly corroborates the supposed fault of NW – SE direction.

8.3.2.2 Geologic and Geomorphologic Considerations

The geoelectric section indicates the presence of two lithologic layers that underlie

a covering thickness of up to 8 m. The upper layer is constituted by calcareous marl

with a high content of clay in the upper part. The lower layer is composed of that

same marl, but here it is more calcareous, karstified and has cracks and fissures. In

the vertical section of this profile, due to the lithologic changes that occur, the

behavior in depth for the different layers of the profile causes the conditions to be of

the intrinsic vulnerability that vary in depth. In this case the vulnerability is mean.

The possible presence of a fault can benefit the favorable conditions for the

infiltration, being the direction of the flow is that of the fault.

8.3.2.3 Profile II–III

In this section the marl limestone has a manifested crack that leaves making it more

compact and more calcareous. It is also manifested markedly in the combined

profiling and in the section of the resistivity isolines. More below in the section

calcareous marls and marl exist. In the profile there is another area of interest that

can be related with the first tract of the fault guided in the SW-NE direction.

8.3.2.4 Geologic: Geomorphologic Considerations

The cracked marl limestone presents favorable conditions for the infiltration that

occurs through the cracks. The presence of calcareous marl, more compact and

more calcareous, should slow velocity of the flow that traffics the cracks; however,

at the base of the section composed by calcareous marls and marls there should be

another local screen that defuses the flow. The presence of faults favors conditions

of the infiltration. In this case the vulnerability of the profile is high.

8.3.3 Map of Zonation of the Potential Contamination for Heavy
Metals

In Table 8.1 are shown the ranges of values of the magnetic susceptibility for the

classifications of levels of contamination to the zones established starting from the

statistical analysis of the measurements of the magnetic susceptibility.
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In Fig. 8.1 is shown the map of Zoning of Potential Contamination of the soils by

heavy metals in the Almendares – Vento Basin.

8.3.4 Maps of Intrinsic and Specific Vulnerabilities of the Vento’s
Aquifer

Starting from the geologic, geomorphologic and hydrogeologic data enriched by

those obtained from the seismic method and the resistivity electrical methods, the

following general characterization of the USZ could be carried out; and by using the

GIS elaborated for the project, the map of the intrinsic vulnerability of the ground-

water basin Vento was built. It is shown in Fig. 8.2.

The obtained map of intrinsic vulnerability was combined with the cartography

of the magnetic susceptibility to evaluate the areas that had potentiality of being

Table 8.1 Classification of

the levels of contamination

for the soils in areas of the

Almendares – Vento basin

and their ranges of values for

the magnetic susceptibility

Classification Range of kappa in 10�3 SI

Not polluted 0.0–0.627

Lightly polluted 0.628–1.65

Fairly polluted 1.66–2.6

Polluted 2.67–15.0

Very polluted >15.1

Fig. 8.1 Zoning of the pollution by heavy metals
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affected by contamination of heavy metals from the point of view of the vulnera-

bility of the aquifer. Therefore, the map of specific vulnerability was obtained and

it is shown in Fig. 8.3. To create this map the algebra of maps was used with the aid

of a GIS.

8.4 Conclusions

The combination of several geophysical methods for the cartography of the con-

tamination and the evaluation of the vulnerability of the aquifer revealed an

understanding of the most vulnerable areas to the contamination for infiltration of

the sector studied in the basin Vento.

The presence or absence of layers of low permeability in the USZ is a very

important parameter when establishing strategies for the protection of the aquifers.

The knowledge of the clay content that one obtains with the aid of the geophysical

methods is an element that helps to evaluate this permeability.

The area of the industry “Antillana de Acero”, according to the results given by

the seismic methods, is impermeable only unto the first 3 m deep.

In the area of the “Vocational School Lenin”, the results reveal a high perme-

ability from the surface, as this area is more vulnerable.

Fig. 8.2 Map of the intrinsic vulnerability for the Vento Basin
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The basin of Vento presents a high intrinsic vulnerability. For that reason when it

is in the presence of potential hazards of contamination by heavy metals, it also

possesses a high specific vulnerability for those polluting elements.
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Chapter 9

Assessing the Vulnerability of Groundwater

Pollution at Sensitive Areas by Geophysical

Methods

Y. Diaz, M. Himi, J.C. Tapias, L. Rivero, X. Font, and A. Casas

Abstract The protection of groundwater has became one of the foremost environ-

mental European policies according the Orders on the Protection of Water Against

Contamination Directive 2000/60/CE of the European Parliament and the European

Union Council, and more concretely with the Directive 2006/118/118/CE, related to

groundwater protection against the pollution and degradation. Traditional methods

for assessing vulnerability include soil surveys, drilling and analyses of logs from

wells with the objective to characterize the thickness, hydraulic properties and lateral

extent of the protective layers. Disadvantages of such investigations are that they can

be labour-intensive and expensive. In addition, the measured parameters may have

high spatial variability making accurate characterization over large areas difficult. As

a result, a numerical index of protection can be assessed from the longitudinal

electrical conductance parameter derived from electrical resistivity surveys (VES,

ERT or any other electrical or EM method), that can be more accurate and reliable

than any other vulnerability index assumed only by visual inspection or interpolated

from sparse borehole data.
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9.1 Introduction

During the last years different methods for assessing the vulnerability have been

developed for which the main objective is to favour an adequate land management

and help to avoid the pollution of groundwater because once polluted the remedia-

tion process is time-consuming and expensive, if not impossible. This is of particu-

larly concern for the aquifers located in protected areas, where, in general, scarce

direct information is available about the subsoil conditions, and therefore is needed

to complement the surface geological data, other subsoil data, as for instance

indirect geophysical methods.

The near-surface environment acts as a filter and buffer for contaminants

introduced from the surface by anthropogenic activities. For this reason there is a

great need to improve the understanding of the shallow subsurface, taking into

account the increasing demand for vulnerability maps, which illustrate the exposure

of aquifers against pollution. These maps are designed to show areas of greatest

potential for groundwater contamination on the basis of local subsurface conditions.

9.2 Vulnerability Assessment

Groundwater must be protected against pollution sources, such as landfills, pit

latrines, industries, agrochemicals, etc.; and vulnerability maps can be used to

illustrate the exposure of aquifers to pollution. Groundwater vulnerability has become

a central concept in assessing the risk of groundwater pollution (Foster 1987). The

term vulnerability is applied to a group of essential characteristics that determine the

degree of protection that natural environment provides to an aquifer affected by a

polluting load. Many methods for assessing the vulnerability of groundwater have

been developed. One most widely used is DRASTIC (Aller et al. 1987), but the best

adapted for integrating geophysical information is the Aquifer Vulnerability Index

(AVI) method (Van Stempvoort et al. 1993) and has been applied extensively for

planning purposes in many areas of the world (Anderson and Gosk 1989).

9.2.1 AVI Method

The AVI method developed in Canada by Van Stempvoort et al. (1993) uses two

variables to formulate a vulnerability index: the thickness of each sedimentary layer

above the uppermost saturated aquifer (h) and the estimated hydraulic conductivity

of each of these layers (k). The vulnerability index is then expressed in terms of the

sum of the hydraulic resistance (c) of each layer:
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c ¼
Xn

i¼1

hi

ki
(9.1)

Thickness of individual sedimentary layers can be taken directly from the well

records. The K-values for sandy material (10�5–10�1 m/s) are several magnitudes

higher than those for clayey layers (10�8–10�6 m/s). Therefore, hydraulic resis-

tance, as defined above, is dominated by clayey layers. Hydraulic resistance (c) has

the dimension of time (e.g. years) and represents the flux–time per unit gradient

for water flowing downward through the various sediment layers to the aquifer. The

lower the global hydraulic resistance (c) the greater will be the vulnerability of the

underlying aquifer.

This parameter has the same form that the longitudinal electrical conductance

defined by Maillet (1947) as the second Dar Zarrouk parameter. Fortunately, this

fact solves the ambiguity stated by the equivalence principle inherent of electrical

resistivity interpretation, because it is the parameter that is independent of the

chosen model.

9.3 Geophysical Approach

The purpose of electrical surveys is to determine the subsurface resistivity distribu-

tion by making measurements from the ground surface. From these measurements,

the true resistivity of the subsurface can be estimated.

Unconsolidated sediments generally have even lower resistivity values than

sedimentary rocks, with values ranging from about 10 to less than 1,000 O·m.

The resistivity value is dependent on the porosity (assuming all the pores are

saturated) as well as the clay content. Clayey soil normally has a lower resistivity

value than sandy soil. For a better understanding of the theory of the electrical

behaviour of stratified conductors, there are some fundamental parameters called

Dar Zarrouk (DZ) parameters that are related to different combinations of the

thickness and resistivity of each geoelectrical layer in the model (Maillet 1947).

For a sequence of n horizontal, homogeneous and isotropic layers of resistivity

ri and thickness hi the DZ parameters (longitudinal conductance S and transverse

resistance T) are defined respectively:

T ¼ h � r (9.2)

S ¼ h

r
(9.3)

VES sounding inversion and interpretation are inextricably limited by the

ambiguity stated by the principle of equivalence that expresses that an experimental

VES curve can be explained as produced by many physically equivalent models.
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According to this principle, high resistivity layers can only be modelled by their T

(that means the constant product is a given thickness and resistivity) whereas, low

resistivity layers are better defined by the longitudinal conductance S. As an

example of the sensitivity of these parameters, if a vadose zone is 20 m thick, the

longitudinal conductance will vary from 2 simens in the case of a low resistivity

layer (10 O.m) simulating a pure clay layer, to 0.04 siemens when the layer is

formed by gravels or coarse sand having an electrical resistivity of 500 O·m.

Clay layer corresponds with low resistivities and low hydraulic conductivities,

and vice versa, hence, the protective capacity of the overburden could be consid-

ered as being proportional to the ratio of thickness to resistivity – longitudinal

conductance (S). The correlation between the resistivity and the hydraulic conduc-

tivity can only be considered in clean saturated sediments, whose natural fluid

characteristics are considered constant (Henriet 1975).

The principle of equivalence introduces a well-known ambiguity in resistivity

interpretation. A low resistivity layer (for instance, a clayey layer) sandwiched

between two layers of higher resistivity will tend to concentrate current in it. The

total current carried by it will be unaltered if its resistivity r increases; but, at the

same time increase its thickness, h (within some limits), so that the ratio h/r is

constant. In either case, a unique determination of h and r would be difficult, if not

impossible.

Another great limitation of the resistivity sounding method is that it does not

take into account lateral changes in the layer resistivity. This limitation is solved by

the use of the electrical resistivity tomography method.

The relationship between soil parameters like clay content, cation exchange

capacity, and vertical hydraulic conductivity to electrical resistivity enables a

vulnerability assessment based on geoelectrical or electromagnetic measurements.

Results of these measurements can be used as an estimate of clay content and

vertical hydraulic conductivity of the non-saturated zone (Kirsch 2006). Previous

applications of electrical resistivity in assessing and mapping the vulnerability of

aquifers shallow to pollutants have been reported by Kalinski et al. (1993) using

VES, Kirsch et al. (2003) using airborne EM method and Casas et al. (2008) using

ERT, showing the potentiality of this methodology.

9.4 Results and Discussion

The methodology has been tested at two different sites of Catalonia (NE Spain) that

have been classified as vulnerable zones. In the first one located at the Valls basin

VES has been used because of its wide extension, whereas electrical resistivity

tomography has been applied at the Empordà basin with the aim to delineate with

high resolution the lateral variability of vulnerability in a protected area. Figure 9.1

shows the location of both areas placed over the zones declared as vulnerable by the

Water Authority of Catalonia.
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9.4.1 VES Survey at Valls Basin

The study zone is located on the Alt Camp region (Tarragona), between the Gaià

and Francolı́ rivers and about 100 km south of Barcelona city covering a surface

around 320 km2. Morphologically, there is a wide plain disposed along a northeast-

southwest axis and limited by the ranges of the Catalan System.

An upper alluvial aquifer with high heterogeneity and anisotropy covers most of

the basin mainly in the flat areas and the sectors close to the Francolı́ and Gaià

Rivers where some fluvial terrace can be recognised. The alluvial deposits are

composed of gravels of variable sizes with high transmissivity values. The Plio-

quaternary aquifer is locally unconfined but in general the existence of clayey

layers generates hydrogeological barriers.

Because more than 60 % of the surface is dedicated to agricultural labour, high

amounts of nitrogenous compounds are found in groundwater from both aquifers.

Historically, the mean concentration of nitrate in waters of wells from the alluvial

aquifer of the Francolı́ River during the period 1969–1989 was around 15 mg/L but

now this value has been increased to near 50 mg/L. The nitrate concentrations in the

sampled wells show values that range from 3.13 y 138.3 mg/L, with the highest

values located near the villages of Vila-rodona and Vilabella.

Fig. 9.1 Location of the studied areas imposed over the zones declared as vulnerable in Catalonia
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Several resistivity surveys using VES have been conducted in the area by IGME

(Spanish Geological Survey) during 1981 and 1985. The VES were executed using

the Schlumberger array and the maximum current electrode spacing (AB/2) up to

1,000 m, aiming to obtain information about the thicknesses and resistivities of the

shallow subsurface and also the whole aquifer section. Typical VES apparent field

curves have been obtained but for brevity, only two field curves are presented here.

These are soundings 6 and 10 that represent two opposite models; whereas VES 10 is

a typical H curve showing a thick low-resistivity layer (Fig. 9.2, left), VES 6 show

intermediate resistivity values (approximately 150 O·m) over the high resistivity

layer (about 1,000 O·m) representing the unprotected aquifer (Fig. 9.2, right).

The results indicate that the subsurface consists of different geologic units such

as gravel and sand, interbedded with clay layers. The main results are related to the

characterization of the clay formations, which is revealed by low-resistivity values

(<50 O m) and sand layers associated with high-resistivity values (>600 O m)

depicted in the borders of the study zone.

According to the equivalence principle VES the inversion of the apparent

resistivity values to obtain a layered model has no-unique solution, in particular

for H and K type of curves. In the case of a typical H curve, like VES 10 the

ambiguity is mainly when the thickness and resistivity of the low resistivity layer

are analyzed, which is the most important for assessing the vulnerability in this site.

Effectively, the resistivity of the low resistivity layer that ranges from 18 to 26 Om,

and also their thickness that ranges from 14 to 18 m, keeps the error fit below 5 %

(Fig. 9.3, left). Nevertheless, in any case the longitudinal electrical conductance is

about 0.7 siemens, and then S values have been used for any VES.

The map of longitudinal conductance (Fig. 9.3 right) illustrates the protective

capacity of the overburden layer on the confined aquifer. In this illustration, values

of S > 1.0 siemens would indicate zones in which the confined aquifer would be

protected. In comparison, values of S < 1.0 siemens would indicate zones of

probable risks of contamination.

Fig. 9.2 Typical VES curve from a site well (left). Typical VES curve from a site where the

aquifer is non-protected against pollutants (right)
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9.4.2 ERT at Emporda Basin

The study area, located 100 km north of Barcelona, is constituted by a wide alluvial

plain, where two overlaying aquifer units are recognized. The upper aquifer, which

is less protected against pollution, is considered as a wide, unconfined aquifer

partially covered by silt and clay deposits that act as a protective layer. Their

lithological and hydrogeological characteristics fluctuate laterally, although fine-

grained sands and gravels prevail.

The thickness of the upper aquifer ranges from 12 to 22 m from inland to the

coastline. The estimated permeability is 500 m/day near the Muga River plain, and

about 200 m/day in the rest of the aquifer. The piezometric level is generally very

shallow with some surfaces covered by wetlands, making up a protected natural

park named ‘Aiguamolls de l’Empordà’.

To assess thickness and lateral extent of the protective layers over the aquifer, a

geoelectrical survey was conducted in the vicinity of the Sant Pere Pescador, where

several 2-D electrical resistivity tomography (ERT) profiles have been taken. The

programRES2DINV (Loke 2002)was used to invert the apparent resistivity values to

a resistivitymodel section. In thismethod, the subsurface is divided into cells of fixed

dimensions for which the resistivities are adjusted iteratively until an acceptable

agreement between the input data and the model responses is achieved, based on a

non-lineal optimization technique by least-squares fitting (Loke and Barker 1996).

The result of a standard smooth inversion of any ERT profile shows recognizable

layers of low resistivities at shallow depths. In each 2-D geoelectrical section, clayey

dominated layers can be easily identified due to the electrical resistivity contrast

with permeable sandy layers. Resistivities range between 10 O.m for the clayey

layers and 60 O.m for the unsaturated sandy layers. Three of the most representative

profiles are discussed here. The inverse model of profile 1 (Fig. 9.4 top) shows an

almost horizontal interface between low resistivity values in the upper part and

highest resistivity values at the bottom of the section. The thickness of the layers

Fig. 9.3 Equivalent models for a typical H type VES curve (left). Longitudinal conductance map

of the Valls basin (right)
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having resistivities lower than 20 O.m is more than 10 m. Conversely, the cross-

section displayed in the inverse model of profile 2 (Fig. 9.4 middle) shows a thin

and discontinuous low resistivity cover having a maximum thickness of 3 m. The

discontinuous character of the low resistivity layer (interpreted as a clayey layer) is

particularly evident on profile 3 (Fig. 9.4 bottom). In this case, the geoelectrical

cross-section shows how the conductive layer, perfectly visible at the left side on the

profile, decreases and almost disappears about 30 m from its origin.

9.5 Conclusions

The vadose zone over shallow aquifers plays a crucial role in protecting shallow

aquifers against pollutants. However, a detailed description of soil spatial distribu-

tion is generally difficult to achieve, as soil investigations preformed by drilling

Fig. 9.4 Inverted resistivity cross-sections obtained at the Alt Empordà basin showing different

vulnerabilities as a result of the thickness and lateral continuity of a low resistivity (clay

dominated) layer depicted in blue
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auger holes or trenching and laboratory analysis, are faced with both methodologi-

cal and financial constraints.

Vertical electrical soundings at regional scale, and particularly the electrical

imaging technique, are very well adapted to provide precise information about

depth, thickness and lateral continuity of clay-dominated layers that act as natural

barriers. Besides, geophysical methods are fast, cost-effective and non-destructive,

that means they provide subsoil information without drilling that could represent

the development of artificial pathways for transmission of pollutants to the aquifers.
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Chapter 10

Mapping Groundwater Vulnerability

in Guanahacabibes National Park,

Western of Cuba

C. Dı́az-Guanche, C. Aldana-Vilas, and H. Farfán-González

Abstract Guanahacabibes National Park is in the western part of Cuba and is

characterized by a very karstified relief in a coastal plain. Conformed by Pliocene-

Quaternary rocks, the karst is represented principally by a development of dolines,

cenotes, extensive karrenfield, and notable cavernament. The natural and ethno-

ecological values of this area are the principal criteria for defining the diverse

management categories that are confluent in these territories. In this area, studies on

seawater intrusion have been made previously, but the aquifer vulnerability to the

human activities is not realized yet. In this paper, a map on the vulnerability to

pollution was made as a tool to support the management plan. Due to the scarce

database, the EPIK method has been applied. The results show that high vulnera-

bility prevails, and low vulnerability is absent.

Keywords Aquifer vulnerability mapping • EPIK method • Cuba

10.1 Introduction

A groundwater vulnerability map is an efficient tool for management of water and

land use in any territory. Their principal utilities are related to the definition of

protection zoning and land-use planning, based on the relationship between water

protection and economic interests. However, the special characteristics of karst

aquifers, such as rapid infiltration and transport over long distances make them
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more vulnerable to contamination than other hydrogeological environments

(Ravbar and Goldscheider 2009; Zwahlen 2004). The assessment of the intrinsic

vulnerability of karst areas is difficult as the type and stage of karst development

and the related underground discharge behavior are difficult to determine and

quantify (Cucchi et al. 2008).

On other hand, accessibility to the database is very important criteria to deter-

mine the method to be applied. For this reason, and for the necessity of defining the

vulnerability of anthropogenic activity in the areas of Guanahacabibes National

Park, the EPIK method is selected. Although this method shows limitations

(Goldscheider 2002; Ravbar 2007), it has been applied under several contour

conditions at world level (Doerfliger et al. 1999; Tripet et al. 2000; Goldscheider

2002; Petrič and Šebela 2004; Barrocu et al. 2006; Farfán et al. 2009).

10.2 Geological and Geomorphological Setting

The Peninsula of Guanahacabibes constitutes an example of the recent geologic and

geomorphologic development with wide presence of Pliocene and Quaternary

carbonated rocks that have been modeled mainly by karst processes.

Stratigraphically, the base of the cut is mainly terrigenous, with some presence

of carbonated rocks (San Cayetano Formation and Esperanza Formation) of

terrigenous-carbonated composition with isolated intrusive bodies. Neither of

these two formations, belonging to the structure-facial Area of Guaniguanico,

appears in the area. Later there was a disagreement that embraces until the Oligo-

cene appears, when they settle the carbonated rocks, with some terrigenous content

(Paso Real Formation), those which do not appear in the area (Garcı́a et al. 1987).

Lying discordantly on Paso Real Rocks, the carbonated reef environment

constitutes the main nucleus of the emerged surface of the Peninsula; and the

rocks of more areal distribution (Vedado Formations) appear, and terrigenous of

continental alluvial origin, appears toward the east of the region (Guane Formation).

The age of both Formations is considered among the Superior Pliocene until the

Inferior Pleistocene. Rocks of Half Pleistocene to Superior age (Jaimanitas Forma-

tion), represented by biodetritus and coralline calcareous reef, lie on the Vedado

Formation, occupying the first marine terrace. With Half Pleistocene age, possibly

extending to the Superior, the biocalcarenite and oolitics rocks (Cayo Piedras

Formation) were found. Crowning the cut finds Holocene deposits of diverse

genesis (marines, biogenetics, eluvials, and secondary forms of carbonate of cal-

cium; Denis et al. 2005).

Its main morphological feature is the prevalence of naked and partially covered

karrenfield, associated with small covering dolines almost always of red soil and

dolines, mainly of dissolution and collapse, to those that associate caves in a

majority of phreatic origin, marine or phreatic-marine, with great influence of

vadose processes and very wide development of sufosive-karstics processes, with-

out the presence of superficial drainage. The area is an active karstified plain, where
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several characteristic types of relief are appreciated. Therefore, much emerged as

being submerged, as it is karst, assisting the engineer geologic classification

(Skwaletski and Iturralde-Vinent 1971), and keeping in mind the stratification, a

homogeneous massif for the composition of carbonated sequences, of deep drain-

age, for their age it can be classified as young, and for their relationship with the

surface, naked and partially covered (Denis et al. 2005).

10.3 Methodology

Mapping the intrinsic vulnerability of underground waters was carried out follow-

ing the multi-parameter approach EPIK (Doerfliger et al. 1999; Tripet et al. 2000),

which considers four factors to which are assigned a specific weight and a value for

each one of their criteria. The factors are:

• E (epikarst develop) is defined indirectly for morphological analysis by means of

photo interpretation to scale 1:33,600, topographical maps (1:25,000), geologic

maps (1:50,000) and field work.

• P (covered protector) is characterized by means of the soil depth, which is

closely related with the time of residence of the pollutants (Doerfliger et al.

1999). The used database was the Soil Map (1:25,000) and the geologic map

(1:50,000) this last one, for the presence of quaternary deposits that overlie the

aquifers.

• I (infiltration conditions): this parameter represents the concentrated or diffuse

conditions of the infiltration waters (duality of the recharge). However, it does

not include the recharge in terms of quantity or localization (Doerfliger et al.

1999). Its determination is carried out by means of the analysis of topographical

maps and fieldwork.

• K (develop of karst network): this factor defines the organization degrade of the

aquifer, playing an important role in the flow velocity and, consequently in the

vulnerability. The speleological exploration, geophysical methods and tracer

test, as well as the analyses of temporary series are the main sources of

information for the characterization of this factor.

The quantification and evaluation of the vulnerability is carried out by means of

the application of Eq. 10.1, being obtained with the help of the SIG, the protection

factor Fpi, being defined as the vulnerability classes such as (Table 10.1):

Fpi ¼ aEi þ Pi þ gKi (10.1)

Where: i ¼ 1,.., n is the value of the cell of the gid; Ei, Pi, Ii, Ki ¼ weight

assumed in the cell i; a, b, g ¼ relative weight of the attribute (constant for
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each attribute); Fpi ¼ factor of protection of the cell i, the smallest protection factor

calculated for any cell i shows the biggest vulnerability in the aquifer.

In all the parametric techniques the subjectivity in the selection of rating and

weights related to the parameters is inevitable. This subjectivity affects notability in

the final result. In such a sense, sensitivity analysis provides valuable information

on the influence of rating values and weights assigned to each parameter and help

the analyst to judge the significance of subjective elements (Gogu and Dassargues

2000). For the application, a concept of unique subarea conditions is used. “Map
removal” and “Single parameter” sensitivity analyses were performed. Sensitivity

of removing one or more maps can be expressed using Eq. 10.2 (Lodwik et al 1990):

SXi ¼ Vi

N
� VXi

n

����

���� (10.2)

Where: SXi: sensitivity (for the ith unique condition subarea) associated with the

removal of one map; Vi: Vulnerability computed using Eq. 10.1 on the ith subarea;

VXi: Vulnerability of the ith subarea without considering parameter X; N an n:

number of maps used to compute Ri and RXi,, respectively.

The variation index measures the effect of the removal of each parameter. The

magnitude of the variation created by removal of one parameter was computed

using Eq. 10.3 (Gogu and Dassargues 2000):

RXi ¼ Vi � VXi

Vi
� 100 (10.3)

Each parameter contributes with an effective weight to the vulnerability. The

single parameter sensitivity analysis compares the effective weightings of the each

input parameter with the empirical weighting assigned by the analytical model

(Napolitano and Fabbri 1996). The effective weighting can be calculated for each

subarea using Eq. 10.4:

WXi ¼ XVi � XWi

Vi
� 100 (10.4)

Where XVi and XWi are, respectively, the raring and the weighting values for the

parameter X assigned in the subarea i. Vi is the recharge computed in Eq. 10.1.

Table 10.1 Vulnerability

class and protection factor

(Doerfliger et al. 1999)

Vulnerability class Protection factor

Very high F � 19

High 19 < F � 25

Moderate F > 25

Low F > 25; P ¼ P4; I ¼ I3,4
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10.4 Result and Discussions

In the area, very high and high vulnerability occupies approximately 80 % of the

area (Fig. 10.1). These vulnerability classes were found in carbonate karst aquifers,

with different karstification degrees. Very high vulnerability areas occupy 16.72 %

of the area and it is associated with extensive karrenfield, dolines and cenotes,

directly connected to the groundwater. High vulnerability is the mostly extended in

the territories (63.13 %). In this area karst development is moderate, principally

associate with fissured and dissolution features.

In the area of Moderate vulnerability (20.15 %) is found karst development,

which is incipient. In this area alluvial deposits are found.

To this resultant map, sensitivity analysis is applied to define the influence of

each factor and calculate the real weighting in the area. A result of map removal

sensitivity analysis is shown in Table 10.2.

Gogu and Dassargues (2000) in small karst aquifers in southern Belgium found

that E factor is more sensible that I factor. However, the relative influence on the

Fig. 10.1 Vulnerability maps of Guanahacabibes National Park
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final vulnerability map in Guanacahabibes area is I > E > K > P. This shows that

the sensitivity analysis varied with the study area. The EPIK method is very

sensible to remove factor I, due to the criteria that define the duality of recharge.

The other factor shows similar sensitivity to removing, with a range of 0.17

between them. The variation indexes of each parameter are always positive,

which suggests that the exclusion of any parameter reduces the recharge, which,

therefore, increases the computation.

The single parameter sensitivity analysis shows some deviations between the

empirical and real weighting (Table 10.3). Parameters E, P and K are overvalued.

The real importance of infiltration is major in this particular analysis, which was

assigned in the original method. In the analysis, it is deducted that the result of

vulnerability index is dominated by factor I with an average of 4.18 (46.49 %)

against the empirical weighting of 3 (33.33 %). The spatial distribution and the

relationship between four parameters are factors, which determine the final real or

effective weightings.

As the single parameter sensitivity analysis defines the real weighting of each

factor in the area, the results are used for the assessment vulnerability map. Two

resultant maps, one with the average of real weighting and other with the real

weighting in each cell are shown in Fig. 10.2.

The results show a notable difference in the final maps, especially when the

average value of the analysis is used. As a point Farfán et al. (2010) defines an ideal

weight by means that the average is slightly effective and shows similar and not

more efficient results. In this case the use of average reduces the very high

vulnerability areas in sectors when karst landforms as dolines and cenotes with

Table 10.2 Statistics of map removal sensitivity analysis

Parameter Average Minimum Maximum Range Standard deviation

E 296 2 3.91 1.91 0.79

P 2.79 2.08 3.75 1.67 0.5

I 3.27 2.67 3.91 1.24 0.48

K 2.83 2 3.91 1.91 0.74

Table 10.3 Statistics of single parameter sensitivity analysis

Parameter

Empirical

weighting

Empirical

weighting

(%)

Effective weighting (%)

Average Minimum Maximum Range

Standard

deviation

Real

weighting

E 3 33.33 29.41 15 42.86 2,786 9.27 2.65

P 1 11.11 7.98 4 12.5 85 2.93 0.72

I 3 33.33 46.49 33.33 60 2,667 9.42 4.18

K 2 22.22 16.12 9.09 31.58 2,249 6.65 1.45
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direct relationship with the water table are found. However, the use of the real value

in each cell shows a best approach, but shows too little difference in the high

vulnerability areas.

10.5 Conclusions

The EPIK methods are applied from the assessment vulnerability map of Guanaca-

habibes Peninsula, due to easy realization and taking into account the accessible

database of the area. The first result shows that more than 80 % of the area has very

high and high vulnerability. Low and very low class are completely absent, due to

the hydrogeological units and especially karst development.

For determining the susceptibility of each parameter, a sensibility analysis is

realized. The analyses show that the infiltration parameter has major influence in

the final map, in contrast to protection cover with a slow influence.

The vulnerability map of the Guanahacabibes National Park has provided useful

information for planning activities at a regional level. The next step of the research

is to acquire data on the chemical and physical parameters of the studied area and on

the land use in order to realize a map of the hydrological risk of the area.

Fig. 10.2 (a) Vulnerability map using the average of effective weighting. (b) Vulnerability map

using effective weighting in each cell
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Chapter 11

First Outcomes in the Application of PaPRIKa

Method to Assess Aquifer Vulnerability

in Tropical Karst Mountain: Santo Tomás

Watershed: Viñales National Park, Cuba

H. Farfán-González and V. Plagnes

Abstract For Protected Areas, the vulnerability of groundwater maps are highly

desired as management tools, because they help in delimiting protection zones, in

classifying their importance, and thus show where most management attention is

required. From karst terrains, due to their high hydrogeological complexity, several

methods that take into account their intrinsic properties have been developed.

Recently, and as a logical evolution of EPIK, PaPRIKa method has been developed

from the definition of protection criteria in karst aquifers in France. In the present

paper, the PaPRIKamethod is applied to aquifers in a tropical karst mountain – Santo

Tomás watershed –west of Viñales National Park, Cuba. Due to the flexibility of this

multi-criteria method, four resultant maps based on different weighting systems,

defined different scenarios of vulnerability. In the karst reservoir the variability is

more noticeable; however, the statistical comparison analysis shows that high and

very high vulnerability are common. The variation in the result is more evident in the

moderate and low vulnerability. For the validation of each vulnerability resultant

maps and to determine the best approach, a multi-tracer test is necessary.

Keywords Protected areas • Groundwater vulnerability mapping • Tropical karst •

PaPRIKa method • Cuba
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11.1 Introduction

Initially, the term “vulnerability of aquifers” was used without any definition, but it

does refer to susceptibility of the aquifers affected by anthropogenic contamination

(Foster et al. 2002). Although the vulnerability of aquifers is very difficult to define

as it cannot be measured or directly obtained in the field (Vrba and Zaporozec

1994), nowadays, their mapping is a very important management tool.

In karst aquifers the problems of assessing groundwater vulnerability are more

complex, due to their high heterogeneity and anisotropy as a direct consequence of

the duality of the hydrological processes. Other characteristics are good indicators

of the susceptibility to pollution as: high distribution of permeability; the strong

connection between the superficial and subterranean drainage subsystems; the

variability of response to stimulus depending on the inertial characteristics of the

system; the temporal inversion of the hydraulic gradient and the presence, in many

cases, of a discontinue surface, the presence of epikarst, with functions of storage

and regulation of flow in the unsaturated zone; and the resident time is frequently

very short and with a limited interaction with the media, where a good part of the

attenuation processes is not sufficiently effective (Zwahlen 2004; Molerio 2002;

Farfán et al. 2009; Ravbar 2007; etc.).

For these reasons, in recent times, several methods that take into account these

specific properties for best estimation to groundwater vulnerability mapping in karst

territories have been developed. The most important results are achieved in the

COST Action 620, where the bases for vulnerability and risk mapping to European

scale are resumed (Zwahlen 2004). Most recently, and as a logical evolution of

EPIK, the PaPRIKa method has been developed for the definition of protection

criteria in France karst aquifers (Dörfliger and Plagnes 2009; Plagnes et al. 2010).

Especially for protected karst areas, mapping vulnerability is a very useful tool

because they help in delimiting protection zones, classify their importance, and thus

show where most management attention is required (William 2008). In the present

paper, the PaPRIKa method is applied to aquifers in a tropical karst mountain –

Santo Tomás watershed – west of Viñales National Park, Cuba. Due to the flexibility

of the method, four resultant maps based on different weighting systems, defined

different scenarios of vulnerability.

11.2 Description of the Site

The Santo Tomás watershed is part of the Sierra de los Órganos, in western Cuba.

It is characterized by a typical tropical karst developed in Jurassic – Cretaceous

carbonate rocks. The typical landscape presents low karst denudated mogote-type

mountains, marginal poljes and dolines, and a development of extensive karrenfield

and caves.

Geologically, three deposits are recognized. One terrigenous, corresponding to the

oldest deposits in a Jurassic delta complex formed by sandstones, clays, schists.

Unconformably, above these deposits, the massive or grossly stratified limestones
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are present (Upper Oxfordian – Lower Tithonian), and another terrigenous with

olistostromic character (Middle Eocene), produced by turbidites associated with

overthrust of the complex at Cretaceous Arc over Guaniguanico deposits. An Upper

Pliocene – Upper Pleistocene marine transgression determined the formation of an

alluvial plain, and deposition of the terrigenous material. Further alluvial and eluvial

deposits of recent age complete the stratigraphic setting of the area (Farfán et al. 2010).

Sierra de Quemado is an anticline fold with a charnel of 30� of direction and with
an axial plane practically vertical in their SW position that buries itself in a NE

direction. It is a fold in which axis has been deformed by the differential movement

of the principal tectonic event in the geological history of the region, the emplace-

ment of tectonic mantel from SE, and maybe due to the posterior development of

Pinar Fault, represented then, as a structure of second order (Morales 2010).

From the groundwater viewpoint the area belongs to the Cuyaguateje basin, and

consists on five sub-watersheds of the asymmetric dendritic type: Santo Tomàs,

Peñate, el Bolo, la Tierra, and los Cerritos. The waters from the five sub-watersheds

join in the Sierra de Quemado to give origin to the Gran Caverna de Santo Tomás

(46 km), the longest one in Cuba, composed of seven cave levels of galleries, and

with a potential of some 70 km of development within the subterranean system of

Sierra de Quemado, as demonstrated by tracer tests (Molerio 2004). The Gran

Caverna de Santo Tomás has a hydrologically active level (the lower one), two

seasonal levels: occasional or episodic functioning, and four fossil levels. Several

permanent lakes, mostly fed by autochtonous water, are present in the seasonal

levels of the system. The main discharge occurs with the river Santo Tomás,

integrated by allogenic inputs (Farfán et al. 2010).

11.3 Methodology

PaPRIKa is a multi-criteria method based on index and weighting system. The name

is the acronym of: “Protection of karst aquifers based on their Protection;Reservoir;

Infiltration andKarstification degree”. This method consists of resource and source

mapping. In this paper only the vulnerability of the resource method are made.

The four attributes of PaPRIKa were defined regarding the structure (P and R

criteria) and hydrogeological behavior (I and Ka criteria) of karst aquifers (Plagnes

et al. 2010). The weighting of four criteria is equal to 1. The system of weighting is

very flexible, but the total sum of the weight at the structure is always equal to 0.4

and the total weight at the hydrogeological functioning is equal to 0.6, to put more

emphasis on the special behavior of this type of aquifer. For the swallow hole basin,

only P and I are evaluated, and always with the same weight of 0.5 from each

criteria. The degree of vulnerability is quantified by an index that is the sum of the

products of each parameter weight in this rating. The distribution of the vulnerabil-

ity index within five intervals of the same magnitude allows the specification of the

different vulnerability classes of the PaPRIKa method. The four Eqs. 11.1, 11.2,

11.3 and 11.4 used to assess vulnerability in the karst reservoir in present studies are:
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V ¼ 0:2Pþ 0:2Rþ 0:4I þ 0:2Ka (11.1)

V ¼ 0:25Pþ 0:25Rþ 0:25I þ 0:25Ka (11.2)

V ¼ 0:2Pþ 0:1Rþ 0:4I þ 0:3Ka (11.3)

V ¼ 0:2Pþ 0:2Rþ 0:5I þ 0:1Ka (11.4)

The results of the four equations have been compared by statistical methods.

The relation between the factors and each index of vulnerability can be obtained

statistically using the correlation coefficients (Vı́as et al. 2010). In the present study,

the determination coefficient (square of Pearson’s correlation coefficient) was used to

measure the variability in the distribution of each PaPRIKa index resultant, respect

ting the distribution of each criteria score.

11.4 Results and Discussions

The vulnerability maps using the PaPRIKa index (Fig. 11.1) have been made by

overlaying the four criteria with different weigh systems according to the original

method (Dörfliger and Plagnes 2009), by a GIS analysis (ArcGIS 9.3). For the

Protection (P) shape the geological map of the area to scale 1:50,000, the soil map

(1:25,000) and thewater tablemap (1:25,000)-this last one used to determine the depth

of unsaturated zones – were used. Reservoir (R) criteria is estimated by the geological

map, and the Infiltration (I), was determined using a digital elevation model (DEM) of

the region (1:25,000) reclassified in the corresponding intervals, the interpretation of

the topographical map (1:25,000) and aerial photos (1:33,600). Karstification (Ka)

criteria are mapped by speleological topography and the result of the tracer test

(Molerio 2004).

The applications of the PaPRIKamethod show the spatial variability of the physical

proprieties field in the Sierra de Quemado reservoir. The areas of alochtonous flow

(annex basin), when the superficial runoff are developed, is considered as high and

very high vulnerability, because the drainage enters directly to the reservoir via

swallow hole, and the same criteria and weighting from the calculus is used. In the

karst reservoir the spatial variability in each application is more noticeable, because

the four criteria are used, with different weighting systems. Very low vulnerability

only differs in the version 3 from the application, and it is the one that has larger spatial

variability and homogeneous distribution of the vulnerability. Several areas of very

high, high and moderate vulnerability are common for the four application; however,

the second version that was carried out with the same weight for each approach

presents a remarkable prevalence of the high vulnerability, where the approach Ka

defines the areas of very high vulnerability.

The zoning of the vulnerability classes by PaPRIKa in each different scenario is

defined by the criteria regarding the hydrogeological behavior. The statistical analy-

sis performed to the PaPRIKa criteria reassures the importance of Factor I showing
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their high influence on each final map. However, in PaPRIKa v2, these criteria show

the lowest correlation, motive by the weight system used in the calculus.

The influence of the other criteria is very low without remarkable influence on

the final maps (Table 11.1).

This aspect is motivated by the strong karstification where the most important karst

landforms are dolines and karrenfield. In these areas, when the soil is incipient and

karst landforms are remarkably developed, the vulnerability is generally Very High

and High. The criteria of structure do not show a notable influence on the result. This

aspect is motivated by the homogeneity of the reservoir and the unsaturated zone,

although in the P criteria, the thickness is perhaps very influent in some specific areas.

The same analysis is applied to define the spatial relationship between the different

vulnerabilitymaps. The coefficients of determination show a strong spatial correlation

between the applications, except fromPaPRIKa v2 and PaPRIKa v4ðr2 ¼ 0;191Þ, due
to the notable difference in the weight systems. From PaPRIKa v2, the same weight is

used and the spatial variability of the vulnerability is more limited to the rating values.

The statistical and visual inspection allows only the defining the spatial relation-

ship between the criteria used in the confection of each vulnerability map and the

final maps.

Fig. 11.1 Result of the application of PaPRIKa method for vulnerability of karst aquifers in the

Santo Tomás watershed, Viñales National Park, Cuba
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11.5 Conclusions

The PaPRIKa method is applied for the first time in the aquifers of a tropical karst

mountain in Cuba. In each approach, the differentiation of the vulnerability is

conditioned by the infiltration criterion (I) that is related to the hydrogeological

behavior. Although for visual inspection the different results show differences, the

statistical correlation between the different approaches shows a high spatial corre-

lation, except from the PaPRIKa v2 and PaPRIKa v4. This is sustained by the

notable difference in the weight systems. However, the results of the different

weight criteria show the spatial variability of the vulnerability in the reservoir.

Future analyses in the area should be directed to the validation by a multi-tracer test

in several points and different hydrological conditions for the definition of a

response plan against any contamination events.
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Chapter 12

Assessment of Groundwater Protection Zones

at the Viñales National Park, Cuba

H. Farfán, J.L. Corvea, and I. de Bustamante Gutiérrez

Abstract Because of the detection of several pollution hazards in the park area and its

surroundings, groundwater protection in theViñalesNational Park has been defined as

a priority in its Management Plan for the next 5 years (2009–2013). These hazards

directly affect the surface waters, and the karst nature of the territory allows the

contaminants to enter directly to the aquifers without any or almost negligible self-

depuration processes. In turn, these can affect very large areas in a short time. In this

paper several results of precedent studies related to the vulnerability, hazards, risk, and

the mapping of the spatial variability of natural recharge are integrated in a GIS

analysis. Themethodology is based on Jimenez-Madrid et al. (2010) slightlymodified

in this contribution. The analysis of hydrographs, chemographs, mathematical models

and tracer tests become necessary for the definition of a response plan against any

contamination events and formodel validation, together with the incorporation of data

related to the energetic responses from the aquifer system to external forcing.

Keywords Pollution hazards • Groundwater protection • GIS analysis • Cuba

12.1 Introduction

The protection of groundwater requires a holistic knowledge based on the exhaustive

perception of the behavior of aquifers. In the case of karst aquifers, the problem of the

definition of the protection perimeters ofwater resources is evenmore complex, due to
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the duality (diffuse and concentrate flow) of the organization of runoff due to the

heterogeneity and anisotropy of the flow domains. Evenmore, if it is treated or defined

as a binary (hybrid) system, allogenic waters enter the system in a concentrated flow

path through swallow hole, ponors or caves and are mixed with the autochthonous

waters percolating within the limits of the karst system. Because of this hydrological

complexity, the definition of the adequate approach for the protection perimeters of

water resources cannot be defined by conventional techniques but by new approaches

accounting for the specific properties of karst systems.

The Sierra de los Órganos is one of the most singular scenarios of Cuban karst with

an exceptional development of the cone and tower karst (kegelkarst) in Jurassic-

Cretaceous rocks. In this mountainous massif where the tower karst (locally named

mogotes) is broadly represented, several binary (hybrid) karst systems coexist.

Because of their geomorphologic, biological and aesthetic values, several protected

areas of different categories have been declared. Themost representative of them is the

Viñales National Park, with notable scientific, historical, natural and aesthetic values.

Farfán (2010) has summarized the state of knowledge of the Viñales National Park

hydrogeology. The integration of several hydrodynamical, hydrochemical, tracer

tests, self-purification capability of underground waters, vulnerability, the inventory

of themain polluting sources and the chemical quality in the Santo Tomás watersheds,

protection zones have been defined and validated by Farfán et al. (2010c).

However, the necessity to extend this approach to the whole Viñales National

Park is one of the priorities of the protected area.

This contribution integrates the results of the previous hydrogeological

investigations in a map that shows the protection zones of Viñales National Park

(Aldana et al. 2007; Dı́az and Farfán 2007; Farfán 2010; Farfán et al. 2005, 2009,

2010a; Molerio 1995, 2004; Molerio and Flores 2003, etc.), in an attempt to define the

appropriate strategies of water management and land use. Some consideration about

the convenience of incorporating to the Jiménez-Madrid et al. (2010) data method

related to the energetic response to the aquifer systems to external forcing is discussed.

The complementary analysis of hydrographs, chemographs, simulation models and

tracer test is necessary for the proper definition of a response plan against any

contamination event and for the model validation.

12.2 Description of the Site

Viñales National Park is a protected area that comprises a remarkable number of

natural, scientific, historical and aesthetic values. Twoof themare theGranCaverna de

Santo Tomás (NationalMonument) and the Viñales Valley, declared by the UNESCO

“Cultural Heritage” in 1999.

It is located in the Center-oriental region of Sierra de los Órganos, where one of

the most spectacular exponents of residual tropical karst of mountains in Jurassic-

Cretaceous carbonated rock is development. The karst is classified as conical and
towers in complexly folded and failed heights, constituted by potent strata of
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carbonated and not carbonated rocks, with complex alpine tectonic features

(Núñez et al. 1965) that are manifested with the presence of tectonic nappes.

The geomorphology of the region in the strictest sense, consists of a genetic

complex of the structural relief and fluvio-karst of calcareousmountains andmogotes,

where the positive forms of landforms have polihydraulics contours. They could be

petrogenic, but basically they reflect the regional fissure pattern and present the

disposition of lengthened partitions and are parallel to the direction of the layers

(Gutiérrez 1995).

The relief has been classified as low karstic-denudative mountains of structure-

karstified type, in those that stand in particular landforms as: the isolated mogotes

(hum), chain mogotics (mountains), poljes and dolines (marginal and interiors);

extensive karrenfields in their most varied dimensions and morphologies, as well as

a huge cave development (Dı́az 1999).

In the Sierra of theOrgans, in general sense, the direction of undergroundflow takes

place as a consequence of the transfluence and transcurrents of the superficial, and

partially underground drainage networks, and also as a result of the discharge of an

autochthonous flow bag that constitutes a peculiarmodality of drainage. The recharge,

movement and discharges ofwaters aremade through the karst landforms,many times

connected in united circuits. The most important conduction landforms are direct

cavities of allogenic and autochthonous flow,while the emission landforms aremainly

of allogenic flows that generally discharge on the fluvial valleys (Molerio et al. 1997).

On the other hand, in this area, they are the biggest Cave Systems of Cuba and

probably of The Antilles, with a rich fauna of vertebrate fossils and a remarkable

number of archaeological evidences. These are the cases of the GranCaverna de Santo

Tomás (46 km), Palmarito-Novillo-Pan de Azúcar Cave System (48 km), the Guasasa

Underground System (15 km), the San Vicente System (6 km), among others.

12.3 Methodology

The methodology of Jiménez-Madrid et al. (2010) for the definition of the ground-

water protection zones for human consumption was slightly modified in this paper.

The methodology consists of three stages. Two of them, as shown below were

applied. The third was not taken into account because the recharge areas of most

springs are not well defined.

• First stage: Zoning is obtained bymeans of risk assessment. For the evaluation of

the intrinsic vulnerability the PC method was applied. PC method is a simplifica-

tion of COP method, where only C (P in this approach) and O factor are valued

due to the different levels of knowledge of the local aquifers in the area. This

approach is more extended than the Duality Method (Nguyet and Goldsheider

2006). From pressures (hazards) the classification of Nguyet and Goldsheider

(2006) is assumed. As a result of this step, the first zoning has been defined.

• Second stage: Evaluation of aquifer recharge of the area, based on the APLIS

method (Farfán et al. 2010b), developed specifically for carbonated aquifers

(Andreo et al. 2008; Marı́n and Vias 2010). A second zoning is obtained by
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means of the overlaying of the result obtained in the first stage and the mapping

of the spatial distribution of recharge Fig. 12.1.

The results of each stage are grouped into four zones following the protection

approaches (Jiménez-Madrid et al. 2010):

• ZONE A: Safeguard zone with heavy restrictions.

• ZONE B: Safeguard zone with moderate restrictions.

• ZONE C: Safeguard zone of future prevention.

• ZONE D: Safeguard zone not established.

12.4 Result and Discussions

12.4.1 Groundwater Protection Zones in Viñales National Park

Table 12.1 shows the area occupied by each protection zone. The vulnerability map

(Farfán 2010) shows that all the karst aquifers exhibit a very high and high

vulnerability while the sectors of karst valley and territories of terrigenous rocks

shows low and very low vulnerability. Pressures are represented by high hazards in

the sector where urban development and punctual sectors when untreatable

wastewaters exist. Several areas with agricultural use and diffuse contamination,

specifically by nitrates, are classified as medium or moderate pressures. In the area,

extensive and intensive agricultures exist, and approximately 1 ton/ha/year of

Fig. 12.1 Used methodology. Modified from Jimenez-Madrid et al. (2010)

106 H. Farfán et al.



chemical fertilizer (NPK complete formula) is used in the soil dedicated to tobacco

crops (Farfán et al. 2010). The rest of the area is defined as low pressure because no

anthropogenic activities of potential contamination are developed.

The combination of these two maps gives the first zonation. Zones of future

prevention and unestablished zones prevail (94.95 % of the territory). In this first

zoning (equivalent to a simplified risk map) heavy restriction is very scarce and

moderate restrictions are found principally in sectors where high vulnerability and

moderate pressures spatially coexist.

The evaluation of the spatial distribution of natural recharge in the area (Farfán

et al. 2010b) is superimposed to the first zoning to obtain a final result. A notable

difference between the two zonings is observed. For example, Zone A (heavy

restrictions) is almost absent in the first approach, while in the second it occupies an

area equivalent to 10 % of the territory. This is remarkable in Fig. 12.2. The smallest

variation is observed in Zone D, because it is associated with low productive aquifers.

Heavy restrictions are required for 9.10 % of Viñales National Park. These

sectors are mainly associated with zones where moderate and future prevention

zones and moderate and very high-high recharge converge, respectively.

They are associated with the development of the naked karst with extensive and

very well developed karrenfields and with a great number of dolines (mainly col-

lapsed). In some cases, they are linked to the active or seasonal levels of groundwater

development. In these areas, epikarst is remarkably developed, while the soil is little

developed or nonexistent. These are also themain points of absorption of the allogenic

recharge, constituted by the swallow hole of absorbent cavities of allochtonous flow

that conform each underground system. Some sectors of the Viñales Valley, due to the

scarce development of the soil, can also be areas of scarce protection.

Moderate restrictions occupy an area of 41 %, and it is associated essentially to

zones in Zone C and moderate recharge. In these areas, karst development is not so

representative, and only some dissolution features are present. On other hand, in some

areas of the poljes and adjacent valleys, where the agricultural development is notable

and the vulnerability is from moderate to high, moderate restrictions are present.

For the zone of Future prevention (17.95 %), it is very different in the carbonate-

terrigenous aquifers, and in some areas of the karst valleys and marginal poljes

when deeper soils are developed. In these areas, no pressures are observed. Areas of

stream development in non-carbonated rocks show similar zoning criteria. In the

unestablished zone (31.39 %), it is associated with aquifers with scarce resources

composed of shales and silts.

Table 12.1 Percent of the territory occupied by each one of the zoning stages, for the delimitation

of the protection zone

Protection zones

Heavy restrictions Moderate restrictions Future prevention Not established

First zoning (risk) 0.10 5.95 51.71 42.24

Second zoning 9.66 41.00 17.95 31.39
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12.5 Conclusions

Based on the methodology proposed by Jiménez-Madrid et al. (2010) a first approach

to zoning groundwater protection of water resources in Viñales National Park is

realized. The slight modification of the method allowed a better approach to zoning

safeguard zones in the territory. Due to the karst nature, approximately 50 % of the

territory requires strict andmoderate protection. The binary behavior of the main karst

system makes very complex the differentiation of the areas of the spring’s basins,

especially, due to the presence of annexed systems of recharge and diffuse drainage.

Nevertheless, it is necessary to extend the studies to potable water sources based on

a best definition of the hydrogeological structure of the aquifer systems. For this

assessment it is necessary take into account the karst network development and the

subsequent determination of the inner and outlet zones. On other hand, for a better

performance of a good response plan against contamination events, the energetic

response of the aquifers, based on hydrograph and chemographs analysis, is necessary.

These analyses, together with mathematical models tracer tests in different hydrologi-

cal condition and geophysical methods can help in the validation of the methodology.
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In: Andreo B, Carrasco F, Duran JJ, LaMoreaux JW (eds) Advances in research in karst media.

Springer, Heidelberg/Berlin, pp 19–25

Farfán H, Corvea JL, de Bustamante I (2010c) Zonas de Protección de las aguas subterráneas de la
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Chapter 13

Flood Hazard Mapping of the Yeltes River Basin

for Planning of Natural Spaces “Los Batuecas-

Sierra de Francia” and “Quilamas” and Their

Area of Influence (Salamanca, Spain)

A.M. Martı́nez-Graña, J.L. Goy-Goy, and C. Zazo Cardeña

Abstract This paper presents a flood risk assessment of the Yeltes river basin (SO

Salamanca, Spain), where the flooding and river overflow processes can lead to loss of

life and property. The risk is determined by GIS and remote sensing techniques, based

on the hazard map computed by a cartographic procedure comprising historical,

hydraulic and hydro-geomorphological methods. The geomorphological method

implements precise hydraulic modelling to establish the variations in the geometry

of the canal in times of flooding and the contour conditions in general, defining

geomorphologically active areas. The flood risk maps take into account the exposure

and vulnerability, identifying areas with different degrees of risk and the need for

protective measures (mainly structural). The existence of structural measures for

prevention and mitigation have been taken into account, as they validate these risk

maps, which themselves are non-structural measures and tools for effective planning

and management of natural spaces.

Keywords Flood risk assessment • Hydraulic and hydro-geomorphological

methods • Hydraulic modelling • GIS • Remote sensing • Salamanca • Spain
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13.1 Introduction

Water is a necessary and beneficial resource for society. Since primitive times, this has

led people to settle in the alluvial plains, where optimum features for their needs were

found: fertile soils, flat topography and water availability. As of this occupation,

inundations or fluvial overflow processes led to loss of human lives and material

goods, so the overflow risk is considered on the basis of thefloodprocesses exceeding a

certain threshold. An extraordinary runoff causes fluvial overflow when the flow

exceeds the drainage channel capacity and water occupies the floodplain, which is a

natural hydro-geomorphological phenomenon formed by the river to withstand or

absorb flooding.

From the late nineteenth century, industrialisation gave rise to occupation of the

floodplain and the resulting expansion of urban areas to lower river basin zones,

leading to a social demand for structural or non-structural measures to protect against

the risk of flooding. To this end, flood risk maps and cartography of isobaths and

isotachs were drawn up for the Yeltes river basin within the Duero basin (Fig. 13.1),

integrated in a comprehensive risk mapping in the area of influence of the natural

spaces of Las Batuecas-Sierra de Francia and Quilamas. The implementation of

protection measures (mainly structural) creates a “false sense of security” that

intensifies land use, so the degree of development of a society grows in inverse

proportion to its vulnerability. It is therefore necessary to establish an analytical

methodology to help solve environmental and urban development flood risk problems,

especially in natural spaces and adjacent areas.

Fig. 13.1 Study area
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13.2 Methodology

The methodology to be followed is based on establishing a mathematical model, in

which a set of parameters (maximum rainfall, precipitation threshold, design flows

according to return periods) required for flood risk modelling is obtained by calcula-

tion procedures. Basically, the combination of these parameters in the Yeltes river

system is used to represent reality in a simplified form (Joly 1988). This procedure

is used to assess the overall system performance, in this case fluvial, applying several

hypothetical scenarios based on the common or fractal parameters that identify

the system.

The flood risk analysis of the river Yeltes was performed estimating the risk of

flooding from the hazard, exposure and vulnerability to flood or overflow processes

in the margins of the river channel Yeltes. The hazard analysis is approached using

three complementary and integrated methods: Historical Method, Historical-

Hydraulic Method and Geomorphological Method Diez Herrero (2003).

The historical method (Fig. 13.2) is based on analysis of overflow and flooding

events to establish hotspots that have been identified in different maps, or in databases,

showing the floodwater heights reached, flow records, news in themedia, photographs

of events, etc. (IGME 2004). The regional problems of flooding over time are deduced

from the study of historical floods in order to analyse the problems identified under

current conditions and extrapolate the best solutions. The task thus consists of locating

the zones most frequently hit by floods and collecting, classifying and organising the

data collected to define the main causes that led to flooding, themost frequent types of

damage and their relative magnitude.

This historical analysis cartographically locates floods of varying severity, both

in time and space, including the affected area, flood date, duration, possible causes,

damage attributable, solutions and remedies attempted after its occurrence and, of

course, the sources from which data were obtained. In the case of the river Yeltes,

the data are gathered from locations in the middle and lower reaches of the river

where the runoffs from upstream tributaries accumulate, with low density popula-

tion centres, and where the temporary incapacity of the main river to transport the

flows brought by the floods leads to overflows. Proof of this is the presence of

protective works in the form of defences (walls and ditches) that often collapsed

during flooding, exacerbating the problem.

Finally, a map of historical floods was drafted for the Yeltes basin, based on

historical records, showing the risk of flooding where the river Yeltes runs through

Fig. 13.2 Historical method procedure
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the town of Alba de Yeltes, Aldehuela of Yeltes, Puebla de Yeltes and its tributary

Gavilanes as it passes through Sancti-Spiritus.

The Hydrologic-Hydraulic Method is a quantitative approach widely used in

flood risk studies. Themethod is performed in two stages (Fig. 13.3): the first consists

of hydrological modelling based on statistical flow analysis (graphic fit, parametric

fit. . .), and hydrometeorological methods (rational method). In this initial stage, the

overflows or peak flows carried by the river along its course are calculated.

In the second stage, hydraulicmodelling is carried out, which can be set according

to different levels of complexity: single-phase/two-phase, one-dimensional/two-

dimensional, even/diverse, seasonal/variable. The aim of this second phase is to

determine the water surface heights and flow speeds reached when circulating in a

given channel.

To analyse the flood risk in the Yeltes river basin, it is necessary to know the

maximum flow rates to subsequently be able to perform the hydraulic modelling with

this contour condition. To determine these flows, given the absence of appraisals in the

study area, hydrological modelling was done previously. Rainfall-runoff models were

used in which, on the basis of analysis of the rainfall and physical characteristics of the

basin, the maximum daily precipitation values are transformed and grouped by return

periods into flood flows bymeans of the deterministic aggregation approach known as

Modified Rational Method (Témez 1991). The flow calculation was done for each of

the tributaries of the river Yeltes, considering these sub-basins independently. For this

hydrological analysis with ArcGis 9.2, two extensions are used: “Arc HydroTools”

and “3D Analyst”.

Fig. 13.3 Hydrologic-hydraulic method procedure
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The geomorphological method (Fig. 13.4) allows the wet perimeter of the different

return periods to be specified, based on the analysis of different forms and deposits

associatedwith the channel (Pinter et al. 2001), aswell as any possible paleoinundation

events that could be determined from the geological record or elements revealing the

height of the water layer in the field after a flood, such aswaste materials that “floated”

on the water surface and became trapped by vegetation as the flow subsided.

13.3 Results and Conclusions

From the corrected precipitation values, obtained from raster rainfall maps according

to tributaries and return periods, the parameters necessary to determine the rainfall

intensity are calculated, such as: the hourly-daily rainfall intensity ratio and a series of

basin-specific parameters for the calculation of concentration time. The intensity is

then calculated for return periods of 10 years, 50 years, 100 years and 500 years.

Finally, the different design flows are used to estimate the extent of the water surface

for each return period considered, obtaining the risk mapping (Fig. 13.5).

Fig. 13.4 Geomorphological method procedure

Fig. 13.5 Yeltes river basin flood mapping by different return periods (10, 50, 100 and 500 years)
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Gauging the disaster risks in different parts of Spain illustrates the need to delineate

the flooded areas not only on the basis of hydrological criteria but also taking into

account geological and geomorphological criteria, usingmaps of Quaternary geology,

geomorphology and active processes, although due to questions of scale the latter

cannot provide the zoning of the floodplain required for certain projects and/or

regional planning. Nevertheless, they do enable definition of the main channel or

river bed, analysing its morphology and dynamics as well as complementary informa-

tion on other flood-associated phenomena: landslides, erosion, piping and human

actions on the drainage channels (jetties, dams, quarries, landfills and dumps, dams,

etc.). The legal standard applied in Spain to define the channel is a hydrologic approach

shown to be unsuitable to determine flood areas, as other events and field observations

have to be considered, in addition to the theoretical flowof normalmaximumflooding,

using fluviomorphological, environmental and social criteria. With the modifications

generated by this method, the flood risk areas are more accurately defined.

TheYeltes river basin, based on historical floodmaps obtained, runs significant risk

of flooding, presenting zones where the urban areas, infrastructure and property are

highly exposed and vulnerable to the different return periods. Analysing the results of

the flood risk mapping in different localities and superimposing them on the 1:2,000

orthophoto, the vulnerability and exposure of different elements (Fig. 13.6) can be

observed. This is useful for themanagement of natural areas to establish the protection

measures provided for the exposed and vulnerable zones and determine the anthropo-

genic expansion and level of protection.

In the Yeltes river basin, the most common structural measures are correction and

regulation of riverbeds by cleaning and dredging of channels, increasing the transport

capacity of the river during floods, as it increases the longitudinal slope and section of

Fig. 13.6 Yeltes river basin flood mapping for different return periods (10, 50, 100 and 500) years
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the channel, causing an increase in the flow drained, being ameasure recommended in

the headwaters of the Yeltes, especially after a flood. The protection of river channels

is also important, analysing the drainage capacity of the existing crossing works and

examining the additional protection works that may be required on the basis of the

calculations developed in the hydrometeorological and hydraulic modelling corrected

with the geomorphological method. These structural measures would be suitable for

return periods corresponding to regular and moderately severe flooding, and the non-

structural measures against extraordinary floods, increasing river channelling for

return periods of 100 years to 500 or reducing to 50 according to their vulnerability,

and, finally, in agricultural areas a protection level of 50 years or less, depending on the

value of the crops.
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Chapter 14

Estimation of Water Excess in the Medium

and High Basins of Yanuncay River

(Cuenca-Ecuador) by Approximation

of Monthly: Distributed Water Balance

J. Fernández de Córdova W. and J.A. Pascual

Abstract In this study, the water excess generated during a 10-year period (1998–2008)

in the high and medium basins of Yanuncay River is approximately determined. The

distributed water balance method was used, which analyzes the interaction between all

the different parameters that form part of the water cycle in nature. To create the model,

basic parameters such as precipitation, temperature, soil type and superficial covering are

required. Furthermore, by using computer software such as Microsoft Office Excel and

Geographic Information Systems (GIS) it is possible to obtain monthly data showing the

water excess and to generate thematic maps, which allow for an effective monitoring of

the behavior of the medium and high basins of Yanuncay River.

Keywords Water balance method • Water cycle • Modeling • GIS • Ecuador

14.1 Introduction

The water balance method is one of the most used procedures in hydrology to solve

the different scenarios related to the movement of water in nature. This method

permits the evaluation and quantification of the different elements that are part of

the hydrological cycle in a specific period of time.

A hydrological balance is an equation representing the equilibrium existing

between contributors to a determined basin, the volume of water leaving the

watershed, the volume retained in the soil and the water consumed by vegetation.

J. Fernández de Córdova W. (*)
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H. Farfán González et al. (eds.), Management of Water Resources in Protected Areas,
Environmental Earth Sciences, DOI 10.1007/978-3-642-16330-2_14,
# Springer-Verlag Berlin Heidelberg 2013

121

mailto:jfernand@etapa.net.ec
mailto:javierfdezdec@hotmail.com
mailto:juan.a.pascual@uv.es


Thus, this equilibrium can be determined by quantifying the amounts of water

entering (precipitation) the system, the amounts leaving (evaporation, transpiration

and water excess) and the variation of the amount being retained by the system.

Several authors have studied the different factors of the water balance method;

however, the method has been enforced due to the creation of a new concept known

as Potential Evapotranspiration, introduced by Thornthwaite in 1948–1955.

Thornthwaite found a formula to calculate the monthly value of potential evapo-

transpiration from climatologic data such as temperature and time in hours of sun

exposure. This provided a procedure that allows the calculation of the hydrological

balances on amonthly basis in a determined place and in a determined period of time,

by knowing the system input parameters (rainfall), evaporation losses, vegetation

transpiration and the amount of water retained by the edafic profile of the basin.

To be knowledgeable of the structure of water balance is fundamental for an

efficient handling of the hydrological resources of a basin. It provides essential

information leading to a better use of water stored in dams and forecasting

consequences that could be the result of artificial modifications to the course of the

river, lakes and underground basins. It also permits the indirect evaluation of any

unknown components in the equation by quantifying the difference with the known

parameters (Instituto de Hidrologia de Espana Unesco 1981).

The water balance method can be used to indirectly measure evapotranspiration,

moisture content of the soil and thewater excess generated in a Basin (Pascual 2002).

Furthermore, it allows the introduction of temporary and spatial variables within the

balance, such as land use and the different types of superficial covering that can be

found in a basin. It is then possible to identify the zones generating the largest

amounts of water excess and the zones with great capacity of water retention; thus,

existing protected areas can be ratified and new protected areas may be established.

14.2 Area of Study

Yanuncay River is one of the main tributaries of Paute River. Its resources are used for

drinking water, irrigation, recreational purposes and in the near future for the genera-

tion of electricity. Therefore, it is important to study the behavior of its watersheds.

This study analyzes the medium and high zones of the Yanuncay River basins,

which constitute the main source of supply of one of the drinking water treatment

plants that ETAPA EP (Empresa Publica Municipal de Telecomunicaciones, Agua

Potable, Alcantarillado y Saneamiento de Cuenca) owns (Fig. 14.1).

The area of study is located approximately 15 km west of Cuenca in the towns

Banos and San Joaquin. Cuenca is the capital of Azuay, one of the Provinces in which

Ecuador is subdivided. Cuenca’s total population (includes urban and rural) is approx-

imately 400–17,000 people, which is the third largest population in the country.

This zone has a total area of 330 km2, representing nearly 80 % of the total area

of Yanuncay’s watershed (418 km2). It has a perimeter of 96 km and it is situated

between 2,960 and 4,340 m height above sea level.
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Most of the ecosystems located in this area are of the moor type, which can only

be found when over 3,500 m above sea level in Ecuador. The vegetation that can be

predominantly found in this type of ecosystems is pads, mosses, aguarongos and

grassland. These kinds of environments retain large amounts of water, which

contributes to the formation of lakes, marshes and wetlands, similar to the ones

found in the medium and high basins of Yanuncay River.

14.3 Methodology

The water balance method is based upon an equation that relates, in a simple way, to

the amounts of water of different components of the hydrological cycle and it is

expressed as follows:

Inputs� Outputs ¼ Storage Variation (14.1)

Now if it is considered a determined interval in a closed basin, i.e., where there is

no water interchange with another basins, then the previous equation can be

expressed as shown in Fig. 14.2.

In Fig. 14.2 it can be clearly observed that if precipitation, evapotranspiration

and the variation of water storage are known then the water excess can be obtained

in the system.

Fig. 14.1 Location of the area of study
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To estimate the water excess in this study, a Distributed Parameter Model was

implemented which was based on a Geographic Information System (GIS). The main

advantage of using this system is the spatial consideration given to the different

variables intervening on the hydrological process of a watershed.

To apply the method of water balance, it is necessary first to have monthly data

showing the climatic characteristics of the area of study, i.e., precipitation and

temperature. Furthermore, it is necessary to know what types of soils and superficial

coverings are present in the area, which integrates as to obtaining of the maximum

potential capacity of water retention.

Basic information of this study:

1. Precipitation: With the use of Paute’s River unified hydrometeorology network,

which is maintained and operated by ETAPA EP, it was possible to obtain tabular

data of monthly rainfall from August 1997 to October 2009 from two stations

located within the zone of study (Cancan and Yanuncay in Pucan), followed by the

generation of amap showing the distribution of precipitation in the area (Fig. 14.3).

2. Temperature: Yanuncay’s watershed is not provided with the previously men-

tioned type of information; therefore, the tabulated data was taken from the

stations of El Labrado and Marianza (Cajas) that are located in nearby

watersheds, Machangara and Tomebamba rivers, respectively. Based on this

data potential evapotranspiration was obtained by using Thornthwaite’s formula.

It was considered that ETP does not vary throughout the area of study.

3. Soil type: Shapefile data in 1:50,000 scales were facilitated by the Department of

Management of Soil and Water of the University of Cuenca (PROMAS). Three

main types of soils and one rock bedwere identified (Fig. 14.3). To every type of soil

the values of field capacity (CC) and permanentwilting point (PMP)were assigned.

4. Superficial Covering: Based on the 2001 map obtained from the Geographic

Information System (GIS) for the analysis of spatial information of the Paute’s

river watershed, prepared by the University of Azuay (Fig. 14.4) (http://www.

uazuay.edu.ec/promsa/paute/home.htm), eight different types of superficial

coverings were identified. These data are required to determine the maximum

potential capacity of moisture retention of the relation soils/superficial-covering

(Cmrh).

The maximum potential capacity of moisture retention of the relation soils/

superficial-covering is the result of the product between the depth of the roots

(mm) and the difference (percentage) between the field capacity and the permanent

wilting point (Pascual 2002). This product is calculated for all of the polygons that

can be obtained from the combination of maps shown on Figs. 14.3, 14.4 and 14.5.

The latter allows the determination of the spatial distribution of precipitation, the

different types of soil and the superficial covering in the area of study.

STORAGE VARIATION PRECIPITATION EVAPOTRANSPIRATION WATER EXCESS--=

Fig. 14.2 Watershed hydrological balance (Martinez et al. 2006)
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Fig. 14.3 Distribution of precipitation map in the zone of study (top). Types of soils in the area of
study (bottom)

Fig. 14.4 Superficial covering in the area of study
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14.3.1 Water Excess

The system’s water excess is represented by the amount of water generated after

evapotranspiration that has occurred and after the soil has reached its maximum

capacity of storage.

The calculation of water excess was carried out for every month and every year

between 1998 and 2008 and it is conditioned by the precipitation and potential

evapotranspiration; therefore, it is necessary to calculate the difference between

these values as to determine gains or losses of moisture content in the soil.

Due to the initial conditioning required by the model, i.e., referential moisture

content, it was necessary to determine the month in which the average value of

precipitation was the smallest when compared to the rainfall data, that being August,

the month with the smallest values. Consequently, it was assigned with an initial

value of soil moisture content, which is 0.5 of the maximum retention capacity of

moisture taken from the relation soils/superficial-covering in August 1997.

The soil moisture content at the end of each month (Si) and its respective real

evapotranspiration (ETRi) was then determined by using the following formulas

and hypothesis:

1. When Pi – ETPi � 0 Then, Si ¼ MIN [(Pi – ETPi) þ Si-1, Cmrh]

ETRi ¼ ETPi

Fig. 14.5 Month with maximum water excess in 1999
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2. When Pi – ETPi < 0 Then, Si ¼ MAX [Si-1 þ (Pi – ETPi), 0]

ETRi ¼ Piþ ABS Si� Si� 1ð Þ

Where Si-1 corresponds to the moisture content of the previous month.

Finally, the water excess (Ti) can be obtained. This excess will only be produced

when the moisture content at the end of a determined month (Si) equals the

maximum potential capacity of moisture retention of the relation soils/superficial-

covering, and it is expressed as follows:

When Si ¼ Cmrh Then; Ti ¼ MAX 0; Pi� ETRið Þ þ Si� 1� Cmrhð Þ½ �

14.4 Results

Making use of the advantages offered by GIS when managing analysis and graphic

representation of data, the results of this studywere incorporated toArcGIS.Databases

were created for every year from 1998 to 2008; these databases were linked to the

thematic maps of precipitation, superficial coverage and soils and thus, obtaining

monthly maps showing the values of water excess that were generated by the model

(Fig. 14.5).

Based on these maps it can be promptly forecasted the months with maximum

and minimum water excess in the medium and high basins of Yanuncay River.

The results presented in the water excess maps allow us to appreciate the strengths

that the model has, as the watershed’s spatial behavior can be distinguished. It is

clearly noted that the water excess value corresponding to Pucan Station is the same or

higher than the water excess figure of Cancan Station, the reason being smaller

precipitations in Cancan basin than in Pucan. Furthermore, the average vegetation

root depth is shorter in the latter area, which translates into less retention capacity and

generation of water excess.

It is also noted that the areas with larger water excess are the ones with more man

intervention, such as degraded areas, mixed farming and urban areas. In these areas

it is observed that the amount of water that can be absorbed by the relation of soil/

vegetation is low; therefore, they are rapidly saturated and generating water excess.

14.5 Conclusions

The distributed water balance method when incorporated to a Geographic Informa-

tion System allow the conclusion that the water excess generated in a basin do not

only depend on the precipitation, it also depends on other factors such as tempera-

ture, soil characteristics and type of superficial covering in the area.

Medium and High Yanuncay River basins have a variable hydrological behavior

throughout the year. However, two periods can be clearly distinguished. From
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February to May large amounts of excess water are generated, and from June to

January only small amounts.A recommendedwayof taking advantage of this resource

could be the implementation of infrastructure such as dams that could allow the storage

of water that normally runoff during the rainy months. Stored water could be

distributed and used during the months with smaller precipitation.

Forest areas are the zones with the highest value of maximum potential capacity

of moisture retention of the relation soils/superficial covering. However, it does not

imply that the whole amount of water stored in this area can be utilized, as a large

amount of this water is consumed by eucalyptus trees, which constitutes the major

part of this vegetated area and demands high amounts of water for growing.

On the other hand, degraded, urban and farming areas have lost their capacity of

water retention and in some cases diminish the permeability of the soil; therefore

they constitute a fast way of water excess generation.

The most relevant areas from a hydrological point of view are lakes, wetlands

and moors as they are an important reserve contributing to the generation of

precipitation and regulation of the hydrological cycle. Therefore, efforts towards

conservation of these areas are fundamental.
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Chapter 15

Sustainable Management of Hydraulic

Resources in Sagua la Grande Basin

(Villa Clara Province, Cuba),

a Simulation Model with Systems Dynamics

L. Bucarano Montano and J.I. Yeras Dı́az-Veliz

Abstract The present article works on the relationship existing between the natural

offer of the hydraulic resource and the social demand in the outlying area, including the

Protected Area ‘Mogotes of Jumagua’, and the urban area of the basin Sagua la

Grande, of the province Villa Clara. The areas have different necessities as for the

use of the water, the outlying one eminently agricultural and the urban area for human

and commercial consumption. For the analysis and interpretation, the tools of Systems

Dynamics were used, generating the current model of the system, which allowed the

understanding, in an integral way, of the problematic situation, and then to carry out

the wanted changes, keeping in mind the infrastructure and the education. Firstly it

proposed the improvement andmaintenance of the reserves ofwater, the search of new

reception sources, and maintenance of the net of ducts; secondly it proposed to carry

out campaigns of environmental education to the users of the resource advocating for

the best handling and efficient use of the water, as well as the reuse of disposed waters

for agriculture.

Keywords Hydraulic resources • Water uses • Sustainability • Cuba

15.1 Introduction

In this paper an analysis is carried out on the relationship existing between the

natural offer of the hydraulic resource and the social demand in the outlying area

and the urban area of the basin Sagua la Grande of the province of Villa Clara. Both

areas have different necessities concerning the use of water, the outlying one

eminently agricultural, and the urban area for human and commercial consumption.
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The hydrographical basin, visualized as a territory volume where converge social,

economic, cultural, political, biophysical, and normative dynamics that are related to

produce their environmental offer, requires an eco-systemic focus that allows a sight to

the understanding of its processes, its economic benefits, but also the negative impacts

on the system as a whole.

From a socio-economic point of view is possible to affirm, that the Hydrographical

Basin of the river Sagua laGrande is of vital importance for the province ofVillaClara,

for their geographical location and characteristics, as it includes total or partially 7 of

their 13 municipalities. It presents a very defined drainage net, with a density average

of 0.60 km/km2, an annual runoff average of 15 l/s/km2, for a half annual expense of

17.4 m3/s and an annual runoff of 547,106 m3. The hydrographical network of the

River Sagua la Grande is composed of a very well structured series of streams and

rivers, with flows very variable mainly in dry season. The reservoir Alacranes is also

here, with a capacity of 365.0 million m3, the largest in the province (Yeras 2009;

Fig. 15.1).

In the lower part of Sagua basin is themain channel ofMacún; for the north border it

is adjacent with the Protected Area ‘Mogotes de Jumagua’, which is identified as a

valuable region from the point of view of its integral natural values that presents

excellent characteristics for conservation. The area has the management category of

EcologicalReservation ofNational Significance, and has an extension of 327 ha. Itwas

included due to the importance it plays as integrative factor in the sustainable devel-

opment of the area. Besides, the area also has to the east and to the south, grazing for

cattle enterprises, which includes the well-known ‘Tetas de Jumagua’ (Yeras 2009).

Mogotes de jumagua

Fig. 15.1 General location of lower basin Sagua la Grande
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The landscape that forms the protected area includes a West, which is located in

the East semi-deciduous forest, which manifests the geographical and physical

characteristics of a swamp. The proximity of the wooded hills and wetlands has led

to the establishment of relations of interdependence between the two ecosystems, as

well as natural flora, it is essential for migratory birds that cross the site (Rivero 2008).

The channel to the watering system – located to the north of the area – separates

the forest located to the west, and propitiates the flood of the forest to the east. This

problematic is given by the height that was given to the shoulders of the channel,

which, because of the special economic period in the country years ago, did not

receive the termination that demands the work, and remains this way. This has

contributed to the destruction of the forest, before which was almost in natural state.

15.2 Materials and Methods

For the field studies performed in site visitation, analysis and valuation of earlier

studies, updating of available database, interviews, surveys, through consultations and

application of information to different centres, such as: Hydraulic Resources,Ministry

of Agriculture’s Department of Soils and other, and the analysis and interpretation of

satellite images, using SIG Mapinfo and ArcGis.

In developing the water system of Sagua la Grande basin, different modelling tools

were used such as Causal diagram which has allowed the building of the Forrester

diagram identifying key priority elements that form, with the levels of population and

water flows: the birth, death, population, water available, consumption rate and losses

of water resources.

Entries were identified as rainfall, solar radiation, chemicals, labor of farmers,

power machinery, and plant seeds, among others. The components in their interior

give it structure and function, such as: the areas with crops, cattle raising, the forests,

population’s centres, the agro industries, the roads and bridges, the protected natural

areas, the schools, the hospitals, etc. Among these components interactions take place;

for example, if you deforest irrationally in the higher part of the basin, it is possible that

in rainy times floods take place in the lower parts. If the channel is in bad condition,

then it causes floods in the forest of the east of the protected area that generates the loss

of the biodiversity.

Other interrelations also exist, as for example: the degradation of the environment is

related with the lack of environmental education, the scarce institutional presences,

faulty organization and community participation, adverse environmental conditions,

weakness in the application of laws, inappropriate technologies, etc.

In the basin a systemalso identified outputs that can be positive or negative. Among

the positive exits are found: water for several purposes (human intake, irrigation, and

animal consumption), production of foods (agricultural and from cattle), wooden and

coal production, recreation, environmental services, among others. Among the nega-

tive exits are found: contamination of waters, evaporation, floods for alteration of the

runoff, shortage of water in the dry season, damages to the economic infrastructure,

affectations to biodiversity, among others. The negative exits in a basin originate from
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lack of control in the interactions and in the interrelations that are presented among

their components.

For the analysis and modelling the software Vensim 5.9 was used. The same can

build and analyze quality models based on system dynamics. Models are built

graphically and dynamic features included: sensitivity analysis, optimization, data

management and application interfaces.

15.3 Results and Discussion

15.3.1 Simulation Model

The elements that integrate the system were defined, as well as the interrelations that

take place among them. In the casual diagram two subsystems were differentiated:

watering (irrigation) system and drinkable water system.

In the formulation of the hydraulic system of the basin Sagua la Grande it is

necessary to clarify that, when elaborating the model of the Forrester diagram some

characteristics are not quantifiable, instead qualitative data are used. That is why it

is important to select the model that better represents the problem, aiming to reach

the objective selected.

The causal diagram allowed the building of the Forrester diagram identifying

prioritarily the key elements that conform it, having as levels: population and

drinkable water; flows: the population’s birth and death rates, the available water,

and consumption and waste rates of water (Fig. 15.2).

When evaluating the current model, it is seen that the offer of water diminishes in

the measure that the population demands increase, with the increasing of population

the per capita consumption diminishes. Logically, in the measure that population

grows more water is required to satisfy the necessities of the residents (Fig. 15.3).

Fig. 15.2 Flow diagram (Vensim 5.9)
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15.3.2 Situation of Water at the Sagua la Grande Basin

The urban areas are supplied by a public aqueduct system. In these moments the

service embraces a main percent of the population, but it does not satisfy totally the

demand that exists.

The technical state of the supply network, in their entirety can be classified from

regular to bad, with a high degree of deterioration for its antiquity and lack of

maintenance. This bears too big a loss in the supply, escapes, spurring and breaks

allow spills that do not recover.

The water is supplied by ration, arriving to the families only certain number of

days and in certain time schedules. There are places where it is given only by water

pipe-cars that are subjected to distribution programs.

Another problem is the affectations to the roads, trying to extend the water supplies

ducts from the streets to homes to get water in their houses. This brings with it a

deterioration of the streets, not authorized in many cases, that constitutes a social

indiscipline and an additional expense in the repair of such ways or streets.

Currently, the government is taking a series ofmeasures to palliate difficulties in the

pumping of water, like the installation of new pumps, entrance from other supply

sources, standalone energy groups to avoid lacks for problems of electric mishaps and

lines’ change, are invested in facilities for the production of high density polyethylene

pipes. This will not definitively solve the shortage of water, as there are more solid

politics needed, going from more effective legal action to organizational measures.

The residents of these outlying areas are also affected by the shortage of water,

mainly in the months of drought. They make use of water not only for their daily

intake, but also for the feeding of animals and for the irrigation of their cultivations.

They obtain their water supplies mainly from private wells and, in some cases,

public wells, where the water is barely characterized for human intake.

The main use of this resource is for irrigation; it is largely endowed by means of

channels without lining, others with lining or fairly lined. That shows that the

Fig. 15.3 Population and water available variation
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technology for the conduction of thewater is deficient andwith big losses of volumes

that do not recover. In many cases, the watering is for graveness and in others for

aspersion, which can be deduced as a sub-using of the water with big losses exists.

The social interdisciplines also affect the supplies when unscrupulous citizens

perforate the main ducts using inappropriate techniques that cause more loss than

benefits for the majority of the population. These are not planned neither controlled

actions constitute a serious threat to the hydraulic drinkable system in the region.

15.4 Conclusion

• The systemic analysis of the problem of water has been carried out, based on

primary information (interviews and surveys). A high percentage of users agree

with the increment on the rate of the service of water. If this would be of good

quality and decreases the supply cycle, they also complain about the turbidity of the

water. Therefore, it is urgent to prioritize the maintenance or renovation of pipes so

that this does not generate conflicts.

• For the mismanagement and problems with the master channel of the Macún

Company Cattle is affected Protected Area Mogotes de Jumagua, specifically the

East semi-deciduous forest, causing negative impacts on flora, fauna and soil.

• The different problems with the water have been identified concluding that the

problem is not alone the shortage of water, but also the inadequate use of this

resource, an indispensable element as much for the rural population as for the

urban one. This problem demands a systemic vision for its interpretation and

integrating the multiple objectives and elements that should be considered as

part of this problem.

• To exploit more the education possibilities to the citizens through established

programs, as they would be of great effectiveness. There is media like the

Channels of Community Television, the radio stations of towns that would be

of great help to sensitize about these problems, and the program of Social

Workers that can arrive at the door of each house, doing a work person to person.

15.5 Recommendations

• To prioritize the focuses of management of the demands that appeal to economic

instruments conservation measures, sensitization, etc. It is a key part of the

strategies directed to extend the life of the existent resources.

• Elaboration of the profile for the invigoration of the capacities, conservation and

watering technical development for the sustainable development of the hydrau-

lic resources.

• To negotiate the agreements with the different residents of the rural areas for the

good distribution of the hydraulic resources.

• To build a viable model for the efficient administration of the drinkable water.
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Chapter 16

Water Resources Management in Small

Mountain Watersheds in the Humid Tropics:

The Hydrologic System of the Santo Tomas

Cave System, Pinar del Rio, Cuba

L.F. Molerio León

Abstract The Santo Tomas cave system is located in an area of tower karst, with

rolling hills and valley streams. The Santo Tomas caves, near Pinar del Rio, Cuba,

consist of about 47 km of underground conduits, which have periodic contact with the

five separate surface streams of the area. Four central principles of environmental

management: legal control and regulation, administrative permits and licenses,

economic impacts, and research and public education, are reviewed with regard to

the Santo Tomas caves.

Keywords Water resources management • Mountain watersheds • Humid tropics •

Cuba

16.1 Introduction

According to Rodrı́guez-Becerra and Espinoza (2002), the instruments of environ-

mental management can be grouped into four categories:

1. The instruments of direct regulation, also known as command and control based on

the laws, procedures, standards and regulations and on the equation coercion-

punishment; in other words this is the usual way the law is accomplished but

applied to the environmental behaviors of society.

2. The administrative instruments that consist of environmental licenses, permits and

the other ways to acquire the rights to use the environment according to a particular

legislation. The environmental license has been the most common instrument

within this category.

3. The economic instruments are oriented to promote that the market forces dominate

the accomplishment of the environmental goals of the society.
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4. Education, research, technical assistance and the environmental information

integrates the last category.

No control can be exerted on something that is not known. Therefore, for adequate

hydrological and environmental management of a particular karst environment and

its specific properties should be taken into account. In the particular case of the karst

mountains of the Humid Tropics hurricane prone area the sustainable management

should be based on the following instruments of knowledge:

• The laws governing the organization of the surface runoff.

• The local development of the hydrological karst system

• The physical and biogeochemical hydrodynamics.

• The local level of social and economic development

• The social and natural vulnerability and hydrologic risks.

This paper stresses the importance of the instruments of knowledge in the

environmental management of the karst mountains in the Humid Tropics in the

examples of the hydrologic system of the Santo Tomas Cave System.

16.2 Main Hydro-Environmental Features of the

Karst Mountains in the Humid Tropics

The mountain karst of the Humid Tropics shows several particular features:

• Its location in a hurricane prone area with characteristics of heavy short duration

rains.

• A surface drainage developed in very small catchments where flash floods are

the distinctive expression of fluvial response to rainfall.

• A low storage capacity of the fluvial basin, where granular aquifers linked to the

fluvial basins are commonly very low productive or negligible.

• The development of underground watercourses commonly in superimposed cave

levels with a variable degree of integration but where important modifications of

runoff take place. Therefore, absorbent and emissive (discharge) slopes are

commonly recognized.

• Floodhydrographs showdifferences due tomodifications associatedwith hydraulic

restrictions in the cave system (such as gallery enlargements, lakes, embankments,

cascades, sinuosity, meandering and other morphological features). Therefore,

usually the input one-peak flood hydrograph is transformed into a two or three

peak flood hydrograph at the outlet (emissive slope).

• Depending on the local organization of the fluvial subterranean course and on

the connection among the conduits the self-depuration capability of the karst

system is very variable. While in some cases a good re-aeration improves the

concentration of Dissolved Oxygen even in depleted streams; in other cases no

modifications occur that jeopardize the water quality downstream.

• In this case, downstream communities use to show a high vulnerability to

contamination.
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• Almost all of these karst watersheds are rural communities with a low-income

economy. When population is concentrated upstream the absorbent slope of the

mountain high nutrient loads are usually concentrated and delivered after scarce

or no treatment to the streams entering the karst massif.

• In the particular case of the tower karsts of the studied area (as it is in other

towers, turm and cockpit karsts of the Humid Tropics), no population lives in the

summits of the hills but in the surrounding non-karst or fluviokarstic valleys

(or even in the poljes). Therefore, the main paths of contamination are the

horizontal and sub-horizontal water courses (concentrated or even diffuse) that

enter the cave systems and not the vertical recharge from the top of the hills.

16.3 The Santo Tomas Cave System Hydrologic System

The Sierra de Quemado (Figs. 16.1 and 16.2), one of the most important karstic

mountain ranges ofCuba is located almost 200 kmWest of LaHabana, Cuba’s capital.

Showing a typical tower (kegel) karst morphology of step sided walls and rounded

submits highly karstified, the system is built of carbonate rocks of Upper Jurassic –

Lower Cretaceous surrounded by Lower Jurassic sandstones, schists and shales.

Younger Paleogene sediments are also present in the area where a typical Alpine

tectonics with important overthrusting dominates (Furrazola-Bermudez et al. 1978;

Psczolkowski 1987; Piotrowska 1987). The surrounding valleys are developed at an

average altitude of 100 m a.s.l., and the summit of the sierra does not exceed 300 m

above ground level.

Fig. 16.1 Location map of the study area
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Five small streams (Santo Tomás, Bolo, Peñate, Los Cerritos yArroyo de la Tierra)

run from the non-karstic Lower Jurassic sediments in very short courses and enter one

each on the Eastern slope of the Sierra de Quemado through five ponors. The best

known of them are the Santo Tomás (Fig. 16.3) and Peñate (Fig. 16.4). After emerging

at the other slope, all the five streams join into the La Caoba stream, a tributary of the

Cuyaguateje River, the largest watershed in Western Cuba. Upstream there is a

concentrated population of almost 1,000 inhabitants (ElMoncada community).Down-

stream at the discharge slope in the Isabel Maria Valley, dispersed farmers use the

Fig. 16.2 Southeast partial view of the absorbent slope of the Sierra de Quemado

Fig. 16.3 Sumidero (ponor) of the Santo Tomás river during the dry season
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emerging waters to satisfy their demand. El Moncada has the only municipal water

supply system in the territory.

16.4 Scope of the Hydrologic Management of a

Karst Mountain System

Only the most important features of the scope will be mentioned here.

16.4.1 The Organization of the Surface Runoff

Surface runoff is governed by very low concentration times due to high slope small

watersheds of very small order. Themost important features concerning this item are

the transformation of the flood hydrograph in response to the same storm event

because of the hydraulic restrictions associated with the cave development, the small

aquifer storage capacity of the fluvial basin. Another important feature is associated

with the heavy rainfall gradient that leads the formation of discharge floods

associated with rains circumscribed only to the top of the hills and not to the valleys.

16.4.2 The Local Development of the Hydrologic Karst System

The degree of organization and integration of the subterranean conduits is of prior

importance. Superimposed cave levels and interconnectedmeandering galleries allow

flowing retardation with major modifications of the input hydrograph than almost

rectilinear galleries. The small differences in altitude also allow that lateral flow can

Fig. 16.4 Sumidero (ponor) of Arroyo Peñate
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connect the entering streams; and huge lakes could last several days upstream,

changing the flow patterns and the nutrient loads to the system. The Santo Tomás

Cave System is a well-integrated 47 kmof connected underground galleries; however,

tracer tests (Molerio et al. 2004a) have shown that this figure could be duplicated.

Figure 16.5 shows the interconnections discovered bymeans of tracer tests and shows

the hydraulic relations among the components of the cave system.

16.4.3 The Physical and Biogeochemical Hydrodynamics

The most important features are: (1) the emission and assimilation of nutrient and

contaminant non-conservative loads that commonly come from the upstream rural

or peri-urban communities discharging poor or non-treated wastewaters; (2) the

variable self-purification capability of the active cave system; and (3) the variation

Fig. 16.5 Hydraulic connections defined by tracer tests
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and variability of the chemical composition of waters due to the residence time in

the aquifer, the mixing length and the contact time rock-water.

16.4.4 The Local Level of Social and Economic Development

The local society is developed as a rural low-income community concentrated

upstream of the absorbent slope and dispersed downstream of the discharge slope.

No population lives in the Sierra de Quemado strictly. Water demand is insuffi-

ciently satisfied and domestic wastewater has practically no treatment (Fig. 16.6).

16.4.5 The Social and Natural Vulnerability and Hydrologic Risks

Social vulnerability and natural risks are more evident in the emissive (discharge)

slope because of the dispersion of the population, the occupational framework and the

types of housing (Molerio 2004b). Water demand is satisfied individually by familiar

collection, and storage is not supervised by health activities. This led to generally

insufficient water supply and to a low drinkingwater quality. That is not the case of the

Fig. 16.6 General scheme of the explored and mapped underground connections at the Sierra de

Quemado (Farfán et al. 2009)
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Community of ElMoncada, which is a system ofmunicipal water supply although not

very efficient operated. IsabelMaria is themost vulnerable community towater quality

deterioration, but not to flood events. In this case El Moncada is more vulnerable

because under certain conditions the cave system does not have enough capability to

evacuate the floodwaters, and backflow could reach the community (as it has occurred

during some hurricanes).

16.5 Conclusions

The effectiveness of any instrument of environmental management has to be founded

in the adequate knowledge of the system where it will be applied. The following

knowledge instruments should be taken into account:

• The laws governing the organization of the surface runoff.

• The local development of the hydrological karst system

• The physical and biogeochemical hydrodynamics.

• The local level of social and economic development

• The social and natural vulnerability and hydrologic risks.

The main vulnerability to contamination is located at the emissive slope and the

most important stress comes from horizontal flows. No human stress is identified in

the top of the hills, but in the slopes.

Well-integrated cave (flow) systems contribute to the improvement of input waters

of low quality in terms of Dissolved Oxygen. On the other hand, lowmeandering and/

or integrated systems do not produce any improvement in water quality and constitute

a strong hazard to the communities living at the discharge slope.
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correlación estratigráfica de las principales formaciones geológicas de Cuba. “La Minerı́a en

Cuba” 4(3): 30–35

Molerio León LF (2004a) El enlace absorción-descarga de la Gran Caverna de Santo Tomas:

evidencias derivadas de un ensayo con trazadores artificiales. Ing. Hidr. y Ambiental,

La Habana, XXV(3): 22–26

Molerio León LF (2004b) Indicadores de vulnerabilidad de acuı́feros cársicos. Ing. Hidr. y
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Chapter 17

The Relationship Between Surface Waters and

Groundwaters in the Coastal Wetlands of

Campo de Dalı́as (Almerı́a, SE Spain) and Their

Importance for Sustainable Water Management

F. Sánchez-Martos and L. Molina Sánchez

Abstract Water resources management in coastal wetlands requires knowledge of

the degree of interdependence between groundwater and terrestrial ecosystems. This is

especially so in semi-arid areas where surface inflows are restricted, marine influence

is marked and the evaporation rate is high. In the Cerrillos-Punta Entinas wetland, the

surface water quality is highly variable. Using hydrogeochemical tools, the main

processes that favor the diversity of water types are described, arising from: the

presence of salt deposits on the pool beds, the predominantly-marine origin of the

water, and the local influence of groundwater. Understanding the influence of each

process assists in determining howbest tomanage thewater resources of this protected

natural space in a sustainable way.

Keywords Water resources management • Coastal wetlands • Groundwater •

Surface water quality • SE Spain

17.1 Introduction

There are several coastal wetlands in the Mediterranean basin whose size and

development are not solely a result of their marine influence. Groundwater-surface

water interrelationships are particularly important to understand these cases, espe-

cially in semi-arid areas where surface water inflows are very restricted. Given their

coastal situation, the marine influence on water chemistry is marked, which makes

the analysis of possible relationships with groundwater very difficult. In addition,
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the active littoral dynamics need to be taken into account, as well as the intense

anthropic activity, as in many cases the coastline has been modified by salt flats

exploitation.

The Water Framework Directive (WFD) requires terrestrial aquatic ecosystems

that are directly relatedwith groundwaters to be defined. Even the quality objectives of

thewater bodies are linked to sustaining the environmental demands of these terrestrial

ecosystems. These two requirements mean that the degree of dependence of wetlands

on groundwater resources needs to be understood.

Given these requirements, the objective in the present study is to investigate the

degree of interdependence between the surface waters and the groundwater flow to

the Campo de Dalı́as coastal wetlands. A characteristic of these wetlands is their

highly variable salinity (Fig. 17.1).

Fig. 17.1 Location of coastal wetlands in the Campo de Dalı́as (Punta Entinas and Cerrillos salt

flats) and of the sampling points for the three data series used. Surface waters (1: 1985, 2: 1996,

3: 2005, 4: 2009). Groundwater (5). Mean water level in the ponds (6)
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17.2 Materials and Methods

The study area comprises two coastal wetlands (“Punta Entinas” and “Salinas de

Cerrillos”) situated on the coastal margin of the Campo of Dalı́as. Together, they

constitute the “Paraje Natural Punta Entinas – Sabinar”, a natural space (nature

reserve) protected under regional legislation (Junta of Andalusia, Fig. 17.1). The

wetlands consist of two partially-silted tidal lagoons, separated from the sea by

sandbanks and dunes. Flooding of the Cerrillos Salinas (salt flats) is highly variable;

there are two main lagoons of permanent water, while the remainder of the area

contains small seasonal ponds that depend on rainfall. From 1948 until the end of its

active life, the salt works were used as pre-concentration lagoons. Normally, the

concentration process here fell short of precipitating gypsum, although in dry periods

the complete precipitation sequence was achieved (Dronkert 1985).When salt extrac-

tion ceased at the end of the 1980s, seawater was no longer pumped into the salt flats

and more than 70 % of the flooded area was left dry. Today, only the lagoons at the

western end of the Salinas de Cerrillos are continuously wet throughout the year and

unaffected by anthropic action. Water level data (Fig. 17.2) for three sampling points

show seasonal cycles, with the lowest levels in summer and the highest, in spring.

Of the three sites, the amplitude of variation at the point in Punta Entinas is wider than

at the other two monitoring stations located in the extreme east of the wetlands.

Lower and Middle Pliocene deposits outcrop in the vicinity of the wetlands that

consist of thick marly series covered by regressive deposits (sandy marls, sands and

calcarenites). Continental Pleistocene deposits correspond to the distal facies of a

series of alluvial fans and to very fine, red silts containing a limited detritic fraction.

Marine Quaternary deposits comprise four Tyrrhenian beds that extend in a band

parallel to the coast, 10–20 m above sea level. These determine, for the most part, the

currentmorphology of the area (Goy andZazo 1980).OtherQuaternary deposits occur

Fig. 17.2 Evolution of water level at three monitoring points in the wetlands. The situation of

these points is given in Fig 17.1 (Data: Andalusia Wetlands Plan (Consejeria de Medio Ambiente,

Junta de Andalucia))
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along the coast that are linked to recent coastline dynamics: salt pans, salt marshes and

lagoons correspond to silty and muddy deposits occupying the low-lying zones; while

sand dunes, wholly or partially fixed by vegetation, cover former marine terraces that

have been exploited for agriculture; accumulation beaches extend parallel to the

narrow fringe of the current beach. Together, these landforms make up an area of

very recent, dynamic geology (Goy et al. 2003). To the north of this protected Natural

Space are outcrops of Pliocene calcarenites. These are covered bymarine terraces that

form the closest aquifer formations to the wetlands. Throughout this sector are

outcrops of Pliocene marls, which comprise the impermeable base of the aquifer.

Surface runoff is very limited because of the small catchment, shallowgradient and the

intense impact of greenhouses that surround this Natural Enclave.

17.3 Data

Three datasets were used in this study. The first survey was undertaken in 1985

(Dronkert 1985) and included 15 sampling points at the eastern end (Salinas de

Cerrillos) during the final stages of salt extraction. The second study (Molina and

Sánchez Martos 1996) looked at annual changes at ten sampling points around

Cerrillos. The latest dataset comprised two sampling surveys (September 2005 and

May 2009) and encompassed both Punta Entinas and the Cerillos salt flats, in order to

characterize the nature reserve as a whole. To characterize the groundwater beneath

the wetlands, five aquifer sampling points in the Balerma-Las Marinas aquifer were

considered. Data was collected for the following parameters: electrical conductivity,

Cl�, SO4
2�, Br�, HCO3

�, NO3
�, Na+, Mg2+ and Ca2+. A summary of these

parameters is given in Table 17.1 and Fig. 17.2.

17.4 Results and Discussion

The box-plot diagrams in Fig. 17.3 indicate the variability of ion content in the

wetlands. These waters have a sodium chloride facies – due to themarine environment

in which they have formed, though many of the ions are present in concentrations

exceeding that of seawater due to the concentration of salts by evaporation. Even so,

some data show values less than seawater. The groundwater is also sodium chloride

type, but has a lower ion content (Table 17.1). The hydrochemical variability is

highlighted and all surface water samples have a sodium chloride facies. The ground-

water, with its lower saline content, is closer to a mixed facies and clearly different

from the surface waters (Sánchez Martos et al. 2007).

Ion ratios were calculated to interpret the evolution of a series of surface waters,

considered as mixtures of waters at the two extremes of salinity. The relative

distribution of SO4
2� and Cl� (Figs. 17.4 and 17.5A) shows the general model of

salinity: the most saline waters have a higher ion content than salt water and are

very disperse. Their mineralization is greatly influenced by the concentration of

salts that occurs due to evaporation of seawater and to the presence of salts in the

beds of the ponds. This is the case for the waters sampled in 1996 in the Hornillo
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lagoon, situated at the eastern end of the Cerrillos salt flats, which gave the highest

SO4
2�/Cl� ratio of all. The SO4

2� concentration was double that of seawater,

indicating that there must be an additional source of SO4
2�. This lagoon was

used as the evaporator pond, and salinity was sufficiently high for gypsum to

precipitate out. Of the remaining sampling points where salinity exceeds that of

Table 17.1 Statistical summary of physico-chemical data for surface water and groundwater

(GW: groundwater, SW: surface water) for the three data series (ion content: mg·L�1; EC:

electrical conductivity in mS·cm�1)

E.C. Cl� SO4
2� HCO3

� Na+ Mg2+ Ca2+ Br�

SW 55 data MAX 194,000 120,214 10,141 945.6 40,200 4,693 2,164 968

MIN 8,320 2,485 514 111 1,437 136 100 5

MED 77,942.7 35,986.6 4,298.9 243.9 17,941.2 1,948.1 815.1 142.9

DEST 51,750.7 27,300.3 2,487.7 152.5 11,196.5 1,410.3 524.2 226.2

GW 10 data MAX 5,660 1,610 382 392 1,157 158 175 4.3

MIN 2,580 549.5 158.5 197.4 312.9 55.9 48.1 2.5

MED 3,725.0 948.4 262.3 301.5 559.4 108.0 103.8 3.5

DEST 1,135.5 359.9 75.0 60.8 274.8 32.8 35.5 0.9

MAX maximum, MIN minimum, MED: mean DEST: standard deviation

Fig. 17.3 Box-plot diagram for individual data sets: (A): surface waters; (B): groundwaters and

(C): seawater. The range, 25 % and 75 % percentiles and mean values are indicated
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seawater, there is a wider dispersion and this is related to the dissolution of chloride

salts in the beds of other ponds. In summer, evaporation is complete and precipita-

tion of highly soluble Cl� and Mg2+ occurs as MgCl2 and MgSO4, for example

(Dronkert 1985). When the salts re-dissolve during wet periods, it is mainly Mg2+

and Cl� that are released to the brine, leaving the sulphate as a precipitate. For this

reason, in the most saline samples, the Mg2+ and Cl� (Fig 17.5C) has a high

coefficient of correlation (r2 ¼ 0.92).

The distinct water chemistry is demonstrated by Br� and Cl�, which are

concentrated from seawater to different degrees (Richter and Kreitler 1993) as a

result of their distinct interactions with the rock matrix (Davis et al. 1998).

Figure 17.5D indicates the close relationship between Cl� and Br� (r2 ¼ 0.98)

that is due to the marine origin of the water. Points whose salinity is less than

seawater are plotted in intermediate positions between seawater and the groundwa-

ter from the aquifer that lies south of the wetlands, as indicated by Cl� and SO4
2�.
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The triangle diagram can be used to better discriminate points that may be

influenced by groundwater flows: the diagram exaggerates the axes, so giving a

wider dispersion of points than in a classic triangle diagram. In Fig. 17.5, values of

HCO3
�2 and SO4

2� are exaggerated in this way (by �10 and �5, respectively) to

separate the groundwater data towards the HCO3
�2 vertex because of their greater

carbonate content. Another group of surface water samples is also highlighted,

which lie in an intermediate position between groundwater and seawater – these

represent the two extremes of water inflow to the wetlands and reflect the varying

influence of groundwater and surface waters.

That the salinity of the wetlands is so variable, is strongly related to the marine

salts present in the beds of each of the ponds. In addition, the lower salinity

recorded in the eastern sector of the Salinas de Cerrillos (Hornillo Lagoon) and in

some parts of the western reserve (Punta Entinas) demonstrates the influence of

groundwater mixing.

17.5 Conclusions

The water chemistry of these coastal wetlands shows a marked variability due to a

diverse series of factors. They are areas with very active geological dynamics, and this

has favored the development of endorrheic basins where surface water accumulates,
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and where the permeable nature of these deposits provides contact between ground-

water and the sea. In addition, the anthropic use of the terrain, in terms of the salt

extraction, has strongly impacted the natural hydrological dynamics in certain sectors,

leading to the precipitation of various evaporite salts. All these factors mean that it is

quite difficult to establish what the reference conditions are for defining “good” water

quality in the surface waters – as required by the WFD – and to understand the

influence of groundwater on these coastal wetlands.

The application of hydrogeochemical tools provides a rapid method for establish-

ing a hydrogeological model of the wetland. Moreover, it facilitates the planning of

more precise studies, especially in areas where no piezometric monitoring network is

in place to provide historic data about water levels in the wetlands and associated

aquifers.

The hydrogeochemical method applied in the Campo de Dalı́as wetlands enabled

the principal processes determining the diversity of surface waters to be identified.

The salinity of the waters is related to the different salts present in the lagoon beds;

these mostly have a marine origin, but there is an additional groundwater influence in

the Hornillo Lagoon (in the eastern sector) and in some parts of Punta Entinas, which

corresponds to the area least impacted by man. The hydrogeochemical methods

described in this article supplyvaluable information for establishing the environmental

demands of these ecosystems, which needs to be integrated into management plans if

sustainable management of wetlands under pressure from anthropic activities is to be

achieved.
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Chapter 18

Analysis of the Decision-Making Process

in Wetland Management-Ramsar Wetlands.

Case Study: Abras de Mantequilla Wetland:

Los Rı́os Province, Ecuador

M.B. Noroña, W. Douven, J. Leentvaar, and K. Schwartz

Abstract Despite being the only ecosystem that is the subject of an international

convention (Ramsar), wetlands continue to be degraded around the world. Wetland

management deals with a strong dilemma between ensuring conservation, while

fulfilling the (economic) needs of the inhabitants of the wetland. Thus, decisions

frequently involve trade-offs. This analysis aims to create a better understanding of

the drivers and factors that determine how a wetland is managed, especially Ramsar

wetlands. An analytical framework to study planning and management in theory and

in practice was developed. Some conclusions were drawn that highlight the factors

(political, economical, social and environmental), which are predominant in decision

making in wetland management. Contrary to what could be expected in a Ramsar

site, the environment plays a very small role; that is the reason why wetland manage-

ment tools focused very much on this factor should be reviewed for developing

countries.
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18.1 Introduction

18.1.1 Efforts Pro-wetlands

Curiously, regardless the actual state of wetlands, there is a great deal of concern at

the international level about their values, benefits and the need to conserve them. It

is the only ecosystem that has an international convention (Ramsar) signed by 159

countries agreeing to protect and maintain wetlands given their relevance.

Scientists are even imitating their functions in artificial wetlands as an alternative

for water treatment among other valuable uses.

Moreover, wetlands are also part for the implementation and success of strategic

programs and legislations such as the EU Water Framework directive, the UN

Millennium Development Goals and the Kyoto Protocol (WETwin 2008).

18.1.2 Justification of the Research

In Africa and Latin America wetlands have been threatened because of unsustain-

able management (WETwin 2008). Among many causes for the loss of wetlands,

Wang (2008) presents the following list: lack of public awareness, insufficient

funding, imperfect legal system, insufficient wetland research, lack of coordination

among agencies and unclear responsibilities and undeveloped technologies.

Wetlands, because of their value and ecological richness are the focus of many

dilemmas as they, on the one hand need to be conserved and at the same time fulfill

users’ requirements. Hence, management can become very complex, and many

decisions about tradeoffs have to be taken. Consequently, the need to comprehend the

factors that influence decision making and the role of national and international

guidelines in this process is particularly appealing to better understand the management

system.

According to the Ramsar Convention, putting in place a sustainable wetland man-

agement system is an essential tool to achieve thewise use of wetlands. Years ago it was

believed that wetland management could be resolved with extensive and accurate

information, and nowadays this has been determinedwith the availability of technology;

but still we are loosingwetlands. Recently, the concept of participation has been adopted

as an option, but the practice reveals that this is not applied everywhere. This research

focuses on the decision-making process in order to better understand the main cause of

wetland deterioration in developing countries, including Ecuador.

18.2 Methodology

The outline of RBM developed by Mostert et al. (1999) was used as the basis for the

conceptual framework for the assessment of wetland management. Some changes

and adaptations from Mostert’s outline to this framework were made, mostly
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because other factors were missing, such as the influence from economy, political

context and policy.

In this conceptual framework there is the outside influence of the River Basin,

due to the importance of the relationship between water and land, pointing out the

geographical situation (downstream – upstream); Mostert et al. (1999). Addition-

ally, the importance of decision making has a central role, considering a central

process within a complex context such as wetland management (Fig. 18.1).

Using the Conceptual Framework, for practical purposes an Analytical Frame-

work was developed. This last one consists of seven parts; the ones that related to

the conceptual framework are shown in Table 18.1. This analytical framework was

implemented in Ecuador for the case of Abras de Mantequilla wetland.

18.2.1 Case Study: Abras de Mantequilla Wetland:
Los Rı́os Province/Ecuador

In this case the objective was to analyze how things were done in wetland manage-

ment and more specific, how decision were made, being of primary importance to

define some relationships. Abras de Mantequilla wetland has an extension of about

65,000 ha and is located in Guayas River Basin, which is very important for

Ecuador, due to their agricultural activities (Fig. 18.2).

The following list is the criteria by which this particular wetland was chosen.

The reason for the selection related to the opportunity and accessibility of informa-

tion, and relevance of the site at local, national and international level (Table 18.2).

Fig. 18.1 Conceptual framework
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18.3 Results

In this section the results of the fieldwork in Abras de Mantequilla are presented. In

the following Table 18.3, there is a list of the factors that have been identified by the

interviewees, and the importance they give to each of them. This will help with the

comprehension of how decisions are made inside the wetland and in relation to it.

1. Political Factor: Ecuador’s population is very engaged in politics, which is the

reason why people mention it as a separate factor. Moreover, in reality the other

factors are very much interconnected with politics.

The economical, social and environmental factors happen in a political scenario; in

conclusion, first the site has to wait to be part of the national political agenda.

Therefore, it will gain importance if it becomes a political resource for acquiring

votes, money and power. Secondly, after becoming an asset, the site can start the

application of Ramsar and national requirements to achieve a wise use of the

wetland. The Ministry of Environment, RBO (River Basin Organization) and

Commonwealth, because of their status as public entities, have a political duty;

therefore, politics is the first factor that is taken into accountwhenmaking a decision.

Table 18.1 Linkages between the conceptual and analytical framework

Conceptual framework Analytical framework

Influence of the river basin, “other factors” 1. Description river basin

General context of the wetland, “others” 2. Description wetland

Wetland management (Institutional framework) 3. Management structure of the wetland

Information – knowledge – guidelines 4. Wetland guidelines and indicators

Decisions in the planning process 5. Wetland planning in practice

Decisions in the operational management process 6. Wetland operational management in practice

Relation river basin – wetland 7. Adaptive capacity

Fig. 18.2 Left: location of the wetland River Basin in Ecuador. Right: location of the wetland in

the Guayas River Basin
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2. Economic Factor: This case study was conducted in a developing country; the

State cannot cover all the expenses of the public institutions from the central

budget. Therefore, the RBO and the Commonwealth have to find other ways to

finance their works, which is why this factor is in second place of importance to

influence their decision-making process.

For the locals (people living in the region, not specifically in the wetland) the

economical issue is of primary importance. Therefore, any decision they made is

related to the perceived benefits for the improvement of their lives: development,

more work, and income.

Finally, inhabitants of the wetland based their decisions on whether their basic

needs such as food and shelter will be covered; therefore, they will lean towards

the option that will assure their economic situation.

Table 18.3 Factor and actors in the decision making process

Factors

Actors

Ministry River basin organization Commonwealth Locals Inhabitants

Politic 1 1 1 2 3

Economic 4 2 2 1 1

Environmental 2 3 4 3 4

Social 3 4 3 2 2

The order of Importance from: 1 the most important and 4 the less important factor

Table 18.2 Criteria for case study selection

Abras de Mantequilla

Criteria Reasons

O/A Available information √ Internet sites were the first source of information and a

very accurate one. In the country printed documents

were available

RQ Conserve natural conditions √ This is a 1–4 and 6–8 Ramsar site, meaning that it is

representative because of its habitat and large area, it

has not being altered by human activity maintaining

the biodiversity of the habitat

RQ Population’s dependency on

the wetland

√ The main activities of the people around the wetland

depend on it: agriculture and fisheries

RQ Wetland management in

place

X This is not in place, but the ministry of environment is

very involved in the area and there is a pilot plan

recently developed, showing a form of organization

RQ Part of an organized river

basin

√ The wetland is part of the biggest and most important

River Basin in the country: the Guayas River Basin,

and it has a RBO (River Basin Organization) in place

RQ Ramsar site √ This wetland is consider of international importance

since 2000

O/A Contacts √ The counterpart of the WETwin project in Ecuador had

already the knowledge of the key contacts in the area

O/A Communication facilities √ Spanish is the language in the country and internet

facilities are very widespread in the country, even

in rural areas

RQ Research questions, O/A Opportunity/Accessibility
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3. Social Factor: This community has proved to be very active and willing to fight

against anything that can jeopardize their wellbeing. This has been shown through

the protests against informal garbage dumping in the wetland, where an informal

social movement was organized and supported by local and national authorities.

The response from society to specific actions has a predominant value in the

process of decision making. Local institutions, as the Commonwealth, are aware

of the power social movements can have; consequently they consider this factor

as more important compared to other national institutions.

4. Environmental Factor: One might assume that the environment would be the

first factor considered in the decision-making process due to theRamsar status. To

the contrary, it is the last factor to be taken into account, due to other needs that

have to be addressed first by stakeholders and decision makers.

Moreover, problems concerning the environment are not obvious to the naked

eye, which is the reason why outsiders (decision makers) overlooked this factor.

It seems that water is sufficient and clean, animals are present and people look

healthy around it.

18.3.1 The Role of Ramsar

Abras de Mantequilla has been a Ramsar site for almost 10 years now. In 2008 the

authorities, noticing the lack of applicability of this Convention, made an evaluation.

The results showed that Ramsar has been used mostly to fill the legal emptiness that

presented the environmental law on wetlands, and their handbooks utilized for the

development of plans.

In the case ofAbras deMantequilla, there is a Pilot Plan, which used the handbook

about management planning, specifically for the action plan that was proposed. The

central office of the Ministry of the Environment is aware of the poor diffusion of

Ramsar guidelines, but also blames the people for their lack of interest in research.

Furthermore, the statements the Convention presents in their guidelines center

the discussion on the environment. For this reason the country has noticed the need

to interact with other institutions to define the applicability of Ramsar guidelines, in

order to have a wider point of view (social and economical primarily).

Finally, in Ecuador all Ramsar guidelines are perceived as the most trustworthy

documents that exist. The local environmental authorities do not see the need to invest

time in developingmore guidelines; to the contrary, they see the need for findingways

to apply them to local realities.

18.4 Conclusions

Wetlands can be the solution to different problems, and most of the time decision

makers overlooked the complexity of its management. Through this case study the

different factors that push forward the decision-making process have been presented.
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Furthermore, the importance these actors give to each factor is what shaped the

future of the ecosystem and its functions.

In conclusion, the interests of the most influential institution or actors are the ones

that will be taken into account in the decision-making process. Those considered the

strongest can be decision makers or stakeholders, depending on howmuch noise and

pressure they have over the population and resources.

Consequently, it becomes a game of powers: the actor which has the potential to

cause the biggest losses due to their actions, or has the power to produce considerable

pressures (in an economical, political, social or environmental way) is the winner;

and their priorities (their factors) will lead the process for making a decision.
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Chapter 19

3D Detrital Aquifer Modelling for Water

Resources Management of the Regional

Park of the Lower Courses of Manzanares

and Jarama Rivers (Madrid, Spain)

F. Carreño-Conde, S. Garcı́a-Martı́nez, J. Lillo-Ramos,

and R. Fernández-Martı́nez

Abstract Water resources management of natural sites requires a powerful tool to

analyze the process and changes that are occurring in the environment. This paper

describes a 3D geo-model design of the Jarama River Detrital Aquifer located in

Madrid (Spain). The hydrogeological unit is included in the “Parque Regional de los

Cursos Bajos de los Rı́os Manzanares y Jarama” (Regional Park of the Lower

Courses of Manzanares and Jarama Rivers). All data used in this study were

integrated in a geographic database (GDB): geological and hydrogeological infor-

mation, geological map (1:25,000), 11 cross-sections, isopieces maps and a Digital

ElevationModel (DEM). The constructed 3Dmodel of the JaramaAquifer shows the

geometric features and the spatial distribution and variation of geologic units, which

allow the assessment of volumes of each unit, the depth and thickness variations of

the main aquifer, and the spatial and temporal variations of water tables.
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19.1 Introduction

Three-dimensional (3D) reconstruction techniques for the study and analysis of

complex geological bodies aremainly used in hydrocarbon exploration and production

(Perrin et al. 2005), analysis of structural geology (Martelet et al. 2004), reconstruction

of geological surfaces (Fernández et al. 2004), mining exploration (Le Carlier et al.

2009; Feltrin et al. 2009), environmental risk (Wycisk et al. 2009), or hydrogeological

modelling for groundwater resource management (Bonomi 2009; Gallerani and

De Donatis 2009). That is because with a 3D reconstruction a consistent model can

be obtained that describes a detailed succession of different layers with their geomet-

rical relationships and spatial distribution, allowing the calculation of the volume of

each layer.Also, the 3D true representation allows a best understandingof the complex

subsurface settings of different units (Nury et al. 2009).

Groundwater resource evaluation and management require the adequate spatial

representation of geological and hydrogeological information including that regarding

rock layers and water table depth, in order to obtain isodepths and isopiezometric

maps, vertical cross-sections, and geometric solutions of the piezometric surface of

the aquifers, closed volumes and data estimation of groundwater reserves in the aquifer

of interest.

The aim of this work is to show how cartographic, topographic, geological and

hydrogeological data can be integrated to generate a 3Dgeo-model of the JaramaRiver

Detrital Aquifer, giving as a result a powerful basis for the analysis of changes that

occur in the territory thatmust be taken into account inmaking a decision regarding the

environment management. This aquifer is included in the “Parque Regional en torno a

los ejes de los cursos bajos de los rı́os Manzanares y Jarama” (Regional Park of the
Lower Courses of Manzanares and Jarama Rivers). This is located in Madrid (Spain)

and coincide with a site of community importance (SCI) code SCI-ES-3110006

“Vegas, cuestas y páramos del Sureste” (Fig. 19.1).

There is a clear relationship between the natural resources, ecosystems, activity in

the territory (agriculture or mining) and the groundwater flow systems. The natural

equilibrium established can seriously change if there is an increase in the intensive use

of elements.

19.2 Data and Methodology

All data used in this study are stored in a geographic database (GDB) edited inArcGIS

9.2. for the management of geological and hydrogeological information. A 3D Core

Builder (3DCB) extension forArcView 3.x. (O’Neall 1999)with 3DAnalyst was used

for making 3D lithology cylinders (boreholes) and 3D Analyst extension for ArcGIS

9.2 allowed true surface interpolations. ArcScene application integratedwitchArcGIS

was selected for 3D visualization because it allows the view of GIS data in three

dimensions.

Themain data source for thiswork is the “Estudio para la ordenación de la actividad

extractiva en el tramo bajo del rı́o Jarama” (Study for managing the extraction activity
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in the lower Jarama river) (Bardajı́ et al. 1990) that provide a geological map

(1:25,000), 11 cross-sections obtained from vertical electrical soundings (VES) inter-

pretation and isopiezometric maps of the Jarama River Detrital Aquifer. Additionally,

a Digital Elevation Model (DEM) was obtained for surface topography of 25 m

resolution and four boreholes from Tajo Hydrographical Confederation database.

The procedure for producing a 3Dmodel can be summarized as follows. Firstly, the

collected information is prepared and imported according to a geodatabase structure in

the UTM reference system. The previously georeferenced geological map is

digitalized on screen. Afterwards, the geological boundaries are converted to polygon

geometries with attributes that represent the spatial distribution of lithological-

hydrogeological units. They consist of sediments (limestone, conglomerates, marls

and gypsum) of Tertiary age and Quaternary sediments including those materials

eroded, transported and deposited by the Jarama and Manzanares rivers. These

sediments are conforming the upper, medium and lower river terraces, and the alluvial

Fig. 19.1 Location map of the study area with geologic units considered for the 3D model.

Location of the VES (vertical electrical soundings) profiles is also shown
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filling of the valley bottom. The 11 cross-sections distributed along the study areawere

converted in virtual 3D boreholes that contain the sediments vertical distributed each

100 m.

The next step was the construction of the considered lithologic surfaces. Using a

new point layer with 79,295 elements arranged in 50 m intervals the study area is

regularly discretized to obtain virtual 3D lithologic boreholes. Each borehole contains

upper and lower topographic heights of geologic units. The built 3Dmodel is based on

a constructivemethod so that eachmodel surface is processed independently, assuming

that all layers are characterized by a horizontal disposition and constant thickness. The

upper layer height is the same as topographic height ofMDE and the lower layer height

is derived from minimum topographic height of the layer boundary. In the points that

do not match with emerging surface, the upper layer height is the same that lower

height of overlaying layer. The gypsum unit is considered as the impermeable layer of

Jarama Detrital Aquifer, so the design of its subsurface is crucial in the model.

However, the gypsum unit displays an irregular pattern and its surface can be obtained

from the geologicmap. Alternatively, their surface was interpolated from those depths

extracted of the 11 VES cross-sections.

The isopiezometric curves were converted to a point layer in order to build the

piezometric surfaces of the unconfined Jarama Aquifer using inverse distance

weighted (IDW) interpolation.

Afterwards, the geologic surfaces must be interlocked to validate the results.

A careful checking of geological settings, virtual 3Dboreholes and surface topography

was performed to detect inconsistencies in the conceptual geological model and the

data sources. Thus, the revised 3D model contains an individual representation of

each formation, and a complete 3D model of the Jarama Aquifer is generated when

they are overlaid.

19.3 Results and Discussion

A 3D geological model was obtained using a variety of geological, hydrogeological

and topographic data. The 3D model of the Jarama Aquifer shows the spatial

distribution and geometric features and variability of geologic units. This design

allows the displaying of all units as a detailed succession of layers or alternatively,

the model allows working with each formation independently.

Four layers constitute the obtained 3D model of the Jarama Aquifer, defined by

lithological and hydrogeological criteria with an environmental significance: layer 1

is composed of gypsum of Middle Miocene age, occurring along both margins of

Jarama river; layer 2 consists of marls, conglomerates and limestone deposits of

Middle to Upper Miocene age occurring in the western section of the Jarama valley;

layer 3 is composed of gravels and alluvial deposits of Quaternary age; and layer 4 is

made up of limestone, marls, conglomerates and terrace deposits (Fig. 19.2).

This study is focused on the layer 3 and layer 1. On the one hand, layer 1 consists

of gypsum and is considered the basement of the Jarama aquifer system, defining a

very low permeable formation and a natural barrier that confines and prevents a
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possible transport or dispersion of a potential contaminant plume. The defined

upper gypsum surface is similar to that outlined in the VES cross-sections and its

lateral continuity is coherent with surface geological map. Layer 3, composed of

gravels, is considered the main aquifer; therefore, it is very important to know their

geometry and spatial boundaries for groundwater management (Fig. 19.3).

Fig. 19.2 Representation of the real 3D model of the area studied with boreholes cross-sections

and a layer contact surface. Each considered layer is differentiated by a colour: Layer 1 brown;
Layer 2 yellow; Layer 3 orange; and Layer 4 gray

Fig. 19.3 Visualization of the 3D main Jarama aquifer system model (layer 3 gravels) with

Manzanares and Jarama rivers
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Moreover, if this unit is affected by extractive industries (gravels) the management

should be sustainable by law.

The results are correct and coherent with the general geological knowledge but the

local spatial variations of the Tertiary and Quaternary sediments or the human

activities could not be considered in themodel, to obtain amore accurate environmen-

tal setting. A “true” model depends on density and availability of information

according to scale (Wycisk et al. 2009). As more data are involved, models are more

detailed.

In this model, the unconfined Jarama Aquifer volume is estimated as

1.04 � 1010 m3. The created isopachs map shows a thickness variation of the main

aquifer from 1 to 56 m, with the maximum depths located to the northeastern and

southeastern parts of the study area.

Analysis of the isopiezometric models obtained from 1973 to 1989 shows a light

increase of the water table depth (mean of 0.39 m), being the estimated average

volume is 3.7 � 109 m3. The maximum increases are located along the aquifer and

the main decreases at the northwestern and the southern parts of the boundary.

19.4 Conclusions

A 3D model of Jarama Aquifer built using GIS techniques based on geological and

hydrogeological data can help to better understand the complex subsurface setting

because it enhances the visual interpretation of the sedimentary layers that form the

aquifer.

The model is based on a constructive method that uses a variety of geological,

hydrogeological and topographic data from geologic maps, boreholes, cross-sections,

DTM and outcrops for which integration allows the assessment of the geometry and

spatial variability and the volume of the sedimentary layers and water storages.

The piezometric surface is generally near the surface zones and in most of the

cases a hydraulic connection exists among the aquifer, the river and the wetlands.

The intersection between the main aquifer isopach and isopiezometric models can

help to establish the potential risks derived from an intense groundwater exploitation

rate, extractive mining activity or a groundwater contamination and their effects,

which is paramount for the management and conservation of the regional natural

park. In addition, the model can also be used to analyse the different scenarios for

natural recharge, and to use planning of water and environmental resources.

The Jarama Aquifer 3D model represents a key tool to estimate the natural

resources, environmental risk and potential negative impact derived for anthropogenic

activities. All of it is required for a correct management of the regional park, allowing

the application of regulations to mitigate the negative effects of human activities.
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Chapter 20

Preliminary Characterization

of the Hydrodynamic of Karstic Aquifer

in the “Promontorio de Cabrera”, Province

of Maria Trinidad Sánchez, Dominican Republic

E. Rocamora-Álvarez

Abstract The “Promontorio de Cabrera” is represented by a mountainous massif of

250 km2, with elevations of more than 400 m of height, distributed to 6 km from the

coastline, and conformed by karstic limestone rocks. There is an aquifer with conical

structure and radial flow that responds to the morphological regional patterns, and

where the groundwater has depths of 200 m in the central sector of the massif and of

80m in the borders. The aquifer structure has a better component developed in NW,N

and NE, where the groundwater appears in karstic springs, which have altitude of 120

and 180 m and flow to the sea. Other springs in the NNE sector of the massif are

distributed to heights of 280 m. In the S and SE of the massif, the karstic springs are

distributed to heights of 120 and 150m, and the flow is to the local river and wetlands.

Other two springs, in the level of 260m, suggest its hydrogeology relationshipwith the

morphological structure. A shallow aquifer associated with the system of karstic

summits has been characterized, where the waters appear in karstic springs and flow

to basins and infiltrate for karstics drains.

Keywords Karst aquifer • Karst springs • Hydrogeology • Morphology

• Dominican Republic

20.1 Introduction

The territory described as the study zone is located in the province of Maria

Trinidad Sanchez, in the north coast of Dominican Republic, embracing an area

of 25 km2 (Fig. 20.1). This territory is represented by a mountainous massif, where
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to less than 10 km from the coast there are elevations of 400 m, and the karst in the

carbonated rocks established the presence of the groundwater.

The basic characterization of the hydrogeological and hydrological aspects was

based on the evaluation of the local morphology, of the rocks distribution, of the

karst development, of the physical and chemical parameters of the groundwaters

that appear in karstic spring and of the ephemeral hydrological system.

20.2 Geologic and Geomorphologic Characteristics

The stratigraphic sequence is evident in the prevalence of the carbonated complexes

that distributed over rock layers of the regional metamorphism (Direccion Geneal

de Minerı́a 1999, 2000).

Fig. 20.1 Study zone location
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From a local point of view, this stratigraphy is simplified to:

• Limestone, karstics and fractured, of white color. These calcareous rocks are of
the Miocene-Pliocene period. They are hard rocks, where the karst has been

developed following the patterns of the primary cracking of the massif.

• Loams to calcareousmarl, white to cream, hard and dense.These rocks lie in layers
inserted in the limestone, but with a limited development inside the study area.

The evaluation of the natural density of the rocks approached the interpretation

of the rocks distributions, in the intercalations of loams and limestone, distributed

with general strata azimuth of SW-NE.

The regional geomorphology becomes interesting when considering that the

whole territory is framed inside the limits of “Promontorio de Cabrera”, like a

geomorphologic unit and surrounded elements of coastal and fluvial plains.

In the study zone are observed some levels of morphostructural surfaces. One of

these surfaces is characterized as I that it is of more altitude in the region, with

elevations above 280–300 m and it occupies 13 % of the total area of the massif. Its

land surface is very irregular, with summits with patterns of alignment of 30–40�.
Surface II is distributed between the elevations of 100 and 260m.This is the surface

of major extension in the territory (112 km2). It is very irregular, where there are the

summits arrays aligned with direction 30–45� and deep valleys of vertical hillsides

with its bottoms filler for sediments and with active drains. Some of these valleys

represent closed basins of small dimensions.

Associated with its surface there are several springs of groundwater that have a

similar pattern of direction, of distribution and elevations. These springs develop

into the fluvial stream of the territory, with permanent and seasonal flow.

Surface III is distributed from 0 to 30 m, around the massif and it is the “last”

level of emerged terrace. It represents the coast border with flat relief and covered

with marine and alluvial sediments.

Another factor refers to the interpretation of the morphostructures direction in

the study zone. Of this interpretation three families of morphostructures have

established: the family A with directions 30–60� that it represents the direction of

distribution of summits, valleys and structural steps.

Family B contains the structures with directions 130–160�, with a considerable

continuity. These alignments represent borders of blocks and relief structures,

without contributing to the superficial and underground hydrodynamics.

FamilyChas a very small representativeness in themassif,with directions 90–100�,
that it represents morphostructures of reduced continuity and null aqueousness.

20.3 Aspects of Hydrology and Hydrogeology

Due to the karst development on the study zone, the superficial streams do not flow.

This condition establishes that the superficial hydrology is manifested in three

different ways:

• Elevated sector of the mountainous massif. Valley that functions as small closed

basins, where the pluvial flow to the bottom; and they infiltrate for karstic drains.
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This dynamic has an eventual character, although they are observed in some

seasonal streams.

• Plain of border on the North and East sectors of the massif. There are permanent

fluvial streams, with continuous riverbeds. The distribution of these streams and

their predominant directions follow the patterns of directions of the family A

morphologies.

• Hydrological basin of the “Caño Claro” stream. This basin is distributed in the

South flank of the mountainous massif and the fluvial streams that flow to the

basin appear in the border of massif. These streams are fed by the pluvial from

the high sector of massif and from aquifer.

The hydrology of the central sector of the massif is represented by a system of

closed basins in a karstic environment of very irregular surface that constitutes the

area of infiltration of the pluvial waters. This zone is defined as the area of feeding

of the aquifer.

During the times of strong rains some water streams appear to flow from de massif

to the plains, but the infiltration process is predominant. These groundwaters represent

the karstic aquifer, with radial flow whose piezometric level is more than 80 m of

depth. Due to themassifmorphology these groundwaters appear at elevations between

120 and 170 m, as these are the level of regional hydrology. From these morphology

levels and slope below, these streams have the permanent or seasonal hydrodynamic to

discharge to the sea.

However, this conceptual hydrogeologic model is represented by another dynamic

of the groundwaters that flow near the massif surface, and its movement is through the

karstic hollows (León and Rocamora 1996; Molerio et al. 1998).

In themap of Fig. 20.2 is represented this hydrodynamic in one of the closed basins,

with the preferential direction characterized for these relief forms (60� – family A).

Fig. 20.2 Elements that characterized the study basin
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The well has a vertical orientation of square section and its depth is about

3.00–3.50 m. It was dry during the field campaign and elevation of its opening is

193 m. On the slope is the water spring and it has 190 m of elevations and there is a

lagoon in the bottomof the basinwhere are accumulated the surfacewaters (elevations

is 177 m). The drain corresponds with the near basin and its altitude is 224 m.

The hydrodynamics in the basin behave in two ways, in dependence of the

meteorological conditions of wet period or dry period:

The dry period (Fig 20.3). This situation is considered as the least favorable for

the local hydrology, without it means the conditions of the period of drought.

The scarce limited rains produce the reductions of pluvial volume (Qs) and so

the volumes that infiltrate to the massif (Qi). This situation influences directly in the

massif aqueousness that is reflected in a decreasing of the flows to the deep aquifer

(Qas) and also on the shallow waters that flow in the unsaturated area of the massif.

These conditions established the water flow in the spring Qm, with a tendency to

reduce if the conditions of insufficient rain persist.

The conditions of accumulated waters are keeping in the lagoon, although there

exists an infiltration flow Qr.

The wet period (Fig. 20.4). This situation is favorable for the local hydrology,

although some conditions of floods are observed.

The increase of superficial water flow (Qs) and its infiltration (Qi) influence

directly the aquifer recharge, that which increases the intrinsic aqueousness of the

karstic massif and the water flow of the spring (Qm).

These conditions produce the increase in volumes of water that are accumulated

in the lagoon and also the increment of the infiltration flow Qr.

Anyone of these situations represent the hydrodynamics of the superficial and

groundwaters in the basins of the mountainous massif and toward the valleys.

Considering these approaches, a general analysis of the water quality was made,

taking as a reference the physical-chemical parameters, measured in situ

(Table 20.1).

In general, the waters were sampled in the karstic springs and in the wells have a

very short time of residence in the massif, demonstrated by its low values of SPC

Fig. 20.3 Hydrodynamic profile in the study basin for the dry period
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and TDS. Also, this characteristic demonstrates the rapid infiltration and migrations

of water in the karstic massif.

Considering these parameters, the insignificant difference of these properties for

the waters of the deep aquifer and the shallow can be observed.

Acknowledgments Thanks to the executives of the Enterprises EMPACA REDES of Dominican

Republic for their support in the field investigations

References

Dirección General de Minerı́a (1999) Mapa Geológico de la República Dominicana a escala

1: 250,000

DirecciónGeneral deMinerı́a (2000) Proyecto ProgramadeDesarrolloGeológicoMinero (SYSMIN)

Fig. 20.4 Hydrodynamic profile in the study basin for the wet period

Table 20.1 The physical-chemical parameters of the superficial and groundwater

Sampling points pH t �C SPC (mS/cm) TDS (mg/l) O2 (mg/l)

M1 6.80 26.0 540 262 7.33 (98.1 %)

M2 7.09 26.0 346 167 5.03 (87.2 %)

M3 6.54 27.3 642 311 6.23 (94.1 %)

M4 7.12 27.5 441 214 4.23 (83.2 %)

M5 6.77 27.6 467 226 4.66 (85.2 %)

M6 7.02 27.8 398 193 5.20 (89.4 %)

Well 1 7.02 22.0 678 329 7.33 (98.1 %)

Well 2 7.09 22.6 632 306 7.03 (97.2 %)

Well 3 7.04 23.1 589 286 4.23 (84.7 %)

t temperature (�C), SPC conductivity (mS/cm), TDS total dissolved solids (mg/l), O2 dissolved

oxygen (mg/l) (% of saturation)
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Chapter 21

Underground Water of Deep Circulation in the

National Park Guanahacabibes, Pinar del Rio

Province, Cuba: Another Alternative with

Water Supply Aims

R. Peláez Garcı́a and N.A. González Cabrera

Abstract The National Park Guanahacabibes, located in the westernmost part of

Pinar del Rio province, occupies an area of 1,200 km2. It was recognized in 1987 in

an official way and internationally as a town of biospheric transcendency. From the

geologic point of view it is composed by Neogene – Quaternary rocks over other

older Jurassic rocks with a great development of the karst of the plain that limits the

existence of superficial fluvial flows. In those carbonated rocks, there is an aquifer

open to the sea and strongly intrusive by marine waters, and the only possibility

of finding sweet waters in the small lenses that float on the salted waters. As an

alternative related to the different proposals carried out by the authors in different

moments with the objective of solving the water supply to the peninsula, in this

work there is an approach to the possibility of finding sweet waters of deep

circulation in older rocks (Jurassic), outlining a Conceptual Model Geologic –

Hydrogeologic Regional, using current interpretations.

Keywords Water supply • Karst • Aquifer • National Park Guanahacabibes • Cuba

R. Peláez Garcı́a (*)

Geominera Enterprise Pinar del Rı́o, MINBAS, Pinar del Rı́o, Cuba

Department of Geology, University Hermanos Saiz, Pinar del Rio, Cuba

e-mail: bpinar@pri.minbas.cu
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21.1 Introduction

To be able to develop a territory it is necessary to make works of diverse types that

allow creating conditions for exploiting their resources. From the end of the 1960s

and later on in the 1980s, when the development in tourism began in this country,

the peninsula began to be studied with the objective of knowing its potentials for

tourism, verifying the immense possibilities that it offers for the development of a

nature tourism for the variety of flora and fauna resources in its emerged portion and

submarine platform and the speleologic, archaeological and landscape values.

The peninsula of Guanahacabibes has been little studied due to the inaccessibil-

ity that offers its karst relief, the shortage of lands with agricultural potential, the

absence of interests for mining activity and geographical accidents that allow the

construction of important ports for marine sailing.

Another factor of first importance that breaks the socioeconomic development

from the peninsula to a great scale is the enormous deficit of water with quality for

its different uses (Vengrechanovich 1980). For its form and geologic constitution,

with prevalence in the surface of carbonated karstified rocks, the hydric superficial

resources of the peninsula are null and the shallow underground waters are gener-

ally affected by marine intrusion processes that convert them into not being capable

for their social use, which constitutes the fundamental problem.

Due to the inconveniences of the analyzed variants in Peninsula Guanahacabibes

with the intention of another variant starting from a detailed regional conceptual

model of the geologic, geophysics, hydrological, hydrogeological and perforation

information accumulated until the present in the region, the existence of a regional

flow of waters of deep circulation of the Jurassic aquifer constituted by carbonated

rocks (calcareous) of the Guasasa Formation of the age J3 – K1 is possible.

21.2 Geographical Characteristics of the Region

The implied area in the present investigation embraces the western south plain located

to the southwest of Guane town as well as the hydrographic basin of Cuyaguateje.

The interaction of the geologic, geomorphologic, climatic, hydrograghic and biotic

factors have given the place a very specific landscape of lakes, lagoons, swamps, etc.

The peninsula of Guanahacabibes is geomorphologically an active karst plain,

where several characteristic types of relief are appreciated, either emerged or

submerged (ACC 1989).

To the north of the area occupied by Cuyaguateje Basin there are low mountains,

which are very irregular. The average absolute mark of these elevations can be

considered between 350 and 400 m; they are of the horst type and blocks of

overthrust mantels, especially in the mogotes.
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21.2.1 Regional Hydrogeologic Frame

The investigation that was carried out implies the analysis of the characteristics and

the role played by three fundamental hydrogeologic units developed in the implied

territory that extends from the eastern end of the basin of Cuyaguateje River to the

Peninsula of Guanahacabibes. The search of a solution for the water supply in this

last unit is not feasible without an integral and interrelated analysis of all the factors

that can determine the possible election of variants (Castaño 2000).

• Neogene-Quaternary Complex (N1-Q III): This aquifer is broadly extended for

the whole territory. The aquifer is related to the carbonated deposits of the Paso

Real, Guane, Vedado and Jaimanitas Formations (Denis and Dı́az Guanche 1993)

with reef calcareous and organogene strongly karstified in the upper part of the

geologic cut to approximately 300 m of depth. In the northern part of the area the

rocks of Paso Real lie directly on the deposits of San Cayetano (Well Guane – 1).

To the Paso Real Aquifer are attributed very high hydraulic properties with

hydraulic conductivities elevated to 700–1,000 m/day, with specific expanses

over 25–30 l/s/m and static levels very close to the surface – 1–4 m. The total

thickness of the carbonated rocks of the units of the Neogene-Quaternary can

range to 750m (ONRM 1970). The underground waters of this aquifer are funda-

mentally of the chloride-sodium type, due to the marine intrusion with a quantity

of soluble salts that oscillates between 1 and 5 g/l, the chlorides vary from 500 to

800 mg/l, in general. In isolated points of the peninsula can be located lenses of

fresh water “floating” on the salty waters of bicarbonate-calcic type with a total of

dissolved salts of 0.6–0.8 g/l and chlorides between 90 and 290 mg/l (Alvares and

Peláez 1970).

• Upper Jurassic – Inferior Cretácico Aquifer Complex (J3-K1gs) guasasa: This unit

has its biggest development and blooming area in the intermountain

hydrogeologic basin Sierra de los Organos coinciding with the hydrographic

basin Cuyaguateje. This complex is related with the gray karstified and cracked

limestones of the upper Jurassic that appear in the Sierra de los Organos

conforming a relief of karst-denudative low mountains. When one advances

toward the occident the complex of carbonated rocks submerges and is recovered

by the terrestrial silts of the PasoReal Formation until arriving near to Isabel Rubio

town where the carbonated complex does not appear for the geologic formation

mentioned before. It is as though this whole structure goes toward the southwest of

the Guanahacabibes Peninsula. To the north exists an alignment toward the

southwest of big karst springs with flow with fresh water that oscillates between

80 and 350 l/s (Springs Los Acosta – 100 l/s, Teneria – 80 l/s and Los Portales

350 l/s) (Chetoni et al 1997). The presence of these springs and other discharges

not mentioned attest to the existence of a component of the underground glide of

considerable magnitude. A detailed valuation was made. The waters are

bicarbonated-calcic type with a quantity of soluble salts between 0.3 and 0.6 g/l,

stable in type and content of salts in the time, according to the monitoring of

quality of the territory in more than 30 years in which substantial variations do not
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exist in the chemical elements that characterize them. The hydraulic conductivities

of this aquifer vary between 50 and 300 m/day. Through this aquifer the under-

ground flow moves toward the southwest, that is, toward the peninsula (Dı́az

Hernández 2000).

• Upper Jurassic – Inferior Cretacic Aquifer Complex Esperanza (J3-K1es):

It occupies the north of Cabo San Antonio from the plane of overthrust discovered

for the Well Guanahacabibes-1 (Martı́nez 1994; Martı́nez et al 1988) that cut

sericı́tic carbonaceous schists of black color with andesite intercalations and

gabros. The hydraulic conductivities of this aquifer have values up to 100 m/day.

This aquifer unit is not considered as perspective (Fig. 21.1).

21.3 Methodology of the Investigation

The new variant is based on a Regional Conceptual Model of the occurrence of a

deep aquifer in the Jurassic sediments of Guasasa Formation that underlie the

carbonated rocks of the Neogene as well as the terrestrial sediments of San

Fig. 21.1 Regional hydrogeologic model
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Cayetano Formation like regional impermeable in the Guanahacabibes Peninsula.

This idea is based on the fulfillment of several premises and general conditions that

allow a base model of the underground runoff in the territory objective to study the

argument of the possibility of capturing abundant flows of underground waters of

good quality to depths over 800 m.

The premises that allow the verification of the outlined conceptual pattern are the

following:

• Suitable geologic – hydrogeologic constitution.

• Positive hydric balance in the Cuyaguateje basin.

• Existence of submarine discharge areas.

21.3.1 Evaluation of the General Water Balance
of Cuyaguateje Basin

The basin of Cuyaguateje River occupies a great part of the western portion of

Sierra de los Organos extending from Cabezas town to the outlet of the river in the

Ensenada de Cortés, which, in general has a surface of 723 km2 (CITMA 2005).

Taking into account the environment of general karst development that has a

great influence on the hydric balance of the basin, a special interest is dedicated to

the valuation of the resources of underground runoff that have their origin inside the

limits of the basin, and should go in a southwest direction toward the western is

dedicated to part of the Peninsula of Guanacahabibes, taking advantage of the deep

continuation of the geologic structure conformed by the carbonated rocks of

Guasasa Formation.

The result of the hydric balance in Cuyaguateje Basin settles down for a

component of underground runoff toward the south in about 548 million m3/year

(17.3 m3/s) of water. Starting from the analysis of the structural geologic conditions

of the region, this underground runoff should conform to the submarine discharges

of the deep Jurassic aquifer in the marine channel along the beril edge to depths

over 800 m.

The use of the underground resources that will be discharged to the sea

constitutes a potential variant for water supply for the future investments foreseen

in the Development Plan of Guanahacabibes that is insignificant of about 30 l/s

according to the calculations of these enormous evaluated resources.

21.3.2 Existence of Areas of Submarine Discharges of Water

With the view to predict the places of more probability of submarine discharges a

work of localization was carried out of these areas by means of the processing of

available satellite images corresponding to the area of the marine platform.
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In the area to investigate only the information exists related to satellite images

(Multispectral reflectance) and bathometry data. The satellite information is limited

to a set of images of the Thematic Map (TM) of year 2000 that includes the bands

1, 2, 3, 4, 5, 7, 61 and 62.

The bathometry was extracted from cartographic maps 1:250,000 with an

implicit precision.

21.4 Results and Discussions

As a result of the analysis of the regional geologic-hydrogeologic structure the

continuity in depth of the sequences of Sierra de los Organos toward the west-

southwest in Guanahacabibes region were considered, and can also wait the existence

of “valleys and windows” of tectonic-erosive origin under neogene – quaternary

carbonated sediments.

The water balance in Cuyaguateje basin throws a component of underground

runoff in about 548 million m3/year (17.3 m3/s) of water directed toward the south.

Starting from the analysis of the structural geologic conditions of the region this

underground runoff should conform the submarine discharges of the aquifer

detected by the analysis of satellite images in the blooming areas along the insular

talus to depths over 1,000 m.

In the Fig. 21.2 (left) the discharges, of the neogene-quaternary aquifer on the

isobate of 200–500 m and in the Fig. 21.2 (right) Jurassic aquifer on the isobata of

1,000 m usually model the coast of the peninsula and present exit areas of 500 �
500 m and larger.

The use of the underground resources that in a certain way will be discharged to

the sea constitutes a potential variant for water supply for the future investments

foreseen in the Development Plan of Guanahacabibes that is insignificant according

to the calculations (30 l/s) in front of these enormous resources.

The Jurassic discharges associated with the Guasasa Formation, according to the

Regional Conceptual Hydrogeologic Model, are disseminated between 1,000 and

1,500 m deep. In this interval of depths certain groups appear with a symmetrical

correct alignment to the coast. The main direction of calcareous structure toward

the peninsula was established by data of the complex analysis with a quite high

Fig. 21.2 Submarine discharge associated to the aquifer N-Q (left). Submarine discharges

associated to the deep aquifer of Guasasa Formation (right)
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security as to have the continuity of the future investigation that allows thinking of a

deep perforation of about 1,000–1,200 m of depth in the central area shown in

Fig. 21.3.

21.5 Conclusions

According to the analysis of the available information on the geologic structure

of the territory, it is possible to assure the occurrence of a deep aquifer container

of capable waters for the human consumption, associated with carbonated rocks of

Guasasa Formation.

The results of the calculation of the hydric balance in Cuyaguateje River attest

for the existence of an underground runoff of large proportions that should circulate

for the deep aquifer horizon of Guasasa Formation in the direction of The National

Park Guanahacabibes.

Although the available satellite information was not optimum, the investigation

showed as a result the existence of submarine discharges of underground waters,

located in the area of the blooming of the Guasasa Formation in the marine bottom,

between Cabo Frances and Cabo Corrientes to 1,000–1,500 m of depth.

A preliminary evaluation of the economic feasibility of the different variants for

water supply in the Peninsula Guanahacabibes allows acceptance of the option of

Fig. 21.3 Direction of the prolongation of the deep aquifer structure
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the employment of underground water of deep circulation of the aquifer Guasasa.

This will be possible due to its low operation cost and environmental impacts.

In the future geophysical works of electric sounding, gravimetric and seismic to

locate fossil valleys covered by Paso Real Formation will be needed to locate a deep

exploratory well of 800–1,000 m in depth to carry out hydrogeologic works for the

evaluation of the aquifer Guasasa.
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186 R. Peláez Garcı́a and N.A. González Cabrera
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Chapter 22

Aquifer Recharge Capacity in the Protected

Area South of the Basin of Mexico

M.F. Naranjo Pérez de León and A. Breña Puyol

Abstract The aim of this study was to conduct a hydrologic analysis to define the

boundaries of the 29 watersheds that make up the study area, as well as physio-

graphic characterization through the estimation of parameters governing their

hydrological functioning. The results, in summary, is that the evaporation, evapo-

transpiration and storage in the unsaturated zone, are linked closely to the function-

ing of the soil where it is concluded that more than two thirds hasty return of

the water to the atmosphere through the three processes described. The estimate of

recharge capacity or volume of infiltration was carried out through a methodology

whose structure is based on three concepts: location, climate, hydrology and

hydrographic aspects of micro, water balance of the Valley of Mexico Basin; and

water balance of the Conservation Area.

Keywords Watersheds • Aquifer recharge capacity • Hydrology • Mexico City

22.1 Location, Climate, Hydrology and Hydrographic Aspects

of Watersheds in the Protected Zones

22.1.1 Location Area

Mexico City is located southwest of the Basin of Mexico; it has a total area of

150,156 ha, 59.04 % of the territory, which corresponds to an area with rural

characteristics. In this region, agricultural areas and natural ecosystems play an
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important role in maintaining environmental balance. At an altitude of over

2,240 m.a.s.l, it has four types of climate; and it is characterized by an annual

average temperature between 12�C and –18 �C. The rainy season occurs between

the months of May to October and the average annual precipitation varies in a range

of 600 mm in the northeast, and 1,500 mm in the west.

22.1.2 Hydrology

The aim of the hydrologic analysis conducted on the surface of the Protected Area

was to define the boundaries of the 29 hydrologic units or watersheds from the

study area.

In each of the hydrologic units a characterization was made through the estima-

tion of parameters such as: area of the basin hypsometric curve (area distribution as

a function of elevation); perimeter of the unit, length of the larger axis, elongation

ratio, shape index, total length of channels, stream order and drainage density.

The previous parameters define the hydrological behavior of the watersheds, and

the results of the analysis are presented in Fig. 22.1:

Fig. 22.1 Watersheds
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22.1.3 Hydrographic Aspects of Watersheds

The characteristics presented by the micro-basins are fundamental to understand the

hydrological functioning. Figure 22.1 shows the delineation of the 29 watersheds:

Basin water balance of the Valley of Mexico, Conceptual Model, Estimation of

hydrological balance variables.

22.2 Conceptual Model

The hypothesis used for the water balance is the principle of conservation of mass

within the limits established by its watershed. To estimate the water balance of a

catchment and to identify the variables involved in this process, the principle of

continuity to a control volume that surrounds the main stream was applied, includ-

ing the eight hydrological variables involved in the balance (Fig. 22.2).

22.2.1 Estimated Balance Hydrological Variables

With the support of the mean values of hydrological variables recorded during a

period of 45 years (1960–2004), the water balance of the Basin of Mexico was

estimated. Table 22.1 shows the annual average values of its components in hm3

(million cubic meters) and m3/s (cubic meters/second) and its corresponding

percentages (CNA 2007).

Table 22.2 shows the situation of surface water and groundwater. Analyzing the

values in Table 22.2 reveals a number of important conclusions related to the use of

surface water and groundwater. In the Mexico City Basin, rainfall runoff generated

hm3 748 (23.7 m3/s), however, only advantage through rivers and springs a cost of

92 hm3 (2.9 m3/s), i.e. only total runoff uses 12 %.

22.3 Water Balance Study, Conceptual Model, Estimation of

Hydrological Balance Variables

22.3.1 Conceptual Model

The conceptual model is based on the hydrological processes that occur in the

atmosphere, as well as surface and subsurface layers.

In this case, the movements of water in all three phases have a very close

relationship, highlighting their behavior in surface and underground layers, as it
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Table 22.1 Hydrological balance for the Basin of Mexico

Component Volume (hm3) Streamflow (m3/s) Percentage (%)

Precipitation 6771 214.7 100.0

Evapotranspiration 5014 159.0 74.1

Water storage evaporation 126 4.0 1.9

Superficial recharge 883 28.0 13.0

Runoff 748 23.7 11.0

Fig. 22.2 Shows the geohydrological condition of aquifers, overexploited and underexploited
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depends on vegetation cover and the dominant subsoil type. Figure 22.3 illustrates

the map of isohyets defined, including the current land use and runoff coefficient

values. At a later stage, with the support of Fig. 22.3, it upheld the method

of isohyets, the height of average rainfall and the areas between two consecutive

isohyets. Derived from the values described above, the volume of rain between

isohyets was calculated by multiplying the height of average rainfall for the area

between isohyets, and adding the partial values, which gives the total volume of

rain that rushes over the test area.

Table 22.2 Situation of surface water and groundwater in Basin of Mexico

Aquifer

Recharge

(hm3)

Recharge

(%)

Concession water

volume (hm3)

Average

availability (hm3)

México city metropolitan

area

328 37.2 1249 �921

Cuautitlán-Pachuca 239 27.0 243 �4

Texcoco 57 6.5 93 �36

Chalco-Amecameca 87 9.9 90 �3

Tecocomulco 33 3.7 0 33

Apan 117 13.2 8 109

Soltepec 22 2.5 18 4

Total 883 100.0 1683 �818

Fig. 22.3 Isohyets in mm OPMAC (1999)
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The calculation process is summarized in Table 22.3, which analyzes the results;

it appears that on average they fall onto the surface of the study area of 1,674 billion

cubic meters per year.

By solving Darcy’s equation for each cell formed by the streamlines, the volume

of water traveling was obtained from the upper parts and finally reaching the south

and southwest of the basin. The volume of deep percolation or recharge generated

was 209 million cubic meters. The soils were highly permeable and exhibit high

moisture content and their depths ranged from several tens of centimeters to 2 m.

Moreover, as displacing downstream, soil depths are of the order of several tens of

meters, showing a great heterogeneity and anisotropy, key features to eliminate

these parts as deep recharge (Jacobo 1992, 1993; Jacobo and Morales 1997, 1998).

For its part, Table 22.4 shows the results of each of the components involved in the

water balance. The results are presented in hm3 (million cubic meters), m3/s (cubic

meters/second) and their corresponding percentage.

22.4 Conclusion

In summary, evaporation, evapotranspiration and storage in the unsaturated zone

have joint values of 1.335 billion m3 per year; and according to the average value of

1674 million m3 per year of precipitation, it can be concluded that more than two

thirds of precipitation returns to the atmosphere through the processes previously

described.

Table 22.3 Estimation of rainfall volumes

High of average

rainfall

Area between isohyets

(m)

Area between isohyets

(km2)

Precipitation volume

(hm3)

0.70 4.10 59.45 41.615

0.75 4.90 71.05 53.287

0.90 15.50 224.75 202.275

1.10 32.40 469.80 516.780

1.35 35.70 517.65 698.828

1.50 7.40 107.30 160.950

Total 100.00 1,450.00 1,673.735

Table 22.4 Hydrological balance

Components

Volume

(hm3)

Streamflow

(m3/s)

Percentage

(%)

Precipitation 1,674 53.1 100.0

Subsurface flow 73 2.3 4.4

Runoff 57 1.8 3.4

Deep recharge 209 6.7 12.5

Evapotranspiration + unsaturated zone

storage

1,335 42.3 79.7
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Chapter 23

Obtaining Hydrological Indicators

by Analysing the Flow Conversion of Rainfall

in Basins of the Mediterranean Coastline,

Alicante Province, Spain

R. Payano Almánzar and J.A. Pascual Aguilar

Abstract This paper approaches a methodology that provides several hydrological

indices applicable to protected areas, enabling a rapid interpretation of precipitation

runoff generation from rain flow conversions in the basins of the Mediterranean

Coastline, Alicante province Spain. For the study, watersheds with fully or partially

protected areas of Alacant, Moixent, Gallinera and Vernissa were chosen. Thanks

to data available from the Automatic Hydrological Information System, 15-min

intervals series of rain and flows were obtained. The results obtained through the

calculated parameters show that, according to the duration of events and size of the

drainage area, there is significant variability in the production of runoff among

watersheds. Hydrological indices obtained by the analysis of rainfall-flow have

universal application and space for protected areas, providing tools to incorporate

several factors in order to evaluate both the system and the involvement in runoff

production, making watershed management possible and improving the control and

efficiency of water resources management.

Keywords Hydrology • Water resources • Protected areas •

Watershed management • Alicante • Spain
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23.1 Introduction

The study of the relationship between rainfall and runoff has been widely used for

the design, forecasting and assessment of water resources in areas sensitive to

human interventions, such as protected areas. When there are no runoff data

available, or the information is inadequate for an interpretation or reliable extrapo-

lation, rainfall-runoff relationship might be notably useful, as it allows a measure-

ment of runoff from precipitation records, and the hydrological indicators obtained

provide highly effective results (WMO 1994; Villón Béjar 2004), improving

watershed management as well as the control and efficiency of water resources

management.

The aim of this paper is to obtain hydrological indicators to facilitate rapid

interpretation of runoff generation from a precipitation event by analysing the

conversion of rain in channel flow in four western Mediterranean basins.

23.2 Study Area

The study area comprises the watersheds of Alacant, Gallinera, Moixent and

Vernissa (Fig. 23.1), which in turn constitute a series of basins belonging to the

Mediterranean coastline, located south of the Alicante province, southeast Iberian

Peninsula.

Fig. 23.1 Location of the study area and instrument setting
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In terms of hydrogeology, the study area consists mainly of a clump of Caroche

Cretaceous, predominantly limestone aquifer, and, to a lesser extent, in the south-

eastern coastal area, of a detrital aquifer. Table 23.1 summarises other important

characteristics of the watersheds making up the study area.

23.3 Methodology

23.3.1 Data Collection and Preliminary Processing
of Information

For real-time data of rainfall and river flows, information from the SAIH (Auto-

matic Hydrological Information System) on the Jucar River Basin supplied by the

Ministry of the Environment and Rural and Marine Affairs (MARM) was analysed.

Prior to analysis, data were organized to be consistently integrated in the various

comparisons drawn. For the systematization of information, different techniques

were used in the study, such as: (1) The MARM SAIH Spain, (2) Geographic

Information Systems (GIS) to calculate the drainage area (input of runoff) and

interpolation of rainfall and (3) the Microsoft Excel program, for the statistical

analysis of data, completion of precipitation events and relation of trends between

rainfall and water measured in different flow stations.

Table 23.1 Key features of the basins analyzed

Basin

Pm
*

1991–2009

(mm)

Qm
*

1991–2009

(m3/s)

Dominant

lithology

Total

area

(km2)

Drainage

area

(km2)

UTM zone 30

X Y

Alacant 20.03 0.172 Pebbles,

gravels,

sands, silts

31.92 31.92 717,501 4,245,763

Gallinera 80.28 1.201 Conglomerates,

marls,

sandstones

and

limestone

224.65 22.63 743,420 4,302,186

Moixent 41.31 0.623 Conglomerates,

marls,

sandstone

and clays

576.49 315.18 694,507 4,305,089

Vernissa 52.70 1.91 Conglomerates,

marls,

limestone

and

dolomites

149.45 108.77 738,725 4,313,435

*Pm ¼ Average monthly precipitation
*Qm ¼ Average monthly flow
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23.3.2 Analysis

Two types of analyses were established as the basis of the research. The first

analysis was centered on three indices that make up the rainfall runoff relationship:

(a) Depth of direct runoff (Ponce 1997; Cammeraat 2004) or rate of runoff (TE;

Pascual et al. 2010), defined as the ratio between the amount of total runoff (Et) of a

certain event divided by the surface drainage area (A): TE ¼ Et/A; (b) Coefficient

of runoff (C), which relates rate of runoff (TE) and total rainfall after direct runoff

begins (SRm): C ¼ TE/SRm, and (c) Percentage of runoff (PE), which is actually

an adaptation of the runoff index, defined as the fraction of total water (Et) of a

certain event divided by the surface drainage area: PE ¼ Et/Pt * 100.

The second analysis was based on three comparative hydrological indicators

expressing the response of catchments to a rainfall event: (a) The widespread

rainfall-runoff relationship (FvT) relates the total volume of rain from a precipita-

tion event recorded in a rainfall gauge (Vr) and the total volume of water measured at

gauging (Vw):FvT ¼ Vr/Vw; (b). The delay time (Tr; Ludwig et al. 2000), which is

the length of time between the peak of precipitation (hyetograph) and maximum

response as flow (hydrograph), (c) The rate of rainfall intensity (PI), relating the

average size of rainfall per square meter (Im); and (d) the equivalent of runoff (Er):

PI ¼ Im/Er. All precipitation events were studied, as well as their corresponding

production flow based on the use of hyetographs and hydrographs on the watershed

drainage area, proceeding to organise the series in chronological order to determine

the behaviour of rainfall in each river basin and the response to the event.

23.4 Discussion and Results

The analysis of the precipitation events shows how larger drainage areas are related

to a decrease in the runoff rate (TE), runoff coefficient (C) and runoff percentage

(PE). Moixent basin, whose drainage area (315.18 km2, 55 % total area) is the

largest, has the lowest runoff production, while Alacant basin, with a drainage area

of 31.92 km2, shows the TE and C. In all basins, runoff production for the event of

precipitation from 28 September to 2 October 2009 (Table 23.2) is more represen-

tative when compared with the values of rainfall events on watersheds over the

3 years considered (2007, 2008 and 2009). For the event of rainfall recorded, the

hydrological response of the four basins is rapid, producing a 1,564 m3/s average

flow of direct runoff, and a delay time of rainfall of less than 2 h (Tr < 2 h).

By obtaining hydrological indices, a relationship between rainfalls and the

generation of runoff in each basin was noted (Table 23.2). Given the same rainfall

conditions, the basins show similar or different behaviours (McKee et al. 1993;

Martı́nez-Mena et al. 1998; Pascual et al. 2010), usually due to the specific features

of each drainage area such as their climatic conditions, urban land or land covered

by vegetation.
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The highest rate of runoff is recorded in the Alacant basin (8.8 � 10�2 mm), with

3.5 h rain delay. The lowest TE values, close to zero, (0.01 � 10�3 mm) and Tr

(1–3 h), occurred in the Moixent basin. Regarding the PE, the highest value

(~94.5 %) is recorded in the Alacant basin, and the lowest values, below 10 %

(1.02%), were measured in the Vernissa sector. For each precipitation episode, rain-

flow conversion was highly regulated by the drainage area and the inputs, or inputs

to the water system (volume, intensity and spatial-temporal distribution of rainfall),

thereby characterising the degree of TE, C and PE in the catchments under study.

Furthermore, the largest increases in runoff generation in the watershed of Alacant

relate both to its drainage area and heavy rainfall in rainy months (September

and October) and the high degree of urban land.

In the Gallinera basin, with the smallest drainage area of all watersheds

(22.63 km2, 10 % total area), values are high, medium and low TE, C and PE,

which shows that in addition to the drainage area, other factors such as location,

climatic characteristics of the basins and rainfall intensity and duration should be

taken into account (Yair and Raz-Yassif 2004; Pascual et al. 2010).

The general rainfall-runoff relationship (FvT) presents a higher value (67.3) in the
Vernissa basin. Regarding the average size ratio per square meter of rainfall and

runoff equivalent (assessed by PI, 0–10), similar behavior can be observed in all

basins at all events, indicating an intensity precipitation index (PI) of less than unity

(PI average 0.77). It should be emphasised that this index is often a good indicator of

themagnitude of torrential rainfall (Almorox et al. 2001; Kent andElliottb 1995). The

rainfall volume (Vr) and the volume ofwatermeasured at gauging (Vw), calculated to

obtain indices, show a narrow relationship ranging from 10 % to 12 % for events that

take place in October, and 3–8 % for other events. It is vitally important to note that

the systems in the Mediterranean coastal basins have steep slopes and ephemeral

movement, which connect coastal and pre-littoral mountain ranges with coastal

plains (De Vera 1984; López Garcı́a et al. 2007). Due to the impact of rainfall and

other factors such as urbanization and soil management (Camarasa and Segura 2001;

Imeson and Prinsen 2004), these systems underwent major changes in the hydrologi-

cal response of watersheds analysed when producing runoff.

Table 23.2 Results of the hydrological indices

Parameter event

Alacant Gallinera Moixent Vernissa

EV1 EV2 EV3 EV1 EV2 EV3 EV1 EV2 EV3 EV1 EV2 EV3

TE (�10�2 mm) 3.1 0.3 8.8 2.9 0.1 0.23 0.23 0.01 0.5 6.0 1.1 2.0

C (�10�3) 1.0 1.0 1.0 0.1 0.2 0.1 0.01 0.01 0.01 1.0 0.2 0.2

PE (%) 1.81 1.23 94.5 10.2 50.2 67.3 33.4 14.4 25.6 1.02 4.83 4.69

FvT 2.55 6.69 0.85 11.8 10.2 48.4 44.7 56.6 30.1 2.07 67.3 0.18

Tr (hours) 0.50 2.50 3.50 3.25 15.8 1.75 2.50 1.50 1.75 6.25 3.75 4.00

PI 0.07 0.19 0.03 0.47 4.07 1.93 0.13 1.62 0.09 0.02 0.56 0.05

Parameters: TE (�10�2 mm), Rate of runoff; C (�10�3), Runoff coefficient; PE (%), Percentage

of runoff; FvT, Relationship Vr/Vw; Tr (hours), Delay time; PI, Rainfall intensity index

Events: EV1, Event 11–13 Oct. 2007; EV2, Event 09–10 Oct. 2008; EV3, Event 28 Sep–02

Oct. 2009
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23.5 Conclusions

The results derived from the calculation of parameters show an important spatial

and temporal variability in the dynamics of runoff production. Therefore, the values

obtained for the whole watershed are good indicators, as they reveal different

behaviors depending on the area where precipitation occurs and during a period

of time considered.

There is an inverse relationship between the size of drainage area and runoff

production, also taking into account that there are different scales for some pro-

cesses dominating others. Thus, hydrological indices provide important analytical

tools, as they allow the incorporation of several factors into one system and the

calculation of the involvement in runoff generation.

Needless to say, for a high percentage of response events, the fraction of

precipitated water collected as runoff is low. Therefore, in addition to data taken

into account (drainage area, watershed characteristics and variability of rain), the

incorporation of other factors that are crucial in the management of protected areas

(land use, vegetation type, lithological soil loss, temperature and evaporation) that

somehow affect runoff generation should be considered.
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200 R. Payano Almánzar and J.A. Pascual Aguilar
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Chapter 24

The Influences of Precipitations Variability

in the Surface Runoff of Hanábana Catchment,

Main Contributor of the Largest Wetland

in Cuba

K. del Rosario, V. Petrova, and R. L. Winograd

Abstract The purpose of the paper is to show the surface runoff impacts due to

variability of rainfall. Hanábana catchment is the main contributor of the ZapataWest

Wetland, for which a variation in the precipitationswould affect the largestWetland in

Cuba directly where the main problem is the water imbalance. The rainfall time series

of 78 years (1931–2008) was statistically analyzed to determine the precipitation

variability. Three periods were detected in the time evolution of the rainfall,

1931–1960, 1961–1980 and 1981–2008. The first two periods show a growing

tendency and the difference between both is not significant. The average of every

period corresponds to a probability of means and wet means years, with 36 % and

42 %, respectively. The period 1981–2008 shows a falling tendency of dry char-

acteristics p ¼ 63%ð Þ that could extend up to 2025. The variability of the pre-

cipitations to the local scale of the catchment does not coincide with the established

periods to global scale for the WMO. The correlation between the runoff and the

rainfall demonstrated an average decrease of 10 % of the volume of the contribution

toward the Wetland of Zapata.

Keywords Wetlands • Surface runoff • Water imbalance • Hanábana catchment

• Cuba
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24.1 Introduction

In Cuba, like in the rest of the tropical countries, the main input into the rivers, streams

and lakes comes from precipitation, and the readiness of temporary series of rain with

more than 50 years allows that the evaluations and predictions that are carried out in a

hydrological study have an appropriate physical and logical-mathematical foundation

and evenmore for drainage basins with the short series of hydrometric observations or

lack of the same. That is why the purpose of this paper is to establish the influence of

the rainfall variability in the surface runoff.

24.2 Study Area

The investigation is developed in Hanábana catchment that is located in the limits

of Matanzas, Villa Clara and Cienfuegos Provinces (Fig. 24.1).

This area is presented like a plane plain, with soft slope toward the sea. The heights

vary from 80.0 m up to 0.0 m. The basin is in a lengthened way and it narrows, with an

area of approximately 1,200 km2. The longitude of the river Hanábana is 111 km

(Petrova 1972) and its largest tributaries are the River San Rafael (Santa Bárbara) and

Bagá. This basin is the main contributor of the Zapata West Wetland. The western

portion of the Wetland has suffered for more than 40 years countless anthropic

modifications. These modifications accompanied by rainfall variability have

transformed thewater evolution of theHanábana catchment (Bueno andPetrova 1984).

Fig. 24.1 Location of Hanábana catchment
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24.3 Materials and Methods

24.3.1 Rainfall Variability

The rainfall time series of 11 rain gauges were statistically analyzed. The information

was obtained from the database of the National Institute of Hydraulic Resources

(INRH) in the province ofMatanzas. The spatial interpolation and regression analysis

was used to correct and supplement the annual data. The presence of trends or

inconsistencies referred to as non-homogeneity have been identified by several

techniques: double-mass analysis to check the inconsistency of the values of a station

with respect to the other neighbors. The trend analysiswas carried out by the tests F for

the stability of variance and t for stability of themean; both testswere reinforced by the

test of Spearman Rank Correlation. The run test was used to verify the hypothesis of a

random order against an alternative of trend.

The variability of rainfall was determined from a single series representative of

the basin, spanning from 1931 to 2008, which was studied with the application of

several statistical tests as Mann-Kendall and integral differentiated curve. It was

also taking into account the periods of 30 years, beginning in 1901, recommended

by the World Meteorological Organization in 1994, based on the behavior of the

global climate analysis and characterization.

24.3.2 Determination of Runoff

The runoff was computed by three methods.

The analogy between the rivers:Based on geological, hydrogeological, and hydro-
logical studies and climatic conditions of the two watersheds, while taking into

account the spatial location (ERP 1989).

Regional Formula for the runoff: Set out in the Regional Scheme (ERP 1989) a

regional formula (Eq. 24.1) was proposed for the runoff of the province of Matanzas,

which is widely used today for rivers and streams with a very short series of

observations or total lack of data.

M0 ¼ 5:42þ 0:055H (24.1)

Where:

M0 – Annual runoff module, expressed in l/seg.Km2

H – Average height of the basin, in m.

JL Batista’s formula (Eq. 24.2), based on rainfall and the average height of the

catchment is:

R ¼ f0ð0:714 V1
�P1 þ 0:244 V2HÞ (24.2)
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Where:

R – Annual runoff, in mm.
�P1 – Rainfall, in mm.

H – Average height of the catchment, in m.

24.3.3 Analysis of the Influences of Precipitations Variability
in the Surface Runoff

This analysis was based on the relationship between surface runoff and rainfall

variability, which was estimated from the simple linear regression method and taking

into account the comparison between the periods 1931–1990 and 1991–2008 due to

the lack of information and the previous studies.

The calculations of the annual rainfalls and the average of precipitations for

1931–1990 were carried out with eight rain gauges, distributed within Matanzas and

Cienfuegos Province (Petrova 1991). For the rainfall calculation of the period

1991–2008, it was not possible to have the eight mentioned rain gauges because

some had been disabled. For such a reason, the single series representative of the

basin was used, spanning from 1931 to 2008, obtainedwith the 11 existent rain gauges

as was mentioned before.

24.4 Results

24.4.1 Analysis of Rainfall Variability

The spatial homogeneity analysis determined a maximum distance between the

gauges equal to 11.8 km, which indicates that it cannot be used for the completion

and/or restitution of any of the information that a rain gauge is at a greater distance.

The statistical significance of the stability of the variances and the means showed

that the 11 rain gauges could be used to calculate a single number representative for

the catchment. The calculated representative series covers a period of 78 years

(1931–2008) and descriptive statistical parameters are listed in Table 24.1.

The test of Mann-Kendall applied to the annual precipitations series of

Hanábana catchment in the period 1931–2008 (Fig. 24.2a), indicated that the series

is not homogeneous and it contains tendencies. A significant point of change can be

observed among the years 1961 and 1980.

Using the integral differentiated curve of the precipitations (Fig. 24.2b) long-

term cycles of different grades of aqueousness have been distinguished: group of

mainly humid years (ascending branch) follow for a grouping of dry years

(descending branch), routine that repeats in a continuous way. Three fundamental

periods are observed, from 1931 to 1960 and from 1961 to 1980, both periods show

a growing tendency, while from 1981 until the present time a descending tendency

is clearly observed.
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The analyses of annual rainfall established the tendency change in 1980. The period

begun in this year is defined like the beginning of an average dry period, as it

corresponds to 63 % of probability.

The tendency change among the periods 1931–1960 and 1961–1980 are not so

evident and the mean value of precipitation in both corresponds to a probability of

36 % and of 42 %, respectively. These values are considered inside the limits of the

average and humid average years.

The obtained results are not coincident with the periods settled down by WMO

to global scale starting from 1960, that stable 1961–1990 and 1991-present time.

Table 24.1 Descriptive statistics of rainfall Hanábana catchment in the period 1931–2008

Characteristic value Rainfall (mm)

Average 1,472

Absolute minimum 980.5

Minimum characteristic (P 95%) 1,047

Median (P 50%) 1,473

Maximum characteristic (P 5%) 1,852

Absolute maximum 1,950

Standard deviation 238.6

Variation coefficient 16.21
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Fig. 24.2 (a, b) The behavior of Mann-Kendall statistical parameter (direct and inverse, Annual

rainfall of the series 1931–2008). (b) Integral differentiated curve
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24.4.2 Runoff Analysis

24.4.2.1 Determination of the Surface Runoff Until 1990

The Hanábana Catchment has been studied by different authors in different times

obtaining different values of runoff (W0) as a result (Table 24.2).

In1989 the hydrometric data of the station Hanábana was used and the Station

Rodas of Damujı́ watershed was settled down as similar. However, the analysis

carried out of the daily and monthly river flow averages showed that in the dry

period the flow of the Damujı́ River is greater than Hanábana in 5–10 times and the

geologic conditions confirm that the bed of Damujı́ River is deeper and it receives a

larger underground contribution than Hanábana. Therefore, it is determined that

Damujı́ River cannot be considered as similar to Hanábana River.

24.4.2.2 Runoff Calculation for the Period 1991–2008

For the surface runoff reevaluation of Hanábana Catchment (Petrova 1991), the

value of the annual rainfall average computed for the period of 1931–1990 was

1,531 mm. The obtained parameters show that 5 years of hydrometric observations

represent very different values of aqueousness (Table 24.3).

The relationship between the surface runoff and the precipitations was deter-

mined by the method of lineal simple regression (Fig. 24.3) whose result showed a

significant adjustment with a coefficient of determination of 0.97. The model

equation obtained was:

Esc ¼ 0:017 LL � 16:82 (24.3)

Substituting in this equation the mean value of precipitations settled down until

that date, 1,531 mm, it was determined that the mean value of runoff of Hanábana

River for an area of 952 Km2, is Q0 ¼ 9:20 m3=s and W0 ¼ 290� 106m3.

Applying the equation of J. Batista (24.2) the values of the mean runoff obtained

are: Q0 ¼ 8:73 m3=s and W0 ¼ 275� 106m3.

The volume registered in maps and graphics of the Sciences Academy of Cuba is

W0 ¼ 309� 106m3.

Analyzing the values obtained by the different methods, the surface runoff is in

the order of 300� 106m3.

Table 24.2 Different values of runoff in Hanábana catchment by different authors

1959 (NEDECO 1959) 540 � 106 m3

1973 at 1986 (Petrova 1972; Bueno and Petrova 1984) 300 � 106 m3

1989 (ERP 1989) 208 � 106 m3
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24.4.3 Relationship Between the Surface Runoff
and Precipitations

Because current measurements of runoff do not exist and one of the objectives of this

work is to determine the influence of the precipitations variability in the surface runoff,

the mean runoff for the period 1991–2008 was computed applying the regression

Eq. 24.3. The analysis carried out settles down like mean values of the precipitations,

1,507 mm for 1931–1990 and 1,442 mm for 1991–2008. The runoff for every period

was computed substituting the mean rainfall values in the Eq. 24.3. To make some

comparison with the previous study (Petrova 1991), it a rainfall value was estimated

considering the weight of the eight mentioned rain gauges (Table 24.4).

Keeping in mind that for the runoff data with which it has been carried out these

analyses are scarce; and the impossibility of having the same rain gauges with which

the first studies were carried out, concludes that there is an affectation between 5 %

and 15% of the surface runoff of Hanábana Catchment due to the rainfall variability.

Table 24.3 Parameters computed for 5 years of hydrometric observations

Parameters 1964 1965 1966 1967 1968

Rainfall average 1,210 1,028 1,522 1,309 2,105

Discharge (Q) 2.77 1.25 10.8 4.48 18.6

P% average 71.4 90.4 39.8 64.9 4.2

Fig. 24.3 Linear regression line of river discharge against rainfall superposed on scatterplot

(Petrova 1991)
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24.5 Conclusions

The surface runoff has fallen between 5 % and 15 % due to the decrease of the

precipitations in the period 1991–2008. Considering the predictions that the period

of descent of the precipitations will extend up to 2025, it is probable that in the next

years a superior decrease of 10%of the surface contribution toward ofZapataWetland

will occur.

The periods that reflect the changes from the precipitation variabilities to local scale

do not coincide, starting from 1961, with the established ones to global scale for

WMO. This indicates the necessity to investigate the local precipitation variabilities

before proceeding to evaluate and/or to predict a hydrological variable, allowing the

making of decisions with the physical and logical-mathematical appropriate

foundation.

To guarantee the sustainable development of the territory ofZapataWetland should

be the end of the Program of Water Resources Management (Petrova 2009), to

promote the culture of the water care and to reestablish the hydrometric measurements

in Hanábana Catchment, which ceased in 1968.
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Archivos del INRH, Cuba

Petrova V (1991) Reevaluación de escurrimiento superficial de la Cuenca Hanábana. Archivos del
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Chapter 25

Geochemistry of Waters from Tropical Karst

Mountain of Western Cuba

J.M. Pajón and J.R. Fagundo

Abstract The studies on geochemistry of the karstic waters, especially, those related

to the classic system of chemical reactions CO2-H2O-CaCO3, have been fully devel-

oped in different karstic areas around the world, many of them to disembowel the

mechanism and processes of the karstification. Some significant contributions, among

others, developed in the tropical mountain karst of western Cuba are: studies about the

chemico-physical behavior of the karstic waters of different hydrogeological natures

and their typologies; studies about the chemical evolution of the karstic waters and

the empiric relations among variables, parameters and physico-chemical indexes;

quantitative estimations about the chemical denudation; the “prompt” work of

hydrogeologic, chemico-physical and isotopic monitoring of the karstic waters in

different hydrodynamic zones of the karst. This work offers information and brief

analyses about the above mentioned, and pay attention to some cardinal problems,

totally or partially not yet solved.

Keywords Karst waters • Geochemistry • Isotopic monitoring • Cuba

25.1 Introduction

The researches on geochemistry of the karstic waters, especially those related to the

classical system of chemical reactions CO2-H2O-CaCO3 and the governing pro-

cesses and mechanisms of karstification, have been adequately studied (Garrels and
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Christ 1965; Back et al. 1966; Langmuir 1971;White 1977; Stumm andMorgan 1981;

Boegli 1972; Miserez 1973; Fagundo and Valdés 1975; Wigley 1977; Bakalowicz

1979; Ford 1988). New contributions have been developed in recent decades, among

others, White (2000), Klimchouk et al. (2000), Dreybrodt (2000) and Plummer (2002).

Some contributions to the geochemistry of the karstic waters in the tropical

karst mountains of western Cuba are: studies on the chemical behavior of waters of

differing karst hydrogeology, the influence of geodynamic factors on the properties of

the waters and its types (Fagundo et al. 1981a; Valdés et al. 1981; Molerio 1995); the

studies of the chemical evolution in karst waters and the empirical relationships

between variables, parameters and physico-chemical indices (Fagundo et al., 1986a;

Pajón et al., 1990; Fagundo, 1990; Fagundo et al., 1991; Fagundo et al., 1992); the

quantitative estimates of chemical denudation in experimental sites in karst areas

(Pulina et al., 1984; Fagundo et al., 1986b; Rodrı́guez 1995; Rodrı́guez and

Fagundo 1995); work “point” monitoring of hydrogeological, chemical, physical

and isotopic karst water in different areas of karst hydrodynamics (Fagundo et al.

1987; Arellano et al. 1992; Molerio 1992; Pajón et al. 2009, 2010).

Despite the efforts mentioned above, some basic problems remain unresolved,

in whole or in part, such as: continuing to conduct monitoring of isotopic, chemical-

physical, hydrological and climates suitable for hydrological cycles in loading zones

stations across the hydrodynamic karst zones; performingmulti-parametricmonitoring

stations of the aeration zone of the karst (hypodermic flow), especially designed for

recording rainfall and drip into the study of speleothems; palaeoclimate and palaeoen-

vironmental studies during the Late Pleistocene-Holocene; to obtain quantitative

estimates of global denudation of the karst mountain areas; to study the problem of

seawater intrusion in the coastal karst connected to themountain area, related to human

activity and climate change, and chemical denudation taking into account the effect of

salt and water mixture on the equilibrium of carbonates. Some of these actions have

already been identified earlier by Molerio and Valdes (1975) (“The Problem”) and

Molerio (1981).

25.2 Results and Discussions

25.2.1 Monitoring Behaviors of Chemical-Physical
and Hydrogeological Karst Waters

25.2.1.1 Types and Characterization

Fagundo et al. (1981a, c) studied the behavior of the main parameters and

physico-chemical indexes in 35 sites representing different types of waters of the

Cuyaguateje River Basin in the Sierra de los Organos Mountains (Pinar del Rı́o

Province, Cuba). The variables and physical-chemical parameters were determined

in situ using the techniques of Markowics and Pulina (1979), which were previously

implemented and adjusted to the natural water conditions in Cuba (Pajón and Fagundo
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1978, 1983). The data obtained, which characterized the rainy and dry periods

1978–1989, reflected patterns of sequence variation characteristic of the different

types of natural waters that occur in the region. The results were analyzed on the

basis of geological and hydrogeological characteristics of the basin, which fairly

represents the zoning of karst hydrodynamics.

To establish a classification of karst waters of the Cuyaguateje River Basin and

to study the relationship between the type of waters, defined by geomathematics

methods and those defined by geological and hydrogeological criteria, Valdés

et al. (1981) applied methods of numerical classification and factor analysis to the

chemical and physical data of the karstic waters for six geochemical testing cycles

developed between 1978 and 1979, by sampling and characterizing the winter and

summer periods for the years in question. From the analysis and interpretation of the

dendrogram (Cluster Analysis), five groups of waters were defined. A Factor

Analysis of the results of the karst water hydrochemistry testing of the Cuyaguateje

River Basin August 1979 results were conducted. The results demonstrate that the

chemical and physical properties of these waters are effectively linked to the two

main geological formations in the region, the non-karst rocks (slate, sandstone,

shale, etc.) and the karst rocks (limestone and dolomitized limestone).

A hydrogeochemical study (Fagundo et al. 1981b) was developed in the Fuentes

Cave System (Sierra de Mesa, Sierra de los Órganos), which showed the occur-

rence of two mechanisms of water-rock interaction. The first mechanisms where

along watercourses that lose CO2 and carbonates are precipitated in the form of

travertine. The second mechanism tends to dissolve these, from the rainwater and

allochthonous streams not influenced by the environment karst. De la Cruz and

Valdés (1985) studied karst waters of the Sierra del Pan de Guajaibón and its

surroundings using mathematical methods of exploratory data analysis. Molerio

(1995) conducted a hydrogeochemical regionalization of groundwater in the Sierra

de Quemados, Pinar del Rio, Cuba, which evaluates the patterns of movement of

groundwater. Rodrı́guez M (2005) applied principles and methods of physical

chemistry and mathematical modelling to characterize the flow system and

hydrogeochemical processes that cause the chemical composition of natural and

mineral waters in the Sierra del Rosario. A complete catalogue of the natural waters

of Sierra del Rosario was realized by González et al. (2005). Arellano et al. (1992)

performed an interesting study to clarify aspects of the regional flow dynamics and

the origin of recharge in the area of articulation of the criptokarstic plain with karst

mountain of the Sierra del Rosario (Pinar del Rio, Cuba), particularly in areas

related to the Santa Cruz, San Cristobal and Taco Taco rivers.

25.2.1.2 Chemical Evolution and Empirical Relationships in Karst Waters

The process of the dissolution of limestone by waters passing through the zone of

aeration takes a certain amount of CO2, ionic and molecular species of the system

CO2-H2O-CaCO3 concentrations will vary depending on the time nonlinear way. The

relationship between the pH or the CO2with the concentration of Ca
2þ, HCO3, as well
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as the hardness (expressed as, mg/l de CaCO3), are not linear. To cite a few examples,

this behavior is observed in the laboratory work carried out by Picknett (1964),

Fagundo and Pajón (1985) and González (1997) in saturated conditions. Fagundo

(1985) found that if relationships were determined between ion concentrations and

electrical conductivity of waters (SPC) at 25
�
C, it is possible to automate the quality

control of waters (macrocomponent) by simple measurements of in situ temperature,

pH and electrical conductivity. These principles were applied in the karst waters of

Pan de Guajaibón with satisfactory results (Fagundo and Pajón 1985).

Fig. 25.1 Variation of some parameters and physico-chemical indices of the karstic waters of the

Mil Cumbres stream (Sierra del Rosario, Pinar del Rı́o, Cuba). Sampling of the profile realized the

20.09.1985 (Pajón et al. 1990)
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Pajón et al. (1990) evaluated as a first approximation, the kinetics of the precipi-

tation of carbonates in the form of travertine along 600 m of the Mil Cumbres stream

(Sierra del Rosario, Pinar del Rio, Cuba). They studied pH variation, SPC (25
�
C), the

concentrations of major ionic species macrocomponent, the CO2 and CaCO3 as well

as some chemical and physical indices, to experience the waters from the upwelling

to the level of the valley (Fig. 25.1). Pajón (1986) presents a representative diagram

of the model dissolution (spot) Guajaibón karst massif, based on the seasonal

variations of parameters and physico-chemical indices of waters associated with

the main entrances, inside and out sectors of the massif, which represent the areas of

food, intermittent aeration and saturation (Fig. 25.2). Fagundo et al. (1991) studied

using mathematical modelling, chemical evolution and the empirical relations

existing in natural waters of the San Marcos River watershed, Sierra del Rosario,

Pinar del Rio, Cuba.

25.2.2 Chemical Denudation

A comprehensive assessment of chemical denudation processes for the seasonally

humid tropical karst Pan de Guajaibón can be seen in Pulina et al. (1984),

Fig. 25.2 Representative diagram of themodel dissolution (spot) Guajaibón karst massif (Campaign

2 September 1984) (Pajón 1990)
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Fagundo et al. (1987) and Rodriguez (1995). The karst denudation hyperannual values

for wet and dry periods, in the Ancon and Canilla karstic systems are as follows:

AnconSystem: an average valuewas obtained for the hydrological cycle of 107m3/km2.

year, with 37 m3/km2.181 days for dry period and 70 m3/km2.184 days for the rainy

season. The average values of the order of the highest recorded globally, as in the case

of: Gnong Mulu, Indonesia, with 120–200 m3/km2.year (Tropical Climate Zone);

SWCaucasus, Georgia, 114–139m3/km2.year (Mediterranean climatic zone); Picos

de Europa, Spain, 148 m3/km2.year (Temperate-Transitional Climatic Zone).

Canilla System: The estimated average chemical denudation for Canilla system was

49m3/km2. year, with 19 m3/km2.181 days for dry period and 37m3/km2.184 days

for the rainy season. These results are consistent with those reported for other areas

of tropical, Mediterranean, temperate and polar climates (Pulina 1977; Garay and

Morell 1989; Rodriguez 1995).

The direct linear correlation between denudation and the rainfall has been exten-

sively studied by various researchers for different climatic areas of the world (Pulina

(1971); Garay and Morell 1989). Taking into account the values of palaeopreci-

pitation (up to 6,000 mm) obtained for the karst region of the Sierra de San Carlos

during the Sangamon Interglacial (Pajón et al. 2001), replacing them in the equation

for calculating the denudation, estimates of chemistry paleodenudation order of those

found today in Papua New Guinea can be obtained, where Maire (1981) gave values

of chemical denudation in the order of 270–760 m3/km2.year, and where ranging

from 5,700 to 12,000 mm rainfall annually. Farfán (2005) makes an evaluation

processes considering karstification of polycyclic and polygenic natures conducted

by the analysis of the age through karstification geoindicators.

25.3 Some Problems and Approaches to the Study of

Karst Processes in the Tropical Karst Mountains

of Western Cuba

Molerio and Valdés (1975), in a pioneering study ahead of its time, raised some

problems and cardinal prospects for the karstological and geospeleological studies

in Cuba. They noted, among other things, the importance of hydrochemical

investigations in Cuba. Molerio (1981) also noted earlier some problems related

to the hydrogeology of the karst mountains of Cuba in general, and Pinar del Rio

in particular. The work carried out over several decades in the karst mountain of

western Cuba, some of them mentioned in the text, providing various data and

assessments that contribute to the understanding of karst processes in this region.

As was mentioned above, monitoring is needed to continue with physical-

chemical, isotopical, hydrogeological and climatic stations throughout the zoning of

karst hydrodynamics during hydrological cycles appropriate to characterize not only

the basic “steady conditions” of karst systems, but also the conditions attached

climate-hydrological events diverse and extreme. A notable example in this regard

was Project PIGEK (Pulina et al. 1984). Special attention should be paid to the
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realization of multiparametric monitoring stations in the aeration zone of the karst

(hypodermic flow), especially designed to record rainfall and drip in the speleothems.

A remaining problem is to obtain quantitative estimates of Global Denudation (DG) in

the karst areas, whether mountain or other terrestrial ecosystems in karst. Although

there are good estimates of chemical denudation for karst areas (e.g. Pan de

Guajaibón), virtually no estimates of mechanical denudation, therefore, has not been

possible to have even an estimate of the DG. Moreover, although some efforts have

beenmade, it is important to study the chemical denudation (quantitative estimates) in

the coastal karst connected to the karst mountain, taking into account the effect of

saline and mixing water on the balance of the carbonate. Of current and capital

importance is the continuation of studies related to paleoclimatic and paleoenvir-

onmental reconstructions during the Late Pleistocene-Holocene, from natural

paleorecords high resolution, as is the case of speleothems.
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Fagundo JR, Pajón JM, Valdés JJ, Rodrı́guez J, Arellano M (1987) Naturaleza de los procesos de

disolución de los minerales calcita, dolomita y yeso en las aguas naturales de la región

occidental de Cuba. Revista Voluntad Hidráulica 76:30–42
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de las redes de Monitoreo de las Aguas Subterráneas en el Carso. 1er Taller Iberoamericano de
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Chapter 26

Aspects of the Thermodynamics and Kinetics

of the System CO2-H2O-Carbonates

in Tropical Karst Mountain of Western Cuba

J.M. Pajón and J.R. Fagundo

Abstract The chemico-physical principles, which include the thermodynamic and

kinetics basis, of the classic system of chemical reactions CO2-H2O-CaCO3, and

achieve a control of the mechanism and processes of the karstification, had been

fully studied by the international scientific community, with new precisions and

contributions in the last decades. Some significant contributions, among others,

developed in the tropical mountain karst of western Cuba are: studies about the

chemico-physical behavior and the chemical evolution of the karstic waters of

different hydrogeological natures; the works about the experimental chemical simu-

lation of the water-rock interaction processes in the karst; the work of hydrogeologic,

chemico-physical and isotopic monitoring of the karstic waters in different hydrody-

namic zones of the karst. This work offers information and brief analyses about the

above mentioned, and attention is paid to some cardinal problems, totally or partially

not yet solved.

Keywords Thermodynamic • Karstification • Hydrogeology • Cuba

26.1 Introduction

The chemical and physical principles, including thermodynamic and kinetic

fundamentals of the classical system of chemical reactions CO2-H2O-CaCO3, and

governing processes and mechanisms of karstification have been adequately studied
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(Garrels and Christ 1965; Back et al. 1966; Langmuir 1971; White 1977; Stumm and

Morgan 1981; Boegli 1972; Roques 1964, 1973a, b; Picknett 1964, 1972, 1973;

Stchouzkoy-Muxart 1972; Miserez 1973; Fagundo and Valdés 1975; Bakalowicz

1979; Ford 1988). New details and contributions have been developed in recent

decades, among others, White (2000), Klimchouk et al. (2000), Dreybrodt (2000)

and Plummer (2002).

Some contributions to the thermodynamic and kinetic studies of the system CO2-

H2O-carbonates in the tropical karst mountains of western Cuba are: studies on the

chemico-physical behavior and chemical evolution of waters of differing karst hydro-

geology (Fagundo et al. 1981a, 1986, 1991, 1992; Fagundo and Pajón 1985;

Fagundo 1986, 1990; Pajón et al. 1990); work on the experimental simulation of

the processes of water-rock interaction in carbonate karst (Bermúdez et al. 1987;

Pajón and Valdés 1991; Fagundo et al. 1992; González et al. 1997; González 1997;

Fagundo andGonzález 2003); work “point”monitoring of hydrogeological, chemical,

physical and isotopic karst water in different areas of karst hydrodynamics

(Fagundo et al. 1985; Molerio et al. 1985, 1999; Arellano et al. 1992; Molerio 1992;

Pajón et al. 2009, 2010); paleoclimatic researches from high-resolution records of

stable isotopes of oxygen and carbon and Th-U dating and 14C-AMS on stalagmites

(Pajón et al. 2006; Pajón 2007, 2009; Fensterer et al. 2010).

Despite the efforts mentioned above, some basic problems remain unresolved, in

whole or in part, such as: continuing to conduct monitoring of isotopic chemical-

physical, hydrological and climates suitable for hydrological cycles in loading zones

stations across the hydrodynamic karst zones; performingmultiparametric monitoring

stations of the aeration zone of the karst (hypodermic flow), especially designed for

recording rainfall and drip into the study of speleothems: palaeoclimate and palaeoen-

vironmental studies during the Late Pleistocene-Holocene; continuing the simulation

experiments of solution chemistry in laboratory conditions in the karst lithologies

under n-parametric control in open, closed and “nearly closed” systems; to study the

problem of seawater intrusion in the coastal karst connected to the mountain area,

related to human activity and climate change, and chemical denudation taking into

account the effect of salt and water mixture on the equilibrium of carbonates; deepen

the study of the relationship between the CSR (Ratio of the Calcite Saturation) and

DpH (Tillman-Trombe Index).

26.2 Result and Discussion

26.2.1 Monitoring of the Chemical, Physical, Hydrogeologic
and Isotopic Behaviour of the Karstic Waters.
Paleoclimatic Researches

Fagundo et al. (1981), using thermodynamic principles, studied the behavior of the

main parameters and physico-chemical indexes in 35 sites representing different

types of waters of the Cuyaguateje River Basin in the Sierra de los Organos
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Mountains (Pinar del Rı́o Province, Cuba). A series of chemical and physical indices,

including the relationship of water saturation with respect to calcite (CSR), dolomite

(DSR) and gypsum (YSR) were calculated. The data obtained, which characterized

the rainy and dry periods 1978–1989, reflected patterns of sequence variation charac-

teristic of the different types of natural waters that occur in the region. A hydrogeo-

chemical study (Fagundo et al. 1981b) was developed in the Fuentes Cave System

(Sierra de Mesa, Sierra de los Órganos) and its surroundings, which showed the

occurrence of two mechanisms of water-rock interaction. The first one mechanism

include lose of CO2 and carbonates precipitation in the form of travertine along

watercourses. Pajón et al. (1990) evaluated as a first approximation, the kinetics of the

precipitation of carbonates in the form of travertine along 600 m of the Mil Cumbres

stream (Sierra del Rosario, Pinar del Rio, Cuba).

Arellano et al. (1992) performed an interesting study to clarify aspects of the

regional flow dynamics and the origin of recharge in the area of articulation of the

criptokarstic plain with karst mountain of the Sierra del Rosario (Pinar del Rio, Cuba),

particularly in areas related to the Santa Cruz, San Cristobal and Taco Taco rivers.

To do this, they monitored the chemical and isotopic composition and physical

parameters of the karstic water springs, caves, wells and rainwater in the region,

specifically in the basin and Santa Cruz River canyon.

In recent years, paleoclimatic research has been developed in Cuba that has

contributed to the assessment of climatic and environmental changes that occurred

during the Late Pleistocene-Holocene, from high-resolution records of stable isotopes

of oxygen and carbon and Th-U and 14C-AMS dating, on stalagmite representing

tropical karst mountains of western Cuba. Oxygen isotope records (d18O–d16O o/oo
PDB) and Carbon (d13C y d12C o/oo PDB) of the studied stalagmites inside the Dos

Anas cave (Sierra de San Carlos, Pinar del Rio, Cuba), indicate the following paleo-

climatic behavior for the karst mountain area studied (Pajón et al. 1999, 2001a, b,

2006; Pajón 2007, 2009): the existence of large climate variability since the Last

GlacialMaximum (LGM) to the present,with a general warming trend; the occurrence

of a temperature difference of 8–10 oC between the Last Glacial Maximum (LGM,

18,000 years ago) and the Present Interglacial (Current), confirming the influence of

the extent and magnitude of continental cooling occurred in the glacial period on the

ecosystems of the tropical-subtropical, especially over the western half of Cuba;

detection of abrupt climate warming occurred in the early Holocene, with a high

increase of � 6-7 oC and that lasted until about 2,000 years ago.

During the 2008–2009 hydrological years, Pajón et al. (2009) developed a bi-

monthlymonitoring program of the karst water infiltration (hypodermic flow) aeration

zone of the karst caves, Dos Anas (Majaguas-Cantera Cave System, Sierra de San

Carlos) and Torch (Santo Tomás Cave System, Sierra de Quemados), to study in a

preliminary way, the behavior of the main chemical-physical parameters and stable

isotopes of oxygen and carbon, climate and trace elements at four sites representing

these localities. Fensterer et al. (2010) studied by 230Th/U a Late Holocene stalagmite

in Dos Anas Cave, whose findings are part of the research program developed in the

karst of the Sierra de San Carlos and Sierra de Quemados, to study, using stable

isotopes and isotopic dating, the natural behavior of the past climate of Cuba.
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26.2.2 Thermodynamic and Kinetic Aspects in the System
CO2-H2O-CaCO3

From the thermodynamic principles, taking into account the classic equation that

represents the dissolution-precipitation of limestones, and a set of chemical

reactions and their equilibrium constants, Fagundo and Valdés (l975) arrived at

the following expression (Eq. 26.1) to calculate the Coefficient of the Calcite

Saturation (CSC):

CSC ¼ Ca2þ
� �

HCO�
3

� �
10pKc�2pK2þpH (26.1)

Where: [Ca2+]: Molal concentration of Ca2+, [HCO3
�]: Molal concentration of

HCO3
�, pKC: �log KC (solubility product of calcite), pK2: �log K2 (Equilibrium

constant for dissociation of the ion HCO3
�), pH: �log [H+].

As the ratio ofwater saturationwith respect to calcite (CSR) is defined as (Eq. 26.2):

CSR ¼ logCSC (26.2)

Equation (26.3) is:

CSR ¼ log Ca2þ
� �� log HCO�

3

� �þ pkc � pK2 þ pH (26.3)

That is only the Saturation Index (SI) of Back et al. (1966), then (Eq. 26.4):

CSR ¼ IS (26.4)

Roques (1972) and Stchouzkoy-Muxart (1972) proposed equations (Eq. 26.5)

relating the field measured pH (pHm) and equilibrium pH (pHe), to assess the status

of the solution referred to the chemical balance, being defined DpH index as:

DpH ¼ pHm � pHe (26.5)

The terms proposed by Stchouzkoy-Muxart (1972) and Roques (1972) are:

DpH ¼ pHm � 2 log Ca2þ
� �� pgCa2þ � pgHCO�

3 þ pK2 � pKc � 0:3013 (26.6)

DpH ¼ pHm � logKs þ logK2 þ log HCO�
3

� �� log 1� K5 SO2�
4

� �� �þ C (26.7)

Where: pgCa2+:�log the activity coefficient of Ca2+, pgHCO3
�:�log the activity

coefficient of HCO3
�, pKC: �log KC (solubility product of calcite), pK2: �log K2

(Equilibrium constant for dissociation of the ion HCO3
�), KS: Equivalent to KC

(solubility product of calcite in equilibrium), K5: Equilibrium constant for the dissoci-

ation of CaSO4, [SO4
2�]: molal concentration of SO4

2�, Me: may be [Ca2+] o [Mg2+],
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C: Represents the contribution to the pH of the ion pairs MgHCO3
+, MgCO3

0,

CaHCO3
+ and CaCO3

0, can be calculated as: (Roques 1972 en Bakalowicz 1979,

1980).

Pajón et al. (1985a) studied the correlation between the values ofCSR (IS) andDpH
(expression of Stchouzkoy-Muxart 1972) in natural waters of the karst mountains of

the Sierra de los Organos (geochemical testing cycles of the Cuyaguateje River Basin

during the periods ofMarch 1979,August 1979, February 1980 and July 1980) andPan

de Guajaibón (geochemistry testing cycles for the period from January to February

1980). They found a numerical similarity between the two indices, considering or not

the complex ions and ion pairs (in the calculation of CSR), although the accuracy is

higher for theCSR to present them.Based on thework ofBerner andMorse (1974) and

through the study of carbonate aquifers waters of Pennsylvania and Kentucky, White

(1977) found that the parameter DpH of the experiments of these authors is related to

the IS of the form following:

DpH ¼ 1

2
IS (26.8)

The results obtained by Pajón et al. (1985) and Pajón (1986) are consistent with the

statements byBakalowicz (1980), which concludes that the Back saturation index (SI)

is equal to the ratio between the measured pH in a solution and the pH of a solution in

equilibriumwith a givenmineral, regardless of ion-pair complexes eventually formed.

Although the same author (Bakalowicz 1979) posed that the DpH has the same

meaning as the ISBack, even if they donot exactly correspond.He thus concludes that:

CSR ¼ IS ¼ DpH (26.9)

Carbon dioxide plays a fundamental role in the dissolution of carbonates

(Miserez 1973; Roques 1973a; Wigley 1973; Bakalowicz 1979; Kempe 1982).

Humic and fulvic acids also play an important role in the processes of water-rock

interaction of the system CO2-H2O-CaCO3. Stchouzkoy-Muxart (1972) makes a

numerical and graphical analysis where the pCO2 is based on the ion HCO3
� and

Ca2+ and the equilibrium constants. Fagundo (1982) presents an empirical expression

for calculating the pCO2, which relates to the
ffiffi
I

p
and activity of ion HCO3

� with the

electrical conductivity and temperature.

log pCO2 ¼ � A
ffiffi
I

p

1þ a0HCO�
3 B

ffiffi
I

p þ log HCO�
3

� �þ pKB þ pK1 � pH (26.10)

Where: I: Ionic strength, ao: Effective diameter of the ionic species I, B:

Constant B of the Debye-Huckel equation, pK1: �log K1 (Equilibrium constant

for the dissociation of H2CO3), pKB: �log KB
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26.2.3 Experimental Simulation and Kinetic Studies of the
Reaction of Carbonate Dissolution in Kars

Laboratory experimental work with controlled simulation of the processes of water-

rock interaction of the system CO2-H2O-CaCO3 developed by several authors (Weyl

1958; Picknett 1964; Curl 1965; Stchouzkoy-Muxart 1972; Roques 1973a; Berner and

Morse 1974; Rauch andWhite 1977; Plummer et al. 1978; Richard and Sjöberg 1983;

Sjoberg and Rickard 1984; Herman et al. 1986; Comton and Unwin 1990), were a

source of inspiration for the early 1990s, and resulted in the first attempts to develop

work of this nature with geological samples of carbonates in the Cuban karst regions.

These regions develop significant karstification processes that have resulted in the

occurrence of large cave systems in Cuba, as is the case of Santo Tomás Cave System,

theMajaguas-Cantera Cave System and Palmarito Cave System, among others. Some

excellent studies influenced by this methodology were developed by Fagundo et al.

(1992), Fagundo and Gonzalez (1997), González et al. (1997) and González (1997).

Based on laboratory kinetic studies on the natural systems of the dissolution of

carbonates, Pajón and Valdés (1991) designed a simple solution simulation experi-

ment with rock samples from the formations Guajaibón (RAC-3) and Chiquita (SA-4)

belonging to the mountains of the same name in the Pan de Guajaibón massif (Sierra

del Rosario, Pinar del Rio, Cuba), as well as a “Tinajitas” (TIN-1), lapiaz in limestone

surface of the Ancón Creek in the Pan de Guajaibón massif. The aim of this study was

to compare quantitative experimental results concerning the speed and intensity of

dissolution of carbonate rocks with chemical denudation estimates derived from field

investigations. The experiments described here are of the “free trend” variety (Rauch

and White 1977), where an initial solution of distilled water maintained as “quasi-

closed” and in equilibrium with pCO2, reacts with carbonate rocks to a balanced

approach. It was noted the purchase of ions HCO3
� and Ca2+ over time, increases in

the order of TIN-1 ! SA-4 ! RAC-3, which means an increase in the rate of

dissolution in the same order. The velocity of dissolution of the Chiquita formation

rocks is higher than Guajaibón formation, and in turn in the Tinajitas.

A suitable and systematic study on the kinetics and thermodynamics of the system

CO2-H2O-Carbonate was carried out by Fagundo et al. (1992), González et al. (1997)

and González (1997), which provided the basis for the work of experimental simula-

tion of dissolution of carbonates developed by these authors (Fig. 26.1). There are

various procedures and equations to estimate the rate of dissolution in the systemCO2-

H2O-CaCO3, which represents the variation of the concentrations of dissolved species

over time, may include the equations of Plummer andWigley (1976), Sjöberg (1976),

Plummer et al. (1978), Christoffersen and Christoffersen (1979), Rickard and Sjöberg

(1983), and Appelo and Postma (1993). Fagundo et al. (1996), Álvarez et al. (1996)

and González et al. (1997) developed kinetic expressions of the rate of dissolution of

carbonates, especially evaluated for the case of carbonate karst geological formations

in western Cuba, which have unique cases of open and closed systems for CO2

(Fagundo and González 2003). Whereas the dissolution of calcite and dolomite in

the work of simulation of the water-rock interaction in the laboratory is obtained a
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pseudo first-order equation which expresses the change in ionic concentration over

time (Fagundo 1996; Álvarez et al. 1996):

C ¼ Ceq 1� e�ktn
� �

(26.11)

Where, n is an experimental coefficient takes values between 0 and 1.

Fagundo et al. (1992) used samples of the limestone formations Jaimanitas,

Guasasa, Jagua and Guajaibón in a laboratory experiment, which simulated the

process of dissolution of these carbonates under conditions of open and closed system

with respect to CO2. Álvarez et al. (1996) performed simulation experiments in the

laboratory using carbonate rocks containing calcite and dolomite minerals in different

proportions with the aim of studying the process of acquisition of the chemical

composition of natural waters run at a karst aquifer. González (1997) and González

et al. (1997) simulated in the laboratory the process of dissolution of carbonate

(calcite and dolomite) under conditions of open and closed system for CO2. They

obtained rate expressions that describe the acquisition process of the chemical com-

position of natural waters that interact with the limestone and dolomite studied. They

demonstrated that in closed system conditions during the kinetic process of water-

carbonate rock interaction, the variation of CO2 can be expressed by exponential

equations of a specific type, while the change in open system conditions is negligible.

The variation in the time of the electrical conductivity and the composition of the

ions HCO3
�, Ca2+ andMg2+ can also be expressed with an exponential equation type.

The dissolution rate of calcite was found to be higher by about five times compared to

dolomite.

Fig. 26.1 Experimental simulation of dissolution of carbonates (Cinepat 2, limestone). The variation

in the time of the pH and the composition of the ions HCO3
�, Ca2 + and Mg2+ (González 1997;

González et al. 1997; Fagundo and González 1997)
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26.2.4 Some Problems and Approaches to the Study
of Karst Processes in the Tropical Karst Mountains
of Western Cuba

Molerio and Valdés (1975), in a pioneering study ahead of its time, raised some

problems and cardinal prospects for the karstological and geospeleological studies in

Cuba. The authors drew attention to the need to address these studies byweighting the

morphogenetic criteria on morphographics and the morphologicals. Here is implied

the use of thermodynamic and kinetics approach in the studies on geochemistry of

karst waters and paleoclimate from speleothems records (Pajón et al. 2009).

Monitoring is needed to continue with physical, isotopic, chemical, hydrogeo-

logical and climatic stations throughout the zoning of karst hydrodynamics during

hydrological cycles appropriate to characterize not only the basic “steady conditions”

of karst systems, but also the conditions attached climate-hydrological events diverse

and extreme. Special attention should be paid to the realization of multiparametric

monitoring stations in the aeration zone of the karst (hypodermic flow), especially

designed to record rainfall (drip) in the speleothems. A derivation of themonitoring of

chemical characteristics and isotopy of seepagewater is towards the paleoclimatic and

paleoenvironmental studies covering the Late Pleistocene-Holocene.

Despite the unquestionable value of experimental studies of chemical simulation of

carbonate dissolution in laboratory conditions from Cuba, it is necessary to continue

this line with lithologies, which is heavy in the development of karst. These

experiments will lead to a multi-control n-parametric, in open systems, closed or

“nearly closed”, automated facilities that control a set of variables and parameters

previously selected. In this sense the conceptualmodel developed byRauch andWhite

(1977)may be resumed, since the experimental design is based on the use of carbonate

blocks with ducts simulating karst cavities or channels. The fundamentals developed

by Dreybrodt (1992, 2000) can be used, who proposed a model of evolution of karst

channels to simulate the dissolution of limestone from these primary cracks.

It remains to explain if a numerical difference exists between the chemical and

physical indices of the saturation ratio of calcite (CSR) and Tillman-Trombe Index

(DpH).The first has two approaches, one by theAmerican school and another school in

Cuba, while the DpH responds to the European school. There are similarities between

the two indices if we consider the Cuban and European schools; however, to compare

the rates according to American and European schools is a ½ relationship between

them. This is an algorithmic error in this treatment and/or variables that make up the

equations, or errors of other kinds?

Of current and capital importance is the continuation of studies related to paleo-

climatic and paleoenvironmental reconstructions during the Late Pleistocene-

Holocene, from natural paleo records high resolution, as is the case of speleothems.
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Paleoregistros Isotópicos. Casos de estudio con espeleotemas. Segunda Convención Cubana de

Ciencias de la Tierra, Geociencias´2007. Memorias en CD-Rom, La Habana, 20–23 de Marzo

de 2007. ISBN 978-959-7117-16-2

Pajón JM (2009) Climates of the Past: Natural tendencies or anthropic action? IPS-Inter Press

Service. Corresponsalia Cuba. Enfoques No. 21, First fortnight publication, 2008, 13pp

Pajón JM, Colectivo de Autores (1999) Monografı́a “Proyecto Paleoclima del Cuaternario

Cubano: Una Caracterización Cuantitativa”. Banco de Proyectos del Programa Nacional

de Cambios Globales y la Evolución del Medio Ambiente Cubano, Ciudad de La

Habana, 362pp

Pajón JM, Valdés JJ (1991) Simulación quı́mica de la disolución de rocas carbonatadas del macizo

Pan de Guajaibón, Sierra del Rosario, Cuba. Revista LAPIAZ Monografı́a III-Valencia,

Diciembre de 1991 pp 25–37

Pajón JM, Fagundo JR, Valdés JJ (1985) Relación entre el DpH y el RSC en las aguas kársticas de

la cordillera de Guaniguanico. Libro Resumen 9 no Seminario Cientı́fico del CENIC, 20pp

Pajón JM, Garcı́a A, Cruz C, de la Cruz A (1990) Evolución Quı́mica de las Aguas Kársticas del
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Chapter 27

“MODELAGUA”: An Interactive Program of

Inverse Mass-Balance Model for Geochemical

Study: An Example of its Application

in Aguascalientes, Mexico

P. González, J. Fagundo-Sierra, J.R. Fagundo, M. Suárez, C. Melián,

A. Cortés, J.A. Ramos, and R. Hernández

Abstract With the reference of interactive programs such as BALANCENETPATH

and PHREEQCI, for modelling net geochemical mass-balance reactions between an

initial and final water along a hydrologic flow path, which also computes the mixing

proportion of two initial waters and net geochemical reactions that can account for the

observed composition of a final water, an interactive program of inverse model has

been developed (MODELAGUA) that not only allows starting from well-known data

of the chemical composition of the water and the rock to identify in a quantitative way

the geochemical reactions that give origin to this composition, but also allow an

analysis of mixture of waters and net geochemical reactions that can account for the

observed composition of a final water, making use of a natural tracer whose geochem-

ical behavior allows them to be used as conservative ions. In thisworkMODELAGUA

is presented, as an interactive program of inversemodel mass-balance and an example

of its application.
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27.1 Introduction

The geochemical models consist of the application of physical-chemical principles

to the interpretation of hydrogeochemical systems. This methodology has been

developed according to two approaches: (a) the inverse one (mass-balance) that

uses a well-known data of the composition of the waters and the rocks with the

objective of identifying in a quantitative way the geochemical reactions that give

origin to this composition; and (b) the direct one that in the basis of some well-

known initial conditions on the rock-water system, it predicts the characteristics of

the resulting solution of the performance of some hypothetical reactions. Both

approaches have some uses and intrinsic limitations that force their use under the

most appropriate conditions (Gimeno and Peña 1994; Martı́nez et al. 2000).

For systems with appropriate chemical, isotopic, and mineralogical data, the

inverse approach of speciation and mass-balance provides the most direct means to

determine models of geochemical reaction quantitatively. For systems with inade-

quate or nonexistent data, the model of reaction rules provides a method, in the

beginning, of prediction of geochemical reactions. In some cases it is useful to

combine both simulation types.

BALANCE (Parkhurst et al. 1982) is a program to calculate mass transfer for

reactions in groundwater. It defines and quantifies reactions between groundwater

and minerals; calculates the mass transfer necessary to account for a change in

composition between two water samples; and also models the mixing of waters,

redox reactions and isotopic composition. The program NETPATH (Plummer et al.

1991, 1994) is an interactive program for modelling net geochemical mass-balance

reactions between an initial and final water along a hydrologic flow path, very

similar to BALANCE. The main advantage of the system is that every possible

geochemical mass-balance reaction model is examined between selected evolution-

ary waters for a set of chemical and isotopic constraints, and a set of plausible

phases in the system (Parkhurst et al. 1982; Plummer et al. (1991)). On the other

hand PHREEQCI expands on previous approaches by the inclusion of a more set of

mole-balance equations and the additional of inequality constrain that allow for

uncertainties in the analytical data (Parkhurst 1997).

An interactive program of inverse model has been developed (MODELAGUA)

that not only allows starting from well-known data of the chemical composition of

thewater and the rock to identify in a quantitative way the geochemical reactions that

give origin to this composition, but also allows the analysis of mixture of waters and

net geochemical reactions that can account for the observed composition of a final

water, making use of natural tracer whose geochemical behavior allows them to be

used as conservative ions. In this work is presentedMODELAGUA, as an interactive

program of inverse model mass-balance and an example of its application.
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27.2 Description of the MODELAGUA

27.2.1 Modelling Procedure

The program MODELAGUA has the objective to determine the geochemical

processes that originate the chemical composition of natural waters, by means of

mass-balance models and mixture analysis, also allowing the realization of Stiff

graphics and the determination of hydrogeochemical patrons for the classification

and determination of the type of water.

Due to these limitations to make the mass-balance correctly, it is necessary to

know the lithology type to which the aquifer belongs, to select only the reactions

that are logical from the geochemical point of view and to revise the validity of the

results with kinetic and thermodynamic approaches.

The pattern of mass balance allows to relate a study sample with a reference and

to establish the geochemical processes that have taken place. As it was already

pointed out, the samples selected as references and samples should correspond with

the same flow line in the aquifer; therefore, the difference of mass between both

samples will be due to the geochemical processes in the region.

As the data correspond to concentration values and not to mass values, it is

necessary to keep in mind the variation that can be due to concentration phenome-

non, for example, the plant evapotranspiration. For this reason the concepts of

concentration factor and preservative ion are introduced.

• Conservative ion: Compound that does not participate in any geochemical

processes. Generally, the ion chloride can be used as a preservative ion.

• Concentration factor: Factor that quantifies the concentration processes can be

determined easily starting from the selection of a preservative ion. If this factor

is similar to 1, it means that there are no concentration phenomena taking place.

In comparison with commercial programs that are based on mass-balance models

such as BALANCE, NETPATH and PHREEQC, MODELAGUA has the advantage

of being supported on Windows which provides greater speed and easiness of

operation; the data may be entered within the MODELAGUA environment or can

be imported in other formats (dbf, txt, excel and mdb), and the incorporation of a new

method of recognition of hydrogeochemical patrons, as well as the optimization of

the calculation algorithm in the mass-balance, and in the mixture analysis through

the use of natural tracers whose geochemical behavior allows them to be used as

preservative ions.

27.2.2 Calculation of Hydrochemical Patterns

The classification by means of hydrochemical patron is of great utility because it

allows the grouping of samples with different chemical composition and to analyze

possible relationships among them; it also provides qualitative information of the

processes that can influence the composition of the waters.
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For these reasons it is included in the program MODELAGUA, intending as the

first step in the treatment of the data, as it constitutes an important guide for the

selection of the reactions when carrying out the model by means of mass balance or

mixture analysis.

For the determination of the hydrochemical patterns corresponding to a study

sample, the program makes the comparison of its chemical composition with each

one of the values of the different present patterns. For this it takes a distance

approach, the sum of the quadratic difference among the value of concentration

of each ion (Ci) and the concentration value corresponding to this ion in the pattern

that is analyzing (Cpi), according to the expression (Eq. 27.1):

Dp ¼ Si Ci � Cpi

� �2� �
(27.1)

where Ci and Cpi are expressed in part by ten of meqv/L, i takes values from 1 until

the number of majority ions and p takes values from 1 until the number of existent

patterns. The calculation is carried out for each patron p and one is selected with

minor distance to the (Dp). The values of part by 10 of meqv/L of the different

patterns do not need to be extracted of a chart; however, they are generated in their

own program by means of iterative cycles.

27.2.3 Mass Balance

If two waters are connected in one line of flow, it should be expected that both possess

the same chemical composition. If it is not in this way, it is clear that during the

trajectory of the first sample up to the second, geochemical processes that modified

their composition, have occurred. This composition difference or Ionic Delta can be

used to determine the processes that take place in the region. The program

MODELAGUA also considers the possibility that during the trajectory of the waters,

concentration variations occurred, for example, by means of the evapotranspiration

phenomenon, which is the reason why the concentration factor, the variable F is

introduced. This way the calculation of the ionic delta for each compound will be

(Eq. 27.2):

DCi ¼ Ciðsample waterÞ � F � Ciðreferences samples waterÞ (27.2)

To determine F, a preservative ion can be used (q), an ion that does not

participate in any interaction water-rock process, where (Eq. 27.3):

F ¼ Cqðsample waterÞ=Cqðreferences samples waterÞ (27.3)

This way (Eq. 27.3) the program calculates F according to the selected preser-

vative ion and substituting in Eq. 27.2, it calculates the ionic delta for the rest of the

ions.
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Once the value of the ionic delta well known, it can be done to the mass balance

for the determination of the geochemical processes. The algorithm of calculation of

the mass balance, traditionally, is based on the solution of the Eq. (27.4) system:

DCi ¼ Sk ak � bikð Þ (27.4)

(DCi: ionic delta; ak: Mass transferred in each k process (value to calculate); bik:

estequiometric coefficient of each component i in each reaction k).

The program MODELAGUA adds a process of optimization to the equations

system (Eq. 27.4); it introduces a new variable Ei: error made in the adjustment of

each equation i, this way (Eq. 27.5):

DCi ¼ Sk ak � bikð Þ þ Ei (27.5)

Then defining the total error of the balance (Et) as (Eq. 27.6):

Et ¼ Si Ei
2

� �
(27.6)

It is obtained (Eq. 27.7):

Et ¼ Sið½DCi � Sk ak � bikð Þ�2Þ (27.7)

With the objective of finding the solution for which the error of the balance is

minimum, the process of optimization of this function is carried out deriving

partially regarding to each variable to calculate (ak) and equaling to zero the

obtained equations. This way the following system of equations is obtained

(Eq. 27.8):

@Et=@ak ¼ Si bikð Þ � ½DCi � Sk ak � bikð Þ� ¼ 0 (27.8)

This is then the system of equations that is solved by the programMODELAGUA.

This process of optimization contributes to the advantages of the program that allows

systems to solve that do not possess the exact solution and also the system of Eq. 27.8.

It does not present the restriction that the number of selected processes k have to be

similar to the number of ions i, as it happens with the equation system (Eq. 27.4); and

for this reason the program can always offer the most approximate solution for any

number of reactions and compounds that are selected.

27.2.4 Mixture Analysis

For the case to be modeled, the study sample as the result of the mixture of two

reference samples is necessary to determine the mixture percentage previously for

each reference. In a similarway to the concentration factor, themixture percentage can

be calculated starting from the selection of a preservative ion, an ion that only owes its
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difference of mass to the effect of the mixture when not participating in any geochem-

ical process. In the case it is studied, the composition of a sample as a result of the

mixture of twowaters, the calculation of the IonicDelta is different, as it is necessary to

know themixture proportion, which can be calculated starting from a preservative ion.

For a preservative ion (q), the resulting composition (CR) of the mixture of two

waters of composition (CA) and (CB) will be given by the Eq. 27.9:

CRq ¼ x CAq

� �þ 1� xð Þ CBq

� �
(27.9)

Where (x) is the fraction of compound q in mixture from the sample A and

(1 � x), the corresponding for the component q in mixture from the sample B.

Obtaining x from Eq. 27.9 and multiplying by 100, the mixture percent can be

determined (Eq. 27.10):

x � 100 ¼ 100 � CRq � CBq

� �
= CAq � CBq

� �
(27.10)

Therefore, the difference between the two members of Eq. 27.9 will be indicative

of the processes that take place, and the values in this case are taken as ionic delta

(DCi). This way (Eq. 27.11):

DCi ¼ CRi � x CAið Þ þ 1� xð Þ CBið Þ½ � (27.11)

Once calculated, the mixture percent x � 100ð Þ according to Eq. 27.10 for the

selected preservative ion, the ionic delta can be calculated for the rest of the ions

substituting the value of x in Eq. 27.11.

Once the value of the ionic delta (DCi) is well known, the rest of the calculation is
the same as in the case of themass balance, bymeans of the equation system (Eq. 27.8).

To carry out the calculations, the programneeds that the analytic data corresponding to

the concentration of major cations and anions are introduced as study sample water or

as two reference samples: Study sample water – sample of water taken in the point

where the geochemical processes wanted to be determined; and References sample

water–sample of water taken in points located in the same line of flow as that of the

study sample. Two reference samples are only needed in the case that is desired to

model to the study sample as the result of the mixture of two types of different waters.

27.3 Application

The area studied corresponds to the called Aguascalientes Valley or Graben. This

area constitutes a rectangle with coordinated UTM 20390,000–20490,000 N and

760,000–800,000 E (Fig. 27.1). The Aguascalientes Valley or Graben is a topographi-

cal depression of about 80 km with 20 km of maximum width in their northern and

southern ends, and about 10 km of minimumwidth in their central part. It is flanked to

the east and thewest by horsts or tectonic pillars that formNW-SE andNE-SW system

of fractures. The filler of The Aguascalientes Valley or Graben constitute alluviums
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formed by sedimentary material not consolidated. The recent alluvial material is

compound, mainly, for gravels, sands and not well classified clays, which does not

present stratification and in general it is not consolidated. Filler material consists of

gravels and sand products of the erosion of the underlying units; in general this type of

deposits stuffs the valleys and it is located in the piedmont (INAGUA-UAQ-UNAM

technician report 2003).

The most important aquifer of the Aguascalientes Valley supplies a demand of

almost 500 million m3/year. The aquifer of the Valley of Aguascalientes has had an

intensive exploitation in such a way that the rate of average depression 3.0 m/year,

in the last decades in the urban area of Aguascalientes. Establishment problems and

cracking of the land have also been related to the exploitation of the aquifer.

The main areas of recharge of the aquifer of the Aguascalientes Valley or Graben

come from the oriental flank and from the northern area of the Graben.

Aguascalientes aquifer is conformed in its upper part by detritus sedimentary

rocks formed by alluvial materials (carried silts and deposited by the rivers and

streams of the region); these alluvial materials are not consolidated, and for its grain

they are of the type gravels, sands, limes and clays (Lutites) that form layers of

strata of variable geometry whose thickness varies from some meters in the limits of

the valley, up to 200 m in its center. According to these features, the minerals that

can be found in these rocks are: Clays of kaolinite type (Al2Si2O5(OH)4), montmo-

rillonite, alkaline feldspars (NaAlSi3O8, KAlSi3O8), quartz (SiO2).

Fig. 27.1 Localization of area the study
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Under the alluvial silts there are conglomerates and fractured igneous rocks.

The conglomerates and the igneous rocks have a thickness from 200 to 300 m and

they constitute the lower part of the aquifer. Minerals such as quartz (SiO2),

alkaline feldspars (NaAlSi3O8, KAlSi3O8), calcic plagioclases (Ca2Al2Si2O8),

muscovite (KAl2[AlSi3O10][OH]2), micas of lithium of the lepidolite group

(KLi1.5Al1.5[Si3AlO10][FOH]2) are present. All these minerals are very insoluble,

that iswhy thewaters that drain the same one is, in general, of very lowmineralization.

However, some samples of the study area present highTSS, like it is the case of sample

AG-9 (BeautifulHill;Well 70),withTSS of the order of 1,085mg/L,which is given by

the high temperature (26 �C) and pH 6.50. Considering you like thermal waters

because their temperature is more than 4� above the half temperature of the area

(17 �C). The sample AG-9 probably originates from the deepest aquifer layer. Taking

all this in consideration, the geochemicalmodel throughMODELAGUA is carried out

that allows starting from the concentrations of the majority ions (Ca2+,Mg2+, Na+, K+,

HCO3
�, SO4

2�, CL�; in these samples the concentration of SiO2were not determined)

of the sample water (in this case the AG-9) and of the representative rain water of the

area to obtain the following results (Table 27.1).

The principal geochemical processes that originate the chemical composition for

water sample AG-9.

5:64 NaAlSi3O8 þ 5:64 CO2 þ 31:02H2O $ 2:82 Al2Si2O5 OHð Þ4
þ 5:64 Naþ þ 5:64 HCO3

� þ 11:28 H4SiO4

Albite Kaolinite

1:88CaAl2Si2O8 þ 3:75 CO2 þ 5:63 H2O $ 1:88Al2Si2O5 OHð Þ4 þ 1:88 Ca2þ þ 3:75 HCO3
�

Anorthite Kaolinite

Table 27.1 Hydrogeochemical inverse mass-balance model obtained from MODELAGUA.

Distribution of the mineral mass transformed by water-rock interaction

Name Cl� HCO3
� SO4

2� Na2+ Ca2+ Mg+ K+

Sample AG-9 0.590 11.000 0.803 6.413 2.025 0.014 0.599

Rain water 0.160 0.200 0.000 0.210 0.040 0.038 0.010

Concentration factor 3.7

IONIC DELTA 0.000 10.223 0.803 5.637 1.877 0.003 0.562

PROCESSES

Albite-kaolinite 0.000 5.637 0.000 5.637 0.000 0.000 0.000

Anorthite-kaolinite 0.000 3.754 0.000 0.000 1.877 0.000 0.000

Microcline-kaolinite 0.000 0.562 0.000 0.000 0.000 0.000 0.562

Pirita-hemetite 0.000 0.000 0.803 0.000 0.000 0.000 0.000

CO2-HCO3
� 0.000 0.271 0.000 0.000 0.000 0.000 0.000

TOTAL 0.000 10.223 0.803 5.637 1.877 0.000 0.562

ERROR 0.000 0.000 0.000 0.000 0.000 0.003 0.000
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0:56KAlSi3O8 þ 0:56 CO2 þ 3:08 H2O $ 0:28Al2Si2O5 OHð Þ4 þ 0:56 Kþ þ 0:56 HCO3
� þ 1:12H4SiO4

Microcline Kaolinite

0:40 FeS2 þ 1:5O2 þ 3:0H2O $ 0:40 Fe OHð Þ3 þ 0:80 SO4
2� þ 1:6H3O

þ

Pirite Hematite

0:27 CO2 þ 0:14 H2Oþ 0:07 O2 ¼ 0:27 HCO3
�

27.4 Conclusions

MODELAGUA by means of an inverse mass-balance model allows the establish-

ment of the main geochemical processes responsible for the chemical composition

of the water sample, AG-9, which is the weathering of the minerals Albite and

Anorthite which are abundant in the deepest aquifer layer in Aguascalientes.
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Chapter 28

Hydrochemical Evaluation of La Gomera

Aquifers (Canary Islands) and its

Relationship to Garajonay National Park

M. Leal, J. Lillo, and Á. Márquez

Abstract The hydrogeological model proposed for La Gomera (Canary Islands)

suggests the presence of an upper aquifer (perched groundwater bodies), a lower

aquifer (General Saturated Zone) and flows through them.Many perched groundwater

bodies are located under Garajonay National Park, where most of the springs are

found. About 60 % of the water supply in La Gomera is covered with spring water.

Therefore, if new wells are constructed and the lower and upper aquifers are truly

connected, the new extractions could affect the springs of Garajonay. Hydrochemical

data and multivariate statistical analyses (PCA and CA) of 120 water analyses

performed by Instituto Geológico y Minero de España in 1991 show a great chemical

variability of groundwater, precluding the identification of springs-groups and

hydrochemical patterns, and therefore, transfer areas. Thus, it is not possible to

assess the potential impact on the springs of Garajonay National Park. The factors

for this hydrochemical heterogeneity could be: (1) heterogeneity of the volcanic

materials; (2) influence of marine aerosols; (3) irregular rainfall; and (4) complex

hydrogeological system formed by partially disconnected water bodies.

Keywords Hydrogeological model • Water supply • Volcanoes • Garajonay

National Park • Canary Islands
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28.1 Introduction

La Gomera is an inactive volcano located in the Canary Archipelago (Fig. 28.1).

Although it does not present water scarcity like other Canary Islands (Custodio and

Cabrera 2002), it is important to understand the groundwater flows as about 60 % of

the water supply is covered with spring water, being most of the springs are in

Garajonay National Park (PHIG 2003).

With that aim, several studies have been carried out for 35 years (SPA-15 1975;

Porras et al. 1985a, b; APHIG 1996; PHIG 2003). Each one involved a different

hydrological model. The last one was developed by APHIG (1996) and supported by

the PHIG (2003). According to this model there are three hydrogeological units in

the island: a unit consisting of Perched Groundwater Bodies in the horizontal basalts

of the Young Edifice, a unit called General Saturated Zone in the basalts of the Upper

Old Edifice and an impermeable unit consisting of the basalts of the Lower Old

Edifice and the Basal Complex (Fig. 28.1). Thus, once the groundwater flowing into

the horizontal basalts reaches an impermeable pyroclastic level, it cannot flow into

deeper layers and starts a horizontal path. When flow cut the surface, the groundwa-

ter is discharged through a spring. However, if there is any fault in the basaltic

materials, the water flows into deeper materials, reaching the General Saturated

Zone. However, the transfer of water from the upper to the lower aquifer should not

take place throughout the whole island due to the occurrence of a discontinuous

impermeable layer between the two units.

The aim of this study is to identify those areas where there may occur a

interconnection of both hydrogeological units and therefore a transfer of ground-

water, in order to know if the springs of Garajonay National Park could be affected

by an increase in the extraction of groundwater in the lowlands for supply.

Fig. 28.1 Map of the Canary Islands with the location of La Gomera. Geologic map of La Gomera

and simplified volcanostratigraphical and hydrogeological model (Modified from Ancochea et al.

2004)
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28.2 Methodology

Previous studies made by the Instituto Geológico y Minero de España (IGME)

between 1979 and 1993 in the area have been compiled to create a hydrochemical

dataset. 129 springs of the 387 present in the island were surveyed. Of them, 352

water samples were analyzed (IGME 1993a, b). However, in this work only the

results for 1991 are considered in order to decrease the variability affecting the water

during 14 years, since our interest is mainly focused on spatial variability.

Different studies have demonstrated the usefulness of hydrochemistry

(e.g. Aiuppa et al. 2003; Cruz 2003; Cruz and Amaral 2004; Prada et al.

2005; Cruz and França 2006) and statistical techniques to study volcanic

and non-volcanic areas (e.g. Giammanco et al. 1998; Güler et al. 2002;

Menció and Mas-Pla 2008).

Hydrochemical data analyses have been applied with the purpose of differentiating

hydrochemical facies and identifying spring-waters groups. A total of 14 variables

have been studied with the support of the software Aquachem 4.0: pH, electrical

conductivity (mS/cm), Cl�, SO4
2�, HCO3

�, CO3
2�, NO3

2�, Na+, Mg2+, Ca2+, K+,

NO2
�, NH4

+ and SiO2 (mg/L). In addition to the classical hydrochemical data

analyses, multivariate statistical techniques as Principal Component Analysis (PCA)
and Cluster Analysis (CA) were used to study hydrochemical variations and distin-

guish compositional groups (Richard 1998). PCA reduces the number of variables,

losing as little information as possible (Davis 2002), by calculating new variables

called Principal Component (PC) (orthogonal variables), which are linear

combinations of the initial ones. The first component explains the greatest variability

and successive components explains the remaining variance, each less than the

previous (Jolliffe 2002). In this study the Statistical Software MiniTab 15.0 has

been used for calculations using a correlation matrix. CA is a technique that groups

a set of observations in a number of groups (clusters) made up of samples which are

homogeneous and similar to each other and at the same time different from the

samples of other groups (Everitt et al. 2001). The dissimilarity measure applied to

obtain clusters has been the squared Euclidean distance. An agglomerative hierarchi-

cal clustering and the Ward’s linkage method were used. The CA was performed

using the software SPSS 14.0.

28.3 Results and Discussion

The Piper diagram (Fig. 28.2) shows only one dot group, which can be classified in

three hydrochemical facies: Na-Cl, Na-HCO3 and Ca-HCO3, accounting respectively

the 66.33 %, 31.63 % and 2.03 % of the total analyzed spring-waters.

Table 28.1 provides a summary of descriptive statistics. Despite the great

heterogeneity of the data (with high values of standard deviation and the coefficient

of variation), in general the waters have neutral values of pH (mean ¼ 7.40), are

low mineralized and the composition is dominated by Na+ and Cl�.
Both Cl� and SO4

2� ions are not present in the rocks of the island, so their origin

must be related to rainwater and marine aerosols. However, the source of HCO3
� ion
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is different. La Gomera is an inactive volcano, thus all the inorganic carbon present in

the aquifer comes from pedogenic CO2, soil organic matter oxidation and atmo-

spheric CO2 (Custodio and Manzano 1990).

Fig. 28.2 Piper diagram of the spring-waters

Table 28.1 Summary statistics of the spring-waters compositional data

Minimum Maximum Mean S.D. C.V. Quartile

25th 50th 75th

PH 6.16 8.51 7.40 0.39 0.05 7.22 7.41 7.64

EC (mS/cm) 155.00 1,740.00 342.19 235.43 0.69 228.25 267.50 384.25

Cl� (meq/L) 0.68 6.83 1.51 0.95 0.63 1.02 1.21 1.66

SO4
2� (meq/L) 0.04 3.67 0.25 0.40 1.60 0.10 0.19 0.24

HCO3
� (meq/L) 0.13 8.06 1.29 1.35 1.05 0.62 0.98 1.34

NO3
2� (meq/L) 0.02 2.10 0.13 0.25 0.03 0.03 0.08 0.13

Na+ (meq/L) 0.65 9.57 1.79 1.59 0.04 1.03 1.26 1.87

Mg2+ (meq/L) 0.25 4.96 0.65 0.68 0.09 0.41 0.50 0.66

Ca2+ (meq/L) 0.10 4.20 0.63 0.51 0.04 0.40 0.55 0.70

K+ (meq/L) 0.01 0.21 0.05 0.03 0.02 0.04 0.05 0.06

NO2
� (meq/L) 0.0002 0.0057 0.0016 0.0020 0.0266 0.0005 0.0007 0.0023

NH4
+ (meq/L) 0.0006 0.0417 0.0044 0.0050 0.0617 0.0028 0.0039 0.0044

SiO2 (meq/L) 0.0833 0.3567 0.3020 0.0787 0.0043 0.2500 0.3567 0.3567
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Mg2+ is an element present in both olivine and augite and Ca2+ comes from

pyroxens (augite) and calcic plagioclases (anorthite). All of these minerals are

found in the basalts of La Gomera (Herrera-Espada 2008). Their relatively easy

weathering (Hiscock 2005), may explain the high concentrations of those elements

in the studied water. Nevertheless, the major ion is Na+. Since sodium appears in

albite, a rare mineral in the island, the extra-contribution must be sourced from

marine aerosols (Fig. 28.3). K+ is an element whose presence in the island rocks is

very restricted since the basalts do not contain K-feldspar, reaching a maximum

value of 3 % (Herrera 2008). These results are in agreement with those obtained by

Fernández-Caldas and Pérez-Garcı́a in 1972.

The eigenvalues, the percentage of the cumulative variance and the contribution

of each variable to each of the PC, are listed in Table 28.2. The two first principal

components account the 85.5 % of the total variance. The PCA plot for these two

principal components is shown in Fig. 28.4. As in the Piper diagram, there is no

differentiation of groups in terms of a certain set of variables. This dispersion

suggests that there is an almost continuous variation of physico-chemical and

chemical features of the spring-waters.

Figure 28.5 shows the CA results. It is possible that the springs, which compose

group II are associatedwith a transfer area as they are aligned from the recharge area to

the discharge zone and in favor of the decrease in elevation, the direction of barrancos,

the dip of lava flows and the strike of the faults and dikes in the area (N120). Group III

contains two springs with anomalous values of conductivity and ions concentrations.

A previous study in the area (Soler 2003) concludes that these springs discharge water

Fig. 28.3 Na+-Cl� ionic ratio (Marine aerosols and rock weathering data from Custodio and

Manzano 1990)
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from one perched groundwater body. Finally, group I of CA is considered a residual

group that includes springs with a great variability among themselves and whose

springs show no similarities with any of the other two groups.

Two aspects could be deducted from the set of hydrochemical and statistical

analyses. First, the compositional difference between young and old is not high

(Herrera 2008). Otherwise, more different groups should have been found. Sec-

ondly, although the materials of the Young and Old edifices are similar, both have

high internal variability, concerning materials composition, texture and structure,

which determines the water-rock interaction. In other words, the internal variability

is high enough to surpass the compositional differences among the units.

Table 28.2 Left: PCA results: principal component (PC), eigenvalue and cumulative variance.

Right: Contribution of each variable to each of the principal components

PC Eigenvalue Cumulative variance Variable PC1 PC2

1 6.7578 0.751 pH 0.239 �0.695

2 0.9341 0.855 Cond 0.381 �0.030

3 0.5268 0.913 Cl� 0.355 0.115

4 0.3494 0.952 HCO3
� 0.329 0.428

5 0.1980 0.974 SO4
2� 0.345 �0.337

6 0.1230 0.988 Na+ 0.359 �0.204

7 0.1010 0.999 Ca2+ 0.365 0.046

8 0.0087 1.000 Mg2+ 0.314 0.348

K+ 0.291 0.202

Fig. 28.4 PCA results for spring-waters compositional data
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28.4 Conclusions

Although the work of other authors in other places has demonstrated the usefulness

of multivariate analysis, in this case, the lack of conclusive results prevents a

preliminary assessment about how an increase in the extraction of groundwater

for supply could affect the springs of Garajonay National Park. Only group II of CA

could indicate an area where groundwater transfer could occur.

The heterogeneity of the hydrochemical patterns of the spring-waters and their

spatial distribution is due to several factors: the high internal chemical and physical

(texture, structure) variability of the lithologic units that make up the volcanic

complexes of the island; irregular distribution of rainfall on the island; the varying

influence of marine aerosols; and the varying degrees of soil development, coupled

with the large number of dikes and faults that are controlling the water flow.
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Fig. 28.5 Distribution of the different spring-groups and the dendogram obtained with the CA
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Chapter 29

Contamination and Protection of Surface

Water Source in Czech Republic

P. Oppeltová

Abstract There have been numerous changes regarding legislative framework for

water during the last years. This article deals with the problem of Kruzberk water

reservoir, situated inOdra river basin (that empties into the Baltic Sea) in the northeast

of the Czech Republic. The objective of this work was to evaluate the evolution

tendency of reservoir water quality, determine the problematic parameters and to

carry out balance evaluation of selected parameters from among the reservoir profiles

in vegetation periods of the years 2006–2008. Themost important profile is the profile

number 1 (start of backwater) and number 5 (dam). The risk analysis based on

hydrogeological exploration and area survey was carried out to protect the water

quality and quantity. An optimization study and revision of protection zones were

also carried out according to the valid legislation.When evaluating the concentrations,

the following problematic parameters were verified: DQO – permanganate, pH, iron,

manganese, calcium and magnesium, thermotolerant bacteria and Enterococcus. The

regulation of activities in level 2 protection zone should positively influence water

quality of the water reservoir in the future.

Keywords Reservoir water quality • Surface water protection • Contamination •

Protection zones • Czech Republic

29.1 Introduction

The problem of contamination and protection of surface water sources is a theme of

great importance. In the CzechRepublic, most drinkingwater is obtained from surface

and groundwater resources. Generally, groundwater resources have a lower tendency

of anthropogenic pollution than surface water. However, the situation of groundwater
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resources in soil is not perfect with regard to a drinking water supply. Therefore, the

water reservoirs are used as a source of drinking water. For water quality and quantity

protection it is necessary to establish protection zones. The protection zones are very

important for the protection of the environment and significantly influence landscape

conservation and improvement.

There have been numerous changes regarding legislative framework for water

during the last years. One of the reasons for these changes was ingression of the

Czech Republic to the European Union in 2004. Then, it was necessary to transpose

European legislation into national law. Since both Spain and the Czech Republic

are members of the European Union, they have the same legislation and therefore

both countries resolve the water problems in a similar way. The most important

European Directives transposed to the national legislation are: Directive 2000/60/

EC and Directive 91/676/EC.

29.2 European and Czech Legislation

Directive 2000/60/EC of the European Parliament and of the Council of 23 October

2000 established a framework for Community action in the field of water policy

(Water Framework Directive). By this Water Framework Directive, the European

Union organizes management of surface water, continental water, transitional waters,

coastal waters and groundwater to prevent and reduce its pollution, promotes sustain-

able water use, protects and enhances the status of aquatic ecosystems and reduces the

effects of floods and droughts (The Water Framework Directive, 2009, http://www.

directivamarco.es/). Its fundamental principles are:

• Hydrographic basin as the management unit, which corresponds to the unit with

natural hydrological cycle;

• Cost recovery in the price of water that includes externalities;

• Achievement of good eco-biological, hydromorphological and physical-

chemical status;

• Water and aquatic ecosystems recovery as a best guarantee of water quantity and

quality – ecological aspect for sustainable water use;

• Reduction of groundwater pollution and elimination of dangerous substances at

source.

According to this Directive, all bodies of water used for the abstraction of water

intended for human consumption providing more than 10 m3 a day as an average or

serving more than 50 person (The Water Framework Directive, 2009, http://www.

directivamarco.es/) must be identified.

Member States shall identify the individual river basins lying within their national

territory and shall assign them to individual river basin districts. The river basins

covering the territory of more than one Member State shall be assigned to an

international river basin district.

The principles of the Water Framework Directive were adopted into Czech legis-

lation by amending theWater Law 20/2004 Sb. (which came into force on January 23,

2004) and into the Drainage, sewers and public water supply law 274/2001 Sb.
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Another very important European legislation is the Directive 91/676/EC – refer-

ring to protection of waters against pollution by nitrate from agricultural sources. Its

principles were adopted into Czech legislation in the Regulation 103/2003 Sb. and its

amendment. According to this Directive, nitrate vulnerable zones are areas where

surface waters or groundwaters have nitrate concentrations of more than 50 mg.L�1

or are thought to be at risk of nitrate contamination. The purpose of this Directive is to

protect water quality by preventing high nitrate concentrations polluting ground and

surface waters and especially by reducing polluting effects of the intensive cultiva-

tion and reducing the use of chemical fertilizers. It also includes regulations for

wastewater treatment and good agricultural practice, such as nitrogen fertilizer use

and storage, and livestock effluents. Action programs should be implemented by

farmers within the nitrate vulnerable zones to prevent and reduce pollution due to

nitrates from agricultural sources and should be revised every four years.

Protection zones have been defined to protect quality and quantity of drinking

water sources (Water Law 254/2001 Sb.). Three water protection zones were

established by previous legislation (level 1 protection zone; level 2 protection

zone divided into outer protection zone and inner protection zone; and level 3

protection zone defined in surface water sources). In the actual water legislation

only two levels of protection zone are defined: level 1 protection zone where more

severe measures regime exists and level 2 protection zones. The actual tendency in

water protection consists in determination of protection areas more defined, in

result of which the water source area and the vulnerable area are not totally included

in the established protection zone. It is also possible to establish more level 2

protection zones. It is of great importance, especially for agricultures, to know and

observe the regulation, especially with respect to the reduction of mineral and

organic fertilizers use, as well as herbicides and pesticides use. Very often it is

also necessary to elaborate special programs for stock breeding prohibiting new

constructions, establishment of new sewers and the use of chemicals for winter road

maintaining within these zones (Oppeltová and Novák 2007).

The owners whose land is within the protection zone receive subsidy to reduce

disadvantages caused due to limitation they are subjected to. In view of the large

initial area of protection zones and in view of the fact that the users of water sources

did not want to pay high price for the subsidy paid to affected owners, new and

more reduced protection zones have been gradually delimited (Oppeltová and

Novák 2007).

29.3 Kruzberk Water Reservoir and Its River Basin

Kruzberk water reservoir is situated northeast of the Czech Republic, in Odra river

basin (that empties into the Baltic Sea). The water reservoir was built in Moravice

River in the years 1948�1955 and is intended for accumulation of water (as a

source of drinking water), Moravice River, Opava River and Odra river improve-

ment, and floods prevention and for hydroelectrical production. This is a source of

29 Contamination and Protection of Surface Water Source in Czech Republic 255



water supply for Ostrava city and surrounding municipalities, in total 200,000

inhabitants (Povodı́ Odry, 2009, http://www.pod.cz).

The reservoir is situated at a height of about 400 m, its river basin area is 567 km2,

the length of the reservoir is 9 km, the width is 0.5 km and its area is 280 ha. The

average annual rainfall in this region is 825mm and the average annual temperature is

7 �C, 8 �C (http://www.pod.cz). Forest area occupies approximately half of the river

basin and the other half consists of agricultural land (grassland, potatoes and flax

cultivation and stock breeding) (Výzkumný ústav vodohospodářský T.G. Masaryka,

v.v.i., 2009, http://www.vuv.cz). A natural park is situatedwithin the river basinwhere

special regime must be followed. In this river basin there are also several industrial

cities – Bruntál (automobiles), Bridlicna (aluminium processing) and other cities

engaged in basalt extraction and plastics processing. Tourism has recently developed

in this region.

There are no nitrate vulnerable zone within the basin (Výzkumný ústav

vodohospodářský T.G. Masaryka, v.v.i., 2009, http://www.vuv.cz).

In the year 1967, water reservoir protection zones were established – to protect

quality and quantity of drinking water. Three levels of protection zone were defined –

level 1 zone, level two zones and level three zones, and the entire reservoir basin

belonged to the protection zones – in total 567 km2 (Cermak 1969; Zenaty et al. 1984).

29.4 Materials and Methods

The data on water quality and the reservoir flow values have been obtained from the

state water enterprise Povodı́ Odry (Odra river basin). The aim of this work was to

evaluate evolution tendency of water quality, determine the problematic parameters

and to carry out the balance evolution of selected parameters from among the reservoir

profiles (Fig. 29.1) in vegetation periods of the years 2006–2008. The analyses of all

the selectedwater quality parameters were not performed all year long but only during

the vegetation periods.

The following parameters were evaluated: iron, manganese, magnesium, calcium,

carbonates, sulfates, nitrates, nitrites, ammonia, phosphates, total phosphorus, pH,

oxygen, DQO – permanganate, DBO5, thermotolerant bacteria, Enterococcus

bacterias and chlorophyll-alfa.

These water quality analyses were performed in five reservoir profiles (Fig. 29.1).

The most important profile is the profile number 1 (start of back water) and number

5 (dam). The balance evaluation was carried out from among these profiles.

The monthly weight of the water quality parameter [1] was calculated according

to the monthly flows and concentrations and than the weight for the entire vegetation

period was calculated. The quality of the water in the reservoir can be evaluated by

a difference between the weight in the profile 1 and the weight in the profile 5.

Formula for calculation of monthly total substance weight (Eq. 29.1):

k:Q:x:c

1000
¼ Weight per month kgð Þ (29.1)
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Q – Monthly flow (m3.s�1)

c – Substance concentration (mg.L�1)

k – Coefficient expressing the daily amount k ¼ 60 � 60 � 24

x – Number of days in a month

The risk analysis based on hydrogeological exploration and ground survey was

carried out to protect the water quality and quantity. An optimization study and

checks of protection zones were also carried out according to the valid legislation.

29.5 Results and Discussion

29.5.1 Optimization and Checks of Protection Zones

Water quality and water quantity are obviously influenced by both the natural envi-

ronment and human activity. The measures to be taken in the protection zones cannot

influence the aspects that depend on the natural environment. In 2007, the protection

Fig. 29.1 Profiles of water quality measurement in Kruzberk reservoir
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zones were revised according to the water quality results and river basin area surveys.

Level 1 protection zone was defined – the basin and its surroundings (120.87 ha).

Then, two individual level 2 zones were established – woodland and agricultural land

surrounding the basin (247.49 ha) and the basin affluents (81.8 ha). Erosion control

measures in this areamust be followed and regulations with respect to the reduction of

mineral and organic fertilizers use, as well as herbicides and pesticides use and special

programs for stock breeding must be observed by the farmers.

29.5.2 Balance Evaluation

Important results of balance evaluation are shown below:

The limit for iron in drinkingwater is 0.2mg.L�1 (Regulation 252/2004Sb.) and the

limit for iron in A2 non-treated water is 2 mg.L�1 (Rule 428/2001 Sb.). The legal limit

for iron in drinkingwater was exceeded in the profile number 3 inMay 2006 and in the

profile number 1 in September 2008. All analyzed parameters correspond to the limits

of A2 raw water.

Balance evaluation of iron:

Year 2006 5,249.09 – 3,543.45 ¼ 1,705.64 kg

Year 2007 6,232.59 – 6,837.67 ¼ �605.08 kg

Year 2008 1,676.66 – 3,977.27 ¼ �2,300.61 kg

A positive result means that the amount of iron was higher in the profile number

1 (start of back water) than in the profile number 5 (dam). The difference represents

the iron retained in the reservoir. The vertical stratification of iron is produced in the

reservoir. A negative result means that the amount of iron was lower in the vertical

profile number 1 than in the dam. This effect can be caused by sedimentation and

posterior separation of sediment from water.

The limit formanganese in drinkingwater is 0.05mg.L�1 (Regulation 252/2004Sb)

and the limit for manganese in A2 non-treated water is 1 mg.L�1 (Rule 428/2001 Sb).

The legal limit for manganese in drinking water was exceeded in the vertical

profile number 2 in September 2006 and in the profile number 4 from April to August

2006. All analyzed parameters correspond to the limits of A2 non�treated water.

Balance evaluation of manganese:

Year 2006 2,736.55 – 1,852.44 ¼ 884.11 kg

Year 2007 2,730.50 – 2,502.46 ¼ 228.04 k

Year 2008 565.15 – 895.07 ¼ �329.92 kg

The total amount of manganese is lower than the amount of iron. A positive

result means that the sedimentation of manganese compounds occurred. A negative

result shows the liberation of manganese from the water sediment.

The limit for sulphates in drinkingwater and in A2 non-treatedwater is 250mg.L�1

(Regulation 252/2004 Sb.). This limit was not exceeded in any case.
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Balance evaluation of sulphates:

Year 2006 1,479,129 – 1,459,875 ¼ 19,254 kg

Year 2007 1,761,340 – 1,514,393 ¼ 246,947 kg

Year 2008 38,073.3 – 739,174.1 ¼ �1,100.8 kg

Anthropogenic sources of sulphates are emissions containing SO2 and SO3

coming from the combustion of fossil fuels. A positive result means an accumula-

tion of sulphates in the reservoir (reduction of sulphates in anaerobic environment).

The amount of sulphates in the profiles 1 and 5 are nearly equal.

The limit for nitrates in drinking water and in A2 non-treated water is

50 mg.L�1(Regulation 252/2004 Sb; Regulation 428/2001 Sb.). This limit was

not exceeded during the analyzed period.

Balance evaluation of nitrates:

Year 2006 294,513.00 – 322,339.60 ¼ �27,826.60 kg

Year 2007 482,711.00 – 541,050.88 ¼ �58,339.88 kg

Year 2008 182,292.29 – 209,221.26 ¼ �26,928.97 kg

The most important source of nitrates is agricultural land. The nitrates level was

always higher in the dam due to river Lobnik, an affluent that runs through

agricultural land and flows into the reservoir.

The limit for phosphates in A2 non-treated water is 0.5 mg.L�1 (Regulation 428/

2001 Sb). This limit was exceeded in the profile 3 in June 2006.

Balance evaluation of phosphates:

Year 2006 2,283.67 – 2,024.27 ¼ 259.40 kg

Year 2007 2,710.27 – 3,762.53 ¼ �1,052.26 kg

Year 2008 585.62 – 852.49 ¼ �266.87 kg

Themost important anthropogenic sources of inorganic phosphorus are the chemi-

cal fertilizers and waste waters. The organic source of phosphorus is the phosphorus

fromanimal residues and decomposition of phytoplankton and zooplankton settling on

the reservoir bottom (Pitter 2008). Phosphorus influences the reservoir water eutrophi-

cation. A positive result shows its accumulation in the reservoir (as sediment).

A negative balance could be explained by phosphate supply to the reservoir, coming

from fertilizers used on the agricultural land along Lobnik affluent and also from

decomposition of dead organisms.

The results of the balance evaluation of total phosphorus are similar to those of

phosphates – a positive result in 2006 and a negative result in 2007 and 2008.

Balance evaluation of total phosphorus:

Year 2006 5,249.09 – 3,543.45 ¼ 1,705.64 kg

Year 2007 6,232.59 – 6,837.67 ¼ �605.08 kg

Year 2008 1,676.66 – 3,977.27 ¼ �2,300.61 kg
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The limit for DQO – permanganate in drinking water is 3 mg.L�1 (Regulation

252/2004 Sb.) and in A2 non-treated water is 10 mg.L�1 (Regulation 428/2001 Sb.).

The legal limit DQO-permanganate in drinking water was exceeded in all the

profiles and in A2 non-treated water was not exceeded in any case.

Balance evaluation of DQO – permanganate:

Year 2006 111,637.7 – 106,934.30 ¼ 4,703.40 kg

Year 2007 302,410.3 – 327,369.7 ¼ �24,959.40 kg

Year 2008 88,582.08 – 92,330.58 ¼ �3,748.50 kg

Negative results mean that there have been more organic substances in the

profile 1 than in the profile 5 and vice versa.

The concentration of dissolved oxygen is an important indicator of surface water

purity. Furthermore, it influences taste of drinking water (Pitter 2008). The mini-

mum concentration of oxygen dissolved in surface waters used as drinking water is

7 mg.L�1(Regulation 252/2004 Sb.). The concentrations in the reservoir evaluated

vary between 4 and 14 mg.L�1.

Balance evaluation of dissolved oxygen:

Year 2006 468,969.20 – 432,699.30 ¼ 36,269.90 kg

Year 2007 781,516.10 – 697,808.30 ¼ 8,370.80 kg

Year 2008 285,003.70 – 213,784.60 ¼ 71,219.10 kg

All results of balance evaluation are positive (the amount of oxygen in the profile 1

was always higher than in the dam). This effect can be explicated as oxygen consump-

tion in the reservoir (decomposition of organic substances, dissasimilation, nitrifica-

tion, zooplankton respiration, etc.)

The presence of thermotolerant bacteria indicates faecal contamination. Non-

treatedwater of categoryA2may contain 20,000 faecal coliform bacteria per 100mL

ofwater (Regulation 428/2001 Sb). This limit was not exceeded. The faecal coliform

bacteria must not be detected in any 100 mL sample of drinking water (Regulation

252/2004 Sb.). This limit was exceeded in all profiles.

Balance evaluation of thermotolerant bacteria:

Year 2006 4.60 .1012 – 6.91 .1011 ¼ 3.91 .1012

Year 2007 6.77 .1011 – 2.30 .1011 ¼ 4.47 .10
11

Year 2008 1.66 .1011 – 1.40 .1010 ¼ 1.52 .1011

The maximum amount of thermotolerant bacteria was always present in the

summer. A positive result of balance evaluation indicates abundance of bacteria in

the profile 1.
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29.6 Conclusions

In the 1990s of the twentieth century, the concentrations of nitrates were very high

(Zenaty 1980). Since then the concentrations have been decreasing and nowadays they

do not represent a problematic indicator. On the contrary, when evaluating the

concentrations, problematic parameters were verified: DQO-permanganate, pH,

iron, manganese, calcium and magnesium, thermotolerant bacteria and Enterococcus.

The regulation of activities in level 2 protection zone should positively influence the

reservoir water quality in the future.
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Chapter 30

Behavior of Fecal Contamination Indicators

in Waters of the Tourist Complex

“Las Terrazas”, Pinar del Rı́o, Cuba

J.A. Larrea Murrell, M.M. Rojas Badı́a, D. LugoMoya, and M. Heydrich Pérez

Abstract The pollution of natural waters is a serious worldwide problem due to the

constant dumping of untreated or poorly treated domestic and industrial wastes. The

aims of this work are to evaluate the microbiological water quality of the Tourist

Complex Las Terrazas and to determine the ratio of Escherichia coli/fecal coliform.

The samples were collected from 10 sampling stations of Las Terrazas. Fecal coliform

and E. coliwere isolated and quantified. The results show that the aquatic ecosystems

of Las Terrazas do not have a high contamination degree, with values ofE. coliwithin
the maximum limit established by Cuban standards for recreational water and irriga-

tion, but the fecal coliform values were slightly higher than the established standards.

There is no linear correlation between the concentrations of these indicators of fecal

contamination,with an average value of 0.46 for the ratioE. coli/ fecal coliform. These

results show the good microbiological water quality of Las Terrazas and increase the

information about this ecosystem located in Sierra del Rosario (Biosphere Reserve).

Keywords Microbiological water quality • Escherichia coli/fecal coliform •

Wastewaters • Aquatic ecosystems • Las Terrazas • Cuba

30.1 Introduction

Nowadays, the pollution of natural water bodies is a serious problem, mainly in

developing countries, due to the constant dumping of untreated or poorly treated

domestic and industrial wastewaters, which constitutes a constant source of environ-

mental degradation. To determine the contamination degree in these ecosystems

bacterial indicators of fecal contamination are used, and among them, the most
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commonly used are total and fecal coliforms, although the abundance of Escherichia
colihas been associatedmorewith health risk comparedwith other coliforms (Fewtrell

and Bartram 2001; Prats et al. 2008).

Nowadays, several countries, including Cuba, have a strong interest in the

preservation of aquatic ecosystems for the improvement of environmental quality.

For this reason, numerous studies have been performed in the Almendares River, in

Havana City (Prats et al. 2006; Romeu et al. 2008) to assess the quality of the water,

to contribute to the health protection of the population living in its areas.

However, this kind of study has not been carried out in the hydromineral waters

from “Las Terrazas” in Pinar del Rio province. So far, in the literature appear only

hydrogeographical studies made in this area by Peña (2000). Therefore, given that the

hydromineral sector Las Terrazas is located in Sierra del Rosario (Biosphere Reserve)

and it is an ecotourismplace, it is very important to carry outmicrobiological studies to

assess the water quality of this area located in western Cuba, which would support the

feasibility of the sustainable development program that takes place in the community

of Las Terrazas.

Considering these aspects, the objectives of this work are: to evaluate the

microbiological water quality of the Tourist Complex Las Terrazas and to determine

the Escherichia coli/fecal coliforms in this water.

30.2 Materials and Methods

The sampling was performed during the months of March (little rain), May and June

(rainy season) in 2006 in stream ecosystems of Las Terrazas. Fecal coliform and

E. coli were isolated and quantified.
The samples were collected from ten sampling stations, which are listed in

Table 30.1. Specimens were collected in the morning and transported in sterile plastic

2 L bottles and placed in a cooler chilled. They were processed in a shorter period of

time no longer than 12 h.

The concentration of coliform bacteria was enumerated by using membrane filtra-

tion technique that consists of filtering the collected samples (or dilutions of these

samples) through sterile membranes of cellulose nitrate (Sartorius, with a pore size

of 0.45 mm and 47 mm in diameter) using filtration equipment (Sartorius). The

membranes were placed in 45 mm plates of lactose agar with Tergitol (0.095 ‰
final concentration w/v) chloride and 2,3,5-triphenyl tetrazolium (TTC) (final concen-

tration 0.024 ‰ w/v) according to AFNOR (2001).

Colonies of yellow-orange with a yellow halo around colonies were considered a

fecal coliform group of bacteria after 24 h at 44 �C. The count is expressed as colony
forming units (CFU) per 100 mL of sample.

Escherichia coli were also enumerated by plate count after filtration membrane or

by direct plating, depending on their abundance in the sample. For quantification a

chromogenic culturemediumChromocultAgar (Merck,Darmstadt,Germany;Manafi

2000) was used. The dark blue or violet colonies obtained by the hydrolysis of

substrate XGLUC (5-bromo-4cloro-3indol-ß-d-glucuronic), included in the medium,
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which is hydrolyzed by the enzyme ß-D-glucuronidase, after 24 h incubation at 37 �C
are considered colonies of E. coli. The results are expressed as CFU per 100 mL of

sample.

To verify the normal distribution and homogeneity of variance of the data, the

Kolmogorov-Smirnov and the Cochran-Bartlett test, respectively, was carried out to

the transformed data as log (x), and then the Tukey HSD test was applied to verify

whether there were significant differences between the counts of E. coli and fecal

coliform. The Pearson correlation coefficient (r) and coefficient of determination (r2)

were also calculated to assess the degree of linearity between the data in E. coli and
fecal coliforms in Las Terrazas. For statistical calculations the statistical package

Statistical 6.0 for Windows was used.

30.3 Results and Discussion

30.3.1 Microbiological Quality of the Aquatic Ecosystems
of Las Terrazas

The mean of the logarithms of the fecal coliform and E. coli concentrations obtained
from the sampling stations of Las Terrazas are shown in the Fig. 30.1. The values

obtained of faecal coliform compared with the Cuban standard (Norma Cubana

1999) showed that most of the sampling stations are slightly above the maximum

permissible values for recreational water (Fig. 30.1a); however, the values of E. coli,
the most abundant fecal coliform, are within the established standards (Fig. 30.1b).

This difference is given because within the group of fecal coliform bacteria is not

only Escherichia coli, but also in this group are species of the genera Klebsiella,
Enterobacter andCitrobacter (Easton 1998;Marchand 2002). These genera are found

in large quantities in the environment (water sources, vegetation and soil) and they are

not necessarily associated with fecal contamination and do not represent an apprecia-

ble risk to health (Allen 1996). However, Cuban standards express the limits of

contamination in terms of fecal coliforms without considering that some members

are not related to fecal pollution. This issue is not unique to our country. The United

Table 30.1 Sampling stations of Tourist Complex “Las Terrazas”

Sampling stations Description Latitude Longitude

1 San Juan river before the dam Not determined Not determined

2 San Juan dam Not determined Not determined

3 Community dam 22o50046.0100 82o56027.0900

4 San Juan river natural pool 22o49024.0200 82o55035.0800

5 Nortey stream 22o50054.0900 82o57029.0100

6 Forest stream I 22o50046.0300 82o59003.0700

7 Masson stream 22o50048.0800 82o58026.0900

8 Forest stream II Not determined Not determined

9 Bayate river natural pool 22o50022.0400 82o59024.0400

10 Bayate river before natural pool 22o50014.0000 82o59026.0500
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States Environmental Protection Agency (USEPA 2002) suggests that fecal coliforms

are the most commonly used in the assessment of water quality. Fewtrell and Bartram

(2001) argued that the abundance of E. coli was more associated with health risk

comparedwith other coliforms; therefore, if this bacteria is found in large quantities in

the feces of warm-blooded animals and man and does not multiply in aquatic

environments, it was considered that E. coli would be more representative of fecal

contamination in this study than fecal coliforms.

Several authors demonstrated that in tropical environmental conditions, such as

high temperatures and high nutrient levels, aquatic ecosystems support the growth of

E. coli. For example, in Hawaii (Fujioka and Shizumura 1983), Puerto Rico (Toranzos

and McFeters 1997) and Sierra Leone (Wright 1982) found high concentrations of

E. coli in the absence of known fecal sources. However, Byamukama et al. (2005)

found that E. coli was the best indicator of fecal contamination in Uganda (African

tropical country), as this bacterium was not isolated frequently in waters and soils,

which suggests that it is not an autochthonous member of the studied ecosystems.

This approach supports the results of this study in which E. coli was found in

low concentrations in the waters of Las Terrazas, being representative of the

microbiological quality of these waters.

To determine the existence of significant differences between the values ofE. coli
quantified at different sampling stations in Las Terrazas and between levels of

coliforms, the Tukey HSD test (p < 0.05) was used, observing that there were not

significant differences between ecosystems sampled for E. coli and fecal coliform,

and the ten sampling stations have a similar water microbiological quality.

The waters of the aquatic ecosystems of Las Terrazas have low fecal coliform

levels compared with other aquatic ecosystems at Havana City (Cuban capital) such

as Quibú and Almendares River, where fecal coliform levels are between 104 and

107 CFU/100 mL (Prats et al. 2006; Romeu et al. 2008).

The presence of these coliforms in Las Terrazas waters may be due to the contribu-

tionof animal feces ofwildlife, for example, birds, according to Jones andObiri-Danso

(1999) studies in the United Kingdom (UK) beaches or due to drag soil areas adjacent

to the river waters as proposed Kay et al. (1999) in studies in the UK. However, in the

Almendares and Quibú River, the main cause of pollution is the constant dumping of

Fig. 30.1 Mean of the logarithms of the concentrations of fecal coliform (a) and E. coli (b) in Las
Terrazas. Common letters indicate no significant differences for Tukey test (p > 0.05). Error bars

indicate the standard deviation of three replicates
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sewage from households and industry according to Prats et al. (2006) and Romeu et al.

(2008) that identified the main sources of pollution in these ecosystems.

These results indicate the goodmicrobiological water quality in Las Terrazas and

have great importance because this type of study can complete the information that

exists about these ecosystems located in Sierra del Rosario (Biosphere Reserve), and

together with the hydrogeographic characterization by Peña (2000) constitute an

integral study, which allows the analyses of the impact of man on these ecosystems

and supports the benefits of the sustainable development project that is carried out in

this complex tourism. Furthermore, these results provide a predictive diagnosis

about the state of the aquatic ecosystems in Las Terrazas Tourist Complex to prevent

them from reaching the deteriorating conditions in the rivers Quibú and Almendares.

30.3.2 E. coli/fecal Coliforms Relationship in Las Terrazas

Escherichia coli is a subset of fecal coliforms or thermotolerant. This bacterium is

found in large numbers in the intestines of warm-blooded animals and is mainly

associated with fecal contamination (Kloot et al. 2006). The United States Environ-

mental Protection Agency (USEPA) proposed to establish as a basis for a new water

quality criteria for E. coli (63 % of the concentration of thermotolerant coliform) to

provide equivalent levels of protection for pathogens in water (USEPA 2002).

The agency also suggests that the equivalent concentration of E. coli can be estimated

using the conversion factor (ratio E. coli/fecal coliform) 0.63 to the concentration of

fecal coliforms.

However, this value is derived from studies in which E. coliwas enumerated with

m-TEC agar, a culture-based method, which requires high temperatures (44.5 �C),
which can be lethal for the stressed E. coli bacteria (Hamilton et al. 2005).

The specific media that are based on the detection of enzyme activity (including

chromogenic or fluorogenic substrates that allow detection of the enzyme ß-D-

glucuronidase) are increasingly used more compared to traditional media, because

they provide a temperature optimum for growth (35–37 �C) (Leclerc et al. 2001),

improving the recovery of stressed organisms. Therefore, it can be expected that the

increase of recovered microorganisms increase the conversion value for E. coli
(Hamilton et al. 2005).

That is the reason the determination of the ratio E. coli/FC in Las Terrazas is

important, because it could allow the estimation of the concentration of E. coli from
the fecal coliform concentration and also have a notion about the contamination

level of these ecosystems.

To determine the relationship between the logarithmof the concentrations ofE. coli
and fecal coliforms, the Pearson correlation coefficient for p < 0.05 was calculated.

Table 30.2 shows the correlation coefficient between the counts of E. coli and
fecal coliforms obtained at Las Terrazas. The Pearson correlation coefficient was

0.4459 (p ¼ 0.0011), indicating that there is no correlation between the two types

of indicators.
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This result is different from those obtained by Kloot et al. (2006) and Garcı́a-

Armisen et al. (2007), which reported a correlation coefficient of 0.98 and 0.94,

respectively, in waters of polluted rivers, denoting a high degree of correlation

between the counts of E. coli and fecal coliform in these kinds of ecosystems.

The fact that in this study there is no correlation between the counts of both

indicators is an evidence that ecosystems of Las Terrazas did not have a high

contamination level compared with the ecosystems studied by previous authors and

that the origin of the two indicators is different.E. coli has a fecal origin and in the case
of fecal coliformwithin which lies E. coli; there are other coliforms that have no fecal

origin and can be found in high concentrations in aquatic environments and soil. In

studies at Almendares river, Prats et al. (2006) reported that most of the concentration

values of fecal coliforms and E. coli correlated were located on the trend line at high
concentrations, obtaining a correlation coefficient of 0.75, which means that the

majority of fecal coliformswereE. coli, which is not the case of the aquatic ecosystems

of Las Terrazas in which this indicator was found in low concentrations.

To determine the existence of significant differences between the enumeration of

both indicators the Tukey test was performed (p < 0.05). Statistical analysis result

showed that there were significant differences between the counts of E. coli and fecal
coliform counts (p ¼ 0.001297), showing that fecal coliform values are higher than

those of E. coli, which is a logical result considering that this bacterium is a subset of

fecal coliforms; therefore, the relation E. coli/FC must be less than 1. In this study for

all data collected at Las Terrazas, average ratio E. coli/FC was 0.46, which means that

46%of fecal coliforms areE. coli; and this is further evidence of the good condition of
these aquatic ecosystems.

This result is lower than that reported by USEPA (2002) and Garcı́a-Armisen

et al. (2007), which obtained a ratio E. coli/FC of 0.63 and 0.77, respectively. This

difference can be given because the relation E. coli/FC depends on the study site and

in addition to the methods applied to list these two indicators (Hamilton et al. 2005).

30.4 Conclusions

• The Aquatic ecosystems of the Tourist Complex Las Terrazas do not have a high

contamination degree. The values of E. coliwere found within the maximum limit

established by Cuban standards for recreational water use and irrigation. However,

the fecal coliform values were slightly higher than established standards.

• There is no linear correlation between the concentration of E. coli and fecal

coliform in Las Terrazas, being the average value of the ratio E. coli/fecal coliform
is 0.46, which is evidence thatwater ecosystems of Las Terrazas did not have a high

contamination degree.

Table 30.2 Correlation

coefficient (r) between the

counts of E. coli and fecal

coliforms obtained at Las

Terrazas

Organism Fecal coliform E. coli

Fecal coliform 1

E. coli 0.4459* (n ¼ 50) 1
*p < 0.05
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Chapter 31

Preliminary Considerations About the

Bacteriological Quality of the Water Used for

Human and Animal Consumption at El Tibisı́,

Pinar del Rio, Cuba

T. Abrantes Hernández, A.L. Ramos Hernández, F.R. Hernández Martı́nez,

Y. Camero Labrador, S.Y. Ulloa Bonilla, and R. Novo Carbó

Abstract The use of natural waters as sources for human and animal consumption

requires the evaluation of its bacteriological water quality. During the dry season,

two of these water sources were sampled, following the current Cuban standard

procedures for water sampling. The analytical determinations of total and faecal

coliforms, Escherichia coli, showed values exceeding 16 colonies of E. coli/100 ml

of water. This high level of contamination by pathogenic micro-organisms seems to

be mainly a result of an inadequate forest management. This low quality in the

water is a limiting factor for its use as a drinking water source, being a potential risk

for human and wildlife health. The inappropriate hygienic habits of the dispersed

population in the area composed mainly of forestry workers, along with the effects

of the extensive hogs breading and other natural elements, are the basic restrictions

of water quality in the study area.
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31.1 Introduction

From the total amount of water present in our Planet, 97 % is salt water and 3 %

freshwater; out of this percentage only 0.7 % is of easy access due to the rest being

frozen in the Poles and hidden in remote aquifers where its extraction is very

difficult. For this reason, the actual circumstances of global water pollution affect

all living beings (Gonzalez 2006).

Actually, one of every two inhabitants in developing countries suffers from a

disease caused by water pollution; approximately five million persons die annually

because of the use of polluted water and only 5 % of wastewater discharged in the

world is treated (Pérez et al. 2006).

The termwater quality is relative, the criteria aswell as the standards and objectives

ofwater quality, vary by its use. TheWorldHealthOrganization (WHO) sets the limits

of tolerance for substances contained in water, PHO, and the national governments set

the standards at its level, varying from one country to another.

According to WHO, the quality of drinking water is a powerful environmental

determinant of health. Drinking-water quality management has been a key pillar of

primary prevention for over one-and-a-half centuries and it continues to be the

foundation for the prevention and control of waterborne diseases. Water is essential

for life, but it can and does transmit disease in countries in all continents – from the

poorest to the wealthiest. The most predominant waterborne disease, diarrhoea, has

an estimated annual incidence of 4.6 billion episodes and causes 2.2 million deaths

every year.

There are several variants of the faecal-oral pathway of water-borne disease

transmission. These include contamination of drinking-water catchments (e.g. by

human or animal faeces), water within the distribution system (e.g. through leaky

pipes or obsolete infrastructure) or of stored household water as a result of unhy-

gienic handling.

As a consequence of the growing pollution and the advances of science and

technology some other elements have to be considered, such as the harmful effects

on human health of the use of pesticides, detergents, disinfection by-products and

other organic and inorganic substances as well as protozoa, viruses and bacteria.

Water is considered a vital nutrient for wildlife. Its availability in quantity and

quality is important as a limiting factor for physiological development and sanitary

conditions of animals (Cseh 2003).

The transformation of the landscape and the natural habitats has disturbed the

biochemical and hydrological cycles, causing erosion of thousands of tons of soil

washing soil particles and sediments to the rivers, lakes and the oceans. Deforesta-

tion and chemical pollution has changed the climate in the Earth. A great number of

species have disappeared and decreased its natural populations, in the last few

years, due to the destruction of the natural habitats, the excess use, and the

introduction of competitive species and predators (Heywood 1995).

Water has become a strategic resource, which in our opinion, has led to interna-

tional confrontations and regional crises, making the water issue a consequence of

the so-called environmental refugees. The main causes of the galloping shortages of
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water availability are: population growth, increasing urbanization, increasing

demand for food production and the consequent increase in the agricultural sector

that demands 70 % of water reserves.

Cuba has a water resource potential that amounts to 38.1 thousand million cubic

meters, and actually uses almost 63 % (14 thousand million cubic meters a year)

(INRH 2006). Therefore, the available potential for all uses is 1,200 cubic meters

per capita of water, which shows a slight increase in the use of water resources

(Batista 2002).

Water quality control is of major interest because of the presence of agents and

substances rates exceeding tolerable levels that might result in damages to human

health and affects natural processes and animals and plants.

The occurring waterborne diseases are associated with bad sanitary conditions

and these contaminated water sources due to the discharge of industrial and

domestic wastewaters. Bacteriological pollution of water originates in diarrheic

outbreaks and intestinal parasitism, among other diseases. Therefore, the detailed

analytical studies of water parameters are important (CITMA 2004).

31.2 Materials and Methods

During the survey, five of the natural water sources, used for human and animal

consumption were sampled; these water sources are located within the area of the

proposed Biosphere Reserve Sierra de los Organos in the abovementioned location

Fig. 31.1 Study area
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of Tı́bisi (Fig. 31.1). Seven (7) samples were taken. Two of them were taken during

the dry season (March, 2010), one at Tı́bisi stream and the other at the river

Macurije. The rest of the samples were taken in September of the same year

(rainy season), corresponding two of them to the same spots already mentioned,

which allowed the comparison of water quality in both seasons.

The bacteriological analyses of the water samples were made at the Provincial

Laboratory of Veterinary at Pinar del Rı́o City following the standard procedures

established by NORMA ISO 7251 (2009), microbiology of food and animal feeding

stuffs – horizontal method for the detection and enumeration of presumptive

Escherichia coli – most probable number technique, as well as NORMA ISO

4831 (1999), microbiology of food and animal of feeding stuffs. General guidance

for enumeration of coliforms was the most probable number technique.

A comparison between the results of the bacteriological content in the samples

taken at the natural sources and the reports of recent investigations available in

literature, made a general study to detect potential pollution risks, as well as the

proposal of new measures to be considered in the process of decision making.

31.3 Results and Discussion

The results of the analyses showed pollution levels that exceed the normal

parameters for human and animal consumption (Table 31.1), both for dry season

as well as for rainy season. The most probable number of Coliform bacteria is

100 ml (MPN/100 ml) and the MPN of Escherichia coli in 100 ml of water

exceeded 16, except those samples taken in the natural source known as Murria,

even being lower those two parameters. The results of 5.3 are a consequence of

bacteriological contamination, exceeding the NORMA ISO 7251 (2009), microbi-

ology of food and animal feeding stuffs – horizontal method for the detection and

enumeration of presumptive Escherichia coli – most probable number technique

and NORMA ISO 4831 (1999), microbiology of food and animal feeding stuffs.

General guidance for enumeration of coliforms was the most probable number

technique that set the limits of 2.2 MPN/100 ml.

Table 31.1 Bacteriological composition of water (laboratory results)

Water

samples

Dry season (March 2010) Rainy season (September 2010)

MPN coliforms in

100 ml of water

MPN Escherichia

coli in 100 ml of

water

MPN coliforms in

100 ml of water

MPN Escherichia

coli in 100 ml of

water

Tibisı́ stream >16 >16 >16 >16

Encinar stream >16 >16

Loma Mala >16 >16

Macurije river >16 >16 >16 >16

Murria stream 5.3 5.3
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According to Gonzalez (2006), the current circumstances of water pollution may

affect the living organism.

Water is considered as a vital nutrient for livestock, if the supply is not adequate

in quantity and quality, which becomes a limiting factor for sanitary and productive

conditions of the livestock, as addressed by Cseh (2003).

The inappropriate hygienic habits of the dispersed population in the area,

composed mainly of forestry workers, along with the effects of the extensive hog

breading and other natural elements, are the basic limits of the water quality in the

study area, according to the results presented in Table 31.1. It is interesting, in our

opinion, the fact that even in the rainy season the bacteriological indicators of water

pollution are high (higher than 16 MPN/100 ml), which is an indicator for a limited

self-depuration capacity of the surface waters of Tı́bisi stream, Encinar, Loma Mala

and Macurije Rivers.

These results, even preliminary, are pointed to a negative impact over this

territory that coincides with the muffling area of the proposed Biosphere Reserve

Sierra de los Órganos, where the current economic activities have to meet special

environmental requirements to guarantee the precepts of sustainable development.

31.4 Conclusions

The natural water sources used for human and animal consumption in the study area

have a high level of bacteriological pollution at the locations sampled in the dry

season.

The presence of a growing number of hogs due to the practice of extensive swine

production as well as the impropriated hygiene habits of the dispersed population

are the main causes of the water pollution in this area.

Density of swine extensive production as well as the self-depuration capacity of

the water courses are two main subjects that have to be deeply studied.
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Chapter 32

Presence of Illicit Drugs in Surface Waters

of Protected Natural Wetlands Connected to

Traditional Irrigation Systems and Urban Areas

J.A. Pascual Aguilar, V. Andreu, P. Vázquez, and Y. Picó

Abstract The Mediterranean wetlands are unique in biological diversity and they

offer multiple benefits constituting a great water reserve for the planet and to

produce biomass and nutrients for the trophic chain. However, the increasing

human impact and the socio-economic development of the last decades have

provoked important losses in these ecosystems. The work has been developed in

the Natural Park of La Albufera (Valencia, Spain), which includes a coastal lagoon,

marshlands, dunes and pinewoods, surrounded by rice fields in its non-urbanized

part. In spite of this great ecological value, it suffers impacts derived from the high

human and industrial occupation and of the hydrological contributions from the

connected irrigation systems. The study has been focused on the development of a

combined methodology based on environmental forensic principles to identify

illicit drugs and its spatial sources and implications. Results show that rather than

the pattern of population distribution the traditional irrigation system connected to

location of sewage treatment plants is the way to introduce the illicit substances in

the waters of the Natural Park.
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32.1 Introduction

Mediterranean coastal wetlands are of great interest for their richness in biodiversity.

They are also fragile systems because they are exposed to various human pressures

such as farming systems (Readman et al. 1993) and urban sprawl (Li et al. 2010) that

alter their ecological and environmental conditions.

Among other emerging contaminants, illicit drugs have also been detected in the

aquatic environment. As for therapeutic substances, the main source of contamina-

tion for illicit drugs is human consumption. These substances are detectable in

treated water and contaminate the receiving surface waters (Zuccato and

Castiglioni 2009).

Some works have studied the presence of illicit substances in river systems and

open water systems after passing through urban agglomerations and sewage treat-

ment plants, although very little has been researched to analyze flow paths and

water incorporation into permanent water bodies such as coastal lagoons. The aim

of this work is the development of an integral methodology to evaluate the presence

and spatial distribution of illicit drugs in surface water of the protected Natural Park

of l’Albufera de Vaelncia wetland to obtain the background on how such substances

travel from urban and agricultural systems to the protected area.

32.2 Study Area

The study has been applied to l’Albufera de Valencia Natural Park (Fig. 32.1),

located in the east of the Iberian Peninsula. The Natural Park is surrounded by a

very populated hinterland, due to the influence of the City of Valencia and its

metropolitan area. Major threats come from the activities developed by a popula-

tion of more than 1,200,000 inhabitants. Agriculture and intensive irrigation

systems developed in and out of the limits of the Natural Park are important threats

to the preservation of ecosystems and water quality.

The present Natural Park of l’Albufera is a territory of 274.4 km2, including its

marine area. Due to secular alterations, within its limits a large proportion of the

land is covered by rice fields, which occupy the primitive marshland, with only a

few hectares still in their natural state (Soria et al. 2002). In the continental margins

of the Natural Park, intensive irrigated agricultural gardens are also found.

A shallow water lagoon is located in the centre of the Natural Park. It is almost

circular in form and is an area of approximately 23.7 km2.

The hydrology of the Natural Park combines a complex human management

system with natural contributions, as the water comes from the historic irrigation

system, the main source of water inflows to the Natural Park. There is a very

dense system of overland artificial channels for irrigation with waters mainly

coming from the rivers of Jucar and Turia, which finally drains to the lake or

directly to the sea.
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32.3 Methodology

Methodology is based on an environmental forensics perspective integrating differ-

ent sources and data formats (Taylor 2004). It is organised around two major

procedures (Fig. 32.2): analysis of water samples and a spatial analysis with

Geographical Information Systems (GIS).

Initial data consisted of (1) statistic information to municipal level on number of

inhabitants and population density (inhabitants by square kilometre, h/km2) for the

Fig. 32.1 Location of the study area and sample points setting
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Fig. 32.2 Urban and agricultural (irrigation structure) contextualization of l’Albufera Natural Park

280 J.A. Pascual Aguilar et al.



year 2008 provided by the Spanish institute of Statistics; (2) an updated 2008 digital

layer on land cover distribution from the CORINE project (Bossard et al. 2000);

(3) a digitized map with municipal boundaries; (4) a point map with the location of

sewage waters treatment plants (STPs); (5) a digital layer of the traditional irriga-

tion systems (drainage networks and areas) as stated by Hermosilla Pla

(2006, 2007); and (6) 16 water samples spatially distributed over the Natural Park

collected in fieldwork campaigns during the year 2008.

Water samples were further treated with a method using solid-phase extraction

(SPE) and liquid chromatography tandem mass spectrometry (LC-MS/MS) for the

simultaneous determination of 14 drugs of abuse and their metabolites (cocainics,

amphetamine-like compounds, cannabinoids, and opiates; Vazquez-Roig et al. 2010).

From original tabular data and map layers, GIS procedures were applied to

derivate new map overlays (artificial covers such as urban and industrial surfaces)

and to obtain two municipal spatial indexes, the integrate percentage of urban and

industrial covers and the population density.

To identify the presence of illicit drugs in traditional irrigation systems with

geographical anthropogenic origins either GIS layers or results from the illicit drugs

determination with the SPE and LC-MS/MS method were compared in the GIS

environment.

32.4 Results and Discussion

The presence of illicit substances has been found in all out points analysed in the

traditional irrigation water network of the Natural Park (Table 32.1 and Fig. 32.2),

and corroborates that urban water still incorporates emerging contaminants, including

illegal drugs after STPs treatment (Boleda et al. 2009; Postigo et al. 2010).

Most evidence has been found in cocainics COC and metabolites (BECG and

ECGME), amphetamines (AMP and MDMA), methadone, codeine, morphine, and

THC-COOH, the main metabolite of THC, which were determined in water

samples at levels ranging from less than 0.14 to 78.78 ng/L. The highest

concentrations were determined in the water samples collected at sample PM6,

which can be related to direct spillage of residual waters from a close leisure zone.

The geographical presence of illegal substances can also be explained by a

combination of water pathways and multiuse. Residual water from urban areas,

after being treated in STPs, is introduced in the agricultural system for irrigation

uses and finally drainage into the lake (Fig. 32.2). Traditional irrigation systems are

vehicles to supply the presence of illegal substances into the Natural Park. So far, a

spatial relationship between population concentration and artificial surfaces with

the presence of drugs cannot be stated, although STPs drainage in the irrigation

network has to be understood as the mean of illicit drugs presence in the Natural

Park of l’Albufera.
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32.5 Conclusions

The combined method using water samples and spatial analysis integrated under an

environmental forensic approach has been effective to detect the presence of illicit

drugs in the Natural Park o l’Albufera.

There is no clear evidence of a geographical trend based on population density or

concentration or urbanized areas; in that case, further work should be done to

establish the effectiveness of STPs in purifying contaminated waters with illicit

substances.

The analysis has proven that the water paths of inflow waters to the Natural Park

are related to the overlapping of traditional irrigation systems and networks with

STPs.
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Chapter 33

Influence of Interactions of Surface Waters:

Groundwaters on the Chemistry of Surface

Waters in the River Andarax Catchment

(Almerı́a, SE Spain)

F. Sánchez-Martos, J. Gisbert Gallego, L. Molina Sánchez,

and A. Pulido-Bosch

Abstract Interactions between surface water and groundwater (SW-GW) in the

Andarax catchment are complex and encourage a diversity of surface waters in

the three longest watercourses. The headwaters of the river Andarax flow contin-

uously, but it is temporal in its middle reaches and ephemeral in its lower

reaches; these three reaches demonstrate the effect of GW-SW dependence.

Water quality is also affected by increases in nitrate and salinity in different

stretches. The middle reach of the river Nacimiento carries a permanent flow due

to a diffuse discharge of groundwater. In the Tabernas rambla (gulley), there is a

perennial saline water flow associated with a discharge of saline groundwater, but

this is not continuous over the length of the watercourse. Understanding the

diversity of situations linked to GW-SW interactions is essential in this semi-

arid area if its water resources are to be managed properly; therefore, these

interactions need to be borne in mind when considering the water quality

indicators of the surface waters.

Keywords Surface and groundwater • Andarax catchment • Water quality • SE

Spain

33.1 Introduction

Groundwater-surface water (GW-SW) interactions in semi-arid areas are complex

and poorly understood. Understanding their interactions helps understand the

hydrological behaviour of Mediterranean rivers, as the presence of surface water

in these watercourses is often related to GW-SW interactions and the typology of

geological substratum. As a result, understanding and characterizing the
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hydrological peculiarities of each watercourse is a necessity if water resources are

to be managed sustainably. Historically, these temporal water bodies have not been

fully integrated into the management of the catchment. In fact, they are insuffi-

ciently dealt with in regulations such as the EU Water Framework Directive. In

semi-arid regions, the impact of this can be significant and may create numerous

difficulties for water resources management Sophocleous (2002). Complex aquifer

geology has a profound influence on river-aquifer interactions and on the water

balance of the catchment (Fleckenstein et al. 2006). Even flooding can affect the

GW-SW exchanges (Doppler et al. 2007). The marked effect of the landscape on

flow in the river corridors and on the mobilization of nitrates must also be consid-

ered in all these processes (Vidon and Hill 2004).

The Andarax catchment (2,265 km2) includes parts of two singular Protected

Natural Spaces: the upper slopes of the Sierra Nevada are protected as a National

Park and the Tabernas Desert is a so-called Natural Enclave. In addition, the

catchment includes three Sites of Community Interest that form part of the Euro-

pean Ecological Network “Natura 2000”: the “Ramblas of Gérgal and Tabernas”

and “Sur de Sierra Alhamilla” and the “Sierras of Gádor and Enix”. The catchment

exhibits wide climatic variability that determines its plant cover, ecosystems, water

availability and the various traditional land uses, and means that the hydrodynamics

of the main watercourses are highly variable from a hydrological point of view.

The present study addresses GW-SW interactions in semi-arid areas from a

hydrogeological point of view. It focuses on the three longest watercourses of the

Andarax catchment, each of a different type, showing a wide variety of processes

where groundwater plays a significant role.

33.2 Methods

33.2.1 Study Area

A wide diversity of rocks outcrop in the Andarax catchment. In the Sierra Nevada

and Sierra de los Filabres, the main outcrops are basically micaschists and

quartzites, while the slopes of the Sierra de Gádor are mainly limestone-dolomites.

Marls with sandy intercalations and some gypsum beds are widely distributed along

the valley of the Rambla de Tabernas, while along the valleys of the Bajo (Lower)

Andarax and River Nacimiento are detritic deposits. The two most important

aquifers of the Andarax valley are the Sierra Gádor Carbonate Aquifer and the

Detritic Aquifer of the Middle and Lower Andarax. The carbonate aquifer is

composed of limestones and dolomites that outcrop along the edge of the Sierra

de Gádor. The detritic aquifer extends along the central portion of the valley and

consists of alluvial and delta deposits, together with deltaic sandy-silty

conglomerates (Sánchez Martos 1997). The aquifer formations of the river

Nacimiento are detritic. Finally, the strata along the Rambla de Tabernas are mostly
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impermeable, and the aquifer deposits correspond to alluvial sands and

conglomerates. These alluvia cover a large surface area but their aquifer potential

is restricted, given their limited depth.

33.2.2 Data

The monitoring network devised centers on the stretches of the watercourse carry-

ing temporal surface flow, and the groundwaters in their vicinity (Fig. 33.1).

Fourteen points were sampled along a 35 km stretch in the Andarax valley, with

four sampling surveys made over the course of 1 year. The corresponding ground-

water data considered are from the Sierra de Gádor Carbonate Aquifer and the

Detritic Aquifer. Seven surface water and three groundwater points were selected in

the Nacimiento valley, while in the Rambla de Tabernas 11 surface water and 6

groundwater points were sampled, with samples taken at different times. The

physico-chemical parameters analyzed were: electrical conductivity, Cl�, SO4
2�,

HCO3
�, NO3

�, Na+, Mg2+ and Ca2+.

Fig. 33.1 Scheme of the Andarax catchment showing sampling points along the three watercourses

studied. Surface waters: River Andarax (1: headwaters, 2: middle reach, 3: lower reach), River

Nacimiento (4), Tabernas Rambla (5). Groundwaters: River Andarax Valley (6: Detritic Aquifer, 7:

Carbonate Aquifer), river Nacimiento Valley (8), valley of the Tabernas Rambla (9)
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33.3 Results and Discussion

33.3.1 River Andarax

Groundwater in the Carbonate Aquifer has low salinity (305–441 mS·cm�1) and a

calcium bicarbonate-sulphate facies. Waters in the Detritic Aquifer are more saline

(1,510–2,010 mS·cm�1) and include a wide range of facies. The surface water

undergoes saline enrichment along their watercourses, causing an evolution from

a bicarbonate to a sulphate facies (Fig. 33.2). Rather than being gradual, this

evolution includes several significant jumps in both directions.

In the headwaters (area A in Fig. 33.2), salinity is low, although there are local

rapid increases in conductivity (650 mS·cm�1), sulphates (109 mg·L�1) and

nitrates� (14 mg·L�1). The increase in nitrate content is marked (mean

4.5 mg·L�1), given the low salinity. Nitrate content of the surface waters is

directly correlated with salinity (r2 ¼ 0.78) (Fig. 33.3). Nevertheless, three sam-

pling points in the headwaters lie above the line of best fit in Fig. 33.3, indicating

a local influence that pushes up NO3
�. These three points lie in the depression of

Laujar de Andarax, where traditional agricultural activities are quite intense. The

peak values may relate to leaching of agricultural NO3
�, which infiltrates the

aquifer and later appears in the flow of the river Andarax (Duff and Triska 2000;

Lamontagne et al. 2005).

In the area denoted B, electrical conductivity is lower than at nearby sampling

points (Fig. 33.2). In this stretch, the river flows through the carbonate strata of the

Sierra de Gádor. Groundwater from the carbonate aquifer flows towards the river,

causing a fall in salinity, though other physico-chemical parameters are maintained

throughout the year-long sampling period Sánchez-Martos et al. (2004).

Conductivity in area C rises markedly over a wide range. Sulphate concentrations

here are the highest recorded in the study (Fig. 33.2). The evolution of surface flow

Fig. 33.2 Longitudinal evolution of electrical conductivity (mS·cm�1), Cl�, SO4
2� and NO3

�

(mg·L�1) in the surface and groundwaters in the Andarax valley
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in the headwaters and in the middle reach is similar (Fig. 33.3b). Sampling points are

well aligned in the graph: as the percentage HCO3
� falls, there is a corresponding

increase in the percentages of Cl� and SO4
2� . In the final reach, their evolution is

distinct, whereby the percentage of HCO3
� falls and there is a gradual increase in

Cl�, while the proportion of SO4
2� remains constant. The groundwater of the

detritic aquifer contains higher Cl� as a consequence of the marly deposits forming

the base of the aquifer in this zone. These marly strata have been tectonically lifted,

and they encourage the flow of deeper, more saline groundwater towards the surface

of the aquifer. This influence is more pronounced during dry-weather periods when

river flow declines and becomes discontinuous and ephemeral.

33.3.2 River Nacimiento

Groundwater was sampled from two galleries just upstream of the reach carrying

perennial flow in the river. The groundwater facies is magnesium sulphate and

conductivity, 1,200 mS·cm�1. The river Nacimiento flows along its entire length

only after intense rainfall, though there is a small perennial flow in its middle

reaches, from which samples could be taken and analysed. This water had a mixed

sulphate facies and a salinity of between 1,200 and 2,100 mS·cm�1.

The perennial surface flow is fed from groundwater from the detritic aquifer in the

Nacimiento valley. This flow is favoured by the presence of metamorphic rocks at the

western extreme of the Sierra Nevada that form the impermeable base of the aquifer.

This diffuse discharge along the riverbed causes higher ion content in the surface

water than in the groundwaters sampled upstream. This diffuse inflow into the river

represents a homogenization of the groundwaters, given that Cl� and SO4
2� are

Fig. 33.3 (a) Nitrate content vs electrical conductivity in the river Andarax. (b) Triangle diagram

for HCO3
� – SO4

2� � 2 – Cl� � 12, distinguishing the surface water groups mentioned in the

text (1: headwaters, 2: middle reach, 3: lower reach) and the groundwater groups (4: detritic

aquifer, 5 carbonate aquifer)
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correlated (r2 ¼ 0.81) for the surface waters. The points yielding the highest nitrate

concentration (10 mg·L�1) are downstream, close to Alboloduy, and probably arise

as a consequence of the traditional farming activities along the river corridor.

33.3.3 Rambla de Tabernas

The groundwater comes from small, continuous surgences that drain the sandiest

outcrops within the marly deposits along the margins of the watercourses. The

water has a sodium chloride facies and salinity is between 6,800 and

9,100 mS·cm�1; thus the groundwater is more homogenous and slightly less saline

than the surface waters. The surface waters have a sodium chloride facies and

salinity of 7,730–13,000 mS·cm�1, with elevated Cl�, SO4
2� and Na+ content.

Salinity takes on a seasonal cycle, increasing during the summer-autumn and falling

sharply in winter and spring (Fig. 33.4a). Despite these variations, electrical

conductivity and rCl�/SO4
2� ratio are both higher than in the groundwater

(Fig. 33.4b). This evolution indicates a process of cyclical saline enrichment in

the watercourse over the year. Evaporation is greatest during the dry weather,

therefore, increasing salinity and depositing salts that are subsequently washed

downstream during the wetter seasons.

Groundwater discharge has occurred under various hydrogeological situations

over time, as evidenced by the Quaternary travertine deposits that are associated

with a regional fracture series (Sanz de Galdeano et al. 2008), and where there are

present-day seepages of highly saline water and saline deposits.

33.4 Conclusions

The GW-SW interactions in semi-arid areas are complex and varied and give rise to

diverse surface waters. The three longest watercourses of the Andarax catchment

clearly exhibit the varied typology that is typical of semi-arid areas. The headwaters

Fig. 33.4 (a) Evolution over time of the two surface water monitoring points in the Tabernas

rambla. (b) Relationship rCl�/rSO4
2� vs electrical conductivity (mS·cm�1) for water in the

Tabernas rambla
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of the river Andarax flow continuously, while the river is temporal in its middle

reach and ephemeral in the lower part. Meanwhile, the river Nacimiento is a

discontinuous watercourse that has a small permanent flow in its middle reach but

only flows along its whole length following intense rain. The rambla de Tabernas

carries a series of small surface flows of saline water that derive from highly saline

groundwater that are discontinuous in space but continuous through time.

Thus, it is demonstrated that a detailed understanding of the dependence of

surface water on groundwater is essential for proper management of the associated

ecosystems. The health of riverine ecosystems is heavily dependent on groundwa-

ter. This influence can work in either direction, either ‘improving’ or ‘worsening’

salinity of the surface waters, and the anthropic effects can be significant.

Lastly, the importance of understanding all the processes associated with the

GW-SW interactions cannot be overemphasized in terms of the management of

protected spaces in these semi-arid areas, given that the emergence of different

water types favours biodiversity and needs to be considered when water quality

indicators are being interpreted.
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Chapter 34

Chemical-Physical Evaluation of the Superficial

Waters in Areas with Miner-Metallurgic Activity

in Santa Lucia, Pinar del Rı́o

D. Gallardo Martinez, I. Cabrera, N. Bruguera Amaran, J.A. Alonso, A. Pinto,

E. Milian Milian, and A. Rodriguez Ramos

Abstract The study was carried out in the mineral field of Santa Lucia –

Castellano’ located to the northwest of the Pinar del Rio, Cuba, which had two

main mines: Santa Lucia and Castellanos. It was in these mines where the

miner–metallurgic activities like gold and silver extractions and pyrite processing

were developed. The aim of the study was to diagnose the major environmental

problems related to the hydrology in this area created by wastewaters that formed

the acid drainage, and the contaminations with high toxicity levels. The quality of

waters was corroborated, which found that the most damaged areas were: quarries,

sterile deposits of the mine, and the mangrove ecosystem due to the accumulations

of superficial currents and airborne transportation of fine materials. Thus, it enabled

the proposal of the necessary actions to mitigate and supervise the area.

Keywords Miner-metallurgic activities • Hydrology • Ecosystems • Cuba

D. Gallardo Martinez (*) • N. Bruguera Amaran • A. Rodriguez Ramos

Territory Delegation of the Ministry of Science, Technology and Environment, CITMA, Pinar del

Rio, Cuba

e-mail: dgm@uma.vega.inf.cu; delegado@citma.vega.inf.cu

I. Cabrera • J.A. Alonso

CIPIMM, Managerial Group GEOMINSAL, MINBAS, Havana, Cuba

A. Pinto

SEGEMAR, Geologic-Miner Service, Institute of Mining Technology (INTEMIN), Buenos Aires,

Argentina

E. Milian Milian

Geominera Company, MINBAS, Pinar del Rı́o, Cuba
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34.1 Introduction

Through the centuries mining has been part of the historical and economical

development of numerous countries in the world. However, the social and environ-

mental effects generated by these activities of this industry are a detriment to the

different ecosystems.

The mining is shown to be an inexorable activity, depredator of the environment.

However, the problem is not considered to be in the mining type process, but rather

in the way it takes place, its exploitation, and the technology in the socio-political

systems where it explodes.

The Matahambre region of Santa Lucia, during the year, has been the object of

an intensive mining exploitation, which has caused negative consequences to the

environment. The natural effect caused by the existence of numerous outcrops of

sulphurous mineralization in a great part of the region lowers the action of the

agents meteoric and causes the remobilization of numerous polluting elements that

pass to the waters, to the soil, to the vegetation, the fauna and the atmosphere.

Nowadays, these locations constitute passive miners.

The drainage of the superficial currents has been modified due to various causes.

However, all the causes, such as the construction of micro-reservoirs, access roads

and sewage systems; the incorporation of low law current ores, cholera associated

with drainage problems; and created silt beds were associated with the previous

exploitation mining activities.

In this area of extensive mining activity, the Acid Drainage of Mine or Rock, is a

physical-chemical process in which the chemical oxidation of the mena occurred

and in one of the biological microorganisms that catalyze the reaction of the

primary sulphur participate: pyrite, sphalerite and galena in these passive miners,

diminishing in a significant way the values of pH ends (<3.0), (Silverman and

Lundgren 1959; Delgado Diez et al. 2009) the residual waters that pour their

caudles toward the two more important rivers from the areas around to the deposits:

the river “Santa Lucia” and “The Palm,” respectively.

The objective of the study is to evaluate the pollution elements in the superficial

currents within the mining activities of the western region of Pinar del Rı́o, using a

novel analytic method to facilitate the implementation of action for mitigating the

environmental problems.

34.2 Materials and Methods

34.2.1 Selection, Preparation and Description of the Samples

The samples obtained from the study region, which were formed by the deposits of

“San Lucia” and “Castellano”, were selected from a wide net of sampling points

according to the macroscopic characteristics of contamination that were observed,

and with their corresponding coordinated GPS of localization. During the sampling

process the experience of the investigators, who took samples within the mine, was

kept in mind. The selected samples are described in Table 34.1.
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Once the samples were selected at the DCM laboratory of Mineralogy, the solids

were dried until the samples were at ambient temperature. The samples were then

pulverized to a grain size 100 % below a sieve measurement of 0.074 mm (200

meshes) with the objective of analyzing the corresponding chemical and mineral-

ogical analyses. However, the analyses carried out were the determinations of the

pH of the silt samples in watered solutions, and the residual liquids collected in both

deposits (diluted river and seawaters of Santa Lucia).

34.2.2 Diffraction of Ray-X (RRD)

The diffractometric registrations were carried out utilizing the powder method in a

team Philips PW 1,710. All the diffractometric registered according to the variant

of measurement point to point, angular step of 0.050, and time of measurement in

each position of 3 s. The numeric results of relative intensities and diffraction

angles resulted in a continuous diffractogram with the employment of the program

“Origin 7.0”. The interplane distances were determined with the Ttod program

developed for PC. The qualitative analysis of phases was carried out with the use of

the PCPDFWIN database; version 1.30, JCPDS-ICDD/2002, compatible with

Windows 98 for Office 2000.

34.2.3 Electronic Microscopy of Sweeping with Spectrometry
Dispersive in Energy

Observations of the sample microstructures were carried out utilizing a Sweeping

Electronic Microscope (MEB) model XL30 ESEM from the Institute INTEMIN-

SEGEMAR of the Republic of Argentina. The punctual elementary chemical

Table 34.1 Macroscopic description of the samples (silts, salts, residual liquids, river waters and

of sea) near to the deposits “Santa Lucia” and “Castellano”

Sample Selection of samples and localization in the passive miners

M-1a Residual liquid that comes from the runoff inside the own mine of “Santa Lucı́a”

M-2a Residual liquid collected to the exit of the tunnel of the mine Santa Lucı́a

M-3 Silt of the glide of the reservoir that comes from the watery solution of the sample-1A of

the mine Santa Lucı́a (X: 194,149; and: 315,153)

M-3a Residual liquid that comes from the runoff on the side of the tunnel of the mine Santa

Lucı́a

M-4a Residual liquid that comes from the sterile mineral of Castellano

M-5a Residual liquid of the process of lixiviación of the gold of the fewer of the hat of iron of

the mine Castellano

M-7a Sample of taken seawater of the channel behind the sulfometales plant (natural lagoon)

M-8a Sample of seawater that comes from the jetty located behind the sulfometales plant

M-9a Shows of water of the effluent of the river Santa Lucı́a (in situ) (X: 197,513 AND:

314,945)

M-10a Shows of water of the own river Santa Lucı́a taken in situ (X: 197,513 AND: 314,945)
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composition was analyzed by utilizing an energy dispersive X-ray spectroscope

(EDAX). The experimental conditions are consigned in each particular spectrum.

34.2.4 Chemical and Mineralogical Analysis

The chemical analyses of the majority of the elements and their trace were deter-

mined by the acid break-up and coalition methods, utilized for the preparation of

the samples. An Atomic Emission Spectrometer was used inductively with

SPECTRO (Germany) Spectroflame Inductive Plasma Coupler (ICP-AES).

According to the previous geologic studies that were carried out for the Geologic

Company of Pinar del Rio, today the Geominera West Company located in “Santa

Lucia,” the lesser of this deposit is subdivided into four bodies receiving mining that

separates each other for flaws. The composition chemical average of the fundamen-

tal elements of interest (bodies 2, 3 and 4 pyrite – polymetallic with barite minerali-

zation) is the following: lead 1.5%, zinc 5.78% and sulphur 28.96% (body 2). Body

3 presents a content average of lead of 1.32 %, zinc 4.55 % and sulphur 24.49 %.

Lastly, in body 4 the composition chemical average is the following: lead 2.87 %,

zinc 6.09 % and sulphur 20.86 % (mentioned in Cañete et al. (2008)).

The deposit of “Castellano” on the other hand, presents a similar genesis and a

geologic structure that is very similar in mineralogical composition and

polimetallic, but differs partly in their mining bodies with regards to those of

“Santa Lucia” for the elements: Fe, Pb, Zn and Ba (Cañete et al. 2008).

The characteristic miner graphics of the minerals, present in the samples with

fewer polimetallics, were determined through refined sections, where they were

analyzed with a JENAPOL polarizing microscope coupled with a Sony video-

camera, model SSC-C 370 and a YS – W150 interface, utilized for analyzing

images, and DIGIPAT software for the analysis of the obtained results.

34.3 Results and Discussion

34.3.1 Current Environmental Situation

The superficial waters exhibit low values of the pH (acids), in the currents that drain

ores low law, areas with line deposits, and excavations or quarries of mineral

extraction. The obtained values of dissolved oxygen do not reflect the existence

of anoxic conditions. The observed minimum values of turbidity belong together

with acid drainages of the solid residuals (choleras), as well as the quarry and the

effluent of the supply spring.

In the marine area, contamination has been received from acid drainage of the

laundered mineral bodies from the exploited mines “Santa Lucia” and “Castellano”,

which have been incorporated into the superficial currents.
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34.3.2 Chemical Analysis

Cañete et al. (2008) reported on samples of silts collected along the basin of

the river Santa Lucia and Palm in an investigation during the year of 2008, value

anomalous of the pollutants: Fe, Zn and Pb, if these are compared with the

permissible maximum limits that settle in the Cuban Norm NC 521 (2007)

corresponding and that they were the following: Fe (0.9–7.3 mg/l) and

Zn (18.0–481.0 mg/l) and Pb (231.0–7,408 mg/l), respectively. The authors also

detected high contents of Ba in the silts of the two analyzed rivers that caused the

physical-mechanical processes of haulage of the mineral barite from the primary

ore to the river “Santa Lucia”, a mineral that is also non-soluble in water

(Kps ¼ 1.08.10�10; 25 �C), which justifies the anomalous values of barium present

then in the silts of the rivers of the area studied by the referenced authors. In a

similar way, in this investigation the same behavior was observed in connection

with the element barium.

The authors point out that in the waters of the basins of the river “Santa Lucia”

they also reached significantly higher values of previous polluting elements:

Fe (1.6–669 mg/l); Zn (3.7–407 mg/l); Pb (0.7–2.2 mg/l) that coincides with the

high tenors of these elements in the samples of analyzed wastewater. Also outstand-

ing were significantly higher results of total sulphur due to the processes of acid

lixiviation of the sulphurs in the primary ores: pyrite, galena and sphalerite.

In Table 34.2 the levels of the polluting elements are shown: Zn, Pb and Fe. Also

outstanding in the samples are high contents of PPI which were carried out in

temperature intervals of 110–1200�C, and which justify the loss of the SO3

associated with the sulphurs in the first place (pyrite, galena, sphalerite), sulphates

(jarosite and ox – sales of Fe II, barite), the structural water of the clays and iron ox-

hydroxides (both expressed as loss of structural water, H2O
+), those that confirm the

intensity of the processes SDM associated with these silts and the primary rocks of

both deposits.

In Table 34.3 the results of the pH determinations are presented for the watery

solutions obtained in the silts analyzed according to the Norma ASTM

corresponding D-12938.

The high acidic values that were obtained from the solutions of all the silt

samples are explained by the presence of ions H3O
+ and S2� dissolved inside the

womb of the solid, those that when combined in watery solution and in presence of

air react and give place to the sulphuric, given as acid formation in the occurrence

of the processes SDM; those that according to the consulted literature (Guides for

the Environmental Handling SDM in Peru 2004; Zamora 2006), they are justified

for the oxidation-break-up reactions from the primary sulphurs to acid pH, through

the oxidation of the pyrite with formation of iron sulphate II and ferric hydroxide, as

well as the oxidation of the iron sulphate II at III, catalyzed by Acidithiobacillus
Ferrooxidant and the reaction of the ferric sulphate with the pyrite.

The presence of micro-organisms acidophilus in the water of the Santa Lucia

mine showed, at the end of 8 days a coloration change from a liquor of green to a
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reddish brown, evidencing the presence of iron. The bacteria autotrophy, aerobic,

chemiclitotrophy, mesophil, acidophil Acidithiobacillus Ferrooxidant, and previ-

ously well-known Thiobacillus Ferrooxidant, identified as AFSL1-09 with a cellu-

lar concentration in these waters of 105 cel/ml were isolated. The growth of the

micro-organisms was continued by the analysis of the ion content Fe3+ present in

the means of cultivation as in Karavaiko et al. (1972).

With this test and the previous corroboration, it explained the occurrence of the

processes SDM in the mine of “Santa Lucia” and the important fact of the micro-

organisms in this case on the phase mineral pyrite, which is the most sensitive phase

to the action of the agents micro-biologics.

For the above-mentioned, the high concentrations of polluting metals detected in

the silts explain the high acidity of the waters of the liquid drainages of the mine in

both passive miners and the corresponding residual investigation objects, with

particular emphasis on those that were formed at the exit of the tunnel. The primary

rocks were altered by intense processes SDM (M-2), because they were the samples

with the lowest values in pH that were obtained. They should influence, in a

decisive way, the increase in the polluting load of the current liquid drainages

that drain toward the main receiving aquifers: the rivers “Santa Lucia” and

“The Palm”, their respective effluents, like those confirmed in this manner for

Table 34.3 pH values and

electric conductivity obtained

in the watery solutions of the

solid phases (silts) of the

selected samples of “Santa

Lucia” and “Castellano”

Samples pH

Conductivity

(mS/cm)

M-1 3.0 11.7

M-2 2.9 5.6

M-3 3.3 2.2

M-4 2.9 29.7

M-5 3.2 3.3

M-7 3.1 1.6

M-8 7.2 1.4

M-9 3.5 26.5

M-10 7.1 11.5

Table 34.2 Results of chemical analysis of polluting elements in river waters and liquid drainages

of the deposits “Santa Lucia” and “Castellano”

Samples

Concentration of the element (mg/l)

Zn Pb Ba Fe S (total) Mn Ni Mo Sr

M-1A 6.060 64.98 <0.2 14.700 15.300 420 <0.2 <0.2 <0.2

M-2A 5.660 58.96 <0.2 13.900 11.060 220 <0.2 <0.2 <0.2

M-3A 81 62.38 <0.2 14.120 15.760 450 <0.2 <0.2 <0.2

M-4A 110 22.14 <0.2 5.030 8.550 360 <0.2 <0.2 <0.2

M-5A <1.8 <0.4 <0.2 6.40 480 0.27 <0.2 <0.2 <0.2

M-7A <2.1 <0.4 <0.2 1.83 970 <0.2 <0.2 <0.2 <0.2

M-8A <1.8 <0.4 <0.2 8.80 940 <0.2 <0.2 <0.2 <0.2

M-9A <1.7 <0.4 <0.2 4.60 85 0.30 <0.2 <0.2 <0.2

M-10A <2.1 <0.4 <0.2 4.60 1.4 0.23 <0.2 <0.2 <0.2
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which the results were obtained by Cañete et al. (2008), Alfonso et al. (1995) and

Figueredo et al. (1998).

Another aspect to consider in the investigation is the high electric conductivity

values of the samples: 4 and 9, which are justified due to the presence of the ions of

Fe2+, Na+, H30
+ and SO4

2� dissolved in the residuals and silts, those that denote the

falling order of contamination in the areas of the swamps, Santa Lucia’s tunnel, and

the primary ores where they accumulate, respectively.

With the objective of analyzing, the sequence of reactions that SDM associated

with the sulphurous minerals lapses during the processes, several microphotographs

MEB-EDAX were carried out for which the analysis was divided into two parts: the

first, regarding the transformations that experienced the glasses of the pyrite (cubic

morphology), and the second which is explained with a more general perspective to

recognize the possible rusty phases of the primary sulphurs and their products of

oxidation to sulphates.

In the microphotograph of Fig. 34.1 a curious individual glass of pyrite is

observed where it is evident that it occurred during the alteration process SDM

(oxidation in presence of micro-organisms), the one that is deformed in its cubic

morphology, with very fine needles being observed in its interior that show its

possible transformation to sulphates of Fe II according to the chemical reactions of

oxidation. The above-mentioned confirms the increment of the contents of CO2 –

organic – that associate to Ferro oxidants bacteria, the ZnO, SO3, Al2O3 and the

decrease of the tenor of Fe2O3, respectively.

Considering the investigations carried out by Henning and Stöör (1986), the ores

sulphurous pyrite, which meteorited the typical morphologies, are identified in fine

needles or fiber of iron sulphates II moisturized of the series type zsomolnokita-
rozenita-copiapita. The above-mentioned was proven in the studies carried out by

RRD in the analyzed sample M-1donde, one of these phases in which it was

detected, the szomolnokita.

Fig. 34.1 Microphotograph of the no-altered pyrite (left). Microphotograph MEB of the process

final of oxidation of the pyrite (right)
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34.4 Conclusion

In the samples of residual liquids of the streams and river waters from the passive

miners analyzed from “Santa Lucia” and “Castellano”, very low values of pH were

detected that favored the presence of S, Zn, Pb and Ba (mg/L) above the maximum

concentration that is established for the environmental norms of water.
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Chapter 35

Seawater Intrusion in the Coastal Aquifer

of Guanahacabibes, Pinar del Rı́o, Cuba

R. Hernández, R. Ramı́rez, M. López-Portilla, P. González, I. Antigüedad,

and S. Dı́az

Abstract A considerable part of the aquifers in the world are located in

hydrographical open basins, where a contact of the fresh ground water co-exists

with the sea water, the latent danger of a marine intrusion (contamination of the

aquifer with saline water of the sea) being present in the case of an excessive

exploitation of the aquifer or natural phenomenon. The phenomenon of the mixture

dilutes sea sweet-water, common in the coastal karst aquifer, acquaintance as marine

intrusion, is intensified in a natural way, according to the rain regime and the

conditions of recharge of the aquifer or for man’s action. The loss of the quality

of the natural waters in these aquifers influences negatively in this phenomenon.Many

of these aquifers are used to provide water for human consumption and agriculture, as

it happens in the coastal area of the peninsula of Guanahacabibes, which provides

knowledge of the process of marine intrusion and assures the use of the hydraulic

resource of this aquifer. The present work had as its objectives: analyzing the advance

of the marine intrusion in the region, monitoring the polluting factors and applying

the geophysical methods of hydrochemical modelling, and studying the marine

intrusion to appreciate the behaviour of this phenomenon in Guanahacabibes.
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pollution • Cuba
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H. Farfán González et al. (eds.), Management of Water Resources in Protected Areas,
Environmental Earth Sciences, DOI 10.1007/978-3-642-16330-2_35,
# Springer-Verlag Berlin Heidelberg 2013

301

mailto:rebeca@geo.upr.edu.cu
mailto:patricia_gonzalez@fq.uh.cu


35.1 Introduction

The peninsula of Guanahacabibes is part of Guane catchment area, and is one of the

regions with major ecological importance in Cuba. This flora and fauna richness is

possible due to the existence of different ecosystems, which are at the same time a

consequence of a complex equilibrium of factors such as water among others.

Natural water in the region obtains its chemical composition by means of diverse

processes. The different ecosystems existing in the area present a group of features

closely related to the quantity and quality of water; besides there is a co-existence

among zones which are permanently or temporarily flooded, together with other

arid zones in a variety of different hydrological situations, which needed to be

monitored to follow up the marine intrusion in this zone. In coastal and caustic

aquifers, the processes accompanying the mixture of fresh and seawater are

intensified both naturally and by men action.

The hydrogeological basin of Guane with a surface area of 1,253 km2 can be

divided into three sub-zones according to their geomorphological characteristics:

mountain zone of Sierra de los Organos, South Plato and the emerged Peninsula de

Guanahacabibes.

This research gives continuity to other investigations carried out by the Univer-

sity of Pinar del Rı́o and the National Institute of Hydraulic Resources in the region.

The first stage was devoted to the characterization and searching for the depth of the

ground-water table in the geological context and the use of wells to measure the

complex system of interaction of water and rocks to complement them with electric

conductivity measuring that gives the quantity of mineral diluted in water.

Antiguedad (1986) addressed the chemistry of water as a vector of information

used as a tool for the indirect study of karst hydrodynamics. The interest lies on the

study of the temporal evolution of water chemistry, giving special attention to the

representativeness of sampling, and what it means in all hydrochemical stages.

On the other hand, much interest was paid to rain water chemistry in the region

because this water supplies the entering chemical information of the water systems

and constituents, therefore, an important reference to understand the chemistry of

out-flowing water and for the evolution of karsts in the Peninsula de

Guanahacabibes. The geophysical surveys contributed to the identification and

understanding of the subsoil structure and the nature of its constituents to corrobo-

rate the results and achieve better conclusions and recommendations.

35.2 Study Area

Hydrologically speaking, the unique recharge to consider for this aquifer is from a

precipitation source, and from the lagoon complex existing in the area. The mean

annual precipitation rate in this basin is 1,435.6 mm/y and the evaporation rate from

the water layer is 1,512 mm. Mean annual temperature varies from 22.7 �C and
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27.5 �C registering a maximum of 34.6 �C and 6 �C (Source INRH). The ground-

water flow has a predominant direction to the sea. López Portilla (1999) states that

in the testing spots numbered by 1, 2, and 12, the inversion of gradients occurred.

It can be explained firstly by the fact that the water table is very variable and

depends upon the values of diffusivity and extends both depending upon the aquifer

lithology. The hydraulic gradients are approximately from 1*10�5 to 3*10�3. These

higher values belong to the southern part of the aquifer. This hydrodynamic change

may have been produced by marine tide effects.

Sediments and rocks that are part of this complex aquifer of the studied basin are

the main features of the upper part of a Great Cartesian Basin, named Great Basin of

the Northwest Caribbean, according to Hernandez (2000), with its major develop-

ment over the waters of the Caribbean Sea. The aquifer is formed by carbonaceous

and stratified rocks. The basement of this artesian basin is represented by Jurassic

formation (San Cayetano and Guasasa fms.). As the characteristic in the study

sector, the aquifer strata shows phreatic sediments (without pressure), where local

pressures may occur particularly in those zones where sub-laying clay lithology is

dominant. In deeper structures semi-confined and confined strata (with pressure)

exist, well structured by its impermeable floor and roof (clay; Hernandez 2000).

• Marine deposits-Quaternary materials, formed by sandy-clay sediments, clay-

sand and clay. The approximate width is 10–15 m.

• Alluvial deposits-Early Quaternary materials, formed by sand and gravel

materials, sandy clay and clay. The width is very variable from 0.5 to 9 m.

• Alluvial and pro-alluvial Deposits-Late Quaternary materials, formed by sand

and sandy clay, clay sand and clay composition.

• Neogene-Quaternary Deposits-Sandy materials, sandy-clay and clay materials.

From the lithological point of view, the complexity of aquifer strata is due to the

vulnerability, width and grain size of the intercalations of gravel and sand that are

very variable. The width varies from a few centimeters and some meters and the

grain size varies widely from very fine sands (0.1–1 mm) to gravel (5–10 mm).

Among the carbonaceous rocks conforming the main collector of the aquifer are

found the organogenous limestone proper of the Jaimatitas and Vedado Formations

from the Quaternary age that are upper geological layers of the zone closer to the coast

and Paso Real Fm, from the Miocene age that occupies the lower part of the layer.

The feeding zone located at the north sector of the study area is represented by:

1. Alturas de Pizarras del Norte (J1�2): covering almost all mountain zones. It is

formed by terrestrial rocks from San Cayetano fm., covered by small layers of

clay sands.

2. Mogotes zone (J3): covers the central part of the mountain zone. It is formed by

carbonaceous deposits from Jurassic superior and in part from terrestrial deposits

from the Jurassic Inferior-Medium.

The transit and storage zone is represented as follow:

1. Plato formed by deposits Neogenic-Quaternary: Occupies the northern territory

of the Southern Plato, formed by sandy clay deposits.
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2. Alluvial-pro-alluvial Plato: occupies the wide accumulative marine plato,

formed by sandy clay deposits from the Quaternary period.

3. Costal swampy Plato: occupies coast and swamps territories and some parts of

the Cuyaguateje, Guadiana, Verde rivers mouth and the Remates Swamp. It is

formed by layers of limo, sands, and clays.

4. Karstic and accumulative Plato: Encompasses the abrasive-accumulative of the

Peninsula de Gauanahacabibes, situated to the South of Los Remates Swamp.

There is an important layer of sandy clay sediments.

5. Abrasive-Karstic Plato: Encompasses the majority of the territory of Peninsula

de Guanahacabibes. It is formed by cavernous limestone from Quaternary.

6. Swampy-costal Plato: Occupied mainly the north coast of Peninsula de

Guanahacabibes, as a swamp belt of about 1.5–4 km long.

The tectonic of the area is not complicated, which is formed by sediments from

the Oligocene López-Portilla (1999). According to this researcher, the region has

been affected by light vertical movements. This may clarify the dominance of

horizontal stratification in the zone; the pre-Oligocene structure is complex,

characterized by the presence of over sliding separated by disjunctive structures,

great isoclinal folds and a high degree of fissuring.

The Guane Basin has three geomorphologic sub-zones: Sierra de los Organos

sub-zone, Southern Plato sub-zone and the emerged sub-zone of Peninsula de

Gauanahacabibes. The mountain sub-zone of Sierra de los Organos represented

by Cordillera de Gauniguanico is cut by the Pinar Fault. It is possible to separate the

Peninsula as a territory which encompasses from Cabo de San Antonio to the

contact limit of sediments from Neogenic and the Jurassic, emphasising: Karstic

abrasive Plato, Accumulative Karstic Plato and Swamp Coastal Plato (Fig. 35.1).

In this territory the following geological formations emerge according to

Alvarez (1991): Guane, Vedado, Jaimanitas and Cayo Piedra, all of them of very

Fig. 35.1 Geologic map
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young age, coming from the Neogenic-Quaternary. The lagoon and mangrove

deposits are located along the north coast belt and in some inner spots as the case

of Los Remates Swamp, which controls the regime of ground-water flow in the

northeastern part of the aquifer. Here, a partial discharge occurs from the aquifer as

was said by Hernandez (1997). From the lithological point of view there is a

homogeneous relationship among the aquifers in the region, the carbonaceous one

without much difference, what has not happened in Guane fm., which has different

characteristics according to the lithology and impermeability of the aquifer.

35.3 Materials and Methods

The main objective was the analysis of marine intrusion and the position of the salt

water wedge at Guane aquifer, using physical hydrology techniques and confirmed

with geophysical methods and the PhreeqC 2.80 hydrochemical modeling (Merkel

and Planerfriedrich 2002), to integrate the information and analyze the results.

The analysis of the water evolution came from studies carried out in the region

by the University of Pinar del Rio and the Institute of Water Resources with the

collaboration of the University del Pais Vasco, and University of Mining and

Technology from Germany. During the fieldwork the following variables were

measured: temperature, pH, electrical conductivity, Redox potential and dissolved

oxygen using portable equipment and the content of CO2 and H2S by means of

standard analytical techniques were found, while micro-organisms were determined

by ICP-MASAS.

35.4 Interpretation of Hydrological Results of Guane Basin

The analysis of electrical conductivity measures presented different behaviors, in

such a way that low levels of conductivity in areas closer to the swamp exist and the

well GB-115, far from the coastal zone. Likewise, some measures of electrical

conductivity that were taken about 8 km from the coast show an increase in

electrical conductivity which is a consequence of tide penetrations and the mixture

of sea water and the fresh water from the swamp. Nevertheless, many artesian wells

reported high levels of electric conductivity, which may be a consequence of

natural contamination of water.

In some water wells where high levels of conductivity were measured, ranging

from 1,000 to 3.68 mS/cm as a consequence of anthropogenic contamination and

the existing seawater penetration, as well as the presence of clay materials that may

contribute to a higher mineralization and therefore higher dilution. At the Penin-

sula, measures taken in the central part as well those taken in the shoreline showed

lower values of conductivity (803–1,340 mS/cm), which can be due to the presence

of sandy material in the area producing low mineralization and by the fact that these

wells are located very close to the discharge zone where water infiltrates rapidly.
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The modelling of the proportions of salt with respect to fresh waters carried out

by PhreeqC with relation to the salt-fresh water equilibrium and the analytical

errors are shown in Table 35.1 (Falb 2004)

According to the obtained results shown in Table 35.1, the inverse model can be

calculated to the wells CC with a depth of 10–12 m, as well as to those with 18–5, 35

and 40mdeep and lastly towell 33 at a depth of 30, 35 and 38m, because the percent of

error is less than 10 %. Seawater is type Cl-Na (Na�: 0.486 mol/L y Cl�0.573 mol/L).

The ionic strength is 0.6924 mol/L, which shows high mineralization. The electric

balance (eq) is �0.07755 and the percent of error is �6.32 % (Table 35.2).

Well 33 is an example to explain the characteristic of the mixture between fresh

and sea water in the vertical section and the variation between a 21 % and 51 % of

the mixture of those waters in 8 m.

The results in well 18 are evidence of a possible fissure at 35 m deep, that at the

sampling moment there was one with no equilibrium, what might be indicating that

is of recent origin (Table 35.3).

Well CC shows the lowest relation of sea water with respect to fresh water from

the aquifer; the interface of sea water and fresh water should be below 12 m deep,

although a zone might exist with mixtures with sea water and fresh water over 10 m

(Table 35.4). The vertical electric sounding is shown in Figs. 35.2 and 35.3.

Table 35.1 Analytical error

calculations in PhreeqC
Water well Depth (m) % error

115 13 18.02

CAM 5.5 3.68

UQ 4 18.65

CC 5 12.96

CC 10 8.27

CC 12 4.26

18 5 1.88

18 35 �4.97

18 40 2.26

33 2 14.30

33 20 12.66

33 30 �6.60

33 35 �3.87

33 38 �2.75

Sea water 0 �6.32

Table 35.2 Inverse modeling results for the well 33

Depth (m) Model number Seawater (%) Fresh water (%)

30 1 20.73 79.31

35 1 38.71 61.29

38 1 50.31 40.19
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With the geophysical survey, the existence of different types of curve in the area was

proved. This means that resistivity values in the vertical section are different, which

shows the different behavior of marine intrusion in the region. General trends of the

curves show one form of H for SEV-18 and a form Q for SEV-115 (H: r1 > r2 < r3,
SEV �33); the type of curve responds to HKHK (r1 > r2 < r3 > r4 < r5 > r6).

Table 35.4 Inverse modelling results for the well CC

Depth (m) Model number Seawater (%) Fresh water (%)

10 2 4.04–4.14 95.97–95.87

12 2 1.19–0 98.06–100
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Table 35.3 Inverse modeling results for the well 18

Depth (m) Model number Seawater (%) Freshwater (%)

5 2 3.2–3.6 96.9–96.4

35 2 57.8–53.7 46.2–46.3

40 2 2.504 97.50
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35.5 Conclusions

1. The sector studied represents a semi-confined behaviour in the swamp zone and

confined in the strata of major depth. The hydrological behaviour in this unit

influences decisively on the transmission of saline pollution that is caused by

changes of the aquifer permeability. The higher permeability in the aquifer, the

higher transmission of saline pollution.

2. The research allowed the evaluation of the actual conditions of the aquifer and

set limits on those sectors already contaminated by saline intrusion and for those

in a process of salinization in the near future. Pasada de Marin Sector and Las

Martinas located to the south is where salinization is well developed.

3. In Uvero Quemado, La Bajada and Cabo de San Antonio the aquifer behaves as

open-free to the sea, and the fresh water is situated as a lens over the sea water,

producing equilibrium between them that could be disturbed by rain.

4. In those sectors closer to the coast an inversion of flow occurs due to the effect of

the sea tides.
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Cuaternario de Cuenca Guane. Tesis de Maestrı́a ISPJE, 100pp

Hernández R (2000) Caracterización de la salinidad del acuı́fero Neógeno-Cuaternario de Guane.
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Chapter 36

Seasonal Dynamic of the Vegetation at “Los

Carneros” Lagoon: Handled Floral Reserve

Sabanalamar-San Ubaldo, Pinar del Rı́o, Cuba

V. Pérez

Abstract In this study, the seasonal dynamic of the aquatic and swampy plants

above ecosystems of sand of quartz is analyzed. The study area is located in the

phytogeographical district of Sabaloense, and is characterized by quaternary geol-

ogy (Pleistocene), with deposits of quartz sands, as well as with pronounced acidic to

very acidic features, and is extremely poor in nutrients. The methodology is based in

fieldwork in the area from 2005 to 2009, location of three 1 � 20 m large plots for

each body of water, with a strict observation of the environmental conditions, and

species counting. Through the utilization of the abundance-dominance curves,

applications of Shanon and Simpson indices, and by the testing methods of Kruskall

Wallis, significant differences among the categories within the inventory, habitat

and biological types were determined. Geoelements were also determined, and

vegetation profiles were also done at a scale of 1:25 to attempt to represent the

natural way in which the species are excluded in the different periods. The results

exhibit four states for the period of study, and proven as well was the constant danger

to which they are subjected by the wrongful use of these bodies of water.

Keywords Aquatic plants • Geoelements • Ecosystems • Cuba

36.1 Introduction

Cuba, an oceanic island country, with a well recognized floral abundance of

approximately 7,020 species, the island has the greatest number of endemic species

approximately 50 %, of vascular categorized plants of which 997 of the species are

threatened. On the other hand, among the Cuban provinces, Pinar del Rı́o, the most
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western of all, accounts for 3,278 groups of plants, with about 940 that are endemic.

These numbers represent 29 % of the whole, including 346, which are threatened

(Urquiola et al. 2010).

The particular case of the aquatic and swampy plants above ecosystems of sand

of quartz from the phytogeographical district of Sabaloense (Borhidi 1996),

conditioned by substratum and lack of water, suffer from a stern loss of its areas

of extension and inhabited place, not only by destruction of its habitats, but also due

to the dangerous increase of various types of substances being discarded into the

ecosystem, and the changes that are generated in the features of these lagoons.

36.2 Study Area

The political-administrative province of Pinar del Rı́o, extends from the SW to the

NE, occupying an extended area of 10,904 km2. Its western boundary is with the

Channel of Yucatan, which separates it by 210 km from the Cape of Catoche in

Mexico. To the north are the waters of the Gulf of Mexico, to the south the western

Caribbean Sea, and to the east the province of Havana. However, as of January

2011, due to a reorganization of the political-administrative division of the country,

the province to the east is the newly formed province of Artemisa. According to

Fig. 36.1 Phytoregionalization de Pinar del Rı́o (Borhidi 1996)
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Borhidi (1996), the province of Pinar del Rı́o, is divided into six (6) phytogeo-

graphical districts (Fig. 36.1)

The “Sabaolense” district extends for the low plains northwest of the Mantua

municipality, through Guane, Sandino, San Juan, Martinez, San Luı́s, Pinar del Rı́o,

Consolación del Sur and Los Palacios. In the Sandino municipality the district

extends to the north of the “Los Remates” swamp (The Black Ones), unto the Grifa

and Cortés.

The work area is characterized by quaternary geology (Pleistocene), with

deposits of quartz sands, with pronounced acidic to very acidic features and is

extremely poor in nutrients. This sandy quartz substratum counts on the largest

number of threatened taxones in the province of Pinar del Rı́o with a total of 123

(Fig. 36.2) in comparison with the other districts (Urquiola et al. 2010). Their

annual precipitations range from 1,000 to 1,400 mm with periodic flooding due to

layers of clay beneath the sand substratum. The average temperature is 24.6 �C.
The Los Carneros lagoon is located at 22� 070 0000 N and 84� 000 2200 W, situated

in the Sabanalamar-San Ubaldo Handled Floral Reserve.

36.3 Methodology

It is included in the fieldwork performed during expeditions to the area from 2005 to

2009, three locations with plots for each body of water measuring 1 � 20 m, each

with a strict observation of the environmental conditions, and species counting. The

office work started by the bibliographical research about the target area, checking

the herbarium collections and the reordering of the outcomes. Abundance-

dominance curves were determined through the application of Shanon and Simpson

indexes, by means of the test of Kruskall Wallis. The significant differences were

tested among categories of inventory, habit and biological kind (Ellemberg and

Mueller-Dumbois 1967a, b). Geoelements were also determined (Borhidi 1996),

and vegetation profiles were also performed at a scale of 1:25 to attempt to

Fig. 36.2 Comparative chart between taxones and districts
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represent the natural way in which the species are excluded in the different periods.

Specialists of diverse specialties such as botanist and ecologists were interviewed.

36.4 Results and Discussion

The vegetation in the “Los Carneros” lagoon constantly exhibits a changing annual

behavior, proven during 5 years of research, always associated with the water, given

by the variations in the quantity of precipitations, like for accumulation of this in the

substratum. These marked seasonal dynamics could be focused in four stages:

It was determined by the first stage, which occurred between May to July that the

humidity process commences in the substratum when the humid hydrological

period begins. This is utilized by various plants such as: Xyris jupicai, Xyris
ekmanii, Xyris elliottii, Uricularia juncea, Utricularia foliosa, Utricularia
purpurea, Utricularia resupinata, Rynchospora globosa, Rynchospora fascicularis,
Caperonia palustris, Eleocharis cellulosa and Chrisobalanus icaco, to initialize

their development.

The second stage took place between July and the first 2 weeks of November, an

interval in which the largest levels of precipitation occur in this fluvio-marine and

lacuna-marshy fringe of the south and south occident of Pinar del Rı́o, As was

previously explained, with regard to the composition of the soil that is present in

these lagoons, then the soil is oversaturated and a flood occurred, exceeding the

limits of each, and as a consequence of this, they end up merging with one another

along some of their borders. For example, there is a connection between this lagoon

and a distant puddle from the border (Fig. 36.3). In this stage, a peculiarity remains

with the water, only during the month of August, Isoetes cubana is observed. A

species that had its focus for several decades classically in the Jovero lagoon. This

ecosystem has been subjected on a yearly basis to an intense agricultural, livestock
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Fig. 36.3 Puddle in the border. Abundance curve
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and aquatic exploitation, which could not be observed during this investigation

beyond the San Felipe’s Plateau in Camagüey, of which there are no current reports.

When this flood occurs, the first juvenile of the rest disappear, Xyris,
Chrisobalanus, Rynchospora y Utricularia, with the exception of Utricularia
resupinata, Utricularia purpurea y Eleocharis cellulosa (Fig. 36.4)

For the third stage, that includes the last 2 weeks of the month of November until

January, began the drought period, and with it, the lagoon exhibits its maximum

splendor with the appearance and flowering of most of the species that inhabit the

area. Once again it is observed that Xyris jupicai, Xyris ekmanii, Xyris elliottii,
Uricularia juncea, Utricularia foliosa, Utricularia purpurea, Utricularia
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Fig. 36.4 Picture of Los Carneros in raining season. Abundance curve

Fig. 36.5 Bacopa monnieri (a), Drosera capillaries (b), Ludwigia torulosa (c), Micranthemun
rotundatum (d)
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resupinata, Utricularia pumila, Rynchospora globosa, Rynchospora fascicularis,
Caperonia palustris, Hydrolea spinosa, Eleocharis cellulosa and Chrisobalanus
icaco, Ludwigia stricta, Ludwigia torulosa, Micranthemum rotundatum, Encopella
tenuifolia, Bacopa monnieri, Phyllanthus eliotropus, Phyllanthus aquaticus
Eragrostis charis, Drosera capillaris, Burmania bicolor, are in the borders when

the benchmarks of the water levels return to their normal limits. Most of them are

minute grasses of their habit, and they do not share the same area inside the lagoon.

That made it extremely difficult to include them all within one photograph alone

(Fig. 36.5).

The fourth stage is characterized by the presence of a second drought period

more intense than the previous one that extended from the month of February until

April. In this time the lagoon completely dried up, (Fig. 36.6) and the water level is

below the substratum at a depth between the 45 and 70 cm. Only some mature

copies of perennial species survived, such as Ludwigia torulosa, Eleocharis
cellulosa, Chrisobalanus icaco, Hydrolea spinosa, Acoelorraphe wrightii, Cyperus
giganteus e Indigofera mineata.

36.5 Conclusions

Through these results, the marked presence or absence of the existent aquatic and

marshy species was proven to be in the “Los Carneros lagoon”. Also proven was the

the constant danger to which these species are subjected due to the wrongful use of

these bodies of water and exploitation of their areas by means of agricultural,

livestock and aquatic purposes, as well as extensive raising of cattle. These

activities continue to contribute organic matter to the substratum. The continued

dumping of solid substances and the loss of biodiversity in these acidic lagoons

increases the risk of change to the chemical features within the Sabaloense district.
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Ellemberg H, Mueller-Dumbois D (1967b) Tentative physionomic ecological classification of

plant formations of earth. Borg. Geo. Inst. ETH, Stoftg. Rübel, Zürich
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Chapter 37

Toward the Sustainable Use of Water in Cuba

J.A. Dı́az Duque

Abstract The main problems related with the sustainable use of water in Cuba are:

the low volume of available water for inhabitants per year; a water stress near 50%, an

indicator of the shortage of water of 50 %; a water footprint that surpasses the

1,700 cubic meters for inhabitant per year; a low index of annual replacement of

water resources with 13.7%; the increment of the flow of residual waters and their low

use; the drop efficiency in the use of water and the considerable losses in the distribu-

tion and consumption nets. The National System of Protected Areas has guided its

strategic projections toward the protection of the natural resources of the country, with

special emphasis on the biological diversity, for which the water resources have been

the center of attention. Water constitutes for Cuba the main environmental challenge

to guarantee its development, as well as its environmental and alimentary security,

which will only be possible by means of sustainable management of its water

resources, on the basis of efficiency, saving, and its protection.

Keywords Management of water resources • Sustainable water resources •

Protected areas • Cuba

37.1 Introduction

The total volume of water in the Earth is approximately 1,400 millions of km3 of

which only 2.5 %, that is to say, around 35 million km3, correspond to fresh water

for which a larger volume accumulates in the poles, in Greenland and in very deep

deposits. Only about 0.01 % of all the water of the planet, approximately

200,000 km3, is profitable for human use, when coming from lakes, rivers, wetlands
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and shallow underground basins (UNEP 2003). On the other hand, the distribution

of this volume of water is very heterogeneous and unequal, existing in regions and

countries with great abundance and others with very scarce water resources.

Experts have defined the threshold of water stress (Falkenmark and Widstrand

1993). Indicating it as 1,700 m3/inhab/year, it calculates starting from difficulties

that do not exist for the development of human activities, as long as the values are

inferior for the mean shortage of the resource it dilutes that they imply serious

limitations for sustainability, particularly when this indicator is located below

555 m3/inhabitant/year. From the appearance of human beings, the quantity of

water per inhabitant per year has diminished, particularly in the last 200 years.

For example, between 1950 and 2000, the availability of water per person dimin-

ished from 16,800 to 6,800 m3 a year (Shiklomanov 1997). The world consumption

of water grew twice during the last century to a rate superior to that of the

population. From 1950, the world surface dedicated to the irrigable one was

duplicated, and the use of water for agriculture, industry and domestic consumption

tripled (UNESCO 2006).

When concluding the process of the formation of the Earth and the accumulation

on its surface of enormous volumes of water, approximately 4,000 million years

ago, the formation of life began, first with the appearance of the simplest organisms

and opening the way to more complex forms, as much in plants as in animals.

Finally, the Homo sapiens and their expansion in the whole planet demanded larger

volumes of water to guarantee their feeding and conditions of life: agriculture,

industry, constructions, transport, and recreation. Gradually it decreased the physi-

cal vital area of the planet for each inhabitant and with it the readiness of natural

resources, in particular, water resources that, in turn, as a consequence of ¨civiliza-

tion¨ would be affected by the constant increment of contamination (PNUD 2006).

37.2 The Situation of the Water Resources in Cuba

The fresh water potential of Cuba ascends to 38.1 km3, of which 31.6 km3 (73.4 %)

corresponds to the superficial waters and 6.5 km3 (26.6 %) to the underground

waters. Of this potential, 24 km3 are profitable and available, 13.6 km3 with a bigger

incidence in the superficial waters (67 %; Cuban Ministry Of Science, Technology

and Environment 2008). The hydraulic development of Cuba has facilitated to use

57 % of the profitable water resources, by means of creation of the technical

pertinent infrastructure, which will increase to 200 times the capacity of the

reservoir of the country and will provide 96 % of the whole population with access

to drinkable water and 95 % to sanitation (Cuban Objetivos de Desarrollo del

Milenio 2005; Garcı́a Hernández 2007).

The Environmental National Strategy 2007–2010 (ENS) identified for first time

the lack of water as one of the main environmental problems of Cuba, even after the

Cuban development hydraulic had elevated the reservoir capacities to more than

9,600 million cubic meters from 1959 (CubanMinistry Of Science, Technology and
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Environment 2008). In such a sense ENS expressed: ¨. . . water shortage remains
high for meeting economic, social, and environmental needs on the island. The fact
is aggravated by natural disasters (prolonged droughts and changes in seasonal
patterns) as well as man-made impacts, (including saline intrusion, overexploita-
tion, pollution, etcetera)¨.

Among the factors of natural origin that intervene in the lack of water in Cuba

they are distinguished as:

1. The insular character of the country conformed by a big lengthened and narrow

island and numerous islands, keys and islets.

2. The disposition and rugged structure which determines the existence of a water

power station throughout the largest island in the direction of their longitudinal

axis, with two slopes, northern and southern, in those that run almost all the

rivers, in traverse address, with changes in their flows in dependence on

precipitations and with a relatively short course.

3. The extraordinary extension of the karstic phenomenon. Almost 70 % of the

areas that occupy the aquifer formations are of karstic origin.

4. The prevalence of rivers of small longitude (smaller than 40 km) and hydrologi-

cal basins with less than 200 km2 of surface.

5. The location of the Cuban main aquifers in the coastal areas, with an opened

character for which their waters are in direct contact with the seawater.

6. The drop natural readiness of the water, the only one that reaches 1,221.5 m3 for

inhabitant per year for all the uses.

7. The falling tendency of the historical national recording of precipitations, when

diminishing 133 mm in the period 1961–2000 with regard to the previous period

1931–1960, being the new recording of reference of 1,335 mm. Falling in the

three regions of the country, particularly in the oriental region with 260 mm less,

with negative singular impact in the basin of the Cauto River with 367 mm less

and in the Guantanamo-Guaso basin with 154 mm less (Cuban Servicio

Hidrológico Nacional 2006).

The impacts of climatic change are manifested in the hydrological regime and in

the readiness of water, particularly for Cuba for their archipelago condition. The

increment of the mean temperature in the Earth harnesses the elevation of the level

of the oceans and seas for which the saline wedge will advance toward the interior,

increasing the salinization of the coastal aquifers and therefore diminishing the

volume of profitable fresh water. The processes of drought will take place with

bigger intensity, territorial extension and will frequently affect the reservations of

fresh water, as much superficial as underground.

37.3 The Water Resources in the Protected Areas of Cuba

The National System of Protected Areas (SNAP) of Cuba has been conceived with a

total of 263 spaces, of which 80 have national significance, including the well-

conserved ecosystems with the natural largest values in the country. The system in
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its group embraces 22 % of the national territory SNAP, which has international

important recognitions: six Biosphere Reserves, three World Patrimonies and six

Ramsar places (Cuban Ministerio de Ciencia, Tecnologı́a y Medio Ambiente 2009a).

The main headwaters of Cuba, which give origin to most of the hydrological

basins of national interest, take place in the mountains, ecosystems that are of

singular importance in the formation of the water resources of the country:

Guaniguanico, Bamburanao, Guamuhaya, Sierra Maestra and Nipe-Sagua-Baracoa.

The total area of these mountains represents 18 % of the surface of the country and

in them inhabits 21.5 % of Cuba’s population Cuban Oficina Nacional de

Estadı́sticas (2008).

SNAP of Cuba has guided its strategic projections toward the protection of the

natural resources of the country, with special emphasis on the biological diversity,

for which the water resources have been in the center of attention, including some

of the legally established protection categories, the headwaters and part of the

course of the main rivers, specific areas of basins of national interest and all the

mountainous ecosystems.

The pollution of the water bodies by reason of the dumping of residual wastes of

the human establishments, the coffee pulp removers and the swinish farms

constitutes the main problem in the sustainable handling of the water resources in

the protected areas, with a strong impact toward the inferior areas of the hydrologi-

cal basins near the outlet of the rivers, in which some of the phenomenon of salinity

is also manifested.

37.4 Main Problems Related to the Sustainable use of the Water

Resources in Cuba

The executive summary of the report GEO CUBA (2007), when considering the

state of the resource dilute, points out: ¨is considerable the losses of water in the
conduction process and distribution due to the not well state of the technical nets
and to the use of inadequate technologies, fundamentally in the watering of the
agricultural cultivations. It should be increased, therefore, the efficiency in the use
of the water and the water and hydraulic environmental culture to mitigate the
effects of their relative shortage, in a climatic complex context (persistent droughts
and hurricanes), all that which elevates the transmission of illnesses of water origin
like the sharp diarrheas illnesses (EDA) and the hepatitis¨ (Cuban Ministerio de

Ciencia, Tecnologı́a y Medio Ambiente 2009b).

The full text of the report (Cuban Ministerio de Ciencia, Tecnologı́a y Medio

Ambiente 2009c) indicates:

• The flow of residual waters that enters the natural waters surpasses the capacity

of self-purification of these last ones.

• In the hydrological basins of national interest were disposed an estimated

pollution load of 25,538 Tm (BOD5), emitted by a total of 495 punctual sources.
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• With regard to the deterioration of the quality of the water, studies of the last

three decades (1970–2000) reflect the displacement of the wedge of marine

intrusion in the aquifers in direct contact with the sea which in a horizontal

sense, has reached values between 0.3 and 3 km/year inland; and in the vertical

one the mixture area among the fresh water and salted has ascended between 0.5

and 5 m/year.

There are several conventional indicators to assess the sustainability in the use of

water resources:

• The availability of water resources expresses the volume of available water for

inhabitant a year for all the uses. Below the 1,700 m3/inhabitant/year it indicates

a shortage of water.

• The water stress or appraises among extraction and readiness measures the

extraction of the population’s total annual water and it compares it with

the available water resources. It is expressed by percent to show that the larger

the rate, the larger the water stress.

• The water footprint relates the total volume of water consumed for the elabora-

tion of goods and services that are consumed by the inhabitants of a country. It

includes the goods and services taking place nationally as those cared products.

It is expressed in m3/inhabitant/year.

• The shortage of water indicates the relationship between the consumption of

water and the availability of the water resources. It is expressed as a percent of

the water footprint regarding the available water resources for inhabitant a year.

• The virtual water points out the necessary volume of water to elaborate a product

or to facilitate a service. It is expressed in terms of cubic meters of water by unit

of mass or of volume of the product or for unit of the executed service: m3/kg,

m3/t, m3/l, m3/rented room.

• The environmental flow points out the minimum volume of water that should be

used by each natural ecosystem to guarantee their survival and operation.

• The index of restock of the water resources expresses the percentage relationship

among the extraction volumes and of the natural annual reinstatement of the

water resources.

• The storage capacity indicates the volume of water dammed by inhabitant.

• The index of contamination of the waters expresses the rate (%) of the flow of the

residual waters that enter the water bodies with regard to their flow.

• The recycling of the residual waters and their consequent use.

Experts of INRH (Garcı́a Fernández and Cantero Corrales 2008) expose the

behavior of some of these indicators for Cuba:

Availability of water resources 1,220 m3/inhabitant/year

Water stress 51 %

Water footprint 1,712 m3/inhabitant/year

Shortage of water 50 %
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Regarding the virtual water limited reports existing for goods and services taking

place in Cuba, significant experiences in the sugar industry, in tourism and the

alimentary industry, were particularly useful during the intense drought of the years

2003–2005. However, the data and the available statistical series are insufficient to

carry out a deep analysis of the efficiency in the use of water in the productive

Cuban sector and the comparison with similar ones in other countries. Neither do

they allow the appropriate assessment of the flow of water in the commercial

exchange; that is to say, all is flooded it exports for example starting from their

employment in the goods and services that leave the country: sugar, rum, tobacco,

medications and others. Their indetermination makes imprecise the calculation of

the water footprint for Cuba.

The environmental flow is another important indicator that has not been suffi-

ciently studied and certain for the main Cuban hydrological basins, which drive a

maladjusted pattern of distribution of the water resources in the country, in that the

ecosystem takes the worst part, being, however, the one that sustains the hydrologi-

cal cycle and the means of life through the goods and services that it reports to the

society. Evidences of ecological stress have shown important basins like those of

Cauto, Ciénaga de Zapata and Cuyaguateje, in those that the anthrophic activity has

altered the ecological balance in detriment of the sustainable medium and long-

term development. The established order of priority for the annual plan of

assignments of the water (Dirección de Obras Hidráulicas INRH 2006) does not

identify the environmental flow and it only considers, in the fifth place, a

denominated other category, although it recognizes the importance of the one

denominated expense sanitarium for the balance of each reservoir.

The recording of the water resources depends on several factors among those

that are half the level of the annual precipitations, the evaporation and the

variability of the runoff, as well as of the extraction volumes. It has been considered

(Planos Gutiérrez 2008) that the annual volume of rain for Cuba is 149 km3, which

contributes about 30 km3 of water, being the annual extraction of 7.0 km3,

representing 23 % of the same, near 625 m3/inhab/year. The annual volume of

extraction of water is equal to 18.4 %, 29.2 % and 51.2 % of the total, profitable and

available water resources of the country, respectively.

On the other hand, the annual index of water replacement for Cuba (PNUMA

2003) is 13.7 %, lightly superior to the threshold of affectation of the future

readiness of the resource (10 % as the maximum limit of the natural replacement),

which is considered as moderate stress, that is to say, smaller than 20 %.

The water dammed in Cuba has grown more than 200 times regarding the

volume of 1959 as long as only the population has made it less than twice as

much. This makes the nominal volume of water dammed by inhabitant to ascend to

858 cubic meters. This growth has allowed a larger use of the water potential of the

country, basically for agriculture and the population.

Since 2006, an increment of the polluting organic load prepared in the water

bodies took place, showing a larger intensity in 2007 with a total increment of 9.7 %

regarding the previous year, with appreciable variations in the territories of Havana

(70.5 %), Cienfuegos (32 %), Ciego de Ávila (3.2 %), Guantánamo (3.6 %) and Isla

324 J.A. Dı́az Duque



de la Juventud (212.8 %). Several hydrological basins were seriously affected by

the direct dumping of the residual from swinish centers, among them the

Ariguanabo and Guantánamo-Guaso basins. In the country, 2,060 main polluting

sources have been identified, those that to the closing of the year 2007 accumulated

the disposition of a polluting estimated load of 155,241 tons of BOD. In the same

period the main basins received 25,539 tons of BOD, coming from 495 sources; the

basin of the Cauto is an outstanding one with a reception of 11,471 t BOD in the

year, 45 % of the total.

Even when nationally it is not considered the disposition of the polluting

inorganic load, there are punctual reports of the presence of heavy metals and of

other chemical compounds in superficial and underground waters, due to the

dumping and wrong handling of industrial residual.

The increment of the sewer system service, the access to drinkable (96 %) water

and the sanitation (95%) in the cities and the urban and rural establishments, without

the elevation corresponding to treatment (35 %) and the reuses of residual waters,

has provoked an increase in the flow of the polluted waters toward the water bodies.

37.5 Road to the Sustainable Management of the Water

Resources in Cuba

Through the decades one has worked laboriously to increase the index of availability

of the water resources, and it still continues in the construction of channels, tunnels,

and reservoirs, with the objective of water arriving to areas with a natural deficit in

the resource, particularly in the oriental region and in the capital of the country.

Another important work that addressed the advancement toward the

sustainability of the water resources is the radical and quick decrease of the

considerable losses of water in the distribution and consumption nets, those that

have been estimated at 800 million m3 a year. The elimination of the leakages

requires considerable investments for the extension (more than 21,000 km of nets)

and the conduits that, in general, are not in good condition.

The water efficiency is the most important factor in the increment of the avail-

ability of water for the Cuban population. The irrigated agriculture represents the

largest volumes of water consumed annually (65 %); however, the systems used are

very inefficient. The introduction of the located watering or for leak, using the agro-

meteorological information, will facilitate not only to reduce the unnecessary

consumption of water and to elevate the agricultural yields, but also to protect the

soil from erosion and avoid the contamination of the water bodies. Although with a

smaller weight, for the total volume of consumedwater, the Cuban industry included

tourism, which also has the obligation to reconsider their consumption patterns for

produced unit or offered service and come closer to the international best standards.

Similar to the above-mentioned, the saving of water will be performed with

similar focus and tasks as that of saving of energy. It is not only to design and to

implement valuable and necessary environmental education campaigns, it is
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necessary to measure and to control the expense of water, to apply upward rates in

function of the consumption. The footage, the slipping rates, the thrifty devices, the

restrictions in the use of the water, essentially the underground water, are some of

the main actions for the sake of saving. Punctual experiences indicate the positive

benefits of these measures.

The reduction in the contamination in the bodies of water is a task of first

priority. In spite of the efforts carried out, it has not been possible to reduce the

flows of residual waters coming from human settlements through the sewer system

nets, which are also connected to some industries, laboratories and other entities of

producers of goods and services.

Once the water has been used in a given process, be it industrial, agricultural or

domestic, it is used again after the treatment required for its specific ends or it is

restored in a sure way to the rivers or to recharge the aquifers, alleviating its

exhaustion. The watering in the sugar complexes, the watering of gardens and

golf fields in tourism, and the re-circulation of the water in the cooling towers are

some of the countless examples that can make an improvement.

There are other work lines or actions directed to the sustainable use of the water

and they should not be overlooked because of their relative complexity:

• The calculation of the environmental flow for the main hydrological basins and

the implementation of their strict execution in the annual balance of the distri-

bution of the available water resources of the country.

• The reduction of the evaporation in the reservoirs.

• The creation of underground reservoirs.

• The calculation of economic benefits of the goods and services it offers the

ecosystems, particularly the hydrological basins and the wetlands, to demand

payments to those productive entities that are served as the same ones.

• To determine the volumes of virtual water, as much the one that is exported as

the one that it is cared, in order to evaluate the commercial flow of virtual water

of the country objectively.

37.6 Conclusions

1. At the present time serious limitations exist with the available water resources in

Cuba, which are heterogeneously distributed in space and time. These

limitations are owing to factors of natural and anthropic origin.

2. The occurrence of the extreme natural hydrometeorological phenomena of the

recurring droughts and hurricanes, as well as the adverse impacts of climatic

change, has increased the picture of the shortage of water in Cuba.

3. Almost all of the indicators that evaluate the sustainability in the use of water in

Cuba show a negative action, evidencing a disproportion between consumption

and availability, which outlines a challenge for the management of the water

resources as for the maintenance of the ecological integrity of the basins and the

answer to the growing demand.
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4. The solution to this complex challenge is achieved by means of the implemen-

tation of a group of actions directed to reach the sustainable handling of the

water in Cuba. These actions have as a basis efficiency, saving and protection of

the water resources of the country.

5. The National System of Protected Areas of Cuba can guarantee an integral and

sustainable management of the water resources through the Handling and Oper-

ative Plans of the areas.
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Chapter 38

Geodiversity and Hydrological Patrimony

in High Mountain Areas. Gredos Range:

Béjar and El Barco Massifs, Spain.

Inventory and Cataloguing

R. Cruz, J.L. Goy, and Cardeña Zazo

Abstract The Sierra de Gredos mountain range is located to the east of the central

plateau and separates the basins of the Rivers Duero and Tajo; the tectonic massifs

of Béjar and El Barco are formed at the western end. This mountain chain presents

great geological, biological and landscape diversity, acknowledged by the declara-

tion of parts of its territory as Protected Natural Spaces (PNS): Gredos Regional

Park, Los Infiernos Nature Reserve, Natura 2000 Space (ZEPA and LIC) and

Biosphere Reserve. In the Béjar and El Barco massifs, many of the water-related

features provide knowledge and interpretation of their natural and social history and

are a source of quality of life for their inhabitants and visitors, thus forming part of

the Natural and Cultural Patrimony, which require conservation. In spite of the legal

protection regime, there is currently a risk of degradation and/or destruction of the

most fragile values. To facilitate its sustainable management, an inventory of the

Hydrological Patrimony was drafted, mapped in GIS, with 35 A/L/PGIH, among

which are included: glacial lagoons, waterfalls, rapids, summit peat bogs and a

snow well. Educational itineraries are designed for their revaluation, helping

promote their conservation through knowledge.
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38.1 Introduction

The Sierra de Gredos belongs to the Central Iberian zone of the Iberian Massif

(Geological Unit of the peninsular West) and within it is located in the Central

System, a sector reactivated as a tectonic massif during the alpine orogeny. The

tectonic massifs of Béjar and El Barco were formed in the Plio-Quaternary as high

mountain sectors, with an average height of 2,000 m above sea level and a

maximum of 2,430 m, and in them the climatic oscillations of the Quaternary

became very important. During the cold periods, the glacial and periglacial mor-

phogenetic systems settled in and their actions gave rise to a set of singular shapes

and deposits, representative of those periods in which a large part of the fallen water

was stored as ice, forming characteristic alpine surroundings. From the last cold

episode, in the Late Glacial, the climate gradually shifted to Mediterranean

conditions, which became consolidated in the Holocene.

They currently present a Mediterranean climate with clear zoning, which

conditioned the establishment of bioclimatic bands and the development of a hydric
system lodged in and adapted to its abundant fractures, on which many of its

natural and landscape values depend. Humans settled in prehistoric times and lived

in harmony with the surroundings.

The rich geodiversity, biodiversity and quality of the landscapes provide data

that allow an understanding of their evolution and the meaning of their past, present

and future processes, as well as socioeconomic benefits of different types (fishing,

cattle farming, recreational use, enjoying nature), in such a way that the most

representative and singular sectors conform their Natural Patrimony, within

which the hydrological profile (surface and underground waters) is highly relevant.

Part of the region was declared a Protected Natural Space (ENP) with the figures

of Regional Park, Natural Reserve and Natural Space of Candelario by the Autono-

mous Regions of Castile and Leon and Extremadura (Fig. 38.1); Natural 2000

Space (SPA, SCI) by the European Community and Biosphere Reserve by

UNESCO, which affords a legal protection regime. Nevertheless, the fragility of

the hydrological values and some ecosystems could lead to the deterioration of this

legacy; a better knowledge of their importance and meaning is therefore necessary

as a guarantee of conservation.

In this work, the inventory and mapping of the Hydrological Patrimony are

proposed for use as management tools. Educational itineraries are determined on

their basis to facilitate understanding of their essential characteristics and encour-

age their dissemination.

38.2 Methodology

The aim is to specify a catalogue of the Hydrological Patrimony to ensure its

conservation and facilitate its sustainable use and enjoyment, so that it may be

preserved for future generations. It is understood that this forms part of the
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geological heritage, which in turn is part of the Natural Patrimony; therefore, when

carrying out the research, the methodology was adapted to those used in these more

global studies, so that they would have a connection with each other.

• In the context of World Heritage (UNESCO 1972) three key selection criteria

are used: representivity, singularity and beauty, which are taken into account

here.
• By Geological Patrimony is understood: “. . . Set of geologic resources of

scientific, cultural and/or educational value, which allow knowledge and inter-

pretation of the origin and evolution of the Earth and the processes that have

modelled it, climates and landscapes of the past/present and the source and

evolution of life on Earth” (Law 42/2007, of 13th December, on Natural

Patrimony and Biodiversity.).

• The GEOSITES Programme (Wimbledon et al. 2000) designed a methodology

to identify what the geology of a country represents within its regional frame,

through a series of stages and taking into account a series of general

considerations and principles, which are assumed.

In this work, Hydrological Patrimony is understood: “The set of hydric processes

and forms, where water and its effects demonstrate scientific, cultural and historical

singularity”, comprising of areas/sites and points of hydrological interest (A/L/

PGIH). The areas represent sectors of great extension with abundant PGI and the

Sites, sectors with PGI, which follow a pattern.

Fig. 38.1 Study area and location of the protected natural spaces
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Taking into account the proposal by Duran et al. (1998) on Hydrogeological

Patrimony: “All those sites in which the water resource presents special interest due

to its natural beauty, from an historical point of view, for its importance or use at a given

time, for its architectural beauty, directly related to the use of the water, as well as for

the volume it represents within the sum of the resources of the community”, the

different areas/sites and points of hydrological interest (A/L/PGIH), related to thewaters

of the Sierra de Béjar and El Barco, in the following typologies were classified as:

1. Singular geomorphological elements (processes and forms) of scientific interest,

representative of the different morphogenetic systems that have acted in the

region throughout the geologic time scale.

2. Singular ecological elements, representative of currently existing natural

systems with scientific and cultural interest.

3. Singular elements with high aesthetic quality, which represent identifying

features of the region.

4. Singular elements of cultural interest, representative of engineering works

related with water use.

Utilizing the Geosites Program methodology, adapting it to the specific regional

and thematic environment, a set of 35 A/L/PGIH, is proposed, selected as records of

regional history which stand out for their natural (representivity and singularity),

cultural value (cultural manifestations) or their aesthetic beauty (landscapes in

which the water is protagonist and distinguishes the site).

38.2.1 Essential Features of the Region, Most Relevant Events
and Selection of A/L/PGIH

To research the Hydrological Patrimony, the characteristic traits and essential

features of the region were identified, in terms of age and subject matter within

the peninsular unit to which it belongs, from the existing documentation (geological

and geomorphological maps, MAGNA Plan, legal norms, doctoral theses and

publications in journals) and fieldwork. Its location in the Central Iberian Zone

and its geoenvironmental evolution determine that there are different key contexts
represented with examples, more or less representative of regional history, within

the peninsular context.

The region has undergone different stages, the Quaternary being the most signifi-

cant in hydrological terms. After constitution as relief in blocks and the tilting

towards the SW at the end of the reactivation period, the fluvio-torrential incision/

engagement began, taking advantage of the fracture zones (late Hercynian and

alpine) (Mapas Geológicos de España (553, 576, 599, 577)). Quaternary

neotectonics originated new fracturing and tilting, causing reconstructions of the

relief, deviations, falls and captures in the hydric network (Mapas Geológicos de

España (op. cit)). The climatic oscillations, with cold climates giving way to other

warm ones, are a determining factor in the configuration of singular modelling,
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evidence of these climatic periods (Mapas Geológicos de España (op. cit)). In the

current tectonic and climatic frame, consolidated after the definitive withdrawal of

the ice, different natural systems with high singularity and fragility were developed.

The wetland areas with their abundant endemisms cover a certain extension and are

of great importance, not only scientific, but also economic and social.

Once the essential features are identified, the basic contexts are detailed, related

to the typologies established and the relevant events and occurrences specified,

considering characteristics that pinpoint key times of the phenomenon, singular

qualities and features, at least at regional level.

Selection of the A/L/PGIH was carried out after evaluating examples referring to

the different elements of interest, obtained from the existing documentation and

fieldwork, considering their representivity, singularity, geodiversity, complexity,
cultural manifestation, and temporality covered, beauty and fragility (Table 38.1;

Figs. 38.2 and 38.3). Finally, an Inventory was drawn up with the A/L/PGIH that

presented special features owing to their rarity, cultural manifestation, beauty or

history, so that they form part of the Natural-Hydrological Patrimony of the region

(Table 38.2).

38.2.2 Update: Didactic Divulgation of Patrimony

The inventory and mapping obtained serve as the starting point for the selection of

areas in which to make nine itineraries, which enable a sufficient number of PGIH,
PGIM/G, PGIP, PGIA (Points of Geomorphological/Geological, Landscape and

Environmental Interest) to be seen (Cruz et al. 2010).

Fig. 38.2 PGIH with highest score (in order corresponding to Table 38.1) on the basis of the

inventory, a mapping of Natural Patrimony with A/L/PIHG, A/L/PIGeoenvironmental and quality

of landscapes was drawn up for Spatial Planning of the PNS (Fig. 38.3; Cruz et al. 2008)
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These two tools (inventory and mapping) may serve as suitable instruments for

the preparation of many other training and communication actions concerning the

patrimony, such as posters, information panels, informative leaflets, routes, etc.

All of this will undoubtedly result in the greater knowledge of these values and

thereby in their greater conservation.

Fig. 38.3 Natural patrimony map of the Béjar and El Barco massifs (PGIH, PGIG, PGIM, PGIP,

PGIA, PGIE
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38.3 Results and Conclusions

In this work, objective information on the hydrological patrimony was gathered for

possible use as a spatial planning tool for the territory:

• An inventory of the A/L/PGIH was carried out, classified and evaluated, with the

most significant hydrological aspects of the region; important information was

provided on morphology, hydric processes and paleoenvironmental events that

took place in the Quaternary period.

• The mapping of the Hydrological Patrimony was drafted and computerized by

GIS for application as a useful tool in the management of these natural spaces.

• Eight geoenvironmental itineraries were designed and drawn up through PGIH
and PGIM/G/P/A and one hydrological PGIH to be used in education and

communication.

• The inventory obtained may form part of the future Spanish inventory,

anticipated in Law 42/2007 on Natural Patrimony and Biodiversity (BOE 299/

2007).

• The patrimonial wealth makes it possible that this region, along with the

adjacent ones, which also have their own rich heritage, may be included in the

UNESCO Geoparks Program, so that their patrimonial set goes on to play an

active role in the sustainable economic development of this region.
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Cáceres. Puesta en valor mediante itinerarios geoambientales interactivos. En: Una visión

multidisciplinar del patrimonio geológico y minero. Cuadernos del Museo Geominero, n� 12.
373–387

Duran JJ, Vallejo M, Fernández L (1998) Patrimonio Hı́drico e hidrogeológico de la Comunidad

Autónoma de Madrid. In: Durán JJ (ed) Patrimonio Geológico de la Comunidad Autónoma de

Madrid. Sociedad Geológica de España, Madrid, pp 193–217

Mapas Geológicos de España, escala 1/50.000 (Segunda Serie) Hojas: Béjar (553), del Valle C
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Chapter 39

Observations About the Geology of Western

Cuba, Most Significant Aquifers, and the

Geomorphology of its Catching Landforms

R. Gutiérrez Domech

Abstract The Republic of Cuba has a high degree of geological knowledge of its

territory. In the western part (from Pinar del Rı́o, in the west to Matanzas, in the

middle west) there are some of the more significant aquifers of the Cuban archipel-

ago. This is a clear karst territory, but the study of geological characteristics of the

rocks, and the relationship among these and the physic–mechanic properties and

the karst processes are nowadays insufficient to evaluate the speed of the processes,

the probable geological risks and the karst environment to the environmental

aggressions. The Jaimanitas and Vedado geological formations that constituted

the base of the karstification at the Guanahacabibes peninsula, the western edge,

contain the underground waters of this region, even though the flows are very

limited. Guasasa, Jagua, Artemisa, Francisco, Sierra Azul (Pinalilla) among others,

are the geological formations that contain waters in karst fissure aquifers at the

Guaniguanico mountain range, Pinar del Rı́o province axis. This also presents big

pool remnants of the river and stream currents that cross the calcareous hills. Paso

real formation constitutes the main stratigraphic unit that is water bearing at Pinar

del Rı́o southern plain. At Isla de la Juventud there are also small aquifers

associated with karst landforms developed on Colombo, Playa Bibijagua, Sierra

de Caballos and Sierra Chiquita marble to the north and the Jaimanitas, Cocodrilo

and Vedado limestone formations to the south. The aquifers in the protected areas

require proper attention considering the special conditions of the locality.
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39.1 Introduction

Cuba is an archipelago where the Island of Cuba (105,007 km2), Isla de la Juventud

(Isle of Youth) named Isla de Pinos before (2,200 km2), Cayo Romano (926 km2),

Cayo Coco (370 km2) and 4,192 other small islands and keys, make a surface of

more than 110,000 km2 (Fig. 39.1).

About 44,000 km2 of the Cuban territory shows naked karst ore cover by thin soil

layers at mountain and plain relief.

Close to 18,000 km2 are covered by thicker soils in hilly and plain relief,

occupying the bottom of some rich valleys, and nearly 8,700 km2 are buried

below very thick soils of various origins and characteristics at flat zones. On

these regions are 151 of the 165 recognized aquifers of the country. From these

underground waters is based the water supply to the largest cities and more

important agriculture plans and industries (Gutiérrez 2003).

Many of these aquifers are partially or totally on protected zones; and, as a part

of it, most receive a proper treatment that preserves its quality and guarantees

efficient use.

39.2 Geological Formations Where the Aquifers Are

Guasasa Formation is located at Sierra de los Organos, Pinar del Rı́o province,

with an Upper Jurassic (Upper Oxfordian) to Lower Cretaceous (Valanginian)

(Dı́az et al. 2001). These are micrı́tica limestones, calcareous sandstones, and

flint lens. Limestones are sometimes granular and frequently laminate in few

members; however, in San Vicente member (Kimmeridgian), the one with the

larger exposition and thickness limestones are massive with dark colors.

Compression resistance (Rc) of these rocks is from 815 to 1,000 kg/cm2 at the

massive but lower on the laminate ones (Gutiérrez and Barrientos 2003).

Fig. 39.1 Cuban Republic geology map. Western edge is Guanahacabibes peninsula with

Pliocene-Pleistocene covering rocks as well of the southern plain. Axis of Pinar del Rı́o is

Guaniguanico mountain range with Jurassic – Cretaceous rocks, East are La Habana, Ciudad de

la Habana and Matanzas, provinces with more area of covering Quaternary and Neogene’s layers.

The smaller island south is Isla de la Juventud. All this territory is western Cuba
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Transmissibility depends on the cracking degree and the karst passages, because

porosity is almost none. However, there are heavy flow springs like those in Mal

Paso, Sierra de Mesa basin, and Los Portales, with mineral sulphate, sulphide

calcium waters.

Karst development is strong on the surface and underground, and at the contact

with the Jagua Formation some of the largest Cuban caves have been excavated,

such as Palmarito cave system (more than 50 km), Gran Caverna de Santo Tomas,

Majaguas-Canteras cave system, Cueva Fuentes and others, which were caved by

rivers coming from the surrounding shale hills that go across, following karst

passages, the karst towers (mogotes), as well receive the rain water infiltration

from the top of the mogotes (Gutiérrez and Iturralde-Vinent 1990).

Artemisa formation is distributed at Sierra del Rosario and NE of the Alturas de

Pizarras del Norte, Pinar del Rı́o province, which has Upper Jurassic (Middle

Oxfordian) and Lower Cretaceous (Valanginian).

Micritic limestone, well bedded in thin to medium layers, calcilutitas, calcareous

sandstone and radiolarian silician insert are the main rocks. On the base sometimes

there appear dark colors of limolitas and thin grain sandstones (Dı́az et al 2001).

The Rc is around 815 kg/cm2 because of the high cracking degree and bedding.

This parameter can be smaller to 600 kg/cm2 in saturation conditions (Oliva 1984).

The springs and aquifers of different flows are many; however, the confinement

that produces the common insertion of impermeable layers with the karst limestone,

lead to a very fast underwater flow and quick discharges.

This formation also presents springs like those of San Diego de los Baños, with

calcium sulphate and sulphite waters or those on Soroa with calcium-bicarbonated-

magnesian and sulphite waters.

Many of the rivers that go across Sierra del Rosario, where this formation is

leading, show partial underground courses because of caving and deep river canyons.

Surface landforms are abundant and of different types. The largest caves are Los

Perdidos, del Altar and Santa Cruz river system.

Francisco formation covers the SW of Sierra del Rosario, with clays, silts,

micrı́tic limestone, schist and insert sandstone, sometimeswith calcareous concretions

into schist and limestone. Limestones are frequently laminated. The Age is Upper

Jurassic (Middle Oxfordian high part – Upper Oxfordian, low part) (Dı́az et al. 2001).

The Rc is around 815 kg/cm2, being lower with saturation and bedding

(Gutierrez and Barrientos 2003).

This formation presents surface karst landforms that are not well developed,

because the structural characteristics of the rock pack are frequently fragmentized.

Aquifers are between layers, but can have heavy flows because of the transmissi-

bility of the rocks.

Pinalilla (Pan de Azúcar) formation is well developed on the Pan de Azucar

massif, at Sierra del Rosario. The Age is Lower Cretaceous (Albian) – Upper

Cretaceous (Turonian), and it is made of massive limestone and thick to massive

strata, grey to green-grey colour. Locally, very thin layers of lime and clay insert

with the limestone can be found. Fragments of bauxite are common on the surface

(Gutiérrez et al 2007).
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The Rc is from 1,000 to 1,300 kg/cm2, low porosity, even when the heavy

cracking makes it easy for the underground rivers to cross and causes the storage

of great amounts of water in cave passage depressions. In these rocks there are

many caverns such as Canillas Cave System and others of various shapes and sizes

(Gutiérrez and Barrientos 2003).

There are well developed surface karst landforms, such as crack lapiaz

(kluftkarren) and wall lapiaz (wandkarren) (del Busto and Gutiérrez 1986).

Paso Real formation is one of the most extensive units in the Cuban territory, as

a large non-continuous belt from Guane in Pinar del Rı́o province and S of Holguı́n

province.

The southern Pinar del Rı́o plain constitutes more important province aquifers,

locally affected by seawater, because of overexploitation.

Alternations are composed of organogenous biohermic limestone, clayey lime-

stone, dolomite limestone, calcareous sandstone and marls, with the insertion of

sandstone and clays (mainly smectite) with gypsum, halite, pyrite and lignite. The

Age is Oligocene to Upper Miocene.

Jaimanitas formation is present in a non-continuous belt that covers almost all the

Island of Cuban shoreline and near small islands on the archipelago. Because of its

stratigraphic position and geomorphology, it is pointed as the Upper Pleistocene Age.

Massive biodetritic limestones, generally karstified, with many fossils as shells,

corals of actual species and occasionally karst pockets, fill with a very thin mixing

of calcareous-clay reddish color. These go to massive calcareous sandstone of well

bedded and sometimes insertions of marls. Cementation is variable with white to

yellow colour.

The Rc goes from 180 to 500 kg/cm2, depending on the porosity lower than

10 %, and shows strong development of surface karst landforms contributing to this

del marine abrasion and also shows many underground forms such as cueva de los

Pájaros, La Tomasa, Las Cenizas and others. Aquifers are non-continuous and

almost all are affected with marine intrusion (Gutiérrez 1982).

Vedado formation goes as a narrow and non-continuous belt about the north shore

of the La Habana, Ciudad de la Habana andMatanzas provinces and at the south coast

of Pinar del Rı́o, Matanzas and Cienfuegos (in the south central) provinces.

The Age is Upper Pliocene to Lower Pleistocene and goes from organic,

coralline and seaweed and biodetritic, massive or with unclear bedding locally.

Sometimes limestone is very hard, others porcelain type, partially with good

porosity and caving, re-crystallized, with corals Acropora prolifera in a growing

position or fragments of it, frequently with dolomite. Can present calcareous

sandstone lens. White, yellow some times soft pink colour.

Rc has been measured from 77.35 to 550.19 kg/cm2 dry situation and from

181.47 to 444 saturated. The porosity is about 10.8 % (Gutiérrez 1977–1979, 1982).

There are many karst landforms like lapies, sinkhole and cenotes, on the surface

and caves such as La Santa, la Virgen, Caupolicán, and others of the provinces of La

Habana and Ciudad de la Habana (Gutiérrez and Acevedo 1985). Vedado formation

outcrops and covers part of the Cienaga de Zapata, where the deepest borehole

cutting of these layers had been dug.

342 R. Gutiérrez Domech



Also Vedado formation is the more important base of the famous cenotes of this

region.

Güines formation is well developed at the provinces of Pinar del Rı́o, La

Habana, Ciudad de la Habana, Matanzas, Cienfuegos, Villa Clara, Sancti Spı́ritus

and Ciego de Avila.

It is compounded by biodetritic limestone fine to medium grain, rich in fossils,

organic limestone, dolomite limestone, dolomite and calcareous sandstone. Dolo-

mitization is secondary, generally massive, and rarely bedded (Gutiérrez et al 1995).

Specific weight (Gs) has been measured from 2.63 to 2.77 g/cm3. It presents

porosity from 7.0 % to 38.2 %. The Rc goes from 1,123 to 797 kg/cm2 but if the

rocks get recrystallized, they can reach 1,500 kg/cm2. In a saturated way the values

goes from 90 to 548 kg/cm2 (Gutiérrez and Acevedo 1985b).

According to Rodrı́guez (1996) the medium electric resistivity is about 139.8 Ω.

In this formation, rocks are some of the more important aquifers of Cuba, such as

Cuenca (Basin) Sur, Cuenca de Vento and also cuencas Almendares-San Juan and

partially, Jaruco-Aguacate (Iturralde 1982).

There is a great karst development, surface landforms as dolines, several types of

lapiaz and also caves like Boca de Jaruco cave system in the north; cueva Garcı́a

Robiou, de Loma Candela, del Coronel, in the south-central area of La Habana

province and cuevas de Torrens, La Torre, Insunsa, El Túnel, and many more in the

southern plain of this territory.

Jaruco formation is developed in patches in irregular ways on the north and

central part of La Habana province and in the western part of Matanzas province. It

has biodetritic limestone, sometimes clayey, frequently with large forms inserted

with marls.

There are also reef limestones, calcareous sandstone and calcareous gravels.

Records of Rc saturated had beenmeasured from 105 to 524 lg/cm2 and in dry tests

from 451 to 797 kg/cm2. Gs goes from 260 to 277 g/cm3 and resistivity is about 443 Ω
(Gutiérrez and Acevedo 1985).

Almendares-San Juan and Jaruco-Aguacate underground basins are

partially constituted by these formation rocks and boreholes yield flows from 70

to 200 m/day.

Karst can be sharp at the surface, but corrosion is aggressive in underground

caving cuevas del General Aguirre, Sitio Perdido and el Mamey, among others at

Escaleras de Jaruco mogote hills.

Cojimar formation is reported from the provinces of La Habana, City of la

Habana, Matanzas and PInar del Rı́o, with marls, calcareous marls, clayey marls,

calcareous sandstone with a marl matrix and clays.

Rc is low among 50 to 173 kg/cm2 porosity, which goes from 4 % to 18 % and

presents a medium electric resistivity of 118 Ω (Gutiérrez and Barrientos 2003).

Surface landforms are almost absent but there are small caves in several

localities where limestone is less clayey and in the geological contact with Güines

formations that is above (Gutiérrez 1969–1975, 1980–1984).

Age is Lower Miocene to Middle Miocene.

Canimar formation develops as an irregular and narrow belt from the vicinity

of Bacunayagua bridge (at the Habana – Matanzas border) on the western to the

39 Observations About the Geology of Western Cuba, Most Significant Aquifers. . . 343



eastern section of the Canimar river section, E of Matanzas city. It has organic

limestone, clayey limestone with insertions of calcareous sandstone, conglomeratic

marls and clays lens.

Gs are from 2.50 to 2.65 g/cm3. Porosity has values from 10.8 % and 18 %. Rc is

low, from 120.9 to 435.3 kg/cm2 (Gutiérrez and Barrientos 2003).

There are surface landforms but they are not aggressive and also underground

passages and chambers as Cueva del Indio, in Yumurı́ river canyon and others.

Known water bearing is confined and with bicarbonates calcic waters.

Age is Upper Pliocene to Lower Pleistocene.

Bellamar formation outcrops in the northern part of Matanzas province and in a

subsurface way at Ciénaga de Zapata western zone.

Shows sandy marls going to clayey and sandy limestone and calcareous sand-

stone with marly matrix, sometimes with clay pockets inside the marls.

Rc is from 154.3 to 414.5 kg/cm2. Karst landforms are very aggressive and the

underground ones have a wonderful example with the Bellamar cave system, that

include Bellamar, El Jarrito, Gato Jı́baro and Rodriguez de la Fuente cave, in the

surroundings and even inside the Matanzas city, and those at Ciénaga de Zapata

(Balado 2007).

Age is Upper Miocene – Lower Pliocene.

39.2.1 Isla de la Juventud

In this insular territory the northern part is compounded by metamorphic rocks;

there are Colombo, Playa Bibijagua, Sierra de Caballos and Sierra Chiquita

formations and Sierra de las Casas is not a formal unit, which is a variety of

marbles, dolomite ones, sucrose others dark colours, granitic, with fossil remains

in one unit, also fetid, light blue with bands and another light colour with metaflint,

dolomite, cuarcite, etc (Franco and de la Torre 1980).

These marbles have an Rc from 1,280 to 1,700 or more kg/cm2 and very low

porosity (0.13–0.25 %) (Krynine and Judd 1961).

Age is recognized as Upper Jurassic in the case of Colombo formation where

ammonite impressions were found and Upper Jurassic-Lower Cretaceous on the

others.

Marbles show very little lapiaz, but karstic canyons and dolines on the surface

and caves, such as Furnia (Shaft) Primero de Mayo, al sierra de Caballos or cueva

del Agua and others at sierra de las Casas. The underwater accumulation is much

better associated with faults and other cracks than to the existence of true aquifers.

The more productive water bearing in this zone comes from sand and noncon-

solidated sediments.

The southern part of the island is composed of rocks of the Quaternary covering

and presents calcareous white and locally light pink sandstone, but with weathering

takes on a grey colour. These rocks are well bedded at Cocodrilo formations with

very little underground waters. The best water bearing is in Jaimanitas formation
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layers; this place is composed of organogenic limestone, marly and calcareous

sandstone of tick grains, which some authors (Franco and de la Torre 1980) named

Punta del Este formation where karst landforms are present as well as cenotes and

caves.

Also Siguanea formation, with quartz sands and gravels, can locally contain

underground water.

39.3 Conclusions

• The stratigraphic units composed of carbonate rocks constitute the more impor-

tant aquifers of the western Cuban territory.

• The relationship among rocks physic-mechanic properties, chemical

characteristics, rock structure and karst corrosion degree has not been well

established.

• Rc is less with humidity, with karst corrosion and porosity.

• The more productive aquifers are those with rocks with medium Rc, which have

larger cracking and porosity.

• Neogene geological formations are the more productive on the underground

water catching.
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génesis y caracterı́sticas distintivas. Memorias II Convención de Ciencias de la Tierra. VII

Congreso de Geologı́a, ISBN 978-959-7117-11-2

del Busto R, Gutiérrez R (1986) Pequeña Enciclopedia trilingüe de términos geomorfológicos.
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Chapter 40

The Importance of the Alexander

von Humboldt’s Work “Island of Cuba”

to the Study of Caves in Cuban Territory

L.E.Panisset Travassos

Abstract The author believes that it is not possible to dissociate Alexander

von Humboldt (1769–1859) from the physical studies of nature, and when one

thinks about Geography, this separation becomes even more difficult to be made.

Several authors have considered Humboldt the founder of this science, while others

state that the naturalist is responsible for the foundation of the so-called modern

science as a whole. Despite the existence of many articles written about Humboldt

and his research, some still do not recall his importance in the study of karst and

caves, including some studies made on the island of Cuba. Reading the 397 pages of

the book, The Island of Cuba in English (1856), it is possible to identify references

to the karst phenomena, descriptions of regional limestone and its relation to the

existence of water sources, for example. In the present work it is possible to say that

many of the regions visited by Humboldt are nowadays acknowledged at the

National System of Protected Areas of Cuba (SNAP – Sistema Nacional de Áreas

Protegidas de Cuba) which consists of the country’s most important natural areas,

both in land and at sea. Humboldt’s travels to the equatorial regions of the world

represent an important contribution to the development of Karstology in Latin

America and the Caribbean.

Keywords Physical studies of nature • Cuban karst • Alexander von Humboldt
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40.1 Introduction

It is believed that, it is not possible to dissociate the name of Alexander

von Humboldt (1769–1859) from the physical studies of nature. If one thinks

about Geography, this separation becomes even more difficult. Turley (2001) says

that many consider Humboldt the founder of this science, while others see him as

the individual who is the most influential individual in modern science as a whole.

Kohlhepp (2006) agrees that Humboldt contributed significantly to the develop-

ment and consolidation of Geography as science. Working as a physical geogra-

pher, he started climatological and phytogeographical studies; as a human

geographer, he was engaged both in relevant geopolitical aspects and regional

studies of human geography; and, as a cartographer, he represented nature very

didactically through maps and beautiful profiles. Humboldt had a major role among

the painters of the “exuberant tropical New World”. This statement is proven by

Diener (2007) that identifies, for example, how his works influenced the paintings

of Johan Moritz Rugendas (1802–1858).

Naturalist Carl Friedrich Phillipp von Martius (1794–1868), like many of his

time, was also influenced by Humboldt. Henriques (2008) reminds us of this fact

when he says that “as a European, Martius certainly had great curiosity for the
Americas, due to reading Humboldt’s”, which is often cited in the journals of his

travels to Brazil.

Tuan, cited by Rodaway (2007), comments that Humboldt, who is widely known

for having explained the physical world, was among the first to use the representa-

tion of landscape and poetry to broaden the geographical experience with feeling

and emotion.

It is worth emphasizing the fact that “he knew how to combine the concentration
of his scientific activities and enthusiasm in a clear and communicable way”
(Kohlhepp 2006). On examining Humboldt´s works one can say, with no doubt,

that he deserves all the “titles” and countless honors awarded.

When embarking his famous expedition in Latin America in 1799, accompanied by

Aimé Bonpland, a French botanist, Humboldt already had considerable geographical,

chemical, botanical, mineralogical and physical notions. After returning to his country

he published several books and his name was raised to a place in the history of science

because of this. In the words of Turley (2001), being tireless as an “explorer and
adventurer, an enthusiastic student of other sources of information and a skilled
observer and writer, Humboldt redesigned the geographical perception of the world”.

In Europe, he developed the image of the “New World” and then presented

“the European scientific circles, all the facets of the tropics of Central and South
America, and their differentiations.” (Kohlhepp 2006).

Riesco Jr. (2004) states that more than any other scholar of his time, Humboldt

influenced science in several countries. He set new ways and methods of investiga-

tion, always looking for their inter-relationship to exceed the limited comprehen-

sion of isolated phenomena.
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Although there are countless scientific papers about Humboldt and his research,

many people do not know how important he is to the study of karst and caves. In his

“Personal Narratives”, “Views of Nature”, “Cosmos”, “Essay on the Superposition
of Rocks in Both Hemispheres”, “Political Essay on the Kingdom of New Spain” or

in “The Island of Cuba” he describes caves in massive carbonate and granite

outcrops, ponors, and minerals.

40.2 Karst Features in the “Island of Cuba”

Even after more than 150 years after the first publication, the latter work is still

up-to-date. When the various aspects of geography and the social sciences are

considered, this work is still a key source for studies of the nineteenth century

in Cuba.

According to Humboldt (1856), he has been “twice in Cuba: for three months
on one occasion, and for a month and a half on the other”. He continues by stating,
“I have had the good fortune of enjoying the confidence of persons, who could give
me reliable information from their talents and position, either as proprietors,
administrators, or merchants” (Humboldt 1856). Faithful to the geographical

principle of comparison, Humboldt (1856) said that the “view of Havana from

the entrance to the port is one of the most picturesque and pleasing ones on the

northern equinoctial shores of America” but that it was not as luxurious as the view

of Rio de Janeiro, Brazil.

As the shores of the island of Cuba are covered with cays and reefs through more

than two-thirds of their extent, and the navigable channels lie outside of these

obstructions, the true figure of the island was for a long time unknown. Its width,

particularly between Havana and Batabano, has been exaggerated, and it is only

since the Hydrographic bureau at Madrid, the best establishment of its kind in

Europe, has published the labors of Capt. Jose del Rio and Lieut. Yentura

Barcaiztegui, that its area has been calculated with any degree of accuracy

(Humboldt 1856).

The geological setting of the Island is composed by “secondary and tertiary
formations, through which granitic-gneiss, syenite, and euphotide rocks have
protruded” (Humboldt 1856). However, the most important parts concerning

some protected areas of Cuba nowadays are the central and western parts which

“contain two formations of compact limestone: one with sandy clay, and the other
with gypsum” (Humboldt 1856). Regarding the first formation, he does not mention

the age but makes comparisons with the formation of the Jura, in France, stating that

“it is white or of a light yellow ochre color, brittle, sometimes conchoidal and
sometimes smooth (. . .) similar to the spongy strata presented by the Jurassic
limestone at Franconia, near Dondorf, Pegnitz, and Tumbach” (Humboldt 1856).

Humboldt mentions the limestone “modern formation in the hills of San Juan,
near Trinidad whose peaks remind me of the limestone mountains of Caribe
[Venezuela] (. . .) It also contains great caverns near Matanzas and Jaruco (. . .).
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This frequency of caverns, in which the rains accumulate and the brooks disappear,
sometimes causes great disasters” (Humboldt 1856). It is not clear what kind of

disasters he is talking about; the subsidence or the collapse of the soil is relatively

common in karst areas thus forming dolines.

Another interesting karst phenomena mentioned in a work regarding water

behavior is the probable “submarine communication between the limestone
formations of the shore (. . .). The fresh water of Cuba rises by hydrostatic pressure
through the coral rock of the bays, as it happens in the bay of Jagua, where fountains
spring forth in the salt water, and are a resort for the Manati” (Humboldt 1856).

The water resources are mentioned again when Humboldt mentions the southern

side of the island, which “is most abundant in springs, where, from Jagua to Point
Sabina, a distance of forty-six leagues, the country is a continuous swamp. The
abundance of water that nitrates through the fissures of the stratified rock is so
great, that from the hydrostatic pressure, springs can be found in the sea at some
distance from the coast”(Humboldt 1835).

40.3 Final Considerations

Truthful to the original diversity of geography, which goes far beyond the simple

study of the physical characteristics of the territory, the naturalist has dealt with

political and social issues which were responsible for affecting the status of the

territory in the past as well as its future development. It is also important to mention

that a National Park there was named after Alexander von Humboldt (Parque

Nacional Alejandro de Humboldt) and is inscribed as a UNESCO World Heritage

Site since 2001.

Alexander von Humboldt made important contributions to the fields of earth

sciences and, if his descriptions of rock formations and some karst phenomena on

the Island of Cuba are considered, even to an incipient Latin American karstology.

These are the caves of Matanzas, Trinidad and Jaruco. Some fresh water sources in

the ocean were also recognized by the author at the Bay of Jagua.

Comparing Humboldt’s information with the National System of Protected Áreas

of Cuba (SNAP- Sistema Nacional de Áreas Protegidas de Cuba 2002–2010) at

present, one can notice that in Matanzas there are about 20 protected areas, divided

into 5 categories of use. In Trinidad, Province of Sancti Spiritus, there are 15

protected areas in 6 categories of protection, and in Jaruco, Province of La Havana,

there are now 11 protected areas divided in 4 categories of protection.
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triangle diagram, 150, 151

Canilla system, 216

Canimar formation, 343–344

Carbonates dissolution, 227

Cartography stage, proposal for, 8

Chelsea Water Company (London), 30

Chemical denudation, in coastal limestone

aquifer (Havana Southern Plane), 47

carbonate dissolution, 53

CO2 soil contents, 53, 54

at discharge zone, 51

in Güira-Quivicán basin, 49–51

human activity and karst aquifer, 53

in karst regions, 48, 51, 52

recharge of aquifer, in discharge

zone, 51

at recharge zone, 49–51

water hardness, 48

Chiapas, wastewater treatment in.

See Wastewater treatment:system

design (Chiapas)

Coastal (limestone) aquifer

chemical denudation in (Cuba), 47

carbonate dissolution, 53

CO2 soil contents, 53, 54

at discharge zone, 51

Güira-Quivicán basin, 49–51

human activity and karst aquifer, 53

in karst regions, 48, 51, 52

recharge of aquifer, in discharge

zone, 51

at recharge zone, 49–51

water hardness, 48

of Guanahacabibes, seawater intrusion in

(Cuba)

alluvial deposits, 303

analytical error calculation, 306

ecosystems, 302

feeding zone, 303

geomorphological characteristics, 302

geophysical surveys, 302

Great Basin of the Northwest

Caribbean, 303

guane basin sub-zone, 304–305

hydraulic gradients, 303

hydrogeological basin, 302

hydrological results, interpretation of,

305–307

inverse model, 306, 307

lithological view, 303

marine deposits, 303

materials, 305

mean annual temperature, 302

methods, 305

natural water, 302

neogene, 303

pro-alluvial deposits, 303

sector study, 308

transit and storage zone, 303–304

Güira-Quivicán basin, hydrogeochemical

process effect, 57–65

Coastal lagoons, 278

Cojimar formation, 343

Contamination

of groundwater (see Groundwater
pollution, vulnerability of)

of surface water (Czech Republic)

balance evaluation, 258–260

cost recovery, 254

European legislation, 255

hydrographic basin, 254

Kruzberk water reservoir, 255–256

water and aquatic ecosystems, 254

water quality profiles, 256, 257

vulnerability to, 41–42

of Vento aquifer, 69–76

CO2 soil contents, in Havana Southern Plane,

53, 54

CSR. See Calcite Saturation Ratio (CSR)

Cuyaguateje river basin, 213

D

DEM. See Digital elevation model (DEM)

Diagnostic stage, proposal for, 6, 7

Diffraction of ray-X (RRD), 295, 299

Digital elevation model (DEM), 98, 163

Discharge zone

chemical denudation at, 51

recharge of aquifer in, 51
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Distributed Parameter Model, 124

Distributed water balance method. See Water

balance method (Cuenca-Ecuador)

Drinkable water system, 132

Dry season, land application in, 23

E

EIA. See Environmental Impact Assessment

(EIA)

Electrical resistivity tomography (ERT), 83–84

Emporda basin, 83–84

ENS. See Environmental National Strategy

(ENS)

Environmental impact, of human activity

(Salamanca)

contamination map, aquifer vulnerability

to, 41–42

EIA, 40

geomorphological parameter, 42–43

geotechnical parameter, 43

GIS techniques, 40

impact characterisation map, 43, 44

impact identification map, 43, 44

natural space, management of, 40

pollution maps, aquifer vulnerability to,

43, 44

protected natural areas, management of, 45

stormwater aggressiveness map, 43

surface water quality map, 40–41, 43

SUW, vulnerability to, 42, 44

territorial land use planning, 44

Environmental Impact Assessment (EIA), 40

Environmental National Strategy (ENS), 320

EPIK method, 88, 92, 93

ERT. See Electrical resistivity tomography

(ERT)

Escherichia coli, 264, 267–268
Evapotranspiration potential (ETP), 14, 24, 25,

27, 122, 124

F

Fecal coliforms

E. coli, 268
FC ratio, 268

Pearson correlation coefficient, 267

specific media, 267

statistical analysis, 268

Fecal contamination (Las Terrazas)

aquatic ecosystems, 268

Escherichia coli, 267–268
experimental methods

Cochran-Bartlett test, 265

colony forming units, 264

E. coli, 264
Kolmogorov-Smirnov test, 265

membrane filtration technique, 264

sampling stations, 264, 265

fecal coliforms (see Fecal coliforms)

microbiological quality

of aquatic ecosystems, 265–267

fecal coliform, logarithms of, 266

predictive diagnosis, 267

tropical environmental conditions, 266

Tukey HSD test, 266

of waters, 266, 267

sampling stations, 264, 265

Filter maturing period, 30

Flood risk assessment, of Yeltes river basin

(Salamanca), 113

geomorphological method, 117

historical method, 115–116

hydraulic modeling, 116, 119

hydrologic-hydraulic method, 116

industrialization, 114

results, 117–119

Francisco formation, 341

Fuentes Cave System, 223

G

Gallinera basin, 199

Garajonay National Park

APHIG, 244

Canary Islands, 244

cluster analysis, 245

hydrochemical data analyses, 245

La Gomera, 246

Mg2+element, 247

Na+-Cl-ionic ratio, 247

PCA results, 247, 248

Piper diagram, 245, 246

spring-group distribution, 247, 249

spring-waters compositional data, 246

Geographic Information System (GIS), 40, 42,

72, 74, 75, 98, 124, 127, 162, 166,

197, 279, 281, 338

Geological patrimony, 331

Geology, of western Cuba. See Western Cuba,

geology of

Geomorphological method, 117

GEOSITES programme, 331

GIS. See Geographic Information System

(GIS)

Gravity filters, 30
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Green filter (Mexico). See Land application

system (LAS)

Groundwater pollution, vulnerability of, 77

AVI method, 78–79

Dar Zarrouk (DZ) parameters, 79

electrical surveys, purpose of, 79

equivalence principle, 80, 82

ERT, at Emporda basin, 83–84

geophysical approach, 79–80

in Guanahacabibes National Park

EPIK method, 88, 92, 93

factors, 89–90

geological and geomorphological

setting, 88–89

high vulnerability, 91

karst aquifers, characteristics of, 87–88

map removal sensitivity analysis, 90, 92

moderate vulnerability, 91

morphological feature, 88–89

single parameter sensitivity analysis,

90–92

very high vulnerability, 91

vulnerability maps, 87, 91, 93

in karst aquifers, 96

land management, 78

mapping, 80

methodology, 80

protection, 78

resistivity sounding method, 80

soil parameters vs. electrical resistivity, 80
VES survey, at Valls basin, 81–83

Groundwater protection zones, in Viñales

National Park (Cuba), 106–108

geomorphology, 105

Karst aquifers, 103–104

location, 104–105

stages, 105–106

vulnerability map, 106

Guanahacabibes National Park (Cuba),

groundwater vulnerability in

EPIK method, 88, 92, 93

factors, 89–90

geological and geomorphological setting,

88–89

high vulnerability, 91

karst aquifers, characteristics of, 87–88

map removal sensitivity analysis, 90–92

moderate vulnerability, 91

morphological feature, 88–89

single parameter sensitivity analysis, 90, 92

very high vulnerability, 91

vulnerability maps, 87, 91, 93

Guasasa formation, 340–341

Guayas river basin, 155, 156

Güines formation, 343

Güira-Quivicán basin, water quality in

geographic framework, 58–59

geologic framework, 59

hydrogeochemical zones, 63–64

hydrogeologic framework, 59–60

material and methods, 58

water capacity, change in, 65

water physicochemical characteristics,

60–65

H

Hanábana catchment (Cuba)

location, 204

precipitations variability, 206

rainfall

Mann-Kendall statistical parameter, 207

statistics, 207

variability, 205–207

runoff analysis

analogy between the rivers, 205

Batista’s formula, 205–206

Damujı́ River, 208

lineal simple regression, 208–209

regional formula for, 205

values for, 209, 210

study area, 204

Havana Southern Plane

chemical denudation, 47

carbonate dissolution, 53

CO2 soil contents, 53, 54

at discharge zone, 51

human activity and karst aquifer, 53

in karst regions, 48, 51, 52

recharge of aquifer, in discharge

zone, 51

at recharge zone, 49–51

water hardness, 48

Güira-Quivicán basin, water quality in

geographic framework, 58–59

geologic framework, 59

hydrogeologic framework, 59–60

material and methods, 58

water physicochemical characteristics,

60–65
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Heavy metals contamination (Vento basin),

73–74

Historical method, 115–116

Human activity

environmental impact (see Environmental

impact, of human activity

(Salamanca))

and karstic aquifer, 53

Human consumption, water supply for, 29

Hydraulic modeling, 116, 119

Hydraulic resources management. See Sagua la
Grande basin, hydraulic resources

management (Cuba)

Hydraulic system, formulation of, 132

Hydrogeochemical processes effect, over water

quality (Güira-Quivicán basin), 57

extracted water, chemical composition of,

57

geographic framework, 58–59

geologic framework, 59

hydrogeochemical zones, 63–64

hydrogeologic framework, 59–60

material and methods, 58

water capacity, change in, 64

water physicochemical characteristics,

60–65

Hydrological indicators

Alacant basin, 198, 199

basins analysis, 197

data collection, 197

Gallinera basin, 199

location, 196

preliminary processing, 197

rainfall event, 198

rainfall runoff relationship, 198

study area, 196–197

Hydrological patrimony, 330, 331

Hydrologic-hydraulic method, 116

Hydrologic karst system, 141–142

I

Intrinsic vulnerability (Vento basin), 74–75

Inverse mass-balance model

application

Aguascalientes Valley/Graben, 238

chemical composition for, 240

hydrogeochemical inverse, 240

study area, 238, 239

balance error, 236

BALANCE program, 234

hydrochemical patron, 235–236

ionic delta calculation, 236

mixture analysis, 237–238

MODELAGUA, 234

concentration factor, 235

conservative ion, 235

NETPATH program, 234

water-rock process, 236

Irrigation system. See Watering system

“Island of Cuba,” Alexander von Humboldt

work on

description, 348–349

final considerations, 350

geographer, 348

Karst features, 349–350

physical studies of nature, 348

rock formations, 349

water resources, 350

J

Jaimanitas formation, 342

Jarama Aquifer 3D model

boreholes cross-sections, 165

data and methodology

ArcGIS, 162

digital elevation model, 163

vertical electrical soundings, 163

environmental significance, 164

GIS techniques, 166

groundwater resource evaluation, 162

isopiezometric model, 166

location map, 162, 163

visuals, 165

Jaruco formation, 343

K

Karst aquifer(s)

characteristics, 87–88

groundwater

protection, 103

vulnerability, 96

and human activity, 53

Karstic waters

chemical denudation processes, 215–216

chemical evolution and empirical

relationships

CO2-H2O-CaCO3 concentrations, 213

Guajaibón karst massif, 215

Mil Cumbres stream, 214, 215

Cuyaguateje river basin, 213

hydrogeochemical study, 213

physical-chemical parameters, 212

Karst landforms, 342
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Karst mountain system

biogeochemical hydrodynamics, 142–143

features, 138–139

hydraulic connections, 142

location map, 139

physical hydrodynamics, 142–143

social and economic development, 143

social vulnerability and natural risks,

143–144

surface runoff, 141

L

La Gomera acquifiers. See Garajonay National

Park

l’Albufera de Valencia Natural Park

ecosystems, 278

illegal drugs, 281

overlapping, 283

Spain, 277

traditional irrigation system, 281

water quality, 278

Land application system (LAS), 12. See also
Wastewater treatment

advantages, 24

dimension, 24

in dry season, 23

extensive system of treatment, 22

forest system, 23

interactions, 23

methodological framework

financial analysis, 15

technical analysis and main design

variables, 14

microorganisms, 23

results

financial analysis, 16–18

technical analysis and main design

variables, 15–16

size determination, 23

Spanish and European Legislation, 12

surface, 23–24

vegetation, 23

water balance, 23

in wet season, 23

LAS. See Land application system (LAS)

Las Batuecas-Sierra de Francia

flood risk assessment (see Yeltes river
basin, flood risk assessment of

(Salamanca))

water resources (see Environmental impact,

of human activity (Salamanca))

Las Terrazas fecal contamination. See Fecal
contamination (Las Terrazas)

Liquid chromatography tandem mass

spectrometry (LC-MS/MS), 281

Los Carneros lagoon, seasonal dynamic of

vegetation (Cuba)

abundance curve, 313

aquatic and swampy plants, 310

Bacopa monnieri, 313
drought season, abundance curve, 314

ecosystem, 310

geoelements, 311

humidity process, 312

methodology, 311

phytoregionalization, 310

precipitation, 312

in Sabanalamar-San Ubaldo Handled
Floral Reserve, 311

seasonal dynamics stages, 312–314

taxones and districts, 311

work area, 311

M

Map removal sensitivity analysis, 90, 92

Marine deposits, 303

Mean annual total recharge (MATR), 50

Miner-metallurgic activity (Cuba)

chemical analysis

iron sulphate, 297

microorganisms, 298

microphotograph, 299

pH determinations, 297, 298

polluting elements, 297, 298

primary ores, 297

RRD, 299

Santa Lucia, 297

chemical-physical evaluation, 294

materials and methods, 296

castellano, 296

chemical analysis, 296

MEB, 295–296

mineralogical analysis, 296

samples, 294, 295

results

chemical analysis, 297–299

current environmental situation, 296

Most probable number (MPN) technique,

274–275

N

National Park(s). See Specific National Parks
National Park Guanahacabibes

deep aquifer structure, 185

investigation
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conceptual pattern, 183

Cuyaguateje basin, 183

submarine discharges, 183–184

Paso Real formation, 186

regional hydrogeologic frame

inferior cretacic aquifer complex

guasasa and Esperanza, 181–182

neogene-quaternary complex

(N1-Q III), 181

National System of Protected Areas (SNAP),

321, 322

Natural Depuration Systems (NDS)

vs. conventional techniques, of wastewater
treatment, 4–5

protected spaces management, integration

with, 5

Natural space, management of, 40

NDS. See Natural Depuration Systems (NDS)

Neogene, 303

Normative stage, proposal for, 7–8

P

PaPRIKa method

for aquifer vulnerability assessment,

95–100

attributes, 97–98

Paso Real formation, 88, 181, 186, 342

Pinalilla formation, 341–342

Polluting agents removal, sand

filtration in, 33–34

Potential evapotranspiration.

See Evapotranspiration
potential (ETP)

Pro-alluvial deposits, 303

Programmatic stage, proposal for, 8

Promontorio de Cabrera

dry period, 175

geologic and geomorphologic

characteristics, 172–173

hydrodynamics, 174

hydrology and hydrogeology

dry period, 175

elements, 174

mountainous massif, 173

physical-chemical parameters, 175, 176

wet period, 175, 176

study zone location, 171, 172

Protected natural areas, management of, 45

Protected natural space, 5, 330, 331

Protected natural wetlands

l’Albufera de Valencia Natural Park

coastal lagoons, 278

hydrology, 278

illicit drugs, 281, 282

LC-MS/MS, 281

marshland, 278

SPE, 281

urban and agricultural

contextualization, 280

surface waters, illicit drugs in

coastal lagoons, 278

fragile systems, 278

mediterranean coastal wetlands, 278

methodology, 279–281

Q

Quick filter, 30

Quilamas

flood risk assessment (see Yeltes river
basin, flood risk assessment of

(Salamanca))

water resources (see Environmental impact,

of human activity (Salamanca))

R

Ramsar wetland management (Ecuador)

decision-making process, 154, 158

economic factor, 157

environmental factor, 158

methodology

Abras de Mantequilla, case study,

155–157

conceptual and analytical framework,

155, 156

Guayas river basin, location of, 156

political factor, 156–157

research, 154

role, 158

social factor, 158

Recharge zone, chemical denudation at, 49–51

Regional hydrogeologic model, 182

RRD. See Diffraction of ray-X (RRD)

Rural community wastewater treatment.

See Wastewater treatment:in

rural communities

S

Sagua la Grande basin, hydraulic resources

management (Cuba)

Causal diagram, 131

drinkable water system, 132

Forrester diagram, 132

hydraulic system, formulation of, 132

hydrographical basin, 130
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Sagua la Grande basin (cont.)
location, 130

negative output, 131–132

positive output, 131

recommendations, 134

simulation model, 132

situation of water, 133–134

socio-economic point of view, 130

Vensim 5.9 software, usage of, 132

watering system, 132

Sand filtration

materials and methods, 30–32

potentialities of use, 34

recommendations, 35

in removal of polluting agents, 33–34

schmutzdecke biological layer, formation

of, 30, 35

water supply, for human consumption, 29

Santa Lucia, 297

Santo Tomas cave system (Cuba)

Arroyo Peñate, 140, 141

environmental management, 137–138

karst mountain system

biogeochemical hydrodynamics,

142–143

features, 138–139

hydraulic connections, 142

location map, 139

physical hydrodynamics, 142–143

social and economic development, 143

social vulnerability and natural risks,

143–144

surface runoff, 141

Sierra de Quemado, southeast partial view

of, 140

Santo Tomás watershed (Cuba)

aquifer vulnerability in, 95

description, 96–97

determination coefficient, 100

karst landforms, 99

methodology, 97–98

PaPRIKa method, 95–100

vulnerability maps, 98–99

deposits in, 96–97

Saturation Index (SI), 224, 225

Schmutzdecke biological layer, formation of,

30, 35

SEA. See Strategic Environmental Assessment

(SEA)

Seasonal dynamic of vegetation, at Los

Carneros lagoon (Cuba)

abundance curve, 313

aquatic and swampy plants, 310

Bacopa monnieri, 313
drought season, abundance curve, 314

ecosystem, 310

geoelements, 311

humidity process, 312

methodology, 311

phytoregionalization, 310

precipitation, 312

in Sabanalamar-San Ubaldo Handled
Floral Reserve, 311

seasonal dynamics stages, 312–314

taxones and districts, 311

work area, 311

Seawater intrusion, in Guanahacabibes.

See Coastal (limestone) aquifer

SI. See Saturation Index (SI)

Sierra de Gredos mountain

biodiversity, 330

didactic divulgation of patrimony, 334–335

essential features, 332

geodiversity, 330

geological patrimony, 331

GEOSITES programme, 331

hydrological patrimony, 330, 331

inventory of A/L/PGIH, 336–337

landscape quality, 330

mediterranean climate, 330

methodology, 330–332

natural patrimony map, 335

origin, 330

PGIH, 333

protected natural space, 330, 331

quaternary neotectonics, 332

spatial planning tool, 338

typologies, 332

variation of A/L/PGIH, 333

world heritage, 331

Sierra de Quemado, southeast partial view of,

140

Simplified Water Quality Index (SWQI), 40

Simpson, James, 30

Single parameter sensitivity analysis, 90–92

Slow filter, 30

Slow sand filtration. See Sand filtration

SNAP. See National System of Protected Areas

(SNAP)

Solid-phase extraction (SPE), 281

Solid Urban Waste (SUW), 42, 44

Spanish and European legislation, on LAS, 12

SPE. See Solid-phase extraction (SPE)

Stchouzkoy-Muxart, 224

Strategic Environmental Assessment (SEA), 40

Superficial hydrology
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dry period, 175

elements, 174

mountainous massif, 173

physical-chemical parameters, 175, 176

wet period, 175, 176

Surface water, contamination and protection of

(Czech Republic)

balance evaluation

dissolved oxygen, 260

DQO–permanganate, 260

iron, 258

manganese, 258

nitrates, 259

sulphates, 259

thermotolerant bacteria, 260

total phosphorus, 259

cost recovery, 254

European legislation, 255

hydrographic basin, 254

Kruzberk water reservoir, 255–256

water and aquatic ecosystems, 254

water quality profiles, 256, 257

Surface water and groundwater (SW-GW)

interaction (SE Spain)

andarax catchment

aquifer geology, 286

data, 287

detritic aquifer, 286

ecosystems, 291

hydrological peculiarities, 286

longitudinal evolution, 288

national park, 286

natural enclave, 286

nitrate content vs electrical
conductivity, 289

physico-chemical parameters, 287

schematic representation, 287

semi-arid areas, 286

watercourses, 286–287

water quality, 285

andarax river

electrical conductivity, 288, 289

groundwater, 288

longitudinal evolution, 288–289

nitrate content, 288, 289

sulphate concentrations, 288

surfacewater, 288

triangle diagram, 289

in Campo de Dalı́as coastal wetlands

box-plot diagrams, 148, 149

characteristics, 146

datasets, 148

location, 146

methods, 147–148

SO42-and Cl-, 148, 150

triangle diagram, 150, 151

nacimiento river

magnesium sulphate and

conductivity, 289

perennial surface flow, 289

traditional farming activities, 290

rambla de tabernas river, 290

Surface water quality map, 40–41, 43

Sustainable management, of hydraulic

resources (Sagua la Grande basin)

Causal diagram, 131

drinkable water system, 132

Forrester diagram, 132

hydraulic system, formulation of, 132

hydrographical basin, 130

location, 130

negative output, 131–132

positive output, 131

recommendations, 134

simulation model, 132

situation of water, 133–134

socio-economic point of view, 130

Vensim 5.9 software, usage of, 132

watering system, 132

Sustainable water resources (Cuba), 320–321

annual volume, 324

appreciable variations, 324–325

capacity, 319

commercial exchange, 324

conventional indicators, 323

ecological stress, 324

environmental flow, 324

Environmental National Strategy, 320

factors, 321

fresh water potential, 320

homo sapiens, 320

management, 325–326

National System of Protected Areas,

321–322

problems

conventional indicators, 323

reports, 322–325

punctual experiences, 326

radical and quick decrease of water, 325

re-circulation, 326

reports, 322–323

water efficiency, 325

water saving, 325

work lines, 326
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SUW. See Solid Urban Waste (SUW)

Sweeping electronic microscope model,

295–296

SW-GW interaction. See Surface water and
groundwater (SW-GW) interaction

SWQI. See Simplified Water Quality Index

(SWQI)

System CO2-H2O-carbonates

experimental simulation, 226–227

karst processes, 228

paleoclimatic research, 223

thermodynamic and kinetic aspects

carbon dioxide, 225

Saturation Index, 224

Stchouzkoy-Muxart, 224

T

Thematic Map (TM), 184

Thermotolerant. See Fecal coliforms

Thornthwaite, 122

3D boreholes, 164

3D reconstruction, 162

V

Valls basin, VES survey at, 81–83

Vedado formation, 342–343

Vento aquifer, vulnerability to

contamination of

environmental magnetism, 71–72

geoelectrical methods, 71

geologic interpretation, of seismic

information

Antillana de Acero, area of, 72

Lenin School, area of, 72

geomorphologic interpretation, 73

geophysical investigation, 69

heavy metals contamination, 73–74

intrinsic and specific vulnerabilities, 74–75

lithologic composition, 70

seismic method, 71

Vertical electrical sounding (VES), 71, 163

at regional scale, 85

Valls basin, survey at, 81–83

Viñales National Park (Cuba)

groundwater protection zones in, 106–108

geomorphology, 105

Karst aquifers, 103–104

location, 104–105

stages, 105–106

vulnerability map, 106

Santo Tomás watershed, aquifer

vulnerability in, 95

description, 96–97

determination coefficient, 100

karst landforms, 99

methodology, 97–98

PaPRIKa method, 95–100

vulnerability maps, 98–99

Vocational School Lenin. See Vento aquifer,

vulnerability to contamination of

Vulnerability

of aquifers, 96

in Santo Tomás watershed (see Santo
Tomás watershed (Cuba))

to contamination, 41–42

of Vento aquifer (see Vento aquifer,

vulnerability to contamination of)

of groundwater pollution, 77

AVI method, 78–79

Dar Zarrouk (DZ) parameters, 79

electrical surveys, purpose of, 79

equivalence principle, 80, 82

ERT, at Emporda basin, 83–84

geophysical approach, 79–80

in Guanahacabibes National Park

(see Guanahacabibes National Park
(Cuba))

land management, 78

methodology, 80

protection, 78

resistivity sounding method, 80

soil parameters vs. electrical resistivity,
80

VES survey, at Valls basin, 81–83

to pollution maps, 43, 44

to SUW, 42, 44

Vulnerability map

Guanahacabibes National Park, 87, 91, 93

Santo Tomás watershed, 98–99

Viñales National Park, 106

W

Wastewater treatment. See also
Water treatment, in homes, sand

filtration for

in rural communities, 3

cartography stage, proposal for, 8

diagnostic stage, proposal for, 6, 7

environmental point of view, 5

NDS vs. conventional techniques, 4–5
normative stage, proposal for, 7–8
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programmatic stage, proposal for, 8

protected spaces management, NDS

integration with, 5

sanitation problems, 5

for social and environmental improvement,

11

financial analysis, 15–18

land application system, 12

location map, 13

Spanish and European legislation on

LAS, 12

study area, description of, 12

technical analysis and main design

variables, 14–16

system design (Chiapas)

development, 22

La Angostura, climatologic data of, 24

land application system, 22–24

methodology, 22

parameters, 25

results, 24–27

water balance of treatment system, 26

Water balance method (Cuenca-Ecuador), 121

Distributed Parameter Model, 124

ETP, 122

factors, 122

GIS, 124

hydrological balance, 121–122

methodology, 123–126

precipitation, 124, 125

results, 127

soil type, 124

study area, 122–123

superficial covering, 124, 125

temperature, 124

water excess, 126–127

watershed hydrological balance, 123, 124

Water framework directive (WFD), 146, 152

Watering system, 132

Water treatment, in homes, sand filtration for.

See also Wastewater treatment

materials and methods, 30–32

potentialities of use, 34

recommendations, 35
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