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A B S T R A C T

The voltammetric response of microparticulate deposits resulting from solvent evaporation of ethanolic extracts
of mangrove sediments in contact with aqueous acetate buffer is hereby described. Dated sediment cores sam-
pled from the Peruvian mangrove system (“Manglares de Tumbes” National Sanctuary) presented voltammetric
responses dominated by oxidative signals of organic components that exhibit significant variations depending on
the depth. Voltammetric data allowed for the definition of electrochemical indexes representative of the elec-
trochemically oxidable organic matter fraction. These electrochemical indexes were fEAOM (for the total amount
of organic matter being electrochemically active), fEROM (for the fraction of organic matter electrochemically
oxidizable in reversible form), fRDOX (for the proportion between the fractions of electrochemically active or-
ganic matter which is in an oxidized state and in a reduced state) and fROS (capability for reaction with reactive
oxygen species), while the spectroscopic index A1650/A3400 (as a proxy analogous to fRDOX) was also applied. The
mangrove forest presents a higher oxidized fraction of the electrochemically active organic matter, as confirmed
by additional data obtained from infrared spectroscopy. These results indicate that the described electrochemical
indexes may provide insights on organic matter degradation by oxidative processes in addition to chemical
analyses of coastal vegetated systems that are currently used, such as mangrove wetlands.

1. Introduction

The increasing importance of coastal vegetated systems (i.e., sea-
grasses, saltmarshes and mangroves) in carbon cycling has been in-
creasingly acknowledged, playing an important role in accumulating
organic matter within the colonized sediments across the land-ocean
interfaces (Duarte et al., 2005; Alongi, 2014). This vegetation-driven
carbon cycling also regulates many biogeochemical processes that are
fueled by accumulated organic matter, such as the cycling of redox-
sensitive elements within these systems and their exchanges with ad-
jacent environments (Luther et al., 1998). Sedimentary organic matter
has been shown to be an integral component in biogeochemical

electron transfer reactions due to the capacity of its components to act
as intermediates in microbial metabolic processes and facilitating the
cycling of multi-oxidation state metals (Lovley et al., 1996). The redox
chemistry of sedimentary organic matter plays an essential role in
biogeochemical processes, where compounds containing aromatic,
quinone/hydroquinone and Ne and S-containing functional groups are
involved (Scott et al., 1998; Gaberell et al., 2003; Meunier et al., 2005).

Electrochemical methods have traditionally been applied in two
environmental sciences fields mainly: i) as techniques for monitoring
the environmental risk of organic pollutants (Zhu et al., 2015), re-
mediation (Li et al., 2016, 2017), and ii) as analytical tools typically
aimed at the determination of pollutants or families of pollutants
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(Ramnani et al., 2016). In this second field of application, electro-
chemical techniques have been concentrated on solution-phase elec-
trochemistry; i.e., when the analyte/s is/are dissolved due to of a more
or less complicated extraction procedure. To complement available
analytical techniques for obtaining information on the chemical com-
position of sedimentary organic matter in sediments, the use of a solid-
state electrochemical methodology is described. The voltammetry of
immobilized particles (VIMP) may be employed for the direct estimate
of organic content, inorganic pollutants and to evaluate their anti-
oxidant capacity. This technique was developed recently (Scholz and
Meyer, 1998; Doménech-Carbó et al., 2013; Scholz et al., 2014) and
may provide analytical information on a variety of solid materials with
no need for previous digestion/dissolution treatments using amounts of
sample at a microgram-nanogram level. In the field of geosciences, it
has been applied by Grygar et al. for determining Fe and Mn oxides in
soils (Grygar and van Oorschot, 2002; Hradil et al., 2004; Grygar et al.,
2006) and for screening soils contaminated by arsenic (Cepriá et al.,
2005). In situ electrochemical measurements in sediment porewaters
have been reported by Luther et al. (1998) using solution-phase elec-
trochemistry methodologies.

Despite mangrove systems representing only ∼1% of the global
coastal area, mangrove sediments may accumulate between 15 and
25% of the coastal organic carbon (Alongi, 2014; Breithaupt et al.,
2012), derived mainly from autochthonous organic matter production
(Sanders et al., 2014). However, we did not find previous application of
voltammetric methods to elucidate the organic geochemistry in man-
grove wetlands. Here, the VIMP methodology was applied to a series of
sediment samples from a Peruvian mangrove system within the “Man-
glares de Tumbes” National Sanctuary. It is pertinent to note that, in so
far as solid components are tested, the proposed methodology covers
families of sparingly soluble electroactive substances such as lignins
(Milczarek, 2009; Admassie et al., 2014; Cottyn et al., 2015), which are
hard to be accounted for in solution-phase experiments, additionally
avoiding the possibility of sample contamination or unexpected reac-
tions accompanying dissolution processes required by other techniques
of redox capacity evaluation. The study, however, was oriented to ex-
plore the capabilities of the technique so that no precautions were
adopted for avoiding oxidative processes during the extraction and
transport of the samples.

The proposed methodology explores the inherent capability of
electrochemistry to detect oxidizable organic compounds, typically,
polyphenolic compounds, complementing the aforementioned well-es-
tablished techniques providing information on aspects such as electro-
chemical reversibility. The ‘direct’ electrochemistry of organic matter in
sediment samples is complemented with an estimate of the antioxidant
capability of the sediments based on the monitoring of the reaction of
antioxidant compounds with reactive oxygen species (ROS) electro-
chemically generated in situ. This procedure, previously applied to
vegetal matter (Doménech-Carbó et al., 2015, 2017), is based on the
possibility of electrochemical generation of superoxide species via re-
duction of oxygen dissolved in aqueous electrolytes (Enache et al.,
2009; Kapalka et al., 2009). The radical scavenging activity of plant
extracts has also been studied electrochemically using chemical gen-
eration of ROS (Scholz et al., 2007; de Carvalho et al., 2010) while
VIMP was used by Komorsky-Lovric and Novak for testing the anti-
oxidant capacity of samples from fruits and vegetables (Komorsky-
Lovrić and Novak, 2009, 2011). Electrochemical data were com-
plemented with attenuated total reflectance Fourier transform infrared
spectroscopy (ATR-FTIR) to acquire some compositional information on
the existing organic matter.

2. Material and methods

2.1. Study area

The studied mangrove ecosystem is located in the Northern coast of

Peru, in Tumbes, associated to the “Manglares de Tumbes” (Fig. 1)
National Sanctuary. This estuarine forest is influenced by the Zarumilla
River and its secondary tributaries, providing freshwater to the es-
tuarine system and facilitating the continuous transport of particulate
organic matter (INRENA, 2011; Pérez et al., 2017). The mangrove forest
presents high contents of silt and clay and is characterized by a ∼1–5%
slope between the Pacific Ocean and the continent. The dominant
mangrove species near the creeks are Rhizophora mangle, Rhizophora
harrisonii and Avicennia germinans, where mangrove-derived organic
matter is considered to be the main component of the sedimentary
organic matter in estuarine mangrove forests (Kristensen et al., 2008;
Sanders et al., 2014). This region is characterized by a semiarid climate,
with temperatures ranging from 22 °C to 32 °C and two well defined
seasons, namely the dry season (from June to December), characterized
by a lack of heavy rainfalls and, the wet season (from January to May),
characterized by an increase in heavy rains and, consequently, a growth
of the Zarumilla's water flow that may significantly affect the textural
composition within the mudflat area (Lavado and Espinoza, 2014;
Sanders et al., 2014).

2.2. Sampling design

The fieldwork was carried out on October 15th, 2014 (dry season),
during the low tide phase. Two sediment cores of 70-cm in length were
sampled in the “Manglares de Tumbes” (Fig. 1A) National Sanctuary.
The first core (Core MF) was collected in the mudflat zone, whereas the
second core (core MG) was collected inside the mangrove covered area
(Fig. 1B). The sediment cores were obtained using PVC tubes and sec-
tioned on-site at 1-cm intervals from the top of the core to 10-cm, and
then at 2-cm intervals to the base of the core. Sub-samples were bagged,
placed on ice and returned to the lab to be kept frozen at−20 °C, where

Figure 1. a) Map of the study area within the mangrove estuary; b) spatial
location of the sediment cores within the sedimentary environments.
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they were thawed and lyophilized before analysis.

2.3. Electrochemical methods

Electrochemical experiments were performed at 298 ± 1 K in a
conventional three-electrode cell. Sample-modified working electrodes
were combined to a platinum wire auxiliary electrode and an Ag/AgCl
(3M NaCl) reference electrode. Measurements were carried out with CH
660I equipment using 0.25M acetic acid/sodium acetate aqueous
buffer at pH 4.75 as a supporting electrolyte. Commercial graphite
leads (Staedtler HB type, 68 %wt graphite) were used as a working
electrode. Before sampling, the electrode surface was polished with
alumina, rinsed with water and dried by pressing over paper. For
sample-modified electrode preparation, an amount of ca. 1–2mg of the
solid sample was extended on the plane face of an agate mortar,
forming a spot of finely distributed material. Then, the lower end of the
graphite electrode was gently rubbed over that spot of sample; as a
result, an amount below a microgram of soil sample was adhered to the
graphite surface. This was rinsed with water to remove ill-adhered
particles and then the electrode was dipped into the electrochemical
cell so that only the lower end of the electrode containing the adhered
sample was in contact with the electrolyte solution. To mimic the
natural environment and electrochemically generate ROS, no degasifi-
cation of the electrolyte was performed. Semi-derivative deconvolution
was optionally applied to voltammetric data to enhance signal resolu-
tion.

2.4. Spectroscopical methods

ATR-FTIR spectroscopy was carried out using a VERTEX 70 (Bruker
Optics) Fourier transform infrared spectrometer using a MKII Golden
Gate Attenuated Total Reflectance (ATR) accessory and a fast recovery
deuterated triglycine sulphate (FRDTGS) temperature-stabilized coated
detector. 16 scans were collected at a resolution of 4 cm−1.

2.5. Total organic carbon analysis

Total organic carbon (TOC) contents were determined after in-
organic carbon removal by acidification using a Thermo Finnigan ele-
mental analyzer set to an analytical precision of 0.1%.

2.6. Statistical analyses

Pearson correlation tests were performed to evaluate the relation-
ship between geochemical proxies and TOC, whereas the spatial
variability between sedimentary environments (mudflat and mangrove
forest) was evaluated by using an analysis of variance (ANOVA), with
previous data normalization and testing by Shapiro–Wilk Test of data
normality. A significance level of 0.05 was accepted for all tests.

3. Results and discussion

3.1. Voltammetric patterns

Fig. 2 shows the cyclic voltammogram, after semi-derivative con-
volution, of a glassy carbon electrode modified with an exemplified
sample immersed into aqueous acetate buffer at pH 4.75. In the anodic
region, the voltammetry of sample-modified electrodes produced one or
more oxidation peaks at potentials between +0.2 and + 0.8 V vs. Ag/
AgCl (Aorg1) preceding a prominent but ill-defined wave at ca. +1.0 V
(Aorg2) overlapped with the oxygen evolution process appearing as a
rising current at potentials above +1.1 V. In the cathodic region, there
are no cathodic counterparts (Corg2) for the above oxidation processes,
instead a signal reduction of around +0.60 V (Corg1) appears, often
accompanied by a series of weak overlapping cathodic signals between
−0.2 and −0.6 V (Corg3). These signals precede a prominent cathodic

wave presumably resulting from the superposition of the reduction of
dissolved oxygen to any reduction of organic matter (Cox + Corg4) at ca.
−0.75 V, in turn preceding the rising cathodic current for the hydrogen
evolution reaction at ca. −0.75 V (CHER).

Although they may be attributed to the electrochemical oxidation or
reduction of organic substances, the observed processes may result from
the superposition of the signals for a relatively high number of com-
pounds, so that no identification of concrete components is allowed
from voltammetric data exclusively. In spite of this, comparisons with
VIMP data for lignins (Milczarek, 2009; Admassie et al., 2014; Cottyn
et al., 2015) and different organic compounds (Komorsky-Lovrić and
Novak, 2009, 2011; Doménech-Carbó et al., 2015, 2017) suggest that
the Aorg1 process may be attributed to the oxidation of o-catechol
groups to the corresponding o-quinones, whereas the oxidation of single
phenol groups and/or methoxi phenols would occur at more positive
potentials (Aorg2 process). The Corg1 process would be the cathodic
counterpart of the fraction of Aorg1 oxidations, having electrochemical
reversibility. In turn, the Corg3 and Corg4 processes might mainly be
attributed to the reduction of organic compounds having quinone
functionalities. In the second anodic scan, the Aorg1 and Aorg2 peaks
lowered, whereas a series of additional oxidation signals (Aoxorg) be-
tween −0.2 and + 0.2 V appeared, thus suggesting (vide infra) that
new electrochemically oxidizable organic components have been gen-
erated during electrochemical turnovers (Doménech-Carbó et al., 2015,
2017).

This voltammetry may be rationalized by considering that the se-
diment samples contain a variety of organic components. Much of some
components (i.e., hydrocarbons and humic acids) are in principle
electrochemically silent, but they would be accompanied by com-
pounds able to experience electrochemical oxidations and/or reduc-
tions (i.e., indolic, polyphemolic and quinonic compounds). In parti-
cular, lignins, cross-linked phenolic polymers could experience
electrochemical oxidations and reductions, being coupled to substitu-
tion, addition, coupling and bond cleavage reactions (Milczarek, 2009;
Admassie et al., 2014; Cottyn et al., 2015). In this context, the Aorg1 and
Aorg2 electrochemical signals may be attributed to the oxidation of or-
ganic compounds existing in the sample. The first signal (Aorg1), cou-
pled to the Corg1 cathodic wave, may be assigned to processes with high
electrochemical reversibility, typically, oxidation of o-catechol units in
flavonoids and related polyphenolic compounds (Komorsky-Lovrić and
Novak, 2009, 2011; Doménech-Carbó et al., 2015, 2017). The second

Fig. 2. Cyclic voltammogram, after semi-derivative convolution, of a glassy
carbon (conditioning protocol ii) electrode modified with a sample immersed
into 0.25M HAc/NaAc aqueous buffer at pH 4.75. Potential scan initiated at
0.0 V in the negative direction; potential scan rate 50mV s−1.
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oxidation process (Aorg2) may be attributed to irreversible oxidations,
typically involving phenol and methoxy units, whereas the Corg2

cathodic signal, which is frequently absent, would correspond to the
reduction of quinonic compounds in the sediment (Doménech-Carbó
et al., 2015, 2017).

3.2. Electrochemical indexes

The recorded voltammetric pattern changed significantly from one
sediment sample to another, as may be seen in Fig. 3. The cyclic vol-
tammograms were recorded at glassy carbon electrode modified with
four examples of sediments, as depicted.

The significant variability observed in the relative height of the
different voltammetric signals suggests that the chemical composition
of the organic fractions have experienced significant changes. Taking
into account the interpretation of voltammetric signals, several in-
novative electrochemical indexes may be operationally defined:

a) The sum of the intensities of voltammetric signals Aorg1, Aorg2,
Corg3 and Corg4 (the latter after subtracting the current for process Cox)
would be representative of the total amount of organic matter being
electrochemically active (in the following, electrochemically active or-
ganic matter, EAOM). As far as the amount of sample transferred onto
the graphite electrode cannot be accurately fixed, one may oper-
ationally define a EAOM index, fEAOM as the ratio of the sum of the
above peak currents and the peak current for the reduction of dissolved
oxygen:

fEAOM = [ip(Aorg1) + ip(Aorg2) +ip(Corg3) + ip(Corg4)] / ip(Cox) (1)

b) The ratio between the peak currents of the Corg1 and Aorg1 coupled
signals would be representative of the fraction of organic matter elec-
trochemically oxidizable which displayed a reversible behavior. This
will be termed in the following as the fraction of organic matter elec-
trochemically oxidizable in reversible form (electrochemically re-
versible organic matter, EROM) and the corresponding index re-
presented by fEROM.

fEROM = ip(Corg1) / ip(Aorg1) (2)

c) The ratio between the Corg3 plus Corg4 signals and the Aorg1 plus Aorg2

signals would be representative of the proportion between the fractions
of electrochemically active organic matter which is in an oxidized state

Fig. 3. Cyclic voltammograms, after semi-derivative convolution, of glassy
carbon (conditioning protocol ii) electrodes modified with samples increasing
in depth from a to b, immersed into 0.25M HAc/NaAc aqueous buffer at pH
4.75. Potential scan initiated at 0.0 V in the negative direction; potential scan
rate 50mV s−1. Dotted lines represent the base lines used for measuring peak
currents.

Fig. 4. ATR-FTIR spectrum of sample. Inset: detail of the spectrum in the region between 3800 and 1200 cm−1. Continuous arrows mark the absorption bands
associated to organic matter and dotted arrows those resulting of the superposition of organic and inorganic components in the OH stretching region.
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and in reduced state, represented by the fRDOX index.

fRDOX = [ip(Corg3)+ ip(Corg4)]/[ip(Aorg1)+ip(Aorg2)] (3)

d) Since, as previously noted, the Aorg1 and Aorg2 signals appearing
in the first anodic potential scan behave differently in the second and
successive anodic scans when the potential is switched at potentials
under −1.0 V and are accompanied by additional Aoxorg signals re-
sulting from the reaction of parent organic compounds with electro-
chemically generated ROS, an index quantifying the capability for re-
action with such reactive species, fROS may be defined as:

fROS = [ip(Aoxorg)]/[ip(Aorg1)+ip(Aorg2)] (4)

The variation of the fEROM (Fig. 5) and fRDOX (Fig. 5) indexes exhibit
significant variations that are more pronounced for mudflat samples. In
both cases, however, there is a common smooth tendency to increase
the value of fEROM above 20 cm depth. In contrast (Fig. 5) the fROS in-
cluding depth follows a similar, irregular pattern for both mangrove
forest and mudflat samples. This behavior can reflect a close similarity
in the reactivity with ROS.

Table 1 summarizes statistical tests comparing these datasets,
showing that core MG had significantly higher fRDOX, while no sig-
nificant difference was found for fEAOM. These findings revealed that the
different environmental conditions resulted in contrasting redox states
of organic matter.

3.3. ATR-FTIR spectra

Fig. 4 depicts the ATR-FTIR spectrum of a sample representative of

typical sediment spectra. Such spectra are dominated by intense ab-
sorption bands around 1000 cm−1 which may be attributed to silicate
bands representative of clays forming the majority of absorbing species
in the samples. Obviously, silicate bands obscure a significant part of
the spectra due to organic matter, which is unambiguously represented
by weak bands at ca. 1650 and 1400 cm−1. The former may be assigned
to the highly characteristic carbonyl band, whereas the latter would be
mainly representative of CeH vibrations. A detail of such bands may be
seen in the inset in Fig. 4, corresponding to the spectral region between
3800 and 1200 cm−1. The absorption band around 1650 cm−1 is
characteristic of carbonyl groups, whereas the band at 1400 cm−1 may
be assigned to CeH vibrations of alkanes and also to C]C bonds of
aromatic compounds, (as for example phenolic compounds). In the
region between 3800 and 3000 cm−1, a weak broad band was also
recorded, accompanied by the narrow bands at ca. 3600 and
3650 cm−1. The latter can be attributed to crystalline silicates con-
taining OH units, while the broad bands can result from both organic
substances containing OH groups and minerals containing water of
hydration.

Based on the preceding electrochemistry, one may consider, on first
approximation, that the intensity of the C]O band, A1650, would be
representative of the amount of organic substances in an oxidized state
that could be electrochemically reducible (assuming the previously
indicated reduction of quinones to catechols) whereas the intensity of
the broad OH band, A3400, would be roughly representative of the
fraction of organic matter having OH units (potentially oxidizable to
carbonyls) (Doménech-Carbó et al., 2015, 2017). The A1650/A3400 ratio
may tentatively be treated as equivalent to the ratio between the or-
ganic matter in oxidized state and the organic matter in reduced state,
previously represented by the electrochemical index fRDOX. Pertinent
comparison will be further described (vide infra).

3.4. Comparisons of proxies and correlations with TOC

Fig. 5 compares electrochemical and spectroscopical indexes for
samples in this study. It may be observed that there is a coherence
between the depth variation of the fRDOX) and spectrochemical (A1650/
A3400) indexes. Table 1 summarizes the data for the statistical corre-
lation between the different series of data for mudflat and mangrove
forest samples. The data suggest that it is possible to attribute a geo-
chemical meaning to the electrochemical (fEAOM, fRDOX) and spectro-
chemical (A1650/A3400) indexes. Firstly, the values of such parameters
evidenced that the organic matter within the mangrove forest is in a
more oxidized state in comparison with the organic matter within the

Fig. 5. Electrochemical and spectroscopical indexes obtained for the mudflat (“MF”) and mangrove (“MG”) cores. Fraction of electrochemically active organic matter
(fEAOM); electrochemical (fRDOX) and FTIR (A1650/A3440) indexes for the relative proportion between organic matter in oxidized redox state and in reduced state are
given against sediment depths and ages (derived from 210Pb-dating).

Table 1
Analysis of variance (ANOVA) results for the geochemical proxies and TOC
contents within sedimentary zones in the “Manglares de Tumbes” National
Sanctuary. M: Mudflat core; MG: Mangrove forest core. *p < 0.05; NS, not
significant.

Variables Average values Statistical significance

f RDOX F: 1.68 ± 0.60
M: 0.69 ± 0.30

* MF < MG

f EAOM F: 0.47 ± 0.24
M: 0.63 ± 0.26

NS

A1650/3400 F: 1.02 ± 0.25
M: 0.74 ± 0.08

* MF < MG

TOC (μmol g−1) F: 2223.87 ± 768.26
M: 895.43 ± 159.80

* MF < MG
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mudflat area, suggesting that the mangrove vegetation favors a higher
organic matter accumulation (Kristensen et al., 2008; Sanders et al.,
2014).

The non-significant differences in the fEAOM index values between
both sedimentary environments (Table 1) suggest that the sedimentary
organic matter suffered degradation by hydrolysis or bacterial re-
spiration processes being representative of the global organic electro-
active matter by EAOM (Lovley et al., 1996). Furthermore, the fEAOM
values increased with depth, suggesting that the organic matter located
below 20-cm depth (Fig. 5) represents the organic matter that has been
exposed to an oxidative degradation for a longer period of time in
comparison with the more recent and fresh organic matter present in
superficial sediments (Kaushal and Binford, 1999; Kristensen et al.,
2008).

The fRDOX index was significantly higher within the mangrove forest
in comparison with the mudflat area (Fig. 5), suggesting that the EAOM
within the mangrove forest is in a more oxidized state as compared with
the EAOM within the mudflat area. The mangrove forest tends to ac-
cumulate more organic matter for longer periods of time (Duarte et al.,
2005; Sanders et al., 2014), whereas a fraction of the organic matter
that reaches the mudflat area tends to be transported by the tidal re-
gime (Kristensen et al., 2008; Kathiresan and Bingham, 2001). In this
context, the accumulated organic matter within the mangrove forest is
more influenced by the environmental oxidizing conditions, turning
this sedimentary environment into a more refractory area (because it is
already oxidized) in comparison with the mudflat area which would
present more phytoplanktonic-derived organic matter and lower man-
grove contribution than the mangrove forest (Fig. 5).

Finally, the A1650/A3400 index (Fig. 5) exhibited significantly higher
values within the mangrove forest in comparison with the mudflat area
(Table 1), suggesting that the organic matter contents within the
mangrove forest presents higher carbonyl groups, which is expected to
be found in more degraded sedimentary organic matter (Canfield, 1993;
Li and Lee, 1998), whereas the organic matter contents within the
mudflat area would present higher contents of hydroxyl groups, sug-
gesting the presence of organic matter displaying lower oxidation states
(Meyers, 2003). Nevertheless, the sediment profiles exhibited the
highest values towards the base of the sediment core for both sedi-
mentary environments (Fig. 5), suggesting that the organic matter in
subsurface intervals is in a more oxidized state (Kathiresan and
Bingham, 2001; Kristensen et al., 2008) being consistent with the other
electrochemical indexes.

Fig. 6 shows a large contrast in the variability of TOC concentrations
in the studied sediments, with low variable values along the core “MF”

and much higher values within the upper 50 cm depth of core “MG”.
Therefore, TOC contents were significantly higher within the mangrove
forest (Table 1). Indeed, studies have shown that estuarine areas that
are directly exposed to the tidal forces are frequently washed out
(Gibbs, 1985; Furukawa et al., 1997; Pérez et al., 2018a), whereas se-
dimentary areas with less energy diffusion retain greater amounts of
organic matter in sediments (Derrau, 1978; Badarudeen et al., 1996;
Pérez et al., 2017). Our results are consistent with the dynamic de-
scribed above, exhibiting the higher contents of TOC within a mangrove
forest (Fig. 6) that is less exposed to the wash out process, which in turn
may positively influence carbon accumulation in this sedimentary en-
vironment (Canfield, 1993; Breithaupt et al., 2012; Pérez et al., 2017).
Additionally, mangrove forest sediments contain dense root systems
that provides stability in muddy waterlogged sediments (Kathiresan
and Bingham, 2001; Black and Shimmield, 2003), and protection
against the hydrological forces (Alongi, 2014; Pérez et al., 2018b),
which probably influenced the greater TOC contents observed above
50 cm depth (Fig. 5). It is important to note that these findings were
consistent even considering that the results showed in Table 1 present
relatively important uncertainties, associated to a temporal variability
exceeding one century in the organic matter input to the sediments
studied (Fig. 6).

These higher TOC contents of core “MG” presented statistically
significant correlations with the electrochemical index fRDOX and the
spectroscopic index A1650/A3400, while the results from core “MF” did
not display any significant correlation trend (Fig. 7). These significant
correlations observed for the mangrove forest sediments were negative,
indicating that the larger organic matter accumulation along with se-
diment depth is associated with a less oxidized state. This finding
supports the interpretation that the mangrove organic matter accu-
mulated during the last century tends to be less oxidized than in ad-
jacent bare sediments where the contributions from non-mangrove or-
ganic matter (i.e., algal organic matter) tend to be higher. Since the
conditions of the study site are almost pristine, further studies should be
conducted in order to evaluate how the electrochemical and spectro-
scopic indexes would respond to eutrophicated conditions, since the
anthropogenic fertilization in the coastal zone may affect the nature of
organic matter accumulated within the mangrove ecosystems, resulting
in larger algal material deposition in mangrove fringes than under
natural conditions (Sanders et al., 2014).

4. Conclusions

Application of the voltammetry of immobilized particles metho-
dology for analyzing mangrove sediments yields well-defined electro-
chemical responses using microparticulate deposits from ethanolic ex-
tracts of samples from the “Manglares de Tumbes” National Sanctuary
(Perú). Voltammetric features corresponding to the oxidation of organic
matter in contact with aqueous acetate buffer presented significant
variations in regard to the reversibility and relative intensity of the
signals depending on the depth and origin of the sediments. Different
electrochemical indexes may be defined as being representative of the
fraction of electrochemically oxidable organic matter, the reversibility
of such oxidation and the reactivity with electrochemically generated
reactive oxygen species. Voltammetric indexes may be correlated with
data from infrared spectroscopy as well as conventional analytical data
(i.e., total organic content and isotopic signatures), suggesting that
there exists a possibility of incorporating this solid-state electro-
chemical methodology to the pool of analytical techniques im-
plemented in chemoecology.
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