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Abstract: The southern part of the tropical Cayo Coco Island (Cuba) hosts a complex, highly
evaporative and marine-fed lagoonal network. In the easternmost lagoon of this network, hypersaline
conditions favour the development of complex sedimentary microbial ecosystems within the water
column at the bottom water-sediment interface and on the shore. Some of these ecosystems are
producing microbial mats and biofilms with variable mineralisation rates, depending on their location.
Since the mineralisation of these microbial deposits is rare, the sedimentary record does not provide a
direct window on the evolution of these ecosystems or their distribution through space and time.
However, microbial deposits also produce copious amounts of organic matter, which may be used to
decipher any microbial-related origin within the sedimentary record. Microbial mats and biofilms
were identified as the potential source of organic material in addition to the surrounding mangrove,
soils and suspended particulate matter (SPM). The origin and evolution of the sedimentary organic
matter preserved within the lagoonal sediments has been analysed using geochemical parameters
such as elemental (TOC, TN and [C/N]atomic ratio) and isotopic (δ13Corg and δ15NTN) signals on four
sedimentary cores retrieved from different locations in the lagoon and compared with the geochemical
signatures of the potential sources. Despite the high potential for organic matter accumulation in
the studied lagoon, the TOC and TN downcore values in sediments that were analysed (i.e., micritic
muds and bioclastic sands) remain very low compared to the sediment-water interface. The relative
contributions of the different potential sources of organic matter were estimated using [C/N]atomic

ratios and δ13Corg values. The δ15NTN signature was discarded as a source signature as it records
synsedimentary, early diagenetic, secondary evolution of the nitrogen signal associated with OM
remineralisation (i.e., denitrification). Finally, among the microbial deposits, the slime recognised in
the permanently submersed zone of the waterbody appears to be the main contributor to the organic
matter preserved within the sediments of the lagoon. SPM, mainly composed of microbial-rich
particles, also contribute and cannot be ruled out as a source.

Keywords: microbial mats; organic matter; carbon; nitrogen; stable isotopes; lagoon; Cuba

1. Introduction

Coastal lagoons are shallow, semi-enclosed waterbodies which are temporally or permanently
connected with the open sea through one or several inlets. These ecosystems are characterised by the
mixing of saline and fresh waters, and typically support abundant life and specific ecosystems. These
coastal environments often accumulate copious amount of organic matter [1]. However, degradation
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processes (biotic or abiotic) drastically reduce the amount of organic matter that can be trapped and
ultimately preserved. Sediments are an important sink for a wide range of nutrients, and act as
reservoirs for organic matter [2,3]. The sedimentary organic matter in coastal lagoons mainly originates
from in situ primary production and recycling, terrestrial inputs (e.g., soils, plants) and bacterial
production within the sediments itself [3]. The relative contribution of these sources depends on
local environmental factors such as the climate, hydrodynamic conditions, nutrient supply and redox
conditions of the water column and sediments. Variations in these factors may modify the abundance
and composition of sedimentary organic matter [4,5]. As the composition of the organic matter and
its susceptibility to remineralisation depend on the origin (e.g., terrestrial, marine, microbial-derived,
plant-derived), it appears crucial to assess the relative contribution of the different sources to understand
the mechanisms of preservation of organic matter and their role in biogeochemical cycles [6]. Owing
to hydrocarbon exploration, numerous studies have investigated the dynamics of organic matter in
marine environments [7–10]. A combination of different geochemical proxies, such as the total organic
carbon to nitrogen (C/N) ratio and stable carbon and nitrogen isotopes have been used to identify the
sources of organic matter in marine settings [11,12]. However, the use of these geochemical proxies
can be applied to investigate biogeochemical processes in coastal lagoons.

Coastal sediments provide a high-resolution geological record, especially that of recent time.
Temporal and spatial environmental changes (natural or anthropogenic), notably those of organic
matter, are captured in the sediment column [13–20]. Recently, organic carbon dynamics and cycle
have been the focus of several studies in lagoonal environments in the tropics [7,21–28]. However,
data from Cuba are scarce. Alonso-Hernandez et al. [21] investigated carbon and nitrogen elemental
composition and isotopic signals in a core collected from a coastal lagoon (Guanaroca) situated on
the south side of the island. The main sources of organic matter to sediments identified in that
study were a mixture of terrestrial vascular plants (~48%) and freshwater phytoplankton (~8%), with
minimal contribution from the marine component (~16%). The respective contribution of these different
sources could have been modified by anthropogenic activities in recent decades [21]. However, active
management since 1980 has allowed the Guanaroca lagoon to gradually regain the ability to exchange
freshwater [21]. As a consequence, the sources of organic matter appear to return to their natural
(pre-anthropogenic) configuration.

The lagoonal systems located in the north coast of Cuba (Atlantic Ocean) have not been subject
to organic matter-focused studies. Specifically, the Cayo Coco lagoonal network may differ from the
southern Cuba lagoons by its abundant microbial deposits, which thrive in this system and whose
role is frequently underestimated [29,30]. The microbial deposits showed a carbonate mineralisation
potential varying from no mineralisation to the formation of a thin continuous carbonate crust [29].
The capacity of the microbial mats to be mineralised depends on external factors (e.g., fluctuation of
immersion and emersion, hydrological balance, water circulation, bathymetry, salinity, temperature
and alkalinity) or internal factors (ecological interactions, metabolic activities coexisting in microbial
mats) [29–36]. The characterisation of organic matter in and near the Cayo Coco lagoonal network offers
an opportunity to discuss the origin, transformation modalities and preservation potential in the fossil
record. This work in the Cayo Coco lagoonal network: (1) identifies the main sources of organic matter
and analyses the isotopic and elemental compositions; (2) characterises the pathway of organic matter
transformation in the sediments through the study of four cores collected in a transect crossing the
lagoon; and (3) discusses the potential of preservation of the organic matter in the sedimentary record.

2. Setting

Cayo Coco is located in the northern coast of Cuba, facing the Atlantic Ocean (Figure 1). This
area experiences a tropical savannah climate, with a dry season extending from November to April,
and a wet season from May to October [37]. Two maxima in precipitation are recorded during the
wet season, the first in June and the second one in September/October, contributing a large part of
the ca. 1000 mm annual precipitations [37]. However, excess in annual evaporation (from 2100 to



Minerals 2020, 10, 143 3 of 34

2200 mm; [38]) leads to a strongly negative hydrological balance. The vegetation is dominated by
mangrove in the south and west of the island and a dry evergreen forest in the north and east [39].
Palynological investigations performed on a core from a coastal sinkhole (Cenote Jennifer) indicate
that (i) mangrove and associated vegetation were dominant since 2500 cal yr BP [40], and (ii) no major
vegetation changes have occurred during this period. Analysis of sediments from a nearby lagoon
(Laguna de Leche [41]) confirmed that no major environmental changes (including climatic) have
impacted the vegetation of this area during the late Holocene.
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Figure 1. (A) Map of Cuba showing the location of Cayo Coco, in north coast of the island. (B) Satellite
image of Cayo Coco and the Perros Bay coastal lagoon. The Cayo Coco lagoonal network is located in
the southern side of Cayo Coco and connected to Perros Bay on its western side. (C) Satellite image
on the eastern side of the Cayo Coco lagoonal network. Marine influence decreases toward the east,
inversely from the confinement which gradually increases eastward. The hydrological parameters (pH
and conductivity) were measured on 23 and 24 July 2014. Both Satellite images are provided by Flash
Earth (with Bing maps),©Microsoft Corporation—Imagery©Harris Corp, Earthstar Geographics LLC.

Cayo Coco, a part of the 200 km long “Jardines del Rey” archipelago, extends over 370 km2, and
is associated with an active coral reef (Figure 1A). This island is separated from the mainland by a ca.
20 km wide, shallow, marine fed, embayment locally referred to as Perros Bay (Figure 1B). Despite
constant connections with the Atlantic Ocean through a few channels, Perros Bay experiences frequent
shifts to hypersaline conditions (up to 80%�; [29,42,43]). The large seasonal variations in salinity (from
ca. 30%� to 70%� [44]) and temperature (monthly averages ranging from 20.0 to 32.5 ◦C [37]) result
from the combined effects of the changes in seawater input, the shallow water depth (<3 m, with 40%
of the embayment is 30–50 cm deep) and the fluctuating meteorological conditions. The construction
of an artificial causeway crossing Perros Bay further modified the water circulation in the embayment,
especially on the western side, where the surface seawater inputs are limited.

The south side of Cayo Coco comprises a complex lagoonal network with successive partially to
fully connected shallow (<1 m) lagoons (Figure 1C). Each lagoon constitutes a depression presenting
an egg shape (NNE-SSE elongation), 500 m in width and ranging from 500 m to 1000 m in length.
The lagoonal network is positioned over a Pleistocene substratum composed of highly pedogenised
limestones [29]. These limestones initially consist of ooid and bioclastic wackestones to grainstones
deposited in shoreface to lagoonal environments. A reworking of the deposits by aeolian processes
forming coastal dunes explains the peculiar morphography of the actual lagoonal network. Paleodunes
represent topographic highs separating the individual lagoons that formed in depressions between
them [29]. A strong pedogenesis, indicated by the presence of rhizocretions, micritisation and
grainification processes, affected these deposits before lithification was complete, suggesting early
emersion periods [29]. The shape of the substratum, and thus, of the network, limits surface water
circulation, further restricting the water mass. As the Cayo Coco lagoonal network is connected to
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Perros Bay to the west, the restriction gradually increases toward the east where the lagoonal network
is closed. The result is a spatial variation of the physical, chemical and biological properties along a
west-east transect [29], progressively excluding grazers and increasing the saturation index of carbonate
minerals. This condition supports the development of extensive microbial mats, the abundance and
mineralisation potential of which increase with the degree of restriction. In addition to these spatial
gradients, the water level of the lagoonal network, and thus, the surface water circulation potential,
changes with changing meteorological conditions. Intense rainy episodes during summer lead to an
increase of the water level, which may exceed the elevation of the inter-lagoons highs, and result in
an effective surface circulation in the entire lagoonal network [29]. In contrast, the surface flow is
limited or even stops in the eastern part of the network, the farthest removed from the connections
with Perros Bay, during the dry period. Satellite and aerial images have shown that a dynamic water
level equilibrium is maintained throughout the network, even when some lagoons are disconnected
from surface flow. This suggests a subsurface water exchange with Perros Bay, ensuring persistent
flooding of all the lagoons in the network.

Our study focused on the easternmost lagoon of the network (Figure 2), which harbours the
greatest microbial mat diversity and abundance of the network [29] and is in close proximity to
mangroves. This lagoon is disconnected from the others most of the time. The connection is restored
only when the water level rises high enough to flood an ephemeral channel crossing the 50 m wide
bioclastic bar separating this lagoon from its western neighbour, or when the water level exceeds the
elevation of the entire bar. These alternating conditions between confinement and semi-opening lead
to fluctuations in the physico-chemical conditions. The salinity varies annually between 54%� (wet
season, July 2014) and 75%� (dry season, January 2013). Moreover, some metazoans tolerate sustained
hypersaline conditions, but rapid fluctuations prevent nonversatile species from becoming established.
As a result, the metazoan diversity of this lagoon is low, limited to a few fish-, insect-, gastropod- and
arthropod-species, especially during the dry season associated with higher salinity values. Substantial
accumulation of bivalve (Anomalocardia auberiana) and gastropod (mostly Cerithium eburneum) shells
are encountered around the edges of the lagoon and in cores, but none are currently alive.
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Figure 2. (A) Satellite images depicting the four depositional environments used in this study: Zone I—Mangrove; Zone II—Substratum area; Zone III—Microbial flat
and Zone IV—Submersed lagoon (modified after [29]) and the location of the east-west transect and associated four cores used in this study. Satellite images are
provided by Flash Earth (with Bing maps),©Microsoft Corporation—Imagery© Harris Corp, Earthstar Geographics LLC. (B) Cross section of the east-west transect.
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3. Materials and Methods

3.1. Sampling and Preparation

Sediments cores were sampled using 5 cm diameter PMMA core liners deployed by hand using
constant pressure, removed and quickly capped and sealed at both ends. Mineralising microbial mats,
soils and plant fragments were cut with a clean knife and stored in PVC boxes. The nonmineralised
microbial mat (slime) was sampled and packed in 60 mL falcon tubes. SPM were sampled in the field
from water filtration using 0.45 µm GF/C filters, previously burned. All samples were handled with
care to minimise disturbance of the sediments and kept refrigerated at 4 ◦C until further processing in
the laboratory. In order to investigate the origin and the incorporation of the organic matter, sediments
were sieved into three particle size fractions (≥2000 µm, 200–2000 µm and ≤200 µm diameter). The
mass of each fraction was recorded after 24h-drying at 60 ◦C. Particles >2000 µm were not investigated,
as they were mostly composed of large bioclasts and only represent a small part (<3% of a dry weight
basis) of the sediments.

3.2. Microscopy and Mineralogy

The microbial mats and sediment samples were observed using binocular and polarising light
microscopy (Nikon AZ100; Nikon Corporation, Tokyo, Japan). Their structure and composition were
further studied by scanning electron microscopy (SEM) using a Hitachi TM-1000 Tabletop SEM (Hitachi
High-Technologies Corporation, Tokyo, Japan) and by cryoSEM using a Philips XL 30 field emission
gun (FEG; Philips International BV, Amsterdam, The Netherlands) equipped with a FEI Nova NanoSEM
450 (FEI, Hillsboro, OR, USA. Cryofixation freezing of samples at −195 ◦C was followed by transfer
under a controlled environment using a cryo transfer shuttle (Leica EM VCT100, Leica Microsystems,
Buffalo Grove, IL, USA) into a modular high vacuum system (Leica EM MED020; Leica Microsystems,
Buffalo Grove, IL, USA) for cold-fracturing, freeze-etching and platinum coating. Samples were then
transferred to the SEM for imaging using the EM VCT100 shuttle (Leica Microsystems, Buffalo Grove,
IL, USA), under a high vacuum condition, onto a nitrogen cold stage.

The mineralogical composition of the samples was analysed by X-ray diffractometry (XRD), using
a Bruker D4 Endeavor diffractometer (Bruker Corporation, Billerica, MA, USA) with CuKα radiations
combined with a LynxEye detector and Ni filter, under 40 kV voltage and 25 mA intensity.

3.3. Elemental and Stable Isotope Analyzes

Total organic carbon (TOC) and total nitrogen (TN) content, as well as the stable carbon
(δ13Corg) and nitrogen (δ15NTN) isotopic compositions, were analysed at the Biogeosciences Laboratory
(Université Bourgogne Franche-Comté, Dijon, France) on a Vario MICRO cube elemental analyser
(Elementar, Hanau, Germany) coupled in continuous flow mode to an IsoPrime stable isotope ratio
mass spectrometer (EA-IRMS) (Isoprime, Manchester, UK).

Prior to geochemistry analyses, the carbonate fraction was removed by acid treatment. About 2 g
of each sample was decarbonated with HCl (2 N) for 1 h. The carbonate-free samples were washed
with ultrapure water (18.2 MΩ/cm) and centrifuged until a neutral pH was obtained. The insoluble
fraction recovered was then dried at 60 ◦C for 24 h and crushed to a fine powder using an agate mortar.
For EA-IRMS analyses, ~8 mg for soils, ~4 mg for plants, ~5 mg for each interval sampled on sediment
cores and ~2 mg for microbial mats were weighed into tin capsule (5 × 9 mm). To analyse the SPM
samples, GF/C filters were crushed and treated with HCl acid vapour in order to remove the carbonate
phase before crushing and drying at 60 ◦C.

The TOC and TN contents were normalised to the total mass of sample (mNaCl excluded) and
expressed as dry weight percentages (dry wt. %). In this study, the [C/N] ratio refers to the atomic ratio.

The δ13Corg and δ15NTN isotopic composition are expressed using the δ-notation in parts per mil
(%�). They correspond to the relative difference between isotopic ratios of the sample with conventional
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standards, Vienna Pee Dee Belemnite (VPDB) for carbon [45] and atmospheric N2 for nitrogen [46],
as follows:

δ13C or δ15N (%�) = [(Rsample/Rstandard) − 1] × 1000

where Rsample = isotopic ratio of the sample, and Rstandard = isotopic ratio of the conventional standard
with R = 13C/12C or 15N/14N.

Certified reference materials USGS40 L-Glutamic acid (C = 40.8 wt. %; δ13CVPDB =−26.39± 0.04%�;
N = 9.52 wt. %; δ15NAIR = −4.5 ± 0.1%�) and IAEA-600 Caffeine (δ13CVPDB = −27.77 ± 0.04%�; δ15NAIR

= +1.0 ± 0.2%�) were used for both elemental and isotopic calibrations. The analytical reproducibility
of the mass spectrometer was ±0.15%� for the δ13C and ± 0.2%� for the δ15N based on replicate analyses
of (standards or samples, or both). Triplicate analyses were performed for each sample.

3.4. Data Processing

The mean and standard deviation values (±1σ) of the elemental and isotopical parameters (TOC,
TN, [C/N]atomic ratio, δ13C and δ15N) were calculated from the triplicate measurements for each sample.
Comparisons between the different fractions, facies and cores were carried out using a one-way analysis
of variance (ANOVA) and computed with the Past [47] software (version 2.17c). The results were
reported with a confidence level of 95% (p-values of 0.05).

4. Results

4.1. Sediment Characterisation

The sediments comprising the present lagoonal system can be grouped into three main categories:
micritic muds, bioclastic sands (Figure 3) and microbial deposits (Figure 4). The main characteristics of
these deposits are described below, and more information can be found in Bouton et al. [29].

4.1.1. Micritic Muds

Micritic muds (Figure 3A,D) are mostly made up of HMC (high-magnesium calcite) and
microdolomite, which, combined, usually account for more than 85% of the bulk sediment (Figure 3I).
The grains associated with these minerals are mostly mud-sized, have irregular shapes and can be
interpreted as peloids (Figure 3C). Bivalves (complete to disarticulated A. auberiana), foraminifers
(Miliolina sp.), ostracods and gastropods (C. eburneum) constitute secondary grains, i.e., up to 15% of
the total sediment. The micritic muds usually display a light grey colour, even though some parts
can become darker when associated with cubic and framboid pyrites grains, as evidenced by SEM
(Figure 3H).

4.1.2. Bioclastic Sands

Bioclastic sands (Figure 3E,G) are mostly composed of disarticulated and fragmented bivalves
(A. auberiana), and a few intact to fragmented gastropods (mostly C. eburneum) made of aragonite
(Figure 3J). No living specimens of both taxa were found during the three field campaigns. Despite their
clast-supported character, these bioclastic sands comprise a highly variable micritic mud matrix which
was either entirely absent (especially on surface) to almost completely filling the inter-granular porosity.

4.1.3. Microbial Deposits

Microbial deposits are widespread in the Cayo Coco lagoonal network, especially on the eastern
part, where they appear the most diversified and well-developed [29]. Three microbial structures
could be recognised, comprising two types of microbial mats: (i) a mineralising microbial mat, (ii) a
microbial slime. Microbial mats are (vertically) laminated organosedimentary structures embedded
in an extracellular organic matrix [48–50]; and in addition (iii) a nonstructured, EPS-rich, microbial
deposit referred as biofilm.
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(i) The mineralising microbial mat (Figure 4A,B) is characterised by a high cohesiveness and a
wide range of mineralisation states, from no visible mineral products (by the naked eye) to a thin
crust of carbonate developing on top of or inside the microbial mat. Depending on the location and
local conditions, the mineralising microbial mats have variety of macrofabrics (e.g., flat, pustular,
hemispheroids, ridges and terraces; [29]). The thickness varies from a few mm to more than 10 cm.
Horizontal laminations change with depth due to different dominant microbial population [31,48–52].
The green colour of the upper lamina is indicative of filamentous cyanobacterial communities; below,
a pink lamina forms due to the presence of anoxygenic phototrophs; deeper in the mats, a brown to
black lamina depicts the presence of FeS, resulting from anaerobic heterotrophic metabolism, especially
sulphate-reducing bacteria (SRB).

(ii) The slime is a nonmineralised microbial mat with a high EPS content and is characterised
by a gelatinous quality, i.e., a low cohesiveness (Figure 4C,E). Its thickness ranges between 1 and
25 cm. The slime is usually composed of three layers displaying a dark to light grey transition with
depth, coinciding with a decrease in organic matter content. In situ pH measurements within the slime
during daytime revealed a decrease with depth down to slightly acidic conditions (pH ca. 6.6), which
is probably controlled by fermentation and sulphide production [53,54]. This decrease highlights a
transition from oxic to anoxic conditions [55].

(iii) The microbial biofilm (Figure 4H,I) is observed in voids within micritic sediments. This
cryptic biofilm is an unstructured, thin (<1 mm), reddish to brown layer with a low cohesiveness
(Figure 4H,I).

4.2. Depositional Environments

The amplitude and frequency of water level fluctuations within the Cayo Coco lagoonal network
define four areas with specific hydrodynamic conditions and facies distribution. Each of these
constitutes a specific depositional environment (Figure 2A), ranging from mostly immersed (Zone I) to
constantly submersed (Zone IV).

4.2.1. Zone I: Mangrove

This zone marks the external border of the lagoonal network extending to the north, east and
occasionally to the southeast; the western edge is lacking as it connected to the Perros Bay. As the
investigated lagoon lies in the south-eastern part of the network, it borders a mangrove zone in the
south and east. In the south, the mangrove is limited to a ca. 200 m wide belt, separating the lagoonal
network from Perros Bay (Figure 1C). The belt widens toward the north-east, where it connects to the
main vegetation cover of Cayo Coco. This zone is permanently immersed all year round, with the
exception the lagoonward parts that may be flooded briefly during exceptionally high water levels.

The zone is covered by mangrove vegetation, mostly composed by the halophytes Avicennia
Germinans (black mangrove) and a few Rhizophora mangle (red mangrove) associated with Sarcocornia
perennis and Batis maritima. These salt-tolerant species are adapted to the episodic flooding. The
composition of this flora gradually changes into a dry evergreen forest [39] dominated by Metopium
browneii, Lysiloma latisliquum, Bursera simaruba and Coccoloba diversifolia [56], with distance increasing
from the lagoon. This vegetation cover developed over a Pleistocene substratum.
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Figure 3. (A) Horizontal surface and (B) vertical sections of a core sampled within micritic muds, with
root traces. (C) SEM image from the micritic muds depicting mud-sized carbonate grains associated
with bioclasts (e.g., foraminifers). (D) View of Core CC-1 just after removal in the field. This core
mainly consists of micritic muds below the surface microbial mat. (E) Bioclastic sands deposited along
the lagoon shore covering the hemispheroid microbial mats. (F) Zoomed-in image of the bioclastic
accumulation, mostly composed of disarticulated and fragmented bivalves (A. auberiana). (G) Bioclastic
accumulation embedded in a micritic matrix on which a mineralising microbial mat has developed. (H)
SEM image of framboidal pyrites observed within the micritic muds. (I and J) X-Ray diffractometric
spectrums of micritic muds (I) and bioclastic sands (J).
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Figure 4. (A) The mineralising microbial mat. The active microbial mat is on the surface. Below, green
layers, interpreted as fossil microbial mats are preserved within the sediments and interbedded with
micritic (light grey) layers. (B) Cryo-SEM image of the mineralising microbial mat. Calcium carbonate
minerals have precipitated within the EPS (black arrow) matrix surrounding filamentous cyanobacteria.
(C) Slime layers collected from the bottom of the lagoon. (D) Raft of slime layers removed from the
bottom of the lagoon by hydrodynamics and washed away along the shore of the lagoon. (E) SEM
image of the slime. The EPS network retracted as the consequence of drying out. (F) Zoom on remnants
of microbial mats embedded within the micritic muds of Core CC-2. (G) SEM image of the remnants of
microbial mats. (H) Zoom on the microbial biofilm observed in a void in Core CC-1. (I) Photograph of
a similar biofilm formed in a cavity. (J) Flowing fragments of slime removed from the bottom of the
lagoon by wind and contributing to SPM. (K) SEM image of a SPM particle onto a GF/C filter.
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4.2.2. Zone II: Substratum Area

The boundary between Zones I and II is marked by a drastic decrease in the vegetation cover.
The lagoonward species of the Zone I (i.e., the mangrove trees, S. perennis and B. maritima) are still
the most common, but their distribution becomes sparse and random. The substratum still consists
of Pleistocene pedogenised limestones with a lighter vegetation cover. Zone II, situated ca. 30 cm
above the dynamic water equilibrium level of the lagoon, is usually immersed, but can still be flooded
when the water level peaks. Circular voids, attributed to a past vegetation cover, cross-cut caliche
crusts and the Pleistocene substratum, are locally filled by micritic muds and bioclastic sands, which
was deposited when the lake level was flooded this area [29]. Microbial deposits are composed of
mineralising microbial mats (nonlithified, sometimes mineralising) and microbialites (lithified).

4.2.3. Zone III: Microbial Flat

Zone III is located along the shore and extends between maximum and minimum water levels. The
vegetation cover is sparse in this zone, dominated by mangrove trees and shorter plant as S. perennis
and B. maritima. Lagoonward, the boundary with Zone IV coincides with the dynamic equilibrium
shoreline; Zone III is thus immersed at low water level but becomes flooded at increasing water level.
The boundary with Zone II is marked by the transition from the outcropping Pleistocene substratum
(Zone II) to the deposits of the actual lagoonal system (i.e., micritic muds, bioclastic sands and microbial
deposits), which underlines the average extension of the lagoon during the mean high-water level.
The fluctuating immersed/submersed conditions affecting Zone III appear to be favourable to the
development of microbial mats, which cover all surfaces. Below the microbial mats, micritic muds are
the main component of the sediments, with local interbedding (sharp to progressive contacts) of cm- to
several dm-thick bioclastic sands. The degree of mineralisation also displayed strong spatial variations,
from very low, especially in the leeside in the east, to extensive in the western windward area. This
degree of mineralisation also varies depending on the duration of the flooding episodes [29]. Relics of
past microbial mats and cryptic microbial biofilms can be found deeper in the sediments. Microbial
mat relics are embedded within the micritic muds and preserved in situ (not tilted or reworked;
Figure 4F,G). They have a similar internal organisation to that observed just below the surface mats.
Contrary to surface mats which cover hundreds of square metres, the lateral extension of microbial
mat relics is reduced to a few square centimetres.

4.2.4. Zone IV: Submersed Lagoon

The upper boundary of Zone IV coincides with the lagoon extension at dynamic water equilibrium
level, making this zone constantly submersed. The boundary with Zone III is defined as the transition
from a mineralising microbial mat-dominated area to an area with nonmineralised slime. The slime
proliferates to cover almost the entire lagoon sediment-water interfaces when the water depth exceeds
ca. 20 cm. Below the slime, micritic muds are interbedded with bioclastic sands. SEM observations and
XRD analysis of core CC-2 in this zone revealed the presence of framboidal and cubic pyrite minerals
along the entire core, from the superficial microbial slime to bottom (Figure 3H).

4.3. Organic Matter Sources

Different sources of organic matter were found throughout all of the depositional environments.
Their elemental content (i.e., TOC, TN and [C/N]atomic ratios) and isotopic signature (δ13Corg and
δ15NTN) are shown in Table 1.
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Table 1. Elemental (TOC, TN and [C/N]atomic ratio) and isotopic (δ13Corg and δ15NTN) signatures of the different potential organic matter sources that were identified
in the area of the lagoon. All analyses were performed on the 0–2000 µm fraction in triplicate, except for the suspended particulate matter, where the amount of
material was not sufficient.

Description Zone Characteristics Calcimetry TOC (wt. %) TN (wt. %) [TOC/TN]atomic
Ratio

δ13Corg (%�, vs.
VPDB)

δ15NTN (%�, vs.
Atmospheric N2)

Microbial
mats

Mineralising
microbial mat

III green layer 81.84% 7.13 ± 0.03 0.94 ± 0.00 8.85 ± 0.02 −15.72 ± 0.03 2.44 ± 0.15
III pink layer 72.77% 8.73 ± 0.1 1.15 ± 0.02 8.86 ± 0.05 −15.29 ± 0.01 2.99 ± 0.1
III black layer 76.58% 4.78 ± 0.13 0.7 ± 0.01 7.97 ± 0.07 −15.78 ± 0.02 4.82 ± 0.06
III sediment 81.32% 2.01 ± 0.01 0.31 ± 0.00 7.56 ± 0.02 −18.62 ± 0.02 6.38 ± 0.16

Slime
IV Top 86.27% 4.49 ± 0.21 0.65 ± 0.04 8.05 ± 0.12 −18.47 ± 0.09 3.28 ± 0.25
IV Middle 84.97% 4.67 ± 0.05 0.68 ± 0.01 8.01 ± 0.01 −18.39 ± 0.03 3.5 ± 0.07
IV Bottom 88.02% 4.3 ± 0.08 0.62 ± 0.01 8.09 ± 0.16 −18.54 ± 0.06 3.05 ± 0.05

Soil
Soil 1 I-II Plant

fragments 51.39% 4.72 ± 0.07 0.54 ± 0.01 10.2 ± 0.06 −23.94 ± 0.02 8.24 ± 0.19

Soil 2 I-II Plant
fragments 48.56% 12.43 ± 0.05 1.42 ± 0.01 10.21 ± 0.11 −21.9 ± 0.05 7.35 ± 0.17

Soil 3 I-II Microb. mat
fragments 43.60% 20.4 ± 0.16 2.37 ± 0.19 10.04 ± 0.82 −20.52 ± 0.02 4.41 ± 0.15

Plants

Avicennia germinans

I-II (III) Thin branches - 53.49 ± 0.16 0.77 ± 0.00 81.04 ± 0.25 −24.87 ± 0.01 1.74 ± 0.06
I-II (III) Branches - 53.12 ± 0.3 0.73 ± 0.09 84.66 ± 9.82 −24.43 ± 0.42 –1.13 ± 0.38
I-II (III) Leaves - 54.64 ± 0.01 1.25 ± 0.00 51 ± 0.01 −25.8 ± 0.02 2.1 ± 0.04
I-II (III) Buds - 48.3 ± 0.05 1.61 ± 0.01 35 ± 0.25 −25.38 ± 0.05 0.88 ± 0.06

Sarcocornia perennis I-II (III) Brown
branches - 47.01 ± 1.01 0.57 ± 0.03 96.21 ± 2.71 −28.08 ± 0.01 4.33 ± 0.22

I-II (III) Green
branches - 50.26 ± 0.4 1.78 ± 0.1 32.94 ± 1.57 −27.72 ± 0.06 7.77 ± 0.25

Batis maritima
I-II (III) Roots - 50.76 ± 1.68 1.16 ± 0.14 51.2 ± 5.12 −26.44 ± 0.32 6.6 ± 0.24
I-II (III) Branches - 50.79 ± 0.08 0.61 ± 0.01 97.94 ± 0.98 −25.71 ± 0.03 5.7 ± 0.13
I-II (III) Buds - 21.41 ± 0.4 1.3 ± 0.17 19.15 ± 2.11 −23.85 ± 0.5 6.52 ± 0.27

SPM*

SPM 1 IV - - - - - −20.54 3.54
SPM 2 IV - - - - - −20.64 2.72
SPM 3 IV - - - - - −19.96 1.98
SPM 4 IV - - - - - −19.65 3.58

(-) no data, (SPM*) Suspended Particulate Matter.
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Zones I and II, usually immersed, are covered by a scattered (Zone II) to dense (Zone I) plant
cover, which likely constitute the primary source of organic matter in this area. In the vicinity of the
lagoon, the tree and shrub cover is dominated by the mangrove species A. germinans. Isotopic (δ13Corg

and δ15NTN) values are similar in the different parts of the plant (i.e., the young and mature branches
the leaves and the buds; Table 1), while the elemental compositions appear more variable. However,
the different values are consistent with a Calvin-Benson cycle carbon fixation metabolic pathway, i.e.,
C3 plants, like A. germinans [57]. In the neighbouring area of the lagoon, the short vegetation is usually
dominated by S. perennis and B. maritima. The S. perennis is a perennial herb or small shrub previously
classified as a species of Salicornia. The green branches are produced in the current growth season; those
from previous years appear brown. Similar to the A. germinans, the δ13Corg values of the S. perennis
appear homogenous, regardless of the part of the plant (Table 1). As in all other plants investigated
(e.g., B. maritima), the elemental composition of the various plant parts differ significantly, but the
isotopic signal only slightly varies. Interactions of decaying plants with the underlying Pleistocene
substratum formed a thin (<10 cm) soil horizon in the lagoonward part of Zone I; soil development
is reduced in Zone II due to the scarcity of the plant cover. Three soils were sampled in the Zone I.
Despite differences in carbonate content (from 43.60% to 51.39%), all display a similar [C/N]atomic ratio.
Lower δ13Corg values (−23.94 ± 0.02%�) were found in soils rich in plants debris (>2000 µm excluded
in this analysis), while higher values (−20.52 ± 0.02%�; Table 1) were measured in the soil comprising
visible microbial mat fragments (>2000 µm fraction excluded), resembling the mineralised microbial
mat described in Zone III (and Zone II to a lesser degree). The opposite is observed for the δ15NTN

values: the higher values (8.24 ± 0.19%�) are associated with soils rich in plant fragments and the lower
values (4.41 ± 0.15%�) correspond to the soil with abundant microbial mat fragments (Table 1).

Zone III is covered by active mineralising microbial mats with scarce vegetation cover. However,
despite diverse macrofabrics of the microbial mat, the internal structure appears similar [29]. A 1.0 cm
thick mineralising microbial mat was sampled in the northern part of this zone. The three characteristic
layers and the micritic muds immediately below the microbial mat were analysed individually. The
TOC and TN values, shown in Table 1, appear low for a microbial mat, but likely reflect the balance
between pervasive organomineralisation and organic matter production.

In Zone IV, the organic matter was analysed both in the water column (as suspended particulate
matter, SPM; Figure 4J,K) and in the microbial slime covering the surface of the sediment (Figure 4C,E).
Both slime and mineralising microbial mat of Zone III had a high carbonate content, with peak values
of 88% and 82%, respectively. The average δ13Corg of the microbial slime was ca. 3%� lower than
that of the mineralising microbial mats. Its [C/N]atomic ratio value was also slightly below that of the
mineralising microbial mats. The amount of SPM from the water column varied with hydrodynamics,
apparently depending on the wind force. During quiescent periods, the microbial slime in the deepest
part of the lagoon was visible through the water column. In contrast, the visibility was reduced to
ca. 30 cm during windy episodes. SEM observations of the SPM revealed that ca. 85% consist of
suspended fragments of microbial slime (Figure 4K), ca. 10% consist of diatoms and the remaining 5%
of mangrove tree fragments (mostly leaves). Interestingly, framboidal pyrites (ca. 10–20 µm wide)
were found associated with slime fragments in the SPM.

4.4. Sedimentary Organic Matter

In order to investigate the geochemical signals of the organic matter preserved within the lagoonal
sediments, four cores were sampled along an east-west transect crossing the lagoon (Figure 2). The
elemental (i.e., TOC, TN and [C/N]atomic ratios) and isotopic (δ13Corg and δ15NTN) values are shown in
Table 2, and Figures 5 and 6. All cores were covered by a surface microbial mat with various degrees of
mineralisation (see above).
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Table 2. Elemental (TOC, TN and [C/N]atomic ratio) and isotopic (δ13Corg and δ15NTN) measurements of the four sedimentary cores. (Please refer to Figure 2 for
location and Figure 4 for diagram representation).

Core Zone Interval (cm) Facies Calcimetry Fraction TOC (wt. %) TN (wt. %) [TOC/TN]atomic
Ratio

δ13Corg (%�, vs.
VPDB)

δ15NTN (%�, vs.
Atmospheric N2)

CC-1 III

0–0.2 Mineralising
microbial mat 75.79% <2000 µm 8.85 ± 0.38 1.06 ± 0.04 9.74 ± 0.13 −15.83 ± 0.08 1.82 ± 0.07

0..2–0.4 Mineralising
microbial mat 74.34% <2000 µm 8.82 ± 0.1 1.2 ± 0.01 8.60 ± 0.03 −14.76 ± 0.07 2.66 ± 0.06

0.4–0.6 Mineralising
microbial mat 71.78% <2000 µm 7.5 ± 0.24 1 ± 0.03 8.71 ± 0.03 −14.61 ± 0.03 3.75 ± 0.04

0.6–0.9 Mineralising
microbial mat 82.91% <2000 µm 4.53 ± 0.11 0.63 ± 0.01 8.41 ± 0.07 −14.43 ± 0.06 4.13 ± 0.05

0.9–1.1 Mineralising
microbial mat 85.54% <2000 µm 4.1 ± 0.06 0.64 ± 0.01 7.47 ± 0.02 −14.89 ± 0.06 5.14 ± 0.13

1.1–3.1 Micritic mud
92.34% 0–200 µm 1.21 ± 0.01 0.18 ± 0.00 7.94 ± 0.23 −16.75 ± 0.05 6.04 ± 0.12
88.38% 200–2000 µm 2.9 ± 0.03 0.45 ± 0.01 7.53 ± 0.05 −15.43 ± 0.07 5.83 ± 0.04

3.1–5.0 Micritic mud
91.67% 0–200 µm 0.7 ± 0.01 0.09 ± 0.00 8.73 ± 0.10 −17.72 ± 0.01 6.52 ± 0.06
88.44% 200–2000 µm 1.87 ± 0.02 0.25 ± 0.00 8.63 ± 0.08 −18.57 ± 0.08 6.86 ± 0.09

5.0–7.0 Micritic mud
90.77% 0–200 µm 0.54 ± 0.01 0.07 ± 0.00 8.85 ± 0.12 −17.99 ± 0.06 7.45 ± 0.08
93.81% 200–2000 µm 0.79 ± 0.02 0.11 ± 0.00 8.24 ± 0.08 −18.88 ± 0.14 8.04 ± 0.06

7.0–8.8 Micritic mud
87.56% 0–200 µm 0.61 ± 0.01 0.08 ± 0.00 8.80 ± 0.21 −18.02 ± 0.07 7.41 ± 0.02
93.45% 200–2000 µm 0.56 ± 0.03 0.07 ± 0.00 8.71 ± 0.34 −18.13 ± 0.44 7.06 ± 0.10

8.8–10.5 Micritic mud
89.46% 0–200 µm 0.46 ± 0.00 0.06 ± 0.00 9.14 ± 0.06 −18.09 ± 0.10 7.91 ± 0.04
96.35% 200–2000 µm 0.33 ± 0.00 0.04 ± 0.00 8.72 ± 0.10 −19.30 ± 0.07 8.05 ± 0.08

10.5–12.0 Micritic mud
89.09% 0–200 µm 0.42 ± 0.00 0.06 ± 0.00 8.89 ± 0.12 −18.19 ± 0.04 7.83 ± 0.13
97.18% 200–2000 µm 0.39 ± 0.00 0.05 ± 0.00 8.80 ± 0.18 −20.63 ± 0.20 8.71 ± 0.06

12.0–14.0 Micritic mud
85.69% 0–200 µm 0.62 ± 0.02 0.08 ± 0.00 8.98 ± 0.09 −18.38 ± 0.10 6.24 ± 0.11
87.49% 200–2000 µm 0.83 ± 0.01 0.11 ± 0.00 8.95 ± 0.10 −19.23 ± 0.08 6.02 ± 0.16

Cryptic microbial mat 87.30% <2000 µm 0.89 ± 0.09 0.13 ± 0.01 7.92 ± 0.21 −19.64 ± 0.22 8.17 ± 0.72

14.0–15.4 Micritic mud
85.63% 0–200 µm 0.71 ± 0.02 0.09 ± 0.00 8.90 ± 0.11 −18.59 ± 0.03 6.20 ± 0.06
83.85% 200–2000 µm 1.31 ± 0.02 0.16 ± 0.00 9.50 ± 0.30 −19.85 ± 0.15 6.06 ± 0.08

CC-2 IV

0–0.8 Microbial slime
94.17% 0–200 µm 1.54 ± 0.00 0.21 ± 0.00 8.56 ± 0.35 −19.49 ± 0.01 2.48 ± 0.17
96.06% 200–2000 µm 0.91 ± 0.62 0.12 ± 0.08 8.93 ± 0.35 −19.48 ± 0.15 2.22 ± 0.51

0.8–2.4 Bioclastic sand
96.00% 0–200 µm 0.79 ± 0.00 0.1 ± 0.00 9.07 ± 0.09 −17.58 ± 0.02 4.31 ± 0.14
97.53% 200–2000 µm 0.69 ± 0.01 0.09 ± 0.00 8.51 ± 0.26 −17.69 ± 0.34 3.54 ± 0.05

2.4–3.5 Micritic mud
90.30% 0–200 µm 1.19 ± 0.01 0.15 ± 0.00 9.38 ± 0.09 −17.95 ± 0.05 4.95 ± 0.16
89.21% 200–2000 µm 1.77 ± 0.03 0.22 ± 0.00 9.39 ± 0.14 −17.92 ± 0.02 4.39 ± 0.04

3.5–5.0 Micritic mud
84.52% 0–200 µm 1.76 ± 0.06 0.22 ± 0.01 9.47 ± 0.20 −18.23 ± 0.08 5.25 ± 0.16
83.57% 200–2000 µm 2.4 ± 0.05 0.29 ± 0.00 9.59 ± 0.10 −18.29 ± 0.12 5.14 ± 0.15

5.0–5.8 Micritic mud
88.22% 0–200 µm 1.45 ± 0.02 0.18 ± 0.00 9.50 ± 0.15 −18.32 ± 0.07 5.39 ± 0.14
83.38% 200–2000 µm 2.45 ± 0.07 0.3 ± 0.01 9.48 ± 0.20 −18.74 ± 0.03 5.16 ± 0.04
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Table 2. Cont.

Core Zone Interval (cm) Facies Calcimetry Fraction TOC (wt. %) TN (wt. %) [TOC/TN]atomic
Ratio

δ13Corg (%�, vs.
VPDB)

δ15NTN (%�, vs.
Atmospheric N2)

CC-2 IV

5.8–6.4 Micritic mud
89.34% 0–200 µm 1.32 ± 0.04 0.16 ± 0.01 9.55 ± 0.03 −18.52 ± 0.06 5.60 ± 0.28
88.89% 200–2000 µm 1.76 ± 0.03 0.21 ± 0.01 9.65 ± 0.40 −19.23 ± 0.02 5.38 ± 0.17

Mineralising
microbial mat - <2000 µm - - - −16.69 ± 0.03 5.63 ± 0.75

6.4–6.8 Micritic mud
91.53% 0–200 µm 1.02 ± 0.01 0.13 ± 0.00 9.44 ± 0.04 −17.98 ± 0.02 5.15 ± 0.27
91.25% 200–2000 µm 1.58 ± 0.02 0.19 ± 0.00 9.60 ± 0.07 −18.29 ± 0.10 5.12 ± 0.23

6.8–7.1
Micritic mud

89.50% 0–200 µm 1.19 ± 0.02 0.14 ± 0.00 9.70 ± 0.06 −17.54 ± 0.03 4.56 ± 0.37
91.80% 200–2000 µm 1.36 ± 0.00 0.17 ± 0.00 9.56 ± 0.24 −18.18 ± 0.00 4.62 ± 0.65

Mineralising
microbial mat

92.72% 0–200 µm 0.87 ± 0.01 0.11 ± 0.00 9.37 ± 0.33 −16.44 ± 0.01 5.15 ± 0.34
90.48% 200–2000 µm 2.21 ± 0.01 0.3 ± 0.01 8.58 ± 0.25 −15.53 ± 0.01 4.17 ± 0.60

7.1–7.9 Micritic mud
87.61% 0–200 µm 1.26 ± 0.02 0.15 ± 0.00 9.60 ± 0.22 −17.80 ± 0.43 5.26 ± 0.35
85.09% 200–2000 µm 2.16 ± 0.02 0.25 ± 0.00 10.25 ± 0.13 −18.73 ± 0.14 5.36 ± 0.07

(dark) 87.65% <2000 µm 1.63 ± 0.02 0.19 ± 0.00 9.75 ± 0.23 −16.03 ± 0.04 6.14 ± 0.42

7.9–9.1 Micritic mud
86.89% 0–200 µm 1.12 ± 0.00 0.05 ± 0.07 9.60 ± 0.15 −17.86 ± 0.02 5.48 ± 0.22
86.89% 200–2000 µm 1.97 ± 0.05 0.22 ± 0.00 10.25 ± 0.13 −19.09 ± 0.05 4.90 ± 0.31

9.1–10.2 Micritic mud

75.98% 0–200 µm 3.49 ± 0.02 0.4 ± 0.01 10.21 ± 0.22 −16.82 ± 0.04 5.70 ± 0.39
68.28% 200–2000 µm 5.33 ± 0.04 0.6 ± 0.04 10.45 ± 0.63 −16.98 ± 0.01 6.19 ± 1.15
84.22% 0–200 µm 1.15 ± 0.04 0.14 ± 0.00 9.56 ± 0.27 −18.00 ± 0.05 6.30 ± 0.21
80.71% 200–2000 µm 2.51 ± 0.02 0.26 ± 0.00 11.30 ± 0.19 −20.23 ± 0.07 5.64 ± 0.16

10.2–10.5

Micritic mud
71.54% 0–200 µm 4.44 ± 0.06 0.48 ± 0.00 10.80 ± 0.08 −16.64 ± 0.01 6.46 ± 0.19
85.90% 200–2000 µm 3.75 ± 0.00 0.58 ± 0.00 7.58 ± 0.03 −16.66 ± 0.01 3.75 ± 0.28

(dark) 82.41% 0–200 µm 1.46 ± 0.01 0.18 ± 0.00 9.48 ± 0.20 −18.05 ± 0.06 6.07 ± 0.16
(dark) 76.90% 200–2000 µm 2.54 ± 0.08 0.28 ± 0.00 10.65 ± 0.26 −18.57 ± 0.05 6.44 ± 0.16

(mid dark) 81.15% <2000 µm 2.82 ± 0.02 0.3 ± 0.00 11.10 ± 0.16 −18.11 ± 0.17 5.86 ± 0.04

10.5–12.3 Micritic mud
75.82% <2000 µm 3.9 ± 0.02 0.44 ± 0.01 10.22 ± 0.10 −16.75 ± 0.04 5.34 ± 0.21
81.08% <2000 µm 2.4 ± 0.01 0.29 ± 0.00 9.67 ± 0.03 −17.63 ± 0.04 4.64 ± 0.16

(dark) 85.25% <2000 µm 2.12 ± 0.01 0.23 ± 0.00 10.75 ± 0.05 −17.60 ± 0.03 5.64 ± 0.37

12.3–14.5 Micritic mud
75.57% 0–200 µm 3.87 ± 0.01 0.44 ± 0.00 10.16 ± 0.03 −16.78 ± 0.02 5.02 ± 0.10
67.22% 200–2000 µm 5.38 ± 0.04 0.56 ± 0.01 11.26 ± 0.20 −16.85 ± 0.16 5.83 ± 0.06

(dark) 77.92% <2000 µm 1.91 ± 0.03 0.2 ± 0.01 11.18 ± 0.94 −17.94 ± 0.21 6.07 ± 0.52

CC-3 IV

0–2.1 Slime
48.89% 0–200 µm 16.06 ± 0.02 2.34 ± 0.01 8.00 ± 0.03 −18.44 ± 0.01 3.69 ± 0.03
63.23% 200–2000 µm 11.59 ± 0.4 1.71 ± 0.05 7.89 ± 0.07 −18.47 ± 0.01 3.59 ± 0.02

2.1–2.9 Micritic mud
95.96% 0–200 µm 1.03 ± 0.01 0.14 ± 0.00 8.56 ± 0.05 −18.03 ± 0.02 3.91 ± 0.05
96.39% 200–2000 µm 1.09 ± 0.02 0.16 ± 0.00 7.79 ± 0.17 −18.28 ± 0.06 3.75 ± 0.04

2.9–4.4 Micritic mud
89.87% 0–200 µm 2.47 ± 0.06 0.33 ± 0.01 8.80 ± 0.13 −17.62 ± 0.01 3.87 ± 0.04
80.16% 200–2000 µm 5.41 ± 0.07 0.73 ± 0.01 8.65 ± 0.02 −17.56 ± 0.02 3.56 ± 0.09
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Table 2. Cont.

Core Zone Interval (cm) Facies Calcimetry Fraction TOC (wt. %) TN (wt. %) [TOC/TN]atomic
Ratio

δ13Corg (%�, vs.
VPDB)

δ15NTN (%�, vs.
Atmospheric N2)

CC-3 IV

4.4–5.6 Micritic mud
89.91% 0–200 µm 2.4 ± 0.00 0.31 ± 0.00 9.03 ± 0.00 −17.61 ± 0.03 4.02 ± 0.05
82.71% 200–2000 µm 4.93 ± 0.03 0.63 ± 0.01 8.69 ± 0.02 −17.49 ± 0.04 3.67 ± 0.05

5.6–6.9 Micritic mud
91.28% 0–200 µm 1.78 ± 0.02 0.22 ± 0.00 9.46 ± 0.13 −17.47 ± 0.02 4.20 ± 0.16
82.46% 200–2000 µm 4.16 ± 0.03 0.53 ± 0.00 9.10 ± 0.09 −17.37 ± 0.03 3.98 ± 0.07

6.9–8.1 Micritic mud
90.15% 0–200 µm 1.76 ± 0.01 0.2 ± 0.00 10.25 ± 0.03 −17.60 ± 0.10 4.52 ± 0.16
83.24% 200–2000 µm 3.15 ± 0.01 0.36 ± 0.00 10.12 ± 0.13 −17.56 ± 0.02 4.68 ± 0.29

8.1–9.5 Micritic mud
88.25% 0–200 µm 2.1 ± 0.01 0.24 ± 0.00 10.34 ± 0.28 −17.84 ± 0.01 4.41 ± 0.14
80.20% 200–2000 µm 3.72 ± 0.08 0.41 ± 0.01 10.68 ± 0.06 −18.07 ± 0.03 4.44 ± 0.18

9.5–11.7 Bioclastic sand
88.82% 0–200 µm 1.81 ± 0.02 0.19 ± 0.01 10.72 ± 0.25 −17.43 ± 0.06 4.12 ± 0.35
90.47% 200–2000 µm 1.77 ± 0.01 0.19 ± 0.00 10.71 ± 0.29 −17.74 ± 0.04 4.37 ± 0.16

11.7–12.8 Micritic mud
82.52% 0–200 µm 2.59 ± 0.07 0.27 ± 0.01 11.33 ± 0.07 −16.59 ± 0.06 5.47 ± 0.06
76.85% 200–2000 µm 3.64 ± 0.05 0.38 ± 0.01 11.28 ± 0.03 −16.66 ± 0.12 5.69 ± 0.09

12.8–14.0 Micritic mud
85.86% 0–200 µm 2.25 ± 0.02 0.24 ± 0.01 11.11 ± 0.22 −16.96 ± 0.03 5.54 ± 0.20
78.00% 200–2000 µm 3.52 ± 0.06 0.36 ± 0.01 11.51 ± 0.07 −16.90 ± 0.08 5.67 ± 0.04

14.0–14.7 Bioclastic sand
88.96% 0–200 µm 1.8 ± 0.03 0.19 ± 0.00 11.03 ± 0.15 −17.06 ± 0.02 5.54 ± 0.14
98.56% 200–2000 µm 0.37 ± 0.01 0.04 ± 0.00 12.49 ± 1.99 −18.09 ± 0.49 6.38 ± 0.31

CC-4 IV

0–0.9
Slime

89.89% 0–2000 µm 0.45 ± 0.00 0.07 ± 0.00 7.95 ± 0.07 −17.65 ± 0.03 2.90 ± 0.09

0.9–2.8
87.07% 0–200 µm 0.74 ± 0.00 0.1 ± 0.00 8.20 ± 0.06 −17.58 ± 0.06 3.61 ± 0.06
98.64% 200–2000 µm 0.37 ± 0.00 0.06 ± 0.00 7.75 ± 0.28 −17.59 ± 0.01 3.60 ± 0.13

2.8–4.5 Micritic mud
88.86% 0–200 µm 1.22 ± 0.01 0.14 ± 0.00 9.93 ± 0.12 −17.28 ± 0.02 4.81 ± 0.07
92.76% 200–2000 µm 1.38 ± 0.01 0.16 ± 0.00 10.21 ± 0.15 −18.22 ± 0.04 4.64 ± 0.25

4.5–5.7 Micritic mud
88.11% 0–200 µm 1.28 ± 0.01 0.15 ± 0.00 9.89 ± 0.09 −17.35 ± 0.03 4.52 ± 0.20
91.91% 200–2000 µm 1.77 ± 0.02 0.18 ± 0.00 11.23 ± 0.05 −18.71 ± 0.04 4.82 ± 0.44

5.7–7.1 Micritic mud
86.71% 0–200 µm 1.84 ± 0.01 0.2 ± 0.00 10.51 ± 0.13 −17.04 ± 0.04 4.97 ± 0.11
91.40% 200–2000 µm 1.6 ± 0.01 0.17 ± 0.00 11.14 ± 0.26 −18.05 ± 0.05 4.68 ± 0.19

7.1–8.5 Micritic mud
88.17% 0–200 µm 1.66 ± 0.04 0.18 ± 0.01 10.55 ± 0.14 −17.19 ± 0.05 5.21 ± 0.21
94.77% 200–2000 µm 1.15 ± 0.02 0.1 ± 0.00 13.25 ± 0.40 −19.72 ± 0.11 5.15 ± 0.12

8.5–13.5 Bioclastic sand
90.58% 0–200 µm 1.13 ± 0.03 0.12 ± 0.00 10.78 ± 0.19 −17.03 ± 0.08 6.10 ± 0.13
98.46% 200–2000 µm 0.21 ± 0.00 0.03 ± 0.00 9.87 ± 0.05 −16.93 ± 0.06 6.16 ± 0.11

(-) no data.
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(δ13Corg and δ15NTN) analyses made on the four sedimentary cores (please refer to Figure 2 for location
and Table 2 for numerical values).
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Figure 6. Diagrams showing the evolution of the (A) δ13Corg and (B) δ15NTN with depth in the
four cores (please refer to Figure 2 for the respective locations and Table 2 for numerical values).
(C) [C/N]atomic ratio vs. δ13Corg, (D) [C/N]atomic ratio vs. δ15NTN and (E) δ13Corg vs. δ15NTN, values
measured in the four cores (light grey circles) compared to the identified source of organic matter in the
Cayo Coco lagoonal network (microbial mats: mineralising and slime, suspended particulate matter
(only on (E)), soils and plants).
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• Core CC-1 (15 cm-long) was collected at the western border of the lagoon, in the microbial
flat (Zone III). The upper part of the core consists of a 1.1 cm thick mineralising microbial mat
(Figure 5). In this part, the TOC and TN contents slightly decreased from the top to the bottom
of the microbial mat (Table 1). The δ13Corg remains quite stable within the mats, except for the
uppermost interval (0–0.2 cm). The δ15N gradually increases downcore in the microbial mat.
The [C/N]atomic ratio of this mineralising microbial mat decreased toward the base of the mat
(0.9–1.1 cm). Below 1.1 cm depth, the remainder of the core was mainly composed of micritic
muds including <10% content of bivalves (A. auberiana), foraminifera (Miliolina sp.), ostracods
and a few gastropods (C. eburneum). The upper part of the micritic muds (interval 1.1–3.1 cm) was
dark grey, contrasting the light colour observed underneath. In the 1.1–3.1 cm interval, the TOC
and TN record had lower values that in the upper microbial mat. In the light-coloured micritic
muds, the TOC and TN remained below 1% downcore. The [C/N]atomic ratio slightly increased
downcore in the micritic muds (from the top to the bottom of the core). The δ13Corg remained
high in the 1.1–3.1 cm interval, with a value close to that in the overlying mineralising microbial
mat. The δ13Corg sharply decreased below, down to 10.5–12.0 cm depth, especially in the 200–2000
µm fraction. Below 12 cm, the δ13Corg displayed a slight decrease. The δ15NTN values followed
an increasing trend downcore (to 11 cm), below which it decreased. The measurements of the
TOC, TN and δ15NTN revealed a minor change in the trend seen above 12.0 cm. The 12.0–14.0 cm
depth interval was contained a cavity covered inside by a cryptic microbial mat with TOC and TN
values slightly higher with respect to the surrounding micritic muds.

• Core CC-2 (14 cm-long) was taken about 10 m further from the shore than Core CC-1, just beyond
the boundary between Zones III and IV (Figure 2). The uppermost 0.8 cm was a nonmineralised
slime comprising a high content of carbonate particles (calcimetry of 94.17% and 96.06% for
the 0–200 µm and 200–2000 µm fractions, respectively), either micritic or bioclastic (fragmented
bivalves shells). The slime had a TOC and TN content compared to other mineralised microbial
mats, the values of which were lower in the 200–2000 µm fraction than in the 0–200 µm fraction.
The [C/N]atomic ratio and δ13Corg values were similar in both fractions. The δ15NTN values were
slightly higher for the 0–200 µm fraction than for the 200–2000 µm one. The underlying 0.8–2.4
cm interval consisted of a micritic muds layer rich in disarticulated and fragmented valves of
A. auberiana (ca. 15%). When comparing the bioclastic layer with the slime, the organic matter
content was lower, the [C/N]atomic ratio was similar and the δ13Corg and δ15NTN values higher in
the bioclastic interval.

• The remaining 12.1 cm of the core mostly comprised micritic muds. However, two levels of
fossil mineralising microbial mats could be identified between 5.8 cm and 7.1 cm (Figure 5). Both
are discontinuous, probably cut by erosional processes. The uppermost of these mats (ca. 6
mm thick) was found between 5.8 and 6.4 cm. It was composed of five successive sequences
of green and yellowish to greyish laminae. Each sequence represented a relic mat. The lower
relic microbial mat, found a depth of ca. 7.0 cm, was only 1.5 mm thick, and was composed
only of a green/yellowish-grey sequence. The δ13Corg of both fossil mineralising microbial mats
were more positive (ca. +2–3%�) than the surrounding sediments and similar to the surficial
mineralising microbial mats in CC-1. These microbial mats were surrounded by micritic muds.
However, some darker-coloured parts contrasted with the usual light grey colouration of this
sediment. The darker parts were discontinuous and located below the relic mineralising microbial
mats. Regardless of the fraction and the sampling depth, the TOC and TN values of the darker
parts were nearly two times lower than the lighter parts (all fractions considered). Pyrite was
more abundant in the darker parts than in the light parts. The [C/N]atomic ratio, however, did
not indicate major differences between the light and dark-coloured muds. The δ13Corg diverges,
with more positive values for dark parts than for the light parts (all fractions considered). The
δ15NTN values were not significantly different between the two parts, but, in both cases, tend to
increase downcore.



Minerals 2020, 10, 143 20 of 34

• Core CC-3 (14 cm-thick) was sampled in the deepest flat-bottom part of the lagoon, where the
depth averaged 75 cm at dynamic equilibrium (Figure 2). A nonmineralised slime thrived at
the surface of the sediment with a thickness varying between 1 and 25 cm. In Core CC-3, the
slime layer was 2.1 cm and overlaid micritic muds with variable content of bioclasts (bivalves,
foraminifera, ostracods and few gastropods). The dry wt. % TOC and TN content of the slime
was higher for the 0–200 µm fraction than for the 200–2000 µm fraction. The carbonate content
reached 48.9% for 0–200 µm fraction, and 63.23% for the 200–2000 µm fraction. The [C/N]atomic

ratio, the δ13Corg and δ15NTN values of Core CC-3 slime were similar to those measured in the
slime of the lagoon. The [C/N]atomic ratio of the 0–200 µm fraction was slightly higher than that of
the 200–2000 µm fraction. Near the bottom of the slime, a small interval of micritic mud (2.1–2.9
cm) with a low organic matter content was observed. In this depth horizon, the TOC and TN
decreased sharply. The [C/N]atomic ratio of this interval was of the same order of magnitude as
the slime, with a lower value for the 200–2000 µm fraction. The δ13Corg and the δ15NTN of this
horizon were similar to those of the overlying slime, with no significant change between both
size fractions. Downcore, in the micritic mud interval, the TOC and the TN remained constant
with a systematically higher value for the 200–2000 µm fraction. Two discontinuous intervals of
bioclastic sands (9.5–11.7 cm and 14.0–14.7 cm), rich in micritic mud between grains, contained a
smaller amount of organic carbon for both fractions. The nitrogen content, TN decreased in the
9.5–11.7 cm and 14.0–14.7 cm intervals, respectively. These lower TOC and TN contents suggest a
lower organic matter content within the bioclastic rich intervals. The [C/N]atomic ratio slightly
increased downcore, from 8.73 just below the slime to 11.76 at the bottom of the core (all fractions
included). Variations in TOC content were found between different facies; however, the δ13Corg

values were comparable. The δ15NTN values did not change among facies, but, as observed in
Cores CC-1 and CC-2, displayed an increasing trend of this proxy downcore.

• Core CC-4 (13 cm-thick) was collected from Zone IV at the eastern side of the lagoon (Figure 2), a few
meters from the boundary with Zone III and approximately 75 m away from the mangrove and
evergreen forest (Zone I). This sampling site is at a transition between zones with different potential
sources of organic matter. The uppermost 2.8 cm of the core consisted of an nonmineralised slime
similar to that observed in Core CC-2, i.e., depicting a very high carbonate content (either bioclasts
or mud-sized grains), with a calcimetry of 89.9% for the 0–200 µm fraction, and up to 99.3% for
the 200–2000 µm fraction. The TOC and TN were low, especially for the 200–2000 µm fraction.
The following depth interval (between 4.5 and 8.5 cm) consisted of micritic muds with low TOC
and TN values. The [C/N]atomic ratio increased downcore from 10.07 below the slime to 11.90 at
the bottom (all fractions comprised). This micritic interval was underlain by bioclastic sand in
which the δ13Corg remains relatively constant downcore in the 0–200 µm fraction but decreased
in the 200–2000 µm fraction. The δ15NTN increased for both fractions, with the higher value
measured in the deeper interval. Below 8.5 cm, the remainder of the core consisted of a bioclastic
sand interval, mainly composed of disarticulated to slightly/moderately fragmented valves of A.
auberiana, and had a low content of micritic mud. The dark coloration could be attributed to an
abundance of organic matter. However, the TOC and TN values indicated a low organic matter
content. The [C/N]atomic ratio was lower in this bioclastic interval than the upper micritic ones.
This bioclastic interval had a similar δ13Corg value as the sediment above, and the highest δ15NTN

value measured in this core.

5. Discussion

5.1. Dynamics of Organic Matter Sources

Several sources of organic matter were identified in the Cayo Coco lagoonal network and derived
from (i) microbial mats (mineralising and slime), (ii) SPM from the water column and (iii) plants and
soils (Figure 7).
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Figure 7. (A) Synthetic cartoon representing the organic matter dynamics in the easternmost lagoon of
the Cayo Coco lagoonal network. The organic matter preserved within the sediments (micritic muds
and bioclastic sands, in grey) only corresponds to a very small fraction of the organic matter present in
the system. Most of this preserved organic matter depicts an elemental and isotopic signature close to
the microbial slime, which appear to be the dominant source. Locally, other potential organic matter
sources (e.g., mineralising microbial mats and plant fragments) can have a greater influence. The
organic matter in the form of suspended particulate matter may originate from the remobilisation of the
slime originally present at the bottom of the lagoon or the supply of organic matter outside the lagoon
(e.g., plant fragments, soils) during high hydrodynamic episode (e.g., storm). (B) Synthesis of the
elemental (TOC, TN and [C/N]atomic ratio) and isotopic (δ13Corg and δ15NTN) signals during deposition
and early diagenesis and their ability to be used to decipher the original organic matter source(s).

(i) Pace et al. [30] documented the processes and products of mineralisation during the early
development of these hypersaline microbial mats composed of three different laminae (green, white and
red). Oxygenic photosynthesis predominates over aerobic respiration in the surface green lamina of the
mat, where Mg-silicate globules precipitate in the EPS matrix, often in close association with coccoid
cyanobacterial clusters. In this zone, the EPS bind calcium, thus inhibiting carbonate precipitation.
Anoxygenic photosynthesis which occurs due to the presence of purple sulphur bacteria (PSB) is
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prevalent in the red lamina of the mat. The interface between these two major photosynthetic zones,
coinciding with the daytime pH maximum, forms the locus for the precipitation of Mg- carbonate
lamina (white lamina). A major decrease in cation binding capacity of EPS between the green and red
laminae increases soluble Ca2+ concentration at this interface. Sulphate reduction activity peaks just
below this interface and is associated with carbonate precipitation. In Cayo Coco, the precipitation
of CaCO3 in mineralising mats occurred at the interface of oxygenic-anoxygenic photosynthesis and
was interpreted as the initial step of stromatolite formation by Pace et al. [30]. However, microbialites
(i.e., lithified microbial structures) are scarce in the lagoonal network, raising questions concerning the
(long-term) fate of the microbial(ly-induced) carbonate minerals. Severe climatic episodes may affect
microbial mats: (i) wind; notably, storm events cause an intense hydrodynamic regime in the shallow
lagoon or (ii) sustained drought lead to evaporation and ultimately desiccation of the sediments. Such
processes could be responsible for the mechanical disruption (erosion) of the microbial mat, leading
to the disintegration of mineral layers. This reworking and subsequent deposition of the carbonate
minerals could contribute to the micrite accumulation within the lagoons.

In spite of the presence of calcium/magnesium carbonate in the microbial mats, they do display a
high organic matter content. The organic components include microbial biomass, as well as extracellular
organic matter (EOM) forming an organic matrix. This matrix enables the microbial communities to
thrive under a wide variety of environmental conditions [58], protecting from harmful external physical
(e.g., desiccation, hydrodynamic regime), biological (e.g., grazers) and chemical (e.g., nutrient limitation
and toxic elements, e.g., Ca2+) conditions. It also provides a means by which to attach to sediment
surfaces, and stabilises the mats [31]. The EOM comprised both exopolymeric substances (EPS, mostly
composed of polysaccharides) and low-molecular weight organic carbon (LMWOC), the production of
which can be enhanced by environmental stressors [52,58]. The fluctuating environmental conditions
in the Cayo Coco lagoonal network encourage the production of copious amounts of EPS, and thus,
abundant organic matter [50,59].

Mineralising microbial mats form in environments with fluctuating water levels, including
desiccation (i.e., Zone III). In contrast, microbial slime thrives under permanently submersed conditions
(i.e., Zone IV). The presence of mineralising microbial mats at 6 to 8 cm below the surface in Core
CC-2(Zone IV) suggests a change in the spatial distribution of the different depositional environments
over time related to fluctuations in the the water level. During the deposition of these mineralising
microbial mats, this site likely corresponded to a Zone III depositional environment experiencing
emersion and submersion. Currently, the boundary between Zones III and IV is located ca. 5 m to the
west of Core CC-2, indicating a retreat of this boundary.

(ii) As potential source of organic material, SPM adds to the total amount of organic matter, as it is
mainly composed of microbial-rich (slime) particles, with a minor contribution of diatoms and plants,
presumably transported by hydrodynamics.

(iii) The mangrove itself can also be considered a potential source of organic matter, since this
surrounds a large part of the lagoonal network, especially the investigated lagoon. Plant fragments and
eroded soils from neighbouring mangrove areas tend to converge at the lagoon’s depocentre, where
organic matter accumulates. Since the mangrove is located eastward from the lagoon, the dominant
easterly to east-north-easterly wind may favour this phenomenon. However, the flat slopes and the
irregular topography forming puddles where water can accumulate inhibit the flow toward the lagoon.
In addition, the vegetation at the margins can trap the detrital and organic matter particles [60]. The
highly evaporative conditions also enhance this phenomenon by creating small pools.

As no major environmental changes impacted in the region since the Late Holocene [40,41], it can
be assumed that organic matter sources are similar in the sedimentary record of the four cores. The
quantitative and qualitative interpretation of the isotopic and atomic signals of the sedimentary organic
matter will help to (i) decipher the relative contribution of the major sources of organic material, and
(ii) to better constrain alteration of these signals over time during early diagenesis.
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5.2. Preserved Organic Matter, Quantitative Aspect

The abundant sources in or around the lagoonal network are expected to lead to a high sedimentary
content of organic material. TOC levels in coastal lagoons are typically higher than those in coastal
marine environments [61]. Despite a high potential in organic matter accumulation, the TOC and TN
values of the different lagoonal sediments of the Cayo Coco lagoon (i.e., micritic mud and bioclastic
sands) remain very low, averaging 2.03 ± 1.52% dry wt. and 0.24 ± 0.19% dry wt. (all fractions
included), respectively. These low values are consistent with those reported in marine sediments [62].
In contrast, the superficial microbial mats, whether mineralised or not, show values up to 16.06%
dry wt. for the TOC and 2.34% dry wt. for the TN, respectively. In all of the cores, regardless of
the fractions or the nature of the sediments, the organic matter content sharply decreased below the
microbial mats and remained low throughout.

The core CC-1 was only made of micritic muds below the microbial mat, which allowed us to
investigate the downcore alteration of geochemical signals. No significant change was observed in
TOC and TN values below the microbial mat with depth (Figure 5). Specifically, a slight decrease of
the TN compared to the TOC can be seen using the [C/N]atomic ratio (Figure 5). From accumulation
rates in the literature, notably coastal lagoons from the Bahamas, a deposition of 14.3 cm thick micritic
mud (CC-1) may reflect more than 1000 years (at an accumulation rate of 120 mm/1000 yr, [63]). As the
deepest parts of the cores were exposed to diagenetic processes over longer periods, the absence of
downcore changes implies that, from a quantitative point of view, early diagenesis does not induce
major changes in organic matter concentration. Early diagenesis does not affect the quantity but the
quality of organic matter through alteration by heterotrophic microorganisms [64,65]. The absence of
major changes in organic matter concentration downcore suggests that remineralisation occurs above
the sediments, i.e., within the water column, or more likely, in the microbial mat itself.

Although TOC and TN values remain fairly constant downcore for a given lithology, some
variations reported in cores CC-2 to CC-4 can be related to the nature of the sediments: micritic
mud intervals have higher TOC and TN values (ca. 2.14 ± 1.55% dry wt. and 0.25 ± 0.20% dry wt.,
respectively; average value, all fractions considered) than the bioclastic sands (ca. 1.07 ± 0.66% dry wt.
and 0.12 ± 0.07% dry wt., respectively; average value, all fractions considered). A one-way ANOVA
test confirms this observation, with a significant statistical difference between the two groups for both
TOC and TN values (p-values < 0.05). In both CC-3 and CC-4 cores, the lowest TOC and TN values
were associated with the bioclastic sands intervals. For the 200–2000 µm fraction, the low organic
content of bioclastic sands could be due to the higher amount of carbonate minerals (calcimetry), which
is statistically different between the micritic muds and the bioclastic sands (one-way ANOVA, p-value
< 0.05 between the two groups). The amount of carbonate is not the only factor which explains the
differences between the different sediments, since the calcimetry is not statistically different for the
0–200 µm fraction (one-way ANOVA, p-value 0.5493 between the two sediment types). The organic
matter content of the bivalve and gastropod shells is usually low (smaller than 0.5%; [66]). Part of the
organic matter present in the bioclastic accumulations is incorporated during the biomineralisation
of the shell, and mostly composed of matrix proteins, glycoproteins, and polysaccharides [67]. The
content of proteins is variable depending on the molluscan taxa, and it has been suggested that it is
related to the calcifying efficiency [68]. In comparison, the micritic muds incorporate autochthonous or
allochthonous particulate and dissolved organic matter [69]. Fine-grained particles often absorb a large
quantity of nutrients and organic matter [70]. Coastal lagoons supporting carbonate sedimentation can
be found on the coastline of Abu Dhabi [71,72]. The organic matter in the fine grained sediments of
these lagoons is derived from mangroves and microbial mats and reaches a value of 4% to 7% [73]. In
comparison, the Cayo Coco lagoons, with a similar setting as those in Abu Dhabi, have a TOC content
up to 5.4%. Depending on the initial pool of organic matter and remineralisation by microorganisms,
the amount of organic matter within the micritic muds can be significantly higher than the bioclastic
sands, and are made up of greater variety of organic molecules [66]. Physical processes can possibly
explain the differences between fine micritic muds and coarser bioclastic sands: wind-induced waves
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are the main driver in sediment transport in shallow (micro-tidal) coastal lagoons [74]. Wind leads to
sediment resuspension, resulting in the transport of fine and/or high buoyancy particles (including the
organic matter) from high-energy areas to deeper, lower energy environments in the lagoon [75].

All lagoonal facies considered (micritic muds and bioclastic sands), the TOC and TN values
appear consistently higher for the 200–2000 µm fraction than for the 0–200 µm fraction (the two
groups are statistically different; one-way ANOVA, p-value < 0.05 for the TOC and TN between the
two groups, respectively). The higher values observed in the coarser fraction value may be related
to the source and the type of the organic matter. Coarse organic particles (e.g., plant or microbial
mat fragments) may accumulate in the 200–2000 µm fraction after mechanical dismantling. Their
subsequent degradation during early diagenesis (e.g., by microbes) is less efficient than for small-sized
ones. A higher degradation of smaller organic matter particles decreases TOC and TN values in the
0–200 µm fraction.

The cores sampled in different areas of the lagoon show that the organic content preserved
within the sedimentary record is not randomly distributed. Core CC-1, taken in Zone III, i.e., the area
experiencing fluctuating immersed and submersed conditions, has the lowest TOC and TN values
(0.89 + 0.67% dry wt. and 0.12 + 0.10% dry wt., respectively). The three other cores were removed
from Zone IV, but in different locations. The highest organic content was recorded in Core CC-3 (TOC
and TN values of 3.04 + 2.07% dry wt. and 0.36 + 0.29% dry wt., respectively), obtained from one of
the deepest parts of the lagoon. CC-2 also displayed high TOC and TN values (2.23 + 1.23% dry wt.
and 0.26 + 0.14% dry wt., respectively). Core CC-4, from the eastern side of the lagoon was taken close
to the boundary with Zone III. The micritic mud and bioclastic sand sediments of this core displayed
lower TOC and TN values than Cores CC-2 and CC-3 (1.32 + 0.47% dry wt. and 0.14 + 0.05% dry wt.,
respectively), but these were still higher than those recorded for Zone III (Core CC-1). These differences
emphasise that the organic matter seems to either (i) be better preserved, and/or (ii) concentrated at the
centre of the lagoon:

(i) Despite the shallow water depth of the lagoon (ca. 75 cm), the bottom-waters are hypoxic as
demonstrated by the presence of framboidal pyrites within the SPM. The sharp decrease in pH with
depth, in the microbial slime (see [29]) can be explained by fermentation and sulphide production [53,54],
supporting hypoxic/anoxic conditions [55] at the water column/sediment interface. The preservation
of framboidal and cubic pyrite within the sediment underlying the slime (as well as in the SPM)
also supports the occurrence of O2 depletion, and probably prevailing hypoxic to anoxic conditions.
Hypoxia usually favours the preservation of organic matter, as anaerobic bacteria have a limited
capacity to degrade certain complex molecules [76], resulting in a lower degree of organic matter
degradation. Thus, low oxygen conditions promote the preservation of organic material [77,78]. This
condition may explain the nonrandom distribution of organic compounds throughout the lagoon,
where the areas subject to high hypoxia (deeper parts of the lagoon) record the higher TOC and TN
content. In addition, the deeper part of the lagoon supports a thicker slime layer, and thus contains a
higher amount of organic matter. However, the effect of oxygen concentration on the preservation of
organic matter is still under debate. Several studies [79,80] have emphasised that the O2 concentration
does not appear to be a first-order controlling factor in organic carbon and total nitrogen preservation,
as these were indistinguishable between recent coastal sediments removed from oxic and anoxic
bottom-waters locations.

(ii) In addition to the oxygen concentration, spatial variations in TOC and TN values could result
from different initial organic matter concentration and/or preservation potential. The highest TOC and
TN values were recorded in the centre of the lagoon, which suggests that this area has a higher organic
matter concentration potential. The increase in TOC and TN may be related to micritic mud-associated
grain size partitioning, which, in turn, can be affected by hydrodynamics [80]. Zone IV is covered by
a microbial slime with a decreasing thickness toward the shore of the lagoon. A decrease was also
recorded within TOC and TN values in the different cores, suggesting that the microbial slime could
be the main contributor to the sedimentary organic matter. To further constraint this, it is necessary
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to identify the origin of the organic matter within the different cores, especially if the geochemical
signature can be traced to a microbial slime origin.

5.3. Preserved Organic Matter, Qualitative Aspect

5.3.1. TOC and TN

Several factors may impact TOC and TN sedimentary content, such as the dominant primary
producers [81], the degradation rate (i.e., remineralisation) [82], the sedimentation rate [83], the size
and the nature of the sediments particles [84,85], the water depth (in ocean settings) [86] or the
hydrodynamics [87]. Mathematical formulas, which can predict the preserved TOC depending on
depositional conditions, are available in the literature (see [61]; chap. 6.6). However, the application
of these in the current study appears irrelevant, since they are limited to deep-sea environments.
In addition, the impact remineralisation process is often underestimated. In proximal lagoonal
environments such as the Cayo Coco lagoonal network, the remineralisation is probably one of the
most relevant controls on the amount of organic material that will be preserved within the sedimentary
record. The amount of organic matter preserved following remineralisation in the sediments is much
smaller than the organic pool size in the water column (and also in the microbial mats) suggests.

5.3.2. [C/N]atomic ratio

The [C/N]atomic ratio is commonly used to identify organic matter sources [6,88–90]. At the surface,
the [C/N]atomic ratios of each potential organic matter source are typically specific enough to consider a
distinction based on this proxy. However, a clear increase is seen with depth, especially in Cores CC-3
and CC-4. Rather than a change in organic matter sources (which would be incompatible with the
fairly stable δ13Corg values), the [C/N]atomic ratio probably highlights diagenetic processes affecting the
nitrogen, similar to those of the δ15NTN (as discussed below). The respective changes in TN or TOC
with depth are subtle, but sufficient to modify the [C/N]atomic ratios. The change in this ratio is affected
mainly by the TN content, which decreases faster than the TOC. This decrease can be the result of a
preferential degradation of proteins, rich in N, during nitrification followed by denitrification [91]. The
denitrification process ultimately converts fixed nitrogen to gaseous N2 or N2O, and thus depletes the
sediments of nitrogen [92], especially the labile N- fractions [93,94]. Denitrification occurs in dysoxic
to anoxic environments [92], i.e., in conditions present in the deepest parts of the lagoon. This could
explain the sustained increase of [C/N]atomic ratios downcore in Cores CC-3 and CC-4. Core CC-1 was
exposed to oxic conditions [29] that prevent denitrification, accounting for the fairly stable [C/N]atomic

ratio downcore.

5.3.3. δ13Corg

The δ13Corg values measured here are specific enough to distinguish between the different types
of organic matter, but also make it possible to differentiate between the different microbial mat types.
The mineralising microbial mats and the slime have distinctive δ13Corg values, ca. −15.60 ± 0.27%� and
−18.47 ± 0.08%�, respectively, and the δ13Corg of the SPM was −20.20 ± 0.47%�. Considering several
sources, the geochemical signal of the SPM likely is a mixture of the different end-members with the
largest contribution of microbial slime. The diatoms may also contribute to the geochemical signal of
the organic matter; however, we were unable to make isotopic measurements on these organisms, and
the literature values have a wide range (from ca. −15.0%� to −25.8%�; [95,96]). The δ13Corg of plant
fragments showed lower values (averaging −25.81%� ± 1.41%�) than those of the Calvin-Benson cycle
of C3 plants. The values for soil samples (averaging of −22.12%� ± 1.72%�) were in between those of
SPM and C3 metabolisms. It should be noted that lower values (−23.94%� ± 0.02%�) were found in
soils with large plant-derived organic content and higher values (−20.52%� ± 0.02%�) were present in
soils composed of large amounts of microbial mats. Soil formation results from the interaction between
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superficial cover and the underlying substrate and tends to maintain an isotopic signature close to its
contributors, i.e., the vegetation and microbial mats.

All the cores sampled in this study had surface microbial mats with different mineralising potential:
a mineralising mat in Zone III (Core CC-1) and a slime in Zone IV (Cores CC-2, CC-3 and CC-4). The
respective 13Corg signatures are in agreement with the potential source of organic matter, confirming
that the two types of microbial mats can be distinguished by using isotopic signatures. Relics of
mineralising microbial mats (characteristic of Zone III) were preserved in the micritic muds of Core
CC-2. The 13Corg values of these buried mats was of the same order as the reference sample for
mineralising microbial mats (Figure 5; Tables 1 and 2). A cryptic microbial mat lining a void in Core
CC-1 had a δ13Corg signature (ca. −19.64 ± 0.22%�) similar to that of the slime (Figure 5; Tables 1 and 2).

All cores considered, the δ13Corg values recorded in sediments (micritic muds and bioclastic sands)
and the various fractions are not statistically different (one-way ANOVA, p-value 0.07185 between
the two groups) and average −17.86 ± 0.86%�. The δ13Corg is relatively constant in all the lagoonal
sediments, suggesting no major changes in quantity and quality of the organic matter sources during
their deposition. These δ13Corg values are determined by the primary source of organic matter, and are
further altered by diagenetic processes, such as respiration, oxidation, reduction, fermentation and
physico-chemical processes [97]. The stable TOC values downcore indicate the remineralisation process
within the uppermost centimetres of the sediment column is negligible, meaning that no major changes
occur in the organic matter concentration during initial burial. The δ13Corg values of the different cores
also remain fairly stable downcore, which illustrates that no major C-fractionation occurred during
early diagenesis [98]. As a consequence, the observed δ13Corg reflect the signature of organic matter
originally present. The fractionation recorded in the upper part of Core CC-1 likely corresponds to the
transition between two pools of organic matter from different origin: i.e., the mineralised microbial
mat on top and the slime below.

Since early diagenesis does not significantly impact the δ13Corg values, a mixing model of the
different potential organic matter sources (Table 1) makes it possible to fully interpret the carbon
isotopic signals. An important contribution of plant material can be questioned, since their δ13Corg

values are significantly lower than those in the lagoonal sediments. In addition, (i) microscopic
investigations did not review a significant contribution of plant fragments in the micritic muds or
bioclastic sands composition (regardless of the fraction considered) and (ii), Core CC-4, sampled close
to the mangrove, did not display more negative δ13Corg values than the other cores, which were taken
far away from any potential plant inputs. Therefore, plant material did not contribute, or, alternately
could have been degraded by microorganisms, as microbes. Indeed, fragments of mangroves (e.g.,
senescent leaves, branches) are readily decomposed by the microbial communities [99]. The bulk of the
organic matter degraded by microbes is used for respiration, and not for secondary production [100].
Heterotrophic microbial activity results in a loss of organic carbon, as well as in a fractionation of
the remaining organic matter pool [101]. In the Cayo Coco lagoonal network, the δ13Corg had values
between those of the two microbial mat end-members, and could result from a mixing between the
two organic matter sources. The isotopic measurements are in agreement with the field observations,
since the microbial mats (slime or mineralising) are the most abundant producers and/or modifiers
of organic matter in the lagoonal network. A mixing equation can be formulated between the two
end-members to estimate their relative contribution:

δ13CorgSed = δ13CorgSlime.x + δ13CorgMM.(1 − x)

where:

• δ13CorgSed = −17.86%� (average δ13Corg signature of the sediments)
• δ13CorgSlime = −18.47%� (average δ13Corg signature of the slime)
• x = relative contribution of slime in organic matter content
• δ13CorgMM = −15.60%� (average δ13Corg signature of the mineralising microbial mat)



Minerals 2020, 10, 143 27 of 34

• (1 − x) = relative contribution of mineralising microbial mat in sedimentary organic matter content

The calculation above yields to an average contribution of 78.8% for the slime and 21.2% for
the mineralising mats, respectively. To improve the accuracy, all of the three end-members should
be included in the mixing equation. However, the equation cannot be solved with only the δ13Corg

as the variable, the [C/N]atomic ratio and/or δ15NTN should have been included in the calculations.
These two last proxies were mostly driven by diagenetic processes (see above for [C/N]atomic ratio
and below for δ15NTN); so, it would be incorrect to use these to determine the contribution of organic
matter sources. From a quantitative aspect, the area covered by the slime (i.e., Zone IV) is nearly 50%
wider than the one covered by the mineralising mats (i.e., Zone III). Adding to this that the microbial
slime is significantly thicker (up to 25 cm) than the mineralising microbial mats (usually <3 cm), this
may explain the predominance of the slime as the source of organic matter preserved within the
lagoonal sediments.

If the microbial slime is the main contributor to sedimentary organic matter, local variations
of the sedimentary δ13Corg signal can be explained by minor variations in the respective potential
sources, including the plants. For example, Core CC-1, located in Zone III, the interval just below the
mineralising surface microbial mat (1.1–3.1 cm), depicts a higher-than-average δ13Corg value (−16.09 ±
0.93%�, all fractions included). Due to the location of this site, a greater contribution of the mineralising
mat is expected. A mixing equation for this interval estimates that the contribution of the mineralising
mats increased to 82.93%, and that for slime decreases to 17.07%, which corroborates this assumption.
Despite its location close to the mangrove, the δ13Corg values of the sediments of Core CC-4 highlight
a principal contribution of slime as the organic matter source. However, the 200–2000 µm fraction
at the 7.1–8.5 cm interval displayed a significantly more negative value than the remainder of the
core (regardless of the fractions). Microscopic observations revealed small but sufficient amounts of
mangrove branch fragments in this interval, which explains the lower δ13Corg values.

5.3.4. δ15NTN

The δ15NTN appears to discriminate less between the potential sources of organic matter than
δ13Corg, making this isotopic proxy less useful for determining the origin of the sedimentary organic
matter. Even though microbial mats and soils have different values (ca. 3.35 ± 0.22%� and 6.67 ±
2.00%�, respectively) microbially-derived organic matter has lower values than soils rich in microbial
mat fragments. Significant differences in a few millimetres’ depth can be observed in microbial
mats, making a distinction impossible based on only this isotope. This is particularly true owing to
nitrogen isotopic signal of plants, with δ15NTN values ranging from −1.13 ± 0.38%� to 7.77 ± 0.25%�,
depending on particular plant species and specific plant parts. All of the values obtained in the
lagoon remained below 8%�, and thus, no anthropogenic input seems to have affected the δ15NTN.
The δ15NTN values of human (and animals) excrements range from 10%� to 20%� [102], while the
values of residential wastewater or farm runoff vary between 10%� and 25%� [103]. These values
are higher than those of natural organic matter. As observed in the different cores, an enrichment
in 15N of several per mil is typically present in the uppermost centimetres of the sediment, which is
within the range of environmental δ15NTN changes [104]. However, the 15N enrichment is limited to
the part of the sediment that is in diffusional contact with the overlying waterbody [105]. This active
biogeochemical cycling (e.g., remineralisation or assimilation, nitrification/denitrification, anaerobic
ammonium oxidation, fixation; [92]) is associated with sizeable isotopic fractionation [106–108]. In
Cores CC-2, CC-3 and CC-4, the δ15NTN values, ca. 2–3%� at the surface, gradually increase downcore
to exceed 6%�. Previous studies in marine sediments [109,110] have shown that such downcore
increases are common during early burial, likely in the first centimetres of the sediments [111]. This
diagenetic alteration of N-isotope signals results from the preferential utilisation of the light isotope
(14N) by bacteria during the remineralisation of organic matter [99], especially denitrification, which
usually results in an increase of +3%� in the first centimetres of the sediments [108]. In addition, NH4

+,
enriched in the light isotope (14N), can be adsorbed to clay minerals [112]. The low clay content in
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the sediments of Cayo Coco (carbonates accounting usually for more than 85% of the bulk sediment)
limits the amount of NH4

+ adsorbed into mineral phases, which results in a higher sedimentary δ15N
value [111]. Larger variations in δ15N are observed in the top 1.1 cm of the Core CC-1, corresponding
to the surface mineralising microbial mat. Below this mat, the pattern of δ15N change is similar as that
of the sediments of in the other cores. The upper part of Core CC-1 is different from the three others;
notably, (i) it is composed of a mineralising microbial mat instead of slime (which is found at the top of
the other cores); and (ii) it was collected in an area with alternating submersion/emersion, suggesting
repeated exposure to the atmosphere, as opposed to the other cores, which were always submersed.
The uppermost part of Core CC-1, i.e., the active microbial mat, is likely characterised by high rates of
microbial activities such as nitrogen fixation with a δ15N signature close to that of the atmosphere (i.e.,
0%�). Microprobe measurements showed the presence of an oxygen peak around 2 mm depth during
daytime, and anoxia below 4 mm [29]. The lack of oxygen below 4 mm implies that denitrification
could occur. Therefore, the appreciable shift in δ15N (+1.82%� to 5.14%�) recorded in the upper 1.1
cm of the microbial mat of Core CC-1 microbial mat can be explained by a mixing trend between two
different biological processes (i.e., predominantly nitrogen fixation near the surface and (increasing)
denitrification downcore).

As a result, the δ15NTN signal should be interpreted with caution; this proxy does not appear to
be robust for deciphering the source of organic matter, but rather, demonstrates that biogeochemical
processes, whether depositional or diagenetic, should be kept in mind.

6. Conclusions

The sedimentary organic matter from four short cores (<15 cm) obtained in the Cayo Coco lagoonal
network (Cuba) were analysed for elemental (TOC, TN and [C/N]atomic ratio) and isotopic (δ13Corg

and δ15NTN) composition, and compared with the potential local sources of organic matter (microbial
mats, SPM, plants and soils). TOC and TN proxies allowed evaluating the amount of organic matter
preserved within the sediments showing a decrease in organic content within the sediments (micritic
muds and bioclastic sands). This decrease is indicative of intense remineralisation in the proximal
lagoon sediments. The [C/N]atomic ratios, calculated from the TOC and TN values, from different
potential sources of organic matter were distinctive enough to be used for identification of organic
matter components preserved within the sediments. However, this ratio increased downcore as the
result of diagenetic process in hypoxic environments, especially an increased denitrification process.
The [C/N]atomic ratio can be indicative of the organic matter source for recent oxic sediments, but
should be used with caution in the fossil record, as early diagenesis could significantly alter the original
signal. The δ13Corg appeared to be less sensitive to genetic (e.g., facies, fraction) and early diagenetic
processes than the other proxies, and therefore, seems to be appropriate for use in identifying the initial
organic matter source. This δ13Corg proxy remains quite stable downcore; the small scale variations
can be explained by local changes in the organic matter sources. In the Cayo Coco lagoonal network,
the δ13Corg proxy (combined with the [C/N]atomic ratio) demonstrated that the main contributors to
sedimentary organic matter are the microbial mats, especially the microbial slime. Even though very
early diagenesis seems to have a limited impact on the δ13Corg, it is necessary to keep in mind that later
diagenetic processes (mainly associated with fluid circulations), such as changes in the hydrological
zone or burial depth, can modify the isotopic compositions. The measurements of the δ15NTN from
the different potential sources of organic matter revealed that this proxy is not specific enough to
identify the source of the sedimentary organic matter. In addition, the δ15NTN appears to be very
sensitive to early diagenetic processes (such as denitrification), especially in anoxic environments
which systematically increased δ15NTN by +3–4%� from the top to the bottom of the four cores.

The elemental and isotopic investigations of the organic matter content from the sediments in the
Cayo Coco lagoonal network have shown that the different proxies (i.e., TOC, TN, [C/N]atomic ratio,
δ13Corg and δ15NTN) were controlled by both genetic and early diagenetic processes. The preservation
of the δ13Corg signal in the sediment allowed us to identify the influence of the slime as a source of the
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organic matter. The use of these proxies for interpreting the fossil record should be carried out with
consideration of alteration through the early diagenesis.
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