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P r e f a c e 

It is estimated that the humid tropics make up 22% of the globe's land area, or 
29.4 x l0 6 km 2 . They hold most of the world's uncut forest, most of the unharnessed 
hydroelectric power and most of the world's genetic riches among their estimated 
30 million species of plants and animals. They also contain vast, untapped supplies of 
minerals. In addition, two people out of every three live in the coastal regions of the 
world (mainland as well as island coasts). All coastal areas are under increasing pressure 
from expanding human populations and it is only recently that our population has begun 
to realize the extent of damage caused to the many coastal areas, and to islands as a 
whole, in the humid tropics. 

It is certain that the total world population will continue to rise and that the highest 
rates of growth are forecast to take place in the developing countries, many of which are 
located in the humid tropics and other warm humid regions. Because of this geographical 
population shift and the concomitant need to sustain the economies and the environments 
of the developing countries, it is urgent that water resource managers have the hydrologie 
understanding and the appropriate methods to cope with the impacts of the water-related 
activities that will accompany the inevitable socio-economic and technical changes in the 
humid tropics. 

UNESCO organized in 1989 an "International Colloquium on the Development of 
Hydrologie and Water Management Strategies in the Humid Tropics", which led to the 
formal establishment of a Humid Tropics Programme within UNESCO's International 
Hydroiogical Programme. Subsequently, this has generated a series of symposia on 
humid tropic hydrology that produced proceedings. The Jamaica symposium and the 
present proceedings volume are a continuation of this series. 

Water experts naturally focus primarily on the water problems as they identify them. 
There is an urgency to the question of whether the fields of hydrology and water 
resources management have the appropriate methods to meet the specialized needs and 
rising demands that will be made in the humid tropics. Technology transfer activities 
such as international symposia and resultant proceedings represent several ways to 
provide the needed hydroiogical methods. T. S. Eliot wrote: "Where is the wisdom we 
have lost in knowledge, and where is the knowledge that we have lost in information?" It 
is hoped that the papers assembled in this volume will provide the information and 
knowledge that will give the wisdom to solve some of the hydrologie problems of the 
humid tropics. 

This proceedings volume is the printed product of the "International Symposium on 
Hydrology in the Humid Tropid Environment" which took place during 
17-23 November 1996 in Kingston, Jamaica. This symposium followed the two other 
IAHS symposia on the humid tropics convened in 1983 in Hamburg, Germany*, and in 
1993 in Yokohama, Japan1. 

The objective of the symposium was to bring together international specialists, 
scientists, engineers, and water managers to a forum for exchange of experiences and 
theories and transfer of technology related to hydrologie and environmental impacts, 

* The proceedings Hydrology of Humid Tropical Regions were published as IAHS Publ. no. 140 in the same series as this 
proceedings volume. 

' The proceedings Hydrology of Warm Humid Regions were published as IAHS Publ. no. 216 in the same series as this 
proceedings volume. 
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conflicts, and solutions related to the uniqueness of the humid tropics. The symposium 
also was designed to draw the attention of everyone—including decision makers, 
politicians, and the general public—to the special problems of managing water in the 
humid tropics and the unique hydrology of such areas of the world. Because of the 
location of the symposium, emphasis was placed on the humid tropical areas of the 
Western Hemisphere, especially of Latin America and the Caribbean. 

Of the 77 papers presented in oral and poster sessions, 47 were selected for 
publication. Topics included eight primary hydrological and environmental subjects 
especially related to problems in the humid tropics of Latin America and the Caribbean, 
with a few papers covering the humid tropics in other parts of the world. The topics and 
numbers of papers in this proceedings include (1) Environmental Contamination and 
Impacts, five papers; (2) Hydrologie Methods and Analysis, seven papers; (3) Modelling 
and Statistical Analysis, eight papers; (4) Information and Data Systems, five papers; 
(5) Legal and Societal Impacts, three papers; (6) Urban Drainage, four papers; (7) Karst 
and the Environment, eight papers; and (8) Coastal and Island Hydrology, seven papers. 

Readers of this publication may be interested in the following reports: 
• Bonell, M., Hufschmidt, M. M. & Gladwell, J. S. (eds) (1993) Hydrology and 

Water Management in the Humid Tropics. UNESCO, Paris. 
• Braga, B. Jr & Fernandez-Jâuregui, C. A. (eds) (1991) Water Management of the 

Amazon Basin. UNESCO/UNEP/ABRH, Montevideo (Revised internet edition 
1998). 

• Swaminathan, M. S. & Ramesh, R. (eds) (1993) Sustainable Management of Coastal 
Ecosystems. Chrom Grafix, Madras, India. 

• UNESCO (1991) 4̂ Programme for the Humid Tropics. UNESCO, Paris. 
• UNESCO (1992) Water-related Issues and Problems of the Humid Tropics and Other 

Warm and Humid Regions. UNESCO, Paris. 

Editors: 
A. Ivan Johnson 

AIJ Water and Soil Consulting 
Arvada, Colorado, USA 

Carlos A. Fernândez-Jâuregui 
UNESCO-ROSTLAC, Montevideo, Uruguay 



vii 

P r e f a c i o 

Se calcula que los trôpicos hûmedos conforman el 22% de la superficie terrestre del 
planeta, o 29.4 xlO6 km2. Contienen la mayor parte del los bosques no talados, gran 
parte de la energîa hidroeléctrica no aprovechada y la mayorîa de las riquezas genéticas 
entre los 30 millones de especies de plantas y animales que se calcula hay en el mundo. 
Contienen tainbién vastos e inexplotados depôsitos minérales. Asimismo, dos de cada très 
personas vive en regiones costeras del planeta (tierra firme e islas). Todas las zonas 
costeras estân amenazadas por la expansion demogrâfica y solo recientemente se ha 
tomado conciencia sobre el alcance del dano ocasionado en los trôpicos hûmedos a las 
areas costeras y a las islas. 

Se sabe con certeza que la poblaciôn mundial continuarâ creciendo y que las mayores 
tasas de incremento se darân en los paîses en desarrollo, muchos de los cuales estân 
situados en los trôpicos hûmedos y otras regiones câlidas hûmedas. Debido a este cambio 
en la distribuciôn geogrâfica de la poblaciôn y la necesidad concomitante de asegurar la 
sustentabilidad de la economîa y el medio ambiente de los paises en desarrollo, es 
urgente que los administradores de los recursos hîdricos poseean el conocimiento de la 
hidrologia y los métodos apropiados para enfrentar los impactos de las actividades 
vinculadas al agua que acompafiarân a los inevitables cambios socioeconômicos y 
técnicos que se producirân en los trôpicos hûmedos. 

La UNESCO organize en 1989 un "Coloquio Internacional sobre Desarrollo de 
Estrategias en Hidrologia y Gestion de los Recursos Hîdricos en los Trôpicos Hûmedos" 
que condujo al establecimiento formai de un Programa del Trôpico Hûmedo en el marco 
del Programa Hidrolôgico Internacional de UNESCO. Ello generô una série de simposios 
sobre hidrologia del trôpico hûmedo que produjo la publicaciôn de memorias. El simposio 
de Jamaica y el présente volumen de memorias son una continuaciôn de esta série. 

Los especialistas en recursos hîdricos enfocan su atenciôn en los problemas del agua 
a medida que los van identificando. Existe urgencia respecta a la interrogante de si la 
hidrologia y la gestion de recursos hîdricos poseen las herramientas adecuadas para 
enfrentar las necesidades especîficas y las crecientes demandas que afectarân a los 
trôpicos hûmedos. Las actividades de tranferencia de tecnologia como son los simposios 
internacionales y las memorias que de ellos emanan, representan diversas formas de dotar 
de los métodos hidrolôgicos requeridos. T. S. Eliot escribiô: "^Donde esta la sabidurîa que 
hemos perdido con el conocimiento, y donde esta el conocimiento que hemos perdido con 
la informaciôn?" Esperamos los trabajos reunidos en este volumen aporten la informaciôn y 
el conocimiento que nos de la sabidurîa necesaria para resolver algunos de los problemas 
hidrolôgicos de los trôpicos hûmedos. 

Este volumen de memorias es la publicaciôn del "Simposio Internacional de 
Hidrologia del Medio Tropical Hûmedo" (HTE'96) celebrado del 17 al 23 de noviembre 
de 1996 en Kingston, Jamaica. El simposio fue la continuaciôn de otros dos simposios 
IAHS sobre los trôpicos hûmedos convocados en 1983 en Hamburgo, Alemania*, y en 
1993 en Yokohama, Japônf. 

El objetivo del simposio fue reunir a los especialistas, cientïficos, ingenieros y 
administradores del agua de todo el mundo en un foro que favoreciera el intercambio de 

* Las memorias de Hydrology of Humid Tropical Regions rueron publicadas como IAHS Publ. no. 140 en la misma série que el 
présente volumen de memorias. 

' Las memorias de Hydrology of Warm Humid Regions fueron publicadas como IAHS Publ. no. 216 en la misma série que este 
volumen. 
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experiencias y teorias y la transferencia de tecnologîa vinculada a los impactos 
hidrolôgicos y ambientales, a los conflictos y soluciones relacionados con la singularidad 
de los tropicos hûmedos. El simposio fue disenado para alertar la atenciôn de todos— 
incluyendo los tomadores de decisiones, los polîticos y el publico en general- hacia los 
problemas especiales de la gestion del agua en los tropicos hûmedos y la particular 
hidrologia de tales areas del mundo. Teniendo en cuenta la sede del simposio, el énfasis 
fue puesto en las zonas tropicales hûmedas del Hemisferio Occidental, especialmente 
America Latina y el Caribe. 

De los 77 trabajos presentados en sesiones orales y de afiches, 47 fueron 
seleccionados para su publicaciôn. Los tôpicos incluyeron ocho temas hidrolôgicos y 
ambientales, especialmente vinculados a los problemas de los tropicos hûmedos de 
America Latina y el Caribe, con unos pocos trabajos sobre los trôpicos hûmedos de otras 
partes del mundo. Los tôpicos y numéro de trabajos de estas memorias incluyen: 
(1) Contaminaciôn e Impacto Ambiental, 5 trabajos; (2) Métodos y Anâlisis Hidrolôgico, 
7 trabajos; (3) Modelaciôn y Anâlisis Estadistico, 8 trabajos; (4) Sistemas de Informaciôn 
y de Datos, 5 trabajos; (5) Impactos Légales y Sociales, 3 trabajos; (6) Drenaje Urbano, 
4 trabajos; (7) Karst y Medio Ambiente, 8 trabajos; y (8) Hidrologîa de Costas e Islas, 
7 trabajos. 

Otras lecturas recomendadas: 
• Bonell, M., Hufschmidt, M. M. & Gladwell, J. S. (eds) (1993) Hydrology and 

Water Management in the Humid Tropics. UNESCO, Paris. 
• Braga, B. Jr & Fernandez-Jâuregui, C. A. (eds) (1991) Water Management of the 

Amazon Basin. UNESCO/UNEP/ABRH, Montevideo (Revised internet edition 
1998). 

• Swaminathan, M. S. & Ramesh, R. (eds) (1993) Sustainable Management of Coastal 
Ecosystems. Chrom Grafix, Madras, India. 

• UNESCO (1991) A Programme for the Humid Tropics. UNESCO, Paris. 
• UNESCO (1992) Water-related Issues and Problems of the Humid Tropics and Other 

Warm and Humid Regions. UNESCO, Paris. 

Editores: 
A. Ivan Johnson 

AU Water and Soil Consulting 
Arvada, Colorado, USA 

Carlos A. Fernândez-Jâuregui 
UNESCO-ROSTLAC 
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Abstract A shallow unconfined aquifer of fair transmissivity comprising 
highly decomposed crystalline rocks, overlain discontinuously by Pleistocene 
to Recent alluvial deposits was found to respond to artificially induced 
recharge from damming of drainage systems. This aquifer underlies five 
adjacent river basins draining a 246 km2 area of low to moderate relief on 
the southwest coast of Sierra Leone, West Africa where alluvial and lateritic 
deposits of rutile (titanium oxide) are being mined by dredging. A review of 
pre-existing data and monitoring of water table levels in 23 observation wells 
and eight dredge-ponds over four successive water years showed that 
manipulating channels by construction and break down of dams has marked 
effects on the groundwater regime. Changes were observed in aquifer 
storage, steepening of the groundwater gradient leading to reversal in natural 
flow directions and modification of local transient flow systems between 
surface water bodies and the aquifer. 

Los efectos de una operation de minas dragadas sobre el régimen 
hidrogeologico dentro de un ambiente hûmedo y tropical 
Resumen Un aquifer poco profundo y ilimitado de transmisbilidad regular el 
cual constando de rocas cristalinas y muy descompuestas las cuales 
sobrepuestas discontinuamente desde Pleistoceno hasta Recientes depôsitos 
aluviales se demostrôs a responder al recargar producido artificialmente del 
poner un dique al sistema de drenaje. Este aquifer esta en la base de cinco 
contiguas cuencas de rîo drenando a un area relieve bajo hasta relieve 
moderado de 246 km2 en la costa sudoeste de Sierra Leone, Africa del oeste 
donde depôsitos aluviales y lateritos de rûtilo (titanio ôxido) se explotan por 
dregar. Un anâlisis de datos existentes y el controlar de los nivelés de la 
capa freâtica en 23 pozos de vigilacia y ocho estanques hechos por dregar 
durante cuatro anos sucesivos de agua senalaron que el manipular de los 
canales por el construir y derribar de preses tiene resultados profundos sobre 
el régimen del agua subterrânea. Los cambios en el almacenamiento del 
aquifer, el escarpar del gradiente del agua subterrânea produciendo una 
inversion en las direcciones del flujo natural y la modificaciôn de los sistema 
transitorios de flujo entre las areas superficial de agua y el aquifer fueron 
observados. 

INTRODUCTION 

Alluvial and lateritic deposits of rutile (titanium dioxide) occurring as discrete 
bodies, are presently being mined over a 246 km 2 area on the southwest coast of 
Sierra Leone, West Africa, approximately 9°N of the Equator. This area comprises 
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the river basins of the Tikote, Kokpoi, Lanti, Yambei and Kopa, and minor stream 
catchments of Gangama and Semabu, all sub-basins of the Gbangbaia and Jong River 
systems. They range in size from 10 to 75 km2. The rivers rise in the Gbangbama 
and Imperi hills with elevations up to 320 m. With the exception of the Tikote which 
flows easterly into the Jong, all follow northeast-southwest tectonic lines of 
weakness through undulating plains at 60 m, to coastal plains at 15 m a.m.s.l. The 
rutile is derived from highly fractured, 2.1 x 109 year-old gneisses of the Kasila 
Group, part of the West African craton (Claus et al., 1972), that have been intensely 
weathered under a humid tropical climate with distinct wet and dry seasons May-
October and November-April respectively. Annual average rainfall in the region is 
3000 mm. 

The deposits are mined sequentially by dredging, which requires that the ore be 
put under water. As such, the river systems with which the rutile formations are 
contiguous are dammed to create reservoirs (dredge ponds) within which the 
equipment can operate. At present the fourth of five main deposits is being mined in 
the Lanti basin. According to Pratt & Johnson (1991), each of the deposits have been 
worked at different pond elevations due to topographic variations over the area and 
the physical limitations of the dredge. 

The required pond level is controlled by spillways on the numerous latérite dams 
constructed. Figure 1 shows locations of ponds, dams and spillways and observation 
wells in April 1992. Dams B5 and B6 impound mined out Bamba-Belebu pond. 
Dams P3, P4, P5, P6 and P8 are located on the Tikote drainage system in which the 
Pejebu and part of the Mogbwemo deposits were worked. Bunds B0, Bl , B2 and 
dam C1/C2 maintained water levels along the Lanti canal route over River Kokpoi, 
via which mining equipment was moved to the central Lanti pond, impounded by 
dams C3 and L1/L2. Many smaller dams and bunds have also been constructed to 
facilitate the containment process and to create reservoirs for domestic and other 
uses. For comparative purposes, the drainage configuration prior to the imple­
mentation of mining in 1964 is shown in Fig. 2. 

In order to move dredge mining operations from one deposit to another, dams 
are continuously being built up, broken down or reconstructed to control water levels 
at various stages of mining by spilling excess water or channelling surplus water to 
adjacent containment areas. These modifications ensure that the dredge remains in 
the optimum depth of water at all times. This manipulation of the hydrological 
regime has modified fluctuation of water levels in wells (which under normal 
circumstances are controlled by seasonal climatic changes), created artificial changes 
in storage and affected the natural transient flow system between surface and 
groundwater. Reversals in groundwater flow directions have also occurred. 

HYDROGEOLOGICAL CONDITIONS IN THE STUDY AREA 

As part of an overall water management and environmental impact assessment study 
of the area commissioned by the mining company and carried out by Environmental 
and Scientific Consulting Group (ESCG), bimonthly water levels were measured 



Fig. 1 Hydrogeological map of study area showing location of ponds, dams and observation wells 


