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BIOGEOCHEMICAL PROCESSES AT THE SEDIMENT-WATER INTERFACE
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25cm

DissolvedOxygen(DO) OrganicMatter (OM)

Organic matter remineralisation occurs through oxidative
reactions, mediated by the bacterial community, that uses
the availableoxidisingagents.

Early diagenesis       Redox Reactions

NO3 denitrification

Mn-ox manganese reduction

Fe-ox iron reduction

SO4 sulfate reduction

CO2

CH4

methanogenesis

Primary reactions Secondary reactions

O2 aerobic degradation

Organic matter

BIOGEOCHEMICAL PROCESSES AT THE SEDIMENT-WATER INTERFACE

The effect of these 
reactions are fluxes

through the sediment-
water interface  (SWI)

nitrification

oxidation of HS-

formation of FeS: 

FeOOH+ HS-Č S0 + FeS

The effect of the degradation reactions of organic matter

Á The promotion of a solute flux through the sediment-water interface

ÁPorewater acts as the medium through which the migration of this flux occurs inducing 
the exchange of dissolved species between the sediment and the overlying water

Aerobicmetabolism
Organicmatter canbe remineralisedthrough the metabolic
activity of heterotrophic bacteriaor via aerobic respiration
whenDOis sufficiently availablein the overlyingwater or in
the porewater

Anaerobicmetabolism
OnceDO is depleted microorganismsswitch to using other
electron acceptorsamong the secondaryoxidants suchas
bhїѐΣMnOі,CŜіhїΣand{hјчѐ
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Early diagenesis       Redox Reactions

BIOGEOCHEMICAL PROCESSES AT THE SEDIMENT-WATER INTERFACE

The effect of these 
reactions are fluxes

through the sediment-
water interface  (SWI)

BIOGEOCHEMICAL CYCLE OF MERCURY IN AQUATIC SYSTEMS

Barkayet al. (2003)

Hg0 Elemental mercury
Gaseous form, highly insoluble
Long-range transport
Exposure to vapors causes neurotoxic effects ("mercurialism")
Accumulates in the kidneys

Hg2+ Ionic mercury
Liquid form, soluble
Reactive
Bioavailable
Harmful to the skin and mucous membranes (kidneys, liver), causes neuropathies

CH3Hg+ Monomethylmercury(MeHg)
Accumulates in biological tissues (absorbed through the intestines and placenta), with high affinity for protein SH- groups
Neurotoxin ςthe most toxic form of mercury, responsible for delayed psychomotor development in children and for hearing and vision impairment

Oxigen-rich ǿŀǘŜǊ Ҧ IƎ ǊŜŘǳŎǘƛƻƴ όIƎ2+ Ҧ IƎ0)

Sulfate-reducing bacteria, iron-reducing bacteria

Hg2+ CH3Hg+

METHYLATION and MeHgPRODUCTION
 

Oxygen-poor ǿŀǘŜǊ Ҧ IƎ methylation and MeHg production
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Thestudyof fluxesat the sediment-water interface: understandingthe biogeochemicalcycle
of the elementsinvolvedin the remineralisationof organicmatter

3. LABORATORY BENTHIC 
CHAMBER EXPERIMENTS

HOW TO MEASURE FLUXES AT THE SEDIMENT-WATER INTERFACE
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Santshi et al., 1990

Zago et al., 2000

V = volume of the benthic chamber
A = area of the benthic chamber

2. BENTHIC FLUXES ς IN SITU1. DIFFUSIVE FLUXES

The CƛŎƪΩǎ firts law

J = diffusive flux (g cm2s-1) 
• = sediment porosity
— = sediment tortuosity
C = concentration (mg L-1) 
Dw = diffusion coefficient όҒ мл-5 cm2  s-1)
dC/dz = difference between concentration in supernatant water and 
porewaters at depth z (1 cm) Conc  Ÿ
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Trieste

SLOVENIA

Gulf of Trieste

Northern Adriatic Sea

Marano  and Grado  Lagoon

ITALY

IDRIJA MINING 

DISTRICT 

Hg

Hg in sediments exceeds the Environmental Quality Stardard of 0.30 µg/g

Hg

CHLOR-ALKALI 

PLANT 

3-4 µg g-1

Isonzo River plume

GULF OF TRIESTE

(Covelli et al., 2001)

0.10 ς 23.3 µg g-1

Marano Lagoon
(~5 µg g-1)

Grado Lagoon 
(~15 µg g-1)Northern Adriatic Sea

Hg sediment 
0.68 ς 9.95 µg g-1

Isonzo R.

(Acquavita et al., 2012)

Aussa-Corno R.

MARANO AND GRADO LAGOON

0.68 ς 9.95 µg g-1

WHAT IS THE ISSUE?
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WHAT IS THE ISSUE?

Effects of Hg bioaccumulation along 
the food web, especially in 
commercially important fish species

0.50 µg g-1 ww (EC Reg. Nϲ 1881/2006)

Sparus aurata
4 µg g-1 

Dicentrarchus labrax
2.50 µg g-1

(Brambati, 1997)
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Hg AND MeHg BEHAVIOUR AT THE SEDIMENT-WATER INTERFACE

Scarce water exchange

Surplus of organic matter and 
hypoxic/anoxicconditions at the 

sediment-water interface

Hg methylation is 
promoted

hypoxia/anoxiaeffluxes
WATER

SEDIMENT

porewater

In situ benthic chamber 
experiments

DETERMINATION OF Hg AND MeHgFLUXES 
AT THE WATERςSEDIMENT INTERFACE 

Measurements of in situ benthic fluxes are commonly used to evaluate the 
release of Hg species from contaminated sediments and can give an 

estimation of the potential risk for Hg bioaccumulation in the biota, which 
can pose a threat to human health through seafood consumption
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TV1 ς 2020

MB ς 2008-09

MC ς 2008-09

BAR ς 2003

ART - 2003

AA1 ς 1995

SR ς 2016

SL ς 2016

VN1 - 2015

VN3 - 2015

in situ benthic chamber
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Hg AND MeHg BEHAVIOUR AT THE SEDIMENT-WATER INTERFACE

autumn (October 2008) 
winter (March 2009)
summer (July 2009) 

Emili et al., 2012
Covelli et al., 2008

Western Lagoon Eastern Lagoon

Manila clams 

Giani et al., 2012

Hg ?

Research Project  
2008/09
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Hg AND MeHg BEHAVIOUR AT THE SEDIMENT-WATER INTERFACE

Hg ?

Research Project  
2008/09

Hgsed Ғ мΦп ҡƎ Ǝ
-1 Hgsed Ғ мл ҡƎ Ǝ

-1

1. Recycling of Hg from the sediment to the water column is very active.
2. MeHgposes the higher risk for potential bioaccumulation in clams
3. Hg reductionseems to be an important process in this environment, with DGM fluxes which 

are similar or higher than MeHgfluxes. 
4. Overall, the eastern Lagoon (Grado) appears to be the most critical sector in terms of Hg 

transfer from sediments to the water column. 

Covelli et al., 2008; Emili et al., 2012

WESTERN SECTOR EASTERN SECTOR
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Hg AND MeHg BEHAVIOUR AT THE SEDIMENT-WATER INTERFACE

Western sector

Eastern sector

Petranich et al., 2018

Sluice  gate 

outflow
Sluice  gate 

outflow

Sluice  gates  

inflow

VN1

VN1
Á most recent sector built in 
ǘƘŜ слΩǎ

Á more intense recirculation 
of waters

VN3

VN3
Á older sector  (beginning 19°

century)
Á Limited water recirculation 
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Hg AND MeHg BEHAVIOUR AT THE SEDIMENT-WATER INTERFACE

SEDIMENT CORE EXTRUSION AND EXTRACTION OF SEDIMENT POREWATERS

ÁHighest MeHgconcentrations (>10 ng/L) in the top 2 cm of sediment
ÁHg and MeHgconcentrations decrease with increasing depth
ÁIƛƎƘ Iі{ ŎƻƴŎŜƴǘǊŀǘƛƻƴǎ 

Zone of Fe and Mn oxides and hydroxides reduction

Activity of sulfate-reducing bacteria

Persistent hypoxia/anoxia at the 
waterςsediment interface

SUMMER ς SITE VN3

Sediment porewater

Petranich et al., 2018
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BENTHIC FLUXES: FISHFARMS VS OPEN LAGOON
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Petranich et al., 2018

ǇƻǘŜƴǘƛŀƭ άōƛƻǊŜŀŎǘƻǊκƘƻǘ ǎǇƻǘέ 
for MeHgproduction

The benthic fluxes of Hg and MeHgat station VN3 

were found to be higher(by up to two orders of 

magnitude) compared to the lagoon environment
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TV1 ς 2020

MB ς 2008-09

MC ς 2008-09

BAR ς 2003

ART - 2003

AA1 ς 1995

SR ς 2016

SL ς 2016

VN1 - 2015

VN3 - 2015

in situ benthic chamber

BAR ς 2007 D6 - 2010

CZ ς 2007

AA1 ς  2006

F ς 2010

E ς 2010VN11 ς 2023

incubated benthic chamber
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INCUBATION EXPERIMENTS WITH BENTHIC CHAMBERS

Benthic chamber and sediment 

coresjust after collection
Benthic water removal Bottom water restoration

Detail of the magnetic stirrer with 

electric motor and the sampling tubing

Benthic chamber ready for incubation in 

a thermostatedroom. The black bag 

keeps the chamber away from light.

Water sampling using a 

plastic syringe



INCUBATION EXPERIMENTS WITH BENTHIC CHAMBERS

Grado Lagoon ς BAR
1.5 m depth

Trieste Gulf ς AA1
22 m depth

Trieste Gulf ς CZ
25 m depth
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Oxygenwas quickly consumed

leading to anoxia

DICΣ ƛƴ ǘƘŜ ŦƻǊƳ ƻŦ /hіΣ increases

due to microbial respiration

Under anoxia, organic matter 

degradation is the main source 

ƻŦ bIј

The ǉǳƛŎƪ ŎƻƴǎǳƳǇǘƛƻƴ ƻŦ bhі Ҍ 

bhї results from their role as the 

first alternative electron 

acceptors when hі ƛǎ ŘŜǇƭŜǘŜŘ

Covelli et al., 2008; Emili et al., 2011

DIC DIC

DIC

re-oxigenationRe-oxygenation was achieved by 

removing the benthic cap



INCUBATION EXPERIMENTS WITH BENTHIC CHAMBERS

Grado Lagoon ς BAR
1.5 m depth

Trieste Gulf ς AA1
22 m depth

Trieste Gulf ς CZ
25 m depth
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H2S was produced during the 

anoxic phase

Sediment Ҧ
Hg (12.5 - 10.6 µg g-1) 

MeHg (21.9 - 0.60 ng g-1)

Hg (2.80 - 4.02 µg g-1) 
MeHg (1.07 - 0.16 ng g-1)*

Hg (0.77 - 0.89 µg g-1)
MeHg (0.39 - 0.13 ng g-1)

MissingΧsorry!

During the oxicphase, THg

decreased concomitantly ǿƛǘƘ hі 

consumption

When the system shifted to 

anoxic conditions, THgincreased 

to a maximum valueand then 

decreased to zero at the end of 

the anoxic phase

At the end of the anoxic phase, 

the dissolved Hg present in the 

water column was entirely in the 

methylated form

Covelli et al., 2008; Emili et al., 2011
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Hg AND MeHg BEHAVIOUR AT THE SEDIMENT-WATER INTERFACE

In situ benthic chamber 
experiments

DETERMINATION OF Hg AND MeHgFLUXES 
AT THE WATERςSEDIMENT INTERFACE 

The benthic fluxes of Hg and MeHgat station VN3 were 

found to be higher (by up to two orders of magnitude) 

compared to the lagoon environment

ǇƻǘŜƴǘƛŀƭ άōƛƻǊŜŀŎǘƻǊκƘƻǘ ǎǇƻǘέ 
for MeHgproduction

Scarce water exchange

Surplus of organic matter and 
hypoxic/anoxic conditions at the 

sediment-water interface

Methylation

ANY SOLUTION?

hypoxia/anoxiaeffluxes
WATER

SEDIMENT

porewater
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Traditional remediation options for Hg contaminated soils and sediments

ÁDREDGING: mass removal

ÁIN SITU CAPPING: low cost, fewer adverse environmental impacts than dredging 

resuspension and remobilisation of contaminants

remobilisation of buried contaminants through the capping layer

In situ sorbent amendments can provide low-cost, low impact approach for remediation 

BIOCHARÁcan reduce the bioavailability of Hg in sediments (Gomez-Eysles et al., 2018; Bundschuh et al., 2015)

Ácan reduce the Hg concentration in soil leachate όhΩ/ƻƴƴƻǊ Ŝǘ ŀƭΦΣ нлмуύ

Ácan remove MeHg from solution (Gomez-Eysles et al., 2013; Liu et al., 2017; Wang et al., 2019)

REMEDIATION OF MERCURY CONTAMINATED SITES
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Á Biochar is a solid and stable high-carbon material, produced through thermal decomposition 
(pyrolysis, <700 °) of organic material (biomass such as wood, manure or leaves) in the 
absence of oxygen or under oxygen-limited conditions

Á Biochar is a highly versatile material used in agriculture, in (construction) materials, 
ŜƴǾƛǊƻƴƳŜƴǘŀƭ ŜƴƎƛƴŜŜǊƛƴƎ Χ Χ Χ

REMEDIATION OF CONTAMINATED SITES

Yang et al., 2021

BIOCHAR

Hg adsorption

Á High porosity and surface area
Á Large number of functional groups 

and adsorption sites

major mechanism for reducing the mobility 

and bioavailability of Hg and MeHg

The goal is to reduce contaminant 

mobility and bioavailability in situ, 

rather than removing them

WHAT IS BIOCHAR? HOW DOES IT WORKS?
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INCUBATION EXPERIMENT USING BENTHIC CHAMBERS

SEDIMENT AMENDED WITH BIOCHARUNTREATED SEDIMENTVERSUS

Á Evaluate the effects of biochar on 
biogeochemical processes at the sediment-
water interface

Á Evaluating the ability of biochar in reducing 
Hg mobility at the sediment-water interface

in one of the most productive fish farms of the 
Maranoand Grado Lagoon, affected by Hg 
contamination

biochar from vineyard 

pruning residues Under the most critical conditions of anoxia

EXPERIMENTAL DESIGN AND STUDY AIMS
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1. STEP 1 ςde-oxygenation, oxic-anoxic transition (until DO < 1 mg/L)
2. STEP 2 ςanoxia(DO < 1 mg/L or < LOD)
3. STEP 3 ςre-oxygenation

EXPERIMENTAL STEPS:

TOT = 35 days of experiment

DAILY SAMPLING

Á Dissolved oxygen (DO)
Á Physico-chemical parameters (T°, pH, ORP, salinity)
Á Dissolved hydrogen sulphide(H2S)
Á Dissolved Hg and MeHg
Á Dissolved Fe and Mn
Á Nutrients (N-NO2, N-NO3, N-NH4, P-PO4)

SEDIMENT AMENDED WITH BIOCHAR
BENTHIC CHAMBER B

BENTHIC CHAMBER C UNTREATED 
SEDIMENT (CONTROL)

C B

LABORATORY ACTIVITIES
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oxic-anoxic transition

Benthic chamber C ςcontrol
Benthic chamber B ςbiochar

LEGEND

anoxia
re-oxygenation

Á decrease of DO concentration 
Á more reductive conditions

OXIC-ANOXIC TRANSITION

Á anoxic and reductive conditions
Á increase of H2S concentration

ANOXIA

sulphate-reduction processes

Á increase of DO concentration
Á more oxidative conditions
Á decrease of H2S concentration

RE-OXYGENATION

sulphideoxidation/precipitation 
processes

RESULTS: PHYSICO-CHEMICAL PARAMETERS

Pavoni et al., 2025
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oxic-anoxic transition

Benthic chamber C ςcontrol
Benthic chamber B ςbiochar

LEGEND

anoxia
re-oxygenation

Á increase of Fe and Mn concentrations 
OXIC-ANOXIC TRANSITION

desorption/dissolution of Fe-Mn oxi-hydroxides

ANOXIA

precipitation of sulphides

Á decrease of Fe concentration

Á dissolved Mn remains elevated

Á dissolved Fe remains < LOD
Á decrease of Mn concentrations

RE-OXYGENATION

oxidation/precipitation processes

RESULTS: DISSOLVED Fe and Mn

Pavoni et al., 2025
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oxic-anoxic transition

Benthic chamber C ςcontrol
Benthic chamber B ςbiochar

LEGEND

anoxia
re-oxygenation

Á increase of Hg and MeHgconcentrations in the 
chamber C

OXIC-ANOXIC TRANSITION and ANOXIA

Effluxes at the sediment-water interface

Á Decrease of Hg and MeHgconcentrations
RE-OXYGENATION

oxidation/precipitation processes

Á Constant and lower Hg and MeHgconcentrations 
in the chamber Bwith respect to the control 
sediment (chamber C)

Biochar Stabilising effect on Hg mobility and MeHg production

RESULTS: DISSOLVED Hg and MeHg

Pavoni et al., 2025
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UNTREATED SYSTEM (C)

BIOCHAR-AMENDED SYSTEM (B)

DHg Flux (ng m-2d-1) DMeHg Flux (ng m-2d-1)

684 468

DHg Flux (ng m-2d-1) DMeHg Flux (ng m-2d-1)

68.6 71.7

DHgand DMeHgfluxes were an order of 
magnitude lower in the biochar-amended system

DHgand DMeHgwere reduced by 75 and 90% 
under anoxia in the biochar-amended mesocosm

RESULTS: Hg and MeHg FLUXES AT THE SEDIMENT-WATER INTERFACE

Pavoni et al., 2025
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CONCLUSIONS AND FUTURE PERSPECTIVES

biocharcould be a promising tool 
for sediment remediation strategies

Evaluate biochar effectiveness in situ, 
under real environmental conditions 

Á Hypoxic and anoxic conditions strongly influence the remobilisationof Hg species, particularly methylated 
forms, with notable fluxes from sediments to the water column

The release of Hg species is probably the result of several processes, such as diffusion from porewater, 
dissolutionof some fraction of the surface sediment, and Hg methylation

Á MeHgrelease under anoxic conditions cannot be predicted based only on THgcontent of the sediment and other 
factors should be considered to explain Hg and MeHgdynamics at the sediment-water interface in these coastal 
environments

Á The re-oxygenation suggests that reversion to oxicconditions removes Hg species from the water column, most 
probably through precipitation and coprecipitation with Fe and Mn oxi-hydroxides

Á Biochar is effective in reducing Hg and MeHgmobility at the sediment-water interface, limiting the development of 
anoxic conditions and promoting re-oxygenation
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Thank you!

epavoni@units.it
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