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Abstract 

 

Laboratory study of calcium based sorbents impacts on mercury 

bioavailability in contaminated sediments 

 

Alexandre Mathieu Pierre Martinez, M.S.E. 

The University of Texas at Austin, 2013 

 

Supervisor:  Danny D. Reible  

 

Mercury -contaminated sediments often act as a sink of mercury and produce 

methyl-mercury, an acute neurotoxin which readily bio accumulates, due to the presence 

of bacterial communities hosted by the sediment. One common remediation approach to 

manage methyl-mercury is to amend the sediment by capping or directly mixing with a 

sorbent.  This thesis aims to assess the capabilities of some calcium-based sorbent to act in 

that capacity. Laboratory experiments were implemented to simulate mercury fate and 

behavior in geochemical conditions that capping would likely create. Well-mixed slurries 

showed that the three gypsum materials tested were disparate, and their behaviors ranged 

from that of sand to organoclay. Mercury sorption capacities of these gypsums were poor 

with a sorption coefficient approximately equal to 300 L/kg. Reduction of methylmercury 

was minimal and even increased in two of the three materials. Therefore, the three 

gypsums, which tend to be more cohesive when wetted, do not constitute a viable material 

for sediment capping.
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Chapter 1:  Introduction 

Mercury is a metal, widely distributed within the environment that is considered 

one of the most hazardous neurotoxins. Water bodies are naturally contaminated with 

mercury at very low concentrations. However, contamination of water by mercury has 

increased in some areas due to sources of anthropogenic mercury. This mercury tends to 

partition strongly to the sediment and thus accumulate in that phase.  In sediments, reducing 

conditions naturaly develop and under such conditions, mercury can methylate forming a 

toxic form of mercury that can bioaccumulate in fish and other organisms.  It is this form 

that is of primary concern for human exposure to mercury.   

The ultimate goal of this project is to develop an approach to lower both the 

environmental and human health associated risk as a result of the presence of mercury in 

contaminated sediments. One technology that can be used is sediment capping. This 

consists in covering the contaminated sediments with specific materials. In-Situ Capping 

(ISC) is the process of covering and separating the impacted sediment from the water 

column. It aims to reduce the flux of dissolved and colloidalmercury and methyl mercury 

between the underlying sediment and the overlying water and stabilize the contaminated 

sediment. However, capping has a non-negligible effect on the local geotechnical and 

geochemical conditions of the underlying sediment that could potentially result in different 

conditions for mercury methylation and thus mercury bioavailability or release of 

contaminant. 

Capping technologies have been improved by the addition of mercury sorbents in 

the cap or amendments to create different geochemical conditions resulting in a lower 

methylation rate. Several commercial or natural mercury sorbents have been evaluated 

based on their mercury sorption capabilities and deployment feasibilities under both 
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laboratory and field site conditions. Among them, activated carbon, organoclay and sand 

have been the most studied. The purpose of this investigate the potential of gypsum 

materials regarding their capacity to regulate the fate and rate of production of 

methymercury.  Gypsum materials are widely available, often as a waste product, and use 

in caps for mercury contaminated sediment could represent a recycling opportunity.   

Gypsum is composed primarily of calcium sulfate dihydrate and the abundance of sulfur is 

the primary motivation for studying its use as capping material.   Sulfur complexes can tie 

up mercury and reduce its potential for migration and methylation although there can also 

be a confounding effect in that mercury sulfides, at relatively low concentrations, are 

generally believed to be the source of mercury methylation. The evaluation of these 

confounding influences is the primary goal of the experimentation 

 

RESEARCH FOCUS 

The purpose of this work is to assess the effect of some calcium-based sorbents on 

mercury (Hg) and methylmercury (MeHg) fate and behavior in contaminated sediments. A 

central task is to assess and characterize methylmercury production in different 

geochemical conditions in the presence of these sorbents. The evaluation of each potential 

sorbent was conducted on three stages. First, the mercury adsorbing capabilities of the 

material was evaluated.  Equilibrium sorption was verified through time dependent 

experiments in a bulk mercury solution.  The influence of the material on mercury 

methylation was evaluated on two sediments in slurry experiments.  The sediment was 

characterized and baseline methylation was measured.  Finally the sediment was amended 

and changes in methylation as a result of the amendments were assessed the global tasks 

and experiments conducted during the research can be summarized as follow: 
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1st task: Assess sorbents capabilities to absorb mercury  

2nd task: Verify time to reach equilibrium sorption 

3rd task: Characterize Lavaca Bay sediment 

4th task: Slurry experiments to evaluate methylation in amended sediments 

For the selected material to be considered as a convincing amendment, it is expected to 

reduce methyl mercury concentrations either by reducing the bioavailable mercury 

(sorption) or by reducing methylation rate and resulting concentrations.  The feasibility of 

applying the sediments as a cap material was also evaluated. 

DOCUMENT STRUCTURE 

The Chapter 2:  Literature review, Chapter 2, provides an overview of mercury and 

more specifically mercury contamination in the aquatic environment. It also defines 

relevant concepts about mercury behavior in water bodies. Chapter 3:  Materials and 

Methods, Chapter 3:  Materials and Methods is a review of supplies, equipment and 

methods of analysis used for this project. It also provides a short description of the 

conditions of use and standards used during the project as well as experimental design and 

strategy. Discussion of the results from this work are then provided in Chapter 4: Results 

and discussion.  In Chapter 5, the conclusions identified in Chapter 4 are summarized and 

final conclusions relative to the use of gypsum as a cap amendment reached. Detailed 

results of the experiments conducted are also provided in Appendices. 
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Chapter 2:  Literature review 

BACKGROUND ON MERCURY  

Mercury is a hazardous chemical compound that is widely distributed within the 

environment. Naturally present at very low concentrations, aquatic environments have 

been contaminated by anthropogenic mercury (Qianrui, Daekeun, & Dionysios, 2004). In 

the US, solid waste disposal trough incineration contributes around 40% and oil and coal 

combustion contributes around 30% to the total emission of anthropogenic mercury to the 

atmosphere (Pirrone, Keeler, & Nriagu, 1993). Mercury exists in elemental, inorganic and 

organic forms. Depending on the species present, both ecological and toxicological impacts 

on the environment are different. Elemental mercury (Hg0) is a metal, liquid at room 

temperature, with a high volatility. About 90% of total mercury in the atmosphere is in 

elemental gaseous form (Lindqvist & Rodlhe, 1985). The other 10% is mostly dimethyl-

mercury and particulate mercury. Atmospheric mercury, whose lifetime in the atmosphere 

is typically between 0.5 and 2 years, is then removed from the atmosphere through dry and 

wet deposition (Schroeder & Munthe, 1998), absorption by plants on leaf surfaces and 

through stomatal exchange and transfer into soil and water by plant litter. Organic mercury 

can either be found in MeHg, which is the form found in fish, ethyl mercury and dimethyl 

mercury, or in a complex with organic matter such as humic substances (Gill & Bruland, 

1990). Inorganic mercury has two valences in water environment (+1 and +2), however the 

second form (+2) is more widely spread in the environment. Therefore, Hg2+
 free ions and 

Hg2+ complexes will be used as a substitutes for inorganic mercury as recommended by 

Loux (Loux, 1998). 
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MERCURY IN AN AQUATIC ENVIRONMENT 

Error! Reference source not found. is a summary of major speciation of mercury 

n an aquatic environment. Main species include amalgams (with other metallic 

compounds), mercuric Hg (II) and mercurous Hg (I) compounds and organic compounds. 

Speciation mainly depends on the presence or absence of organic matter, the redox 

potential and the pH.  

 

 

Illustration 1: Mercury speciation summary 

Metallic compounds tend to form metal alloys with mercury. Mercurous ions 

(Hg+1_ are obtained through the reaction between mercury and an acid. However, it is very 

unstable and tends to disproportionate into either mercury or mercuric ions. Mercuric ions 

(Hg+2) are stable compounds in presence of chloride, bromide and sulfides. In the absence 

of organic matter, mercury speciation is regulated by sulfide concentration under anoxic 

conditions or chloride concentrations under oxic conditions. In the presence of organic 

Hgo 

Hg
2+

 

Hg
+
 

Amalgam Hg-X 
Where X is metallic 

compound 

HgS  HgCl2 

HgO  HgSO4 

HgTe  HgF2 

+ Organic 

Hg2Cl2 

Hg2SO4 

+Organic 
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matter, mercury tends to form organic compounds. The covalent bond between carbon and 

mercury is very strong and chemically inert. 

Most mercury that bioaccumulates in organisms in aquatic ecosystem is 

methylmercury. Methylmercury bioaccumulates and biomagnifies (higher concentration 

up the food chain) resulting in a high concentration in predatory fishes and are consumed 

by humans. Speciation of mercury into methylmercury is a complex mechanism, depending 

on geochemical conditions. There are several pathways for mercury to contaminate an 

aquatic environment. However, it can be illustrated by a simple conceptualization of the 

mercury cycle mercury oxidation-reduction and mercury methylation-demethylation. 

Mercury oxidation is the transformation of elemental mercury Hg0 into inorganic 

mercury Hg2+ (Fitzgerald, Lamborg, & Hammerschmidt, 2007). As seen in the preceding 

section, mercury is mainly in its elemental and stable form Hg0 in the atmosphere. Because 

of its long lifetime, this elemental mercury be transported long-distances before getting 

oxidized and turning into inorganic mercury Hg (II). Since inorganic mercury is highly 

soluble in water, it is quickly absorbed into water. 
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Illustration 2: Mercury cycle in an aquatic environment, adapted from (Fitzgerald & 

Mason, 1996) 

The second category of reaction is methylation-demethylation that occurs when 

inorganic mercury Hg2+ turns into MeHg+ by gaining a methyl group (CH3
º) or dimethyl-

mercury, according to the following reaction: 

𝐻𝑔2+
𝑏𝑎𝑐𝑡𝑒𝑟𝑖𝑎
→      𝐶𝐻3𝐻𝑔

+
𝑏𝑎𝑐𝑡𝑒𝑟𝑖𝑎
→      (𝐶𝐻3)2𝐻𝑔 

Methylation involves methanogenic (methane producing) and sulfate reducing 

bacteria (SRB) that transform Hg2+ to MeHg (Mason, Reinfelder, & Morel, 1995) under 

anaerobic conditions. The population of these microorganisms can be stimulated by higher 

content of particulate and dissolved organic matter (DOC and POC) and/or acid volatile 

sulfides (AVS), reducing the level of oxygen and magnifying conditions conducive to 

methylation. Ionic mercury bioavailability might be reduced either by local sorption by 

AIR 

WATER 

SEDIMENT 

Hg(0) Hg(II) 

Hg(0) 

Hg(0) 
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Plankton 
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Me
2
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soil, clay or organic matter particle or formation of Hg-S complexes in sulfidic sediments 

(Benoit, Gilmour, Mason, & Heyes, 1999). Mercury has a strong affinity to sulfur. Thus 

predominant species of mercury in an anaerobic environment are mono- and bi-sulfide 

complexes (e.g. HgS, HgS2H2, HgS2H
- and HgS2

2-) or complexes with methyl-mercury such 

as CH3HgS (Paquette & Heltz, 1997). Acid Volatile Sulfides (AVS) are inorganic and 

unstable sulfide. They can thus affect the available concentration of sulfide ions to form 

HgS complexes that could then methylate. Excess of sulfur in the sediment can result in 

the speciation of mercury into cinnabar (red mercury (II) sulfide, HgS) which is less 

bioavailable and exhibits a very low solubility (Benoit, Gilmour, Mason, & Heyes, 1999). 

Formation of HgS, cinnabar can inhibit methylation of mercury and thus bioavailability 

and bioaccumulation (Compeau & Bartha, 1987). However, low solubility of cinnabar 

increases with presence of Dissolved Organic Matter (DOM) (Ravichandran, Aiken, 

Reddy, & Ryan, 1998), enhancing its bioavailability. Acid volatile sulfides (AVS), an 

operationally defined indication of inorganic and unstable sulfides, can thus affect the 

available concentration of sulfide ions and methylation rate. AVS sites can also capture 

MeHg and thus make it unavailable for living organisms (Ouddane, Mikac, & Cundy, 

2008). The effect of Dissolved Organic Carbon (DOC) is also mitigated (Barkay, Gillman, 

& Turner, 1997). Other parameters are believed to have to strong impact on methylation 

rate include oxygen concentration, chloride concentrations and pH. Anoxic conditions are 

optimal conditions for methylation. High concentrations of chloride are also creating 

conditions that discourage methylation of mercury (Miskimmin, Rudd, & Kelly, 1992). 

Demethylation also occurs under natural conditions and tends to be less dependent upon 

environmental factors (Pak & Bartha, 1998). 
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SORPTION THEORY 

The availability and mobility of mercury is largely governed by the amount of 

mercury that is present in the mobile water in the sediment pore space.  Thus sorption onto 

the solid phase reduces mercury availability and mobility.  r. Mercury can be sorbed by 

sediments or by sorbing amendments introduced to the sediments, and thus be less 

available for biochemical reactions such as methylation. Sorption refers to a multitude of 

physical and chemical mechanisms, in which the solute partitions to the surface of the 

material (adsorption) or to the whole volume (absorption). Both processes are encompassed 

in the term sorption and can be characterize by the equilibrium constant Kd, defined as: 

 

𝐾𝑑 (
𝐿

𝐾𝑔
) =

𝑄 (
𝑚𝑔
𝐾𝑔)

𝐶 (
𝑚𝑔
𝐿 )

 

 

Q is the mass of the contaminant of interest sorbed by mass of the sorbent while C 

is the dissolved concentration of the investigated contaminant. Kd is expressed as a volume 

per mass of sorbent. This coefficient indicates the capacity of the material to absorb/adsorb 

mercury and thus to regulate mercury and methyl-mercury bioavailability on the 

considered site. Mercury sorption to sediments depends on the sediment grain size 

distribution, suspended bacteria and DOC as well as speciation in the pore space. An 

increase of ligands concentration in the solution, like chloride, will result in a lower Kd 

value whereas an increase of sorption sites of particles surface will have the opposite effect. 

Low solubility mercury phases such as cinnabar (a form of mercury sulfide), give rise to 

very large apparent Kd although this is not strictly a sorption process. 
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CONTAMINATED SITES 

Sediments constitute one of the biggest sinks of mercury in the environment. 

Sediments can be seen as a superposition of different layers. Near the surface, the sediment 

is oxidized and methylation is inhibited. Deeper, however, microbial processes in the 

sediment lead to reducing conditions as the microorganisms consume available electron 

acceptors. Methylation is associated with sulfate reduction which typically occurs after 

reduction of oxygen, nitrates, manganese and iron. Despite sulfate reduction occurring after 

the consumption of these other electron acceptors, it can still occur only a few cm into a 

fine grained organic rich sediment.  Bottom sediments consist mainly of organic matter, 

which has a strong capacity to bind metals (Boszke, Kowalski, Glosinka, Szarek, & 

Spiepak, 2003) as well as serve as the electron donor encouraging microbial reduction. A 

well-accepted estimate is that approximately 95% of mercury species are bound by organic 

matter (Ravichandran, Aiken, Reddy, & Ryan, 1998). Biodegradable organic matter has 

also an effect on methyl-mercury degradation through microbial activity (Skin & Krenkel, 

1976). 

The availability and mobility of mercury is most closely related to pore-water 

concentration. According to EPA "Sediment interstitial water, or pore-water, is defined as 

the water occupying the spaces between sediment particles. Contaminants in the interstitial 

water and in the solid phase are expected to be at thermodynamic equilibrium. This makes 

interstitial waters useful for assessing contaminant levels and associated toxicity." (U.S. 

Environmental Protection Agency, 2001) Thus, pore-water concentration is a good 

indicator of contaminant bioavailability and toxicity to benthic organisms (Ankley, et al., 

1997) and takes into account water chemistry and sediment concentration. Methods used 

to measure the sediment pore-water concentration are shown in Chapter 3. 
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CAPPING TECHNOLOGIES 

Technologies used for remediation of sediment-contaminated sites include in-situ 

and ex-situ approaches. Ex-situ techniques include dredging and excavation. Both 

techniques consist in removing contaminated sediments from a water body either while it 

is submerged (dredging) or after water has been drained (excavation). Sediments are then 

treated and disposed and the dredged/excavated area is backfill as needed. Among the In-

situ treatments, capping is the most used (Jianrong, Reible, & Valsaraj, 2008). In-situ 

capping just requires isolating the contaminated sediment with sand or sediment, 

sometimes aided by geotextiles or amendments that act as sorbents or reactive materials.  

In-situ treatment is the mixing of sorbents or reagents directly into the sediments.  Thus in-

situ remediation is through one or a combination of the methods shown on Error! 

eference source not found..  

 

 

Illustration 3: In-Situ remediation technologies for contaminated sediments 

Granular caps

Geotextiles

Combination of 
granular caps and 
geotextile

In Situ 
capping

Reactive caps

(Enhanced) 
biodegradation

In-Situ 
Treatment
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Deployment of caps on field sites is relatively easy compared to ex-situ 

technologies. It can be implemented quickly, rapidly reducing the exposure of fish or other 

biota to contaminated sediments. Lower re-suspension rates or dispersion of the 

contaminant are also part of the benefits of in-situ caps, if properly deployed. However, a 

cap may not provide effective isolation because of risks associated with disturbances of the 

cap (e.g. boat anchoring or erosion during storm events), compaction of the sediment 

induced by the cap and thus migration of the contaminants from the sediment layer through 

the cap (Office of Solid Waste and Emergency Response, 2005) or also transfer of the 

contaminant groundwater upwelling flows. 

Capping can be enhanced by the addition of mercury sorbents in the cap or mixed 

with the sediment. This aims to improve the binding of mercury to the solid phase and thus 

reduce the quantity of mercury available for methylation. Several commercial sorbents as 

well as natural sorbents have been studied and evaluated. Among them, activated carbon 

and impregnated activated carbon (e.g. sulfur activated carbon) are well documented and 

have proven their efficiency. Excess of sulfur can result in the formation of solid mercury 

sulfides that are less soluble and so less bioavailable into the porewater. Mercury can thus 

be immobilized into the sediment (Compeau & Bartha, 1987). 
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Chapter 3:  Materials and Methods 

GENERAL TECHNIQUES 

All reagents used were trace metal grade that are suitable for trace metal analysis. 

All glass and plastic vessels were soaked for 24 hours, then acid-washed in 1M HCl for 24 

hours and finally gently rinsed with DI water and dried in a dust-free oven. To avoid cross-

contamination, vessels used with concentrations of mercury higher than usual were pre-

acid-washed. Solutions were prepared using deionized water (DI) (18MΩcm-1, Millipore). 

Anoxic sediments were deployed and processed under an anoxic atmosphere (97% N2(g), 

3% H2(g)). All solids concentrations in sediments are reported on the base of dry mass. Dry 

mass has been determined for each material used according to the standard method ASTM 

2216 2216 (Standard Test Methods for Laboratory Determination of Water (Moisture) 

Content of Soil and Rock by Mass). 

A large variety of methods exist to quantify mercury species in sediments. Among 

them, the most commonly used methods are Cold Vapor Atomic Fluorescence 

Spectroscopy (CVAFS), and graphite furnace atomic absorption spectrophotometry 

(GFAAS).  Sampling methods for mercury include conventional solid extraction and 

porewater extraction methods by diffusion gradient in thin-film devices (DGT).  These 

techniques are discussed below.  

EQUIPMENT FOR ANALYSIS 

Graphite Furnace Atomic Absorption – FIAS-GF-AAS 

Graphite Furnace Atomic Absorption (GFAAS) is a technique of analysis that 

measures the absorption of a radiation emitted due to its interaction with a sample. A 

Perkin-Elmer AAnalyst 600 Graphite Furnace Atomic Absorption Spectrometer (GFAAS) 

was used to quantify concentration or trace of Total mercury THg. Sensitivity of detection 
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of AAS was enhanced by replacing the flame by a Graphite Furnace (GF). The graphite 

tube was also pre-coated with Iridium (Ir) for mercury analysis. The device was also 

equipped with a flow injection (FI, Perkin Elmer FIAS-100/400) and an auto-sampler (AS 

800, Perkin Elmer) system for liquid samples. 

Samples were diluted in a 15 mL polypropylene centrifuge tube up to a volume of 

15-20 mL with 1% HCl and 1-2 drops of 5%KMnO4 were added. Analysis was conducted 

in triplicate (three injections per sample). The Hg-lamp was first warmed-up by activation 

until it reached 80 meV.  

 

Illustration 4: GFAA System - Main components (from US-EPA: Hazardous Waste 

Clean-Up Information) 

Three milliliters of the sample are removed from the vial and injected into the 

atomization chamber. Sample is then atomized by a graphite furnace producing 

temperatures as high as 3000oC and breaking chemical bounds of the atoms. The mercury 

atoms are thus capable of absorbing energy, under the form of light emitted by the Hg-

Lamp. A monochromator is then used to select the wavelength of interest that is quantified 

by a detector, as shown on Error! Reference source not found.. Accuracy of GFAAS 

elies on the assumption that light absorption is proportional to the concentration of the 
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elements of interest and on the accuracy of the measurement of the light. For best results, 

calibration was done using at least five different standards, ranging from half of the 

minimum expected concentration to twice of the maximum expected concentration. The 

assumption of a linear behavior was confirmed by calibration curves with at least 99% of 

a linear regression.  

Quality assurance (QA) and quality control (QC) checks include triplicate samples 

and triplicate analysis of each sample. Standards and QC checks were prepared in the same 

1%HCl and 0.05%KMnO4 solution and derived from a 1 ppm stock solution that was 

premade and diluted into smaller concentrations. Blank, standards and QC checks were 

prepared in the same DI water to avoid bias induced by cross-contamination. One of the 

five standards was also run every 15 samples for quality control and one blank was 

additionally run at the end of the experiment. Typical range of concentration for Hg in this 

project is 5-200 µg/L.  

 

Cold Vapor Atomic Fluorescence Spectroscopy - TEKRAN 

Total mercury THg and methylmercury MeHg quantification were conducted using 

Cold Vapor Atomic Fluorescence Spectroscopy –TEKRAN– mercury analyzer.  

For Total Mercury (THg), an auto sampler was also connected. Samples were 

diluted up to 30 mL total volume with 1% bromine monochloride BrCl and stocked 24 

hours prior analyze to quantitatively oxidize mercury to Hg2+. An aliquot of the sample is 

then mixed with stannous chloride and introduced into a liquid/gas separator. Dry argon is 

then injected to extract the mercury vapor from the mixture and transferred to a dryer for 

further quantification by fluorescence spectroscopy. 
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For methyl-mercury (MeHg), sample preparation is more complex. Standards are 

derived from 100 µL of a 1 µL /mL stock solution of MeHg diluted into 99.2ml of DI 

water, 200 µL of HCl and 500 µL of glacial acetic acid. At least five standards were 

prepared (typically from 20 pg to 200 pg). An acid washed bubbler was used and fill 2/3 

full with the sample and completed with DI water. A Carbotrap (TENAXTM) was then 

attached at the top of the bubbler. pH was adjusted by adding 300 µL of Sodium Acetate 

buffer to create optimal condition for ethylation. The extractant is then ethylated using 50 

µL of thawed Sodium Tetraethylborate (NaBEt4). The bubbler was stirred for 15 min to 

allow the solution to mix and chemicals to react. The purpose of this reaction is to make 

the methyl-mercury more volatile by derivatization with NaBEt4. Once the reaction is 

complete, the high purity nitrogen gas line was then set up at 40 PSI in the bubbler for 15 

min to purge MeHg (under the form of MeEtHg) from the bubbler onto the Carbotrap.  

Then, the trap was removed and dried using an argon gas line for 5 min and attached to the 

Gas Chromatography (GC) unit to be processed, as shown on Illustration 5. The Hg species 

were then successively thermally desorbed from the Carbotrap, separated using a GC unit, 

reduced in the pyrolytic column and analyzed by CVAFS (Bloom, Colman, & Barber, 

1997), (U.S. Environmental Protection Agency, 1998). 
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Illustration 5: Schematic Diagram of Bubbler Setup and Carbotrap orientation (From 

EPA 1630) 

Results are given in mass of mercury and the detection limits is up to 4.5 ng in the 

30 mL vials (i.e. from 0 to 150 ng/L). However, concentration between 150 ng/L and 300 

ng/L can still be measured but the system will have to be flushed between every samples. 

The estimated detection limit is 0.5 ng/g (dry weight of sediment). 

QA/QC includes triplicate analysis for each sample. Five non-zero Hg (II) 

standards were derived from the same stock solution of mercury and the same BrCl solution 

(same as the samples). Reagents and chemical used are in accordance with EPA Method 

1630 (U.S. Environmental Protection Agency, 2002). For better results, the samples were 

run from the lowest estimated mercury concentration to the highest and standards were 

called to assure that the analyzer kept being calibrated. For methyl-mercury analysis, one 

blank bubbler was set up every run of 8. 



 18 

SEDIMENT ANALYSIS 

Bioavailability of mercury is mainly affected by the fraction that can partition into 

porewater but solid concentration was also measured to assess the ability of the sorbent 

added to absorb mercury. Both mercury and methyl-mercury concentrations are measured 

using different techniques and methods. 

Microwave assisted acid digestion of sediment 

Solid concentration of mercury was determined by digesting sediment in 

concentrated nitric acid (U.S. Environmental Protection Agency, 2007). 0.500 g of a well-

mixed sample were weighed in triplicate into appropriate vessels to the nearest 0.001 g and 

10 mL of concentrated nitric acid HNO3 were added. A 10 minutes digestion was then 

operated at a temperature of 175±5ºC and pressure of 60 PSI. Through this process, the 

sample is decomposed and all elements in the sediment that could become environmentally 

available are dissolved in the digest. Digests are then centrifuged at 3000 rpm for 10 min 

to clean the supernatant which is then filtered and stocked for future analysis by GFAAS. 

Pore-water Analysis by DGT 

Diffusive Gradients in Thin films (DGT) were deployed to determined pore water 

mercury concentrations in sediments (or water concentration in slurries). The DGT 

contains a sorbing resin that concentrates the mercury in the porewater at a controlled rate 

(discussed below). Concentration in the matrix can be deduced from the flux into the device 

and then concentration in pore water can be calculated as a function of the experimental 

conditions (Davison, Warnken, & Zhang, 2007). An advantage of DGT is that it is a non-

equilibrium method (low exposure time is then possible) and both total mercury and 

methylmercury concentrations can be estimated using the same probe.  
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The DGT sampling device is composed of 5 parts as shown on Illustration 6. Each 

DGT is place fully into the sediment. A filter is placed at the top of the diffusive layer in 

order to protect it from the sediment particles, which could prevent mercury diffusion. The 

diffusive layer controls the rate of uptake of mercury into the underlying resin layer which 

can then be extracted and analyzed. 

 

 

Illustration 6: Piston-shaped DGT probe, from (Chess, Reible, & Katz, 2010) 

DGT probes were deployed and processed under nitrogen atmosphere. First, it was 

deployed in the sediment for 48 hours (longer period of time required if the mercury 

concentration is expected to be low), then the gel was extracted, washed, cut into two parts 

and placed into a 15 mL polypropylene centrifuge tube. 3 mL of hydrochloric acid were 

used for mercury quantification and a 2 mL mixture of Thiourea and hydrochloric acid 

were used for methyl-mercury quantification. The vials were stored into the dark for 24 

hours to extract mercury species from the DGT’s gel. The eluant solution was then 

analyzed respectively for mercury and methyl-mercury by CVAFS. 
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The concentration of interest (pore water concentration) can then be deduced from 

the eluant concentration. A simple mass balance based on the Fick’s law of diffusion in the 

gel ends up with the following equation: 

 

𝑀 =
𝐷𝐴𝑡𝐶

∆𝑑
 

Where: 

 𝑀 = the mass of MeHg accumulated in the gel and quantified by CVAFS, 

expressed in pg. 

 𝐷 = the diffusion coefficient of MeHg in the resin (5.6 10−6𝑐𝑚2𝑠−1) 

 𝐴 = the area of the DGT device (3.14 𝑐𝑚2) 

 𝑡 = the time of exposure expressed in seconds. Depending on the expected 

concentration and the condition of the sediment, t is at least one day for the 

sediment used in this project. 

 𝐶 = the concentration of MeHg in the pore water, expressed in ng/L 

 ∆𝑑 = the thickness of the gel layer (0.093𝑐𝑚) 

The concentration in the pore water is thus: 

𝐶𝑀𝑒𝐻𝐺,𝑃𝑊 = 𝐷𝐹 ∗
𝑀 ∆𝑑

𝐷𝐴𝑡
 

With DF the dilution factor due to the elution of the gel in the 2 or 3 mL of eluant. 

The detection limit of this method is 1pg of MeHg, which is approximately 30 pg.L-1 of 

MeHg in the pore water (Clarisse & Hintelmann, 2006).  

Acid Volatile Sulfide in sediment solid phase 

Acid volatile sulfides (AVS) indicates the degree of reduction in the sediments and 

provides an indicator of conditions appropriate for methylation. Typically very low AVS 

(<10 µM/g) suggests low levels of reduction or even oxic conditions while high levels of 
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AVS (>100 µM/g) indicate strongly reducing conditions.  Moderate levels of AVS between 

these extremes are likely the most productive for methylation in that they indicate sulfate 

reducing conditions but not high levels of sulfide which tends to quench methylation.  

Quantification of AVS was done using an electrode system. About 1 g of sediment was 

weighed into 20 mL scintillation vial under N2 atmosphere and a 6 mL amber inner vial 

containing 1.5 mL of fresh sulfide antioxidant buffer (SAOB) was then placed inside. The 

vial was sealed with (Teflon) septum cap and 5 mL of 2N HCl w/50mM of oxalic acid 

H2C2O4 was injected on the sediment through a syringe. Thus, AVS was transformed into 

hydrogen sulfide (H2S) by the mixture of acids. The vial was stored in dark and under N2 

atmosphere for 24 hours to allow hydrogen sulfide to be trapped into the 6 mL vials. Then 

the content of each inner vial was transferred into a 20 mL vial and rinsed with 2 additional 

mL of SAOB and finally AVS was measured using an electrode. Calibration curve for the 

electrode system can be found in appendices. 

Organic Matter Content 

Soil organic matter (SOM) or organic matter content is another characteristic that 

is thought to have an effect on mercury methylation. SOM was quantified using total 

organic content (TOC) values that are thought to comprise about 58% of the SOM (Nelson 

& Sommers, 1996). TOC was measured by dry solids combustion the OI Analytical module 

(Aurora 1030S and Aurora 1030). 100 mg of dry sediment were weighed into a quartz 

crucible. The organic compounds are oxidized and converted into CO2, which is collected 

in a gas sampling device. After the combustion cycle, CO2 is transferred into the Aurora 

1030 TOC analyzer and quantified 4 times by a non-dispersive infrared (NDIR) detector. 

Calibration was completed using dextrose C6H12O6 as a solid reference; the calibration 

curves are attached in the appendices. 
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Mercury Sorption Experiments 

The determination of mercury sorption was conducted in order to assess the 

performance of each material as a mercury sorbent. A known quantity of sorbent was 

weighted in 60 mL Pyrex centrifuge tubes. To minimize losses of mercury in the vials, the 

vials were filled completely with the contaminated solution. The volume of the 60 mL 

(nominal) vials has been estimated to be 64.41 mL ± 0.7 mL1. Teflon caps on each vial 

were sealed with parafilm and samples equilibrated in a tumbling box for 24 or 48 hours. 

When equilibrium was reached, samples were centrifuged at 3500 rpm for 15 minutes, 

filtrated and acidified with 2% HNO3 and stored at 4ºC for analysis by atomic absorption 

(GFAAS). Contaminated solution was prepared in both simulated freshwater and artificial 

saltwater. Simulated freshwater was prepared in an electrolyte solution of distilled-

deionized water with 1 mM NaHCO3, 10 mM NaNO3, 50 M of HEPES buffer (pH = 8) 

and spiked at desired concentration with stock solution of Mercury (Hg(II) in 2% nitric 

acid). Artificial saltwater was prepared from 120ppt Instant Ocean Stock. 120 ppt IO was 

mixed with DI water and 0.06M HEPES buffer (pH 8) to get a final 35 ppt and spiked with 

the same mercury stock solution.  

To assure best results, three blank (with no sorbents) were added in order to assess 

and correct the potential losses or mercury in the vial due to presence of air between the 

solution and the cap or during the transfer process. However, results showed relatively low 

losses. The concentration of sorbed contaminant in the sorbent is defined as: 

𝑄 [
𝑚𝑔𝐻𝑔

𝑘𝑔𝑠𝑜𝑟𝑏𝑒𝑛𝑡
] =

𝐶𝑏𝑙𝑎𝑛𝑘 − 𝐶𝑠𝑎𝑚𝑝𝑙𝑒

𝑀𝑠𝑎𝑚𝑝𝑙𝑒 𝑉𝑠𝑎𝑚𝑝𝑙𝑒⁄
  

Where: 

 𝑄 = the loading of mercury [mg] in the solid phase [kg] 

                                                 
1 Actual volume was assessed on a sample of 9 pre-weighted vials filled up with water. 
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 𝐶𝑏𝑙𝑎𝑛𝑘 =  the concentration of mercury [µg/L] in the blank sample. It will 

be used as the initial concentration 

 𝐶𝑠𝑎𝑚𝑝𝑙𝑒 = the concentration of mercury [µg/L] in the liquid phase of the 

sample 

 𝑀𝑠𝑎𝑚𝑝𝑙𝑒 = the mass [g] of solid sample added into the vials 

 𝑉𝑠𝑎𝑚𝑝𝑙𝑒 = the actual volume [L] of vials 

The initial concentration is defined as the average of the three blanks run at the 

beginning.  The measured water phase concentration and estimated solid phase 

concentration were used to estimate a Kd  as defined earlier. 
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Chapter 4: Results and discussion 

SORBENT MATERIALS 

This section provides an overview of the materials used as a mercury sorbent in this 

project. Three different types of gypsum were used for the study. 

Gypsum 

Hydrous Calcium Sulfate, also called gypsum, is a sulfate mineral, naturally 

occurring in sedimentary deposits, composed of calcium sulfate with two water molecules 

attached (CaSO4 + 2 H2O). Gypsum is mined and then is transformed into various products 

or by-products in agriculture, construction and industry (Natural Way Resources). 

There are different types of gypsum: natural gypsum and synthetic. Synthetic 

gypsum can be produced via Flue Gas Desulphurization (FDG) at coal power plants. FDG 

is a technology used to remove sulfur dioxide (SO2) from waste gases. FDG materials have 

a high content of calcium sulfate (gypsum) but might contain other products as sodium 

chloride (NaCl) and magnesium oxide (MgO). Natural gypsum is mined and then 

transformed. For instance, the most famous use of gypsum in construction is production of 

drywall (wallboard) that requires few industrial processes. 

The project considered three different gypsums: natural gypsum (NG), synthetic 

gypsum (SG) and recycled wallboard (RW). However, other materials have been included 

in the study for comparison of performance under the same conditions. 

 The first step was to characterize the gypsums. The materials have different 

chemical and physical properties of which a selection is displayed on Table 1 below. Purity 

of material is lower for recycled wallboard (88.83%) compared to natural and synthetic 

gypsum (respectively 94.88% and 97.57%) which will result in different sorption 

capacities.  
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Table 1: Selected properties for gypsum investigated 

  Natural 
gypsum 

Synthetic 
gypsum 

Recycled 
wallboard 

Properties       

Determined density (g/cm3) 2.64 2.65 2.47 

pH 7.82 7.4 7.25 
Calculated by ASTM C 471       

Gypsum % Purity 94.88 97.57 88.83 
SO3 combined as gypsum 44.12 45.37 41.31 

Excess SO3 0.37 0.86 0.85 
% Anhydride CaSO4 0.62 1.45 1.27 

%CaO combined as gypsum 30.9 31.78 28.93 
%CaO combined as anhydride 0.26 0.60 0.52 

excess CaO 1.43 0.51 1.37 
%CaCO3 2.55 0.91 2.45 

%MgCO3 0.08 0.00 1.53 
Analyte (selection) Weight % Weight % Weight % 

CaO 32.59 32.89 30.82 
SO3 44.49 46.23 42.06 

L.O.I. (950oC) 21.29 21.03 21.19 

Many experimental studies of mercury adsorption have been conducted using 

different sorbents (Gullett & Jozewicz, 1993), (Karatza, Lancia, Musmarra, Pepe, & 

Volpicelli, 1996). From these results, it was found for the main elements of the gypsum 

i..e. (i) alumina (Al2O3), silica (SiO2), titania (TiO2) and magnesium oxide (MgO) are inert 

relative to mercury, (ii) Calcium oxide CaO can remove chlorine while reacting with 

hydrochloride acid and thus inhibits the oxidation process of mercury (Thorwarth, Stack-

Lara, Unterberger, & Scheffnect, 2005).  Our primary interest here is the potential for 

gypsum to tie-up mercury as a result of the additional sulfur introduced into the system.  
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Figure 1: Oxide analysis of gypsums 

The composition of the sorbent can have an effect of the pH on the solution which 

influences mercury sorption and speciation. The pH of sorbents was determined in 

freshwater. Gypsum sorbents were tested as well as activated carbon as a reference and 

sand. Different quantities of each sorbent were poured into 20 mL vials, filled with 20mL 

of NaNO3 under N2 atmosphere. Two different buffer concentrations were used (10 mM 

and 100 mM of NaNO3) and pH was adjusted at 3, 7 and 11. The samples were then stirred 

for 24 hours and the pH was measured. Detailed results with curves are provided in 

Appendices but average values are provided in Table 2. 

Table 2: PZC (point of zero charge) of selected sorbent materials 

Sorbent Material PZC (10 mM buffer) PZC (100 mM buffer) 

Natural Gypsum 8 8 

Recycled Wallboard 8 8 

Activated Carbon 9.4 9.4 

Sand 4 4 
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Gypsum PZC is around pH 8, suggesting that for concentration of sorbents used in 

this project (up to 1g/30mL), 10 mM of HEPES buffer (pH 8) is enough to stabilize the 

pH.  

The second step was to assess the potential of each gypsum as a sorbent for 

mercury. Two sorption studies were conducted under different conditions: freshwater and 

saltwater (35 ppth). The quantity of interest is KD, the sorption capacity as explained in 

chapter 3. Assuming a linear sorption, the partition coefficient is derived from the slope of 

the curve concentration in the water vs. concentration in the solid phase. Concentration in 

the liquid phase is quantified using GFAAS while concentration in the solid phase is 

derived from initial and final concentration in the liquid phase as explained in chapter 3. 

Using different mass of gypsum, the coefficient of sorption KD was assessed, i.e. the slope 

of the sorption curve.  
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Figure 2: Sorption of gypsums in mercury contaminated freshwater solution 

Among the three gypsum, the synthetic gypsum has almost no effect on mercury 

concentration while the two others show a low sorption capacity.  The Kd value is indeed 

around 140 L/Kg, which is much lower than typically observed in typical sediments and 

suggests the gypsum materials would be a poor sorbent as an amendment in capping.  The 

relatively low sorption also gives rise to the apparent scatter in the sorption curves in that 

mercury sorption onto other surfaces, such as the glass in the vial, was likely sufficient. 
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Figure 3: Sorption of gypsums in 35 ppth mercury contaminated saltwater solution 

The same ranking among the three materials has been observed in saltwater and KD 

values are even lower, around 40 L/kg. This difference between the materials has to be 

correlated with the level of purity of each material. Thus, sorption could be mainly due to 

presence of impurities in the natural and recycled materials and not to the gypsum itself. 

The lower Kd with seawater reflects the greater complexation of mercury with the chloride 

in the seawater. 
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Figure 4: Sorption in freshwater solution 

 

Figure 5: Sorption in 35 ppth saltwater solution 
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SEDIMENTS 

Sediments used for this study were collected from two different sites in the Gulf of 

Mexico. One sediment sample has been collected from an estuarine site in Lavaca Bay and 

another from a salt marsh in the ship channel of Corpus Christi Bay near Port Aransas 

which was mercury-free. 

The Lavaca Bay sediment was sandy with a light brown color and low organic (LO) 

content with only 2.7% organic carbon Visual inspection did not reveal significant 

reduction and very little AVS was detected. .  Salt Marsh sediment had a very dark black 

color as well as a strong odor of sulfide. Chemical analysis revealed a much higher organic 

content (HO) of 24.7 and a higher sulfide content with AVS > 100µM/g. The main 

characteristics of the two sediments are presented in Table 3. 

 

Table 3: Geochemical characteristics of estuarine and salt marsh sediments 

 Estuarine 

Environment 

(LO) 

Salt Marsh 

Environment 

(HO) 

Moisture contenti [%] 23.9 (±0.5) 58.2 (±3.5) 

Total Organic Carbon TOC [%C] 2.73 (±1.23) 24.6 (±3.1) 

Acid Volatile Sulfide AVS [µmol/g] 2.4 (±1.2) 442 (±66) 

THg solids phase [µg/g] 0.62 (±0.30) - 

Pore-water MeHg  [ng/L] 61.6 (±9.2) 54.6 (±14.3) 

i Moisture mass base on one night at 104oC 

                                                 

 

Concentration of AVS was too high to use sediments in this state, since mercury 

would exhibit extremely low availability. A treatment was applied prior to mercury uptake 
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tests. Each sediment was mixed with 5 parts (by volume) of water and bubbled with filtered 

ambient air for 3 weeks to oxidize reduced solid phase. Excess of SO4
2- produced by 

oxidation of sulfur compounds was removed periodically by replacing the liquid phase. 

The sediments were then bubbled for one night with nitrogen (N2) to remove oxygen added 

during the incubation. Due to low mercury concentration in the sediment, the samples were 

spiked with mercury in order to observe significant fate and transformation of mercury. 

Because of its high bioavailability, mercury Hg(II) has been used in the form of HgCl2 

(Gilmour & Henry, 1991) (King, Kostha, Frischer, Saunders, & Jahnke, 2001). At this point 

of the conditioning, the sediment was suboxic and a spike of mercury (HgCl2, to 1 ppm or 

1µg/g, solid phase, dry weight) was added in order to increase mercury availability for 

methylation. Bloom (Bloom & Preus, Anoxic Sediment Incubation to Assess the 

Methylation Potential of Mercury Contaminated Solids, 2003) demonstrated that 

methylation is highest at low total mercury concentration on solid phase Thus, the 

characteristics of interest were then quantified again after 48 hours and are available on 

Table 4 below. 

Table 4: Geochemical characteristics of pre-aerated estuarine and salt marsh 

sediments 

 Estuarine 

Environment 

(LO) 

Salt Marsh 

Environment 

(HO) 

Moisture contentii [%] 23.9 (±0.5) 58.2 (±3.5) 

Total Organic Carbon TOC [%C] 3.4 (±0.4) 35.7 (±3.2) 

Acid Volatile Sulfide AVS [µmol/g] 2.4 (±0.3) 5.2 (±0.8) 

THg solid phase [µg/g] 1.1(±0.11) 0.96(±0.03) 

Pore-water (DGT) THg [µg/L] 0.540 (±0.05) 0.217 (±0.121) 

MeHg solid phase [ng/g-dwiii] 4.51 (±3.45) 8.23 (±2.45) 
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ii Moisture mass base on one night at 104oC 
iii g-dw: gram of dry weight 

                                                 

After incubation, level of AVS significantly decreased suggesting that the sediment 

was effectively oxidized and suggesting a low initial microbial activity. The new sediment 

has a low concentration of mercury in the solid phase (around 1 µg/L), which was expected.  

BATCH SLURRY EXPERIMENTS 

The impact of gypsum material on mercury and methylation behavior in the 

sediment was assessed by doing batch slurry experiments. The purpose of the experiments 

were to show whether the minimal sorption onto the gypsum would decrease mercury 

slurry water concentrations to any significant degree and to see if the presence of the 

gypsum would reduce methylation. Batch slurry experiments were set-up using the two 

previously described sediments. Sorbent concentration in the slurry was arbitrarily set up 

at the fraction of organic carbon of the sediment. Thus, 20 grams of contaminated sediment 

was poured into 60mL glass vials, sorbent was added, vials were capped with Teflon cap, 

vortexed to allow a quick mixing and continually shaken until sampling event.  

Table 5: Sediment and sorbent concentration 

  FOC Sediment Sorbent 

  % g g 

LO 3.4 20 0.680 

HO 35.7 20 7.140 

The experiments were conducted during 17 days with three time points in addition 

to the initial state. During sampling events, slurry was taken-off from the tube, centrifuged 

to extract the pore-water. The solid phase was then analyzed for AVS, MeHg and THg 

while the supernatant was filtered and analyzed for THg. AVS was determined the day of 
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the sampling event whereas solid samples were frozen and liquid samples acidified and run 

all at the same time. The conditions of the experiments are displayed in Table 6. 

Table 6: Simulated conditions 

Condition simulated  

Sediment 2 (LO and HO)iv 

Sorbent materials 4 (gypsums) 

Contaminated solution 1 (Freshwater)  

Time points 4 (0-2d-10d-17d) 

iv LO and HO represents the level of organic matter 

                                                 

 

MeHg was quantified by CVAFS using routine described in Chapter 3 and 

expressed in pg of MeHg per gram of dry slurry. Total mercury in the solid phase was 

quantified by GFAAS (after acid digestion for solid samples). Then, the proportion of 

mercury that is methyl-mercury was calculated using the ratio: 

 

%𝑀𝑒𝐻𝑔 =
[𝑀𝑒𝐻𝑔]𝑠𝑜𝑙𝑖𝑑
[𝑇𝐻𝑔]𝑠𝑜𝑙𝑖𝑑

[𝑝𝑔𝑀𝑒𝐻𝑔 𝑔𝑠𝑙𝑢𝑟𝑟𝑦⁄ ] ∗ 100

[𝜇𝑔𝐻𝑔 𝑔𝑠𝑙𝑢𝑟𝑟𝑦⁄ ]𝑥1,000,000
 

Where: 

 [𝑀𝑒𝐻𝑔]𝑠𝑜𝑙𝑖𝑑 = is the concentration of methyl-mercury in the core 

 [𝑇𝐻𝑔]𝑠𝑜𝑙𝑖𝑑 = is the total concentration of mercury in the core 

 

Standard Deviation associated with this quantity has been defined as: 
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𝑆𝐷%𝑀𝑒𝐻𝑔 = (%𝑀𝑒𝐻𝑔) ∗ [
𝑆𝐷𝑀𝑒𝐻𝑔

[𝑀𝑒𝐻𝑔]𝑠𝑜𝑙𝑖𝑑
+

𝑆𝐷𝑇𝐻𝑔
[𝑇𝐻𝑔]𝑠𝑜𝑙𝑖𝑑

] 

Where: 

 𝑆𝐷𝑀𝑒𝐻𝑔 = is the standard deviation of methyl-mercury concentration in 

the core 

 𝑆𝐷𝑇𝐻𝑔 = is the standard deviation of total mercury concentration in the 

core 

Results in freshwater are reported in the following graphs and table, representing 

the evolution of all parameters after 17 days. Detailed graphs are provided in Appendix F.  

Table 7: Slurry experiments in freshwater - results 

S
ed

im
en

t 

S
o
rb

en
t 

AVS 

[µmol/g] 

(t=17 d.) 

THg 

[µg/L] 

(t=17 d.) 

MeHg 

[%] 

(t=17 days) 

MeHg 

[ng/g-dw] 

(t=17 days) 

L
O

 s
ed

im
en

t 

None 9.3±1.2 2.6±0.5 0.046%±0.01 0.108±0.064 

NGv 6.9±0.8 2.3±0.4 0.085%±0.02 0.121±0.078 

SGvi 6.1±0.8 2.5±0.2 0.041%±0.01 0.125±0.066 

RWvii 7.1±1.5 1.8±0.4 0.094±0.010 0.139±0.050 

H
O

 s
ed

im
en

t 

None 15.2±1.5 0.85±0.12 0.024%±0.015 0.403±0.103 

NG 12.2±1.1 1.2±0.3 0.042%±0.01 0.353±0.078 

SG 21.1±2.3 1.5±0.5 0.022%±0.01 0.503±0.225 

RW 12.1±1.1 0.9±0.3 0.038%±0.01 0.303±0.108 

 

v NG – Natural Gypsum material 
vi SG – Synthetic Gypsum material 
vii RW – Recycled Wallboard material 
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MeHg reduction was minimal in amended sediments, even worst with the addition 

of natural and recycled gypsums (increasing methylmercury concentration). MeHg 

production doesn’t appear to be correlated with total dissolved mercury concentration 

(THg-PW) either in the LO or HO environments. Methyl-mercury concentration in the 

solid phase has significantly increased in the HO environment (by a factor 2) as well as the 

AVS concentration, suggesting a higher microbial activity and thus better reduction 

conditions. Slurries where natural and recycled gypsums were added have a lower methyl-

mercury production (respectively +71% and +47%) than reference slurry (+95%) and 

slurries with synthetic gypsum (+98%), whose purity is almost 99% suggesting that 

gypsum (calcium sulfate) could stimulate SRB to produce methyl-mercury. AVS 

concentration seems indeed to have increased due to the addition of synthetic gypsum in 

the slurry from the HO environment. Calcium sulfate (gypsum) is already thought to 

improve PAH biodegradation by stimulating SRB populations (Rothermich, Hayes, & 

Lovley, 2002).  
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Figure 6: Evolution of MeHg concentration (%) in the solid phase after 17 days 

compared to the control slurry 

MeHg production is higher where synthetic gypsum has been added compared to 

control slurry (up to 20% more concentration of MeHg). Natural and recycled gypsum have 

similar effect, i.e. an increase of methylmercury production in the LO environment and a 

decrease in the HO environment.  
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Figure 7: Evolution of MeHg production after 17 days compared to control slurry [%] 

MeHg proportion in the solid phase, shown in Figure 7, is higher by 50% for two 

material (NG and RW) among the three, even more in the HO environment, than the control 

slurry. This result, correlated with the actual concentration of MeHg in the solid phase 

(Figure 6) suggests a higher methylation rate in the slurries with natural and recycled 

gypsums. 
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Figure 8: MeHg loading [ng/g-dw] and THg concentration [µg/g-dw] 
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Figure 9: MeHg loading [ng/g-dw] and THg concentration [µg/g-dw] 

THg concentration (ug/g) 

 MeHg concentration (ng/g) 

Labile organic carbon from the sediment is expected to stimulate microorganism 

communities and thus to increase methylation rate. This has been observed between the 

LO and HO slurries, the last one having the highest evolution of MeHg to THg ratio and a 

methyl-mercury loading, up to 0.5 ng/g-dw. Synthetic gypsum, whose purity is close to 

99% might improve methylation rate, compared to the two others gypsums, suggesting that 

calcium sulfate could have a stimulating effect on methylation.  
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Figure 10: Evolution of THg concentration in the pore-water after 17 days compared to 

control slurry 

THg concentration in the pore-water phase could not be correlated to the methyl-

mercury production. Concentrations are in the same range of evolution among the different 

slurries. Weak impacts of gypsums on mercury availability in the pore-water have to be 

correlated to its poor capacity to adsorb mercury as demonstrated during the sorption 

testing. The partitioning of mercury to the solid phase, which is the ratio of sediment 

concentration to water concentration was calculated during slurry experiments and values 

are ranging from 𝐾𝐷 = 10
2.1 𝑡𝑜 𝐾𝐷 = 10

3.1 [𝐿/𝑘𝑔]. Partitioning coefficients are often 

used to quantify the potential for mercury to bind with the solid phase. KD values and AVS 

concentrations have been correlated by Hammerschmidt (Hammerschmidt & Fitzgerald, 

2004) and with organic content by Bloom (Bloom, et al., 1999). Similar relationships have 

been observed on these slurries. 

   

 

-40.0%

-20.0%

0.0%

20.0%

40.0%

60.0%

80.0%

100.0%

Natural Gypsum Synthetic Gypsum Recycled Wallboard

TH
g(

t=
1

7
d

ay
s)

/R
ef

er
en

ce
 [

%
}

LO HO



 42 

 

 

Figure 11: Evolution of AVS concentration after 17 days compared to control slurry 

AVS increased significantly in all slurries from the estuarine environment (LO, 

Lavaca bay) and freshwater environment (HO, Salt Marsh), suggesting a higher microbial 

activity and thus better reduction conditions as seen before.  Since sulfate reduction is 

apparently active, it suggests that the biochemical conditions of the LO slurry went from 

suboxic to a mildly reduced state, which means good conditions for methylation. 
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CONCLUSION AND RECOMMENDATIONS 

Summary 

The purpose of this research was to investigate the effects of three calcium based 

materials on mercury and methyl-mercury fate and behavior in contaminated sediments. It 

also aims to estimate the potential use of these material as a mercury sorbent and possible 

amendment material of sediments caps. Both biological and geochemical processes were 

investigated using laboratory-scale experiments and testing. This includes the study of 

processes such as sorption capacity, aqueous solubility and solid partitioning and 

considering potential effects of labile carbon content and sulfur (e.g. AVS) on the above 

mentioned processes. AVS are indeed believed to play an important role in Sulfate 

Reducing Bacteria (SRB) population and thus mercury methylation (Ekstrom, Morel, & 

Benoit, 2003). Quantitative relationships between SRB population and methyl-mercury 

concentration has been demonstrated on intact sediment cores (King, Kostha, Frischer, 

Saunders, & Jahnke, 2001), (Gilmour & Henry, 1991) as well as culture experiments (King, 

Kostha, Frischer, Saunders, & Jahnke, 2001). 

Conclusion 

Calcium sulfate, which is the main constituent of gypsum materials, has 

demonstrated a weak capability to adsorb mercury in comparison with other widely 

distributed sorbents like activated carbon or clays (Organoclay PM 199). Its sorption 

capacity is ranging from log(𝐾𝐷) = 1 − 2.2 [𝐿/𝑘𝑔], half a magnitude below organoclay 

PM199 (log(𝐾𝐷) = 2.6) and 2 magnitudes below activated carbon (log(𝐾𝐷) = 4.2) in 

freshwater. Then batch slurry experiments have been set-up to assess methyl-mercury 

production and behavior in the sediment. A high organic content sediment from freshwater 

(HO, Salt Marsh) has been selected for the experiments as well as a low organic content 
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sediment from an estuarine environment (LO, Lavaca Bay). HO sediment was initially 

fully reduced while the LO sediment was mildly-reduced. Both have been processed to 

reach a suboxic state, i.e. a representative of superficial sediments with low oxygen content. 

Treatments of the sediments included incubation to remove the excess of sulfur and 

elimination of oxygen using nitrogen. Slurry experiments highlight the impacts of labile 

organic carbon on AVS concentration and subsequently sulfate reduction and methylation. 

Methyl-mercury production was indeed strongly dependent of the organic content of the 

sediment used. Gypsum, mainly composed of calcium sulfates, have demonstrated a 

relatively modest influence on methylation rate. It has nevertheless contribute to modestly 

stimulate AVS concentration in the HO environment (AVS concentration 30% higher than 

in the reference slurries) and methyl-mercury production. Lower methyl-mercury 

productions have been observed in the LO environment. 

Recommendations 

 Gypsum materials have demonstrated poor capacities to absorb inorganic mercury, 

compared to other commonly used sorbents like activated carbon. Mercury sorption is 

indeed minimal (sorption coefficients close to 300 L/kg) as well as methylmercury 

reduction. Production of methylmercury is even increasing with two amendments. In 

addition of these chemical properties, cohesiveness of gypsums tend to increase when 

wetted, making gypsum a non-suitable material for mercury contaminated sediment 

capping.  
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Appendices 

A. ANALYSIS OF SORBENT MATERIALS  

Table 8: Gypsum materials – by CTL-lab 
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Table 9: CETCO PM-199 
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Figure 12: Sorption of PM-199-MRM in contaminated freshwater solution 

 

 

Figure 13: Sorption of PM-199-MRM in 35 ppth Instant Ocean solution 
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Figure 14: Sorption of GAC in freshwater solution 

 

 

Figure 15: Sorption of GAC in 35 ppth Instant Ocean solution 
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B. PZC CURVES 

This section provides the results of PZC (point of zero charge) studies. This aims 

to assess the effect of a sorbent on the pH on solutions. In case of big changes in the pH, a 

buffer has to be used.  
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C. CALIBRATION CURVES 

 

Figure 16: Calibration curve for AVS concentration 
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D. PHYSICAL AND CHEMICAL PROPERTIES OF MERCURY 

Selected chemical and physical properties of some mercury species of interest are 

available in the following table.  

Table 10: Chemical and Physical properties of selected mercury species 

Properties Hg0 HgCl2 HgS CH3HgCl 

Oxidation State 0 +2 +2 +2 

Water 

Solubilityviii 

5.50E+05 69 – 0.1 

(g/L) (20 °C) (20 °C) – (21 °C) 

Water Solubilityix 4.90E-06 66 2.00E-

24 

– 

(g/L) (20 °C) (20 °C) (25 °C) – 

Vapor tension 

(Pa) 

0.18 0.009 – – 

Density  13.534 g/cm3 at 25C 8.17 

Boiling Point 

(°C) 

356.7 303 – – 

Melting Point 

(°C) 

−38.8 277 584 – 

viii EPA Report 2007, Table 1.3 
ix Journal of Hazardous Materials, Volumes 221–222, 30 June 2012, Pages 1–18 
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E. STANDARD OPERATION OF PROCEDURE 

This section aims to document the experiments methodology with its SOP. 

1. Method for measuring AVS in sediment solid phase 
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2. Method for analysis of Hg2+ using FIAS-GF AA 
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3. Method for measuring THg using CVAFS (TEKRAN) 
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F. SLURRY EXPERIMENTS 

 

 

Figure 17: Total Hg solid concentration in LO sediment 

 

Figure 18: Total Hg solid concentration in HO Sediment 
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Figure 19: MeHg solid concentration in LO sediment 

 

Figure 20: MeHg solid concentration in HO sediment 

0.000

0.010

0.020

0.030

0.040

0.050

0.060

No Amendment Natural Gypsum Synthetic Gypsum Recycled
Wallboard

M
eH

g 
(%

)
LO Sediment

0.000

0.020

0.040

0.060

0.080

0.100

0.120

No Amendment Natural Gypsum Synthetic Gypsum Recycled
Wallboard

M
eH

g 
(%

)

HO Sediment



 61 

 

Figure 21: AVS concentration in LO sediment 

 

Figure 22: AVS concentration in HO sediment 

 

  

0

2

4

6

8

10

12

No Amendment Natural Gypsum Synthetic Gypsum Recycled Wallboard

A
V

S 
(u

m
o

l/
g)

LO Sediment

0

5

10

15

20

25

No Amendment Natural Gypsum Synthetic Gypsum Recycled Wallboard

A
V

S 
(u

m
o

l/
g)

HO Sediment



 62 

Glossary and abbreviations 

 TOC - Total Organic Carbon: amount of carbon bound expressed as 
𝑔𝑟𝑎𝑚𝑚 𝑜𝑓 𝐶𝑎𝑟𝑏𝑜𝑛

𝑔𝑟𝑎𝑚𝑚 𝑜𝑓 𝑑𝑟𝑦 𝑠𝑜𝑙𝑖𝑑
 

 Hg: mercury 

 MeHg: methyl-mercury 

 THg: total mercury, i.e. sum of all Hg in oxidized sample 

 N: Nitrogen 

 DF: dilution factor 

 dw: dry weight 

 ppth: part per thousand (10-3) 

 ppm: part per million (10-6) 
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