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ABSTRACT

This study is focused on mapping the correlation between the land-cover change,
sedimentation processes and the spectral radiance patterns along the Jequia estuary using
field observations and reference information, laboratory spectral reflectance
measurements and LANDSAT Thematic Mapper (TM) data. The Jequia estuary
comprises the lagoon and its surrounding and a tidal channel to the Atlantic Ocean. It is
inserted in Tertiary and Quaternary deposits covered mainly by sugar-cane crops and rare
remains of the moist tropical forest. Bottom sediments along the lagoon were sampled
and used to analyze their grain size distribution and mineral content by X-ray diffraction.
Those samples were also used in an experiment where several sediment concentrations
were simulated and their spectra’s reflectance was determined. Silt is the predominating
grain size within the lagoon. Quartz and kaolinite are the main minerals present within
the silt and clay grain size fractions. Aerial photographs, satellite quick-look recorded in
1989 and a LANDSAT TM digital image recorded in 1990, were analyzed. The satellite
data were analyzed through the photo-interpretation and quantitative approaches. Eight
land-use units were mapped based on the aerial photographs and six land-use units were
defined from the quick-look image. Despite the different scales within the data, we
recognized that the most significant change in land-cover from 1968 to 1990 was the
clearing of almost 100% of the moist tropical forest and its replacement by sugarcane
crops. Overall, the digital results (0,48 to 0,82 um) using standard classifiers indicate
three water classes for the lagoon and ten land-use classes for the land surrounding the
lagoon. The laboratory reflectance experimentation for suspended sediments
demonstrates an overall increase of reflectance with increasing wavelength range for low
and high concentrations. The reflectance for high sediment concentration shows a
distinctive increase close to the TM4 range (0,82 pm). Although the correlation between
the results was not precisely assessed, the results within this study demonstrate that any
multidisciplinary approach is significantly facilitated using remote sensing techniques.
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RESUME

Cette recherche entreprise au Brésil concerne la lagune de Jequia (située sur le littoral sud
de I’Etat d’Alagoas dans le Nord-est brésilien), ses environs immédiats et le chenal (tidal)
qui lui donne accés a I’Océan Atlantique. Son contexte géologique est constitué de
dépbts tertiaires et quaternaires recouverts principalement par des cultures de canne a
sucre et des vestiges de la forét tropicale humide originelle. Cette étude a pour objectif
de mettre en relief les corrélations existant entre les changements (les différentes variétés)
de couvertures végétales, les processus de sédimentation et les modeles de radiances
spectrales. Elle fut réalisée a partir des sources d’informations régionales disponibles,
mais aussi au moyen d’observations sur le terrain, de mesures de réflectances spectrales
réalisées en laboratoire et de données thématiques enregistrées par LANDSAT-Thematic
Mapper (TM). Des échantillons de sédiments systématiquement recueillis dans le fond
de la lagune et ses pourtours furent utilisés pour analyser, a partir de la diffraction par
rayons X, la distribution des particules selon leurs dimensions et leurs contenus
minéralogiques. Les échantillons servirent également a simuler diverses concentrations
de sédiments et a mesurer corrélativement leurs réflectances spectrales en laboratoire. Les
analyses effectuées montrérent que les particules de la lagune avaient en majorité la
dimension de la fraction du silt et que le quartz et le kaolin étaient les minéraux les plus
nombreux dans les fractions du silt et de I’argile. Les données par télédétection furent
analysées au moyen de la photo-interprétation et d’approches quantitatives fondées sur
les photographies aériennes enregistrées en 1968 d’une part, le quick-look satellital de
1989 et I'image digitale enregistrée en 1990 par TM d’autre part. Huit unités
d’utilisation du sol furent déterminées et cartographiées a partir de photographies
aériennes. Six unités furent précisées a partir de I’interprétation d’images quick-look. En
dépit des différentes échelles de données utilisées pendant la période considérée, la
disparition quasi totale de la forét tropicale humide originelle au profit de la culture de la
canne a sucre s’est avérée le principal changement d’utilisation du sol. De plus, les
classifications standard appliquées aux résultats digitaux dans le spectre de 0,48 a 0,82
um permirent d’établir la présence de trois types d’eaux dans la lagune et de dix types
d’unités de terrains dans la périphérie lagunaire. Les résultats en laboratoire relatifs aux
sédiments en suspension montrent de plus, pour ce qui concerne les hautes et basses
concentrations, un accroissement de la réflectance correspondant & une plus grande
amplitude des longueurs d’ondes. Les échantillons de réflectance des concentrations
élevées mettent en évidence un accroissement proche de 0,82 pm. Bien que toutes les
corrélations existant entre les informations cartographiées n’aient pas toujours été
définies de fagon précise, il se révéla clairement que I’utilisation conjointe de la
télédétection et des données obtenues sur le terrain permit de renforcer I’approche multi-
disciplinaire et créa ainsi une synergie qui facilita grandement 1’obtention de résultats
significatifs.
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CHAPTER 1

INTRODUCTION



1.1. Introduction

The analysis of remote sensing data has been proven to be very useful in mapping the
water quality parameters for estuarine environments. It also enables the easy assess of
temporal and spatial environmental changes on land-cover, mostly within regions lacking

long-term data record.

Conventional method to estimate the water quality of lakes is assessed through
qualitative and quantitative standard methods of analysis. The chemical and physical
variations of the parameters controlling the water quality are characterized by those
methods. Since the early eighties, the analyses of the water quality of lakes have been
done through the characterization of the water optical properties (organic, inorganic
content and suspended sediments) recorded on remote sensing products. Over the last two
decades, the suspended sediment existing on heterogeneous and homogeneous lakes has
been considered as a major optically active parameter contiolling the quality of water

bodies.

The Jequia study area, comprising the Jequia lagoon and the tidal channel is the focus
of this study (Figure 1.1). Remote sensing techniques were selected in this work to
analyze the spatial and temporal variability of water quality parameters. These techniques
were selected due to lack of previously water quality data within the study area coupled
with the high cost and time consuming of conventional methods. It has been widely
reported that remote sensing methods are particularly appropriate for regions presenting

few ground truth data.
1.1.1 Statement of the problem

Large and extensive industrial mono-cultivation such as sugar-cane production
(industrial plumes), wastes rejected by growing and crawling urban settlements along

rivers and lakes and all their subsequent impacts (mangroves clearing, slope erosion,



silting, inorganic plumes) on the ecosystems, have led to mislead the study of the natural

and anthropogenic processes to an extent where it becomes a difficult task to characterize

them.

The Jequia lagoon (Figure 1.2) was chosen as a representative depositional
environment presenting several impacts such as the clearing of mangroves areas, dumping
of urban wastes along the tidal channel, silting near Jequia da Praia town, sediment

plumes, blooms of algae and an oil-like plume on its western arm.
This brings us to the following questions:

a) Can sedimentation processes and land-use changes be mapped through remote

sensing techniques ?
b) Can correlations between sedimentation processes and land-use be detected ?
c) Can sediment and pollutant plumes be mapped through remote sensing technique ?
d) Can sediment and pollutants be distinguished using digital laboratory reflectance ?

The major part of this study relies on the analysis of the patterns of spectral and digital
water quality signatures. The signatures were recorded in the visible, near infrared and
medium infrared wavelength ranges by the LANDSAT Thematic Mapper (TM) and a
spectro-radiometer. The spatial and spectral resolution of the thematic mapper available
image offered, at that time, the best available opportunity of mapping water quality
parameters of the Jequia lagoon and assessing the changes on land-cover surrounding it.
The feasibility and the spectral resolution of the spectro-radiometer provide the optical data
to the characterization of several concentrations of clastic sediment sampled along the
lagoon in 1990. Sediment plumes and an oil-like substance and phytoplankton plumes are

the controlled water quality factors mapped during three field surveys in November 1989,



March 1990 and July 1992, along the lagoon (Figure 1.1). The changes on land-cover

patterns were also assessed along the study area.

The bottom sediments (Figure 1.2) along the lagoon were sampled during the 1990
survey. The analyses of the bottom sediments are used to characterize the depositional
environment and the related transport processes prevailing along the lagoon during the
survey sampling. Samples of water were taken to a laboratory to determine their
conductivity was determined. The bathymetry of the Jequia lagoon was estimated using
data (Table 1.1), from the same sites where sediments were sampled. These data were also
used to group the sediment samples in the zones described in the third chapter, and to

elaborate an original bathymetric map for the Jequia lagoon (Figures 1.3 and 1.4).

The major aims of this thesis are: the characterization of the optical spectral
reflectance for several concentrations of suspended sediments, the correlation of
reflectance to mineral type and size (their distribution patterns) and the detection of major

land-cover changes along the study area.

This thesis is presented in four interrelated parts (Chapters 2, 3, 4 and 5). The first
chapter concerns the outline of the problem defined along the Jequia lagoon. The second

chapter describes the regional environmental aspects of the study area.

The third part of this study attempts to characterize the deposition and transport
mechanisms related to the grain size distribution of the bed clastic sediments. A textural
parametric analysis based on grain size data treated by sieve, hydrometer and moment

methods, coupled with field observation and existing data was performed.

The fourth part of this thesis deals with the analysis of the digital irradiance data
detected along the visible, red and near infrared wavelength ranges by the TM in 1990.
These data are the basis for the characterization of the water quality parameters of the

Jequia lagoon. The general environmental changes on land-cover along the Jequia estuary



are also described. The data comes from a LANDSAT TM quick-look image recorded in

November 1989, and some reference data and aerial photographs recorded in 1968.

The fifth chapter of this work attempts to characterize the optical properties of the
sampled sediments under two states within the 485-820 nm range; suspended load (several
concentrations) and dry samples. That characterization is based on the spectra-reflectance

patterns detected through a laboratory simulation performed in March 1996.
1.2 Regional environmental setting
1.2.1 Localization

The Jequia study area presents an approximated area of 60 km2. It is located on the
south-eastern coast of the Alagoas state in the northeastern part of Brazil. The study area
comprises two major ecosystems; the Jequia lagoon and the Jequia tidal channel (Figure
1.1). The study area is considered within this study as an estuarine-lagunar system,
therefore the expressions Jequia estuary or Jequia estuarine-lagunar system are used

throughout this work in an interchangeable way.

The Jequia lagoon receives a maximum discharge of 1,45 m3/sec and a minimum

discharge of 1,33 m3/sec (Cavalcante ef al. 1993) from the Jequia River, its major
tributaries. These results were empirically derived from the mean discharge of the
Coruripe River located in the Coruripe watershed in the southern part of the Jequia

estuary.

The Jequia lagoon has a water surface area of about 16 km2, a width varying from 200
m to 1000 m and a depth varying from 1 to 11 m. The Jequia tidal channel has a length of
7,5 km connecting the Jequia lagoon to the Atlantic Ocean and a width varying from 50 to
200 m.



1.2.2 Historical data

The fishing community states the historical clear state (pure water) and fish diversity
an the recreational potential value of the Jequia lagoon. The tidal channel was used also as

a transportation route for sugar-cane products.

The oil-pollutant plume in the western branch of the Jequia lagoon, urban waste
plumes along the sides of the tidal channel and punctual silting near the Jeguia town was
recognized during two surveys in 1989. Clearing of mangroves along the tidal channel
was assessed during the 1990 surveys. Periodic floods are reported from the fishing
community. The oil-plume, the suspended sediments and the urban wastes are the most

important factors that might control the water quality of the study area.

The types of pollution recognized within the plumes along the study area are likely to
come from the industrial effluents from the Sinimbu and Porto Rico sugar-cane and
alcohol plants and distilleries. These plants are located respectively at 7 and 17 km from
the main input of water into the lagoon. Rossetto (1985) established that vinhaga presents
the major potential to pollute the rivers along the Brazilian coast. The vinhaca is
constituted mostly of organic matter by solids (2 to 6%) and minor amounts of calcium,
potassium and magnesium. He also points that the Biochemical Oxygen Demand (BOD)
pH, temperature and suspended solids are the main polluted indicators or tracers. The
vinhaga usually presents BOD of 20 000 to 35 000 mg/L and temperature ranging from 85°
to 90°C. The Jequia pollution also comes from the human activities (urban wastes) of

Jequia town that has about 1 000 inhabitants and lacks sanitary infrastructure.

The low values (Figure 1.5) of dissolved oxygen in the water are explained by Barros
et al. (1992) as the result of a large quantity of pollutants in that lagoon. They suggest that

the water quality of the lagoon has been significantly damaged.



The Cansangao do Sinimbu plant and distilleries have dumped from 1985 to 1988
(Barbosa, 1990), during the harvest period, about 239 tons of Biochemical Oxygen
Demand BOD wastes (mainly vinkaga) into the Jequia river. The dumped organic load
equals to a waste disposal for a population of about 4 438 000 inhabitants (Barbosa, 1990).
The Industrial Porto Rico plant and distillery had dumped 295 tons of vinhaga in the
tributaries of the Jequia river during the same period. This corresponds to an organic load
equivalent to waste disposal for a population of about 5 460 000 inhabitants. The vinhaca
is also used along the Jequia estuary as a soil fertilizer compound. This residual
compound, having a particularly high oxygen demand, is a potential polluting chemical
compound for lakes and soils (Gloria and Orlando, 1983; Vasconcelos and Oliveira,
1985). In addition, sugar-cane waste waters coming from the washing of barometric
columns (equipment) are also industrial effluents dumped into the Jequia ecosystem

(Barbosa 1990).

Moreover, all the urban wastes from the Jequia da Praia town located in the right part

of the lagoon outlet have also been dumped into the tidal channel.

In the early phases of this study, the two main punctual sources of pollution were
assessed in qualitative terms during two field surveys in November 1989 and March 1990.
A pollutant plume containing an oil like substance floating on the water surface in the
western portion of that lagoon and sediment plumes were recognized all over this latter.
Pollutant plumes were observed along both margins of the tidal channel and are believed to

come mainly from urban sewage dumped by the Jequia da Praia and Franga towns.

Field works were conducted in order to identify the regional impacts on land-use
occurring within the natural environment of the Jequia estuary. The information was
gathered from qualitative field descriptions and from a survey realized with the fishing
association of the Jequia da Praia town. Plankton, nekthos and benthos species and some
physical and chemical water parameters such as Secchi depth, surface water temperature,

water turbidity and the gradient of salinity were determined by Barros et al., (1992). Low



and high tide physical parameters were also measured (Figure 1.5). The results presented
by Barros et al. (1992) indicate that the water column of the Jequia lagoon presents a

homogeneous distribution of the parameters measured, as well as the water column of the

tidal channel.
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Figure 1.2 : Land use patterns along the Jequia estuarine-lagoon systems. Oblique serial
view from mid (a) and outlet portion (b) of the Jequia lagoon recorded on November 1990.
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Sitesof zone I  Conductivity(mohs/cm) Depth (m)| Sites of zone IIb “onductivity(mohs/cm) Depth (m)/| Sites of zone Ifla Conductivity(mohs/cm}) Depth (m)
i 0.2145 08 74 0.2106 12 61 8
2 0.1943 1.2 75 10.5 62 8
3 2 76 9 63 8
4 3 77 12 64 8
5 2.5 78 10 65 8
6 0.8 79 13 66 5.5
7 6.5 80 12 67 10
8 4.5 81 12 68 5
9 3.5 82 11 69 . 10.5

10 10 70 0.1924 5.5

11 9/(Sites of zone [llc Jonductivity(mohs/cm) Depth (m) 7t 0.1982 5

12 4 28 0.1482 9 72 . 10

13 12 29 . 9 73 0.2106 9

4 10 30 0.1488 85

15 11 31 9| Sites of zone IV Conductivity(mohs/cm) Depth (m)

16 13 32 . 9 19 , 4

17 9 33 0.1735 8 20 0.2081 4.5

18 . 10 34 . 85 21 . 4
Sites of zone I1Ib Conductivity(mohs/cm) Depth (m) 35 0.1768 8 22 0.1852 5

40 6.5 36 8 23 . 6

41 10 37 . 9 24 0.1755 6

42 12 38 0.2034 12 25 . 4.5

43 . 12 .39 6 26 0.1748 6

50 0.1846 i3 44 85 27 8

51 . 12 45 8

52 03054 12 46 8

53 6 47 8

54 7 48 8

55 , 55 49 9

56 0.2086 7

Table 1.1: Bathymetric raw data and conductivity data determined in situ along the zones of the Jequia lagoon, Alagoas , Brazil
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2.1 General geography

The Jequia estuarine-lagunar system pertaining to the watershed of Jequia is located

on the eastern part of the homogeneous micro-region of the Sao Miguel dos Campos Mesa
along the Alagoas coast (Figure 1.1). It is limited by the geographical coordinates of 9©

30' 00" S to 100 05' 00" S and 360 00' 00" W to 36° 30' 00" W. The Jequia lagoon and

tidal channel are the major notable environments of the study area. The Jequia lagoon

with a surface area of about 16 km2 and a branched out form suggesting flooding events, is
the third in length and the deepest (16 m) lagoon along the coast alagoana. It corresponds
to the old mouth of the Jequia River closed by Quaternary terraces that resulted from the
last glacial period. The Barra D'agua, Manibu, Sapucais, Barra Seca and Taquara being
its tributaries. The lagoon is connected to the Atlantic Ocean via a tidal channel that has a

length of about 8 km and a width ranging from 50 to 200 m.

Drainage of the Jequia River begins in Tanque D’arca Serra in the southern
Borborema Planalt escarpment. It runs to the eastern portion crossing the Tertiary

Barreiras Group or Formation and Quaternary deposits.

Controlled by the climatic oscillations operating during the Tertiary and Quaternary
period, the phytogeographic aspects along the Jequia watershed have already been
subjected to severe environmental changes. These changes were marked by replacement
of the original tropical moist forest by adapted secondary phenotypes. The original
tropical forest that dominates along the Barreiras Formation is classified as the
ombrophilous forest. Before the sixties this forest has presented growth leading to heights
of 30 to 40 m and stems with diameter larger than 1 m. The environmental changes
produced by a severe clearing, an intense forest fire (Assis, 2000) and by climatic
oscillations have reduced the ombrophylous forest density, the width of the leaves and the
trees to a height less than 15 m. Their stem diameter was reduced to a few centimeters

(Assis, 1999).
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The Quaternary paleoclimate variations lead to the replacement of the original
ombrophylous forest ecotypes (phanerophytes) to new species presenting no protection of
their foliate gems. The new or secondary phenotypes are seasonably dependent and are
classified in phytoecological regions (Assis, 1999) as semi-deciduous and deciduous
forests. They are dependent on the periods of dry season: a first period of 90 to 120 days
of biological dryness and a second one corresponding to 120 to 150 days. The semi-
deciduous forests during the dry period lose 20 to 50% of their leaves and the deciduous
forests might lose up to 50% of their leaves (Assis, 2000). Assis (1998) has estimated that
for an approximate area of 14 695 km? of forests (ombrophylous and estacional), 13 901
km® corresponds to the clearing processes. The remaining forest corresponds
approximately to 794 km?®, that is, less than 3% along the alagoas coast. We have
estimated, using a planimeter, that within the Jequia study area (60 kmz), the remains of
tropical forest are less than 2% (less than 5 km?®). Within this study the ombrophylous

forests were not differentiated from estacional forests.

Ab’Saber (1992) emphasizes the intense clearing of dense forest along the sandy
resting areas during the fifties and its replacement by homogeneous forest of coconuts
(Cocus Nucifera). Along the Jequia study area the coconut crops predominate near the

tidal channel margins.

These land-cover changes are expressive and noticeable along the flood plains, the
dissected valley slopes, the mesa's plateau, and the marine and fluvial terraces of the

Jequia study area.

Red-yellow podzolic soils with clayey fragipan associated with red-yellow latosol
podzolic soils predominate along the Jequia estuary (Wake et al., 1983). Mangrove soil
types and hydromorphic soils predominate along the Jequia channel. Dystrophic gley
humic soils predominate along the western portion of the Jequia lagoon. Koffler et al
(1985) have described that 55% of crops are cultivated on red-yellow podzolic soils, 35%

on red-yellow latosol soils and 10% on alluvial and hydromorphic soils.
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A map of the soil and vegetation types based on previous regional mapping realized in

1984 (Projeto RADAMBRASIL) for the Jeguia watershed is summarized in figure 2.1.

2.2. Geomorphological aspects

The geomorphological evolution of the Jequia estuary is closely related to fluctuations
of sea levels during the Pleistocene (Figure 2.2). Sea level fluctuations have controlled the
evolution of the Quaternary plains along Brazilian east coast (Dominguez et al., 1981;

Bittencourt et al .,1982 1983; Barbosa, 1986; Vilas Boas ef al., 1985).

Around 17 000 years B.P. the sea level was 110 m below the present level, therefore,
close to the continental shelf limit. Within the last Holocene transgression, the sea level
had risen progressively until 5 000 — 5 200 years BP when it has reached 5 m above the
present sea level (Dominguez et al., 1981; Martin et al., 1980 a).

Two distinctive geomorphological units (Dantas et al., 1986) were mapped along the

Jequia estuary, the plains and the coast mesas denominated as tabuleiros (Figure 2.3).

2.2.1. Plains

The Quaternary deposits attain thickness of 3 to 4 m. They consist of well-sorted
sands along the littoral (5,5 km), coarse and poorly sorted sands along the fluvial region
and mud along the mangrove areas. This region was subjected to transgressions that left
two levels of terraces along the coast. A first level of 8 to 10 m dates back to 120,000 BP,
and a second of 3 to 5 m, dates back to 5 100 BP (Barbosa, 1986).

Barbosa (1986) refers to a hooked spit (30 m high) of sandy bar (sandstones,
unconsolidated sands, and coarse sands rich in shells) tending southwestward and

displacing the mouth of the Jequia River to the South. These sediments occur as stratified
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layers with cross, tabular and channeled bedding (Barbosa, 1986). The tributaries of the

Jequia River are inserted into a wider fluvial plain.

2.2.2. Mesas

Mesas are composed of colored clays, coarse sandstones and conglomerate with
varying thickness and occur along an NE-SW zone of the coast. Cliffs, ravines and

bogorocas (gullies) are frequent along this compartment.

Interfluvial plains were cut by natural abrupt channels margin within the sediments of
the Barreiras Formation, while the geomorphic pattern of dissection was developed
through other sediments and basement rocks. The wider mesas developed declivity of 0%
to 3% and wide and flat valleys with steep banks. They occur along the left bank of the

middle and downstream of the Jequia River.

This geomorphological unit is also occupied by homogeneous dissected subunits that
present two classes of declivity and a deepening of their drainage. One of the subunit
occurs along the left side of the Jequia lagoon and presents a deepening of 21 to 42 m with
an average slope dip of 8%, and another subunit shows deepening of 45 to 65 m and an

average slope dip of 18%.
2.3. Geological context

The Jequia estuary belongs to the northern part of the Sergipe-Alagoas
Sedimentary Basin that is located (Figure 1.1) on the northeastern Brazilian Atlantic
Margin. The entire Sergipe-Alagoas basin is approximately 330 km long and 80 km wide,
occupying an area of 26,000 km2 onshore, and offshore out to a water depth of 1 000 m
(Guimaraes, 1988).
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The sedimentary filling of this basin reaches a thickness of up to 10 000 m and is
associated with the extensive rifting process that controlled the evolution of the Atlantic
Divergent Margins during Early Cretaceous (Castro, 1989). Syn and post-rift

sedimentation represent the dominant deposits (Figure 2.4).

The stratigraphy of the Sergipe-Alagoas sedimentary basin comprises one of the most
complex sedimentation processes, mapped along the Brazilian eastern-coast (Castro 1989).
Historically, it has been studied for petroleum exploration (Lana, 1990). A scheme
modified from the general stratigraphy proposed by Castro 1989 for the Sergipe-Alagoas
sedimentary basin (Figure 2.4) summarizes the geological units mapped along Jequia

estuary.

The main lithological units (Figure 2.5) occurring within the study area and its
surrounding are the Coruripe Subgroup comprising Mesozoic sedimentation, the Barreiras
Formation representing the clastic Cenozoic sedimentation and the Quaternary deposits

(Gomes, 1980).

The Coruripe Subgroup (Schaller, 1969) represents the rift valley stage of the Sergipe-
Alagoas Basin and occurs along the Jequia valley. The Coruripe Subgroup is in

conformable to unconformable contact with the pre-rift rocks (Castro 1989).

Stratigraphically, the Coruripe Subgroup comprises, from top to bottom the Coqueiro
Seco, Penedo, and Barra de Itiuba Formations. Those Formations contain clastic

sediments with local thickness of more than 5 000 m.

The Coqueiro Seco Formation comprises immature and heterogeneous sandstones,
horizons of foliated conglomerates and silt, and rare carbonate rocks. The Penedo
Formation (800 m thick) consists of gray, yellow and poorly sorted classified sandstones
with intercalations of shale and micaceous silts. It also comprises rare sequences of clay

and impure calcareous rocks showing cross and convoluted structures. The Barra de
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Itiuba Formation, with a thickness of 200 m, consists of calcareous shales intercalated by
fine and poorly sorted sandstones, microcrystalline calcareous and ostracoid conquines,

and remains of fishes.

The Barreiras Formation represents the lithological unit that covers most of the area
(95%) of the Jequia watershed (Figure 2.4). The Barreiras term has been used indistinctly
with reference to the unconsolidated or weakly consolidated continental sediments. It
comprises layers and lens of clastic sediments ranging from gravel, arkosic sands to
claystones that occur as a narrow and long band along the Atlantic coast. The presence of
erosional unconformities and great lithological variations within the Barreiras unit causes
some difficulties to its stratigraphic designation. It is not a simple sedimentary unit, but
contains more than one formation. Therefore a classification of the Barreiras Formation
based only on the lithostratigraphy, has been proposed. Correlation between erosional and
aggradation surfaces have been used within this classification (Bigarella, 1975). The
Barreiras sedimentation is the result of a high energy transport process carrying significant
flow of sand and mud, filling deep fault basins (grabens) along the continental margin
during the Tertiary. Pre-Cambrian crystalline basement rocks occur along the upper

stream of the Jequia watershed.

The Barreiras Formation is composed of poorly consolidated conglomerate
sandstones and occurs as extensive tabular beds along the entire Brazilian coast with
average thickness varying from 60 to 300 m. The tabular nature of the Barreiras deposits
creates a smooth topographic relief that drops off sharply at the coast line and forms a
series of spectacular cliffs extending for tens and sometimes hundreds of kilometers. The
Barreiras sediments were deposited unconformably above all the older strata in the
Sergipe-Alagoas basin, and covers about 95% of the basin onshore, therefore limiting
severely geological field work (Castro, 1989). The origin of the Barreiras sedimentation is

related to the formation of lateritic soils during climatic changes. Periods of tectonic
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stability alternated by periods of instability where erosion was followed by formation of

lateritic soils (Dantas et al., 1986).

The Quaternary sedimentation (Figure 2.6) occurs along the river valleys and mainly
along the littoral. It includes sediments from fluvial, eolian, fluvial-marine and fluvial-
lacustrine origin. They are sandy-clay, shells, organic matter, wood, and marine deposits.
The sedimentation includes the coarse and well-sorted sands with remains of carapaces and
concentration of heavy mineral, calcareous ropes, sandy and clay-silty rocks containing

organic matter (mangrove areas) with algae shells.

The Pleistocene marine terraces comprise well-sorted sandy distributed along the
fossil cliffs of the Barreiras Formation. They stand at altitudes of 8 to 10 m above the

present sea level.

The narrow strips of Holocene marine terraces contain sandy sediments and stand at

altitudes around 4 m above the present sea level.
2.4. Climatological context

The climatic characteristics of the region were established from 1927 to 1942 by the
climatological norms from the Coruripe station located 30 km from the Jequia da Praia

district (Superitendencia do Desenvolvimento do Nordeste-SUDENE, 1965).

The climatic condition estimated for Jequia watershed was based on a monthly normal
hydric balance transposed from data recorded at the Coruripe meteorological Station. The
hydric balance (Souza, 1994) was normalized using the Thornthwaite-Mather model
(Thornthwaite et al., 1955b). It was considered within the model that the soil of the study

area has an average storage potential of 100 mm. The results are illustrated on figure 2.7.
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The hydric balance comprises the pluvial precipitation (P), potential
evapotranspiration (ETP), water availability (P-ETP), storage (AR), variation of storage
(VAR), hydric excess (EXC), superficial runoff (ESC) and real availability of water
(RDA/ETP).

The RDA/ETP rate indicates the degree of monthly humidity in this region. Values
below 2 and above 1, corresponding to March, April and August were classified as semi-

humid period.

The months with values of RDA/ETP higher than 2, were classified as completely
humid, and correspond to May, June and July. February, October and November were
classified as semi-arid (RDA/ETP of 0,5 to 1) and November, December and January as
completely arid (RDA/ETP of 0,5).

The hydric deficiency of the Jequia watershed occurs from September to February. It
varies from semi-arid to completely arid, with annual values of 240 mm distributed over
181 days. The hydric excess was observed from May to August, with a total annual value
of 444 mm distributed over 123 days.. Water availability (P-ETP) occurs from March to
August. It is considered a humid period with an amount of 540 mm distributed over 182

days.
2.5. Socio-economic considerations

The Jequia estuarine-lagunar system marks the boundary between the municipalities
of Sao Miguel dos Campos and Coruripe. The southwestern bank belongs to Sao Miguel
dos Campos and the northeastern bank belongs to Coruripe. The geopolitical limits of the
Jequia estuary might add some economic and political constraints to decision-making
concerning its regional environmental planning. The municipality of Franga is located on

the southern portion of that lake.
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The Porto Rico and Cansangao do Sininbu plants, and the Jequia da Praia (1 000
inhabitants) district, which extend to both banks are located respectively along the upper
Jequia estuary and the outlet (Zone I). The land-use development activities along the

Jequia estuary system are summarized in table 2.1.

The mixed farming (polyculture) of coconut, coffee, rice, corn, manioc, beans,
potatoes, and bananas has been mostly replaced by sugar-cane culture. Coconut has been
cultivated along the resting areas, near the tidal channel. Fishing is the primary economic

activity of the inhabitants of these small towns.

Clay, kaolin, sand and brittle-rock materials are the mineral resources that have been
exploited in this region. During the sixties, petroleum was the main mineral exploration.
The available water supply system depends on the Manibu River and on water well. There

is no data available on the treatment of these water resources. There is no public sewage.

Marinho, 1994 reports the environmental legislation that regulates the land-use along
the study area. It includes the regulation of preservation and conservation of the mangrove
areas, the restriction to implementation of any tourist business and the dumping of

effluents from the distilleries and sugar-cane plants into rivers.

Even though, a state governmental administrative bureau regulates the environmental
legislation, there is no sustainable monitoring program towards the maintenance of that

legislation.
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LAND-USE PATTERNS |ESTIMATED| ANTHROPOGENIC GEOLOGICAL-
RELATED ACTIVITIES |AREA(%) DESCRIPTION Si?;\gORPHOLOGICAL
INDUSTRIAL SUGAR-CANE
87
CROPPING PRODUCTS TERTIARY MESAS
COFFEE, MANIOC QUATERNARY FLOOD
FARMING 2 COCONUT PLAINS MESAS SLOPE
MINERAL 15 KAOLIN, SAND, TERTIARY DISSECTED
EXTRACTION ’ BRITTLE ROCKS MESAS
JEQUIA DA PRAIA,
URBAN FRANCA, PORTO RICO HOLOCENIC AND
SITES 5 CANSANCAO DO PLEISTOCENIC
Eﬁ%ﬁg‘ﬁ&T AL 1 MANGROVES HOLOCENIC
TERRACE
ZONES FOREST
NATURAL DENSE FOREST, QUATERNARY FLUVIAL
ENVIRONMENTS 3.5 MANGROVES PLAINS

Table 2.1. Scheme of the land-use patterns related to the major activities developed
along Jequia estuary. A total area of 80 km was used to derive the proportion of

area for each activities.
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3.1. Introduction

This chapter attempts to describe the mechanism of transport and deposition along the
Jequia lagoon environment (Figure 1.1), based on textural parametric analysis using the
bottom sediment's sample along that lagoon. Results from sieve, hydrometer and moment
analyses are compared and discussed. Therefore the characterization of the mechanisms of
transport and deposition of bottom sediments in the Jequia lagoon environment is the main

goal of this chapter.

The water of the Jequia lagoon contains; floating oil-like substance, suspended
inorganic matter (sediments), floating organic matter, industrial waste, anthropogenic

urban discharges and vinasse an acid chemical compound.

The bottom sediment samples of the Jequia lagoon were grouped within nine zones.
Each zone was selected and analyzed according to their grain size distribution using the
data treated through the sieve, the hydrometer and moment method. Some samples from
figure 1.2 were discharged or neglected after a preliminary analysis, since they present
incomplete results and a bias distribution between the combined results from the sieve and
hydrometer method. Sieve and hydrometer data should be complementary in those
samples. Therefore, only few samples from Zones I, II, III and IV are considered in this

chapter.

The mineralogy of the sediments was done through X-Ray diffractometric (X-RD)
methods. X-ray, as any other wavelength radiation, pertains to the electromagnetic spectra
therefore following the same law as any other radiation. The X-ray beam is parallel and
strictly monochromatic with wavelength (Reynolds, 1989). The specific optical
characteristic of X-ray is that it diffracts or reflects the radiation only at very few angles
and it is measured them from the diffracted planes. On the contrary, the visible energy
reflects radiation at all angles and it is measured from the normal. Bragg’s law states the

principles that define the diffraction of X-rays. Moreover, the diffraction is the result of
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the relationship between the radiation (1), the incident angle (q) and the space between the

atom’s planes (Moore et al., 1989) of a given mineral.

The sediment samples (2 g) with size less than 2 mm (passed through the 200 mesh)
used in the diffraction analysis were previously centrifuged (1 750 rpm) to enable the
separation of clay from silt. Several samples selected from Zones I, IIb, Illa and IV were
centrifuged during 10 minutes to separate the clay minerals from the silt. The separation
was possible only for few samples. These samples were used to identify the minerals by
X-ray diffraction. The difficulty after centrifugation was due to the interlayering of clay

and silt recognized within the samples.

A general petrography of the minerals was realized through a binocular optical device

(loupe). The recognized minerals and their estimation are grouped on table 3.1a.

The most significant petrography characteristic we have recognized within the
minerals was the form and size of the quartz grains. The grains of quartz within Zones I
and IV show smaller size and roundness compared to the others. The grains of quartz

within the others' zones are much larger and present angular form.

The concentration of total organic carbon was done through the oxidative combustion

(LECO) method and by applying cold hydrogen peroxide (H,0,) with concentration of
30% to the selected sediment samples (2 g). The H,O, removes the inorganic carbon

content from the sediment samples. The remaining carbon was deduced as of organic
origin. The 2 g sample of sediment was heated during 1 hour in a high temperature furnace
(550°C) before applying the hydrogen peroxide. The carbon lost within the samples after
heating is assumed to be of organic origin. Therefore the total carbon inorganic and
organic was estimated from the weight loss on heating (Table 3.1b). The carbon
estimation was developed in the Petrochemical Laboratory of the Department of Applied

Sciences at the University of Quebec in Chicoutimi on June of 1996.
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3.2. Previous sedimentological work along the Jequia estuary

The Jequia estuary has been the site of hydrocarbon exploration studies since late
1950s. The discovery of commercial oil and gas accumulation (1957) in the southern
portion of this lagoon led to an increased number of studies along the Sergipe-Alagoas
basin, where the Jequia estuary is located. These studies are concerned mainly with the
stratigraphy and the sedimentation related to oil exploration along the Jequia estuary.
Some general structural aspects have been also discussed. They rely on the analysis and

interpretation of seismic and well data, on gravimetric data and on regional mapping.

Saldanha et al. (1975) have described the Serra dos Martins unit within the Barreiras
Formation. It occurs along the northeast part of Jequia city and comprises fine and
conglomerate sands. The sands show a wide range of colors and along the lower mesas the
sands are intercalated with silt and clay. They also defined the transport of the sediments

of Serra dos Martins as typically of graded suspension, rolling and bottom suspension.

Lira et al. (1992) present the only available data (Figure 1.4) along the Jequia lagoon.
They have estimated some chemical parameters (salinity and oxygen) and recognized the

biological species within the lagoon.

This study relies on grain size and X-ray analyses and attempts to characterize the
deposition and transport mechanism prevailing within the environment of the bottom
clastic deposits of the Jequia lagoon. It also aims to support regional mapping and

municipal planning along the Jequia study area.

Despite the inaccurate character of grain size analysis, one might achieve useful
information related to the mechanism of transport and deposition of sediments and their
grain size distribution in a given environment. Another goal of this study is to present
correlation between grain size and reflectance data, more precisely the particle size of the

sediments and their spectral patterns.
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The sediments filling Jequia lagoon are mostly derived from the erosion of Tertiary
continental conglomerate sandstone sequences (Barreiras Group), erosion of Cretaceous

syn rift clastic sediments, Quaternary fluvial-delta sediments and marine deposits (Figure

2.6).
3.3. Description of the textural parametric methods

3.3.1. Introduction

A sedimentologic mapping of the bottom sediments of Jequia lagoon was carried out

in March 1990. Eighty-two samples were collected during this survey.

The sediment samples were grouped in five zones (1, I1a, IIb, Ilc, IId, III, and TV) to
enable a better discrimination of their plots in cumulative frequency curves (Figure 3.1 to
Figure 3.30). The graphic estimation of grain fractions for Zones I to IV are summarized
on table 3.3. The cumulative frequency curves were performed using selected raw data
grouped on tables 3.4, to 3.11. Within the sampled sediments, only few cumulative curves
were possible to be derived from the samples of Zones I (sites 3, 4, 6 and 7) and IV (sites
19, 20, 22 and 23). Within Zone Illa, only samples sites 62 and 65 have performed
cumulative curves. Along Zone IIb that corresponds to the deepest part of the lagoon four

cumulative curves were derived. The rest of the cumulative curves were derived from

Zones Ila, Ilc, I1d, I and Ilc.

The bathymetric data (Table 1.1) were used to group and differentiate the zones. Only
the data within discernible zones (I, IIb, IIIb and IV) were treated and analyzed in this
chapter. Water conductivity (Table 1.1) and bathymetric data of the Jequia lagoon were

measured in the same sediment sites sampled.
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Field notes concerning the environmental impact of land-use along the Jequia estuary
were taken. Some general information was also acquired from a survey done by the

Fishing Association of the Jequia da Praia district.

The bottom sediments of the lagoon are the major available source of data used in this
study. These sediments were analyzed using sieve and hydrometer data. The grain size
data were also treated by the moment method after the studies of Friedman (1962), Kaddah
(1974) and Moussa (1977). The main advantage of the moment method is that it enables
the construction of frequency distributions and derived textural parameters for clastic
sediment, with less extensive samples and very low cost. Advanced methods are usually

prohibitive and not as practicable as the moment method.

In this study, a wide revision of the several contributions to textural parametric
analysis on clastic sediments was done. The analyses of textural parametric data have been
exhaustively reported during the beginning of the twentieth century. In the fifties, sixties
and seventies a great contribution to grain size studies came from the works of Griffiths
(1953), Folk (1957), Sternberg (1961) Spencer (1963), Passega (1964) Sahu (1964),
Weiser ef al. (1968), Folk (1966), Passega (1969), Lynts (1966), Visher (1969), Solohub et
al. (1970), Swift et al. (1972), Kaddah (1974), Moussa (1977), Sengupta (1979) and
McLaren (1979). We have noticed that during the last two decades the researches
approaching grain size have been reduced. Several contributions come from the works of
Bagnold et al. (1980), Kennedy (1984), Sengupta (1984), Sengupta et al. (1991) and
Mazunder (1994).

Few recent studies present advances and refinements in understanding the sediment
properties (their grain size distribution and mineral type) and related spectra's reflectance.
We refer to the works of Zbinden (1981), Illenberger (1992), Gibbs and Chakrapani
(1994), Oldfield and Yu (1994), Sutherland and Lee (1994), Kothyari (1995), Mazumder
(1994) and Kranck et al. (1996). We point out the special contribution from Zbinden
(1981) along the Normand Breton gulf. She presents a multidisciplinary approach relating
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the micro granulometric aspects of some clastic sediments based on the moment method

and the spectral properties of coastal water using LANDSAT- MSS data.

The statistical parameters used within this study include the average grain size, the
uniformity or sorting measure and the asymmetry or peakness measures. The average
grain size measures comprise the computed graphic mean-Mds (McCammon, 1962a) and
the median-Mzs; the measure of sorting corresponds to the quartile deviation-Qdy,
computed graphic standard deviation-Gsy and inclusive graphic standard deviation-IGsg;
and the measures of asymmetry comprise the Phi quartile skewness-Qsky, the graphic
skewness-Gs;, the inclusive graphic skewness-IGsy and the computed skewness-Css. The
peakness measures include the computed kurtosis-Ckur and the graphic kurtosis-Gkus. The
Mds, Cst. Ckurand the Mz (50%) were also computed using the results processed by the
Statview software. The statistical measures were empirically and manually (calculator)

computed based on the concepts of Folk (1957 and 1966) as follows:

Md¢= (10%+25%+50%+75%+90%)/5 equation 3.1
Mze= (f16+ £50+ £84)/3 equation 3.2
Qds= (f75+ £25)/2 equation 3.3
Gse = (184- £16)/2 equation 3.4
IGs¢= [(£84- £16)/4] + [(£95- £5)/6.6] equation 3.5
Qsks = (25+ £75-(2 Md¢ /2)) equation 3.6
Gsks = (f16+ {84- 2(£50))/(£84- £16) equation 3.7

1Gske = [(£16+ £84- 2(F50)))/[2(F84- £16)]+
+[(5+£95- 2(F50)))/[2(f95- £ 5)] equation 3.8

Gkug = (f95- £5)/2.44(f75- £25) equation 3.9
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The results computed with the above textural parameters are grouped in tables 3.11a,

b, ¢ and d respectively for Zones I, IIb, IIla and I'V.

The sieve percentiles were computed through graphic determination using simple
intercepts from cumulative curves. This procedure is less time-consuming. The
hydrometer percentiles of less than 10%, 25%, 50%, 75%, 90% and above 90% were
computed using the results processed by the Statview software. These percentiles were
used in the empirical computation of the sieve and moment textural or statistical
parameters. Since the sediments present a general homogeneous distribution within the
cumulative curves, we considered for this study, that the percentiles of
84%=(75%+90%)/2, 16% =(10%+25%)/2, 5% =10% and 95%= 90%. These parameters
(f) were computed from selected samples within Zone I (sites 3, 4, 6, 7), Zone IIb (sites 76,
80, 81), Zone Illa (sites 56, 62, 65) and Zone IV (sites 19, 20, 22, 23, 24).

The above textural parameters have been considered as environmentally sensitive.
They might also trace the prevailing mechanisms of transport and deposition of the
sediments in a given environment (Folk et al., 1957, Passega, 1964, Visher, 1969, Solohub,
1970, Allen, 1971 and McLaren, 1979).

3.3.2. Description of the sieve method

The granulometric distribution of the bottom sediments presented in this chapter, are
defined through the following methods. Part of the data subjected to sieve and hydrometer
techniques were not combined and also were developed in different laboratory conditions
and at different periods. The samples that showed bias trend derived probably from sieve
operational errors, were neglected. Only the composite combined sieve and hydrometer
data were considered within this study. Those methods fit the overall objective of this
study, that is, to present the correlations between the sedimentation processes (grain size
distribution), land-use changes and the spectral reflectance for the study area targets. It

was also dependant of the laboratory facilities and the inaccessibility of other techniques.
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Sieving has been widely used to characterize and distinguish clastic sediments from
different and similar environments. In the case of this study, we attempted to characterize
a unique environment through data treated by sieving and sedimentation settling rate

(hydrometer) methods.

Conceptually, grain size data have the unit phi (f) expressed as the logarithm in the

base two of the particle size (Fritz et al.,1988). This mathematical base used in textural

analysis can be written as:
f=-log2 d/dy equation 3.10
in which;
do= Imm,

f: dimensionless

The sieve method can be adjusted for coarse or fine sediments. In this study, it was set
for sediments classified according to the Associagdo Brasileira de Normas Tecnicas
(ABNT) scale. A comparison between the ABNT grade grain scale and the Udden-

Wentworth one is illustrated in table 3.2a.

The procedures used to treat the sieve and hydrometer data were based on the norms

of the ABNT that presents similarity to the U. S Bureau of Standards norms.

The sample zones were selected to construct cumulative frequency curves for the sieve
and hydrometer data. The data treated through the method of moment correspond to few

samples within Zones I, ITb, IIla and IV.

The plot of cumulative frequency curves shown was selected from the best shaped-fit
curves from all cumulative frequency curves performed for the 80 sample sites. Due to

errors during the laboratory procedure in several samples, only few cumulative curves
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were constructed. The constructed curves are from sites 3, 4, 6 and 7 of Zone I, sites 76,
80, 81 and 82 of Zone IIb, sites 62 and 65 of Zone Illa, and sites 19, 20, 22, 23 of Zone IV
are analyzed within this study. The graphic estimation (%) of the grain fraction is

presented in table 3.30 a, b, ¢ and d respectively for Zones I, IIb, Illa and I'V.

3.3.3. Description of the hydrometer method

The hydrometer gravitational sedimentation method has been widely applied to the
determination of the content of silt and clay within a given sediment population. The goal
of this study is the comparative analysis of the distribution of grain size data using the

hydrometer method and sieve method.

The theoretical principle of this method is the settling rate of a particle defined by the
Stokes' law. This law stipulates that the rate of deposition of a particle is related to its

diameter. This law is written as:

Sdr = Di+TxV in which (equation 3.11)

Sdr: Sedimentation rate

Di:Diameter of grain (mm)

T:Time-average (from the start of the experiment to the beginning of hydrometer
reading)

V:Velocity of deposition (cm/s)

The procedure used in the hydrometer method is described in appendix II. The
hydrometer data were computed manually following the concept of Lambe, 1967. It was
also used 