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Abstract: Estuary sedimentary sequences have been the focus of several papers in the last decades;
however, the majority these papers were centered in mesotidal and macrotidal estuaries of the
middle latitudes. This present paper studies, from a sedimentological point of view, the infilling of
a microtidal, wave-dominated tropical estuary, where wide tidal flats, mangroves and sabkhas are
developed. Somone Lagoon is a Senegalese protected environment, very rich from an ecological
point of view and with a definitive touristic vocation. For this work, 14 piston cores were studied.
Additionally, the grain size, calcium carbonate and organic matter contents of 61 sediment samples
vertically distributed in these cores were analyzed. The distribution of facies and the vertical
sequences of sediments show the influence of the tropical seasonal fluctuations of fluvial sediment
supply and evaporation processes. A high degree of bioturbation and an elevated organic content
can be interpreted as the result of a high capacity of retention of the organic material into the estuary
influenced by the weak tidal currents typical of a microtidal regime. These processes, acting since
the last Holocene invasion of sea level, caused an advanced state of infilling of this estuarine system
where both flood tidal deltas and bay head deltas prograde above the fine facies of the central domain
of the estuary.
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1. Introduction

Estuaries are semi-enclosed bodies of coastal waters that connect a fluvial system to
the open sea and where fresh water coming from river drainage is diluted with the sea
water [1]. In general terms, it is a type of river mouth in which the main sedimentation
processes occur in the interior of a coastal valley in relation with the development of fresh
and saltwater mixing [2].

The genesis of estuarine valleys has been attributed to relative sea level rises [3].
After that, the beginning of the infilling of present estuaries is the Flandrian post-Wiirm
transgression which invaded the pre-existing fluvial valleys entering the marine agents
and transforming them into coastal embayments. Since this starting point, the general
trend of all the estuaries during the Holocene is the infilling of these valleys with sediment
from the following three sources: fluvial, marine and authoctonous [4]. The distribution
of sediments in an estuarine system corresponds, in the short term, to three fundamental
agents: river, tides and waves. The space distribution of these three agents controls the
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existence of the following three estuarine domains [5]: a marine domain marked by the
balance between waves and tides, a central estuary dominated by tides and a fluvial domain
controlled by the balance between fluvial and tidal currents. In the long term, there is a
control exerted by the relationships between relative sea level movements and sedimentary
input. Climate also exerts a secondary influence in the short and long term, because it
controls the intensity of physical, chemical and biological processes, the sedimentary input
and the sea level [2]. The combination of all these factors will directly control the facies
sequences in each domain of the estuary and the evolutionary trends of the system.

At least six different classifications of estuaries have been defined using a variety of
criteria as the model of mixing waters [5], the genetic process [6], the model of propagation
of the tide [7], the tidal range [8] or the estuarine physiography [9]. Nevertheless, from a
geological point of view, the most adequate criterion to classify estuaries is the dynamic bal-
ance between processes [10]. Using this criterium, the following two types of estuaries can
be distinguished according to the dominant agent: tide-dominated and wave-dominated.
Each one of these types of estuaries present a characteristic morphology, a specific facies
distribution and an evolutionary trend.

The aim of this paper is to study a wave-dominated estuary located in an African
microtidal tropical coast, in Somone Lagoon in Senegal, West Africa. Drawing on sedimen-
tological data and facies interpretation, this work has regional importance, since papers
studying African estuaries are scarce [11]. In general terms, wave-dominated estuaries
are well studied (e.g., [12-14]), but there are few works that analyze wave-dominated
estuaries in microtidal tropical contexts that also present a mixture of detrital and carbonate
elements and a notable influence of evaporitic processes. This estuary, by its combination
of characteristics, is a potentially important natural laboratory to analyze the impacts of
competing processes on estuary evolution, including generation and preservation of facies
sequences. For that, this study also has a clear thematic interest.

1.1. Regional Setting

Somone lagoon is a natural reserve of community interest, created in 1999 by a regional
request supported by the National Parks Department of the Senegal Republic. The estuar-
ine system has an area of 7 km? which is located at the mouth of the Somone River in the
northern Small Coast (Petite-Cote), 40 km to the southeast of the city of Dakar and 14 km
to the north of the city of Mbour (Figure 1). This is a small system formed by the marine
inundation of a fluvial valley. The valley was incised in the Campanian-Maastritchian
(Upper Cretaceous) unconsolidated sandstones and clays. These materials were deposited
in the Dias Horst [15] during the lowstand period associated with the Wiirm glacial maxi-
mum [16]. Subsequently, this depression was flooded by the sea during the Nouakchottian
stage of the Flandrian transgression, which occurred between 5500 and 4100 years B.P. [17].
Since the marine invasion of the valley, the system has sustained limited accommodation
due to a high sediment supply. At the same time, the growth of the spits and flood-tidal
deltas closed the inner domains, inducing a deficient tidal drainage. As a consequence of
this lack of flushing, previous studies indicate that the system is ecologically eutrophized
and degraded [18].

1.2. Environment Physiography

The present physiography of Somone Lagoon and all local geographic names are
shown in Figure 1. In the marine domain, a 1.8 km long spit (Cape Guereo) restricts the
inner zone of the estuary to its wave action. The berm lines indicate a sense of growing
towards the south as an effect of an N-S littoral drift. The town of Guereo is located at the
contact of this spit with the continent. As a second sandy form closes the estuary, a short
300 m counterspit grew from the south. This counterspit originated from waves refracted
by sandy, estuary mouth shoals.

The town of Somone is located at the south of the start point of this counterspit. In
the outer front of the inlet, a small wave-dominated ebb-tidal delta is developed. The
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aforementioned sandy shoals correspond with the frontal lobe and swash bars of this delta.
On the back area located at the entrance of the estuarine system, two flood-tidal deltas are
developed (Figure 2A). The first one is protected by the counterspit. It is currently less
active, since it is not directly connected with the inlet and corresponds to an older growth
stage of the counterspit. The second one is the most recent of them. It was developed at
the end of the present inlet and is dynamically active. In the central domain, a wide tidal
system has developed. From a hydrological point of view, two areas were distinguished,
the central basin and the Guereo Basin. The central basin (Figure 2B) is located at the center
of the estuary, connecting fluvial and marine domains. The Guereo Basin (Figure 2C) is
a marginal lagoon located in the back area of the Cape Guereo spit. Both basins are now
connected by some tidal channels but constituted just one single basin in previous infilling
stages of the estuary. In both areas, tidal channels and creeks separate various islands
constituted by tidal flats and mangroves. In the fluvial domain, a prograding bay head
delta is developed. Presently, the most superficially extensive sub-environments associated
to this inner delta are evaporitic coastal sabkhas.
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Figure 1. Location of the study area and sub-environment map indicating the domains of the estuary,
the geographic names and the locations of the cores (stars). The positions of panoramic views of
Figure 2 are also indicated.
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Figure 2. Panoramic views of Somone Lagoon. (A) Marine domain displaying spits and flood-tidal
deltas. (B) Central basin where tidal flats and mangroves are visible. (C) Guereo Basin where a flood
sand delta progrades to the tidal flat facies. Location of panoramic views shown in Figure 1. Images
from Google Earth.
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1.3. Hydrodynamic Setting

The marine domain of this estuary is controlled by South Atlantic waves. There are
available wave data measured by using video cameras in the Mbour beach [19], located
14 km to the south (Figure 1). According to these data, locally generated fair-weather-waves
are short-crested, with an annual averaged Hs of 0.5 m and a Tp of 9.2 s. Seas are directly
influenced by the variability of the Intertropical Convergence Zone (ITCZ). The open coast
is not affected by locally generated storms, but it is occasionally damaged by external storm
swells coming from the deep Atlantic Ocean [20]. These energetic storms are cast by the
Southern Annular Mode [21,22]. Statistically, swell storm waves present an annual Hs
average of 1.5 m and Tp of 3.1 s. Thus, the interannual equatorial climatic fluctuations exert
a control on the local variability of wave dimensions and provenances [23,24].

The mean direction provenance of the seas and swell fair-weather waves is from the
NW. These constructive waves are the cause of an intense littoral drift which transports an
important volume of sands towards the south. There is no information about the magnitude
of sand transport in the Small Coast. Along the northern transect of the Senegalese coast,
longshore transport was calculated at 669 x 10° m?/year [20]. However, these data may
be not the same in this coastal segment, because the orientation of the coast is different,
and the sandy inputs from rivers, such as the Senegal River, are absent. In this case, the
longshore transport of sands eroded from cliffs and supplied by small rivers is the main
source for the apical growth of the Guereo and Somone Spits, including the tidal deltas
developed between them.

The coast where Somone Lagoon is located is micro-tidal with a semidiurnal regime.
It presents tides with ranges that oscillate between 1.23 m during mean spring tides and
0.27 m during neap tides, with a mean range of 0.75 m. The tidal prism during spring tides
approaches 3.5 hm?3, whereas, during neap tides, it is just near 0.6 hm? and during mean
tides is 2.2 hm3. The dimensions of average waves and tidal regimes classify this coast as a
wave-dominated coast after the criteria established by Davis and Hayes [25].

The Somone River has a highly seasonal regime. Fresh water flow and supplied fluvial
sediments are limited to the rainy season (between May and September). The mean annual
water contribution for the period 1975-1992 was 0.49 hm?, but it was also a very marked
year-on-year irregularity. For the studied period, this annual contribution varies between
1.43 hm? obtained in 1975 and 0.001 hm? in 1992 [26].

Thus, the tidal prism is sensibly greater than the fluvial flow, and most of the time
there is a situation of saline inversion due to evapotranspiration in the inner waters of the
estuary. The results of Sakho et al. [26] show that, for approximately seven months, from
January to July, the estuarine waters are more saline than those entering from the open sea.
During this period, it varies from 35 g/L at the mouth to 42 g/L 4 km upstream. During
rainy months (from August until November), the fresh waters of Somone River flood into
the estuary, and then the gradient becomes normal with a decrease in salinity upstream.
Based on the work of these authors, Somone can be described as a dual-functioning estuary
from a hydrochemical point of view; it is reverse 70% of the time (from December to July)
and normal 30% of the time (August to November).

Mixing processes are also very disrupted by anthropization by means of the building
of dams. Water is increasingly retained upstream by multiple hydraulic developments.
Two developments are the most controversial, the dam of Idrissa Seck in Nguékhokh and
the water reservoir in the Bandia reserve (built for watering animals).

2. Materials and Methods

This sedimentological study is based on the information of 14 hand cores distributed
on the different domains of the estuary. The cores were obtained by using PVC pipes
of 60 mm diameter and maximum length of 1.60 m (Figure 1). The location of the cores
was determined by using a Garmin Gecko GPS with an accuracy of one meter. In the
laboratory, the PVC pipes were longitudinally cut into two halves with a radial grinder
without damage to the sediment. The sediment was also cut using a nylon guitar string.
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Once open, the cores were photographed and logged. Lithofacies and sequences were
characterized from a detailed description of cores. In each lithofacies, grain size, color,
organic content and sedimentary structures (bedding and bioturbation) were characterized.

In each core, several samples were taken at different depths in order to analyze grain
size, organic matter and total carbonate content. The depth of each sample in each core
was selected according with the different distinguished facies. A total of 61 samples
were analyzed.

The grain size of the samples was determined by using a normal Udden-Wentworth
sieve column with one phi interval. Normal statistic parameters suggested were determined
by the method of Folk and Ward [27], using the software Gradistat 4.0 [24].

For the cores CS-1 and CS-2, which do not contain silt, the sediments collected were
first washed with water on a 32 pm sieve to remove salts and impurities and then dried in
an oven. Each sample, after drying, was weighed and then decarbonated by cold etching
with 30% hydrochloric acid. For the rest of cores, which contained silt, samples were soaked
in water with a few drops of H,O, and then washed using the 32 um sieve to retain the
maximum before soaking it in HCl. In both cases, after dissolution of the carbonates, the
HCl was poured, and the sample was cleanly washed with water, dried and reweighed
again. The final weight obtained was subjected to sieving on a series of standard sieves.
The weight refusals of the sieves were weighed with a precision balance to the nearest
milligram and then recorded on a sieve sheet. The weight of the different sieve rejects
had been entered into the Gradistat software, which automatically calculates the weight
percentages of each particle size fraction and determines the corresponding particle size
parameters. To establish the carbonate content, we measured the weight before and after
the decarbonation (g) for each sample.

The total calcium carbonate content was determined by using a Bernard calcimeter
from the volume of carbon dioxide released after the sediment sampled was attacked by
hydrochloric acid.

Organic content was established based on the dry weight difference between the
initial sample and the same sample once digested by hydrogen peroxide 10% vol and
desiccated again.

3. Results

This study consisted of a detailed description of the lithofacies and lithofacies se-
quences observed in the cores, including an integrated analysis of grain size, calcium
carbonate and organic matter content of the sediment samples along the cores.

3.1. Facies

On the inner estuary, the following four sedimentary sub-environments are present
(Figure 1): flood-tidal deltas, tidal flats, mangroves and sabkhas. Each one of them is
constituted by characteristic lithofacies sequences, which were studied from the cores and
described below.

In the marine domain, flood-tidal deltas occupy the widest area of the estuary mouth
(Figure 2A). The facies constituting this environment are represented by the cores CS-1
and CS-2 (Figure 3). These are exclusively sandy facies in which the dominant fractions
are medium and fine sand. Grains are mainly composed of quartz, but calcium carbonate
grains (small fragments of marine shells) are also abundant. The internal structure mainly
consists of metric planar crossbedding sets dipping landwards. On some occasions, like in
the base of the core CS-2, the facies are bioturbated by crustacean activity.

In the central domain, wide tidal flats and mangroves are developed (Figure 2B,C).
Tidal flats facies are represented in the cores CS-3 to CS-8, so as in the lower part of the
core CS-9 (Figures 4 and 5). These cores are constituted by sequences of the following five
lithofacies: bioturbated silty sands, bioturbated sandy silts, parallel laminated silts, massive
muds and chaotic shell accumulations. All these facies have characteristic dark grey colors
related with their high organic matter contents.
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Figure 5. Cores from the central basin in the central domain of the estuary.

In the Guereo Basin, the base of cores CS-4, CS-5 and CS-6 (Figure 4) present alternating
layers of massive muds, parallel laminated silts, bioturbated sandy silts and shells, but, at
the top of the sequences, the only facies present are bioturbated silty sand. This implies
that the sediment became sandier in the last stages of infilling.

In the central basin, the inverse case can be observed. The base of the cores CS-7A
and CS-8 (Figure 5) is constituted by bioturbated silty sands and becomes finer toward
the top. The central part of these cores is constituted by parallel laminated muds, but the
degree of bioturbation increases toward the top, which is constituted by massive muds and
bioturbated sandy silts. Centimeter layers of shells are occasionally interspersed.

The mangrove facies are observable in the top of the core CS-7C but also in some levels
of cores CS-9 and CS-11 that located in the fluvial domain. These facies consist of orangish
silty sands and are strongly bioturbated by roots.

Extensive costal sabkhas are developed in the fluvial domain. These sabkhas are the
surficial facies of the prograding bay head delta and are observed in the cores CS-9 to CS5-12
(Figure 6). The arid climate typical of dry months causes intensive evaporation and a very
high salinity that inhibits the presence of vegetation in this environment. The typical facies
are an orangish sandy silt which can be massive or horizontally laminated, presenting
interspersed salt-rich layers. These facies are usually disposed above the silty tidal flat
facies (Figure 6, CS-9) or on sandy fluvial facies (Figure 6, CS-10 and CS-11).



Coasts 2024, 4

314

Fluvial estuary
CS-QDO 20 40 60CS-10D0 20 40 60 CS-11D 0 20 40 60

10

20

5 I Sand

40I

Sand

(o]
o

Scale (cm)
3 3

@
o

CS-12
90

100

% CaCo,
% Organic Carbon

110

120"

[ Bioturbated silty sands
I Bioturbated sandy silts

- Massive muds

I Sabkha silty sands

Figure 6. Cores from the fluvial domain of the estuary.

3.2. Grain Size

The grain size was analyzed in 61 samples, collected at different depths of the cores.
The results of these analyses have been represented in cumulative percentage curves. The
curves of the same lithofacies are very similar. Thus, the following five groups of grain size
types can be distinguished (Figure 7): flood tidal delta sands, tidal flat bioturbated silty
sands, tidal flat bioturbated sandy silts, tidal flat massive muds and sabkha sandy silts.
From these percentage data, statistic parameters (sorting, kurtosis and skewness) were
determined using the software Gradistat [28].

Regarding the sorting (Figure 8A), the flood-tidal delta sand samples are moderately
well sorted, whereas tidal flat bioturbated sandy silts and sabkha sandy silts are poorly
sorted. Tidal flat bioturbated silty sands present two different types, with the first group
being the moderately sorted samples, while the second present a transition from moderately
well sorted to well sorted. Tidal flat massive mud samples present a progressive transition
from very well sorted to poorly sorted.
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Observing the kurtosis (Figure 8B), flood tidal delta sand samples are mainly platykur-
tic. Bioturbated silty sand samples present a trend line from very leptokurtic to very
platykurtic. Bioturbated sandy silt samples are distributed in two clouds of points; the
first one is mesokurtic, and the second is very platykurtic. Massive mud samples are also
distributed in two-point clouds; the first is very platykurtic, and the other is extremely
leptokurtic. Sabkha sandy silt samples are mainly very platykurtic.

Analyzing the skewness, flood tidal delta sands are mainly fine skewed. Bioturbated
silty sand and sandy silt samples are mainly very fine skewed, but four samples of silty
sands are fine skewed. On the contrary, all the samples of massive muds are very coarse
skewed. Sabkha sandy silt samples can be very fine of very coarse skewed.

Based on sorting, kurtosis and skewness do not present a good correlation between
them; although, in each lithofacies, there are many samples with common features. In flood
tidal delta sands, moderately well-sorted, platykurtic and fine skewed samples dominate,
but some samples can also be symmetrical. Bioturbated silty sands are moderately sorted
and very fine skewed but divided in two sets according to their kurtosis; the one is very
leptokurtic, and the other is mesokurtic. Bioturbated sandy silt samples are poorly sorted,
dominating the very platykurtic, very fine skewed samples. Massive muds present two
set of samples. The first one groups well-sorted, extremely leptokurtic and very coarse
skewed samples, whereas the second one groups poorly sorted, very platykurtic and very
coarse-skewed samples. Sabkha sandy silt samples are poorly sorted, very platykurtic and
very fine skewed. Curiously, sabkha samples plot in point clouds that mix them with tidal
flat bioturbated sandy silts. Parallel laminated silts and mangrove silts do not present a
grain-size distribution distinguishable from tidal flat bioturbated sandy silts or silty sands.
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3.3. Calcium Carbonate Content

The main part of the sediment samples contains a percentage of calcium carbonate less
than 15% (Figure 9A). The samples of sabkha silty sands, tidal flat bioturbated sandy silts
and bioturbated silty sands present contents even less than 10%. Only the sandy lithofacies
from the flood-tidal deltas and some massive muds deposited at depths of 40—45 cm from
the surface of the Guereo Basin contain higher percentages, reaching values higher than
25%. The calcium carbonate content is clearly related to the sand content, and two trend
lines are observed (Figure 9A). The first one includes the maximum contents in the flood
tidal delta sands and diminished to the Guereo Basin silty sands to present the minimum
contents of the central basin silty sands. The second trend line start in the massive muds of
the central basin, through the bioturbated sandy silts of the tidal flats in the same central
basin to finish in the minimum values of the sabkha sandy silts.
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3.4. Organic Matter

The organic matter content is unevenly distributed (Figure 9B). In general, facies that
present dark gray tones are those that have a higher content of organic matter. In this way,
the facies with a lower organic content are those present in the flood-tidal deltas and those
of the sabkhas developed in the fluvial domain of the estuary. The main part of the samples
of these environments presents contents less than 5%. The organic content of the rest of
the facies varies between 10 and 35%, without there being a direct relationship with the
fine-sized sediment fractions or inverse with the carbonates, as occurs in other estuaries.

4. Discussion

In general terms, there is a clear pre-eminence of sands in all the domains and sub-
environments of this estuary. The outer facies present high percentages of medium and
fine sands transported as bedload, and this sand content decreases to the tidal flat facies of
the central basin and Guereo Basin at the same time that the percentage of the silts increase.
In these areas, the dominant sand fractions are fine and very fine sands. The maximum
percentage of silts is reached just in the tidal flats where cores CS-7A, B and C are located.
The dominance of silts in the central basin demonstrates the importance of the tidal slacks
on the deposition process in this sector of the estuary. From this area, the sand content
grows again in the direction of the fluvial domain. This sediment distribution showing a
clear textural bipolarity is typical in all wave-dominated estuaries (e.g., [10,29] among many
others). Nevertheless, in most documented cases, the predominance of fine material in the
central domain of the estuary was considered as a result of the mixture between decantation
of suspended matter from fluvial origin and physical-chemical processes (flocculation)
related with the water wedge [29]. In the Somone Lagoon, the main part of the fine matrix
is silt. Then the mechanical processes seem to be more important than those induced by the
mingling of waters, so the deposition of fine material could be attributed to decantation
and not to flocculation.

A notable characteristic of these estuarine facies is their high degree of bioturbation.
Crustaceans, annelids, mollusks, fishes and birds stir up surface sediment on tidal flats,
and the roots of Rhizophora mangle, Rhizophora racemosa and Avicennia africana bioturbate the
mangrove sediments. On very few occasions, non-bioturbated facies have been seen. Thus,
parallel laminated silts facies only appear in short sections of cores CS-3, CS-5 and CS-7A.
Bioturbation is not visible in massive muds, because there is not lithological contrast, but
these facies are also bioturbated. This high bioturbation is indicative of the high activity
of all organisms of the food chain in the estuary due to the tranquility of the environment
and the low energy of the tidal currents [30]. Macrobenthos activity on the estuarine bed
contributes to increases in the sediment-air surface of contact during low tides, influencing
the redox conditions, oxidizing the organic matter and affecting chemical cycles [31-33].

Although intensive bioturbation processes favor the oxidation of organic matter, the
organic carbon content is quite high in the estuarine tidal flat sediments. The organic
carbon in estuaries is normally attributed to flocculation processes associated with the mix
of fresh and salt waters [29,34]. However, as it was previously analyzed, the dominant silty
grain size suggests that flocculation processes are of little importance in this estuary. On
the contrary, in this case, the organic carbon accumulation in the estuarine facies appears to
be higher than the capacity of the bioturbation to oxidize it. In fact, the biological activity
of this estuary may be in fact the origin of much of the organic matter preserved in the
sediments. It has been cited that pelletal [35], algal [36] or fulvic/humic acids [37] can be
the origin of autochthonous organic carbon in estuaries. In the case of tropical systems
with a deficient tidal drainage, these receive an important nutrient supply from the fluvial
source during wet spring periods [38]. Discriminating between these possible sources
would require further works about carbon isotopic identification.

In addition, wave-dominated microtidal estuaries have high nutrient-retention effi-
ciency, because nutrients remain in the central basin due to the inability of tides to rework
the sediments to open areas [38]. The small tidal prism of this estuary and the narrow
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inlet of the marine domain suggest that a lack of tidal drainage contributes to retain and
preserve the carbon in the sediments.

Finally, another influence on the sediment composition is the chemical and biochemical
productivity of calcium carbonate. On one hand, a part of the calcite has a biological marine
origin due to an upwelling process on this coast and come into the estuary from the
open sea [39]. This circumstance results in a large number of mollusks, whose shells are
fragmented and reworked by waves when they die and are introduced into the estuary by
the tides. On the other hand, the evaporitic processes occurring in tidal flats located on the
inner areas of tropical estuaries also usually generate a precipitation of aragonite, calcite
and dolomite [40,41]. In this case, the clear decrease in carbonate contents from the marine
domain to the inner areas is clearly related with the sand content of the sediment. That
demonstrates that the main part of the calcium carbonate is introduced in the estuary from
the sea by flood tidal currents. Only the massive mud facies of the central sector of the
estuary, especially in the Guereo Basin, have a significant calcium carbonate content that
can be attributed to evaporitic processes. These evaporitic processes have been highlighted
in this estuary by some authors who have observed an inversion of salinity during the
dry months in which the river does not introduce freshwater flow into the estuary [26].
There is a typical duality occurring commonly in small estuaries in tropical areas of the
southern hemisphere, which can vary from freshwater-dominated systems during periods
of fluvial floods to completely tide-dominated systems during dry periods [42,43]. In this
case, a deficient tidal drainage related with the microtidal character of the estuary, and the
high degree of clogging, favors this domain of evaporation during dry periods when the
massive muds are deposited, while during wet periods the river floods introduce the main
part of the suspended fine sands and silts that characterize the inner facies of the estuary.

The vertical variability in the facies sequence of the cores tells us about the evolution
in the sedimentation conditions of the estuary. In the case of the central basin, it is observed
that the sediment becomes finer towards the top of the sequence. This indicates that the
infilling of the estuary has produced a relative disconnection of the central sector of the
estuary from the sources of marine and river sand. However, the cores of the Guereo Basin
show that, towards the top, the facies become sandy again. This is related to the entry into
the system of sand from the marine source introduced by the tides. This is facilitated by the
increasing degree of channelization related to the development of the second flood tidal
delta. The sandy delta formed in the Guereo Basin with slit sands from the marine domain
is visible in aerial views (Figure 2C).

In the fluvial domain of the estuary, the sediments of the bay head delta covered
previous tidal flat facies until reaching the supratidal zone and developing an extensive
sabkha. However, it is striking that the mineral content related to evaporation (like calcium
carbonate) is not very abundant in its facies. This can be attributed to the fact that the
sabkha is only the superficial expression of the bay head delta. Thus, the facies present in
the cores are not all properly evaporitic but facies characteristic of the delta progradation
from fluvial sediments are. The presence of root bioturbation in the lower facies of the
sequence can be identified with the presence of previous mangroves in these areas whose
plants would be eliminated by the overexposure and hypersalinity typical of the supratidal
evaporitic environment. Then the evaporation process only occurs at the final critical
stage and is just preserved in the last millimeters of the core. Nevertheless, it may be that
other evaporitic minerals such as sulfates or halides are present in the sediment; in future
campaigns, these minerals should be analyzed.

5. Conclusions

The Somone Lagoon is an example of a microtidal, wave-dominated tropical estuary
with elevated evaporation rates. This set of characteristics makes this estuary a natural
laboratory to analyze the influence of individual and linked processes on the generation and
preservation of facies, which differs from other well-studied, wave-dominated estuaries
(mesotidal and warm-climate). From a morphosedimentary point of view, this system



Coasts 2024, 4

320

References

has the characteristics of a wave-dominated estuary in an advanced state of infilling. The
distinctive division into domains of this type of estuary is clearly visible. The high degree
of infilling is evidenced in the presence of wide tidal flats in the central domain of the
estuary, including mangroves and sabkhas in the fluvial domain. In the marine domain, the
advanced stage of clogging is manifested in the development of two successive flood-tidal
deltas, prograding to the inner estuary. Carbonate sands are introduced by tidal flood
currents and distributed from the tidal flood deltas to the inner areas of the estuary.

The tropical character of the estuary is manifested in several morphological and
dynamic aspects, especially in the fact that mangroves replace the salt marshes typical
of mid-latitude estuaries. The existence of two marked seasons conditions the dynamics
of the estuary. During the rainy season, the river introduces large amounts of fine sand,
silt and nutrients into the system, which are distributed towards the central domain of
the estuary. During the dry season, the evaporation is the dominant process. During this
period, the salinity of the estuary is higher than that of seawaters. It is then that large areas
of sabkhas develop in supratidal zones, especially in the fluvial domain, on top of the bay
head delta sequence.

The microtidal character of the estuary is shown in poor drainage that favors the
trapping of organic matter inside the estuary. This organic matter is the basis of the richness
of the food chain, manifested in the abundance of bioturbation in estuarine facies.

The sedimentary sequence observed in the cores shows a progressive filling of the
estuary, which manifests in a fining-upwards facies sequence. However, the increased
degree of channelization means that currents can, through these tidal channels, transport
sand more easily towards the center of the estuary from both marine and river sources. For
this reason, the Guereo Basin cores show that the grain size increases again towards the top
of the sequence.
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