
Chemosphere 376 (2025) 144262

Available online 4 March 2025
0045-6535/© 2025 Elsevier Ltd. All rights are reserved, including those for text and data mining, AI training, and similar technologies.

Mercury dynamics in the mangrove-influenced estuary of the Parnaíba 
Delta, Brazil

Andreia C.M. Rodrigues a,* , Natalia Torres-Rodriguez a, Jingjing Yuan a,b , Aurélie Dufour a,  
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• This study gives critical baseline data on 
mercury dynamics in a pristine 
mangrove system.

• Low tHg and dMeHg levels confirm the 
pristine state of the Parnaíba River 
Delta.

• Tidal exchange with the ocean is asso
ciated to low Hg levels.

• Particulate Hg is effectively sequestered 
to fine-grained mangrove sediments.

• Pristine mangroves act as a blue carbon 
and blue mercury ecosystem.
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A B S T R A C T

The Parnaíba River Delta (PRD), located in northeastern Brazil, is an ecologically crucial estuarine system little 
impacted by anthropogenic activities. This study aimed to assess mercury (Hg) contamination levels in the water 
and sediments and their link to changes in the hydrographic parameters across the delta to evaluate spatial 
distribution patterns and Hg speciation. Water and surface sediment samples were collected from 12 stations 
throughout the PRD. Results showed that total Hg (tHg) levels ranged from 4.27 to 39.01 pM, with the majority 
associated with particles (pHg: 16.03 ± 9.95 pM). Dissolved methylmercury concentrations (dMeHg: 0.043 ±
0.015 pM) were low and represented a minor fraction of Hg. Seawater intrusion during flood tide was associated 
with lower levels of all Hg species. Particulate Hg was sequestered and stored in the fine-grained mangrove 
sediments (0.14–28.2 ng g− 1 dry weight). Our study provides baseline data on Hg cycling in the PRD, 
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highlighting its pristine condition and function as a buffer between terrestrial and marine environments. Pristine 
mangrove systems are effectively sequestering carbon and mercury and should, therefore, be considered as blue 
carbon and blue mercury ecosystems for mitigation strategies.

1. Introduction

Mercury (Hg) contamination is a global environmental issue that 
threatens human health and ecosystems (Outridge et al., 2018). Mercury 
is a toxic trace metal that can bioaccumulate in organisms, leading to 
adverse effects, including neurological damage, reproductive failure, 
and even death. Recent decades have witnessed extensive investigations 
into Hg biogeochemistry across terrestrial, atmospheric, and aquatic 
systems, with a growing focus on coastal ecosystems (Lei et al., 2019; Liu 
et al., 2021; Sonke et al., 2013). Coastal environments play a pivotal role 
in the global Hg cycle, functioning not only as repositories for Hg 
transported from terrestrial sources but also as potential contributors to 
the ocean (Cossa et al., 2024; Fitzgerald et al., 2007; Liu et al., 2021).

In coastal areas, Hg behaves uniquely compared to other trace metals 
because of the diverse range of dissolved Hg species in the water 
(Horvat, 1997) and the potential evasion of gaseous Hg species (Fisher 
et al., 2012). Dissolved Hg species in estuarine waters exhibit complex 
behavior due to the mixing of freshwater and seawater, as well as the 
presence of suspended particulate matter (SPM) and dissolved organic 
matter (DOM) (Coquery et al., 1995). The dominant dissolved Hg spe
cies include inorganic divalent mercury (Hg2+), methylmercury 
(MeHg), and elemental mercury (Hg0) (Ullrich et al., 2001a). Hg2+ tends 
to form strong complexes with DOM and chloride ions, with the relative 
importance of these complexes varying along the salinity gradient. 
MeHg, the most toxic and bioaccumulative Hg species, exists primarily 
in two forms: monomethylmercury (MMHg) and dimethylmercury 
(DMHg). MeHg is produced by anaerobic bacteria through the methyl
ation of inorganic Hg species, and its distribution is influenced by factors 
such as redox conditions, organic matter content, and sulfide concen
trations (Cabrol et al., 2023; Rosati et al., 2018; Villar et al., 2020). 
Dissolved gaseous Hg0 is produced through biotic and abiotic reduction 
processes, and its concentration is controlled by the balance between 
reduction and oxidation reactions, as well as air-water exchange. The 
partitioning and speciation of dissolved Hg species in estuaries are 
further complicated by the formation of colloidal complexes, adsorption 
onto suspended particles, and flocculation processes (Gworek et al., 
2016). Particulate mercury (pHg) plays a significant role in areas 
characterized by high primary productivity and coastal regions (Cossa 
et al., 2018; Fitzgerald et al., 2007). The divalent form of Hg (Hg2+) 
exhibits an especially strong affinity for particles in the water column 
(Lamborg et al., 2016; Tesán-Onrubia et al., 2020). This diversity, along 
with Hg high reactivity, leads to important speciation changes in estu
arine environments, potentially affecting its bioavailability along estu
arine gradients (Lacerda et al., 2001a). Mangroves are particularly 
important for the marine biochemical cycle of dissolved organic carbon 
(DOC), contributing up to 15% to coastal sediment carbon storage and 
approximately 10% to the export of particulate terrestrial carbon to the 
ocean (Lei et al., 2019).

Recent research has advanced our understanding of rivers (Liu et al., 
2021), submarine groundwater discharge (Aleku et al., 2024), and at
mospheric inputs (Jiskra et al., 2021) to the ocean. Mercury cycling in 
mangrove estuaries remains understudied. These results notwith
standing, research on Hg levels and biogeochemical mercury cycling in 
mangrove areas is still limited compared to other metals (Lacerda et al., 
2022), and the importance of continuous monitoring and studying the 
direct impact of the site-specific contamination on the local food web 
and the ecosystem has been highlighted (Lei et al., 2019; Viana et al., 
2023). Mercury methylation in mangrove sediments and the subsequent 
release of MeHg into adjacent waters might influence the local and 
global Hg cycling dynamics. Bergamaschi et al. (2012) estimated that 

mesohaline estuarine mangrove swamps of the Shark River estuary 
(Everglades National Park, Florida, USA) reinforced the tidal-driven 
contribution of these systems with 10% of the global terrestrial flux of 
DOC, and estimated yields of Hg (tHg: 28 ± 4.5 μg m− 2 yr− 1; MeHg: 3.1 
± 0.4 μg m− 2 yr− 1) to nearby coastal waters. A study in the La Puntilla 
estuary in Ecuador has shed light on the presence of Hg in mangrove 
sediments and has highlighted its potential ecological and human health 
risks (Velásquez-López et al., 2020).

Mangrove ecosystems epitomize evergreen ecosystems persistently 
distributed along the gradient from mean sea level to the zenith of the 
highest spring tide across tropical and subtropical regions. Flourishing 
under stressful environmental conditions, encompassing substantial 
tidal amplitude differentials, high salinity, elevated thermal regimes, 
and anoxic, silt-laden substrates, these ecosystems assume a paramount 
role in buttressing human socio-environmental equilibrium 
(Awuku-Sowah et al., 2022). Ecosystem services provided by mangrove 
systems play a vital role in human sustainability, including nutrient 
cycling, soil formation, wood and food production. They also hold great 
ecological relevance, serving as nurseries and habitat for several marine 
species, and carbon reservoirs, being one of the most productive and 
biologically complex ecosystems on earth (Rovai et al., 2022). Brazil 
boasts the second-largest mangrove area globally (Diniz et al., 2019; 
Rovai et al., 2022). Mangrove areas are important for stabilizing coastal 
areas and reducing erosion, with the benefits provided by these systems 
of flood protection estimated to be around $US 65 billion per year 
(Menéndez et al., 2020). Moreover, mangrove’s complex root systems 
increase particle deposition from the water, improving the water quality 
flowing from rivers and streams into the estuarine and ocean systems 
(Awuku-Sowah et al., 2022). The high productivity, abundant organic 
matter, and complex root systems of mangroves create ideal conditions 
for trapping and retaining particulate matter, including Hg-bound par
ticles from both terrestrial and aquatic sources, making them key areas 
for the transport, transformation, and accumulation of particulate Hg. In 
sediments, most chalcophile metals, including Hg, predominantly 
accumulate as species that exhibit low bioavailability. This, together 
with the typical high sediment accretion rates, play a vital role in 
mitigating metal contamination (Lacerda et al., 2022). However, there is 
currently no consensus regarding whether mangrove ecosystems act 
primarily as sources or sinks for Hg and MeHg. Some studies have shown 
that mangroves can efficiently sequester and retain Hg in their sedi
ments over decades, suggesting they function as long-term sinks (Castro 
et al., 2021). However, other research indicates that mangroves may 
also serve as sources of Hg and MeHg to adjacent coastal waters, 
particularly during periods of tidal flushing or heavy rainfall (You et al., 
2024). Huang et al. (2020) highlighted the importance of seawater in
puts and tidal action on Hg biogeochemical cycling on mangrove sys
tems, with sediments from two mangroves from China serving as sinks 
for Hg after atmospheric deposition into seawater and functioning as a 
source of up to 40 % of Hg to the coastal ocean. Contrastingly, an 
assessment of several metals but not Hg in the sediments of the Parnaíba 
River Delta (PRD), located in the semi-arid coast of northeastern Brazil, 
described this area as having a pristine condition, except for the more 
urbanized Igaraçú channel near Parnaíba city (Paula Filho et al., 2021). 
Mangroves can act as a Hg sink when deposited under anoxic conditions 
and immobilized as sulfides or coprecipitated with pyrites (Lacerda 
et al., 2022). On the other hand, mangroves can be a source of Hg when 
the precipitated compounds are oxidized by radial oxygen loss due to 
oxygen diffusion from mangrove roots or erosion or deforestation, 
releasing Hg to porewaters, where it can complex and be exported with 
DOC (Lacerda et al., 2020). Despite their potential importance in Hg 
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cycling, mangrove ecosystems are not yet considered in global budgets 
and models. This omission represents a significant gap in our under
standing of Hg dynamics in coastal environments, particularly as man
groves are widespread in tropical and subtropical regions where Hg 
contamination can be a concern.

In the face of escalating environmental and health apprehensions 
associated with Hg contamination and robust information about Hg in 
the environment to fulfil Minamata Convention goals, the intricate 
mechanisms governing the dynamics of Hg within mangrove ecosystems 
have received limited investigative attention. This conspicuous paucity 
of research underscores the need for a more concerted scientific 
endeavor to comprehend the complex behavior of Hg in mangroves, 
which is paramount considering the mounting ecological and human 
health implications.

Furthermore, this semi-arid coastal region is experiencing great im
pacts due to climate change, including altered hydrodynamics and 
increasing marine influence. These changes have led to reduced conti
nental runoff into the ocean due to decreased rainfall and damming of 
rivers. Along with heat accumulation in the South Atlantic, a positive 
feedback loop is created, resulting in prolonged water residence time in 
estuaries, extending saline intrusion, sediment accumulation, and the 
expansion of mangroves. Mercury dynamics show that higher concen
trations and fluxes occur from rivers to estuaries, accumulating as par
ticulate Hg within estuaries. Dissolved and reactive Hg fluvial fluxes are 
minimal during rainy periods but increase during the dry season. 
Conversely, while deposition to mangrove sediments reduces Hg 
bioavailability (Lacerda et al., 2020), the export of dissolved Hg species 
from mangroves, mainly during the dry season, might increase Hg 
bioavailability. Overall, changing coastal sedimentation-erosion equi
librium or climate dynamics, may increase Hg accretion to and fixation 
in mangrove sediments. If, for example, the sediment load of rivers is 
increased by basin land use, such as agriculture, or if conditions become 
drier, like in NE Brazil, where the dry season is extended, this amplifies 
the export of dissolved Hg and increases the risk of contamination in 
estuarine and coastal ecosystems. Changes in hydrodynamics also affect 
the production and degradation of MeHg in mangrove sediments by 
influencing redox conditions, microbial activities, and the availability of 
dissolved reactive Hg, all variables that significantly impact rates of Hg 
methylation and demethylation (Cossa et al., 2014; Eom et al., 2024; 
Liem-Nguyen et al., 2016). Therefore, it is highly probable that a similar 
pattern observed for total dissolved Hg occurs for MeHg, with man
groves also exporting this toxic Hg species, mostly during dry periods. 
Unfortunately, however, the very limited data on MeHg concentrations, 
cycling, and fluxes in mangrove ecosystems may impair generalizations 
(Lei et al., 2019).

Thus, our study aims to investigate the distribution of Hg and its 
partitioning along the mangrove system of the PRD, as this is a unique 
pristine delta, which is not directly affected by anthropogenic activities. 
We collected water and sediment samples from 12 stations within the 
study area. Specifically, we examined these Hg species in the dry season 
and throughout a tidal cycle. Extended water residence times during dry 
periods are anticipated to prolong exposure to higher salinity in the 
upper estuary, potentially enhancing the mobilization of Hg, favoring its 
complexation with available organic matter, and facilitating Hg trans
port downstream to lower estuarine regions, where it bioaccumulates. 
This increase in complexation is likely due to incomplete organic matter 
degradation by anaerobic microorganisms under prolonged flooded 
conditions with low freshwater input, as reported in other NE Bazil es
tuaries (Lacerda et al., 2020; Soares et al., 2021). The findings of our 
study provide new and valuable information for the ecological risk 
assessment and management of Hg contamination in mangrove systems.

2. Material and methods

2.1. The Parnaíba River Delta

The study was conducted in the PRD, located in the Equatorial Zone 
of Northeast Brazil, between the states of Piauí and Maranhão. The PRD 
system is a complex and ecologically relevant ecosystem, providing 
habitats for diverse plant and animal communities. The total area of the 
delta is about 2700 km2 and is encircled by an Environmental Protection 
Area (EPA), a 3138 km2 federal conservation unit established in 1996 
and located at 02◦37′– 03◦05′ S and 42◦29′– 41◦09′ W (Fig. 1). Within the 
Delta, there are over 1500 km2 of pristine mangroves and associated 
ecosystems. The dominant tree species are Rhizophora mangle, Avicennia 
germinans and Laguncularia racemosa. Trees are tall, reaching over 20 m, 
and since the region is located in a transition climate zone, many typical 
Amazon species from flooded forests, such as the aquatic macrophytes 
Montrichardia linifera and Eichhornia azurea, and palms (mostly Areca
ceae) abound, mixed with mangroves at the higher estuary. Along the 
eastern sector, actively migrating coastal dunes frequently advance over 
mangroves, whereas in the western portion, tidal channels occur be
tween mangrove islands and deltaic plains (Szczygielski et al., 2015).

This climatic transition zone between the Semi-Arid and Pre-Amazon 
typically presents two marked seasons: a dry period when semi-arid 
conditions dominate, from July–August to December, and a wet sea
son from January to May–June, when higher rainfall results in large 
riverine contribution (Andrade et al., 2005). The Parnaíba River, the 
third largest in Brazil with a length of 1400 km and over 34,000 km2 of 
basin area, contributes a substantial freshwater flow ranging from 240 to 
nearly 3000 m3 s− 1 (average 600 m3 s− 1) (INMET, 2023; Paula Filho 
et al., 2015; SNIRH, 2023). The river’s discharge into the PRD divides 
into 5 major canals that flow through 73 islands, mostly colonized by 
mangroves, that are partially flooded during high tides. During the ebb 
period, mangrove creeks in these islands significantly contribute to 
surface and porewaters, since changing hydrostatic pressure gradients 
between flood and ebb periods trigger porewater exchange between 
mangrove soils and surface waters. Although no data on mangrove 
porewater contribution to the main canals of the PRD exists, pore water 
tidal pumping in mesotidal mangroves, recently reviewed by Cabral 
et al. (2024), suggests a contribution ranging from 12 ± 10% of the total 
flow. At a fixed station (P8, see sampling design below), temporal 
variability of ADCP-obtained water flows ranged from 240 to 616 m3s-1, 
average 432 m3s-1, during the ebb period and from − 130 to − 334 m3s-1, 
average − 263 m3s-1, during the flood period. Therefore, flows show a 
greater competence in ebb tide conditions, even with the campaign 
being carried out in the dry season (Santos and Lima, 2022).

The region is influenced by the Intertropical Convergence Zone 
(ITCZ) and the South Atlantic anticyclone. Annual rainfall averages 
1152 mm (Chielle et al., 2023). The duration of each season is influ
enced by the position of the ITCZ and the occurrence and intensity of the 
El Niño-Southern Oscillation (Hastenrath, 2006). The PRD is a mesotidal 
estuary with a semidiurnal tide regime with a maximum height of 3.3 m 
during spring tide and 1.7 m during neap tide. Northeast winds prevail 
throughout the year, with average speeds ranging from 2 to 6 m s− 1 

(Bittencourt et al., 2005).

2.2. Sampling design and collection

The sampling campaign was conducted at various locations within 
the PRD under the spring tide regime during the end of the dry season of 
2021 (Fig. 1). Water and sediment samples (12 stations and one 
anchoring at station 8, Fig. 1) were collected using a trace metal clean 5 
L GOFLO (General Oceanics) and a custom-made push corer, respec
tively. We sampled a sediment core to obtain porewaters at the P7 sta
tion, at the border of the mangrove. The sampling locations were 
strategically selected to cover a range of environmental conditions and 
potential anthropogenic contributions. Surface water temperature, 
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conductivity, pH, and dissolved oxygen (DO) were measured using a 
Conductive-Temperature-Depth - CTD (EXO2/YSI). DOC was analyzed 
by acidifying and purging a 4.0 mL aliquot with CO2-free nitrogen, 
followed by high-temperature catalytic oxidation using a TOC 5000 
Shimadzu analyzer, with phthalate solution as the standard (Lacerda 
et al., 2001b).

2.3. Sampling and mercury analysis

Filtration for dHg, dMeHg, and pHg was realized by pressurizing the 
GOFLO bottle to 0.5 bar with nitrogen gas at the top valve and using pre- 
combusted glass fibre filters (GF/F, 0.7 μm, Millipore) loaded in acid- 
cleaned perfluoroalkoxy (PFA) Savillex filter holders at the bottom 
valve (Suppl. Mat. Fig. S1). This setup, inspired by the GEOTRACES 
cookbook (GEOTRACES, 2017), avoids possible contamination and can 
be done in the field where no clean container or laminar flow hood are 
available. Filtered water MeHg samples were acidified to 0.5 % v:v with 
double distilled hydrochloric acid (HCl). Filtered dHg samples were not 
acidified in the field to avoid potential contamination. The GF/F filter 
was retrieved after filtering 0.5–3.75 L for pHg analysis. Sediment grab 
samples were taken by hand, and we sampled porewater run off during 
low tide directly into 60 mL glass vials (tHg) and 125 mL PET bottles for 
MeHg. Sediments and GF/F filters were stored in double-bag plastic bags 
and kept refrigerated for transport.

The tHg and dHg were measured by cold vapor atomic fluorescence 
(CV-AFS) (Heimbürger et al., 2015) according to US Environmental 
Protection Agency (US EPA) Method 1631. Powders of potassium bro
mide (KBr) and potassium bromate KBrO3 (Sigma Aldrich) were heated 
for 4 h at 250 ◦C to ensure cleanliness. The Hg-free powders were used 
together with bidistilled HCl to prepare a solution of bromine mono
chloride (BrCl). For the analyses, BrCl was added in excess, equivalent to 
0.1–0.5 % of the sample volume. The sample was left to react for 20 min 

or until the yellow color persisted. After oxidation, 20–35 mL of the 
sample was added to a FEP Teflon impinger and reduced with stannous 
chloride (SnCl2). The resultant Hg0 was transported with argon gas to a 
custom-made purge and trap system, amalgamated onto a gold trap, 
thermally decomposed, and analyzed by an atomic fluorescence spec
trometer (Brooks and Rand, Model 3). The measurements were cali
brated with a 7-point calibration curve (R2 > 0.9998) constructed with 
reference material NIST-3133. The certified reference materials ORMS-5 
(certified range 131 ± 6.5 pM, National Research Council Canada) and 
ERM-CA400 (certified range 83.8 ± 5.5 pM, European reference mate
rials) were analyzed at the beginning and end of each session for quality 
control. The CRMs were always within the certified range. Standard 
bracketing with reference material NIST-3133 was carried out every 2 to 
6 samples to account for the drift of the machine.

The dMeHg concentrations in the water samples were measured 
using a Gas Chromatography Sector Field Inductively Coupled Plasma 
Mass Spectrometry (GC–SF–ICP-MS) and quantified via isotopic dilution 
(Heimbürger et al., 2015; Monperrus et al., 2005). Glass bottles of 140 
mL capacity were heated to 450 ◦C for 4 h to remove Hg traces. 
Approximately 110 mL of the sample was added to the bottles, together 
with 1 mL of sodium acetate buffer solution (ULTREX II Ultrapure Re
agent, J.T. Baker). After buffer equilibration, the pH was adjusted to 4.2 
using 100–400 μL ammonia (NH3) (ULTREX II Ultrapure Reagent, J.T. 
Baker). Subsequently, isotopically enriched spikes were added in excess 
(4.2 for i199Hg and 5.1 for MM201Hg, ICS, Spain). A 5% v/v tetrapro
pylborate solution (Merseburger Spezialchemikalien) and 150 μL of 
isooctane (Sigma Aldrich) were added after pH adjustment. The bottles 
were then sealed with Teflon-lined crimp caps (Fisherbrand) and shaken 
for 15 min on an orbital shaker (Edmund Buhler KS15). After shaking, 
the organic phase containing the derivatized Hg species was transferred 
to vials for injection into a GC (THERMO GC 1300 with GC220 transfer 
module) coupled to a SF-ICP-MS (Thermo Element XR). The detection 

Fig. 1. Map showing the Paraíba River Delta (PRD) in the transition zone between the semi-arid and humid climate in NE Brazil. Hydrographic stations and sampling 
sites (P1 – P12), fixed tidal station (P8).
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limit was 0.001 pM at a signal-to-noise ratio of 3:1. To confirm the spike 
concentration (96.6 ± 7.9%), reverse isotopic dilution was conducted 
using a MeHgCl standard (Brooks Rand) traceable to NIST1641E.

Prior to pHg analysis, the filters were freeze-dried (Christ Gamma 
1–16 LSCplus) for 48 h. The Hg concentrations in the freeze-dried filter 
(pHg) and homogenized sediment samples (Hg sed) were measured by a 
cold vapor atomic absorption spectrometry (AAS, LECO AMA 254) ac
cording to the US Environmental Protection Agency (US EPA) method 
7473. Between 120 and 150 mg of each sediment sample and filter was 
placed in a cleaned nickel vessel and thermally decomposed in an oxy
gen gas stream. Then the Hg was selectively trapped with gold amal
gamation, heated, desorbed, and detected by AAS with a low-level 
optical cell. Calibration was performed using a NIST-3133 certified 
standard solution that was checked daily against the certified reference 
material marine sediment MESS-4 (National Research Council of 

Canada; 90 ± 40 ng g− 1), and always found within the certified range.

2.4. Data analysis

Multivariate data analyses were performed using principal compo
nent analysis (PCA) after data standardization. PCA is a widely used 
exploratory data analysis tool that identifies patterns and relationships 
between variables and observations. By plotting the loadings of these 
data’s principal components (PC1 and PC2), we can identify groups of 
samples with similar behaviour and the existing association among the 
original variables. The Pearson correlation analysis was applied to 
confirm the relationship between variables in evaluating Hg changes 
with water parameters and during a tidal cycle. This analysis helped 
assess the strength and direction of the relationships between variables. 
All statistical analyses were set at a significance level of 5 % and 

Table 1 
Values for water parameters (salinity, temperature – T, pH, dissolved oxygen – DO, dissolved organic carbon – DOC) and mercury species (particulate mercury – pHg, 
dissolved mercury – dHg, dissolved methylmercury – dMeHg) measured in waters and sediments (Hg sed) of the PRD at the studied hydrological stations. - stands for 
not analyzed.

Station Date Time 
(h)

Salinity T (◦C) pH DO (μM) DOC (μM) pHg (pM) dHg (pM) dMeHg (pM) Hg sed (ng 
g− 1)

P1 07/12/ 
21

12:03 0.10 29.0 8.60 199 2.66 14.73 3.13 – 0.17

P3 07/12/ 
21

10:44 0.30 29.7 8.67 178 2.45 11.27 2.0 0.045 0.24

P4 07/12/ 
21

9:30 0.30 29.4 7.23 222 3.15 21.18 2.33 0.060 –

P5 07/12/ 
21

9:00 13.7 29.2 6.48 165 2.76 7.70 1.16 0.053 0.20

P6 07/12/ 
21

13:55 0.10 30.7 9.13 229 2.86 10.62 3.11 0.073 0.16

P7 07/12/ 
21

15:30 0.32 31.6 6.80 224 4.53 24.97 – 0.054 –

P8 07/12/ 
21

20:30 30.5 29.1 7.35 72 2.12 – – – –

​ 07/12/ 
21

21:30 30.2 29.6 8.12 220 1.43 – – – –

​ 07/12/ 
21

22:39 28.6 29.2 8.20 156 1.45 10.27 0.34 0.041 –

​ 07/12/ 
21

23:30 26.4 29.8 7.83 201 1.88 – – – –

​ 08/12/ 
21

0:30 19.7 28.5 7.95 236 2.59 13.42 1.23 0.037 0.15

​ 08/12/ 
21

1:30 13.9 28.9 5.85 96 7.34 – – – –

​ 08/12/ 
21

2:30 10.5 29.7 7.77 124 3.47 35.23 1.67 0.036 –

​ 08/12/ 
21

3:30 9.07 30.6 7.18 188 3.54 – – – –

​ 08/12/ 
21

4:30 10.0 26.3 7.54 248 3.57 36.98 2.03 – –

​ 08/12/ 
21

5:30 14.8 30.2 7.25 187 3.25 – – – –

​ 08/12/ 
21

6:40 20.7 29.3 7.59 182 2.91 16.79 1.07 0.031 –

​ 08/12/ 
21

7:30 24.9 29.7 7.74 196 2.20 – – – –

​ 08/12/ 
21

8:40 27.3 29.3 8.02 154 2.26 12.81 1.02 – –

​ 08/12/ 
21

9:30 28.6 29.3 8.08 159 1.85 – – – –

P9 08/12/ 
21

18:20 30.0 28.9 7.50 156 1.74 11.67 1.29 0.031 0.14

P10 08/12/ 
21

10:45 28.2 29.6 8.09 144 2.28 1.80 – 0.026 4.90

P11 08/12/ 
21

12:20 30.0 29.6 8.07 147 3.21 25.63 – – –

P12 08/12/ 
21

14:57 29.4 30.4 8.14 168 2.60 2.63 1.64 0.025 –

​ 08/12/ 
21

14:57 29.4 30.7 8.26 215 2.60 14.73 3.13 – –

Mean ±
SD

​ ​ 18.3 ±
11.6

29.5 ±
1.0

7.74 ±
0.71

178 ±
43

2.83 ±
1.19

16.03 ±
9.95

1.80 ±
0.87

0.043 ±
0.015

0.85 ± 1.79
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performed using the software GraphPad Prism version 9.5.0 (La Jolla, 
California).

3. Results

3.1. Water parameters

The salinity distribution exhibited a substantial gradient across all 
sampled stations, spanning a range of 30.4. The lowest salinity value of 
0.10 was observed at P1 and P6, while the highest salinity of 30.50 was 
recorded at P8 (Suppl. Mat. Fig. S2). Temperature exhibited a spatial 
range of 5.3 ◦C. The lowest temperature, 26.3 ◦C, was registered at P8, 
whereas the highest temperature, 31.6 ◦C, was observed at P7. The pH 
exhibited a range of 3.28, with a minimum of 5.8 (P8) and a maximum of 
9.13 (P6). High dissolved oxygen (DO) concentrations were observed, 
with a range of 176 μM. The minimum DO concentration was 72 μM, 
while the maximum was 248 μM, both measured at P8 during the tidal 
cycle assessment. Similarly, DOC concentrations highest values, varying 
from 1.43 to 7.34 μM, were observed at P8. Table 1 shows values 
measured in waters of the PRD.

3.2. Mercury in the water, sediments and pore water

Table 1 contains the Hg values obtained from various hydrological 
stations. Higher values of pHg (>20 pM) were measured at stations P4, 
P7, P8 and P11. For dHg, higher values (≥2 pM) were observed at P1, 
P3, P4, P6, P8 and P12. With the exception of P12, located on Mel
ancieria bay, all other stations are innermost stations of the Parnaíba 
river, surrounded by mangroves (Fig. 1) and stronger fluvial influence 
(Suppl. Mat. Fig. S2). dMeHg accounted for 2 - 5 % of dHg, except at P8 
station (22h39, low tide) when dMeHg reached 12 % of dHg (Table 1).

The PCA distinguished two groups of variables based on two prin
cipal components (PC) that jointly explained 79.5 % of the total data 
variance (Fig. 2a). Principal component 1 captured 55.1 % of the vari
ance, primarily represented by the variables DO, dHg and salinity 
(Table 2, Fig. 2b). The PC2 accounted for 24.4 % of the variance and was 
mainly represented by temperature, pHg and pH (Table 2, Fig. 2b).

Hg concentrations in the sediments varied from 0.14 (P9) to 4.9 
(P10) ng g− 1 dry weight (dw, Table 1). At P6, extra samplings on the 
riverside showed higher levels of Hg (21.6 - 22.01 ng g− 1 dw), similar to 
P7 surface and deep sediments layers with 26.7 and 28.2 ng g− 1 dw of 
Hg, respectively. Porewater analysis showed a tHg concentration of 14.3 
pM.

pHg showed a significant positive correlation with DOC and a 
negative correlation with Hg in sediments (Table 3). Not surprisingly, 
dHg showed a significant negative correlation with salinity and positive 
significant correlations with DO and DOC (Table 3). A significant 
negative correlation was observed between dMeHg and salinity, juxta
posed with significant positive correlations with DO (Table 3).

3.3. Tidal cycle variability at hydrographic station P8

At hydrological station P8, a detailed examination was conducted to 
assess the temporal fluctuation of pHg, dHg and dMeHg in response to 
variations in water parameters throughout one tide cycle (Table 1 and 
Fig. 3). During the tidal oscillation, salinity presented a significant 
negative correlation with DOC (r = -0.94, p = 0.005). On the other hand, 
dHg showed a significant negative correlation with salinity (r = -0.93, p 
= 0.008) but positive with DOC (r = 0.95, p = 0.003). dMeHg presented 
a significant positive correlation with pH (r = 0.97, p = 0.028). pHg 
showed a significant negative correlation with salinity (r = -0.94, p =
0.005), and significant positive correlations with DOC (r = 0.88, p =
0.021) and dHg (r = 0.89, p = 0.018; Fig. 3c).

4. Discussion

We measured a mean value of 16.6 ± 10.4 pM of tHg in Parnaiba 
waters, which is more similar to values reported for Hg in adjacent shelf 
than in tropical mangrove waters. For instance, in the Itacurussa 
Experimental Forest (IEF), located in moderately contaminated Sepetiba 
Bay in SE Brazil, and influenced by different rivers known to have 
anthropogenic loads of Hg, mean values for tHg in mangrove creek 
waters were 28.0 ± 2.5 pM, whereas for adjacent open bay waters, 
lowers values were obtained (19.0 ± 8.5 pM) (Lacerda et al., 2001b). 
The similarity in tHg concentrations between the mangrove and sur
rounding waters can be explained by the low anthropogenic inputs to 
the PRD and the influence of coastal waters on the system. The lower 
values of Hg (Hg: 0.15–4.90 ng g− 1) obtained in the Parnaiba sediments 
also corroborate the lack of a substantial anthropogenic input of Hg in 
the region. The riverside samples taken at P6 (Hg: 21.6–22.01 ng g− 1) 
and P7 (Hg: 26.7–28.2 ng g− 1) are typically fine-grained, organic 
matter-rich, reduced mangrove sediments, characteristics that result in a 
large capacity of trace metals accumulation (Lacerda et al., 2022). In 
agreement with our results, Hg concentrations in the bottom sediments 
of the Upper Parnaíba River were reported, ranging from 4.2 to 58.5 ng 
g− 1 (Remor et al., 2018). Similar concentrations of Hg in the bottom 
sediments were measured in other Brazilian mangrove-dominated 
estuarine areas of NE Brazil, the Jaguaribe River estuary, during the 
dry season (9.9 ng g− 1) (Moura and Lacerda, 2022), the Ceará river 

Fig. 2. a) Biplot for principal component analysis (PCA) of particulate mercury (pHg), dissolved mercury (dHg), and water column parameters (dissolved organic 
carbon – DOC, dissolved oxygen – DO, pH, temperature – T and salinity); b) Individual and cumulative variance accounted for by each principal component.

Table 2 
Correlation coefficients of each variable to the principal components (PC).

PC1 PC2

Salinity 0.901 − 0.225
T − 0.431 − 0.821
DO − 0.959 0.045
pH − 0.414 − 0.632
DOC − 0.807 0.075
pHg − 0.504 0.755
dHg − 0.930 − 0.076
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estuary (12.7 ng g− 1) (Morgado et al., 2021), and the Cayenne estuary in 
French Guiana (47–60 ng g− 1 of Hg) (Fiard et al., 2022; Michelet et al., 
2021). These values are well below the legal limits defined by the na
tional regulation CONAMA Resolution No. 454/2012 for coastal sedi
ments (300–1000 ng g− 1). These results contrast with values reported on 
sediments of highly impacted subtropical mangrove areas, such as the 
industrialized Shenzhen Bay, South China, reaching 118 ng g− 1 Hg 
(Jiang et al., 2023), as well as, tropical mangrove areas with high in
dustrial and urban pressure, such as the Salado estuary, Ecuador, that 
presented sediments with high concentrations of Hg (1200–2760 ng g− 1 

dw) (Calle et al., 2018). tHg bioaccumulated in mussels inhabiting 
contaminated Salado estuary mangroves reached 4900 ± 760 ng g− 1 dw 
(Calle et al., 2018). As a comparison, PRD mangrove oysters show total 
Hg concentrations of 115 ± 31 ng g− 1 dw (V.L. Moura pers. comm). The 
fine-grained nature of mangrove sediments, combined with their high 
organic content, provides an ideal substrate for Hg adsorption (You 
et al., 2024). As pHg enters the system, it tends to be retained in 
organic-rich sediments. This process leads to a decrease in pHg in the 
water column, as observed in our study. The varying redox conditions in 
mangrove sediments, influenced by tidal cycles and organic matter 
decomposition, affect Hg speciation and partitioning. Under reducing 
conditions, Hg tends to form stable complexes with sulfides, further 
increasing its retention in sediments (Molina et al., 2023).

The dynamic behavior observed towards the end of the dry period, 
characterized by an already large supply of freshwater in the estuary 
system (Suppl. Mat. Fig. S2), has implications for the distribution and 
transport of Hg in the mangrove waters of the PRD. Specifically, the 
large supply of freshwater can affect the salinity of the mangrove waters 
(Chielle et al., 2023), which in turn can impact the solubility and 
mobility of Hg in the system (Clarke et al., 2023). Additionally, the 
influx of freshwater can introduce new sources of Hg into the system, 
such as runoff from agricultural or industrial activities at the upper 
reaches of the river basin. Therefore, understanding the dynamics of the 
estuary system during the dry period is crucial for predicting and 
managing the distribution and transport of Hg in the PRD mangrove 
waters. Our findings highlight that salinity plays a crucial role in shaping 
Hg distribution patterns along the estuarine gradient. We measured 
lower values of tHg (4.27–23.51 pM) at stations P4, P5, P9, P10 and P12. 
These stations are located at the mouth of the Parnaíba River estuary, 
the Cajú Bay, and the Manceieira Bay, which are areas with higher 
volumes of seawater mixing (Suppl. Mat. Fig. S2). Typical Atlantic 
Ocean seawater Hg levels 0.80 ± 0.42 pM (Cossa et al., 2018; Torres-
Rodriguez et al., 2024). The negative correlations observed between 
salinity and the quantified Hg fractions are in agreement with commonly 
reported progressive decreases in the dHg with seawater mixing at the 

lower estuary areas (Lei et al., 2019), but also in other wetlands formed 
in the intertidal zone of sheltered coasts, such as a salt marsh in Mas
sachusetts, USA (Wang and Obrist, 2022). Studies have shown that 
salinity gradients can impact the transformation and complexation of Hg 
species (Eom et al., 2024), affecting their potential toxicity and bio
accumulation in aquatic organisms (Moura and Lacerda, 2022). There
fore, the observed salinity profiles should be considered when assessing 
the distribution and fate of Hg in the PRD. The longitudinal changes in 
salinity and pH gradients due to the mix of freshwater and seawater 
along the PRD have also been observed to lead to a variability of the 
physicochemical conditions, playing a key role in the partitioning of 
trace metals, with a reduction of trace metals concentration with 
increased salinity and pH (Santos et al., 2024).

In our study, the contribution of pH to the partitioning of Hg in 
mangrove waters is more obvious during the 24 h tidal cycle evaluation. 
In general, we observed lower dHg values at points with higher pH, and 
higher dMeHg with increased pH. The influence of pH on Hg species and 
bioaccumulation in estuarine environments is a multifaceted issue 
involving chemical speciation, organic matter interactions, and biolog
ical processes (Ullrich et al., 2001b). Lower pH generally increases Hg 
solubility and availability due to strong proton competition for the Hg 
(II) binding sites (Haitzer et al., 2003). On the other hand, pH also 
contributes to changes on DOM conformation, which might alter how 
effectively DOC binds to Hg. Thus, changes in water chemistry, such as 
pH, redox potential, ionic strength, DOM, affect the size and structure of 
colloids, influencing the affinity for Hg (Aiken et al., 2011). Higher DOC 
concentrations in low-salinity sampling sites positively correlate with 
higher dHg, suggesting a possible exchange between the particulate and 
dissolved Hg phases as previously reported in mangrove-based estuaries 
(Bergamaschi et al., 2012; Marins et al., 1997; Martins et al., 2002; 
Mounier et al., 2001). The dominant role of Hg complexes with DOC has 
been previously highlighted for the tropical mangrove water from IEF, 
Brazil (Lacerda et al., 2001a). Incubation studies with mangrove sedi
ments from SE Brazil (Correia and Guimarães, 2017; De Oliveira et al., 
2015) found higher Hg methylation in the superficial fraction of sedi
ments varying from 0.5 to 7.8 % of the tHg concentration. In addition, 
plant roots and litter can also contribute to MeHg formation. MeHg 
formation in sediment also tended to increase with salinity, suggesting 
that sulfate-reducing bacteria (SRB) are important Hg methylators in 
mangrove sediments, acting in conjunction with iron-reducing (IRB) and 
methanogens. Cossa et al. (2014) developed a Michaelis-Menten type 
equation to describe the complex relationship between inorganic mer
cury (iHg) in sediments and MeHg production. Their model shows that 
MeHg production increases linearly with iHg at low concentrations, but 
this rate slows and eventually plateaus as iHg levels rise. This suggests a 

Table 3 
Correlation matrix between total mercury (tHg) and dissolved methyl mercury (dMeHg) concentrations in water column, and in sediments (Hg sed) and water pa
rameters at the studied hydrological stations (P1-12). Person’s r, p value, and number of samples (n). Detailed statistical parameters are presented in Suppl. Mat. 
Table S1.

Salinity T DO pH DOC pHg dHg dMeHg

T 
(n = 11)

r = − 0.323 
p = 0.333

​ ​ ​ ​ ​ ​ ​

DO 
(n = 11)

r = − 0.867 
p ¼ 0.001

r = 0.540 
p = 0.086

​ ​ ​ ​ ​ ​

pH 
(n = 11)

r = − 0.048 
p = 0.889

r = − 0.020 
p = 0.952

r = 0.015 
p = 0.966

​ ​ ​ ​ ​

DOC 
(n = 11)

r = − 0.530 
p = 0.093

r = 0.720 
p ¼ 0.013

r = 0.608 
p ¼ 0.047

r = − 0.368 
p = 0.266

​ ​ ​ ​

pHg 
(n = 11)

r = − 0.357 
p = 0.281

r = 0.216 
p = 0.523

r = 0.415 
p = 0.205

r = − 0.257 
p = 0.445

r = 0.644 
p ¼ 0.033

​ ​ ​

dHg 
(n = 8)

r = − 0.793 
p ¼ 0.019

r = 0.367 
p = 0.371

r = 0.849 
p ¼ 0.008

r = 0.494 
p = 0.213

r = 0.711 
p ¼ 0.048

r = 0.385 
p = 0.347

​ ​

dMeHg 
(n = 9)

r = − 0.842 
p ¼ 0.004

r = 0.326 
p = 0.391

r = 0.835 
p ¼ 0.005

r = − 0.005 
p = 0.989

r = 0.491 
p = 0.180

r = 0.580 
p = 0.102

r = 0.640 
p = 0.122

​

Hg sed 
(n = 7)

r = 0.400 
p = 0.374

r = 0.098 
p = 0.834

r = − 0.464 
p = 0.294

r = − 0.003 
p = 0.994

r = − 0.010 
p = 0.984

r = − 0.862 
p ¼ 0.013

r = 0.118 
p = 0.824

r = − 0.543 
p = 0.266
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saturation point exists, beyond which additional iHg does not signifi
cantly increase MeHg production due to limiting factors such as electron 
donor availability, microbial activity, and other environmental condi
tions. The presence of labile terrestrial DOC and a shift in ionic strength 
and microbial activity during the transition into saline waters within 
estuaries were therefore suggested as facilitators of the methylation 
process. Accordingly, we observed increased dHg and dMeHg with 
increased DO values along the sampling sites. Schartup et al. (2015)
employed enriched Hg isotope incubation, revealing active Hg methyl
ation in oxic estuarine seawater on the Northwest Atlantic continental 
margin. Microbial consortia, including, for example, SRB and meth
anogenic archaea, are believed to play a central role in driving the 
methylation process, as evidenced in Coroa Grande mangrove sediments 
(Sepetiba Bay, Rio de Janeiro, Brazil) (Correia and Guimarães, 2017). 
The efficiency of this process is contingent not only on microbial 

composition and activity but also on the presence of both organic and 
inorganic complexing agents in the medium (Ullrich et al., 2001b). 
Redox gradients are known to drive Hg speciation with the highest 
MeHg concentrations typically observed in anoxic waters (Cabrol et al., 
2023; Rosati et al., 2018). Despite the global trend of decreasing DO 
levels in coastal and marine environments (Calle et al., 2018), the pre
sent study revealed high concentrations of DO throughout the water 
column, because of the high circulation and saline water penetration 
throughout the estuary (Chielle et al., 2023), and exceeding the mini
mum threshold of 5.7 mg L− 1 (178 μM) established by regulatory 
agencies such as Brazilian regulation (CONAMA no. 357, March 17, 
2005).

The interaction between water physicochemical parameters and Hg 
speciation in the PRD waters is well illustrated by the 24 h sampling at 
P8, a station located in the estuarine mixing zone, representing the 
typical mixture between fresh and marine water, but with a contribution 
from the surrounding mangroves and their export of surface and pore
waters during ebb periods. In contrast with the decrease in dHg levels 
with salinity increase, higher dHg concentrations have been observed 
under higher DOC levels, as observed by previous studies on mangroves 
in Florida, USA (Bergamaschi et al., 2012). Higher values of dHg were 
observed during the flood tide period. This may be related to an 
enrichment of the flood water on Hg as they traverse mud flats where 
pore waters harbor higher Hg concentrations, reaching up to 14.3 pM. 
Lacerda et al. (2001b) suggested mud flats pore water as the major 
source of Hg along with facilitation of Hg migration associated with 
increased DOC. This association has been reported to transport Hg from 
mangrove creek waters and mudflat porewaters in subtropical (Mounier 
et al., 2001) and tropical semi-arid (Martins et al., 2002) estuaries. 
Mercury complexation with DOC can increase the mobility and 
bioavailability of Hg in adjacent coastal waters (Moura and Lacerda, 
2022). We observed that dMeHg accounted for 2 - 12 % of the total dHg 
during the tidal cycle, which is within the range reported in subtropical 
and tropical estuaries (0.5 - 40%) (Lei et al., 2019). The bioavailable 
dMeHg, the Hg species of major concern regarding ecosystem and 
human health, presented a strong positive correlation with pH and a 
negative one with DOC. In agreement with our results, the presence of 
organic matter in mangrove sediments has been described as an 
important regulating agent of the dynamics of Hg methylation, as 
organic matter can bind to Hg, affecting its bioavailability for methyl
ation (Liu et al., 2022).

The observed greater riverine contribution during ebb tide condi
tions indicates freshwater input’s importance in the region, even during 
the dry period. The transport and remobilization of legacy Hg from 
upstream sources, such as industrial and agricultural activities, can be 
facilitated during periods of higher river discharge events, potentially 
influencing the distribution and accumulation of Hg in the estuarine 
environment (Moura and Lacerda, 2022). However, during drought 
periods, longer water retention in estuaries can affect sediment trans
port, leading to changes in Hg concentrations in water and sediments 
(Lacerda et al., 2020; Moura and Lacerda, 2022). The increased resi
dence time of water in estuaries can also lead to greater mobilization of 
bioavailable Hg, which can accelerate Hg bioaccumulation in aquatic 
ecosystems (Morgado et al., 2021). Consequently, the increasing mobi
lization and bioavailability of Hg within estuarine ecosystems emerge as 
a pervasive and environmentally consequential outcome attributed to 
worsened drought conditions due to excessive water resource utiliza
tion, reduced annual precipitation, and the occurrence of more pro
longed drought events induced by global climate change (Lacerda et al., 
2020).

5. Conclusions

In summary, the hydrodynamic features of the Parnaíba River Delta, 
encompassing factors such as freshwater input, salinity gradients, pH 
variations, dissolved oxygen levels, and flow patterns, exert a 

Fig. 3. Graphical representation of the data obtained at the hydrological sta
tion P8 during a tidal cycle; a) particulate (pHg) and dissolved (dHg) mercury 
concentration (pM); b) tidal variability of water parameters; c) heatmap for 
Pearson’s r value for the correlation between water parameters and the dis
solved and particulate Hg fractions.
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noteworthy influence on the distribution and behavior of Hg in 
mangrove dominated estuaries. Our findings indicate that the mangrove 
ecosystem in the Parnaíba region maintains a pristine state with low Hg 
concentrations in both water and sediment. This includes a low abun
dance of dMeHg, suggesting a limited risk/potential of bioaccumulation 
in the PRD and similar mangrove systems. These characteristics 
emphasize the critical role of mangroves as natural biogeochemical 
buffers, which effectively trap and retain Hg within their sediment and 
high organic carbon content, thereby potentially reducing Hg mobility. 
These findings support the ecological importance of mangrove systems 
in mitigating Hg contamination, reinforcing their value in protecting 
coastal biodiversity and reducing Hg export to the ocean. These in
vestigations are vital for devising effective management strategies to 
mitigate the risks associated with Hg contamination in such an ecolog
ically unique habitat such as the PRD, as well as analogous estuarine 
systems between the Amazon and the Brazilian semi-arid region, espe
cially under a changing climate. Pristine mangrove systems are effec
tively sequestering carbon and mercury and can, therefore, be 
considered as blue carbon and blue mercury ecosystems.
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Dufour: Resources. Luiz Drude de Lacerda: Writing – review & editing, 
Investigation, Funding acquisition, Conceptualization. Lars-Eric 
Heimbürger-Boavida: Writing – review & editing, Methodology, 
Investigation, Funding acquisition, Formal analysis, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Acknowledgments

The authors would like to thank members of the Coastal Biogeo
chemistry for helping with the sampling and analysis. To Rozane Valente 
Marins as coordinator of PRONEX (PR2-0101-00052.01.00/15), which 
financed the Delta missions. This research was funded by Brazilian- 
French cooperation agreement (CAPES-CPECUB (UFC/U. Toulon-MIO) 
Project No. 88881.370863/2019-1. This study is also an output of the 
INCT Continent-Ocean Materials Transfer (INCT-TMC Ocean supported 
by Conselho Nacional de Desenvolvimento Científico e Tecnológico - 
CNPq Proc. No. 405.765/2022–3 to LD Lacerda. Andreia C. M. Rodri
gues would like to thanks the European Union’s Horizon 2020 research 
and innovation programme under grant agreement N◦101034324 and 
the French government under the France 2030 investment plan, as part 
of the Initiative d’Excellence d’Aix-Marseille Université – A*MIDEX 
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