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EXECUTIVE SUMMARY

This report summarizes the results of research conducted at The University of Texas at Austin
(UT), Bureau of Economic Geology (BEG), for the project titled “Geo-Environmental
Characteristics of the Delta del Orinoco, Venezuela—Integrated Studies of the Environmental
Characteristics, Active Processes, and Depositional Systems of the Delta del Orinoco Region,
Northeastern Venezuela.” It contains results of BEG activities, analyses, and interpretations for the
period December 1997 through November 1999. In this study we integrated information generated
by satellite image processing and analysis, four field expeditions to the delta, and an extensive
literature review.

Main objectives of our investigations are to (1) characterize the physical setting of the Orinoco
Delta; (2) identify, evaluate, and describe the physical processes active in the delta; and (3) define
and evaluate the relationships between active physical processes and delta-ecosystem composition
and long-term stability. Our efforts in 1999 focused on analyses of (1) remote-sensing data and
historical aerial photomosaics available to the project; (2) field data acquired in four field
expeditions conducted in 1998 and early 1999; (3) environmental reports by petroleum companies
operating in the delta area; and (4) publications and reports describing the Holocene and Recent
physical setting of northeastern South America, including climatology, ecology, river and coastal
hydrology, oceanography, and geology.

We generated two geo-environmental maps of the western delta: the northwestern sector
including the coastal area and the Tucupita area in the southwestern sector of the delta. These geo-
environmental maps provide an inventory of present delta ecosystems and a basis for evaluating the
relationship between physical setting and ecosystems.

We also generated a preliminary shoreline classification of the Boca de Araguao to Boca de
Guanipa sector to identify areas of coastal erosion and progradation, define and delineate major
coastal habitats, and characterize ongoing hydrological and erosion/deposition processes. The
shoreline-classification map provides a fundamental explanation of shoreline-change mechanisms,
greatly improving our ability to predict future shoreline changes. The shoreline-classification map
also serves as a basis for formulating future coastal monitoring and analysis programs.

We produced the most comprehensive geomorphic assessment of the Orinoco Delta plain to
date, which is summarized on a geomorphic map where we emphasized the relationships between
landform and physical processes. The geomorphic and hydrologic analyses point out that many of
the interdistributary basins are sediment starved and are therefore sites of ombrogenous peat
development. The geomorphic map can serve as a planning tool for responsible development of the
delta plain and for formulation of further data research.

Geomorphic and geologic analyses of the northwestern delta highlight the importance of
riverine, climatic, and tidal-process interactions in the water and sediment dynamics of the Orinoco
Delta. Analysis of radiocarbon-dated shallow borings reveals that the extensive network of
distributary and tidal channels is highly dynamic. The major distributaries typically avulse and infill



within time spans of about 1,000 yr. The smaller cafios and tidal channels have a much shorter
period of avulsion and infill, on the order of tens to hundreds of years.

We calculated preliminary subsidence and sediment-accurnulation rates for different delta
sectors. These determinations are based on newly acquired and previously existing radiocarbon
dates and on all the available surface and subsurface information. These new data are essential for
local and regional planning, including impact assessments and environmentally sound engineering
criteria.

We investigated the climatic, oceanographic, geologic, and hydrologic setting of northeastern
South America to identify and characterize magor sources of water and sediment inflow to the delta,
and we developed a broader context for understanding internal delta-plain processes. Among the
many findings, our regional analysis indicates that a large, buoyant, freshwater plume is present
offshore Boca Grande. Apparently this buoyant suspension fayer significantly alters the coastal
regime that predominates for about 1,600 km from the Amazon to the Orinoco Rivers.

The coastal sediment and hydrologic regimes are such that the principal site of coastal
progradation extends from Boca de Araguao to Punta Pescadores. The main mechanism of coastal
progradation is by mudcape development. The Boca de Serpientes constriction accelerates the
Guayana littoral current along the Orinoco Delta coast, thus enhancing mudcape development but
limiting coastal progradation in the northwestern delta.

To summarize the regional analysis, we present a regional model that describes the major
sources and mechanisms of water and sediment inflow and outflow from the delta. This conceptual
model provides a basis for regional planning, as well as a template for developing research
programs for the delta. '

We produced two topical papers that are included as appendices to this report. The first paper
illustrates typical plants of the Orinoco (app. 1); these plant descriptions can serve as a general
guide to Orinoco Delta vegetation for individuals interested in the ecology of the delta. The other
paper describes mud volcanoes of the Pedernales arca, which are conspicuous structural and
geomorphic elements of the delta landscape (app. 2). We also prepared a comprehensive
bibliography of the Orinoco delta (app. 3). This bibliography is an invaluable resource for current
and future Orinoco Delta researchers.

Highlights of our studies are illustrated on a web page contained on a CD that forms part of
this report. The web page is designed to present our geo-environmental investigations and to
stimulate interest in the Orinoco Delta ecosystem among a diverse audience. The CD additionally
contains a series of data bases that document our research during the course of the study.

The delta is currently in an almost pristine state. However, future environmental pressures in
this area pose potential threats to this highly sensitive ecosystem complex. Because most major
human-induced changes involve alterations of the hydrological and sediment regime, baseline geo-
environmental investigations, as presented in this report, are essential for a responsible and
sustainable development of the region. This information is also essential for adequate management
of two protected areas located in the Orinoco Delta, the Biosphere Reserve created by the United
Nations and the National Park established by the Republic of Venezuela.
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RESUMEN EJECUTIVO

Este informe resume los resultados de investigaciones efectuadas en el Bur6 de Geologia
Econémica (BEG) de la Universidad de Texas en Austin en el proyecto titulado “Caracterizacion
Geo-Ambiental del Delta del Orinoco, Venezuela — Estudios Integrados de las Caracteristicas
Ambientales, Procesos Activos, y Sistemas Depositacionales de la Regién del Delta del Orinoco,
Venezuela Nororiental.” Contiene los resultados de actividades, andlisis, e interpretaciones del
BEG en el periodo Diciembre de 1997 a Noviembre de 1999. En este estudio nosotros integramos
la informacién generada por el procesamiento y el andlisis de imagenes de satélites, cuatro
expediciones de campo en el delta, y una extensa revisién bibliografica.

Los objetivos principales de nuestras investigaciones son (1) caracterizar el marco fisico del
Delta del Orinoco, (2) identificar, evaluar, y describir los procesos fisicos activos en el delta, y
(3) definir y evaluar las relaciones entre los procesos fisicos activos y la composicién y estabilidad
a largo plazo de los ecosistemas del delta. Nuestros esfuerzos en 1999 se enfocaron en el analisis
de (1) informacién de sensores remotos y aerofotomosaicos histéricos disponibles en el proyecto,
(2) informacién de campo adquirida en cuatro expediciones efectuadas en 1998 y a comienzos de
1999, (3) informes ambientales de compaiiias petroleras que operan en el drea del delta, y
(4) publicaciones e informes que describen el marco fisico del Holoceno y Reciente en el noreste de
Sur América, incluyendo climatologia, ecologia, hidrologia fluvial y costanera, oceanografia, y
geologia.

Nosotros generamos dos mapas geo-ambientales de la parte occidental del delta: uno del
sector noroccidental que incluye el drea costanera, y el otro del drea de Tucupita, en el sector
suroccidental del delta. Estos mapas geo-ambientales proveen tanto un inventario de los
ecosistemas actuales del delta como una base para la evaluacién de la relacién entre el marco fisico
y los ecosistemas.

Nosotros también generamos una clasificacién preliminar de lineas de costa para el sector
Boca de Araguao a Boca de Guanipa, para identificar 4reas costaneras de erosion y progradacion,
definir y delinear los habitat costaneros mayores, y caracterizar los procesos hidrolégicos y de
erosién/depositacion actuales. El mapa de clasificacién de lineas de costa proporciona una
explicacién fundamental de los mecanismos de cambio de la linea de costa, lo cual mejora
notablemente nuestra capacidad para predecir cambios futuros de la linea de costa. El mapa de
clasificacién de lineas de costa es también una base para la formulacién de programas futuros de
monitoreo y analisis de la linea de costa.

Produjimos la evaluacién geomérfica mas completa hasta la fecha del plano deltaico del
Orinoco, la cual estd resumida en un mapa geomorfico en el cual enfatizamos las relaciones entre
las formas del relieve y los procesos fisicos. Los andlisis geomoérfico e hidrolégico indican que
muchas de las cuencas interdistributarias carecen de aporte de sedimentos (“sediment starved™) y
son por consiguiente sitios de desarrollo de turbas ombrogénicas (“ombrogenous”). El mapa
geomorfico puede servir como una herramienta de planificacién para el desarrollo responsable del
plano deltaico y para la formulacién de investigaciones adicionales.
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Los andlisis geomérfico y geolégico del delta noroccidental resaltan la importancia de las
interacciones entre los procesos riverinos, climéticos, y de mareas en la dindmica de agua y
sedimento del Delta del Orinoco. El andlisis de dataciones por carbono radiactivo en perforaciones
someras revela que la extensa red de canales distributarios y de marea es altamente dindmica. Los
distributarios mayores tipicamente cambian de curso abruptamente (“avulse”) y se rellenan en
periodos de alrededor de 1.000 afios. Los cafios menores y los canales de marea tienen un periodo
de avulsiéon mucho maés corto, en el orden de decenas a centenares de afios.

Nosotros hicimos célculos preliminares de las ratas de subsidencia y acumulacién de
sedimentos para diferentes sectores del delta. Estas determinaciones estan basadas en dataciones
por carbono radiactivo tanto recientemente adquiridas como previamente existentes, y en toda la
informacién de superficie y de subsuelo disponible. Estos nuevos datos son imprescindibles para
planificacién local y regional que incluya evaluaciones de impacto y criterios ingenieriles
ambientales adecuados.

Investigamos el marco climatolégico, oceanografico, geolégico, e hidrolégico del noreste de
Sur América para identificar y caracterizar las fuentes mayores de influjo de agua y sedimento hacia
el delta, y desarrollamos un contexto mas amplio para el entendimiento de los procesos internos del
plano deltaico. Entre los varios hallazgos, nuestro andlisis regional indica que una gran pluma
flotante de agua dulce esté presente costafuera de Boca Grande. Aparentemente, esta capa flotante
en suspension altera significativamente el régimen costanero que predomina por cerca de 1.600 km
entre los riosAmazonas y Orinoco.

Los regimenes costaneros de sedimento e hidrolégico son tales que el sitio principal de
progradacion de la costa se extiende desde Boca de Araguao hasta Punta Pescadores. El
mecanismo principal de progradacién costanera es a través del desarrollo de cabos de lodo
(“mudcapes”). La constriccién de Boca de Serpientes acelera la corriente litoral de Guayana a lo
largo de la costa del Delta del Orinoco, y de esta manera favorece el desarrollo de cabos de lodo
pero limita la progradacién costanera en el delta noroccidental.

Para resumir el andlisis regional, presentamos un modelo que describe las fuentes y
mecanismos mayores de influjo y reflujo de agua y sedimento en el delta. Este modelo conceptual
provee una base para la planificacién regional, asi como también una referencia para desarrollar
programas de investigacion para el delta.

Produjimos dos articulos sobre tépicos especificos que estan incluidos como apéndices en
este informe. El primer articulo ilustra plantas tipicas del Orinoco (apéndice 1); estas ilustraciones
de plantas pueden servir como una guia general de la vegetacién del Delta del Orinoco para
personas interesadas en la ecologia del delta. El otro articulo describe volcanes de lodo del area de
Pedernales, los cuales son elementos estructurales y geomorficos conspicuos del paisaje del delta
(apéndice 2). También preparamos una extensa bibliografia del Delta del Orinoco (apéndice 3).
Esta bibliografia es un recurso invalorable para investigadores actuales y futuros del Delta del
Orinoco.

Puntos resaltantes de nuestros estudios estan ilustrados en una pagina “web” contenida en un
CD que forma parte de este infome. La pagina web estd disefiada para presentar nuestas
investigaciones geo-ambientales y para estimular el interés sobre el Delta del Orinoco en una
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audiencia amplia. Adicionalmente, el CD contiene una serie de bases de datos que documenta
nuestras investigaciones durante el curso del estudio.

El delta estd actualmente en un estado casi pristino. Sin embargo, futuras presiones
ambientales en esta drea crean amenazas potenciales para este ecosistema complejo y altamente
sensible. Debido a que gran parte de los cambios mayores inducidos por el hombre envuelve
alteraciones del régimen hidrolégico y de sedimento, investigaciones geo-ambientales de linea
base, como las presentadas en este informe, son imprescindibles para un desarrollo responsable y
sustentable de la regién. Esta informacién es también imprescindible para el manejo adecuado de
dos dreas protegidas que existen en el Delta del Orinoco, la Reserva de Bigsfera creada por las
Naciones Unidas y el Parque Nacional establecido por la Republica de Venezuela.
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INTRODUCTION

This report summarizes investigations carried out in 1999 at The University of Texas at
Austin’s Bureau of Economic Geology (BEG), during Year 2 of the project titled “Geo-
Environmental Characterization of the Delta del Orinoco, Venezuela: Integrated studies of the
environmental characteristics, active processes, and depositional systems of the Delta del Orinoco
region, northeastern Venezuela.” It includes a description of the Delta del Orinoco, with emphasis
on the northwestern part of the delta, where the areas currently under petroleum exploration and
exploitation are located and where the BEG 1998-1999 field campaigns were focused. Results of
field studies that BEG researchers conducted in 1998-1999, in conjunction with scientists of
Universidad Central de Venezuela, are discussed in this description. The report also includes the
synthesis of an extensive literature review of the climatologic, hydrologic, oceanographic, and
geological characteristics of the Orinoco drainage basin and the coastal plain of northeastern South
America to identify major regional processes affecting the Orinoco Delta area.

Delta del Orinoco Project

In late 1997, the Coordinacion Desarrollo Armonico de Oriente of Petrdleos de Venezuela,
S.A. (PDVSA-DAO) commissioned the BEG to carry out and lead an interdisciplinary,
comprehensive study to identify and evaluate the physical processes and process linkages that
control integrity of the Delta del Orinoco ecosystem. The principal aim of the study was to generate
and interpret baseline information needed to anticipate and minimize impacts associated with
(1) exploitation of hydrocarbon resources and (2) other projects undertaken to enhance the
economic and social welfare of the region.

The BEG investigations form part of what was to be a 5-yr, interdisciplinary study of the
Orinoco Delta by BEG and Venezuelan researchers. Originally, the primary product of the project
was intended to be a GIS-based atlas documenting the environmental baseline characteristics of the
delta and its ecosystems. Specific goals of BEG research were to (1) provide baseline information
on the geoenvironmental conditions of the delta, (2) determine the major processes controlling
these conditions, (3) develop a comprehensive model of the delta’s recent evolution (to serve as a
template to anticipate and thereby minimize changes induced by the exploration and exploitation of
natural resources and the development of the region), (4) integrate the data produced by BEG and
Venezuelan researchers into a GIS-based geoenvironmental atlas of the delta, and (5) strengthen
national and local organizations participating in, or related to, the project in Venezuela, through
effective technology transfer. This integrated data base and the GIS-based geoenvironmental atlas
were to be used by national and local planners to define strategies for the responsible and
sustainable development of the delta region. The GIS was intended to serve as a base for a
comprehensive assessment and analysis of Orinoco Delta ecosystems.

As a result of redefinition of objectives at PDVSA in early 1999, the budget of the BEG
investigations was modified, the project period was shortened to end on November 30, 1999, and
the project’s deliverables were modified to reflect the reduced budget and period of study. As a
result of these modifications, only a 9-day field campaign was conducted in 1999, in early
February, before the project’s modifications were enacted.



Ongoing reassessment of the project by PDVSA points to continuation of the studies starting
in January 2000. The revised project would be coordinated by the Venezuelan Ministry of the
Environment and Natural Renewable Resources (MARNR). Project sponsorship would be by
Venezuelan governmental organizations, including PDVSA, and Venezuelan and international
funding agencies, such as the United Nations Global Environmental Facility (UN-GEF). Focus of
the redefined project would be to define and evaluate biodiversity within the delta and to identify
processes critical to the preservation of such biodiversity. In addition to the assessment of the delta
regional landscape, the studies would focus on ecologically sensitive areas, including portions of
the Biosphere Reserve and National Park.

General Characteristics of the Orinoco Delta

The Orinoco Delta of the northeastern Venezuela coastal plain, a vast mosaic of tropical
wetlands and shallow aquatic ecosystems, supports unique and diverse plant and animal
communities. It is a triangular to trapezoidal depocenter encompassing approximately 22,000 km?
of pristine lowland forests and swamps subdivided by networks of fluvial and tidal channels
(figs. 1 and 2 and plate 1). This area, combined with the Orinoco River floodplain, represents one
of the largest tropical-wetland complexes in the world (Hamilton and Lewis, 1990). Hydrologic
inputs of river, tides, and rainfall vary across the delta plain, fostering diverse, environmentally
sensitive channel and delta-plain ecosystems.

The fluvial network of the Orinoco comprises six major tributaries radiating from the delta
apex, near Barrancas, to the coast (figs. 1 and 2 and plate 2). The low-gradient delta plain is a
mesotidal system with daily tidal amplitudes ranging from 2.5 m at the coast to 0.6 m at the delta
apex. Nearly 90 percent of the water and sediment discharge is through the Rio Grande along the
southern margin of the delta so that the northwestern delta is more marine in character.

Tides maintain an intricate network of channels throughout the delta and reflect the dynamic
nature and interconnectivity of this deltaic system. Near the coast, many of the distributary
channels (cafios) deflect to the northwest under the influence of the strong, northwest-directed
Guayana littoral current. Broad promontories known as mudcapes form at the mouths of
intermediate distributary channels, such as Cafios Macareo and Mariusa, whereas estuaries occupy
the mouths of major distributaries such as Rio Grande (Boca Grande) and Cafio Manamo (Boca de
Guanipa area) (fig. 2).

The Orinoco Delta is part of the northeastern Venezuelan coastal plain that extends from
Guyana in the southeast to the Gulf of Paria in the northwest (figs. 2 and 3). This coastal plain
region is commonly divided into three parts: (1) a southern sector, which includes rivers that drain
the Guayana Shield and flow into the Rio Grande; (2) the Orinoco Delta proper, which extends
between the Rio Grande in the south and Cafio Manamo in the west; and (3) the northwestern
sector west of Cafio Manamo, which includes a series of smaller rivers that drain into the Gulf of
Paria (Davey, 1946). The focus of this report is on the Orinoco Delta proper between the Rio
Grande and Cafio Manamo (fig. 2).

Deltas are transitional environments that are continuously subject to the interaction among
climatic, upland, riverine, and marine processes, together with longer-term processes such as



subsidence and sea-level change. The transitional terrestrial-aqueous delta systems depend on the
balance of inputs and outputs of many terrestrial and biological systems. Therefore, they typically
respond quickly and markedly to even modest changes in water and sediment inflow and
throughflow. Furthermore, ecosystems within deltas are strongly linked, and so changes tend to
cascade into other delta processes. Hence human modifications have profound and commonly
adverse impacts on delta ecosystems (DeLaune and Pezeshki, 1994; Bracho and others, 1998;
Colonnello, 1998; Stanley and Warne, 1998).

Many major world deltas have been long-term centers of human activity (Stanley and Warne,
1997). Global surveys of modern deltas show that most deltas have been significantly impacted by
human activity, and many are no longer naturally functioning deltas (Stanley and Warne, 1994;
1997; 1998). In the Orinoco, more than 80 percent of the delta plain is perennially inundated,
which greatly limits intentional burning and other common anthropogenic alterations. Moreover,
little has been done within the delta or upstream along the Orinoco River to alter the natural cycle of
water and sediment to the delta. Hence, the Orinoco Delta remains one of the world’s largest
pristine jungle and coastal wetland ecosystem complexes. Because of the extraordinarily pristine
condition of the delta, the Orinoco offers a unique opportunity to study environmental conditions
of a major tropical delta and evaluate geologic influences on the stability and biodiversity of these
ecosystems.

Compared with those of other major deltas, studies of the Orinoco Delta are surprisingly few
in number (Van Andel and Sachs, 1964; Van Andel, 1967, Pees and others, 1968; Danielo, 1976a,
b). Previous investigations focused principally on the offshore geology and oceanography of the
delta (for example, Van Andel and Sachs, 1964; Van Andel, 1967; Butenko and Barbot, 1980). In
contrast, only a small number of investigations have focused on the delta plain (for example, Pees
and others, 1968; Danielo, 1976a, b; ENSR Venezuela, 1998; Geohidra Consultores, C.A.,
1997a, b; FUNINDES USB, 1998). Only Van Andel (1967) and CVG-TECMIN (1991a through
h) provided comprehensive analyses of the Orinoco Delta.

Methods of Study

We integrated information generated by an extensive literature review, satellite image and
historical aerial photograph analyses, and a series of delta expeditions. The literature survey
included descriptions and analyses of the Orinoco drainage basin, Eastern Venezuelan Basin
(EVB), the Orinoco and Trinidad shelf, the Gulf of Paria, Amazon River and Delta, the coastal
plain and shelf of French Guiana, Surinam, and Guyana, as well as the Orinoco Delta itself. The
literature survey focused on climatic, geologic, and hydrologic aspects of the region to identify
major physical processes affecting the delta. The survey encompassed analyses of the recent
processes, as well as change over time.

Satellite imagery was particularly useful because many sectors of the delta are difficult to
access, and so satellite imagery offers the best way of delineating major geoenvironmental and
geomorphic units and extrapolating field observations to broader areas. The scope of our study
were ideal for satellite-imagery analysis, which provides a more systematic and synoptic view than
do aerial photographs. Moreover, satellite images are available in digital format, providing the
opportunity for digital processing to highlight geomorphic, hydrologic, and floral characteristics.



Remote-sensing analysis was largely based on images generated by the RADSAT satellite in
November and December 1996 (table 1). The Radarsat Synthetic Aperture Radar (SAR) satellite
generates images using C-band frequency range transmitting at 5.3-GHz frequency and 5.6-cm
wavelength. Six scenes were georeferenced and digitally integrated to produce a seamless mosaic
of the delta with a spatial resolution of ~30 m (fig. 1 and pl. 1). The georeferenced Radarsat image
was used as a basis for generating a georeferenced hydrographic map of the delta.

We also used SAR images generated by the JERS-1 satellite in September-December 1995
(fig. 4). These images were created using the L-band at a frequency of 1.275 GHz and wavelength
of 20 cm. The JERS image, which was obtained from U.S. National Aeronautics and Space
Administration’s (NASA) Jet Propulsion Laboratory, has a spatial resolution of ~100 m. The
longer wavelength of the JERS SAR penetrates deeper into the vegetation canopy than does the
shorter wavelength Radarsat, providing a slightly different RADAR image (fig. 4).

Eleven Landsat Thematic Mapper ™ and two Landsat Multispectral Scanner (MSS) images
spanning 1986—-1997 and covering the entire delta region were acquired and digitally processed to
identify and map geoenvironments, identify and evaluate active physical processes, and conduct
change analysis (fig. 5). Cloud cover, which is nearly always present in the delta, limited the utility
of TM and MSS imagery. Five Side-Looking Airborne RADAR (SLAR) images that cover the
entire delta were also used. The SLAR images used were acquired during December 1997 flights
and have ~30-m resolution. The SLAR images were especially useful in identifying subtle
topographic features and analyzing change.

A number of aerial photograph mosaics, dating from 1951 to 1983, were acquired by
PDVSA/DAO from Cartografia Nacional de Venezuela (table 2). These photographs were
particularly useful in geomorphic change analysis. During this initial investigation we did not
obtain individual photographs for more detailed analysis.

BEG carried out four field expeditions, three in 1998 and one 1999, that included a series of
airplane flyovers and site surveys. UCV’s Earth Sciences Institute researchers Dr. José Méndez-
Baamonde and Carlos Yanes contributed significantly to our field observations and data collection.
Major goals of the field expeditions were to systematically document the geomorphology,
vegetation, hydrology, and soils of representative environments identified in remote-sensing
images.

Eight airplane flyovers (fig. 6a) were conducted to verify and enhance interpretations of
geoenvironments initially identified on satellite imagery, photodocument these environments, and
help plan field expeditions. Geomorphic, hydrologic, and floral characteristics were documented
during on-site investigations at more than 75 individual locations in the northwestern delta. On-site
investigations served to further define geoenvironments initially identified on satellite images.
Lithologic logs of hand-auger borings were recorded at 42 sites, and sediments were studied and
sampled to depths as great as 8 m (fig. 6b) to evaluate the late Holocene history of the delta.

Thirty-one samples of organic materials, including peat, organic sediment, plant material, and
wood fragments were radiocarbon dated using conventional radiometric dating for large samples
and accelerator mass spectrometry (AMS) techniques for small samples and all peats. Channel-
sediment samples and channel-depth data were collected along 16 transects using a Ponar bottom-



sampler, hand-held transducer, and GPS (fig. 6b) to characterize the channel network. Channel-
transect measurements include channel width, depth, and substrate composition. DGPS was
collected at more than 50 sites to georeference the Radarsat image.

Locations of observation points, channel transects, and airplane flyovers were documented
using differential global positioning systems (DGPS) data with a spatial accuracy of 10 to 100 m.
DGPS data were obtained at 36 locations in the northwestern delta to georeference the Radarsat

image.

Scope and Objectives

The objective of this study has been to characterize the physical setting of the Orinoco Delta
ecosystem. To do so, we carried out the following tasks :

evaluation of the lower Amazon River and Delta to assess sediment volume along the
coast and shelf of northeastern South America, including the Orinoco Delta;

evaluation of the accreting muddy coastal plain of French Guiana, Surinam, and Guyana
(collectively, the Guiana coast) to help understand the mechanisms of transport of
Amazon sediment northwestward to the Orinoco coast, as well as evaluation of erosional
and depositional processes that control Guiana coastal plain evolution to provide input for
analysis of coastal processes along the Orinoco Delta coast;

description of the Orinoco drainage basin and river to understand the timing, magnitude,
frequency and duration of water and sediment inflow to the delta;

investigation of the Tertiary and Quaternary history of the Eastern Venezuelan Basin
(EVB) and the Orinoco Delta to help determine the morphotectonic and sequence
stratigraphic setting of the modern delta;

description of current physical environment of the delta, including the climate, hydrology,
and geomorphology, to identify and evaluate physical processes that are critical to delta
ecosystem stability and maintenance;

investigation of the influence of longer-term delta processes, such as subsidence, sea
level, neotectonism, and Holocene climate, to identify and evaluate natural change among
physical processes and their influence on geoenvironmental and associated ecosystems;

development of geoenvironmental classification and maps of the western delta to provide a
baseline of current environmental conditions and to highlight relationships between
physical setting and ecosystem composition;

development of a shoreline classification to identify major coastal ecosystems and
determine areas of erosion, stability, and progradation;

description of the late Pleistocene to Recent evolution of the Orinoco Delta to evaluate the
long-term interaction among the major physical processes, to define the response of delta



ecosystems to changes in these major processes, and to evaluate rates and direction of
natural change in delta environments;

 evaluation of historic change in the delta to further define types and rates of change in
delta environments, define relationships between physical processes and delta
ecosystems, and evaluate the response of delta environments to human-induced changes;
and

e generation of a general physical process model for northeastern South America coastal
plain and littoral systems to develop a large-scale, holistic assessment of inflow, retention,
and outflow of water, material, and energy in the Orinoco Delta.

We also helped PDVSA/DAO in their effort to obtain additional funding from international
agencies interested in the preservation of the Orinoco Delta ecosystem complex. This initial study
of a vast, pristine, generally inaccessible region is based upon the rather limited number of
available data and on limited reconnaissance field surveys and, therefore, a major objective of this
regional analysis is to identify and define critical areas of research.

REGIONAL CONTROLS ON ORINOCO DELTA ECOSYSTEM INTEGRITY

To adequately determine the frequency, timing, and magnitude of water and sediment
discharge to the Orinoco Delta and its influence on ecosystem integrity, it is essential to evaluate
regional-scale river and coastal systems, of which the delta is an integral part. By ecosystem
integrity, we mean maintenance of an ecosystem complex that is in turn capable of maintaining and
supporting a balanced, integrated, adaptive community of organisms having a species composition,
diversity, and functional organization that reflects the natural (unaltered) habitat of the region
(Warne and others, in press). This section describes three major geomorphic systems of
northeastern South America: the lower Amazon River and Delta, the accreting, muddy Guianas
coastal plain, and the Orinoco drainage basin.

Amazon System and Guiana Coast of Northeastern South America

The Amazon is one of the world’s great river systems, dwarfing all other rivers in water
discharge (and accounting for one-fifth of the total river discharge to oceans) and all but a few in
sediment discharge. Comparison of the water and sediment-discharge characteristics of the Orinoco
(one of the world’s major rivers) with the Amazon provides a clear indication of the immensity of
the Amazon system (table 3). Despite its enormous sediment discharge, the Amazon essentially
lacks a delta plain because marine waves, tides and current energy at its mouth prevent vertical
accretion of the delta to sea level. The high-energy coastal environment disperses large volumes of
sediment (as much as 6 x 108 metric tons) northwestward along the shelf, where a large portion is
transported as much as 1,600 km to the Orinoco Delta (Eisma and others, 1991; Kineke and
Sternberg, 1995). Many major geomorphic features of the Guiana and Orinoco coasts are similar,
including estuaries at the mouths of major rivers and rounded promontories called mudcapes; the
similarity in coastal morphology suggests that coastal-sediment dynamics in these adjacent areas
are similar. Between the Amazon and Orinoco Deltas, the French Guiana, Surinam, and Guyana



(Guiana) coasts compose the world’s largest actively accreting muddy shoreline; the Amazon River
is the major source of sediment deposited along the Guiana coast.

Amazon System
Amazon River and Delta Hydrology

The Amazon River is the world’s largest in terms of water and the third-largest in terms of
sediment discharge (table 3). The wet season (May to July) discharge is two to three times greater
than that of the dry season (October to December) discharge (Kineke and Sternberg, 1995). The
discharge of Amazon water is so large that seawater never enters the river mouth, and many
characteristic estuarine processes including circulation and sediment transport occur on the Amazon
shelf (Kineke and Sternberg, 1995). At the coast, the tides commonly exceed 6 m, and a tidal
current of 100 cm/sec has been measured on the shelf near the river mouth (Nittrouer and others,
1986). The North Brazilian littoral current flows northwestward at speeds generally exceeding
50 cm/sec (Nittrouer and others, 1986). Surface waves are primarily generated by prevailing trade
winds, but most wave energy is dissipated by inner-shelf fluid muds before reaching the coast
(Nittrouer and others, 1986). Major storms do not affect this tropical coastal region.

Amazon Delta Geology

Approximately 1.2 X 109 tons of sediment is delivered to the Amazon shelf each year, of
which 85 to 95 percent is suspended silt- and clay-sized particles (Meade and others, 1985). Upon
reaching the coast, the sediment encounters a dynamic coast and shelf environment where tide,
littoral, wave, and density currents redistribute the sediment (Kuehl and others, 1986).

Maximum Amazon sediment discharge occurs in March to April, precedes the peak water
discharge by 1 to 2 months, and tends to vary from low to high discharge by a factor of 10
(Kineke and Sternberg, 1995). Minimum sediment discharge occurs in October and November
(Kineke and Sternberg, 1995). Meade and others (1985) demonstrated that suspended sediment is
stored on the lower Amazon floodplain during rising stages of the river and resuspended during
falling river stages and that this pattern of storage and resuspension dampens extreme values of
high and low sediment discharge and tends to keep discharge between 3.0 to 3.5 X 105 metric tons
per day for a large portion of the year.

Although the Amazon has a relatively small delta plain (mostly estuarine islands), a large
sedimentary prism (with topset, foreset, and bottomset beds) is developing on the shelf seaward of
the river mouth (Nittrouer and others, 1995). Unlike most modern deltas, in which the topset beds
are subaerially exposed delta plain, the topset beds of the Amazon are subaqueous and extend no
higher than 15-m water depth. Above this, intense and persistent wave and tidal activity preclude
deposition of sediment (Kuehl and others, 1996). The clinoform-shaped subaqueous Amazon delta
extends northward along the shelf for several hundred kilometers and has a maximum thickness of
30 m (Nittrouer and others, 1995). The muds are deposited seaward or are transported
northwestward along the shelf toward the Guiana and Orinoco coast (Nittrouer and others, 1995;
Kuehl and others, 1996).



Suspended-sediment transport and distribution on the Amazon subaqueous delta are
dominated by dense bottom suspensions (including fluid muds). These concentrated (up to
1,000 mg/L) mud layers are up to 7 m thick on the inner and middle shelf and cover between
5,700 and 10,000 km? (Kineke and Sternberg, 1995). Approximately 90 percent of the Amazon
suspended sediment is in the form of these concentrated muds. Development and distribution of
fluid muds on the Amazon and Guiana shelves have been linked to tide- and wave-induced
resuspension and concentration associated with a bottom salinity front (Allison and others, in
press). As Amazon River water is discharged into the marine shelf, density differences between the
fresh and marine waters induce formation of a freshwater plume that is advected northwestward by
the North Equatorial littoral current. A bottom salinity front develops along the seaward boundary
of this sediment-rich, freshwater plume. This front migrates across the shelf with the tides but is
located 50 to 100 km offshore at about 10- to 20-m water depth (Allison and others, in press).

These fluid mud layers appear to be a requisite for preservation and accretion of the Amazon
subaqueous delta. Kuehl and others (1995) estimated that about one-half of the sediment
discharged by the Amazon is deposited on the shelf as foreset and bottomset beds, causing
progradation of the subaqueous delta toward the shelf break. The remainder of the sediment (~6 X
108 tons/yr) is transported northwestward along the shelf toward the Guiana and Orinoco coast
and/or accumulates landward of the shelf as coastal accretion (Nittrouer and others, 1995; Kuehl
and others, 1996). Approximately one-half of the sediment transported northwest of the Amazon
Delta to the Guiana coast is in the form of concentrated mud, and the other half, in a less-
concentrated form farther offshore, is advected northwestward by the North Equatorial current
(Eisma and others, 1991).

French Guiana/Surinam/Guyana Coast

The French Guiana, Surinam, and the Guyana coast (Guiana coast) is the central portion of
the world’s largest modern prograding muddy coastal regime, which extends from the Amazon to
the Orinoco Delta (fig. 7). The Guiana coastline is similar to that of the Orinoco Delta (figs. 4, 8).
Common features include: diversion of smaller river courses to the north and northwest as they
approach the coast, estuaries at the mouths of major rivers, regularly spaced rivers separated by
poorly drained coastal plain or interdistributary swamps and marshes, and rounded muddy
shorelines between river mouths. Fluid muds that characterize the Amazon Delta region also occur
along the Guiana coast in the form of mudbanks (Allison and others, 1995). These mudbanks are
regularly spaced and migrate northwestward (fig. 9), strongly influencing hydrodynamics and
sedimentation along the coast (Wells and Coleman, 1981a, b; Rine and Ginsberg, 1985).

Physiography of the Guiana Coast

The Holocene coastal plain along the Guiana coast extends ~30 km inland and 30 km seaward
onto the shelf and reaches a maximum thickness of 24 m. The Holocene coastal plain has a chenier
plain morphology of coast-parallel sandy ridges generally 2 to 4 m above mean sea level (msl) that
are separated by broad mangrove swamps and minor marsh covering a mud substrate (Brinkman
and Pons, 1968; Rine and Ginsberg, 1985). On the landward side of the chenier plains, broad



areas of ombrogenous peats cover much of the lower Holocene deposits (figs. 7 and 8), are up to
4 m thick, and form broad mounds with radial drainage patterns (Brinkman and Pons, 1968).

Tidal mud flats along and between mudcapes, typically 2 to 5 km wide at low tide,
characterize large segments of the coastline; the flats are backed by mangroves that prograde onto
the mud flats (Wells and Coleman, 1981b; Allison and Nittrouer, 1998). Local stretches of the
coastline are erosional and are typified by modest beach development and mangroves collapsing
into the surf.

Rounded promontories, known as mudcapes, are located at the mouths of many coastal-plain
rivers, causing the river mouths to divert to the north and northwest (Allison and others, 1995).
Mudcapes have a morphology similar to that of sand spits, although their origins are different
(fig. 10). Allison and others (1995) identified 16 major mudcapes along the Guiana coast. Many of
the mudcapes are rapidly accreting along their northern and northwestern (downdrift) margin;
mudcape width, tidal range, and littoral current regime appear interrelated (Allison and others,
1995).

Hydrology of the Guiana Coast

Tidal range along the Guiana coast is ~1 to 2.5 m. Waves on the shelf are typically 1 to 3 m
high and exceed 4 m less than 1 percent of the time. Waves typically approach the shelf N 3° E to
N 89 E. On the inner continental shelf, waves are typically 0.5 to 1 m with a period of 8 sec (Wells
and Coleman, 1981a). The main strength of the Guayana Current is 100 to 200 km offshore, but
sediment concentrations there are <10 mg/L (Gibbs, 1976). Closer to shore (20 to 40 km from the
coast), residual currents are 10 to 20 cm/sec, but suspended sediment concentrations are one to
three orders of magnitude greater. The high sediment concentrations along the shallow shelf and
coast profoundly affect (dampen) the hydrodynamic regime, especially the rate of wave
attenuation. Therefore, these muddy coastlines respond to wind, wave, and tide regimes differently
than do sandy coasts and can develop in areas with high-energy wave and current regimes.

Wells and Coleman (1981a) demonstrated that as waves propagate into shallow water over a
fluid-mud bottom (mudbanks), pronounced changes in wave profile and amplitude occur, and
solitarylike wave profiles result. The conventional shoaling transformation in which wave height
initially decreases and then increases rapidly prior to breaking does not occur above fluid mud
layers (Wells and Coleman, 1981a). Wave attenuation is so great that waves do not reach the
shoreline nor do they break, creating areas of calm water that are readily discernible from oblique
aerial photographs (for example, Rine and Ginsberg, 1985).

The coastal-plain rivers draining the Guayana Shield and debouching along the Guiana coast
contribute relatively little to sediment input along the accreting muddy coast (Brinkman and Pons,
1968; Allison and others, in press). However, the sand that these rivers discharge is the primary
constituent of the chenier ridges.



Sediment Dynamics of the Guiana Coast

The muddy Guiana coast is in effect an attenuated Amazon Delta (or a strandplain depositional
system between the two major depocenters of the Amazon and Orinoco Rivers). Approximately
250 x 106 m3 of sediment is moved along the coast of the Guianas (French Guiana, Surinam, and
Guyana) each year (Wells and Coleman, 1981b), in which ~150 x 106 m3 of “through transport”
takes place in the form of suspended sediment carried by the Guiana current and ~100 x 106 m3
moves along the nearshore as mudbanks (Wells and Coleman, 1981b). As do other muddy coasts
worldwide, the muddy Guiana coast has extremely high suspended sediment concentrations in the
coastal waters, often exceeding 1,000 mg/L (Wells and Coleman, 1981a).

Two major mechanisms for sequestering Amazon sediment along the Guiana coast have been
identified: mudbank migration and mudcape accretion (Allison and others, in press). Mudbanks are
nearshore/shallow-shelf features (fig. 9) primarily composed of silty clay that has the consistency
of fluid mud, comprise ~109 m3 of mud, and extend from the nearshore, obliquely to the coast,
offshore to about the 20 m isobath (Rine and Ginsberg, 1985). Mudbanks have as much as 5 m
relief, thin both seaward and landward, and may or may not be attached to the coast. Mudbanks
greatly attenuate wave energy and thereby promote lateral shoreline accretion as they move along
the coast.

Mudbanks and the intervening interbank zone migrate northwestward at an average velocity of
1.1 km/yr off Guyana, 1.5 km/yr off Surinam, and 0.9 km/yr off French Guiana (Eisma and
others, 1991). The occurrence of these mudbanks is regular, such that they are commonly referred
to as mud waves, with a wavelength of 45 km and a periodicity of 30 yr. Mudbanks can be
recognized along the shore by well-developed mud flats (at low tide), areas of calm water, and
colonization of young mangroves on the innermost areas of the bank (Wells and Coleman, 1981a;
Allison and others, in press).

A well-defined 30-yr coastal erosion-sedimentation cycle is associated with mudbank
migration (Wells and Coleman, 1981b). The 10- to 60-km section of coastline enveloped by a bank
is subject to rapid accretion (to 200 m/yr of shoreline advance), associated with wave dampening
over the soft mudbank surface (Wells and Coleman, 1981a). The areas between banks are subject
to higher wave energy that reworks mud-flat deposits and may erode a significant portion of the
mangrove fringe. Along interbank areas landward of 5-m water depth, progressive wave energy is
dissipated by the soft substrate; therefore, most interbank erosion is offshore, and ~5 cm of
sediment remains from each mudbank event to produce a shoreface wedge of mud accumulation
(fig. 9).

Mudbanks migrate by the combination of the west- and northwest-flowing Guayana Current
and the waves that are generated by the trade winds coming from the northeast. Over the
mudbanks, the waves are transformed into solitary waves that push the mud WNW (Wells and
Coleman, 1981a). Mudbank migration rates are greatest during high-trade-wind season, which
promotes development of solitary surface gravity waves (Wells and Coleman, 1981a). Differences
in migration rates along the coasts of Guyana, Surinam, and French Guiana are the result of
differences in orientation of the coast relative to the main direction of wave propagation (Eisma and
others, 1991). Wells and Coleman (1981b) proposed that periods of enhanced mud accumulation
and shoreline progradation are associated with semiannual and 18.6-yr tidal cycles, which expose
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broad areas of mud flats and provide opportunities for colonization by mangroves. Mudbank
deposits consist of massive and laminated muds, subdivided by discontinuities extending from the
adjacent interbank zones. Massive beds that range up to 2 m thick and lack burrow traces and fecal
pellets are common, indicating rapid deposition events.

Mudcapes are similar to sand spits in morphology, but they have a different origin (fig. 10).
They are 5 to 10 km wide (perpendicular to the coast) and up to 100 km long (parallel to the coast)
and are observed on updrift bank of river mouths discharging along the coast. Along-shore
accretion of mudcapes diverts rivers north and northwestward. Allison and others (1995)
documented that mudcapes of northern Brazil are accreting downdrift at a rate of 57 to 114 m/yr.
Accretion is primarily fed by sediment flux along shore (supplied by the Amazon) rather than from
the river that the mudcape is diverting. Sediment accumulates in the intertidal/subtidal zone during
periods of high sediment discharge (of the Amazon); it is subsequently dispersed during periods of
low sediment discharge (Allison and Nittrouer, 1998), supplying material to the migrating banks.

Mudcapes are subject to erosion along their seaward margin, which is under the influence of
the mudbank migration and the associated accretion-erosion cycle (Allison and others, in press).
Mudcape accretion (extension) is episodic, with decadal variations in sediment supply to the
shoreface (Allison and others, in press).

Allison and others (in press) proposed that mudbanks form from concentrations of Amazon
suspended material that is supplied from the middle shelf and temporarily accumulates in the
subtidal/intertidal area of mudcapes (fig. 10a). The bottom salinity front, which is present along the
coast of northern Brazil within 20 km of the coast in 5 to 15 m of water depth, provides the
opportunity for dense bottom suspensions to reach the mud flats by tidal excursion and by solitary
wave shoaling (Allison and others, in press). Seasonal and decadal trade-wind cycles vary the
access of fluid muds to the nearshore zone, resulting in alternating periods of mudbank
development and sediment reworking along the coast (Allison and others, in press). Mudbank and
mudcape sedimentation results in large prisms of mud in the intertidal zone that are rapidly
colonized by mangroves. Mudcape development results in a stratigraphic sequence 4 to 6 m thick,
composed of three facies (fig. 10a): a basal subtidal/intertidal interval, overlain by mangrove
swamp, and capped by supratidal muds (Allison and Nittrouer, 1998).

Holocene History of the French Guiana, Surinam, and Guyana Coastal Plain

The Holocene history of the Guiana coastal plain is subdivided into two main phases: early
Holocene (9,000 to 6,000 yr B.P.) and middle and late Holocene (6,000 yr B.P. to present)
(Brinkman and Pons, 1968; Roeleveld and van Loon, 1978; Augustinus and others, 1989; Eisma
and others, 1991). During the early Holocene phase, organic-rich, pyritic Demerara clays were
deposited in the late stages of the rapid rise in sea level, and sediment accumulation was primarily
by vertical accretion of mangrove swamps. During the middle and late Holocene phase, mud,
shell, and sand accumulated primarily by lateral (seaward) accretion of tidal mud flats and chenier
plains. On the basis of radiocarbon-dated samples of these coastal plain sediments, Brinkman and
Pons (1968) and Roeleveld and van Loon (1978) generated a Holocene sea-level curve for the
region (fig. 11).
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Brinkman and Pons (1968) further subdivided the middle and upper Holocene coastal plain
into three progradational phases on the basis of geomorphic and pedologic criteria. These
progradational phases were interrupted by two intervals of erosion and nondeposition, resulting in
development of continuous, prominent sand-ridge complexes (figs. 7 and 8), which subdivide the
Wanica (~6,000 to 3,000 yr B.P.), Moleson (~2,500 to 1,300 yr B.P.), and Comowine (1,000 yr
B.P. to present) coastal-plain sediments (Brinkman and Pons, 1968).

Brinkman and Pons (1968) attributed these two hiatuses to temporary periods of slightly
lower sea level, but Eisma and others (1991) and Sommerfield and others (1995), among others,
showed that these late Holocene millennial-scale changes in sedimentologic regimes along the
northeast coast of South America were induced by changes in climate, especially wind and rain.
Comowine deposition continues today with fluctuations in depositional processes resulting from
centennial-, decadal-, and annual-scale changes in wind, tide, and wave regimes (Wells and
Coleman, 1981b; Eisma and others, 1991).

Orinoco River System

The Orinoco basin covers ~1.1 X 106 km?3 of tropical northern South America (fig. 12 and
table 3). The drainage basin is bordered on the west and north by young, high-relief mountain
ranges that supply ~90 percent of the sediment to the Orinoco River but only compose 15 percent
of the basin area. The other 85 percent of the drainage basin is mostly low-relief terrains covered
with dense tropical forest and grasslands, which produce large runoff volumes but low sediment
yield.

The basin is very rich in natural resources. Petroleum and natural gas resources include the
world’s largest proven reserve of heavy crude oil. The basin contains abundant deposits of
bauxite, iron ore, gold, diamonds, and other minerals (Nordin and others, 1994). The Orinoco
basin also has abundant renewable resources including forests, fish and wildlife, agricultural and
grazing lands, and water.

Except for hydropower development at Macagua and Guri dams on the Caroni River (fig. 12)
and at small impoundments in the upper reaches of the Andean tributaries, the Orinoco River is
more or less undisturbed and undeveloped. Although the Orinoco basin makes up 75 percent of
Venezuela’s land area, only 5 percent of the population reside there, and most are indigenous.
However, this situation is changing as Venezuela continues to develop its abundant natural
resources, including minerals and petroleum (Vasquez, 1989; Haggerty, 1993).

Climate

The climate of the Orinoco basin is mostly tropical with pronounced wet and dry seasons
(fig. 13). Orinoco basin climate is primarily controlled by the Intratropical Convergence Zone
(ITCZ), which is the latitudinal belt along the equator where the easterly trade winds of both
hemispheres converge producing warm, humid, unstable air masses that generate large volumes of
rainfall. The ITCZ seasonally migrates across ~15° latitude, and because the Orinoco basin lies
along the northern boundary of this migration belt, marked wet (June through November) and dry
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seasons (December through April) characterize the Orinoco drainage basin. During the dry season
the basin receives only 10 to 15 percent of the annual precipitation. This pattern of marked wet and
dry seasons induces large oscillations in water discharge and stage levels in the river and delta,
which in turn produces distinct sedimentologic, geomorphic, and ecological cycles.

Drainage-Basin Geology and Geomorphology

The Orinoco drainage basin consists of ~35 percent Guayana Shield, 15 percent Andes and
Coastal mountain ranges, and 50 percent Llanos (fig. 14). The Guayana Shield is primarily
composed of deeply weathered felsic to intermediate plutonic rocks and gneisses (Gibbs and
Barron, 1983; Corporacién Venezolana de Guayana Técnica Minera [CVG-TECMIN, C.A.],
1991a through f). Maximum relief on the elevated shield is in excess of 3,000 m, but the vast
majority of the shield is very low relief and comprises some of the world’s oldest landscapes.

The mountainous fold and thrust terranes that form the western and northern margin of the
basin consist of the Caribbean Coastal Ranges in the north and northeast and the Venezuelan
(Mérida) Andes and Colombian Cordillera Oriental in the southwest. The predominant lithologies
exposed in the fold and thrust terranes are shallow marine carbonates, shales, sandstones, and
continental conglomerates (and their metamorphic equivalents), as well as felsic and mafic plutonic
rocks. These mountainous terrains are characterized by steep slopes and sharp peaks with
maximum relief of more than 5,000 m and active alpine glaciation at the higher elevations.

The Llanos region in Venezuela is a foreland basin receiving sediments from the rising Andes
to the west. The Llanos and the uplands west of the Orinoco Delta are primarily underlain by the
upper Pleistocene Mesa Formation, which mainly consists of fluvial sands. Holocene sediments
occupy the alluvial plains of the rivers and their tributaries, and primarily consist of reworked Mesa
Formation sand (Carbén and Schubert, 1994). As the name implies, the Llanos typically have little
relief, but there are localities where deep scarps have formed because of deep erosion (Carbén and
Schubert, 1994). The western Llanos is actively subsiding and is veneered by Holocene fluvial and
lacustrine gravels, sands, and muds derived from the Andes. The eastern Llanos is undergoing
slight uplift, exposing similar sediments of Tertiary age. Extensive areas of the Llanos are subject
to shallow inundation during the wet season, which is primarily caused by poor drainage of local
rainfall rather than overbank flow of rivers. Hence, most of the Llanos is not river floodplain
(Hamilton and Lewis, 1990). The rivers crossing the Llanos are strongly meandering as a
consequence of low gradients and erodibility of the sediments, but the alluvial plains follow
markedly straight lines, suggesting structural control of the drainage networks (Carbén and
Schubert, 1994). Seasonal overbank flooding and extensive fluvial reworking are recorded by
complex meandering plains and very unstable interconnecting channel systems. Eolian reworking
during the dry season is an important process on the Llanos, particularly in the region between the
Apure and Meta Rivers (Johnsson and others, 1988).

The combination of high rainfall, large areas being underlain by impermeable crystalline rock,
and perennially high ground-water levels in the Orinoco River basin has resulted in a high
discharge:drainage-basin-area ratio (table 3). Such high ratios tend to produce high peak water
discharge but low suspended sediment concentrations in the tributaries, river, and delta.
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Major Tributaries

Major tributaries of the Orinoco include the Guaviare, Meta, Apure, Caura, and Caroni
(fig. 12). The Guaviare River drains the Colombian Andes and contributes ~18 percent water and
~20 percent sediment discharge to the Orinoco River (fig. 14). The Meta River drains the Eastern
Cordillera and to a lesser extent the Mérida Andes and contributes ~10 percent water and
~50 percent Orinoco sediment discharge. The Apure drains most of the eastern slope of the high
Andes of Venezuela and contributes ~5 percent water and ~20 percent Orinoco sediment discharge.
The Caura and Caronf drain the Guayana Shield and contribute ~20 percent water but <5 percent
sediment discharge to the Orinoco River (Meade and others, 1990). In essence, the left-bank
tributaries are beige-water streams, draining the Andes and Caribbean Coastal Ranges, and the
right-bank tributaries are black-water streams draining the Guayana Shield. The left-bank
tributaries, however, also convey water with relatively low sediment concentrations, having
deposited much of the Andes and Caribbean Coastal Range sediments in the Llanos foreland basin.

River Channel

At a regional scale, the Orinoco River forms an arch along the contact between the foreland
basin sediments of the Llanos and the crystalline basement of the Guayana Shield (fig. 15).
Regional tilting to the south-southeast induced by uplift of the Andes and Caribbean Coastal
Ranges and lateral expansion of foreland basin sediments (the Llanos) maintain the course of the
Orinoco at or very near the boundary between the bedrock of the Guayana Shield and the foreland
basin clastic wedge.

The river can be subdivided into upper, middle, and lower reaches (fig. 12). The upper
Orinoco drains the Guayana Shield highlands’ dense rainforest, and flows through a narrow, well-
defined valley that has considerable topographic relief (Vasquez and Wilbert, 1992). The middle
Orinoco, which extends from the Mavaca to the Guaviare Rivers, continues to drain Guayana
Shield and is characterized by alternating depositional and erosional plains that are covered by
dense forest (Vasquez and Wilbert, 1992). With the inflow of more sediment-laden water from the
Llanos at the Guaviare River, the lower Orinoco is distinctly different than the upper reaches, being
much more a depositional than erosional system.

The lower Orinoco River traverses ~2,000 km of low-relief terrain. The alluvial valley is
generally confined between igneous and metamorphic outcrops of the Guayana Shield along the
right (south) bank and mostly erosional scarps of the Mesa Formation along the left (north or west)
bank. At so-called control points along the lower river (fig. 15), Guayana Shield outcrops extend
into the floodplain and channel. These control points stabilize channel position and form substantial
but navigable rapids. There are eight major control points along the lower Orinoco River that
subdivide the channel and floodplain into nine distinct hydrogeomorphic and ecological units
(Hamilton and Lewis, 1990). These control-point constrictions also influence floodplain
development by limiting lateral channel migration and dampening peak flow.

Downstream of Puerto Ayacucho (fig. 12), the river is a straight (sinuosity <1.1),
anastomosing, low-gradient (4.5 cm/km, or 0.000045) system characterized by an irregular
succession of lateral expansions and contractions of the channel. The channel typically has a high
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width:depth ratio (45:145) in which channel widths typically range from 1,200 to 3,500 m
(excluding islands), and thalweg depths from 10 to 45 m at high water (Stallard, 1987; Nordin and
others, 1994). Bed material is mostly sand with a median diameter of 0.4 mm, and the sand
commonly forms broad sand bars 60 to 125 m long and 1.5 to 3 m high that are exposed during
the dry season (Stallard, 1987; Nordin and Pérez-Herndndez, 1989).

Channel form is complex with ubiquitous islands, sand bars and ridges, and rock outcrops
(Pérez-Hernéndez and Lépez, 1998). Analysis of historical aerial photography reveals that most
change in the floodplain and channel system occurs near the intersections of major tributaries
draining the Llanos and along and within the channel islands (L6pez and others, 1998). Erosion
and sedimentation rates along island margins range from 1 to 80 m/yr and along channel margins
from 1 to 20 m/yr, but they are generally less than 10 m/yr (Lépez and others, 1998). These rates
of lateral channel migration are small in relation to the width of the floodplain (up to 20 km),
providing evidence that lateral channel migration and abandonment are not major processes in the
Orinoco River system. Near the delta apex at Barrancas, there has been overall deposition in the
channel and floodplain during the past 30 yr, perhaps relating to emplacement of the Volcan dam
(figs. 1 and 2) across Cafio Manamo in the upper delta (Lépez and others, 1998).

During the dry season, stage level drops to such a degree that as much as 40 percent of the
high-water channel bed is subaerially exposed. The exposed, unvegetated channel bottoms
comprise large sand waves and bars that are extensively reworked by southwest-directed winds
(Nordin and Pérez-Hernandez, 1989). These winds also rework floodplain sediments, forming
longitudinal and barchan dunes that can alter the course of tributaries entering the Orinoco (Pérez-
Hernandez and Lépez, 1998).

Stallard and others (1990) and Johnsson and others (1991) discussed the mineralogical
composition of the Orinoco River bed sediments, their sources, and weathering processes
controlling their composition. The sand fraction derived from the river is very mature although
these sediments are derived from fold-and-thrust terrains of the Andes and Caribbean Coastal
Ranges and from the igneous/metamorphic terrains of the Guayana Shield. Orinoco River sand
composition reflects intense weathering processes and protracted sediment retention times
associated with the drainage basin, which transform the immature source area sands into mature,
quartz-arenite sands by the time they reach the delta (Franzinelli and Potter, 1983; Johnsson and
others, 1988, 1991).

Floodplain

The Orinoco River floodplain can be subdivided into fringing floodplain and internal deltas
(Hamilton and Lewis, 1990). Fringing floodplains border and are generally parallel to the river
channel and form by lateral migration and avulsion of the river channel and by vertical accretion
during seasonal floods. Internal deltas are associated with bedrock constrictions (control points) in
the river valley just downstream of intersections with major tributaries such that, during the wet
season, Orinoco stage levels exceed those of the tributaries causing water and sediment to pool at
the intersections and form extensive floodplains. Welcomme (1979) determined that the Orinoco
internal delta floodplains encompass ~70,000 km?, principally at the intersections of the Apure and
Arauca Rivers with the Orinoco River.
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The fringing floodplain of the Orinoco main channel extends from the Meta River to the delta
apex. Upstream from the Meta River the floodplain is much less extensive (Hamilton and Lewis,
1990). The fringing floodplain covers ~7,000 km2. The floodplain area per unit channel length of
9.3 km?/km (as compared with 40 km2/km for the Amazon river) indicates that (1) the valley is
confined by the laterally expanding foreland-basin clastic wedge advancing against the crystalline
bedrock of the Guayana Shield and (2) floodplain expansion by lateral migration of the channel is
inhibited by bedrock control points (Hamilton and Lewis, 1990; Meade, 1994).

The fringing floodplain is asymmetric, with considerably more area on the left (north) bank
than on the right (south) bank (table 4). The asymmetry is primarily caused by large sediment input
volumes from the tributaries draining the Llanos region (Stallard, 1987). These sediment-laden
waters preferentially deposit their loads along the left (north or west) bank, inducing higher rates of
lateral expansion along the left-bank floodplain than along the right (south or east) bank. Over
time, enhanced deposition along the left bank has caused the river channel to migrate onto the
Guayana Shield. In this way, the Orinoco River continuously occupies the position on the border
of the Andean foreland basin and the Guayana Shield. The right-bank (south or east) floodplain is
primarily the product of vertical accretion caused by overbank flooding.

The geomorphology of the floodplain has not yet been studied in detail. Ridge and swale
topography is not strongly developed, although meander cores are occasionally encountered
(Hamilton and Lewis, 1990). Oxbow lakes with dimensions comparable to those of the main river
channel do not occur. However, floodplain lakes are common and form from abandoned channels
(R. Meade, personal communication, 1999).

The uniform topography of much of the floodplain suggests that overbank deposition, as
opposed to lateral accretion, has been the primary mechanism of floodplain development, at least
during the late Holocene. This is consistent with the unimodal hydrograph, the abundance of fine
silt and clays (Meade and others, 1983), and the confinement of the river system on both sides by
resistant geologic formations (Hamilton and Lewis, 1990). Aerial photographs show that
floodplain lakes have changed little in the past 20 years, and the majority of the fringing floodplain
is covered by dense forest, indicating that large floods (for example, during 1976, 1981) do not
induce significant channel migration or scouring and erosion. The relative resistance of the Orinoco
floodplain to geomorphic change is largely the result of confinement of the river channel at control
points that limit lateral channel migration and modulate peak discharge (Hamilton and Lewis,
1990).

A vast (70,000 km?) internal delta is situated at the junction of the Apure and Orinoco Rivers;
the delta is related to the backwater effect caused by the restriction of the Orinoco River at the
bedrock control point just downriver from the intersection of the two rivers. Very little has been
reported on the geomorphic features of these internal deltas. Meade and others (1983) estimated
that as much as half of the sediment discharged by the Meta River is temporarily deposited in this
internal delta and that during subsequent falling stages and during the early period of the next rising
stage, the floodplain yields sediment that contributes significantly to the early peak in sediment
discharge.

The floodplain receives a pulse of nutrients from the river every year during floods but shows
negligible net export of organic carbon, phosphorous, nitrogen, or suspended organisms, despite
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very high rates of production and metabolic activity (Hamilton and Lewis, 1990; Lewis and others,
1995). As a result, river water reaching the delta is not only dilute, it is also relatively nutrient
poor.

Hydrology

The Orinoco River, the third-largest river in the world in terms of water discharge, drains
~1 % 106 km? of Venezuela and eastern Colombia and is the principal supplier of water and
sediment to the Orinoco Delta (Milliman and Meade, 1983).

Because the Orinoco River basin lies within but near the northern limit of the ITCZ, there is
pronounced annual variation in maximum and minimum discharge: mean monthly discharge (for
the period 1970 to 1981) varied between 1,330 and 81,100 m3/sec. The ratio of maximum to
minimum flow during this period was from 8:1 in 1972 to 54:1 in 1978, with an average of 26:1
(Nordin and others, 1994). Seasonal stage fluctuations are typically 17 m in the lower river.

Seasonal variation in rainfall throughout the basin promotes a unimodal seasonal inundation
of the floodplain that typically lasts for 4 to 6 months (fig. 16a). Between July and October, river
water flows through most floodplain areas. During overbank conditions, the flowing waters of the
Orinoco channel are separated from the floodplain by levees. Water flows into the floodplain at
discrete points corresponding to breaks in the levee. After entering the floodplain, the water flows
long distances parallel to the levee before regaining contact with the main stem of the river (Lewis
and others, 1990). Along the pathway of flow, the water passes through a series of depressions
that correspond to the floodplain lakes. After December water levels are generally below the
floodplain surface, and the ~2,300 floodplain lakes (table 3) become isolated from the river until
the following inundation and consequently diverge in their physical, chemical, and biological
characteristics as the floodwaters recede (Hamilton and Lewis, 1990; Lewis and others, 1990).

Sediment Dynamics

The estimated sediment discharge for the lower Orinoco River is 150 to 212 X 106 tons/yr
(Meade and others, 1990; FUNINDES USB, 1999). Sediment discharge in the lower Orinoco
River is bimodal (fig. 16b), with a maximum during rising flood (April-May), a minimum during
peak water discharge (August—September), and a secondary peak during the recession of flood
discharge (October—-November). As annual flood discharge initiates, the sparsely vegetated
sediment deposited during the late flood stage of the previous year, together with the large volumes
of sediment redistributed by winds during the dry season, are easily entrained (Nordin and Pérez-
Herndndez, 1989; Carb6n and Schubert, 1994). As the river approaches peak stage, water levels in
the main channel exceed those of the tributaries draining the low-gradient Llanos, causing tributary
floodwater (particularly the Meta and Apure, which carry 80 percent of the sediment load) to pond
at the intersections, in turn causing deposition of sediment loads. As flood stage in the Orinoco
main channel lowers, a portion of the sediment deposited at the intersections of the main tributaries
is remobilized, causing a late-flood-period peak in sediment discharge (fig. 16b). Recent analysis
of FUNINDES USB (1999) indicates that annual sediment discharge in the lower Orinoco River
may be unimodal, and it closely correlates with water discharge.
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During the dry season, 30 to 40 percent of the river channel bottom may be exposed, and the
system reverts to an eolian regime. Prevailing northeasterly winds transport large volumes of river
sediment upriver, partially disrupting the active channel system and making available large volumes
of sediment for entrainment during the early phases of the following flood period (Nordin and
Pérez-Hernandez, 1989; Carbén and Schubert, 1994).

ORINOCO DELTA

Like most major marine deltas, the Orinoco can be subdivided into delta plain, coast/delta
front, and prodelta. However, its location in a foredeep basin adjacent to a major plate tectonic
boundary; tropical but seasonally dry climate; low sediment concentration; high-water-volume river
discharge; mesotidal, low-energy wave regime; and large influx of Amazon sediment by strong
littoral currents distinguish the Orinoco from other major world deltas. Most of the Orinoco Delta is
composed of delta-plain wetlands, although delta-front and prodelta muds extend offshore as much
as 40 km (50 m isobath) from the coast (Nota, 1958; McClelland Engineers, 1979).

Regional Geologic Framework

The Orinoco Delta occupies a large structural trough of the Eastern Venezuela Basin (EVB)
along the southern margin of the South Caribbean plate boundary zone (SCPBZ, sensu Robertson
and Burke, 1989) (fig. 17). It overlies more than 10,000 ft of marine and fluvial-deltaic,
Cretaceous to Recent clastic and carbonate sediments of the EVB (figs. 18 and 19). The EVB was
a large foredeep embayment associated with transpressional tectonic activity between the Caribbean
and South American plates. The EVB strata can be characterized as a Neogene foredeep sequence
superimposed on an Atlantic passive sequence (Di Croce and others, 1999). The foredeep basin
sequence is largely composed of fluvial and deltaic and marine deposits associated with ancestors
of the Orinoco River and its tributaries. The basin contains some of the largest petroleum reserves
in the world.

The EVB is asymmetric in which there is a clear distinction between the south and north
flanks (fig. 18). The south flank is a monocline that gently slopes to the north 25 to 80 m/km. The
Tertiary sediments within the south flank are gently folded but are offset by a series of normal
faults that strike N 60° E and dip north or south; the south-dipping faults entrap the majority of
known petroleum reserves. These normal faults are probably reactivated basement faults. The
northern flank of the basin is characterized by complex folding and faulting that records intense
deformation associated with differential movement between the Caribbean and South American
plates (fig. 17).

The Offshore Orinoco Platform and Columbus Basin compose the seaward, eastern extension
of the EVB seaward along the present continental shelf (Leonard, 1983; Di Croce and others,
1999). Leonard (1983) estimated that as much as 12,000 m (~40,000 ft) of upper Mesozoic and
Cenozoic sediments have accumulated in the Columbus basin. The section penetrated by wells in
the Columbus basin comprises mainly sediments deposited by the proto-Orinoco from the late
Miocene to the Holocene in a nonmarine to shelf/slope environment (Leonard, 1983). To the
southeast along the shelf, the stratigraphy is typified by a passive-margin sequence.
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The Orinoco Delta region is substantially affected by tectonic transpression related to the
eastward migration of the Caribbean plate relative to South America from the Miocene to the
present (Robertson and Burke, 1989; Algar and Pindell, 1993). Transpressional structures include
(1) northwest-trending right-lateral transform faults of the Gulf of Paria (for example, Soldado and
Los Bajos faults), and (2) northeast-trending thrust faults of the Serrania del Interior and Trinidad
(fig. 17). Southeast-directed transpression and tectonically driven diapirism are also responsible
for the development of the Pedernales anticline along the northwest margin of the delta (Pees and
others, 1968). Mud volcanoes and petroleum seeps along the coast are situated along the axis of
this northeast-trending, mud-diapir-cored anticline. These features are part of a regional belt of
mud volcanism and diapirism that extends from eastern Venezuela, across southern Trinidad, to the
Barbados Ridge Complex (Kidwell and Hunt, 1958; Pees and others, 1968; Brown and
Westbrook, 1987) (fig. 17).

Evolution of the Eastern Venezuela Basin and Orinoco Delta

There are two principal tectonic phases in the development of the EVB: Cretaceous to
Oligocene passive margin and Oligocene to present active margin foredeep basin phases (figs. 19
and 20) (Prieto-Cedraro, 1987; Di Croce and others, 1999).

During the Cretaceous, the northeastern South America margin was characterized by an
Atlantic-type passive-margin setting. The Guayana Shield was emergent and was the source of the
sedimentary prism to the northeast (fig. 21a). Typical passive-margin carbonate and siliciclastic
sequences were deposited during the Cretaceous in response to thermal and isostatic subsidence
and eustatic sea-level changes, resulting in a seaward-thickening wedge of sediments.

Development of the Eastern Venezuelan foredeep basin is directly related to passage of the
Caribbean Plate deformation front through the northeastern Venezuela region during the Neogene.
The axis of the basin has migrated southward since Oligocene time as the result of eastward
migration of the Caribbean Plate and development of the South Caribbean plate boundary zone
(SCPBZ) along the northern margin of the basin. The SCPBZ comprises five or more major fault
systems within a 250-km wide, east-west-trending region of deformed metamorphic and
sedimentary rock (Robertson and Burke, 1989). Eastward translation of the Caribbean deformation
front induced emplacement of a series of thrust sheets along the SCPBZ, and stacking of these
thrust sheets induced tectonic loading and foredeep development.

Deltaic sedimentation began south of Trinidad during the late Oligocene to middle Miocene.
During this time, the EVB sands and shales were derived from a series of rivers draining the
Guayana Shield (proto-Yuruari, Caroni, Aro, Caura, Cuchivero) rivers (fig. 21b) rather than an
integrated Orinoco River system (Pirie, 1985; Zamora and others, 1989; Di Croce and others,
1999). These Oligocene to middle Miocene sands constitute some of the principal producing zones
of the EVB (Jam, 1985; Pirie, 1985; Isea, 1987). Uplift of the Mérida Andes and Caribbean
Coastal Ranges including the Serrania del Interior generated large volumes of sediments to the
EVB, which accumulated as a generally eastward-prograding clastic wedge. During the late
Tertiary, the foredeep (or perhaps more accurately, the lateral-deep) basin rapidly filled with
sediments derived from the emerging cordilleras to the north and to a lesser extent from the
Guayana Shield. Principal uplift of the Andes occurred between the late Oligocene and Pleistocene,
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with a climax during the Pliocene-Pleistocene (Hoorn and others, 1995). Plate-tectonic adjustments
induced a reorganization of the drainage system in northern South America during the late
Oligocene and Miocene (Hoorn and others, 1995), and development of the modern Amazon and
Orinoco drainage basins in particular. The north flank of the EVB basin became emergent during
this period, while the basin axis deepened and developed an east-west orientation, transforming the
EVB into an elongate, semienclosed, shallow marine basin that was open to the east. As a
consequence, the courses of the Guayana rivers, including the Orinoco, were diverted toward the
northeast from a northward flow (fig. 21b, c, d), delivering large volumes of deltaic sediments into
the rapidly subsiding basin (Diaz de Gamero, 1996). During the Pleistocene the sediments of the
Mesa Formation were deposited by a series of rivers and deltas within an embayment that received
coarse-grained sediments from the Caribbean mountains to the north (in the form of coalesced
alluvial fans) and sandy fluvial and eolian sediments from the Guayana Shield to the south
(Mendez-Baamonde, 1997a, b). To the east, delta-front and shelf sediments were deposited on the
Orinoco platform (figs. 19 and 22) (Butenko and Barbot, 1984).

The intermittent but progressive progradation of the continental slope during the Pliocene and
Pleistocene was the result of offlap of wave-dominated delta deposits. As a result the Quaternary
sediments underlying the delta plain and shelf are prodelta and delta-front deposits that are
subdivided by a series of third- and fourth-order unconformities related to the glacial-induced sea-
level changes. As these sediments prograded to the shelf edge, they became oversteepened, and
slumps and growth faulting occurred (Prieto-Cedraro, 1987). During the Pleistocene, a broad shelf
developed (fig. 22, 23b). These sediments were periodically eroded during glacially induced sea-
level lowstands (fig. 23a), especially during the latest Pleistocene when sea level dropped to as
much as 120 m below the present level.

During the late Pleistocene sea-level lowstand, the Orinoco and other northeastern South
American coastal-plain deltas were located along the present-day shelf edge ~120 m below its
present level; these shelf-edge deltas promoted widespread turbidite deposition across the present-
day abyssal plain (fig. 23a) (Damuth and Fairbridge, 1970). As sea level rose during the
Holocene, deltas were displaced landward up to 200 km from the edge of the continental shelf to
their present locations. Large quantities of clastic detritus were no longer able to reach the deep
ocean because there was no mechanism to transport the significant quantities of terrigenous
sediment across the wide shelf plain (Damuth and Fairbridge, 1970).

Morphotectonic and Sequence Stratigraphic Setting of Holocene Orinoco Delta

The Orinoco Delta, like many modern deltas (Warne and Stanley, 1995; Emery and Myers,
1996), comprises highstand systems-tract ramp-margin deposits. Its depocenter has developed
during the current sea-level highstand, and it is prograding over the topsets of the previous shelf-
edge delta (fig. 22a). The extensive shallow-water area seaward of the delta characterizes ramp
margins; these broad, shallow shelves significantly modify storms and current processes and
thereby influence shelf sedimentation, especially delta-front and prodelta deposition. A series of
rotational listric normal faults at the shelf edge record oversteepening of the Tertiary and
Quaternary delta deposits and consequent rotational slumping. These shelf-edge, listric normal
faults are characteristic of many Tertiary and Quaternary delta successions.
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The Barbados Accretionary Complex, which marks the southeast frontal margin of the
Caribbean deformation front, is largely composed of Miocene to Pleistocene Orinoco Delta
sediments that have been deformed into a system of thrust faults and anticlines (figs. 17, 18, and
22a). Such intense deformation of the basinal facies is unusual for major modern deltas and reflects
the proximity of the Orinoco to a major active plate boundary. Deformation of the Barbados
Accretionary Complex has precluded development of a deep-sea cone commonly associated with
modern deltas (Nittrouer and others, 1986; Stanley and Warne, 1998).

The location and configuration of Trinidad and the Gulf of Paria profoundly influence the
marine-current regime and sedimentation and erosion patterns of the subaqueous Orinoco Delta. As
the Guayana littoral current flows northwestward toward Trinidad, it bifurcates such that roughly
half flows into the Gulf of Paria via Boca de Serpientes and the other half flows eastward and then
northward around eastern Trinidad (fig. 24). Boca de Serpientes focuses and thus accelerates
littoral current flow, which has a direct influence on Orinoco Delta coast depositional and erosional
processes.

Modermn Orinoco Delta

The modern subaerial Orinoco Delta occupies a large portion of the northeastern Venezuelan
coastal plain. The delta plain is bounded by the Guayana Shield along the Rio Grande on the south,
Caiio Manamo on the west, the Atlantic Ocean on the east and northeast, and the Gulf of Paria on
the northwest.

Overview of the Delta

The Orinoco Delta plain is a vast mosaic of interdistributary swamps and marshes encased by
distributary and tidal channels (cafos). These interdistributary basins can be thought of as islands
in the form of plates that are slightly elevated along the borders and are flat to slightly depressed to
slightly mounded in the center (CVG-TECMIN, C.A., 1991a through f). These vast
interdistributary basins are seasonally to perennially flooded and are typically underlain by mud in
the upper and southeastern delta and peat in the central and northwestern delta. The
interdistributary basins vary from densely forested to herbaceous with all manner of gradation
between, depending on proximity to major cafios, duration of flooding, and degree of salinity.

Although it is possible to distinguish fluvial and tidal channels within the delta, essentially all
channels are influenced by river discharge during the wet season and by tidal oscillations
particularly during the dry season. The cafios vary from meandering, relatively narrow fluvial
channels in the upper delta to straight, broad, tidal channels in the lower delta (fig. 1, 2). Several
major caiios are deflected to the northwest in the coastal region under the influence of the
suspended-sediment-rich, northwest-flowing Guayana Current and associated mudcape
development.

The two major distributaries (Rio Grande and Cafio Manamo) broaden near the coast,
transforming to estuaries (CVG-TECMIN, C.A., 1991¢). The Rio Grande is the primary
distributary channel, transporting nearly 90 percent of the Orinoco River water and sediment
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discharge. Approximately half of the 150 to 212 x 100 tons/yr of Orinoco River sediment
transported to the delta apex is deposited on the delta plain, and the remainder is transported to the
coast (Meade, 1994). Approximately 85 percent (~63 X 106 metric tons/yr) of the Orinoco River
sediment that is delivered to the coast is via the Rio Grande (fig. 25). Largely as the result of tides,
there is an extensive network of channels generally oriented parallel to the coast that hydraulically
link the principal distributary channels (fig. 26).

The major cafios are bordered by levees that form distinct topographic features in the upper
delta plain (fig. 27a, b) but gradually diminish and finally disappear toward the coast. The levees
are typically the highest features in the delta plain but are regularly overtopped during flood stage
and serve to retain water in the interdistributary basins as the flood recedes. Human activity is
typically concentrated on these elevated, relatively well drained landforms (fig. 27b, c).

Climate

Similar to the Orinoco drainage basin, the Orinoco Delta climate is primarily controlled by the
ITCZ and its seasonal north-south migration, which results in a pronounced wet and dry season
(CVG-TECMIN, C.A., 1991a through f; Geohidra Consultores, C.A., 1997a; ENSR Venezuela,
1998; FUNINDES USB, 1998, 1999). Rainfall volumes are a major environmental factor in the
Orinoco Delta, being a major contributor to surface-water inflow to the vast interdistributary
basins. Rainfall varies significantly across the delta, ranging from generally ~1,500 mm near the
delta apex to ~2,600 mm per year near the coast (figs. 13 and 28a). Although there is a pronounced
dry season, rainfall typically exceeds 100 mm per month throughout the year in the lower delta,
and therefore can be critical to the hydrology during the low river stage.

FUNINDES USB (1998, 1999) determined rainfall magnitude-frequency and duration
relationships using data from eight weather stations across the delta region (table 5). The data show
that sustained, intense rainfall events, such as those induced by hurricanes, are not characteristic of
the delta. As expected in a tropical environment removed from the track of major tropical
disturbances, rainfall is common but generally not intense; when it is intense, it is of short
duration. FUNINDES USB (1998; their figure IV-10) demonstrated that intense rainfall tends to
be localized. Mean annual precipitation generally increases from west to east across the delta. In the
western delta, mean annual precipitation is ~1,500 mm at Tucupita and increases to more than
2,000 mm at Curiapo in the eastern delta (CVG-TECMIN, C.A., 1991a through f).

Temperatures in the delta region are remarkably homogeneous throughout the year (fig. 28b),
in which monthly averages at the Tucupita weather station range from 24.8° to 26.7°C. Winds are
generally stronger in the winter but may be strong any time of year (fig. 28c). Maximum northeast
trade-wind energies occur in February to April, and this sustained wind activity induces a peak in
nearshore wave energy. Short-term, high-velocity winds are associated with hurricanes and
tropical storms (ENSR Venezuela, 1998; FUNINDES USB, 1999).

The delta is situated near the southern limit of hurricanes that track from the central Atlantic
into the Caribbean region. Therefore, hurricanes are not a major climatic influence on delta
processes, but they occasionally induce high winds, heavy rains, and high-energy waves in the
region. A review of hurricane-tracking charts compiled by the U.S. Weather Bureau for the period
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1921 to 1998 (http://www.nhc.noaa.gov/tracks) demonstrates that hurricanes or major tropical
storms passed within 350 km of the central Orinoco Delta coast in 15 of the past 77 yr. Most,
however, were east-west-moving storms that were well north of the South American coast. Only
three (in 1978, 1990, and 1993) made landfall in northeastern South America. Wave heights and
periods associated with hurricanes are summarized in table 6. These characteristics are calculated
for the Gulf of Paria; hurricane-related waves in the Boca Grande area are undoubtedly smaller.
Moreover, the configuration of the northeastern South American shelf (particularly the very broad
shallow shelf and position of Trinidad relative to the delta) precludes development of significant
storm surges, which typically perform the majority of geomorphic work in coastal regions during
hurricanes.

Delta Hydrology

The Orinoco River discharge is the major water source for the delta and induces most of the
geomorphic work that determines delta-plain form and ecology. Tides and direct rainfall are also
major influences on delta-plain geomorphology and ecology. Although river input is but one of
three major inputs in delta hydrology, the annual flood cycle is a fundamental process in the
hydrology and geomorphology across the entire delta. Many of the negative environmental impacts
associated with the construction of Volcan dam (discussed later) are related to termination of the
flood pulse to the northwest delta.

Carios

The hydrology and ecology of the delta are inextricably linked to the extensive network of
distributary and tidal channels. These channels (cafnos) are not only the binding element in delta
plain hydrology, they are also a major factor in controlling the distribution of freshwater,
sediments, and nutrients to the coast and shelf.

Most caiios are conduits for both riverine and tidal flow. For most of the year, tides are the
principal agent of discharge in the delta. However, in or about mid-April, river stage begins to rise
in response to the rainy season. During July and August tidal amplitude is overwhelmed because
the stage typically rises 9.4 m at the delta apex, 3.6 m in the central delta, and 1 to 2 m in the lower
delta, resulting in inundation of 95 percent of the delta plain (Geohidra Consultores, C.A., 1997b;
FUNINDES USB, 1998). Annual peak stage/discharge varies, with significantly larger than
normal stage/discharge recurring between 3 and 5 yr.

Downstream of the apex, the delta contains numerous beigewater and blackwater cafios that
are characteristic of the tropics (Sioli, 1984). Beigewater cafios transport Orinoco water and
sediment, whereas blackwater cafios drain interdistributary basins and receive water from a
combination of direct rainfall, tidal currents, and fluvial discharge. Several north-flowing
blackwater rivers that drain the Guayana Shield contribute small amounts of water and sediment to
the Rio Grande. Similarly, blackwater coastal-plain rivers draining the eastern Llanos, including
the Rios Guanipa, Tigre, and Morichal Largo, contribute minor amounts of water and sediment to
Cafio Manamo.
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Prior to 1965, Cafio Manamo was the second-largest distributary of the delta, carrying
~10 percent (~3,600 m3/s) of the Orinoco flow and a substantial portion of its sediment load. Since
completion of a dam in 1965, the flow of water and movement of sediment along Cafio Manamo
have been substantially reduced, and this reduction has affected the entire northwest delta. Cafio
Manamo’s present-day discharge is a relatively constant 200 m3/s (Monente and Egafiez, undated),
approximately 5 percent of its former discharge. In contrast, discharge along Cafio Macareo has
increased from ~6 to ~10 percent following completion of the dam (Colonnello, 1998).

There are currently few published data on stage and discharge in the cafios, especially those
that evaluate the relationship between wet- and dry-season discharge. In Boca de Guanipa, ENSR
Venezuela (1998) reported low-tide, seaward and high-tide, landward surface-water-flow
velocities of 1.2 m/sec during the dry season. At the mouth of Cafio Macareo, Geohidra
Consultores, C.A. (1997b), measured low-tide, seaward-flow surface velocities of up to 1.6 m/sec
and high-tide landward surface-flow velocities of a rather consistent 0.5 m/sec in April 1997. In
lower Cafio Macareo, Geohidra Consultores, C.A (1997b), reported landward discharge of
940.3 m3/sec and surface-flow velocities as high as 0.9 m/s at high tide and seaward discharge of
1,731 m3/sec and surface-flow velocities as high as 1.4 m/c at low tide during May 1997. In lower
Cafio Mariusa, Geohidra Consultores, C.A (1997b), reported landward discharge of 749.4 m3/sec
and surface-flow velocities of 0.6 m/sec at high tide and seaward discharge of 1076 m3/sec and
surface-flow velocities of 1.4 m/sec at low tide in April and May 1997.

In the central delta, FUNINDES USB (1998) conducted three short-term hydrometric surveys
in October 1996 and May and September of 1997. Their findings, summarized in table 7, clearly
show the estuarine nature of this portion of the central delta by demonstrating that flow rates and
directions are fundamentally controlled by tides. Two factors may enhance the estuarine character
of this portion of the central delta: none of the measurements were taken during flood season, and
the dam at Cafio Manamo has diminished the natural riverine component of the hydrologic budget
of the Pedernales-Capure-Cocuina system. The FUNINDES USB (1998) study highlights the
importance of cafios that link the seaward-oriented cafios. These mostly third- and fourth-order
cafios are relatively short lived and, once inactive, are covered over by vegetation within a few
years (fig. 27b, d). -

FUNINDES USB prepared a report on a more extensive survey of stage/discharge
relationships in the northwestern delta (FUNINDES USB, 1999). However, an integrated survey
of stage/discharge relationships of the entire delta plain is needed to adequately model delta
hydrology and sediment dynamics.

Interdistributary Basins

A wide variety of plant communities characterize the interdistributary basins (fig. 27e, f, g, h,
1, k, 1), indicating that these wetland systems support a broad spectrum of hydrologic
environments. However, very little is known about the timing and depths of inundation of
interdistributary basins. Moreover, essentially nothing is known about the salinity, pH, Eh, or
other water-quality parameters within and across these vast wetland areas. Monente and Colonnello
(1997) demonstrated that the conductivity of waters in cafios across the delta is low between
December and March, indicating low suspended- and dissolved-solid concentrations. They
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attributed these low concentrations to outflow of rainfall-derived waters from interdistributary
basins to the cafios during the dry seasons. Although rainfall is typically greater from May through
September, between December and March rainfall in the delta is generally >100 mm per month
(fig. 28a), and significantly greater in some areas. These findings provide evidence that direct
rainfall is a principal source of water in the centers of interdistributary basins. The widespread
occurrence of domed, ombrogenous peats in the centers of many interdistributary basins reflects
the importance of direct rainfall in the delta.

Several delta studies (for example, CVG-TECMIN, C.A., 1991e; FUNINDES USB, 1998,
1999) have calculated water budgets for the delta, which demonstrate that precipitation generally
exceeds evaporation for the 6 months of the wet season but that evaporation exceeds precipitation
during the dry season (fig. 29). These studies also demonstrate that there is a wide variation across
the delta in the balance between inflow by precipitation and outflow by evapotranspiration (ET).
Although these water-budget calculations do not take into account inflow and outflow by tides or
inflow by river, they clearly demonstrate that hydrologic budgets, and consequently
biogeochemistry, across the delta are highly variable.

Marine Processes

Coastal areas of the Orinoco Delta are principally affected by a combination of easterly trade
winds, diurnal tides, and littoral currents (fig. 24). The broad, low-gradient shelf of the delta and
the rarity of intense storms and hurricanes in the region creates a generally low- to moderate-energy
setting (Van Andel and Postma, 1954; Van Andel, 1967; Herrera and others, 1981). Easterly trade
winds control predominant wind and wave directions, and mean diurnal tides range from 140 to
187 cm (fig. 24). Tidal ranges are greatest within estuaries along the southeastern third of the coast
and at the Boca de Guanipa area along the northwest margin. The highly irregular morphology of
these estuaries is attributable to the combined effects of fluvial and tidal currents. During periods of
low fluvial discharge, tidal fluctuations as much as 60 cm occur >100 km upstream near the delta
apex.

Northwest-directed littoral currents play a major role in sediment transport and the coastal
progradation of the delta (figs. 24 and 30). The Guayana Current, the principal current in the
region, transports ~200 x 100 tons/yr of Amazon suspended sediment (Kuehl and others, 1986) to
the Orinoco region, accounting for as much as 50 percent of sediment deposited along the Orinoco
Delta shelf and coast (fig. 30) (Eisma and others, 1978, 1991; Meade, 1994).

Tides

The tide regime in the northeastern Gulf of Paria is mixed with a predominance of semidiurnal
tides, whereas in the southwest (along the delta) it is strictly semidiurnal (Herrera and others,
1981). Tidal amplitudes at Boca Grande (Isla Ramoén Isidro) generally range between 1.2 and
2.6 m. In the mouth of Cafio Macareo, tidal amplitudes generally do not exceed 1.6 m and are
typically 1.2 m (Geohidra Consultores, C.A, 1997b). Tidal amplitude in Boca de Guanipa
(Pedernales) generally ranges from 0.8 to 2.6 m (Geohidra Consultores, C.A, 1997a).
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There is a general but rather small decrease in tidal amplitude northwestward along the delta
coast (fig. 24). Tidal amplitudes within the delta estuaries, however, can vary as a function of
estuarine geometry. Tides affect the entire delta plain, and tidal amplitudes are 0.7 to 1.1 m in the
central delta and ~0.6 m at the delta apex (Eisma and others, 1978; FUNINDES USB, 1998).

Tidal records indicate high tide occurs about 10 min earlier at Boca de Guanipa (Pedernales)
than at Boca Grande (San Ramén Island), and low tide approximately 20 min earlier. Hence, tidal
lag along the coast is negligible. Time lags of tidal peaks between the coast and inland are as much
as 5 h (FUNINDES USB, 1998). Time lags in the central delta are especially large in the smaller
cafios, away from direct influence of the larger cafios. Over the course of a year, tides displace
larger volumes of water in the central and lower delta than riverine processes (FUNINDES USB,
1998). Tidal currents (ebb flow) advect large volumes of vegetal material from the interdistributary
basins toward the coast (Scheihing and Pfefferkorn, 1984).

Waves

Wave power along the Orinoco Delta coast is relatively low because incoming waves are
attenuated by the wide, shallow Orinoco shelf. Orinoco River discharge onto the shallow shelf also
tends to attenuate wave energy, as does the complex marine-current pattern across the Orinoco
shelf (that is, disruption of the northwest-flowing Guayana Current by Trinidad).

There have been no systematic wave-measurement surveys along the Orinoco Delta coast or
shelf. Most studies utilize data compiled for the Gulf of Paria by the U.S. National Climatologic
Center and short-term measurements made by INTEVEP (1981), which were taken at two sites in
the central Gulf of Paria (fig. 24). No data are available for the Atlantic portion of the Orinoco
coast.

Wave patterns are complicated by the coastal configuration, including Boca Grande, the
central delta coast, Boca de Guanipa, and the Gulf of Paria. In the Gulf of Paria, the prevalent
wind direction is from the east and northeast; 77 percent of the waves have heights of <0.9 m, and
wave frequencies are typically 3.0 to 4.0 s (Geohidra Consultores, C.A, 1997a, b). When cold
fronts pass through the Venezuelan coast, postfrontal circulation generates waves with amplitudes
of up to 2 m, with periods of 8 s. This post-cold-front circulation pattern occurs an average of
3 days/yr, or about 0.8 percent of the time (ENSR Venezuela, 1998). High-energy waves are also
generated by hurricanes that occasionally pass by the region (table 6).

Littoral Currents

Marine currents are dominated by the strong, northwest-flowing Guayana Current. The
Guayana Current acts as a barrier to keep the turbid waters of the Amazon and Orinoco Rivers on
the shelf, so that suspended concentrations of surface waters on the shelf are tens or hundreds of
times greater than the outer shelf (Emel’yanov and Kharin, 1974). The Guayana Current flows
northwestward more or less unimpeded from the Amazon to the Orinoco Delta, where the marine
littoral-current system is disrupted by Trinidad. At the Orinoco shelf, the Guayana Current splits,
and part flows eastward and northward, passes between Trinidad and Tobago, and is dispersed in
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the Caribbean Sea. The other branch of the Guayana Current flows into the Gulf of Paria through
the Boca de Serpientes (fig. 24). As the branch of the Guayana Current flows toward Boca de
Serpientes, it is constricted and, therefore, velocity increases, profoundly influencing Orinoco
Delta coastal hydrodynamics.

There have been few rigorous and comprehensive littoral-current surveys along the Orinoco
Delta coast and shelf to determine the rate, direction, and timing of littoral-current flow. The work
of Van Andel and Postma (1954), Koldewijn (1958), Nota (1958), INTEVEP (1981), and
Geohidra Consultores, C.A (1997b) are the most comprehensive surveys to date.

Current velocities on the Atlantic shelf range from 25 cm/sec in the summer to 75 cm/sec in
the winter (Nota, 1958; Eisma and others, 1978). Offshore on the middle and outer Atlantic shelf,
northwestward-directed Guayana Current velocities are 50 to 75 cm/sec in the spring and 25 to
40 cm/sec in the autumn (Van Andel, 1967). Currents within the Gulf of Paria generally flow
clockwise. Penetration of the Guayana Current through Boca de Serpientes, tides, the bathymetry
of the gulf, and freshwater input through Cafio Manamo, Rio Guanipa, and Rio San Juan also
influence the circulation system in the gulf (Van Andel, 1967). The maximum current velocities
occur in Boca de Serpientes and Boca de Dragén, where velocities of 100 and 130 cm/sec have
been recorded.

Geohidra Consultores, C.A (1997b), measured current velocities and direction at 10 locations
along Punta Pescadores from September 29 to October 2, 1996, demonstrating the importance of
tides on coastal water and sediment dynamics. These measurements demonstrate that the currents
flow to the southwest along the coast and seaward in the cafio mouth as tide is falling, and to the
northeast along the coast and landward as tides rise.

On the basis of hydrodynamic modeling, Herrera and Masciangioli (1984) reported that mean
water flow on the middle and outer shelf northeast of Boca Grande is to the north-northwest, with
highest velocities between February and April (20 to 90 cm/sec) and lowest between August and
October (15 to 40 cm/sec). They also determined that the rate and direction of marine currents are
similar to those at a depth of 65 m. However, at 150 m the dominant flow direction is SSW and
NNE.

INTEVEP (1981) applied a model to determine current velocities associated with a major
cyclone that occurred within the gulf in 1933. During the cyclone, winds reached >90 km/hr, and
the model estimated current velocities of 35 cm/hr in the gulf and 83 and 92 co/hr in Boca de
Serpientes and Boca de Dragén, respectively (Geohidra Consultores, C.A, 1997b).

Salinity in the Gulf of Paria generally varies between 13.4 and 25.6 parts per thousand (ppt)
between the wet and dry season, respectively. Salinity is below 19 ppt in Boca de Serpientes
because of freshwater input from the Orinoco Delta (ENSR Venezuela, 1998). Historically, salinity
varied seasonally as a direct result of freshwater input from Cafilo Manamo (Van Andel and
Postma, 1954); since construction of Volcan dam, salinity in the gulf is undoubtedly more
consistently marine, but it has not been documented.
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Geomorphology

The Orinoco Delta comprises a mosaic of shallow-water basins inhabited by emergent
(forested and/or herbaceous) vegetation and subdivided and linked by an extensive network of
cafios. The geomorphology of the modern delta plain is largely defined by the relative proportion
of vegetal material relative to terrigenous material; it is interesting to note that the geomorphology is
defined more by water depth than by elevation. Offshore, the broad shelf, which is palimpsest, is a
major control on the wave and littoral-current regime that controls deposition along the coast, delta
front, and prodelta.

Although the geomorphology of the delta has been mapped (fig. 31) and principal geomorphic
processes have been identified (table 8), little is currently known about the timing, magnitude,
frequency, and duration of physical processes controlling ecosystem health and long-term
instability because few direct measurements have been recorded (CVG-TECMIN, C.A., 1991a
through f; Scheihing and Pfefferkorn, 1984). In the current and previous studies, sedimentary and
erosional processes are inferred from hydrologic, geomorphic, sedimentologic, and pedologic
observations. However, comprehensive, deltawide studies of the relationship between hydrology,
sediment dynamics, and ecosystem composition are needed to develop geomorphic models to
predict the influence of human activity in the delta.

Delta Plain

CVG-TECMIN, C.A. (1991a through f) developed a systematic, hierarchical geomorphic
classification scheme for the delta plain and generated a series of geomorphic and soils maps of the
delta and surrounding region. Figure 31 and table 8 present a geomorphic description of the delta
that is based on (1) principal hydrologic regime (fluvial, marine, mixed fluvial and marine),

(2) landscape position and/or substrate composition (littoral, mud plain, peat plain), and
(3) drainage class (inundated, very poorly drained). This classification is primarily based on the
work of CVG-TECMIN, C.A. (1991a through f).

Table 8 is designed to relate delta landscape setting to hydrologic, sediment, and erosion
processes active in these areas. It is also designed to show the relationships among
geomorphology, hydrology, and floral communities. Main data sources of table 8 are field and
remote-sensing analyses and the regional study by CVG-TECMIN, C.A. (1991a through f).
Table 8 also includes observations and concepts from Dost and Pons (1971), Danielo (1976a, b),
Geohidra Consultores, C.A (1997a, b), ENSR Venezuela (1998), and FUNINDES USB (1998).

Subdivision of the principal geomorphic provinces into three that are tide dominated, nine that
are mixed tide and river dominated, and two that are river dominated reflects the relative importance
of the interaction of river discharge and diurnal tidal oscillation in delta hydrology but understates
the importance of direct rainfall.
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Caros

As the Orinoco River exits from its alluvial valley near Barrancas, it splits into several major
distributaries near the delta apex (figs. 1, 2, and 26). The Rio Grande is the principal Orinoco
distributary; it flows east and carries the principal flow (84 to 88 percent) of the river in the delta.
Cario Piacoa also flows east and merges with the Rio Grande ~30 km downstream from their point
of divergence. Cafio Manamo and Cafio Macareo are historically the two major second-order
distributaries of the Orinoco River. They flow north and northeast, respectively (figs. 1, 2,
and 26).

During late 1998 and early 1999, BEG researchers conducted a series of reconnaissance-level
channel-transect surveys in upper Cafio Macareo, Cafio Manamo, Cafio Pedernales, as well as
higher-order cafios in the northwestern delta using differential GPS and a portable depth sounder
(fig. 6b; table 9). Principal cafios (Manamo, Macareo, Pedernales) have sandy substrates,
especially in the thalweg; the thickness and lateral extent of these sandy substrates have not been
determined. The principal cafios broaden and somewhat deepen toward the coast in response to
increasing tidal influence. These major cafios (Macareo, Mariusa, and Rio Grande) have developed
large, sandy, river-mouth bars (fig. 2) along the coast. The higher-order, more tidal-influenced
cafios of the lower delta tend to have muddy substrates with abundant vegetal debris and tend to be
relatively narrow and deep (table 9).

Delta-Plain Subdivisions

Two distinct, roughly fan-shaped delta-plain sectors are distinguished on the basis of
differences in channel abundance and geometry, sediment and soil types, shoreline characteristics,
and dominant geologic processes: the southern and southeastern and the central and northwestern
sectors (fig. 32a). The southern and southeastern sector, which is dominated by the Rio Grande
and major distributaries with large sediment supplies (such as Cafio Araguao and Cafio Merejina),
comprises a complex of anastomosing, mostly tidal channels and islands. Its geomorphology,
hydrology, and ecology are controlled by the complex interaction of riverine and tidal processes,
and it is estuarine in character near the coast. The large number of anastomosing distributaries
subdivides the southeastern delta into a network of densely forested interdistributary islands and
provides efficient pathways for distributing Orinoco water and sediment. Clastic sediments and
mineral soils are widespread in this delta sector (fig. 33) (CVG-TECMIN, 1991a through f). The
highly irregular coastline between Boca Grande and Boca de Araguao is dominated by fluvial and
tidal currents and consists of both sandy beaches and muddy mangrove shorelines.

In contrast, the central and northwestern sector contains fewer distributaries and mineral soils
and a greater proportion of herbaceous and forested interdistributary basins with abundant peat
(fig. 33). Relatively straight, parallel channels subdivide broad wetlands (fig. 32a). It is
fundamentally controlled by tides and rainfall, and to a lesser extent by riverine processes, and can
be characterized as coastal-plain tidal swamp and marsh systems. The proportion of tidally
influenced blackwater channels with small sediment supplies is greater than in the southeast delta.
Shorelines are generally smoother, muddier, and more arcuate than those along the southeastern
coast, and major distributaries are deflected to the northwest near the coast.
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On the basis of elevation, sediment and soil types, landforms, hydrology, water chemistry,
vegetation, and land-use criteria, the delta plain can also be subdivided into three coast-parallel
sectors: riverine (upper), river- and tide- influenced (middle), and marine, mostly tidal influenced
(lower) (fig. 32b). The upper delta plain is primarily influenced by fluvial processes, whereas the
middle and lower delta plain is influenced by a combination of fluvial and tidal processes, the
coastal portion of the lower delta plain being more affected by marine processes, including waves,
tides, and littoral currents. Direct rainfall is an important hydrologic input and geomorphic agent in
all three sectors.

Upper (fluvial-influenced) delta plain

More is known about the upper delta largely because it is less prone to inundation and is
therefore more easily accessible than the middle and lower delta plain. The upper delta
geomorphology, hydrology, and ecology are fundamentally controlled by river discharge and, to a
lesser degree, local rainfall. It is seasonally inundated and naturally covered by deciduous forests,
although much has been cleared by humans. The substrate is a complex mixture of clay, silt, and
sand, with minor peat (fig. 33).

The upper (fluvial) delta is characterized by (1) elevations generally between 1.5 and 7 m;
(2) low (<5 percent) slopes; (3) a subtle microtopography controlled by the juxtaposition of fluvial
erosional and depositional features and interdistributary basins; (4) hydrology that is variable but
primarily controlled by river stage and discharge; (5) widespread occurrence of flood-basin lakes
with water depths to ~0.5 m; (6) a variety of fluvial landforms, including levees, crevasse splays,
and meander scrolls; and (7) relatively well developed soils.

The major cafios are bordered by levees that are typically high and wide in the upper delta
plain and that gradually diminish to nothing within 40 km of the coast. Proximal levees are
composed of fine sand to clay, with most sediment in the silt size range (Lorente, 1990). The
levees are typically the highest features in the delta plain, averaging 3 to 4 m, but as much as 8 m
above low water during the dry season. Levees are naturally covered with deciduous forest
vegetation but are commonly cleared for human habitation and agriculture (fig. 27a, b, c¢). Distal
levees are composed of silty clay and commonly have an irregular to hummocky topography,
indicating modification by overbank flooding and by vegetation. Distal levees are typically covered
with deciduous forest vegetation. Levee deposits along the major cafios are commonly underlain by
peats; radiocarbon analysis on samples from Cafios Araguao, Manamo, and Pedernales
demonstrate that these peats are less than 1,000 years old. The relatively young age of these basal
levee peats implies that the rate of development and abandonment of cafios is quite high.

Point bars occur along inside bends in the meandering portions of the cafios in the upper and
middle delta but are commonly covered by forest vegetation, making them difficult to discern.
Moreover, they are not common and generally have less than 1 m relief because meandering and
channel cutoff is not a major delta-plain process (especially in the middle and lower plain) and
because active levees generally do not attain significant relief. Point bars rise to the levees in a
series of stepwise erosional faces, which presumably represent brief stands during lowering of
floodwaters (Scheihing and Pfefferkorn, 1984). On cut faces, the point-bar deposits are primarily
composed of fine- to medium-grained sands with trough cross-stratification, large-scale planar
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cross-stratification, parallel-laminated beds to 1 m thick, and mud drapes (Scheihing and
Pfefferkorn, 1984). Field observations in conjunction with remote-sensing analysis indicate that
point-bar deposits (ridge and swale landforms) are not widespread features in the delta. However,
grass-covered point bars are well developed along the middle and upper reaches of Cafio Macareo.
These newly developed point bars are likely associated with enhanced discharge through Caiio
Macareo subsequent to emplacement of the dam in Cafio Manamo.

Crevasse splays are common features in the upper (fluvial) delta. They are most prevalent
along the upper reaches of the larger cafos, such as in Cafio Macareo and Cafio Manamo (fig. 34).
Sediment grain size ranges from medium sand to clay. However, grain-size analysis by Lorente
(1990) identifies a bimodal distribution among the crevasse splay deposits along Cafio Macareo, in
which there is a deficit of fine and very fine sand. She suggests that the bimodal distribution may
reflect hydraulic characteristics of the overbank discharge.

Flood-basin lakes are conspicuous and widespread features in the upper delta plain (figs. 1,
4,26, and 27m, n). They are typically highly irregular in outline (fig. 26), generally <0.1 to 5 km
longways and 30 to 50 cm deep. They are surrounded by marshy perimeters of slightly higher
elevation and are connected to principal cafios by small channels. Lake-bottom sediments from a
lake along Cafio Araguao consist of black, fusain-rich clay 10 to 20 cm thick underlain by clayey
peat (Scheihing and Pfefferkorn, 1984). Wood fragments are common and appear to be derived
from previously existing forests. The large amount of partially fusainized wood and underlying
fusain-rich, black clay suggests forest fires in this area during low water (Scheihing and
Pfefferkorn, 1984). In many respects the only difference between flood-basin lakes and other
upper-delta-plain interdistributary basins is the lack of emergent vegetation in the lakes, which is
probably related to water depth. Many of the lakes are curvilinear (fig. 27m), indicating that they
formed from abandoned channels. Others are more irregular in outline (fig. 27n), indicating that
they originated as interdistributary basin features (that is, some combination of infilling and
subsidence).

Middle (fluvial- and marine-influenced) delta plain

The geomorphology, hydrology, and ecology of the middle (fluvial- and marine-influenced)
delta are the result of complex interaction among river discharge, tides, and local rainfall. The
middle delta plain is flooded for the majority of the year, and it is covered by evergreen and palm
forests and herbaceous swamps. The substrate is largely a mixture of mud and peat (figs. 32b,
33).

The middle delta plain is characterized by (1) elevations between 1 and 2.5 m; (2) slopes less
than 1 percent; (3) a general plano-concave surface profile; (4) hydrology that is highly variable
and is controlled by the interaction of tides, rainfall, and overbank flooding; (5) vast
interdistributary basins filled with peat and/or sulfur-bearing, organic mud; (6) an extensive
network of tidal channels that link the major cafios and maintain the tidal cycle in the
interdistributary basins; and (7) numerous estuarine islands such as those in the Rio Grande and
Cafos Manamo, Pedernales, and Araguao.

31



Interdistributary basins filled with mud are widespread in the south-central delta (fig. 33),
where the delta-plain hydrologic and sedimentologic regime are heavily influenced by the annual
flood cycle of the Rio Grande. Peat basins are more widespread in the north-central and
northwestern delta, away from the cafios transporting large volumes of suspended sediment during
overbank discharge conditions.

Between Caiios Araguao and Capure, the interdistributary drainage network is consistently
oriented northeast-southwest (fig. 26). Between Canos Capure and Manamo, however, the
interdistributary network has no preferred orientation, indicating multiple agents of formation,
perhaps caused by influence of rivers, such as Morichal Largo and Tigre, which drain areas to the
west and northwest of the delta (Danielo, 1976a).

Lower (marine-influenced) delta plain

The geomorphology, hydrology, and ecology of the lower delta are primarily controlled by
tides but also significantly influenced by the river and local rainfall. It is perennially flooded, and it
is covered by evergreen shade forests, grasses, and sedges with mangrove along the coast and
caiios (Colonnello, 1996). The substrate is mostly peat, but mud, silt, and sand (cheniers) are
significant in some areas (fig. 33).

The lower delta plain is characterized by (1) elevations of <1 m, (2) slopes no greater than
1 percent, (3) a general plano-concave surface profile, (4) hydrology primarily driven by tides and
secondarily by rain, (5) widespread occurrence of broad interdistributary basins with thick
(up to 10 m) peat deposits, or (6) organic mud substrates that are relatively high in sulfur content,
(7) active vertical accumulation of sediments so that there is very poor soil development,
(8) weakly developed and/or partially buried relict beach ridges, which are more pronounced in the
Boca de Guanipa and Boca Araguao areas (figs. 4, 33, and 35a), and (9) development of mud
volcanoes and asphalt seeps in the northwest delta plain.

Much of the lower delta plain consists of featureless marsh traversed by many tidal channels.
This area is largely covered by herbaceous vegetation except for forest rims along principal cafios
and mangroves near the coast (figs. 27d, e, f, h, 1, k; 35e, f). However, there are areas of
extensive forest cover as well (fig. 27g, j, 1). At the coast, these areas grade imperceptibly into
extensive mud flats, generally without beach development. In other areas of the lower delta plain,
groups of long, low (<1 m), subparallel or diverging relict beach ridges occur locally, especially
between Cafios Araguao and Manamo (figs. 33 and 35a). These chenier ridges commonly occur
adjacent to (just downdrift of) the mouths of present and former distributary channels (Van Andel,
1967; Scheihing and Pfefferkorn, 1984). These are composed of fine- to medium-grained sand. At
the coast, these areas commonly maintain rather poorly developed sandy beaches that are backed
by peaty clays of the mangrove swamps. Inland, chenier ridges are covered by scrub and
herbaceous vegetation (Scheihing and Pfefferkorn, 1984). Chenier development is not as prevalent
along the Orinoco as it is along the Guiana coast.

The lower delta plain appears to be composed of coalesced, relict and active mudcapes
(fig. 36). The relict mudcapes become difficult to discern landward, probably because (1) the
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thickening of peat over time obscures their morphology and (2) as subsidence continues, cafios
traverse and dissect the original mudcape morphology.

Mud volcanoes and oil seeps are conspicuous features of the lower delta plain in the
northwestern delta (figs. 37, 38). Orinoco mud volcanoes are typically mound shaped, 10 to 15 m
high, and as much as 400 m in diameter (app. 2). Active vents are typically free of vegetation
(fig. 38a, b, c). Historic accounts indicate that mud-volcano eruptions involve fluidized mud, gas,
and water and that they can be violent. Recent mud flows and craters filled with waters that bubble
intermittently as a result of gas exsolution demonstrate that four out of the five mud volcanoes
visited during the studies summarized in this report are currently active. As the features become
inactive, as in the case of the Pedernales mud volcano, they partially subside, forming a
hummocky to cratered surface.

Hydrocarbon seeps associated with mud volcanoes have been a major impetus for oil and gas
exploration in the Orinoco Delta and Trinidad. Vents having oil films and minor tar flows are
common at the Palm Grove mud volcano (fig. 37). La Brea, an asphalt seep in the Capure area, is
a bench that is adjacent to and parallels the coast for ~1 km, and extends inland for ~100 m, and
rises ~1 m above adjacent mangrove swamps. It comprises multiple asphalt vents and pools, in
which the substrate consists of an upper asphalt layer 20 to 30 cm thick underlain by >1 m of
thoroughly asphalt impregnated mud. It is wave eroded along the side adjacent to Boca de
Pedernales, and numerous exhumed mangrove trunks are present along the shore (figs. 37, 38e).

Coast

Features such as relict beach ridges and mudcapes provide a clear indication that the Orinoco
prograded seaward during the late Holocene. However, late Holocene delta progradation is
primarily by mud-flat accretion and eventual stabilization by mangrove rather than advancement of
promontories at mouths of major distributaries (Danielo, 1976a, b; Van Andel, 1967). In fact, the
Orinoco is much like the Guiana coast to the south, with alternating estuaries and rounded
promontories (figs. 4 and 7). The estuaries reflect the influence of riverine and tidal processes,
whereas the mudcape promontories reflect the influence of littoral currents.

Orinoco coast and submarine sediments are primarily black and gray-black mud and silty mud
that typically contain quartz, feldspar, chamosite aggregates, ilmenite-magnetite, epidote-zoisite,
hornblende, clinopyroxenes, orthopyroxenes, andalusite, sillimanite, tourmaline, and apatite
(Emel’yanov and Kharin, 1974). The >2-um clay-mineral fraction is mainly kaolinite, mica-illite, a
small amount of chlorite, and some swelling minerals (Van Andel and Postma, 1954; Eisma and
others, 1978). The >2-um clay fraction contains up to 2 percent pyrophyllite (Eisma and others,
1978). Mineral assemblages along the Orinoco coast are similar to those of the Amazon, except for
the higher proportion of sillimanite and andalusite and the presence of pyrophyllite, which can be
used to map the distribution patterns of Orinoco sediments in the Atlantic Ocean and Caribbean Sea
(Emel’yanov and Kharin, 1974; Eisma and others, 1978; Bowles and Fleischer, 1985). There have
not yet been any invertebrate faunal studies of the Orinoco coast to date, although Van Andel and
Postma (1954; their figs. 59 and 61) indicated that invertebrate fauna along the coast is sparse due
to large fluctuations in salinity.
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Like other modern deltas and the adjacent Guiana coast, the Orinoco shoreline has segments
that are erosional and nondepositional and segments that are progradational (fig. 39). Erosional
shorelines tend to be straight to concave (seaward) in map view, and they typically have a small
scarp at the shoreface. Mature mangrove forests abut the shoreface, and the mangroves are being
actively undermined by the encroaching waves that cause them to collapse into the surf (fig. 35e).
Historical aerial photographs indicate that the coast has eroded landward as much 2 km in some
areas between Boca Cocuina and Pedernales (Wagner and Pfefferkorn, 1995). Nondepositional
shorelines are typically straight, and mangrove forests abut the shoreface but are not collapsing into
the surf; in places, small silty, sandy beaches are developing.

Accretional shorelines typically have well-developed mud flats that are up to 2 km wide
during low tide (fig. 35b). Accretional coastlines are common along the coast of estuaries as well
as along the Atlantic coast. These mud flats are extremely low gradient and tend to accrete laterally
along the break in slope at the seaward edge of the flats. The very shallow water conditions along
the mud flats and the soft but cohesive mud-flat surface strongly attenuates incoming wave energy,
promoting vertical accretion along the landward portions of the mud flats. Colonization by
mangroves along the landward portion of the intertidal zone (fig. 35b, d) further promotes vertical
accretion. Along the Boca Grande and Boca de Guanipa, the combination of abundant sand, wave
reworking, and littoral currents promotes development of sandy beach ridges on the downdrift
(northern) side of estuarine islands along the coast. These beach ridges (fig. 35a) represent nascent
chenier ridges.

The Orinoco coast is dissipative in that the majority of wave energy is attenuated along the
broad shallow shelf. Although both the Orinoco and Guiana coasts are dissipative (Orton and
Reading, 1993), the Orinoco coast and shelf do net have widespread fluid mud layers, mud banks,
or extensive mud flats that characterize the Guiana coast. Eisma and others (1978) identified a fluid
mud layer at the bottom of the navigation channel at Boca Grande. This fluid mud layer was
confined to the navigation channel, and no turbidity exceeding 0.7 g/l has so far been detected
elsewhere on the delta coast or shelf (fig. 40a; table 10; Eisma and others, 1978). It is not clear
whether the fluid mud reported by Eisma and others (1978) forms there as a direct result of
deepening of the channel by dredging (fluid mud layers are common along the bottoms of dredged
channels). It is of note that Danielo (1976a) recognized mudbanks along the coast of Corocoro
Island (mudcape) just southeast of Boca Grande.

Eisma and others (1978) estimated that 50 to 66 percent of the fine-grained sediment
deposited along the Orinoco coast consists of Amazon mud. Moreover, ~80 to 90 percent of the
sediment delivered to the coast by the Orinoco River is through Boca Grande and Boca Araguao,
such that the cafios in the northern two-thirds of the delta deliver very little Orinoco sediment to the
coast (fig. 25). Hence, marine littoral, tide, and wave (rather than river) processes largely control
Orinoco coastal development northwest of Boca Araguao. However, the timing and volume of
discharge of Orinoco sediment from Boca Grande is critical to the development and maintenance of
the central Orinoco coast.

Suspended sediment concentrations of Orinoco River water are very low and are composed
predominantly of mud and silt, even during flood season (table 10). On the other hand, littoral
marine waters flowing from the Guiana coast into Boca Grande contain high concentrations of
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suspended Amazon mud (Eisma and others, 1991). We infer that a freshwater surface plume
occurs as the Orinoco River water encounters the dense, muddy, marine waters (fig. 40b).
Development of freshwater plumes at delta distributary mouths is common (Orton and Reading,
1993; Nemec, 1995). In the Orinoco, we infer that the buoyant suspension layer is especially well
developed because of the strong density difference in the river and marine water and the continuous
renewal of dense, mud-rich marine waters at Boca Grande by the strong Guayana Current.

Figure 40a provides evidence of the Orinoco freshwater plume in that the sediment plumes directly
seaward of Boca Grande are orthogonal to the coast, indicating that the surface-water flow regime
1s primarily controlled by river flow and is distinct from the regional, northwest-flowing shallow-
shelf regime. Toward Boca Araguao, the sediment plumes assume a northwestern orientation,
indicating the enhanced influence of the regional shallow-shelf regime.

We infer that, as the freshwater plume overrides and is segregated from the denser marine
waters in the vicinity of Boca Grande, only a limited volume of Orinoco sediment is deposited
directly seaward of Boca Grande (fig. 40b). It is of note that Van Andel and Postma (1954)
determined that during the rainy season, water masses in (the pre-Volcan dam) Boca de Guanipa
separated into two units: an upper brackish water unit that flows seaward and a lower
compensatory saline unit that flows landward. They postulated that these saline bottom currents
penetrate well into the estuaries during wet-season high discharge. They inferred that during lower
discharge of the dry season, the buoyant suspension layer disintegrates. We propose that in the Rio
Grande, with its large freshwater discharge volume, the buoyant suspension layer is maintained for
much of the year.

Largely on the basis of remote-sensing analysis (fig. 40a), we infer that the buoyant Orinoco
River plume is transported northwestward by the Guiana Current along the shelf and coast, where
it eventually mixes with marine waters. We infer that (1) part of the Orinoco sediment mixes with
Amazon-derived sediment and is transported landward by waves and tides and deposited along the
central Orinoco coast; (2) another part of the Orinoco sediment plume is transported through Boca
de Serpientes and into the Gulf of Paria; and (3) a third, smaller, portion of the Orinoco/Amazon
sediment is transported northeastward along the south coast of Trinidad and then northward along
the eastern margin of Trinidad (fig. 24).

Offshore
Shelf

The distribution of sediments on the shelf from the Amazon to Orinoco Delta follows a
general pattern of nearshore mud, inner-shelf silty mud, mid- and outer-shelf sand, slope silty
mud, and abyssal-plain pelagic mud (Zakharov, 1974). The Orinoco shelf is a broad, low-gradient
(0.02 to 0.5 percent) feature that commonly occurs seaward of major modern deltas (Butenko and
Barbot, 1979; Coleman, 1982). Along the Atlantic margin, the shelf extends offshore ~100 km to
the shelf break, which generally occurs at ~100- to 110-m water depth. Like many modern deltas,
much of the shelf and slopes are relict, submerged coastal plains that developed during Pleistocene
sea-level lowstands (fig. 23a). The Orinoco delta front and prodelta are restricted to a narrow belt
oriented parallel to the shoreline, extending only ~60 to 80 km seaward to the coast (figs. 41, 42,
and 43).
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These marine deltaic deposits are typically dark-gray to green-gray, soft, plastic clay and silty
clay. The clays are primarily composed of kaolinite and illite, with a variable proportion of
montmorillonite (Van Andel and Postma, 1954). Van Andel and Postma (1954; their figs. 59
and 61) reported that invertebrate fauna is dead and probably relict because modern fluctuations in
salinity are not conducive to development in invertebrate faunal communities.

The delta-front and prodelta deposits of the subaqueous delta are as much as 70 m thick and
form a narrow, steep, concave-up profile on the shelf (fig. 41). We infer that the constriction at
Boca de Serpientes accelerates the rate of northwest-directed littoral- and bottom-current flow,
which in turn reworks and partially erodes the delta-front and prodelta deposits along the central
and northwestern delta. This steep profile also suggests that rates of seaward progradation of the
subaqueous delta near Boca de Serpientes are currently low. This situation implies that currently
delta foreset and bottomset beds are thin relative to the topset beds. Limited data from Boca de
Serpientes indicate that the geometry of the subaqueous Holocene delta in this area is more
complex than to the southeast (figs. 41 and 42).

Seaward of the clay-rich sediments are sandy sediments (fig. 43) that were deposited during
the Holocene transgression (Koldewijn, 1958; Nota, 1958). These sands are composed of fine
quartz sand and shell fragments, with minor portions of feldspar, mica, ferromagnesian minerals,
and metamorphic rock fragments (Butenko and Barbot, 1984). Grain-size analysis of samples
seaward of the Orinoco Delta demonstrate that no sand is currently being transported from the
mouths of the caiios to portions of the shelf exceeding 20-m depth (Koldewijn, 1958; Nota, 1958).
Nota (1958) considered that two hydrographic agents control sediment distribution on the shelf:

(1) wave turbulence, in particular long oceanic swell, and (2) current action related to the Guayana
Current. The combined actions of these processes have produced a wide zone of agitated waters
across the shelf, resulting in broad areas of sediment bypass on the middle and outer shelf.

Near the shelf edge, cemented sandstones with corals were delineated (figs. 42 and 43) and
are interpreted to be upper Quaternary coral reefs (Koldewijn, 1958; Nota, 1958). They rise ~10 m
above the their surroundings and are ~ 200 m in width (Koldewijn, 1958; Nota, 1958; McClelland
Engineers, 1979; Butenko and Barbot, 1984). Radiometric dating of reef samples (Nota, 1958)
produced an age of ~11,500 yr B.P., indicating that at least part of the upper slope is currently an
area of sedimentary bypass. These reefs developed during the late Pleistocene sea-level lowstand
(Koldewijn, 1958).

Prieto-Cedraro (1987) subdivided the middle and outer shelf (platform) into two areas. A
stable southern sector occurs where a Cretaceous platform was established with continuous
subsidence and where large volumes of post-Miocene deltaic sediments were deposited (figs. 21,
22a, and 43). The second, northern area is characterized by deformation of a thick sedimentary
wedge by growth faulting (north-northwest trending) and associated east-northeast anticlines and
shale diapirs. Shelf configuration east of Trinidad is complicated by tectonism (Koldewijn, 1958).

Amazon mud is transported to and mixed with Orinoco sediment along the Orinoco coast and
shelf, and these sediments are redistributed such that a portion is deposited along the Orinoco
coast, another part of the Orinoco sediment plume is transported through Boca de Serpientes and
into the Gulf of Paria, and a third portion of the Orinoco sediment plume is transported
northeastward along the south coast of Trinidad and then northward north along the eastern margin
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of Trinidad (fig. 24). However, little is known about the relative or absolute volumes of sediment
that are redistributed to these areas or about the processes involved in transport and deposition of
these sediments. On the basis of analyses of suspended sediment, Monente (1989/1990a,
1989/1990b) estimated that 20 percent of the Orinoco sediment delivered to the coast is transported
and deposited in the Gulf of Paria and farther north in the Caribbean Sea, whereas the majority is
deposited in front of the delta. Because the island of Trinidad and Boca de Serpientes make the
hydrodynamics of the Orinoco shelf complex, characterization of the sediment dynamics is
difficult. Some currently undefined amount of suspended Orinoco sediment is transported to the
North Paria-Trinidad area via the shelf east of Trinidad and through the wide channel between
Trinidad and Tobago. These sediments are prevented from accumulating on the eastern Trinidad
shelf primarily by the Guayana Current (Koldewijn, 1958), resulting in a shelf mantled by relict
transgressive sands and reefs (fig. 43). Modern Orinoco sediment has not been detected in the
abyssal parts of the Guiana or the North American basin (Emel’yanov and Kharin, 1974).

Gulf of Paria

The Gulf of Paria is a semienclosed, tectonic basin located seaward and adjacent to the
northwest Orinoco Delta. Studies demonstrate that the gulf receives and retains a significant portion
of Orinoco sediment that enters the gulf directly from Cafio Manamo (prior to construction of
Volcén dam) and by littoral currents via Boca de Serpientes. The two rather narrow inlet/outlets,
Boca de Serpientes in the south and Boca de Dragén on the north, control water and sediment
dynamics in the gulf. Boca de Serpientes is the narrower (as little as 15 km) and shallower (a
thalweg depth as little as 33 m) of the two inlet/outlets (Van Andel and Postma, 1954). The
interaction of neotectonism, delta progradation, and sea-level change has altered water circulation
through Boca de Serpientes during the Holocene and thereby profoundly influenced water and
sediment dynamics along the Atlantic coast and shelf, as well as within the Gulf of Paria.
However, the Holocene history of the Orinoco shelf and Gulf of Paria remains poorly defined.

Gulf of Paria bottom sediments vary by location and are mostly black and gray-black muds
adjacent to Boca de Guanipa, greenish gray muds in the middle of the basin and sandy glauconitic
muds along the coast of Trinidad (fig. 43). Van Andel and Postma (1954) provided a detailed
analysis of grain size and mineralogy of gulf-bottom sediments. They determined that the gulf-
bottom sediments typically contain small proportions of carbonate and organic material but
relatively high proportions of iron sulfides. The sand is primarily derived from the Guayana Shield
via the Orinoco River and Cafio Manamo and the clays from across the Orinoco drainage basin
(Van Andel and Postma, 1954). Van Andel and Postma (1954) reported that clays now being
deposited adjacent to the Orinoco Delta are high in illite and kaolinite and low in montmorillonite.
Seaward in the Gulf of Paria, however, they found that the montmorillonite content increases
appreciably. They proposed that the seaward increase in montmorillonite is caused by the tendency
for illite and kaolinite to flocculate at lower salinities than montmorillonite; hence, the illite/kaolinite
flocs are deposited near shore, whereas unflocculated montmorillonite is advected to deeper water.

Van Andel and Postma (1954; their figs. 59 to 64) identified and mapped the distribution of
invertebrate fauna in the gulf. They found that, except for some freshwater shells in the river
estuaries, all shells are dead. They attributed the destruction of invertebrate communities to the
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onset of Cafio Manamo discharge into the gulf approximately 700 yr B.P., resulting in a marked
decrease of bottom-water salinity during wet season.

On the basis of analysis of shallow cores, Van Andel and Postma (1954) recognized two
distinct Holocene units separated by an unconformity: an upper unit composed of soft, greenish-
gray mud and a lower unit composed of bluish-gray, stiff mud. Radiocarbon dating of shell at or
near the unconformity surface provides evidence that the age of the uppermost bluish-gray clay unit
is between 1,000 and 1,500 yr B.P. Van Andel and Postma (1954; their fig. 66) mapped the
thickness of the upper greenish-gray clay and determined that it generally ranges from O to 22 m in
thickness. On the basis of analysis of a series of geotechnical boring logs, we estimate that the
Holocene sediments in the gulf of Paria are as thick as 72 m (figs. 41 and 44).

Sediment concentrations along the coast and in the Gulf of Paria appear to be lower during the
rainy season than during the dry season. Van Andel and Postma (1954) proposed that landward
flow of saline bottom water into the Orinoco Delta estuaries during the high river stage creates a
zone of dense, low-velocity flow along the base of the estuary. This wedge of saline bottom water
induces a large portion of the suspended matter to temporarily accumulate along the bottom of the
lower reaches of the rivers and in the estuaries. These bottom sediments are later reentrained and
transported into the gulf as discharge diminishes and the saline bottom-water wedge becomes
unstable and eventually breaks down. It is likely that the out-of-phase relationship between
Orinoco River peak water and sediment discharge (fig. 16b) also contributes to the out-of-phase
relationship between peak Orinoco water discharge and peak sediment concentrations in the Gulf of
Paria. We infer that sediment concentrations are generally lower in the gulf since construction of
Volcédn dam, although this change has not yet been documented.

BEG Studies of the Northwest Delta

We reviewed available information on the entire delta. However, because of time and resource
constraints, our studies in years one and two focused only on the northwest part of the delta,
which is the area where petroleum-exploitation activities and the exploration blocks are located.

Depositional Systems of the Northwest Delta

Depositional systems are informal lithostratigraphic units made up of assemblages of process-
related sedimentary facies; they are the stratigraphic equivalents of aggradational portions of
geomorphic or physiographic units (Scott and Fisher, 1969). Fluvial, delta, barrier-island, and
slope are examples of depositional systems. Genetically related facies deposited in a variety of
depositional environments are the fundamental component elements of the depositional systems.
Point bar, levee, flood basin, marsh, and shoreface are examples of component facies of the
depositional systems. We defined and analyzed depositional systems and associated facies in order
to determine late Holocene evolution of the delta plain, particular environmental distribution, and
rates of change among depositional facies.

Four principal depositional systems were recognized in the northwest delta on the basis of
differences in major environments, facies, vegetation, and the dominant geologic processes
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affecting various parts of the delta. These are (1) distributary channel systems, (2) interdistributary
basins, (3) fluvial-marine transitional environments, and 4) marine-influenced coastal
environments.

Distributary-Channel Systems

Distributary-channel systems are networks of channels, natural levees, crevasse splays, and
levee-flank environments that extend across the entire delta (figs. 45 and 46). In the case of the
larger channel systems, proximal overbank sedimentation has produced alluvial ridges that rise
1 to 3 m above and subdivide surrounding interdistributary basins. Orinoco channel systems are
formed by a broad spectrum of rivers that include (1) major distributaries (fig. 47a), (2) large
blackwater Cafios (fig. 47c), and (3) small blackwater Cafios.

Major distributaries such as Cafios Manamo and Macareo receive water and sediment from the
Rio Grande and thus have large sediment loads and discharges (fig. 25). Channels are generally
0.5 to 1.0 km wide and 10 to 20 m deep, and thalweg channel-bed textures range from muddy,
very fine sand to medium sand (fig. 48). The major exception to this pattern occurs in the vicinity
of the Volcén dam on Cafio Manamo, where mud covers the channel bed upstream and
downstream of the dam. Major distributaries show little evidence of lateral channel migration,
although several large sandy point bars occur on Cafio Manamo near Volcan dam (fig. 49a) and
along the upper reaches of Cafio Macareo. In the upper delta, natural levees are 3 to 5 m high,
100 to 200 m wide, and consist of brown muddy sands and sandy muds with abundant
bioturbation features and mottles (fig. 49b). Crevasse splays with lobate geometries and fan-
shaped channel networks also occur along the upper reaches of Cafios Manamo and Macareo
(fig. 47b). Crevasse splay deposits are similar to natural levee deposits and consist of as much as
5 m of brown and gray muddy fine sand that covers areas up to 5 km? (fig. 49c).

Large blackwater cafos, such as Cafios Tucupita, Pedernales, Cocuina, and Caiguara, receive
little or no water or sediment directly from the Orinoco system and instead drain interdistributary
basins of the delta plain (fig. 47c). The cafios have small sediment loads, high concentrations of
dissolved organic acids, channel widths of 100 to 200 m, and channel depths of 5 to 10 m. Flow is
controlled by a combination of tides and water levels in the major distributaries. Banks are heavily
vegetated, and the channels show little evidence of lateral channel migration. Sandy natural levees
are present only along the uppermost reaches of these cafios, and crevasse splays are rare.
Channel-bed textures are generally muddy in the upper delta plain and become sandier toward the
coast (fig. 48 and table 9). Small, sediment-poor blackwater cafios are most abundant in the tidally
influenced lower delta and function as both small distributaries and tidal channels. These channels
have poorly developed muddy levees, and channel widths are <100 m and depths are <10 m.

Major distributaries and large blackwater cafios show systematic changes toward the coast. In
general, channel systems widen downstream and along Cafio Manamo as the channel bifurcates
around midchannel islands. Tidal fluctuations increase, and sediment is supplied to the cafios
during rising tide from shallow bays such as Boca de Guanipa and Barra de Cocuina. Channels are
also less sinuous near the coast, and lower channel courses are deflected northwest and in some
instances, converge (for example, confluence of Cafios Pedernales and Angostura). Overbank
flooding occurs seasonally and constructs prominent levees in the upper delta. Toward the coast,
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the effects of flooding diminish as demonstrated by decreasing levee heights, widths, and sand
contents. Near the coast, levee deposits are gray bioturbated muds and along the large blackwater
Caiios, peat veneers levee muds (fig. 49d). The effects of tides are especially evident along the
blackwater Caiios that typically deepen and have higher percentages of channel-bed sand toward
the coast. In addition, decreasing effects of flooding downstream and increases in brackish-water
conditions produce major changes in the delta vegetation. Upper-delta-plain levees have vegetation
communities similar to those of the rain forest described by Muller (1959) and semideciduous
forest of La Salle (1996). Genera include Ceiba, Ficus spondias, Erthrina, with increasing
abundance of Maritia and Pterocarpus on lower delta levees. Near the coast, dense stands of
Rhizophora (red mangrove) partially fill the margins of major distributaries (fig. 47d) and line the
banks of small blackwater Cafios (fig. 47¢).

Interdistributary Flood Basins

Broad, saucer-shaped, interdistributary basins bounded by distributary-channel levees and
covered by forested and herbaceous swamps occupy most of the delta but differ substantially
between the upper, middle, and lower delta (figs. 31, 45, and 46). They are drained by complex
networks of blackwater cafios, and water levels are controlled by a combination of overbank
flooding, tides, and direct rainfall. Seasonal flooding by major distributaries dominates
interdistributary flood basins in the upper delta (fig. 50a). These areas are covered primarily by
herbaceous swamps (Canales, 1985), which represent a combination of the effects of
anthropogenic clearing of forested swamps and perennial saturation (figs. 27p and 50b).

Substrates range from terrigenous to organic, depending on the proximity of the levees to
major distributary channels (figs. 33 and 51a). Soils and sediment consist primarily of gray
mottled mud, dark-gray organic mud, and minor quantities of peat and peaty clay. Yellow-brown
mottling is most abundant in the upper 1 to 2 m of the soils, especially along the perimeter of the
basins, and indicates that soils are periodically oxidized, probably during the dry season when
water levels are low. Unweathered muds beneath the soils are massive or laminated and contain
abundant organic material and bioturbation features such as roots. Probable authigenic pyrite and
siderite also occur along roots and bedding planes. Pyrite and siderite are indicators of reducing
conditions in these deposits. Shallow lakes are common in the upper delta but are conspicuously
rare in the lower delta. In the upper delta, lakes occur within the center of interdistributary basins
and along meanders of abandoned distributaries.

By comparison, middle and lower delta interdistributary basins are a combination of
herbaceous and forested swamps that are perennially saturated mostly because of rainfall (figs. 27j,
k, 1, and 50c). Because overbank flooding and sedimentation are not widespread, herbaceous
swamps receive little clastic input and contain organic sediments and soils (figs. 33 and 51b).
Forested swamp vegetation includes Mauritia flexuosa, Manicaria saccifera, Euterpe oleracea,
Pterocarpus officinalis, Bactris spp., Montricardia aborescens, and others. Among species in the
herbaceous swamps are Rhynchospora gigantea, Thalia sp., Ludwigia spp., Cyperus spp.,
Eleocharis spp., and Paspalum spp.
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Fluvial-Marine Transitional Environments

Fluvial-marine transitional environments, or the middle and lower delta plain, are located in a
10- to 20-km-wide zone of herbaceous and forested swamps that parallels the coast (figs. 27h, k,
31, 32b, and 45). These areas are permanently flooded by direct rainfall and, to a lesser extent, by
tides. Overbank flooding and clastic sedimentation is restricted to areas along channels.
Herbaceous swamps are widespread, covering areas as large as 200 km? (fig. 50d). Within the
fluvial-marine transitional system, herbaceous swamps form a discontinuous northwest-southeast-
trending belt (figs. 27h, 1, 31, and 45). The swamps are underlain by several meters of peat and
humic clay, which overlie gray mud. Distributary channels interrupt the belt of herbaceous swamp
and vegetation contacts between forested swamps bordering channels, and adjacent herbaceous
swamps are generally sharp and curve to the northwest (figs. 5 and 31). Compared with the
interior of interdistributary basins, herbaceous swamp cafios are rare and drainage networks are
poorly integrated. During periods of high rainfall or falling tide, blackwaters rich in organic acids
discharge from the herbaceous swamps into distributaries bordering the swamps.

Observations along transects from channel margins to adjacent herbaceous swamps indicate
that at least portions of herbaceous swamps, although flooded, are slightly elevated relative to
channel-margin environments. For example, a transect beginning on the east bank of Cafio
Pedernales ~10 km southeast of Pedernales showed that the forested swamp depression adjacent to
the natural levee is ~0.5 m lower than the surface of the herbaceous swamp, which is located
farther from the cafio than the forested swamp. This subtle rise in topography suggests that some
of the Orinoco herbaceous swamps contain ombrogenous peat (Dost and Pons, 1971). Similar
herbaceous swamps in tropical Malaysia and Indonesia and along the Guiana coast are associated
with domed peats that have relief of 2.5 to 10 m measured over distances ranging from a few
kilometers to tens of kilometers (Brinkman and Pons, 1968; Anderson, 1983). Subtle doming of
the herbaceous swamp surface may also account for radial fabrics related to vegetation differences
that are observed on radar and Landsat TM images of several Orinoco herbaceous swamps.
Herbaceous swamp vegetation includes Lagenocarpus guianensis, Blechnum serrulatum, and
Rhynchospora gigantea.

Marine-Influenced Coastal Environments

Marine-influenced environments parallel the coast and extend inland as much as 20 km
(figs. 31, 32b, 33, and 45). Environments include dense mangrove forests that border much of the
north coast and lower reaches of cafios, forested and herbaceous swamps, and tidal channel
networks. Except for narrow, sandy/silty beaches and berms along portions of the shoreline, these
environments are permanently flooded or waterlogged throughout the year by tides and direct
rainfall. Sandy coastal environments increase in abundance to the southeast, especially east of
Caio Mariusa and north of Cafio Araguao.

The generally smooth and arcuate shape of the north coast is attributable to the effects of
northwest-directed littoral currents that deposit sediments along the inner shelf and tidal mud flats.
These currents combine with onshore-directed waves and tides to produce prominent mudcapes,
such as Punta Pescadores and Punta Mariusa (figs. 1 and 10). The Orinoco mudcapes are tens of
kilometers long, several kilometers wide, and covered by muddy mangrove forest similar to those
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reported from the Guayanas and Suriname (Allison and others, 1995). Remote sensing images
show that mudcape progradation occurs rapidly (fig. 52). The Punta Mariusa mudcape has
prograded ~10 km over the past 20 yr. As mudcapes prograde, they deflect the course of major
distributaries to the northwest (figs. 1 and 36). Past episodes of mudcape progradation are
probably responsible for the convergence of distributaries near the coast at places such as Boca de
Guanipa, Barra de Cocuina, and Boca de Mariusita. Fluvial- and tidal-current action at mouths of
major distributaries prevents mudcapes from prograding across and filling channels at river
mouths, but abandonment of distributaries is probably followed by rapid bay filling.

Herbaceous swamps east of Pedernales have an arcuate geometry similar to that of the
mangrove mudcapes, and segments of the shoreline fronting the swamps are currently eroding
(fig. 35f). The swamps differ from the mangrove-covered mudcapes in that substrates are peat
overlying gray mud (fig. 51d). These areas are permanently flooded, and low elevations are sites
of standing water, which may indicate higher rates of subsidence. Landsat TM images show that
rectangular swaths of herbaceous vegetation representing various stages of regrowth widen to the
southwest parallel to prevailing wind direction. This observation indicates that the swamps are
subject to periodic burning probably during dry seasons associated with decadal-scale or longer
droughts.

Shallow estuaries at the mouths of major distributaries interrupt the generally smooth shape of
the north coast. The most important bays include Boca de Guanipa, Boca de Macareo, Barra de
Cocuina, Boca de Mariusa, and Boca de Mariusita (figs. 1 and 2). Boca de Guanipa is a large
shallow estuary with several large mangrove-covered islands located at the mouth of Cafio
Manamo. Mangrove forests extend to the edge of the estuary at many locations, and in plan view,
the digitate morphology of the mangroves along the west side of the bay provides evidence of
recent progradation (fig. 35c, d). Radar images show that sedimentation in the bay has been
extremely rapid over the past 20 to 30 yr, and several islands near Pedernales have formed since
1977. Sediments within and along the perimeter of the bay are a combination of mud and sand, and
radiocarbon dating confirms that recent sedimentation has been rapid (~2.6 mm/yr, fig. S1c).

Boca de Macareo is a funnel-shaped estuary at the mouth of Cafio Macareo. Like Boca de
Guanipa, Boca de Macareo is an area of rapid historic sedimentation. An arcuate, mangrove-
covered muddy peninsula has developed along the southern margin of the channel’s mouth
(fig. 35g). This feature has prograded several kilometers seaward since 1977 possibly because of
increased discharge through Cafio Macareo following completion of the dam on Cafio Manamo
(fig. 52). Barra de Cocuina differs from the other estuaries in that it is not currently a site of
significant coastal progradation or estuarine infilling. This observation is attributable to the small
sediment supply of Cafios Cocuina and Capure that discharges to Barra de Cocuina.

Mangrove communities include red mangrove (Rhizophora sp.), black mangrove (Avicennia
germinans), and white mangrove (Laguncularia racemosa). Forested species landward of the
mangrove community include Symphonia globulifera, Tabebuia insignis var. monophylla, Euterpe
sp., and Virola surinamensis (Geohidra Consultores, C.A., 1997a, b; Dr. Valois Gonzilez,
personal communication, 1998). Herbaceous vegetation is dominated by Lagenocarpus guianensis,
Blechnum serrulatum, and Rhynchospora gigantea.
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Geo-Environmental Maps of the Northwest and West Delta

Geo-environmental maps provide a preliminary environmental inventory of land and water
resources of the northwestern part of the delta to establish baseline information that document
change and provide a framework for formulating more specific scientific studies of environmental
parameters, including geomorphology, substrate lithology, hydrology, active processes,
vegetation, and interrelationships among these parameters. In addition, the geo-environmental map
establishes preliminary map units for analysis and evaluation to determine their applicability for
classifying land and water resources in other parts of the delta.

The Orinoco Delta is a dynamic and complex system characterized by relatively rapid geologic
and physical changes, which produce modifications in related environmental characteristics.
Dynamic systems are particularly vulnerable to human activities, which can result in degradation of
delta ecosystems. Geo-environmental maps help to define and delineate natural resources and
thereby assist in the prudent and sustainable management and use of delta environments.

Geo-Environmental Map of the Northwestern Delta Area

The northwest-delta map area encompasses more that 6,000 km? in the northwestern quarter
of the Orinoco Delta (fig. 53). It is bounded on the north by the marine shoreline from Punta
Pescadores to Boca de Guanipa and extends inland ~90 km along Cafio Manamo, which marks the
western boundary. The eastern boundary is near Cafio Macareo.

General Methods

Classification and delineation of map units integrated remote sensing and field analysis.
Initially map units were delineated on Landsat imagery on the basis of visual interpretations. Field
observations and overflights in early 1998 and published data (specific sources are noted in text)
were used as guidance for the preliminary identification of the characteristic vegetation of the
mapped environments. To complement these preliminary interpretations, a computer-assisted
automated classification of the Landsat image was conducted using digital statistical methods.
Digital classifications depend on reflectance and spectral response and cannot substitute for the
visual interpretation of environments. Visually interpreted units were locally adjusted on the basis
of the statistical analysis. Details of the computer classification methodology and results are
presented in a later section of this chapter. A revised geo-environmental map was then field-
checked during visits to the delta in October and November 1998. Field observation included both
aerial reconnaissance and onsite observations. Field collaboration with Venezuelan colleagues was
helpful in the interpretation and delineation of delta environments. Field discussions and insights
provided by Professor Valois Gonzélez of Universidad Central de Venezuela regarding botanical
aspects of the delta were especially beneficial (see app. 1).
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Geo-Environmental Map Compilation Methodology

Landsat imagery was used to interpret, classify, and delineate delta environments. Mapped
environments and geomorphic units are associated with marine, fluvial/marine, distributary
channels, and interdistributary flood-basin processes. The distinctions among mapped delta
environments are integrally connected to geomorphology, lithology, hydrology, and associated
vegetation. Of the factors that affect imagery reflectance, vegetation, and degree of
inundation/saturation are most important. Map units, however, are also distinguished on the basis
of physical characteristics and setting of the environment.

Geo-environmental map units were interpreted from August 1996 Landsat TM imagery using
a combination of bands 4, 5, and 7 plotted at a scale of approximately 1:125,000. Units,
distinguished on the basis of color, tone, texture, and depositional setting, were mapped on clear
acetate overlays. Where clouds obscured the land surface, other Landsat TM scenes from other
dates or RADARSAT scenes were used as collateral information. In a few areas where cloud-free
Landsat images were not available, map-unit boundaries were approximated. Boundaries defined
on other images were transferred to the base map using a zoom transfer scope. Map lines were
manually digitized, and a plot of digitized polygons was hand colored to define map units. All
polygons in the hand-colored map were coded in GIS. Full-color GIS plots were checked for
accuracy and completeness.

Geo-Environmental Map Units of the Northwest Delta

More than 20 map units were defined and delineated through integrated visual, statistical, and
field analysis (table 11 and pl. 2). Map units were grouped into five major depositional
environments: (1) marine-influenced coastal environments, (2) marine-influenced distributary-
channel and island systems, (3) fluvial/marine transitional environments, (4) distributary-channel
systems, and (5) interdistributary basins (table 11). The most extensive systems are the
interdistributary basins and distributary-channel systems, which comprise areas of
2,950 km? and 980 km?, respectively (table 12 and pl. 2).

Marine-influenced coastal environments

Marine-influenced coastal environments occur on the lower delta plain and compose the
seawardmost system in the map area. Map units include mangrove-covered coastal facies,
landward of which are forested and/or herbaceous swamps. Except for a narrow beach and berm
along the shoreline, environments in this system are perennially flooded or waterlogged. Most are
strongly affected by diurnal tides.

The mangrove-covered coastal facies, along the seaward margin of the map area, is
characterized by marine-deposited muddy substrates, where three species of red mangroves
(Rhizophora spp.) (Dr. Valois Gonzélez, personal communication, 1998), as well as black
mangroves (Avicennia germinans) and white mangroves (Laguncularia racemosa), are dominant.
The mangrove community typically grades landward into a fresher water assemblage of forested or
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herbaceous swamps characterized by thick organic deposits or raised peats. A good example of the
forested swamp is located between Caiio Macareo and Isla Cocuina (pl. 2).

Typical forest species include Symphonia globulifera, Tabebuia insignis var. monophylia,
Euterpe sp., and Virola surinamensis (Geohidra Consultores, C.A., 1997a, b; Dr. Valois
Gonzalez, personal communication, 1998). Two small anomalous areas of coconut palms near
Capure and Pedernales were included in this forest category.

Herbaceous swamps form a broad coast-parallel belt between Isla Cocuina and Capure,
seaward of Cafio Angostura. This area was mapped as permanently inundated open savanna by
Canales (1985). Although these herbaceous swamps are permanently flooded, areas with low
elevations are the sites of standing water that produce dark signatures on the Landsat imagery.
These environments were delineated separately as topographically low herbaceous swamp to define
areas more susceptible to prolonged and deep inundation. Such sites, which may indicate higher
rates of subsidence, could eventually become coastal lagoons and open water.

Thick peat deposits characterize herbaceous swamp substrates. Vegetation includes
Lagenocarpus guianensis, Blechnum serrulatum, and Rhynchospora gigantea. Scattered trees
include Mauritia flexuosa and Tabebuia insignis var. monophylla (Geohidra Consultores, C.A.,
1997a, b; Dr. Valois Gonzélez, personal communication, 1998). In some areas, such as east of
Capure, herbaceous species include Eleocharis sp., Typha sp., and Cyperus articulatus, among
others.

Herbaceous swamps are periodically subject to burning during the dry season, producing
complex patterns on the imagery as a result of plant succession. These areas consist of herbaceous
vegetation with varying concentrations of shrubs and trees that are rather difficult and meaningless
to map separately because of their gradational and ephemeral nature as a result of periodic fires.
Where herbaceous vegetation is dominant, these areas were mapped as herbaceous swamp.
However, in some areas, complex configurations of herbaceous and forested vegetation were
mapped together as mixed herbaceous and forested swamp. These areas generally coincide with
areas mapped by Canales (1985) as savanna with trees and shrubs. Substrates are primarily peats
in these permanently flooded environments (figs. 31 and 33). Predominant vegetation is similar to
that listed earlier for forested and herbaceous swamps.

Marine-influenced distributary-channel and island system

The marine-influenced distributary-channel and island system is defined in large part by
mangroves that are the dominant vegetation on the islands and along the lower reaches of the cafios
(figs. 31 and 32b). This system has its broadest distribution near the mouths of Cafio Manamo and
Caiio Pedernales, where Isla Manamo is the largest in a series of islands that have formed in this
estuary. In more inland areas, the influence of salt and brackish water declines, as does the
abundance of mangroves. At Isla Tigre, ~45 km upstream from the mouth of Cafio Pedernales
along Cafio Manamo, mangroves cover the seaward tip of the island but upstream integrate with
and are replaced by forested swamp. Other major occurrences of this mangrove-dominated system
are along Caiio Pedernales, Cafio Cocuina, and Cafio Capure, where significant stands of
mangroves visible on the imagery extend upstream along the channels ~45 to 50 km from the
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marine shoreline. Narrow stands of mangroves, too narrow to show on the map, occur along
channels much farther upstream than indicated on plate 2.

Herbaceous swamps that are part of this system are located principally in the central part of
Isla Manamo. On the basis of image interpretation and selected field surveys, water regimes appear
to range from semipermanently to seasonally flooded. Substrates are predominantly clay and silt,
with organics increasing away from the channels. The predominantly clastic, or mineral,
composition of substrates in this system, which is in general agreement with soils mapped by
CVG-TECMIN, C.A. (1991a though f), reflects the fluvial influence in these environments
(figs. 31 and 33).

Mangroves in this system include Rhizophora spp., Avicennia germinans, Laguncularia
racemosa. Dominant species in forested swamps generally include Mauritia flexuosa, Symphonia
globulifera, Pterocarpus officinalis, Tabebuia spp., Euterpe spp., Virola surinamensis, Ficus spp.,
Machaerium lunatum, Manicaria saccifera, Bactris spp., and Clusia sp., among others. Scattered
mangroves occur in the forested swamps in many areas. The forested swamp community is similar
to the mixed swamp forest and palm swamp of Muller (1959).

Herbaceous swamp vegetation consists of species similar to those listed in the preceding
section of marine-influenced coastal environments, including Lagenocarpus guianensis, Blechnum
serrulatum, and Rhynchospora gigantea, with local occurrences of Montrichardia arborescens,
Mauritia flexuosa, and Tabebuia insignis var. monophylla.

Fluvial/marine transitional environments

Fluvial/marine transitional environments are generally located in a coast-parallel zone
landward of the marine coastal environments. Although mapped areas probably include relict
marine features, these environments are influenced by a combination of fluvial and marine
processes (figs. 31, 32b, 45). The most important environments are herbaceous swamps with
thick peat substrates, possibly peat mounds, that appear to be topographically higher than adjacent
areas but nevertheless are permanently flooded. The most extensive herbaceous swamp in this
system (~200 km? in area) occurs east of Cafio Pedernales (pl. 2). This area was mapped as
permanently inundated open savanna by Canales (1985). It is part of a chain of herbaceous
swamps that extends to the southeast parallel to the modern coast. In some areas along this trend,
mixed herbaceous and forested swamps were mapped.

Typical vegetation in these herbaceous swamps, as in those of the marine-influenced
herbaceous swamps, includes Lagenocarpus guianensis, Blechnum serrulatum, and Rhynchospora
gigantea. Mixtures of forested swamp vegetation include Mauritia flexuosa, Tabebuia insignis var.
monophylla, Symphonia globulifera, Pterocarpus officinalis, Euterpe spp., Virola surinamensis,
Ficus spp., Machaerium lunatum, Manicaria saccifera, and Bactris spp., among others.

Distributary-channel systems

The distributary-channel system consists principally of channels, channel banks, levees, and
crevasse splays but also includes abandoned channels, tidal creeks, and forested levee-flank
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environments. In many areas, the levee map unit is broad and includes adjacent forested belts that
are significantly affected by overbank flooding and sedimentation. Among the more prominent
levees and tidally induced splays are those along and between Cafios Manamo, Pedernales and
Macareo. The flood basin between these cafios has been partially filled by tidal splays, the most
seaward of which is marine influenced and has numerous bifurcating tidal channels that are lined
with mangroves (pl. 2). In the map area to the east, numerous smaller channels are lined with
narrow levees, and adjacent forested belts also appear to be channel related.

Substrates appear to be predominantly mud and muddy sand or sandy mud, with increasing
amounts of organics toward the flood basins. In general, mapped levees and crevasse and tidal
splays coincide with mineral soils delineated by CVG-TECMIN, C.A. (1991a through f).

The distributary-channel system varies from the lower to middle to upper delta plain. On the
upper delta plain, levees have higher elevations and are less frequently flooded as compared with
the middle and lower delta. Vegetation communities on upper-delta-plain levees are similar to that
of the rain forest described by Muller (1959) and semideciduous forest of La Salle (1996). Species
include Ceiba pentandra, Ficus spp., Spondias mombin, Inga spp., Erythrina spp., Vismia
macrophylla, Cecropia peltata, Tabebuia insignis var. monophylla, Sapium sp., Macrolobium
bifolium, and Gynerium sagittatum, with increasing abundance of species such as Pterocarpus
officinalis and Mauritia flexuosa on lower delta levees. Along channels in the middle and lower
delta Rhizophora spp. and Machaerium lunatum are common.

In the southwest corner of the map area, near Cafio Manamo, are several tidal crevasse splays
that are vegetated primarily by Mauritia flexuosa. These areas were classified and mapped
separately as tidal creek/crevasse spays (pl. 2). The adjacent flood basins have been cleared for
agricultural purposes, which accentuates the moriche palms along the channels. These features
were mapped by Canales (1985) as seasonally flooded dense forest of medium height. Substrates
are predominantly mud and sandy mud deposited primarily by Cafio Manamo (fig. 33).

Interdistributary flood basins

The interdistributary-basin system is the most widely distributed system in the map area
(pl. 2). Mapped environments include three forested swamps, two herbaceous swamps, and one
mixed herbaceous and forested swamp (table 11). Topographically high, intermediate, and low
forested swamps were delineated on the basis of variations in imagery reflectance, which are
influenced by relative heights of the land surface (topographic setting), flood regime, and
associated vegetation. Topographically low forested swamps appear to be permanently flooded,
intermediate swamps permanently to semipermanently flooded, and high swamps semipermanently
to seasonally flooded. Low and intermediate swamps have their broadest distribution (1) in flood
basins between Cafio Manamo and Caiio Pedernales, (2) in the area immediately east of Cafios
Pedernales and Cocuina, and (3) in the lower delta near the marine-influenced environments. High
forested swamps are more widely distributed in the central part of the map area from Cafio
Pedernales eastward toward Cafio Macareo.

Differentiation of topographically high and low herbaceous swamps in flood basins was
based primarily on interpreted hydrologic regimes, or duration of flooding, as indicated on the
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imagery. The most extensive herbaceous swamps occur in the southwest portion of the map area,
where higher elevations associated with the upper delta plain are apparently suited for agricultural
purposes. Much of this area, which was probably forested in the past, has been cleared and is
periodically burned to establish and maintain herbaceous vegetation for grazing.

Substrates are predominantly mud on the upper delta plain, and they have increasing amounts
of organics and peats toward the centers of basins (figs. 31 and 33). Substrates are predominantly
peat and organics in the middle and lower delta plain, where they can be several meters thick. Low
forested swamps immediately east of Cafio Manamo near Isla Tigre (pl. 2) were mapped by
Danielo (1976b) as peat-flat with dense morichal (palms) and by Canales (1985) as permanently
inundated dense, low forests and dense palm forests with organic soils. As mapped by CVG-
TECMIN, C.A. (1991a through f), topographically low and intermediate flood basins roughly
coincide with organic soils, and high flood basins with mineral soils.

Forested swamp vegetation in the flood basins includes Mauritia flexuosa, Manicaria
saccifera, Euterpe oleracea, Tabebuia insignis var. monophylla, Erythrina glauca, Pterocarpus
officinalis, Bactris spp., Symphonia globulifera, Montrichardia arborescens, and others.
Herbaceous swamp vegetation includes Rhynchospora gigantea, Thalia sp., Ludwigia spp.,
Cyperus articulatus, Cyperus spp., Eleocharis spp., Nymphoides indica, Paspalum repens,
Paspalum sp., Andropogon sp., Hydrocotyle umbellata, Gynerium sagittatum, and others, with
local occurrences of Montrichardia arborescens and Mauritia flexuosa.

Geo-Environmental Map of Southwestern Delta—Tucupita Area

A preliminary computer-assisted classification was performed on the northwest (Aslan and
others, 1998, their fig. 18) and southwest parts (pl. 3) of the Orinoco Delta using 1996 and 1997
Landsat TM scenes. For the computer classification, geo-environmental map units were simplified
as compared with those shown in plate 2, which was based on visual interpretation of Landsat
scenes and on-site verification and refinement. The geo-environmental map of the southwest delta
(pl. 3) was completed after the programmed 1999 field activities of the project were cancelled as a
result of the budget reduction, and therefore the mapped units were not field checked. Thus, the
classification of geo-environmental units in this area is provisional.

Computer-Classification Methodology

A supervised maximum-likelihood classification was used to classify environments. The
bands selected as inputs to the classifier include TM 3 (red) , TM 4 (near-infrared), TM 5 (near-
infrared), and TM 7 (mid-infrared). These bands appear to be the best combination for
discriminating vegetation. It is likely that in future classifications, which will include radar data, a
more sophisticated methodology for band selection and pixel classification, possibly implemented
within a hierarchical structure, will result in a more detailed and accurate computer-classification
approach. Previous research on classification of coastal environments indicates that neural network
approaches and Bayesian classifiers based on mixture models are likely to provide superior results
(Crawford and others, in review). This approach was used in addition to the maximum-likelihood
classification in the southwest part of the delta (Tucupita area). Results from these two
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classification methods were comparable, each having strengths in selected classes and areas. We
decided to use the maximum-likelihood classification, which is discussed later.

Classification algorithms are broadly grouped as unsupervised or supervised approaches.
Unsupervised techniques do not require input training information and thereby use the pixel values
in conjunction with similarity measures to determine which pixels should be grouped into “classes”
in the spectral space. Typically, unsupervised algorithms are used for preliminary analysis of
imagery, for areas where no prior knowledge of the land cover exists, or for situations where the
signature that is being isolated is very different from the remainder of the image.

Clouds, which occlude the underlying vegetation and landscape, are a persistent and
significant problem in most imagery of the delta. An unsupervised approach was used for the
cloud-detection phase of the classification procedure because the signatures of cumulus clouds are
unique in the image. The Isodata clustering algorithm implemented in the PCI software package
(Richards, 1993) was used as the unsupervised classification method for identification of the
clouds. The algorithm is initiated by randomly selecting a prespecified number of cluster centers in
the multidimensional input data space. For the cloud-detection phase, 50 cluster centers were
specified. Each pixel is then grouped into a candidate cluster on the basis of the minimization of a
distance function between that pixel and the cluster centers. After each iteration, the cluster means
are updated, then individual clusters are evaluated for homogeneity. The resulting clusters are then
split or merged depending on the size and spread of the data points in the clusters. Operations are
repeated for a user-specified number of iterations (20 in this case) or until the algorithm converges.
Clusters that correspond to cloud signatures were aggregated and isolated for cloud removal.
Using the results from the cloud identification, we digitized the neighboring cloud shadows
manually because they are nearly impossible to identify automatically. A logical NOT was utilized
to create a mask that includes all pixels except those that were labeled as cloud or cloud shadow.
This cloud-screening method, although time consuming, is effective in the removal of cumulus
clouds. However, in areas where water vapor and other thin clouds exist, the underlying
vegetation is still identifiable but results in an attenuation of the signal, which could lead to a
misclassification. Unfortunately, this typically occurs in small, localized areas. Thus, applying a
uniform atmospheric correction across the scene would not improve this condition. Where
necessary, postprocessing after statistical classification will be used to correct these errors.

For supervised techniques, a priori knowledge of the image content is required. Groups of
pixels that are representative of the response of each class are extracted, and their values are
provided for “training” the classifier. For statistical classification algorithms, this involves
computing statistics that represent the distribution, such as the mean and covariance matrix of the
multivariate Gaussian distribution. Similarly, neural networks “learn” the patterns of spectral
responses for each class in the training phase. After the training phase, the resulting algorithm then
labels the pixels in the image being classified.

Maximum-likelihood classification (ML) assuming a Gaussian distribution of the data is the
most common supervised classification technique and, as such, is implemented in some form in all
commercial packages. For ML classification, pixels are assigned to the preselected classes, whose
values have been used to train the classifier on the basis of a decision rule that maximizes the
likelihood of having obtained the observed values, given the overall assignment of classes to the
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image. The ultimate goal is to assign each pixel to the class that has greatest probability of
occurrence, given the observed data. The ML algorithm implemented in PCI used to classify the
Landsat data over the Orinoco Delta uses a Gaussian distribution where vector of variables is not
independent but assumes spatial independence between pixels. Application to the project of an
extended version of this algorithm developed at CSR, which considers the contextual information
(class of neighboring pixels), will be investigated in possible future developments of the project, to
obtain more refined land-cover maps.

Computer-Classification Results

Twelve land-cover classes and water features were identified in the TM imagery (table 13)
with reference to existing maps and field surveys. Overall the maximum-likelihood classification
seemed to perform well as a preliminary classification approach as listed in table 14. However, the
classifier does have difficulties near Pedernales, where thin cloud cover has distorted the signal,
resulting in misclassification of mangrove forest as palm. Statistically, the maximum-likelihood
classifier seemed to have difficulty in accurately identifying class 8 (low herbaceous swamp) and
class 10 (moriche palm), although quantitative interpretation of the classified imagery shows that
the classifier did a better job at identifying these classes than the numbers indicate. Units classified
in the southwest part of the delta are shown in table 15 and plate 3.

Comparison of Visual and Computer Classifications

In the northwest part of the delta, more than 20 map units were visually delineated, compared
with 11 (excluding water) using computer-assisted methods. There are obvious similarities
between the major map units and their distribution. Visual interpretation of imagery, however,
allowed a more selective differentiation of environments on the basis of geographic distribution and
an understanding of the geomorphic systems. For example, mangrove forests occurring in the
marine-influenced coastal environments were mapped separately from mangrove forests occurring
in the marine-influenced distributary-channel and island environments (table 12 and pl. 2). Because
coastal and inland mangrove forests have a similar “signature,” or reflectance pattern, on the
imagery, they were classified as a single unit in the computer classification (table 12). In another
example, herbaceous swamps in interdistributary basins on the upper delta plain were visually
differentiated from herbaceous swamps in marine-influenced coastal environments on the lower
delta (pl. 2). These areas were combined into a single herbaceous swamp class in the computer
classification.

Additional units could have been classified using computer methods, and, in fact, the
classification may be revised, expanded, and employed more fully in the future. There are obvious
advantages in computer analysis, including increased efficiency and reduction in time and cost for
such tasks as manual digitization. In addition, a more detailed subdivision of complex areas is
presented in computer-classified maps. For instance, along the mangrove-covered distal end of the
crevasse splay between Cafios Manamo and Pedernales, a more complex system composed of
smaller polygons is shown by the computer-classified map as compared with the visually classified
map (pl. 2). The differentiation of units in such complex areas provides additional useful
information about land and water resources and provides a sound basis for change analysis. It also
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provides collateral data for visual classifications. On the other hand, problems such as cloud cover
and atmospheric haze that obscure or produce subtle variations in landscape reflectance seem to be
more difficult to resolve through computer analysis than through visual analysis.

Shoreline Change and Shoreline Type West of Boca De Araguao
Introduction

The geometry, position, and type of shoreline of the Orinoco Delta are a result of geologic
setting, sediment supply, and fluvial and oceanic processes. Figure 1 and plate 1 reveal two
principal sectors: the southeastern quarter of the coast along Boca Grande and Boca de Araguao,
where the shoreline geometry is complex, and the northwestern three-fourths, where the shoreline
geometry is much less complex and mudcapes, such as Punta Pescadores, are prominent features.

Previous studies (Van Andel and Postma, 1954; Van Andel and Sachs, 1964; Van Andel,
1967; Coleman, 1981; Herrera and others, 1981) demonstrate that the broad shallow shelf and lack
of high-intensity storms (such as hurricanes) result in a low- to moderate-energy wave regime
along the Orinoco coast. The position of the delta in the Intratropical Convergence Zone makes it
subject to wind and waves from the east and northeast (fig. 24). Mean diurnal tides range from
~1.6 to 2.0 m. Tidal ranges are higher in the southeastern (Boca Grande) and northwestern (Boca
de Guanipa) estuaries and relatively lower along the central delta coast. The coast is also strongly
affected by the Guayana Current (fig. 24), a primarily northwest-directed littoral current with
velocities of 50 to 75 cm/s in the spring and 25 to 40 cm in the autumn (Van Andel, 1967). The
Guayana Current transports Amazon sediment northwestward, providing ~50 percent of the
sediment deposited along the Orinoco Delta shelf and coast (Meade and others, 1983).

More than 75 percent of Orinoco River discharge is through Boca Grande. The high-volume
river discharge and diurnal tides are principal processes in forming the complex coastline in the
southeastern quarter of the delta. The Guayana Current is the principal process acting on the
regional configuration of the northwestern three-fourths of the delta (fig. 40a). This last
observation is substantiated by examining the shoreline geometry of the Suriname coastal plain,
which is characterized by small rivers and mudcape development (Roeleveld and van Loon, 1978)
and appears remarkably similar to the northwestern three-fourths of the Orinoco Delta. Both the
northern Orinoco Delta coast and Suriname coast are controlled by a relatively weak wave regime,
relatively minor river discharge, and a strong littoral current that supplies large volumes of
sediment from the southeast.

Within this regional context, Bureau efforts focused on developing a preliminary classification
system that describes Orinoco Delta coastal features and processes. The study area included the
central and northwestern Orinoco Delta between Boca de Guanipa and Boca de Araguao. The
classification scheme is specifically for the Orinoco Delta shoreline. Identifying and mapping
distinct shoreline types increase understanding of the patterns of shoreline change and can help
reconstruct the recent history of the lower delta so that future trends can be inferred. Once refined,
the resulting shoreline classification map will also be useful for oil-spill contingency planning and
design of coastal infrastructure.
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Devising a comprehensive shoreline classification involves determining those features of a
coast that are indicative of the important ongoing processes and geologic settings. For the Orinoco
Delta coast, the following characteristics are considered: (1) sediment grain size; (2) vegetation
type; (3) stability (accretional/erosional/stable); (4) shoreline form (that is, many indentations or
relatively smooth shoreline); (5) geomorphic process (for example, prograding spit); (6) landward,
beach, and nearshore elevation profile; (7) energy level of tidal and oceanic currents, and
(8) exposure to wave energy.

Methods

The preliminary shoreline-type map was devised from (1) visual observations and oblique
aerial photographs taken during low-altitude (less than 300 m above ground level) flights,
(2) ground- and boat-based shoreline visits, and (3) analyses of radar and Landsat remote-sensing
imagery. During 1998, we conducted six low-altitude flights over the delta (fig. 6a). The entire
shoreline on the outer coast was observed at least once during these flights, and hundreds of
photographs were taken. Kinematic GPS positions recorded during the flights allowed precise
positioning of the photographs. Much of the shoreline within the coastal bays was also
photographed. In addition, we made ground and boat excursions to shorelines on the northwest
portion of the delta west of Punta Pescadores (fig. 39). While devising the preliminary
classification scheme and map, we determined the type of coastal data, described earlier, required
to complete the classification.

Preliminary Assessment of Shoreline Types
Following is the preliminary shoreline-type classification for the Orinoco Delta.

1. Mangrove

1.1 Advancing
1.1.1 Dentate (shoreline indentations of 100 to hundreds of meters)
1.1.2 Straight with fronting tidal flat
1.1.3 Prograding mudcape or river-mouth bar

1.2 Retreating
1.2.1 Ragged (shoreline-form roughness on a scale of tens to hundreds of meters)
1.2.2 Straight with fringing sand beach
1.2.3 Straight without fringing sand beach

1.3 Stable
2. Sandy
2.1 Advancing

2.1.1 Prograding spit

2.1.2 Pocket beach

2.1.3 Straight (not prograding spit) with beach ridges
2.2 Retreating

2.2.1 Fringing low (topographically) swamp

2.2.2 Fringing high (topographically) swamp
2.3 Stable
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Mixed mud, sand, and gravel
4. Vegetated, nonmangrove

4.1 Advancing

4.2 Retreating

The classification’s primary distinctions, the presence of mangroves, nonmangrove
vegetation, and sediment grain size, are obviously significant biologically and physically. The
secondary division concerns shoreline stability, which refers to the relative rate of retreat or
advance of shoreline position over the past several decades. This distinction is important because
of the implications regarding predominant coastal processes, sediment supply, geologic setting,
and biological habitats. Furthermore, an eroding shoreline of a particular type will have a
morphology different from its accreting or stable counterpart. A shoreline-change distinction is also
important for oil-spill contingency planning. A particular situation may call for scarce oil-spill-
response resources to be directed toward an accreting shoreline where the oil may become buried,
rather than an eroding one where it would naturally disperse. If the rates of shoreline change were
determined more quantitatively, the shoreline-type mapping could be refined.

Initial observations indicate that shoreline form varies significantly along the coast and should
be included in the classification. Form refers to the shape of the line that the shoreline describes. If
the shoreline has no significant reentrants repeated within about a kilometer along shore, it is
referred to as “straight.” Shorelines with reentrants on the order of hundreds of meters or more that
are repeated over several hundreds of meters alongshore are referred to as “dentate.” Shorelines
with relatively small-scale roughness are referred to as “ragged,” which describes their irregular
appearance. Also included in the preliminary classification are the terms “prograding spit” and
“prograding mudcape.” These are morphogenetic terms that describe a shape (spit/cape) and a
process (prograding). It may be useful to include more morphogenetic terms in a final
classification.

Advancing Mangrove Shorelines

Advancing mangrove shorelines have extensive tidal flats fronting them and ongoing
mangrove colonization. Where shore-normal tidal currents prevail, a dentate form develops such as
in western Boca de Guanipa (figs. 35¢ and 39). Shore-parallel currents combined with an abundant
fine-grained sediment supply produce straight, advancing mangrove shorelines such as in the
center of Boca de Guanipa (fig. 39). Even along straight, advancing shorelines, tidal creeks are
present, but the mouths of the tidal creeks are much smaller than the indentations that create a
dentate shoreline. Advancing, ragged shorelines may form as a result of mudcape or river-mouth-
bar progradation such as in the center of Boca de Macareo (figs. 10b, 35g, and 39). Here, the
terminations of accretionary ridges create an irregular shoreline.

Retreating Mangrove Shorelines

Fallen mature mangroves in the surf zone typify retreating mangrove shorelines. Unlike
advancing mangrove shorelines, wide tidal flats do not occur seaward of retreating mangrove
shorelines. These eroding shorelines may intersect small tidal creeks that are probably remnants
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from a time of earlier mangrove advancement. East of Punta Tolete, blackwaters issuing from
small creeks contrast with turbid water in the surf zone. Where these creeks are larger, they may
cause an interruption in the littoral drift and create small deltas. Retreating mangrove shorelines are
typically straight where there is a high rate of littoral drift. Reworked sand from the eroding
mangrove substrate or from updrift sources may form a fringing sand beach. A typical mangrove
shoreline that is retreating and straight occurs east of Punta Tolete (figs. 35e and 39). Differential
shoreline erosion caused by variations in topography and sediment type may cause a ragged form.
Retreating mangrove shorelines that have a ragged form typically occur in areas where there is a
relatively low rate of littoral drift, such as west of Barra de Cocuina (fig. 39).

Stable Mangrove Shorelines

There are mangrove shorelines with neither fallen mangroves in the surf zone nor ongoing
mangrove colonization. Mangroves are mature, and shorelines are relatively straight and without
broad tidal flats. These shorelines are probably relatively stable and commonly occur in wave-
sheltered areas where tidal or fluvial currents do not allow sediment accumulation or where
sediment supply is low.

Sandy Shorelines

Sand veneers occur over long sections of eroding, muddy mangrove shorelines west of Punta
Pescadores, but beaches where sand is the dominant sediment type are rare in this area. The lack of
sandy shorelines reflects the predominance of mud-rich source material and low-energy wave
climate. Sand beaches, however, increase in abundance southeast of Punta Pescadores. Advancing
sandy shorelines may take the form of a prograding spit such as the spit, apparently formed by
flood-tidal currents in the Boca de Guanipa area (fig. 39). Depositional sandy pocket beaches may
form in ragged mangrove shorelines or other reentrants along the coast. These beaches are too
small to note on the preliminary shoreline-type map. Multiple modern beach ridges may also
indicate an advancing or stable shoreline, such as northwest of Boca de Araguao (fig. 35a).
Retreating sandy shorelines are typified by washover terraces, low dunes or no dunes, and
possibly peat or mud outcrops on the lower beachface.

Mixed Mud, Sand, and Gravel Shorelines

These poorly sorted shorelines are associated with mud diapirs or mud volcanoes and only
have been observed locally in the Boca de Guanipa area (fig. 39). Waves erode a bank of poorly
sorted sediment uplifted by mud diapirism. Sand and gravel eroded from the cliff form a veneer on
mud. These shorelines are not extensive.

Vegetated, Nonmangrove Shorelines

Only retreating shorelines of this type have been observed along the Orinoco Delta coast.
These shorelines are present where herbaceous or forested swamps are being eroded but where
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there is no fringing sand beach or substantial mangrove colonization. An area between Boca de
Mariusita and Barra de Giiiniquina includes this type of shoreline.

Patterns of Shoreline Change and Type: Preliminary Observations West of Boca de Araguao

The following initial observations are qualitative or semiquantitative because rigorous
comparisons between photographs and imagery have not been performed. It is evident, however,
that there is a large variation in the rates and direction (advance or retreat) of shoreline change.
Variation in sediment supply, exposure to waves and currents, and the geologic setting of the
landward environment cause this variation. Below, the coastline is described progressively from
Boca de Guanipa east to Boca de Araguao.

Over the last several decades, there has been extensive mud-flat accretion and mangrove
island growth and formation in the Boca de Guanipa area, as discussed elsewhere in this report.
Comparison of a 1977 Side-Looking Airborne Radar (SLAR) image and a 1996 Radarsat radar
image shows that approximately 30 km? of intertidal mangrove forests were added to the bay
during this 19-yr period. In contrast to the rapid deposition occurring within Boca de Guanipa,
erosion is prevalent on the outer coast between Punta Tolete and Barra de Cocuina (fig. 39).
Overall erosion along this section of coast is evident by fallen mangroves in the surf zone along the
western two-thirds (fig. 35¢) and eastern end of the section (fig. 39). Between these mangrove
areas, erosion is indicated by (1) narrow sandy beaches with washover terraces, (2) no modern
beach-ridge development, (3) low dunes, and (4) peat outcrops on the beach.

The shoreline between Punta Tolete and Barra de Cocuina has several large-scale undulations
caused by varying rates of shoreline retreat. Sections of the coast where the shoreline has
intersected areas on the delta that are relatively low in elevation have higher retreat rates and form
erosional embayments (fig. 39). Broad erosional promontories form between these embayments.
Low coastal areas in which embayments form are evident on the 1996 Landsat (figs. 39 and 5 for
more detail) and Radarsat (pl. 2) images as being darker than surrounding areas owing to ponding
water. There are two erosional embayments approximately 5 km west of Punta Blanca, where the
shoreline intersects environments classified as low (topographically) herbaceous swamps (fig. 39
and pl. 2). Between these embayments is a small section of mangroves that forms a small
promontory. To the west of the two embayments is a broad erosional promontory of mangrove
shoreline, and to the east a promontory is formed along a high (topographically) herbaceous
swamp environment.

There are two other small erosional embayments between Punta Tolete and Barra de Cocuina
that are probably formed in topographically low environments but have not been classified
differently from adjacent areas. About 10 km east of Punta Tolete, a 2.5-km-long embayment has
formed along the mangrove shoreline. The Landsat and Radarsat images show ponds 400 m
landward of the shoreline and subtle contrasts with adjacent mangroves in the area between the
ponds and the shoreline. Oblique aerial photographs show that the mangroves are shorter in the
embayment than they are to each side. Another embayment is present 8 km east of Punta Blanca.
Here, a narrow (<300-m-wide) mangrove strip fringes a high (topographically) herbaceous swamp
environment, which also forms the promontory to the west. Even though the landward
environment in the embayment is not classified differently from the adjacent promontory, the
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darker tones in the Landsat imagery indicate wetter conditions and, hence, lower elevations in the
embayment.

The mangrove shoreline on the south and east side of Barra de Cocuina appears to be
relatively stable (not advancing or retreating). There are no fallen mangroves in the surf zone that
would indicate retreat, nor are there new mangroves colonizing tidal flats that would indicate
advance. Shoals evident in the Landsat imagery show that the east shoreline is probably dominated
by ebb-directed tidal flow and that the south side is flood dominated. Shore-parallel tidal currents
probably keep this shoreline straight and stable by sweeping fine-grained sediments out of the bay.
The sheltered setting prevents wave erosion.

To the east of Barra de Cocuina the mangrove shoreline appears relatively stable or slightly
erosional for about 9 km. At that point the shoreline becomes erosional (fallen mangroves in the
surf zone) and ragged in form for about 9 km to Boca de Macareo. This apparently erosional
shoreline is perplexing because it appears to be in a more wave sheltered environment than the
9 km of stable shoreline to the west. Longshore currents do not appear to be important because of
the ragged shape. The erosional shoreline encounters an area that shows slightly different colors
and tone in the Landsat imagery (figs. 39 and 5) than those shown along the stable shoreline.
Furthermore, the erosional shoreline intersects a shore-normal pattern with about a 700-m
wavelength that is subtly displayed in the Landsat imagery. This pattern corresponds to
undulations in the shoreline. Therefore, the differing lithologies of the preexisting deltaic
environment that the shoreline is intersecting may be the dominant factor controlling the shape and
rate of change of the shoreline.

Along the south side of Boca de Macareo the mangrove shoreline appears stable. A
mangrove-covered levee is in the center of the bay (fig. 35g). This levee prograded (lengthened)
about 2 km from 1977 to 1996, as determined by comparing the SLAR and Radarsat radar images.
Along the north side of the levee and across Cafio Macareo to the south side of Punta Pescadores,
the mangrove shoreline appears relatively stable. The stability and straightness of the shoreline is
probably a function of longshore tidal currents and sheltering from wave activity, which is the
same setting as described for the south and east sides of Barra de Cocuina. Ebb-tidal currents are
causing tidal-flat progradation across a small bay on the south side of Punta Pescadores.
Mangroves are colonizing these flats in this wave-sheltered setting. Farther to the northwest the
mangrove shoreline becomes relatively stable.

The northwestern outer coast of Punta Pescadores has several erosional embayments that
create a “bumpy” morphology on a scale of 1.5 to 5 km (fig. 39). On a smaller scale, however, the
shoreline is relatively straight. This entire section of coastline consists of eroding mangroves, but
unlike the eroding mangrove shoreline east of Punta Tolete, there appears to be no sand veneer.
Close inspection of Landsat and Radarsat images reveals that the embayments are formed in areas
with signatures slightly different from those of the adjacent promontories. These signatures may
indicate slightly lower topography in the embayments, suggesting that the shoreline shape may be
related to variations in the geomorphology of landward environments intersecting the coast. A
broad erosional embayment has formed in the area southwest of the tip of Punta Mariusa. This
embayment is accentuated by the relatively stable shoreline to the southeast, which is sheltered by
Punta Mariusa.
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Punta Mariusa is a mudcape that prograded along the coast about 12 km from 1977 to 1996
(fig. 39). The landward side of the tip of this mudcape is a relatively straight, advancing mangrove
shoreline with a muddy tidal flat. The outer coast is also an advancing mangrove shoreline but with
an irregular dentate morphology that increases in scale from 100 m on the northwest tip to
hundreds of meters to the southeast. This dentate morphology exists even though there is a
significant northwesterly longshore current as evidenced by the progradation of the mudcape and a
northwest-prograding sandy spit to the southeast (fig. 39). The dentate morphology extends to the
landward side of the cape south of the tip. This morphology is the result of the form of the
accreting sediment banks during the progradation of the mudcape. The indentations probably are
the remnants of channels that were once present between the banks.

Halfway between Punta Mariusa and Boca de Mariusita the shoreline is eroding and forming a
broad erosional embayment. Retreating mangroves with a fringing sand beach form the shoreline,
and inspection of Landsat imagery reveals that this may be a relatively wet and topographically low
area. To the southeast toward Boca de Mariusita the mangrove shoreline becomes stable and then
becomes a sandy shoreline with modern beach ridges forming a depositional promontory (fig. 39).

On the western shore of Boca de Mariusita the mangrove shoreline is stable. On the eastern
side a sandy shoreline exists that may be fed by eroding outer-coast shorelines to the east. East of
Boca de Mariusita the mangrove shoreline is retreating in a ragged form. It is suspected that more
thorough mapping would reveal sandy pocket beaches, but none were observed during preliminary
observations. About halfway between Boca de Mariusita and Barra de Giiiniquina (fig. 39) a small
depositional embayment is present. This embayment eroded in a topographically low area but has
now become sheltered from waves and tidal-flat deposition and mangrove colonization is
occurring. Farther to the east, the shoreline protrudes but is punctuated by erosional embayments
and promontories on a scale of 1 to 2 km. Here the shoreline is eroding herbaceous and forested
swamps, and fringing sand beaches are present in places. An eroding to stable mangrove shoreline
to the east forms an erosional promontory.

East of Boca de Giiiniquina the mangrove shoreline is stable to slightly eroding, but at about
10 mi east, a prominent sandy spit is prograding to the northwest. East of the spit the mangrove
shoreline appears relatively stable. Toward Boca de Araguao the shoreline is sandy and multiple,
and modern beach ridges form a depositional promontory (figs. 39 and 35a). Compared with the
western delta, wave energy and sand supply are higher here and have prevented mangrove
colonization.

Conclusions

Sediment supply and fluvial and tidal currents are the primary control on the types and
stability of shorelines in the coastal bays of Boca de Guanipa, Barra de Cocuina, and Boca de
Macareo. On the outer coast, the relative intensity of longshore currents and wave energy, which is
primarily controlled by local wave shadowing by mudcapes or exposure to the Atlantic Ocean, is
important in determining shoreline change and type. However, the deltaic environment intersecting
the coast may be the dominant control on the character of the erosional outer coast, at least for the
part of the Orinoco Delta west of Barra de Giiiniquina. Erosional embayments form in what
apparently are topographically lower environments that are remnants from a time of earlier deltaic
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progradation. The difference in topography between erosional embayments and adjacent erosional
promontories is probably very slight, possibly less than 1 m. The higher erosion rates in the lower
topographic areas may simply be a result of tides and wave action reaching farther up the profile
and more effectively eroding sediment. On the other hand, there may be areas, such as the first
embayment east of Punta Tolete (fig. 39), where the shoreline is not lower topographically,
although runoff from ponds that formed in a low area a few hundred meters behind the beach
hastens erosion. Sediment type or amount of sediment compaction that may or may not be
correlated with topography may also cause differential shoreline erosion. This situation may
contribute to creating the ragged shoreline west of Boca de Macareo (fig. 39).

An important note is that apparently small variations in topography cause significant increases
in the rate of shoreline erosion. These topographic variations may be an expression of the remnant
depositional environment, but subsidence may also cause or enhance the variation. Faulting,
natural sediment compaction, or sediment compaction enhanced by fluid extraction may cause
subsidence. Knowing detailed topography and the relative rates of shoreline change along the coast
may allow us to infer future changes if subsidence increases or decreases. Detailed studies of
coastal processes at select locations are necessary to test the hypotheses presented here. These
studies will help provide an understanding of the mechanisms of shoreline change, which will
further our ability to understand the past and to predict the future at the Orinoco Delta coast.

Evolution of the Modern Orinoco Delta

We now review the Holocene history of the delta to more fully establish relationships between
physical processes, geoenvironments, and ecosystems. Moreover, analysis of Holocene delta
evolution is the most effective means for evaluating the response of delta geoenvironments and
related ecosystems to changes in physical processes such as hydrology and climate.

The Orinoco Delta Holocene history remains unclear for several reasons. First, differential
subsidence is a major control on the age and distribution of surficial deposits across the delta plain,
complicating the relationship between landform distribution and geomorphic history. Second, peat
deposits up to 6 m thick mantle a large portion of the middle and lower delta plain (figs. 33 and
51d), obscuring relict landforms (cheniers, abandoned channels, mudcapes) that record earlier
phases of delta progradation. Third, there are very few boring logs and samples that document the
late Pleistocene and Holocene section in the delta, and those currently available are very general or
only record the upper Holocene section. High-resolution, shallow seismic data are not yet available
for the delta-plain area. Hence, there are currently insufficient subsurface data to generate a time-
space framework of delta evolution.

Previous Studies

In a study of the pyritic clays of the Tucupita area, Dost and Pons (1971) presented a
schematic cross section that extends from the delta apex to the coast (fig. 54). The cross section
indicates that marine clays underlie the entire northwestern delta and that a seaward-thickening
prism of peat blankets the marine clays. The seaward-thickening peat suggests that subsidence
rates are progressively greater toward the coast. The abrupt transition between the marine clay and

58



peat suggests a widespread and sudden change in the physical environment across that greatly
reduced terrigenous sediment input and accumulation across the delta plain, which provided the
opportunity for widespread accumulation of peat.

Danielo (1976a) utilized aerial photography to interpret the middle and late Holocene history
of the Orinoco Delta. Danielo (1976a) defined three principal phases of Orinoco Delta evolution:

(1) widespread deposition of silty muds formed a complex of estuarine islands and tidal
channels that are now partially or completely infilled and covered with upper-delta forests
(Danielo, 1976b). The seaward extent of this phase demarcates the maximum extent of the
Flanderian transgression. Peats began to develop as the rate of sea-level rise slowed and
shoreline positions stabilized.

(2) The second phase began at the end of development of the most ancient peat deposits to the
south and west of the current delta. This phase is characterized by widespread
development of mangrove forests as the delta prograded seaward and ended with
establishment of fluvial and/or pluvial conditions in these areas and consequent decline of
the mangroves.

(3) The third phase is characterized by development of extensive forested and nonforested
littoral-peat swamps. Beach-ridge complexes (cheniers) also developed during this phase.
The littoral-peat phase apparently ended as thick mangroves were reestablished along the
coast, resulting in entrapment and deposition of mud deposits.

Danielo (1976a), primarily on the basis of mapping of the landward extent of ancient tidal
channels, delimited the maximum landward extent of the late Pleistocene-early Holocene
(Flanderian) transgression. Danielo (1976a), because of regional differences in subsidence rates
and intensity of fluvial processes, was not able to correlate evolutionary phases of the Orinoco with
those defined for the Guiana coastal region to the southeast and the Gulf of Paria to the northwest
(Van Andel and Postma, 1954; Brinkman and Pons, 1968). Danielo (1976a) concluded that the
delta subsurface model presented by Dost and Pons (1971) is an oversimplification of a fluvial,
deltaic, and coastal system that varied both in time and space. Mendez-Baamonde (1997a, b)
provided a summary of the Quaternary geology and history of Venezuela, including the Orinoco
Delta region.

Factors Controlling Holocene Delta Development

Sea-level change, subsidence, neotectonism, and climate are the major factors controlling
delta evolution. Climate and climate change in turn largely control major factors such as river
discharge and marine hydrodynamics.

Sediment-Accumulation and Subsidence Rates

Subsidence-rate measurements are essential not only for determining delta history but also for
developing effective structural and environmental designs and for predicting the effects of human
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activity in the delta. By subsidence we refer to the lowering of the land surface or water-sediment
interface relative to a topographic datum. This measure is independent of sea-level changes but
includes land-surface lowering associated with both sediment compaction and tectonic lowering.

Nota (1958) identified a series of reeflike mounds along the shelf edge of the Guiana and
Orinoco Delta region (figs. 42 and 43). On the basis of 14C dating of fossil corals from these
mounds, he determined that these were shallow water reefs that accumulated during the latest
Pleistocene sea-level lowstand ~11,500 to 17,500 yr B.P. By plotting the depths of these reefal
lithosomes below sea level, Nota (1958; his fig. 37) calculated Holocene differential subsidence
rates. His calculations demonstrate that the shelf edge seaward of Orinoco Delta at Boca Grande
has subsided ~25 m more than the relatively stable passive-margin shelf edge farther south in the
Guiana region. Brinkman and Pons (1968), using radiocarbon-dated sediment borings, identified a
strong increase in subsidence rates in northwestern Guyana, toward the Venezuelan border. The
near-parallel, northeast-southwest alignment of cafios and tidal channels in the central delta
(fig. 26) is largely the result of differential subsidence of the middle and lower delta plain to the
northeast (compare Danielo 1976a).

In addition to calculating subsidence rates, it is worthwhile to calculate sediment-accumulation
rates because fewer assumptions are required. In particular, long-term sediment-accumulation-rate
calculations do not require assumptions regarding water depths across the delta at the time of initial
delta deposition. Besides, sediment-accumulation rates provide information regarding major trends
in sedimentation in time and space.

In the present study, sediment-accumulation and subsidence rates were determined for areas
of the delta where subsurface information is available. These rates have been calculated from two
sources of subsurface data: (1) existing subsurface information (geotechnical boring logs) and
(2) radiocarbon dates from shallow core samples taken by BEG (figs. 6b and 41). Data used to
generate the sediment-accumulation rates are summarized in table 16. Sediment-accumulation- and
subsidence-rate calculations generated from the shallow BEG cores provide shorter term estimates
but are based on radiocarbon dates from samples of in situ peat or large wood fragments. The
deeper geotechnical boring logs are poorly constrained chronologically but provide insight into
long-term trends in progradation and aggradation.

Sediment-Accumulation Rates

Sediment-accumulation-rate calculations in the deep geotechnical borings (fig. 44) are
based on the assumption that (1) the base of the Holocene is a distinct and abrupt transition from:
(a) dark-gray, plastic, Holocene mud, to (b) shelly upper Pleistocene to lower Holocene
transgressive sand (may or may not be present), to (c) tan to brown, upper Pleistocene stiff mud
and sandy mud; and (2) the base of the Holocene delta section is 7,500 yr B.P. (Stanley and
Warne, 1993).

Sediment-accumulation-rate calculations are generated by dividing the depth of the dated
horizon below the ground or (in the Gulf of Paria) water-sediment interface by the age of the dated
horizon. For example, the sediment-accumulation rate for log A4 (table 16) is 45,400 mm +
7,500 yr = 6.0 mm/yr. Calculated sediment-accumulation rates are:
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0.8 to 1.0 mm/yr in the upper delta,

0.8 to 2.0 mm/yr in the middle delta,

10.1 to 13.3 mm/yr in the lower delta Punta Pescadores area,
0 to 8.0 mm/yr in the northwestern delta, and

6.0 to 8.9 mm/yr in the Gulf of Paria (table 16).

Van Andel and Postma (1954) estimated Holocene sediment-accumulation rates for the Gulf
of Paria to range from 0.6 to 10 mm/yr .

Analysis of radiocarbon-dated samples from shallow borings collected from the upper,
central, and lower Holocene delta plain (figs. 6b and 55) shows that rates of clastic and organic
sediment accumulation locally range between 0.25 and 6.0 mm/yr. This large range of values
reflects a combination of local environmental influences on sedimentation rates and regional-scale
patterns of delta progradation and subsidence. The most rapid rates of sediment accumulation
(~5.0-6.0 mm/yr) are associated with an upper-delta crevasse splay along Cafio Macareo (fig. 49¢)
and shallow bay-fill deposits along the southwest margin of Boca de Guanipa (fig. 51c).

Excluding areas of local rapid sedimentation, rates of sediment accumulation generally
increase from ~0.25-1.5 mm/yr in the upper delta to ~1.0-3.0 mm/yr in the lower delta (fig. 55).
This pattern reflects a combination of increased subsidence toward the coast and delta
progradation. Radiocarbon ages of shallow (<4 m below the land surface) peats from the upper
delta near Tucupita range in age from ~ 5,500 to 4,500 yr B.P. In contrast, basal peat samples in
the central and lower delta range in age from ~3,600 to 2,800 yr B.P. and ~1,500 to 200 yr B.P.,
respectively (fig. 56). Decreasing ages of basal peat samples toward the coast can be interpreted as
a possible indication of at least local, northward, late Holocene delta progradation. Because it is
likely that the lower delta-plain peats formed near sea level, age-depth relationships for these
peats suggest that subsidence near Boca de Guanipa has been as much as ~3 to 4 mm/yr over the
past ~1,000 yr. However, local deformation, such as the Pedernales anticline (fig. 17), has
complicated sediment accumulation (and subsidence) history in several delta sectors.

Radiocarbon ages of upper delta-plain deposits near Tucupita also suggest that rates of
sediment accumulation have decreased in this region during the Holocene (fig. 55). Prior to
~5,000 yr B.P., rates of sediment accumulation were ~1 mm/yr and decreased to ~0.25 to
0.50 mm/yr over the last 5,000 yr. Decreasing rates of Holocene sedimentation near Tucupita are
represented in cores by the widespread occurrence of peat. This decrease in sedimentation rates
probably reflects the development of sea-level highstand conditions and delta progradation,
infilling of available accommodation space, and consequent sediment bypassing in the upper delta.

Subsidence Rates

To calculate subsidence rates, the same assumptions regarding stratigraphic position and age
of basal Holocene deltaic deposits were used to generate sediment-accumulation rates. In addition,
the following assumptions are made: (1) 7,500 yr B.P. sea level was 5 m lower than it is at present
(fig. 11); (2) water depths (accommodation space) in the Gulf of Paria and Punta Pescadores area
were 50 m at the beginning of Holocene delta deposition; (3) water depths (accommodation space)
were 30 m in the central delta and Boca de Guanipa areas at the beginning of Holocene delta
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deposition; and (4) water depths were negligible in the upper delta at the beginning of Holocene
delta deposition.

To calculate subsidence rates using shallow, radiocarbon-dated borings, the following
assumptions were made: (1) elevation at the boring site has not changed since the time of
deposition of the dated material; (2) sea level has been steady since the time of deposition of the
dated material; (3) the dated material was buried in situ, immediately after dying (that is, it is not
older material imported from upstream).

Subsidence-rate calculations are generated by: (1) accounting for other factors influencing the
depth of the dated horizon by adding amount of sea-level change since the time of the dated horizon
(for example, 5 m since 7,500 yr B.P.) plus the water depth at the site at the time that the dated
horizon was deposited (for example, 50 m in the Gulf of Paria), (2) estimating the elevation of the
depositional surface at the time of the dated horizon by subtracting the sum in (a) from the depth of
the dated horizon below present and then (c) estimating subsidence by dividing the elevation of the
depositional surface (b) by the age of the dated horizon. For example, the calculated subsidence
rate for log A4 is [71,500 mm — (5,000 mm + 50000 mm)] + 7,500 yr = 2.2 mm/yr (table 16).

Calculated subsidence rates are:

0.8 to 1.0 mm/yr for the upper delta,

0.8 to 2.0 mm/yr for the middle delta,

2.8 to >6.0 mm/yr for the lower delta Punta Pescadores area,
0 to 3.3 mm/yr for the lower delta Boca de Guanipa area, and
2.2 to 4.6 mm/yr for Gulf of Paria (table 16).

Subsidence rates show a clear increase from the upper to the lower delta. The variable
subsidence rates in the Boca de Guanipa and Punta Pescadores areas are related to active folds in
these areas (fig. 17). Subsidence rates in the Gulf of Paria are similar to those of the lower delta
plain. Unfortunately, we have no subsurface data from the Rio Grande and Boca Grande region
where we suspect that subsidence rates are greater than in the delta to the west (largely because of
the position of Rio Grande and Boca Grande).

Although these sediment accumulation and subsidence-rate calculations required a number of
assumptions, they are similar to rates calculated for the Mississippi, Nile, and Rhine-Muese Deltas,
where more radiocarbon-dated subsurface information is available (Stanley and Warne, 1993;
Toérngvist, and others, 1993). However, a series of radiocarbon-dated cores that sample the entire
Holocene and upper Pleistocene section across the delta plain are needed to determine this critical
parameter.

Sea Level

Pleistocene and possibly Holocene sea-level changes had a profound influence on delta
evolution, particularly maintenance of the marine flow through Boca de Serpientes, which in turn
had a profound influence on coastal and littoral hydrodynamics along the Orinoco Delta coast. We
refer to sea-level change in this report as the change in the ocean-water surface relative to a
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topographic datum rather than relative sea-level change, which typically refers to the combined
influence of sea-level change and subsidence.

Sea-level studies along the coast of Suriname (Roeleveld and van Loon, 1978) and the
Caribbean region (Lighty and others, 1982; Pirazzoli, 1991) show rising sea levels during the early
Holocene followed by decelerating sea-level rise or the establishment of present-day sea level
during the late Holocene. None of the curves show evidence of significant sea-level fluctuations or
sea levels significantly higher than those at present during the late Holocene. On the basis of 14C
dates from the Guiana coastal plain, Brinkman and Pons (1968) and Roeleveld and van Loon
(1978) generated a sea-level curve for the region (fig. 11).

Subsurface data from the Orinoco Delta indicate that the late Pleistocene to Recent sea-level
history can be summarized as follows (compare Kidwell and Hunt, 1958; Van Andel, 1967,
Stanley and Warne, 1993): at approximately 18,000 yr B.P., during the glacial maximum, sea
level was low such that the shoreline was located near the present shelf edge, and the delta was
forming along the continental slope (fig. 23a). From ~18,000 to 10,500 yr B.P., glaciers melted
causing sea level to rapidly rise, and the shoreline to migrate landward across the shelf, reworking
alluvial-plain deposits that covered the shelf, producing a blanket transgressive sand locally
punctuated by incised valley fill (fig. 23b). A radiocarbon date of 9,500 yr B.P. at the top of the
transgressive sand in the Pedernales area served to bracket the sea-level history in the region
(Kidwell and Hunt, 1958). By ~7,500 yr B.P. the rate of sea-level rise decelerated such that the
rate of sediment input from the Orinoco River and by longshore transport along the Guiana coast
was sufficient for delta accumulation to begin. By ~6,000 yr B.P., sea level had reached its present
level, fostering conditions conducive to delta progradation. The increase of montmorillonite with
respect to illite with increasing depth in boreholes in the Pedernales area provides evidence that the
deeper samples were deposited at a considerable distance offshore and that the delta gradually
advanced to its present position (Van Andel and Postma, 1954; Kidwell and Hunt, 1958).

Nota (1958) identified several terraces on the western Guyana shelf that he related to pauses
in the overall late Pleistocene to early Holocene sea-level rise. He identified an especially
conspicuous feature at 22 m depth. On the basis of shallow geophysical data on the shelf, Butenko
and Barbot (1984) identified three phases to the Holocene transgression. They identified
interruptions in the transgression at 80 to 87, 42 to 62, and 20 to 37 m bmsl. The younger-Drayas
event at ~11,000 yr B.P. (Fairbanks, 1989; Roberts, 1998) is widely recognized as causing a
pause or reversal in the overall rapid rate of sea-level rise and may be associated with the terrace at
22 m,

Many aspects of the sea-level history in this rather structurally complex region remain unclear.
Van Andel and Postma (1954) and Van Andel and Sachs (1964) determined that oceanic water
entered the Gulf of Paria through Boca de Dragén ~13,000 yr B.P. but did not begin to flow
through Boca de Serpientes until sea level reached 45 m below present stand, approximately
9,500 yr B.P. They proposed that flow through Boca de Serpientes was interrupted for an
undefined period of time by a minor sea-level drop until ~1,500 yr B.P., when sea level rose and
the hydraulic connection between the Atlantic shelf and Gulf of Paria was reestablished. Geohidra
Consultores, C.A. (1997b), proposed that there was a major change in the coastal current regime
~3,000 yr B.P. Geohidra Consultores, C.A. (1997b), determined that circulation through Boca de
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Serpientes was reestablished ~1,000 yr B.P., promoting littoral current processes along the
Orinoco coast and development of mudcapes.

Neotectonism

Currently the Orinoco Delta is seismically quiescent. The only recorded seismic activity of
consequence was in 1940 along the boundary of the Guayana Shield, when a magnitude-6.0
(Richter) earthquake occurred. In the Gulf of Paria region, on the other hand, reports of
magnitude-6.0 (Richter) earthquakes are widespread and common (INTEVEP, 1978; Case and
Holcombe, 1980; Geohidra Consultores, C.A., 1997b).

Principal structural features in the delta, mostly identified by geophysical surveys, include the
diapiric Pedernales anticline and associated mud volcanoes (compare Kidwell and Hunt, 1958;
Aslan and others, app. 2) and the Sabeneta syncline and Macareo anticline along the central delta
coast (fig. 17). Faulting in the lower Orinoco River determines the course of the main channel and
defines the boundary between the Guayana Shield and the EVB. Robertson and Burke (1989)
proposed that branches of the Urica (EVB) and Soldado (Gulf of Paria) faults extend across the
delta.

Three regional structural trends influence the delta: (1) northeast-trending normal faults and
lineaments near Tucupita that may reflect deep-seated Precambrian basement faults related to those
of the Guayana Shield, (2) northeast-trending and southeast-verging thrust faults of the Monagas
region (for example, San Juan fault), Gulf of Paria, and Trinidad, and (3) northwest-trending
right-lateral transform faults of the Monagas region and Gulf of Paria (for example, Soldado and
Los Bajos faults) (fig. 17). The latter two structural elements are related to transpressional stresses
along the South American—Caribbean plate boundary. Collectively these structures probably
influence the locations and orientations of many of the delta’s channels.

Shallow geophysical surveys on the Orinoco Delta shelf indicate that most of the Pleistocene
strata beneath the shelf is uniformly dipping ~8 to 23 mv/km to the north or northwest or is flat lying
(McClelland Engineers, 1979). McClelland Engineers (1979) reported gently folded strata east of
Boca Araguao and toward the middle and outer shelf. Most of the folding on the middle and outer
shelf appears to be related to a series of subparallel, northwest-trending faults that cross much of
outer shelf (McClelland Engineers, 1979). Many of these faults have seafloor expressions in the
form of scarps and linear seafloor troughs and appear to be active. Local seafloor relief across
these faults ranges from 1 to ~48 m. Several faults are 10 to 20 km in length, and one is 60 km.
Most appear to be normal, but several reverse faults have been recognized (McClelland Engineers,
1979). These faults are generally attributed to oversteepening and rotational slumping of
Quaternary delta deposits rather than basement-controlled faulting (fig. 22a). Regional earthquakes
may incite movement of these faults.

Several lineaments, which we interpret to be fault related, appear to influence the location and
orientation of several delta distributaries, as well as the overall geomorphology and hydrology of
the delta. In particular, we recognize three prominent northwest-southeast-oriented lineaments
(fig. 57). The southwesternmost of these three lineaments extends northwest from the upper
reaches of Brazo Imataca, crosses the head of Cafio Macareo, passes by the Volcan dam, and
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parallels the western boundary of the Holocene delta plain. It is near the upper-lower delta
transition zone and was recognized by Pees and others (1968). To the west-northwest of the delta,
this lineament is coincident with the contact between the upland area known as the Mesas and the
swampy Holocene coastal plain (figs. 18 and 57). A large number of lakes are located immediately
northeast of the lineament and could reflect differential subsidence on the downthrown side of a
fault. Low sinuosities of distributaries, such as Cafios Macareo and Araguao northeast of the
lineament, could reflect low channel gradients on the downthrown fault block.

The second, central lineament is nearly coincident with a large portion of Cafilo Manamo and
marks the northeast limit of the widespread interdistributary lakes. Southwest of this lineament, the
major distributary channels are oriented in a radiating pattern, whereas to the northeast these
channels are remarkably parallel and oriented to the northeast. This lineament marks a major
deflection in Cafio Macareo and the fork of the Rio Grande and Cafio Merejina.

The northeasternmost of the three northwest-southeast-oriented lineaments is generally
coincident with the boundary between the upper and middle delta plain and major change in
orientation of Cafio Manamo and the Rio Grande. This lineament apparently is a branch of the
Soldado fault (figs. 17 and 57).

In addition to these three northwest-southeast-oriented lineaments, a generally east-west-
oriented lineament is coincident with the boundary between the geomorphically and hydrologically
distinct southeast (Rio Grande) and the central and northwest delta. This lineament appears to be
related to an extension of the Urica fault (figs. 17 and 57). This lineament and associated
hydrogeomorphic boundary may also be influenced by an extension of the El Pao fault of the
Guayana Shield (fig. 17).

Extension of the rather straight Punta Pescadores mudcape into Boca Serpientes, despite the
strong northwest-directed Guayana Current, is attributed to differential uplift along the Macareo
anticline (Pees and others, 1968; Geohidra Consultores, C.A., 1997b). In addition, numerous gas
seeps and one petroleum seep along Punta Pescadores suggest concentration and upward migration
of hydrocarbons along tectonically induced fissures and vents (Geohidra Consultores, C.A.,
1997b).

Late Pleistocene to Holocene Climate

Largely on the basis of identification, mapping, and analysis of extensive, relict dune fields in
northeastern South America, several authors have determined that a large part of the Orinoco River
basin was more arid during the late Pleistocene, ~11,100 to 12,300 yr B.P., and that extremely
arid conditions prevailed in the Llanos region (Tricart, 1974a, b; Roa, 1979; Schubert, 1988).
Schubert (1988) proposed that the drier Pleistocene climate promoted expansion of savannas
across northeastern South America such that the tropical rain forests that characterize the modern
uplands were restricted to enclaves (probably areas with a high ground-water table). Analysis of
South Atlantic deep-sea cores reveals the widespread occurrence of upper Pleistocene (upper
Wisconsin; ~19,000 to 11,500 yr B.P.) arkosic sand layers in the abyssal plains adjacent to the
mouths of the Amazon and Orinoco Rivers, indicating regional semiarid to arid conditions during
that time (Damuth and Fairbridge, 1970). Damuth and Fairbridge (1970) and Latrubesse and
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Ramonell (1994) discussed the oceanic and barometric conditions that produce semiarid to arid
conditions during glacial and tropical conditions during interglacial periods.

Peats in the high plateaus of the Guayana Shield (Schubert, 1988) and forest vegetation in the
Lake Valencia Basin (Leyden, 1985) began to develop ~8,000 yr B.P., providing evidence that
humid tropical conditions were established in northeastern South America during the early
Holocene. Meggers (1979) identified a generally cooler and drier period in northeastern South
America between ~4,000 and ~2,000 yr B.P., which was sufficient to induce widespread changes
in forest biota. Eisma and others (1991) and Sommerfield and others (1995) correlated sequences
of late Holocene deposition/nondeposition along the northeastern South America coast with 100- to
1,000-yr scale wet/dry periods in the Amazon and Orinoco basins. Trade-wind dynamics also
influence long-term deposition and erosion cycles along the Guiana coast (Rine and Ginsberg,
1985; Wells and Coleman, 1981b; Eisma and others, 1991). Eisma and others (1991) proposed
that dry periods in the Colombian Andes from 200 to 400 yr B.P., from 600 to 900 yr B.P., and a
fluctuation at ~1,300 yr B.P. reduced sediment discharge from the Amazon River, promoting
development of cheniers along the Guiana coast (figs. 7, 8, and 58). Eisma and others (1991)
concluded that during wet periods, large volumes of mud discharged from the Amazon and
Orinoco Rivers and were deposited along the Amazon, Guiana, and Orinoco inner shelf and coast.
During drier periods, mud discharge from the Amazon and Orinoco Rivers is reduced and the mud
supplied by migrating mudbanks becomes more important to littoral transport of sediment to the
Orinoco Delta coast. The dual processes of transport and supply of littoral sediment—advection by
littoral current along the shelf and mudbanks along the coast—tend to modulate supply of Amazon
sediment to the Orinoco coast during climatic oscillations. Eisma and others (1991) concluded that
the Orinoco Delta is currently in a wet, depositional phase that began ~700 yr B.P. (fig. 58).

Arid conditions that dominated the early Pleistocene produced a poorly defined drainage
network across large portions of the Orinoco basin. For example, the Orinoco/Rio Negro
headwater region (fig. 13) of the Orinoco/Amazon basin drainage divide remains poorly defined,
such that surface water sometimes flows to the Amazon and other times to the Orinoco. The
drainage network in the partly reworked eolian deposits of the Llanos is poorly developed, such
that removal of local rainfall is insufficient and widespread flooding is common during the wet
season. The drainage network in turn influences the magnitude and duration of water and sediment
discharge to the delta.

Largely because subsidence has buried earlier Holocene deposits, the Holocene history
derived from analysis of the Guiana coast is not readily apparent in the Orinoco Delta. Wells and
Coleman (1981b), Rine and Ginsberg, (1985), and Eisma and others (1991) demonstrated that
climate directly influences physical processes, which in turn are recorded in the sedimentary record
along the Amazon, Guiana, and Orinoco coast. Most researchers concur that, at any given time
during the Holocene, climate was relatively uniform across northeastern South America. Hence,
the climatic oscillations outlined in figure 58 should provide a template for analysis of the Holocene
stratigraphy of the Orinoco Delta as more subsurface information becomes available.
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Summary of Modern Orinoco Delta Evolution
Late Pleistocene (~18,000 yr B.P.)

The climate was much more arid in the late Pleistocene than at present, the region was largely
covered with dryland savanna vegetation, and eolian dune formation was widespread (Tricart,
1974a, b; 1985; Roa, 1979; Schubert, 1988). Sea level was as much as 120 m lower than the
present stand. As a result, the coastline was positioned along the present shelf edge, and deltas
were forming along the upper slope (fig. 23a). Inland, the sea-level lowstand induced downcutting
of the river channels to form relatively narrow, deep, incised river valleys, and large volumes of
coarse sediment were transported to the coast. Offshore submarine canyons and deep-sea fans
developed.

Because the climate was semiarid to arid, there was little vegetation to hold sediments and the
Orinoco River was characterized by coarse, braided-stream deposits. River discharge was much
lower and more erratic than at present, but snowmelt from the Andes provided a perennial source
of discharge through the semiarid to arid region. The river was restricted to a narrow, incised
valley west of the present-day delta apex but expanded into a broad braid plain across the coastal
plain (present-day shelf). We infer that sediment was delivered to the coast through a number of
braided river channels whose position changed over time. Therefore, the coast comprised a series
of coalesced depocenters distributed across a broad region of the coast. The shelf was narrow and,
therefore, waves and littoral currents reached the coast without being attenuated. These coastal-
marine processes performed substantial geomorphic work along the coast, reworking coarse
material in the nearshore and transporting finer material offshore. Because the shelf was narrow
and steep, a significant portion of the sediment was transported to the deep ocean by density-
current processes. Furthermore, incised valleys locally debouched onto the slope and broad,
coalesced, deep-sea fans developed. Therefore, widespread deposition of sand occurred in the
abyssal plain. A number of coral reefs formed near the coast during this period, indicating that, at
least along portions of the coast, suspended sediment concentrations in the marine surface water
were low. The Gulf of Paria was a closed inland basin during this time, with an evaporite
(gypsiferous) lake at its center.

Late Pleistocene to Holocene (11,000 to 9,500 yr B.P.)

During this period, melting of continental glaciers induced a rapid, eustatic sea-level rise.
Climate was probably transitional between arid and tropical, with substantial, short-term
oscillations that are typical of glacial-interglacial transition periods (Heusser, 1993; Roberts,

1998). The rapid rise in sea level caused the shoreline to migrate landward from the shelf edge. By
~9,500 yr B.P. the coastline was landward of its present position (fig. 23b). The overall rise in sea
level was interrupted by short-term pauses or reversals (Bard and others, 1996; Roberts, 1998),
resulting in development of terraces along the present-day shelf.

In the Orinoco drainage basin, the majority of the sediment transported to the channel system
was incorporated into the alluvial valley to adjust river-base level to the higher sea-level stand.
Hence, initially, relatively little river sediment was delivered to the coast during this period, and
estuaries formed at the mouths of the incised rivers.
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As the late Pleistocene to Holocene sea level rapidly rose and the shoreline migrated
landward, the incised river valleys filled with fluvial and transgressive sediments, and preexisting
coastal-plain deposits were reworked by coastal and shallow marine waves and currents to form a
widespread, relatively thin (<10 m) layer of sand and minor silt and much thicker incised valley
fills. By ~9,500 yr B.P., sea level was ~30 m below present (fig. 11), the hydraulic connection
between the Atlantic shelf and the Gulf of Paria was established, and the area of the present-day
Orinoco delta plain and shelf was covered by shallow sea. Establishment of the marine connection
between the Atlantic shelf and the Gulf of Paria had a profound influence on shallow marine
circulation patterns along the Orinoco coast by increasing the influence of littoral currents in the
coastal zone.

Early Holocene (~6,500 yr B.P.)

By the early Holocene (~6,500 yr B.P.) the climate was generally warm and wet, much like it
is at present. However, millennial-, centennial-scale, and decadal-scale climatic (wet-dry)
oscillations characterized the region (fig. 58). The early Holocene sea-level rise had terminated by
this time, sea level was near its present elevation, and coastline positions were stabilized. Because
the northeastern South America climate was similar to that at present, the Orinoco River wet/dry
season discharge cycle resembled the current cycle.

The modern Orinoco Delta was well established by 6,500 yr B.P. (fig. 23c). The delta plain
was relatively small, although the volumes of Orinoco River water and sediment delivered to the
delta were the same as at present, and so the delta plain and coast were more strongly river
dominated than at present. Moreover, the large volumes of erodible sediments that were generated
and stored within the drainage basin during the arid late Pleistocene were entrained and transported
to the delta. This period of high sediment influx to the delta occurred after sediments were no
longer needed to adjust river base to the modern sea level and before tropical vegetation cover and
soil development greatly reduced the supply of sediment to the delta. The high sediment discharge
induced elevated sediment accumulation rates and rapid infilling of the deep-water portions of the
depocenter. High early Holocene sediment discharge further enhanced the riverine influence across
the delta plain during this time, resulting in typical river-dominated delta-plain and coastal features,
such as well-developed levees and sand-rich bar promontories at the mouths of major
distributaries. There were several active distributaries during this period (although the number and
locations are uncertain). Individual distributary-channel discharge and position varied as the delta-
plain slope varied during the progradation.

Because climate and sea level were similar to those at present, regional marine wave and
current regimes were also similar to those at present. However, the Orinoco coast was
considerably west of the present shoreline (fig. 23c) so that (1) the delta was located in a broad
embayment and therefore shallow marine processes were less dominated by the strong Guayana
littoral current and (2) there was not the constriction of littoral flow through Boca de Serpientes at
that time, and therefore nearshore littoral flow was not as focused along the central delta coast as it
is at present. Tides were probably one of the principal marine coastal process at that time, because
the area was still and embayment and therefore waves were attenuated.
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Middle Holocene (~4,000 yr B.P.)

The climate continued to be generally warm and wet, with millennial-, centennial-scale, and
decadal-scale climatic (wet-dry) oscillations (fig. 23d). The delta-plain area continued to expand so
that riverine influence diminished relative to tide and direct rainfall. As a result, promontories at the
mouths of distributaries diminished and estuaries began to develop. In addition, peat plains became
common in the interdistributary basins.

The delta continued to prograde eastward, infilling the EVB embayment and narrowing the
constriction at Boca de Serpientes, which progressively increased the influence of littoral currents
on coastal evolution, such that locally chenier plains developed. However, tides and river
discharge continued to be the predominant coastal processes. There were several active
distributaries during this period (although the number and locations are uncertain). Individual
distributary-channel discharge and position varied as the delta-plain slope varied during the
progradation.

Late Holocene (~2,000 yr B.P.)

After the relatively cool and dry period between 4,000 and 2,000 yr B.P., the climate became
generally warm and wet, with relatively well documented millennial-, centennial-scale, and
decadal-scale climatic (wet-dry) oscillations (fig. 58).

River hydrology assumed its modern character of large, highly seasonal water discharge
(fig. 16; table 3). As the delta plain continued to expand, the influence of river stage and discharge
on the lower delta diminished, and tides and direct rainfall became the dominant processes.
Because there was little accommodation space in the upper delta plain, lateral sedimentation/erosion
processes were predominant, whereas in the middle and lower delta, where subsidence rates were
higher, vertical accretion processes predominated in the interdistributary basins. However,
distributary-channel development, abandonment, and infilling processes were important processes
throughout the delta.

Interpretation of remote-sensing images and geologic/geo-environmental mapping and
stratigraphic analysis of radiocarbon-dated shallow borings provide evidence that major
distributaries comparable in size to Cafios Manamo and Macareo evolved, avulsed, and infilled on
a regular basis during the late Holocene (fig. 36) (Van Andel, 1967). Many of the blackwater
distributaries, such as Cafios Pedernales, Cocuina, Tucupita, and Guayaro, are interpreted as
underfit streams that occupy abandoned-channel systems formed by larger distributaries, probably
comparable in size to Cafio Manamo. Several of the small northeast-flowing blackwater
distributaries also probably represent underfit streams that occupy abandoned-channel systems of
coastal-plain rivers, such as Rio Morichal Largo and Rio Tigre, that were active in the
northwestern delta prior to establishment of Cafio Manamo (Van Andel, 1967).
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Evolution of the Western Delta

Evidence of late Holocene distributary avulsion

The clearest evidence of avulsion by major distributaries in the western delta is their
bifurcation pattern (fig. 59). Minor distributaries branch off from major distributaries such as
Cafios Manamo and Macareo and flow along separate courses to the Atlantic Ocean. For example,
Cafio Tucupita branches off of Cafio Manamo at Tucupita and flows northeast toward Boca de
Macareo, whereas Cafio Manamo discharges into Boca de Guanipa. Similarly, Cafio Cocuina
diverges from Cano Manamo at Tucupita and flows to Barra de Cocuina. Cafio Pedernales
branches from Cafio Cocuina several kilometers north (downstream) of Tucupita at La Horqueta
and flows to Boca de Guanipa along a course that generally parallels Cafio Manamo (fig. 59).

Similarities in meander sizes and wavelengths among several of the major and minor
distributaries support the idea of episodic distributary avulsion. For instance, not only do Caiios
Pedernales and Manamo follow parallel routes to Boca de Guanipa, but their similar meander
dimensions suggest that the discharge of Cafio Pedernales may have formerly been comparable to
that of Cafilo Manamo.

Additional evidence of distributary avulsion is provided by detailed mapping near the mouths
of Cafios Cocuina, Capure, and Pedernales. Mapping shows that the modern channels have natural
levee-flank depressions that separate mangrove and transitional forests along channel margins from
more distal interdistributary forested swamps. Field observations demonstrate that the levee-flank
environments are slightly lower in elevation than are proximal areas of the interdistributary forested
swamps, and remote sensing images show that these depressions parallel modern channels near the
coast. These relationships suggest that the levee-flank depressions represent the margins of
abandoned channels that were 1 to 2 km wide, substantially wider than the present-day channels
and similar to the dimensions of the lower reaches of modern Cafilo Manamo.

Caiios Manamo-Pedernales-Cocuina-Tucupita channel svstems

We infer that avulsion among the Cafio Manamo-Pedernales-Cocuina-Tucupita channel
systems occurred frequently in the western delta during the late Holocene. Channel systems such
as Cafio Manamo have probably experienced more than one episode of Holocene abandonment and
reoccupation, complicating the reconstruction of an accurate chronology of fluvial activity in the
region and suggesting significant implications for developing hydrologic and sediment models for
the region.

The delta-plain stratigraphy northwest of Tucupita partially constrains the timing of recent
fluvial activity and provides evidence of important environmental changes in the western delta
during the late Holocene (fig. 60). Delta-plain deposits separating Caiios Manamito and Cocuina
consist of three units: (1) basal bioturbated muds, (2) overlying vegetal-rich deposits including
clayey peat, and (3) a shallow veneer of mottled muds and muddy sands. The lowermost
bioturbated muds are up to 5 m thick and contain abundant plant remains and authigenic pyrite.
Grass fibers, weakly expressed laminations, and organic fragments of probable charcoal are locally
present. Overlying this unit are 1 to 2 m of organic-rich deposits that include dark-brown peat and
clayey peat, as well as gray to dark-gray organic muds (fig. 60). The peat is 0.5 to 1.0 m thick,
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fibrous, and extends laterally for up to several kilometers. Dark-gray organic muds overlie the peat
and at several sampling sites, a very dark brown (10YR 3/2-3/1) organic mud is present at depths
of 0.75 to 1.00 m. This deposit is darker and presumably more organic rich than the underlying
sediments and probably represents a buried A horizon of a wetland soil. The youngest unit consists
of a thin veneer of gray mottled muds and wedges of brown mottled muddy sands (fig. 60). The
wedges of brown muddy sand thin from a maximum thickness of ~3 m near channel margins to
less than 0.5 m over distances of 1 to 2 km within flood basins. The brown muddy sands have
common root pores with gray reduction haloes and are extensively bioturbated. The gray mottled
muds are typically <1 m thick and locally veneer the brown muddy sands adjacent to Caiio
Cocuina. The gray muds contain few to many yellow-brown mottles and iron-oxide stains along
root traces. Small iron-oxide nodules are also common and pyrite is rare in the gray muds. The
muds are less plastic and have a firmer consistency than do the underlying organic-rich muds.

The muddy texture and abundance of organic remains and pyrite indicate that the lower gray
to dark-gray bioturbated muds accumulated in perennially saturated reducing environments, such
as poorly drained marshes. Although previous studies have suggested that these pyrite-rich muds
are marine and reflect the widespread incursion of saltwater as far inland as Tucupita, authigenic
pyrite is a common constituent of reducing freshwater and brackish environments, including the
floodplain and delta plain of the Mississippi (Ho and Coleman, 1969; Krinitsky, 1969).
Furthermore, marine-shell material was never found in any of the upper or central delta-plain
deposits. Grass fibers in some upper Holocene intervals near Tucupita provide evidence of wetland
marsh environments, whereas the bioturbated muds, which contain few grass fibers and many
large plant fragments, could represent marsh or transitional forested swamp environments.
Radiocarbon dating of these deposits suggests that they are older than ~5,000 yr B.P. and were
accumulating by at least 6.5 yr B.P. (fig. 61). On the basis of a limited number of radiocarbon
dates, we infer that these sediments accumulated in fresh- to brackish-water environments at a
relatively rapid rate of 2 to 3 mm/yr. Peat deposits overlying the bioturbated muds represent a
dramatic decrease in clastic input to the basin, which, along with high water levels, led to peat
formation and widespread organic sedimentation. Radiocarbon dates show that the basal ages of
the peat range from 4,920+40 yr B.P. to 5,300+90 yr B.P., and the youngest ages from the upper
peat section range from 3,700+50 yr B.P. to 3,880+80 yr B.P. One sample provided a date of
3,050+50 yr B.P. On the basis of these data, we interpret the peat as a period of low clastic input
and slow (~0.5 mm/yr) but widespread organic sedimentation that spanned ~2,000 yr
(~3,000-5,000 yr B.P.). Organic muds overlying the peat represent a period of renewed clastic
sedimentation in the Tucupita area, but this period of clastic input was again interrupted by a
second episode of organic sedimentation, which produced the very dark gray organic mud. A
single radiocarbon date of 1,410+70 yr B.P. was acquired from this deposit. The youngest
deposits represented by the brown muddy sands and gray mottled muds are interpreted as natural-
levee and flood-basin deposits associated with overbank flooding of Cafios Manamito and
Pedernales.

Peat and organic mud buried beneath natural-levee deposits of Cafios Manamito, Cocuina,
and Tucupita near Tucupita provide maximum-age estimates for the establishment of the channel
systems. The radiocarbon ages for the peat near Tucupita clearly show that the Cafio
Manamo/Manamito and Cocuina channel systems were not established until after 3,000 to 4,000 yr
B.P. (fig. 60). Because Caiio Pedernales diverges from Cafio Cocuina downstream of the
stratigraphic cross section, these maximum-age estimates also apply to Cafio Pedernales. A single
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radiocarbon date of 4,780+80 yr B.P. was determined on a thin clayey peat buried by gray mottled
muds and sandy muds located along the outer bend of a large meander of Cafio Tucupita near
Tucupita (fig. 61). The muds and sandy muds are interpreted as flood-basin overbank and distal
natural-levee deposits, respectively. The radiocarbon age date is remarkably consistent with
radiocarbon ages of peats elsewhere in the Tucupita region and lends support to the idea that the
period 3,000 to 5,000 yr B.P. represents an episode of widespread peat development in the
western upper delta. This period of peat formation also predates the establishment of major channel
systems, such as Cafios Manamo and Pedernales. This interpretation, however, does not imply
that older channel systems were never present in the Tucupita area. The age and stratigraphy of the
peat simply suggest that the deposits of older early Holocene channel systems are buried.

We infer a maximum age of ~1,500 yr for the Cafio Manamo-Manamito channel system on
the basis of a radiocarbon-dated sample (1,410+70 yr B.P.) from the organic-rich mud (buried A
horizon) that overlies the peat and passes laterally beneath natural-levee deposits of Cafio Manamito
(fig. 60).

Several radiocarbon ages from core samples elsewhere in the western delta support the
inference of recent establishment of the Cafio Manamo-Manamito and Pedernales channel systems.
Along the banks of Caiios Pedernales and Manamo cores show 1 to 2 m of mottled muddy sands
and sandy muds that we interpret as natural-levee deposits (figs. 61b, c and 62). Radiocarbon ages
of plant remains in dark-gray muds located beneath the natural-levee deposits range from
1,620+40 yr B.P. to 1,940+50 yr B.P. These ages support the interpretation that the Cafio
Manamo-Manamito and Caifio Pedernales channel systems were established by ~1,500 yr B.P.,
similar to the interpretations based on the radiocarbon data from the Tucupita area. Whereas the
size difference between the modern channels of Cafios Manamo and Pedernales shows that the
discharge of Cafio Manamo has been historically greater than that of Cafio Pedernales, this
relationship may have been reversed periodically over the past ~1,500 yr.

Coastal-plain channel systems

Remote-sensing images show that present-day Cafios Manamo and Pedernales flow
northwest and crosscut older and smaller channel systems that flowed northeast across the western
delta (fig. 62). The small size of meanders and orientation of the channel courses that include
Carios Capure, Caijarina, Giiinamorena, and Simoina suggest that they are abandoned-channel
courses of coastal-plain rivers such as the Rio Morichal Largo and Rio Tigre. These coastal-plain
rivers presumably flowed northeast across the delta to Barra de Cocuina. These observations
support Van Andel’s (1967) interpretation that coastal-plain rivers have contributed significantly to
the development of the northwestern delta and that avulsion of Cafio Manamo to its present-day
location transformed the Rio Morichal Largo and Rio Tigre from coastal-plain rivers that
debouched directly into the Atlantic Ocean or Gulf of Paria.

Sands, muddy sands, and interbedded sands and muds located ~4 m below the land surface in
cores acquired on channel margins of Cafios Manamo and Pedernales (figs. 61b, ¢ and 62) are
interpreted as buried channel deposits of the coastal-plain rivers. Radiocarbon dates of
2,520+50 yr B.P. from wood fragments in muddy sands near the base of the Cafio Pedernales
core and 1,940+50 yr B.P. on plant material in muds overlying channel deposits in the Cafio
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Manamo core suggest that these channels were abandoned ~2,000 to 2,500 yr B.P. (fig. 61b, c).
Several peat deposits overlying gray muds in the central delta have basal ages that range between
2,800 and 3,290 yr B.P., which suggests that clastic sedimentation in this region ended ~3,000 yr
B.P., an age generally consistent with the abandonment of the coastal-plain river channel systems.
Conversely, the muds underlying the central-delta peats probably represent clastic overbank
deposits associated with the coastal-plain rivers and suggest that these channels were active prior to
~3,000 yr B.P.

Cario Macareo-Cario Guayaro channel system

Similar to that of Cafio Manamo, the Cafio Macareo channel system also appears to have been
established recently, probably since ~1,000 yr B.P. Remote-sensing data indicate that prior to the
establishment of the modern course of Cafio Macareo, this channel flowed northeast from the delta
apex to Boca Mariusa through Cafios Guayaro and Cafio Caiguara (figs. 36a, 59, and 63a). The
presence of several minor distributaries connecting Cafios Guayaro and Mariusa further suggests
that this older channel system may have included precursors of the modern Cafio Mariusa channel
system.

Cario Macareo established its present course by avulsing from Cafio Guayaro and
reoccupying a portion of the Cafio Tucupita channel system, which merges with the modern course
~30 km inland from the coast (fig. 63). This avulsion would have dramatically reduced fluvial
discharge to Boca de Mariusa and may have allowed northwest-directed littoral currents to
prograde the Punta Mariusa mudcape and partially fill the bay (fig. 63b). Mudcape progradation
and bay filling continues today (fig. 52). Conversely, establishment of the modern course of Cafio
Macareo and increased fluvial discharge to Boca de Macareo could explain why the Punta
Pescadores mudcape has not prograded across the bay. Although the timing of the Cafio Macareo
avulsion is not well constrained, a radiocarbon age of peat buried by crevasse splay deposits of
Cafio Macareo upstream of the Cafio Macareo-Guayaro diversion provides a minimum age of
930+40 yr B.P. (fig. 49c¢).

We infer that both Cafio Manamo and Cafio Macareo avulsed westward across the delta plain
during the Holocene. Recent westward shifting of major distributaries is also supported by
differences in the types of interdistributary flood basins that are located between Cafios Macareo
and Manamo. Topographically high flood basins are abundant near Cafios Macareo and Cocuina,
and proportions of topographically low flood basins increase to the west. This change indicates
that western flood basins are in an early stage of infilling related to the recent establishment of the
Caiio Manamo channel belt. In contrast, eastern flood basins have filled more completely because
of previous episodes of channel activity and overbank sedimentation associated with older channel
belts.

Late Holocene Evolution of the Northwest Delta Coast

Geologic mapping and stratigraphic relations suggest that the northwestern delta consists of a
series of Holocene mudcapes and bays that partially or completely filled as the delta prograded
during sea-level highstand. Evidence of former bays includes large areas of mangrove swamp near
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the coast that are flanked by transitional forests and herbaceous swamps such as along the lower
reaches of cafios entering present-day Barra de Cocuina and Boca de Guanipa. Mangrove forest
developed in depressions that outline margins of former shallow bays and lower reaches of
distributaries that flowed across herbaceous swamps and contributed to bay filling. Cafios that
converge south of present-day Barra de Cocuina, including Cafios Caijarina, Capure, Cocuina,
Cocuinita, and Guarina, also suggest that this area was a shallow bay similar in size and shape to
Boca de Guanipa (fig. 36a).

The orientation of the coastal-plain river and Orinoco distributary-channel systems suggests
that Boca de Guanipa was not the only major discharge point for the delta’s distributaries.
Additional geomorphic evidence of the presence of former bays along the northwest coast of the
delta includes complex networks of dendritic channels along the upper reaches of Cafios Cocuina,
Cocuinita, and Cafio Manamo (for example, Cafio Guamal) (fig. 64). The geometry of these
channel networks strongly resembles that of tidal channels. At present these channels are partially
filled with dense aquatic vegetation and show little evidence of fluvial or tidal current activity.
However, their presence indicates that they are relict tidal channels that were probably active when
the precursors to Barra de Cocuina and Boca de Guanipa existed and the shoreline was at least
10 km landward of its present-day position.

Large arcuate-shaped herbaceous swamps on the northwestern delta plain are interpreted as
old mudcapes (fig. 36a). These features, similar in size and shape to modern mudcapes, deflect the
lower reaches of major and minor distributaries to the northwest (fig. 59). Whereas modern coastal
mudcapes are covered by mangrove forest and are affected by marine processes, the herbaceous
swamps are located as much as 30 km inland and contain abundant freshwater peat. We infer that
the old mudcapes may have been upper Holocene shoreline features that were abandoned as the
delta prograded seaward (fig. 54). Shoreline progradation progressively removed mudcapes from
marine influences, including clastic sedimentation; continued subsidence would have transformed
these areas into shallow, sediment-starved flood basins. Vertical accretion of organic sediments
accompanied by little or no clastic sedimentation probably created acidic and nutrient-poor
conditions, which allowed herbaceous vegetation to replace mangrove forests. Perennial saturation
and subsidence promoted widespread peat accumulation. Danielo (1976a, b) noted that peat
deposits also overlie mangrove sediments in several areas elsewhere in the delta, and similar
vertical successions of herbaceous swamp peats and mangrove clays attributed to shoreline
progradation are reported from tropical peat swamps in Indonesia (Anderson, 1964; Anderson and
Muller, 1975).

We infer that this period of early delta progradation and the development of broad shallow
bays located slightly landward of present-day Barra de Cocuina and Boca de Guanipa occurred
3,000 to 5,000 yr B.P. During this time, major Orinoco distributaries and coastal-plain rivers
flowed into Barra de Cocuina, rather than Boca de Guanipa (fig. 36a). Some time after ~3,000 yr
B.P., distributary avulsions established the Cafio Manamo and Pedernales channel systems, which
flowed into Boca de Guanipa (fig. 36b). Avulsion of Orinoco distributaries to the west would have
captured the flow of coastal-plain rivers and greatly reduced fluvial discharge to Barra de Cocuina.
In the absence of fluvial currents, northwest-directed littoral currents led to mudcape development
and progradation and partial filling of the bay (fig. 36b). As the mudcape prograded across the
former Barra de Cocuina, it deflected the course of Cafio Cocuina northwest.
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Continued discharge into Boca de Guanipa and the establishment of Cafio Macareo within the
last ~1,000 yr contributed to sedimentation in Boca de Guanipa and Boca de Macareo, but the areal
extent of Holocene mudcapes suggests that the majority of coastal progradation was accomplished
by mudcape development and bay filling (fig. 36¢; for example, Barra de Cocuina). The former
Barra de Cocuina has almost completely filled because of a combination of avulsion of Orinoco
distributaries westward and mudcape progradation (fig. 36¢). Similar patterns of coastal
progradation continue today in areas such as Punta Mariusa, where avulsion has significantly
reduced fluvial discharge and mudcape growth is rapid.

Integration of the coastal and avulsion histories of the northwestern delta reveals that episodes
of fluvial activity and shoreline change are closely linked. We infer that shallow bays at the mouths
of large distributaries such as Cafio Manamo are rapidly filled following distributary avulsion and
reduced fluvial discharge. Bay filling probably occurs through a combination of littoral-current
activity and mudcape progradation. For example, while the late Holocene channel systems of
Caiios Cocuina, Cocuinita, Caijarina, Guarina, and Capure were active and discharged into Barra
de Cocuina, the estuary was maintained by the combination of fluvial and tidal currents similar to
the situation in present-day Boca de Guanipa. Following avulsion and channel-system
abandonment, Barra de Cocuina filled as a mudcape prograded northwest across the bay. Note that
in the Orinoco Delta, coastal progradation occurs following avulsion and distributary
abandonment. In contrast, coastal progradation in systems such as the Mississippi and Rhone
Deltas are associated with active distributary-channel mouths (Coleman, 1982; Coleman and
others, 1998; Roberts, 1998). In these systems, avulsion and distributary abandonment typically
result in subsidence and widespread land loss. The key difference in the Orinoco Delta is that
littoral currents supply large volumes of (both Amazon and Orinoco) suspended sediment that lead
to mudcape development and coastal progradation in the absence of significant fluvial-sediment
input.

Historical Sedimentation in Boca de Guanipa

Rapid sedimentation in Boca de Guanipa during the past ~40 yr is similar to patterns of
coastal sedimentation that occur following an avulsion (fig. 65). Completion of the Volcan dam has
significantly reduced discharge and sediment transport along Cafilo Manamo, and seasonal high
flows no longer move sediments across the shallow bay and deposit them in deeper waters.
Consequently, the bay is filling rapidly with sediment, as demonstrated by the historic
development of large islands in the bay. This situation is similar to what occurs following an
avulsion and is also analogous to the episode of bay filling that occurred in the former Barra de
Cocuina. Because rivers such as Rio Guanipa, Rio Tigre, and Rio Morichal Largo carry little
sediment, most of the recent sedimentation in Boca de Guanipa is probably associated with littoral
and tidal currents that are moving sediments into the bay. During periods of rising tide, waters
from the mouth of Cafio Manamo to Tucupita carry abundant suspended sediment, much of which
probably accumulates within the channel now that seasonal flooding and sediment transport by
fluvial currents has been dramatically reduced because of the construction of the Volcan dam on
Caiio Manamo. Rapid sedimentation in this area should continue until either the bay completely
fills or discharge on Cafio Manamo increases.
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Human-Induced Changes in the Orinoco Delta

Deltas are transitional aqueous/terrestrial ecosystems that are the product of interaction and
balance of numerous atmospheric, geologic, hydrologic, and biologic processes. Therefore,
human activity has profound impacts on the ecosystem integrity of these river/coastal-plain
environmental systems. Construction of the Volcidn dam at Cafio Manamo has significantly
influenced the hydrology and ecology of the northwestern Orinoco Delta. In addition, clearing of
forests for agriculture, grazing, and human habitation in the upper delta has also significantly
impacted delta ecosystems.

The Volcan dam: the Volcdn dam was constructed across Caiio Manamo (fig. 2) in 1966 and
1967 to (1) protect Tucupita from flooding, (2) expand agriculture in the delta by controlling flood
regimes and provide the opportunity for drainage of soils, and (3) raise water levels in the Rio
Grande to enhance commercial navigation (Colonnello and Medina, 1998). Discharge through
Cafio Manamo prior to dam construction was generally between 3,500 and 8,000 m3/sec, with a
minimum discharge of 800 m3/sec. Sediment discharge was estimated to be 25 x 109 tons/yr
(FUNINDES USB, 1998). Since dam construction, Cafio Manamo water discharge has been
regulated at 150 to 250 m3/sec, representing a reduction of from 10 to 0.5 percent of the total
Orinoco discharge (Bracho and others, 1998; Colonnello, 1998). Sediment discharge through
upper Cafio Manamo has been essentially reduced to zero, so that the only sediment discharging
from the lower distributary channel is supplied by upland streams flowing from the west, such as
Rio Morichal Largo and Rio Tigre.

The dam has been effective in controlling flooding in Tucupita, the major city of the region.
Expansion of agriculture in the delta plain, however, was unsuccessful because of high pyrite
content in soils, which, when drained, transforms into sulfuric acid, making the soils inhospitable
for agriculture and even native plants.

There are many impacts associated with modification of the natural water and sediment
discharge regime by the Volcan dam. Because the delta is a transitional aquatic/terrestrial
environment, ecosystems and processes are strongly interrelated, and, therefore, the impacts of the
Volcan dam tend to cascade from one set of processes and ecosystem to another. The impacts of
the Volcan dam water regulation include:

» Upstream incursion of estuarine (brackish) water has induced a marked increase in
upstream tidal flow of marine waters. Cascading effects of the landward saltwater
incursion include: expansion of mangrove forests upstream and changes to a more marine
fish population (Colonnello, 1998; Colonnello and Medina, 1998). Moreover, expansion
of mangroves has significantly increased rates of sediment entrapment, which in turn has
accelerated expansion of channel islands in the lower Manamo and infilling of Boca de
Guanipa (Colonnello, 1998).

* Increase in water temperatures and decrease in dissolved oxygen content in the cafios.

* Reduction of sediment discharge through Manamo and onto the surrounding delta plain
and coast.
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* Clogging of cafios by floating vegetation (especially water hyacinth). Water hyacinth in
Carios Pedernales and Capure can be so dense that navigation is impeded. Cafio Tucupita
is almost completely infilled (fig. 270). Moreover, upon dying, the floating vegetation
settles to the bottom of cafios, greatly accelerating infilling and loss of sandy channel-
bottom habitat for fish and invertebrates.

The marked reduction in sediment discharge to the northwestern delta may induce wetland
loss as the delta plain subsides and open-water conditions prevail, similar to the situation on the
Mississippi Delta (DeLaune and Pezeshki, 1994). However, bioaccumulation associated with peat
development in the Orinoco Delta may be offset by the reduction in mineral sediment influx. Peat
marshes, however, support different ecosystems than do wetlands with terrigenous soils. In
addition, the hydrology, nutrient base, and water chemistry of the wetlands will be markedly
different.

Water and sediment discharge through Cafio Macareo has doubled as the result of dam
construction, going from ~6 to 13 percent of total Orinoco River discharge (FUNINDES USB,
1998). The doubling of water and sediment discharge has accelerated lateral channel migration and
undoubtedly has increased overbank discharge of freshwater and suspended sediment into the
adjacent interdistributary basin. The well-developed crevasse splays along upper Cafio Macareo
(figs. 27q, 34, and 47b) are at least in part the result of increased discharge. The effects of
enhanced discharge on Cafio Macareo, the adjacent interdistributary basins, and Boca de Macereo
have not been studied.

Large portions of the upper delta have been cleared for grazing, agriculture, and habitation
(figs. 4 and 27p). Clearing is concentrated downstream from the Volcédn dam and along the
elevated, well-drained levees. However, neither the extent nor impacts associated with human-
induced clearing and burning in the delta have been systematically studied.

The Guri dam: a major dam was constructed across Rio Caroni at the site of the former
Necuima waterfall (fig. 12). The reservoir, which has the world’s fourth-largest capacity for
hydroelectricity, stretches along 212 km of the lower Caroni and covers 4,260 km?2. The Caron{
River accounts for 11 percent of Orinoco River discharge (Lewis, 1988), and the dam has had a
modest but significant effect on discharge to the delta, reducing peak, and increasing low,
discharge (fig. 66). Approximately 50 percent of the suspended sediment entering the Guri
reservoir is retained (Lewis and Saunders, 1990). Changes in sediment discharge associated with
the dam have not been determined, but because Rio Caroni historically had very low sediment
concentrations and contributed <3 percent of sediment input to the delta, and therefore we infer that
the impact of Guri dam on Orinoco Delta sediment budget is small.

SYNTHESIS OF WATER AND SEDIMENT DYNAMICS
OF THE ORINOCO DELTA REGION

Surface-water and sediment dynamics (including rates of inflow, throughflow, and outflow,
as well as the timing, frequency, and duration of inundation and/or saturation) are the controlling
factors in delta-ecosystem composition and long-term stability. Because deltas are transitional
terrestrial/marine systems, it is essential to evaluate, integrate, and interpret regional water and
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sediment dynamics associated with both river and coastal systems. Evaluation and interpretation of
river and coastal systems, and their interaction on the delta plain and coast, are essential for
determining the influence of physical processes on delta-ecosystem integrity and for developing
models to predict the impacts of changes in water and sediment flow on delta ecosystems.

The Orinoco River basin maintains a very high discharge:drainage basin-area ratio (table 3)
largely because of high rainfall, the impermeable crystalline substrate of the Guayana Shield, and
perennially high ground-water levels of the Llanos region. This high ratio promotes large seasonal
fluctuations in annual stage and discharge and consistently low suspended-sediment concentrations
in the tributaries, river, and delta (figs. 14 and 16; table 10). Large seasonal-discharge oscillations
are also promoted by the location of the Orinoco basin in the northern portion of the ITPZ; seasonal
rainfall distribution varies uniformly across the drainage basin so that peak (and low) discharge
occurs simultaneously in all major tributaries. Wet/dry season oscillation in discharge in the lower
Orinoco is significantly greater than in most major river systems and induces almost complete
(freshwater) inundation of the delta for 2 to 3 months each year. Orinoco River discharge volumes,
which rank third among world rivers, promote perennial inundation of ~80 percent of the delta
plain, although tides, direct rainfall, and subsidence are also major factors in maintaining this vast
wetland ecosystem complex.

Differential subsidence toward the coast promotes marine influence and vertical accretion
processes in the lower delta. We infer that a secondary component of differential subsidence in the
southern delta is a major determinant in the position of the Rio Grande and has induced formation
of the large estuary at Boca Grande (Nota, 1958). Neotectonic activity associated with features
such as the Pedernales and Sebeneta anticline and Macereo syncline (fig. 17) significantly
influences water and sediment dynamics of the coastal region. Diurnal tides, which influence the
entire delta plain (fig. 24), enhance ecosystem variability by creating a spectrum of fresh to saline
surface-water conditions, especially in the lower delta. The large rainfall volumes, which vary
across the delta (fig. 28a), also contribute to hydrologic and ecosystem variability and are a
principal water source in the central portions of the larger interdistributary basins.

Approximately half of the 1.5 to 2.1 x 108 tons/yr of Orinoco sediment is deposited on the
delta plain (Meade, 1994). We infer that flood discharge is capable of transporting sand bedload
within the principal distributary channels. Suspended load is mostly limited to silt and clay, and
once overbank discharge begins, the transport capacity of the floodwater away from the channel
diminishes and floodwaters are only capable of maintaining clay in suspension. According to
Meade and others (1990), peak river-sediment discharge is not coincident with peak water
discharge, which would diminish terrigenous-sediment transport to interdistributary-basin centers
rather than promote the formation of broad mounds around the basin perimeters that further inhibit
influx of sediments to the central basin areas. River-sediment concentrations are relatively low,
even during flooding, and, therefore, many of the interdistributary basins in the middle and lower
delta plain are sediment starved and sites of ombrogenous peat development. Because the Rio
Grande transports more than 85 percent of the sediment through the delta, the northwestern delta is
especially sediment starved and supports extensive peat basins (fig. 33). This situation has been
amplified by construction of the Volcan dam on upper Cafio Manamo (fig. 25) (Bracho and others,
1998; Colonnello, 1998).
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Flood discharge induces distributary-channel formation, but diurnal tides perform the majority
of geomorphic work within the Orinoco channel network (Geohidra Consultores, C.A., 1997a, b;
FUNINDES USB, 1998). Differences in distributary-channel geometry and resistance to flow
result in significant differences in the timing of diurnal tide oscillations among channels. These out-
of-phase tidal oscillations result in significant differences in water-surface elevations between
adjacent channels, which induce development of the cross-channel network of cafios that
characterizes the delta plain (fig. 26). The channel network is dynamic, and evidence of the
progressive channel avulsion, hydraulic isolation, and infilling are common across the delta
(figs. 27b, d, and 36). Preliminary analysis of radiocarbon-dated sedimentary cores demonstrates
that major distributaries, such as Manamo and Cocuina, are no more than 1,000 yr old. Historical
aerial photographs of the Boca de Guanipa area demonstrate significant expansion of estuarine
islands (that is, infilling of the estuary) during the past 45 yr (fig. 65). Analysis of the Guiana
coast (Brinkman and Pons, 1968; Roeleveld and van Loon, 1978) indicates that large volumes of
Amazon sediments have been transported northwestward along the northeast South American coast
throughout the Holocene.

Sediment-accumulation rates appear to be greater in the early Holocene than in the middle and
late Holocene (table 16); the higher rates probably reflect available accommodation space below
effective wave and littoral current base or perhaps a less intense littoral current regime, rather than
significant changes in rates of sediment input, sea-level rise, or subsidence. Similarly, because
there was more accommodation space (deeper water) in the lower delta than in the middle and
upper delta region during the early and middle Holocene, the (higher) rates of sediment
accumulation in the lower delta reflect both the rates of infilling of deep-water areas as well as rates
of subsidence. The arid climate during the late Pleistocene may have produced large volumes of
easily erodible sediment in the Orinoco drainage basin, which was delivered to the delta as the
climate became more humid in the early Holocene. As Boca de Serpientes has become more
constricted, causing acceleration and intensification of littoral currents along the Orinoco Delta
coast, mudcape development has increased, although the overall rate of delta progradation has
decreased.

Approximately 50 percent of the sediment deposited along the Orinoco coast is derived from
the Amazon River, 1,600 km to the south (fig. 67). The Amazon is an important sediment source,
not only in terms of volume, but also in terms of its sediment supply (by longshore transport),
tending to be constant throughout the year (as opposed to the highly seasonal Orinoco sediment
discharge).

More than 85 percent of Orinoco discharge to the coast is through Boca Grande (fig. 25), and
suspended sediment concentrations of Orinoco River water are very low, even during flood
season. On the other hand, littoral marine waters flowing from the Guiana coast into Boca Grande
contain high concentrations of suspended Amazon mud (Eisma and others, 1991). We infer that a
buoyant, freshwater plume develops as the Orinoco River water encounters the dense, muddy
marine waters (fig. 40b). Although development of freshwater plumes at the mouths of delta
distributaries is common (Orton and Reading, 1993; Nemec, 1995). We infer that the buoyant
suspension (or hyperpycnal) layer is especially well developed along the Orinoco coast because of
the large density difference in the dilute river and sediment-rich marine water (figs. 40 and 67).
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Largely on the basis of remote-sensing analysis (for example, fig. 40a), we infer that the
buoyant Orinoco River plume is transported northwestward along the shelf and coast by the
Guayana Current and eventually mixes with marine waters (Van Andel and Postma, 1954;
Koldewijn, 1958; Nota, 1958). We infer that Orinoco and Amazon sediments mix just northwest
of Boca Grande and are (1) transported landward by waves and tides and deposited along the
Orinoco coast and shelf (McClelland, 1979), (2) transported through Boca de Serpientes and into
the Gulf of Paria (Fugro Gulf, Inc., 1979; INTEVEP, 1981), or (3) transported northeastward
along the south coast of Trinidad and then northward along the east margin of Trinidad
(Koldewijn, 1958; fig. 67). Largely on the basis of volume estimates of Holocene sediments on
the Atlantic shelf and Gulf of Paria, we infer that approximately half of the Orinoco/Amazon
sediment is deposited as delta-front and prodelta deposits on the Atlantic shelf, half is transported
through Boca de Serpientes and deposited in the Gulf of Paria, and a small percentage is
transported along the eastern Trinidad coast and beyond into the Barbados Accretionary Complex
and Caribbean Basin (fig. 67a).

Although tidal mud flats and mudcapes are principal features along the Orinoco coast, fluid
mud layers, mudbanks, and extensive mud flats that characterize the Guiana coast are less
developed along the Orinoco coast. We propose that discharge of large volumes of dilute
freshwater at Boca Grande disperses fluid muds and thereby inhibits development of mudbanks
along the Orinoco coast. We infer that disruption and fragmentation of the Guayana Current along
the Orinoco shelf also inhibit development of mudbanks. It is of note that Danielo (1976)
recognized mudbanks along the coast of Corocoro Island (mudcape) just southeast of Boca Grande
but did not document them along the Orinoco Delta coast.

Although fluid muds are not prevalent along the Orinoco coast, field observations indicate that
nearshore waters are muddy (figs. 35c, d, e, f, and 40a) and that the suspended sediment
concentrations of 11 mg/L that have been documented along the coast (Monente, 1989/1990) are
probably lower than what commonly occurs. Field observations and analysis of satellite imagery
indicate that the central delta coast (between Boca de Araguao and Punta Pescadores) is prograding
rapidly (figs. 40a and 67). We infer that development of the buoyant suspension plume along Boca
Grande inhibits deposition and consequent delta progradation in the southeastern delta. In addition,
we infer that progressive constriction of Boca de Serpientes as the Orinoco Delta has prograded
eastward and has concentrated and accelerated littoral-current flow, which in turn has increasingly
inhibited prodelta, delta-front, and delta-plain progradation along the northwestern delta. The
relatively deep Boca de Serpientes channel (fig. 42) provides evidence of the strength of the littoral
current as it accelerates through Boca de Serpientes.

The Gulf of Paria is a major depositional area for the Orinoco Delta. Subsurface data
demonstrate that up to 70 m of Holocene sediment has been deposited in the basin (Van Andel and
Postma, 1954; Fugro Gulf, Inc., 1979; INTEVEP, 1981). Water and sediment regulation at the
Volcén dam has undoubtedly affected freshwater and sediment influx into the Gulf of Paria (fig.
25). Milliman and others (1982) estimated that approximately 2 percent of the Orinoco/Amazon
sediment passes through Boca de Dragén and is deposited on the continental shelf and upper slope
north of the Paria Peninsula (fig. 67a, b, c). Bowles and Fleischer (1985) identified Orinoco
sediment as far north as the central Caribbean basin.
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Although the Orinoco Delta is a largely pristine system, the building of the Volcdn dam and
the clearing of the upper delta have significantly influenced delta hydrology and ecosystems.
Together, the dams at Tucupita and Guri tend to accentuate the estuarine character of the Orinoco
Delta (FUNINDES USB, 1998). Continued subsidence will further accentuate the estuarine
character of the northwestern delta.

RECOMMENDATIONS FOR FUTURE RESEARCH

A major goal of this report is to identify areas of research that will significantly enhance
understanding of the sediment and water dynamics of the Orinoco Delta and the influence of these
processes on ecosystem integrity. By being regional in perspective and comprehensive in approach
this report provides a basis for identifying areas of research needed to (1) develop an
environmental baseline that characterizes the current, natural delta ecosystem complex; (2) evaluate
the influence of human-induced changes; and (3) generate engineering designs that will minimize
negative environmental impacts associated with development.

Base Maps
Georeferenced, High-Resolution Satellite Image

BEG has significantly enhanced the potential for systematic analysis of the Orinoco Delta by
generating a georeferenced Radarsat mosaic that has horizontal accuracy of <100 m, and spatial
resolution of 30 m (fig. 1). We recommend generating a georeferenced Radarsat mosaic with 10-m
horizontal accuracy and spatial resolution of less than 10 m. This image will be invaluable for
geomorphic mapping and monitoring change in cafios and along the coast. DGPS surveys used to
georeference the high-resolution satellite image should be designed so that historical aerial
photographs can also be georeferenced.

Georeferenced, High-Resolution Digital Terrain and Bathymetric Model

The delta plain is very low relief, and, therefore, existing topographic maps (10-m vertical
resolution) are of limited value in evaluating delta geomorphology, hydrology, and ecology.
Because of their importance to characterizing the environmental setting of the delta, recent
environmental impact studies (Geohidra Consultores, C.A., 1997a, b; ENSR Venezuela, 1998;
FUNINDES USB, 1998) have generated detailed bathymetric data of selected areas of the coast
and distributary channels. However, these bathymetric studies cover only a small fraction of the
delta and are not readily available in standardized digital format. Evaluation and, ultimately,
protection of the Orinoco Delta ecosystem complex will be greatly enhanced by generating a
comprehensive, high-resolution (5 m or less contour interval) digital-terrain and bathymetric model
of the delta. The model can be used for

» geomorphic and geoenvironmental mapping and analysis, monitoring and analysis of
geomorphic and ecological change (Warne and others, in press)

* defining distributary and tidal channel network more accurately
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defining and delineating ecosystems across the delta more accurately by draping satellite
imagery on elevation data

accurately extrapolating point-location data, such as shallow ground-water and surface-
water monitoring information to other areas with similar landscape settings and elevation
ranges, thereby enhancing the development of a comprehensive hydrologic model of the
delta

identifying tectonically induced topographic anomalies such as mud volcanoes, folds, and
lineaments

locating and defining former coast positions (for example, relict beach ridges) that will
improve understanding of recent delta evolution

evaluating coastal processes, including mud-flat, mudcape, and river mouth-bar
development

identifying areas of coastal progradation and erosion, as well as determining rates of
shoreline, estuarine, and shallow-shelf change

providing baseline data for development of hydrological and geomorphic models of the
delta

providing a base map for engineering and other projects in the delta.

We recommend that the digital-terrain and bathymetric model incorporate elevation data from
the entire delta plain, major cafios, estuaries, and shallow shelf.

Topographic mapping of the Orinoco Delta could be done in the context of an upgrading of
the Venezuelan geodetic network and cartographic infrastructure. The technologies that are most
suitable for topographic mapping in a remote area are GPS, airborne interferometric synthetic
aperture radar (INSAR), and airborne laser terrain mapping (ALTM), also known as airborne
LIDAR. The following steps are recommended:

1.

Establish a fundamental network of integrated GPS satellite receiver stations for the
nation. It would be composed of several (four to six) GPS stations distributed throughout
the country, operating 24 h a day, remotely linked to a GPS-processing center in
Cartografia Nacional. The processing center would contain computers, software, and
data-archiving devices. Trained personnel would process the data on a daily basis. This
network would support national and private development and scientific research.

. Create a GPS station at Tucupita in order to conduct LIDAR surveys in the delta. Once

operating, two state-of-the-art tide gauges could be established along the delta coast.
These GPS stations would be self-supporting and would need to be linked through geo-
stationary satellites to Cartografia Nacional. The tide gauges would be surveyed by GPS,
using Tucupita as the base station. These tide gauges would provide estimates of mean sea
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level. Over time, they would provide information about, among other things, subsidence
rates in the delta.

3. Map critical areas (coastline, rivers) by using ALTM. This would provide detailed
elevation and geomorphologic information for hydrology, geology, ecosystem-integrity
management, and engineering applications.

4. Evaluate airborne INSAR for mapping the entire delta. If INSAR is not accurate enough,
consider using ALTM in a multiyear program.

Historical Aerial Photography

The analysis of historic change along the estuary and coast presented in this report (figs. 39,

52, and 65) is preliminary. A more systematic and comprehensive analysis of historic rates of
major delta processes (for example, distributary-channel migration, avulsion and infilling, and
coastal accretion and erosion) will be invaluable for identifying the types of change taking place in
the full spectrum of delta environments and evaluating natural rates of change. Systematic analysis
of georeferenced historical photographs will be particularly useful in evaluating the impacts of
Volcan dam, the type and rates of human-induced changes in the upper delta plain, and coastal
changes and the processes that induced these changes.

We recommend a systematic review of all available historical aerial photographs. Essential
information describing each available data set should be recorded and compiled. This information
can then be used as a basis for selecting data sets for a systematic and comprehensive analysis. We
recommend that the selected sets of aerial photographs be digitally scanned, georeferenced, and
entered into a GIS for analysis. The georeferenced aerial photograph mosaics will have a number
of historic mapping applications for geomorphology, hydrology, vegetation, and utilization of the
delta by indigenous populations.

Hydrology/Sediment Dynamics
Delta Plain

Currently very little is known about the timing and duration of water levels and discharge, as
well as water inputs and outflows, associated with the different delta-plain geomorphic settings and
geoenvironments (table 8). Yet, as in all wetland environments, the hydrology of these
environments is the fundamental process controlling physical and geochemical processes, and
subtle changes in the timing and depth of water levels have profound influences on wetland
ecology. Therefore, we recommend an integrated, comprehensive program to characterize the
hydrodynamics of the delta plain. This program should relate rainfall discharge, tide levels, and
interdistributary-basin water levels. The comprehensive review of geomorphic settings and related
processes in this report provides a sound basis for developing a program to characterize delta
hydrology. We also recommend a monitoring program that characterizes both hydrologic and
sediment dynamic characteristics of cafios and interdistributary basins. We recommend that
parameters collected and compiled from the cafios include discharge, stage, velocity, and direction,
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suspended-sediment concentration, and standard water-quality parameters such as Eh, pH,
salinity, total organic content, and dissolved-solid concentration. We recommend that parameters
collected and compiled from the interdistributary basins include stage, suspended-sediment
concentration, and standard water-quality parameters such as Eh, pH, salinity, total organic
content, and dissolved solid concentration. We recommend that a variety of cafios and
interdistributary basins be monitored so that a comprehensive framework of delta hydrology is
developed so that accurate hydrologic and geomorphic models can be produced. We recommend
using a combination of portable monitoring equipment that can be used by a monitoring team at a
large number of sites, in combination with selected longer-term stations. With modern technology,
this sampling strategy is most appropriate in this vast region.

It is essential to relate the results of hydrologic assessments to regional meteorological
conditions (Sprecher and Warne, in press). Therefore, we recommend establishing or
reestablishing a series of four to five meteorological gauge sites across the delta (fig. 28d). These
should be long-term sites that collect data on a daily basis. FUNINDES USB (1999) has also
recognized the need for these data and has been collecting data of a number of sites across the
delta.

Coast and Shelf

Currently little is known about the water and sediment dynamics along the Orinoco coast.
There have been a few short-term studies in the Gulf of Paria and along the coasts (Van Andel and
Postma, 1954; Koldewijn, 1958; Nota, 1958; INTEVEP, 1981; Geohidra Consultores, C.A.,
1997b), but these do not incorporate seasonal changes, nor do they systematically cover the
spectrum of Orinoco coastal and shallow-shelf environments. The summary of marine
environments provided in this report provides a basis for determining a coast- and shelf-monitoring
program. We recommend a systematic wave-, tide-, and current-monitoring program that covers
the spectrum of marine-delta environments from south of Boca Grande to north of Boca de
Guanipa. We recommend that several long-term stations be established that will collect data for
several years. We also recommend that these data be supplemented by short-term surveys at a
variety of sites by means of portable equipment. Sites chosen for short-term surveys should be
revisited and monitored several times at different times of the year. The monitoring program should
include a component to evaluate the relationship between marine hydrodynamics and coast and
shelf erosion, transport, and sedimentation processes.

Our initial analysis of the Orinoco coast at Boca Grande has identified that the difference in
density between the rather dilute Orinoco River water and muddy coastal waters advected along the
coast of Guyana and into the Boca Grande shelf by the Guayana Current creates conditions for a
buoyant freshwater plume (fig. 40b). This freshwater plume appears to be a major factor in
Orinoco and northeastern South America coastal-sediment dynamics. However, no data currently
exist that characterize the nature and extent of this Orinoco freshwater plume. We recommend that
special attention be given to defining and evaluating this freshwater plume and its effect on Orinoco
coast and shelf-sediment dynamics.

Our analysis has also revealed that sediment dynamics along the Guyana and Surinam coast
are markedly different. In particular, fluid muds and associated mudbanks that characterize the
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nearshore and coast from the Amazon Delta to the northeastern Guyana are not present along the
Orinoco coast. Yet mudcapes similar to those along the Guiana coast appear to be developing along
the Orinoco coast. We recommend conducting sedimentologic studies similar to those conducted
along the coast of Surinam and Guyana (Wells and Coleman, 1981a, b; Rine and Ginsberg, 1985;
Eisma and others, 1991; Allison and others, in press) in conjunction with shoreline-profile surveys
to determine the sediment dynamics along the Orinoco coast.

It is widely recognized that Amazon sediments are a major contributor to the Orinoco coastal
deposition system. Yet the volume of Amazon sediment entering the Orinoco coast is poorly
constrained. Accurate appraisal of Amazon sediment is essential for developing sediment dynamics
and sand-impact-assessment models of the Orinoco Delta, and we therefore recommend that
oceanographic surveys include a component for evaluating longshore flux of Amazon sediment just
south of Boca Grande, as well as assessing sediment dynamics as the Amazon sediment enters the
Rio Grande freshwater plume. For reasonable evaluation of sediment influx, it will be necessary to
measure longshore-transport conditions three to four times during the course of the year.

Systematic Coring of the Upper Pleistocene and Holocene Section

Very little is currently known about the Holocene history of the Orinoco Delta. Yet analysis of
Holocene delta history provides critical information for identifying critical physical and biological
processes that control delta ecology and for evaluating rates of change associated with these
processes (compare Stanley and Warne, 1993). The subsurface information presented in this report
covers only a small portion of the delta, penetrates only a small portion of the Holocene section,
and/or lacks sufficient detail to identify specific environments of deposition (Nittrouer and others,
1986; DeLaune and Pezeshki , 1994; Stanley and Warne, 1998).

The radiocarbon-dated samples from short cores (to 8 m) collected and analyzed for this study
provide a preliminary assessment of sediment accumulation and subsidence rates in the
northwestern delta (fig. 55; table 16). However, as discussed in the text, these short cores
commonly record variations associated with local conditions or specific environments of
deposition, rather than actual long-term rates of sediment accumulation and subsidence. We
therefore recommend collecting longer cores that include the complete Holocene section in order to
accurately determine sediment-accumulation and subsidence rates across the delta. On the basis of
geomorphic evidence, we infer that subsidence rates are greater in the southeastern delta and that
systematic coring is needed to determine subsidence rates across the entire delta plain.

Preliminary analyses indicate that widespread peat formation in the middle and lower delta
plain is a rather recent phenomenon. Subsurface analysis would clarify (1) conditions that initiated
development of peat accumulation and (2) whether they represent the natural progression in tropical
delta-plain development or widespread change in delta hydrology and/or sedimentology that
induced widespread accumulation of peat. This information will be important in predicting impacts
associated with natural and human-induced changes in the delta.

Studies along the Guiana coast have identified millennial- to centennial-scale changes in
Holocene climate, which had significant influence on the coastal wave and current and, hence,
sedimentary regime (Eisma and others, 1991). Because the Orinoco Delta provides a more
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extensive sedimentary record than does the Guiana coast (because the delta is subsiding at a much
higher rate than the Guiana coast), analyses of Orinoco cores would be invaluable in evaluating the
Holocene climatic history of northeastern South America. The Orinoco Delta is the repository for
both Amazon and Orinoco basin sediments, which enhances its usefulness as a utility to decipher
the Holocene history of the region.

Systematic Documentation of the Relation between Physical Settings and Ecosystem Composition

Many studies highlight the importance of sediment and water dynamics to the physical and
biological characteristics of ecosystems (Stanley and Warne, 1998; Warne and others, in press). In
order to generate a predictive model for the Orinoco Delta, we recommend development of a
multidisciplinary program to systematically document hydrological, sedimentological, pedological,
biogeochemical, faunal, and floral characteristics of delta environments. This information can then
be used to identify those physical processes that are essential to ecosystem integrity. Not only will
this be the essential environmental baseline data, it will also be the source for developing accurate
process/response models to predict the effects of human manipulation of delta environments.

SUMMARY AND CONCLUSIONS

Deltas are dynamic, transitional, terrestrial/marine environments that are maintained by
interaction among climatic, upland, riverine, and marine processes, together with longer-term
processes, such as subsidence and sea level. The ecosystem integrity of large coastal-plain deltas is
a function of the dynamic balance among inputs and outputs of these Earth systems, and,
therefore, even modest changes in water and sediment inflow and throughflow may induce marked
ecosystem change. Moreover, ecosystems within deltas are strongly linked, and so changes are
prone to cascade into other delta ecosystems. Therefore, environmentally responsible and
sustainable development of the relatively pristine Orinoco Delta requires comprehensive analysis of
major physical processes and their influence on ecosystem integrity.

We have generated a summary of major coastal-plain, shallow-marine, and river systems of
northeastern South America to identify and evaluate the primary sources and controls of water and
sediment flow into, through, and out of the Orinoco Delta (fig. 67). In addition, regional analysis
of major geologic, climatologic, oceanographic, and hydrologic features and processes of
northeastern South America provides a framework for evaluating the timing, frequency, and rates
of water and sediment input to the delta (figs. 14, 16, 24, 25, and 67) and for determining major
coastal processes and resultant landforms (figs. 9, 10, 24, 35). Among many findings, the
regional analysis highlights the importance of the freshwater plume seaward of Boca Grande
(fig. 40) in controlling water and sediment dynamics along the Orinoco coast. As part of this
regional analysis, we generated a comprehensive bibliography of available scientific information
that pertains to the Orinoco Delta (app. 3); this bibliography will be an invaluable resource for
future Orinoco Delta researchers by eliminating the need for time-consuming literature searches.

We conducted a comprehensive geomorphic analysis of the Orinoco delta plain to clearly
define the spectrum of physical environments that are currently present in the delta plain (figs. 26,
31; tables 8, 9). Moreover, we conducted the geomorphic analysis to characterize the flow of water
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and sediment within the delta and to evaluate the effect of water and sediment dynamics on delta
physiography, substrate characteristics, and geoenvironments (figs. 25, 30 through 33; pls. 2, 3).

We generated a preliminary geoenvironmental classification and set of geoenvironmental maps
of the western Orinoco Delta (tables 12 through 14; pls. 2, 3) to begin to define relationships
between physical and biological environments in the delta plain. As part of the geoenvironmental
classification and mapping, we generated a photographic record of commonly occurring Orinoco
Delta vegetation to facilitate future botanical and ecological investigations in the delta and promote
interest among nonspecialists.

We generated a preliminary shoreline classification of the Orinoco Delta from Boca de
Araguao to Boca de Guanipa (fig. 39). This classification and mapping serve (1) as a definition of
major coastal habitats; (2) as a definition of the relationship between coastal water and sediment
dynamics and resultant coastal form, substrate composition, and habitats; and (3) as a planning and
design resource that defines major areas of coastal erosion, stability, and progradation, as well as
the principal processes controlling coastal dynamics.

We evaluated major long-term processes that influence Orinoco Delta evolution (including
Holocene sea-level change [fig. 11], sediment-accumulation and subsidence rates [table 16],
neotectonism [figs. 17, 57], and Holocene climate change [fig. 58]) to determine the influence of
these major delta processes on ecosystem distribution and integrity. Analysis of neotectonism and
subsidence is particularly important for development of effective, environmentally responsible
engineering-design criteria.

We present a preliminary analysis of the Holocene evolution of the Orinoco Delta to determine
the nature and rates of natural change of delta-plain and coastal environments (figs. 44, 49, 51, 60,
61, 62, 64, 65). Analysis of Holocene delta evolution shows that the delta has undergone some
fundamental changes over the past 2,000 yr, both in terms of delta-plain environments as well as
major processes controlling delta-plain development (figs. 23, 36). Narrowing of Boca de
Serpientes and development of Cafio Manamo have been especially significant in late Holocene
delta evolution. Analysis of the northwestern delta also reveals the cycle and associated rates of
(1) distributary-channel evolution, avulsion, and infilling (figs. 36, 63); (2) estuary evolution and
eventual infilling (figs. 36, 63, 65); and (3) mudcape development and extinction (fig. 36).
Combined with careful definition of current delta-plain and coastal processes (figs. 10, 16, 17, 24,
25, 28, 30, 31, 32, 39, 40) and characterization of long-term controls (figs. 11, 17, 57, 58),
analysis of Holocene delta evolution provides a means of evaluating how changes in major
physical processes and delta configuration influence delta-plain geoenvironments and ecosystems.

We generated an Internet website that summarizes our research and observations on the
Orinoco Delta (on the CD that accompanies this report). The website is designed to serve as a
resource for future Orinoco Delta researchers and to stimulate interest and excitement among
nonspecialists interested in preserving this unique and diverse ecosystem complex.

The inferences presented in this report are based on preliminary remote-sensing analysis, a
modest set of field observations (see data bases on the CD that accompanies this report), and
limited data available from scientific literature and other sources within Venezuela. Hence, a major
objective of this comprehensive analysis was to identify and define critical areas of research needed
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to ensure environmentally responsible development of the delta. Major areas of research that are
needed to generate environmental baseline data include topographic surveys to more clearly define
delta geomorphology, to provide baseline information for development of hydrologic and
geomorphic models, and to serve as a basis for development of environmentally responsible
engineering plans; hydrologic and sedimentologic monitoring programs to define delta-plain water
and sediment dynamics; oceanographic surveys to verify, define, and evaluate the freshwater
plume seaward of Boca Grande and determine the volume of Amazon sediment entering the
Orinoco coastal system; coastal and oceanographic surveys to determine water and sediment
dynamics along the Orinoco coast, through Boca de Serpientes, and in the Gulf of Paria;
subsurface analysis of the delta-plain region using radiocarbon-dated sediment cores to determine
subsidence rates and delta history; and multidisciplinary analysis of the spectrum of delta
environments to define relationships among physical setting, biological composition, and
ecological integrity.

The Orinoco Delta is one of the world’s most diverse, unaltered ecosystem complexes.
Further baseline surveys of the physical processes controlling ecosystem integrity are essential to
the protection of this valuable resource. The present report provides a sound basis for development
of an effective research program to better define delta environments, critical physical processes,
and relationships between physical setting and ecosystem composition.
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Figure 1. Radarsat satellite mosaic of the Orinoco Delta, Venezuela. The images were acquired in November and December 1996.
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Figure 2. Geographic features of the Orinoco Delta. Note location of Volcan dam in southwestern delta.



— 11°

Caribbean Sea

Gulf of Paria

o] — 10°

— Q°

e 0 50 mi

' m\.\ D AR 80 km
. AN \\\\\\
% N N \ Dt NS
61° 60° 59°

Precambrian Guayana Shield % Coastal mountains

Northwestern (Gulf of Paria) coastal plain Quaternary and Tertiary uplands

&\\\ Southeastern (Guiana coastal) plain QAc5822(b)c

Figure 3. The three principal coastal-plain regions of northeastern Venezuela.
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Figure 4. JERS image and principal geographic features of the Orinoco Delta. The six images in the mosaic were acquired September to
December 1995. Note that most of the lower courses of delta distributaries are deflected northwestward along the coast and locally
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Figure 5. Landsat image of the northwestern Orinoco Delta. The image was acquired in August 1996 (table 1) and processed using
bands 4, 5, and 7 and then converted to a gray-tone image. Processing differentiates levee areas from forested and herbaceous interdistributary
basins. Significant cloud cover, which appears as small, irregular white areas with adjacent shadows, is nearly always present across the
delta plain.
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Figure 9. Model of Guiana coast mudbank development. (a) Disposition of mudbanks along the
shelf and locations of depositional and erosional coastal zones relative to mudbank position. Modified
from Rine and Ginsberg (1985); (b) Stacking of sediments from migrating mudbanks creates a
shoreface vertical sequence of laminated and massive muds with discontinuities and a coastal-plain
horizontal sequence of mud marshes and sand cheniers. Modified from Rine and Ginsberg (1985).



Figure 10. Examples of mudcape development. (a) Mudcapes primarily develop by alongshore
(downdrift) accretion of a succession of (4 to 6 m thick) clinoform strata, mangrove muds, and
supratidal facies (freshwater, seasonally inundated swamp). The primary source for downdrift
accretion of mudcapes is from along the shelf, with only a minor contribution of sand and mud
from the local river. Offshore, seaward mud-flat accretion takes place along the outer flank of the
mudcape after passage of the rapidly accreting mudcape point. The mudcape and new tidal mud flat
are deposited above old tidal-flat deposits that accumulated along the flank of a previous generation
of mudcapes and are incised by the local river mouth. Shoreface muds are offlapping relict inner-
shelf muds. Modified from Allison and others (1995). (b) Small mudcape along the Cafio Mariusa
mudcape, demonstrating that mudcapes develop at a variety of scales. Note extensive mangrove
forest, which is common along the Orinoco coast. Location of mudcape shown in figure 35h.
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Figure 13. Rainfall distribution in the Orinoco drainage basin. Modified from Vasquez and Wilbert

(1992).
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and others (1990).

Figure 14. Water and sediment discharge of major Orinoco River tributaries. Modified from Meade
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Figure 15. Morphotectonic provinces in the Orinoco drainage basin, location of Eastern Venezuela
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Figure 16. Hydrology of the Orinoco River. (a) Stage at several stations along the lower Orinoco
River (see fig. 12 for locations of gauging sites). Note the near-simultaneous peak discharge along
the river, which reflects the change from wet to dry to wet season across the entire drainage basin.
Modified from Pérez-Herndndez and Lépez (1998). (b) Monthly sediment and water discharge in
the lower Orinoco River (Ciudad Bolivar). Modified from Meade and others (1990).
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Figure 19. Generalized, shore-parallel cross section of Cretaceous through Recent sediments on the
Orinoco shelf. The strata can be subdivided into a lower passive margin and upper foredeep basin
sequence. The passive-margin sequence was induced by opening of the Atlantic Ocean. Development
of foredeep accommodation space was induced by differential motion between the Caribbean and
South American plates. The foredeep sequence is largely composed of Orinoco Delta sediments.
The unconformities in the foredeep sequence are largely caused by major eustatic sea-level changes.
Modified from Di Croce and others (1999).
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Figure 20. Stratigraphic chart summarizing the chronostratigraphy, tectonic phases, formations,
and major sequence stratigraphic boundaries. Modified from Di Croce and others (1999).
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Figure 21. Cretaceous-Tertiary paleogeography of the EVB. (a) Upper Cretaceous; (b) upper
Oligocene; (c) middle Miocene; (d) lower Pliocene.
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Figure 23. Late Pleistocene to Recent paleogeography of the Orinoco Delta. (a) Late Pleistocene
(~18,000 yr B.P.); (b) late Pleistocene, early Holocene (9,500 yr B.P.); (c) middle Holocene
(6,000 yr B.P.); (d) middle Holocene (4,000 yr B.P.); and (e) late Holocene (2,000 yr B.P.).
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Figure 24. Summary of marine hydrodynamics along the Orinoco Delta coast. Note the location of
the two temporary (December 1979 and May to August 1979) wave and current meter stations in
central Gulf of Paria. Data generated from these sites are used to characterize the marine
hydrodynamics of the Orinoco coast (Geohidra Consultores, C.A., 1997b; ENSR Venezuela, 1998).
Atlantic littoral current and tide data from Nota (1958), Koldewijn (1958), and Van Andel (1967).
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Figure 25. Distribution of water and sediment discharge in the Orinoco delta before (a), (b) and after (c), (d) construction of Volcdn dam.
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Figure 26. Channel network of the Orinoco Delta. These channels were digitized from the November-December 1996 RADARSAT
mosaic (fig. 1). Flood-basin lakes are also shown. A digital version is on the CD that accompanies this report.



Figure 27. Photographs of the Orinoco Delta plain. (a) Levee bank along upper Cafio Macareo.
This reach contains the best-developed levees in the delta. The uppermost layer along the bank is
dredge material. Cafio Macareo is currently not being dredged. Photograph taken March 1998.
(b) Northwest delta plain showing partially infilled cafio. Indigenous dwelling and associated clearing
on levee. Infilling by vegetation is accelerated by construction of Volcdn dam and consequent loss
of flood discharge through the cafio. Photograph taken March 1998. (c) Basinward side of levee in
the upper delta. Levee has been cleared for human activity. Large interdistributary basin in
background. Photograph taken March 1998. (d) Central delta and an abandoned, partially infilled
cafio. Note transition from forested (palm) to herbaceous interdistributary basin are the distance.
Inactive and/or abandoned cafios. Photograph taken in November 1998. (e) Partially developed or
partially abandoned cafio in the central delta. Evidence of a partially developed cafio includes the
lack of forested vegetation along the channel banks, which usually occurs along established cafios
(see fig. 27f). Photograph taken March 1998 (f) Well-established third- or fourth-order cafio in the
central delta. The forested levee and extensive, herbaceous interior basin are common in many
parts of the central delta. Photograph taken in November 1998. (g) Middle reaches of Cafio Cocuinita,
a typical blackwater cafio in the northwestern delta. Note that the entire area is covered by low
forest, which is common in the middle delta. Photograph taken in October 1998. (h) Central delta
showing complexity of vegetation in herbaceous interdistributary basin. Photograph taken March
1998. (i) Upper delta and complexity of vegetation in herbaceous interdistributary basin. Note
forested levee along Cafio Macareo in distance. Photograph taken March 1998. ( j ) Widespread
tree mortality in a central delta-plain interdistributary basin. Widespread tree mortality is commonly
induced by increased depth and/or duration of inundation and demonstrates the dynamic nature of
delta-plain ecosystems. Note the vast forested delta plain in the distance. Photograph taken in March
1998. (k) Central delta-plain interdistributary basin showing the transition from a forested (mixed
palm and deciduous) to herbaceous wetland. This photograph portrays the vastness of these
interdistributary basins. Photograph taken March 1998. (1) Central delta plain showing an example
of a mixed herbaceous and palm interdistributary basin. Photograph taken in March 1998.
(m) Floodplain lakes in the upper delta near the Rio Grande. Photograph taken March 1998. (n)
Floodplain lakes in the upper delta near Rio Grande. Note that the cafio water in this portion of the
delta has much higher suspended concentrations than in the northwestern delta (fig. 28g). Note the
obvious gradation from abandoned channels and floodplain lakes. Photograph taken March 1998.
(o) Cano Tucupita (upper delta near Tucupita), which has been almost completely infilled with
vegetation as a direct result of elimination of flood discharge since construction of Volcan dam.
Photograph taken March 1998. A program is currently under way to artificially clear the cafio of
vegetation. (p) Cleared and partially drained upper delta floodplain. Note that despite the well-
developed drainage system, there is abundant standing water. Photograph taken March 1998.
(q) Crevasse splay along upper Cafio Macareo. Photograph taken November 1998.
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Figure 28. Climatic conditions across the Orinoco Delta. (a) Rainfall records across the delta, generally spanning from 1970 to 1990

(FUNINDES USB, 1998; their table [Cuadro] IV-1). (b) Temperature at Tucupita, 1970-1995 (FUNINDES USB, 1998). (c) Wind at
Tucupita, 1970-1995 (FUNINDES USB, 1998). (d). Locations of meteorology stations.
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Figure 29. Water budgets calculated for the Orinoco Delta using the method outlined in Mather
(1978). Compiled from CVG-TECMIN, C.A. (1991a through f).
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Figure 30. Landsat TM image (bands 2, 4, 7; August 1996) showing a portion of the north coast of
the Orinoco Delta and turbidity patterns in the Atlantic Ocean. The turbidity plume shows east-
west sediment transport. Mudcape progradation by longshore drift is the primary process of coastal
progradation in this region. Inset map showing the distribution of mudcapes and Holocene coastal-
plain and deltaic deposits along the northeast coast of South America. Arrows show the northwestward
movement of longshore currents along the shelf, and triangles mark the location of coastal mudcapes.

Modified from Allison and others (1995).
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Figure 31. Geomorphology of the Orinoco Delta plain. See table 8 for description of the map units.
Modified from CVG-TECMIN, C.A. (1991a through f).
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Figure 32. Orinoco Delta hydrodynamics. (a) The river- and tidal-dominated southeast versus the
pluvial- and tidal-dominated central and northwestern sector. These regimes may be controlled by
differential subsidence in the southeastern sector. (b) Upper (fluvial-influenced), middle (fluvial-
and marine-influenced), and lower (marine-influenced) delta. This tripartite, generally coast-parallel
hydrologic regime is typical of tide-dominated deltas.
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Figure 33. Substrate characteristics of the Orinoco Delta. These subdivisions were derived by combining the geomorphic units outlined
in figure 31 and table 8. Note that the interdistributary basins with mud substrates are predominantly in the south and southeast, reflecting
the importance of the Rio Grande as a source of terrigenous sediment in the delta. The vast areas of the central and northwestern delta
reflect that most of the Orinoco Delta plain receives little or no terrigenous sediment despite the high stages associated with the wet
season and despite the extensive channel network.
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Figure 34. Landsat TM image highlighting crevasse splays of Cafio Macareo. Image was taken in
September 1997 and is a gray tone of bands 4, 5, 7. Also see figure 27p.






Figure 35. Orinoco Delta coastal features. (a) Beach ridges (cheniers) near the mouth of Boca de
Araguao. These relatively well-drained, sandy areas are cleared (by burning) to graze livestock.
(b) Mud flats at low tide. (c) Estuarine islands at Boca de Guanipa. These are aggrading by lateral
accretion of along seaward edge of mud flats and overstepping of mangroves onto the mud flat.
(d) Aggradational shoreline in the Boca de Guanipa area. Aggradational process is similar as described
for estuarine islands. The density of parallel tidal channels reflects the importance of tidal processes
in coastal development in this area. (e) Static to erosional shoreline, as shown by slight beach
development, straight profile, and paucity of dead mangrove. As is common along many stretches
of the Orinoco Delta coast, the mangrove dominated coast is backed by extensive herbaceous marshes.
(f) Erosional coastline as shown by thin beach and abundance of dead mangrove in the surf zone.
(g) Rapidly accreting levee in Boca Macareo. View is to the southwest. Note concentric lines
highlighted by mangroves at point, indicating rapid accretion. Photograph taken April 1998.
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Figure 36. Paleogeographic maps showing our preliminary interpretation of the late Holocene
evolution of the northwestern delta. The distribution of Holocene mudcapes and channel systems
indicates that episodic avulsion and mudcape progradation have played a major role in the
development of the delta in this region. Mudcape progradation has prograded the coastline as much
as 20 to 30 km during the late Holocene. (a) From ~3,000 to 5,000 yr B.P., major Orinoco distributaries
(for example, Caifio Cocuina) and coastal-plain rivers (for example, Cafio Caijarina and Capure
channel systems) flowed northeast across the delta and discharged into Barra de Cocuina. The
shoreline at this time was ~5 to 10 km landward of its present position, and tidal influences were
strongly felt in the central delta, as demonstrated by the presence of dendritic tidal-channel networks.
An estuary representing the precursor of Boca de Guanipa was also present at this time, but this bay
was not the primary discharge point of Orinoco distributaries. (b) Some time after ~3,000 yr B.P.
and perhaps as recently as ~1,500 yr B.P., avulsion of distributaries to the west shifted a significant
portion of Orinoco flow to Boca de Guanipa. Because of reduced fluvial discharge following the
avulsion and capture of coastal-plain river and/or other delta distributary flow by Cafio Manamo, a
mudcape partially filled Barra de Cocuina. (c) Present-day location of major and minor Orinoco
distributaries, coastal-plain rivers, bays, and mudcapes.
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Figure 37. Distribution of Orinoco mud volcanoes along axis of Pedernales anticline. Background
is a gray-tone Landsat TM image. Cross section in inset shows deformed Plio-Pleistocene strata of
the Las Piedras Formation overlain by the Pleistocene Paria Formation.
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Figure 38. Photographs of Orinoco mud-volcano features. (a) Active vent of El Cedral mud volcano.
(b) Oblique aerial photograph of La Plata mud volcano showing crest with little vegetation. View is
to the southwest. (c) Surface of La Plata mud volcano showing the abundance of large clasts in the
mud-flow deposits. View is to the northeast. (d) Rounded limestone clast with striations and pitting
probably caused by acid etching during an eruption. (¢) La Brea tar seep showing the tar-covered,
wave-eroded mud flow and partly exhumed mangrove stumps. View is to the southwest. Photographs
taken in November 1998.
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Figure 39. Preliminary map of shoreline types, northern coast of the Orinoco Delta. Base map is two Landsat images showing
bands 4, 5, and 7. Image west of Punta Pescadores is from 1996, and the image east of Punta Pescadores is from 1989.
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Figure 40. Sediment dynamics along Orinoco Delta coast. (a) Composite Landsat image of coast,
processed using bands 4, 2 and 7 and then converted to gray tone. The northwestern half (Punta
Pescadores area) was acquired in April 1989, and the southeast half (Boca Grande area) was acquired
in November 1987. Cloud cover precluded the use of a single date. The mud plume seaward of
Boca Grande appears to be moving orthogonal to coast. Only toward Boca Araguao are the effects
of the northwest-directed Guyana current seen. Processes that induce the sharp delineation between
high-sediment-concentration and low-sediment-concentration seawater is currently not understood.
(b) Schematic cross section showing the hypopycnal plume that is maintained at Boca Grande.
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Figure 41. Preliminary assessment of the thickness of Holocene Orinoco Delta sediments. Data
include geophysical surveys and boring (geotechnical) logs. Cross sections are presented in
figure 44.
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Figure 42. Bathymetry of the Orinoco shelf region. Information compiled from Van Andel and
Postma (1954), Koldewijn (1958), and Nota (1958).
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Figure 43. Sediment distribution and morphologic features of the Orinoco shelf. Compiled from
Van Andel and Postma (1954); Nota (1958); Koldewijn (1958); McClelland (1979).
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Figure 44. Cross sections showing thickness and general lithology of Holocene sediments in the
Gulf of Paria and northwestern Orinoco Delta. In most cases the base of the Holocene is poorly
defined and is assumed to occur at the transition from relatively soft, dark-gray to black, organic
clays to sand or to stiff brown and yellow silty, sandy mud.
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Figure 45. Generalized depositional systems map of the northwestern delta derived from
geoenvironmental mapping in the area (pl. 2). This part of the delta is characterized by distributary
channels and interdistributary flood basins that integrate seaward with swamps in fluvial/marine
transitional environments and mangroves and swamps in marine-influenced coastal environments.
Compare map with figure 31.
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Figure 46. Generalized depositional systems map of the southwestern delta. Generalized geologic
map of the southwestern delta, Tucupita area. This part of the delta is dominated by interdistributary
flood basins characterized by forested and herbaceous swamps. Levees and crevasse splays along
distributary channels provide topographically higher substrates on which forested and herbaceous
vegetation occurs. These elevated areas are the site of local urban development such as at Tucupita.
Compare map with figure 31.
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Figure 47. Photographs of distributary-channel-system environments. (a) Upper Cafio Macareo.
View is downstream. (b) Oblique aerial photograph of a crevasse splay of Cafio Macareo. Photograph
was taken in November 1998 during low-water conditions. Arrow shows flow direction. (c) Typical
blackwater cafio in the lower delta. Note the abundance of floating aquatic vegetation along the
channel margins. View is downstream. (d) Aerial photograph showing small island of mangroves
(arrow) and aquatic vegetation partially filling Caflo Macareo. View is upstream. (¢) Dense root
network of mangroves (Rhizophora) along banks of blackwater distributary in the lower delta.
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Figure 48. Western Orinoco Delta region showing the average grain size of channel-bed deposits
within the major distributaries. Also see table 9.
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Figure 49. Lithologic profiles of cores from distributary-channel environments. (a) Upper-delta
point-bar deposits of Cafio Manamo located south of Tucupita. (b) Upper-delta natural-levee deposits
of Cafio Manamito located northwest of Tucupita. (c) Upper-delta crevasse splay deposits of Caiio
Macareo. (d) Lower-delta natural-levee deposits of Cafio Pedernales south of Pedernales. Locations
of logs are shown in figure 56. Detailed descriptions of the shallow cores are presented in a data

base on the CD that accompanies this report.
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QAc5841c
Figure 50. Photographs of interdistributary flood basins. (a) Widespread flooding in the upper delta
east of Cafio Macareo during November 1998. Note the alluvial ridge (arrow) representing the only
portion of the delta plain that is not inundated in the photograph. View is south toward the Guayana
Shield. (b) Herbaceous swamp with a shallow dendritic flood-basin stream along the western margin
of Cafio Macareo in the upper delta. (c) Forested swamp in a lower delta interdistributary basin
located east of Cafio Manamo. The forested swamp is crossed by a complex network of blackwater
tidal channels (arrow). View is to the west. (d) Areas of standing water among herbaceous vegetation

and moriche palms of a lower delta interdistributary basin located east of Cano Macareo. Photograph
was taken in November 1998.
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Figure 51. Lithologic profiles of cores from interdistributary flood basin and marine-influenced
delta-plain environments. (a) Silicilastic-rich, upper-delta, interdistributary flood-basin deposits
located between Cafios Manamito and Cocuina northwest of Tucupita. (b) Organic-rich, lower-
delta, distributary deposits within a densely forested interdistributary basin. (c) Sandy mud, mud,
and muddy sand deposits along the southwest margin of Boca de Guanipa. (d) Lower-delta
herbaceous swamp peat overlying older gray muds near the north coast of the delta at Punta Blanca.
Locations of logs are shown in figure 56. Detailed descriptions of the shallow cores are presented
in a data base on the CD that accompanies this report.
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Figure 52. Radar images from (a) 1977 (SLAR data) and (b) 1996 (Radarsat data). Comparison of
the images shows significant historical progradation of the river-mouth bar in Boca de Macareo
and as much as 10 km of progradation by the Punta Mariusa mudcape over the past 20 yr. Note that
there has been modest erosion along Atlantic coast of Punta Pescadores.
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Figure 53. Index map of the geo-environmental maps.
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Figure 54. Schematic south-north stratigraphic cross section of the Orinoco Delta drawn from the
delta apex near Tucupita to the north coast at Pedernales. The cross section shows that the Holocene
delta-plain deposits form a wedge that veneers red Pleistocene deposits of the Mesa Formation near
the delta apex and thickens substantially toward the coast. Brown sands and muds constitute
prominent alluvial ridges of major distributaries in the upper delta, and these ridges decrease in
height and become more mud-rich towards the coast. Mottled flood-basin muds in the upper delta
reflect seasonal changes in water levels, whereas the abundance and thickness of peat and organic
mud in the central and lower delta indicate perennial saturation. Note that peat and mud content
varies across the delta. Dark-gray muds underlying the peat represent various deltaic environments,
including mudcapes within the fluvial-marine and marine depositional systems. As the delta
prograded basinward during the late Holocene, mudcapes were abandoned and incised by
distributaries and became relatively isolated from marine influences. This transition resulted in the
development of fresh and brackish-water herbaceous swamps and promoted substantial peat and
organic-mud accumulation. Field observations indicate that these herbaceous swamps are at least
locally ombrogenous. Modified from Dost and Pons (1971).
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Figure 55. Scatter plot showing age-depth relationships of organic-rich deposits from the upper,
central, and lower portions of the northwestern Orinoco Delta. The data reveal that rates of sediment
accumulation generally increase from the upper delta toward the coast. The wide scatter of data
reflects the importance of lateral erosion/sedimentation processes at sampling sites. Note that
essentially all sampling sites were in the vicinity of major distributary channels, where lateral
sedimentation/erosion processes predominate. Within interdistributary basins one would expect
more consistent age—depth relationships. Details on the radiocarbon data and core samples are
presented in data-base format on the CD that accompanies this report.
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Figure 56. Radiocarbon ages of samples from the base of shallow (<4 m deep) peats and other
organic material from the Orinoco Delta. The ages of basal peat samples decrease toward the coast
and suggest that the Holocene has prograded northward significantly during the late Holocene.
This figure also shows the locations of lithologic logs and transects shown in figures 49, 51, 60,
and 61. More information on radiocarbon-dated samples is presented in a data base on the CD that
accompanies this report.



10° 00'

Boca de
Macareo

ATLANTIC OCEAN

Boca de
Araguao

Lineament

\ Guayana
Shield
fault

Tucupita
normal
fault

N Inferred fault

0 20 mi
1 1 J

r T

0 30 km

62° 30' 62° 00' 61° 30' 61° 00' QAc4479(b)c

Figure 57. Tectonic lineaments that influence the geomorphology and hydrology of the Orinoco Delta plain. Note that many of these
lineaments were initially identified on more regional-scale satellite images. JERS (1995) satellite image used as background.
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Figure 58. Preliminary summary of late Pleistocene and Holocene climatic changes in northeastern
South America and their relationship to marine processes. Information derived from Meggers (1979),
Leyden (1985), Eisma and others (1991), and Sommerfield and others (1995).
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Figure 59. Radar image of the western delta plain showing major distributaries and the location of
late Holocene avulsion nodes. JERS data, September-December 1995.
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Figure 60. Stratigraphic cross section showing natural-levee and flood-basin deposits of Cafios
Manamito and Cocuina near Tucupita. Note that radiocarbon-dated peat buried by silty and sandy
natural levee and muddy flood-basin deposits provides a maximum age of ~3 ka for these channel
systems. A radiocarbon-dated organic flood-basin mud (buried A horizon?) passes beneath Cafio
Manamito natural-levee deposits and suggests that this channel system may be younger than
~1.5 ka. Location of transect is shown in figure 56. Detailed descriptions of the core sections are
presented in a data base on the CD that accompanies this report.
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Figure 61. Lithologic profiles of cores from the upper and central delta with radiocarbon ages that
constrain the timing of important fluvial events. (a) Upper-delta natural-levee and flood-basin deposits
along Caiio Tucupita north of La Florida and Tucupita. The radiocarbon date suggests that the Cafio
Tucupita channel system developed sometime after ~5 ka. (b) Upper-delta natural-levee sandy
muds and flood-basin muds overlying interbedded sands and muds interpreted as channel deposits
of a probable coastal-plain river. (c) Upper-delta natural-levee muddy sands and flood-basin muds
overlying fine, sandy, channel deposits of a probable coastal-plain river. Radiocarbon dates indicate
that the coastal-plain river was abandoned ~1.6 to 2.5 ky. Locations of lithologic logs are shown in
figure 56.
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Figure 62. Radar image of a portion of the central delta plain along Cafios Manamo and Pedernales.
An abandoned-channel course of a northeast-flowing channel system interpreted as a coastal-plain
river is shown (arrows). This abandoned-channel course merges with Cafio Capure, which discharges
into Barra de Cocuina. Modern Cafios Manamo and Pedernales crosscut this abandoned-channel
course and flow northwest to Boca de Guanipa. Also note the location of the cores shown in
figure 61b, c. JERS data, September—December 1995.
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Figure 63. Schematic environmental maps showing the recent (<1 ky) evolution of Cafios Macareo
and Guayaro. Prior to the establishment of Cafio Macareo’s present course, Cafios Guayaro and
Caiguara transported water and sediment to the Atlantic Ocean through Boca de Mariusa. Following
the avulsion of this channel system westward and the establishment of the modern Cafio Macareo
channel system, northwest progradation of the Punta Mariusa mudcape partially filled Boca de
Mariusa.
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Figure 64. Radar image showing locations of relict tidal channels (arrows) along Cafio Manamo in
the central delta south of Rio Morichal Largo. Danielo (1976a) also recognized relict tidal channels
in this area. JERS data, November—December 1995.
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Figure 65. Historic changes in Boca de Guanipa region that are based on (a) 1951 aerial photograph
mosaic, (b) 1977 SLAR image, (c) 1990 Landsat TM image, (d) 1996 Radarsat image. Note rapid

shoreline progradation near mouth of Boca de Guanipa and formation of mangrove islands southwest
of Pedernales.
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Figure 66. Influence of the Guri dam on Orinoco River discharge to the delta. Information derived
from FUNINDES USB (1998).






Figure 67. Summary of major riverine and coastal processes influencing water and sediment dynamics
in northeastern South America. (a) General characteristics; see text for further discussion.

(b) Characteristics of the Orinoco Delta region. (c) Sediment budget for northeastern South America
coastal region.
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Table 1. Summary of satellite-based remote-sensing data available for the Orinoco Delta.l

Path/row or
Date of satellite identification

General location Imagery type acquisition of data number
Pedernales/Gulf of Paria Landsat TM March 24, 1986 1/53
Pedernales/Gulf of Paria Landsat TM December 24, 1990 1/53
Pedernales/Gulf of Paria Landsat TM July 12, 1991 1/53
Pedernales/Gulf of Paria Landsat TM August 26, 1996 1/53
Lower Orinoco River/delta apex Landsat TM January 6, 1997 1/54
Lower Orinoco River/delta apex Landsat TM September 30, 1997 1/54
Punta Pescadores Landsat TM December 30, 1986 233/53
Punta Pescadores Landsat TM August 24, 1989 233/53
Rio Grande Landsat TM December 30, 1986 233/54
Rio Grande Landsat TM November 23, 1987 233/54
Rio Grande Landsat TM February 14, 1992 233/54
Pedernales/Gulf of Paria Landsat MSS April 25, 1986 1/53
Punta Pescadores Landsat MSS May 4, 1986 233/53
NW Orinoco Delta RADARSAT November 30, 1996 m0094457
South-Central Orinoco Delta RADARSAT November 30, 1996 m0094458
North-Central Orinoco Delta RADARSAT December 7, 1996 m0094707
SW Orinoco Delta RADARSAT December 7, 1996 m0094708
NE Orinoco Delta RADARSAT December 21, 1996 m0097113
SE Orinoco Delta RADARSAT December 21, 1996 m0097114
NW Venezuela coast including Paria |SLAR December 1977 NC20-7
Peninsula
NW Orinoco Delta SLAR December 1977 NC20-11
NE Orinoco Delta SLAR December 1977 NC20-12
SW Orinoco Delta SLAR December 1977 NC20-15
SE Orinoco Delta SLAR December 1977 NC20-16
Orinoco Delta NASDA JERS-1 SAR|September/December 1995 AM-2A-101

January 1997

SW Orinoco Delta ERS2 December 22, 1997

1Bureau has digital files of images listed

2Earth Resources Satellite




Table 2. Aerial photomosaics of the Orinoco Delta used in this study.!

Number of individual Photomosaic
photographs in identification

Area of coverage Date of flight Scale photomosaic number
Pedernales October 1951 1:75,000 51 C50
Cano Merejina—Rio August 1983 1: 200,000 121 040544
Grande
Isla Guara April 1978 1: 20,000 11 040532
Cano Capure—Cano August 1983 1: 200,000 154 040544
Cocuina—Cano Macareo
Carfo Manamo— January 1983 1:100,000 77 040543
Pedernales
Cano Gliniquina—Cano January 1983 1:100,000 57 040543
Araguabisi
Delta Amacuro— August 1951 1:75,000 43 C50
Monagas
Cano Manamo-lIsla April 1974 1:200,000 117 040526

| Tigre—Cario Capure

Rio Amacuro April 1974 1:200,000 38 040526
Barrancas 1969-1970 1:80,000 124 040524
Tucupita 1969-1970 - 1:80,000 149 040524
Cano Manamito 1969-1970 1:80,000 134 040524
Cano Manamo 1969-1970 1:80,000 127 040524
Cano Manamo—Boca 1969-1970 1:80,000 176 040524
de Guanipa
Boca de Guanipa 1969-1970 1:80,000 66 040526
Cano Macareo—Barra April 1974 1:200,000 81 040526
Mariusita—Punta
Pescadores
Cafno Manamo—Caiio April 1974 1:200,000 107 040526
Tucupita—Barrancas
Boca de Araguao—Boca April 1974 1:200,000 99 040526
Loran
Rio Orinoco—lsla April 1974 1:200,000 121 040526
Matamata
Brazo Imataca-Isla April 1974 1:200,000 109 040526
Curiapo
Rio Amacuro—Boca April 1974 1:200,000 38 040526
Grande

TAvailable through Cartografia Nacional de Venezuela, Caracas



Table 3. Fundamental characteristics of the Orinoco and Amazon drainage basins, rivers, and deltas.

Characteristics Orinoco Amazon
Drainage basin area (108 km?) 11" 5.92
Main channel length (km) ~2,0003 4,0004
Main channel geomorphology Straight and anastomosing® Straight and anastomosing?
River flood-plain area, not including delta (km?) 77,0003 170,0003
Valley length: fringing flood-plain area (km2/km) 9.3 403
Flood-plain lake coverage (% of total flood-plain area) 75 115
Typical river channel width and depth in lower reaches (m) | 2,000, 10-255 5,000, 20-505
Annual water discharge (10 m3/yr) 1,2008 6,3006
Time of peak water discharge August-September! (fig. 16b) May—July”
Annual amplitude of water level in lower reach (m) 125 (fig. 16) 95
Ratio of peak to low water discharge 8:1 to 54:1, average of 26:18 2:1103:1°
Drainage basin specific discharge (mm/yr) 1,3005 1,2005
Annual sediment discharge (10 metric tons/yr) 1501 1,2007
Major sediment source Andes (~90 percent)? Andes (~90 percent)’

Time of peak sediment discharge

April-May, October-November! (fig. 16b)

February—April”

Average suspended solid concentration in lower reaches of
river (mg/L)

805

2205

Predominant grain size of sediment delivered to delta

~80 percent silt and clay (<0.1 mm)®8

85 to 95 percent silt and clay 10

Delta-plain area (km?) 22,000 25,0003
Tidal range at coast t02.6 m to6m'!
Wave energy Low Low to moderate!!

Littoral current velocity (cm/s)

25-75 on Atlantic shelf, to 100 in Boca Serpientes 2

Commonly exceeding 501

Influence of major tropical storms on coast

Low

Very low!?

Thickness of Holocene delta (m)

>10013 (fig. 41)

3014

Data sources: 'Meade and others (1990); 2Coleman (1982); 3Hamilton and Lewis (1990); “Dunne and others (1998); 5Lewis and others (1995);
SMeade (1996); “Meade and others (1985); 8Nordin and others (1994); 9Kineke and Sternberg (1995); 1°Kuehl and others (1986);
"Nittrouer and others (1986); '2Van Andel (1967); 13Geohidra Consultores, C.A. (1997b); *Sommerfield and others (1995)




Table 4. Characteristics of Orinoco River fringing floodplain. !-2

Left (north) bank Right (south) bank Interchannel islands
Percent of Percent of Percent of
Total flood-glaln Channel length fringing flood fringing flood fringing flood
area (km?) (km) Area (km?) plain Area (km?) plain Area (km?2) plain
6,964 770 3,802 55 2,546 36 636 9

Source: Hamilton and Lewis (1990)
2Includes flood plain from confluence with Meta River to delta apex at Barrancas




Table 5. Summary of the intensity, frequency,
and duration of rainfall in the Orinoco Delta.!

Return
Duration frequency Intensity?

(hr) (yr) (mm/hr) | Amount?
1 2.33 70 70
2 2.33 42 84

12 2.33 9 108

24 2.33 3.5 96
1 10 90 90
2 10 58 118

12 10 11 132

24 10 6.3 152
1 100 100 100
2 100 65 130

12 100 15 180

24 100 9 216

1 Source: FUNINDES USB (1998)

2 Estimates are approximate because the available data
are averages of Tucupita, Pedernales, and Curiapo
weather station data and available copies of original
graphs are of poor quality.



Table 6. Magnitude/frequency characteristics
of waves, Gulf of Parial-2

Maximum
Recurrence interval wave height Period
(yr) (m) (s)
10 3.8 5.8
25 4.6 6.3
50 5.2 6.7
100 5.8 7.1

1Source: ENSR Venezuela (1998)
2Waves are presumed to have been generated

by hurricanes




Table 7. Summary of the hydrology of the cafios of the central Orinoco Delta. !

Flow velocity

Calculated ratio of tidal

discharge:river

Tidal Discharge Flow velocity (seaward) (landward) during
Caino amplitude (m3/s) during falling tide (m/s) rising tide (m/s) discharge _
Pedernales 2.0t00.9 60 to 250 0.19 t0 0.27 0.18 to 0.25 15:1 to 11:1
Capure 2.0t0 0.7 60 0.33 0.17 3:1 to 8:1
Cocuina 1.1t00.7 140 0.5 0.3 3:1to 8:1
Jarina 1.0 230 0.53 0.53 5:1

1Source: FUNINDES USB (1998)




Table 8. Geomorphology legend.

Principal | Setting/ Associated Geo-
hydro- surface Identifi- geomorphic environ-
logic com- Drainage cation Associated General terms used in Landforming mental

| _agents'? | position’ class code' landforms description’ Venezuela * Hydrology processes Soils™* class®

Tides Littoral Inundated | Pd3-43 Mud flats, Plano-concave to Marismas, Almost Transport and Sulaquents, | Marine-

mangrove plano-convex, irregular | llanuras completely deposition of muddy Sulfihemists | influenced
swamp, surface profiles. cenagosas, controlled by sediment by the coastal;
cheniers, tidal | Microtopographic litoral marino, tides and Guayana Current, marine-
channels, features include cordones waves. tides, and relatively low influenced
mudcapes organic buildups at litorales Importance of | wave energy promote distributary
base of tree clusters, storms is development of tidal channel and
tidal channels of uncertain. mud flats and island system,
varying size Rainfall mudcapes (fig. 10). mangrove
(fig. 35d,e), beach- becomes Lateral accretion dominant
ridge complexes increasingly processes associated
(locally). Vegetation important with mudcape
predominantly inland. development are
mangrove. Largely currently the primary
composed of relict and mode of delta
active mudcapes progradtion.
(fig. 10b). Mangroves prograde
over mud flats and
promote vertical mud
accretion. Sandy
beach ridges typically
form near mouths of
distributary channels.

Tides Forested | Inundated | Pd3-33A | Tidal peat Plano-concave. Planicie Perennially Areas with particularly Tropo- Fluvial-marine
peat swamp Perennially inundated turbosa inundated high rainfall. Rapid hemists, transitional,
plain and therefore poorly boscosa, and/or subsidence rates and Tropofibrists | interdistribu-

developed drainage cubeta de saturated. removal from direct tary flood

pattern. Typically marea Rainfall and tidal and riverine flow basins;

located at centers of tides are the are key to their long- herbaceous

relict mudcapes. principal term development. and forested
source of Peats underlying swamp
water, with forested areas tend to

seasonal river
input.

be relatively thin

(< 3 m), providing
evidence of moderate
rates of vertical
accretion of vegetal
material.




Table 8, cont.

include cheniers.
Generally forested
near cafos,
herbaceous toward
basin center (fig. 27f).

rapid. Cheniers record
former areas of rapid
lateral accretion near
mouths of major
interdistributary
channels.

Principal | Setting/ Associated Geo-
hydro- surface Identifi- geomorphic environ-
logic com- Dralnage cation Associated General terms used in Landforming mental

agents'’ | position’ class code' landforms description’ Venezuela * Hydrology processes Soils®* class®
Tides Herbace- | Inundated | Pd3-33B | Tidal peat Plano-concave. Planicie Perennially Areas with particularly Tropo- Marine-
ous peat marsh Perennially inundated. turbosa inundated high rainfall. Rapid hemists, influenced
plain Poorly developed herbacea, and/or subsidence rates and Tropofibrists | coastal;
drainage pattern. cubeta de saturated. lack of direct tidal and fluvial-marine
Shallow, brackish marea Rainfall and riverine flow are key to transitional,
lagoons common. tides are the their long-term herbaeous
Typically occupy principal development. and forested
interior portions of source of Hydraulic isolation swamp
former mudcapes. water, with seems related to their
seasonal river | position in interior of
input. former mudcapes.
Peats underlying
herbaceous peat plains
tend to be thick (>3 m),
providing evidence of
relatively rapid and
widespread vertical
accretion of vegetal
material.
Tides Mud Inundated | Pd3-23 Tidal marsh, Plano-concave and Llanura Hydrology Clay sediment Hydra- Interdistribu-
plain mud plains, rather regular in cenagosa, controlled imported by overbank quents, tary flood
cheniers profile. Located near pantano de interaction of flooding during Tropo- basin;
major distributary marea, tides, rainfall, | summer floods and fibrists, intermediate
channels. Drainage cordones and river. tidal channels. Sulfihemists | (topograph-
(tidal) channels litorales Seasonally to | Because areas are ically) forested
common, so peats are perennially depressional, sediment swamp.
rather poorly inundated or is retained and vertical
developed. May saturated. accretion is relatively
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Principal | Setting/ Associated Geo-
hydro- surface Identifi- geomorphic environ-
logic com- Drainage cation Associated General terms used in Landforming mental

agents"? | position' class code' landforms description’ Venezuela * Hydrology processes Soils™* class®
River and | Littoral Inundated | Pd2-43 Tidal swamp, | Plano-convex, Islas de Influenced by | Interaction of tides and | Perennially | Marine-
tides estuary estuary irregular surface barrera, napas | strong riverine | river currents produce saturated, influenced
margin, profiles. Primarily en formacioén, and tidal complex hydrody- s0 soil distributary
estuary comprise estuarine pantano de currents. The namics and, therefore, develop- and island
islands islands but also areas marea relative dynamic ment poor. system;
along the banks of influence of sedimentation/ Sulfur mangrove;
lower cafios rivers and erosional bearing. forested
(fig. 35d,e, f). Rapidly tides varies environments. Hydra- swamp,
accreting. Well- strongly However, general quents locally,
developed tidal seasonally. attenuation of current transitional
channel system. Because energy associated with between
Mangrove cover. these areas shoaling along mud mangrove and
are located banks results in overall forested
near major lateral accretion, swamp
cafios, they primarily through mud-
are more flat deposition.
deeply Combined river input
inundated and wave reworking
during floods. have produced broad
sandy shoal areas,
including beach ridges,
along seaward portions
of some large
esturaine islands.
River and | Forested | Inundated | Pd2-33A Forested Plano-convex, Planicie Perennially Persistent wet Tropo- Interdistribu-
(toa peat interdis- somewhat irregular turbosa inundated conditions promote hemists, tary flood
lesser swamp tributary tidal profile. Poorly boscosa and/or peat accumulation. Tropo- basin;
degree) peat basin developed surface saturated, and | Thin (2 to 3 m) peat fibrists. primarily low
tides drainage system. record the substrates support to
These tend to occur interaction of forests; thick (to 6 m) intermediate
adjacent to blackwater rainfall, tide, peat substrates (topograph-
(sediment-poor) cafios and river support herbaceous ically) forested
(fig. 27g) forming a input. flora. Vertical peat swamp.

broad rim around
interior basin.
Vegetation cover
primarily consists of
deciduous and palm
trees.

accumulation may
cause broad mounds
to develop in basin
centers.
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Principal | Setting/ Associated Geo-
hydro- surface Identifi- geomorphic environ-
logic com- Drainage cation Associated General terms used in Landforming mental

agents'’ | position’ class code' landforms description’ Venezuela ’ Hydrology processes Soils™* class®
River and | Herbace- | Inundated | Pd2-33B Herbaceous Plano-convex, Planicie Perennially Continuously wet Tropo- Interdistribu-
(toa ous peat interdis- somewhat irregular turbosa inundated conditions promote hemists, tary flood
lesser marsh tributary peat profile. Poorly herbacea and/or peat accumulation. Tropo- basins' mixed
degree) basin developed surface saturated, and | Forests are associated | fibrists. herbaceous
tides drainage system, record the with thin (2 to 3 m) and forested
although existing interaction of peat substrates, and swamp.
cafios import clay, rainfall, tide, herbaceous wetlands
particularly from the and river with thick (to 6 m) peat
coast. Interior portions input. substrates.
contain small tidal Somewhat
basins filled with peat wetter than
deposits. adjacent
Commonly featureless forested peat
except changes in swamp.
vegetation. Stands of
dead trees common
(fig. 27j). Typically
comprise the interior
portions of
interdistributary
basins.
Riverand | Mud and | Inundated | Pd2- Tidal swamp Transitional peat and Marisma, litoral | Interaction of Substrates are Sul- Interdistribu-
tide peat 33/43 or bog mud swamp. Plano- marino rainfall, tides, primarily peat but faquents, tary flood
plain concave surface andtoa represent a mixture of Tropo- basins; low to
profile, highest lesser degree, | peat and mud. hemists, high
precipitation rivers, in Because these areas Tropo- (topographical
~1,800 mm. Mostly these areas are controlled by a fibrists. ly) forested
present in northwest results in rather complex and swamp;
delta. Rather well complex variable hydrologic distributary
developed tidal hydrologic regime, sediment channel
channel system. regime. Tidal dynamics vary. Tidal systems—
Complex hydrology oscillations, oscillations move the levees and
results in combined however, are most water and crevasse
forest, shrub, and a constant sediment but may not splays—
herbaceous cover. process. be the most important forested.

in controlling sediment
and erosion. Tidal
channel development,
abandonment, and
infilling are common.
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Principal | Setting/ Associated Geo-
hydro- surface Identifi- geomorphic environ-
logic com- Dralnage cation Associated General terms used in Landforming mental

agents'? | position' class code’ landforms description’ Venezuela * Hydrology processes Soils™* class®
River Mud Inundated | Pd2-23 Inter- Plano-concave, Planicie Inundated Overbank flooding is Hydra- Interdistribu-
plain distributary somewhat irregular cenagosa, and/or important for importing | quents, tary flood
tide and flood | profile. Rather poorly planicie de saturated for terrigenous material. Sulihemists, | basins;
basin developed surface desborde most or all of Tides import some Tropo- intermediate
drainage system. year. Rivers material and are hemists to high
Located adjacent to are the important in (topograph-
major distributaries. principal redistributing both ically) forested
Import of clay is by hydrologic plant and mineral swamp.
both overbank flooding agent; sediments. Because
and tidal transport. influence of pulsed discharge
Interior portions rain and tides associated with floods
contain small tidal is about is a major hydrologic
basins filled with peat equal. agent, sediment
deposits. Vegetation is regimes vary in space
mostly deciduous and and time.
palm forest.
River Mud Deficient Pd2-22 Very poorly Plano-concave, Planicie Inundation Overbank flooding is Tropa- Interdistribu-
plain drainage drained somewhat irregular cenagosa, and/or the primary quents, tary flood
interdis- surface profile. planicie de saturation sedimentation/ erosion | Tropa- basin; high
tributary Rimmed by levees, desborde prolonged but | agent. Sediment is quepts, (topograph-
basins which tend to generally not generally coarser Fluva- ically) forested
hydraulically isolate perennial. grained near the levee | quents and
these areas from Tide and rain and finer away from it. herbaceous
major cafios, greatly less prevalent | Sedimentation rates swamps.

reducing the influence
of tides. Levees
typically <2 m above
low water in dry
season. Internally
surface drainage
anastomosing, poorly
developed. Naturally
covered with
deciduous forest but
are better drained
areas commonly
cleared for grazing and
agriculture (fig. 27p).

than in basins
toward the
coast. Stage
levels vary
widely during
the year.

low. However,
subsidence rates are
relatively low, and
large portions therefore
remain relatively well
drained.
Sediment/erosion
processes include
levee and back-levee
and flood-basin
deposition, and lateral
channel migration. In
the long term, lateral
sedimentation/erosion
processes
predominate.
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system. Flood basin
lakes common
(fig. 27m, n).

during the wet
season. Stage
levels vary
widely during
the year.

standing water, peats
may accumulate and
become intercalated
with the mineral
deposits in basin
centers. Low
sedimentation rates.
However subsidence
rates are relatively low;
therefore, large
portions remain
relatively well drained.
Sediment/erosion
processes include
levee and back-levee
and flood-basin
deposition, and lateral
channel migration. In
the long term, lateral
sedimentation/erosion
processes
predominate.

Principal | Setting/ Associated Geo-
hydro- surface Identifi- geomorphic environ-
logic com- Drainage cation Associated General terms used in Landforming mental

| _agents' | position' | class code' landforms description’ Venezuela® Hydrology processes Soils™* class®
River Alluvial Inundated | Pd2-13 Levee, distal Plano-convex to Napa de Primarily Overbank flooding is Fluva- Interdistribu-
levee, flood slightly plano-concave | desborde, controlled by the primary quents, tary flood
basin lakes, toward center, cubeta de river sedimentation/ erosion | Tropa- basins; low
crevasse commonly irregular desborde discharge. agent. Sediment is quepts (topographi-
splays surface profile. Levees Rain and tides | generally coarser cally)
typically <2 m above are also grained near the levee. herbaceous
low water in dry significant. Tides transport vegetal swamp; mixed
season. Inundated material and control herbaceous
Anastomosing, poorly and/or shape of channels. In and forested
developed drainage saturated areas with prolonged swamp.
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Principal | Setting/ Associated Geo-
hydro- surface Identifi- geomorphic environ-
logic com- Drainage cation Associated General terms used in Landforming mental

agents'? | position' class code' landforms description’ Venezuela Hydrology proc Soils** class®
River Alluvial Deficient Pd2-12 Very poorly Concave surface Napa de Primarily Overbank flooding is Sulfa- Interdistribu-
drainage drained distal | profile. Bordered decantacion, controlled by the primary quents, tary flood
levee, flood mostly by distal levee cubeta de river sedimentation/ erosion | Tropa- basin; low to
basin lakes but, in places, mud decantacién discharge. agent. Sediment is quepts high

flats. Naturally Rain and tides | generally coarser (topographi-

forested, but are also grained near the levee. cally)

commonly cleared for significant. Tides transport vegetal herbaceous
agriculture and grazing Inundation material and control swamp;

(fig. 27p). and/or shape of channels. In grades
saturation areas with prolonged seaward to
prolonged but | standing water, peats mixed
generally not may accumulate and forested and
perennial. become intercalated herbaceous
Stage levels with the mineral swamp.
vary widely deposits in basin
during the centers. Low
year, reaching | sedimentation rates.
3to4 mdeep | However subsidence
during the wet | rates are relatively low;
season. therefore, large

portions remain
relatively well drained.
Sediment/ erosion
processes include
levee and back-levee
and flood-basin
deposition, and lateral
channel migration. In
the long term, lateral
sedimentation/erosion
processes
predominate.
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is also
significant.
Inundated
and/or
saturated
during the wet
season.
Inundated
and/or
saturated for
prolonged
periods.
Length of
saturation
increases
landward.

grained near the levee.
Tides transport vegetal
material and control
shape of channels. In
areas with prolonged
standing water, peats
may accumulate and
become intercalated
with the mineral
deposits in basin
centers. Low
sedimentation rates;
however, subsidence
rates are relatively low,
and large portions
therefore remain
relatively well drained.
Sediment/erosion
processes include
levee and back-levee
and flood-basin
deposition, and lateral
channel migration. In
the long term, lateral
sedimentation/erosion
processes
predominate. In
portions, areas are
composed of
Pleistocene Mesa Fm.,
indicating
nondeposition and
erosion.

Principal | Setting/ Associated Geo-
hydro- surface Identifi- geomorphic environ-
logic com- Drainage cation Associated General terms used in Landforming mental
| agents'® | position’ class code’ landforms description’ Venezuela * Hydrology proc Soils** class®
River Alluvial Inundated | Pd1-13 Distal levee, Plano-concave to Napa de Hydrology Overbank flooding is Fluva- Interdistribu-
flood basin plano-concave, decantacion, controlled by the primary quents, tary flood
lakes, commonly irregular cubeta de river sedimentation/ erosion | Tropa- basin;
crevasse surface profile decantacion discharge, agent. Sediment is quepts primarily
splays (fig. 27n). although rain generally coarser herbaceous

but with mixed
forested and
herbaceous
swamps.
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Principal | Setting/ Associated Geo-
hydro- surface Identifi- geomorphic environ-
logic com- Drainage cation Associated General terms used in Landforming mental
agents™ | position’ class code’ landforms description' Venezuela * Hydrology processes Soils™* class®
River Alluvial Deficient Pd1-12 Levee and Highest relief and Dique y napa Inundated by One of the more Dystropepts | Distributary
drainage crevasse highest elevation in the | de desborde overbank dynamic delta channel
splay delta. Levees are flooding only environments. system;
mostly silt and typically during the Overbank flooding is levees and
2 to 3 m (but as much high water of the primary crevasse
as 8 m) above low the wet sedimentation/ erosion splays,
water in the dry season. agent. Sediment is primarily
season. Because of Lower areas generally coarser forested.
soil texture, short may remain grained near the levee
period of inundation, saturated for and finer away from it.
good drainage, and entire wet Low sedimentation
proximity to season and rates. However,
transportation route early dry subsidence rates are
(via the cafios) season. relatively low, and

commonly used for
agriculture and native
village sites (fig. 273,
c,0,q).

large portions remain
therefore relatively well
drained.
Sediment/erosion
processes include
levee and back-levee
and flood-basin
deposition, and lateral
channel migration. In
the long term, lateral
sedimentation/erosion
processes
predominate.

1CVG-TECMIN, C.A. (1991a-f)

2Direct rainfall is an important hydrologic agent throughout the delta

3Geohidra Consultores, C.A. (1997a, b); ENSR Venezuela (1998); FUNINDES USB (1998)
4Perennially saturated; therefore, soil development is poor
5See maps and explanation for more detailed discussion of geoenvironmental mapping in the Orinoco Delta (pls. 2 and 3)




Table 9. Summary of characteristics of Orinoco Delta distributary channels (“cafios”).1

Observation Observation Observation
Traverse point/sample Channel point/sample point/channel Channel bottom
identifier General location position identifier width (m) position in caino depth (m) composition
BLP19981117JCG | North end of Boca de Guanipa BLP199811171636JCG ~2,100 East 10
" BLP199811171650JCG ~2,100 East-east center 10
. BLP199811171705JCG ~2,100 East center 8.6
! BLP199811171719JCG ~2,100 Center 6.3
= BLP199811171725JCG ~2,100 West center 9
! BLP199811171737JCG ~2,100 West-west center 9.3
! BLP199811171742JCG ~2,100 West 1.5
1999/2/8/2/RCS South end of Boca de Guanipa 1999/2/8/2a/RCS 1,200 Near east bank 2.5 Fine sand
. 1999/2/8/2b/RCS 1,200 East center 4.3
" 1999/2/8/2c/RCS 1,200 Center 6.6 Very fine & fine sand
! 1999/2/8/2d/RCS 1,200 West center 12
s 1999/2/8/2e/RCS 1,200 Near west bank 14.5 Fine sand & mud
1999/2/7/1/AA Cario Manamo at Boca Tigre 1999/2/7/1/1030/AA 800 East 6 Very fine sand
S 1999/2/7/1/1030/AA 800 Center 8.6 Fine sand
. 1999/2/7/1/1030/AA 800 West 10 Sandy mud
1999/2/8/4/AA Caio Manamo at Tucupita 1999/2/8/4/1600/AA ~1,000 East 71 Mud
£ 1999/2/8/4/1600/AA ~1,000 Center 7.6 Sandy mud
. 1999/2/8/4/1600/AA ~1,000 West 25 Mud
1999/2/7/7/RCS Lower Caio Pedernales 1999/2/7/7a/RCS 140 East 16.5 Muddy sand
" 1999/2/7/7b/RCS 140 Center 12 Very fine & fine sand
! 1999/2/7/7¢c/RCS 140 West 11.5 Sandy mud
1999/2/9/4/RCS Middle Cafio Pedernales 1999/2/9/4a/RCS 40 North 3.1 Organic-rich muddy
sand
4 1999/2/9/4b/RCS 40 Center 3.7 Medium-brown fine
sand
= 1999/2/9/4c/RCS 40 South 37 Dark-brown muddy
sand
1999/2/9/5/RCS Upper Cano Pedernales 1999/2/9/5a/RCS 20 East 1.8
A 1999/2/9/5b/RCS 20 Center 1.8 Organic mud with
coarse vegetal
debris
. 1999/2/9/5¢/RCS 20 West 0.6
Geohidra Lower Caiio Macareo Geohidra (1997a) 697 Near northeast bank 7.5 Sandy mud
Consultores, C.A. MacareoA

(1997a) Macareo




Table 9 (cont.)

Observation Observation Observation
Traverse point/sample Channel point/sample point/channel Channel bottom
identifier General location position identifier width (m) position in caino depth (m) composition
- Geohidra (1997a) 697 Northeast center 10.5 Sandy
MacareoB
" Geohidra (1997a) 697 Southwest center 8.5 Sand
MacareoC
- Geohidra (1997a) 697 Near southwest 6.3 Sandy mud
MacareoD bank
1998/11/22/3/JCG | Middle Caho Macareo 1998/11/22/3/JCG ~300 Center 12 Fine sand
1999/2/9/4/1240/A | Upper Cafio Macareo 1999/2/9/4A/1240/AA ~500 South 10 Very fine sand
! 1999/2/9/4B/1240/AA ~500 Center 16 Fine sand
! 1999/2/9/4C/1240/AA ~500 North center 11.5
5 1999/2/9/4D/1240/AA ~500 North 24 Coarse sand
1999/2/7/2/RCS Cano Morocoto Tributary 1999/2/7/2a/RCS 22 East 4.7
" 1999/2/7/2b/RCS 22 Center 5.8
" 1999/2/7/2¢c/RCS 22 West 6.2 Mud and vegetal

debris

'A more detailed description of Orinoco Delta cafio characteristics is available in data base on accompanying CD.




Table 10. Suspended material concentrations, Orinoco Delta region.!

Material in suspension Material in suspension
Month Year Zone at depth (mg/L) at the surface (mg/L)
April 1988 Caribbean Sea 3.9 3.6
1988 Gulf of Paria 4.2 3.8
1982/83 Orinoco River at
Ciudad Bolivar 30-250 30250
May-June 1987 Caribbean Sea - 2.0
1987 Guif of Paria - 2.1
1987 Orinoco Delta - 4.9
1882/83 Orinoco River at
Ciudad Bolivar 150-225 150225
September 1988 Caribbean Sea 3.9 3.6
1988 Gulf of Paria 4.5 2.4
1982/83 Orinoco River at
Ciudad Bolivar 60 60
November 1978 Gulf of Paria 9.0 7.8
1978 Orinoco Delta 11.2 10.7
1982/83 Orinoco River at
Ciudad Bolivar 120—-160 120-160
Suspended-
Surface Approximate sediment Suspended sediment
Zone area (km2) volume (L) concentration (mg/L) (metric tons/mo)
Caribbean Sea 13,000 2.4 %10 3.3 7.6 x10°%
Gulf of Paria 7,500 1.2x 1014 5.3 6.4 x10°
Orinoco Delta 24,500 7.5x 1014 8.3 6.25 x 108
Total 45,000 1.1x 101 7.7 x108

Source: Monente (1989/1990b); Meade and others (1990)




Table 11. Geo-environmental map units based on visual interpretation of Landsat imagery.

Marine-Influenced Coastal Environments

5.

. Mangroves on coastal facies, mud and locally sandy mud substrates, prominent depositional

features apparent locally, permanently flooded
Forested swamp, mud and peat substrates, permanently flooded

. High (topographically) herbaceous swamp, organic/peat substrates, permanently flooded

Low (topographically) herbaceous swamp, ponded water, organic/peat substrates, permanently
flooded
Mixed herbaceous and forested swamp, organic/peat substrates, permanently flooded

Marine-Influenced Distributary-Channel and Island System

6.

»

Mangroves, mud and sandy mud substrates, depositional patterns apparent locally,
semipermanently flooded

Forested swamp, mud and sandy mud substrates, semipermanently to seasonally flooded
Herbaceous swamp, mud, sandy mud, and organic substrates, semipermanently flooded
Transitional areas between mangrove and forested or herbaceous swamps, channel-flank
environments, low forested swamp with local mangroves and herbaceous vegetation, muddy peat
and peat substrates, semipermanently to permanently flooded

Fluvial/Marine Transitional Environments

10.
11
12.

Low (topographically) herbaceous swamp, organic/peat substrates, permanently flooded
High (topographically) herbaceous swamp, organic/peat substrates, permanently flooded
Mixed herbaceous and forested swamp, organic/peat substrates, permanently flooded

Distributary-Channel Systems

13.

14.
15.

Levee and crevasse splay, forested, locally tidally modified, sand and mud substrates, moriche
palms dominant in some areas, seasonally flooded

Levee and crevasse splay, herbaceous vegetation, sand and mud substrates, seasonally flooded
Tidal creek/crevasse splay, moriche palms dominant, mud and sand substrates, seasonally flooded

Interdistributary Flood Basins

16.
17

18.

19.

20.
27.

Low (topographically) forested swamp, mud and organic substrates, permanently flooded
Intermediate (topographically) forested swamp, mud and organic substrates, semipermanently to
permanently flooded

High (topographically) forested swamp, mud and organic substrates, semipermanently to
seasonally flooded, locally includes transitional forested areas between levee/crevasse splay and
flood basins

Low herbaceous swamp and open water, mud and organic substrates, semipermanently to
permanently flooded, locally mapped along channel margins

High herbaceous swamp, mud and organic substrates, seasonally flooded

Primarily herbaceous but with mixtures of forested swamp, mud and organic substrates,
semipermanently to seasonally flooded



Table 12. Areal extent of mapped environments in the northwestern Orinoco Delta (see plate 2).

Marine-Influenced Coastal Environments km? Percent
1. Mangroves on coastal facies 165.51 2.48
2. Forested swamp, mud and peat substrates, permanently flooded 127.23 1.90
3. High (topographically) herbaceous swamp 178.19 2.67
4. Low (topographically) herbaceous swamp 12.37 0.19
5. Mixed herbaceous and forested swamp 124.54 1.86

Subtotal 607.84 9.10

Marine-Influenced Distributary Channel and Island System

6. Mangroves, mud and sandy mud substrates 546.98 8.19
7. Forested swamp 27.67 0.41
8. Herbaceous swamp 32.85 0.49
9. Transitional forested areas between mangrove 50.43 0.75
And forested or herbaceous swamps
Subtotal 657.92 9.85

Fluvial/Marine Transitional Environments

10. Low (topographically) herbaceous swamp 53.19 0.80
11. High (topographically) herbaceous swamp 294.04 4.40
12. Mixed herbaceous and forested swamp 180.26 2.70
Subtotal 527.49 7.89

Distributary-Channel Systems

13. Levee and crevasse splay, forested, locally tidally modified 908.93 13.60
14. Levee and crevasse splay, herbaceous vegetation 1.76 0.03
15. Tidal creek/crevasse splay, moriche palms dominant 68.63 1.03
Subtotal 979.32 14.66

Interdistributary Flood Basins

16. Low (topographically) forested swamp 370.87 5.55
17. Intermediate (topographically) forested swamp 881.39 13.19
18. High (topographically) forested swamp 997.36 14.93
19. Low herbaceous swamp and open water 76.99 1.15
20. High herbaceous swamp 97.38 1.46
21. Primarily herbaceous but with mixtures of forested swamp 527.62 7.90
Subtotal 2,951.62 44.18
Water 956.57 14.32
Villages (Pedernales and Capure) 0.55 0.01
Mud volcanoes visited in 1998 0.16 0.00
Subtotal 957.28 14.33

Total 6,681.47 100.00



Table 13. Map units classified through computer-assisted methods.

M2 oo

e e

Mangrove Forest

Forested Levee/Crevasse Splay and Other Forested Areas
Low (topographically) Forested Flood Basin

Intermediate Forested Flood Basin

High Forested Flood Basin

Coastal Woodlands

Herbaceous Swamp

Low Herbaceous Swamp

Herbaceous Swamp/Shrubs

Moriche Palm

. Coconut Palm Groves
. Water
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Table 14. Probability of correct classification of training data.

Class No.

10

11

12

Accuracy (%)

89.8

88.6

51.8

62.3

T

53.0

91.9

36.3

80.0

81.5

99.2




Table 15. Map units classified through computer-assisted methods, southwestern part of delta.

Distributary-Channel System, Primarily
Levee and crevasse/tidal splay, forested
Tidal creek/crevasse splay, forested, moriche palm dominant
Interdistributary Flood Basin, Primarily
Low (topographically) forested swamp
Intermediate (topographically) forested swamp
High (topographically) forested swamp
Primarily herbaceous but with mixtures of forested swamp
Low herbaceous swamp
High herbaceous swamp
Coastal Plain Grading into Quaternary Uplands
High herbaceous swamp grading into herbaceous upland vegetation
Herbaceous upland vegetation
Pine forest
Urban Areas
Water
Clouds/Shadows



Table 16. Summary of Orinoco Delta subsurface data used to generate estimates of sediment accumulation and subsidence rate.

Source of Estimated sediment Estimated
Core ID General subsurface Depth to Method to accumulation rate | subsidence rate
no. location information dated horizon (mm) | date horizon | Date of horizon ~ (mm/yr) (mm/yr)
1998/10/ Upper delta—C. Bureau field 5,300 C14 6,430160 yr B.P. 0.8 0.8
12/2/AA Manamito levee' work
1998/10/ Upper delta flood Bureau field 5,650 C14 6,280+70 yr B.P. 0.9 0.9
17/2/AA basin' work
1998/11/ C. Manamito levee | Bureau field 6,550 C14 6,510+50 yr B.P. 1.0 1.0
20/3/AA swale' work
1999/2/8/ | NW delta along Bureau field 7,500 C14 2,840450 yr B.P. 2.6 2.6
1/RCS west bank of Boca | work
Guanipa'
1999/2/9/ | Middle delta—-C. Bureau field 7,100 C14 3,500+40 yr B.P. 2.0 2.0
1/RCS Pedernales trib. ! work
A, Gulf of Paria® INTEVEP 67,000 (+ 22,900) Estimated 7,500 yr B.P. 8.9 4.6
(1981) water depth) = 89,900
A, Gulf of Paria® Fugro (1979) 45,400 (+ 26,100 Estimated 7,500 yr B.P. 6.0 2.2
water depth) = 71,500
As NW delta Kidwell and 60,000 Estimated 7,500 yr B.P. 8.0 3.3
(Pedernales)? Hunt (1958)
By Lower delta—Punta | Geohidra 76,000 Estimated 7,500 yr B.P. 10.1 2.8
Pescadores? Consultores,
C.A.(1997b)
Bg Lower delta—Punta | Geohidra 100,000+ Estimated 7,500 yr B.P. 13.3 6.0+
Pescadores? Consultores,
C.A.(1997b)

1See figure 6b for locations and data base of shallow-core data on accompanying CD for locations and sources of data

2See figure 44
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APPENDIX 1

PHOTOGRAPHS OF SELECTED PLANTS OF THE ORINOCO DELTA

The following plant photographs were taken primarily in the western portion of the delta
between Tucupita and Pedernales by William A. White and Jay A. Raney during field
surveys in October and November 1998. Identification of plants is based principally on
consultations during the November survey with Dr. Valois Gonzalez, Universidad
Central de Venezuela. Dr. Gonzélez also kindly examined the photographs, identified
plants to species level, cited authors, noted family names, and provided a brief
description of where the species typically occur in the delta. We gratefully acknowledge
the major contribution made by Dr. Valois Gonzélez to this manual of selected plants of
the Orinoco Delta.

The 58 photographs include 54 species and encompass 33 families of plants. Many of the
more common plants are illustrated, but the photographs represent only a small fraction
of the total number of plant species in the western part of the delta. Although work on
this project has been suspended, it is hoped that this collection of digital images will be
useful to others working in the delta and that it will serve as a foundation for additional
studies.
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Paspalum repens Berg.
Family: Poaceae
Common name: Gamelote volador

This grass species, together with Echinocloa polystachya, form the so-called floating
meadow. It is very common along the upper reaches of the main Orinoco Delta
distributaries.

Eichhornia crassipes (Mart.) Solms
Family: Pontederiaceae
Common name: Bora

Common aquatic herb in the lagoons and along streams of the upper delta.

Andropogon bicornis L.
Family: Poaeceae
Common name: Cola de vaca

Not a very common grass, but it will grow, forming small clumps, in the herbaceous
swamp dominated by Lagenocarpus guianensis.

Flowering plant at left:

Ipomoea sp.
Family: Convolvulaceae
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Orinoco Delta Plants

Paspalum repens (center)
Eichhornia crassipes (bottom)

Scientific name

Gamelote volador (center)
Bora (bottom)

Common name

Andropogon bicornis (right)
Ipomoea (left)

Scientific name

Cola de vaca (right)

Common name QAc4817(a)c



Sacciolepis striata (L.) Nash
Family: Poaeceae

One of the few grasses that can grow as companion species in the herbaceous swamp (as
shown below) dominated by Cyperaceae.

Lagenocarpus guianensis Nees
Family: Cyperaceae
Common Name: Cortadera

The dominant Cyperaceae of the herbaceous swamp communities in the lower and
middle delta.
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Orinoco Delta Plants

Sacciolepis striata

Scientific name

Common name

Lagenocarpus guianensis

Scientific name

Cortadera

Common name

QAc4817(b)c



Desmoncus orthacanthos Mart.
Family: Arecaceae
Common name: Camuare

Vigorous climbers forming dense thickets in clearings along riverine forests.
Bactris pilosa M. Karst.
Family: Arecaceae

Common name Caia negra

Prickly palms along lower courses of the Orinoco Delta distributaries.

Bactris campestris Mart.
Family: Arecaceae
Common name: Corozo

Undergrowth palm clustered with few to several trunks. Very common in palm and
swamp forests of the lower delta.
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Orinoco Delta Plants

Desmoncus orthacanthos Bactris pilosa
Scientific name Scientific name
Camuare Cafa negra
Common name Common name

Bactris campestris

Scientific name

Corozo

Common name

QAc4817(c)c




Calathea lutea (Aubl.) Schult
Family: Marantaceae
Common name: Casupo

Caulescent herb in marshy areas and in forest clearings, always associated with strong
light.

Renealmia thyrsoidea (Ruiz & Pav.) Poepp. & Endl.
Family: Zingiberaceae
Common name: Cunopio

Caulescent herb in the undergrowth of marsh forests, upper and middle delta.
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Orinoco Delta Plants

Calathea lutea

Scientific name

Casupo

Common name

Renealmia thyrsoidea

Scientific name

Cunopio

Common name

QAc4817(d)c



Xanthosoma sagittifolia (L.) Schott.
Family: Araceae
Common name: Ocumo

Neotropical but cultivated as a root tuber.

Solanum stramoniifolium Jacq.
Family: Solanaceae
Common name: Manzana del diablo

Weedy shrub in seasonally flooded grasslands of the upper delta.
Artocarpus altilis Fasb.
Family: Moraceae

Common name: Arbol de pan

Tree introduced from Polynesia and grown in home gardens for its edible seeds and use
in cooking.

1-10



Orinoco Delta Plants

Xanthosoma sagittifolia

Scientific name

Ocumo

Common name

Solanum stramoniifolium Artocarpus altilis
Scientific name Scientific name
Manzana del diablo Arbol de pan

Common name Common name QAc4s17(e)c



Phyllanthus elsiae Urb.
Family: Euphorbiaceae
Common name: Cerecillo

Phyllanthus elsiae Urb.
Family: Euphorbiaceae
Common name: Cerecillo

Relatively common tree along riverine forests in the upper delta.
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Orinoco Delta Plants

Phyllanthus elsiae

Scientific name

Cerecillo

Common name

Phyllanthus elsiae

Scientific name

Cerecillo

Common name

QAc4817(f)c



Rhizophora sp.
Family: Rhizophoraceae
Common name: Mangle rojo

Avicennia germinans (L.)
Family: Avicenniaceae
Common name: Mangle negro

Laguncularia racemosa (L.) Gaertn
Family: Combretaceae
Common name: Mangle blanco or Mereicillo

Mangroves form dense communities along marine-influenced distributaries and in marine
coastal environments; they play a key role in trapping riverine and marine sediments and
forming accretionary shorelines and islands.

Avicennia germinans (L.)
Family: Avicenniaceae
Common name: Mangle negro

Rhizophora sp.

Family: Rhizophoraceae
Common name: Mangle rojo
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Orinoco Delta Plants

Avicennia germinans (top)
Rhizophora sp. Laguncularia racemosa (bottom)

Scientific name Scientific name

Mangle negro (top)
Mangle rojo Mangle blanco or Mereicillo (bottom)

Common name Common name

Avicennia germinans (left)
Rhizophora sp. (right)

Scientific name

Mangle negro (left)
Mangle rojo (right)

Common name

QAc4817(g)c



Spondias mombin L.
Family: Anacardiaceae
Common name: Jobo

A common and dominant tree in different kinds of forests of the upper delta.

Ficus dendrocida H.B K.
Family: Moraceae
Common name: Matapalo

Common strangler tree in the levee forests of the upper delta.

Symphonia globulifera L.f.
Family: Clusiaceae
Common name: Paramancillo

Dominant tree in swamp forests of the middle and lower delta.

Ceiba pentandra (L.) Gaertn
Family: Bombacaceae
Common name: Ceiba

Tree present mainly in the forest of the upper delta.
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Orinoco Delta Plants

Spondias mombin Ficus dendrocida

Scientific name Scientific name
Jobo Matapalo

Common name Common name

Symphonia globulifera Ceiba pentandra
Scientific name Scientific name
Paramancillo Ceiba QAc4B17{b)c

Common name Common name



Canna indica L.
Family: Cannaceae
Common name: Capacho

Giant herb sometimes cultivated as an ornamental in home gardens. Upper delta.

Dioclea guianensis Benth.
Family: Fabaceae
Common name: Ojo de Zamuro

Subligneous or herbaceous twiner along river banks in the upper delta.
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Canna indica

Scientific name

Capacho

Orinoco Delta Plants

Canna indica

Common name

Scientific name

Capacho

Common name

Dioclea guianensis

Scientific name

Ojo de Zamuro

Common name

QAc4817(i)c



Heliconia marginata (Griggs) Pittier
Family: Heliconiaceae
Common name: Platanillo

Very common giant herb in the undergrowth of levee forests in gaps and clearings; also
in marsh forests.

Lantana camara L.
Family: Verbenaceae
Common name: Cariaguito colorado

Shrub associated with abandoned and shifting agricultural fields in the upper delta.
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Orinoco Delta Plants

Heliconia marginata Heliconia marginata
Scientific name Scientific name
Platanillo Platanillo
Common name Common name

Lantana camara

Scientific name

Cariaguito colorado

QACc4817(j)c
Common name



Mimosa arenosa (Willd) Poir
Family: Mimosaceae
Common name: Cujicillo

Weedy shrub.

Mimosa pudica L.
Family: Mimosaecea
Common name: Dormidera

Common thorny, weedy subshrub associated with overgrazed, seasonally flooded
grasslands.

1-22



Orinoco Delta Plants

Mimosa arenosa

Scientific name

Cujicillo

Common name

Mimosa pudica

Scientific name

Dormidera

Common name

QAc4817(k)c



Tamarindus indica L.
Family: Caesalpiniaceae
Common name: Tamarindo

Paleotropical tree introduced in Venezuela in the delta area; planted in home gardens to
make refreshing beverage with fruit.

Theobroma cacao L.
Family: Sterculiaceae
Common name: Cacao

Cash-crop tree planted in the undergrowth of tall evergreen forests associated with levees
and banks of crevasse splays in the upper delta.
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Orinoco Delta Plants

Tamarindus indica
Scientific name

Tamarindo

Common name

Theobroma cacao

Scientific name

Cacao

Common name

QAc4817(l)c



Inga edulis Mart.
Family: Mimosaceae
Common name: Guamo rojo

Very common tree along levees of riverine forests.

Tabebuia insignis var. monophylla (Mig.) Sandw.
Family: Begoniaceae
Common name: Apamate

One of the dominant tree species in peat-swamp forests and also a shrub or tree in the
herbaceous swamps of Lagenocarpus guianensis.

Gustavia augusta L.
Family: Lecythidaceae
Common name: Codo de mono

Common tree in seasonally flooded forests in the upper delta.

Erythrina fusca Lour.
Family: Fabaceae
Common name: Bucare de agua

Tree that can form monospecific swamp forests associated with mineral soils in the upper
delta.
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Inga edulis

Scientific name

Guamo rojo

Common name

Gustavia augusta

Scientific name

Codo de mono

Common name

Orinoco Delta Plants

R SR s

Tabebuia insignis var. monophylla

Scientific name

Apamate

Common name

Erythrina fusca

Scientific name

Bucare de agua QACABIT(m)e

Common name



Ficus sp. (guianensis?)
Family: Moraceae

Lower delta.

Sapium glandulosum L. (Morong)
Family: Euphorbiaceae
Common name: Lechero mapolo

Photograph of a young sapling. Very common tree present in different kinds of forests in

the upper delta.

Pachira aquatica Aubl.
Family: Bombacaceae
Common name: Cacao de agua

Very common tree in riverine swamp forests in the middle delta.
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Orinoco Delta Plants

Ficus sp.

Scientific name

Common name

Sapium glandulosum Pachira aquatica
Scientific name Scientific name
Lechero mapolo Cacao de agua QAc4817(n)c

Common name Common name



Ichnosiphon arouma (Aubl.) Koern.
Family: Marantaceae
Common name: Tirite

Giant herb; common in the ground of peat-swamp forests, lower and middle delta.

Rapatea paludosa Aubl.
Family: Rapateaceae

Predominant herb in the ground layer of the palm swamp community dominated by
Mauritia flexuosa.
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Orinoco Delta Plants

Ichnosiphon arouma

Scientific name
Tirite

Common name

Rapatea paludosa

Scientific name

Common name

QAc4817(o)c



Costus arabicus L.
Family: Costaceae
Common name: Caia de la india

Giant herb common in the undergrowth of marsh and swamp forests.

Aniseia martinicensis (Jacq.) Choisy
Family: Convolvulaceae

Herbaceous vine in marshy areas along shore in the lower delta.
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Orinoco Delta Plants

Costus arabicus
Scientific name

Cana de la india

Common name

Aniseia martinicensis

Scientific name

Common name

QAc4817(p)c



Chrysobalanus icaco L.
Family: Chrysobalanaceae
Common name: Icaco

Common shrub or tree forming monospecific shrub communities in the middle and lower
delta.

Tapirira guianensis Autl.
Family: Anacardiaceae
Common name: Patillo

Tree not very common along riverine forests; also occurs in the upper discontinuous tree
layer of herbaceous swamps.
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Orinoco Delta Plants

Chrysobalanus icaco

Scientific name

Icaco

Common name

lapirira guianensis

Scientific name

Patillo

Common name

QAc4817(q)c



Clusia sp. (possibly nemorosa G. Mey.
Family: Clusiaceae
Common name: Copey

Some species of this genus occur more in swamp forests; others, such as Clusia
memorosa, grow in clumps of shrubs or trees that interrupt the herbaceous layer of the

herbaceous swamp of Lagenocarpus guianensis.

Vismia cayennensis (Tacq.) Pers.
Family: Clusiaceae
Common name: Cacre

Shrub in secondary riverine forests.
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Orinoco Delta Plants

Clusia sp.

Scientific name

Copey

Common name

Vismia cayennensis

Scientific name

Cacre

Common name

QAc4817(r)c



Annona glabra L.
Family: Annonaceae
Common name: Gaunabana

Small tree; common in swamp and marsh forest.

Pentaclethra macroloba (Willd.) Kuntze
Family: Mimosaceae
Common name: Cabellifio

A tree typically growing along riverine swamp forests in the middle delta.
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Orinoco Delta Plants

Annona glabra

Scientific name

Gaunabana

Common name

Pentaclethra macroloba

Scientific name

Cabellifio
Common name

QAc4817(s)c



Ricinus communis L.

Family: Euphorbiaceae

Common name: Tartago

Shrub introduced from Africa, but naturalized and typically growing in open areas. A
medicinal shrub from which seed oil is used as a laxative.

Costus sp.

Family: Costaceae

Herb collected along Caiio Cocuina, middle delta.

Miconia prasina (Swartz) DC.
Family: Melastomataceae
Common name: Nigua

Common shrub undergrowth in “Morichales.”
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Orinoco Delta Plants

Ricinus communis Costus sp.
Scientific name Scientific name
Tartago
Common name Common name

Miconia prasina

Scientific name

Nigua QAc4817(t)c

Common name



Cecropia peltata L.
Family: Cecropiaceae
Common name: Yagrumo

A fast-growing tree in large clearings of riverine forests.

Blechnum serrulatum L. C. Rich.
Family: Blechnacea
Common name: Helecho serrucho

Fern species that forms pure communities in the lower delta and is very tolerant of fire.

Mimosa sp.
Family: Mimosaceae

Heavily armed shrub that forms impenetrable barriers when growing in dense,
monospecific communities on levees and other high ground.
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Orinoco Delta Plants

Cecropia peltata Blechnum serrulatum
Scientific name Scientific name
Yagrumo Helecho serrucho
Common name Common name

Mimosa sp.

Scientific name

Common name

QAc4817(u)c




Calathea lutea (Aubl.) Schult.
Family: Marantaceae
Common name: Casupo

Heliconia marginata (Griggs) Pittier
Family: Heliconiaceae
Common name: Platanillo

Echinochloa polystachya (Kunth) Hitchc.
Family: Poaceae
Common name: Pasto aleman

Common herbs growing in marshy areas, levee forests, and forest clearings.

Montricardia aborescens L.
Family: Araceae
Common name: Rabano de agua

A very widespread giant herb forming pure communities in the upper delta; also
occurring in the undergrowth of mangroves, palms, and swamp forest.
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Orinoco Delta Plants

Calathea lutea (left center)
Heliconia marginata (right center)
Echinochloa polystachya (bottom)

Scientific name

Casupo (left center)
Platanillo (right center)
Pasto aleman (bottom)

Common name

Montricardia aborescens

Scientific name

Rébano de agua

Common name

QAc4817(v)c



Coccoloba latifolia Lam.
Family: Polygonaceae
Common name: Uvero

Tree in open-marsh forests in the upper delta.

Heliconia psittacorum L.f.
Family: Heliconiaceae

Giant herb very common in the undergrowth of open palm swamp communities.
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Orinoco Delta Plants

Coccoloba latifolia

Scientific name

Uvero

Common name

Heliconia psittacorum

Scientific name

Common name

QAc4817(w)c
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APPENDIX 2
MUD VOLCANOES OF THE ORINOCO DELTA, EASTERN VENEZUELA

A. Aslan, A. G. Warne, R. C. Smyth, J. A. Raney, E. H. Guevara, W. A. White, and
J. C. Gibeaut

Bureau of Economic Geology, The University of Texas at Austin, University Station, Box X,
Austin, TX 78713-8924

ABSTRACT

Mud volcanoes along the Orinoco Delta northwest margin are part of a regional belt of
mud volcanism and diapirism that formed in response to rapid foredeep sedimentation and
subsequent tectonic compression along the Caribbean—South American plate boundary. Mud
volcanoes highlight the importance of tectonic influences on the development of this major delta
and its proximity to an active plate margin. Evaluation of the Orinoco Delta mud volcanoes and
those elsewhere indicate that mud volcanoes are important indicators of tectonic conditions along
deformation fronts of plate margins.
INTRODUCTION

The Orinoco Delta of eastern Venezuela contains 20,000 km? of pristine forests and
marshes subdivided by networks of fluvial and tidal channels. The delta occupies a structural
trough located adjacent to the deformation front of the Southeast Caribbean plate boundary zone
(SCPBZ; sensu Robertson and Burke, 1989) (Fig. 1). The trough is filled by >10,000 m of
primarily Miocene to Recent deep-marine, shelf, and deltaic sediments (Barnola, 1960; Pees et
al., 1968; DiCroce et al., 1999). Basin subsidence and sediment infilling occurred principally in
response to transpression related to eastward migration of the Caribbean Plate relative to South

America (Robertson and Burke, 1989; Algar and Pindell, 1993).
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Subaerial mud volcanoes are known in fewer than 30 regions worldwide and
comprehensive assessments of their origins and tectonic significance are limited (cf. Higgins and
Saunders, 1974; Hedberg, 1980). Although they are known from offshore environments, mud
volcanoes are rare in subaerial deltaic settings (Morgan et al., 1968). Mud volcanoes of the
northwestern Orinoco Delta provide dramatic relief to the surrounding delta plain. These features
are part of a regional belt (Fig. 1) of mud volcanism and diapirism that extends from eastern
Venezuela, across southern Trinidad and parts of the Barbados Ridge Complex (Kugler, 1933;
Higgins and Saunders, 1967; Pees et al., 1968; Biju-Duval et al., 1982; Westbrook and Brown,
1983). Our main objectives are to interpret the origin of Orinoco mud volcanoes and to explain
their importance to Orinoco Delta evolution.

ORINOCO DELTA MUD VOLCANOES

Orinoco Delta mud volcanoes cluster along the crest of the northeast-southwest-trending
Pedernales anticline. This structure is contiguous with the Southern Range anticline of Trinidad
and overlies the Eastern Venezuelan Basin axis (Pees et al., 1968) (Kidwell and Hunt, 1958;
Barnola, 1960; Pees et al., 1968; Algar and Pindell, 1993) (Fig. 2). The Pedernales anticline,
active since the late Pleistocene, is cored by a mud diapir that originates from depths as great as
6,000 m (Pees et al., 1968; Bennett et al., 1994).

Field observations (1998 and 1999), GPS surveys, and LANDSAT Thematic Mapper
imagery were used to determine the location, geomorphology, and sedimentology of five of
seven mud volcanoes and the La Brea tar seep (Fig. 2). Orinoco mud volcanoes are mound
shaped, 10 to 15 m high, and as much as 400 m in diameter. Scarce or anomalous vegetation
surrounds active vents (i.e., tassik areas of Higgins and Saunders, 1974) (Fig. 3 A, B). Historic

accounts indicate that mud-volcano eruptions involve fluidized mud, gas, and water, and they
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can be violent (Arnold and Macready, 1956; Wilson and Birchwood, 1965). Recent mud flows
and craters filled with waters that bubble intermittently as a result of gas exsolution demonstrate
that four out of the five mud volcanoes are currently active.

La Plata mud volcano, the largest active feature in the delta (Fig. 3B), is located on the
northeast edge of a rapidly accreting island near the mouth of a major Orinoco Delta distributary
(Fig. 2). The mud volcano’s crest, ~15 m above sea level, has a diameter of ~250 m and is
covered by erosional rills and lithic clasts (Fig. 3C). Clasts range from granules to boulders as
much as 40 cm in diameter and include quartz, chert, quartzite, gneiss, sandstone, siltstone,
pyrite-rich black shale, limestone, and ironstone. Granule and pebble-size clasts of chert, quartz,
and quartzite are well rounded, whereas sandstone, shale, and limestone clasts tend to be angular
to subround (Fig. 3D). Some limestone clasts show evidence of etching and pitting. Wave
erosion along the northeast flank exposes gray mud that encases numerous black-shale and
siltstone clasts. Only one small vent is active, but vegetated mudflows and inactive vents along
the flanks provide evidence of multiple episodes of eruptive activity. Major violent eruptions
occurred at La Plata in 1948 (Marifio and Zanin, 1983) and 1995.

The Pedernales mud volcano, the largest in the region, is currently dormant. Rising ~15
m above sea level, it has a diameter of ~350 m, has no active vents or craters, and is densely
vegetated. Irregular depressions represent possibly collapsed vents. Abandoned concrete
buildings and walkways built by local inhabitants along the crest of the mud volcano have
subsided into several of the depressions. Along the north flank of the mud volcano, wave erosion
has exposed steeply dipping (>20°) carbonaceous siltstones of the Plio-Pleistocene Las Piedras
Formation. Preserved bedding and absence of similar outcrops in the immediate area suggest that

these deposits were uplifted along faults.
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Hydrocarbon seeps associated with mud volcanoes have been a major impetus for oil and
gas exploration in the delta. Vents having oil films and minor tar flows are common at the Palm
Grove mud volcano (Fig. 2). La Brea is a tar seep that consists of a flat, tar-capped, and wave-
eroded mudflow (Fig. 3E). It rises ~1 m above adjacent mangrove swamps, parallels the
shoreline for ~1 km, and extends inland for ~100 m. Tar that veneers the land surface emanates
from numerous small vents. Underlying muds have been thoroughly impregnated by
hydrocarbons.

MUD-VOLCANO ORIGINS

Essentially all reported mud volcanoes are associated with thick sequences of
overpressured, organic-rich, clayey sediments (Hedberg, 1974; 1980; Kopp, 1985). Mud-volcano
occurrence near the basin axis indicates that rapid accumulation of Miocene and Pliocene marine
muds has played a major role in the development of Orinoco mud volcanoes. Paleontologic data
show that Miocene black shales are the source material of Trinidad mud volcanoes (Higgins and
Saunders, 1974), and abundant black-shale clasts at La Plata indicate that the same may be true
of Orinoco mud volcanoes. Well-rounded clasts of resistant rock types at Pedernales and La
Plata, as well as at several Trinidad mud volcanoes, suggest that the source beds of the mud
volcanoes were intercalated with fluvial gravels or marine slumps that contained reworked
fluvial gravels (cf. Higgins and Saunders, 1974).

The location of the Orinoco mud volcanoes along the Pedernales anticline suggests that
tectonic compression is also a major factor influencing mud-volcano development. Mud
volcanoes in southern Trinidad occupy similar positions along the crest of the Southern Anticline
(Salvador and Stainforth, 1965; Wilson and Birchwood, 1965). We infer that southeast-directed

tectonic stresses along the south SCPBZ margin, coupled with thick mud accumulations in the
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Pedernales region, led to the development of overpressured conditions and diapiric anticlines.
Faults along the crests of these structures provided pathways for fluidized muds, which migrated
upward through overlying strata and erupted at the land surface (cf. Wilson and Birchwood,
1965; Higgins and Saunders, 1974; Barber et al., 1986; Algar, 1993). Orinoco mud volcanoes are
interpreted to be fault-controlled, surface manifestations of the buried mud diapir—an
interpretation similar to those inferred at other localities (e.g., Morgan et al., 1968; Barber et al.,
1986). The absence of mud volcanoes in the northern SCPBZ (Fig. 1) may reflect northward
thinning of Miocene and Pliocene strata (cf. Brown and Westbrook, 1987).

Methane generation and clay-mineral diagenesis probably contribute to the development
of overpressured conditions. We concur with Higgins and Saunders (1974), however, in that
these factors are probably secondary to tectonic and depositional controls because they do not
explain the distribution of the mud volcanoes and diapirs parallel to the SCPBZ.

TECTONIC SIGNIFICANCE OF ORINOCO DELTA MUD VOLCANOES

Orinoco mud volcanoes follow the general pattern of mud volcanism observed around the
world (Fig. 4). A global survey shows that 23 out of the 27 areas of active mud volcanism are
located near convergent plate boundaries or suture zones associated with regional fold and thrust
belts (Higgins and Saunders, 1974; Kopp, 1985). These observations suggest that tectonic
compression plays a primary role in the development of most mud volcanoes.

Orinoco volcanoes demonstrate that tectonically driven mud diapirism is influencing the
delta’s subaerial development. Near Pedernales the shoreline approximately parallels and is
generally coincident with the axis of the anticline (Figs. 1 and 2). Shoreline position and the
shallow depth of deformed Las Piedras strata suggest that the anticline at least partly controls the

position of the delta margin and extent of delta progradation northward into the Gulf of Paria.
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Most deltas are located in tectonically quiescent areas (Coleman, 1981) where mud volcanism
and diapirism is caused principally by sediment loading in offshore environments (Morgan et al.,
1968; Chen and Stanley, 1993), and has little affect on subaerial delta development.
CONCLUSIONS
1. Orinoco Delta mud volcanoes are part of a belt of mud volcanism and diapirism that parallels
the SCPBZ. Mud volcanoes formed in response to rapid foredeep sedimentation and
transpression along the plate boundary and highlight the proximity of the Orinoco Delta to an
active plate margin.
2. Orinoco mud volcanoes are dramatic surface manifestations of tectonically driven diapirism
and differ from those formed principally by sediment loading in offshore environments. Most
major deltas develop in tectonically quiescent settings and therefore have no subaerial mud
volcanoes.
3. The location of Orinoco mud volcanoes is controlled by anticlinal structures that developed
along the deformation front of the SCPBZ. These structures also influence the position of the
delta margin.
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Table 1. Summary information on mud volcanoes worldwide.

No. |Location Tectonic setting Structural setting Sedimentary Age of mud Mud volcano No. of Mud volcano | Hydrocarbon |References
basin volcano clast volcanoes | _dimensions and fluid
thickness sediments composition Diameter | Height | composition
(m) (m)
1 |Azerbaijan Iranian—Afghan and Eurasian 226 Goubkin and Federov
convergent plate boundary (1937); Khalilov and
Kerimov (1981)
2 |Barbados Ridge Caribbean-Atlantic plate subduction Broad area of folded and Methane Stride et al. (1982); Brown
zone thrust-faulted sediments and Westbrook (1987)
within accretionary prism
3 |Burma Regional strike-slip fault Related to early Cenozoic Cretaceous—-Eocene | Coarse sandstone 45 25 Chibber (1934)
foldbelt and regional strike- subordinate shale
slip fault and limestone
4 |Colombia South American-Nazca convergent Tertiary foldbelt of the Tertiary 50 15 Higgins and Saunders
plate boundary western Cordillera (1974)
Indonesia Eurasian-Indian convergent plate
boundary
5 |Timor Borbonaro scaly Large boulders of 21 2,000 Barber et al. (1986)
clay sandstone
6 |Java Associated with anticlines Turbidite 303 Humphrey (1963)
sandstone to2 m
diameter
7 |Sumatra Higgins and Saunders
(1974)
8 |North Bomeo Upper Higgins and Saunders
Cretaceous-lower (1974)
Tertiary
9 |Mediterranean African—Eurasian transpressional plate Miocene 2 Robertson et al. (1996)
Ridge boundary
10 |italy and Sicily African—Eurasian transpressional plate |Strike-slip fault Tertiary 50-60 <2 Bituminous Abbate et al. (1970)
boundary sands, methane
11 |Mexico Center of Papaloapeen Basin Crest of an anticline 25750 m Oligocene-Miocene 1 25 6 Humphrey (1963)
12 |New Zealand Pacific-Australian convergent Northeast-trending fault 6,100 m Miocene-Pliocene Marine and 3 Ridd (1970)
terrigenous clastic
rock
IMangaehu Stream — |Plate boundary | East-west-striking high- ~2,700m = - 1
angle fault
Hangaroa River High-angle fault 1 Flame gases
Arakihi Road North-northwest- trending
fault
13 |North Panama Nazca-Caribbean convergent plate Breen et al. (1988)
boundary
14 | Pakistan Indian and Iranian-Afghan convergent |Ornach fault and foldbelt Oligocene-Miocene Clay and 47 Methane and |Ahmed (1969)
plate boundary; oceanic thrust beneath carbonate unsaturated
continental plate hydrocarbon
Makran Mixture, minor Stiffe (1873); Snead
quartz (1964); Wilson and
Birchwood (1965)
15 |Romania Caucasus suture zone Along the axis of the Berca Miocene-Pliocene Dozens Higgins and Saunders
anticline (1974)
16 |Black Sea Caucasus suture zone Diapiric anticlines of the Oligocene-Miocene | Minor sandstone, 400-500 Basov and Ivanov (1996)
Apsheron Peninsula and Pliocene limestone, and
dolomite
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No. |Location Tectonic setting Structural setting Sedimentary Age of mud Mud volcano No. of Mud volcano | Hydrocarbon |References
basin volcano clast volcanoes | _dimensions and fluid
thickness sediments composition Diameter [ Height | composition
m | (m)
17 |Taiwan Philippine—Eurasian convergent plate Upper Tertiary to 64 Shih (1967)
boundary Holocene
18 |Trinidad South American~Caribbean Southem Trinidad fold and 1,515m Tertiary Shale and 182 15-18 Oil sands, Amold and Macready
transpressional plate boundary thrust belt, crests of sandstone petroleum gas |(1956)
anticlines
Mud Island Heterogeneous Many Wilson and Birchwood
sandstone and (1965)
gravel
Chatam, Mud Island Miocene Carbonaceous Mostly methane |Higgins et al.(1967)
conglomerate and
gravelly sandstone
Marac mud volcano 3,000-4,000 m 26 10-500 Heavy, tarry oil |Higgins and Saunders
(1974); Kugler (1933); Kerr
at al. (1970)
19 |Venezuela, South American-Caribbean Diapir-cored anticline >10,000 m Cretaceous— Rounded to >10 50-500 | 10-20 Oil, tar, water | Kidwell and Hunt (1958);
Orinoco Delta transpressional plate boundary Holocene angular pebble to Barnola et al. (1960)
boulder-size clasts
of shale,
sandstone, chert,
limestone,
metamorphics
20 |Ecuador South American-Nazca convergent Eocene Marchant and Black (1960)
|plate boundary
21 |Southern Caspian |[Eurasian and Iranian-Afghan Gansser (1960)
compressional plate boundary
22 |New Guinea Indian—Eurasian convergent plate Williams et al. (1984)
|boundary
23 |[Sakhalin Sulure zone near the Eurasian-Pacific Upper Cretaceous Gorkun and Siryk (1968)
convergent plate boundary
24 |Mississippi Delta, |Passive margin Delta front 3,000 m Plio-Pleistocene Morgan et al. (1968)
us
25 |Tanganyika Intraplate setting Richard (1945)
26 |Gulf of Mexico Passive margin Continental shelf margin >1,000 m Quaternary Sieck (1973), Neurauter
and Roberts (1994)
27 |Yangtze Delta, Passive margin Continental shelf margin >60 m Upper Pleistocene (Chen and Stanley, 1993)
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Figure 1. Northern South America (see inset) showing the geology, major structural elements,
and areas of mud volcanism and diapirism. (Modified from Westbrook and Smith, 1983; Algar

and Pindell, 1993; and DiCroce et al., 1999).
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Figure 2. LANDSAT Thematic Mapper gray-scale image showing the distribution of Orinoco
mud volcanoes along the axis of the Pedernales anticline. Cross section shows deformed Plio-
Pleistocene strata of the Las Piedras Formation overlain by the Holocene Paria Formation.
(Modified from Kidwell and Hunt, 1958).
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Figure 3. A. Active vent of the El Cedral mud volcano. B. Oblique aerial photograph of the La
Plata mud volcano showing crest with little vegetation. View is to the southwest. C. Surface of
the La Plata mud volcano showing the abundance of large clasts in the mudflow deposits. View
is to the northeast. D. Rounded limestone clast with striations and pitting probably caused by
acid etching during an eruption. E. La Brea tar seep showing the tar-covered, wave-eroded
mudflow and partly exhumed mangrove stumps. View is to the southwest.
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Figure 4. Global distribution of major areas of mud volcanism. CA = Caribbean; PH =
Philippines. Shaded circles containing numbers denote mud volcanoes within intraplate settings.
Open circles containing numbers refer to mud volcanoes located near active plate margins.
1=Azerbaijan, 2=Barbados Ridge, 3=Burma, 4=Colombia, 5=Timor, 6=Java, 7-Sumatra,
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comprehensive summary of the reported mud volcanoes is available through the GSA Data
Repository. (Modified from Higgins and Saunders, 1974).

2-16



APPENDIX 3
COMPREHENSIVE BIBLIOGRAPHY
E. H. Guevara, S. D. Hovorka, and A. G. Warne

Abu-Jaber, N. S., Kimberley, M. M., and Monente, J. A., 1988, Marine dispersal of suspended
silt in the Orinoco plume by tree rootlets; was silt dispersal from deltas different before
trees appeared on Earth? (abs.): Geological Society of America Bulletin, v. 20, no. 4,
p. 251,

Acevedo, M. L., 1983, Informacién sobre el Delta del Orinoco y otros sistemas deltaicos
tropicales [Information on the Orinoco delta and other tropical delta systems]: MARNR-
GSPOA, Proyecto Orinoco-Apure, Caracas, 250 p.
<CVG-TECMIN > <Biblioteca de PROA, Torre Sur Piso 8, Caracas>

Acosta, G., Bueno, E., Menéndez, A., Seijas, F., and Telisman, V., 1978, Texto explicativo del
mapa hidrogeoldgico de Venezuela, escala 1:500.000. Hoja Ciudad Bolivar (NC-20-III)
[Explanatory text of the hydrogeological map of Venezuela, scale 1:500,000. Ciudad
Bolivar sheet (NC-20-III)]:Cong. Geolégico Latinoamericano 2, v. 5, p. 3403-3420.

Alayeto-E., Manuel B., and Louder, L. W., 1974, The geology and exploration potential of the
heavy oil sands of Venezuela (the Orinoco petroleum belt): Canadian Society of
Petroleum Geologists, Memoir 3, Oil sands—Fuel of the future, p. 1-18.

Alberdi, Margarita, Lépez, E. C., and Galarraga, Federico, 1996, Genetic classification of crude
oil families in the Eastern Venezuelan Basin: Boletin de la Sociedad Venezolana de
Gedlogos, v. 21, no. 1, p. 7-21.

Allison, M. A., 1993, Mechanisms of coastal progradation and muddy strata formation adjacent
to the Amazon River: Ph. D. dissertation, SUNY at Stony Brook, 339 p.

Allison, M. A., Nittrouer, C. A., and Faria, L. E. C., Jr., 1995, Rates and mechanisms of
shoreface progradation and retreat downdrift of the Amazon River mouth, in Nittrouer,
C. A, and Kuehl, S. A., eds., Geological significance of sediment transport and
accumulation on the Amazon continental shelf: Marine Geology, v. 125, no. 3-4, p. 373-
392.

Allison, M. A., Nittrouer, C. A., and Kineke, G. C.,1993, Seasonal sediment storage on mud flats
adjacent to the Amazon River: International Journal of Marine Geology, Geochemistry,
and Geophysics, no. 125, p. 303-324.

Alvarez, R. J., Klanke, Arturo, and Volcédn-B., J. M., 1964, Aforos del rio Orinoco realizados por
el Departamento de Meteorologia e Hidrologia de la Escuela de Ingenieria Civil de la
Facultad de Ingenieria. Recopilacién de datos sobre el rio Orinoco [Levels of the Orinoco
river measured by the Department of Meteorology and Hydrology of the School of Civil

3-1



Engineering of the Faculty of Engineering. Compilation of data on the Orinoco river]:
Universidad Central de Venezuela, Boletin de la Facultad de Ingenieria, no. 8.

Anderson, J. A. R., 1964, The structure and development of the peat swamps of Sarawak and
Brueni: Jour. Tropical Geography, v. 18, p. 7-16.

Anderson, J. A. R., 1983, The tropical peat swamps of western Malaysia, in Gore, A.J. P., ed.,
Ecosystems of the World, Part 4B, Mires: Swamp, Bog, Fen, and Moor, Regional
Studies: Elsevier Scientific Publishing, Chpt. 6, p. 181-199.

Anderson, J. A. R., and Muller, J., 1975, Palynological study of a Holocene peat and a Miocene
coal deposit from N. W. Borneo: Rev. Palaeobot. Palyn., v. 19, p. 291-351.

Andreux, F., and Becerra, S. P., Fraccionamiento y caracterizacién del material hiimico en
algunos suelos de sabana de la Orinoquia Colombiana [Fractionation and characterization
of humic material in some soils of the Colombian Orinoquia savanna], in Investigaciones
especiales en suelos del Centro de Desarrollo Integrado “Las Gaviotas” (Comisaria del
Vichada), Colombia, Instituto Geografico “Agustin Codazzi”, Direccién Agrolégica,
Publicaciones, v. 11, no. 7, p. 63-85.

Anonymous, 1959, Mapa batimétrico de la Repiiblica de Venezuela: 1:2,000,000
<UT Geol G5281/C2 1959, v 4>
Outline: Soundings, not contoured in the prodelta.

Anonymous, 1969, Exploracién pesquera realiza la Fundacién La Salle en todo el Oriente [La
Salle Foundation performs fishery exploration in all eastern areas]
<Biblioteca de PROFAUNA, Mezzanina, Edif. Camejo, Caracas>

Anonymous, 1976, Report of the IOC/ FAO/ UNEP international workshop on marine pollution
in the Caribbean and adjacent regions: Workshop report, UNESCO, Intergovernmental
Oceanographic Commission, v. 11, 31 p.

Outline: Oceanography; oil-spills; Orinoco River; pollutants; pollution
<UT Geol GC 123 16 1976>

Anonymous, 1978, Investigacién sobre riesgo sismico Delta del Orinoco: Reporte de avance
[Investigation of seismic risk in the Orinoco Delta: Progress report]
<INTEVEP>

Anonymous, 1979a, Delta del Orinoco: Ecosistema marino-estuarino y posibles impactos
ambientales por operaciones petroleras en tierra firme y costa afuera [Orinoco Delta:
marine-estuarine ecosystem and possible environmental impacts from petroleum
operations on land and offshore]
<INTEVEP>

Anonymous, 1979b, Interpretation and assessment of shallow geologic and geotechnical

conditions, Orinoco regional survey areas, offshore Orinoco Delta, Venezuela
<INTEVEP>

3-2



Anonymous, 1980, Como explotan el crudo de la Faja del Orinoco [How crude oil is exploited in
the Orinoco Belt]: Petréleo Internacional, v. 38, no. 2, p. 17-22.

Anonymous, 1980, Plan operativo, Regién Guayana, Caracas.
Qutline: Land reform, Bolivar (State)-Amazonas (Territory), Delta Amacuro (Territory).
<UT Benson Latin American Collection HD 590 G9 P626 1980-81>

Anonymous, 1981a, La faja petrolifera del Orinoco [Orinoco oil belt]: Geominas, Niicleo de
Bolivar, Universidad de Oriente, Ciudad Bolivar, Venezuela, no. 10, p. 77-84.

Anonymous, 1981b, Estadisticas de la Regién Guayana [Statistics of the Guayana region].
<UT Benson Latin American Collection, Bolivar, Delta Amacuro and Guayana Region,
Venezuela, HA 1097 G8 E872 1981 No. 2>

Anonymous, date unknown, Demographic and biological studies of the Warao Indians: UCLA
Latin America Center Publications.
<Amazon.com>

Anonymous, date unknown, The tropical environment: Bio-regions of Venezuela and their
importance for the study of the regional pathobiology, 69 p.
<www.dtic.dla.mil/stinet JPRS-36334>.

Aparicio-Castro, R., Castaifieda, J., and Perdomo, M., 1990, Regional implications of relative sea
level rise and global climate change along the marine boundaries of Venezuela, in Titus,
J., ed., Changing climate and the coast, v. 2: Western Africa, the Americas, the
Mediterranean Basin, and the rest of Europe: Report to the Inter-Governmental Panel on
Climate Change, Miami Conference on Adaptative Responses to Sea Level Rise and
Other Impacts of Global Climate Change, p. 385-297.
<ENSR, Caracas>

Aristeguieta, Leandro, 1969, Consideraciones sobre la flora de los morichales llaneros del norte
del Orinoco [Considerations on the morichales flora of the plains north of the Orinoco].
<UT Benson Latin American Collection QK 273 A758>

Arnold, Ralph, and Macready, George, 1956, Island-forming mud volcano in Trinidad, British
West Indies: American Association of Petroleum Geologists Bulletin, v. 40, no. 11,
p- 2748-2758.

Ashford, F. E., and Ghoniem, Y., 1987, Preliminary evaluations applicable to predicting the
probability of occurrence for compaction and subsidence resulting from fluid withdrawal
in unconsolidated shallow sands, in Meyer, R. F., ed., Exploration for heavy crude oil and
natural bitumen: American Association of Petroleum Geologists, Studies in Geology,
no. 25, p. 607-613.

Audemard, Felipe, 1993, Generation and migration of heavy oils from Guarico and southern
Maturin subbasins (abs.): American Association of Petroleum Geologists Bulletin, v. 77,
no. 2, p. 303-304.

3-3



Audemard, Felipe, 1996, Folded-belts: petroleum systems of northern South America, (abs.):
American Association of Petroleum Geologists Bulletin, v. 80, no. 8, p. 1269-1270.

Audemard, Felipe, Azpiritxaga, Izaskun, Baumann, Paul, Isea, Andreina, and Latreille, Michel,
1985, Marco geoldgico del Terciario de la Faja Petrolifera del Orinoco, Venezuela
[Geologic framework of the Tertiary of Orinoco Oil Belt, Venezuela]: Cong. Geolégico
Venezolano 6, no. 1-2, p. 70-108.

Avila, R., Bejarano, L., Contreras, M., Diaz-M., R, Febres, G., Fernandez, F., Gajardo, E.,
Goldin, J., Herrera, L., Laya, E., Masanes, J., Monjak, T., Sgambatti, J., and Villoria, C.,
1982, Disefio conceptual de plataformas para el Norte de Paria y Golfo de Paria
[Conceptual design of platforms for the North of Paria and Gulf of Paria]: PDVSA-
Intevep rept. INT-00464,82, 138 p.

Avila, R.G., Herrera, L.E., Febres, G.A., and Tonda, Henri, 1980, Régimen de mareas en las
aguas costeras de Venezuela, en especial en la regién del Delta del Orinoco [Tidal regime
in the coastal waters of Venezuela, especially in the Delta del Orinoco region]: PDVSA-
INTEVEP rept. INT-0293,80, 83 p.

AYCA, Asesores y Consultores Agropecuarios, S. P., 1976a, Estudio agrolégico preliminar y
semidetallado, parte sur de la isla Tucupita, Territorio Federal Delta Amacuro
[Preliminary and semi-detailed agrological study, southern part of Tucupita island, Delta
Amacuro Federal Territory]: CVG, Gerencia de Desarrollo Agricola, Sub-Gerencia del
Programa Delta, 87 p.
<CVG-TECMIN>

AYCA, Asesores y Consultores Agropecuarios, S. P., 1976b, Estudio agrolégico semidetallado
de la parte protegida de la isla Macareo, Territorio Federal Delta Amacuro [Semi-detailed
agrological study of the protected part of Macareo island, Delta Amacuro Federal
Territory].
<CVG-TECMIN>

AYCA, Asesores y Consultores Agropecuarios, S. P., 1977a, Revision cartografica de los suelos
de cubetas de la isla Guara, Distrito Sotillo, Estado Monagas [Cartographic review of the
basin soils of Guara island, Sotillo District, State of Monagas]: CVG, Gerencia de
Desarrollo Agricola, Sub-Gerencia del Programa Delta, Tucupita, 47 p.

AYCA, Asesores y Consultores Agropecuarios, S. P., 1977b, Revisién cartografica de la zona
sur y reconocimiento de suelos de la zona central de la isla Cocuina [Cartographic review
of the southern zone and soils reconnaissance in the central zone of Cocuina island].
<CVG-TECMIN>

Ayers, A. J., 1842, Noticias sobre Pedernales [News on Pedernales]: Gaceta de Venezuela no.
584, 20 March 1842. (mentioned in Marifio and Zannin, 1985).

Aymard, R., Pimentel, L., Eitz, P., Lépez, P., Chaouch, A., Navarro, J., Mijares, J., and Pereira,
J. G,, 1990, Geological integration and evaluation of northern Monagas, Eastern

3-4



Venezuelan Basin, in Brooks, J., ed., Classic petroleum provinces: Geological Society
Special Publications, no. 50, p. 37-53.

Azzouz, A. S., Baligh, M. M., and Ladd, C. C., 1983, Cone penetration and engineering
properties of the soft Orinoco clay: International Conference on the Behavior of Off-
Shore Structures 3, Proceedings, v. 1, p. 161-180.

Balloffet, Armando, and Bocco, Miguel, 1969, Modelo matemadtico en el planteamiento del
proyecto del delta del Orinoco [Mathematical model in the presentation of the Orinoco
delta project]: Boletin SVIH, no. 14.
<UCV-IMF>

Bally, A. W., Di Croce, Juan, Ysaccis, R. A., and Hung, Enrique, 1995, The structural evolution
of the East Venezuela transpressional orogen and its sedimentary basins: Geological
Society of America, Abstracts with Programs, v. 27, no. 6, p. 154.

Baptista, G., and Candiales, L., 1975, Las arcillas del Delta Amacuro y los avances tecnol6gicos
[Clays of Delta Amacuro and technological advances]: Boletin de la Sociedad
Venezolana de Gedlogos, Filial Guayana, no. 12, p. 7-11.

Barberan, L., 1994, Seguridad de levantamiento sismicos, zonas de pantanos, Este de Maturin
(res.) [Safety in seismic surveys, swamp areas, East of Maturin (abs.)]: Cong.
Venezolano de Geofisica 7, p. 569-570.

Barker, Colin, 1981, Organic Geochemistry of the Orinoco Delta, Venezuela: A study of recent
sediments and their size fractions: Ph. D. dissertation, University of Tulsa, Tulsa,
Oklahoma, 170 p.

Barker, C., 1982, Organic geochemistry and sedimentology of the Orinoco River and Orinoco

Delta, Venezuela
<INTEVEP>

Barnola A., 1960, Historia del campo de Pedernales [History of the Pedernales field]: Cong.
Geolégico Venezolano 3, v. 2, p. 552-573.

Barse, W. P., 1990, Preceramic occupations in the Orinoco River valley: Science, v. 250,
no. 4986, p. 1388-1390.

Becemberg, R., 1988, Aplicacién de un modelo matemadtico en la confluencia del rio Caroni con
el rio Orinoco [Application of a mathematical model for the Caroni river-Orinoco river
junction]: UCV, Caracas, Trabajo Especial de Grado (mentioned by Gil and others,
1998).
<IMF-UCV>

Becker, H., 1942, Susbsurface and production data on the Pedernales Field
<INTEVEP>

3-5



Beisbal, F., 1993, Estudio de la fauna silvestre y acudtica del pantano oriental, Estados Monagas
y Sucre [Study of the wild and aquatic fauna of the eastern swamp, Monagas and Sucre
States]
<Biblioteca de PROFAUNA., Mezzanina, Edif. Camejo, Caracas>

Belderson, R. H., Kenyon, N. H., Stride, A. H., and Pelton, C. D., 1984, A “braided” distributary
system on the Orinoco deep-sea fan: Marine Geology, v. 56, no. 1-4, p. 195-206.
Outline: acoustical survey, Gloria; side-scanning methods; sonar methods

Bell, J. S., 1972, Geotectonic Evolution of the Southern Caribbean Area: Geological Society of
America Memoir 132, p. 369-386.

Beltran, C., and Giraldo, C., 1989, Aspectos neotecténicos de la regién nororiental de Venezuela
[Neotectonic aspects of the northeastern Venezuela region]: Cong. Geolégico
Venezolano 7, v. 3, p. 999-1022.

Bennett, J., Gluyas, J., Oliver, J., Newcombe, G., Sturrock, S., and Wilson, W., 1994, The
Pedernales field. Unravelling reservoir complexity: Cong. Venezolano de Geofisica. 7,
p. 486-493.

BENTHOS, 1996, Caracterizacién biolégica y quimica del cafio Pedernales y zonas inundables
(Edo. Delta Amacuro) [Biological and chemical characterization of cafio Pedernales and
flooded zones (Delta Amacuro State)].
<ENSR, Caracas>

Bermidez, P.J., 1962, Foraminiferos de las lutitas de Punta Tolete, Territorio Delta Amacuro
(Venezuela) [Foraminifera of the Punta Tolete shales, Delta Amacuro Territory
(Venezuela)]: GEOS, Universidad Central de Venezuela, No. 8, p. 35-38.

Berry, E. W., 1937, Lower Cretaceous plants beneath the floodplain of the Orinoco from the
state of Monagas, eastern Venezuela: Contributions to paleobotany of South America:
Johns Hopkins University Studies in Geology, no. 12, p. 107-110.

Bidigare, R. R., Ondrusek, M. E., and Brooks, J. M., 1993, Influence of the Orinoco River
outflow on distributions of algal pigments in the Caribbean Sea: Journal of Geophysical
Research, C, Oceans, v. 98, no. 2, p. 2259-2269.

Blancaneaux, P., Pouyllau, M., and Segalen, P., 1978, Les relations geomorphopedologiques de
la retombee nord-occidentale du massif guyanais (Venezuela): 2 (super re) partie, Les
unites geomorpho-pedologiques [Geomorphologic and pedologic relationships of the
northwestern edge of the Guayana Shield, Venezuela: Part 2, Geomorphological-
pedological units]: Pedologie, v. 16, no. 3, p. 293-315.

Blough, N. V., Zafiriou, O. C., and Bonilla, J., 1993, Optical absorption spectra of waters from
the Orinoco river outflow: Terrestrial input of colored organic matter to the Caribbean:
Journal of Geophysical Research, C, Oceans, v. 98, no. 2, p. 2271- 2278.

3-6



Bonilla, J., 1967, Condiciones hidroquimicas del agua y caracteristicas quimicas de los
sedimentos del Golfo de Paria [Hydrochemical conditions of the water and chemical
characteristics of the sediments of the Gulf of Paria]: Boletin del Instituto Oceanogréfico,
UDO, v. 16, no. 1-2.

Bonilla, J., 1977, Condiciones hidroquimicas del agua y caracteristicas quimicas de los
sedimentos del Golfo de Paria durante la Expedicién LS-7302 [Hydrochemical conditions
of the water and chemical characteristics of the sediments of the Gulf of Paria during
Expedition LS-7302]: Boletin del Instituto Oceanografico, UDO, v. 16, no. 1-2, p. 99-
114.

Bonilla, J., and Lin, A., 1979, Materia orgénica en los sedimentos de los golfos de Paria y
Cariaco, Venezuela [Organic matter in sedimentos of the Gulfs of Paria and Cariaco,
Venezuela]: Boletin del Instituto Oceanogréfico, UDO, v. 18, no. 1-2, p. 37-52.

Bonilla-Ruiz, Jaime, Poyer Marquez, Yoseny, and Gamboa, Benito R., 1985, Caracteristicas
quimicas en niicleos de sedimentos de la regién nororiental y rio Orinoco, Venezuela
[Chemical characteristics in cores of sediments from the northeastern region and Orinoco
river, Venezuela]: Boletin del Instituto Oceanografico, UDO, v. 24, no. 1-2, p. 43-61.

Bonilla, Jaime, Senior, William, Bugden, John, Zafirious, Oliver, and Jones, Ronald, date
unknown, Seasonal distribution of nutrients and primary productivity on the eastern
continental shelf of Venezuela as influenced by the Orinoco river: Technical report,
Contract Number N00014-85-C-0001, N00014-87-K-0007, 12 p.
<www.dtic.dla.mil/stinet Source Code: 381000 >

Borregales, C. J., 1980, Production characteristics and oil recovery in the Orinoco oil belt, in
Meyer, R.F., Steele, C. T., and Olson, J. C., eds., The future of heavy crude oils and tar
sands: McGraw Hill, NY, p. 498-509.

Borregales, C. J., 1981, Evaluation and development of the Orinoco oil belt, Venezuela, in
Meyer, R. F., and Olson, J. C., eds., Proceedings of an International conference on long-
term energy resources: Pitman Publishing Company, Boston, Massachusetts, p. 517-524.

Bowles, F. A., and Fleischer, P., 1983, Orinoco/Amazon River sediment input to the eastern
Caribbean Basin (abs.): Eos Transactions, American Geophysical Union, v. 64, no. 52,
p- 1076.

Bowles, F. A., and Fleischer, P., 1985, Orinoco and Amazon River sediment input to the eastern
Caribbean Basin: Marine Geology, v. 68, p. 53-72.

Bracho, H., Gerendas, G., Arreaza, M., Sanchez, E., De Santis, P., and Balladares, C., 1998,
Diagnostico ambiental en Delta Amacuro [Environment diagnostic in Delta Amacuro], in
Lépez Séanchez, J. L., Saavedra Cuadra, 1. I., and Dubois Martinez, Mario, eds, 1998, El
Rio Orinoco Aprovechamiento Sustentable: Primeras Jornadas Venezolanas de
Investigacién sobre el Rio Orinoco, Memorias, IMF, Facultad de Ingenieria, UCV, p. 24-
a3,

3-7



Briceiio, Priscilla, 1982, Land use and natural resource information in the Orinoco Oil Belt,
Venezuela: a case study of the application of Landsat data: Cornell University, Project
report, 124 p.

Briceiio, Tarcila, 1993, Comercio por los rios Orinoco y Apure durante la segunda mitad del
siglo XIX [Commerce along the Orinoco and Apure rivers during the second half of the
XIX century].
<UT Benson Latin American Collection, HC 237 B7 1993>

Brinkman, R., and Pons, L. J., 1968, A pedo-geomorphological classification and map of the
Holocene sediments in the coastal plain of the three Guianas: Soil Survey Institute,
Wageningen, The Netherlands, Soil Survey Papers No 4.

British Petroleum, 1996, Proyecto Guarapiche. Fase I [Guarapiche Project, Phase I]
<Ecology and Environment, Caracas>

Brito, B., and Gil, E., 1994, Zooplankton del estuario de Pedernales [Zooplankton of the
Pedernales estuary], in Monente and Buitrago , eds., Estudio ambiental del cafio
Pedernales: Informe técnico EDIMAR, Fundacién La Salle, Caracas.

Brown, E. T., 1990, The geochemistry of beryllium isotopes; applications in geochronometry:
Ph.D. dissertation, Massachusetts Institute of Technology, Cambridge, Massachusetts.

Brown, E. T., Edmond, J. M., Raisbeck, G. M., Bourles, D. L., Yiou, F., and Measures, C. I,
1992, Beryllium isotope geochemistry in tropical river basins: Geochimica et
‘Cosmochimica Acta, v. 56, no. 4, p. 1607-1624.

Brown, K. M., and Westbrook, G. K., 1987, The tectonic fabric of the Barbados Ridge
accretionary complex: Marine and Petroleum Geology, v. 4, no. 1, p. 71-81.

Bucher, W. H., compiler, 1950, Geologic-tectonic map of the United States of Venezuela:
Geological Society of America, 4 sheets, 1:1,000,000.
<UT Geol G 5281/C5/1950/B9>
Outline: Base map furnished by the Shell Co, 1945. Shows inferred structure beneath
Orinoco oil belt.

Budowski, G., 1952, Los manglares de la costa atlantica de Venezuela [Mangroves of the
Venezuelan Atlantic coast]: MAC, Caracas, Serie Forestal 47.

Burchard, M.N., 1978, Geological and Geophysical Evaluation Venezuelan Borderland Project:
<INTEVEP>

Burke, K., Casey, J., and Robertson, P., 1984, Deformation of Orinoco Delta mud diapirs in the
South Caribbean strike-slip plate boundary zone (abs.): Eos Transactions, American
Geophysical Union, v. 65, no. 16, p.190.

Butenko, J., 1978, Caracteristicas geotécnicas de los sedimentos marinos costafuera Delta del
Orinoco [Geotechnical characteristics of the marine sediments offshore the Orinoco

3-8



Delta].
<INTEVEP>

Butenko, J., 1978, Estudios geotécnicos costafuera Delta del Orinoco: Informe de avance
[Geotechnical studies offshore the Orinoco delta: Progress report].
<INTEVEP>

Butenko, J., 1980, The distribution of the Orinoco soft clay.
<INTEVEP>

Butenko, J., and Barbot, J. P., 1979, Geological hazards related to offshore drilling and
construction in the Orinoco river delta of Venezuela: Offshore Technology Conference
11, Proceedings, v. 1, paper 3395, p. 323-329.

Butenko, Jorge, and Barbot, J. P., 1980, Geologic hazards related to offshore drilling and
construction in the Orinoco River delta of Venezuela: Journal of Petroleum Technology,
v. 32, no. 5, p. 764-770.
<UT Geology Library TN860 J68 v. 23 no. 5>

Butenko, Jorge, and Barbot, J. P., 1984, Caracteristicas geotécnicas de los sedimentos marinos
costafuera delta del Orinoco [Geotechnical characteristics of the marine sediments
offshore the Orinoco delta]: Latin American Geological Conference 4, Transactions,
p. 144-154.

Butenko, Jorge, Barbot, J. P., and Daza, Jorge, 1981, Singularidades geol6gicas exploradas con
el minisubmarino “Calypso” en Venezuela [Geologic oddities explored with the
“Calypso” mini-submarine in Venezuela]: Revista Técnica INTEVEP, v. 1, no. 1, p. 27-
B8,

Cabrera, R., 1987, Problematica de la caceria furtiva de aves canoras y de ornato en la regién del
Territorio Federal Delta Amacuro [The problem of canore and ornate birds hunting in the
Delta Amacuro Federal Territory region].
<MARNR, Caracas>

Cacchione, D.A., Drake, D.E., Kayen, R.W., Sternburg, R.W., Kineke, G.C., and Tate, G.B.,
1995, Measurements in the bottom layer on the Amazon subaqueous delta: International
Journal of Marine Geology, Geochemistry, and Geophysics, no. 125, p. 235.

Callejon, A., Bifano, C., and Ramirez, A., 1985, Estudio de la geoquimica de la contaminacién
de la cuenca del rio Tigre, estados Anzoédtegui y Monagas, Venezuela [Study of the
geochemistry of the pollution of the Tigre river watershed, Anzoategui and Monagas
states, Venezuela]: Cong. Geolégico Venezolano 6, v. 3, p. 1481-1529.

Canales, Héctor, 1983, El aprovechamiento integral de la palma Manaca (Euterpe oleracea) en el
Territorio Federal Delta Amacuro [The integral use of the Manaca palm (Euterpe
oleracea) in the Delta Amacuro Federal Territory]: MARNR, Zona 12 (cited in Canales,
1985).

3-9



Canales, Héctor, 1985, La cobertura vegetal y el potencial forestal del Territorio Federal Delta
Amacuro (sector norte del rio Orinoco) [Vegetation cover and vegetation potential in the
Delta Amacuro Federal Territory (North of the Orinoco river sector)]: Zona
Administrativa, Divisién de Informacién e Investigacién del Ambiente, Seccién de
Vegetacién, Maturin, Serie de Informes Técnicos, Zona 12/1T/270, 131 p.
<Ecology and Environment, and MARNR, Caracas>

Canales, H., and others, 1983, Los manglares del T.F.D.A. Proyecto conservacién y manejo de
manglares costeros, Venezuela y Trinidad-Tobago [The mangroves of the D.A.F.T.
Project Conservation and Management of Coastal Mangroves, Venezuela and Trinidad-
Tobago]: MARNR, DGIIA (cited in Canales, 1985).

CAPRODEL, C. A., 1978, Plan dasonémico para el aprovechamiento de la palma Manaca en el
Departamento Antonio Diaz, T.F.D.A. [Dasonomic plan for the use of the Manaca palm
in the Antonio Diaz Department, D.A.F.T.]: cited in Canales, 1985.

CAPRODEL, 1982, Plan de ordenacién y manejo para la palma Manaca en el Territorio Federal
Delta Amacuro [Plan for the organization and handling of the Manaca palm in the Delta
Amacuro Federal Territory].
<UCV-Inst. Zoologia Tropical>

Carbon, J., and Schubert, C., 1994, Late Cenozoic history of the eastern Llanos of Venezuela;
geomorphology and stratigraphy of the Mesa Formation, in Iriondo, Martin, ed.,
Quaternary of South America: Quaternary International, v. 21, p. 91-100.

Carr-Brown, B., 1972, The Holocene/Pleistocene contact in the offshore area east of Galeota
Point, Trinidad, West Indies: Caribbean Geological Conference 6, p. 381-397.

Cassani, Fernando, and Gallango, Oswaldo, 1989, Organic geochemistry of Venezuelan heavy
and extra heavy crude oils: The Fourth UNITAR/ UNDP International Conference on
Heavy Crude and Tar Sands: v. 2, Geology, Geochemistry, p. 543-553.

Cassani, Fernando, Audemard, Nancy, and Eglinton, Geoff, 1993, Geochemistry of the
hydrocarbons from the Orinoco Belt, eastern Venezuela Basin (abs.): American
Association of Petroleum Geologists Bulletin, v. 77, no. 2, p. 310.

Caura Ingenieros Asociados, 1986, Cafio Manamo-Informe preliminar de impacto ambiental
[Cafio Manamo-Preliminary environmental impact report]: Caracas.
<UCV-IMF>

Caura Ingenieros Asociados, 1994, Estudio de impacto ambiental del dragado del rio Orinoco,
tramo Matanzas-Boca Grande [Study of the environmental impact of the dredging of the
Orinoco river, Matanzas-Boca Grande sector]: Caracas.
<UCV-IMF>

3-10



Celis, E., 1996, Especificaciones para la caraterizacién geotécnica del sitio pruebas piloto de
vialidad modular [Specifications for geotechnical characterization of pilot test sites for
modular transportation]: Lagoven, S.A.

CGR Ingenieria, 1997, Estudios ambientales relacionados con las dreas de climatologia,
hidrologia e hidraulica fluvial del bloque Delta Centro (Delta del rio Orinoco)
[Environmental studies concerning the areas of climatology, hydrology, and fluvial
hydraulics of the Delta Centro block (delta of the Orinoco river)]: Consorcio InfraSur-
Hidroambiente-Fundindes (USB), rept. prepared for Louisiana Lands.
<Funindes>

Cherrie, G.K, 1916, A contribution to the ornithology of the Orinoco region: Brooklyn, New
York.
<UT Benson Latin American Collection G598.2987 C424C.>

Chevalier, Yves, 1996, Tectonica del transecto El Pilar-Delta Amacuro, Cuenca Oriental de
Venezuela (res.) [Tectoncis of the El Pilar-Delta Amacuro transect, Eastern Venezuela
Basin (abs.)]: AAPG/SVG International Congress 2, p. A9.

Chigne, N., Russomanno, F., Sanchez, H., Callején, A., Finno, A., and Escalona, N., 1995,
Hydrocarbon generation and migration modeling, Eastern Venezuela Basin (abs.):
American Association of Petroleum Geologists Bulletin, v. 79, no. 8, p. 1203.

Chigne, N., Russomanno, F., Sanchez, H., Callején, A., Finno, A., and Escalona, N., 1993,
Hydrocarbon generation and migration modeling, Eastern Venezuela Basin (abs.):
American Association of Petroleum Geologists Bulletin, v. 77, no. 2, p. 311.

Clapperton, C. M. and Chalmers Moyes, 1993, Quaternary geology and geomorphology of South
America: Elsevier, Amsterdam , 779 p.
< UT Geology Library QE 696 C59 1993>

Cohen, Marisol de, and Kubacki, Witold, 1985, Efecto de las condiciones sedimentarias sobre la
presencia de las particulas finas [Effect of sedimentary conditions on the presense of fine
particles]: Congreso Latinoamericano de Geologia, Memorias, v. 2, p. 376-420.

QOutline: Eastern Venezuela, Oficina Formation; Orinoco River.

Colmenares-F., Guillermo, and Mejia-B., Abel, 1983, Rio Orinoco Basin; an overview: Eos
Transactions, American Geophysical Union, v. 64, no. 45, 657 p.

Colodner, Debra, 1991, The marine geochemistry of rhenium, iridium and platinum: Ph. D.
dissertation, Massachusetts Institute of Technology, Cambridge, Massachusetts
QOutline: Black Sea; East Mediterranean; Orinoco River basin.

Colodner, Debra, Sachs, Julidn, Ravizza, Gregory, Turekian, K. K., Edmond, John, and Boyle,
Edward, 1993, The geochemical cycle of rhenium; a reconnaissance: Earth and Planetary
Science Letters, v. 117, no. 1-2, p. 205-221.

3-11



Colonnello, Giuseppe, 1995, La vegetacién acuatica del delta del rio Orinoco (Venezuela).
Composicion floristica y aspectos ecolégicos [The aquatic vegetation of the delta of the
Orinoco river (Venezuela). Floral composition and ecological aspects]: Sociedad de
Ciencias Naturales La Salle Mem., no. 144.

Colonnello, Giuseppe, 1996, Aquatic vegetation of the Orinoco river delta (Venezuela), an
overview: Hydrobiologia, no. 340, p. 109-113.

Colonnello, Giuseppe, 1998a, Biomass production of Eichhornia crassipes and Paspalum repens
in two contrasting environments of the Orinoco river delta (Venezuela); Verh. Inter.
Verein. Limnol., vo. 26, p. 1827-1829.

Colonnello, Giuseppe, 1998b, El impacto ambiental causado por el represamiento del Cafio
Manamo: Cambios en la vegetacién riparina, un caso en estudio [Environmental impact
induced by dam construction in Manamo River: changes in riparian vegetation, one case
under study], in Lépez Sanchez, J. L., Saavedra Cuadra, I. I., and Dubois Martinez,
Mario, eds, 1998, El Rio Orinoco Aprovechamiento Sustentable: Primeras Jornadas
Venezolanas de Investigacién sobre el Rio Orinoco, Memorias, IMF, Facultad de
Ingenieria, UCV, p. 24-35.

Colonnello, G., and Medina, E., in press, Vegetation changes induced by dam construction in a
tropical estuary: the case of the Manamo river, Orinoco delta (Venezuela).

Colonnello, G., and Sole, M., 1993, Inventario preliminar de plantas acudticas del delta del rio
Orinoco, Venezuela [Preliminary inventory of aquatic plants of the delta of the Orinoco
river, Venezuela]: Sociedad de Ciencias Naturales La Salle Mem., v. 53, no. 139, p. 147-
159.

Colonnello, G., Sole, M.A., and Veldsquez, 1993, Inventario preliminar de plantas acuaticas
vasculares del delta del rio Orinoco, Venezuela [Preliminary inventory of the aquatic
vascular plants of the Orinoco river]: Sociedad de Ciencias Naturales La Salle, Mem.,
v. 53, no. 139.

Colonnello, G., Sanchez, L., and Vasquez, E., Investigaciones hidrobiolégicas en la planicie de
inundacién del bajo Orinoco, Venezuela [Hydrobiological investigations in the floodplain
of the lower Orinoco, Venezuela].
<Biblioteca de PROA, Torre sur, Piso 8, Caracas>

Colvee, G. P., Szczerban, D. E., and Talukdar, S. C., 1990, Estudios y consideraciones
geoldgicas sobre la cuenca del Rio Caura [Studies and geological comments on the Caura
River watershed], in Weibezahn, F. H., Alvarez, Haymara, and Lewis, W. M., Jr., eds., El
Rio Orinoco como ecosistema [The Orinoco River as an ecosystem], p. 11-53.

Conde, J. E., and Alarcén, C., 1993, Los manglares de Venezuela [The mangroves in
Venezuela], in Lacerda, L.D., ed., Conservacién y aprovechamiento sostenible de
bosques del manglar en las regiones América Latina y Africa [Conservation and
sustainable use of magrove forests in the Latin America and Africa regions]: Project

3-12



ITTO/ISME PD 114/90 (F) Mangrove Ecosystems, Okinawa, Japan.
<Geohidra Consultores, C.A., Caracas>

Congreso Warao, 1980, Los Warao lo merecen [The Warao are deserving]
<Biblioteca de PROA, Torre Sur, Piso 8, Caracas>

Consulta Forestal C.A., 1988, Inventario forestal exploratorio sector Wausa. Plan coordinado
1983 [Wausa sector forestry exploration inventory. 1983 coordinated plan]: MARNR vy
Gobernacion del T.F. Delta Amacuro.
<CVG-TECMIN>

COPLANARH, 1975a, Leyenda geomorfolégica detallada del Delta del Orinoco (en revisioén, no
publicada) [Detailed geomorphologic legend of the Orinoco delta (in review,
unpublished)].
<Geohidra Consultores, C.A., Caracas>

COPLANARH, 1975b, Inventario nacional de tierras. Informe de avance del Delta del Orinoco
[National inventory of lands. Progress report on the Orinoco delta].
<Geohidra Consultores, C.A., Caracas>

COPLANARH, 1979a, Inventario nacional de tierras. Informe de avance del Delta del Orinoco
[National inventory of lands. Progress report on the Orinoco delta]: 180 p.
<UCV-ICT>

COPLANARH, 1979b, Inventario nacional de tierras, region oriental, Delta del Orinoco y Golfo
de Paria [National inventory of lands, eastern region, Orinoco Delta and Gulf of
Paria]:MARNR, Serie Informes Cientificos, Zona 2/IC/21, Maracay, 229 p.

COPLANARH, 1979c, Inventario nacional de tierras. Delta del Orinoco-Golfo de Paria
[National inventory of lands. Orinoco Delta-Gulf of Paria]: MARNR, Serie informes
técnicos.
<UCV-Inst. Zoologia Tropical>

CORDIPLAN, 1969, Estudio cuencas orientales [Study of eastern basins].

CORDIPLAN, 1974, Inventario nacional de tierras. Regiones Centro Oriental y Oriental (7 y 8).
[National inventory of lands, East-Central and Eastern Regions (7 and 8)].
<Biblioteca de PROA, Piso 10, Torre Sur, Caracas>

CORDIPLAN, 1988, Monografia del Territorio Federal Delta Amacuro: Sintesis estadal. 1988
(Inversiones, poblacién, servicios sociales, desarrollo econémico y social). [Monograph
of the Delta Amacuro Federal Territory: State synthesis. 1988. (Investments, population,
social services, economic and social development.)]
<Biblioteca de CORDIPLAN, Piso 24, Torre Oeste, Parque Central, Caracas>

CORDIPLAN, 1995, Ninth Plan of the Nation, a National Project.
<Biblioteca de CORDIPLAN, Piso 24, Torre Oeste, Parque Central, Caracas>

3-13



CORDIPLAN and IVEPLAN, 1995, Matriz de compatibilizacién de los resultados de consulta
de los lineamientos generales del IX Plan en el Estado Delta Amacuro, con el documento
“Un Proyecto de Pais”: Documentos del IX Plan de la Nacién [Compatibility matrix of
the opinion results of the general guidelines of the IX Plan for the Delta Amacuro State,
with the Document “A Project for a Country”: Documents of the IX Plan of the Nation].
<Biblioteca de CORDIPLAN, Piso 24, Torre Oeste, Parque Central, Caracas>

Corona Ch., Vicencio, and Gristeins E., Valdis, 1972, Proyecto Orinoco [Orinoco project]:
Repiblica de Venezuela, Instituto Nacional de Canalizaciones, Publicaciones I.N.C.,
Serie Divulgativa DI-8, 21 p.

Corpoturismo, 1972, Diagnéstico de la situacion de las estructuras receptivas en Amazonas y
Delta Amacuro. [Diagnosis of the situation of the receptive structures in Amazonas and
Delta Amacuro].
<Biblioteca de CORDIPLAN, Piso 24, Torre Oeste, Parque Central, Caracas>

Corpoturismo, date unknown, Inventario de recursos turisticos en el Territorio Federal Delta
Amacuro [Inventory of tourism resources in the Delta Amacuro Federal Territory].
<Ecology and Environment (Carpeta Delta), Caracas>

Countryman, R. L., and Flores, D. M., 1988, Fault patterns in part of Orinoco heavy oil belt,
Eastern Venezuela Basin (abs.): American Association of Petroleum Geologists Bulletin,
v.72,no0. 2, p. 174.

Qutline: Caribbean-Plate; deltaic-environment; Orinoco Belt; right-lateral faults

Cox, D.P., Gray, Floyd, Acosta, Juan, Stewart, J.H., Arespén, Jesus, Brooks, W. E., Franco,
Luis, Salazar, Edixon, L6pez, Yolanda, 1993, Geologic map of the Guri and southern part
of the Tucupita 2 degrees x 3 degrees quadrangles, Bolivar State, Venezuela: USGS
miscellaneous field studies map MF-2242, scale 1:500,000 (prepared with CVG-
TECMIN participation).

Cummings, J., 1951, Delta del Orinoco: el campo Tucupita plantea diversos problemas [Orinoco
delta: the Tucupita field presents several problems]: Petréleo Interamericano, v. 9, no. 9,
p. 84-89.

Curiel, R. E., 1983, La faja petrolifera del Orinoco: comercializacién de crudos pesados [The
Orinoco petroleum belt: commercialization of heavy crude oil]: Industria Minera
(Madrid), no. 226, p. 5-12.

CVG, 1965, Initial analysis of land reclamation projects in the Orinoco Delta Region: Divisién
de Recuperacién de Tierras.
<Biblioteca de PROA, Torre Sur, Piso 8, Caracas>

CVG, 1975, Mapa geomorfolégico, Dtto. Antonio Diaz y T.F.D. Amacuro [Geomorphologic
map, Antonio Diaz District and D. Amacuro Federal Territory]: Subgerencia de Estudios
Geolégicos, Dpto. Geomorfologia y Cartografia, Caracas.

3-14



CVG, 1983, Zona controlada del Delta del Rio Orinoco. Manejo de aguas y suelos; problemas,
experiencias y recomendaciones [Controlled zone of the Orinoco River Delta.
Management of water and soils; problems, experiences, and recommendations]: Division
de Desarrollo Agricola.
<Biblioteca de PROA, Torre Sur, Piso 8, Caracas>

CVG-TECMIN, 1987, Proyecto Inventario de los Recursos Naturales de la Regién Guayana.
Informe de avance de geomorfologia. Hojas NB-20-4, NB-20-8, NB-20-12, y NB-20-16
[Inventory of the natural resources of the Guayana region project. Geomorphology
progress report. Sheets NB-20-4, NB-20-8, NB-20-12, and NB-20-16]: Ciudad Bolivar,
390 p.
<CVG-TECMIN>

CVG-TECMIN, C. A,, 1991a, Informe de avance NC-20-11 y 12. Clima, geologia,
geomorfologia. Tomo I [Progress report NC-20-11 and 12. Climate, geology,
geomorphology. Volume I]: Gerencia de Proyectos Especiales, Proyecto Inventario de los
Recursos Naturales de la Regién Guayana, p. 1-222.

CVG-TECMIN, C. A., 1991b, Informe de avance NC-20-11 y 12. Suelos, vegetacién. Tomo II
[Progress report NC-20-11 and 12. Soils, vegetation. Volume II]: Gerencia de Proyectos
Especiales, Proyecto Inventario de los Recursos Naturales de la Regién Guayana, p. 223-
621.

CVG-TECMIN, C.A., 1991c, Informe de avance NC-20-15. Clima, geologia, geomorfologia.
Tomo I [Progress report NC-20-15. Climate, geology, geomorphology. Volume IJ:
Gerencia de Proyectos Especiales, Proyecto Inventario de los Recursos Naturales de la
Regién Guayana, p. 1-474.

CVG-TECMIN, C. A,, 1991d, Informe de avance NC-20-15. Suelos, vegetaciéon. Tomo II
[Progress report NC-20-15. Soils, vegetation. Volume II]: Gerencia de Proyectos
Especiales, Proyecto Inventario de los Recursos Naturales de 1a Regién Guayana, p. 477-
1088.

CVG-TECMIN, C. A., 1991e, Informe de avance NC-20-16. Clima, geologia, geomorfologia.
Tomo I [Progress report NC-20-16. Climate, geology, geomorphology. Volume IJ:
Gerencia de Proyectos Especiales, Proyecto Inventario de los Recursos Naturales de la
Regién Guayana, 313 p.

CVG-TECMIN, C. A., 1991f, Informe de avance NC-20-16. Suelos, vegetacién. Tomo II
[Progress report NC-20-16. Soils, vegetation. Volume II]: Gerencia de Proyectos
Especiales, Proyecto Inventario de los Recursos Naturales de la Regién Guayana, p. 315-
817.

Danielo, A., 1976a, Photointerprétation, sedimentation et géochronolgie dans le delta de
I’Orenoque: Rev. de Géog. Physique et de Geol. Dynamique, v. 18, no. 5, p. 407-414.
<CVG-TECMIN>

3-15



Danielo, A., 1976b, Vegetation et sols dans le delta de I’Orénoque, [Vegetation and soils in
Orinoco Delta]: Annales de Géographie, v. 85, no. 471, p. 555-578.
Outline: French with English summary at the end; vegetation mapping over entire delta
and detailed areas
<UT PCL stacks 910.5 ann72>

Davey, J. C., 1946, Venezuela: the Orinoco delta: Mining Magazine (London), v. 74, no. 6,
p. 345-356.
<UT Geology Library TN 1M653 GO>

Daza, J., 1983, Riesgos geoldgicos y consideraciénes geotécnicas del sitio especifico Tajali-1
(Geologic risks and geotechnical considerations at the Tajali-1 specific site).
<INTEVEP>

De Leén, Rafael A., 1976, El Orinoco aprovechado y recorrido [The Orinoco used and
travelled].
<UT Benson Latin American Collection F2331 O7 L455>

Delascio Chitty, F., 1985, Aspectos bioldgicos de Delta del Orinoco [Biological aspects of the
Orinoco Delta]: Inst. Nac. de Parques, Dir. Investigaciones Biolégicas, Div. Vegetacion,
Litopar C. A., Caracas, 25 p.
<MARNR, Biblioteca d¢e PROFAUNA, Mezzanina, Edif. Camejo, Caracas> <ENSR,
Caracas>

Depetris, P. J., and Paolini, J. E., 1991, Biogeochemical aspects of South American rivers: the
Parand and the Orinoco, in Degens, E. T., Kempe, Stephan, and Richey, J. E., eds.,
Biogeochemistry of major world rivers: SCOPE (Chichester), no. 42, Wiley & Sons,
p. 105-125.

De Sisto, J., 1961, The Mesa and Sacacual sediments of eastern Venezuela: Asociaciéon
Venezolana de Geologia, Mineria y Petréleo, Boletin Informativo, v. 4, no. 6, p. 171-198.

Di Croce, Juan, 1996, Sequence stratigraphy of the Eastern Venezuela Basin (abs.): American
Association of Petroleum Geologists Bulletin, v. 80, no. 8, p. 1286.

Diaz de Gamero, Maria L., 1993, The changing course of the Orinoco River during the Neogene
(abs.): American Association of Petroleum Geologists Bulletin, v. 77, no. 2, p. 313.

Diaz de Gamero, Maria L., 1996, The changing course of the Orinoco River during the Neogene:
areview: Palacogeography, Palaeoclimatology, Palaeoecology, v. 123, no. 1-4, p. 385-
402.
<UT Geology Library QE 500 P25>

Dost, Harm, 1971, Orinoco delta. Cat clay investigations. Main results of 1970 and 1971: CVG-

IRI, Tucupita.
<Geohidra Consultores, C.A., Caracas>

3-16



Dost, H., and Pons, L. J., 1970, Informe preliminar sobre el drea protegida del cafio Manamo
[Preliminary report of the protected area of cafio Manamo]. (Cited in AYCA, Asesores y
Consultores Agropecuarios, S.P., 1976a).
<CVG-TECMIN>

Drooger, C. W., and Kaasschieter, J. P. H., 1958, Foraminifera of the Orinoco-Trinidad-Paria
shelf: Reports of the Orinoco shelf expedition, v. IV: Kon. Ned. Akad. Weten., Verh.,
ser. 1, v. 22, 108 p.

Drooger, C. W., and Kaaschieter, 1960, Foraminiferos del escudo Orinoco-Trinidad-Paria
[Foraminifera of the Orinoco-Trinidad-Paria shelf]: ASOVAC, Acta Cientifica
Venezolana, v. 11, no. 2, p. 65-66.
<UCV-ICT>

Ducat, David, and Kuehl, S.A., 1995, Non-steady-state 210ppb flux and the use of 228Ra/226Ra
as a geochronometer of the Amazon continental shelf: International Journal of Marine
Geology, Geochemistry, and Geophysics, no. 125, p. 329-350.

Ecology and Environment/Lagoven S.A., date unknown, Estudio de impacto ambiental del
proyecto oleoducto Caripito-Giiiria, Proyecto TAP [Environmental impact study of the
Caripito-Giiiria oil pipeline project, TAP Project).
<Ecology and Environment, Caracas>

Ecology and Environment, date unknown, Evaluacién ambiental del proyecto de prospeccién
sismica del campo petrolero de Pedernales y tres sectores periféricos (Bloque
Guarapiche, Bloque Punta Pescador, Bloque Golfo de Paria Este) [Environmental
evaluation of the seismic prospecting project in the Pedernales petroleum field and three
peripheral sectors (Guarapiche block, Punta Pescador block, and East Gulf of Paria
block)].
<Ecology and Environment, Caracas>

Edmond, J. M., and Stallard, R. F., 1983, Water chemistry of the Orinoco (abs): Eos
Transactions, American Geophysical Union, v. 64, no. 45, 657 p.

Edmond, J. M., Palmer, M. R., Measures, C. 1., Brown, E. T., and Huh, Y., 1996, Fluvial
geochemistry of the eastern slope of the northeastern Andes and its foredeep in the
drainage of the Orinoco in Colombia and Venezuela: Geochimica et Cosmochimica Acta,
v. 60, no. 16, p. 2949-2976.

Edmond, J. M., Palmer, M. R., Measures, C. 1., Grant, B., and Stallard, R. F., 1995, The fluvial
geochemistry and denudation rate of the Guayana Shield in Venezuela, Colombia, and
Brazil: Geochimica et Cosmochimica Acta, v. 59, no. 16, p. 3301-3325.
<UT Geol QE 351 G425>

Eisma, D., van der Gaast, S. J., Martin, J. M., and Thomas, A. J., 1978, Suspended matter and
bottom deposits of the Orinoco Delta: turbidity, mineralogy and elementary composition:
Netherlands Journal of Sea Research, v. 12, no. 2, p. 224-249.

3-17



Emeis, K., and Stoffers, P., 1982, Particulate suspended matter in the major world rivers: EDAX
analysis, scanning electronmicroscopy and X-ray diffraction study of filters, in Degens-
Egon-T, ed., Transport of carbon and minerals in major world rivers. Part 1, Proceedings
of a workshop: Mitteilungen aus dem Geologisch-Palaeontologischen Institut der
Universitaet Hamburg, no. 52, p. 529-554.

Emel’yanov, E. M., and Kharin, G. S., 1974, Osadkoobrazovaniye v Gvianskoy i Severo-
Amerikanskoy kotlovinakh v svyazi s tverdymi vynosami Amazonki i Orinoko
[Sedimentation in the Guyana and North American basins in relation to sediment
discharge of the Amazon and Orinoco rivers]: Litologiya i Poleznyye Iskopayemyye
(Akademiya Nauk SSSR), no. 2, p. 22-35.

ENSR Venezuela, 1998, Estudio de impacto ambiental, Proyecto I, Perforacién exploratoria
1998, Bloque Golfo de Paria Este, [Study of environmental impact, Project I, 1998
Exploratory drilling, Gulf of Paria East Block]: presented to the Ministry of the
Environment and Renewable Natural Resources by the Gulf of Paria East Operating
Company, variously paginated.

Escalante, B., date unknown, La intervencién del cafio Mdnamo en el delta del Orinoco y su
repercusién en el medio ambiente vista por los deltanos [The intervention of cafio
Manamo in the Orinoco delta and its environmental repercusions as seen by the delta
people], in Monente, J.A., and Vésquez, E. eds., Estudio limnolégico y aportes a la
etnologia del delta del rio Orinoco [Limnological study and contributions to the
etnography of the delta of the Orinoco river]: Fundacién La Salle de Ciencias Naturales,
Caracas, Venezuela, p. 201-253.

Escandén, Maria, Seijas, L. F., and Lépez, E. C., 1985, Hidrogeoquimica del rio Orinoco (tramo
rio Arauca-rio Caroni) [Hydrogeochemistry of the Orinoco river: Arauca river—Caroni
river tract]: Cong. Geolégico Venezolano 6, no. 3-4, p. 1623-1660.

Euribe, Alejandro, 1981, Bioestratigrafia y distribucién de biofacies en pozos del norte de la Faja
Petrolifera del Orinoco [Biostratigraphy and distribution of biofacies in wells in the
northern Orinoco oil belt]: Revista Técnica INTEVEP, v. 1, no. 1, p. 37-46.

Everett, R., Herron, M., and Pirie, G., 1983, Log responses and core evaluation case study
technique; field and laboratory procedures: SPWLA Annual Logging Symposium
Transactions, v. 24, no. 1, p. 1-26.

Faas, R. W, 1985, Time and density-dependent properties of fluid mud suspensions, NE
Brazilian continental shelf, in Gorsline, D. S. (convener): Origins, transport, and
deposition of fine-grained sediments, 1984 SEPM research conference, Part 1: Geo-
Marine Letters, v. 4, no. 3-4, p. 147-152.

Fanning, K. A., and Pilson, M. E. Q., 1973, The lack of inorganic removal of dissolved silica
during river-ocean mixing: Geochimica et Cosmochimica Acta, v. 37, no. 11, p. 2405-
2415.
Outline: Studies on the Orinoco, Savannah and Mississippi.

3-18



Faugeres, J. C., Gonthier, Eliane, Griboulard, Roger, and Masse, Laurent, 1993, Quaternary
sandy deposits and canyons on the Venezuelan margin and South Barbados accretionary
prism: Marine Geology, v. 110, no. 1-2, p. 115-142.

Febres, G., 1981, Recent developments in oil related oceanographic research in Venezuela.
<INTEVEP>

Feo-Codecido, Gustavo, Smith, F. D., Jr., Aboud, Nelson, and Di Giacomo, Estela, 1984,
Basement and Paleozoic rocks of the Venezuelan Llanos basins: Geological Society of
America Memoir 162, p. 175-187.

Figueiredo, A.G., Jr., and Nittrouer, C. A., 1995, New insights to high-resolution stratigraphy in
the Amazon continental shelf: International Journal of Marine Geology, Geochemistry,
and Geophysics, no. 125, p. 393-399.

Finol-Urdaneta, Herman, 1981, Planificacién silvicultural de los bosques ricos en palma manaca
(Euterpe oleracea) en el delta del rio Orinoco [Silviculture planning of forests rich in
Manaca palm (Euterpe oleracea) in the delta of the Orinoco river]: MARNR, Direccién
General Administracién del Ambiente, Direccién Mejoramiento y Control, prepared at
ULA, Facultad Ciencias Forestales, Inst. Silvicultura, Mérida, Venezuela, 116 p.

Finol-Urdaneta, Herman, 1989, Planificacién silvicultural del manejo muiltiple de la unidad de
manejo forestal de CAPRODEL en el del delta del rio Orinoco, T.F.D.A. [Silviculture
planning for multiple handling of the CAPRODEL forestry management unit in the delta
of the Orinoco river, D.A.F.T.]: Attachment III, Mérida, Venezuela, 89 p.

Fiorillo, G., 1984, Exploration of the Orinoco oil belt: review and general strategy, in Meyer,
R. F., Wynn, J. C, and Olson, J. C., eds., The future of heavy crude and tar sands:
Second International Conference, UNITAR, New York, p. 304-312.

Fiorillo, G., 1985, Exploration and evaluation of the Orinoco oil belt: Final results, in Khazoom,
A., ed., Third international conference on Heavy crude and tar sands, UNITAR/UNDP
Information Centre for Heavy Crude and Tar Sands, v. 1, no. 3, p. 332-360.

Fiorillo, G., 1987, Exploration and evaluation of the Orinoco oil belt, in Meyer, R. F., ed.,
Exploration for heavy crude oil and natural bitumen: American Association of Petroleum

Geologists, Studies in Geology, no. 25, p. 103-114.

Fithian, P. A., 1980, Distribution and taxonomy of the Ostracoda of the Paria-Trinidad-Orinoco
shelf: Ph.D. dissertation, Louisiana State University, Baton Rouge, Louisiana, 557 p.

Fiume, G., and Graterol, V., 1990, Procesamiento e interpretacién de datos aerogravimétricos y
aeromagnéticos en areas de interés exploratorio en la regién Pedernales-Quiriquire
[Processing and interpretation of aerial-gravimetric and aerial-magnetic data in areas of
exploratory interest in the Pedernales-Quiriquire region]: Cong. Venezolano de Geofisica
5, p- 458-465.

3-19



Flores, D. M., 1989, Geochemistry of heavy crudes of the Hamaca area of the Orinoco oil belt,
eastern Venezuela, in Meyer, R. F., and Wiggins, E. J., eds., The Fourth UNITAR/
UNDP International Conference on Heavy Crude and Tar Sands, Geology,
Geochemistry, v. 2, p. 535-542.

Flores, D., and Uzcategui, M. 1993, Basement control on sand distribution in the Hamaca area of
the Orinoco Belt (abs.): American Association of Petroleum Geologists Bulletin, v. 77,
no. 2, p. 318.

Flores, Decio, 1981, Commercially prospective heavy oil accumulation in the fractured basement
complex of the Hamaca area of the Orinoco Belt, eastern Venezuela, in Chavarria, G. J.,
(chairperson): SPWLA Twenty-Second Annual Logging Symposium, Transactions.

Folinsbee, R. A., 1972, The gravity field and plate boundaries in Venezuela: Ph. D. dissertation,
Woods Hole Oceanographic Institution Report No. N00014-660C-024,
161 p.
<(www.dtic.dla.mil/stinet)>

Font, J.B., and Font, Roberto, 1998, Método empirico para el prondstico de corrientes en los
cafios de marea del delta del Orinoco [Empirical method for the prognosis of currents in
tidal channels of the Orinoco delta], in Lépez-Sanchez, José Luis, Saavedra-Cuadra, LI.,
and Dubois-Martinez, Mario, eds, 1998, El Rio Orinoco, Aprovechamiento Sustentable:
Primeras Jornadas Venezolanas de Investigacién sobre el Rio Orinoco, Memorias, IMF,
Facultad de Ingenieria, UCV, p. 380-390.

Fontana, H., 1993, Sistema deltaico: la tierra de los caminos de agua. Fauna y sitios de interés
[Deltaic system: the land of waterways. Fauna and sites of interest].
<Biblioteca de PROFAUNA, Mezzanina, Edif. Camejo, Caracas>

Fox, L. E., 1993, The chemistry of aquatic phosphate: inorganic processes in rivers, in Boers,
P. C. M., Cappenberg, T. E., and Van, R. W., eds., International workshop on
phosphorous in sediments, Proceedings: Hydrobiologia, v. 253, no. 1-3, p. 1-16.

Frankl, E.J., 1995, Vegetation map of part of the Orinoco Delta.
<INTEVEP>

Frass, M., and Escandén, F. M., 1989, Caracterizacién y grado de asociacién geoquimica de los
sedimentos finos de fondo, aguas y sélidos suspendidos del rio Orinoco, en el tramo rio
Arauca-rio Caroni [Characterization and degree of geochemical association of the bottom
fine sediments, waters, and suspended solids of the Orinoco river in the Arauca river-
Caroni river tract]: Cong. Geolégico Venezolano 7, v. 2, p. 673-698.

Freile, Afonzo, 1958, El Delta del Orinoco [The Orinoco delta]: G.E.A., Caracas, no. 5, p. 9-34.
<Geohidra Consultores, C.A., Caracas> <UCV-ICT>

Fuentes, R., and Castillo Paz, F., date unknown, Friction factors of the Orinoco River, in
International Association for Hydraulic Research Congress 19, Proceedings, v. 2, p. 131-

3-20



137.
Outline: bedforms; bedload; deposition; discharge; hydraulics; Orinoco River Venezuela

Fugro-McClelland Marine Geosciences, Inc., 1997, Shallow gas assessment and geotechnical
investigation Punta Pescador area, Venezuela. Preliminary report: AMOCO, Caracas.
<Geohidra Consultores, C.A., Caracas>

Fundacién La Salle, 1972, Carta pesquera de Venezuela. Areas del nororiente y Guayana
[Fisheries map of Venezuela. Northeast and Guayana areas].
<Biblioteca de PROFAUNA, Mezzanina, Edif. Camejo, Caracas>

Fundacion La Salle, 1996, Caracterizacion de linea base del extremo norte del Cafio Manamo y
area marina contigua [Baseline characterization of the extreme north of Cafio Manamo
and adjacent marine areas].

Fundacién La Salle de Ciencias Naturales, 1953, Informe preliminar del Delta. Trabajos de
campo en ornitologia, herpetologia, invertebrados, botanica, etnografia y arqueologia en
el T.F.D.A. [Preliminary report on the Delta. Field work on ornithology, herpethology,
invertebrates, botany, etnography and archeology in the D.A.F.T.].
<CVG-TECMIN>

Fundacién La Salle de Ciencias Naturales, 1979a, Delta del Orinoco: Ecosistema marino-
estuarino y posibles impactos ambientales por operaciones petroleras en tierra firme y
costa afuera, v. I, III [Orinoco Delta: marine-estuarine ecosystem and possible
environmental impacts from petroleum operations on land and offshore], v. I, III.
<INTEVEP>

Fundacién La Salle de Ciencias Naturales, 1979b, Delta del Orinoco. Ecosistema marino-
estuarino y posibles impactos ambientales por perforaciones de pozos petroleros en la
plataforma continental-Anexos [Orinoco Delta. Marine ecosystem and possible
environmental impacts of drilling on the contintental platform-Appendices].
<INTEVEP> <Geohidra Consultores, C. A., Caracas>

Fundacién La Salle de Ciencias Naturales, 1992, El Golfo de Paria, dreas costeras, marinas y
submarinas [Gulf of Paria, coastal, marine, and submarine areas].
<Geohidra Consultores, C.A.>

Fundacién La Salle de Ciencias Naturales, 1994, Estudio ambiental del Cafio Pedernales.
Descripcién del ambiente del Cafio Pedernales [Environmental study of the Cafio
Pedernales. Description of the Caifio Pedernales environment].

Fundacién La Salle de Ciencias Naturales, 1996, Caracterizacion del bloque Punta Pescador.
Bentos, zooplankton [Characterization of the Punta Pescador block. Benthos,

zooplankton].
<Geohidra Consultores, C.A., Caracas>

3-21



Fundacion La Salle de Ciencias Naturales, date unknown, Caracterizacion de las comunidades
vegetales y de la fauna de vertebrados presentes en los ecosistemas acuético y terrestre
del sector Delta Occidental [Characterization of the vegetable communities and of the
vertebrate fauna present in the aquatic and terrestrial ecosystems of the West Delta
sector]: Museo de Historia Natural La Salle, Componente Caracterizacién Biolégica,
Convenio FLASA-CVP, Proyecto Warao, 146 p. [proposal].

FundaDelta, date unknown, Flotas maritimas artesanales. Tucupita. [Artisans maritime fleet.
Tucupita.],
<Biblioteca del MAC, Piso 10, Torre Este, Parque Central, Caracas>

FUNVISIS, 1994, Mapa neotecténico de Venezuela [Neotectonic map of Venezuela].
<ENSR, Caracas>

Gade, H., 1961, Observaciones oceanograficas en el sureste del Mar Caribe y Océano Atlantico,
con referencia especial a la influencia del rio Orinoco [Oceanographic observations in the
southeastern Caribbean Sea and Atlantic Ocean with special reference to the influence of
the Orinoco river]: Boletin del Instituto Oceanografico, UDO, v. 2, no. 1, p. 287-342.

Galarraga, F. A., 1986, Organic geochemistry and origin of the heavy oils in the Eastern
Venezuelan Basin: Ph. D. dissertation, University of Maryland, College Park, Maryland,
USA, 364 p.

Galavis, J., and William, L., 1974, Estudio de geologia y geofisica en el Territorio Federal Delta
Amacuro y plataforma continental del Orinoco, posiblidades petroliferas [Study of
geology and geophysics in the Delta Amacuro Federal Territory and Orinoco continental
shelf, petroleum possibilities]: Conferencia Geolégica Inter-Guayanas, p. 125-134.

Galavis, J. A., and Louder, L. W., 1974, Estudios de geologia y geofisica en el Territorio Federal
Delta Amacuro y la plataforma continental del Orinoco: Posibilidades petroliferas
[Geological and geophysical studies in Delta Amacuro and the continental shelf of the
Orinoco: Petroleum possibilities]: Boletin de Geologia, Direccién Geologia, Caracas,
Venezuela, Publicacién Especial 6, Memoria de la Novena Conf. Geol. Inter-Guayanas,
p- 125-134.

Galavis, J6se Antonio, and Velarde Ch., Hugo M., Estudio geoldgico y evaluacién preliminar de
reservas potenciales de petréleo pesado en la faja bituminosa del Orinoco, Cuenca
Oriental de Venezuela [Geologic study and preliminary evaluation of potential petroleum
reserves in the Orinoco bituminous belt, Eastern Basin, Venezuela]: Congreso Geoldgico
Venezolano 4, v. 4, p. 2527-2537.

Garcia-Martinez, R., and Power, Henry, 1998, Simulacién de descargas de sedimentos dragados
en el rio Orinoco mediante un modelo Lagrangiano que garantiza conservacién de la
masa [Simulation of the disposal of the sediments dredged in the Orinoco river, using a
Lagrangian model that guarantees mass conservation], in Lépez-Sanchez, José Luis,
Saavedra-Cuadra, I.I., and Dubois-Martinez, Mario, eds, 1998, El Rio Orinoco,

3-22



Aprovechamiento Sustentable: Primeras Jornadas Venezolanas de Investigacion sobre el
Rio Orinoco, Memorias, IMF, Facultad de Ingenieria, UCV, p. 353-365.

Geohidra Consultores, C. A., date unknown, Evaluacién del crecimiento natural, recuperacién y
restauracion de los manglares de la poligonal Este Bloque Guarapiche [Evaluation of the
natural growth, recovery, and restoration of the mangroves in the East polygonal,
Guarapiche Block].

Geohidra Consultores, C. A., date unknown, Evaluacién técnico-ambiental para la seleccién de
la ubicacién de localizacién G3 en Isla Venado, Bloque Guarapiche, Delta del Orinoco-
Venezuela [Environmental-technical assessment for the selection of the G3 Location on
Venado Island, Guarapiche Block, Orinoco Delta, Venezuela].
<Ecology and Environment, Caracas>

Geohidra Consultores, C. A., 1996, Auditoria de linea base ambiental bloque Punta Pescador,
Estado Delta Amacuro [Environmental base line audit Punta Pescador block, Delta
Amacuro state]: Proyecto DA96017, Caracas.
<Geohidra Consultores, C.A.>

Geohidra Consultores, C. A., 1997a, Evaluacién del crecimiento natural, recuperacion y
restauracién de los manglares de la poligonal Este, bloque Guarapiche [Assessment of
natural growth, recovery, and restoration of the mangroves in the East polygonal,
Guarapiche block]: Agencia Operadora Guarapiche S.A. (AOGSA), Project DAP-1735-2.
<Geohidra Consultores, C.A.>

Geohidra Consultores, C. A., 1997b, Estudio de impacto ambiental del proyecto Uno de
perforacion exploratoria del bloque Guarapiche [Environmental impact study of Uno
exploration drilling project of the Guarapiche Block]: Agencia Operadora Guarapiche
S.A. (AOGSA), project DA96037, version 1, variously paginated.

Geohidra Consultores, C. A., 1997c, Estudio de impacto ambiental preliminar bloque Punta
Pescador [Preliminary environmental impact study Punta Pescador block].
<Geohidra Consultores, C.A.>

Geohidra Consultores, C. A., 1997d, Lineamientos para la linea base ambiental bloque Punta
Pescador [Directions for environmental base line, Punta Pescador block].
<Geohidra Consultores, C.A.>

Geohidra Consultores, C. A., 1997e, Estudio de impacto ambiental proyecto perforacién
exploratoria 4rea prioridad Este bloque Punta Pescador-AMOCO [Environmental impact
study, exploratory drilling project priority area East Punta Pescador block- AMOCO]:
AMOCO rept. 96017-E4, variously paginated.

George, R. P., Jr., and Socas, M. B., 1994, Pros and cons of five hypotheses of migration of oil to
the eastern part of the Orinoco oil belt, eastern Venezuela foreland basin, (abs.):
American Association of Petroleum Geologists Bulletin, p. 154.

3-23



Ghosh, Nirmalya, 1990, Magnetic anomaly studies of the Colombia Basin area and gravity field
study of the southeastern Caribbean Plate boundary zone: Ph. D. dissertation, University
of Houston, Houston, Texas, 439 p.

Gibbs, Allan, and Barron, Chistopher N., 1983, The Guiana Shield Reviewed: Episodes, v. 1983,
no. 2, p. 7-14.

Gibbs, A. K., and Barron, C. N., 1993, The geology of the Guiana Shield: Oxford Monographs
on Geology and Geophysics, 22, Oxford University Press, 246 p.

Gibbs, R.J., 1967, Notas sobre concentraciones de ilita en el Orinoco y Amazonas (res.) [Notes
on illite concentrations in the Orinoco and Amazon (abs.)]: Geological Society of
America Bulletin, v. 78, p. 1203.

Gil, C. R., Lépez, J. A., and Saavedra, Ivan, 1998, Aplicacién de un modelo de redes para
estudios de distribucién de flujo en el rio Orinoco [Use of a network model in flow
distribution studies in the Orinoco river], in Lépez-Sanchez, José Luis, Saavedra-Cuadra,
LI, and Dubois-Martinez, Mario, eds, 1998, El Rio Orinoco, Aprovechamiento
Sustentable: Primeras Jornadas Venezolanas de Investigacién sobre el Rio Orinoco,
Memorias, IMF, Facultad de Ingenieria, UCV, p. 403-414.

Giusti, L. E., 1982, Faja petrolifera del Orinoco [The oil belt of Orinoco]: Industria Minera
(Madrid), no. 220, p. 17-21.

Glendening, J. A., 1952, Surface geology and shallow drilling of Pedernales: Creole Petroleum
Corporation unpublished rept., 50 p.
< PDVSA EyP, Caracas>

Godoy, José, Pérez, M., and Nordin, C. F., 1983, Bed configuration and flow resistance of the
Rio Orinoco, Venezuela: Eos Transactions, American Geophysical Union, v. 64, no. 45,
p- 701-702.
Outline: gravel; hydraulics; sedimentary structures

Goldstein, S. L., and Arndt, N. T., 1988, History of a continent from a sample of river sand, in
Bottinga, Yan, ed., International Congress of Geochemistry and Cosmochemistry:
Chemical Geology, v. 70, no. 1-2, p. 68.

Goémez D’Hereux, José, 1971, Evaluacién petrolifera del area de Guanoco [Petroleum
assessment of the Guanoco area]: Cong. Geoldgico Venezolano 4, v. 5, p. 2593-2604.

Gonziélez, L. A., 1986, El delta del Orinoco, posible extensién de la faja petrolifera [The Orinoco
delta, possible extension of the oil belt]: Cong. Venezolano de Ingenieria, Arquitectura, y
Profesiones Afines, doc. E-TC2, pre-print, 11 p., 10 figs.

Gonzilez, V., 1987, Los morichales de los llanos orientales, un enfoque ecolégico [The
morichales of the eastern plains, an ecological focus]

3-24



Gonziélez, V., 1997, Normas metodoldgicas en relacion a la vegetacion en los estudios de linea
base de los bloques petroleros presentes en el delta del Orinoco [Methodological
guidelines regarding vegetation in base line studies of the petroleum blocks in the
Orinoco delta].
<UCV-Inst. Zool. Tropical>

Gonzilez, A., Lozano, G., and Rodriguez, O., 1994, Determinacién de los pardmetros de
transformacién entre el datum WGS-84 y el datum La Canoa para el oriente del pais
[Determination of the transform parameters between the WGS-84 datum and the La
Canoa datum for the eastern part of the country]: Cong. Venezolano de Geofisica 7,
p- 183-189.

Gonzales, G., Mata, S., and Santiago, N., 1996, Sequence stratigraphy of the Maturin sub-basin
(Eastern Venezuela) (abs.): American Association of Petroleum Geologists Bulletin,
v. 80, no. 8, p. 1295-1296.

Gonzales, H., and Cabrera, M., 1995, Avances del estudio sobre el manati en el oriente de
Venezuela. [Advances in the studies of the manatee in eastern Venezuela].
<MARNR, Caracas>

Gonzalez Sanabria, Marcelo, and Cérdova, José Rafael, 1998, Anélisis probabilisticos de la
ocurrencia conjunta de crecidas extremas de los rios Orinoco y Caroni a nivel de su
confluencia, in Lépez Sanchez, J. L., Saavedra Cuadra, I. I., and Dubois Martinez, Mario,
eds, 1998, El Rio Orinoco Aprovechamiento Sustentable: Primeras Jornadas Venezolanas
de Investigacién sobre el Rio Orinoco, Memorias, IMF Facultad de Ingenieria, UCV,

p- 99-114.

Gonzalez, Valois, 1998, La vegetacién de la planicie de inundacién de la margen izquierda de un
sector del bajo Orinoco [Vegetation of flood plain on left margin of a lower Orinoco
sector], in Lépez Sénchez, J. L., Saavedra Cuadra, 1. 1., and Dubois Martinez, Mario, eds,
1998, El Rio Orinoco Aprovechamiento Sustentable: Primeras Jornadas Venezolanas de
Investigacién sobre el Rio Orinoco, Memorias, IMF Facultad de Ingenieria, UCV, p. 54-
68.

Goosen, D., 1974, Physical instability of soils with low relief, and related phenomena of mass
movement, in Shikula, N. K., Rozhkov, A. G., and Vasilyev, G. I, eds.,
Protivoerozionnyye sistemy zemledeliya i okhrana pochv ot erozii [Systems of soil-
protecting farming and soil erosion control]: Transactions, Congress of the International
Society of Soil Science, v. 10, no. 11, Commission 6, p. 70-79. 1974
Outline: Colombia; Orinoco plains

Gorrochotegui, Abelardo, 1897, Viaje al Amacuro, afio de 1896.
<UT Benson Collection LAC-Z, Rare Books, F 2313 G677>

Gorzula, S., and Arocha-Pifiango, C.L., 1975, Amphibian and reptiles collected in the Orinoco
delta: British Jour. of Herpetology, no. 5, p. 687.
<Geohidra Consultores, C.A., Caracas>

3-25



Grabert, H., 1978, Orinoco und Amazonas: Eine Betrachtung zum Alter beider Stromsysteme
[Orinoco and Amazonas: observation on the age of both drainage systems], in Strauch,
F., ed., Sonderband herausgegeben anlaesslich der Vollendung des 70, Lebensjahres von
Prof. Dr. Martin Schwarzbach: Sonderveroeffentlichungen des Geologischen Instituts der
Universitat Koeln., no. 33, p. 179-191.

Grant, B., Hu Ming-hui, Boyle, E., and Edmond, J., 1982, Comparison of the trace metal
chemistry in the Amazon, Orinoco, and Yangtze plumes (abs.): Eos Transactions,
American Geophysical Union, v. 63, no. 3, p. 48.

Grases, J., 1979, Investigacion sobre los sismos destructores que han afectado el oriente de
Venezuela, Delta del Orinoco y regiones adyacentes [Investigation of the destructive
earthquakes which have affected eastern Venezuela, Orinoco Delta and adjacent regions].
<INTEVEP>

Griboulard, Roger, Bobier, Claude, Faugeres, J. C., and Gonthier, Eliane, 1993, Relationship
between tectonics, argilokinetic structures, and environmental patterns at the south
boundary of the Barbados accretionary prism (abs.): American Association of Petroleum
Geologists Bulletin, v. 77, no. 2, p. 322-323.

Gutiérrez, F. J., Vasquez, E., and Santos, C. A., 1977, Formation and crude oil characteristics of
oil reservoirs in the Orinoco petroleum belt as related to the geology, in Redford, D. A.,
and Winestock, A. G., eds., The oil sands of Canada-Venezuela: Canadian Institute of
Mining and Metallurgy Special Volume, no. 17.

Gutiérrez, F.J., 1979, Occurrence of heavy crudes and tar sands in Latin America, in The Future
of Heavy Crude Oils and Tar Sands: First International Conference, UNITAR,
p. 107-113.

Hamilton, S. K., 1994, Aquatic biogeochemistry of the Orinoco River floodplain (Venezuela)
and the Pantanal Wetland (Brazil): Ph.D. Dissertation.

Hamilton, S. K., and Lewis, W. M. J., 1990, Physical characteristics of the fringing floodplain of
the Orinoco River, Venezuela: INTERCIENCIA, v. 15, no. 6, p. 491-500.

Hamilton, S. K., and Lewis, W. M., Jr., 1990, Basin morphology in relation to chemical and
ecological characteristics on lakes on the Orinoco River floodplain, Venezuela: Archiv
fuer Hydrobiologie, v. 119, no. 4, p. 393-425.

Hamilton, S. K., and Lewis, W. M., date unknown, Stable carbon and nitrogen isotopes in algae
and detritus from the Orinoco River floodplain, Venezuela: Geochimica et
Cosmochimica Acta, v. 56, no. 12, p. 4237-4246.

Hamilton, S. K., Melack, J. M., Goodchild, M. F., and Lewis, W. M., Jr., 1992, Estimation of the
fractal dimension of terrain from lake size distributions, in Carling, P. A., and Petts,
G. E,, eds., Lowland floodplain rivers; geomorphological perspectives, p. 146-163.
Outline: Amazon, Orinoco.

3-26



Harry, B. E., 1992, Depositional environments and burial history of the late early Pliocene,
Moruga Group, south coast, Trinidad, West Indies: Ph.D. Dissertation, University of
Cincinnati, 345 p.

Haught, O. L., 1952, Peat in tropical America: West Virginia Academy of Sciences, Pr., no. 23,
p. 105-107.

Hecht, C., 1988, Subrezente Entwicklung und junge Sedimente des Cafio Macareo im Orinoco
Delta, Venezuela [Sub-Recent development and young sediments of Cafio Macareo in the
Orinoco Delta, Venezuela], in Richter, D. K., ed., Third meeting of German-speaking
sedimentologists, Bochumer Geologische und Geotechnicshe Arbeiten, no. 29, p. 67-70.
Outline: cores; environment; floodplains; fluvial environment; fluvial features;
granulometry; Holocene; intertidal environment; levees; Orinoco Delta; Orinoco River;
sinuosity; vegetation

Heinen, D., 1987, Los Waraos [The Waraos].

Heinen, H. D., Oko Warao: Marshland people of the Orinoco Delta.
<Amazon.com>

Hellmund Tello, Arturo, 1945, En el bajo Orinoco [At the lower Orinoco]: Artes Graficas,
Caracas, 255 p.
Outline: Orinoco valley, description and travel; Venezuela, history.

Hernao-M., T., 1978, Plan dasonémico para el aprovechamiento de la palma Manaca (Euterpe
oleracea) en el Departamento Antonio Diaz, Territorio Federal Delta Amacuro[Forestry
plan for the use of Manaca palm (Euterpe oleracea) in the Antonio Diaz Department,
Delta Amacuro Federal Territory]: CAPRODEL, Caracas (cited in MARNR and
Gobernacién del Territorio Federal Delta Amacuro, 1982).

Herrera, L. E., and Febres, G. A., 1979, Aspectos meteorolégicos importantes en la regién Delta
del Orinoco dentro del marco de la meteorologia caribefia y atldntica [Important
meteorological aspects in the Orinoco Delta region in the framework of the Caribbean
and Atlantic meteorology]: Boletin del Instituto Oceanogréfico, UDO, v. 15, no. 1, p. 83-
96.

Herrera, L. E., and Masciangioli, 1984, Caracteristicas de las corrientes frente al delta del
Orinoco, sector occidental del océano Atlantico [Characteristics of the currents offshore
the Orinoco delta, western sector of the Atlantic ocean]: Revista Técnica INTEVEP, v. 4,
no. 2, p. 133-144.

Herrera, L. E., Febres, G. A., and Avila, R. G., 1981, Las mareas en aguas Venezolanas y su
amplificacién en la regién del Delta del Orinoco [Tides in Venezuelan waters and their
amplification in the region of the Orinoco Delta]: Acta Cientifica Venezolana, no. 32,
p- 299-306.

3-27



Herrera, L. E., Febres, G. A., Octavio, K., and Avila, R. G., 1979, Investigaciones
oceanograficas y meteorolégicas de INTEVEP en la regién del Delta del Orinoco
[Oceanographic and meteorologic investigations of INTEVEP in the Orinoco Delta
region]: Zumaque, no. 33-34, p. 25-32.
<Biblioteca de PROA, Torre Sur, Piso 8, Caracas>

Hidromet Ingenieros Consultores-Entrix, 1997, Estudio de impacto ambiental pozos
exploratorios Bloque Paria Oeste, Informe de avance [Study of environmental impact
exploratory wells West Paria Block, Progress report]: prepared for CONOCO Venezuela
B.V.

Higgins, G. E., and Saunders, J. B., 1974, Mud volcanoes, their nature and origin, in
Contributions to the geology and peleobiology of the Caribbean and adjacent areas: Verh.
Naturforsch. Ges. Basel, v. 84, no. 1, p. 101-152.

Higgins, G., and Saunder, J., 1981, Mud volcanoes, their nature and origin: Boletin Geotermia
(Caracas), no. 4, p. 69-72.

Hirst, D. M., 1962, The geochemistry of modern sediments from the Gulf of Paria: II, The
location and distribution of trace elements: Geochimica et Cosmochimica Acta, no. 26,
p.- 1147-1187.

Hoorn, Carina, Guerrero, Javier, Sarmiento, G. A., and Lorente, M. A., 1995, Andean tectonics
as a cause for changing drainage patterns in Miocene northern South America: Geology,
v. 23, no. 3, p. 237-240.

Huber, Otto, 1990, Estado actual de los conocimientos sobre la flora y vegetacién de la regién
Guayana, Venezuela, in Weibezahn, F. H., Alvarez, Haymara, and Lewis, W. M., Jr.,
eds., El Rio Orinoco como ecosistema [The Orinoco River as an ecosystem]: Impresos
Rubel, Venezuela.

IMR, 1989, Prospecciones de los recursos pesqueros de las dreas de la plataforma entre Surinam
y Colombia [Prospection of fishery resources in the shelf areas between Surinam and
Colombia]: Inst. Marine Research, Bergen, Norway, PNUD/FAO/GLO/82/001.
<Geohidra Consultores, C.A.>

Incostas Consultores, 1981, Estudio de corrientes y sedimentacién en la barra de Pedernales
[Study of currents and sedimentation in the Pedernales bar]: Caracas.
<UCV-IMF>

Incostas Consultores, 1995, Estudios complementarios hidrogréficos, de navegacion y dragado
en cafio Manamo y sus afluentes [Complementary hydrographic, navigation, and
dredging studies in cafio Manamo y its affluents]: Lagoven, S.A. (mentioned in Font and
Font, 1998).

<Dept. Hidraulica, Facultad de Ingenieria, UCV >

3-28



INTEVEDP, 1977, Contract and technical specifications for shallow geophysical and bathymetric
surveys, Orinoco Delta, offshore Venezuela.
<INTEVEP>

INTEVEP, 1978a, Evaluacién del las condiciones oceanograficas y meteoroldgicas del Delta del
Orinoco en base a datos histéricos [Evaluation of the oceanographic and meteorologic
conditions of the Orinoco Delta using historical data].
<INTEVEP>

INTEVEP, 1978b, Investigaciones oceanograficas y meteoroldgicas Delta del Orinoco: Reporte
de avance [Oceanographic and meteorologic investigations of the Orinoco Delta:
Progress report].
<INTEVEP>

INTEVEP, 1979a, Geophysical shallow profiling and bathymetric surveys of the Orinoco Delta
area.
<INTEVEP>

INTEVEP, 1979b, Geophysical shallow profiling and bathymetry of the Orinoco Delta area:
General specifications.
<INTEVEP>

INTEVEP, 1979c, Shallow geologic and geotechnical conditions Barima detail survey area,
offshore Orinoco Delta, Venezuela.
<INTEVEP>

INTEVEP, 1979d, Shallow geologic and geotechnical conditions Buchon detail survey area,
offshore Orinoco Delta, Venezuela.
<INTEVEP>

INTEVEP, 1979e, Shallow geologic and geotechnical conditions in a detail survey area offshore
Orinoco Delta, Venezuela.
<INTEVEP>

INTEVEP, 1979f, Shallow geologic and geotechnical conditions Mariusa detail survey area,
offshore Orinoco Delta, Venezuela.
<INTEVEP>

INTEVEP, 1979g, Shallow geologic and geotechnical conditions Picia detail survey area,
offshore Orinoco Delta, Venezuela.
<INTEVEP>

INTEVEP, 1979h, Shallow geologic and geotechnical conditions Guayo detail survey area,
offshore Orinoco Delta, Venezuela.
<INTEVEP>

3-29



INTEVEP, 1984, Zonificacién geotécnica del la plataforma continental de Venezuela
[Geotechnical zoning of the continental platform of Venezuela].
<INTEVEP>

INTEVEP, 1996, Condiciones meteorolégicas y oceanograficas en estaciones seleccionadas del
Delta del Orinoco y Golfo de Paria [Meteorological and oceanographic conditions at
selected stations of the Orinoco Delta and Gulf of Paria].

Isea, Andreina, 1987, Geological synthesis of the Orinoco oil belt, Eastern Venezuela: Journal of
Petroleum Geology, v. 10, no. 2, p. 135-148.

TUCN, 1993, Exploracién y produccién de petréleo y gas en los manglares. Directrices para la
proteccién ambiental [Oil and gas exploration and production in the mangroves.
Directions for environmental protection]: E&P Forum, Gland, Switzerland and
Cambridge, 51 p.
<Geohidra Consultores, C.A.>

IVIC, 1993, Informe sobre indigenas del Delta Amacuro. [Report on the indigenous peoples of
Delta Amacuro].

Jaeger, J.M., and Nittouer, C.A., 1995, Tidal controls on the formation of fine-scale sedimentary
strata near the Amazon river mouth: International Journal of Marine Geology,
Geochemistry, and Geophysics, no. 125, p. 259-281.

Jaffe, Rudolf, Elisme, Theodore, and Cabrera, A. C., 1996, Organic geochemistry of seasonally
flooded rain forest soils; molecular composition and early diagenesis of lipid
components, in Grimalt, J.O., Simoneit, B. R. T., Parkes, R. J., and Maxwell, J. R., eds.,
Proceedings of the 17th international meeting on organic geochemistry, Part V,
Environmental organic geochemistry and microbial geochemistry: Organic
Geochemistry, Pergamon, Oxford, v. 25, no. 1-2, p. 9-17.

Jaffe, Rudolf, Wolff, G. A., Cabrera, A. C., and Chitty, H. C., 1995, The biogeochemistry of
lipids in rivers of the Orinoco basin: Geochimica et Cosmochimica Acta, v. 59, no. 21,
p- 4507-4522.

Jam, P.L., 1985, Lagoven’s heavy oil fields of southern Monagas, Eastern Venezuela Basin: The
Third UNITAR/UNAP International Conference on Heavy Crude and Tar Sands,
p- 306-316.

James, K. H., 1990, The Venezuelan hydrocarbon habitat, in Brooks, J., eds., Classic Petroleum
Provinces: Geological Society Special Publications, 50, p. 9-35.

Jantesa, 1996, Proyecto de reactivacion en el campo petrolero Pedernales (Fase II) [Reactivation
Project in the Pedernales Oil Field (Phase II)].
<Calidad Ambiental, Piso 28, Torre Sur, Caracas>

3-30



Johnsson, M. J., 1989, Chemical weathering controls on the composition of modern fluvial sands
in tropical weathering environments: Ph. D dissertation, Princeton University, Princeton,
New Jersey, USA, 346 p.
Qutline: Barro Colorado Island; Brazil; Guyana Shield; Llanos; Macuapanim Island;
Orinoco River basin; Panama; Solimoes River

Johnsson, M. J., Stallard, R. F., and Lundberg, Neil, 1991, Controls on the composition of fluvial
sands from a tropical weathering environment; sands of the Orinoco River drainage
basin, Venezuela and Colombia: Geological Society of America Bulletin, v. 103, no. 12,
p. 1622-1647.

Johnsson, M. J., Stallard, R. F., and Meade, R. H., 1986, First cycle quartz arenites in the
Orinoco River basin, Colombia and Venezuela (abs.): SEPM Midyear Meeting, 1986,
v. 3, p. 57-58.

Johnsson, M. J., Stallard, R. F., and Meade, R. H., 1988, First-cycle quartz arenites in the
Orinoco River basin, Venezuela and Colombia: Journal of Geology, v. 96, no. 3, p. 263-
2717.

Jones, S. L., 1990, Modeling of aqueous equilibria and sediment/water interactions, Orinoco
River, Venezuela, in Weibezahn, F. H., Alvarez, H., and Lewis, W. M., Jr., eds., El Rio
Orinoco como ecosistema [The Orinoco River as an ecosystem]: Impresos Rubel,
Venezuela, p. 121-150.

Jones, S. L., Lewis, W. M., Jr., and Runnells, D. D., 1987, High rate of weathering of Guayana
Shield rocks in the Caura River basin, a tropical drainage in Venezuela (abs.): Geological
Society of America, v. 19, no. 7, 720 p.

Kalliokoski, I., 1965, Geology of North-Central Guayana shield, Venezuela: Geological Society
of America Bulletin, v. 76, p. 1027-1050.

Kennicutt, M. C. II, Barker, C., Brooks, J. M., de Freitas, D. A., and Zhu, G. H., 1987, Selected
organic matter source indicators in the Orinoco, Nile and Changjiang deltas: Organic
Geochemistry, v. 11, no. 1, p. 41-51.

Kemns, F. G., 1926, Geology of the Pedernales and adjacent regions: Creole Petroleum
Corporation, unpublished rept, 26 p.
<PDVSA EyP, Caracas>

Khadem, M., Grant, B., Edmond, J. M., and Stallard, R. F., 1984, Geochemistry of the Orinoco
in Venezuela: Eos Transactions, American Geophysical Union, v. 65, no. 45, 951 p.

Kidwell, A. L., 1957, Migration of oil in Recent sediments of Pedernales, Venezuela (abs.):
Tulsa Geological Society Digest, no. 25, p. 73-79.
Qutline: Data from core drilling of Recent sediments in the Orinoco delta, Venezuela,
indicate that aromatic hydrocarbons are accumulating in a sand lens in clay on the flanks
of the Pedernales anticline.

3-31



Kidwell, A. L., and Hunt, J. M., 1958, Migration of oil in Recent sediments of Pedernales,
Venezuela, in Habitat of Oil: American Association of Petroleum Geologists Symposium,
p. 790-817.

Kineke, G.C., and Sternburg, R.W., 1995, Distribution of fluid muds on the Amazon continental
shelf: International Journal of Marine Geology, Geochemistry, and Geophysics, no. 125,
p. 193-233.

Koehnken, Lois, 1990, The composition of fine-grained weathering products in a large tropical
river system, and the transport of metals in fine-grained sediments in a temperate estuary:
Ph. D. dissertation Princeton University, Princeton, New Jersey, USA, 253 p.
Outline: Andes; Barnegat Bay; Colombia Guiana Basin; New Jersey; Orinoco River

Koehnken, Lois, and Stallard, R. F., 1988, Distribution of iron in clays and coatings in fine-
grained sediments from the Orinoco River basin: Eos Transactions, American
Geophysical Union, v. 69, no. 44, 1109 p.

Koldewijn, B. W., 1958a, Guiana shelf region. Marine geology, sedimentation, South America:
Sediments of the Paria-Trinidad shelf: Amsterdam University, Fys. Geog. Lab., Pub. 1,
109 p.
<UT Geol 551.463 Orl6rv. 3>

Koldewijn, B. W., 1958b, Sediments of the Paria-Trinidad shelf. Reports of the Orinoco shelf
expedition, v. III: Ph. D. dissertation, Amsterdam University, 109 p.
<UT Geol 551.463 Orl6rv. 3>

Konta, J., 1988, Differences in mineral maturity of suspended solids of twelve major world
rivers, in Konta, J., ed., Conference on Clay Mineralogy and Petrology, 10: Univerzita
Karlova, Prague, p. 71-77.

Outline: Brahmaputra River; Caroni River; Ganges River; Indus River; Mackenzie River;
Niger River; Nile River;Orange River; Orinoco River; Padma River; Parana River; Saint
Lawrence River;

Kosters, E. C., Vanderzwaan, F. J., and Gijsbert, J., 1993, Organic facies and systems tracts:
implications for source rock preservation and prediction (abs.): American Association of
Petroleum Geologists Bulletin, v. 77, no. 9, p. 1637.

Outline: Bouches-du-Rhone; Mississippi Delta; Orinoco Delta; Rhone Delta; Veneto-Italy

Kuehl, S. A., De Master, D. J., and Nittrouer, C. A., 1986, Nature of sediment accumulation on
the Amazon Continental Shelf: Continental Shelf Research, v. 6, p. 209-225.

Kuehl, S.A., Nittrouer, C.A., and DeMaster, D.J., 1988, Microfabric Study on fine-grained
sediments: Observations from the Amazon subaqueous delta: Journal of Sedimentary
Petrology, v. 58, no. 1, p. 12-23.

3-32



Kuehl, S.A., Pacioni, T.D., and Rine, J.M., 1995, Seabed dynamics of the inner Amazon
continental shelf: temporal and spatial variability of surficial strata: International Journal
of Marine Geology, Geochemistry, and Geophysics, no. 125, p.

Kuenen, Ph H., 1954, Recent deposits and the interpretation of sedimentary rocks (abs.):
Advancement of Science (1975), (British Association for the Advancement of Science.
London, United Kingdom), v. 11, no. 41, p. 65-66.

Outline: Cites results of investigations in the Rhone (France) and Orinoco (Venezuela)
river deltas as examples.

Kugler, H., 1938, El Eoceno de la Roca del Soldado cerca de Trinidad [The Eocene of the
Soldado Rock near Trinidad]: Boletin de Geologia y Minas (Caracas), v. 2, nos. 2-3-4,
p- 201-225.

Kugler, H. G., 1965, Sedimentary volcanism: Caribbean Geological Conference 4, Mem., p. 11-
13.

Kugler, H. G., 1982, Sedimentary volcanism: Boletin Geotermia (Caracas), no. 7, p. 94-96.

Lagoven, S.A., 1981, Faja de diapirismo de barro Maturin-Pedernales [Maturin-Pedernales belt
of mud diapirs]: Boletin Geotermia (Caracas), no. 2, p. 19.

LaBrecque, J. J., Nagata, K., Ishizaki, C., and Ishizaki, K., 1982, Chemical composition of the
Orinoco River and some tributaries in the rainy season, in Laming, D. J. C., and Gibbs,
A. K, eds., Hidden wealth: mineral exploration techniques in tropical forest areas:
Proceedings, Symposium on mineral exploration techniques in tropical forest areas:
Geosciences in International Development Report, 7, Association of Geoscientists for
International Development, Asian Institute of Technology, 186 p.

Lacerda and others, 1993, Mangrove ecosystems of Latin America and the Caribbean.

LaForest, Raul (compiler), 1955, Mapa Geolégico de la Repiblica de Venezuela: 4 sheets,
1:1,000,000.
<UT Geol G/5281/C5/1955>

Landaeta, G., 1973, Petréleo verde en Guayana. El Delta del Orinoco, futuro agropecuario de
Guayana. [Green petroleum in Guayana. The Orinoco Delta, agricultural future of
Guayana].
<Biblioteca del MAC, Piso 10, Torre Este, Parque Central, Caracas>

Lazzari, Armando, and Pifia, Miriam, 1986, Studies of compaction and subsidence in the
Orinoco oil belt, in Henneberg, H. G., ed., Recent crustal movements: Tectonophysics,
v. 130, no. 1-4, p. 135-139.

Lemus, A., 1984, Las algas marinas del Golfo de Paria. II Rodophyta {Marine algae of the Gulf
of Paria. I Rodophyta]: Boletin del Instituto Oceanogréfico, UDO, v. 18, no. 1-2, p. 17-

3-33



36.
<Geohidra Consultores, C.A., Caracas>

Lentino, A.R., and Rodner, C., date unknown, Humedales costeros de Venezuela: situacion
ambiental [Coastal wetlands of Venezuela: environmental situation].
<MARNR, Biblioteca de PROFAUNA, Mezzanina, Edif. Camejo, Caracas>

Lentino, Miguel, and Bruni, A. R., 1994, Humedales costeros de Venezuela, situacién ambiental:
Sociedad Conservacionista Audibon de Venezuela, Caracas, 188 p.
Outline: data tables comparing biology, population, land uses of various areas of the
Venezuelan coast, including Orinoco.
<UT Benson Latin American Collection, QH 87.3 L46, 1994 >

Leonard, Ray, 1983, Geology and Hydrocarbon Accumulations, Columbus Basin, Offshore
Trinidad: The American Association of Petroleum Geologists Bulletin, v. 67, no. 7,
p- 1081-1093.

Lewis, W. M, Jr., and Saunders, J. F. III, 1990, Chemistry and element transport by the Orinoco
main stem and lower tributaries, in Weibezahn, F. H., Alvarez, Haymara, and Lewis,
W. M, Jr, eds., El Rio Orinoco como ecosistema [The Orinoco River as an ecosystem]:
Impresos Rubel, Venezuela, p. 211-239.

Lewis, W. M., Jr., and Saunders, J. F. III, 1989, Concentration and transport of dissolved and
suspended substances in the Orinoco River: Biogeochemistry (Dordrecht), v. 7, no. 3,
p. 203-240.

Lewis, W. M., Jr., Hamilton, S. K., Jones, S. L., and Runnells, D. D., 1987, Major element
chemistry, weathering and element yields for the Caura River drainage, Venezuela:
Biogeochemistry (Dordrecht), v. 4, no. 2, p. 159-181.

Lewis, W. M., Jr., Weibezahn, F. H., Saunders, J. F., III, and Hamilton, S. K., 1990, The Orinoco
river as an ecological system: Interciencia, v. 15, no. 16, p. 346-357.

Lépez, Beatriz, and Pererira, Guido, 1996, Inventario de los crustidceos decipodos de las zonas
alta y media del delta del rio Orinoco, Venezuela [Inventory of decapoda crustaceans of
the uppeer and middle zones of the delta of the Orinoco river] : Acta Bioldgica
Venezuélica, v. 16, no. 3.

Lépez, Beatriz, and Pererira, Guido, 1998, Actualizacién del inventario de crustacieos
decapodos del delta del Orinoco [ Updated inventory of decapoda crustaceans of the
Orinoco delta], in Lopez-Sanchez, José Luis, Saavedra-Cuadra, L.I., and Dubois-
Martinez, Mario, eds, El Rio Orinoco, aprovechamiento sustentable: Primeras Jornadas
Venezolanas de Investigacion sobre el Rio Orinoco, Memorias, IMF, Facultad de
Ingenieria, UCV, p. 76-85.

3-34



Lépez, J.L, 1986, Cafio Manamo-Traslacién de las ondas de marea-Modelo matematico [Cafio
Manamo-Translation of the tidal waves-Mathematical model]: Caracas.
<UCV-IMF>

Lépez, J. L., Pérez-Hernandez, David, and Saavedra, Ivan, 1998, Cambios morfolégicos en el rio
Orinoco a través del tiempo [Morphologic changes in the Orinoco river through time], in
Lépez-Séanchez, J. L., Saavedra-Cuadra, I.I., and Dubois-Martinez, Mario, eds., 1998, El
Rio Orinoco, Aprovechamiento Sustentable: Primeras Jornadas Venezolanas de
Investigacién sobre el Rio Orinoco, Memorias, IMF, Facultad de Ingenieria, UCV,

p. 185-201.

Lépez-Sanchez, José Luis, Saavedra-Cuadra, L.I., and Dubois-Martinez, Mario, eds, 1998, El Rio
Orinoco, Aprovechamiento Sustentable: Primeras Jornadas Venezolanas de Investigacién
sobre el Rio Orinoco, Memorias, IMF, Facultad de Ingenieria, UCV, 414 p.

Lorente, M. A., 1986, Palynology and Palynofacies of the upper Tertiary in Venezuela:
Dissertationes Botanicae, vol. 99. Lubrecht and Cramer Ltd.
<Amazon.com>

Lorente, M. A., 1990, Textural characteristics of organic matter in several subenvironnments of
the Orinoco upper delta, in Cleef, A. M., Van Geel, B., Hooghiemstra, H., Roeleveld, W.,
and Wijmstra, T. A., eds., Palynology, a key to climatic and geographic change, a tribute
to Thomas van der Hammen: Geologie en Mijnbouw, v. 69, no. 3, p. 263-278.

MAC, 1963, Estadisticas de T.F. Delta Amacuro [Delta Amacuro F. T. statistics]: Direccién de
Planificacion Sectorial, Caracas.
<UT Benson Latin American Collection G630.987 V5558ED, 1963>

MAC, 1969, El desarrollo agricola del Delta [Agricultural Development of the Delta].
<Biblioteca del MAC, Piso 10, Torre Este, Parque Central, Caracas>

MAC, 1995, Memoria 1995. Aspectos politicos, ejecucién y programacién de la UEDA Delta
Amacuro (Incluye produccién para el 1995 de los subsectores agricolas, vegetal,
agroforestal, animal y pesca) [Memoir 1995. Political aspects, execution, and
programming of the Delta Amacuro UEDA (Includes 1995 agricultural, vegetable,
agroforestry, animal, and fisheries production)].
<Biblioteca del MAC, Piso 10, Torre Este, Parque Central, Caracas>

MAC, date unknown, Estadisticas: Captura fluvial y maritimas en el Estado Delta Amacuro.
Produccién nacional artesanal en el Estado Delta Amacuro [Statistics: Fluvial and
maritime capture in the Delta Amacuro State. National artisan production in the Delta
Amacuro State].
<Direccién de Estadistica, Piso 6, Torre Este, Parque Central, Caracas>

MAC, date unknown, Programa de desarrollo rural integrado en proyectos de riego y drenaje
afios 1982-1991. Proyecto Delta [Integrated rural development program in irrigation and

3-35



drainage projects, years 1982-1991].
<Biblioteca del MAC, Piso 10, Torre Este, Parque Central, Caracas>

MAC and Ramirez, S., 1997, Sistemas agropecuarios de produccién en el Delta del Orinoco.
Tucupita, Estacién Experimental de Guara [Agricultural production systems in the
Orinoco Delta. Tucupita, Guara Experimental Station].
<Biblioteca del MAC, Piso 10, Torre Este, Parque Central, Caracas>

Mahmood, A., Ehlers, C. J., Butenko, J., and Randall, R. G., 1980, Seafloor sediments in
Orinoco Delta, Venezuela: Offshore Technology Conference Proceedings, v. 2,
p. 327-332.

Marcano, G., Pérez G., Néstor, 1990, Sedimentacion del caiio Manamo. Sector Boca Grande-El
Cierre [Sedimentation in the Manamo River. Boca Grande-El Cierre Sector].
<Biblioteca de PROA, Torre Sur, Piso 8, Caracas>

Marcucci, E., Sanchez, D., and Boda, 1975, Tasa de sedimentacién y volumen sedimentado en el
canal de navegacion de Boca Grande [Sedimentation rate and volume sedimented in the
Boca Grande navigation channel]: (cited by Savelli-Ciatteo, 1998).
<Fundacién Laboratorio Nacional de Hidraulica>

Marifio, Noel, and Zanin, Gladys, 1985, Volcanismo sedimentario en Venezuela nor-oriental
[Sedimentary volcanism in northeastern Venezuela]: Congreso Geolégico Venezolano 6,
v.2,p.918-931.

Marion, A., 1984, Caracterizacién de los vientos en el area costa afuera del Delta del Orinoco
[Characterization of winds in the Orinoco Delta offshore area].
<INTEVEP>

MARNR, 1979a, Inventario nacional de tierras. Region oriental. Delta de Orinoco y Golfo de
Paria [National inventory of lands eastern region. Orinoco Delta and Gulf of Paria]: Serie
Informes Cientificos, Zona 12/1C/21, Maracay, Venezuela, 229 p.
<Biblioteca de PROFAUNA, Mezzanina, Edif. Camejo, Caracas> <Geohidra
Consultores, C. A.)

MARNR, 1979b, Mapa de Suelos. Asociaciones de grandes grupos. Delta del Orinoco-Golfo de
Paria [Soils Map. Associations of large groups, Orinoco Delta and the Gulf of Paria]
Scale 1:250,000.
<Ecology and Environment> <Geohidra Consultores, C. A., Caracas>

MARNR, 1980, Registros de temperatura, precipitacién, evaporacion y lluvias exremas en
condiciones medias anuales de los estados orientales y del Territorio Federal Delta
Amacuro [Records of temperature, precipitation, evaporation, and extreme rain in
average annual conditions in the eastern states and the Delta Amacuro Federal Territory]:
DGSIIA. Direccién Cartografia Nacional, Oficina del Centro de Informacién, Caracas
(cited in MARNR, 1983d).

3-36



MARNR, 1981, Estudio de ordenacién del Territorio Federal Delta Amacuro. Informe preliminar
[Study of organization of the Delta Amacuro Federal Territory. Preliminary report]:
Maturin, 65 p. (cited in MARNR and Gobernacién del Territorio Federal Delta Amacuro,
1982).

MARNR, 1983a, Revista ambiente sobre manglares [Environment magazine on mangroves].

MARNR, 1983b, Sistemas ambientales Venezolanos. Regién Natural 28. Macizo Oriental. 1983.
Anexo cartografico [Venezuelan environmental systems. Natural Region 28. Eastern
Massif], scale 1:500,000.
<Ecology and Environment, Caracas>

MARNR, 1983c, Sistemas ambientales Venezolanos. Regién Natural 29. Llanos orientales
[Venezuelan environmental systems. Natural Region 29. Eastern plains], scale 1:250,000.
<Ecology and Environment, Caracas>

MARNR, 1983d, Sistemas ambientales Venezolanos. Regién Natural 30. Llanuras deltaicas y
Delta del Orinoco [Venezuelan environmental systems. Natural Region 30. Delta plains
and the Orinoco Delta]: Proyecto VEN/79/001, Serie II: Los recursos naturales
renovables y las regiones naturales, Documento 30, Cédigo II-2-29, 371 p. Map annexes
scales 1:250,000 and 1:500,000.
<Ecology and Environment, Caracas>

MARNR, 1984, Avance del informe geomorfolégico del Delta del Orinoco y Golfo de Paria.
Regién 8, Subregiones 8A, 8B, 8C, 8D [Geomorphology progress report of the Orinoco
Delta and Gulf of Paria. Region 8, Sub-regions 8A, 8B, 8C, 8D]: Maracay, Venezuela,
120 p.
<CVG-TECMIN>

MARNR, 1985, Informe geomorfolégico de avance del delta del rio Orinoco y Golfo de Paria
[Geomorphology progress report of the Orinoco Delta and Gulf of Paria]: 1:250,000.
<Geohidra Consultores, C.A., Caracas>

MARNR 1986, Plan estadal de ordenamiento territorial del Estado Monagas [State plan of
territorial organization of the Monagas State] scale 1:250,000.
<Ecology and Environment, Map annex, Caracas>

MARNR, 1987, Atlas de navegacién, Rio Orinoco [Navigation atlas, Orinoco river]: Direccién
General Sectorial de Planificacién y Ordenamiento del Ambiente, Proyecto Orinoco-
Apure, 22 p.

MARNR, 1988, Estudio agroclimatolégico del Territorio Federal Delta Amacuro [ Agricultural-
climatological study of the Delta Amacuro Federal Territory].
<Geohidra Consultores, C.A., Caracas>

MARNR, 1989a, Plan de ordenacion territorial del Estado Delta Amacuro [Plan of territorial
organization of the Delta Amacuro state]: Comisién Regional de Ordenacién del

3-37



Territorio.
<Geohidra Consultores, C.A., Caracas>

MARNR, 1989b, Plan estadal de ordenamiento territorial del Estado Sucre [State plan of
territorial organization of the Sucre State].
<Ecology and Environment, Caracas>

MARNR, 1990a, Mediciones hidrométricas del rio Orinoco, sectores La Urbana, San Félix,
Barrancas, y Guasina, septiembre de 1989 [Hydrometric measurements of the Orinoco
river, La Urbana, San Félix, Barrancas, and Guasina sectors, September 1989].
<UCV-IMF>

MARNR, 1990b, Mediciones hidrométricas del rio Orinoco, sectores La Urbana, San Félix,
Barrancas, y Guasina, noviembre de 1989 [Hydrometric measurements of the Orinoco
river, La Urbana, San Félix, Barrancas, and Guasina sectors, November 1989].
<UCV-IMF>

MARNR, 1990c, Conservacion y manejo de los manglares de Venezuela y Trinidad Tobago.
Sector Rio San Juan [Conservation and management of the mangroves of Venezuela and
Trinidad Tobago, San Juan River Sector, Monagas State].

MARNR, 1990d, Plan estadal de ordenamiento territorial del Estado Delta Amacuro [State plan
of territorial organization of the Delta Amacuro State] Map Annex, scale 1: 500,000.
Gobernacién del Edo. Delta Amacuro.
<Ecology and Environment, Caracas>

MARNR, 1991a, Consevacion y manejo de los manglares de Venezuela y Trinidad y Tobago.
FP-11-05-81-01 (2038). Sector: Delta del Orinoco, Territorio Delta Amacuro
[Conservation and management of mangroves of Venezuela and Trinidad and Tobago.
FP-11-05-81-01 (2038). Sector: Orinoco Delta, Delta Amacuro Territory: (PT) Serie
Infomes Técnicos, DGSIIA/IT/256, Caracas.
<Geohidra Consultores, C.A., Caracas>

MARNR, 1991b, Conservacién y manejo de los manglares de Venezuela y Trinidad y Tobago.
Sector: Golfo de Paria [Conservation and management of the mangroves of Venezuela
and Trinidad and Tobago, Gulf of Paria Sector, Sucre State].

MARNR, 1996, Plan de ordenamiento y reglamento de uso de la reserva forestal Guarapiche
[Plan to organize and regulate the use of the Guarapiche forest reserve].
<Ecology and Environment, Caracas>

MARNR and Gobernacién del Territorio Federal Delta Amacuro, 1982, Estudio preliminar de
ordenacidn del Territorio Federal Delta Amacuro, Parte I: Inventario analitico, Vol. 1: El
medio fisico y los recursos naturales [Preliminary study of organizationof the Delta
Amacuro Federal Territory, Part I: Analytical inventory, Vol. 1: The physical
environment and natural resources]: MARNR, Maturin, Serie Informes Técnicos Zona
12/IT/174, 146 p.

3-38



MARNR and PROA, 1993, Inventario de informacién a utilizar en el plan de accién ambiental
para el manejo integrado de la cuenca hidrogréfica del rio Orinoco: I Etapa [Inventory of
information to be used in the environmental action plan for integrated management of the
Orinoco river watershed: Stage I].
<Biblioteca de PROA, Torre Sur, Piso 8, Caracas>

MARNR and PROA, date unknown, El acondicionamiento del cafio Macareo como solucién
alterna para la navegacién fluvial por el rio Orinoco [Conditioning of the Macareo river
channel as an alternate solution for navigation in the Orinoco river].
<Biblioteca de PROA, Torre Sur, Piso 8, Caracas>

MARNR, date unknown, Actualizacién del las unidades vegetales en el Estado Delta Amacuro
(actualmente en elaboracién). [Updating of the vegetation units in the Delta Amacuro
State (currently under preparation)].
<Edif. Camejo, Piso 2, Caracas>

MARNR, date unknown, Decreto Plan Ordenacién del Territorio del Estado Delta Amacuro
[Plan of Organization of the territory of the Delta Amacuro State].
<Ecology and Environment, Caracas>

MARNR, date unknown, Manejo de pastizales y ceba de ganado en el Delta del Orinoco
[Grassland management and livestock feeding in the Orinoco Delta].
<Biblioteca de PROA, Piso 10, Torre Sur, Caracas>

MARNR, date unknown, Programa Subregién Delta [Delta Subregion Program].
<Biblioteca de PROA, Piso 10, Torre Sur, Caracas>

MARNR, date unknown, Sistemas ambientales Venezolanos, Proyecto Ven/79/001. Regién
Natural 32 Serrania Imataca-Nuria [Venezuelan environmental systems, Project
Ven/79/001. Natural Region 32. Imataca-Nuria Range].
<Biblioteca de PROA, Piso 10, Torre Sur, Caracas>

MARNR, date unknown, Levantamiento de unidades de suelos en el Estado Delta Amacuro
[Survey of soil units in the Delta Amacuro State]: Direccién de Suelos y Aguas (en
elaboracién, Lic. Marisol Salazar).
<Biblioteca de PROFAUNA, Mezzanina, Edif. Camejo, Caracas>

MARNR/PROA, date unknown, Diagnéstico ambiental para la consolidacién econémica en el
Delta Amacuro, para la gestién del desarrollo del eje Orinoco-Apure [Environmental
evaluation for the economic consolidation in Delta Amacuro, for the management of the
development along the Orinoco-Apure axis].
<Biblioteca de PROA, Torre Sur, Piso 8, Caracas>

MARNR/PROA, date unknown, Propuesta preliminar para la realizacién del taller sobre el
producto turistico del destino Delta Amacuro [Preliminary proposal for the conduction of
a workshop on tourism of the Delta Amacuro destination].
< Biblioteca de PROA, Torre Sur, Piso 8, Caracas>

3-39



Martin, J. M., Thomas, A., and Pérez-Nieto H., 1976, Application des mesures de radioactivite
naturelle a I’etude de la dynamique sedimentaire dans le delta de I’Orenoque [Application
of natural radioactivity measurements to the study of sedimentary dynamics in the
Orinoco Delta]: Caribbean Geological Conference Transactions, Queens College Press,
Flushing, New York, no. 7, p. 555-565.

Martin, Padre Elias, 1977, En las bocas del Orinoco: 50 aiios de los misioneros capuchinos en el
Delta Amacuro, 1924-1974 [At the mouths of the Orinoco: 50 years of the Capuchino
missions in the Delta Amacuro, 1924-1974]: Vicariato Apostélico del Territorio Federal
Delta Amacuro, 223 p.
<University of Florida FU lac BV2255.E451>

Martin, Robert, 1996, Georeferencing of satellite imagery (abs.): American Association of
Petroleum Geologists Bulletin, v. 80, no. 8, p. 1313.

Martinez, A. R., 1987, The Orinoco oil belt, Venezuela: Journal of Petroleum Geology,
v. 10, no. 2, p. 125-134.
<UT Geol TN870.5 J68>

Martinez-Monro, R., 1986, Estudio de factibilidad de un puerto de aguas profundas en la margen
derecha del rio Orinoco, Boca Grande, zona sur del delta del Orinoco [Feasibility study
of a deep water harbour on the right margin of the Orinoco river]: CVG, Caracas (cited
by Savelli-Ciatteo, 1998).
<Fundacién Laboratorio Ncional de Hidraulica>

Masciangioli, P., 1985, Régimen de corrientes en la regién costa afuera del Delta del Orinoco
[Currents regime in the offshore area of the Orinoco Delta].
<INTEVEP>

McClelland Engineers, 1978. Interpretation and assessment of seafloor and shallow subbottom
conditions: Guarao detail survey area offshore Orinoco Delta, Venezuela.
<INTEVEP>

McKee, E. D., 1983, Sand deposits of the Rio Orinoco: an analog of the Wescogame Formation:
Eos Transactions, American Geophysical Union, v. 64, no. 45, p. 701.

McKee, E. D., 1989, Sedimentary structures and textures of Rio Orinoco channel sands,
Venezuela and Colombia: U. S. Geological Survey Water-Supply Paper W 2326-B,
p- B1-B23.
<Geol TC 801 U2 no. 2326-B>

Meade, R. H., 1994, Suspended sediments of the modern Amazon and Orinoco rivers, in Iriondo,
M., ed., Quaternary of South America: Quaternary International, v. 21, Pergamon.
Oxford, p. 29-39.

Meade, R. H., 1996, River-sediment inputs to major deltas, in Milliman, J. D., and Haq,
B. U, eds., Sea-level rise and coastal subsidence; causes, consequences, and strategies:

3-40



Coastal Systems and Continental Margins, v. 2, Kluwer Academic Publishers, p. 63-85.
Outline: Amazon, Colorado; deforestation; Ganges; Mississippi, Orinoco; Yangtze River
<UT Geol GC 89 S427 1996>

Meade, R. H., and Koehnken, Lois, 1991, Distribution of the river dolphin, tonina Inia
geoffrensis, in the Orinoco River basin of Venezuela and Colombia: Interciencia, v. 16,
no. 6, p. 300-312.

Meade, R. H., Nordin, Jr., C. F., Herndndez, D. P., Mejia-B., A., and Godoy, J. M., 1983,
Sediment and water discharge in rio Orinoco, Venezuela and Colombia, in Second
International Symposium on River Sedimentation Proceedings: Water Resources and
Electric Power Press, p. 1134-1144.

Meade, R. H., Weibezahn, F. H., Lewis, W. M., Jr., and Pérez-Hernandez, David, 1990,
Suspended-sediment budget for the Orinoco River, in Weibezahn, F. H., Alvarez-
Haymara, and Lewis, W. M., Jr., eds., El Rio Orinoco como ecosistema [The Orinoco
River as an ecosystem]: Impresos Rubel, Venezuela, p. 55-79.

Measures, C. L., and Edmond, J. M., 1983, Beryllium in the Orinoco and Amazon basins: Eos
Transactions, American Geophysical Union, v. 64, no. 45, 698 p.

Meggars, B. J., 1979, Climatic oscillation as a factor in the prehistory of Amazonia: American
Antiquity, v. 44, p. 252-266.

Meggars, B. J., 1992, Prehistoria Sudamerica, nuevas pespectivas: Taraxacum, Washington

Meinhold, R., 1939, Final report of the Haalk survey in the Orinoco Delta.
<INTEVEP>

Mejia, J., 1981, Esquema de ordenacién de usos para la zona sur del Territorio Federal Delta
Amacuro y zona nororiental del Estado Bolivar [Organizational plan of the uses of the
southern zone of the Federal Territory Delta Amacuro and the northeast zone of the State
of Bolivar].
< Biblioteca de PROA, Torre Sur, Piso 8, Caracas>

Méndez, O., El volcan de lodo de San Joaquin, estado Anzoategui, Venezuela [The mud volcano
at San Joaquin, Anzodtegui State, Venezuela]: Cong. Geolégico Venezolano 6, v. 5,
p- 3208-3226.

Méndez-Baamonde, José, 1997a, El Cuaternario, in Léxico estratigrafico de Venezuela:
Repiiblica de Venezuela, Ministerio de Energia y Minas, Direccién de Geologia, 3rd ed.,
39 p.

Méndez-Baamonde, José, 1997b, Formacién Mesa, in Léxico estratigrafico de Venezuela:
Republica de Venezuela, Ministerio de Energia y Minas, Direccién de Geologia, 3rd ed.,

S p-

3-41



Méndez-Baamonde, J., 1997a, El Cuaternario: Boletin de Geologia, Ministerio de Energia y
Minas, Venezuela, v. 18, no. 31, p. 74-115.

Méndez-Baamonde, J., 1997b, Caracteristicas sedimentarias del Cuaternario en Venezuela.
Unidades sedimentarias y su relacién con las glaciaciones e interglaciaciones
[Sedimentary characteristics of the Quaternary in Venezuela. Sedimentary units and their
relation to the glacials and interglacials]: Cong. Geolégico Venezolano 7, v. 2, p. 101-
106.

Méndez-Baamonde, J., and Scherer, W., 1997, Tabla de correlacién del Cuaternario en
Venezuela [Correlation chart of the Quaternary in Venezuela]: Cong. Geolégico
Venezolano 7, v. 2, p. 101-106.

Menéndez, A., 1978, Presentacién del mapa hidrogeolégico de Venezuela en escala 1:500.000;
aspectos generales de la hidrogeologia de Venezuela [Presentation of the hydrogeological
map of Venezuela, scale 1:500,000; general aspects of the hydrogeology of Venezuela]:
Segundo Congreso Latinoamericano de Geologia, Boletin de Geologia Publicacién
Especial, 7, v. V, p. 3349-3350.

Mente, A., Frota, Mont, Alverne, A. A., Godoy, V. E., daFranca, Ribeiro, and dos Anjos, N.,
1989, Hydrogeological map of South America at scale 1:5,000,000, in Memoirs of the
International Symposium on Hydrogeological Maps as Tools for Economic and Social
Development: International Association of Hydrogeologists, Hanover, p. 337-348.

Meyer, R. F., 1991, Marine oil seeps (abs.): American Association of Petroleum Geologists
Bulletin, v. 75, no. 3, p. 635.
Outline: Orinoco Belt pollution; Santa Barbara Channel; Sargasso Sea.

Michelena y Rojas, Francisco, 1867, Exploracién oficial por la primera vez desde el norte de la
América del Sur siempre por rios, entrando por las bocas de Orinoco [Oficial exploration
for the first time from the northern part of South América always along rivers, entering
through the mouths of the Orinoco].
<UT Benson Latin American Collection F 2313 LAC-Z Rare Books>

Milliman, J. D., Butenko, Jorge, and Barbot, J. P., 1980, Holocene sediments from the Orinoco
River on the Paria shelf, northern Venezuela: International Geological Congress,
Abstracts, 26, v. 2, p. 518.
<UT Life Science GC1 J6 ,v.40, no. 33>

Milliman, J. D., Butenko, Jorge, Barbot, J. P., and Hedberg, Jan, 1982, Depositional patterns of
modern Orinoco/Amazon muds on the northern Venezuelan shelf: Journal of Marine
Research, v. 40, no. 3, p. 643-657.

MINDUR - INAVI, 1993, Expediente de ciudades de los Estados Delta Amacuro y Amazonas
(Incluye planos de uso del suelo, geomorfologia, redes de servicios, sintesis urbana,
sectorizacién) [Files for cities in Delta Amacuro and Amazonas States (Includes usage

3-42



plans for soils, geomorphology, service networks, urban synthesis, and districting)].
<Direccién Region Guayana, Piso 47, Torre Oeste, Parque Central, Caracas>

MINDUR, 1982, Plan de ordenacién urbanistica y plan local de Tucupita (Diagnéstico) [Plan for
urban organization and local plan for Tucupita (Diagnostic)].
<Direccién Regién Guayana, Piso 47, Torre Oeste, Parque Central, Caracas>

MINDUR, 1989, Programas de actuaciones urbanisticas. T.F. Delta Amacuro [Urban action
programs. Delta Amacuro Federal Territory].
<Direccién Regién Guayana, Piso 47, Torre Oeste, Parque Central, Caracas>

MINDUR, date unknown, Resumen de instrumentos de planificacién y requerimientos de
equipamiento e infraestructuras. T.F. Delta Amacuro [Summary of planning instruments
and requirements for equipment and infrastructure. Delta Amacuro F. T.].
<Direccién Regién Guayana, Piso 47, Torre Oeste, Parque Central, Caracas>

Ministerio de Educacién, 1989, Situacién actual de los indigenas y la politica indigenista en
Venezuela [Current situation of the indigenous people and the policies for indigenous
people in Venezuela].
< Biblioteca de PROA, Torre Sur, Piso 8, Caracas>

Ministerio de la Familia, 1997, Poblacién en situacién de pobreza segiin necesidades basicas
insatisfechas [Population in poverty according to unsatisfied basic necessities].
<Ecology and Environment (Carpeta Delta), Caracas>

Miro, Manuel, 1966, Distribucidn del carbonato célcico en los sedimentos marinos del oriente
Venezolano [Distribution of calcium carbonate in marine sediments of eastern
Venezuela]: Acta Geoldgica Hispanica, Instituto Nacional de Geologia, Barcelona, Spain,
v. 1, no. 3, p. 22-23.

Moffett, J. W., and Zafiriou, O. C., 1993, The photochemical decomposition of hydrogen
peroxide in surface waters of the eastern Caribbean and Orinoco River: Journal of
Geophysical Research, v. 98, no. C2, p. 2307- 2313.

Mogollén, L. F., and Comerma, J., 1994, Suelos de Venezuela [Soils of Venezuela]: Ed. Ex
Libris, C. A., Caracas.
<Geohidra Consultores, C. A., Caracas>

Mogollén, José Luis, and Querales, Eddy, 1995, Interactions between acid solutions and
Venezuelan tropical soils: The Science of the Total Environment, v. 164, no. 1, p. 45-56.
Outline: acid-rain; Entisols; Guayana Shield; Inceptisols; Orinoco River; Oxisol

Moigis, A., and Bonilla, J., 1985, La productividad primaria del fitoplankton e hidrografia del
Golfo de Paria durante la estacién de lluvia [Phytoplankton primary productivity and
hydrography of the Gulf of Paria during the rainy season]: Boletin del Instituto
Oceanogréfico, UDO, v. 24, no. 1-2.

3-43



Monente, J, 1989/1990a, Materia en suspensién transportada por el rio Orinoco [Suspended
matter transported by the Orinoco river]: Soc. Ciencias Naturales La Salle, Mem. IL/L,
no. 131-134, p. 5-13.
<ENSR, Caracas>

Monente, J., 1989/1990b, Influencia del rio Orinoco en el Caribe. Materia en suspensién
[Influence of the Orinoco river on the Caribbean. Suspended matter]: Soc. Ciencias
Naturales La Salle, Mem. IL/L, no. 131-1334.
<ENSR, Caracas>

Monente, J. A., 1991, Analisis de la informacién sobre la hidroquimica del rio Orinoco:
Sociedad de Ciencias Naturales La Salle, Mem. 51, no. 135-136, p. 24-261.

Monente, J. A., and Egafiez, Henry (coord.), date unknown, Calidad de agua [Water quality]:
Proyecto Warao, Covenio FLASA-CVP, Fundacién La Salle, Direccién Cientifica,
Componente Medio Calidad de Agua, 102 p.

Monente, José A., and Colonnello, Giuseppe, 1997, Hidroquimica del delta del Orinoco
[Hydrochemistry of Orinoco delta]: Sociedad de Ciencias Naturales La Salle, v. LVII,
no. 148, p. 109-131.

Mont A., Alverne, Alarico Antonio, Fronta Mente, Albert, dos Anjos, Nelson, daFranca R., and
Godoy, V. Eugenio, 1988, Mapa hidrogeolégico da America do Sul, escala 1:5,000,000
[Hydrogeologic map of South America, scale 1:5,000,000], in Anais do VII Congresso
Latino-Americano de Geologia, Sociedade Brasileira de Geologia, Departamento
Nacional da Producao Mineral, Belem, Brazil, p. 576-590.

Montes, R. and San José, J. J., 1989, Chemical composition and nutrient loading by precipitation
in the Trachypogon savannas of the Orinoco Llanos, Venezuela: Biogeochemistry
(Dordrecht), v. 7, no. 3, p. 241-256.

Moore, W. S., and Todd, J. F., 1993, Radium isotopes in the Orinoco Estuary and eastern
Caribbean Sea: Journal of Geophysical Research, C, Oceans, v. 98, no. 2, p. 2233-2244.

Morton, R. A., Major, R. P., White, W. A., Guevara, E. H., and Raney, J. A., 1998, Physiography
of the Orinoco Delta, northeastern Venezuela (abs.), in Louisiana State University,
Coastal Studies Institute: World Deltas Symposium Book of Abstracts, p. 97.

Morelock, Jack, 1972, Guayana-Orinoco continental shelf sediments: Boletin del Instituto
Oceanogréfico, UDO, v. 11, no. 1, p. 57-61.

Muller, J., 1952. Report on a botanical examination of surface samples collected in the Orinoco
Delta.
<INTEVEP>

3-44



Muller, Jan, 1959, Palynology of Recent Orinoco delta and shelf sediments: Reports of the
Orinoco shelf expedition, volume 5: Micropaleontology, American Museum of Natural
History, New York, v. 5, no. 1, p. 1-32.

Muiioz Tébar, Luis, 1906, Plano de la Boca Grande del Orinoco y la situacién del Faro Barima
[Map of the Boca Grande of the Orinoco and location of the Barima beacon]: Ministerio
de Guerra y Marina, Direccién de Marina, Caracas.

Contents: Lighthouses, Venezuela, Orinoco River Delta, maps, 1906 magnetic

declination.
<University of California, Berkeley, MAPS G5282.07P5 1906.M8>

Murnane, R. J., and Stallard, R. F., 1990, Germanium and silicon in rivers of the Orinoco
drainage basin: Nature , v. 344, no. 6268, p. 749-752.

Nemeth, A., Paolini, J., and Herrera, R., 1982, Carbon transport in the Orinoco River;
preliminary results, in Degens, E. T., ed., Transport of carbon and minerals in major
world rivers: Part 1, Proceedings of a workshop, Mitteilungen aus dem Geologisch-
Palaeontologischen Institut der Universitaet Hamburg, no. 52, p. 357-364.

Newcombe, G., 1994, Aspectos de seguridad en el levantamiento de Pedernales (res.) [Safety
considerations in the Pedernales survey (abs.)]: Cong. Venezolano de Geofisica 7, p. 572-
1994.

Nicolle, J.L., 1982, Riesgos geoldgicos y consideracidénes geotécnicas del sitio especifico Loran
[Geologic risks and geotechnical considerations at the Loran-1 specific site].
<INTEVEP>

Nicolle, J.L., 1983, Riesgos geoldgicos y consideraciénes geotécnicas del sitio especifico
Cocuina-1 [Geologic Risks and Geotechnical Considerations at the Cocuina-1 specific
site].
<INTEVEP>

Nieves, Fulvia, 1980, La fase banador: investigaciones arqueoldgicas en el Bajo Orinoco [The
banador phase: archeologic investigations in the lower Orinoco].
<UT Benson Latin American Collection F 2319.1 A59 N53>

Nittrouer, C. A., Khuel, S. A., DeMaster, D. J., and Kowsman, R. O., 1986, The deltaic nature of
Amazon shelf sedimentation: Geological Society of American Bulletin, v. 97, p. 444-458.

Nordin, C. F. and Meade, R. H., 1983, Sediments of the Rio Orinoco, South America: Eos
Transactions, American Geophysical Union, v. 64, no. 45, p. 701.

Nordin, C. F. and Pérez-Hernandez, David, 1989, Sand waves, bars, and wind-blown sands of
the Rio Orinoco, Venezuela and Colombia: U. S. Geological Survey Water-Supply Paper
W 2326-A, p. A1-A74.
Outline: aerial photography; bars; bedding plane irregularities; bedforms; bedload;

3-45



channels; Colombia;Venezuela; wind transport
<UT Geol TC801 U2 No. 2326-B>

Nordin, C. F., and McLean, D. G., 1989, Application of Engelund-Hansen sediment transport
equation in mathematical models, in Ding, Lianzhen (chairperson), ed., Proceedings of
the Fourth international symposium on River sedimentation: China Ocean Press, China,
p. 611-616.

Nordin, C. F., Jr., Meade, R. H., and Curtis, C. C., 1983, Data from sediment studies of the Rio
Orinoco, Venezuela, August 15-25, 1982: Open-File Report, OF 83-0679, U. S.
Geological Survey, 29 p.

Nordin, C. F., Mejia, Abel, and Delgado, Carmen, 1994, Sediment studies of the Orinoco river,
Venezuela, in Schumm, S. A., and Winkley, B. R., The variability of large rivers: ASCE
Press, New York, p. 243-265.

Nordin, Jr., C. F., and Pérez-Hernandez, David, 1989, Sand waves, bars, and wind-blown sands
of the Rio Orinoco, Venezuela and Colombia: U.S. Geological Survey water-supply
paper 2326-A, prepared in cooperation with the Venezuelan Ministerio del Ambiente y
de los Recursos Naturales renovables.

Nota, D. J. G., 1957, Anciennes lignes cotieres du plateau continental de la Guyane occidentale
(Amerique du Sud): Revue de I’Institut Francais du Petrole, v. 12, no. 4, p. 432-439.

Nota, D. J. G., 1958, Sediments of the western Guiana Shelf. Reports of the Orinoco Shelf
Expedition, v. II: Meded. Landbowhogeschool te Wageningen, Nederlands, v. 58, no. 2,
p. 1-98.

Nota, Dirk, and Johannes, Gregorius, 1958, Sedimentation auf dem West-Guyana Schelf:
Geologische Rundschau, v. 47, no. 1, p. 167-177.

Nota, Dirk, and Johannes, Gregorius, 1958, Sediments of the western Guiana shelf: Ph. D.
dissertation, Utrecht University, v. 2 Med., Landbouwhogeschool 58 (2) Wanegingen.
<UT Geol 551.463 Orl6v. 2>

Novoa, D. F., 1990, El Rio Orinoco y sus pesquerias: Estado actual, perspectivas futuras y las
investigationes necesarias [The Orinoco river and its fisheries: current status, future
perspectives and necessary research], in Weibezahn, F. H, Alvarez, Haymara, and Lewis,
W. M, Ir,, eds., El Rio Orinoco como ecosistema [The Orinoco River as an ecosystem]:
Impresos Rubel, Venezuela, p. 387.

Novoa, D. F., 1996, Caracterizacién de los lotes Paria Este y Paria Oeste desde el punto de vista
pesquero [Characterization of the East Paria and West Paria lots from the fisheries
viewpoint]: FUGRO International, 18 p.
<ENSR, Caracas>

3-46



Novoa, D. F., 1997, Consideraciones generales sobre los aspectos bioldgicos, pesqueros de las
diferentes especies de la fauna acudtica de la zona estuarina del delta del rio Orinoco y en
relacién a las exploraciones sismicas [General considerations on the biological, fisheries
aspects of the different species of the aquatic fauna in the estuarine zone of the delta of
the Orinoco river and in relation to seismic explorations].
<Geohidra Consultores, C.A., Caracas>

Novoa, D. F., and Ramos, F., 1978, Las pesquerias comerciales del rio Orinoco [The commercial
fisheries of the Orinoco river]: CVG, Divisién Desarrollo Agricola, 168 p.
<UT Benson Latin American Collection SH 251 N692>.

Nwachukwu, J. 1., 1981, Organic geochemistry of the Orinoco Delta, Venezuela: a study of
Recent sediments and their size fractions: Ph. D. dissertation, University of Tulsa, Tulsa,
Oklahoma, 275 p.

Contents: Twenty five samples from prodelta

Nwachukwu, J. I., and Barker, Colin, 1985, Organic matter: size fraction relationships for Recent
sediments from the Orinoco Delta, Venezuela: Marine and Petroleum Geology, v. 2,
no. 3, p. 202-209.

Nwachukwu, J. 1., and Barker, Colin, 1985, Variations in kerogen densities of sediments from
the Orinoco Delta, Venezuela: Chemical Geology, v. 51, no. 3-4, p. 193-198.

OCEI and MAC, 1988, V Censo Agricola. 1988 [V Agricultural Census, 1988.].
<Biblioteca del MAC, Piso 10, Torre Este, Parque Central, Caracas>

OCEI, 1990a, Censo Estado Monagas [Census, Monagas State].
<Ecology and Environment, Caracas>

OCEI, 1990b, Censo Estado Sucre [Census, Sucre State].
< OCEI, Caracas>

OCEI, 1990c, Censo Territorio Federal Delta Amacuro [Census, Delta Amacuro Federal
Territory].
< OCEI, Caracas>

OCEI, 1992, Censo indigena de Venezuela. Tomos I y II [Census of indigenous people of
Venezuela. Volumes I and I].
<Ecology and Environment, Caracas>

OCEI, 1995, Divisién politico territorial-1995. Documentos y mapas. Estados Delta Amacuro,
Monagas y Sucre [Territorial Political Division-1995. Documents and Maps. Delta
Amacuro, Monagas, and Sucre States].
<Ecology and Environment, Caracas>

3-47



OCEI, date unknown, Situacién geografica del Estado Monagas [Geographic situation of
Monagas State].
<Ecology and Environment, Caracas>

Octavio, K., Sanchez, J. C., and Sanhueza, E., 1982, Design, installation and operation of a
regional air quality network in the Faja Petrolifera del Orinoco, Venezuela, in Albaiges,
J, ed., Analytical techniques in environmental chemistry 2, Proceedings of the Second
International Congress: Pergamon Press, Oxford, p. 79-86.

Qdin, G. S., Debenay, J. P., and Masse, J. P., 1988, The verdine facies deposits identified in
1988, in Odin, G. S., ed., Green marine clays: oolitic ironstone facies, verdine facies,
glaucony facies and celadonite-bearing facies: a comparative study: Developments in
Sedimentology, no. 45, p. 131-158.

ODP Leg 110 Scientific Party, 1987, Expulsion of fluids from depth along a subduction-zone
decollement horizon: Science, v. 326, p. 785-788.

Oficina de Ingenieria Adolfo Yanez, 1976, Estudio del plan de accién para Islas Tucupita y
Macareo, Territorio Federal Delta Amacuro [Study of the action plan for Tucupita and
Macareo islands, Delta Amacuro Federal Territory]: CVG, Divisién de Desarrollo
Agricola, variously paginated.

Oficina Técnica Del Monte, 1996, Punta Pescador Oeste-Feasibility study hydrographic survey
final report: Puerto Ordaz, Venezuela.
<Geohidra Consultores, C.A., Caracas>

Olmore, S. D., Cenozoic tectonic evolution of the northern margin of the Guiana Shield, Bolivar
State, Venezuela: Geological Society of America, Abstracts with Programs, v. 22, no. 7,
p- 337.

Olmore, S. D., Garcia, Andrés, and Santos, Antonio, 1993, Cenozoic uplift of the northern
margin of the Guayana Shield, Venezuela, and its influence on the distribution of mineral
deposits (abs.): American Association of Petroleum Geologists Bulletin, v. 77, no. 2,

p- 339,

Olsen, D. A., 1996, Music of the Warao of Venezuela: Song people of the rainforest: University
Press of Florida, 444 p.
<UT Benson Latin American Collection ML 3575 V3 047 1996 LAC-Z Rare Books>

Orris, G. J., 1993, Sedimentary kaolin deposits, in Geology and mineral resource assessment of
the Venezuelan Guayana Shield: U. S. Geological Survey Bulletin B 2062, p. 85-86.
Outline: Mesa Formation; Orinoco River; terraces; Tertiary

O’Shea, Thomas, 1994, Manatees: Scientific American.

Otremba, Erich, 1954, Suedlich des Orinoco: Die Erde: Gruyter and Co., Berlin, Federal
Republic of Germany, no. 2, p. 147-166.

3-48



Outline: A regional geographic sketch of the region south of the Orinoco in Venezuela;
includes discussion of the relation of physiographic features to the Guiana crystalline
basement complex and younger sedimentary and igneous formations.

Palmer, M. R., and Edmond, J. M., 1992, Controls over the strontium isotope composition of
river water: Geochimica et Cosmochimica Acta, v. 56, no. 5, p. 2099-2111.

Pannier, F., 1976, Mangroves impacted by human-induced disturbances: A case study of the
Orinoco Delta mangrove ecosystem: Environmental Management, v. 3, p. 205-216.

Pannier, F., 1983, Los manglares de nuestras costas [The mangroves of our coasts]: Revista
Ambiente, Fundacién de Educacién Ambiental, Caracas, no. 5, p. 16-19.

Pannier, F., and Pannier, R. F., 1989, Manglares de Venezuela [Mangroves of Venezuela]:
Cuadernos LAGOVEN, Caracas, 68 p.

Paolini, J., 1995, Particulate organic carbon and nitrogen in the Orinoco River (Venezuela), in
International symposium on Environmental biogeochemistry (ISEB): Biogeochemistry
(Dordrecht). 29; 1, (Nijhoff/Junk. Dordrecht), p. 59-70.

Paolini, J., Hevia, R., and Herrera, R., 1987, Transport of Carbon and minerals in the Orinoco
and Caroni rivers during the years 1983-1984: Mitt. Geol. Palaont. Inst. Univ. Hamburg,
SCOPE/UNEP Sonderband 64, p. 325-338.
<Fundacion La Salle, Caracas>

Paolini, J., and Ittekkot, V., 1990, Particulate organic matter in the Orinoco River; a “pristine”
example: Naturwissenschaften, v. 77, no. 2, p. 80-81.
<UT Life Science Q3 N7 V.77 1990>

Paolini, J., Herrera, R., and Nemeth, A., 1983, Hydrochemistry of the Orinoco and Caroni rivers,
in Degens, E. T., Kempe, Stephan, and Soliman, H. A, eds., Transport of carbon and
minerals in major world rivers: Part 2, Proceedings of a workshop: Mitteilungen aus dem
Geologisch-Palaeontologischen Institut der Universitaet Hamburg, 55, p. 223-236.

Parra, Mario, Faugeres, J. C., Grousset, Francis, and Pujol, Claude, 1997, Sr-Nd isotopes as
tracers of fine-grained detrital sediments: the South-Barbados accretionary prism during
the last 150 kyr: Marine Geology, v. 136, no. 3-4, p. 225-243.

Pasada, G. L., and Nordin, C. F., 1993, Total sediment loads of tropical rivers, in Shen, H. W.,
Su, S. T., and Wen, Feng, eds., 1993 National Conference on Hydraulic Engineering:
Hydraulic Engineering, Proceedings of the National Conference on Hydraulic
Engineering, p. 258-262.

Outline: Amazon River; bedload; discharge;Orinoco River; sediments
< UT Engineering TC5 H824 1993 V,1 V.2>

Paterné Noguera, J., 1978, Report on costs. Oceanographic project in the Orinoco Delta area.
<INTEVEP>

3-49



Pees, S.T., Banks, L.M., and Segovia, A., 1968, Petroleum geology of the Territorio Federal
Delta Amacuro, Venezuela: Boletin Informativo, Asociacién Venezolana de Geologia,
Mineria y Petréleo, v. 11, no. 4, p. 93-122.

Pees, S. T., Banks, L. M., and Segovia, A., 1969, Oil potential good in Venezuela’s Orinoco
Delta: World Oil, v. 169, no. 5, p. 107-114.

Pefia, A.R., and Vincentelli de Mago, Elba, 1983, La CVG y su enfoque regional [CVG and its
regional approach].
<Biblioteca de PROA, Torre Sur, Piso 8, Caracas>

Pérez Hernandez, David, and Lépez, José Luis, 1998a, Algunos aspectos relevantes de la
hidrologia del Rio Orinoco [Some outstanding aspects of Orinoco river hydrology], in
Lépez Séanchez, J. L., Saavedra Cuadra, I. I., and Dubois Martinez, Mario, eds, 1998, El
Rio Orinoco Aprovechamiento Sustentable: Primeras Jornadas Venezolanas de
Investigacién sobre el Rio Orinoco, Memorias, IMF, Facultad de Ingenieria, UCV, p. 89-
98.

Pérez Herndndez, David, and Lépez, José Luis, 1998b, Procesos geomorfoldgicos y estructuras
sedimentarias en el Rio Orinoco [Geomorphologic Process and sedimentary structures in
Orinoco river], in Lépez Sanchez, J. L., Saavedra Cuadra, 1. 1., and Dubois Martinez,
Mario, eds, 1998, El Rio Orinoco Aprovechamiento Sustentable: Primeras Jornadas
Venezolanas de Investigacion sobre el Rio Orinoco, Memorias, IMF, Facultad de
Ingenieria, UCV, p. 139-154.

Pérez, O. J., and Aggarwal, Y.P., 1981, Present-day tectonics of the southeastern Caribbean and
northeastern Venezuela: Jour. Geophysical Research, v. 86, no. B11, p. 10791-10804.

Pérez-de-Mejia, D., and Tarache, C., 1985, Sintesis geoldgica del Golfo de Paria [Geologic
synthesis of the Gulf of Paria]: Cong. Geolégico Venezolano 6, v. 5, p. 3243-3296.

Pérez-Godoy, J. M., and Gil-Solérzano, C. A., 1998, Modelo de predicciones de niveles en el rio
Orinoco en Ciudad Bolivar y Palia [Model of level predictions for the Orinoco river at
Ciudad Bolivar and Palda], in Lopez-Sanchez, José Luis, Saavedra-Cuadra, L.I., and
Dubois-Martinez, Mario, eds, 1998, El Rio Orinoco, Aprovechamiento Sustentable:
Primeras Jornadas Venezolanas de Investigacién sobre el Rio Orinoco, Memorias, IMF,
Facultad de Ingenieria, UCV, p. 337-352.

Perfetti Y., José N., and Herrero Noguerol, J., 1985, Proposicién sobre la hidrografia del Rio
Orinoco y Brazo Casiquiare [Proposition on the hydrography of the Orinoco River and
Brazo Casiquiare]: Cong. Geolégico Venezolano 6, v. 6, p. 4798-4809. Also in
Geominas, Niicleo de Bolivar, UDO, Ciudad Bolivar, Venezuela, no. 14, p. 25-40.

Perfetti, J. N., 1984, Notas sobre un diferencial estratigrafico en el area de ocurrencia de la

Formacién Mesa [Notes on a stratigraphic difference in the area of occurrence of the
Mesa Formation]: Boletin Geominas, no. 12, p. 67-83.

3-50



Perfetti, J. N., and Herrero-Noguerol, José, 1985, Proposicién sobre la hidrografia del rio
Orinoco y Brazo Casiquiare [A proposition on the hydrography of the Orinoco river and
Casiquiare branch]: Congreso Geolégico Venezolano 6, p. 4798-4809.

Perfetti, J. N., and Odreman, M., 1978, Variaciones climaticas termo-baro-higrométrica en el
drea de Ciudad Bolivar y su influencia en el medio fisico [Climatic thermo-baro-
hygrometric variations in the Ciudad Bolivar area and their influence on the physical
environment]: Boletin de la Sociedad Venezolana de Gedlogos, Filial Guayana, no. 18,
p. 1-12.

Pfefferkorn, H. W., 1986, Fossilien und Paloekologie [Fossils and paleoecology]: Heidelberger
Geowissenschaftliche Arbeiten, 6, p. 385-390.
Outline: biotopes; forests; fossilization; Orinoco River

Pfefferkorn, H. W., and Scheihing, M. H., 1984, The Orinoco Delta, a model for incorporation of
plant parts in clastic sediments of Pennsylvanian age of North America (abs.): Geological
Society of America Bulletin, v. 16, no. 3, p. 186.

Pfefferkorn, H. W., and Wagner, Thomas, 1995, Coastal transgression over peat environments in
a generally progradational setting (Orinoco Delta, Venezuela): Abstracts with Programs,
Geological Society of America, v. 27, no. 6, p. 31.

Pfefferkorn, H. W., Fuchs, F., Hecht, C., Hofmann, C., Rabold, J., and Wagner, T., 1988,
Pflanzentaphonomie im Orinoco-Delta als Modell fuer Prozesse in fossilen
Ablagerungsraeumen [Plant taphonomy in the Orinoco Delta as a model for processes of
fossil sedimentation areas], in Richter, D. K., ed., Third meeting of German-speaking
sedimentologists: Bochumer Geologische und Geotechnicshe Arbeiten, 29, 148 p.

Pierre Veillon, J., 1977, Los bosques del Territorio Federal Delta Amacuro, Venezuela. Su masa
forestal, su crecimiento y su aprovechamiento [Forests of the Federal Territory Delta
Amacuro, Venezuela. Forest mass, growth, and utilization].
<Biblioteca de PROA, Torre Sur, Piso 8, Caracas>

Pinto, Zaida, date unknown, Regién natural 30, Llanuras deltaicas y delta del Orinoco [Natural
region 30, Delta plains and Orinoco delta]: MARNR, Direccién General Sectorial de
Planificacién y Ordenacién, Sistemas Ambientales Venezolanos, Los Recursos Naturales
Renovables y las Regiones Naturales, doc. 30, II-2-29, project VEN/79/001, Caracas,
371 p.

Pittelli, Rosina, and Giffuni, G. F., 1996, Foraminiferal record of Miocene-Pliocene sections as a
tool for paleoenvironment and sequence stratigraphy interpretation in the Piedritas and
San Vicente fields, Eastern Venezuela Basin (abs.): American Association of Petroleum
Geologists Bulletin 80, no. 8, p. 1324.

Porrenga, D. H., 1967, Clay mineralogy and geochemistry of Recent marine sediments in

tropical areas, as exemplified by the Niger delta, the Orinoco shelf and the shelf off
Sarawak: Amsterdam University, Fys.-Geogr. Lab., Publication, 9, 143 p.

3-51



Outline: Detrital and authigenic clay minerals, depositional environment, role of
differential flocculation-sedimentation in kaolinite-montmorillonite distribution,
influence of marine environment on chemical-mineralogical composition of detrital clays,
boron content.

Porrenga, D. H., 1975, Clay mineralogy and geochemistry of recent marine sediments in tropical
areas, in Walker, C. T., ed., Geochemistry of Boron, in Benchmark papers in Geology,
v. 23: Dowden, Huchinson, and Ross, p. 283-306.

Posada, G. L., 1995, Transport of sands in deep rivers: Ph. D. dissertation, Colorado State
University, Fort Collins, Colorado, 158 p.
Outline: Amazon Mississippi, Orinoco-River

Posada, G. L., and Nordin, C. F., 1992, Total and unmeasured sediment loads of some tropical
rivers: Eos Transactions, American Geophysical Union, 73, 14, Suppl., 137 p.

Priazzoli, P. A., 1991, World atlas of Holocene sea-level changes: Elsevier, Amsterdam, 300 p.

Power, Henry, Garcia-Martinez, Reinaldo, and Saavedra, Ivan, 1998, Simulacién numérica de la
disposicién de material dragado en el rio Orinoco [Numerical simulation of the disposal
of the material dredged in the Orinoco river], in Lépez-Sdnchez, José Luis, Saavedra-
Cuadra, L.I., and Dubois-Martinez, Mario, eds, 1998, El Rio Orinoco, Aprovechamiento
Sustentable: Primeras Jornadas Venezolanas de Investigacién sobre el Rio Orinoco,
Memorias, IMF, Facultad de Ingenieria, UCV, p. 327-336.

Prieto, Rodulfo, 1988, Estratigrafia por secuencias sismicas del sur de la plataforma deltana,
noreste de Venezuela: Cong. Venezolano de Geofisica 4, p. 467-474.

Prieto Cedraro, Rodulfo, 1987, Seismic stratigraphy and depositional systems of the Orinoco
Platform area, northeastern Venezuela: Ph. D. dissertation, University of Texas, Austin,
Texas, 144 p.

Rabass6-Vidal, José, 1976, La geologia del campo Tucupita [The geology of the Tucupita field]:
Asociacién Venezolana de Geologia, Mineria y Petréleo, Boletin Informativo, v. 19 no.,
p. 57-73.

Rabold, J. M., Pfefferkorn, H. W., and Wnuk,Christopher, 1992, Sub-fossil standing forest in an
exhumed flood plain of the Orinoco River (abs.): International Geological Congress,
no. 29, p. 356.

Rajot, J. L., Berthelin, J., and Faivre, P., 1990, Selectivite des microorganismes reducteurs vis a
vis des oxyhydroxydes de fer (hematite - goethite) dans les couvertures lateritiques du
bassin de 1’Orenoque [Selectivity of reducing microorganisms vis-a-vis iron
oxyhydroxides (hematite-goethite) in lateritic cover in the Orinoco Basin]: 13e Reunion
Annuelle des Sciences de la Terre, p. 105.

3-52



Ramirez, Cayetano, 1985, New gas developments in Venezuela: Venezuela’s northeastern gas
belt: Venezuela, Ministry of Energy and Mines, Quarterly Bulletin, no. 5, p. 22-25.

Rangel, Maria Eugenia, 1985, Evolucidn del espacio en la isla de Guara y sus alrededores
[Evolution of space in Guara island and vicinity]: UCV, Fac. Humanidades y Educacién.
<Funindes>

Rine, J. M., 1980, Lebensspuren assemblages within a Holocene coastal mud belt, Suriname,
South America: Geological Society of America, Abstracts with Programs, v. 12, no. 7,
510 p.

Rine, J. M., and Ginsburg, R. N., 1985, Depositional facies of a mud shoreface in Suriname,
South America—a mud analogue to sandy, shallow marine deposits: Journal of
Sedimentary Petrology, v. 55, no. 5, p. 633-652.

Rivera-Puentes, S. H. (coord.), 1982, Estudio preliminar de ordenacién del Territorio Federal
Delta Amacuro. Parte I, Inventario analitico, Vol. 1, El medio fisico y los recursos
naturales [Preliminary study of the organization of the Delta Amacuro Federal Territory.
Part I, Analytical inventory, v. 1, The physical environment and natural resources]:
MARNR, Divisién Planificacién y Ordenacién del Ambiente, Zona 12, Maturin, 146 p.

Rivero, P. M., 1968, Petrographic study of sea bottom samples from off the northeastern
Venezuelan coast: Asociacién Venezolana de Geologia, Mineria y Petréleo, Boletin
Informativo, v. 11, no. 6, p. 157-170.

Outline: Clay minerals, provenance, comparison with Orinoco and Apure fluvium.

Robertson, Paul, and Burke, Kevin, 1989, Evolution of southern Caribbean Plate boundary,
vicinity of Trinidad and Tobago: American Association of Petroleum Geologists Bulletin,
v. 73, no. 4, p. 490-509.

Robiana, G., 1995, Zonas pesqueras venezolanas. Carta ecolégica [Fishing regions of Venezuela.
Ecological Map].
<MARNR, Biblioteca de PROFAUNA, Mezzanina, Edif. Camejo, Caracas>

Roca, Luis, and Neda, Justo, 1985, Evaluacién del comportamiento elastoplastico en arenas no
consolidadas de la Faja Petrolifera del Orinoco (F.P.O.) [Evaluation of elastoplastic
behavior in unconsolidated sands from the Faja Petrolifera of Orinoco]: Cong. Geolégico
Venezolano 6, Memoria, no. 6, p. 6194-6228.

Rod, Emile, 1981, Notes on the shifting course of the ancient rio Orinoco from Late Cretaceous
to Oligocene time: GEOS (UCV), no. 26, p. 54-56.

Rodriguez-Dellén, Eliseo, 1981, Andlisis ambiental del proyecto Delta del Orinoco
[Environmental analysis of the Orinoco delta project]: Professorial promotion rept.,
UCV.
<Geohidra Consultores, C.A., Caracas>

3-53



Rodriguez Iturbe, Ignacio, and Meade, R. H., 1983, Hydrology of the Amazon and Orinoco
rivers (abs.): Eos Transactions, American Geophysical Union, v. 64, no. 45, p. 657.

Rodriguez, Argenis, 1984, Cyclicity concept in a deltaic to shallow-marine environment of
deposition concerning an oil-sand setting (abs.): American Association of Petroleum
Geologists Bulletin, v. 68, no. 4, 522 p.

Rodriguez, Argenis, 1985, Barrier-bar system in Cerro Negro, Orinoco petroliferous belt,
Venezuela, and its implication in oil exploration and exploitation (abs.): American
Association of Petroleum Geologists Bulletin, v. 69, no. 2, 302 p.

Rodriguez, Argenis, 1986, Sedimentology of the Miocene Oficina Formation in the Cerro Negro
area, Orinoco oil sands, Venezuela: Ph. D. dissertation, University of Toronto, Toronto,
Ontario, Canada.

Rodriguez, F. F., and Miranda, C. S., 1977, Aguas de formacién de pozos petroleros [Formation
waters of petroleum wells]: Acta Cientifica Venezolana, 28, Suppl. 1, p. 97.

Rodriguez, Marco A., 1990, Persistence and predictability in fish assemblages of the Orinoco
floodplain: Ph.D. dissertation, University of Colorado.

Rodriguez, Marin, and Cruz, J., 1981, Historia del Territorio Federal Delta Amacuro [History of
the Delta Amacuro Federal Territory].
<UT Benson Latin American Collection F 2331 D4 M3 1981>

Roeleveld W., and Van Loon, A. J., 1978, The Holocene development of the young coastal plain
of Suriname: Geologie en Mijnbouw, v. 58, no. 1, p. 21-28.

Royal Tropical Institute, 1976, Soil problems in the Orinoco delta and adjacent savannah areas,
Venezuela: Department of Agricultural Research, Consultant’s report to FUSAGRI
(Fundacién para el Agricultor), Amsterdam, 31 p.

Ruddle, Kenneth, Education for traditional food procurement in the Orinoco Delta:
University of California Press.
<Amazon.com>

Ruiz, J.C., 1996, Evolucién geomorfolégica del estuario del Rio San Juan e incidencia de los
procesos sedimentarios actuales sobre las operaciones navales del puerto de Caripito.
Monagas y Sucre [Geomorphological evolution of the estuary of the San Juan River, and
the influence of sedimentary processes over the naval operations at the port of Caripito.
Monagas and Sucre].

Salazar-Quijada, Adolfo, 1990, Toponimia del Delta del Orinoco: Universidad Central de
Venezuela, Cartografia Nacional, Gobernacién T. F. D. A., 267 p.
<UT Benson Latin American Collection F2331 D4 S25 1991>

Salisch, H. A., Roca, L., Ramirez, M., Chin A. Lien, M., 1985, Estudio de compactacién y
hundimiento en la F.P.O.: Metodologia de trabajo y resultados iniciales [Study of

3-54



compaction and land subsidence in the F.P.O.: methodology of work and initial results]:
Congreso Geoldgico Venezolanoa, p. 6136-6167.

Salvador, Amés, and Stainforth, R. M., 1968, Clues in Venezuela to the geology of Trinidad, and
vice versa: Transactions of the Caribbean Geological Conference, Memorias -
Conferencia Geologica del Caribe, Queens College Press. Flushing, NY, p. 31-40.
Qutline: Correlation of stratigraphy, orogeny of the Orinoco geosyncline, solution of
certain geologic ‘problems’.

San José, J. J., and Montes, R., 1992, Rainfall partitioning by a semideciduous forest grove in the
savannas of the Orinoco Llanos, Venezuela: Journal of Hydrology, v. 132, no. 1-4,
p- 249-262.

Sanchez, J. C., 1990, La calidad de las aguas del Rio Orinoco, in Weibezahn, F. H., Alvarez,
Haymara, and Lewis, W. M., Jr., eds., El Rio Orinoco como ecosistema [The Orinoco
River as an ecosystem]: Impresos Rubel, Venezuela, p. 241-269.

Sanoja, M., 1989, Origins of cultivation around the Gulf of Paria, northeastern Venezuela:
National Geographic Research, v. 5, p. 446-458.

Sanoja, Mario, 1979, Las culturas formativas del oriente de Venezuela: la tradiciéon Barrancas del
Bajo Orinoco [Formative cultures of eastern Venezuela: the Barrancas tradition of the
lower Orinoco].
<UT Benson Latin American Collection F 2319 S3 1979>

Santos, C. A., 1982, Evaluacion de las acumulaciones petroliferas del sector Cerro Negro, Faja
petrolifera del Orinoco, Venezuela [Evaluation of oil accumulations in Cerro Negro,
Orinoco oil belt, Venezuela], in IV Congreso Latinoamericano de Geologia, Tomo III,
Serv. Geol. Nac. Buenos Aires, Argentina, p. 79-98.

Santos, C. A., and Frontado, L, 1987, Reservoir geology of the Cerro Negro stream injection
area, Orinoco oil belt, Venezuela: Journal of Petroleum Geology, v. 10, no. 2, p. 177-194.

Santos S., C., 1984, Estudios meteorolégicos en Ciudad Bolivar [Meteorological studies at
Ciudad Bolivar]: Boletin Geominas, no. 17, p. 109-115.

Sardi, V., 1986, Cafio Manamo: Factibilidad de su canalizacién [Cafio Manamo: Feasibility of its
channelization]: INC rept.
<Funindes> <UCV-IMF>

Sardi-Socorro, Victor, 1998, Conveniencia de abrir nuevamente la navegacién por el cafio
Manamo [Convenience of opening again navigation along Cafio Manamo]: in Lépez-
Sanchez, José Luis, Saavedra-Cuadra, I.I., and Dubois-Martinez, Mario, eds, 1998, El
Rio Orinoco, Aprovechamiento Sustentable: Primeras Jornadas Venezolanas de
Investigacién sobre el Rio Orinoco, Memorias, Instituto de Mecéanica de Fluidos,
Facultad de Ingenieria, UCV, p. 258-265.

3-55



Sarmiento, Guillermo, 1984, Ecology of neotropical savannas: Harvard University Press, 235 p.
<Amazon.com>

Saunders, J. F. III, and Lewis, W. M., Jr., 1989, Transport of major solutes and the relationship
between solute concentrations and discharge in the Apure River, Venezuela:
Biogeochemistry (Dordrecht), v. 8, no. 2, p. 101-113.

Savelli, R., 1988, Determinacion de las curvas de pendientes en el rio Orinoco [Determination of
slope curves in the Orinoco river]: Universidad Metropolitana, Caracas, Trabajo Especial
de Grado (cited by Savelli-Ciatteo, 1998).
<Fundacién Laboratorio Nacional de Hidraulica, Caracas>

Savelli-Ciatteo, Roberto, 1998, Hidrodindmica y proceso de transporte de sedimentos en el canal
de navegacién del rio Orinoco, sector Boca Grande [Hydrodynamnics and sediment
transport process of the Orinoco river navigation channel, Boca Grande sector], in Lépez-
Sanchez, José Luis, Saavedra-Cuadra, I.1., and Dubois-Martinez, Mario, eds, 1998, El
Rio Orinoco, Aprovechamiento Sustentable: Primeras Jornadas Venezolanas de
Investigacién sobre el Rio Orinoco, Memorias, IMF, Facultad de Ingenieria, UCV,

p- 308-326.

Scheihing, M. H., and Pfefferkorn, H. W., 1984, The taphonomy of land plants in the Orinoco
Delta: a model for the incorporation of plant parts in clastic sediments of Late
Carboniferous age of Euramerica: Review of palaeobotany and palynology, v. 41, no. 3-
4, p. 205-240.
<UT Geology QE 993 R4 v40-41>

Scherer, Wolfgang, and Jordan, Nidya, Consideraciones sobre origen, distribucién y usos de los
carbones en la Faja Petrolifera del Orinoco [Considerations on origin, distribution and
uses of coal in the Faja Petrolifera of Orinoco]: Cong. Geoldgico Venezolano 6, p. 3547-
3584.

Schubert, Carlos, 1988, Climatic changes during the last glacial maximun in northern South
America and the Caribbean: A review: Interciencia, v. 13, no. 3, p. 128-137.

Schumacker, B., 1978. Preliminary seismic risk study of the Orinoco Delta and computer
program for seismic risk.
<INTEVEP>

Sellier de Civrieux, J., 1977, Indicios de subsidencia neotecténica post-glacial en el mar Caribe
frente a Venezuela [Indications of post-glacial neotectonic subsidence in the Caribbean
sea offshore Venezuela]: Cong. Latinoamericano de Geologia 2, vol. 3, p. 1965-1980.

Seninfa & Ministerio de la Familia, 1996, Listado de ONG existentes en el Estado Delta
Amacuro [List of NGO’s existing in the Delta Amacuro State].
<Ecology and Environment (Carpeta Delta), Caracas>

3-56



Shiller, A. M., and Boyle, Edward, 1985, Dissolved zinc in rivers: Nature (London), 317, 6032,

p. 49-52.
Outline: Orinoco River; Orinoco River basin; pollutants

Shiller, A. M., and Boyle, E. A., 1987, Dissolved vanadium in rivers and estuaries: Earth and
Planetary Science Letters, v. 86, no. 2, p. 214-224.
Outline: Amazon, Mississippi, Ohio, Orinoco, pollutants

Sievers, W., 1981, Ein Schammvulcan, Hervidero, in den llanos von Maturin, 1898 [A mud
volcano, Hervidero, in the Maturin llanos, 1898] : Boletin Geotermia, no. 1, p. 16-21.

Sifontes, Ernesto, 1923, Paginas sobre meteorologia tropical (regién de Ciudad Bolivar,
Guayana, Venezuela, S.A., zona al sur del rio Orinoco) afio 1920 [Pages on tropical
meteorology (Ciudad Bolivar, Guayana, Venezuela, S.A . region, zone south of the
Orinoco river) year 1920]: Tipografia La Empresa, Ciudad Bolivar, 121 p.

Sifontes, E., 1951, El Orinoco, su navegacién entre Ciudad Bolivar y Pedernales [The Orinoco,
its navegation between Ciudad Bolivar and Pedernales]: Notas Hidrometeoroldgicas,
Hidrologia Venezolana, Imprenta Nacional, Caracas.

Silva Pérez, Alvaro A., and Toscas, Christopher, 1984, Analysis of reservoir compaction and
surface subsidence using an elastoplastic critical state soil model: Revista Técnica
INTEVEP, v. 4, no. 1.

Sommerfield, C.K., Nittrouer, C.A., and Figuiredo, A.G., 1995, Stratigraphic evidence of
changes in Amazon shelf sedimentation during the late Holocene: International Journal of

Marine Geology, Geochemistry, and Geophysics, no. 125, p. 351-371.

Sosa-Rodriguez, and Vega E., J. A., 1967, Informe preliminar del plano regulador de Tucupita
[Preliminary report of the development plan of Tucupita]: CVG, Divisién de
Recuperacién de Tierras y Desarrollo Agroforestal, Divisién de Desarrollo Urbano,
Caracas.

Outline: Tucupita (Venezuela), Economic policy. Delta Amacuro (Venezuela), Economic
policy
<UT Benson Latin American Collection, G330.9876 SO71I>

Squires, D. F., 1964, Calcareous shelf-edge prominences off the Orinoco river of South America:
Geological Society of America Special Paper 76, 155 p.

Stainforth, R. M., 1978, Was it the Orinoco?: American Association of Petroleum Geologists
Bulletin, v. 62, no. 2, p. 303-306
Outline: Caribbean region; Orinoco Delta; petroleum exploration

Stallard, R. F., 1985, River chemistry, geology, geomorphology, and soils in the Amazon and
Orinoco Basins, in Drever, J. L., ed., The chemistry of weathering: NATO ASI Series,
Series C: Mathematical and Physical Sciences 149, D. Reidel Publishing Company,
Dordrecht, p. 293-316.

3-57



Stallard, R. F., 1987, Cross-channel mixing and its effect on sedimentation in the Orinoco River:
Water Resources Research, v. 23, no. 10, p. 1977-1986.

Stallard, R. F., Koehnken, Lois, and Johnsson, M. J., 1991, Weathering processes and the
composition of inorganic material transported through the Orinoco River system,
Venezuela and Colombia, in Pavich, M. J., ed., Weathering and soils: Geoderma, v. 51,
no. 1-4, p. 133-165. Also in Weibezahn, F. H., Alvarez, Haymara, and Lewis, W. M., Jr.,
eds., 1990, El Rio Orinoco como ecosistema [The Orinoco River as an ecosystem]:
Impresos Rubel, Venezuela, p. 81-119.

Stanley, D. J., and Warne, A. G., 1994, Worldwide initiation of Holocene marine deltas by
deceleration of sea-level rise: Science, v. 265, p. 288-232.

Stanley, D. J., and Warne, A. G., 1997, Holocene sea-level change and early human utilization of
deltas: GSA Today, v. 7, no. 12, p. 1-7.

Stanley, D. J., and Warne, A. G., Deceleration of sea-level rise at 8000-7000 years B.P. as the
dominant factor in progradation in Holocene marine deltas (abs.): Annual Meeting
Abstracts, American Association of Petroleum Geologists and Society of Economic
Paleontologists and Mineralogists, 1994, p. 264.

Outline: Alta; Bouches du Rhone, France; Ebro Delta; Mississippi Delta; Nile Delta;
Orinoco Delta; Rhone Delta; Yangtze Delta

Stauffer, H., 1927, The Dionicio Salazar Concessions, “Cimara” Rincén del Medio Apurito and
San Antonio in the Delta of the Orinoco State of Monagas, Venezuela.
<INTEVEP>

Stone, W., 1913, On a collection of birds obtained by the Francis E. Bond expedition in the
Orinoco Delta and Paria Peninsula, Venezuela: Acad. Nat. Sci. Proceedings,
Philadelphia, no. 65, p. 189-212.
<Geohidra Consultores, C.A.>

Strebin, Samuel, 1981, Capacidad de uso de las tierras de Venezuela, al norte del rio Orinoco
[Venezuelan lands use capability, north of the Orinoco river]: Cagua, Venezuela (cited in
MARNR, 1983d).

Streeter, S., 1965, Foraminiferal distributions on the Orinoco Trinidad-Paria shelf: a restudy
using vector analysis: Special Paper, Geological Society of America, no. 82, 200 p.

Stride, A. H., Belderson, R. H., and Kenyon, N. H., 1982, Structural grain, muld volcanoes and
other features on the Barbados Ridge Complex revealed by Gloria long-range side-scan
sonar: Marine Geology, v. 49, p. 187-196.

Suidrez, G., and Malavé, G., 1994, Evaluacién del potencial sismico en una regién
tecténicamente compleja: la frontera sur de la placa del Caribe (res.)[Evaluation of
seismic potential in a tectonically complex region: the southern boundary of the
Caribbean plate (abs.)]: Cong. Venezolano de Geofisica 7, p. 576.

3-58



Sullivan, W. M., (compiler), 1988, Dissertations and theses on Venezuelan topics, 1900-1985:
Scarecrow Press
<Amazon.com>

Swanson, D. C., and Tarache, C., 1987, Stratigraphic framework and depositional history of the
Tertiary in the Cerro Negro region, Orinoco tar belt, Venezuela (abs.): Geophysics, v. 52,
no. 6, 829 p.

Swanson, D. C., and Tarache, C., date unknown, The depositional history of the Cerro Negro
area, Orinoco Tar Belt, III Simposio Bolivariano, Boletin de la Sociedad Venezolana de
Geodlogos, no. 31, 60 p.

Swanson, D. C., and Tarache, Crisdlida, 1993, The Cerro Negro accumulation of Venezuela’s
Orinoco Belt: The favorable convergence of several geological processes: American
Association of Petroleum Geologists Bulletin, v. 77, no. 2, p. 350.

Swart, P. K., Laydoo, Richard, Roberts, Kim, and Dodge, Richard, 1993, The control of the
oxygen isotopic composition and flourescence in corals from the Island of Tobago;
possible influences of the Orinoco (abs.): Geological Society of America, Abstracts with
Programs, no. 25, v. 6, 329 p.

Taheri, M., Chin-A-Lien, M., Rodriguez, E., and Young, G., 1989, Orinoco oil belt reservoir
quality and potential: a geostatistical appraisal, in Meyer, R. F., and Wiggins, E. J., eds.,
The Fourth UNITAR/ UNDP international conference on heavy crude and tar sands,
Volume 2: Geology, Geochemistry International Conference on Heavy Crude and Tar
Sands, 4, v. 2, p. 315-325.

Talukdar, S. C., 1991, Petroleum systems of the eastern Venezuelan Basin, (abs.): American
Association of Petroleum Geologists Bulletin, v. 75, no. 3, 679 p.

Talukdar, Suhas, Gallango, Oswaldo, and Ruggiero, Armando, 1988, Generation and migration
of oil in the Maturin Subbasin, eastern Venezuelan Basin, in Mattavelli, L., and Novelli,
L., eds., Advances in Organic Geochemistry 1987: Part I, Organic Geochemistry in
petroleum exploration, proceedings of the 13th International Meeting on Organic
Geochemistry: Organic Geochemistry, v. 13, no. 1-3, p. 537-547.

Tan, F. C., and Edmond, J. M., 1992, Sources and transport of organic carbon in the Orinoco
Basin (abs.): International Geological Congress, Abstracts, no. 29, p. 68.

Terborgh, John, 1992, Diversity and the tropical rainforest: Scientific American Library, W. H
Freeman and Co, New York.

Thomas, A. J., and Martin, J. M., 1982, Chemical composition of river suspended sediment:
Yangtse, Mackenzie, Indus, Orinoco, Parana and French rivers (Seine, Loire, Garonne,
Dordogne, Rhone), in Degens, E. T., ed., Transport of carbon and minerals in major
world rivers: Part 1, Proceedings of a workshop: Mitteilungen aus dem Geologisch-
Palaeontologischen Institut der Universitaet Hamburg, no. 52, p. 555-564.

3-59



Thornes, John, 1969, Black and white waters of Amazona: Geographical Magazine (London),
v.41,no. 5, p. 367-371.
Outline: Contrasting features of the two water types, pH, conductivity, channel
morphology, Brazil.

Thornhill, D. H., 1984, The presence of vanadium and nickel in heavy crude and its implications,
in Meyer, R. F., Wynn, J. C., and Olson, J. C., eds., The future of heavy crude and tar
sands: Second international conference, UNITAR, New York, p. 1277-1279.

Tipton, V. J., and Handley, C. O., Jr, 1972, Ectoparasites of Venezuela: Brigham Young
University Science Bulletin, v. 17, 371 p., Contract Number: DA-49-193-MD-2788.

Torres, J. T., 1978, Informe sobre la palma Manaca: MARNR, Tucupita (cited in MARNR and
Gobernacién del Territorio Federal Delta Amacuro, 1982).

Tricart, J. L. F., and Alfonsi, P. P., 1981, Actions eoliennes recentes aux abords du delta de
I’Orenoque [Recent eolian processes on the margin of the Orinoco Delta]: Bulletin de
I’ Association de Geographes Francais, v. 58, no. 475-476, p. 75-82.

Tricart, J., 1974a, Apports de ERTS-1 notre connaissance ecogenetique des Llanos de
I’Orenoque (Colombie et Venezuela) [Application of ERTS-1 data to the ecogenetic
study of the Llanos of Orinoco, Colombia and Venezuela], in Plevin, J., ed., European
Earth-Resources Satellite experiments: p. 317-324.

Tricart, J., 1974b, Existence de periodes seches au Quaternaire en Amazonie et dans les regions
voisines [The existence of dry periods during the Quaternary in Amazonia and
neighboring regions]: Revue de Geomorphologie Dynamique, v. 23, no. 4, p. 145-158.

Tricart, J., 1976, Existencia de médanos Cuaternarios en los Llanos del Orinoco [Quaternary
dunes in the Orinoco plains]: Colombia Geogriéfica, v. 5, no. 1, p. 69-79.

Trujillo, Julio, 1968a, Estudio semidetallado y de clasificacién de tierras por capacidad
agrolégica y con fines de riego de la isla Guara [Semi-detailed study and land
classification according to agrological capacity and for irrigation purposes, Guara island]:
CVG.
<CVG-TECMIN>

Trujillo, Julio, 1968b, Estudio semidetallado agrolégico de clasificacién de tierras por
acapacidad agrolégica y con fines de riego de la zona sur de la isla Cocuina, Dpto.
Tucupita, Territorio Federa Delta Amacuro [Semi-detailed study and land classification
according to agrological capacity and for irrigation purposes in the southern zone of
Cocuina island, Tucupita Dept., Delta Amacuro Federal Territory]: CVG.
<CVG-TECMIN>

Trujillo, Julio, 1968c¢, Estudio detallado-semidetallado agrolégico y de clasificacién de tierras

por capacidad de riego de la isla Guara, Dtto. Sotillo, Edo. Monagas [Detailed-
semidetailed agrological study and land classification according to irrigation capability in

3-60



isla Guara, Sotillo District, Monagas State]: CVG. (Cited by AYCA Consultores
Agropecuarios, S.P., 1977.
<CVG-TECMIN>

Trujillo, Julio, 1969, Estudio agrolégico a gran visién de la zona sur de la isla Tucupita, Dpto.
Tucupita, T.F.D.A. [Agrological overview study of the southern zone of Tucupita island,
Dept. Tucupita, D.A.F.T.]: CVG.
<Geohidra Consultores, C.A., Caracas>

Trujillo, Julio, 1970, Estudio semidetallado agrolégico de la parte sur de la isla Manamito [Semi-
detailed agrological study of the southern part of Manamito island]: CVG.
<CVG-TECMIN>

UDO-LAGOVEN, 1994, Diagnéstico socioeconémico de las comunidades pesqueras ubicadas
en el Estado Sucre y costas del Delta del Orinoco. (Sector Puerto Santo-Giiiria. 1994).
[Socioeconomic diagnostics of the fishing communities located in the State of Sucre and
the coasts of the Orinoco Delta. (Puerto Santo-Giiiria sector)].
<Biblioteca del MAC, Piso 10, Torre Este, Parque Central, Caracas>

UDO-LAGOVEN, 1994, Diagnéstico socioeconémico de las comunidades pesqueras ubicadas
en el Estado Sucre y costas del Delta del Orinoco. (Sector Cartipano-Araya)
[Socioeconomic diagnosis of the fishing communities located in the State of Sucre and
the coasts of Orinoco Delta. (Caripano-Araya Sector)].
<Biblioteca del MAC, Piso 10, Torre Este, Parque Central, Caracas>

United States Defense Mapping Agency, 1984, South America, Venezuela- Northeast coast,
Serpents Mouth to Rio Orinoco, including approaches to Boca Grande, 2nd ed.:
Hydrographic/Topographic Center, Washington, D.C.

Contents: nautical charts, Venezuela. 1:250,000.

United States Defense Mapping Agency, 1994, South America, Venezuela, Rio Orinoco, Isla
Muasimoina to Puerto Ordaz: Hydrographic/ Topographic Center, Bethesda, MD.
Contents: Harbors, Venezuela, Puerto Ordaz, maps. Orinoco river (Venezuela and
Colombia), navigation: Atlantic coast (Venezuela). Depths shown by isolines and
soundings. 1:80,000.

United States Defense Mapping Agency, 1995, South America, Venezuela-east coast, Rio
Orinoco, Boca Grande and approaches, 14th ed.: Hydrographic/ Topographic Center,

Bethesda, MD.

Contents: Orinoco River Delta, maps; Orinoco River (Venezuela and Colombia),
navigation; Atlantic coast (Venezuela); Caribbean Sea, navigation. Depths shown by
isolines and soundings. 1:250,000.

Universidad de Central Venezuela, Caracas, Escuela de Sociologia y Antropologia, 1956, Los
guarao del Delta Amacuro: Informe de una investigacién de campo, efectuada con fines
pedagdgicos, del 9 al 19 de abril de 1954.
<U.T. Benson Latin American Collection, 99 p. >

3-61



Contents: Introduccién: G.W. Hill.--Etnografia: R. Lizarralde, J. Silverberg y J.A. Silva;
Michelena.--Biotipologia y medicina social: A.G. de Diaz Ungria, S. Nufiez Mier y
Teran, y J. Diaz Ungria.--Bibliografia general (p. 97-99)

Subjects: Delta Amacuro; Warrau Indians

Valera, R., 1980, The geology of the Orinoco heavy oil belt: an integrated interpretation, in
Meyer, R. F., Steele, C. T., and Olson, J. C, eds., The future of heavy crude oils and tar
sands: McGraw Hill, NY, p. 254-263.

Van Andel, Tj. H., 1955, Recent sedimentation on the Orinoco shelf (abs.): Journal of
Sedimentary Petrology, v. 25, no. 2, p. 140.
<UT Geology QE420 J69 V 25>

Van Andel, Tj. H., 1967, The Orinoco Delta: Journal of Sedimentary Petrology, v. 37, no. 2,
p. 297-310.
<UT Geol QE420 J69 v.37>

Van Andel, Tj. H., and Postma, H., 1954, Recent sediments of the Gulf of Paria. Reports of the
Orinoco shelf expedition, v. I: Kon. Ned. Akad. Weten., Verh., v. 20, no. 5, p. 1-245.
<UT Geology 551.463 Orl6r v.1>

Van Andel, Tj. H., and Sachs, P. L., date unknown, Sedimentation in the Gulf of Paria during the
Holocene transgression: a subsurface acoustic refraction study: Journal of Marine
Research, v. 22, p. 30-50.

Van der Voorde, P. K. J., 1962, Soil contitions of the Isla Macareo, Orinoco Delta, Venezuela:
Boor en Spade Meded, Stichting Bordemkartering, v. 12, p. 6-24.

van der Zwaan, G. J., and Jorissen, F. J., 1991, Biofacial patterns in river-induced shelf anoxia,
in Tyson, R. V., and Pearson, T. H., eds., Modern and ancient continental shelf anoxia:
Geological Society Special Publications, no. 58, p. 65-82.
Outline: Adriatic Sea; East Mediterranean; Esequibo River; Guyana; Lesser Antilles;
Mississippi River; Orinoco River; Orinoco-Paria Shelf

Van Wambeke, Armand, 1992, Soils of the tropics: McGraw Hill, 343 p.
<Amazon.com>

Vareshi, Volkmar, 1983, La bifurcacién del Orinoco [The bifurcation of the Orinoco], in
Observaciones hidrogréficas y ecolégicas de la expedicién conmemorativa de Humboldt
del afio 1958: Revista Hidraulica, El Agua, no. 28.

Vargas, Horacio, 1989, Mediciones hidrométricas en el rio Orinoco sectores La Urbana, San
Félix, Barancas, y Guasina, del 21/06/89 al 14/07/89 [Hydrometric measurements in the
Orinoco river, La Urbana, San Félix, Barrancas, and Guasina sectors from 06/21/89 to
07/14/89]: MARNR, Serie Informes Técnicos DGSIIA/IT.

3-62



Visquez, E., date unknown, Morfometria de un conjunto de lagunas de inundaci6n del bajo
Orinoco [Morphometry of a group of flood lagoons in the lower Orinoco].
<Biblioteca de PROA, Torre Sur, Piso 8, Caracas>

Visquez, E., Sanchez-P., L. E., and Blanco, L., 1990, Estudios hidrobiolégicos y piscicultura en
algunos cuerpos de agua (rios, lagunas y embalses) de la cuenca baja del Rio Orinoco
[Hydrobiologic studies and fish farming in some water bodies (rivers, lagoons, and dams)
of the lower Orinoco basin], in Weibezahn, F. H, Alvarez, Haymara, and Lewis, W. M.,
Jr., eds., El Rio Orinoco como ecosistema [The Orinoco River as an ecosystem]:
Impresos Rubel, Venezuela.

Viasquez, E., and Wilbert, W., 1992, The Orinoco: physical, biological and cultural diversity of a
major tropical alluvial river, in Calow, Peter, and Petts, G. E., eds., The rivers handbook:
Hydrological and ecological principles: Blackwell Science Publication, London, p. 448-
471.
<UT Life Science QH541.557 R59 1992, V1, V2>

Vasquez, P., 1996, Aplicacién al suelo de desechos de perforacion base agua y aceite: Estudios
de laboratorio, invernadero y campo [Soil application of water- and oil-based drilling
fluid wastes: Laboratory, pilot tests, and field studies].
<INTEVEP>

Viasquez, P., 1996, Efectos de ripios base acuosa en suelos acidos y sulfato-dcidos de la planicie
fluvio-marina del Delta Orinoco: Estudios de laboratorio e invernadero [Effects of water-
based drilling cuttings on acid and sulfate-acid soils in the fluvial-marine plain of the
Orinoco Delta: field and laboratory studies].
<INTEVEP>

Vega, A., and Rojas, I. de, 1987, Exploration and evaluation of the Zuata area, Orinoco oil belt,
Venezuela: Journal of Petroleum Geology, v. 10, no. 2, p. 163-176.

Vegas-Vilarrubia, Teresa, Paolini, J., and Herrera, R., 1988, A physico-chemical survey of
blackwater rivers from the Orinoco and the Amazon basins in Venezuela: Archiv fuer
Hydrobiologie, v.111, no. 4, p. 491-506.

Vegas-Vilarrubia and others, 1984, A physico-chemical survey of blackwater rivers from the
Orinoco and Amazon basins.
<Geohidra Consultores, C.A.>

Veillon, J., 1977, Los bosques del Territorio Federal Amacuro. Su masa forestal, su crecimiento
y su aprovechamiento [The forests of the Amacuro Federal Territory. Their forestry mass,
growth, and use]: ULA, Mérida.
<UCV-Inst. Zool. Tropical>

Vera D., José R. 1980, Estado de la proteccién anticorrosiva de las plataformas en el Delta del
Orinoco [State of anticorrosion protection of the Platforms in the Orinoco Delta].
<INTEVEP>

3-63



Vila, M. A., 1964, Aspectos geogréficos del Territorio Federal Delta Amacuro [Geographic
aspects of the Delta Amacuro Federal Territory]: Corporacién Venezolana de Fomento,
Caracas, Monografias econémicas estadales, 176 p.

Subjects: Delta Amacuro (Venezuela)--Economic conditions, Description and travel.
<UT Benson Latin American Collection G918.76 V71A>

Vila, M. A., 1970, Tres deltas Venezolanos [Three Venezuelan deltas]: Seminario Nacional de
Geografia 3, Mérida, p. 22-29.

Villegas, J. A., 1965, Estudios de reconocimiento agronémico a gran visién de la zona
comprendida entre el cafio Macareo y cafio Pedernales, T.F.D.A. [Regional
reconnaissance agricultural studies in the area between cafio Macareo and cano
Pedernales, T.F.D.A.].
<Geohidra Consultores, C.A., Caracas.>

Von Humboldt, Alexander, 1996, Personal narrative: Penguin, U.S., 310 p.
<Amazon.com>

Voorwijk, G.H., 1951, Oil and Gas Indications in the eastern Orinoco delta (Territorio Delta

Amacuro).
<INTEVEP>

Wagner, Thomas, and Pfefferkorn, Hermann W., 1995, Tropical peat occurrences in the Orinoco
Delta: Preliminary assessment and comparison to carboniferous coal deposits: Prace
Panstwowego Instytutu Geologiznego CLVII, Proccedings of the XIII International
Congress on the Carboniferous and Permian, p. 161-168.

Walker, T. R., 1974, Formation of red beds in moist tropical climates: A hypothesis: Geological
Society of America Bulletin, v. 85, no. 4, p. 633-638.
Outline: Based on studies in Puerto Rico and the Orinoco basins; diagenetic origin,
intrastratal solution; lack of humid-arid climatic indicators.

Warne, Andrew G., and Stanley, Daniel Jean, 1995, Sea-level change as critical factor in
development of basin margin sequences: New evidence from Quaternary record: Journal
of Coastal Research Special Issue no 17: Holocene Cycles: Climate, Sea levels, and
Sedimentation, p. 231-240.

Weibezahn, F. H., 1983, Downstream natural mixing of water from the Orinoco, Atabapo, and
Guaviare rivers: Eos Transactions, American Geophysical Union, v. 64, no. 45, p. 699.

Weibezahn, F. H., 1990, Hidroquimica y sélidos suspendidos en el alto y medio Orinoco
[Hydrochemistry and suspended solids in the upper and middle Orinoco], in Weibezahn,
F. H., Alvarez, Haymara, and Lewis, W. M., Jr., eds., El Rio Orinoco como ecosistema
[The Orinoco River as an ecosystem]: Impresos Rubel, Venezuela, p. 151-210.

3-64



Wells, J. T., and Coleman, J. M., 1976, Solitary waves, sediment transport, and large-scale
mudbanks along the northeastern coast of South America: Eos Transactions, American
Geophysical Union, v. 57, no. 12, p. 937-938.

Wells, John T., and Coleman James M., 1981a, Physical processes and fine-grained sediment
dynamics, coast of Surinam, South America: Journal of Sedimentary Petrology, v. 51,
no. 4, p. 1053-1068.

Wells, John T., and Coleman James M., 1981b, Periodic mudflat progradation, northeastern
coast of South America: A hypothesis: Journal of Sedimentary Petrology, v. 51, no. 4,
p. 1069-1075.

Wilbert, Johannes, 1975, Warao basketry: Form and function: Los Angeles, U.S.A.
<Amazon.com>

Wilbert, Johannes, 1996, Mindful of famine: religious climatology of the Warao Indians
(Religions of the World): Harvard University Center.
<Amazon.com>

Wilbert, Werner, 1980, Infectious diseases and health services in Delta Amacuro, Venezuela:
Wien, Fohrenau, 117 p.
< UT Life Science Library RA 643.7 V4 W54 1984 >

Wilson, C. C., and Birchwood, K. M., 1962, The Trinidad Mud Volcano Island of 1964:
Geological Society of London no. 1626, p. 169-174.

Wood, L. J., 1996, Tectonic influence on depositional sequence development, Columbus Basin,
eastern offshore Trinidad and Tobago (abs.): American Association of Petroleum
Geologists and Society of Economic Paleontologists and Mineralogists, Annual Meeting
Abstracts, no. 5, p. 153.

Wood, L., Henry, M., Lanan, B., Spencer, L., Belanger, P., Ortmann, K., Engelhardt, M. N.,
Pocknall, D., and Romero, T., 1994, Sequence stratigraphy in structurally complex areas;
integration of multidisciplinary data sets, Columbus Basin, Trinidad (abs.): American
Association of Petroleum Geologists and Society of Economic Paleontologists and
Mineralogists, Annual meeting Abstracts, p. 286.

Outline: Andes; Antilles; Atlantic Plate; Caribbean Plate; Caribbean region; Columbus
Basin Orinoco River; Trinidad and Tobago; West Indies.

Yanes, A., 1982, Evaluacién del manejo de aguas y suelos en isla de Guara, delta del rio
Orinoco, zona protegida [Assessment of water and soils management in Guara island,
delta of the Orinoco river, protected zone].
<CVG-TECMIN>

Yanes, A. G., and Acevedo, M. F. L., 1982, Tide-driven drainage networks; the case of Guara
Island, in Polders of the world, International symposium, v. 1: International Institute of

3-65



Land Reclam. and Improv., Wageningen, Netherlands, p. 709-718.
Outline: canals; deltas, fluvial features; geomorphology; irrigation, Orinoco

Yee, H. S, Measures, C. I, and Edmond, J. M., 1987, Selenium in the tributaries of the Orinoco
in Venezuela: Nature (London), v. 326, no. 6114, p. 686-689.

Yegian, M. K., and Pérez, L. H., 1984, Failure of an embankment on soft clay, in Prakash,
Shamsher, ed., International Conference on Case Histories in Geotechnical Engineering:
Surface Water Hydrogeology, Orinoco Basin, v. 2, p, 701-705.
<UT Engineering TA 703.5 1574 1984 V. 2>

Yentsch, C. S., and El Baz, Farouk, 1979, Estimate of total reflectance from the Orinoco river
outflow, in El Baz, Farouk, and Warner, D. M., eds., Apollo-Soyuz Test Project,
summary science report. Volume II, Earth observations and photography: NASA Special
Publication SP-412, p. 499-504.

Zakharov, L. A., 1974, Bottom sediments of the South American shelf between the Amazon and
Orinoco rivers: Oceanology, v. 14, no. 1, p. 93-101.

Zakharov, L. A., 1975, Osobennosti sovremennogo osadkoobrazovaniya na shel’fe Yuzhnoy
Ameriki mezhdu ust’yami Amazonki i Orinoko [Modern sedimentary features on the
shelf of South America between the mouths of the Amazon and Orinoco rivers], in
Nevesskiy, Ye, N., ed.: Problemy geologii shel’fa, p. 187-191.

Zamora, L. G., Gonzalez-S., Luis, and Linares, Luz M., 1989, The Orinoco delta: a future
exploratory province for heavy and extra heavy oils, in Meyer, R. F., and Wiggins, E. J.,
eds., The Fourth UNITAR/ UNDP International Conference on Heavy Crude and Tar
Sands, v. 2: Geology, Geochemistry, v. 2, p. 191-197.

Zika, R. G., Milne, P. J., and Zafiriou, O. C., 1993, Photochemical studies of the eastern
Caribbean: An introductory overview: Journal of Geophysical Research, v. 98, no. C2,
p. 2223- 2232.

Zuloaga, Guillermo, 1957, A geographical glimpse of Venezuela.
Outline: Descriptive notes on the four geographic provinces (with some geologic data),
the Orinoco river and Maracaibo Lake basins, and the oil deposits of the Maracaibo
basin.

Zuloaga, Guillermo, 1957, Venezuela is divided into three basins: Petroleum Engineer, v. 29,
no. 12, p. B21-27.
Outline: Stratigraphic and structural setting, principal oil-bearing zones, and history of
exploration and oil-field development in the Maracaibo, Orinoco, and Apure-Barinas
basins, Venezuela

3-66



AVGMP

ASOVAC

COPLANARH

CORDIPLAN

CVG
FUNINDES

ICT
INAVI
INC

IND
IVEPLAN
MAC

MARNR

MINDUR
OCEI

PROA
SUNY
SVG
SVIH

UCLA
UCVv
UDO
ULA
USGS
UT

< >

ABBREVIATIONS

Asociacion Venezolana de Geologia, Mineria y Petréleo [Venezuelan
Association of Geology, Mining, and Petroleum]

Asociacién Venezolana para el Avance de la Ciencia [Venezuelan
Association for Advancement of Science]

Comisién Nacional de Aprovehamiento de los Recursos Hidraulicos
[Planning Commission for the Development of Hydraulic Resources]

Oficina Nacional de Coordinacién de Planificaciéon [National Office of
Planning Coordination]

Corporacién Venezolana de Guayana [Venezuelan Corporation of Guayana]

Fundacién de Investigacién y Desarrollo [Foundation of Research and
Development]

Instituto de Ciencias de la Tierra [Institute of Earth Sciences].

Instituto Nacional de la Vivienda [National Institute of Housing], Venezuela
Instituto Nacional de Canalizaciones [National Institute for Channelization]
Instituto Mecdanica de Fluidos [Fluids Mechanics Institute]

Instituto Venezolano de Planificacién [Venezuelan Planning Institute]

Ministerio de Agricultura y Cria [Ministry of Agriculture and Animal
Husbandry]

Ministerio del Ambiente y de los Recursos Naturales Renovables [Ministry
of the Environment and of the Natural Renewable Resources]

Ministerio de Desarrollo Urbano [Ministry of Urban Development]

Oficina Central de Estadistica e Informética [Central Office of Statistics and
Information], Venezuela

Proyecto Orinoco—Apure [Orinoco—Apure project]
State University of New York
Sociedad Venezolana de Gedlogos [Venezuelan Society of Geologists]

Socidad Venezolana de Ingenieria Hidraulica [Venezuelan Society of
Hydraulic Engineering]

University of California at Los Angeles

Universidad Central de Venezuela [Central University of Venezuela]
Universidad de Oriente [University of the East]

Universidad de los Andes [University of the Andes]

United States Geological Survey

The University of Texas at Austin

Archival location of reference paper, or source of its listing on the Internet

3-67






3
LY
o,

)




	QAe5640_Page_001
	QAe5640_Page_002
	QAe5640_Page_003
	QAe5640_Page_004
	QAe5640_Page_005
	QAe5640_Page_006
	QAe5640_Page_007
	QAe5640_Page_008
	QAe5640_Page_009
	QAe5640_Page_010
	QAe5640_Page_011
	QAe5640_Page_012
	QAe5640_Page_013
	QAe5640_Page_014
	QAe5640_Page_015
	QAe5640_Page_016
	QAe5640_Page_017
	QAe5640_Page_018
	QAe5640_Page_019
	QAe5640_Page_020
	QAe5640_Page_021
	QAe5640_Page_022
	QAe5640_Page_023
	QAe5640_Page_024
	QAe5640_Page_025
	QAe5640_Page_026
	QAe5640_Page_027
	QAe5640_Page_028
	QAe5640_Page_029
	QAe5640_Page_030
	QAe5640_Page_031
	QAe5640_Page_032
	QAe5640_Page_033
	QAe5640_Page_034
	QAe5640_Page_035
	QAe5640_Page_036
	QAe5640_Page_037
	QAe5640_Page_038
	QAe5640_Page_039
	QAe5640_Page_040
	QAe5640_Page_041
	QAe5640_Page_042
	QAe5640_Page_043
	QAe5640_Page_044
	QAe5640_Page_045
	QAe5640_Page_046
	QAe5640_Page_047
	QAe5640_Page_048
	QAe5640_Page_049
	QAe5640_Page_050
	QAe5640_Page_051
	QAe5640_Page_052
	QAe5640_Page_053
	QAe5640_Page_054
	QAe5640_Page_055
	QAe5640_Page_056
	QAe5640_Page_057
	QAe5640_Page_058
	QAe5640_Page_059
	QAe5640_Page_060
	QAe5640_Page_061
	QAe5640_Page_062
	QAe5640_Page_063
	QAe5640_Page_064
	QAe5640_Page_065
	QAe5640_Page_066
	QAe5640_Page_067
	QAe5640_Page_068
	QAe5640_Page_069
	QAe5640_Page_070
	QAe5640_Page_071
	QAe5640_Page_072
	QAe5640_Page_073
	QAe5640_Page_074
	QAe5640_Page_075
	QAe5640_Page_076
	QAe5640_Page_077
	QAe5640_Page_078
	QAe5640_Page_079
	QAe5640_Page_080
	QAe5640_Page_081
	QAe5640_Page_082
	QAe5640_Page_083
	QAe5640_Page_084
	QAe5640_Page_085
	QAe5640_Page_086
	QAe5640_Page_087
	QAe5640_Page_088
	QAe5640_Page_089
	QAe5640_Page_090
	QAe5640_Page_091
	QAe5640_Page_092
	QAe5640_Page_093
	QAe5640_Page_094
	QAe5640_Page_095
	QAe5640_Page_096
	QAe5640_Page_097
	QAe5640_Page_098
	QAe5640_Page_099
	QAe5640_Page_100
	QAe5640_Page_101
	QAe5640_Page_102
	QAe5640_Page_103
	QAe5640_Page_104
	QAe5640_Page_105
	QAe5640_Page_106
	QAe5640_Page_107
	QAe5640_Page_108
	QAe5640_Page_109
	QAe5640_Page_110
	QAe5640_Page_111
	QAe5640_Page_112
	QAe5640_Page_113
	QAe5640_Page_114
	QAe5640_Page_115
	QAe5640_Page_116
	QAe5640_Page_117
	QAe5640_Page_118
	QAe5640_Page_119
	QAe5640_Page_120
	QAe5640_Page_121
	QAe5640_Page_122
	QAe5640_Page_123
	QAe5640_Page_124
	QAe5640_Page_125
	QAe5640_Page_126
	QAe5640_Page_127
	QAe5640_Page_128
	QAe5640_Page_129
	QAe5640_Page_130
	QAe5640_Page_131
	QAe5640_Page_132
	QAe5640_Page_133
	QAe5640_Page_134
	QAe5640_Page_135
	QAe5640_Page_136
	QAe5640_Page_137
	QAe5640_Page_138
	QAe5640_Page_139
	QAe5640_Page_140
	QAe5640_Page_141
	QAe5640_Page_142
	QAe5640_Page_143
	QAe5640_Page_144
	QAe5640_Page_145
	QAe5640_Page_146
	QAe5640_Page_147
	QAe5640_Page_148
	QAe5640_Page_149
	QAe5640_Page_150
	QAe5640_Page_151
	QAe5640_Page_152
	QAe5640_Page_153
	QAe5640_Page_154
	QAe5640_Page_155
	QAe5640_Page_156
	QAe5640_Page_157
	QAe5640_Page_158
	QAe5640_Page_159
	QAe5640_Page_160
	QAe5640_Page_161
	QAe5640_Page_162
	QAe5640_Page_163
	QAe5640_Page_164
	QAe5640_Page_165
	QAe5640_Page_166
	QAe5640_Page_167
	QAe5640_Page_168
	QAe5640_Page_169
	QAe5640_Page_170
	QAe5640_Page_171
	QAe5640_Page_172
	QAe5640_Page_173
	QAe5640_Page_174
	QAe5640_Page_175
	QAe5640_Page_176
	QAe5640_Page_177
	QAe5640_Page_178
	QAe5640_Page_179
	QAe5640_Page_180
	QAe5640_Page_181
	QAe5640_Page_182
	QAe5640_Page_183
	QAe5640_Page_184
	QAe5640_Page_185
	QAe5640_Page_186
	QAe5640_Page_187
	QAe5640_Page_188
	QAe5640_Page_189
	QAe5640_Page_190
	QAe5640_Page_191
	QAe5640_Page_192
	QAe5640_Page_193
	QAe5640_Page_194
	QAe5640_Page_195
	QAe5640_Page_196
	QAe5640_Page_197
	QAe5640_Page_198
	QAe5640_Page_199
	QAe5640_Page_200
	QAe5640_Page_201
	QAe5640_Page_202
	QAe5640_Page_203
	QAe5640_Page_204
	QAe5640_Page_205
	QAe5640_Page_206
	QAe5640_Page_207
	QAe5640_Page_208
	QAe5640_Page_209
	QAe5640_Page_210
	QAe5640_Page_211
	QAe5640_Page_212
	QAe5640_Page_213
	QAe5640_Page_214
	QAe5640_Page_215
	QAe5640_Page_216
	QAe5640_Page_217
	QAe5640_Page_218
	QAe5640_Page_219
	QAe5640_Page_220
	QAe5640_Page_221
	QAe5640_Page_222
	QAe5640_Page_223
	QAe5640_Page_224
	QAe5640_Page_225
	QAe5640_Page_226
	QAe5640_Page_227
	QAe5640_Page_228
	QAe5640_Page_229
	QAe5640_Page_230
	QAe5640_Page_231
	QAe5640_Page_232
	QAe5640_Page_233
	QAe5640_Page_234
	QAe5640_Page_235
	QAe5640_Page_236
	QAe5640_Page_237
	QAe5640_Page_238
	QAe5640_Page_239
	QAe5640_Page_240
	QAe5640_Page_241
	QAe5640_Page_242
	QAe5640_Page_243
	QAe5640_Page_244
	QAe5640_Page_245
	QAe5640_Page_246
	QAe5640_Page_247
	QAe5640_Page_248
	QAe5640_Page_249
	QAe5640_Page_250
	QAe5640_Page_251
	QAe5640_Page_252
	QAe5640_Page_253
	QAe5640_Page_254
	QAe5640_Page_255
	QAe5640_Page_256
	QAe5640_Page_257
	QAe5640_Page_258
	QAe5640_Page_259
	QAe5640_Page_260
	QAe5640_Page_261
	QAe5640_Page_262
	QAe5640_Page_263
	QAe5640_Page_264
	QAe5640_Page_265
	QAe5640_Page_266
	QAe5640_Page_267
	QAe5640_Page_268
	QAe5640_Page_269
	QAe5640_Page_270
	QAe5640_Page_271
	QAe5640_Page_272
	QAe5640_Page_273
	QAe5640_Page_274
	QAe5640_Page_275
	QAe5640_Page_276
	QAe5640_Page_277
	QAe5640_Page_278
	QAe5640_Page_279
	QAe5640_Page_280
	QAe5640_Page_281
	QAe5640_Page_282
	QAe5640_Page_283
	QAe5640_Page_284
	QAe5640_Page_285
	QAe5640_Page_286
	QAe5640_Page_287
	QAe5640_Page_288
	QAe5640_Page_289
	QAe5640_Page_290
	QAe5640_Page_291
	QAe5640_Page_292
	QAe5640_Page_293
	QAe5640_Page_294
	QAe5640_Page_295
	QAe5640_Page_296
	QAe5640_Page_297
	QAe5640_Page_298
	QAe5640_Page_299
	QAe5640_Page_300
	QAe5640_Page_301
	QAe5640_Page_302
	QAe5640_Page_303
	QAe5640_Page_304
	QAe5640_Page_305
	QAe5640_Page_306
	QAe5640_Page_307
	QAe5640_Page_308
	QAe5640_Page_309
	QAe5640_Page_310
	QAe5640_Page_311
	QAe5640_Page_312
	QAe5640_Page_313
	QAe5640_Page_314
	QAe5640_Page_315
	QAe5640_Page_316
	QAe5640_Page_317
	QAe5640_Page_318
	QAe5640_Page_319
	QAe5640_Page_320
	QAe5640_Page_321
	QAe5640_Page_322
	QAe5640_Page_323
	QAe5640_Page_324
	QAe5640_Page_325
	QAe5640_Page_326
	QAe5640_Page_327
	QAe5640_Page_328
	QAe5640_Page_329
	QAe5640_Page_330
	QAe5640_Page_331
	QAe5640_Page_332
	QAe5640_Page_333
	QAe5640_Page_334
	QAe5640_Page_335
	QAe5640_Page_336
	QAe5640_Page_337
	QAe5640_Page_338
	QAe5640_Page_339
	QAe5640_Page_340
	QAe5640_Page_341
	QAe5640_Page_342
	QAe5640_Page_343
	QAe5640_Page_344
	QAe5640_Page_345
	QAe5640_Page_346
	QAe5640_Page_347
	QAe5640_Page_348
	QAe5640_Page_349
	QAe5640_Page_350
	QAe5640_Page_351
	QAe5640_Page_352
	QAe5640_Page_353
	QAe5640_Page_354
	QAe5640_Page_355
	QAe5640_Page_356
	QAe5640_Page_357
	QAe5640_Page_358
	QAe5640_Page_359
	QAe5640_Page_360



